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The ~37 trillion cells in a human body are hugely diverse 
in form and function. The phenotype of each of these cells 
is defined by their unique epigenomic, transcriptomic 
and proteomic signatures. However, the individual cells 
of our bodies do not work in isolation but instead interact 
with their extracellular matrix and neighbouring cells to 
form increasingly complex tissues, organs and systems. 
Mapping the cellular composition of tissues and organs, 
as well as their spatial organization, will therefore be vital 
to unravel how the cellular systems of the human body are 
maintained in health and disrupted in disease.

Over the past 150 years, biologists have attempted to 
classify cells on the basis of their morphology, function 
and molecular expression. Although gradual technologi-
cal improvements have underpinned each incremental 
advance in cellular indexing, our current understanding 
of cell types and cell states remains incomplete. Break-
throughs over the past decade in the genomic, epige-
nomic, transcriptomic and proteomic profiling of single 
cells have now made it possible to map cellular biology 
with more detail than ever before, paving the way for the 
Human Cell Atlas (HCA) project.

The Human Cell Atlas
The generation of high- quality reference maps for all 
human cells is one of the missing, but achievable, links 
in understanding human development and health. The 
international HCA project aims to align biological, clini-
cal and computational expertise to deliver a molecular 
profile of tissues and organs at single- cell resolution. 
The project will catalogue all the cellular phenotypes 
in the human body, identify their spatial location and 
measure phenotypes across different stages of differen-
tiation and cell states. Importantly, the international 
and open- source nature of the HCA embodies the 
community’s desire to build an atlas that is representa-
tive of global populations1, thus ensuring the equitable 
distribution of a new era of precision and regenerative 
medicine.

The HCA is organized into biological networks that 
each cover different tissues and are at different stages 

of development within a three- phase evolutionary 
model of atlas delivery. The first phase involves uniform 
massively parallel sequencing using single- cell and/or 
single- nuclear RNA- sequencing to aid decision- making 
for an initial roadmap. This phase is termed the ‘sky dive’. 
The second phase is a deeper analysis with specialised 
lower throughput methods (such as full- length single- cell 
RNA- sequencing) to provide detailed maps for a small 
number of individuals and cells. This phase is referred 
to as ‘deep dive’. The third and final phase involves  
exploring patient- to- patient variation to encompass 
age, sex, ethnicity and geographical variation to deliver 
a broad, representative atlas.

Although the HCA focuses predominantly on trans-
criptomic approaches, the integration of epigenomic 
and proteomic data and spatial imaging with trans-
criptomic data is being deployed at all phases. Building 
an atlas of healthy tissues is the initial priority, as this 
will provide a ‘Rosetta stone’ reference against which 
disease- associated changes can be deciphered.

The musculoskeletal HCA network
Musculoskeletal disease is the leading global cause of 
disability2. Worldwide, 20–33% of people live with pain-
ful and debilitating musculoskeletal diseases that affect 
a diverse range of functionally distinct tissues including 
tendon, cartilage, ligament, capsule, synovium, muscle 
and bone3,4. Given the ubiquity of musculoskeletal tissue, 
which comprises at least one- third of the weight of a 
human body, it is perhaps unsurprising that disease and 
traumatic injury affects the musculoskeletal system at all 
life stages, from development to maturation and ageing5. 
Mapping the musculoskeletal system therefore presents 
a compelling challenge for the research community 
owing to the diversity of tissues and joints involved and 
the high burden of musculoskeletal disease.

Single- cell sequencing technology has traditionally 
been used on tissues that are both easily accessible and 
amenable to analysis. Consequently, the generation of 
in- depth, high resolution maps detailing the cellular 
composition of lung and liver have provided exciting 
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insights into the power of the HCA6,7. However, many 
musculoskeletal tissues, including tendon, ligament 
and cartilage, have low- cellularity and/or dense, fibrous 
extracellular matrices, which present challenges for the 
generation of high- quality single- cell data. These chal-
lenges are further compounded by the scarcity of healthy 
tissue samples and their small volume. The musculo-
skeletal HCA network, a recent addition to the HCA 
project, aims to circumvent such operational challenges 
by bringing together clinicians and researchers who are 
interested in similar biological topics.

Ultimately, the aim of the musculoskeletal HCA net-
work is to enable the efficient delivery of a representative 
omics atlas of the human musculoskeletal system (Fig. 1). 
An atlas of healthy tissue will be complemented with 
disease- specific atlases representing the breadth of mus-
culoskeletal conditions. These atlases will encompass 
the whole human lifespan and a variety of ethnicities, 
providing unprecedented insights into the molecular 
mechanisms underlying health and disease and helping 
researchers to identify new targets for the treatment, 
diagnosis and monitoring of musculoskeletal diseases.

To achieve this aim, we, as coordinators of the mus-
culoskeletal HCA network, will initially work on the sky 
dive and deep dive phases across all musculoskeletal 
tissues. Methods and experience with patient recruit-
ment, tissue collection, sample storage, annotation of 
tissue against anatomical landmarks and the develop-
ment of standards on minimum meta- data requirements 
will be shared. We also aim to create an open forum for 
international researchers to share expertise in single- cell 
laboratory methodology for challenging (low- cellularity, 
matrix- rich) musculoskeletal tissues, as well as generat-
ing a community resource of computational workflows 
and encouraging benchmarking of single- cell methodo-
logies and cellular annotations to identify high- quality 

but economical techniques. The expertise, data and 
methodologies developed will inform the final roadmap, 
delivering breadth and depth to the musculoskeletal atlas.

The musculoskeletal HCA network is an open com-
munity that will foster collaboration and shared expertise. 
Researchers of any discipline, at any career stage, working 
or initiating work in the transcriptomic, epige nomic and 
proteomic analysis of musculoskeletal tissues at the single- 
cell level are encouraged to join the growing community 
within the musculoskeletal network. Although our cur-
rent focus is on human tissue, we welcome the chance to 
translate the expertise and insight from our colleagues 
working with animal models or in vitro systems. We also  
aim to hold quarterly virtual meetings to disseminate 
research on HCA- related projects and to serve as a plat-
form to generate new ideas, build new collaborations, 
develop the musculoskeletal atlas roadmap and identify 
career- development opportunities that will accelerate the 
field of musculoskeletal research.

A cohesive and complementary approach from a 
critical mass of international researchers will be vital 
to progress, and teams are encouraged to upload rele-
vant data to the HCA Data Coordination Platform. 
Underpinning these ambitions is our network’s core 
belief that cellular atlases must be viewed as a funda-
mental resource for the public good. We have a moral 
and ethical duty to ensure that all methods, code and 
data generated are ethnically diverse and openly avail-
able for the wider scientific communities. Looking 
forwards, it is exciting to see how a community- driven 
effort will expedite the delivery of robust and repre-
sentative cellular maps of the musculoskeletal system, 
paving the way for improved understanding of disease 
mechanism and therapeutic development.
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RelATed links
HCA Data Coordination Platform: https://data.humancellatlas.org/contribute
Human Cell Atlas: https://www.humancellatlas.org/
Musculoskeletal HCA network: https://www.humancellatlas.org/
areas- of- impact/

Global systematic collection
of musculoskeletal tissues
from across anatomy

Harmonization and annotation
of single-cell datasets across
tissue types

Comprehensive development
of multidimensional maps of
human musculoskeletal tissues

Fig. 1 | Key steps in the delivery of a single cell atlas of 
the musculoskeletal system. A robust and representative 
single- cell resolution atlas of the musculoskeletal system 
will require community involvement to ensure systematic 
tissue collection and harmonized data analysis across all 
musculoskeletal tissues.
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Glucocorticoids have long been  
a mainstay of treatment for anti-
neutrophil cytoplasmic antibody 
(ANCA)- associated vasculitis (AAV), 
despite their considerable toxic 
effects. The results of the phase III 
ADVOCATE trial indicate that 
patients with AAV could be effec-
tively treated with the C5a receptor 
(C5aR) antagonist avacopan as an 
alternative to glucocorticoids.

Complement C5a, which is gen-
erated by activation of the alternative 
complement system, and neutrophil 
priming via C5aR are known to be 
involved in the pathogenesis of AAV. 
The orally administered small-  
molecule avacopan blocks the effects 
of C5a by selectively binding to C5aR 
on the surface of neutrophils.

In the ADVOCATE trial, 
331 patients with AAV were ran-
domly allocated to receive treatment 
with either oral avacopan 30 mg twice 
daily for 52 weeks or oral prednisone 
on a tapering schedule for 20 weeks. 
All patients were also treated with 
cyclophosphamide or rituximab, 
and patients in both groups could 
receive rescue therapy with oral or 
intravenous glucocorticoids if their 
disease relapsed.

The primary end points of the 
study were achievement of clinical 

remission at week 26, defined as 
Birmingham Vasculitis Activity 
Score (BVAS) of 0 and no treatment 
with glucocorticoids in the previous 
4 weeks, and sustained remission, 
defined as remission at both 
week 26 and week 52 with no use 
of glucocorticoids in the 4 weeks 
up to week 52.

Avacopan was non- inferior 
to prednisone taper with respect to 
remission at week 26 and was supe-
rior to prednisone taper for sustained 
remission at week 52. At week 26, 
120 of 166 (72.3%) patients treated 
with avacopan achieved remission 
as compared with 115 of 164 patients 
(70.1%) treated with prednisone 
taper. Sustained remission at week 52 
was achieved by 109 of 166 patients 
(65.7%) who received avacopan 
and 90 of 164 patients (54.9%) who 
received prednisone taper.

Notably, glucocorticoids were used 
in the avacopan group, although to a 
lesser extent than in the prednisone 
group (mean daily prednisone- 
 equivalent dose 4 mg versus 12 mg). 
The incidence of glucocorticoid- 
 induced toxic effects was higher in 
the prednisone group than in the 
avacopan group, consistent with 
the greater use of glucocorticoids 
in the former group. Serious adverse 

events (not including worsening of 
vasculitis) occurred in 37.3% and 
39.0% of patients in the avacopan 
and prednisone groups, respectively.

Avacopan treatment also had  
beneficial effects on estimated  
glomerular filtration rate and  
albuminuria, consistent with  
findings from previous preclinical 
and clinical studies that showed 
avacopan improved kidney function 
in the context of vasculitis.

“You can now effectively treat 
[AAV] without steroid [s],” reports 
corresponding author David Jayne. 
“From the patient perspective, steroid 
toxicity is one of the most distressing 
aspects of vasculitis and the direct 
effects on quality of life of a steroid[-]
avoidance strategy was seen in both 
phase II and phase III studies,” 
Jayne notes.

The availability of an alternative 
to glucocorticoids for the treatment 
of AAV should lead to improve-
ments in safety and relapse events 
and a simplification of treatment 
regimens. “There is now a need to 
study patients presenting with the 
most severe disease (glomerular 
filtration rate <15 ml/min and lung 
haemorrhage)[,] who were excluded 
from this programme yet have the 
poorest outcomes,” says Jayne. He 
also notes that the duration of avaco-
pan treatment is unclear, and further 
evaluation of this drug as a relapse 
prevention agent is needed. “In the 
current studies all patients received 
background immuno suppression 
with either cyclophosphamide or 
rituximab and whether these agents 
are routinely required is now in 
question.”

Sarah Onuora
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Avacopan offers alternative to steroids 
for ANCA- associated vasculitis
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Avacopan for the treatment of ANCA- associated 
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taper for 
sustained 
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OrIgInAL ArTICLe Müller-Calleja, N. et al.  
Lipid presentation by the protein C receptor links 
coagulation with autoimmunity. Science 371, 
eabc0956 (2021)

Mice that had 
defective EPCR 
trafficking … 
were protec
ted from 
fetal loss and 
thrombosis

Antiphospholipid antibodies 
(aPLs) are associated with various 
autoimmune diseases, including 
antiphospholipid syndrome (APS) 
and systemic lupus erythematosus.  
The pathogenic effects of these 
antibodies include activation of 
coagulation pathways (causing 
thrombosis, stroke and pregnancy 
complications) and the induction 
of pro-inflammatory pathways 
(promoting autoimmunity). In a new 
study, researchers have identified a 
lipid–protein target of aPLs that links 
both these downstream effects.

“Prior research had not been able 
to clearly separate the contributions 
of lipid and protein reactivity of aPLs 
to the pathology of APS,” says Karl 
Lackner, co-corresponding author on 
the study. “The starting point for this 
investigation was our finding that 
cardiolipin-reactive aPLs, previously 
considered non-pathogenic, and 

β2GPI-crossreactive aPLs apparently 
activated a similar cell signalling 
pathway in monocytes that involved 
coagulation and complement 
components and led to thrombosis,” 
explains Lackner.

By employing various tools, 
including conformation-specific 
antibodies and genetically modified 
mice, the researchers implicated 
endothelial protein C receptor 
(EPCR) as a cell surface target for 
aPLs. Detailed analyses found that 
lipid-reactive aPLs bound to EPCR 
in complex with lysobisphosphatidic 
acid (LBPA), which resulted in aPL 
internalization and activation of 
tissue factor-mediated coagulation 
in a process involving recruitment and 
activation of the cell surface molecule 
acidic sphingomyelinase (ASM).

“Unexpectedly, the identified 
signalling mechanism was also 
responsible for the development of 

 A U TO I M M U n I T Y

aPL target links coagulation 
a nd a ut oimmunity

autoimmunity by upregulating type I 
interferon in innate immune cells 
that in turn promoted the expan-
sion of aPL-producing B1a cells,” 
explains co-corresponding author 
Wolfram Ruf.

Mice that had defective EPCR 
trafficking, or mice that had been 
treated with an antibody that inter-
feres with EPCR–LBPA-mediated 
ASM activation, were protected from 
fetal loss and thrombosis induced 
by lipid-reactive aPLs. Blocking this 
pathway also protected lupus-prone 
mice from the development of 
autoantibodies and progressive  
kidney pathology.

“These initial data indicate that 
aPLs are not just a complication, 
but rather a major contributor to  
the development of autoimmunity,” 
says Ruf. “We are interested in 
developing targeted interventions 
in the identified signalling pathway 
that can be applied to autoimmune 
disorders and APS.”

Jessica McHugh

OrIgInAL ArTICLe Zhen, G. et al. Mechanical 
stress determines the configuration of TGFβ 
activation in articular cartilage. Nat. Commun. 12, 
1706 (2021)

the pattern of 
activated TGFβ 
corresponded 
directly to the 
distribution 
of mechanical 
force
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osteoarthritis (oA) is characterized  
by structural changes to the cartilage 
and subchondral bone in affected 
joints. These changes are associated 
with altered joint biomechanics,  
but the exact relationship between 
bone, cartilage and mechanical 
force has been unclear. The results 
of a new study suggest that altered 
subchondral bone in oA can directly 
affect the distribution of mechanical 
stress in the overlying articular 
cartilage, thereby disrupting cartilage 
homeostasis.

“The activation of transforming 
growth factor- β (TGFβ) regulates the 
homeostasis of both subchondral 
bone and articular cartilage,” states 
corresponding author Xu Cao. 
“We previously reported that elevated 
active TGFβ in the subchondral bone 
leads to degeneration of articular 
cartilage in oA, and that inhibition of 
TGFβ activity in the subchondral bone 
attenuates OA progression and pain. 

In this study, we found that pathological 
changes to the subchondral bone 
affect the pattern of TGFβ activation 
in cartilage in OA.”

Cao and colleagues examined  
knee joint tissue from patients with  
OA undergoing joint replacement 
surgery and found that the areas of 
cartilage that contained the most 
activated TGFβ were adjacent to  
areas of remodelled subchondral 
bone. using a mouse model of oA, 
they discovered that the pattern of 
activated TGFβ corresponded directly 
to the distribution of mechanical 
force in the cartilage. Areas with 
high mechanical stress had more 
activated TGFβ.

mechanistically, the increase in 
mechanical force was shown to activate 
αv integrin on the chondrocyte cell 
surface, increase cell stiffness and 
enable the release and activation of 
latent TGFβ, which then amplified cell 
stiffness and αV integrin expression 

and reduced chondrocyte anabolism. 
These changes collectively disrupt 
cartilage homeostasis and lead  
to cartilage degradation.

“In the future, it will be important to 
pursue how to maintain and improve 
subchondral bone microstructure 
for articular cartilage and joint 
homeostasis, particularly for patients 
with OA,” says Cao. The authors also 
suggest that αv integrin could be 
investigated as a potential therapeutic 
target for oA.

Joanna Clarke
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organelle (known antigens in SLE), 
this finding immediately triggered 
our endeavour to determine 
whether mitochondria are targeted 
by antibodies in SLE and whether 
platelets release mitochondria in 
SLE,” continues Boilard.

In the latest 
study, the researchers 
identified FcyRIIA,  
a receptor for immune 
complexes, as a critical 
mediator of platelet 
activation. Notably, 
stimulation of this receptor 
with immune complexes 
in vitro resulted in 
platelet degranulation 
and the release of 
mitochondria.

Further investiga-
tions using reporter 
mice confirmed 
that platelets were 
indeed a source 

OrIgInAL ArTICLe Melki, I. et al. Platelets 
release mitochondrial antigens in systemic lupus 
erythematosus. Sci. Transl Med. 581, eaav5928 
(2021)

Autoantibodies are a hallmark feature 
of systemic lupus erythematosus 
(SLE) and have an important role  
of SLE pathogenesis. However,  
the sources of the antigens targeted 
by these autoantibodies (including 
mitochondrial DNA (mtDNA)) 
are largely unknown. New findings 
published in Science Translational 
Medicine implicate platelets as a 
source of mitochondrial antigens  
in SLE.

“We had previously observed that 
platelets could release extracellular 
vesicles in rheumatoid arthritis,  
and that these vesicles were targeted 
by autoantibodies,” explains Eric 
Boilard, co-corresponding author 
on the new study. In studying the 
composition of platelet concentrates 
used for blood transfusions, Boilard 
and colleagues identified high  
levels of extracellular mitochondria. 
“Given the presence of cardiolipin, 
DNA and RNA in the mitochondrial 

of extracellular mitochondria. 
Notably, the blood of patients with 
SLE contained circulating mtDNA, 
at higher concentrations than that 
found in healthy individuals, which 
correlated with markers of platelet 
degranulation.

Introduction of the FcyRIIA 
transgene into lupus-prone mice 
(which otherwise do not express 
FcyRIIA) promoted the recruitment 
of platelets and the release of 
mitochondria in the kidneys,  
and accelerated the development of 
lupus nephritis, supporting the role 
of platelet-derived mitochondrial 
antigens in SLE pathogenesis.

“One outstanding question is 
whether mitochondrial release 
occurs before the occurrence of 
anti-mitochondrial antibodies, 
or whether the opposite occurs,” 
says co-corresponding author Paul 
Fortin. “The study of large cohorts of 
patients followed over time will help 
us understand this process further.”

Jessica McHugh
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Platelets highlighted as a potential 
source of autoantigens in SLE

Introduction 
of the FcyRIIA 
transgene into 
lupusprone 
mice … accel
erated the 
development 
of lupus 
nephritis
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loss- of- function mutations in LACC1 
(encoding purine nucleoside phospho
rylase LACC1) were first reported to 
cause an autosomal recessive form 
of juvenile idiopathic arthritis (JIA) 
with features similar to rheumatoid 
factor negative polyarticular JIA in 
2015. At the time of this discovery, 
LACC1 was uncharacterized, and 
although roles in cell metabolism and 
host defence against bacterial infection 
have since been reported, the exact 
mechanism by which LACC1 variants 
trigger JIA has been uncertain.

The results of a new study published 
in The Journal of Experimental Medicine 
suggest that LACC1 associated JIA is a 
new form of monogenic arthritis that 
is associated with impaired autophagy 
and macrophage bioenergetics.

“When we started this study there 
were no previous data available, so 
we were really setting foot in unknown 
territory, which was both exciting and 

challenging,” states corresponding 
author Alexandre Belot. The researchers 
began by identifying four consanguineous 
families with children with early- onset  
JIA and confirmed LACC1- deficiency in 
these individuals by exome sequencing.

As some forms of JIA are autoinflam-
matory in nature, Belot and colleagues 
investigated if cells from the affected 
individuals showed evidence of any 
known mechanisms of autoinflam-
matory disease. “All of our patients 
presented with a loss of expression in 
LACC1 and we did not find biological 
similarities with previously known 
monogenic inflammatory disease such 
as interferonopathies, relopathies or 
inflammasomopathies,” explains Belot.

Macrophages express the greatest 
amount of LACC1, so were the focus of 
functional studies. In LACC1- deficient 
macrophages (either from patients or 
created by gene knockdown), auto phagy 
downstream of the energy sensor AmPK 

was impaired, as was the accumulation of 
lipid droplets, which caused a reduc tion in 
mitochondrial respiration. Phag ocytosis 
was also reduced in LACC1-deficient 
macrophages, suggesting a link between 
the regulation of autophagy and the 
immune functioning of these cells.

The authors are keen to further inves-
tigate the role of LACC1 in the joint 
environment, particularly in synovial 
macrophages, and hope that the newly 
established link with autophagy in 
patients with LACC1 associated JIA 
could lead to improved treatments.

Joanna Clarke
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LACC1- associated JIA linked to autophagy 
defects in macrophages

OrIgInAL ArTICLe Omarjee, O. et al. LACC1 
deficiency links juvenile arthritis with autophagy 
and metabolism in macrophages. J. Exp. Med. 218, 
e20201006 (2021)
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Systemic lupus erythematosus (SLE) is an 
autoimmune disease of multifactorial origin 
characterized by a loss of immune tolerance 
that results in inflammation and damage to 
multiple organs. The multitude of factors that 
contribute to the expression of the disease 
match only its large clinical heterogeneity. Each 
of the individual factors — genetic, environ-
mental or epigenetic — seem to have distinct 
effects on individual immune cells and prob-
ably also on individual tissue resident cells1. 
Ultraviolet light, the most well- studied envi-
ronmental factor, can induce skin inflamma-
tion in the majority of individuals with SLE2.  
New findings from Skopelja- Gardner et al.3 
suggest that neutrophils not only migrate to 
the inflamed skin, but also subsequently dis-
seminate and spread inflammation to other 
organs such as the kidneys, directly link-
ing ultraviolet light exposure in the skin to 
damage elsewhere (Fig. 1).

Quite frequently, skin inflammation in SLE 
is followed by a disease flare that can involve 
clinical manifestations in other organs. Expo-
sure of the skin to ultraviolet light can cause 
keratinocyte death and the release of autoan-
tigens including small nuclear ribonucleo-
proteins, which can propagate a smoldering 
autoimmune response2. However, until now, 
cellular cross- talk between different organs 
had not been demonstrated.

In SLE, immune cells, such as lympho-
cytes, plasmacytoid dendritic cells (pDCs) 
and neutrophils, accumulate in the skin and  
promote a local immune response that 
includes the killing of keratinocytes by cyto-
toxic cells and the production of cytokines 
(such as interferons) and various chemokines. 

evidence of cellular exchange between two 
organs — an inflamed organ and a non- 
inflamed organ — that could have impor tant  
implications for SLE3. Specifically, the 
research ers showed that in wild- type C57BL/6 J  
(B6) mice, exposure to ultraviolet light caused 
a substantial IL-17A- dependent increase in 
numbers of neutrophils in the skin and blood 
within 24 h. This process was accompanied by 
an increase in the expression of various genes 
encoding mediators of inflammation and 
injury, including cytokines (such as IL-17A, 
granulocyte colony stimulating factor (G- CSF, 
also known as CSF3) and IL-1β) in the skin 
and renal adhesion molecules (such as vas-
cular cell adhesion protein 1 (VCAM1) and 
E- selectin), chemokines (such as CXCL12), 
neutrophil- related markers of kidney dam-
age (such as S100A9) and factors involved 
in tubular injury (such as S100A6, neutro-
phil gelatinase- associated lipocalin (NGAL, 
also known as LCN2) and hepatitis A virus 
 cellular receptor 1 (HAVcr-1)) in the kid-
neys. Furthermore, ultraviolet light exposure 
also resulted in transient proteinuria and an 
increased urine albumin to creatinine ratio 
(indicative of kidney damage).

The researchers then used genetically 
engineered mice and a photoactivatable line-
age approach to track neutrophil migration 
to the kidneys. Neutrophils that had been 
exposed to ultraviolet light in the skin were 
detected in the kidneys, mostly in the peri-
tubular and perivascular areas and some in 
the glomeruli. The migrating neutrophils 
expressed CXCR4 and intercellular adhesion 
molecule 1 (ICAM1) and were apparently 
attracted by the chemokine CXCL12, which is 
produced by podocytes and tubular epithelial 
cells. Indeed, the mRNA levels of this chemo-
kine were increased in the kidneys, although 
the cause of this upregulation is unclear.  
It is also unclear why the neutrophils did not 
migrate to the lungs, which was used as a 
control organ. The possible migration of the 
neutrophils to the brain was not studied, yet 
the brain might represent another organ that 
neutrophils migrate to in SLE; indeed, nephri-
tis in lupus- prone mice is invariably associated 
with inflammation of this organ6. Although 
other inflammatory cells would have been 
expected to be involved in the transfer of the  
inflammatory response from the skin to  
the kidney, monocytes did not transmigrate 
at the same rate as the neutrophils. Another 

Besides the contribution of invading and 
patrolling immune cells, keratinocytes can 
also contribute though the production of 
cyto kines; furthermore, activated neutro phils  
can form neutrophil extracellular traps 
(NETs) to further promote the inflammatory 
process2. Invading monocytes are polar ized 
towards a pro- inflammatory phenotype, mak-
ing them less likely to phagocytose apoptotic 
material; increased abundance of this material 
can lead to tissue damage and the release of 
auto- antigens.

Various studies have highlighted the impor-
tance of the immune response in the induc-
tion of skin inflammation in SLE; for example, 
intradermal injection of immunoglobulins 
from patients with SLE into various genetically 
engineered mice causes skin inflammation in 
a process involving innate immune cells and 
TNF receptor 14. However, other evidence 
suggests that the autoimmune response is not 
the trigger of skin inflammation. Skin biopsy 
samples from individuals with preclinical SLE 
can contain IFNκ- producing keratinocytes in 
the absence of infiltrating cells of the innate 
or adaptive immune system5. This finding 
signifies the importance of tissue resident 
cells in the expression of autoimmune tissue 
damage and highlights the idea of ‘organ tole-
rance’. If keratinocytes, in the case of skin,  
do not respond to environmental cues by pro-
ducing increased amounts of cytokines, an 
inflammatory response will not ensue.

In their new study, Skopelja-Gardner and 
colleagues show that an ultraviolet light- 
induced inflammatory response in the skin 
can spread to the kidneys and cause neph ritis. 
Thus, for the first time, the researchers provide  
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Skin–kidney crosstalk in SLE
Antonios G. A. Kolios    and George C. Tsokos 

A multitude of factors contribute to the development and progression of 
systemic lupus erythematosus (SLE) through their effects on immune cells 
and tissue resident cells. Ultraviolet light instigates skin inflammation in  
SLE, and now new findings suggest that neutrophils in the inflamed skin 
migrate to the kidneys, spreading the inflammatory response.

Refers to Skopelja- Gardner, S. et al. Acute skin exposure to ultraviolet light triggers neutrophil- mediated kidney 
inflammation. Proc. Natl Acad. Sci. USA 118, e2019097118 (2021).
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aspect not studied but worth exploring in the 
future is whether antigen- specific lympho-
cytes or non- specific lymphocytes are also 
first attracted to the skin and transmigrate to 
the kidneys and other tissues.

