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Two groups have independently 
identified patients with an early- 
onset autoinflammatory disorder 
caused by heterozygous mutations 
in the gene encoding RIPK1, an 
important regulator of apoptosis, 
necroptosis and innate immune 
signalling pathways. As reported 
in separate studies published in 
Nature, the dominantly inherited 
mutations in RIPK1 prevent 
caspase 8 from cleaving the mutated 
protein, thereby promoting RIPK1 
activation and leading to an 
autoinflammatory response.

The affected individuals 
experienced periodic fevers, 
lymphadenopathy, splenomegaly, 
arthralgia and anaemia, and most 
were responsive to IL-6 inhibition 
with tocilizumab. The combination 
of clinical observations, genetic 
data and mouse studies provided 
an understanding of the underlying 
mechanisms.

Xiaochuan Wang, co- author of the 
first study, explains that the research 
reflects their ongoing work to explore 

what is happening in patients with 
fever of unknown origin. “We have 
diagnosed and treated many patients 
with fever caused by different 
immune- related factors,” says 
Wang, “some of which have known 
autoinflammatory causes, and some 
of them are still unknown.” Clinically, 
the research provides a basis for 
potential treatment options, and it 
also furthers understanding of the 
complex immune mechanisms of 
febrile diseases, Wang explains.

For Daniel Kastner, co- author 
of the second study, the publication 
represents the culmination of more 
than 20 years of clinical observation, 
as his group first encountered one of 
the affected families in 1999, at a time 
when the tools necessary to discover 
the genetic basis of the disease 
were not available. By the time they 
saw a second affected family, in 
2010, sequencing technologies had 
advanced such that they were able 
to identify a RIPK1 mutation in 
that family. “However, in order to 
be more confident that RIPK1 was 
really the causative gene, we needed 
to find another family with similar 
clinical findings and a mutation 
in the same gene,” says Kastner. 
Genomic sequencing on stored 
DNA samples from the first family 
revealed this second mutation, and 
the group subsequently discovered a 
third in another family with a child 
with similar symptoms. “Much to 
our surprise, the affected individuals 
in all three families had a mutation 
affecting the same nucleotide of 
the RIPK1 gene, resulting in three 
different amino acids at residue 324. 
It was as if lightning had struck 
three times in the same place!” 
recalls Kastner.

“We generated a large number 
of knockout animals and could 

definitively show that loss of RIPK1 
cleavage, instead of leading to 
necroptosis as had been predicted  
by previous research, actually led  
to hyperactivation of caspase 8- 
mediated apoptosis,” explains 
Kastner’s co- author John Silke. “Thus, 
caspase 8 is primarily inhibiting its 
own activation by cleaving RIPK1 
rather than RIPK3 activation.”

Together, the studies demonstrate 
that RIPK1 cleavage limits inflamma-
tion and TNF- induced cell death, 
and non- cleavable variants promote 
cell death as well as the production of 
pro- inflammatory cytokines.

“The combined genetic and 
functional analyses teach us 
that a very significant human 
autoinflammatory disease can be 
caused by genetic mutations that 
promote cell death,” notes Kastner. 
“The implications of these findings 
are profound, suggesting that 
unchecked cell death may play a 
very critical role in many other 
inflammatory conditions,” he adds.

Although many of the patients 
with disease caused by RIPK1 
mutations responded to treatment 
with tocilizumab, some did not 
respond as well or discontinued 
the treatment owing to adverse 
effects. Further studies are needed 
to understand how IL-6 inhibition 
modulates inflammation in these 
patients. Another important avenue 
to explore is the role of RIPK1 
inhibitors, which are currently in 
development, in treating patients with 
disease caused by RIPK1 mutations.

Sarah Onuora

 A U TO I N F L A M M ATO RY  D I S E A S E S

New autoinflammatory disease caused 
by non- cleavable RIPK1 variants

ORIgINAL ARTIcLES Tao, P. et al. A dominant 
autoinflammatory disease caused by non-
cleavable variants of RIPK1. Nature 577, 109–114 
(2020) | Lalaoui, N. et al. Mutations that  
prevent caspase cleavage of RIPK1 cause 
autoinflammatory disease. Nature 577, 103–108 
(2020)
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Apremilast reduces 
Behçet oral ulcers
Treatment with apremilast 30 mg twice daily 
for 12 weeks led to a greater decrease in the 
number of oral ulcers and in associated pain 
for patients with Behçet syndrome than 
treatment with placebo, according to the 
results of a new phase III study. more than half 
of the patients treated with apremilast (53%) 
were free of oral ulcers at week 12, compared 
with 22% in the placebo group, and the 
benefits of the treatment were apparent  
as early as week 1.

oral ulcers are an early and frequent mani-
festation of Behçet syndrome, and can have a 
substantial effect on a patient’s quality of life. 
Although a number of agents are available to 
treat oral ulcers, including colchicine, topical 
or systemic glucocorticoids, TNF inhibitors or 
thalidomide, some patients fail to respond  
to these treatments. Apremilast, an orally 
 available small-molecule phosphodies-
terase 4 (PDE4) inhibitor that is already 
approved for the treatment of psoriasis and 
psoriatic arthritis, is a potential treatment  
for Behçet syndrome as it modulates several 
pro-inflammatory mediators that are upregu-
lated in the disease (TNF, Il-2, Il-8, Il-17  
and IFNγ).

The phase III results are consistent with 
those of a previous phase II trial of patients 
with Behçet syndrome from Turkey and the 
uSA, but the current trial included a larger 
group of patients (n = 207) from 10 countries 
across 3 continents. Also notable is that 
patients in the phase III study had failed to 
respond to previous treatment with one or 
more nonbiologic agents.

Compared with the placebo group, 
patients in the apremilast group had a greater 
improvement in Behçet’s Disease Quality  
of life score, and in pain associated with  
oral ulcers as assessed on a 100-mm visual 
analogue scale. However, adverse events, 
including diarrhoea, nausea and headache, 
were more frequent in the apremilast group 
than the placebo group.

As the trial had no active comparator, 
further studies are needed to determine how 
the efficacy of apremilast compares with  
that of other agents. longer follow-up is also 
required to determine whether long-term 
administration of apremilast could be safe 
and effective.

Sarah Onuora

ORIgINAL ARTIcLE Hatemi, G. et al. Trial of apremilast for 
oral ulcers in Behçet’s syndrome. N. Engl. J. Med. 381, 1918–1928 
(2019)

Inflammation is often present in the hand 
joints of patients with hand osteoarthritis 
(OA), particularly in those with erosive 
disease, and is linked with pain and disease 
progression. Targeting this inflammation 
with a short course of glucocorticoid therapy 
could offer pain relief, according to the results 
of the Hand Osteoarthritis Prednisolone 
Efficacy (HOPE) study.

The study specifically included patients 
with a flare of painful hand OA and signs  
of active synovial inflammation, in order  
to target those patients who would benefit 
most from the anti-inflammatory treatment. 
“More liberal patient inclusion criteria  
might have been a reason that previous trials 
(of other anti-inflammatory drugs) in hand 
OA produced negative results,” suggests 
corresponding author Féline Kroon.

Compared with placebo, 6 weeks of 
treatment with oral prednisolone 10 mg  
daily substantially reduced finger pain  
(as measured on a 100 mm visual analogue 
scale) and function (measured by AUSCAN 
function score and FIHOA score). Signs of  

inflammation, determined by MRI and 
ultrasonography, were also decreased.  
“The effects on pain and function we found 
in this trial exceeded those of all currently 
available treatment options,” notes Kroon. 
Notably, symptoms returned to pre-treatment 
levels after the prednisolone was tapered  
over 2 weeks.

“The results of our study provide 
clinicians with a new short-term treatment 
option for patients with hand OA who 
report a flare-up of their disease,” Kroon 
says. Whether continued treatment would 
have provided additional benefit or could 
eventually modify the disease course remains 
to be determined. In light of the potential 
complications of prolonged glucocorticoid 
therapy, further studies are needed to 
determine the optimal dosage and duration  
of treatment for inflammatory hand OA.

Sarah Onuora

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

short-term prednisolone improves  
hand Oa

ORIgINAL ARTIcLE Kroon, F. P. B. et al. Results of a 6-week 
treatment with 10 mg prednisolone in patients with hand 
osteoarthritis (HOPE): a double-blind, randomised, 
placebo-controlled trial. Lancet 394, 1993–2001 (2019)

As well as the primary endpoint of  
ASAS40 response, the study also met  
several secondary endpoints related to  
disease activity (including partial remission),  
the degree of functional limitation and 
mRI-detected axial inflammation.  
updacitinib was well-tolerated, with a  
safety profile consistent with that seen in 
previous studies in RA. Rates of adverse  
events were similar in the treatment and  
placebo groups and no new safety concerns  
were apparent.

long-term efficacy and safety data are 
expected to be collected in the ongoing 
 extension period of SeleCT-AXIS 1. Further  
studies are also needed to evaluate upadaci tinib 
in patients with AS who have previously  
failed to respond to biologic DMARD  therapy,  
as well as in the full spectrum of axial 
spondyloarthritis.

Sarah Onuora

ORIgINAL ARTIcLE van der Heijde, D. et al. Efficacy and 
safety of upadacitinib in patients with active ankylosing 
spondylitis (SELECT-AXIS 1): a multicentre, randomised, 
double-blind, placebo-controlled, phase 2/3 trial. Lancet 394, 
2108–2117 (2019)

The selective Janus kinase 1 (JAK1) inhibitor 
updacitinib, which was approved in 2019  
for use in patients with rheumatoid arthritis 
(RA), is also showing promise as a treatment  
for ankylosing spondylitis (AS). In the SeleCT- 
AXIS 1 study, upadacitinib not only improved 
the signs and symptoms of AS, but also reduced 
inflammation in the spine and sacroiliac joints 
on mRI.

The study follows trials of upadacitinib in  
RA and also encouraging phase II trials of  
other JAK inhibitors in AS. SeleCT-AXIS 1 
enrolled adult patients with active AS who  
had not yet been treated with biologic 
DMARDs. A dose of 15 mg updacitinib  
orally once daily was chosen for evaluation.

At week 14 of SELECT-AXIS 1, 52% (48 of 93)  
of the patients treated with upadacitinib 
achieved an ASAS40 response (indicating  
≥40% improvement from baseline according to 
Assessment of SpondyloArthritis International 
Society criteria), compared with 26% (24 of 94) 
of patients who were treated with placebo. 
Differences between the two groups in ASAS40 
response were apparent as early as week 2  
and sustained through 14 weeks.

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

New positive results for upadacitinib in AS
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the cells 
expressed 
FOXM1 and 
had a high 
osteoclasto
genic potential

Osteoclasts are important for both 
homeostatic bone remodelling in 
health and pathological bone erosion 
in rheumatoid arthritis (RA), but 
whether different types of osteoclasts 
mediate these two processes is 
unclear. New findings suggest that 
osteoclasts in these different tissue 
settings arise from different precursor 
cells and hence follow distinct 
developmental trajectories.

To identify osteoclast precursor 
cells in the synovium, researchers in a 
new study developed a protocol that 
enabled them to isolate synovium 
from ‘bare areas’ of the joint (areas 
where the synovium comes into 
contact with bone). They detected 
a subpopulation of macrophages 
(termed arthritis- associated osteo-
clastogenic macrophages (AtoMs)) in 
the inflamed synovium of mice with 
collagen- induced arthritis (CIA). 
This population contained osteoclast 
precursors that were phenotypically 

distinct from osteoclast precursors 
involved in homeostatic bone 
remodelling in the bone marrow.

Transcriptional profiling 
implicated the transcription factor 
FOXM1 as an important regulator 
of AtoMs. Indeed, treatment with 
thiostrepton (an inhibitor of FOXM1 
activity) inhibited osteoclastogenesis 
of AtoMs in vitro. In mice with  
CIA, thiostrepton treatment reduced 
the arthritis scores of the mice 
and inhibited the expression of 
pro-inflammatory cytokines in the 
synovium. However, in healthy 
mice, thiostrepton had no effect on 
homeostatic bone remodelling.

 B O N E

Precursors of ‘bad’ osteoclasts 
identified in arthritis

ORIgINAL ARTIcLE Hasegawa, T. et al. 
Identification of a novel arthritis- associated 
osteoclast precursor macrophage regulated  
by FoxM1. Nat. Immunol. 20, 1631–1643 (2019)

In mice with collagen antibody- 
induced arthritis, tamoxifen- mediated 
deletion of Foxm1 alleviated bone 
erosion and partially reduced the 
arthritis scores of the mice. Adoptive 
transfer of Foxm1-expressing 
monocytes partially reversed these 
effects.

Notably, the researchers identified 
a population of macrophages in the 
synovium of patients with RA that 
corresponded to mouse AToMs. 
The cells expressed FOXM1 and had 
a high osteoclastogenic potential 
that was inhibited with thiostrepton 
in vitro.

The researchers plan to develop a 
novel therapy that specifically targets 
these ‘bad’ osteoclast precursors. 
“Because current regimens for 
treating bone diseases block both 
‘good’ and ‘bad’ osteoclasts, a new 
line of therapy targeting only ‘bad’ 
ones would be meritorious for future 
patient care,” explains corresponding 
author Masaru Ishii.

Jessica McHugh

Credit: N. Smith/Springer Nature Limited

intermediate 
mature LDGs 
in the blood of 
patients with 
SLE correlated 
with more 
severe organ 
damage

Dysregulated neutrophils have a 
pathogenic role in systemic lupus 
erythematosus (Sle), in particular 
through the release of neutrophil 
extracellular traps (NeTs) and the 
subsequent production of type I 
interferon. However, exactly how 
neutrophils become dysregulated  
in Sle is an active area of research.

“our group had previously identified 
a pro-inflammatory neutrophil subset 
known as low-density granulocytes 
(LDGs). We found that these cells could 
damage blood vessels and promote 

immune dysregulation in Sle,” explains 
mariana Kaplan, corresponding  
author of a new study on LDGs.

little was previously known about 
the heterogeneity of LDGs and 
whether subsets existed with distinct 
pathogenic functions. To address these 
uncertainties, Kaplan and colleagues 
used a range of transcriptomic 
and epigenomic approaches to 
characterize LDGs from patients  
with Sle. Notably, they identified 
two subsets that seemed to represent 
different stages of LDG maturation  
and that could be distinguished  
by their expression of CD10 —  
CD10− immature LDGs and CD10+  
intermediate-mature LDGs.

The researchers went on to 
functionally characterize these 
subsets by examining their ability to 
perform typical neutrophil tasks such 
as degranulation, NeT production and 
phagocytosis. “overall, we found that 
the intermediate-mature subpopulation 
of LDGs displayed the bulk of the 

pathogenic features of LDGs and was 
responsible for the type I interferon 
gene signature in Sle,” says Kaplan.

Interestingly, high numbers of 
intermediate-mature LDGs in the blood 
of patients with Sle correlated with 
more severe organ damage, reduced 
kidney function and an increased 
coronary plaque burden. The results  
of further in vivo and in vitro studies  
also suggested a role for these cells  
in vascular damage.

“Future studies will focus on 
identifying potential therapies  
that can specifically target the  
intermediate-mature LDG subset  
in the treatment and/or prevention 
of lupus vasculopathy and premature 
cardiovascular disease in Sle,”  
states Kaplan.

Joanna Clarke

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

P at hogenicity of neutrophils linked to maturation stage in SLE

ORIgINAL ARTIcLE Mistry, P. et al. Transcriptomic, 
epigenetic, and functional analyses implicate 
neutrophil diversity in the pathogenesis of systemic 
lupus erythematosus. Proc. Natl Acad. Sci. USA 116, 
25222–25228 (2019)Credit: Nicholas Mayeux/Stocktrek Images
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Fibrotic diseases are some of the most 
challenging conditions to treat owing 
to a lack of effective therapies. Drug 
development for such conditions is 
hampered by a lack of suitable animal 
models and a poor understanding 
of the early stages of the pathogenic 
process. A new study is improving this 
understanding by revealing details of 
the cellular environment in Dupuytren 
disease, a fibrotic disease of the hand.

“Localized fibrotic conditions such 
as Dupuytren disease are relatively 
neglected and yet provide a unique 
opportunity to study human fibrosis  
as they can be diagnosed early and  
there is an abundant supply of human 
tissue following surgical excision,” 
explains corresponding author Jagdeep 
Nanchahal. “Our study provides a 
detailed single- cell analysis of the 
immune landscape in Dupuytren 
disease and identifies a reciprocal 
pathogenic signalling circuit between 
stromal and immune cells.”

Previous work from this group 
had revealed that low concentrations 
of TNF were present in Dupuytren 
disease nodules and were necessary 
for the activation of myofibroblasts, 
which led to ongoing phase II clinical 
trials of TNF inhibitors for this 
disease. In their new study, Nanchahal 
and colleagues combined single- cell 
RNA analysis with flow cytometry 
and in vitro functional studies to 
decipher which cells produce TNF 
within fibrotic tissue.

“We demonstrated that M2 
macrophages and mast cells are key 
cellular sources of TNF that promotes 
myofibroblast development,” 
says Nanchahal. “TNF acts via 
the inducible TNFR2 receptor 
and stimulates IL-33 secretion by 
myofibroblasts. In turn, this IL-33 
acts as a potent stimulus for TNF 
production from the immune cells.”

Blocking TNFR2 and IL-33 
inhibited the expression of 

 F I B R O S I S

Stromal–immune cell crosstalk  
deciphered in Dupuytren disease

pro- fibrotic genes in myofibroblasts 
from patients with Dupuytren 
disease, and also reduced the fibrotic 
function (contractility) of the cells. 
By contrast, blocking the widely 
expressed TNF receptor TNFR1 
did not reduce the expression of 
pro- fibrotic genes in these cells, 
suggesting that selectively targeting 
TNFR2 might be a more effective 
therapeutic strategy than targeting 
systemic TNF.

Joanna Clarke

ORIgINAL ARTIcLE Izadi, D. et al. Identification 
of TNFR2 and IL-33 as therapeutic targets in 
localized fibrosis. Sci. Adv. 5, eaay0370 (2019)

blocking 
TNFR2 and 
IL33 inhibited 
the expression 
of pro fibrotic 
genes in 
myofibroblasts

knockdown 
of GPR101 
reversed the 
anti arthritic 
effects of 
RvD5n3 DPA

N-3 docosapentaenoic acid- derived 
resolvin D5 (RvD5n-3 DPA) is a specialized 
pro- resolving mediator that is important 
for the resolution of inflammation. 
Previous work has highlighted the 
protective role of RvD5n-3 DPA in limiting 
inflammation and joint damage in 
arthritis. A new study sheds further  
light on this axis, and identifies 
GPR101 as the receptor responsible  
for mediating the pro- resolving 
functions of RvD5n-3 DPA.

“We employed a screening approach 
to identify candidate G- protein-coupled 
receptors that might be activated by 
RvD5n-3 DPA,” reports Jesmond Dalli, 
corresponding author on the new  
study. The researchers found that 
one candidate — GPR101— bound 
RvD5n-3 DPA with a high selectivity  
(Kd 6.9 nm) and high stereospecificity. 
Furthermore, this receptor was 
expressed on human peripheral 

leukocytes (neutrophils and monocytes) 
in the blood.

Addition of RvD5n-3 DPA to human 
macrophages in vitro led to a dose- 
dependent increase in phagocytosis  
and efferocytosis whereas small 
interfering RNA (siRNA)-mediated 
knockdown of GPR101 reversed these 
effects. Similarly, treatment of human 
neutrophils with an antibody targeting 
GPR101 also limited the dose- dependent 
decrease in chemotaxis and migration 
mediated by RvD5n-3 DPA in vitro.

In mice with K/B × N serum transfer- 
induced arthritis, treatment with 
RvD5n-3 DPA led to improved clinical 
scores (compared with treatment with 
vehicle), and protected the mice against 
weight loss and joint oedema. Notably, 
in vivo siRNA- mediated knockdown 
of GPR101 reversed the anti- arthritic 
effects of RvD5n-3 DPA.

“The identification of GPR101 as a 
pro- resolving receptor provides new 
understanding as to how chronic 
inflammatory conditions might occur  
as well as targets for new therapeutics 
to treat inflammatory conditions 
including rheumatoid arthritis,” 
says Dalli.

The researchers plan to investigate the 
pathways that are promoted downstream 
of RvD5n-3 DPA–GPR101 engagement, and 
whether these pathways are altered in 
disease. “Such investigations will enable 
us to establish whether disruptions in this 
axis might contribute to inflammatory 
disorders,” remarks Dalli.

Jessica McHugh

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

Pro- resolving receptor  
protects against arthritis

ORIgINAL ARTIcLE Flak, M. B. et al. GPR101 
mediates the pro- resolving actions of RvD5n-3 DPA  
in arthritis and infections. J. Clin. Invest. https:// 
doi.org/10.1172/JCI131609 (2019)
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As of December 2019, 56 biosimilars have 
been approved by the European Medicines 
Agency1, and 25 have received approval from 
the FDA2. Among these are biosimilars of 
adalimumab, etanercept and infliximab, 
which are drugs indicated to treat rheuma-
toid arthritis (RA), psoriatic arthritis (PsA), 
axial spondyloarthritis (axSpA) and other 
inflammatory diseases. To grant market-
ing authorization to a biosimilar candidate, 
regulatory agencies require analytical data 
establishing high structural and functional 
similarity between the candidate biosimilar 
and its reference product, and clinical data 
demonstrating equivalent pharmacokinetic 
parameters and efficacy, as well as compa-
rable safety and immunogenicity. However, 
even with favourable data from these rigorous  
studies3, many patients and health-care pro-
viders remain reluctant to use a lower-cost bio-
similar in place of its reference product. Data 
published in 2019, both from randomized 
controlled trials (RCTs)4 and observational 
registries5, support the effectiveness of ‘non-
medical switching’ from a bio-originator to 
its biosimilar to achieve cost savings with-
out adverse clinical consequences. Advances 
have also been made in 2019 in understanding 
how to more effectively discuss with patients 
their expectations about transitioning from a 
bio-originator to its biosimilar6.

NOR-SWITCH7 is the only prospective, 
double-blind RCT that has investigated the 
outcome of nonmedical switching from a 

etanercept, the Danish government issued a 
recommendation8 in April 2016 that, unless 
precluded by individual circumstances, all 
patients being treated with etanercept for RA, 
PsA or axSpA be switched to the biosimilar. 
In 2019, Glintborg et al.5 reported the con-
sequences of this nonmedical switching in a 
‘real world’ observational cohort study con-
ducted using the nationwide DANBIO regis-
try. The investigators identified 2,061 patients 
who were being treated with etanercept as 
of April 2016, of whom 1,621 (79%) transi-
tioned to SB4. They compared the patients 
who transitioned with the other 440 (21%) of  
the 2,061 patients who did not transition  
and continued treatment with etanercept, and  
with a historical cohort of 2,363 patients who 
had received treatment with etanercept before 
the biosimilar had become available. Among 
those patients who transitioned to SB4, there 
were no clinically relevant differences in 
disease activity or rates of flare between the  
3 months immediately before and the 3 months 
immediately after the switch. Over the sub-
sequent year, the proportion of patients who  
withdrew from treatment was smaller for the 
patients who had transitioned to SB4 (18%) 
than for the patients who had continued treat-
ment with etanercept (33%). Although the 
1-year adjusted retention rate in the cohort 
of patients who transitioned to the biosimi-
lar (83%) was slightly lower than that in the 
historical cohort of patients treated with etan-
ercept (90%), it was slightly higher than that 
in the contemporary cohort of patients who 
continued treatment with etanercept (77%). 
Among the patients who transitioned to SB4, 
the predominant reason for discontinuing 

bio-originator to its biosimilar: in this case, 
infliximab to the infliximab biosimilar CT-P13 
in 438 patients with one of six inflamma-
tory diseases, including RA, PsA and axSpA.  
This trial, published in 2017, demonstrated 
that transitioning to CT-P13 was not infe-
rior to continuing treatment with infliximab 
in terms of disease worsening at week 52. In  
2019, Goll et al.4 published the results of the 
26-week open-label extension of the NOR- 
SWITCH trial, in which 183 (85%) of the 
216 patients who had continued treatment 
with infliximab throughout the double-blind  
phase were transitioned to CT-P13 (‘switch 
group’), and 197 (89%) of the 222 patients who 
had received CT-P13 during that period con-
tinued treatment with the biosimilar (‘main-
tenance group’). The proportions of patients 
in both groups who experienced the primary 
endpoint of disease activity worsening dur-
ing this 26-week extension were comparable: 
17% in the maintenance group and 12% in the 
switch group. Trough drug concentrations 
and the incidence of adverse events, infu-
sion reactions and antidrug antibodies were 
similar between the two groups4, as they had 
been during the 52-week double-blind phase7. 
Thus, in this prospective RCT4, no difference 
in safety or efficacy was observed between 
continuation of treatment with CT-P13 and 
tran sitioning from infliximab to CT-P13 over 
an additional 26 weeks.

In Denmark, because the cost of the etan-
ercept biosimilar SB4 was nearly half that of 

T H E R A P Y  I N  2 0 1 9

overcoming barriers to 
biosimilars in inflammatory 
arthritis
Jonathan Kay   

The availability of biosimilars to treat inflammatory diseases has generated 
concern about changing patients from a bio-originator to its biosimilar to 
save costs. Studies published in 2019 support the effectiveness and safety  
of ‘nonmedical switching’ and highlight the benefits of communicating 
information about biosimilars to patients in a positive light.

Key advances

•	The safety and efficacy of switching from 
infliximab to the infliximab biosimilar  
CT-P13 is similar to continued treatment 
with either infliximab or the biosimilar4.

•	Disease activity and flare rates do not differ 
between the 3 months immediately before 
and the 3 months immediately after 
‘nonmedical switching’ from etanercept  
to the etanercept biosimilar SB4 (ref.5).

•	Presenting information about biosimilars to 
patients in a positive light increases patient 
acceptance of the biosimilar and might 
improve persistence of treatment with  
the biosimilar6.

YeAr in review
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the biosimilar was a subjective ‘lack of effect’ 
reflected by an increase in the median 
patient’s global score, despite the lack of any 
substantial increase in objective measures of 
swollen joint count and C-reactive protein 
serum concentration. This finding5 suggests 
that the nocebo effect, which refers to the 
adverse symptoms that might accompany 
administration of an inert substance, could 
have contributed to discontinuation of SB4.

BIO-SPAN was a multicentre, prospec-
tive study conducted in the Netherlands and 
published in 2018 that assessed the effect 
of a structured communication strategy on 
continuation of treatment with the biosimi-
lar SB4 by patients with RA, PsA or axSpA9. 
In this study, 625 patients with RA, PsA or 
axSpA agreed to an open label voluntary 
switch from etanercept to SB4. Rheumatology 
and pharmacy staff were trained to coun-
sel patients about the biosimilar, informing 
them that the lower cost and lower incidence 
of injection site reactions were the reasons for 
switching, and to discuss the possible nocebo 
response. With this intervention, the crude 
6-month retention rate after switching to 
CT-P13 was 90%, which was similar to that 
of a historical cohort of 600 patients treated 
with etanercept (92%). Thus, implementa-
tion of a structured communication strategy 
seemed to improve persistence of treatment 
with a biosimilar.

Presenting information about biosimi-
lars in a positive light might increase patient 
acceptance of these medications and hence 

a biosimilar in place of the bio-originator 
is economic, patients must share in the cost 
savings obtained from switching. In coun-
tries with a national health system, such 
as the United Kingdom, use of lower-cost 
biosimilars might enable more patients to 
access treatment with effective medications. 
However, in countries where much of the 
cost of medications is borne by third-party 
payers, such as the United States, the individ-
ual patient should receive a reduced finan-
cial liability in the form of a lower or waived 
co-payment for using a biosimilar in place of 
the bio-originator.
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encourage switching and improve persistence. 
In 2019, Gasteiger et al.6 conducted a study to 
assess the effect of differently framed expla-
nations of biosimilars on patient perceptions 
of biosimilars and their willingness to switch 
to a biosimilar. In this parallel, four-arm RCT 
conducted in New Zealand, 96 patients with 
a variety of rheumatic diseases were presented 
with one of four different video explanations 
about biosimilars. Two of the explanations 
presented a positive viewpoint about biosim-
ilars and the other two presented a negative 
attitude toward biosimilars; one positively 
and one negatively framed explanation also 
included an analogy to facilitate commu-
nication. Those participants who had been 
provided with a positively framed explana-
tion believed that the biosimilar would be 
more effective and were more than twice as 
likely to be willing to switch to a biosimilar 
than those participants who had been pre-
sented with a negatively framed explanation. 
However, the inclusion of an analogy in the 
explanation did not improve understanding 
beyond that achieved with positive fram-
ing alone. Thus, it is important to empha-
size the potential bene fits of biosimilars 
in any structured communication strategy 
that is designed to encourage switching to  
biosimilars (fig. 1).

As more data are generated regarding the 
long-term efficacy and safety of switching to 
biosimilars, both patients and health-care 
providers will become more comfortable with 
their use. Because the main advantage of using 
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Biosimilar candidate
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• Functional similarity

Acceptance of
biosimilars by
patients and
health-care providers

Long-term data on
safety and efficacy of
nonmedical switching

Clinical data
• Equivalent pharmacokinetic

parameters and efficacy
• Comparable safety
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• Improve persistence

of treatment
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Successful
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Fig. 1 | Pathway for successful incorporation of biosimilars into clinical practice. A biosimilar 
candidate receives regulatory approval on the basis of analytical data showing structural and 
functional similarity to its reference product and clinical data showing equivalent pharmaco-
kinetic parameters and efficacy and comparable safety and immunogenicity. Collecting 
long-term data about the efficacy and safety of ‘nonmedical switching’ and educating patients 
and health-care providers about the benefits of biosimilars should facilitate the acceptance of 
biosimilars in clinical practice.
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In 2019, the application of new technologies 
has led to the characterization of specific sub-
sets of previously undescribed1 infiltrating  
immune cells2 and pathogenic resident cells3 
in the synovium at tissue and single-cell  
levels4. Some of these findings were associated 
with diagnosis, disease activity and prognosis 
in patients with psoriatic arthritis (PsA)2 or 
rheumatoid arthritis (RA)3,4, drawing clini-
cally relevant insights from next-generation 
tissue analysis (fig. 1).

Structural differences in the synovium 
between RA and PsA were described in the 
early 1990s5,6. The main differences included 
higher numbers of infiltrating macrophages 
and greater hyperplasia of the synovial  tissue 
lining layer in RA and increased hyper-
vascularity in PsA5,6. At the time, infiltrating  
T cells and B cells were not thought to  differ 
between the two diseases, although the 
T cell markers available and understanding 
of T cell subsets were limited7. Subsequent 
studies revealed a prevalent population of 
CD8+ T cells in the peripheral blood8 and an 
increase in IL-17A-producing CD8+ cells in 
the synovial fluid of patients with PsA, but 
none had described cells from PsA synovial 
tissue at a single-cell level until the 2019 study 
by Wade et al.2.

In their paper, Wade et  al.2 examined  
T cell subsets isolated from PsA synovial tissue 
and found the enrichment of a specific subset  
of poly functional T cells. These CD4+CD161+ 
T  cells expressed high concentrations of 
a variety of cytokines, including IL-17A, 
IFNγ, TNF and granulocyte–macrophage 
colony-stimulating factor (GM-CSF). Unlike 
T cells that produce a single cytokine, the 
number of triple-positive T cells (express-
ing GM-CSF, TNF and IL-17 or IFNγ) cor-
related positively with measures of clinical 
disease activity such as the Disease Activity 
in Psoriatic Arthritis (DAPSA) score. Further-
more, in ex vivo PsA synovial tissue single- 
cell suspension cultures, polyfunctional 

targeted therapies in RA and PsA, the role 
of resident synovial tissue cells in inflamma-
tion and damage has been unclear until now.  
In 2019, a study by Croft et al.3 provided the 
most comprehensive analysis of fibroblast 
subsets in RA synovial tissue to date. In this 
study3, the authors used cutting-edge techno-
logies such as cytometry by time-of-flight 
and single-cell RNA sequencing to study 
fibroblasts isolated from human RA synovial 
tissues and confirmed their findings using 
both in vitro cell culture and an in vivo mouse 
model of inflammatory arthritis.

