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New research published in Nature 
Medicine has revealed that IL-9, 
produced by group 2 innate lym-
phoid cells (ILC2s), might be a 
regulatory factor that contributes to 
the resolution of damage in chronic 
inflammatory diseases such as rheu-
matoid arthritis (RA). These findings 
support the notion that ‘rebalancing’ 
of the inflammatory response in RA 
might be an effective treatment.

IL-9 has many documented 
pleiotropic functions in the immune 
system, and has previously been 
shown to promote acute inflam-
mation. “However, the role of IL-9 
in chronic inflammatory disease 
remained unknown,” explains 
Andreas Ramming, lead author of the 
new paper, on the motivation behind 
this work. Using the antigen-induced 
arthritis (AIA) model of RA, in 
which wild-type mice typically 
display spontaneous resolution of 
inflammation, they showed that 
Il9–/– knockout mice had chronic 
inflammation, persistent synovitis 

and cartilage degradation. 
The chronic inflamma-

tion phenotype could 
be rescued using 

mini-circle DNA 
vectors encoding 

IL-9. 

The researchers went on to 
interrogate the role of IL-9 and how 
it mediates these effects. Using Il9citrine 
reporter mice, they deduced that 
the main source of IL-9 was ILC2s, 
which were drastically decreased in 
the AIA-challenged Il9–/– knockout 
mice. “We could decipher an auto-
crine loop of IL-9 production from 
ILC2s with subsequent ILC2-driven 
activation of regulatory T (TREG) 
cells,” says Ramming. 

Immunofluorescence microscopy 
confirmed that ILC2s co-localize with 
TREG cells in the inflamed tissues of 
arthritic mice, supporting the func-
tional link between these cell types 
and RA. Co-culture experiments 
revealed that the suppressive capacity 
of TREG cells from Il9–/– knockout 
mice was impaired compared with 
Il9 wild-type mice — the functional 
defect of these TREG cells was related 
to reduced expression of the effector 
molecules glucocorticoid-induced 
TNFR-related protein (GITR) and 
inducible T-cell co-stimulator (ICOS, 
also known as CD278) rather than 
cell number. Trans-well experiments 
confirmed cell–cell contact between 
ILC2s and TREG cells is needed to 

activate the 
suppressive 

capacity of 
TREG cells, 
which in 

turn reduced T helper 17 (TH17) cell 
polarization and promoted the reso-
lution of inflammation. Ramming 
proposes that “IL-9 thereby acts 
as a natural breakpoint in limiting 
arthritis.” 

Indeed, synovial tissue and blood 
samples from patients with RA 
corroborated the experimental data. 
For example, patients with persistent 
inflammatory activity (28-joint 
Disease Activity Score (DAS28) of 
≥3.2) had lower serum ILC2 numbers 
than those who were in remission 
(DAS28 <2.6).  “Longitudinal obser-
vations in patients also revealed a 
reciprocal link between tissue-resident 
and circulating ILC2s and disease 
activity,” Ramming goes on.

Building on this report, one can 
envisage using circulating ILC2s as a 
tool to measure resolution of inflam-
mation, which has not been possible 
to date. Furthermore, these data 
suggest that upregulating IL-9-driven 
regulatory processes to rebalance 
the inflammatory milieu might be a 
viable target for future RA therapies, 
as opposed to current treatments 
that suppress inflammation. “Since 
RA is one of the most chronic forms 
of inflammatory disease in humans, 
a new understanding of the reasons 
why inflammation fails to resolve 
is urgently needed,” concludes 
Ramming.

Mina Razzak 
Chief editor, Nature Reviews  

Disease Primers

 I N F L A M M AT I O N

Resolving — rather than suppressing — 
inflammation in RA might be the answer

ORIGINAL ARTICLE Rauber, S. et al. Resolution 
of inflammation by Interleukin-9-producing type 2 
innate lymphoid cells. Nat. Med. http://dx.doi.
org/10.1038/nm.4373 (2017). 
FURTHER READING Perretti, M. et al. Immune 
resolution mechanisms in inflammatory arthritis. 
Nat. Rev. Rheumatol. 13, 87–99 (2017).
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 O S T E O P O R O S I S

Romosozumab versus teriparatide
The effect of two bone-forming agents — the anti-slerostin 
antibody romosozumab and the recombinant PTH teriparatide 
— were compared in an open-label, randomized phase III study 
involving 436 women with postmenopausal osteoporosis who 
had been receiving bisphosphonate therapy. Change from 
baseline in total hip areal bone mineral density through 12 
months was higher in patients who received romosozumab 
210 mg once monthly compared with those treated with 
teriparatide 20 μg once daily (2.6% versus –0.6%).
ORIGINAL ARTICLE Langdahl, B. L. et al. Romosozumab (sclerostin monoclonal antibody) 
versus teriparatide in postmenopausal women with osteoporosis transitioning from oral 
bisphosphonate therapy: a randomised, open-label, phase 3 trial. Lancet http://dx.doi.
org/10.1016/S0140-6736(17)31613-6 (2017)

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

ACPA-specific synovial immunophenotypes
In a prospective study of 123 patients with rheumatoid 
arthritis, synovial tissue from anti-citrullinated protein antibody 
(ACPA)-positive patients had higher numbers of CD19+ B cells 
as well as CD3+ and CD8+ T cells compared with tissue from 
ACPA-negative patients. Furthermore, ACPA-positive patients 
had higher numbers of lymphoid aggregates of CD19+ B cells 
and increased serum levels of CXC-chemokine ligand 13. 
Synovial tissue immunophenotype was also associated with 
radiographic erosions and clinical response to DMARD therapy. 
ORIGINAL ARTICLE Orr, C. et al. Synovial immunophenotype and anti-citrullinated 
protein antibodies in RA patients: relationship to treatment response and radiological 
prognosis. Arthritis Rheumatol. http://dx.doi.org/10.1002/art.40218 (2017)

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

Matrix turnover linked to dietary weight loss
A post hoc analysis of the IDEA trial, a prospective, randomized 
trial involving overweight and obese patients aged ≥55 years 
with osteoarthritis, reveals that serum markers of matrix  
metalloproteinase-mediated type I collagen degradation 
are lower among patients undergoing diet-induced weight 
loss, with or without exercise, at 18 months than in patients 
undertaking exercise only. No changes in markers of type II 
collagen degradation were observed in blood samples from 
patients in any of the intervention groups (429 patients in total).
ORIGINAL ARTICLE Loeser, R. F. et al. Effects of dietary weight loss with and without 
exercise on interstitial matrix turnover and tissue inflammation biomarkers in adults with 
knee osteoarthritis: the Intensive Diet and Exercise for Arthritis trial (IDEA). Osteoarthritis 
Cartilage http://dx.doi.org/10.1016/j.joca.2017.07.015 (2017)

 E X P E R I M E N TA L  A RT H R I T I S

PUMA reduces inflammation in arthritic joints
Gene therapy with PUMA (also known as BBC3), a pro-apoptotic 
gene encoding BCL2-binding component 3, has been 
hampered by poor gene-delivery efficiency. A new study 
shows that conjugating human adenovirus type 5 (HAdV5) to 
a baculovirus vector expressing CAR on its envelope (BVCAR) 
improves transduction of PUMA to fibroblast-like synoviocytes 
and results in rapid cell death. In rats with adjuvant-induced 
arthritis, intra-articular injection of BVCARHAdV5–PUMA 
reduced joint inflammation, damage and bone loss, and 
improved joint functionality, as compared with rats that 
received control vectors.
ORIGINAL ARTICLE Hong, S.-S. et al. PUMA gene delivery to synoviocytes reduces 
inflammation and degeneration of arthritic joints. Nat. Commun. http://dx.doi.
org/10.1038/s41467-017-00142-1 (2017)
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CORRECTION

Matrix turnover linked to dietary weight loss

Dario Ummarino 

Nature Reviews Rheumatology 13, 512 (2017)

In the version of this Research Highlight initially published online, serum markers of matrix metalloproteinase-mediated 
type I collagen degradation were incorrectly said to be higher among patients undergoing diet-induced weight loss, with 
or without exercise, at 18 months than in patients undertaking exercise only, when these serum markers are actually lower 
among these patients than in patients undertaking exercise only. This error has been corrected in the online and Print 
version of the Research Highlight.
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Jagged1

Notch1

Vasa vasorum

Endothelial
cell

T cell

Artery 

The vasa vasorum is a microvascular 
network that lies within the walls of 
large arteries and, in healthy individu-
als, protects the arteries from inflam-
mation by controlling access to the 
adventitia. In vasculitis syndromes, 
such as giant cell arteritis (GCA), this 
protective system is breached. A new 
study has revealed a role for the Notch 
signalling pathway in enabling the 
vasa vasorum to regulate the immune 
response in GCA. “This is the first 
time that an immunomodulatory 
instructive tissue niche has been 
described in the adventitia of human 
arteries,” states corresponding author 
Cornelia Weyand.

By analysing gene expression in 
tissue from the arteries of patients 
with GCA and healthy individuals, 
Weyand and colleagues found 
abundant expression of JAG1, which 
encodes the Notch ligand Jagged1, 
and NOTCH1 in vasculitic arteries. 
Immunohistochemistry of arterial tis-
sue sections confirmed the expression 

of Jagged1 protein on endothelial cells 
from patients with GCA, but not on 
endothelial cells from healthy indi-
viduals. By contrast, Notch1 protein 
was expressed on circulating CD4+ 
T cells in all individuals, but was 
upregulated in patients with GCA 
compared with healthy individuals, 
being expressed on 8–20% and 1–2% 
of CD4+ T cells, respectively.

Having established that compo-
nents of the Notch signalling pathway 
are expressed in the vessels of patients 
with GCA, the researchers investi-
gated the functional consequences 
of Notch signalling in vasculitis. 
“Engagement of endothelial Jagged1 
triggers Notch signalling in CD4+ 
T cells and biases them towards 
differentiating into pro-inflammatory 
TH1 and TH17 cells,” explains Weyand. 
“Such adventitial [endothelial cells] 
are part of the artery’s shield against 
inflammatory attack. By expressing 
Jagged1, these vascular cells can enter 
[into] active communication with the 

adaptive immune system and shape 
the functional commitment of the 
patients’ T cells,” she continues.

Weyand and colleagues also 
screened plasma from patients with 
GCA to identify factors that might 
regulate the aberrant expression of 
Jagged1 on the vasa vasorum. Such 
plasma was able to convert endothelial 
cells into Jagged1+ cells in vitro, and, 
when quantified, was revealed to have 
high levels of vascular endothelial 
growth factor (VEGF) compared 
with plasma from healthy individuals. 
Human recombinant VEGF was able 
to recapitulate the upregulation of 
Jagged1 seen with GCA plasma in 
vitro, whereas blocking the VEGF 
signalling pathway reduced Jagged1 
expression on endothelial cells. 
The researchers also investigated the 
effects of VEGF in vivo using immu-
nodeficient SCID mice. “In human 
artery-SCID chimeras, injection of 
VEGF functioned as a potent amplifier 
of disease,” says Weyand.

Looking towards the future, 
Weyand and colleagues hope to 
better understand the source of 
this circulating VEGF and to begin 
work on reconstituting protection 
in artery walls. “Obviously, it is not 
enough to just hand our patients 
immunosuppressants,” states 
Weyand. “The immune system is one 
half of the problem — the other half 
is the artery.”

Joanna Collison

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

Notch one up for the endothelium

ORIGINAL ARTICLE Wen, Z. et al. The 
microvascular niche instructs T cells in large vessel
vasculitis via the VEGF-Jagged1-Notch pathway.
Sci. Trans. Med. 9, eaal3322 (2017)
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For patients with rheumatoid 
arthritis (RA) that was active despite 
previous methotrexate therapy, 
the combination of tofacitinib plus 
methotrexate was as effective as 
adalimumab plus methotrexate in a 
head-to-head trial. However, tofaci-
tinib monotherapy did not show 
non-inferiority to either combina-
tion therapy. “These results would 
suggest that in a group of patients 
who had an incomplete response to 
methotrexate, but who can tolerate 
methotrextate, it would be better to 
first add tofacitinib rather than to 

switch to tofacitinib,” explains corre-
sponding author Roy Fleischmann.

The study, called ORAL Strategy, 
was a 1-year, phase 3b/4 randomized 
controlled trial that included patients 
at 194 centres in 25 countries. At 
6 months, 46.0% (n = 173) of patients 
who were treated with the orally 
administered Janus kinase (JAK) 
inhibitor tofacitinib (5 mg twice 
daily) plus methotrexate achieved 
an ACR50 response, comparable 
to the 43.8% (n = 169) of those 
treated with adalimumab (40 mg 
every other week) plus methorexate 

who achieved this primary end 
point. Among those who received 
tofacitinib monotherapy (5 mg twice 
daily), 38.3% (n = 147) achieved an 
ACR50 response at 6 months. Rates 
of therapy discontinuation due to 
adverse events were similar across all 
three treatment groups.

Clinical trials are underway to 
assess whether methotrexate therapy 
could be withdrawn after a state of 
low disease activity has been achieved 
with the combination of tofacitinib 
and methotrexate. “If a patient does 
well with the combination,” says 
Fleischmann, “then an attempt can 
be made to taper or discontinue 
methotrexate, with an expectation 
that a majority of patients will be able 
to do so.” 

Sarah Onuora

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

JAK-ing up inadequate RA therapy

ORIGINAL ARTICLE Fleischmann, R. et al. 
Efficacy and safety of tofacitinib monotherapy, 
tofacitinib with methotrexate, and adalimumab 
with methotrexate in patients with rheumatoid 
arthritis (ORAL Strategy): a phase 3b/4, double-
blind, head-to-head, randomised controlled trial. 
Lancet http://dx.doi.org/10.1016/S0140-
6736(17)31618-5 (2017)
FURTHER READING Schwartz, D. M. et al. Type I/II  
cytokines, JAKs, and new strategies for treating 
autoimmune diseases. Nat. Rev. Rheumatol. 12, 
25–36 (2016)
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New findings published in 
Immunity shed light on the mecha-
nisms by which hypoxia augments 
inflammation and bone destruction 
in pathologic inflammatory condi-
tions such as rheumatoid arthritis. 
In this study, Murata et al. identify 
COMM domain-containing pro-
tein 1 (COMMD1) as both a nega-
tive regulator of osteoclastogenesis 
and bone resorption, and as a key 
protein suppressed by hypoxia dur-
ing osteoclastogenesis, linking these 
two processes.

To investigate how hypoxia 
influences osteoclastogenesis, 
the researchers first looked at the 
pathways differentially regulated 
under hypoxic and normoxic 
conditions in human blood-derived 
macrophages (a source of osteoclast 
precursors) stimulated with receptor 
activator of nuclear factor-κB ligand 
(RANKL; also known as TNFSF11). 

In these cells, hypoxia augmented 
RANKL-induced osteoclast differ-
entiation and resorption in vitro, 
but suppressed RANKL-induced 
pathways downstream of COMMD1. 
Small interfering RNA-silencing of 
COMMD1 under normoxic condi-
tions promoted RANKL-induced 
osteoclast differentiation and 
resorption; whereas overexpression 
of COMMD1 almost completely 
suppressed osteoclastogenesis, even 
under hypoxic conditions, support-
ing a role for COMMD1 as a negative 
regulator of osteoclastogenesis. 

Using two mouse models of 
pathologic bone loss, the research-
ers investigated the importance 
of COMMD1 regulation in vivo. 
Myeloid-specific deletion of 
COMMD1 resulted in increased 
osteoclastogenesis in the K/B×N 
serum-induced mouse model of 
arthritis, and in a mouse model of 

inflammatory osteolysis. In patients 
with rheumatoid arthritis, genetic 
variants of COMMD1 associated 
with increased COMMD1 expres-
sion were concurrently associated 
with decreased bone erosion, sup-
porting a model in which COMMD1 
acts as a negative regulator of 
inflammatory bone resorption under 
pathologic conditions.

Further investigations demon-
strated that hypoxia inhibits 
COMMD1 function in macrophages 
by suppressing COMMD1 trans-
lation and nuclear accumulation, 
and that hypoxia and COMMD1 
reciprocally regulate inflammatory 
and metabolic pathways during 
osteoclastogenesis. Murata and 
colleagues hypothesize that this 
reciprocal regulation could enable 
macrophages to meet the metabolic 
demands of osteoclastogenesis 
under challenging environmental 
conditions, while limiting the 
amount of bone loss that occurs 
in pathologic conditions. These 
findings identify key regulators 
and pathways of osteoclastogenesis, 
including COMMD1, that could be 
therapeutically targeted to suppress 
pathologic bone loss.

Jessica McHugh

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

Regulating the osteoclast workforce

ORIGINAL ARTICLE Murata, K. et al.  
Hypoxia-sensitive COMMD1 integrates signaling 
and cellular metabolism in human macrophages 
and suppresses osteoclastogenesis. Immunity  
http://dx.doi.org/10.1016/j.immuni.2017.06.018 
(2017)
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An international task force has 
presented updated recommendations 
for treating spondyloarthritis (SpA) 
to target. The 2017 recommendations, 
published in Annals of the Rheumatic 
Diseases, reflect new evidence and 
insights gained in the years since 
treat-to-target recommendations for 
SpA were first put forward in 2012.

When the 2012 recommendations 
were developed, data from strategic 
clinical trials were lacking and the 
recommendations were therefore 
based on indirect evidence. The task 
force behind those recommendations 
thus proposed an ambitious research 
agenda and anticipated the need to 
re-evaluate and update the recom-
mendations within a few years. As 
many of the research questions out-
lined in that agenda have since been 
answered, an update was deemed 
timely.

The 2017 update provides a set 
of five overarching principles and 
11 treat-to-target recommendations 
for axial and peripheral SpA, includ-
ing psoriatic arthritis (PsA). The rec-
ommendations emphasize the need 

for shared decision-making between 
the patient and physician(s) and 
reinforce that the target of treatment 
for SpA should be clinical remission 
or inactive disease. 

Notably, whereas the 2012 
recommendations were all based on 
the lowest level of evidence (grade D 
recommendations according to the 
Oxford Centre for Evidence-Based 
Medicine grading system, indicating 
reliance on expert opinion only), five 
of the 11 recommendations in the 
2017 update are stronger (grade B). 
This change reflects the incorpora-
tion of higher quality evidence than 
that available in 2012, such as data 
from the TICOPA trial.

For clinical assessment, the 
recommendations highlight the 
Ankylosing Spondylitis Disease 
Activity Score (ASDAS) for SpA 
and the Disease Activity Index for 
Psoriatic Arthritis (DAPSA) or 
Minimal Disease Activity (MDA) for 
PsA. However, the task force exten-
sively debated and ultimately could 
not agree on whether scoring systems 
for PsA disease activity should eval-
uate disease domains individually or 
combine them within one score. This 
and several other matters, such as the 
need for more data on the response 
of particular disease manifestations 
(such as enthesitis and psoriasis) to 
different therapies, were identified as 
areas for further research.

Sarah Onuora

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

Reinforcing ‘treat to target’ for SpA

ORIGINAL ARTICLE Smolen, J. S. et al. 
Treating axial spondyloarthritis and peripheral 
spondyloarthritis, especially psoriatic arthritis, 
to target: 2017 update of recommendations 
by an international task force. Ann. Rheum. Dis. 
http://dx.doi.org/10.1136/
annrheumdis-2017-211734 (2017)
FURTHER READING Sieper, J, & Poddubnyy, D. 
New evidence on the management of 
spondyloarthritis. Nat. Rev. Rheumatol. 12, 282–295 
(2016)
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Clinical practice guidelines addressing the 
use of arthroscopic surgery for degener-
ative knee disease1 have been released as 
part of a newly launched series of Rapid 
Recommendations from the BMJ that aims 
to “provide clinicians with trustworthy rec-
ommendations based on potentially practice 
changing evidence”. The panel of experts, 
front-line clinicians, methodologists and 
patients made a strong recommendation 
against the use of arthroscopy in nearly all 
patients with degenerative knee disease. The 

globally4, these clinical practice guidelines fit 
the bill of being “potentially practice chang-
ing” and addressing important issues such as 
medical waste and ‘too much medicine’.

Possible wider lessons from the evolution of 
knee arthroscopy are well worth considering. 
How is it possible that, in fewer than 50 years, 
the use of arthroscopic surgery for knee pain 
went through the entire cycle from being a new 
technique, to a widespread clinical practice, to 
ending up being proven futile? The answer 
is — as in most cases of medical waste — 
multi factorial, with factors including the lure 
of technical advancement, indication-creep, 
surgical placebo, financial incentives and the 
difficulty of relinquishing cherished and long-
held beliefs4. It seems that arthroscopic surgery 
for knee pain represents a prime example of 
Buxton’s law: “it is always too early to evaluate a 
new technology until, unfortunately, suddenly 
it’s too late” (REF. 5).

In the 1970s, the meniscus was the target 
of surgical intervention only when ortho-
paedic surgeons encountered patients with 
‘locked knees’, a situation in which a young 
person would present with an inability to 
fully extend a painful knee following an 
injury owing to a fragment of torn meniscus 
becoming lodged between the articular sur-
faces. To address this lesion, surgeons had to 
open up the knee, which left the patients with 
a long, physically limiting and painful recov-
ery. This somewhat difficult and traumatic 
procedure was superceded by arthroscopy, a 
convenient day-surgery procedure associated 
with a relatively speedy recovery. Another 
technological advancement, the evolution of 
MRI, set the stage for the global popularity  
of arthro scopy. Surgeons now had a highly bio-
logically plausible (and often lucrative) clini-
cal practice pathway: a non-invasive test to 
diagnose these allegedly pain-causing menis-
cus lesions, and a keyhole surgery to treat the 
disease. Within a decade, the indication crept 
from use in locked knees in young patients to 
use in patients of all ages with knee pain and  
MRI-diagnosed meniscus tears of any sort.

When established, almost canonized, 
clinical practices — particularly those based 
on a strong biological rationale — clash with 
newly produced high-quality evidence, tur-
moil ensues. Disinvestments in medicine 
have proved extremely difficult, and knee 
arthroscopy will probably become another 

panel based their recommendation on two 
systematic reviews: one assessing the bene-
fits and harms of arthroscopy as reported in  
13 randomized trials and 12 observational 
studies2, and the other assessing relevant 
studies of patients’ values and preferences3. 
From these studies, the panel inferred that the 
harms and burden of arthroscopy outweighed 
any possible benefit1. Considering that the cur-
rent practice of carrying out some two million 
knee arthroscopies annually results in costs of 
approximately 10 billion US dollars per year 

 S U R G E RY

Falling out of love with knee 
arthroscopy
Teppo L. N. Järvinen and Gordon H. Guyatt

Knee arthroscopy, the most common orthopaedic procedure, is used to 
treat middle-aged or elderly patients with knee pain, with over two million 
patients undergoing this surgery every year worldwide. A new clinical 
practice guideline advises against the use of arthroscopy in these patients, 
contradicting the common use of this procedure in clinical practice.

Refers to Siemieniuk, R. A. C. et al. Arthroscopic surgery for degenerative knee arthritis and meniscal tears:  
a clinical practice guideline. BMJ 357, j1982 (2017)
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prime example. Many orthopaedic surgeons 
might choose to ignore these new Rapid 
Recommendations1, preferring to continue 
arguing that although we have an obligation 
to our patients and to society to avoid unnec-
essary, wasteful and potentially harmful med-
ical procedures, we also need to diligently 
ensure that treatments are available for the 
select patients to whom these interventions 
are beneficial6. Surgeons typically assert that 
if we were to test knee arthroscopy in patients 
who reflect those actually seen and treated 
with this procedure in clinical practice, then 
we would see different results. Moreover, 
orthopaedic surgeons might remind us of 
the complexity of surgical decision-making 
and the need for an individualized treatment 
approach to address patients’ varying pathol-
ogies. Sadly, there is no current evidence to 
support such an individualized treatment 
approach. In the case of knee arthroscopy, 
evidence from the past 2 years fails to sup-
port the contention that there are subgroups 
of patients (for example, patients with a trau-
matic tear, patients with mechanical symp-
toms or patients who fail to respond to initial 
conservative treatment) who are likely to 
benefit from this procedure7,8.

So, what is the way forward? To dis-
courage use of arthroscopy, the authors of 
this guideline1 have suggested that health 
care administrators and funders could use 
the number of these procedures performed 
in patients with degenerative knee disease 
as an indicator of good (fewer arthrosco-
pies) or poor (more arthroscopies) quality 
of care. Some Scandinavian countries are 
already moving in this direction: the Swedish 
Agency for Health Technology Assessment 
and Assessment of Social Services issued a 
statement saying that arthroscopic surgery is 
ineffective in knee osteoarthritis and results 
in high costs9. The Council for Choices in 

Health Care in Finland (COHERE Finland) 
has gone even further, saying that knee 
arthroscopy for degenerative knee disease 
is no longer included in the range of public 
health services available in Finland10.

An alternative incentivizing approach 
might be to request that randomized trials 
be embedded in the flow of clinical practice 
to attempt to vindicate surgeons’ belief that 
choosing the right patients and implement-
ing individualized care strategies are key 
to optimizing outcomes. Given the current 
strong evidence-based recommendation 
against arthroscopy for knee pain1, sur-
geons’ participation in a pragmatic trial that 
involves randomization should be an obliga-
tion, not an option. In the future it should 
be chance (random allocation), not choice 
(clinician prescription), that determines 
what intervention is given. Although this 
approach might face formidable logistical 
and ethical challenges, we should be asking 
if we can afford another 30-year crusade of 
continued unsystematic and unrecorded 
experimentation on our patients, with the 
waste and harm that this approach entails. 
Arthroscopic knee surgery needs to take a 
bold step into the evidence-based medicine 
of the 21st century.
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Destruction of articular cartilage is a central 
feature of most forms of inflammatory arthri-
tis. Tissue engineering for articular cartilage 
repair and regeneration requires a multidisci-
plinary approach, as cartilage can be derived 
from various types of stem cell and requires 
3D scaffolds and chondroinductive factors. 
Although some progress has been made in 
this field, chronic inflammation continuously 
destroys the regenerated cartilage — much as 
the eagle repeatedly ate the regenerated liver 
of Prometheus in Greek mythology. Genome-
editing technology could provide a novel 
way to break this destructive cycle, enabling 
stem cells to develop into chondrocytes while 
producing anti-inflammatory molecules in 
an autoregulated manner, thereby protecting 
joint tissues from inflammation-induced dam-
age and also avoiding the adverse effects of  
currently used anti-inflammatory biologics1.

The chronic joint inflammation observed in 
adult and paediatric forms of arthritis (such as 
rheumatoid arthritis (RA), juvenile idiopathic 
arthritis and autoinflammatory disorders) leads 
to irreversible structural damage to the cartilage 
and bone, and to loss of joint integrity. For many 
years now, several teams around the world have 
been working to identify the key mechanisms of 
inflammatory and catabolic events in order to 
propose therapeutic strategies. Although adult 
and paediatric forms of inflammatory arthri-
tis are different diseases pathophysiologically, 
key common molecules and pathways have 

cell therapy strategies have been used as anti- 
inflammatory approaches in clinical trials, 
but have been terminated after phase I or II7–9. 
Moreover, interest in mesenchymal stem cell 
(MSC)-based therapies has shifted to appli-
cations in osteoarthritis, for which indication 
the ambition is to use MSCs as providers of 
trophic factors10 rather than as progenitors  
of chondrocytes and osteoblasts, and in which 
the deleterious effect of inflammation on cell 
differentiation is avoided. Thus, regenera-
tion of the articular cartilage in the setting of 
inflammatory arthritis remains a challenge.

Inflammation has two opposite effects, 
which are particularly important to under-
stand in the context of tissue repair and regen-
eration. On one hand, physiological tissue 
regeneration following infection or injury is 
accompanied by an inflammatory response 
that is beneficial and absolutely required, 
but that needs to be tightly controlled with 
respect to its amplitude and duration. On the 
other hand, a chronic inflammatory environ-
ment, such as in arthritis, prevents regener-
ation. Thus, researchers aiming to promote 
long-term articular cartilage regeneration are 
also fighting against the deleterious effects 
of chronic inflammation. The work under-
taken by Brunger et al.1 tackles these two 
aspects in one single strategy, aiming to renew 
articular cartilage in an inflammation-free 
microenvironment.

Using CRISPR–Cas9 genome-editing tech-
nology, Brunger et al.1 integrated a transgene 
encoding an anti-inflammatory molecule — 
either chimeric human sTNFR1 or murine 
IL-1Ra — downstream of the promoter of an 
inflammation-induced gene, Ccl2, in induced 
pluripotent stem cells (iPSCs), which are able 
to differentiate into chondrocytes (FIG. 1). The 
authors showed that they could programme 
iPSCs with an autoregulatory system, whereby 
the iPSCs respond in a time-dependent and 
dose-dependent manner to inflammatory 
stimuli (TNF or IL-1) by expressing anti-TNF 
or anti-IL-1 molecules, and that such a system 
inhibits the autocrine production of inflam-
matory mediators (CC-chemokine 2 (CCL2, 
also known as MCP1) and IL-6) by these cells. 
They also demonstrated that, in an inflam-
matory environment, chondrocytes derived 
from engineered iPSCs express low levels of 
catabolic mediators of cartilage breakdown 
(ADAMTS4, MMP9 and MMP13) while 

been identified. Concerning the treatment of 
inflammation in these diseases, antagonizing 
TNF is mainly efficient in patients with RA 
or JIA, whereas antagonizing IL-1 works well 
for young patients with autoinflammatory 
disorders. When inflammation is efficiently 
controlled by biologic therapies targeting TNF 
(such as the soluble TNF receptor (sTNFR)–
IgG1 fusion protein etanercept or the various 
anti-TNF monoclonal antibodies) or IL-1 (such 
as the IL-1 receptor antagonist (IL-1Ra) anak-
inra), joint destruction might be stopped, but 
structural joint integrity is never restored2,3. 
Anti-inflammatory biologic therapies are also 
administered systemically at high doses for long 
periods of time and are consequently associated 
with substantial adverse effects.

Two axes of research have been developed 
to overcome these limitations: the design 
of targeted strategies to produce local anti- 
inflammatory effects and the development 
of novel techniques for the regeneration of 
cartilage and bone. Both these approaches 
exploit the toolkit of the gene and cell therapy 
field, raising recurrent questions regarding the 
optimal cell type to target or use, the choice of 
vector (viral or not, integrative or not, and so 
on) and promoter (inducible or not, tissue spe-
cific or not), and which transgene to encode. 
Although some degree of success has been 
achieved in preclinical models of arthritis4–6, 
neither gene-based nor cell-based therapies 
are currently on the market. Both gene and 
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Breaking Prometheus’s curse 
for cartilage regeneration
Florence Apparailly

Like the mythical eagle devouring Prometheus’s liver as fast as it regrew, 
chronic inflammation hinders cartilage regeneration in inflammatory 
arthritis. Using stem cells engineered to secrete anti-inflammatory molecules 
in response to local inflammatory factors could provide a way to keep the 
eagle at bay as the stem cells differentiate into chondrocytes.

Refers to Brunger, J. M., Zutshi, A., Willard, V. P., Gersbach, C. A. & Guilak, F. Genome engineering of stem cells for 
autonomously regulated, closed-loop delivery of biologic drugs. Stem Cell Reports 8, 1202–1213 (2017)
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promoting the expression of two important 
components of cartilage extra cellular matrix 
(aggrecan and collagen type II). Inflammation-
induced proteoglycan loss was substantially 
reduced or even completely prevented in car-
tilage tissue derived from IL-1Ra-transgenic 
or sTNFR1- transgenic iPSCs, respectively.