Further experiments using antibodies to 
block particular inflammatory mediators 
revealed interesting findings of possible trans-
lational value. Blockade of IL-17A by a spe cific 
antibody limited the inflammatory response 
in the skin. This finding is consis tent with 
the well- established effects of IL-17 neutrali-
zation in skin inflammatory diseases other 
than SLE7; however, the jury is still out on 
whether this approach can mitigate cutaneous 
lupus and lupus nephritis8. Of greater interest 
is the finding that the transmigration of neu-
trophils from the skin to the kidneys was  
dependent on G- CSF. Blockade of G- CSF  
was accompanied by a reduction in the mRNA  
expression of genes encoding adhesion mole-
cules (VCAM1 and E- selectin), inflammatory 

mediators (S100A9 and IL-1β) and markers of 
tissue injury (NGAL and HAVcr-1) in the kid-
neys. Yet, G- CSF has been shown to mitigate 
disease in lupus- prone mice9; therefore, more 
information is needed on the value of block-
ing this cytokine in the treatment of individu-
als with SLE. Furthermore, although the data 
presented by Skopelja- Gardner et al.3 show 
that the transmigration of neutrophils from 
the skin to the kidneys occurs through pro-
cesses that involve IL-17 and G- CSF, a direct 
effect of these two, or additional cytokines, 
on kidney resident cells that might also con-
tribute to the development of nephritis in this 
model cannot be excluded.

Individuals with SLE have an expanded 
population of low-density granulocytes 
in the peripheral blood10. In their study, 
Skopelja-Gardner3 and colleagues confirmed 
the presence of neutrophils with a similar 
phenotype (that is, CXCR4hiICAM1hiCXCR1lo 
cells) in the peripheral blood of the mice 

following skin exposure to ultraviolet light. 
Whether continuous exposure of individ-
uals with SLE to sunlight is responsible for 
the expansion of the low- density granylocyte 
population in the blood is unclear, but an 
interesting hypothesis.

The demonstration that neutrophils move 
from an inflamed organ, the skin, to another 
one, the kidney, spreading inflammation to a 
new organ, is an exciting one. The whole pro-
cess is presented clearly by a Sephardic song 
describing the fast spread of the 1916 fire in 
Salonica: “Las palombas van volando hacienda 
estruicion”, meaning “The pigeons flew here 
and there spreading destruction”. In essence, 
neutrophils ‘catch fire’ in the skin and transfer 
it to the kidneys, and most probably, to other 
organs. As we strive to understand mecha-
nisms involved in the damage of various 
organs in individuals with SLE1, we need to 
invest in improving our understanding on how 
events in one organ influence events in others. 
Such information will certainly improve our 
ability to help individuals with SLE.
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Fig. 1 | Ultraviolet light-mediated migration of neutrophils from the skin to the kidneys. 
Following exposure of mice to ultraviolet (UV) light, a subpopulation of neutrophils in the skin 
upregulate the expression of CXCR4 or intercellular adhesion molecule 1 (ICAM1) and, via reverse 
transmigration, enter the circulation and migrate to the kidneys, where they cause the upregulation 
of adhesion molecules, chemokines and molecules linked to kidney injury.

www.nature.com/nrrheum

N e w s  &  V i e w s

http://orcid.org/0000-0002-3897-4578
http://orcid.org/0000-0001-9589-2360
mailto:gtsokos@bidmc.harvard.edu
https://doi.org/10.1038/s41584-021-00588-0


   volume 17 | mAY 2021 | 255

0123456789();: 

NAture reviews | RheumaTology

N e w s  &  V i e w s

The term myositis covers a heterogeneous 
spectrum of autoimmune connective tissue 
diseases that range in severity from asymp
tomatic to life threatening disorders, and in 
extent from the involvement of many organ 
systems to only a single organ (that might not  
even include muscle pathology, as occurs with 
dermatomyositis, interstitial lung disease or 
arthritis with myositis autoantibodies and 
minimal to no evidence of myositis)1. Over 
the past century, the heterogeneity of myosi
tis and its classification criteria have increased, 
and the latter have created difficulties by 
caus ing a lack of consistency in patient popu
lations among investigations, a problem high
lighted in a new study by Loarce Martos et al.2 
that took a retros pective look the accuracy of  
a polymyo sitis diagnosis using a variety  
of classification criteria.

From the first attempts to divide myositis 
into useful subgroups on the basis of clinical 
features, through the inclusions of pathology, 
division by age of onset and autoantibody 
profiles, to the most recent inclusion of serum  
cytokines and chemokines using machine 
learning techniques, more and more pheno
types have been identified3. Whereas most 
myositis classification criteria have been 
formed on the basis of expert opinion or 
group consensus, a major international 
effort resulted in the publication of the first 
datadriven, validated, robust EULAR–ACR 
classification criteria for myositis in 2017 
(reF.4). This important accomplishment 
standardized classification criteria so that 
future studies could be more easily compared 
because they would be investigating similar 
patients. Although the EULAR–ACR criteria  
are a major improvement over prior efforts, 
their approach has limitations in that the 
phenotypes identified are still heteroge
neous, and data regarding the necrotizing 

authors describe are still heterogeneous; 
for example, classification as antisynthetase 
syndrome only required the presence of an 
antisynthetase autoantibody and one or two 
clinical findings out of a whole variety, so this 
subgroup could include patients who were 
previously classified as either polymyositis or 
dermatomyositis.

The expansion in the number of pro
posed and discordant myositis classification 
schemes, which have little data based evi
dence to support them and no documented 
reproducibility or consistency in their deri
vation, now seriously threatens the capacity 
to advance the field5. A further shortcoming 
of most of these newer classification crite
ria is the lack of validation or evidence to 
suggest that they perform any better than 
the EULAR–ACR criteria for determining 
optimal treatment or prognosis. Going for
wards, these multiple incompatible classi
fication criteria might result in the inability 
to compare many clinical, epidemiologic, or 
molecular studies, as well as trials of different 
therapies or even of the same therapy, because 
patients with different kinds of myositis could 
have been investigated depending upon the 
classi fication criteria used. Another negative 
outcome could be decreased interest by the 
pharmaceutical industry, funding agencies, 
and regulatory agencies in supporting future 
myositis investigations, as the reliability and 
capacity to reproduce the studies would be 
suspect when using different criteria.

No simple solution exists to this current 
undesirable state, but perhaps we are not con
sidering the problem appropriately. Current 
findings suggest that interactions between 
genetic and environmental risk factors alter 
gene expression and induce molecular and 
immune pathway changes that over time 
result in pathologic and clinical features that 
lead to myositis and similar autoimmune 
diseases6,7. Like the fabled blind men of India, 
who by feeling different parts of an elephant 
each described a different entity, we might 
similarly be focusing on different and limited 
manifestations of the whole myositis beast. 
New comprehensive approaches are needed to 
assess the totality of myositis. Novel techno
logies and artificial intelligence augmented 
data analytics could be used to synthesize 
assessments of genomics, exposomics, clinical 
features, pathology, epigenetics, immunology, 
metabolomics, transcriptomics, proteomics, 
micro biomics, outcomes, and other aspects 

myopathies and many autoantibodies were 
not available for inclusion owing to the 
retrospective nature of the study.

In their investigation, Loarce Martos et al. 
attempted to address some of these limitations 
by carefully reassessing a cohort of 37 patients 
previously classified as having polymyositis 
according to both the EULAR–ACR criteria 
and expert opinion2. The authors included 
considerations of available autoantibody pro
files, muscle tissue analysis, and other features, 
and used different sets of previously published 
classification criteria for inclusion body myo
sitis (IBM), immune mediated necrotizing 
myopathy (IMNM), antisynthetase syndrome 
(either by Connor criteria or Solomon crite
ria), connective tissue disease overlap myosi
tis and dermatomyositis (according to the 
presence of typical skin rash and/or the pre
sence of dermatomyositis specific autoanti
bodies). Of the 37 patients, only nine (24%) 
remained classified as having polymyositis2. 
The classifications of the other patients 
included: IMNM (14%); connective tissue 
disease overlap myositis (19%); unspecified 
myopathy (16%); dermatomyositis (5%); 
cancer associated myopathy (8%); and non  
inflammatory myopathy (3%). In addition,  
four patients (10%) had insufficient data to 
confidently reclassify. The authors concluded 
that polymyositis should be considered a rare 
myositis subgroup.

These results are not surprising given the 
very different definitions and approaches used 
in the various classification criteria that were 
chosen to define the patients in this report2. 
For example, dermatomyositis and IBM 
would also be rarer entities if patients with 
these conditions were separated according 
to their expression of specific autoantibod
ies and considered as separate phenotypes. 
Furthermore, the myositis subgroups the 
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Slicing and dicing myositis 
for cures and prevention
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Myositis is a group of conditions that vary greatly in risk factors, clinical 
manifestations, laboratory markers, presumed pathogenetic mechanisms, 
treatment responses and prognoses. Approaches to divide myositis into 
mutually exclusive and stable phenotypes are being considered, but are  
we thinking comprehensively enough in our attempts at classification?

Refers to Loarce- Martos, J. et al. Polymyositis: is there anything left? A retrospective diagnostic review from a  
tertiary myositis centre. Rheumatology https://doi.org/10.1093/rheumatology/keaa801 (2020).
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into a unified whole that would expand on 
previous proposals for dissecting complex 
diseases8. This approach would require large, 
multicentre, multispecialty international 
studies that include analogous comparisons 
with confounding conditions to define and 
validate new phenotypes and classification 
criteria.

As the current early attempts to identify  
additional homogeneous myositis pheno types 
suggest9, it seems likely that a comp rehensive, 
multidimensional analytical approach could 
result in the identification of extremely homo
geneous phenotypes that could be called ‘ele
mental disorders’10. Each elemental disorder 

would be defined as a mutually exclusive and 
stable phenotype that consists of cardinal 
clinical signs, symptoms, pathology, labo
ratory findings, and molecular features that 
result from the interactions of the necessary 
and sufficient genetic and environmental risk 
factors, in the relative absence of protective 
factors, through a distinct pathogenic mecha
nism (Fig. 1). Defining elemental disorders 
should result in the need for far fewer patients 
in a study given their high homogeneity, and 
could result in greatly improved treatments 
via the discovery of targeted, individualized 
therapies. Ultimately, it is even possible that 
defining elemental disorders could enable 

Phenotype genes 

Mechanisms

Environmental agents 

X

X

X

PM DM

IBM Other

Fig. 1 | The elemental disorder hypothesis. Disease phenotypes as currently classified (such  
as polymyositis (PM), dermatomyositis (DM) and inclusion body myositis (IBM), among others) are 
hetero geneous and composed of multiple elemental disorders (centre circles). Elemental disorders  
are defined as mutually exclusive and stable phenotypes that result from the interaction of the neces-
sary and sufficient genetic and environmental risk factors, in the relative absence of protective factors, 
through a distinct pathogenic mechanism. For some elemental disorders, multiple genes are required 
(indicated by arrows), and for others, multiple environmetnal exposures are needed to induce the 
mechanisms that lead to elemental disorders. Protective genetic, environmental or mechanistic 
factors (indicated by an X) can prevent progression to disease in otherwise permissive circumstances.

the prevention of disease by avoidance of 
environmental risk factors in genetically pre
disposed individuals, or possibly via targeted 
gene therapy of risk alleles when unavoidable 
environmental triggers exist.

The current limited attempts at developing 
new classifications for myositis are a beginning 
that needs to be greatly enhanced. It is time to 
think much more expansively about the classi
fication of the myositis spectrum and other 
conditions, and to conduct comprehensive 
deep phenotyping investigations to identify 
their elemental disorders and enable optimized 
treatments, cures, and prevention.
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Chronic inflammatory arthritis is most commonly a 
disease of adults. Rheumatoid arthritis (RA) affects 
approximately 0.6% of the population of the USA, 
affecting twice as many women as men, with a peak 
incidence in the seventh decade1,2. Diseases in the spon-
dyloarthritis (SpA) family affect an estimated 0.9–1.4% 
of adults, often beginning at an earlier age than RA and 
affecting more men than women3. More rarely, adults 
develop a febrile form of arthritis termed adult- onset 
Still’s disease (AOSD)4. Children also develop arthri-
tis; prevalence worldwide ranges between 15 and 400 
per 100,000, with considerable geographical variabil-
ity in phenotype5,6. Childhood- onset arthritis peaks 
between the ages of 1 and 4 years, during which period 
affected girls outnumber boys by approximately 3:1. By 
contrast, the first year of life is relatively spared and, 
in adolescence, the female sex bias is less pronounced 
(Fig. 1). These epidemiological shifts are accompanied by 
changes in clinical presentation, strongly suggesting that 
childhood- onset arthritis encompasses more than one  
pathophysiological entity.

The first extended description of inflammatory 
arthritis in children was provided by G.F. Still in 1897,  
who highlighted features including presentation 
early in life, a predilection for knee involvement and, 
in many children, a relentless and disabling course7. 
Characterizing this population further, in 1959, Ansell 
and Bywaters introduced the now traditional definition 

of juvenile arthritis as beginning before the sixteenth 
birthday, although they considered this threshold to 
be arbitrary8–10. Formal classification of childhood-  
onset arthritis developed contemporaneously in North 
America and Europe. In 1972, a commission of the 
American Rheumatism Association (now the ACR) 
endorsed the term ‘juvenile rheumatoid arthritis’, which 
was subsequently divided into pauciarthritis (≤4 joints 
involved in the first 6 months of the disease), polyar-
thritis (≥5 joints involved in the first 6 months of the 
disease), and systemic arthritis (with fever)11–13. In 
Europe, EULAR adopted the term ‘juvenile chronic 
arthritis’ and used terms that overlapped with those in 
the American Rheumatism Association nomenclature 
but which had distinct definitions, while also includ-
ing categories for ‘juvenile ankylosing spondylitis’ and 
‘juvenile psoriatic arthritis’14,15. SpA in children as young 
as 1 year of age was recognized in 1982 as ‘seronega-
tive enthesopathy and arthropathy’16. An effort to unify 
these disparate criteria under the umbrella of ‘juve-
nile idiopathic arthritis’ (JIA) was launched in 1994 
through the International League Against Rheumatism 
(ILAR; later the International League of Associations 
for Rheumatology), culminating in the current catego-
ries of systemic JIA (sJIA) oligoarthritis (persistent or 
extended), rheumatoid factor (RF)- negative polyarthri-
tis, RF- positive polyarthritis, psoriatic JIA, and enthesitis 
related arthritis (ERA)17 (Fig. 2).

Biological classification of childhood 
arthritis: roadmap to a molecular 
nomenclature
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Abstract | Chronic inflammatory arthritis in childhood is heterogeneous in presentation and 
course. Most forms exhibit clinical and genetic similarity to arthritis of adult onset, although 
at least one phenotype might be restricted to children. Nevertheless, paediatric and adult rheuma
tologists have historically addressed disease classification separately, yielding a juvenile idiopathic 
arthritis (JIA) nomenclature that exhibits no terminological overlap with adult onset arthritis. 
Accumulating clinical, genetic and mechanistic data reveal the critical limitations of this strategy, 
necessitating a new approach to defining biological categories within JIA. In this Review, we provide 
an overview of the current evidence for biological subgroups of arthritis in children, delineate 
forms that seem contiguous with adult onset arthritis, and consider integrative genetic and  
bioinformatic strategies to identify discrete entities within inflammatory arthritis across all ages.
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Always regarded as provisional, the ILAR JIA 
nomenclature nevertheless codifies certain assumptions 
about how types of arthritis should be distinguished 
from one another. No form of JIA has the same name 
as any type of adult- onset arthritis, tacitly implying that 
childhood- onset and adult- onset arthritis are funda-
mentally distinct18. Within JIA, the number of joints 
affected at or near presentation is used as a marker of 
disease type rather than severity, whereas psoriatic JIA 
is distinguished categorically from ERA and recognized 
even in the youngest children18–20. These features of the 
ILAR classification system shape how clinicians and 
investigators conceptualize childhood- onset arthri-
tis, and frame the ways in which paediatric and adult 
rheuma tologists are able to work together (or not). In 
this Review, we consider the limitations of the current 
ILAR JIA nomenclature and discuss new strategies to 
produce a classification system for childhood- onset 
arthritis that is more securely grounded in disease bio-
logy. To do so, we convened three videoconferences with 
all co- authors to identify areas of consensus with respect 
to data relevant to arthritis classification in children, 
inferences that can be drawn safely from these data, 
and principles of arthritis classification going forward, 
including promising approaches.

Why does classification matter?
A nomenclature establishes which patients belong 
together and which do not. Clinical manifestations and 
pathogenesis both contribute, but the latter is usually 
prioritized where known. Within pathogenesis, a shared 
aetiology early in the chain of events (such as a common 
genetic cause) takes precedence over shared downstream 
pathways. Extending these principles to childhood- onset 
arthritis, the goal is to identify groups of patients whose 
disease has similar biological mechanisms.

Classification risks two kinds of error: grouping 
together patients with different diseases (over-lumping) 
and dividing patients with the same disease (over- 
splitting). Over- splitting is especially pernicious because 

it can render underlying similarities difficult to appre-
ciate later, as exemplified by the current chasm between 
paediatric and adult arthritis nomenclature (Fig. 3). 
Over- splitting also has important practical conse-
quences. Approval of new medications for JIA has been 
slowed by a requirement for randomized controlled 
trials to show efficacy in this population. Despite pro-
gress, this requirement poses a substantial barrier  
to drug access because eligible patients can be difficult to 
find and because the financial incentive for companies  
to conduct paediatric studies is modest21. If certain forms 
of arthritis were recognized as extending across the age 
spectrum, then paediatric drug studies could restrict 
their focus to pharmacokinetics, pharmacodynamics 
and safety, considerably accelerating drug approvals for 
children with JIA22.

New classification criteria are needed
The ILAR classification criteria for JIA (Fig. 3a) repre-
sented a major landmark in paediatric rheumatology, 
providing for the first time a worldwide language of 
communication about childhood- onset arthritis and 
serving the community well for more than 25 years16. 
More generally, the segregation of children from 
adult patients helped to define paediatric rheumato-
logy as a distinct subspecialty while focusing clinical 
and scientific attention on children with arthritis23,24. 
Nevertheless, limitations in the ILAR nomenclature 
have become evident. From a practical point of view, 
the ILAR criteria are difficult to apply because of their 
complex network of inclusion and exclusion criteria, 
some of which have counter- intuitive implications. For 
example, no patient with sJIA may have a first- degree 
relative with psoriasis17. The cut- off at the age of 16 years 
does not correspond to the legal divide between child-
hood and adulthood, which is now typically at 18 years25. 
The definition of RF- positive JIA has not been updated 
to encompass positivity for anti- citrullinated protein  
antibodies (ACPAs), which are measured clinically  
as antibodies that recognize cyclic citrullinated pep-
tide. Many patients with features consistent with sJIA 
are excluded from this category at disease onset because 
they lack overt arthritis, even though with early treat-
ment, some escape joint inflammation altogether26,27. 
Such ‘bookkeeping’ issues are minor and easily amenable 
to simple textual corrections25,28–30.

Other difficulties with the ILAR classification sys-
tem are more fundamental. By considering all types of 
arthritis beginning before the sixteenth birthday to be 
JIA, the nomenclature provides no mechanism to recog-
nize phenotypes that exist in both children and adults. 
The ILAR JIA criteria differentiate oligoarticular JIA 
from polyarticular JIA by the number of joints affected 
within 6 months of disease onset. However, neither the 
five- joint threshold nor the 6- month cut- off is well sup-
ported by data. The classification is further complicated 
by the limited inter- examiner reproducibility of the 
joint examination, the capacity of imaging to disclose 
inflamed joints that are not evident clinically, and the 
potential for early treatment to forestall progression 
to polyarthritis31–34. Furthermore, the divide between 
oligoarticular and polyarticular JIA introduces the 
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untested assumption that the number of joints and/or  
the speed of affected joint accrual ref lects disease type 
rather than disease severity19,20, an assumption that has 
become increasingly uncertain in light of genetic data 
that identify broad similarities between oligoarticular 
JIA and RF- negative polyarticular JIA18,35–37. Joint counts 
undervalue the importance of joint distribution in the 
identification of distinct forms of arthritis38–41. More 
broadly, the distinction between ERA and psoriatic JIA  
obscures the central role of enthesitis in psoriatic 
arthritis42. Furthermore, although there is no gold stand-
ard test to identify children whose arthritis manifests a 
psoriatic diathesis, some evidence suggests that current 
ILAR criteria distribute nearly 60% of such children into 
other JIA categories40,43.

Taken together, these limitations highlight the emerg-
ing need to replace the ILAR JIA classification criteria 
with a nomenclature that is based on disease biology. 
This ‘next generation’ nomenclature should be informed 
by the growing understanding of arthritis mechanisms 
as well as by a big- picture view of joint inflammation as 
it occurs across all ages.

Differentiation of arthritis subtypes
Much of the biological data on arthritis subtypes come 
from research into adult- onset arthritis. RA was first dis-
tinguished from gout in the nineteenth century44–46. The 
discovery of RF in 1939 enabled the further subdivision 
of RA into RF- positive and RF- negative subtypes47,48.  
In 1956, RF- negative RA was differentiated from a family  
of diseases subsequently termed SpA, which includes 
psoriatic arthritis and ankylosing spondylitis49,50. These 
divisions have since been sharpened by the identi-
fication of distinct genetic associations for RF- positive 
RA, RF- negative RA, and SpA; by the recognition of 
enthesitis as a prominent feature of SpA; and by the 
discovery of citrullinated peptides as antigenic targets 

within RF- positive RA, such that seropositive RA now 
encompasses disease accompanied by either RF or 
ACPAs3,50–57 (Fig. 3b).

Studies in animal models show that arthritis can arise 
via several distinct mechanisms57. Although human 
arthritis might be more complex than arthritis in ani-
mals, compelling data suggest the existence of what one 
might term ‘biological fault lines’ in human disease, 
providing a useful guide to the ways in which types of 
arthritis diverge from one another (Fig. 4).

Synovitis versus enthesitis. The synovium is composed 
of fibroblasts, macrophages and other cells that reside 
within a loose connective tissue substructure. In RA, 
synovitis is the primary factor that underlies muscu-
loskeletal pathology. In SpA, arthritis often involves  
(or might even begin with) inflammation of the enthe-
ses, specialized sites where ligaments, tendons and joint 
capsules insert into bone58,59. Mechanisms of enthesitis 
differ from those that cause synovitis. Mouse models of 
disease show that enthesis- resident T cells programmed 
to produce cytokines associated with T helper 17 cell 
responses cause florid enthesitis when triggered by 
IL-23, an effect that might be magnified by mechanical 
stress60–62. Correspondingly, whereas RA affects mainly 
synovium- rich diarthrodial joints, SpA affects the  
Achilles and patellar tendon insertions, as well as loca-
tions rich in ligamentous attachments such as the spine 
and sacroiliac joints. Enthesitis contributes to dactylitis 
(sausage- like digital swelling) through the swelling of 
ligaments, pullies and joint capsules in the fingers and 
toes, accounting for the high specificity of this clinical 
feature for psoriatic arthritis in adults42,63–65. Although 
the proximity of entheses to synovial tissues (includ-
ing synovium- lined tendon sheaths) means that the 
distinction is rarely absolute, the difference between 
synovitis and enthesitis provides a useful conceptual 
framework to differentiate RA and related arthritides 
from SpA (Fig. 4a).

Autoantibody- related versus autoantibody- independent 
synovitis. In mice, many, but not all, models of exper-
imental synovitis are mediated through pathogenic 
autoantibodies57. These antibodies typically trigger 
arthritis in the form of immune complexes, formed  
in the blood in response to a circulating antigen or within 
the joint in response to an antigen that is either intrinsi-
cally local (such as collagen) or deposited from the cir-
culation (such as glucose-6- phosphate isomerase). Joints 
might be uniquely susceptible to immune complex- 
mediated disease because the cartilage surface is acel-
lular and lacks both intrinsic clearance mechanisms 
and membrane- bound complement inhibitors57. How-
ever, arthritis in mice can also arise in an autoantibody- 
independent manner, through pathogenic T cells or 
other mechanisms66,67. Human arthritis probably exhib-
its a parallel divergence. In RA, seropositive patients 
have immune complexes embedded in their cartilage 
and synovium, accompanied by complement fixation 
products in the synovial fluid57,68,69. By contrast, joints 
from patients with seronegative RA or SpA typically 
lack both immunoglobulin deposition and complement 
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fixation, suggesting that immune complexes have little 
or no pathogenic role in these diseases. Correspondingly,  
T peripheral helper (TPH) cells, T helper cells that promote 
antibody formation by B cells outside of lymph nodes, 
are abundant in joints from patients with RF- positive 
RA (and potentially in patients with the proposed subset 
of antinuclear antibody (ANA)- positive early- onset JIA; 
see section on A juvenile- only form of arthritis?) but are 
rare in patients with RF- negative RA70,71. The distinc-
tion between seropositive RA and seronegative RA thus 
ref lects, at least in part, a divide between arthritis with 
and without joint- deposited autoantibodies (Fig. 4b). 
Importantly, RA develops through several phases,  
including an asymptomatic preclinical period character-
ized by high titres of autoantibodies without synovitis72. 
What distinguishes pathogenic from ‘bystander’ auto-
antibodies and whether the role of autoantibodies varies 
over the course of the disease are currently unknown73.

Autoimmunity versus autoinflammation. Autoimmune 
diseases arise from misrecognition of self- antigens as a 
result of a break in immune tolerance. By contrast, auto-
inflammatory diseases ref lect the antigen- independent 
hyperactivation of immune pathways, most commonly 
from defects within innate immunity74. RA seems to be 
primarily autoimmune in aetiology, as reflected by the 
associations with specific HLA alleles for both seroposi-
tive and seronegative forms. By contrast, AOSD and 
sJIA exhibit features suggestive of autoinflammation, 

including fever, rash and an often rapid response to 
IL-1 blockade, although an HLA class II genetic linkage 
complicates the straightforward categorization of these 
conditions as autoinflammatory75,76. Diseases in the SpA 
family probably also exhibit a prominent autoinflamma-
tory component, reflecting the tendency of HLA- B27 to 
fold and traffic aberrantly, provoking an unfolded pro-
tein response that is exacerbated by mechanical stress 
at the entheses77. Autoimmunity and autoinflammation 
are not mutually exclusive, and polygenic inflammatory 
diseases commonly have elements of both74 (Fig. 4c).

Arthritis in children and adults
Many diseases exhibit phenotypic variance as a func-
tion of age at onset, reflecting factors such as genetic 
load, physiological maturation and/or senescence, and 
environmental exposures78–80 (Box 1). For inflammatory 
arthritis, accumulating data indicate that most forms 
affect both adults and children.

Seropositive arthritis. Childhood- onset seropositive  
arthritis typically first appears in late childhood, rarely 
before the age of 8 years and generally in early adol-
escence81. As with seropositive RA in adults, the disease 
usually affects many joints, is often both RF- positive 
and ACPA- positive, can be accompanied by rheumatoid 
nodules, requires sustained and often aggressive disease- 
modifying therapy, and is associated with HLA class II 
alleles that share specific citrulline- binding residues 
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in the antigen- binding pocket, as well as with shared 
non-HLA risk loci36,82,83. To all intents and purposes,  
RF- positive polyarticular JIA and seropositive RA are 
the same disease18,25,36,83.

Spondyloarthritis. Adults with ankylosing spondylitis 
often report the onset of symptoms as teenagers84. Typical 
sacroiliitis is well documented in adolescents85, whereas 
in younger children, SpA commonly presents in a less 
differentiated form, characterized by enthesitis, arthri-
tis, and prominent arthralgia, often without sacroiliitis16. 
Gathered together under the ILAR classification of ERA, 
HLA alleles associated with SpA in children overlap with 
those of ankylosing spondylitis, supporting the idea of 
continuity in SpA across the age spectrum36,86. Psoriatic 
arthritis in children is more controversial. Definitive 
identification is often challenging because skin disease 
can lag behind arthritis by a decade or more39,87. Some of  
these children closely resemble the phenotype for the 
proposed early- onset ANA- positive subset of JIA (see 
section on A juvenile- only form of arthritis?), rendering 
a unique psoriatic identity uncertain19,88. However, clas-
sic adult- type psoriatic arthritis is readily observed in 
adolescents with overt psoriasis vulgaris, and associated 
enthesitis of the dactylitic digit has been confirmed by 

imaging and histology64. Furthermore, the prevalence of 
psoriatic JIA (5–20% of JIA, varying with population and 
criteria employed) greatly exceeds the expected chance 
association of JIA with psoriasis, as the prevalence of 
psoriasis among children is 1–2%39,43,88,89.