In a series of complex but well-defined 
studies, Croft et al.3 described a distinct sub- 
population of fibroblasts that are pathogenic 
in patients with RA. Two separate populations 
of fibroblast activation protein-α (FAPα)-
positive synovial fibroblasts were discovered 
by single-cell transcriptional analysis on the 
basis of their expression of thymus cell anti-
gen 1 (THY1). FAPα+THY1+ fibroblasts were 
located in the sub-lining region of the syno-
vial tissue and showed an immune effector 
function, whereas FAPα+THY1− fibroblasts 
were restricted to the lining layer of the syno-
vial tissue and were associated with an inva-
sive, destructive phenotype. These subsets 
of fibroblasts were anatomically distinct and 
had non-overlapping effector cell functions: 
FAPα+THY1− fibroblasts caused damage to 
cartilage and bone, and FAPα+THY1+ fibro-
blasts regulated inflammation via the pro-
duction of pro-inflammatory cytokines and 
chemokines. These different functions will 

GM-CSF+TNF+IL-17A+ T cells were inhibited 
by a phospho diesterase 4 inhibitor (a licensed  
treatment for PsA), whereas no effect was 
repor ted for single-cytokine-producing T cells.  
This study2 was the first to report a detailed 
single-cell analysis of the phenotypic charac-
teristics of T cell subsets isolated from PsA 
synovial tissue and to demonstrate that poly-
functional T cells are enriched at the site of 
tissue inflammation. The strong association 
of these T cells with DAPSA scores and with 
an ex vivo therapeutic response introduces 
the notion of concomitant or adjuvant ther-
apy in PsA, which might be indicated to block  
multiple pathways of inflammation at once.

Whereas studies of infiltrating synovial 
lymphocytes, and the cytokines they produce, 
have provided the basis for many successful 
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Next-generation analysis of 
synovial tissue architecture
Douglas J. Veale    and Ursula Fearon

The synovium is the main target tissue of inflammatory arthritides such as 
rheumatoid arthritis and psoriatic arthritis. In 2019, new technologies for 
examining the molecular characteristics of specific cell subsets have enabled 
advances in our understanding of the architecture of synovial lymphoid 
aggregates, macrophage infiltrates and synovial fibroblast subsets.

Detailed synovial tissue analysis

Insights into PsA pathogenesis
and potential therapies

Insights into RA pathogenesis
and potential therapies

Polyfunctional T cells

GM-CSF

Lympho-myeloid pathotype
on immunohistochemistry

FAPα+THY1+

Distinct fibroblast
subtypes

FAPα+THY1–
TNF

IL-17A
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Fig. 1 | Advances from detailed analysis of synovial tissue architecture. In psoriatic arthritis 
(PsA) synovial tissue, a specific subset of pathogenic T cells produce a combination of pro- 
inflammatory cytokines that correlates with disease activity scores and can be suppressed by a 
phosphodiesterase inhibitor. In rheumatoid arthritis (RA) synovium, the baseline pathotype predicts 
those patients with severe disease at 12 months, and synovial fibroblast subsets have specific tissue 
localization and non-overlapping functions that might be targeted with novel therapeutic strate-
gies. FAPα, fibroblast activation protein-α; GM-CSF, granulocyte–macrophage colony-stimulating 
factor ; THY1, thymus cell antigen 1.
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have important implications for cell-based 
therapies aimed at modulating inflamma-
tion and tissue damage in RA. The findings 
of Croft et al.3 suggest that there might be a 
justifiable rationale for novel therapies that 
selectively remove or target specific subsets 
of mesenchymal cells for replacement in a 
variety of diseases, including RA.

In another 2019 study4, analysis of synovial 
tissue samples at RA diagnosis predicted those 
patients who required biologic DMARDs at 
12 months. Lliso-Ribera et al.4 examined the 
synovial tissue of 200 treatment-naive patients 
with early arthritis, stratified according to the 
1987 American Rheumatism Association9 and 
the 2010 American College of Rheumatology 
(ACR)–EULAR10 classification criteria for 
RA, for predictive factors for the transition 
from undifferentiated arthritis (UA) to RA. 
To do so, they grouped the samples accord-
ing to their synovial architecture, using pre-
viously described pathotypes (pauci-immune, 
diffuse-myeloid and lympho-myeloid), and 
investigated synovial gene signatures using 

further enable classification and stratification 
of patients with inflammatory arthritis at an 
early stage of disease, which should lead to 
improved precision medicine.
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RNA sequence analysis. The inclusion of the 
syno vial histological pathotype and mole-
cular analysis in prediction models improved 
the sensitivity and specificity of classifica-
tion over the 1987 classification  criteria9 
and enab led the prediction of patients 
who would subsequently require biological  
therapy, irrespective of disease duration.

The study by Lliso-Ribera et al.4 was the 
largest investigation to date to analyse the clin-
ical phenotype, synovial histopathology and  
molecular gene signatures of patients with 
UA and RA. The results support the use of 
synovial tissue architecture pathotypes in 
treatment decisions for patients with RA. The 
RNA sequence analysis also produced inter-
esting results that suggest that patients with 
RA who have the lympho-myeloid pathotype 
are more likely to receive biologic DMARDs 
than patients with other pathotypes. The 
lympho-myeloid pathotype is associated with 
differentially upregulated genes predomi-
nantly involved in mediating B cell activation 
or function (including CD79A, CD38, IGJ, 
CXCL13, IRF4, CCL19, CD38, TNFA and IL6). 
Lliso-Ribera et al.4 suggest that the ‘window of 
opportunity’ for effective treatment is perhaps 
wider than previously proposed (12 months, 
rather than 6 months), and that stratifica-
tion of patients according to synovial patho-
biological subtypes at disease onset might 
improve the choice of therapy for patients 
with a poor prognosis. However, although 
the authors determined whether patients were 
receiving conventional or biologic DMARDs 
at 12 months, the response to treatment in 
these patients was not clear.

As demonstrated in studies from 2019, 
improved access to synovial tissue samples4, 
along with the rapid development of scientific 
technologies to analyse cell subsets isolated 
from that tissue at a single-cell level2,3, will 

Key advances

•	Single-cell analysis identified a subset of 
polyfunctional	T cells	in	synovial	tissue	from	
patients with psoriatic arthritis that produce 
several pro-inflammatory cytokines and are 
associated with disease activity2.

•	Distinct fibroblast subtypes with non- 
overlapping pathogenic roles identified by 
single-cell analysis in rheumatoid arthritis 
(RA) synovial tissues indicate that selective 
targeting of such cells could represent a 
novel therapeutic strategy3.

•	Synovial pathotype classification and RNA 
sequence analysis in early arthritis can 
predict the development of persistent, 
erosive RA that will require treatment with 
biologic DmARDs4.
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The growth of big data in clinical research and 
advancements in computational approaches 
have opened up new avenues to study com-
plex diseases. As a result, rheumatology is 
undergoing a transformational change in 
which high- throughput technologies and 
machine learning models hold the pro mise 
to improve patient classification, facilitate 
early diagnosis and predict which drug works 
for which patient, all ultimately leading 
towards precision medicine. It is reasonable 
to imagine that in a decade or two, clinical 
diagnosis might be largely performed using 
a combination of cheap, accessible and mini-
aturized high- throughput technologies and 
accurate machine learning models. Despite 
these promises, application of machine 
learning in rheumatology has been hindered 
by the complexity and heterogeneity of rheu-
matic diseases, small cohort sizes and vary-
ing effect sizes of different molecular and 
clinical factors1. However, 2019 saw several 
major scientific advancements related to the 
clinical application of machine learning in 
rheumatology2–4.

Rheumatic diseases such as rheumatoid 
arthritis (RA), systemic lupus erythemato-
sus, juvenile idiopathic arthritis (JIA) and  
systemic sclerosis vary greatly from one patient 
to another in terms of disease mani festa-
tion, progression, phenotype and response 
to therapies. This heterogeneity typi cally  
makes it difficult for clinicians to successfully 
treat patients, predict treatment out come 
and provide optimal care. To reduce the  
socioeconomic burden of rheumatic dis-
eases and improve the lives of patients, it is 
important to identify which drug to give to 
which patient and for how long. In practice, 
however, because of disease heterogeneity 

Given the need to predict treatment res-
ponses to TNF inhibitors, the Dialogue on  
Reverse Engineering Assessment and Methods  
(DREAM) community crowdsourced the 
RA responder challenge as an open competi-
tion. The aim of the DREAM: RA Responder 
Challenge was to boost the development 
and benchmarking of methods that can use 
genetic data to predict response to TNF inhib-
ition5. The challenge comprised ~2,700 indi-
viduals from 13 different European cohorts. 
In 2019, Guan et al.3 won the challenge by 
constructing a machine learning model to 
predict changes in the disease activity score 
in 28 joints (DAS28) of the patients and 
to predict the response to TNF inhibition 
(adalimumab, etanercept, certolizumab and 
infliximab). As part of the challenge, Guan 
and colleagues trained a Bayesian (Gaussian 
process regression (GPR)) model on clini-
cal and genetic features obtained from 1,892 
patients with RA, and the reproducibility of 
the model was tested on data obtained from 
an additional 680 patients. Interestingly, the 
baseline DAS28 score could better predict 
response to therapy than genetic biomarkers3, 
yet genetic biomarkers improved the predic-
tive accuracy of their model. Thus, this study 
shows that genetic heterogeneity, along with 
robust clinical assessment, can together be 
used for improving treatment strategies for 
patients with RA.

JIA is a heterogeneous childhood disease 
involving inflammation of joints. In 2019, 
Eng et al.4 used patterns of joint involvement 
and a machine learning approach (sparse 
multi layer non- negative matrix factoriza tion) 
to stratify patients with JIA into groups and 
developed a model to better predict the dis-
ease course of JIA4. To this aim, 640 patients 
with JIA who were treatment- naive were 
scored for joint involvement by physical joint  
examination and were subsequently followed 

and the availability of multiple drugs, dif-
ferent rheumatic diseases are treated using 
a trial and error approach to discover which 
drug has a high efficacy and few adverse 
effects. Clearly, this approach is not the  
ideal scenario.

In RA, patients who do not adequately 
respond to the first line of treatment are typi-
cally switched to TNF inhibitors such as  
adalim umab, etanercept and infliximab. In the 
past decade, several successful studies have 
highlighted that genetic and epigenetic bio-
markers can be used for predicting the treat-
ment response of patients with RA. In 2019, 
Kim et al.2 performed a meta- analysis of RA 
synovial transcriptomic profiles obtained  
by integrating 11 different publicly avail-
able datasets and compared them to profiles 
obtained from patients with osteoarthritis or 
from healthy individuals. Using an unsuper-
vised machine learning method (non- 
negative matrix factorization (NMF)) and 
filtering from expres sion profiles of >11,000  
genes, Kim et al. identified three clusters of 
patients with RA2. Patients within the three 
identified RA clusters had differences in 
genes enriched in several key and targetable 
signalling pathways, including signalling via 
nuclear factor- κB (NF- κB), transforming 
growth factor- β (TGFβ), type I and type II 
interferons, the T cell receptor, the JAK–
STAT axis and TNF. The researchers further  
showed that differences in the activation 
of genes involved in some of these signal-
ling pathways could predict the response  
to infliximab with high accuracy. Thus, the 
study by Kim et al. highlights that transcrip-
t omic profiles obtained from affected tissues 
can be used for patient stratification and the 
prediction of response to treatment2.
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machine learning 
in rheumatology 
approaches the clinic
Aridaman Pandit    and Timothy R. D. J. Radstake

Machine learning and high- throughput technologies hold promise for  
the classification, diagnosis and treatment of patients with rheumatic 
diseases, with the ultimate goal of precision medicine. Several studies in 
2019 highlight the feasibility and clinical utility of using machine learning 
in rheumatology to stratify patients and/or predict treatment responses.

Key advances

•	Synovial transcriptomic analysis and  
a machine learning- based approach 
identified subgroups of patients with 
rheumatoid arthritis (RA) and enabled  
the development of a model that could 
predict treatment response to TNF 
inhibition2.

•	A machine learning- based model, 
developed as part of a crowdsourced open 
competition, could predict changes in 
disease activity and predict the treatment 
response of patients with RA3.

•	Analysis of patterns of joint involvement 
and a machine learning- based approach 
enabled the development of a model that 
could predict the disease course of patients 
with juvenile idiopathic arthritis4.
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for 5 years. To determine whether the dis-
ease course differed depending on joint 
involve ment, these 640 patients were further 
sub divided into three groups by degree of 
local ization of joint involvement: localized 
(>90%; n = 359), partially localized (60–90%; 
n = 124) or extended (<60%; n = 157). There-
after, time to zero joint involvement was  
modelled using multivariate Cox propor tional 
hazard modelling for each group. Intrigu ingly, 
at least half of the patients with involve ment 
of particularly the knees reached the zero joint 
involvement time point by 6 months, whereas 
most patients with involvement of the pelvic 
girdle, wrists, toes or ankles reached this end-
point by 1 year4. Disease was most resistant 
to therapy for patients with primarily finger 
involve ment or patients classified as having 
indis tinct involvement, as these patients only 
reached this endpoint after 18 months or after 
>3 years, respectively. These results were vali-
dated in an independent replication cohort of 
119 patients. Taken together, this study high-
lights that the location of joint involve ment 
in JIA is important for prognosis and justi fies 
the collection of categorical joint data in com-
bination with machine learning approaches 
to aid in making decisions concerning the 
treatment of patients with JIA4.

the quality of life of patients with rheumatic 
diseases and for bringing the best drug to the 
patient at the optimal time and for the optimal 
duration.
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Collectively, these papers show that the 
collection of both clinical and molecular data  
from patients with rheumatic diseases and 
the subsequent interrogation of these data 
by computational modelling techniques can 
augment clinical decision making2–4 (fig. 1). 
Enormous amounts of data are currently being  
collected in real- time patient cohorts as well 
as in clinical trials, and so the clinical utility of 
machine learning will likely further increase 
in the coming years and soon reach regular  
patient care in the form of precision medicine6.  
To reach a future in which precision medicine 
is commonplace for rheumatic diseases, the 
clinical data should be accessible to the wider 
community of researchers7,8. The DREAM: 
RA Responder Challenge is a crucial example 
of this approach3. This challenge made avail-
able a large clinical and molecular dataset that 
functioned as a benchmark and enabled the 
wider research community to develop and 
test several machine learning approaches. 
Benchmark approaches to test machine learn-
ing and artificial intelligence methods should 
be promoted within rheumatology research 
to obtain the best model with high prediction 
accuracy and reproducibility8. This approach 
is essential for obtaining robust and reprodu-
cible machine learning models that increase 

Clinical data Machine
learning

Precision
medicine

• Disease
classification

• Early disease
diagnosis

• Treatment response
prediction

High-throughput
technologiesMolecular data

Fig. 1 | Machine learning for precision medicine in rheumatology. Advancements in high- 
throughput technologies and machine learning algorithms are enabling researchers to integrate 
clinical and molecular data to reach regular patient care in the form of precision medicine.
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Despite limited evidence demonstrating the 
effectiveness of opioids for chronic non-cancer 
pain, their use has increased in patients with 
rheumatic diseases. A 2018 meta-analysis of 
randomized controlled trials of opioids for 
chronic non-cancer pain showed a statistically 
significant, but not clinically meaningful, dif-
ference in pain and physical functioning with 
use of opioids compared with placebo1. Three 
studies in 2019 examined the trends and safety 
of opioid use in patients with rheumatoid 
arthritis (RA) or osteoarthritis (OA)2–4.

To examine the prevalence of and factors 
predictive of chronic opioid use in patients 
with RA, Lee et al.2 conducted a cohort study 
of 33,739 patients with RA enrolled in the 
Corrona registry in the USA. The prevalence 
of chronic opioid use, defined as any opioid 
use reported during ≥2 consecutive study  
visits, more than doubled from 7.4% in 2002 
to 16.9% in 2015. This trend correlates with 
the opioid epidemic in the general population, 
but it also coincides with a period when RA 
treatment improved through a growing num-
ber of biologic or targeted synthetic DMARDs. 
The patients in the Corrona registry had 
moderate RA disease activity (median clini-
cal disease activity index (CDAI) score 9.2), 
and 40.4% used biologic DMARDs and 27.1% 
used corticosteroids. An increased risk of 
chronic opioid use was associated with base-
line patient characteristics such as severe pain 
(HR 2.53; 95% CI 2.19–2.92), antidepressant 
use (HR 1.79; 95% CI 1.64–1.92), high dis-
ease activity (HR 1.55; 95% CI 1.30–1.84) and 
severe disability (HR 1.45; 95% CI 1.27–1.65).  
With the availability of many effective biologic 
or targeted synthetic DMARDs for RA, it is 
likely that rheumatologists or clinicians could 
reduce chronic opioid use among patients 
with RA by using a treat-to-target strategy to 
better control RA disease activity. However, 
this study also underlines the importance of 
better management of non-inflammatory 
pain and depression.

enro lees with OA (mean age 74) reported that 
7.2% continuously used opioids and 51.0% 
intermittently used opioids in the year prior 
to total knee replacement (TKR)5. Although 
continuous opioid users were younger than 
non-users, they had more comorbidities and 
a greater use of other analgesic medications, 
benzodiazepines and anticonvulsants than 
non-users. In-hospital mortality, 30-day 
mortality and other safety outcomes occurred 
more frequently in continuous users versus 
non-users5. This study raises the question of 
whether minimizing pre-operative opioid use 
could reduce the rate of post-TKR complica-
tions. Although the observational design of 
this study makes it difficult to determine how 
much the differences in the baseline charac-
teristics between continuous opioid users and 
non-users, or differences in the opioid use 
itself, might have contributed to the worse 
post-surgical outcomes among continuous 
users, it is likely that pre-operative patterns of 
opioid use could help predict the risk of poor 
outcomes of TKR among patients with OA.

Tramadol, a μ-opioid receptor agonist, is 
widely used to treat acute and chronic pain as 
it is generally considered a weak opioid with 
a relatively low potential for dependence and 
other adverse effects. Furthermore, tramadol is 
strongly recommended in the 2013 American 
Academy of Orthopaedic Surgeons guidelines 
and conditionally recommended in the 2012 
American College of Rheumatology guidelines 
for the treatment of symptomatic knee OA6,7; 
notably, the 2019 Osteoarthritis Research 
Society International guidelines do not rec-
ommend oral or transdermal opioids for the 
management of OA8. A UK-based cohort 
study by Zeng et al.4 examined the safety of 
tramadol in patients with OA. Using data from 
the Health Improvement Network database, 
they identified 88,902 patients with OA with 
a mean age of 70.1 years (SD 9.5 years). Those 
who received an initial prescription for tram-
adol were generally older, had a higher rate of 
obesity, had a longer duration of OA and had 
a greater number of comorbidities than those 
who were prescribed an NSAID (naproxen, 
diclofenac, celecoxib or etoricoxib). To control 

Use of prescription opioids is also common 
in patients with moderate-to-severe knee or 
hip OA. Over the past decade, several different 
efforts including national policies, treatment 
guidelines and initiatives have been imple-
mented to reduce the use of opioids and pre-
vent overdose and other harms associated with  
opioid use. In a quasi-experimental study of 
older US veterans with knee or hip OA (mean 
age 63 years), Trentalange et al.3 reported a 
decrease in rates of total analgesic prescribing 
by 30.6% and opioid prescribing by nearly half 
(47.8%) after implementation of the Veterans 
Health Administration system-wide Opioid 
Safety Initiative (OSI) in 2013. The observed 
reduction in opioid prescribing patterns was 
in part related to an increase in prescribing of 
other analgesics, including menthol (with and 
without salicylate), capsaicin and local anaes-
thetics but excluding NSAIDs, during the 
post-OSI period. Notably, Trentalange et al.  
did not find an increase in overall patient- 
reported pain intensity after implementation 
of the OSI. This study supports the effective-
ness of safe opioid prescribing initiatives and 
provides reassuring data that limiting opioid 
use among patients with OA does not nec-
essarily make them experience worse pain. 
Furthermore, some studies suggest a detri-
mental role of pre-operative opioid use on 
clinical outcomes after total joint replace-
ment surgery. A cohort study of US Medicare 
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Towards defining the safer use 
of opioids in rheumatology
Seoyoung C. Kim    and Daniel H. Solomon

Use of prescription opioids is prevalent in patients with rheumatic diseases. 
Studies in 2019 reported the trends and safety of opioids in patients with 
rheumatoid arthritis or osteoarthritis. Treating underlying disease processes 
must be the rheumatologists’ priority. Without better long-term safety and 
effectiveness data, opioid use should be generally limited.

Increased use of
prescription opioids

Opioid use linked
with  adverse events

Careful evaluation
of risk:benefit ratio

Fig. 1 | Trends and safety in opioid use in 2019. The use of opioids is increasing in patients with 
rheumatoid arthritis and osteoarthritis and is associated with potential harms. Initiatives to change 
prescribing patterns can reduce these risks.
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for confounding between the groups, each of 
the patients who initiated treatment with an 
NSAID or codeine (another weak opioid)  
were propensity-score-matched in a 1:1 ratio 
to tramadol initiators. Over the 1-year follow- 
up period, tramadol was associated with a  
1.7–2-fold higher rate of mortality than the 
NSAIDs; however, the mortality was similar  
between tramadol and codeine users. Although  
the exact mechanism by which tramadol 
might increase mortality is unclear, trama-
dol’s unique action on serotonergic and nor-
adrenergic neurotransmission, particularly 
with concomitant use of alcohol or other cen-
tral nervous system depressants, could lead to 
serious safety events including hypoglycae-
mia, fractures and death9,10. The Zeng et al. 
study highlights the need for caution when 
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prescribing opioid analgesics — including the 
assumed weak opioid tramadol — although 
whether there is a causal relationship between 
tramadol use and increased risk of mortality 
remains unclear.

In conclusion, chronic opioid use is common 
among patients with rheumatic diseases, includ-
ing RA and OA. The three studies from 2019  
we highlight here have advanced our under-
standing of utilization trends and potential  
harms related to opioids in patients with RA 
or OA. Although prescription opioids might be 
the only option for some patients with severe 
pain for whom other analgesics are contra-
indicated, clinicians should conduct a careful 
evaluation of patient risk profiles and discuss 
the potential benefits and risks of opioid anal-
gesics, as well as suggest alternative approaches 
for pain control (for example, better control of 
RA disease activity, underlying depression or 
other causes of pain). Increasingly, patients 
appreciate the risks of opioids and should be 
active partners in the overall treatment of their 
arthritis, including pain management (fig. 1).

Seoyoung C. Kim   * and Daniel H. Solomon

Division of Pharmacoepidemiology and 
Pharmacoeconomics and Division of Rheumatology, 
Inflammation and Immunity, Brigham and Women’s 

Hospital and Harvard Medical School,  
Boston, MA, USA.

*e-mail: sykim@bwh.harvard.edu

https://doi.org/10.1038/s41584-019-0360-1

Key advances

•	Chronic use of opioids in patients with 
rheumatoid arthritis in the uSA doubled  
from 7.4% in 2002 to 16.9% in 2015 despite 
availability of a growing number of DmARDs2.

•	Implementation of a guideline-based opioid 
safety initiative led to a decrease in rates of 
opioid prescribing for osteoarthritis without 
changes in patient-reported pain intensity3.

•	use of tramadol is associated with greater 
mortality compared with NSAIDs among 
older patients with osteoarthritis4.
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The past decade has seen many studies that 
have highlighted fundamental roles for 
neutrophils in various diseases. Neutrophil 
extracellular trap (NET) formation is a cel-
lular process that leads to the extracellular 
release of a meshwork of nucleic acids, his-
tones and granule proteins from neutrophils. 
NETs form in response to microbial insults, 
but have also been linked to pathological 
conditions including cancer, atherosclerosis 
and autoimmune diseases1. Enhanced NET 
formation, disrupted NET clearance and/or  
modifications in the protein and nucleic acid 
cargoes of NETs promote dysregulated immu-
nity, autoantigen modification and externali-
zation, and tissue damage. Despite substantial 
advances in our understanding of the mole-
cular pathways involved in NET formation, 
many open questions remain regarding their 
precise role in chronic inflammation, the 
genetic and epigenetic factors and signalling 
pathways involved in NET formation and 
clearance, and how to pharmacologically 
abrogate dysregulated NET responses.

Several advances have been made in 2019 
towards a better understanding of the genetic 
mechanisms implicated in dysregulated NET 
formation in autoimmune2 and autoinflam-
matory conditions3. Furthermore, new mech-
anistic insights into how NETs damage the 
vasculature have expanded our understanding 
of the role of neutrophils in atherosclerosis4,  
a phenomenon that contributes to increased 
morbidity and mortality in patients with  
systemic autoimmune diseases (fig. 1).

Aberrant modification of proteins by the 
enzyme peptidylarginine deiminase 4 (PAD4) 
has been linked to the pathogenesis of several 
diseases, including cancer, multiple sclero-
sis and rheumatoid arthritis (RA). PAD4 is 
highly expressed by myeloid cells, including 
neutrophils, and has been implicated in NET 
formation under experimental conditions5; 

Another link between human genetic 
susceptibility to inflammatory diseases and 
the ability of neutrophils to form NETs came 
from a 2019 study by Carmona-Rivera et al.3. 
Deficiency of adenosine deiminase 2 (DADA2) 
is a condition caused by a loss-of-function 
mutation in ADA2 (encoding adenosine 
deiminase 2 (ADA2)) that is charac ter ized 
by a severe form of systemic vasculitis and 
early-onset stroke8. ADA2 reduces extra-
cellular adenosine concentrations at sites of 
inflammation, and individuals with DADA2 
often have an inflammatory vasculopathy with  
myeloid cell infiltration. In tissues obtai ned 
from sites of gastrointestinal involve ment from 
patients with DADA2, Carmona-Rivera et al.3 
found evidence of neutrophils undergo-
ing NET formation and could show a link 
between increased concentrations of extra-
cellular adenosine and enhanced NET for-
mation in vitro. The effect of adenosine on 
NET formation was mediated through the 
engagement of the high-affinity adenosine 
A1 and A3 receptors on neutrophils, whereas 
engagement of the low-affinity A2a receptor  
led to NET inhibition. NETs generated in indi-
viduals with DADA2 were pro-inflammatory, 
as they activated the NF-κB pathway in macro-
phages, thereby promoting TNF synthesis.  
Given that TNF inhibitors have proven to 
be effective in treating DADA2 (ref.3), these 
observations implicate dysregulated NET for-
mation promoted by adenosine in the patho-
genic inflammatory cascade in this disease. 
The relevance of dysregulated adenosine bio-
logy for autoimmunity and autoinflammation 
is supported by another 2019 publication that 
linked adenosine pathways, NETs and throm-
botic events in antiphospholipid syndrome9. 
Overall, these studies3,9 suggest that the effect 
of adenosine on neutrophils is complex and 
context dependent, but could be a promising 
target for pharmacological modulation in 
inflammatory conditions.

however, the contributions of single nucleo-
tide polymorphisms in PADI4 (encoding 
PAD4) to RA risk remain unclear6. In a 2019 
study, Odqvist et al.2 reported a genetic link 
between the deubiquitinase (DUB) domain of  
the A20 protein, PADI4 regulation and risk 
of developing systemic lupus erythematosus 
(SLE). The A20 protein is a negative regu-
lator of the transcription factor NF-κB, and 
genetic variations in the A20 DUB domain 
have previously been linked to increased risks 
of developing RA or SLE2. However, when 
Odqvist et al.2 tested mouse and human mye-
loid cells carrying one of these genetic variants 
of A20, they found no measurable effect on 
NF-κB signalling. By studying the transcrip-
tome of cells carrying this A20 DUB domain 
variation, Odqvist et al.2 reported that PADI4 
expression was upregulated in these cells com-
pared with wild-type cells, and that this upregu-
lation was associated with increased PAD4 
enzymatic activity, as quantified by protein 
citrullination. This finding was also associ-
ated with an enhanced ability of neutrophils 
carrying the A20 DUB variant to form NETs 
when stimulated. Patients with SLE who car-
ried the A20 DUB variant were more likely to 
develop autoantibodies against citrullinated 
proteins than patients with SLE without the 
variant, even though this type of autoantibody 
response is uncommon in SLE and is usually 
considered to be specific for RA. Overall, 
these findings support the concept that certain 
genetic variants that are associated with an 
increased risk of developing autoimmune dis-
orders might exert their effect, at least in part, 
through modulation of the ability of neutro-
phils to form autoantigen-carrying NETs. This 
concept is also supported by previous work 
showing that polymorphisms in PTPN22 
associated with increased risk for autoimmune 
diseases can modulate PAD4 activity, protein 
citrullination and NET formation7.

 I M M U N O LO GY  I N  2 0 1 9

NETs spread ever wider in 
rheumatic diseases
Gustaf Wigerblad and Mariana J. Kaplan   

Dysregulation in the formation and/or clearance of neutrophil extracellular 
traps (NETs) is important in immune dysregulation and organ damage in 
chronic inflammatory conditions. Studies in 2019 have shown how certain 
genetic susceptibilities to autoimmunity can promote NET-mediated 
inflammation, and expanded the role for NETs in vascular damage and 
premature atherosclerosis.

Key advances

•	Genetic risk alleles for systemic lupus 
erythematosus (Sle) and rheumatoid 
arthritis (RA) are functionally linked to 
increased peptidylarginine deiminase 4 
expression and enhanced neutrophil 
extracellular trap (NeT) formation2.

•	Insights into the monogenic 
autoinflammatory disease deficiency  
of adenosine deiminase 2 (DADA2) link 
adenosine metabolism with neutrophil 
activation, NeT formation and pathogenic 
inflammatory cascades3.

•	Histone H4, which is present in NeTs,  
is involved in plaque destabilization in 
atherosclerosis, an important co-morbidity 
of RA and Sle4.
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Another important advance in under-
standing the role of NETs in inflammation 
and organ damage came from a 2019 publi-
cation by Silvestre-Roig et al.4. NETs have pre-
viously been linked to dysregulated immune 
responses in the arterial wall and to the devel-
opment of atherosclerosis10. Silvestre-Roig 
et al.4 linked histones present in NETs to 
the destabilization of atherosclerotic lesions,  
a major complication in several autoimmune 
diseases, including SLE and RA. Neutrophils 
directly affected the survival of vascular 
smooth muscle cells (VSMCs) in atheroscle-
rotic plaques, which Silvestre-Roig et al. sug-
gest could be an important step in disrupting 
plaque stability and promoting acute coronary 
syndromes. In vivo and in vitro approaches 
showed that VSMCs attract neutrophils via 
CC-chemokine ligand 7 (CCL7). In turn, 
neutrophils formed NETs in the vessel intima 
that had potent cytotoxic effect on VSMCs, 
thereby promoting plaque destabilization. 

which they regulate cellular functions (fig. 1). 
Furthermore, the pathogenic role of NETs in 
the context of vascular damage (both in the 
context of adenosine and histones) has been 
further defined3,4 and might lead to the future 
development of therapies to target challenging 
medical conditions associated with increased 
cardiovascular risk.
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This cytotoxic effect of NETs was mediated 
by histone H4, which bound to VSMCs 
and formed pores in their cell membranes. 
Blocking NET formation through PAD4 
disruption or histone H4 inhibition rescued 
VSMC viability and enhanced vascular plaque 
stability in hypercholesterolemic mice. These 
findings4 could be expanded to research into 
other neutrophil-mediated diseases, in which 
histones could have toxic effects on other 
target cells. It would be important to assess 
the role of specific histone post-translational 
modifications, which are commonly present 
in NETs, in this cellular damage process.

