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 CURRENT
OPINION Editorial introductions

Current Opinion in Rheumatology was launched in 1989. It is one of a successful series of review journals whose
unique format is designed to provide a systematic and critical assessment of the literature as presented in the many
primary journals. The field of Rheumatology is divided into 15 sections that are reviewed once a year. Each section
is assigned a Section Editor, a leading authority in the area, who identifies the most important topics at that time.
Here we are pleased to introduce the Journal’s Editor and Section Editors for this issue.

EDITOR IN CHIEF

Steven B. Abramson

Steven B. Abramson, MD, is
Senior Vice President and Vice
Dean for education, faculty and
academic affairs at NYU Langone
Medical Center, USA. He is the
Frederick H. King Professor and
Chair of the Department of Med-
icine. As Vice Dean, he oversees
the implementation of the medi-
cal school’s nationally recognized
curriculum for the twenty first century, including
the country’s first multispecialty three-year pathway
to the MD degree.

A graduate of Dartmouth College, USA, Dr
Abramson earned his MD from Harvard Medical
School, USA, and trained at NYU Medical Center
and Bellevue Hospital, USA. He served as the Direc-
tor of the Division of Rheumatology from 2000 to
2013, and has had numerous leadership positions in
academic medicine. He has served on the Board of
the National Arthritis Foundation, as Co-Editor of
Arthritis & Rheumatism, a member of the Rheuma-
tology Board of the American Board of Internal
Medicine (ABIM), President of the Osteoarthritis
Research Society International (OARSI), and former
chairman of the Arthritis Advisory Committee of
the Food and Drug Administration (FDA).

Dr Abramson has extensive experience in both
basic science and clinical research in the field of
inflammation and arthritis, and has published more
than 300 papers on these and related topics. He
received the prestigious American College of Rheu-
matology Distinguished Basic Investigator Award in
2011.

SECTION EDITORS

Hasan Yazici

Hasan Yazici, MD is a retired Pro-
fessor of Medicine and Rheuma-
tology. He currently practices
rheumatology, part time, at the
Academic Hospital in Istanbul,
Turkey. He still weekly attends
the dedicated Behçet’s syndrome
outpatient clinic he started with a
group of his colleagues 40 years
ago and co-edits the LER & CER -
Letter to Editor Rheumatology: commentary and
controversy in Rheumatology section in Clinical
and Experimental Rheumatology.

After Dr Yazici received his MD from University
of Istanbul, Turkey in 1969, he trained in internal
medicine and rheumatology at the University of
Nebraska and Creighton University (Metabolic
Research Unit) in Omaha, Nebraska, USA, where
his mentor was Paul D. Saville.

After returning to Turkey in 1974, he joined the
Cerrahpasa Medical Faculty of University of Istanbul,
where he started both the multidisciplinary Behçet
Disease Outpatient Clinic and the Division of Rheu-
matology, which he chaired until his retirement six
years ago. His main research interests are Behçet’s
syndrome, clinical research methodology and ethics.
He has published many original articles in peer
reviewed journals in addition to his text book con-
tributions, editorials, reviews and is the most cited
author on Behçet’s disease on Web of Science.

Dr Yazici has received a number of prestigious
awards and has a long list of memberships in scien-
tific societies including Science Academy Society of
Turkey, European Academy of Sciences, Master of
the American College of Rheumatology and the
recipient of the 2012 EULAR award for Meritorious
Service in Rheumatology.
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Yusuf Yazici, MD, is a Clinical
Associate Professor of Medicine
at the New York University
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Dr Yazici earned his medical
degree from Cerrahpasa Medical
Faculty of Istanbul University in
Istanbul, Turkey. He completed
his internship and residency at
Creighton University in Nebraska,

USA and his fellowship in rheumatology at the Hos-
pital for Special Surgery of Weill Medical College of
Cornell University, USA.

His areas of interest are rheumatoid arthritis,
early arthritis, patient reported outcomes, database
and registry management and monitoring of arthri-
tis patients in regard to clinical response and adverse
events related to treatment and Behcet’s syndrome.
He has published over 200 articles and presented at
various national and international meetings over
100 times.

Dr Yazici divides his time between seeing
patients and conducting both industry and investi-
gator-initiated trials, in the areas of RA and Behcet’s
syndrome.
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received his PhD degree from
Madurai Kamaraj University,
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sion of Rheumatology. Dr Attur’s

interests are in the expression and role of inflamma-
tory mediators in osteoarthritic cartilage, with the
aim to elucidate the autocrine and paracrine mech-
anisms of action of inflammatory cytokines and
lipids (eicosanoids) in chondrocytes using genomics
and proteomics approaches. Dr Attur is privileged to
work under the supervision of Dr Steven B. Abram-
son, with whom he has developed transcriptome-
and protein-based biomarkers to identify subjects at
risk for development of severe knee osteoarthritis.
Currently, as Director of the Rheumatology
Research Laboratory at NYU Langone Orthopedic
Hospital, Dr Attur has established and maintained
arthritis Biobank. His current research focuses on
the pathophysiology, diagnosis and treatment of
osteoarthritis, with special interest in extracellular
non-collagenous proteins expressed in bone and
cartilage. Dr Attur through proteogenomics- system
biology approach has identified several genes and
proteins that are examined as biomarkers to predict
knee osteoarthritis development and progression.
He is the author of over 77 publications and numer-
ous invited reviews.
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When the HLA B�51 association of Behçet syndrome
(BS) was first described almost half a century ago [1]
we had great hopes that it was going to be instrumen-
tal in solving the riddle of BS. Well, that did not hold
true.On the otherhand, judging fromthe continuing
wide interest, this association receives, especially,
from our basic science colleagues working diligently
at the bench, there must be a good reason why the
hopes are still high. That is why we have asked Prof.
Takeno, one very dedicated student of BS, both at the
bench and at the bedside, to update us about HLA
B�51 association of BS (pp. 4–9). He does this dili-
gently and it turns out the meaning of this genetic
association remains a mystery. The now well-estab-
lished epistatic interaction of the HLA B�51 and the
ERAP I gene which controls the production of a
peptide trimmingenzyme important inantigen proc-
essing [2] is surely fascinating whereas it gives us little
insight into how this is important in disease mecha-
nisms. In this line, how and if the HLA B�51 associa-
tion is involved in the immune-inflammatory
pathways operative in BS is yet to be sorted out [3].
More evidence is accumulating that there are several
clinical phenotypes in BS [4,5]. The lack of associa-
tion of HLA B�51 with the intestinal phenotype is
surely curious and is a sober reminder – both that
there are several clinical phenotypes and that HLA
B�51 is not associated with one of them – that we
might indeed be dealing with several disease mecha-
nisms [6] and we need gene association studies spe-
cifically in these different phenotypes. Talking about
genetic studies, we think the paucity of twin studies
in BS is almost inexcusable. We count 5 such studies
in BS in PubMed, 4 of which are case reports. Finally,
another sober reminder is the fact that only perhaps a
half of the BS patients carry HLA B�51 [7]. This makes
us, again soberly, consider that solving the enigma of
HLA B�51 in BS will perhaps solve only this particular
enigma and, we are afraid, not that of BS.

As we have just discussed, we might not be that
successful in trying to elucidate the disease mecha-
nisms of BS it is apparent that we are getting more and
more competent in management. Professor Hatemi,
in her very timely paper, discusses the treat to target
(T2T) approach in managing BS and, as she under-
lines, no studies are at hand that addresses this issue
(pp. 39–45). Biologic agents are surely used more and
more in managing BS, especially in eye disease, and

there are now reports [8,9] suggesting that biologic
agents may work better than traditional immunosup-
pressives. She then focuses onthedifficultyofpicking
and using a disease activity tool for a condition like BS
where there is multisystem involvement in most
patients, and the disease severity in these make up
a wide spectrum, leading to the treatment decisions
being based on the most severe manifestation. This
would of course potentially lead to different tools for
different patients as a target that can be measured for
treatment success. She then stresses the need for
disease activity measures for eye, vascular, CNS, GI,
and skin, mucosa and joint involvement highlight
the hard work needed for developing a T2T strategy
for BS. She points out the importance of finding goals
to target that are meaningful to both patients and the
treating physicians. She additionally underlines that
developing a T2T strategy can also help us in poten-
tially stopping treatment in those patients whose
disease is well under control, a likely scenario for
most BS patients, when these low or remission disease
activity goals are reached. Considering the usual
abating in time disease course in BS [10], this informa-
tion is most important.

A very useful discussion of differing imaging
modalities, with their strong and weak points is the
main theme of the next chapter on Takayasu arteritis
(pp. 18–24). This is rightfully so in that it seems that
the main recent advances in TA have been in imag-
ing. A new set of classification criteria based on
angiographic clusters is at hand [11] which defines
3 disease clusters, the abdominal and thoracic
involvement types in addition to a third, asymmetric
involvement type. The strength of this new classifi-
cation is that the cluster allocation in 91/92 of the
patients remained robust over time (a median of over
3 years). This clustering in phenotype among TA
patients also emphasizes the need to be more splitters
than lumpers in trying to elucidate, probably more
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Vasculitis syndromes
than one disease mechanism in what we call TA
today.

