2
S
e
3
>
c
o
2
=
©
=
2
[a]
<
=
T
]
he]
@
4
@)

=3 AUTOINFLAMMATORY DISEASES

HIGHLIGHTS

Somatic mutations cause VEXAS syndrome

myeloid
lineage-
restricted
somatic
mutations in
UBA [cause]
diverse clinical
manifestations

Using a genotype-driven, phenotype-
neutral approach to discover a
genetic cause of inflammatory
disease, researchers have identified
a new disorder arising from
somatic mutations in UBAI,
an X-chromosome gene encoding
ubiquitin-like modifier-activating
enzyme 1 (UBALI). The disorder,
which the researchers named VEXAS
(vacuoles, E1 enzyme, X-linked,
autoinflammatory, somatic)
syndrome, was identified in a total
of 25 men with seemingly unrelated
late-onset inflammatory diseases.
“Discovery of new disease entities
usually begins with clinical recog-
nition of a syndromic condition. By
employing a genotype-first approach,
we were able to discover a disease
that would have been challenging
to recognize clinically;” explains
Peter Grayson, co-corresponding
author of the report in The New
England Journal of Medicine. The
first three participants with missense
mutations affecting codon 41 in
UBA 1 were identified by analysis of
genetic data from 2,560 individuals
in the NIH’s Periodic Fever Database
and Undiagnosed Diseases Program.
They had all developed severe
inflammatory syndromes associated
with progressive haematologic abnor-
malities. On the basis of overlapping
clinical similarities, the researchers

identified another 15 men in NIH
observational cohorts, and seven
more were identified in UK study
populations.

The 25 patients, who had a median
age at disease onset of 64 years, each
had one of three somatic variants in
UBA1 at p.Met41. Extensive clinical
assessment revealed common clinical
features including fever, skin involve-
ment, pulmonary infiltrate, ear and
nose chondritis, venous thrombo-
embolism, macrocytic anaemia and
bone marrow vacuoles. Most of the
men met diagnostic or classification
criteria for various inflammatory
syndromes and/or haematologic
conditions, including relapsing
polychondritis, myelodysplastic
syndrome, polyarteritis nodosa
and giant cell arteritis.

Sequencing of isolated cell
populations revealed that UBA1
variants were found in more than
half of progenitor cells and myeloid
lineages but were absent in T cells,

B cells and fibroblasts. Gene expres-
sion patterns in peripheral blood
were consistent with activation of
multiple innate immune pathways;
consistent with these findings, men
with VEXAS syndrome had elevated
serum concentrations of C-reactive
protein and pro-inflammatory
cytokines including IFNy and IL-8.

The researchers determined
that p.Met41 variants lead to loss
of cytoplasmic UBAL1 function by
generating the novel, catalytically
deficient UBA1c isoform of
UBALI. Monocytes from the study
participants, most of which carried
mutated UBA 1 variants, had
decreased levels of the catalytically
proficient UBA1b isoform and
detectable levels of UBA1c; by
contrast, UBA1 isoforms in T cells
(most of which did not have mutated
UBA1) were similar to those in
T cells from unaffected individuals.

Monocytes carrying UBAI variants
had decreased ubiquitylation activity.
As zebrafish ubal and human

UBAI are highly homologous,

the researchers established
CRISPR-Cas9-edited zebrafish
models to assess UBA1 gene function
in vivo. In this model, knockout of
the UBA11b isoform homologue led
to upregulation of genes encoding
pro-inflammatory cytokines
including TNE, IL-8 and IL-6,
supporting the idea that disruption
of cytoplasmic UBA1 leads to
systemic inflammation.

Together, the results implicate
myeloid lineage-restricted somatic
mutations in UBAI as the common
underlying cause of a syndrome
with diverse clinical manifestations
and highlight the importance of
somatic mutations in adult-onset
inflammatory conditions. The
researchers also suggest that VEXAS
syndrome might explain the
co-occurrence of myelodysplasia
with conditions such as relapsing
polychondritis, polyarteritis nodosa
and giant cell arteritis.

Further study of VEXAS syn-
drome could also shed new light on
the role of UBA1 and ubiquitylation
in human diseases, as well as identify
potential treatments for affected
patients. “The VEXAS syndrome
is a severe, progressive disease.

To date, effective therapies other
than glucocorticoids have not
been identified,” highlights Grayson.
“We hope to leverage our under-
standing of the molecular basis of the
disease towards discovery of novel
treatment paradigms, which could
include gene-editing therapies and
bone marrow transplantation”
Sarah Onuora
ORIGINAL ARTICLE Beck, D. B. et al. Somatic
mutations in UBA1 and severe adult-onset

autoinflammatory disease. N. Engl. J. Med. https://
doi.org/10.1056/NEJM0a2026834 (2020)
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RA remission maintained after MTX withdrawal

For patients with rheumatoid arthritis (RA) who achieved
sustained (24-week) remission with the combination of
etanercept plus methotrexate (MTX) in the SEAM-RA study
(n=253), the proportion of patients with remission without
disease worsening was higher among those who switched to
etanercept monotherapy (that is, after MTX withdrawal) than
to MTX monotherapy (49.5% versus 28.7%; P=0.004), and was
similar to that in the group who remained on combination
therapy (52.9%), after a further 48 weeks. Among patients who
received rescue therapy upon disease worsening, 70-80% in
each monotherapy arm recaptured remission.

ORIGINAL ARTICLE Curtis, J. R. et al. Etanercept or methotrexate withdrawal in rheumatoid
arthritis patients in sustained remission on combination therapy: a randomized, double-blind
trial. Arthritis Rheumatol. https://doi.org/10.1002/art.41589 (2020)
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Fasinumab effective for chronic low back pain

In a phase -l trial, subcutaneous treatment with the

nerve growth factor inhibitor fasinumab at doses of 9mg
every 4 weeks or every 8 weeks, but not 6 mg every 4 weeks,
improved pain and function in patients with chronic low

back pain at 16 weeks. Rates of treatment-emergent adverse
events were similar across the fasinumab and placebo groups
(65.6% and 67.1%, respectively). Arthropathies, most frequently
rapidly progressive osteoarthritis (OA), occurred in 20 joints in
17 patients, 16 of whom were in the fasinumab groups; of the
20 joints with arthopathies, all but one were in patients who
had peripheral OA at baseline.

ORIGINAL ARTICLE Dakin, P. et al. Efficacy and safety of fasinumab in patients with
chronic low back pain: a phase Il/lll randomised clinical trial. Ann. Rheum. Dis. https://
doi.org/10.1136/annrheumdis-2020-217259 (2020)
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Intensive electroacupuncture reduces OA pain

In a multicentre randomized trial, patients with knee
osteoarthritis (OA) who received intensive (thrice weekly)
electroacupuncture simultaneously achieved minimal clinically
important improvement in pain and function at week 8 more
frequently than those who underwent sham acupuncture,
with a between-group difference in response rate of 13.0%
(97.5% CI10.2-25.9; P=0.0234); the effects persisted at week 26.
The response rate with manual acupuncture did not differ
from that with sham acupuncture at week 8 (between-group
difference of 11.3%; 97.5% CI -1.6-24.4; P=0.0507), although
benefits of manual acupuncture were apparent at week 26.

ORIGINAL ARTICLE Tu, J.-F. et al. Efficacy of intensive acupuncture versus sham
acupuncture in knee osteoarthritis: a randomized controlled trial. Arthritis Rheumatol.
https://doi.org/10.1002/art.41584 (2020)
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Long-term fatigue relief with secukinumab for AS

In both the MEASURE 1 and MEASURE 2 placebo-controlled
randomized controlled trials, treatment with the anti-IL-17A
antibody secukinumab provided rapid improvements in fatigue
that were sustained for up to 3 years in patients with active
ankylosing spondylitis (AS). Improvements were particularly
prominent in patients who had not previously been treated
with a TNF inhibitor.

ORIGINAL ARTICLE Kvien, T. K. et al. Secukinumab provides sustained reduction in fatigue
in patients with ankylosing spondylitis: long-term results of two phase lll randomized
controlled trials. Arthritis Care Res. https://doi.org/10.1002/acr.24517 (2020)
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Induced T cells
stay on course

Regulatory T (T,,) cells are important
for preventing autoimmunity

and are typically divided into

two subgroups: natural T, (nT,,)

reg reg

cells and induced T, (iT,,,) cells.
New findings published in Science
Advances suggest that iT, _ cells,
but not nT,,, cells, maintain their
regulatory function after exposure
to arthritic conditions, which could
have implications for T, cell-based
therapies in autoimmune conditions
such as rheumatoid arthritis (RA).
nT,, cells develop in the thymus
whereas iT,, cells arise in the
periphery and can be generated
in vitro from naive T cells. Emerging
data suggest that the two subgroups
have overlapping and differing
features. Previous findings had
shown that adoptively transferred
nT,, cells lose the expression of
the transcription factor FOXP3
(a master regulator of these cells) and
transdifferentiate into pathogenic
T helper 17 (T,;17) cells in mice with
collagen-induced arthritis (CIA).

The authors on this latest study
decided to take these investigations
further by comparing the responses
of nT,,, cells and iT, , cells under
similar conditions. In co-cultures
with synovial fibroblasts from mice
with CIA (inflamed synovial fibro-
blasts), iT,, cells, but not nT,, cells,
retained their FOXP3 expression
and suppressive capacity, whereas
some nT,, cells transdifferentiated
into T};17 cells, concurring with
previous data.

In both a mouse model of colitis
and in mice with CIA, adoptively
transferred iT, , cells or T, cells
could suppress the development of
disease. However, this suppressive
capacity was lost for nT,,, cells,
but not for iT,, cells, if the cells were
primed with inflamed synovial
fibroblasts prior to infusion.

Given the important contribution
of synovial fibroblasts to RA
pathogenesis and the relatively
unknown relationship between

T, cells and synovial fibroblasts, the
authors next sought to investigate
the effect of T, cells on synovial
fibroblasts. In vitro, iT,, cells,

but not nTreg cells, could inhibit the
migration, proliferation and cytokine
production of inflamed synovial
fibroblasts. In mice with CIA,
infusion of nT,,, cells had a reduced
capacity to inhibit CIA development
over time compared with infusion of
iT,, cells. Notably, 45-60 days after
immunization, the data suggested
that the infused iT,, cells had a
superior effect on inhibiting the
inflammatory activities of synovial
fibroblasts than the infused nT,, cells.

Further in vitro analysis suggested
that, although cell-to-cell contact
between the synovial fibroblasts and
T, cells contributed to the loss of
FOXP3 expression on nT_ cells, the
conversion of nT,,, cells to T, 17 cells
mainly occurred as a result of
IL-6 production by the synovial
fibroblasts.

“This study advances efforts to use
cell therapy in autoimmune disease
with the use of in vitro expanded
T, cells,” says George Tsokos,
an expert on T cells in autoimmune
diseases who was not involved in the
study. “The use of T, cell therapy
in rheumatic diseases is plausible
but there are a number of important
considerations including the cost and
the need for advanced facilities”

Jessica McHugh
ORIGINAL ARTICLE Yang, S. et al. Induced, but
not natural, regulatory T cells retain phenotype

and function following exposure to inflamed
synovial fibroblasts. Sci. Adv. 6, eabb0606 (2020)
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Febuxostat cardiovascular safety revisited

The xanthine oxidase inhibitors
febuxostat and allopurinol are
widely used as urate-lowering
therapy, but the results of the
CARES trial reported in 2018 raised
concerns that febuxostat therapy
was associated with an increased
risk of death in patients with

gout and cardiovascular disease.

In the newly published results from
the Febuxostat versus Allopurinol
Streamlined Trial (FAST), however,
the two treatments did not differ
with respect to cardiovascular
outcomes or mortality in patients
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with gout and cardiovascular risk
factors. “The findings of FAST
should reassure patients with gout
and doctors treating patients with
gout that febuxostat can be used as an
alternative to allopurinol,” highlights
lead author Isla Mackenzie.

In FAST, which was conducted
between 2011 and 2019, 6,128
patients were treated in a lead-in
phase with allopurinol at dosages
optimized to achieve a serum urate
concentration of <6 mg/dl, then
randomly assigned in a 1:1 ratio to
receive treatment with febuxostat or
allopurinol. Patients in the febuxostat
group received a daily dose of 80 mg
or 120 mg (mean daily dose 81 mg)
and in the allopurinol group daily
doses ranged from 100 mg to 900 mg
(mean daily dose 279 mg).

At the end of the follow-up
(median 1,467 days) in FAST,
febuxostat was noninferior to allop-
urinol with respect to the primary
outcome, which was a composite
of non-fatal stroke, hospitalization

in FAST,

noninferior
to allopurinol
with respect

outcome

IL-33 is a potential new target in OA

Osteoarthritis (OA) is the most common
form of arthritis worldwide, yet effec-
tive treatments are lacking, leading
researchers to constantly search for
plausible new treatment targets. One
such target is IL-33, a member of the IL-1
cytokine family. According to the results
of a new study, blockade of IL-33 has the
potential to reduce both pain and joint
damage in experimental OA.

“The role of the immune system has
been downplayed in OA,” says corres-
ponding author Pradeep Kumar
Sacitharan. “Decades of research showed
the classical cytokines (IL-1 and TNF) do
not have disease relevance in pre-clinical
models of OA. Moreover, IL-1 and TNF
blockade have not shown any clinical effi-
cacy for OA. However, immune cells and
other cytokines are detectable in human
OA joints. Hence, our lab’s approach
was to go back to the drawing board and
investigate these other cytokines and
rebuild the immunological puzzle in OA.”

Sacitharan and colleagues first exam-
ined tissue from patients with OA and

found an upregulation of IL-33 in

the synovial fluid, and of both IL-33
and its receptor ST2 in chondrocytes.
Exogenous IL-33 caused human
chondrocytes to produce cartilage-
degrading proteases in vitro and
exacerbated disease in mice with
experimental OA induced by
destabilization of the medial
meniscus (DMM).

Next, the researchers investigated
the origin of IL-33 in mice with
DMM-induced OA using tissue-
specific conditional knockouts.
Interestingly, although synovial
fibroblast-specific knockout of IL-33
reduced synovitis, it had no effect
on total IL-33 concentrations, joint
damage or pain. By contrast, IL-33
knockout in chondrocytes reduced
joint damage, pain and total IL-33
concentrations.

Pharmacological blockade of either

IL-33 knockout
in chondro-
cytes reduced
joint damage,
pain and total
IL-33 concen-
trations

IL-33 or ST2 with monoclonal antibodies

was able to reduce pain and joint

damage in mice with DMM-induced OA,

febuxostat was

to the primary

for non-fatal myocardial infarction
or biomarker-positive acute coronary
syndrome, or death due to a cardio-
vascular event (adjusted HR 0.85,
95% CI 0.70-1.03; P<0.0001).

In the febuxostat group, 222
(7.2%) of 3,063 patients died and
1,720 (57.3%) had >1 serious adverse
event; in the allopurinol group,

263 (8.6%) of 3,065 patients died

and 1,812 (59.4%) had >1 serious
adverse event. Rates of treatment
discontinuation were 32.4% in

the febuxostat group and 16.5% in the
allopurinol group; 5.8% of patients

in the trial withdrew from follow-up.

“The FAST study should lead
to regulators reconsidering and
updating their advice about the
use of febuxostat that was issued
following the results of CARES;,” says
Mackenzie. “Not all patients with
gout are able to tolerate allopurinol
therapy, so it is useful to have an
alternative treatment option”

Sarah Onuora

ORIGINAL ARTICLE Mackenzie, |.S. et al.
Long-term cardiovascular safety of febuxostat
compared with allopurinol in patients with gout
(FAST): a multicentre, prospective, randomised,
open-label, non-inferiority trial. Lancet https://doi.
0rg/10.1016/50140-6736(20)32234-0(2020)

Credit: S.Harris/Springer Nature Limited

suggesting that IL-33 signalling could
be a potential future therapeutic target
for OA.

“At this stage, we need to further
investigate if targeting IL-33 and ST2
can be plausible in human OA,” suggests
Sacitharan. “We also need to elucidate
methods of precision medicine to be
able to target the right cytokine at
the right time in a complex joint with
multiple tissues.”

Joanna Clarke

ORIGINAL ARTICLE He, Z. et al. Blockade

of IL-33 signalling attenuates osteoarthritis.

Clin. Transl Immunol. 9, 1185 (2020)

RELATED ARTICLE Dinarello, C. A. The IL-1

family of cytokines and receptors in rheumatic
diseases. Nat. Rev. Rheumatol. 15,612-632 (2019)
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New genetic risk loci found for JIA

Juvenile idiopathic arthritis (JIA) is a
common form of childhood arthritis,
but its low prevalence and extensive
clinical heterogeneity hampers our
understanding of this condition.

To reduce clinical heterogeneity,

past genetic studies have focused

on specific clinical subtypes of JIA,
resulting in the identification of 17
susceptibility loci. Taking a different
approach, a group of researchers have
jointly analysed all JIA subtypes in
the largest genome-wide association
study of JIA to date.

“We implemented a novel
multinomial approach to
systematically explore the sharing
and specificity of genetic factors
across the clinical subtypes and
chose to analyse all available case
samples, regardless of clinical
subtype, to increase the success rate
in shared locus discovery;” explains
corresponding author John Bowes.
“We found that the effects of the
majority of JIA genetic risk factors
are shared across the various clinical

=4 RHEUMATOID ARTHRITIS

subgroups and this combined analysis
led to the discovery of five novel

risk factors for susceptibility to JIA,
bringing the total to 22

To link these variants to target
genes, the researchers used a
combination of approaches including
fine-mapping, transcriptomic analysis
and chromatin interaction maps in
relevant cell types. This integrative
approach led to the prioritization of
causal genes at six loci.

Importantly, this approach
implicated IL6ST, and not the
classically reported gene ANKRD55,
as the target gene of the single
nucleotide polymorphism rs7731626.
This gene encodes a signal transducer
involved in the IL-6 pathway and
is the target of the biologic drug
satralizumab, supporting future
investigations of this drug in the
treatment of JIA.

The enrichment analysis also
identified two transcription factors
— RELA and EBFI (involved in B cell
and regulatory T cell development,

The enrichment
analysis ...
identified two
transcription
factors ...

as key contrib-
utors to
disease risk

NETs revealed as source of
carbamylated proteins in RA

Post-translational protein modification
has an important role in the pathogenesis
of rheumatoid arthritis (RA); however,
although clear pathogenic pathways
have been established for citrullination,
less is known about the role of
carbamylation.

“Around 50% of patients with
RA develop autoantibodies to
carbamylated proteins (CarP).
The presence of these autoantibodies
is associated with a higher prevalence
of radiographic bone erosions
and with increased morbidity and
mortality in RA,” explains Carmelo
Carmona-Rivera, co-corresponding
author of a new study published in
Science Advances that describes the
role of carbamylation in RA.

carbamylated
NETs ... can
be recognized
by anti-CarP
antibodies in

RA sera
J)

animals.

histones) are present on neutrophil
extracellular traps (NETs) produced

by neutrophils in patients with RA

and that these carbamylated NETs
(cNETs) can be recognized by anti-CarP
antibodies in RA sera. Inmunization

of HLA-DRB1*04:01 transgenic mice
with cNETs also led to the generation
of anti-CarP antibodies in these

Incubation of RA fibroblast-like
synoviocytes with cNETs induced

a pro-inflammatory phenotype in

these cells that included
increased production

of osteoclastogenic
mediators. Interestingly,

the presence of
anti-carbamylated
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respectively) — as key contributors
to disease risk.

“Although our results show that
most risk factors are shared, there
is strong evidence to also support
clinical subtype-specific risk factors,”
says Elena Lopez-Isac, first author
of the study. “Large, international
collaboration will facilitate further
investigation of subtype-specific risk
factors, which in turn will provide
information on potential therapeutic
targets”

Jessica McHugh

ORIGINAL ARTICLE Lopez-Isac, E. et al.
Combined genetic analysis of juvenile idiopathic
arthritis clinical subtypes identifies novel risk loci,
target genes and key regulatory mechanisms.
Ann. Rheum. Dis. https://doi.org/10.1136/
annrheumdis-2020-218481 (2020)

the severity of bone erosion in patients
with RA, and immune complexes of
anti-carbamylated histone antibodies
stimulated osteoclast formation in vitro.

“These results may provide a
mechanistic explanation for the
association between anti-CarP
antibodies and increased bone erosions
and worse prognosis in RA, and further
support the rationale of NET inhibition
as a putative therapeutic strategy in
this disease,” says co-corresponding
author Mariana Kaplan.

“In the future, we plan to better
understand the kinetics of these
autoantibody responses and their
association with genetic variants
that predispose to RA but also
promote anti-CarP responses and
the generation of carbamylated
autoantigens,” states Carmona-Rivera.
Such investigations will include
characterization of the pathways
that trigger carbamylation.

Joanna Clarke

ORIGINAL ARTICLE O'Neil, L. . et al. Neutrophil-
mediated carbamylation promotes articular

damage in rheumatoid arthritis. Sci. Adv. 6,
eabd2688 (2020)

histone antibodies
was associated with

The researchers discovered that

carbamylated proteins (particularly Credit: Springer Nature Limited
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Machine learning in precision
medicine: lessons to learn

Darren Plant and Anne Barton

The ability to predict how a patient might respond to a medication would
shift treatment decisions away from trial and error and reduce disease-
associated health and financial burdens. Machine learning approaches
applied to genomic datasets offer great promise to deliver personalized
medicine but their application must first be optimized.

Refers to Tao, W. et al. Multi-omics and machine learning accurately predicts clinical response to adalimumab and
etanercept therapy in patients with rheumatoid arthritis. Arthritis Rheumatol. https://doi.org/10.1002/art.41516

(2020).

The arguments for precision medicine to opti-
mize the benefits of treatment for patients are
well-rehearsed; if robust biomarkers could be
identified, fewer patients would be treated
with drugs that are unlikely to be effective,
which would accelerate the pathway to bet-
ter outcomes, thereby improving the patient’s
experience and reducing the risk of unwanted
effects. Machine learning approaches offer
great promise in the identification of pat-
terns, particularly in datasets that contain
large numbers of different types of biomarkers
that might not be discoverable using tradi-
tional statistical techniques. However, the

use of machine learning to inform precision
medicine is a field that is still in its infancy.
A new study published by Tao et al." rep-
resents an important step in this particular
learning curve. In this study, the authors
developed machine learning models that were
based on genome-wide gene expression data
and DNA methylation signatures (measured
in whole blood cells) to predict treatment
response to adalimumab and etanercept in
patients with rheumatoid arthritis (RA).
Using this approach, the authors report being
able to predict responses to adalimumab or
etanercept with an accuracy of 86% and 79%,

the use of machine learning
to inform precision medicine is a
field that is still in its infancy

respectively, using gene expression signatures;
and with an accuracy of 85% and 88%, respec-
tively, using models based on DNA methyla-
tion. The study by Tao et al. has a number of
strengths, including the use of real-world
data, the selection of samples to mitigate
baseline differences in patient characteristics,
the analysis of peripheral blood mononuclear
cells (PBMCs), CD4" T cells and monocytes
from the same individuals and an attempt to
validate the findings. The datasets have also
been published to enable further indepen-
dent analyses’. However, it is now vital that
the field adopts these good practices and
also recognizes where study design could be
improved in the future.

One important issue faced by researchers
carrying out prediction modelling using
‘omics’ data is dimensionality; as the number
of features (the potential predictive variants,
which could be clinical, genetic, transcrip-
tomic or other omics factors) grows larger, so
does the number of samples that are required
to create useful models’. A large number of
samples is required because high-dimensional
data will contain many features that are either
redundant or irrelevant, and keeping those
features in the dataset can make it more dif-
ficult to identify patterns that group patients
effectively, impeding model performance,
generalizability and interpretation. In the real
world, it is often difficult to achieve large
sample sizes, particularly if omics datasets
are prohibitively expensive to generate or if
the condition being studied is uncommon.
Indeed, the total cohort size available to
Tao and colleagues was only 80 individuals,
40 adalimumab-treated patients and 40
etanercept-treated patients'. Approximately
50% of these patients did not respond well
to their medication, meaning that drug-
specific analysis was performed on only ~20
individuals with a good response and
~20 individuals with a poor response from
each treatment group. Now; if we consider that
over 700,000 features were tested in the DNA
methylation data alone, and that more than
one cell type was assessed for gene expression
levels, the number of redundant or irrelevant
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we are still learning the
strengths and limitations
of machine learning as an
approach

features tested is likely to be high, and the
chance of false positive and false negative
findings will also be high for this dataset.

One way to alleviate the problem of small
sample sizes is to only focus on relevant fea-
tures and to exclude those that are not impor-
tant for the analysis. Feature reduction can be
achieved by generating many models using
different subsets of the available features
and then selecting those features that result
in the best performing model, or by apply-
ing methods during the data pre-processing
to evaluate the relationship (or correlation)
between each feature and the outcome being
investigated, and then only including those
that show some correlation at this first stage
of analysis”. In the study by Tao et al.’, the
features used to build the prediction model
were pre-selected from the complete dataset
using regression-based methods. However,
this approach risks overestimating how
well the model predicts response (known as
overfitting), as every sample in the dataset
is included in the step to identify relevant
features, including the samples used for
subsequent model evaluation. This meth-
odological problem is referred to as double
dipping’. Learning from the study by Tao
et al., the authors of future studies should
be encouraged to consider sample size care-
fully and ensure that their training data are
used exclusively for feature selection and a
completely separate dataset is used to test the
performance of the model.

Tao and colleagues also attempted vali-
dation in nine samples from four patients
treated with adalimumab and five treated
with etanercept'; however, these patient
samples were selected from the same data-
set in which the original feature selection
was performed, meaning that they were not

truly independent. So, although the models
reported by the authors seem to be moder-
ately predictive of response in the nine sam-
ples tested, the results must be interpreted
with caution until they can be replicated in
truly independent samples; yet another les-
son that we, as a field, must take on board for
future studies.

The dataset analysed by Tao and colleagues
is a hugely important resource’ containing
gene expression and DNA methylation data
from PBMCs, CD4" T cells and monocytes,
all from the same individuals. The differences
in gene expression and DNA methylation sig-
natures that occur between those cell types
could reveal important mechanistic insights
into RA. Similarly, a multi-omics approach
that combines transcriptomics, proteomics
and cell-count-based models was used in a
2018 study to identify a molecular signature for
long-term clinical remission following treat-
ment in patients with RA®. In the future, it will
be important to integrate the data generated
using different omics techniques in samples
from the same individuals to produce a com-
bined model. Methods exist to integrate data
across omics platforms (described elsewhere’),
and it will be important to see if such integra-
tion results in an improved ability to classify
those who do and do not respond to medi-
cation, as has been shown for prognostic
assessment in human cancers®.

Overall, although advances in computa-
tional processing and programming have
increased the accessibility and enthusiasm for
applying state-of-the-art machine learning
methods to new fields, such as precision medi-
cine, the corollary is that we are still learning the
strengths and limitations of machine learning
as an approach. Lessons from studies such as
that by Tao et al." need to be applied if we are
to identify robust, reproducible biomarkers of
treatment response. We recognize that large
sample sizes are not always readily availa-
ble for treatment response studies; however,
other areas of study design could instead be
optimized, including the use of standardized
machine learning approaches to improve

feature selection, standardized reporting of
model performance (including model accu-
racy, area under the curve values and model
calibration®) and, most importantly, per-
forming independent replication. If these
lessons are not learnt, in the future it is likely
that the scientific literature will be filled with
papers claiming to have identified treatment
response biomarkers that are unlikely to be
generalizable to independent patient samples.
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W) Check for updates

Zd SYSTEMIC LUPUS ERYTHEMATOSUS

How well do the new
classification criteria for SLE

perform?

Guillermo J. Pons-Estel

and Graciela S. Alarcéon

The new 2019 EULAR-ACR classification criteria for systemic lupus
erythematosus (SLE) performed well in the initial derivative and validation
cohorts. But do these criteria outperform previous classification criteria

across sexes, disease durations or ethnicities?

Refers to Johnson, S. R. et al. Performance of the 2019 EULAR/ACR classification criteria for systemic lupus
erythematosus in early disease, across sexes and ethnicities. Ann. Rheum. Dis. 79, 1333-1339 (2020).

Systemic lupus erythematosus (SLE) is a
complex, heterogeneous, multisystemic dis-
ease with variable clinical expression among
patients from different ethnic or racial
groups; these differences are related to both
the genetic characteristics (ancestral and
non-ancestral genes) and non-genetic char-
acteristics (such as socioeconomic factors)
of these groups and account for the variable
course of this disease, including the frequency
and severity of flares, the extent of damage
accrual and the frequency of remission’.
Thus, the diagnosis of SLE is a challenge and
puts the talent of the clinician to the test to
identify disease from a broad set of symp-
toms, signs and laboratory tests without the
help of a true ‘gold standard’ assay; this caveat
is why no SLE diagnostic criteria truly exist.
Alternatively, classification criteria are use-
ful in identifying well-defined, relatively
homogeneous patient groups for clinical and
research purposes across the world; these
criteria also have teaching value in the clin-
ical setting’. However, the performance of
classification criteria can vary across differ-
ent cohorts and patient subsets. In a new
study, Johnson et al.’ attempt to evaluate
the performance of the 2019 EULAR-ACR
SLE classification criteria* across different
subgroups, including across sexes, disease
durations and ethnicities.

Previously developed SLE classification cri-
teria (the 1982/1997 ACR criteria and the 2012
Systemic Lupus International Collaborating

“ the performance of
classification criteria can vary
across different cohorts and
patient subsets ,,

Clinics (SLICC) criteria) perform overall
better in patients with longstanding disease
than in patients with new-onset SLE; however,
there is an increasing recognition and demand
for the inclusion of patients with early SLE in
clinical studies and trials. In 2019, EULAR
and the ACR joined forces and developed a
new set of criteria with the objective to achieve
a better sensitivity than the 1982/1997 ACR
criteria and specificity than the 2012 SLICC
criteria’. The 2019 EULAR-ACR criteria
present some unique characteristics that
include the use of antinuclear antibodies
(ANAs) as an entry criterion; the requirement
that patients must accumulate >10 points; the
stipulation that the occurrence of a criterion
at least once is sufficient, that criteria need not
occur simultaneously and that within each of
the seven clinical and three immunological
domains, only the highest weighted criterion
is counted towards the total score; and finally,
the inclusion that a clinical or laboratory fea-
ture is not counted if there is a more likely
explanation than SLE for its occurrence. In
view of these unique characteristics, the new
classification criteria examined in the deriva-
tion and validation cohorts have shown out-
standing sensitivity and specificity: 96-98%
and 93-96%, respectively”.

Differences in SLE disease expression affect
the performance of classification criteria in
different patient groups; furthermore, the cri-
teria need to also perform well in early disease.
To tackle these unmet needs, Johnson et al.’
conducted a post-hoc analysis of the same
multiethnic cohort of 1,270 patients (in
which the patients self-reported as Asian
(9%), Black (5%), Hispanic (Latin American
heritage; 10%) and white (74%)) that was
used to validate the 2019 EULAR-ACR cri-
teria. The authors showed that these criteria

have strong operating characteristics in terms
of sensitivity and specificity across subsets of
patients with SLE, including those patients
with early disease (<3 years of disease dura-
tion) (sensitivity 97%, specificity 96%) and
among patients with 3 to <5 years of disease
duration (sensitivity 96%, specificity 99%).
Likewise, good performance was observed
in men (sensitivity 93%, specificity 96%) and
women (sensitivity 97%, specificity 94%)
and in white (sensitivity 95%, specificity 94%),
Black (sensitivity 98%, specificity 100%),
Hispanic (sensitivity 100%, specificity 96%)
and Asian patients (sensitivity 97%, specific-
ity 91%). But these excellent operating char-
acteristics have some limitations. Only 18.1%
(230 of 1,270 patients) had incident disease,
defined as <3 years from the date of the physi-
cian diagnosis to the date of data submission.
Thus, the 2019 EULAR-ACR criteria have
excellent sensitivity, but classification might
be missed or delayed, especially at very early
disease stages.

In another study in an early SLE cohort of
690 patients’, who had a median disease dura-
tion of 48 months, 79 of the patients could not
be classified using the 2019 EULAR-ACR cri-
teria; this group had a high incidence (55.7%)
of moderate and severe disease as measured
by the physician global assessment, and 40.5%
of them had organ damage as measured by
the SLICC damage index >1. In short, there was
high disease burden in patients who could not
be classified by the 2019 EULAR-ACR criteria.
Only one quarter of the patients included in
the study by Johnson et al.” was non-white;
in fact, Black patients made up only 5.4% of
the total cohort. As Black patients tend to
have a more frequent and aggressive disease
than white patients (for example, as shown
in this study of African American and white
patients®), a proportional participation of
these patients in SLE and control groups is
needed to refine the precision of the estimates
of the operating characteristics of the new
criteria. Thus, future collaborative studies by
EULAR and ACR should consider recruiting
referral centers from Africa, Asia Pacific and
Latin America to avoid similar limitations.

Performance evaluation of the new 2019
criteria have been carried out in two separate
multiethnic cohorts”%; in these studies, the
investigators examined whether patients from
uncontrolled real-life clinical settings can be
classified earlier using the 2019 EULAR-
ACR criteria compared with using either the
1982/1997 ACR or the 2012 SLICC criteria.
In the GLADEL cohort, the new set of cri-
teria enabled an earlier classification of SLE
in 7.4% (mean 0.67 years) and 0.6% (mean
1.47 years) of patients compared with the
1982/1997 ACR and the 2012 SLICC criteria,
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“ future collaborative studies
... Should consider recruiting
referral centers from Africa, Asia
Pacific and Latin America ,,

respectively’, whereas in the LUMINA cohort,
the new criteria enabled an earlier classifica-
tion in 13.3% (mean 0.66 years) and 15.3%
(mean 0.63 years) of patients compared with
the 1982/1997 ACR and the 2012 SLICC cri-
teria, respectively’. However, in both cohorts,
between 12.8% and 34.4% of patients fulfilled
the new criteria at a later stage than with the
1982/1997 ACR or the 2012 SLICC criteria,
respectively. In conclusion, both cohorts
found that the EULAR-ACR criteria achieved
the goal of classifying patients earlier onlyin a
small proportion of the patients, particularly

in a subset of patients with more severe
disease. In addition, in a large multinational,
multiethnic cohort study that compared all
three sets of criteria (as well as a weighted
SLICC criteria)’, the investigators concluded
that there are no differences between these
criteria sets in terms of their performance, and
suggested that the unweighted SLICC criteria
might be preferred by clinicians and research-
ers because of their simplicity. However, the
performance of any classification criteria
will depend on the population from which
patients and controls are drawn and whether
specificity or sensitivity is prioritized.
Despite the points discussed, the find-
ings from Johnson et al.” and the other stud-
ies described (TABLE 1) suggest that the 2019
EULAR-ACR criteria perform satisfactorily
in terms of sensitivity and specificity in gen-
eral, including across sexes, in different ethnic

Table 1 | Performance of the SLE classification criteria across different groups

Cohort or Sensitivity % Specificity %

patient subset  5cp SLICC EULAR-  ACR SLICC EULAR-ACR
1982/1997 2012 ACR2019 1982/1997 2012 2019

Cohorts

EULAR-ACR 85 97 98 95 90 96

derivation cohort*

EULAR-ACR 83 97 96 93 84 93

validation cohort*

Adamichou et al. 86 91 89 93 94 97

cohort®

Petri et al. cohort® 83 97 91 96 84 89

Dahlstrom et al. 83 100 93 82 75 73

cohort!