Seronegative arthritis. Seronegative arthritis seems to be 
a heterogeneous mixture of conditions in both adults 
and children. Evidence for this suggestion includes 
substantial patient- to- patient clinical variation, a lower 
heritability than seropositive RA in adults, and the 
abundance of pathways that can lead to autoantibody- 
independent arthritis in animal models20,57,78. Studies of 
childhood seronegative arthritis have been insufficient 
to determine the role of autoantibodies and immune 
complexes. However, clinical similarities have been 
noted between patients with early- onset oligoarticular 
JIA and a subset of patients with RF- negative polyarticu-
lar JIA19,20,90,91. HLA associations are shared among oligo-
articular JIA, RF- negative polyarticular JIA, and adult 
seronegative RA36. Beyond HLA, less is known about 
genetic associations, but available data similarly suggest 
shared genetic associations across the age spectrum, fur-
ther supported by familial aggregation of seronegative 
RA with JIA92,93. Together, these considerations favour 
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continuity between children and adults in at least some 
forms of seronegative arthritis.

Systemic JIA and adult- onset Still’s disease. The febrile 
form of arthritis designated sJIA is highly distinctive 
within the JIA family. Current definitions segregate 
sJIA from AOSD by age of onset, a requirement for 
overt arthritis, and several other minor differences17,94. 
However, E.G. Bywaters’ original description of AOSD 
in 1971 explicitly considered adult patients to have the 
paediatric disease95. Similarities between sJIA and AOSD 
include the ubiquity of fever, a characteristic rash, a gene-
rally even male- to- female ratio, high concentrations of  
ferritin and D- dimer, high concentrations of circulating 
IL-18, and a characteristic, rapid response to IL-1 block-
ade or IL-6 blockade4,18,96–98. The rash is more common in 
children than in adults, whereas sore throat is reported 
less frequently; by contrast, progression to chronic 
arthritis might occur somewhat less commonly in adults 
than in children4. Importantly, heterogeneity is present 
even within sJIA, reflected in phenotypic variation, age 
at onset, differing patterns of circulating cytokines, and 
variation in response to therapy99–101. As such, it has been 
suggested that a rapid and complete response to IL-1 

inhibitors might be used to identify a subset of patients 
with sJIA who have predominantly autoinflammatory 
features101.

A juvenile- only form of arthritis?
The most remarkable feature of the epidemiology of 
arthritis in children is a peak in incidence during early 
childhood, typically between the ages of 1 and 4 years 
(Fig. 1). Most patients in this early peak present with an 
oligoarticular phenotype, many of whom have only a sin-
gle swollen knee. These patients are negative for RF and 
ACPAs but are commonly positive for ANAs, albeit typi-
cally at a modest titre (≤1:320). This population is also 
at highest risk of chronic anterior uveitis, an indolent 
but destructive disease distinct from the acute anterior 
uveitis observed in both adult and paediatric SpA and 
which has no counterpart in adult- onset arthritis. Up to 
50% of patients with this early- onset childhood arthritis 
enter long- term drug- free remission, an outcome rarely 
observed in adult arthritis102,103. Corroborating studies 
suggest that HLA associations and peripheral blood 
transcriptomic signatures differ between children who 
present with arthritis at the age of 6 years and below 
and those who present at an older age37,104,105. However, 
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the optimal way to delimit this distinctive paediatric  
population remains undefined.

The Paediatric Rheumatology International Trials 
Organization (PRINTO) has proposed a form of arthritis 
termed ‘early- onset ANA- positive JIA’ that encompasses 
children with arthritis beginning at ≤6 years of age with 
at least two ANA titres of ≥1:160 and without another 
recognizable form of JIA25. This proposal was formed 
on the basis of a literature review19 and two studies that 
found that children with JIA who met the specified ANA 
threshold typically had a younger age at onset (80% 
under 6 years), fewer affected joints, and more uveitis 
than patients in the oligoarticular, RF- negative polyar-
ticular and psoriatic JIA categories who had never tested 
positive for ANAs19,90,91. One study found that synovial 
tissue from patients with JIA who had a positive ANA 
(at any titre) had an excess of lymphoid aggregates, 
although it is not clear that synovial tissue from patients 
with untreated JIA echoes this finding106,107. Some evi-
dence suggests that patients within the ANA- positive 
early- onset group might exhibit an abundance of syn-
ovial fluid TPH cells, potentially implicating pathogenic 
autoantibodies71. Unresolved questions include the sen-
sitivity and specificity of the presence of ANAs at the 
level proposed, and whether ANA positivity predicts 

clinical features independent of age, although interest-
ingly, the abundance of synovial fluid TPH- like cells was 
not explained by early onset alone18,71,105,108,109.

Although data supporting the existence of a unique 
form of arthritis in young children are compelling, they 
are not yet conclusive. Differences in anatomy, immuno-
logy, and environmental exposures — collectively the 
‘substrate’ in which a disease occurs — could potentially 
translate into phenotypic differences between younger 
and older patients with the same disease (Box 1). Fine 
mapping failed to identify a unique set of HLA asso-
ciations for persistent oligoarticular JIA, the closest fit 
for the proposed new phenotype among the existing 
JIA categories36. The chronic anterior uveitis that is so 
characteristic of these patients can also occur in young 
children without arthritis, raising the possibility that 
this hallmark feature reflects the paediatric substrate 
rather than a unique arthritis- associated biology110. The 
features considered characteristic of the ANA- positive 
early- onset subgroup are also seen in early- onset 
ANA- negative children with arthritis40. sJIA, which 
is genetically unrelated to oligoarticular and polyarti-
cular JIA, also peaks in younger children, as do other 
immune- mediated conditions such as Kawasaki disease, 
type 1 diabetes and dermatomyositis, highlighting a pos-
sibly pivotal role for the immunological milieu of early 
childhood4,111. Further investigation will be required 
before it can be concluded that early- onset JIA —  
ANA- positive or not — represents a distinct disease of 
childhood.

Moving towards a new classification
Segregating childhood- onset arthritis from adult- onset 
disease produced several benefits. Not only did it help 
to distinguish paediatric rheumatology as a field, but 
it also drew the attention of regulators, funding agen-
cies, and pharmaceutical companies to types of arthri-
tis that affect children23,24,30. In this sense, the ILAR JIA 
classification terminology served the field better than 
did ‘juvenile rheumatoid arthritis’, with its tacit impli-
cation that childhood- onset arthritis might simply 
be ‘baby rheumatoid’. A distinct nomenclature helped 
to support the development of research organizations 
with specialized expertise in paediatric rheumatology, 
including the Paediatric Rheumatology Collaborative 
Study Group, PRINTO, and the Childhood Arthritis 
and Rheumatology Research Alliance, as well as organi-
zations for parents and other advocates for children with 
arthritis. Collectively, these organizations have drawn 
considerable funding into paediatric rheumatology 
research, revolutionizing the understanding of disease 
phenotypes, disease course and treatments, and leading 
to the regulatory approval of a broad range of medications  
for JIA.

A further benefit has been to underscore the parti-
cular needs of children. Developing joints are highly 
vulnerable to arthritis- mediated injury and deform-
ity, including the temporomandibular joint112. Similarly, 
linear growth of the skeleton is easily impaired by 
systemic inflammation or glucocorticoid therapy113. 
Children with arthritis require screening for chronic 
anterior uveitis114. Drug dosing must be adjusted by 

Box 1 | Effects of age at onset on arthritis

Diseases that share a common pathophysiology can still manifest differently because of 
factors that vary with age. a familiar example is parvovirus B19 infection, which presents 
in children as the so- called ‘fifth disease’ (slapped- cheek exanthema), in adult women  
as joint inflammation or miscarriage, and in patients with sickle cell disease as aplastic 
crisis134. Phenotypic variation with age is similarly evident in arthritis. For example, 
spondyloarthritis beginning in childhood is associated with a higher risk of joint 
replacement than that in adult- onset disease, whereas systemic juvenile idiopathic 
arthritis (sJIa) presenting in very early childhood exhibits a more severe macrophage 
activation syndrome and a worse prognosis than sJIa presenting later in childhood99,135. 
age- dependent variation can arise through pathways including differences in genetic 
loading, organic substrate, and environment. These mechanisms probably result in 
continuous rather than dichotomized variation, a difficulty intrinsic to any effort to 
assign a specific age cut- off to a form of arthritis for classification purposes.

Genetic loading
Within a polygenic disease, earlier onset often reflects a stronger genetic predisposition. 
For example, in systemic lupus erythematosus, patients with more genetic risk variants 
tend to present earlier in life and more frequently develop nephritis79,136,137. In rheuma-
toid arthritis (Ra), the presence of Hla risk alleles predicts a lower age at onset, and 
presentation before 40 years of age confers an increased risk of developing Ra for family 
members78,138.

Substrate differences
Children and adults differ anatomically and physiologically in ways that are relevant  
to arthritis. Immune function changes with age, including under the influence of sex 
hormones139,140. Developing tissues, such as joints or eyes, might theoretically expose 
antigens that are lacking in adult tissues or otherwise exhibit differential vulnerability 
to disease. For example, JIa beginning before the age of 6 years is associated with an 
especially high risk of chronic anterior uveitis, but a similar condition also affects young 
children without arthritis110. Conversely, ageing cartilage might be less resistant to 
complement fixation and therefore favour immune complex- mediated arthritis57,141.

Environment
The environment to which an individual is exposed varies with age. The risk of Ra 
increases with smoking, occupational silica inhalation, and obesity, all of which are more 
prevalent in adults than in children142,143. By contrast, children experience an evolving 
gut microbiome, recurrent viral infections and, in some cases, frequent antibiotic 
treatments, which all have immunological consequences144–146.
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age and weight. In addition, children and their families 
must be managed in a manner that is developmentally 
appropriate, with attention given to issues such as school 
performance, body image, pregnancy risk, vocational 
aspirations, and the transition to adulthood. The use 
of a unique terminology for childhood- onset arthritis 
has helped to ensure that children with arthritis are not 
managed simply as little adults.

These advantages are real but irrelevant to the 
question of whether childhood arthritis is biologically 
unique enough to merit its own terminology. As previ-
ously noted, the demarcation at the age of 16 years was 
never intended to reflect (or worse, to create) a funda-
mental difference between paediatric and adult- onset 
arthritis9,115. No other specialty in medicine has found 
it useful to segregate a whole category of disease by  
a hard age cut- off; even within rheumatology, only arthr-
itis is treated in this way, whereas systemic lupus eryth-
ematosus, vasculitis, myositis, systemic sclerosis and 
other conditions are largely recognized as existing on a  
paediatric–adult continuum.

The authors of this Review agree upon four conclu-
sions derived from the considerations summarized in the 
previous sections. First, the categorical divide between 
childhood- onset arthritis and adult- onset arthritis was 
an unintended consequence of the historical processes 
used to develop the current ILAR nomenclature and 
is at odds with emerging data. Second, the traditional 
division between oligoarticular and polyarticular JIA is 
unlikely to represent an important distinguishing feature 
between different types of arthritis. Third, most arthritis 
phenotypes extend across the age spectrum, including 
seropositive RA, seronegative RA, SpA and sJIA (AOSD). 
And fourth, early- onset JIA might represent a distinct 
disease, although its pathophysiological uniqueness 
and boundaries remain to be established. These conclu-
sions represent the starting point for ongoing studies on  
disease classification.

Two models have so far been proposed that incor-
porate the biological insights discussed in this Review 
into the classification of primary idiopathic arthritis: the 
PRINTO model and the four- cluster model. Arthritis 
that is secondary to a distinct process, for example, 
familial Mediterranean fever or Blau syndrome, is not 
considered further here.

The PRINTO model. In 2015, PRINTO embarked 
upon a multistep effort to define disease entities within 
childhood- onset arthritis (defined for this purpose as 
onset <18 years) that are homogeneous from a clinical 
and laboratory perspective. A web Delphi process was 
used to revise the current ILAR JIA categories, followed 
by the use of the nominal group technique at a consen-
sus conference to achieve provisional criteria for new 
arthritis categories. Four principal forms were identi-
fied, entitled systemic JIA, RF- positive JIA, enthesitis/
spondylitis related JIA, and early- onset ANA- positive 
JIA25 (Fig.  5a). Psoriatic arthritis was not included 
because consensus was not reached on its definition. 
Childhood- onset arthritis outside of these categories is 
considered to be either ‘other JIA’ (fits the criteria for no 
definition) or ‘unclassified JIA’ (fits the criteria for more  

than one definition)25. These definitions are considered 
to be provisional, and an effort is underway to collect 
data from over 1,000 children with new- onset arthri-
tis, including clinical descriptors, routine laboratory 
test results and, where possible, biological samples. 
The resulting data will be analysed to see if clustering 
of clinical and laboratory descriptors enables the iden-
tification of homogeneous entities (including psoriatic 
arthritis) in the group of patients provisionally included 
in the ‘other JIA’ category, and a further process using 
the nominal group technique will be organized to dis-
cuss the data and to provide evidence- based validation 
of the provisional criteria25. Strengths of the PRINTO 
approach are its rigorous methodology and focus on the 
use of clinical measures readily available to clinicians at 
the point of care. Limitations include the restriction of 
patients analy sed to children and the possibility that not 
all features relevant for biological categorization will be 
evident in the data available.

Four- cluster model. A four- cluster model has been pro-
posed for arthritis in both adults and children based on 
the ‘biological fault lines’ of synovitis versus enthesitis, 
autoantibody- related versus autoantibody- independent, 
and autoimmune versus autoinflammatory disease18 
(Fig. 5b). These categories are not operationalized as 
inclusion and exclusion criteria but instead are drawn 
as Venn diagrams to highlight mechanistic overlap, 
recog nizing that, for example, many genetic risk loci are 
shared between seropositive and seronegative arthri-
tis, such that a family history of either type of arthritis 
confers a genetic risk for the other18,78,92,93. This model 
emphasizes lumping over splitting and allows each 
category to remain internally heterogeneous. Pending 
the development of stronger evidence, early- onset JIA 
remains within the seronegative arthritis category, 
although some evidence hints at a potential role for  
B cells and TPH cells, and therefore potentially auto-
antibodies, despite a lack of RF in these children71,105. 
Strengths of the four- cluster model are its pathophysio-
logical foundations and the fact that it encompasses 
both children and adults. However, unlike the PRINTO 
model, it is not directly applicable to the clinic, serving 
as a guide for concept generation and research rather 
than clinical practice.

Strategies for biological phenotyping
Understanding childhood- onset arthritis will require 
a collaborative effort. In March 2016, an international 
group of clinicians, clinical trial experts, translational 
researchers, and basic researchers gathered in London, 
UK, seeking to speed progress in personalized medi-
cine for children with rheumatic disorders. Participants 
endorsed a statement of principles, termed the London 
Declaration, “to improve care and ultimately cure child-
hood rheumatic disorders through worldwide collabo-
ration”116. Signatories to this group included PRINTO, 
the Childhood Arthritis and Rheumatology Research 
Alliance, the Understanding Childhood Arthritis 
Network (UCAN), and the CLUSTER Consortium. 
UCAN is a federation of research networks focused 
on translational research in childhood arthritis that 
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represents more than 50 countries and 300 sites in a ‘hub 
and spoke’ model, with centres in Utrecht, Netherlands 
(UCAN- U), Toronto, Canada (UCAN- CAN) and 
Singapore (UCAN- A)117. UCAN is aimed at using har-
monized procedures for collection, processing, transfer, 
storage, and access to clinical and biologic data to enable 
the use of computational biology and machine learning 
to discover genetic, biologic and phenotypic markers 
that provide diagnostic and prognostic information to 
caregivers at the bedside. The CLUSTER Consortium is 
a UK- based network aimed at studying approximately 
5,000 children and young people with JIA to enable 
biomarker- driven stratified medicine for individuals 
with childhood- onset arthritis and associated uveitis. 
Parallel efforts are underway to understand adult arthri-
tis through detailed analysis of joint tissues, including the 
US National Institutes of Health- sponsored Accelerating 
Medicines Partnership and the UK Pathobiology of 
Early Arthritis Cohort118,119.

An important goal of the childhood- onset arthritis 
research being carried out by such collaborative consor-
tia and networks in the next decade will be to identify 
biologically homogeneous subgroups, in the expecta-
tion that discovery of distinct biological signatures will 

enable the partition of patients into groups amenable 
to mechanism- based intervention. Identifying entities 
that are clinically homogeneous will not be sufficient, 
because a similar phenotype can emerge from distinct 
aetiologies. However, it will be important to seek char-
acteristic clinical hallmarks, both for application in the 
clinic and to simplify downstream mechanistic stud-
ies. These efforts will be critical for the integration of 
paediatric- onset arthritis research into ongoing disease 
prevention research for RA and psoriatic arthritis72,120.

Genetic approaches to disease clustering. Genetic studies 
have the major advantage that an individual’s primary 
DNA sequence is not modified by disease activity or 
treatment. Furthermore, genes reside at the origin of 
the aetiopathogenic sequence, eliminating the possibil-
ity that a genetic association reflects a disease effect or 
epiphenomenon rather than a cause.

In rare cases, a single- gene defect can give rise to 
arthritis. Examples include mutations in LACC1 and 
MYD88 (reFs121,122). However, most arthritis requires 
input from both genes and the environment, as exem-
plified by imperfect concordance between siblings 
and even between identical twins123–125. Genome- wide 
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Fig. 5 | Proposed subdivisions within arthritis: PRINTO and the four-cluster model. The provisional Paediatric 
Rheumatology International Trials Organization (PRINTO) juvenile idiopathic arthritis (JIA) categories for childhood onset 
arthritis25 (a) and the four cluster model defining mechanistic subgroups within arthritis across the age spectrum (b). These 
two models represent hypotheses with differing methodology and purposes. The PRINTO model reflects an ongoing effort 
based on consensus methodology to provide preliminary criteria defining clinically homogeneous entities in JIA to enable 
structured validation studies and biological research. The four cluster model integrates clinical and biological data to 
define groups with arthritis that exhibit pathophysiological similarity, irrespective of age at onset. These models resemble 
each other more than they differ, with both recognizing seropositive arthritis, spondyloarthritis, and systemic JIA (adult 
onset Still’s disease) as distinct entities. Children with early onset JIA (potentially distinguished further by the presence of 
antinuclear antibodies (ANAs)) might form a distinct subset within seronegative arthritis. Part b adapted with permission 
from Nigrovic et al.18, Wiley. Copyright © 2017 , American College of Rheumatology.
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association studies have been used to identify ~30 loci 
with strong evidence of genetic association with oli-
goarticular JIA and RF- negative polyarticular JIA35,126. 
The effect of each variant is small, with odds ratios 
ranging from 6 for the HLA region to 1.1–1.6 for other 
loci; these odds ratios reflect the effect of the common 
variants amenable to study by genome- wide association 
studies and should not be interpreted as a reflection of 
the importance of particular genes18,35. Genetic associ-
ations provide critical information at the population 
level, helping to establish the fundamental differences 
between seropositive RA, seronegative RA, and SpA in 
adults18. HLA associations support the identity of sero-
positive RA and RF- positive polyarticular JIA, the con-
tinuity between ankylosing spondylitis and ERA, and 
the similarity among seronegative forms of arthritis 
across the age spectrum36,83. Variants outside the HLA 
region are also highly informative. sJIA does not over-
lap with non- systemic forms of JIA at any non- HLA 
loci, and thus is likely to be biologically distinct75,111. 
By contrast, non- HLA variants are shared across sero-
positive forms of arthritis irrespective of age of onset,  
consistent with the continuity of this condition across 
the age spectrum83. Too little is known about seron-
egative RA to draw conclusions, but the available 
data on associations beyond the HLA region suggest 
overlap between oligoarticular JIA and RF- negative 
polyarticular JIA92.

Genetics alone will not produce a definitive arthritis 
subclassification system, because fundamental immuno-
regulatory mechanisms are often shared across auto-
immune diseases127. However, the similarity of HLA  
and non- HLA associations is strong evidence of iden-
tity between types of arthritis, whereas dissimilarity 
is strong evidence to the contrary, enabling genetics 
to serve as a touchstone of correct subset identifica-
tion. The introduction of advanced methodologies to 
define the causal non- coding variants will provide an 
opportunity to genetically ‘fingerprint’ arthritis across 
the age spectrum128. Genetics and epidemiology could 
then further inform understanding of mechanisms. For 
example, synergy between HLA alleles and smoking led 
to the hypothesis that seropositive RA could begin in 
the lung, and studies that defined associations between 
HLA alleles and specific autoantibodies have suggested 
new ways in which the seropositive–seronegative divi-
sion within RA might be further refined129,130. Of first 
importance will be a closer analysis of the early- onset JIA  

subset in children. Broadly speaking, oligoarticular JIA 
shares HLA associations with RF- negative polyarticu-
lar JIA and seronegative RA36. However, certain HLA 
alleles carry risk or protection only within age- specific 
windows; for early- onset JIA, HLA- A2, HLA- DRB1*03, 
HLA- DRB1*05 (later refined to HLA- DRB1*11), HLA- 
DRB1*06 (later refined to HLA- DRB1*13) and 
HLA-DRB1*08 conferred susceptibility, and HLA-  
DRB1*04 and HLA- B27 conferred protection37,104. 
Confirming these results and testing whether they vary 
with ANA status will be highly informative with respect 
to identifying whether there is in fact a distinct form of 
arthritis in early childhood.

Big data and machine learning for disease clustering. 
Technical and computational advances provide new 
ways to characterize biological phenotypes and to iden-
tify patterns within the resulting datasets. The range 
of methodologies of potential relevance for arthritis is 
large and includes genomic strategies (such as whole 
genome sequencing, transcriptional profiling at the 
bulk, cell subpopulation or single- cell level, and epige-
netic analysis), cell profiling (such as flow cytometry 
with DNA- tagged antibodies for single- cell surface or 
transcriptomic studies, mass cytometry, phosphoprotein 
assessment, and functional assays), autoantibody arrays, 
proteomics, lipidomics, and advanced histological meth-
ods (such as quantitative immunostaining and spatial 
transcriptomics). Analysis methods include any of a 
diverse range of clustering strategies and supervised or 
unsupervised machine learning.

Unsupervised machine learning is aimed at being 
‘data- driven’ for the discovery of underlying patterns 
and clusters. However, it is important to remember that 
such studies are never fully hypothesis independent 
because they reflect investigator choices with respect to 
input sample, biological assays, and analytical assump-
tions. Given the propensity to find patterns in almost any 
dataset, machine learning needs to be informed by an 
understanding of pathogenesis. Putative disease clusters 
can be assessed for plausibility by examining a number 
of specific queries (Box 2).

Early categorization efforts illustrate both the 
promise and the challenges of subgroup identification 
in JIA41,131,132. In one study, children with recent- onset 
non- systemic JIA, untreated except for NSAIDs, were 
divided into a derivation cohort (n = 157) and a valida-
tion cohort (n = 102)131. Using principal components 
analysis, patients in the derivation cohort were clustered 
on the basis of demographic features, clinical and labo-
ratory data, and a panel of cytokines and chemokines 
measured in plasma. The five resulting groups were dis-
tinct from the ILAR JIA categories and were replicated 
in the validation cohort, exhibiting relatively homoge-
neous joint trajectories131. A related study employed a 
wider range of biomarkers, analysing patients both at  
diagnosis and after 6 months of treatment, arriving  
at a different set of clusters (three at baseline and five at 
follow- up)132. Another study assessed joint trajectories in 
640 new- onset patients with JIA and found seven distinct 
patterns of joint involvement41. These studies demon-
strate the power of dimensionality reduction strategies 

Box 2 | Queries for any proposed subtype of chronic inflammatory arthritis

• Is the subtype consistent with, or does it convincingly overturn, established
understanding of arthritis biology?

• Does the subtype display substantial genetic coherence, as reflected in internal
homogeneity and differences from other types of arthritis?

• Does the subtype include all patients with sufficiently similar disease biology, or are
many closely related cases excluded?

• Does the subtype distinguish disease type from disease severity?

• Does the subtype distinguish disease type from variation owing to age at onset?

• Has the subtype been validated using approaches distinct from those used for its
derivation?
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to identify patterns. However, to the extent that the 
patterns found in these studies did not align with each 
other, they illustrate the influence of the choice of input 
data on the results, highlighting the need for orthogo-
nal, longitudinal, and biologically informed approaches  
to ensure that the clusters recognized correspond to  
distinct pathophysiological groups.

Conclusions
Defining biological subtypes within childhood-onset 
arthritis remains a dauntingly complex task. In this 
Review, we outline a roadmap forwards based on 
advances in arthritis biology, genetics, and clinical science 
that have been made since the ILAR JIA categories were 

first proposed more than 20 years ago. Reclassification of 
disease has risks as well as advantages. Practical concerns 
notwithstanding, certain ingrained assumptions are no 
longer tenable — most fundamentally, that of a categori-
cal difference between childhood- onset and adult- onset 
arthritis — offering the prospect of fruitful collaboration 
between paediatric and adult rheumatologists in coming 
years. Approaches that take advantage of new oppor-
tunities in clinical and biological phenotyping, inter-
preted cautiously and through the lens of pathogenesis, 
promise to accelerate progress towards the personalized  
management of children with arthritis.
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Rheumatoid arthritis (RA) is an autoimmune, chronic 
inflammatory condition characterized by joint involve-
ment, systemic inflammation and several comorbidities. 
Notably, RA is associated with increased cardiovascular 
morbidity and mortality1,2. For example, previous studies 
have suggested that the risk of caardiovascular disease in 
patients with RA is double that of the general population, 
similar to that of the risk of type 2 diabetes mellitus3,4.  
In 2012, a meta-analysis of 14 observational studies 
found that patients with RA had a 48% higher risk of 
incident cardiovascular disease compared with the gen-
eral population, with a 68% higher risk of myocardial 
infarction and a 41% higher risk of stroke5. These fig-
ures were confirmed in an independent meta-analysis6. 
Additionally, several studies have also found an increased 
risk of venous thromboembolic events in patients with RA, 
namely venous thrombosis and pulmonary embolism, 
although these findings are less frequently studied than 
arterial events (such as arterial thromboembolic events)7,8.

At the clinical level, the increased risk of cardiovas-
cular events in patients with RA can be attributed to pre-
mature atherosclerotic development and high rates of 
endothelial dysfunction9, together with accelerated pro-
gression of atherosclerosis compared with individuals 
who don’t have RA10,11. Importantly, the cardiovascular 

disease burden is a major contributor to the shorter 
life expectancy of patients with RA than the general 
population12,13.

Despite contemporary advances in RA management 
and the development of new therapies, a ‘mortality 
gap’ still exists between patients with RA and the gen-
eral population14,15, reiterating that achieving optimal 
cardiovascular management in RA is a major clinical 
need. As inflammation contributes, at least in part, to 
the cardiovascular disease burden in RA, immuno-
modulatory drugs could theoretically modulate cardio-
vascular involvement, but data suggest that the effects  
of DMARDs on cardiovascular risk in RA are not always 
so straightforward. The aim of this Review is to provide 
a comprehensive analysis of the effects of DMARDs on 
cardiovascular involvement in RA, from a clinical and 
from a mechanistic perspective, as well as to delineate 
the future perspectives for translational and clinical 
research on this topic.

