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Removing barriers and disparities in
health: lessons from the COVID-19
pandemic
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The COVID-19 pandemic has compelled the global community to work together to understand
SARS-CoV-2 and mitigate its effects, but it has also highlighted health disparities faced by
people from minority racial or ethnic groups and other marginalized populations. International
collaboration needs to be leveraged to address these disparities and inequities.
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The COVID-19 pandemic has challenged the world’s
scientists and physicians to overcome geographical barriers and develop novel methods of prevention, testing
and treatment to alleviate the widespread effects of the
virus. Solutions to many of these issues are now being
developed through international collaboration; however,
the COVID-19 pandemic has also highlighted the exis
tence of substantial inequities in health and in the deli
very of health care. Marginalized populations, such as
Indigenous communities, minority ethnic groups, people
with disabilities and elderly individuals have been overwhelmingly affected by COVID-19 — not because of
innate differences inherent to these groups, but because
of multiple existing psychosocial, political, economic,
occupational and nutritional factors1–3. The removal of
structural barriers within societies and health-care systems needs to be prioritized to ensure equitable care for
all people, not only during the COVID-19 pandemic
but also beyond. In this Comment article, we identify
and discuss ethnic and racial disparities in health care,
under-representation of people from minority ethnic and
racial groups in research, and highlight opportunities to
address these issues through international collaboration.

Barriers highlighted by the pandemic
International reports indicate that rates of SARS-CoV-2
infection, hospitalization and mortality are disproportionately high in minority ethnic groups and low-income
populations4. In the UK, people whose ethnicity is
recorded as mixed, South Asian, Black or other are at
increased risk of acquiring and dying from COVID-19,
as compared with white people, even after adjusting for
the presence of comorbidities2. Studies from the USA
report similar findings, with Black, Latinx and Native
American individuals being overrepresented among
patients diagnosed with COVID-19 and having poorer
outcomes than white individuals1. Black children and
Hispanic and Latinx children are also more likely to
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develop multisystem inflammatory syndrome in children
(MIS-C), a hyperinflammatory syndrome that follows
SARS-CoV-2 infection, than the population in the USA
overall5. Nevertheless, while Black people have faced an
increased burden of COVID-19, they have been systematically under-represented in epidemiological COVID-19
studies and clinical trials3, making it more difficult to
generalize study results to the populations most affected.
In North America, members of minority racial and
ethnic groups are disproportionately affected by poverty,
the burden of ill health, limited access to healthy food,
high-density housing and the need to work in ‘essential’
industries during the pandemic1. For example, a report
by the New York City Comptroller of front-line workers
in industries such as cleaning services, public transit,
food and family services showed that over 75% were
people of colour, over 50% were foreign-born and 8%
were living at or below the federal poverty line during the
COVID-19 pandemic6. The increased risk of exposure
to SARS-CoV-2 experienced by front-line workers will
also affect the populations disproportionately employed
in these positions.
As we learn more about SARS-CoV-2, exposure is the
main driver of infection. The ability to remain socially
distant might not be equally available among all groups;
those without financial means could be more reliant on
public transportation, where social distancing is limited,
and share housing with multiple people7.

Lessons from SLE
Rheumatologists might recognize the similarities
between the health disparities of COVID-19 with those
that affect people with systemic lupus erythematosus
(SLE). As with COVID-19, SLE is more prevalent in
minority racial or ethnic groups worldwide7. Outcomes
also tend to be worse for Black people in the USA, who
are more likely to develop lupus nephritis and have
higher mortality rates than white people8. The reasons
volume 17 | March 2021 | 125
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for these disparities in people with SLE include the social
determinants of health such as environmental factors,
psychosocial stress, adverse childhood experiences and
poor access to care, among others9.
As with COVID-19, research studies of people with
SLE continue to over-represent white participants
while Black participants remain under-represented and
understudied7. Barriers to the enrolment of non-white
participants in research studies include structural racism,
historic mistreatment of people from under-represented
groups in research studies, implicit bias of physicians and
lack of trust of physicians owing to a historical legacy of
mistreatment of vulnerable individuals8.
Fortunately, change is at hand. Researchers have
begun to partner with community organizations and
community-b ased social networks to enhance SLE
education and awareness in the Black community10.
The ACR has also received funding from the Office
of Minority Health for Materials to Increase Minority
Involvement in Clinical Trials (MIMICT) to increase the
participation of minority groups in SLE clinical trials.

International collaboration in research
The COVID-19 Global Rheumatology Alliance
(C19-GRA) was formed in March 2020 to study the global
effects of the pandemic on people with rheumatic diseases. This initiative established a registry of physician-
entered data on people with rheumatic diseases who
develop COVID-19, as well as a patient experience survey of those with rheumatic diseases, with or without
COVID-19. The goals of these projects are to better
understand the effects of the pandemic on people with
rheumatic diseases and explore factors that might affect
their risk of COVID-19 and severe disease.
The C19-GRA patient survey was distributed in partnership with patient support organizations from across
the world, translated into nine languages, and received
participation from people in over 100 countries. However,
individuals from certain racial and ethnic groups remain
under-represented in the study. This disparity is most
evident among respondents with SLE, as the SLE cohort
in the C19-GRA patient survey is still primarily white
(unpublished data).
Fortunately, the C19-GRA can learn from past challenges and other initiatives to pave a more inclusive
way forward. In the next few months, the C19-GRA
will develop a prospective registry of people with rheumatic diseases to study the short-term and long-term
outcomes of the COVID-19 pandemic. We will continue
working with patient partners to develop our survey
instruments and recruitment materials, engage a more
inclusive and representative cohort through partnership
with community organizations involving minority racial
and ethnic groups, and share our data back to these
organizations to enhance the value of research participa
tion. Also, we aim to collect more detailed measures of
socioeconomic status, including type of housing, educational achievement, occupation and local environment
to examine how these measures affect the development
of COVID-19 and its related complications. We hope our
research will identify areas amenable for intervention to
enhance health and improve health equity.
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Many other international collaborations have formed
in response to the COVID-19 pandemic to better study
how the disease affects vulnerable groups. For instance,
the COVID-19 Sickle Cell Registry was established
in the USA to capture international cases of COVID-19
that are occurring in children and adults living with
sickle cell disease.
To take action and generate change, the C19-GRA,
the ACR and corporate sponsors are prepared to invest
in research to explore the effects of COVID-19 in vulnerable populations. The C19-GRA will collaborate with the
International League of Associations for Rheumatology
to provide grants to researchers and rheumatologists
from countries that are under-represented in our projects, to support the enrolment of people with rheumatic
diseases from these countries.
As we come together as a global community to understand and minimize the effects of COVID-19, we are
encouraged to apply the lessons we have learnt about
structural barriers in society to current research. Merely
pointing out these inequities in the health-care system is
not sufficient; we must enable action through dedicated
funding and partnership to address them. The structural
barriers in society will continue to disproportionately
affect the most vulnerable groups until our world commits
to abolishing the underlying problems within our systems.
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Exercise exerts anti-inflammatory effects
on muscle via the JAK–STAT pathway
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Inflammation can be a double-edged
sword when it comes to muscle
homeostasis. Some inflammation
is necessary for normal muscle
healing and repair processes,
but chronic inflammation, such
as occurs in rheumatoid arthritis
(RA), has detrimental effects on
muscle. Exercise is known to have
general anti-inflammatory effects
in chronic inflammatory disease,
but understanding what is going
on in the muscle itself has been
challenging.
“Previously, several human studies
have suggested that exercise can be
beneficial in the setting of chronic
inflammation, which, in addition to
other negative effects, induces muscle
wasting and loss of contractile
strength. What has not been clear
from these studies is which cells,
tissues or organs help with this
anti-inflammatory response, and
through what mechanisms,” explains
Nenad Bursac, corresponding author
of a new study investigating the
anti-inflammatory effects of exercise
on muscle.
In their study, the authors used
an in vitro 3D human muscle
cell culture model, known as a
myobundle, to simulate the
effects of exercise on muscle.
This model was developed in
the Bursac lab to mimic the
contractile responses of normal
muscle tissue in response to
electrical stimulation and can
be produced from human
pluripotent stem cells or from
primary myogenic cells, enabling
muscle cell responses to be
examined in isolation.
“Some 3 or 4 years ago, along
with other investigators at Duke
University, we started to look
at RA as a prototypical chronic
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inflammatory disease and decided
to explore if myobundles can be
used to mimic effects of chronic
inflammation on human skeletal
muscle and if simulated exercise
in this model system would
induce anti-inflammatory effects,”
says Bursac.
To mimic inflammation,
the researchers used the proinflammatory cytokine IFNγ, which
is known to contribute to muscle
wasting in chronic inflammatory
diseases. In response to IFNγ,
myobundles lost some strength and
ability to contract; effects that could
be prevented by the application of
intermittent electrical stimulation to
mimic exercise. The secretory output
of the myobundles also changed in
response to IFNγ treatment and was
characterized by increased output of
pro-inflammatory cytokines and
chemokines that could, again, mostly
be prevented by electrical stimulation.
Mechanistically, IFNγ induced
activation of the Janus kinase
(JAK)–signal transducer and
activator of transcription (STAT)
pathway in myobundles. This
activation could be partially
reduced by electrical stimulation,
suggesting a new mechanism for
the anti-inflammatory effects
of exercise, and could also be
completely abrogated by the use
of JAK inhibitors.
But what is the relevance of
these results for RA? Gabriel
Herrero-Beaumont, an expert in
inflammatory rheumatic diseases,
urges caution in untangling the
effects of acute versus chronic
inflammation.
“The time schedule and
pro-inflammatory stimuli employed
in this study might be more
associated with an acute response

than with a chronic injury, as
occurs in RA sarcopenia,” suggests
Herrero-Beaumont. “However,
it is difficult to differentiate block
ing homeostatic processes, such
as healing minor muscle injuries,
from chronic pathophysiological
activation, such as that observed
in RA, when both are based on
JAK–STAT pathway activation.
Therefore, the results of this study
could introduce us to the concept of
‘dyshomeostasis’ and the dual effect
of JAK–STAT and its inhibition in
different clinical settings.”
Looking towards the future,
Herrero-Beaumont advocates
for studies that will advance our
understanding of muscle atrophy in
RA and how it might be managed,
particularly given that JAK inhibitors
are already used to treat patients with
RA. “It would also be interesting to
know whether exercise or electrical
stimulation can have an additive
anti-inflammatory effect on muscle
regeneration in patients with RA with
partial response to therapy,” he adds.
“We are interested in finding out
if the presence of other relevant cell
types, including inflammatory
cells such as macrophages or T cells,
can modulate this response to
exercise and if specific regimes
of exercise, such as those mimicking
resistance versus endurance training,
are particularly beneficial as an
anti-inflammatory defence,” states
Bursac. “We hope that homing in
on specific molecular mechanisms
could eventually allow us to identify
novel anti-inflammatory targets for
potential pharmacotherapy.”
Joanna Clarke
Original article Chen, Z. et al. Exercise
mimetics and JAK inhibition attenuate IFN-γ–
induced wasting in engineered human skeletal
muscle. Sci. Adv. 7, eabd9502 (2021)
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Targeting the EGFR pathway
shows promise for OA
The epidermal growth factor receptor
(EGFR) pathway is important for the
maintenance of articular cartilage
and is implicated as a potential
treatment target in osteoarthritis
(OA). However, studies of the effects
of EGFR inhibition in models of
OA have had conflicting results.
New results published in Science
Translational Medicine provide
convincing evidence that enhanc
ing activation of this pathway
in the cartilage is a promising
therapeutic strategy.
“Previously, our lab found that
EGFR deficiency or inactivation
accelerated OA progression in
mice, and thus we proposed that its
activation could be used to treat OA,”
explains Ling Qin, co-corresponding
author on the new study.
To look at the effect of EGFR
overactivation in cartilage, Qin and
colleagues developed two mouse
models with cartilage-specific

overexpression of an EGFR ligand,
heparin binding EGF-like growth
factor (HBEGF). In both mouse
models, overactivation of the
EGFR pathway protected against
cartilage degeneration and
other pathological changes
associated with OA following
surgical destabilization of the
medial meniscus. Notably, treat
ment of the mice with an EGFR
inhibitor (gefitinib) reversed these
protective effects.
EGFR ligands are rapidly
cleared from the joint because of
their small size and also have a
short lifespan in the circulation,
limiting their use as a therapy. To get
around this issue, Zhiliang Cheng,
another co-corresponding author
on the study, designed polymeric
micellar nanoparticles conjugated
to transforming growth factor-α
(TGFα), a potent EGFR ligand,
to deliver this ligand to the joints

Credit: S.Harris/Springer Nature Limited
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GENETICS

New insights into RA genetics from
GWAS meta-analysis
Nearly 110 susceptibility loci for
rheumatoid arthritis (RA) have been
identified in population-based genetic
association studies; however, these
variants account for only a small
proportion of RA heritability, suggesting
that a large number of common
variants with modest effects on RA
susceptibility remain unidentified. Now,
a genome-wide meta-analysis with the
large sample sizes required to detect
such signals has unveiled 11 novel
susceptibility loci and provides new
insights into the genetic architecture
and biology of RA.
The meta-analysis integrated
summary association data from
genome-wide association studies
(GWAS) in Korean, Japanese and
European cohorts comprising
22,628 patients with RA and 288,644
controls in total. The variants in the
11 novel RA-associated loci
(DGUOK-AS1, DAP, BAD, TPCN2,

The variants
in the 11 novel
RA-associated
loci …
increased
the explained
proportion
of genetic
susceptibility
for RA

LOC107984408, LOC105369698,
IQGAP1, PRKCB, ZNF689, C20orf181
and SMC1B) increased the explained
proportion of genetic susceptibility
for RA, accounting for 6.9% of
the non-MHC single-nucleotide
polymorphism-based heritability in
the East Asian populations and 1.8%
of that in Europeans. The study also
replicated 71 known non-MHC RA-risk
loci. Across the East Asian and European
groups, 90 distinct association signals
were identified.
The researchers then catalogued
the findings to provide further
insights. “Employing cutting-edge
post-GWAS approaches, we could
prioritize the most likely causal
variants, genes and RA variantimplicating features (tissues,
pathways and transcription factors),”
reports co-corresponding author
Kwangwoo Kim. “For example,
we identified plausible RA-relevant
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while enabling prolonged retention
and high cartilage penetration.
Similar to EGFR overactivation,
intra-articular delivery of these
TGFα-conjugated nanoparticles
in the knees of mice attenuated the
development of surgery-induced OA.
“We are currently collaborating with
other scientists to carry this project
on into large animal models of OA,”
says Qin. “If the TGFα-conjugated
nanoparticles work in large animals,
we then plan to initiate a human
clinical trial.”

Jessica McHugh

Original article Wei, Y. et al. Targeting
cartilage EGFR pathway for osteoarthritis
treatment. Sci. Transl Med. 13, eabb3946 (2021)

genes in the susceptibility loci that
included targets of drugs approved
for RA treatments and potentially
repurposable drugs approved for
other indications.”
“We also re-emphasized the
importance of CD4+ T cell activation
and non-immune organs such as the
small intestine in RA pathogenesis,”
adds co-corresponding author
Sang-Cheol Bae.
The researchers are now working
on further studies using genomic,
transcriptomic and epigenomic data
from CD4+ T cells at bulk and single-
cell resolution to help understand
how RA-associated variants shape
RA-specific differential expression in
CD4+ T cells on a genome-wide scale.
“With such insights into the biology
of RA, we could devise sophisticated
biomarkers or drug targets at an
individual level,” says Kim.
Sarah Onuora
Original article Ha, E. et al. Large-scale
meta-analysis across East Asian and European
populations updated genetic architecture and
variant-driven biology of rheumatoid arthritis,
identifying 11 novel susceptibility loci. Ann. Rheum.
Dis. https://doi.org/10.1136/annrheumdis-2020219065 (2020)
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Metabolic defect causes invasive
phenotype in RA T cells
T cells from patients with rheumatoid
arthritis (RA) have a metabolic
signature that is indicative of a
defect in their mitochondria. The
results of a new study published
in Cell Metabolism reveal not only
what this defect is, but also how it
contributes to the tissue-invasive
nature of T cells in RA.
“We began with the quantifica
tion of mitochondrial metabolic
intermediates in RA T cells and
realized that the cells have abundant
α-ketoglutarate but lack succinate.
This suggested a break in the mito
chondrial tricarboxylic acid (TCA)
cycle (also known as the Krebs cycle),”
explains corresponding author
Cornelia Weyand.
This break in the TCA cycle was
caused by reduced amounts of the
enzymes that convert α-ketoglutarate
into succinyl-CoA and then into
succinate in T cells from patients
with RA compared with T cells

the TCA cycle
reverses in RA
T cells, lead
ing to excess
production of
acetyl-CoA

from patients with other rheumatic
diseases. Transfecting RA T cells to
overexpress these enzymes was
able to reduce their tissue-invasive
behaviour when adoptively trans
ferred into NSG mice with engrafted
human synovial tissue, suggesting a
direct link between tissue invasiveness
and metabolism.
To investigate how disruption of
the TCA cycle might be linked to cell
invasiveness, the researchers studied
the mitochondrial metabolites
produced by RA T cells. They found
that the TCA cycle reverses in RA
T cells, leading to excess production
of acetyl-CoA, which is used by the
cell to post-translationally modify
proteins.
Interestingly, the excess acetyl-
CoA in RA T cells seemed to affect
the acetylation of microtubules
in the cytoskeleton, causing
mitochondria to shift towards
the nucleus and the cells to form

Credit: Sebastian Kaulitzki/
Alamy Stock Photo
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uropods, thereby priming them for
migration. Blocking the acetylation
of microtubules in RA T cells by gene
knockdown reduced their ability to
infiltrate synovial tissue in human
synovium chimeric mice, thereby
reducing synovitis.
“Our focus has now turned
to the opportunity to utilize this
metabolic abnormality to re-engineer
the patients’ T cells,” says Weyand.
“We have set a program in place
to systematically identify small
molecules and metabolites that
can turn the directionality of the
TCA cycle and thus control cellular
acetyl-CoA concentrations.”

Joanna Clarke

Original article Wu, B. et al. Succinyl-CoA
ligase deficiency in pro-inflammatory and tissue-
invasive T cells. Cell Metab. 32, 967–980 (2020)
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Gut microbiome could predict drug response in RA

Credit: S. Harris/
Springer Nature Limited

Evidence is emerging that various drugs
are either metabolized by the human
gut microbiota or are dependent on it
for their efficacy.
The findings of a new study demonstrate for the first time that oral metho
trexate can be metabolized by the
human gut microbiota and suggest that
the gut microbiome could have value
in predicting response to the drug,

which is well known to vary in patients
with rheumatoid arthritis (RA).
“Our analysis revealed that in patients
with new-onset, treatment naive RA
there are significant associations
between the baseline abundance of
gut bacterial taxa (and their genes)
with future clinical response to
methotrexate,” reports Carles Ubeda,
co-corresponding author of the study.
“Notably, these included gene orthologues related to purine and methotrexate metabolism.” The differences between
the methotrexate responders (n = 16) and
non-responders (n = 10) in microbial
diversity in fecal samples were determined using 16S RNA gene sequencing
and shotgun metagenomics sequencing.
“Using machine learning applied
to the metagenomic data, we then
developed a microbiome-based model
that can predict lack of response to
methotrexate in patients with RA,” adds
co-corresponding author Jose Scher.
In an independent cohort of patients
with new-onset RA (n = 21), the model
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correctly classified 80% of the patients
as responders or non-responders.
The findings also suggest a mechanistic link between microbiome features,
methotrexate metabolism and clinical
response. In ex vivo studies, methotrexate was depleted during incubation
with fecal samples from patients with
new-onset, treatment-naive RA. “Using
metabolomic platforms, we found that
methotrexate levels remaining after
ex vivo incubation with these samples
correlated with the magnitude of future
clinical response, suggesting a possible
direct effect of the gut microbiome
on methotrexate metabolism and
treatment outcomes,” says Ubeda.
Sarah Onuora
Original article Artacho, A. et al. The pretreatment gut microbiome is associated with
lack of response to methotrexate in new onset
rheumatoid arthritis. Arthritis Rheumatol.
https://doi.org/10.1002/art.41622 (2020)
Related article Scher, J. U. et al.
Pharmacomicrobiomics in inflammatory arthritis:
gut microbiome as modulator of therapeutic
response. Nat. Rev. Rheumatol. 16, 282–292 (2020)
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Adipose tissue triggers OA
Obesity is one of the primary risk factors for osteoarthritis (OA), although
the exact contribution of obesity
to the onset of OA is unknown.
Increased biomechanical loading of
joints, low-grade systemic inflammation and metabolic changes have
all been suggested as potential mechanisms of obesity-related OA, but
none has yet been proven as causal.
“Our group has been studying
the interrelationship between obesity
and OA for nearly two decades, and
we now understand that changes
in biomechanical loading due to
the increased body weight that
occurs with obesity do not solely
account for the severity of OA,”
states Farshid Guilak, corresponding
author of a new study into the role of
adipose tissue in obesity-related OA.
“Several studies have implicated
inflammatory signalling from fat,
rather than changes in weight, in
the pathogenesis of obesity-related
OA,” explains Guilak. “To address
this question directly, we studied
OA in a lipodystrophic mouse

that is genetically modified to lack
fat cells; in this manner, we could
directly examine the effects of diet,
body fat and other parameters on
OA severity.”
Lipodystrophic mice displayed
several characteristics associated with
obesity-related OA, such as bone sclerosis, muscle weakness and metabolic
dysfunction, but were protected from
developing OA spontaneously or following surgical destabilization of the
medial meniscus (DMM). This protection was unchanged by feeding the
mice a high-fat diet, which increases
susceptibility to DMM-induced OA
in wild-type mice. Notably, lipodys
trophic mice still developed synovitis
in response to DMM surgery, but
had reduced pain compared with
wild-type mice, suggesting that these
features might be separable.
Crucially, subcutaneously
implanting adipose tissue into the
lipodystrophic mice restored their
susceptibility to DMM-induced OA,
implicating adipose tissue itself in
the pathogenesis of OA.

A U TO I M M U N I T Y

Getting to the root of the
anti-inflammatory effects
of ginger

Credit: Halfdark/Getty

Ginger has a long history of medical use and is thought to contain
anti-inflammatory and anti-oxidant
compounds that could be of particular
benefit for individuals with autoimmune
or inflammatory diseases. A new study
published in JCI Insight has found a
protective role for the most abundant
bioactive component of ginger root,
6-gingerol, in models of systemic
lupus erythematosus (SLE) and
antiphospholipid syndrome (APS).

various
gingerols,
including
6-gingerol,
could suppress
NETosis in
response
to different
stimuli

implanting
adipose tissue
into the lipo
dystrophic
mice restored
their suscep
tibility to
DMM-induced
OA

“Our work over the past several
years has been exploring the role of
pathways that increase neutrophil
cAMP in suppressing NETosis (a form
of neutrophil cell death implicated in
various autoimmune diseases),” explains
corresponding author Jason Knight.
Evidence from the literature suggested
that gingerols could antagonize
the activity of phosphodiesterases
(enzymes involved in the inactivation
of cAMP), piquing his group’s interest.
“We wanted to focus on the mechanism
and especially the role of gingerols in
suppressing neutrophils,” says Knight.
They first investigated the effects
of gingerols on neutrophils in vitro.
Notably, various gingerols, including
6-gingerol, could suppress NETosis
in response to different stimuli
(including stimuli relevant to SLE
and APS). Further analysis suggested
that gingerols could mitigate NETosis
by suppressing reactive oxygen
species formation through a mechan
ism partially dependent on inhibition
of phosphodiesterase activity, result
ing in increased intracellular levels
of cAMP and increased activity of
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“An important conclusion of
this study is that in many cases,
OA may have a systemic compo
nent, with evidence of signalling
between (remote) adipose tissue
and joint cartilage,” states first
author Kelsey Collins. “Our goal
is to determine which signals from
fat are responsible for reversing the
protection from OA. Fat–cartilage
crosstalk and signalling could
lead to novel therapeutic opportunities for OA, as well as for other
musculoskeletal and metabolic
diseases involving adipose
dysfunction.”

Joanna Clarke

Original article Collins, K. H. et al. Adipose
tissue is a critical regulator of osteoarthritis. Proc.
Natl Acad. Sci. USA 118, e2021096118 (2021)

the cAMP-dependent kinase, protein
kinase A.
Notably, in both a mouse model of SLE
(Toll-like receptor 7 agonist-treated mice)
and a mouse model of APS (an electro
lytic model of venous thrombosis),
administration of 6-ginger resulted in
robust suppression of disease-relevant
NETosis and other disease phenotypes
(such as autoantibody development
and thrombosis).
“It is hard to imagine gingerols being
used as primary therapy for a highly
active rheumatic disease. But could they
help maintain remission? Or perhaps
prevent disease in predisposed
individuals?” asks Knight. “In my
opinion, we need to be very systematic
and start with a smaller mechanistic
study asking whether we can confirm
the same neutrophil phenotypes in
humans. If successful, then a larger
study with disease-relevant end points
could probably be justified.”
Jessica McHugh
Original article Ali, R. A. et al. Anti-neutrophil
properties of natural gingerols in models of lupus.
JCI Insight https://doi.org/10.1172/jci.insight.
138385 (2020)

www.nature.com/nrrheum
0123456789();:

Credit: Maciej Frolow/Stone

News & Views
They found higher
heritability for lymphoid cells
and those involved in adaptive
immunity

A U TO I M M U N I T Y

Unravelling the complex genetic
regulation of immune cells
Paula S. Ramos
Genetic variation contributes to immune cell function. An unprecedented
analysis of genetic associations with immune cell traits provides insights
into the complex regulation of immune cells, reveals variants that
coincidently influence immune traits and autoimmune disease risk, and
offers specific therapeutic targets for these diseases.
Refers to Orrù, V. et al. Complex genetic signatures in immune cells underlie autoimmunity and inform therapy.
Nat. Genet. 52, 1036–1045 (2020).

The diversity of the immune system is a result
of both environmental and genetic variation.
Although critical in host defense, this diversity also contributes to immune dysregulation
such as that exhibited during autoimmune
disease. Thus, to better understand immune
system function and dysfunction, identifying the genetic and environmental factors
that regulate variation of immune cell traits
is important. In a large study published in
NAtuRe Reviews | RheUmatology

Nature Genetics1, a team led by Francesco
Cucca identified multiple genetic associations
with immune cell traits and coincident associations with autoimmune risk loci, thus linking
immune trait variants to disease phenotypes.
Although the influence of age, sex, cytomegalovirus infection and smoking on immune
repertoire variation is well documented2, the
contribution of genetic factors to this varia
tion is only beginning to be elucidated. In this

latest study, Orrù et al.1 measured a total of
731 immunophenotypes in a family based
cohort of 3,757 individuals from the founder
population of Sardinia, including 539 immune
traits profiled by flow cytometry (such as cell
counts and median fluorescence intensities
of cell surface antigens), and 192 relative
counts. With these high-resolution immune
data, the team estimated that the proportion
of phenotypic variation of the immune traits
due to additive genetic effects (that is, the
traits’ heritability) had a median value of
37.0%. They found higher heritability for
lymphoid cells and those involved in adaptive
immunity, especially naive cell subsets (up to
47.0% for naive T cells), than for myeloid
cells and those involved in innate immunity,
whereas the observed variation among mature
and differentiated cells (for example, 29.3%
for terminally differentiated CD4+ T cells)
seemed to be more strongly influenced by
environmental exposures. These results confirm the contribution of genetic factors to
variation in immune cell phenotypes.
Five previous genome-wide association
studies (GWAS) of immune cell traits were
conducted to identify genetic variants associated with particular cellular immune phenotypes, resulting in the identification of close
to 50 distinct loci associated with at least one
immunological trait3–7. The study by Orrù
et al.1 greatly expanded on these findings by
testing 22 million genetic variants for associations with 731 immune cell traits, unveiling
53 novel loci.
Given that the functional role of most
genetic variants associated with immunerelated diseases remains unknown, overlapping disease risk loci with immune cell trait
loci might reveal ‘coincident associations’,
thus suggesting potential causal relationships between a genetic variant, the involved
immune cell subtypes and a disease. Of the
70 immune cell trait loci identified by Orrù
et al.1, 36 overlapped with reported GWAS
disease risk loci. For example, an allele in the
SPATA48–IKZF1 region that was associated
with decreased numbers of plasmacytoid
volume 17 | MARCH 2021 | 131
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 endritic cells (pDCs) colocalized with an
d
allele also associated with a decreased risk
of systemic lupus erythematosus (SLE) and
might thus have a role in the deregulation
of pDCs in SLE. An investigation into the
potential therapeutic utility of the findings
suggested that downregulation of pDCs
via inhibition of the pDC-specific receptor
BDCA2 (also known as CLEC4C), whose
expression is regulated by the DNA-binding
protein Ikaros (encoded by IKZF1), is a pro
mising therapeutic route for SLE. Indeed, as
the authors indicate, an anti-BDCA2 monoclonal antibody that inhibits the production
of type I interferon and other inflammatory
mediators is currently in a phase II trial for
SLE therapy8.

multiple independent loci
influenced the expression of a
given surface marker in different
cell subtypes
In another example, an allele in CD40 that
is associated with increased expression of
CD27 on memory B cell subsets overlaps with
an allele associated with increased risk of various autoimmune diseases (such as SLE, multiple sclerosis and inflammatory bowel disease),
as well as a decreased risk of rheumatoid
arthritis and Kawasaki disease. This same
allele was associated with decreased expression of CD40. Orrù et al.1 found evidence
implicating inhibition of CD27 on memory
B cells as a therapeutic strategy in SLE, inflam
matory bowel disease and multiple sclerosis.
By comparison, current therapies for SLE
and multiple sclerosis are based on broad
depletion of B cells, rather than depletion of
memory B cell subsets.
This study1 clearly shows that the regulation of immune cell traits is complex. In some
cases, multiple independent loci influenced
the expression of a given surface marker in
different cell subtypes with distinct effects
on disease risk. For example, different independent variants at the IL2RA locus were
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associated with either higher or lower expression of CD25 in different cell subsets, and
were associated with predisposition to or protection from different autoimmune diseases.
Similarly, variation at the CD28–CTLA4 locus
was associated with reduced CD28 expression, especially in regulatory T cell subsets,
whereas variants in BACH2 were associated
with increased CD28 expression in other
T cell subsets. This intricate genetic regulation
of immune cell levels and its consequences
on immune-related diseases underscores
the complexity of therapeutically targeting
these diseases. Although most current biologic therapies for rheumatic diseases target
a single protein, this study suggests that more
efficacious and safer therapies ought to target
multiple proteins to discriminate a particular
cell subtype, or be based on targeted delivery
of a drug to a specific cell type1.
Despite the unprecedented number of
immune cell phenotypes and genetic variants
analysed, a limitation of this study1 is the generalizability of the results to other groups and
populations. The population of Sardinia is a
founder population, which can help in identifying genetic variants that are rare or absent
elsewhere but that occur at moderate frequencies in these populations. The discovery of
new associations can elucidate causal mecha
nisms for immune phenotypes. However,
it might be difficult to replicate such results in
other populations because of the absence or
rarity of the variant. In addition, nearly 80%
of individuals in all reported GWAS are of
European ancestry9, which limits knowledge
of genetic risk factors in ethnically diverse
populations. This ‘information disparity’
affects the reliability of clinical genomic interpretation for under-represented populations10
and can exacerbate health inequities9. The
variation in prevalence of immune-related
disorders along geographic gradients underscores the need to understand immune cell
regulation in different populations and how
the differences might affect the risk of disease.
Finally, this study1 is a humble reminder
that, despite extraordinary progress, much

remains to be discovered about the genetic
regulation of immune system variation.
The effects of genetic and epigenetic variation, together with environmental exposures
in individuals from different ancestries, must
be elucidated for thorough understanding of the diversity of the immune system.
The extensive data generated in this study1
brings us closer to an improved understanding of the involvement of the immune system
in human health and disease. This knowledge
is expected to advance the field of medicine to
use genomics in the transition to personalized
medicine.
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TA R G E T E D T H E R A P I E S

JAK inhibitors and VTE risk:
how concerned should we be?
Stanley B. Cohen
Janus kinase (JAK) inhibitors have become standard treatment for patients
with rheumatoid arthritis who do not respond well to other DMARDs.
Concerns have been raised over an increased risk of venous thromboembolism with JAK inhibitors, tempering enthusiasm for their use in the clinic,
but are these concerns justified?
Refers to Yates, M. et al. Venous thromboembolism risk with JAK inhibitors: a meta-analysis. Arthritis Rheumatol.
https://doi.org/10.1002/art.41580 (2020).