Subpopulations’

Women 83 97 97 93 82 94

Men 78 94 93 94 90 96

<1yeardisease 56 89 89 92 92 92

duration

1to <3 years 81 98 97 95 88 96

disease duration

3 to <5years 81 91 96 94 89 99

disease duration

>5 years disease 84 97 96 93 81 93

duration

White 83 96 95 93 83 94

Black 82 98 98 100 92 100

Hispanic 86 100 100 96 78 96

Asian 77 99 97 93 91 91

groups and in patients with early disease.
We hope that the ACR and EULAR work-
ing group will keep track of the limitations
mentioned and, in the future, will collaborate
with the international rheumatology commu-
nity to improve these criteria to enable their
worldwide use.
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Zd PAEDIATRIC RHEUMATOLOGY

How to close the gap between
paediatric and adult care

Kirsten Minden

For young people with rheumatic diseases, the transition from paediatric
to adult rheumatology care is a vulnerable time, and delays or disruption
in their care can lead to adverse outcomes. Research into the factors

associated with gaps in transitional care could improve the identification

and targeting of vulnerable groups.

Refers to Bitencourt, N. et al. Time to completed visit and healthcare utilization among young adults transferring
from pediatric to adult rheumatologic care in a safety-net hospital. Arthritis Care Res. https://doi.org/10.1002/

acr.24409 (2020).

Continuity of care is crucial for the successful
transition of young people from paediatric
to adult care, but has hardly been evaluated
in rheumatology. A retrospective study by
Bitencourt and colleagues on 141 patients
with various rheumatic diseases transferring
from paediatric to adult rheumatology care
provides new information in this regard'.
By quantifying the time between the last paedi-
atric and the first adult rheumatology visit and
evaluating post-transfer outcomes, the results
highlight indicators of continuity of care
that still need to be investigated — decades
after the basic groundwork for the transition
of adolescents with chronic conditions to
adult care was laid.

At two conferences held in the 1980s, on
“Youth with Disability: The Transition Years”
and “Growing Up and Getting Medical Care:
Youth with Special Health Care Needs’, it was
acknowledged that the issue of transition
has not been adequately addressed by the
health-care system and presents a substan-
tial barrier to adolescents and young adults

Transition process

Preparation for Transferring Engaging Experience
managing one’s to adult- in adult

health and needed centered health care

health care care

as they attempt to obtain developmentally
appropriate medical care’. Today, despite
numerous policy statements, expert panels,
transition guidelines and numerous publi-
cations on rheumatological transitional care,
considerable gaps in the care of young peo-
ple with juvenile-onset rheumatic diseases
remain. At present, up to half of these young
people do not make a successful transfer to
adult rheumatology services and are therefore
particularly at risk of unfavorable outcomes*’.
Those who fall through the care gaps may
face morbidity, damage accrual and even
mortality.

Indicators of continuity of care include
engagement and retention in adult care;
the few available studies in rheumatology
identified deficits in this regard. According
to these studies, young people completed
the first visit to an adult rheumatologist on
average only 7-9 months after their last pae-
diatric visit>. The study by Bitencourt et al.
corroborates these findings'. In this study,
the authors found that an average of 221 days

Outcomes

Population
health

Cost of care

$

“ Those who fall through the
care gaps may face morbidity,
damage accrual and even

mortality ,,

elapsed between the last paediatric visit and
the first completed adult rheumatology visit.
This observation implies that a substantial
proportion of patients did not establish care
with an adult rheumatologist within 6 months
after the last paediatric rheumatology visit,
which is considered by paediatric rheumatol-
ogists to be one of the most important indi-
cators of a successful transition, along with
patient survival and maintenance of insurance
coverage’.

Bitencourt and colleagues revealed that
referral by a paediatric rheumatologist (versus
any other physician) shortened the length of
time between a paediatric and completed adult
visit (mean 144 versus 529 days; P<0.0001)".
This finding underlines the importance of
paediatric rheumatological care for young
people with inflammatory rheumatic diseases.
Surveys from North America and Europe
show that paediatric rheumatologists consider
a transition policy as being necessary for good
clinical practice, with the majority of them
pursuing at least informal transitional care®.
Other identified determinants of continuity of
care include communication between paedi-
atric and adult rheumatologists and an over-
lapping visit in which a patient is seen by an
adult rheumatologist before discharge from
paediatric care'. Cross-sectoral collaboration
and good communication between paediat-
ric and adult rheumatologists are undoubtedly
necessary to share critical patient-specific
information by or before the transfer in order
to provide appropriate care. The need for
direct communication between paediatric
and adult caregivers is also emphasized in the
recommendations for transition issued by

¢ Patient-reported health outcomes
¢ Disease-specific measures

* Mortality

* Self-care skills

¢ Adherence to care

e Satisfaction with care
e Barriers to care

e Service utilization
* Gaps in care
¢ Cost per capita

Fig. 1| Phases and outcome domains of transition from paediatric to adult care, categorized according to the Triple Aim framework.
Continuity of care is considered within the ‘cost of care’ domain, with gaps in care measured by the time frame between attendance at paediatric and
adult clinics, the rate of loss to follow-up or the rate of missed appointments.
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“ ... transition interventions
result in fewer lapses in care ,,

the Paediatric Rheumatology European Society
(PReS) and EULARS®. However, the trans-
lation of this guidance into routine clinical
practice remains a challenge. Even at an insti-
tution with an established transitional care
programme, a retrospective case note review
revealed that referral letters and health sum-
maries were not sent by the paediatric team to
the adult team in 24% of cases or to patients
themselves in 59% of cases’.

In response to the need to implement best
practices for transfer of care, various point-
of-care resources and tools have been devel-
oped, most notably those of the Got Transition
initiative.

To what extent these and other transi-
tion measures improve the outcome of
transfer remains to be determined. The
US Institute for Healthcare Improvement’s
Triple Aim framework has been proposed
to evaluate transition interventions’ (FIC. 1).
This framework is organized around three
goals, namely improving the individual
experience of care, improving the health of
populations and reducing the per capita cost
of care, and is based on the assumption that
high-value health care can only be achieved if
these three interdependent goals are pursued.
Using this framework, a systematic review
of 43 paediatric-to-adult transition studies
found that structured transition interven-
tions led to positive outcomes in the majority
of studies. Seven of the 43 studies involved
young people with rheumatic diseases and
all of these studies had positive outcomes,
including regarding continuity of care and
informational continuity".

The study by Bitencourt et al. also pro-
vides evidence that transition interventions
result in fewer lapses in care. Moreover, the
authors assessed transfer outcomes in terms
of cost of care and population health. A diag-
nosis of connective tissue disease, gaps in
insurance coverage and race or ethnicity (for
Black patients in particular) were associated
with (unnecessary) service use, which was
assessed on the basis of the proportion of
patients who had unscheduled hospitalization
or emergency department visits within 1 year
of their final paediatric rheumatology visit.
These parameters, as well as referral from a
physician other than a paediatric rheuma-
tologist, were also associated with serious
consequences such as end-stage renal disease
(ESRD) or even death, which occurred in
9% of patients'. A risk group can be defined
according to these parameters for which a suc-
cessful transition is less likely and which must
be prioritized in the preparation for transfer
to adult care. Bitencourt and colleagues could
not clarify whether the poor outcomes in their
study were related to a poor transition or to
disease severity. However, studies of patients
with other diseases (for example, type 1 dia-
betes mellitus or sickle cell disease) have also
shown an increase in worse acute and chronic
complications following transfer'.

Yet despite the need, increasing evidence
and efforts, the provision of uninterrupted,
high quality and developmentally appropriate
health-care services for patients moving from
adolescence to adulthood remains challenging.
Among the main obstacles to transition are the
lack of secure funding for dedicated resources
to provide uninterrupted clinical care and
transition services and the lack of accounta-
bility for health outcomes when young people
change providers or move to new insurance
plans. Further action is needed.
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How COVID-19 is changing
rheumatology clinical practice

Eloisa Bonfa®, Laure Gossec
Soumya Raychaudhuri

, David A. Isenberg®, Zhanguo Li

and

Abstract | The emergence of COVID-19 in early 2020 led to unprecedented
changes to rheumatology clinical practice worldwide, including the closure of
research laboratories, the restructuring of hospitals and the rapid transition to
virtual care. As governments sought to slow and contain the spread of the disease,
rheumatologists were presented with the difficult task of managing risks, to their
patients as well as to themselves, while learning and implementing new systems for
remote health care. Consequently, the COVID-19 pandemic led to a transformation
in health infrastructures and telemedicine that could become powerful tools for
rheumatologists, despite having some limitations. In this Viewpoint, five experts
from different regions discuss their experiences of the pandemic, including the
most challenging aspects of this unexpected transition, the advantages and
limitations of virtual visits, and potential opportunities going forward.

Since the COVID-19 pandemic began,

what have been the biggest challenges
to managing patients with non-COVID-19
conditions?

Soumya Raychaudhuri. In mid-March
2020, Massachusetts, USA, had about 100
reported cases of coronavirus disease 19
(COVID-19), most emerging from an
outbreak from a meeting of pharmaceutical
company executives at a Boston hotel in late
February'. Simultaneously, my colleagues
and I were confronted with rapidly emerging
data about the asymptomatic spread of

this virus’. By 13 March, Boston and the
surrounding public schools were shutting
down, and our research laboratories were
directed to work from home except for the
most essential functions. At the same time,
our outpatient clinic shifted to limit capacity
to all but those patients most in need of care.
Brigham and Women’s Hospital (BWH)
made the remarkable switch to making
virtual visits available to our patients.
Although virtual care worked well for some
of our patients, it did mean that we faced
unprecedented challenges in taking care of
our newest and most active patients. Many
of our patients are on immunomodulatory
therapies and were appropriately reluctant

to travel into health-care facilities, including
for diagnostic tests and clinical laboratory
monitoring or even infusions. The result was
that with the COVID-19 pandemic, many of
the tools that we commonly wielded became
unwieldy.

This issue was particularly problematic
for patients seeing us for a first visit, for
patients who were failing to respond to
therapies, for patients who needed to be seen
urgently for concerning new symptoms or
for patients who needed a referral to another
specialist for evaluation and work-up of
related independent diagnoses. In many
instances, we used inadequate temporizing
measures rather than a durable solution.

For example, some patients with newly
diagnosed inflammatory arthritic diseases
were prescribed courses of prednisone

until an in-person visit became possible.
COVID-19 has also taken an emotional toll
on our patients, as, like many, they struggled
to balance their personal lives as our society
shifted towards a lockdown and with the
anxiety of a pandemic.

Eloisa Bonfa. On 23 March, 1 week
after the first death from COVID-19 was
reported in the city of Sdo Paulo, Brazil,
a major and difficult decision was taken

by the largest tertiary public hospital in
Latin America, consisting of 2,400 beds and
eight specialized Institutes (Heart and Lung,
Orthopaedic, Psychiatry, Children, Cancer,
Central, Rehabilitation and Radiology
Institutes). As the clinical director of the
hospital and one of the coordinators of

the COVID-19 crisis Committee, I was
involved in the decision to isolate the
Central Institute (containing 900 beds)
solely for patients with COVID-19 (REF).
This decision meant that the other seven
Institutes remained at low exposure for
COVID-19. All non-COVID patients from
our General Tertiary Emergency Unit

and from more than 30 specialized ward
Units allocated in the Central Institute,
including the rheumatology unit, were
transferred to these COVID-cold Institutes.
Patients from the rheumatology unit were
transferred to the Orthopaedic Institute,
along with patients from almost all
specialized clinical wards. Each specialized
ward was allocated to one Unit that had
approximately 50% as many beds as

were previously allocated to that ward.
Overall, the pandemic resulted in delays

in non-emergency hospitalizations.

One main challenge during this period
was to divide the team between those who
would work in the non-COVID-19 area and
those who were recruited to exclusively care
for patients with COVID-19 in the isolated
COVID-19 Institute. A safe hospitalization
flow for inpatients and employee safety was
quickly established and upon suspicion
of COVID-19, the patient was rapidly
transferred to the transition area of the
isolated COVID-19 Institute. Another
challenge was to increase the number of
intensive care unit (ICU) beds available
in this Central Institute from 100 to 300 in
2 months. To achieve this goal, we had to
convert 34 surgery rooms into 76 ICU beds.
During the first 4 months of the pandemic
(April-July) in Sao Paulo, >4,000 patients
with severe COVID-19 were hospitalized
in the isolated institute, and ICU beds
accounted for more than half of these
patients. In terms of patients with rheumatic
diseases, the number of hospitalizations
decreased by ~40% compared with the
same period in the previous year and
the number of patients in our Rheumatology
outpatient clinics decreased by ~34%,
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reducing from a mean of ~1,730 patients
per month to ~1,148 patients per month.
The Rheumatology Biological Center,

a separate Unit dedicated exclusively to
patients under biologic therapy, remained
opened during the pandemic, and the
number of appointments reduced by
only ~16% compared with the same
period in the previous year.

Zhanguo Li. As a rheumatologist
practicing at Peking University People’s
Hospital, Beijing, the biggest challenge
during the COVID-19 pandemic has
been how to manage patients with
rheumatic diseases remotely using online
systems, social media platforms (such

as WeChat) or telephone calls, because
the patients simply could not physically
attend the hospital. This alternative
access to care was unprecedented and
was previously even prohibited by our
medical systems and insurance policies.
The situation was extremely challenging
for rheumatologists and patients for quite
a few months, as rheumatologists had

no existing online, regulated system for
prescribing treatments. Consequently,
the ceasing of medication or inappropriate
self-management occurred in many
patients across the country, resulting

in flares of disease in some patients.

The contributors

David Isenberg. Managing patients

with serious autoimmune rheumatic
diseases (who are often on steroids,
immunosuppressives and/or biologics)
who you cannot see and examine and do
blood tests on has been a huge challenge.
It is clear that many patients who have
been carefully shielding have not wanted
to come to hospital (at the University
College Hospital, situated in the centre of
London) and some have clearly tried hard
to deny (to themselves as well as to their
physicians) the fact that their underlying
disease was getting worse. We had a
particularly troubling time 2 months into
the pandemic when, in a period of about
1 week in April, we had to admit six patients
with systemic lupus erythematosus (SLE)
who were experiencing acute flares — three
of whom went straight into the ICU and
two of whom died.

Laure Gossec. An overall and overarching
challenge to my practice as an academic
full-time rheumatologist at Sorbonne
Université and Pitié-Salpétriere Hospital,
Paris, France, was my inner turmoil. When
I was young, I spent a few months doing
volunteer medical work in a developing
country, but for me, this role led to less
personal risk than the current pandemic,
especially as personal protection equipment
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was scarce or lacking, and I feared bringing
COVID-19 back home. This situation
challenged my conviction that my job as
a rheumatologist is the best in the world!
For me, the second biggest challenge
to managing my (non-COVID) patients
over the past months has been my fear
of putting them at risk through my
prescriptions. I mainly see patients with
inflammatory arthritis, most of whom are
treated with biologics or other targeted
therapies. Initially, we had no information
as to the potential risk associated with such
treatments, in terms of increasing the risk
of or severity of COVID-19. Thus, whereas
I have always prescribed such treatments
with the conviction of helping my patients,
the challenge here is a profound rethinking
of the benefit-to-risk balance of my
prescriptions.

How have your clinical and research
activities changed? What adaptations
have you put in place?

Eloisa Bonfa. For the first time, the
Rheumatology Outpatient Clinics of our
Hospital provided virtual care over the
phone to define which patients could have
their visit postponed, which patients needed
a change in prescription or which patients
had to come to the clinic for an appointment.
Postponing all previously scheduled
rheumatology outpatient appointments

was a challenging task owing to the large
number of patient appointments per week
(approximately 400), and it required a team
of staff fully dedicated to this assignment.
Those health-care workers who were at a
high risk of severe illness from COVID-19
were selected for this job. This procedure
required several adaptations for the medical
staff and patients due to the lack of previous
experience with virtual care, as telehealth
was only endorsed by the Federal Council
of Medicine during the pandemic’. Several
measures of care and risk assessment were
established for patients who were required
to come into the clinic for an appointment,
such as screening for COVID-19 symptoms
at entry and at the reception as part of the
routine clinical assessment. Patients were
recommended not to attend a face-to-face
appointment if they had any symptoms of
COVID-19. Other adaptations included
reviewing appointment scheduling, physical
distancing in waiting rooms, hand hygiene
care and appropriate personal protective
equipment. Mask wearing is still mandatory
in Brazil for any outside activity during

the pandemic’ and is also compulsory

for patients during appointments.
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Zhanguo Li. To adapt to the totally
unexpected changes to clinical practice, one
option in my department of the People’s
Hospital was to set up a consultant team
consisting of 26 rheumatologists to provide
medical service free to patients with rheumatic
diseases, supported technically by an internet
company. It was the first rheumatologist
team to provide such support to patients in
the country. Many patients nationwide were
helped by this group over a 2-month period,
from early February to late March 2020.

In addition, we used a previously
developed smartphone application (smart
system of disease management (SSDM))
as a patient self-care instrument to evaluate
disease activity and remind patients to
contact rheumatologists. The SSDM system
was designed for a research project’, and
the clinical value was also clearly shown
in the patients who used this SSDM system
during the initial months of the COVID-19
pandemic.

David Isenberg. My practice has changed
completely. During the first 3 months of the
pandemic, no routine appointments were
offered (although an emergency clinic once
a week was available) so that all outpatient
consultations took place over the phone
or occasionally by video conferencing. For
patients with longstanding, well-established
disease and on low or moderate doses of
steroids and immunosuppressives, I was
reasonably content to miss seeing the
patients at routine follow-up appointments,
but increasingly I have become concerned
about the inadequacies of what can be done
when not seeing patients face-to-face.
Among the pleasures and responsibilities
of running clinics in an academically
inclined institution are doing research
and educating both undergraduate and
postgraduate students. The introduction
of more remote patient assessment has had,
and will always have, a detrimental effect
on both. It will be harder to recruit patients
to trials. We cannot, for example, perform
ACR20, ACR50 or ACR70 assessments of
our patients with rheumatoid arthritis or
British Isles Lupus Activity Group (BILAG)
assessments of our patients with SLE, to
help determine their eligibility for a clinical
trial. The patient cannot agree to have their
blood taken remotely for a project. Likewise,
teaching opportunities are restricted if we
cannot, for example, demonstrate the use
of the cross fluctuation test to show fluid in
the knee of a patient, identify an enlarged
liver or spleen or identify an extensor plantar
response. These problems will obviously be
detrimental for patient care too.

Laure Gossec. My professional life has
profoundly changed since February.

My research activities usually involve

very frequent travels to other countries,
which have completely stopped since
February. My academic work as a professor
of rheumatology involves face-to-face
interactions with students, which likewise
have disappeared completely and have been
replaced (partly) by online courses, which
are by essence much less interactive.

As regards my clinical work, my
practice has changed because the hospital
has become a place of dread and doom.
My patients with inflammatory arthritis
do not want to come to the hospital
anymore, and I myself feel reluctant to
ask them to come. For this reason, for
3 months, all of my patient clinics were
switched to teleconsultation, where no
physical examination is possible and where
the quality of care is lower. In the hospital,
instead of accommodating patients with
severe rheumatic diseases, our beds were
taken over for patients with non-rheumatic
diseases, for whom my added value and
competency is much lower.

One of the fun and interesting parts of
my work is interactions within the medical
and non-medical team as well as with
colleagues outside of rheumatology (such as
through staff meetings). Most of this social
interaction has now disappeared, replaced
somewhat by e-mail exchanges.

Soumya Raychaudhuri. I spend most

of my time running a research lab in an
academic setting. That part of my life has
completely changed. Like many workplaces,
we have moved almost entirely to virtual
work environments. Hence, research and
education has become much less interactive
and we have had to shift our culture to
accommodate this major change.

My clinical practice is within the BWH
Arthritis Center, which is a large clinic that
hosts 30,000 patient visits per year. My
practice specifically has shifted to include
more virtual visits and fewer in-person visits.
From March to July, my practice was almost
entirely virtual.

For in-person visits, to reduce the risk
of infection for our staff and our patients,
the BWH Arthritis Center has made
dramatic changes in the way we interact
with each other and with our patients, the
flow of patients in and out of the clinic
and the clinic rooms, how clinic rooms are
turned over and many other components.
The changes have been well executed and
have affected every aspect of our clinical
experience. The result is that I feel confident

to encourage my patients to come in and see
me, especially when so many of them are
worried about COVID-19 and the personal
risk to themselves. Although these changes
are essential to our ability to see patients

in person, they do make the experience

of being a doctor somewhat less personal.
Implementing social distancing has meant
that I see fewer colleagues and staff. It also
means that many of the spouses and family
members that often accompanied my
patients are no longer present. I no longer
greet my patients in a crowded waiting
room, rather they are brought in from an
empty waiting room. Masks are essential

to protect our patients, especially those on
immunomodulatory therapies, but they

do make non-verbal cues harder to glean.
Opverall, in-person visits continue to be
essential, but they do not feel quite as warm
or friendly.

On the other hand, virtual visits have
been much more effective than I might have
anticipated. Our clinical infrastructure has
enabled video visits, which have proven to
be far more productive than a simple phone
call. The video visits are very practical and
effective for my longstanding patients who
are doing well on established therapeutics.
Previously, some patients who live further
away might have taken a day off to drive
into Boston — in some instances from
out of state — for a physical visit. For some
of these patients, the ability to do a visit
virtually has saved them valuable time. The
virtual visit is often more efficient as visits
can be easily started and ended, and the next
visit can be started immediately. But the
virtual visit has definite limitations. Most
obviously, the inability to do an in-person
physical examination and joint examinations
cannot be reproduced via video. The exam
is essential for assessing our patient’s disease
activities or making diagnoses, and taking
care of new patients or patients with active
disease can hence be really challenging.
Video visits expose the digital divide of our
society, and some of our patients are unable
to fully take advantage of our infrastructure,
especially those who are of fewer means,
have poorer internet access or are older
and less comfortable with technology.

Will COVID-19 change your clinical

and research activities for good, or will
you return to business as usual once the
situation is back to ‘normal’?

David Isenberg. Although apocryphal,
there is a story that the then Chinese
Premier Zhou Enlai, when asked by Henry
Kissinger, Richard Nixon’s secretary of state,
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for his opinion on the effects of the French
Revolution, replied “too early to say”. I think
the same is true for assessing the long-term
effects of COVID-19. The pandemic has
highlighted the value (at least in the short
term) of fully electronic record systems,
which makes it possible to see patient
records, including letters, imaging and blood
test results, remotely. I can certainly envisage
that some routine follow-up appointments
can be undertaken remotely and safely
(provided local blood tests can be done),
which may well reduce the numbers of
patients attending specialist clinics.

Eloisa Bonfa. Engaging back to ‘normal’
activities will take time and it will probably
have to wait for a vaccine. Until then,

all adaptations and risk assessments

will remain. But one of the major gains

the COVID-19 pandemic will bring is the
consolidation of telemedicine and televisits
in the care of patients. Taking into account
that many patients with rheumatic diseases
have mobility difficulties, telehealth will

provide an alternative approach to the care of

these patients, when possible. Furthermore,
in a large city such as Sao Paulo, with chaotic
traffic and long distances, the possibility of
avoiding public transportation, not only to
prevent the spread of COVID-19 but also

to avoid other issues beyond the pandemic,
will be more convenient for the patient.

Zhanguo Li. COVID-19 has certainly
changed rheumatology practice. Although
the patient volume has now returned to
normal in China, the demographics of
patients attending outpatient clinics have
altered in terms of disease severity and
distance of travel. Patients with mild diseases
who live in remote areas now tend to see
their local doctors, rather than come to
rheumatology centres.

Laure Gossec. At this stage, I do not

really foresee the situation ever fully
getting back to normal. It seems to me

that social distances will be increased for

a long time. In France, we usually hug

and kiss a lot, which I do not think will go
back to normal anytime soon. As for my
professional life, I do not foresee going back
to my previous rate of travel related to my
research activities. I also think that medical
teaching will be profoundly modified now
with much more online resource use and
much less face-to-face teaching. From that
point of view, we were quite late in France
in adopting these teaching methods, and
this pandemic might well be an opportune
moment for this change. As for my patients,

I do think the situation will mostly go back
to normal, as my clinics require the use of
physical examinations and ultrasonography.
I am planning to keep around 10% of
consultations online for patients in the

long term.

Soumya Raychaudhuri. I think that some
of the changes will be here to stay. Boston is
a challenging city for many of our patients to
get in and out of, particularly those who are
coming from far away, or for those for whom
driving or navigating public transportation
is hard. For these patients, especially for
routine follow-up visits, a virtual visit can
offer real advantages. There are patients all
over New England who would benefit from
access to a referral centre. I can imagine if
our institution or others are able to build a
great virtual care infrastructure, we could be
in a position to expand the scope of patients
who our physicians are connecting with and
caring for.

If temporary adaptations are to become
permanent, what barriers need to be
overcome?

Laure Gossec. Barriers to online
consultations include poor access to the
internet for some patients, low-quality
internet connection on either side, a lack
of user-friendly medical files and also a
psychological reluctance from patients
regarding online consultations (most
patients prefer to see me face-to-face).

The wearing of masks is also a barrier
to my clinical practice. It hinders the
interactions with my patients, which makes
shared decision-making (probably the most
rewarding part of my clinics) more difficult.
Will it be that masks will push us back in
time, to paternalistic prescriptions?
Who can say?

Zhanguo Li. Current barriers are the lack
of a ‘telehealth’ and medical support system
for patient care, which can facilitate patients
and doctors in terms of consultations,
efficient follow-up and clinical studies.

If a second wave of COVID-19 comes,

we will face the same difficulty as we had

a few months ago.

Eloisa Bonfa. The most important
adaptation is consolidation of the
regulatory framework for telemedicine
in Brazil, including reimbursement for
this activity. Another notable barrier that
is expected is the serious economic crisis
resulting from the COVID-19 pandemic
that will limit investment resources in all

areas including health. This limitation of
resources will hinder the development and
implementation of innovations. Hopefully,
increased solidarity, a hallmark of this

crisis, and regional cooperation will help to
overcome the challenges we will have during
reconstruction.

Soumya Raychaudhuri. I think telemedicine
and virtual medical care could become
really powerful tools for the right patient
with the right infrastructure. I think that

we need to make sure that our patients

have access to a proper IT infrastructure

to mitigate access issues. If language is a
barrier, we need to have a means of enabling
translation services during our virtual

visits. To realize the full potential of virtual
care, we need to be able to arrange services
and testing for our patients within their
communities. After the visit, having an
integrated health-care system that enables
seamless data transfer is essential. With
such an integrated health-care system,
arranging imaging, lab work, therapeutic
infusions and other services near to home
becomes possible without cumbersome
administrative barriers. Currently, for my
more distant patients, I often need to bring
them into Boston for tests and services.

In many cases, they have alternative facilities
near to their home, but those facilities are
not connected to our system, and arranging
local testing and services is challenging
without extensive administrative effort.

David Isenberg. I anticipate that it will be
even more important to stress to patients,
if their disease is worsening and they have
not been seen by a physician (or nurse),
that they must contact the hospital and
arrange a face-to-face appointment as
soon as possible. From the administrative
point of view, there will need to be greater
flexibility about determining whether
patients are to be seen face-to-face or

via a telephone consultation. Closer

links with general practices will also

be necessary as, in my experience, some
general practitioners have been reluctant
to take on routine monitoring of patients
on immunosuppressive medication.

What other opportunities lie ahead for
transforming rheumatology practice?

Zhanguo Li. Many opportunities lie ahead,
as long as we focus on the needs of patients
and rheumatologists. Undoubtedly, more
patient-associated and doctor-associated
activities will be held online, providing
opportunities for patient education and
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virtual conferences, although patients with
severe or difficult-to-treat disease will still

need face-to-face appointments with their

rheumatologist.

Laure Gossec. Improving access to best
care, through online consultations but

also by improving the patient trail (that

is, the way in which patients first see their
general practitioner before being referred
to a rheumatologist) and decreasing the
delay before a consultation, is a priority.
Better use of online resources and maybe
of rheumatology nurses, if they are allowed
to play a bigger role in France, are options to
move forward, which may be facilitated by
the COVID-19 pandemic.

Soumya Raychaudhuri. The implementation
of effective virtual visits will be really
powerful for rheumatology. The need

for an in-person visit will always be there,
especially for patients with very active
disease or for new patients with uncertain
diagnoses. But for patients who we know
well, managing them to some extent virtually
will have great value. I think in practice
these are the patients we talk to on the
phone informally and e-mail with. So,
having a formal mechanism to take care of
them will be beneficial to them and to us.

David Isenberg. By doing more telephone
consultations and reducing the numbers

of patients attending clinics face-to-face,

it should be possible to reduce the

waiting times for patients referred to
rheumatologists. I am, though, becoming
increasingly concerned about the ‘downsides’
of what has happened in the past 6 months,
notably the missed occurrences of increased
disease activity in patients, the loss of

educational opportunities for physicians and
the difficulties in undertaking translational
research.

Eloisa Bonfa. Innovations associated with
self-care, including smartphone apps and
wearable technologies, consolidated during
the pandemic, are interesting alternatives
for the management of several chronic
conditions and will certainly also be

useful for patients with rheumatic diseases.
Above all, there is no way back and the
acceleration of digital transformation

and the improvements in internet speed
that occurred during the pandemic will
continue and will transform our lives.

This change will provide new opportunities
for physicians to update their knowledge
on the field and for continuing medical
education online, without the need for
physical travel. In addition, for organizations,
a new way of dealing with administrative
work took place with changes in workflows,
including replacement of meetings with
e-mails, increased working from home

and accelerated automation that will
forever change the way we work.
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Abstract | Despite nearly three decades of advances in the management of rheumatoid arthritis
(RA), a substantial minority of patients are exposed to multiple DMARDs without necessarily
benefitting from them; a group of patients variously designated as having ‘difficult to treat’,
‘treatment-resistant’ or ‘refractory’ RA. This Review of refractory RA focuses on two types of
patients: those for whom multiple targeted therapies lack efficacy and who have persistent
inflammatory pathology, which we designate as persistent inflammatory refractory RA (PIRRA);
and those with supposed refractory RA who have continued disease activity that is
predominantly independent of objective evidence of inflammation, which we designate as
non-inflammatory refractory RA (NIRRA). These two types of disease are not mutually exclusive,
but identifying those individuals with predominant PIRRA or NIRRA is important, as it informs
distinct treatment and management approaches. This Review outlines the clinical differences
between PIRRA and NIRRA, the genetic and epigenetic mechanisms and immune pathways that
might contribute to the immunopathogenesis of recalcitrant synovitis in PIRRA, and a possible
basis for non-inflammatory symptomatology in NIRRA. Future approaches towards the definition
of refractory RA and the application of single-cell and integrated omics technologies to the

identification of refractory RA endotypes are also discussed.

Despite advances in the management of rheumatoid
arthritis (RA) that have been made over the past
30 years and the availability of effective targeted syn-
thetic DMARDs (tsDMARDs) and biologic DMARDs
(bDMARDs), treatment non-response remains an
ongoing clinical challenge that can result in treatment-
resistant RA'. The goal of treatment with existing
conventional synthetic DMARDs, tsDMARDs and
bDMARD:s in RA is the complete abrogation of inflam-
mation. The inability to achieve this goal leads to suc-
cessive cycling of therapies (BOX 1). Increasingly, the term
‘refractory’ RA is being used to describe disease that is
resistant to multiple DMARDs?, yet what comprises
refractory RA lacks consensus.

In this Review, we discuss the challenges of defining
refractory RA and the current literature on the extent
and burden of the condition. We posit that refractory
RA consists of two overlapping subtypes on the basis
of whether symptomatology persists in the presence or
absence of inflammation, and that these subtypes have
relevance for management strategies. Having defined
these subtypes, we examine the heterogeneous overlap-
ping innate and adaptive mechanisms of RA, as well as
interrelated factors such as smoking, epigenetic factors

and potential somatic mutations, that could contribute
to the persistence or evolution of immune responses
and ongoing inflammation in individuals with persis-
tent synovitis. We also discuss how perturbations in the
joint microenvironment and subtle emergent immune
mechanisms linked to pain might contribute to ongoing
symptomatology in individuals with little or no discern-
ible inflammation. Finally, we provide some thoughts on
how the challenges surrounding refractory RA might be
addressed in the future.

Defining refractory RA

Refractory RA is often used interchangeably with
‘difficult to treat’ RA®, a working definition of which was
provided by a EULAR task force in 2020 (REF."). As illus-
trated in the results of a survey published in 2018 (REF.),
the term difficult-to-treat RA can have a wide variety
of interpretations; however, a common theme is the
exposure of patients to (but not necessarily a lack of effi-
cacy of) several advanced therapies. Typical reasons for
exposing a patient to several DMARD:s can include mul-
tidrug toxicity and concerns around the safety profiles of
complex immunosuppressive therapies in patients with
comorbidities (not necessarily directly related to RA).
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Key points

* The term refractory rheumatoid arthritis (RA) implies treatment-resistant persistent
joint and/or systemic inflammation; however, it is often used interchangeably with
broader definitions such as ‘difficult to treat’ RA.

e Refractory RA could be stratified into two major categories; persistent inflam-
matory refractory RA (PIRRA), in which unabated inflammation is evident, and
non-inflammatory refractory RA (NIRRA), which lacks discernible inflammation.