Drs Elbendary, Abdel-Halim and Ragab provide
us with a comprehensive review of cutaneous man-
ifestations of systemic vasculitis (pp. 25–32), an area
of interest of course not only for rheumatologists
treating these patients but also to our dermatologist
colleagues. Starting with newly reported skin lesions
in TA, and reports of oral ulcers, papulopustular
lesions and erythema nodosum, along with other
inflammatory lesions, they point out the potential
overlaps and the importance of keeping an open
mind to other existing conditions as demonstrated
by the association of psoriasis with IgA vasculitis.
They also report similar inflammatory lesions seen
with giant cell arteritis, and Kawasaki disease again,
pointing out the importance of keeping in mind a
wide differential diagnosis probability in these
patients. After reviewing some new reports of skin
involvement in BS, autoinflammatory diseases
and antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitis, especially about potentially
assessing disease relapse with the appearance of skin
lesions, they focus on new treatment recommenda-
tions. Lastly, they turn to the recently emerging
problem of COVID-19 related skin lesions, including
cutaneous small vessel vasculitis, as well as vaccina-
tion triggered lesions. They conclude with the rec-
ommendation that COVID-19 related vasculitic
involvement needs to be further explored and
defined better and be part of our differential diag-
nosis as we see our patients.

Shochet and Kitching give us a very useful
update of animal models in various forms of vascu-
litis (pp. 10–17). They include the recent advances
in animal model research in Kawasaki arteritis and
ANCA-associated vasculitis clearly demonstrating
how such models can help us to better understand
the very involved disease mechanisms and plan
management. Commonly more than one animal
model is needed to study the disease mechanisms
and to test various therapeutic agents. The authors
also highlight that the rapidly enlarging field of
humanized mice models, either through transfer
of human immune cells or tissue into immunode-
ficient mice or by gene transfer, will greatly increase
the usefulness of animal models. Two recent success
stories with animal model research have been in the
management of Kawasaki arteritis and ANCA-asso-
ciated vasculitis. It has been known for a long time
that intraperitoneal injection of group B Lactoba-
cillus casei cell wall extracts (LCWE) in mice
induced mononuclear cell-mediated necrotizing
coronary arteritis to be followed by myofibroblast
proliferation, which closely resembled human dis-
ease [12]. It was then shown that IL-beta is the key
 Copyright © 2021 Wolters Kluwer H
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immunoinflammatory mediator in this process.
Finally, we now have accumulating evidence that
anakinra, a IL1 receptor blocker, is rather useful in
managing of Kawasaki vasculitis in IVIG resistant
disease [13]. The second success story has been in
ANCA-associated vasculitis. Almost 2 decades ago
[14] it was shown that passive transfer of ANCA-
specific myeloperoxidase caused glomerulonephri-
tis and vasculitis in mice. This model, then proved
very useful in showing that avacopan, an oral C5aR
inhibitor, was effective in preventing the vasculitis
in these mice. Finally, it is now shown that avoca-
pan is not inferior to glucocorticoids in managing
ANCA-associated vasculitis in humans [15]. It
should be noted that it took decades from the bench
to the bedside in both of these success stories.

The paper on patient reported outcomes in vas-
culitis by Robson J et al. (pp. 33–38) provide a timely
review of the role and current options for monitor-
ing patient reported outcomes (PRO) in vasculitic
conditions. They correctly state that even though a
lot of generic tools for PRO have been used in both
studies of vasculitis and in clinical care, there is a
need for disease-specific PRO, which are validated.
These outcome measures can provide insights into
how our treatments are impacting not just the spe-
cific conditions overall but the different organ sys-
tem involvements specifically, allowing the closer
monitoring of these patients. Ongoing work espe-
cially with ANCA-associated vasculitis and giant cell
arteritis are important steps in the right direction.
Then, as the authors suggest, these generic and
specific tools can be used in a complimentary fash-
ion, benefiting our patients and getting the most out
of our treatment options.
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treatment in patients with Behçet’s Retinal Vasculitis. Front Pharmacol 2021;
12:609148.

10. Kural-Seyahi E, Fresko I, Seyahi N, et al. The long-term mortality and morbidity
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OPINION The association of Behçet’s syndrome with

HLA-B51 as understood in 2021

Mitsuhiro Takeno

Purpose of review
To discuss clinical and pathogenic roles of HLA-B�51 in Behçet’s syndrome.

Recent findings
HLA-B�51 remains the most important genetic factor in Behçet’s syndrome, despite the recent identification
of several susceptibility genes. The prevalence of HLA-B�51 has been shown to differ among phenotype-
based clinical clusters in the same patient population. HLA-B�51 shows epistatic interaction with the
susceptible allele of endoplasmic reticulum aminopeptidase (ERAP)1 encoding the Hap10 allotype, which
has the lowest trimming activity of the MHC-Class I binding peptides. Subsequent molecular studies have
suggested that the disease-associated Hap10 allotype is implicated in the generation and selection of the
disease protective or promoting peptides loading onto HLA-B�51, although these pathogenic peptides have
yet to be identified.

Summary
HLA-B�51 is a hallmark of Behçet’s syndrome but genetic markers are not very useful in the diagnosis of
Behçet’s syndrome. Rather, it is considered an important factor in determining clinical phenotypes in this
heterogeneous condition. The epigenetic interaction of HLA-B�51 with ERAP1 sheds light on pathogenesis.

Keywords
Behçet’s syndrome, epistasis, endoplasmic reticulum aminopeptidase 1, HLA-B�51, MHC-I-opathy

INTRODUCTION

Behçet’s syndrome is a chronic multisystemic inflam-
matory disorder characterized by relapsing and recur-
rent oral ulcers, genital ulcers, skin lesions, uveitis,
and broader systemic manifestations, such as arthri-
tis, and gastrointestinal or central nervous system
involvement [1,2

&

] The disease is categorized as a
variable vessel vasculitis with multiple lesions in all
sizes of arterial and venous vessels [3]. Some readers
may be more familiar with the term Behçet’s disease
than Behçet’s syndrome. However, Behçet’s disease
was replaced with Behçet’s syndrome in the 2018
update of European League Against Rheumatism
(EULAR) recommendations for management [4].

The cause of Behçet’s syndrome remains
unknown, although both genetic and environmental
factors are considered important in disease pathogen-
esis. Genome-wide association study and subsequent
detail genomic studies have identified multiple sus-
ceptibility genes, most of which are involved in the
immuneand inflammatory responses [5–7,8

&&

,9
&&

,10].
Among them, HLA-B�51 is responsible for the stron-
gest genetic predisposition. It was first reported by
Ohno et al. [11] in Japan in 1973, followed by reports

in other ethnic groups [12
&

,13,14
&

]. A meta-analysis of
HLA-B5 or B�51 genotypes in 4800 patients with
Behçet’s syndrome with 16289 healthy controls sug-
gested a 32–52% of population attributable risks for
Behçet’s syndrome associated with the HLA-B5/B�51
allele [13]. This review discusses the clinical and path-
ogenetic aspects of HLA-B�51 as a hallmark of
Behçet’s syndrome.
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KEY POINTS

� Genetic and environmental factors in
Behçet’s syndrome.

� Contribution of HLA-B�51 to the disease phenotypes of
Behçet’s syndrome.

� Epistasis between HLA-B�51 and ERAP-1 in Behçet’s
syndrome as MHC-I-opathy.

HLA-B51 in Behçet’s sydrome Takeno
ASSOCIATION BETWEEN BEHÇET’S
SYNDROME AND HLA-B�51

Behçet’s syndrome is sometimes referred to as ‘the Silk
Route disease’ as it is prevalent in the Mediterranean
basin, Middle Eastern, and Far East Asian countries
between 308 and 458 latitudes north [12

&

]. The unique
geographic distribution suggests the involvement of a
genetic background and common environmental fac-
tors in Behçet’s syndrome along the endemic regions.
Interestingly, HLA-B�51 positivity in the general pop-
ulation is higher in these regions compared with the
geographies where Behçet’s syndrome is not endemic,
suggesting that HLA-B�51 is somehow implicated in
the clustering of patients with Behçet’s syndrome in
these any one region. In contrast, no Behçet’s syn-
drome-related common environmental factors have
been shown in these endemic areas [12

&

].
The frequency of HLA-B�51 has been reported in

50–80% of patients with Behçet’s syndrome in the
endemic geographies (Table 1) [12

&

,13,14
&

]. The
odds ratio has been estimated to be 5–10 in the
Behçet’s syndrome endemic countries, whereas it
was reported to be 2.35 in North America, a non-
endemic area. However, and interestingly, in Alaska
and Middle Africa, both nonendemic areas, the
frequency in HLA-B�51 exceeds 15% of the general
population [12