Janus kinase (JAK) inhibitors have an efficacy
similar to biologic DMARDs and are now
widely used in the clinic to treat patients with
rheumatoid arthritis (RA) with moderateto-severe disease who have not responded
well to conventional synthetic DMARDs.
The adverse event profile of JAK inhibitors
has been well delineated and, in general,
is similar to that of biologic DMARDs except
for an increased risk of herpes zoster1. How
ever, concerns have been raised regarding JAK
inhibitors and a potential increased risk of
venous thromboembolism (VTE). The results
of a new meta-analysis2 of clinical trials of JAK
inhibitors for immune-mediated inflammatory diseases is adding fuel to the debate about
how concerned clinicians should be about the
risk of VTE in patients taking JAK inhibitors.
In pooled analysis of the four phase III
placebo-controlled trials of baricitinib in RA,
an imbalance of the incidence of VTE was
reported for the 4 mg daily dose (1.3 events
per 100 patient-years) compared with the 2 mg
daily dose or placebo (0 events per 100 patientyears)3. A VTE or pulmonary embolism signal
was also noted in an FDA-mandated phase IV
NAtuRe Reviews | Rheumatology

study evaluating patients with RA who had at
least one cardiovascular risk factor, in which
tofacitinib at 5 mg or 10 mg twice-daily doses
were compared with standard doses of ada
limumab or etanercept, with the primary
end points of major adverse cardiovascular
events or malignancy events4. In this study,
a statistically significant increase in pulmonary embolism events occurred in those
receiving 10 mg tofacitinib twice-daily and a
numerical increase occurred in those receiving 5 mg tofacitinib twice-daily compared
with patients treated with TNF inhibitors,
and non-significant numerical increase in
VTEs were reported for both doses of tofa
citinib. By contrast, data from the tofacitinib
RA clinical trial programme demonstrated
no increased risk of VTE with incidence rates
for 5 mg and 10 mg tofacitinib twice-daily of
0.29 and 0.28 events per 100 patient-years,
respectively, simil ar to rates in published
observational studies of patients with RA4.
In the ulcerative colitis programme, the incidence rates for deep vein thrombosis and pulmonary embolism were 0.04 and 0.16 events
per 100 patient-years, respectively, and all

five events occurred in patients receiving the
10 mg tofacitinib twice-daily dose5. Data from
clinical trials for upadacitinib and preliminary
data from clinical trials for filgotinib have not
demonstrated an increased risk of VTEs6,7.
In their new meta-analysis, Yates et al.
looked at phase II and phase III clinical trials
of JAK inhibitors that have been approved
for use in immune-mediated inflammatory
diseases including RA, psoriatic arthritis,
spondyloarthritis, psoriasis and inflammatory
bowel disease2. Of the 42 studies evaluated,
29 were in patients with inflammatory arthri
tis. Yates at al. only evaluated the placebocontrolled randomized clinical trials for JAK
inhibitors (tofacitinib, baricitinib, upadacitinib
and filgotinib) and did not include the longterm extension protocols for these studies.
For JAK inhibitors, 6,542 patient exposure
years were evaluated compared with only
1,578 patient exposure years for placebo,
which was as expected because the duration of placebo exposure in these trials was
generally 8-12 weeks. Fifteen VTE events
occurred in individuals who received JAK
inhibitors and four in those who received
placebo with incidence rates of 0.23 events
per 100 patient-years (95% CI 0.12–0.38) for
JAK inhibitors compared with 0.25 events
per 100 patient-years (95% CI 0.07–0.73) for
placebo2. On the basis of these results, the
authors concluded that the pooled VTE risk
for JAK inhibitors is unlikely to be increased
compared with placebo and that the data do
not support the current warnings around
VTE risk for the typical trial participant who
is offered a JAK inhibitor.
How does this meta-analysis inform the
health-care provider? The top-line results are
comforting, but the analysis is limited by the
small number of events reported in the clinical
trials and the limited overall exposure owing
to analysis of only the placebo-controlled
segment of these trials2. The majority of VTE
events occur in the long-term extensions of
the clinical trials4, as would be expected with
prolonged exposure to treatment. The inclusion of patients with psoriasis or spondylo
arthritis, who tend to be younger than patients
with RA and therefore might be at lower risk
of VTE, could also affect the interpretation of
the results. Patient level data were not avail
able, and the effect of NSAID or glucocorticoid
use and disease activity on VTE risk could
not be assessed. In addition, patients with

mechanistic and observa
tional data are still required to
confirm or refute the role of JAK
inhibitors in VTE risk
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substantial cardiovascular event or VTE risk
factors, such as older individuals or those with
a high BMI, are often excluded from such clinical trials. Therefore, the conclusion that VTE
rates might not be increased for typical trial
participants could be correct, but such individuals differ from the typical patient seen in
the clinic, who often have multiple comorbidities and an increased risk of cardiovascular
events or VTEs.
To better understand these conflicting data,
we must acknowledge the fact that, in patients
with immune-mediated inflammatory diseases
including RA, the incidence of VTE is generally increased twofold compared with a
matched control population8. Additionally,
no mechanistic explanation currently exists
as to how JAK inhibitors might increase VTE
risk. In fact, by decreasing inflammation,
one would think the risk should actually be
decreased; for example, the selective JAK1
and JAK2 inhibitor ruxolitinib reportedly
decreases risk of VTE in patients with polycythemia vera, who already have a high risk
of thrombosis9. Patients with risk factors
such as previous VTE, obesity, immobility or
use of oestrogen replacement therapy have
an increased risk of VTEs, and it is possible
that JAK inhibitors increase the risk further
in these patients. However, it is also possible that an increased number of VTE events
could occur in patients treated with biologic or conventional synthetic DMARDs,
although exposure to these therapeutics in the
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registration trials was too limited to address
this question. Preliminary data also suggest
that patients with RA who have high disease
activity have an increased risk of VTE compared with those with disease in remission10.
Patients treated with JAK inhibitors have
generally been those with active disease that
is refractory to other therapies, which could
make the attribution of VTE risk to JAK
inhibitors difficult.
Overall, the lack of risk noted in the metaanalysis by Yates et al.2 is reassuring, but the
question of JAK inhibitor safety in highrisk patients at the approved doses persists.
Additional mechanistic and observational
data are still required to confirm or refute
the role of JAK inhibitors in VTE risk. At this
point, and until additional data are available, we have a signal of concern about VTE
risk but lack confirmation. As such, it seems
appropriate to continue to follow regulatory
recommendations to avoid JAK inhibitors in
patients at increased risk of VTE if alternative
therapies are an option. If alternatives are not
available, a proper benefit-to-risk discussion
with the patient is indicated.
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Why remission is not enough:
underlying disease mechanisms
in RA that prevent cure
Georg Schett

1,2

✉, Yoshiya Tanaka

3

and John D. Isaacs4,5

Abstract | Cure is the aspirational aim for the treatment of all diseases, including chronic
inflammatory conditions such as rheumatoid arthritis (RA); however, it has only been during the
twenty-first century that remission, let alone cure, has been a regularly achievable target in RA.
Little research has been carried out on how to cure RA, and the term ‘cure’ still requires definition
for this disease. Even now, achieving a cure seems to be a rare occurrence among individuals with
RA. Therefore, this Review is aimed at addressing the obstacles to the achievement of cure in RA.
The differences between remission and cure in RA are first defined, followed by a discussion
of the underlying factors (referred to as drivers) that prevent the achievement of cure in RA by
triggering sustained immune activation and effector cytokine production. Such drivers include
adaptive immune system activation, mesenchymal tissue priming and so-called ‘remote’
(non-immune and non-articular) factors. Strategies to target these drivers are also presented,
with an emphasis on the development of strategies that could complement currently used
cytokine inhibition and thereby improve the likelihood of curing RA.
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Treatments for acute illnesses are usually aimed at producing a cure. In the context of infections, recovery from
clinical symptoms usually parallels the elimination of the
microorganism by the patients’ immune system. Patients
can therefore be cured from the likes of bacterial pneumonia, appendicitis or influenza. By definition, however,
cure is rare in degenerative or inflammatory chronic
illnesses, for which remission is generally a more realistic
treatment goal. Cure and remission are distinct (Table 1);
although both lead to cessation of symptoms, the underlying disease process remains active in remission but
is absent in cure. This differentiation is important, as
remission, in contrast to cure, generally requires continuation of treatment, regular follow-up with a clinician
and carries the risk of relapse, particularly if treatment
is interrupted or stopped. Notably, the absence of symptoms cannot be used to differentiate between remission
and cure.
Perhaps surprisingly, the concept of cure has not been
widely discussed in rheumatology, let alone defined.
Yet, we should remember that remission only became
a recommended aim of treatment over the past 20 years
as a consequence of early diagnosis, treat-to-t arget
algorithms and targeted therapies1. Furthermore, the
mechanisms that underpin rheumatic diseases such as
rheumatoid arthritis (RA) are less clearly defined than
those in infectious diseases or cancer. Thus, no single
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microorganism (such as in infectious disease) or cell
(such as in cancer) has been identified as causal for
most rheumatic diseases. Rather, these are complex
conditions in which environmental and genetic factors
interact to promote pathophysiology in distinct tissues,
sometimes involving currently undefined mechanisms.
For example, in RA, synovitis can coexist with fatigue,
pain and extra-articular nodules, which are distinct
pathologies that presumably have a common underlying
mechanism2. Individual disease manifestations might be
understood relatively well, such as inflammation in synovitis, which can be effectively blocked by directly targeting cytokines or their signalling pathways; yet, without
an understanding of the underlying mechanisms, cure
of RA as a whole remains elusive2.
In this Review, we address the challenges of achieving
a cure in RA. We first clarify the differences between
remission and cure. We then discuss the fundamental
mechanisms that underpin the disease process and trigger long-standing inflammation in RA. We conceptualize these underlying mechanisms as ‘drivers’ in this
Review, meaning the processes that stably fuel immune
activation and effector cytokine production in RA and
thereby prevent cure. Our focus is on drivers such as
aberrations of the adaptive immune system, changes in
resident synovial cells and their inter-relationships, and
factors remote from the joints (including mucosal barrier
volume 17 | March 2021 | 135
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Key points
• The term cure indicates the principle absence of disease, whereas remission indicates
that disease is still present but is adequately controlled by therapy.
• Although effector cytokines involved in rheumatoid arthritis (RA) are well-defined
and can be effectively neutralized by current treatment modalities, cure is still rare.
• Underlying disease mechanisms (referred to as drivers) are thought to continuously
promote effector cytokine production and thereby prevent cure of RA.
• Aberrant T cell activation related to autoimmunity, microenvironmental changes
associated with local mesenchymal cell priming and so-called ‘remote’ factors such
as intestinal barrier function all serve as drivers of RA.
• To attain cure of RA as an ultimate treatment goal, strategies need to be developed to
therapeutically tackle drivers of RA and enable a sustained interruption of the disease
process.

function and neuroendocrine circuits), rather than on
the well-described downstream pro-inflammatory effector pathways that are critical for defining remission but
not cure. Any of these drivers, whilst active, can prevent
the achievement of cure. We also discuss current and
future possibilities for therapeutic interventions, as well
as consequences for the design of future experimental
medicine studies to probe these drivers.

Remission versus cure
By definition, cure describes the complete absence of disease and its manifestations, whereas remission addresses
the absence of symptoms (Table 1). In this Review, we
focus specifically on the challenges of achieving cure in
RA, a prototypic chronic inflammatory disease. Notably,
despite advances in molecular medicine, the current
perception is that cure remains a distant goal for such
diseases. This perception stands in stark contrast to the
large number of effective therapies that are available for
RA2 and the continuous increase in the proportion of
patients who are achieving disease remission3. Hence, a
large discrepancy seems to exist between remission and
cure in RA. But what underpins this discrepancy?
Remission in RA is defined as the (almost complete)
absence of signs and symptoms of disease1. In daily clinical practice, rheumatologists usually define RA remission
as the absence of tender or swollen joints, with an emphasis on swollen joints. Composite indices such as the
28-joint Disease Activity Score (remission defined as
a score of <2.6)4, the Simplified Disease Activity Index
(remission defined as a score of <3.3)5, the Clinical
Disease Activity Index (remission defined as a score of
<2.8)6 or the ACR–EULAR remission criteria7 are also
widely used to describe remission, and are particularly
useful for research studies. All these indices, although
differing slightly in their stringency, are essentially based
on the same parameters and require or mandate the
absence of or very low numbers of tender and swollen
joints. Remission in RA is therefore determined on the
basis of sufficiently deep control of synovitis. As synovial
inflammation largely results from cytokine-triggered
innate and adaptive immune cell influx, appropriately targeted cytokine-blocking therapies (such as
those that target TNF, IL-6, granulocyte-macrophage
colony-stimulating factor and Janus kinases) are power
ful remission-inducing tools8. If such treatments are
136 | March 2021 | volume 17

used appropriately, >50% of patients with RA reach
remission in real-life settings, as demonstrated by data
from large registries3. Furthermore, when combined
with early intervention and treat-to-target strategies,
cytokine blockade can be used to achieve remission in
the majority of patients with early RA9.
Although reaching remission undoubtedly represents
an important milestone in RA management, it does not
equate to cure because the absence of clinical signs and
symptoms in patients in remission usually depends on
the continuous use of anti-rheumatic treatment. This
notion does not diminish the achievements of current
RA treatment strategies, which provide relief of signs
and symptoms of the disease and gains in quality of
life, but does demonstrate the current limitations of the
field. Indeed, remission often means the effective suppression of inflammation rather than true eradication
of disease. From a clinical point of view, it is not easy
to distinguish patients with RA in whom inflammation
is only suppressed from those in whom disease might
indeed be cured. However, it might be possible to differentiate between remission and cure when treatment
is stopped in patients with RA who achieved remission.
Attempts to stop treatment are often followed by disease
relapses, suggesting that the underlying pathophysiology remains active in these individuals, despite effective
suppression of synovitis10. Furthermore, patients with
RA in whom synovitis has been effectively suppressed
can still have debilitating fatigue that is not explained
by coexisting conditions such as fibromyalgia11. Relapse
rates after stopping therapy for RA vary between 40%
and 80%10, indicating that underlying pathophysiological processes (or drivers) remain active and, upon
removing the therapeutic brake, cause disease to relapse
(Fig. 1). Factors such as the presence of broad-spectrum
autoimmunity (which can manifest as multiple auto
antibodies), subclinical synovitis detected by imaging
and the duration of remission have all been suggested to
increase the likelihood of disease recurrence if therapy
is stopped10.
Sustained drug-free remission (>12 months) is far
less common than remission in the context of continuous treatment, and is thus a closer scenario to a ‘cure’
of RA12,13. In most cohorts of patients with early RA
that have been studied, sustained drug-free remission is
rather rare, ultimately being achieved by ~9–15% of all
patients12,13. The relationship of this state to cure remains
uncertain, but individuals with sustained drug-f ree
remission seem to have no relevant progression of joint
damage14.

Drivers of RA that influence cure
The potential pathophysiological drivers of RA that
might need to be controlled to achieve cure are discussed in the following sections. Needless to say, such
factors differ from the effector cytokines involved in
RA and their respective downstream pathways. We
propose the presence of three main types of drivers
that impair the transition from remission to cure in
RA: adaptive immunity-related drivers, resident synovial tissue-related drivers and so-called ‘remote’ drivers
(Fig. 2).
www.nature.com/nrrheum
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Adaptive immune factors
Clinical observations have shown that widespread autoimmunity towards multiple modified antigens (in the
form of anti-modified protein antibodies (AMPAs)) not
only facilitates the onset of RA15–17 but also make sustained drug-free remission less likely18. These findings
indicate that underlying adaptive immune system dysfunction, which promotes autoimmunity, might function as a driver of RA. Indeed, this idea underpins the
fundamental concept that an inability to restore immune
tolerance, such as occurs with most of the current treatments for RA, might prevent the achievement of cure.
Supporting this notion is the genetic risk factor profile
of RA19, which bears a dominant adaptive immune system signature of T cell activation (genes such as PTPN22
and CTLA4 and specific HLA associations) rather than
innate immunity, indicating that T cell-mediated immunity has a disease-promoting function in RA, rather than
directly determining the amount of inflammation. The
regulation of adaptive immune system activation can
therefore influence the achievement of cure in RA in
several ways (Fig. 2).
Continuous antigen exposure and antigen-related
immune responses. The most evident mechanism by
which the adaptive immune system affects cure is
the regulation of antigenic exposure; for example, the
expression of modified proteins on the mucosal surfaces
of the lungs and the gum, which is increased by smoking
and potentially also by other environmental or microbial
stimuli, can lead to continuous antigen processing and
T cell stimulation20. Cessation of smoking mitigates the
risk of developing RA as well as improving the response
of patients to treatment21. Therefore, counselling for
cessation of smoking represents a feasible approach to
moving remission in RA closer to cure. Whether antigenic exposure can also be influenced by inhibitors of
peptidylarginine deiminases (enzymes that modify proteins by citrullination)22 that are currently in development remains to be determined. Such compounds could
limit underlying adaptive immune responses by controlling the citrullination of proteins and the subsequent
antigenic load.
Table 1 | Remission versus cure in chronic disease
Attribute

Remission

Cure

Definition

Absence of symptoms

Absence of all disease
manifestations

Disease state

Present

Absent

How to achieve

Suppression of symptoms

Elimination of disease-
mediating pathological
mechanisms

Subclinical disease

Detectable

Absent

Relapse

Possible

Not possible

Prognosis

Disease can progress (clinically or
subclinically) and require therapy

No progression possible,
no treatment indicated

Follow-up

Necessary

Unnecessary

Management

Continuation of treatment
(sometimes intermittently)

Cessation of treatment
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Altered homeostasis between effector and regulatory
T cells in RA. Continuous T cell activation and the support these cells provide for B cells and antibody generation is a step further down the pathway from antigen
exposure. Early studies suggested that a circulating effector T cell signature was present in patients with RA in
remission; cells termed ‘inflammation-related cells’ were
associated with relapse of RA but were incompletely
characterized23. Despite limitations, these data support the concept that aberrant T cell stimulation could
remain present in patients with RA in remission and act
as an initiator for downstream inflammation.
Studies of conventional T cell subsets in RA have
not always produced consistent results, possibly owing
to differences in the tissues studied. For example, some
studies have found reduced numbers of regulatory T
(Treg) cells in the peripheral blood of patients with RA24,
whereas others have shown heightened numbers of these
cells in synovial fluid25. The issue is further complicated
by the instability and plasticity of Treg cells and other
T cell subsets in autoimmune disease26; for example, the
pro-inflammatory microenvironment in experimental
autoimmune arthritis promotes FOXP3+ Treg cells to
convert to pro-inflammatory IL-17-expressing T cells27.
Cytokines such as IL-7 and TNF can impair the suppressive function of Treg cells in patients with RA28–30.
Moreover, essential functional molecules for Treg cells
such as cytotoxic T lymphocyte-associated protein 4
(CTLA4) are recruited with delay to the immunological
synapse, thereby enabling enhanced co-stimulatory activation of T cells31. The consensus is that effector T cell
dominance exists in RA, at least in the synovium, for a
number of reasons, including metabolic dysfunction32,33.
Consequently, attempts are currently underway to stimulate Treg cell function in various forms of autoimmune
disease including RA, for example, by the therapeutic
administration of low-dose IL-2, a well-known growth
factor for Treg cells34,35.
The generation of T follicular helper (TFH) cells in
lymph nodes and the spleen is also relevant to antibody
generation. These cells produce IL-21 and engage B cells
to trigger their activation, maturation and the production of (auto)antibodies36. Such cells are not targeted
by most current RA therapies and could therefore be
responsible for maintaining the continuous autoantibody production that occurs in patients with RA, even
when they are in remission. Notably, previous studies
have shown that neither cytokine blockers nor methotrexate affect autoantibody concentrations in patients
with RA, even if they are in remission, supporting the
notion that TFH cells remain active in most patients37.
In the past couple of years, similar cells have been discovered in the synovial membrane of patients with RA,
termed T peripheral helper (TPH) cells; these cells have
a molecular profile that is distinct from that of TFH cells,
but share essential molecules that are involved in providing B cell help, such as IL-21, CXC-chemokine ligand 13,
the transcription factor MAF and inducible T cell
costimulator38. TFH cells and TPH cells could thus serve
as critical checkpoints for maintaining autoimmunity.
Data on the role of ethanol in TFH cell function are
also of interest, as alcohol consumption has emerged
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as a consistent protective factor in RA39. Interestingly,
ethanol exerts a potent inhibitory function on TFH cells
through its metabolite acetate, which blocks IL-21
secretion, thereby leading to a reduction in auto
antibody production and selectively interfering with
adaptive immune system activation40. Whether regular
moderate alcohol intake in addition to conventional
anti-inflammatory treatment could act as a cure for RA
remains to be determined; however, these data provide
a potential molecular rationale for such an approach.
Abatacept, a fusion protein of CTLA4 and the Fc portion of an IgG molecule, also has an effect on TFH cells41
and, in turn, autoantibody concentrations in patients
with RA37. In addition to its effect on cytokine production by monocytes (which is responsible for its quick
anti-inflammatory effect in RA)42, abatacept interrupts
the stimulation of TFH cells and thereby the T cell–B cell
axis in RA41. Notably, in post hoc analysis of a clinical
trial of abatacept in treatment-naive patients with early
RA, a small number of participants became autoantibody
negative when treated with abatacept43. Furthermore,
intervention with abatacept in patients with early RA
could induce sustained drug-free remission in a subset
Pre-RA

Active RA

of individuals, indicating that early intervention in the
adaptive immune response in RA might be a strategy for
inducing cure44.
Enhanced effector function of antibodies. In addition to
TFH cell activation, antigenic stimulation is required for
robust B cell activation, antibody production and affinity
maturation in RA. Hence, B cell depletion not only inhibits RA but also blocks the formation of autoantibodies37
and delays disease onset45. Strategies to inhibit B cell
activation, such as targeting Bruton’s tyrosine kinase
(necessary for B cell receptor signalling), could emerge
as valuable future tools to interrupt autoimmunity at
the B cell level in RA46. At the effector level, linking
autoimmunity to inflammation, autoantibodies remain
relevant as they can trigger pro-inflammatory cytokine
production by binding to Fc receptors on monocytes;
for example, immune complexes containing rheumatoid factor and AMPAs can trigger cytokine release in
monocyte-derived macrophages47. The potency of this
effect is influenced by the amount of Fc sialylation on the
autoantibodies48. Low amounts of sialylation (induced
by IL-23-mediated down-regulation of the sialylation

Remission

Relapse

Cure

Drivers

Inﬂammation

Symptoms

Drivers

Treatment

Interceptors

• Loss of tolerance
• Synovial priming
• Barrier function

Neutralization of
effector cytokines
(TNF, IL-6 etc.)

Neutralization
of the drivers

Initiators

Treatment stops working

• Infections
• Stress or trauma
• Sex hormones

• DMARD tapering or
halting
• Drivers restart synovitis

Fig. 1 | Modular analysis of rheumatoid arthritis disease states. Patterns of disease-causing mechanisms (drivers),
inflammation (effectors) and clinical symptoms are shown for rheumatoid arthritis (RA) in different disease states (pre-RA,
active RA, remission, relapse and cure). Processes involved in the shift from one state to the next are indicated in the grey
boxes and marked by arrows. The dashed line separating cure from the other disease states indicates that achieving cure
is an unmet need that is rarely achieved at present, whereas the other disease states are often observed. The dashed
circles in symptoms indicate that damage accrued during the course of disease can impair the patient’s condition, despite
inflammation being controlled.
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Factors related to systemic immune activation
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Abatacept

Protein modiﬁcation and antigenic
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CXCL13

• IL-21
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Remission

BTK inhibitors
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Claudins
TREM2

Plasmablast
IL-23

BTK

Fc-sialylation

(IL-2-induced expansion)

Synovial lining architecture and
barrier function

CD38
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(synovium)
↓ Treg cell

Epithelium

Plasmablasts and antibody
effector function

Cure

IgG

FLS activation and epigenetic
regulation

Intestinal and neuro-endocrine
regulation
SCFAs
Gastrointestinal
barrier

HOTTIP

Microbiota
FAP

Zonulin

FLS
Epigenetic
modiﬁcation

• IL-6
• Chemokines
• MMPs

Disrupted synovial barrier

TREM2 agonists

BET inhibitors
Synovial tissue changes

• Vagus nerve
• Beta-adrenergic
neuron
Neuronal
control

Vagus nerve stimulation
Remote factors

Fig. 2 | Drivers that affect the transition from remission to cure in rheumatoid arthritis. In remission (left), disease is
present but well controlled, whereas in a state of being cured (right), disease is absent but accrued damage is still present.
Processes that impair the transition from remission to cure are shown in the boxes above the arrow and are divided into
factors (‘drivers’) related to systemic immune activation, synovial tissue changes and remote factors. For each process,
one example is provided of a therapeutic strategy (grey boxes). APC, antigen-presenting cell; BET, bromodomain and
extra-terminal motif; BTK, Bruton’s tyrosine kinase; CXCL13, CXC-chemokine ligand 13; FAP, fibroblast activated protein;
FLS, fibroblast-like synoviocyte; HOTTIP, HOXA transcript at the distal tip; MMPs; matrix metalloproteinases; PAD,
peptidylarginine deiminase; SCFAs, short chain fatty acids, TREM2, triggering receptor expressed on myeloid cells 2;
TFH, T follicular helper; TPH, T peripheral helper; Treg, T regulatory.

enzymes in B cells and plasmablasts) enhances the
pro-inflammatory functions of antibodies49. A shift in
antibody effector function towards a pro-inflammatory
phenotype, such as that triggered by IL-23, could
function as a driver for inflammatory bouts of RA by
unleashing the effector function of autoantibodies and
NaTure Reviews | RheuMAtology

triggering cytokine release. Interestingly, oestrogens
balance this effector function by increasing the amount
of Fc sialylation on autoantibodies via induction of the
enzyme β-galactoside α-2,6-sialyltransferase 1 in plasmablasts, thereby potentially explaining the increased
risk of RA in postmenopausal women50.
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Synovial tissue factors
Although autoimmunity is an important factor in determining whether cure of RA can be achieved, it might
not act alone. Indirect evidence derived from studies
examining long-term drug-free remission suggests that,
although the initial achievement of drug-free remission
depends on the breadth of autoimmunity, in the long
run, the importance of autoimmunity might diminish51.
RA is known to result from a combination of immune
cell influx into the joints and resident tissue changes;
these synovial tissue changes can precede or, might even
be responsible for, immune cell migration into the joints
in patients with RA16, making them a potential driver of
RA (Fig. 2).
Changes in synovial barrier function caused by resident
lining macrophages. Important insights into the molecular structure and regulatory and pro-inflammatory
functions of the synovial membrane have been gained
in the past few years. Hence, we now know that the surface of the synovial membrane is covered by a layer of
phagocytosing tissue-resident macrophages that provide
a physical barrier (and a barrier to immune infiltration)
between the synovium and the joint space, ensuring cell-
free synovial fluid52. The development of RA requires
the disruption of this layer, which can be sporadic; however, sustained leakiness of this barrier strongly facilitates the recurrence, and chronicity, of arthritis. The
regulatory function of the synovial membrane requires
the correct functioning of tight junctions composed
of claudins, but also requires TAM receptors such as
TREM2, MERTK and AXL, which could be therapeutically fostered to prevent relapses and to support the
achievement of cure in RA by clearing the pathological influx of immune effector cells53. In addition, in a
single-cell analysis of RA synovial membrane published
in 2020, two MERTK+ macrophage subpopulations
were identified that were transcriptionally enriched in
negative regulators of inflammation and that produced
inflammation-resolving lipid mediators54. These cells
were associated with remission (corresponding to resolution of arthritis), involved in synovial repair responses
and, when numbers of MERTK+ macrophages were low,
relapses of arthritis were more frequent.
Epigenetic changes in fibroblast-like synoviocyte function. Of major importance are the changes that occur in
fibroblast-like synoviocytes (FLSs) during RA. Modern
technologies such as single-cell RNA sequencing have
enabled the categorization of FLSs and the attribution of
functional profiles to individual sub-types. Notably, the
depletion of FLSs expressing fibroblast-activated protein (FAP) from the joints of mice with serum transfer-
induced arthritis suppressed the production of several
chemokines and IL-6 by these cells55. These data indicate that the FLSs themselves could function as drivers of
RA and prevent attainment of cure. Several studies have
indeed suggested time-dependent epigenetic changes in
FLSs during the course of RA. Chromatin hypomethylation, histone acetylation and microRNAs can all enhance
the potential of these resident synovial cells to produce
cytokines and chemokines locally, as well as affecting
140 | March 2021 | volume 17

mesenchymal tissue responses within the joint56. One
example is the transcription factor TBX5, the expression
of which is upregulated in RA FLSs by hypomethylation,
thereby controlling the expression of a series of chemokines that attract immune cells to the joint57. Another
example is the increased expression of microRNAs
(such as miR-155 and miR-223) in FLSs from patients
with RA, which leads to increased cytokine expression
by these cells53,58.
One could speculate that FLSs are epigenetically
imprinted by the continuous presence of immune cells
and inflammation in the joint, which could essentially
change their homeostatic behaviour. In accordance with
this concept, the pattern of methylation in FLSs is known
to change between early RA and established RA59–61. In
established disease, FLSs have hypomethylated (and
thus activated) genes related to Wnt–β‐catenin signalling pathways, integrin signalling pathways and platelet‐
derived growth factor signalling pathways, all of which
are associated with the activation of mesenchymal cells
and structural changes to the mesenchyme of the joint59.
These findings are particularly interesting because drugs
that manipulate methylation and acetylation enzymes
are being developed for cancer therapy62 and could, if
proved safe in RA, be used to reverse these synovial tissue changes, potentially moving RA one step closer to
being cured. Better characterization of the changes to the
epigenome in mesenchymal cells will therefore pave
the way for new approaches to shutting down the chronic
inflammatory process in RA.
Long non-coding RNAs control the positional function of
FLSs. Homeobox (HOX) genes determine the positional
localization of fibroblasts in the body. Thus, FLSs from
distal as opposed to proximal joints, as well as those from
lower as opposed to upper extremities, have specific HOX
gene expression patterns that are linked to functional
differences in the cells, including differences in adhesive, proliferative, chemotactic and destructive behaviours63. For example, FLSs from hand joints have more
pronounced chemotactic and matrix-destructive characteristics than those from other joints. HOX gene
expression is regulated by long non-coding RNAs such
as HOTTIP and HOTAIR, which are among the most
differentially expressed transcripts between FLSs from
upper and those from lower joints and between FLSs
from distal and those from proximal joints. HOTTIP and
HOTAIR are also expressed in FLSs from patients with
RA63. Moreover, targeting HOTTIP or HOTAIR in RA
FLSs in vitro inhibits their proliferation, invasion and
migration capabilities, and can also inhibit inflammatory arthritis in vivo64,65. Hence, positional factors related
to pro-inflammatory FLS behaviour and associated with
long non-coding RNA expression could be responsible
for the recurrence of disease in RA and prevent cure.
‘Remote’ factors
Although already discussed in relation to AMPA-related
autoimmunity, smoking is also a remote, non-joint
based factor that prevents cure of RA. Effects outside
of the joint, such as the induction of citrullination in
the bronchial and oral epithelium and recognition by the
www.nature.com/nrrheum
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immune system of such modified proteins on epithelial
structures can explain the prevention of cure by smoking. Other factors at sites outside of the joints might also
contribute to the failure of cure in RA. Gastrointestinal
microbiota composition is already altered in patients
with early RA66 and can even be altered in individuals
during the preclinical phases of the disease67. Metabolic
products of these microbiota, such as the short-chain
fatty acids that are produced during the metabolism
of fibre, control gastrointestinal permeability and the
migration of immune cells from the gut to secondary
lymphoid organs and the joints68. Thus, gut leakiness
could be a further driver of immune cell influx into the
joints, promoting disease relapse.
Central nervous system changes might also influence the possibility of curing RA. Some patients with
RA develop hypersensitivity to pain during their disease course; a process that probably involves central
nervous system alterations and central sensitization69.
Furthermore, psychosocial stress is a known trigger
for disease flares in RA70,71. However, the relationship
between stress and RA is unclear. Stress induces the
release of glucocorticoids and catecholamines from
the adrenal glands, which act through β-adrenergic
receptors, yet these mediators reduce cytokine release
rather than enhance it72. Hence, it remains unclear
how stress induces flares of RA. One potential explanation is that, in patients with RA, the stress response
is considered to be defective, leading to inadequate
immune-regulatory sympathetic signals in the joints,
as well as a dysfunctional hypothalamic–pituitary axis,
which results in robust, prolonged cytokine release73.
Potential therapeutic strategies
Although not affected in the most part by current treatments for RA, the drivers highlighted in the previous
sections can all be targeted in one way or another (Fig. 2).
The continuous adaptive immune system activation
characterized by antigen exposure, TFH cell and TPH cell
activation and the formation of autoantibodies with
pro-inflammatory effector functions, which are not targeted by most currently used RA treatments, might trigger inflammatory disease relapses once anti-rheumatic
treatment is stopped. Lifestyle interventions such as cessation of smoking or moderate intake of alcohol might
modify these processes. In addition, the limitation of
antigen exposure by peptidylarginine deiminase inhibition, the stimulation of Treg cell function via low-dose
IL-2, the targeting of TFH and TPH cells with abatacept or
IL-21 inhibition, and the modification of antibody effector function by IL-23 inhibition, oestrogens or additional
dietary measures74 all represent strategies that could be
adopted to target adaptive immune system activation in
RA. Notably, such approaches are not anti-inflammatory
per se, as they do not directly block effector cytokines
or inhibit synovitis. Furthermore, even if the ultimate
immune drivers of RA are T cells, it might still be necessary to target other components of the adaptive immune
system independently to achieve cure, such as plasma
cells residing in bone marrow niches75.
Whether it is possible to interrupt the immunological mediators of established RA remains to be
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seen. Once an immune response has been triggered, it
becomes increasingly sophisticated as a result of mechanisms such as epitope spreading16. Furthermore, the
presence of inflammation generally enhances immune
responses, potentially counteracting attempts to switch
off, or tolerize76, autoimmune drivers of RA. Controlling
dysregulated immunity might be easiest in the earlier
stages of RA, potentially even in individuals at risk of
developing RA, rather than in those with manifest disease. In type 1 diabetes mellitus (another chronic autoimmune disease), the application of therapies such as
anti-CD3 antibodies in late stages of pre-disease can,
at worst, delay disease by several years, and might even
be preventative77. Similar early interception studies are
ongoing with abatacept78,79, with the aim of preventing
the onset of RA in individuals with high levels of anticitrullinated protein antibodies, and a number of other
preventative strategies are also being discussed80.
Restoration of the phagocytic inner barrier of the
joints might also be critical for preventing RA relapses.
This concept is supported by the finding that patients
with RA in remission have an increased risk of disease
flare if they have a low proportion of joint-resident macrophages that express markers of lining macrophages,
such as TREM2 or MERTK54. However, the restoration of macrophage-mediated barrier function in the
joints might require an intact joint anatomy, suggesting
an important role for early treatment. To improve the
barrier function of the synovial membrane, molecules
that foster tight-junction formation targeting claudins
or tyrosine kinase inhibitors could be used, as they have
been shown to limit arthritis52,81.
Interventions that tackle the spatially distinct
pro-inflammatory FLS patterning in the joint might also
represent completely new and powerful tools to reset the
local inflammatory environment that is maintained by
these cells. Expression of HOTAIR and HOTTIP can be
downregulated by bromodomain and extra-terminal
motif (BET) inhibitors82, which are currently being
developed for cancer treatment83. In addition, FAP,
which is expressed by activated FLSs, could be targeted
by antibodies or small-molecule enzyme inhibitors84.
Other approaches that seem feasible include the inhibition of demethylases that regulate the proliferation
and activation of FLSs and the use of antagomirs that
target miR-155, although such approaches might not be
specific to these cells85,86.
Tackling remote factors also seems within reach and
could emerge as an interesting asset in RA management.
For example, fibre-rich diets can change the composition
of intestinal microbiota, increase immune-regulatory
short-chain fatty acid production, reduce gastrointestinal permeability and potentially relieve the symptoms
of RA68,87. Fostering efferent immune-regulatory brain
signals could be an additional option for improving the
chances of achieving cure of RA, building on the concept
of an inadequate brain regulatory response to inflammation in these individuals. Along these lines, agonists
of β-adrenergic receptors that mimic the activation of
efferent sympathetic neurons dampen pro-inflammatory
cytokine expression by macrophages88,89, and the initial
results from studies of vagus nerve stimulation have
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shown a decrease in inflammatory activity in patients
with RA90.