* Within the category of PIRRA, serological status and HLA associations can provide
meaningful stratification that can inform potential therapeutic avenues.

¢ Epigenetic modifiers, including methylation, microRNAs and long non-coding RNAs,
can influence the course of RA and could provide a basis for the emergence of
refractory RA.

* NIRRA is typically mediated by ongoing pain and patient-reported outcomes; pain
mechanisms might include autoimmune and neuroinflammatory pathways that are
independent of joint synovitis.

* The classification of RA and other diseases along an innate-to-adaptive
immunological axis can be applied to refractory RA to help discover targets that
might be of therapeutic benefit.

Patient compliance and adherence to therapies are also
increasingly being recognized as contributors to the
overall outcomes for patients.

By contrast, the term refractory RA indicates the
inefficacy of multiple agents in conjunction with una-
bating joint and systemic inflammation — features at
the core of the historically poor prognosis of RA®. In the
real-world clinical setting, a state of genuine refractory
RA is considered to exist when all potentially useful
available therapeutic options have been exhausted
(BOX 1). All of the currently licenced effective therapies
for RA target joint inflammation mediated by integrated
innate and adaptive immune system mechanisms in an
effort to ablate inflammation and normalize inflamma-
tory markers. Thus, implicit in our understanding of
true refractory RA is the persistence of joint inflamma-
tion (which manifests as a state of high disease activity)
and the need to explore alternative anti-inflammatory
strategies to target disease. The need for the use of mod-
erately high doses of glucocorticoids alongside DMARD
therapy to achieve disease control in patients with RA
also implies therapeutic inefficacy and, in the context
of the cycling of multiple therapies, is consistent with
a refractory disease state. What happens, however, if a
patient has a high composite disease activity score that
persistent inflammation does not necessarily contrib-
ute to? Some patients with RA cycle through multiple
DMARD:s in an attempt to bring their disease to an
acceptable measured disease activity state (be it remis-
sion, low disease activity or equivalent) but have little
objective evidence of ongoing inflammation. Does this
type of disease also constitute refractory RA?

Observations on the effects of therapy, structural pro-
gression and patient-centred outcomes that extend back
almost two decades can inform how we answer such a
question. Many patients with RA who failed to meet the
ACR composite outcome measures in a trial of inflixi-
mab plus methotrexate still had reductions in swollen
joint counts, C-reactive protein (CRP) concentrations
and radiographic progression’, indicating meaningful
suppression of inflammation in the face of apparent
clinical non-response. A synovial tissue study drew

similar conclusions, identifying CRP suppression and
synovial tissue improvement in individuals who failed
to meet ACR composite measures of response®. These
findings could be interpreted as joint inflammation
and damage being uncoupled and thereby representing
two different processes. However, imaging studies have
demonstrated that these two processes are coupled, with
synovitis thought to precede joint erosion™"’. In addition,
other studies have confirmed that clinical joint swelling
and synovitis, but not tenderness and patient-reported
outcome measures (PROMs), correlate with progressive
joint destruction'’, and that seemingly controlled disease
can be associated with persistent measured disease activ-
ity mediated by pain and PROMs'*"“. Several studies
have demonstrated this notion in the context of discord-
ance between the 28-joint disease activity score (DAS28)
and the risk of inappropriate escalation of immunosup-
pressive therapy'®, and also in promoting remission ‘near
misses’'®. These data demonstrate that individuals with
raised composite disease activity scores might not have
underlying joint and/or systemic inflammation.

Applying this understanding to individuals who have
already cycled through multiple DMARD therapies, we
suggest that two types of disease state should be consid-
ered: persistent inflammatory refractory RA (PIRRA), in
which an individual has unequivocal inflammatory joint
synovitis that typically occurs, albeit not exclusively’, in
the presence of raised systemic markers of inflammation,
despite the use of therapies with different mechanisms of
action; and non-inflammatory refractory RA (NIRRA),
in which symptomatology, typically pain, predominantly
persists independently of discernible inflammation and
is thus not directly amenable to DMARD therapy”. For
some patients, although apparent joint swelling might
suggest refractory synovitis, imaging studies can subse-
quently show no objective evidence of ongoing inflam-
mation, consistent with the NIRRA subtype, and hence
progressive erosion is unlikely'®. Importantly, these two
subtypes of refractory RA are unlikely to be mutually
exclusive of one another, and both of these sit within the
difficult-to-treat RA population (FIC. 1).

Although this subcategorization is not accepted or
validated, and this approach is not without limitations
(BOX 2), recognizing these two categories of refractory
RA has fundamental conceptual implications for poten-
tial management strategies. Identifying PIRRA as the
predominant basis for the cycling of multiple therapies
will be of central importance for the emergent catego-
rization, prognosis and testing of novel therapies for
this condition. Similarly, although we acknowledge the
potentially substantial functional incapacity in our sug-
gested category of NIRRA, the prognosis for patients
with this type of RA is likely to be very different from
those with PIRRA.

Difficult-to-treat RA and the wide group of patients
encompassed by this term can include refractory RA,
but this concept is not discussed further in this Review.
Nevertheless, it is worth acknowledging that a EULAR
task force has recommended a threshold of a failure of
at least two bDMARDs or tsDMARDs (with different
mechanisms of action) as a definition of difficult-to-treat
RA". This recommendation is similar to that made in
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Box 1| Treatment of RA and therapy cycling in refractory RA

The therapeutic armamentarium for rheumatoid arthritis (RA) has rapidly expanded

over the past 20 years with the introduction of biologic DMARDs (-DMARDs). The
categorization of therapies in clinical practice and in clinical trials has often been
dichotomous, with therapies described as either TNF inhibitors (the first bDMARDs

to become available) or non-TNF inhibitor bDMARD:s (including B cell-depleting
therapies, T cell co-stimulation blockade and IL-6-targeted therapies). Refractory RA

has traditionally been represented in the context of persistent disease activity following
the exhaustion of all available treatment options (see figure). This concept has inevitably
led to a continually expanding and changing definition of refractory RA as the number of
available therapies has grown. Patients with refractory RA typically cycle from conventional
synthetic DMARDs (csDMARDs), to bDMARDs, usually TNF inhibitors first, and then to
bDMARDs with other mechanisms of action. This approach is pragmatic and can provide
insights into meaningful pathways of disease. However, it remains to be seen whether the
interruption of pan-cytokine signalling by the use of Janus kinase inhibitors, a type of
targeted synthetic DMARD (tsDMARD), reduces the burden of refractory RA.

Disease activity

Refractory RA =
Remaining treatment options
Inadequate Inadequate Inadequate Inadequate
response response to response response to
to multiple one or multiple to multiple bDMARDs and
csDMARDs TNF inhibitors bDMARDs tsDMARDs?

a 2018 viewpoint, which used the term refractory RA%
however, the term difficult-to-treat RA (as used by the
EULAR task force) also includes the presence of more
general signs, symptoms and clinical scenarios that can
make the management of RA challenging. Going for-
wards in this Review, we use the term refractory RA
to signify genuine disease that is resistant to treatment
with multiple bDMARDs or tsDMARD:s (as opposed to
patients who are exposed to multiple DMARDs), and
PIRRA and NIRRA when discussing data and concepts
specific to these subcategories.

How common is refractory RA?

Only a handful of reports have described the prevalence
of refractory RA, each of which used a different defini-
tion of the condition and none of which was designed to
clearly identify PIRRA. A 2018 report from the British
Society of Rheumatology Biologics Register for RA on
individuals with refractory RA (defined as the failure
of a minimum of two bDMARDSs owing to toxicity
and/or inefficacy) indicated a prevalence of approxi-
mately 6%, but the authors only examined patients who
had used a TNF inhibitor as their first bDMARD".
A 2019 study in which refractory RA was defined as
failure of a minimum of three DMARDs, including at
least one bDMARD, and thus had a wider population
of interest than the British Society of Rheumatology
Biologics Register for RA study, reported that 17% of
412 patients had refractory RA*. Predictors of refractory
RA included delayed initial treatment, being female and
having high composite disease activity scores. The same
group illustrated that treatment with a large number
of prior DMARDs was associated with poor treatment
response regardless of disease duration®. These results
are consistent with the well-established observation that
delayed treatment with a DMARD is associated with a
poor response'”**. In other words, response rates are

almost always higher when a drug is used as a first-line
therapy than if the same drug is used as a second-line or
third-line therapy later in the treatment pathway'.

The differing definitions of refractory RA used in the
studies published to date'”*" make accurate estimation
of the prevalence of this condition challenging. Such
studies presume genuine persistent inflammation at
each historic treatment failure. However, the difficul-
ties associated with disentangling bona fide persistent
inflammation from other factors that masquerade as
refractory RA make it likely that the estimated 6-17%
of individuals with refractory RA represents the over-
all proportion of individuals with refractory RA of any
type, and that those with PIRRA constitute a smaller
proportion of this group. Indeed, one of these studies
reported no statistically significant difference in swollen
joint counts, CRP concentration, erythrocyte sedimen-
tation rate or radiographic damage between individuals
with refractory RA and those with therapy-responsive
disease”, indicating that PIRRA is probably uncommon.

Characteristics of refractory RA

Persistent inflammatory refractory RA

Historically, severe and treatment-resistant (refractory)
RA manifested as bulky synovitis, chronic progressive
disability, complete incapacitation and loss of inde-
pendence, accelerated atherosclerosis, tumorigenesis
and early death”**. Nowadays, refractory RA has a less
aggressive phenotype and, in our experience, rarely
emerges after years of sustained drug-induced remis-
sion. An individual can immediately and obviously
fail to respond to successive treatments or can develop
PIRRA more gradually, often as they partially respond
to each new therapy before relapsing back into active
disease (FIC. 2).

Patients with PIRRA can typically present with one of
three clinical categories of refractory joint involvement
(polyarthritis, oligoarthritis or monoarthritis), although
this pattern of joint involvement has not been carefully
studied. Individuals with unambiguously resistant dis-
ease generally have polyarthritis, which can become less
extensive over time owing to the partial efficacy of tar-
geted therapies. Some individuals can have an oligoar-
ticular pattern of disease, which includes small-joint
involvement of the hands and wrists and, very occa-
sionally, patients can have a monoarticular large-joint
pattern of disease with extensive synovitis. However, it
is debatable whether a single refractory synovitic joint
would meet any definition of refractory RA, which was
historically a polyarticular disease. Notably, some indi-
viduals might have polysynovitis that is atypical and/or
has a large-joint pattern but that nevertheless meets the
criteria for RA; by designating such patients as having
RA, the range of available treatment options is widened
according to local eligibility criteria.

Distinct joint patterns in PIRRA might also be asso-
ciated with autoantibody status. Involvement of large
joints is associated with seronegative RA in what might
be clinically termed a spondyloarthritis (SpA)-like pat-
tern, whereas seropositive RA is typically associated with
a small-joint symmetrical phenotype, although these
patterns are not definitive”. Studies on the associations
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Difficult to treat RA

Disease-specific, clinical and social factors including:
¢ Disease prognostic factors and disease severity

* Multi-drug toxicity
¢ Anti-drug antibodies

e Limited treatment options owing to comorbidities

and specific toxicity risk

e Comorbidities (e.g., obesity or poor mental health)
e Lifestyle factors (e.g, smoking or exercise)

¢ Adherence and compliance

e Social determinants (e.g, age, gender or

socio-economic status)

Persistent Non- * Exposure to multiple DMARDs
inflammatory inflammatory ¢ Symptomatic RA with little
refractory RA refractory RA objective inflammation:

e Lack of efficacy of
multiple DMARDs

¢ Ongoing signs of
inflammation

- Accrued damage and/or
secondary OA

- Functional decline

- Chronic pain syndrome
and/or fibromyalgia

- Central sensitisation

Fig. 1| Refractory RA subgroups within the wider context of ‘difficult-to-treat’ RA. The term ‘difficult-to-treat’
rheumatoid arthritis (RA) is often used to describe disease in patients who are exposed to multiple biologic DMARDs
and/or targeted synthetic DMARDs, but not necessarily in those for whom they lack efficacy. This group of patients
encompasses those with comorbidities that preclude the use of certain therapies, repeated drug toxicity, anti-drug
antibody development leading to drug inefficacy, and medication non-adherence and non-compliance. Lifestyle and
social determinants might also contribute to lack of treatment efficacy in this group. We propose that the term ‘refractory’
RA could be defined by the inefficacy (not toxicity) of multiple types of DMARDs. Some individuals in this group will

have persistent inflammation in the joints (and potentially systemic inflammation) and would be classified as having
persistent inflammatory refractory RA. Other individuals will have symptomatic RA with little objective evidence of
ongoing inflammation that can be modulated by DMARD:s that principally target innate and adaptive immune system-
mediated inflammation. Misdiagnosis of ongoing symptomatology as joint inflammation can lead to individuals in this
group cycling though several therapies; such individuals would be classified as having non-inflammatory refractory RA.
Importantly, all three groupings can exist in their own right and/or coexist to differing degrees, this latter scenario being
the most likely. Although the definitions and terminology suggested here are preliminary, it is clear that the two subtypes
of refractory RA would need distinct therapeutic approaches. OA, osteoarthritis.

between anti-citrullinated protein antibody (ACPA)
status and clinical manifestations in cohorts of patients
with early RA have also suggested possible differences
between ACPA-negative and ACPA-positive indi-
viduals, including more large-joint involvement in
ACPA-negative individuals; however, the data are not
altogether conclusive’>”. Careful assessment of the
site of pathology using ultrasonography can be used
to help identify extracapsular disease* that would per-
haps be more typical of autoantibody-negative RA or
SpA-spectrum disorders.

Non-inflammatory refractory RA

With the development of targeted therapies for RA, the
expectations of patients and clinicians have changed
such that modest levels of inflammation are no longer
an acceptable target to settle for. If an individual has only
one or two involved joints, local injection or synovec-
tomy can be employed, but for more extensive disease
other treatment strategies are clearly needed. Yet some
patients designated as having refractory RA can actually
have low numbers of (or even no) swollen joints, normal
CRP concentrations and erosive disease that is no more

extensive than that in individuals who respond well to
therapy” (in other words, a NIRRA phenotype), raising
two questions: what is behind such a clinical profile, and
what are the long-term implications for the patient?
Disease activity measures are surrogate indicators of
active RA that are used to guide assessment of disease
status and treatment response. Refractory RA, including
the NIRRA subtype, is identified through a persistently
raised disease activity score. Although validated com-
posite disease activity measures have been instrumental
in enabling the robust testing of new therapeutics and
their introduction into clinical practices, the limitations
of such composite measures are well-recognized. The
DAS28 is weighted heavily for the tender joint count,
yet objective evidence of inflammation does not nec-
essarily correlate with PROMs such as pain®. In fact,
when patients with RA are split into groups on the
basis of the DAS28 and PROMs, a specific phenotype
emerges that comprises predominant pain, fatigue and
catastrophizing behaviour in the absence of markers of
inflammation™. The absence of genuine joint and/or sys-
temic inflammation but persistence in measured disease
activity and PROMs might be the main factors behind
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the futile cycling of DMARD:s in this group of patients.
Interestingly, in the VEDERA trial, the results of which
were reported in 2020, the absence of sonographically
determined power Doppler signals in the hands of
approximately one-third of participants suggested that in
real-world clinical practice, a substantial proportion of
even symptomatic individuals with early RA might not
have local inflammation to modify'®. Such patients could
be consigned to unnecessary cycling of therapies and
falsely thought to be on a refractory disease trajectory.

Individuals with NIRRA are unlikely to require atten-
tion from the wider health services in the same way that
those with PIRRA would owing to the well-known
sequelae that emerge following chronic systemic
inflammation”. The number of swollen joints, CRP
concentration and presence of erosive pathology are the
main prognostic determinants of future joint damage
and adverse outcomes’’, and are usually low or absent
in those with NIRRA. Thus, although PROMs clearly
indicate an impaired quality of life that needs addressing
for individuals with NIRRA, the long-term prognosis for
these patients is likely to be radically different to that
for those with PIRRA.

Biological basis for refractory RA

Very few studies have specifically investigated the
mechanisms of refractory RA. Nevertheless, current
knowledge of the pathogenesis of RA, together with
experimental studies that implicate important pathways
in the development of pain, provide meaningful insights
that can be applied to the development of refractory RA.

Persistent inflammatory refractory RA

In this section, we review the relevance of serological
status to the understanding of PIRRA and the distinct
genetic associations of autoantibody-positive and
autoantibody-negative RA. We discuss epigenetics in
relation to two potentially distinct processes: the effect of
chronic inflammation on mediating epigenetic changes
that thus render RA resistant to treatment; and the
increased recognition of age-related epigenetic changes.
And finally, we review the immune pathways implicated
in RA, including those that have demonstrated redun-
dancy through unsuccessful clinical trials but that might
be relevant for specific subgroups of patients, such as
those with PIRRA.

Autoantibody status. The fundamental hallmark of
RA is the production of autoantibodies such as rheu-
matoid factor (RF) and antibodies that recognize post-
translationally modified proteins, including ACPAs and
anti-carbamylated protein antibodies. Autoantibody-
positive and autoantibody-negative RA are considered
to be distinct disease subtypes that might be associated
with specific pathogenic mechanisms®. Seropositive RA
is associated with severe disease and poor outcomes,
including increased mortality*~**, and several strands of
clinical and experimental data indicate that positivity for
both RF and ACPAs has an amplifying effect on disease
and results in an aggressive phenotype**>". However,
there is no evidence linking this combination of autoan-
tibodies with the development of PIRRA. A positive

autoantibody status is also linked to good responses to
rituximab and to other therapies that target B cells and
T cells**, further supporting the pathogenic relevance
of serological status in RA. Studies looking at synovial
tissue and fluid have also suggested discrete tissue char-
acteristics and/or cytokine profiles for seropositive and
seronegative disease’"!, but these results have not yet
been translated into personalized medicine approaches,
and autoantibody status has not been evaluated in
cohorts of individuals with refractory RA of any type,
let alone in those with PIRRA (or indeed NIRRA).

Genetics. Autoantibody status (particularly ACPA status)
has emerged as the most effective way of stratifying
patients with RA owing to distinct genetic and environ-
mental associations with autoantibody-positive and
autoantibody-negative disease’>*’. Clear evidence exists
that specific genetic loci, most convincingly those within
the HLA region but also those within shared and spe-
cific non-HLA genetic regions, contribute to ACPA-
positive and ACPA-negative RA***. For example, spe-
cific HLA-DR alleles within the so-called ‘shared epitope’
(a five-amino acid sequence motif in residues 70-74 of
the HLA-DR chain, encoded by several HLA-DRBI
alleles, that is over-represented among patients with RA)
are only associated with the risk of ACPA-positive RA and
not with ACPA-negative disease*>*’. In ACPA-negative
RA, associations have been reported with HLA-DRBI*03
and HLA-B*08 (REFS*”*), and associations with HLA-A
alleles have been reported for ACPA-positive RA*. The
authors of a fine mapping study identified distinct sets
of amino acid residues in HLA-DRBI at position 11
that were either protective for or conferred a risk of
ACPA-positive and ACPA-negative RA*. Specific resi-
dues and amino acid sites explained the HLA associa-
tions with ACPA-positive and ACPA-negative RA and
the amino acid positions mapped to the peptide binding

Box 2 | Proposed terminology for refractory RA

Persistent inflammatory refractory RA
¢ Advantages
- Confident of active rheumatoid arthritis (RA)
pathology in the face of multiple therapies
- ldentifies a group of patients with a poor prognosis
- Accurate basis for investigation and target validation
¢ Disadvantages
- Status can change over time as drugs with different
mechanisms of action are trialled
- Could dismiss inflammatory or autoimmune pain
mechanisms

Non-inflammatory refractory RA
* Advantages
- Mitigates against unnecessary treatment changes or
cycling
- |dentifies a distinct cohort for investigation of
residual patient-reported outcomes and alternative
pain mechanisms
¢ Disadvantages
- Risk of missing low-level inflammation
- Unclear basis
- Possible overlap with entheseal pathology,
osteoarthritis and pain syndromes
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Fig. 2 | Proposed trajectory and distribution of joint involvement
in refractory RA. Patients with rheumatoid arthritis (RA) who have a
refractory disease course can follow this course from the outset, with early
failures to successive therapies within the first 2-3 years. Often however,
avarying depth of response initially occurs and an acquired loss of response
is observed, such that refractory RA emerges after a period of several
years. Although patients with untreated RA typically exhibit a symmetrical
polyarthritis, individuals with refractory disease of a persistent
inflammatory type might have a less extensive pattern of polyarthritis than
at the time of diagnosis owing to the partial efficacy of successive therapies.
A relatively oligoarticular pattern of disease that includes the small joints
of the hands and wrists is also often seen in patients with refractory RA.

Stable

remission

Very occasionally, patients might have a monoarticular disease with
extensive synovitis, although it is debatable if this type of disease would
meet any definition of refractory RA, which was historically considered a
polyarticular disease. Although some patients can have an intractable
refractory disease course, the course of RA more often comprises several
periods of stable or partial disease control (or remission) with a particular
treatment, followed by a later relapse to active disease. The changes
to treatment regimens that are associated with this disease course, often
over a prolonged period of time, can also lead to a state of multiple-
treatment-resistant refractory RA. In addition, some patients can have
stable remission from the earliest time point and maintain this course over
along period of time.

grooves of the HLA molecules, implicating their rele-
vance in antigen recognition and suggesting that differ-
ent antigens might promote disease in ACPA-positive
and ACPA-negative RA. HLA loci thus remain the
genetic region with the strongest association with both
autoantibody-positive and autoantibody-negative RA,
albeit with distinct alleles for each type of disease.

Interestingly, in addition to being associated with
ACPA-negative RA, HLA-B*08 s also associated with sus-
ceptibility to psoriatic arthritis (PsA)*. Notably, several
MHC class I associations have been reported for PsA,
pointing to a specific CD8* T cell immunopathology
in this disease™'; supporting this notion, functional
studies have shown the production of IL-17A by CD8*
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T cells from the synovial fluid of patients with PsA, but
not from those with RA*>. We would speculate that the
HLA-B*08-associated ACPA-negative subgroup of RA
might be similar to PsA and also have a predominant
CD8* T cell-mediated immunopathology™. No further
direct data exist on this putative subgroup of patients
and whether it equates to PIRRA and, more importantly,
whether therapies licenced for SpA-type disease might
have a role in the treatment of some individuals with
refractory RA.

No studies to date have reported a genetic architec-
ture specific to PIRRA (or indeed NIRRA) and, given the
relatively small proportion of patients with PIRRA, such
an endeavour could be challenging despite the extensive
amount of genome-wide association study data availa-
ble from patients with RA**. In the post-genome-wide
association study world, whole exome or whole genome
sequencing could help to elucidate the genetic basis for
PIRRA, which is relatively uncommon®. For example, in
individuals with PIRRA who are autoantibody-positive
and have known RA risk-associated HLA genes, genetic
variant associations could be investigated to determine
if any novel genetic factors are involved in PIRRA. As
with other complex diseases, these variants could then
be used to gain insights into the genes, cell types and
mechanism of genetic influence in PIRRA, through
expression quantitative trail loci and mapping of variants
onto gene regions, gene regulators and active chromatin
regions™.

Epigenetic alterations. As discussed in the previous
section, genomic studies of populations of individuals
with PIRRA could potentially be used to identify a (rare
and) distinct genetic trait that explains the treatment-
resistant nature of the condition. However, it is likely that
PIRRA develops over time. Clinical trial data of targeted
interventions in individuals with very early RA show
how strikingly good disease control can decrease over
time*”*, raising the possibility that accumulated epige-
netic changes in chronic RA might help to determine
the PIRRA state.

A number of lines of evidence suggest that epige-
netic changes, including methylation and changes in
microRNAs (miRNAs) and long non-coding RNAs,
occur either before treatment or are induced by ageing
and/or treatment”, and thus might have a role in PIRRA.
The epigenetic signature of RA can also change as a
result of ageing or environmental factors, and treatment
regimens that are initially successful in patients with RA
can fail later, suggesting a change in mediators of dis-
ease in these individuals. Differential methylation has
been observed between RA and osteoarthritis (OA)**¢,
between early and late RA®, between individuals who
respond to treatment and those who do not® and
between different joint sites®. These results give an indi-
cation not only of the role of methylation in disease but
also its plasticity, and potentially help to explain some of
the heterogeneity that occurs in RA in terms of disease
course and treatment response. Therefore, the reported
unique ‘DNA methylome signature’ found in the early
stages of RA, the ongoing alterations in DNA meth-
ylation as the disease progresses® and the signatures

associated with RA or disease subgroups point towards
epigenetic changes contributing to the development of
a treatment-resistant pathology. Similar observations
have been made for miRNAs and long non-coding
RNAs, epigenetic modifiers of gene expression and cell
state®%’. In particular, the miRNAs miR-146a and
miR-155 have been extensively studied and are differ-
entially expressed in patients with RA compared with
those with OA or healthy individuals in a wide range of
cell types, including cells in the blood, synovial fluid and
synovial tissue®-’.

Therefore, strong evidence now exists for how envi-
ronmental factors can influence epigenetics, how epige-
netics can influence cellular phenotype and how these
epigenetic changes can be fluid among different cell
types, disease stages and ages. Drug exposure and envi-
ronmental influences such as smoking® are therefore
probable contributors to changes in epigenetic states
and immunopathogenesis that result in a PIRRA phe-
notype. A bidirectional relationship is thought to exist
between inflammation and epigenetics, with the local
inflammatory milieu inducing epigenetic alterations
that lead to subsequent immune alterations, and vice
versa®~”’. Specific epigenetic markers contribute to the
regulation of gene expression in RA and can be found
in both immune and stromal cells”. These epigenetic
changes potentially explain non-genetic risk factors in
RA, and possibly have roles in the chronicity and per-
petuation of inflammation. However, it is unclear if
such epigenetic alterations occur as stochastic events, in
response to specific environmental triggers or as a result
of chronic inflammation. The largest study conducted
to date suggested that an altered DNA methylation sta-
tus might partially underlie the genetic effect of HLA
risk by acting as an intermediary in the regulation of
gene expression by disease variants”. Although these
observations suggest potential epigenetic mechanisms
in continued inflammation, they have not been specifi-
cally looked for in patients with PIRRA and thus remain
speculative.

De novo mutations that affect epigenetic programming.
Epigenetic changes might also be promoted through
somatic mutations in RA. These mutations could affect
adaptive and/or innate immune cells to contribute to the
immunopathogenesis of RA, or could act in a manner
that is completely independent of the effects of tissue
inflammation. The expansion of haematopoietic clones
carrying recurrent somatic mutations has been well
described in older individuals, and such clones have
also been identified in increased amounts in individuals
with myelodysplastic syndrome (MDS) or acute mye-
loid leukaemia’’®. For example, whole-exome sequenc-
ing has enabled the identification of somatic mutations
in genes involved in epigenetic regulation, including
those involved in DNA methylation (DNMT3A), DNA
hydroxymethylation (TET2) and histone methylation
and ubiquitylation (ASXL1I), in individuals with acute
myeloid leukaemia”.

Identical mutations are evident in the dynamic evolu-
tion of the haematopoietic system in individuals without
clinical haematological disease, but who are at a high risk
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of developing MDS and other haematological cancers,
in a process known as clonal haematopoiesis of inde-
terminate potential (CHIP)”®. Cardiovascular disease is
strongly linked to inflammation; therefore, it is of par-
ticular interest that CHIP is associated with an increased
cardiovascular mortality in individuals without MDS or
evidence of tumorigenesis’. Thus far, only preliminary
reports have been published of common CHIP associa-
tions in RA. One study reported the prevalence of CHIP
in 59 patients with RA compared with 12 patients with
MDS or aplastic anaemia and two healthy individuals
and, within the RA group, attempted to ascertain if indi-
viduals with severe RA (typically considered a surrogate
for a refractory state, although this is not necessarily the
case) had a greater degree of CHIP than individuals with
milder RA*. Overall, the authors of the study noted an
expected age-related increase in CHIP in patients with
RA that was substantially lower than in those with MDS.
No association with severe disease was noted but the
need for further studies was acknowledged. CHIP in RA
synovial fluid macrophages has also been reported in the
preliminary results of a small study of CHIP in patients
with arthritis®’.

Certainly, the idea of a genetically evolving somatic
mutation burden as a mediator of refractory RA is novel
and is supported by evidence of somatic mutations in
other RA settings. For example, STAT3 mutations are
associated with Felty syndrome (although this pheno-
type is not necessarily linked to refractory RA, includ-
ing PIRRA)*, and somatic mutations have been reported
in CD8" T cells from patients with newly diagnosed
RA®. Further studies in well-characterized cohorts of
patients with RA are needed to understand the possi-
ble functional and mechanistic relevance of somatic
mutations in the perpetuation of inflammation and
recalcitrant pathology. A French study of inflamma-
tory polyarthritis in patients with MDS showed that
for most individuals, disease was ACPA negative, gen-
erally non-erosive and responded to steroids, perhaps
suggesting that age-related myeloid changes might not
be major contributors to refractory RA phenotypes®.
However, many individuals with MDS and seronegative
arthritis probably have a polymyalgia rheumatica-like
phenotype, which perhaps is conflated with RA but has a
distinctive topographical localization to the synovium®.
Nevertheless, in a newly described syndrome, somatic
mutations in patients with MDS have been linked to
chronic inflammatory disease phenotypes including
vasculitis and inflammatory arteritis, although a spe-
cific RA phenotype was not reported®. The association
of such phenotypes with multiple simultaneous cytokine
perturbations could render disease more refractory,
whereby bDMARDs and even tsDMARDs might not
provide sufficient suppression of all pro-inflammatory
mediators.

Smoking. Smoking is an accepted environmental
risk factor for RA, both for the development of the
disease and also for poor prognosis and treatment-
predictive outcomes*>*. Cigarette smoke contains over
4,000 chemicals that can elicit numerous effects on cells
of the innate and adaptive immune system®. In the

lungs, cigarette smoke extract promotes the production
of TNF and other cytokines by macrophages® and has
myriad other effects, including the dysregulation of reac-
tive oxygen species and autophagy, which contribute to
the inflammatory milieu™.

The effects of cigarette smoke on refractory dis-
ease could potentially be linked to epigenetic and
somatic mutations. In smokers, methylation levels in
ACPA-positive individuals were able to account for
the interaction between the rs6933349 genotype and
smoking, which was not found in ACPA-negative
individuals’. In addition, an association has been
reported between smoking and CHIP* that extends the
known relationship between smoking and the risk of
MDS”**. A relationship between CHIP and atheroscle-
rotic disease, an inflammatory disorder with prominent
myeloid cell involvement, has also been shown’. These
changes most typically occur via somatic mutations in
the DNA methylation pathways. Smoking might also
epigenetically regulate immunity through other mech-
anisms, such as changes in DNA methylation status®,
as well as inducing cellular changes through oxidative
stress and apoptosis, and promoting ACPA production®.
Given the independent link between smoking and
chronic pain®, smoking seems to be a common denom-
inator that could also contribute to the persistent and
residual symptoms of a subgroup of patients with
NIRRA®. Such data could, in the future, lend further
support to a role for smoking cessation as part of a wider
management strategy to improve long-term outcomes.

Immune pathways. Clinical trials of DMARDs for RA
have been enormously instructive and have enabled
the development of a more refined understanding
of the relative roles of cytokines, their signalling path-
ways and their hierarchy within the immune system’”*.
The great success of therapies directed against TNF or
IL-6, especially in patients with early RA**, with the
achievement of high remission rates, supports their
importance in the cytokine network; results that are
consolidated by reports of an IL-6-mediated CD4*
T cell signal transducer and activator of transcription 3
(STAT3) signature in the earliest stages of disease'"'"".
Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is also implicated in the pathogenesis of RA,
as confirmed by positive results in early-phase studies
of GM-CSF blockade'”. However, the inflammation in
individuals with PIRRA is likely to be independent of
such cytokines, assuming resistance to therapies that tar-
get these cytokines is not mediated by neutralizing anti-
bodies or poor drug compliance. Similarly, therapies that
target B cells or T cell co-stimulation pathways validate
RA as a prototypic autoantibody-mediated disease'*>'*".
By contrast, although preclinical studies suggested roles
for several cytokines in RA, including IL-17 (REFS'%>'%)
and IL-1 (REFS'Y1%%) clinical trials and studies of inhib-
itors for these cytokines lacked the non-redundancy
needed to enable effective targeting'*”''’; however, these
cytokines might still be relevant in specific subgroups of
patients with refractory RA. A commonly cited hypothe-
sis for the development of refractory disease is that of an
escape mechanism and the emergence of a new mediator
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following chronic blockade of an immune pathway, pos-
sibly through alteration of the tissue microenvironment
and/or the systemic environment. Aside from a prelimi-
nary report of improved treatment response in mice with
collagen-induced arthritis by targeting the IL-23-IL-17
axis alongside TNF blockade'"’, no studies currently
support this theory. Thus, it is unclear which immu-
nological pathways typify PIRRA and whether targets
outside of those pathways highlighted above remain to
be discovered.

Non-inflammatory refractory RA

Several scenarios, some conjectural, can be consid-
ered to explain the pain and joint symptomatology that
occurs in patients with NIRRA, which cannot all be
comprehensively reviewed here. Coexistent or disease
duration-dependent secondary OA is an obvious sce-
nario. Reports of refractory RA associated with swollen
joint counts, CRP concentrations and radiographic dam-
age that are no more severe than in individuals with RA
who respond well to treatment, and that is more com-
mon in young women than in men®, might be linked to
the multifaceted differences in pain perception that have
been reported between men and women''%. The persis-
tence of pain in patients with RA is a well-recognized
phenomenon that has not abated with the introduction
of powerful anti-inflammatory agents. Studies suggest
that such residual pain is attributable to persistent cen-
tral sensitization and the development of maladaptive
pain processing'"’ (FIC. 3a). The effects of pain sensitiza-
tion and poor outcomes in individuals who have delayed
initiation of therapy'”**'** and secondary fibromyalgia
are also obvious factors that could contribute to the
development of NIRRA.