&

].
Table 1. Prevalence of Behçet’s syndrome and frequency

of HLA-B�51 in various countries

Prevalence HLA-B�51 (%)

(/100 000) Patients with
Behçet’s syndrome Control

Japan 7.0–14.6 58.9 13.8

Iran 16.7–80.0 61.9 28.7

Saudi-Arabia 19.5 76.9 22.2

Turkey 80.0–421.0 75.0 24.7

Italy 3.8 57.4 19.2

Spain 5.6–7.5 36.2 19.6

German 0.6–1.47 57.6 12.3

1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
Epidemiological studies of immigrants from
endemic to nonendemic areas have also suggested
the contribution of environmental factors to the
Behçet’s syndrome pathogenesis. Only a small num-
ber of Japanese immigrants to Hawaii have been
reported to develop Behçet’s syndrome [15]. Simi-
larly, a study in Berlin showed that the prevalence of
Behçet’s syndrome was 20-fold higher among the
citizens of foreign background with 92% of
the patients being of Turkish origin, rather than
native German [16]. This study also showed that
the frequency of HLA-B�51 was 42 and 14% in
German native patients with Behçet’s syndrome
and controls, respectively (odds ratio 4.5). On the
other hand, it was 75% among patients and 31%
among the controls of Turkish ethnicity (odds ratio
6.7) [16]. These findings further support the contri-
bution of genetic factors, including HLA-B�51, to
disease onset. Nevertheless, the prevalence of
Behçet’s syndrome in patients of Turkish origin
was much lower than that reported in Turkey
(Table 1). Thus, the implication of environmental
factors in the development of Behçet’s syndrome in
addition to genetic backgrounds is also apparent.
CLINICAL IMPLICATION OF HLA-B�51

Despite the close association of HLA-B�51 with
Behçet’s syndrome, genetic markers are not neces-
sarily helpful in diagnosing Behçet’s syndrome.
Genetic markers are not listed as criteria in currently
used diagnostic criteria sets, including the diagnos-
tic criteria of the International Study Group for
Behçet’s disease [17] and the International Criteria
for Behçet’s disease [18]. In the Japanese diagnostic
criteria, HLA-B�51 and HLA-A�26 are noted as ref-
erence findings in possible cases with no strong
diagnostic implication [19]. This is contrast to
HLA-B�27-related ankylosing spondylitis, in which
the genetic marker provides a strong diagnostic
basis. The odds ratio for developing ankylosing
spondylitis is estimated to be over 50 in HLA-
B�27-positive individuals [20], whereas it is approx-
imately 5–10 for Behçet’s syndrome in HLA-B�51-
positive people.

There is accumulating evidence that HLA-B�51
positivity differs among the clinical subtypes of
Behçet’s syndrome [14

&

,21,22,23
&

]. Maldini et al.
conducted meta-analyses to determine the relation-
ship of the HLA-B5 or B�51 genotype with each
clinical symptom in patients with Behçet’s syn-
drome [14

&

]. The study has shown that HLA-B5/
B�51 is more common in male individuals and is
associated with a high prevalence of genital ulcers,
ocular and skin manifestations, and a decreased
prevalence of gastrointestinal involvement [14

&

].
r Health, Inc. www.co-rheumatology.com 5



Table 2. Clinical clusters in Japanese patients with Behçet’s syndrome

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Characteristic
clinical presentation

Mucocutaneous
dominant

Mucocutaneous
with arthritis

Ocular
involvement

Neurological
involvement

Gastrointestinal
involvement

Age at onset (years, mean�SD) 33.6�10.3 37.4�12.3 40.5�12.8 34.8�10.4 37.4�12.3

Sex (ratio of female) (%) 64.3 75.6 31.5 47.8 57.1

HLA-B�51 (%) 52.1 50.9 50.0 52,7 33.0

SD, standard deviation.

Vasculitis syndromes
Our recent epidemiological study using a national
registry with more than 3000 Japanese patients with
Behçet’s syndrome also showed that HLA-B�51 is
positively associated with ocular involvement but
negatively with gastrointestinal lesions [22]. Thus,
the strength of association with HLA-B�51 differs
among the clinical phenotypes.

Recently, the frequency of HLA-B51 has been
declining in Japanese patients with Behçet’s syn-
drome [21,23

&

]. This decline has been associated
with an increased ratio of female patients, increased
gastrointestinal involvement, and decreased ocular
disease. Our recent study showed that these epide-
miological changes were associated with altered
proportions of each clinical cluster in Japanese
patients with Behçet’s syndrome [23

&

]. Our cohort
included at least five independent clusters charac-
terized by mucocutaneous dominant, mucocutane-
ous with arthritis, ocular involvement, neurological
involvement, and gastrointestinal involvement. We
found frequency of HLA-B�51 was significantly
lower in the last cluster as compared with the other
clusters (Table 2) [23

&

]. Chronological analysis
showed a disproportional expansion of the cluster
with gastrointestinal involvement was mainly
responsible for most of the recent epidemiological
changes, including reduced HLA-B�51 positivity
and increased ratio of female patients [23

&

]. Further-
more, as genetic backgrounds are relatively homog-
enous in Japan, environmental factors, yet to be
elucidated, are considered critical in disease mecha-
nisms and epidemiological changes.
PATHOGENIC ROLES OF HLA-B�51 AND
OTHER HLA-CLASS I MOLECULES

The pathogenic role of HLA-B�51 in Behçet’s syn-
drome remains unknown. Whether the HLA-B�51
molecule itself is involved in the development of
disease or is a mere maker of the true pathogenic
gene with linkage disequilibrium has been contro-
versial. Tumor necrosis factor, lymphotoxin, and
major histocompatibility class I chain-related gene A
(MICA) genes, all of which are located close to the
HLA-B locus, have been discussed as possible
6 www.co-rheumatology.com
candidates [24–27]. Hughes et al. [28] showed that
the association of HLA-B�51 with Behçet’s syndrome
was secondary to that of the rs16799036 variant,
which is located between the HLA-B and MICA loci.
However, Ombrello et al. [9

&&

] disagreed with this
finding. A combination analysis of directly obtained
and imputed MHC-region single nucleotide poly-
morphism led to the conclusion that HLA-B�51
itself but not the rs16799036 variant, was primarily
associated with Behçet’s syndrome. They further
showed that HLA-B�15, HLA-B�27, HLA-B�57, and
HLA-A�26 were independent risk alleles, whereas
HLA-A�3 and -B�49 were protective against the
development of Behçet’s syndrome [9

&&

].
It is important to characterize the structure of

HLA class I molecules with disease susceptibility.
There are 69 amino acid polymorphic residues in
HLA-B molecules. HLA-B�52, a split antigen of HLA-
B5, is not associated with Behçet’s syndrome. Only
two amino acid residues are different in the a1 helix
between HLA-B�51 and B�52; Asp at position 63 and
Phe at position 67 in HLA-B�51 are substituted with
Glu and Ser in HLA-B�52, respectively [29]. Further-
more, stepwise conditional analysis of the polymor-
phic amino acid positions of HLA-B revealed that 16
residues were associated with susceptibility to
Behçet’s syndrome. All 16 amino acid residues are
risk types in HLA-B51, whereas B15 and B57 have
seven and eight risk types of amino acid residues,
respectively [9

&&

]. Of these, Phe at 67, Leu at 116, Thr
at 116, and Glu at 152 of the HLA-B molecules are
considered critical as these residues located in the
MHC-I antigen-binding groove affect the binding of
antigenic peptides. Moreover, Phe at 67 and Thr at
116 are involved in the interactions of HLA-B mol-
ecules with killer immunoglobulin-like receptors
(KIR)3DL1 and KIR3DS1, which regulate the activa-
tion of natural killer (NK) cells and CD8þ T cells
[30]. Likewise, residues 67 and 116 are considered
critical in disease-susceptible HLA-A molecules
[9

&&

]. These structural features are implicated in
the selection of binding antigens to HLA class
I molecules and regulation of T-cell and NK-cell
function, leading to the development of Behçet’s
syndrome.
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EPISTATIC INTERACTION BETWEEN
HLA-B�51 AND ERAP1

In genetic jargon, the affect of one gene on the
function of another gene is called ‘epistasis’ and
Kirino et al. [8

&&

] described a recessive model of epi-
static interaction between HLA-B�51 and endoplas-
mic reticulum aminopeptidase (ERAP)1. ERAP1
encodes an enzyme that trims peptides for loading
onto MHC class I molecules in the endoplasmic
reticulum. The Behçet’s syndrome-associated ERAP1
allele encoding p.Asp575Asn and p.Arg725Gln var-
iations is the Hap10 allotype at the protein level [31

&

].
The homozygosity but not heterozygosity, signifi-
cantly increased the risk of Behçet’s syndrome with
uveitis only in HLA-B�51-positive individuals [8