Outlook
Although remission is a relevant and important therapeutic target, its downside is the need for potentially
lifelong therapy if cure is not achieved. In general, more
work is required to define the factors that determine the
crossroads between remission and cure in RA; however,
we should now start to embrace the potential for cure
as we better understand the pathophysiology of RA. The
move towards cure will require a deeper understanding
of the drivers of disease highlighted in this Review and
how to target them, and not simply knowledge of the
effector cytokines that elicit immediate symptoms. In this
context, studies are starting to emerge into the molecular
signatures that distinguish remission and cure. Although
no predictors of cure in RA have yet been defined, some
studies have reported predictors of sustained drug-free
remission. One study showed that genetic factors (such
as the shared epitope) and autoimmunity (such as the
presence of anti-citrullinated protein antibodies) are
negative predictors of sustained drug-free remission91,
reflecting the mechanisms discussed in relation to
adaptive immune drivers. In addition, an increased
serum concentration of IL-27, among other proteins,
has been identified as being associated with sustained
drug-free remission92. Notably, IL-27 inhibits ectopic
lymphoid-like structure development in the synovium,
and thus reflects the importance of TFH cell activation and
B cell maturation as underlying drivers of disease93.
Finally, immune-regulatory metabolites are preferentially
upregulated in patients who reach sustained drug-free
remission. These metabolites include amino acids such
as ʟ-arginine, a well-known immune-regulatory mediator linked to alternatively activated macrophages, as
well as ʟ-proline and ʟ-lysine94. In addition, several
oxylipids with regulatory immune functions, such as
8,9-DiHETrE, 20-carboxy-LTB4 and 9,10,13-TriHOME,
are increased in patients with RA in sustained drug-free
remission, some of which are involved in the synthesis of
pro-resolving lipid mediators such as lipoxin B4 (ref.94).
We will also need to reconceptualize clinical studies
by moving away from measuring the anti-inflammatory
effects of drugs and towards a true interception of the
underlying disease drivers highlighted in this Review.
A considerable challenge exists in designing studies to
assess curative strategies. Traditional study designs seek
rapid effects of therapies on signs and symptoms of RA
(such as ACR or EULAR responses), but these outcome
measures reflect inflammation and might miss effects on
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the regulation of autoimmunity, which will only manifest as suppressed inflammation at later time points. To
adequately test curative or preventative strategies, outcome measures must reflect the immunological drivers
themselves76. Moving forwards, clinical studies should
include patients with RA in stable remission who are at
a high risk of relapse, rather than patients with active disease, and should use targets and outcome measures that
embrace the perceived drivers of the disease process. To
do so, the outcome measures used for such studies will
have to fundamentally change and move away from simple short-term measures of inflammation. Whether cure
will be achievable with a single intervention or multiple
concurrent (or sequential) therapies awaits clarification.
However, it is intriguing that remission, including sustained drug-free remission, becomes easier to achieve
if RA is treated earlier12, suggesting that perhaps not all
drivers are activated synchronously. Some drivers might
even only kick in once disease is established, such as
might be the case with epigenetic factors that are propelled by a defined duration of inflammation. Hence,
adequate treatment of early RA, or even of individuals at
risk of developing RA, could provide the most tractable
route to cure with current therapies.

Conclusions
The treatment of RA should always be primarily aimed
at rapidly controlling the signs and symptoms of the
disease. We have developed outstanding therapies and
tools to accomplish this task; thus, it will consequently
be challenging to develop therapeutics with better
anti-inflammatory potential than those that currently
exist. However, although remission is currently a relevant aim for treat-to-target strategies, cure is highly
unlikely to develop just from the increasingly aggressive
use of anti-inflammatory therapy in patients with established RA. So what comes next? We propose that shifting
focus from remission to cure is the next great challenge
for RA treatment, not least because lifelong, albeit effective, control of inflammation cannot be the ultimate
target in RA. Targeting the underlying drivers of RA,
which are different from the pro-inflammatory effectors, is likely to become a central approach in attempts
to attain cure in RA, not least because there is a certain
saturation effect of anti-inflammatory drugs in RA and
because most of the underlying drivers are not tackled by
current therapeutics. Using such approaches, abolishing
disease rather than suppressing symptoms could become
the principle aim of RA treatment.
Published online 10 December 2020

Smolen, J. S. et al. A simplified disease activity index
for rheumatoid arthritis for use in clinical practice.
Rheumatology 42, 244–257 (2003).
Aletaha, D. et al. Remission and active disease in
rheumatoid arthritis: defining criteria for disease
activity states. Arthritis Rheum. 52, 2625–2636
(2005).
Felson, D. T. et al. American College of Rheumatology/
European League Against Rheumatism provisional
definition of remission in rheumatoid arthritis for
clinical trials. Ann. Rheum. Dis. 70, 404–413
(2011).
Hughes, C. D. et al. Intensive therapy and
remissions in rheumatoid arthritis: a systematic

review. BMC Musculoskelet. Disord. 19, 389
(2018).
9.
Bijlsma, J. W. J. et al. Early rheumatoid arthritis
treated with tocilizumab, methotrexate, or their
combination (U-Act-Early): a multicentre, randomised,
double-blind, double-dummy, strategy trial. Lancet
388, 343–355 (2016).
10. Schett, G. et al. Tapering biologic and conventional
DMARD therapy in rheumatoid arthritis: current
evidence and future directions. Ann. Rheum. Dis. 75,
1428–1437 (2016).
11. Olsen, C. L. et al. Predictors of fatigue in rheumatoid
arthritis patients in remission or in a low disease activity
state. Arthritis Care Res. 68, 1043–1048 (2016).

www.nature.com/nrrheum

Reviews
12. Verstappen, M. DMARD-free remission as novel
treatment target in rheumatoid arthritis: a systematic
literature review of achievability and sustainability.
RMD Open 6, e001220 (2020).
13. Ajeganova, S. & Huizinga, T. Sustained remission
in rheumatoid arthritis: latest evidence and clinical
considerations. Ther. Adv. Musculoskelet. Dis. 9,
249–262 (2017).
14. Akdemir, G. et al. Clinical and radiological outcomes
of 5-year drug-free remission-steered treatment
in patients with early arthritis: IMPROVED study.
Ann. Rheum. Dis. 77, 111–118 (2018).
15. van Gaalen, F. A. et al. Autoantibodies to cyclic
citrullinated peptides predict progression to
rheumatoid arthritis in patients with undifferentiated
arthritis: a prospective cohort study. Arthritis Rheum.
50, 709–715 (2004).
16. Sokolove, J. et al. Autoantibody epitope spreading
in the pre-clinical phase predicts progression to
rheumatoid arthritis. PLoS One 7, e35296 (2012).
17. Simon, D. et al. Micro-structural bone changes are
associated with broad-spectrum autoimmunity and
predict the onset of rheumatoid arthritis. Arthritis
Rheum. https://doi.org/10.1002/art.41229 (2020).
18. Figueiredo, C. P. et al. Anti-modified protein antibody
response pattern influences the risk for disease
relapse in patients with rheumatoid arthritis tapering
disease modifying anti-rheumatic drugs. Ann. Rheum.
Dis. 76, 399–407 (2017).
19. Stahl, E. A. et al. Genome-wide association study
meta-analysis identifies seven new rheumatoid
arthritis risk loci. Nat. Genet. 42, 508–514 (2010).
20. Makrygiannakis, D. et al. Smoking increases
peptidylarginine deiminase 2 enzyme expression in
human lungs and increases citrullination in BAL cells.
Ann. Rheum. Dis. 67, 1488–1492 (2008).
21. Van den Broek, M. et al. Discontinuation of infliximab
and potential predictors of persistent low disease
activity in patients with early rheumatoid arthritis and
disease activity score-steered therapy: subanalysis of
the BeSt study. Ann. Rheum. Dis. 70, 1389–1394
(2011).
22. Tjin, C. C. et al. Synthesis and biological evaluation
of an indazole-based selective protein arginine
deiminase 4 (PAD4) inhibitor. ACS Med. Chem. Lett. 9,
1013–1018 (2018).
23. Burgoyne, C. H. et al. Abnormal T cell differentiation
persists in patients with rheumatoid arthritis in clinical
remission and predicts relapse. Ann. Rheum. Dis. 67,
750–757 (2008).
24. Lawson, C. A. et al. Early rheumatoid arthritis is
associated with a deficit in the CD4+ CD25high
regulatory T cell population in peripheral blood.
Rheumatology 45, 1210–1217 (2006).
25. van Roon, J. A. et al. Numbers of CD25+Foxp3+
T cells that lack the IL-7 receptor are increased intra-
articularly and have impaired suppressive function in
RA patients. Rheumatology 49, 2084–2089 (2010).
26. Dominguez-Villar, M. & Hafler, D. A. Regulatory T cells
in autoimmune disease. Nat. Immunol. 19, 665–673
(2018).
27. Komatsu, N. et al. Pathogenic conversion of Foxp3+
T cells into TH17 cells in autoimmune arthritis.
Nat. Med. 20, 62–68 (2014).
28. Nguyen, D. X. et al. Regulatory T cells as a biomarker
for response to adalimumab in rheumatoid arthritis.
J. Allergy Clin. Immunol. 142, 978–980 (2018).
29. Buckner, J. H. Mechanisms of impaired regulation
by CD4+CD25+FOXP3+ regulatory T cells in human
autoimmune diseases. Nat. Rev. Immunol. 10,
849–859 (2010).
30. Van Amelsfort, J. M. R. et al. Proinflammatory
mediator-induced reversal of CD4+CD25+regulatory
T cell-mediated suppression in rheumatoid arthritis.
Arthritis Rheum. 56, 732–742 (2007).
31. Flores-Borja, F. et al. Defects in CTLA-4 are associated
with abnormal regulatory T cell function in rheumatoid
arthritis. Proc. Natl Acad. Sci. USA 105, 19396–19401
(2008).
32. Chemin, K., Gerstner, C. & Malmström, V. Effector
functions of CD4+T cells at the site of local
autoimmune inflammation-lessons from rheumatoid
arthritis. Front. Immunol. 10, 353 (2019).
33. Yang, X. Z. et al. Restoring oxidant signaling suppresses
proarthritogenic T cell effector functions in rheumatoid
arthritis. Sci. Transl Med. 8, 331ra38 (2016).
34. Rosenzwajg, M. et al. Immunological and clinical
effects of low-dose interleukin-2 across 11
autoimmune diseases in a single, open clinical trial.
Ann. Rheum. Dis. 78, 209–217 (2019).
35. Hao, H. et al. Conversion of T follicular helper cells to
T follicular regulatory cells through transcriptional

NaTure Reviews | RheuMAtology

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

regulation in systemic lupus erythematosus. Arthritis
Rheumatol. https://doi.org/10.1002/art.41457
(2020).
Crotty, S. T follicular helper cell biology: a decade of
discovery and diseases. Immunity 50, 1133–1148
(2019).
Wunderlich, C. et al. Effects of DMARDs on
citrullinated peptide autoantibody levels in RA
patients — a longitudinal analysis. Semin. Arthritis
Rheum. 46, 709–714 (2017).
Rao, D. A. et al. Pathologically expanded peripheral
T helper cell subset drives B cells in rheumatoid
arthritis. Nature 542, 110–114 (2017).
Scott, I. C. et al. The protective effect of alcohol on
developing rheumatoid arthritis: a systematic review
and meta-analysis. Rheumatology 52, 856–867
(2013).
Azizov, V. et al. Ethanol consumption inhibits the
development of autoimmunity by blocking IL-21
secretion in TFH cells. Nat. Commun. 11, 1998
(2020).
Iwata, S. et al. Activation of Syk in peripheral blood B
cells in patients with rheumatoid arthritis: a potential
target for abatacept therapy. Arthritis Rheumatol. 67,
63–73 (2015).
Bozec, A. et al. Abatacept blocks anti-citrullinated
protein antibody and rheumatoid factor mediated
cytokine production in human macrophages in
IDO-dependent manner. Arthritis Res. Ther. 20, 24
(2018).
Jansen, D. et al. Conversion to seronegative status
after abatacept treatment in patients with early and
poor prognostic rheumatoid arthritis is associated
with better radiographic outcomes and sustained
remission: post hoc analysis of the AGREE study.
RMD Open 4, e000564 (2018).
Emery, P. et al. Evaluating drug-free remission with
abatacept in early rheumatoid arthritis: results
from the phase 3b, multicentre, randomised,
active-controlled AVERT study of 24 months,
with a 12-month, double-blind treatment period.
Ann. Rheum. Dis. 74, 19–26 (2015).
Gerlag, D. M. et al. Effects of B-cell directed therapy
on the preclinical stage of rheumatoid arthritis: the
PRAIRI study. Ann. Rheum. Dis. 78, 179–185 (2019).
Hartkamp, L. M. et al. Btk inhibition suppresses
agonist-induced human macrophage activation and
inflammatory gene expression in RA synovial tissue
explants. Ann. Rheum. Dis. 74, 1603–1611 (2015).
Clavel, C., Ceccato, L., Anquetil, F., Serre, G. &
Sebbag, M. Among human macrophages polarised
to different phenotypes, the M-CSF-oriented cells
present the highest pro-inflammatory response to
the rheumatoid arthritis-specific immune complexes
containing ACPA. Ann. Rheum. Dis. 75, 2184–2191
(2016).
Nimmerjahn, F. & Ravetch, J. V. Fcγ receptors as
regulators of immune responses. Nat. Rev. Immunol.
8, 34–47 (2008).
Pfeifle, R. et al. Regulation of autoantibody activity
by the IL-23-TH17 axis determines the onset of
autoimmune disease. Nat. Immunol. 18, 104–113
(2017).
Engdahl, C. et al. Estrogen induces St6gal1 expression
and increases IgG sialylation in mice and patients
with rheumatoid arthritis: a potential explanation
for the increased risk of rheumatoid arthritis in
postmenopausal women. Arthritis Res. Ther. 20, 84
(2018).
De Moel, E. C. et al. Baseline autoantibody profile in
rheumatoid arthritis is associated with early treatment
response but not long-term outcomes. Arthritis Res.
Ther. 20, 33 (2018).
Culemann, S. et al. Locally renewing resident synovial
macrophages provide a protective barrier for the joint.
Nature 572, 670–675 (2019).
Filková, M. et al. Association of circulating miR-223
and miR-16 with disease activity in patients with
early rheumatoid arthritis. Ann. Rheum. Dis. 73,
1898–1904 (2014).
Alivernini, S. et al. Distinct synovial tissue macrophage
subsets regulate inflammation and remission in
rheumatoid arthritis. Nat. Med. 26, 1295–1306
(2020).
Croft, A. P. et al. Distinct fibroblast subsets drive
inflammation and damage in arthritis. Nature 570,
246–251 (2019).
Ai, R. et al. Comprehensive epigenetic landscape
of rheumatoid arthritis fibroblast-like synoviocytes.
Nat. Commun. 9, 1921 (2018).
Karouzakis, E. et al. Epigenome analysis reveals
TBX5 as a novel transcription factor involved in the

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

activation of rheumatoid arthritis synovial fibroblasts.
J. Immunol. 193, 4945–4951 (2014).
Kurowska-Stolarska, M. et al. MicroRNA-155
as a proinflammatory regulator in clinical and
experimental arthritis. Proc. Natl Acad. Sci. USA
108, 11193–11198 (2011).
Karouzakis, E. et al. Analysis of early changes in DNA
methylation in synovial fibroblasts of RA patients
before diagnosis. Sci. Rep. 8, 7370 (2018).
Ai, R. et al. DNA methylome signature in synoviocytes
from patients with early rheumatoid arthritis
compared to synoviocytes from patients with
longstanding rheumatoid arthritis. Arthritis
Rheumatol. 67, 1978–1980 (2015).
Whitaker, J. W. et al. Integrative omics analysis
of rheumatoid arthritis identifies non-obvious
therapeutic targets. PLoS One 10, e0124254
(2015).
Suraweera, A., O’Byrne, K. J. & Richard, D. J.
Combination therapy with histone deacetylase
inhibitors (HDACi) for the treatment of cancer:
achieving the full therapeutic potential of HDACi.
Front. Oncol. 8, 92 (2018).
Frank-Bertoncelj, M. et al. Epigenetically-driven
anatomical diversity of synovial fibroblasts guides
joint-specific fibroblast functions. Nat. Commun. 8,
14852 (2017).
Zhang, H. J. et al. LncRNA HOTAIR alleviates
rheumatoid arthritis by targeting miR-138 and
inactivating NF-κB pathway. Int. Immunopharmacol.
50, 283–290 (2017).
Hu, X. et al. Silencing of long non-coding RNA HOTTIP
reduces inflammation in rheumatoid arthritis by
demethylation of SFRP1. Mol. Ther. Nucleic Acids 19,
468–481 (2020).
Scher, J. U. et al. Expansion of intestinal Prevotella
copri correlates with enhanced susceptibility to
arthritis. eLife 2, e01202 (2013).
Alpizar-Rodriguez, D. et al. Prevotella copri in
individuals at risk for rheumatoid arthritis.
Ann. Rheum. Dis. 78, 590–593 (2019).
Tajik, N. et al. Targeting zonulin and intestinal
epithelial barrier function to prevent onset of arthritis.
Nat. Commun. 11, 1995 (2020).
Edwards, R. R. et al. Enhanced reactivity to pain in
patients with rheumatoid arthritis. Arthritis Res. Ther.
11, R61 (2009).
Yılmaz, V., Umay, E., Gündoğdu, İ., Karaahmet, Z. Ö. &
Öztürk, A. E. Rheumatoid arthritis: are psychological
factors effective in disease flare? Eur. J. Rheumatol. 4,
127–132 (2017).
Evers, A. W. et al. Does stress affect the joints?
Daily stressors stress vulnerability, immune and HPA
axis activity, and short-term disease and symptom
fluctuations in rheumatoid arthritis. Ann. Rheum. Dis.
73, 1683–1688 (2014).
Kolmus, K., Tavernier, J. & Gerlo, S. β2-Adrenergic
receptors in immunity and inflammation: stressing
NF-κB. Brain Behav. Immun. 4, 297–310 (2015).
del Rey, A. et al. Disrupted brain-immune system-joint
communication during experimental arthritis.
Arthritis Rheum. 58, 3090–3099 (2008).
Harre, U. et al. Glycosylation of immunoglobulin G
determines osteoclast differentiation and bone loss.
Nat. Commun. 6, 6651 (2015).
Radbruch, A. et al. Competence and competition:
the challenge of becoming a long-lived plasma cell.
Nat. Rev. Immunol. 6, 741–750 (2006).
Stanway, J. A. & Isaacs, J. D. Tolerance-inducing
medicines in autoimmunity: rheumatology and
beyond. Lancet Rheumatol. 9, 565–575 (2020).
Herold, K. C. et al. An anti-CD3 antibody, teplizumab,
in relatives at risk for type 1 diabetes. N. Engl. J. Med.
381, 603–613 (2019).
US National Library of Medicine. ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02778906
(2020).
Bio Med Central. ISRCTN Registry https://doi.org/
10.1186/ISRCTN46017566 (2020).
Iqbal, K. & Isaacs, J. Potential pharmacologic targets
for the prevention of rheumatoid arthritis. Clin. Ther.
41, 1312–1322 (2019).
Mrsny, R. J. et al. A key claudin extracellular loop
domain is critical for epithelial barrier integrity.
Am. J. Pathol. 172, 905–915 (2008).
Pastori, C. et al. The Bromodomain protein BRD4
controls HOTAIR, a long noncoding RNA essential for
glioblastoma proliferation. Proc. Natl Acad. Sci. USA
112, 8326–8331 (2015).
Cochran, A. G. et al. Bromodomains: a new target
class for drug development. Nat. Rev. Drug Discov.
18, 609–628 (2019).

volume 17 | March 2021 | 143

Reviews
84. Lindner, T. et al. Targeting of activated fibroblasts for
imaging and therapy. EJNMMI Radiopharm. Chem. 4,
16 (2019).
85. Jia, W. et al. Histone demethylase JMJD3 regulates
fibroblast-like synoviocyte-mediated proliferation and
joint destruction in rheumatoid arthritis. FASEB J. 32,
4031–4042 (2018).
86. Zhou, S. et al. In vivo therapeutic success of
microRNA‐155 antagomir in a mouse model of
lupus alveolar hemorrhage. Arthritis Rheumatol. 68,
953–964 (2016).
87. Häger, J. et al. The role of dietary fiber in rheumatoid
arthritis patients: a feasibility study. Nutrients 11,
E2392 (2019).
88. Bosmann, M. et al. Anti-inflammatory effects of β2
adrenergic receptor agonists in experimental acute
lung injury. FASEB J. 26, 2137–2144 (2012).
89. Hadi, T. et al. Beta3 adrenergic receptor stimulation
in human macrophages inhibits NADPHoxidase
activity and induces catalase expression via PPARγ
activation. BBA Mol. Cell Res. 1864, 1769–1784
(2017).
90. Koopman, F. A. et al. Vagus nerve stimulation inhibits
cytokine production and attenuates disease severity in
rheumatoid arthritis. Proc. Natl Acad. Sci. USA 113,
8284–8289 (2016).
91. Van der Woude, D., Young, A. & Jayakumar, K.
Prevalence of and predictive factors for sustained

144 | March 2021 | volume 17

disease-modifying antirheumatic drug-free remission
in rheumatoid arthritis: results from two large early
arthritis cohorts. Arthritis Rheum. 60, 2262–2271
(2009).
92. Baker, K. F. et al. Predicting drug-free remission in
rheumatoid arthritis: a prospective interventional
cohort study. J. Autoimmun. 105, 102298 (2019).
93. Jones, G. W. et al. Interleukin-27 inhibits ectopic
lymphoid-like structure development in early
inflammatory arthritis. J. Exp. Med. 212,
1793–1802 (2015).
94. Teitsma, X. M. et al. Baseline metabolic profiles of
early rheumatoid arthritis patients achieving sustained
drug-free remission after initiating treat-to-target
tocilizumab, methotrexate, or the combination:
insights from systems biology. Arthritis Res. Ther. 20,
230 (2018).

Newcastle Hospitals NHS Foundation Trust and Newcastle
University, and the EU/EFPIA Innovative Medicines Initiative
2 (project RTCure).

Acknowledgements

Peer review information

The work of G.S. is supported by the German Research
Council (DFG: SPP1468-IMMUNOBONE; CRC1181), the
German Ministry of Science and Education (project
MASCARA), the European Union (ERC Synergy grant
4DnanoSCOPE) and EU/EFPIA Innovative Medicines Initiative
2 (project RTCure). The work of J.D.I. is supported by the
Research into Inflammatory Arthritis Centre Versus Arthritis,
the National Institute for Health Research Newcastle
Biomedical Research Centre, a partnership between

Nature Reviews Rheumatology thanks H. Xu and the other,
anonymous, reviewer(s) for their contribution to the peer
review of this work.

Author contributions
All authors researched data for the article and provided substantial contributions to discussions of content. G.S. and
J.D.I. wrote the article. G.S. and Y.T. reviewed or edited the
manuscript before submission.

Competing interests
The authors declare no competing interests.

Disclaimer
The views expressed are those of the author(s) and not necessarily those of the National Institute for Health Research or
the Department of Health and Social Care.

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

© Springer Nature Limited 2020

www.nature.com/nrrheum

Reviews

Immune cartography of macrophage
activation syndrome in the
COVID-19 era
Dennis McGonagle1,2 ✉, Athimalaipet V. Ramanan3 and Charlie Bridgewood
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Abstract | A hyperinflammatory ‘cytokine storm’ state termed macrophage activation syndrome
(MAS), culminating from a complex interplay of genetics, immunodeficiency, infectious triggers
and dominant innate immune effector responses, can develop across disparate entities including
systemic juvenile idiopathic arthritis (sJIA) and its counterpart adult-onset Still disease (AOSD),
connective tissue diseases, sepsis, infection, cancers and cancer immunotherapy. Classifying
MAS using the immunological disease continuum model, with strict boundaries that define the
limits of innate and adaptive immunity, at one boundary is MAS with loss of immune function,
as occurs in the ‘perforinopathies’ and some cases of sJIA–AOSD. Conversely, at the other boundary,
immune hypersensitivity with gain of immune function in MHC class II-associated sJIA–AOSD
and with chimeric antigen receptor (CAR) T cell therapy also triggers MAS. This provides a
benchmark for evaluating severe inflammation in some patients with COVID-19 pneumonia,
which cripples primary type I interferon immunity and usually culminates in a lung-centric
‘second wave’ cytokine-driven alveolitis with associated immunothrombosis; this phenomenon
is generally distinct from MAS but can share features with the proposed ‘loss of immune function’
MAS variant. This loss and gain of function MAS model offers immune cartography for a novel
mechanistic classification of MAS with therapeutic implications.
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The term ‘cytokine storm’ entered the popular lexicon
with previous influenza virus pandemics but has become
even more mainstream because of the severe inflammation that can accompany SARS-CoV-2 infection1.
Despite the availability of contemporary immunological techniques that can measure cytokines down to the
femtograms per millilitre range, there is no definition
of what actually constitutes a cytokine storm1; however,
in the broadest sense, the term refers to high cytokine
concentrations in specific clinical contexts. Many scenarios, including infection, aberrant immunity, cancer
and cancer immunotherapy, are associated with cytokine
storm, also known as cytokine release syndrome (CRS)
or hypercytokinaemia. Although the cytokine storm
concept is poorly defined, it can certainly evolve,
sometimes rapidly, into different clinico-pathological
entities. One of these entities is macrophage activation syndrome (MAS), which is typified by fever,
variable hepatosplenomegaly, elevations in CRP concentration, hyperferritinaemia, haemophagocytosis,
cytopenias (including pancytopenia), and coagulopathy linked to liver dysfunction and to disseminated
intravascular coagulation (DIC) (reviewed thoroughly
elsewhere2–4).

NaTure RevIewS | RheuMATOlOgy

The MAS terminology originally emerged in
rheumatology in relation to systemic juvenile idiopathic arthritis (sJIA) and adult-onset Still disease
(AOSD), with both considered to be part of the same
disease continuum, in which context MAS was also
termed secondary haemophagocytic lymphohistiocytosis (HLH; also known as reactive or acquired HLH)
because of the striking overlap with primary HLH (also
known as familial HLH)5, which was originally defined
as a paediatric monogenic immunodeficiency state with
hyperinflammation6. It is clear that MAS has a complex
relationship with infectious disease, but this relationship
is not well defined. Many viral diseases, including the
contemporary COVID-19 caused by SARS-CoV-2, have
been linked to a MAS-type phenotype with hyperferritinaemia and DIC, but the incidence of this classical MAS
picture in COVID-19 awaits fuller description7. Indeed,
the COVID-19 pandemic has brought the issue of
cytokine storm and MAS to a wider medical and immunology audience. However, as outlined below, therapies
that can be curative in MAS are not especially effective
in severe COVID-19, which has not been adequately
explained. In this article, we propose two major subdivisions within the classification of MAS, which hitherto
volume 17 | March 2021 | 145
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Key points
• Dysregulated production of IFNγ and other pivotal cytokines including IL-1, IL-6 and
IL-18 can arise from either loss or gain of function in the immune response, with
different implications for therapy and prognosis.
• Although macrophage activation syndrome (MAS) is often termed autoinflammatory
in both loss and gain of function phenotypes, adaptive lineage cells, especially T cells,
are clearly important in both settings.
• The distinct MAS phenotype that arises with hypercytokinaemia can be explained by
activation of macrophages that are closely juxtaposed to sinusoids that permit direct
phagocytic access to haematopoietic lineage cells.
• Recognizing MAS variants and the important anatomical considerations around
macrophage perivascular topography in the marrow, liver and spleen allows for a
novel evaluation of other states associated with hypercytokinaemia.
• Considering the boundaries of immunodeficiency and immune hypersensitivity in
MAS related to systemic juvenile idiopathic arthritis and adult-onset Still disease, and
the role of lymphoid cells, severe COVID-19 is generally a distinctive lung-specific
immunopathology.
• The proposed model for MAS immune heterogeneity and cellular topography can be
applied to understanding other hyper-inflammatory conditions.

has generally been viewed as innate immune-driven or
autoinflammatory in nature. We frame this model in
the context of cytokine-targeting strategies proposed
for the treatment of COVID-19, which we believe could
be erroneous because of the conflation of two distinct
MAS immunopathologies — one with loss of immune
function and the other with gain of immune function.
We also consider the cytokine storm phenotype in children with what is termed multisystem inflammatory
syndrome in children (MIS-C; also known as paediatric
inflammatory multisystem syndrome temporally associated with COVID-19)8, which is also distinct from MAS.
We also highlight how many viral infections, including
SARS-CoV-2, can trigger MAS, but some viral infections
trigger a diffuse haemorrhagic disease phenotype that
differs from other cytokine storm scenarios and MAS,
with a strong bleeding diathesis, but this viral haemorrhagic phenotype is not well understood. Finally, we
discuss the emerging data pertaining to sJIA–AOSD
spectrum disease in which certain cytokine-directed
therapies might not prevent development of MAS.

MAS versus other cytokine storm states
Initial cytokine storm or hypercytokinaemia states might
lead to several discrete clinical scenarios, including
MAS, and these scenarios can quickly and concurrently appear or evolve (Fig. 1). Although we highlight
differences in these cytokine storm scenarios, the
severe cytokine storm associated with superagonistic
anti-CD28 antibodies showed rapid and concurrent
evolution of different clinical phenotypes9 (Fig. 1) .
Furthermore, the cytokine storm associated with CAR
T cell therapy appears within days; although exhibiting features of MAS, it can be much more extensive
with multi-organ involvement10 and, as described later,
responds differently to anti-IL-6 therapy.
The kinetics of MAS in sJIA–AOSD differs from the
aforementioned scenarios, having a generally slower
evolution; the earliest phases of active sJIA–AOSD
strongly overlap clinically with MAS, reflecting initial
hypercytokinaemia that is followed by macrophage
146 | March 2021 | volume 17

haemophagocytosis in the bone marrow, liver, spleen
and other sites11,12 (Fig. 1a). In some cases of hypercytokinaemia, the predominant picture is of an initial
capillary leak syndrome (CLS) with severe oedema,
weight gain and hypotension (Fig. 1b). Unlike MAS, this
cytokine storm state is associated with predominant
endothelial dysfunction, with a normal (rather than low)
haemoglobin concentration, diffuse fluid retention and
progressive organ damage13 (Fig. 1b). The CLS state also
probably accounts for other manifestations, including
cardiac, gastrointestinal and neurological dysfunction,
among other scenarios, that are common following CAR
T cell therapy14 and that are being reported in MIS-C15–17.
A third hypercytokinaemia scenario that is often, but
not exclusively, linked to sepsis without specific evidence
of MAS or CLS has been termed systemic inflammatory response syndrome (SIRS). SIRS can progress to
multi-organ dysfunction syndrome (MODS), which
includes acute respiratory distress syndrome (ARDS)18.
The SIRS scenario probably reflects the influence of
microorganism-mediated activation of organ-resident
immune cells via pattern recognition receptors or
direct tissue injury via damage-associated molecular
pattern-mediated organ damage, distinct from MAS
or CLS phenotypes (Fig. 1c). Severe SARS-CoV-2 infection that leads to intra-pulmonary immune activation,
including regional but not systemic macrophage activation with associated immunothrombosis, generally
fits within this SIRS scenario. However, SARS-CoV-2-
related hypoxaemia with lung-centric cytokine dysregulation might not trigger considerable elevations in
cytokines or systemic inflammatory markers, but can be
successfully stratified and treated with corticosteroids
on the basis of hypoxia and oxygen requirements19. The
remarkable degree of pulmonary capillary and adjacent vasculature immunothrombosis probably explains
the low frequency of viral nucleic acid detection in the
blood20, thus minimizing the magnitude of systemic
cytokine responses.
Although MAS can be associated with coagulopathy, in another scenario a predominant intravascular
MAS-like state exists. This scenario typically occurs in
viral haemorrhagic fevers that demonstrate a tropism
for monocyte lineage cells, including dengue21, influenza and Ebola virus disease22–25 (Fig. 1d), in which it has
long since been demonstrated that cytokines derived
from mononuclear cells, rather than direct endothelial infection, can be the main orchestrator of endothelial
damage26.
According to the scheme in Fig. 1, cytokine storm features have two major subdivisions: those attributable to
cytokines derived from the lymphoid organs (Figs 1a,b) or
cells (Fig. 1d), and from cytokines emerging from infected
or damaged non-lymphoid tissues, which could be colloquially described as ‘in house’ cytokine production
(Fig. 1c). In a study of patients with severe inflammation
and fatal influenza infection, for example, IL-6 and IL-1
concentrations were much higher in the diseased lung
in comparison with the serum, whereas IFNγ levels
were modestly elevated and comparable in the serum
and lung, probably reflecting the extra-pulmonary lymphoid tissue origins of the latter cytokine27. We believe
www.nature.com/nrrheum
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a Classical MAS with haemophagocytosis (in liver,

spleen, marrow and elsewhere) and coagulopathy

b Cytokine storm leading to CLS

Exogenous cytokines activate haemophagocytosis
• IFNγ
• GM-CSF
• Other cytokines
Cytokine activation
of endothelium
Bone marrow

Spleen

Liver

RBC
Macrophage

c Multi-organ dysfunction syndrome

d Viral infection of macrophages with coagulopathy
and diffuse bleeding

Sepsis with adjuvant and cytokineassociated organ damage
Blood clot

Fig. 1 | The cellular basis for MAS and allied disorders. Cytokine storm can manifest in different ways. It is important
to point out that these scenarios can rapidly and simultaneously evolve in some settings in which scenarios division is
artificial. a | Where the monocyte system comes into direct contact with the circulation in the liver, spleen and bone
marrow, a physiological mechanism exists for the removal of worn red blood cells (RBCs). A predominant dysregulation
of this mechanism in the context of a cytokine storm leads to the ‘classical’ macrophage activation syndrome (MAS)
phenotype. This phenotype is associated with severe systemic inflammation and can trigger a disseminated intravascular
coagulation (DIC). b | Cytokines predominantly affecting the endothelial system give rise to a different cytokine storm
scenario, characterized by a capillary leak syndrome (CLS) that manifests with hypotension, diffuse tissue oedema and
hypoalbuminaemia as key features. c | Organ-specific bacterial or viral infection and/or septicaemia can trigger a cytokine
storm that can lead to specific dysfunction of that organ (for example, the lung with SARS-Cov-2 infection) and contribute
to progressive multi-organ dysfunction without specific features of MAS or CLS. The influence of adjuvant and cytokine
release on pattern recognition and cytokine receptors and the site of organ infection can trigger local or systemic
inflammation. Unlike the classical MAS pathology, in which lymphoid dysregulation and high levels of IFNγ can promote
pathology, this scenario might be more strongly linked to tissue-specific dysfunction with comparatively low levels of IFNγ,
as the pathology is more innate immune-driven. The inflammatory state triggered by COVID-19 better fits this scenario of
organ-specific dysfunction related to infection. d | A MAS-like state dominated by coagulopathy due to intravascular viral
infection of monocyte lineage cells with cytokine release and prominent clotting cascade activation can exhibit features
of DIC. Unlike the DIC of classical MAS, however, this DIC reflects a viral tropism for macrophages. This cytokine storm
scenario is typically seen with haemorrhagic viral infection that usually involves circulatory myeloid cells and manifests
as diffuse bleeding in addition to MAS-like features. GM-CSF, granulocyte–macrophage colony-stimulating factor.

that terms like MODS and SIRS are applied inappropriately as diagnostic terms in scenarios in which
there could be such immune-compartmentalized and
immune-associated organ dysfunction. Although these
scenarios are more difficult to recognize than MAS or
CLS, and using the SIRS and MODS labels could lead
to a false sense of security in managing adults and children exclusively with supportive care, whereas immunomodulatory therapies should be considered given the
reported inter-relationships between these conditions
(that is, SIRS and MODS) and MAS28.