Cardiovascular risk and RA
Origin of cardiovascular involvement
Although initially considered a long-term outcome of 
RA, a compelling body of evidence suggests that the 
excess risk of cardiovascular disease occurs early on 
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Abstract | The risk of cardiovascular disease is increased in patients with rheumatoid arthritis 
compared with the general population owing to the influence of traditional and non-traditional 
risk factors. Inflammation has a pivotal contribution and can accelerate the atherosclerotic 
process. Although dampening inflammation with DMARDs should theoretically abrogate 
this process, evidence suggests that these drugs can also promote atherosclerosis directly and 
indirectly, hence adding to an increased cardiovascular burden. However, the extent and direction 
of the effects largely differ across drugs. Understanding how these drugs influence endothelial 
damage and vascular repair mechanisms is key to understanding these outcomes. NSAIDs  
and glucocorticoids can increase the cardiovascular risk. Conversely, conventional, biologic and 
targeted DMARDs control inflammation and reduce this risk, although some of these drugs can 
also aggravate traditional factors or thrombotic events. Given these data, the fundamental 
objective for clinicians should be disease control, in an individualized approach that considers the 
most appropriate drug for each patient, taking into account joint and cardiovascular outcomes. 
This Review provides a comprehensive analysis of the effects of DMARDs and other approved 
drugs on cardiovascular involvement in rheumatoid arthritis, from a clinical and mechanistic 
perspective, with a roadmap to inform the research agenda.
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in the disease course, probably during the pre-clinical 
stages of RA1,16–20. Several studies have found that car-
diovascular risk in RA has a genetic component21,22. 
Furthermore, atherosclerosis and endothelial dysfunc-
tion occur in patients with newly-diagnosed RA, even 
in young patients without any of the traditional cardio-
vascular disease risk factors23. Some of these risk factors, 
such as diabetes mellitus, altered lipid levels and obesity, 
are present in patients who later develop RA, predicting 
cardiovascular disease development16,18,19. Moreover, 
population-based studies have documented an enhanced 
risk of cardiovascular events prior to RA diagnosis, with 
a slightly higher prevalence of hypertension and previ-
ous coronary events than in the general population1,20. 
The fact that an excess risk of cardiovascular disease is 
an early feature of RA, parallel to joint involvement, not 
only implies that cardiovascular disease requires chronic 
monitoring and early intervention in RA, but also that 
the risk of cardiovascular disease might be influenced 
by long-term exposure to anti-rheumatic drugs, as these 
treatments are initiated as early as disease onset.

A major question in the past couple of decades in 
rheumatology has been the origin of the excess risk of 
cardiovascular disease. Various traditional cardiovas-
cular risk factors (such as dyslipidaemia, type 2 diabetes 
mellitus, hypertension, smoking, obesity and seden-
tariness) are present at similar or a slightly higher fre-
quency in patients with RA than in individuals without 
RA (reviewed elsewhere24). Hence, the higher risk of 
cardiovascular disease cannot simply be attributed to a 
higher prevalence of these factors than in the general 
population. Indeed, a number of epidemiological studies 
have shown that traditional cardiovascular risk factors 
alone cannot fully account for the total cardiovascular 
risk observed in patients with RA. One meta-analysis 
found that the relative risk of myocardial infarction was 
still increased in patients with RA, even after adjusting 
for all traditional cardiovascular risk factors, suggesting 
that additional factors are involved6.

A higher disease severity has been linked to a higher 
incidence of cardiovascular disease, supporting the 

contribution of inflammation to cardiovascular risk in 
RA25–27. The involvement of inflammation in cardio-
vascular risk raises the question of the relative importance 
of traditional cardiovascular risk factors, which might 
have ‘competing effects’28. Indeed, a population-based 
cohort study found that some traditional risk factors, 
including smoking and gender, conferred a lower risk 
of cardio vascular disease in patients with RA than in 
age-matched and sex-matched individuals without RA, 
suggesting that the relevance of these factors might dif-
fer from that of the general population29. To what extent  
traditional risk factors and inflammation explain the 
cardiovascular risk in RA has been the subject of much 
debate30. In 2018, an elegant analysis conducted as part 
of the Cardiovascular Consortium for Rheumatoid 
Arthritis (ATACC-RA) attempted to address this ques-
tion by analysing population attributable risks; the 
researchers estimated that up to 70% of cardiovascular 
events in RA can be attributed to a combination of tradi-
tional cardiovascular risk factors and RA-related features 
(the former explaining 49.0% of the risk and the latter 
explaining 30.3% of the risk)31. Importantly, the popu-
lation attributable risk for some disease features, namely  
disease activity and seropositivity, was comparable with 
that of lipids or smoking31. A similar result was observed 
in another study, in which achieving remission of RA 
was linked to a 48% reduction in risk of cardiovas-
cular disease32. These data underline the relevance of 
these disease features, and thus of inflammation, in the  
development of cardiovascular disease in RA.

However, an important consideration is that all these 
contributors to cardiovascular risk in RA are not sep-
arate compartments, but rather a network of multiple 
interacting factors, in which bidirectional and synergistic 
effects can occur, including that of inflammation.

Inflammation and atherosclerosis in RA
Functional imaging studies using PET and CT imag-
ing have linked RA with increased inflammation in 
the aortic wall33,34, supporting the role of inflamma-
tion at the local level and prompting the investigation 
of the exact underlying mechanisms. Indeed, findings 
from ex vivo studies support the existence of a unique 
pro-inflammatory adventitial microenvironment in 
patients with RA hallmarked by elevated TNF, IL-18 and 
IL-33 local levels35.

Similar to RA, atherosclerosis is a chronic, inflam-
matory disease, with both diseases having notable simi-
larities in their pathogenic determinants and in some 
genetic determinants36,37. A number of mediators and 
mechanisms are shared between the atherosclerotic 
plaque and the inflamed synovium. Consequently, 
pro-inflammatory cytokines arising from the synovium 
can directly contribute to plaque development36,38, either 
directly or by modulating traditional cardiovascular 
risk factors (Fig. 1). It is now accepted that inflamma-
tion, including both innate and adaptive responses, 
have a major role in the initiation, progression and 
destabilization of atherosclerotic lesions38. The release 
of pro-inflammatory cytokines from systemic and 
local sources leads to increased expression of adhesion 
molecules38 that amplify inflammatory responses39, 

Key points

•	effective disease control with anti-rheumatic drugs in rheumatoid arthritis is 
expected to reduce cardiovascular risk in the same way that it reduces disease
activity, by dampening inflammation.

•	Treatment with DMaRDs can promote adverse vascular outcomes and trigger 
paradoxical effects on traditional risk factors, thus functioning as a double-edged
sword in terms of cardiovascular risk management.

•	overall, the use of conventional synthetic DMaRDs, with the exception of 
methotrexate, is associated with some detrimental cardiovascular effects, depending
on the dosages and length of usage.

•	Biologic DMaRDs can reduce the cardiovascular burden, but can also have 
paradoxical effects on traditional cardiovascular risk factors; to what extent these
effects translate into cardiovascular risk is unclear.

•	Targeted synthetic DMaRDs might confer a slightly higher risk of thrombotic events 
than standard of care therapy in some patients, but evidence is limited and long-term
clinical studies are needed.

•	Further efforts should focus on improving knowledge on vascular repair mechanisms,
running prospective long-term trials, handling confounding by indication bias and 
providing critical appraisal of treatment targets.

Venous thromboembolic 
events
Events caused by the 
formation of a clot (thrombus) 
that obstructs the flow of blood 
in a venous vessel. At the 
clinical level, venous events  
can be deep vein thrombosis 
or pulmonary embolisms.

Arterial thromboembolic 
events
Events caused by the 
formation of a clot (thrombus) 
that obstructs the flow of blood 
in an arterial vessel. At the 
clinical level, arterial events  
can be classified as myocardial 
infarction, sudden cardiac 
death, ischaemic stroke  
and peripheral artery disease 
with occlusions (that is, those 
usually considered within  
the umbrella term ‘major 
adverse cardiovascular event’).
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Effects in other tissues Synovial inflammation
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Vascular tissue
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Caused by:
• Shear stress
• Immune infiltrates

Endothelial damage
• Release of pro-inflammatory
   mediators
• Insulin resistance
• Altered lipoprotein levels
• Release of acute-phase
   reactants

Disruption of vascular repair
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   metabolism
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differentiation

Pro-inflammatory
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Initiation Progression Plaque destabilization
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adhesion
molecules
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Lipid-rich
necrotic core
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and uptake
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Matrix
degradation
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Local and
systemic
inflammation

Endothelial damage
• Release of pro-inflammatory cytokines
• Promotion of autoantibody development
• Oxidative stress
• Endothelial cell injury or death

Disruption of vascular repair
• Impaired migration and mobilization
• Limited self-renewal
• Altered anti-oxidant metabolism
• Reduced production of protective antibodies

Fig. 1 | The role of inflammation in promoting atherosclerosis in rheumatoid arthritis. Inflammatory mediators arising 
from the synovium can contribute to atherosclerosis progression, either directly by damaging the endothelium in  
the vascular tissue after being released to the systemic compartment, or indirectly, by altering insulin resistance, the  
lipid profile, or blood pressure via effects on other tissues (such as skeletal muscle, liver or adipose tissue). Moreover, 
inflammatory circuits are thought to interfere with vascular repair mechanisms. As a result, inflammation in rheumatoid 
arthritis accelerates the development of vascular insults and thus, atherosclerosis progression. In the earliest stages of 
atherosclerosis, the expression of pro-inflammatory cytokines and cellular adhesion molecules is upregulated. During 
plaque development, the infiltration of macrophages leads to the production of TNF and IL-6, amplifying the inflammatory 
process. Moreover, the inflammatory environment also shifts any local or infiltrating T cells present towards T helper 1(TH1) 
or TH17 profiles, which promotes foam cell formation via IFNγ and IL-1β production. Foam cell formation is also dependent 
on lipid oxidation and uptake. At this stage, aberrant neovascularization is triggered, which leads to hypoxia and oxidative 
stress that in turn exacerbate inflammation. During the late stages of atherosclerosis, TH1, TH17 and cytotoxic responses 
could cause plaque destabilization by promoting the secretion of matrix metalloproteinases by macrophages and other 
immune cells, which promote the erosion of the plaque fibrous cap, exposing its thrombogenic content and leading to 
thrombi formation.

www.nature.com/nrrheum

R e v i e w s

272 | May 2021 | voluMe 17 



0123456789();: 

fuelling T cell and monocyte polarization within the 
atherosclerotic plaque.

Within the atherosclerotic plaque, T helper cells 
are skewed towards a T helper 1 (TH1) or TH17 profile; 
these cells release pro-inflammatory cytokines that in 
turn enhance plaque infiltration and inflammation and 
leads to vulnerable plaques39–41. These mechanisms not 
only enhance inflammation but also inhibit the homeo-
static renewal of the structural elements that support the 
mechanical stability of the inflamed lesion39–41. Plaque 
growth might cause atherothrombosis through expos-
ing thrombogenic material contained within the plaque 
core42. The skewed pro-inflammatory T helper cell pro-
file further activates local macrophages and vascular 
muscle endothelial cells. These populations increase 
the expression of tissue factor, which might initiate the 
coagulation cascade and fibrin formation upon expo-
sure. Platelet aggregates precipitating on these exposed 
surfaces are stabilized by fibrin networks, whereas  
the expression of matrix metalloproteinases further  
destabilize the plaque structure.

It is important to consider that although all these 
mechanisms negatively influence the endothelium, the 
human body has a certain capacity to counteract these 

challenges, at least to some degree, and maintain homeo-
stasis, by initiating vascular repair mechanisms43. Hence, 
atherosclerosis and cardiovascular disease could be con-
sidered to occur as the result of the imbalance between 
endothelial damage and vascular repair. Vascular repair 
mechanisms, including self-renewal by endothelial cells, 
the recruitment of reparative cell populations, the pro-
duction of ‘natural’ protective antibodies, the secretion 
of chemotactic soluble mediators and the activity of 
anti-oxidant machineries, are crucial to understand-
ing the progression of endothelial injury and thus, of 
atherosclerosis44–46 (Fig. 1). However, these mechanisms 
have received less attention in the literature than mech-
anisms underlying endothelial damage. Including vas-
cular repair mechanisms in the equation might help us 
to gain understanding of cardiovascular disease trajec-
tories in patients with RA, identify potential actionable 
mechanisms to be targeted and further improve disease 
management. Indeed, some studies have shown that 
these repair mechanisms are generally impaired in RA 
(reviewed in England et al.47), a process that has also 
been linked to inflammatory pathways.

All these lines of evidence suggest that inflam-
mation in RA leads to increased endothelial damage 
(either directly or indirectly) coupled with dysfunc-
tional vascular repair, thus accounting for the excess 
of cardio vascular disease risk observed. Additionally, 
inflammation can also modulate the effect of the tradi-
tional cardiovascular risk factors in these patients. These 
mechanisms seem to be active from the very early stages 
of the disease. In other words, inflammation is probably 
not only an active contributor to cardiovascular disease 
in RA, but also a potential therapeutic target to dampen 
cardiovascular disease along the whole course of RA.

Impact of RA management
The early diagnosis and prompt initiation of effective 
therapy following a treat-to-target strategy has notably 
improved RA outcomes over the past two decades48. The 
current approach is based on tight disease monitoring, 
with the therapeutic goal of disease remission (Box 1), 
and enables adequate control of inflammation49–51.

If inflammation is an important factor in the devel-
opment of cardiovascular disease, then effective con-
trol of inflammation by pharmacological interventions 
would be expected to diminish the risk of cardiovas cular 
disease development. Unfortunately, despite the con-
siderable improvements in disease control in the past  
couple of decades, including during the early phases 
of disease, the incidence of cardiovascular disease 
still remains elevated in RA5,52,53. In principle, effec-
tive treatments should abrogate inflammatory circuits 
and slow the development of inflammation-driven 
atherosclerosis and the progression of traditional risk 
factors. However, three important notions should be 
considered. First, disease remission targets have been 
formulated mostly for joint involvement; thus, disease 
remission might not necessarily fully match a reduction 
in cardiovascular risk. Second, some medications can 
also have noxious effects on the vasculature and increase 
the risk of cardiovascular disease, possibly by disrupting 
vascular repair mechanisms. Therefore, treatments can 

Box 1 | Clinical management of rheumatoid arthritis49–51

Strategy
Treat-to-target: the current management algorithm for rheumatoid arthritis (Ra) is 
based on a treat-to-target approach by means of tight monitoring of the disease and 
change of the treatment if the goal is not achieved.

Monitoring tools and end points
Remission, a state of minimal disease activity, is the main treatment goal. Disease 
activity should be monitored on a regular basis by a disease activity score. Remission 
status is defined based on objective cut-offs for each index:

•	Disease activity Score (DaS): <1.6

•	Disease activity Score 28 joints (DaS28): <2.6

•	Clinical Disease activity Index (CDaI): <2.8

•	Simplified Disease activity Index (SDaI): <3.3

alternatively, remission can be assessed by means of a Boolean-based definition.
Then, remission status is defined if, at any time, the patient satisfies all of the following 
criteria:

•	Tender joint count ≤1

•	Swollen joint count ≤1

•	C-reactive protein ≤1 mg/dl

•	Patient global assessment ≤1 (ten-point scale)

Therapeutic scheme
Treatment must be initiated as early as possible. any new treatment should convey  
a 50% improvement in disease activity in a short period (3 months), and the treatment 
target should be reached within the subsequent 3 months. If not, treatment should  
be adapted or changed using a shared decision process. Interference with the natural 
course of the disease requires the use of glucocorticoids (at the lowest doses and for 
the shortest time possible, as a bridging therapy) and DMaRDs.

DMARDs
•	Synthetic DMaRDs

 - Conventional synthetic DMaRDs (methotrexate, sulfasalazine, leflunomide,
chloroquine, hydroxychloroquine, ciclosporin and gold salts)

 - Targeted synthetic DMaRDs (JaK inhibitors)

•	Biologic DMaRDs

 - Biologic originators
 - Biosimilar DMaRDs
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function as a double-edged sword in the management 
of cardiovascular disease in RA (Fig. 2), as they have 
can opposing effects on restoring the balance between 
endothelial injury and vascular repair. Third, effective 
therapy with some drugs can have a paradoxical effect 
on traditional cardiovascular risk factors, such as lipid 
levels in the blood.

Altogether, the presumed positive effect of RA ther-
apies on cardiovascular disease outcomes is an over-
simplification. Because of the opposing effects these 
therapies can have on cardiovascular outcomes, the ben-
eficial and adverse effects of these drugs must be consid-
ered and managed with caution (Fig. 3). The following 
section outlines the effects of currently approved phar-
macological therapies, including DMARDs, NSAIDs 
and glucocorticoids, on cardiovascular involvement in 
RA, from a clinical and mechanistic perspective.

Cardiovascular effects of RA drugs
Effects of anti-inflammatory drugs
NSAIDs. NSAIDs are broadly used for symptomatic relief 
and management of flares in RA. Cyclooxygenase (COX) 
inhibitors are associated with an approximately twofold 
increase in risk of cardiovascular disease54. For example, 
a meta-analysis of more than 15 large trials, involving 
patients with RA, psoriasis or psoriatic arthritis (PsA), 
found that the relative risk of cardiovascular disease in 
patients being treated with any NSAID, a COX2 inhib-
itor or a non-selective NSAID was 1.18 (95% CI 1.01–
1.38), 1.36 (1.10–1.67) and 1.08 (0.94–1.24), respectively, 
whereas those of myocardial infarction, stroke and major 
cardiovascular events were 1.13 (0.93–1.37), 2.15 (1.19–
3.87) and 1.56 (0.82–2.97), respectively55. This finding 
suggested that all NSAIDs increase the risk of cardio-
vascular disease, whereas the randomized PRECISION 

Endothelial damage

• Pro-inflammatory cytokine production
• Type I interferon production
• Production of autoantibodies
• Oxidative stress
• Altered lipid levels
• Impaired glucose homeostasis
• Shear stress

• Dampening
inflammation

• Immune regulation

• Endothelial toxicity
• Increased apoptosis
• Off-target effects
• Effects on the endocrine system
• Pro-thrombotic effects
• Metabolic aberrations

• Clearance of apoptotic cells
• Anti-oxidant effects
• Shifting metabolic profile

• Cell toxicity
• Impaired cell migration
• Off-target effects

Vascular repair

• Endothelial self-renewal
• Recruitment of progenitor cell

populations
• Production of protective antibodies
• Anti-oxidative metabolism
• Production of scavenger mediators
• Production of chemotactic mediators

DMARDs

• Atherosclerotic occurrence
(or development) and progression

• Cardiovascular outcomes

Imbalance

Anti-atherogenic effects 

Pro-atherogenic effects 

Fig. 2 | DMARDs: double-edged swords in cardiovascular disease in RA. Cardiovascular involvement in rheumatoid 
arthritis (RA) can be attributed to the development and progression of atherosclerosis, which can be viewed to occur  
as a result of the imbalance between mechanisms that promote endothelial damage (which are increased in RA) and 
mechanisms that promote vascular repair (which are reduced in RA). As DMARDs interfere with inflammation, these drugs 
should theoretically help to abrogate the progression of atherosclerosis; however, DMARDs can also have detrimental 
effects on cardiovascular involvement and hence function as double-edged swords. Protective effects of DMARDs  
(shown in green boxes) include amelioration of endothelial damage and promotion of vascular repair mechanisms.  
By contrast, detrimental effects (in red boxes) include the triggering of endothelial damage (directly or indirectly) and 
abrogation of vascular repair circuits. The extent to which these drugs interfere with the endothelial damage mechanisms 
and the vascular repair process will ultimately determine their effect on cardiovascular involvement. Different types  
of DMARDs have different effects, thus leading to different balances between damage and repair and, consequently, 
different profiles of cardiovascular involvement.
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trial, which assessed treatment with celecoxib (a COX2 
inhibitor), ibuprofen (a non-selective COX inhibitor) 
or naproxen (a non-selective COX inhibitor) in patients 
with RA or osteoarthritis (OA), found that celecoxib was 
non-inferior to ibuprofen or naproxen in terms of the 
composite primary end point of cardiovascular death 
(including haemorrhagic death), non-fatal myocardial 
infarction or non-fatal stroke56.

The randomized Standard Care versus celecoxib 
Outcome Trial (SCOT) considered a group of patients 
with RA or OA, aged >60 years, without cardiovascular 

disease, and who were chronically taking non-selective 
NSAIDs. Some of the patients had their therapy switched 
from non-selective NSAIDs to celecoxib, whereas others 
continued their previous treatment57. This study found 
that the number of patients who developed a primary 
cardiovascular event during the median 3-year follow-up 
was similar for celecoxib (0.95/100 patient-years) and 
non-selective NSAIDs (0.86/100 patient-years; hazard 
ratio 1.12, P = 0.50). The intention-to-treat rates were 
1.14/100 and 1.10/100 patient-years (hazard ratio 1.04, 
P = 0.75), respectively.

Glucose
homeostasis

Blood
pressure

Cholesterol
metabolism

Inflammation

Anti-inflammatory drugs

NSAIDs

Glucocorticoids

Conventional synthetic DMARDs

Hydroxychloroquine

Sulfasalazine

Cyclosporine

Methotrexate

Lefluomide

Biologic DMARDs

TNF inhibitors

IL-6 inhibitors

Rituximab

Abatacept

Targeted synthetic DMARDs

JAK inhibitors

Thrombosis and
coagulation

Atherosclerosis development
and progression

Drugs
Effect on glucose
metabolism

Effect on blood
pressure

Effect on cholesterol
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Effect on
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Pro-atherogenic effects No effects
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a
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Fig. 3 | Effect of DMARDs on atherosclerosis progression. In addition to controlling inflammation, DMARDs can 
influence various processes involved in the occurrence and progression of atherosclerosis. These processes, summarized in 
part a, include the control of glucose homeostasis, modulation of blood pressure, regulation of cholesterol metabolism, as 
well as thrombosis and coagulation. The effects of DMARDs on these processes can occur in varying directions depending 
on the drug, as summarized in part b. In the table, the red circles indicate that a given drug has pro-atherogenic effects  
(for example, by promoting increased blood pressure and alterations in cholesterol metabolism), whereas the green circles 
indicate that the drug has anti-atherogenic effects (for example, by lowering blood pressure, restoring glucose metabolism 
and dampening inflammation). Biologic DMARDs and JAK inhibitors have strong effects on cholesterol metabolism, but 
whether this effect is pro-atherogenic is unclear (shown as yellow circles).
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These studies suggest that NSAIDs increase the risk 
of cardiovascular events and stroke, presumably via their 
effects on blood pressure and coagulation, as well as oxi-
dative stress58. However, the data suggest that there is 
no difference between non-selective NSAIDs and COX 
inhibitors in terms of cardiovascular outcomes, and no 
advantage in switching from non-selective NSAIDs to 
celecoxib or vice versa.

Glucocorticoids. Glucocorticoids rapidly and effectively 
suppress RA-related inflammation, but their use is still a 
subject of debate because of various associated adverse 
cardiovascular effects, including hypertension (which is 
frequent in patients receiving ≥7.5 mg prednisone/day 
for ≥6 months59), dyslipidaemia, insulin resistance and 
type 2 diabetes mellitus60.

One study of 779 patients with RA, in which 393 
(50%) of the patients were receiving glucocorticoids at 
baseline (mean daily dose 6.9 ± 5.0 mg, mean cumula-
tive dose 4.2 ± 47.3 mg)61, recorded 237 deaths, with an 
overall mortality rate of 3.2/100 person-years (142 in 
the glucocorticoid group (4.3 deaths/100 person-years), 
and 95 in the glucocorticoids-free group (2.4 deaths/100 
person-years)), and 120 deaths related to a cardiovascular 
event (mortality 1.8/100 person-years: 72 in the glucocor-
ticoids group and 48 in the glucocorticoids-free group). 
The incidence rate ratio for cardiovascular-related deaths 
associated with glucocorticoids was 1.89. The glucocor-
ticoids doses associated with an increased risk of death 
were 8–15 mg/day and a cumulative dose of >40 g. The 
researchers concluded that glucocorticoids were associ-
ated with all-cause and cardiovascular-related mortality 
regardless of the severity of RA and recommended treat-
ing patients with RA with the lowest dose of glucocor-
ticoids for the shortest possible time, ideally <7.5 mg of 
prednisone or equivalent.

The CARRÉ study62 assessed the risk of cardiovas-
cular disease in 353 patients with RA (encompassing 
2,361 patient-years of follow-up), 59 of whom were 
taking glucocorticoids at baseline (median treatment 
duration 2.2 years, range 0.6–4.8; cumulative dose 8.7 g). 
Of the 353 patients, 58 (16.5%) experienced a cardio-
vascular event, and the incidence of 24.6/1,000 patient- 
years in the glucocorticoid treatment group suggested 
that the cardiovascular risk was higher in this group 
than in the other patients. However, adjustments for 
disease activity (as measured by the 28-joint disease 
activity (DAS28) score) and disability (as measured by 
the Health Assessment Questionnaire Disability Index 
(HAQ-DI)) showed that greater disease activity was 
associated with a greater cardiovascular risk, which  
might have confounded the association between gluco-
corticoids and incident cardiovascular disease62. Finally, 
a meta-analysis55 has shown that glucocorticoids 
increase the risk of cardiovascular events (relative risk 
1.47, P < 0.001), including myocardial infarction, stroke 
and heart failure, in patients with RA, psoriasis or PsA.

Glucocorticoids have detrimental effects on lipid 
metabolism and glucose homeostasis by virtue of their 
steroid nature, and can affect a number of cell popu-
lations, thus accounting at least in part for their detri-
mental cardio vascular effects. Glucocorticoids can also 

reduce nitric oxide availability and promote oxidative 
stress species63. However, at the same time, these drugs 
have pleiotropic effects and a quick mode of action, 
making them key components of the RA therapeutic 
armamentarium. In other words, glucocorticoids are 
the best example of a therapeutic double-edged sword 
in terms of effects on cardiovascular disease outcomes.  
Important aspects to consider when weighing up the 
cardio vascular risks and benefits of glucocorticoids 
include the disease stage, cumulative exposure and aver-
age daily dosages. As a consequence, the positive effects 
of these drugs on joint involvement must be considered, 
together with their detrimental cardiometabolic effects, 
including the potential effects of long-term exposure. 
Therefore, patients with RA should be treated with the 
lowest glucocorticoids dose (ideally <7.5 mg of pred-
nisone or equivalent) for the shortest possible time 
while continuing to control disease activity. This notion 
supports the use of glucocorticoids as a bridge therapy 
before starting DMARDs and during disease flares.

Effects of csDMARDs
Methotrexate. Methotrexate, long considered a corner-
stone treatment of RA, has garnered substantial interest 
for its potential cardioprotective effects. In addition to 
its indirect effects mediated by reductions in RA activ-
ity, methotrexate seems to exert other cardioprotective 
effects on lipids and the endothelium. Indeed, mounting 
evidence suggests that effective suppression of inflamma-
tion by methotrexate lowers the risk of cardiovascular dis-
ease in RA. For example, in one study that enrolled 1,240 
patients with RA, methotrexate use was associated with 
much lower mortality than treatment with other conven-
tional synthetic DMARDs (csDMARDs) (hazard ratio 0.2 
compared with 1.0)64. Furthermore, methotrexate use 
(but not treatment with other DMARDs) was associated 
with a 60% reduction in all-cause mortality and a 70% 
reduction in cardiovascular-related mortality64.

In a systematic review65, researchers have attempted 
to evaluate whether the increased prevalence of cardio-
vascular disease among patients with RA is due to tra-
ditional risk factors or due to the effects of chronic 
inflammation. The analysis included two studies that 
assessed the relationship between methotrexate and 
cardiovascular-related mortality (one showing a statis-
tically significant reduction in mortality and the other 
showing a trend towards a reduction, although this trend 
was not statistically significant), five studies that consid-
ered the effect of methotrexate on all-cause cardiovascular 
morbidity (four showing a statistically significant reduc-
tion in all-cause cardiovascular morbidity and the fifth 
a trend towards a reduction), and four studies that con-
sidered the effect of methotrexate on myocardial infarc-
tion (one showing a statistically significant reduction in 
risk of myocardial infection, and three showing a trend 
towards a reduction)65. The investigators concluded that 
methotrexate reduces the risk of cardiovascular disease 
and cardiovascular-related death in patients with RA, 
probably by reducing inflammation and cytokine pro-
duction65. Moreover, a protective effect of methotrexate 
on the occurrence of type 2 diabetes mellitus occurrence  
has been reported in a separate meta-analysis60.
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According to another study that assessed the risk of 
cardiovascular events associated with treatment with 
NSAIDs, corticosteroids, biologic drugs or methotrexate  
in patients with psoriasis, PsA or RA55, methotrexate is  
associated with a decreased risk of cardiovascular events 
(relative risk 0.72; P = 0.007) and myocardial infarction, 
but has no effect on the risk of stroke or heart failure. 
Finally, in a meta-analysis66 of prospective and retro-
spective studies on methotrexate that investigated 
cardio vascular events and mortality as primary or 
secon dary outcomes in patients with rheumatic diseases, 
methotrexate use was associated with a 21% lower risk  
of cardio vascular disease (P < 0.001) and an 18% lower 
risk of myocardial infarction (P = 0.01).