Although this study opens interesting 
perspectives, several limitations and unan-
swered questions persist. First, the majority 

of the datasets demonstrating the efficiency of  
the engineered iPSCs show the expression  
of key molecules involved in the inflamma-
tory response and cartilage metabolism at the 
mRNA level, not at the protein level. Second, 
the effect of the genome-editing of the Ccl2 
promoter in transgenic iPSCs on CCL2 
expression was not entirely addressed. The 
extent to which CCL2–sTNFR1 and CCL2–
IL-1Ra iPSCs are similar to (or different from) 
wild-type iPSCs in their secretion of CCL2 
upon stimulation with TNF and IL-1, respec-
tively, is unknown. This is important because, 
when differentiated into chondrocytes, CCL2–
IL1Ra iPSCs completely lose their capacity to 
increase their expression of CCL2 mRNA in 
response to IL-1, and this capacity is partially 
lost by CCL2–sTNFR1 iPSCs stimulated with 
TNF. Third, it would be interesting to further 
investigate the kinetics of the iPSC response to 
cytokine stimulation and to understand why 
the concentration of sTNFR1 transgene prod-
uct after 1 day of TNF stimulation differed 
so much from one experiment to another. 
Fourth, it is important to demonstrate that the 
engineered iPSCs are able to differentiate into 
chondrocytes under inflammatory conditions. 
Indeed, the clinical application will involve the 
intra-articular injection of engineered iPSCs 
rather than already differentiated 3D chondro-
cyte pellets. Finally, in vivo proof-of-concept is 
necessary to bring this very interesting thera-
peutic approach closer to the clinic and into 
patient care.

In conclusion, by showing that chondro-
genic stem cells can be engineered to effi-
ciently express anti-inflammatory agents 
under inflammation-inducible conditions, 
the work from Brunger et al.1 gives hope to 
Prometheus for regeneration, by killing the 
eagle (that is inflammation).
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Figure 1 | CRISPR–Cas9-based reprogram-
ming of chondrogenic stem cells to combat 
inflammation. In this example, a transgene 
encoding an anti-inflammatory molecule, IL-1 
receptor antagonist (IL-1Ra), is inserted down-
stream of the Ccl2 promoter in induced pluri-
potent stem cells (iPSCs). When the iPSCs are 
stimulated with IL-1, the transgene is activated 
to express IL-1Ra; upon resolution of inflam-
mation, expression of the transgene decays. 
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Eosinophilic granulomatosis and polyangiitis 
(EGPA) is a necrotizing vasculitis that occurs 
in patients who typically have pre-existing 
asthma and sinusitis. Remission of even the 
most severe cases can usually be induced by 
treatment with glucocorticoids and immuno-
suppressants; however, after a vasculitis 
flare, most patients require long-term gluco-
corticoids to control asthma flares and eosino-
philia. Although EGPA survival is most often 
excellent, with a reported mortality rate of 
only 11.7% in a study of 383 patients fol-
lowed up for 66 months1, the adverse effects 
of glucocorticoid therapy can jeopardize 
the patient’s quality of life and contribute to  
shortening survival2.

It has been hypothesized that eosinophils 
have a central role in EGPA pathogenesis3. As 
such, IL-5, a cytokine known to be involved in 
eosinophil maturation, tissue accumulation, 
activation and survival, could be of interest 
as a therapeutic target4. Mepolizumab is a 
monoclonal antibody that binds IL-5, thereby 
blocking the interaction between IL-5 and its 
receptor on the eosinophil surface. Authors 
of an earlier randomized–controlled trial 
reported that mepolizumab effectively treated 

pharmacological studies in patients with 
severe asthma, which suggests the possibility 
that control of asthma could have been the 
main objective, prioritized above the control 
of vasculitis symptoms.

Therefore, it remains to be determined 
whether the efficacy of mepolizumab in the 
treatment of EGPA is attributable mainly to 
its actions on asthma symptoms or also to its 
control of extrapulmonary vasculitis manifes-
tations. Consequently, it becomes questiona-
ble to consider asthma alone, or concomitant 
with EGPA-relapse criteria of eosinophilia 
and sinusitis, without specifically addressing 
vasculitis symptoms. Asthma is almost always 
present before EGPA onset and usually per-
sists after vasculitis flares resolve. When a 
patient’s flares consist exclusively of asthma 
symptoms and eosinophilia, an EGPA flare is 
not easily diagnosed. The EGPA Task Force 
recommendations published in 2015 defined 
relapse as the new appearance, recurrence or 
worsening of clinical EGPA manifestation(s) 
excluding asthma and/or ear, nose and throat 
symptoms, requiring the addition, change or 
dose increase of glucocorticoids and/or other 
immunosuppressants7. For many patients 
with an eosinophilic asthma flare without 
extrapulmonary manifestations, clinicians 
face the difficulty and uncertainty of diagnos-
ing an EGPA flare. I have no doubt that was 
sometimes the case for the mepolizumab–
EGPA study investigators; the analysis of 
relapses as detailed in the paper’s supplemen-
tary appendix is sometimes lacking in clarity 
on that point. Several categories of symp-
toms at the time of relapse are described.  

Although some of the categories are clear 
(for example, vasculitis or asthma), others 
are not because they are associated with clin-
ical symptoms that are undoubtedly present 
(such as asthma or nasosinus involvement) 
but are difficult to attribute to a documented  
vasculitis relapse.

refractory asthma with eosinophilia, frequent 
symptoms in patients with EGPA5. Now, this 
therapy has been investigated in a 1-year, 
phase III clinical trial involving 136 patients 
with relapsing or refractory EGPA6.

The results of the study by Wechsler et al.6 
indicate that the addition of mepolizumab to 
standard care can prevent EGPA relapses. 
Indeed, mepolizumab-treated patients 
accrued longer times in remission and had a 
relapse rate that was about half that of placebo- 
treated patients. The gluco corticoid-sparing 
capacity of mepolizumab was also note-
worthy: during weeks 48–52, 66% of patients 
in the placebo group took glucocorticoids at 
a dose >7.5 mg daily, as opposed to 41% of 
the mepolizumab group; moreover, only 3% 
of placebo-treated patients were completely 
off steroids compared with 18% of those who 
received mepolizumab.

Despite these promising findings, however, 
some issues persist and have to be addressed. 
Ortega et al.5 had previously demonstrated the 
ability of mepolizumab, at a dose of 100 mg 
once every 4  weeks, to lower the rate of 
asthma exacerbations in patients with severe 
eosinophilic asthma by between 47% (when 
administered by intravenous infusion) and 
53% (when administered by subcutaneous 
injection). Wechsler et al.6 used mepolizumab 
at a dose of 300 mg once every 4 weeks sub-
cutaneously, which opens the way for discus-
sion of the optimal dose to effectively control 
vasculitis symptoms as well as asthma. The 
rationale for the 300 mg dose was based on 

 VA S C U L I T I S

Mepolizumab for eosinophilic 
granulomatosis with polyangiitis
Loïc Guillevin

Targeting IL‑5 could improve outcomes and have steroid‑sparing effects in 
the management of eosinophilic granulomatosis with polyangiitis. 
However, some questions remain about how this approach affects specific 
aspects of the disease. 

Refers to Wechsler, M. E. et al. Mepolizumab or placebo for eosinophilic granulomatosis with polyangiitis.  
N. Engl. J. Med. 376, 1921–1932 (2017)
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mepolizumab to standard care 
can prevent EGPA relapses …control of asthma could 

have been the main objective, 
prioritized above… vasculitis 
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Wechsler et  al.’s study 6 none-
theless represents a major advance 

in the treatment of EGPA flares, 
because the results demonstrate the 

possibility of maintaining remission of 
EGPA with lower doses of steroids. 

The presence of some ambiguities  
in the analyses of the results reflects 
the complexity of EGPA in terms of 
relapse definition, patho physiology 

and clinical phenotypes8. It must be 
emphasized that EGPA is a hetero-

geneous disease with two main sub-
types, defined according to antineutrophil 
cytoplasm antibody (ANCA) status. A 
recent genome-wide association study 
(not yet published)9 showed EGPA to 

be polygenic, with a distinction between 
ANCA-positive and ANCA-negative forms, 
associated with different clinical features. 
The genetic associations point to dysreg-
ulation of pathways controlling eosino-
phil biology, severe asthma and vasculitis.  

Notably, clinical responses according to 
ANCA status could not be evaluated in 
Wechsler et al.’s study because the subgroup 
of ANCA-positive patients was too small6.

Clearly, new trials are warranted to evaluate 
the effectiveness of mepolizumab according 
to clinical EGPA phenotypes and pathogenic 
mechanisms: namely, ANCA or eosinophils, 
or both. That approach could orientate EGPA 
care towards personalized therapeutic regi-
mens, giving mepolizumab an important — 
but not exclusive — place.
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Intra-articular steroid injections are an estab-
lished therapy in knee osteoarthritis (OA) 
and have been used for the treatment of joint 
inflammation for more than 60 years1. But the  
arguments for using steroid injections for 
the treatment of OA are diminishing rapidly. 
Newly published findings from a high-quality 
trial show that repeated triamcinolone injec-
tions every 3 months for 2 years in patients 
with knee OA did not reduce pain levels, and 
these patients had increased cartilage loss 
when compared with patients treated with 
saline injections. Is this study the final nail in 
the coffin for intra-articular steroid therapy 
for OA?

Pain is the cardinal symptom of knee OA 
and pharmacological interventions primarily 
aim to relieve pain. Treatment with paraceta-
mol is the most commonly recommended 
first-line systemic therapy for knee OA2. 
However, the effect size of paracetamol for 
pain relief in OA does not reach the level of 
clinical importance3. Evidence, particularly 
that from imaging studies, indicates that 
inflammation not only contributes to the gen-
eration and sustenance of OA pain, but also 

which state that steroid injections are effec-
tive in reducing pain in OA at 2–4 weeks 
post-injection, a 2015 Cochrane  systemic 
review found this notion to be based on stud-
ies with considerable heterogeneity and small 
numbers of participants8. Only one of the 27 
trials included in the Cochrane analysis was 
regarded to have taken sufficient measures 
for minimizing bias8, and this study did not 
find any clinical benefit of a single injection 
of steroid over saline9.

What effect, then, might long-term repeated 
use of steroid injections have? Injections of 
steroids into the joint would seem the most 
obvious way to obtain a reduction in local 
inflammation with limited systemic adverse 
reactions. Furthermore, anti- inflammatory 
treatment might also be a potential way to delay 
or halt the degenerative disease processes. This 
long-term concept was tested in a 2-year study 
by Raynauld et al. that looked at injection of 
steroid versus saline every 3 months in patients 
with knee OA10. Although the quality of evi-
dence was low, this study suggested a short-
term benefit for relieving pain, but no lasting 
effect at the 2-year end point. Nevertheless, no 
harm was demonstrated in the participants 
and this strategy has been maintained in clini-
cal practice, as well as in current guidelines, for 
the past decade2. However, the new findings 
presented by McAlindon et al. demonstrate no 
difference in pain levels in patients treated with 
triamcinolone versus saline injections at any 
time point over 2 years. On top of this disap-
pointing lack of effect, cartilage loss estimated 
by repeated MRI was significantly larger in the 
steroid group than in the saline-treated group, 
with a between-group difference of -0.11 mm 
in disfavor of steroid treatment.

The participants in the McAlindon et al. 
study had moderate radiographic changes 
(Kellgren–Lawrence grade II or III), BMI of 
~30 and mean age ~60 years — in other words, 
they were a typical group of patients with 
moderate symptomatic knee OA. As in many 
other studies, radiological changes outside of 
this range were the main reason for exclusion, 

has an important role in osteoarthritic tissue 
degeneration4. Thus, inflammation might be 
a key factor in OA pathogenesis, which could 
explain the somewhat larger effect size of 
NSAIDs compared with that of paracetamol 
in treating OA pain3. However, the effect size 
of NSAIDs is still only just clinically relevant 
and patients receiving this therapy must be 
careful monitored for potentially harmful 
effects (such as cardiovascular, renal and 
gastrointestinal effects).

In view of the meagre possibilities for 
providing pain relief in knee OA with orally 
administered drugs, a tempting alternative is 
the injection of compounds directly into the 
joint. Joint injection has faced huge validity 
concerns; intrinsic to this issue is the excep-
tionally high placebo effect of this technique5. 
In fact, injections of all kinds, including hya-
luronic acid and various plasma products, 
have been widely tested but none has con-
vincingly outperformed saline injections in 
reducing pain6. Amidst all these relatively 
dubious treatments, physicians have resorted 
to injecting steroids directly into the pain-
ful knee joint. This treatment is simple and 
cheap, considered standard medical treatment 
in knee OA, and recommended in established 
international treatment guidelines2.

Use of steroid injections is supported by 
experimental evidence from animal models 
of OA7 and is regarded as a corner stone of 
medical treatment for knee OA flares. In con-
trast to current treatment recommendations, 
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Time to put steroid injections 
behind us?
Henning Bliddal and Marius Henriksen

Intra-articular corticosteroid  injections are a long-established treatment 
for knee osteoarthritis (OA), but new findings indicate they are not 
effective, and even potentially harmful. Is it time to rethink the use of  
this treatment?

Refers to McAlindon, T. E. et al. Effect of intra-articular triamcinolone versus saline on knee cartilage volume and 
pain in patients with knee osteoarthritis: a randomized clinical trial. JAMA 317, 1967–1975 (2017)

Cartilage loss … was 
significantly larger in the 
steroid group than in  
the saline-treated group

...inflammation might 
be a key factor in OA 
pathogenesis...
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which is in line with the fact that clinical symp-
toms do not always reflect imaging findings 
in OA. In the patients included in this study, 
intra-articular steroid injection demonstrated 
no effect on joint effusion, which is the mod-
ern hallmark of inflammation, even though 
steroids are regarded as the most effective 
anti-inflammatory medication.

Although intra-articular treatment would 
be expected to have an acute effect on inflam-
mation, steroids have definite problems asso-
ciated with long-term use and are potentially 
harmful even in the short term. Supporting 
or justifying prolonged or repeated steroid 
injections that potentially accelerate struc-
tural degeneration is difficult when the treat-
ment offers patients no more benefit than 
does saline. The results of the McAlindon 
et al. study seem to indicate that the benefits 

of steroid injections for alleviating knee OA 
pain do not outweigh the potential unwanted 
effects and in fact support a reversal of cur-
rent clinical practice. Given the popularity of 
intra-articular treatments and their place in 
treatment guidelines, there is an immediate 
and imminent need to discover new treat-
ments for knee OA that are effective and 
safe. Authorities and research funders should 
encourage such endeavors and, in the mean-
time, clinicians must look for alternatives. 
The case for intra-articular treatment seems 
mostly to be based on rock solid prejudice.
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Although pain is associated with uncontrolled 
inflammatory disease, or with damage result-
ing from long-standing disease, the new con-
cept of ‘remaining pain’ is emerging. Even 
in the setting of inflammation that is well- 
controlled by the use of DMARDs, up to 60% 
of patients experience remaining (persistent) 
pain, believed to be driven by peripheral nerve 
sensitization with consequent dysregulation 
of the pain threshold1–3. Pain has been iden-
tified as the symptom of highest priority by 
patients with rheumatoid arthritis (RA), and 
during the course of disease most patients can 
be expected to experience pain due to some 
or all of the aforementioned mechanisms4. 
Unfortunately, treatments for chronic pain are 
imperfect. The risk–benefit profile of opioids, 
in particular, is a subject of vigorous debate. 
A new study examining patterns of opioid 
prescription for patients with RA raises a 
number of pertinent questions5.

Current pharmacologic options for chronic 
pain management mostly provide only mod-
est relief for the majority of patients and are 
associated with risk of considerable adverse 
effects. Beyond the use of simple analgesics 
such as paracetamol and NSAIDs, opioid 
use has progressively increased over the past 
few decades and has become the mainstay of 
chronic pain management, albeit with poor 
evidence for long-term effect6. An emerg-
ing category of drugs for pain management, 

study completion, in keeping with national 
trends in the USA. Following the withdrawal 
of dextropropoxyphene from the market in 
2010, prescriptions for hydrocodone and 
tramadol increased. Patients with RA who 
were prescribed opioids tended to be younger, 
were more commonly women and were more 
likely to be black and to have comorbid back 
pain, fibromyalgia, depression and anxiety. 
In a secondary analysis examining physician 
prescribing patterns in the year 2014, 30% of 
those patients with RA considered regular 
opioid users had received at least some of 
their opioid prescriptions from their rheuma-
tologist. After controlling for patient-specific 
factors, physician clustering was significantly 
associated with prescribing patterns; that is, 
patients managed by the same physician were 
25% more likely to be opioid users (or non- 
users) than patients managed by another phy-
sician (OR 1.25, 95% CI 1.18–1.32), indicating 
that certain physicians prescribe opioids more  
frequently than others.

The results of this study5 raise a number 
of questions. Firstly, the study cohort might 
not be truly representative of the usual RA 
population in that the individuals were older 
(a criterion for access to Medicare) and possi-
bly had more-severe disease. Compared with 
those not prescribed opioids, opioid recipients 
within the study cohort were 5 years younger 
and were more likely to have received a pre-
scription for durable medical equipment such 
as a wheelchair (51% versus 29%), be receiving 
biologic DMARDs (40% versus 32%) and regu-
larly fill prescriptions for NSAIDs (34% versus 
24%). For those who received opioids regularly, 
unknown factors are the morphine-equivalent 
dose or whether the opioids were being used 
‘on demand’ or as a regular daily treatment. 
Despite almost half of the opioid users being 
identified as having comorbid fibromyalgia, 
there was no mention of use of medications 
approved for the treatment of fibromyalgia, 
such as pregabalin, duloxetine or milnacip-
ran. Of concern, roughly one-quarter of reg-
ular opioid users had depression and a similar 
proportion had anxiety. Finally, the authors 
acknowledge that regular opioid use was high-
est in the lowest quartile of median household 
income (OR 1.46, 95% CI 1.41–1.51), raising 
the question of whether those who were more 
socially disadvantaged had more severe dis-
ease and perhaps reduced access to standard 

spurred on by public demand but also with 
poor evidence for effect, are the cannabinoids7. 
Although adjuvant agents such as antiepileptic 
drugs and antidepressants have been used to 
treat other pain conditions, they have not been 
applied to the management of inflammatory 
rheumatic pain. Recognizing the personal, as 
well as the societal, risks of opioids, and with 
recent guidelines recommending caution for 
the prescription of opioids, physicians are 
increasingly cautious in prescribing opioids6.

In this context, Curtis and colleagues 
analysed longitudinal trends of regular opi-
oid use (at least three filled prescriptions or 
a cumulative 90-day supply in each calendar 
year) using a US Medicare database5. The 
study cohort comprised >70,000 patients 
with RA, with observation data collected for 
the period of 2006–2014. Over the 8-year 
study period, regular receipt of an opi-
oid prescription was recorded for ~40% of 
patients. There was a progressive increase 
in opioid prescription for patients with RA 
until 2010, which then gradually declined to 

 PA I N  M A N AG E M E N T

Opioids for RA: a clinical 
dilemma
Winfried Häuser and Mary-Ann Fitzcharles

Opioids provide some modest pain relief for patients with rheumatoid 
arthritis, but prescription of these drugs is influenced by their association 
with risks for the individual and for society. Is denial of a treatment, even if 
that treatment is imperfect, justified when patients experience 
considerable pain and other treatment options are limited?

Refers to: Curtis, J. R. et al. Changing trends in opioid use among U.S. rheumatoid arthritis patients.  
Arthritis Rheumatol. http://dx.doi.org/10.1002/art.40152 (2017).
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treatments. Not surprisingly, physician- specific 
prescribing practices strongly influenced 
whether or not opioids were prescribed.

This study5 cannot satisfactorily answer the 
question of whether opioids were too freely 
and possibly indiscriminately prescribed by 
some physicians, or whether prescriptions for 
opioids were written following careful patient 
evaluation in a bone fide and empathetic 
attempt to manage pain and improve quality of 
life. Simply categorizing all opioids as equally 
detrimental to personal and societal health is 
naive; tramadol in particular is associated with 
much less risk than the stronger opioids, such 
as hydromorphone or hydrocodone, and, if 
used on an ‘as needed’ basis, the risks of abuse 
or serious adverse effects are considerably 
lower8,9. If opioids, even though imperfect, 
are being used with careful monitoring and in  
selected patients to facilitate function and 
improve quality of life, denial of this treatment 
would be contrary to good medical care.

Although opioids have been denigrated as 
a pain treatment, especially because of the risk 
of addiction, it is notable that only a minority 

(5%) of opioid-naive patients who received an 
initial opioid prescription continued to receive 
further prescriptions in the following year10. 
This pendulum swing away from opioids is the 
setting for a ‘perfect storm’, with cannabinoids 
in the form of marijuana stepping in to fill the 
void. Marijuana is perceived by many North 
Americans as the new, risk-free healing potion 
for many ills, especially for painful conditions. 
Legalization of marijuana for medicinal as 
well as recreational use is widely advocated 
and supported in many jurisdictions, and we 
predict another swing of the pendulum, this 
time in favour of marijuana use, in the next 
few decades.

Indiscriminate prescription of opioids must 
be strongly discouraged, and those responsible 
should be called to task. But, for some patients, 
opioids could be the only means, albeit imper-
fect, available at present to attenuate symp-
toms and maintain function. Therefore, a 
global statement to restrict the use of opioids 
in patients with inflammatory rheumatic dis-
eases is contrary to the ethics of the practice 
of medicine.
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The existence of cartilage stem/progenitor 
cells (CSPCs) has long been postulated, but 
no specific markers were known that could be 
used for genetically tracing the CSPC lineage  
or for reliably characterizing these cells in vivo1. 
Now, however, Decker et al.2 have added to a 
series of studies that, when put together, sub-
stantially improve our understanding of the 
cellular hierarchy and kinetics within articular 
cartilage, thereby providing clues for achieving 
regeneration of articular cartilage.

Employing novel and powerful genetic 
tools, over the past 2 years, three laboratories 
have independently demonstrated the pres-
ence of CSPCs in the superficial zone of articu-
lar cartilage in mice2–4. Initially, Kozhemyakina 
and co-workers3 knocked the CreERT2-
expressing cassette (a tamoxifen- inducible 
Cre allele) into Prg4 (encoding proteoglycan 4  
(PRG4), also known as lubricin), which is 
expressed by superficial cells at the surface of 
cartilage and by cells lining the synovial mem-
brane. Employing this mouse strain for genetic 
tracing, Kozhemyakina et al. demonstrated 
that the progeny of PRG4+ cells differentiate 
into articular chondrocytes3.

Li et al.4 extended this initial observa-
tion, showing that the progeny of PRG4+

 cells 
facilitated both appositional and interstitial 
growth of articular cartilage in juvenile ani-
mals and could entirely reconstitute adult 
articular cartilage. Furthermore, superficial 
PRG4+ cells divided slowly, were self- renewing 
and expressed stem cell markers, thereby 

Excitingly, another study also published 
in 2017 addresses the same question of car-
tilage repair, although in this study5, the  
authors genetically trace growth/differentia-
tion factor 5 (GDF5)+ cells in mice. During 
limb development and before joint cavitation, 
cells in the interzone area express GDF5; all 
future joint structures, including the artic-
ular cartilage, menisci, synovial membrane, 
tendons and ligaments are progeny of GDF5+ 
cells2,5,6. Roelofs et al.5 were the first to show 
that GDF5-traced cells can comprise ≤80% 
of the cells involved in the healing of certain 
defects in cartilage, a contribution compara-
ble to that made by the descendants of PRG4+ 
cells. Moreover, GDF5-traced cells in the syn-
ovial membrane expressed PRG4 (REF. 5), mak-
ing GDF5+ cells a likely progenitor of PRG4+ 
cells, with the latter acting as long-term  
postnatal chondro- progenitor cells.

Interestingly, Roelofs et  al.5 observed 
large-scale expansion of GDF5-traced cells in 
the synovial membrane in response to acute 
cartilage defects, but little response from the 
superficial cells adjacent to the defect, sim-
ilar to observations made by Decker et al. 
for PRG4+ cells2. Since both PRG4+ cells and 
GDF5+ cells are present in the synovial mem-
brane and in the superficial zone of cartilage, 
the question as to where exactly CSPCs are 
located remains. Both studies2,5 suggest that 
the cells that contribute to cartilage repair 
originate in the synovial membrane rather 
than in the superficial zone, mainly because 
of the hyperplasia that takes place in the 
synovial membrane in response to injury. 
Additionally, inactivation of transcriptional 
co- activator YAP abrogates this synovial 
hyperplasia and substantially reduces the 
proportion of descendants of GDF5+ cells that 
are present at the site of injury5. By contrast, 
superficial zone cells are known to migrate to 
the site of injury in cartilage explants7. Since 
such migration cannot be easily detected 
in genetic tracing experiments, contribu-
tion from the superficial zone cannot be  
fully excluded.

Thus, the genetic tracing of GDF5+ cells 
and PRG4+ cells has revealed that the progeny 
of these cells contribute to the healing of carti-
lage damage in mice; however, the functional 
importance of this contribution remains to be 
determined. Decker and co-workers2 exam-
ined only acute cellular responses, not the  

fulfilling the criteria for adult stem cells4. 
These findings have now been confirmed by 
Decker et al.2 in two alternative, independently 
derived mouse strains (Prg4-CreERT2 mice 
and Dkk3-CreERT2 mice, the latter in which 
superficial cartilage cells and synovial cells are 
also labelled). Together, these three studies2–4 
demonstrate that superficial cells in cartilage are  
indeed CSPCs that reside at the cartilage surface  
during postnatal life.

The crucial question that remains to be 
answered concerns the healing potential of 
these CSPCs. Decker et al.2 have shed the first 
light on this matter by demonstrating that 
within 7 days of injury, the progeny of PRG4+ 
cells constitute ≤70% of the cells in an articu-
lar cartilage defect. Confirming these results, 
our own preliminary experiments have also 
revealed that the progeny of PRG4+ cells can be 
found in cartilage defects (A.S.C., unpublished 
observations). Interestingly, Decker et al.2  
observed that the progeny of PRG4+ cells 
in the synovial lining expand massively in 
response to injury, whereas in the cartilage 
superficial zone, neither PRG4+ cells nor their 
progeny proliferate2. Furthermore, the contri-
bution of PRG4-traced cells to the defect area 
is most pronounced when the hyperplastic 
synovial tissue is contiguous with the cells 
that fill the defect (Maurizio Pacifici, personal 
communication). These observations suggest 
that progeny of PRG4+ cells located at the 
synovial membrane but not on the cartilage 
surface contribute to the healing site.

 R E G E N E R AT I V E  M E D I C I N E

Cartilage stem cells identified, 
but can they heal?
Andrei S. Chagin and Ekaterina V. Medvedeva

Regeneration of articular cartilage has been a long-standing challenge in 
the field of regenerative medicine. In the past 2 years, several studies have 
genetically identified the presence of stem cells in the surface of articular 
cartilage, but questions remain as to the healing properties of these cells.

Refers to Decker, R. S. et al. Cell origin, volume and arrangement are drivers of articular cartilage formation,  
morphogenesis and response to injury in mouse limbs. Dev. Biol. 426, 56–68 (2017)
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healing of cartilage, but Roelofs et al.5 noted 
that cartilage defects that are repaired 
effectively contain a high proportion of 
GDF5-traced cells, even though substantial 
healing is observed in the presence of low 
numbers of these cells. Furthermore, upon 
ablation of YAP in cells of the GDF5-lineage, 
the contribution of GDF5-traced cells to the 
healing of cartilage defects was sometimes 
totally absent5. At the same time, repopulation 

of the cartilage defect with unlabelled cells 
was observed5, indicating the existence of 
additional sources of CSPCs.

Overall, it can be safely said that at least one 
type of CSPC (PRG4+ cells) has now been iden-
tified genetically in mice2–4, and that these cells  
are likely to be descendants of GDF5+ cells5,6. 
These PRG4+ CSPCs are present both at the 
cartilage surface and in the synovial mem-
brane; PRG4+ CSPCs at the cartilage surface 

generate chondrocytes postnatally to form the 
entire adult articular cartilage4. The descend-
ants of PRG4+ CSPCs can migrate to cartilage 
defects, but the origin of these cells remains to 
be elucidated, as well as their healing poten-
tial (FIG. 1). Although the importance of these 
observations is unequivocal, their relevance 
to human physiology still remains to be 
demonstrated.
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Figure 1 | Developmental origin and healing capacity of PRG4+ stem cells. Growth/differenti-
ation factor 5 (GDF5)+ cells are likely to give rise to proteoglycan 4 (PRG4)+ cells during develop-
ment. Descendants of PRG4+ cells form the articular cartilage in juveniles and can contribute to  
the healing of cartilage defects in adult mice. Whether this contribution comes from PRG4+ cells 
residing in the synovial membrane or in the superficial zone of cartilage remains to be clarified.
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The immune system has evolved to discriminate between 
self and non-self, defending the host against harmful 
microorganisms without attacking self-tissues. Several 
layers of regulatory mechanisms control autoreactivity 
and are responsible for the maintenance of peripheral tol-
erance1,2 (FIG. 1); hence, autoreactive cells and autoantibod-
ies can be detected in healthy individuals without causing 
disease3,4. Failure of the intrinsic and extrinsic regulatory 
mechanisms of immune cells, which are influenced by 
the host’s genetic background and epigenetic and envi-
ronmental factors, can lead to a breakdown in tolerance, 
resulting in the development of autoimmune diseases.

In autoimmune rheumatic diseases, such as rheu-
matoid arthritis (RA) and systemic lupus erythemato-
sus (SLE), autoreactive T cells and B cells are activated 
as a consequence of defective immune regulation; these 
cells proliferate and differentiate into harmful path-
ogenic T cells and plasma B cells that produce auto-
reactive antibodies, eventually inducing inflammation 
and tissue damage. RA is a chronic autoimmune inflam-
matory disease of the joints affecting ~0.5–1% of the 
population5,6. The breakdown of self-tolerance results 
in the production of autoantibodies such as rheumatoid 
factor (auto antibodies that recognize the Fc-portion 
of immuno globulins) and anti-citrullinated protein 

antibodies (ACPAs), which are autoantibodies that rec-
ognize post-translationally modified self-antigens such 
as citrullinated vimentin7, filaggrin8, collagen9,10, fibrino-
gen11 and tenascin-C12. These autoantibodies are present 
in ~70% of patients with RA and have pathogenic effects13. 
By contrast, SLE is a connective tissue disease associated 
with the involvement of multiple organs including the 
skin, joints, haematopoietic system, kidneys and central 
nervous system. In SLE, reduced immunological tolerance 
and inadequate clearance of apoptotic debris is thought 
to lead to the generation of antinuclear antibodies, such 
as antibodies against histone molecules H1 and H3 or 
against double-stranded DNA (dsDNA)14,15. Although 
both diseases are primarily antibody mediated, T cells 
also have a key role in pathophysiology. An increase in the 
number of pro-inflammatory T helper 17 (TH17) cells and  
a decrease in the number of regulatory T (Treg) cells, along 
with decreased IL-2 production and aberrant T cell sig-
nalling have been observed in patients with SLE16, and 
an imbalance between TH17 cells and Treg cells has been 
identified in RA17.

At present, autoimmune diseases have no cure. First-
line treatments are immunosuppressants, such as steroids 
and DMARDs, or biologics that deplete B cells or inhibit 
inflammation; however, therapies that suppress the 
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Antigen-specific immunotherapies  
in rheumatic diseases
Judit Pozsgay1, Zoltán Szekanecz2 and Gabriella Sármay1

Abstract | The main goal of antigen-specific immunotherapy (ASI) in autoimmune and rheumatic 
diseases is to reprogramme or remove autoreactive cells and/or induce immune tolerance to 
self-antigens. Current therapies in these diseases either treat symptoms or slow down disease 
progression but are not yet curative or preventative — disease-specific treatments are urgently 
needed. In contrast to the nonspecific treatments in current use that induce generalized immune 
suppression, which is associated with several adverse effects including increased risk of 
infections, ASIs target a restricted subset of B cells or T cells, and thus do not compromise 
systemic immunity and host defence. This Review provides a summary of novel approaches for 
identifying autoepitopes and detecting and targeting autoreactive cells that might help in the 
development of ASIs. Promising approaches include the use of tolerizing peptides coupled to 
MHC constructs and/or nanocompounds, tolerizing dendritic cells and antigen-specific vaccines. 
Following studies in animal models of rheumatoid arthritis and systemic lupus erythematosus, 
several of these strategies have now entered clinical trials. However, to use these approaches in 
humans, several important limitations must first be addressed, such as; selecting the proper 
immunodominant autoantigen; identifying the optimal timing, dosing and route of 
administration; finding biomarkers for monitoring the therapy; and optimizing methodology. 
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Tetramer
An oligomer comprised of four 
monomers; in the case of 
MHC–peptide tetramers, four 
copies of biotinylated MHC–
peptide molecules are bound 
to streptavidin.