A potential role for autoimmunity and inflamma-
tion as an unconventional mediator of pain in RA (not
related to acute or chronic joint synovitis) has attracted
much research interest (FIG. 3b). ACPAs might directly
contribute to osteoclast activation and are associated
with bone pain in experimental models of RA'", a sce-
nario that could conceivably occur without discernible
clinically or imaging-defined joint synovitis. A second
area of research pertains to type II collagen-related
immune complexes, which seem to be capable of acti-
vating Fc receptors expressed on dorsal root ganglion
afferent nerve fibres. The injection of anti-type II colla-
gen autoantibodies into mice was associated with pain
behaviour in advance of discernible joint pathology''®.
Although anti-type II collagen autoantibodies are not
specific to RA, this research provides a possible mech-
anism for peripheral nociception that is linked to joint
inflammation in general. Several signalling pathways,
including the TNF pathway and phosphoinositide-3
kinases, are known to have direct roles in dorsal root
ganglion-related pain and inflammation in exper-
imental arthritis''”''®. In addition, a GM-CSF axis
linked to the CC-chemokine ligand 17 (CCL17) path-
way has been described in experimental arthritis, in
which CCL17 was involved in pain development both
dependently and independently of joint inflammation'"’.
Accordingly, if this axis was able to promote pain inde-
pendently of inflammation in RA, then mavrilimumab,

an anti-GM-CSF antibody, would be predicted to
improve outcomes in patients with RA, which was not
the case'".

We would speculate that such putative neuro-
immunological effects could take place in conjunc-
tion with abnormal small joint innervation, secondary
to inflammation-mediated damage to the normally
avascular, ligamentous, fibrocartilaginous tissue that
abundantly lines the proximal interphalangeal and met-
acarpophalangeal joints. The sites of small joint erosion
in RA are actually covered with cartilage and form elab-
orate synovio-entheseal complexes that, once damaged
by inflammation, might contribute to abnormal joint
innervation'*"'**. Although the concept of abnormal
joint enthesis innervation is well established in the spine
in intervertebral disc degeneration disease'*’, it remains
to be established in small-joint RA.

Experimental studies in mice have also shown
a central effect of TNF in mediating pain'* and, in a
pilot brain functional MRI study of patients with RA,
treatment with a TNF inhibitor reduced activity in tha-
lamic, limbic and associative areas of the brain before
clinical improvements were seen'”. A sophisticated
multi-modal MRI study that included 54 patients with
RA found that high levels of peripheral inflammation
were associated with an increased number of positive
connections between specific areas in the brain, and that
these patterns of connectivity could predict fatigue, pain
and cognitive dysfunction'”. Intriguingly, post hoc anal-
ysis of a clinical trial of the Janus kinase (JAK) inhibitor
baricitinib in RA suggests an effect on pain symptoms
that might be independent of clinically evident joint
swelling'”’. Comparative trials between JAK inhibition
and TNF inhibition suggest that, despite comparable
reduction of swollen joint counts and radiographic joint
erosion retardation, JAK inhibitors produce superior
composite disease activity scores to TNF inhibitors'**'*’,
This superiority is thought to be mediated by an as yet
poorly understood effect on pain. Curiously, the emer-
gent JAK inhibitor therapies for RA might have ser-
endipitously stumbled into the NIRRA arena to good
clinical effect. Although entirely speculative, this appar-
ent benefit of JAK inhibition could indicate an as yet
unrecognized systemic neuro-inflammatory component
of pain, an autoantibody-mediated mechanism of pain
or could implicate JAK-STAT signalling in the patho-
genesis of complex pain that is completely independent
of inflammation.

Stromal cells in refractory RA

The role of stromal cells, namely synovial fibroblasts,
across the refractory RA spectrum is also worthy of
comment but is at a speculative stage of research.
Stromal cells are relevant in the early stages of RA by
virtue of their antigen-presenting capabilities and their
ability to interact with the immune system to support
the functional roles of adaptive immune cells"**"*'. The
production of IL-6, prostanoids and matrix metallopro-
teinases by stromal cells also perpetuates synovitis and
enables destruction of the extracellular matrix and sub-
sequent joint damage'*”. However, these processes could
conceivably be part of a stromal cell-mediated pathway
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that is shared with other diseases such as OA**"**, which
might exist in isolation but might also be classified as
autoantibody-negative RA and/or coexistent RA and OA.
Interestingly, some individuals in an early RA inception
cohort, in which patients’ disease was characterized
by synovial tissue pathotype, had a pauci-immune or
fibroid ‘non-inflammatory’ type of disease'*. Individuals
in this fibroid group, approximately half of which were
negative for ACPAs and RE, showed the lowest acute
phase reactant levels, swollen joint counts and power

Expression
of FcRs

Doppler ultrasonography scores'*. This clinical profile,
coupled with the near complete absence of immune
cells in the synovium, would be consistent with a
clinical disease pattern characterized by little or no
inflammation that would not be expected to respond to
immune-targeted DMARDs, which is indeed what was
reported' >,

We would speculate that this phenotype of RA with
low levels of inflammation might reflect a milder dis-
ease state or a post-inflammation resolution state if it
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Fig. 3 | Speculative pain mechanisms in non-inflammatory refractory RA. Pain in
rheumatoid arthritis (RA) arises from the interactions between joint pathology and

the processing of pain signals by peripheral, spinal and supraspinal pain pathways.

a| Dysregulation of central nervous system (CNS) pain pathways can contribute to
hyperalgesia and allodynia, which are associated with chronic pain. The primary CNS
pain regulatory mechanisms comprise descending modulatory pathways via the
periaqueductal grey (PAG), the rostral ventromedial medulla (RVM) and central
sensitization. In the joints, chronic inflammation, malalignment and damage to the
cartilage, bone, capsule and fibrocartilage can lead to secondary abnormal joint
innervation and the development of local pain. This type of pain is more likely to develop
in chronic RA. b | Theories are emerging of neuro-inflammatory mechanisms of pain in RA.
Autoimmune mechanisms contribute directly to pain in settings where there is no
measurable synovitis, which might have relevance for non-inflammatory refractory RA
(and might also occur in persistent inflammatory refractory RA). Putative mechanisms
from experimental models of arthritis include anti-citrullinated protein antibody
(ACPA)-mediated activation of osteoclasts and associated bone pain mediated by IL-8,
and immune complex-mediated activation of neuronal Fc receptors (FcRs) expressed
on the dorsal root ganglion (DRQ). Inflammatory mediators such as CC-chemokine
ligand 17 (CCL17) can also have central effects on nociceptive pain. A granulocyte—
macrophage colony-stimulating factor (GM-CSF)-CCL17 pathway mediated by
interferon regulatory factor 4 (IRF4) has been demonstrated in experimental models of
arthritis that could have implications for humans. These mechanisms could be pervasive
in RA, contributing to pain in both inflammatory and non-inflammatory RA phenotypes.
Such mechanisms could operate during the earlier phases of the disease, when minimal
clinicaljoint swelling is present. PNS, peripheral nervous system. Part a adapted with
permission from McGonagle et al.'”!, Wiley. Copyright © 2009 by the American College
of Rheumatology.

were to emerge after therapy, or might be a result of
diagnostic overlap and/or misclassification with OA.
Alternatively, a neat explanation for progression from
early RA to later RA, in which responses to therapy are
less robust, is the evolution to a non-immune stromal
pathology. Such a theory would explain resistance to
the currently available anti-inflammatory DMARDs,
which fail to address fibroblastic disease. An ongoing
study of cyclin-dependent kinase inhibition'”” was con-
ceived on the premise that active stromal pathology
underlies the residual ceiling effect of bDMARDs and
that additional targeting of fibroblasts might further
close the disease activity gap. However, if stromal cells
are indeed responsible for refractory RA, stromal pathol-
ogy might be expected to confer a site-specific disease
(such as persistent monoarthritis or oligoarthritis); it is
more difficult to conceptualize multi-joint PIRRA in
terms of dysregulated stromal biology unless chronic
inflammation can elicit abnormal stromal function in
multiple joints'**. A study of patients with RA in which a
circulating fibroblast-like cell type was identified during
a flare’” needs to be validated, and other studies have
failed to detect stromal cells in the blood'*. Anatomical
and functional heterogeneity in fibroblasts has been
reported across different diseases®>'*' and specifically
in RA'*?, possibly implicating roles for fibroblasts across
the refractory RA spectrum. A study in mouse models
of resolving and persistent arthritis revealed two dis-
tinct subsets within the fibroblast activation protein-a
(FAPa)-positive synovial fibroblast population: one that
assumed an immune-effector role by sustaining inflam-
mation through its distinct chemokine and cytokine
profile; and one that mediated joint damage through
bone effector cells'”’. However, it is unclear if these
mouse fibroblast phenotypes can be translated to the
human setting.

Management of refractory RA

As discussed at the beginning of this Review, we believe
that placing the paradigm of persistent joint swelling and
raised acute phase reactants (which are clearly linked
to progressive joint destruction and poor outcomes)*"
at centre-stage helps to identify which patients with
refractory RA belong to the two major (but overlap-
ping) sub-categories — PIRRA and NIRRA. The ability
to classify these two categories strongly argues for a more
attentive approach and for the precise evaluation of
persistent disease activity and PROMs (FIG. 4). Careful
clinical assessment to demonstrate the absence of exten-
sive joint synovitis, including the use of power Doppler
sonography (if available) and a targeted examination of
painful and tender joints, can be used to support a clinical
impression that DMARDs are appropriately targeting
inflammation. These assessments can also serve to reas-
sure patients that their lingering treatment-resistant
symptoms might not require a change in DMARD ther-
apy. Where sonography is not available, definite clini-
cally defined ‘boggy’ joint swelling, raised acute phase
reactants and progressive radiographic damage can
be used to differentiate PIRRA from NIRRA and to
mitigate against the erroneous perception of continued
underlying synovitis.

We further believe that an important determinant in
the assessment of refractory RA should be in relation to
identifying an individual's RE, ACPA and HLA status. As
a first line of stratification, PIRRA could be considered
to comprise three groups: autoantibody-positive RA that
has an HLA association; autoantibody-negative RA (for
both RF and ACPA) that has an HLA association; and
autoantibody-negative RA with no HLA association
(which would be more autoinflammatory in nature).

Given the heterogeneity of refractory RA and the cur-
rent understanding of the pathogenesis of RA'*, the vital
question for therapeutic strategies is whether the inflam-
mation in PIRRA is predominantly humorally mediated,
T cell-mediated or innate cell-mediated (autoinflam-
matory)™ (FIG. 5). Identifying the principal mechanism
of inflammation has obvious ramifications for the
choice of therapeutic approach. B cell-targeted thera-
pies and T cell costimulation-targeted therapies need to
be considered for autoantibody-positive disease’'*>. By
contrast, autoantibody-negative refractory RA (in parti-
cular, potentially non-HLA-associated disease) would
be predicted to be more innate immune cell-mediated
or autoinflammatory in origin, and might also include
other differentials such as crystal deposition disease'**
that can coexist with or be confused with RA. Thus,
reappraisal for alternative (and/or coexistent) condi-
tions or other rare innate immunopathologies or auto-
inflammatory mechanisms should also be undertaken.
Cytokines that are seemingly less relevant to RA (such
as IL-1) might actually be biologically pertinent'*”'**
in a subgroup of patients with refractory RA despite
IL-1 antagonism having minimal efficacy in patients
with a typical autoimmune pattern RA following TNF
inhibitor failure'"’.

The possibility also remains that an as yet unidenti-
fied treatment target exists that is not covered by cur-
rent advanced therapies for RA. Experimental studies
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to identify new, tractable targets and stratified treatment
approaches are therefore urgently needed. For individu-
als with persistent seronegative refractory RA, a poten-
tial role for the IL-23-IL-17 axis could be considered,
as the RA phenotype might potentially be a presenta-
tion of PsA without psoriasis. Looking further afield,
evidence exists that anti-IL-18 strategies might be ben-
eficial for autoinflammatory disease phenotypes such
as adult-onset Still’'s disease'®. A seronegative refrac-
tory RA more akin to autoinflammatory conditions or
adult-onset Still’s disease could be a future candidate for
targeting cytokines such as IL-18, type I interferon'*
and IFNy"".

As well as being an important mediator of early RA™,
IL-6 seems to also be relevant in later stages of the disease,
as an IL-6-targeted therapy was effective in patients who
had previously failed to respond to multiple TNF inhibi-
tors'”. These results are consistent with a non-redundant
role for IL-6 and distinct intracellular signalling path-
ways for TNF and IL-6. However, it is important to
acknowledge that the participants in this trial** did not
clearly have refractory RA, but instead either had inade-
quate responses to one or more TNF inhibitors and/or an
intolerance to two or more TNF inhibitors. In addition,
a genuine form of multidrug-resistant refractory RA that
evades targeting of both TNF and IL-6 is clearly seen

Population with refractory RA

Phenotype and categorize

¢ Clinical examination
e Laboratory assessment
¢ Patient-reported outcomes

¢ Imaging

Predominant
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Spectrum of PIRRA and NIRRA
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Fig. 4 | A first step in the stratification of refractory RA. A fundamental first step in stratifying individuals with refractory
rheumatoid arthritis (RA) should be to confirm the presence of a genuine, persistent inflammatory pathology. Clinical
examination, biochemical evidence of systemic inflammation and patient-reported outcomes can be supplemented with
sensitive imaging (such as ultrasonography, which can be readily used at most disease sites) to verify recalcitrant disease.
This strategy splits patients into two broad categories that we have called persistent inflammatory refractory RA (PIRRA)
and non-inflammatory refractory RA (NIRRA). Those in the PIRRA group have a poor prognosis and the highest risk of
comorbidities such as cardiovascular disease. A greater understanding of PIRRA immunopathogenesis will be central

to identifying existing or emergent therapies. Those in the NIRRA group are likely to be receiving appropriate targeted
therapy but have poor quality of life and patient-reported outcomes such as pain and fatigue, highlighting the need for
alternative strategies for addressing the persistent symptomology that promotes the measured disease burden.
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in the clinic. Nevertheless, previous drug exposure and
the stage of disease at which these cytokines are targeted
might be relevant in mitigating against future refractory
disease’. Delayed treatment and suboptimal targeting of
RA near onset might favour the development of refrac-
tory RA, which, in humorally mediated PIRRA, might
be mediated by secondary lymphoid organ development
and an accompanying increased autoantibody titre in the
joint'*. Planned exploratory analysis of a trial of meth-
otrexate with or without a TNF inhibitor in patients
with early RA™ suggested a reduced responsiveness to
TNF inhibition following methotrexate exposure, impli-
cating a change in the biology of the disease to a more
refractory form. If credible, the importance of disease
suppression at the very earliest stages of RA in mitigating
against the development of refractory disease could alter

Fig. 5| Therapeutic approaches to targeting
inflammation in refractory RA. a| Inflammation in
refractory rheumatoid arthritis (RA) can be predominantly
humorally mediated, T cell-mediated or innate immune
cell-mediated, or can involve a combination of all three
owing to the functional integration of innate and adaptive
immunity. A cellular hierarchy is likely to exist between
more autoimmune RA and more innate immune cell-
mediated RA. Humorally mediated disease relies on the
triune axis of follicular helper T cells, dendritic cells (DCs)
and B cells. Macrophages mediate much of the pathology
of autoimmune RA following immune complex activation
and also probably have a major role in seronegative
(potentially more T cell-mediated) RA. Neutrophilic
inflammation is important in innate immune cell-mediated
RA.The role of stromal cells or joint fibroblasts in the
pathogenesis of RA could be multifaceted and awaits
elucidation in refractory RA, so we have placed stromal
cells as primarily facilitating innate pathways, although
speculate that they might have a role in adaptive processes
via epigenetic mechanisms. b | Therapeutic approaches to
refractory RA such as targeting B cells (rituximab), T cells
(abatacept) or the IL-6 pathway affect adaptive immune
cell-mediated disease, as does the use of Janus kinase (JAK)
inhibitors. TNF inhibitors are effective across most of the
range of RA.JAK inhibitors are beneficial in innate immune
cell-mediated diseases, as are glucocorticoids, which

are effective across a wide range of both innate and
adaptive immune pathways. IL-1 blockade is licensed

for use in RA, but has proven ineffective at a group level;
however, IL-1 blockade might be beneficial in refractory RA
thatis innate immune cell-mediated. It remains to be seen
whether some individuals with seronegative refractory

RA actually have a psoriatic arthritis-type phenotype,

and therefore if inhibiting the IL-23-IL-17 axis warrants
consideration. ¢ | Different disease activity courses can

be observed over time for adaptive immune cell-mediated
and innate immune cell-mediated RA. Whereas adaptive
immune cell-mediated RA might typically demonstrate
persistent, albeit varying, levels of disease activity, innate
immune cell-mediated RA might show the episodic spikes
in inflammation (disease activity) that are characteristic of
autoinflammatory pathology.

the current perspective that methotrexate should be used
as a generic first-line treatment for all patients.

The comparable response profiles to JAK inhibitors
in patients with established RA who have previously
failed to respond to bDMARDs with those observed in
patients with an earlier stage of disease’**"'** make a per-
suasive argument for the additional benefit of simulta-
neously inhibiting multiple cytokine signalling pathways
with JAK inhibition. The use of JAK inhibitors, com-
bined with effective targeting of RA-related inflamma-
tion at an early stage, could limit epigenetic changes and
somatic mutations, and might preclude the development
of PIRRA. The ability of JAK inhibitors to target the mul-
tiple cytokines that mediate autoantibody-positive and
autoantibody-negative RA, as well as the overlapping
connective tissue diseases that can coexist, provides the
coverage needed to capture the heterogeneity of RA and
refractory RA (FIG. 5). For example, JAK inhibition with
tofacitinib’ might be effective in adult-onset Still’s dis-
ease, which overlaps with seronegative or autoinflamma-
tory types of RA, suggesting that JAK inhibition might
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overcome treatment resistance in individuals with these
types of refractory RA. Although at an early stage of
evaluation, and in the absence of data in individuals with
clearly confirmed PIRRA, it is still tempting to specu-
late that JAK inhibition could help to treat this group
of patients.

Aggressive treatment strategies might also have a role
in severe PIRRA. Historically, the use of TNF inhibitors
and anakinra (which targets IL-1) to treat severe RA was
limited by toxicity and no clear efficacy'**. Nevertheless,
the potential for combinatorial cytokine antagonism
has been reinvigorated by the possibility of antago-
nism of the synergistically acting cytokines TNF and
IL-17A"° or TNE IL-17A and IL-17F'“’. This approach
offers a potential future option for treating individuals
with PIRRA. Finally, radical strategies that reset the
‘immunostat, such as autologous haematopoietic stem
cell transplantation, have proved disappointing in RA'®'.
Whether an allogeneic bone marrow transplant might be
more fruitful for inducing long-term remission in indi-
viduals with truly refractory RA who otherwise have
good health remains speculative'*>'*,

Future research needs

On the basis of the literature discussed in this Review,
patients with genuine refractory RA are likely to be
genetically heterogeneous and to even show com-
plex overlaps between innate and adaptive immune
mechanisms'”’. We would postulate that ostensible
non-autoantibody-associated disease is likely to be
molecularly heterogeneous and to involve unrecognized
humorally mediated disease, CD8"* T cell-mediated dis-
ease and predominantly innate immune cell-mediated
disease. By contrast, the basis for resistant seropositive
refractory RA pathology in individuals with PIRRA
despite the use of current humorally targeted approaches
remains unclear. Single-cell RNA sequencing and mass
cytometry have been used to delineate the transcrip-
tomic and cellular basis of joint synovitis in RA, although
the samples used for these studies were procured
from arthroplasty, as well as from ultrasound-guided
biopsy'®. Systems biology, although powerful, has thus
far only pointed towards broad homogeneity in cell pop-
ulations and cytokine biology in RA, potentially reflect-
ing the diversity of the patient populations studied to
date. Modern technologies have enabled the discovery of
rare disease-relevant subpopulations of cells in patients
with RA'®, but the relevance of these cells to refractory
RA remains unclear. Also, the cardinal molecular events
that mediate autoantibody-positive PIRRA might take
place in the primary and secondary lymphoid organs

outside of the joint, which are not investigated by tak-
ing tissue samples by synovial biopsy. Nevertheless,
characterization of individuals with PIRRA using an
integrated omics approach involving serological status,
whole genome sequencing, RNA sequencing and epi-
genetic modifications could help to identify underlying
endotypes and inform a personalized medicine approach
to multiple therapy-resistant RA.

Conclusions

Overall, although a substantial amount of the ongo-
ing symptomatology of individuals with refractory RA
might be related to persistent pain mechanisms, proto-
typic autoimmune and inflammatory mechanisms that
lead to ongoing synovitis in patients with refractory RA
clearly exist. In this Review, we suggested that distin-
guishing those with multiple therapy-resistant refrac-
tory RA (PIRRA) from those with persistent measured
disease activity and cycling of therapies in the absence of
inflammation (NIRRA) is fundamental to understanding
and managing refractory RA. Refined clinical phenotyp-
ing will be essential to aid in the identification of those
with genuine persistent inflammatory disease and, thus,
to reveal specific molecular pathways associated with
disease subtypes. Epigenetic mechanisms and acquired
somatic mutations, together with environmental cues
such as smoking, might influence the dynamic genetic
and epigenetic landscape of RA, leading to changes in the
biology and relative roles of immune and non-immune
pathways. Suboptimal or delayed treatment of RA near
onset might favour the development of refractory RA that
is generally resistant to DMARD strategies. Therapies
that target TNF or IL-6 are of central importance for
the treatment of RA and, when used early, lead to highly
impressive outcomes. But whether the sequence in which
targeted therapies are used is relevant to the development
of refractory RA (including persistent symptoms in the
absence of clear inflammation) is not clear. For individ-
uals with truly treatment-resistant disease, the tools are
now available for interrogating immune and stromal cells
in the joint and beyond in order to explore therapy resist-
ance mechanisms, and for interrogating the genomic
architecture and epigenetic changes in distinct cell types
at single-cell resolution. Precise clinical phenotyping to
identify genuine refractory RA, which we have termed
PIRRA, combined with a multi-omics approach, should
lead to greater mechanistic insights into the cellular het-
erogeneity and differentiation behind the development
of refractory disease.
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W) Check for updates

The evolution of nerve growth factor
inhibition in clinical medicine

Chronic pain, especially from musculoskeletal condi-
tions such as osteoarthritis (OA) and chronic low back
pain (CLBP), affected more than 100 million individu-
als in the USA in 2008 and, in 2010, had an estimated
annual cost of over US$600 billion'. These estimates
underscore the considerable public health burden of
chronic pain and remind the medical community that
diseases that cause pain are all too common. The cur-
rently available treatments for these ailments, such as
paracetamol (acetaminophen), NSAIDs, opioids, trama-
dol and anti-depressant medications, can be effective but
also have substantial limitations. In addition, the inci-
dence of opioid-related hospitalizations among patients
with musculoskeletal disorders has increased over the
past two decades and continues to increase in indi-
viduals with OA’. Although important advances have
sharpened our understanding of the pathophysiology of
musculoskeletal pain, the majority of new pharmaceu-
ticals have failed when translated from the laboratory to
clinical trials.

Over the past two decades, nociceptive pain induced
by neurotrophins via peripheral sensory nerve pathways
has been carefully studied. This work led to the devel-
opment of inhibitors of the neurotrophin nerve growth
factor (NGF), which were initially studied in preclini-
cal and clinical non-musculoskeletal conditions. NGF
inhibitors, in the form of anti-NGF monoclonal anti-
bodies that bind NGF and render it inactive, have also
been evaluated for efficacy in the reduction of pain in

Barton L. Wise’-235, Matthias F. Seidel**> and Nancy E. Lane

1,34

Abstract | Nerve growth factor (NGF) is a neurotrophin that activates nociceptive neurons to
transmit pain signals from the peripheral to the central nervous system and that exerts its effects
on neurons by signalling through tyrosine kinase receptors. Antibodies that inhibit the function of
NGF and small molecule inhibitors of NGF receptors have been developed and tested in clinical
studies to evaluate the efficacy of NGF inhibition as a form of analgesia in chronic pain states
including osteoarthritis and chronic low back pain. Clinical studies in individuals with painful
knee and hip osteoarthritis have revealed that NGF inhibitors substantially reduce joint pain and
improve function compared with NSAIDs for a duration of up to 8 weeks. However, the higher
tested doses of NGF inhibitors also increased the risk of rapidly progressive osteoarthritis in a
small percentage of those treated. This Review recaps the biology of NGF and the studies that
have been performed to evaluate the efficacy of NGF inhibition for chronic musculoskeletal pain
states. The adverse events associated with NGF inhibition and the current state of knowledge
about the mechanisms involved in rapidly progressive osteoarthritis are also discussed and future
studies proposed to improve understanding of this rare but serious adverse event.

musculoskeletal and non-musculoskeletal disorders.
Despite initial phase II and III clinical trials with NGF
inhibitors demonstrating efficacy in reducing joint pain
and improving function, reports of rapidly progressive
OA (RPOA) of both the knee and hip joints emerged”.
The incidence of RPOA resulted in the FDA halting
the clinical trials for a period; a review of the clinical
trials found that RPOA was associated with the higher
doses of the anti-NGF antibodies used in the studies,
and with the combined use of an anti-NGF antibody and
an NSAID’. The clinical trial development programmes
subsequently resumed using lower doses of the anti-NGF
antibodies and, at the time of writing, a new drug appli-
cation for the anti-NGF antibody tanezumab has been
submitted to the FDA for review and approval.

In this Review, we cover the biology of NGE, the
clinical studies performed to evaluate the efficacy of
inhibiting NGF in chronic musculoskeletal pain states,
the adverse events that subsequently developed and the
investigations that have been performed to explain
those adverse events. We also recommend future stud-
ies to improve the understanding of the rare but serious
adverse event of RPOA.

The biology of NGF

The discipline of neuroscience dates back to the late
nineteenth century, when novel microscopy techniques
became available that enabled the detailed study of the
central nervous system (CNS). In work that resulted
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Key points

e Chronic pain from osteoarthritis (OA) is highly prevalent, and effective non-opioid

medications are few.

* Nerve growth factor (NGF) is an important neurotrophin that activates nociceptive
neurons to transmit pain signals from the peripheral to the central nervous system.

* Treatment with anti-NGF antibodies inhibits joint pain and improves function in
individuals with moderate to severe knee and hip OA.

* NGF inhibition is associated with rapidly progressive large joint OA; many theories
exist as to why but the exact mechanisms involved remain unknown.

* Anti-NGF antibody treatments, if approved, should reduce pain and improve quality
of life for individuals with knee and hip OA; however, safety monitoring programmes

will be necessary.

Placode

Ectodermal structures in
embryonic development that
give rise to several different
sensory systems.

Dorsal root ganglia

The cell bodies of sensory
nerves that transmit action
potentials to the spinal cord.

Retrograde axoplasmic
transport

A process in which signalling
molecules are moved from the
periphery towards the cell
body of an axon.

Antidromal transport
Axoplasmic transport of
signalling molecules from the
nucleus to nociceptors.

Allodynia
Painful sensation in response
to non-painful stimuli.

in the 1906 Nobel Prize in Physiology or Medicine,
Santiago Ramdn y Cajal used silver nitrate staining
techniques developed by Camillo Golgi to examine
the CNS and found it to be composed of a network of
depolarizing neurons interconnected with synapses*.
This fundamental understanding paved the way for
the development of the field. NGF was first described
in 1951 and was initially found to control the growth
and differentiation of embryonic sympathetic and sen-
sory neurons’. Decades later, NGF was discovered to be
present in adults and to have a role in tissue injury and
pain®, which led to the study of NGF in health and vari-
ous diseases. Important milestones in the history of NGF
from the onset of neuroscience to the development of
therapeutic antibodies are outlined in FIG. 1.

NGF as a neurotrophin. NGF belongs to a group of struc-
turally related neurotrophins in the peripheral nervous
system (PNS) and CNS. Important neurotrophins include
NGPF?, brain-derived neurotrophic factor (BDNF)’,
neurotrophin 3 (NT3)% NT4 (also known as NT5)°,
NT6 (REF.') and NT7 (REF."). The nature and mecha-
nism of action of neurotrophins is complex and thus
not described here in detail (reviewed elsewhere'?).
Briefly, neurotrophins regulate neuron survival, growth
and differentiation in the PNS and CNS during embry-
onic development. For example, BDNF mediates
embryonic placode development of CNS sensory neu-
rons. In addition, neurotrophins have an important role
in the physiology of the nervous system in adulthood and
are upregulated under pathological conditions.

Of all the neurotrophins, NGF has been studied in the
greatest detail. The NGF molecule is composed of three
subunits, called a, p and y, and regulates the embryonic
development of PNS sensory and sympathetic neurons
from the neuronal crest: embryonic neuroblasts that lack
NGF undergo apoptosis". However, the presence of NGF
is also required in adulthood; phenotypic knockout of
NGF in adult mice (via the induction of anti-NGF anti-
bodies) produces animals with skeletal muscle dystrophy
and a reduced number of splenocytes'’. Furthermore,
these mice have smaller superior cervical ganglia and
a reduced number of dorsal root ganglia (DRG) neu-
rons compared with wild-type mice. Regarding the
CNS in these mice, neurons that stained positive for
anti-choline acetyl transferase were diminished in num-
ber and the learning capacity of the mice was impaired'.
Thus, the presence of NGF seems to be obligatory for

both the PNS and the CNS, and perhaps also for the
immune system of adult organisms.

NGF signalling. NGF binds to two separate receptors;
p75 and tyrosine kinase A (TrkA)". The low affinity
receptor p75 is not necessary for NGF to achieve its bio-
logical function and might serve as a co-receptor'®. By
contrast, TrkA has a high affinity for NGF and belongs
to a group of transmembrane receptors that have over-
lapping specificities for several other neurotrophins'”'*.
For example, TrkB selectively binds BDNF and NT4
(REF."), and TrkC has a high affinity for NT3 (REF*).
When NGF binds to TrkA, the receptor complex
is endocytosed and translocated to the nucleus of
the DRG by retrograde axoplasmic transport. Within the
DRG nucleus, phosphorylation of the NGF-TrkA com-
plex induces gene transcription'®>*”, In adults, NGF
induces the overexpression of other neuronal mole-
cules, such as substance P** and calcitonin gene-related
peptide (CGRP)*, in response to pain stimuli (includ-
ing thermic, mechanical, electrical and UV irradiation)
originating from nociceptors (FIC. 2a). These neurotrans-
mitters are transported to spinal cord synapses for the
transmission of action potentials to the CNS. However,
they can also be released from the nociceptor itself after
antidromal transport. In this situation, the neurotrans-
mitters can then act as pro-inflammatory molecules
to induce vasodilation and chemotaxis, causing sub-
sequent local inflammation® (FIG. 2b). In addition, pri-
mary afferent nerve fibres have an increased excitability
in response to NGF when acid-sensing ion channels®,
transient receptor potential cation channel subfamily V
member 1 (REF?) and other receptors are activated. The
result of this activation is an increase in the excitability of
these fibres, termed peripheral sensitization. By contrast,
changes to the CNS induced by ongoing pain stimuli
lead to hyperexcitability and reduced neuronal inhi-
bition, a phenomenon termed central sensitization®.
In a clinical context, afferent nerve stimuli can cause
an increased sensitivity to heat or touch stimuli, which
can induce allodynia. Thus, stimulation of the nociceptor
and internalization of the NGF-TrkA complex is con-
verted to local inflammation and further pain sensation
in a process called neurogenic inflammation (FIC. 2b).

In adult rats, 44% of low-calibre (<30 um) sciatic
DRG neurons express TrkA, 27% express TrkB and 17%
express TrkC?. The vast majority of visceral pelvic neu-
rons express TrkA and TrkB, but express TrkC to a lesser
extent. By contrast, afferent motor neurons express TrkB
(50%) and TrkC (73%) but rarely TrkA (20%)*. These
data suggest that TrkA and its ligand NGF are crucially
important for pain perception in adult rats. However,
TrkA is not only found on neurons but also exists on a
variety of non-neuronal cells including human keratino-
cytes™, synovial fibroblasts’', mast cells*’ and all major
types of peripheral leukocytes™. These data suggest that
several distinct non-neuronal mechanisms are linked
to NGE

NGF in joint tissues. As a modulator of chronic pain,
NGEF represents a promising target for the treatment
of pain associated with musculoskeletal diseases.
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The first neuroscientist,
Santiago Ramén y Cajal, is
awarded the Nobel Prize for
Physiology or Medicine
together with Camillo Golgi*

Rita Levi-Montalcini and
Stanley Cohen are

awarded the Nobel Prize
for Physiology or Medicine
for the discovery of NGF'*’

First clinical hold placed on
anti-NGF antibodies by the
FDA because of RPOA™

Rita Levi-Montalcini and
Victor Hamburger report
the discovery of NGF*

are reported!'®

Selective anti-NGF
monoclonal antibodies

Application submitted
for FDA approval of
tanezumab for OA pain'*

[ ‘

\%'_)
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the tropic effects of a

Human B-NGF
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reduction of thermal and
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mechanical hyperalgesia following
administration of NGF antisera'®®

Second clinical hold placed on
anti-NGF antibodies by the FDA
because of sympathetic nervous
system changes in non-clinical data”

First clinical trial of tanezumab for OA®°

First extensive review on NGF in
rheumatic diseases

110

Fig. 1| The evolution of NGF inhibition in clinical medicine. A timeline showing some important steps in the development
of nerve growth factor (NGF) inhibitors for use in clinical medicine, from the birth of neuroscience when Santiago Ramén'y
Cajal and Camillo Golgi were awarded the Nobel Prize for Physiology or Medicine in 1906, to the submission of tanezumab
to the FDA for approval for use in the treatment of osteoarthritis (OA) in 2020 (REFS**>*3787989106-111) RPOA, rapidly

progressive osteoarthritis.

