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A simple translational approach to 
confer collagen-binding ability  
to therapeutic antibodies enhances 
their efficacy, according to the 
results of a new study published in 
Science Advances. Katsumata et al. 
demonstrated that conjugation of 
a collagen-binding peptide (CBP) 
to an anti-TNF antibody and an 
anti-transforming growth factor-β 
(TGFβ) antibody improved their 
anti-inflammatory effects in models 
of arthritis and pulmonary fibrosis, 
respectively.

Targeting drugs to sites of 
inflammation is challenging, as the 
dense extracellular matrix (ECM) 
can prevent drug penetration into a 
tissue, and lymphatic drainage can 
rapidly clear molecules from the 
inflamed tissue. Collagen is present 
in almost all tissues and is abundant 
around the vasculature and within 
inflamed tissues. Conjugation with 
CBP, which was derived from the 
ECM protein decorin, enabled 
systemically administered drugs to  
be targeted to sites of inflammation 
and retained there despite the  
ubiquitous expression of collagen.  
The researchers suggest that this  

targeting could be achieved because 
collagen is exposed to solutes in  
the bloodstream only when the 
vasculature is hyper-permeable,  
as in inflamed tissue.

Katsumata et al. first demon-
strated that CBP-conjugated  
anti-TNF antibody bound to  
types I, II and III collagen and  
had similar activity to the unmodi-
fied antibody in preventing  
binding of TNF to its receptor.  
The conjugated antibody also bound 
to collagen in tendon tissue from  
a patient with rheumatoid arthritis, 
particularly around blood vessels, 
and in cartilage from a patient with 
osteoarthritis.

In mice with collagen antibody- 
induced arthritis (CAIA) selectively 
induced in one hind paw, concentra-
tions of the conjugated antibody  
were markedly higher in the inflamed 
paw than in the non-arthritic hind 
paw, and were not increased in  
other organs (such as the liver  
or kidney). The conjugated 
antibody also did not accumulate 
in the paws of healthy mice. 
Moreover, localization of anti-TNF 
antibody to the arth ritic paw was 
substantially more pronounced 
following administration of the 
CBP-conjugated antibody  
than of the unmodified version.

CBP-conjugated anti-TNF 
antibody also suppressed the 
development of inflammatory 
arthritis more effectively than 
the unmodified antibody in mice 
with CAIA induced in all paws. 
Arthritis severity was attenuated 
in mice treated intravenously with 
unmodified anti-TNF antibody as 
compared with mice treated with 
control IgG, but the conjugated 
antibody produced an even greater 

reduction in disease severity. 
The conjugated antibody also 
substantially suppressed joint tissue 
destruction, as well as neutrophil 
and macrophage infiltration into 
the paws, unlike the unmodified 
antibody.

Anti-TNF antibodies are often 
delivered by subcutaneous injection, 
but as collagens are present at high 
concentrations in subcutaneous 
tissues, this route of administration 
could prove problematic for 
CBP-conjugated drugs. To address 
this issue, Katsumata et al. 
demonstrated that subcutaneously 
administered CBP-conjugated 
antibody also accumulated in  
the arthritic paw and was more  
effective against arthritis develop-
ment than the unmodified anti-
body. The researchers suggest that 
the relatively moderate avidity 
of CBP-conjugated drugs for 
collagens enabled the antibody 
to drain from the subcutaneous 
tissue into the bloodstream and 
subsequently accumulate at 
inflammatory sites.

Katsumata et al. then turned  
to a mouse model of bleomycin- 
induced pulmonary fibrosis. 
Following intravenous admini-
stration after the onset of lung 
inflammation, CBP-conjugated 
anti-TGFβ antibody accumulated  
in the lungs of affected mice  
whereas unmodified anti-TGFβ 
antibody did not. The severity of 
lung fibrosis was attenuated in  
mice treated intravenously with  
the conjugated anti-TGFβ antibody, 
but not in mice treated with control 
IgG or the unmodified anti-TGFβ 
antibody.

The findings of the study 
suggest that engineered affinity for 
collagen could improve the efficacy 
of therapeutic antibodies in the 
treatment of inflammatory diseases.

Sarah Onuora
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Targeting inflammation with 
collagen-binding antibodies

ORIGInAl ARTIclE Katsumata, K. et al. 
Targeting inflammatory sites through collagen 
affinity enhances the therapeutic efficacy of anti- 
inflammatory antibodies. Sci. Adv. 5, eaay1971 (2019)
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Long-term response in RA apparent by 6 months
An analysis of data from the British Society for Rheumatology 
Biologics Register for Rheumatoid Arthritis (BSRBR-RA) 
identified distinct patterns of response in patients with RA  
who began anti-TNF treatment between 2001 and 2013.  
The trajectories of treatment response were apparent within 
a few months of treatment initiation and reflected long-term 
outcomes. In a four-class model, most patients in the study 
followed a ‘modest’ (55.3%) or ‘substantial’ (32.4%) response 
trajectory, with 8.7% of the patients fitting the ‘maximal’ 
response trajectory (corresponding to sustained remission) and 
3.6% the ‘minimal’ response trajectory.
ORIGInAl ARTIclE Hamann, P. D. H. et al. Early response to anti-TNF predicts long-term 
outcomes including sustained remission: an analysis of the BSRBR-RA. Rheumatology 
https://doi.org/10.1093/rheumatology/kez518 (2019)

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

Gut microbiome linked with OA knee pain
Greater relative and absolute abundance of Streptococcus 
species in stool microbiota samples (a proxy for the 
gastrointestinal microbiome composition) was associated  
with more severe knee osteoarthritis (OA) and increased  
OA-related knee pain in a study of 1,427 patients from the  
population-based Rotterdam Study (RSIII) cohort.  
The association was independent of smoking, alcohol 
intake and BMI. The association between Streptococcus spp. 
abundance and OA pain was replicated in an independent 
Dutch cohort (n = 867). Streptococcus spp. abundance was 
associated with MRI-detected inflammation in the knee joints, 
suggesting a possible explanation for its link with knee pain.
ORIGInAl ARTIclE Boer, C. G. et al. Intestinal microbiome composition and its relation 
to joint pain and inflammation. Nat. Commun. 10, 4881 (2019)

 G O U T

LDHD mutation leads to hyperuricaemia and gout
A mutation in the gene encoding lactate dehydrogenase D 
(LDHD) causes autosomal recessive gout with hyperuricaemia 
and underexcretion of uric acid, as evident in a study of a 
consanguineous Bedouin-Israeli family. Further investigation 
revealed that the mutation leads to excess blood D-lactate, 
which is excreted in exchange for reabsorbed uric acid, 
ultimately leading to hyperuricaemia and gout. Consistent 
with the clinical phenotype, injections of D-lactate into 
naive C57BL/6 mice caused an increase in plasma uric acid 
concentrations.
ORIGInAl ARTIclE Drabkin, M. et al. Hyperuricemia and gout caused by missense 
mutation in d-lactate dehydrogenase. J. Clin. Invest. https://doi.org/10.1172/JCI129057 
(2019)
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Anti-TNF therapy reverses gut dysbiosis in AS
Shotgun metagenome sequencing of DNA extracted from faecal 
samples collected from Han Chinese individuals reconfirmed 
the occurrence of bacterial gut dysbiosis in patients with 
ankylosing spondylitis (AS). The abundance of seven bacterial 
species differed between patients with AS (n = 127) and healthy 
individuals (n = 123). Treatment with a TNF inhibitor restored the 
relative abundance of these species in patients with AS to levels 
similar to those in healthy individuals.
ORIGInAl ARTIclE Yin, J. et al. Shotgun metagenomics reveals an enrichment of 
potentially cross-reactive bacterial epitopes in ankylosing spondylitis patients, as  
well as the effects of TNFi therapy upon microbiome composition. Ann. Rheum. Dis.  
https://doi.org/10.1136/annrheumdis-2019-215763 (2019)

The care of patients with  
primary and secondary Sjögren 
syndrome is based primarily on 
symptomatic treatment, and has 
remained largely unchanged  
for decades. A project initiated  
in 2010 to develop the first 
evidence- based and consensus- 
based recommendations for the 
management of Sjögren syndrome 
has now culminated in the 
publication of three overarching 
principles and twelve specific 
recommendations.

The guidance synthesizes current 
thinking about Sjögren syndrome 
and the task force hopes that it 
will be widely applied in clinical 
practice. However, the publication 
also highlights the lack of disease- 
modifying treatment options. 
“All randomized controlled trials 
(RCTs) performed to date with 
a reasonable number of patients 
(at least 100) have shown non- 
statistically significant differences 
between the drug and the placebo 
arms,” highlights Manuel Ramos- 
Casals, who led the task force. 
“There is no doubt that the results 
of RCTs so far are discouraging, 
especially taking into account that 
they were preceded by promising 
results in preliminary, small 
pilot studies.”

The evidence base for the 
recommendations was limited 
to 9 RCTs, 18 prospective studies 
and 5 case–control studies. Thus, 
development of the published 
statements also incorporated 
the expertise of more than 100 
professionals from 30 countries.

The group’s first overarching 
recommendation is that Sjögren 
syndrome should be managed 
using a multidisciplinary approach, 
organised in collaboration with 
centres of expertise. The other  
two overarching principles 
recommend that first- line therapy 
for ocular and oral dryness should 
be topical therapies to relieve 
symptoms, and that systemic 
therapies can be considered  

for patients with active systemic 
disease.

The 12 specific recommendations 
are presented in a sequential 
approach, starting with treatment 
of the main symptoms of ocular 
and oral dryness, fatigue and pain, 
then addressing organ- specific 
systemic manifestations. They 
also emphasize tailoring treatment 
according to organ- specific severity, 
assessed using the EULAR Sjögren's 
syndrome disease activity index 
(ESSDAI).

Ramos- Casals notes that the 
therapeutic approach to ocular  
and oral dryness symptoms  
should be based on the results 
of objective diagnostic tests that 
measure the degree of glandular 
dysfunction, rather than on the 
patient’s subjective assessment 
of symptom severity. The use of 
glucocorticoids, rituximab and 
immunosuppressive agents is 
also advised to be limited to use 
in patients with severe systemic 
disease, defined according to the 
ESSDAI score.

The task force also identified 
unmet needs and unanswered 
questions pertaining to Sjögren 
syndrome. “Research into this 
complex systemic autoimmune 
disease needs a multidisciplinary 
approach, the progressive and 
active involvement of patients, the 
use of big data and international 
cross- sectional studies,” contends 
Ramos- Casals. Such efforts, 
together with data from a 
number of ongoing international 
studies such as the Sjögren Big 
Data Project, the European 
HARMONICSS study and the 
European NECESSITY study, 
could bring about substantial 
change in the management of 
Sjögren syndrome.

Sarah Onuora
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First eUlaR recom mendations 
for sjögren syndrome published

ORIGInAl ARTIclE Ramos- Casals, M. et al. 
EULAR recommendations for the management  
of Sjögren’s syndrome with topical and systemic 
therapies. Ann. Rheum. Dis. https://doi.org/ 
10.1136/annrheumdis-2019-216114 (2019)
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ORIGInAl ARTIclE Liu, C.-H. et al. HLA-B27–
mediated activation of TNAP phosphatase 
promotes pathogenic syndesmophyte formation 
in ankylosing spondylitis. J. Clin. Invest. https:// 
doi.org/10.1172/JCI125212 (2019)
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Ankylosing spondylitis (AS) is 
characterized by the formation of 
syndesmophytes and occurs more 
frequently in HLA-B27+ individuals, 
but whether these two phenomena 
are related has been uncertain. 
According to the results of a new 
study, HLA-B27 misfolding is directly 
linked to syndesmophyte formation 
via tissue-nonspecific alkaline 
phosphatase (TNAP), in a process 
that can be targeted therapeutically.

“We derived mesenchymal stem 
cells (MSCs) from the entheses of 
patients with AS to address if there 
is any abnormality in AS-derived 
MSCs,” explains co-corresponding 
author Kuo-I Lin. “We did not  
find any significant differences  
in the production of the cytokines 
or chemokines that we tested in 
AS-derived MSCs as compared with 
control MSCs, but AS-derived MSCs 
did show accelerated mineralization 
upon osteogenic induction.”

The researchers were surprised 
to discover that this enhanced 
mineralization was not regulated 
by the transcription factor RUNX2, 
which is usually associated with this 
process, but was instead regulated 
by TNAP via the transcription factor 
RARβ. Further in vitro investigations 
revealed that unfolded HLA-B27 
causes the upregulation of TNAP  
in AS-derived MSCs via the IRE1α–
sXBP1 pathway of the unfolded 
protein response. Crucially, serum 
concentrations of bone-specific 
TNAP were increased in patients 
with AS compared with healthy 
individuals from two different 
cohorts and correlated with  
disease progression.

“We also implanted AS-derived 
MSCs near the mechanically 
eroded lumber spine of NOD-SCID 
mice to test whether they show 
enhanced bone formation in vivo,” 
says co-corresponding author 

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

HLA-B27-related pathway mediates 
syndesmophyte formation in AS

Shih-Chieh Hung. “This new 
animal model seems to mimic 
the development of new bony 
appositions in patients.”

Interestingly, treatment of these 
mice with the TNAP inhibitors 
levamisole (an anti-helminthic drug) 
or pamidronate (a bisphosphonate) 
substantially reduced syndesmophyte 
formation. “In the future, we hope  
to identify new drug candidates,  
as currently available TNAP inhibi-
tors may have some adverse effects,” 
concludes Lin.

Joanna Clarke

tankyrase 
inhibition 
promotes 
pro-anabolic 
pathways in 
cartilage

A new study published in Nature 
Communications identifies tankyrase, 
a poly-ADP-ribosyltransferase, as a 
regulator of cartilage anabolism and 
suggests that suppression of tankyrase 
activity contributes to restoration of 
cartilage matrix. The research could 
inform the development of new 
therapies for osteoarthritis (oA).

“oA development has been primarily 
associated with increased catabolic 
gene expression, such as genes encod-
ing matrix-degrading enzymes. We think 
that our study suggests that stimulating 
the anabolic axis could serve as an 
approach to counter cartilage loss in oA 
and possibly to regenerate cartilage,” 
says corresponding author Jin-Hong Kim.

Tankyrase, encoded by TNKS or TNKS2, 
was previously known to be involved 
in various processes including WNT 
signalling and telomere maintenance. 
in the present study, transcriptome 

analysis in numerous strains of bXD mice 
revealed that tankyrase gene expression 
negatively correlated with expression  
of cartilage matrix genes. Knockdown of 
both Tnks and Tnks2 or treatment 
with tankyrase inhibitors induced the 
expression of cartilage matrix genes 
in mouse chondrocytes, suggesting 
that tankyrase inhibition promotes 
pro-anabolic pathways in cartilage.

The researchers also demonstrated 
that in human cartilage affected by oA, 
tankyrase expression is upregulated and 
inversely correlated with expression 
levels of type ii collagen and aggrecan, 
compared with unaffected tissue. 
Consistent with these findings, 
expression of tankyrase in mouse knee 
joints was increased and that of aggrecan 
and the transcription factor SoX9  
(a master regulator of chondrogenesis) 
decreased 8 weeks after surgery to 
induce post-traumatic oA.

in mouse chondrocytes, tankyrase 
inhibition inverted the expression 
patterns of oA-associated genes. 
In vivo, hydrogel-mediated intra- 
articular delivery of tankyrase  
inhibitors to the knees of mice  
with surgically induced oA protec ted 
against oA progression. This protective 
effect was associated with increased 
expression of cartilage matrix 
constituents, reduced production  
of catabolic regulators and preserved 
expression of SOX9 compared  
with vehicle administration only.

Tankyrase inhibition also enhanced 
the chondrogenic differentiation 
of human bone-marrow-derived 
mesenchymal stem cells and improved 
the regeneration of articular  
cartilage lesions.

Together, the findings could have 
implications for the development of 
therapies for oA aimed at cartilage 
regeneration.

Sarah Onuora
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Inhibit tankyrase to preserve  
OA cartilage?

ORIGInAl ARTIclE Kim, S. et al. Tankyrase 
inhibition preserves osteoarthritic cartilage by 
coordinating cartilage matrix anabolism via 
effects on SOX9 PARylation. Nat. Commun. 10, 
4898 (2019)
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The inflamed synovium in 
rheumatoid arthritis (RA) contains  
a high concentration of lactate  
that has traditionally been thought  
to be a by-product of synovial 
fibroblast proliferation. In a new 
study, researchers describe how 
lactate can function as an effector 
molecule by reprogramming CD4+ 
T cells to a pro-inflammatory 
phenotype, thereby exacerbating 
disease in patients with RA who 
predominantly have lymphoid cell 
infiltrates in their synovium  
(the so-called lymphoid pathotype).

“We identified the pathway 
initiated by lactate build-up in 
inflamed tissue that exacerbates 
the tissue inflammatory response 
in diseases with an important 
CD4+ T cell component, such 
as the lymphoid pathotype of 
RA,” states corresponding author 
Claudio Mauro. Specifically, the 
researchers investigated SLC5A12, 
a sodium-dependent lactate 
transporter protein that they have 

previously shown to be expressed  
on CD4+ T cells, but not CD8+  
T cells, in mice. In their new study, 
the researchers showed that, upon 
activation with either anti-CD3 
antibodies or RA synovial fluid, 
SLC5A12 was upregulated in 
peripheral blood CD4+ T cells from 
patients with RA compared with 
those from healthy individuals.

Further in vitro and in vivo 
experiments revealed that lactate 
was taken up by SLC5A12 in CD4+ 
T cells, where it induced a switch in 
metabolism away from glycolysis  
and towards fatty acid synthesis and  
PMK2 nuclear activity. These changes 
in metabolism led to the increased 
expression of IL-17 by these cells in 
the presence of lactate. Experiments 
with synovial tissue explants also 
revealed a role for SLC5A12 in 
controlling lactate-induced tissue 
retention of T cells; blocking 
SLC5A12 with an antibody enabled 
the egress of CD4+ T cells from the 
tissue explants.

 I M M U n O M E TA B O l I S M

Lactate rewires synovial T cells in RA

RNA sequencing of synovial  
tissue samples from DMARD-naive  
patients with RA showed a distinct 
positive correlation between 
SLC5A12 expression and disease 
activity. “We also used a murine 
model of RA that is characterized 
by CD4+ T cell infiltration in 
the arthritic joints to mimic the 
lymphoid pathotype and showed 
that blocking SLC5A12 improves 
the clinical signs of disease,” says 
Mauro. The researchers suggest 
that SLC5A12 could be a future 
therapeutic target for the lymphoid 
pathotype of RA.

Joanna Clarke
ORIGInAl ARTIclE Pucino, V. et al. Lactate 
buildup at the site of chronic inflammation 
promotes disease by inducing CD4+ T cell 
metabolic rewiring. Cell Metabolism https:// 
doi.org/10.1016/j.cmet.2019.10.004 (2019)
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ORIGInAl ARTIclE López-Isac, E. et al. GWAS 
for systemic sclerosis identifies multiple risk loci 
and highlights fibrotic and vasculopathy pathways. 
Nat. Commun. 10, 4955 (2019)
RElATED ARTIclE Angiolilli, C. et al. New insights 
into the genetics and epigenetics of systemic 
sclerosis. Nat. Rev. Rheumatol. 14, 657–673 (2018)

seven of the 
identified 
genes encoded 
pharmaco-
logical targets

The results of the largest genome- 
wide association study (GWAS)  
to date in patients with systemic  
sclerosis (SSc) have been published 
in Nature Communications. The study 
combined data from 14 independent 
european cohorts and revealed  
several new risk loci related to  
fibrosis and vasculopathy.

“Thanks to a large international 
collaborative effort, we gathered 
~10,000 patients to perform a powerful 
large-scale genomic analysis of this rare 
condition,” states co-corresponding 
author elena lópez-isac. “We have  
identified 27 independent genome- 
wide associated signals, including 
13 new risk loci, almost doubling the 
number of genome-wide hits reported 
for SSc thus far.”

“The study also provides robust 
evidence to nominate the target genes 
behind the genetic associations,” adds 
co-corresponding author Javier martin. 
“Some of them point towards molecular 

pathways linked to vasculopathy  
(like DDX6, the ability of which to 
regulate vascular endothelial growth 
factor under hypoxic conditions has 
been previously demonstrated),  
or to fibrosis (like the role of TWSG1,  
which is involved in transforming 
growth factor-β signalling in T cells).”

After identifying candidate risk loci 
in the GWAS screen, the authors used 
a combination of functional analysis 
and epigenomic techniques across a 
variety of cell types to investigate the 
most relevant genetic associations for 
the disease. in particular, transcription 
regulatory functions were uncovered 
for many genetic variants, and a strong 
signal for many associations was seen 
in NK cells, which have been previously 
linked to SSc pathogenesis.

importantly, a subtype analysis 
revealed two unique associations,  
one for limited cutaneous SSc  
(MERTK, encoding a tyrosine kinase 
involved in liver fibrosis) and one  

for diffuse cutaneous SSc (ANKRD12,  
the associated variant of which is  
linked to TWSG1). “for the first time,  
we identified subtype-specific 
associated loci outside of the MHC 
region,” says lópez-isac. The authors 
suggest that the association of fibrotic 
pathways with diffuse cutaneous  
SSc is particularly interesting owing  
to the aggressive nature of this  
disease subtype.

The authors also performed a drug 
target enrichment analysis and found 
that seven of the identified genes 
encoded pharmacological targets.  
Therapeutics are already in clinical  
trials for SSc for two of these targets  
(CD80 and BLK), and the authors  
suggest that the presence of IL12A  
in the list of genes suggests that 
ustekinumab might be a candidate  
to be repurposed for SSc.

Joanna Clarke
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New genetic risk loci found for SSc
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The ACR, Spondylitis Association of America 
(SAA) and Spondyloarthritis Research 
and Treatment Network (SPARTAN) have 
published a 2019 update1 to their recom
menda tions for the treatment of axial spon
dyloarthritis (axSpA). Highlights of the 
new recommendations include the incor
poration of newly available therapies, the 
favouring of a treatment strategy based on 
physician assess ment rather than a treatto
target appro ach and the use of imaging to 
aid disease moni toring1 (Box 1). However, the 
recommenda tions refer to nonradiographic 
and radio graphic dis ease individually, rather 
than to a unified disease entity.

The recognition of axSpA as a wider entity 
than ankylosing spondylitis (AS; also known as 
radiographic axSpA) was considerably aided 
by the publication of the 2009 Assessment in 
Spondyloarthritis Society (ASAS) classifi
cation criteria2. An important contribution 
of these criteria over previous ones was the 
recognition that unequivocal radiographic 
sacroiliitis (an important criterion in the 
modified New York criteria to define AS2) is 
a late feature in the disease course, and that 
earlier disease stages could be identified by 
other imaging methods (such as MRI) or by a  
combination of laboratory findings such as 
an elevated Creactive protein concentration  
and/or associated disease features including 
HLAB27positivity2. As opposed to other 
chronic disorders such as rheumatoid arthritis 

and nonradiographic axSpA (nraxSpA) as 
two separate diseases and provide individual, 
yet similar, treatment plans for each disease1. 
However, evidence suggests that disease activ
ity, comorbidities and treatment responses are 
similar for nraxSpA and AS4, proving that the 
management of patients with these conditions 
might have to be equally intensive, regardless 
of the disease  classification used.

The updated ACR–SAA–SPARTAN recom
mendations retain NSAIDs as the firstline 
treatment for axSpA, together with physical 
therapy1. Continuous treatment with NSAIDs, 
rather than ‘on demand’, is preferred for both 
nonradiographic and radiographic disease, 
especially if the disease is active. If NSAIDs fail 
to provide adequate disease control, biologic 
therapies should then be considered. TNF 
inhibitors are preferred as the first option over 
IL17 inhibitors, as also outlined in the 2016 
ASAS–EULAR management recommenda
tions5. Within this class of drugs, antiTNF 
monoclonal antibodies are the preferred 
option for use in patients with extraarticular 
manifestations such as uveitis or inflamma
tory bowel disease, which are known to occur 
across the entire axSpA spectrum, although 
interestingly they are only mentioned in the 
context of AS, and not nraxSpA, in the new 
ACR–SAA–SPARTAN recommendations1. 
Tofacitinib, a Janus kinase inhibitor currently 

or systemic lupus erythematosus, which are 
widely accepted to have varied clinical  spectra 
in which subsets of patients might have a mild 
or even selflimiting disease course, contro
versy is still rife as to whether earlier, non 
radiographic stages in axSpA are indeed part 
of the same disease spectrum as AS. This 
dispute is rooted in the absence of speci fic 
autoantibodies or validated biomarkers of 
disease, which has resulted in the use of radio
graphic sacroiliitis as the main biomarker to 
identify axSpA; this problem is further com
pounded by the wellknown lack of reliability 
in the interpretation of sacro iliitis on radio
graphs3. Ten years on from the publication 
of the ASAS criteria2, the new ACR–SAA–
SPARTAN recommendations still outline AS 

 T H E R A P Y

Axial spondyloarthritis: time  
to stop the split 10 years on
Xabier Michelena    and Helena Marzo-Ortega   

The 2019 ACR–SAA–SPARTAN treatment recommendations for axial 
spondyloarthritis incorporate useful advice on new therapies, treatment 
strategy and the use of imaging. But is it appropriate to still recommend 
different treatment strategies for non-radiographic and radiographic 
disease when available evidence suggests they are part of the same  
clinical spectrum?

Refers to Ward, M. M. et al. 2019 update of the American College of Rheumatology/Spondylitis Association of 
America/Spondyloarthritis Research and Treatment Network recommendations for the treatment of ankylosing  
spondylitis and nonradiographic axial spondyloarthritis. Arthritis Rheumatol. https://doi.org/10.1002/art.41042 (2019).

the recommendations 
refer to non-radiographic 
and radiographic disease 
individually, rather than to  
a unified disease entity

Box 1 | Key points from the 2019 ACR–SAA–SPARTAN treatment recommendations

•	Continuous treatment with NSAIDs, together with physical therapy, is the preferred first-line 
treatment for management in axial spondyloarthritis (axSpA).

•	If NSAIDs fail, biologic therapies should be considered, with TNF inhibitors being the first option.

•	Il-17 inhibitors are recommended when patients have a primary non-response to TNF inhibitors.

•	Anti-TNF monoclonal antibodies are preferred for treating patients with axSpA who have 
recurrent uveitis or inflammatory bowel disease.

•	A treatment strategy based on physician assessment is suggested, as opposed to a treat-to-target 
strategy.

•	When the level of disease activity is unclear, mRI of the sacroiliac joints and spine can be helpful.

•	The updated ACR–SAA–SPARTAN treatment recommendations for ankylosing spondylitis (AS) 
and non-radiographic axSpA are strikingly similar, supporting the view of axSpA as a unified 
disease entity.
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in phase III trials for axSpA, is also mentioned 
as a potential secondline targeted synthetic 
therapy, although more data are needed to 
position it. Switching to IL17 inhibitors is 
recommended if primary nonresponse to 
TNF inhibitors occurs, and cycling to a dif
ferent TNF inhibitor is encouraged in cases 
of secondary nonresponse. Overall, the 
advocacy for TNF inhibitors1 is supported 
by a longer clinical experience of use, rather 
than a proven superiority over IL17 inhib
itors. Realworld data are also lacking on 
switching between different treatment targets 
(that is, from TNF to IL17), as is an indepth 
understanding of the immunopathotypes 
underpinning the disease process across 
the axSpA spectrum, which would enable 
treatment stratification.

With the introduction of biosimilars, 
which has led to the availability of substan
tially cheaper TNF inhibitors in many coun
tries, the economic burden attached to the 
use of originator biologic agents has become 
a real consideration for rheumatologists at the 
time of prescribing. The 2019 ACR–SAA–
SPARTAN recommendations1 have condi
tionally recommended against switching from 
the originator TNF inhibitor to its biosimilar 
in patients with stable AS, largely because 
of the risk of disease flare. However, this  
recommendation has different implications 
depending on individual local guidelines and 
funding sources and cannot be extrapolated 
worldwide. Several countries have pushed for 
physicians to switch to TNF inhibitor bio
similars when possible, and their experience 
will provide valuable data on the realworld  
interchangeability of biosimilars6.

Some stark differences exist between  
the 2019 ACR–SAA–SPARTAN recommen
dations1 and the 2016 ASAS–EULAR rec
ommendations5. Interestingly, the North 
American ACR–SAA–SPARTAN panel have  
conditionally recommended against using a 
treattotarget strategy based on the Anky
losing Spondylitis Disease Activity Score 
(ASDAS)1, which contrasts with the European 
recommendations5. The rationale behind this 
decision1 is the lack of substantial evidence 
showing the potential of a treattotarget strat
egy to slow radiographic progression and the 
risk of rapid turnaround in treatments, which 
might quickly exhaust all the available options 
for some patients. Although a recommenda
tion is given in the ACR–SAA–SPARTAN 
update1 to quantify disease activity to inform 
treatment decisions, no outcome measure 
is proposed. In reality, the development of 
robust outcome measures in axSpA remains 
on the research agenda as the available tools 
often heavily rely on subjective measures. 
Importantly, whether the absence of a defined 

spectrum of axSpA. The integration of MRI  
in the evaluation of axSpA might be of value in  
some instances; however, research efforts are 
still needed to identify potential biomarkers 
and immunephenotypes that could guide 
informed treatment stratification and our 
overall understanding of axSpA.
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target might risk the undertreatment of some 
patients remains to be demonstrated.