Nanoparticles
Microscopic particles sized 
1–100  nm. 

Mimetope
A protein or peptide that 
resembles the conformation or 
structure of an antigen, 

resulting in cross-reactivity.

function of all immune cells leave the patient at increased 
risk of infection. Hence, therapeutic strategies should 
preferentially target only autoantigen-specific cells and 
defective regulatory mechanisms to re- establish a bal-
anced immune system. To achieve this, new approaches 
are needed for the development of precision therapies to 
improve patients’ survival and quality of life.

In this Review, we summarize different strategies for 
detecting autoantigen-specific B cells and T cells and 
present emerging antigen-specific immunotherapies 
(ASIs). These therapies were first developed in animal 
models, but some have now progressed to clinical tri-
als for the treatment of autoimmune diseases, such as 
RA or SLE. In addition, we review novel vaccination 
strategies with autoantigens and new approaches for 
inducing immune tolerance to specific self-antigens. 
Although these approaches have been studied in a vari-
ety of autoimmune diseases, a great amount of data has 
been gathered that is pertinent to RA and SLE. Finally, 
we will consider the limitations and prospects of ASIs 
to determine the real-life feasibility of applying these  
strategies to rheumatic diseases in humans.

Autoreactive B cells
In the bone marrow, developing B cells with B cell recep-
tors (BCRs) that recognize self-antigens (auto reactive 
B cells) either undergo negative selection, thus exclud-
ing them from the periphery, or these cells can undergo 
receptor editing, therby modifying their BCR specificity. 
Weakly autoreactive B cells with low-affinity BCRs can 
escape negative selection and differentiate into plasma 
cells in the periphery, producing autoantibodies in condi-
tions that provide co-stimulatory signals, such as inflam-
matory conditions induced by viral or bacterial infection18. 
Autoreactive B cells or T cells in the periphery are con-
trolled by various regulatory mechanisms1 (FIG. 1), which, 
when defective, can lead to a breakdown in tolerance  
and the development of autoimmune diseases.

Targeting autoreactive B cells
Before any ASI can be started, the autoantigens and 
respective epitopes that are recognized by B cells need 
to be identified. However, detecting autoreactive cells is 
difficult because of their low frequency in the peripheral 
blood and the spleen. Various approaches for targeting 

pathogenic B cells and plasma cells are summarized 
in FIG. 2. Most experiments in this area utilize in vitro  
systems or a variety of animal models.

Peptide tetramers represent useful tools for isolating, 
characterizing and depleting citrullinated autoantigen- 
specific B cells. In 2015, Kerkman et al.19 identified, iso-
lated and characterized ACPA-positive B cells from the 
peripheral blood of patients with RA for the first time. 
The authors constructed autoantigen- carrying tetramers 
by combining fluorescent dye-labelled streptavidin with 
biotinylated cyclic citrullinated peptide 2 (CCP2); these 
tetramers were able to detect and select autoreactive B cells, 
which could produce ACPA ex vivo. Citrullinated protein- 
specific B cells can also be detected and selectively depleted 
from the blood of ACPA-positive patients with RA using 
a different in vitro approach20. By coupling nanoparticles 
with multiple copies of both a synthetic citrullinated 
peptide derived from the fibrinogen β chain (containing 
the predominant epitope recognized by ACPA) and a 
complement- activating lytic peptide, autoreactive B cells 
from patients with RA can be specifically depleted20. 

With respect to SLE, a synthetic peptide that cross-
reacts with naturally occurring anti-dsDNA antibod-
ies derived from patients with SLE was described in 
199721. The identified peptide (DWEYS) functions as a 
dsDNA mimetope; in non-autoimmune mice this pep-
tide inhibited the deposition of anti-dsDNA antibodies 
in kidney glomeruli, thereby inhibiting tissue damage21. 
Immunization with the multimeric form of a similar 
peptide (DWEYSVWLSN) elevated serum anti-dsDNA 
antibody levels in mice, demonstrating that a peptide 
antigen can induce lupus-like autoimmune disease21,22. 
By tetramizing the biotinylated form of this peptide with 
streptavidin and labelling with a fluorochrome, auto-
reactive B cells could be identified in a mouse model of 
lupus and in the peripheral blood of patients with SLE23,24, 
thereby validating the use of this methodology in the 
study the DNA-reactive B cell development in SLE.

One strategy for inducing B cell silencing might be 
to target the inhibitory Fcγ receptor IIb (FcγRIIb). This 
receptor controls antibody production in both murine 
and human B cells by switching off BCR signalling when 
FcγRIIb and BCR are co-engaged25. To utilize this effect, 
Mihaylova et al.26 constructed a chimeric antibody from 
an anti-mouse FcγRIIb monoclonal antibody coupled 
with copies of a peptide derived from histone H1. This 
chimeric antibody was able to crosslink H1-specific 
BCRs and FcγRIIb, reducing the level of anti-H1 antibod-
ies in lupus-prone MRL/lpr mice, the size of lymphoid 
organs and preventing the development of skin lesions27. 
However, before applying a similar strategy in humans, 
the specificities of pathogenic B cells need to be clarified.

Although not antigen-specific, XmAb5871, a 
CD19-specific monoclonal antibody with a modified Fc 
domain, is the first drug candidate that targets and inhib-
its FcγRIIb28. XmAb5871 suppresses humoral immunity 
in mice with severe combined immuno deficiency disease 
(SCID) engrafted with PBMCs from healthy individuals 
or patients with SLE28, and inhibits the in vitro differen-
tiation of citrullinated peptide-specific plasma cells from 
patients with RA29. XmAb5871 completed a phase Ib–IIa 

Key points

• The main goal of antigen-specific immunotherapies (ASIs) in autoimmune diseases is 
to reprogramme or remove autoreactive cells and to induce immune tolerance to 
self-antigens    

• Depleting autoreactive T cells, B cells and plasma cells could be a future therapeutic 
strategy for rheumatic diseases and could lead to temporary improvement in disease

• Awakening antigen-specific tolerance by inducing regulatory T (Treg) cells using 
antigen-specific tolerogenic peptides alone or coupled to cells or nanoparticles can 
reprogramme autoreactive cells, resulting in long-term tolerance

• T cells can be engineered to specifically target and delete self-reactive B cells or to 
redirect the specificity of Treg cells towards self-antigens

• The use of antigen-boosted tolerogenic dendritic cells and DNA-based vaccines are 
promising ASIs.
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clinical trial for the treatment of moderate to severe RA 
and has now entered phase II clinical studies for use in 
patients with SLE (NCT02725515)30.

The therapeutic application of autoantigenic peptides, 
alone or in combination with other particles and multim-
erized peptide therapies, might stop susceptible patients 
from developing RA, prevent organ damage in SLE and 
possibly halt the development of other auto immune con-
ditions. Such an approach seems to affect only the path-
ogenic B cells and to leave protective immunity intact, 
avoiding general immuno suppression; however, after the 
depletion of pathogenic B cells, newly formed B cells with 
the same autoreactivity might appear. Alternatively, non-
specific B cell depletion by biologics such as rituximab, 
which targets CD20 expressed on all peripheral B cells, 
and thus removes all B cell at the periphery, efficiently 
reduces inflammation and pain in some patients with 
moderately to severely active seropositive RA, espe-
cially, when used repeatedly31. Depleting all B cells could 
potentially re-establish B cell tolerance by eliminating 
pathogenic B cell clones that produce autoantibodies 
and B cells that support pathogenic T cell responses; 
however, nonselective B cell depletion also removes the 
beneficial B cells, such as memory B cells and regulatory 
B (Breg) cells, which could potentially worsen the dis-
ease32. Targeting pathogenic B cells by utilizing peptides 
from autoantigenic epitopes would prevent autoimmune 
responses without the undesired adverse effects.

Targeting autoreactive plasma cells
Autoantibody-producing long-lived plasma cells reside 
in the bone marrow or in the inflamed tissues and are 
generated as a result of repeated stimulation of B cells with 

self-antigen. These cells cannot be depleted by conven-
tional therapies targeting B cells as they do not express 
BCRs and other B cell markers32. A novel technique has 
been developed that uses affinity matrix technology to 
detect and select antigen-specific plasma cells33. This tech-
nique utilizes an affinity matrix that contains antibodies or  
F(ab)2 fragments of plasma cell-specific antibodies, such 
as murine anti-CD138, conjugated with the antigen of 
interest34; the matrix coats plasma B cells with the antigen 
of interest and captures any antigen-specific antibodies 
released by the cell. This technique could be applied to 
deplete autoantigen-specific pathogenic long-lived mem-
ory plasma cells. For example, this strategy was used to 
selectively identify and deplete long-lived plasma cells in 
ovalbumin-specific hybridoma cell culture34; the secreted 
antibody reacted with the antigen within the affinity 
matrix and induced complement-dependent lysis of the 
plasma cell. Using this method, autoreactive plasma cells 
producing pathogenic autoantibodies can be eliminated 
without the depletion of the protective plasma cell pool35. 
This strategy has not yet been validated in vivo and, unfor-
tunately, a plasma cell-specific marker such as murine 
CD138 has not yet been identified for humans36.

Clearance of pathogenic autoantibodies
In autoimmune rheumatic diseases such as RA and SLE, 
pathogenic autoantibodies have a key role in triggering 
chronic inflammation37, so long-term removal of these 
autoantibodies would be beneficial for patients with 
these diseases.

The challenging task of clearing pathogenic anti-
bodies from the sera of patients with SLE has been met 
by antigen-based heteropolymer technology. ETI-104, a 

Figure 1 | Induction of immune tolerance. The mechanisms that control autoreactive B cells and T cells in the periphery 
include induction of receptor-editing or apoptosis and downregulation of cell activation via inhibitory receptor signalling 
and modulation of gene expression, as well as cell-extrinsic mechanisms such as limitation of survival factors and growth 
factors, and suppression by regulatory T (Treg) cells or regulatory B (Breg) cells, or tolerogenic dendritic cells (tolDCs).
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heteropolymer designed to link autoantibodies with com-
plement receptors on red blood cells, comprises dsDNA 
linked to an anti-complement receptor 1 (CR1) antibody38. 
This heteropolymer captures dsDNA-specific auto-
antibodies and clears them via CR1-expressing red blood 
cells. Red blood cells shuttle the CR1-bound immune 
complexes to tissue macrophages in the liver, safely clear-
ing them from the circulation39. The safety and tolerability 
of a single dose of ETI-104 was demonstrated in a clinical 
trial of patients with SLE and healthy volunteers38; how-
ever, low levels of human anti-mouse antibodies against 
the human part of ET-104 were also observed38. 

Abetimus sodium, another immunomodulating 
agent, is composed of four identical strands of dsDNA 
of 20 base pairs in length, covalently coupled to a small, 
non immunogenic molecular platform40,41. Abetimus 
sodium is recognized by anti-dsDNA antibodies, and 
repeated intravenous injection of this compound results 
in a sustained reduction of circulating anti-dsDNA 
antibody levels by forming antibody-drug complexes to 
facilitate autoantibody clearing, as well as by tolerizing 
dsDNA- specific B cells42. In a double-blind, placebo- 
controlled trial in patients with lupus nephritis, weekly 
treatment with 100 mg abetimus sodium significantly 
and persistently reduced anti-dsDNA levels in serum 
(P <0.001)42; this treatment was well tolerated for up to 
22 months without any signs of toxicity42. Although the 
number of renal flares decreased in the treated group 
by 25% compared with the placebo control group, this 
treatment did not significantly prolong the time to renal 
flare and the clinical endpoints were not reached42. As 
two trials involving large numbers of patients with 
lupus nephritis failed to show statistically signifi-
cantly delayed time to renal flare compared with the 
placebo group, the development of the compound was 
terminated and the orphan drug status of abetimus 
sodium for use in patients with SLE was withdrawn in  
the EU40–42.

Autoreactive T cells
During T cell development in the thymus, T cells with 
T cell receptors (TCRs) that strongly interact with self- 
peptide loaded MHC are either eliminated by negative 
selection or differentiate into thymus-derived Treg cells 
that control tolerance. However, T cells with weakly 
reactive TCRs that recognize tissue-restricted antigens 
might escape from apoptosis. Leaving the thymus, these 
T cells can be activated in the periphery during an infec-
tion, in which the threshold of activation is lower than in 
the thymic compartment43,44.

Any given TCR might recognize several peptides that 
have structural homologies owing to the flexibility of  
both the complementarity-determining region loops 
of the TCR and the MHC binding motifs, which leads 
to a high degree of T cell crossreactivity45. Given that 
each T cell can potentially respond to a high number of 
different peptide–MHC complexes, some of these cells 
might also recognize self-peptides. In the presence of 
defective immune regulation, this receptor degeneracy 
(or multiple specificities) might be a plausible reason for 
the development of autoimmune diseases45.

Figure 2 | Strategies for detecting or eliminating autoreactive B cells and/or 
autoantibodies. a | Autoreactive B cells can be detected using biotinylated autoepitope 
peptides that are tetramerized with fluorescently-labelled avidin; in this manner, 
autoreactive B cells can be purified and enriched from peripheral blood. These cells can 
also be selectively depleted using nanoparticles coated with an autoepitope peptide and 
a complement-activating peptide. The complement-activating peptide initiates the 
complement cascade to lyse the autoreactive B cell (complement-mediated cytoxicity). 
Autoreactive B cells can be silenced with autoepitope peptides coupled to anti-Fcγ 
receptor IIb (FcγRIIb) antibodies. In this scenario, the peptide–antibody complex 
crosslinks the B cell receptor (BCR) and FcγRIIb, silencing the B cell. b | Autoreactive 
plasma cells can be detected using affinity matrix technology in which both the secreted 
autoantibodies and the plasma cell bind to a matrix made up of F(ab)2 fragments of 
antibodies reactive towards the plasma cell marker CD138 coupled with autoepitope 
peptides. The marked cell is subsequently killed by the complement system. 
Autoantibodies can be cleared using an antigen-based heteropolymer system. In this 
system, an anti-complement receptor 1 (CR1) antibody is linked to a double stranded 
DNA (dsDNA) motif. Anti-dsDNA autoantibodies are cleared from the peripheral blood 
by binding to CR1-expressing red blood cells. Abetimus sodium, a tetramerized 
double-stranded oligodeoxyribonucleotide attached to a carrier platform, can also clear 
anti-dsDNA autoantibodies.

R E V I E W S

528 | SEPTEMBER 2017 | VOLUME 13 www.nature.com/nrrheum

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Deletion Tolerance inductionDetection

a  Targeting autoreactive T cells

Fluorescent
dye

Autoreactive
TCR

Autoepitope
peptide

Cell death Anergy induction T
reg

 cell diferentiation

APC

Carrier cell
Biotin

Streptavidin

Toxin

Nanoparticle

Uptake

Suppression of autoimmunity Deletion of autoreactive B cells
b  Engineering T cells

Autoreactive BCR

Autoantigen epitope

Antigen

T cell signalling
domain

CAR T
reg

 cells CAAR T cells

Autoantibody-derived
antigen-binding domain

Nature Reviews | Rheumatology

Rapamycin

Encapsulated
peptides

Depletion of autoreactive T cells
Autoreactive T cells can be detected in situ using labelled 
MHC–peptide tetramers46,47. This approach has many 
benefits: it enables the direct investigation of polyclonal, 
in vivo-activated autoreactive T cells within their ana-
tomical context and the exploitation of these cells to gain 
knowledge for the development of future therapies. Such 
tetramers are composed of a biotinylated recombinant 
MHC class I or class II complex loaded with a correspond-
ing peptide and fluorescently labelled streptavidin47–50 
(FIG. 3). To date, studies with these tetramers have been 
carried out primarily in animal models of type 1 diabetes 
mellitus (T1DM)47,50 and multiple sclerosis51.

Toxin-coupled peptide-MHC tetramers are promising 
agents for epitope-specific depletion of T cells47. Targeting 
autoantigen-specific CD8+ T cells with peptide–MHC 
class I tetramers coupled to saporin toxin efficiently 
depleted T cell clones specific for glucose-6-phosphatase 
2 (G6PC2, also known as IGRP) and delayed onset of 
T1DM manifestations in nonobese diabetic (NOD) 
mice50. Therapeutic application of such tetramers is 
advantageous over other approaches, such as tolerization 
with peptide or the use of T cell-depleting antibodies, 
because peptide treatment might induce the prolifera-
tion of T cells, whereas T cell-depleting antibodies might 
result in immunosuppression50 (FIG. 3). Theoretically such 

Figure 3 | Strategies for neutralizing or re‑programming autoreactive T cells. a | Autoreactive T cells can be detected 
with MHC–peptide tetramers coupled to a fluorescent dye and eliminated with MHC–peptide tetramers coupled to a 
toxin. Ethylene carbodiimide (ECDI)-fixed apoptotic cells coupled with antigen (antigen-coupled carrier cells) can be used 
to induce tolerance of autoreactive T cells either directly by presenting antigen to T cells to induce anergy, or indirectly by 
being taken up by host antigen presenting cells (APCs), which subsequently present antigens to T cells to induce 
regulatory T (Treg) cell differentiation and expansion. Peptide-coated nanoparticles containing rapamycin or encapsulated 
peptide-containing nanoparticles can also be taken up by host APCs to induce Treg cell differentiation. Finally, 
tetramerized MHC–peptide complexes and peptide-coated nanoparticles can directly induce Treg cell differentiation.  
b | T cells can be engineered to specifically target autoimmunity. Chimeric antigen receptors (CARs), consisting of an 
autoantibody- derived antigen-binding domain and a T cell signalling domain (that is, the CD137  and the CD3ξ 
signalling domain of the T cell receptor), can be introduced to T cells, in addition to the murine Foxp3 gene, to create 
autoantigen- specific Treg cells (CAR Treg cells). Introduction of the chimeric autoantibody receptor (CAAR), consisting of 
an autoantigen epitope recognized by autoreactive B cell receptors (BCRs) and CD137 + CD3ξ signalling domain of the 
T cell receptor, can enable a T cell to specifically kill autoantigen-specific B-cells .
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Autoepitope
A part of the self-protein that is 
recognized by autoantibodies 
or autoreactive B cells or 
T cells.

an approach could be applied in rheumatic diseases if the 
T cell epitope is known. For example, certain citrullinated 
peptides could be good candidates in RA52,53.

Expanding Treg cells
Defective Treg cell homeostasis has been implicated in 
the development of RA and other autoimmune dis-
eases54. Targeting Treg cells and re-establishing the bal-
ance between autoantigen-specific effector T cells and 
Treg cells are important therapeutic options for treating 
autoimmune rheumatic diseases55.

Multiple therapies have been designed and tested to 
expand Treg cells in vivo. For example, low doses of IL-2, 
an essential growth factor for Treg cells, have been given 
to patients with autoimmune and inflammatory disor-
ders56. This therapy restored Treg cell numbers and clin-
ical improvement was observed in patients with hepatitis 
C virus-induced vasculitis, leaving the effector T cells 
unaffected56.

Early-stage clinical trials have tested the safety and 
efficacy of adoptive Treg cell therapy in patients with 
graft-versus-host disease or autoimmune diseases57,58. 
First-in-human studies have verified that Treg cell ther-
apy is tolerated in humans, with patients experiencing 
minimal adverse effects; however, Treg cell therapy has 
not been as efficient in autoimmune diseases as it was in 
animal models. High doses of ex vivo-expanded poly-
clonal Treg cells did not considerably alter the progression 
of T1DM in adults, as these cells did not survive for long 
enough in patients to be efficacious and lost their sup-
pressive activities59. A phase I trial of polyclonal Treg cell 
therapy given together with IL-2 to stabilize the suppres-
sive activity of the Treg cells is currently underway for the 
treatment of T1DM (NCT02772679)60.

The use of antigen-specific Treg cells instead of pol-
yclonal Treg cells might be critical for therapy efficacy. 
To expand autoantigen-specific Treg cells, three possible 
strategies can be used: the expansion of self- peptide 
specific natural Treg cells in vivo; the induction and 
expansion of autoantigen-specific Treg cells ex vivo by 
stimulation with autoantigenic peptides and IL-2; or the 
conversion of autoantigen-specific T cells into Treg cells, 
either in vivo or ex vivo55. Ex‑vivo-expanded ovalbumin- 
specific Treg cells reduced the disease activity index in 8 
out of 20 patients with refractory Crohn’s disease57. These 
Treg cell clones were generated from the peripheral blood 
mononuclear cells (PBMCs) of patients by culturing the 
PBMCs ex vivo in the presence of ovalbumin, IL-2, IL-4 
and anti-human CD3. As only ovalbumin-specific Treg 
cells that were present in the PBMCs of these patients 
could be expanded, this methodology assumes that 
ovalbumin, a ubiquitous antigen in the human diet, is 
presented in vivo to Treg cells in the intestine. The intra-
venously supplied ovalbumin-specific Treg cells were well 
tolerated by patients and showed a dose-related efficacy 
signal, suggesting possible clinical benefit57. These stud-
ies indicate that the production of antigen-specific autol-
ogous Treg cells for intravenous clinical use is feasible, and 
should be considered during the development of future 
therapies for inhibiting the progression of autoimmune 
rheumatic diseases.

Treg cell therapy currently has a number of limita-
tions. The efficacy of autoantigen-specific Treg cell ther-
apy depends on the timing and the number of Treg cells 
used; for example, a high number of antigen-specific 
Treg cells are needed to stop the progression of an estab-
lished autoimmune disease with a large population of 
auto reactive effector and memory T cells. Data from 
animal models have even suggested that autoreactive 
effector T cells must be depleted before initiating Treg 

cell therapy61. Human and murine Treg cells are also dif-
ferent: human Treg cells are more heterogeneous in func-
tion, and some cells exert no suppressive activity, so not 
all findings from mouse models will be translatable to 
humans. The high amount of inflammatory cytokines 
in the synovial joints of patients with RA makes effector 
T cells resistant to Treg cell-mediated inhibition, and Treg 

cells are unable to suppress the inflammatory processes 
induced by IL-6 and TNF62. Additionally, in SLE, effec-
tor T cells have a reduced sensitivity to the suppressive 
effects of Treg cells in vitro63. Thus, expanding the pop-
ulation of Treg cells, including the autoreactive Treg cell 
subset, would be unlikely to suppress inflammation in 
RA and SLE. By contrast, the conversion of pathogenic 
T cells to antigen-specific Treg cells could be an effec-
tive strategy. To develop efficient Treg cell therapies for 
rheumatic diseases, a methodology for inducing stable, 
long-lived, autoantigen specific Treg cells is required, in 
addition to the further knowledge of the autoantigen 
epitopes recognized by the pathogenic T cells.

Antigen-specific tolerogenic peptides
In animals, exposure to large amounts of protein antigen 
in the absence of adjuvant stimulates Treg cell function, 
inducing peripheral tolerance to the given protein and 
resulting in failure of the immune response to respond to 
a subsequent challenge. Furthermore, peptides contain-
ing some of the T cell epitopes of a protein antigen can 
specifically tolerize T cells against the whole protein64. 
Hence, tolerogenic peptides could be a potentially effec-
tive approach in the treatment of autoimmune diseases, 
enriching populations with peptide-specific Treg cells 
and neutralizing pathogenic T cells, while leaving other 
immune cell populations intact.

Tolerogenic peptides. In the (SWR×NZB)-F1 (SNF1) 
mouse model of lupus, a brief course of therapy with the 
autoepitope nucleosomal histone peptide H416–39 sup-
pressed autoreactive T cells and B cells and delayed the 
development of spontaneous lupus nephritis, indicating 
that in spite of the intrinsic defect in these mice that 
makes them lupus-prone, this peptide can still induce 
autoantigen-specific tolerance65. Tolerance can also be 
induced in these mice with another histone autoepitope, 
H471–94; administration of subnanomolar concentrations 
of this peptide decreased autoantibody levels and pro-
longed the lifespan of SNF1 lupus-prone mice by reduc-
ing inflammatory cell infiltration into the kidneys66. The 
H471–94 peptide induced transforming growth factor-β 
(TGFβ)-producing CD8+ and CD4+CD25+ Treg cells, 
impairing T cell help in the production of a broad range 
of pathogenic autoantibodies and inhibiting kidney 
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Anergy
Lymphocyte unresponsiveness.

inflammation. Importantly, these peptide-induced Treg 
cells restored the immune response in mice without 
causing allergy or generalized immunosuppression66.

A mixture of histone peptide autoepitopes, including 
H122-42, H382-105, H3115-135, H416-39 and H471-94, can induce 
the differentiation and expansion of Treg cells in PBMC 
cultures from patients with inactive SLE and healthy 
individuals when applied in a low dose67. Furthermore, 
this peptide cocktail inhibited the production of path-
ogenic anti-DNA antibodies and suppressed type I 
interferon (IFN)-dependent gene expression in PBMC 
cultures from patients with active SLE67. This therapy 
enabled patients with SLE to maintain long-term remis-
sion and was efficient in established disease, suggesting 
this approach could be a promising therapy.

This peptide-based strategy for inducing Treg cells has 
also been investigated in the collagen-induced arthritis 
(CIA) mouse model. Like RA, this model is also char-
acterized by collagen-specific autoantibody-producing 
plasma cells; however, the CIA model also has some 
differences to RA in humans, such as the spontaneous 
remission of disease in mice52,68. Tetramers composed of 
the murine MHC class Ib molecule Qa1 combined with 
a heat shock protein 60 peptide (HSP60p216) induced the 
expansion and activation of HSP60p216-specific CD8+ 
Treg cells in mice69. These cells suppress pathogenic 
T follicular helper (TFH) cells and TH17 cells, resulting 
in inhibition of autoimmune arthritis in this mouse 
model and reduced collagen-specific autoantibody 
production69.

Finally, another type of tolerogenic peptide, hCDR1, 
which is based on the sequence of the complementarity 
determining region 1 (CDR1) of a human anti-DNA mon-
oclonal antibody, induces Treg cells and down regulates the 
IFNα-induced genetic signature. both in a murine lupus 
model and in patients with SLE70,71. Taken together, it is 
clear that peptides that induce autoantigen- specific Treg 

cells represent a new and potentially effective approach to 
the treatment of human auto immune diseases.

Multiple-epitope tolerogenic peptides. The major dif-
ficulty in developing effective tolerogenic peptides for 
immune tolerance strategies in RA is that diverse pro-
teins are targeted by ACPA, so selecting only one or two 
epitopes to target is likely to be ineffective72. In 2015, 
Gertel et al.53,73 synthesized a multi-epitope peptide con-
taining sequences of known citrullinated human autoan-
tigens, including filaggrin, fibrinogen, type II collagen 
and vimentin. This multi-epitope citrullinated peptide 
attenuated clinical signs of arthritis in the rat adju-
vant-induced arthritis model, improvements that were 
associated with upregulation of Treg cells and increased 
apoptosis of TH17 cells53,73. 

Antigen-coupled carrier cells. A promising strategy for 
T cell-mediated autoimmune diseases is the induction of 
autoreactive T cell anergy by the use of carrier cells coupled 
to autoantigenic peptides74. In this method, autoepitope 
peptides are chemically crosslinked to splenic leukocytes 
from syngeneic mice, or to other cellular carriers such as 
PBMCs, using ethylene carbodiimide (ECDI); these cells 

can directly present peptide–MHC class II complexes to 
CD4+ T cells and trigger TCR signalling in the absence of 
co-stimulation, resulting in long-lasting T cell anergy74. 
The induction of apoptosis in the carrier cells by ECDI 
seems to be crucial for this suppression74. Apoptotic cells 
are known to be phagocytosed by immature dendritic 
cells75, therefore, theoretically, ECDI-fixed antigen- 
coupled carrier cells (Ag-carrier cells) could be repro-
cessed and antigens from them presented by host antigen 
presenting cells (APCs), resulting in cross-tolerance of 
T cells. In this scenario, the donor cells would serve as 
antigen carriers and would not have to be MHC class II 
compatible. And indeed, Turley and Miller74 have shown 
that Ag-carrier cells can be phagocytosed by host den-
dritic cells, supporting the occurrence of indirect peptide 
presentation. MHC class II deficient allogeneic or synge-
neic Ag-carrier cells are also efficient in inducing toler-
ance, although less effective than MHC class II-expressing 
syngeneic carrier cells. Thus, the authors concluded 
that Ag-carrier cells might induce antigen-specific tol-
erance via two distinct mechanisms, which are not 
mutually exclusive: MHC class II-dependent direct pres-
entation and MHC class II-independent re-presentation of  
autoantigenic peptides74. Intravenous administration  
of Ag-carrier cells has also been shown to be an effec-
tive tool for inducing antigen-specific tolerance in mice, 
enabling the prevention and treatment of experimental 
autoimmune encephalomyelitis (EAE)74.

Two additional synergistic mechanisms by which 
Ag-carrier cells might induce tolerance have emerged 
based on experiments with peptide-induced EAE in 
mice76. In response to intravenous administration of 
Ag-carrier cells, splenic marginal zone macrophages 
immediately produced IL-10, a critical cytokine for toler-
ance induction. This cytokine upregulates programmed 
cell death 1 ligand 1 (PDL1) expression on macrophages, 
leading to PDL1-dependent T cell intrinsic unrespon-
siveness. Additionally, Ag-carrier cell infusion induces 
the differentiation and expansion of Treg cells in mice, 
which are dispensable during the induction phase, but 
essential for the maintenance of long-term tolerance76. 
Thus, successful Ag-carrier cell-induced long-term toler-
ance depends on a biphasic T cell regulation programme, 
with anergy being critical for short-term unresponsive-
ness, whereas the expansion of Treg cells is required for  
long-term tolerance77.

An antigen-coupled cell tolerance strategy has been 
adopted to treat patients with multiple sclerosis, and 
has been proven safe, well tolerated and effective in a 
first-in-human open label, single-centre clinical trial77,78. 
Antigen-coupled cell tolerance in principle could be 
applied to RA, in which T cells and B cells are involved in 
the autoimmune response; however, further data to pre-
cisely clarify the mechanism of tolerance induction and 
again, the identification of the dominant self-epitopes, 
are still needed.

Tolerizing nanoparticles. Another strategy for inducing 
autoantigen-specific Treg cells is the use biodegradable 
nanoparticles bound directly or indirectly to an antigen; 
such a strategy has already been tested in animal models 
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Epitope spreading
Diversification of epitope 
specificity, whereby during an 
autoimmune response 
additional new epitopes of the 
same antigen are recognized.

and also in clinical studies79–82. Systemic therapy with 
nanoparticles coated with autoimmune disease-relevant 
peptides bound to MHC class II molecules have been 
carried out in mouse models for autoimmune diseases, 
such as EAE and CIA, as well as in NOD mice. Systemic 
administration of these nanoparticles to NOD mice 
converted autoreactive T cells into Treg cells and induced 
the differentiation of disease-specific Breg cells, without 
affecting protective immunity80. This treatment restored 
normoglycaemia in NOD mice, motor function in para-
lysed EAE mice and joint destruction in CIA mice80. Such 
nanomedicines represent novel therapeutic strategies for 
the treatment of cellularly and antigenically complex 
autoimmune diseases, in a disease-specific manner.

An alternative approach utilizes synthetic biodegrad-
able poly(lactide-co-glycolide) (PLGA) nanoparticles 
containing protein or peptide antigens and rapamycin 
to induce long-lasting antigen-specific tolerance81. These 
nanoparticles were capable of generating both Treg cells 
and Breg cells in multiple animal models81. Rapamycin 
in these nanoparticles induces a tolerogenic phenotype 
in dendritic cells; without rapamycin these nanoparti-
cles were inefficient in generating autoantigen-specific 
Treg cells81. Similar to Ag-carrier cells, nanoparticles 
are taken up by APCs, so could be used as a surrogate 
for antigen-coupled carrier cells for efficient tolerance 
induction81,83.