Overall, these findings suggest that direct effects 
of methotrexate therapy on reducing inflammation 
might reduce the risk of cardiovascular disease in 
patients with RA. Broad inhibition of several immune 
pathways might explain the protective effect of meth-
otrexate on cardiovascular involvement in RA. For 
example, studies have highlighted various mechanisms 
by which methotrexate can have anti-inflammatory 
and cardioprotective effects, including by promoting 
reverse cholesterol transport67, increasing the capacity of 
HDLs to promote efflux of cholesterol (which opposes 
the differentiation and activation of foam cells, involved 
in plaque formation)68 and reducing the expression of 
adhesion molecules on endothelial cells (suppress-
ing recruitment of pro-inflammatory cells such as 
T cells and monocytes)69. Taken together, a number 
of protective, concurrent mechanisms seem to under-
lie the efficacy and beneficial effects of methotrexate. 
It should be noted that methotrexate might also have 
negative adverse effects on cardiovascular involvement 
by increasing levels of homocysteine in the blood, 
which is associated with increased oxidative stress; 
however, concurrent folate supplementation seems 
to abrogate these mechanisms, hence explaining the 
overall positive effects of methotrexate on cardiovas-
cular outcomes70. In contrast to the results discussed 
above, the Cardiovascular Inflammation Reduction 
Trial (CIRT) found that methotrexate had no protec-
tive effect on reducing cardiovascular events71; how-
ever, these results must be interpreted with caution as 
in this trial, the patient population (individuals with a 
history of myocardial infarction or multi-vessel coro-
nary disease and who also had either type 2 diabetes 
mellitus or metabolic syndrome) did not have chronic, 
high-grade inflammation as observed in patients with 
RA. Consequently, given the strong immunosuppressive 
effects of methotrexate, it is conceivable that a stronger 
effect would be observed in patients with a higher 
inflammatory burden.

Hydroxychloroquine. Various evidence supports the 
efficacy and safety of antimalarial agents, such as 
hydroxychloroquine and chloroquine, in the treat-
ment of RA. These drugs are primarily used in combi-
nation with other csDMARDs (such as methotrexate 
and sulfasalazine). The use of hydroxychloroquine 
is associated with normalization of lipid and glucose 
profiles, anti-thrombotic effects and protection against 

atherosclerosis development. In an observation study 
of the Arthritis, Rheumatism, and Aging Medical 
Information System (ARAMIS) cohort72, consisting of 
4,905 patients with RA (1,808 patients who had taken 
hydroxychloroquine and 3,097 patients who had never 
taken hydroxychloroquine), 54 of the 1,808 hydroxy-
chloroquine users were diagnosed with type 2 diabetes 
mellitus compared with 171 of the 3,097 non-users; 48% 
and 70% of these patients with newly diagnosed type 2  
diabetes mellitus, respectively, did not require hypo-
glycaemic medication. Overall, the incidence of type 2  
diabetes mellitus was lower in hydroxychloroquine 
users than in non-users (5.2/1,000 patient-years versus 
8.9/1,000 patient-years, respectively; P < 0.001). The risk 
reduction was still higher for hydroxychloroquine users 
after adjustments for methotrexate or prednisone use 
(hazard ratio 0.62), and the relative risk decreased with 
longer hydroxychloroquine treatment (P < 0.001), even 
after adjusting for BMI and corticosteroid use. These 
results suggest that prolonged hydroxychloroquine 
treatment can reduce the risk of type 2 diabetes mellitus.

Data from the Veterans Affairs Rheumatoid Arthritis 
(VARA) registry73 suggest that patients who had taken 
hydroxychloroquine have more favourable serum lipid 
profiles than those who had never used this drug. In 
an analysis of this registry, hydroxychloroquine use was 
associated with statistically significantly lower mean lev-
els of total cholesterol, LDL cholesterol and triglyceride 
and a lower total cholesterol to HDL cholesterol ratio 
(P < 0.001); use of this drug was also associated with 
higher HDL cholesterol levels, although this effect was 
not statistically significant. The mean LDL cholesterol 
levels of male hydroxychloroquine users were 4.4 mg/dl  
lower than those of male non-users. Three-month treat-
ments with hydroxychloroquine lowered the levels of 
LDL cholesterol, total cholesterol and triglyceride in 
the serum, although no further improvements were 
observed after this period of time. By comparison, myo-
cardial infarction occurred more frequently in those 
individuals who had never taken hydroxychloroquine 
(P = 0.014), although there were no differences in the 
rates of stroke, coronary artery bypass graft or percuta-
neous angiography between the two groups. A separate 
meta-analysis of the literature suggests that, besides its 
limited efficacy for disease activity and progression, 
hydroxychloroquine might benefit the metabolic profile 
and, to a lesser extent, reduce the risk of cardiovascular 
events in patients with RA, which suggests its usefulness 
combined with other csDMARDs74.

Overall, hydroxychloroquine, alone or in combina-
tion with biologic drugs, is beneficial for reducing the 
risk of cardiovascular events in patients with RA and 
cardiovascular disease risk factors, and for establishing 
a healthy metabolic profile. However, whether hydroxy-
chloroquine has direct protective effects on cardiovas-
cular involvement, or whether this drug counteracts  
the detrimental effects of other drugs, is unclear from the  
current evidence.

Ciclosporin. The effects of ciclosporin (an immunosup-
pressive drug that inhibits T cell proliferation) in patients 
with RA has highlighted the important role of T cells in 

Reverse cholesterol 
transport
Mechanism of transport by 
which high-density lipoproteins 
transfer excess cholesterol from 
the peripheral tissues to the 
liver for redistribution to other 
compartments (including  
other lipoproteins) or 
elimination.
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this disease. Monotherapy with ciclosporin is of limited 
benefit, but ciclosporin and methotrexate combination 
therapy is a current therapeutic strategy used to con-
trol aggressive and/or severe disease. However, vari-
ous data suggest that ciclosporin use is associated with 
the development of atherosclerosis and hyperlipidae-
mia, and can increase blood pressure75–77. A Cochrane 
review assessing the incidence of hypertension in rand-
omized controlled trials of ciclosporin versus placebo75 
found a statistically significant dose-related increase 
in blood pressure during ciclosporin treatment (mean 
7.4 mmHg, range 2.5–16.4): with doses of 1–4 mg/kg/day 
being linked to increases in blood pressure of 5 mmHg, 
and doses >10 mg/kg/day being linked to increases of 
11 mmHg. Hence, blood pressure should be assessed 
before starting ciclosporin treatment (which should be 
started at the lowest possible dose), and cardiovascular 
risk factors should be frequently monitored. However, it 
must be noted that evidence of the effects of ciclosporin 
on cardiovascular outcomes in RA is rather limited, and 
nowadays this drug is rarely prescribed (and always at 
low doses).

Mechanistic data investigating the link between ciclo-
sporin treatment and cardiovascular outcomes in RA is 
also limited. Some evidence suggests that ciclosporin 
treatment can promote endothelial dysfunction, in part 
by increasing the production of oxidative stress species78. 
Moreover, ciclosporin treatment has been linked to 
microvascular damage79, thus promoting endothelial 
damage. Additionally, ciclosporin exposure in vitro can 
prompt the release of microparticles by endothelial cells, 
which can activate the complement cascade80. However, 
the relevance of such a mechanism in vivo remains 
unknown. Taken together, a number of pathogenic 
mechanisms might account for the detrimental effects 
of ciclosporin on cardiovascular outcomes in RA.

Leflunomide. Leflunomide, a drug with proven efficacy 
in rheumatoid arthritis, is an isoxazole derivative struc-
turally unrelated to other immunomodulatory drugs. 
A prospective multicentre observational study of the 
safety and efficacy of leflunomide in patients with early 
RA81 found that this drug can reduce disease activity 
(especially in DMARD-naive patients), but is also asso-
ciated with adverse effects, including hypertension. As 
a consequence, leflunomide should not be considered 
the first-choice DMARD in patients with hypertension 
or with an increased risk of cardiovascular disease. 
Leflunomide has anti-angiogenic effects, probably by 
modulating the production of growth factors (such as 
ephrins)82. Therefore, it is tempting to speculate that 
leflunomide treatment might inhibit vascular repair 
mechanisms. However, evidence on the exact mecha-
nisms underlying the adverse effects of leflunomide, 
especially related to the modulation of cardiovascular 
risk factors, is limited.

Sulfasalazine. Sulfasalazine is a well-established 
DMARD used in the treatment of patients with RA 
that is associated with broadly similar efficacy to that of 
various other csDMARDs. Promising results have also 
been demonstrated with sulfasalazine in combination 

with other csDMARDs (for example, methotrexate and 
hydroxychloroquine) in patients with early RA and in 
those patients with more established disease83,84. In terms 
of cardiovascular outcomes, a case–control study, involv-
ing 613 patients with RA (5,649 patient-years), 72 with 
cardiovascular disease and 541 without cardiovascular 
disease, found that those being treated with sulfasala-
zine had a lower risk of cardiovascular disease than 
patients with RA who never used sulfasalazine, suggest-
ing that this drug has protective cardiovascular effects85. 
Furthermore, some in vitro data suggest that sulfasala-
zine treatment can inhibit arachidonic acid-induced 
platelet aggregation to the same extent as that achieved 
by aspirin. This effect was dependent on both sulfasala-
zine and its metabolites, thus suggesting a potential 
mechanism that can contribute to the known cardio-
protective effect of sulfasalazine in RA86. Hence, sul-
fasalazine could have beneficial effects on cardiovascular 
outcomes in RA through both its anti-inflammatory 
effects and its ability to inhibit arachidonic acid-induced 
platelet aggregation.

Effects of approved bDMARDs
The introduction of biologic drugs has considerably 
improved the outcomes of patients with RA, but at 
the same time these drugs have been also a source of 
controversy in terms of their effects on cardiovascular 
involvement in RA, especially relating to their effects 
on lipid profiles. The question whether or not biologic 
drug-mediated alterations in lipid profiles would lead 
to an increased risk of cardiovascular disease has been 
a concern for several biologic drugs, particularly for the 
IL-6 inhibitors87.

TNF inhibitors
TNF inhibitors were the first biologic DMARDs 
(bDMARDs) to be used on a large scale for the treatment 
of RA and, therefore, a large body of evidence is avail-
able regarding their effects on cardiovascular outcomes. 
The first large-scale investigation to study the effect of 
TNF inhibitor therapy on cardiovascular mortality in 
patients with RA found that TNF inhibition reduced 
the cardiovascular-related mortality of patients by 35% 
compared with standard treatment88. Similarly, in a sep-
arate analysis that looked at the effect of TNF therapy 
on the risk of acute coronary syndrome in patients with 
RA (consisting of almost 8,000 patients with RA, and 
>32,000 patient-years)89, those patients being treated 
with a TNF inhibitor had a lower risk of acute coronary 
syndrome than biologic-naive patients (relative risk 0.80; 
95% CI 0.70–0.95). By comparison, in a meta-analysis 
of 28 studies in RA (with a total of 236,525 patients 
with RA and 5,410 cardiovascular events)55 looking at 
the effects of various drug therapies on cardiovascular 
events, the risk of a cardiovascular event was reduced 
in patients being treated with a TNF inhibitor (relative 
risk 0.72; 95% CI 0.57–0.91; P = 0.007) and those being 
treated with methotrexate (relative risk 0.70; 95% CI 
0.54–0.90; P = 0.005). This latter result suggests that the 
favourable cardiovascular effects of TNF inhibitors are 
mediated through reduction of inflammation and not 
necessarily through drug-specific mechanisms.
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A limited number of studies have investigated 
the incidence of venous thromboembolic events in 
patients with RA undergoing TNF inhibitor therapy. 
In a retrospective study, 43 venous thromboembolic 
events occurred in a group of patients being treated 
with infliximab, adalimumab or etanercept. Of the 
43 events, 39 occurred in patients with no risk factors 
for venous thromboembolic events, possibly suggesting 
that anti-TNF therapy contributes to the occurrence of 
venous thromboembolic events90. However, in a large 
retrospective study that assessed data from the British 
Society for Rheumatology Biologics Register of more 
than 11,000 patients with RA undergoing TNF inhib-
itor therapy and >3,500 patients with RA being treated 
with non-biologic DMARDs alone, no association was 
observed between TNF inhibitor treatment and the risk 
of having a venous thromboembolic event (hazard ratio 
0.8; 95% CI 0.5–1.5)91.

The decrease in systemic inflammation that occurs 
with TNF inhibition might lead to improvements in 
endothelial function92, one of the most important early 
steps of atherogenesis, disruption of vascular repair 
and plaque progression. Furthermore, despite being 
associated with an increase in overall concentrations of 
lipoproteins in the plasma, TNF inhibitor treatment is 
also associated with a shift from a pro-atherogenic to 
an anti-atherogenic lipoprotein profile, which is mainly 
linked to decreased systemic inflammation, in the short 
term. Indeed, the anti-oxidative capacity of HDL choles-
terol improves, as well as the capacity of HDL particles 
to extract cholesterol from foam cells, promoting reverse 
cholesterol transport93,94. However, the clinical relevance 
of these findings in the long term is uncertain95. Taken 
together, TNF inhibitors can exert a number of cardio-
protective mechanisms, including enhancing cholesterol 
transport, improving glucose metabolism, downregulat-
ing adhesion molecules and counteracting the effects of 
inflammation on coagulation.

The protection against cardiovascular disease in 
patients undergoing TNF inhibitor therapy seems 
to be associated with attainment of a good clinical 
response96, thus supporting the pivotal role in dampen-
ing inflammation in RA management. Nonetheless, it is 
fundamental to remember that TNF inhibitors are not 
recommended for the treatment of patients with New 
York Heart Association (NYHA) class III or IV heart 
failure owing to the possibility that these drugs might 
aggravate ongoing cardiovascular disease97.

IL-6 inhibitors. IL-6 inhibitors, which are biologics with 
a different mode of action to TNF inhibitors, have been 
proven to have a similar efficacy to other bDMARDs 
for treating RA. Most data on the effects of inhibiting 
the IL-6 pathway originate from studies on tocilizumab 
(a humanized monoclonal antibody to the soluble IL-6 
receptor (sIL-6R)), but from a scientific point of view,  
one would expect that knowledge gained from such stud-
ies would also apply to other IL-6 inhibitors, such as sar-
ilumab (a fully human monoclonal antibody to sIL-6R), 
which has more recently been introduced to the market98.

A representative prospective study found that 
in patients undergoing tocilizumab therapy, serum 

concentrations of total cholesterol, LDL cholesterol, 
HDL cholesterol and triglycerides increased more often 
during the first 24 weeks than in those patients being 
treated with methotrexate (total cholesterol >240 mg/dl  
in 13.2% versus 0.4% of patients, respectively)99. Never-
theless, after an initial increase at week 24, the elevated 
lipoprotein levels in patients being treated with tocili-
zumab generally returned to their baseline levels at 
week 52, whereas the levels in methotrexate-treated 
patients remained unchanged100. Importantly, vari-
ous lipid-related cardiovascular risk indices (the total  
cholesterol to HDL cholesterol ratio and the LDL choles-
terol to HDL cholesterol ratio) were unchanged in the 
tocilizumab group, suggesting that these changes in 
lipid concentrations did not translate into an increased  
cardiovascular risk.

Interestingly, some evidence suggests that hepatic 
IL-6 signalling contributes to these lipid alterations 
by modulating lipoprotein metabolism in the liver101. 
In the KALIBRA (Kinetics of the ApoB-containing 
Lipoproteins in IL-6 Blockade for RA) study, the frac-
tional catabolic rate of LDL cholesterol in patients 
with RA decreased to the rate observed in the general 
population after just 10 weeks of tocilizumab therapy, 
a change that correlated closely with changes in LDL 
cholesterol and C reactive protein in the serum, but 
not with the clinical disease activity index101. These 
data suggest that IL-6 is an important contributor to 
inflammation-mediated dyslipidaemia in RA.

Taken together, the data concerning the effects of 
IL-6 inhibition on lipoprotein concentrations in RA 
point towards an initial raise in their concentrations, 
which is mainly due to a normalized liver catabolism 
and not a lower disease activity. In addition, the increase 
in lipid concentrations does not translate into a higher 
cardiovascular risk. Adding to this knowledge is the fact 
that therapeutic IL-6 blockade is also reported to have 
favourable effects on endothelial function, which might 
improve the cardiovascular profile of patients with RA102. 
In fact, a systematic review and meta-analysis of the 
effects of various drugs on cardiovascular risk in RA103 
has shown that tocilizumab treatment was associated 
with a decreased risk of major adverse cardiovascular events 
(MACEs) compared with TNF inhibitor treatment (OR 
0.59). By contrast, the risk of a MACE was similar when 
comparing abatacept and TNF inhibitor therapy (OR 
0.89) and when comparing tocilizumab and abatacept 
therapy (OR 0.81). The protective effect of non-TNF 
inhibitor bDMARDs was predominantly seen in patients 
with RA and prior coronary artery disease, but not in 
patients with overt cardiovascular disease. In terms of  
risk of stroke, data from four studies suggested that tocil-
izumab treatment was associated with a similar risk of 
stroke to TNF inhibitor treatment (OR 0.98 (0.59–1.61)) 
or abatacept treatment (OR 0.73 (0.39–1.38)).

Overall, these data suggest that tocilizumab might 
have marginally better cardiovascular effects in RA 
than TNF inhibitors and that the increase in serum 
lipoprotein concentrations, which is more robustly 
observed following tocilizumab than following TNF 
inhibitor treatment, does not translate into an increased 
risk of cardiovascular disease. The normalization of the 

Major adverse 
cardiovascular events
(MACEs). A composite end 
point frequently used in 
cardiovascular research that 
includes fatal and non-fatal 
cardiovascular events, such  
as myocardial infarction  
(or ischaemic coronary disease), 
stroke or cardiovascular death; 
however, the exact definitions 
of MACE components can vary 
across studies.
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fractional catabolic rate of LDL cholesterol with tocili-
zumab treatment might be one important mechanism 
in explaining these protective cardiovascular effects, but 
other mechanisms are still possible. With the exception 
of lipid changes, IL-6 inhibitors are thought to prompt 
similar mechanisms to TNF inhibition, including broad 
inhibition of inflammation and downregulation of adhe-
sion molecules101. Although both TNF and IL-6 both 
protect against atherosclerosis development, whether 
IL-6 has a stronger effect, at least in RA, remains to be 
investigated. Finally, the relation between IL-6 inhibition 
and venous thromboembolic events has not been inves-
tigated so far, as there have been no signs of an increased 
risk of venous thromboembolic events in patients with 
RA or other diseases being treated with these drugs.

Rituximab. Rituximab is a chimeric monoclonal anti-
body against CD20 that depletes B cells, thereby sup-
pressing disease activity in RA. This drug is still the only 
B cell-depleting drug registered for the treatment of RA 
and, compared with other bDMARDs, has a unique 
mode of administration, namely, two intravenous infu-
sions (separated by 2 weeks) are administered once every 
6 months.

Various studies have found that rituximab has no 
effect on LDL cholesterol levels in patients with RA104; 
however, treatment can result in an increase in total 
cholesterol and HDL cholesterol levels, as well as a 
decrease in the total cholesterol to HDL cholesterol ratio 
and profound changes in HDL cholesterol proteomics 
(from a proatherogenic to a less proatherogenic com-
position)105. The main limitation of these studies is the 
low number of patients investigated (33 and 49 patients, 
respectively). However, the associations between ritux-
imab therapy and lipoprotein concentrations do not 
necessarily point to an association between rituximab 
and increased cardiovascular risk, and indeed the rate of 
myocardial infarctions in patients with RA undergoing 
rituximab therapy is similar to that reported for general 
populations of patients with RA106. Some studies even 
suggest an improvement of endothelial function upon 
rituximab use, yet this effect does not seem to mean-
ingfully improve the cardiovascular disease burden of 
treated patients102. Accordingly, a study investigating 
drug survival in patients with RA found that the number 
of adverse cardiovascular events was similar for patients 
receiving rituximab to those receiving either abatacept 
or tocilizumab: 4.8, 4.1% and 3.0% of patients, respec-
tively, after a median follow-up of 19.8 months107. Similar 
rates of cardiovascular events have been reported for 
rituximab therapy elsewhere108. A 5-year observational 
study of 989 patients with RA (with a total of 3,844 
patient-years) undergoing rituximab therapy reported an 
incidence rate for cardiovascular and thrombotic events 
of 1.95/100 patient-years. Notably, switching to other 
bDMARDs did not increase the rate of cardiovascular 
or thrombotic events109. Similarly, a cohort study that 
compared tocilizumab with other bDMARDs using data 
from the Medicare and MarketScan databases found that 
rituximab therapy did not result in a higher number of 
cardiovascular events compared with tocilizumab ther-
apy. The hazard ratio for the cardiovascular composite 

end point, consisting of myocardial infarction, stroke and  
fatal cardiovascular disease, was 1.16 (95% CI 0.89–1.53) 
in the Medicare database and 1.69 (95% CI 0.98–2.90) in 
the MarketScan database, respectively110.

Rituximab is usually well tolerated, although some 
patients (less than 10%) might develop peripheral 
oedema, hypertension, hypotension or arrhythmias 
following treatment111. Very rarely, an acute myocardial 
infarction might occur during or soon after rituximab 
administration111. The underlying mechanisms of these 
adverse effects remain unknown, but the levels of sev-
eral pro-inflammatory cytokines (such as IL-6, IL-8 and 
TNF) might increase during acute infusion reactions, 
which might, in turn, result in vasoconstrictions of the 
coronaries, platelet activation and/or plaque rupture. 
Therefore, patients presenting with clinical symptoms of 
ischaemic heart disease should be vigilantly monitored 
for such complications.

B cells are producers of pro-inflammatory cytokines, 
but also activate several immune populations that, in 
turn, result in additional production of inflammatory 
mediators. Thus, rituximab-induced B cell depletion 
might be associated with a strong anti-inflammatory 
effect that could explain the vascular protective actions 
of this therapy. However, some B cells also have athero-
protective functions112, including the production of  
natural, protective antibodies112,113. Therefore, the poten-
tial beneficial effect of rituximab on cardiovascular  
outcomes must be interpreted with caution. Finally, it is  
worth mentioning that all evidence presented above 
originates mainly from the administration of rituximab 
in courses of 1,000 mg/infusion, two separate infu-
sions 2 weeks apart. Current therapeutic guidelines in 
RA recom mend lower dosages (1,000 mg once every  
6 months), and some patients could taper to even lower 
dosages while remaining in remission51. The cardiovas-
cular profile of rituximab administered in such dosages 
is not yet known and warrants further investigation.

Abatacept. Abatacept is a recombinant fusion protein 
that selectively modulates the CD80/CD86–CD28 
co-stimulatory signal required for T cell activation. This 
drug is part of the therapeutic armamentarium of RA 
and is usually given after csDMARDs and TNF inhibi-
tors have failed to achieve and/or maintain remission49,51. 
Few studies have investigated the effect of abatacept on 
vascular function in patients with RA, and their results 
are inconclusive114,115. Similarly, only a limited number 
of studies have investigated the effects of abatacept 
on the lipid profiles of patients with RA; these studies 
reported an improvement in lipid profile with abatacept 
treatment that was correlated mostly with a decrease in 
general inflammation and disease activity116. By contrast, 
the effects of this drug on insulin sensitivity have been 
more intensely assessed, with results suggesting that aba-
tacept treatment improves insulin sensitivity117, which 
might help to decrease the risk of cardiovascular disease 
in patients with RA with concomitant diabetes mellitus.

In a cohort study that compared the risk of cardio-
vascular risk (including the risk of myocardial infarc-
tion, stroke or a transient ischaemic attack and coronary 
revascularization) in patients initiating abatacept versus 
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patients initiating a TNF inhibitor118, no differences 
were observed between the two groups except for a 
subgroup of patients with RA and diabetes mellitus.  
In this subgroup, the use of abatacept was associated with 
a modestly reduced risk of cardiovascular disease when 
compared with use of a TNF inhibitor (hazard ratio 0.74; 
95% CI 0.57–0.96; P = 0.70). In addition, patients with 
cardiovascular disease at baseline seemed to be more 
protected from developing a new event by the use of aba-
tacept than by the use of a TNF inhibitor (hazard ratio 
0.79; 95% CI 0.64–0.98)119. Notably, abatacept use was not 
associated with the incidence of venous thromboembolic 
events (hazard ratio 1.03; 95% CI 0.72–1.49)119. Similarly, 
a separate meta-analysis found no differences in the inci-
dence of MACEs and/or stroke between patients with RA 
undergoing abatacept treatment and patients undergoing 
TNF inhibitor or tocilizumab treatment103.

In conclusion, although the effects of abatacept on 
several cardiovascular risk factors such as vascular func-
tion and lipid profile seem to be rather neutral, therapy 
with this drug in RA is safe and not likely to increase the 
incidence of cardiovascular events, compared with other 
bDMARDs, including TNF inhibitors and tocilizumab. 
Interestingly, the use of this drug in older patients with RA 
with concomitant diabetes mellitus might be accompanied 
by modest additional cardiovascular protective effects.

IL-1 inhibitors. The available data on the effects of anak-
inra (a recombinant IL-1 receptor antagonist (IL-Ra)) 
on cardiovascular end points in patients with RA is less 
abundant than for other bDMARDs, despite the role of 
IL-1 family members in the development of both RA 
and atherosclerosis120,121. However, it must be noted that, 
although anakinra is approved for the treatment of RA, 
the use of this drug in RA management has declined in 
recent years. Existing studies suggest that IL-1 inhibi-
tion is safe122 and is accompanied by protective cardio-
vascular effects. Treatment with anakinra is followed by 
changes in the expression of endothelial markers (such 
as endothelin 1), reduced nitro-oxidative stress and 
improvement in left ventricular function in patients 
with RA and overt coronary artery disease123, as well as 
improvements in flow-mediated dilation and coronary 
flow reserve and myocardial deformation124,125. Some 
relationships between endogenous expression of IL-1Ra 
and adipose tissue-related factors, including apolipopro-
tein B (ApoB; the main component of LDL particles) 
and leptin, have been described in patients with RA126. 
However, it remains uncertain whether these changes 
affect the cardiovascular risk in these patients.

Hence, although not frequently used, anakinra 
has a favourable cardiovascular profile in RA, and its 
administration is not associated with notable cardiovas-
cular safety issues. IL-1 inhibition with anakinra might 
decrease the cardiovascular incidence in patients with 
RA, as was recently demonstrated for the general popu-
lation following treatment with canakinumab (an IL-1β 
inhibitor) in the Canakinumab Anti-Inflammatory 
Thrombosis Outcome Study (CANTOS) study127. The 
administration of canakinumab resulted in a 15% reduc-
tion in the rate of recurrent MACEs (non-fatal myo-
cardial infarction, non-fatal stroke and cardiovascular 

death) compared with placebo treatment, in individu-
als with a history of myocardial infarction and whose 
C-reactive protein levels were above 2 mg/l at baseline. 
However, it must be noted that IL-1β blockade (canaki-
numab) and IL-1 inhibition with IL-1Ra (anakinra) rep-
resent two different inhibition strategies; hence, although 
these results support the idea that blockade of IL-1 path-
ways has beneficial effects on cardiovascular outcomes, 
the mechanisms of these approaches might differ.