Drug tapering has also been addressed  
by the ACR–SAA–SPARTAN update1, in a 
recommendation against tapering of the dose 
of a biologic drug, which is in opposition to 
the 2016 ASAS–EULAR recommendations5, 
in which tapering was also considered and 
recommended. Despite literature being 
scarce in this field, successful tapering of TNF 
inhibi tors without substantial relapse has been 
reported7. As more patients with axSpA are 
receiving biologic treatment and early inter
vention is encouraged, the longterm effects 
of continuous biologic therapy need to be 
explored. In the absence of datadriven defi
nitions of remission and flare, the benefits and 
risks of drug tapering have to be balanced 
and ultimately discussed with the patient, 
as outlined in the ACR–SAA–SPARTAN 
recommendations1.

Finally, a novelty of the 2019 ACR–SAA–
SPARTAN recommendations1 is their advo
cacy for the use of MRI in patients receiving 
biologic therapies when the level of disease 
activity is unclear and when this extra infor
mation would influence treatment deci
sions. Evidence suggests that sacroiliac joint 
inflammation as identified by MRI responds 
well to TNF inhibitor treatment8 and also 
that such lesions, particularly when exten
sive and severe, can lead to disease progres
sion9. However, the ACR–SAA–SPARTAN 
recommendations1 rightly warn about the 
limitations of MRI in disease monitoring, 
particularly in view of the limited data avail
able on the correlation between MRI lesions 
and treatment response or on the signifi
cance of subclinical inflammatory changes. 
Furthermore, to date, no therapies have been 
unequivocally proven to modify the disease 
course of axSpA, and there are only limited 
data showing potential effects of NSAIDs, 
TNF inhibitors or IL17 inhibitors on struc
tural damage10. Larger, longitudinal trials uti
lizing robust imaging outcomes are needed to 
address the question of whether any of these 
therapies might truly be diseasemodifying  
in axSpA.

In conclusion, the 2019 ACR–SAA–
SPARTAN recommendations1 provide an 
update for the rheumatology community 
with useful advice on how to manage axSpA 
and the use of new pharmacological ther
apies for this condition. Despite being for
mulated as if treating two distinct disease 
subsets (AS and nraxSpA), similarities in 
the available evidence, including the treat
ment guidance devised, suggest that AS and 
nraxSpA are indeed part of the same clinical 
entity and that management strategies should 
therefore be unified and aimed at the whole 
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The researchers went on to compare the 
BCR repertoire diversity with respect to 
immunoglobulin heavy-chain variable region 
(IGHV) gene usage3. Expression of genes of 
the IGHV4 family was increased in B cells 
from patients with SLE, Crohn’s disease or 
EGPA when compared with healthy individ-
uals; notably, BCRs utlilizing IGHV4-34 are 
known to bind both microbial antigens and 
autoantigens6. Although IGHV4-34 has pre-
viously been associated with SLE, this study3 
extends the association of this gene with other 
IMDs. Many genes of the IGHV1 family are 
also associated with certain IMDs and infec-
tions7. Further, in this new study3, the gene 
usage in the different IMDs, with the excep-
tion of Crohn’s disease, was consistent across 
both naive and antigen-experienced B cell 
clonal populations, supporting the idea that a 
selective expansion of these clones might arise 
from an early microbial trigger, and not just in 
response to disease onset.

The complementarity-determining 
region 3 of the BCR heavy-chain (CDR3) 
makes up the bulk of the antigen–antibody 
binding interface. The length and sequence 
of this region determines antibody specific-
ity, and increa sed CDR3 lengths are associated 
with auto immunity8. Bashford-Rogers and 
colleagues observed that the lengths of CDR3s 
were increased in the BCRs of IgG-switched 
and IgA-switched B cells in patients with 
SLE and in the BCRs of unswitched B cells 
in patients with Crohn’s disease3. However, 
whether the CDR3 regions of BCR heavy 
chains in patients with the same disease have 
shared sequence motifs, as has been shown 
in other established autoimmune indications 
such as RA, remains unknown.

BCR repertoire size and diversity is a 
direct result of B cell clonal expansion, CSR 
and SHM. Clonal expansion and diversifica-
tion across different isotypes was increased in 
patients with Crohn’s disease, SLE or EGPA, 
decreased in patients with Behçet disease 
and unchanged in patients with AAV or 
IgAV when compared with healthy individ-
uals3. Interestingly, levels of SHM did not 
vary across the IMDs. The observation that 
the BCR repertoire in patients with AAV or 
IgAV do not vary from that of healthy indi-
viduals is inconsistent with the established 
role of autoantibodies in these diseases. In 
these diseases, it could be informative to fur-
ther define whether B cell activation states 

The diverse range of B cell receptors (BCRs) 
expressed by the B cells of an individual con-
stitutes their BCR repertoire. Diversification 
of the naive BCR repertoire is stimulated 
by exposure of the B cells to antigens and 
is affected by the context in which antigen 
exposure occurs. B cell receptor repertoire 
diversification occurs primarily as a result of 
two main processes involving immunoglob-
ulin genes: affinity maturation (which occurs 
through somatic hypermutation (SHM) fol-
lowed by selection of high-affinity clones)1 
and heavy-chain class-switch recombination 
(CSR)2. These iterative processes select for 
genetic recombinations that result in B cells 
that produce antibodies with high affinities 
and possessing specialized effector func-
tions tailored to the target foreign antigens. 
Simultaneously,  tolerance mechanisms exist 
that serve as checkpoints to remove or sup-
press B cells encoding self-reactive BCRs; 
however, evasion of these checkpoints can 
give rise to autoimmune conditions. To gain 
further insight into how B  cells contrib-
ute to immune-mediated diseases (IMDs), 
Bashford-Rogers and colleagues have charac-
terized the BCR repertoires in individuals 
with an IMD3. The study’s findings reveal 
intriguing links between the microbiome and 
B cell-mediated pathogenesis and provide 
insight into potential strategies for improving 
current treatment paradigms in autoimmune 
diseases (Fig. 1).

In this new study3, the researchers ana-
lysed samples from 209 individuals with 
one of six different IMDs: ANCA-associated 
vasculitis (AAV), systemic lupus erythema-
tosus (SLE), Crohn’s disease, Behçet disease, 
eosinophilic granulomatosis with polyangiitis 

(EGPA) and IgA vasculitis (IgAV). To pre-
vent confounding effects from differences 
in disease duration, activity and treatment, 
the investigators recruited primarily newly 
diagnosed, but untreated patients. They used 
a method to barcode, amplify and sequence 
the BCR repertoires of the patients using 
total RNA of sorted B cells. The method pro-
duces a barcoded amplicon that encodes the 
antigen-binding (VDJ) domains and constant 
regions of the BCR heavy chain. The unique 
barcodes on each amplicon ensure that the 
contribution of each B cell to the repertoire 
is counted only once. Although heavy-chain 
sequencing excludes the light-chain regions of 
the BCR, it provides information on the vari-
able region sequence, isotype class, subclass 
and clonal type frequency.

Bashford-Rogers and colleagues first com-
pared the antibody isotype usage in patients 
with IMDs and in healthy individuals and 
discovered that IgA was the dominant isotype 
in all the patients except those with AAV or 
EGPA3. Furthermore, the over-representation 
of IgA correlated with increased serum IgA 
titres, particularly in patients with SLE. 
Additionally, the IgE isotype was overrepre-
sented in patients with SLE, Crohn’s disease 
or EGPA. By contrast, isotype usage in AAV 
was similar to that in healthy individuals. The 
dominance of IgA and IgE isotypes is in line 
with previous findings that these isotypes 
are involved in IMD pathology. For instance, 
IgA–rheumatoid factor immune complexes 
have been implicated in pathogenesis in the 
joints of patients with rheumatoid arthritis 
(RA)4, and self-reactive IgE antibodies are 
known to exacerbate inflammatory pathways 
in SLE5.

 I M M U N O LO GY

Characterizing the BCR  
repertoire in immune- 
mediated diseases
Nitya S. Ramadoss and William H. Robinson

B cells can assume protective or pathogenic roles in immune-mediated 
diseases (IMDs). Analysis of the B cell receptor (BCR) repertoires in six IMDs 
provides insights into the diversity of B cell repertoires across diseases as well 
as into potential pathological mechanisms and the effects of different 
treatments.
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IgA was the dominant 
isotype in all the patients except 
those with AAV or EGPA
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or dysregulated transcriptional programs 
 promote disease.

Interestingly, the researchers investigated 
the effects of two well-known therapies on the  
BCR repertoire of patients with SLE or AAV3.  
The two treatment regimens — rituximab  
(RTX), which depletes CD20-positive B cells,  
or treatment with mycophenolate mofetil 
(MMF), which inhibits cell proliferation 
— had widely differing effects on the BCR 
repertoire. After RTX and consequent B cell 
depletion, the persisting cells were pre-
dominantly clonally expanded and class- 
switched, and could thereby contribute to 
post-treatment relapse. By contrast, MMF 
treatment resulted in reduced class switching 
and clonality, with concomitant increases in 
IgM-positive B cells and IgD-positive B cells. 
However, what gene expression changes in the 
B cells contribute to therapeutic outcomes is 
unknown and could be the subject of future 
investigations. Nevertheless, in a treatment 
paradigm similar to that proposed for the use 
of RTX followed by belimumab (which blocks 
B cell-activating factor (BAFF)) to maintain 

determination of antigen specificity through 
recombinant antibody expression10. In addi-
tion to characterizing the functional antibody 
repertoire in IMDs, further studies to inves-
tigate the cross-reactivity of expanded clones 
to commensal bacteria are needed to identify 
potential microbial triggers.

The development and accessibility of large- 
scale sequencing is transforming our under-
standing of human disease. Bashford-Rogers 
and colleagues applied large-scale sequenc-
ing to study features of the B cell repertoires 
associated with IMDs, revealing marked dif-
ferences in variable gene and isotype usage 
that provide important insights into these 
diseases3. Application of this approach and 
related approaches to additional IMDs is 
anticipated to considerably advance our 
understanding of the underlying disease 
mechanisms and lead to the development of 
next-generation therapeutic approaches for a 
variety of IMDs.
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remission9, the results from this study3 have 
implications for the potential use of RTX  
followed by MMF to promote therapeutic  
efficacy in both SLE and AAV (Fig. 1).

One of the limitations of repertoire 
analy sis with BCR heavy-chain sequencing  
is that no paired light-chain information is 
provided. The BCR light chain pairs with 
the heavy chain to form the antibody bind-
ing site, and hence the light chain directly 
contributes to the binding site and thereby 
the specificity and binding properties of an 
antibody. Paired heavy-chain and light-chain 
sequences, particularly for expanded or 
persistent post-treatment B cell clones, are 
required for more comprehensive analysis 
of the antibody repertoire as well as for the 

The development and 
accessibility of largescale 
sequencing is transforming  
our understanding of human 
disease
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Fig. 1 | Model for the role of B cells in immune-mediated diseases. Healthy individuals 
possess B cell receptor (BCR) repertoires that are largely tolerant to self-antigens. Upon antigen 
exposure to infectious microbes or in response to commensal organisms, BCRs diversify by 
somatic hypermutation (SHM) and class-switch recombination (CSR). Production of protective, 
specific antibodies contributes to the prevention and/or resolution of microbial infections. 
Tolerance breaks can lead to the expansion of autoreactive pathogenic B cells, promoting disease. 
B cell depletion therapies such as rituximab (RTX) can reduce development of pathogenic B cells, 
pro moting restoration of tolerance. However, a small subset of persistent, class-switched, somati-
cally hypermutated clones might continue to expand, promoting relapse. Mycophenolate mofetil 
(MMF) inhibits the proliferation of somatically hypermutated and class-switched B cells but does 
not deplete them. Combination therapy (for example, with MMF and RTX) might promote more 
effective therapeutic outcomes.
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The usual pharmacological treatment for 
patients with active axial spondyloarthritis 
(axSpA), which includes those with anky-
losing spondylitis (AS), is NSAIDS; if these 
are insufficient, biologic drugs such as TNF 
inhibi tors or IL-17 inhibitors are used to 
reduce disease activity. Another important 
aim in the manage ment of patients with 
axSpA is the inhib ition of radiographic dam-
age as, for this disease (in contrast to rheu-
matoid arthritis), osteoproli ferative changes 
are more important than osteodestructive 
processes. The fact that the nomen clature 
for spondylo arthritis has changed in the past 
decade — and that the term radiographic 
axSpA has largely replaced AS – does not, 
however, affect the results of studies on radio-
graphic progression of disease. The authors  
of a new meta-analysis1 of studies investigat-
ing the effects of NSAIDs on radiographic 
progression in AS claim that, “the available 
evidence suggests that NSAIDs are unable 
to delay radio graphic progression of AS, 
even in patients with elevated [C-reactive  
protein (CRP)] levels”. Zhang et al.1 identified 
two prospective trials2–4 and two retrospective 
studies for inclusion in the meta- analysis, 
which are clearly important studies; however, 
we think that there is currently not enough 
evidence to make either a negative or a defini-
tive posi tive statement about whether NSAIDs 
affect  radiographic progression in AS.

The discussion around whether NSAIDs 
can inhibit bone formation in AS has been 
going on for a long time, initially with limited 
methodology. Over time, data have emerged 
on the effect of biologic drugs on bone forma-
tion, including retrospective data5 that show 
that TNF inhibitors given for long periods of 
time might decelerate new bone formation, 
which mainly occurs in the form of syndesmo-
phytes. However, no prospective randomized 
controlled trial (RCT) has been performed that 

was performed at a time when TNF inhibitors 
were already standard of care6. This fact might 
have influenced the inclusion of patients in the 
later study4 owing to competition for partici-
pants with trials of biologic drugs, but there is 
no formal proof for this.

Another important difference between the 
two studies2,4 is that a selective COX2 inhibi-
tor was used in one trial2 and a conventional 
NSAID in the other trial4. Could this discrep-
ancy have had an influence on the results? 
Evidence exists that inhibition of COX1 or 
COX2 can influence bone formation7. COX 
isoenzymes are crucial for the production 
of prostaglandins (such as prostagandin E2, 
which is involved in inflammation) from ara-
chidonic acid, and have important roles in  
bone formation, resorption and repair, in which  
they function through specific membrane 
receptors to regulate osteoblasts and osteo-
clasts. Although both COX1 and COX2 can 
affect the properties of bone tissue, COX2 is 
dominant in osteoblasts and helps to maintain 
bone density and strength. Indeed, compared 
with wild-type mice, COX2-knockout mice 
have reduced bone density and increased 
concentrations of parathyroid hormone, 
and COX1-knockout mice have increased  
bone density. Taken together, there is clear 
involvement of COX isoenzymes in bone 
physio logy, and the inhibition of COX2 seems 
to have detrimental effects on bone healing 
and an inhibitory effect on new bone forma-
tion7. A straightforward dif ference between 
COX2-selective drugs and traditional NSAIDs 
seems possible, but remains to be proven.

Interestingly, a 2016 study showed that 
MRI-detected bone marrow oedema, which 
is indicative of sacroiliitis in patients with  
axSpA, was reduced in patients treated  
with NSAIDs8. These findings indicate that 
any inhibitory effects of NSAIDs on bone for-
mation might be the consequence of reduced 
inflammation9, suggesting that there might 
be an effect of NSAIDs on radiographic pro-
gression in axSpA. Another perspective is 
that it is far too early to say anything about 
radiographic progression in axSpA because 

compares TNF inhibitors with placebo and, 
in most trials, >80% of patients have taken 
NSAIDs in addition to the biologic drugs5. 
This situation is different in NSAID trials, 
from which we have only prospective data on 
continuous use compared with an on- demand 
strategy. In addition, no data currently exists 
to suggest that complete inhibition of radio-
graphic progression is even possible, although 
it can often occur in female patients with 
axSpA irrespective of any therapy.

In 2005, the first RCT on NSAID use in AS 
compared continuous administration of cel-
ecoxib (a selective cyclooxygenase 2 (COX2) 
inhibitor) with an on-demand strategy, in 
which continuous administration showed an  
advantage in terms of reducing new bone 
forma tion2. The outcome of that study was 
strength ened when the results of a subgroup 
analysis were subsequently published, show-
ing that only patients with eleva ted concentra-
tions of CRP benefited from continuous use 
of NSAIDs3. Subsequently, two retrospective 
studies (discussed in the meta-analysis)1 con-
firmed the importance of CRP concentra tions 
on the effects of NSAIDs on radiographic 
progres sion. The only study to suggest that 
conti nuous use of NSAIDs has no effect on 
radio graphic progression is the ENRADAS 
study, in which the continuous use of diclo fenac 
was tested against an on-demand strategy4.  
One important difference exists between the 
2016 ENRADAS study4 and the first 
RCT2 in 2005; whereas the earlier 
study2 was performed at a time 
when treatment with TNF inhibi-
tors was not yet estab-
lished, the later study4 
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Do NSAIDs affect radiographic 
progression in axial SpA?
Jürgen Braun and Xenofon Baraliakos

NSAIDs are first line therapy for patients with axial spondyloarthritis and  
are recommended to be taken continuously in patients with active disease, 
but their ability to affect radiographic disease progression has been 
uncertain. Does a new meta-analysis shed light on this matter, or is it  
too soon to tell?
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the method that is used to assess radio-
graphic progression, the modified Stoke AS 
Spinal Score (mSASSS), is not very sensitive 
to change (irrespective of the variable course 
of syndesmophyte formation), although it has 
been the best we have had for quite some time. 
Indeed, a 2018 study has shown that low-dose  
computed tomo graphy (CT) can be used to 
detect significantly more bone formation than 
conventional radio graphy (using the mSASSS) 
in the spine of patients with AS10. This method 
therefore has the potential to reduce patient 
numbers and time in clinical studies on 
 radiographic progression of disease.

Taken together, we do not currently know 
whether NSAIDs given continuously or in 
high dosages over long periods of time can 
inhibit radiographic progression in patients 
with axSpA, and the results of the new 
meta-analysis1 do not provide convincing 
arguments that they do not. In the future, we 
should pro spectively study whether there is a 
differe ntial effect on radiographic progression 
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between COX2 inhibitors and conventional 
NSAIDs and we should use more sensitive 
methods such as low-dose CT in cohorts of 
patients with axSpA who are at increased risk 
of spinal damage, such as men and those with 
elevated CRP and/or pre-existing syndesmo-
phytes. If an effect of NSAIDs on new bone 
formation is confirmed, it should be clarified 
whether continuous use or high dosages, or 
a combination of the two, is most relevant. 
However, one has to face the reality that it 
will be very difficult to convince patients with 
active disease to not take a biologic drug for 
2 years to take part in such a study. This fact 
also raises the question of whether NSAIDs 
that are administered in addition to biolo-
gic drugs contribute to the probable inhib-
itory effects of the biologic drugs on bone  
formation and osteoporosis.
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Organ fibrosis is a lethal outcome of autoimmune 
rheumatic diseases such as systemic sclerosis (SSc, also 
known as scleroderma) and rheumatoid arthritis (RA)1–4. 
In SSc and RA, autoimmune responses result in chronic 
inflammation and tissue injury, ultimately leading to the 
development of fibrosis, mostly in the lungs (in the form 
of interstitial lung disease (ILD)) and in the skin1,2,4,5. ILD 
is associated with high morbidity and mortality and is 
the leading cause of death in patients with rheumatic 
disease- associated fibrotic disorders worldwide3,6. ILD 
is characterized by progressive scarring of the lungs, 
which severely distorts the normal tissue architecture, 
resulting in respiratory failure and, ultimately, in death7. 
Nintedanib, an anti- fibrotic drug approved for the treat-
ment of lung fibrosis in patients with idiopathic pulmo-
nary fibrosis (IPF), has now also been approved for the 
treatment of lung fibrosis in SSc- associated ILD follow-
ing the positive results of the SENSCIS trial8. The effi-
cacy of pirfenidone, another FDA- approved treatment 
for IPF, in patients with SSc is currently being investi-
gated in clinical trials9–12. Although both drugs reduce 
the rate of progression of IPF, they cannot halt disease 
progression8,13. Despite advances in therapy, destroyed 
lung architecture and function cannot be regained with 
currently available treatments and organ transplantation 
often remains the only option for patients14. Thus, an 

improved understanding of the pathobiological mech-
anisms promoting the progression of organ fibrosis in 
autoimmune rheumatic diseases is crucial to provide 
cellular and molecular targets for novel therapies that 
not only halt fibrosis, but also restore lost tissue function.

Excessive scarring of skin and lung tissues in rheu-
matic disease- associated fibrotic disorders is promoted 
by fibrogenic cells. These so- called myofibroblasts are 
the ultimate culprits responsible for excessive synthesis, 
depo sition and remodelling of extracellular matrix 
(ECM) proteins — most notably fibrillar collagens15,16. 
Whereas substantial progress has been made over the 
past 40 years in understanding the molecular mecha-
nisms that pro mote myofibroblast formation from 
different precursor cells17, considerably less is known 
about the mechanisms that promote their survival and 
persistence in fibrotic disorders. Although myofibro-
blast differentiation was initially regarded as a terminal 
state for fibroblastic cells, it is now clear that the myo-
fibroblast phenotype can be plastic and reversible. Thus, 
the term ‘acti vation’ is used in this Review to describe  
myofibroblast phenotypic transition.

In this Review, we discuss advances in our knowl-
edge of the mechanisms that keep myofibroblasts in an 
activated state, control myofibroblast functions and help 
myofibroblasts evade apoptosis. We focus on pathways 

Evasion of apoptosis by myofibroblasts: 
a hallmark of fibrotic diseases
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and processes that are relevant for the development, pro-
gression and persistence of rheumatic disease- associated 
fibrotic disorders. However, the fundamental processes 
leading to persistent fibrosis are remarkably univer-
sal, so examples from different organ systems are also 
provided. Furthermore, we discuss novel therapeutic 
strategies aimed at specifically inducing myofibroblast 
apoptosis or, alternatively, promoting their deactivation 
with the aim of re- educating fibrogenic myofibroblasts 
into scar- resolving cells that reverse the damage inflicted 
by fibrosis.

Fibroblastic cell types
The generic term fibroblast is often used to describe 
collagen- producing, heterogeneous cell populations that 
reside in soft connective tissue, including mesenchy-
mal stromal (or stem) cells18, pericytes19 and bona fide 
fibroblasts with different phenotypes20–23. Because spe-
cific molecular markers are lacking and the phenotypic 
features of these cell types are malleable, one could use 
the term fibroblast to describe the cells of a tissue that 
remain after all other cells have been classified according 
to their unique criteria. The following sections focus on 
fibroblasts and myofibroblasts, which differ in several 
ways (Table 1). Myofibroblasts are important cells that 
orchestrate the integration of the complex dynamic 
biochemical and biophysical cues present within tis-
sue undergoing repair, with the aim of restoring tissue 
integrity and, ideally, homeostasis. Myofibroblasts are 
not typically found in healthy connective tissues.

Fibroblasts in tissue homeostasis. Historically, fibroblasts 
residing in healthy tissues were considered to be quies-
cent or dormant, a belief that was partly based on the 
misperception that the ECM is a permanent scaffold 
that exists to support cells and only undergoes turn-
over following tissue injury or during disease. However, 
normal connective tissue ECM is a highly complex 
and dynamic structure that is continuously being syn-
thesized, degraded and remodelled by resident fibro-
blasts24. These fibroblast activities enable the adaption 
of normal organ structures and functions to changing 
physical demands. For example, in athletes who are 
training, physiological connective tissue remodelling 

enables the heart to resist increasing mechanical loads 
and the lungs to increase in capacity25,26.

To fulfil their role as homeostats, fibroblasts have 
developed numerous, complex, positive and negative 
feedback mechanisms that enable them to sense and 
respond to changes in the biomechanical state, integrity 
and biochemical composition of the ECM. For exam-
ple, weakening of the ECM by matrix metalloprotein-
ase (MMP)-mediated degradation triggers fibroblasts 
to synthesize and deposit ECM and to secrete ECM 
crosslinking enzymes such as lysyl oxidases, leading to 
a mechanically reinforced ECM27,28. Moreover, fibro-
blasts orient ECM fibres during normal tissue turnover, 
which contributes to the mechanical stability of organs 
and tissues29. These activities are carefully orches-
trated and seem to function seamlessly under physiolog-
ical conditions; however, in acute traumatic conditions, 
during chronic inflammation or when repeated tissue 
microdamage occurs, fibroblasts cannot maintain 
homeostasis and the activity of professional repair cells 
— myofibroblasts — is required.

Myofibroblasts in tissue repair. In conjunction with 
preceding tissue inflammation, changes in ECM bio-
chemistry and/or mechanics that exhaust the homeo-
static capacity of fibroblasts cause them to become 
activated and to phenotypically transition into myo-
fibroblasts17 (Fig. 1a). The definition of a myofibroblast 
is equally as broad as that of a fibroblast and is still 
under debate30,31; however, all myofibroblasts share their 
common spatial association with fibrillar collagen, the  
formation of contractile actin–myosin bundles and 
the exertion of contractile forces within the ECM15,32.  
In addition, myofibroblasts are often characterized by 
the expression of α- smooth muscle actin (α- SMA) in 
stress fibres, which confers on them their highly con-
tractile phenotype33. No known unique cell surface 
markers exist that distinguish myofibroblasts from other 
mesenchymal cells, define subsets of myofibroblasts 
with distinct physiological repair functions or discrim-
inate ‘good’ wound- healing myofibroblasts from ‘bad’ 
pro- fibrotic myofibroblasts in fibrosis31. Beneath their 
surface, however, single- cell analysis has revealed that 
heterogeneous (myo)fibroblast populations have dif-
ferent gene expression and transcription profiles that 
undergo dynamic changes during tissue repair and fibro-
sis in various organs34–40. Despite the justified excitement 
around single- cell sequencing and the representation of 
the resulting complex data in relatively easy- to-grasp  
t- distributed stochastic neighbour embedding (t- SNE) clus-
ter plots, one should bear in mind that myofibroblast 
heterogeneity and plasticity are essential for our body to 
react to unpredictable injury scenarios. Thus, attempts 
to classify fibroblast and myofibroblast populations 
might result in the same conclusion as that reached by 
researchers in the macrophage field41 — that classifying 
cells by their functions is preferable to classification by 
molecular markers. 

Myofibroblast heterogeneity is associated with func-
tional diversity, which can either reflect distinct myofibro-
blast lineages and precursors or different activation states 
of the same cell type. Notably, myofibroblasts can arise 

Key points

•	organ fibrosis is a lethal outcome of autoimmune rheumatic diseases such as systemic 
sclerosis (SSc).

•	myofibroblasts are scar- forming cells that are responsible for the excessive synthesis, 
deposition and remodelling of extracellular matrix proteins in SSc.

•	Persistent myofibroblast activity leads to progressive tissue fibrosis and distortion of 
the normal tissue architecture, resulting in organ failure and, ultimately, in death.

•	The termination of myofibroblast activity is suppressed in fibrotic disease by 
biomechanical and biochemical cues, which assist myofibroblast escape from 
apoptosis, thereby halting their elimination.

•	evasion of apoptosis results in persistent myofibroblast activation and/or the 
differentiation of myofibroblasts into a pro- fibrotic or pro- inflammatory senescent 
phenotype, thereby preventing fibrosis resolution.

•	Targeting myofibroblast apoptosis and reprogramming these cells to become scar- 
resolving cells are emerging as novel therapeutic strategies to reverse established 
fibrosis.

Stress fibres
Contractile bundles composed 
of actomyosin filaments.

t- Distributed stochastic 
neighbour embedding
a technique for visualizing 
high- dimensional datasets, 
often displayed in the form of 
clusters.
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from other cell types, such as epithelial cells, endothelial 
cells, mesenchymal stem cells, pericytes, pre- adipocytes 
and adipocytes17 (Fig. 1a). However, it is still unclear 
whether the origin of myofibroblasts translates into spe-
cific functions during tissue repair or fibrosis. Evidence 
of different myofibroblast lineages exists in a variety of 
organs, including the lungs42–44, heart25, kidney45, liver46, 
bone marrow47 and skin48–50. In mouse dorsal skin, two 
dermal fibroblast populations (reticular and papillary) 
are derived from a common mesenchymal progenitor 
cell that is present at day 12 during embryonic develop-
ment51 (Fig. 1a). Remarkably, these two subsets of fibro-
blasts not only differ in their anatomical position within 
the same tissue but also exert distinct functions during 
tissue repair. Genetic tracing has revealed that reticular 
fibroblasts of the lower dermis of mouse skin are the first 
to migrate into the wounded sites, where they activate to  
become collagen- producing α- SMA+ myofibroblasts.  
By contrast, papillary fibroblasts seem to be essential for 
new hair follicle formation later on in the healing process 
and never express α- SMA51. Other lineage markers, such 
as engrailed 1 and CD26, have been used to reveal how at 
least two succeeding distinct fibroblast populations con-
tribute to skin development21, normal wound healing and 
scarring in mouse models52. Whether the same or similar 
fibroblast lineages contribute differently to the healing of 
human skin injuries and/or to the development of skin 
fibrosis in SSc remains elusive. However, one common 
conclusion of such lineage- tracing studies, despite the 
use of different genetic markers, is that targeting spe-
cific myofibroblast precursor cells has the potential to 
suppress the development of fibrosis without affecting 
regenerative fibroblast populations. Notably, distinct 
fibroblast populations have also been identified by 
single- cell mRNA analysis in synovium and are thought 
to have different roles in RA53. Thy-1+ fibroblasts in the 

synovial sublining promoted and sustained inflamma-
tion in a mouse model of arthritis without affecting 
bone and cartilage, whereas a Thy-1− fibroblast popu-
lation residing in the synovial lining degraded bone and 
cartilage ECM without affecting inflammation53.