Another group have described a novel PLGA-based 
nanoparticle, in which a PLGA nanoparticle is modi-
fied with the surfactant poly(ethylene-co-maleic acid) 
(PEMA)82. Intravenous infusion of myelin antigen- 
coupled PLGA-PEMA nanoparticles provided complete 
and long-term protection from disease in relapsing- 
remitting EAE in mice, as opposed to polystyrene and 
conventional PLGA nanoparticles, which only induced 

partial protection82. Similar to Ag-carrier cell therapy, 
antigen-coupled PLGA-PEMA particles induce tolerance 
through the combined effects of T cell anergy and the acti-
vation of Treg cells82. Thus, PLGA-PEMA bio degradable 
nanoparticles have tremendous therapeutic potential, 
capable of displaying peptides that induce long-lasting, 
antigen-specific T cell tolerance.

Nanoparticles displaying antigenic peptides on their 
surface might react with autoantibodies in the circulation, 
posing safety concerns. To avoid this unwanted outcome, 
antigen-encapsulated nano particles have been investi-
gated for their ability to induce antigen-specific tolerance 
in relapsing-remitting EAE in mice. Intravenous applica-
tion of these nanoparticles completely abrogated disease 
induction in an organ- specific manner, with the spleen 
being dispensable for the effect84. The intravenously- 
delivered nanoparticles were distributed to the liver, 
bound to macrophages and recruited antigen-specific 
T cells.

T cell-targeting vaccines
Vaccination with peptide–MHC complexes could 
directly or indirectly induce tolerance: the vaccine might 
induce deletion of naive and effector memory T cells that 
recognize the self-peptide, or induce differentiation of 
Treg cells that inhibit memory TH1 cells and suppress 
naive T cells specific for de novo self-antigens originat-
ing from epitope spreading85. The major difficulty with 
this targeted therapy is that the CD4+ T cell epitopes that 
have a role in pathogenesis are unknown in most auto-
immune diseases; additionally, epitope spreading results 
in an increasing number of new self-peptide epitopes 
over time72,85,86.

The use of tolerizing DNA-based vaccines encoding 
the autoantigen might be an alternative approach in 
the first-line treatment of autoimmune diseases. Most 
studies investigating this strategy have been carried out 
in multiple sclerosis, using a DNA plasmid encoding 
myelin basic protein (MBP)87. However, a specifically 
engineered plasmid encoding proinsulin has also been 
applied to patients with T1DM88. This construct reduced 
the frequency of CD8+ T cells that recognize proinsu-
lin, the major target of the autoimmune response in 
T1DM. In the CIA murine model of RA, a tolerizing 
DNA vaccine encoding type II collagen reduced the 
incidence and severity of CIA. Moreover, the protective 
effect of tolerizing DNA vaccine therapy was potenti-
ated by co- administering with a DNA vaccine encod-
ing IL-4 (REF. 89). Gottlieb et al.90 have summarized the 
possible strategies developed to improve and optimize 
tolerizing DNA plasmids (BOX 1). This summary might 
have relevance for all DNA-based vaccinations but can 
only be applied to rheumatic diseases in which the major 
autoantigens have been identified.

Modifying T cell specificity
Engineered T cells can be generated that specifically 
recognise particular epitopes, using transgenic TCRs or 
chimeric antigen receptors (CARs); therapy with such 
engineered T cells is a potential strategy for reprogram-
ming the immune response91. The basic CAR T cell 

Box 1 | Possible strategies for improving and optimizing DNA-based vaccines

Include multiple autoantigens. 
Using tolerizing plasmids that encode multiple autoantigens or multiple plasmids 
encoding different autoantigens increases the number of antigen epitopes. 

Modify the plasmid backbone
Addition of more non-coding GpG hexanucleotides either to the plasmid backbone or as 
free-standing oligomers, instead of the immunostimulatory CpG oligonucleotide, could 
improve vaccine efficacy. The GpG motifs compete with CpG motifs for binding Toll-like 
receptor 9 (TLR9) and inhibit disease-associated T helper 1 (TH1) cells108.

Include additional genes
Addition of genes encoding ‘suppressive cytokines’ to the DNA vaccine could help 
manipulate the immune response. Co-immunization with an IL-4-expressing DNA 
plasmid could shift the immune response to a more TH2 cell-like phenotype, and 
increased the safety of DNA-based therapy109.

Combine with other therapies
Pulse therapy with anti-CD3 or anti-CD20 followed by tolerizing DNA plasmids could 
improve vaccine efficacy by clearing the majority of autoreactive cells first before 
vaccine administration. Furthermore, immunosuppressive therapeutic monoclonal 
antibodies synergize with antigen-specific therapies110. Finally, DNA tolerizing plasmids 
are effective in animal models when given in conjunction with anti-CD20 therapy111.

Information for this box obtained from Gottlieb, P., Utz, P. J., Robinson, W. & Steinman, L. Clinical 
optimization of antigen specific modulation of type 1 diabetes with the plasmid DNA platform. 
Clin. Immunol. 149, 297–306 (2013)
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concept was originally applied as an anticancer strat-
egy and experimental CAR T cell treatments have been 
successfully used in patients with B cell leukemias and 
lymphomas92. Studies from the past five years set into 
motion the use of CARs for redirecting Treg cells towards 
self-antigens in autoimmune diseases. This strategy 
can reduce generalized immunosuppression and acti-
vate a large number of antigen-specific Treg cells with 
increased suppressor activity and a longer lifespan93. For 
example, myelin-oligodendrocyte glycoprotein (MOG)-
CAR-forkhead box protein P3 (FOXP3)-transduced 
T cells have been investigated in the EAE mouse model 
of multiple sclerosis93. In this model, the chimeric recep-
tor consisted of a single chain Fc fragment, obtained 
from hybridoma-derived anti-rat MOG antibodies, 
linked to a T cell signalling domain (that is, the trans-
membrane and intracellular domain of CD3ζ fused 
to the intracellular domain of CD28). Additionally, 
the construct also contained the murine Foxp3 gene 
to induce Treg cell differentiation. The engineered Treg 
cells localized to the central nervous system, showed 
a stable suppressive phenotype and protected the mice 
against EAE93.

CAR T cell technology is a powerful strategy for 
specifically targeting autoreactive cells without affect-
ing the immune cells that protect us from infection 
(FIG. 3). In 2016, Ellebrecht et al.94 developed chimeric 
auto antibody receptor (CAAR) T cells that display 
fragments of desmoglein-3 (DSG3), the same frag-
ments that are recognized by autoantibodies and 
B cells in pemphigus vulgaris, a chronic autoimmune 
blistering skin disease. The CAAR T cells were able to 
kill DSG3-specific B cells in vitro, and the engineered 
CAAR T cells also successfully killed DSG3-specific 
B cells in a mouse model of pemphigus vulgaris, pre-
venting blistering and other autoimmune manifesta-
tions94. Although this new approach has not yet been 
tested in humans, it opens up tremendous opportunities 
for T cell- mediated immuno therapy of B cell depend-
ent autoimmune diseases (FIG. 3). This strategy might 
be applied in rheumatic diseases; for example, CAAR 
T cells could be designed that display cirtullinated 
epitopes recognized by B cells in RA.

Tolerogenic dendritic cell therapy
Tolerogenic dendritic cells (tolDCs) present self- peptides 
to autoreactive T cells that, in the absence of proper 
co-stimulatory signals and in the presence of a suppres-
sive cytokine milieu, leads to silencing of autoreactive 
T cells, suppression of pro-inflammatory cytokines (such 
as IL-17) and stimulation of Treg cells, as well as stimu-
lation of TH2 cell responses in diseases such as RA95,96 
(FIG. 1). These tolDCs can be generated by simultaneously 
treating DCs with IL-4 and retinoic acid, or alternatively 
with IL-10 and TGFβ58. In animal models of arthritis, 
tolDCs stimulate TGFβ release, Treg cells and TH2 cell 
responses, and attenuate the severity and progression of 
the disease58 (FIG. 4).

To treat human diseases such as RA, clinical grade 
autologous tolDCs need to be produced. In 2015, the 
results of a phase I human clinical trial that investi-
gated autologous tolDC therapy in patients with RA 
were published97. In this trial, autologous tolDCs were 
differentiated ex vivo from the peripheral blood mono-
cytes of patients with RA in the presence of IL-4 and 
granulocyte- macrophage colony-stimulating factor 
(GM-CSF) and a nuclear factor-κB (NF-κB) inhibitor 
for 48 hours, treated with citrullinated peptides for 
3 hours and then injected intradermally into the patient. 
Two doses of the citrullinated peptide– modified autol-
ogous tolDCs (known as Rheumavax) were given to 
18 patients with RA who carried the HLA-DR shared 
epitope97. Rheumavax was well tolerated, and after one 
month of treatment significantly decreased the number 
of effector T cells (P <0.05), improved the ratio of Treg 
cells to effector T cells and reduced the serum level 
of certain cytokines (IL-15, IL-29) and chemokines 
(CX3CL1, CXCL11). The treatment also diminished 
the IL-6 response of T cells to citrullinated vimentin 
peptides. This preliminary study demonstrates that cit-
rullinated peptide-modified autologous tolDC therapy is 
safe and biologically active, and that immunoregulatory 
and anti-inflammatory effects were observed in HLA 
risk genotype-positive patients with RA97.

In another study, autologous semi-mature DCs were 
pulsed with recombinant protein-arginine deiminase 
type-4 (also known as peptidylarginine deiminase 4; 

Figure 4 | Strategies for utilizing dendritic cells to target autoreactive T cells. Autologous tolerogenic dendritic cells 
(tolDCs) can be generated from autologous monocytes loaded with autoantigens or by tolerizing DCs using nanoparticles 
coupled to tolerogenic autoepitope peptides. These cells induce differentiation and expansion of regulatory T (Treg) cells. 
Alternatively, engineered plasmid DNA encoding the autoantigen can be injected intramuscularly into patients; after 
uptake by tolDCs, the autoepitopes are presented to autoreactive T cells, resulting in T cell suppression and/or 
differentiation into Treg cells 
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PAD4)), heterogeneous nuclear ribonucleoprotein A2/B1,  
citrullinated-filaggrin and citrullinated-vimentin anti-
gens58. This compound (CreaVax-RA) decreased the 
number of IFNγ-producing T cells and the level of 
autoantibody production in patients with RA98.

Autologous tolDCs can alternatively be loaded with 
synovial fluid containing autoantigens99. Such tolDCs 
have been administered intra-articularly to the inflamed 
knee joints of patients with RA. In the two patients 
who received this therapy (designated AuToDeCRA) 
arthroscopic synovitis symptoms lessened after two 
weeks and remained stable for three months, whereas 
systemic clinical and immunomodulatory effects were 
not observed99.

Short-term use of DMARDs and immunosuppressive 
drugs might act synergistically when applied in combi-
nation with tolDC therapy in the treatment of patients 
with RA. Invention of a tolDC-based vaccine to prevent 
RA is also possible58.

Limitations and future perspectives
Current therapies for autoimmune diseases do not cure 
the disease but rather dampen the symptoms and induce 
a generalized immunosuppression in patients, increasing 
the risk of infections. Therefore, more specific therapies 
are needed that target only the autoreactive pathogenic 
cells themselves and/or induce tolerance to a particular 
autoantigen58. However, ASIs have several limitations, as 
summarized in BOX 2.

When designing an ideal therapy, whether the auto-
immune disease is mainly T cell-mediated or B cell- 
mediated needs to be considered. As an example, 

different mechanisms can be used with CAR-transduced 
T cell technology to target either pathogenic B cells 
or T cells; CAAR T cells could be developed to target 
human autoantibody-mediated diseases, whereas CAR 
FOXP3-transduced-T cells could be applied for the long-
term suppression of T cell-mediated human autoimmune 
diseases93,94.

The efficacy of ASI is highly dependent on the proper 
selection of the candidate autoantigen(s). Therefore, one 
important issue is identifying the autoantigen and/or 
epitope that triggers the pathogenic response. A num-
ber of autoantigens have been identified in various 
autoimmune diseases including RA and SLE; interest-
ingly enough, these autoantigens are not detected in 
every patient100,101. Furthermore, the immunodominant 
epitopes of the autoantigens that are important in patho-
genesis and prognosis are mostly still to be identified. 
These epitopes could also change during the course of  
a disease due to epitope spreading.

As well as autoantigen selection, dosing and tim-
ing are also very important for successful therapy. For 
example, the semi-mature DCs used to generate tolDCs 
might be immunogenic if administered at high dosages, 
and only become tolerogenic at low doses58. Thus, DC 
therapy or other forms of ASI cannot be used to treat 
autoimmune diseases until the optimal dosage is deter-
mined58. When considering timing, tolerance induction 
might take time and therefore not result in an imme-
diate resolution of inflammation58. Some immunother-
apy might only be effective in the short-term, whereas 
long-term clinical benefits in patients are desirable. For 
example, with approaches that try to selectively eliminate 
auto antigen-specific B cells or T cells, the therapeutic 
effect is likely to be only temporary, as cell numbers 
recover relatively quickly, meaning that the therapy 
has to be repeated continuously. Depleting the patho-
genic autoantibodies might not be successful, as long 
live plasma cells in bone marrow are continuously pro-
ducing these antibodies. Alternatively, targeting plasma 
cells in humans would also be very difficult because of 
the lack of a good plasma cell marker. Therefore, tar-
geting the regulatory mechanism to induce long-lasting 
antigen-specific tolerance would be ideal. However, the 
in vivo stability of tolDCs or vaccines in the systemic 
autoimmune-inflammatory environment still need to be 
established58 (FIG. 4).

Ideally, ASI would be utilized in the very early 
stages of disease. For example, the first trial of modi-
fied tolDCs showed efficacy in patients with early RA58. 
Unfortunately, ongoing clinical trials typically enrol 
patients with advances disease or who are unresponsive 
to multiple therapies, due to safety and ethical reasons, 
even though in these later stages of established disease, 
ASI would most probably fail58.

Another difficulty in developing ASI is translating the 
results from in vitro to in vivo models, and then from ani-
mal models to human disease. For example, polyclonal 
Treg cell therapy has been effective in animal models, 
but was less so when used in clinical trials59. Some of 
the animal models are designed using a specific auto-
antigen or its peptide epitope, so achieving an autoantigen 

Box 2 | Limitations of antigen-specific immunotherapy (ASI)

Autoantigen selection
• Autoantigen(s) are not known for every patient

• Not all immunogenic epitopes have been identified and these epitopes can be 
modified by epitope spreading during the course of the disease

Dosing
• Tolerogenic dendritic cells might be immunogenic at high doses, but tolerogenic at 

low doses

• Peptide–MHC tetramers might be tolerogenic at high doses

Timing
• Tolerance induction is time-dependent

• Efficacy of therapy depends on disease duration; patients might respond to therapy 
only in the early stages of disease

• Effects of ASI might be temporary, necessitating continuous treatment

Route and frequency
• Optimization of route and frequency of drug administration is required

Translation from animal studies to patients
• Some ASIs are effective in animal models, but have few effects in humans

• Adaptation of ASIs to humans is needed

Monitoring
• Biomarkers for monitoring ASIs still need to be identified

• Determination of molecular biomarkers and clinical endpoints are needed

Infrastructure and cost
• Some institutes might have limited facilities for developing and/or investigating ASIs
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specific therapy is much easier in such animal models 
than in complex human diseases. Additionally, Treg cell 
receptor specificities are more diverse in humans than  
in mice54,55,102,103.

Another issue to consider is how to measure the 
efficacy of ASIs. Appropriate biomarkers are required 
for monitoring ASI before and after the therapy, but 
optimal biomarkers are not available to monitor toler-
ance induction. Also, in addition to dosing and timing,  
the optimal route and frequency of administration needs 
to be determined for each ASI. Although most of these 
issues have been addressed in animal studies, they will 
require validation in human disease104.

ASI is a modern, technology-based approach that 
requires immense infrastructure and is rather expen-
sive, which might be a problem in institutions with lim-
ited facilities. Combining ASI with currently available 
DMARDs and immunosuppressive drugs might also be 
feasible and could increase the potency of each agent58. 
Finally, the development of strategies for disease pre-
vention, such as preventive vaccines with or without 
tolerogenic DCs, are also underway58.

Conclusions
In contrast to available targeted therapies such as biol-
ogies, ASI is an attractive approach that, if adminis-
tered at early disease stages, could substantially alter the 

development and progression of autoimmune diseases. 
The protocols of these strategies have been derived from 
in vitro investigations followed by studies conducted in 
representative animal models. Such animal studies have 
provided important proof-of-concept data, suggesting 
that these therapies could be effective in human disease. 
Unfortunately, some approaches that have been effective 
in rodent models failed to show robust clinical efficacy 
in humans (for example, abetimus sodium)41,42. Several 
important issues still remain to be addressed in further 
clinical studies.

Based on the data presented above, we believe that 
the most promising ASIs are the use of disease-specific 
peptide–MHC constructs105,106, autoantigenic pep-
tides coupled to biodegradable nanoparticles20,80,107, 
CAR-transduced T cell technology93, antigen-boosted 
tolDCs58,97 and, potentially, DNA vaccines3,90. Although 
all these strategies have been successfully tested in 
animal models, only a very limited number of human 
trials have been conducted in the field of rheuma-
tology42,97–99. ASI trials in various autoimmune dis-
eases will likely be a major feature of immunology 
research in the next few years. The discovery of novel 
autoepitopes, regulatory mechanisms and immune 
tolerance mechanisms might help to improve defec-
tive immune responses and ultimately to cure or even 
prevent autoimmune diseases.

1. Goodnow, C. C., Sprent, J., Fazekas de St Groth, B. & 
Vinuesa, C. G. Cellular and genetic mechanisms of self 
tolerance and autoimmunity. Nature 435, 590–597 
(2005).

2. Burns, J., Rosenzweig, A., Zweiman, B. & Lisak, R. P. 
Isolation of myelin basic protein-reactive T-cell lines 
from normal human blood. Cell. Immunol. 81,  
435–440 (1983).

3. Matsumoto, Y. New approach to immunotherapy 
against organ-specific autoimmune diseases with 
T cell receptor and chemokine receptor DNA 
vaccines. Curr. Drug Targets Immune Endocr. 
Metabol. Disord. 5, 73–77 (2005).

4. Andersson, P. O. & Wadenvik, H. Chronic idiopathic 
thrombocytopenic purpura (ITP): molecular 
mechanisms and implications for therapy. Expert Rev. 
Mol. Med. 6, 1–17 (2004).

5. Schultze, J. L., Grabbe, S. & von Bergwelt-
Baildon, M. S. DCs and CD40-activated B cells: current 
and future avenues to cellular cancer immunotherapy. 
Trends Immunol. 25, 659–664 (2004).

6. Aletaha, D. et al. 2010 rheumatoid arthritis 
classification criteria: an American College of 
Rheumatology/European League Against Rheumatism 
collaborative initiative. Ann. Rheum. Dis. 69,  
1580–1588 (2010).

7. Soos, L. et al. Clinical evaluation of anti-mutated 
citrullinated vimentin by ELISA in rheumatoid 
arthritis. J. Rheumatol. 34, 1658–1663 (2007).

8. Baeten, D. et al. Specific presence of intracellular 
citrullinated proteins in rheumatoid arthritis 
synovium: relevance to antifilaggrin autoantibodies. 
Arthritis Rheum. 44, 2255–2262 (2001).

9. Szarka, E. et al. Recognition of new citrulline-
containing peptide epitopes by autoantibodies 
produced in vivo and in vitro by B cells of rheumatoid 
arthritis patients. Immunology 141, 181–191 (2014).

10. Burkhardt, H. et al. Humoral immune response to 
citrullinated collagen type II determinants in early 
rheumatoid arthritis. Eur. J. Immunol. 35,  
1643–1652 (2005).

11. Cornillet, M. et al. The fibrin-derived citrullinated 
peptide beta60-74Cit(6)(0),(7)(2),(7)(4) bears the 
major ACPA epitope recognised by the rheumatoid 
arthritis-specific anticitrullinated fibrinogen 
autoantibodies and anti-CCP2 antibodies.  
Ann. Rheum. Dis. 73, 1246–1252 (2014).

12. Schwenzer, A. et al. Identification of an 
immunodominant peptide from citrullinated 
tenascin-C as a major target for autoantibodies in 
rheumatoid arthritis. Ann. Rheum. Dis. 75,  
1876–1883 (2016).

13. Pruijn, G. J. Citrullination and carbamylation in the 
pathophysiology of rheumatoid arthritis. Front. 
Immunol. 6, 192 (2015).

14. Tiffin, N., Adeyemo, A. & Okpechi, I. A diverse array of 
genetic factors contribute to the pathogenesis of 
systemic lupus erythematosus. Orphanet J. Rare Dis. 
8, 2 (2013).

15. Sun, X. Y., Shi, J., Han, L., Su, Y. & Li, Z. G. Anti-
histones antibodies in systemic lupus 
erythematosus: prevalence and frequency in 
neuropsychiatric lupus. J. Clin. Lab. Anal. 22,  
271–277 (2008).

16. Konya, C., Paz, Z. & Tsokos, G. C. The role of T cells in 
systemic lupus erythematosus: an update. Curr. Opin. 
Rheumatol. 26, 493–501 (2014).

17. Noack, M. & Miossec, P. Th17 and regulatory T cell 
balance in autoimmune and inflammatory diseases. 
Autoimmun. Rev. 13, 668–677 (2014).

18. Wardemann, H. et al. Predominant autoantibody 
production by early human B cell precursors. Science 
301, 1374–1377 (2003).

19. Kerkman, P. F. et al. Identification and characterisation 
of citrullinated antigen-specific B cells in peripheral 
blood of patients with rheumatoid arthritis.  
Ann. Rheum. Dis. 75, 1170–1176 (2015).

20. Pozsgay, J. et al. In vitro eradication of 
citrullinated protein specific B-lymphocytes of 
rheumatoid arthritis patients by targeted 
bifunctional nanoparticles. Arthritis Res. Ther. 18, 
15 (2016).

21. Gaynor, B. et al. Peptide inhibition of glomerular 
deposition of an anti-DNA antibody. Proc. Natl Acad. 
Sci. USA 94, 1955–1960 (1997).

22. Putterman, C. & Diamond, B. Immunization with a 
peptide surrogate for double-stranded DNA (dsDNA) 
induces autoantibody production and renal 
immunoglobulin deposition. J. Exp. Med. 188, 
29–38 (1998).

23. Newman, J., Rice, J. S., Wang, C., Harris, S. L. & 
Diamond, B. Identification of an antigen-specific B cell 
population. J. Immunol. Methods 272, 177–187 
(2003).

24. Jacobi, A. M., Zhang, J., Mackay, M., Aranow, C. & 
Diamond, B. Phenotypic characterization of 
autoreactive B cells — checkpoints of B cell tolerance 
in patients with systemic lupus erythematosus. PLoS 
ONE 4, e5776 (2009).

25. van Schooten, W. C., Strang, G. & Palathumpat, V. 
Biological properties of dendritic cells: implications to 
their use in the treatment of cancer. Mol. Med. Today 
3, 254–260 (1997).

26. Mihaylova, N. et al. Selective silencing of disease-
associated B-lymphocytes by chimeric molecules 
targeting their Fc gamma IIb receptor. Int. Immunol. 
20, 165–175 (2008).

27. Jeltsch-David, H. & Muller, S. Neuropsychiatric 
systemic lupus erythematosus and cognitive 
dysfunction: the MRL-lpr mouse strain as a model. 
Autoimmun. Rev. 13, 963–973 (2014).

28. Horton, H. M. et al. Antibody-mediated 
coengagement of FcgammaRIIb and B cell receptor 
complex suppresses humoral immunity in systemic 
lupus erythematosus. J. Immunol. 186, 4223–4233 
(2011).

29. Szili, D. et al. Suppression of innate and adaptive 
B cell activation pathways by antibody coengagement 
of FcgammaRIIb and CD19. MAbs 6, 991–999 
(2014).

30. US National Library of Medicine. ClinicalTrials.gov 
https://clinicaltrials.gov/ct2/show/NCT02725515 
(2017).

31. Cohen, M. D. & Keystone, E. Rituximab for 
rheumatoid arthritis. Rheumatol. Ther. 2, 99–111 
(2015).

32. Hoffman, W., Lakkis, F. G. & Chalasani, G. B. Cells, 
antibodies, and more. Clin. J. Am. Soc. Nephrol. 11, 
137–154 (2016).

33. Manz, R., Assenmacher, M., Pfluger, E., Miltenyi, S. & 
Radbruch, A. Analysis and sorting of live cells according to 
secreted molecules, relocated to a cell-surface affinity 
matrix. Proc. Natl Acad. Sci. USA 92, 1921–1925 
(1995).

34. Taddeo, A. et al. Selection and depletion of plasma 
cells based on the specificity of the secreted antibody. 
Eur. J. Immunol. 45, 317–319 (2015).

35. Hiepe, F. & Radbruch, A. Plasma cells as an innovative 
target in autoimmune disease with renal 
manifestations. Nat. Rev. Nephrol. 12, 232–240 
(2016).

R E V I E W S

NATURE REVIEWS | RHEUMATOLOGY  VOLUME 13 | SEPTEMBER 2017 | 535

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

https://clinicaltrials.gov/ct2/show/NCT02725515


36. Caraux, A. et al. Circulating human B and plasma cells. 
Age-associated changes in counts and detailed 
characterization of circulating normal CD138- and 
CD138+ plasma cells. Haematologica 95, 1016–1020 
(2010).

37. Suurmond, J. & Diamond, B. Autoantibodies in 
systemic autoimmune diseases: specificity and 
pathogenicity. J. Clin. Invest. 125, 2194–2202 
(2015).

38. Iking-Konert, C. et al. First clinical trials of a new 
heteropolymer technology agent in normal healthy 
volunteers and patients with systemic lupus 
erythematosus: safety and proof of principle of the 
antigen-heteropolymer ETI-104. Ann. Rheum. Dis. 63, 
1104–1112 (2004).

39. Cornacoff, J. B. et al. Primate erythrocyte-immune 
complex-clearing mechanism. J. Clin. Invest. 71, 
236–247 (1983).

40. [No authors listed]. Abetimus: abetimus sodium, LJP 
394. BioDrugs 17, 212–215 (2003).

41. Horowitz, D. M. & Furie, R. A. Abetimus sodium: a 
medication for the prevention of lupus nephritis 
flares. Expert Opin. Pharmacother. 10, 1501–1507 
(2009).

42. Cardiel, M. H. et al. Abetimus sodium for renal flare in 
systemic lupus erythematosus: results of a 
randomized, controlled phase III trial. Arthritis Rheum. 
58, 2470–2480 (2008).

43. Enouz, S., Carrie, L., Merkler, D., Bevan, M. J. & 
Zehn, D. Autoreactive T cells bypass negative 
selection and respond to self-antigen stimulation 
during infection. J. Exp. Med. 209, 1769–1779 
(2012).

44. Kyewski, B. & Derbinski, J. Self-representation in the 
thymus: an extended view. Nat. Rev. Immunol. 4, 
688–698 (2004).

45. Sewell, A. K. Why must T cells be cross-reactive?  
Nat. Rev. Immunol. 12, 669–677 (2012).

46. Eisenbarth, G. S. & Kotzin, B. L. Enumerating 
autoreactive T cells in peripheral blood: a big step in 
diabetes prediction. J. Clin. Invest. 111, 179–181 
(2003).

47. Trudeau, J. D. et al. Prediction of spontaneous 
autoimmune diabetes in NOD mice by quantification 
of autoreactive T cells in peripheral blood. J. Clin. 
Invest. 111, 217–223 (2003).

48. Tisch, R. & McDevitt, H. Insulin-dependent diabetes 
mellitus. Cell 85, 291–297 (1996).

49. Anderson, B., Park, B. J., Verdaguer, J., Amrani, A. & 
Santamaria, P. Prevalent CD8+ T cell response 
against one peptide/MHC complex in autoimmune 
diabetes. Proc. Natl Acad. Sci. USA 96, 9311–9316 
(1999).

50. Vincent, B. G. et al. Toxin-coupled MHC class I 
tetramers can specifically ablate autoreactive CD8+ 
T cells and delay diabetes in nonobese diabetic mice. 
J. Immunol. 184, 4196–4204 (2010).

51. Bischof, F. et al. Analysis of autoreactive CD4 T cells 
in experimental autoimmune encephalomyelitis 
after primary and secondary challenge using MHC 
class II tetramers. J. Immunol. 172, 2878–2884 
(2004).

52. Kobezda, T., Ghassemi-Nejad, S., Mikecz, K., Glant, T. T. 
& Szekanecz, Z. Of mice and men: how animal models 
advance our understanding of T-cell function in RA.  
Nat. Rev. Rheumatol. 10, 160–170 (2014).

53. Gertel, S., Serre, G., Shoenfeld, Y. & Amital, H. 
Immune tolerance induction with multiepitope peptide 
derived from citrullinated autoantigens attenuates 
arthritis manifestations in adjuvant arthritis rats. 
J. Immunol. 194, 5674–5680 (2015).

54. Wehrens, E. J., Prakken, B. J. & van Wijk, F. T cells out 
of control — impaired immune regulation in the 
inflamed joint. Nat. Rev. Rheumatol. 9, 34–42 
(2013).

55. Miyara, M., Ito, Y. & Sakaguchi, S. TREG-cell therapies 
for autoimmune rheumatic diseases. Nat. Rev. 
Rheumatol. 10, 543–551 (2014).

56. Saadoun, D. et al. Regulatory T-cell responses to low-
dose interleukin-2 in HCV-induced vasculitis. N. Engl. 
J. Med. 365, 2067–2077 (2011).

57. Desreumaux, P. et al. Safety and efficacy of antigen-
specific regulatory T-cell therapy for patients with 
refractory Crohn’s disease. Gastroenterology 143, 
1207–1217.e1–2 (2012).

58. Ahmed, M. S. & Bae, Y. S. Dendritic cell-based 
immunotherapy for rheumatoid arthritis: from bench 
to bedside. Immune Netw. 16, 44–51 (2016).

59. Bluestone, J. A. et al. Type 1 diabetes immunotherapy 
using polyclonal regulatory T cells. Sci. Transl Med. 7, 
315ra189 (2015).

60. US National Library of Medicine. ClinicalTrials.gov 
https://clinicaltrials.gov/ct2/show/NCT02772679 
(2017).

61. Marcos, M. A. et al. Coelomic and bone marrow-
derived B cells. Developmental constraints versus 
antigen-specific selection. Ann. NY Acad. Sci. 651, 
433–442 (1992).

62. Krall, W. J. & Braun, J. In vivo retroviral marking of 
antigen-specific B lymphocytes. Semin. Immunol. 4, 
19–28 (1992).

63. Venigalla, R. K. et al. Reduced CD4+,CD25- T cell 
sensitivity to the suppressive function of 
CD4+,CD25high, CD127-/low regulatory T cells in 
patients with active systemic lupus erythematosus. 
Arthritis Rheum. 58, 2120–2130  
(2008).

64. Briner, T. J., Kuo, M. C., Keating, K. M., Rogers, B. L. 
& Greenstein, J. L. Peripheral T-cell tolerance 
induced in naive and primed mice by subcutaneous 
injection of peptides from the major cat allergen Fel 
d I. Proc. Natl Acad. Sci. USA 90, 7608–7612 
(1993).

65. Kaliyaperumal, A., Michaels, M. A. & Datta, S. K. 
Antigen-specific therapy of murine lupus nephritis 
using nucleosomal peptides: tolerance spreading 
impairs pathogenic function of autoimmune  
T and B cells. J. Immunol. 162, 5775–5783  
(1999).

66. Kang, H. K., Michaels, M. A., Berner, B. R. & 
Datta, S. K. Very low-dose tolerance with 
nucleosomal peptides controls lupus and induces 
potent regulatory T cell subsets. J. Immunol. 174, 
3247–3255 (2005).