&&

].
Similarly, epistatic interaction has also been shown
between different ERAP 1 allotypes and HLA-B�27 in
ankylosing spondylitis, and HLA-C�06 in psoriasis,
leading to the proposal of a novel concept, ‘MHC-I-
opathy’ [32]. These diseases are also similar in other
susceptibility genes, including the IL-17/23 pathway,
distribution of affected organs, and some therapeutic
approaches [32]. However, ERAP2, which has com-
plementary and partially redundant effects of ERAP1
on the MHC-class I peptidome, also showed a signifi-
cant association with ankylosing spondylitis and
psoriasis but not with Behçet’s syndrome [33,34].
The concept of MHC-I-opathy may be helpful for
understanding the pathogenesis of MHC-class I-asso-
ciated diseases more than in their clinical aspects.
HLA-B�51 PEPTIDOME AND
ENDOPLASMIC RETICULUM
AMINOPEPTIDASE 1 VARIANTS

ERAP1 variants play a critical role in determining
the MHC class I peptidome as trimming activity
depends on the allotypes [31

&

,33,35–37]. Compared
with the other allotypes, the Behçet’s syndrome-
associated Hap10 allotype has poor peptide trim-
ming activity [31

&

], whereas Hap10 is rather protec-
tive for ankylosing spondylitis [38]. Thus, the
impaired peptide trimming activity of ERAP1 is
not necessarily responsible for all MHC-class I-asso-
ciated diseases. Rather, the disease-associated ERAP1
variants may have an advantage for the generation
of disease-promoting peptides or elimination of
protective peptides in the susceptible MHC-class I
peptidomes of each disease.

Before identifying ERAP1 as a Behçet’s syndrome
susceptibility gene, the pathogenic peptides were
explored based on the nature of HLA-B�51-binding
peptides, which are eight or nine amino acids with
Pro and Ala at position 2 and Ile, Val, and Leu at the
C terminal. For example, Yasuoka et al. have shown
that the MICA-derived 9-mer peptide (Ala-Ala-Ala-
1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
Ala-Ala-Ile-Phe-Val-Ile), which are compatible with
typical features of the HLA-B�51-binding peptides,
induced an HLA-B51-restricted CD8þ T-cell
response in patients with Behçet’s syndrome [39].

Recent studies have attempted to determine the
effects of Behçet’s syndrome-associated Hap10 on the
HLA-B51 peptidome using cell lines and in-vitro pep-
tide-priming assays [35,36,40]. These studies have
suggested that the Behçet’s syndrome-associated
Hap10 allotype affects HLA-B�51-binding peptide rep-
ertoires. Guasp et al. [35] have shown that peptides
with Ala at 2 are more sensitive to ERAP1 than those
with Pro at2, the latterof which isnot degraded by any
type of ERAP1 variant. Significant associations were
found between the high activity of the ERAP1 variant
and high-affinity peptides with Pro at 2, and between
low activity of the variant and low affinity peptides
with Ala at 2 in the HLA-B�51peptidome [35]. Thus,
thebalanceofAla-2andPro-2 subpeptidomesdepends
on ERAP1-trimming activity in HLA-B�51-positive cell
lines. In contrast, Chen et al. [40] found that uncon-
ventional non-Pro/Ala-2 peptides were significantly
increased by ERAP1 silencing cells compared with the
controls constituting 20% of HLA-B51-binding pep-
tides. As the Hap10 haplotype is considered to mimic
the loss-of-function of ERPA1, the results suggest that
the non-Pro/Ala-2 subpeptidome expands in HLA-
B�51-positive patients with Behçet’s syndrome with
the susceptibility allotype. These findings suggest that
the disease-associated Hap10 allotype is involved in
the generation and selection of disease protective or
promoting peptides leading to the development of
Behçet’s syndrome. However, neither protective nor
disease-promoting peptides have yet been identified
in Behçet’s syndrome.
ANIMAL MODELS

Several animal models of Behçet’s syndrome have
been proposed but none have been established. To
determine the direct roles of HLA-B�51 molecules,
HLA-B�5101 transgenic mice (C3H/He) were investi-
gated [41]. The transgenic mice did not develop any
Behçet’s syndrome-related symptoms spontane-
ously. However, neutrophils from the mice produced
excessive superoxides in response to formyl-
methionyl-leucyl-phenylalanine, suggesting that cir-
culating neutrophils are already primed to be ready to
respond to stimuli. A similar neutrophil hyperactiv-
ity was shown in HLA-B�51-positive individuals;
however, the mechanism remains unknown. As the
transgenic construct contained a heavychainofHLA-
B�5101 without the coupling molecule, human b2
microglobulin, the mice did not completely repro-
duce the HLA-B51-related molecular structure.
Rather, the lack of Behçet’s syndrome-related
r Health, Inc. www.co-rheumatology.com 7
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manifestations in the HLA-B�51 transgenic mice sup-
ports the notion that genetic and environmental
factors are essential for the development of Behçet’s
et’s syndrome in addition to the HLA-B�51.
CONCLUSION

HLA-B�51 is a hallmark of Behçet’s syndrome. Epi-
demiological, clinical, and genetic studies have
reported the following:
(1)
8

HLA-B�51 is strongly associated with Behçet’s
syndrome worldwide, particularly in the Medi-
terranean basin, Middle Eastern, and Far East
Asian countries.
(2)
 HLA-B�51 is not diagnostic of Behçet’s syn-
drome but affects clinical phenotypes.
(3)
 HLA-B�51 is considered to play a primary role in
thedevelopment ofBehçet’s syndrome, but isnot
a surrogate marker of other susceptible genes.
(4)
 HLA-B�51 has an epigenetic interaction with
ERAP1, which determines the HLA-B�51 pepti-
dome.
Despite extensive studies, the pathogenic roles
of HLA-B�51 in Behçet’s syndrome have not yet
been elucidated.
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www.co-rheumatology.com
3. Sunderkötter CH, Zelger B, Chen K-R, et al. Nomenclature of cutaneous
vasculitis. Arthritis Rheumatol 2018; 70:171–184.

4. Hatemi G, Christensen R, Bang D, et al. 2018 update of the EULAR
recommendations for the management of Behçet’s syndrome. Ann Rheum
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 CURRENT
OPINION Animal models of vasculitis

Lani Shocheta,b and A. Richard Kitchinga,b,c

Purpose of review
Vasculitis describes a wide spectrum of rare, inflammatory, multisystem disorders. These heterogenous
diseases all have inflammation of blood vessels as a central feature. However, they differ in terms of their
genetic and environmental risk factors, disease pathogenesis, clinical presentations and treatment
strategies. Many animal models of vasculitis exist, each resembling a different human clinical phenotype.
This review provides an overview of recently published findings from experimental animal models of
vasculitis.

Recent findings
Several new animal models have been described during the review period. New insights gleaned from
existing animal models regarding cause, disease effector mechanisms and novel treatments identified in
established animal models are discussed.

Summary
Animal models continue to be an important tool for understanding disease pathogenesis, especially in rare
and complex diseases such as vasculitis. They also provide an invaluable platform for development and
preclinical testing of new treatments.

Keywords
animal, autoimmunity, models, translational medical research, vasculitis

INTRODUCTION

Vasculitis describes a group of heterogenous dis-
eases, in which inflammation of blood vessels is
the central feature. Commonly, classification is
based on the calibre of affected vessels [1]. The risk
factors, cause and pathophysiology of these diseases
is diverse, complex and multifactorial. Animal mod-
els of these diseases can play a crucial role in enhanc-
ing our understanding of the disease processes, as
well as developing and testing new therapies for
translation into clinical practice.

Some forms of vasculitis, including Kawasaki
disease (KD) and antineutrophil circulating anti-
body (ANCA)-associated vasculitis (AAV), have more
than one animal model in use. Although using
multiple models of the same condition may seem
redundant, no single model can comprehensively
recapitulate human disease. Some models are more
useful for understanding risk factors for disease
development including autoimmunity, some allow
for better appreciation of different aspects of effector
mechanisms, and some lend themselves to develop-
ment and testing of new treatments. This review will
consider recent advances in our understanding of
different forms of vasculitis that have been gleaned
from animal models, focusing on the literature in
2020 and 2021.

GIANT CELL ARTERITIS

Giant cell arteritis (GCA) is one of the more com-
mon forms of large vessel vasculitis, causing granu-
lomatous inflammation and luminal narrowing of
the aorta and its branches. In severe cases, this can
lead to ischaemic vascular complications, including
blindness, meaning that early diagnosis and treat-
ment are important. A new model of GCA has been
established in which a segment of temporal artery
from a patient with GCA is implanted into the
anterior wall of the abdominal aorta in BALB/c
nude mice. Vascular inflammation and luminal
narrowing ensue, which can be detected by colour
duplex ultrasound, and computerized tomography
enhanced with a nanoparticle agent. Histological
assessment of the tissue confirmed enhanced levels
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KEY POINTS

� Vasculitis is a group of heterogenous rare diseases,
which share the central feature of inflammation of
blood vessels.

� Experiments using animal models of different forms of
vasculitis continue to provide invaluable information
with regards to disease cause and pathogenesis.