An alternative, but not mutually exclusive, hypothe-
sis is that myofibroblasts undergo dynamic transitions 
or exist in a variety of maturation states that differ-
ently affect the outcome of normal and fibrotic tissue 
repair15,54–57. The term ‘proto- myofibroblast’ has been 
proposed to emphasize that full ‘differentiation’ of fibro-
blasts into highly contractile α- SMA+ myofibroblasts is 
preceded by the transition to a collagen- synthesizing 
phenotype that has α- SMA− stress fibres and relatively 
lower contractile activity15. Such phenotypic shifts must 
be considered when interpreting phenotypic and/or 
transcriptional myofibroblast profiles obtained at single 
time- points from cell cultures, healing tissues or fibrotic 
lesions, which do not take into account the history or 
future of these cells.

Phenotypic shifts have also been reported for highly 
activated, α- SMA+ myofibroblasts at later stages of tis-
sue repair and fibrosis — a phenomenon called reversal. 
For example, subsets of α- SMA+ myofibroblasts undergo 
phenotypic transition into senescent myofibroblasts that 
express p16INK4a (a cell cycle regulatory protein) dur-
ing the resolution phase of cutaneous healing58,59. This 
transition is required to shift the activity of myofibro-
blasts from ECM production to ECM degradation, and 
thereby create scar- resolving cells (Fig. 1a). Using single- 
cell tracing in a mouse model of carbon tetrachloride- 
induced induced liver fibrosis, myofibroblasts reverted 
back to a fibroblast- like inactive state in vivo, and fibrosis 
was resolved once the experimental organ insult was dis-
continued60,61. Irrespective of the underlying mechanism, 
the termination of myofibroblast ECM secreting and 

Table 1 | Characteristics of fibroblasts and myofibroblasts

Characteristic Fibroblasts Myofibroblasts Refs

Distribution Ubiquitous in connective tissues Damaged tissues, fibrosis and cancer 299

Morphology Large, flat and elongated (spindle- 
shaped) cells that contain cortical 
actin microfilaments

Smooth muscle- like cells that contain 
contractile actin–myosin bundles and  
have specialized adhesion structures

15

Origin Mesoderm Tissue- resident fibroblasts, epithelial 
cells, endothelial cells, pericytes and 
mesenchymal stem cells

17

Functions Maintain ECM homeostasis by 
secreting ECM proteins and matrix- 
degrading enzymes; proliferate 
and migrate into the wound bed to 
deposit granulation tissue during 
tissue repair

Produce large amounts of type I collagen 
during tissue repair ; contract wound 
margins to facilitate re- epithelialization 
and restoration of tissue integrity ; 
their persistence contributes to the 
pathogenesis of fibrosis and cancer

1,30,300

Molecular markers Vimentin+α- SMA− cells that secrete 
ECM proteins and produce MMPs 
and TIMPs

Fibronectin ED- A+α- SMA+ cells that 
synthesize type I collagen and produce 
matrix crosslinking enzymes

98

Proliferative capacity High (during wound healing) Low 301

Metabolic activity Low High (aerobic glycolysis) 168

Biomechanical activity Low High (hypercontractile phenotype) 302

Apoptosis sensitivity Low High (primed for death) 86

ECM, extracellular matrix; fibronectin ED- A , fibronectin extra domain A ; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of 
metalloproteinase; α- SMA , α- smooth muscle actin.
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contractile activities has been proposed as an important  
step in the resolution of organ fibrosis62,63.

Although the molecular mechanisms that promote 
the activation of myofibroblasts have been relatively 
well studied, considerably less is known about the 
pathways that deactivate myofibroblasts upon success-
ful completion of tissue repair. Once tissue integrity is 
re- established, myofibroblasts can adopt one of several 
different functions17 (Fig. 1a). Myofibroblasts can deacti-
vate and return to the low activity state characteristic of 
fibroblasts in homeostatic tissues. Alternatively, they can 
assume roles that were not characteristic of their precur-
sor cells, such as becoming scar- resolving or senescent 
cells. Myofibroblasts can also initiate self- clearance via 
apoptosis (also known as programmed cell death), or can 
continue to remodel tissue beyond what is required for 
repair, resulting in pathological scarring (Fig. 1b). How 
these different fates are determined and how the under-
lying cellular mechanisms are temporally and spatially 
regulated remain unclear. In the following sections, we 
discuss factors and pathways that promote myofibroblast 
persistence beyond the resolution phase of tissue repair, 
particularly the evasion of apoptosis.

Apoptotic pathways
Apoptosis is a physiological process in which cells are 
genetically programmed to self- destruct64–67. In healthy 
adult tissue, 50–70 billion cells are cleared every day via 
apoptosis to balance the rate of cell division in tissues68. 
Although it seems extremely inefficient to continuously 
destroy so many cells, apoptosis is an important homeo-
static mechanism that controls organ size and function. 
It is also the main cellular mechanism used to eliminate 
damaged or infected cells, or to control cells that start 
dividing uncontrollably69. The cellular and molecu-
lar features of apoptotic cells include cell shrinkage, 

membrane blebbing, pyknosis and cell disassembly into 
apoptotic bodies in a process called budding70. Apoptotic 
bodies are subsequently phagocytosed by surrounding 
cells, including macrophages71. Importantly, the engulf-
ment of cells via efferocytosis is associated with decreased 
production of pro- inflammatory cytokines such as TNF, 
and increased production of anti- inflammatory cytokines 
such as transforming growth factor- β1 (TGFβ1) and 
IL-10 (reF.72).

Apoptosis is a complex process that is tightly con-
trolled by two interconnected molecular pathways: the 
intrinsic and extrinsic pathways65 (Fig. 2). The intrin-
sic pathway of apoptosis is triggered by intracellular 
death stimuli such as DNA damage, oxidative stress or 
oncogene activation65, all of which initiate apoptosis by 
inducing mitochondrial outer membrane permeabiliza-
tion (MOMP). Accordingly, the intrinsic pathway is also 
called mitochondrial apoptosis. MOMP occurs as the 
membrane potential and pH gradient across the inner 
mitochondrial membrane is impaired, leading to mito-
chondrial swelling, rupture of the outer mitochondrial 
membrane and release of pro- apoptotic proteins such 
as cytochrome c from the intermembrane space into 
the cytoplasm. Cytoplasmic cytochrome c binds to and 
activates apoptotic protease activating factor 1 (APAF1) 
to form the apoptosome, which mediates activation of 
caspase-9, ultimately leading to cell death via the acti-
vation of caspase-3 and caspase-7. Caspase-9-mediated 
cleavage and activation of the effectors caspase-3 and 
caspase-7 can be inhibited by the pro- survival inhibitor of 
apoptosis (IAP) proteins (such as X- linked IAP (XIAP)), 
thereby preventing apoptosis67. In this intrinsic pathway, 
the apoptotic threshold of a cell (the likelihood that it 
will enter apoptosis) is set by dynamic interactions at the 
mitochondrial outer membrane between distinct mem-
bers of the BCL-2 family of proteins. These BCL-2 pro-
teins are divided by structure and function into effector,  
activator, pro- survival and sensitizer proteins64,65.

Each BCL-2 family member contains one or more 
of the four conserved BCL-2 homology domains: BH1, 
BH2, BH3 and BH4 (reF.65). BCL- associated X protein 
(BAX) and BCL-2 homologous antagonist/killer (BAK) 
are multi- domain effector proteins that initiate apopto-
sis via MOMP by forming pores in the mitochondrial 
membrane. The activities of these effectors are tightly 
regulated by BH3-only activator proteins, such as 
BCL-2-like protein 11 (BCL2L11; also known as BIM), 
p53-upregulated modulator of apoptosis (PUMA) and 
BH3-interacting domain death agonist (BID). Binding of 
activators to effectors initiates MOMP, whereas MOMP 
can be prevented by multi- domain pro- survival pro-
teins such as BCL-2, BCL- XL, BCL- W, induced myeloid 
leukaemia cell differentiation protein MCL1 (MCL1) 
and BCL-2-related protein A1 (BCL2A1; also known as 
BFL1), which can directly bind and inhibit both effec-
tors and activators. MOMP can also be induced in cells 
even in the presence of pro- survival proteins if another 
set of BH3-only sensitizer proteins are highly expressed. 
Sensitizers, such as BCL-2-associated death promoter 
(BAD), phorbol-12-myristate-13-acetate- induced 
protein 1 (PMAIP1; also known as NOXA), activator 
of apoptosis harakiri (HRK), PUMA (which is also an 

Fig. 1 | Origin, functions and fate of myofibroblasts during tissue repair and fibrosis. 
a | Activated myofibroblasts are important orchestrators of wound healing. During tissue 
injury , fibroblasts can differentiate into myofibroblasts. In the skin, two dermal fibroblast 
populations (reticular and papillary), which are derived from a common embryonic 
origin, have distinct functions during tissue repair. Whereas papillary fibroblasts do not 
express α- smooth muscle actin (α- SMA) and are involved in the regeneration of skin 
structures such as hair follicles, reticular fibroblasts differentiate into collagen- producing 
α- SMA+ myofibroblasts by the action of biomechanical (extracellular matrix (ECM) 
stiffness) and biochemical factors such as transforming growth factor- β1 (TGFβ1) and 
connective tissue growth factor (CTGF). In specific conditions and experimental models, 
myofibroblasts can also arise from epithelial and endothelial cells via epithelial- 
to-mesenchymal transition or endothelial- to-mesenchymal transition, respectively ,  
and from mesenchymal stem cells, pericytes and pre- adipocytes or adipocytes. 
Myofibroblasts are characterized by increased synthesis of ECM proteins and by the 
expression of α- SMA , which confers a contractile phenotype that promotes wound 
closure. Activated myofibroblasts also produce anti- inflammatory cytokines such as 
TGFβ1 and IL-10, thereby shifting macrophages towards an ECM- degrading phenotype. 
During the resolution of wound healing, myofibroblasts can follow several different cell 
fates. Myofibroblasts can die via apoptosis, a process induced by ECM softening (stress 
release) or soluble pro- apoptotic factors such as IL-1β, fibroblast growth factor 1 (FGF1) 
and prostaglandin E2 (PGE2). Alternatively , they can deactivate, become scar- resolving 
fibroblasts or become senescent via the action of CCN family member 1 (CCN1);  
these cell types all participate in ECM degradation in partnership with pro- resolving 
macrophages. b | Myofibroblasts and senescent myofibroblasts can also escape 
apoptosis and continue to remodel tissue beyond repair, which results in pathological 
scarring and the development of fibrotic disease. LOXs, lysyl oxidases; MMPs, matrix 
metalloproteinases; TIMPs, tissue inhibitors of metalloproteinases.
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activator), BCL-2-interacting killer (BIK) and BCL-2 
modifying factor (BMF), indirectly promote apoptosis 
by blocking pro- survival proteins and thereby freeing 
activators and effectors to initiate MOMP73.

The extrinsic, or death- receptor, pathway of apopto sis 
is activated by the binding of extracellular death ligands 
such as FAS ligand (FASL), TNF ligand superfamily 

member 10 (TNFSF10; also known as TRAIL) and TNF 
(Fig. 2). Typical cell- surface death receptors are FAS,  
TNF receptors, death receptor 4 (DR4) and DR5 (reF.66). 
In this pathway, the pro- apoptotic signal is transmitted 
via a multiprotein death- inducing signalling complex,  
in which the adaptor proteins FAS- associated death 
domain (FADD), TNF receptor type 1-associated DEATH 

Intrinsic pathway
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• DNA damage
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Fig. 2 | Intrinsic and extrinsic apoptosis pathways. Apoptosis is controlled by two distinct yet connected pathways.  
The intrinsic pathway is triggered by intracellular death stimuli, such as DNA damage, radiation, nutrient deprivation, 
oxidative stress or oncogene activation, which induce apoptosis by promoting mitochondrial outer membrane 
permeabilization (MOMP) and cytochrome c (cyt c)-dependent activation of caspase-9, which then activates caspase-3 
and caspase-7. This pathway of apoptosis is tightly controlled by the BCL-2 family of proteins, which are classified on the 
basis of their structural homology and function into sensitizers, pro- survival proteins, activators and effectors. MOMP is 
controlled by homo- oligomerization of the effector proteins BCL- associated X protein (BAX) and BCL-2 homologous 
antagonist/killer (BAK), which are activated by the activator proteins BCL-2-like protein 11 (BCL2L11; also known as BIM), 
p53-upregulated modulator of apoptosis (PUMA) and BH3-interacting domain death agonist (BID). Pro- survival proteins 
such as BCL-2, BCL- XL, BCL- W, induced myeloid leukaemia cell differentiation protein MCL1 (MCL1) and BCL-2-related 
protein A1 (BCL2A1; also known as BFL1) can bind and sequester both activators and effectors, thereby preventing  
their interaction and the induction of MOMP. Sensitizer proteins (such as BCL-2-associated death promoter (BAD),  
BCL-2 interaction killer (BIK), BCL-2 modifying factor (BMF), activator of apoptosis harakiri (HRK) and phorbol-12-
myristate-13-acetate- induced protein 1 (PMAIP1; also known as NOXA) are a distinct group of proteins that promote 
apoptosis by binding and blocking pro- survival proteins, thereby releasing formerly bound activator and effector proteins. 
The extrinsic pathway is initiated by extracellular ligands such as FAS ligand (FASL), TNF and TNF ligand superfamily 
member 10 (TNFSF10; also known as TRAIL), which bind to the cell- surface receptors FAS, TNF receptors (TNFRs) and 
death receptor 4 (DR4) and DR5, respectively. The signal is transmitted via FAS- associated death domain (FADD), which 
triggers the activation of caspase-8 and caspase-10, ultimately initiating apoptosis through cleavage and activation of 
pro- caspase-3 and pro- caspase-7. BH3, BCL-2 homology domain 3; XIAP, X- linked inhibitor of apoptosis protein.
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domain (TRADD) and regulated IRE1-dependent decay 
(RIDD) assemble to activate caspase-8 and caspase-10. 
Both cas pases then initiate apoptosis via cleavage and  
activation of pro- caspase-3 (Fig. 2).

Interestingly, the extrinsic and intrinsic apoptotic 
pathways can also be cross- activated via BID74, an acti-
vator protein that can be activated via the extrinsic pathway 
through caspase-8-mediated proteolytic cleavage. Once 
cleaved, truncated BID triggers the intrinsic pathway of 
apoptosis by directly binding to and activating the effec-
tor proteins BAX and BAK in the mitochondrial mem-
brane. In the following section we elaborate on how the 
intrinsic and extrinsic apoptosis pathways are regulated  
in myofibroblasts during tissue repair and fibrosis.

Myofibroblast apoptosis
Clearance of myofibroblasts in tissue repair. In sem-
inal studies in the 1990s, Gabbiani and colleagues 
proposed that the majority of myofibroblasts undergo 
apoptosis upon completion of tissue repair. They sup-
ported this concept by demonstrating the accumulation 

of fragmented DNA in α- SMA+ cells, and of α- SMA+ 
apoptotic bodies in the phagolysosomes of phagocytic 
cells, days after the complete closure of skin wounds 
in rats75,76. Subsequent studies suggested that activated 
myofibroblasts become ‘addicted’ to growth factor 
receptor- mediated pathways that enable their survival 
during tissue repair, but promote apoptosis upon ‘with-
drawal’. For example, pro- survival growth factors, such 
as TGFβ1 or platelet- derived growth factor (PDGF), are 
released by platelets and macrophages at an early stage 
of the inflammatory phase of wound healing; the deple-
tion of these growth factors during wound healing can 
potentially induce myofibroblast apoptosis77,78.

Such growth factor ‘dependence’ is one plausible 
mechanism limiting myofibroblast survival during 
wound healing. Alternatively, pro- apoptotic cytokines 
released during late stages of tissue repair might selec-
tively induce apoptosis of myofibroblasts by directly 
activating cell death signalling pathways or by inhibit-
ing pro- survival pathways, which regulate the activation 
of the intrinsic and/or extrinsic pathways of apoptosis 
in myofibroblasts. For example, fibroblast growth  
factor 1 (FGF1) induces caspase-3-mediated apoptosis 
in activated myofibroblasts from skin granulation tissue 
by inhibiting the phosphorylation of pro- survival 
protein kinase B (PKB, also known as AKT) and the 
related focal adhesion kinase (FAK) signalling pathway; 
by contrast, FGF1 does not induce apoptosis in fibro-
blasts from healthy skin79,80. Similarly, IL-1β and hepatic 
growth factor (HGF) induce caspase- dependent apopto-
sis in mouse lung myofibroblasts by inhibiting FAK77,81.  
In the liver, targeted apoptosis of myofibroblasts occurs 
during liver regeneration, in which hepatic stellate cells 
upregulate the pro- apoptotic FAS receptor and are 
rapidly eliminated through the extrinsic pathway of 
apoptosis82,83. Together, the results of these studies77,81–83 
provide evidence that the activation state of myofibro-
blasts increases their susceptibility to apoptosis during 
the resolution phase of the wound healing programme.

Evasion of apoptosis by myofibroblasts in fibrosis. The 
shift from physiological tissue repair to pathological 
organ fibrosis in the context of autoimmune disease 
involves molecular signalling pathways that prevent the 
termination of myofibroblast activities. By contrast to 
their counterparts in wound healing, which disappear at 
the end of physiological repair, the persistence of myo-
fibroblasts in fibrotic disease has led to the suggestion 
that these cells are apoptosis- resistant84,85. Studies from 
the past 2 years have shown that, rather than resisting 
apopto sis, myofibroblasts are actually poised to self- 
destruct in fibrotic conditions. The molecular basis for 
the pro- apoptotic tendencies of myofibroblasts seems to 
centre around an increase in mitochondrial apoptotic 
priming in these cells86,87 (Fig. 3). Mitochondrial priming 
refers to the closeness of mitochondria to the apoptosis 
threshold, and is controlled by the relative expression of 
effector, activator, pro- survival and sensitizer proteins 
from the BCL-2 family88–90. Importantly, apoptotic prim-
ing is not determined by the expression of individual pro- 
apoptotic or anti- apoptotic proteins, and cell survival is 
not a binary ‘yes’ or ‘no’ decision. Instead, cell survival  

Granulation tissue
New connective tissue that 
forms during wound healing.

Survival Poised to die Death

Apoptotic threshold

Fibroblast Myofibroblast Apoptotic myofibroblast

Severe stress
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Primed for deathUnprimed

ActivatorPro-survival
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Survival Death
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Fig. 3 | Mitochondrial priming of myofibroblasts. Mitochondrial priming refers to the 
proximity of mitochondria to the apoptosis threshold and is determined by the relative 
expression of pro- apoptotic (effectors, activators and sensitizers) and pro- survival 
members of the BCL-2 family of proteins. ‘Unprimed’ fibroblasts express low amounts of 
activators and/or effectors, leading to an apoptosis- resistant phenotype. Conversely , 
high expression of sensitizers, activators and/or effectors results in high mitochondrial 
priming, ultimately triggering cytochrome- c-mediated mitochondrial outer membrane 
permeabilization and apoptosis. However, myofibroblasts can survive with high 
mitochondrial priming if a pro- survival mechanism is activated. In this cellular state, 
known as ‘primed for death’, cells are poised to die and become dependent on one or 
more pro- survival proteins to sequester pro- apoptotic proteins and ensure survival. BCL-2 
homology domain 3 (BH3) mimetic drugs can trigger the intrinsic pathway of apoptosis in 
primed- for-death myofibroblasts by binding to pro- survival proteins, resulting in the 
release of activator proteins, which can then bind to and activate effector proteins.
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is determined by an intricate dynamic molecular rheostat, 
in which the relative balance between multiple pro- 
apoptotic and anti- apoptotic BCL-2 family proteins 
instructs cells as to whether to survive or undergo apop-
tosis (Fig. 3). For example, pro- apoptotic BH3-only 
proteins can be induced transcriptionally and/or post- 
translationally by cytotoxic stress signals, thereby increas-
ing mitochondrial priming73,89. When mitochondrial 
priming is high enough to cross the apoptotic threshold, 
MOMP and subsequent apoptosis will occur.

However, cells can still survive with a high degree 
of mitochondrial priming if a pro- survival mechanism 
is activated. Typically, cells with high mitochondrial 
priming upregulate anti- apoptotic proteins that seques-
ter pro- apoptotic BH3-only proteins, thus preventing 
MOMP91–93. In myofibroblasts, upregulation of anti- 
apoptotic BCL-2 proteins such as BCL- XL in response 
to the extracellular environment enable survival despite 
these cells being primed for death86. Nevertheless, cells 
primed for death become dependent on anti- apoptotic 
proteins for survival, and the inhibition of important 
pro- survival proteins therapeutically (with, for example, 
the so- called BH3 mimetic drugs) can rapidly induce 
apoptosis in such cells91 (Fig. 3). In the following sec-
tion, we discuss molecular mechanisms that promote 
the survival of myofibroblasts that are primed for death 
in fibrosis.

Myofibroblast survival mechanisms
The list of factors known to activate myofibroblasts 
in vitro, during normal tissue repair and during organ 
fibrosis is ever growing and has been extensively reviewed 
elsewhere4,17,20,31,94–101. In this Review, we focus on biome-
chanical and biochemical factors that not only promote 
myofibroblast activation, but also have pro-survival 
functions.

Biomechanical myofibroblast survival factors. A cru-
cial factor that enables myofibroblasts primed for death 
to survive is the specific biomechanical conditions that 
they generate around themselves in the form of fibrotic 
ECM. As a result of excessive collagen deposition and 
incremental myofibroblast contractions, fibrotic ECM 
becomes stiffer than the ECM of healthy organs. In SSc, 
the formation of stiff fibrotic scars changes the mechan-
ical properties of the skin, kidney, heart and lungs, 
which directly affects organ function102. For example, 
the mechanical obstacle of stiff scar tissue reduces the 
pumping function of the heart and disturbs electrical 
transmission. Likewise, stiffening of lung tissue not only 
causes failure to promote proper gas exchange in the 
alveolar space, but also reduces distensibility and thus 
overall lung capacity102. In addition to impeding the 
function of organs that depend on their biomechanical 
properties, tissue stiffening has a profound influence on 
the progression of fibrosis by promoting the biomechan-
ical activation of pro- fibrotic TGFβ1 and of myofibro-
blasts26,103. This biomechanical positive feedback loop 
establishes a vicious cycle that eventually perpetuates 
fibrosis26,102,104–106 (Fig. 4). The concept that increased 
ECM stiffness contributes to the progression of fibro-
sis, in addition to being its consequence, has intensified 

mechanobiology research in the context of fibrotic 
disorders, which has revealed important regulatory  
elements102,103,107–110 (discussed below).

Myofibroblast activation culminates in the expres-
sion of α- SMA and an associated increase in contractile 
force (Fig. 4a). Intracellularly, α- SMA protein produc-
tion is controlled by TGFβ1-induced signalling through 
TGFβ control elements and mothers against decapen-
taplegic homolog (SMAD)-binding elements in the 
ACTA2 (encoding α- SMA) promoter111. Extracellularly, 
the amount of TGFβ1 activation from latent precursor 
complexes is dependent on both the biomechanical state 
of the ECM112 and the transmission of cellular forces by 
integrins binding to latent TGFβ1 (reFs113–115). In addi-
tion to indirect biomechanical stimulation through 
stress- dependent TGFβ1 activation, the ACTA2 pro-
moter contains Carg boxes that bind both to myo-
cardin- related transcription factors (MRTFs) and to 
serum- response factor (SRF), which positively regulate 
ACTA2 transcription116. MRTF shuttling from the cyto-
sol to the nucleus is controlled by the polymerization 
state of the actin cytoskeleton (Fig. 4a). In cells under low 
stress, MRTFs bind to available monomeric G- actin; 
under high stress, G- actin polymerizes into F- actin stress 
fibres and releases MRTFs, which travel to the nucleus 
and upregulate ACTA2 transcription in conjunction with 
SRF117,118. In addition, the mechanosensitive transcrip-
tional co- activators yes- associated protein (YAP) and 
transcriptional co- activator with PDZ- binding motif 
(TAZ) positively regulate myofibroblast differentiation 
from several types of cells33,119–129 (Fig. 4a).

Whereas ECM stiffening is a pro-myofibroblastic 
stimulus, the release from extracellular and intracellular  
stress that occurs during wound healing results in the 
loss of contractile features and reduced myofibroblast 
acti vation102,103. In fact, it has been proposed that resolu-
tion of stiff scar tissue and the associated tension release 
serve as important signals for myofibroblasts to termi-
nate their actions and/or to apoptose once normal tissue 
repair is completed. For example, in vitro, myofibroblast 
apoptosis can be induced by the relaxing of mechanically 
restrained fibroblast- populated collagen lattices130,131. 
In vivo, releasing mouse skin wounds from extracellular  
strain likewise causes myofibroblast apoptosis and, con-
versely, inhibiting the release of biomechanical stress 
in healing tissue by splinting the wound inhibits myo-
fibroblast apoptosis and leads to hypertrophic scarring 
in rodents132–134.

The molecular pathways that link stress release to 
myofibroblast apoptosis are still unclear, but potentially 
involve the inhibition of pro- survival mechanotrans-
duction pathways. Stiffness- activated myofibroblasts 
undergo rapid apoptosis in vitro upon inhibition of 
mechanotransduction, and integrin- mediated stress 
perception and FAK- mediated mechanosignalling are 
important components of myofibroblast survival on 
stiff ECM86,135 (Fig. 4b). By contrast, blockade of force- 
dependent mechanosignalling neither interferes with the 
homeostatic functions of fibroblasts nor causes apop-
tosis when fibroblasts are plated on soft ECM, further 
suggesting that the myofibroblast cellular state seems to 
prime these cells for apoptosis.

Molecular rheostat
a system that maintains and 
controls critical biological 
processes such as cell death 
and survival.
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repeating [CC(a/T)6gg] DNa 
sequences present within gene 
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Myofibroblasts activated by ECM stiffness are primed 
for apoptosis by death signals such as the apoptosis acti-
vator protein BIM; upregulation of BIM creates a require-
ment for tonic expression of anti- apoptotic proteins 
such as BCL- XL to ensure myofibroblast survival and 
persistence86. BCL- XL expression in stiffness- activated 
myofibroblasts seems to be controlled by YAP and TAZ, 
the translocation of which to the nucleus is induced by 
integrin- mediated and FAK- mediated mechanotrans-
duction pathways86 (Fig. 4b). Whereas the evasion of 
apoptosis by dermal myofibroblasts in skin fibrosis is 
controlled by the mechanically regulated FAK–YAP–
TAZ–BCL- XL pathway86, myofibroblast survival in lung 
fibrosis is mechanically controlled by RHO- associated 
protein kinase (ROCK)–MRTF–BCL-2 signalling126. 
In addition, TGFβ1–ROCK–MRTF signalling blocks 
mitochondrial apoptosis by increasing concentrations 
of XIAP136–140, which directly inhibits caspases (Fig. 4b). 
The results of these studies86,126 support the concept that 
biomechanical signalling induced by ECM stiffness pro-
motes myofibroblast survival by the upregulation of spe-
cific BCL-2 family pro- survival factors in myofibroblasts 
that are primed for death.

In addition to directly affecting mitochondrial prim-
ing, biomechanical signalling can also promote myofibro-
blast resistance to apoptosis via indirect mechanisms. 
ECM stiffness induces the expression of the micro-
RNAs miR-21 and miR-29a, which promote the sur-
vival of stiffness- activated myofibroblasts by increasing 
the expression of BCL-2 and reducing the expression of 
BAX134,139 (Fig. 4b). MiR-21 is known to be pro- fibrotic in 
many organs and fibroblastic cells140–145. Curiously, miR-21 
is also involved in maintaining the contractile phenotype 
of myofibroblasts that have been mechanically primed 
on pathological scar- stiff polymer substrates, even weeks 
after moving and exposing the same cells to soft substrate 
cultures134. This phenomenon has been termed ‘mechan-
ical memory’95, and it will be interesting to see the results 
of future investigations into how mechanical priming and 
priming for death are coordinated.

Extracellular myofibroblast survival factors. Autocrine 
production of TGFβ1 and the vasoactive peptide endo-
thelin 1 (ET1) mediates resistance to apoptosis in cul-
tured SSc and IPF fibroblasts via increased activation  
of the FAK–AKT signalling pathway146–150. In promoting 
myofibroblast survival, the activation of FAK is depend-
ent on β1 integrin77,135,137,149. FAK activation requires auto-
phosphorylation at tyrosine 397, which creates a binding 
site for the Src homology 2 (SH2) domains of the p85 
regulatory subunit of phosphoino sitide 3-kinase (PI3K) 
that, in turn, leads to activation of the pro- survival 
PI3K–AKT signalling pathway150–152. Alternatively, AKT 
activation by TGFβ1 in lung myo fibroblasts can occur 
in a FAK- independent, p38 mitogen- activated protein 
kinase (MAPK)-dependent manner153. AKT activation 
results in phosphorylation and inhibition of the sensi-
tizer protein BAD77,154,155, thereby inhibiting myofibro-
blast apoptosis at a crossover point between the extrinsic 
and intrinsic apoptosis pathways (Fig. 4b). Furthermore, 
TGFβ1-mediated activation of the transcription factor 
ABL results in increased amounts of the pro- survival 

protein BCL-2 and decreased amounts of the effec-
tor protein BAX156. In addition, PDGF can activate 
cancer- associated myofibroblasts, while simultaneously 
increasing their mitochondrial priming and sensitivity 
to apoptosis157. Similarly, the survival of PDGF- activated 
myofibroblasts in the liver is dependent on BCL- XL

158, 
indicating an important role for this pro- survival protein 
in promoting the survival of fibrogenic myofibroblasts, 
potentially across different organs. Taken together, the 
intrinsic mitochondrial pathway is directly inhibited by 
TGFβ1 and PDGF signalling via transcriptional regu-
lation of pro- survival BCL-2 family proteins, leading to 
decreased mitochondrial priming in myofibroblasts.