67. Zhang, L. et al. Major pathogenic steps in human 
lupus can be effectively suppressed by nucleosomal 
histone peptide epitope-induced regulatory immunity. 
Clin. Immunol. 149, 365–378  
(2013).

68. Wooley, P. H. The usefulness and the limitations of 
animal models in identifying targets for therapy in 
arthritis. Best Pract. Res. Clin. Rheumatol. 18, 
47–58 (2004).

69. Leavenworth, J. W., Tang, X., Kim, H. J., Wang, X. & 
Cantor, H. Amelioration of arthritis through 
mobilization of peptide-specific CD8+ regulatory 
T cells. J. Clin. Invest. 123, 1382–1389  
(2013).

70. Sthoeger, Z., Zinger, H., Sharabi, A., Asher, I. & 
Mozes, E. The tolerogenic peptide, hCDR1, down-
regulates the expression of interferon-alpha in murine 
and human systemic lupus erythematosus. PLoS ONE 
8, e60394 (2013).

71. Sharabi, A., Zinger, H., Zborowsky, M., 
Sthoeger, Z. M. & Mozes, E. A peptide based on 
the complementarity-determining region 1 of an 
autoantibody ameliorates lupus by up-regulating 
CD4+CD25+ cells and TGF-beta. Proc. Natl Acad. 
Sci. USA 103, 8810–8815 (2006).

72. Vanderlugt, C. L. & Miller, S. D. Epitope spreading in 
immune-mediated diseases: implications for 
immunotherapy. Nat. Rev. Immunol. 2, 85–95 
(2002).

73. Gertel, S., Shoenfeld, Y. & Amital, H. Tolerogenic 
citrullinated peptide for arthritis. Oncotarget 6, 
19344–19345 (2015).

74. Turley, D. M. & Miller, S. D. Peripheral tolerance 
induction using ethylenecarbodiimide-fixed APCs 
uses both direct and indirect mechanisms of antigen 
presentation for prevention of experimental 
autoimmune encephalomyelitis. J. Immunol. 178, 
2212–2220 (2007).

75. Sauter, B. et al. Consequences of cell death: exposure 
to necrotic tumor cells, but not primary tissue cells or 
apoptotic cells, induces the maturation of 
immunostimulatory dendritic cells. J. Exp. Med. 191, 
423–434 (2000).

76. Getts, D. R. et al. Tolerance induced by apoptotic 
antigen-coupled leukocytes is induced by PD-L1+ and 
IL-10-producing splenic macrophages and maintained 
by T regulatory cells. J. Immunol. 187, 2405–2417 
(2011).

77. Kundig, T. M. et al. On T cell memory: arguments for 
antigen dependence. Immunol. Rev. 150, 63–90 
(1996).

78. Sayegh, M. H. & Turka, L. A. T cell costimulatory 
pathways: promising novel targets for 
immunosuppression and tolerance induction.  
J. Am. Soc. Nephrol. 6, 1143–1150 (1995).

79. Capini, C. et al. Antigen-specific suppression of 
inflammatory arthritis using liposomes. J. Immunol. 
182, 3556–3565 (2009).

80. Clemente-Casares, X. et al. Expanding antigen-
specific regulatory networks to treat autoimmunity. 
Nature 530, 434–440 (2016).

81. Maldonado, R. A. et al. Polymeric synthetic 
nanoparticles for the induction of antigen-specific 
immunological tolerance. Proc. Natl Acad. Sci. USA 
112, E156–E165 (2015).

82. Hunter, Z. et al. A biodegradable nanoparticle 
platform for the induction of antigen-specific 
immune tolerance for treatment of autoimmune 
disease. ACS Nano 8, 2148–2160 (2014).

83. Getts, D. R. et al. Microparticles bearing 
encephalitogenic peptides induce T-cell tolerance 
and ameliorate experimental autoimmune 
encephalomyelitis. Nat. Biotechnol. 30, 1217–1224 
(2012).

84. McCarthy, D. P. et al. An antigen-encapsulating 
nanoparticle platform for TH1/17 immune tolerance 
therapy. Nanomedicine 13, 191–200 (2017).

85. Anderson, R. P. & Jabri, B. Vaccine against 
autoimmune disease: antigen-specific 
immunotherapy. Curr. Opin. Immunol. 25, 410–417 
(2013).

86. Marion, T. N. & Postlethwaite, A. E. Chance,  
genetics, and the heterogeneity of disease and 
pathogenesis in systemic lupus erythematosus.  
Semin. Immunopathol. 36, 495–517 (2014).

87. Garren, H. et al. Phase 2 trial of a DNA vaccine 
encoding myelin basic protein for multiple sclerosis. 
Ann. Neurol. 63, 611–620 (2008).

88. Roep, B. O. et al. Plasmid-encoded proinsulin 
preserves C-peptide while specifically reducing 
proinsulin-specific CD8+ T cells in type 1 diabetes.  
Sci. Transl Med. 5, 191ra82 (2013).

89. Ho, P. P. et al. Tolerizing DNA vaccines for 
autoimmune arthritis. Autoimmunity 39, 675–682 
(2006).

90. Gottlieb, P., Utz, P. J., Robinson, W. & Steinman, L. 
Clinical optimization of antigen specific modulation of 
type 1 diabetes with the plasmid DNA platform.  
Clin. Immunol. 149, 297–306 (2013).

91. James, E. A. et al. Citrulline-specific Th1 cells are 
increased in rheumatoid arthritis and their frequency 
is influenced by disease duration and therapy. Arthritis 
Rheumatol. 66, 1712–1722 (2014).

92. Couzin-Frankel, J. Breakthrough of the year 2013. 
Cancer immunotherapy. Science 342, 1432–1433 
(2013).

93. Fransson, M. et al. CAR/FoxP3-engineered T 
regulatory cells target the CNS and suppress EAE 
upon intranasal delivery. J. Neuroinflamm. 9, 112 
(2012).

94. Ellebrecht, C. T. et al. Reengineering chimeric 
antigen receptor T cells for targeted therapy of 
autoimmune disease. Science 353, 179–184 
(2016).

95. Hilkens, C. M. & Isaacs, J. D. Tolerogenic dendritic 
cell therapy for rheumatoid arthritis: where are 
we now? Clin. Exp. Immunol. 172, 148–157 
(2013).

96. Raker, V. K., Domogalla, M. P. & Steinbrink, K. 
Tolerogenic dendritic cells for regulatory T cell 
induction in man. Front. Immunol. 6, 569  
(2015).

97. Benham, H. et al. Citrullinated peptide dendritic cell 
immunotherapy in HLA risk genotype-positive 
rheumatoid arthritis patients. Sci. Transl Med. 7, 
290ra87 (2015).

98. Bin Joo, Y. et al. Phase 1 study of immunotherapy 
using autoantigen-loaded dendritic cells in patients 
with anti-citrullinated peptide antigen positive 
rheumatoid arthritis [abstract 946]. Arthritis 
Rheumatol. 66, S420–S421 (2014).

99. Bell, G. M. et al. Autologous tolerogenic dendritic 
cells for rheumatoid and inflammatory arthritis.  
Ann. Rheum. Dis. 76, 227–234  
(2017).

100. Bach, J. F., Koutouzov, S. & van Endert, P. M. Are 
there unique autoantigens triggering autoimmune 
diseases? Immunol. Rev. 164, 139–155  
(1998).

101. Lorenz, H. M., Herrmann, M. & Kalden, J. R. The 
pathogenesis of autoimmune diseases. Scand. J. Clin. 
Lab. Invest. Suppl. 235, 16–26 (2001).

102. Miyara, M. et al. Human FoxP3+ regulatory T cells in 
systemic autoimmune diseases. Autoimmun. Rev. 10, 
744–755 (2011).

103. Sakaguchi, S., Miyara, M., Costantino, C. M. & 
Hafler, D. A. FOXP3+ regulatory T cells in the human 
immune system. Nat. Rev. Immunol. 10, 490–500 
(2010).

R E V I E W S

536 | SEPTEMBER 2017 | VOLUME 13 www.nature.com/nrrheum

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

https://clinicaltrials.gov/ct2/show/NCT02772679


104. Odegard, J. M., Nepom, G. T. & Wambre, E. 
Biomarkers for antigen immunotherapy in allergy 
and type 1 diabetes. Clin. Immunol. 161, 44–50 
(2015).

105. Sinha, S. et al. A promising therapeutic approach  
for multiple sclerosis: recombinant T-cell receptor 
ligands modulate experimental autoimmune 
encephalomyelitis by reducing interleukin-17 
production and inhibiting migration of 
encephalitogenic cells into the CNS. J. Neurosci. 27, 
12531–12539 (2007).

106. Offner, H., Sinha, S., Burrows, G. G., Ferro, A. J. & 
Vandenbark, A. A. RTL therapy for multiple sclerosis: a 
phase I clinical study. J. Neuroimmunol. 231, 7–14 
(2011).

107. Carambia, A. et al. Nanoparticle-based autoantigen 
delivery to Treg-inducing liver sinusoidal endothelial 
cells enables control of autoimmunity in mice. 
J. Hepatol. 62, 1349–1356 (2015).

108. Ho, P. P., Fontoura, P., Ruiz, P. J., Steinman, L. & 
Garren, H. An immunomodulatory GpG 
oligonucleotide for the treatment of autoimmunity via 
the innate and adaptive immune systems. J. Immunol. 
171, 4920–4926 (2003).

109. Ho, P. P. et al. A suppressive oligodeoxynucleotide 
enhances the efficacy of myelin cocktail/
IL-4-tolerizing DNA vaccination and treats 
autoimmune disease. J. Immunol. 175, 6226–6234 
(2005).

110. Bresson, D. et al. Anti-CD3 and nasal proinsulin 
combination therapy enhances remission from recent-
onset autoimmune diabetes by inducing Tregs. J. Clin. 
Invest. 116, 1371–1381 (2006).

111. Sarikonda, G. et al. Transient B-cell depletion with 
anti-CD20 in combination with proinsulin DNA 
vaccine or oral insulin: immunologic effects and 
efficacy in NOD mice. PLoS ONE 8, e54712  
(2013).

Acknowledgements
The work of the authors was supported by the Hungarian 
National Science Fund (NKFI OTKA NK 104846) (G.S.) and by 
the European Union and the State of Hungary co-financed by 
the European Soc ia l  Fund in  the f ramework of 
TAMOP-4.2.4.A/2-11/1-2012-0001 ‘National Excellence 
Program’ (Z.S.).

Author contributions
All authors wrote the manuscript. Z.S. and J.P. researched 
the data for the article. Z.S. and G.S. undertook review and/
or editing of the manuscript before submission and provided 
substantial contributions to discussions of its content.

Competing interests statement
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

R E V I E W S

NATURE REVIEWS | RHEUMATOLOGY  VOLUME 13 | SEPTEMBER 2017 | 537

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Together with the cellular innate and adaptive immune 
responses, the complement system has a key role in 
immunity: protecting against pathogens, augmenting 
antibody responses and clearing immune complexes1. 
The complement system can be activated via one of three 
pathways: the classical pathway, the lectin pathway and 
the alternative pathway. Activation of the complement 
system facilitates pathogen elimination by opsonizing 
pathogens (via surface deposition of the complement 
component C3b), promoting chemotaxis of immune 
cells (through production of anaphylatoxins such as 
complement C5a) and directly damaging pathogen 
surfaces (through the complement C5b–C9 membrane 
attack complex (MAC)) (FIG. 1).

Complement-mediated processes are important 
components of inflammation and can also occur in 
the absence of infection. Hence, inhibition of comple-
ment (for example, by blocking the actions of C5a) has 
long been considered to have therapeutic potential2. 
However, complement inhibition is also associated with 
adverse effects. For example, complement-deficient 
individuals are susceptible to infections, demonstrat-
ing the importance of the complement system in host 
defence3. Individuals with terminal pathway deficiencies 
are particularly susceptible to infection with Neisseria 

meningitidis (reviewed elsewhere4). Similarly, individuals 
deficient for the central activation protein, C3, are also 
susceptible to meningitis, as well as infection with encap-
sulated bacteria such as Streptococcus pneumoniae4.  
Consequently, when considering therapeutic comple-
ment inhibition, determining the appropriate point in 
the system to target, and how to mitigate the associated 
risk of infection, is key2.

To date, beneficial complement inhibition has been 
achieved for two rare conditions: atypical haemolytic 
uraemic syndrome (aHUS) and paroxysmal noctur-
nal haemoglobinuria (PNH)5. Many patients with 
aHUS have genetic mutations that lead to complement 
over-activation along the renal endothelium, resulting 
in complement-dependent thrombotic microangiopathy 
(TMA)6. C5 activation is a critical target for preventing 
the development of TMA and the C5 inhibitor eculi-
zumab is extremely efficient in treating complement- 
associated aHUS7. However, eculizumab also confers 
susceptibility to neisserial infection8. Consequently, 
strategies to mitigate this risk (such as vaccination and 
prophylactic antibiotic therapy) are mandatory during 
eculizumab treatment. In patients with PNH, an acquired 
glycosylphosphatidylinositol (GPI) deficiency within 
haematopoietic stem cells results in the clonal expansion 
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The complement system as a potential 
therapeutic target in rheumatic disease
Leendert A. Trouw1,2, Matthew C. Pickering3 and Anna M. Blom4

Abstract | Complement activation is associated with common rheumatic diseases such as 
systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and systemic vasculitis. Evidence 
linking complement activation to these diseases includes the presence of complement 
deposition in affected tissues, decreased levels of complement proteins and high levels of 
complement activation fragments in the blood and/or synovial fluid of patients with these 
diseases, as well as data from experimental models. Eculizumab, a monoclonal antibody that 
inhibits the complement component C5, is now approved for the treatment of rare conditions 
involving complement hyperactivation, and the success of this therapy has renewed interest in 
understanding the utility of complement inhibition in rheumatological practice, particularly for 
SLE. For example, inhibiting C5 is a potential means of reducing glomerular inflammation in lupus 
nephritis or treating thrombotic microangiopathy in SLE. The complement system is one of 
multiple mediators of tissue injury in complex diseases such as SLE, and identifying the disease 
context in which complement activation has a predominant role is a challenge. An added 
difficulty in RA is identifying a role for therapeutic complement inhibition within the diverse 
treatment modalities already available. In this Review, evidence for the therapeutic potential of 
complement manipulation in rheumatology practice is evaluated.
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of red blood cells that lack GPI-anchored proteins 
such as the complement inhibitors decay- accelerating 
factor (DAF, also known as CD55) and CD59 glyco-
protein. The affected red blood cells are susceptible 
to MAC-mediated lysis, resulting in haemolytic anae-
mia9. Eculizumab protects the affected cells from lysis 
and is highly efficient at treating haemolytic anaemia  
in patients with PNH10.

Measuring complement activity is important in diag-
nosis and follow-up and has received particular atten-
tion with the availability of the C5 inhibitor eculizumab. 
Assays to measure complement activity in specialized 
diagnostic laboratory tests are explained in BOX 1. As ecu-
lizumab is an expensive therapy, efforts have been made 
to determine the minimal effective dose for achieving C5 
blockade. For example, haemolytic assays have been used 
to determine the lowest efficacious dose of eculizumab in 
patients with aHUS11. These assays provide a means to 
individualize eculizumab dosage regimens.

Understanding the role of complement inhibition in 
rheumatic disease is challenging. Complement is one of 
multiple inflammatory mediators involved in complex 
conditions such as systemic lupus erythematosus (SLE)  
and rheumatoid arthritis (RA)12. In RA, many approved and 
highly effective treatment options are already available13.  
Positioning complement inhibition within the increas-
ingly diverse array of effective treatment options requires 
consideration. Furthermore, complement deficiency (par-
ticularly deficiency in classical pathway components such 
as C1q) predisposes to SLE14, suggesting that agents that 
impair classical pathway activation and function should 
be avoided in patients with this disease.

Animal models have provided insight into the role of 
complement in rheumatic disease. However, although 
the human and mouse complement systems share 
many proteins, some proteins are either not conserved 
or have different functions. Overall, the mouse com-
plement system seems less potent and might be more 
easily inhibited than the human complement system15. 
This difference could lead to over-interpretation of the 
potential for modulating the complement system in 
human disease.

In this Review we consider the evidence for the 
therapeutic potential of complement inhibition in RA, 
SLE, osteoarthritis (OA) and small-vessel vasculitis.  

We review the associations of complement with these 
conditions and the available literature on the use of  
complement inhibitors in these settings.

The role of complement in rheumatic disease
Rheumatoid arthritis
Findings from clinical studies of complement bio-
markers16 and studies in animal models17 suggest the 
involvement of the complement system in the pathol-
ogy of RA. In the blood of patients with RA, levels of 
complement activation fragments are increased18–24 and 
levels of circulating complement proteins are decreased 
because of consumption25. Additionally, complement 
activation fragments are increased in the synovial fluid 
and synovial tissue of patients with RA26. One trigger 
for complement activation could be immune complexes 
containing RA-associated antibodies27. Around 60% of 
patients with early RA are positive for autoantibodies 
such as anti-citrullinated protein antibodies (ACPAs) 
and/or rheumatoid factor27. These antibodies interact 
with antigens within joints, resulting in the formation 
of immune complexes that can trigger local comple-
ment activation28,29 (FIG. 2a). Molecules released from the 
extracellular matrix of cartilage, including fibromod-
ulin, osteomodulin, chondroadherin, the G3 domain 
of aggrecan and cartilage oligomeric matrix protein 
(COMP), are also potent triggers for complement acti-
vation30–34. Finally, local complement activation within 
affected joints could additionally be triggered by dead 
cells35, extracellular DNA36 and C-reactive protein37.

Established animal models of RA pathology include 
collagen-induced arthritis (CIA) and collagen antibody- 
induced arthritis (CAIA). Studies with these models have 
provided direct evidence for a role of complement in joint 
damage and have enabled the contribution of the differ-
ent complement pathways to be defined38–40. Whereas  
the classical pathway has some involvement in CAIA41–44, the  
alternative pathway is both essential and sufficient for  
the induction and progression of arthritis in this model41–43.  
Why the alternative pathway, rather than the classical 
pathway, drives complement activation in a context that 
is immune complex-mediated is unclear. Initial experi-
ments suggested that the essential steps in complement 
activation in CAIA were alternative pathway activation, 
generation of C5a and signalling via C5a receptor 1  
(C5aR1)43. Subsequent experimentation in CAIA 
revealed that MAC formation is important for disease 
severity, with C6-deficient mice having a much lower dis-
ease activity than wild-type mice43,44. Collectively, these 
data suggest that although the classical pathway is acti-
vated in arthritis, this pathway is not sufficient for disease 
development without amplification via the alternative 
pathway, indicating that inhibiting the classical pathway 
might not be as efficient as inhibiting the alternative 
pathway for RA therapy. Blocking the capacity of the 
classical pathway to clear immune complexes could even  
potentially result in increased disease activity.

The contribution of the lectin pathway to experimen-
tal arthritis is not yet clear17. Initial experiments looking 
at the role of mannose-binding lectin (MBL) in CAIA, 
using MBL-deficient mice, indicated that MBL is not 

Key points

• The complement system provides essential protection against infections but also 
contributes to the severity of autoimmune diseases

• The complement system is activated in many rheumatic diseases, as evident  
from deposition of activation fragments in affected tissue, decreased  
residual complement function and increased levels of circulating activated 
complement fragments

• Although complement is activated in rheumatic diseases, this finding does not mean 
that complement has a major role in the clinical presentation

• Systemic complement inhibition is feasible and reasonably safe when the right 
precautions are taken

• Complement inhibition has not yet become a common therapeutic strategy for 
rheumatic disease
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required for disease development42. However, in later 
studies an endogenous lectin pathway-specific inhib-
itor, MBL-associated protein of 44 kDa (MAP44), was 
shown to reduce the severity of arthritis in this mouse 
model45. MAP44 is a competitor of MBL serine proteases 
(MASPs), and binds components that initiate the lectin 
pathway, such as MBL and ficolins. Overexpression of 
human MAP44 in mice leads to a reduction in CAIA 
clinical disease activity score45. These findings suggest 
a role for lectin pathway activation via mechanisms that 
bypass MBL.

Several complement inhibitors have shown potential 
in preventing or treating arthritis in the above described 
mouse models, using either an untargeted approach (for 
example, complement receptor of the immunoglobulin 
superfamily (CRIg), also known as VSIG4, in CIA and 
CAIA)46 or targeted approach (for example, comple-
ment receptor 2 (CR2)-factor H constructs in CAIA)38.  

The majority of these inhibitors act at the level of C3 
activation and, given that inhibition of C5 seemed a 
promising strategy, many tools have been tested to 
block activity of this key molecule. C5-blocking anti-
bodies can be administered systemically40, targeted to 
the inflamed synovium by coupling to a specific pep-
tide that facilitates tissue- homing47 or expressed locally 
by intra-articular injection of a DNA vector encoding 
the antibody48. Local or targeted inhibition might be 
an effective way to circumvent the adverse effects of 
systemic complement inhibition. Another method 
for targeted inhibition of this pathway includes cou-
pling C5-specific small-interfering RNA (siRNA) to an 
anti-C5aR1 antibody39. This strategy has been tested in 
mouse CAIA; strikingly, the siRNA– antibody conjugate 
was more effective in inhibiting clinical symptoms that 
the two compounds used together in an unconjugated 
format. These data indicate that targeting the C5-specific 

Figure 1 | The complement system. The classical pathway of complement activation is activated following binding of  
the recognition molecule C1q to ligands such as immune complexes. The lectin pathway is activated following binding  
of recognition molecules, such as mannose-binding lectin (MBL), collectins or ficolins, to their ligands, which include 
carbohydrate structures. Although the alternative pathway is initiated spontaneously, properdin (not shown) might also 
serve as a recognition molecule for directing activation of this pathway. Following activation via the initiating molecules a 
cascade of proteolytic activation steps leads to the formation of C3-convertases that cleave C3 into the anaphylatoxin C3a 
and the opsonin C3b. Next, C5-convertases generate the potent pro-inflammatory anaphylatoxins C5a and C5b, the latter 
of which, together with C6–C9, forms the membrane attack complex (MAC). Complement inhibition strategies used in 
rheumatic disease include C5aR blockade in anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (CCX168) 
and rheumatoid arthritis (PMX53); and C5 inhibition (eculizumab) in SLE. This figure was adapted with permission obtained 
from Noris, M., Mescia, F, & Remuzzi, G. Nat. Rev. Nephrol. 8, 622–633 (2012)135.
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siRNA to C5aR1-expressing cells improves the effective-
ness of the treatment. Many cell types express C5aR1, so 
whether targeting a particular cell type further enhances 
the effectiveness of inhibition will be exciting to see and 
might provide further insight into the pathological  
processes of arthritis.

Moderate inhibition of complement activation has 
substantial therapeutic effects in mice49, indicating that 
the complement system does not have to be completely 
blocked to provide effective therapy. Therefore, it might 
be possible to achieve a level of complement inhibition 
that provides therapeutic benefit while allowing suffi-
cient complement activation to minimize adverse effects 
such as risk of infections. However, although inhibiting 
complement activation in these animal models of RA 
has beneficial effects17, determining the relevance of this 
data in human disease is needed and will be critical for 
translating into future therapy.

Systemic lupus erythematosus
The role of complement in SLE is complex; whereas 
complement activation contributes to SLE-associated 
inflammation, complement deficiency is also a risk fac-
tor for SLE development50. Genetic deficiency of several 
components of the classical pathway (including C1q, C1r, 
C1s, C4 and C2) are associated with the development of 
SLE50. Deficiency of C1q has received much attention 
and strongly predisposes individuals to SLE develop-
ment, which is thought to be related to the role of C1q 

in the removal of apoptotic cells51. Apoptotic cells have 
lupus autoantigens on their surface and in the absence 
of C1q these cells are not efficiently removed, which is 
thought to stimulate an inappropriate immune response 
to the autoantigens52–54. IFNα is a key player in the 
pathology of SLE55 and C1q has been shown to inhibit 
IFNα production by plasmacytoid dendritic cells56, pos-
sibly via the inhibitory receptor leukocyte- associated 
immuno globulin-like receptor 1 (LAIR-1, also known 
as CD305)57. The combined effects of C1q deficiency on 
clearance of autoantigens and on the shaping of the adap-
tive immune response probably predispose C1q-deficient 
individuals to SLE development. However, C1q defi-
ciency is very rare and how observations in C1q-deficient 
individuals relate to typical SLE is unclear58 . In addition 
to complete deficiency, copy number variation of the two 
C4 genes C4A and C4B is also associated with the risk of 
SLE (reviewed elsewhere59).

In SLE, inflammation can be triggered by autoanti-
body-containing immune complexes that either form 
locally within tissue or are formed in the circulation and 
then deposit in the tissue (FIG. 2b). Immune complexes 
induce inflammation through engagement of Fc recep-
tors and also through complement activation. Patients 
with SLE nearly always show evidence of C3 deposition 
in inflamed tissues (such as glomerular deposition in 
lupus nephritis)60. In these patients, complement activa-
tion can also result in a secondary reduction in circu-
lating complement levels (most commonly measured as 
decreases in C4 and C3 levels).

The diverse spectrum of autoantibodies present in 
patients with SLE includes anti-C1q antibodies61. These 
autoantibodies bind to C1q in complex with antigen and 
are of particular interest as their presence is associated 
with renal inflammation62. Anti-C1q auto antibodies are 
thought to have a pathogenic role by amplifying local 
complement activation: immune complexes contain-
ing anti-C1q antibodies are more potent at activating  
complement than immune complexes alone63.

Extensive studies have been performed in lupus-prone 
mouse models (such as in NZB/W and MRL/lpr mice) 
to look at the role of complement in disease development 
and progression64. The findings from these studies have 
been extensively reviewed elsewhere, but in summary 
indicate that in these mouse models, inhibiting comple-
ment activation and signalling with either C3a receptor 
(C3aR) or C5aR1 is beneficial and reduces symptoms64. 
However, C3-deficient mice are not protected from 
developing lupus and actually have increased levels of 
immune complex-deposition and albuminuria65, and 
hence the role of complement in (murine) lupus is not 
completely understood.

ANCA-associated vasculitis
Anti-neutrophil cytoplasmic antibody (ANCA)-
associated vasculitis (AAV) encompasses a group of 
syndromes that include granulomatosis with polyangiitis, 
microscopic polyangiitis and eosinophilic granulomato-
sis with polyangiitis66. ANCAs are autoantibodies that 
mainly target two neutrophil antigens: proteinase 3 (PR3) 
and myeloperoxidase (MPO)67. Neutrophils primed by 

Box 1 | Assessment of complement activity in clinical practice

Assays are available to monitor the levels of complement proteins, functional activity of 
complement and in vivo activation of the complement system130. Depending on the 
clinical question, different assays can be employed. Immunohistochemistry of biopsy 
samples from affected organs is an established method of measuring the 
immunopathology of a disease (for example, renal disease), but for many conditions 
tissue biopsy is not an option and analysis is done using blood samples. Correct 
interpretation of all complement assays requires proper sample handling and the 
availability of clinical information.

Levels of complement proteins
The measurement of antigenic levels of the complement proteins C3 and C4 in plasma 
is regularly performed using nephelometry and is often used for the diagnosis and 
follow-up of patients with systemic lupus erythematosus (SLE). Of the different 
autoantibodies that target complement proteins61, anti-C1q autoantibodies are of most 
relevance in rheumatology clinical practice as these autoantibodies are associated with 
lupus nephritis. Levels of these autoantibodies can be measured for the diagnosis and 
follow-up of patients with lupus nephritis131. 

Functional activity
The functional activity of complement pathways is often assessed using haemolytic 
assays. These assays are most reliably used to screen for complement deficiencies but, 
in expert laboratories, can also be used to evaluate the degree of complement activity, 
which is useful for monitoring complement consumption (for example, during active 
SLE). Microtitre plate assays are easier to perform than haemolytic assays and are 
especially useful in screening for complement deficiency132.

In vivo activation
In vivo activation of complement can be determined by measuring levels of activation 
products, such as C3a, C5a, C4d, C3d, C5b−9 (REF. 130). However, in practice these 
products are not often measured due to a lack of validated assays and because  
these fragments might be generated ex vivo during inappropriate handling of 
samples130,133. Use of novel antibodies specific for short, linear neoepitopes  
of complement components might solve this issue134.
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cytokines or activated by complement fragments express 
increased levels of ANCA antigens on their surface, ena-
bling binding by ANCAs68 (FIG. 2c). Antibody-mediated 
activation results in degranulation and transmigration, 
collectively contributing to local vasculitis67. As a result, 
a major consequence of ANCA production is pauci- 
immune crescentic glomerulonephritis69. Complement 
was originally thought not to have a major role in the 
development of this renal lesion due to its pauci- immune 
nature and the infrequent occurrence of systemic hypo-
complementemia. However, this view changed following 
key observations from animal model studies: in mice, 
the development of necrotizing crescentic glomerulone-
phritis following transfer of murine or human anti-MPO 
antibodies, or following immunization with MPO, is 
dependent on both activation of the alternative pathway 
and generation of C5a via C5aR signalling70,71.

A role of complement in AAV in humans has now also 
been established72. Renal biopsy samples from patients 
with AAV contain complement activation fragments, 
such as deposited MAC, C3d, factor B and properdin73. 
The presence of some of these proteins (for example, 
C3d) has been confirmed by proteomic analyses74.  
Additionally, plasma and urinary C5a levels75 and sys-
temic alternative pathway activation are increased in 
patients with AAV during active disease76. Activated 
neutrophils can contribute to complement activation by 
releasing components of the alternative pathway (such 
as properdin)77 and neutrophil extracellular traps that 
can activate both the classical and alternative path-
way78,79. The orally available human C5aR inhibitor 
CCX168 has shown efficacy in phase II AAV studies 
and is discussed below80.

Osteoarthritis
Low-grade inflammation is thought to be an important 
factor in the development of OA81. Several studies have 
found evidence of complement activation in the syn-
ovium or synovial fluid of patients with OA. In a mass 
spectrometry analysis, the levels of several complement 
proteins were increased in the synovial fluid of patients 
with OA compared with that from healthy individuals82. 
Additionally, in an immunoassay analysis, complement 
activation fragments C4d, C3bBbP and soluble MAC 
were increased in OA synovial fluid relative to the syn-
ovial fluid of healthy knee joints83. Finally, transcrip-
tomic analysis of synovial membrane of healthy joints 
and OA-affected joints demonstrated increased relative 
expression levels of complement effector molecules 
and decreased expression of complement inhibition  
molecules in OA82.

MAC proteins C5 and C6 are crucial for the develop-
ment of OA symptoms in mouse models of OA, such as 
OA induced by medial meniscectomy or by destabiliza-
tion of the medial meniscus, whereas the MAC inhibitor 
CD59 is protective against disease82. These data do not 
necessarily indicate that complement-mediated lysis is 
involved in this disease as sublytic concentrations of the 
MAC have also been reported to stimulate cells84, which, 
in the case of chondrocytes, could lead to the production 
and release of inflammatory and degradative proteins. 
Of note, inhibition of complement activation with a 
CR2–factor H fusion protein attenuated the development 
of experimental OA in wild-type mice following medial 
meniscectomy82. These findings are in agreement with 
previous observations that complement proteins are 
synthesized locally by chondrocytes and upregulated in 
the joints in OA85,86. Furthermore, carboxypeptidase B,  
which inactivates the complement anaphylatoxins 
C3a and C5a, is protective in mouse models of OA87. 
CD59 ablation in mice influences bone development, 
resulting in longer and wider bones with a lower den-
sity than in wild-type mice, which could be one of the 
factors that contributes to the OA susceptibility seen in  
these mice88.

To date, no large trials of complement inhibition in 
OA have been performed. Given the risk profile and the 
costs of current complement-inhibiting therapies, com-
plement inhibition is unlikely to become a mainstream 
therapy for this chronic common disease.