Effects of approved targeted synthetic DMARDs
Janus kinase (JAK) inhibitors are targeted synthetic 
DMARDs that disrupt cytokine signalling by interfer-
ing with JAK–STAT signalling pathways. A number 
of JAK inhibitors have been developed with different 
selectivities that might affect their efficacy and safety 
profiles128,129. Currently, tofacitinib (which targets 
JAK1, JAK2 and JAK3), baricitinib (which targets JAK1  
and JAK2), upadacitinib (a selective JAK1 inhibitor) and  
filgotinib (a selective JAK1 inhibitor) have all been 
approved by the EMA and FDA for the treatment of 
RA, whereas tofacitinib has also been approved for the 
treatment of PsA and ulcerative colitis130. TABlE 1 sum-
marizes the various cardiovascular outcomes that have 
been observed in patients with RA undergoing targeted 
synthetic DMARD treatment in various studies.

Effects on lipid metabolism. Treatment with a JAK inhib-
itor, similar to treatment with a IL-6 inhibitor, might lead 
to increased levels of total cholesterol, LDL cholesterol, 
HDL cholesterol and triglycerides in the serum131–134. 
Nonetheless, JAK inhibition is not accompanied by 
changes in various atherogenic indices (such as the total 
cholesterol to HDL cholesterol ratio and the LDL cho-
lesterol to HDL cholesterol ratio), suggesting that these 
lipid alterations do not translate into an increased risk 
of cardiovascular disease134–137.

Tofacitinib therapy increases the levels of HDL cho-
lesterol (by 11–14%) and LDL cholesterol (by 19–21%), 
the extent of which is greater than that observed with 
TNF inhibitors132,133. One possible mechanism to explain 
this effect might be that tofacitinib reverses the cho-
lesterol ester catabolism process, which is increased 
in RA, thus raising cholesterol levels135. Indeed, daily 
doses of 10 mg atorvastatin (a widely used drug for 
lowering blood cholesterol levels) effectively reverses 
tofacitinib-induced dyslipidaemia in patients with RA138. 
However, elevated levels of HDL cholesterol following 
tofacitinib treatment are also associated with a lower risk 
of MACEs in patients with RA139. Data suggest that this 
drug modifies the function and composition of HDL 
cholesterol fractions131,134,135, transforming them from 
pro-inflammatory to anti-inflammatory particles131,134.

Baricitinib treatment can also result in increased 
levels of LDL cholesterol and HDL cholesterol140, an 
effect that is not accompanied by changes in various 
atherogenic indices140–142. Regarding effects on LDL 
cholesterol composition, this drug mostly increases 
concentrations of atherogenic small and very small LDL 
cholesterol particles140,142,143, which is reversed with statin 
treatment142. Similar lipid changes have been described 
in clinical studies of upadacitinib144 and filgotinib, but 
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Table 1 | Summary of cardiovascular outcomes in patients with RA undergoing targeted synthetic DMARD treatment

Study Sample size Design Drugs Duration Outcomes Results Comment

Subclinical cardiovascular involvement

Kume 
et al. 
(2017)145

46 Cohort study Tofacitinib 
(10 mg/day)

54 weeks cIMT Total cohort (46 patients 
with RA): cIMT unchanged 
from baseline at 54 weeks 
(1.09 ± 0.69 mm versus 
1.08 ± 0.78 mm; P = 0.82)

Patients with RA and 
atherosclerosis (n = 12): 
mean decrease in cIMT 
0.05 ± 0.026 mm; P < 0.05

Slight decrease 
in cIMT in 
patients with 
atherosclerosis

Clinical cardiovascular involvement

Charles- 
Schoeman 
et al. 
(2016)154

4,271  
(for phase III 
analysis)  
and 4,827  
(for long-term 
extension 
analysis; 
patients 
enrolled from 
phase I and 
phase II)

Pooled data 
from phase III 
studies and 
long-term 
extension 
studies

Tofacitinib 
(5–10 mg/
day)

24 months 
(phase III) or 
60 months 
(long-term 
extension)

MACE Phase III: 0.58 events per  
100 patient-years

Long-term extension: 0.37 
events per 100 patient-years

No association  
between treat-
ment and MACE 
or CHF. Incidence 
rates comparable 
with placebo 
(phase III) and did 
not increase over 
time (long-term 
extension)

CHF Phase III: 0.23 events per  
100 patient-years

Long-term extension: 0.09 
events per 100 patient-years

Xie et al. 
(2019)153

11,799 Meta-analysis  
of RCTs

Tofacitinib 
(5–10 mg/
day), 
baricitinib 
(2–4 mg/
day), 
peficitinib 
and 
decernotinib

Variable 
across RCTs 
(12–24 
weeks 
or 24–52 
weeks)

Cardiovascular 
events

All JAK inhibitors: OR 1.04  
(95% CI 0.61–1.76)

Tofacitinib: OR 0.63  
(95% CI 0.26–1.54)

Baricitinib: OR 1.21  
(95% CI 0.51–2.83)

Upadacitinib: OR 3.29  
(95% CI 0.59–18.44)

Peficitinib: OR 0.43  
(95% CI 0.07–2.54)

Decernotinib: OR 1.12  
(95% CI 0.13–10.11)

Baricitinib 2 mg versus 4 mg:  
OR 0.19 (95% CI 0.04–0.88)a

No effect of JAK 
inhibition on 
cardiovascular 
events, MACE or 
thromboembolic 
effects, with 
no differences 
across JAK 
inhibitors. 
Baricitinib 
2 mg safer than 
4 mg for all 
cardiovascular 
events

MACE All JAK inhibitors: OR 0.80  
(95% CI 0.36–1.75)

VTE All JAK inhibitors: OR 1.16  
(95% CI 0.48–2.81)

Taylor 
et al. 
(2019)152

3,492  
(total 
exposure 
7 ,860 
patient-years)

Pooled data 
from 9 RCTs

Baricitinib 
(2–4 mg/
day)

Placebo 
comparison: 
24 weeks  
(6 studies)

Dose 
comparison: 
4 studies 
and a 
long-term 
extension 
study

MACE Baricitinib: 0.8 events  
per 100 patient-years

Placebo: 0.5 events  
per 100 patient-years

No association 
between 
baricitinib and 
MACE, ATE 
or CHF. DVT 
incidence similar 
between dose 
groups. Rates 
stable over time

ATE Baricitinib: 0.5 events  
per 100 patient-years

Placebo: 0.5 events  
per 100 patient-years

CHF Baricitinib: 2.4 events  
per 100 patient-years

Placebo: 4.3 events  
per 100 patient-years

DVT or 
pulmonary 
embolism

Baricitinib 4 mg: occurred  
in 6 out of 997 patients

Placebo: occurred in 0 out  
of 1,070 patients

Baricitinib 2 mg: 0.5 events  
per 100 patient-years

Baricitinib 4 mg: 0.6 events  
per 100 patient-years
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Study Sample size Design Drugs Duration Outcomes Results Comment

Clinical cardiovascular involvement (cont.)

Cohen 
et al. 
(2019)151

3,834  
(total 
exposure 
4,020 
patient-years)

Pooled data 
from phase III 
trials

Upadacitinib 
(15 or  
30 mg/day)

Short-term 
studies 
(12–14 
weeks) and 
long-term 
studies, 
analysed 
jointly

MACE Upadacitinib 15 mg: 0.9 events 
per 100 patient-yearsb  
(0.4 events per 100 patient- 
years in the ADA-controlled 
analysisc)

Upadacitinib 30 mg: 1.2 events 
per 100 patient-yearsb  
(0.4 events per 100 patient- 
years in the ADA-controlled 
analysisc)

MTX: 0.6 events per  
100 patient-yearsb (0.6 events 
per 100 patient-years in the 
ADA-controlled analysisc)

MACE incidence 
similar to 
placebo for 
15-mg dosage 
but higher for 
30-mg dosage. 
VTE incidence 
similar to 
placebo

VTE Upadacitinib 15 mg: 0 events per 
100 patient-yearsb (0.3 events 
per 100 patient-years in the 
ADA-controlled analysisc)

Upadacitinib 30 mg: 0.3 events 
per 100 patient-yearsb  
(1.1 events per 100 patient-years 
in the ADA-controlled analysisc)

MTX: 0.6 events per 100 
patient-yearsb (0.6 events  
per 100 patient-yearsc)

Harigai 
(2019)163

3,800  
(for MACE 
analysis) 
or 5,368 
(for DVT or 
pulmonary 
embolism 
analysis)

Pooled data 
from phase III 
trials

Tofacitinib 
(5–10 mg/
day) or 
baricitinib 
(2–4 mg/
day)

Baricitinib: 
24 weeks

Tofacitinib: 
24 months

MACE Tofacitinib: 0.58 events  
per 100 patient-years (95% CI 
0.39–0.88)

Baricitinib: 0.5 events per 100 
patient-years (95% CI 0.4–0.7)

The incidence 
rates of DVT 
and pulmonary 
embolism 
were similar 
for the two JAK 
inhibitorsDVT or 

pulmonary 
embolism

Baricitinib: 0.5 events per 100 
patient-years (95% CI 0.3–0.7)

Desai 
et al. 
(2019)164

50,865 Pooled data 
from databases 
(using data 
from the Truven 
MarketScan 
or Medicare 
database)

Tofacitinib No set 
pre-defined 
follow-up 
period

VTE Tofacitinib (Truven MarketScan): 
0.60 events per 100 patient-years 
(95% CI 0.26–1.19)

TNF inhibitors (Truven 
MarketScan): 0.34 events per  
100 patient-years (95% CI 
0.27–0.41)

Tofacitinib (Medicare): 1.12  
(95% CI 0.45–2.31)

TNF inhibitors (Medicare): 0.92 
(95% CI 0.76–1.11)

Pooled data: HR 1.33 (95% CI 
0.78–2.24)

No differences 
in VTEs for 
tofacitinib 
compared with 
TNF inhibitors

Smolen 
et al. 
(2019)141

3,492 (total 
exposure 
6,637 
patient-years)

Pooled data 
from RCTs  
(8 phase I, II and 
III trials) and 
a long-term 
extension study

Baricitinib 
(4 mg versus 
2 mg)

24 weeks MACE Pooled: 0.5 events per  
100 patient-years  
(95% CI 0.4–0.7)

No differences 
between doses 
were observed 
for MACE or 
DVTDVT Pooled: 0.5 events per  

100 patient-years  
(95% CI 0.3–0.7)

Harigai 
et al. 
(2020)169

514 (total 
exposure 
851.5 
patient-years)

Pooled data 
from phase II 
and III RCTs

Baricitinib Duration 
not 
consistent 
among 
studies, but 
exposure 
was median 
1.7 years, 
maximum 
3.2 years

MACE 0.3 events per 100 patient-years Acceptable 
safety profile

DVT 0.5 events per 100 patient-years

Table 1 (cont.) | Summary of cardiovascular outcomes in patients with RA undergoing targeted synthetic DMARD treatment
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Study Sample size Design Drugs Duration Outcomes Results Comment

Clinical cardiovascular involvement (cont.)

Mease 
et al. 
(2020)158

7 ,964 Pooled data 
from phase I, 
II, III, IIIb and 
IV RCTs and 
long-term 
extension 
studies

Tofacitinib (5 
and 10 mg/
day)

24 months ATE Tofacitinib 5 mg (placebo- 
controlled cohort): 0.16 events 
per 100 patient-years (95% CI 
0.00–0.87)

Tofacitinib 10 mg (placebo- 
controlled cohort): 0.21 events 
per 100 patient-years (95% CI 
0.01–1.16)

All tofacitinib doses (all tofacitinib 
cohort): 0.35 events per 100 
patient-years (95% CI 0.25–0.44)

All tofacitinib doses in patients 
with cardiovascular risk factors 
(all tofacitinib cohort): 0.74 events 
per 100 patient-years (95% CI 
0.57–0.94)

All tofacitinib doses in patients 
without cardiovascular risk 
factors (all tofacitinib cohort): 
0.13 events per 100 patient-years 
(95% CI 0.08–0.20)

The incidence 
rates of DVT, 
pulmonary 
embolism and 
ATE were similar 
across the two 
tofacitinib doses 
and generally 
consistent with 
observational 
data and 
published 
incidence 
rates of other 
treatments. 
The risk of 
thromboembolic 
events was 
higher in 
patients with 
cardiovascular 
risk factors

DVT Tofacitinib 5 mg (placebo- 
controlled cohort): 0.00 events 
per 100 patient-years (95% CI 
0.00–0.57)

Tofacitinib 10 mg (placebo- 
controlled cohort): 0.21 events 
per 100 patient-years (95% CI 
0.01–1.16)

All tofacitinib doses (all tofacitinib 
cohort): 0.15 events per 100 
patient-years (95% CI 0.11–0.21)

All tofacitinib doses in patients 
with cardiovascular risk factors 
(all tofacitinib cohort): 0.24 events 
per 100 patient-years (95% CI 
0.15–0.36)

All tofacitinib doses in patients 
without cardiovascular risk 
factors (all tofacitinib cohort): 
0.11 events per 100 patient-years 
(95% CI 0.06–0.17)

PE Tofacitinib 5 mg (placebo- 
controlled cohort): 0.00 events 
per 100 patient-years (95% CI 
0.00–0.57)

Tofacitinib 10 mg (placebo- 
controlled cohort): 0.00 events 
per 100 patient-years (95% CI 
0.00–0.77)

All tofacitinib doses (all tofacitinib 
cohort): 0.13 events per 100 
patient-years (95% CI 0.09–0.18)

All tofacitinib doses in patients 
with cardiovascular risk factors 
(all tofacitinib cohort): 0.25 events 
per 100 patient-years (95% CI 
0.15–0.37)

All tofacitinib doses in patients 
without cardiovascular risk 
factors (all tofacitinib cohort): 
0.06 events per 100 patient-years 
(95% CI 0.03–0.11)

Table 1 (cont.) | Summary of cardiovascular outcomes in patients with RA undergoing targeted synthetic DMARD treatment
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treatment with the latter drug also somewhat decreases 
the LDL cholesterol to HDL cholesterol ratio134. Taken 
together, these results suggest that, although lipid alter-
ations can occur during JAK inhibitor treatment, these 
changes involve not only the levels, but also the com-
position and functionality of these lipids, thus mak-
ing it difficult to interpret their effect on the risk of  
cardiovascular disease.

Subclinical cardiovascular outcomes. In a study ana-
lysing the effects of tofacitinib on atherosclerosis in 
patients with RA, tofacitinib treatment slowed down 
the progression of carotid intima-media thickness after 
54 weeks and decreased the carotid intima-media thick-
ness of those patients with an increased intima-media 
thickness at baseline145. However, there have been no 
prospective trials on the cardiovascular effects of JAK 
inhibitors. Regarding potential mechanisms, JAKs and 
some JAK-dependent cytokines are implicated in the 
pathogenesis of atherosclerosis, owing to their pivotal 
role in inflammation146. Therefore, broad inhibition of 
various inflammatory circuits might largely account 
for any protective cardiovascular effects of these JAK 
inhibitors. Moreover, JAK inhibitors have various other 
vasculoprotective effects, including downregulating the 
expression of adhesion molecules as a consequence of 
lipoprotein oxidization and reducing the production  
of oxidative species147. In animal models of atheroscle-
rosis, JAK inhibition can dampen foam cell formation by 
abrogating inflammation and cholesterol metabolism148. 
Additionally, inhibition of JAK3 in mice protects against 
myocardial ischaemia149, further supporting the idea that 
JAK inhibition is likely to have vasculoprotective effects 
in RA.

Arterial thromboembolic events. Past studies have 
highlighted certain safety signals with JAK inhibition 
relating to risks of arterial and venous thromboembolic 
events. There have been no hard-end point trials on 
JAK inhibitors that assessed the risk of arterial throm-
boembolic events, such as MACEs, myocardial infarc-
tion or stroke, but available data from clinical studies 
and databases currently suggest that JAK inhibition 
does not increase the risk of cardiovascular events in 
RA133,134,139,141,150–156.

Clinical trials of tofacitinib had minimal safety sig-
nals relating to cardiovascular events133,157, and data 
from phase III and open-label extension trials have 
shown that the majority of adverse cardiovascular events 
occurred in the long-term extensions of these trials154.  
A meta-analysis of various randomized controlled trials 
of multiple JAK inhibitors found no dose-dependent rela-
tionship between tofacitinib use and risk of a MACE153. 
Furthermore, a post-hoc analysis of the phase III and  
long-term extension studies of tofacitinib in RA sug-
gested that the increase in HDL cholesterol levels fol-
lowing tofacitinib treatment was associated with a lower 
risk of a MACE139. In a more recent analysis of the tofac-
itinib development programme (which included >12,000 
patients), the risk of major cardiovascular events was not 
increased with tofacitinib therapy158.

In terms of baricitinib, in an evaluation of pooled 
data from 9 studies of 3,492 patients undergoing baric-
itinib treatment (using data from eight phase III, II or  
Ib trials and a long-term extension study), 31 individuals  
developed MACEs, including 14 patients who had had a  
myocardial infarction and 13 patients who had had 
a stroke; furthermore, death due to cardiovascular 
complications occurred in 8 patients141,152. A separate 

Study Sample size Design Drugs Duration Outcomes Results Comment

Clinical cardiovascular involvement (cont.)

Genovese 
et al. 
(2020)159

3,770 (13,148 
patient-years)

Pooled data 
from 9 RCTs: 
5 phase III, 3 
phase II and 1 
phase 1b, and 
1 long-term 
extension study

Baricitinib 
(2 mg or 
4 mg)

Median 
4.2 years, 
maximum 
8.4 years

DVT 2 mg: 0.38 events per 100 
patient-years (95% CI 0.18–0.73)

4 mg: 0.30 events per 100 
patient-years (95% 0.21–0.43)

Baricitinib 
maintained 
similar safety 
to previous 
findings, with 
no increase 
in incidence 
rates after up 
to 8.4 years of 
exposure

Pulmonary 
embolism

2 mg: 0.26 events per 100 
patient-years (95% CI 0.09–0.56)

4 mg: 0.25 events per 100 
patient-years (95% CI 0.16–0.36)

Cohen 
et al. 
(2021)160

2,630 (15 mg) 
or 1,204 
(30 mg); 
4,020.1 
patient-years

Pooled data 
from 5 (15 mg) 
or 4 (30 mg) 
RCTs

Upadacitinib 
(15 mg or 
30 mg)

Duration 
not 
consistent 
among 
RCTs (12–14 
weeks to 2.5 
years)

MACE Upadacitinib 15 mg: 0.60 events 
per 100 patient-years (95% CI 
0.40–1.00)

Upadacitinib 30 mg: 1.00 events 
per 100 patient-years (95% CI 
0.50–1.60)

MACE and 
VTE were 
comparable 
across treatment 
groups and did 
not increase 
over time with 
upadacitinib 
treatment. The 
incidence rates 
were similar to 
those of patients 
under MTX or 
ADA therapy

VTE Upadacitinib 15 mg: 0.60 events 
per 100 patient-years (95% CI 
0.30–1.00)

Upadacitinib 30 mg: 0.30 events 
per 100 patient-years (95% CI 
0.10–0.60)

ADA, adalimumab; ATE, arterial thrombotic event; CHF, congestive heart failure; cIMT, carotid intima-media thickness; DVT, deep vein thrombosis; MACE, major 
adverse cardiovascular event; MTX, methotrexate; RCT, randomized control trial; tsDMARD, targeted synthetic DMARD; VTE, venous thromboembolism. 
aDose-dependent analysis. bLong-term methotrexate-controlled analysis. cLong-term adalimumab-controlled analysis.

Table 1 (cont.) | Summary of cardiovascular outcomes in patients with RA undergoing targeted synthetic DMARD treatment
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meta-analysis found that a daily dose of 2 mg baricitinib 
was safer than a daily dose of 4 mg with respect to the 
incidence of all cardiovascular events153. In a more recent 
safety analysis, baricitinib did not increase the risk of 
major cardiovascular events159.

In terms of the selective JAK1 inhibitors, in the inte-
grated analysis of the phase III SELECT programme, 
the rates of MACEs were similar for 15 mg upadacitinib 
versus adalimumab and for 15 mg upadacitinib versus 
methotrexate monotherapy, but were higher for 30 mg 
upadacitinib151. Furthermore, in a more recent inte-
grated safety analysis of 3,834 patients, 15 mg or 30 mg 
once daily upadacitinib did not increase the risk of major 
cardiovascular events compared with adalimumab or 
placebo160. Similarly, in clinical trials, filgotinib use was 
not associated with an increased number of cardiovas-
cular events161. Indeed, in an integrated safety analysis, 
two doses of filgotinib did not increase the risk of major 
cardiovascular events compared with adalimumab, 
methotrexate or placebo161.

A systematic review and meta-analysis of all JAK 
inhibitors, which assessed 26 randomized clinical tri-
als (containing a total of 11,799 patients), found no 
increased of risk of MACEs153. In conclusion, the four 
available JAK inhibitors do not seem to increase the risk 
of arterial thromboembolic events.

Venous thromboembolic events. In the past few years, 
much attention has been paid to the risk of venous 
thromboembolism, including deep vein thrombosis 
and pulmonary embolism, with JAK inhibition. RA 
is associated with an increased risk of venous throm-
boembolic events, and systemic inflammation itself 
promotes a prothrombotic state8,162,163. Compared with 
healthy individuals, the relative risk of deep vein throm-
bosis and a pulmonary embolism in patients with RA is 
2.08 (95% CI 1.75–2.47) and 2.17 (95% CI 2.05–2.31), 
respectively163.

According to an assessment of two insurance data-
bases, which included more than 50,000 patients with 
RA being treated with tofacitinib or a TNF inhibitor, 
the occurrence of a venous thromboembolic event is 
infrequent (<1 per 100 person-years) for both ther-
apies; although the hazard ratio of a venous throm-
boembolic event risk was numerically higher for 
tofacitinib-treated patients, this association was not 
statistically significant164. In an analysis of 572 cases 
of deep vein thrombosis or pulmonary embolism 
across randomized clinical studies with tofacitinib in 
RA, psoriasis, PsA and ulcerative colitis, no evidence 
of increased venous thromboembolic event risk was 
found134,157,163,165. However, in interim results from an 
ongoing safety clinical trial in patients at a high risk 
of thrombosis, treatment with 10 mg tofacitinib twice 
daily was associated with an increased risk of pulmo-
nary embolism compared with TNF inhibitor therapy 
(hazard ratio 5.96 (1.75–20.33)). The risk of deep vein 
thrombosis or pulmonary embolism was not increased 
with 5 mg tofacitinib twice daily166,167. On the basis of 
these findings, both the FDA167 and EMA166 have issued 
warnings that tofacitinib should be used with caution 
in patients at a high risk of a venous thromboembolic 

event. In a more recent safety analysis of the tofacitinib 
development programme, in general, no increased risk 
of venous thromboembolic was found. However, in 
patients with cardiovascular risk factors158, the risk of 
venous thromboembolism was somewhat higher than 
in patients without baseline cardiovascular or venous 
thromboembolic risk factors.

In trials of baricitinib, the incidence of deep vein 
thrombosis and pulmonary embolism was similar for 
different dosing regimens141, and the incidence of venous 
thromboembolic events was also similar in patients tak-
ing 2 mg baricitinib daily versus patients taking 4 mg 
baricitinib daily152. In patients undergoing baricitinib 
therapy, the occurrence of venous thromboembolic 
events is associated with higher age, obesity, a history 
of previous venous thromboembolic events, varices and 
use of selective COX2 inhibitors. The 4 mg daily dose 
of baricitinib (unlike the 2 mg daily dose) has not been 
approved in the USA owing to the potentially increased 
risk of thromboembolic events in the baricitinib versus 
the placebo group167. However, in the latest safety analy-
sis of baricitinib (a pooled analysis of four phase III trials 
of baricitinib), there was no increase in the risk of venous 
thromboembolic events168.

With regard to the selective JAK1 inhibitors, in the  
latest integrated safety analysis of upadacitinib,  
the risk of venous thromboembolic events was similar 
in patients being treated with upadacitinib, adalimumab 
or placebo160. Similarly, clinical trials of filgotinib to date 
have not reported an increased risk of venous throm-
boembolic events150,161. Indeed, in the latest integrated 
safety analysis, filgotinib was associated with a simi-
lar risk of venous thromboembolic event to that of  
adalimumab, methotrexate or placebo161.

In terms of how different JAK inhibitors compare, in 
an indirect comparison between tofacitinib and baric-
itinib, no differences were found in the incidence rates of 
deep vein thrombosis and pulmonary embolism, includ-
ing in the dose-comparison study163. Furthermore, in a 
comparative meta-analysis, none of the JAK inhibitors 
was associated with an increased occurrence of venous 
thromboembolic events153.

Given the above considerations, the 2019 update to 
the EULAR recommendations for the management of 
RA cautioned the use of JAK inhibitors in patients at a 
high risk of thromboembolic events51. However, because 
of the therapeutic advantages and strong effects of JAK 
inhibitors on disease outcomes, even as monotherapies, 
these drugs are thought to represent a safe and effica-
cious option for those patients without cardiovascular 
risk factors. Despite the knowledge that has been gained 
in numerous studies, scientific evidence is still limited 
regarding the safety of these drugs; in particular, no 
long-term studies have been carried out so far. In gen-
eral, none of the four approved JAK inhibitors seems to 
increase the risk of venous thromboembolic events in 
patients with different forms of arthritis. However, there 
are signals to suggest that the effect might be different 
in patients with an increased cardiovascular risk. More 
prospective follow-up studies are needed to determine 
the venous thromboembolic risk in patients undergoing 
JAK inhibitors therapy.
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Future directions
Although much knowledge has been gained on cardio-
vascular risk in RA, a number of questions remain for 
the research agenda (Box 2). Currently, the notion that 
pharmacological treatment can reduce cardiovascular 
risk by interfering with inflammation is supported by 
some experimental studies, but mostly by observational 
pharmaco-epidemiological studies. Truly reliable studies 
that clearly address this question will need to include 
large numbers of patients, a broad range of variables 
and hard end points, and long follow-up periods, mak-
ing these studies costly and technically challenging. 
Moreover, it must be recognized that most of the stud-
ies reported to date suffer from a strong confounding 
due to indication and/or allocation bias, which limits the 
interpretation of the findings. Importantly, a comparison 
of the size effects among studies is not always feasible. 
Because of the intrinsic characteristics of the outcomes 
and the interventions discussed here, integrating inter-
national registers might offer a potential solution to 
overcoming, at least to some degree, some of the pitfalls 
currently being faced in this setting.

The effect of anti-rheumatic treatments need to be 
evaluated in light of the potential interactions of these 

drugs with cardiovascular-related treatment drugs, such 
as statins, anti-hypertensive drugs or anti-diabetic drugs. 
The fact that the screening and treatment of these factors 
is currently suboptimal in real-world practice needs to be 
carefully considered when inferring associations regard-
ing the protective and pathogenic effects of DMARDs on 
cardiovascular outcomes. Moreover, whether different 
doses or indications for cardiovascular-related treat-
ments are needed to counteract the detrimental effects 
of some DMARDs is yet to be investigated. In this sce-
nario, the challenge of potential drug–drug interactions 
must be debated.

Advances in RA management have resulted in clear 
improvements in terms of mid-term and long-term joint 
involvement and functionality. In this setting, it could 
be argued that cardiovascular disease, as the largest 
contributor to life expectancy, should be placed in the 
centre of the decision-making process in RA manage-
ment. Although remission has proven to be an adequate 
treatment goal to effectively control joint progression, 
the same does not fully apply for preventing cardiovas-
cular disease. It might be that even low-grade inflam-
mation, probably via a cumulative effect, is enough to 
promote cardiovascular events. As a consequence, lower 
disease activity thresholds and stricter measures for  
tight disease control need to be considered in patients 
with RA. In line with this idea, it is important to consider 
that current cardiovascular risk management strategies, 
including pharmacological interventions, have been 
adapted to, but not strictly derived from, studies of RA 
populations. With a better understanding of the origin of 
cardiovascular risk in this condition, a critical appraisal 
of the disease targets and benefit-to-risk ratios must be 
performed. As the nature and trajectory of cardiovas-
cular disease in RA differs from that of the general popu-
lation, the benefit-to-risk ratio and cost-effectiveness of 
treatments in RA should be formulated with caution.