In addition to regulating myofibroblast survival 
through the intrinsic apoptotic pathway, FAK signalling 
is also important in blocking the extrinsic apoptotic 
pathway in response to pro- fibrotic cytokines86,159. Both 
TGFβ1 and ET1 block the extrinsic pathway of apoptosis 
in SSc and IPF myofibroblasts by inhibiting FAS–FASL 
signalling77,154,160–162. The pro- apoptotic activities of the 
FAS–FASL pathway in myofibroblasts are mostly medi-
ated by ceramide generation via the activation of acidic 
sphingomyelinase163. In SSc myofibroblasts, autocrine 
TGFβ1 signalling inhibits sphingomyelinase, thereby 
protecting these cells from FASL- induced apoptosis 
despite similar expression levels of FAS receptor com-
pared with healthy fibroblasts154,160,164 (Fig. 4b). In IPF 
myofibroblasts, sensitivity to FASL- induced apoptosis 
is similarly reduced, albeit through different molecular 
mechanisms, including increased levels of soluble FAS, 
which is produced as an alternatively spliced variant of 
FAS and functions as decoy receptor for FASL162, and 
upregulation of decoy receptor 3, which binds to FASL 
and inhibits FASL- induced apoptosis165.

In addition, reduced sensitivity of fibrotic fibroblasts 
to FASL- induced apoptosis can be mediated by down-
regulation of cyclooxygenase-2 (COX2), which normally 
promotes apoptosis in fibroblasts by producing prosta-
glandin E2 (PGE2)166, a lipid mediator derived from the 
metabolism of arachidonic acid. Exogenous adminis-
tration of PGE2 restores the sensitivity of fibrotic lung 
myofibroblasts to FASL- induced apoptosis by decreas-
ing AKT signalling166,167. PGE2 treatment also suppresses 
the caspase inhibitor XIAP, thereby enhancing FASL- 
mediated apoptosis in lung myofibroblasts and lending 
support for a potential mechanistic role for XIAP in 
myofibroblast evasion of apoptosis161,167. Interestingly, 
ECM stiffening in fibrotic disorders participates in a 
positive feedback loop with myofibroblasts that leads 
to suppression of COX2 expression and PGE2 produc-
tion, which suggests that the fibrotic biomechanical 
microenvironment itself might be sufficient to promote 
myofibroblast survival through this pathway105. Thus, 
diminished PGE2 production and/or responsiveness 
contribute to myofibroblast apoptosis resistance in 
fibrotic disorders.

Intracellular myofibroblast survival factors. Metabolic 
reprogramming is emerging as an important mecha-
nism of myofibroblast survival. Myofibroblasts are 
cells with a high metabolic rate that require energy for 
the synthesis and contraction of the ECM. Notably, 
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although metabolic reprogramming of myofibroblasts 
rewires their pro- survival pathways to promote their 
persistence168, the molecular mechanisms promoting 
myofibroblast survival via metabolic reprogramming 
remain poorly understood. YAP–TAZ activity is also 
controlled by metabolic and energy- sensing pathways169, 
suggesting that the metabolic status and reprogram-
ming of myofibroblasts might control the activation of  
mechanosensitive pro- survival pathways.

Myofibroblast bioenergetics are sustained by the 
induction of glycolysis and increased mitochondrial  
oxygen consumption, which support their aerobic glyco-
lysis phenotype169. In one study170, this high-energy sta-
tus of myofibroblasts was associated with fragmented 
and damaged mitochondria in IPF fibroblasts, which 
potentially contribute to the increased mitochondrial 
priming of these cells via poorly understood mechanisms. 
Loss of activity of the energy sensor AMP-activated  
protein kinase (AMPK) promoted mitochondrial dys-
function and metabolic reprogramming in myofibro-
blasts. Accordingly, activation of AMPK by treatment 
with metformin restored the sensitivity of myofibroblasts 
to apoptosis, indicating that mitochondrial biogenesis is 

required to induce apoptosis in primed- for-death myo-
fibroblasts. More importantly, metformin reversed estab-
lished lung fibrosis in experimental models by promoting  
myofibroblast deactivation and/or apoptosis170.

Myofibroblast senescence. In addition to avoiding apop-
tosis, myofibroblasts can persist by becoming senescent 
(Fig. 1). Growing evidence suggests that progressive 
fibrosis might result from accumulation of pro- fibrotic 
senescent myofibroblasts, which are prevalent in age- 
related fibrotic disorders such as IPF171–173. Cellular 
senescence was initially defined as cell- cycle arrest and 
first described in human lung fibroblasts by Hayflick in 
1965 (reF.174). The main function of cellular senescence 
is to prevent the division of damaged cells as a protec-
tive mechanism against tumorigenesis. Senescence 
locks cells in a permanent cell cycle arrest by increasing 
expression of cell cycle and tumour suppressor inhibitors 
in response to excessive stressors, such as telomeric dys-
function (replicative senescence), oncogene activation 
and genotoxic or oxidative stresses175. These processes 
are promoted by senescence- activating signalling path-
ways that include the cyclin- dependent kinase inhibitors 
p53, p16 or p21 (reFs176,177).

Because senescent cells are also destined for elimi-
nation, cellular senescence is conceptually similar to 
apoptosis, albeit operating via different clearance mecha-
nisms. Senescent cells are characterized by the acquisi-
tion of a senescence- associated secretory phenotype178. 
This phenotype is molecularly controlled by transcrip-
tion factor NF- κB signalling and characterized by the 
secretion of pro- inflammatory cytokines and chemo-
kines such as IL-6, CC- chemokine ligand 2 (CCL2) and 
TGFβ1, which collectively trigger a pro- inflammatory 
response that leads to the elimination of senescent cells 
by immune cells179. The senescence- associated secretome 
also comprises pro- inflammatory mediators and growth 
factors involved in tissue fibrogenesis (such as IL-1α, 
IL-1β, IL-8, various CCLs, TGFβ1, PDGF and IL-6), 
proteins involved in ECM turnover (such as fibronectin,  
collagens and MMPs) and ECM proteins178,180. Both 
senescence- associated ECM and cytokines can ‘spread’ 
senescence between pro- inflammatory immune cells and 
stromal cells in mouse models of repair and fibrosis177,181. 
Myofibroblast senescence has been implicated in physio-
logical wound healing, tissue regeneration and fibrosis. 
During liver regeneration, the transition of hepatic stel-
late cells that have activated to become myofibroblasts 
into a senescent phenotype facilitates their elimination 
by natural killer (NK) cells and limits the progression 
of liver fibrosis182. Similarly, induction of myofibroblast 
senescence by the matricellular protein CCN1 limits skin 
and liver scarring by inducing secretion of MMPs that 
degrade the fibrotic scar183,184.

Senescent myofibroblasts have also been implicated 
in the development of lung fibrosis172,185–189. In senescent 
lung myofibroblasts isolated from patients with IPF, 
p16 and p21 are upregulated in a TGFβ1-independent  
manner and seem to promote fibrosis by fostering a pro- 
inflammatory and pro- fibrotic microenvironment190. 
Indeed, cellular senescence in IPF myofibroblasts 
might be induced in response to telomere dysfunction 

Secretome
The collection of molecules 
secreted by cells into the 
extracellular space.

Fig. 4 | Molecular control of myofibroblast activation and survival. a | Myofibroblast 
activation is jointly promoted by biomechanical and biochemical cues. Biomechanical 
signalling induced by extracellular matrix (ECM) stiffness activates mechanotransduction 
pathways that directly control α- smooth muscle actin (α- SMA) transcription.  
These pathways involve β1 integrin, focal adhesion kinase (FAK) and RHO- associated 
protein kinase (ROCK), together with increasing traction forces in fibroblasts. Increased 
actomyosin activity causes the nuclear translocation of myocardin- related transcription 
factor (MRTF), as well as the transcriptional co- activators yes- associated protein (YAP) 
and transcriptional co- activator with PDZ- binding motif (TAZ), which regulate α- SMA 
expression by binding and activating other transcription factors, such as serum  
response factor (SRF), TEA domain family member (TEAD), T cell factor/lymphoid 
enhancer- binding factor (TCF/LEF) and β- catenin. ECM stiffness and mechanical forces 
also regulate force- dependent activation of latent transforming growth factor- β1 (TGFβ1) 
by increasing resistance to traction forces generated by fibroblasts. In this mechanism, 
extracellular latent TGFβ1 (TGFβ1 with its latency- associated peptide (L AP)) is released 
from latent TGFβ1 binding protein stores when αv integrins respond to mechanical 
pulling forces. Once activated, TGFβ1 binds to TGFβ receptors and promotes canonical 
mothers against decapentaplegic homolog 3 (SMAD3) activation. Activated SMAD3 
binds to SMAD4 and translocates to the nucleus, where it binds to SMAD- binding 
elements in the promoters of fibrogenic genes, such as ACTA2 (encoding α- SMA). 
Together, myofibroblast activation is controlled by both the TGFβ–SMAD pathway , as 
well as biomechanical pathways such as integrin–FAK–ROCK–MRTF–YAP–TAZ signalling. 
b | Mitochondria in activated myofibroblasts contain large amounts of pro- apoptotic 
factors, which force these cells to activate pro- survival mechanisms to ensure survival. 
The intrinsic pathway of apoptosis is directly inhibited by TGFβ1 via activation of ABL 
signalling, which increases the amount of the pro- survival proteins BCL-2 and BCL- XL. 
TGFβ1 also blocks the intrinsic pathway by inhibiting the pro- apoptotic protein 
BCL-2-associated death promoter (BAD) via the FAK–PI3K–AKT signalling pathway , and 
TGFβ1-mediated FAK signalling blocks the extrinsic pathway of apoptosis by inhibiting 
sphingomyelinase (ASMase), an enzyme that controls FAS- mediated apoptosis by 
generating ceramide from sphingomyelin. Biomechanical signalling similarly inhibits the 
intrinsic pathway via the biomechanically regulated TGFβ–FAK–YAP1–TAZ–BCL- XL and 
TGFβ–ROCK–MRTF–BCL-2 pathways. Moreover, ECM stiffness induces expression  
of the microRNAs miR-21 and miR-29a, which promote the survival of myofibroblasts by 
increasing the expression of pro- survival BCL-2 proteins. Both ECM stiffness and TGFβ1 
can also block apoptosis by increasing amounts of X- linked inhibitor of apoptosis  
protein (XIAP), a direct caspase inhibitor. AKT, pro- survival protein kinase B; BAK , BCL-2 
homologous antagonist/killer ; BAX, BCL- associated X protein; BID, BH3-interacting 
domain death agonist; BIM, BCL-2-interacting mediator of cell death (also known as 
BCL2L11); PI3K , phosphoinositide 3-kinase; TGFβRII, transforming growth factor- β 
receptor II.
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as part of the DNA damage response172. In human fibro-
blasts, telomere shortening triggers p53-mediated p21 
upregu lation, whereas p16 expression is upregulated in 
a telomere- independent and DNA damage- independent 
manner191. In addition, suppression of telomerase 
expression is sufficient to promote α- SMA expression, 
suggesting that replicative senescence is associated with 
the acquisition of the myofibroblast phenotype192–194. 
By contrast, increased telomerase activity promotes 
the proliferation and survival of α- SMA− fibroblasts193. 
Accordingly, mice deficient in telomerase reverse tran-
scriptase have decreased proliferation of α- SMA− fibro-
blasts and are protected from bleomycin- induced lung 
fibro sis192,195. Notably, myofibroblast senescence can 
occur in the absence of shortened telomeres196, suggest-
ing that mecha nisms other than replicative senescence 
might be behind this pathological phenotype during 
tissue fibrogenesis. For example, the pro- senescence 
factor CCN1 is induced by TGFβ1 in lung fibroblasts, 
suggesting that the acquisition of a senescent myofibro-
blast phenotype can be caused by telomere- independent 
mechanisms196. Importantly, genetic approaches have 
been used to ablate p16+ senescent cells in mouse 
lungs and kidneys, thereby mitigating fibrosis197. These 
results197 support the idea of using drugs that selectively 
induce the death of senescent cells (senolytic drugs) for 
the treatment of organ fibrosis186,198,199. However, care 
must be taken as senescent (myo)fibroblasts also seem 
to have beneficial functions in promoting normal tissue 
repair and in impeding fibrosis180. For example, induc-
ing myofibroblast senescence by miR-34a inhibited 
lung fibrosis in mouse models of disease173. Timing —  
as always — seems to be critical for success when  
therapeutically interfering with senescence.

Resolution of fibrosis
Treatments that halt fibrosis are not necessarily effec-
tive in restoring organ function because fibrotic ECM 
contains biomechanical and biochemical factors that 
promote myofibroblast activation. To regain function, 
such mis- instructive and ‘diseased’ ECM needs to be 
removed and/or replaced with ‘healthy’ ECM in a con-
trolled manner63,200. Although originally considered to 
be irreversible201, established fibrosis can regress in both 
mouse models of disease and human fibrotic diseases –  
particularly in the liver202. Although, human livers at 
late stages of cirrhosis remain untreatable, clear evi-
dence exists that treatment of hepatitis C infection at 
early- to-mid stages of cirrhosis results in spontaneous 
reversion of liver fibrosis in humans203,204; ECM degrada-
tion is an important event in this process205,206. Likewise, 
liver fibrosis reverses spontaneously in mouse models  
of liver injury induced by alcohol intoxication, carbon 
tetrachloride or bile duct ligation60,207,208. Fibrosis can also 
regress in organs with lower regenerative capacity than 
the liver, such as the lungs63,209. In humans, lung fibrosis 
resolves substantially in patients with acute respiratory 
syndrome210,211, mimicking the biology of mouse mod-
els of acute lung injury induced by injection of bacterial 
wall saccharides212. Although lung fibrosis resolves spon-
taneously in mouse models of fibrogenic injury such as 
intratracheal administration of bleomycin, asbestos fibres 

or fluorescein isothiocyanate209, the progressive lung 
fibrosis seen in patients with IPF or SSc- associated ILD 
seems to be generally irreversible without treatment213. 
However, the results of randomized controlled trials in 
SSc- associated ILD consistently show subsets of patients 
with improved pulmonary function214,215, suggesting that 
tissue regeneration or regression of pre- existing fibrosis  
occurs. Clinical studies have also shown that skin  
fibrosis can regress in patients with SSc both spontane-
ously and after treatment216,217. Likewise, mouse skin fibro-
sis caused by subcutaneous injection of bleomycin resolves 
shortly after the fibrogenic stimulus is removed218. Overall, 
the capacity for fibrosis resolution might be organ- 
specific and differ depending on the nature of the fibro-
genic stimulus, as well as host- specific factors including  
genetic susceptibility, age, sex and immunocompetence96.

Fibrosis resolution is characterized by ECM degrada-
tion and restoration of the biomechanical and biochem-
ical properties of the ECM. Although it is known that 
targeted apoptosis of myofibroblasts results in fibrosis 
resolution in mouse models, the cellular and molecular 
mechanisms regulating ECM degradation and fibrosis 
resolution following myofibroblast apoptosis remain 
largely unknown. Macrophages, fibroblasts, NK cells 
and neutrophils have been previously implicated in 
ECM degradation following injury through the secretion 
of MMPs219. Degradation of fibrotic scar tissue, mostly 
composed of crosslinked type I collagen fibres, is initiated 
by collagenases (MMP-1, MMP-2, MMP-8, MMP-13,  
MMP-14, MMP-15 and MMP-16) and is followed by fur-
ther cleavage by gelatinases, MMP-2 or MMP-9, as well 
as by other proteases such as cathepsin K220–222. Following 
degradation, collagen fragments are taken up by various 
cell types including fibroblasts and macrophages223. In 
fibroblasts, collagen fragments are recognized by C- type 
mannose receptor 2 (also known as ENDO180)224–227, 
which promotes collagen internalization and lysosomal 
degradation in a non- phagocytic manner. Alternatively, 
fibroblasts can also phagocytose large collagen particles 
via α1β1, α2β1 and α3β1 integrins prior to lysosomal 
degradation228–232.

Turning activated myofibroblasts into scar- resolving 
cells. Whereas several mechanisms are known to deac-
tivate myofibroblasts63, less is known about potential 
mechanisms that promote the transition of myofibro-
blasts into scar- resolving cells in vitro and in vivo. In fact, 
the reprogramming of scar- forming myofibroblasts into 
scar- resolving cells is an important cellular mechanism 
for scar resolution during physiological tissue repair 
(Fig. 1a). Fibroblasts acquire an ECM- degrading pheno-
type upon YAP–TAZ inhibition, which is associated with 
an increased expression of ECM- degrading enzymes 
such as plasmin, MMP-14 and cathepsin K122,231,232. 
Support for an important role for fibroblasts in degrad-
ing fibrillar collagen in vivo comes from studies that 
found impaired resolution of SSc- like fibrosis in mice 
with fibroblast- selective deletion of MMP14 (reF.231).  
In addition, mice deficient in cathepsin K develop 
increased lung fibrosis compared with wild- type mice, 
a phenotype that has been explained by decreased colla-
genolytic activity of fibroblasts232. Conversely, excessive 
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cathepsin K activity of synovial fibroblasts mediates 
pathological collagen degradation in patients with 
RA233, indicating that temporal and spatial regulation 
of fibroblast ECM- degrading enzymes is essential to 
achieve tissue homeostasis. Concomitantly, expression 
of the transcription factor PU.1 rapidly causes pro- 
inflammatory ECM- degrading fibroblasts to become 
scar- forming pro- fibrotic fibroblasts234. Inhibition of PU.1 
reprogrammes pro- fibrotic fibroblasts and promotes 
fibrosis regression in a mouse model of SSc234, suggesting 
an attractive novel anti- fibrotic strategy based on stim-
ulating scar- resolving activities in fibroblasts. However, 
further research is needed to evaluate the plasticity of 
human pro- fibrotic fibroblasts across the spectrum  
of inflammatory, homeostatic and fibrotic phenotypes.

Macrophages in myofibroblast survival and fibrosis reso-
lution. Although fibroblastic cells can phagocytose colla-
gen and other ECM components, they are not considered 
to be professional phagocytes. Instead, macro phages 
have been studied as professional phagocytes in the con-
text of scar tissue resolution. In macrophages, the recog-
nition and internalization of degraded collagen products 
is regulated by the extracellular bridging glycoprotein 
lactadherin (also known as MFGE8), which mediates 
collagen uptake and endocytosis via its first discoidin 
domain235. Accordingly, MFGE8-deficient mice develop 
severe pulmonary fibrosis after bleomycin- induced lung 
injury as a result of severe defects in collagen clearance 
and uptake by macrophages235. Similarly, the collagen 
receptor mannose receptor C type 1 is invol ved in col-
lagen uptake by repair- associated macro phages dur-
ing homeostasis in mice236; however, its role in fibrosis  
is poorly understood.

Collagen uptake and degradation trigger a rheo-
stat mechanism in which collagen opsonization and 
endocytosis lead to increased production of collagen- 
degrading enzymes, supporting a positive feedback loop 
of ECM degradation237. However, whether these anti- 
fibrotic ECM degradation mechanisms are reactivated 
during fibrosis resolution is unclear. In support of this 
possibility, previous studies have shown that the ECM- 
degrading activity of macrophages can be induced by 
apoptotic bodies, thereby promoting the resolution of 
experimental models of pulmonary or biliary fibrosis 
in vivo238,239. Furthermore, although pulmonary delivery 
of TNF to mice does not directly target myofibroblasts 
for apoptosis, it still triggers lung fibrosis resolution by 
reprogramming pro- fibrotic CD11c+CD11bvarF4/80+ 
macrophages to a pro- resolving phenotype240. Thus, 
modulating macrophage phenotypes might serve as a 
novel strategy for promoting fibrosis resolution. Other 
studies suggest that CD11bhiLy6CloF4/80int macrophages 
are of particular therapeutic interest owing to their 
capacity to induce myofibroblast apoptosis and to secrete 
MMPs in the context of liver fibrosis241,242. In addition, 
NK cells have an important role in the resolution of 
liver fibrosis by promoting myofibroblast apoptosis; 
NK cells expressing cell death ligands such as TRAIL 
and FASL trigger the extrinsic pathway of apoptosis in 
hepatic stellate cells, ultimately promoting fibrosis res-
olution243,244. Overall, fibrosis resolution involves the 

activation of pro- resolving macrophages and NK cells, 
which promote ECM degradation, collagen uptake and 
the immunological clearance of myofibroblasts. Targeted 
therapies aimed at inducing myofibroblast apoptosis 
or reprogramming the immune system could reacti-
vate these mechanisms in vivo. It will be interesting to 
see whether complex biomechanical and biochemical  
macrophage–myofibroblast interactions are involved in 
promoting myofibroblast and macrophage survival and 
the resolution of fibrosis31,245–247.

Strategies to reverse fibrosis
Advances in myofibroblast and fibrosis research have 
led to several exciting new therapeutic approaches and 
have revealed new potential targets to treat fibrotic 
disorders, including those associated with SSc1,30,94,248. 
Targeting myofibroblast apoptosis is emerging as one of 
these novel therapeutic strategies to reverse established 
fibrosis86,126,185. In this section, we discuss the molecu-
lar mechanisms behind novel therapeutic strategies 
aimed at inducing myofibroblast apoptosis (Table 2). 
These strategies might not only prevent the progression 
of organ fibrosis, but also have the potential to reverse 
established fibrosis.

Drugs targeting biomechanical signalling. ECM 
remodelling by activated fibroblastic cells contributes 
to progressive tissue stiffening which, in turn, provides 
biomechanical feedback control over myofibroblast 
function and phenotype103,249. Simply put, myofibro-
blasts adapt their contractile force to the resistance they 
experience using their mechano- sensing and mechano- 
transducing cytoskeletal machinery (Fig. 4a). Several 
molecular elements of this machinery have been con-
sidered and tested as therapeutic targets to interrupt 
the fibrotic cycle by returning myofibroblasts to a 
relaxed state or inducing their apoptosis120,122–126,129,250–255.  
For example, direct functional inhibition of α- SMA stress 
fibres with specific acetylated tetrapeptides (Ac- EEED) 
reduced myofibroblast contraction and subsequent 
COL1A1 transcription in vitro256. Therapeutic block-
ade of myofibroblast integrins using small- molecule 
inhibitors or biological drugs can potentially have dual 
effects by reducing αv integrin- mediated TGFβ1 acti-
vation and by disturbing myofibroblast mechanosens-
ing114,257–260. Inhibition or deletion of the transcription 
factor MRTF- A suppresses fibrogenesis in cell culture 
and the development of fibrosis in the skin, lungs, 
colon and heart in vivo253,261–263, and therapeutic target-
ing of TAZ and YAP ameliorates skin fibrosis in mice264. 
Similarly, inhibition of FAK and ROCK mechanotrans-
duction pathways using small molecules induces myo-
fibroblast apoptosis and has been used to treat fibrosis  
in various experimental models126,135,147,152,265–271 (Table 2).

Drugs targeting the intrinsic apoptosis pathway. The dis-
covery that apoptotic mitochondrial priming is height-
ened in pro- fibrotic myofibroblasts has paved the way 
for these cells to be targeted by pro- apoptotic approaches 
in fibrotic disorders86,87. Studies over the past few years 
have demonstrated that inducing apoptosis in myo-
fibroblasts can revert tissue fibrosis in mouse models 
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Table 2 | Therapeutic strategies to target myofibroblasts

Therapy Target Effect on myofibroblasts Mouse models used to show 
anti- fibrotic effect

Development 
stage

Refs

Drugs targeting biomechanical signalling

CWHM 12 αV integrin Inhibits TGFβ activation CCL4-induced liver fibrosis; 
bleomycin- induced lung fibrosis

Preclinical 115

Abituzumab αV integrin Inhibits TGFβ activation Not tested Phase II 303

C8 αVβ1 integrin Inhibits TGFβ activation Bleomycin- induced lung fibrosis; 
CCL4-induced liver fibrosis

Preclinical 304

Cilengitide αVβ3 and αVβ5 
integrins

Inhibits mechanotransduction Bile duct ligation- induced liver 
fibrosis

Preclinical 305

6.3G9 (STX-100) αVβ6 integrin Inhibits TGFβ activation Bleomycin- induced lung fibrosis; 
irradiation- induced lung fibrosis; 
bile duct ligation- induced liver 
fibrosis; DDC- induced liver 
fibrosis; Alport mouse model 
Col4A3−/−

Phase II 306–311

PF-562,271 (VS-6062) FAK Inhibits mechanotransduction Bleomycin- induced lung fibrosis; 
CCL4-induced liver fibrosis; acute 
myocardial infarction

Preclinical 135,312

PF-573,228 FAK Inhibits mechanotransduction Bleomycin- induced lung fibrosis; 
hypertrophic skin scarring; acute 
myocardial infarction

Preclinical 267,269,313

TAE-226 FAK Inhibits mechanotransduction Bleomycin- induced lung fibrosis Preclinical 265

VS-4718 FAK Inhibits mechanotransduction Pancreatic ductal adenocarcinoma Phase II 266,314

Fasudil (ROCK1 and 
ROCK2)

ROCK Inhibits mechanotransduction Hypoxia- induced lung fibrosis; 
bleomycin- induced lung fibrosis; 
HClO- induced skin fibrosis; 
UUO-induced kidney fibrosis

Preclinical 315–319

Relaxin ROCK Inhibits mechanotransduction Bleomycin- induced lung fibrosis Phase III 271,320

KD025 (ROCK2) ROCK Inhibits mechanotransduction Not tested Phase II 321

CCG-1423 MRTF- A and MRTF- B Inhibits mechanotransduction Peritoneal fibrosis model Preclinical 322

CCG-203971 MRTF- A and MRTF- B Inhibits mechanotransduction Bleomycin- induced lung fibrosis; 
bleomycin- induced skin fibrosis

Preclinical 262,323

Verteporfin YAP and TAZ Inhibits mechanotransduction UUO- induced kidney fibrosis Preclinical 324

Dimethyl fumarate YAP and TAZ Inhibits mechanotransduction Bleomycin- induced skin fibrosis Phase I 264,325

Ac- EEED peptide α- SMA Inhibits mechanotransduction Full- thickness splinted skin wound 
healing model

Preclinical 256

Drugs targeting the intrinsic apoptosis pathway

ABT-263 (navitoclax) BCL- XL, BCL-2 and 
BCL- W

Activates intrinsic apoptosis 
pathway

Bleomycin- induced skin fibrosis; 
radiation- induced lung fibrosis

Preclinical 86,275

A-1331852 BCL- XL Activates intrinsic apoptosis 
pathway

Mdr2−/− rodent model of primary 
sclerosing cholangitis

Preclinical 158

Drugs targeting the extrinsic apoptosis pathway

AT-406 XIAP Activates extrinsic apoptosis 
pathway

Bleomycin- induced lung fibrosis Preclinical 138

TLY012 TRAIL Activates extrinsic apoptosis 
pathway

Bleomycin- induced skin fibrosis; 
CCL4-induced liver fibrosis

Preclinical 285,286

Drugs targeting senescence

Dasatinib and 
quercetin dual therapy

Multiple kinases Activates apoptotic pathways Bleomycin- induced lung fibrosis Phase l 186,326

ABT-263 and 
A-1331852

BCL- XL Activates intrinsic apoptosis 
pathway

Radiation- induced lung fibrosis; 
Mdr2−/− rodent model of primary 
sclerosing cholangitis

Preclinical 158,275

GKT137831 NOX4 Activates apoptotic pathways Bleomycin- induced lung fibrosis Phase II 185,327

α- SMA , α- smooth muscle actin; CCL4, CC- chemokine ligand 4; DDC, 3,5-diethoxycarbonyl-1,4-dihydrocollidine; FAK , focal adhesion kinase; HClO, hypochlorous 
acid; MRTF, myocardin- related transcription factor ; NOX4, NADPH oxidase 4; ROCK , RHO- associated protein kinase; TAZ, transcriptional co- activator with  
PDZ- binding motif; TGFβ, transforming growth factor- β; TRAIL , TNF- related apoptosis- inducing ligand (also known as TNFSF10); UUO, unilateral ureteral 
obstruction; XIAP, X- linked IAP; YAP, yes- associated protein.
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of disease86,126,160,185, and this approach is now emerging 
as a novel therapeutic strategy to reverse established 
fibrosis in human fibrotic diseases. BH3 mimetic drugs 
can selectively promote the intrinsic apoptotic pathway 
in myofibroblasts by targeting specific pro-survival 
BCL-2 family proteins. Importantly, only cells that are 
primed for death and have increased amounts of pro- 
apoptotic proteins in their mitochondria are sensitive  
to these drugs.