Monocyte system topography in MAS
In physiology, worn-out cells are removed by efferocytosis, in which phagocytic cells clear apoptotic
cells. However, effete red blood cells (RBCs), having no nucleus, cannot undergo apoptosis and are
NaTure RevIewS | RheuMATOlOgy

physiologically removed by haemophagocytosis, which
can occasionally be seen in normal bone marrow examination or during infection. The monocyte system, also
known as the reticuloendothelial system, is responsible
for removing RBCs and is mainly operational in the
bone marrow sinusoids, the liver sinusoids and spleen
red pulp sinusoids; anatomically, all of these sites characteristically enable direct contact between macrophages
and the circulation (and thus erythrocytes) (Fig. 2a).
The spectrum of inflammation in MAS is typified by
severe systemic features that can occur in the absence
of discernible organ involvement. Whole-body PET
scanning can be normal in the face of severe systemic
inflammation29, which suggests a high burden of inflammation undetectable by PET, probably reflecting the
involvement of dynamically circulating immunocytes —
especially activated mononuclear phagocytes and
volume 17 | March 2021 | 147
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Bone marrow: loose
arrangement of marrow
sinusoid endothelial cells
enables direct contact
between macrophages
and RBCs
Consequences of MAS:
• Anaemia
• Pancytopenia

• M1 macrophage
• IL-18/IFNγ
• IL-6
• IL-1
• GM-CSF

Liver: RBC disposal by
Kupffer cells lining the
walls of liver sinusoids
Consequences of MAS:
• Anaemia
• Abnormal liver
function tests
• Elevated triglycerides
• Coagulopathy due to
decreased synthetic
function

• Type I IFN

• M2 macrophage
• IL-4

Haemophagocytosis

• IL-10

Spleen: splenic red pulp with fenestrated venous sinuses
and pulp cords (with macrophages) ﬁlters RBCs
Consequences of MAS:
• Anaemia
• Pancytopenia

Fig. 2 | The MAS phenotype in relation to physiological erythrocyte
disposal. a | Erythrocytes, which lack a nucleus and cannot undergo
apoptosis, are physiologically removed by the reticuloendothelial system
by macrophages that are strategically juxta-positioned in sinusoids in the
bone marrow, liver and splenic red pulp so that they have direct access to
circulatory red blood cells (RBCs). The precise basis for why cytokine storm
scenarios trigger macrophage activation syndrome (MAS) rather than
other scenarios such as capillary leak syndrome or multi-organ dysfunction
syndrome remains to be better defined. b | Experimental models

show how the erythrocyte removal system is finely tuned. The normal
physiological state of erythrocyte disposal involves M2 macrophage
polarization. In experimental settings, perturbations towards T helper 1
(TH1) cytokines (including IFNγ) or TH2 cytokines (via excessive IL-4
production) lead to haemophagocytosis, in an exaggeration of the normal
physiology. Experimentally, IL-10 production by haemophagocytosing
macrophages exerts an anti-inflammatory effect in the local environment,
thus representing counterbalancing of haemophagocytosis.
GM-CSF, granulocyte–macrophage colony-stimulating factor.

neutrophils — and also the fact that such cells are diffusely dispersed in the tissues. Indeed, when 18FDG-PET
scanning is positive in MAS cases, uptake of FDG is
increased in the spleen and marrow, two important
sites of effete RBC degradation30. Collectively, the MAS
pattern of cytokine storm seen in sJIA–AOSD probably
reflects progressive anaemia and coagulopathy, generally
affording the physician time to recognize it.

Cytokines and haemophagocytosis
Haemophagocytosis in experimental MAS is orchestrated by cytokines including IFNγ, GM-CSF, IL-6
and IL-1, with some of these cytokines providing
strong autocrine activation of macrophages31–34. The
first cytokine incriminated in experimental MAS was
IFNγ, in perforin-d eficient mice 35. In experimental murine models other than perforin deficiency,
non-immunodeficient mice repeatedly fed a TLR9 agonist or infected with lymphocytic choriomeningitis virus
(LCMV) developed haemophagocytosis36. Demonstrable
haemophagocytosis in the TLR9-induced model was
dependent on IL-10 blockade but not on T cells 36.
LCMV-induced haemophagocytosis was dependent on
type I interferon, which was readily measurable in the
peripheral blood37. Such type I interferon-dependent
signatures are also an important feature of severe systemic lupus erythematosus (SLE) in humans, which has
a well-recognized association with MAS38. However,
human SLE-associated MAS has also been linked to
148 | March 2021 | volume 17

IFNγ39, the aforementioned key cytokine in the original perforin-deficiency murine models of MAS. With
respect to IFNγ, humans with loss-of-function mutations in the IFNγ receptor reportedly develop features of
MAS but without haemophagocytosis40, thus implicating
other cytokines in the phenotype. However, in the aforementioned TLR9-induced MAS model, IFNγ knockout
mice were protected from anaemia but not from other
cytopenias, and still experienced haemophagocytosis
following anti-IL-10 therapy41.
The normal physiological state of erythrocyte disposal
involves M2 macrophage polarization, but further M2
shifting is linked to haemophagocytosis in experimental
MAS, in which excessive amounts of IL-4, an archetypal
M2 cytokine, exacerbates haemophagocytosis42,43, thus
illustrating the finely balanced macrophage biology
that regulates normal disposal of effete RBCs (Fig. 2b).
A particular feature of MAS as compared with sepsis
is a CRP-independent elevation of soluble CD163 (haemoglobin scavenger receptor) and CD163 expression
in tissues44, and it has been suggested that most of the
macrophages involved in haemophagocytosis might be
predominantly M2 polarized (Fig. 2b). Intriguingly, in the
LCMV- and TLR9 ligand-induced models of haemophagocytosis, IL-10 production by haemophagocytosing
monocyte-derived dendritic cells was important in mitigating tissue damage and mortality, as either blockade
of IL-10 or blockade of haemophagocytosis itself was
associated with a worse outcome37.
www.nature.com/nrrheum
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The MAS concept in the context of HLH
Great insights into MAS have been gleaned from the
paediatric haematology community’s experience with
primary HLH, and this experience has strongly shaped
the immunopathogenesis narrative of MAS associated
with sJIA–AOSD45. The MAS activation in the paediatric arena outside primary HLH is characterized as a
form of secondary HLH in paediatric haematology.
Primary HLH is a systemic, progressive and potentially fatal autosomal-recessive condition that is genetically and functionally defined by immunodeficiency
of the ‘killing machinery’ of natural killer (NK) cells
and cytotoxic T cells46 (Fig. 3). When target cells are
not efficiently killed, prolonged immunological synapse formation occurs, resulting in high levels of IFNγ
production that in turn lead to macrophage activation with haemophagocytosis47. A variety of primary
HLH-associated genetic mutations that lead to the
‘perforinopathies’, which are characterized by defective
trafficking of cytolytic granules from lymphocytes
to target cells, have been described, including PRF1,

LYST, RAB27A, STXBP2, UNC13D and STX11, as
well-reviewed elsewhere48–53.
The primary HLH narrative, with its intrinsic immunodeficiency rather than immune hypersensitivity, has,
in the main, underpinned the entire concept of sJIA and
MAS immunopathology. Although primary HLH was
originally described as an autosomal-recessive disease
of infancy or childhood, it was later shown that 14% of
adults with a primary HLH phenotype had heterozygous
hypomorphic mutations in perforin pathway-related
genes54. In studies testing the theory that cases of sporadic sJIA-related MAS might be in some way partially
linked to a similar immunodeficiency state, heterozygous
mutations in perforin pathways potentially leading to
functional defects have been reported in approximately
one-third of patients with MAS in the context of sJIA55–57.
Also, more than half of uncomplicated cases of sJIA
exhibit bone marrow haemophagocytosis, highlighting
the close pathophysiological link between sJIA and MAS58.
The overarching hypothesis of primary HLH is that
failure of CD8+ T cells and NK cells to eliminate virally
Classical MHC
class II–peptide–TCR
activation with
hypersensitivity
reaction in sJIA and
AOSD?

CAR T cell gain
of function
CAR T cell

Tumour cell

Dendritic cell

IFNγ
MAS linked to immunodeﬁciency
with perforinopathy
• Disease course: chronic
• Therapy: antimicrobial,
anti-cytokine,
immunosuppression
• Cure: bone marrow transplant

Macrophage

MAS linked to gain of immune function
• Disease course: possibly monophasic
• Therapy: glucocorticoids, anti-cytokine
• sJIA 'cure': spontaneous resolution,
immunosuppression
• CAR T cure: usually resolves after
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T cell loss
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Fig. 3 | MAS spectrum from immunodeficiency to immune hypersensitivity. In classical monogenic primary
haemophagocytic lymphohistiocytosis, the failure of the first-line of defence, especially natural killer cells, and also CD8+
T cells, leads to persistence of viral antigens. Inability to remove infected immune cells leads to persistent activation of
dendritic cells and other antigen-presenting cells and widespread priming of CD8+ T cells (which again can be ineffective
at killing) and also expansion of T helper 1 (TH1) CD4+ T cell clones. An IFNγ-driven pathology via hyper-activation of
macrophages resulting in collateral damage including haemophagocytosis, liver pathology, coagulopathy and other
manifestations; other TH1 cytokines, including GM-CSF, could also contribute to macrophage activation. Engineered
gain of function as part of chimeric antigen receptor (CAR) T cell therapy leads to a similar but monophasic phenotype
that may include macrophage activation syndrome (MAS) phenotype features and that subsides with elimination of the
target antigen (cell population). Also, given that immunodeficiency in the perforin pathway is evident in <40% of systemic
juvenile idiopathic arthritis (sJIA) cases and that sJIA is often associated with MHC-II, it is credible that the sore throat at
the onset of sJIA and adult-onset Still disease (AOSD) results from a CD4+ helper T-cell hypersensitivity reaction following
a quickly eliminated non-specific viral trigger; putative antigens await definition. Overlapping immunopathogenic
mechanisms could exist. Despite compelling evidence for adaptive T cell responses in both the gain and loss of function
settings, sJIA-related and AOSD-related MAS have been placed into the autoinflammatory or innate immunopathology
category of disease, rather than along the immunological disease continuum134.
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infected antigen-presenting cells and other immune
cells leads to profound secondary activation of many
T cell clones, and there is a shared pathophysiology
with secondary HLH and MAS features as seen in sJIA–
AOSD17,59. In studies of perforin-deficient mice, CD8+
T cell production of IFNγ is essential for the development of experimental primary HLH35. Likewise, in
humans with MAS or secondary HLH, a striking abundance of IFNγ-expressing CD8+ T cells, and not CD4+
T cells, was reported in biopsy-obtained liver tissue60.
Despite their immunological similarities, the use of
a single set of diagnostic criteria for both the primary
and secondary forms of HLH is fraught with difficulty61.
Secondary HLH or MAS in the context of sJIA–AOSD
is typically characterized by an initial absence of cytopenias, which could lead to diagnostic delay. With this
limitation in mind, revised criteria specifically intended
for early and appropriate diagnosis of MAS in sJIA have
now been formulated62.

Understanding sJIA-associated MAS
In SJIA–AOSD, the umbrella term of secondary HLH
can encompass non-severe disease in which haemophagocytosis is hard to demonstrate, rare or even
absent, and the more accurate term MAS is preferred.
MAS characteristically occurs in sJIA, which itself has
been viewed as an autoinflammatory disease, a thesis
that draws strong support from dysregulation of IL-1β
and IL-18 and the response to drugs that target these
cytokines63,64. Findings from genome-wide association
studies, initially confirming strong associations between
MHC class II and sJIA65 and later different MHC class II
associations with AOSD in Chinese individuals66 and
other MHC class II associations in smaller European
groups65,67 potentially incriminate conventional CD4+
helper T cells and, by implication, CD8+ T cells in
disease pathogenesis. Notably, a specific link between
MAS within the sJIA–AOSD setting and MHC class II
associations has not been established to date.
That sJIA is an autoinflammatory disease is widely
accepted, a concept that is well justified by the clinical
features and responses to IL-1 antagonists68,69. However,
the aforementioned discovery that MHC class II is associated with sJIA threw “a monkey wrench into the characterization of sJIA as an autoinflammatory disease” and,
by implication, MAS70. Unravelling MHC class II associations in humoral autoimmune diseases is facilitated
by autoantibody specificity for target antigen pull-down
assays and then the ability to identify disease-associated
peptides. However, this luxury is not readily available
for putative peptides that might be associated with
vigorous adaptive immune cell-mediated CD4+ helper
T cell responses that in turn might amplify CD8+ T cell
responses. Serum biomarkers for sJIA, such as substantial elevation of soluble IL-2 receptor-α subunit (also
known as soluble CD25), also strongly indicate T cell
hyperactivation71.
With CAR T cell therapy, in which T cells are engineered against specific tumour antigens, the ensuing development of cytokine storm with MAS is both
proportionate to the tumour volume and related T cell
expansion, powerfully attesting to the theory that gain
150 | March 2021 | volume 17

of function in adaptive immunity, and nothing else, is
sufficient and adequate to precipitate a cytokine storm
or MAS phenotype72,73. This observation lends further
credibility to the theory that an immune hypersensitivity
reaction originating in an antigen-driven adaptive CD4+
T cell response could also drive MAS (Fig. 3). Also, MAS
in CAR T cell therapy is monophasic and subsides with
antigen elimination; sJIA–AOSD may also be monophasic, thus suggesting an antigen-driven response. Given
that perforin pathway mutations occur in less than half
of MAS cases, that chronic infections are absent in many
cases of MAS, and that sJIA and MAS are sometimes
monophasic in nature, we propose a simple model to
encompass the different dysregulated primary adaptive
immune responses that culminate in the predominant
autoinflammatory MAS phenotype, with two scenarios
in which strategically placed perivascular macrophages
(Fig. 2) are central to the dysregulated adaptive immune
responses (Fig. 3). A final common pathway of macrophage activation is thus evident, with either loss or
gain of T cell functional activity (Fig. 3).

Classification of the MAS spectrum
In the previously devised immunological disease continuum of inflammatory disorders, monogenic innate
and adaptive immunopathologies represent the extreme
boundary conditions74. The subsequent introduction of
a multidimensional aspect helped to refine this concept, with gain and loss of function in immunity fitting
within the extreme boundaries of innate and adaptive immunopathology75. Placing the MAS spectrum
along the immunological disease continuum resolves
the designation of MAS as autoinflammatory by fully
encompassing the role of adaptive immunity and also of
loss or gain in immune function74.
Accordingly, the full spectrum of MAS phenotypes,
beyond the sJIA–AOSD and paediatric HLH disorders,
can be accommodated within this scheme (Fig. 4). Just
as sJIA and AOSD can have loss or gain of function
in innate or adaptive immunity, the same logic can be
applied to the classification of MAS in the context of
SLE, a disease that has monogenic complement immunodeficiency to immune hyperactivation owing to disordered nucleic acid metabolism76,77 (Fig. 4). According
to this scheme, it is critical to identify loss of immune
function, for which antimicrobial therapy will form an
integral part of treatment.
In the oncology arena, MAS and CRS were well
recognized before the emergence of CAR T cell therapy, reported to arise spontaneously in haematological malignancy including myeloid and lymphoid
malignancies78 and noted to occur in over half of patients
with rare intravascular B cell lymphomas79. The genesis of MAS in the haematological malignancy setting is
complex and is linked to both concomitant infections
(including Epstein–Barr virus) and chemotherapy76.
The assertion that efficient macrophage-mediated
removal of effete RBCs is finely tuned is supported by
the increasing recognition of myeloid malignancy as
a trigger of MAS78 (Fig. 5). MAS associated with various established therapies for malignancies, including
chemotherapy and bone marrow transplantation, has
www.nature.com/nrrheum
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Fig. 4 | Classification of the MAS spectrum. The autoinflammatory presentation of
macrophage activation syndrome (MAS) can be seen in the context of an integrated
immune response. Accordingly, the immunological disease continuum of inflammation
against self, modified according to loss and gain of function, can be applied to MAS
spectrum disorders. The systemic juvenile idiopathic arthritis (sJIA) and adult-onset Still
disease (AOSD) phenotypes span both loss of function and gain of function in innate and
adaptive immunity. Likewise, severe inflammation in systemic lupus erythematosus (SLE),
another genetically heterogeneous disease, can trigger MAS by mechanisms including
both loss and gain of immune function. Rare monogenic disorders leading to MAS can
also exhibit loss or gain of immune function. MAS triggered by cancer immunotherapy,
including chimeric antigen receptor (CAR) T and bispecific T cell engager therapy,
represents a type of gain of function in adaptive immunity. Myeloid malignancy falls
in the predominantly innate immune gain of function section. Occasionally, MAS
can be triggered in COVID-19, but the dominant mechanism awaits full description.
EBV, Epstein–Barr virus; HLH, haemophagocytic lymphohistiocytosis; ICI, immune
checkpoint inhibitor; NK, natural killer; XLP, X-linked lymphoproliferative disease.

been ascribed to many factors including dysregulated
immune reconstitution and T cell expansion, as well as
infection80–84. Experimental MAS in animal models can
result from loss of function or gain of function: the rele
vant animal model with immunodeficiency would be
loss of function of NK and CD8+ T cells35; with normal
immunity, excessive TLR stimulation36; and with gain of
function, excessive macrophage activation with IL-6 and
MAS pathology85.
In the haemato-oncology arena, as already mentioned, cytokine storm with MAS is frequent with CAR
T cell therapy and can also occur with bispecific T cell
engagement therapy, with which massive clonal lymphocyte expansion and hypercytokinaemia with MAS
features also occur86. This MAS scenario is rarely seen
NaTure RevIewS | RheuMATOlOgy

with immune checkpoint inhibitor (ICI) therapy, which
blocks co-stimulatory signals including CTLA4 and
PD1; the ICI strategies affect a comparatively smaller
lymphocyte pool that is rarely linked to CRS87. These
lessons from the clinic illustrate how the CAR T or
bispecific T cell engagement scenarios with hypercytokinaemia promote a CRS or MAS autoinflammatory phenotype, whereas ICI therapy predominantly unleashes
humoral and cellular autoimmune responses that target
specific tissues or organs88.

MAS insights from translational therapies
A combination of human genetics and experimental
therapeutics in humans is at the forefront of research
dissecting the essential mediators of MAS when both the
IL-1 pathway and IFNγ have already been antagonized2.
Surprisingly, these studies have already shown different efficacy of key MAS pathway-related cytokines in
different clinical settings. Patients with sJIA who have
elevated serum concentrations of IFNγ or IL-18 (which
drive IFNγ production by lymphocytes) are reportedly
more likely to develop MAS89. This finding supports the
idea of an MHC class II–peptide–T cell receptor-driven
lymphoid tissue response and a critical role for T cells
in MAS development. Likewise, with CAR T cell therapy, the most severe cytokine storm phenotype is linked
to extreme hyperferritinaemia and extremely elevated
IFNγ concentrations (in the 10,000-p g/ml range),
reflecting extensive lymphoid cell activation90. IL-12 is
an important early driver of IFNγ production91, but profound elevations and rapid declines in concentrations of
this cytokine in severe human CRS probably preclude its
antagonism in the clinical setting9.
IFNγ-activated macrophages produce abundant IL-1,
IL-6, GM-CSF and other cytokines. In a 2020 study,
emapalumab, an intravenously administered anti-IFNγ
monoclonal antibody, had some efficacy in the treatment of primary HLH92. There is also some evidence for
efficacy of emapalumab for MAS in patients with sJIA, in
keeping with our proposed model of loss or gain of function in adaptive immunity and the final common pathway of lymphoid-driven IFNγ MAS scenarios93 (Fig. 4).
However, akin to the human setting, in experimental
HLH the MAS phenotype, including haemophagocytosis, can occur in mice deficient in IFNγ and perforin; in
this model, HLH was associated with neutrophilia but
anaemia was absent, GM-CSF was involved and IL-33
blockade was effective94.
IL-18 antagonism has also shown preliminary efficacy
in proof-of-concept studies in AOSD95, in which subclinical MAS is common58. In this setting, macrophages
could be important producers of IL-18, which was originally termed IFNγ-inducing factor; this cytokine could
further promote IFNγ production by T cells. Given
that IL-18 can also be produced by non-immune cells
including epithelial cells, keratinocytes and endothelial
cells, it could certainly have an important role when
the MAS phenotype originates in tissues rather than in
immune cells96 (Fig. 5). The elevation of IL-18 concentrations in sJIA cases that are destined to progress to
MAS needs to be better understood in relationship
to lymphoid organ or cell derivation or tissue-specific
volume 17 | March 2021 | 151
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Fig. 5 | MAS in the context of experimental therapeutics. In a ‘classical’ macrophage activation syndrome (MAS)
reaction (upper right), antigen-presenting cells and T cells contribute to macrophage activation and hypercytokinaemia.
Severe viral infection (by SARS-Cov-2 and other viruses) not controlled by first-wave type I interferon responses (lower
right) is associated with strong myeloid infiltration and a second wave of potent pro-inflammatory cytokines, and with
strong local immune activation within the lung or other tissues. Many myeloid-related and tissue-derived cytokines,
including IL-1, IL-6, TNF and GM-CSF, granulocyte–macrophage colony-stimulating factor (GM-CSF), are elevated in this
second wave, but IFNγ is not particularly high. Unlike MAS, concentrations of cytokines and ferritin are not particularly
elevated, but in some cases of viral infection classical MAS can develop. Treatment of MAS is being empirically defined
by experimental medicine. Currently, anti-IL-6 therapy is effective for MAS associated with cancer immunotherapy but
not for MAS associated with systemic juvenile idiopathic arthritis (sJIA) or adult-onset Still disease (AOSD). IL-1 receptor
antagonist (IL-1Ra) is effective for MAS in sJIA and AOSD and in experimental models of cytokine release syndrome in
oncology. IL-1β blockade is effective for sJIA but not for sJIA-associated MAS. IFNγ antagonism has shown some efficacy
in sJIA-associated MAS and primary haemophagocytic lymphohistiocytosis, but according to this scheme would not be
predicted to affect viral pneumonia in most instances. Corticosteroids affect the full spectrum of inflammation associated
with sJIA–AOSD to MAS and, given the multi-cytokine and multi-cell inhibition of Janus kinase inhibitors (JAKi) and
preliminary emerging data, these agents will also probably have a broad impact. CAR, chimeric antigen receptor.

IL-18 production64,97–99. In the autosomal-dominant
autoinflammatory disorder caused by NLRC4 mutation,
MAS and severe enterocolitis can develop consequent
to relevant inflammasome overactivation, with elevated
serum concentrations of IL-1β and very high concentrations of IL-18 (ref.100). The potential origin of IL-18
from outside the immune cell compartment might be
152 | March 2021 | volume 17

a hitherto unappreciated, but important, factor in recognizing MAS where lymphoid dysregulation could
be driven from exogenous or tissue-specific release of
activating factors such as IL-18 release (Fig. 6a).
The molecular basis of sJIA and therapeutic response
to the IL-1 receptor antagonist (IL-1Ra) anakinra indicate that IL-1 has an important role in this setting63.
www.nature.com/nrrheum
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IL-1 blockade with anakinra, which antagonizes both
IL-1α and IL-1β, has shown efficacy in the treatment
of MAS associated with sJIA101–105. Some preliminary
evidence of the benefit of IL-1Ra for infections, including dengue and other viral infections, has also been
reported106. Conversely, canakinumab, which solely
blocks IL-1β, failed to prevent MAS, implicating that
IL-1α is important in the disease107 (Fig. 5). The basis for
the pivotal role of the IL-1 pathway in MAS is incompletely understood, but many factors, including the
role of IL-1β in augmenting IL-12-induced production
a

b

of IFNγ in NK cells in experimental models, could be
relevant108,109.
Anti-IL-6 therapy has also shown efficacy in sJIA–
AOSD, conditions that are forerunners of MAS45. In the
immune-oncology literature, the impressive resolution
of CAR T cell therapy-related cytokine storm and MAS
achieved with corticosteroids or anti-IL-6 therapy has
also served as an indication that such strategies could
be considered for severe COVID-19 pneumonia110. The
use of the IL-6 receptor antagonist tocilizumab in MAS
associated with CAR T cell therapy is virtually curative;
c
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Fig. 6 | Tissue basis for cytokine storm phenotypes encompassing
COVID-19. a | Dysregulation of inflammasomes and particularly NLRC4
leads to excessive production of IL-1β and IL-18 by intestinal epithelial
cells and myeloid cells, causing generalized antigen-independent T cell
expansion with production of IFNγ and other cytokines and a macrophage
activation syndrome (MAS)-like pattern as well as intestinal pathology
reflecting dysregulated intestinal mucosal cytokine production.
b | Myeloid or lymphoid cell transformation can lead to MAS. Myeloid
malignancy with associated gain of function can contribute to a MAS-like
picture. Likewise, gain of function in the lymphoid system, as in lymphoid
malignancy or lymphoid viral infection associated with immunodeficiency
and transformation, can also activate macrophages. c | A cytokine release
syndrome leading to MAS can occur in the setting of perforinopathyassociated immunodeficiency. Likewise, the immune activation that occurs
with a hypersensitivity reaction to an infectious trigger has the same
effect, with excessive production of IFNγ and other cytokines with
activation of macrophages. Based on lessons from the monophasic disease
linked with chimeric antigen receptor T cell therapy and from the
associations of MHC II with systemic juvenile idiopathic arthritis (sJIA) and
adult-o nset Still disease (AOSD), some of the MAS phenotypes
encoun tered in rheumatology, including cases of MAS associated
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with sJIA, AOSD and systemic lupus erythematosus, fit with this lymphoid
tissue-originating disease. d | A cytokine release syndrome with MAS can
occur in the setting of excessive stimulation of Toll-like receptors (TLRs),
including TLR9 and TLR4 stimulation in IL-6 overexpression models. The
experimental phenotype may correlate with severe sepsis in humans,
including viral and bacterial sepsis, which strongly and directly stimulates
myeloid cells. Gain-of-function mutations related to innate immunity and
factors such as inflammaging could drive this pattern of cytokine storm,
which is more organ-c entric. Viral infections with a tropism for
mononuclear cells or macrophages, such as haemorrhagic virus, could lead
to this scenario. e | Immune cell activation, as shown in part d, in a setting
such as severe COVID-19, could drive organ- or tissue-specific damage
rather than lymphoid or myeloid pathology changes seen in MAS.
Severe localized organ-specific inflammation could be responsive to
anti-inflammatory strategies, even though the compartmentalized
inflammatory response might not trigger marked hypercytokinaemia.
Parts b, d and e also illustrate how viral, pathogenic cell or organ tropism
profoundly influences the disease phenotype. The tropism of the
SARS-CoV-2 virus for the alveolus determines what is generally a very
distinct disease phenotype that may occasionally be associated with a
more typical MAS phenotype evolution.
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however, this effect might coincide with elimination of
the target antigen (Fig. 5). Conversely, tocilizumab therapy in sJIA has been linked to MAS evolution, yet again
illustrating how the clinical use of cytokine antagonism
is dissecting human immunopathology and providing
immune cartography of human disease111–113. These
findings from tocilizumab trials indicate there are clear
differences between MAS in the context of sJIA and CAR
T cell therapy. In murine models, IL-1 has been shown to
have a key role in CAR T cell therapy, and in the experimental setting IL-1Ra has been associated with excellent
responses72,114.
Like corticosteroids, Janus kinase (JAK) inhibitors
have direct and broad immunosuppressive effects on
cytokines and immune cells, and are promising emergent
MAS therapies (Fig. 5). In a small study, the JAK1–JAK2
inhibitor ruxolitinib showed promising efficacy in adults
with secondary HLH115. Other JAK inhibitors, including
tofacitinib and baricitinib, have also demonstrated some
efficacy in treatment-refractory sJIA or AOSD116,117.

COVID-19 in context
Having provided a framework for the spectrum of
innate and adaptive immunity in the context of gain or
loss of immune function in MAS, here, we briefly look
at COVID-19 infection through this lens. At the start
of the COVID-19 pandemic, it quickly emerged that
many cases of severe or critical COVID-19 had features
of cytokine storm, including fever, marked elevations in
acute phase responses and coagulopathy118. As the spectrum of clinical manifestations with COVID-19 became
apparent, it was clear that a subset of patients had substantial morbidity and mortality owing to a ‘hyperinflammatory syndrome’, even though differences from
typical MAS existed119. Unfortunately, a homogeneous
view of ‘cytokine storm syndrome’ and MAS with extrapolations from CAR T cell therapy might have erroneously contributed to overoptimism regarding the use of
immunosuppression and cytokine-targeting strategies,
something that we previously highlighted120 (Fig. 6).
Given the aforementioned limitations of measuring
cytokines for the diagnosis of a cytokine storm, use of
the HScore121, which was developed for the recognition
of secondary HLH or MAS in cohorts that included
patients with rheumatological diseases (such as sJIA
and SLE), has been suggested as a way of recognizing
cytokine storm in COVID-19 pneumonia122. The magnitudes of hyperferritinaemia and elevations in CRP concentrations evident in critical COVID-19 infection are
modest compared with those typically seen in MAS123.
The cytokine storm in COVID-19 pneumonia also has
rather underwhelming elevations in concentrations
of pivotal cytokines, including IL-6, thus indicating a
lung-specific injury rather than a typical cytokine storm
scenario122,124 (Fig. 6e). Indeed, the overall clinicopathological characterization of severe COVID-19 infection
has many substantial differences from MAS120. A notable
difference from cytokine storm in MAS and its associated
DIC is that the COVID-19 lung-centric macrophage
activation often occurs without other features of MAS
and is associated with a pulmonary immunothrombosis that has been termed pulmonary intravascular
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coagulopathy (PIC), in contradistinction to DIC125.
By ‘setting up shop’ in the alveolar network, with subsequent lung-centric immunothrombosis, SARS-CoV-2
is distinct from other events that incite cytokine storm
and provides a robust framework for understanding the
increased mortality of COVID-19 pneumonia in certain
ethnic groups20,126.
Previous studies of influenza demonstrated that
fatal disease was associated with IL-1β and IL-6 concentrations that were 1,000-fold higher in bronchoalveolar lavage fluid than in blood, whereas IFNγ
concentrations were only slightly elevated and were
of the same magnitude in the lung and serum, pointing to a probable lung-specific endogenous cytokine
release as the main promoter of disease, distinct from
the commonest MAS groups in sJIA–AOSD, which is
a lymphoid cell-driven MAS27 (Fig. 6). According to this
model, severe pulmonary-centric COVID-19-related
inflammation that is likewise associated with low IFNγ
concentrations would not be amenable to IFNγ blockade unless florid MAS features, including profound
hyperferritinaemia, were superimposed.
Targeting other cytokines relevant in MAS might
similarly lack efficacy given that the main issue in
COVID-19 pneumonia is severe tissue infection and
multifaceted tissue-specific cytokine responses, rather
than systemic macrophage activation (Fig. 5). As already
described, the features of COVID-19 pneumonia
include much lower concentrations of cytokines and
ferritins in general compared with MAS, which suggests organ-specific lung disease with a mechanism that
is probably shared with infection agents across the SIRS–
MODS spectrum (Fig. 1). Data supporting the efficacy of
corticosteroids for COVID-19 (ref.127) attest to a severe
lung-specific and mostly lung-originating cytokine dysregulation with ‘local cytokine flooding’ rather than a
global cytokine storm (Fig. 6e).
Many viral and other pathogens can trigger MAS,
although herpes family viruses are most strongly linked
to an MAS phenotype, especially in the perforinopathies.
With respect to severe viral pneumonia, whole-exome
sequencing in fatal cases of H1N1 influenza pneumonia
that had features of HLH or MAS antemortem revealed
heterozygous mutations in perforin pathway genes,
which link the aforementioned NK and CD8+ T cell toxicity to a hyperinflammatory state128. There is compelling
evidence that the type I interferon response is disabled,
both in the lung and systemically by severe COVID-19
infection129. Indeed, critical COVID-19 pneumonia
in young sibling pairs has been linked to TLR7 loss of
function, which incriminates loss of type I interferon
rather than the perforinopathy scenario reported in
HLH130. This break in the ‘first wave’ of anti-viral immunity is linked to the emergence of a severe ‘second wave’
of innate immune cytokines that leads to severe pneumonia and immunothrombosis (Fig. 6). The kinetics of viral
infection in humans, and the precise timing of the second
wave of cytokines overcoming it or whether it abates naturally when permissive cells have succumbed or recovered, is unclear, but in simian models the SARS-CoV-2
spike protein could be detected in monkeys succumbing
to viral pneumonia with ARDS131 (Fig. 6).
www.nature.com/nrrheum
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Where does MIS-C, which can share some MAS features, fit in? The pathophysiology of MIS-C generally
lacks the severe pulmonary ARDS phenotype typically
seen in adults with COVID-19 (ref.132). Children with
MIS-C predominantly manifest a phenotype that is
characterized by high concentrations of inflammatory
markers and shock with reduced ejection fraction, but
lack the hyperferritinaemia, anaemia and coagulopathy
that is seen in MAS133. The cytokine storm in this group
manifests in a different manner; theories including superantigenic activation of T cells with a cytokine storm
distinct from that seen in MAS have been proposed134.
Some children with MIS-C also develop coronary artery
aneurysms, similar to Kawasaki disease, which has been
linked to previous viral infection135. Interestingly, it is
increasingly recognized that a proportion of children
with Kawasaki disease also develop MAS-like features136.
The basis for these distinct and overlapping cytokine
storm features remains enigmatic.