Further research into the inflammatory mechanisms 
promoting atherosclerosis in RA is also needed to delin-
eate new targets and/or generate new evidence to guide 
treatment decisions. Importantly, a better mechanistic 
characterization of the effects of DMARDs on athero-
sclerosis mediators, as well as the potential interactions 
between drugs, must be considered in the future.

Conclusion
The existing evidence confirms that various anti- 
rheumatic drugs can influence cardiovascular involve-
ment in RA, although the effects can occur in both 
directions, either increasing or decreasing the risk of a 
cardiovascular event. Overall, effective treatment cor-
relates with a reduction in risk of cardiovascular disease, 
strengthening the pivotal role of inflammation in cardi-
ovascular disease in RA. This effect is especially clear 
for bDMARDs, although some differences can occur 
across bDMARDs with different therapeutic targets. The 
fact that these treatments specifically abrogate a precise 
pathway might account for the beneficial and limited 
adverse effects of bDMARDs in terms of cardiovascular 
involvement. Importantly, it must be noted that access to 
bDMARDs has improved over the years, and compared 
with more recent studies, older studies have included 

Box 2 | Questions for the research agenda

Clinical areas
•	How can we deal with confounding by indication and allocation bias in current

studies on cardiovascular outcomes in rheumatoid arthritis (Ra)?

•	How should we handle and adjust for exposure to methotrexate (an anchor drug
in Ra) in studies on the effects of other drugs on cardiovascular outcomes?

•	Is it correct to compare pharmacological studies that started in different decades?
How can we adjust for the calendar year in these comparisons?

•	How can we improve current cohort studies and registries to get reliable information
on the protective and pathogenic effects of DMaRDs on cardiovascular outcomes 
in Ra?

•	Do we need to define new, Ra-specific benefit-to-risk ratios to evaluate the effect
of treatments on cardiovascular risk?

•	What is the actual role of cardiovascular risk in guiding therapeutic decisions in Ra?

•	What is the value of the current treatment targets for traditional cardiovascular risk
factors to guide therapeutic decision in Ra?

•	Should different treatment targets for traditional cardiovascular risk factors be
formulated in Ra?

•	What is the role of cardiovascular disease-related medications (such as statins and
anti-hypertensive drugs) in controlling the effects of DMaRDs on cardiovascular 
risk during Ra management? Can such drugs counteract the negative effects of
DMaRDs? How should we approach the potential drug–drug interactions?

Pre-clinical areas
•	How does treatment with DMaRDs restore the imbalance between endothelial injury

and vascular repair in Ra?

•	What is the effect of glucocorticoids on vascular repair mechanisms in Ra?

•	How	can	we	investigate	the	long-term	effects	of	treatment	with	DMARDs	in vitro?

•	Can we evaluate the interactions and synergistic effects of different DMaRDs 
in vitro?

•	How can we evaluate potential drug–drug interactions between DMaRDs and
cardiovascular disease-related medications?

•	What is the potential future role of novel biomarkers or advanced lipoprotein profiles
in evaluating DMaRD-mediated lipid alterations?

•	How can we identify those lipid changes that reflect actual changes in cardiovascular
risk?
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patients with higher amounts of damage accrued, 
which might explain some heterogeneity among stud-
ies. By contrast, some other therapeutic options, such 
as glucocorticoids and other csDMARDs, are associ-
ated with poorer cardiovascular outcomes, despite also 
having strong anti-inflammatory effects. The off-target 
effects and widespread actions of these drugs, as well 
as their potential detrimental effects on vascular repair 
mechanisms, might be responsible for such outcomes. 
Anti-rheumatic drugs might also modulate traditional 
cardiovascular risk factors, although this modulation 
does not always translate into changes in cardiovascular 
risk, thus adding in an additional layer of complexity 
to cardiovascular management in RA. Because of the 
chronic long-term nature of RA treatment, treatment 
decisions should not only consider short-term remission 

targets but also weigh up the benefits and risks of  
available drugs on cardiovascular outcomes.

Taken together, despite enabling adequate disease con-
trol, different DMARDs have shown different effects on 
cardiovascular outcomes in RA, ranging from protection 
to increased cardiovascular risk or aggravation of tradi-
tional risk factors without translating into the occurrence 
of cardiovascular events. Better understanding of off-target 
effects on vascular repair mechanisms and endothelial 
damage is needed to ensure optimal treatment, for both 
joint and cardiovascular disease domains. RA-specific 
management guidelines and pharmacological approaches 
are top priorities. Long-term, robust and well-designed 
clinical trials should be included in the future agenda.
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The immune system has an important role in safe-
guarding our biological identity and in protecting us 
from pathogenic infectious challenges from our envi-
ronment. Cells of the adaptive immune system, with the 
specific antigen receptors of B and T lymphocytes and a 
sophisticated immunological tolerance to the body’s own 
antigens and to harmless foreign antigens, also provide 
immunological memory to pathogens once encountered 
and successfully eliminated. Immunological memory 
provides immunity to subsequent challenges with the 
same antigen. Based on this principle is vaccination, one 
of the most successful medical strategies today. Despite 
its fundamental medical relevance, we still have a rather 
poor mechanistic understanding of immunological 
memory. We know that the switch from cell-bound 
antibodies of B lymphocytes that sense the environ-
ment to secretion of the same antibodies by activated 
B lymphocytes and later, in the phase of immunological 
memory, by plasma cells (Fig. 1), is the basis of ‘humoral’ 
immunity, which can last for a lifetime1–8. A second 
layer of ‘reactive’ immunological memory is provided 

by antigen-experienced B and T lymphocytes, which 
are numerically amplified and epigenetically imprinted 
to react quickly and effectively to a second challenge 
with the same antigen9–13. Such memory lymphocytes 
circulate throughout the body, but also reside in distinct 
tissues. Indeed, their diversity, lifestyle (that is, their 
survival and maintenance mechanisms) and division 
of labour are still a matter of debate14–18. It is clear that 
they have differentiated beyond checkpoints of physio-
logical immunological tolerance (Fig. 1). In the memory 
phase, in the absence of their antigen, they are resting 
and, as such, antigen is necessary to reactivate them19–21. 
In the past 10 years, evidence of an additional layer of 
innate memory has emerged. Often termed ‘trained 
immunity’22, inflammatory insults shape subsequent 
responses of cells of the innate immune system, resulting 
in enhanced and accelerated function.

It is obvious that the immune system has evolved 
to successfully eliminate antigens in an acute immune 
reaction. Failure to eliminate the antigen often has detri-
mental consequences, as is the case in chronic infections, 
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the immune system. This rationale is based on the observation that in patients with chronic 
inflammatory rheumatic diseases refractory to conventional immunosuppressive therapies, 
therapy-free remission can be achieved by resetting the immune system; that is, by ablating 
immune cells and regenerating the immune system from stem cells. The success of this approach 
identifies antigen-experienced and imprinted immune cells as essential and sufficient drivers of 
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and chemokines, but can also involve cells of innate immunity. New therapeutic strategies  
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autoimmunity, allergy and failure of tumour surveil-
lance. The immune system responds to this challenge 
by curtailing its reaction, a phenomenon that has been 
termed ‘exhaustion’, and by minimizing proliferation of 
the antigen-experienced lymphocytes while maintain-
ing them as quasi memory lymphocytes23,24. This chronic 
immune reaction is fundamentally different from acute 
immune reactions (see Fig. 1 and detailed discussion 
below), a recent insight that has fundamental conse-
quences for the design of therapies aimed at the termina-
tion of chronic immune reactions, either by elimination 
of exhausted lymphocytes (in the case of autoimmunity 
or allergy) or by reactivation of the exhausted experi-
enced lymphocytes (in the case of tumour surveillance). 
Most contemporary therapies interfere with acute 
immune reactions, by targeting cells and molecules 
involved in the initial activation of lymphocytes, on the 
basis of the assumption that a chronic immune reaction 
is a sustained acute immune reaction. Obviously, such 
therapies have limited success in terminating inflam-
matory rheumatic diseases and allergies. At best, they 
achieve drug-dependent remission, with clinical relapse 
occurring when the therapy is terminated25–27.

A simple clinical observation provides proof- 
of-principle that chronic rheumatic inflammation is 
not driven by sustained acute immune reactions, as tar-
geted by conventional immunosuppressive therapies.  
In patients with inflammatory rheumatic diseases refrac-
tory to conventional therapies, therapy-free remission 
can be achieved when their immune system is ablated 
and regenerated from autologous progenitor cells, an 
experimental therapy termed autologous stem cell 
transplantation (ASCT)28,29. This ‘reset’ of the patient’s 
immune system, which involves eliminating the major-
ity of antigen-experienced lymphocytes, is seemingly 
both necessary and sufficient to terminate chronic 
inflammation and regenerate physiological tolerance28. 
Of note, the few antigen-experienced lymphocytes 
that survive immunoablation are not expanding again 
by homeostatic proliferation driven by, for example, 
cytokines or lymphopenia, nor do they restart auto-
immune inflammation, as could have been predicted 
from studies in murine models30. Physiological toler-
ance is regenerated autonomously after therapeutic  
ablation of antigen-experienced lymphocytes; that is, 
these experienced lymphocytes have been roadblocks 
to tolerance induction.

If resetting the immune system from its stem cells, 
for example, by ASCT, is so effective, then why is 
this approach not the gold standard for induction of 

therapy-free remission in rheumatic diseases? There are 
two main reasons. First, with success rates of up to 70%31, 
therapy-free remission is not achieved in all patients 
who undergo ASCT, implying that cells not affected by 
ASCT, such as innate and non-immune ‘memory’ cells, 
such as fibroblasts, could contribute to chronic inflam-
mation. Second, resetting the immune system implies 
that not only pathogenic lymphocytes but also those 
providing immunity against infectious pathogens, are 
ablated. ASCT entails severe immunodeficiency during 
the regeneration phase, which can last as long as 1 year 
post-transplantation and usually requires administra-
tion of intravenous immunoglobulin (IVIG), and loss of 
previously acquired protective immunological memory, 
which means that the patients have to be revaccinated 
against infectious pathogens. Alternative strategies avoid-
ing the aforementioned drawbacks of immunoablation 
combined with ASCT would be preferable.

In this Review, we discuss the identification of path-
ogenic, experienced ‘memory’ lymphocytes and innate 
immune and non-immune cells that are the roadblocks 
to regeneration of physiological tolerance, as well as 
the molecular targets for their selective ablation, thus 
sparing protective immunological memory. The funda-
mental advance of the past 5–6 years is the move from 
targeting sustained acute immune reactions to targeting 
the maintenance of pathogenic immune memory cells 
that drive chronic inflammation.

Memory plasma cells
Plasma cells as long-lived pathogenic drivers of chronic 
inflammation. Plasma cells were identified in 1947 
as the source of secreted antibodies and, later, as the 
offspring of activated B lymphocytes32,33. However, 
plasma cells never really gained interest as a therapeutic  
target in rheumatic diseases, even when autoanti-
bodies were discovered and arthritogenic antibodies 
were shown to induce rheumatic joint inflammation, 
for example, in serum transfer-induced arthritis34–38.  

Key points

•	Chronic inflammatory rheumatic diseases are driven by long-lived, adapted memory
cells: memory plasma cells, memory B and T lymphocytes and imprinted innate cells.

•	memory cells have passed all physiological tolerance checkpoints; they are refractory
to conventional therapeutic efforts that aim to restore tolerance.

•	elimination of pathogenic memory cells is a prerequisite for the restoration of
immunological tolerance and achievement of therapy-free remission.

•	analysis of transcriptomes and physiology of pathogenic memory cells has revealed 
novel therapeutic candidate targets for their selective elimination and suggests that
combination therapies could be relevant.

Fig. 1 | Pathogenic memory cells are beyond tolerance 
checkpoints. During maturation, B and T lymphocytes are 
subjected to ‘central tolerance’ mechanisms whereby 
autoreactive cells are eliminated by negative selection. 
Potentially autoreactive lymphocytes that have escaped 
central tolerance checkpoints are subject to ‘peripheral 
tolerance’ mechanisms, which include lack of co-stimulation 
by antigen-presenting cells (APCs) under non-inflammatory 
conditions, regulatory T (Treg) cells, checkpoint inhibitors 
(such as CTLA-4 and PD-1), and the requirement for T cell 
help for B cell activation, antibody affinity maturation and 
class switch. In acute, protective immune responses, 
clearance of the antigen leads to cessation of the immune 
reaction, with antibody-secreting memory plasma cells and 
resting memory B and T cells remaining and surviving in 
dedicated survival niches. In autoimmune diseases, in which 
tolerance checkpoints have been overcome, plasma cells 
persisting in their respective niches constitutively secrete 
autoantibodies, and the continued presence of antigen 
promotes the adaptation of the autoreactive cells to chronic 
inflammation, which are no longer subject to tolerance 
mechanisms. BCR, B cell receptor; CD40L, CD40 ligand; 
IDO, indoleamine 2,3-dioxygenase; IL-2R, IL-2 receptor; 
TCR, T cell receptor; TH cell, T helper cell.

▶

Specific antigen receptors
Cells of the immune system 
express millions of different 
antigen receptors, each of 
them specifically recognizing 
particular structures. Each  
B lymphocyte expresses a 
particular antibody and each  
T lymphocyte a particular T cell 
receptor, enabling them to 
recognize and react to a 
defined chemical structure,  
the antigen.

Immunological tolerance
Ablation or inactivation of  
B and T lymphocytes with 
antigen receptors specific for 
the body’s own and harmless 
antigens.

Immunological memory
imprinting and maintenance of 
the immune cells of an immune 
reaction when the reaction is 
over. Memory plasma cells 
provide protection by secretion 
of antibodies, and memory  
B and T lymphocytes provide 
rapid and enhanced secondary 
immune reactions.

Homeostatic proliferation
Proliferation of memory 
lymphocytes induced by 
cytokines, in the absence  
of antigen.
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Many autoantibodies driving chronic inflammation 
are of the IgG isotype, which activate complement and 
direct effector mechanisms via Fcγ receptors, in par-
ticular when they are not extensively glycosylated39. 
Binding of IgA immune complexes to FcαRI has also 
been postulated to contribute to effector cell activation 

and cytokine expression in chronic inflammatory 
diseases40. By contrast, the Fcµ receptor has been impli-
cated in the negative selection of autoreactive B cells41. 
Plasma cells were not considered for therapeutic strat-
egies in auto-antibody-mediated rheumatic diseases, 
such as systemic lupus erythematosus (SLE), because 
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plasma cells in general were regarded as short-lived off-
spring of B cells activated in sustained ‘acute’ immune 
reactions42. This perception was based on the observa-
tions that plasma cells disappeared from the spleen and 
lymph nodes after acute immune reactions, and when 
isolated ex vivo did not survive in tissue culture32,43. The 
original observation that, after termination of an acute 
immune reaction, plasma cells of that immune reaction 
were detectable in the bone marrow for extended time 
periods, was ignored44. More than 20 years later came 
the demonstration in mice, using different approaches, 
that about 10–20% of murine IgG-secreting plasma cells 
generated in an acute immune reaction were maintained 
numerically, as non-dividing cells, in the bone marrow 
for months thereafter, secreting the antibodies provid-
ing protective immunity2,5. These long-lived plasma cells 
were no longer sensing antigen or antigen–antibody 
complexes; they were true ‘memory’ cells, maintaining 
immunity in the absence of the original instruction45,46.

Meanwhile, other evidence indicates that memory 
plasma cells can survive for decades, if not a lifetime, 
in humans and other primates4,7,8. Memory plasma cells 
secreting pathogenic IgG antibodies were first described 
in 2004 (rEF.47). Nearly a decade later, using a model of 
lupus nephritis in NZB/W mice, came the demonstra-
tion that adoptive transfer of precursors of memory 
plasma cells (plasmablasts) is sufficient to induce inflam-
mation in recipient mice, putting memory plasma cells 
centre stage as a novel therapeutic target48. This concept 
was corroborated and translated to human disease by the 
observation that ablating B lymphocytes in patients with 
rheumatoid arthritis or SLE by treatment with rituxi-
mab, a monoclonal antibody targeting CD20, which is 
expressed by B lymphocytes but not by plasma cells, did  
not affect serum titres of protective antibodies, nor  
did it abolish autoantibody titres completely49–51. Patho-
genic memory plasma cells were also resistant to the com-
bined action of corticosteroids and the DNA-alkylating 
agent cyclophosphamide both in NZB/W mice and in 
patients with SLE, demonstrating that memory plasma 
cells are refractory to conventional immunosuppression, 
that is, that they are an unmet therapeutic challenge52,53.

Survival and maintenance of memory plasma cells is 
dependent on extrinsic factors. Rationales for thera-
peutically targeting (pathogenic) memory plasma cells 
require a detailed understanding of their lifestyle, an 
understanding that we are gradually achieving6,51,54,55. 
First, it is apparent that plasma cell survival in the bone 
marrow is dependent on a distinct environment, termed 
the plasma cell niche3,56,57 (Fig. 2, Fig. 3). Plasma cell niches 
apparently also develop in inflamed tissues in the set-
ting of autoimmunity and most probably also infection, 
and pro-inflammatory cytokines, such as TNF, IL-6 and 
IL-12, can support the survival of memory plasma cells 
ex vivo57–59. Plasmablasts generated in systemic immune 
reactions express the chemokine receptors CXCR3 and 
CXCR4 and are attracted by the corresponding chemo-
kines CXCL9, CXCL10 and CXCL11, which are hall-
marks of inflamed tissues, and by CXCL12 (also known 
as stromal cell-derived factor 1), which is expressed 
by stromal cells of the bone marrow60–65. After acute 

immune reactions, established plasma cells generated in 
those reactions are no longer migratory, although they 
still sense chemokines and react to them with increased 
survival58,60,62,66. In acute immune reactions, for example, 
in infection, migration of plasmablasts to the inflamed 
tissue provides high local titres of antibodies in affec-
ted tissues, as long as they are inflamed. When regen e-
rated during resolution of the inflammation, the tissue 
is no longer able to support plasma cell survival and the 
plasma cells, which are now immobile, are eliminated. 
At the same time, plasmablasts that have migrated to 
the permanent survival niches of the bone marrow 
will be maintained as memory plasma cells, securing 
humoral memory3. Although the survival signals that 
maintain plasma cells in inflamed tissues are not yet 
clear, several aspects of the immobility of plasma cells 
as such could be exploited for the therapeutic targeting 
of pathogenic (and protective) memory plasma cells. 
First, any therapy that resolves tissue inflammation will 
also affect the plasma cells resident there. Second, the 
establishment of plasmablasts as memory plasma cells 
in the bone marrow can be prevented by blocking the 
CXCR4–CXCL12 axis, for example, with plerixafor (also 
known as AMD 3100), as was shown in NZB/W mice66. 
The remaining key challenge is to target established 
memory plasma cells in their permanent niches in the  
bone marrow (Fig. 3).

The survival niche for memory plasma cells in 
the bone marrow seems to have at least two essential 
and necessary components14 (Fig. 3). The first of these 
components is ligands that activate B cell maturation 
protein (BCMA; also known as TNFRSF17) on plasma 
cells, namely B cell-activating factor (BAFF; also 
known as TNFSF13B) and a proliferation-inducing 
ligand (APRIL; also known as TNFSF13). Obviously, 
the bone marrow provides sufficient levels of both  
ligands, and inhibition or genetic inactivation of both is  
required and sufficient to kill memory plasma cells in 
mice67,68. The second component is the direct contact 
of plasma cells to CXCL12-expressing stromal cells in  
the bone marrow69. Stromal cells and plasma cells 
express several complementary adhesion receptors, 
such as vascular cell adhesion molecule-1 (VCAM-1,  
also known as CD106) and intercellular adhesion 
molecule-1 (ICAM-1, also known as CD54) on stromal 
cells and very late antigen-4 (VLA-4; α4β1 integrin) and 
lymphocyte function-associated antigen-1 (LFA-1; αLβ2 
integrin) on plasma cells. Direct cell contact between 
stromal cells and plasma cells induces PI3K signalling 
and directly supports the survival of the plasma cells in 
mice70,71. PI3K signalling prevents activation of caspase 3  
and caspase 7, thus providing resilience to mitochon-
drial stress. Inhibition of PI3K signalling kills memory 
plasma cells ex vivo and in vivo72. Furthermore, APRIL 
induces NF-κB signalling and prevents activation of 
caspase 12, thereby providing resilience to endoplasmic 
reticulum stress71. Stromal cell-induced PI3K signalling 
and APRIL-induced NF-κB signalling are necessary and 
sufficient to prevent apoptosis of memory plasma cells 
ex vivo72. These two signalling pathways thus qualify as 
therapeutic targets for the broad ablation of plasma cells 
from the bone marrow.

Plasma cell niche
A local environment organized 
by mesenchymal stromal cells, 
which provides survival signals 
for memory plasma cells.
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Therapeutic options for targeting (pathogenic)  
memory plasma cells. Of particular interest for a thera-
peutic approach selectively targeting pathogenic  
plasma cells could be the synapse between plasma  
cells and bone marrow stromal cells. Antibodies to 
VLA-4 and LFA-1 broadly ablate memory plasma cells 
from the bone marrow in mice73. Beyond VCAM-1 
and ICAM-1, however, the plasma cell–stromal cell 
interface might contain other essential receptor–ligand 
pairs, across all memory plasma cells or just a subset. 
As one example, a 2019 study described the essential 
role of laminin β1 in the maintenance of IgG-secreting 
plasma cells in the bone marrow of mice74. Laminin β1, 
which is secreted by and coats a fraction of bone marrow 
stromal cells, seems to be an essential and exclusive com-
ponent of the survival niche for IgG-secreting plasma 
cells in the bone marrow64. This serendipitous discovery 
followed the observation that Salmonella typhimurium 
selectively depletes IgG-secreting plasma cells from the 
bone marrow of an infected host, using the Salmonella 
protein SiiE with homology to laminin β1. Therapeutic 
interference with laminin β1 could be a more selective 
approach than general interference with memory plasma 
cell persistence, sparing protective plasma cells secreting 
IgA, and those secreting IgG in tissues other than the 

bone marrow. As discussed above, pathogenic plasma 
cells expressing IgA and IgG and residing in inflamed 
tissues could then be addressed by anti-inflammatory 
therapeutic strategies. A detailed knowledge of the 
essential components of the molecular synapse between 
stromal cells and plasma cells, with identification of the 
elements specific to plasma cells generated in distinct 
types of immune reactions, could define further candi-
dates for the targeted ablation of pathogenic plasma cells, 
as opposed to protective plasma cells.

Finally, the most selective way of targeting patho-
genic memory plasma cells would be to address them 
according to the specificity of the antibodies they 
secrete. This approach would present a real challenge, 
as the antibodies are secreted and not expressed on 
the cell surface of IgG-secreting plasma cells, at least  
not functionally. Thus, IgG+ memory plasma cells do not  
react to antigen or antigen–antibody complexes45,75. 
However, secreted IgG antibodies can bind and activate 
complement when binding to antigen on the surface of 
a target cell, and thus kill that cell. An original thera-
peutic strategy would be to coat all plasma cells with an 
antigen of interest, such as an autoantigen recognized 
by pathogenic antibodies. This can be done using con-
jugates of the (auto)antigen and plasma cell-specific 
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Fig. 2 | The lifestyle of protective and pathogenic memory lymphocytes differs fundamentally. Following clearance 
of an antigen in an acute, protective immune reaction, some antigen-specific memory T and B lymphocytes and memory 
plasma cells persist in dedicated survival niches, for example, in the bone marrow, organized by stromal cells. Here,  
memory plasma cells provide ongoing protection in the form of antibodies and memory T and B lymphocytes are reacti-
vated upon re-encountering their cognate antigens. In chronic inflammatory diseases, the antigen (often an autoantigen) 
cannot be eliminated, leading to constant re-activation of (memory) B and T cells in situ (for example, in inflamed joints  
in rheumatoid arthritis). Such memory T and B lymphocytes fuel chronic inflammation by secreting pro-inflammatory 
cytokines and by generating short-lived and long-lived plasma cells that are maintained in survival niches in the inflamed 
tissue and constantly secrete pathogenic auto-antibodies. BCR, B cell receptor; CD40L, CD40 ligand; TCR, T cell receptor; 
TH cell; T helper cell.
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antibody (an ‘affinity matrix’), which, when bound to 
any plasma cell, will label the surface of the plasma cell 
with the (auto)antigen of interest. Plasma cells secreting 
antibodies specific to that antigen will then be lysed by 
complement or killed by antibody-dependent cellular 
cytotoxicity, whereas plasma cells secreting antibodies 
with a different specificity, including protective memory 
plasma cells, are spared. The feasibility of this approach 
has been demonstrated ex vivo and in vivo in a mouse 

model76–78. Although the antigen-specific depletion of 
pathogenic plasma cells offers unprecedented selecti-
vity, its application is limited to autoimmune diseases 
in which the auto-antigens that drive inflammation are 
known, for example, myasthenia gravis or anti-NMDA 
receptor encephalitis.

In summary, elimination of memory plasma cells 
secreting pathogenic antibodies, one of the major road-
blocks to tolerance induction in antibody-mediated 
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Fig. 3 | The bone marrow plasma cell niche as a putative therapeutic target for the depletion of (pathogenic) 
memory plasma cells. Plasmablast migration into the bone marrow is mediated by the CXCR4–CXCL12 axis. In the  
bone marrow, CXCL12 also supports the survival of the plasma cells. The survival of memory plasma cells in the bone 
marrow depends on the direct contact of these cells with bone marrow stromal cells. This cell–cell contact is mediated  
by interactions, such as those between very late antigen-4 (VLA-4; α4β1 integrin) and vascular cell adhesion molecule-1 
(VCAM-1), lymphocyte function-associated antigen-1 (LFA-1; αLβ2 integrin) and intercellular adhesion molecule-1 
(ICAM-1), and by laminin β1 in the case of IgG-secreting plasma cells. Contact with stromal cells induces activation of  
the phosphoinisitide 3-kinase (PI3K) pathway in the plasma cells, resulting in the inhibition of forkhead box protein O1 
(FOXO1) and FOXO3 and ultimately in the inhibition of apoptosis via caspases 3 and 7. In addition, a proliferation-inducing 
ligand (APRIL) and B cell-activating factor (BAFF) bind to B cell maturation protein (BCMA) on plasma cells to induce  
NF-κB signalling, resulting in the inhibition of caspase 12 activation. Maintenance of plasma cells could be targeted 
therapeutically by blockade of CXCR4 by AMD3100, sequestration of APRIL and BAFF by atacicept, proteasome inhibition 
by bortezomib, blockade of PIK3 signalling or interruption of stromal cell–plasma cell contact by anti-LFA-1 antibodies, 
anti-VLA-4 antibodies or the Salmonella typhimurium-derived SiiE peptide (see TABlE 1).
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chronic inflammatory diseases, is still a major therapeu-
tic challenge (TABlE 1, Fig. 3). These cells are not affected 
by conventional immunosuppressive therapies. The 
generic ablation of plasma cells, which is being explored 
in preclinical and clinical testing, implies ablation of 
protective humoral memory as well, thus inducing 
considerable immunodeficiency55,79–82. Approaches to 
the selective ablation of pathogenic plasma cells while 
sparing protective plasma cells are still in their infancy. 
Even if ablated, pathogenic plasma cells can be rapidly 
regenerated from their memory B cell precursors (Fig. 1, 

Fig. 2), which is a problem that has to be solved83,84 in 
order for physiological immunological tolerance to be 

restored, and has so far only been achieved by ASCT29,83. 
Ablation of antigen-specific (memory) B lymphocytes 
and/or the antigen-experienced T lymphocytes helping 
them would be one way of preventing regeneration of 
pathogenic plasma cells from their precursors85,86.