BH3 mimetic drugs are small molecules that inhibit 
interactions between pro- survival proteins and activators 
or effectors64,65 by directly binding to a shallow, hydro-
phobic groove in pro- survival BCL-2 family proteins. 
Differences in the structure of this hydrophobic groove in 
individual pro- survival BCL-2 family proteins have guided 
the design and development of selective BH3 mimetic 
drugs that target specific anti- apoptotic proteins65.  
Multiple BH3 mimetic drugs have been investigated in 
preclinical studies and several are currently being tested 
in clinical trials for various types of cancer. ABT-737 
and its orally available analogue ABT-263 (navitoclax) 
bind to and block BCL-2, BCL- XL and BCL- W with 
subnanomolar affinity272,273. Treatment with ABT-263 
resulted in selective induction of myofibroblast apopto-
sis in areas of dermal fibrosis and reversion of fibrosis in 
a mouse model of SSc dermal fibrosis86. ABT-263 also 
promoted apoptosis in PDGF-activated hepatic stellate 
cells157,158 and senescent lung fibroblasts274, and in mice, 
ABT-263 reversed radiation-induced lung fibrosis275. 
Consistently, the BCL-XL-specific BH3 mimetic drug 
A-1331852 abrogated biliary liver fibrosis in Mdr2−/−  
mice by promoting apoptosis of liver myofibroblasts276.  
As BCL-XL is important in promoting myo fibroblast 
resistance to apoptosis, inhibition of BCL-XL might be a  
particularly potent therapeutic strategy for SSc and other  
fibrotic disorders.

However, the potential adverse effects of BH3 mimetic 
drugs must be considered. For example, human embry-
onic stem cells have increased mitochondrial priming 
and low survival ability in vitro compared with fully 
differentiated somatic cells277, a mechanism that pre-
vents the propagation of genetic mutations by inducing 
apoptosis in injured stem cells. Although these in vitro 
findings suggest that BH3 mimetic therapy could poten-
tially disrupt the balance of stem cell homeostasis owing 
to the high predisposition of these cells for apoptosis, 
in vivo studies have shown that BH3 mimetic therapy 
paradoxically rejuvenates prematurely aged mice by 
inducing apoptosis of senescent haematopoietic stem 
cells (HSCs)278. Thus, mitochondrial priming seems to 
be directly regulated by ageing in stem cells; in fact, mito-
chondrial priming is increased in HSCs from young mice 
compared with HSCs from aged mice279. However, fur-
ther research is needed to understand how mitochondrial 
priming is regulated in tissue- specific stem cells during 
homeostasis and age- related fibrotic diseases, and what 
the potential effects of BH3 mimetic therapy might be 
on stem cell biology in the context of tissue repair and 
fibrotic disease.

The fact that BH3 mimetic drug ABT-263 causes 
reversible dose- limiting thrombocytopenia273 has 
also limited its use in the treatment of haematological 

malignancies, which require high doses for therapeutic 
efficacy. The ABT-263 target protein in chronic lympho-
cytic leuk aemia is BCL-2, rather than BCL- XL, a fact that 
led to the development of BCL-2-specific BH3 mimetic 
drugs such as ABT-199. ABT-199 does not harm platelets 
and has been approved by the FDA for the treatment of 
chronic lymphocytic leukaemia in patients with a spe-
cific chromosomal abnormality280,281. Importantly, solid 
tumours, and particularly cancer- associated fibroblasts, 
rely on BCL- XL rather than BCL-2 to survive, thus pro-
viding enduring interest in using BCL- XL-specific BH3 
mimetic drugs (such as ABT-263) to target BCL- XL in 
desmoplastic tumours282. The risk of thrombocytopenia 
seems to be manageable in this indication given its rever-
sibility and the high doses needed (above 100 mg/kg)  
to cause platelet depletion.

Collectively, targeting apoptotic pathways in acti-
vated myofibroblasts with BH3 mimetic drugs reverses 
established fibrosis in preclinical models of skin, lung 
and liver fibrosis, suggesting that these drugs could be 
a selective, safe and potent anti- fibrotic tool to reverse 
organ fibrosis (Table 2). However, further clinical studies 
are needed to determine the efficacy of BH3 mimetic 
drugs in human fibrotic diseases.

Drugs targeting the extrinsic apoptosis pathway. Unlike 
the growing body of evidence in support of targeting the 
intrinsic apoptosis pathway in myofibroblasts, less  
is known about the potential to target the control of myo-
fibroblast apoptosis via the extrinsic pathway. Previous 
studies have found reduced expression of TNF recep-
tors I and II and reduced sensitivity to FASL-induced  
and TNF- induced apoptosis in pro-fibrotic fibro-
blasts160–162,283,284. Although the results of these studies  
suggest that the extrinsic pathway of apoptosis is 
gene rally suppressed in myofibroblasts and cannot be 
exploited for therapeutic intervention, extrinsic apopto-
sis can still be triggered via activation of the TRAIL– 
death receptor pathway. In this mechanism, TGFβ1-
mediated myofibroblast activation causes increased 
expression of DR4 and DR5, which are receptors for 
TRAIL. Accordingly, selective agonism of DR4 and DR5 
with the recombinant TRAIL ligand TLY012 induces 
apoptosis in myofibroblasts and reverses established 
liver and skin fibrosis in mouse models of fibrotic  
disease285,286, highlighting the therapeutic potential of  
targeting myofibroblasts for apoptosis via activation  
of the extrinsic apoptosis pathway (Table 2).

Drugs targeting senescence. Senolytic drugs are defined 
as therapeutic agents capable of inducing apoptosis  
in senescent cells by targeting pro- survival pathways in 
these cells175,176,287,288. The first class of senolytic drugs 
includes dasatinib and quercetin289, which increase lung 
function and partially reduce lung fibrosis in mouse 
models of fibrotic disease when administered together 
(D+Q therapy)186,199,290. In addition, the decreased sensi-
tivity to FASL- induced apoptosis of IPF fibroblasts can be 
restored by treatment with quercetin291, suggesting that 
senolytic drugs might be a viable therapeutic option for 
IPF and other age- related diseases that progress with the  
accumulation of senescent myofibroblasts. Notably, 
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the mechanism of action behind the senolytic activity 
of D+Q therapy remains poorly understood. Dasatinib 
is an ATP- competitive inhibitor that targets several 
kinases, including BCR- ABL, c- KIT, ephrin receptors, 
SRC, LYN, FYN and LCK292–294, whereas quercetin is a 
natural flavonoid that is found in a number of foods and 
has potent antioxidant effects that modulate the NF- κB 
and PI3K–AKT pathways295,296. Several studies have also 
shown that D+Q therapy only removes 30% of senescent 
cells289, suggesting that it targets an as- yet-unidentified 
subset of senescent cells.

Advances in understanding the molecular basis 
for the survival and accumulation of senescent cells 
have led to the development of a new generation of 
senolytic agents that promote apoptosis in senescent 
cells by targeting pro- survival BCL-2 family proteins. 
Senescent primary human fibroblasts become depend-
ent on BCL- XL and BCL- W expression for survival 
regardless of what triggered the senescent phenotype 
(DNA-damage-induced senescence, replicative senes-
cence or oncogene-induced senescence)274. Accordingly, 
blockade of BCL-XL and BCL-W with the BH3 mimetic  
ABT-737 induces apoptosis in senescent cells formed 
following DNA damage in the lungs of mice274. The  
BCL-XL-specific mimetic A1331852 reduced liver 
fibrosis in vivo by targeting senescent cholangiocytes 
for apoptosis158. Furthermore, ABT-263 showed potent 
senolytic activity in a mouse model of premature age-
ing278,297. Together, the potent senolytic and anti- fibrotic 
effects of ABT-263 suggest that the ability of this BH3 
mimetic drug to reverse organ fibrosis might be caused 
by specific ‘fibro- senolytic’ effects on senescent myo-
fibroblasts. Interestingly, the superoxide- generating 
enzyme NADPH oxidase 4 (NOX4) is induced in senes-
cent lung fibroblasts, and pharmacological inhibition of 
NOX4 can target senescent fibroblast for apoptosis and 
reverse established lung fibrosis in aged mice185. Overall, 
these exciting preclinical data demonstrate the potential 
efficacy of targeting senescent myofibroblasts for apop-
tosis with fibro- senolytic agents to reverse established 
fibrosis. Accordingly, the results of the first- in-human 
clinical trial evaluating the effects of senolytic drugs on 
IPF were published in 2019 (Table 2). In this pilot study, 
D+Q therapy for 3 weeks improved physical function 
(evaluated by the 6-minute walk test and walking speed) 
in a small cohort of 14 patients with IPF298. Although 
these data are promising, results should be interpreted 
with caution and require further investigation.

Conclusions
Organ fibrosis is a lethal outcome of SSc, an auto-
immune rheumatic disease characterized by persistent 
activation of scar- forming myofibroblasts. Intensive 
research into the mechanisms that promote and 
maintain myofibroblast activation has revealed novel 
therapeutic targets and prompted the development of 

promising first- in-class anti- fibrotic therapies for the 
treatment of fibrosis — a condition previously thought 
to be progressive and irreversible. As a result, a growing 
pipeline of small molecules and biologic drugs are now 
being tested in multiple phase II clinical trials on the 
basis of their ability to slow the progression of fibrosis in 
preclinical models. However, therapies that halt fibrosis 
are not necessarily effective at restoring organ function, 
and researchers have been investigating mechanisms of 
fibrosis resolution and how to reactivate the regenerative 
capacity of chronically damaged organs in an effort to 
restore function to fibrotic organs.

In established fibrosis, myofibroblast persistence, 
rather than activation, seems to be the disease mecha-
nism that prevents tissue regeneration. Myofibroblasts 
escape death by activating pro- survival mechanisms in 
response to biomechanical and growth factor signals 
from the fibrotic microenvironment. Chronic activation 
of myofibroblasts can ultimately lead to the acquisition of 
a senescent phenotype. In addition, (senescent) myofibro-
blasts, rather than being apoptosis- resistant, are primed 
for apoptosis owing to concomitant activation of cell 
death signalling pathways. This knowledge of apoptotic 
priming has paved the way to specifically trigger apop-
tosis in myofibroblasts by blocking specific pro- survival 
BCL-2 family proteins. Mechanotherapeutic strategies 
that reduce the expression of pro- survival proteins by 
targeting biomechanical signalling and the direct inhibi-
tion of BCL-2 family proteins with BH3 mimetic drugs 
and senolytic agents trigger myofibroblast apoptosis and 
reverse established fibrosis in mouse models of disease. 
This growing body of research has set the stage for the 
development of a second generation of anti- fibrotic ther-
apies that have the potential to reverse established fibrosis 
and to regenerate chronically injured tissues.

The initial enthusiasm around such drugs has been 
justified by studies in humans showing that established 
fibrosis can regress in fibrotic diseases such as liver cir-
rhosis and dermal SSc. Because ECM degradation is a 
crucial event in the process of reversing fibrosis, fur-
ther efforts are needed to understand the cellular and 
molecular mechanisms that control ECM degradation 
during fibrosis resolution. Professional phagocytic cells 
such as macrophages would be expected to have an 
important role in ECM degradation upon the therapeu-
tic removal of (senescent) myofibroblasts. Alternatively, 
scar- forming myofibroblasts could potentially be 
reprogrammed into scar- resolving cells, which would 
promote ECM degradation by harnessing the natural 
capacity of fibroblasts to synthesize and degrade ECM. 
Future research into the mechanisms that promote fibro-
sis resolution will increase our molecular and cellular 
understanding of this process and bring potential new 
therapies to reverse organ fibrosis.
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Throughout the past half century, the paradigm shift in 
drug discovery strategies coupled with improved under-
standing of disease biology has allowed for better treat-
ment for many conditions using targeted therapies1–6. 
However, therapeutic response is still inadequate in 
patients with some rheumatic autoimmune inflamma-
tory diseases (RAIDs), and few targeted therapies are 
available for patients with many other RAIDs7–11, neces-
sitating new approaches to drug development. RAIDs 
are inherently difficult to treat because of chronicity, 
heterogeneity and incomplete knowledge of their aetiol-
ogy. Whereas de novo drug discovery for a disease is an 
expensive and tenuous process, drug repurposing is capa-
ble of bringing new treatments to RAIDs more rapidly  
and with a lower risk.

Drug repurposing, which can be defined as the eval-
uation of an already approved or abandoned drug in a 
new indication, has become a useful strategy for introdu-
cing new therapeutic entities into the management of 
relevant diseases. The appeal of repurposing, which has 
also been called repositioning, retooling, reprofiling 
or retasking12, relates in part to the potential reduction 
in cost and time compared with de novo drug discov-
ery. Estimates of successful repurposing costs range 

from $40 million to $80 million13 and a time span of 
3–12 years14, compared with the development a new 
chemical entity costing $2–3 billion and a duration 
of 13–15 years from discovery to approval15. Indeed, 
repurposed drugs have been a mainstay in the treat-
ment of RAIDs, including ankylosing spondylitis (AS), 
primary Sjögren syndrome (pSS), psoriatic arthritis 
(PsA), rheumatoid arthritis (RA) and systemic lupus 
erythematosus (SLE).

In its earliest form, drug repurposing was empirical: 
compounds were repurposed because of an unexpected 
clinical observation. Subsequent therapeutic advance-
ments from drug repurposing in RAIDs were disease- 
related, often demonstrating the benefit of repurposing 
based on putative disease similarity. Indeed, most agents 
that comprise the current standard of care for RAIDs 
are those that have been repurposed from one RAID to 
another or from other diseases, with particular success 
with treatments first tried in RA and then AS and PsA. 
Drug repurposing for SLE and pSS has been less suc-
cessful, owing to the contribution of disease heterogene-
ity, multi- organ involvement and problematic outcome 
measures in clinical trials. Nevertheless, repurposing 
remains an essential method for bringing new treatments 
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to RAIDs. New initiatives encouraging repurposing, 
including government- driven programmes such as that 
launched by the NIH National Center for Advancing 
Translational Sciences in 2012 (ref.16), as well as the 
development of novel computational platforms, continue 
to make drug repurposing a favourable alternative to 
de novo discovery for RAIDs and one that has the poten-
tial to bring compounds to patients more efficiently. 
Herein, we review the efforts to repurpose drugs in 
RAIDs, their successes and failures, and assess new data- 
driven modalities that have the potential to revolutionize  
the field of drug repurposing.

Historical drug repurposing in RAIDs
The classic period. The twentieth century, which can be 
considered the classic period of drug repurposing for 
RAIDs, was marked predominantly by small academic 
repurposing efforts based on hypotheses regarding dis-
ease aetiology, serendipity and observations of off- target 
effects. Many current standard of care drugs used to treat 
RAIDs were repurposed after initially being used in 
other diseases, with academic observations, conceptual 
advances, or mechanistic hypotheses being the prime 
movers. Together, these efforts resulted in new indica-
tions for existing agents. Often, particular drug classes, 
usually linked by mechanism of action, received atten-
tion during a given period and were studied for multiple 
RAID indications during this time (fig. 1).

Therapeutic use of gold salts marks the first exam-
ple of drug repurposing in RAIDs therapy. Gold salts 
were first investigated by Koch and Kitasato more than 
100 years ago, and later by Møllgaard, for the treat-
ment of tuberculosis and other infectious diseases17,18. 
On the basis of these experiments, clinical investiga-
tors studied gold compounds for the treatment of RA 
and other arthritides in the 1920s with the belief that 
these chronic inflammatory diseases might have an 
infectious aetiology19. The development of gold- based 
therapies illustrates many features of classic academic 
drug repurposing for RAIDs, including a strong belief in 
their putative utility based upon evidence available at the 
time, followed by multiple small trials and widespread 
application of gold salts in many RAIDs, even before 
their efficacy was proven and decades before regulatory 
approval20–22. Numerous examples of repurposing of 
drugs for RAIDs followed a similar model and resulted 
in the identification of many of the drugs currently used 
as standard of care in RAIDs.

The idea that some RAIDs might be caused by micro-
organisms led to a number of repurposing efforts. For 
example, McPherson Brown proposed treating RA with 
antibiotics in the late 1930s on the basis of his obser-
vation of mycoplasma- like structures in RA synovial 
fluid23, but it was not until the 1990s that controlled trials 
showed the benefit of tetracycline derivatives (such as 
minocycline) in RA24,25. Similarly, sulfasalazine, an anti-
biotic and salicylic acid, was developed for the treat-
ment of rheumatic polyarthritis and ulcerative colitis  
in the late 1930s26. Following its approval for use in RA in 
1996 (Supplementary Table S1)27, sulfasalazine was then 
repurposed for other RAIDs and has been widely studied 
in AS, with reported efficacy for peripheral arthritis28,29 
and moderate efficacy for axial symptoms in patients 
with short disease duration30; moderate efficacy was also 
reported in PsA31,32. Neither minocycline nor sulfasala-
zine is used in the treatment of SLE; notably, there have 
been reports of these drugs inducing lupus- like disease 
in small cohorts of patients33,34.

The introduction of antimalarial agents as treatment 
for RAIDs was initially based on clinical observations. 
Early anecdotal reports suggested improvement in 
SLE35 and arthritis36 following the use of antimalari-
als. Interest in these agents became widespread after a 
1951 study reported that treatment with the antimalar-
ial quinacrine improved disease in patients with SLE37, 
sustaining attention in the post- war era36. Consequently, 
focused efforts in clinical repurposing of antimalarials 
began in the pharmaceutical industry, with studies 
demonstrating their benefit in both SLE38 and RA27. 
Hydroxychloroquine is approved by the FDA for use in 
both RA and SLE (Supplementary Table S1); it is almost 
universally prescribed for SLE and widely used in the 
management of pSS7 and RA39.

Unlike gold salts and antimalarial agents, which were 
repurposed for RAIDs, the discovery of glucocorticoids 
and their evolution as a clinical therapy began in rheu-
matology. Cortisone (originally called compound E) 
was first synthesized by Merck and Co. with no clear 
disease indication. In 1948, Hench and Kendall at the 
Mayo Clinic announced positive results with the use of 
cortisone and adrenocorticotropic hormone (ACTH) in 
RA40, work that led to Hench and Kendall receiving the 
Nobel Prize in Medicine in 1950 (ref.41). Repurposing 
of other glucocorticoids (hydrocortisone, prednisone, 
prednisolone, methylprednisolone, triamcinolone, dexa-
methasone and betamethasone) for SLE42–45 and other 
rheumatic diseases46 began soon thereafter. Prednisone 
and prednisolone were approved by the FDA for RA and  
SLE in 1955 and, later, for all rheumatic conditions 
(Supplementary Table S1). All other drugs within the 
glucocorticoid family have subsequently gained FDA 
approval for use in all RAIDs, excepting pSS, as many 
steroids, including ophthalmic suspensions, are only 
moderately effective for Sjögren keratoconjunctivitis7. 
ACTH is also approved for use in the treatment of RA, 
SLE, AS and PsA (Supplementary Table S1).

Penicillamine is a chelating agent that was first used 
for Wilson’s disease because of its ability to remove 
excess copper47. Jaffe tested penicillamine in RA in 
1964, on the basis of his belief that it would be of benefit 

Key points

•	repurposing drugs for and among rheumatic autoimmune inflammatory diseases 
(raIDs) is difficult because of limitations in knowledge surrounding the pathogenesis 
of these diseases.

•	Clinical and academic- driven drug repurposing was critical for the early identification 
of treatments for raIDs.

•	High costs and increased regulation shifted drug repurposing from primarily 
academia to pharmaceutical companies.

•	Computational repurposing has the ability to elucidate previously unknown drug 
mechanisms of action and off- target effects.

•	Genomic and genetic data can identify new pathways and targets for drug 
repurposing.
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Fig. 1 | Historical periods of drug class- based repurposing in RAIDs. The 
treatment of rheumatic autoimmune inflammatory diseases (RAIDs), 
including ankylosing spondylitis (AS), discoid lupus erythematosus (DLE), 
psoriatic arthritis (PsA), primary Sjögren syndrome (pSS), rheumatoid 
arthritis (RA) and systemic lupus erythematosus (SLE), has employed drugs 
of many different classes. The classic period of drug repurposing was marked 
by academic drug repurposing, which was based on hypotheses of disease 

aetiology , serendipity and observations of off- target effects, resulting in 
many new indications for known agents. In the disease- based period, 
repurposing is aimed at expanding the labelled indications of an approved 
drug to similar diseases. ACTH, adrenocorticotropic hormone; BAFF, B cell 
activating factor ; CLL , chronic lymphocytic leukaemia. aGold has been used 
in medicine since antiquity , but the use of gold salts in tuberculosis marks 
the first modern trial.
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for RA because of its ability to reduce disulphide bonds 
and dissociate IgM–rheumatoid factor complexes 
in vitro48. Further controlled studies demonstrated its 
efficacy and resulted in the approval of penicillamine 
for the treatment of RA49. Penicillamine treatment has 
since been associated with a reduction in rheumatoid 
factor50 and suppression of T cell activity51. Small tri-
als of penicillamine have been carried out in AS52,53 
and PsA54, but efficacy was minimal. Moreover, cases 
of penicillamine- induced lupus have been reported in 
patients with Wilson’s disease55,56. Penicillamine is rarely 
used for RAIDs today because of concern about adverse 
events and the development of more effective DMARDs. 
A related drug, bucillamine, is used in Japan for the  
treatment of RA57.

Antineoplastic agents were also trialled in RAIDs. 
Methotrexate was originally approved as a cancer treat-
ment but, because of serendipitous observations and 
then evidence from controlled studies, it has become 
a backbone of RA therapy. Despite a positive report in 
1951 of methotrexate use for arthritic manifestations58, 
enthusiasm for corticosteroids and scepticism in the 
community about the use of an antineoplastic drug 
outside of oncology delayed placebo- controlled investi-
gations for decades. Controlled studies of methotrexate 
in RA began in the 1980s59, and thereafter methotrex-
ate became the drug of choice for RA and PsA60. Many 
rheumato logists also use methotrexate for AS61 and 
SLE62,63, although its efficacy for these indications is less 
well documented.

Other immunosuppressive agents, such as azathi-
oprine64,65 and cyclophosphamide66–68, and transplant 
rejection drugs, such as mycophenolate mofetil68, 
tacrolimus69–74, sirolimus75 and ciclosporin76–78, have 
been repurposed to varying degrees across RAIDs. 
Leflunomide, a newer immunosuppressive, was devel-
oped within the pharmaceutical industry79 and approved 
for use in RA in 1998 (ref.80) (Supplementary Table S1), 
at the beginning of the biologics era. Leflunomide was 
also tried in other RAIDs, but unsuccessfully81,82. Despite 
the observation of some positive effects in SLE83,84 and 
lupus nephritis85–88, cases of leflunomide- induced lupus 
have been reported89,90, mitigating enthusiasm for  
this product.

Early repurposing efforts (from the turn of the 
twentieth century until the late 1980s) in academia were 
largely successful because of the relatively low cost of 
drugs and clinical trials, the small size of the clinical tri-
als, the simplicity of informed consent, and less stringent 
regulatory oversight. However, in the past three decades, 
drugs have become very expensive, clinical trials have 
become larger to adequately capture both efficacy and 
safety data, and regulatory authorities have introduced 
more stringent requirements for obtaining a labelled 
indication, which allows manufacturers to market a 
product for a specified indication. As a result, large- scale 
development of therapeutics has mostly migrated to the 
pharmaceutical industry, with some small proof- of- 
concept trials still conducted in academia. Modern drug 
development includes partnerships between academia 
and the pharmaceutical industry, such as the study of 
secukinumab in discoid lupus erythematosus (DLE) 

by investigators at the Massachusetts General Hospital 
working with Novartis91. In addition, academic scientists 
played a critical role in defining non- radiographic spon-
dyloarthritis92, resulting in successful clinical trials and 
drug approval in that entity93.

The disease- based period. In contrast to the academic 
drug repurposing efforts described above, a more 
disease- based approach has been employed in the phar-
maceutical industry to expand the labelled indications 
for any drug approved for use in a RAID to other RAIDs 
and beyond. This practice has become relatively stand-
ard in the life cycle management of approved drugs. 
The experience with NSAIDs was a forerunner of this 
approach, with the initial approval of NSAIDs for use in 
RA94,95 followed by extension to many other RAIDs96,97.

The use of biologics has substantially altered the 
treatment of many RAIDs. However, few innovator 
biologics were initially developed for RAID indications. 
Targeting of the TNF axis in rheumatic diseases has 
been a successful strategy since the late 1990s, but the 
first anti- TNF therapies were developed to treat sep-
sis98. Seminal trials with infliximab, a chimeric mouse 
anti- TNF monoclonal antibody, demonstrated pre-
liminary efficacy of TNF blockade in treating RA1 and 
provided companies with the incentive to move their 
TNF inhibitor biologics out of sepsis, where success 
was not demonstrated, and into inflammatory diseases, 
including RA98. In 1998, etanercept, a TNF receptor 
(TNFR)–IgG1 fusion protein, became the first- in-class 
TNF inhibitor approved for use in RA2 and was later 
approved for use in PsA (in 2002)5 and AS (in 2003)99. 
To date, four additional TNF inhibitors have received 
FDA approval: infliximab, adalimumab, golimumab 
and certolizumab pegol. Infliximab100 and certolizumab 
pegol101 were first approved for use in Crohn’s disease (in 
1998 and 2008, respectively) and are now also approved 
for use in RA102,103, AS104,105 and PsA106,107. Like etaner-
cept, adalimumab and golimumab were first indicated 
for RA108,109 and then repurposed for PsA110,111 and AS 
(Supplementary Table S1)112,113. Use of anti- TNF biolog-
ics in SLE, however, has been controversial to date, as 
they reportedly have the capacity to induce anti- nuclear 
antibodies and, rarely, cutaneous lupus or SLE114,115, 
and their disease- modifying potential in SLE remains 
unknown because of uncontrolled trials116,117.

Similar to TNF inhibitors, IL-1 blockade with anakinra,  
a recombinant IL-1 receptor antagonist, first emerged 
as a potential treatment for sepsis118. Although ana kinra 
failed to increase survival in patients with sepsis in 
phase III trials119, the drug demonstrated efficacy in RA  
when used alone120 or in combination with metho-
trexate121. Despite the subsequent approval of anakinra 
for RA (Supplementary Table S1), the demonstrated effi-
cacy of other biologics resulted in a decline in its use for 
this indication. Anakinra has been investigated for its 
potential to reduce fatigue in pSS, but the study failed to 
meet its primary endpoint122. Canakinumab, a mono-
clonal anti-IL-1β antibody, has also been tested in RA, 
with limited clinical efficacy123,124.

The presence of pathogenic autoantibodies led to 
the belief that B cells have a central role in some RAIDs. 
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In 1997, rituximab, an antibody that depletes CD20-
expressing B cells, was approved for use in the treatment 
of lymphoma (Supplementary Table S1)125. Notably, the 
impetus to pursue rituximab as a treatment for RA was 
probably derived from or encouraged by the observ-
ation that a lymphoma patient’s arthritis improved fol-
lowing treatment with rituximab126. Rituximab was first 
repurposed for RA through work by Edwards and col-
leagues127,128, and a series of large, industry- sponsored 
clinical trials ensued129–131 that resulted in FDA approval 
for RA in 2009 (Supplementary Table S1). Subsequently, 
repurposing of rituximab for SLE and lupus nephritis was 
investigated in both industry and academia. Two large 
industry- sponsored trials in SLE132 and lupus nephri-
tis133 failed to meet their primary endpoints, whereas 
multiple uncontrolled studies carried out in academia 
claimed that the drug had beneficial effects127,134–138. 
On the basis of these academic effectiveness trials, the 
clinical care community still considers rituximab to be 
a useful therapy in SLE. Small trials of rituximab have 
also been conducted in pSS, but reported modest clini-
cal benefit and no changes in the levels of serum auto-
antibodies139. Rituximab has been reported to reduce 
fatigue in pSS139,140.

Belimumab, an antibody targeting B cell activating 
factor (BAFF, also known as BLyS or TNFSF13b) was 
the first biologic agent to be approved for use in SLE, in 
2011 (Supplementary Table S1), although it was tested 
for both SLE and RA in early trials141–143. However, 
results from the phase II trial of belimumab in RA were 
not reported until 2013, where it was shown to meet 
its primary endpoint, although no dose–response was 
apparent and the magnitude of response was small144. 
Related agents also targeting the BAFF axis, such as 
tabalumab145–147, atacicept148–150 and blisibimod151, have 
been unsuccessful in RA, SLE and lupus nephritis.

A variety of other biologic agents directed at cellular  
or secreted targets, including CD80–CD86 (refs152–156), 
IL-6 (refs157–165), IL-12 and IL-23 (refs166–168) and 
IL-17A6,169–171, have been repurposed for RAIDs, with 
varying degrees of success. In SLE, repurposing of 
ustekinumab, an antibody targeting IL-12 and IL-23, 
resulted from literature mining172,173 and might be con-
sidered an initial success of the evidence-based approach 
to drug repurposing given the positive results of phase II  
trials168 and that a phase III trial is ongoing174. Before being 
repurposed for SLE, ustekinumab was first approved 
for psoriasis in 2009175 and later PsA and Crohn’s  
disease176 (Supplementary Table S1). However, in phase II  
trials, ustekinumab did not demonstrate efficacy in 
RA166, and a phase III trial of ustekinumab in AS177 was 
terminated in 2017 because of failure to achieve the 
primary endpoints, again demonstrating heterogeneity 
among RAIDs.