Overall, discoveries made in 2019 have 
added new pieces to the puzzle of which 
mechanisms promote aberrant NET forma-
tion and how these mechanisms function 
in human diseases. Our knowledge of the 
genetic determinants involved in neutrophil 
dysregulation in inflammatory diseases2,3 
has expanded, revealing the complex way in 
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Fig. 1 | New insights into NET formation and the role of NETs in disease states. A genetic vari-
ation in the A20 protein is associated with an increased risk of autoimmune diseases and also upreg-
ulates peptidylarginine deiminase 4 (PAD4) expression in neutrophils, thereby increasing neutrophil 
extracellular trap (NET) formation2. Dysregulated adenosine metabolism in individuals with the 
monogenic vasculitis deficiency of adenosine deiminase 2 (DADA2) causes increased NET formation 
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triggers arterial tissue damage and plaque instability4. ADA2, adenosine deiminase 2.
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Hyperuricaemia is classically defined as an elevation  
of blood urate concentration beyond the solubility 
threshold1. In the absence of episodes of inflammation 
triggered by monosodium urate (MSU) crystals (that 
is, gout flares), hyperuricaemia is referred to as asymp-
tomatic. Today, ~20% of individuals in the USA have 
symptom atic or asymptomatic hyperuricaemia2. The well- 
 accep ted consequence of hyperuricaemia is an increased 
risk of gout and kidney stones, and in evidence- based 
international guidelines, treatment of hyperuricaemia 
is currently recommended only in people with these 
established conditions3–7. Yet, people with asymptomatic 
hyperuricaemia are also at risk of developing a variety  
of other conditions, including hypertension, acute and 
chronic kidney disease, obesity, metabolic syndrome, 
fatty liver and diabetes mellitus8,9. Although historically, 
hyperuricaemia was thought to develop secondary to 
these conditions, evidence suggests that hyperuricaemia 
precedes these diseases10–12. Indeed, a study in a Japanese 
cohort found that the presence of hyperuricaemia in 
healthy, lean, normotensive individuals still carries an 
increased risk of cardiometabolic disease (such as hyper-
tension, dyslipidaemia, surplus weight, and chronic kid-
ney disease)13 and, in Japan, urate- lowering therapy is 
already recommended for individuals with serum urate 
concentrations >8 mg/dl14.

In this Review, we examine the role of uric acid in 
driving inflammation. We describe existing evidence 
that links high urate exposure to an increased inflam-
matory capacity across several tissues and immune cell 
types, and we posit that innate immune priming by uric 
acid could be a relevant mechanism behind the asso-
ciation of hyperuricaemia with common inflammatory 
diseases.

Throughout this paper, the generic term ‘uric acid’ 
is used to describe the end- product of purine catabo-
lism in humans and to describe data from experimental 
models in which exogenous uric acid was dissolved and 
administered in order to study its inflammatory effects. 
As urate, the ionized form of uric acid, is the predom-
inant form in the circulation, the term ‘urate’ is used 
to refer to circulating plasma or serum levels15 and to 
discuss the inflammatory effects of both crystalline and 
soluble uric acid.

Uric acid and hyperuricaemia
Uric acid metabolism
Uric acid is a purine degradation product generated 
from the breakdown of purines (guanine and adenine) 
and purine- containing compounds (such as nucleic 
acids and adenosine triphosphate). Uric acid can also 
be generated from ribose 5-phosphate by a series of 
enzymatic reactions. In most mammals, serum con-
centrations of urate (the circulating form of uric acid) 
are relatively low (1–3 mg/dl) owing to the presence of 
uricase (also known as urate oxidase), an enzyme in the 
liver (or occasionally in the kidneys) that degrades uric 
acid to 5-hydroxyisourate and eventually to allantoin16 
(Fig. 1). However, a number of species lack functional 
uricase, including birds and most reptiles. In these 
species, serum urate concentrations are relatively high, 
and the excretion of uric acid is the primary means of 
eliminating excess nitrogen17,18. In fact, it has been pro-
posed that the loss of functional uricase in these species 
provided an evolutionary benefit for living in terrestrial 
versus marine environments, as the uric acid could be 
precipitated in the cloaca and excreted with a minimal 
loss of water17.
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Uricase is also absent in hominoids owing to a series 
of mutations in hominids (including orangutans, goril-
las, chimpanzees and humans), as well as a parallel 
mutation that eliminated uricase in gibbons, during 
primate evo lution19,20. The parallel loss of uricase dur-
ing the Middle Miocene strongly suggests that this loss 
provi ded a natural selection advantage at that time21. 
Moreover, SLC22A12, the gene encoding urate anion 
exchanger 1 (URAT1; a urate transporter) co- evolved 
alongside these changes, resulting in improved URAT1 
affinity to enable better control of increasing serum urate 
concentrations22.

Nevertheless, as all mammals, including humans, 
excrete excessive nitrogen in the form of urea, alterna-
tive benefits of the loss of the enzyme uricase might exist. 
Several non- mutually exclusive reasons might explain the 
selective advantage gained by increased uric acid con-
centrations. First, the chemical structure of uric acid is 
similar to caffeine, and hence uric acid might have effects 
on mental performance, drive, response time and impul-
sivity23–25. Second, uric acid can function as an antioxidant, 
and hence might block the effects of oxidative stress asso-
ciated with ageing and cancer26. Indeed, the loss of uricase 
activity might have countered the loss of antioxidant acti-
vity associated with a mutation in L- gulonolactone oxi-
dase that resulted in an inability to synthesize vitamin C27.  
Finally, emerging evidence suggests that the loss of uricase 
provided a survival advantage owing to the ability of uric 
acid to regulate blood pressure, stimulate fat and glycogen 
stores and stimulate gluconeogenesis19,28–30.

Regulation of serum urate in humans
In the absence of uricase, the kidneys and the gut became 
the primary sites of uric acid excretion. Although some 
urate can be degraded by oxidants or nitric oxide (gen-
erating allantoin, triuret and 6-aminouracil)31,32, most 
urate (two- thirds) is excreted in the kidneys, largely by 
a series of transporters in the proximal tubules, of which 
glucose transporter 9 (GLUT9, also known as SLC2A9), 
URAT1 and ATP binding cassette subfamily G member 2 

(ABCG2) are especially important (Fig. 1). Some urate 
(one- third) also passes into the gut via GLUT9 and 
ABCG2 transporters where the uric acid is degraded by 
uricolytic bacteria. These transport pathways are fairly 
effective, and people who eat native (non- Western) 
diets tend to have low serum urate concentrations  
(3–5 mg/dl)33.

Causes of hyperuricaemia
Although the absence of uricase only results in a slight 
increase in serum urate (of 1–2 mg/dl), additional 
genetic variants in genes encoding urate transporters 
or enzymes involved in uric acid metabolism can mod-
ify serum urate concentrations, either through small 
effects (as is the case for most common variants)34–36, or 
through damaging effects (as is the case for some rare 
variants)37. Environmental factors can also contribute to 
hyperuricaemia. For example, individuals on a Western 
diet tend to have higher serum urate concentrations than 
populations living on native (non- Western) diets33,38,39. 
This effect is partly driven by diets high in sugar (which 
contains fructose), purines (especially from animal pro-
teins) and alcohol (especially beer)39,40. Obesity, insulin 
resistance and hypertension (which are commonly asso-
ciated with a Western diet) are also all associated with 
reduced fractional excretion of urate41. Additionally, 
some drugs (such as thiazide and loop diuretics) can 
impair urate excretion and hence might be contrib uting 
factors42. Finally, hyperuricaemia is also common in 
patients with chronic kidney disease and at the time of 
dialysis initiation, approximately half of these patients 
have hyperuricaemia43,44.

Clinical outcomes of hyperuricaemia
One of the consequences of increased serum urate con-
centrations is an increased risk of gout, urate kidney 
stones and acute kidney injury from urate crystalluria. 
The prevalence of gout in the USA approaches 6% in 
men and 2% in women2, ranges from 0.1 to 10% world-
wide and seems to be increasing in many developed 
countries45. People with acute gout present with severe 
joint pain owing to the deposition of MSU crystals in 
the synovium and an associated marked inflammatory 
response39,46. Patients with gout and/or hyperuricaemia 
commonly present with kidney stones derived from uric 
acid47,48 and can even present with calcium stones in 
which the initial nidus is from urate crystal deposition49.

Another disadvantage of uricase inactivity is that the 
renal excretory system is not adapted for sudden and 
large increases in urate excretion that can occur, for 
example, following the release of DNA and RNA during 
tissue injury or tumour lysis50. A sudden rise in urinary 
uric acid concentrations owing to rapid tumour death 
following chemotherapy can result in notable uricosu-
ria with crystal formation, intratubular obstruction and 
renal inflammation51. Urate concentrations might also 
increase in the setting of dehydration and low urine vol-
umes, leading to increased concentrations that can result 
in urate crystal formation52. High urinary urate con-
centrations are also associated with tubular injury and 
activation in experimental models of hyperuricaemia  
even in the absence of documented crystalluria53–55.

Key points

•	Hyperuricaemia is a common laboratory finding that precedes gout and is associated 
with gout, as well as with hypertension, acute and chronic kidney disease, obesity, 
metabolic syndrome, fatty liver and diabetes mellitus.

•	The causative role of elevated serum urate in these inflammatory conditions is 
controversial, but several urate- driven inflammatory mechanisms and other 
mechanisms have been described.

•	urate crystals activate the NlrP3 inflammasome and contribute to Il-1β  
activation through autophagy dysfunction, diminished clearance of damaged 
organelles, altered redox status and/or amP- activated protein kinase (amPK) 
inhibition.

•	urate crystals can promote inflammasome- independent mechanisms, such as  
serine protease- dependent activation of pro- inflammatory cytokines, formation of 
neutrophil extracellular traps and resolution of inflammation.

•	Soluble urate also has pro- oxidative effects in several cell types and induces 
inflammatory signalling through several mechanisms, such as maPK pathway 
activation, aKT- mTor activation or amPK inhibition.

•	Soluble urate and hyperuricaemia exposure could alter the epigenetic programme  
of innate immune cells and contribute to common adult diseases by promoting 
persistent inflammatory hyperresponsiveness.
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Some evidence suggests that uric acid might also have 
a role in chronic inflammatory disorders, such as obe-
sity, hypertension, metabolic syndrome, diabetes melli-
tus, kidney disease and cardiovascular disease9. Data in  

the literature remain inconsistent: although epidemio-
logical studies generally favour a role for uric acid in these 
diseases, genetic Mendelian randomization studies, which 
are supposed to better predict whether causality is present 
than epidemiological studies, often do not56–58. However, 
Mendelian randomization studies often rely on single 
nucleotide polymorphisms that modulate urate transport 
as opposed to urate synthesis, and how these polymor-
phisms affect intracellular urate concentrations, which 
are thought to drive the biological effects, is unknown59. 
In addition, although pilot studies of urate- lowering ther-
apies often suggest that such therapies are beneficial in 
hyperuricaemic individuals with metabolic or renal dis-
orders, the trials usually enrol a limited number of par-
ticipants, are often not blinded and the beneficial effects 
are typically modest or absent9. Nevertheless, meta- 
analyses have largely supported a potential benefit for 
urate- lowering therapy in individuals with hypertension  
and/or chronic kidney disease60,61.

At the heart of the controversy is the question of whether 
a substance that is thought to have antioxidant effects 
can actually have pro- oxidative and pro- inflammatory 
effects. In the next sections, we discuss the potential 
pro- inflammatory effects of both soluble and crystalline  
uric acid.

Pro- inflammatory effects of urate
Several studies have been performed to better under-
stand the potential mechanisms whereby urate induces 
a pro- inflammatory response. In this section, we dis-
cuss several of these proposed mechanisms, including 
inflammation driven by urate crystals (comprising 
both inflammasome- independent and inflammasome- 
dependent mechanisms) as well as mechanisms mediated 
by soluble urate.

MSU crystal- dependent inflammation
The most well- recognized mechanism of urate- driven 
inflammation is the one in which MSU crystals activate 
the innate immune response by triggering inflamma-
some pathways62, resulting in the release of IL-1β (Fig. 2). 
Inflammasome- independent mechanisms are also pos-
sible contributors to urate crystal induction of cytokine 
secretion (Fig. 3).

Inflammasome activation and IL-1β production. IL-1 
is a potent pro- inflammatory cytokine, with a tightly 
regulated production mechanism and low circulating 
concentrations. Two major IL-1 proteins exist: IL-1α 
and IL-1β. Whereas IL-1α is primarily intracellular and 
membrane bound, IL-1β can be secreted by stimulated 
cells63,64. IL-1β is translated as a precursor protein (pro- 
IL-1β) and converted to its active form via protein cleav-
age by caspase 1. Caspase 1, in turn, is converted from 
its inactive form (pro- caspase 1) to an active enzyme via 
protein platforms called inflammasomes65. Activation 
of the inflammasome can be induced by many types of  
stimuli, which seem to signal down through mech-
anisms such as ionic flux, lysosomal damage, reactive 
oxygen species (ROS) or mitochondrial dysfunction66. 
The secretion of IL-1β is differentially regulated in mye-
loid cells: in macrophages, IL-1β secretion requires the 

N
H

HN

N
H

H
N

O

O

O N
H

O

N
H

H
N

O

H2N

O

Uric acid Allantoin

6-Aminouracil

Triuret

Uricase

Superoxide

Nitric oxide

Peroxynitrite

Excretion

Transport Metabolism

Intestinal basolateral
membrane

Intestines

Liver

Enterocyte

Kidneys

Uric acid

Apical
membrane

Renal tubular
basolateral membrane

Uric acid

Apical
membrane

(inactive in humans)

ABCG2

URAT1

GLUT9

OAT4

OAT10

GLUT9

OAT1

OAT3

Renal proximal tubule cell

GLUT9

ABCG2

Fig. 1 | Regulation of serum urate. Owing to sequential mutations in the uricase gene 
during primate evolution, humans and higher primates do not express functional uricase, 
an enzyme needed to metabolize uric acid to allantoin. Serum urate can interact with 
reactive species generating substances or radicals such as allantoin, 6-aminouracil or 
triuret. However, most of the serum urate will be excreted via the kidneys or, alternatively , 
via the intestines. Both renal proximal tubule cells and enterocytes express several urate 
transporters (collectively known as the transportasome) that are responsible for the 
excretion and/or reabsorption of urate. Several main urate transporters are shown in this 
figure: urate anion exchanger 1 (URAT1), glucose transporter 9 (GLUT9), organic anion 
transporter 4 (OAT4) and OAT10 are involved in urate reabsorption at the level of the 
apical membrane (brush border) of proximal renal tubular cells; GLUT9 is responsible for 
urate transport out of the cell via the basolateral membrane into the blood; ATP binding 
cassette subfamily G member 2 (ABCG2) is a unidirectional transporter mediating the 
secretion of urate via the apical membrane; OAT1 and OAT3 localized on the basolateral 
membrane are involved in urate excretion.
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two- step activation process (involving both activation 
of caspase 1 and pro- IL-1β transcription), whereas in 
monocytes pro- IL-1β can be directly processed into its 
bioactive form67 (Fig. 2).

Activation of the NACHT, LRR and PYD domains- 
containing protein 3 (NLRP3) inflammasome and sub-
sequent cleavage of pro- caspase 1 is the most commonly 
known mechanism by which MSU crystals mediate the 
activation and release of active IL-1β and was first described 
in THP1 cells (a human monocytic cell line), mouse  
macrophages and a mouse model of peritonitis62,66.

Multiple MSU- mediated pathways might lead to 
NLRP3 inflammasome activation and subsequent 
IL-1β production (Fig. 2). MSU crystals can promote 
NLRP3 inflammasome formation through a mech-
anism dependent on tubulin polymerization and 
recruitment of mitochondrial apoptosis- associated 
speck- like protein containing CARD (ASC) to NLRP3 
on the endoplasmic reticulum68. This process is a 
consequence of MSU- induced mitochondrial dam-
age, which results in diminished NAD concentra-
tions and inactivation of sirtuin 2 (SIRT2)68. SIRT2 
inhibition results in reduced deacetylation of tubulin, 
which leads to polymerization of acetylated α- tubulin 

and facilitation of the transportation of mitochondria 
(and mitochondrial ASC) to the site of inflammasome 
assembly. Interestingly, however, in an in vivo mouse 
model of gouty arthritis induced by intra- articular 
injection of a combination of MSU crystals and stea-
rate fatty acids, IL-1β- mediated joint inflammation was 
dependent on ASC and caspase 1, but occurred inde-
pendently of NLRP3 (reF.69). This finding suggests that 
other MSU- induced inflammasome activation pathways 
exist that can bypass or override the in vivo effects of 
NLRP3 (reF.69).

The inflammasome activation pathway is also known 
to interact with organelle clearance and the autophagy 
pathway (Fig. 2). This crosstalk has also been described 
for MSU crystal- induced inflammation in reports 
that link autophagy disruption to altered redox status, 
inflammasome activation and subsequent IL-1β pro-
duction. MSU crystals can promote lysosomal instabil-
ity and impair autophagy, leading to p62 accumulation. 
Autophagy- related accumulation of p62 can lead to 
activation and nuclear translocation of the transcrip-
tion factor nuclear factor erythroid 2-related factor 2 
(NRF2; also known as NFE2-related factor 2), where 
NRF2 mediates transcription of genes encoding the 
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Fig. 2 | Inflammasome- dependent activation of IL-1β in response to MSU crystals. IL-1β production is initiated by 
exogenous or endogenous stimuli (by pathogen- associated molecular patterns (PAMPs) or damage- associated molecular 
patterns (DAMPs)), which use the pattern recognition receptor (PRR) machinery to induce an inflammatory response. 
Engagement of PRRs leads to the transduction of signals to the nucleus (for example, via nuclear factor- κB (NF- κB)) and 
transcription of the inactive pro- IL-1β precursor. In the intracellular space, pro- IL-1β is proteolytically activated by  
specific cleavage performed by caspase 1. Caspase 1 is, in turn, present in the cytosol in a precursor form (pro- caspase 1). 
Monosodium urate (MSU) crystals promote activation of the NACHT, LRR and PYD domains- containing protein 3 (NLRP3) 
inflammasome, which cleaves pro- caspase 1 to caspase 1, thus mediating the activation and release of biologically active 
IL-1β. In macrophages (right), caspase 1 is present in its inactive form (pro- caspase 1) and MSU crystals promote changes 
inside the cell that result in the assembly of inflammasome components and caspase 1 generation. In monocytes (left), 
caspase 1 is already constitutively active, thus MSU crystals potentiate IL-1β maturation by enhancing activation of the 
inflammasome and caspase 1. MSU crystals can mediate these processes in multiple ways: by inducing recruitment of 
mitochondrial apoptosis- associated speck- like protein containing CARD (ASC) to the site of inflammasome assembly  
in a microtubule- dependent manner (1); by promoting mitochondrial dysfunction and reactive oxygen species (ROS) 
generation (2); by inducing lysosomal dysfunction resulting in impairment of autophagy , increased levels of p62 and  
ROS generation (3); and by inhibiting AMP- activated protein kinase (AMPK) (4).
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antioxidant enzymes haem oxygenase 1 and super-
oxide dismutase70, contributing to an altered intracel-
lular redox status. In line with this process, another 
report has linked p62 expression to increased ROS pro-
duction and subsequent caspase- dependent apoptosis 
and IL-1β production71. Finally, MSU can inhibit the 
energy sensor AMP- activated protein kinase (AMPK), 
which can result in IL-1β and CXCL1 production in a 
process dependent on both nuclear factor- κB (NF- κB) 
and NLRP3 (reF.72).

These findings suggest that intracellular homeostasis 
is disrupted by sterile MSU crystals via the alteration 
of several different networks (such as by promoting 
autophagy dysfunction, by diminishing clearance of 
damaged organelles such as mitochondria, by indu-
cing oxidative stress and, at least in part, by inhibiting 
AMPK) culminating in the activation of inflammasomes 
(Fig. 2, right).

However, other mechanisms could also be involved. 
For example, in monocytes, MSU crystals can induce 
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Fig. 3 | Inflammasome- independent regulation of inflammation in response to MSU crystals. Monosodium urate 
(MSU) crystal deposition leads to cell death and cellular infiltration, mostly characterized by neutrophil recruitment at  
the site of crystal deposition, especially in the affected joints of patients with gout. Dying cells release intracellular 
molecules (such as damage- associated molecular patterns (DAMPs), alarmins and precursors of the IL-1 cytokines) into 
the extracellular space. Pro- IL-1β is inactive whereas pro- IL-1α already has biological activity in its precursor form and is 
therefore able to mediate pro- inflammatory responses in the surrounding tissue. Infiltrating cells, the majority of which 
are neutrophils, contain and release proteolytic enzymes (such as proteinase 3 (PR3) or neutrophil elastase (NE),  
among others) that have the potential to cleave IL-1 precursors and activate IL-1β or increase the bioactivity of IL-1α.  
This mechanism of protease- induced activation of precursor cytokines can be limited by anti- proteases such as 
α1-antitrypsin (AAT). Conversely , neutrophils can undergo NETosis (neutrophil extracellular trap formation), which 
involves the externalization of chromatin and binding of intercellular molecules. This phenomenon is considered to have 
an important role in the resolution of inflammation in gout: NETs can bind active cytokines or chemokines and facilitate 
their enzymatic digestion contributing to the limitation of inflammation; moreover, NETosis can contribute to the 
sequestration of MSU crystals and encapsulation of crystals within a tophus; neutrophil microvesicles can downregulate 
inflammatory pathways in a paracrine manner, limiting the magnitude of cytokine production during the acute phase by 
inhibiting the priming of NACHT, LRR and PYD domains- containing protein 3 (NLRP3) through activation of suppressor  
of cytokine signalling 3 (SOCS3).
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inflammatory cytokine production through a mechanis-
tic target of rapamycin (mTOR)-dependent mechanism 
involving pyroptosis, which could further, indirectly, 
lead to inflammasome activation73. Moreover, in cer-
tain contexts, the inflammasome can also be primed in 
response to exposure to MSU crystals74,75. In the pres-
ence of plasma or serum, MSU can activate the com-
plement component 5 (C5a), which can subsequently 
prime NLRP3. Through this mechanism, MSU crys-
tals can mediate both priming of the inflammasome  
(via C5a) and activation of the inflammasome74.

Inflammasome- independent MSU crystal- induced 
inflammation. Although inflammasome- dependent 
maturation and secretion of IL-1β is paramount in 
monocyte- mediated and macrophage- mediated innate 
immune responses, inflammatory diseases that are char-
acterized by polymorphonuclear leukocyte (neutrophil) 
infiltrates commonly occur independently of inflam-
masome activation76. In gout, although MSU- induced 
inflammasome activation can mediate the initial stages 
of inflammation, this process is probably short- lived as 
the subsequent clinical picture of gout is characterized 
by rampant infiltration of neutrophils into the inflamed 
joints. Although neutrophils are capable of transcribing 
IL-1β77, these cells can also release intracellular serine 
proteases (such as neutrophil elastase, cathepsin G and 
proteinase 3 (PR3)) in response to cell influx, MSU 
crystal- mediated cell damage and cell death. Neutrophil- 
derived serine proteases, such as PR3 and neutrophil 
elastase, can process the inactive IL-1β precursor at 
alternative proteolytic cleavage sites to caspase 1, lead-
ing to bio- active IL-1β78. Moreover, in response to cell 
damage, IL-1α is also released from dying cells in the 
extracellular space and functions as an alarmin63,64 
(Fig. 3). This inflammasome- independent release and 
activation of IL-1 family members can explain why in 
many in vivo scenarios, including but not restricted to 
gout, the inflammatory outcomes remain IL-1 driven, 
whereas the inflammasome involvement is limited or 
bypassed69,76. In line with this concept, α1-antitrypsin 
(AAT; a natural plasma inhibitor of serine proteases) 
is a promising therapeutic option for gout and MSU- 
dependent inflammation and can limit inflamma-
tion through upregulation of IL-1 receptor antagonist 
(IL-1Ra) and through inhibition of PR3-dependent IL-1 
activation79 (Fig. 3).

Conversely, neutrophils are also involved in the spon-
taneous resolution of acute attacks of gout. Neutrophil- 
derived microvesicles are released in the peritoneum of 
mice injected with MSU crystals and can downregulate 
IL-1β production in response to complement 5a via upreg-
ulation of suppressor of cytokine signalling 3 (SOCS3)74. 
Moreover, neutrophils can undergo oxidative burst and 
form neutrophil extracellular traps (NETs), which con-
tribute to the resolution of inflammation through sev-
eral mechanisms, including the immobi lization of MSU 
crystals and the protection of serine proteases (through 
association with the aggregated NETs)80 and subse-
quent proteolytic degradation of cytokines or chemo-
kines81,82. Nevertheless, other pro- inflammatory cell types  
are probably also entrapped in the NETs, contributing to  

the variability of the anti- inflammatory outcomes in 
NETosis83,84. Consequently, NETs are presumed to con-
tribute to the local tolerance towards the remaining MSU 
crystals, as aggregated NETs and subsequent granuloma 
formation promote the development of tophaceous 
deposits and tissue remodelling85,86 (Fig. 3).

Soluble urate inflammatory pathways
Although investigations of the effects of urate on inflam-
matory cell activation initially focused on the effects of 
crystalline uric acid, more recent studies have found sol-
uble uric acid to have many pro- inflammatory and pro- 
oxidative effects in the intracellular environment. Some 
of these pathways are discussed in this section, including 
the effects of soluble uric acid on oxidative stress, pro- 
inflammatory signalling, autophagy and intracellular 
immunometabolic sensors (Fig. 4).

Oxidative stress. Soluble uric acid can function as an 
antioxidant by scavenging ROS and free radicals; for 
example, uric acid can react with superoxide anion to 
generate allantoin, peroxynitrite to form triuret and 
nitric oxide to form 6-aminouracil31,87. However, the 
reaction of uric acid with peroxynitrite can also gener-
ate free radicals, including the aminocarbonyl radical 
and the triuretcarbonyl radical32. Uric acid can also form 
radicals during its reaction with myeloperoxidase88. 
Moreover, inside cells (including inside vascular smooth 
muscle cells, endothelial cells, adipocytes, hepatocytes, 
pancreatic islet cells and renal tubular cells), uric acid has  
pro- oxidative properties89–95. For example, uric acid can 
promote the activation of NADPH oxidase (involved 
in the production of ROS), which, in some cell types, 
can translocate to the mitochondria and be associated 
with mitochondrial oxidative stress92,95,96. Increased 
ROS production can lead to pro- inflammatory signal-
ling (such as activation of mitogen- activated protein 
kinases (MAPKs)) and is a well- known stimulus of  
inflammasome activation97.

The effect of soluble urate and oxidative stress in 
mononuclear cells is, however, complex; in one study, 
priming of peripheral blood mononuclear cells (PBMCs) 
and selected monocytes with uric acid promoted the 
release of IL-1β in response to lipopolysaccharides (LPS), 
but inhibited the release of ROS98, whereas in another 
study, uric acid did not affect IL-1β production, SOD2 
transcription or the total antioxidant capacity of mono-
cytes99. These findings suggest that soluble uric acid 
can affect the redox status of cells, but that these effects 
could be restricted to some tissues and that monocytes 
are less susceptible to uric acid- induced ROS- dependent  
pro- inflammatory signalling than non- myeloid cells.

Pro- inflammatory signalling. Soluble uric acid can 
activate a series of MAPKs, including p38 MAPKs and 
extracellular- signal-regulated kinases (ERKs), leading 
to activation of transcription factors such as NF- κB 
and activator protein 1 (AP1)91,100,101. Activation of these 
pathways is associated with multiple pro- inflammatory 
processes, including the production of vasoconstrictive 
substances (such as (pro)renin receptor102, endothelin, 
thromboxane and angiotensin II), a loss of vasodilatory 

www.nature.com/nrrheum

R e v i e w s

80 | February 2020 | volume 16 



substances (such as nitric oxide), an increase in growth 
factors (such as platelet- derived growth factor (PDGF)) 
and an increase in chemokines (such as CC- chemokine 
ligand 2 (CCL2); also known as MCP1)90,100,101,103,104. 
These pro- inflammatory effects could be mechanistically 
linked to the development of cardiovascular disease,  
renal disease and metabolic disorders.

Soluble uric acid has also been linked to activation 
of the NLRP3 inflammasome. Culture of bone marrow- 
derived macrophages under hypoxic conditions (which 
induces the release of uric acid) or with soluble urate 
(180 µM) results in mitochondrial ROS production, ASC 
speck formation and caspase 1 activation, and leads to the 
induction of IL-1β production in an NLRP3-dependent 
and myeloid differentiation primary response  88 
(MyD88)-dependent manner105.

High uric acid concentrations can have pro- 
inflammatory effects in various tissues and organs. For 
example, LPS- mediated cytokine production is enhanced 
during neutropenia in mice, which is an effect mediated, 
in part, via hyperuricaemia106. Furthermore, intraperi-
toneal injection of uric acid in mice promotes NF- κB 
signalling in renal and pancreatic cells, resulting in renal 

inflammation54,107; whereas intracerebroventricular 
injection of uric acid induces NF- κB activation in hypo-
thalamic cells, promoting hypothalamic inflammation 
and gliosis and possibly altering hypothalamic functions 
(such as regulation of metabolism)108.

The fact that uric acid activates signalling pathways 
that induce cytokine production and inflammation acti-
vation provides further evidence that hyperuricaemia 
can mechanistically contribute to increased susceptibility  
to inflammatory disorders.

Autophagy and the inflammasome. Similar to MSU 
crystal- mediated inflammation, the interplay between the 
inflammasome and autophagy in the post- translational 
processing and release of IL-1β is thought to explain 
some of the effects mediated by soluble urate. Indeed, 
in primary human mononuclear cells in vitro, increas-
ing uric acid concentrations (from 12.5 to 50 mg/dl)  
causes a shift in the IL-1β:IL-1Ra ratio as the expres-
sion of IL-1Ra decreases and the production of IL-1β 
increases109.

In an in vitro analysis of highly pure human mono-
cytes, pretreatment with uric acid for 24 h primed the 
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Fig. 4 | Intracellular pro- inflammatory pathways induced by soluble uric acid in vitro. Soluble uric acid can modulate 
cytokine production and inflammatory outcomes via several pathways. Uric acid promotes RACα serine/threonine- 
protein kinase (AKT) phosphorylation, which can result in downregulation of the expression of genes involved in the 
forkhead box protein O (FoxO) pathway and upregulation of mechanistic target of rapamycin (mTOR) activity. Activation 
of this pathway leads to phosphorylation of PI3K regulatory subunit 40 (PRAS40) and inhibition of autophagy. Uric acid can 
also inhibit phosphorylation of AMP- activated protein kinase (AMPK), which can indirectly lead to mTOR activation. 
Several transcription factors (including nuclear factor- κB (NF- κB) and activator protein 1 (AP1)) can be induced by uric 
acid via activation of p38 mitogen- activated protein kinases (MAPKs) and extracellular signal- regulated kinases (ERKs), 
which leads to increased transcription of cytokines and downregulation of the IL-1 receptor antagonist (IL-1Ra). 
In vascular endothelial cells, smooth muscle cells or adipocytes, increased transcription of vasoactive substances can  
lead to increased expression of angiotensin II, CCL2 and endothelin and low availability of nitric oxide (which promotes 
hypertension). In vascular cells, growth factors such as platelet- derived growth factor (PDGF) are upregulated, leading to 
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NLRP3, NACHT, LRR and PYD domains- containing protein 3; ROS, reactive oxygen species.
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cells and resulted in increased expression of IL-1β and 
IL-6 and decreased expression of IL-1Ra in response 
to LPS treatment at both the RNA and protein level98. 
Pathway enrichment analysis suggested that this change 
in the transcriptional programme of the monocyte 
involved activation of the RACα serine/threonine- 
protein kinase (AKT) pathway, including upregulation 
of mTOR signalling and downregulation of forkhead 
box protein O (FOXO) signalling98. FOXO transcrip-
tion factors can upregulate autophagy genes and regu-
late autophagy through several epigenetic mechanisms 
(reviewed in Cheng110), whereas the mTOR pathway is 
known to inhibit autophagy111. Uric acid induced the 
phosphorylation of AKT as well as PI3K regulatory 
subunit 40 (PRAS40), a substrate of AKT and an mTOR 
inhibitor that, once phosphorylated, dissociates from 
regulatory- associated protein of mTOR (RAPTOR) to 
enable mTOR activation112. Indeed, activation of the 
AKT pathway coincided with inhibition of autophagy 
in uric acid- primed cells98. Consistent with these data, 
the expression of mTOR in CD14+ monocytes from 
patients with gout correlated positively with the patient’s  
circulating serum urate concentrations73.

Autophagy disruption has been linked to increased IL-1β  
production through several mechanisms: inflamma some 
activation113, upregulation of IL-1β transcription114 and 
diminished pro- IL-1β degradation by auto phagoly so-
somes115. The fact that high uric acid levels is associated 
with reduced autophagy and that autophagy inhibition 
is associated with increased cytokine production high-
lights autophagy as a potential therapeutic target in gout. 
Although defective autophagy is a known cause of IL-1β 
overproduction via both inflammasome- dependent and 
inflammasome- independent mechanisms, the effect of 
autophagy on IL-1Ra production is still incompletely 
understood. Pharmacological inhibition of autophagy 
can reduce IL-1Ra levels, but further studies are neces-
sary to evaluate whether these two effects are mechanis-
tically related116. Moreover, as the concentrations of uric 
acid in vitro cultures often surpass in vivo conditions, 
additional studies are required to validate these cytokine 
profiles and to assess the relevance of these findings  
to clinical situations.