In addition, in the past decade, it has become clear that
NGEF is a pleiotropic molecule that affects the nervous
system, bone and many other tissue compartments.
Knowledge of NGF-mediated mechanisms beyond the
nervous system is therefore crucial for understand-
ing how systemic NGF inhibition might work and its
potential adverse effects in patients with chronic pain.
However, most of what is known about the effects
of NGF on the musculoskeletal system comes from
animal studies and contributes only indirectly to an
understanding of the human musculoskeletal system.
NGF has an important role in bone metabolism and
regeneration in animal studies. In healthy C57BL/6 mice,
NGEF is present in endothelial cells in the subchondral
bone layer adjacent to the articular surface and scattered
throughout the bone marrow*. Furthermore, TrkA and
P75 expression is mostly limited to nerve fibres that are
in close proximity to NGF-positive blood vessels. NGF
also regulates sensory pain signals in the bone of rats
in similar way to other parts of the periphery™; how-
ever, this signalling is a rapid, independent process that
occurs before retrograde transport mechanisms and
gene transcription can take effect. Experimental fracture
or joint distraction models permit a detailed analysis of
regenerative bone metabolism. In unfractured rat bone,
osteoprogenitor cells express NGF*. After fracture, bone
marrow stromal cells, osteoblasts and endothelial cells
within newly formed capillaries are positive for NGE,
and during subsequent callus formation, the periosteal
matrix also gains positivity for NGF. In mice with tib-
ial fractures, NGF also stimulates the formation of the
callus by increasing the number of osteoblasts”. Topical
application of p-NGF to cranial defects in rats induced
the expression of B-III-tubulin and vascular endothelial
growth factor, suggesting a regulatory role for neu-
ronal growth and angiogenesis**. However, although

NGF inhibitor treatment did not inhibit callus forma-
tion in a closed femur fracture pain model in mice, it
did reduce fracture-induced pain-related behaviour by
~50%". These data suggest a regulatory and probably
pro-osteogenic effect of NGF in murine models.

Preclinical models can also provide insight into
potential favourable outcomes of clinical trials in
humans®. For example, vaccination against NGF pro-
duced a substantial reduction in pain behaviour in mice
with partial meniscectomy-induced OA", providing
further evidence that a decrease or depletion of NGF
can be a powerful tool in reducing musculoskeletal
pain. However, in human disease, the situation is sim-
ilar in some ways and different in others. Results from
experimental models of disease are sometimes difficult
to interpret because they often involve an experimen-
tal procedure that does not exactly resemble human
pathology. In addition, immune responses, connective
tissue metabolism and pain perception mechanisms in
animals can differ considerably from human physiology.
The results from such animal studies thus resemble the
human situation, but might not be identical. Therefore,
the results from these studies should form the basis for
experiments with human tissue.

OA has a pro-inflammatory cytokine profile similar
to that found in rheumatoid arthritis (RA), but at a lower
intensity. NGF, TNF and IL-6 are all present in knee
synovial and meniscal tissue following injury™. In syn-
ovial fluid, NGF expression is present and higher in RA
than in OA®. CD3* T cells and CD14" monocytes and
macrophages from RA synovial fluid stain positive for
NGEF*, and NGF expression co-localizes with fibroblasts
and some macrophages in synovium from patients with
OA™. In vitro, substance P induces NGF overexpres-
sion both alone and in combination with IL-1p in OA
synovial cells cultured in serum-free media®; a similar
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Fig. 2 | Principles of neurogenic inflammation in joint pain. a| Occasional pain stimuli (mechanical, noxious, chemical
or electrical) are transmitted from nociceptors in the joints to the nucleus of dorsal root ganglia (DRG) via action
potentials, which trigger the transportation of neurotransmitters such as substance P and calcitonin gene-related peptide
(CGRP) to the spinal cord. b | Chronic painful stimuli in the joints (such as those that occur in osteoarthritis (OA)) induce an
increase in nerve growth factor (NGF), which binds to the high affinity receptor tyrosine kinase A (TrkA). The NGF-TrkA
complex that is formed is translocated to the DRG nucleus and induces the overexpression of substance P and CGRP.
These neurotransmitters convey pain signals to the spinal cord, but are also transported back towards the joints via
antidromal transport and released at the nociceptor. In the joints, substance P and CGRP function as strong inducers

of local inflammation. At the same time, NGF also induces increased excitability in the neuron by activating acid-sensing
ion channels, resulting in peripheral hypersensitization. Chronic pain stimuli also change neuronal activity in the central
nervous system by increasing membrane excitability or reducing axonal inhibition, known as central sensitization.

effect also occurs with TNF in combination with IL-1B°".  osteoclasts and chondrocytes in tissue from patients
In both RA and OA, osteochondral angiogenesis is  with knee OA". In these individuals, NGF expression
accompanied by subchondral bone marrow replacement ~ was associated with age and synovitis scores, suggest-
and NGF expression within vascular channels. NGF  ing an association with symptomatic OA and pain”.
is also expressed in subchondral mononuclear cells, Preliminary data also suggest that NGF, TrkA and
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Zygapophyseal joints
Vertebral (facet) joints that
interconnect the vertebral
bodies.

other inflammatory mediators are present in human
zygapophyseal joints, with NGF predominantly expressed
in capsular synovial tissue and to some extent in the
bone marrow, and TrkA mostly expressed in the bone
marrow*’. These studies demonstrate the presence of
NGF in different target tissues and suggest that inhib-
itors of NGF might be a suitable and robust tool for
reducing site-specific neurogenic inflammation and
thus chronic pain.

NGF in the CNS. In rodents, NGF mediates the home-
ostasis of adult CNS neurons and is found in the hip-
pocampus and cortex”. Treatment with NGF protects the
CNS from degeneration in mice*. Conversely, anti-TrkA
antibodies reduce the number and size of basal fore-
brain cholinergic neurons in rats®. This effect is tran-
sient, reversible and dependent on the stage of postnatal
development. NGF might also have a role in Alzheimer
disease, as there seems to be a degeneration of cholin-
ergic neurons in the basal forebrain and hippocampus
in mice with an experimental model of this disease™.
Furthermore, the results of a 2018 clinical trial showed
that intranasal administration of NGF could improve
cognitive function in two patients with frontotemporal
dementia®, suggesting a role for NGF in adult human
CNS function. The results of these studies*>’ imply
that an intact blood-brain barrier is a prerequisite for
the treatment of elderly individuals with NGF inhibi-
tors. Therefore, any patient population with an impaired
blood-brain barrier, such as after stroke and in those with
multiple sclerosis, Alzheimer disease or neuroinflamma-
tory disorders™, should be excluded from treatment with
NGF inhibitors. Patients with chronic pain syndromes

such as OA are mostly advanced in age and thus develop
considerable comorbidities that can include the cardio-
vascular system or the CNS. The latter is frequently char-
acterized by neuronal degeneration and the loss of CNS
function, such as Alzheimer disease. Therefore, these
patients should be evaluated and carefully monitored
before and during NGF inhibitor treatment.

NGF inhibition in clinical trials

The importance of NGF in chronic pain has prompted the
development of antagonists directed against NGF or
neurotrophin receptors. A variety of small molecule
inhibitors or antibodies have been investigated in both
preclinical”~° and clinical studies®** with varying
degrees of success (TABLE 1). Larotrectinib, a small mole-
cule inhibitor that targets TrkA, TrkB and TrkC, has been
approved for the treatment of solid tumours®, whereas
another small molecule inhibitor, ASP7962, which is an
oral selective TrkA antagonist, did not show efficacy in
a phase Ila trial in patients with knee OA®. Although
several monoclonal antibodies have been studied exten-
sively in human OA and other chronic pain conditions,
the clinical development of most molecules has been
discontinued for a variety of reasons. Only tanezumab
and fasinumab are currently under clinical investigation
for OA and CLBP and are discussed in the following sec-
tions. The relationship of these agents with RPOA and
joint destruction and replacement is complicated and is
addressed in a later section.

Hip and knee osteoarthritis. Monoclonal antibod-
ies that bind to NGF have been tested for efficacy in
reducing pain in both knee and hip OA in phase II and

Table 1| Inhibitors of NGF and NGF receptors

Name Chemical properties Specificity Investigations Refs
ALE-0540 Non-peptidic molecule TrkAand p75 Studied in allodynia in rats >
TrkAd5 Soluble receptor protein TrkA Studied in an experimental OA model in mice o0
MNAC13 Recombinant mouse anti-TrkA  TrkA Studied in basal forebrain cholinergic neurons ot
antibody Fab fragment inrats
K252a Small molecule inhibitor TrkA Studied in experimental psoriasis using a SCID %
mouse—-human skin transplantation model
ABT-110 Humanized mAb NGF Studied in hypersensitivity in rats; clinical trials S
(PG110) discontinued
Larotrectinib  Small molecule inhibitor TrkA, TrkB FDA approved for malignant solid tumours o4
(ARRY-470) and TrkC
ASP7962 Small molecule inhibitor TrkA Phase IlRCT in knee OA o3
Tanezumab ~ Humanized mAb NGF Clinical trials in hip and knee OA, chronic o
low back pain, acute bunionectomy, chronic
prostatitis/chronic pelvic pain syndrome,
interstitial cystitis, neuropathic pain and pain
from bone metastases
Fasinumab Fully human mAb NGF Clinical trials in OA, acute sciatic pain and o
chronic low back pain
Fulranumab  Fully human mAb NGF Clinical trials in post-herpetic neuralgia, o

post-traumatic neuropathy, cancer-related
pain, hip and knee OA, interstitial cystitis,
chronic low back pain and diabetic peripheral
neuropathy; investigations discontinued

mAb, monoclonal antibody; NGF, nerve growth factor; OA, osteoarthritis; RCT, randomized controlled trial; SCID, severe combined

immunodeficiency; Trk, tyrosine kinase receptor.
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phase III clinical trials. In this section, we review trial
reports and meta-analyses of the anti-NGF antibodies
tanezumab, fulranumab and fasinumab that have been
published since our previous review of the topic in 2013
(REF.%). The salient points from the studies are summa-
rized in TABLE 2, and the study details are listed fully in
Supplementary Table 1.

NGF inhibition has been studied in knee and hip
OA both together and separately. The primary end
points that have been almost universally utilized in
these studies are the Western Ontario and McMaster
Universities Arthritis Index (WOMAC) pain and func-
tion subscales, which are combined with physician’s
global assessment (PGA) scales in many studies. The
WOMAC is a well-validated measure that is widely
used by the OA research community; thus, the use of
it in the majority of these studies allows for compari-
son and facilitates meta-analysis of the data. In general,
these studies show that anti-NGF antibodies produce
a significant improvement in pain, function and PGA
scores compared with placebo for both knee and hip OA
(Supplementary Table 1). However, anti-NGF antibod-
ies carry an increased risk of adverse events compared
with placebo that are primarily of a peripheral neuro-
logical nature. Meta-analyses performed on data from
the anti-NGF antibody clinical trials have shown that
these agents have a significant but modest effect and are
superior to placebo for the main study end points, but
are variable in terms of superiority compared with active
NSAID treatment. These meta-analyses also reaffirmed
the safety findings of the individual studies: anti-NGF
antibodies increased peripheral neuropathy and sensa-
tion adverse events, but there were no significant dif-
ferences in serious adverse events compared with either
placebo or NSAID treatments. Overall, the number of
clinical trials and the relative consistency of their find-
ings with regard to pain and function outcomes, along
with multiple meta-analyses that have reported similar
findings, provide relatively robust support for the effi-
cacy of anti-NGF antibodies for the treatment of painful
knee or hip OA. By contrast, a single phase Ila trial of
a TrkA inhibitor reported no effect of the agent when
compared with placebo and inferiority to naproxen
for WOMAC pain scores®; given the paucity of data
related to the use of TrkA inhibitors for the treatment
of pain in OA, it is probably too early to draw definite
conclusions.

The number of studies that have been performed
using NGF inhibitors enables some interesting observa-
tions to be made. One point of interest is the time course
of efficacy for pain inhibition in knee and hip OA using
these agents, which was reported in some but not all of
the studies in TABLE 2. In many of the tanezumab stud-
ies, it seems that clinical efficacy (as measured by the
WOMAC pain score) begins at week 4 after initiation
of treatment®~"* and persists through to either week 16
(REFS®79>7%) or week 24 (REFS**®). Of the two studies in
which fulranumab was investigated for the treatment
of knee or hip OA, one provided no information about
outcomes at multiple time points” and the other was
difficult to interpret owing to the large number of study
groups’. The authors of the single study of fasinumab for

this indication reported significant pain improvement
that was superior to placebo starting at week 2 (least
squares mean change from baseline —0.7 in the placebo
group and —1.4 to —1.6 in the fasinumab groups) and
persisting through to week 16 (REF.”%) (Supplementary
Table 1). The fact that pain relief is consistently reported
to begin at around 2-4 weeks in these studies might
be informative for a discussion of expectations with
patients, if one or more of the agents are eventually
approved and used in clinical practice.

When considering the efficacy of anti-NGF antibod-
ies for the indications of knee and hip OA, it is important
to consider whether the medications improve function
in addition to whether they improve pain. In many of the
clinical trials, function was a co-primary end point along
with pain outcomes, most commonly measured using
the WOMAC function score. Notably, in each study in
which the anti-NGF antibody demonstrated superior-
ity to the comparator (placebo or an NSAIDs) for pain
measures, there was also superiority over the comparator
for functional improvement.

Interestingly, the most recent phase III study of tan-
ezumab for knee or hip OA (published in 2020) found
that the higher dose of subcutaneously administered
tanezumab (5mg) was associated with improvements
in all three co-primary endpoints (WOMAC pain score,
WOMAC function score and PGA), but the lower dose
(2.5mg) was not associated with an improvement in
PGA™. A previous study of subcutaneously adminis-
tered tanezumab (using doses of 2.5, 5 and 10 mg) that
was published in 2018 was terminated owing to an FDA
hold on clinical trials and was therefore underpowered
compared with the intended recruitment goal®. Studies
prior to these®”* used an intravenous formulation of
tanezumab and demonstrated efficacy in all end points
at lower doses (2.5 mg or 5mg) as well as doses up to
10 mg (TABLE 2). The results of the 2020 phase III subcu-
taneous tanezumab study suggests that the lowest doses
of subcutaneous tanezumab might be at the lower limits
for achieving a valuable clinical reduction in pain and
improvement in quality of life™.

Chronic low back pain. Two clinical trials and one
meta-analysis have been published since 2013 on the
use of NGF inhibition (specifically tanezumab) for
CLBP, another painful musculoskeletal condition
(Supplementary Table 1). Overall, an effect for NGF
inhibition was detected for this indication, but was
only small to moderate in magnitude and was, in some
studies, only present for the higher doses of the agent.
Whether this result represents a different degree of efti-
cacy for tanezumab than that observed for hip or knee
OA is currently unclear.

The results of a phase IIb study in which three doses
of tanezumab (5, 10 or 20 mg every 8 weeks) were
compared with either naproxen (500 mg twice daily)
or placebo were reported in 2013 (REF”). In the study,
the change in daily average low back pain intensity
was evaluated between baseline and week 16. The two
higher doses of tanezumab (10 mg and 20 mg) were
superior to both naproxen and placebo, but the lowest
dose of tanezumab (5 mg) was only superior to placebo.
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Table 2 | Trials and meta-analyses of anti-NGF antibody therapy for osteoarthritis

Study Target joint
(number of

participants)

Clinical trials

Brownetal. Knee (690)
(2012)
Birbaraetal. Knee or hip
(2018) (379)°
Birbaraetal. Knee or hip
(2018) (678)°
Schnitzer Knee or hip
etal.(2015)  (2,700)
Spierings Hip or knee
etal. (2013) (610)
Balanescu Knee or hip
etal.(2014) (604)
Ekmanetal. Knee (828)
(2014)

Knee or hip

(840)
Schnitzer Knee or hip®
etal.(2019)  (698)
Schnitzer Knee or hip®
etal. (2020) (696)
Berenbaum  Hip orknee
etal.(2020)  (849)

Agent (comparator)

IV tanezumab
2.5mg, 5mgor 10mg
(placebo)

SC tanezumab
2.5mg, 5mgor 10mg
(IV tanezumab
10mg or placebo)

SC tanezumab 2.5 mg,

5mg or 10mg (not
controlled)

IV tanezumab 5mg or
10 mg with or without
an NSAID (placebo
with an NSAID)

IV tanezumab 5mg
or 10mg (placebo or
oxycodone)

IV tanezumab 2.5 mg,
5mg or 10mg with
diclofenac (placebo
with diclofenac)

IV tanezumab 5mg
or 10mg (placebo or
naproxen)

IV tanezumab 5mg
or 10mg (placebo or
naproxen)

IV tanezumab 2.5 mg
or 2.5mgthen 5mg
(placebo)

IV tanezumab 2.5mg
or 2.5mg then 5mg
(placebo)

SC tanezumab 2.5mg
or 5mg (placebo)

Study conclusions

Tanezumab was superior to
placebo for all end points

All tanezumab groups had
greater improvement than the
placebo group at all time points;
final analyses not performed
owing to FDA clinical hold

All tanezumab doses resulted in
improvements in all outcomes

Pain and function improved
more in all tanezumab groups
than in the placebo with NSAID
group; tanezumab with NSAID
was superior to placebo with
NSAID for PGA; tanezumab
monotherapy was equivalent to
tanezumab with NSAID for pain
and function

Both tanezumab doses had more
improvement in pain than either
the placebo or the oxycodone
group

All tanezumab groups were
superior to placebo with
diclofenac for all co-primary
outcomes

Tanezumab at both doses

was superior to placebo for

all co-primary endpoints;
tanezumab 5mg but not 10mg
was superior to naproxen for
pain and PGA; both tanezumab
doses were superior to naproxen
for function

Both tanezumab groups
had a greater reductionin
all co-primary end points
than the placebo group

Both tanezumab groups had

a greater reduction in all
co-primary end points than
placebo at week 2 and at week 16

The tanezumab 5-mg group had
agreater reductionin all end
points than the placebo group;
the tanezumab 2.5-mg group
was only superior to the placebo
group for WOMAC outcomes

Adverse events

More common in tanezumab groups than
placebo groups, mostly paraesthesia and
hypoaesthesia; RPOA not reported

Marginally more TJRs in tanezumab groups (n=3)
than in placebo groups (n=2); only 1 TJR with
imaging was reviewed, which was judged to
show normal progression of OA

34 TJRs; majority in tanezumab 10-mg group;
of the adjudicated TJRs, half were judged to be
normal OA and half RPOA

Higher in all tanezumab groups than in the placebo
with NSAID group; highest in the tanezumab with
NSAID group (specifically paraesthesia and
hypoaesthesia); worsening OA and osteonecrosis
more common in tanezumab with NSAID groups;
TJRs twice as common in tanezumab with NSAID
group than in tanezumab monotherapy or

placebo with NSAID groups; RPOA reported in

34 participants, more common in tanezumab
groups than in the placebo with NSAID group

Highest rate in the oxycodone group; 2 TJRs (hip)
in the higher dose tanezumab group; 1 TJR was
judged to be normal OA and the other RPOA

TJR more common in all tanezumab groups
(1.3-2.1%) than in the placebo with diclofenac
group (0.7%); serious adverse events were
similar in tanezumab groups (5.3-7.6%) and

in the placebo with diclofenac group (5.3%);
adjudication confirmed one case of RPOA, but
some cases did not have sufficient radiographs
for a judgement to be made

Serious adverse events were not more common
in the tanezumab groups (2.9-3.4%) than in

the placebo (3.8%) or naproxen (2.4%) group; 3
TJRs reported, only one of which was in the
tanezumab 5-mg group; 2 TJRs were judged

to be worsening OA, but there was insufficient
information to make a decision about RPOA

Serious adverse events were not more common
in the tanezumab groups (1.4-1.9%) thanin

the placebo (1.9%) or naproxen (4.3%) groups;

3 TJRs reported, none of which was in the
tanezumab groups; 1 TJR was judged to be
worsening OA, but unclear whether it could
have been RPOA

Similar across all groups, except that abnormal
peripheral sensation adverse events were more
common in the tanezumab groups than in the
placebo group; T/IRs more common in both
tanezumab groups than in the placebo group
and showed a dose-response pattern; RPOA
noted in the tanezumab 2.5-mg group (2.2%)
and in the tanezumab 2.5-mg then 5-mg group
(0.4%); no RPOA in the placebo group

Both tanezumab groups had more hypoaesthesia
than the placebo group; the tanezumab

5-mg group had more paraesthesia than the
placebo group; RPOA in 1.4% of the tanezumab
2.5-mg group, 2.8% of the tanezumab 5-mg
group and none in the placebo group; TIRs were
similar across all groups (6.7-7.8%)

Ref

67

67

99

100

66

83

101

74
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Table 2 (Cont.) | Trials and meta-analyses of anti-NGF antibody therapy for osteoarthritis

Study

Target joint

(number of

participants)

Clinical trials (cont.)

Mayorga Knee (196

etal.(2016) randomized
and 65
completed
12 weeks)*

Sangaetal.  Kneeorhip

(2017) (401)

Dakin et al. Knee or hip

(2019) (342)

Agent (comparator)

Fulranumab 3 mg
or 9mg (placebo or
oxycodone)

Fulranumab 1 mg or

3 mg every 4 weeks or
6 mg or 10mg every

8 weeks (placebo)

Fasinumab 1 mg,
3 mg, 6mg or 9mg
(placebo)

Systematic reviews and meta-analyses

Schnitzer Knee or hip
and Marks (8,606)
(2015)

Kan et al. Knee (1,839)
(2016)

Chenetal. Knee and hip
(2017) (7,665)

Tive et al. Knee or hip
(2019) (7,491)

Tanezumab,
fulranumab and
fasinumab (placebo)

Tanezumab (placebo)

Tanezumab (placebo
or placebo with an
NSAID)

IV tanezumab 2.5 mg,
5mgor 10 mg with

or without an NSAID
(placebo or placebo
with an NSAID)

Study conclusions

Both fulranumab groups had
superior outcomes to the
oxycodone group but not to
the placebo group

Long-term improvement in the
two fulranumab 4-week groups
and in the fulranumab 10-mg
8-week group compared with the
placebo group for all outcomes

All fasinumab groups had greater
improvements at all end points
than the placebo group

Tanezumab at all doses was
superior to placebo for allend
points with no difference in
effect size across the doses;
fulranumab and fasinumab
seemed superior to placebo
overall

Tanezumab was superior to
placebo for all outcomes

Tanezumab was superior to
placebo or placebo with an
NSAID for all outcomes

Tanezumab was superior to
placebo for all end points;
only the two higher doses of
tanezumab were superior to
placebo with an NSAID for all
outcomes

Adverse events

Neurological adverse events were higher in the
fulranumab groups than in the placebo group,
but similar to the oxycodone group; 4 TJRs, 3 in
the fulranumab groups and 1 in the oxycodone
group; no TJRs were judged to be RPOA

Neurological adverse events were more common
in the fulranumab groups than in the placebo
group; 81 TJRs in 71 individuals, including 25 in
non-index joints; 21% of TJRs were judged to be
RPOA, all of which were in participants receiving
fulranumab and also taking NSAIDs

More common in the fasinumab groups than

in the placebo group; 25 arthropathies noted,
primarily in the fasinumab groups and showing a
dose-related pattern; 18 TJRs occurred that were
evenly distributed across all groups; 16 cases of
RPOA were detected, allin fasinumab groups

Withdrawals owing to adverse events for
tanezumab were generally similar to placebo;
fulranumab and fasinumab were not different
from placebo for withdrawal owing to adverse
events as there were too few adverse events
for analysis; for all anti-NGF antibody groups
combined, there was borderline statistical
significance for increased withdrawal owing to
adverse events compared with placebo; RPOA
was not discussed

Serious adverse events were similar

for tanezumab and placebo; tanezumab

was associated with increased peripheral
neuropathy and withdrawal owing to adverse
events compared with placebo; RPOA was not
discussed

Serious adverse events were similar for
tanezumab and placebo or placebo with an
NSAID; tanezumab was associated with increased
paraesthesia and hypoaesthesia and withdrawal
owing to adverse events than placebo or placebo
with an NSAID; RPOA was not discussed

Tanezumab was associated with an increased
incidence of abnormal peripheral sensation
adverse events; overall incidence of adverse
events was stated to be similar across groups but
no statistical analysis was reported; RPOA not
evaluated for the different groups in the studies

Ref

71

72

73

102

103

104

105

IV, intravenous; NGF, nerve growth factor; OA, osteoarthritis; PGA, physician’s global assessment; RPOA, rapidly progressive osteoarthritis; SC, subcutaneous; TJR,

total joint replacement; WOMAC, Western Ontario and McMaster Universities Arthritis Index. *Trial was underpowered owing to FDA clinical hold. *Excluded
radiographic ‘joint safety conditions’ (RPOA, fracture or osteonecrosis). “Trial halted early owing to FDA clinical hold.

Paraesthesia
Abnormal skin sensation
without stimulation.

Hypoaesthesia
Numbness of the skin with
a reduction of sensations
to sensory stimuli.

Adverse events were more common in participants who
received tanezumab than in those who received placebo
or naproxen; in particular, arthralgias, headaches and
paraesthesia were noted in those who received tane-
zumab. Interestingly, there were no total joint replace-
ments (TJRs) for any reason in this study, despite the
relatively large samples size (n=1,347).

An uncontrolled randomized trial has also been
performed to evaluate the long-term safety and effi-
cacy of tanezumab for CLBP”". 848 participants were
drawn from a parent study for inclusion in the trial and
received 10 mg or 20 mg tanezumab every 8 weeks as

three rounds of intravenous administration followed by
four rounds of subcutaneous administration. Outcomes
were the change from parent study baseline in Brief
Pain Inventory Short Form, Roland Morris Disability
Questionnaire and PGA for low back pain. Both tane-
zumab doses were associated with persistent and similar
efficacy for all the defined outcomes. The most com-
mon adverse events were arthralgia, paraesthesia and
hypoaesthesia, which occurred at frequencies similar to
those in other studies. Thirteen patients had TJRs, and
adjudication of eight of those TJRs revealed one instance
of RPOA.
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Finally, a single meta-analysis of the use of
anti-NGF antibodies for the treatment of CLBP has
been published”. The authors identified only rand-
omized controlled trials that met their criteria, two
using tanezumab, one using fasinumab and one using
fulranumab. The quality of the evidence generated
by this meta-analysis was low or very low for pain
relief, functional improvement and adverse effects
using the Grading of Recommendations Assessment,
Development and Evaluation criteria, indicating that the
reader should be cautious when interpreting the avail-
able findings. Overall, the authors of this meta-analysis
reported a small effect for pain (0.29 standard devi-
ations below placebo) and for functional improve-
ment (0.21 standard deviations below placebo) and an
increased number of adverse events compared with
placebo at 12-16 weeks (relative risk (RR) 1.13; 95%
CI0.98-1.29), primarily for neurological adverse events
(RR 1.93;95% CI 1.41-2.64)"". The difference in mag-
nitude of effect size of anti-NGF antibodies between
CLBP and knee OA could potentially relate to the fact
that CLBP includes multiple disease entities, including
facet joint OA, discogenic pain and muscle-related pain,
and the efficacy of anti-NGF antibodies for these various
entities could differ considerably.

Adverse effects of anti-NGF antibodies

During the phase II and III clinical trials of the tane-
zumab development programme, unexpected adverse
events (including osteonecrosis and rapid destruction of
joints) were reported by the study site investigators, such
that the FDA placed a partial clinical hold on studies
of tanezumab for all indications other than cancer pain
between 2010 and 2012 (REF”). This clinical hold was
eventually extended to cover all anti-NGF monoclonal
antibodies that were in clinical development.

Another partial clinical hold was instituted by the
FDA on all anti-NGF antibody programmes from
2012 to 2015 after a report of reductions in the size and
number of neurons in the sympathetic nervous system
of adult mice”. Investigations were subsequently insti-
tuted to determine the aetiology and potential clinical
relevance of these findings, including a series of stud-
ies in which cynomolgus monkeys were treated with
tanezumab® and a systematic review of clinical records
from participants in tanezumab clinical trials, which
was presented at the American Academy of Neurology
conference in 2015 (REF®'). The investigations found no
evidence of sympathetic nervous system dysfunction
and the FDA allowed the clinical studies of tanezumab
to resume with sympathetic function disorder as a new
exclusion criterion.

Independent adjudication of anti-NGF antibodies. To
try to understand the risks associated with the use of
anti-NGF antibodies, adjudication was performed by
independent committees of experts. The adjudication
committee formed for the studies of tanezumab under-
taken by Pfizer reviewed all of the information for
cases of adverse events and developed validated defini-
tions for assessments of the radiographs that included
osteonecrosis, worsening OA, another condition or

insufficient information to determine if the case was
OA or osteonecrosis’. Overall, 386 study participants
experienced an adverse event and underwent TJR in
the tanezumab phase III studies in OA (n=373) and
in the phase II study in CLBP (n=13). In the OA stud-
ies, the TJRs were in the index joint in 216 participants
and in a non-index joint in 170 participants; however,
74.7% of those who received TJR in a non-index joint
had evidence of OA in the affected joint and the remain-
ing ~25% had either insufficient information (20%),
another joint abnormality (3.5%) or a normal joint or
minimal OA (1.8%)’. Of the 13 participants who under-
went TJR in the phase II CLBP study, OA was present in
the affected joint in 11 participants and there was insuf-
ficient information for 2 participants. In total, adverse
events were adjudicated in 249 participants from the
tanezumab studies: 47.8% (n=119) of the events were
labelled as normal OA progression, 27.3% (n=68) as
RPOA and 0.8% (n=2) as osteonecrosis’. The commit-
tee determined that there was no association between
TJR and the dose of tanezumab monotherapy; the over-
all TJR rate for tanezumab monotherapy was similar to
that of the comparators, and both of those rates were
similar to the placebo and not statistically significant’.
However, when tanezumab was administered in com-
bination with an NSAID, the rate of TJRs increased in
line with increasing doses of tanezumab and was about
two to three times the rate of TJR in those receiving
placebo. The time to a TJR was not associated with
the dose of tanezumab used; however, the time to
TJR decreased when tanezumab was combined with
an NSAID, especially with the 5-mg or 10-mg doses
of tanezumab’.

The adjudication committee also reviewed those
participants who developed RPOA (1 =68; hip (56%),
knee (40%) and shoulder (4%))°. RPOA was subclassi-
fied as either type 1 or type 2, with type 1 indicating
a 21-mm loss of joint space width in less than 1 year
and type 2 indicating bone loss or destruction at a level
not normally associated with end-stage OA, including
catastrophic bone failure and joint destruction. RPOA
of both types occurred in 67 participants from the
OA studies and in 1 participant from the CLBP study.
43 instances of RPOA (63%) occurred in the index joints
and 25 (37%) in non-index joints; of the non-index
joints, 15 (60%) had definitive OA at a pre-study visit,
9 (36%) had unknown status of the joint at a pre-study
visit and 1 (4%) had another abnormality’. The par-
ticipants who developed RPOA were more likely to be
women and to have increased joint pain after the base-
line study visit. Importantly, the incidence of RPOA was
associated with the dose of tanezumab monotherapy
used; 2.5 mg tanezumab was associated with 0 events
per 1,000 patient years, whereas 10 mg tanezumab was
associated with 11 events per 1,000 patient years’. The
incidence of RPOA in participants who received tane-
zumab with an NSAID was significantly increased com-
pared with the comparator, with hazard ratios ranging
from 8.76 (95% CI 1.05-73.40) for 2.5 mg tanezumab
with an NSAID to 17.50 (95% CI 2.37-129.40) for
10 mg tanezumab with an NSAID’. These data clearly
demonstrate a dose-response relationship between
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tanezumab and RPOA and an added contribution
from NSAIDs.

In addition to tanezumab, adjudication of TJRs
was also performed for phase II studies of fulranumab
for OA. In these studies, 108 joints were replaced,
of which 64% were from normal progression of OA,
18% from RPOA, 14% had insufficient information to
make a diagnosis, 4% were revision TJRs and none had
osteonecrosis’. Safety results have also been reported
for a phase IIb/III study of fasinumab in OA (n=342)".
Adjudicated arthropathies were detected in 25 joints
(13 index joints and 12 non-index joints) from 23 par-
ticipants, totalling 7% of those who received fasinumab
and 1% of those who received placebo. The joint-related
adverse events were dose dependent. 14 patients devel-
oped type 1 RPOA and 2 patients developed type 2
RPOA following fasinumab treatment, whereas no
patients developed RPOA with placebo treatment. In
addition, subchondral insufficiency fractures occurred
in 1.8% of patients who received fasinumab at any dose
and in 1.2% of those who received placebo. On the basis
of these data”™, the sponsor of these studies modified
their clinical development plan to only include doses
of 1 mg fasinumab every 4 weeks and 1 mg fasinumab
every 8 weeks in an ongoing phase III study, the results
of which should be available within the next year.

Tanezumab follow-up studies. Once the FDA hold was
released, tanezumab studies recommenced in individ-
uals with painful knee or hip OA, but at reduced doses
(2.5mg and 5mg). The preliminary results of one study
that included 2,996 patients with OA have been reported,
in which tanezumab was administered by subcutaneous
injection every 8 weeks and compared with oral NSAID
use for 56 weeks with 24 weeks of follow-up®. During the
80 weeks in which the participants were monitored,
the time-adjusted rate of events per 1,000 patient years for
the primary composite joint safety end point was higher
for those receiving 2.5 mg tanezumab (37.4 events per
1,000 patient years) and 5mg tanezumab (71.5 events
per 1,000 patient years) than for those receiving NSAIDs
(14 events per 1,000 patient years). Rates of type 1 and 2
RPOA were higher in those receiving tanezumab treat-
ment than in those receiving NSAIDs, as were the rates
of TJRs, which ranged from 25.7 events per 1,000 patient
years with NSAID treatment to 51.8-79.7 events per
1,000 patient years with tanezumab treatment. These
results show that even when using lower doses, the risks
of joint deterioration remain greater with tanezumab
treatment than with NSAID treatment®.

In another phase III study, subcutaneous tanezumab
(two doses of 2.5 mg (2.5-mg tanezumab group) or one
dose of 2.5 mg followed by one dose of 5mg (2.5/5-mg
tanezumab group)) was compared with placebo for pain
reduction in individuals with knee or hip OA (n="582)*.
No adjudicated joint safety events occurred between
weeks 0 and 16; however, over the 40-week treatment and
post-treatment follow-up period, a total of 25 joint safety
adverse events occurred in participants receiving tane-
zumab and 5 in participants receiving placebo. RPOA
was diagnosed in 5 individuals in the 2.5-mg tanezumab
group, in 1 individual in the 2.5/5-mg tanezumab group

and in no-one receiving placebo. Abnormal peripheral
sensation adverse events were reported up until the end
of the study, including paraesthesia (11 in those receiv-
ing tanezumab versus 1 in those receiving placebo) and
hypoaesthesia (11 in those receiving tanezumab versus 6
in those receiving placebo)®. Other clinical trials of sub-
cutaneous tanezumab at 2.5-mg and 5-mg doses for OA
have not yet been published*-*; thus, a more complete
picture of the efficacy and adverse event profile for this
treatment is still pending.