Conclusions
MAS is one discrete outcome of the cytokine storm
scenario, and in this Review we have contextualized
its unique features and those that overlap with other
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data, demonstrating that immunosuppression does
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compared with severe MAS associated with CAR T cell
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We propose a mechanistic classification of MAS whereby
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disease continuum adjusted for loss or gain of function. Dysregulated innate or adaptive immunity in
SARS-CoV-2 infection might occasionally trigger an
MAS picture, which awaits full molecular elucidation.
Published online 5 February 2021

syndrome temporally associated with SARS-CoV-2.
JAMA 324, 259–269 (2020).
Dufort, E. M. et al. Multisystem inflammatory syndrome
in children in New York State. N. Engl. J. Med. 383,
347–358 (2020).
Rangel-Frausto, M. S. et al. The natural history of the
systemic inflammatory response syndrome (SIRS):
a prospective study. JAMA 273, 117–123 (1995).
Quartuccio, L. et al. Profiling COVID-19 pneumonia
progressing into the cytokine storm syndrome: results
from a single Italian centre study on tocilizumab
versus standard of care. J. Clin. Virol. 129, 104444
(2020).
Fox, S. E. et al. Pulmonary and cardiac pathology in
African American patients with COVID-19: an autopsy
series from New Orleans. Lancet Respir. Med. 8,
681–686 (2020).
Henter, J.-I., Palmkvist-Kaijser, K., Holzgraefe, B.,
Bryceson, Y. T. & Palmér, K. Cytotoxic therapy
for severe swine flu A/H1N1. Lancet 376, 2116
(2010).
Henter, J. Can cytostatics be effective in severe avian
influenza? The disease picture has similarities with
hemophagocytic lymphohistiocytosis. Lakartidningen
103, 1180 (2006).
Henter, J.-I., Chow, C.-B., Leung, C.-W. & Lau, Y.-L.
Cytotoxic therapy for severe avian influenza A (H5N1)
infection. Lancet 367, 870–873 (2006).
Feldmann, H. & Geisbert, T. W. Ebola haemorrhagic
fever. Lancet 377, 849–862 (2011).
Cron, R. Q., Behrens, E. M., Shakoory, B.,
Ramanan, A. V. & Chatham, W. W. Does viral
hemorrhagic fever represent reactive hemophagocytic
syndrome? J. Rheumatol. 42, 1078–1080 (2015).
Feldmann, H. et al. Filovirus-induced endothelial
leakage triggered by infected monocytes/
macrophages. J. Virol. 70, 2208–2214 (1996).
Wang, Z. et al. Early hypercytokinemia is associated
with interferon-induced transmembrane protein-3
dysfunction and predictive of fatal H7N9 infection.
Proc. Natl Acad. Sci. USA 111, 769–774 (2014).
Castillo, L. & Carcillo, J. Secondary hemophagocytic
lymphohistiocytosis and severe sepsis/systemic
inflammatory response syndrome/multiorgan
dysfunction syndrome/macrophage activation
syndrome share common intermediate phenotypes on
a spectrum of inflammation. Pediatr. Crit. Care Med.
10, 387–392 (2009).
Schönau, V. et al. The value of 18F-FDG-PET/CT in
identifying the cause of fever of unknown origin (FUO)
and inflammation of unknown origin (IUO): data from
a prospective study. Ann. Rheum. Dis. 77, 70–77
(2018).

30. Choe, J.-Y., Chung, D. S., Park, S.-H., Kwon, H.-H.
& Kim, S.-K. Clinical significance of 18 F-fluorodexoxyglucose positron emission tomography in
patients with adult-onset Still’s disease: report of two
cases and review of literatures. Rheumatol. Int. 30,
1673–1676 (2010).
31. Chomarat, P., Banchereau, J., Davoust, J.
& Palucka, A. K. IL-6 switches the differentiation
of monocytes from dendritic cells to macrophages.
Nat. Immunol. 1, 510–514 (2000).
32. Hamilton, J. A. GM-CSF in inflammation and
autoimmunity. Trends Immunol. 23, 403–408 (2002).
33. Martinez, F. O., Sica, A., Mantovani, A. & Locati, M.
Macrophage activation and polarization. Front. Biosci.
13, 453 (2008).
34. Fernando, M. R., Reyes, J. L., Iannuzzi, J., Leung, G.
& McKay, D. M. The pro-inflammatory cytokine,
interleukin-6, enhances the polarization of alternatively
activated macrophages. PLoS ONE 9, e94188 (2014).
35. Jordan, M. B., Hildeman, D., Kappler, J.
& Marrack, P. An animal model of hemophagocytic
lymphohistiocytosis (HLH): CD8+ T cells and interferon
gamma are essential for the disorder. Blood 104,
735–743 (2004).
36. Behrens, E. M. et al. Repeated TLR9 stimulation results
in macrophage activation syndrome–like disease in
mice. J. Clin. Invest. 121, 2264–2277 (2011).
37. Ohyagi, H. et al. Monocyte-derived dendritic cells
perform hemophagocytosis to fine-tune excessive
immune responses. Immunity 39, 584–598 (2013).
38. Parodi, A. et al. Macrophage activation syndrome in
juvenile systemic lupus erythematosus: a multinational
multicenter study of thirty-eight patients. Arthritis
Rheum. 60, 3388–3399 (2009).
39. Usami, M. et al. Extensive serum biomarker analysis
in patients with macrophage activation syndrome
associated with systemic lupus erythematosus.
Clin. Immunol. 208, 108255 (2019).
40. Tesi, B. et al. Hemophagocytic lymphohistiocytosis in
2 patients with underlying IFN-γ receptor deficiency.
J. Allergy Clin. Immunol. 135, 1638–1641 (2015).
41. Canna, S. W. et al. Interferon-γ mediates anemia
but is dispensable for fulminant Toll-like receptor 9induced macrophage activation syndrome and
hemophagocytosis in mice. Arthritis Rheum. 65,
1764–1775 (2013).
42. Milner, J. D. et al. Sustained IL-4 exposure leads to a
novel pathway for hemophagocytosis, inflammation,
and tissue macrophage accumulation. Blood 116,
2476–2483 (2010).
43. Luzina, I. G. et al. Regulation of inflammation by
interleukin-4: a review of “alternatives”. J. Leukoc. Biol.
92, 753–764 (2012).

volume 17 | March 2021 | 155

Reviews
44. Schaer, D. J. et al. Soluble hemoglobin–haptoglobin
scavenger receptor CD163 as a lineage-specific
marker in the reactive hemophagocytic syndrome.
Eur. J. Haematol. 74, 6–10 (2005).
45. Grom, A. A., Horne, A. & De Benedetti, F. Macrophage
activation syndrome in the era of biologic therapy.
Nat. Rev. Rheumatol. 12, 259–268 (2016).
46. Schmid, J. P. et al. Inherited defects in lymphocyte
cytotoxic activity. Immunol. Rev. 235, 10–23 (2010).
47. Jenkins, M. R. et al. Failed CTL/NK cell killing and
cytokine hypersecretion are directly linked through
prolonged synapse time. J. Exp. Med. 212, 307–317
(2015).
48. Chinn, I. K. et al. Genetic and mechanistic diversity in
pediatric hemophagocytic lymphohistiocytosis. Blood
132, 89–100 (2018).
49. Stadt, U. Z. et al. Mutation spectrum in children
with primary hemophagocytic lymphohistiocytosis:
molecular and functional analyses of PRF1, UNC13D,
STX11, and RAB27A. Hum. Mutat. 27, 62–68
(2006).
50. Ishii, E. Hemophagocytic lymphohistiocytosis in
children: pathogenesis and treatment. Front. Pediatr.
4, 47 (2016).
51. Allen, C. E. & McClain, K. L. fHLH: becoming a
blended family. Blood 124, 1210–1211 (2014).
52. Allen, C. E. & McClain, K. L. Pathophysiology and
epidemiology of hemophagocytic lymphohistiocytosis.
Hematology 2015, 177–182 (2015).
53. Schulert, G. S. & Cron, R. Q. The genetics of
macrophage activation syndrome. Genes Immun. 21,
169–181 (2020).
54. Zhang, K. et al. Hypomorphic mutations in PRF1,
MUNC13-4, and STXBP2 are associated with adult-
onset familial HLH. Blood 118, 5794–5798 (2011).
55. Vastert, S. J. et al. Mutations in the perforin gene can
be linked to macrophage activation syndrome in
patients with systemic onset juvenile idiopathic
arthritis. Rheumatology 49, 441–449 (2010).
56. Bracaglia, C. et al. Mutations of familial
hemophagocytic lymphohistiocytosis (FHL) related
genes and abnormalities of cytotoxicity function tests
in patients with macrophage activation syndrome
(MAS) occurring in systemic juvenile idiopathic
arthritis (sJIA). Pediatric Rheumatol. 12, 1–2 (2014).
57. Kaufman, K. M. et al. Whole-exome sequencing
reveals overlap between macrophage activation
syndrome in systemic juvenile idiopathic arthritis
and familial hemophagocytic lymphohistiocytosis.
Arthritis Rheumatol. 66, 3486–3495 (2014).
58. Behrens, E. M., Beukelman, T., Paessler, M.
& Cron, R. Q. Occult macrophage activation syndrome
in patients with systemic juvenile idiopathic arthritis.
J. Rheumatol. 34, 1133–1138 (2007).
59. Rosado, F. G. & Kim, A. S. Hemophagocytic
lymphohistiocytosis: an update on diagnosis and
pathogenesis. Am. J. Clin. Pathol. 139, 713–727
(2013).
60. Billiau, A. D., Roskams, T., Van Damme-Lombaerts, R.,
Matthys, P. & Wouters, C. Macrophage activation
syndrome: characteristic findings on liver biopsy
illustrating the key role of activated, IFN-γ-producing
lymphocytes and IL-6-and TNF-α-producing
macrophages. Blood 105, 1648–1651 (2005).
61. Sen, E. S., Steward, C. G. & Ramanan, A. V.
Diagnosing haemophagocytic syndrome. Arch. Dis.
Child. 102, 279–284 (2017).
62. Ravelli, A. et al. 2016 Classification criteria for
macrophage activation syndrome complicating
systemic juvenile idiopathic arthritis: a European
League Against Rheumatism/American College of
Rheumatology/Paediatric Rheumatology International
Trials Organisation Collaborative Initiative. Ann.
Rheum. Dis. 75, 481–489 (2016).
63. Pascual, V., Allantaz, F., Arce, E., Punaro, M.
& Banchereau, J. Role of interleukin-1 (IL-1) in the
pathogenesis of systemic onset juvenile idiopathic
arthritis and clinical response to IL-1 blockade.
J. Exp. Med. 201, 1479–1486 (2005).
64. Yasin, S. et al. IL-18 as a biomarker linking systemic
juvenile idiopathic arthritis and macrophage activation
syndrome. Rheumatology 59, 361–366 (2020).
65. Ombrello, M. J. et al. HLA-DRB1* 11 and variants
of the MHC class II locus are strong risk factors for
systemic juvenile idiopathic arthritis. Proc. Natl Acad.
Sci. USA 112, 15970–15975 (2015).
66. Li, Z. et al. Both HLA class I and II regions identified
as genome-wide significant susceptibility loci for
adult-onset Still’s disease in Chinese individuals.
Ann. Rheum. Dis. 79, 161–163 (2020).
67. Ombrello, M. J. et al. Genetic architecture
distinguishes systemic juvenile idiopathic arthritis

156 | March 2021 | volume 17

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

from other forms of juvenile idiopathic arthritis: clinical
and therapeutic implications. Ann. Rheum. Dis. 76,
906–913 (2017).
Savic, S., Caseley, E. A. & McDermott, M. F. Moving
towards a systems-based classification of innate
immune-mediated diseases. Nat. Rev. Rheumatol. 16,
222–237 (2020).
Martini, A. It is time to rethink juvenile idiopathic
arthritis classification and nomenclature. Ann. Rheum.
Dis. 71, 1437–1439 (2012).
Nigrovic, P. A. Autoinflammation and autoimmunity in
systemic juvenile idiopathic arthritis. Proc. Natl Acad.
Sci. USA 112, 15785–15786 (2015).
Lin, M. et al. Clinical utility of soluble interleukin-2
receptor in hemophagocytic syndromes: a systematic
scoping review. Ann. Hematol. 96, 1241–1251 (2017).
Giavridis, T. et al. CAR T cell-induced cytokine release
syndrome is mediated by macrophages and abated by
IL-1 blockade. Nat. Med. 24, 731–738 (2018).
Ahmed, S. et al. Haemophagocytic lymphohistiocytosis
(HLH) in patients with large B-cell lymphoma treated
with standard of care (SOC) axicabtagene ciloleucel
(Axi-cel). J. Clin. Oncol. 38 (suppl. 15), 8057 (2020).
McGonagle, D. & McDermott, M. F. A proposed
classification of the immunological diseases. PLoS Med.
3, e297 (2006).
Grateau, G. et al. How should we approach classification
of autoinflammatory diseases? Nat. Rev. Rheumatol. 9,
624 (2013).
Lehmberg, K. et al. Malignancy-associated
haemophagocytic lymphohistiocytosis in children and
adolescents. Br. J. Haematol. 170, 539–549 (2015).
Borgia, R. E., Gerstein, M., Levy, D. M., Silverman, E. D.
& Hiraki, L. T. Features, treatment, and outcomes of
macrophage activation syndrome in childhood-onset
systemic lupus erythematosus. Arthritis Rheumatol. 70,
616–624 (2018).
Daver, N. et al. A consensus review on malignancy-
associated hemophagocytic lymphohistiocytosis in
adults. Cancer 123, 3229–3240 (2017).
Shimada, K., Kinoshita, T., Naoe, T. & Nakamura, S.
Presentation and management of intravascular large
B-cell lymphoma. Lancet Oncol. 10, 895–902 (2009).
Vick, E. J., Patel, K., Prouet, P. & Martin, M. G.
Proliferation through activation: hemophagocytic
lymphohistiocytosis in hematologic malignancy.
Blood Adv. 1, 779–791 (2017).
Chuang, H. C., Lay, J. D., Hsieh, W. C. & Su, I. J.
Pathogenesis and mechanism of disease progression
from hemophagocytic lymphohistiocytosis to Epstein–
Barr virus-associated T-cell lymphoma: nuclear
factor-κB pathway as a potential therapeutic target.
Cancer Sci. 98, 1281–1287 (2007).
Mánard, F. et al. Hodgkin lymphoma-associated
hemophagocytic syndrome: a disorder strongly
correlated with Epstein-Barr virus. Clin. Infect. Dis. 47,
531–534 (2008).
Sandler, R. D. et al. Diagnosis and management of
secondary HLH/MAS following HSCT and CAR-T cell
therapy in adults; a review of the literature and a
survey of practice within EBMT centres on behalf
of the autoimmune diseases working party (ADWP)
and transplant complications working party (TCWP).
Front. Immunol. 11, 524 (2020).
Sandler, R. D. et al. Haemophagocytic
lymphohistiocytosis (HLH) following allogeneic
haematopoietic stem cell transplantation (HSCT) —
time to reappraise with modern diagnostic and
treatment strategies? Bone Marrow Transplant. 55,
307–316 (2019).
Strippoli, R. et al. 2012. Amplification of the response
to Toll‐like receptor ligands by prolonged exposure to
interleukin‐6 in mice: implication for the pathogenesis
of macrophage activation syndrome. Arthritis Rheum.
64, 1680–1688 (2012).
Teachey, D. T. et al. Cytokine release syndrome after
blinatumomab treatment related to abnormal
macrophage activation and ameliorated with cytokine-
directed therapy. Blood 121, 5154–5157 (2013).
Ceschi, A., Noseda, R., Palin, K. & Verhamme, K.
Immune checkpoint inhibitor-related cytokine release
syndrome: analysis of WHO global pharmacovigilance
database. Front. Pharmacol. 11, 557–557 (2020).
McGonagle, D., Sharif, K., O’Regan, A. & Bridgewood, C.
Interleukin-6 use in COVID-19 pneumonia related
macrophage activation syndrome. Autoimmun. Rev.
19, 102537 (2020).
Bracaglia, C. et al. Elevated circulating levels of
interferon-γ and interferon-γ-induced chemokines
characterise patients with macrophage activation
syndrome complicating systemic juvenile idiopathic
arthritis. Ann. Rheum. Dis. 76, 166–172 (2017).

90. Maude, S. L. et al. Tisagenlecleucel in children and
young adults with B-cell lymphoblastic leukemia.
N. Engl. J. Med. 378, 439–448 (2018).
91. Seder, R. A., Gazzinelli, R., Sher, A. & Paul, W. E.
Interleukin 12 acts directly on CD4+ T cells to enhance
priming for interferon gamma production and
diminishes interleukin 4 inhibition of such priming.
Proc. Natl Acad. Sci. USA 90, 10188–10192 (1993).
92. Locatelli, F. et al. Emapalumab in children with primary
hemophagocytic lymphohistiocytosis. N. Engl. J. Med.
382, 1811–1822 (2020).
93. De Benedetti, F. et al. OP0204 EMAPALUMAB,
an interferon gamma (IFN-Y)-BLOCKING monoclonal
antibody, in patients with macrophage activation
syndrome (MAS) complicating systemic juvenile
idiopathic arthritis (SJIA). Ann. Rheum. Dis. 78, 178
(2019).
94. Burn, T. N. et al. Genetic deficiency of interferon-γ
reveals interferon-γ-independent manifestations of
murine hemophagocytic lymphohistiocytosis. Arthritis
Rheumatol. 72, 335–347 (2020).
95. Gabay, C. et al. Open-label, multicentre, dose-
escalating phase II clinical trial on the safety and
efficacy of tadekinig alfa (IL-18BP) in adult-onset Still’s
disease. Ann. Rheum. Dis. 77, 840–847 (2018).
96. Dinarello, C., Novick, D., Kim, S. & Kaplanski, G.
Interleukin-18 and IL-18 binding protein. Front.
Immunol. 4, 289 (2013).
97. Shimizu, M. et al. Interleukin-18 for predicting the
development of macrophage activation syndrome in
systemic juvenile idiopathic arthritis. Clin. Immunol.
160, 277–281 (2015).
98. Weiss, E. S. et al. Interleukin-18 diagnostically
distinguishes and pathogenically promotes human and
murine macrophage activation syndrome. Blood 131,
1442–1455 (2018).
99. Inoue, N. et al. Cytokine profile in adult-onset Still’s
disease: comparison with systemic juvenile idiopathic
arthritis. Clin. Immunol. 169, 8–13 (2016).
100. Romberg, N. et al. Mutation of NLRC4 causes a
syndrome of enterocolitis and autoinflammation.
Nat. Genet. 46, 1135–1139 (2014).
101. Calabrese, L. H. & Calabrese, C. Cytokine release
syndrome and the prospects for immunotherapy with
COVID-19. Part 2: the role of interleukin 1. Cleve. Clin.
J. Med. https://doi.org/10.3949/ccjm.87a.ccc044
(2020).
102. Cavalli, G. et al. Interleukin-1 blockade with high-dose
anakinra in patients with COVID-19, acute respiratory
distress syndrome, and hyperinflammation: a
retrospective cohort study. Lancet Rheumatol. 2,
e325–e331 (2020).
103. Pontali, E. et al. Safety and efficacy of early high-dose IV
anakinra in severe COVID-19 lung disease.
J. Allergy Clin. Immunol. 146, 213–215 (2020).
104. Sönmez, H. E., Demir, S., Bilginer, Y. & Özen, S.
Anakinra treatment in macrophage activation
syndrome: a single center experience and systemic
review of literature. Clin. Rheumatol. 37, 3329–3335
(2018).
105. La Rosée, P. et al. Recommendations for the
management of hemophagocytic lymphohistiocytosis
in adults. Blood 133, 2465–2477 (2019).
106. Cron, R. Q., Behrens, E. M., Shakoory, B.,
Ramanan, A. V. & Chatham, W. W. Does viral
hemorrhagic fever represent reactive hemophagocytic
syndrome? J. Rheumatol. 42, 1078–1080 (2015).
107. Grom, A. A. et al. Rate and clinical presentation of
macrophage activation syndrome in patients with
systemic juvenile idiopathic arthritis treated with
canakinumab. Arthritis Rheumatol. 68, 218–228
(2016).
108. Hunter, C., Chizzonite, R. & Remington, J. IL-1 beta is
required for IL-12 to induce production of IFN-gamma
by NK cells. A role for IL-1 beta in the T cell-
independent mechanism of resistance against
intracellular pathogens. J. Immunol. 155,
4347–4354 (1995).
109. Micallef, M. J. et al. Interferon-γ-inducing factor
enhances T helper 1 cytokine production by stimulated
human T cells: synergism with interleukin-12 for
interferon-γ production. Eur. J. Immunol. 26,
1647–1651 (1996).
110. Frigault, M. J. et al. Tocilizumab not associated with
increased infection risk after CAR T-cell therapy:
implications for COVID-19? Blood 136, 137–139
(2020).
111. De Benedetti, F. et al. Randomized trial of tocilizumab
in systemic juvenile idiopathic arthritis. N. Engl. J. Med.
367, 2385–2395 (2012).
112. Kobayashi, M., Takahashi, Y., Yamashita, H., Kaneko, H.
& Mimori, A. Benefit and a possible risk of tocilizumab

www.nature.com/nrrheum

Reviews

113.

114.

115.

116.

117.

118.

119.

120.

121.

therapy for adult-onset Still’s disease accompanied by
macrophage-activation syndrome. Mod. Rheumatol.
21, 92–96 (2011).
Yokota, S. et al. Macrophage activation syndrome in
patients with systemic juvenile idiopathic arthritis
under treatment with tocilizumab. J. Rheumatol. 42,
712–722 (2015).
Norelli, M. et al. Monocyte-derived IL-1 and IL-6 are
differentially required for cytokine-release syndrome
and neurotoxicity due to CAR T cells. Nat. Med. 24,
739–748 (2018).
Ahmed, A. et al. Ruxolitinib in adult patients with
secondary haemophagocytic lymphohistiocytosis: an
open-label, single-centre, pilot trial. Lancet Haematol.
6, e630–e637 (2019).
Kacar, M. et al. Mixed results with baricitinib in
biological-resistant adult-onset Still’s disease and
undifferentiated systemic autoinflammatory disease.
RMD Open 6, e001246 (2020).
Hu, Q. et al. Tofacitinib in refractory adult-onset Still’s
disease: 14 cases from a single centre in China.
Ann. Rheum. Dis. 79, 842–844 (2020).
Mehta, P. et al. COVID-19: consider cytokine storm
syndromes and immunosuppression. Lancet 395,
1033 (2020).
Ruscitti, P. et al. Lung involvement in macrophage
activation syndrome and severe COVID-19: results
from a cross-sectional study to assess clinical,
laboratory and artificial intelligence–radiological
differences. Ann. Rheum. Dis. 79, 1152–1155
(2020).
McGonagle, D., Sharif, K., O’Regan, A. & Bridgewood, C.
Interleukin-6 use in COVID-19 pneumonia related
macrophage activation syndrome. Autoimmun. Rev.
19, 102537 (2020).
Fardet, L. et al. Development and validation of the
HScore, a score for the diagnosis of reactive
hemophagocytic syndrome. Arthritis Rheumatol. 66,
2613–2620 (2014).

NaTure RevIewS | RheuMATOlOgy

122. Sinha, P., Matthay, M. A. & Calfee, C. S. Is a “Cytokine
Storm” relevant to COVID-19? JAMA Intern. Med.
180, 1152–1154 (2020).
123. Chen, N. et al. Epidemiological and clinical
characteristics of 99 cases of 2019 novel coronavirus
pneumonia in Wuhan, China: a descriptive study.
Lancet 395, 507–513 (2020).
124. Huang, C. et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet
395, 497–506 (2020).
125. McGonagle, D., O’Donnell, J. S., Sharif, K., Emery, P.
& Bridgewood, C. Immune mechanisms of pulmonary
intravascular coagulopathy in COVID-19 pneumonia.
Lancet Rheumatol. 2, e437–e445 (2020).
126. McGonagle, D., Plein, S., O’Donnell, J. S., Sharif, K.
& Bridgewood, C. Increased cardiovascular mortality
in African Americans with COVID-19. Lancet Respir.
Med. 8, 649–651 (2020).
127. Horby, P. et al. Dexamethasone in hospitalized patients
with Covid-19 — preliminary report. N. Engl. J. Med.
https://doi.org/10.1056/NEJMoa2021436 (2020).
128. Schulert, G. S. et al. Whole-exome sequencing reveals
mutations in genes linked to hemophagocytic
lymphohistiocytosis and macrophage activation
syndrome in fatal cases of H1N1 influenza. J. Infect.
Dis. 213, 1180–1188 (2016).
129. Hadjadj, J. et al. Impaired type I interferon activity
and inflammatory responses in severe COVID-19
patients. Science 369, 718–724 (2020).
130. van der Made, C. I. et al. Presence of genetic variants
among young men with severe COVID-19. JAMA 324,
1–11 (2020).
131. Blair, R. V. et al. ARDS and cytokine storm in
SARS-CoV-2 infected Caribbean Vervets. Preprint at
bioRxiv https://doi.org/10.1101/2020.06.18.157933
(2020).
132. Jiang, L. et al. COVID-19 and multisystem
inflammatory syndrome in children and adolescents.
Lancet Infect. Dis. 20, e276–e288 (2020).

133. Davies, P. et al. Intensive care admissions of children
with paediatric inflammatory multisystem syndrome
temporally associated with SARS-CoV-2 (PIMS-TS) in
the UK: a multicentre observational study. Lancet
Child Adolesc. Health 4, 669–677 (2020).
134. Levin, M. Childhood multisystem inflammatory
syndrome — a new challenge in the pandemic.
N. Engl. J .Med. 383, 393–395 (2020).
135. McCrindle, B. W. & Manlhiot, C. SARS-CoV-2-related
inflammatory multisystem syndrome in children:
different or shared etiology and pathophysiology
as Kawasaki disease? JAMA 324, 246–248
(2020).
136. Natoli, V., Rosina, S. & Ravelli, A. Is macrophage
activation syndrome in Kawasaki disease
underrecognized? J. Rheumatol. https://doi.org/
10.3899/jrheum.200361 (2020).

Acknowledgements
The authors thank A. Goenka for helpful comments.

Author contributions
All authors researched data for the article and made a substantial contribution to discussion of the content, writing and
review/editing of the manuscript before submission.

Competing interests
The authors declare no competing interests.

Peer review information
Nature Reviews Rheumatology thanks R.Q. Cron, A. Grom,
L. Quartuccio and J. Pachlopnik-Schmidt for their contribution
to the peer review of this work.

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

© Springer Nature Limited 2021

volume 17 | March 2021 | 157

Reviews

Cell-based strategies for IVD repair:
clinical progress and translational
obstacles
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Abstract | Intervertebral disc (IVD) degeneration is a major cause of low back pain, a prevalent
and chronic condition that has a striking effect on quality of life. Currently, no approved
pharmacological interventions or therapies are available that prevent the progressive destruction
of the IVD; however, regenerative strategies are emerging that aim to modify the disease. Progress
has been made in defining promising new treatments for disc disease, but considerable challenges
remain along the entire translational spectrum, from understanding disease mechanism to useful
interpretation of clinical trials, which make it difficult to achieve a unified understanding. These
challenges include: an incomplete appreciation of the mechanisms of disc degeneration; a lack
of standardized approaches in preclinical testing; in the context of cell therapy, a distinct lack of
cohesion regarding the cell types being tested, the tissue source, expansion conditions and dose;
the absence of guidelines regarding disease classification and patient stratification for clinical
trial inclusion; and an incomplete understanding of the mechanisms underpinning therapeutic
responses to cell delivery. This Review discusses current approaches to disc regeneration,
with a particular focus on cell-based therapeutic strategies, including ongoing challenges,
and attempts to provide a framework to interpret current data and guide future investigational
studies.
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The Global Burden of Disease Study 2010 estimated
that low back pain (LBP) causes more global disability
than any other condition and is most prevalent in ageing
populations and in those regions where life expectancy
is highest1. The economic burden of LBP is exceptionally high2, with total estimated costs in the USA ranging
between US$100 billion and $200 billion per year3, two
thirds of which relate to lost income and productivity4.
Assessments of the impact of LBP in Europe and the
USA also suggest that LBP is the most common cause
of disability amongst young adults, with substantially
more than 100 million workdays lost per year in the
USA alone5.
The causes of LBP are multifactorial and it is generally difficult to identify a clear causation other than
specific pathological conditions such as vertebral fracture, malignancy, infection or inflammation. In 2018, the
Lancet LBP Series Working Group6 addressed this complex issue in a comprehensive and insightful manner,
identifying a myriad of factors that contribute to the incidence of LBP, including highlighting socio-economic,
psychological and lifestyle pressures, employment and
access to health care as major components in disease
progression. This group has also championed a call
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for action, including not only the development of new
diagnostic and therapeutic approaches but also a recognition of the importance of self-help, positive health
and primary care and better clinical intervention7.
Importantly, the report highlights the need to understand the effectiveness of new treatments for LBP and
place these in the correct context with regard to their
application8. Notwithstanding the complicated and
multifactorial contributors to LBP, estimates suggest that
approximately 40% of all cases of LBP are attributed to
intervertebral disc (IVD) degeneration9,10.
Ageing, injury, genetics or other exogenous stimuli
can disrupt the balance of anabolic and catabolic processes within the disc, initiating a degenerative cascade.
The result is extensive and severe changes to the biochemical, inflammatory and structural properties of the
IVD. Current treatments are limited to pain relief, and
no pharmacological interventions, biologic therapies or
procedures are currently approved for the prevention of
disc degeneration. Recent approaches have focused on
regenerative strategies that aim to be disease-modifying
rather than symptom-modifying; these approaches have
included enzyme treatments, monoclonal antibodies,
oligonucleotides, proteins and cell-based therapies.
www.nature.com/nrrheum
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Key points
• Intervertebral disc degeneration is a notable contributing factor to the incidence
of low back pain.
• No pharmacological intervention, biologic therapy or procedure is approved for the
prevention of disc degeneration; cell-based therapies are one approach currently
being explored for promoting disc regeneration.
• Clinical trials investigating cell-based therapies are underway but are often poorly
designed, with low patient numbers and an absence of appropriate controls.
• The broad range of disparate interventions relating to cell type, tissue source,
expansion conditions, dose and delivery systems make it difficult to achieve
unambiguous interpretation of results.
• Better imaging and biochemical diagnostics are needed to inform patient stratification
protocols to identify cohorts of patients who would most benefit from cell therapy.
• Potential mechanisms of action of cell therapies have been proposed, including
secretion of bioactive molecules, apoptosis and transfer of extracellular vesicles;
however, concrete mechanistic evidence is lacking.

In general, these approaches aim to address the underlying pathogenesis of disc degeneration to limit disease progression. However, considerable challenges obstructing
the clinical translation of these forms of therapy remain.
Our understanding of both the disease mechanisms and
the therapeutic mechanisms is limited, especially of those
aspects associated with cell therapy. This caveat has led
to a multiplicity of disparate therapeutic approaches that
lack the scale to establish the effects of the interventions
with any degree of confidence.
With these points in mind, two questions are of overwhelming importance: what is the biological framework
underpinning the relationship between degenerative
disc disease and LBP; and is there evidence to suggest
that novel biological treatment interventions such as
cell therapy might have a disease-modifying effect sufficient to justify their use as a new therapeutic modality?
In this Review, we address these questions by assessing
the biology of the degenerating IVD, the status of clinical assessment of cell therapy for IVD degeneration, the
challenges that need to be considered and the biological
foundation for such treatments to provide an assessment
of mechanistic frameworks and to place cell therapy in a
more accurate context in terms of innovative treatments.