� No single model is able to entirely recapitulate human
disease; some forms of vasculitis have multiple animal
models in experimental use.

� Animal models provide an important preclinical
platform for development of new treatments.

Animal models of vasculitis Shochet and Kitching
of interleukin (IL)-6 and STAT3, and was consistent
with vascular injury [2

&

]. Although technically dif-
ficult, the model allows for further investigation of
radiological assessment of vascular lesions, that in
itself may further lessen reliance on invasive tem-
poral artery biopsy in humans, streamline diagnosis
of noncranial involvement and assist in monitoring
the effects of treatment.
KAWASAKI DISEASE

Kawasaki disease is a medium vessel vasculitis of
unknown cause. It predominantly affects young chil-
dren, and is the leading cause of acquired heart
disease in children in developed countries. Clinically,
Kawasaki disease presents many challenges. As no
diagnostic biomarker is available, Kawasaki disease
remains a disease defined by the clinical criteria;
biomarkers may allow for more prompt and accurate
diagnosis, as well as risk stratification of adverse out-
comes, and treatment personalized accordingly.
First-line treatment is with intravenous immuno-
globulin (IVIG), but a better understanding of the
pathophysiologyofdisease would facilitate the devel-
opment of more targeted and effective treatments.
Lactobacillus casei cell wall extract induced
vasculitis

Intraperitoneal injection of group B Lactobacillus
casei cell wall extracts (LCWE) in mice induces
mononuclear cell-mediated necrotising coronary
arteritis and later myofibroblast proliferation,
resembling human disease [3]. Despite development
of antibodies to LCWE in the mice, antibody titre
does not correlate with disease development.

Following the identification of high levels of IL-
1b in patients with Kawasaki disease, and genetic
variations in IL-1b patient groups [4

&&

], the role of
 Copyright © 2021 Wolters Kluwe
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IL-1b has been extensively investigated in the LCWE
model. Coronary vasculitis, myocarditis and aortitis
can all be prevented in LCWE-induced disease by
pretreatment with the IL-1 receptor antagonist ana-
kinra [5–7]. As well as recapitulating the histological
changes of Kawasaki disease in mice, LCWE-induced
disease also causes electrophysiological changes,
detected by electrocardiogram, which are prevented
by IL-1 signalling blockade [8

&

]. The mechanism of IL-
1 mediated damage is not yet known. Although IL-1
blockade reduced IL-6 and STAT3 serum levels, inhi-
bition of either IL-6 or STAT3 did not in itself attenu-
ate disease [9

&

]. Understanding the role of IL-1 via
mouse modelshas stimulated interest in IL-1 receptor
antagonism as a treatment strategy in humans, par-
ticular in IVIG-resistant Kawasaki disease [10

&&

].
Although the involvement of immune cells in

Kawasaki disease is well appreciated, the interac-
tions between these cells and the cells of the affected
vessels remain unclear. Vascular smooth muscle
cells (VSMCs) have been identified as important
effector cells in vascular damage. Intriguingly, these
cells are able to dedifferentiate and phenotype-
switch, allowing them to act as inflammatory cells
(reviewed by Sorokin et al. [11

&

]). Apoptosis of coro-
nary artery smooth muscle cells, with associated
increased serum levels of pro-apoptotic markers
p53, p21 and caspase-3, predicts the development
of coronary artery lesions [12

&&

]. miR-223 can be
transferred to VSMCs from activated platelets, play-
ing a role in vascular healing, partly mediated by
downregulation of platelet-derived growth factor
receptor b (PDGFb) within VSMCs [13

&&

]. This is
in interesting contrast to the pro-apoptotic effects
of miR-223 on endothelial cells. Mice genetically
deficient in miR-223 had more severe cardiovascular
lesions compared with wild-type mice, along with
enhanced NLRP3 inflammasome activity and IL-1b

production, suggesting a role for miR-223 in modu-
lation of the innate immune system [14

&

].
The long-term sequelae of Kawasaki disease, in

particular coronary artery stenosis, can also be reli-
ably observed in a modified version of the LCWE
model [15

&&

]. In an extended version of the model,
in which mice are observed for 28 days after LCWE
injection, mice develop features of chronicity such
as luminal stenosis due to intimal thickening. VSMC
phenotype switching to a proliferative cell with
elastic degradation was observed to be a crucial part
in the coronary artery intimal thickening.
Candida albicans water-soluble fraction-
induced vasculitis

Coronary arteritis and vasculitis within the aortic
root can be induced in DBA/2 mice after five daily
r Health, Inc. All rights reserved.
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intraperitoneal injections of Candida albicans water-
soluble fraction (CAWS), initially found in the fae-
ces of a patient with Kawasaki disease [16]. Innate
immune cells are activated by recognition of a-
mannan in CAWS by dectin-2 on myeloid cells
[17

&

]. This model may provide some insight into
the cause of Kawasaki disease, as an infective cause
or triggers have been postulated.

As in the LCWE model, CAWS-induced vasculi-
tis is IL-1 dependent, and bone marrow derived
dendritic cells are an important source of NLRP3
inflammasome-dependant IL-1b production [18

&&

].
Through their inhibitory effects on pro-inflamma-
tory cytokine production, administration of adipose
tissue-derived stem cells reduced CAWS-induced
vasculitis and improved survival, providing an excit-
ing potential treatment for Kawasaki disease [19

&

].
FK565-induced vasculitis

The most recently described animal model of Kawa-
saki disease involves administration of FK565, a
ligand for NOD1, to mice. NOD1, a pattern-recog-
nition receptor of the innate immune system, is
present in cardiac endothelial cells, and FK565 acti-
vates inflammatory signalling pathways, resulting
in vascular inflammation and injury [20].

The main findings from animal models pub-
lished during the review period are summarized in
Fig. 1. The available animal models of Kawasaki
disease do not explicitly focus on the cause of the
disease. Furthermore, as in many models ofvasculitis,
 Copyright © 2021 Wolters Kluwer H
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Kawasaki disease models largely resemble the acute
phase of human disease, rather than the long-term
sequelae, which in Kawasaki disease may include
coronary stenosis, with subsequent myocardial
ischaemia and infarction.
ANTINEUTROPHIL CIRCULATING
ANTIBODY ASSOCIATED VASCULITIS

AAV is a rare small vessel vasculitis, predominantly
affecting the lungs and kidneys (reviewed by Kitch-
ing et al. [21

&

]). Two neutrophil antigens are relevant
to clinical practice, myeloperoxidase (MPO) and
proteinase 3 (PR3). AAV is a complex disease involv-
ing multiple arms of the immune system: loss of
tolerance to MPO/PR3, development of ANCA spe-
cific to either MPO or PR3, recognition of neutrophil
antigens by ANCA on neutrophils, neutrophil acti-
vation and migration to vulnerable vascular beds, T
cell autoantigen recognition at sites of inflamma-
tion and finally vascular damage that can lead to loss
of organ and tissue function. The multiple partic-
ipants in injury studied in animal models include
complement activation, innate immune cells and
antigen-specific T cells. The three syndromic pre-
sentations of AAV have different relationships to
MPO and PR3-ANCA (reviewed in Kitching et al.
[21

&

]). Granulomatosis with polyangiitis (GPA) is
associated with PR3-ANCA, microscopic polyangii-
tis (MPA) with MPO-ANCA, while up to 40% of
patients with eosinophilic granulomatosis with pol-
yangiitis (EGPA) have detectable ANCA, which are
ealth, Inc. All rights reserved.
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directed at MPO in the majority of patients. The
presence of ANCA in EGPA drives a more vasculitic
phenotype, compared with ANCA-negative patients
[22

&&

].

MPO-AAV
There are multiple models of MPO-AAV, each pro-
viding unique insights into disease pathogenesis.
Passive transfer of anti-MPO antibodies, raised in
mice deficient in MPO, are able to induce glomeru-
lonephritis (GN) in mice [23]. These findings are still
seen in Rag2-/- mice (lacking T and B lymphocytes),
but not after neutrophil depletion [24]. In another
model, MPO intact bone marrow is transferred to
irradiated MPO-immunized Mpo-/- mice [25].
Although these models are not helpful for exploring
loss of tolerance, they have provided invaluable
information both as to pathogenicity of ANCA
themselves and ANCA-mediated effector responses
in AAV. The passive transfer model also established
preclinical data on the efficacy of avacopan, an oral
C5aR inhibitor, leading to positive phase II and III
clinical trials of this agent in humans [26

&&

].
Several active models of anti-MPO autoimmu-

nity and disease induction have been established.
Wild-type mice are immunized twice with MPO in
adjuvant and nephritis is triggered by a subneph-
ritogenic dose of sheep antimouse antiglomerular
basement membrane (GBM) antibodies. This trig-
gering event allows T cell recognition of MPO in
glomeruli, with mice developing albuminuria and
glomerular injury [27]. This model is T-cell
 Copyright © 2021 Wolters Kluwe
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mediated and MPO dependent. In another active
model of autoimmunity, GN-susceptible Wistar-
Kyoto (WKY) rats lose tolerance to MPO after immu-
nization with MPO in adjuvant [28]. Although AAV
can occur without further triggers, vasculitis, man-
ifesting as both renal injury and pulmonary hae-
morrhage, can be triggered by a sub-nephritic dose
of anti-GBM antibodies in a similar manner to mice
[29

&

,30
&

].
A further model more generally reflects severe

nephritis, though does not involve the key features
of AAV such as autoimmunity and cellular responses
to ANCA antigens. Nephrotoxic serum nephritis, or
autologous phase ‘anti-GBM’ GN, reliably causes
severe disease in mice after administration of heter-
ologous anti-GBM antibodies to naive mice, with
subsequent development of an immune response to
the foreign heterologous antibodies [31].