Intracellular immunometabolic sensors. Intracellular 
metabolites, changes in energy consumption and 
changes in energy production can all affect cytokine 
production and the involvement of immunometabolic 
sensors in disorders associated with inflammation 
is becoming increasingly well recognized. One such 
immunometabolic sensor, AMPK, monitors variations 
in the AMP:ATP ratio or ADP:ATP ratio and promotes 
catabolic processes in response to rising ratios (indica-
tive of decreasing ATP levels) to restore the energy bal-
ance117. The downstream events of AMPK signalling can 
also affect inflammatory pathways involved in cytokine 
production, such as mTOR signalling or autophagy. 
Therefore, AMPK is considered an important regula-
tor of cytokine production in response to the cellular 
energy status118.

AMPK signalling was shown to be inhibited by high 
uric acid concentrations in the liver, where uric acid is 

thought to promote gluconeogenesis, stimulate intra-
hepatic fat accumulation, and ultimately cause insulin 
resistance30,119. By contrast, in PMA- primed THP1 cells, 
high uric acid exposure resulted in ROS production and 
phosphorylation of AMPK, as well as impaired expres-
sion of CD68. CD68 is a scavenging receptor involved 
in oxidized LDL uptake and the reduction in CD68 
expression by uric acid is thought to lead to a reduction 
in foam cell formation120. However, uric acid seems to 
neither promote ROS production nor modify AMPK 
phosphorylation in human primary monocytes98.

Notably, the oral antidiabetic drug metformin, a 
known AMPK inducer, rescues some of the effects of 
uric acid on muscle cells121 and liver cells119, including 
rescuing uric acid- induced insulin resistance and fatty 
acid oxidation, respectively. Although data from mono-
cytes are conflicting, the inhibitory effect of uric acid on 
AMPK is consistent across different tissues, including the 
kidneys, pancreas, muscles and liver, many of which are 
affected by hyperuricaemia. These results indicate that 
AMPK could be a valid target in gout and hyperuricaemia.

Innate immune memory in hyperuricaemia
The innate branch of the immune system possesses an 
epigenetically encoded memory of previous insults122. 
The hypothesis that immunological memory is not 
restricted to the adaptive branch of the immune sys-
tem was originally introduced in 2011 under the name 
‘trained immunity’122 and is now a widely studied pro-
cess. The general concept behind trained innate immu-
nity refers to the fact that an initial exposure of cells to 
a stimulus can promote changes in the transcriptional 
program of the cell through epigenetic remodelling, 
which can lead to increased inflammatory responses 
in subsequent stimulations. Trained immunity has 
been mechanistically deciphered for several pathogenic 
stimuli and has relevance for susceptibility to infec-
tion, immunological tolerance or vaccine biology123–125. 
In addition, sterile stimuli, which trigger the same 
signalling machinery as pathogens, could also induce 
innate immune memory126.

The long- term effects of sterile stimuli could be of 
great importance for a wide range of inflammatory 
diseases. For example, the involvement of epigenetic 
memory in diabetes mellitus (known as ‘glycaemic 
memory’) is already well known and extensively stud-
ied127. Moreover, trained immunity can promote ather-
osclerosis123. In monocytes, exposure to oxidized LDL 
for 24 h, followed by washing and resting for 5 days, 
resulted in increased pro- inflammatory cytokine pro-
duction after restimulation with LPS or Pam3Cys128. 
The long- lasting pro- inflammatory effects of the ini-
tial exposure with oxidized LDL coincided with the 
upregulation of the permissive histone 3 lysine 4 tri-
methylation (H3K4me3) mark at the promoter regions 
of genes encoding inflammatory cytokines such as 
IL-6 or TNF128. Notably, monocytes from patients 
with familial hypercholesterolaemia have an inflam-
matory phenotype that includes increased levels of 
H3K4me3 and decreased levels of the inhibitory epi-
genetic mark H3K9me3 at the gene promoter of TNF 
compared with monocytes from healthy individuals129.  
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Interestingly, these epigenetic marks were persistent 
despite pharmacological normalization of lipid levels129.

Studies of patients with hyperuricaemia have shown 
that increased serum urate concentrations are associated 
with signs of inflammation such as increased numbers 
of white blood cells, increased levels of C reactive pro-
tein and increased amounts of circulating cytokines 
involved in innate immune responses such as IL-6, 
IL-1Ra, TNF and IL-18 (reF.130). For example, numbers 
of CD14+ monocytes are increased in individuals with 
hyperuricaemia compared with healthy individuals 
with normouricaemia, as are plasma levels of CCL2 and 
the expression of the adhesion molecule CD11b131. These 
data indicate that innate immune inflammatory path-
ways, especially those involving monocytes or macro-
phages, are upregulated in hyperuricaemia. One study 
has also reported an inverse correlation between serum 
urate concentrations and numbers of natural killer cells 
in asymptomatic men with hyperuricaemia132, suggest-
ing that lymphoid cells could also be affected by uric 
acid. However, the functional consequences of this 
finding are as of yet unexplored and further studies on 
different lymphoid populations are needed.

Given the similarity between pro- inflammatory mech-
anisms induced by soluble urate and pathways that pro-
mote innate immune memory, as well as the association of 
hyperuricaemia with pro- inflammatory markers, it is pos-
sible that stimuli such as uric acid or MSU crystals could 
promote memory of the innate immune system. Similar 
to other autoinflammatory conditions, innate immune 
cells from patients with gout produce more cytokines 
in response to ex vivo stimulations than innate immune 
cells from healthy individuals99,109,133. In one study, ex vivo 
cytokine production by PBMCs from patients with gout 
was associated with the patient’s serum urate concentra-
tions109, although it should be noted that another study 
of PBMCs from patients with gout found no statistically 
significant correlation between serum urate concentra-
tions and the capacity of the cells to produce cytokines99. 
In vitro pre- exposure of PBMCs or enriched mono-
cytes to soluble uric acid potentiates pro- inflammatory 
cytokine secretion in response to a subsequent stimu-
lus in a manner that is reversible by broad methylation 
inhibitors109. Similarly, intravenous administration of uric 
acid in healthy human volunteers potentiated the rise in 
plasma IL-6 concentrations during an oral tolerance test 
(that is, during acute lipid ingestion), whereas treatment 
with the urate- lowering drug rasburicase had no effect 
on IL-6 plasma concentrations134. These observations 
enforce the idea of soluble uric acid as a silent modula-
tor of monocytes that, alone, has no remarkable effects 
on inflammatory cytokine production in vitro or in vivo, 
but that promotes production during subsequent chal-
lenges. In line with this hypothesis, a case–control study 
in patients with gout and >2 flares in 12 months versus 
patients with gout and ≤2 flares in 12 months found that 
high serum urate concentrations were associated with 
frequent gout attacks135.

Hence, both crystalline and soluble uric acid might have 
an important function in triggering pro- inflammatory 
innate responses, which might involve epigenetic imprint-
ing to promote inflammatory reactions in response to  

subsequent insults. Although pro- inflammatory responses 
are a concern in the context of chronic inflammatory 
diseases, some data also suggest that uric acid has a 
protective role in the host response to infections, such 
as malaria136,137. It is possible that the mutation in the 
uricase gene might have served as a protective mecha-
nism against infections in the past29,138; never theless, in 
a population- based cohort of patients with gout, hyper-
uricaemia was not associated with protection against 
community- acquired pneumonia, urinary tract infection 
or infection- related mortality139.

Hyperuricaemia and chronic inflammation
Gout
Despite general knowledge that the progression from 
soluble uric acid to MSU crystals and the generation of 
inflammation constitute the causal mechanism of gout, 
clinical observations during the transition from hyper-
uricaemia to gout raise some important questions. 
First, hyperuricaemia is a relatively common metabolic 
condition, yet only a minority of patients with hyper-
uricaemia (10–15%) develop symptomatic gout140. Thus, 
the factors that trigger the symptomatic inflammatory 
response still need to be elucidated. Second, when an 
attack resolves, crystals still remain in the tissues (inter-
critical gout), which might contribute to a low- grade 
systemic inflammatory response in the absence of symp-
toms141. In addition, as many as 15% or more individu-
als with hyperuricaemia have crystal deposition without 
symptoms142,143. Thus, neither hyperuricaemia nor MSU 
deposits are sufficient to trigger full- blown inflamma-
tion. Moreover, experimental designs usually cannot dif-
ferentiate between the in vivo or in vitro effects of high 
uric acid concentrations and microcrystal formation. 
Nevertheless, the parallel between the effects of soluble 
uric acid and crystalline uric acid on pro- inflammatory 
responses is remarkable and suggests the involvement of 
a pro- inflammatory state that might involve local as well 
as systemic effects. Studying these responses in patients 
has the potential to help us to understand the variabil-
ity of the phenotype in gout and hyperuricaemia and to 
identify the missing links that determine the progression 
from hyperuricaemia and crystal deposition to clinically 
symptomatic gout.

Systemic conditions beyond gout
The recognition that uric acid has key pro- inflammatory 
roles in innate immunity raises questions of the impor-
tance of hyperuricaemia in other diseases. Indeed, 
hyperuricaemia is a powerful predictor of obesity, meta-
bolic syndrome, non- alcoholic fatty liver and diabetes, 
and experimental studies suggest mechanisms of how 
hyperuricaemia could be implicated in these common 
inflammatory disorders8,11,30,92. Similar studies have 
linked serum urate with acute and chronic kidney dis-
ease, hypertension, preeclampsia and cardiovascular 
disease9,10,144. However, a challenging finding is that 
most Mendelian randomization studies evaluating the 
relationship of serum uric acid to cardiovascular end-
points have been negative, and clinical trials have also 
had mixed results9. Nevertheless, increasing evidence 
suggests that lowering uric acid concentrations might 
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have beneficial effects, especially in hyperuricaemic 
individuals with chronic kidney disease and a deteri-
orating renal function145. Clearly, further studies are 
needed, but the recognition of the involvement of urate 
in metabolic inflammation offers the potential for novel 
interventions.

Conclusions
Asymptomatic hyperuricaemia is common and has 
been largely viewed as a metabolic abnormality that 
increases the risk of gout and kidney stones but is other-
wise harmless. Emerging evidence, however, suggests  
that asymptomatic hyperuricaemia is associated with 
a high risk of cardiometabolic diseases, and that uric 
acid has a pro- inflammatory role in these conditions. 
As summarized in this Review, both crystalline and 

soluble urate can promote metabolic inflammation, 
can activate innate immunity and can trigger epigenetic 
pathways that can amplify pro- inflammatory responses. 
These findings challenge the concept of hyperuricaemia 
as an ‘innocent bystander’ and raise the possibility that 
conditions in which hyperuricaemia is present might 
benefit not only from urate- lowering therapies, but also 
from therapies that target various aspects of the immune 
system, including IL-1, autophagy and epigenetic mod-
ifiers. Further studies are needed to better understand 
how these pathways influence disease, the genetic fac-
tors controlling these responses and the mechanisms 
underlying the transition from hyperuricaemia to gout  
and beyond.
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Technological advances have enabled scientific insights 
across many areas of research. Given the complexity of 
the human immune system, immunology has particu-
larly benefited from innovations in various single-cell 
technologies1. These technologies facilitate in-depth 
study of the composition and activation of immune cell 
populations and their relation to disease. However, the 
complex composition of the human immune system, 
the numerous functional states of these cells and their 
diverse localizations require high-dimensional method-
ologies for their assessment in comprehensive immune 
monitoring studies. In this context, ‘comprehensive 
immune monitoring’ refers to the ability to robustly 
identify cells from all of the main immune lineages 
(including T cells, B cells and monocytes) and their most 
important functional subsets, and to assign all cells in 
a given sample to these lineages and subsets2. Notably, 
robustly determining the absence of immune popula-
tions can also provide valuable insight, for example by 
revealing populations of cells with altered trafficking 
properties or for monitoring the success of cell-depleting 
antibody therapies.

Immune system dysregulation and aberrant acti-
vation are thought to be crucial in the development of 
various rheumatic diseases, including rheumatoid arthri-
tis (RA), systemic lupus erythematosus (SLE), primary 
Sjögren syndrome (pSS) and systemic sclerosis (SSc), 

as well as in autoimmunity in general. The pathogenic 
processes involved in rheumatic diseases, such as inter-
actions between external factors and innate and adaptive 
immune responses, ongoing crosstalk and communica-
tion within the immune system and the pathogenic prop-
erties of certain subsets of immune cells, are well-suited 
to systems-level analyses3–5. Such analyses could enable 
the discovery of novel biomarkers to predict treatment 
response or to guide therapeutic decision making6,7 
and the identification of therapeutic targets that pres-
ent a reduced risk of infection compared with broadly 
immunosuppressive therapy, and could also address the 
challenge presented by patients who do not respond to 
currently available therapeutics. Importantly, biomarkers 
identified by this approach are often not only predictive, 
but also intrinsically linked to disease mechanisms, and 
can therefore also be considered as therapeutic targets8–10. 
Proteomic technologies that use elemental (heavy metal) 
reporter ions, such as mass cytometry (also known as 
cytometry by time-of-flight (CyTOF)) and the closely 
related imaging technologies multiplexed ion beam 
imaging (MIBI) and imaging mass cytometry (IMC), 
combine high-dimensional multiplexing capabilities 
with high-throughput to facilitate the analysis of samples 
across large cohorts, making these technologies particu-
larly suited for the comprehensive immune monitoring 
of biospecimens from patients with rheumatic diseases11.
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dimensional imaging approaches
Felix J. Hartmann   and Sean C. Bendall  *

Abstract | The cellular complexity and functional diversity of the human immune system 
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In this Review, we introduce the underlying technol-
ogies of mass cytometry and related high-dimensional 
imaging technologies, as well as improvements that 
have accelerated their adoption in clinical settings. 
Furthermore, we provide a practical guide to the design 
of immune monitoring studies and the comprehensive 
and unbiased analysis of the datasets these studies pro-
duce. We conclude by discussing examples of the success-
ful application of these technologies in rheumatic disease 
research and the future possibilities and challenges 
involved in high-dimensional immune monitoring.

Mass cytometry
For many years, immune monitoring, and much of 
immunological research, has relied on flow cytometry 
and immunohistochemistry (IHC) or immunofluo-
rescence imaging approaches to capture and quantify 
cellular heterogeneity and its relationship to disease. 
The low number of parameters that could be analysed 
simultaneously by these methods forced restricted analy-
ses in terms of cellular properties and the composition 
of cell populations. Consequently, in most experiments, 
researchers could only target a single cell type, and addi-
tional answers could only be gained with the sacrifice of 
time and clinical material12.

In flow cytometry, the development of novel fluoro-
phores and laser systems has enabled increased para-
meter ization, which has led to the discovery of new 

immune cell sub-classes, as well as important func-
tional cell states, including age-associated B cells 
(ABCs)13 and various disease-associated T cell subsets14. 
However, the physical limitations of fluorescence-based 
cytometry impair the addition of further experimen-
tal parameters, thus prohibiting the comprehensive 
capturing of the whole immune state simultaneously. 
One solution to this problem was found by substi-
tuting the fluorescence-based reporters used in flow 
cytometry for non-biological elemental isotopes and an 
inductively coupled plasma (ICP) mass spectrometry-based 
readout, creating a technique termed mass cytom etry15–17. 
Some of the main characteristics of flow cytometry and 
mass cytometry are directly compared in Table 1.

How mass cytometry works. In mass cytometry, antibod-
ies are tagged with elemental (heavy metal) reporter ions 
via covalent conjugation with chelating polymers18. After 
staining with these tagged antibodies, single-cell suspen-
sions are introduced into the CyTOF analyser where they 
are first nebulized into droplets and subsequently intro-
duced into an ICP that vaporizes, atomizes and ionizes 
the sample (Fig. 1). The resulting ion cloud is then filtered 
by mass to remove biologically abundant, low-mass ion 
species and finally analysed by time-of-flight (TOF) mass 
spectrometry to quantify the abundance of all the iso-
topic reporter masses, which enables the quantification 
of bound antibodies and therefore the expression of the 
markers of interest19–21.

Like conventional flow cytometry, mass cytometry 
is well suited to performing single-cell analysis of cell 
suspensions obtained from liquid samples such as blood 
or urine, which are easily obtainable from patients with 
rheumatic diseases. Although the staining procedures 
and sample handling in mass cytometry and flow cytom-
etry are comparable, issues related to spectral overlap 
between different analysis channels (box 1) are reduced in 
mass cytometry as the heavy-metal isotopes used to tag 
antibodies possess non-overlapping atomic masses that 
can be accurately resolved and quantified. In addition, 
the availability of many different heavy metal isotopes 
increases the multiplexing capacity of mass cytometry to, 
theoretically, 120 separate analysis channels. Currently 
available conjugation and chelation chemistry enables 

Key points

•	Immune monitoring of human cells using systems immunology approaches has the 
potential to produce new insights into pathological processes and therapeutic 
opportunities for rheumatic disease research.

•	Proteomic approaches that use elemental (heavy metal) reporter ions, such as mass 
cytometry and high-dimensional imaging techniques, might be of value for the study 
of a wide variety of clinical samples.

•	mass cytometry enables in-depth analysis of the phenotype and functional state of 
immune cells at the single-cell level.

•	High-dimensional imaging techniques use concepts analogous to mass cytometry to 
image cells in their histological context, providing spatial and cell–cell interaction 
information.

•	a combination of these technologies with data-driven analytical approaches can give 
predictive insights into disease mechanisms for rheumatic diseases.

Table 1 | Comparison of flow cytometry and mass cytometry

Characteristic Flow cytometry Mass cytometry

Measurement basis Fluorescent probes Stable mass isotope probes

Sources of nonspecific signal (% of 
specific signal)

Spectral overlap (10–50%), autofluorescence 
(5–10%) and fluorophore degradation (5–10%)

Isotopic impurity , spectral 
overlap and oxidation (all <5%)

Maximum number of measurements 20 (theoretically ~40) 60 (theoretically ~120)

Panel design complexity (number of 
probes)

Simple (<8), moderately complex (8–12) and 
complex (>12)

Simple (<40) and moderately 
complex (40–60)

Relative probe sensitivity (arbitrary 
units)

0.1–10 1–3

Sampling efficiency >95% ~50%

Number of cells measured 
per second (typical)

500–40,000 (5,000) 50–1,000 (500)

Data from ReFS2,22,24,110,160–162.

Inductively coupled plasma
a type of plasma in which the 
energy is supplied through 
electromagnetic induction 
(changes in magnetic fields).

Time-of-flight
The time taken by a particle to 
travel through a medium; 
measuring the time-of-flight of 
ions in an electric field can be 
used to infer the ions’ 
mass-to-charge ratio and 
therefore its identity.
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antibodies to be tagged with ~60 of these heavy metal 
isotopes22–24, and additional channels can be used for 
non-antibody probes (see below). Notably, the heavy 
metal isotopes used in mass cytometry are not com-
monly found in unstained samples, thus eliminat-
ing biological background noise and issues related to 
auto fluorescence17. Rare exceptions are samples from 
patients with cancer who have been treated with the 
platinum-containing cytostatic drug cisplatin, or from 
individuals who have had medical imaging tests using 
gadolinium-containing contrast agents. Interestingly, 
residual gadolinium and platinum might be detectable 
in cells isolated from these patients shortly after admin-
istration, a fact that has also been leveraged to study the 
biodistribution of these compounds in patients25–27.

Use in immune monitoring. Mass cytometry can be 
used to analyse a wide variety of cellular features of 
interest. Antibodies specific for cell surface molecules 
can be used to ascertain a cell’s lineage and to perform 
in-depth phenotyping of heterogeneous cell popu-
lations2. Furthermore, combining mass cytometry with 
metal-conjugated tetramers enables the multiplexed 
analysis of a wide array of antigen-specific T cells28–32. 
The chemically stable elemental reporters used in 
mass cytometry are broadly compatible with com-
mon fixation and permeabilization procedures, which 
facilitate the quantification of a variety of intracellular 
targets in combination with a cell’s lineage. For exam-
ple, quantification of transcription factors can provide 
insight into master regulators and their involvement 
in cell fate decisions and the maintenance of lineages33, 
intracellular cytokine staining can be used to analyse 
high-dimensional patterns of cytokine co-production 
across a wide variety of cell types34,35, and analysis of the 
phosphorylation of intracellular proteins provides infor-
mation on functional cell states and the responses of cells 
to external stimuli36.

In addition to the proteome, many other cellular 
fea tures can be assessed by mass cytometry. Cellu-
lar DNA content can be determined through the use 
of metal-containing intercalators19 and cellular viabil-
ity through covalent binding of cisplatin or analogous 
palladium-containing compounds to membrane com-
promised cells37,38. By making use of mRNA hybridi-
zation and rolling circle signal amplification, RNA 
transcripts can be analysed by mass cytometry along-
side proteins39,40. Mass cytometry can also be used to 
reveal cell cycle states; antibodies targeting cyclin B1 and 
phosphorylated forms of histone H3 and retinoblastoma 
protein (Rb) can be used in combination with the incor-
poration of 5-iodo-2-deoxyuridine, which can be directly 
analysed by CyTOF41. This technique can be extended 
to simultaneously capture de novo transcriptional and 
translational activity in single cells using 5-bromo-2- 
uridine and puromycin, respectively42. Reporter probes 
for enzymatic activities43 or cellular states can also be 
used with mass cytometry, such as tellurium-containing 
probes to detect hypoxia44. Furthermore, mass cytom-
etry has been used to assess the phagocytic activity of 
differentially polarized myeloid cells by quantifying the 
uptake of metal-labelled targets by the cells45.

Staining of single-cell suspensions with
antibodies that recognize markers of interest

Filtering of low mass ion species
and TOF-based quantification

Mass signal integration for each measured cell

N-dimensional single-cell data

Orthogonal TOF 
mass spectrometer

Quadrupole

ICPIon cloud

Nebulizer Droplets

Antibody 1

Antibody 2

Antibody 3

Antibody N

Droplet nebulization and
plasma-based ionization

Introduction of stained single-cell
suspension into the mass cytometer

Fig. 1 | Analysis of single-cell suspensions by mass 
cytometry. In the first step, single-cell suspensions are 
incubated with heavy metal-labelled antibodies and other 
reporter probes aimed at markers of interest (such as MHC 
multimers to detect antigen-specific cells or probes that 
discriminate live cells from dead cells). Antibodies that 
recognize intracellular proteins can be used in conjunction 
with common fixation and permeabilization protocols. 
Following a series of washing steps, cells are introduced into 
the mass cytometer, where the suspension is nebulized  
into small droplets and introduced into an inductively 
coupled plasma (ICP), which breaks down the droplet 
contents into a cloud of elemental ions. Ion species with 
low atomic masses (such as hydrogen and carbon) are 
removed through a mass filter known as a quadrupole, 
and the remaining ions (which were conjugated to the 
respective probes) are subsequently quantified using an 
orthogonal time-of-flight (TOF) mass spectrometric 
detection system. Ion counts are then integrated to derive 
quantities of bound antibodies, and thus single-cell 
abundances of markers of interest. These high-dimensional 
data are then exported for further downstream analysis.
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Since the inception of mass cytometry, there have 
been numerous improvements that have increased the 
usefulness of this technique in immune monitoring and 
cell phenotyping17. Normalization methods using bead 
standards or biological control samples have improved 
the comparability of mass cytometry results across time, 
batches and study sites46–48. Similarly, the adoption of 
cell barcoding approaches has enabled the staining, pro-
cessing and acquisition of multiple samples in a single 
composite sample, thus minimizing batch effects and 
enabling the conduction of large-scale screens36,49. Cell 
barcoding reduces technical variation between samples, 
reagent consumption and analysis time, which is espe-
cially beneficial in clinical settings, in which large quan-
tities of samples need to be compared. Furthermore, 
barcoding improves the identification and exclusion of 
cellular doublets, which is a crucial step for single-cell 
analyses49. Importantly, barcoding can be used with fixed 
or live samples, including cells of non-haematopoietic 
origin38,50,51.

Taken together, mass cytometry enables in-depth, 
single-cell characterization of phenotypes and cellular 
functions across large groups of samples, which can be 
used to gain deep insights into the regulation of cellu-
lar and systems-wide processes that are of relevance for 
disease.

High-dimensional imaging technologies
Rheumatic diseases often manifest in solid tissues, such 
as the synovium in RA or kidney in SLE. Therefore 
tissue-based imaging methods can offer a unique 
opportunity to investigate cells in their native or patho-
logical context. Spatial analysis provides insight into 
both the cellular microenvironment and cell–cell inter-
actions, which are important contributors to cellular 
identity and functional state52. IHC on formalin-fixed 

paraffin-embedded (FFPE) samples has been the pre-
dominant methodology for the analysis of human tis-
sue samples, followed by immunofluorescence imaging. 
Relying on chromogenic substrates and fluorescence 
emission, respectively, these technologies have a lim-
ited multiplexing capacity of about four simultaneous 
measurements under routine conditions. To address this 
limitation, several approaches have been developed with 
the aim of increasing the number of parameters that can 
be assessed in solid tissue samples.

One type of approach relies on the serial acquisition 
of a small set of markers of interest through many cycles of 
imaging. Several technologies (such as histocytom etry, 
multiplex immunofluorescence or tissue-based cyclic 
immunofluorescence) can be used for this approach, 
which usually use fluorescence-labelled antibodies that 
are read in multiple cycles of staining, imaging and 
quenching53–55. A variation of this approach that uses 
DNA barcoding, termed CODEX, enables the staining 
of tissues with all antibodies at once, followed by several 
rounds of imaging and fluorophore reporter removal56. 
Although these fluorescence-based technologies do have 
the ability to acquire high-dimensional images, certain 
limitations and challenges remain. Cyclic staining, with 
repeated exposure to reporter stripping chemicals, can 
lead to changes in epitope accessibility and altered tissue 
morphology, which makes the optimization of staining 
order challenging and reduces the robustness of cyclic 
image stack reassembly. Tissue samples, particularly 
archival FFPE samples, have background autofluores-
cence, which limits assay sensitivity and often requires 
additional analytical compensation57. Additionally, chro-
mogenic and fluorophore dyes are often not chemically 
stable, which makes their long-term storage challeng-
ing. The nature of cyclic methods is also incompatible 
with subsequent re-acquisitions under different imaging 

Box 1 | Sources of nonspecific signal in flow cytometry and mass cytometry

In flow cytometry, a major source of nonspecific signal (in some cases >50% of the specific signal) is spectral overlap160,161. 
Fluorophore emission spectra are usually broad and overlap into adjacent analysis channels, resulting in nonspecific signal 
in this channel (see the figure). additional sources of nonspecific signal are cellular autofluorescence and fluorophore 
degradation161. Considerable effort has to be invested in panel design to account for these effects and signals have to be 
corrected computationally. by contrast, in mass cytometry, antibodies are conjugated to elemental isotopes that have 
non-overlapping masses, which can be resolved through their time-of-flight. minor sources of overlap (usually ~1%) are 
isotopic impurities in the metal stocks and oxidation of the metals20. Isotopic impurities that were not completely removed 
during the purification process typically generate a signal in the mass + 1 channel, whereas oxidized elements generate 
signal in the mass + 16 channel (see the figure). This lack of nonspecific signal facilitates the use of straightforward panel 
designs of up to 60 antibodies in mass cytometry.

Cell barcoding
a method of labelling cells 
with a sample-specific 
signature that can be used 
to subsequently pool cells 
from several samples for 
downstream staining and 
processing.

Flow cytometry

Filter 1

Wavelength

Filter 2

Mass cytometry

Mass Mass + 1 Mass + 16

Time-of-flight

Isotopic impurity
into mass + 1 channel

Oxidation into
mass + 16 channel

Spectral overlap into
adjacent channel
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conditions (such as a first-pass low-resolution scan 
followed by a high-resolution acquisition).

To address these problems, two related technolo-
gies, IMC58 and MIBI59,60, have been developed in which 
fluorophores are replaced with elemental mass reporters, 
analogous to mass cytometry.

How IMC and MIBI work. For both technologies, sam-
ples of either FFPE or cryopreserved tissues are mounted 
onto a slide and stained with heavy metal isotope-tagged 
antibodies or other reporter probes in a process simi lar 
to IHC or immunofluorescence protocols. In contrast to 
most of the cyclic approaches mentioned above, in IMC 
or MIBI, samples can be stained with all antibodies and 
reporter tags at once. The stained slides are then intro-
duced into the respective analysers. In IMC, a laser sys-
tem is used to ablate the stained tissue pixel-by-pixel58 
(Fig. 2). The resulting ablated material is then introduced 
into a CyTOF analyser, where it is ionized through an 
ICP and the elemental masses are quantified, similar to 
the process for whole cells in mass cytometry. Currently 
available commercial IMC instruments provide an image 
resolution of 1 µm and can acquire ~100 such 1 µm pix-
els every second61,62. In terms of sensitivity, a minimum 
of ~50 copies of an epitope per pixel are required for 
its detection.

In contrast to laser ablation-based IMC, MIBI utilizes 
the principle of secondary ionization mass spectrometry. 
For MIBI, stained slides are introduced into an analysis 
chamber under vacuum, in which elemental reporters 
are released by rastering the tissue pixel-by-pixel with a 
primary ion beam (Fig. 2). As the primary ions collide 
with the sample, they liberate secondary ions (including 
the heavy metal isotope reporters) from the tissue. These 
secondary ions are directly introduced into the detection 
system without further ionization or transfer, which pro-
duces a sensitivity of as little as a single copy of an epitope 
per pixel. Whereas the first MIBI instruments made use 
of a magnetic sector mass spectrometer59, next-generation 
instruments make use of a full TOF detection system 
(termed MIBI-TOF)60 that enables a large range of atomic 
masses to be analysed, including naturally occurring ele-
ments such as phosphorus and iron, which have impor-
tant biological functions63. These current MIBI-TOF 
instruments can provide pixel resolutions of ~250 nm at 
a rate as high as 10,000 pixels every second60,63.

Use in immune monitoring. A wide variety of the com-
mercially available antibodies used in IHC and immuno-
fluorescence staining procedures can be adapted for use 
in IMC and MIBI, as well as some of the alternative 
reporter probes developed for mass cytometry such as 
those that detect mRNA64. A ruthenium-based dye has 
been used to identify tissue structures and extracellu-
lar features, resulting in counterstaining analogous to 
that produced by haematoxylin in IHC65. The in situ 
detection of antigen-specific T cells has been previously 
demonstrated in both IHC and immunofluorescence 
imaging using tetramers66–68, so should therefore be also 
feasible by IMC or MIBI. However, whereas laser-based 
IMC completely ablates the tissue at each pixel thus pre-
venting reanalysis, only a few hundred nanometres of 
tissue are liberated with each MIBI scan60. This minimal 
tissue destruction enables the same cells in the same tis-
sue section to be re-analysed multiple times; for example, 
to create low-resolution overviews of large tissue areas, 
identify specific regions of interest and subsequently 
perform high-resolution analysis of these areas, or even 
to create 3D reconstructions60.

Cryopreserved or FFPE tissue sectioning

Simultaneous staining of tissue sections with all antibodies

Multiplexed ion beam imaging

Rastering of tissue with primary ion
beam releases secondary ions

Pixel-based quantification of secondary
ions via TOF mass spectrometry

Mass signal integration for each pixel

N-dimensional images

Imaging mass cytometry 

Ablation of tissue with laser beam
releases particles

Mass signal integration for each pixel

N-dimensional images

Quantification of ions in ablated
tissue via TOF mass spectrometry

Primary
ion source Sample

ICP Ion cloud

Orthogonal TOF
mass spectrometer

Sample
input

Antibody 1

Antibody 2

Antibody 3

Antibody N

Secondary ions

Primary
ion beam

Laser

Stained tissue

Released
particles

Fig. 2 | High-dimensional imaging analysis of tissue sections. Tissue sections (from 
formalin-fixed paraffin embedded (FFPE) or cryopreserved samples) are placed on a 
slide and subsequently stained with all heavy metal-tagged antibodies and other 
reporter probes in a single staining step. In imaging mass cytometry (IMC), stained 
sections are placed in the IMC analyser. A laser ablates the tissue pixel-by-pixel, 
releasing particles that are then introduced into a mass cytometer analyser, where they 
are first ionized in an inductively coupled plasma (ICP) and then quantified in an 
orthogonal time-of-flight (TOF) mass spectrometer. In multiplexed ion beam imaging 
(MIBI), stained sections are placed into the MIBI analyser and introduced into a vacuum 
chamber. The MIBI instrument then rasters the tissue sections with a primary ion beam. 
Upon collision with the stained section, secondary ions (including those introduced 
through the binding of the heavy metal-tagged antibodies) are liberated from the 
sample. This cloud of secondary ions is then focused through a series of lenses and 
introduced into an orthogonal TOF mass spectrometer. For both techniques, the 
detected signal is integrated and translated into ion counts per pixel, which represents 
multidimensional images that can be directly visualized or further analysed using 
various image analysis pipelines.