The mechanisms that underlie the RPOA associated
with tanezumab treatment, either alone or in combina-
tion with NSAIDs, are currently unclear. Possible expla-
nations include neuropathic neuropathy, in which the
loss of ability to feel pain leads to abnormal joint loading,
and analgesic neuropathy, in which reduced joint pain
could lead to overloading of the joint and rapid dete-
rioration. The latter explanation had been previously
proposed for a similar situation involving indometha-
cin, following the results of a study in which individuals
waiting for hip replacements were randomly allocated to
receive azapropazone or indomethacin®; after ~2 years
of follow-up, participants who received indomethacin
had more radiographic joint destruction and joint pain
than those who received azapropazone. However, given
that the risk of TJR increased when tanezumab was used
in conjunction with an NSAID, mechanisms related to
changes in inflammation, pain reduction and reduced
prostaglandin E2 production within the joint have been
proposed. Another possible cause might be related to
changes in the mass and architecture of the subchondral
bone, as individuals with knee and hip OA who have
atrophic radiographic changes have accelerated joint
destruction and more joint replacements than those who
have a greater amount of juxta-articular bone mass®.

Additional studies have been performed in an
attempt to refine the phenotype of those who will go
on to receive TJR, determine the effects of NSAIDs and
discover potential bone, cartilage, soft-tissue or inflam-
matory biomarkers that were associated with TJR. A post
hoc analysis of data from clinical trials of tanezumab in
OA that included 47 participants who developed RPOA
and 92 who did not aimed to discover biomarkers by
comparing those who used NSAIDs for <90 days with
those who used NSAIDs for 290 days over a 10-month
period®. Two serum biomarkers, C3M (a marker of syno-
vial tissue inflammation) and C2M (a marker of carti-
lage degradation) predicted type 2 RPOA in those who
used NSAIDs for <90 days with an accuracy of 71%, and
individuals with this biomarker phenotype had an 8-fold
higher risk of developing RPOA than patients with OA
without this phenotype®. These results are intrigu-
ing; however, additional validation is needed before
these biomarkers can be recommended for identifying
individuals at high risk of RPOA.

Unanswered questions concerning RPOA

The adverse events of RPOA and peripheral sensation
changes were not anticipated in either the preclinical
studies or phase I clinical studies of anti-NGF antibody
therapies. Although many hypotheses exist around how
RPOA occurs, to date there is no clear understanding
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of the risk profile of patients with OA who are likely to
develop RPOA. The changes in peripheral sensation
might be linked to the underlying mechanism of NGF
inhibition reducing nociceptor activity; however, more
work is needed to refine this idea. Neurological sensory
adverse events are generally reversible upon discontin-
uation of the medication, although some individuals
reported that analgesia was still present at the termina-
tion of the studies®. By contrast, RPOA is not reversible.
Preclinical studies that determine the fate of nociceptors
during anti-NGF antibody treatment and clinical studies
that refine the phenotype of patients with OA who might
be at risk of RPOA will help clinicians to identify those
patients who would benefit the most from these novel
analgesic therapies.

The few preclinical studies that have specifically
evaluated the effects of NGF inhibition on both pain
behaviour and joint structure were described in a 2017
review”. These studies evaluated the effects of treatment
with soluble NGF receptors, small molecule inhibitors
of TrkA or anti-NGF antibodies. The studies that only
assessed pain demonstrated a reduction in pain using
reduced weight-bearing asymmetry as an end point”.
Studies that assessed both pain and histological or radi-
ographic joint changes reported reduced gait imbal-
ances following NGF inhibitor treatment compared
with controls that were maintained up to 35 days, and
an increased knee diameter in NGF inhibitor-treated
animals that differed from control-treated animals®.
A study that used a model of rat medial meniscal injury
in which treatment with a humanized anti-NGF antibody
(tanezumab) was initiated at the time of the injury and
continued for 28 days reported that tanezumab-treated
animals were protected against gait deficiency; however,
rats treated with tanezumab at any dose had increased
cartilage damage, subchondral bone sclerosis and tibial
osteophytes compared with those treated with control
substances’’. In another study in rats with monosodium
iodoacetate-induced OA, treatment with an anti-NGF
antibody at the time of injury prevented weight-bearing
asymmetry, but there was increased cartilage damage
in the treated knee at day 28 compared with vehicle
controls’>. When anti-NGF antibody treatment was
delayed to either 14 or 21 days after injury, the treated
rats had a decrease in weight-bearing asymmetry and
mechanical allodynia at day 28, and although there was
no clear difference in the amount of cartilage damage,
there was a decrease in osteoclast numbers at the tibial
plateau in anti-NGF antibody-treated rats compared
with saline-treated rats’’>. Overall, these studies con-
firm the considerable analgesia observed in the clinical
trials of anti-NGF antibodies and that these therapies
are effective at treating different stages of OA. However,
these studies also provide evidence of cartilage degenera-
tion, synovitis and osteoclast activity in the subchondral
bone that is different in NGF inhibitor-treated animals
than in control-treated animals. The joint damage
reported in the animal studies was greater when the
NGF inhibitor treatment was initiated in the early stages
of the disease” .

Although NGF inhibitors are effective at reducing
pain in animal models of OA and in patients with OA,

a gap still exists in our knowledge of how the joint can
rapidly degenerate so, on this point, we are speculat-
ing about the mechanisms. NGF signals through the
TrkA and p75 receptors on nociceptors, thereby pro-
moting the expression of ion channels and neuropep-
tides in neurons that contribute to the innervation of
the joint microenvironment. Thus, inhibition of NGF
signalling and subsequent deficits in neuronal signal-
ling and innervation could potentially alter the micro-
environment within the joint, which might then result
in accelerated joint degeneration. Given that nerves
and blood vessels grow in congruence with each other and
nociceptors regulate blood flow, a relatively rapid rever-
sal from enhanced NGF signalling in OA to a near
complete loss of NGF signalling could potentially also
cause a dramatic change in synovial innervation and
blood flow, thereby compromising the joint. In addi-
tion, as bone is loaded, osteocytes within the bone signal
to the bone surface to direct remodelling of the tissue to
accommodate the loads. Bone remodelling is associated
with NGF; thus, inhibition of NGF signalling could also
potentially interfere with normal loading signals, fur-
ther altering the structural integrity of the joint*. In fact,
mice that lack TrkA have reduced bone formation under
loading conditions compared with wild-type mice, sug-
gesting that this receptor is required for load-induced
bone formation”. Clearly, more research into the inter-
action between the nerves, vasculature and the rest
of the joint microenvironment is needed to explore
this issue.

Conclusions

Over the past 70 years, our understanding of the bio-
logy of the neurotrophin NGF has expanded from a
factor that stimulates the growth of embryonic sensory
and sympathetic neurons to a factor with an important
role in arthritis and in modulating the PNS. Early-phase
and late-phase clinical trials have determined that
NGF inhibition with subcutaneous tanezumab or fasi-
numab is an effective form of analgesia for knee and
hip OA and for CLBP. The analgesic efficacy of these
anti-NGF antibodies is noteworthy because of their
completely novel mechanism of action that lacks the
adverse effects associated with conventional NSAIDs,
opioids and steroids, and their demonstrated efficacy in
patients with painful large joint OA. However, adverse
events including RPOA and insufficiency fractures of
the tibia have been reported that have to be carefully
considered. Although the aetiology of these events is
not yet fully understood, it is reasonable to expect that
if these medications are approved for the treatment
of pain associated with knee and hip OA, clinicians
will need to inform their patients about these risks.
Moving forwards, it will be crucial to identify patient
characteristics that increase the risk of RPOA during
anti-NGF antibody treatment. If we are able to iden-
tify risk factors for RPOA, the use of anti-NGF anti-
bodies in clinical practice for large joint OA and other
treatment-resistantchronicpainsyndromeswouldbesaferand
more appealing.
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Mechanisms and therapeutic
implications of cellular senescence

In osteoarthritis

Philip R. Coryell’, Brian O. Diekman'? and Richard F. Loeser® '™

Abstract | The development of osteoarthritis (OA) correlates with a rise in the number of
senescent cells in joint tissues, and the senescence-associated secretory phenotype (SASP) has

been implicated in cartilage degradation and OA. Age-related mitochondrial dysfunction and
associated oxidative stress might induce senescence in joint tissue cells. However, senescence

is not the only driver of OA, and the mechanisms by which senescent cells contribute to disease
progression are not fully understood. Furthermore, it remains uncertain which joint cells and
SASP-factors contribute to the OA phenotype. Research in the field has looked at developing
therapeutics (namely senolytics and senomorphics) that eliminate or alter senescent cells to stop
disease progression and pathogenesis. A better understanding of how senescence contributes

to joint dysfunction may enhance the effectiveness of these approaches and provide relief for

patients with OA.

Osteoarthritis (OA), the most common form of arthritis,
is a disease of the synovial joints that is characterized by
cartilage degradation and bony overgrowth in the form
of osteophytes and subchondral thickening'. OA is also
associated with varying degrees of synovitis and dam-
age to other joint structures, including ligaments and the
menisci in the knee'. OA progresses gradually and even-
tually leads to debilitating pain and loss of mobility,
especially in older adults’. Although risk factors such as
obesity, joint injury and genetics have all been linked
to OA, the most prevalent risk factor is age’. With the
ageing baby boomer generation (that is, individuals
born between 1946 and 1964), the number of people
in the USA afflicted with OA is estimated to rise from
30 million to 67 million by the year 2030, with over half
of those cases predicted to be in individuals aged 65 years
and older*’. Along with the burden of pain and disa-
bility suffered by patients with OA, treatment and care
for this disease was estimated in 2013 to cost the US
health-care system $27 billion annually® and even more
inlost workforce productivity. Accordingly, researchers in
the ageing and pharmaceutical fields have taken great
interest in designing novel therapeutics to alleviate the
symptoms of OA and slow its progression.

Within the past 5 years, researchers have begun to
explore a novel approach to treating OA through the
targeting of chondrocytes and other joint tissue cells
that have undergone cellular senescence. Senescence,
one of the hallmarks of ageing’, is a cell fate charac-
terized by permanent cell cycle arrest and the release

of harmful pro-inflammatory molecules into the sur-
rounding microenvironment, a feature known as the
senescence-associated secretory phenotype (SASP).
Senescent cells accumulate as an organism ages, result-
ing in reduced cellular proliferation and impaired
tissue regeneration and function®. For these reasons,
senescence has been implicated in the pathogenesis
and progression of a myriad of ageing-associated dis-
eases, including OA”'"°. Although age correlates with
both OA and cellular senescence, the exact mechanism
linking senescence to OA pathology remains unclear.
Nevertheless, clinical trials are underway to test a phar-
macotherapeutic approach to treating OA by elimi-
nating senescent cells using senolytics, a class of drugs
that selectively induce the death of senescent cells. This
approach has shown promising early results by amelio-
rating other ageing-related diseases in murine models,
such as idiopathic pulmonary fibrosis, atherosclerosis
and cancer''. Additionally, enzymes linked to the pro-
gression of OA have been identified as SASP factors, and
the selective inhibition of these factors with therapeu-
tics called senomorphics (also known as SASP inhibitors
and senostatics) could one day provide relief for patients
with OA. However, evidence of the benefit of senom-
orphics in treating OA is currently limited by a lack of
studies testing the specificity and efficacy of these drugs
for treating joint diseases.

In this Review, we explore several common pheno-
types associated with cellular senescence and their links
to OA pathology. Additionally, we examine several
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Key points

 Osteoarthritis (OA) pathology overlaps with the senescence of cells in joint tissue
and the senescence-associated secretory phenotype.

e Several hallmarks of senescence are associated with OA, but it is unclear which of
these cause disease progression.

» Ageing, DNA damage and oxidative stress can induce senescence in cells in joint tissue.

* The complexity of the senescent cellular phenotype necessitates the careful use of
biomarkers to identify senescent cells.

* Targeting senescence for OA therapy is a promising new approach that deserves

further investigation.

therapeutic strategies that target senescent cells directly
and are being tested as a means of preventing the disease
or improving patient outcomes.

Cellular senescence and the SASP

Since its discovery by Hayflick and Moorhead over a half
century ago'?, cellular senescence has been commonly
defined as irreversible cell cycle arrest in response to
replicative stress and ageing. However, studies from the
past decade have expanded this definition beyond sim-
ply a reduction in proliferative capacity. For example,
senescent phenotypes have been detected in postmitotic
cells, such as damaged neurons and aged osteocytes'*'*.
Furthermore, senescence can be induced independently
of replicative stress and ageing, such as by DNA dam-
age, oncogenic signalling and oxidative stress'*'".
Senescence is best described as a complex process
involving the metabolic, morphological, and physio-
logical transformation of cells in response to a multi-
tude of cellular stresses'®. Additionally, this process can
affect neighbouring cells by altering paracrine signalling
pathways, a discovery that has compelled researchers to
investigate how senescent cells transform their microen-
vironments, a process that can have systemic effects on
the entire organism".

Much of the research on senescence has been devoted
to understanding its pleiotropic role as both a tumour
suppressor and a driver of ageing-related disease. In its
role as a tumour suppressor, senescence involves the
upregulation of cell cycle inhibitor genes in response to
oncogenic signals, resulting in permanent growth arrest
and the prevention of neoplastic proliferation®. In its
role as a driver of disease, senescence hinders long-term
tissue regeneration and normal cell function and has
been linked to pathologies such as sarcopenia, osteo-
porosis, macular degeneration, neurodegeneration and
OA?'. Furthermore, novel roles for senescence include
critical functions in the early stages of wound healing
and in embryogenesis®>*.

Although senescent cells live in a state of perma-
nent growth arrest, they are not dormant within tis-
sues. Instead, senescent cells remain metabolically
active and undergo dynamic transformations in their
physiology, which can include alterations to paracrine
signalling. The SASP is characterized by the increased
secretion of particular bioactive molecules by senes-
cent cells, including chemokines, cytokines, proteases
and growth factors; these molecules can induce a
range of physiological responses in the surrounding

microenvironment, including inflammation, growth
arrest and tumorigenesis*. Mechanistically, mTOR is a
key regulator of the SASP owing to its ability to differ-
entially regulate the translation of MAP kinase-activated
protein kinase 2 (MAPKAPK?2, also known as MK2)*
and IL-1a°. MK2 is phosphorylated by p38 and deacti-
vates ZFP36L1, a zinc-finger protein that degrades the
mRNA of many pro-inflammatory SASP factors. IL-1a
promotes NF«B signalling, which has been linked to
the upregulation of many SASP genes. Accordingly,
inhibition of mTOR by rapamycin reduces SASP factor
expression®*.

Furthering the complexity of this phenotype, dif-
ferent senescence-inducing stimuli produce distinct
secretory proteomes that can result in different biologi-
cal outcomes depending on the tissues affected*’. Much
of the research on the SASP has focused on its role in
disease pathogenesis and progression and on how SASP
factors might be targeted for therapeutic intervention”.
Diseases linked to the expression of SASP factors
include atherosclerosis, cancer, cardiac dysfunction,
myeloid skewing, kidney dysfunction, OA and a general
decrease in health span. Identifying how specific SASP
factors contribute to different pathological outcomes in
patients with ageing-related diseases could help further
the development of therapeutics that attenuate disease
development. To this end, repositories such as the SASP
Atlas* are helpful tools that allow researchers to search
and catalogue the discovery of novel SASP factors and
their contextual effects on tissue phenotypes.

Cellular senescence and OA

Although chondrocytes are hypo-replicative during
homeostasis, they do maintain the potential to prolif-
erate in some settings. For example, chondrocytes pro-
liferate in the form of ‘clusters’ during the early stages of
OA, which is commonly viewed as an attempt to repair
damaged matrix**. Chondrocytes also initiate cell divi-
sion when plated in tissue culture®. The relationship
between quiescence (that is, reversible cell cycle arrest)
and senescence is complex, with evidence that mitogenic
stimulation of damaged, quiescent cells can actually con-
tribute to the induction of senescence upon re-entry into
the cell cycle”.

Like other organs, joint tissues are subject to senes-
cence and decay over time, and the number of senescent
chondrocytes and synovial fibroblasts correlates strongly
with age’’'. Given the important role of bone-cartilage
crosstalk, increased osteocyte senescence during age-
ing might also contribute to OA'". Senescence is also a
feature of post-traumatic OA, as joint injury can accel-
erate chondrocyte senescence and stimulate cartilage
degradation®. Abnormal mechanical loading could be
one cause of premature senescence after injury, as cata-
bolic shear stress has been found to initiate senescence
in young cartilage explants®. Additionally, lifestyle
factors that increase susceptibility to OA have been
found to overlap with cellular senescence. For example,
mice placed on calorie-dense and nutrient-poor diets
exhibited increased senescence in adipose tissue, while
exercise reduced this outcome®. Furthermore, OA can
induce phenotypic changes in joint cells that correlate
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with senescent signatures. For example, the cell sur-
face protein urokinase plasminogen activator surface
receptor (uPAR) is induced broadly in senescent cells®,
as well as in chondrocytes derived from osteoarthritic
cartilage™.

Senescence induces metabolic reconfigurations in
cells that, over time, can contribute to the pathogenesis of
OA. In fact, the transplantation of senescent fibroblasts
into the knee joints of mice induced cartilage erosion,
osteophyte formation and loss of mobility, suggesting
that senescent cells alter the synovial microenvironment
and induce OA-like arthropathy”. Senescent joint cells
exhibit common hallmarks, such as telomere erosion,
increased expression of p53 and of the cyclin-dependent
kinase (CDK) inhibitors p21 and pl6™** (p16),
enhanced generation of reactive oxygen species
(ROS) via mitochondrial dysfunction, and increased
senescence-associated heterochromatin®. Notably,
chondrocytes, osteocytes and synovial fibroblasts can
also exhibit the SASP'“***!. As noted above, a hallmark of

Age-related stress

¢ Mitochondrial dysfunction

¢ Excessive mechanical loading
e Replicative senescence

¢ Oxidative stress

* DNA damage

e Telomere dysfunction
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Fig. 1| Associations between age-related stress, senescence and OA. Multiple

cells. These cells can exhibit the senescence-associated secretory phenotype (SASP)

and secrete factors (including chemokines, cytokines, proteases and growth factors) that

act independently or together to induce changes commonly found in osteoarthritic
tissues. ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs;

CCL, CC-chemokine ligand; ECM, extracellular matrix; GM-CSF, granulocyte-macrophage

colony-stimulating factor; GRO, growth-regulated alpha protein; IGFBP, insulin-like
growth factor binding protein; MMP, matrix metalloproteinase; OA, osteoarthritis;
OSM, oncostatin M; ROS, reactive oxygen species; SA heterochromatin,
senescence-associated heterochromatin; TGFf, transforming growth factor-p.

the SASP is the secretion of pro-inflammatory cytokines,
such as IL-6, IL-17, IL-1B, oncostatin M and TNF'>*,
and several SASP factors induce OA-related changes,
including inflammation, bone growth and degradation
of the extracellular matrix (ECM) (FIG. 1). Therefore, a
better understanding of OA pathogenesis will include
identifying the phenotypic consequences of SASP factors
in joint tissues.

Cytokines such as IL-6 are elevated in the synovial
fluid of patients with OA*. The IL-6-STAT3 signal-
ling pathway induces premature senescence in normal
human fibroblasts, suggesting that these cells might trig-
ger a bystander effect that drives further senescence and
SASP in surrounding cells">*'. Furthering this hypothesis
in cartilage, chondrocytes have been shown to facilitate
intercellular communication via the production of extra-
cellular vesicles (EVs), the levels of which were greatly
upregulated in patients with OA compared with those
in healthy individuals and resulted in the induction of
a senescent state in nearby cells*’. The role of EVs in
cellular senescence and OA is discussed in more detail
later in this Review.

Cytokines can upregulate the expression of a family of
enzymes known as matrix metalloproteinases (MMPs)'.
Like cytokines, MMPs, such as MMP13 (also known as
collagenase-3), and a disintegrin and metalloprotein-
ase with thrombospondin motifs (ADAMTS), such as
ADAMTS-5, are secreted by cells into the ECM. The
catabolic activity of MMPs and ADAMTS can degrade
ECM proteins in cartilage, including sulfated proteogly-
cans, collagen and fibronectin'. Loss of cartilage ECM
is a key early feature of OA, which further implicates
the senescence of chondrocytes and other cells of the
synovial joints as drivers of OA pathogenesis.

Senescence processes and biomarkers

Several phenotypic transformations occur during cellu-
lar senescence (BOX 1). Here we discuss three of them
(senescence-associated p-galactosidase (SA-B-gal) pro-
duction, p16 expression and EV secretion), and their
relevance to osteoarthritis pathogenesis.

Senescence-associated -galactosidase

The cytochemical staining of B-galactosidase activity
to detect senescent cells, known as SA-B-gal staining,
is one of the most commonly used techniques in both
cell culture and tissue samples***'. Positive staining is
caused by the upregulation of B-galactosidase activity
in lysosomes, which is optimally detected at pH 4.0 but
detectable in senescent cells at pH 6.0 (REF*). In articular
cartilage, the number of SA-B-gal-positive chondrocytes
was higher in old mice than in young mice*. However, a
few precautions must be observed when using SA-B-gal
as a marker for senescent cells in the joint. First, the
enzymatic activity of lysosomes is regulated by the auto-
phagy pathway, and isolating and culturing primary cells
in monolayer can increase both basal autophagy*® and
senescent phenotypes*; thus, SA-f-gal staining in cul-
tured chondrocytes can represent an increase in auto-
phagy rather than a senescent state. Second, silencing
GLBI, the gene encoding B-galactosidase, eliminates
SA-[B-gal staining but does not inhibit senescence,
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Box 1| Common changes seen in cellular senescence

* Increased production of 3-galactosidase

¢ Increased expression of p16/N<a

e Irreversible growth arrest

¢ Increased secretion of extracellular vesicles (EVs)

e Alterations in the microRNA content of EVs

e Genomic instability

* Increased levels of heterochromatin

* Telomere attrition

* Loss of proteostasis

* Dysregulated nutrient sensing

* Mitochondrial dysfunction

* Increased production of reactive oxygen species and
reactive nitrogen species

* Increased secretion of senescence-associated
secretory phenotype factors

* Upregulation of urokinase plasminogen activator
surface receptor (uPAR)

demonstrating an indirectlink between positive staining for
SA-B-gal and senescence®. Third, senescence-independent
B-galactosidase staining was observed in vivo in the
neurons of young rodents and correlated with increased
expansion of lysosomes during cell growth*. Finally,
fibroblasts from patients with autosomal recessive
G(M1)-gangliosidosis, a disease in which lysosomes are
dysfunctional, were negative for SA-B-gal after undergo-
ing replicative senescence”. Taken together, these stud-
ies suggest that changes to autophagy and the lysosomal
activity of a cell, rather than senescence, determine the
results of SA-B-gal staining.

Accordingly, changes in autophagy that occur with
ageing and OA should be considered when performing
SA-B-gal staining. Autophagy and lysosomal function
decrease in patients with OA, whereas stimulation of
autophagy (for example, with rapamycin), can con-
fer protective homeostatic effects on normal human
cartilage®~"'. Autophagy can also be stimulated by a mul-
titude of cellular stresses that can occur independently
of senescence, including nutrient deprivation, hypoxia,
ROS, DNA damage, protein aggregates, damaged orga-
nelles or intracellular pathogens®>*’. Hypoxia-induced
autophagy is of particular concern because chondrocytes
reside naturally in low oxygen conditions due to a lack of
blood vessels in cartilage™. Metabolism and homeostasis
in this environment are maintained through autophagy,
which recycles intracellular amino acids and clears dys-
functional mitochondria. Consequently, chondrocytes
express the autophagy markers ULK1, Beclinl and LC3
under normal physiological conditions, suggesting that
autophagy is constitutively active in these cells™.

For these reasons, in studies using cellular senescence
as an indicator of OA progression, SA-B-gal experiments
should ideally be performed on joint tissues rather than
on cultured cells, and the studies should incorporate
one or more additional biomarkers of senescence.
Furthermore, when inducing or treating OA-like phe-
notypes, careful consideration should be given to how
the treatment being applied effects autophagy.

p16

p16 induces cellular senescence by binding CDK4 and
CDKG6 and preventing the downstream inhibition of the
cell cycle repressor protein retinoblastoma-associated
protein (Rb). p16 is upregulated in response to cellular
stress, such as DNA damage from radiation or telomere
shortening, ROS or oncogenic stress™. As a tumour sup-
pressor, p16 mutations have been linked to an increased
risk of several cancers, including cutaneous malignant
melanoma and pancreatic cancer®”’. Notably, p16
expression is highly correlated with age, and measur-
ing cellular p16 levels has been proposed as a biomarker
both for cellular senescence and for determining the
biological age of an organism™. In addition to its role
as a biomarker, the selective removal of p16-high cells
can extend the lifespan and healthspan of mice, demon-
strating that p16-expressing cells influence the onset of
ageing-related pathologies™.

Importantly, higher p16 expression was found to
correlate with age in murine and human articular
chondrocytes™. Chondrocytes expressing high levels of
pl6 also displayed lower expression of cartilage-related
ECM proteins, such as aggrecan, but increased expres-
sion of ECM-degrading SASP factors such as MMP13
and MMP1. These initial results suggest that chondro-
cyte senescence not only correlates strongly with age,
but also results in a metabolic transformation that con-
tributes to the further destruction of cartilage. Given
that p16 and the SASP can be independent arms of the
senescence phenotype®, the group also assessed whether
pl6itself contributed to OA pathology and found that it
did not™. Indeed, somatic inactivation of p16 in chon-
drocytes of adult mice did not inhibit the SASP, nor did
it alter the rate at which OA occurred in response to
physiological ageing or induced joint injury. Together,
these results demonstrate that p16 can be utilized as a
biomarker of chondrocyte ageing but chondrocyte p16
does not appear to play a causal role in OA.

Extracellular vesicles

Understanding how ageing contributes to changes in
tissue structure is a major focus of ageing research,
but how ageing affects circulating factors, which are
crucial for maintaining tissue homeostasis and func-
tion, is also important. In a landmark study, aged mice
exposed to factors present in young mice through
parabiosis exhibited restored regenerative capacity in
skeletal muscle progenitor cells®’. Moreover, a study
in which young mice were exposed to the blood of
aged mice resulted in impaired tissue function and
repair®. Parabiosis has not been widely used to study
cartilage function, but an experiment described this
year demonstrated that mice had less severe OA if
they shared circulation with young mice as opposed
to older mice for the past 4 months before they were
killed®®. Further experiments in this study showed that
daily systemic injection with the rejuvenating factor
growth/differentiation factor 11 increased chondro-
cyte proliferation and protected mice from joint tissue
degradation. Given these results, identifying specific
circulating factors that contribute to the promotion or
deterioration of joint tissue health could be important

50| JANUARY 2021 | VOLUME 17

www.nature.com/nrrheum



for understanding the mechanisms underlying OA as
well as other age-related diseases.

EVs such as exosomes are small lipid membrane-
bound particles that facilitate intercellular communi-
cation via the transport of proteins and RNA®. Like
SASP factors, EV secretion is upregulated in senes-
cent cells®*, which can induce premature senescence
in neighbouring cells, for example, through the trans-
fer of microRNAs that activate senescence pathways®’.
Interestingly, a cross-sectional and longitudinal study
found that EV concentration in plasma decreases with
advancing age®. However, this decrease was accompa-
nied by increased vesicle internalization and activation
of B cells and monocytes, suggesting that EVs might
enhance pro-inflammatory immune responses with age.
Together, these studies highlight the emerging role of
EVs in cellular and organismal senescence.

In another study, both senescent chondrocytes and EV
concentrations were enriched in cartilage from patients
with OA relative to cartilage from healthy individuals®.
Furthermore, exposing non-senescent chondrocytes to
EVs derived from patients with OA increased senescent
phenotypes and decreased proteoglycan production.
Fluorescent labelling and tracking of EVs confirmed
that these vesicles were internalized by chondrocytes
within 6 h of exposure. MicroRNAs were also differ-
entially expressed between senescence-associated EV's
and EVs not associated with senescence; the former
displayed a decrease in miR-140-3p, the depletion of
which was associated with cartilage dysfunction®, and
an increase in miR-34a-5p that was linked to the upreg-
ulation of senescence-associated proteins’’. The selective
removal of senescent cells using the senolytic compound
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Fig. 2 | Model for oxidative stress-induced senescence in joint cells. Aged chondrocytes
and synovial cells exhibit mitochondrial dysfunction, as well as a reduction in antioxidant
capacity, via a decrease in the activity of catalase and superoxide dismutase (SOD) and
decreased peroxiredoxin function. These phenotypes increase the generation of reactive
oxidative species (ROS) and reactive nitrogen species (RNS), which induce chronic DNA
damage and increase MAPK stress signalling, both of which can act independently or
together to induce senescence. Senescence itself can cause further mitochondrial
damage, causing positive feedback.

UBXO0101 (see below) reduced the number of EVs in cul-
tured chondrocytes from patients with OA, and EVs iso-
lated from the synovial fluid of UBX0101-treated mice
contained features associated with cartilage growth,
such as increased aggrecan and decreased proteases®.
Together, this work suggests that increased EV secre-
tion and internalization, along with changes to vesicular
RNA and protein content, should be investigated as
potential biomarkers for both chondrocyte senescence
and OA. Importantly, the authors of this study also found
differences in the expression of microRNAs in EV's from
the synovial fluid between aged healthy donors and
donors with clinical OA*. Examining EV microRNA
profiles could help distinguish cartilage loss caused
by OA and other arthropathies rather than by ageing.

Oxidative stress drives OA and senescence
Another hallmark of ageing is mitochondrial dysfunc-
tion, which causes oxidative stress by increasing cel-
lular levels of ROS. ROS-induced DNA damage has
been linked to the pathogenesis of many age-related
conditions, including cardiovascular, pulmonary, kid-
ney and neurodegenerative diseases’’. Additionally,
increased oxidative stress and a decrease in the antioxi-
dant capacity of mitochondria can disrupt physiological
cell signal transduction, which might promote ageing
by gradually causing loss of cellular integrity and tissue
homeostasis™”.

With regard to OA, oxidative stress has been pro-
posed as a driver of the catabolic and anabolic signal-
ling imbalance in cartilage that results in progressive
matrix degradation™ (FIG. 2). For example, survival and
tolerance of oxidative stress is regulated by members of
the mitogen-activated protein kinase (MAPK) path-
way, such as c-Jun N-terminal kinases (JNKs) and p38.
It has been suggested that cytokine-mediated activation
of JNK signalling worsens OA-associated phenotypes
by activating pro-inflammatory and ECM degrada-
tion pathways in joint tissue cells””. However, oxidative
stress in cultured human chondrocytes inactivated JNKs
while p38 remained active’. Deletion of JNK1 and JNK2
in mice resulted in more severe age-related OA than in
wild-type mice, as well as increased senescence in carti-
lage and particularly in the synovium”’, suggesting that
JNK is a negative regulator of joint senescence.

In addition to ageing, senescence itself has been
shown to induce mitochondrial dysfunction and stim-
ulate ROS production’. Overproduction of hydro-
gen peroxide and reactive nitrogen species, including
nitric oxide (NO), has been detected in aged cartilage
and OA cartilage from both humans and monkeys”.
Cells from human cartilage explants cultured in the
presence of hydrogen peroxide exhibited hallmarks of
chondrocyte senescence, including shortened telomeres,
reduced replicative capacity and lower production of
glycosaminoglycan®. Loss of antioxidant enzymes,
such as superoxide dismutase (SOD), is known to
correlate with premature senescence and accelerated
ageing phenotypes®-*. All three SOD family members
(SOD1, SOD2 and SOD3) are abundantly expressed
in human articular cartilage, but their activity is mark-
edly decreased in cartilage from patients with OA®**.
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Similarly, peroxiredoxins and catalases are antioxidants
that are critical in the regulation of redox signalling and
the protection against oxidative stress by controlling
levels of H,0, (REF*). Chondrocytes isolated from older
adults were noted to have hyperoxidized (and thus inac-
tive) peroxiredoxins, whereas overexpression of catalase
targeted to the mitochondria reduced the severity of OA
in 24-month-old mice*. Together, these results suggest
a correlation between increased oxidative stress and the
induction of senescence in cartilage, which might drive
OA. They also support the strategy of using antioxidants
to prevent ROS-induced senescence, which could be a
useful approach to the treatment of OA.

Senolytics and senomorphics for OA

Senolytics and senomorphics are two classes of ther-
apeutics that have been reported to alleviate ageing-
associated pathologies in murine models and are currently
being investigated in trials in humans. Senolytics induce

apoptosis preferentially in senescent cells, whereas
senomorphics inhibit the SASP factors linked to pro-
inflammatory paracrine signalling and tissue damage®
(FIC. 3). Given the correlations between senescence,
SASP and OA, these drugs are attractive candidates for
targeting OA pathogenesis and slowing its progression
(TABLE 1).

Senolytics

Development of senolytics for OA. In pioneering pre-
clinical studies, an inducible transgene was developed
that allowed the targeted killing and clearance of senes-
cent cells expressing high levels of p16 (REFS™®). Mice
expressing this transgene demonstrated increased
median lifespan and delayed onset of ageing-associated
pathologies compared with wild-type mice. When a sim-
ilar transgenic technique was used to clear senescent cells
locally in mouse articular cartilage, the development of
post-traumatic OA was substantially decreased™.
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Fig. 3| Model for cellular senescence in joint tissue and potential treatments. Cytokines such as IL-6 promote senescence
via the transcription factor STAT3, and IL-1 can induce NFkB-driven expression of genes encoding senescence-associated
secretory phenotype (SASP) factors. Senescent joint cells are characterized by increased oxidative stress (owing to the
generation of reactive oxidative species (ROS) and reactive nitrogen species (RNS)), DNA damage, increased expression
of urokinase-type plasminogen activator surface receptor (uPAR), and upregulation of stress proteins such as p38, c-Jun
N-terminal kinase (INK) and mTOR. p38 induces senescence and the expression of p16, while JNK negatively regulates
senescence in cells in joint tissue. mTOR and p38 promote the SASP by upregulating the translation of (mTOR) and
phosphorylating (p38) MK2 (also known as MAPKAPK?2), which stabilizes mRNA transcripts encoding SASP factors.