Figure 2 illustrates some of the recently pub-
lished findings from animal models of ANCA-
associated vasculitis, discussed as follows [32

&

–37
&

,
38

&&

].
AAV is much more common in older people,

with age being a risk factor for more severe disease.
In active autoimmunity, in contrast to diminished
immune responses to a model foreign antigen, aged
mice developed heightened T cell autoimmunity to
MPO, with more severe disease [32

&

]. These findings
were likely mediated by enhanced T-cell mediated
injury, as well as enhanced susceptibility of older
kidneys to damage, and potentially innate effectors
as previously described [39].
r Health, Inc. All rights reserved.
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Considering the key role played by neutrophils
in AAV, much research has recently focused on the
neutrophil itself. Neutrophil activation by ANCA,
partly mediated by Fc receptors, initiates the spleen
tyrosine kinase (SYK) signalling pathways. Defi-
ciency or inhibition of SYK impairs neutrophil func-
tion, and this approach has shown promise in
animal models of other forms of GN. The potential
benefits of this in the setting of AAV were considered
in experimental GN in the WKY rat strain, in which
fostamatinib, a small molecule kinase inhibitor with
selectivity for SYK, successfully treated established
nephritis [33

&

]. This beneficial effect was maintained
even when GN was augmented by a subnephrito-
genic dose of anti-GBM antibodies [29

&

]. Although
higher serum and urine levels of neutrophil gelati-
nase-associated lipocalin (NGAL) are recognized in
many forms of kidney injury, the role that NGAL
plays in AAV, if any, was unknown. Release of NGAL
by neutrophils plays a protective role against vascu-
lar injury, and was shown to downregulate Th17 T
cell immunity in a bone marrow transfer model
[35

&

]. Another neutrophil product, myeloperoxi-
dase, as well as serving as an autoantigen in AAV,
may also be directly involved in glomerular injury,
through neutrophil extracellular trap formation and
generation of reactive oxygen species. After showing
promise in other animal models, inhibition of MPO
with the inhibitor AZM198 was shown to reduce
renal damage in an accelerated model of nephro-
toxic nephritis [34

&

].
After ANCA-mediated neutrophil activation,

neutrophils migrate to vulnerable vascular beds
and adhere to the microvascular endothelium. Bra-
dykinin receptor 1 (B1R) expression on neutrophil-
derived microvesicles is upregulated in inflamma-
tory states, including AAV, and is engaged by the
active metabolite of bradykinin. These microvesicles
can then transfer bradykinin to endothelial surfaces,
upregulating neutrophil chemotaxis and integrin-
mediated neutrophil interaction with the endothe-
lial cell. MPO-immunized irradiated Mpo-/- mice who
were also deficient in the B1R, or who were treated
with B1R blockade, were protected from disease after
transfer of wild-type bone marrow [36

&

].
Rituximab is now commonly used in manage-

ment of AAV, though its mechanism of action is not
entirely defined. Although it successfully deletes B
cells and subsequently causes reduction in ANCA
titre, studies have noted that attainment of clinical
remission is not correlated with the effect on ANCA
[40]. In the ANCA-independent active T cell animal
model of AAV, an anti-CD20 mAb-induced expan-
sion of MPO-specific regulatory T cells, both reduc-
ing cell-mediated anti-MPO responses and renal
injury [37

&

].
 Copyright © 2021 Wolters Kluwer H
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PR3-AAV

In contrast to MPO-AAV, no tractable models of PR3-
AAV currently exist, although some murine studies
suggest broadly similar mechanisms operate in PR3-
AAVas in MPO-AAV[41]. Thereare several challenges
in establishing rodent models characterized by auto-
immunity to PR3, including limited homology
between mouse and human PR3, and limited expres-
sion of PR3 on the surface of mouse neutrophils. Due
to these challenges, no research from animal models
of PR3-AAV has been recently published.
Eosinophilic granulomatosis with polyangiitis

EGPA is an eosinophilic autoimmune disease, char-
acterized by asthma, and eosinophilic and granulo-
matous tissue infiltration, often with the presence of
vasculitis [21

&

,42]. Its pathogenicity is less well
understood than that of GPA and MPA. The promi-
nent eosinophilia in EGPA, with or without the
presence of MPO-ANCA, differentiates it from other
forms of AAV. IL-5 is crucial in the proliferation and
maturation of eosinophils, and recent clinical data
supports the use of IL-5 blockade in treatment [43].

Given the distinct disease processes in EGPA, a
relevant animal model is crucial in advancing our
understanding of this disease. Kotas et al. [38

&&

] have
described a mouse model of EGPA, using IL-5 trans-
genic mice injected with IL-33. IL-5 transgenic mice
develop eosinophilia and eosinophilic infiltration
in tissues, but do not develop vasculitis. IL-33 has
previously been observed to activate tissue-resident
type 2 innate lymphoid cells (ILC2 s), a major source
of IL-5 and therefore an important controller of
tissue eosinophil accumulation. Treatment of IL-5
transgenic mice with IL-33 caused upregulation of
pulmonary ILC2 s and pulmonary eosinophilic infil-
tration and vasculitis, mediated by IL-13 through IL-
4Ra signalling. This model has the potential to
explore progression from the hypereosinophilic
phase of EGPA to the more severe vasculitic phase,
and to identify cytokines and immune cell signa-
tures which may signal which patients are at risk for
disease progression.
IMMUNE COMPLEX SMALL VESSEL
VASCULITIS INCLUDING HENOCH-
SCHÖNLEIN PURPURA/IgA VASCULITIS,
CRYOGLOBULINAEMIC VASCULITIS,
HYPOCOMPLEMENTAEMIC URTICARIAL
VASCULITIS (Anti-C1q VASCULITIS)

The reverse passive Arthus (RPA) reaction is the
classic animal model of immune-complex mediated
cutaneous vasculitis. Animals are administered anti-
gen, often ovalbumin, with then an excess of the
ealth, Inc. All rights reserved.
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corresponding antibody injected into the skin. The
resultant immune complexes elicit a rapid inflamma-
tory response in the skin, variably mediated by Fc
receptors on cells and complement activation. Bru-
ton tyrosine kinase (BTK) is essential for Fc receptor
signalling pathways within myeloid immune cells
and B cells, and BTK inhibition has been investigated
in multiple animal models of autoimmunity.
Recently, a topical BTK inhibitor was shown to
diminish the RPA reaction in Sprague-Dawley rats,
with minimal systemic effects [44

&

]. High mobility
group box 1 (HMGB1) is a proinflammatory cytokine
released by stressed cells that can promote autoim-
mune disease. HMGB1 is increased in patients with
IgA vasculitis, and HMGB1 blockade was able to
attenuate vasculitis in mice after induction of the
RPAreaction throughreduced infiltration of immune
cells [45

&

]. Mice genetically deficient in IL-10 devel-
oped more oedema, confirming the anti-inflamma-
tory role of IL-10 in this animal model, possibly
through reduced neutrophil migration and inflam-
matory cytokine generation [46

&

].
BEHCET’S DISEASE

Behcet’s disease is a chronic vasculitis, predomi-
nantly causing recurrent aphthous oral ulcers, geni-
tal lesions and uveitis. It is unique among the
vasculitides, as it may affect all calibre and type of
blood vessels. Although the cause is unknown, both
genetic and environmental risk factors are likely to
be important, given the very strong influence of
geographical location on incidence, along with
the known genetic susceptibility and infectious
exposures (reviewed by Greco et al. [47]).