Rastering
a pattern of scanning in which 
an area is scanned (for example, 
with an ion beam) in lines from 
side to side, starting at the top.
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Important factors for the implementation of these 
technologies in clinical settings that involve large groups 
of patients are the throughput and robustness of these 
platforms. Two 2019 publications reported the use of 
IMC to create image-based maps of the pancreas or 
pancreatic islets from patients with type 1 diabetes mel-
litus61,62. In these studies, samples were acquired from 
12 to 18 patients, and multiple areas within each sample 
were analysed, demonstrating the suitability of IMC for 
such clinical studies. Similarly, a 2018 study demon-
strated the throughput and robustness of MIBI63. In this 
study, 800 µm2 images (containing 2,048 × 2,048 pixels) 
of FFPE samples were acquired from each of 41 patients 
with triple-negative breast cancer in less than 2 weeks63. 
New MIBI-TOF instruments and ion sources further 
increase this throughput by another order of magni-
tude60. Overall, high-dimensional imaging methods such 
as IMC and MIBI provide interesting possibilities for the 
study of rheumatic diseases, including the potential to 
identify relevant cellular interactions and perturbations 
directly in the tissue microenvironment.

Data analysis
The analysis of highly multiplexed datasets comprising 
dozens of measurements from large groups of samples 
provides a unique opportunity to gain insight into bio-
logical variation and its importance in a therapeutic 
context. However, such datasets also pose additional 
challenges as their high-dimensional properties make 
comprehensive manual analysis (such as analysis in 2D 
space using manual gating approaches) highly inefficient. 
In the following section, we provide an introduction to 
some commonly employed analytic approaches that can 
be used as a starting point for the comprehensive analysis 
of datasets from such high-dimensional immune mon-
itoring studies69–72. The analytical tools discussed below 
should provide researchers with interpretable data rep-
resentations and correlations with clinical features, thus 
enabling the identification of cellular disease signatures 
and potential novel therapeutic targets.

Image segmentation and analysis of spatial relationships. 
As a first level of analysis, multiplexed imaging data can 
be visualized in its native image format or as multi-colour 
overlays to emphasize the spatial relationships between 
different epitopes and cell types. Beyond this basic analy-
sis, several approaches can be used to extract single-cell 
data from high-dimensional images. image segmentation 
approaches that use deep learning techniques73 can be 
applied to MIBI-TOF and IMC images63,74. For example, 
a classifier can be trained to discriminate nuclear from 
non-nuclear pixels, which is then used to automatically 
identify nuclei and thus cells in a large set of images. 
Other deep learning approaches, including tools such as 
Ilastik75 and CellProfiler Analyst76, have been proposed 
for cellular segmentation of high-dimensional image 
sets61,62,77,78. Once imaging data have been segmented, 
downstream analysis can be performed analogously to 
other types of single-cell data. Notably, image segmen-
tation is not limited to the identification of single cells; 
large structures, including multicellular tissues (such as 
pancreatic islets) and extracellular pathological deposits 

(such as calcium-containing crystals), and also subcellu-
lar structures (including nuclei and other cell compart-
ments), can be automatically identified73. Furthermore, 
information about cellular location and proximity to 
other cells can be assigned to segmented data and lev-
eraged in the downstream analysis. Examples of the 
application of such analyses to high-dimensional images 
include: the use of Delaunay triangulation79 to identify 
cellular neighbourhoods in a mouse model of lupus56; 
the use of spatial enrichment analysis to identify a hier-
archical organization of tumour and immune cells in 
triple-negative breast cancer63; and the use of cellular 
neighbourhood analysis on pancreatic islets to identify 
disease stage-specific cellular interactions in patients 
with type 1 diabetes mellitus61.

Visualization of high-dimensional single-cell data. 
Single-cell proteomic data (either directly obtained 
by mass cytometry or through image segmentation as 
described above) is usually transformed using the hyper-
bolic function arcsinh or a related logarithmic approach 
to account for variance in protein expression between 
cell populations80–82. Following this pre-processing step, 
high-dimensional datasets are often projected into an 
interpretable low-dimensional space, with the aim of 
preserving as much of the inherent high-dimensional 
structure as possible. An effective approach that is opti-
mized to group cells on the basis of the similarity of their 
high-dimensional expression profiles is the t-stochastic 
neighbour embedding (tSNE) algorithm83,84. tSNE proj-
ects high-dimensional data onto a (usually) 2D map, 
thus providing a readily interpretable overview of the 
cell populations contained in the dataset. The tSNE 
algorithm has been successfully applied to a wide range 
of single-cell measurements and is now integrated into 
many cytometry data-processing platforms85.

Several extensions and modifications of the original 
tSNE algorithm have further broadened its applicabil-
ity86–88. Real-time visualization of the two-dimensional 
projections provide users with feedback that can be 
used to interactively optimize parameters87 and a hier-
archical step-wise application of tSNE can improve the 
identification of rare cell populations88. Furthermore 
artificial neural networks can approximate the tSNE 
embedding function, thereby enabling the projection 
and comparison of additional data that were not part of 
the initial embedding89. Alternatively, a novel embed-
ding technique, termed uniform manifold approxi-
mation and projection (UMAP), has been proposed 
for dimension reduction90. Compared with tSNE, 
UMAP improves the preservation of global structure in 
high-dimensional datasets and provides shorter calcu-
lation times, factors that have contributed to the rapid 
adoption of UMAP90,91.

A different approach that is particularly suited to 
simultaneously comparing the characteristics of mul-
tiple cell populations within a set of samples is the 
tool spanning-tree progression analysis of density- 
normalized events (SPADE)92. SPADE provides an over-
view of all cell populations present in a sample as clusters 
on a minimum spanning tree, which can be colour-coded 
for any marker of interest or for differential expression 

Image segmentation
The process of identifying and 
partitioning an image into 
meaningful objects (such as 
cells) in order to facilitate their 
downstream analysis.

Deep learning
a type of machine learning in 
which artificial neural 
networks with multiple layers 
of adjustable nodes are used 
to learn how to perform 
specific tasks from large 
amounts of data.

Classifier
an algorithm that has been 
trained to predict the class of 
data points.

Artificial neural networks
a type of machine learning 
framework inspired by the 
biological structure of 
the brain, in which (potentially 
many) layers of interconnected 
nodes transmit information 
to each other and apply 
transformations to perform 
classification or prediction 
tasks.

Minimum spanning tree
in a graph consisting of points 
(nodes) connected through 
edges, the minimum spanning 
tree represents the subset of 
the graph that connects all 
nodes with the minimum total 
edge weight, usually 
representing the length of 
the edge.
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when one or more reference samples are included85. 
Other data analysis and visualization tools make use of 
force-directed layouts to provide low-dimensional rep-
resentations of a high-dimensional dataset. For exam-
ple, the VorteX clustering environment tool combines 
a clustering algorithm with a single-cell representation 
of cellular heterogeneity through force-directed lay-
outs93. The Flowmap tool follows a similar concept, 
except that it incorporates the use of time-course data 
when building the model94. Prior biological knowl-
edge about lineage-defining expression patterns can be 
incorporated through the use of maps generated by the 
SCAFFoLD tool33. In this approach, high-dimensional 
datasets are clustered and subsequently mapped around 
previously defined landmark cell populations in a 
force-directed layout, which enables the integration of 
new data from different platforms and comparison to 
previous analyses95.

Cell population identification and analysis. Many algo-
rithms have been developed for automated population 
identification through clustering96 to improve the repro-
ducibility of high-dimensional dataset analysis and 
reduce analysis-related variability. A prominent example 
that has high performance and computational efficiency 
is FlowSOM, an algorithm that uses an adaption of the 
principle of self-organizing maps for cytometry data97. 
Following population assignment, potential associations 
of population frequencies or expression characteristics 
can be derived. To statistically compare cluster charac-
teristics between clinical groups or biological scenarios, 
the CITRUS algorithm uses a hierarchical clustering 
step and subsequent regularized regression analysis to 
identify features that can stratify cohorts98; a similar 
approach has also been integrated into complementary 
visualization tools such as SCAFFoLD99.

Although clustering can be a useful approach to 
identify groups of cells and cell populations, questions 
arise as to the choice of clustering parameters, the 
definition and correct number of clusters in the data-
sets and the potential loss of statistical power through 
over-clustering. Therefore, several approaches have 
been developed to identify differentially abundant cells 
or stratifying signatures without the need for clustering. 
One solution is to assign cells to so-called hyperspheres, 
which represent high-dimensional geometries, and 
then test for differential abundances for each hyper-
sphere100. Alternatively, an approach termed CellCNN 
relies on representation learning to identify cell events 
associated with differential clinical outcomes or other 
characteristics of interest101.

Cell development and lineage decisions can also be 
traced in mass cytometry data using trajectory algo-
rithms, which order cells according to progressive 
changes in their phenotype. Early examples of such algo-
rithms for mass cytometry data were Wanderlust102 and 
Wishbone103; however, a large number of such trajectory 
algorithms are now available104. In addition, single-cell 
regulatory networks can be modelled and quantified 
using a conditional density-based approach termed 
DREMI/DREVI105, and cellular diversity can be quanti-
fied by calculating an inverse Simpson’s diversity index106.

Planning an immune monitoring study
The conception and planning of a large immune moni-
toring study involves several layers of complexity, includ-
ing the choice of appropriately sized experimental and 
control groups. Much of this complexity is dependent on 
the specific disease context and biological hypo theses 
being investigated. Given this context-dependency, such 
considerations cannot be comprehensively covered in this 
Review. Instead, we provide a set of practical considera-
tions that cover questions that are commonly encountered 
when planning studies involving mass cytometry (Fig. 3), 
and that often also arise when using high-dimensional  
imaging techniques.

Sample collection. Studies involving patients and healthy 
individuals often use existing collections of samples that 
have been acquired over several years. Cell suspensions 
that have been viably cryopreserved can be directly 
entered into the sample preparation pipeline for mass 
cytometry. Similarly, archival FFPE tissue samples from 
standard pathology workflows are compatible with 
IMC and MIBI63. If sample collection is ongoing, sev-
eral aspects of storage and analysis should be considered. 
Single-cell suspensions can be stored viably for use in 
mass cytometry, which enables functional assays to be 
performed, such as intracellular cytokine production 
assays or protein phosphorylation assays. Fixation prior 
to storage can help preserve cryo-sensitive cells and pre-
vent freeze–thaw-dependent changes in their functional 
state; however, some epitopes can become less accessible 
for antibody staining after fixation, thereby potentially 
reducing the overall analytical quality of a sample2. It is 
also advisable to anticipate the inclusion of a separate val-
idation cohort by gathering samples not included in the 
initial analysis, which can be subsequently used to inde-
pendently confirm initial findings. Importantly, mass 
cytometry is destructive and cells cannot be recovered 
after acquisition; however, there are numerous examples 
of studies in which cell populations of interest have been 
identified in high-dimensional space by mass cytometry 
and prospectively isolated by fluorescence-activated cell 
sorting for subsequent orthogonal analysis using a dif-
ferent set of methodologies8,102,107,108. Similarly for MIBI, 
serial sections of the same tissue samples could be used 
for confirmatory orthogonal assays such as traditional 
IHC or bulk biomolecule analysis.

Antibody panel design. Once the samples are curated, 
questions around intra-assay comparison, panel design 
and the choice of antibodies and other probes have to 
be considered109. A 2019 study validated a commer-
cially available set of antibodies that aims to capture and 
quantify a broad range of immune cell types beyond the 
hypothesized target population(s), which could be easily 
implemented for comprehensive immune monitoring in 
rheumatic disease research2. Such a reference panel could 
then be supplemented with further hypothesis-specific 
markers. Although the list of commercially available 
heavy metal-tagged antibodies is steadily growing, it is 
usually still necessary to conjugate some antibodies in- 
house. Protocols for the conjugation of antibodies with 
heavy metals that can be used in mass cytometry or 

Force-directed layouts
graphical renderings that 
assign spring-like (attractive 
and repulsive) forces between 
the edges and nodes of a 
graph to position them in 
2D space.

Clustering
grouping a set of points that 
are similar to each other.

Self-organizing maps
a type of unsupervised 
clustering and dimensionality 
reduction approach that 
preserves the topological 
information of the input data.

Representation learning
The automated process of 
transforming raw data into 
useful features that are 
subsequently used in other 
machine learning applications.

Simpson’s diversity index
a measurement of diversity 
that takes into account the 
number of different groups 
present in a dataset, as well 
as their relative abundance.
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high-dimensional imaging are available24,110 and can be 
performed in a few hours.

Antibodies specific for the chosen targets have to be 
distributed across the available mass reporter channels. 
Panel design considerations have been outlined else-
where111,112 but, briefly, minor sources of cross-channel 
contamination can result from isotopic impurities 
and the oxidation of elements (box 1). Both phenom-
ena are often minor relative to technical variation and 

in comparison with fluorescence-based signal over-
lap. Moreover, such contamination can be pra ctically 
resolved through panel design, reagent titration or 
through bead-based compensation app roaches (that 
can be applied to both mass cytometry and high- 
dimensional imaging approaches), further improving  
data accuracy113.

Reproducibility. As with many other biological assays, 
antibody specificity should always be confirmed using 
both positive and negative biological controls (samples 
known to either express or not express the epitope of 
interest) and batch processing is recommended to min-
imize technical variation. For mass cytometry, the use 
of barcoding approaches enables the combined stain-
ing and acquisition of multiple samples at the same 
time36,38,49–51 (Fig. 3). Cells can then be assigned back to 
their original sample in silico. An analogous approach 
to barcoding for high-dimensional imaging is the use 
of tissue microarrays, which combine small tissue areas 
from multiple samples onto a single slide that is then 
stained and processed as one composite sample.

If data are generated across long periods of time or on 
multiple instruments, the use of standards can improve 
sample comparability. Metal-containing beads can 
normalize machine performance across time for mass 
cytometry applications46, and repeat aliquots of stan-
dard sample(s) analysed with each run can be used in 
mass cytometry, as well as in high-dimensional imaging 
technologies47. To improve reproducibility and acceler-
ate research efforts, raw data should be made available 
in public repositories alongside published studies. Mass 
cytometry raw data are often shared using platforms 
such as Cytobank85, ImmPort114 and FlowRepository115. 
The MIFlowCyt standard116, which provides crucial 
information about experimental design, can be adopted 
for mass cytometry experiments, together enabling 
re-analysis of the dataset, as well as large meta-analysis 
approaches117. Analogous databases to those for mass 
cytometry data also exist for biomedical imaging data118.

Immune monitoring in rheumatic diseases
Many rheumatic diseases share characteristics that 
suggest that the immune system is important in their 
aetiology. Firstly, genome-wide association studies have 
highlighted HLA alleles, which encode antigen presenta-
tion machinery, as important genetic risk factors for the 
development of many rheumatic diseases119,120. Genes 
related to other immune functions, such as cytokine 
production121, are also associated with rheumatic dis-
eases. Genetic contributions to disease risk vary across 
different rheumatic diseases, but in general, a combi-
nation of genetic predisposition and additional envi-
ronmental insults are thought to be triggering events in 
rheumatic disease aetiology. For example, infection with 
Epstein–Barr virus and subsequent immune activation 
are associated with an increased risk of developing many 
rheumatic diseases119,122,123. Inflammation and other pro-
cesses can in turn prompt epigenetic modifications120, 
as well as protein modifications such as citrullination121, 
which can potentially create novel autoantigens. In an 
inflammatory microenvironment (as occurs in many 

Sample collection (different
treatments and time-points)

Patient cohort

Data analysis

Single-cell suspensions

Barcoding and pooling of multiple samples

Staining of combined sample
with heavy metal-tagged antibodies

Acquisition on mass cytometer

Sample 1 Sample 2 Sample X

Sample 1 Sample 2 Sample X

Antibody 1

Antibody 2

Antibody 3

Antibody N

Fig. 3 | Conducting large-scale immune-monitoring 
studies using mass cytometry. Patient cohorts are 
selected depending on the experimental questions to be 
addressed. Cells taken as samples at different time points 
can be cryopreserved (as either live or fixed cells) and 
collected prior to their analysis. To reduce technical 
variation, single-cell suspensions from multiple donors can 
be barcoded and pooled prior to staining and acquisition. 
In this process, a unique heavy metal tag (or a combination 
of several tags) is attached to all of the cells in a sample. 
These tagged samples can then be pooled and processed 
(stained with heavy metal-tagged antibodies and acquired 
on a mass cytometer) as a single sample. Following 
acquisition, cells can be assigned back to their original 
sample and analysed further.
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rheumatic diseases), antigen-presenting cells can display 
such modified antigens, thereby initiating an adaptive 
immune response characterized by the interaction of 
T cells (particularly follicular helper T (TFH) cells) with 
B cells119,121,124. The production of autoantibodies by ter-
minally differentiated plasma cells is a shared feature 
of many rheumatic diseases that contributes to pathol-
ogy and is often used in their diagnosis119,121,122. Lastly, 
immune-targeted interventions (such as the modulation 
of TNF signalling or the depletion B cells) are therapeu-
tic approaches in many rheumatic diseases125,126, again 
underlining the importance of the immune system in 
these diseases.

Over the past few years, several studies have been 
published in which the authors have used mass cytom-
etry to gain insights into the characteristics of various 
rheumatic diseases, some examples of which are dis-
cussed in this section. Although clinical applicability has 
been previously demonstrated in various contexts such 
as cancer63 and autoimmunity61,62, we are not aware of 
any published studies using MIBI or IMC in rheumatic 
disease research. However, we expect important insights 
to be gained in the future by studying tissue-based 
cellular interactions at sites of active disease.

Inflammatory arthritis. Mass cytometry has been used 
to study the activation and cytokine production profiles 
of T cells isolated from the peripheral blood, synovial 
fluid or inflamed tissues of patients with different types 
of inflammatory arthritis, including RA and spondylo-
arthritis (SpA). The use of this high-dimensional 
approach enabled the identification of a pathologically 
expanded population of PD1hiCXCR5−CD4+ T cells in 
the synovium of patients with RA who were seroposi-
tive for rheumatoid factor or anti-citrullinated protein 
antibodies (ACPAs)127. In-depth phenotyping of these 
cells revealed the expression of several proteins involved 
in B cell help, including IL-21, CXC-chemokine ligand 
13 (CXCL13), inducible T cell co-stimulator (ICOS) and 
the transcription factor MAF, which enabled these cells 
to be discriminated from traditional TFH cells, and mech-
anistic experiments demonstrated the ability of these 
cells to promote plasma cell differentiation. In a related 
study from the same laboratories, peripheral blood from 
patients with RA and patients with osteoarthritis was 
analysed by mass cytometry128. Patients with RA had an 
expanded population of effector memory CD4+ T cells 
with a CD27−HLA-DR+ phenotype compared with 
patients with osteoarthritis, suggesting chronic activa-
tion of these cells in RA. Together, these studies provide 
a mechanistic hypothesis for T cell-mediated patholog-
ical processes in RA in which tissue-infiltrating T cell 
subsets might recruit additional immune cells via the 
production of CXCL13 and IL-21.

The identification of such pathological processes can 
also provide potential targets for therapeutic interven-
tion. A mass cytometry study in SpA revealed increased 
numbers of a variety of granulocyte–macrophage 
colony-stimulating factor (GM-CSF)-producing immune 
cell subsets in the blood and joints of patients with  
axial SpA compared with patients with RA and healthy 
individuals129. Among the cell types identified as 

producing GM-CSF in these patients were CD4+ and 
CD8+ T cells, γδ T cells and innate lymphoid cells. 
Interestingly, GM-CSF expression by T cells is thought 
to be an important mediator and potential therapeutic 
target in other autoimmune diseases including multiple 
sclerosis130,131, suggesting that targeting GM-CSF might 
also be an option in SpA. In addition to soluble medi-
ators such as GM-CSF, the expression of surface epitopes 
(such as programmed cell death protein 1 (PD1) on the 
RA-associated cell population)127 could be targeted to 
interfere with T cell–B cell interactions using existing 
therapeutics.

Connective tissue diseases. In-depth functional and  
pheno typic analysis by mass cytometry has also been 
used to study the immune cell responses and cytokine 
net works that underlie connective tissue diseases such as 
SLE and pSS. A comprehensive analysis of immune cell 
subset responses to Toll-like receptor (TLR) ligands in 
cells from patients with SLE revealed a disease-associated 
immune signature that is triggered by TLR engagement132. 
Specifically, CD14hi monocytes from patients with SLE 
had a pro-inflammatory chemokine and cytokine signa-
ture characterized by CC-chemokine ligand 2 (CCL2), 
CCL4 and TNF. In a separate study, a similar immune 
signature, consisting of CCL2, CCL4 and IL-1 receptor 
antagonist (IL-1RA), was found in monocytes from pae-
diatric patients with SLE133. Interestingly, the presence of 
this immune signature correlated with clinical disease 
activity scores and could be abrogated through blockade 
of interferon α receptor (IFNAR) or Janus kinase (JAK) 
inhibition133, thus providing mechanistic insights into the 
action of anifrolumab (an IFNAR inhibitor) and tofaci-
tinib (a JAK inhibitor), emerging therapeutics for SLE 
currently being evaluated in clinical trials134,135.

Focusing on B cell biology as a contributor to SLE, a 
mass cytometry study revealed dynamic changes in the 
frequency of several B cell subtypes during treatment 
with belimumab136, a monoclonal antibody specific for 
B cell activating factor (BAFF) that has been approved 
for the treatment of SLE. In this study, high-dimensional 
phenotyping of B cells enabled the longitudinal moni-
toring of a broad range of B cell phenotypes, including 
ABCs, a T-bet-dependent subset of B cells that display a 
distinct transcriptional profile compared with other B cell 
subsets. ABCs increase in number with age, but also 
upon repeated viral infections and in patients with auto-
immune diseases, including SLE137,138. A decrease in the 
number of ABCs (defined as CD11c+CD21− B cells) cor-
related with early clinical improvement during treatment 
with belimumab, and overall, pretreatment B cell counts 
were predictive of response to belimumab therapy136.

Mass cytometry-based investigation of blood sam-
ples and salivary gland tissue from patients with pSS 
revealed a multi-population disease signature dominated 
by activated CD8+ T cell populations and terminally dif-
ferentiated plasma B cells139. Importantly, this immuno-
logical signature could predict pSS diagnosis, as well 
as stratify patients on the basis of clinical features and 
disease activity, suggesting that these T cell and B cell 
populations might be potential targets for future clinical 
interventions.
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Insights across rheumatic diseases. These first mass 
cytometry studies127–129,132,133,136,139 illustrate some of 
the main advantages of this technique for in-depth 
phenotyping of immune cell subsets and how it can 
provide valuable insights into disease mechanisms in 
rheumatic diseases. Multiple studies have provided evi-
dence of chronic and/or increased T cell activation, such 
as the expansion of CD27− memory T cells in RA and 
multifaceted T cell activation in SpA and pSS128,129,139. 
Unifying many of these findings across multiple auto-
immune and rheumatic diseases, a 2019 study reported 
the use of mass cytometry and metal-conjugated MHC 
class II tetramers to perform in-depth phenotyping on 
antigen-specific autoimmune T cells from patients with 
coeliac disease and other autoimmune and rheumatic 
diseases140. The antigen-specific T cells in coeliac dis-
ease140 had a phenotype that was strikingly similar to 
that described in T cells in RA127, including the expres-
sion of multiple activation markers, PD1 and IL-21 and 
the absence of CXC-chemokine receptor 5 (CXCR5). 
Interestingly, T cells with this phenotype were enriched 
in samples from individuals with many different auto-
immune diseases, including SSc and SLE140, thus posi-
tioning these cells as important disease promoters in 
many autoimmune and rheumatic diseases.

A unique advantage of defining high-dimensional 
protein co-expression patterns via mass cytometry is 
the ability to precisely identify cellular signatures to bet-
ter understand the functional context of these cells and 
to therapeutically target these specific cell populations. 
In particular, several of the previously mentioned stud-
ies127,136,139 provide evidence that underlines the impor-
tance of TFH cell–B cell interactions and plasma cell 
differentiation, as well as defining the cell surface pheno-
types of the cell populations involved in these processes. 
Plasma cells ultimately contribute to autoantibody pro-
duction, an important pathogenic and diagnostic factor 
for many rheumatic diseases, and thus interfering with 
plasma cell development might provide a therapeutic 
strategy for these diseases. Another emerging theme from 
these studies is altered cytokine expression profiles of 
innate immune cells in SLE and of several populations 
of adaptive immune cells in RA and SpA, which point 
towards the importance of immune communication  
pathways that could be targeted therapeutically.

Together, these studies127–129,132,133,136,139 provide the 
first examples of how increased parametrization ena-
bles the identification of complex cellular features that 
correlate with disease activity and clinical improvement, 
as well as the discovery of cellular signatures that could 
be used diagnostically or that can serve as therapeutic 
targets across a range of rheumatic diseases.

Future directions
The continued analytical and methodological develop-
ments in both mass cytometry and high-dimensional 
imaging technologies make them core technologies for 
use in many immune-monitoring and related studies. The 
ability to extract and recognize biologically informative 
but complex information from these high-dimensional 
datasets will be further improved through developments 
in the fields of artificial intelligence and machine learning.  

For example, the use of autoencoders and related tools, 
as already demonstrated on single-cell data141, could be 
directly applied to multiplexed images to enhance the 
identification of relevant features142,143. Another excit-
ing area of ongoing development for high-dimensional 
imaging is the transition from imaging a 2D plane 
to imaging 3D structures, which would provide the 
opportunity to investigate spatial cellular information 
in both health and disease. For example, the small 
amount of tissue that is consumed with each MIBI scan 
means that multiple scans of the same region could be 
used to reconstruct 3D structures with highly resolved 
multiplexed infomation60,63,144,145.

The application of mass cytometry is ever-expanding 
into new research areas. For example, comprehensive 
immune phenotyping by mass cytometry has been used 
with as little as 100 µl of blood from newborn babies 
to follow early immune development146. The authors 
of this study performed additional analysis of plasma 
protein concentrations from these samples, highlighting 
the benefits of integrating multiple types of data. Such 
multi-omics approaches combine data from transcrip-
tomic, epigenetic, metabolomic and microbiome analy-
ses with clinical data, that together reveal otherwise 
hidden correlations. Computational analysis of such 
integrated datasets remains challenging, but is an area 
of active research147–149. Using probes sensitive for chro-
matin modification marks, researchers have also directly 
obtained single-cell epigenetic information using mass 
cytometry to investigate immunological changes that 
occur with age150. Many autoimmune diseases, including 
rheumatic diseases such as SLE, RA and SSc, have sus-
pected epigenetic contributions to their aetiology, and 
it would be of great interest to study epigenetic changes 
at the single-cell level in combination with immune cell 
phenotype(s) and cell population abundance120,151,152.

The ultimate goal of medical intervention in any 
autoimmune disease is prevention of the disease before 
onset or, alternatively, early detection of damage to 
avoid disease exacerbation and the onset of comorbid-
ities153. In SLE, anti-nuclear antibodies can be detected 
up to 9 years before disease onset in some patients122, 
and similarly, the presence of ACPAs can precede the 
onset of RA154. It would be of great interest to investi-
gate if cellular signatures can be identified that predict 
imminent disease onset in individuals at risk of disease 
development. A related research interest for rheumatic 
diseases is the identification of biomarkers that stratify 
patients into clinically relevant groups. The early dis-
crimination of patients who are likely to respond well 
to a given therapeutic from patients who are unlikely to 
benefit could contribute to the development of person-
alized therapeutic schemes. For example, a 2019 study 
used mass cytometry to detect a T cell subset that could 
discriminate patients with juvenile idiopathic arthri-
tis who were at risk of relapse upon anti-TNF therapy 
withdrawal155. Importantly, such in-depth monitoring 
of patients receiving various therapies could addition-
ally pinpoint the mechanism of action of currently 
approved drugs and thus open opportunities to refine 
their efficacy by directly modulating a specific cellular 
function instead of broadly targeting complete immune 
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a type of artificial neural 
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a lower-dimensional data 
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cell lineages. Furthermore, although many autoimmune 
and rheumatic diseases are chronic, patients will often 
experience short-term disease flares. The analysis and 
comparison of affected tissues at different time points 
before, during and after disease flares could provide 
insight into the reservoir of pathological cells in these 
patients and enable the identification of biomarkers that 
signify the timing of such flares. Novel microneedle sam-
pling devices could facilitate such longitudinal studies 
by potentially enabling at-home blood collections156,157, 
whereas skin or synovial tissue samples acquired using 
sampling techniques such as fine-needle aspirates158 
or microneedle patches159 could be imaged directly or 
analysed as a single-cell suspension by mass cytometry.

Conclusions
A heterogeneous clinical presentation and complex 
pathobiology are characteristic of many rheumatic dis-
eases. The single-cell systems immunology perspective 

offered by mass cytometry and high-dimensional 
imaging technologies, in combination with innova-
tive analytical approaches, provides an opportunity 
to elucidate these mechanisms at a high-dimensional 
level. As illustrated in several studies over the past few 
years, these technologies have enabled the discovery 
of disease-associated cellular signatures that provide 
insight into pathology and ideas for future treatments 
across many diseases. Technologies such as mass cytom-
etry, IMC and MIBI offer the field of rheumatic disease 
research an opportunity to comprehensively phenotype 
immune cells in a variety of diseases and conditions 
(including during and after flares or during treatment 
with different therapies), enabling researchers to reveal 
immune signatures for stratifying patients, to uncover 
novel therapeutic targets and to identify biomarkers for 
therapeutic success.
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T cells have an important function in the pathogenesis of 
systemic lupus erythematosus (SLE) by instigating and 
amplifying the inflammatory process through direct 
contact with other immune cells in primary or secondary 
lymphoid organs, through secreting pro-inflammatory 
cytokines or through mediating direct effects on target 
tissues. Many aberrations in the distribution and func-
tion of T cell subsets have been described in patients with 
SLE and have been linked to the immunopathogenesis 
of SLE (as reviewed elsewhere1–3). Multiple studies have 
identified biochemical and molecular abnormalities in 
T cells, including a number of metabolic disturbances4,5, 
that might explain their aberrant phenotypes in patients 
with SLE and in lupus-prone mice.

Pioneering studies have shown the importance of 
altered metabolic pathways in the development of aber-
rant T cell function in patients with SLE5 and have shed 
light on how molecules previously linked to distinct 
immune cell functions can control metabolic enzymes6. 
However, our understanding of the metabolic control 
of normal T cell function is incomplete, and the abil-
ity of metabolic enzymes to control T cell function under 
autoimmune conditions is largely unexplored.

In this Review, we first describe new developments 
in our understanding of the metabolic control of T cells 
and the unique requirements that have emerged for 
the differentiation of each T cell subset. Subsequently, 

we review the current understanding of the control of 
T cell function by metabolic processes in patients with 
SLE. We emphasize the biochemical and molecular links 
between established immune molecules and the expres-
sion of metabolic enzymes and highlight potential future 
therapeutic targets.