Insights into IVD degeneration
Structure and biology of the IVD. IVDs are located
between the vertebrae of the spinal column and are
composed of distinct anatomical regions (Fig. 1). The
gelatinous nucleus pulposus is located within and constrained by thick layers of radially aligned collagen fibres
that form the annulus fibrosus. A thin layer of hyaline
cartilage, the cartilaginous endplate, lies between the
vertebrae and the disc. The region-specific extracellular
matrix (ECM) structure, comprising the proteoglycan-
rich nucleus pulposus and the collagen-rich annulus
fibrosus, which are each maintained by distinct cell populations, contributes to the exceptional biomechanical
resilience of the tissue. The internal hydrostatic pressure generated by the high proteoglycan content in the
nucleus pulposus contained by the concentric lamellae
of the annulus fibrosus confer on the IVD its ability to
withstand circumferential loads. The nucleus pulposus itself is a heterogeneous structure derived from the
NaTure RevIews | RheuMaTOlOgy

embryonic notochord11, and large and highly vacuolated
notochordal cells are present in the IVD of children and
young adults12–14. The cells of the annulus fibrosus consist of fibrocartilage cells that produce type II collagen
and elongated fibroblasts that produce type I collagen.
The cells of the annulus fibrosus and cartilaginous
endplate remain relatively stable throughout the entire
lifespan of humans, but the cells of the nucleus pulposus
undergo considerable changes within the first decade
of life, with progressive loss of notochord cells immediately after birth and replacement of these cells with
cartilage-like nucleus pulposus cells15,16. This change
can coincide with the onset of degeneration of the IVD,
as supported by observations in animal models such as
chondrodystrophic dogs12,17. The developmental changes
in the cell architecture of the nucleus pulposus, the early
onset of degeneration and its contribution to LBP reveal
new insights into the underlying biological mechanisms
of IVD degeneration and raise questions regarding the
potential role of cell delivery as a treatment approach.
IVD degeneration and LBP. The underlying causes of
disc degeneration are multifactorial and include genetic
predisposition, ageing, mechanics, smoking, obesity,
exposure to vibrational insult and trauma18–23. The
nucleus pulposus is an avascular and hostile environment with limited nutritional exchange24–26. Traumatic
injury can lead to a reduction in cell content due to
cell senescence and death27–29 and an increase in catabolic remodelling of the ECM30,31. Cytokines such as
IL-1β and TNF can also affect resident nucleus pulposus cells and promote degenerative changes within the
disc31–37, including the upregulation of matrix-degrading
enzymes, such as matrix metalloproteinase 1 (MMP1),
MMP3 and MMP13, and the degradative proteinases a
disintegrin and metalloproteinase with thrombospondin motif 4 (ADAMTS4) and ADAMTS5 (refs31,38,39).
Additionally, major changes in collagen synthesis by
nucleus pulposus cells occur within the degenerating
disc, and include, specifically, a reduction in type II collagen synthesis and an increase in type I synthesis that
result in reduced elasticity and mechanical integrity of
the disc tissue30,31. Together, these cellular and molecular
changes cause dehydration, loss of mechanical properties and a marked reduction in the ability of the IVD to
withstand load40.
With regard to the association between IVD degeneration and LBP, a clear relationship exists between disc
degeneration, sciatic nerve injury and LBP, often involving radicular pain and chronic leg pain. Sciatic pain is a
severe condition that correlates with disc degeneration41.
A critical aspect of the pain sequelae of disc degeneration that is sometimes overlooked but should also be
considered is the ingrowth of ectopic sensory nerve
fibres and blood vessels into the inner annulus fibrosus and nucleus pulposus of the IVD. Such nerve fibres
and blood vessels are present alongside other physiological and mechanical changes within the degenerative disc42–46, and it is reasonable to hypothesize that
neo-innervation and neo-angiogenesis contribute to
discogenic pain. Although the mechanisms by which
neo-innervation and neo-angiogenesis occur within
volume 17 | March 2021 | 159
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the disc are not fully understood, compelling evidence
suggests several potential routes of entry including:
altered ECM synthesis and remodelling47,48; reduced
tissue integrity leading to annular fissures46,49; changes
in osmotic swelling pressure; and increased expression
of several potent mediators of neurovascular growth
by native nucleus pulposus cells50–54. Various studies
have provided evidence of a relationship between the
inflammatory environment and the regulation of neurovascular factors as well as increased secretion of the
important neurotransmitters substance P and calcitonin
gene-related protein (CGRP) from degenerate nucleus
pulposus cells. The consequence of these changes are
hypersensitization of sensory nerve fibres and ultimately
discogenic pain53,55–60.
Hence, profound biochemical and physiological
changes occur during IVD degeneration: a healthy
avascular and aneural disc becomes vascularized and
ectopically innervated as a result of inflammation. These
changes occur alongside mechanical alterations and
further consequences relating to disc herniation, nerve
impingement and sciatic pain. Thus, the degenerate disc is
a complex environment and its effect on pain pathways
is equally complex. Any approach to regeneration of the
disc has to take these factors into account.
Targeting IVD degeneration. During degeneration, IVDs
are subject to biochemical and inflammatory changes
that subsequently lead to painful outcomes, although
Healthy

the association between degeneration and the onset of
pain is not precisely understood and interpretation is
hampered by the multiplicity of exogenous factors, as
mentioned above. Patients with degenerative disc disease
sometimes have an array of symptoms including severe
local and radicular pain, muscle weakness and disability.
The contribution of gender, lifestyle, heritability and
obesity have been considered but no clear correlations
have been found6. As in many other therapeutic areas,
researchers have assessed the effectiveness of cell therapy
in the treatment of degenerative disc disease. As patients
with degenerative disc disease have limited treatment
options, it is critical that these new therapeutic modalities are explored to determine their disease-modifying
potential.
Both the nucleus pulposus and the annulus fibrosus
are legitimate targets for the development of cell therapy
protocols, but, to date, and probably erroneously, most
strategies have focused on nucleus pulposus repair61. The
idea of transplanting living cells, derived either from
the patient or from an unrelated donor, as a medicinal
product has been based on several different biological approaches. The first of these approaches is tissue
engineering and is based on the idea that specific cells
expanded in vitro could, in combination with biomaterial scaffolds and growth factors, generate new living
transplants to function as replacements for injured or
diseased tissue. The second approach is based on the idea
that transplanted cells might function as trophic agents,

Degenerate

Other structural changes
• Loss of disc height
• Loss of hydration
• Reduced ability to withstand
compressive loads

Vertebral body
Nerve ﬁbres
Blood vessels/
endplate capillaries
Cartilaginous
endplate
Nucleus
pulposus cells
Annulus ﬁbrosus
Nucleus pulposus
Hyaline cartilage

Fig. 1 | The intervertebral disc in health and disease. The healthy
intervertebral (IVD) is characterized by three distinct anatomical regions:
the cartilaginous endplates, annulus fibrosus and the gelatinous nucleus
pulposus. Diffusion of nutrients occurs through capillary networks via
the vertebral bodies. The degenerate disc is characterized by various
structural and histological changes as well as an altered expression
of extracellular matrix (ECM) markers and inflammatory markers.
Degenerative changes are driven by inflammatory cytokines within the
160 | March 2021 | volume 17
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(limited diffusion)
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Annular bulging
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Nerve ingrowth
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Inﬂammatory markers
• Increased levels of cytokines
and chemokines
• IL-1β
• CCL3
• TNF
• CCL4
• IL-6
• CCL5
• CXCL8
• MCP3
• MCP4
Altered expression of ECM markers
• Increased matrix degeneration
and decreased matrix synthesis
• ↑ Collagen I • ↓ Collagen II
• ↑ ADAMTSs • ↓ Aggrecan
• ↓ Elastin
• ↑ MMPs
Histological changes
• Loss of demarcation between the
annulus and nucleus pulposus
• The presence of ﬁssures
• Ectopic nerve and blood vessel
ingrowth
• Decreased cellular proliferation
• Increased cellular senescence
and apoptosis

nucleus pulposus region, leading to altered matrix synthesis and
reduced tissue integrity. Causes of low back pain in IVD degeneration are
multifactorial; nevertheless, the occurrence of annular fissures provides
an environment for the development of ectopic sensory nerve fibres and
blood vessels, which are considered to be a major source of discogenic
pain. ADAMTS, a disintegrin and metalloproteinase with thrombospondin
motifs; collagen I, type I collagen; collagen II, type II collagen; MMP, matrix
metalloproteinase.
www.nature.com/nrrheum
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providing signals to the host, such as paracrine secreted
factors, that stimulate an effective repair response. The
third approach is based on the principle of immunomodulation, whereby transplanted cells alter the activity
of host immune cells to reduce inflammation or suppress
the activity of host lymphocytes. Although no clear biological framework is yet defined, straightforward tissue
replacement is emerging as the least attractive approach.
Rather, the biological interaction between delivered cells
and host cells is the important element, and unravelling
the pathways involved is a challenging and critical step.
Clinical assessment of cell-based therapies can only be
progressed when the disease mechanism and therapeutic
mechanism are both understood. Owing to the emerging focus on cell-based clinical trials for targeting the
IVD, assessing the biology of degeneration alongside
the biology of regeneration is critical.

New therapeutic options
Current treatment options for IVD degeneration are
predominantly limited to pain reduction using physical therapy, NSAIDs, opioids, epidural steroid injections or surgical approaches such as micro-discectomy,
nucleoplasty, annuloplasty, spinal fusion or artificial disc
replacement surgery62–67. These treatment modalities are
symptom-modifying rather than disease-modifying and,
although many patients respond in the short term, they
generally have limited or no long-term benefits.
Biologic and small-molecule therapies. Various novel
biologic therapies for IVD degeneration have been
tested, including enzymes, monoclonal antibodies, growth factors, peptides and oligonucleotides
(Supplementary Table 1). Enzymatic treatment, referred
to as chemonucleolysis, involves injection of degradative
enzymes that dissolve herniated nucleus pulposus tissue. Initial studies of chemonucleolysis investigated the
injection of chymopapain, a proteinase isolated from
the papaya plant, into the IVD. This approach was shown
to have good safety outcomes and low complication
rates but ultimately was less efficacious than discectomy
in terms of pain outcomes68. A more recent approach
involved the intradiscal delivery of condoliase, a chondroitin sulfatase with glycosaminoglycan-degrading
activity. This treatment has been given regulatory
approval in Japan following successful testing in clinical trials69. Although chemonucleolytic therapy might
be assumed to be tissue-altering — relying on tissue
removal to reduce nerve impaction — rather than regenerative, chemonucleolysis might also lead to regenerative
responses and have regenerative effects.
Monoclonal antibody treatments designed to alter
the cytokine environment have also been assessed for the
treatment of degenerative disc disease. For example,
researchers have assessed the effectiveness of anti-TNF
therapies, as this cytokine is involved in all stages of
degenerative disc disease and the levels of TNF are
higher in degenerative and herniated human IVD tissues
than in healthy tissues30. The BackToBasic phase III
clinical trial is currently underway in Norway to determine the effectiveness of four intravenous infusions
(5 mg/kg) of the TNF inhibitor infliximab in patients
NaTure RevIews | RheuMaTOlOgy

with LBP70. Another anti-TNF monoclonal antibody
treatment, adalimumab, has also been tested in patients
with severe and acute sciatica and had an effect in terms
of reducing the long-term need for back surgery71.
Another monoclonal antibody strategy involves treatment with the anti-nerve growth factor (NGF) antibody tanezumab, aimed at reducing the level of NGF in
the disc tissue. In a phase III trial involving 1,832 patients
with chronic LBP, treatment with tanezumab resulted
in improvement in pain compared with placebo treatment72. However, the treatment failed to alter disease
progression and had minimal effects in terms of structural improvement within the degenerating nucleus
pulposus.
Growth factor therapies have also been assessed, and
several studies have focused on the utility of recombinant
human growth and differentiation factor 5 (rhGDF5).
In a rat model, rhGDF5 has demonstrated ability to
attenuate disc degeneration73; furthermore, in a cohort
of European women, researchers identified a single
polymorphism in GDF5 that can reduce gene transcription and is a risk factor for lumbar disc degeneration74.
Several clinical trials involving intradiscal delivery of
rhGDF5 have been initiated, although the outcomes
of these studies have not been disclosed in peer-reviewed
publications75–78.
Small active biomolecules are also being considered
as potential treatments for degenerative disc disease: one
currently under assessment is AMG0103, a short DNA
oligomer designed to suppress the expression of the gene
encoding NF-κB, which functions as a switch to a gene
cluster involved in immune inflammatory responses79.
This approach is designed to limit the expression of
modulators of inflammation such as NGF, COX2, IL-1
and TNF. Whether or not this biomolecule represents a
new pharmaceutical product for immune and inflammatory diseases remains to be seen. Similarly, a short
peptide, referred to as YH14628, representing the TGFβ
binding region of biglycan has been assessed in two clinical trials but results have not been published80,81, while a
study assessing SM04690, a Wnt pathway inhibitor, was
terminated following enrolment of the first dose cohort
owing to business reasons82.
Cell-based therapies. Biologic therapies generally refer
to natural or engineered medicines extracted from living cells. In cell therapy, the medicinal product is the
live cell itself. The use of novel cell-based therapies for
disc degeneration involves the delivery of viable cells to
the nucleus pulposus region potentially to repopulate
and repair the damaged disc or at least to modulate the
degenerated environment. Several attractive candidates
have emerged (Table 1), namely nucleus pulposus cells,
notochordal cells, chondrocytes and mesenchymal stem
cells (MSCs), and each of these has been tested in preclinical and/or clinical studies. The selection of a cell
type relies on understanding the developmental biology
of the disc and cellular changes associated with maturation and degeneration. The IVD is subject to a number
of factors that limit its ability to repair and regenerate
(including oxygen and nutrient deprivation, biochemical
alterations and mechanical stress), and these combined
volume 17 | March 2021 | 161
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factors might lead to difficult conditions for survival
of transplanted cells. Nucleus pulposus cells are the
resident cells of the disc, are phenotypically similar to
chondrocytes and are adapted to these environments
and programmed to produce tissue-specific matrices,
making them a sensible option for transplantation.
Both nucleus pulposus cells and chondrocytes, expanded
ex vivo, have been tested in clinical studies. However,
limitations around their availability limit their feasibility
as a therapeutic option for cell delivery. However, newly
identified nucleus pulposus progenitors might be the
basis for a valuable additional strategy83.
All of the cell types that are considered for therapeutic application in disc disease, including MSCs, are
related in terms of embryological origin and lineage.
MSCs have been widely tested and seem to offer a
promising alternative for regenerative therapies owing
to their ease of preparation, self-renewal capacity, multi
lineage potential and immunosuppressive properties.
Elegant in vitro studies have demonstrated the efficacy
of MSCs in rescuing and reactivating nucleus pulposus
cells isolated from degenerate discs by enhancing ECM
expression and synthesis as well as by promoting upregulation of nucleus pulposus phenotypic markers, which
are reduced within the diseased disc84–86. Several reports
have described the application of MSCs, including bone
marrow-derived MSCs (BM-MSCs), adipose-derived
MSCs (ASCs) and umbilical cord-d erived MSCs
(UC-MSCs), to repair and regenerate the damaged IVD,
either alone or in combination with biomaterial scaffolds
and carriers87–89.
Table 1 | Cell-based therapy for IVD degeneration
Potential mechanism
for treating
degenerative disc
disease

Refs

Notochord Brachyury protein,
CD24, galectin 3,
keratin 8, keratin 18
and keratin 19

Regenerate and restore
the nucleus pulposus
matrix and resident
nucleus pulposus cell
phenotype

184–186

Nucleus
pulposus cells

Nucleus
pulposus

FOXF1, PAX1, laminin
332, GLUT1, keratin 9,
keratin 18, HIF1α and
carbonic anhydrase 12.
Aggrecan to type II
collagen ratio 27:1
(measured as GAG to
hydroxyproline ratio)

Repopulate cellular
compartment of
nucleus pulposus tissue
and produce native
extracellular matrix

Mesenchymal
stem cells

Bone
marrow,
adipose
tissue or
umbilical
cord

CD73, THY1 and
endoglin

Engraftment and
differentiation to
nucleus pulposus-like
cells or chondrocytes;
secretion of bioactive
molecules, which exert
immunomodulatory
and reparative effects
on host cells and
extracellular matrix;
modulation of host
immune response

Type II collagen and
aggrecan

Substitute cell type to
reconstitute nucleus
pulposus matrix

Cell type

Tissue
source

Notochordal
cells

Chondrocytes Cartilage
endplate

Molecular markers
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185,
187–189

190,191

192

The large number of preclinical studies investigating cell therapies for IVD repair and regeneration have
relied on a multiplicity of animal models and indicate a
lack of consensus that hampers efficient clinical translation. This challenge has been comprehensively reviewed
elsewhere90. Disc degeneration can be induced mechanically, enzymatically or surgically in multiple species
such as mice, rats, rabbits, pigs, sheep, goats and dogs.
Comparative interpretations are difficult and often do
not provide information easily translatable to human
studies. Small animal models present some challenges
in terms of translation to human disease because of
differences in cell composition of the nucleus pulposus, notably the persistence of notochordal cells, as well
the obvious biomechanical differences25,91,92. Ovine and
canine species rapidly lose notochordal cells early in life,
similar to what is observed in humans, making these
models more suitable for preclinical validation. Data
from one study suggest that the most appropriate models for IVD degeneration are chondrodystrophic canines,
which undergo spontaneous disc degeneration93. This
study and others indicate that there is an urgent need
for greater consensus in the area of animal models of
disc degeneration and that the lack of standardized
approaches hinders, rather than helps, progression of
clinical translation94,95.

Efficacy of cell-based therapies
Despite the lack of standardized preclinical models,
some patient studies have been carried out assessing
the safety and efficacy of cell therapies in patients with
chronic LBP owing to disc degeneration and are listed in
clinical trial registries in the USA (see Related links) and
European Union (see Related links). A total of 16 clinical
trials were listed as of November 2020, which provide
important insights into the status of cell therapy testing
for IVD degeneration (Table 2; Supplementary Table 2).
Articular chondrocytes and disc cells. Various clinical trials are investigating the use of disc-derived cells
including nucleus pulposus cells and chondrocytes, both
of which are naturally predisposed to producematrices
that phenotypically resemble the healthy IVD, and data
from a number of such studies have been reported96–101.
So far, most of these studies have been in the early phases
of clinical development, with limited progression to later
clinical phase trials. However, one prospective, controlled, randomized, multicentre study testing the safety
and efficacy of autologous disc-derived chondrocytes
(ADCTs) in 112 patients following discectomy showed
a reduction in LBP with ADCT treatment compared
with patients undergoing discectomy alone, including a
sustained disc height at 2 years after injection96. In addition, the investigators noted a sustained improvement
in hydration in cell-treated and adjacent discs compared
with discectomy alone96. A different 3-year prospective
clinical study has investigated the safety and efficacy
of activated autologous nucleus pulposus cells injected
into the degenerate disc of nine patients with Pfirrmann
grade III disc degeneration at the level adjacent to the
level scheduled for posterior lumbar intervertebral
fusion99. Viable nucleus pulposus cells were retrieved
www.nature.com/nrrheum
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Table 2 | Completed and published clinical trials investigating cell-based therapies for IVD degeneration
Study type

Indication

Cell type
(source)

Control
conditions

No. of
patients

Duration
(months)

Outcomes

Refs

Prospective study

Discogenic low
back pain

Haematopoietic
stem cells
(autologous)

None

10

12

No reduction in pain

193

Case study

Lumbar spinal canal
stenosis

BM-MSCs
(autologous)

None

2

24

Improvement in hydration and
reduced low back pain

102

Pilot phase I study

Lumbar disc
BM-MSCs
degeneration and
(autologous)
chronic low back pain

None

10

12

No adverse events, reduced
pain and disability at 3 months,
improved hydration, and no
change in disc height

103

Unspecified

Chronic low
back pain

BM-MSCs
(autologous)

None

5

48–60

No adverse events, reduced
IVD protrusion and improved
mobility and strength

104

Phase I/II, randomized
double-blind study

Lumbar disc
degeneration
and chronic low
back pain

BM-MSCs
(allogeneic)

Sham
24
injection of
anaesthetic to
paravertebral
musculature

12

No adverse events,
reduction in pain and
disability and improvements
in Pfirrmann grade

105

Pilot study

Low back pain with
posterior disc bulge

BM-MSCs
(autologous)

None

33

60

No serious adverse events;
reduction in pain scores relative
to baseline at 36–72 months;
reduction in posterior bulge size

106

Phase I/II, prospective,
non-randomized
open-label, single-arm
study

Lumbar disc
degeneration
and chronic low
back pain

BM-MSCs
(autologous)

None

11

12

No adverse effects; reduction
in pain and disability

107

Prospective,
non-randomized,
open-label, two-arm
study

Discogenic low
back pain

Bone marrow
concentrate
(autologous)

None

26

24

Reduced low back pain;
sporadic increases in disc
hydration

111

Phase I, open-label,
single-arm study

Discogenic low
back pain

ASCs
(autologous)

None

10

12

No adverse events, reduced
pain and reduced disability;
sporadic increases in hydration

113

Non-randomized,
open-label,
multicentre study

Lumbar disc
degeneration
and chronic low
back pain

Stromal
vascular fraction
(autologous)

None

15

12

No adverse events, improved
flexion reduced pain and
reduced disability

112

Preliminary

Chronic discogenic
low back pain

UC-MSCs
(allogeneic)

None

2

24

Reduced pain and disability
and increased function

140

Stem cells

Articular chondrocytes and disc cells
Prospective,
randomized,
open-label,
multicentre study

Single-level lumbar
disc herniation

Disc-derived
chondrocytes
(autologous)

Discectomy
alone

112

48

Reduced low back pain,
decreased disability index,
improved hydration in treated
and adjacent IVDs and no
change in disc height

Phase I, prospective,
single-arm study

Single-level disc
degeneration with
low back pain

Juvenile articular
chondrocytes
(allogeneic)

None

15

12

Reduced low back pain and
improvement on MRI

98

Phase I, prospective
study

Disc degeneration
Reactivated
adjacent to fused disc nucleus pulposus
cells (autologous)

None

10

36

No adverse events and
no progression of disc
degeneration

99

Phase I, prospective,
randomized,
multicentre study

Single-level
symptomatic lumbar
disc herniation

Disc-derived
chondrocytes
(autologous)

Cell-free
hydrogel
carrier

15

1.5a

No harmful material extrusion
or immunological rejections

100

Prospective,
randomized,
parallel-arm,
multicentre study

Lumbar disc
degeneration
and chronic low
back pain

Viable cellular
allograft–nucleus
pulposus matrix
(allogeneic)

Saline
injection or
conservative
care

24

12

Reduced low back pain and
improved function

101

96,97

ASCs, adipose-derived mesenchymal stem cells; BM-MSCs, bone marrow-derived mesenchymal stem cells; IVD, intervertebral disc; UC-MSCs, umbilical
cord-derived mesenchymal stem cells. a6 weeks.
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from the disc prior to fusion and directly co-cultured
with autologous BM-MSCs to stimulate activation of
these cells; in an attempt to prevent adjacent disc degeneration following fusion, rescued and reactivated nucleus
pulposus cells were re-injected into adjacent discs 7 days
following fusion surgery. Unfortunately, only mild
improvement was documented in one of the nine discs99.
Stem cells. Data from six trials investigating the use of
BM-MSCs for their regenerative potential in disc disease
have been reported102–107. Pilot studies published in 2011
showed clinically meaningful improvements in pain
and disability within the first 3 months following direct
injection of autologous BM-MSCs into the nucleus pulposus in ten patients with lumbar disc degeneration and
chronic LBP103. Although notable increases in water
content were observed at 12 months after injection, disc
height did not improve. The same group of researchers proceeded with a phase I/II randomized controlled
study assessing the feasibility and safety of using allogeneic BM-MSCs for disc regeneration in a cohort of
24 patients with the same indications105. This trial was
the first to investigate the therapeutic efficacy of allogeneic BM-MSCs for disc degeneration. Similar to the
pilot study103, rapid improvements in pain and disability
were reported in the cell treatment group at 3 months,
which was maintained for 12 months, compared with
the control group of individuals who received a sham
injection of anaesthetic into the paravertebral musculature. Interestingly, this study highlighted a group of
non-responders (58% of the treatment group) in whom
treatment was ineffective105. A randomized placebo-
controlled phase IIb trial is now underway assessing the
efficacy of allogeneic BM-MSCs in degenerate discs of
112 patients, with results expected in 2021 (refs108,109)
(Table 3; Supplementary Table 3).
Preconditioning of MSCs with physiological factors
of the target tissue has been suggested to improve cell
survival in vivo26,110. As the IVD is deficient in oxygen and
nutrients, one study has assessed the efficacy of autologous hypoxic pre-conditioned BM-MSCs in five patients
with lumbar degenerative disc disease and protruding
discs104. BM-MSCs were expanded under hypoxic conditions (5% O2) before delivery to the nucleus pulposus
in a suspension of platelet lysate. This study confirmed
long-term efficacy of autologous hypoxic cultured
MSCs over a 6-year follow-up period. Disc height
was maintained, or was only mildly decreased, in all
the treated patients, with four out of the five patients
having a reduction in the protrusion size 6 years after
injection. The patients in this study received varying
doses of hypoxic cultured BM-MSCs (15 × 106 cells to
51 × 106 cells), with the dose correlating with the overall
improvement reported by patients104. Following on from
the pilot study, a further 33 patients were enrolled into
an extension study and treated with an unspecified dose
of autologous BM-MSCs suspended in platelet lysate106.
This study found a reduction in posterior bulging in 85%
of patients at an average of 6 months after injection, as
well as notable reductions in numerical pain scores from
36 months to 72 months compared with baseline. As in
previous trials, a subset of patients had no evidence of
164 | March 2021 | volume 17

improvement in pain score (non-responders), thus highlighting interpatient variability and the critical importance of patient stratification in such studies106. Overall,
although data from these studies provide evidence of the
long-term efficacy of BM-MSC therapy for intercepting
disease progression, the optimal culture conditions and
delivery methods to exploit the regenerative capacity of
BM-MSCs remain inconclusive.
Other therapeutic options that have been explored
include the use of autologous bone marrow concentrate
and adipose stromal vascular fraction. In a study published in 2015, researchers assessed the effects of injection of an autologous bone marrow cell concentrate in
26 patients with discogenic LBP111. At 12 months after
injection, 21 of the 26 patients showed clinically meaningful improvements in Oswestry disability index (ODI)
and visual analogue scale (VAS) scores, with the most
notable improvements occurring in patients receiving
higher colony-forming unit–fibroblast (CFU-F) doses
(>2,000 CFU-F per ml) compared with those receiving
lower doses (<2,000 CFU-F per ml). Rehydration of
the discs was observed on MRI in 8 of 20 patients in
conjunction with sustained pain relief 12 months after
injection111. The safety and efficacy of delivering ASCs,
as part of a stromal vascular fraction suspended in
platelet-rich plasma, to the nucleus pulposus has been
assessed in a phase I study that involved 15 patients with
degenerative disc disease112. At 12 months after injection,
the patients showed improvements in several parameters including flexion, pain ratings, VAS and SF-12
questionnaire scores112.
Scaffolds and delivery systems. To date, very few human
clinical trials have investigated the use of biomaterial
scaffolds and cell delivery systems for regeneration of
the IVD. Those systems that have been investigated
include the use of collagen sponge, fibrin and hyaluronic acid98,102,113. Data from preclinical studies suggest
that using such delivery systems has benefits in terms of
enhancing structural support, cell retention and tissue
integration114–116.
The first study using a biomaterial scaffold to aid
implantation of autologous BM-MSCs was reported in
2010 and involved two female patients who received cells
encapsulated in a dermal-derived collagen sponge102.
At 2 years after surgery, the patients showed improvements in hydration of the affected discs (as assessed by
MRI), as well as improvements in self-reported LBP
symptoms102. In another study, percutaneous delivery
of allogeneic juvenile articular chondrocytes in a fibrin
carrier was efficacious in patients with lumbar spondylosis with mechanical LBP98. After 6 months, the patients
showed radiographic improvements in disc height and
a reduction in posterior annular tears, as well as statistically significant improvements in disability from
baseline as assessed by ODI scores98. A phase I study
has investigated intradiscal injection of autologous,
culture-expanded, adipose MSCs combined with a
hyaluronic acid derivative in ten patients with chronic
discogenic LBP113. At 12 months after injection, the
patients showed notable improvements in VAS and ODI
scores, along with improvements in disc hydration113.
www.nature.com/nrrheum
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Table 3 | Ongoing clinical trials investigating cell-based therapies for IVD degeneration
Trial ID

Study type

Indication

Cell type
(source)

Control
conditions

No. of
patients

Duration
(months)

Status

Refs

NCT02440074

Phase I/II,
single-arm study

Lumbar degenerative
disc disease

BM-MSCs
(autologous)

None

0

6

Withdrawn

194

NCT01860417

Phase I/II,
prospective,
randomized,
blinded, controlled
study

Lumbar disc
degeneration and
chronic low back pain

BM-MSCs
(allogeneic)

Sham injection
(2 ml of 1%
mepivacaine into
paravertebral
musculature)

25

12

Completed;
no results
posted

195

EudraCT
2012-003160-44

Phase II
randomized,
controlled study

Lumbar disc
degeneration and
chronic low back pain

BM-MSCs
(autologous)

Unspecified

34

24

Ongoing

196

NCT02529566

Observational study Lumbar disc
degeneration

BM-MSCs
(autologous)

Unspecified

100

24

Unknown

197

NCT03692221

Early phase I,
randomized,
open-label study

Symptomatic lumbar
disc degeneration

BM-MSCs
(autologous)

Untreated healthy
control

24

12

Not yet
recruiting

198

NCT03737461/
EudraCT
2017-002092-25

Phase II/III,
prospective,
randomized,
double-blind,
multicentre study

Lumbar disc
degeneration and
chronic low back pain

BM-MSCs
(allogeneic)

Sham injection
(2 ml of 1%
xylocaine into
paravertebral
musculature)

112

24

Recruiting

108,109

NCT03340818

Randomized,
double-blind,
placebo-controlled
study

Chronic low back
pain with abnormal
disc pathology

Bone marrow
concentrate
(autologous)

Saline injection

60

12

Recruiting

199

NCT04559295

Prospective study

Disc degeneration
and low back pain

Bone marrow
concentrate
(autologous)

No treatment

80

24

Active, not
recruiting

200

NCT03912454

Single-arm,
prospective case
series

Lumbar disc
degeneration and
chronic low back pain

Bone marrow
aspirate
concentrate
(autologous)

None

20

12

Enrolling by
invitation

201

NCT01643681

Open-label,
single-arm study

Lumbar disc
degeneration and
chronic low back pain

ASCs
(autologous)

None

0

6

Withdrawn

202

NCT02338271

Open-label,
single-arm study

Lumbar disc
degeneration and
chronic low back pain

ASCs
(autologous)

None

10

12

Unknown

203

NCT03461458

Phase I, prospective, Lumbar disc
non-randomized,
degeneration and
dose-escalation
chronic low back pain
study

ASCs
(autologous)

None

12

24

Active, not
recruiting

204

NCT4414592

Open-label,
single-arm study

Lumbar disc
degeneration and
low back pain

UC-MSCs
(allogeneic)

None

20

12

Recruiting

205

NCT04499105

Open-label,
single-arm study

Degenerative
disc disease with
no improvement
from conventional
treatment

UC-MSCs
(allogeneic)

None

10

6

Recruiting

206

NCT01290367

Phase II,
prospective,
randomized,
double-blind,
controlled,
multicentre study

Lumbar disc
degeneration and
chronic low back pain

Mesenchymal
precursor
cells
(allogeneic)

Sham saline
injection or
placebo hyaluronic
acid injection

100

36

Completed;
no results
posted

118

NCT02412735

Phase III,
prospective,
randomized,
double-blind,
placebo-controlled,
multicentre study

Lumbar disc
degeneration and
chronic low back pain

Mesenchymal Sham saline
precursor cells injection
(allogeneic)

404

24

Active, not
recruiting

119

Stem cells
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Table 3 (cont.) | Ongoing clinical trials investigating cell-based therapies for IVD degeneration
Trial ID

Study type

Indication

Cell type
(source)

Control
conditions

No. of
patients

Duration
(months)

Status

Refs

Articular chondrocytes and disc cells
NCT01640457/
EudraCT
2010-023830-22

Phase I, prospective, Nucleotomized and
randomized,
degenerative lumbar
placebo-controlled, disc
multicentre study

Disc
chondrocytes
(autologous)

Carrier
component only
or sequestrectomy
(standard of care)

120

60

Active, not
recruiting

207,208

NCT03347708

Phase I, randomized, Lumbar disc
double‑blind,
degeneration and
vehicle- and
chronic low back pain
placebo-controlled,
multicentre study

Discogenic
cells
(allogeneic)

Saline or sodium
hyaluronate
intradiscal
injection

60

24

Active, not
recruiting

209

NCT03955315

Phase I/II,
randomized,
double-blind,
sham-controlled,
multicentre study

Lumbar disc
degeneration and
chronic low back pain

Discogenic
cells
(allogeneic)

Sham needle
puncture outside
disc

38

12

Recruiting

210

NCT01771471

Phase II,
randomized,
double-blind,
placebo-controlled
study

Lumbar disc
degeneration
and chronic low
back pain

Juvenile
chondrocytes
(allogeneic)

Saline injection

44

24

Terminated

211

ASCs, adipose-derived mesenchymal stem cells; BM-MSCs, bone marrow-derived mesenchymal stem cells; UC-MSCs, umbilical cord-derived mesenchymal
stem cells.

In a phase II placebo-controlled study that investigated
delivery of mesenchymal precursor cells in a hyaluronic
acid carrier in 100 patients with lumbar disc degeneration and chronic LBP, the treatment was successful in
reducing pain117,118 (Table 3; Supplementary Table 3).
In a continuation of this phase II study, a phase III trial
is ongoing, having enrolled 404 patients with disc degeneration119. This trial is the largest controlled trial carried
out to date and is expected to be completed in 2021.
Insights from this trial will provide important information regarding the efficacy of MSCs for reducing chronic
pain in patients with disc degeneration, as well as providing insights into the benefits of hyaluronic acid over cells
alone in suspension or saline placebo. With regard to
those trials investigating the use of biomaterial scaffolds
and carriers as delivery systems for cell-based therapies,
it is noteworthy that they failed to include appropriate
controls, making it difficult to fully elucidate the added
benefit of such systems in comparison with injection of
cells alone.

the IVD have failed to produce coherent results owing
to several confounding factors, including variation in
choice of cell type and source, cell dose and delivery
method. The vast number of pilot and phase I studies
with limited cohort sizes (and lack of placebo-treated
control groups) within this field make it difficult to distinguish optimal treatments. This issue is one of a plethora of challenges facing the future of cell-based therapies
that we discuss in the next section.

Current challenges
The hostility of the microenvironment of degenerate
IVDs presents a multitude of obstacles that must be
taken into account in developing a successful therapeutic
intervention. Avascularity in the nucleus pulposus, exacerbated by calcification of the endplates, leads to a lack
of nutrient supply and an accumulation of waste products within the central region25,26. It is widely understood
that disc degeneration is driven by pro-inflammatory
cytokines, ultimately leading to ECM destruction,
decreased hydration and altered biomechanics, resulting
Summary and take-home messages. Of the 16 com- in chronic pain and disability. Yet, current therapeutic
plete and published clinical trials, 11 involved intra- strategies address the symptoms and fail to target the
discal delivery of stem cells (6 studies for BM-MSCs underlying cause. Considering this caveat, there has been
and 1 each for haematopoietic stem cells, bone marrow a surge in research to develop disease-modifying, biologic
concentrate, ASCs, stromal vascular fraction and UC- therapies to improve clinical outcomes in patients with
MSCs), 4 investigated disc-derived cells and 1 inves- LBP. Nevertheless, novel treatments and improvement
tigated the application of a viable allograft (Table 2; in patient care are currently hindered by the amount of
Supplementary Table 2).
disparity between research institutions and those coorOf the 20 ongoing registered clinical trials, 16 are dinating clinical trials. One of the major challenges faccurrently investigating the application of stem cells ing the progression of impactful research within many
(6 studies for BM-MSCs, 3 for bone marrow concen- communities is the lack of coherent standard operating
trate, 3 for ASCs, 2 for UC-MSCs and 2 for mesenchymal procedures, an issue that holds true for the IVD field.
precursor cells) and 4 are investigating disc-derived cells Assessment of clinical and preclinical data highlights a
(Table 3; Supplementary Table 3).
discord in many aspects of trial design including cell type,
The completed and ongoing clinical trials testing cell source, expansion conditions, method of delivery and
the efficacy of cell-based therapies for regeneration of dose, as well as patient stratification protocols.
166 | March 2021 | volume 17
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Mesenchymal stem cell

Secretome

Apoptosis

• Cytokines
• Chemokines
• Growth factors
• Proteases
• Protease inhibitors
• ECM proteins
• Immunoregulatory
proteins

Apoptotic bodies
Exosomes
Microvesicles
Phagocytosis

Mediate
anti-inﬂammatory
eﬀects and
suppression of
immune response

Exert anti-apoptotic
eﬀects on host cells and
anti-catabolic eﬀects
on the ECM, and stimulate
host repair responses

Extracellular vesicles

Trigger
immunosuppression
by host cells

Transfer of RNA
or protein cargo
Exert proliferative,
anti-apoptotic and
anti-inﬂammatory
eﬀects on target cells

Fig. 2 | Potential mechanisms underlying mesenchymal stem cell-mediated repair. Several therapeutic mechanisms
of action have been proposed for mesenchymal stem cell-mediated repair. These include paracrine effects associated
with the transplanted cell secretome, in which the mesenchymal stem cells secrete bioactive factors (such as cytokines,
chemokines and immunoregulatory proteins) that mediate anti-inflammatory and immune-regulatory effects on host
cells, as well as growth factors, extracellular matrix (ECM) proteins, proteases and protease inhibitors that stimulate the
host repair response by exerting anti-apoptotic effects on host cells and anti-catabolic effects in the extracellular matrix.
Rapid apoptosis of transplanted cells has been proposed as an important mechanistic element whereby apoptotic bodies
quickly elicit an immunomodulatory response by phagocytes, which in turn stimulate immune cells to provide a strong
immunomodulatory response. Transplanted mesenchymal stem cells also shed extracellular vesicles, which exert
proliferative, anti-apoptotic and anti-inflammatory effects on target cells.