Herpes simplex virus (HSV) has been found in
ocular fluid, saliva, blood and skin lesions of Beh-
cet’s disease patients. Although HSV infection has
not in itself been proven to be a cause of Behcet’s
disease, an HSV-induced mouse model of Behcet’s
disease has been developed that implies a link
between the two conditions. HSV-1 inoculation of
scratched earlobes of Institute of Cancer Research
(ICR) mice produces signs similar to Behcet’s disease
in humans [48], which respond to immunosuppres-
sive treatments. Although experimental Behcet’s
disease development can be affected by genetic
differences between mouse strains, it is also modu-
lated by noise stress and microbiological exposures
[49

&

], potentially providing further insights into the
cause of human disease.
CONCLUSION

Animal models of disease are an invaluable research
tool, often serving as an important platform for
 Copyright © 2021 Wolters Kluwe
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development of new treatments. However, they
have significant limitations. Currently, a significant
gap still exists between animal models and their
human disease counterparts. In models of autoim-
munity, inter-species differences exist at each level
of disease pathogenesis, that is the autoantigen
itself, its presentation by antigen presenting cells
within the major histocompatibility complex, anti-
gen recognition and then effector mechanisms.
Models of vasculitis are technically challenging,
and standardizing reagents and publishing detailed
experimental protocols may be helpful for the
advancement of the field. Furthermore, it may be
important to use more than one disease model to
understand the pathogenesis of disease and to test
potential new therapies.

To overcome these limitations in animal
models, humanized mice are being more exten-
sively used. Animals with humanized immune sys-
tems continue to be developed, either through
engraftment of human immune cells or tissue into
immunodeficient mice or transgenesis of human
immune genes. This will help to enhance the trans-
latability of results from animal models of human
diseases, and potentially streamline the process
of development of more targeted and effective
therapies.
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 CURRENT
OPINION Takayasu arteritis

Sinem Nihal Esatoglua and Gulen Hatemib

Purpose of review
The purpose of this review is to summarize the recent advances in Takayasu arteritis (TAK), mainly focusing
on pathogenesis, imaging modalities, and management.

Recent findings
Three novel clusters based on angiographic findings were identified in the Indian cohort and replicated in
the North American cohorts. Different new imaging modalities have been tried in the assessment of arterial
inflammation with promising results. There is more evidence on the long-term use of tocilizumab, but
relapses are common. In light of the recent findings on the pathogenesis of TAK, Janus kinase inhibitors
seem to be promising.

Summary
Improvement in imaging modalities and in our understanding of the disease pathogenesis will allow us to
better assess the disease activity and identify effective therapeutic agents.

Keywords
biomarker, imaging modalities, large vessel vasculitis, management, Takayasu arteritis

INTRODUCTION

Takayasu arteritis (TAK) is a large-vessel vasculitis
affecting mainly the aorta and its major branches
[1]. It is a rare disease with an incidence rate of 1.11
per million person-years (95% confidence interval,
CI 0.70–1.76) [2]. TAK shows a female predomi-
nance; however, there is a striking variation
between cohorts in the reported female to male
ratios varying from 1.6 : 1 to 8.4 : 1 [3

&

]. Clinical
symptoms are generally nonspecific and vary
depending on the affected vessels. Diagnosis mainly
relies on imaging. Management includes glucocor-
ticoids in addition to conventional synthetic disease
modifying agents (csDMARDs) or biologic disease
modifying agents (bDMARDs), as well as surgical or
endovascular interventions when necessary [4,5]. In
this review, we summarize recent developments in
pathogenesis, imaging modalities as well as advan-
ces in the treatment of TAK.

GENETICS

HLA-B�52 :0 allele is the first identified and strongest
genetic risk factor for the development of TAK. The
recent genome-wide association study among five
diverse populations have contributed to our under-
standing of genetic susceptibility for TAK and added
novel human leukocyte antigen (HLA) variants and
four non-HLA susceptibility loci including VPS8,

SVEP1, CFL2, and chr13q2 [6
&&

]. PTK2B, IL12B, in
addition to an intergenic locus on chr21q22 extended
these associations to diverse populations. IL12B is also
known to be associated with inflammatory bowel
disease (IBD) and psoriasis, PTK2B with IBD, and
chr21q22 with IBD and ankylosing spondylitis. These
findings may explain why IBD has been the most
common reported associated inflammatory disease
in TAK. Recent surveys have additionally shown an
association between sacroiliitis and TAK [7,8].

A NOVEL ANGIOGRAPHY-BASED
CLASSIFICATION SYSTEM

The most commonly used angiographic classifica-
tion systems, the Lupi-Herrera and Numano sys-
tems, were developed without the use of data-
driven methods and have a limited ability in dif-
ferentiating or representing subgroups and
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KEY POINTS

� Genome-wide association studies provide considerable
insight into the pathogenesis of TAK and its
associations with other inflammatory diseases.

� The novel autoantibodies need to be verified in large-
sample studies.

� Whether the novel angiography-based classification
system provides information on prognosis should be
studied in different cohorts.

� New disease activity scoring methods are required that
include clinical symptoms and inflammatory markers
together with imaging modalities.

� Beyond tumor necrosis factor alpha inhibitors and
tocilizumab, Janus kinase inhibitors may be a new
therapeutic agent in the management of TAK.

Takayasu arteritis Esatoglu and Hatemi
provide limited prognostic information. A novel
angiography-based classification system was cre-
ated using data-driven methods [9

&&

]. The cluster
analysis of a large patient cohort from India iden-
tified three clusters and then the cluster analysis
was replicated in three independent cohorts from
North America. The first cluster was characterized
by the highest frequency of abdominal artery
involvement. These patients are more likely to
have hypertension, lower limb claudication,
mesenteric ischemia, and childhood onset of dis-
ease. The second cluster was defined by the highest
frequency of involvement of the branches of the
aortic arch. These patients are more likely to have a
history of carotidynia, stroke, upper limb claudi-
cation, lightheadedness, and are less likely to have
a sustained clinical response. Finally, in the third
cluster, patients have an asymmetric arterial
involvement and focal disease with a lower num-
ber of involved arteries and are less likely to have
arterial occlusions. Original cluster allocations
remained robust among 91/92 patients after a
median of more than 3 years.
AUTOANTIBODIES

Autoantibody testing is a cornerstone in the diag-
nosis, classification, management, and the predic-
tion of prognosis in autoimmune rheumatic
diseases. Although several serum antibodies have
been detected, there are no specific autoantibodies
useful in the diagnosis of TAK. Wen and colleagues
identified novel serological autoantibodies using
the human proteome (HuProt) microarray system
[10

&

]. In the discovery phase, the HuProt arrays were
surveyed with a smaller cohort of 40 patients with
 Copyright © 2021 Wolters Kluwe
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TAK, 15 patients with autoimmune diseases and 20
healthy subjects. In the verification phase, TAK-
focused arrays were surveyed with a larger cohort
of 109 patients with TAK, 110 patients with autoim-
mune diseases, and 96 healthy subjects to validate
candidate autoantigens associated with TAK. As a
result, eight autoantigens, including SPATA7,
QDPR, SLC25A2, PRH2, DIXDC1, IL17RB ZFAND4,
and NOLC1, were confirmed as a new panel of
biomarkers. The decision tree model yielded the
highest diagnostic value with the area under the
receiver operating characteristic curve of 0.843, a
sensitivity of 68.9% and a specificity of 94.2%.
Moreover, Western blot analysis confirmed the pres-
ence of autoantibodies against SPATA7, QDPR, and
PRH2 in three patients with TAK. However, the
relatively low sensitivity of the decision tree model
and the absence of patients with giant cell arteritis
(GCA) among the diseased controls were the limi-
tations of this study.

In another study, Mutoh and colleagues further
investigated the target cell surface antigens of anti-
endothelial cell antibodies using a retroviral vector
and flow cytometry which can identify membrane
proteins in contrast to proteomics analyses [11].
Two membrane proteins, endothelial protein C
receptor (EPCR) and scavenger receptor class B type
1 (SR-BI) were identified as endothelial autoantigens
in TAK. In the validation phase, 52 patients with
TAK were studied and anti-EPCR and anti-SR-BI
antibodies were detected in 35% and 36.5% of the
patients, respectively. The diseased controls
included patients with GCA, antineutrophil cyto-
plasmic antibody-associated vasculitis, Sjögren’s
syndrome, and systemic lupus erythematosus. The
sensitivity and specificity of the two autoantibodies
were 67% and 98%, respectively. Patients with anti-
EPCR autoantibodies had a significantly higher fre-
quency of ulcerative colitis than patients with anti-
SR-BI antibodies and those without either antibody.
The authors measured anti-EPCR autoantibodies in
35 patients with ulcerative colitis. These antibodies
were also found in 69% of these patients, suggesting
common disease mechanisms in these two condi-
tions as mentioned above. Finally, it will be inter-
esting to study these antibodies in patients with
various forms of spondyloarthritis.
IMAGING MODALITIES

Noninvasive imaging modalities are increasingly
being used to diagnose and monitor the disease.
They include ultrasonography, computed tomogra-
phy angiography, magnetic resonance angiography
(MRA), and 18F-fluorodeoxyglucose-positron emis-
sion tomography (18FDG-PET) (Table 1).
r Health, Inc. All rights reserved.
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Table 1. Summary of the imaging modalities for Takayasu arteritis

Imaging modality Advantages Disadvantages

Conventional angiography Gold standard to show luminal changes such as
narrowing or occlusion of the affected vessels

Invasive
High radiation exposure
Risk of ischemic complications
Not useful for early diagnosis due to its

inability to detect early vasculitic lesions
Inadequate vessel wall assessment
Need for intravenous contrast injection