T cell metabolism
Cells require energy for survival and function, and the 
processing of nutrients through distinct metabolic pro-
cesses produces ATP to meet these energy requirements. 
The metabolic pathways of T cells, as with other cells, are 
affected by the availability of nutrients such as glucose, 
glutamine and fatty acids (Fig. 1), and nutrient availabil-
ity dictates both the activation and function of immune 
cells. Glucose is involved in both glycolysis and oxidative 
phosphorylation. Glycolysis takes place in the cytoplasm 
and converts glucose to pyruvate (generating two mole-
cules of ATP), which is converted to either lactate (in 
the cytoplasm) or acetyl coenzyme A (acetyl-CoA) 
(in the mitochondria). Acetyl-CoA subsequently enters 
the tricarboxylic acid (TCA) cycle and produces ATP 
(36 molecules) via oxidative phosphorylation. Thus, 
glucose metabolism via both glycolysis and oxidative 
phosphorylation generates energy (at a faster or slower 
pace, respectively). In addition to glucose metabolism, 
immune cells can utilize the TCA cycle machinery to 
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Abstract | T cell subsets are critically involved in the development of systemic autoimmunity and 
organ inflammation in systemic lupus erythematosus (SLE). Each T cell subset function (such as 
effector, helper, memory or regulatory function) is dictated by distinct metabolic pathways 
requiring the availability of specific nutrients and intracellular enzymes. The activity of these 
enzymes or nutrient transporters influences the differentiation and function of T cells in 
autoimmune responses. Data are increasingly emerging on how metabolic processes control  
the function of various T cell subsets and how these metabolic processes are altered in SLE. 
Specifically , aberrant glycolysis, glutaminolysis, fatty acid and glycosphingolipid metabolism, 
mitochondrial hyperpolarization, oxidative stress and mTOR signalling underwrite the known 
function of T cell subsets in patients with SLE. A number of medications that are used in the 
care of patients with SLE affect cell metabolism, and the development of novel therapeutic 
approaches to control the activity of metabolic enzymes in T cell subsets represents a promising 
endeavour in the search for effective treatment of systemic autoimmune diseases.
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generate energy by metabolizing glutamine through 
glutaminolysis or fatty acids through β-oxidation. In 
addition to the generation of energy, various molecules 
of the TCA cycle serve as precursors to synthesize lipids, 
nucleic and nonessential amino acids and other important 
molecules.

T cell activation. T cells belong to the adaptive immune 
system and are central to the development of imm une res-
ponses to foreign antigens and in the case of loss of 
tolerance, to self-antigens. Naive T cells utilize nutrients 
for their maintenance and homeostasis. Upon engage-
ment of the T cell receptor (TCR), T cells adopt an 
anabolic metabolism phenotype to enable the rapid shift-
ing from quiescence to activation, proliferation and the 
acquisition of effector functions and increase the mito-
chondrial mass for the energy supply in a process called 
mitochondrial biogenesis (Fig. 2a). One of the pathways 
activated following TCR engagement is the phospho-
inositide 3-kinase (PI3K)–AKT–mTOR pathway7. mTOR 
is a serine/threonine kinase that can be part of two dis-
tinct protein complexes (the mTORC1 complex and the 
mTORC2 complex); these complexes mediate different 
signalling pathways to enable metabolic reprogramming 
in T cells8,9, resulting in a shift from fatty acid oxidation 
and pyruvate oxidation towards glycolysis and glut-
aminolysis10,11. The biochemical intermediates of these 
metabolic pathways enable the generation of nucleotides,  
amino acids and fatty acids12.

When T cells are activated by antigen-presenting cells 
(APCs), they undergo asymmetric cell division with 
asymmetric distribution of MYC, a crucial transcription 
factor for the differentiation of various effector T (Teff) cell 
subsets (discussed in the next section). MYC is important 
for driving metabolic reprogramming in T cells down-
stream of mTORC1 and can regulate the expression of 
enzymes involved in glycolysis and glutaminolysis. The 
daughter cells with elevated levels of MYC differenti-
ate into Teff cells, whereas the remaining daughter cells 
(with low levels of MYC) differentiate into memory-like 
T cells13. Acute deprivation of MYC compromises both 
glycolysis and glutaminolysis10.

Glycolysis is the major metabolic pathway required 
for T cell activation, a process characterized by an 
abrupt switch from oxidative phosphorylation to glyco-
lysis (known as the ‘Warburg effect’); however, given  
that mitochondrial biogenesis increases in T cells fol-
lowing activation, oxidative phosphorylation might 
also be involved14. Mitochondrial metabolic pathways 
are required for T cell proliferation to generate ATP for 

biosynthesis, signalling molecules and reactive oxygen 
species (ROS) for NFAT activation, a crucial transcrip-
tion factor for the production of IL-2 (a key death and 
growth factor for T cells)15.

T cell differentiation. Different subsets of T cells are 
defined by their TCR composition (for example, αβ chains  
or γδ chains), the expression of co-receptors (for exam-
ple, CD4 for T helper (TH) cells and CD8 for cytotoxic 
T cells) and the expression of transcription factors and 
cytokines16. Metabolic pathways might influence the dif-
ferentiation of CD8+ T cells and TH cell subsets. These 
pathways are flexible and T cells can adapt to different 
metabolic requirements. The metabolism of the various 
T cell subsets is discussed in more detail in the follow-
ing sections. The metabolic pathways in memory T cells 
and regulatory T (Treg) cells are different from those in 
Teff cell development and are therefore discussed in a 
separate section.

Effector T cell metabolism
Naive CD4+ T cells can differentiate into various Teff cell 
subsets, including TH1, TH17, TH2 and follicular helper 
T (TFH) cells. Each of the Teff cell subsets utilizes the dif-
ferent metabolic pathways downstream of the TCR to 
vary ing extents according to the availability of metab-
olites and the function of the Teff cell subset17 (Fig. 2b). 
These cells require carbohydrates, proteins and lipids, 
and limitation of these nutrients diminishes Teff cell 
responses12. The mTOR signalling pathway is central 
for controlling the development of specific types of 
Teff cells. For example, mTORC1 activity typically charac-
terizes TH1 cell, TH17 cell and CD8+ T cell differentia-
tion, whereas combined mTORC1–mTORC2 activity is  
required for TH2 cell and TFH cell differentiation8,9.

Various immune molecules known to direct the gen-
eration of distinct Teff cells are thought to be involved 
in metabolic pathways too. For example, the inducible 
T cell co-stimulator (ICOS), a co-stimulatory molecule, 
activates the mTORC1 and mTORC2 complexes, pro-
moting glycolysis, lipogenesis and glucose transporter 1  
(GLUT1)-mediated glucose metabolism and subse-
quent TFH cell responses18. Furthermore, the transcrip-
tion factor interferon regulatory factor 4 (IRF4) inhibits 
a transcriptional repressor, BCL6, that blocks glycolytic 
enzymes19; inhibition of BCL6 promotes glycolysis, a pro-
cess that is essential for TH1 and CD8+ T cell differentiation  
(as discussed in the next section)20.

Glucose metabolism in effector T cells. Glycolysis is 
increased in TH1, TH17 and TFH cells (as well as in CD8+ 
T cells) compared with quiescent cells10,21, and this path-
way is required for the differentiation of T cells into TH1 
and TH17 cell lineages21,22. Transgenic overexpression 
of GLUT1 in mouse T cells leads to increased glucose 
uptake and production of IL-2 and IFNγ23. By contrast, 
GLUT1 deficiency in mouse T cells through deletion 
of Glut1 decreases the utilization of glucose by CD4+  
T cells and results in diminished differentiation to Teff cells 
and reduced T cell proliferation24. Conversely, glyco-
lysis deprivation supports the development of Treg cells 
under conditions that induce Treg cell differentiation  

Key points

•	The	fate	of	T cell	differentiation	can	be	determined	by	the	activity	of	various	metabolic	
pathways	in	the	cell,	reflecting	the	central	role	of	metabolism	in	controlling	T cell	
plasticity.

•	In	systemic	lupus	erythematosus	(SLE),	T cells	are	chronically	active	as	a	result	of	T cell	
receptor	rewiring,	hypomethylation	of	genes	related	to	cell	activation,	an	increase	in	
lipid	raft	formation	and	multifactorial	mTORC1	activation.

•	Manipulating	metabolic	pathways	in	T cells	is	a	promising	strategy	in	SLE	and	could	
enable	the	inhibition	of	pathogenic	effector	T cell	activation	and	differentiation	and	
the	promotion	of	regulatory	T cells.

Nonessential amino acids
Six amino acids that can be 
synthesized in sufficient 
quantities in the body (alanine, 
aspartic acid, asparagine, 
glutamic acid, serine and 
selenocysteine), unlike 
essential amino acids that 
must be supplied in the diet.

Anabolic metabolism 
phenotype
A phenotype characterized by 
rapid biosynthesis of molecules 
through various metabolic 
pathways.

Mitochondrial biogenesis
The increase in mitochondrial 
mass within a cell as a result  
of cellular stress or prolonged 
activation. This process 
includes an increase in 
metabolic enzymes involved  
in glycolysis and oxidative 
phosphorylation and is 
regulated by AMPK and 
transcriptional modifications.
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(as discussed in the next section)21. Although glycolytic 
activity is high in differentiated TH2 cells21, the impor-
tance of glycolysis in TH2 and TFH cell differentiation 
is unclear.

The fate of Teff cell differentiation is determined by 
intermediate metabolites involved in the control of glu-
cose metabolism, such as hypoxia-inducible factor 1α 
(HIF1α) and pyruvate dehydrogenase (PDH). HIF1α 
regulates glucose metabolism in both CD4+ and CD8+ 
T cells and also controls the differentiation of TH1 and 
TH17 cells17,18. HIF1α activity is promoted downstream 
of TCR activation, favouring glycolysis and TH1 and 
TH17 cell differentiation. By contrast, the Ras homologue 
gene family member A (RhoA), a small GTPase protein, 
is required for orchestrating glycolysis during TH2 cell 
differentiation25. mTORC2 regulates RhoA activity and 
is thus essential for TH2 cell differentiation8.

After the generation of pyruvate (the last step of glyco-
lysis), pyruvate can either be converted to lactate in the 
cytoplasm via lactate dehydrogenase (LDH) or converted 
into acetyl-CoA in the mitochondria via PDH. The 
mitochondrial pyruvate carrier (MPC) enables entry of 
pyruvate into the mitochondria (Fig. 3) and specific enzy-
mes control the activity of PDH in the mitochondria:  
pyruvate dehydrogenase phosphatase catalytic subunit 2 
(PDP2) dephosphorylates PDH, resulting in PDH acti-
vation, whereas PDH kinase 1 (PDK1) phosphorylates, 

and hence inactivates, PDH. The expression of PDP2 
itself is suppressed at the transcriptional level by indu-
cible cAMP early repressor (ICER)26, an important tran-
scriptional factor in TH17 cells. This transcription factor 
also promotes glutaminolysis (as discussed in the next 
section) by promoting the expression of glutaminase, 
suppresses the production of IL-2 and promotes the 
production of IL-17 (reF.27).

TH17 cells express ICER and increased levels of PDK1 
(compared with TH1 cells) and thus produce higher lev-
els of lactate (and have lower levels of acetyl-CoA)26. 
Inhibition of PDK1 prevents the formation of TH17 
cells28–30 and promotes IFNγ production and TH1 cell dif-
ferentiation30. Inhibition of MPC reduces both TH1 cell 
polarization (owing to a reduction in acetyl-CoA pro-
duction) and TH17 cell polarization (in the absence  
of ICER)30,31.

Amino acid metabolism in effector T cells. Amino acids 
are required in a broad range of cellular processes dur-
ing inflammation, including protein synthesis as well 
as nucleic acid synthesis, the regulation of mTORC1  
signalling and the control of stress pathways in T cells32,33.

Glutamine is a non-essential amino acid that is consid-
ered the most abundant amino acid in the circulation, and 
its consumption is increased in activated T cells10. During 
glutaminolysis, glutamine is hydrolysed to glutamate, 
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Fig. 1 | Metabolic pathways in immune cells. The glucose metabolic pathway consists of both glycolysis, which 
converts glucose to pyruvate in the cytoplasm, and oxidative phosphorylation, which generates energy via the 
tricarboxylic acid (TCA) cycle in the mitochondria. Pyruvate that enters the mitochondria can be further converted to 
acetyl coenzyme A (acetyl-CoA) and enter the TCA cycle. Energy can also be generated via metabolism of glutamine  
(in a process called glutaminolysis) or fatty acids (in a process called β-oxidation), which both take place in the 
mitochondria utilizing the TCA cycle machinery. Glucose metabolism under anaerobic conditions converts pyruvate  
to lactate, diverting glucose metabolism from the TCA cycle. Glucose metabolism under oxygen-sufficient conditions 
utilizes the machinery in both the cytoplasm and mitochondria and under surplus conditions might generate excessive 
intermediates (not shown) that serve as precursors in the generation of amino acids (for example, via pyruvate, citrate  
or intermediates of the glycolysis pathway), fatty acids and lipids (for example, via citrate or intermediates of the 
glycolysis pathway) or nucleotides (for example, via the pentose phosphate pathway or citrate). The pentose phosphate 
pathway branches from the glycolysis pathway and converts glucose-6-phosphate to ribose-5-phosphate to generate 
reducing equivalents, including NADPH, for the synthesis of nucleic acids and amino acids during cell activation.  
ETC, electron transport chain; GLUT1, glucose transporter 1.
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which is further metabolized to α-ketoglutarate, an 
intermediate of the TCA cycle and also a substrate for 
histone demethylases and DNA demethylases34. Hence, 
it is possible that in T cells, glutaminolysis-related path-
ways affect T cell subset differentiation by modulating 
chromatin accessibility35.

Glutaminolysis components are used to replen-
ish metabolic intermediates, to support acetyl-CoA 
production (used in acetylation or lipid synthesis), to 
feed other metabolic pathways that are involved in the 
synthesis of polyamine, glutathione and serine, and to 
maintain the malate-aspartate shuttle10,36. Glutamine dep-
rivation37,38, as well as inhibition of α-ketoglutarate pro-
duction35, promotes Treg cell induction. Notably, the first 
enzyme in the glutaminolysis pathway, glutaminase, is 
induced transcriptionally by ICER39 and can promote 
TH17 cell generation. Inhibition of glutaminase results in 

glutamate deficiency, promotes TH1 differentiation and 
impairs mTORC1-dependent TH17 differentiation with-
out affecting Treg cell differentiation40. Glutamine defi-
ciency in mice limits the differentiation of TH17 cells38,39. 
Furthermore, in conditions of glutamine restriction, the 
activation of mouse T cells in vitro is diminished and 
T cell proliferation and production of IL-2 and IFNγ are 
inhibited41. By contrast, glutamine restriction enables TH2 
polarization, except under TH1-polarizing conditions in 
which T cells differentiate into Treg cells42.

Leucine is an essential amino acid that stimu lates 
mTOR signalling and T cell activation and affects  
metabolic reprogramming. Leucine deficiency, through 
leucine depletion33, genetic deficiency of the leucine 
transporter SLC7A5 (reF.32) or genetic deficiency of the 
leucine sensor sestrin 2 (reF.33), restrains the activity of 
mTORC1 and limits T cell activation and differentia-
tion into Teff cells. Furthermore, restriction of leucine 
decreases TH17 cell differentiation without affecting TH1 
and TH2 cell polarization37.

Serine is a non-essential amino acid synthesized from 
a glycolysis intermediate, 3-phosphoglycerate. Serine is a 
major contributor to the one-carbon metabolism cycle, 
and its metabolites are important for the purine syn-
thesis pathway, a pathway that is essential for de novo 
nucleotide biosynthesis43. Serine is essential for Teff (both 
CD4 and CD8) cell proliferation43. Notably, methotrex-
ate can inhibit the one-carbon metabolism cycle by 
inhibiting folate intermediates that are the active car-
riers of one-carbon units used for de novo nucleotide 
synthesis44.

Lipid metabolism in effector T cells. Quiescent T cells 
use β-oxidation to catabolize fatty acids into acetyl-CoA, 
which enters the TCA cycle to metabolically support 
the cell. Upon T cell activation, β-oxidation is mainly 
replaced with glycolysis and glutaminolysis, and prolif-
erating cells rely on external lipid sources (long-chain 
and short-chain fatty acids) and internal lipid sources 
(via fatty acid synthesis) for membrane building, energy 
generation (via TCA cycle) and regulation of TCR 
signalling.

Lipid metabolism (in particular, de  novo fatty 
acid synthesis) is important for TH17 cell differentia-
tion. Acetyl coenzyme A carboxylase 1 (ACC1) is an 
important regulator of endogenous fatty acid synthe-
sis, which catalyses the conversion of acetyl-CoA to 
malonyl-coenzyme A; this coenzyme A derivative pre-
vents fatty acids from entering the mitochondria and 
promotes fatty acid chain elongation45. Deficiency or 
pharmacological inhibition of ACC1 (using soraphen A 
or 5-tetradecycloxy-2-fuoric acid) in T cells blocks 
de novo fatty acid synthesis and also interferes with 
the metabolic flux of glucose-derived carbon through 
glyco lysis and the TCA cycle, suppressing TH17 cell dif-
ferentiation and promoting Treg cell generation46. Unlike 
TH17 cells, Treg cells also utilize exogenous fatty acids46. 
Thus, ACC1 controls the TH17 cell to Treg cell ratio, might 
also promote the development of autoimmune pathology  
and is hence a potential therapeutic target.

The type of diet-derived lipids can also affect T cell dif-
ferentiation. Long-chain fatty acids (LCFAs) are common 
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Fig. 2 | Metabolic requirements of T cells. a | Metabolic reprogramming in T cells  
occurs downstream of the T cell receptor (TCR) (following interaction of T cells with 
antigen-presenting cells (APCs)), which activates the phosphoinositide 3-kinase (PI3K)–
AKT–mTORC1 axis and MYC. Consequently , there is a shift from mainly fatty acid and 
pyruvate oxidation towards increased glycolysis, glutaminolysis and fatty acid synthesis. 
Hypoxia-inducible factor 1α (HIF1α) and interferon regulatory factor 4 (IRF4) are 
activated downstream of mTORC1 and promote glycolysis; however, mTORC1 and 
glycolytic enzymes are negatively regulated by AMPK and BCL6 (not shown), respectively. 
mTORC1 signalling induces the transcription factor IRF4, which inhibits BCL6 (not 
shown). MYC regulates the expression of enzymes involved in glutaminolysis (not shown). 
Both glycolysis and glutaminolysis can be associated with fatty acid synthesis and 
mitochondrial biogenesis. b | The predominance of these downstream metabolic 
pathways differ among the different regulatory and effector T cell subsets. However, all 
cell types utilize all metabolic pathways to various extents52. mTORC1, mammalian target 
of rapamycin complex 1; TFH, follicular helper T cell; TH, T helper cell; Treg, regulatory T cell.

Malate-aspartate shuttle
A cytoplasmic–mitochondrial 
network in which reducing 
equivalents (such as NADH) in 
the cytoplasm are carried by 
malate across the inner 
membrane of the mitochondria 
to drive oxidative 
phosphorylation.

One-carbon metabolism
A cytoplasmic network of 
interlinking metabolic 
pathways, including the folate 
and the methionine cycles, that 
transfer carbon units (from 
amino acids) to metabolic 
pathways related to cell 
proliferation and growth.
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in Western diets, whereas short-chain fatty acids (SCFAs)  
derive from a fibre-rich diet. LCFAs promote the gene-
ration of pathogenic TH1 and TH17 cells, whereas 
SCFAs promote the differentiation and maintenance of  
Treg cells in the intestine47. The incidence of dyslipidemia 
is higher in patients with SLE than in the general popu-
lation17, and diet-derived lipids might trigger T cell 
activation in patients with SLE and promote the expan-
sion of pro-inflammatory cells. Notably, in mice with 
experimental autoimmune encephalomyelitis, a model 
associated with increased TH17 cell differentiation and 
increased cholesterol and linoleic metabolism48, the 

administration of statins (drugs that inhibit cholesterol 
synthesis) limits TH17 cell differentiation49,50.

Memory T cell metabolism
Memory T cells (both CD4 and CD8) comprise a hetero-
geneous group of three main subsets: central memory, 
effector memory and tissue-resident memory T cells, each 
with a distinct metabolic programme51,52. The generation 
of memory T cells depends on the degree of inflammation, 
the metabolic status of the cells and the circumstances 
(for example, the presence of chronic inflammation,  
infection or cancer) under which they develop53.

Lipid metabolism (fatty acid oxidation) is dominant 
in central memory T cells and these cells depend on 
endo genous lipids (via the glycolytic–lipogenic path-
way) and exogenous glycerol for lipid biosynthesis to 
generate the substrates needed for fatty acid oxidation 
in the mitochondria54. Tissue-resident memory T cells 
do not circulate in the blood and depend on the presence 
of exogenous fatty acids for their survival and mainte-
nance within tissues55. Long-lived memory T cells are 
in a catabolic state, and the regulation of fatty acid  
oxidation by AMP-activated kinase (AMPK) together 
with mitochondrial biogenesis enables their long-
evity56,57. Upon re-stimulation, a rapid switch to glycolysis,  
mediated by mTORC2–AKT signalling and epigenetic 
changes, enables rapid maturation of memory T cells 
into Teff cells58,59.

Glycolytic activity is required for optimal memory 
CD8+ T cell function, in vitro and in vivo, and is pro-
moted by acetate accumulation in the serum following 
systemic infections and probably other stressful condi-
tions60. These findings provide a direct molecular link 
between the environment (such as exposure to infection 
or stress) and cell metabolism, which might dictate the 
generation of particular memory T cell subsets.

Regulatory T cell metabolism
Treg cells have a different signalling and metabolic signa-
ture to other T cells, as mentioned above (Fig. 4). Treg cells 
mainly utilize fatty acid and pyruvate oxidation (mito-
chondrial oxidative metabolism) to generate energy61, 
whereas Teff cells also utilize mTORC1-driven glycoly-
sis62. Among the Treg cell population, two major types 
exist — thymus-derived (tTreg) and peripherally induced 
(pTreg) cells — which have different metabolic signa-
tures. Treg cells can circulate the periphery or reside in 
the tissues (tissue-resident cells), which can affect their 
metabolic demands.

Glucose metabolism in regulatory T cells. Glycolysis is 
required for Treg cell activation and proliferation63,64, espe-
cially in the presence of abundant pro-inflammatory sig-
nals65; however, as mTORC1 prevents FOXP3 expression, 
glycolysis interrupts Treg cell function (Fig. 4a), and during 
Treg proliferation the suppressive capacity of Treg cells is 
reduced65,66. During Treg cell induction in the peri ph-
ery, increased expression of FOXP3 reprograms the  
cell to function in low-glucose environments so that 
the cell preferentially metabolizes lipids over glucose 
to maintain the suppressive function of pTreg cells and, 
hence, to maintain peripheral immune tolerance during 
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differentiation. Glucose metabolism can affect T helper 1 
(TH1) and TH17 cell differentiation. The pyruvate conversion 
step (either to lactate or acetyl coenzyme A (acetyl-CoA)) 
is controlled by pyruvate dehydrogenase kinase 1 (PDK1) 
and the mitochondrial pyruvate carrier (MPC). TH17 cells 
have increased levels of PDK1 and thus produce higher 
levels of lactate and lower levels of acetyl-CoA (and 
hence have lower levels of pyruvate oxidation) than 
TH1 cells. TH17 cells also express inducible cAMP early 
repressor (ICER), which inhibits pyruvate dehydrogenase 
phosphatase catalytic subunit 2 (PDP2; further inhibiting 
pyruvate oxidation) and induces the expression of 
glutaminase to promote glutaminolysis. Increased PDK1 
and ICER expression skews the differentiation of T cells to 
TH17 cells, whereas downregulation of PDK1 and ICER 
skews towards TH1 differentiation. Inhibition of MPC 
reduces TH1 polarization, as well as TH17 cell polarization 
in the absence of ICER . GLUT1, glucose transporter 1; 
PDH, pyruvate dehydrogenase.
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tissue injury, even under metabolically challenging con-
ditions (such as in ischaemic tissues)66. Mechanistically, 
FOXP3 binds the promoter of MYC to repress the 
expression of MYC and MYC-dependent transcripts66, 
which are essential for glycolysis and glutaminolysis 
(Fig. 2a)10. Notably, in ischaemic tissues, pTreg cells might 
lose the metabolic advantage of functioning under 
low-glucose conditions as ischaemia-mediated HIF1α 
production promotes TH17 differentiation and can lead 
to the development of SLE12.

Lipid metabolism in regulatory T cells. Treg cells exclu-
sively utilize the glycolytic–lipogenic pathway (the 
mevalonate pathway in particular) for their proliferation 

and function63. pTreg cells can use both the mevalonate 
pathway as well as end products of glycolysis for the 
synthesis of fatty acids, not only for their proliferation 
but also for their function in certain tissues (such as in 
tumours)67. The induction and function of human pTreg 
cells following suboptimal TCR stimulation of T cells 
in the periphery (Fig. 4b) depends on the key glycolytic 
enzyme enolase 1, which relocates from the cytoplasm 
(where it regulates the glycolysis pathway) to the nucleus. 
In the nucleus, enolase 1 binds to the FOXP3 promoter 
and conserved non-coding DNA sequence 2 (CNS2) in 
FOXP3, to generate FOXP3 splicing variants that contain 
exon 2, which are important for exerting the suppressive 
function of these cells64.

Tissue-resident Treg cells (Fig. 4c) utilize exogenous 
fatty acids for their induction and maintenance. For 
instance, Treg cells in visceral adipose tissue express high 
levels of CD36, which mediates the import of exogenous 
fatty acids68. Treg cells in adipose tissue express leptin 
receptors and expand in response to low local levels of 
the hormone leptin (produced by adipose tissue). High 
levels of leptin (such as those found in obese mice) are 
associated with reduced numbers of tissue-resident 
Treg cells69, whereas low leptin levels (such as in aged 
lean mice) are associated with an increased number of 
tissue-resident Treg cells70.

Diet-derived lipids can influence the induction of  
Treg cells in the colon. For example, SCFAs (such as buty-
rate, a product of dietary fibre undergoing bacterial  
fermentation) inhibit histone deacetylases in colon 
tissue-resident Treg cells and enhance histone acetylation 
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induction of regulatory T (Treg) cells in the periphery , which 
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receptor (TCR) stimulation), glucose uptake and glycolysis 
takes place. Under suboptimal activation of TCR , the 
glycolysis enzyme enolase 1 can relocate to the nucleus to 
upregulate the expression of a FOXP3 variant; this variant 
contains exon 2 and is important for the suppressive 
function of Treg cells. b | Peripherally induced Treg cells, 
under the control of AMPK activity , utilize fatty acid 
oxidation and low levels of glucose metabolism to 
generate energy while retaining a suppressive function. 
AMPK activity together with protein phosphatase 2 A 
(PP2A) restrains mammalian target of rapamycin complex 1 
(mTORC1) signalling, thus minimizing glucose metabolism 
and promoting in the expression of FOXP3. The expression 
of sphingomyelin synthetase 1 (SGMS1) is inhibited by 
FOXP3, which enables ceramide accumulation and PP2A 
expression, which also inhibits mTORC1. Liver kinase b1 
(LKB1) activates AMPK , and also prevents CNS2 methylation 
of the FOXP3 locus (not shown). c | Tissue-resident Treg cells 
utilize metabolite intermediates and local factors that are 
relevant to the tissue. Fatty acid metabolism is dominant 
in tissue-resident Treg cells, given the limited availability 
of glucose in the tissues, and these cells can utilize both 
endogenous and exogenous fatty acids. In the intestine, 
short-chain fatty acids (SCFAs) can enter the cells via CD36 
and inhibit histone deacetylases (HDAC), stabilizing the 
expression of FOXP3 in tissue-resident Treg cells. In adipose 
tissue, Treg cells express the leptin receptor and expand in 
response to low levels of leptin. APC, antigen-presenting 
cell; GLUT1, glucose transporter 1.

Mevalonate pathway
Also known as the HMg-CoA 
reductase pathway, this 
pathway uses acetyl-CoA to 
generate two five-carbon 
structures called isopentenyl 
pyrophosphate (iPP) and 
dimethylallyl pyrophosphate 
(DMAPP) that are used in 
macromolecules called 
isoprenoids, such as 
cholesterol, vitamin K 
and steroids.
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at the FOXP3 locus, promoting Treg cell generation71,72. 
Because tissue-resident Treg cells participate in restraining 
inflammation and have regenerative functions in wound 
healing73, understanding the metabolic requirements of 
these cells could reveal novel insights for therapeutic 
interventions.

Amino acid metabolism in regulatory T cells. Amino 
acids are less important for Treg cell function than lipids, 
and glutamine deprivation even promotes Treg cell dif-
ferentiation42. However, catabolism of the amino acid 
tryptophan generates metabolic intermediates such 
as kynurenine that can bind the aryl hydrocarbon 
receptor on T cells and promote pTreg cell induction74. 
Furthermore, pTreg cells express high levels of enzymes 
involved in amino acid catabolism, and the reduction 
of particular amino acids and their by-products (either 
inside the cell or in the surrounding environment) can 
have important effects on Treg cell function and main-
tenance75,76. For example, the binding of CTLA4 on 
Treg cells to the co-stimulatory molecules CD80 and 
CD86 on APCs induces the expression of the amino 
acid-consuming enzymes indoleamine 2,3-dioxygenase 
(IDO) and arginase 1 in Treg cells. The activity of these 
enzymes reduces the availability of amino acids such as 
tryptophan and others (for example, arginine, histidine 
and threonine) to surrounding T cells, which inhibits 
mTOR signalling via the lipid phosphatase PTEN and 
blocks the proliferation of Teff cells, thus promoting 
Treg cell induction75,76. The promoting effects of IDO 
on Treg cells depend on PTEN, which inhibits mTORC1 
signalling by negatively regulating its upstream molecule 
PI3K (Fig. 2a) and contributes to Treg cell function and 
lineage stability65.

mTOR pathway in regulatory T cells. Increased activity 
of the mTOR pathway has a negative effect on Treg cell 
generation and function10. mTORC1 signalling in 
Treg cells is restrained by serine/threonine protein phos-
phatase 2 A (PP2A) (Fig. 4a); in the absence of PP2A, 
Treg cells have increased rates of glycolytic and oxida-
tive phosphorylation77, as well as increased expression 
of the large neutral amino acids transporter small sub-
unit 1 (LAT1, also known as SLC7A5), which depends 
on mTORC1 activity78. Increased glycolysis, oxidative 
phosphorylation and LAT1 expression diverts the 
development of Treg cells towards Teff cells. In Treg cells, 
PP2A is preferentially activated by ceramide; FOXP3 
increases the levels of ceramide by repressing the activ-
ity of sphingolipid-related enzyme sphingomyelin syn-
thase 1 (SGMS1), which otherwise converts ceramide to 
sphingomyelin77.

Treg cells also express high levels of activated AMPK, 
which inhibits mTORC1, decreases GLUT1 expression 
and promotes fatty acid oxidation and Treg cell induc-
tion61. Liver kinase B1 (LKB1) is the upstream kinase 
of AMPK (Fig. 4b), which is important for the stabili-
zation of FOXP3 expression79 and maintenance of the 
Treg cell lineage80. LKB1 prevents CNS2 methylation in 
the FOXP3 locus, and promotes immunosuppressive 
TGFβ signalling79. LKB1 is considered to serve as a 
metabolic sensor in Treg cells independently of AMPK 

as it stabilizes FOXP3 expression by altering the methyl-
ation status of CNS2 (reF.81). Despite the importance of 
restraining mTORC1 for Treg cell function, it should be 
noted that some signalling via the PI3K–mTORC1 axis 
is still required in Treg cells to propagate the induction 
of CTLA4 expression to control cholesterol and lipid 
metabolism and to inhibit the mTORC2 pathway63.

T cell metabolism in SLE
A number of metabolic abnormalities linked with abnor-
mal T cell function are present in patients with SLE 
and in lupus-prone mice. Manipulation of metabolic 
pathways has had encouraging therapeutic effects in 
both patients with SLE and lupus-prone mice, justify-
ing the need to better understand these abnormalities 
for the development of new drugs.

T cell hyperactivity, mitochondrial hyperpolarization 
and oxidative stress. T cells from mice with lupus and 
patients with SLE are chronically active and thus their 
mitochondria are hyperpolarized82,83 towards increased 
glucose-derived oxidative phosphorylation compared 
with T cells from healthy mice or individuals83,84; TCR 
signalling hyperactivity results in mitochondria hyper-
polarization, culminating in increased production of 
ROS (Fig. 5a). Indeed, the low levels of glutathione and 
cysteine84 in the serum and peripheral blood mono-
nuclear cells of patients with SLE (compared with those 
of healthy individuals) are indicative of oxidative stress84.

PP2A is increased in T cells from patients with SLE 
compared with those in healthy individuals85. PP2A pro-
motes T cell receptor rewiring where the native CD3ζ 
is replaced with the FcεRIγ chain86. This rewired recep-
tor recruits the spleen tyrosine kinase (SYK) instead of 
ζ-associated protein kinase 70 kDa (ZAP70), which results 
in T cell hyperactivation as a result of both increased 
sensitivity of the receptor and increased downstream 
signalling87. Furthermore, as discussed in the next sec-
tion, aberrant lipid raft formation might also contrib-
ute to increased TCR signalling (Fig. 5). Interestingly, 
tissue-resident cells might also affect T cell activation 
and differentiation during SLE. For instance, passer-by 
T cells in the kidneys of patients with lupus nephritis can 
become locally activated owing to the increased expres-
sion of the co-stimulatory molecules CD80 and CD86 
on the surface of podocytes88. Altogether, increased 
TCR signalling and T cell co-stimulation likely contrib-
ute both to T cell hyperactivity and ROS production  
in SLE.