Small molecule inhibitors developed in the past two 
decades have followed the same trend, as they have been 
tried in various RAIDs. Tofacitinib, a pan- Janus kinase 
(JAK) inhibitor, was approved for use in RA, repur-
posed for PsA (Supplementary Table S1) and is currently 
being tested in SLE178 and AS179. Similarly, baricitinib, 
a JAK1–JAK2 inhibitor, was first approved for use in 
RA and is currently being tested in SLE180. Another 

small molecule inhibitor, apremilast, which inhibits 
phosphodiesterase 4, was first approved for PsA181–183 and  
has subsequently been tested in other RAIDs with no 
demonstrated efficacy184–186.

Repurposing successes and failures. Both the classic 
and disease- based periods have produced successes in 
repurposing therapies for RAIDs. Many drugs have been 
approved for one or more RAID, whereas others have 
gained FDA approval for a single RAID and are used 
off- label for others. figure 1 provides a summary of the 
aforementioned compounds and others that have been 
repurposed for RAIDs or tested for their potential to  
be repurposed for additional RAIDs. However, it should be  
emphasized that there have been both successes and fail-
ures in the past century, as reflected in Table 1, which 
provides a timeline of repurposing trials in RAIDS. 
Moreover, some therapies that were initially considered 
repurposing successes have since fallen out of favour as 
more modern therapies have proven to have additional 
benefit in regard to efficacy or safety. Gold derivatives, 
although eventually approved for use in RA in the form 
of oral auranofin, are not widely used today because 
they have been superseded by more efficacious and 
less toxic compounds. Similarly, antibiotics have been 
replaced by more effective agents and also implicated 
as a cause of drug- induced lupus33. Also notable is that 
several therapies have been successful in some RAIDs 
but not others. TNF inhibitors, for example, have been 
very beneficial for AS, PsA and RA, whereas they have 
little or unknown benefit in SLE or pSS. Additionally, 
B cell targeted therapy has been successful in both RA 
and SLE, but with different agents (rituximab and beli-
mumab, respectively). Other agents such as leflunomide, 
anakinra and IL-6 inhibitors have been successful in RA 
but failed in all other related diseases. figure 2 displays 
the ‘successes’ by categorizing repurposed compounds 
that are currently considered to be standard of care for 
each disease entity.

Modern approaches to drug repurposing
The changing landscape of repurposing. Many of the 
aforementioned drug repurposing efforts were based 
upon serendipity or perceived knowledge of disease 
patho genesis, and on the known or perceived activity of a  
particular compound to ameliorate the causative or 
amplifying mechanism. Beyond fortuity, traditional drug 
repurposing can be categorized as primarily drug-based 
or disease-based. These repurposing approaches to 
match drugs and diseases usually involve analysis of  
similarities between drug candidates or between known 
features of disease (fig. 3a). A drug-based approach 
involves matching on the basis of similarities in drug 
structure, mecha nism of action, interaction with proteins, 
or adverse event profile. With this approach, candidates 
for repositioning are identified by in vitro screening of  
known drugs to identify similar or novel mechanisms  
of actions. Adverse events can also be identified by animal 
models testing compounds. Additionally, crystallo graphy  
can be used to interrogate structural or binding similar-
ity between compounds. With a disease- based approach, 
similarities of pathogenic pathways or disease symptoms 
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are considered sufficient basis for repurposing a drug 
from one disease to another. However, the success of 
glucocorticoids in both RA and SLE, for example, might 
have resulted from the broad activity of these agents and 
their ability to suppress numerous pro- inflammatory 
and immunological pathways, rather than disease simi-
larity. Furthermore, trials of biologics have shown that 
abnormal activity of a pathway within a RAID does not 
necessarily imply that the targeted pathway has a non- 
redundant role in disease pathogenesis, for example, the 
success of IL-6 inhibition in RA164 but not PsA165 or AS162, 
among many others (see Table 1). Nevertheless, the pres-
ent use of several biologics in RA, PsA and AS resulted 
from successful disease- based repurposing, despite the 
inability of preclinical models to predict the most appro-
priate RAID or inflammatory disease to target with a 
specific biologic. For example, secukinumab was tested 
in patients with psoriasis, RA and uveitis169. At present, 
most biologics approved for one RAID have been tried 
in other RAIDs, with successes and failures elucidating 
the dominant mechanisms in each RAID and how these 
pathways might differ between RAIDs (fig. 2, Table 1).

Both theory and serendipitous observations were 
invaluable for early repurposing of drugs among various 
RAIDs, and traditional approaches to drug repurposing 
might continue to prove beneficial in the future. However, 
these approaches have their limits, including the lack of a 
rigorous method to test all possible drug–disease combi-
nations. Newer genomics- based repurposing techniques, 
which have been attempted in RA187 and SLE172,188,189, 
could provide a more precise basis for drug repurposing 
and serve as a more effective strategy to transition medi-
cations into the most appropriate RAID. In addition, the 
numerous bioinformatic and computational approaches 
currently available and being developed, which we dis-
cuss below, allow for a shift to focused disease targeting 
and more precise identification of repurposing candi-
dates. These computational and data- driven advances 
have changed the landscape of drug repurposing.

Various computational methods provide an addi-
tional and robust means of identifying potential drug 
repurposing candidates in silico (fig. 3b). Drug- based and 
disease- based comparisons can be based on similarities 
in drug profiles that include a drug’s chemical proper-
ties, phenotypic profile (disease- related and off- target 
effects), targets (binding or pathway expression) and 
expression (transcript, protein or metabolite). With the 
inclusion of transcriptomic, proteomic or metabolomic 
data, many modern approaches utilize comparisons of 
drug- induced and disease- associated expression sig-
natures to identify corresponding signatures in other 
drugs or diseases. The integration of these techniques 
with advanced computational applications (fig. 3c) has 
increased the ability to overcome previous limitations, 
such as the time and expense for identification of addi-
tional drug mechanisms of action. Computerized data 
analytics, such as machine learning, can be utilized to 
enhance the likelihood of identifying serendipitous 
observations from electronic medical records or to make 
connections between biological observations, drugs  
and diseases190. Knowledge afforded by improvements 
in computational modelling and bioinformatics have 

helped to understand drug–target interactions and dis-
ease pathology more precisely. Altogether, the availabil-
ity of genomic data complements these techniques and  
has fuelled improvements in objective drug repositioning 
for RAIDs and other diseases. A number of publicly avail-
able web- based tools particularly useful for drug repur-
posing in RAIDs are shown in Supplementary Table S2.  
Although past and current techniques have been cate-
gorized as primarily drug-based, disease-based or 
signature- based, rigid categorization is quite difficult, 
and ultimately the categories overlap. Together, these 
techniques are potentially quite powerful and have pre-
dicted new repurposing opportunities in RAIDs. Some 
of these predictions have led to further experimentation 
to date; however, none of the predictions has been vali-
dated in the clinic. The following sections provide a more 
detailed discussion of modern drug-based, disease-based 
and signature-based repurposing strategies.

Modern drug- based strategies. Strategies for reposi-
tioning based upon structural similarity of drugs have 
been advanced through computational modelling. Tools 
such as BindingDB191, PharmMapper192, ReFRAMEdb193, 
substructure–drug–target network- based inference 
(SDTNBI)194 and Search Tool for Interacting Chemicals 
(STITCH)195,196 identify drugs predicted to bind speci-
fic proteins based on their structural similarity to 
another drug or target, or the ability to bind a target. 
DTome is another structure-based tool, which cons-
tructs drug–target networks consisting of information 
about drug–target interactions and drug–gene associ-
ations by compiling information from the DrugBank, 
Pharmacogenomics Knowledgebase (PharmGKB) and 
Protein Interaction Network Analysis (PINA) data-
bases197. These strategies allow for high- throughput 
compound screening to identify similar binding pairs, 
with either a singular target that binds multiple drugs 
or a single drug that binds multiple targets, without the 
need for expensive and time- intensive in vitro experi-
ments, such as affinity chromatography or mass spec-
trometry. Evaluation of structural similarity is important 
for identifying the propensity for new formulations of 
similar drugs to bind similar targets, as newer formu-
lations might be safer or have greater affinity for the 
target than previous compounds. For example, ZINC, a 
structure- based pharmacophore database, was employed 
to find additional inhibitors of calcineurin/nuclear fac-
tor of activated T cells (NFAT) signalling198. Screening 
was filtered to identify small ligands that mimicked the  
NFAT binding motif and, if possible, did not block  
the phosphatase activity of calcineurin, to mitigate 
adverse effects previously observed with tacrolimus and 
ciclosporin198. Of 32 compounds identified in the study,  
7 competed with NFAT in vitro, and 4 inhibited NFAT- 
dependent gene expression, thus providing new can-
didates for immunosuppressive drugs198. Like ZINC, 
BindingDB and PharmMapper have been used to 
predict new therapies for multiple disease indications. 
BindingDB has been used for in silico screening of 
compounds for antifungal199 and diabetes200 treatments,  
and PharmMapper has been used to predict targets 
for novel anticancer compounds201 and targets related 

In silico
a type of biological thought 
experiment performed on a 
computer or using specific 
computer simulation.

Machine learning
an algorithm by which a 
computer makes predictions 
based upon learned patterns  
in the data.

Pharmacophore
The molecular features that are 
necessary for interactions 
between a molecule or protein 
and its ligand.
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Table 1 | A survey of drug repurposing for rheumatic autoimmune inflammatory diseases (RAIDs)a

Drug Date Historical development

Goldb 1920s Hedenius, Landé, Pick and Forestier try gold in RA. Pick is unsuccessful and Forestier is generally credited with 
pioneering gold salts in arthritides19.

1927 Schamberg publishes results demonstrating improvement of 25 patients with cutaneous lupus268. Californian 
physicians administer gold salts for cutaneous lupus269.

1931 Monash and Traub claim that intradermal administration of gold salts helps to resolve discoid lupus skin 
lesions270.

1942 Cecil et al. report 245 cases surrounding the use of gold salts in RA , showing efficacy in 60% of patients19.

1950s First controlled studies are conducted by the Empire Rheumatism Council in England20,21.

1976 Auranofin is introduced as a new oral gold compound for RA271.

1985 Auranofin is approved for RA22.

NSAIDs 1897 Felix Hofmann, a Bayer chemist, develops the modern method for synthesizing acetylsalicylic acid (aspirin) to 
help his father, who had RA94.

1950s Ibuprofen is discovered at Boots Pure Drug Company when Stewart Adams is instructed to find a non- steroidal 
treatment for RA95.

Present Aspirin has been repurposed into all rheumatic diseases, although it is now rarely used for this purpose 
because of toxicity and the availability of effective and safer NSAIDs. Many modern NSAIDs, such as ibuprofen, 
indomethacin and celecoxib, were developed for osteoarthritis and RA. Celecoxib was approved for AS in  
2005 (ref.272).

Antibiotics 1930s Nana Svartz pioneers the use of sulfasalazine for rheumatic polyarthritis and Crohn’s disease26.

1939 Thomas McPherson Brown proposes treating RA with antibiotics23.

1948 Small study shows no benefit of sulfasalazine compared with control in RA273.

1950s Small academic trials evaluate sulfasalazine in RA and polyarthritis274, but interest is minimal because of steroid 
trials.

1970s Renewed interest in sulfasalazine for RA275,276.

1971 Renewed interest in tetracyclines for RA277.

1983 Placebo- controlled studies conclude that sulfasalazine is efficacious as a second- line drug for RA278.

1994 Double- blind, placebo- controlled trial of minocycline in RA is successful24.

1995 Minocycline is found to be safe and effective for RA in double- blind, randomized, multicentre trial25. 
Sulfasalazine is tried in AS, with reported efficacy for peripheral arthritis28. Placebo- controlled trials in PsA 
demonstrate the efficacy of sulfasalazine31.

1996 Sulfasalazine delayed- release tablets are approved for RA.

1998–1999 Moderate efficacy of sulfasalazine treatment is reported for AS29,30.

2000 Report of minocycline- induced lupus33.

Antimalarials 1894 Payne reports beneficial effects of quinine in cutaneous lupus patient36.

1928–1938 Multiple clinical trials of quinine and other derivatives in more than 100 patients with lupus suggest efficacy36.

1938 Davidson and Birt report the use of quinine bisulphate for SLE35.

1940s Winthrop Chemical develops atabrine (quinacrine) and it is used in many American soldiers. Improved arthritis 
and rash observed in British soldiers taking atabrine36.

1951 Page observes that quinacrine treatment leads to improved disease in patients with SLE37.

1955 Hydroxychloroquine is FDA- approved for both RA and SLE279.

Present Hydroxychloroquine is almost universally prescribed for SLE and is also widely used in the management of pSS 
and RA. Hydroxychloroquine, along with sulfasalazine and methotrexate, is a component of the ‘triple therapy’ 
regimen for RA , which has been claimed to be more cost- effective than combination therapy with etanercept 
and methotrexate, but is not widely employed280. Although hydroxychloroquine can cause flares of psoriasis,  
it is sometimes also used in PsA281.

Glucocorticoids 1948 Hench and Kendall at the Mayo Clinic announce positive results with the use of cortisone (compound E) and 
ACTH (repository corticotropin) in RA40.

1950s Other glucocorticoids (hydrocortisone, prednisone, prednisolone, fludrocortisone, triamcinolone, 
methylprednisolone and dexamethasone) are repurposed for SLE and other rheumatic diseases.

1955 Prednisone and prednisolone are FDA- approved for RA and SLE.

Present Prednisone and prednisolone are now FDA- approved for all RAIDs. All subsequent drugs with the steroid label 
have gained FDA approval for RAIDs. ACTH has been approved for all RAIDs excepting pSS.
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Drug Date Historical development

Penicillamine 1964 Jaffe tests penicillamine in RA48.

1970 Penicillamine is FDA- approved for Wilson’s disease.

1973 Penicillamine is shown to be effective in RA49.

1980s Penicillamine is FDA- approved for RA282.

Antineoplastics 1953 Methotrexate is FDA- approved for cancer.

1957 Azathioprine is synthesized for cancer chemotherapy.

1959 Cyclophosphamide is FDA- approved for cancer.

1968 Azathioprine is FDA- approved for transplant rejection.

1950–1970 Small trials of methotrexate, azathioprine and cyclophosphamide are conducted in AS66, RA58,283,284, PsA285  
and SLE64,286–289.

1971 Small controlled trial of azathioprine in SLE demonstrates decreased mortality and morbidity and fewer 
exacerbations of disease290.

1972 Methotrexate is FDA- approved for severe psoriasis, with off- label use in PsA291.

1981 Azathioprine is FDA- approved for the treatment of RA292.

1969–1981 Focused trials of cyclophosphamide and azathioprine in lupus nephritis are undertaken by the National 
Institute of Arthritis, Diabetes, and Digestive and Kidney Diseases293. Treatment of lupus nephritis with 
cyclophosphamide293 or azathrioprine294 is shown to be more beneficial than prednisone alone.

1983 Controlled studies of methotrexate in RA begin59,295.

1988 Methotrexate is FDA- approved for the treatment of RA296.

1997 Open prospective study of methotrexate in SLE shows reduction in disease activity and steroid- sparing effects297.

1998 A small double- blind placebo- controlled trial of azathioprine in pSS demonstrates no change in disease 
activity65.

1999 Controlled, double- blind study evaluates methotrexate use in SLE and concludes efficacy in controlling 
cutaneous and articular activity62.

2008 Steroid- sparing effect is found in a double- blind, placebo- controlled trial of methotrexate in SLE63.

2012 Controlled trial of methotrexate in PsA does not find improved synovitis, despite improvement in skin symptoms298.

Immunosuppressives 1983 Ciclosporin is FDA- approved for transplant rejection.

1994 Tacrolimus is FDA- approved for transplant rejection.

1995 Ciclosporin is FDA- approved for RA76,299. Mycophenolate mofetil is FDA- approved for transplant rejection.

1999 Sirolimus is FDA- approved for transplant rejection.

1999–2005 Multiple small trials of mycophenolate mofetil in lupus nephritis suggest efficacy and less toxicity compared 
with cyclophosphamide and azathioprine68,300–303.

2003 Phase III, double- blind, multicentre study reports that tacrolimus is safe and efficacious as monotherapy for 
active RA69.

2006 Tacrolimus is superior to mizoribine for RA treatment in Japan70.

2009 Tacrolimus therapy is shown to significantly improve lupus nephritis in a placebo- controlled double- blind study 
in Japan74, leading to its approval in Japan for treatment of lupus nephritis73.

2011 Phase III trial of mycophenolate mofetil in lupus nephritis demonstrates that mycophenolate mofetil is superior 
to azathioprine in preventing relapse304.

2018 Phase I–II study of sirolimus in SLE reports improvement in disease activity75.

Present Topical application of tacrolimus via eye drops (FK506) is currently being tried in pSS305. Ciclosporin is also used 
via ophthalmic emulsion for pSS and on occasion for SLE, despite concern about renal toxicity.

Leflunomide 1991 Leflunomide is first tested in RA79.

1998 Leflunomide is FDA- approved for RA.

2001 Open- label pilot study of leflunomide in SLE demonstrates some efficacy in SLEDAI reduction84.

2004 Double- blind pilot study of leflunomide in SLE demonstrates reduction in SLEDAI from baseline83.

2005 The proportion of patients with AS responding to leflunomide treatment is not statistically significant82.

2007 Pilot studies in pSS demonstrate moderate effects of leflunomide81.

2008 Leflunomide- induced subacute cutaneous lupus is reported90. Trial shows that leflunomide is comparable  
to cyclophosphamide in reducing active kidney lesions and renal parameters in lupus nephritis85.

2014 Leflunomide is shown to be effective in some patients with PsA306.

Table 1 (cont.) | A survey of drug repurposing for rheumatic autoimmune inflammatory diseases (RAIDs)a
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Drug Date Historical development

Biologic TNF 
inhibitors

1993 Seminal trials performed by collaboration among Maini, Feldmann and Centocor, using Centocor’s chimeric 
mouse anti- TNF monoclonal antibody (infliximab), demonstrate preliminary efficacy of TNF blockade and 
provide companies with the incentive to move their TNF biologics out of sepsis and into RA1.

1998 Etanercept is FDA- approved for RA in 1998 as first in class2. Infliximab is FDA- approved for Crohn’s disease100.

1999 Infliximab is FDA- approved for RA102.

2002 Adalimumab is FDA- approved for RA108. Etanercept is FDA- approved for PsA.

2003 Etanercept is FDA- approved for AS99. Some reports of etanercept- induced cutaneous lupus or SLE115.

2004 Infliximab is FDA- approved for AS104.

2005 Infliximab is FDA- approved for PsA106. Adalimumab is FDA- approved for PsA.

2006 Adalimumab is FDA- approved for AS113,307.

2008 Certolizumab pegol is FDA- approved for Crohn’s disease101.

2009 Certolizumab103 and golimumab are FDA- approved for RA109.

2013 Certolizumab pegol is FDA- approved for PsA308 and AS105.

2017 Golimumab is FDA- approved for PsA111 and AS112.

Biologic IL-1 
inhibitors

1980s IL-1 blockade emerges as a potential treatment for sepsis118.

1998 Clinical trials demonstrate safety and efficacy in treatment of RA with anakinra alone120.

2001 Anakinra is FDA- approved for RA309.

2002 Clinical trials demonstrate efficacy of anakinra in combination with methotrexate121.

2012 Anakinra is investigated for the potential to reduce fatigue in pSS, but the study fails to meet its primary endpoint122.

Biologics targeting B 
cells and T cells

1997 Rituximab is FDA- approved for lymphoma.

2005 Abatacept is FDA- approved for RA310.

2006 Rituximab is FDA- approved for RA following work by Edwards et al. and a series of large industry- sponsored 
clinical trials128.

2010 Phase II–III industry- sponsored trial of rituximab in lupus nephritis fails to meet primary endpoint311. Phase 
IIb, randomized, double- blind, placebo- controlled trial of abatacept in SLE does not meet primary endpoint, 
although post hoc analysis reveals some positive results in patients with lupus arthritis, who demonstrated 
significantly fewer flares152.

2011 Belimumab becomes the first biologic to gain FDA approval for SLE4. Open- label studies of abatacept in AS do 
not demonstrate marked improvement153.

2013 Phase III industry- sponsored trial of rituximab in lupus nephritis fails to meet its primary endpoint312. Multiple 
uncontrolled studies of rituximab in SLE carried out in academia prior to 2013 claim benefit127,134–136,138 and a 
2013 nationwide study in Germany again suggests a favourable benefit–risk ratio of rituximab in SLE137; based 
on these trials, the clinical care community considers rituximab to be standard of care in SLE. Small, open- label 
or controlled trial of rituximab for pSS reports some benefit in reducing fatigue139. Phase II trial of belimumab in 
RA meets its primary endpoint, although there is no dose–response and the magnitude of response is small144.

2014 Open- label studies of abatacept in pSS report improvement in disease activity155.

2015 Atacicept does not reduce flare rate in SLE150. Adding atacicept to rituximab for RA treatment does not 
demonstrate clinical benefit in a phase II trial148.

2016 Tabalumab fails to meet endpoints in SLE trials146,147.

2017 Abatacept is FDA- approved for PsA156. Trial of rituximab in AS has been limited to a case report313.

2018 Trial of atacicept in SLE claims efficacy in serologically active patients314. Blisibimod does not meet primary 
endpoint in phase III SLE trial, although there is a report of decreased proteinuria in lupus nephritis151.

Present Multiple ongoing trials are investigating belimumab, including a comparison of belimumab versus coadministration 
of belimumab and rituximab, in SLE315 and pSS316. No trials with belimumab have been conducted in PsA and AS.

Biologics targeting 
IL-6 and IL-6R

2003 Tocilizumab (formerly known as atlizumab) is developed for inflammatory diseases317.

2008 Successful studies of tocilizumab in RA are reported163.

2010 Tocilizumab is FDA- approved for RA157. Tocilizumab is evaluated in phase I trials for SLE with some response158, 
but is not further pursued.

2014 Tocilizumab is tried in AS with no efficacy demonstrated162.

2015 Phase II trial demonstrates that sarilumab is not effective in AS161.

2016 Sirukumab is tried in lupus nephritis and does not demonstrate safety or efficacy318. Clazakizumab is tried in PsA 
and improves musculoskeletal manifestations, but does not exhibit a dose–response165.

2017 Sarilumab is FDA- approved for RA. Phase II trial of PF-04236921 in SLE does not meet primary endpoints, 
despite some effect seen at a single dose 160.

2018 Vobarilizumab does not meet primary endpoints in a lupus trial319.

Table 1 (cont.) | A survey of drug repurposing for rheumatic autoimmune inflammatory diseases (RAIDs)a
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Drug Date Historical development

Biologics targeting 
IL-12–IL-23

2004 Ustekinumab is first tried in psoriasis320.

2007 Efficacy of ustekinumab for psoriasis is demonstrated in a phase II double- blind placebo- controlled trial321.

2009 Ustekinumab is FDA- approved for psoriasis175,322.

2013 Ustekinumab is FDA- approved for PsA323.

2017 Phase II trials in RA do not demonstrate efficacy166.

2018 Positive phase II results for ustekinumab in SLE are reported168.

2019 Ongoing phase III trial is further evaluating efficacy of ustekinumab in SLE174. Phase III trial of ustekinumab in AS 
is terminated because treatment did not achieve key endpoints in a related study177.

Biologics targeting 
IL-17

2010 Secukinumab is tried in psoriasis, RA and uveitis169.

2012 Brodalumab is tried in psoriasis and a phase II study demonstrates efficacy324.

2015 Secukinumab is approved for psoriasis170. Phase II trial of brodalumab in RA is terminated because of a 
lack of efficacy325. Phase II trial of brodalumab in AS is withdrawn because Amgen decides to discontinue 
co- development326.

2016 Secukinumab is repurposed into PsA6 and AS171, with successful trials resulting in FDA approval.

2017 Ixekizumab is FDA- approved for PsA327. Guselkumab is FDA- approved for psoriasis. Brodalumab is  
FDA- approved for psoriasis328.

2019 Ixekizumab is FDA- approved for AS329,330. Janssen submits application for approval of guselkumab in PsA 
following successful phase III trials331. Phase II trial of secukinumab in DLE is not yet recruiting91.

Small molecule 
inhibitors

2009 Tofacitinib is in development for RA , psoriasis, ulcerative colitis, Crohn’s disease and transplant rejection332.

2010 Apremilast is developed for inflammatory diseases333.

2012 Tofacitinib is FDA- approved for RA334. Small phase I–II study of apremilast in DLE claims benefit185.

2014 Apremilast is FDA- approved for PsA181–183 and later psoriasis. Apremilast fails phase III trials in AS186.

2015 Apremilast does not demonstrate efficacy in phase II RA trial184.

2017 Tofacitinib is approved for PsA335. Early phase I trial of tofacitinib in DLE and SLE is recruiting178.

2018 Baricitinib is FDA- approved for RA336. Baricitinib demonstrates efficacy in a phase II trial in SLE180. Phase III trial 
of tofacitinib in AS is ongoing179.

2019 Phase III trial testing baricitinib in SLE is recruiting337. Upadacitinib is approved for RA338.

ACTH, adrenocorticotropic hormone; AS, ankylosing spondylitis; DLE, discoid lupus erythematosus; PsA , psoriatic arthritis; pSS, primary Sjögren syndrome;  
RA , rheumatoid arthritis; RAIDs, rheumatic autoimmune inflammatory diseases; SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease 
Activity Index. aAll citations in this table reference trials that were considered in the FDA approval process and might have been published before approval. FDA labels 
and press releases containing the exact date of approval can be found in Supplementary Table S1. bToxicity from gold was predominant in all early reports, and Forestier 
reported agranulocytosis and fatalities.

Table 1 (cont.) | A survey of drug repurposing for rheumatic autoimmune inflammatory diseases (RAIDs)a

to Alzheimer disease202. These advanced computer-
ized chemical libraries and models of drug–protein 
interactions are increasingly useful for probing for 
additional binding partners and for predicting unex-
pected physical interactions of known compounds in a 
systematic manner.

Similarity in mode of action of two drugs was form erly 
interrogated in vitro, by assessing cells for pheno typic 
changes, such as proliferation, death, morphological 
change or transcriptional response, following drug 
treatment. Now, mode of action- based repurposing can 
be informed by large- scale transcriptional analysis on 
the basis of drug- induced gene expression signatures. 
Mode of Action by NeTwoRk Analysis (MANTRA) 2.0 
is a computational tool that enables drug repurposing 
based on perceived mode of action by constructing 
similarity networks203. Compounds within MANTRA 
are grouped into drug networks by their drug- induced 
gene expression profiles, on the basis of gene- set enrich-
ment analysis. In addition to their differential gene 
expression profiles, some drugs within the network are 
curated based on biochemical interactions, therapeutic 

indications, known mode of action, pharmacology and 
protein targets203. Compounds within the same network 
are predicted to have similar modes of action and could 
thus be tested for similar disease indications203. These 
approaches assume that drugs that induce similar gene 
expression changes have similar modes of action, a prin-
ciple known as ‘molecular activity similarity’ or ‘guilt by 
association’. Such studies can provide an understanding 
of previously unappreciated effects of a drug on biologi-
cal processes. Often, drugs thought to be unrelated might 
be grouped into closely connected networks, thus eluci-
dating emergent biologic effects and secondary modes of 
action, as illustrated when drugs are grouped by disease, 
such as SLE, despite having different known modes of 
action. A related network- based repurposing approach 
was used in cystic fibrosis204 to explore a mode of action 
potentially shared by 11 cystic fibrosis drugs from several 
different drug classes. All of these drugs had some effect 
in ameliorating cystic fibrosis symptoms, but the mecha-
nism by which they were able to correct the function  
of the mutated CFTR gene was unknown. Network com-
parison of the gene expression profiles induced by these  
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11 drugs demonstrated that they upregulated expres-
sion of genes associated with chloride channels, which  
was not previously known204. Network-based approaches 
are especially beneficial if a drug is known to be effec-
tive but has a poor adverse effect profile. If another  
drug within a network is associated with fewer adverse 
events, it is possible that the related drug could achieve 
similar disease modification with a more favourable 
safety profile205. Another publicly available network tool, 
MeSHDD, creates drug networks using literature- derived 

similarity in effects206. At present, adverse event profiles 
have not been predicted using network grouping, but a 
network approach could be annotated with the adverse 
event databases discussed later in this section, to antici-
pate potential similar adverse effects of drugs within the 
same network.