SASP factors (including IL-1 and IL-6) and senescence-inducing extracellular vesicles are secreted by these cells into

the extracellular matrix, promoting macrophage recruitment to, and driving further senescence in, the surrounding

joint tissue. Senolytic drugs aim to prevent senescence-associated disease by inducing apoptosis specifically in senescent
cells via the upregulation of p53, caspases and other proteins in death-associated pathways, while repressing pathways
associated with cell survival (for example, pathways involving MDM2, BCL2 and PI3K). Senomorphic drugs do not kill
senescent cells, but repress the SASP by inhibiting the activity of proteins related to inflammation, such as mTOR, or by
directly inhibiting the activity or production of SASP factors such as IL-6 and TNF.
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Although these experiments utilized transgenic mice
to induce apoptosis in cells undergoing senescence,
other studies have tested whether senolytics can mimic
this effect therapeutically. In one study, which compared
the gene expression profiles of senescent cells and prolif-
erating cells, senescence was found to upregulate genes
encoding proteins in anti-apoptotic signalling networks,
such as BCL-2 family members and proteins in the
PI3K-AKT pathway®. Many senolytics induce apoptosis
selectively in senescent cells by suppressing pro-survival
pathways that are activated in senescent, but not healthy,
cells. For example, treatment of irradiated or normally
aged mice with navitoclax (ABT-263), a BCL-2 and
BCL-X, dual inhibitor, depleted senescent haematopoie-
tic stem cells in bone marrow and senescent muscle stem
cells, and promoted cellular rejuvenation”. Furthermore,
in mouse cartilage explants, navitoclax reduced the
senescence burden by eliminating chondrocytes express-
ing high levels of p16 through apoptosis’’. Another
example is the senolytic cocktail of dasatinib and querce-
tin, which effectively eliminates senescent cells and is
being investigated in clinical trials for treating idiopathic
pulmonary fibrosis, a potentially fatal disease associated
with senescence’®. Dasatinib inhibits multiple tyros-
ine kinases, including BCR-ABL, SRC, ¢-KIT, ephrin
A receptor and platelet-derived growth factor-p recep-
tor kinases”, whereas quercetin is a plant flavonol that
inhibits PI3K and inhibitors of serine proteinases called
serpins®. In another study, senescent cells were trans-
planted into young and old mice, and caused physical
dysfunction and decreased lifespan’. However, treating
these mice with dasatinib and quercetin attenuated the
harmful effects of senescence and increased healthspan
and lifespan. Similarly, treating aged mice with dasati-
nib and quercetin reduced the number of senescent oste-
ocytes in bone, decreased osteoclast formation and bone
loss, improved mineral reabsorption and thickness, and
substantially improved the trabecular and cortical bone
microarchitecture™.

Although these drugs have yet to be tested in humans
for the treatment of joint tissue disease, several other
senolytics are currently being investigated in clinical tri-
als for OA, including UBX0101 (REFS”~"), which inhibits
the interaction between p53 and mouse double minute 2
homologue (MDM2), the E3 ubiquitin protein ligase
that targets p53 for degradation. Local intra-articular
injection of UBX0101 in mice with post-traumatic OA
selectively cleared senescent cells, decreased proteogly-
can loss, and alleviated OA-related disease outcomes of
pain and articular cartilage degradation™. In another
study, pro-inflammatory stress in chondrocytes induced
cathepsin B-mediated cleavage of the NAD-dependent
deacetylase sirtuin-1 (SIRT1)'”’, an enzyme that was
found to play a critical role in chondrocyte survival and
ECM homeostasis'’'. Cleavage of SIRT1 resulted in an
N-terminal fragment that lacks deacetylase activity, and
an elevated ratio of N-terminal to C-terminal SIRT1 frag-
ments in serum correlated with both early-stage OA and
chondrosenescence'”. The researchers demonstrated
that anterior cruciate ligament transection increased
the ratio of N-terminal to C-terminal SIRT1 in serum
and that clearance of senescent cells by the combined

Table 1| Senolytics and senomorphics with potential
as therapeutics for OA

Drug name Target of action Refs
Senolytics

Dasatinib BCR-ABL, SRC, c-KIT, I

ephrin A receptor

Quercetin PI3K and serpins 899293,95,96
Fenofibrate PPARa 102
Fisetin SIRT1, IL-1P R0
UBX0101 MDM2 32,97-100
Navitoclax (ABT-263) BCL-2,BCL-X, 90,91,100
Senomorphics

Lutikizumab IL-1a, IL-1P 120
Canakinumab IL-1B 122
Tocilizumab IL-6 receptors 123,124
Etanercept TNF 121
CL82198 MMP13 130

MDM2, mouse double minute 2 homologue; MMP13, matrix
metalloproteinase 13; PPARa, peroxisome proliferator-activated
receptor alpha; SIRT1, NAD-dependent deacetylase sirtuin-1.

application of systemic navitoclax and intra-articular
UBX0101 lowered this ratio.

High-throughput drug screening can be utilized to
find new senolytics that work on chondrocytes and syn-
ovial cells, as well as to discover novel mechanisms that
contribute to OA pathology. For example, in one study,
over 1,000 compounds were screened for senolytic activ-
ity in a human chondrocyte cell line'®. Fenofibrate, a fla-
vonoid and agonist of peroxisome proliferator-activated
receptor-a (PPARa) that is used to treat dyslipidaemias,
was found to induce apoptosis in SA-B-gal-positive
chondrocytes. This discovery led the authors to inves-
tigate PPARa expression in the context of OA, and they
found that it was reduced in the blood and knee car-
tilage of patients with OA'””. Flavonoids that activate
sirtuins, such as fisetin, are linked to longevity and
inhibit IL-1B-induced inflammation in osteoarthritic
chondrocytes'*'*. Fisetin is currently being evaluated
in clinical trials for efficacy in alleviating OA symptoms
by reducing senescence burden in cartilage'”.

Concerns associated with the use of senolytics in OA.
Although pharmacological approaches to treating age-
related diseases appear promising, the potential for side
effects and disparities in drug potency remain a concern.
Regarding the treatment of joint disease, it is unknown
if promoting cell death with senolytics will compromise
tissue integrity and exacerbate cartilage and bone loss
seen in patients with OA. Interestingly, killing chon-
drocytes in the superficial zone of articular cartilage in
mice, using diphtheria toxin produced by cells express-
ing proteoglycan 4 (also known as superficial zone pro-
teoglycan), did not induce further cartilage damage'®.
In fact, the death of chondrocytes in the superficial zone
appeared to improve injury outcomes following surgi-
cal destabilization of the medial meniscus. The authors
proposed that catabolism from intact chondrocytes,
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rather than chondrocyte death, drives further cartilage
loss following joint injury. Given that senescence is a fea-
ture of post-traumatic OA, this evidence suggests that
killing senescent chondrocytes with senolytics might
help to prevent injury-induced cartilage loss caused by
catabolic SASP factors that are secreted by senescent
chondrocytes. It will be important to perform similar
studies in patients with age-related OA to determine the
capacity of cartilage to maintain long-term homeostasis
after cell death is induced.

Another consideration for the use of senolytics
in OA strategies is that, while a plethora of evidence
implicates cellular senescence as a driver of ageing
and disease pathology, some studies have suggested a
beneficial role for senescence in various physiological
processes, including tissue remodelling and wound
healing'””. For example, senescence was found to be
induced during the intermediate stages of limb regen-
eration in salamanders'”. After amputation, senescent
cells accumulated in the cartilage and muscles of the
developing limb but were subsequently cleared natu-
rally by macrophages before full regrowth. Macrophage
depletion prevented the clearance of senescent cells'®,
and was found, in another study, to stunt regeneration'®.
Importantly, the proportion of cells that became senes-
cent after amputation was not influenced by age, sug-
gesting an ageing-independent role of senescence in
tissue repair. Although more research into this concept
is needed, the authors of this study postulated that effi-
cient immunosurveillance of senescent cells might have
allowed macrophages to be recruited to areas of dam-
aged tissue, which was necessary for regeneration. In a
study in mice, senescent fibroblasts and endothelial
cells were found to accumulate near sites of cutaneous
wounds and to accelerate healing through the secretion
of platelet-derived growth factor AA (PDGF-AA; that
is, PDGF composed of two A subunits), which induced
myofibroblast differentiation'"’. This study suggests that
secretion of growth factors and remodelling enzymes by
the SASP might help to stimulate cell growth, which can
aid tissue renewal and wound closure. Accordingly, more
research is needed to establish if the wholesale elimina-
tion of senescent cells from joints causes side effects that
could further contribute to tissue loss in OA.

Senomorphics

Overview of senomorphic candidates. The therapeutic
targeting of pathways and molecules linked to inflam-
mation and disease is not a new strategy, and a wide
array of senomorphic candidates have been shown to
inhibit pathways linked to the SASP without inducing
apoptosis. These senomorphic candidates include inhib-
itors of IkB kinase and NFkB (such as NEMO-binding
domain peptides)'"’, inhibitors of the tyrosine protein
kinase JAK (such as ruxolitinib)''?, ATM inhibitors
(such as KU-60019)"", compounds that block prog-
erin-lamin A/C binding (such as JH4)"", activators of
PDGF and fibroblast growth factor signalling (for exam-
ple, conditioned medium from embryonic stem cells)'**,
inhibitors of TGFp receptor type 2 and p21 (such as
Mmu-miR-291a-3p)'*¢, and more'". Given the correla-
tion between the expression of SASP factors and OA-like

pathology, the inhibition of these factors is an attrac-
tive treatment approach. However, choosing the right
target is necessary to ensure therapeutic efficacy and
specificity.

Cytokine inhibition. In cartilage, TNF combined with the
release of other SASP factors such as IL-1f stimulates
the production of damaging MMPs and inhibits tissue
repair'’*'"’. Clinical trials of TNF or IL-1 inhibition for
the treatment of OA have been somewhat disappointing.
For example, in a phase II trial of lutikizumab, a dual
inhibitor of IL-1a and IL-1f, in patients with knee OA
and synovitis, lutikizumab treatment led to a very limited
improvement in pain and had no effect on synovitis'*’,
and in a trial of etanercept, a TNF inhibitor, in patients
with inflammatory hand OA, etanercept treatment failed
to improve pain and had a limited effect on structure'”'.
However, a recent exploratory analysis of data from a
trial designed to examine the efficacy of the anti-IL-1f
antibody canakinumab on cardiac events in an at-risk
population (that is, patients with previous myocar-
dial infarction and elevated C-reactive protein) found
a lower incidence of knee and hip replacement in the
canakinumab-treated groups than in a placebo-treated
control group'”.

IL-6 has been implicated in the pathogenesis of rheu-
matoid arthritis (RA), and the IL-6 receptor inhibitor
tocilizumab is effective in clinical therapy for RA'* and
is currently in phase III trials for hand OA'*. Although
RA is an autoimmune disease, it shares common features
with OA, including the release of pro-inflammatory
cytokines and degradation of the cartilage matrix.
Surprisingly, however, Ii6 knockout mice exhibit more
severe OA in response to physiological ageing than
wild-type mice'”, suggesting that OA pathogenesis
is complex and requires a multifaceted approach to
treatment.

Targeting MMPs. MMPs are another class of SASP fac-
tors to consider as targets for pharmacological interven-
tion due to their known catabolic effects on cartilage.
Specifically, MMP13 is the most highly expressed MMP
in connective tissue'** and the most specific enzyme for
the degradation of type-II collagen found in articular
cartilage’”. Human chondrocytes from patients with
OA were found to express higher levels of MMP13 than
chondrocytes from donors with healthy cartilage'*.
Furthermore, postnatal overexpression of MMP13 in
transgenic mice induced OA-like arthropathy, implicat-
ing MMP13 as a primary driver of OA pathogenesis'®.
In another study, chondrocyte-specific deletion
of MMP13 reduced the severity of OA induced by
meniscal-ligamentous injury (MLI)'*. To test the effects
of senomorphics on OA progression, the researchers also
treated wild-type mice with CL82198, a selective inhib-
itor of MMP13, after MLI. CL82198 treatment reduced
OA severity, increased levels of type II collagen and
inhibited chondrocyte death.

Together, these data suggest that the inhibition of
SASP factors via senomorphics might be a promis-
ing therapeutic approach to treating OA. However,
more research is needed to determine precisely which
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SASP factors contribute to OA pathology, and if their
inhibition slows or prevents disease progression.

Conclusions

The evidence implicating cellular senescence in joint
tissues as a primary driver of OA pathogenesis and
progression is compelling, but further investigation is
needed to identify the precise mechanisms by which
senescence causes specific disease phenotypes. Most
likely, the thread tying ageing, senescence and OA
pathology together is the accumulation of senescent
cells over time combined with gradual changes in cellu-
lar metabolism, morphology and function, all of which
contribute to loss of joint tissue homeostasis and integ-
rity. Effective OA treatment strategies will require first
establishing the underlying mechanisms that drive these
changes to cell physiology, and then designing therapies
directed towards these mechanisms.

Additionally, the common biomarkers used to iden-
tify senescence are insufficient for diagnosing OA.
SA-B-gal staining is not necessarily an indicator of chon-
drocyte senescence and can be influenced by changes
in autophagy and lysosome function, both of which are
reduced in OA*. Also, the expression of p16 in chon-
drocytes, which is used in many studies using senolytics
to identify senescent cells, is not required for the SASP or
OA pathogenesis™. Therefore, other biomarkers should
be considered for the therapeutic targeting of cells
involved in OA to ensure specificity and prevent unin-
tended effects. Recent evidence has demonstrated that
chondrocyte senescence and OA are linked to changes
in the secretion of EV's and their cargo®. Accordingly,
EVs, as well as the expression of uPAR (which is present
on senescent chondrocytes™), should be further investi-
gated to determine if they are accurate clinical markers
for joint disease.

Senescence in joint tissues is driven by several
stress-related pathways that converge on the SASP, and

techniques that suppress inflammatory cytokines or selec-
tively eliminate senescent cells while leaving healthy cells
unharmed are attractive candidates for use in anti-ageing
strategies (FIG. 3). However, although the preclinical evi-
dence for using senolytics and senomorphics to treat
OA phenotypes looks promising, these approaches have
not yet demonstrated efficacy in eliminating or prevent-
ing the disease. Additionally, although SASP inhibitors,
such as CL82198, have been proven effective in reducing
the severity of post-traumatic OA in mice'”, the same
effect has yet to be demonstrated on aged or diseased
chondrocytes and other synovial joint cells in humans.

Furthermore, the progression of these therapies from
the laboratory to the clinic is hindered by the lack of
evidence implicating a specific cell type as the primary
driver of OA. Chondrocytes, synovial fibroblasts, oste-
ocytes and probably other joint tissue cells not yet stud-
ied, are all capable of becoming senescent and secreting
SASP factors into the joint environment. Without know-
ing which cells are responsible for each OA phenotype,
drug specificity for disease treatment will be difficult to
evaluate.

Finally, further investigation is needed into the
potential harmful effects of killing or altering senescent
cells in an organ. Recent studies have demonstrated that
senescence stimulates early wound healing and tissue
regeneration via macrophage recruitment'*-". Even if
senescent cells are responsible for the progression of OA
after injury, eliminating these cells or preventing parac-
rine signalling too early might prevent the initial healing
of damaged cartilage and other tissues, which could have
devastating consequences for the entire joint. For this
reason, studies using senolytics and senomorphics must
include comparisons of disease outcomes from different
treatment timings to ensure that drug efficacy can be
properly inferred.
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W) Check for updates

Non-surgical management of knee
osteoarthritis: comparison of ESCEO
and OARSI 2019 guidelines

Nigel K. Arden@®, Thomas A. Perry@®, Raveendhara R. Bannuru®,
Olivier Bruyére, Cyrus Cooper®, Ida K. Haugen, Marc C. Hochberg,
Timothy E. McAlindon, Ali Mobasheri@® and Jean-Yves Reginster

Abstract | Knee osteoarthritis (OA) is a heterogeneous disease associated with
substantial effects on quality of life, and its clinical management is difficult. Among
the several available guidelines for the management of knee OA, those from OARSI
and ESCEO were updated in 2019. Here, we examine the similarities and
differences between these two guidelines and provide a narrative to help guide
health-care providers through the complexities of non-surgical management of
knee OA. OARSI and ESCEO both recommend education, structured exercise and
weight loss as core treatments, topical NSAIDs as first-line treatments and oral
NSAIDs and intra-articular injections for persistent pain. Low-dose, short-term
acetaminophen, pharmaceutical grade glucosamine and chondroitin sulfate are
recommended by ESCEO whereas OARSI strongly recommends against their use
(including all glucosamine and chondroitin formulations). Despite this difference,
the two guidelines are consistent in the majority of their recommendations
and provide useful treatment recommendations for individuals with OA and
health-care providers.

Recommendations for OA treatment are
often separated into non-pharmacological,
pharmacological and surgical interven-
tions'®", as well as categorized by disease
severity and joint site. Other variances in
treatment guidelines include the target
readership (for example, some taking a more
patient-centred approach) and geographical
focus (international versus national). These
differences have led to some confusion,
evidenced by the limited uptake of published
guidelines by patients'? and within primary
and secondary care'*'".

Most guidelines, however, agree in
their core treatment recommendations for
knee OA", which include the provision of
education, physical therapy and encouraging
weight loss. The guidelines then typically
either outline a sequential, staged approach
to the management of knee OA beyond
core treatments®'®"” or outline treatment
recommendations by disease and/or
comorbidity group®”’. Treatment typically
includes the use of analgesics, including

Osteoarthritis (OA) is the most common
chronic joint disorder, is characterized by
local inflammation and joint structural
change, and is associated with painful
symptoms and loss of function leading

to considerable impairment of quality

of life'. Globally, hip and knee OA are
leading contributors to disability in terms
of years lived with disability"”. With
population ageing and the increasing
prevalence of obesity across the globe, it is
widely accepted that the burden of OA
will continue to increase’, leading to an
increased strain on health-care systems.
Given the current absence of effective
disease-modifying treatments for knee OA,
attention has turned to providing effective
guidance on the medical management

of OA; over the past decade, several sets of
recommendations have been published*~.
Clinical practice guidelines help assist
decision-making and are therefore a vital
source of information for health-care
providers.

NSAIDs and intra-articular corticosteroid
injections, with joint replacement surgery
recommended for more severe cases. While
knee joint replacement has been shown

to be effective in the management of knee
OA symptoms', this surgery might not be
suitable for all patients as up to 20% report
dissatisfaction and/or persistent symptoms
postoperatively'>?. Furthermore, knee
replacement is conventionally performed
in end-stage disease'?, after years of painful
symptoms and loss of function and despite
correctly conducted medical treatment.

In 2014, the European Society for Clinical
and Economic Aspects of Osteoporosis,
Osteoarthritis and Musculoskeletal Diseases
(ESCEO) published recommendations
for the management of knee OA, which
summarized expert opinion and the most
relevant, high-quality data® and outlined
a staged treatment algorithm to help
assist health-care providers in prioritizing
treatments®. Similarly, the Osteoarthritis
Research Society International (OARSI),
which has a history of publishing highly
cited guidelines for OA?'-*, published
recommendations in 2014 that also
outlined an algorithm for the non-surgical
management of knee OA". In 2019, both of
these international organizations updated
their recommendations for the non-surgical
management of knee OA'". In November
2019, a working group comprising selected
authors of the 2019 OARSI (N.K.A, R.R.B,,
I.K.H. and T.E.M.) and ESCEO (N.K.A,,
0.B,, C.C. and J.-Y.R.) publications as well
as independent members (T.A.P, M.C.H.
and A.M.) convened and jointly reviewed
these latest guidelines. In this Perspective
article, the members of that working group
highlight the similarities and differences
between the treatment algorithms and
the methodological approaches used to
formulate recommendations in the OARSI
and ESCEO guidelines.

Comparison of aims and objectives

The membership of OARSI, an international
not-for-profit research society, comprises
both health-care professionals and
researchers focused on the prevention

and treatment of OA. OARSI supports

the international growth of OA-related
research leading to the dissemination

of expert resources and knowledge.

NATURE REVIEWS |

VOLUME 17 | JANUARY 2021 | 59


http://orcid.org/0000-0002-3452-3382
http://orcid.org/0000-0002-0499-3033
http://orcid.org/0000-0002-8069-5783
http://orcid.org/0000-0003-3510-0709
http://orcid.org/0000-0001-6261-1286
http://crossmark.crossref.org/dialog/?doi=10.1038/s41584-020-00523-9&domain=pdf

ESCEO, a not-for-profit organization that
operates within Europe, specializes in the
provision of care and musculoskeletal
research through supporting networks of
academic scientists, prescribing physicians,
not-for-profit organizations, regulatory
authorities and corporate partners; ESCEO
is tasked with providing practitioners with
the most current, clinical, and economic
evidence-based information to assist in
the delivery of care. Both the 2019 OARSI
and ESCEO guidelines were constructed to
provide a practical algorithm to help guide
clinicians in their decision-making for the
management of knee OA'®". In addition,
both guidelines aimed to deliver
patient-centred recommendations.

The OARSI guidelines'” update
and expand upon previously reported
OARSI guidelines®. Similarly, the 2019
ESCEO guidelines'® sought to update
their previously published algorithm® by
including new evidence published since

2014. Whereas the 2019 ESCEO guidelines
focus only on the evaluation of treatments
for knee OA, the OARSI guidelines include
recommendations for knee OA, hip OA
and polyarticular OA. Furthermore, OARSI
exclusively formulated recommendations
for the non-surgical management of

knee OA whereas ESCEO developed
recommendations for both non-surgical
and surgical treatments. In this article,

we focus exclusively on guidelines related
to the non-surgical management of knee
OA as it is generally regarded that surgical
intervention remains the most effective
and cost-effective treatment modality for
end-stage disease'****,

Comparison of the methodologies

In this section, we examine the similarities
and differences between the methods

used by OARSI and ESCEO to develop the
treatment algorithms and recommendations
in their respective 2019 guidelines. Briefly,

the methods used were largely similar, with
both organizations using well-characterized
procedures for the reporting of the
guidelines. However, key differences exist
in the constitution of the panels, literature
search strategies, voting procedures and
scaling of the treatment recommendations,
which need to be carefully considered. The
methodological similarities and differences
are summarized in TABLE 1.

Assessing quality of evidence

The working groups that developed the
2019 OARSI and ESCEO guidelines both
followed the Grading of Recommendations,
Assessment, Development and Evaluations
(GRADE)* methodology, which combines
an objective review of the literature with
expert consensus. OARSI evaluated the
methodological rigour of meta-analyses and
systematic reviews using the Assessment

of Multiple Systematic Reviews Tool and
randomized controlled trials using the

Table 1 | Comparison of methodologies used to develop recommendations for the non-surgical management of knee OA

Method
Objectives

Panels

Literature search

Voting procedure

Strength of
recommendations

OARSI

To perform an updated review of the literature, to assess
the harms and benefits of 67 pre-specified non-surgical
treatments for knee OA and to develop a treatment

algorithm for the non-surgical management of knee OA

The OARSI working group included specialists in
rheumatology, orthopaedics, primary care, pharmacology,
sports medicine, clinical epidemiology, evidence-based
medicine, rehabilitation and physical therapy, as well as
patient representatives

A core expert panel of six members supervised the project;
the voting panel comprised 13 members, and five individuals
made up the literature review panel

Databases searched included Medline, EMBASE, Cochrane
databases, PubMed, Google Scholar and the reference lists
of relevant systematic reviews and meta-analyses

Modified GRADE criteria were used to rate the quality of
evidence; the literature search covered the period until
December 2017 (with no start date; the search was updated
on 12 July 2018)

Search terms included, but were not limited to,
‘osteoarthritis’, ‘arthrosis’, randomized controlled trials’,
‘crossover’, ‘controlled trial’, ‘double-blind’, ‘single-blind’,
‘arthroscopy’ and ‘arthroplasty’

Meta-analyses of the reviewed manuscripts were performed

Voting on recommendations was carried out online using an
anonymous survey application

In stage 1, the initial vote was to select core treatments®
from a pre-specified list of candidates

Stage 2 consisted of three further voting rounds

Recommendations were determined to be ‘strong’ (if 275%
of the panel voted either for or against) or ‘conditional’
(if 26-74% of the panel voted for or against and vice versa)

Core treatments® were given a strong recommendation
by default

ESCEO

To perform an updated review of the literature, to assess the
efficacy of a selected group of medications and to develop a set
of treatment recommendations for the surgical and non-surgical
management of knee OA in patient-specific scenarios

The ESCEO working group included specialists in rheumatology,
rehabilitation, orthopaedics, clinical epidemiology, geriatrics,
pharmacology, public health and health economics, as well as
patient representatives

Asingle panel comprised 18 members, of whom four conducted
the literature search

Databases searched included Medline, EMBASE and Cochrane
databases

GRADE criteria were used to rate the quality of evidence

The literature search covered the period included in the previous
guidelines (that is, 2000 to February 2014) plus a new search that
covered publications from 2014 to 30 September 2018

Search terms included keywords and controlled terms for the
study types and OA; the exact search strategies used were not
published

Meta-analysis was not performed

Votes were submitted by e-mail and were anonymous;
the number of voting rounds was not reported

Consensus was defined as 275% of the panel members

voting either ‘strongly’ or ‘weakly’ in favour of or against a
recommendation; the strength of the recommendation was
determined to be ‘strong’ rather than ‘weak’ if 275% of the panel
rated a recommendation as ‘strong’

GRADE, Grading of Recommendations Assessment, Development and Evaluation; ESCEO, European Society for Clinical and Economic Aspects of Osteoporosis,
Osteoarthritis and Musculoskeletal Diseases; OA, osteoarthritis; OARSI, Osteoarthritis Research Society International. *Core treatments were defined as treatments
appropriate for use by the majority of patients in nearly any scenario and deemed to be safe for use in conjunction with first-line and second-line treatments.
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Cochrane Risk of Bias Assessment method.
Although several systems exist for the
grading of clinical evidence and the creation
of clinical practice guidelines”’, GRADE

has been widely used owing to its balance
between simplicity and effectiveness for
quality assessment™*. A major difference
in the development of the OARSI and
ESCEO recommendations is that the
OARSI working group performed new
meta-analyses to inform their GRADE
assessments, whereas ESCEO used published
meta-analyses. For the ESCEO guidelines,
the findings of network meta-analyses

were assessed using GRADE only if ‘direct
comparisons’ were performed’’; the results
from all remaining network meta-analyses
were reported descriptively.

Selection of the expert panels
In their 2019 reports'®"”, both OARSI and
ESCEO recognize the need for input from
multiple disciplines; thus, health-care
providers and patient representatives
contributed to the development of
the respective treatment guidelines. The
structure and the duties of the panels,
however, differed. Firstly, the ESCEO
working group comprised European
members only, whereas the OARSI panels
included members from the UK, Europe,
Asia, North America, South America and
Australasia.

ESCEO gathered a single panel of
18 members comprising specialists in rheu-
matology, rehabilitation, orthopaedics, clini-
cal epidemiology, public health and health
economics, as well as patient representatives,
to oversee all aspects of the project; four
individuals were tasked with conducting
the literature search. By contrast, OARSI
recruited a core expert panel of six members
who supervised the project; a separate voting
panel consisted of 13 members considered
representative of the wider OARSI member-
ship, including specialists in rheumatology,
orthopaedics, primary care, pharmacology,
sports medicine, physical therapy and
rehabilitation. In addition, a literature
review team comprised five individuals
with methodological expertise, and a patient
panel comprised three patient represent-
atives who were invited to participate in
formulating the OARSI recommendations
during a meeting at the 2018 OARSI conven-
tion. A key difference between the task forces
was that the OARSI literature review panel
pre-selected specialists in statistical methods
whereas the ESCEO panel did not; this dif-
ference is most likely attributable to the fact
that OARSI conducted new meta-analyses
as part of the assessment process while

the ESCEO assessment was restricted to a
systematic review.

Declaring competing interests

For OARSI, conflicts of interests were
managed by adherence to OARSI Ethics
Committee guidelines and by independent
review of disclosures by the Ethics
Committee. Individuals with high-level
competing interests (for example, close
involvement with a manufacturer of a
product) were ineligible, whereas those with
alower level related to a specific intervention
(for example, consulting) were prohibited
from participating in discussions, evidence
synthesis and/or review of the corresponding
sections'”. By contrast, ESCEO permitted
panel members to participate provided they
were transparent regarding any potential
conflicts of interest.

Literature searches

Both the OARSI and ESCEO panels
conducted extensive systematic reviews

and adhered to a predefined consensus
methodology to develop their recommen-
dations. Both systematic searches identified
systematic reviews, meta-analyses and
relevant randomized controlled trials.
However, the review methodologies differed
in some respects.

A key difference between the OARSI
and ESCEO literature search strategies was
that the OARSI core expert panel developed
alist of a priori questions formulated
using the PICO (population, intervention,
control and outcomes) framework before
commencement of the systematic search.
The PICO question list consisted of
67 knee OA-related questions focused on
evaluating the benefits and harms of 31 non-
pharmacological, 24 pharmacological and
12 nutraceutical treatments. The ESCEO
panel did not adopt PICO methodology
prior to conducting their systematic search,
but rather focused on the evaluation of a
number of selected treatments in specific,
patient-centred scenarios. Using the
PICO framework to inform the systematic
literature search was a key advantage of
the OARSI guidelines methodology, as the
development of focused clinical questions,
modelled using the PICO framework, is
considered the most effective approach to
identifying high-quality evidence™ with
data from empirical studies suggesting
this approach yields more precise search
results’. Furthermore, the use of PICO
questions to evaluate the benefits and harms
of non-surgical treatments for knee OA
helped to ensure that the search strategy
was patient-focused.

The OARSI and ESCEO searches
identified relevant manuscripts in the
Medline, EMBASE and Cochrane databases;
the OARSI search also included PubMed,
Google Scholar and the reference lists of
systematic reviews and meta-analyses.

The ESCEO panel performed a systematic
literature search for publications from

2014 through to 30 September 2018 using
a combination of keywords and controlled
search terms'’; the specific terms used in
the search strategy were not published by
ESCEO. The aim was to identify the most
relevant literature related to treatments
listed in the previous 2014 guidelines®

and any other interventions subsequently
approved or available for the management
of knee OA'. The OARSI literature

review panel searched the aforementioned
databases using search terms including,
but not limited to, ‘osteoarthritis, ‘arthrosis,
‘trial, ‘comparative study, ‘arthroplasty,
‘single-blind’ and ‘double-blind; with no
start date specified. In the first instance,

a PICO-informed systematic review of the
literature from inception to December 2017
was performed and was later updated

on 12 July 2018 (REF."). By specifying

the inclusion of ‘approved’ medications, the
search strategy employed by the ESCEO
panel could have yielded fewer publications
than the OARSI strategy. More importantly,
this restriction might have excluded
informative data; for instance, data from
phase 0-III trials in knee OA in which the
medication under investigation had not yet
been approved by the FDA or the EMA.

Both the OARSI and ESCEO teams
screened the abstracts and full texts of the
identified publications. When relevant data
were available, both the ESCEO and OARSI
teams performed ‘quality of literature’
assessment using the GRADE criteria to
assign literature a score of high, moderate,
low or very low.

Voting procedures

As part of the OARSI methodology, prior
to panel voting, the core expert panel
reviewed all relevant documentation
synthesized from the systematic literature
search and GRADE evidence tables for
each intervention. Once this review was
completed, the dedicated voting panel,
which had access to all the supplementary
background materials (including primary
data, analyses and GRADE tables), voted
on the recommendations formed to
address the PICO questions. All voting on
recommendations was done using an online,
electronic survey system with all votes kept
completely anonymous. All contentious
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issues were discussed and debated in an
online discussion forum before re-voting.
By contrast, all members of the ESCEO
working group were provided with

more detailed work packages, which
included details of the 2014 algorithm,
selected detailed summaries of the results

of the updated literature search (2014-2018),
GRADE evidence tables that included
summaries of the quality of the evidence,
and details of the magnitude of the effect for
each respective intervention; reference lists
were also provided. Voting by the ESCEO
working group was completed anonymously
via e-mail with panellists voting on their
recommendation for each respective
intervention.

Both the OARSI and ESCEO working
groups invited their voting panels to provide
a recommendation for each question and/or
intervention, as outlined in FIG. 1. Votes
by the panels were cast on the direction
and strength of the recommendations.