Both ROS89 and PP2A90 inhibit the expression of  
DNA methyltransferase 1 (DNMT1) in T cells. As a result,  
genes that are involved in SLE pathogenesis (such  
as genes enco ding the co-stimulatory molecules CD70 
and CD11a) might undergo hypomethylation and 
become upregulated (Fig. 5). Therefore, targeting hypo-
methylation in specific cell subsets is a potential ther-
apeutic strategy in SLE. Indeed, inhibition of DNA 
methyl ation specifically in CD4+ T cells favours the expan-
sion and function of Treg cells, whereas inhibition of DNA 
methyl ation in CD8+ T cells promotes cytotoxicity and 
restrains the expansion of pathogenic double-negative  
(CD3+CD4−CD8−) T cells in lupus-prone mice91.

www.nature.com/nrrheum

R e v i e w s

106 | February 2020 | volume 16 



Studies from lupus-prone mice expressing the suscep-
tibility locus Sle1c2 (B6.Sle1c mice) suggest that specific 
genetic factors involved in T cell mitochondrial metab-
olism also contribute to SLE development92,93. B6.Sle1c 
mice contain an NZW-derived interval at the telomeric 
end of chromosome 1 (namely, Sle1c2) and develop 
spontaneous lupus-like autoimmunity. The mice express 
decreased levels of oestrogen-related receptor γ (ERRγ), a 
nuclear receptor that negatively regulates T cell activation, 
and the T cells from these mice have a decreased mito-
chondrial mass and chronic mitochondrial hyperpolari-
zation92. In humans, variants of MT-ATP6, which encodes 
a component of a mitochondrial membrane-bound ATP 
synthase, are associated with SLE94.

T cell signalling and lipid raft formation. Lipid rafts 
are composed of glycosphingolipids and cholesterol 
and are the domains on the plasma membrane where 
signalling-related molecules accumulate to enable cell 
activation. The synthesis of lipid rafts is increased in 
CD4+ T cells from patients with active SLE compared 
with healthy individuals95,96, and this increase in lipid 
rafts contributes to increased TCR signalling in these 
cells87. Alterations in TCR signalling in SLE can also 
be partially attributed to lipid alterations in the plasma 

membrane during homeostasis95. Specifically, the glyco-
sphingolipids in resting T cells from patients with SLE 
have an altered pattern, which resembles that of acti-
vated cells, and their composition (that is, the amounts 
of these components) is different from that found in acti-
vated T cells from healthy individuals (such as an enrich-
ment in lactosylceramides, globutriaosylceramides and 
monosialotetrahexosylgangliosides) and promotes an 
intensified cell activation95.

The SLE-associated increase in glycosphingolipids 
in T cells might be explained by an increase in expres-
sion of liver X receptor β (LXRβ, encoded by NR1H2), 
a nuclear receptor that controls cellular lipid metabo-
lism and promotes glycosphingolipid synthesis97. CD4+ 
T cells from patients with SLE express high levels of 
LXRβ. Importantly, the use of an LXR antagonist can 
normalize the production of glycosphingolipids by these 
cells and their function in vitro95. LXRβ can also regulate 
intracellular trafficking and influences acquired immune 
responses. Intracellular trafficking of molecules and 
organelles, primarily through endosomes, is essential 
for the recycling of surface receptors, including mole-
cules important for T cell activation and function, such 
as CD3, CD4 and CD71/transferrin receptor, as well as 
DRP1, a regulator of mitochondrial homeostasis97.
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Fig. 5 | T cell metabolism in SLE. Various metabolic pathways in T cells in system lupus erythematosus (SLE) can 
contribute to a state of chronic cell activation and oxidative stress (a), as well as increased mammalian target of rapamycin 
complex 1 (mTORC1) activity (b). T cells in patients with SLE are prone to activate because of rewiring of the T cell receptor 
(TCR) that is promoted by protein phosphatase 2 A (PP2A) and in which the CD3ζ chain is replaced with the FcεRIγ chain. 
T cell signalling is also increased because of the high expression of FLI1 (encoding FLI1) and NR1H2 (encoding LXRβ), 
which promotes glycosphingolipid synthesis and contributes to the aggregation of lipid rafts (involved in TCR signalling). 
T cells in SLE are also hyperpolarized towards increased glycolysis and glucose-derived oxidative phosphorylation, which 
culminates in increased production of reactive oxygen species (ROS) and oxidative stress. The high oxidative stress and 
expression of the protein phosphatase PP2A inhibit DNA methyltransferase 1 (DNMT1), which results in hypomethylation 
and up-regulation of genes that are involved in the pathogenesis of SLE (such as CD70 and CD11A). The mTORC1 
signalling pathway is highly activated in SLE T cells as a result of several sources, including increased TCR stimulation, 
glycolysis (via the pentose phosphate pathway), intracellular calcium/calmodulin-dependent protein kinase IV (CaMKIV) 
and kynurenine (via indoleamine 2,3-dioxygenase (IDO)-mediated tryptophan metabolism). GLUT1, glucose transporter 1.
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The synthesis of glycosphingolipids in T cells is also 
affected by the transcription factor Friend leukaemia 
integration 1 (FLI1), which is highly expressed in mature 
T and B cells and also expressed to some extent in cells of 
the kidneys98. Overexpression of FLI1 in mice results in 
lupus-like disease99. By contrast, deletion of Fli1, globally 
or in haematopoietic cells, ameliorates disease and pro-
motes survival in lupus-prone mice100,101. Furthermore, 
the expression of FLI1 in lupus-prone MRL/lpr mice cor-
relates with T cell activation and disease severity. Notably, 
Fli1+/− T cells from MRL/lpr mice transferred into 
Rag1-deficient mice have reduced levels of glycosphin-
golipids and diminished TCR activity compared with 
transferred Fli1+/+ T cells102. FLI1 might also promote 
SLE owing to its capacity to upregulate the expression 
of CXCR3 on T cells and the expression of chemokines 
in the kidneys, which promotes T cell migration to the 
kidneys103. Hence, FLI1 is implicated in SLE pathogen-
esis (Fig. 5), which is further supported by an associa-
tion between SLE susceptibility and a region in the gene  
promoter of FLI1 that promotes FLI1 expression104.

Finally, the increased synthesis of glycosphingolip-
ids in the kidneys of MRL/lpr mice and in patients with 
lupus nephritis might also be explained by increased lev-
els of β1,4-galactosyltransferase 5 and neuraminidase 1, 
enzymes involved in glycosphingolipid production105.

mTOR signalling. Levels of AKT–mTOR signalling are 
increased in T cells from patients with SLE (Fig. 5b). 
As already mentioned, oxidative stress is increased in 
mice with lupus and in patients with SLE82,83, which 
can promote mTOR signalling (via ROS) and the dif-
ferentiation of certain T cell subtypes (such as TH1 and 
TH17 cell lineages)106,107. Furthermore, the activity of 
mTORC1, together with oxidative stress, is increased 
in double-negative T cells from patients with SLE and 
is highest in these cells compared with any other T cell 
subset108,109. Notably, inhibition of mTORC1 activity 
through metformin (a mitochondrial metabolism inhib-
itor that promotes AMPK activation) relieves disease 
manifestations in lupus-prone mice110.

In addition to increased oxidative stress, other fac-
tors might also promote increased mTORC1 signal-
ling in T cells in SLE. For example, the activity of the 
T cell-restricted, serine/threonine protein phosphatase  
calcium/calmodulin-dependent protein kinase IV  
(CaMKIV) is upregulated in SLE, which can promote  
mTOR activity111. Furthermore, the pentose phosphate  
pathway that branches out from glycolysis via the enzyme 
transaldolase is upregulated in T cells in SLE and pro-
motes mTORC1 activity in these cells84. Amino acid 
breakdown products, such as kynurenine (a metabolite 
of tryptophan), can also stimulate mTORC1 activity as 
their accumulation promotes oxidative stress84. A reduc-
tion in serine/arginine-rich splicing factor 1 (SRSF1), an 
RNA binding protein that suppresses mTOR activity by 
promoting the expression of PTEN, might also lead to 
increased mTORC1 activity in SLE112.

Finally, genetic factors that might control mTORC1 
activity have also been implicated in SLE. For example, 
one report identified four patients with tuberous sclero-
sis who carried mutations in TSC1 or TSC2, which result 

in uncontrolled activation of mTORC1. All four patients 
developed fulminant manifestations of SLE113–116.

Glutamine and glucose metabolism. The rates of glyco-
lysis are increased in chronically active T cells from both 
patients with SLE and mice with lupus29,30, possibly to 
compensate for the increase in oxidative stress83, which 
results in increased mTORC1 signalling and promotes 
autoimmunity17. Chronic activation of autoreactive 
T cells in SLE is associated with glucose-derived oxidative 
phosphorylation, whereas acute stimulation of T cells 
from healthy individuals initiates aerobic glyco lysis with-
out oxidative phosphorylation82. Thus, glycolysis-driven 
oxidative phosphorylation is a characteristic of T cells  
in SLE.

Increased glycolysis via overexpression of GLUT1 
in mice leads to lupus-like manifestations including 
the production of autoantibodies and deposition of 
immune complexes in the glomeruli23. T cells from 
patients with active SLE express high levels of GLUT1, 
which is thought to be mediated by CaMKIV117. Hence, 
inhibition of CaMKIV might decrease the expression of 
GLUT1 and suppress glycolysis in SLE.

Whether the rates of glutaminolysis are increased 
in SLE is undetermined. However, decreasing the rate 
of glutaminolysis in lupus-prone MRL/lpr mice, using 
glutaminase 1 deletion or inhibition, reduces TH17 cell 
differentiation and lowers disease activity in a manner 
dependent on HIF1α and glycolysis downregulation118.

The metabolic profile of TH17 cells from patients 
with SLE is distinct from that of other T cell sub-
sets and includes increased glycolysis and decreased 
glucose-mediated oxidative phosphorylation (owing to 
decreased conversion of pyruvate to acetyl-CoA in the 
mitochondria)26. Specifically, these cells have increased 
ICER activity (compared with both TH17 cells from 
healthy individuals and with other T cell subsets), which 
decreases the amount of PDP2 (Fig. 3), limiting the entry 
of pyruvate into the TCA cycle and diverting its conver-
sion to lactate26. Thus, manipulating PDP2 expression 
is a potential therapeutic strategy in SLE. The ICER/
CREMα-suppressive splice variants of CREM are also 
highly expressed in CD4+ T cells from patients with 
SLE27 and function as transcriptional enhancers of 
glutaminase, promoting glutaminolysis and TH17 cell 
differentiation39.

Modulating metabolic pathways in SLE
Current treatments for SLE include broad immuno-
suppressive agents, which, in addition to inhibiting the 
intensified autoimmune response, can cause a broad 
array of harmful adverse effects. Given the wide involve-
ment of metabolism in the pathogenesis of inflamma-
tory diseases (including SLE) and in cellular lineage, 
both within the innate and adaptive immune systems119, 
targeting metabolic pathways to manipulate autoreactive 
T cells in SLE is a promising strategy (TAble 1).

DMARDs. Some DMARDs have inhibitory effects on  
metabolic pathways. Glucocorticosteroids promote gluco-
neogenesis and inhibit glycolysis120. Mycophenolate 
mofetil (MMF) is a pro-drug of mycophenolic acid that  

Pentose phosphate pathway
One of three glucose 
metabolism pathways that 
branch from the glycolysis 
pathway. This pathway 
converts glucose-6-phosphate 
to ribose-5-phosphate to 
generate reducing equivalents, 
including NADPH, for the 
synthesis of nucleic acids and 
amino acids during cell 
activation.
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interferes with DNA synthesis and limits T cell expan-
sion. MMF also inhibits the expression of MYC and 
HIF1A expression121, as well as signalling via the 
PI3K–AKT–mTOR pathway in CD4+ T cells122. MMF 
reduces glycolysis and oxidative stress in CD4+ T cells 
in vitro122. Notably, methotrexate inhibits folate metab-
olism, thereby inhibiting the one-carbon metabolism 
pathway that is essential for cell growth, oxidative bur-
den and epigenetic modifications43,123. Methotrexate 
can also increase the adenosine pool and AMP pro-
duction, which in turn activates AMPK, which inhibits 
mTOR signalling124,125.

Inhibiting mTOR signalling and glucose metabolism. 
Sirolimus is an mTORC1 inhibitor that blocks T cell 
hyperactivity and the development of TH17 and double- 
negative T cells and promotes Treg cell differentiation 
and function in patients with SLE109,126. In a phase I–II  
clinical trial, administration of sirolimus reduced  
disease activity  and restored the balance of T  cell  
lineages in patients with SLE127. Co-administration  
of metformin and 2-deoxy-D-glucose (an inhibitor of 
glucose metabolism) normalized T cell metabolism 
and reversed disease mani festations, including kidney 
disease, in lupus-prone B6.Sle1.Sle2.Sle3 mice29. This 
combination treatment also decreased the numbers of 
TFH cells in lupus-prone mice29,30, which could also be 
achieved with 2-deoxy-D-glucose treatment alone128. 

In a proof-of-concept trial, the addition of metformin 
to standard-of-care treatment decreased the frequency 
of clinical flares, enabled prednisone dose reduction 
and decreased body weight in patients with mild-to- 
moderate SLE129. Pioglitazone, an insulin-sensitizing  
drug that can rapidly activate AMPK, also inhibits 
mTORC1 and can promote the expansion of Treg cells 
from patients with SLE in vitro130.

Inhibiting mitochondrial metabolism. In addition to 
metformin, Bz-423 is another inhibitor of mitochondrial 
metabolism. Bz-423 is a compound that can inhibit F1F0-
ATPase131, an ATP synthase that is increased in expres-
sion and activity in autoreactive lymphocytes from mice 
with lupus132,133. In these mice, administration of Bz-423 
suppressed disease manifestations; however, it was found 
that administration of Bz-423 did not interfere with ATP 
production in the autoreactive cells, but rather increased 
the levels of ROS, which eventually leads to apoptosis of 
these cells132,133.

Inhibiting amino acid metabolism. A potential therapy 
that modulates amino acid metabolism is the cysteine ana-
logue, N-acetyl cysteine. Cysteine is required for de novo 
glutathione synthesis, but is depleted in the plasma134 
and T cells84 from patients with SLE. Given the anti- 
oxidative properties of glutathione in mammalian cells,  
and the association of SLE with oxidative stress, N-acetyl  

Table 1 | Potential therapeutic modulators of metabolic pathways in SLE

Therapy Mechanism of treatment Effects on T cells Effects on SLE Refs

DMARDs

Mycophenolate 
mofetil

Inhibits guanine synthesis Inhibits T cell expansion; regulates the 
expression of MYC and HIF1α; and inhibits 
mTOR signallinga,b

Improves kidney disease  
and immune cytopeniasc,d

121,122,142, 

143

Methotrexate Inhibits purine and pyrimidine 
synthesis

Inhibits T cell expansion via AMPK activation 
(indirectly inhibiting mTOR signalling)a,b

Reduces disease activity  
and ameliorates arthritisc,d

44,123,124, 

143,144

Inhibiting mTOR signalling and glucose metabolism

Sirolimus mTOR inhibitor Inhibits TH17 and double-negative 
T cell development; promotes Treg cell 
differentiation; and restores the balance  
of T cell lineagesa,b

Reduces disease activityc,d 109,126,143, 

145,146

Pioglitazone PPARγ agonist; activates 
AMPK (indirectly inhibiting 
mTOR signalling)

Inhibits T cell expansion and promotes 
Treg cell expansion (in vitro)b

Improves kidney diseasec 130,147

Metformin 
combined with 
2-deoxy-D-glucose

AMPK promoter (metformin) 
and hexokinase competitive 
inhibitor (2-deoxy-D-glucose)

Decreases IFNγ production; normalizes 
T cell phenotype and decreases TFH cell 
numbersa

Reverses (i.e. decreases) disease biomarker  
expression and reduces disease activityc,d; 
improves kidney diseasec

29,30,128, 

129

Inhibiting mitochondrial metabolism

Bz-423 Inhibits F1F0-ATPase Promotes autoreactive T cell apoptosisa Reduces disease activityc 132,133

Inhibiting amino acid metabolism

N-acetyl cysteine Cysteine analogue Replenishes cysteine that is required for 
glutathione synthesis in T cells and inhibits 
mTORC1 activity in double-negative T cellsb

Reduces disease activity and fatigued; 
reduces anti-DNA autoantibody 
production and lupus nephritisc

108,148

Inhibiting lipid metabolism

NB-DNJ Inhibits glucosylceramide 
synthetase

Normalizes TCR signalling; diminishes 
TH cell-mediated autoantibody production 
(in vitro)b; and restores BTL A expressiona

Reverses (i.e. decreases) disease 
biomarker expression and reduces 
disease activityc

95,139,141

AMPK , AMP-activated kinase; BTL A , B and T lymphocyte attenuator ; HIF1α, hypoxia-inducible factor 1α; mTOR , mechanistic target of rapamycin; NB-DNJ, 
N-butyldeoxynojirimycin; PPARγ, peroxisome proliferator-activated receptor γ; SLE, systemic lupus erythematosus; TCR , T cell receptor ; TFH cell, follicular helper 
T cell; TH cell, T helper cell; Treg cell, regulatory T cell. aData obtained from mouse T cells. bData obtained from human T cells. cData obtained from mouse models 
of SLE. dData obtained from patients with SLE.
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cysteine is a potential treatment in SLE. In a pilot trial,  
N-acetyl cysteine blocked mTORC1 acti vity in double- 
negative T cells (via its capacity to disrupt mitochon-
drial hyperpolarization) and decreased disease activity 
in patients with SLE108.

Inhibiting lipid metabolism. Lipid metabolism can be 
manipulated using N-butyldeoxynojirimycin (NB-DNJ), 
a clinically approved compound for type I Gaucher dis-
ease that inhibits the synthesis of glycosphingolipids by 
means of competitive inhibition135. NB-DNJ partially 
restores TCR signalling and normalizes T cell function 
in CD4+ T cells from patients with SLE in vitro, dimin-
ishing the capacity of the T cells to drive autoantibody 
production in B cell co-cultures95. In MRL/lpr mice, defi-
ciency of B and T lymphocyte attenuator (BTLA) exacer-
bates disease manifestations136, increases the production 
of IL-21 by TFH cells, and increases the development of 
germinal centre B cells and IgG-related responses137. 
NB-DNJ administration restores lipid metabolism in 
CD4+ T cells in MRL/lpr mice as well as BTLA expression 
and function138.

Nitro-fatty acids also represent a potential therapy 
in SLE. Nitro-fatty acids are endogenously formed fatty 
acids that inhibit signalling via the adaptor molecule 
stimulator of IFN genes (STING) in T cells (and in 
other cells), which is required for the excessive produc-
tion of type I interferons in SLE139. Nitro-fatty acids are 
currently being studied for the treatment of segmental 
glomerulosclerosis140.

Future directions and considerations
Despite a multitude of promising insights, additional 
work is needed on the therapeutic effects of manipulat-
ing metabolic processes in SLE and in other autoimmune 
diseases.

Enzymes involved in immune cell metabolism mediate 
distinct chemical reactions, and inhibiting these enzymes 
inevitably alters the levels of downstream metabolites. 
As each metabolite might enter different metabolic path-
ways, it is important to understand how inhibition (or 
augmentation) of the activity or levels of an enzyme affect 
immune homeostasis in normal physiology and in the 
context of autoimmunity. Hence, pharmacological and 
cell-specific genetic manipulation of each enzyme in the 
context of SLE is needed to uncover its role in this context.

One important consideration is that several enzymes 
(for example, pyruvate kinase) have isoforms that 
are expressed at different levels in various tissues141. 
Blockade or modulation of one isoform in immune 
cells might result in compensatory expression of another 
that is normally not detectable in these cells, leading to 
unexpected outcomes.

Knowledge of the direct molecular links between 
‘immune regulators’, such as ICER and IRF4, and the 
expression of metabolic enzymes is still nascent. Hence, 
a complete understanding of the mechanisms that con-
trol the expression of these metabolic enzymes in the 
setting of immune inflammation is needed.

Future studies should also aim to expand on what is 
known of the direct role of metabolites in various T cell 
subsets, as administration (or manipulation) of such 

substrates might affect autoimmune responses. The use 
of metabolic platforms (such as metabolomic profiling) 
should be expanded in the study of autoimmune pro-
cesses to capture all the metabolic events that occur 
upon the manipulation of an enzyme or metabolite.

Finally, certain metabolic processes could be T cell 
subset specific (for example, the activity of DNMT1 in 
maintaining DNA methylation), and therefore appro-
aches to deliver drugs to specific T cells subsets need to 
be developed. Such approaches could limit or eliminate 
adverse effects. Although the field is still nascent, treat-
ment with metabolism modulators, either alone or in 
conjunction with other DMARDs, is a promising area 
and should be investigated in future clinical trials.

Conclusions
In SLE, T cells contain metabolic abnormalities includ-
ing a high glucose influx, increased oxidative stress and 
mitochondrial and lipid raft abnormalities. Emerging 
data suggest that the activity of distinct metabolic 
enzymes dictates the quality and the magnitude of T cell 
function. At a simplistic level, tilting the metabolic path-
way towards glycolysis and glutaminolysis promotes 
the generation of TH17 cells as occurs in SLE. Similarly, 
fatty acid oxidation and pyruvate oxidation favour the 
generation of Treg cells and memory T cells.

Inhibition of various metabolic enzymes (either with 
a drug or genetically) can alter the TH17 cell to Treg cell 
ratio and the outcome of the autoimmune process. 
For example, modulation of ACC1, glutaminase, PP2A, 
PDP2 or PDK1 can alter TH17 cell or Treg cell generation 
by changing the levels of metabolites. Similarly, altering 
the levels of metabolites (such as acetate) can alter the 
distribution of T cell subsets.

An interesting aspect in T cell metabolism that has 
emerged is that the expression of important metabolic 
enzymes is controlled by transcription factors known to be 
important in the generation of certain T cell subtypes. For 
example, ICER can control the generation of TH17 cells via 
direct transcriptional control of glutaminase and PDP2 
(reF.118). It is becoming apparent that metabolic enzymes 
can regulate and guide the choice of Teff cell function.

The inhibition of metabolic enzymes, using various 
approaches, can limit autoimmunity. For example, block-
ade of glucose utilization, inhibition of ACC1, inhibition 
of glutaminase or promotion of PP2A activity have had 
beneficial effects in preclinical studies29,37,39,77. Notably, 
the mTOR inhibitor sirolimus in patients with SLE has 
had promising effects in clinical trials127. Drugs or bio-
logics that modulate cell metabolic processes might not 
be used alone to treat patients with SLE or other systemic 
autoimmune diseases but might instead be used as adju-
vants to existing immunosuppressive drugs to enable the 
use of smaller doses and thus to decrease the intensity 
of adverse effects. Lastly, as it is expected that we will 
understand better the role of each metabolic pathway in 
the development of distinct aberrant immune cell func-
tions in patients with SLE, we predict that differential 
manipulation of each metabolic pathway will be used to 
make personalized therapeutic choices.
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In many species, reproduction is accomplished within 
hours and in a physically protected fashion (for example, 
egg production by hens), or it happens without phys-
ical contact between the two parents (for example, in 
fish or frog reproduction), thereby avoiding conflicts of 
the immune systems of the two parents. In mammals, 
however, the mother and her offspring coexist for a pro-
longed period, a situation necessitating a sophisticated 
immune balance to successfully fight infection while at 
the same time enabling the mother to tolerate the fetus. 
In human pregnancy, protective mechanisms against 
rejection of the fetus occur mainly in the placenta, at 
the interface between the mother and child. The study 
of these mechanisms is hampered by the fact that pla-
cental tissue is available only in cases of miscarriage 
or after delivery. However, at the systemic level, solu-
ble molecules and circulating blood cells are accessible 
throughout pregnancy, and changes in cell types and cell 
function have been studied in depth.

Pregnancy is the ideal natural model to study mecha-
nisms of tolerance. In the setting of autoimmune diseases 
such as rheumatoid arthritis (RA), tolerance mechanisms 
are deficient, resulting in joint inflammation and destruc-
tion. Interestingly, a decrease in RA disease activity 
occurs naturally during pregnancy1,2. The phenomenon 
of natural improvement in the disease during pregnancy 
was first described by Philip Hench in 1938 (ref.3). In the 
decades before the 1980s, this beneficial effect of preg-
nancy was observed in about 63–90% of patients4–6. With 
the use of new therapies that have emerged since the 
1990s, more patients have been able to become pregnant 

in a state of low disease activity7,8; as a consequence, the 
proportion of patients with disease improvement dur-
ing pregnancy is lower than it was historically and now 
ranges between 48% and 65%9,10. The beneficial effect 
of pregnancy on RA is also reflected by the fact that a 
high proportion of patients remain in a stable state of 
low disease activity despite reduced use of anti-rheumatic 
medication9,10. Patients negative for anti-cyclic citrulli-
nated peptide antibodies (ACPAs) are more likely to 
experience pregnancy-related improvement compared 
with ACPA-positive patients11. Moreover, women with 
active disease during pregnancy are at increased risk of 
preterm delivery and of having neonates with a low birth 
weight7,12. After delivery, the pregnancy-related mecha-
nisms of tolerance disappear, which is often associated 
with a postpartum worsening of RA9,10.

RA offers a uniquely useful model to decipher the 
overarching principles of pregnancy-induced immune 
alterations that have a role in disease improvement. RA 
has a high prevalence (affecting approximately 1% of 
populations in Western countries13) and the joints are 
readily accessible for the detection and quantification of 
disease activity. As the interaction between the placenta 
and joints takes place via the bloodstream, analysis of 
soluble factors and immune cells can be accomplished 
prospectively and without measurable risks for the 
mother and child. On the basis of these considerations, 
this Review focuses primarily on the regulatory effects 
of pregnancy on RA disease activity, particularly the 
mechanisms of the immune system that have a role in 
pregnancy-related improvement of RA.

Immunological adaptations in 
pregnancy that modulate rheumatoid 
arthritis disease activity
Frauke Förger  * and Peter M. Villiger

Abstract | During pregnancy , the fetus that grows within the maternal uterus is not rejected 
by the maternal immune system. To enable both tolerance towards the fetus and defence 
against pathogens, modifications of the maternal immune system occur during gestation. 
These modifications are able to bring about a natural improvement in disease activity of some 
autoimmune diseases, such as rheumatoid arthritis (RA). Various mechanisms of the immune 
system contribute to the phenomenon of pregnancy-related improvement of RA , and the 
cessation of these immunomodulatory mechanisms after delivery correlates with postpartum 
disease flare. HL A disparity between mother and fetus, glycosylation of IgG, immunoregulatory 
pathways, and alterations in innate and adaptive immune cells and their cytokines have 
important roles in pregnancy and in pregnancy-related amelioration of RA.
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Immunological tolerance in pregnancy
The induction and maintenance of tolerance through-
out pregnancy involves many different immunoreg-
ulatory cell types, including cells that reside in the 
decidua, are recruited to the placenta or proliferate 
locally in the decidua, as well as cell surface receptors 
and secreted molecules that orchestrate tolerogenic 
mechanisms (Box 1). To induce tolerance, the immune 
system has to recognize fetal antigens at the first encoun-
ter. Indeed, seminal fluid, containing spermatozoa 
and bioactive molecules such as transforming growth 
factor β (TGFβ), prostaglandins and soluble HLA, 
promotes a pro-inflammatory state and the induc-
tion of regulatory T (Treg) cells, which is important for 
implantation14–16 (fig. 1).

To avoid rejection of the fetus, which can be con-
sidered a semiallogeneic graft, a tolerogenic state at 
the feto-maternal interface has to be induced rapidly. 
Oestrogen, cells and regulatory proteins exert their 
effects in concert on decidual stromal cells and tolero-
genic dendritic cells, expand FOXP3+  Treg cells, cali-
brate the function of the rapidly increasing number of  
natural killer (NK) cells and downregulate effector T 
(Teff) cells. As a result, pregnancy enters a state of toler-
ance, reflected by an increase in the concentrations of 
IL-10 and other anti-inflammatory cytokines17,18 (fig. 1).  
In the following sections, we discuss the role of mole-
cules such as HLA, glycosylation of immunoglobulins, 
immunoregulatory pathways, cytokines and immune 
cells in pregnancy itself and in pregnancy-related disease 
amelioration of RA.

HLA disparity between mother and fetus
The concept of the fetus being an allograft that develops 
in an immunologically competent maternal host was 
first described in 1953 by Sir Peter Brian Medawar19. 
However, the developing fetus is not recognized by the 
maternal immune system: cross-placental feto-maternal 
transfer of nucleated cells and DNA occurs, creating a 
state of feto-maternal microchimerism20. The encounter of 

genetically disparate cells in the circulation of a pregnant 
woman induces feto-maternal crosstalk that results in 
a state of acquired immunological tolerance18. Whereas 
the compatibility of HLA molecules is important for 
transplantation, disparity between the HLA molecules 
of the mother and fetus is associated with successful 
pregnancy21, and indeed feto-maternal HLA matching 
(class I and class II matching) is associated with adverse 
pregnancy outcomes, such as spontaneous abortion and 
preeclampsia21,22.

In the collagen-induced arthritis (CIA) mouse model 
of RA, pregnant mice that were mated with genetically 
disparate males (allogeneic pregnancy) had less severe 
arthritis than pregnant mice mated with genetically 
identical males (syngeneic pregnancy)23. Accordingly, 
feto-maternal disparity in HLA antigens seems to have  
a role in the context of disease improvement in women  
with RA during pregnancy. Several studies showed 
that feto-maternal disparity in the HLA class II alleles 
HLA-DR (HLA-DRB1) and HLA-DQ (HLA-DQA, 
HLA-DQB) was observed more frequently among 
patients with pregnancy-associated improvement or 
remission of RA than in those with active disease24–27. 
A favourable disease course during pregnancy in RA  
is also more likely in those with more than one feto- 
maternal disparity in the HLA-class II alleles HLA-DRB1, 
DQB1 and DQA125,27. By contrast, a study that investi-
gated women with inflammatory polyarthritis, and 
hence no well-defined diagnosis of RA, found that 
feto-maternal HLA incompatibility of  HLA-DRB1 
alleles or HLA-DQA1 alleles did not contribute to dis-
ease remission during pregnancy28. The conflicting data 
indicate that HLA disparity has a role either at a cer-
tain level of HLA class II disparity or in a subgroup of 
patients with RA. Because the subtype of ACPA-positive 
RA is known to be associated with HLA-class II alleles29, 
the association of feto-maternal HLA class II disparity 
and disease amelioration during pregnancy should be 
analysed in ACPA-positive and ACPA-negative patients 
with RA.

Glycosylation
Glycosylation is a process of protein modification dur-
ing and after translation that affects a protein’s proper-
ties and functions. During pregnancy, serum protein 
N-glycosylation can involve changes relating to the 
addition or removal of galactose (galactosylation), fucose 
(fucosylation), sialic acid (sialylation) and bisecting 
N-acetylglucosamine (bisection)30. Immunoglobulins 
are the most important serum proteins to show changes 
in their glycosylation pattern; these changes can, in turn, 
affect their immunoeffector functions31. The percent-
age of glycosylated IgG increases during normal preg-
nancy, whereas this increase is attenuated in women with 
recurrent pregnancy loss32.

Immunoglobulins have also been analysed for changes 
in glycosylation in the context of RA33–37. Among non- 
pregnant patients with RA, agalactosyl (that is, lacking 
galactose) glycoforms of IgG are associated with a more 
progressive disease course33. Moreover, agalactosyl IgG 
autoantibodies are pathogenic, as demonstrated in the 
CIA mouse model of RA, in which the passive transfer 

Key points

•	Immune tolerance during pregnancy is most pronounced at the feto-maternal 
interface, but also has a systemic effect that supports amelioration of rheumatoid 
arthritis (ra) by rebalancing pro-inflammatory and anti-inflammatory influences.