Other rheumatic conditions
Complement activation is reported to have a role in hypo-
complementemic urticarial vasculitis syndrome (HUVS) 
and cryoglobulinaemic vasculitis, as reviewed elsewhere89. 
The hypocomplementemia (abnormally low complement 
levels) in patients with HUVS mainly relates to low lev-
els of classical pathway components, in particular C1q 
and C490. Interestingly, the majority of patients with 
HUVS harbour anti-C1q autoantibodies91,92. To what 
extent activation of the classical pathway is actively 
contributing to the disease pathogenesis is currently 
unknown. In cryo globulinaemic vasculitis, monoclo-
nal or polyclonal immunoglobulins that precipitate at 
temperatures below 37oC trigger a set of reactions that 

Figure 2 | Complement activation in rheumatic disease. a | Schematic overview of the 
processes leading to complement activation in rheumatoid arthritis joints. 
Autoantibodies bind to targets in the joint leading to in situ immune complex formation. 
These immune complexes trigger activation of both the classical and alternative 
complement pathways. Matrix molecules derived from damaged cartilage also trigger 
the activation of both these pathways. Activation of C3 leads to C5 activation, resulting 
in the release of C5a which binds and activates C5aR-positive cells. Activation and 
recruitment of C5aR-positive cells is thought to be the major mechanism by which 
complement contributes to damage in the joint. Released C5b triggers formation of the 
membrane attack complex (MAC) (not shown) but this complex probably contributes 
only modestly to disease progression. b | Schematic overview of complement activation 
in systemic lupus erythematosus in target organs. The example depicted here is 
complement activation in the kidney, in which both in situ formation of immune 
complexes and entrapment of circulating immune complexes take place. Deposited 
immune complexes trigger activation of the classic and alternative pathways. 
Complement deposition on immune complexes mediates opsonization of the immune 
complex by C3b and enables transport of immune complexes to the liver and spleen via 
complement receptor 1 (CR1) on erythrocytes. Activation of C5aR-positive cells by C5a 
also contributes to organ damage. c | Schematic overview of complement activation in 
anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis. Neutrophils primed 
by cytokines and/or complement express ANCA ligands on the cell surface. Binding of 
ANCA results in release of alternative pathway components (such as properdin) and 
trigger alternative pathway activation. The generation of C5a triggers the neutrophils to 
adhere to the vessel wall and induces transmigration. The release of neutrophil 
extracellular traps (NETs) by activated neutrophils further contributes to activation of the 
complement system via both the classical and alternative pathways. The combined effect 
of direct damage to endothelial cells and transmigration of neutrophils results in 
clinically overt vasculitis. ROS, reactive oxygen species.
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also activate the complement pathway, as evidenced 
by decreased levels of C2 and C4 (REF. 89). Whether 
complement activation is actively involved in disease 
pathogenesis or in the clearance of immune complexes 
to prevent immune complex precipitation and tissue 
damage is unknown.

To our knowledge, no animal models are available 
for HUVS. However, some reports have described a role 
for complement in mouse models of cryoglobulinae-
mic vasculitis. In one such study, IgG3-cryoglobulins 
were demonstrated to trigger renal disease inde-
pendently of C3 (REF.  93), whereas another study 
reported a C5-dependent neutrophil accumulation in 
IgG3-cryoglobulin-induced glomerular inflammation94. 
On the basis of the latter observations, a clinical study 
in a patient with cryoglobulin- induced glomerulone-
phritis investigated whether the C5-blocking antibody 
eculizumab could control renal function during disease 
relapse95. Although renal function was stabilized dur-
ing the initial weeks of treatment, over a longer period 
of several weeks renal function slowly deteriorated and 
plasmapheresis had to be reinstituted, indicating that 
in addition to complement activation at the level of C5, 
other inflammatory processes have an important role in 
cryoglobulin- induced glomerulonephritis95.

Complement-targeted therapy
Two complement-inhibiting reagents are currently 
clinically available: eculizumab and plasma protease 
C1 inhibitor (C1INH) preparations that include puri-
fied C1INH and recombinant C1INH2. Such C1INH 
preparations are mainly used to treat angioedema in 
individuals with genetic C1INH deficiency96. In addi-
tion, studies of C1INH treatment for antibody-mediated 
rejection following kidney transplantation are ongoing97 
and many other diseases are being investigated at a more 
experimental level, such as sepsis and acute myocardial 
infarction98,99. It should be noted that C1INH is a serine 
protease inhibitor with multiple actions and its efficacy 
in angioedema relates to its ability to inhibit kinin pro-
duction through the contact pathway (also known as 
the plasma kallikrein-kinin system) rather than its role 
as a complement inhibitor100. Eculizumab treatment 
was approved for PNH in 2007 (REF. 10) and for aHUS 
in 2011 (REF. 7) and has favourable outcomes in these  

rare diseases (reviewed elsewhere101). With appropri-
ate precautions (for example, vaccination) the risk of 
meningococcal infection is low102.

Any of the three complement activation pathways, as 
well as the common final effector pathway, can be ther-
apeutically targeted, providing ample opportunities for 
inhibition of the complement system. Furthermore, spe-
cific cellular receptors can be targeted that would leave 
other biological processes, such as MAC formation, intact. 
However, the complement system is also a difficult target, 
as it consists of proteins with very high concentrations 
in the circulation (for example, C3 is present at around 
1.5 mg/ml (REF. 103)) and very high turnovers (such as 
factor D104), necessitating very high concentrations of 
an inhibitor and/or frequently repeated treatment2. 
Currently a wide spectrum of complement inhibitors 
that target various steps of the complement pathways are 
in development2,105 including naturally occurring human 
inhibitory proteins (for example, factor H or factor I), 
inhibitors derived from pathogens, blocking antibod-
ies or antibody fragments, peptides, small- molecule 
inhibitors, protein complexes, aptamers, spiegelmers, 
siRNAs and antisense oligo nucleotides2,105. This non- 
exhaustive list of inhibitors illustrates that many differ-
ent strategies are being tested to inhibit complement in 
a safe, effective and cost-efficient manner. One thera-
peutic strategy being investigated is targeting inhibi-
tors specifically to sites of complement activation106. 
This strategy includes coupling complement regula-
tory proteins (for example, the regulatory domains of 
factor H) to natural receptors for complement activa-
tion products (for example, CR2)107. Other examples 
of this strategy include antibody– complement inhib-
itor constructs108 and peptide– complement inhibitor  
constructs47. In such constructs one domain is respon-
sible for site- specific targeting, such as an antibody spe-
cific for ischaemic heart tissue108 or a peptide specific for 
the inflamed synovium47, whereas the other part of the 
construct is a complement inhibitor.

Although many inhibitors are being developed, 
only a few have been tested in patients with rheumatic 
diseases (TABLE 1). Yet the lessons learned from com-
plement inhibition in other diseases provide valuable 
information on the possibilities for using this approach 
to treat rheumatic disease.

Table 1 | Clinical studies of drugs targeting complement pathways in rheumatic diseases

Target (mechanism  
of action)

Compound Disease Study description Outcome Refs

C5aR (blockade) CCX168 (small-molecule 
inhibitor)

ANCA-associated 
vasculitis

Phase III trial Trial ongoing 125

C5aR (blockade) CCX168 (small-molecule 
inhibitor)

ANCA-associated 
vasculitis

Phase II trial Oral administration is 
safe and effective and 
can replace high-dose 
glucocorticoids

127

C5aR (blockade) PMX53 
(C5aR-antagonist)

Rheumatoid arthritis Placebo-controlled double 
blind study

No reduction in synovial 
inflammation

110

C5 (blockade) Eculizumab (monoclonal 
antibody)

Lupus nephritis Systematic review of reported 
cases of drug effectiveness

Controlled trials required to 
validate this approach

136

ANCA, anti-neutrophil cytoplasmic antibody; C5aR, C5a receptor.
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Complement-targeting treatment in RA
Following observations that mice lacking C5aR were 
completely protected from CIA109, the efficacy of an oral 
C5aR antagonist, PMX53, was investigated in a clini-
cal trial of patients with RA110 (TABLE 1). However, no 
reduction in synovial inflammation was seen, based on 
immunohistochemical analysis of cell infiltrates and 
cytokine expression in synovial tissue, following 28 days 
of therapy despite the treatment doses achieving bio-
logically relevant levels in the circulation. Eculizumab 
has also been reported (in abstracts) to lack efficacy 
in patients with RA110. In a disease for which multiple 
effective drugs are already available, investigations of 
complement inhibition seem to have been abandoned 
in RA. However, if the complement inhibitors currently 
being developed for other clinical conditions show 
favourable outcomes, complement inhibition in RA 
might be reconsidered.

Complement-targeting treatment in SLE
As mentioned above, in SLE both complement defi-
ciency and complement activation are known to influ-
ence disease processes and therefore therapies can aim 
to either restore complement activity in complement- 
deficient individuals or inhibit complement activity in 
non-deficient patients.

Restoring complement function in genetically- 
deficient individuals was for many years achieved by 
plasma infusions111,112. To achieve long-term results in 
the rare cases of severe, refractory SLE associated with 
complete genetic deficiency of C1q, haematopoietic 
stem cell transplantation has also been investigated, 
and led to restoration of circulating C1q levels in three 
patients113,114. This finding was expected as C1q is pre-
dominantly synthesized by bone marrow-derived 
cells115–117. The clinical outcome was good in two of the 
patients whereas the third patient died from multi- organ 
failure. These data suggest that C1q deficiency was the 
main trigger for autoimmune disease in these cases, 
and that restoring a functional complement system in 
deficient individuals is sufficient to reverse the disease 
pathology.

The majority of patients with SLE do not have 
genetic deficiencies of complement and might instead 
benefit from inhibition of complement activity to 
protect organs from damage. Eculizumab is highly 
efficacious in aHUS, a disease commonly involving 
complement-mediated renal TMA7, and appears to be 
an effective therapy for aHUS in the context of SLE118–120.  
However, whether or not eculizumab is effective in 
treating non-thrombotic lupus nephritis requires fur-
ther investigation. Notably, earlier attempts to inves-
tigate the efficacy of eculizumab in lupus nephritis 
trials were not completed64. However, eculizumab 
has been reported to be effective in one patient with 
refractory lupus nephritis121, reducing glomerular 
macrophage numbers (presumably through prevent-
ing the generation of C5a) and glomerular C9 staining 
(through prevention of MAC activation). Eculizumab 
also reversed symptoms in a patient with SLE with 
clinical features of aHUS and renal lesions consistent 

with proliferative lupus nephritis122. A clinical study 
to clarify the role of C5 inhibition in lupus nephritis 
is warranted. Assessing the efficacy of C5 inhibition 
will be particularly important in patients whose renal 
inflammation is resistant to conventional treatment 
and who have either a complement-mediated throm-
botic component (analogous to aHUS) or evidence of 
C5-driven glomerular inflammation (for example, the 
presence of glomerular C5b–C9 staining). Eculizumab 
has also shown to be effective in the treatment of a 
patient with catastrophic antiphospholipid antibody 
syndrome123 and a trial of its use to prevent thrombosis 
after renal transplantation is in progress124. Whether or 
not eculizumab is effective in the treatment of throm-
bosis associated with antiphospholipid antibodies in 
SLE is unknown.

So far most studies have focused on inhibiting the 
complement system at the level of C5, mainly because 
of the availability of eculizumab. As we have yet to learn 
how useful eculizumab is in the treatment of specific 
symptoms of SLE, the potential benefits of complement 
inhibition in SLE are still unknown.

Vasculitis and other rheumatic conditions 
A phase III trial of a C5aR antagonist, CCX168, in 
patients with AAV is currently underway125 (TABLE 1) 
and will assess the proportion of patients achieving 
remission at 26 and 52 weeks. The results of a phase II 
trial126, published in 2017, demonstrated that CCX168 
could replace high-dose glucocorticoids in patients with 
AAV127. The safety, tolerability and efficacy of CCX168 
is also being assessed in IgA nephropathy128 and was 
reported to be effective in rescuing renal function in 
one patient with severe IgA nephropathy129. The effects 
of C5aR antagonism in both AAV and IgA nephro-
pathy will be informative and will perhaps result in the 
investigation of C5 and/or C5aR inhibition in other  
vasculitides and SLE. 

Conclusions
In the next few years, C5aR blockade is likely to enter 
clinical practice in the treatment of AAV. In SLE, notable 
unmet clinical needs remain. Hence, the study of com-
plement inhibition in lupus nephritis seems timely and 
appropriate. In this setting complement inhibition might 
prove effective at treating disease flares and inducing 
remission with less toxicity than with the current induc-
tion regimens. For effective treatment, patient stratifi-
cation is key, with an obvious approach being to utilize 
renal biopsy samples to determine the contribution of 
complement activation to renal injury during a lupus 
nephritis flare. For RA, however, little seems to be on 
the horizon with respect to complement inhibition. For 
OA, more work is needed to understand the contribu-
tion of complement to cartilage health; the challenges of 
drug development for treatment of this long-term, age- 
associated condition are considerable. However, with the 
development of more sophisticated complement thera-
peutics (for example, targeted therapy) comes a wealth 
of exciting opportunities for complement inhibition in 
rheumatic disease.
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The term antiphospholipid syndrome (APS) was first 
used in the 1980s1 to describe individuals who presented 
with recurrent thrombosis and/or pregnancy complica-
tions and who persistently tested positive for antibodies 
directed against phospholipids or protein–phospholipid 
complexes, termed antiphospholipid antibodies (aPL). 
Although first described in patients with systemic lupus 
erythematosus (SLE), it subsequently became obvious 
that APS could occur in individuals who did not have 
SLE2. The past 30 years have witnessed a remarkable 
evolution in our understanding of this disease, and diag-
nostic approaches have changed accordingly. The 1999 
Sapporo clinical and lab-based criteria for classifica-
tion of ‘definite APS’3 were updated in 2006 following 
a workshop held in Sydney, Australia in 2004 (REF. 4), at 
which aPL-related clinical features other than throm-
bosis and pregnancy morbidity were recognized. Such 
clinical manifestations of APS, including livedo reticularis, 
thrombocytopenia, nephropathy, valvular heart disease 
(VHD), haemolytic anaemia, chorea and myelitis are 
usually referred to as ‘extra-criteria’ manifestations. In 
this Review, we discuss the strengths and limitations of 
the current classification criteria for APS, analysing the 

role of extra-criteria manifestations and advances in lab-
based testing with a focus on thrombotic complications 
of the syndrome. We also consider diagnostic approaches 
for difficult cases, such as so-called seronegative APS.

Classification criteria for APS
Classification criteria are a set of disease characteristics 
that are used to group patients into well-defined homo-
genous populations that share similar clinical features 
of disease5,6; for autoimmune diseases, such criteria are 
often developed to help select homogenous cohorts of 
patients for clinical research. Although the use of clas-
sification criteria to aid diagnosis is common in clinical 
practice, the suitability of their use in routine diagnosis is 
debated. Classification criteria are periodically updated 
to reflect new methodological approaches and to further 
characterize a disease; however, in the context of low- 
prevalence autoimmune conditions, classification criteria 
might fail to encompass all aspects of a disease (clinical 
manifestations and lab-based findings). By contrast, the 
development of diagnostic criteria is complicated by 
several factors, including heterogeneity in disease preva-
lence, geographic distribution and clinical phenotypes7. 
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Livedo reticularis
Cutaneous manifestation 
characterized by a transient or 
persistent blotchy, reddish-blue 
to purple, net-like pattern.

Diagnosing antiphospholipid 
syndrome: ‘extra-criteria’ 
manifestations and technical advances
Savino Sciascia1,2, Mary-Carmen Amigo3, Dario Roccatello1,2 and Munther Khamashta4,5

Abstract | First described in the early 1980s, antiphospholipid syndrome (APS) is a unique form of 
acquired autoimmune thrombophilia in which patients present with clinical features of recurrent 
thrombosis and pregnancy morbidity and persistently test positive for the presence of 
antiphospholipid antibodies (aPL). At least one clinical (vascular thrombosis or pregnancy 
morbidity) and one lab-based (positive test result for lupus anticoagulant, anticardiolipin 
antibodies and/or anti-β2-glycoprotein 1 antibodies) criterion have to be met for a patient to be 
classified as having APS. However, the clinical spectrum of APS encompasses additional 
manifestations that can affect many organs and cannot be explained exclusively by patients 
being in a prothrombotic state; clinical manifestations not listed in the classification criteria 
(known as extra-criteria manifestations) include neurologic manifestations (chorea, myelitis and 
migraine), haematologic manifestations (thrombocytopenia and haemolytic anaemia), livedo 
reticularis, nephropathy and valvular heart disease. Increasingly, research interest has focused on 
the development of novel assays that might be more specific for APS than the current aPL tests. 
This Review focuses on the current classification criteria for APS, presenting the role of 
extra-criteria manifestations and lab-based tests. Diagnostic approaches to difficult cases, 
including so-called seronegative APS, are also discussed.
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Phlogosis
Inflammation; from Ancient 
Greek, literally meaning 
‘burning heat’.

Overall, although the use of classification criteria often 
results in a high degree of specificity, leading to the defi-
nition of a more homogenous population, such criteria 
might lack sensitivity.

In 1999, a preliminary set of APS classification crite-
ria was established following an expert workshop held 
in Sapporo, Japan3. During a subsequent workshop in 
2004 in Sydney, Australia4, experts proposed some 
changes to the Sapporo criteria, the main modification 
being the inclusion of the presence of antibodies against  
β2- glycoprotein 1 (β2GPI) among the lab-based findings 
(BOX 1). No new clinical features were included as criteria; 
however, several extra-criteria manifestations were high-
lighted, including thrombocytopenia, non- thrombotic 
central nervous system (CNS) manifestations (such as 
cognitive dysfunction), livedo reticularis, APS nephro-
pathy and cardiac valve involvement4. In a validation 
study of the Sydney APS classification criteria, only 59% 
of patients who met the Sapporo classification criteria 
also met the revised Sydney criteria8. By emphasizing 
risk stratification, the Sydney APS classification crite-
ria provided a more homogeneous basis for selecting 
patients for APS research than did the Sapporo criteria; 
investigations into inherited and acquired risk factors 
for thrombosis in patients with APS were strongly rec-
ommended in the Sydney criteria, especially for patients 
included in clinical research studies4.

Although the Sydney APS classification criteria were 
not designed for clinical purposes, they represent the 
best available tool to limit over-diagnosis of APS in clin-
ical practice. Notably, however, these criteria still might 

not encompass all of the unique clinical manifestations 
of APS. The final diagnostic decision always relies on the 
treating physician’s judgment.

Common clinical manifestations of APS
APS is considered to be the most common acquired 
form of thrombophilia globally9. Arteries, veins and 
the microvasculature can all potentially be affected by 
thrombosis, creating a vast set of clinical phenotypes 
observable in patients with APS. However, not all clin-
ical features of APS can be explained by an underlying 
thrombosis; several other mechanisms such as phlogosis,  
the complement pathway and platelet activation also 
have a role in the pathophysiology of the syndrome10–12. 
Venous thromboembolic events were the most fre-
quently observed clinical manifestation in a European 
cohort of 1,000 patients with APS13. By contrast, cere-
brovascular events were the most frequently observed 
arterial manifestation of APS13. Pregnancy complications 
included recurrent (≥3) first trimester miscarriages, 
unexplained fetal death and premature birth before 
34 weeks of gestation related to severe pre-eclampsia, 
eclampsia or placental insufficiency13.

Extra-criteria clinical manifestations
In the decade since the Sydney classification criteria 
were produced, a large body of basic research and clin-
ical studies on APS has emerged that suggests a further 
update to the classification criteria could be required. 
The Sydney classification criteria do not contain sev-
eral non-thrombotic clinical manifestations that are 
associated with the presence of aPL4. In fact, a series of 
extra-criteria clinical features (FIG. 1) have now been rec-
ognized as being related to the presence of aPL, although 
not exclusively related to thrombosis. The recognition 
of livedo reticularis as an extra-clinical manifestation of  
APS was particularly important, as this feature can 
sometimes be associated with thrombosis14. Similarly, 
migraine can be associated with thrombotic events in 
patients with aPL, although migraine is considered to be 
important but not critical to clinical decision- making in 
patients with APS15. Addressing the diagnostic value of 
these extra-criteria manifestations will be crucial, as they 
might reveal correlations with prognosis or morbidity 
and could provide a fertile field for research, affect treat-
ment decisions and improve patient outcomes. Between 
January and September 2013, the Antiphospholipid 
Antibodies Task Force on Clinical Manifestations 
performed a review of the quality of evidence and 
available data, with a view to updating the current clas-
sification criteria15. The main conclusions drawn from 
this review and subsequent discussions during the 
14th International Antiphospholipid Congress15,16 are  
presented in BOX 2.

Thrombocytopenia. The presence of thrombo cytopenia 
is considered to be of critical importance when managing 
patients with APS15,16. When the most frequent causes for 
thrombocytopenia have been ruled out, testing for aPL  
should be considered even in the absence of other 
aPL-related manifestations. Despite thrombocytopenia 

Key points

• Antiphospholipid syndrome (APS) classification criteria, designed to categorize 
patient cohorts for clinical research, are commonly used in clinical practice; however, 
their use might not be appropriate for routine diagnosis

• Patients with APS can have antiphospholipid antibody (aPL)-related clinical features 
other than thrombosis and pregnancy morbidity, such as livedo reticularis, 
thrombocytopenia, nephropathy, valvular heart disease, haemolytic anaemia,  
chorea and myelitis

• aPL profiling represents the most accurate risk stratification tool for clinical 
manifestations such as thrombosis in the context of APS

• New extra-criteria autoantibodies could improve the accuracy of diagnosis for 
patients suspected of having APS
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Organizing thrombi with 
focal recanalization
Thrombi that organize into 
fibrocellular and fibrous 
vascular occlusions, which are 
then recanalized by 
endothelialized channels 
following the acute phase of 
thrombosis, particularly seen in 
antiphospholipid 
antibody-related nephropathy.

Thrombotic 
microangiopathy
A heterogeneous group of 
pathological features 
characterised by vascular 
damage that manifests as 
arteriolar and capillary 
thrombosis with characteristic 
abnormalities in the 
endothelium and vessel wall.

being commonly seen in patients with APS in clinical 
practice, overall, the evidence does not support its inclu-
sion as a core clinical feature of the syndrome15. aPL- 
related thrombocytopenia is rarely severe, more often 
being mild to moderate, and is usually associated with a 
minimal risk of bleeding15,17.

Renal manifestations. The kidneys are major targets 
for damage in APS and thrombotic events can occur 
in any vessel within the renal vasculature; clinical man-
ifestations depend on the site and size of the vessels 
involved. A prompt recognition of renal involvement in 
APS could affect the outcome for the patient, so investi-
gating renal involvement is critical for decision- making 
by physicians. Pathology is dominated by fibrin thrombi 
or by organizing thrombi with focal recanalization. Acute 
lesions often present as thrombotic microangiopathy,  
whereas chronic lesions can present as arteriosclero-
sis, fibrous intimal hyperplasia, focal cortical atrophy 
or fibrous obliteration of arteries and arterioles. Such 
lesions have been observed in patients with primary 
APS, as well as in patients with SLE who are aPL- positive 
(patients with SLE and secondary APS, and patients 
with SLE who are aPL-positive but do not have APS). 
Inflammation is rare in APS, creating a clear-cut distinc-
tion between renal manifestations that are APS-related 
and those caused by immune complex deposition (such 
as those seen in lupus nephritis), which is particularly 
important for patients with secondary APS.

Cardiovascular manifestations. Valvular heart disease 
(VHD) can often be detected by transthoracic echo-
cardiography in patients with APS, with a prevalence as 
high as 65%18. The mechanisms underlying the develop-
ment of VHD are currently the subject of investigation, 
although aPL are suspected to have a direct role in the 
development of these lesions19. Typical features of VHD 
in patients with APS include a valve thickness >3 mm; 
localized thickening of the proximal or middle portion 
of the valve leaflets; and irregular nodules on the vas-
cular face of the aortic valve and/or on the atrial face of 
the mitral valve18. VHD is clinically associated with CNS 
manifestations such as ischaemia, migraine and epilepsy 
in patients with APS, and important outcomes, including 

heart failure, heart valve replacement or death from heart 
failure or valve replacement, have been categorized as 
critical for decision-making by physicians15.

Neurological manifestations. Prompt identification of 
neurological manifestations such as myelitis, seizures 
and chorea in patients with aPL is also considered to be 
critical for decision-making15. The CNS manifestations 
included in the classification criteria for APS are stroke, 
transient ischaemic attack and cerebral venous thrombo-
sis. Non-vascular neurological manifestations associated 
with aPL are also associated with a wide range of neuro-
logic, psychologic and psychiatric conditions, includ-
ing headache, migraine, bipolar disorder, transverse 
myelitis, dementia, chorea, epileptic seizures, multiple 
sclerosis-like lesions, psychosis, cognitive impairment, 
Tourette’s syndrome, parkinsonism, dystonia, transient 
global amnesia, obsessive compulsive disorder and 
leukoencephalopathy20–22.

Data from in vitro experiments and animal models 
support the idea of an immune-mediated pathogenesis 
in which aPL directly bind to neurons and glial cells23,24. 
This binding is thought to disrupt or alter the permea-
bility of the blood–brain barrier23,24. The magnitude of 
the association between such neurological disorders and 
APS, the cellular and molecular mechanisms involved 
and potential new therapeutic strategies, such as the use 
of hydroxychloroquine to prevent fetal brain abnormal-
ities25, are currently under investigation25–27. Studies into 
new potential biomarkers show that antibodies directed 
against the extracellular N-terminal domain of the NR2 
subunit of the N-methyl-d-aspartate receptor cause neu-
ronal damage and memory impairment in animal mod-
els28. Anti-NR2 antibodies have been found in patients 
with neuropsychiatric SLE and APS29,30, although the role 
of these antibodies in inducing cognitive impairment, 
decline in memory function, depression and impaired 
attention or executive functions in the setting of APS 
is a matter of debate30,31. In the past 5 years, the role of 
aPL in the induction of cognitive dysfunction has been 
extensively investigated; compared with healthy controls, 
patients who are positive for aPL have increased cortical 
activation during tasks involving working memory and 
executive function, as measured by functional MRI, sug-
gesting that cortical over-activation could be acting as a 
compensatory mechanism for early white-matter neuro-
pathology32. Further research is necessary to confirm 
these observations and algorithms to help physicians 
attribute these manifestations to the presence aPL will 
be critical for decision-making15.

New mechanisms in APS pathogenesis
The pathogenesis of APS is not yet fully understood; 
however, pathways involving several cells (including 
platelets, monocytes and endothelial cells), activation of 
the coagulation and complement systems and inhibition 
of fibrinolytic processes are all known to be involved in 
the development of thrombosis in APS12 (FIG. 2). Severe 
intimal hyperplasia inducing vasculopathy in patients 
with aPL is also thought to potentially lead to arterial 
occlusions (mainly caused by stenotic lesions) and 

Box 1 | Sydney classification criteria for antiphospholipid syndrome4

At least one clinical and one lab-based criterion have to be met for a patient to be 
classified as having antiphospholipid syndrome. 

Clinical manifestations
Objectively confirmed venous, arterial or small vessel thrombosis, or pregnancy 
complications (including pregnancy loss, premature birth and features of  
placental insufficiency).

Lab-based tests
A positive laboratory test for antiphospholipid antibodies (aPL) found on two or more 
occasions at least 12 weeks apart. aPL recognized in the international criteria include 
anticardiolipin antibodies (IgG or IgM) exceeding 40 IgG or IgM phospholipid units; 
anti-β2-glycoprotein 1 antibodies (IgG or IgM) at titres exceeding the 99 th percentile; 
and lupus anticoagulant detected according to guidelines published by the 
International Society on Thrombosis and Haemostasis145.
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• Epilepsy
• Cognitive impairment
• Chronic headache Sensorineural

hearing loss

Transverse myelitis

• Chorea
• Guillan-Barré syndrome
• Pseudo-multiple sclerosis

Amaurosis
fugax

Budd-Chiari 
syndrome

Addison’s
disease

APS 
nephropathy

Splinter
haemorrhages

Livedo
reticularis

Leg ulcers

• Heart valve lesions
• Pulmonary hypertension
• Labile hypertension
• Accelerated atherosclerosis

• Thrombophlebitis
• Superficial venous

thrombosis

• Ischaemic necrosis of bone
• Bone marrow necrosis

• Thrombocytopenia
• Haemolytic anaemia
• Coombs’ positivity
• Evans’ syndrome

pregnancy morbidity33,34. An exhaustive analysis of novel 
therapeutic approaches in APS is beyond the scope of 
this Review and has been discussed elsewhere35,36; 
however, a growing understanding of the mechanisms 
underlying clinical manifestations of APS is likely to lead 
to more targeted therapeutic approaches in the very near 
future (TABLE 1).

mTOR signalling pathway. In 2014, the mechanistic 
target of rapamycin (mTOR) signalling cascade was 
shown to be activated in the vascular endothelium of 
proliferating intrarenal vessels in patients with APS 
nephropathy37; IgG antibodies from these patients 
stimulated mTOR complexes 1 and 2 (mTORC1 and 
mTORC2, respectively) via the phosphatidylinositol 
3-kinase (PI3K)–RAC serine/threonine-protein kinase 
(AKT) pathway in vitro. Patients with APS nephro-
pathy who had undergone kidney transplantation had 

no recurrence of disease and a decrease in vascular pro-
liferation when treated with the mTOR inhibitor siroli-
mus, compared with those who were not treated with 
sirolimus37. Seven out of the 10 aPL-positive patients 
treated with sirolimus (70%) had a functioning renal 
allograft at 144 months post-transplantation, compared 
with only three out of the 27 aPL-positive patients not 
treated with sirolimus (11%). Upon analysis of autopsy 
specimens from patients with catastrophic APS, acti-
vation of mTOR complexes was observed in the ves-
sels37. Activation of mTOR complexes was also explored 
in another part of the study38, this time investigating 
patients with primary and secondary APS nephropa-
thy (12 patients with primary APS and 45 patients with 
SLE, 20 of whom had APS). This APS manifestation is 
mediated by vasculopathy more often than by thrombo-
sis, as demonstrated in this study: activation of mTOR 
complexes stimulated intimal hyperplasia, leading to the 
formation of chronic vascular lesions37,38. Further con-
firmation and studies investigating the mechanisms of 
activation and downstream effects of the mTOR pathway 
are needed. Of note, a growing pool of evidence sug-
gests that mTOR inhibitors might induce a prothrombo-
genic phenotype in patients, leading to thrombosis and  
limiting their use in patients with aPL39.

Complement cascade. The involvement of comple-
ment activation in the pathophysiology of APS was first 
investigated in murine models of aPL-related pregnancy 
morbidity40,41. Notably, inflammatory mediators such as 
the complement proteins C4a, C3a and C5a contribute 
to the pathophysiology of complement-induced pla-
cental inflammation42. Complement proteins increase 
vascular permeability42, activate platelets43 and neu-
trophils44 and induce the release of pro-inflammatory 
cytokines from monocytes45. An emerging body of evi-
dence supports a role for the complement cascade in the 
pathogenesis of aPL-related thrombosis46. Patients with 
primary APS had lower serum levels of complement 
proteins C3 and C4 and lower 50% haemolytic com-
plement assay (CH50) values than healthy volunteers 
or patients with non-SLE connective tissue disease46. In 
both this and a later cohort of patients with APS, com-
plement protein C5 levels were within normal range46,47. 
Another study showed that enhanced complement fix-
ation, especially deposition of complement protein C4d 
on heterologous platelets, was positively associated with 
arterial thrombotic events in patients with SLE who were 
aPL-positive48. In 2011, Gropp et al.49 showed that β2GPI 
functions as a complement regulator; β2GPI located on 
the surface of apoptotic cells changes its conformation to 
an elongated form that acquires the ability to bind com-
plement proteins C3 and C3b. β2GPI seems to mediate 
complement activation by changing the conformation 
of C3, thereby facilitating the degradation of C3 and 
enhancing the cleavage of C3 and C3b compared with 
factor H (an inhibitor of complement activation) alone. 
Supporting these observations, a study in 2015 showed 
that autoantibodies against factor H are prevalent in 
patients with APS and are associated with recurrent 
venous thrombosis50. Similarly, in 2016, Meroni et al.51 

Figure 1 | Extra-criteria clinical manifestations of antiphospholipid syndrome.  
The clinical spectrum of antiphospholipid syndrome (APS) is not limited to vascular 
thrombosis and miscarriages, but includes additional manifestations that cannot be 
explained solely by a thrombophilic state. Since the disease was first defined, the clinical 
spectrum of APS has been extended to include many other manifestations. 
Thrombocytopenia, valvular heart disease (valve thickening, vegetations and 
regurgitation), antiphospholipid antibody-related nephropathy, livedo reticularis and skin 
ulcers are relatively common features of APS, but are not included in the classification 
criteria for the syndrome15.
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reported complement activation by aPL in arterial 
thrombosis in both the circulation and the arterial wall 
for the first time.