Understanding the mechanism of action. MSCs are being
broadly tested in a clinical setting to treat a wide spectrum of conditions including orthopaedic, autoimmune,
neurological, cardiovascular and retinal conditions.
In many cases, the application is based on the premise
that MSCs exert broad regenerative, immunomodulatory and anti-inflammatory effects, and is not based
on a precisely understood disease-specific mechanism.
However, progress is being made in understanding the
underlying mechanisms of MSC therapy and several elegant studies have resulted in considerable advances in
our understanding of the key underpinning mechanistic concepts, namely, the involvement of the secretome,
apoptosis and extracellular vesicles. These processes are
depicted in Fig. 2.
The initial mechanism of action proposed for MSC
therapy was engraftment of the administered cells to
repopulate in situ tissues, where the cells would then
exert reparative effects. In theory, this mechanism would
seem particularly relevant to IVD degeneration, as disc
degeneration has been linked to a reduction in viable
and functional cells and increased cell senescence in the
disc27. However, this process is unlikely to be the major
mechanism involved. Several tracking studies involving
NaTure RevIews | RheuMaTOlOgy

the intra-articular injection of labelled MSCs into the
knees of rats and rabbits have shown that the number
of delivered cells decreases rapidly in the joint after
injection and cells are undetectable in the joint within
weeks120–122. Despite this observation, increased cartilage regeneration was observed in each of these studies,
a strong indication that therapeutic efficacy is independent of engraftment. Instead, the delivered cells probably
activate endogenous cells and reparative mechanisms
through a variety of paracrine mechanisms.
The MSC secretome has been studied in great detail
and is composed of a rich array of bioactive factors
including cytokines, chemokines, growth factors, proteases, protease inhibitors, ECM molecules and proteins
involved in immunoregulation and cell signalling123.
The secretory profile of MSCs can be modulated by
exposure to inflammatory signals, a phenomenon
referred to as ‘MSC licensing’123. This observation has
been interpreted in different ways for the optimization
of MSC therapy. One approach is to provide appropriate inflammatory stimuli in vitro to prime the MSCs
for delivery to the affected tissue, thus altering the cells
secretome for maximum therapeutic benefit. In addition, hypoxic preconditioning has been proposed as a
volume 17 | March 2021 | 167
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method to increase transplanted cell survival in the avascular disc microenvironment124. Conversely, unprimed
or naive MSCs could be licensed in vivo by inflammatory mediators secreted by the injured tissue itself
and, in response, secrete repair factors, although firm
experimental evidence to support this theory is lacking.
Indirect co-culture experiments have shown extensive
intercellular communication between MSCs and nucleus
pulposus cells via the secretion of factors125. In an ex vivo
bovine model of disc degeneration, MSCs were able to
suppress the inflammatory environment produced
by degenerate IVDs through bidirectional paracrine
signalling126. Other in vitro studies have suggested that
MSC-conditioned medium can mediate the restoration
of a healthy nucleus pulposus phenotype and stimulation of IVD progenitor cells127,128. These observations are
helpful, but to further improve our understanding of the
MSC secretome in vivo, experiments involving the transplantation and retrieval of labelled cells are required.
A comparison of protein expression in the retrieved
MSCs relative to in vitro MSCs would probably reveal
the main effector molecules of the MSC secretome.
Apoptosis has been proposed as another major contributary mechanism to MSC-mediated modulation of
host immune responses. This mechanism might help
explain the paradox that MSC treatments are still efficacious despite limited engraftment and rapid bulk clearance from the target tissue. A pivotal study in a mouse
model of graft versus host disease was the first to suggest that in vivo apoptosis of the infused cells induced
by recipient cytotoxic cells is an important effector of
MSC-mediated immunosuppression129. In another study
performed in healthy mice, infused human UC-MSCs
were rapidly phagocytosed by monocytic cells, which
subsequently underwent phenotypic and functional
changes to become effectors of the immunomodulatory
response130. These studies point to a new mechanistic
concept: that the therapeutic effect of MSC transplantation is actually dependent upon the activity of the host
cells and that the transplanted MSCs provide the activating trigger to initiate immunosuppression. Whether
this response mechanism is also applicable to intradiscal delivery is not yet clear and requires further
experimentation.
The study of MSC-derived extracellular vesicles has
offered further insight into potential mechanisms of
action. Extracellular vesicles are subcellular structures
(40–1,000 nm in diameter) secreted by most eukaryotic
cells and carry various cytoplasmic and nuclear components enclosed in a phospholipid bilayer. Extracellular
vesicles are recognized as important mediators of
intercellular communication and modulation of cell
responses through the transfer of RNA and protein
cargo. In one of the earliest and most notable studies on
this subject, researchers demonstrated extensive transfer of mRNA content to tubular endothelial cells in a
mouse model of acute kidney injury and the subsequent
exertion of proliferative and anti-apoptotic effects on
the target cells131. Since that study, therapeutic activity
of MSC-derived extracellular vesicles has been widely
reported in a range of preclinical disease models, as has
been reviewed extensively elsewhere132,133. Notably, in
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a rat model of IVD degeneration, intradiscal delivery
of MSC-derived extracellular vesicles reduced nucleus
pulposus cell apoptosis and IVD degeneration through
the transfer of miR-21 to the nuclear pulposus cells134.
This particular microRNA has been frequently associated with therapeutic activity of MSC-derived extracellular vesicles in models of ischaemic cardiomyopathy135,
wound healing136 and Alzheimer disease137. Two studies in rabbit models of IVD degeneration have also
demonstrated the disease-modifying effects of intradiscal extracellular vesicle administration. One study
found evidence of extracellular vesicle-mediated suppression of inflammatory responses and inactivation
of the NLRP3 inflammasome138. In the other study, the
data suggested that MSC-derived extracellular vesicles
exert anti-apoptotic effects on nucleus pulposus cells
by modulating endoplasmic reticulum stress139. These
are very early observations, yet they suggest that greater
interest should be shown in extracellular vesicles as new
therapeutic opportunities in a cell-free therapy for IVD
degeneration.
Cell types. Much discussion has surrounded the optimal
cell type for regenerative therapies for the disc (Table 1).
An obvious approach for regeneration is the use of
nucleus pulposus cells, which are naturally predisposed
to produce native ECM and survive the harsh disc
microenvironment. However, the limited number of
disc cells available and the invasiveness of the procedure
for their isolation limit their potential from a practical
point of view. Owing to their similarity, chondrocytes
represent an alternative option to nucleus pulposus
cells as a cell-based therapy that can produce a nucleus
pulposus-like matrix, but limitations in their retrieval
remain. In the past decade, MSCs have emerged at the
forefront of cell-based therapeutics because of their differentiation and immunomodulatory properties, with
eight complete clinical trials currently documented
using MSCs from different tissue sources102–107,113,140.
The mechanism by which MSCs exert their beneficial
effects in vivo is still poorly understood. Two potential
mechanisms include repopulation of the degenerate
tissue by engrafting and differentiating, and the secretion of immunomodulatory factors. MSCs are able to
undergo nucleus pulposus-like differentiation when
co-cultured with nucleus pulposus cells141,142. Hence,
it could be that the delivery of a mixed population of
nucleus pulposus cells and MSCs could have synergistic effects and enhance the regenerative efficacy of
cell-based treatments to the nucleus pulposus, through
repopulation with native nucleus pulposus cells and
immunomodulation by MSCs.
Compelling evidence suggests that MSCs have potent
anti-inflammatory and anti-catabolic properties143.
Therefore, modulation by MSCs of the inflammatory
environment in the degenerate disc might enable resident nucleus pulposus cells to regain their healthy
phenotype. Studies using bovine IVD organ cultures
support this idea, whereby MSCs caused a reduction
in pro-i nflammatory cytokine gene expression in
nucleus pulposus cells from IL-1β-stimulated IVDs126.
Additionally, several studies have shown, in in vitro
www.nature.com/nrrheum
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co-culture systems, that MSCs promote the phenotypic
rescue and reactivation of damaged nucleus pulposus
cells144–146. The therapeutic potential of this approach
was assessed in a clinical study involving the delivery
of autologous reactivated nucleus pulposus cells in nine
patients after direct co-culture with BM-MSCs. The
study demonstrated a good safety profile but minimal
efficacy, albeit interpretations of the data were limited by
the low patient numbers99. Studies have established ways
to exploit the immunomodulatory properties of MSCs by
using licensing factors such as inflammatory cytokines
and oxygen tensions, which mimic the native environment of the target tissue. Cellular licensing approaches
aim to modulate the secretome towards a more desirable phenotype by inducing the secretion of particular families of molecules such as anti-inflammatory,
immunomodulatory or angiogenic molecules, particularly from MSCs. Licensing with certain factors is also
known to increase the cell survival rate and differentiation potential of MSCs following delivery, enhancing
endogenous repair mechanisms in vivo. Within the IVD
field, a limited number of preclinical and clinical studies have investigated the use of preconditioned cells for
delivery. One study in 2018 demonstrated the benefits
of hypoxia preconditioning of BM-MSCs for regeneration of the IVD in rats. This study reported enhanced
survival and migration of hypoxic preconditioned MSCs
as well as increased ECM deposition and restoration of
disc height147. Additional studies investigating specific
molecular licensing factors should be performed to
provide a better understanding of how to enhance particular properties of cells once delivered into the hostile
IVD environment, whether that be to modulate the protein secretome of delivered nucleus pulposus cells or to
enhance the secretion of anti-inflammatory molecules
from MSCs.
Cell engraftment and retention following delivery.
Although engraftment of delivered cells has been studied in animal models of disc degeneration, assessing
this process in human discs is a challenge, and studies
instead rely on assessments of the health and hydration of disc tissue by T2-weighted MRI. Disc hydration
most likely correlates with increased ECM production,
yet increased ECM is not definitive proof of successful
engraftment. Given the nature of the IVD, as an avascular and isolated tissue, the clearance of delivered cells
could be lower and cell persistence higher than with cell
delivery to other tissues. However, a number of studies
have shown a substantial loss of delivered cells from the
nucleus pulposus region in as little as 3 days following
delivery148–150. The loss of cells from the site of injection is
possibly caused by high intradiscal pressures preventing
retention151. The use of biomaterial scaffolds and carriers provides a potential strategy to improve retention,
and carriers such as platelet-rich plasma, hyaluronic
acid and fibrin have been tested in this regard. Indeed,
a preclinical study in rabbits showed increased retention of cells within the nucleus pulposus when cells were
delivered in a fibrin glue compared with when delivered
in aqueous form149. A phase III study investigating the
delivery of mesenchymal precursor cells in a hyaluronic
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acid scaffold is underway, with 404 patients currently
enrolled119. Other examples of bioactive carriers involving injectable ECM-like biomaterials such as atelocollagen and silk fibroin might provide mechanical and
biological advantages152,153. Another point worth noting
is that scaffolds might reduce the effects of shear stress
and cell death associated with intradiscal injection. The
volume of injected material relative to the volume of
the treated disc is also critically important, and poses
another challenge for successful therapy going forward.
The volumes reported in clinical trials vary greatly
between studies but the volume used could potentially
have a lasting effect on the structure and function of
the IVD. For example, in one study of MSC therapy in
a canine model of IVD degeneration, the occurrence of
herniation of the nucleus pulposus into the vertebrae,
known as Schmorl nodes, was reduced from 45% to
11% when the injection volume was reduced from 1 ml
to 0.5 ml154.
Cell source. The selection of the optimal cell source
for disc repair, either autologous or allogeneic applications, is a primary consideration. Autologous therapies
are attractive from a ‘personalized medicine’ point of
view and are viewed as a safer option in terms of risk
of immunogenic reaction by the patient. Early studies
favoured autologous therapies for this reason, and, of
the 16 completed and published trials in Table 2 and
Supplementary Table 2, all but 4 trials involved autologous therapeutic strategies. However, it has been suggested that the risk of immunogenic reaction caused by
allogeneic cells in the IVD space is low as this region is
regarded as an immune-privileged site owing to its avascular nature and the limited recruitment of immune cells
and mediators to the nucleus pulposus tissue155. One
report investigating injection of human HLA-expressing
nucleus pulposus cells into the nucleus pulposus of lumbar discs of a canine chondrodystrophic model found
no evidence of an immunogenic reaction, supporting
the safety of an allogeneic approach for this region. In a
trial in humans investigating the injection of allogeneic
chondrocytes into the nucleus pulposus of 15 patients
with lumbar spondylosis with mechanical LBP, no
immunological responses were reported98. Furthermore,
the majority of allogeneic cell therapies that have been
tested for the treatment of the degenerate disc have used
MSCs, which are capable of evading allogeneic rejection
(reviewed elsewhere156). Of course, issues of efficient and
cost-effective manufacturing and distribution must be
taken into account and allogeneic cells provide an off-
the-shelf, readily available opportunity. However, in trials in which a large number of patients have been treated
with an identical lot of allogeneic cells, outcomes still
vary between subjects, further highlighting the effect of
variable baseline characteristics and the importance
of patient selection.
Cell dose. In published clinical trials the total number
of cells injected has ranged from 1 × 106 to 132 × 106,
with little consensus on the optimal therapeutic dose
within that range. One study found a positive correlation between increasing cell number and improvement
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in strength and mobility as assessed by questionnaire,
although this observation was limited by the sample size
of just five patients104. However, two studies published in
2017, one comparing ASC doses of 20 × 106 and 40 × 106
cells113 and one looking at a broad range of BM-MSC
doses from 1.17 × 106 to 45 × 106 cells106, found no differences between low and high doses of cells in terms
of treatment success rate. Interestingly, one completed
phase II trial compared intradiscal delivery of 6 × 106
versus 18 × 106 mesenchymal precursor cells; although
efficacy data have not yet been published, a phase III
follow-on study has been initiated with a single intervention group receiving 6 × 106 cells. Taking into account
the results of other preclinical studies and published trials that have shown equally efficacious results between
low and high doses, it could be speculated that the
lower dose of 6 × 106 cells has been taken forward in this
phase III trial for reasons of cost and scalability. Given
the low cellularity of the disc and the limited nutrient
supply, it is important to consider the effects of delivering high doses of cells to this tissue, as nutrient demand
is likely to outweigh the available supply, resulting in a
ceiling effect. On this basis, large-scale dose escalation
studies are needed to help harmonize efficacious dosing
protocols and promote successful outcomes, as well as
enable cost-effective strategies.
Patient stratification. One of the most difficult questions
yet to be answered relates to patient stratification. Which
patients should be selected for cell-based therapies; and
at what level is disc degeneration in the patient beyond
biological repair and instead requires surgical intervention? Identifying the health and status of the disc and
assessing the suitability for biological repair strategies
is of utmost importance when considering the clinical
success of cell-based therapies. Many discs undergoing
degenerative changes might not necessarily present to
clinicians and therapists until the disease has progressed
to a stage associated with structural disability. Ideally,
biological or cell therapy treatment should be initiated
during the early stages of disc degeneration, whilst structural changes are minimal and cells within the tissue
remain viable. However, to identify eligible candidates
for biologic therapeutics early in the disease process, new
non-invasive screening technologies are needed that can
quickly assess structural and phenotypic changes within
the disc tissue. Khan et al. reviewed several biomarkers of disc degeneration and reported how they might
serve as novel tools for directing patient care, enabling
earlier intervention and preventing end-stage surgical
therapies157.
Although the concept of patient stratification might
be challenging, a combination of imaging and biochemical diagnostics should be considered. For example, in the
context of pain, it could be highly beneficial to exclude
patients with extensive disc innervation to improve
clinical outcomes (which is discussed in more detail in
the next section). One approach is multidimensional
stratification based on the nature and severity of LBP in
patients with degenerative disc disease, which provides a
refined approach, independent of disease chronicity and
severity158, in identifying patient cohorts for inclusion
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in cell therapy trials. Another element of stratification
refers to the host response to cell infusion, and the
need to exclude patients who might seek other cell
treatments. For example, some patients can develop a
potential allo-antibody response, whereby a subsequent
cell therapy might lead to an innate immune response.
Therefore, patients who might potentially receive a cell
therapy for another unrelated condition such as haematological disorders or inflammatory bowel disease
might be precluded because of a risk of an immune
response. Obviously, as no data relating to the effects of
cell transplantation in pregnant and lactating mothers
are yet available, cell therapy approaches are not recommended in this group of women. Additionally, factors
such as BMI, smoking and manual work should be taken
into account in patient stratification.
Pain reduction. As discussed in this Review, current cell
therapies aim to prevent disease progression by repopulating the disc and exploiting the immunomodulatory
capacity of MSCs. One major downfall is that all cell and
biologic therapeutics reported to date fail to address the
presence of ectopic sensory nerve fibres within a subset
of painful discs. Reports of non-responders are evident
within all published clinical trials, yet no explanations are given as to why these patients failed to obtain
an efficacious outcome. There are several potential
causes of pain within the IVD environment including
chemical and mechanical stimulants. Multiple potent
pro-inflammatory cytokines are present within the
degenerate nucleus pulposus, particularly IL-1 and
TNF, which have been termed the master regulators of
degeneration30,32,34,35,37. The production of matrix-altering
molecules (such as ADAMTSs and MMPs) by nucleus
pulposus cells is regulated by cytokines and has been
linked to reduced tissue stability, resulting in tears and
fissures within the tissue39,49,159–161. Not only do these
defective structures change the biomechanical properties
of the IVD but they also permit the ingrowth of neural
and vascular structures into the inner nucleus pulposus region. The diffusivity of molecules within an intact
healthy IVD is limited, yet disruption of the ECM and
the occurrence of fissures could enable noxious chemical
stimulants to reach and stimulate sensory nerve fibres,
leading to persistent stimulation and heightened pain
sensation. An important consideration is the condition
of the nucleus pulposus tissue prior to the introduction of cell-based therapies, yet very few studies have
assessed the interactions between delivered cell-based
therapies and the native microenvironment of the IVD,
particularly regarding innervated discs.
Several studies have highlighted the influence of
cytokines on the expression and production of a number of factors involved in matrix degradation, vascular invasion and neural sensitization from degenerate
nucleus pulposus cells30,32,33,49–52,54,162; hence, the use of,
and reintroduction of, nucleus pulposus cells to a degenerate and inflamed environment might lead to increased
production of inflammatory markers as well as further
degradation via the upregulation of matrix-degrading
enzymes. The direct role of inflammatory mediators and
other noxious stimuli within the IVD and discogenic
www.nature.com/nrrheum
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pain is yet to be fully elucidated, yet painful discs probably arise because of a multitude of factors, including both
biomechanical and chemical stimuli.
As previously discussed, strong evidence supports
the anti-inflammatory potential of MSCs. However, a
growing body of research in other applications points
to the regenerative capacity of MSCs in neural and vascular pathologies such as ischaemia and stroke, and on
the multitude of trophic factors released from MSCs that
enhance the survival and migration of neural and vascular networks163–166. Hence, MSC delivery in patients
with innervated discs might exacerbate painful symptoms by supporting the growth of these nociceptive
fibres162. To date, no studies have addressed the effect of
the degenerate microenvironment on delivered MSCs
in terms of their neurovascular profiles and how they
might propagate nociception within the disc. Insights
from these studies could provide information on how
best to treat patients who do not respond to current
therapeutic options.
Some patients require surgery following cell-based
therapies. Although this need for surgery could reflect
the natural progression of the disease, irrespective
of therapy, it could be that degeneration is accelerated following the invasive needle puncture needed to
deliver cell-based treatments to the centre of the disc.
Disruption of the annulus fibrosus can result in changes
to the ECM and subsequent biomechanical alterations;
hence, most clinical trials have used a single injection of
cells to minimize disruption to the target tissue and surrounding structures. The level of disruption and interference to the intact annulus should be kept to a minimum
to prevent sustained or recurrent pain and subsequent
surgery due to herniations.
Clinical trial design and reporting. Low-quality design of
clinical trials has been a major limiting factor in the clinical translation of cell therapies for IVD. Most clinical
assessments are small pilot or phase I trials, limited by
small patient numbers, and vary greatly in terms of the
cell types, tissue source of cells and expansion protocols
used and the inclusion of additional biological components for delivery (Supplementary Table 2). Although
several early phase trials have found promising results,
they lack the necessary power to establish the effect of
the intervention. Fully blinded, randomized, placebo-
controlled, multicentre phase III studies are needed, but
the lack of standardized approaches in the field makes
it difficult to interpret results and identify the optimum
approach for progression. Many trials that are conducted
and completed, withdrawn or terminated fail to publish
data or learnings from the investigation that could be of
benefit for the design of future trials.
Considerations for manufacture and production.
Autologous and allogeneic therapies present different challenges with regard to production processes.
Autologous therapies require the production of multiple small batches, which requires several manufacturing areas in the facility and comes at a greater cost for
testing and ultimately a longer wait time for the patient.
Allogeneic cell sources might be a more attractive option
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due to the ability to expand and bank cells in advance,
offering an off-the-shelf product at a reduced cost and
a quicker treatment time for the patient. In particular,
the MSC field is moving towards the latter, with all
three therapies with market approval using allogeneic
cells (Alofisel (TiGenix/Takeda), which is approved in
Europe for the treatment of complex perianal fistulas
in adult patients with non-active or mildly active luminal Crohn’s disease; Stempeucel (Stempeutics Research),
which is approved in India for the treatment of critical
limb ischaemia associated with Buerger disease; and
TEMCELL HS (Mesoblast Ltd), which is approved in
Japan for the treatment of acute graft versus host disease in patients receiving bone marrow transplant). For
disc degeneration, the most advanced clinical study (an
ongoing phase III trial sponsored by Mesoblast) is also
using allogeneic MSCs119.
Regardless of the approach, a movement towards
automation is crucial for the future of cell therapy.
Despite this area of medicine having great promise,
advanced methods for large-scale production of therapeutic quantities of cells are still lacking, which is a
notable concern. Most expansion protocols still rely on
highly manual laboratory methods and little attention
is paid to automated bioreactor platforms. Major technology gaps need to be addressed to deliver a consistent
clinical product at maximum scale and reduced cost for
economic sustainability.
Particularly for MSCs, a lack of standardization in
the field has hindered progress and contributed to the
inconsistent clinical outcomes reported. Better methods
of isolation need to be applied, particularly as the universal practice of isolation by plastic-adherence generates
heterogeneous cell populations, with varying proportions of true stem cells and differentiation-committed
progenitors167. In addition, new media that are free of
xenogeneic supplements such as fetal bovine serum
are urgently needed. To compound this issue, current
standards for the characterization of the MSC product
are limited; in particular, the lack of phenotypic markers that are unique to MSCs and that provide biological
or mechanistic insights can lead to clinical products of
questionable quality, variable purity and unpredictable
efficacy. This caveat makes replication and validation
of research results challenging and presents a major
obstacle to regulatory approval and clinical acceptance.

Future prospects for IVD repair
Cell therapy provides many challenges in terms of complex manufacturing protocols and biological consistency, as well as an uncertain mechanistic framework.
Disease-modifying strategies for disc repair are poised
to overcome these obstacles using cutting-edge technology and have shown very promising preclinical results.
Future prospects include multilevel approaches from
genetic modification at the molecular scale to nanoscale
strategies through macrolevel approaches, as discussed
in this section.
Gene delivery is a viable option if the delivery systems are carefully selected168. The polyplex system used
for mRNA delivery is a powerful non-viral delivery
method169. For example, in a rat model of coccygeal
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IVD degeneration, researchers have assessed delivery of mRNA encoding the cartilage anabolic factor
runt-related transcription factor 1 (RUNX1) using a
polyplex nanomicelle carrier; in this proof-of-concept,
delivery of the encapsulated mRNA enabled effective
maintenance of disc height and prevention of fibrosis
of the IVD tissue while also avoiding adverse immunogenicity often caused by the injection of naked mRNA170.
Viral transfections are associated with increased risk of
off-t arget effects such as inadvertent upregulation
of oncogenes and immune response that might compromise clinical translation, but new gene editing technology has shown promise through enhanced specificity in
targeting. CRISPR genome editing of DNA (Cas9) or
RNA (Cas13) has been shown to enhance ECM protein
expression, reduce inflammatory mediators and enhance
favourable growth factor expression in vitro, and could
provide a future patient-specific therapy by precise
manipulation of gene activation and suppression of polymorphisms associated with disc degeneration171,172. In rat
dorsal root ganglion cultures, lentiviral vector-mediated
delivery of a CRISPR epigenome editing system to modulate the expression of AKAP150 in dorsal root ganglion
neurons abolished IL-6-induced neuronal activity while
preserving non-pathological activity of the neuron173.
The discovery of Cas12a (an alternative endonuclease
to Cas9) could help overcome some of the limitations
with CRISPR–Cas9 genome editing; in bacterial cultures, CRISPR–Cas12 can successfully transfect DNA
in ‘safe harbour’ sites in the genome using transposable
elements, effectively repairing misfolded proteins or
genetic abnormalities, without affecting important coding regions174,175. If this approach can be applied to the
human genome to silence anabolic pathways or activate
catabolysis in the IVD, it could reduce gene-targeting
complications seen with Cas9 editing (such as generating unwanted modifications adjacent to the target or
not being able to cleave the target site because of a lack
of suitable protospacer adjacent motifs) and could help
with the clinical translation of CRISPR technology by
improving the safety profile. In mice with spontaneous
or surgically induced IVD degeneration, genetic deletion of miR-141, a microRNA that can regulate IVD
degeneration via the SIRT1–NF-κB pathway, can attenuate disease progression176; developing a system using
Cas12 to target and suppress the miR-141 region could
be achieved, for example, by using a previously developed genome editing approach for silencing non-coding
microRNA genes177).
Researchers have developed a protocol for stimulating the differentiation of human induced pluripotent stem cells into nucleus pulposus-like and nucleus
pulposus progenitor-like cells in vitro using lentiviral
transduction178. MSCs derived from induced pluripotent
1.

2.

3.

Hoy, D. et al. The global burden of low back pain:
estimates from the Global Burden of Disease 2010
study. Ann. Rheum. Dis. 73, 968–974 (2014).
Dagenais, S., Caro, J. & Haldeman, S. A systematic
review of low back pain cost of illness studies in the
United States and internationally. Spine J. 8, 8–20
(2008).
Duthey, B. Priority Medicines for Europe and the
World, 2013 update. Background Paper 6.24:
Low back pain. (WHO, 2013).

172 | March 2021 | volume 17

4.

5.

6.

stem cells have potential as an alternative to adult MSCs
in addressing multiple therapeutic needs and allowing
access to cells from young donors, thereby avoiding
the issue of the age-related decline in MSC expansion
potential and possibly lowering the risk of tumour
development following implantation179.
Extracellular vesicles such as exosomes can be
used to promote MSC differentiation into a nucleus
pulposus-l ike phenotype (when the exosomes are
derived from nucleus pulposus cells) or to promote
nucleus pulposus cell proliferation and restoration of
healthy ECM production in degenerate nucleus pulposus cell cultures (when the exosomes are derived from
MSCs)180. Using exosomes to pre-condition cells before
implantation, or including exosomes derived from
healthy cultures in a cell injection, might be a potent
therapeutic approach in a clinical setting181,182.
Uncovering the interactions that occur within the
IVD in a clinical setting is difficult; researchers are
limited to ODI and height index measurements via
imaging techniques or measurement of systemic factors.
Microfluidic disc-on-a-chip devices have been developed that mimic the mouse IVD microenvironment183.
Next-generation technologies such as this technique
could be used to uncover the precise disease mechanisms and the interactions that occur between native
nucleus pulposus cells and MSCs delivered to the disc.

Conclusions
Although substantial progress has been made in the
development of cell therapies for the regeneration of
the degenerate disc, with promising outcomes from
phase I and phase II clinical trials, there remains a lack
of continuity in the approaches for successful therapies.
A great deal needs to be done before cell-based therapies
can become an effective new medicine for the treatment
of IVD degeneration. Among the issues that require
urgent attention is the nature of the cell product, particularly the cell type, cell source, dosage and volumes,
as well as whether carriers or scaffolds are necessary.
Furthermore, to improve clinical outcomes, rigorous
patient stratification is needed, including the identification of patients with innervated painful discs that might
require alternative treatments. Additionally, large-scale,
high-quality, long-term phase III trials should be conducted to clarify the safety and efficacy of cell-based
therapies, with outcome measures that distinguish
between symptom-modifying and disease-modifying
effects. Finally, further research should be conducted
into the most effective mechanism of action of MSCs to
exploit, whether it be engraftment and repopulation or
manipulation of their immunomodulatory effects.
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Abstract | During the COVID-19 pandemic, the need to provide high-level care for
a large number of patients with COVID-19 has affected resourcing for, and limited
the routine care of, all other conditions. The impact of this health emergency is
particularly relevant in the rare connective tissue diseases (rCTDs) communities,
as discussed in this Perspective article by the multi-stakeholder European
Reference Network on Rare and Complex Connective Tissue and Musculoskeletal
Diseases (ERN ReCONNET). The clinical, organizational and health economic
challenges faced by health-care providers, institutions, patients and their families
during the SARS-CoV-2 outbreak have demonstrated the importance of ensuring
continuity of care in the management of rCTDs, including adequate diagnostics
and monitoring protocols, and highlighted the need for a structured emergency
strategy. The vulnerability of patients with rCTDs needs to be taken into account
when planning future health policies, in preparation for not only the post-COVID
era, but also any possible new health emergencies.
COVID-19 is an infectious disease caused by
SARS-CoV-2, a newly discovered coronavirus.
In March 2020, the WHO declared the
COVID-19 outbreak to be a pandemic and as
of 17 November 2020, the WHO had reported
more than 54 million confirmed cases
and more than 1 million confirmed deaths
attributable to the disease1.
The COVID-19 pandemic has had a
considerable effect on different aspects
NaTure RevIews | RheumatOlOgy

of rare and complex diseases, first on the
risk of SARS-CoV-2 infection for people
affected by these conditions, and also on the
management of care and treatment during
(and after) this global health emergency.
The preliminary results of a Europe-wide
survey organized by Rare Barometer
(an initiative of the European Organisation
for Rare Diseases), which was aimed
at collecting the opinions, experiences

and needs of patients with rare diseases,
highlighted the many challenges faced by
these patients as well as their families and
caregivers during the pandemic2, including
the interruption of routine medical care
and rehabilitation therapies as well as
many psychological barriers related both
to isolation and to fear of infection with
SARS-CoV-2 when receiving care in
hospitals.
These same challenges can be readily
related to autoimmune diseases, in which
the rate and mechanisms of COVID-19
transmission have raised many concerns
among scientists and patients, especially
considering the well-known susceptibility
of these patients to infections owing to their
altered immune systems and to the use of
immunosuppressive therapies3,4.
In parallel, owing to the so-called
deleterious ‘cytokine storm’ that might
explain the rapid worsening of some patients
with COVID-19, some of the most common
DMARDs, such as hydroxychloroquine,
baricitinib, corticosteroids and tocilizumab,
have been used in clinical trials for
patients with COVID-19 who have
hyperinflammation5,6. Thus, clinicians
caring for patients with rheumatic diseases,
as specialists in inflammation and the use
of these drugs, have naturally been at the
front line in treating COVID-19 in many
cases. The interest in DMARDs has indeed
helped to elucidate some of the pathogenetic
mechanisms underlying COVID-197–9, but it
has also caused tensions and, in some cases,
shortages in the supply of some DMARDs
(in particular hydroxychloroquine)10,11.
COVID-19 has also affected the
management and treatment of patients with
rheumatic and autoimmune diseases during
the COVID-19 emergency. Publications
reporting these effects have described
challenges to provision of care, management
of clinical trials and the psychological state of
patients and their carers12,13.
These challenges are particularly relevant
in the case of rare and complex connective
tissue and musculoskeletal diseases (rCTDs),
in which knowledge related to diagnosis,
treatment and complications is often limited
and expertise is scattered. rCTDs comprise
a large number of diseases and syndromes,
including hereditary conditions, rare
systemic autoimmune diseases and complex
volume 17 | March 2021 | 177
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systemic autoimmune diseases, and are
characterized by the complexity of their rare
and diverse clinical phenotypes (for example,
neurological involvement in systemic lupus
erythematosus, or cryoglobulinaemia or
lymphoma in Sjögren syndrome). rCTDs
have a tremendous impact on the health and
well-being of patients around the world;
they affect individuals by limiting their
activities, affect societies by contributing
to health-care costs, work loss, disability
pensions, early retirement and the need for
social support, and confer a considerable
burden in relation to morbidity and
mortality14,15.
In order to address considerations
specific to rare and complex diseases, the
EC (European Commission) has promoted
the creation of 24 European Reference
Networks (ERNs; see related links); the
ERN on Rare and Complex Connective
Tissue and Musculoskeletal Diseases (ERN
ReCONNET; see related links) is aimed
at improving the management of rCTDs
including antiphospholipid syndrome,
Ehlers–Danlos syndromes, idiopathic
inflammatory myopathies, IgG4-related
diseases, mixed connective tissue diseases,
relapsing polychondritis, Sjögren syndrome,
SLE, systemic sclerosis and undifferentiated
connective tissue diseases across the
EU (European Union).
The ERN ReCONNET’s network of
health-care providers (HCPs) currently
comprises 26 full members from eight EU
countries: Belgium, France, Germany, Italy,
Netherlands, Portugal, Romania and Slovenia,
and 13 affiliated partners from an additional
10 countries. This Perspective article presents
the point of view of the ERN ReCONNET
and was conceived and authored by
ERN ReCONNET HCP representatives,
European Patient Advocacy Group (ePAG)
representatives, members of the steering
committee and of the external scientific
advisory board as well as representatives of
the EC. Considering the complexity of the
COVID-19 pandemic, in this article we aim
to assess the effects of the health emergency
on rCTD communities during the initial
phase of the pandemic, bringing together
input from multiple stakeholders within the
ERN ReCONNET, representing patients,
families, caregivers, expert clinicians,
researchers and health economists.
Moreover, we also discuss organizational
and health economic considerations related
to rCTDs in the context of COVID-19,
which could be useful for the design of
specific health-care plans in the context of
possible future health emergencies. Finally,
we outline the support provided by ERN
178 | March 2021 | volume 17

ReCONNET and other institutions during
the first phase of the pandemic, as well as
introducing possible contributions that ERN
ReCONNET could provide in the future
phases of managing COVID-19.