Off- target effects of a drug can be revealed by tran-
scriptional studies, as a secondary mode of action, or 
elucidated during structural similarity studies, as they 
could be related to the intrinsic molecular structure of a 

Systemic lupus erythematosus

• Belimumab
• Chloroquine
• Sirolimus
• Tacrolimus
• Thalidomide

• Secukinumab
• Ixekizumab

• Apremilast
• Ustekinumab

• Cyclophosphamide
• Mycophenolate
 mofetil

• Azathioprine
• Ciclosporina

• Glucocorticoidsb

• Hydroxychloroquinec

• Rituximabd

Methotrexate

NSAIDs

• Adalimumab
• Certolizumab
 pegol
• Etanercept
• Golimumab
• Infliximabh

Baricitinib
Tocilizumab

• Abatacept
• Tofacitinib

ACTHg

• Sulfasalazinee

• Leflunomidef

Sjögren syndrome
Rheumatoid arthritis

Sjögren syndrome

Systemic lupus erythematosus

Psoriatic arthritis

Ankylosing spondylitis

Fig. 2 | Successful drug repurposing among RAIDs. Represented compounds are those that have been repurposed  
for the specified rheumatic autoimmune inflammatory diseases (RAIDs) and are either FDA- approved or used off- label for 
standard- of-care treatment of specified diseases. Many other compounds have been evaluated in each disease, but are 
not included here because the studies were small or success was minimal. Italicized agents are those that are used off- 
label in all RAIDs indicated. Emboldened agents were developed and first approved for a RAID indication. aCiclosporin is 
approved for rheumatoid arthritis (RA) and psoriasis and used off- label in primary Sjögren syndrome (pSS) and systemic 
lupus erythematosus (SLE). bGlucocorticoids (prednisone and prednisolone) are approved for all RAIDs; however, the ACR 
2015 guidelines did not recommend systemic glucocorticoids for active ankylosing spondylitis (AS). cHydroxychloroquine 
is FDA- approved for SLE and RA and used off- label for pSS. dRituximab is FDA- approved for RA , but used off- label for SLE 
and pSS. eSulfasalazine is FDA- approved for RA and used off- label for psoriatic arthritis (PsA) and pSS. fLeflunomide was 
developed and approved for RA , and used off- label in pSS and PsA. gAdrenocorticotropic hormone (ACTH) is approved for 
AS also, but ACR 2015 guidelines do not recommend systemic glucocorticoids for active AS. hInfliximab was approved  
for Crohn’s disease prior to approval in RA.
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Fig. 3 | Computational and data- driven advances have changed the landscape of drug repurposing. Drug repositioning 
has undergone a paradigm shift from traditional repurposing to purposeful repositioning based upon data curation.  
a | Traditional repurposing can involve knowledge of putative disease similarity to identify a second condition in which a 
drug might be useful. Alternatively, off- target effects that might be observed serendipitously in the trial of a drug in one 
disease may stimulate its use in a new disease. Finally , in vitro testing or in vivo screening in animal models might provide 
new information that results in testing a drug in another disease. b | Data- driven repurposing results from integration  
and analysis of drug- related and disease- related data, including, but not limited to, genetic data, transcriptional signature,  
or chemical structure/binding activity. Knowledge about a disease, including genome- wide association study (GWAS) and/or 
phenome- wide association study (PheWAS) data, can lead to identification of drugs that target genetic abnormalities, which 
are then applied to the disease. Furthermore, matching between drug transcriptional signature and disease transcriptional 
signature can lead to application of a drug that reverses a disease signature. Computational high- throughput screens can be 
conducted for drug activity or structure to identify similar drugs that could also be used in a disease, potentially with fewer 
side effects or other advantageous properties. c | Machine learning provides a means of integrating all data sources and 
predicting additional classifiers that match drugs with diseases.

drug. Often, off- target effects contribute to drug toxicity. 
Usually, these unintended events are classified as adverse 
and are often discovered during animal toxicity stud-
ies or reported during clinical trials. As a result of the 
established clinical use of many compounds, treatment- 
related symptoms are well reported. Campillos et al. first 
demonstrated the utility of mining reported adverse 
effects of marketed drugs to infer similarities between 

the molecular activities of the drugs207, as drugs with 
similar adverse events are assumed to target similar 
proteins and/or pathways. Many adverse event data-
bases, such as the Side Effect Resource (SIDER), which 
compiles adverse events from the FDA Adverse Event 
Reporting System (FAERS) or ClinicalTrials.gov208, 
could similarly facilitate drug repurposing. The Adverse 
Drug Reaction Classification System (ADReCs), a 
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database that categorizes drugs and adverse events 
through ontology- based hierarchical clustering209, was 
designed to aid in computerized drug repurposing by 
using stan dardized terms to classify adverse events 
extracted from DailyMed, SIDER and the FDA209. Many 
studies have mined data in SIDER and other databases 
to identify drugs with similar molecular activities, or to 
compare the adverse effects of two drugs to determine 
potential off- target effects of a drug that could affect its 
utility before clinical trials are undertaken, a concept 
known as drug de- risking. ADReCs- Target goes a step 
farther and attempts to elucidate the underlying genomic 
causes of adverse events210. Machine learning and other 
computational approaches have also been used to pre-
dict potential adverse events, on the basis of knowledge 
about drug target, structure, interaction with targets and 
other drugs, and mathematical theories211–216. Two such 
algorithms, Poleksic and Xie’s algorithm for predicting 
serious adverse drug reactions216 and DrugClust211, are 
publicly available. Finally, known off- target effects can 
be employed to identify a new indication, if the observed 
‘adverse’ event is thought to be potentially beneficial for 
another disease. For example, the observation of exces-
sive hair growth following minoxidil treatment led to 
this drug being used in the treatment of alopecia217. 
Computer algorithms have not yet been used to predict  
potentially advantageous adverse events, but Wang et al.  
systematically searched FAERS to discover drugs 
with reported drug- induced hypotension as potential  
candidates to treat hypertension218.

Modern disease- based strategies. Electronic medical 
records are rich in disease- specific data. Analysis of 
patient- reported or physician- reported outcomes in 
electronic medical records enables exploration of seren-
dipitous clinical effects. As mentioned earlier, one of the  
motivations for repurposing of rituximab in RA was 
the retrospective analysis of clinical data from a patient 
with non- Hodgkin’s lymphoma who demonstrated  
remission of arthritis following treatment with rituxi-
mab126. Systematic methods, including machine learning 
or text mining, can be useful in this context as they can 
easily parse large clinical datasets, including electronic 
medical records, and draw associations between dis-
eases, drugs and off- target effects219. Similarly, phenome- 
wide association studies (PheWASs) mine the text of 
electronic medical records or literature to analyse the 
association between many clinical manifestations (phe-
notypes) and a single genetic variant or other trait. As 
such, PheWASs can be used to prioritize drug targets 
in RAIDs in cases where a single variant might be asso-
ciated with severe symptoms, or to make connections 
between different diseases or subtypes within a disease. 
The latter application was employed in a 2017 PheWAS 
study in RA investigating differences in the symptoms 
associated with seropositive or seronegative disease220. 
Resources including eMERGE221, eMERGE Sphinx222 
and the PheWAS Catalogue223 can be used for PheWAS- 
driven studies (Supplementary Table S2). eMERGE is 
a repository that links phenotypes described in elec-
tronic medical records with DNA data; an extension of 
this repository, eMERGE Sphinx, has tools to compare 

genetic variants according to properties related to their 
chromosome position, allele frequency or potential drug 
interactions. Similarly, the PheWAS Catalogue provides 
multiple resources for analysing gene- associated data.

Like PheWASs, genome- wide association studies 
(GWASs) provide new opportunities for drug reposi-
tioning based on a perceived disease mechanism, iden-
tification of probable targets or classification of patients 
into subtypes. GWASs have identified multiple suscep-
tibility loci and disease- associated single nucleotide 
polymorphisms (SNPs) for AS224, PsA225, pSS226,227, RA228 
and SLE229. Although information about these protein- 
encoding and non- encoding risk genes can be used to 
inform therapeutic intervention230, SNP–disease associ-
ations are difficult to interpret. Often, the effect of the 
SNP is unknown and further interrogation is required 
to determine the functionality of the SNP and its con-
tribution to disease, or to determine whether the gene 
associated with the SNP is considered to be a druggable 
target. Furthermore, a SNP–disease association does not 
automatically indicate the utility of a drug intervention. 
Despite this complexity, widespread use of GWASs has 
begun to reveal ancestral influences on susceptibility to 
specific diseases231,232, validate cell type- specific involve-
ment and elucidate similarities and differences in sus-
ceptibility to RAIDs and other diseases230, all of which 
can be used to prioritize potential drugs and identify 
targets for disease- based drug repositioning. For exam-
ple, a GWAS identified associations between SLE- related 
SNPs and genes expressed in B cells, including BANK1 
and BLK233, which supports hypotheses surrounding the 
pathogenic role of B cell dysregulation in SLE. In RA, a 
GWAS implicated a cyclin- dependent kinase 4 inhibitor, 
which has been previously used for cancer, as a potential 
treatment228. Other studies have revealed similarities in 
disease- associated genomic regions between RA and 
cancer230, again providing potential repurposing oppor-
tunities for RA because of the large number of anticancer 
drugs that have been developed or are in development. 
Numerous other RA drugs, such as abatacept (a cytotoxic 
T lymphocyte protein 4 (CTLA4)–Fc fusion protein) and 
baricitinib (a selective JAK1 and JAK2 inhibitor), might 
be acting to remediate the effects of other identified gene 
variants in RA, such as those encoding CTLA4 and the 
JAK family member non- receptor tyrosine- protein 
kinase (TYK2) (ref.230), although the activity of bari-
citinib against TYK2 is moderate234. TYK2 variants have 
also been found in AS235, PsA225 and SLE236, confirming 
the potential applicability of drugs targeting JAK– 
signal transducers and activators of transcription (STAT) 
signalling. The most successful application of a GWAS 
in AS revealed a SNP located downstream of the gene 
encoding IL-23 receptor, providing a rationale for repur-
posing of secukinumab, which targets the downstream 
cytokine IL-17A237,238.

Existing algorithms, such as RE:fineDrugs239, are 
capable of integrating associations between SNP–disease 
relationships and drug–gene products (Supplementary 
Table S2). Additionally, repurposing efforts have begun 
to integrate functional genomic, genetic and epigenetic 
data. Analysis of chromatin conformation data from 
B cells and T cells to identify causal genes for rheumatic 

Phenome- wide association 
studies
PheWass. analysis of the 
association between disease 
manifestations, or phenotypes, 
and a genetic variant.

Genome- wide association 
studies
gWass. analysis of the 
association between a disease 
and genetic variants.
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diseases revealed many disease- associated genes to be 
targets of existing drugs240. A network- based method of 
prioritizing drug targets based on GWAS variants and 
evidence of physical interaction with or functional activ-
ity of specific genes has been validated and applied in 
RA241. The emergence of TNF as a highly ranked target, 
among other well- known RA targets, served to confirm 
the utility of this approach241.

PheWASs and GWASs can be utilized together for drug- 
 based and disease- based repositioning. Whereas GWAS 
can be used to identify potential disease- specific targets 
among susceptibility loci, PheWAS data linking particu-
lar variants to symptoms enable target prioritization and 
narrow down the list of potential drugs.

Signature- based strategies. Similarities between two 
drugs or two diseases can also be determined by their 
transcriptomic profiles, on the basis of similar ‘drug sig-
natures’ or ‘disease signatures’. Likewise, many current 
approaches for matching old drugs with new indications 
are dependent upon a drug and a disease having com-
plementary signatures. In principle, suitable disease- 
specific drugs have opposite transcriptomic signatures 
from the disease of interest, and as such, when applied, 
they should act to ‘reverse’ or normalize the disease- 
specific transcripts, a concept formally known as ‘signa-
ture reversion’. The Broad Institute pioneered the idea 
of signature reversion when they began curating gene 
expression- based drug signatures in 2006 as part of the 
Connectivity Map (CMap)242. Throughout the past dec-
ade, CMap has been continuously expanded and now 
includes almost 1.3 million gene signatures resulting 
from the treatment of at least nine cell lines with 42,080 
perturbagens (including 19,811 small molecule com-
pounds and 314 biologics). Gene signatures are meas-
ured by their connectivity to signatures derived from 
approximately 1,000 transcripts in the L1000 database.  
L1000 is a subset of ‘landmark’ transcripts thought to 
be representative of the activity of the entire genome, 
which can be used to infer the activity of over 10,000 
additional genes using an inference algorithm243. Users 
can input their own differential expression data and 
explore its relationship to the collected signatures using 
the Connectivity Map Linked User Environment (CLUE; 
originally known as the Library of Integrated Network- 
Based Cellular Signatures (LINCS))243, or other curated 
analysis tools for signature- based repurposing, including 
Cogena244, D- GEX245,246, DrugMatrix247,248, L1000CDS249 
and QUADrATtiC250. By facilitating connectivity map-
ping between a disease signature, as determined by 
differential gene expression, and the gene signature 
manifested by perturbing a host of cell lines with par-
ticular compounds, the CLUE/LINCS programme 
has been widely used to identify drugs that can either 
reverse or mimic a disease signature. Many studies 
have explored compound similarity based on shared 
gene signatures, which also aids in the identification 
of alternative and unknown drug mechanisms. In SLE, 
LINCS and CLUE have been used to confirm usteki-
numab and the JAK inhibitors ruxolitinib and tofaci-
tinib as high- priority candidates for repositioning172. 
Additionally, QUADrATiC, signature analysis software 

that is restricted to using LINCS data corresponding to 
FDA- approved molecules, has been employed to predict 
drugs related to the histone deacetylase gene signature250 
that could be applicable for repurposing in RAIDs251.

Resources for drug repurposing. Information about 
compounds with potential for repositioning has been 
amassed into library compendiums with annotations. 
These resources can be easily mined using computa-
tional algorithms to search for drug similarities and/or 
compile drug networks. The NIH Chemical Genomics 
Center Pharmaceutical Collection catalogues clinically 
approved drugs, including their structure, indication 
and target information to facilitate repurposing252. The 
Drug Repurposing Hub developed by the Broad Institute 
contains 6,125 drugs, which can be explored based upon 
their mode of action, gene target, disease area or high-
est clinical phase achieved253. MEDication Indication 
is another database that matches drugs to their indica-
tions, which can be used to identify drugs that work in 
multiple similar diseases and could be used for disease- 
based repositioning254. Similarly, repoDB was built to 
inform computational repositioning and summarizes 
data extracted from DrugCentral and ClinicalTrials.gov  
concerning successes and failures in drug discovery 
or repurposing255. Finally, once candidate drugs for 
repurposing are identified, there is often a need to rank 
them comparatively. Network- based approaches can 
be utilized for this purpose256, as can literature mining- 
based approaches. Combined Lupus Treatment Scoring 
(CoLTs) is an example of the latter and was developed 
and utilized in SLE to prioritize candidate drugs includ-
ing ustekinumab172. CoLTs surveys previously published 
evidence regarding drug characteristics, experience in 
the clinic and toxicology profile, making it both drug- 
specific and disease- specific and easily tunable to other 
RAIDs172,256. Together, these strategies help to elucidate 
novel drug targets and further understanding of disease 
pathology and drug–disease relationships.

Machine learning and artificial intelligence appro-
aches, which involve training algorithms to make predic-
tions from the relationships between the variables being 
analysed, can be used to facilitate many drug repurposing  
methods (fig. 3c). Although there are many types of  
machine learning, models are often built around a train-
ing dataset, in which the outcome or prediction is known. 
Subsequently, the model is validated for its ability to 
predict the specified outcome in a test set, in which the 
outcome is also known. The derived machine learning 
model is then applied to other datasets to make predic-
tions about the specified outcome. The means by which 
machine learning is being utilized in drug discovery, and 
could comparably be used in repurposing, have been 
reviewed elsewhere257,258. In particular, machine learning 
affords the opportunity to synthesize data from multiple 
sources, including information about drug targets, off- 
target effects, adverse events, disease symptoms and more, 
into models that can accurately predict drug candidates 
on the basis of multiple criteria. One early example of 
this type of integrative platform is the PREDICT algo-
rithm, which was reported in 2011 and constructs both 
drug–drug and disease–disease similarity mea sures and 

Perturbagens
small molecules, peptides, or 
genetic modifications that can 
induce changes in cell types, 
including cellular phenotypes, 
protein make- up and gene 
expression patterns.
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then applies classification features to predict drug indi-
cations259. Therefore, many machine learning approaches 
capitalize on network medicine ideas and act to reca-
pitulate the complex interactions between drugs and 
diseases260. Similarly, a more recently developed tool, 
deepDR, integrates ten networks, including drug–side 
effect, drug–target, drug–disease and multiple drug–drug 
networks261. Drug features were learned from these net-
works by use of an autoencoder, and these features were 
used to predict approved drugs for neurodegenerative 
diseases261. By synthesizing information from multiple 
data types, machine learning can overcome limitations 
related to a lack of mechanistic understanding of RAIDs, 
as was accomplished with neurodegenerative diseases262.

In silico methods are a powerful strategy for current 
and future drug repurposing. However, these methods 
are not without their pitfalls. Computational predictions 
of profile similarity between drug–drug, drug–disease, 
or disease–disease pairs often rely on existing informa-
tion regarding one or both of the drugs and/or diseases 
as a basis for comparison. However, structure or bind-
ing cannot be compared between two drugs when the 
structure of the two drugs or similar compounds is not 
available. Similarly, the gene expression signatures of two 
diseases can only be compared when gene expression 
profiles have been measured for both diseases. These pit-
falls recapitulate limitations of classic in vitro or in vivo 
drug repurposing approaches. However, computational 
repurposing has the capacity to generate substantially 
more information than standard pharmaceutical devel-
opment. As a result, it has a greater ability to propose 
new targets or agents, although these agent–target pairs 
might have a lower probability of success. Moreover, the 
positive predictive value of machine learning classifiers 
depends on the integrity of the training data used and 
the compatibility between the training and testing data-
sets. Often, congruence and the quality of the positive 
prediction become apparent during cross- validation 
with external datasets. One important caveat relates to 
the overlap of data between the training and the test sets. 
Predictions are considerably less robust when the data-
sets do not contain information about the same drugs 
or drug surrogates263. Nevertheless, machine learning 
could be useful for testing drugs with high chemical 
similarity or could be the only approach available when 
target and side effect data are not abundant263. In this 
regard, similarity- based methods often fail to explore 
potential concerns about the safety of proposed repur-
posing candidates, which could explain part of the 
disconnect between computational drug prediction 
and clinical success, when two drugs are indeed sim-
ilar with respect to modes of action263. Alternatively, 
systems- level repurposing can be effective by match-
ing gene expression signatures after drug treatment 
with known profiles of the mechanism of action of the 
drug263. Although large- scale perturbational studies can 
provide novel information about phenotypic changes 
resulting from treatment, these studies are often limited 
by the cell types used and the genes measured. CMap 
overcomes the inability to measure the effects of a per-
turbagen on all genes by using the L1000 set of landmark 
genes that predicts the expression of other genes243, but 

many of CMap’s perturbational studies were carried out 
in cancer cell lines. Transcriptional response in cancer 
cell lines might or might not reflect changes in primary 
immune cells or tissue cells, which should be considered 
when interpreting predictions of drug–disease signature 
reversion. Studies that offer validation of transcriptional 
profiling are fundamental to showing conserved pheno-
typic responses across cell types and organisms, and 
suggest the need for such multi- pronged validation264. 
Altogether, network approaches that integrate infor-
mation from multiple sources, followed by extensive 
experimental validation of compounds, are necessary 
to validate predictions of drug and disease profile sim-
ilarities. The tendency for computational predictions 
and transcriptional profiling to overfit or misrepresent 
data must be considered when interpreting the results of 
studies using these repurposing strategies. Despite these 
caveats, computational repurposing provides alterna-
tive approaches needed for hypothesis generation and  
prediction for drug repurposing.

What have we learned from repurposing?
Like drug discovery, drug repurposing is complex, and 
predicting the success of repurposed compounds is not 
straightforward. The latter half of the twentieth century 
was marked by trials of small molecules that had a vari-
ety of chemical activities, and multiple strategies, usually 
using in vitro and in vivo experiments, were undertaken 
to try to deduce the mechanisms by which these small 
molecules produced an effect, before or after their use 
in patients. If successful in a first indication, these drugs 
were often then tested in indications in which disease 
biology was predicted to be similar or in which symptoms 
might be ameliorated by observed off- target effects of the 
drug. Drug specificity for a single target was generally 
understood, even though many additional effects were 
unknown. Repurposing efforts during this period ben-
efited from less stringent efficacy, safety and regulatory 
requirements, which allowed for clinical trial sizes that  
would have been deemed insufficient by today’s stan-
dards. Nevertheless, the continued use of many of these 
agents suggests the efficacy of broad- spectrum drugs and 
the potential for small academic trials to result in success-
ful drug repurposing. The second wave of repurposing, 
generally undertaken by the pharmaceutical industry, 
involved applying drugs and biologics with relatively 
well- known mechanisms and specific targets to many 
similar diseases, in this case autoimmune and inflam-
matory diseases. Most biologics were initially developed 
for RA or psoriasis and were then tried in SLE, AS, PsA, 
pSS and other RAIDs. Unexpectedly, moving compounds 
between RAIDs was not fluid and many failures resulted. 
However, the various trials, even those with limited suc-
cess, were informative about the biology underlying dis-
ease. Trials of targeted therapies also proved to be quite 
complex, especially among the heterogeneous patient  
populations that are characteristic of RAIDs, as targeted 
therapies have lower probability of success in hetero-
geneous populations and less potential for unexpected or 
off- target effects that could result in disease amelioration.

Failed repurposing attempts and other failed clini-
cal trials have demonstrated misunderstandings about 

Autoencoder
a type of artificial neural 
network that is used to learn to 
efficiently classify data in an 
unsupervised manner.

Perturbational studies
studies designed to examine 
the response of cells to various 
interventions, including drugs 
and genetic alterations, for the 
purpose of understanding 
mechanism of action, changes 
in phenotype, gene expression 
or toxicity.

www.nature.com/nrrheum

R e v i e w s

46 | January 2020 | volume 16 



the pathogeneses of RAIDs, and illuminated previously 
unexpected mechanisms. As a result of the outcomes 
observed from the use of targeted treatments, RAIDs 
have begun to be divided into treatment- defined cat-
egories. Whereas the approval of belimumab for the 
treatment of SLE seemed to confirm that the disease is 
mediated by B cells, the failure of similar compounds 
such as blisibimod and tabalumab in clinical trials high-
lights the complexity and precision of drug modes of 
action and the necessity for careful patient stratification, 
dose optimization, route of administration and trial 
design. Notably, African–American patients with SLE 
respond poorly to belimumab265,266, demonstrating how 
patient heterogeneity within a disease could contribute 
to inefficacy in non- stratified trials. The mixed results 
of clinical trials of rituximab for SLE also confirm the 
need for more specific or more complete depletion of 
relevant B cell populations, as rituximab only depletes 
circulating B cells267. Despite evidence of autoantibodies 
to IgG in RA, and the success of B cell depletion with 
rituximab, belimumab has not been successful for RA144, 
supporting hypotheses regarding RA pathogenesis being 
T cell- dependent or inherent differences in the role of  
B cells in RA and SLE267. The efficacy of abatacept in RA 
and its potential in PsA might support the rationale for 
T cell inhibition in these two diseases, but not in SLE, 
in which trials of abatacept failed to meet their primary 
endpoints. The TNF axis is also important in musculo-
skeletal manifestations of RAIDs (namely RA, AS and 
PsA), but because TNF inhibitors can exacerbate lupus- 
like symptoms, there is less of an impetus to pursue TNF 
inhibition in SLE. However, small open- label studies  
in SLE have reported benefits of etanercept treatment; in 
one study, 83% of patients with SLE and joint involve-
ment achieved remission of arthritis117. These results 
again suggest the utility of TNF inhibition in joint dis-
ease beyond RA, PsA and AS, although the aforemen-
tioned trial was observational in nature and did not have 
a placebo- treated control group. Similarly, IL-17–IL-23 
inhibition has demonstrated efficacy in AS and PsA, but 
not in RA, implying a role for  T helper 17 cells in disease 
propagation in some RAIDs, but not all. pSS remains the 
only RAID lacking targeted therapies.

Notably, this treatment- related categorization has 
been developed by trial and error, with clinical trial results  

having led to rejection of many alternative hypothe-
ses. The emergence of this general paradigm has per-
mitted some prediction of the effectiveness of existing 
drug classes in specific RAIDs, but not of the efficacy of  
new classes of compounds within or between specific dis-
ease entities. The inability to forecast efficacy has made 
the development of drugs for RAIDs remarkably complex. 
Moreover, it has made drug repurposing across RAIDs 
unpredictable. The contemporary use of repositioning  
techniques based on large clinical datasets and genomics, 
rather than on serendipitous observations or perceived 
phenotypes, might improve the success rate of drug 
trials in RAIDs currently lacking adequate treatments, 
such as SLE and pSS. Computational assessment and 
collection of genomic information continue to identify 
previously unknown effects of existing drugs, providing 
new avenues for their repurposing and future thera-
peutic applications. Although validating some compu-
tational techniques is difficult and there is potential to 
overfit data, the ease of assessing multiple parameters 
with increased speed and reduced cost will likely help 
to improve repurposing. Machine learning and artifi-
cial intelligence further provide the ability to integrate 
data from multiple sources and synthesize information 
to predict additional drug candidates for repurposing.

Conclusions
Drug repurposing exists as a powerful alternative to 
de novo drug discovery. Advances in RAIDs treatment 
throughout the past century have been characterized 
by repurposing efforts from academia and the pharma-
ceutical industry, with efforts still ongoing. Although 
serendipitous observations will continue to provide an 
impetus for repurposing, modern approaches, including 
the use of computerized systems and machine learning, 
will either replace or complement many previous in vitro 
and in vivo techniques for identifying repurposing can-
didates. Additionally, integrated techniques and machine 
learning are likely to identify previously unknown rela-
tionships between drugs and diseases. Together with 
advances in our understanding of RAID pathogenesis via 
other big data approaches, repurposing has the potential 
to transform the current landscape of therapy for RAIDs.
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In nearly every interaction between doctors 
and their patients, there is the underlying 
assumption that individuals behave 
rationally. For example, in a scenario in 
which a doctor prescribes a medication they 
believe will improve the patient’s condition, 
the assumption is that the patient will, 
having understood the potential benefits, 
adhere to their medication. If a patient is 
a smoker and the doctor informs them of 
the dangers of tobacco, the assumption 
is that, with this new understanding, the 
patient will stop smoking. When told that 
being overweight or sedentary is harmful, 
the assumption is that the patient will 
naturally lose weight and exercise more. 
However, it only takes a few such examples 
to recognize that human behaviour is not 
so simple and that individuals can behave 
irrationally. Clinical care can be improved 
through the recognition that individuals 
can behave irrationally, which is especially 

and national policy, within finance and 
within medicine towards health-promoting 
behaviour changes such as steering children 
in schools towards healthier food options3,4.

In this Perspective, we introduce 
selected concepts of behavioural economics 
(Box 1) and discuss a general framework 
for designing interventions that use these 
principles and the tools available to support 
healthy behavioural change. A number 
of concepts relating to behavioural 
economics exist4,5. The concepts discussed 
in this article have been selected on the 
basis of those concepts most commonly 
tested in health-care interventions and 
that have applicability to rheumatology. 
The application of behavioural economics 
to health care remains relatively new, 
and application of these principles in 
rheumatology clinical care has not yet been 
directly tested, although some principles 
have been tested in orthopaedic surgery6,7. 
In this article, we highlight how some of 
these concepts have been applied in other 
areas of medicine and examine how these 
concepts might be applied to problems 
regularly encountered in rheumatology 
clinical practice. The goal of this article is 
to introduce the concepts so that concrete 
applications and their evaluations can follow.

Behavioural economics concepts
Loss aversion. Prospect theory, first 
published by Tversky and Kahneman in 
1979, is a cornerstone model within the 
field of behavioural economics8. One central 
component of this model is that individuals 
are more motivated to avoid losses than 
to seek similarly sized gains. For example, 
the prospect of a loss of US$100 is more 
motivating than the prospect of a gain of 
US$100. In classical economics, these two 
prospects are financially equivalent. By 
contrast, behavioural economics recognizes 
that, to humans, losses seem larger than gains.

The principles of loss aversion have 
been applied in a randomized trial 
of interventions to increase the daily 
step count (to 7,000) of adults who are 
overweight or obese9. The participants were 
assigned to four groups: a control group,  
two groups with gain-framed incentives and 
a group with a loss-framed incentive. In the 
control group the participants only received 
daily feedback, whereas in the gain-framed 

relevant in rheumatology given the influence 
human behaviour has on effective disease 
management.

Rather than relying mostly on data, 
humans often rely on emotions, previous 
experiences or intuition to make a 
decision1. In the mid-to-late twentieth 
century, this realization gave rise to the 
field of behavioural economics, a blend of 
psychology and economics2,3. Behavioural 
economics seeks to understand the 
predictable errors made during decision 
making. By understanding these errors, 
interventions can be designed to promote 
healthy choices. The field of behavioural 
economics has identified the many ways 
individuals are systematically irrational 
and uses the predictability of these patterns 
to create opportunities to anticipate and 
avoid them or harness them to improve 
patient outcomes. Behavioural economics 
concepts have been applied in government 
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Abstract | Although the management of patients with rheumatic diseases has 
evolved substantially over the past 20 to 30 years, lifestyle changes (such as weight 
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unmet challenge in improving patient outcomes. The field of behavioural 
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as an example, we describe how these concepts could be applied to promote 
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incentive groups, the individuals who 
met the 7,000-step goal were either given 
a reward of $1.40 per day or were eligible 
for a daily lottery (with a prize of $1.40). 
In the group given a loss-framed incentive, 
the participants were given $42.00 at the 
beginning of each month (equivalent to 
$1.40 per day for the entire month) in a 
virtual account that the individuals could 
monitor. From this account, $1.40 was visibly 
removed for each day they failed to reach the 
step goal. The goal was achieved more often 
in the loss-framed incentive group (mean 
proportion of days = 0.45) compared with 
the other three groups (mean proportion of 
days = 0.30, 0.35 and 0.36 for the control and 
gain-framed incentive reward and lottery 
groups, respectively). Hence, although 
the loss-framed incentive was financially 
identical to the gain-framed incentives, only 
the loss-framed incentive was more effective 
than the control intervention in promoting 
daily goal attainment9. This loss-aversion 
strategy enhances the potency of incentive 
strategies, which in general are broadly 
applicable in rheumatology.