The current hypothesis suggests that the classi-
cal complement pathway is persistently activated in 
patients with APS, but is generally halted at comple-
ment protein C3 (REF. 46). However, when complement 
activation is accelerated, usually by second-hit triggers, 
inhibition is overcome and complement protein C5a is 
produced. Unfortunately, this model does not answer 
the question of whether immune complexes contain-
ing aPL are the initiators of complement activation. To 
date, agents able to block complement activation (such 
as eculizumab, a monoclonal antibody directed against 
complement protein C5) have only been used in select 
cases of relapsing and/or refractory APS or catastrophic 
APS52–54, and in patients with APS who have severe renal 
involvement55–58. In line with these preliminary positive 
results, complement inhibition was able to prevent re- 
thrombosis in a patient with APS following arterial 
surgery51. Further research is needed to fully elucidate 
the role of complement activation in thrombotic APS, 
potentially paving the way for new therapeutic strategies, 
including use of complement inhibitors35.

Extra-criteria aPL
Data that have emerged in the past few years suggest 
that several autoantibodies outside of those included 
in the APS classification criteria (anticardiolipin 
(aCL) antibodies, lupus anticoagulant (LAC) and anti- 
β2GPI antibodies) could be relevant to APS pathogen-
esis12. Extra-criteria aPL have a range of specificities, 

binding to various targets: domains of β2GPI not tar-
geted by classic anti-β2GPI antibodies; plasma proteins 
involved in the coagulation cascade (such as prothrom-
bin or phosphatidylserine– prothrombin complexes); and 
annexin A5 (REF. 16). The clinical role of extra-criteria aPL, 
in particular their role in thrombotic risk assessment,  
is still under debate.

IgA antibody isotypes. IgA isotypes of aPL are not cur-
rently part of routine diagnostic testing for APS and 
the role of IgA as a diagnostic marker for APS is still a 
matter of debate59–65. The evidence available to support 
testing for IgA aPL isotypes mainly comprises data from 
retrospective studies59–65, an important limitation for 
generating evidence-based recommendations16. Other 
limitations include the heterogeneity of the study popu-
lations, the design of the studies, the assays used and the 
cut-off values used to define aPL positivity. Furthermore, 
some of these studies failed to demonstrate enhanced 
diagnostic accuracy by the addition of testing for IgA 
aCL antibodies and IgA anti-β2GPI antibodies to the 
routine tests65, potentially because IgA isotypes coexist 
with other routinely measured aPL and because of the 
low prevalence of IgA isotypes.

A study from 2013 (REF. 66) suggested that isolated 
IgA anti-β2GPI antibodies might be useful in identi-
fying patients with clinical features of APS who tested 
negative for IgG and IgM aPL isotypes. The authors 
recommended that IgA isotypes could be tested for 
when patients are negative for other aPL and APS is 
strongly suspected; however, of the 5,892 patient sam-
ples tested in this study, only 57 (<1%) were positive for 
IgA anti-β2GPI antibodies alone, limiting the usefulness 
of these recommendations to a very select population of  
patients. In 2016, results from an observational, multi-
centre cohort study revealed the utility of IgG, IgM and 
IgA assays for aCL antibodies, standard anti-β2GPI anti- 
bodies and autoantibodies to domain 1 of β2GPI 
(anti-β2GPI-D1 antibodies) in the diagnosis of APS67. 
By analysing serum samples from patients with APS 
(n = 111), patients with SLE but not APS (n = 119) and 
healthy individuals (n = 200), the authors showed that 
although assays for all antibody isotypes were specific 
for APS, IgA anti-β2GPI antibodies had a better speci-
ficity for APS than IgM anti-β2GPI antibodies (HR 33.9 
(10.5–109.5) and HR 9.2 (4.6–18.4), respectively)67. 
Variability between assays could account for some of 
the differences between these studies, as well as for the 
lack of consensus as to the clinical relevance of IgA test-
ing60,68. The lack of well-designed prospective studies 
raises doubts as to the usefulness of testing for IgA aPL 
when assessing the risk of thrombosis in patients with 
APS. Testing for IgA aPL should enhance thrombotic 
risk assessment only under certain circumstances, such 
as when clinical signs and symptoms of APS are present 
(usually in association with SLE), and tests for standard 
aPL are negative16.

Antiprothrombin antibodies. Antibodies against pro-
thrombin represent a novel biomarker for thrombosis 
and pregnancy morbidity in patients with suspected APS.  

Box 2 | Main findings of the aPL Task Force on Clinical Manifestations

Below is a summary of the main findings of a review of the quality of evidence and 
available data for antiphospholipid antibodies (aPL), as presented at the 14th 
International Antiphospholipid Congress in Rio de Janeiro in 2014 (REFS 15,16).

Superficial vein thrombosis (SVT)
Low overall quality of evidence to support the suggestion that SVT is a result of 
antiphospholipid antibodies (aPL) or antiphospholipid syndrome (APS), unless other 
features of APS are present15.

Thrombocytopenia
Low quality of evidence to support the inclusion of thrombocytopenia as a main clinical 
feature of APS in the classification criteria for APS. Thrombocytopenia does not reduce 
the risk of future thrombosis15.

aPL-related nephropathy
Moderate quality of evidence to support the inclusion of biopsy-confirmed aPL-related 
nephropathy in the classification criteria for APS146,147.

Valvular heart disease (VHD)
Moderate quality of evidence to support the inclusion of VHD in the APS classification 
criteria15.

Livedo reticularis
Moderate quality of evidence to support the inclusion of livedo reticularis in the APS 
classification criteria15.

Neurological manifestations
Neurological manifestations such as migraine, myelitis, seizures and chorea were 
analysed separately by the task force. There was moderate overall quality of evidence to 
support the suggestion that chorea and longitudinal myelitis, but not migraine or 
seizures, should be included in the APS classification criteria15.
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Platelets
• β2GPI interacts with apolipoprotein E 

receptor 2, platelet glycoprotein Ib 
alpha chain and platelet factor 4 
(PF4, also known as CXCL4) tetramers 
on the surface of platelets

• aPL-induced aggregation and release 
of PF4 and thromboxane B2

Endothelial cells
• Dimers of β2GPI anchored to 

negatively charged phospholipids 
and TLR4 are recognized by 
anti-β2GPI  antibodies

• p38 MAPK-mediated endothelial 
cell activation induces expression 
of intercellular adhesion 
molecule 1, vascular cell adhesion 
molecule 1, E-selectin, IL-1, IL-6 
and IL-8

Conventional cardiovascular 
risk factors
• Arterial hypertension
• Diabetes
• Obesity
• Smoking
• Hyperlipidaemia

Thrombosis
'Second hit' factors
• Immobility
• Infections
• Inflammation
• Trauma
• Medications

Monocytes
• Annexin A2 and Toll-like 

receptor 4 (TLR4) colocalize 
with β2-glycoprotein 1 (β2GPI) 
on monocyte cell membranes

• Increased transcription factor 
NF-κB and Rel expression

• Release of TNF
• Activation of the p38 MAPK 

and MAP2K1–ERK pathways

Neutrophils
• Increased expression and 

activation of transcription 
factors

• Increased intracellular ROS

The presence of antiprothrombin antibodies can be 
determined by use of ELISA, using either prothrom-
bin or phosphatidylserine–prothrombin complexes as 
the antigen. Although antibodies to both prothrom-
bin and phosphatidylserine–prothrombin complexes 
can be detected in the same patient, each of these anti-
bodies seems to be part of a different population of 
autoantibodies69–71.

The mechanisms by which antiprothrombin anti-
bodies might induce a procoagulant state in patients 
with APS have not been fully elucidated. Some research-
ers suspect that antiprothrombin antibodies have an 
indirect effect on coagulation regulators such as pro-
thrombin, whereas others have hypothesized that these 
auto antibodies directly bind to and affect cell recep-
tors72. A single study73 showed that polyclonal antibodies 
from patients with antiprothrombin antibodies interact 
with ‘target’ antigens on the surface of endothelial cells, 
although the identity of such targets is still unknown. 
Like anti-β2GPI antibodies74, antibodies against 
phosphatidylserine– prothrombin complexes were able 
to induce a procoagulant state by activating the p38 
mitogen- activated protein kinase pathway75. In addi-
tion, immunization with prothrombin increased the risk 
of thrombosis in an experimental murine model76, and 
mice exposed to a mouse monoclonal antiprothrombin 
antibody developed larger and more persistent thrombi 
compared with control mice73.

Results are conflicting as to the accuracy of anti-
prothrombin antibodies or antibodies against phos-
phatidylserine–prothrombin complexes for diagnosing 
APS77–79. The majority of available data show an asso-
ciation between antiprothrombin antibodies (mostly 
antibodies against phosphatidylserine– prothrombin com-
plexes) and clinical features of APS. A systematic review 
of data from >7,000 patients and controls concluded that 
although both antiprothrombin antibodies and anti bodies 
against phosphatidylserine– prothrombin complexes are 
associated with an increased risk of thrombosis, anti-
bodies against phosphatidylserine– prothrombin com-
plexes seem to present a stronger risk factor for arterial 
and venous thrombosis compared with antiprothrombin 
antibodies70. In 2017, a large international multicentre 
study80 that aimed to ascertain the value of antibodies 
against phosphatidylserine– prothrombin complexes in 
the diagnosis of APS found that IgG antibodies against 
phosphatidylserine– prothrombin complexes were more 
prevalent in patients with APS (≤51% of patients with 
APS) than in those without the syndrome (9%), with a  
positive test for these antibodies conferring a 10-fold 
higher risk for APS. Debate is ongoing as to the possibil-
ity of adding anti bodies directed against prothrombin or 
phosphatidylserine– prothrombin complexes to the risk 
assessment for APS, particularly in relation to increasing 
the accuracy of diagnosis for patients with APS who are 
negative for the aPL included in the classification criteria.

Figure 2 | Mechanisms of thrombogenesis induced by antiphospholipid antibodies. The actions of antiphospholipid 
antibodies (aPL) encourage clot formation through interactions with endothelial cells, neutrophils, platelets and 
monocytes. These mechanisms contribute to a procoagulant state that is necessary but not sufficient for clotting.  
Clot formation seems to require two steps: the presence of aPL provides the ‘first hit’, which results in clotting when 
accompanied by another procoagulant condition, a ‘second hit’. Conventional cardiovascular risk factors further 
contribute to thrombosis. MAP2K1–ERK, dual specificity mitogen-activated protein kinase kinase 1–extracellular 
signal-regulated kinase; p38 MAPK, p38 mitogen-activated protein kinase; Rel, proto-oncogene c-Rel; ROS, reactive 
oxygen species.
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Autoantibodies against domain 1 of β2GPI. An 
intriguing area of research is investigations into the 
distribution of epitopes within anti-β2GPI anti bodies, 
which aim to identify specificities that are patho-
genic in APS81–84. β2GPI consists of five homologous 
domains, known as D1–D5; the majority of described 
anti-β2GPI antibodies target epitopes located in the 
D1, D4 or D5 domains of β2GPI85 and it is thought 
that these autoantibodies might have disparate clinical 
presentations83. The principal epitope of β2GPI asso-
ciated with APS is a cryptic, conformation- dependent 
structure that encompasses various regions of D1 
(REFS 29,85). The main pathogenic D1 epitope resides 
within the Arg39–Arg43 and Asp8–Asp9 regions of D1, 
possibly extending to the region that interlinks D1 to 
D2, with Arg39 being the most important residue86,87. 
This epitope is only exposed when the molecule is in 
the open J configuration, and is hidden in the circular 
and S conformations88. The conformation-dependent 
binding of anti-β2GPI antibodies to D1 might explain 
why β2GPI–anti-β2GPI antibody immune complexes 
are not easily detected in the sera of patients with APS; 
the epitope is hidden by the interaction between D1 
and D5 in the circular conformation of β2GPI that is 
predominant in the circulation of patients with APS88. 
In 2014, Agostinis et al. found that a human mono-
clonal anti-β2GPI-D1 antibody could induce fetal 
loss in pregnant mice and thrombosis in the mes-
enteric microcirculation of rats when primed with 
lipo polysaccharide89. The authors also showed that  
a variant of this antibody that was deficient of the CH2 
domain was able to prevent clot formation in rats and 
fetal loss in mice89. In line with these findings, recom-
binant human D1 was able to inhibit the ability of poly-
clonal human antibodies from a patient with APS to 
induce thrombosis or to enhance tissue factor activity 
in mice90. Similarly, anti-β2GPI-D1 antibodies were able 
to increase the procoagulant activity of carotid artery 
endothelium and peritoneal macrophages in mice, 
suggesting that the ability of antibodies derived from 
patients with APS to cause thrombosis in experimental 
animal models relies on anti-β2GPI-D1 antibodies91.

In addition to in vivo models90 and immunohisto-
pathological findings51,92, data has emerged to support a 
pathogenic role for the D1 epitope of β2GPI in patients 
with APS. An international, multicentre study found 
associations between the presence of anti-β2GPI-D1 

antibodies and a history of (mainly venous) thrombo-
sis in a cohort of patients who had previously tested 
positive for anti-β2GPI antibodies in their plasma or 
serum93. In another study, patients who tested positive 
for LAC and aCL and anti-β2GPI antibodies, so-called 
triple-positive patients, and who are known to have 
an increased risk of developing clinical features of 
APS, had a higher prevalence and higher titres of anti- 
β2GPI-D1 antibodies compared with patients with dou-
ble or single aPL positivity94. By contrast, a 2016 study 
did not find that adding anti-β2GPI-D1 antibodies to the 
standard aPL panel improved diagnostic accuracy84. In 
this study, anti-β2GPI antibodies were almost as specific 
as anti-β2GPI-D1 antibodies for APS, but were more 
sensitive, and the agreement between anti- β2GPI-D1 
antibodies and anti-β2GPI antibodies was high. Overall, 
the available data supports a potential role for anti- 
β2GPI-D1 antibodies as a biomarker for APS; however, 
the role of these antibodies in routine clinical practice 
requires further verification.

Anti-vimentin antibodies. Antibodies against vimen-
tin, a cytoskeletal type III intermediate filament, were 
first observed in patients with SLE, in whom they are 
strongly associated with the presence of aCL anti-
bodies95. Anti-vimentin antibodies can activate leu-
kocytes and platelets and can induce the expression of 
tissue factor, P-selectin and fibrinogen in vitro96, but 
whether these antibodies should be used in the diag-
nosis of APS is still under debate. In 2010, vimentin 
was found to be able to bind to cardiolipin in vitro97, 
possibly owing to electrostatic interactions between 
vimentin and negatively charged amino acids on cardio-
lipin. In this study97, a large proportion of patients with 
thrombosis and pregnancy morbidity who were nega-
tive for standard aPL, and almost all patients with APS, 
had antibodies that bind to vimentin–cardiolipin com-
plexes. These observations led the authors to suggest 
that vimentin could be a potential antigenic target for 
aPL and that antibodies targeting vimentin–cardiolipin 
complexes could be a novel biomarker in patients with 
suspected APS. Notably, however, antibodies against 
vimentin–cardiolipin complexes have been found in 
several other autoimmune diseases, including SLE and 
rheumatoid arthritis. Overall, despite their high sensi-
tivity, antibodies targeting vimentin–cardiolipin com-
plexes do not seem to be specific for patients at high 

Table 1 | Mechanisms underlying the different clinical manifestations in APS and potential targeted therapies

Clinical manifestation Underlying factors or mechanisms Putative treatment(s)

Thrombosis • β2-glycoprotein 1
• Phosphatidylserine–prothrombin 

complexes
• Coagulation factors
• Monocytes, platelets and endothelial cells

• Vitamin K antagonists10

• Direct oral anticoagulants35

• Aspirin or acetylsalicylic acid10*
• Statins10

• Hydroxychloroquine10

Thrombotic microangiopathy Complement activation and deposition Eculizumab35,51–55

aPL-related vasculopathy AKT/mTOR signalling pathway mTOR inhibitors37

*As thromboprophylaxis or associated with vitamin K antagonists. AKT, RAC serine/threonine-protein kinase; aPL, 
antiphospholipid antibodies; APS, antiphopholipid antibody syndrome; mTOR, mechanistic target of rapamycin.
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risk of thrombosis or pregnancy morbidity. To date, the 
role of these antibodies as a potential biomarker of APS 
is largely undefined.

Anti-annexin antibodies. Antibodies against annexins 
(mainly annexin A5) are frequently observed in patients 
with arterial or venous thrombosis, especially in those 
who also have an autoimmune rheumatic diseases such 
as SLE or systemic sclerosis98. Despite this fact, another 
study99 failed to confirm any strong association between 
anti-annexin A5 antibodies and a history of thrombotic 
events in patients with APS.

Standardization of aPL testing
The general issue of standardization of autoantibody 
testing in rheumatic diseases has been addressed 
elsewhere100; in this section, we aim to highlight new 
technologies and ongoing problems related to the 
standardization of aPL testing. It is worth mention-
ing, however, that considerable effort has been put into 
developing international standards for aPL testing. A 
2014 study by Willis et al. into the suitability of poly-
clonal and monoclonal candidate reference materials 
for anti-β2GPI antibody testing showed promising 
results for the identification of reference materials101. 
In 2016, the same group investigated the performance 
characteristics and effects of newly developed refer-
ence calibrators on the interchangeability of anti-β2GPI 
antibody immunoassays for APS and/or SLE102. In this 
study, the authors evaluated the diagnostic accuracy, 
the correlation between assay kits and the specific clin-
ical manifestations linked to four immunoassays for 
IgG and IgM anti-β2GPI antibodies in serum samples 
from 269 patients with SLE and/or APS. Although qual-
itative agreements between immunoassays for both 
antibody isotypes were acceptable, with almost perfect 
inter- assay reliability, the correlation between antibody 
titre and clinical manifestations of APS were assay kit- 
dependent102. Additionally, only the use of IgG reference 
material improved quantitative correlations between  
the assays.

The presence of aPL is currently assessed by solid- 
phase assays to identify aCL antibodies and anti-β2GPI 
antibodies and liquid-phase coagulation assays to iden-
tify LAC4. A lack of agreement about standard materials 
and procedures has historically led to a high degree of 
inter-laboratory and inter-assay variability.

This inter-assay variability could, at least partially, 
explain the relatively low clinical utility of aCL anti-
body testing as a marker for thrombotic risk in the 
general population103, with aCL antibody assays being 
overly sensitive, thus leading to the detection of both 
clinically relevant and non-relevant aPL104. Similarly, 
low titres of aCL antibodies can be detected during 
infections105, although usually such aPL-positivity is 
transient and is not associated with clinical features 
of APS105. Therefore, although the assays currently 
available for the detection of aCL antibodies are use-
ful for diagnosis of APS, especially for patients with 
moderate to high antibody titres, these assays might 
lack prognostic value, especially when compared with 

tests for other aPL. Overall, the results of aPL tests are 
of limited use as indicators for the use of preventive 
therapies, as the current assays measure a mixture of 
clinically relevant and non- relevant anti bodies, and do 
not always detect pathogenic antibodies. New avenues 
of research into laboratory tests for APS aim not only 
to develop assays that detect novel auto antibodies, but 
also to design approaches that assess the risk of clinical 
manifestations recurring4,16.

In 2006, the American Heart Association issued 
guidelines for the evaluation of potential new biomark-
ers for cardiovascular disorders106, which suggested 
standard procedures for the critical assessment of poten-
tial new risk biomarkers developed for clinical use. The 
guidelines also stated that assays that provide a risk- 
stratified approach should meet the following criteria: 
assays should fulfil standardization criteria, including 
that the tests should use standardly available materials 
and procedures; the test results should correlate with 
clinical symptoms and should have value for predict-
ing the risk of future clinical events; and the test should 
improve diagnostic accuracy, especially in terms of its 
predictive value when compared with already estab-
lished biomarkers106. Such recommendations could sim-
ilarly be applied to aPL testing. To date, the available aPL 
assays do not entirely fulfil the aforementioned criteria, 
so it seems appropriate to aim to continue improving 
the diagnostic accuracy of aPL testing. This goal might 
be achieved by introducing novel assays that are able to 
overcome the current methodological limitations.

Technological advances in aPL testing
New assays for detecting aPL utilize a variety of 
approaches; some use traditional ELISA techniques 
(such as APhL assays, which test for antibodies reactive 
to a mixture of phospholipids107,108), whereas others use 
different platforms, which could potentially affect their 
diagnostic accuracy109. With an array of alternative tech-
nical methods for the detection of aPL now available and 
upcoming, it is anticipated that the use of newer assays 
might soon overtake the use of established analytes of 
suboptimal clinical value. These upcoming technical 
methods for the detection of aPL might be crucial to 
refine our understanding of the antigen specificities 
of aPL, as all these novel systems differ from stand-
ard ELISAs in terms of antigen presentation and/or 
phospholipid– protein complexes.

Chemiluminescence assay. The automated chemilumi-
nescence immunoassay (CLIA) is an alternative method 
to the ELISA; the strength of the CLIA lies in its high 
level of automation, which could potentially result in 
improved reproducibility and reduced inter- laboratory 
variation110. Additionally, CLIA systems reduce manual 
labour time compared with labour-intensive ELISAs. 
CLIA testing is based on a two-phase immunoassay 
method. First, the specific antibodies present in the 
sample bind to a solid phase comprising magnetic par-
ticles coated with antigen. Next, following the addition 
of reagents that trigger the chemiluminescent reac-
tion, emitted light is detected by an optical system.  
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Results are usually reported in relative light units (RLUs), 
which are directly proportional to the concentration of 
aPL in the sample111,112.

Several research groups have compared the diagnos-
tic accuracy of aPL testing using automated CLIA sys-
tems versus ELISAs, with the aim of assessing whether 
the diagnostic performance of the two systems is equiv-
alent and whether CLIAs can produce heterogeneous 
results111,113. Although CLIAs are reported to have sensi-
tivity inferior to that of ELISAs, overall, CLIAs seem to 
be more accurate than ELISAs for identifying patients 
with APS114. These differences are not unexpected, as 
automated CLIA systems differ from ELISAs by hav-
ing antigen and phospholipid–protein complexes pre-
sented on magnetic particles, rather than on the surface 
of microtitre wells. The binding of β2GPI to the solid 
phase is critical, as this binding affects both the antigen 
density and the orientation and conformation of the 
protein115. The coating systems used in CLIAs provide a 
crucial difference compared with ELISAs, and, together 
with the amplification reaction of the chemiluminescent 
principle, might explain the substantially higher titres 
of aPL (especially aCL antibodies) that can be detected 
with automated systems. CLIAs perform well diagnosti-
cally114, with a sensitivity of ≤100% and a specificity ≥70% 
in patients with APS116. In 2016, Mahler et al. utilized a 
novel anti-β2GPI-D1 antibody CLIA to analyse sera from 
106 patients with primary or secondary APS and showed 
that anti-β2GPI-D1 antibody titres were significantly 
higher in patients with thrombosis than in those without 
thrombosis (P = 0.0032), demonstrating an association 
between anti-β2GPI-D1 antibodies and thrombosis in 
patients with APS117. CLIAs might, therefore, represent a 
useful tool to detect relevant aPL in the diagnosis of APS.

Multiline dot assay. Multiline dot assays (MLDAs) are 
part of a heterogeneous group of multiplex assay tech-
niques that can be used to simultaneously test for sev-
eral aPL antibodies, using different solid phases for the 
binding of different antigens. The potential cost and 
time effectiveness of multiplex autoantibody profil-
ing makes MLDAs appealing candidates for testing for 
aPL118,119. MLDA results agree well with ELISA data, with 
no statistical difference in their capacity for diagnosing 
patients with APS120,121; however, the false-positive rate 
for aPL detected by MLDA was higher than that for 
ELISA120. Although this technique is a readily availa-
ble, single-step, sensitive diagnostic tool that might be 

useful in identifying patients with APS, further research 
is required to evaluate the diagnostic accuracy of MLDAs 
for aPL testing, in which assay standardization remains 
a challenge122.

TLC immunostaining. Thin-layer chromatography 
(TLC) is a non-quantitative assay method based on three 
main phases: antigen separation, immunostaining with 
patients’ sera and detection of immunoreactivity93,123. 
For the first step, phospholipids are run on thin-layer 
high-performance liquid chromatography (HPLC) plates 
using an adequate eluent system. Chromatograms are 
then incubated with serum samples from patients and 
immunoreactivity is detected by a chemiluminescence 
reaction. TLC is capable of simultaneously revealing the 
reactivities of autoantibodies directed against a variety 
of purified antigens with different specificities to those 
detected by ELISA124. In TLC immuno staining, antigens 
are run on aluminium-backed silica gel HPLC plates, 
mimicking the exposure of phospholipids to binding 
proteins in the body. These features result in TLC being 
less sensitive but more specific than ELISAs for detect-
ing antigens related to both autoimmune and infectious 
diseases125,126, and make TLC immunostaining another 
tool that could be used for aPL testing127,128.

New approaches to risk stratification
The reasons underlying why some aPL-positive indi-
viduals never suffer from any APS manifestations, 
some develop vascular events and others present with 
pregnancy morbidity are still unknown. Consequently, 
assessing the risk of an aPL-positive individual develop-
ing APS manifestations is of crucial importance for phy-
sicians. Three models have been proposed to quantify 
the risk of thrombotic and obstetric events in APS129–131. 
The main aim of these models is to enable physicians 
to stratify patients according to their risk score, thereby 
identifying those patients who have a higher likelihood 
of developing new events and who would benefit from 
preventive approaches. The first two models130,131 mainly 
focused on the aPL profiles of patients, whereas the 
Global APS Score (GAPSS)129 included other variables 
and was designed to combine a patient’s aPL profile with 
conventional cardiovascular risk factors to create a risk 
score that can be calculated by combining several var-
iables that are independently related to thrombosis or 
pregnancy morbidity (BOX 3).

The GAPSS was developed and validated in a large 
cohort of patients with SLE, who were divided into 
two statistically independent cohorts129. In the original 
development cohort of 106 patients with SLE, higher 
values of GAPSS were observed in patients who expe-
rienced thrombosis and/or pregnancy loss compared 
with patients who did not experience clinical manifes-
tations129, results that were mirrored in the validation 
cohort of 105 patients with SLE. The GAPSS score 
was subsequently prospectively validated in a separate 
cohort of patients with SLE132 and in a cohort of patients 
with primary APS133, as well as being independently val-
idated131,134 and confirmed as a potential quantitative 
tool for assessing APS-related clinical manifestations135.

Box 3 | The Global Antiphospholipid Syndrome Score (GAPSS)

The GAPSS can be computed for each patient by adding together the points 
corresponding to the different risk factors129, which are weighted as follows:

• Positive test result for anticardiolipin IgG or IgM antibodies (5 points)

• Positive test result for anti-β2-glycoprotein 1 IgG or IgM antibodies (4 points)

• Positive test result for lupus anticoagulant (4 points)

• Positive test result for IgG or IgM antibodies against phosphatidylserine–prothrombin 
complexes (3 points)

• Hyperlipidemia (3 points)

• Arterial hypertension (1 point)
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Certain manifestations of APS carry a worse progno-
sis than others and can cause permanent damage in var-
ious organs. Moreover, large, prospective cohort studies 
of patients with APS have reported the disease to have a 
substantial effect on long-term survival13,136. To address 
these issues, a specific damage index for thrombotic APS 
(DIAPS) was developed in 2015 (REF. 136). The principal 
challenge addressed by tools such as the DIAPS is the 
accurate measurement of cumulative damage for pre-
dicting disability or survival; the predictive value of the 
DIAPS needs further validation in multicentre surveys.

‘Seronegative APS’
Strong evidence supports a link between autoimmunity 
and autoantibodies; nevertheless, some patients with 
autoimmune diseases (such as rheumatoid arthritis) 
are persistently negative upon testing for all known 
disease-specific autoantibodies. Such individuals were 
historically described as having ‘seronegative’ disease,  
a label that can represent a challenge for physicians137,138. 
A diagnosis of APS requires the coexistence of at least 
one clinical manifestation and one positive laboratory 
(and, therefore, autoantibody) result. Despite these 
criteria, occasionally patients have a clinical profile 
suggestive of APS (thrombosis, pregnancy morbid-
ity including recurrent miscarriages or fetal loss and 
some extra- criteria manifestations) but persistently 
test negative for aPL using routine assays. The term 
‘seronegative APS’ has been suggested to describe 
such patients139–141. Several possible explanations exist 
for such sero negativity: the diagnosis of APS could be 
wrong; patients who had previously tested positive for 
aPL could now be receiving negative aPL test results; 
or the current range of tests could be inadequate. We 
suggest that the last option is the most likely scenario. 
Negative test results might be the result of limitations 
in the traditional technical approaches to identifying 
autoantibodies, or the result of pathogenic antigens not 
being tested for using current test protocols. Given that 
some clinical manifestations of APS (such as myocardial 
infarction and stroke) are major causes of morbidity and 
mortality, and owing to the high risk of recurrence of 
these manifestations, it is important to identify those 
patients with sero negative APS who might benefit from 
long-term secondary thromboprophylaxis. Similarly, 
because APS is now known to be the one of the most 
common treatable causes of pregnancy morbidity, a diag-
nosis of APS can direct women with a history of recurrent 
early miscarriages or fetal loss towards treatments that 
can substantially improve their rate of live births.

Several research groups have investigated novel 
methodological approaches for detecting aPL and anti-
genic targets in patients with suspected seronegative 
APS61,128,142. In particular, a few patients with SLE and 
a history of thrombosis who were persistently negative 
for aCL antibodies or LAC were found to test positively 
solely for antiprothrombin antibodies143. Similarly, 
researchers identified vimentin–cardiolipin complexes as 
a novel target antigen in suspected seronegative APS by 
using a proteomic approach to analyse proteins from the 
cell surface of endothelial cells97. Upon testing, all patients 

with APS and ≤55% of patients with suspected seron-
egative APS were repeatedly positive for IgG antibodies 
against vimentin–cardiolipin complexes97. As described 
in this Review, several new laboratory techniques capable 
of detecting aPL by methods other than ELISA have also 
been proposed. In 2012, TLC immunostaining was used 
to detect aPL (aCL, anti-lysobisphosphatidic acid and 
anti-phosphatidylethanolamine antibodies) in 36 patients 
with suspected seronegative APS127; aPL were identified 
using this method in approximately 60% of these patients. 
Interestingly, the authors observed a strong correlation 
among the three aPL specificities tested for. To verify the 
possible pathogenic role of these autoantibodies, purified 
IgG from the sera of patients with suspected seronegative 
APS was shown to induce serine phosphorylation of IL-1 
receptor- associated kinase 1 and to consequently induce 
NF-κB activation127.

To identify the best screening combination to detect 
aPL in patients with suspected seronegative APS, sera 
from 24 such patients were analysed for aPL by use of 
TLC immunostaining, tested for antibodies against 
vimentin–cardiolipin complexes by ELISA, and tested 
for anti-annexin A5 antibodies and antiprothrombin 
antibodies by ELISA and dot blot128. In this cohort, 
TLC immunostaining revealed the presence of aCL 
anti bodies in 54.2% of patients, 45.8% of the patients 
were positive for serum antibodies against vimentin– 
cardiolipin complexes, 12.5% were positive for anti-
prothrombin antibodies and 4.2% were positive for 
anti-annexin A5 antibodies128. Despite the limitations 
of a small sample size, the authors observed that at 
least one aPL or cofactor antibody could be detected in 
19 of 24 (79.2%) patients with suspected seronegative 
APS by expanding the laboratory panel beyond ELISA-
based testing for criteria aPL. The combination of TLC 
immuno staining for aCL antibodies and ELISA for anti-
bodies against vimentin–cardiolipin complexes was able 
to detect aPL or cofactor antibodies in approximately 
two-thirds of patients with suspected seronegative APS 
who had thrombosis or pregnancy morbidity, with a 
small additional gain with the addition of an ELISA for 
anti prothrombin and anti-annexin A5 antibodies128. 
Similarly, testing for anti-β2GPI-D1, IgA aCL or IgA 
anti-β2GPI antibodies might also be useful not only to 
improve risk stratification, but also to increase our ability 
to identify patients with suspected seronegative APS29.