For the ESCEO guidelines, all treatment
recommendations were assessed according

to the following criteria: current and

past evidence; balance between the

benefits and harms of each intervention;
magnitude of treatment effects; quality

of the evidence; value and preferences;
costs (informed by clinical experience and
formal cost assessments); and the position
of an intervention within the treatment
algorithm'®. Similarly, the OARSI
recommendations were based on modified
GRADE criteria, which included the criteria
listed above as well as the assessment of
estimates of treatment effect size, confidence
in such estimates and clinical preference.
Unlike the ESCEO working group, the
OARSI panel conducted a two-stage vote.
In the first stage, the expert panel voted on
the inclusion or exclusion of a few selected
interventions that were put forward by the
expert panel; interventions that remained
after the first stage were termed ‘core
treatments, defined as those appropriate
for use in almost all patients and safe to

use in combination with first-line and
second-line treatments. In the second stage,

which consisted of three voting rounds, all
remaining interventions (including those
that were excluded in the first stage) were
voted on. The voting panel were asked
to vote on the directionality (‘in favour’
or ‘against’) and strength (‘strong’ or
‘conditional’) of their recommendation
in line with modified GRADE criteria.
One of the key differences between
the ESCEO and OARSI recommendations
was that OARSI specified that in the event
that no adequate evidence could be found
for a specified intervention, the evidence
quality score for that given intervention
was designated as ‘very low’ by default".
In the event that the ESCEO panel
members thought the available evidence
was balanced (that is, between ‘do’ and ‘do
not’), they could vote ‘no recommendation.
Of the 14 non-surgical recommendations
proposed by ESCEOQ, five are ‘strong’ and
nine are ‘weak’; the OARSI panel made nine
‘strong’ recommendations (core treatments
and topical NSAIDs) and 13 ‘conditional’
recommendations. Only core treatments and

° OARSI ESCEO
o2 (
T .£ . ( . N
%8 Selection of core treatments Voting on the direction of all
"2 o interventions as ‘do’ or 'do not’, and as
C©° = = ‘strong’ or 'weak’. ‘No recommendation’
b4 . . .
o — 2 could be selected if available evidence
g o U h ds of voti 0 was insufficient to formulate a
& £ p to three rounds of voting onall vkt
2 9 remaining interventions as ‘in favour’ or ~—
S< ‘against’, and as ‘strong’ or ‘conditional’ —
2° Consensus on each intervention was
v £ reached if 275% of votes were either
2 ( 5 - strongly or weakly in favour or against.
S Each intervention assigned to one of o The strength of each recommendation
é seven levels as outlined below was determined as outlined below
L. N
Direction Strength Level Implications Direction Strength Level Implications
>75% voted >50% voted 1A First-line treatments strongly >75% voted  275% voted  Strong Most patients
in favour ‘strong’ recommended (high consensus) ‘do’ ‘strong’ recommendation  should receive
o o — . the intervention
>75% voted >50% voted 1B First-line treatments conditionally
in favour "conditional’ recommended (high consensus) >75% voted <75%voted  Weak Evaluate the
60-74% voted Conditional 2 Conditionally recommended & strong iseemissle i ﬁwdence gl
- e open to
in favour by default (low consensus) N .
discussing the
41-59% voted Conditional 3 Conditionally not recommended evidence with
in favour or against by default (low consensus) the patient.
60-74% voted Conditional 4B Conditionally not recommended Dty prifiens
X values and
against by default (moderate consensus)
preferences
>75% voted >50% voted 4A Conditionally not recommended
against ‘conditional’ (high consensus)
275% voted >50% voted 5 Strongly not recommended
against 'strong’ (high consensus)

Fig. 1| Summary of voting procedures for the OARSI and ESCEO work-
ing groups. This schematic illustrates the voting procedures used by the
working groups of the European Society for Clinical and Economic Aspects
of Osteoporosis, Osteoarthritis and Musculoskeletal Diseases (ESCEO) and
the Osteoarthritis Research Society International (OARSI) to reach consen-
sus on their respective recommendations for the management of knee oste-
oarthritis (OA). The OARSI panel voted in two stages. In the first stage, they
voted on the inclusion or exclusion of core treatments (that is, treatments
appropriate for use in almost all patients and safe to use in combination with

first-line and stage 2 treatments). Stage 2 involved up to three rounds of
voting on the direction and strength of all remaining interventions. Cont-
entious issues were discussed in an online forum before re-voting. Allinter-
ventions were assigned to one of seven levels, which determined the
ordering of treatment provision and strength of the recommendations.
The ESCEO panel voted on the direction and strength of proposed recom-
mendations in a single stage of voting. All interventions were given either a
strong recommendation or a weak recommendation. OARSI table adapted
with permission from REF./, Elsevier.
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level 1A and level 5 recommendations made
by OARSI are ‘strong’ whereas all remaining
recommendations are ‘conditional’ (see FIG. 1).

Comparison of the recommendations
We have discussed the similarities and

the differences in methods used in the
development of the 2019 OARSI and ESCEO
recommendations. Despite such differences,
the joint OARSI-ESCEO working group
found, as outlined in this section, that many
aspects of the recommendations for the
non-surgical management of knee OA are

in agreement.

Similarities

Core treatments appropriate for use

in the majority of patients. In both the
OARSI and ESCEO stepwise treatment
algorithms, patient education and/or access
to information, exercise and weight loss

(if a patient is overweight) should form

the core treatment approach prior to the
commencement of first-line and stage 2
treatments (as shown in FIG. 2)'*". In line
with their 2014 recommendations®, the 2019
ESCEO recommendations endorse aerobic,
strengthening and resistance exercises.
Similarly, the OARSI guidelines recommend
structured, land-based exercise programmes
of strengthening, cardiovascular, balance
and/or neuromuscular exercises, but also
add mind-body exercise including Tai Chi
and yoga. The only subtle difference
between the two guidelines is that the
ESCEO recommendation includes all types
of exercise, stating that the evidence to
differentiate between different modalities

is not available, whereas the OARSI
recommendation excludes aquatic exercise
from core treatments owing to concerns
about accessibility.

First-line treatments. Following core
treatments, both the OARSI and ESCEO
guidelines strongly recommend the use of
topical NSAIDs in the first-line management
of knee OA, owing to their proven efficacy
and a low risk of gastrointestinal, cardio-
vascular and renal adverse effects'>"”. Both
guidelines advise against the long-term

use of paracetamol (acetaminophen) as a
first-line treatment for knee OA, with the
OARSI guidelines strongly recommending
against its use in both the short term and
long term, and the ESCEO guidelines
making a ‘weak’ reccommendation for its

use in the short term. Both guidelines do

not recommend the use of supplementation
with non-pharmaceutical grade glucosamine
hydrochloride, glucosamine sulfate and/or
chondroitin sulfate.

OARSI

Physical assessment (as needed)

s l

1%}
2
[=
g g * Arthritis information and/or education
o= e Structured exercise programmes
(5
s
—
)
€5
TE | e Topical NSAIDs
=
= @©
gy
=
p
—
2 * Non-selective NSAIDs
~ * Non-selective NSAIDs with PPI
ge | * COX2 inhibitors
mS % * Intra-articular corticosteroids
5 * Aquatic exercise, gait aids,
self-management programmes
N
2
o C
o O
S * [AHA
&3 * CBT with exercise
= L

ESCEO

¢ Arthritis information and/or education
e Structured exercise programmes

l

¢ Referral to health professionals plus
physical therapy

* SYSADOAs (pharmaceutical grade
glucosamine sulfate and/or chondroitin
sulfate)

¢ Low-dose, short-term paracetamol

* Topical NSAIDs for persistent symptoms

l

¢ Oral non-selective NSAIDs with PPI

¢ COX2-selective drugs and
non-selective NSAIDs

e Intra-articular corticosteroids and/or
IAHA

 Short-term, weak opioids
¢ Duloxetine

Fig. 2 | Simplified OARSI and ESCEO treatment algorithms for the non-surgical management of
knee OA in patients without comorbidities. The list of treatments shown conforms to the recom-
mended ordering of treatment provision in the updated 2019 guidelines for the management of knee
osteoarthritis (OA) issued by the European Society for Clinical and Economic Aspects of Osteoporosis,
Osteoarthritis and Musculoskeletal Diseases (ESCEQO) and the Osteoarthritis Research Society
International (OARSI). For the OARSI recommendations, physical assessments are performed as
needed, before entry into the treatment algorithm. The treatments in stage 3 of the ESCEO algorithm
represent the last pharmacological option before knee replacement surgery. CBT, cognitive behav-
ioural therapy; COX2, cyclooxygenase 2; IAHA, intra-articular hyaluronic acid; PPI, proton pump
inhibitor; SYSADOAs, symptomatic slow-acting drugs for osteoarthritis.

Pharmacological management of persistent
symptoms. As a stage 2 therapy, both the
OARSI and ESCEO guidelines recommend
the use of oral NSAIDs in patients with
persistent OA symptoms after the use

of first-line treatments, personalized
according to a patient’s gastrointestinal and
cardiovascular risk profile'®'”. Both sets

of guidelines are in agreement that oral
NSAIDs should only be used intermittently
for the shortest period of time and at the
lowest possible dose to control pain, owing to
their known adverse cardiovascular, hepatic
and renal effects. Specifically, for patients
with normal gastrointestinal function both
sets of guidelines recommend the use of
non-selective oral NSAIDs, preferably in
combination with a proton pump inhibitor
(PPI), or selective cyclooxygenase 2 (COX2)
inhibitors. In those with gastrointestinal
complications, selective COX2 inhibitors
and non-selective NSAIDs in combination
with a PPI are recommended in both sets
of guidelines, with the ESCEO guidelines
further suggesting that celecoxib may be

the ‘preferred’ oral NSAID'. In those with
an increased risk of cardiovascular events,
both the ESCEO and OARSI guidelines are
very cautious: the former suggests limiting
the use of COX2 inhibitors to 30 days and

of non-selective NSAIDs to 7 days, whereas
the latter recommends against the use of

any oral NSAIDs in this group of patients.

In the OARSI guidelines NSAIDs are not
recommended for use in patients with
frailty; the ESCEO guidelines make no such
recommendation as this comorbidity was
not assessed. Age is a major risk factor in its
own right for cardiovascular, cerebrovascular
and gastrointestinal adverse outcomes and
should be taken into account when assessing
the benefit-to-risk ratio of NSAID usage™*.
There is also evidence to suggest that age
increases the relative risk of adverse effects of
NSAIDs; thus, it has been recommended that
oral NSAIDs should not be used in persons
aged 65 years and above™. The ESCEO
guidelines recommend the use of topical
NSAIDs over oral NSAIDs in patients with
OA aged 275 years and in those at increased
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risk of renal adverse events; the OARSI
guidelines make no such recommendation
because this age group was not considered
separately.

Both the OARSI and ESCEO guidelines
support the use intra-articular injections of
corticosteroids and state that this interven-
tion might be more effective in the short
term (~2-4 weeks) than in the long term
(=6 weeks)'*"". Specifically, the ESCEO
guidelines recommend the use of intra-
articular corticosteroids in patients with
persistent pain after first-line treatments
and oral NSAIDs, suggesting that this
approach is more effective in those with
more severe pain, which might be a predic-
tor of its short-term efficacy. Similarly, the
OARSI guidelines recommend the use of
intra-articular corticosteroids in patients
in whom symptom relief is not achieved
after treatment with core treatments, topi-
cal NSAIDs and/or non-selective NSAIDs.
Neither the OARSI nor ESCEO guidelines
recommend the use of the presence of effu-
sion as a predictor of a positive response to
intra-articular corticosteroids. Intra-articular
hyaluronic acid (IAHA) is recommended
in both guidelines. The OARSI guidelines
conditionally recommended IAHA for all
patients at different stages of treatment
depending on their comorbidity profiles. For
example, in patients with knee OA who have
no comorbidities, IAHA is recommended
after failure to respond to core treatments,
topical NSAIDs and oral NSAIDs (including
COX2 inhibitors). The ESCEO guidelines
recommend the use of IAHA in patients with
contraindications to NSAIDs or those who
are still symptomatic despite use of NSAIDs.

Differences

The OARSI and ESCEO treatment algo-
rithms differ in several ways, as summarized
in TABLE 2. In this section, we expand upon
the differences in recommendations beyond
core treatments.

First-line treatments. The ESCEO
recommendations advise that patients should
be referred to a physical therapist or other
medical professional to determine if varus

or valgus correction is needed following
adherence to core treatments'®. Alternatively,
the OARSI guidelines recommend an initial
physical assessment prior to entry into

the treatment algorithm. As part of first-line
treatment, the ESCEO and OARSI guidelines
both recommend the use of topical NSAIDs.
OARSI recommends their use as the first
pharmacological intervention in all patients
except those with chronic widespread pain
disorder. The ESCEO guidelines, however,
recommend topical NSAID use if painful
symptoms persist following short-term
rescue analgesia with paracetamol (at doses
of no greater than 3 g per day), treatment
with symptomatic slow-acting drugs for OA
(SYSADOA:), which include pharmaceutical
grade (microcrystalline) glucosamine sulfate
and chondroitin sulfate, and physical therapy.
Background therapy with these products is
recommended by ESCEO prior to the use of
topical NSAIDs based on their interpretation
of the evidence base'***~*, and probably
because of the inferred excellent safety profile
of SYSADOAs and long-lasting symptomatic
effects. OARSI evaluated the same literature
base and made negative recommendations
for all glucosamine and chondroitin products
(including pharmaceutical grade).

The ESCEO guidelines provide recom-
mendations for the use of SYSADOAs,
including strong recommendations for
pharmaceutical grade crystalline gluco-
samine sulfate and chondroitin sulfate
and weak recommendations for avocado
soybean unsaponifiables and diacerein;
they also make a weak recommendation
against the use of combined glucosamine
and chondroitin sulfate. Another difference
between the ESCEO and OARSI guidelines
is that the former includes separate recom-
mendations for pharmaceutical grade and

non-pharmaceutical grade products whereas
the OARSI recommendations are generaliz-
able to all such products. The ESCEO guide-
lines provide negative recommendations

for non-pharmaceutical grade glucosamine
and chondroitin formulations while OARSI
strongly recommends against the use of all
formulations (including pharmaceutical
grade products) because of a lack of effi-
cacy or low quality evidence and high risk
of bias'®".

Final pharmacological treatment before
surgery. As the last attempt to manage
symptoms pharmacologically before
surgical intervention, the ESCEO guidelines
recommend the short-term use of weak
opioids (such as tramadol) because of their
efficacy in relieving pain and providing
small improvements in function. However,
the adverse effects of these drugs, which
include drowsiness, dizziness, nausea,
constipation and an increase in the risk

of falls (especially in elderly patients) are
well known; hence, they should be used
only for short periods of time. As an
alternative to opioids, the ESCEO guidelines
further recommend the use of duloxetine
(a serotonin-norepinephrine reuptake
inhibitor), particularly in patients with
central pain sensitization, despite an
increased risk of adverse events including
dizziness and risk of falls. The OARSI
guidelines, however, make a negative
recommendation for the use of opioids
owing to their unfavourable efficacy and/or
safety profile”’, and recommend duloxetine
only for patients who have knee OA and
widespread pain and/or depression.

Consideration of comorbidities. Both the
OARSI and ESCEO 2019 guidelines tailor
their treatment recommendations to specific
comorbidities. Specifically, both include
treatment recommendations for patients
with knee OA who have no comorbidities

Table 2 | Differences in OARSI and ESCEO recommendations for the non-surgical management of knee OA

OARSI

Recommend use as the first pharmacological
intervention

ESCEO

Recommend use after short-term rescue
analgesia with paracetamol (acetaminophen),
SYSADOAs and physical therapy

Intervention
Topical NSAIDs

Level or stage

First-line treatments

Paracetamol Conditionally recommend against the use of ~ Recommend short-term use (<3 g/day) and
paracetamol both in the short and longterm  strongly advise against use in the long term
SYSADOAs Strongly advise against the use of all Recommend the use of pharmaceutical grade
glucosamine and chondroitin formulations glucosamine sulfate and chondroitin sulfate
(including pharmaceutical grade)
Treatment in patientswith ~ Opioids Strongly recommend against the use of oral Recommend the short-term use of weak opioids

persistent symptoms and transdermal opioids such as tramadol

ESCEO, European Society for Clinical and Economic Aspects of Osteoporosis, Osteoarthritis and Musculoskeletal Diseases; OA, osteoarthritis; OARSI,
Osteoarthritis Research Society International; SYSADOAs, symptomatic slow-acting drugs for osteoarthritis.
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and those with or at an increased risk of
adverse gastrointestinal and cardiovascular
outcomes. In addition, the OARSI
recommendations are tailored for patients
with frailty or widespread pain and/or
depression; the ESCEO recommendations
are not, although they are tailored to

those at increased risk of renal adverse
events. The OARSI working group set out
to evaluate treatments in the context of
comorbidities a priori and the treatment
recommendations were informed by the
systematic literature searches, whereas it
was unclear from the ESCEO manuscript
whether making recommendations in the
context of comorbidities was a primary

or secondary objective. In addition, a key
difference between the two sets of guidelines
is that the OARSI guidelines include
‘Good Clinical Practice Statements’ to
accompany the recommendations, which
were written to help support the treatment
recommendations and were informed by
expert experience.

Implications and perspectives
The 2019 recommendations proposed
by OARSI and ESCEO outline two
informative treatment algorithms for the
non-surgical management of knee OA.
Both sets of recommendations provide
health-care providers with evidence-based
and expert-reviewed advice. Overall, the
two publications provide very similar
recommendations, particularly with regard
to the core treatments that all patients
should receive. They both provide similar,
progressive management algorithms,
although some differences exist, particularly
in the ordering of treatments along the
treatment algorithm. Both attempt to
‘personalize’ the treatment algorithms to
patient characteristics, which is essential
when considering the use of oral NSAIDs
and COX2 selective inhibitors. Specifically,
the OARSI recommendations are tailored
for groups with particular comorbidities
including those at increased risk of
gastrointestinal or cardiovascular adverse
events, those with frailty and those with
widespread pain and/or depression. The
ESCEO recommendations are personalized
by considerations for gastrointestinal,
cardiovascular, hepatic and renal risk
and for specific age groups. Neither set of
recommendations specifically discusses
age as a factor by which to personalize
treatment; however, it is likely that the
consideration of comorbidities, especially
frailty, partially take age into account.

The OARSI and ESCEO guidelines
differ in their reccommendations for the use

of topical NSAIDs and SYSADOAs. The
ESCEO guidelines recommend the use of
pharmaceutical grade glucosamine and
chondroitin sulfate as first-line therapies
prior to the use of topical NSAIDs in those
with persistent symptoms. The OARSI
guidelines, however, strongly recommend
against the use of all glucosamine and
chondroitin formulations (including
pharmaceutical grade); the OARSI
guidelines recommend the use of topical
NSAIDS as the first-line treatment. A
possible explanation for the conflicting
recommendations made by the ESCEO
and OARSI groups regarding the use of
glucosamine are most likely attributable
to differences in the interpretation of the
quality of the evidence, including risk of
bias, and in the synthesis of that evidence
by the expert panels. Lastly, both guidelines
strongly recommend against the long-term
use of paracetamol owing to its low efficacy
and notable adverse effect profile; however,
the ESCEO guidelines do suggest short-term
use of doses limited to 3 g per day. Again,
the assessment of different study literature
could explain this difference. Specifically, in
their updated literature search (2014-2018)
the ESCEQ panel evaluated four reviews
and/or meta-analyses that examined
the safety and efficacy of paracetamol,
which covered both randomized trials
and observational studies, whereas the
OARSI panel examined only the results of
five randomized trials. The ESCEO panel
reported that while they found no evidence
for the use of paracetamol in the short term
as a rescue analgesic on a background of
other treatments (for example, SYSADOAs),
they comment that “this is its traditional
use”’*. Consequently, the recommendation
for the short-term use of paracetamol might
be informed more by clinical opinion than
by the clinical evidence.

The differences in the treatment
recommendations proposed by the
OARSI and ESCEO working groups can
be explained, in part, by methodological
differences. Despite evaluating similar
data, both groups made several different
treatment recommendations, which
would suggest that a degree of uncertainty
regarding the available evidence remains.
Hence, there is a need for more robust
evidence.

Conclusions

Overall, the 2019 OARSI and ESCEO
treatment algorithms for the non-surgical
management of knee OA overlap consider-
ably, which should provide confidence and
clarity for practising clinicians regarding

the treatment of patients with knee OA. The
differences between the two sets of recom-
mendations might be attributable, in part,
to methodological issues, highlighting the
importance of refining and harmonizing
guideline methodology and ideally produc-
ing unified guidelines that are endorsed by
multiple societies and non-governmental
organizations. Furthermore, harmonization
could be achieved through the encourage-
ment of cross-collaboration between both
national and international organizations.
Practising clinicians would also benefit
from the future development of online edu-
cational programmes specifically designed
for health-care practitioners with input
from all the major societies and stake-
holders, with the subsequent distillation

of a consistent set of recommendations for
patients with OA and the lay public.

Nigel K. Arden([2)"23.14 Thomas A. Perry
Raveendhara R. Bannuru((2)%, Olivier Bruyéere®3,
Cyrus Cooper([2)?3, Ida K. Haugen®,

Marc C. Hochberg’, Timothy E. McAlindon®,

Ali Mobasheri@#)82.10.11.12.15 gnq
Jean-Yves Reginster®'%1°

1,142

Versus Arthritis Centre for Sport, Exercise and
Osteoarthritis, University of Oxford, Oxford, UK.

’MRC Lifecourse Epidemiology Unit, University
of Southampton, Southampton General Hospital,
Southampton, UK.

3WHO Collaborating Centre for Public Health Aspects
of Musculoskeletal Health and Aging, Liége, Belgium.

“Center for Treatment Comparison and Integrative
Analysis, Division of Rheumatology, Tufts Medical
Center, Boston, MA, USA.

Division of Public Health, Epidemiology and Health
Economics, University of Liége, CHU Sart Tilman,
4000, Liéege, Belgium.

SDepartment of Rheumatology, Diakonhjemmet
Hospital, Oslo, Norway.

’Departments of Medicine and Epidemiology and
Public Health, University of Maryland School of
Medicine, Baltimore, MD, USA.

8Research Unit of Medical Imaging, Physics and
Technology, University of Oulu, Oulu, Finland.
9Department of Regenerative Medicine, State Research
Institute Centre for Innovative Medicine, Vilnius,
Lithuania.

"°Department of Orthopedics, UMC Utrecht, Utrecht,
Netherlands.

""Department of Rheumatology, UMC Utrecht, Utrecht,
Netherlands.

2Department of Clinical Inmunology, UMC Utrecht,
Utrecht, Netherlands.

13Chair for Biomarkers of Chronic Diseases,
Biochemistry Department, College of Science,

King Saud University, Riyadh, Saudi Arabia.

"“These authors contributed equally: Nigel K. Arden,
Thomas A. Perry.

'*These authors jointly supervised this work:

Ali Mobasheri and Jean-Yves Reginster.

Me-mail: thomas.perry@ndorms.ox.ac.uk
https://doi.org/10.1038/s41584-020-00523-9
Published online 28 October 2020

NATURE REVIEWS |

VOLUME 17 | JANUARY 2021 | 65


http://orcid.org/0000-0002-3452-3382
http://orcid.org/0000-0002-0499-3033
http://orcid.org/0000-0002-8069-5783
http://orcid.org/0000-0003-3510-0709
http://orcid.org/0000-0001-6261-1286
mailto:thomas.perry@ndorms.ox.ac.uk
https://doi.org/10.1038/s41584-020-00523-9

1. Safiri, S. et al. Global, regional and national burden of
osteoarthritis 1990-2017: a systematic analysis of the
Global Burden of Disease Study 2017. Ann. Rheum. Dis.
79, 819-828 (2020).

2. Disease, G. B. D. et al. Global, regional, and national
incidence, prevalence, and years lived with disability
for 354 diseases and injuries for 195 countries and
territories, 1990-2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet 392,
1789-1858 (2018).

3. Culliford, D. et al. Future projections of total hip and
knee arthroplasty in the UK: results from the UK
Clinical Practice Research Datalink. Osteoarthritis
Cartilage 23, 594—600 (2015).

4. McAlindon, T. E. et al. OARSI guidelines for the
non-surgical management of knee osteoarthritis.
Osteoarthritis Cartilage 22, 363-388 (2014).

5. Jordan, K. M. et al. EULAR recommendations 2003:
an evidence based approach to the management
of knee osteoarthritis: report of a task force of the
Standing Committee for International Clinical Studies
Including Therapeutic Trials (ESCISIT). Ann. Rheum. Dis.
62, 1145-1155 (2003).

6.  Bruyere, O. et al. An algorithm recommendation for
the management of knee osteoarthritis in Europe
and internationally: a report from a task force of
the European Society for Clinical and Economic
Aspects of Osteoporosis and Osteoarthritis (ESCEO).
Semin. Arthritis Rheum. 44, 253-263 (2014).

7. Hochberg, M. C. et al. American College of
Rheumatology 2012 recommendations for the use
of nonpharmacologic and pharmacologic therapies
in osteoarthritis of the hand, hip, and knee. Arthritis
Care Res. 64, 465—-474 (2012).

8. Jevsevar, D. S. et al. The American Academy of
Orthopaedic Surgeons evidence-based guideline on:
treatment of osteoarthritis of the knee, 2nd edition.

J. Bone Joint Surg. Am. 95, 1885-1886 (2013).

9. Kolasinski, S. L. et al. 2019 American College of
Rheumatology/Arthritis Foundation guideline for the
management of osteoarthritis of the hand, hip, and
knee. Arthritis Rheumatol. 72, 220-233 (2020).

10. Bijlsma, J. W. J., Berenbaum, F. & Lafeber, F. P. J. G.
Osteoarthritis: an update with relevance for clinical
practice. Lancet 377, 2115-2126 (2011).

11. Buttgereit, F.,, Burmester, G.-R. & Bijlsma, J. W. J.
Non-surgical management of knee osteoarthritis:
where are we now and where do we need to go?

RMD Open 1,e000027 (2015).

12. Healey, E. L. et al. Uptake of the NICE osteoarthritis
guidelines in primary care: a survey of older adults
with joint pain. BMC Musculoskelet. Disord. 19, 295
(2018).

13. Carlson, V. R. et al. Compliance with the AAOS guidelines
for treatment of osteoarthritis of the knee: a survey of
the American Association of Hip and Knee Surgeons.
J. Am. Acad. Orthop. Surg. 26, 103—107 (2018).

14. Basedow, M., Williams, H., Shanahan, E. M.,
Runciman, W. B. & Esterman, A. Australian GP
management of osteoarthritis following the release of
the RACGP guideline for the non-surgical management
of hip and knee osteoarthritis. BMC Res. Notes 8, 536
(2015).

15. Nelson, A. E., Allen, K. D., Golightly, Y. M., Goode, A. P.
& Jordan, J. M. A systematic review of recommendations
and guidelines for the management of osteoarthritis:
The chronic osteoarthritis management initiative of the
U.S. bone and joint initiative. Semin. Arthritis Rheum.
43,701-712 (2014).

16. Bruyere, O. et al. An updated algorithm
recommendation for the management of knee
osteoarthritis from the European Society for
Clinical and Economic Aspects of Osteoporosis,
Osteoarthritis and Musculoskeletal Diseases (ESCEO).
Semin. Arthritis Rheum. 49, 337-350 (2019).

17. Bannuru, R. R. et al. OARSI guidelines for the non-
surgical management of knee, hip, and polyarticular
osteoarthritis. Osteoarthritis Cartilage 27, 1578—1589
(2019).

18. Price, A. J. et al. Knee replacement. Lancet 392,
1672-1682 (2018).

19. Dieppe, P., Lim, K. & Lohmander, S. Who should have
knee joint replacement surgery for osteoarthritis?

Int. J. Rheum. Dis. 14, 175-180 (2011).

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

Beswick, A. D., Wylde, V., Gooberman-Hill, R., Blom, A.
& Dieppe, P. What proportion of patients report long-
term pain after total hip or knee replacement for
osteoarthritis? A systematic review of prospective
studies in unselected patients. BMJ Open 2, e000435
(2012).

Zhang, W. et al. OARSI recommendations for the
management of hip and knee osteoarthritis, part I:
critical appraisal of existing treatment guidelines

and systematic review of current research evidence.
Osteoarthritis Cartilage 15, 981-1000 (2007).
Zhang, W. et al. OARSI recommendations for the
management of hip and knee osteoarthritis, part Il:
OARSI evidence-based, expert consensus guidelines.
Osteoarthritis Cartilage 16, 137-162 (2008).
Zhang, W. et al. OARSI recommendations for the
management of hip and knee osteoarthritis: part Ill:
Changes in evidence following systematic cumulative
update of research published through January 2009.
Osteoarthritis Cartilage 18, 476—499 (2010).
Lutzner, J., Kasten, P., Gunther, K.-P. & Kirschner, S.
Surgical options for patients with osteoarthritis of the
knee. Nat. Rev. Rheumatol. 5, 309-316 (2009).
Beard, D. J. et al. The clinical and cost-effectiveness of
total versus partial knee replacement in patients with
medial compartment osteoarthritis (TOPKAT): 5-year
outcomes of a randomised controlled trial. Lancet
394, 746-756 (2019).

Guyatt, G. H. et al. GRADE: an emerging consensus
on rating quality of evidence and strength of
recommendations. BMJ 336, 924-926 (2008).
Atkins, D. et al. Systems for grading the quality of
evidence and the strength of recommendations I:
critical appraisal of existing approaches The GRADE
Working Group. BMC Health Serv. Res. 4, 38 (2004).
Atkins, D. et al. Grading quality of evidence and strength
of recommendations. BMJ 328, 1490 (2004).
Kavanagh, B. P. The GRADE system for rating clinical
guidelines. PLoS Med. 6, 1000094 (2009).

Huang, X., Lin, J. & Demner-Fushman, D. Evaluation
of PICO as a knowledge representation for clinical
questions. AMIA Annu. Symp. Proc. 2006, 359-363
(2006).

Cheng, G. Y. T. A study of clinical questions posed by
hospital clinicians. J. Med. Libr. Assoc. 92, 445-458
(2004).

Sostres, C., Gargallo, C. J., Arroyo, M. T. & Lanas, A.
Adverse effects of non-steroidal anti-inflammatory drugs
(NSAIDs, aspirin and coxibs) on upper gastrointestinal
tract. Best Pract. Res. Clin. Gastroenterol. 24, 121-132
(2010).

Bhala, N., Emberson, J., Patrono, C., Baigent, C. &
Collaborators, C. N. T. Coxibs and traditional NSAIDs
for pain relief — Authors’ reply. Lancet 383, 122
(2014).

2019 American Geriatrics Society Beers Criteria®
Update Expert Panel. American Geriatrics Society
2019 updated AGS Beers Criteria® for potentially
inappropriate medication use in older adults. J. Am.
Geriatr. Soc. 67, 674—694 (2019).

Kahan, A., Uebelhart, D., De Vathaire, F., Delmas, P. D.
& Reginster, J.-Y. Long-term effects of chondroitins 4
and 6 sulfate on knee osteoarthritis: the study on
osteoarthritis progression prevention, a two-year,
randomized, double-blind, placebo-controlled trial.
Arthritis Rheum. 60, 524-533 (2009).

Zegels, B., Crozes, P., Uebelhart, D., Bruyere, O. &
Reginster, J. Y. Equivalence of a single dose (1200 mg)
compared to a three-time a day dose (400 mg)

of chondroitin 4&6 sulfate in patients with knee
osteoarthritis. Results of a randomized double blind
placebo controlled study. Osteoarthritis Cartilage 21,
22-27 (2013).

Schneider, H., Maheu, E. & Cucherat, M. Symptom-
modifying effect of chondroitin sulfate in knee
osteoarthritis: a meta-analysis of randomized
placebo-controlled trials performed with Structum®.
Open Rheumatol. J. 6, 183-189 (2012).

Reginster, J.-Y., Dudler, J., Blicharski, T. & Pavelka, K.
Pharmaceutical-grade chondroitin sulfate is as
effective as celecoxib and superior to placebo in
symptomatic knee osteoarthritis: the ChONdroitin
versus CElecoxib versus Placebo Trial (CONCEPT).
Ann. Rheum. Dis. 76, 1537—-1543 (2017).

Acknowledgements

Authors’ statement: the diverse views and opinions expressed
in this article represent the outcomes of a joint working group,
consisting of current members of the Osteoarthritis Research
Society International (OARSI) and the European Society for
Clinical and Economic Aspects of Osteoporosis, Osteoarthritis
and Musculoskeletal Diseases (ESCEO), which examined the
similarities and differences between the 2019 OARSI and
ESCEO guidelines for the management of knee OA. The work-
ing group was entirely funded by ESCEO. To support its edu-
cational and scientific activities, ESCEO receives unrestricted
educational grants from non-governmental organizations,
not-for-profit organizations, and non-commercial and corpo-
rate partners. The choice of topics, participants, content and
agenda of the working group, as well as the writing, editing,
submission and reviewing of the manuscript are the sole
responsibility of ESCEO, without any influence from third
parties. ESCEO is supported by the Chair for Biomarkers
of Chronic Diseases and the International Scientific Partner-
ship Program (ISPP#0111) at King Saud University, Riyadh,
Saudi Arabia.

Author contributions

TA.P, N.KA., R.R.B. and O.B. researched data for the article.
T.A.P. and N.K.A. wrote the manuscript. All authors made a
substantial contribution to discussion of content and review/
editing of the manuscript before submission.

Competing interests

N.K.A. declares that he has received grants and personal fees
from Merck, and personal fees from Flexion, Regeneron,
Pfizer, and Eli Lilly. R.R.B. is supported by the NIH National
Center for Complementary and Integrative Health
(K23AT009374). O.B. declares that he has received grants
from Biophytis, IBSA, MEDA, Servier, SMB and Theramex. C.C.
declares that he has received lecture fees and honoraria from
Amgen, Danone, Eli Lilly, GSK, Kyowa Kirin, Medtronic,
Merck, Nestlé, Novartis, Pfizer, Roche, Servier, Shire, Takeda
and UCB, outside the submitted work. I.K.H. declares that
she has received honoraria from Abbvie and a research grant
from Pfizer, outside the submitted work. M.C.H. declares that
he has acted as a consultant, including attending at Advisory
Board meetings, for Bone Therapeutics, Bristol Myers
Squibb, Eli Lilly, EMD Serono, Gilead, GlaxoSmithKline, IBSA
Institut Biochimique SA, Novartis Pharma AG, Noven
Pharmaceuticals, Pfizer, Regenosine, Samumed LLC,
Theralogix LLC and Vizuri Health Sciences, and that he has
received royalties from Elsevier (for his roles as editor of
Rheumatology and Editor-in-Chief of Seminars in Arthritis and
Rheumatism) and Wolters Kluwer (UpToDate™) outside the
submitted work. T.E.M. declares that he has acted as a con-
sultant for Samumed, Kolon TissueGene, Pfizer, Sanofi,
Regeneron, Noven, Remedium-Bio. A.M. declares that he has
acted as a consultant for Abbvie, Aché (Aché Laboratorios
Farmacéuticos), Artialis SA, Flexion Therapeutics, Galapagos,
Genacol, GSK Consumer Healthcare, IAG, Kolon TissueGene,
Pfizer, Pfizer Consumer Healthcare, Servier, Sterifarma,
Sanofi and Pacira Biosciences, has received research
funding from the European Commission (FP7, IMI, Marie
Sktodowska-Curie, ES Struktirinés Paramos), Versus Arthritis
(formerly Arthritis Research UK) and has initiated research
contracts with Merck KGaA and Kolon TissueGene, and has
received speaker’s fees from Bioiberica SA, the Korean
Society for Osteoarthritis and Cartilage Repair, the American
College of Rheumatology, the Spanish Society of Rheuma-
tology, the Heilongjiang Rheumatology Association and the
Zhujiang Hospital of Southern Medical University. J.-Y.R.
declares that he has received grants and personal fees from
IBSA-Genevrier, Mylan, and Radius Health, grants from CNIEL,
and personal fees from Dairy Research Council and Pierre
Fabre, outside of submitted work. T.A.P. declares no conflicts
of interest.

Peer review information
Nature Reviews Rheumatology thanks E. Maheu and the
other, anonymous, reviewer(s) 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 2020

66| JANUARY 2021 | VOLUME 17

www.nature.com/nrrheum