Memory B and T lymphocytes
Long-term maintenance of memory B and T lympho-
cytes. In the memory phase of protective immune 
responses, memory B and T lymphocytes maintain 
information about pathogens that have been successfully 
eliminated during acute immune reactions. Rechallenge 
with the same pathogen, at concentrations above those 

Table 1 | Pre-clinical and clinical approaches to target (pathogenic) memory cells in rheumatic diseases

Molecular 
target

Target cell(s) Intervention Presumed mechanism of action Refs

Experimental or proof-of-principle

CXCR4 Plasmablast and 
memory plasma cell

Plerixafor 
(AMD3100)

Inhibition of CXCL12-mediated migration 
to the bone marrow and of survival of 
plasmablasts and/or plasma cells

66

BCMA Memory plasma cell NF-κB inhibitor Inhibition of BCMA signalling 67,68,71,72

VLA-4 and 
LFA-1

Memory plasma cell Anti-VLA-4 
and anti-LFA-1 
antibodies

Disruption of cell–cell contact between 
bone marrow stromal cells and memory 
plasma cells

70,72,73

Laminin β1 IgG+ memory plasma 
cells and memory 
B cells in the bone 
marrow

Salmonella 
typhimurium SiiE 
peptide

Disruption of cell–cell contact between 
bone marrow stromal cells and IgG+ 
memory plasma cells

18,64,74

Autoreactive 
antibody

Autoreactive memory 
plasma cell

Affinity matrix 
(antigen–
antibody 
complex)

Complement-mediated or ADCC-mediated 
lysis of memory plasma cells that secrete 
antibodies for a specific antigen

76–78

microRNA-148a Memory T cells adapted 
to chronic inflammation

Antagomir-148a Blockade of miR-148a-mediated inhibition 
of BIM

160,161

CPT1 Memory T cells adapted 
to chronic inflammation

Etomoxir Depletion of chronically activated  
T memory cells dependent on fatty  
acid oxidation

162

Autoreactive  
B cell receptor

Autoreactive B cells CAR T cells Killing of autoreactive B cells by CAR T cells 
that express autoantibody receptors

85

NOTCH3 Synovial fibroblasts 
in RA

NOTCH3- 
antagonizing 
antibody

Inhibition of differentiation of 
pro-inflammatory synovial fibroblasts

184,185

CDK Synovial fibroblasts CDK inhibitor 
seliciclib

Inhibition of fibroblast proliferation 187,190

Clinical

Not defined Memory immune cells Immunoablation 
followed by ASCT

Re-established tolerance to ‘self’ after 
resetting the immune system

28,29

CD38 Memory plasma cells Daratumumab Depletion of memory plasma cells 82,191

Proteasome Memory plasma cells Bortezomib Induction of ER stress and interference with 
NF-κB signalling

80,192,193

BAFF B cells and plasma cells Belimumab Inhibits B cell activation and generation of 
antibody-secreting memory plasma cells

194–200

BAFF and 
APRIL

Memory plasma cells Atacicept Blockade of BCMA-mediated survival 
signals for memory plasma cells

201,202

IL-2R Regulatory T cells Low-dose IL-2 Activation of regulatory T cells 135,136,203

ADCC, antibody-dependent cellular cytotoxicity; APRIL, a proliferation-inducing ligand; ASCT, autologous stem cell transplantation; 
BAFF, B cell activating factor; BCMA, B cell maturation antigen; BIM, Bcl-2-like protein 11; CAR, chimeric antigen receptor;  
CDK, cyclin-dependent kinase; CPT1, carnitine O-palmitoyltransferase 1; ER, endoplasmic reticulum; IL-2R, IL-2 receptor;  
LFA-1, lymphocyte function-associated antigen 1; NOTCH3, neurogenic locus notch homolog protein 3; RA, rheumatoid arthritis; 
VLA-4, very late antigen 4.
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that can be controlled by antibodies secreted by mem-
ory plasma cells, leads to rapid reactivation and prolif-
eration of these reactive memory cells (Fig. 1), which are 
functionally imprinted to express effector molecules, 
such as cytokines, chemokines and affinity-matured 
antibodies of switched isotype. Memory B cells also 
secrete cytokines and, moreover, they differentiate into 
antibody-secreting (memory) plasma cells87–91. The basic 
layout of the (reactive) immunological memory has been 
known for decades92. However, the lifestyle of protective 
memory B and T lymphocytes, not to mention patho-
genic memory T and B lymphocytes, is still a matter of 
debate15,46,92,93.

In 1963, James Gowans showed by lymph drainage 
of rats that memory lymphocytes mounting secondary 
immune responses are maintained in tissues and can-
not be eliminated as circulating lymphocytes, unlike 
lymphocytes mounting primary immune responses94. 
Nevertheless, memory lymphocytes are present in 
lymph and blood, and those cells were considered to 
be true representatives of immunological memory,  
a conjugated system of reactive memory cells circulating 
through the body in quest for their antigen17,95. In the 
past 10 years, this perception changed with the descrip-
tion of tissue-resident memory T lymphocytes, mostly in 
epithelial border tissues, such as the skin, lung and intes-
tine (reviewed in Mueller et al.96). This finding led to the 
concept of tissue-specific protection by tissue-resident 
memory cells, as opposed to systemic protection by 
circulating cells97,98. It emerged that systemic long- 
term protection is also maintained by tissue-resident 
memory T cells, namely those residing in the bone  
marrow14,18,99,100 (Fig. 2).

The lifestyle of memory lymphocytes, in particular 
that of circulating memory lymphocytes, is still enig-
matic. At present, it remains unclear how long they cir-
culate in the blood and lymph without contact with other 
cells, what makes them egress into the tissues, into which 
tissues they egress, and when and how they re-enter the 
blood and/or lymph. Tissues such as the spleen and bone 
marrow have been proposed as hubs for the regeneration 
of memory T lymphocytes by homeostatic proliferation 
(that is, proliferation induced by cytokines rather than 
by antigen)101,102. This may be true for a subpopulation of 
~30% of memory T lymphocytes of the mouse spleen103, 
which might also be circulating memory T lymphocytes. 
Resident memory T lymphocytes of the bone marrow, 
however, do not show homeostatic proliferation, as 
they are resistant to treatment with the cytostatic drug 
cyclophosphamide103. Current evidence suggests that in 
the memory phase, CD69-expressing memory T lympho-
cytes are maintained as tissue-resident cells, although 
some CD69-negative memory T lymphocytes can be 
tissue-resident as well104–106. As CD69 suppresses expres-
sion of the chemokine receptor S1PR1, which senses 
the blood-borne chemokine sphingosine-1-phosphate 
and mediates lymphocyte egress from tissues, CD69 
is believed to ensure tissue residency of the memory 
T cells107,108. In addition, CD69 facilitates the migration 
of memory T cells into tissues such as the bone marrow, 
probably by enabling their binding to endothelial cells 
of the bone marrow blood sinuses109,110. The lifestyle  

of tissue-resident memory T lymphocytes might 
depend on the tissue containing them. Whereas mobile  
T lymphocytes scanning their environment have been 
described for epithelial tissue, memory T lymphocytes 
of the bone marrow are apparently not mobile, unless 
reactivated by antigen111–114. Like memory plasma cells, 
both CD4-expressing and CD8-expressing memory  
T lympho cytes of the bone marrow are at rest in terms 
of proliferation, mobility and activity, and individually 
dock onto stromal cells that express IL-7 (rEFs99,115). 
When reactivated by antigen-presenting cells, the bone 
marrow memory T lymphocytes leave their niches, 
aggregate with the antigen-presenting cells and pro-
liferate in non-follicular immune clusters, before the 
amplified cells return individually to their niches112.  
It remains to be shown whether, and if so how, reacti-
vated memory T lymphocytes residing in non-lymphoid 
tissues also leave their tissue and contribute to immune 
reactions in secondary lymphoid organs.

Tissue residency of memory B cells has also been 
demonstrated18,116. A prominent population of memory 
B cells is located in the spleen, but their relationship to 
circulating memory B cells has been elusive117. In sple-
nectomized patients, ~50% of circulating memory B cells 
gradually disappear after splenectomy, suggesting that 
the spleen is a hub for circulating memory B cells118. In a 
study published in 2020, we dissected the heterogeneity 
of memory B cells in the mouse bone marrow and spleen, 
where most memory B cells are located, at the single-cell 
level, on the basis of their transcriptomes and B cell anti-
gen receptor repertoire18. Whereas ~80% of memory  
B cells reside in either the bone marrow or the spleen as 
distinct populations, only ~20% qualify as circulating 
cells — a remarkable compartmentalization and a fun-
damental revision of current views on the organization 
of B cell memory. In the bone marrow, memory B cells, 
like memory plasma cells and memory T cells, individ-
ually dock with VCAM-1-expressing stromal cells and 
rest in terms of proliferation and mobility. Interestingly, 
IgG+ memory B cells of the bone marrow co-localize to 
laminin-expressing stromal cells18, suggesting that both 
IgG+ plasma cells and their IgG+ memory B cell precur-
sors in the bone marrow could be targeted together by 
therapeutic interference with laminin.

Memory T lymphocytes in chronic immune reactions. 
Memory B and T lymphocytes have passed the most 
relevant checkpoints of physiological immune tolerance 
(Fig. 1), namely the negative selection of newly generated 
lymphocytes expressing autoreactive antigen receptors, 
which occurs in the bone marrow for B lymphocytes and 
in the thymus for T lymphocytes, and subsequently the 
secondary prevention of autoimmune reactions by regu-
latory lymphocytes, in particular FOXP3-expressing 
regulatory T (Treg) lymphocytes. Memory B and  
T lymphocytes are thus licensed for secondary immune 
reactions.

In acute immune reactions, functional imprinting 
occurs, at least for memory T helper 1 (TH1) lympho-
cytes, once the antigen is eliminated. In T helper cells,  
antigen–receptor signalling prevents the expres-
sion of the β2 chain of the IL-12 receptor, precluding 
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responsiveness to IL-12 and STAT4 activation, which 
seems to be required for epigenetic imprinting of these 
activated T cells13,119–121. Conversely, termination of 
antigen–receptor signalling stalls T helper lympho-
cyte proliferation, although proliferation does not stop 
immediately122–124. Finally, activated TH lymphocytes 
themselves contribute to the termination of immune 
reactions, by secretion of the regulatory cytokine IL-10, 
which is expressed by TH1, TH2 and TH17 cells; in TH1 
cells, IL-10 expression is induced by IL-12–STAT4 sig-
nalling (that is, after elimination of the antigen) and by 
delta-like protein 4, which activates Notch125–131.

In chronic immune reactions, the antigen that has 
activated the immune system is not eliminated but 
presents a persistent challenge. Endogenous tolerance 
checkpoints to prevent primary activation have been 
passed, the mechanisms ensuring the termination of 
immune reactions after elimination of the antigen are 
not triggered, and reactive immunological memory cells 
cannot get to rest. However, a continuous, full-fledged 
immune reaction would probably result in detrimen-
tal immunopathology132. How does the immune sys-
tem adapt to the continued presence of an antigen? 
Most inflammatory rheumatic diseases are regarded as 
autoimmune diseases, that is, inflammatory immune 
reactions against the body’s own antigens, caused by 
a breakdown of physiological tolerance mechanisms 
designed to prevent such autoimmune reactions. The 
reasons for such loss of tolerance could be manifold, 
and are beyond the scope of this article. Here, we focus 
on how the lymphocytes that are activated in such auto-
immune reactions, and form a pathogenic immuno-
logical ‘memory’, promote chronicity of inflammation 
and escape conventional immunosuppressive therapeu-
tic strategies. Most of these strategies are based on the 
assumption that chronic (auto)immune reactions are 
essentially persistent immune reactions with the charac-
teristics of primary or secondary acute immune reac-
tions. These therapies interfere with the interaction of 
primary antigen-presenting cells, such as dendritic cells, 
with (naïve) T lymphocytes, interfere with effector and 
regulatory lymphocytes, and target the extensive prolif-
eration of activated lymphocytes, immune reactions in 
secondary lymphoid organs and the migration of cells 
into the inflamed tissue. Tolerance breakdown is consid-
ered a failure of physiological immunoregulation, rather 
than a consequence of the initial activation.

Effector T cells of chronic rheumatic immune reac-
tions have low expression of IL-2 and thus in all like-
lihood do not activate Treg lymphocytes, which require 
exogenous IL-2 for full functionality133–137. Of note, the 
‘experienced’ T lymphocytes involved in rheumatic 
inflammation in rheumatoid arthritis, juvenile idio-
pathic arthritis (JIA) and spondyloarthritis show very 
little proliferation, and in that respect they have been 
called ‘exhausted’138,139. These antigen-experienced 
‘memory’ lymphocytes seemingly adapt to chronicity, 
providing a pathogenic memory that is refractory to 
conventional therapies and that might induce disease 
relapse when symptomatic and conventional immuno-
suppressive therapies are terminated. Although little  
is known of the adaptation of antigen-experienced  

B lymphocytes to chronic inflammation, the adaptation 
of antigen-experienced T lymphocytes has received 
considerable attention140–145.

Molecular adaptations of pathogenic T cells to chronic 
inflammation. Traditionally, functional diversity of 
antigen-experienced CD4+ T lymphocytes is classified 
on the basis of the cytokine genes they express when 
re-stimulated and the transcription factors able to 
induce expression of these cytokine genes in activated 
naïve T cells. The classical categories of TH1, TH2, TH17 
and so on, which are determined by the transcription 
factors T-box transcription factor TBX21 (also known 
as T-bet), trans-acting T cell-specific transcription fac-
tor GATA3 and ROR-γt among others, have stimulated 
research for years; these days, however, a more flexible 
and dynamic picture is emerging, in which cells shift 
from one category to another and exist in between146. 
Of particular interest with respect to many chronic 
inflammatory diseases are TH1 and TH17 cells, which 
can express pro-inflammatory cytokines and chemo-
kines. Their roles in pathogenesis are still debated, and 
can differ from disease to disease. In various animal 
models of intestinal and arthritogenic inflammation, 
each of these cell types has been shown to be an essential 
player145,147–150. TH17 cells preferentially recruit neutro-
philic granulocytes and organize lymphoid follicles, 
that is, the interaction of T and B lymphocytes, which 
is believed to be a requirement for the establishment 
of immunological memory and the establishment of 
chronic antibody-mediated arthritis150,151. By contrast, 
TH1 cells promote a ‘type 1’ immune response, with the 
potential to secrete pro-inflammatory cytokines and to 
attract pro-inflammatory macrophages145,151,152. A patho-
genic scenario in which acute autoimmune reactions 
are converted into chronic autoimmune reactions, with 
adaptation to the continued presence of the antigen, 
could involve the development of early TH17 cells into 
late, adapted TH1–TH17 hybrid or even TH1 cells144,145,153 
(Fig. 4). Using Il17aCre reporter mice that enable fate map-
ping of TH17 cells, pathogenic IFN-γ-expressing TH cells 
were shown to have formerly been TH17 cells in an 
experimental autoimmune encephalomyelitis model154. 
Similarly, TH17 cells with specificity for a pancreatic islet 
antigen rapidly differentiated into T-bet-expressing, 
IFN-γ+ cells following transfer into NOD/SCID 
recipient mice, and initiated type 1 diabetes155. Such 
pro-inflammatory TH1 cells that had previously been 
TH17 cells, as evident from the epigenetic imprinting of 
the RORC2 and IL17 gene loci of TH1 cells, were also iso-
lated from the inflamed joints of patients with JIA144,156. 
Initial evidence also indicates that the transcription fac-
tor T-bet could have a decisive influence on pathogenic 
memory B cells157,158.

To identify the genes controlling antigen-experienced 
TH1 cells adapted to chronic inflammation, our group 
compared the transcriptomes of mouse primary CD4+ 
T lymphocytes that had been activated and function-
ally polarized into TH1 or TH2 cells ex vivo, either once 
or several times, as a model system to mimic acute 
and chronic immune reactions140,141. Among the genes 
differentially expressed were two that encode putative 
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transcription factors, TWIST1 and HOPX, both of which 
were selectively upregulated in repeatedly activated TH1 
cells, and found exclusively in TH cells of inflamed tissue 
in patients with chronic inflammatory diseases (Fig. 5). 
Hopx, which encodes Homeodomain-only protein, was 
required for the survival of adoptively transferred TH1 
cells in recipient mice, although the molecular basis of 
this requirement remains unclear141. A little bit more 
is known regarding TWIST1, which encodes the tran-
scription factor Twist-related protein 1 (TWIST1). First, 
genetic inactivation of Twist1 in TH1 cells promoting 
arthritis in a mouse model of antigen-induced arthri-
tis exacerbates inflammation140,159. Thus, TWIST1 lim-
its immunopathology caused by the TH1 cells. Second, 
TWIST1 induces expression of microRNA-148a in 
repeatedly reactivated TH1 cells, and microRNA-148a 
regulates expression of Bcl-2-like protein 11 (also known 
as BIM), a proapoptotic protein, thus promoting the 
survival of the TH1 cells160,161. Third, TWIST1 regulates 
the metabolism of TH1 cells, blocks glycolysis, enforces 
fatty acid oxidation and protects against reactive oxygen 
species162. In summary, TWIST1 is a transcription factor 
that enables ‘chronicity’, as it is a molecular adaptation of 
repeatedly activated TH1 cells to chronic inflammation 
that limits their immunopathology but promotes their 
persistence (Fig. 5).

Heterogeneity of T  cells in chronic inflammation. 
Beyond TWIST1, the phenotype of TH1 cells of chronic 
inflammation and their activities in vivo are currently 

the subject of intense investigation. Single-cell tran-
scriptomics and mass cytometry reveal distinct sub-
populations expressing not only pro-inflammatory 
and regulatory genes, in particular, those encoding 
checkpoint inhibitors such as PD-1 and ICOS, but 
also genes indicating recent activation by antigen and 
genes encoding cytokines and chemokines that pro-
mote inflammation134,162–166. Surprisingly, we only now 
understand that in the chronic phase of inflammation, 
TH cells in inflamed tissue are activated by antigen, 
express pro-inflammatory genes in situ and most of 
them are immobilized in the inflamed tissue162,166–168. 
Much of the previous evidence of the pro-inflammatory 
potential of these cells had been derived from TH cells 
that had been restimulated ex vivo. Also surprising  
is that, apart from pro-inflammatory TH1 cells, the syn-
ovium of patients with JIA also contains a population of 
CD8+ T lymphocytes with a very similar phenotype166. 
Not surprisingly, there is additional heterogeneity  
within the subpopulations of TH cells, in that not all  
cells within a given subpopulation express every gene 
typical of that population, a phenomenon that might 
reflect quantitative differences in the perception of acti-
vating signals and their translation into expression of 
genes, as controlled by the transcription factor nuclear 
factor of activated T cells169,170. The emerging picture is 
that of multiple potential targets for discriminating the 
TH cells of chronic inflammation from those of protec-
tive immunological memory, but with few, if any, of the 
potential targets being expressed by all of the TH cells of 
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Fig. 4 | Plasticity of T helper lymphocytes in chronic inflammation. In an acute immune reaction, naive T helper (TH) 
lymphocytes are primed by professional antigen-presenting cells (APCs) in secondary lymphoid organs. The classical 
paradigm suggests that, depending on the microenvironment, activated TH cells differentiate into effector cells of a 
particular lineage, such as TH1, TH2 or TH17 effector cells. After elimination of the antigen, a contraction phase occurs, 
which leaves only a few memory TH cells that return to a resting state and that will protect the host organism upon 
re-encounter of the same antigen. In autoimmune diseases, however, the antigen is not eliminated but persists, leading  
to repeated activation of TH effector cells, which can result in a substantial shift in their phenotype. During this process, 
TH cells of a particular cell lineage can be plastic and can combine phenotypes of different TH cell lineages (for example, 
TH1–TH17 cells) or even shift to a different TH cell lineage (indicated by dashed arrows), which challenges the current 
understanding of classical TH cell lineages and shifts from this paradigm to a rather dynamic view of TH cell biology.  
TCR, T cell receptor.
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chronic inflammation at a given time. With regard to 
therapy, it will be challenging to identify targets shared 
by all pathogenic T cells, or to design combination  
therapies that affect several targets simultaneously.

Therapeutic options for targeting (pathogenic) 
memory T and B cells. Can we selectively target the 
antigen-experienced T and B lymphocytes that con-
fer the ‘memory’ for chronic rheumatic inflammation 
(TABlE 1)? One way to do so would be to interfere with 
a molecular mechanism that ensures their persistence. 
As discussed above, T-bet and TWIST1 promote the 

persistence of pathogenic TH cells by inducing expres-
sion of miR-148a, which regulates expression of BIM 
and thus prevents apoptosis. The potential of target-
ing miR-148a to ablate pathogenic TH cells of chronic 
inflammation is currently being explored. In a mouse 
T cell transfer model of colitis, blocking miR-148a with 
specific antagomirs in the chronic phase of the disease 
selectively ablated TH cells expressing TWIST1 and 
miR-148a from the intestine and spleen, sparing other 
memory TH cells, and significantly ameliorated colitis161. 
This study provides the first evidence that these cells are 
indeed promoting chronic inflammation, at least in this 
model, and that it is possible to address them selectively 
in a therapeutic approach that targets their adaptation to 
chronic inflammation. Another druggable target could 
be the metabolic adaptations of chronically activated 
TH cells expressing PD-1, in which TWIST1 has medi-
ated the switch to fatty acid oxidation to fulfil energy 
needs162. Blockade of fatty acid oxidation by adminis-
tration of etomoxir in vitro resulted in the impaired sur-
vival of PD-1+ T cells from the inflamed joints of patients 
with JIA, selectively sparing PD-1− T cells. Whether or 
not such selective ablation would suffice to regenerate  
physiological immunological tolerance remains to  
be shown.

For B cells, the situation is less clear. The clinical suc-
cess of pan-B-cell depletion, for example, by treatment 
with rituximab, has demonstrated the relevance of B cells 
in driving chronic inflammation. So far, no molecular 
target that would enable selective targeting of pathogenic 
B cells, other than the specificity of the B cell receptor 
itself, has been identified. If the inflammation-causing 
autoantigen is known, strategies using T cells that express 
a chimeric antigen receptor including the autoantigen 
could be used; such a strategy has been described and 
validated in a pre-clinical study85.

Innate ‘memory’ in chronic inflammation
Apart from cells of the adaptive immune system, ‘mem-
ory’ or imprinting of cells of the innate immune sys-
tem and of non-immune cells has increasingly gained 
attention as a potential therapeutic target in rheumatic 
diseases. Innate immune ‘memory’ lymphocytes (for 
example, natural killer cells and innate lymphoid cells) 
that are imprinted to (re)express cytokines have been 
described in the past few years and, in view of their 
essential role in maintaining tissue homeostasis, could 
well be relevant pathogenic cells in chronic rheumatic 
inflammation171–173. Also, epigenetic imprinting of innate 
tissue-resident macrophages instructs their function 
and localization, not only for tissue homeostasis but 
also for immunity174,175 (reviewed in Amit et al.176). 
Epigenetic imprinting of tissue-resident macrophages 
is shaped by signals from the local environment and 
lineage-specific transcription factors175,177, and confers 
memory that is maintained by the relatively long-lived 
tissue-resident macrophages and their progeny. Trained 
immunity, as it was termed in 2011 (rEF.22), describes the 
metabolic and epigenetic changes in innate immune 
cells and their precursors that lead to enhanced excit-
ability and a heightened state of activation. The patho-
genic role of activated monocytes and macrophages in 
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Fig. 5 | Molecular adaptations of repeatedly activated TH1 cells of chronic 
inflammation. T helper 1 (TH1) cells are critically involved in driving and maintaining 
chronic inflammatory diseases. Repeated activation of TH1 cells results in molecular 
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the survival of these cells by inducing the expression of the microRNA miR-148a. 
miR-148a inhibits expression of the pro-apoptotic molecule Bcl-2-like protein 11 (BIM).  
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rheumatic inflammation, for example, in SLE, is well 
established, as these cells are an important source of 
pro-inflammatory cytokines178. Monocytes in various 
rheumatic inflammatory diseases show the trained 
immunity phenotype (reviewed in Arts et al.179), which 
could reflect the instruction and reprogramming of infil-
trating monocytes and tissue-resident macrophages by 
the inflamed tissue environment. The pro-inflammatory 
imprinting of non-immune fibroblasts, in particu-
lar synovial fibroblasts in rheumatoid arthritis, could 
also contribute to the resistance of chronic rheumatic 
inflammation to conventional immunosuppressive ther-
apies. Synovial fibroblasts from patients with RA have 
altered functions that contribute to the pathogenesis of 
the disease, such as the expression of pro-inflammatory 
cytokines, matrix metalloproteinases and survival 
factors that contribute to the maintenance and reten-
tion of immune cells180,181. This pro-inflammatory and 
tissue-destructive phenotype is seemingly epigenetically 
imprinted and is maintained through several passages 
in vitro as well as in vivo after adoptive transfer into 
mice182. This pro-inflammatory imprinting of synovial 
fibroblasts is long-lived, apparently independent of 
the maintenance of the original inducing signals, and 
not affected by resetting the immune system by ASCT.  
A pro-inflammatory imprinting of precursors of innate 
immune cells and of synoviocytes could explain why 
some patients with rheumatic diseases fail to achieve 
therapy-free remission after ASCT183. Therapeutic tar-
geting of pro-inflammatory synovial fibroblasts is still 
an unresolved challenge. However, single-cell transcrip-
tomes of synovial fibroblasts from patients with RA 
and in a mouse model of joint inflammation184,185 have 
revealed fibroblast subtypes that have distinct roles in 
joint destruction and inflammation, respectively, as well 
as indicating that Notch signalling is one of the criti-
cal events in the pathogenic transformation of synovial 
fibroblasts. Identification of the gene signatures and 
the molecular pathways underlying their adaptation to 
chronic inflammation could enable the development of 

therapies targeting these pathogenic, imprinted innate 
‘memory’ cells186,187 (TABlE 1).

Conclusions
In this Review, we have highlighted the role of memory  
plasma cells secreting pathogenic (auto)antibodies,  
the role of pathogenic memory B lymphocytes as antigen- 
presenting cells in chronic inflammatory immune 
reactions and as precursors of pathogenic plasma cells, 
and of the role of pathogenic memory T lymphocytes 
expressing pro-inflammatory chemo kines and cytokines 
driving chronic inflammation. One way of selectively 
targeting these cells, while sparing protective immune 
memory cells, would be to target (auto)antigen speci-
ficity, as far as it is known. For pathogenic memory  
B and T lymphocytes, an alternative approach would be 
to target their adaptation to the continued presence of 
their antigens and chronic inflammation. For T lympho-
cytes, such adaptive targets have been identified, in par-
ticular TWIST1 and the genes controlled by it. Beyond 
memory cells of the adaptive immune system, evidence 
is emerging that cells of the innate immune system, as 
well as non-immune cells of the inflamed tissue, can 
become experienced and epigenetically imprinted and 
can provide yet another level of pathogenic memory  
for chronic inflammation188,189, in particular in those 
patients who fail to achieve therapy-free remission upon 
resetting of the immune system by ASCT. Developing 
therapeutic strategies for the selective ablation of all 
pathogenic memory cells and their precursors is a chal-
lenge, one that we might master on the basis of detailed 
molecular knowledge about their diversity and their life-
style. Alternatively, it remains to be shown whether or 
not the current protocol of resetting the entire immune 
system via ablation of all experienced immune cells 
and regeneration of a tolerant, naïve immune system 
from autologous stem cells can be developed into an 
evidence-based, standard therapeutic option.
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Correction to: Nature Reviews Rheumatology (2021) https://doi.org/10.1038/s41584-021-00593-3, published online 8 April 2021.

In the originally published version of this article there was an error in figure 3. In part b, the colours of the red and green circles within the 
table were erroneously reversed. The figure has been corrected so that the red circles represent pro- atherogenic effects and the green circles 
represent anti- atherogenic effects. This error has now been corrected in the HTML and PDF versions of the manuscript.
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