In the near future, the combined use of such 
approaches could improve the accuracy of diagnosis for 
patients suspected of having APS. However, although 
these approaches improve the chances of correctly 
diagnosing patients with APS, a percentage of patients 
with suspected seronegative APS still test negative for 
all known autoantibodies. As other unidentified cofac-
tors might be involved in sera reactivity, further studies 
could bring to light previously undiscovered antigenic 
specificities in so-called seronegative APS.

Conclusions
Diagnosis of APS remains a persistent challenge for phy-
sicians118–122. On the one hand, physicians now recognize 
an expanding range of clinical manifestations that are 
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not included in the current classification criteria (extra- 
criteria manifestations) as being associated with the 
presence of aPL. On the other hand, current lab-based 
tests for aPL are hampered by technical limitations. 
Although the physician ultimately makes the diagnosis 
of APS, lab-based tests are critical at many points in the 
diagnostic process. To date, it seems that aPL profiling 
represents the most accurate risk stratification tool for 
aPL-associated adverse events such as thrombosis130,144. 
Although LAC is the strongest predictor of risk when 

compared with either aCL or anti-β2GPI anti bodies, 
an even greater risk seems to be associated with triple 
positivity. Despite the rapid evolution of our knowledge 
of this disease, including new insights into the patho-
genic mechanisms involved, much remains to be done. 
Physicians need to be trained to avoid requesting inap-
propriate tests that are costly and that can potentially 
lead to misdiagnosis or mistreatment, but the develop-
ment of better assays to improve standardization for APS 
diagnosis is the real goal.
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Gout is a common form of inflammatory arthritis for 
which highly effective treatments are available, yet 
the management of this disease is frequently subopti-
mal. Gout often presents as an acute ‘flare’ of painful 
inflammation that typically resolves within a week or 
two, but can be difficult to control in some instances, 
can negatively affect quality of life, can be costly to expe-
rience and treat, and can warrant hospital admission. If 
gout-associated hyperuricaemia is inadequately treated, 
gout flares often progress in frequency and severity, and 
a state of chronic, inflammatory arthritis can supervene, 
leading to continuous pain, decreased joint function, 
and permanent joint damage.

Guidelines for the management of gout are intended 
to help physicians select the most effective course of 
treatment and to educate patients in order to ensure 
adherence. In November 2016, the American College 
of Physicians (ACP) published a clinical practice guide-
line for the management of acute and recurrent gout1. 
Despite evaluating similar evidence, the ACP clinical 
practice guideline differs substantially from all other 
gout management guidelines issued by major interna-
tional rheumatology groups in the past 5 years, includ-
ing the 2012 American College of Rheumatology (ACR) 
guidelines2,3, 2014 3e (Evidence, Expertise, Exchange) 
Initiative recommendations4 and 2016 European League 
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Hyperuricaemia
Elevation of circulating level of 
urate.
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Discordant American College of Physicians 
and international rheumatology guidelines 
for gout management: consensus statement 
of the Gout, Hyperuricemia and Crystal-
Associated Disease Network (G-CAN)
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Abstract | In November 2016, the American College of Physicians (ACP) published a clinical 
practice guideline on the management of acute and recurrent gout. This guideline differs 
substantially from the latest guidelines generated by the American College of Rheumatology 
(ACR), European League Against Rheumatism (EULAR) and 3e (Evidence, Expertise, Exchange) 
Initiative, despite reviewing largely the same body of evidence. The Gout, Hyperuricemia and 
Crystal-Associated Disease Network (G-CAN) convened an expert panel to review the 
methodology and conclusions of these four sets of guidelines and examine possible reasons for 
discordance between them. The G-CAN position, presented here, is that the fundamental 
pathophysiological knowledge underlying gout care, and evidence from clinical experience and 
clinical trials, supports a treat-to-target approach for gout aimed at lowering serum urate levels 
to below the saturation threshold at which monosodium urate crystals form. This practice, which 
is truly evidence-based and promotes the steady reduction in tissue urate crystal deposits, is 
promoted by the ACR, EULAR and 3e Initiative recommendations. By contrast, the ACP does not 
provide a clear recommendation for urate-lowering therapy (ULT) for patients with frequent, 
recurrent flares or those with tophi, nor does it recommend monitoring serum urate levels of 
patients prescribed ULT. Results from emerging clinical trials that have gout symptoms as the 
primary end point are expected to resolve this debate for all clinicians in the near term future.
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Uricase
An enzyme that degrades uric 
acid to allantoin and water.

Tophi
Foreign body granuloma-like 
structures that form in reaction 
to large accumulations of 
monosodium urate crystals.

Pegloticase
A recombinant PEGylated 
uricase used as a therapy 
option in severe cases of gout.

Against Rheumatism evidence-based recommendations5 
(TABLE 1). This Consensus Statement summarizes the 
view of the Gout, Hyperuricemia and Crystal-Associated 
Disease Network (G-CAN) regarding these discordant 
gout management guidelines.

The authors of this consensus document are an inter-
national expert panel of rheumatologists with clinical and 
research interests in gout and hyperuricaemia. This paper 
presents the rationale for the G-CAN position on guide-
lines for the management of gout; provides the G-CAN 
interpretion of, and specific responses to, the ACP rec-
ommendations; and examines the basis for the discord-
ance between the ACP guidelines and those produced by  
the various rheumatology groups. This paper also dis-
cusses prospects for closing the gap between these  
recommendations by further clinical studies in the field.

Methods
The G-CAN panel, selected by the G-CAN Directorship 
(President (R.T.) and Vice President (H.K.C.)), consisted 
of a small cross-section of international gout experts 
from among active members of the organization (T.B., 
M.D., P.R., K.G.S. and L.K.S.) and G-CAN board mem-
bers (H.K.C, N.D. F.L., R.T. and A.K.S.). Each panel 
member independently assessed the core aspects of the 
ACP gout guideline and were asked to vote on whether 
to accept or reject each ACP guideline recommendation. 
Collective assessments of the ACP guideline were tabu-
lated and recorded by R.T. and H.K.C., and are presented 
in TABLE 1, which also compares the individual ACP 
gout recommendations to prior recommendations by  
rheumatology (ACR, EULAR and 3e Initiative) panels.

Rationale for the G‑CAN position
Unlike many other diseases, the particularly lucid 
understanding of the pathophysiology of gout provides 
a remarkably clear rationale for treatments that address 
the underlying cause of the disorder (FIG. 1). The cardinal 
pathophysiologic aspects of gout, which inform effective 
management (and thus underlie the G-CAN position), 
are outlined in this section.

Gout, a chronic disease with acute exacerbations, is 
driven by monosodium urate (MSU) crystal deposition 
caused by hyperuricaemia; without serum levels of uric 
acid above the saturation point (and the resulting MSU 
crystals), gout does not exist — as is the case in non- 
primate mammals, which have uricase and thus serum 
urate levels ~10 times lower than that of humans.

MSU crystals form in vitro at saturation concentra-
tions (>6.8 mg/dl (>405 μmol/l) at pH 7.0 and a tempera-
ture of 37 °C, and >6.0 mg/dl (>360 μmol/l) at pH 7.0 and 
a temperature of 35 °C)6,7. Pathology, imaging and inter-
vention studies have demonstrated that the clinical mani-
festations of gout occur because of the host inflammatory 
response to deposited MSU crystals8–13, exemplified by 
acute gout flares10. The acute flares characteristically 
present as an exquisitely painful inflammatory arthritis14, 
which leads to severe limitation of activity, poor quality 
of life and work disability15. These events are highly con-
sequential to the health-related quality of life of affected 
patients, and also have added socioeconomic effects16.

Tophi are a cardinal feature of gout12. The tophus 
can discharge and ulcerate, restrict joint movement, 
cause joint damage (including bone erosion) and have 
a severe impact on quality of life15,17,18. In the majority of 
patients, tophi are the consequence of years of untreated 
or undertreated hyperuricaemia19,20.

Urate-lowering drugs, including allopurinol, when 
successfully employed to reduce the serum urate level 
to below saturation concentrations, promote dissolu-
tion of MSU crystals in the joints (including on the sur-
face of articular cartilage, in other joint tissues, and in 
synovial fluid)21,22 (FIG. 1) and, therefore, removal of the 
root cause of disease. The velocity of crystal dissolution 
is dependent on the urate concentration23,24. Long-term 
studies have shown the clear clinical benefit of treating 
patients with urate-lowering therapy (ULT) to reach 
target serum urate levels, with complete suppression 
of flares, regression of tophi and improvement in qual-
ity of life over time21,25–30. Bone erosions due to topha-
ceous gout also have been shown to heal after expedited 
eradication of tissue MSU crystal deposits by use of 
pegloticase therapy31. The treat-to-target ULT approach 
involves gradually increasing the dose of ULT to  
achieve the target serum urate concentration, which 
needs to be monitored periodically. Anti-inflammatory 
prophylaxis of acute gout flares is commonly employed 
adjunctively in the early phase of treat-to-target ULT, as 
remodelling of tissue MSU crystal deposits by effective 
ULT can induce a temporary increase in the frequency 
of acute gout flares.

Assessment of the ACP recommendations
The G-CAN position on each of the four ACP recom-
mendations for the management of gout is summarized 
in TABLE 2. Although the G-CAN panel agreed with some 
of the recommendations in whole or in part, there are 
some fundamental issues the panel concluded to be flaws 
in the ACP clinical practice guideline, specifically con-
cerning the lack of clear advice about ULT for patients 
with recurrent flares, ULT for patients with tophi, and 
serum urate level monitoring for patients on ULT.
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ACP indications for ULT
The G-CAN panel unanimously rejected the ACP 
recommendation against initiating long-term ULT in 
most patients after a first gout attack or in patients with 
fewer than two acute gout flares annually. In particular, 
the G-CAN panel expressed concern about the lack of 
clarity of this recommendation, as it applies specifically 
to patients with a first gout flare or infrequent acute 
gout flares without consideration of other indications 
for ULT besides acute gout flares (such as the presence 
of a palpable tophus (or tophi) or chronic synovitis due 
to gout). The ACP clinical practice guideline does not 

provide a clear recommendation about management 
of patients with gout and one or more palpable tophi, 
in stark contrast to rheumatology guidelines that rec-
ommend palpable gouty tophi as a definite indication 
for ULT. The G-CAN panel also expressed concern 
that this ACP recommendation ignores aspects of 
recurrent acute gout flares other than flare frequency 
(such as severity, responsiveness to therapy, number of 
joints affected, functional impairment or the need for 
emergency medical care and/or hospital admission), 
and also ignores the presence of comorbidities (which 
narrows the options for treatment of acute gout flares) 

Table 1 | Summary of recent major gout guidelines methods and conclusions

Feature ACR (2012)2,3 3e Initiative (2014)4 EULAR (2016)5 ACP (2016)1

Background of 
authors

• Rheumatologists (23)
• Primary care physicians (3)
• Nephrologist (1)
• Patient advocate (1)
• Medical trainees (5)

Rheumatologists (474) • Rheumatologists (15)
• Radiologist (1)
• Primary care physicians (2)
• Research trainee (1)
• Patient advocates (2)
• Non-physician 

methodologists (3)

• Primary care physicians (3)
Other decision-making committee 
members:

• primary care physicians (9),
• rheumatologist (1),
• pulmonologist (1)

Authors’ location(s) International (USA, Europe, 
New Zealand)

Multinational (14 
countries)

Europe (12 European nations) USA

Methodology Followed the RAND/
UCLA method, involving 
systematic literature 
review, the use of a 
core expert panel to 
develop case scenarios, 
preparation of a scientific 
evidence report (published 
in part) and a task force 
panel vote on the case 
scenarios, with subsequent 
ACR peer-review prior to 
publication

Ten clinically relevant 
questions were selected 
via a modified Delphi 
voting process, followed 
by systematic literature 
reviews, evaluation and 
grading of evidence, 
international scientific 
committee agreement, 
and Delphi process 
to produce the final 
recommendations

Standardized operating 
procedure endorsed by 
EULAR for the elaboration, 
evaluation, dissemination 
and implementation of 
recommendations. This 
process included systematic 
literature review, evaluation 
and grading of evidence, 
panel agreement and 
peer-review

Evidence-based approach as 
advocated by the Institute of 
Medicine, and using GRADE 
guideline methods, which assessed 
benefits, risks and burden. The 
process included systematic 
evidence review, grading of 
evidence, committee agreement 
and peer-review. RCT and clinical 
outcomes were emphasized, rather 
than the outcome of lower serum 
urate (which was viewed as a 
surrogate outcome)

Management guidance provided

Acute gout (NSAIDs, 
corticosteroids, 
colchicine)

+ + + +

Use of low-dose 
colchicine for acute 
gout

+ + + +

Comorbidity 
screening

+ + + No clear advice

ULT indicated 
for patients with 
frequent flares

+ Not assessed + No clear advice

ULT indicated 
for patients with 
palpable tophi

+ + + No clear advice

Low starting dose 
of allopurinol, with 
dose escalation

+ + + No clear advice

Treat-to-target ULT + + + No clear advice

Monitoring of serum 
urate levels

+ + + No clear advice

Pegloticase + + + Not assessed

3e, Evidence, Expertise, Exchange; ACP, American College of Physicians; ACR, American College of Rheumatology; EULAR, European League Against Rheumatism; 
GRADE, Grading of Recommendations Assessment, Development, and Evaluation; RAND/UCLA, Research and Development/University of California at Los 
Angeles; RCT, randomized controlled trial; ULT, urate-lowering therapy.
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Allopurinol hypersensitivity 
syndrome
A syndrome of severe 
hypersensitivity to allopurinol 
that is commonly associated 
with one or more of fever, rash, 
eosinophilia and multi-system 
organ damage and that has a 
high mortality rate.

and presence of marked hyperuricaemia unlikely to 
resolve adequately with conservative treatment. This 
assessment by the G-CAN panel is in line with most 
rheumatology society guidelines, which advocate long-
term ULT for specific patient scenarios2, including in 
early gout5.

ACP information for patients
The G-CAN expert panel unanimously agreed that 
patients should be given full information on their con-
dition, available treatment options and the expected 
benefits and possible adverse effects of individual 
treatments, as laid out in ACP recommendation 4. 
However, this principle applies to every medical 
encounter and is as relevant to treatments for acute 
attacks as it is for long-term ULT. The G-CAN expert 
panel unanimously agreed that recommendation 4 
lacks any clear advice concerning ULT and anti- 
inflammatory flare prophylaxis, and that this rec-
ommendation lacks sufficient specificity to provide 
practical guidance to clinicians.

Other issues
Several other important clinical practice points were 
not addressed by the ACP clinical practice guideline, 
including the time to commencement and duration of 
ULT. Notably, the ACP clinical practice guideline does 
not advocate either regular serum urate measurements 
or dose titration of ULT to reduce the serum urate level 
to a specific target; by contrast, the ACR, EULAR and 3e 
Initiative guidelines all recommend the treat-to-target 
approach for ULT. Moreover, the ACP guideline empha-
sized the risks of ULT, yet core elements of allopurinol 
risk management aimed at limiting allopurinol hyper-
sensitivity syndrome (AHS) were omitted. Specifically,  
the ACP guideline did not adequately address either the 
strategy to avoid AHS by starting with a low initial dose 
of allopurinol before titrating upwards32 or the valuable 
role of screening for HLA‑B*5801 to identify patients 
at markedly elevated risk of AHS within multiple well- 
defined ethnic and racial groups (such as Han Chinese, 
Korean, Thai, East Indian and African-American 
populations)33,34. G-CAN also supports screening for 

Urate crystals

Synovium

Cartilage

Bone

Articular urate crystal
deposition in gout

Dissolution of
urate crystals

Tophus

Nature Reviews | Rheumatology

Rheumatology society-recommended treatment
objectives and approach
• Ultimate resolution of gouty arthritis symptoms
• Intermittent anti-inflammatory treatment for acute
 flare
• Limited-term anti-inflammatory flare suppression
• Long-term ‘treat to target’ ULT to lower serum urate
 level and steadily reduce articular and periarticular
 urate crystal deposits
• Prevention of joint damage

ACP-recommended treatment objectives and
approach
• Intermittent anti-inflammatory treatment

for acute flare
• ‘Treat to avoid symptoms’
• No clear recommendations for ULT, serum urate
 target, serum urate monitoring or ULT duration
• No clear objective to reduce articular and
 periarticular urate crystal deposits or prevent
 joint damage

Chronic synovitis
and joint damage

Figure 1 | Schematic comparison of expected clinical-pathologic outcomes of gout from guidelines for the 
management of gout. The schematic illustrates the main emphases of major guidelines for gout produced by 
rheumatology societies (left side of figure), compared with the American College of Physicians (ACP) guideline (right side), 
arising from differing perceptions of gout. Guidelines developed by expert rheumatology societies take into account gout 
pathophysiology and clinical course, generally seeing gout as a chronic condition with acute inflammatory flares and the 
frequent tendency, due largely to under-treatment of hyperuricaemia (rather than ‘treat to target’ urate-lowering therapy 
(ULT)), to progress to the development of palpable tophi, chronic synovitis and joint damage (including bone erosion). By 
contrast, the ACP guidance to ‘treat to avoid symptoms’ reflects a perception of gout as primarily an intermittent disorder 
of acute inflammation.
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comorbid conditions that are frequently associated with 
gout, such as chronic kidney disease and cardiovascular 
disease, as advocated by the 2012 ACR gout guidelines2, 
but not mentioned in the ACP guidelines.

The G-CAN panel is very concerned that the ACP 
clinical practice guideline, using methodology that 
attempts to balance the benefits of therapy with risks 
and burden35, does not provide a clear recommendation 
for ULT in patients with recurrent attacks. Most patients 
achieve effective urate-lowering with a single agent when 
individually dose-titrated36. Moreover, urate-lowering 
drugs are generally safer and better tolerated than fre-
quently used anti-inflammatory drugs such as colchicine, 
NSAIDs or high-dose corticosteroids, particularly so in 
patients with comorbidities commonly associated with 
gout, including chronic kidney disease, hypertension, 
type 2 diabetes mellitus and ischemic heart disease37–39.

Clearly, including guidance on these aspects of prac-
tice within the ACP clinical practice guideline would 
have had a major effect on the safety and effectiveness 
of management of gout in primary care.

Reasons for discordance
The discordance between the ACP guideline and  
the various rheumatology panel guidelines (including the 
G-CAN assessment) cannot simply be ascribed to differ-
ences in general methodologic approaches taken by these 
groups40,41. Many discordances extend from differences in 
the interpretation of the literature with respect to ULT.

Clinical benefits of successful ULT
The G-CAN position is that the medical literature over-
whelmingly supports the concept that clinical benefits are 
observed in patients with gout who achieve long-term 
serum urate lowering to sub-saturation concentrations. 
Specifically, all open-label extension studies of rand-
omized controlled trials (RCTs) of orally administered 
ULT have shown improvement in flares, tophus size 
and other clinically important outcomes over periods of 

>1 year of therapy27–30. Furthermore, RCTs of pegloticase, 
a parenteral agent which promotes profound serum urate 
lowering and rapid clearance of MSU crystals, clearly 
demonstrate that intensive lowering of serum urate lev-
els leads to reductions in flares and tophus size and to 
improvements in health-related quality of life and activity 
limitation, even over a 6-month treatment period42,43. In 
addition, those patients with a durable response to peglot-
icase (with serum urate level <6 mg/dl) have an enduring 
improvement in all relevant clinical outcomes29,30. The 
ACP Clinical Guidelines Committee decided not to con-
sider the pegloticase clinical trial data because pegloticase 
was considered an agent unlikely to be prescribed by pri-
mary care physicians44. Nevertheless, the high level of evi-
dence showing a clear clinical benefit of this highly potent 
urate-lowering agent should help confirm the therapeu-
tic principle of the treat-to-target ULT approach, already  
universally adopted by rheumatology guidelines.

Interpreting limits of past ULT trials
A guiding doctrine of the ACP guideline was that ret-
rospective studies and even RCTs that used the decline 
in serum urate level to a pre-stipulated target as an indi-
rect, surrogate outcome, rather than demonstrating the 
improvement in a clinical outcome such as reduction in 
frequency of acute gout flares during the randomized 
phase of an RCT, were insufficient data for the stand-
ard of evidence-based guidelines defined by the Institute 
of Medicine (since renamed the National Academy of 
Medicine)40. G-CAN, like the ACP and rheumatology 
society panels, recognized that no long-term (that is, 
more than 12 months’ duration) RCTs have specifically 
examined the treat-to-target approach to gout manage-
ment. Moreover, the G-CAN expert panel, and a largely 
separate panel of rheumatologists45, agree with the ACP 
panel that evidence is still lacking for reduction in fre-
quency of acute gout flares by oral ULT measures dur-
ing the randomized, controlled phase of clinical trials. 
However, G-CAN strongly supports the treat-to-target 

Table 2 | Summary of the G-CAN position on the ACP recommendations for gout management1

ACP recommendation Strength and basis of recommendation G-CAN assessment

1. ACP recommends that clinicians choose 
corticosteroids, NSAIDs or colchicine to treat patients 
with acute gout

Strong recommendation, high-quality 
evidence

The G-CAN gout expert panel unanimously 
supported this recommendation

2. ACP recommends that clinicians use low-dose 
colchicine when using colchicine to treat acute gout

Strong recommendation, moderate-quality 
evidence

The G-CAN gout expert panel unanimously 
supported this recommendation

3. ACP recommends against initiating long-term ULT 
in most patients after a first gout attack or in patients 
with infrequent attacks (that is, <2 acute gout flares 
per year)

Strong recommendation, moderate-quality 
evidence

The G-CAN gout expert panel unanimously 
rejected this recommendation

4. ACP recommends that clinicians discuss benefits, 
harms, costs and individual preferences with 
patients before initiating ULT, including concomitant 
prophylaxis, in patients with recurrent gout attacks

Strong recommendation, moderate-quality 
evidence

The G-CAN expert panel unanimously agreed 
that patients should be given full information 
as laid out in this recommendation, but 
expressed concern that this recommendation 
lacks any clear advice concerning ULT and 
anti-inflammatory flare prophylaxis, and lacks 
sufficient specificity to provide practical 
guidance to clinicians

The ACP clinical practice guideline made four recommendations for the management of acute and recurrent gout, and were aimed at ‘all clinicians’ (REF. 1).  
ACP, American College of Physicians; G-CAN, Gout, Hyperuricemia and Crystal-Associated Disease Network; ULT, urate-lowering therapy.
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ULT strategy, as the various rheumatology groups 
have consistently done, on the basis of the breadth 
of available evidence, including long-term, open- 
label extensions of oral ULT RCTs, prospective obser-
vational studies, and the trials of intensive ULT with 
pegloticase45. By comparison, the hierarchical approach 
to evidence used by the ACP panel placed unbending 
emphasis on the randomized controlled phases of clin-
ical trials. The G-CAN panel’s assessment is that the 
ACP approach was probably too rigid for the evidence 
in gout, where the collective data provide very high 
confidence for disease- modifying effects of effective 
serum urate- lowering, consistent with the remarkably  
well-understood pathophysiology of gout (FIG. 1).

Different approaches, different conclusions
The ACP reached evidence-based health care decisions 
using the Grading of Recommendations Assessment, 
Development, and Evaluation (GRADE) approach, 
which assessed benefits, risks and burden and which 
places a much higher emphasis on clinical outcomes 
that patients are directly aware of (for example, symptom 
severity or quality of life) than on surrogate outcomes 
(such as serum uric acid level in gout). By contrast, the 
rheumatology panels perceived the uric acid burden 
— reflected not only by hyperuricaemia, but also by 
chronic, progressive tissue inflammation and joint dam-
age — as a crucial aspect of the disease burden in gout. 
As such, differences between the final conclusions of the 
ACP and the rheumatology panels (TABLE 1) reflect major 
differences in the perceived importance of periodic 
symptoms and of the chronic disease burden in gout.

Merits of evidence-based practice approach
The G-CAN position is that the multiple scenarios and 
clinical phenotypes of gout, an understanding of rational 
treatment directed to gout pathophysiology, and the 
current state of evidence in gout, make a three-pillared 
evidence-based practice (EBP) approach more appro-
priate41. The principles of this approach are that treat-
ment is based on the best available research evidence, the 
expertise of the clinician as applied to the diagnosis and 
overall health status of each patient coupled with assess-
ment of the risk–benefit balance of potential therapies, 
and the preferences and values of the patient. This EBP 
approach was taken by the ACR, EULAR and 3e Initiative 
in construction of their respective gout management 
recommendations, but not by the ACP (TABLE 1). As a 
consequence, several fundamental aspects of EBP gout 
management covered in the major rheumatology guide-
lines are not clearly addressed in the ACP recommenda-
tions, namely the use of ULT in patients with recurrent 
gout attacks, ULT in patients with gout and one or more 
palpable tophi, and monitoring patients taking ULT.

The decision-making in the ACP clinical practice 
guideline is difficult to comprehend in part because their 
systematic review acknowledges that moderate-to-high 
quality evidence shows that ULT reduces the risk of 
acute gout attacks after 1 year of follow-up1. This find-
ing is based on data from studies that employed a fixed 
dose of ULT (as opposed to the recommended upwards 

titration of ULT dose), which would have underestimated 
clinical benefit46–48. Furthermore, when using oral ULT 
at the low doses frequently prescribed in clinical prac-
tice, MSU crystal dissolution can be slow, particularly in 
patients with prolonged disease duration or if the serum 
urate level is not intensively lowered22. For this reason, the 
clinical benefits of oral ULT for flares, chronic synovitis 
or tophi often take many months or several years after 
treatment is initiated. Substantial benefits with respect 
to clinical end points for gout have been reported in 
publications of the longer-duration open-label studies of 
oral ULT, beyond the randomized phase of clinical tri-
als27,28,49–51. In the end, these data did not sway the ACP 
when considering the value of long-term oral ULT.

Consequences of guideline discordance
The ACP clinical practice guideline1, which is stated to 
be intended for ‘all clinicians’, instead reflects an appar-
ent chasm within the medical community (FIG. 1) regard-
ing the perception of patients with gout — a chasm that 
is multifactorial and longstanding. Clinicians in primary 
care and acute care settings might treat patients for acute 
‘attack’ symptoms, which could reinforce a view of gout 
as an intermittent and, in many cases, self-inflicted dis-
ease. In many cases, clinicians can deem gout a lesser 
priority than comorbid issues. Gout-specific patient 
education and gout outcomes correspondingly suffer. 
By contrast, rheumatologists generally see gout as a 
chronic, very often progressive, condition that has acute 
flares but a tendency to progress. With gout increasing 
in prevalence, and with so many patients being older 
and affected by multiple comorbidities, gout is becoming 
more challenging to manage, as indicated (in part) by 
a marked increase in severe acute gout flares requiring 
hospitalization52,53.

The G-CAN position is that the ACP’s stance on ULT,  
essentially that ULT can be prescribed without urate 
monitoring or optimization of ULT dose to achieve 
urate concentrations below the saturation threshold of 
soluble urate1, is particularly troubling as it could help 
perpetuate the common practice pattern of underdosing 
of ULT54. Prescribing a drug without consideration of an 
individual patient’s response to the specific intent of the  
medication (in this case, ULT without monitoring 
urate levels) lacks logic or clinical sense. This practice 
would be analogous to prescribing anti-hypertensive 
medication without measuring blood pressure or hypo-
glycaemic therapy without measuring HbA1c (glycated 
haemoglobin) levels. Moreover, adherence is a major 
issue for patients who have commenced ULT55, and 
serum urate testing enables direct, objective assessment 
of adherence to ULT. The results of such testing often 
prompt the clinician to initiate further discussions with 
the patient about gout management, including ULT, as 
advocated in the ACP clinical practice guideline36.

The ACP clinical practice guideline focus on high-
value care is laudable. The authors noted that “an esti-
mated $1 billion is spent annually on ambulatory care 
for gout, largely on treatments and prescription med-
ications”1. At present, however, most of the costs of 
treating gout relate to management of acute flares and 
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poorly controlled disease56–58 and most patients with gout 
do not receive ULT or regular serum urate testing54,59. 
Rheumatology opinion, shared by the G-CAN panel, 
is that the benefits of this test in guiding individualized 
patient care far outweigh its small costs (and indeed far 
outweigh the direct and indirect costs of poorly con-
trolled gout)2. Similarly, allopurinol, the most widely used 
ULT drug, has been available for more than 60 years, 
and the cost of generic allopurinol is low. A 2014 cost- 
effectiveness analysis incorporating all available evidence 
found that allopurinol therapy is cost-saving, particularly 
when using an up-titration approach to dosing60.

The G-CAN position is that widespread adoption of the 
ACP clinical practice guideline, with its focus on episodic 
acute gout therapy and lack of clear recommendations 
regarding indications for ULT or serum urate monitoring, 
has the potential to perpetuate clinical (therapeutic) iner-
tia61, leading to a greater burden of poorly managed gout 
and rising costs to affected patients and society.

G-CAN also is highly concerned that failure to 
provide clear indications for ULT or advocate serum 
urate monitoring ignores available data for the allure of 
so-called ‘absence of evidence’, which we know not to be 
‘evidence of absence’ to support long-term ULT in gout.

Another apprehension of the G-CAN panel is that the 
ACP clinical practice guideline could promote excessive 
use of NSAIDs, colchicine and prednisone for long-term 
‘symptom suppression’ in gout, due to lack of attention 
to core disease pathophysiology.

Addressing the evidence gaps
The results of completed and new RCTs of urate- 
lowering agents and strategies that will be published 
over the next few years are eagerly awaited. One exam-
ple is a 2-year double-blind, placebo-controlled trial of 
titrated treat-to-target ULT in patients with early gout 
that includes radiographic analyses of bone erosion, 
MRI imaging of bone erosion, bone marrow oedema 

and synovitis, and flares62. Another example is a con-
trolled trial, conducted in Nottingham, UK, comparing 
primary care management of gout with nurse-led titra-
tion of ULT according to the treat-to-target ULT strategy 
recommended by rheumatology society guidelines63.

Furthermore, the ACP and the G-CAN panel are in 
agreement that well-designed, prospective, controlled 
clinical trials are needed to clarify several issues around 
ULT. Questions to be resolved concern determining 
the effect of ULT on adverse health outcomes beyond 
acute gout, the duration of ULT, and the optimum serum 
urate target for reduction of symptoms, comorbidities 
and minimal harms (in addition to confirming the clin-
ical efficacy and safety of the treat-to-target approach). 
Studies are also needed to establish the risk of recurrent 
acute gout attacks, symptomatic chronic gout, comor-
bidities and disability following a first attack of gout, 
in order to inform clinicians and patients considering 
the potential costs, benefits and harms of commencing 
ULT or delaying treatment until further attacks have 
occurred.

Conclusions
Guidelines for the management of gout developed by the 
ACP primary care in comparison to the rheumatology 
society gout guidelines groups (namely ACR, EULAR 
and 3e Initiative) are discordant, despite assessment of 
largely the same evidence, with the exception of trials 
of pegloticase. Other published assessments of the ACP 
guideline for gout64,65 and of the value of treat-to- target 
ULT56,66 buttress the opinions of the G-CAN panel pre-
sented in this paper. However, controversy persists, since 
support has also been voiced for the ACP guidelines67. 
The G-CAN panel believes that emerging and future 
studies will enable alignment and consensus in guide-
lines for primary care physicians, rheumatologists and 
other specialists involved in management of patients 
with gout.
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