Effects of COVID-19 on rCTD care
The COVID-19 pandemic and the health
emergency it has given rise to have had a
substantial effect on numerous dimensions
of health care, especially in the countries
where the outbreak first emerged, which
for Europe was Italy and Spain. Hospitals
and HCPs had to face the unprecedented
challenge of fighting against an unknown
virus while caring for a tremendous number
of patients with COVID-19 in need of
high-level care. Consequently, there was
a dire need to concentrate resources for
the care of patients with COVID-19, thus
affecting the resources dedicated to the
management of all the other conditions
and limiting the performance of routine
care. The impact of the COVID-19 crisis on
health care as well as on patients, families
and caregivers was particularly relevant in
the rCTDs communities, in which the main
challenges were related to the clinical and
organizational aspects of care10,16–18. In the
following paragraphs, we discuss the main
effects of COVID-19 on rCTDs from the
perspective of clinicians, patients, health
economists and institutions, all of whom are
included in the ERN Re CONNET.
Effects on clinical management
Registries of patients with rCTDs and
COVID-19. During the initial phase of
the pandemic, more specifically during
the first months of 2020, the effect of
SARS-CoV-2 on patients with rCTDs became
an important clinical concern. Specifically,
this concern focused on two essential
clinical questions: are patients with rCTDs
at a higher risk of contracting SARS-CoV-2,
and, if they are infected, do they have a
worse prognosis than those without rCTDs?
In order to collect the evidence needed to
answer these questions, several initiatives
were launched across the globe, including
the COVID-19 Global Rheumatology
Alliance (ref.19 and related links) and
the EULAR COVID-19 Rheumatology
Database (see related links), as well as
national registries that are collecting data
of patients with rheumatological diseases
and SARS-CoV-2 infection, such as the
registry launched by the Italian Society
of Rheumatology20. Preliminary data
from these registries suggest that use
of conventional DMARDs (including
hydroxychloroquine) is neutral, chronic

use of corticosteroids at doses above
10 mg per day is deleterious and the use of
biologics (especially TNF inhibitors) could
be protective21,22. Moreover, data from the
newly established registries also demonstrate
that paediatric patients with rCTDs are at
a much lower risk of acquiring clinically
significant COVID-19 infection than
patients over 61 years old23.
Recommendations for the management of
rCTDs in the context of COVID-19. For
the rheumatology community, EULAR
has made a notable contribution with the
publication of provisional recommendations
for the management of rheumatic and
musculoskeletal diseases (including
most of the diseases covered by the ERN
ReCONNET) in the context of SARS-
CoV-2 infection24. The document provides
useful overarching principles, including
the fact that so far there is no evidence
that rheumatic patients are at a higher
risk of contracting SARS-CoV-2 or of
having a worse prognosis once infected.
In addition, the recommendations state that
the treatment plan should be continued
in rheumatic patients who do not have
suspected or confirmed diagnosis of
COVID-19 and that the postponement of
face-to-face rheumatological consultations
should be considered on the basis of stability
of the disease and of the tolerability of the
treatments. Useful considerations were
also provided by the World Scleroderma
Foundation and answered the main clinical
questions regarding SARS-CoV-2 infection
and patients with SSc25.
The effects of the COVID-19 pandemic
within ERN ReCONNET. Through internal
discussions, the ERN ReCONNET has
identified and prioritized a number of
clinical and organizational challenges
(Fig. 1). Specifically, patients with rCTDs
and the health-care professionals treating
them have experienced numerous clinical
challenges during the pandemic, most
frequently limitations to completing the
diagnostic process and performing routine
follow-up and monitoring. These challenges
arose mainly from the limitations imposed
by the measures necessary for prevention
and control of SARS-CoV-2 transmission,
including the closure of some clinics
and/or the reorganization of services, which
impeded face-to-face consultations. These
limitations have often delayed the definition
of the most appropriate treatment plans
based on the diagnosis and on the disease
activity of patients with rCTDs. As reported
by the ERN ReCONNET HCPs, in order
www.nature.com/nrrheum
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to avoid the risk of contagion among
patients in the hospital setting as much as
possible, clinicians have also opted — when
considered appropriate — to switch from
infusion to subcutaneous therapies, so that
patients could reduce their visits to the
hospital.
Still to be clarified, among many
other issues, is whether the process
for the screening of patients prior to
commencement of immunosuppressive
therapy should be updated, taking into
consideration the possibility of a positive test
for SARS-CoV-2 infection (by swab and/or
serology). In particular, it remains to be
confirmed whether systematic SARS-CoV-2
screening needs to be incorporated into
existing protocols, in order to avoid the
hazardous consequences of starting a new
biologic therapy in patients with undisclosed
infection8. From the above considerations,
it seems clear that the pandemic has
had a considerable effect on the clinical
management of rCTDs and that its influence
will continue in the coming months and
even years. The period of disruption will
probably be prolonged both because the
pandemic is continuing to affect health-care
systems at present, and subsequently
patients with rCTDs might still encounter
barriers and challenges to the provision
of the care they need. For these reasons,
the care of patients with rCTDs during the
post-pandemic era should be carefully
planned and implemented, profiting from
the experience gained during the health
emergency.
Effect on organization of care
The pandemic has put HCPs under
enormous pressure, and has made
health-system collapse a real risk, owing to
the need to provide care for patients affected
by COVID-19. As the ERN ReCONNET
HCP and ePAG representatives can
attest, health-care professionals treating
patients with rCTDs have faced numerous
organizational challenges during the
pandemic (Fig. 2).
Heads of units, hospital managers and
health-care professionals have joined forces
in order to reorganize the services of whole
hospitals, to ensure adequate resources for
COVID-19 units while maintaining, when
and if possible, essential health services
for patients with rCTDs. Many ERN
ReCONNET HCPs had to cope with the
fact that some of their staff were reassigned
to COVID units and in some cases units
treating patients with rCTDs were even
converted into COVID units; they have
also faced shortages and tensions in the
NaTure RevIews | RheumatOlOgy

Clinical challenges

Limitations on the
diagnostic process and
routine monitoring of
patients with rCTDs

Managing infection risk
in patients starting a
new immunosuppressive
therapy

Managing infection risk
in patients already
taking immunosuppressive
therapies

Impossibility
of performing
face-to-face
evaluations

Limited access to
some drugs for
rCTDs (e.g.
hydroxychloroquine)

Disease relapse
due to patients
suspending therapies
autonomously

Switching route of
administration of
therapies from infusion to
subcutaneous injection

Fig. 1 | Clinical challenges faced by patients and health-care providers during the COVID-19
pandemic. Discussions within the European Reference Network on Rare and Complex Connective
Tissue and Musculoskeletal Diseases (ERN ReCONNET) have identified a number of clinical challenges
faced by patients with rare connective tissue diseases (rCTDs) and the health-care professionals treating them during the COVID-19 pandemic. Some concerns relate to the fear and/or consequences
of these patients contracting COVID-19, whereas others reflect changes to clinical protocols
implemented to prevent or control SARS-CoV-2 transmission in clinics.

provision of medicines and of personal
protective equipment. As the rate of new
cases has slowed across Europe, in most
rCTD units the staff have returned from
COVID units, although patient flow for
inpatient and outpatient activities has had
to be reorganized in order to enable social
distancing and to limit the risk of contagion
as much as possible. Many of these
challenges are still being faced by rCTD
units during the current second wave of the
pandemic.
Organizational challenges caused by the
pandemic have frequently interrupted
the care provided to patients with rCTDs,
including the suspension of inpatient
and outpatient clinics, or provision of
infusion therapies. ERN ReCONNET
HCPs and ePAGs have also had to manage
requests from a large number of patients
for information on their risk of being
infected because of their disease or to
their treatments, and have needed to use
telemedicine to provide routine services
instead of face-to-face evaluations or
to identify patients for whom direct
assessments cannot be postponed26.
Although the ERNs are already quite
experienced in terms of eHealth owing
to the usage of the Clinical Patient
Management System (CPMS; see related
links), a web-based secure platform used
by all ERNs for the virtual discussion
of clinical cases across borders, the use of
telemedicine in routine clinical practice is

still being implemented in many health-care
systems. However, the limitations imposed
by the pandemic have enabled health-care
professionals to activate, within a very
short time frame, different initiatives
related to telemedicine, such as telephone
and video consultations and issuing
prescriptions electronically. Many of these
initiatives were also reimbursed by various
health-care systems in Europe27,28. The use
of telemedicine during the pandemic has
revealed the potential of this approach in the
routine follow-up of patients even beyond
the pandemic; clearly, this experience could
be translated into a wider, harmonized and
systematic usage of telemedicine across
Europe, benefiting patients, health-care
professionals and institutions.
Effects on patients with rCTDs
Besides clinicians and health-care
professionals, the COVID-19 pandemic has
heavily affected the community of patients
with rCTDs. The patient-centred approach
of ERN ReCONNET has encouraged the
ERN ReCONNET ePAG representatives to
discuss together the effects of the pandemic
on patients with rCTDs across Europe.
During the pandemic, patients affected
by rCTDs have had to deal with many more
complex situations than healthy people,
owing to the fact that many of them are
treated using immunosuppressive therapy
and that lung involvement is a common
manifestation in rCTDs11,29. The (in)
volume 17 | March 2021 | 179
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Organizational challenges

?
Interruption
of care for
patients
with rCTDs

↑ Patient requests

for information
about infection
risk

Provision of
telemedicine
services instead
of face-to-face
evaluations

Prioritization of
essential and/or
emergency
health services

Uncertainty in the
availability and
supply of some drugs
for rCTDs (e.g.
hydroxychloroquine)

Provision of
SARS-CoV-2 tests
prior to procedures
or hospitalization
in a rCTD unit

Reassignment of
health-care
professionals to
COVID-19 units

Reorganization of
patient ﬂow through
clinics to accommodate
social distancing
requirements

Fig. 2 | Organizational challenges faced by health-care clinics during the COVID-19 pandemic.
Health-care systems are under sometimes severe strain owing to the need to care for patients with
COVID-19, which has had a knock-on effect for the management of other patients, including those
with rare connective tissue diseases (rCTDs). Health-care providers within the European Reference
Network on Rare and Complex Connective Tissue and Musculoskeletal Diseases (ERN ReCONNET)
have faced many organizational challenges during the pandemic, many of which have arisen as a
consequence of restrictions imposed on clinics in order to prevent and control SARS-CoV-2
transmission.

voluntary lockdown also had a substantial
influence on the quality of life and daily
activities of these patients because of a
shift to teleworking, the need to coordinate
24-h family life or the loss of fundamental
support from caregivers, particularly for
those patients living alone. At the same time,
patient organizations (such as the Federation
of European Scleroderma Associations
(FESCA); see related links) had to suspend
their routine activities while making great
efforts to provide psychological support
via telephone or online assistance. The
challenges faced by patients with rCTDs
might be easily related to the fact that
patients affected by rCTDs are, even in
routine scenarios, at an increased risk of
infection and the fear of contagion has
often increased the need for psychological
support for patients with rCTDs. Patients
experiencing isolation and fear have,
in fact, expressed the need to maintain
the psychological support service after the
pandemic as well.
Moreover, as mentioned above, regular
access to medical advice and continuity
of care for non-COVID-19 patients have
been disrupted as hospitals have become
COVID-19 units and concerns for the
safety of patients emerged. As mentioned
above, the safety of patients with rCTD
patients was, and still is, particularly
180 | March 2021 | volume 17

important because of their vulnerability;
protecting these patients from the risk
of contagion should remain a priority.
The use of different telemedicine tools,
even though they have not always been
part of an established system, has played
a crucial role in compensating for the
discontinuation of routine care, by
providing an additional service for patients
unable to attend hospital. Dispensation
of hospital medications or treatments has
been replaced by community pharmacy
delivery or alternative treatment methods
when possible, and access to emergency
rooms has been regulated to avoid contact
with potentially contagious patients.
Post-COVID, maintaining the delivery
of hospital medicines via community
pharmacies, secure access to emergency
rooms and the possibility of at-home
management of therapies is anticipated
to have a positive impact on the quality
of life and on the economic burden of
patients. A CPMS-like teleconsultation
platform should be developed to enable
interactions between patients and clinicians
and guarantee safe data management; by
doing this, the lessons learned during the
pandemic would deliver a positive benefit
for patients.
Another important consideration for
patients with rCTDs during the pandemic

is related to the fact that some rCTDs are
treated with hydroxychloroquine. Reports
of the potential of hydroxychloroquine30 as
a treatment for COVID-19 (ref.7) created an
increased demand that led to supply gaps
in many countries, causing anxiety and
fear among patients who rely on the drug.
A survey performed in one European rCTD
community highlighted that only 44% of
patients with ‘on label’ hydroxychloroquine
use obtained on-the-spot delivery of their
drug in early April, and 6.7% experienced
a delay of 2 weeks or more31. ERN
ReCONNET ePAGs have actively engaged
with several patient groups to monitor
the availability of the drug, to monitor the
prescription and distribution rules in
different countries, and to obtain emergency
supply routes direct from the manufacturer,
in order to assist and reassure the patient
community.

Organizational considerations
The COVID-19 pandemic has raised
a number of organizational and health
economic considerations related to the
management of rCTDs. Pertinent questions
are summarized in Box 1 and potential
solutions are discussed in this section.
Ensuring continuity of care
The challenges and risk of health-care
system collapse experienced during the
COVID-19 pandemic have highlighted,
among other things, how essential it is
to maintain continuity in the provision
of care, especially for the management of
rare diseases. Interruption of the care
provided to patients with rCTDs and other
rare diseases was in fact one of the most
frequent health problems experienced by
patients and health-care professionals.
For this reason, it is worth considering
whether potential future emergencies
could threaten health-care systems and
services and challenge the maintenance
of adequate care. From an organizational
point of view, the COVID-19 outbreak
challenged coordination strategies, making
it difficult to balance the need for a rapid
response to COVID-19 while ensuring
provision of essential health services to
patients with rCTDs. As suggested in the
preliminary operational guidance document
developed by the WHO32, the identification
of context-relevant essential services is
crucial to prioritizing and maintaining
care delivery during an outbreak, with, for
example, the creation of disease-specific
structured care pathways and well-designed
patient flow (that is, screening, triage
and targeted referral). This guidance
www.nature.com/nrrheum
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provides operational suggestions that
could represent the basis for emergency
strategies if applied and adopted in the
arena of rare and complex diseases and
supported by the experience, expertise
and infrastructures of the ERNs. Addressing
the challenges associated with maintaining
essential health services with the support
of ERN ReCONNET could greatly benefit
rCTD communities, by enabling the needs
specific to rCTDs and by considering and
implementing the priorities of clinicians,
hospital managers, patients and other
stakeholders in future plans.
Integrating eHealth tools
The limitation of face-to-face consultations
enabled the widespread application of
eHealth and telemedicine tools, such as video
and telephone consultations. During the
COVID-19 health emergency, eHealth and
telemedicine have been and will continue
to be valuable tools for monitoring patients
with rare and complex diseases in order
to identify and prioritize patients needing
immediate care. Although face-to-face
evaluation and clinical examination remain
essential in the management of rCTDs,
eHealth and telemedicine tools could
facilitate optimization of care (for example,
improving the monitoring of adherence
to treatment, self-monitoring of disease
activity, enabling communication with
general practitioners, etc.), especially if
integrated with medical devices such as
apps for mobile phones and wearable
devices. In order to implement effective and
appropriate eHealth and telemedicine tools,
EU-wide initiatives could be developed
not only to create tools to be used across
different rare diseases, but also to ensure
their usage in different (both emergency and
routine) health-care scenarios. In addition,
existing EU reimbursement schemes could
be adapted and adopted to ensure the
recognition of these crucial services across
Europe. In this regard, the experience and
knowledge gained in recent years by the
ERN ReCONNET might be particularly
precious in the planning of future eHealth
and telemedicine initiatives and policies for
rCTDs, especially considering that the ERNs
represent a model to ensure adequate and
equitable access to care and treatment across
different countries, mainly by sharing the
knowledge and expertise of their members
and patient representatives.
Planning for future emergencies
The unprecedented emergency precipitated
by the COVID-19 pandemic has
highlighted the strengths and weaknesses
NaTure RevIews | RheumatOlOgy

of our organizations and of our health-care
policies. During an emergency, priorities —
necessarily — change. However, as
discussed in this paper, this reprioritization
risks under-diagnosis (or missed diagnoses),
under-treatment or missed treatment,
inadequate monitoring, or simply delays
to health-care procedures. Preparation
is required in order to avoid the negative
health and economic implications for rCTDs
arising from COVID-19 and potential
future emergencies, which we suggest can
be done along two directions. The first
direction is to continue to increase the
awareness of all the relevant stakeholders
(policy-makers, hospital managers, national
authorities, patients’ organizations etc.)
about the relevance of rCTDs and their
health-related, organizational and economic
burden. Rare and complex diseases,
and rCTDs in particular, should always
occupy an important place in the agenda
of health-care policy makers, and the
expense — continuous and systematic —
allocated to health care in this area should
be considered an investment and not a
cost33. The second direction is to invest in
cross-border European infrastructure for the
management of rare and complex diseases,
which will already be in place for when
emergencies happen. ERN ReCONNET,
and ERNs in general, represent a common
platform that can be relied on in both
‘ordinary’ and ‘extraordinary’ times to
ensure that patients are not neglected, even
when priorities are redefined during an
emergency. Continued investment in and
upgrading of these infrastructures by the
EC and its member states will ensure that
they are robust when new emergencies
arise, thus helping to minimize the negative
health, organizational and economic
implications for the management of rare
and complex diseases.

Institutional support
Institutions, including the ERNs, can
provide support to clinicians and patients
with rCTDs in the COVID-19 era in several
different ways. In this section, we outline

how the EC, ERNs (particularly ERN
ReCONNET) and related organizations have
responded to the pandemic and contributed
to rCTD communities.
The European Commission response
Since the very beginning of the pandemic,
the EC has been coordinating a common
European response in order to reinforce
public health sectors and mitigate the
socioeconomic ramifications in the EU34.
The EU response to the SARS-CoV-2
outbreak included closure of the EU’s
external borders to limit transmission of
the virus, the introduction of ‘green lanes’
(border crossing routes established to
ensure the free circulation of goods within
the EU), the promotion of research into
COVID-19 and granting access to the
RescEU stockpile of medical equipment and
the EU Solidarity Fund (see related links).
Among the many initiatives promoted in
the EU, the EC launched the COVID-19
Clinical Management Support System
(CMSS)35 in March 2020 as a tool to enable
health-care professionals involved in
handling the COVID-19 crisis across the
EU (including the UK) and the European
Economic Area to exchange information and
consult with colleagues about the treatment
and management of COVID-19, facilitate
the clinical decision-making process and
improve training, similar to the ERN
approach. The CMSS consists of the
COVID-19 Clinicians Network (a database
of clinicians treating COVID-19), a central
helpdesk and a web-conferencing system for
online conferences and webinars35. So far,
several health-care professionals from many
HCPs have connected to the COVID-19
Clinicians Network. Virtual discussions
are also taking place in the framework of
the CMSS and training webinars are being
organized on COVID-19 and rare and
complex diseases. These initiatives clearly
show how EU-wide initiatives can contribute
to the improvement of care and knowledge,
topics that are particularly important
in the management of both COVID-19
and rCTDs.

Box 1 | Organizational and health economic considerations
The organizational and health economic challenges faced by health-care providers, institutions,
patients and their families during the COVID-19 pandemic highlight important questions to be
considered regarding the future management of rare connective tissue diseases (rCTDs).
• How should care be reorganized to guarantee continuity in the provision of care, especially for
patients with rCTDs?
• How can eHealth and telemedicine be integrated into health-care systems following the
experience of using these approaches during the COVID-19 pandemic?
• How can we prevent the negative health and economic implications of COVID-19 and future
emergencies for the care of patients with rCTDs?

volume 17 | March 2021 | 181

Perspectives
COVID-19 and the ERNs
The know-how and experience of the ERNs
with respect to sharing of knowledge,
networking and education provided a
valuable model for the development of
the CMSS initiative. In particular, the
implementation of the CPMS provided
the background for the EC to develop
and establish the CMSS and the related
COVID-19 Clinicians Network.
Many ERNs have also supported the
EC’s Directorate-General for Health and
Food Safety (DG SANTE; the department
responsible for EU policy on food safety
and health and for monitoring the
implementation of related laws) with the
organization of a series of free webinars on
COVID-19, which are contributing expertise
and knowledge gathered on COVID-19 and
rare and complex diseases. The live webinars
organized since April 2020 explore a range
of themes across various diseases, such as
the use of anti-epileptic drugs in patients
with COVID-19, providing remote care for
patients with rare bone diseases during the
pandemic, COVID-19 and intensive care
medicine, and the impact of COVID-19 on
people living with a rare disease. In addition,
most ERNs are also setting up targeted
initiatives related to COVID-19 and their
individual disease areas. All webinars are
publicly available on the EC website, as is
a regularly updated list of the various ERN
initiatives36.
ERN ReCONNET initiatives
Considering the substantial impact of
the COVID-19 outbreak within rCTD
communities and the need for reliable
information on COVID-19 and rCTDs
(amid ‘fake news’ and inaccurate sources),
ERN ReCONNET has developed a series of
relevant initiatives. Since the beginning of
the pandemic, a specific section of the ERN
ReCONNET website has been dedicated
to the COVID-19 pandemic37 in order to
provide a comprehensive list of reliable and
authoritative resources to inform and update
patients and health-care professionals
on COVID-19-related topics. This
section includes extensive resources from
organizations, including scientific societies
(EULAR and national rheumatological
societies), the EC and the European
Organisation for Rare Diseases.
ERN ReCONNET has also endorsed
recommendations for patients with
rheumatic musculoskeletal diseases issued
by Fai2R (see related links), the French
health-care network for rare autoimmune
and autoinflammatory diseases38.
These recommendations emphasize the
182 | March 2021 | volume 17

importance of continuing treatment
plans and provide useful information
on how to act in the case of contact with
someone who has tested positive for
SARS-CoV-2 or in the case of symptoms
ascribable to the virus. Following the ERN
ReCONNET’s endorsement of the Fai2R
recommendations, the ERN ReCONNET
ePAGs have supported both the Fai2R
and the ERN ReCONNET by providing
translations of the documents issued by
Fai2R (“Recommendations for patients
suffering from rheumatic musculoskeletal
diseases” and “How to live better during
this containment period”) in 16 different
languages, which are published on the ERN
ReCONNET website, together with the
English and French versions developed by
Fai2R39. Starting from the translations, the
ERN ReCONNET also created infographics
(also available in 16 languages) to be shared
with the rCTD communities on social media
platforms. This strong collaboration among
ePAG representatives and their network of
patients, the Fai2R and ERN ReCONNET
demonstrates that joining efforts can really
have a positive influence, especially on the
lives of patients, for whom the translations
provide access to useful information on
COVID-19 and their disease in their own
language.
The scarcity of information on rCTDs
and COVID-19 has also motivated ERN
ReCONNET to promote the organization of
educational activities and dissemination
of updates for patients and health-care
professionals on these topics from the
point of view of a European network40,
including a series of webinars. The initiatives
organized to date also serve to focus
attention on rCTDs despite the pandemic,
highlighting the added value of the ERN
ReCONNET even during a global health
emergency and representing good practice
applicable outside the ERN scenario as well.
Considering the acute need for guidance
and specific information on COVID-19 and
rCTDs, and that the ultimate goal of
the ERN ReCONNET stakeholders and
institutions is to improve the care of patients
with rCTDs in Europe, more initiatives will
be organized by ERN ReCONNET on these
topics, both for patients and for health-care
professionals, in order to provide a tangible
contribution to rCTD communities.
CNMR initiatives
Another example of institutions providing a
rapid and useful response to the COVID-19
pandemic is the Italian National Rare
Diseases Centre (CNMR; see related links)
formally established within the National

Institute of Health (Istituto Superiore di
Sanità; ISS) in 2008; the CNMR is the central
coordination body of the Italian national
network for rare diseases. The CNMR
carries out scientific research and public
health activities related to rare diseases, at
both the national and the international level.
Considering the high number of
COVID-19 cases that occurred in Italy
at the beginning of the outbreak in Europe41,42,
the CNMR has worked intensively on a
number of activities and initiatives related
to COVID-19 and rare diseases. The CNMR
formed a task force dedicated to rare
diseases and COVID-19, involving experts
in rare diseases both internal and external
to the ISS. The task force has coordinated
a series of weekly webinars43 dedicated to
general public health issues related to the
pandemic, as well as to specific aspects
of rare diseases in relation to COVID-19,
involving the WHO, national and regional
institutions, CNMR centres of expertise,
ERNs (including ERN ReCONNET, as
well as ERNs for rare endocrine conditions
(ENDO-ERN), rare haematological diseases
(ERN-EuroBloodNet), rare neurological
diseases (ERN-RND) and others), ePAGs
and Italian patients’ associations. The
CNMR task force has also developed
several guidance documents44 that provide
recommendations and support for the
management of several rare conditions
during the COVID-19 pandemic, including
Kawasaki disease and acute multisystem
inflammatory syndrome in children and
adolescents. In addition, the CNMR task
force, together with the Italian federation
of rare disease associations (UNIAMO),
organized a national survey to explore the
effects of COVID-19 on Italian patients
with rare diseases, the results of which were
presented in a webinar. The main difficulties
faced by patients and their caregivers include
problems regarding both health care and
social health support during the pandemic,
as well as a substantial unmet need for
information. Most relevant, more than
half of the survey’s respondents reported
challenges in accessing follow-up care.

Conclusions
The COVID-19 pandemic has brought
many challenges to the already vulnerable
communities of patients with rCTDs.
However, many of these challenges can be
translated into positive lessons to be applied
in the post-COVID era.
One of the main positives to emerge from
the pandemic is surely the use of eHealth
and telemedicine in the provision of care
to patients with rCTDs. The experience
www.nature.com/nrrheum
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gained during the pandemic, building
on the previous knowledge obtained
through the use of CPMS by ERNs, has
highlighted the need to integrate eHealth
and telemedicine into routine clinical
practice as a tool to improve and optimize
the management of rCTDs. In many
cases, the alternation of telemedicine
and face-to-face evaluation could in fact
be considered when disease activity is
stable, enabling patients to avoid the
unnecessary burden of travelling, as
well as its related costs and social and
work-related disadvantages. Therefore, it
is desirable that telemedicine and eHealth
should be taken into consideration in
future health policies and planning, to
enable their successful integration into the
health-care services provided to patients
with rCTDs. Importantly, such policies
could also promote the optimization and
implementation of consultation between
general practitioners and clinicians caring
for patients with rCTDs.
In addition, the clinical and
organizational challenges faced during the
pandemic demonstrate how important
it is to ensure the continuity of adequate
diagnostic and monitoring protocols in the
management of rCTDs. At present, we do not
know whether the pandemic and the related
lockdown might have indirectly influenced
the exacerbation of the disease in some
patients with rCTDs or contributed to delays
in diagnosis; only observation in the coming
months is likely to provide potentially
useful information. What we do know is
that, because new health emergencies might
occur in the future, a specific and structured
emergency strategy could be developed for
the management and care of rCTDs, as well
as for other rare and complex conditions.
The vulnerability and the specific needs
of patients with rCTDs must, in fact, be
taken into account when planning future
health policies, in preparation for not only
the post-COVID era, but also any possible
new health emergencies. To this end, the
contribution of ERNs to the development
of such strategies could add important
value, supporting scientific societies and
policymakers in providing for the needs
and priorities of the Europe-wide rCTD
communities.
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In their Review on monitoring and longt erm management of giant cell arteritis
(GCA) and polymyalgia rheumatica (PMR)
(Camellino, D., Matteson, E. L., Buttgereit, F.
& Dejaco, C. Monitoring and long-term
management of giant cell arteritis and polymyalgia rheumatica. Nat. Rev. Rheumatol. 16,
481–495 (2020))1, Camellino et al. considered
the need for a new disease activity score for
PMR, concluding that the established Poly
myalgia Rheumatica Activity Score (PMR-AS)
is seldom used in clinical practice or in clinical
trials. To date, the publication in which the
PMR-AS was first proposed2 has been cited
138 times according to Google Scholar, 13 of
which were in 2020, which gives testimony
to its acceptance and i mplementation in
scientific rheumatology.
The PMR-AS was originally derived from
the EULAR response criteria for PMR 3.
Pain was recognized as such an important
feature that it was chosen as the only param
eter that had to decrease obligatorily in the
PMR-AS, whereas at least three of the other
four features, namely the physician’s global
assessment (PGA), C-reactive protein (CRP)
level or erythrocyte sedimentation rate (ESR),
upper limb elevation and morning stiffness,
had to improve.
On the basis of an OMERACT study group
publication 4 from 2017, Camellino et al.
proposed that systemic inflammation detec
ted by laboratory tests, physical function, pain
and stiffness should be included in a new
score for PMR monitoring1. This statement
might surprise rheumatologists, as the individual components of the PMR-AS already
cover all those domains.
Either a CRP level or an ESR can be used to
calculate the PMR-AS, both of which are the
acute-phase reactant tests predominantly used
in clinical practice. One can debate whether
upper limb elevation is the best measure of
functionality, however, it is a cardinal symp
tom of PMR, and morning stiffness clearly
covers the stiffness parameter. Of course, a
discussion of how important the PGA is for
a score’s reliability is justified. However, other
widely used scores include the PGA, which
is often designated as the counterbalance
to patient-related parameters5,6.
Nature Reviews | Rheumatology
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Cronbach’s alpha (a measure of reliability)
for the PMR-AS was between 0.91 and 0.88
in two patient cohorts (>0.7 indicates high
reliability), and factorial analysis showed
that all five single parameters contribute
considerably to the overall result, with pain
and PGA exerting the greatest influence2.
The PMR-AS has been applied in several
studies7,8 and comprises all the parameters
proposed by Camellino et al.1: why then should
this score not be used for monitoring PMR
in clinical practice or in clinical trials, or
even be used as a surrogate for remission9?
What should a new score be capable of that
the PMR-AS is not? Using other parameters
for function and stiffness, or leaving out the
PGA, might change something, but pain and
acute-phase reactants are not interchangeable
and, ultimately, a new score must achieve the
high internal consistency of the PMR-AS.
Would developing a new score not be like the
reinvention of the wheel?
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Reply to: What could a new disease
activity score for polymyalgia
rheumatica do better?
Dario Camellino , Eric L. Matteson, Frank Buttgereit
We thank Prof. Leeb for his interest in
our Review (Camellino, D., Matteson, E. L.,
Buttgereit, F. & Dejaco, C. Monitoring and
long-term management of giant cell arteritis and polymyalgia rheumatica. Nat. Rev.
Rheumatol. 16, 481–495 (2020))1 and for
his comments (Leeb, B. F. What could a
new disease activity score for polymyalgia
rheumatica do better? Nat. Rev. Rheumatol.
https://doi.org/10.1038/s41584-020-00550-6
(2020))2. As he points out, the Polymyalgia
Rheumatica Activity Score (PMR-AS) is currently the only validated score for monitoring
disease activity in patients with PMR3. Score
calculation is straightforward, incorporating

and Christian Dejaco

standard clinical data that captures disease
features (including pain, stiffness, elevation
of the upper limbs, physician’s global assessment and inflammatory indexes) relevant for
the evaluation of a patient with PMR.
Despite these advantages, the PMR-AS
does not seem to be widely used. On 17 October
2020, we carried out a search of studies in
patients with PMR through the Clinicaltrials.
gov database. Among 105 studies retrieved,
seven trials explicitly included the PMR-AS
among their outcomes. We also analysed
the publications included in the 2015 ACR–
EULAR recommendations for the management of PMR4. Among the nine studies on
volume 17 | March 2021 | 185
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interventions published after 2004 (the year
the PMR-AS was published), only one trial
reported using the score5. Similarly, a 2020
systematic review from an OMERACT special
interest group6 identified 13 studies using the
PMR-AS out of a total of 46.
The value of a clinical index is not defined
by the number of its users. It is well recognized that composite scores, which are the
pillars of treat-to-target strategies in rheumatoid arthritis, are often overlooked in clinical
practice owing to time constraints or to the
belief that the overall impression of the physi
cian could be sufficient to assess the patient’s
state comprehensively7.
The aim of the OMERACT initiative is to
develop core sets of measures for the evalu
ation of patients with rheumatic diseases8.
In 2017, laboratory indexes, pain, stiffness and
physical function were selected as candidates
for the inner core of domains that should
be present in every clinical trial in PMR9.
However, high-quality evidence was not available for any of the instruments currently used
to measure these domains6. Physical function is one of the most critical domains for
patients, but the sole assessment of upper limb
elevation seems insufficient to fully describe
the impairment of physical function6. In a survey of 78 patients with PMR, the experience of
stiffness and the effect of fatigue were identified as themes not adequately captured by the
candidate instruments, suggesting the need
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for new patient-reported outcome measures10.
PMR is a multifaceted disease, in which different pathophysiological manifestations can
co-exist and have different clinical effects
on patients. Moreover, the objective evaluation of the patient’s status might be further
complicated by pre-existing conditions or by
glucocorticoid-related adverse effects.
The PMR-AS is the first, and currently
the only, instrument to monitor disease in
patients with PMR. That notwithstanding,
there is still a long road ahead before we have a
comprehensive tool that can be used to objectively assess disease activity and that embraces
patients’ experiences.
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