•	a pro-inflammatory microenvironment is crucial for normal implantation and 
parturition, whereas a tolerogenic environment is induced during the course of 
pregnancy to enable normal placentation and fetal growth.

•	With regard to innate immune cells, monocyte gene activity in the peripheral blood is 
higher during pregnancy than postpartum, and a tolerogenic subset of innate cells 
is at	work	in	the	placenta	during	pregnancy.

•	With regard to adaptive immune cells, there is no definite predominance of T helper 
2 cells	but	a	downregulation	of	effector	T cell	activity	and	an	expansion	of	regulatory	
T cells,	which	support	pregnancy-related	RA	improvement.

•	Galactosylation of IgG is a pregnancy-related phenomenon that renders disease- 
specific	autoantibodies	less	pathogenic	and	could	explain	why	a	gestational	increase	
in anti-cyclic citrullinated peptide antibody IgG galactosylation is associated with 
improved ra.

•	after delivery, the immunomodulatory effects mediated by fetal antigens and 
pregnancy	hormones	disappear,	giving	rise	to	T cell	activity	that,	together	with	
persisting monocyte activity, correlates with postpartum disease flares.

Decidua
The maternal part of the 
placenta.

Semiallogeneic graft
A transplant sharing half of its 
genes with the recipient

Allograft
An organ, tissue or cells 
transplanted between 
genetically non-identical 
members of the same species.

Microchimerism
The presence of a small 
number of genetically distinct 
cells in a host individual.

Preeclampsia
A complication of pregnancy 
characterized by hypertension 
and proteinuria and signs of 
damage to other organs, 
usually occurring after 
20 weeks of pregnancy.
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was more effective at inducing arthritis by using the 
agalactosyl glycoforms of IgG autoantibodies to type II 
collagen34. In a detailed study of the glycosylation of 
the Fc portion of IgG during and after pregnancy, IgG 
galactosylation increased gradually during gestation, 
peaked in the third trimester and decreased postpar-
tum in healthy women as well as in patients with RA35. 
Thus, galactosylation of IgG is a pregnancy-related 
phenomenon that can also be observed in chronic 
inflammatory disease such as RA. However, IgG galac-
tosylation was less pronounced in the patients with RA 
than in the healthy women35. In these patients, increased 
galactosylation of IgG Fc was associated with improve-
ment in disease activity during pregnancy, whereas 
postpartum flare was associated with low levels of 
IgG Fc galactosylation35 (fig. 2). Unlike changes in IgG 
Fc glyco sylation, changes in Fab glycosylation are not 
associated with improvement of RA during pregnancy36. 
Importantly, in ACPA-positive patients, improvement 
in RA disease activity during pregnancy is associated 
with an  increase in ACPA-IgG galactosylation, but 
not with increased galactosylation of total IgG37. Thus, 
similar to the abovementioned CIA mouse model, evi-
dence from patients with RA indicates that galactosyla-
tion of disease-specific autoantibodies has a role in the  
pathophysiology of RA34,37.

Changes in IgG galactosylation could be second-
ary to changes in concentrations of pro-inflammatory 
cytokines, such as IL-6, or to hormones such as oes-
trogen or human chorionic gonadotropin (hCG)38–40. 
With regard to IL-6, low concentrations of this cytokine 
can increase IgG galactosylation via modulation of 

glycosyltransferase activity, whereas high concentra-
tions of IL-6 decrease glycosyltransferase activity41. This 
modulatory effect of IL-6 could explain why active RA is 
associated with decreased levels of IgG galactosylation35.

Immunoregulatory pathways
Transcriptome analysis of peripheral blood mono-
nuclear cells (PBMCs) is a powerful method of charac-
terizing and quantifying the effect of pregnancy on 
immune regulation and on autoimmune diseases. 
Interestingly, transcriptomic studies showed that the 
gene expression pattern in PBMCs from women with 
improvement in RA disease activity during pregnancy 
was similar to that seen in healthy pregnant women; 
however, the gene expression profile differed markedly 
between healthy women and patients with RA at the time 
of postpartum disease reactivation42,43. Transcriptomic 
analysis of monocyte and lymphocyte gene activity 
demonstrated that monocyte activity and lymphocyte 
activity were similarly regulated in both healthy women 
and in women with RA during pregnancy, with mono-
cyte activity dominating and T cell activity suppressed42. 
Postpartum, expression of genes reflecting T cell activ-
ity was re-established in both groups, whereas genes 
associated with monocyte activity were decreased in 
healthy women but not in the patients with RA, rather 
leading, in concert with the re-emerging T cell activity, 
to disease relapse42.

Transcriptome data have been used to analyse the 
activity of other molecular pathways during pregnancy 
and postpartum. As expected, expression of several 
genes involved in the T cell receptor signalling pathway, 
such as CD3E and CD28, was lower during pregnancy 
than postpartum in both healthy women and patients 
with RA44. In addition, other pathways of potential 
immunoregulatory interest were differentially regulated 
during pregnancy and postpartum in healthy women45 
(TABle 1; fig. 2), including the adipocytokine and perox-
isome proliferator-activated receptor (PPAR) pathways, 
which have roles in autoimmune and inflammatory 
diseases and in maturation of the placenta. Two studies 
addressed the question of whether interferon-inducible 
genes might be upregulated during pregnancy and 
correspond with control of RA disease activity43,46. 
Although both studies showed that expression of 
interferon-inducible genes increased during pregnancy, 
the role of this upregulation in controlling RA disease 
activity is as yet unknown. Collectively, the cited studies 
suggest that transcriptome analyses have great poten-
tial to uncover further regulatory mechanisms, which 
could lead to novel hypotheses that will then need to be 
confirmed at the level of pathways, genes and proteins.

Adaptive versus innate immune cells
During pregnancy, both the adaptive and innate immune  
responses are modulated in order to enable success-
ful placentation and feto-maternal tolerance. Innate 
immune cells such as NK cells, dendritic cells and macro-
phages are abundant at the feto-maternal interface, 
where they differentiate into functionally distinct tolero-
genic subsets18. Accordingly, in PBMCs from pregnant 
healthy women, the activity of genes reflecting monocyte 

Box 1 | Mediators of tolerance during pregnancy

Cells
•	Treg cells	increase	in	number	in	response	to	oestrogen	and	fetal	antigens

47,81,87–91

•	Decidual NK cells increase in number (by recruitment and by local generation via 
microenvironmental factors such as TGFβ and Il-15), are poorly cytolytic and 
secrete IFNγ18,55

•	Teff cells in the decidua are controlled by Treg cells,	anti-inflammatory	cytokines	such	as	
Il-10 and decidual stromal cells

•	Decidual stromal cells control Teff	cells	by	silencing	chemokine	genes	and	induce	
NK cell	generation	by	production	of	IL-15,	TGFβ and stem cell factor18,50

•	Decidual CD14+ monocytes have increased production of Il-10, TGFβ and IDo, and 
differentiate into tolerogenic DCs via mediators such as galectin-1 and macrophage 
inhibitory protein-1 (ref.18)

•	γδ	T cells	increase	in	the	decidua,	and	secrete	IL-10,	TGFβ and progesterone-induced 
blocking	factor48,115

Molecules
•	mismatch of mHC haplotypes increases tolerogenic response21,23

•	HLA-E	and	HLA-G	expressed	on	trophoblast	cells	dampen	the	immune	response	
by interacting	with	inhibitory	receptors	on	NK	cells	and	T cells119,146,147

•	IDO	and	SOCS3	are	expressed	at	the	feto-maternal	interface	and	are	regulated	
by oestrogen148,149

•	LIF	expressed	in	placental	tissue	is	important	for	blastocyst	implantation;	LIF	also	
promotes the Treg cell	lineage	and	suppresses	TH17 cells59,93

DC,	dendritic	cell;	IDO,	indoleamine	2,3-dioxygenase;	LIF,	leukaemia	inhibitory	factor;	MIC-1,	
macrophage-inhibitory	cytokine	1;	NK,	natural	killer;	SOCS,	suppressor	of	cytokine	signalling;	
TGFβ, transforming growth factor β;	Teff cell,	effector	T cell;	TH17 cell,	T	helper	17	cell;	Treg cell,	
regulatory	T cell.
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activity is higher during pregnancy than postpartum42. 
As for adaptive immune cells, subpopulations of T cells, 
such as γδ T cells and Treg cells, accumulate in the decidua 
but are also present in the peripheral blood47,48 (as dis-
cussed below). During pregnancy, soluble mediators 
downregulate T cell activity, as shown by the suppression 
of mixed lymphocyte reaction in the presence of maternal 
serum49. This finding suggests that soluble factors such 
as anti-inflammatory cytokines (for example, IL-10 and 
TGFβ) and hormones (such as oestrogen, progesterone 
and hCG) are at work and account for the suppression of 
T cell reactivity. In addition, Teff cells cannot accumulate 
within the decidua owing to silencing of T cell-attracting 
inflammatory chemokine genes in decidual stromal 
cells50. However, changes also occur at a cellular level, 
with lower expression of lymphocyte-related genes in 
PBMCs during pregnancy compared with postpartum42. 
The frequency of B cells is low in the decidua, and hor-
mones such as hCG promote the production of IL-10-
producing B cells40,51. In the peripheral blood, there is a 
pregnancy-associated B cell lymphopenia with reduced 
concentrations of B cell activating factor and soluble 

CD23 during pregnancy, compared with postpartum 
concentrations45. Together, the data suggest that during 
normal gestation, innate immunity is important at the 
feto-maternal interface, whereas the adaptive immune 
response is dampened and shifted towards cell subtypes 
with a tolerogenic profile.

Cytokines and cell functions
Cytokines are polypeptides that are produced by cells of 
the innate and the adaptive immune systems in response 
to cellular activation or in a particular microenviron-
ment (for example, inflammatory or tolerogenic). Most 
cytokines mediate and regulate cellular reactions in 
a number of target cells, indicating their pleiotropic 
potential52. Furthermore, cytokines often have func-
tional redundancy, in that they induce overlapping 
effects. The cytokine balance at the feto-maternal inter-
face is differently regulated throughout pregnancy, with 
pro-inflammatory cytokines arising during implan-
tation and the delivery phase, and anti-inflammatory 
cytokines, such as IL-10 and TGFβ, dominating during 
the second and third trimesters18,53–56 (fig. 1).

Uterus

Decidua

During pregnancy Delivery phaseEarly pregnancy

Tolerance Fetal growthImplantation Placentation Parturition
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with paternal
antigens

• IL-10
• IL-1Ra
• sTNFR 
• TGFβ
• IDO
• PIBF

• DAMPs
• PGE
• NO

Fetal factors 
• Fetal DNA
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• HLA-E
• HLA-G
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• IL-6
• IL-1
• IFNγ
• IL-17
• TNF
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Fig. 1 | Immune events in pregnancy. Three immune events are crucial to successful pregnancy outcome. First, 
embryo implantation and early placentation are important. These early events are immediately counterbalanced  
by a very broad and complex state of tolerance, which is induced by fetal factors and hormones and which includes 
recruitment and proliferation of different immunoregulatory cells and the expression of a variety of regulatory 
molecules. This second phase lasts until the induction of parturition. Parturition is characterized by pro-inflammatory 
mechanisms, as exemplified by increased production of pro-inflammatory cytokines. DAMP, damage-associated 
molecular pattern; dNK cell, decidual natural killer cell; DSC, decidual stromal cell; IDO, indoleamine 2,3-diogygenase; 
IL-1Ra, IL-1 receptor antagonist; ILC3, type 3 innate lymphoid cell; LIF, leukaemia inhibitory factor; NK, natural killer; 
NO, nitric oxide; PGE, prostaglandin; PIBF, progesterone-induced blocking factor ; sTNFR, soluble TNF receptor;  
TGFβ, transforming growth factor β; Teff cell, effector T cell; TH17 cell, T helper 17 cell; tolDC, tolerogenic dendritic cell;  
Treg, regulatory T cell; γδT, γδ T cell.

Mixed lymphocyte reaction
The proliferation response 
following co-culture of two 
populations of lymphocytes, 
used as a surrogate measure of 
T cell activation
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Innate immune cells and cytokines. The process of 
implantation is accomplished by an evolutionarily con-
served pro-inflammatory milieu consisting of IFNγ, IL-1, 
TNF, IL-6, IL-17 and the IL-6 family cytokine leukaemia 
inhibitory factor (LIF)57,58. Female LIF-knockdown mice 
are infertile owing to defects in trophoblast invasion and 
spiral artery remodelling, underlining the importance 
of the expression of LIF and its receptor in decidual 
trophoblast cells during the implantation phase59,60. 
Early placentation with spiral artery remodelling also 
depends on NK cells, IFNγ, IFNγ receptor and type I 
IFN receptor, as demonstrated by studies in knockout 
mouse models53,61,62.

The immune cells important for this early phase 
of pregnancy are mainly innate immune cells, such as 
NK cells, dendritic cells, macrophages, neutrophils and 
type 3 innate lymphoid cells (ILC3s)53,55,63. NK cells are 
the predominant lymphocyte population in the decidua 
(40–70%) and can derive from peripheral blood NK 
cells or from in situ differentiation of haematopoietic 
precursors55. Decidual NK cells are CD56brightCD16− 
and are poorly cytolytic but produce cytokines and 
chemokines, such as IFNγ and vascular endothelial 
growth factor, that promote spiral artery remodelling 
during the first trimester53,55,64. Other cells active in the 
early, pro-inflammatory phase of pregnancy are ILC3s 
that produce IL-22, IL-17 and TNF, as well as IL-8 and 

granulocyte–macrophage colony-stimulating factor, 
the latter being crucial for the recruitment of neutro-
phils into the decidua55. Pro-inflammatory M1 macro-
phages secreting IL-23 or IL-12 as well as LIF have a 
crucial role in implantation and parturition, whereas 
anti-inflammatory M2 macrophages predominate dur-
ing mid-gestation65. The differential regulation of innate 
immune response in each trimester is also reflected in 
studies of PBMCs from healthy women, in which TNF 
production by Toll-like receptor 4 (TLR4)-stimulated 
monocytes peaked in the first trimester, whereas IFNα 
production by TLR-7-stimulated plasmacytoid dendritic 
cells increased during the course of pregnancy66.

At the end of pregnancy, cytokines produced by innate 
immune cells induce the pro-inflammatory process of 
parturition. Neutrophils and macrophages infiltrate 
the decidua and the chorioamniotic membranes during 
term labour and secrete matrix metalloproteinases, 
IL-1, IL-6, TNF and nitric oxide56,63 (fig. 1). Interestingly, 
neutrophil activation, with increased spontaneous for-
mation of neutrophil extracellular traps, is involved 
not only in the pathology of preeclampsia, but also in  
ACPA-positive RA63,67.

Challenging the TH1–TH2 paradigm. Regarding 
cytokines produced by adaptive immune cells during 
pregnancy, T helper (TH) cells are of particular inter-
est because they are important to the modulation of 
immune responses. Depending on the cytokines they 
secrete, TH cells are classified into subtypes: TH1 cells 
produce IL-2, IFNγ and TNF; TH2 cells produce IL-4, 
IL-5, IL-9 and IL-13; and TH17 cells produce IL-17. In 
1993, Wegmann et al. described a TH2 cytokine pro-
file at the feto-maternal interface that dominates over 
TH1 cytokines and, therefore, suggested pregnancy to 
be a ‘TH2 phenomenon’68. However, mice deficient in 
TH2 cytokines (IL-4, IL-5, IL-9 and IL-13) are able to 
have a successful allogeneic pregnancy, indicating that 
the shift from TH1 to TH2 cytokines is not crucial for 
feto-maternal tolerance69. In the peripheral blood of 
healthy pregnant women, there is no clear predomi-
nance of TH2 cytokines70,71. Instead, soluble antagonists 
of pro-inflammatory cytokines, such as soluble IL-6 
receptor, IL-1Ra and soluble TNF receptor (sTNFR), 
as well as Treg cells, which produce a pronounced anti- 
inflammatory cytokine milieu, are upregulated in preg-
nant healthy women2,72. The plasticity between TH1 and 
TH17 cells and between Treg and TH17 cells has become 
evident in the past decade73. A pro-inflammatory 
microenvironment, such as in the setting of pregnancy 
complications, can drive the transdifferentiation from 
Treg to TH1 or TH17 cells74. However, TH1 and TH17 
cells are also important for embryo implantation17. 
Collectively, the data suggest that the cytokine profile 
at the decidua is the result of the interplay of fetal cells 
and hormones, and that the TH1–TH2 paradigm should 
be replaced by a more complex paradigm involving TH1, 
TH2, TH17 and Treg cells73,75.

In RA, concentrations of pro-inflammatory cytokines 
such as TNF, IL-1β and IL-6 are increased both locally 
(that is, in affected joints) and systemically, and corre-
late with disease activity29,76. These monocyte-derived 
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cytokines, as well as TH1-derived TNF and IFNγ and 
TH17-derived IL-17, have a role in the pathophysiology 
of the disease76–78. Research in the 1990s suggested that 
a shift from TH1 to TH2 cytokines during pregnancy 
could explain the natural amelioration of RA during 
pregnancy79. Similar to the aforementioned findings in 
healthy women70,71, however, no definite TH2 cytokine 
profile is found in the peripheral blood of pregnant 
patients with RA, nor is it found in pregnant patients 
with other rheumatic diseases, such as ankylosing spon-
dylitis71. Instead, pregnancy-related improvement in RA 
disease activity correlates with an increase in concentra-
tions of sTNFR and IL-1Ra, suggesting that the natural 
amelioration of RA during pregnancy could be attri-
buted to an increase in the soluble receptors that buffer 
the biological effects of TNF and IL-1, rather than a shift 
from TH1 to TH2 cytokines71.

In RA, circulating maternal cytokines also have an 
influence on fetal growth, as shown by the prospec-
tive Pregnancy-induced Amelioration of Rheumatoid 
Arthritis (PARA) study, which analysed maternal serum 
concentrations of IL-10, IL-6 and TNF in 161 women 
with RA and in 32 healthy women during pregnancy80. 
The anti-inflammatory cytokine IL-10 was detectable in 
16%, the pro-inflammatory cytokine IL-6 in 71% and 
TNF in all patients with RA during the first trimester80. 
Higher neonatal birthweight was associated with high 
levels of IL-10 during the first trimester, whereas lower 
birthweight was associated with high IL-6 levels during 
the first trimester80. Interestingly, IL-6 was detectable 
only in the patients with RA, not in the healthy preg-
nant women80. Taken together, the findings suggest that 
the predominance of anti-inflammatory cytokines dur-
ing pregnancy exerts a beneficial influence on both RA 
disease activity and fetal growth (fig. 2).

Regulatory T cells and T helper 17 cells. CD4+ Treg cells are 
cells of the adaptive immune response that have a crucial 
role in feto-maternal tolerance during pregnancy. These 
cells are either generated in the thymus or induced in the 
periphery from naive CD4+ T cells under the influence of 
cytokines, hormones or fetal antigens18,81,82. Treg cells are 

defined by the Treg lineage-specific transcription factor 
FOXP3 and their regulatory function83,84. They inhibit an 
excessive Teff cell response either directly, by producing 
cytokines such as IL-10 and TGFβ, or indirectly, through 
contact with antigen-presenting cells72,85,86. In pregnancy, 
Treg cells suppress autoimmunity and mediate tolerance 
to the semiallogeneic fetus86,87.

During gestation, peripheral Treg cells recognize fetal 
antigens and protect the fetus from rejection by the 
maternal immune system81,87. The number of peripheral 
Treg cells increases in the decidua and in the peripheral 
blood in both mouse and human pregnancy47,48,81,87–91. 
This expansion of Treg cells is driven by fetal antigens and 
the active recruitment of Treg cells to the feto-maternal 
interface by hCG47,88,92. The generation of peripheral 
Treg cells during pregnancy depends on the FOXP3 
enhancer conserved non-coding sequence 1 (CNS1), 
which is a highly conserved genetic element in placental 
mammals81. Treg cells produce high levels of LIF, which 
promotes FOXP3 expression while simultaneously 
repressing the TH17 lineage93,94. Collectively, the data 
strongly suggest that induced peripheral Treg cells have 
an evolutionarily conserved role in reproduction.

The role of Treg cells in the pathogenesis of RA has 
been demonstrated in studies using the CIA mouse 
model of RA, in which the depletion of Treg cells increases 
the severity of arthritis, whereas the adoptive transfer of 
Treg cells dampens disease progression95,96. In pregnant 
women with RA, disease improvement correlates with 
an increase in Treg cells97. In addition, experiments in 
the CIA model showed that only Treg cells isolated from 
pregnant mice with amelioration of CIA during preg-
nancy, and not Treg cells from pregnant mice without 
CIA or from non-pregnant mice, conferred protection 
against arthritis in non-pregnant mice98. Thus, the 
protective effect of Treg cells requires prior exposure to 
arthritis-related antigens in the context of pregnancy98.

A particular milieu can disturb the stability of some 
Treg cell subsets. In the presence of pro-inflammatory 
cytokines such as IL-1β, IL-6, IL-21 and IL-23, Treg cells 
are able to transdifferentiate into TH17 cells99–102. This 
scenario might explain why Treg cell function is ham-
pered and the proportion of TH17 cells is increased in 
active RA76,103. Likewise, pregnancy complications, such 
as preeclampsia, can disturb the Treg–TH17 cell balance74. 
The pro-inflammatory milieu elicited by active RA or 
by preeclampsia is able to drive the transdifferentiation 
of Treg cells into TH17 cells100,101,104. These circumstances 
might contribute to the increased risk of developing 
subsequent RA in women with adverse pregnancy out-
comes105,106. Taken together, the tolerogenic environment 
of normal gestation seems relevant for normal Treg cell 
function and for a favourable Treg–TH17 balance, which 
in turn leads to pregnancy-related improvement of 
RA (fig. 2).

Unconventional T cells. γδ T cells are unconventional 
CD3+ T cells that belong to the group of innate-like T cells 
that bridge innate and adaptive immune responses107,108. 
In contrast to αβ T cells (such as CD4+ or CD8+ T cells), 
γδ T cells carry the γδ T cell receptor, which recognizes 
non-peptide antigens independently of classical MHC 

Table 1 | Pathways differentially regulated during pregnancy and postpartum

Pathway name Number of differently 
regulated genes

Number of genes 
in pathway

P value

T cell receptor signallinga 18 93 1.719−5

Pathways in cancer 35 320 6.193−5

Adipocytokine signallinga 13 67 3.212−4

PPAR signallinga 11 68 3.419−3

Fcε receptor I signalling 11 74 6.651−3

MAPK signalling 23 262 2.194−2

Apoptosis 11 87 2.169−2

NK cell-mediated 
cytotoxicity

14 129 2.211−2

Cellular pathway activity determined by transcriptomic analysis of peripheral blood 
mononuclear cells from healthy women in the third trimester of pregnancy and postpartum. 
MAPK, mitogen-activated protein kinase; NK , natural killer; PPAR , peroxisome proliferator- 
activated receptor. aPathways with a potential role in the regulation of rheumatoid arthritis 
disease activity. Adapted with permission from Weix et al.44, Wiley-VCH.
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molecules107. The functions of these cells range from 
immunosuppressive to pro-inflammatory responses. 
γδ T cells exert their function through the release of 
cytokines (TNF, IFNγ, IL-17, IL-10 and TGFβ), cytotox-
icity or antigen presentation107. In the peripheral blood 
of healthy humans, ~5% of lymphocytes express the γδ 
T cell receptor109. The two main subsets of γδ T cells bear 
different variable delta chains, Vδ1 and Vδ2, and have 
distinct tissue distributions and functions.

During pregnancy, γδ T cells have immunoregulatory 
features. At the feto-maternal interface, they recognize 
fetus-derived trophoblast cells that do not express poly-
morphic classical MHC class I molecules110. In the preg-
nant uterus, an increased number of γδ T cells is found in 
early decidua compared with term decidua, mostly con-
sisting of IL-10- and TGFβ-producing Vδ1 T cells48,111,112. 
The Vδ2 T cell subset predominates in the peripheral 
blood of healthy pregnant women113,114. In the presence of 
progesterone, circulating γδ T cells bearing the proges-
terone receptor secrete an immunomodulatory protein 
called progesterone-induced blocking factor (PIBF)115. 
In vitro experiments demonstrate that PIBF is able to 
alter the TH1–TH2 balance towards the production of TH2 
cytokines such as IL-4, IL-5 and IL-10 (ref.116).

In RA, γδ T cells have shown both pro-inflammatory 
and anti-inflammatory responses. In the CIA mouse 
model, γδ T cells function differently at different disease 
stages, having a pro-inflammatory role at arthritis onset 
and an anti-inflammatory role once the disease is estab-
lished117. In RA, peripheral blood Vδ2 T cells are reduced 
in patients with RA compared with healthy controls118. In 
addition, circulating Vδ2 T cells are less frequent in active 
versus inactive disease119. Both Vδ1 and Vδ2 T cells can 
be found in the RA synovium, with IFNγ-producing 
Vδ1 T cells predominating120,121. Changes in RA disease 
activity during pregnancy and postpartum have been 
associated with changes in the proportion of activated 
(CD69+) γδ T cells. Moreover, the proportion of Vδ1 
T cells bearing the inhibitory NK cell receptor NKG2A 
in the peripheral blood of women with RA is higher 
during pregnancy compared with postpartum119. In the 
third trimester, pregnant women with RA have a reduced 
proportion of TNF-positive and IFNγ-positive γδ T cells, 
compared with non-pregnant patients with RA119. This 
reduction in pro-inflammatory γδ T cells might be 
another contributor to pregnancy-related improvement 
of RA119 (fig. 2). The postpartum increase in disease activ-
ity, however, is associated with an increased proportion 
of activated (CD69+) γδ T cells119.

Postpartum reactivation of RA
After delivery, women with RA are at risk of disease dete-
rioration. This relapse usually occurs within 6 months 
postpartum, with the risk peaking around week 12 post-
partum9,10,122,123. Prospective studies before the year 2000 
described high rates of postpartum disease worsening, 
ranging from 66% to 77%4,10,124. In a meta-analysis of 
five prospective studies from 2004 to 2013, a postpar-
tum increase in disease activity was found in 46.7% 
of patients with RA125. Different treatment options 
and different methods of measuring disease activity 
might account for the variance in the percentages of 

patients with RA who experience worsening of disease 
after delivery.

Factors that contribute to postpartum flares include 
changes in immune cells, cytokine patterns and hor-
mones. With regard to PBMCs, the percentage of 
activated CD4+ and CD8+ cells markedly increases at 
12 weeks postpartum in patients with RA126. Moreover, 
suppression of TNF and IFNγ production by Teff cells 
was less intense with Treg cells from RA patients iso-
lated at 8 weeks postpartum compared with Treg cells 
isolated during the third trimester97. As mentioned 
above, transcriptomic analysis of PBMCs revealed 
that monocyte-associated gene activity normally 
decreases after delivery in healthy women but persists 
in women with RA42, and that expression of genes asso-
ciated with lymphocyte activity increases from the third 
trimester to 6 months postpartum42. Thus, the reacti-
vation of RA after delivery is associated with recurring 
lymphocyte-associated gene activity and persistent 
monocyte-associated gene activity and with upregulation 
of genes related to cell activation, adhesion, migration 
and defence of pathogens42.

Another factor that possibly triggers postpartum RA 
flare is the breastfeeding hormone prolactin. Prolactin can 
activate B cells (including autoreactive B cells), increase 
IFNγ, TNF and IL-17 production by Teff cells, decrease 
Treg cell function and induce IFNγ, IL-1β, IL-12 and IL-6 
production by macrophages127–129. Prolactin is secreted 
not only by the pituitary gland, but also at extrapituitary 
sites, including by lymphocytes and macrophages in the 
synovial tissue of patients with inflammatory arthri-
tis130,131. However, serum prolactin concentrations meas-
ured in patients with RA outside the postpartum period 
are not related to disease activity parameters132. Prolactin 
concentrations are much higher in breastfeeding women 
than in non-breastfeeding women, yet no negative effect 
of breastfeeding on established RA was seen in the PARA 
study, in which disease activity was analysed prospectively 
in 249 women during pregnancy until 26 weeks postpar-
tum133,134. Instead, disease activity scores were lower in 
breastfeeding patients compared with non-breastfeeding 
patients, even though breastfeeding patients used fewer 
anti-rheumatic drugs133. Furthermore, a meta-analysis of 
six studies showed that breastfeeding is not a risk factor 
for the development of RA135.

Pregnancy in other rheumatic diseases
Whether pregnancy-induced immunomodulations result 
in improvement, no change or worsening of an auto-
immune disease is dependent on the pathogenic mecha-
nisms of the disease. In contrast to RA, systemic lupus 
erythematosus (SLE) does not usually respond favour-
ably to pregnancy2, yet disease activity can be kept stable 
if pregnancy is planned during a stable phase of low dis-
ease activity136. In this situation, prospective studies have 
shown that the rate of disease flares during pregnancy 
ranges from only 6% to 20%137–139. SLE flares during 
pregnancy occur particularly in patients with active 
disease at the time of conception and in patients who 
enter pregnancy with more severe disease or active lupus 
nephritis136. The persistent activity of the innate immune 
system during pregnancy, including the upregulation of 
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some type I interferon-related genes, might contribute 
to disease reactivation in this subgroup of patients with 
SLE43,46,66. Of note in this context, dysregulation of the 
type I interferon pathway is a key driver in the patho-
genesis of SLE, and accumulating evidence suggests 
that targeting type I interferon is a rational therapeutic 
approach140. Activation of the type I interferon pathway 
is associated with more severe disease and greater disease 
activity in a subgroup of SLE patients141. More impor-
tantly, the subgroup of SLE patients with an elevated 
IFNα level during pregnancy are at risk of preeclampsia, 
owing to an induced anti-angiogenic milieu that disrupts 
the ability of trophoblast cells to remodel endothelial 
tube structures142.

Another chronic inflammatory rheumatic disease that 
does not respond beneficially to pregnancy is axial spon-
dyloarthritis (axSpA). Among women with axSpA, persis-
tently active disease or disease worsening can be detected 
in 45–78% of pregnant patients, as shown in prospec-
tive studies7,123,143. An increase in morning stiffness and 
inflammatory back pain usually occurs during the second 
trimester123,143. AxSpA differs from RA in its genetic asso-
ciations, clinical presentation and structural outcome, 
which is characterized by an anabolic bone response144. 
During pregnancy, women with axSpA show an increase 
in concentrations of circulating anti-inflammatory  
cytokines, such as sTNFR and IL-1RA, similar to that 
seen in healthy women and women with RA, yet TNF 
and IFNγ secretion by CD4+ Teff cells from pregnant 
patients with axSpA is insufficiently suppressed by 
Treg cells71,145. Thus, one might speculate that the excessive 
production of pro-inflammatory cytokines might not be 
buffered by the increase in anti-inflammatory factors.  
In addition, persistent monocyte activity as well as pla-
cental factors and biomechanical stress might trigger 
disease activity in women with axSpA during pregnancy.

Conclusions
The natural improvement of disease activity observed in 
pregnant patients with RA indicates that pro-inflammatory  
and anti-inflammatory mechanisms are rebalanced 
during pregnancy. Fetal antigens and high levels of 
oestrogen, progesterone and hCG are important fac-
tors in inducing this beneficial immunomodulation. 
Subsequently, changes in the innate and the adaptive 
immune systems emerge at the feto-maternal interface 
and systemically to induce a tolerogenic environment. 
Thus, current knowledge suggests that the improvement 
of RA during pregnancy is a collateral phenomenon of 
pregnancy-related immunomodulation.

Research efforts have primarily focused on disease 
amelioration during pregnancy, whereas the regulatory 
mechanisms relevant to disease relapse postpartum have 
only been marginally explored. The postpartum period 
could offer a unique opportunity to analyse the sequen-
tial steps of disease reactivation in women who might 
substantially reduce or stop their use of anti-rheumatic 
drugs during pregnancy and in the first few months 
after delivery.

Remarkably, other autoimmune diseases such as SLE 
do not respond favourably to pregnancy. Several argu-
ments could explain this discrepancy, the most obvious 
of which is that the pathophysiology of RA differs from 
that of SLE. However, other aspects might have an as yet 
unexplored role. Pain, for example, is an important factor 
in RA disease activity, and psycho-neuro-immunological 
mechanisms that come into play in RA might be less 
important in conditions such as SLE. Further studies 
should comparatively analyse RA and SLE. Widening 
the horizon to study the role of neuro-psychological 
variables and neuropeptides might also be fruitful.
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