Framing effect. A decision by an individual 
is affected by how the choices of the decision 
are framed. For example, in one experiment, 
students, physicians and patients were 
given a scenario in which they had been 
diagnosed with lung cancer and had to 
choose between surgery and radiation 
therapy10. Each individual was randomly 
assigned to receive statements referencing 
probability of survival or probability of 
mortality. All the individuals were provided 
with the necessary background information 
about the procedures, including cancer 
remission rates and recurrence rates for 
each procedure, and were told that, in 
either scenario, the patients feel about 
the same 6 weeks after the intervention. 
Each individual was then given two sets 
of statements: one addressing cumulative 
probabilities and another addressing life 
expectancy data (framed as either survival 
or mortality). After each statement, the 
individuals were asked to choose (and 

re-choose) which treatment they would 
prefer. For example, the individuals who 
were presented with statements framed as 
probability of mortality were first told the 
following cumulative probability scenario: 
“Of 100 people having surgery, 10 will die 
during treatment, 32 will have died by  
1 year and 66 will have died by 5 years.  
Of 100 people having radiation therapy, 
none will die during treatment, 23 will die 
by 1 year, and 78 will die by 5 years. Which 
treatment would you prefer?” After making  
a choice, the participants were then told 
the following additional information:  
“At this single hospital, 10% of patients who 
have surgery die during the perioperative 
period. The patients who survive treatment 
have a life expectancy of 6.8 years. The life 
expectancy of all patients who undergo 
surgery (including those who die in the 
postoperative period) is 6.1 years. With 
radiation therapy, nobody dies during 
treatment and the life expectancy of patients 
who undergo radiation therapy is 4.7 years. 
Which treatment would you prefer?”

Although all the individuals were 
presented with both cumulative probability 
and life expectancy data, the therapy 
selected by the individuals differed 
depending on the data presented. Overall, 
after being presented with the cumulative 
probability data, 40% of the participants 
selected radiation therapy whereas, after 
being subsequently presented with the life 
expectancy data, 27% selected radiation 
therapy. Furthermore, despite surgery 
leading to greater rates of survival,  
when mortality statistics were presented as 
opposed to survival statements, individuals 
more often chose radiation therapy  
(42% versus 25%). The two statements 
presented the same data, but the framing 
of the statement resulted in different 
motivational effects10.

Physicians frequently use probabilities to 
convey information in everyday physician–
patient interactions. Effective ‘reframing’ of 
decisions could promote healthy behaviours. 
For example, in a randomized control trial of 
current smokers over the age of 35 years, the 

participants were less likely to stop smoking 
if they received results of their pulmonary 
function tests in conventional spirometric 
terms than if they were instead told their 
‘lung age’ (for example, a 48 year old being 
told they have the lungs of a 64 year old)11.

How a decision is framed could differ 
depending on the target behaviour. 
For example, gain-framed incentives 
might be appropriate for encouraging 
the adoption of a new healthy lifestyle 
behaviour, whereas loss-framed incentives 
might be appropriate for encouraging 
behaviour that avoids negative long-term 
consequences (for example, the uptake of 
cancer screening)3,12. These considerations 
are relevant to rheumatology in shared 
decision making about biologic therapy 
initiation or the decision to pursue joint 
replacement surgery, for example13. The way 
these decisions are conveyed or discussed 
has a substantial effect on the patient’s 
comfort with the decision to be made. 
For example, in discussing a new biologic 
therapy, rheumatologists might discuss the 
risk of lymphoma among patients taking 
TNF inhibitors. The warning statements on 
the boxes of these medications can prevent 
patients from wanting to commit to a 
biologic therapy. However, telling the  
patient that over 99% of patients will  
not develop lymphoma can assuage the 
patient’s fears14,15.

Framing strategies, such as offering 
incentives for a particular behaviour, can be 
coercive if their purpose is to direct patients 
towards clinical approaches they do not 
want. Although the motivating power of 
these strategies means they can be abused, 
it is important to acknowledge that there 
are no neutral frames, and the seemingly 
arbitrary frames of conventional information 
can also lead patients in one direction 
or another. By that standard, deliberate 
framing strategies merely replace haphazard 
communication with communication that 
considers the judgement of the clinician.

Present bias. Present bias refers to the 
concept that individuals pay more attention 
to costs and benefits that are closer to the 
present time than to costs and benefits 
that are further into the future. Many of 
the unhealthy behaviours that result in 
chronic diseases and poor outcomes in 
rheumatic diseases are subject to present bias 
— for example, smoking, obesity, substance 
abuse and medical nonadherence16–19. 
Another way of thinking about this concept is 
the idea of delayed discounting — that is, the  
value of a reward or incentive declines 
the longer the wait is for the reward20,21.

Box 1 | Basic principles in behavioural economics

•	loss aversion: people are more motivated to avoid losses than to achieve similarly sized gains

•	Framing effect: people make different decisions when the same information is framed differently

•	Present bias: benefits or costs of today are more influential than even greater benefits or costs of 
the future

•	Time inconsistency: preferences and choices change over time

•	Status quo bias: people generally continue on the same path, even if presented with better 
alternatives

•	Social norms: people do what they believe other people do
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Present bias can be addressed through 
interventions including feedback or short- 
term incentives22. Regular feedback creates 
self-awareness around the health behaviour 
and encourages self-monitoring. For example, 
the use of wearable activity devices creates a 
means of feedback to the individual23. Several 
studies have employed feedback by way of 
text messages or e-mails relating to progress 
towards daily goals24,25. To have a notable 
effect, the feedback needs to be frequent 
rather than infrequent or sporadic5.

Present bias suggests that accelerating  
the benefits of current treatments (or the  
disadvantages of health-reducing 
behaviours) would be beneficial, turning 
present bias into something that helps 
rather than hinders healthy behaviour. 
Financial and social incentives can create 
immediate gains that help people make 
the current choices most supportive of 
their own long-term goals. For example, 
several large randomized trials have shown 
that immediate financial incentives can 
encourage long-term tobacco cessation17,18,26.

Present bias can also be used to inform 
rewards for patients today for adherence to 
medications that have benefits that accrue 
in the future. In rheumatology, numerous 
situations are applicable and could benefit 
from such approaches. For example, 
in young patients with systemic lupus 
erythematosus, nonadherence to medication 
can lead to early morbidity and mortality27. 
In inflammatory arthritis (such as rheumatic 
arthritis, psoriatic arthritis and axial 
spondyloarthritis), nonadherence to biologic 
therapies can lead to waning effectiveness of 
therapy, often owing to the development 
of antidrug antibodies caused by low 
drug levels, resulting in drug failure28,29. 
Medication adherence is a multifactorial 
problem with a complex sequence of events 
and behaviours that must be overcome — for 
example, medication costs, the potential 
involvement of several parties in obtaining 
medication refills (such as the patient, nurse, 
physician, pharmacy, insurance company 
and delivery company), the need for routine 
laboratory testing, a potential fear of 
adverse effects from the medication or fear 
of needles, the fact that the medication is 
a reminder of an illness and forgetfulness. 
Indeed, often the main culprit in medication 
nonadherence is not forgetting to take a 
medication but rather forgetting whether 
the medication has already been taken, 
leading the patient to refrain from taking 
their medicine to avoid a double dose30,31.

A variety of electronic and sometimes 
WiFi-enabled pill bottles and reminder 
systems are available and/or are being 

developed and could be incorporated 
into gamified engagement strategies 
that encourage continuous long-term 
medication adherence32,33. To our 
knowledge, this type of technology has not 
yet been developed for injectable drugs such 
as biologic drugs, although WiFi-enabled 
chips on sharps dispensers have been used 
to monitor adherence34. The advent of 
multiple-use injectors is a step towards the 
development of devices that can directly 
monitor adherence to injectable biologic 
drugs. Such technologies could enable 
remote monitoring of medication adherence 
and the use of incentives and feedback to 
improve adherence.

Time inconsistency. Preferences and choices 
can change over time, for example, over 
time of day, social situation or clinical 
circumstance. Given such changing 
preferences, commitment strategies can 
restrain or influence the future choices of 
an individual to improve their adherence 
to a positive behaviour. One strategy for 
managing time-varying preferences is 
through the use of commitment contracts35. 
In a study of patients with HIV and high 
viral loads, the patients who chose to 
participate in a commitment contract 
in which they committed to taking their 
antiretroviral therapy as prescribed and 
attending quarterly visits with their 
physician (paired with a financial incentive 
for completing these activities) were more 
likely to achieve viral load suppression than 
individuals who received incentives for 
attending appointments or a contemporary 
passive control group (that is, patients 
seen in the clinic at the same time but not 
engaged in the study)36. In another study, 
employees were more likely to undergo an 
influenza vaccination if a date and time  
for the vaccination was prearranged than  
if only a date was prearranged, and  
both were more effective than a simple  
reminder of the availability of the flu  
vaccine clinic37.

Other forms of commitment devices 
are available that have been used in studies 
to promote healthy behaviour such as 
deposit contracts38. Deposit contracts are 
an aggressive form of commitment contract 
in which participants deposit their own 
funds, which they risk forfeiting if they 
do not meet a goal. These strategies have 
lower uptake rates than other incentives 
because of the high up-front risk, but they 
can be highly effective as shown in studies 
of both weight loss19 and smoking cessation 
interventions17. The same approaches could 
encourage medication adherence, dietary 

modification or physical activity to help 
manage rheumatic diseases.

Such commitment strategies might enable 
individuals to visualize the actions necessary 
to accomplish the tasks, reducing the friction 
between motivation and action. In addition, 
pledges themselves are self-motivating and 
are often used to encourage philanthropy 
or for personal motivations. By making 
a pledge, the individual also risks losing a 
valued sense of personal integrity if they 
do not meet their goal, providing a way to 
harness the motivation from a time when 
saying yes is easy and deploying it at a time 
when meeting their goal would otherwise be 
more difficult.

Status quo bias. Individuals generally 
follow the path of least resistance, 
maintaining the status quo in part 
because change often requires effort. 
For example, if a rheumatologist is in the 
middle of a patient visit and decides to 
order hydroxychloroquine, they will most 
likely select the first hydroxychloroquine 
option that appears on the list. One way to 
reduce the likelihood of ordering high-cost 
medications is to re-order the options such 
that the lowest cost medication appears first. 
For example, in one study, after re-ordering 
the display of medication options in the 
electronic medical record so that the generic 
medications appeared at the top of the list, the 
rate of generic prescribing increased by ~75% 
among the internal medicine physicians39.

Most recommended cancer screening 
tests are vulnerable to present bias and are 
underused. The burdens of scheduling, 
preparing for and undergoing colorectal 
cancer screening, for example, are apparent 
and experienced immediately, whereas 
the potential benefits are uncertain and 
potentially experienced far in the future. 
The status quo for screening is typically 
an ‘opt-in’ approach (that is, the task 
of opting-in must be done first before 
being screened). In a randomized trial of 
colorectal cancer screening that used an 
‘opt-out’ approach40, 314 eligible patients 
were sent a message either via post or 
through an electronic medical record 
portal recommending colorectal cancer 
screening. Patients in the ‘opt-in’ arm could 
request a faecal immunoassay test kit with 
instructions. Patients in the ‘opt-out’ arm 
were mailed a faecal immunoassay test kit 
unless they responded that either they did 
not want the test or that they had prior 
screening. Considerably more patients in the 
‘opt-out’ arm (29.1%) completed the faecal 
immunoassay test compared with the ‘opt-in’ 
arm (9.6%)40.
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Changing the default option is an 
example of a ‘nudge’: a small change in 
the choice architecture that influences 
decisions. Nudges substantially influence 
the choices that are made and yet maintain 
freedom to choose otherwise41. Some  
health systems are creating ‘nudge units’  
to harness the power of these approaches to  
advance health care without overly 
restricting the legitimate choices of 
clinicians or patients42. Examples include 
changing the default option for medications 
in the electronic medical record (as noted 
above) or developing automated systems to 
increase influenza vaccination43, to increase 
prescribing of recommended medications44 
or to reduce risky opioid prescribing45. 
These examples are broadly applicable in 
the management of rheumatic diseases.

Social normalization. Individuals of all 
ages fundamentally model their behaviours 
on the observed behaviours of others46,47. 
Although people often want to conform, 
they can also misperceive the ‘norm’3,48.  
The same tendencies can be used to improve 
health-care delivery49.

In a large randomized trial, providing 
primary physicians with alternative 
approaches to managing upper respiratory 
tract infections (most of which were viral) 
had no effect on reducing inappropriate 
antibiotic prescribing, whereas alerting 
physicians to comparative information 
about their performance relative to their 
peers reduced inappropriate prescribing by 
5.2%50. In a trial of students seeking care 
at a university health service, the greatest 
determinant of whether a student would 
agree to be vaccinated against influenza in 
a hypothetical situation was the percentage 
of other students they were told had also 

agreed to be vaccinated51. Finally, providing 
physicians with feedback on their opioid 
prescription rates compared with that of 
other, anonymous physicians reduced their 
rate of opiate prescribing, particularly when 
their rate of prescribing was higher than  
the mean52.

These examples show the power of 
social normalization among both patients 
and clinicians. Patient health information 
requires strong privacy standards, but 
patients might be presented with aggregated 
and therefore anonymized information 
about favourable group tendencies to 
encourage conformity to those norms. 
Similarly, although the clinical habits 
of individual rheumatologists do not 
require the same privacy standards, 
they typically occur out of sight of their 
peers. Considerable improvement in the 
health-care practices of rheumatologists and 
the health-care behaviours of their patients 
might be realized by developing systems to 
reveal prevalent salutary habits.

Application in rheumatology
Few examples are available of studies 
testing behavioural economics concepts 
in populations of patients with rheumatic 
diseases. Thus, there remains a great 
opportunity to better understand how 
application of behavioural economics 
concepts might be used to create health 
behaviour changes in the patients routinely 
seen in the rheumatology clinic. Under 
each principle discussed above, we note 
potential applications within rheumatology. 
These concepts are actively being applied in 
the management of chronic diseases such 
as diabetes, lung disease, sleep disorders 
and many more53. As rheumatologists 
primarily manage chronic diseases, these 

same principles can likewise be applied 
in rheumatology to improve patient 
outcomes and to improve the efficiency 
and effectiveness of rheumatological care. 
Thus, although little evidence is available in 
rheumatology, there is ample opportunity.

Selecting which concepts to apply. Prior to 
their application in medicine, behavioural 
economics concepts were used in public 
policy. A group of policy makers in the  
UK developed a checklist of methods that 
can be used to influence behaviour in a 
positive way without resorting to legislation 
to change behaviour3,54. They developed 
the mnemonic ‘MINDSPACE’ to assist in 
thinking through potential interventions  
for a given problem. MINDSPACE stands for  
‘messenger, incentives, norms, defaults, 
salience, priming, affect, commitment, 
and ego’54,55 (TaBle 1). Messenger refers 
to considering who will communicate 
the ‘message’ to patients (for example, 
considering whether the intervention will be 
most effective if a research assistant, a nurse 
or health advocate delivers the intervention). 
Incentives can be powerful motivators and 
are discussed in more detail in the next 
section. Social norms can be used in clinical 
practice initiatives to align physicians. 
Defaults, such as creating preference lists 
within the electronic medical record, might 
be used to streamline costs. Salience refers 
to considering the ways in which attention 
is drawn to the key points you want people 
to remember, in particular through the use 
of novel, simple and accessible messaging. 
One such example in patient care is the use 
of posters in the clinic showing a patient 
eating well and feeling good with a simple 
message about the importance of a healthy 
diet. Salience is an extension of framing. 
In rheumatology, priming is a frequently 
used method of introducing patients to the 
likelihood that a more aggressive therapy 
(such as a biologic therapy in inflammatory 
arthritis) might be needed, giving the patient 
time to adjust to this concept. Marketing 
commercials for those therapies also 
function as a priming mechanism. However, 
the concept of priming more broadly refers 
to sights, sensations or words that influence 
subsequent behaviour. The experience 
of emotion, or ‘affect’, can have a notable 
effect on behaviour. Addressing or evoking 
emotions can be helpful in stimulating 
change (for example, drinking and driving 
advertisements that evoke emotion 
to reinforce the important message). 
Commitment (such as deposit contracts and 
precommitment contracts) can be helpful in 
motivating healthy behaviour. Finally, ego 

Table 1 | MINDSPACE mnemonic: lessons for designing behaviour economics interventions

Acronym Stands for Explanation

M Messenger People are heavily influenced by who conveys the information

I Incentives People respond to incentives and, in particular, they are 
susceptible to loss aversion

N Norms People are influenced by their perception of what others do

D Defaults People are heavily influenced by default options

S Salience People are particularly influenced by incentives that are visible 
and new

P Priming People can be influenced by subconscious cues

A Affect Emotions shape decisions

C Commitment People with time-inconsistent preferences might seek 
precommitment devices

E Ego People prefer to act in ways that make them feel better  
about themselves

The mnemonic was developed by the UK behavioural insights team. Table reprinted with permission from 
ref.3, Elsevier.
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refers to the quest for a positive self-image. 
Patient advocates with arthritis might have 
a role in patient education for patients with 
new diagnoses. This opportunity to feel 
good about helping others creates a positive 
self-image for these advocates.

Improving physical activity. As an example 
of applying behavioural economic concepts 
to rheumatology, in this section we describe 
how these concepts could be applied to 
promote physical activity in patients with 
inflammatory arthritis.

In 2018, EULAR recommendations 
suggested that physical activity can 
address many of the symptoms reported 
by patients with inflammatory arthritis 
(that is, symptoms relating to pain, fatigue, 
sleep and emotional wellbeing) and can 
decrease the risk of heart disease56. Similar 
to any other lifestyle changes, understanding 
the benefit of a change is one thing, but 
actualizing the change is more difficult. 
Patients with inflammatory arthritis can be 
reluctant to begin exercising57. However, 
after starting and maintaining an exercise 
programme, many patients realize that 
they can, in fact, participate. Thus, getting 
patients started with a physical activity 
programme is a key challenge.

The first part of developing a behavioural 
economics intervention is to understand 
the problem, including the motivations 
and emotions involved. This step requires 
qualitative studies to better understand the 
barriers and facilitators of success. In this 
case, one of the important barriers to 
exercise among patients with rheumatoid 
arthritis is low self-efficacy for exercise; 
additional barriers include lower extremity 
joint pain, fatigue and fear of disease flares57. 
Facilitators include having a walking partner 
(that is, a social incentive)57. Additionally, 
it is important to understand the tools 
available in this context and how patients 
might interact with these tools. For example, 
wearable activity devices have become 
popular in the USA and data from these 
devices can be captured using web-based 
software58,59. Most smart phones, which 
many patients already carry with them, 
contain accelerometers that measure activity 
without any additional patient effort.

Next, all of the ways in which patients 
can be motivated to increase their physical 
activity need to be considered (fig. 1). The 
rheumatologist (that is, the messenger) 
can inform the patient about all of the 
positive benefits they will achieve (targeting 
‘affect’) or, alternatively, another patient 
with inflammatory arthritis might tell the 
patient about their personal experience with 

increasing physical activity and the benefits 
they derived from it (functioning as social 
‘norms’ and ‘framing’ elements). These 
discussions might prompt the physician and 
patient to discuss physical activity in more 
detail. If patients are able to start exercising, 
they might experience increased self-efficacy 
(and a positive self-image, or ‘ego’), 
especially if the patient experiences early 
benefits (addressing present bias). The use 
of flyers with images of patients using their 
wearable activity devices and appearing 
healthy and happy might also promote 
this activity (functioning as ‘priming’ and 
‘salience’ elements). At completion of a visit 
with a patient with inflammatory arthritis, 
a printout including basic information 
about how to start an exercise programme 
and where to learn more information could 
be automatically printed; the inclusion of 
this basic information could be triggered 
by the presence of a diagnostic code for 
inflammatory arthritis (that is, included by 
‘default’). Commitment strategies could be 
used to encourage a patient to select and stick 
to a goal. From the electronic medical record 
patient portal, the patient could select a goal 
that they are aiming to achieve every day or 
over a number of days per week; the patient 
could electronically sign a letter with the goal, 
which would be posted in their patient portal 
for easy access. Additionally, the patient 
might set their wearable activity devices to 
give them a reminder if they are not meeting 
their goal for a day (providing ‘feedback’).

In addition to the concepts addressed 
above, incentives are effective methods for 
encouraging behaviour change. Incentive 
strategies can be applied to initiate a  
new habit (physical activity), achieve  
a goal (weight loss), maintain a behaviour 
(medication adherence) or stop an activity 
(smoking cessation). Many types of 
incentives have been developed and tested 
outside of rheumatology, particularly 
in regard to increasing physical activity, 
smoking cessation and weight loss. 
Incentives are often either financial  
(as discussed above) or social incentives25.

Social incentives typically work in 
two ways. First, people fundamentally 
care what other people think of them. 
Individuals are always on their best 
behaviour when they know others are 
watching, suggesting that interventions 
for improving health behaviours could 
incorporate ways of making a patient’s 
behaviour witnessable — for example, 
by creating partners and cheerleaders in 
their health-care activities. Second, people 
fundamentally model themselves on the 
behaviour of others, suggesting that making 
the health-promoting activities of peers 
witnessable to other patients could help 
improve the health behaviours of others.

These approaches can be achieved 
through various games involving 
competition or team building. For example, 
physical activity interventions might be 
constructed in a manner that encourages 

Social incentive

Identify a supportive partner Social incentive

Competitive ‘game’ with
friends or other patients

Messenger

Education from
rheumatologist

Default

Automatic check-out
sheet with educational
awareness paragraph

Social norms

Stories from patients who
have been successful

Feedback

Daily reminders from
wearable activity
device

Commitment

Goal setting and
contracting

Salience and priming

Posters in waiting room
showing patients
with arthritis walking

Ego

Increase self-efficacy
by getting started
with programme

Present bias

Focus on early benefits

Goal

Increase physical activity
among patients with
inflammatory arthritis

Fig. 1 | Potential interventions to increase physical activity in patients with inflammatory arthritis. 
Many principles from behavioural economics, including the set of principles included in the checklist 
‘MINDSPACE’ (standing for ‘messenger, incentives, norms, defaults, salience, priming, affect, commit-
ment and ego’) developed by the UK behavioural insights team, as well as other concepts discussed in 
this Perspective, can be applied to improve engagement in physical activity among patients with 
inflammatory arthritis. This figure provides some examples of concepts that can be applied to increase 
physical activity in these patients.
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competition such that one individual 
‘wins’ the most steps per week (or achieves 
their daily goal most frequently over 
the course of the week). Alternatively, a 
supportive team structure might be used 
where the team cheers each other on to 
win as a team60. Adding a game component 
(gamification) can enhance many of these 
social incentives and might extend the 
duration of effectiveness61,62. Example 
game components include use of medals 
or trophies for levels of engagement or goal 
attainment, or winning streaks that keep 
people motivated62.

Considerations and limitations. The 
application of behavioural economics to 
health care is relatively new and is one of 
many motivational approaches that have also 
been applied in this setting63–65. Although 
strategies that use behavioural economics 
have shown promise in the management of 
many chronic diseases such as hypertension 
and diabetes, their application has not yet 
been tested in rheumatology. There is little 
reason to think that approaches that work 
for hypertension or diabetes will not have 
some applicability in arthritis, but those 
opportunities and applications should  
be evaluated.

The term behavioural economics is 
frequently misapplied to describe situations 
for which financial incentives are used to 
change an individual’s behaviour. The use of 
financial incentives to change behaviour is 
effectively what underlies salaries and wages 
and other elements of mainstream economic 
theory. These approaches come under the 
umbrella of behavioural economics only when 
they leverage cognitive decision processes 
that effectively bypass or moderate the 
more transactional engagements of economic 
theory — for example, when principles 
such as loss aversion or framing are used to 
increase the potency of what otherwise would 
be standard economic incentives.

These considerations are important 
because purely incentive-based approaches 
might backfire. Indeed, a common concern 
about using transactional financial 
incentives to motivate behaviours is that 
favourable intrinsic motivations might 
be surpassed by extrinsic motivations. 
A study of a group of child-care centres 
exemplifies this effect. Parents already have 
high incentives to pick up their children on 
time from day care because late pick-ups 
are accompanied by guilt (and also angry 
teachers and crying children). In the study, 
adding a fine for late pick-ups paradoxically 
increased the number of late pick-ups, 
effectively putting an affordable price on 

absolution. However, when the fine was 
removed, the late pick-up rate stayed  
at the new, higher level66. Apparently, the 
extrinsic motivations crowded out the 
intrinsic ones, breaking what was a fragile 
social contract.

Patients, and doctors, are already highly 
intrinsically motivated to achieve better 
clinical outcomes. In that context, layering 
on additional extrinsic rewards might offer 
incrementally diminishing motivations 
or might backfire. These concerns are less 
limitations of the field than they are holes 
in our understanding of how to effectively 
use these approaches. Additionally, 
incorporating these interventions can be 
challenging in clinical practice, requiring 
changes to the electronic medical record 
and staff training.

Indeed, a large number of other critical 
questions remain unanswered. Should 
interventions be continued long term, 
or can they become self-sustaining? 
Is the effectiveness of such interventions 
sustainable or does behavioural resistance 
develop? Do some people respond to 
some behavioural economic techniques 
better than to others, and is differential 
responsiveness predictable in ways that 
might enable a kind of precision medicine 
approach? It is likely that personality 
traits, comfort with risk taking, cognitive 
style and/or decision-making style could 
influence how an individual responds to 
a given intervention67. Finally, just as in 
prescribing pharmacotherapies, outside 
pressures will probably affect the response. 
Similar to other interventions, the level 
of education, income and socioeconomic 
status of an individual are likely to 
affect the effectiveness of behavioural 
economics interventions, and these 
factors should be considered in designing 
interventions that are as broadly accessible 
as possible68,69. None of these questions is 
unique to rheumatology, but as the field of 
rheumatology begins to test behavioural 
economic interventions, these questions 
might be put to the test.

Conclusions
In this Perspective article, we have discussed 
six principles from behavioural economics, 
reviewed examples of their application 
in health care and discussed potential 
applications relevant to rheumatology. 
Many other tools derived from the 
field of behavioural economics exist, 
including regret aversion, decision fatigue, 
overestimation of small probabilities and 
omission bias, among others. Common to 
these concepts is the recognition of patterns 

of behaviour that typically lead individuals 
away from the outcomes they would like to 
achieve, and that these patterns of behaviour 
occur in highly predictable ways. Indeed, the 
predictability of these behaviour patterns 
enables them to be anticipated, overcome 
and at times redirected to help clinicians and 
patients make better decisions.

Also common to these concepts is 
the caution they provide against the 
dominant form of clinician engagement in 
rheumatology practice or clinical practice 
in general (that is, education). So many 
encounters between clinicians and their 
patients involve some form of education 
— instructions on why or how to take 
medications, engage in exercise, lose weight 
or change behaviour in other ways. Each 
of these approaches is well meaning and 
perhaps essential to good clinical care, 
but equally essential is recognizing the 
limitations of education when used alone to 
change behaviour. Although it might seem 
contrary to criticize patient (or clinician) 
education, education only makes sense as 
an approach to change behaviour when the 
individual is believed to have a knowledge 
deficit and then only when the individual 
is expected to behave rationally when that 
knowledge gap is corrected.

An important lesson of behavioural 
economics is that neither of these 
conditions is common. Most patients 
already realize that they should take their 
medications, that they should not smoke, 
that they should exercise more if sedentary, 
or that they should lose weight if they are 
overweight. These patients do not have 
knowledge deficits that can be rectified 
with education, but instead have behaviour 
deficits that require a different approach. 
And even when patients do not know the 
right course of action, providing them with 
knowledge only makes sense if they will use 
that knowledge to change their behaviour. 
Innumerable examples reveal that the 
pathway between knowing the right thing 
to do and doing the right thing encounters 
the obstacles of an individual’s own intrinsic 
irrationality along the way. Behavioural 
economics offers the opportunity to harness 
these universal irrational behaviour patterns 
so that they no longer work to the detriment 
of an individual, but instead work to  
their advantage.

Although the care of patients with 
rheumatic diseases has changed considerably 
over the past 20 to 30 years, opportunities 
for improvement still exist. Lifestyle changes 
are an important part of improving patient 
outcomes. Furthermore, in diseases that 
lack disease-modifying therapies, such as 
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osteoarthritis, lifestyle changes are critical 
for improving disease outcomes but are 
difficult to achieve70. Simply educating 
patients about the need to improve their 
health behaviour is ineffective and presumes 
that the individuals will behave rationally. 
Concepts from behavioural economics can 
be used to design interventions that will 
support patients in achieving optimal health 
and improve clinical practice. To design 
effective strategies, we first need to better 
understand the most important health 
decisions made by patients and clinicians in 
rheumatic disease care. There is still much 
work to be done in defining which decisions 
have a measurable impact on the patient 
and should be intervened upon to improve 
patient outcomes.
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