Ultrasonography Visualization of vessel walls and luminal changes
Useful for early diagnosis
Noninvasive
Widely accessible
Short time requirement
Limited cost
Avoids radiation exposure
No need for intravenous contrast injection

Highly operator dependent
Inability to visualize the thoracic descending

aorta
Inability to show the extent of vascular

involvement at once

Computed tomography angiography Visualization of vessel walls and luminal changes
Useful for early diagnosis
Noninvasive

High radiation exposure
Need for intravenous contrast injection

Magnetic resonance angiography Visualization of vessel walls and luminal changes
Useful for early diagnosis
Noninvasive
Avoids radiation exposure

Poor visualization of calcifications
Need for intravenous contrast injection
Cost

18F-fluorodeoxyglucose-positron
emission tomography/computed
tomography

Combination of anatomical and metabolic imaging
Useful for early diagnosis even before detectable

findings on the other imaging modalities
Noninvasive
Assessment of multiple arteries at once
Useful to exclude malignancies and infections

High radiation exposure
Need for intravenous contrast injection
Cost
Limited availability
Inability to detect intracranial arteries
False positives (atherosclerosis)

Vasculitis syndromes
Ultrasonography

A ‘Takayasu ultrasound index’ was proposed to
assess the disease activity by measuring intima-
media thickness (IMT) of carotid arteries, brachio-
cephalic trunk and aortic arch [12

&

]. Only reliable
IMT measurements were summed and then divided
by the number of included vessels. This index was
found to be significantly higher in patients with
active disease. The authors also created a theoretical
model to classify different stages of inflammation in
the arterial wall of common carotid arteries by com-
bining IMT measurements and the assessment of
carotid wall echogenicity.

Different from conventional Doppler ultraso-
nography, contrast-enhanced ultrasonography
(CEUS) is able to assess vascular wall neovasculari-
zation. Carotid CEUS vascularization grade has been
shown to be correlated with the grade of vascular
inflammation in 18FDG-PET [13] and disease activity
[14]. However, the need for intravenous contrast
injection limits its use. Superb microvascular imag-
ing (SMI) is a novel ultrasound imaging modality
which reveals microvessels as well as arterial wall
neovascularization without the need for a contrast
agent [15]. Recently, SMI was performed both in
 Copyright © 2021 Wolters Kluwer H
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active stage and after remission had been achieved
in 2 case reports and was proposed as a promising
modality to evaluate the disease activity [16,17].
Magnetic resonance imaging

Vessel wall magnetic resonance imaging (MRI) is
increasingly used to differentiate intracranial ath-
erosclerosis from vasculitis [18]. It identifies more
abnormal intracranial vessel segments when added
to MRA [19]. Recently, Kono and colleagues
reported a patient in whom the diagnosis was made
by vessel wall MRI despite the absence of FDG
uptake in carotid arteries on PET [20]. Considering
that either vasculitis or a prior embolization may be
responsible for intracranial stenosis in TAK, this
modality may be promising for the assessment of
inflammatory burden of intracranial involvement
in TAK.

Contrast-enhanced MRA is the recommended
imaging modality in patients with suspected TAK
in that it avoids radiation exposure [21]. However,
the necessity of intravenous gadolinium-based
agents limits its use in pregnant patients, patients
with renal insufficiency and in those allergic to
ealth, Inc. All rights reserved.
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contrast medium. Low b-value diffusion-weighted
imaging (DWI), a noncontrast MRI technique, was
studied as an alternative imaging modality to con-
trast-enhanced MRA in identifying mural inflamma-
tion among 40 patients who underwent b-value
DWI, T2-weighted imaging (T2WI), and delayed
enhancement T1-weighted imaging (DEI). DWI
was found to be noninferior to contrast enhanced
MRA but was superior to T2WI [22

&

].
18F-fluorodeoxyglucose-positron emission
tomography

The assessment of disease activity in TAK is still
challenging. Both the Kerr’s criteria [23] and the
Indian Takayasu Clinical Activity Score [24] are
mainly based on clinical symptoms and physical
findings and lacks imaging evaluation of the ongo-
ing arterial inflammation.

Ma and colleagues have attempted to combine
laboratory and PET/computed tomography evalua-
tion to assess the disease activity [25]. They have
proposed a new model which combined the sum of
mean standardized uptake value in large arteries,
erythrocyte sedimentation rate (ESR) and circulat-
ing interleukin-2 receptor levels. This model had a
superior performance in assessing disease activity
than conventional methods including the Kerr’s
criteria. However, the authors did not compare
the new model with the PET vascular activity score
(PETVAS).

There is no consensus on the preferred scoring
method for PET [26]. Dashora and colleagues have
compared the performance of PETVAS and semi-
quantitative assessment using standardized uptake
values (SUV) and target-to-background ratios rela-
tive to liver/blood activity [27]. Although both arte-
rial FDG uptake scoring methods were useful in
identifying disease activity and the treatment
response, the semi-quantitative method was supe-
rior in discriminating treatment response particu-
larly in patients with severe inflammation. In
another study by Kang including 43 TAK and 52
GCA patients, PETVAS was more accurate than SUV-
max, a semi-quantitative method which is the max-
imal SUV of a region of interest, in the assessment of
inflammatory activity [28].

In large vessel vasculitis, a minimum of 60 min
between intravenous FDG administration and the
start of acquisition has been recommended [26]. On
the contrary, the recommended interval is a mini-
mum of two hours in atherosclerosis studies [29].
Quinn and colleagues have studied 35 TAK and 44
GCA patients with the aim of determining the
impact of imaging acquisition time on interpreta-
tion of disease activity [30]. They found that delayed
 Copyright © 2021 Wolters Kluwe
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imaging by PET/computed tomography can detect a
substantial number of patients in whom PET/MRI
are interpreted as inactive disease at the one-hour
time point.
MANAGEMENT

Both the 2018 update of the European League
Against Rheumatism recommendations and the
2021 American College of Rheumatology /Vasculitis
Foundation guideline for the management of TAK
advise treatment with glucocorticoids and
csDMARDs or bDMARDs [4,5] (Table 2). We sum-
marized here the most recent evidence with leflu-
nomide, tocilizumab and tofacitinib, as well as the
effect of exercise. None of the drugs mentioned in
this manuscript is labeled for TAK.
Exercise

In a randomized controlled study, 294 adult TAK
patients with active disease were assigned to receive
either resistanceexercise training or relaxation control
treatment for 12weeks [31

&

]. During the study period,
a significant decline in the disease activity and signifi-
cant reduction in the levels of ESR, C-reactive protein,
and tumor necrosis factor alpha were observed in the
resistance exercise training group.

In another study, 17 childhood-onset TAK
patients who were in remission were randomized
to home-based exercise intervention or standard of
care to explore the effect of exercise on the arterial
inflammation as assessed by PET/MRI [32]. At the end
of the 12-week study period, the change in the vessel
inflammation did not differ between the groups.
However, there was a significantly lower frequency
of severely inflamed vessels in the home-based
exercise intervention.
Leflunomide

Until 2020, only one center, and only among 15
patients, reported short- and long-term experience
with leflunomide [33,34]. Recently, three compara-
tive observational studies, all from the same Chinese
group, with a relatively large number of patients
have been published. After adjustment for propen-
sity scores, leflunomide was superior to cyclophos-
phamide for remission induction with a lower
adverse event rate in two studies [35,36]. There
was a total of 100 patients in the leflunomide group
and 123 patients in the cyclophosphamide group
and there were highly overlapping patients. In the
third study, leflunomide (n¼40) provided a signifi-
cantly better response rate at month 6 but not at
month 12 compared to that of methotrexate
r Health, Inc. All rights reserved.
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Table 2. 2018 update of the European League Against Rheumatism (EULAR) recommendations and 2021 American College

of Rheumatology (ACR)/Vasculitis Foundation (VF) guideline for the management of Takayasu arteritisa

EULAR recommendations ACR/VF guideline

Remission induction therapy

Initial glucocorticoid therapy Initiate a dose of 40–60 mg/day prednisone-
equivalent

Initiate a dose of 1mg/kg/day up to 80 mg
prednisone-equivalent

csDMARDs/non- glucocorticoid
immunosuppressive agent

Start methotrexate, azathioprine, mycophenolate
mofetil, leflunomide or cyclophosphamideb

Start methotrexate, azathioprine, or a tumor
necrosis factor alpha inhibitor

Treatment of relapse Major relapse: Initiate a glucocorticoid dose of
40–60 mg/day prednisone-equivalent and
consider initiating tumor necrosis factor alpha
inhibitors or tocilizumab

Not stated

Minor relapse: Increase the glucocorticoid dose
to 5–15 mg above the last effective dose and
consider initiating tumor necrosis factor alpha
inhibitors or tocilizumab

Treatment of refractory disease Consider initiating tumor necrosis factor alpha
inhibitors or tocilizumab

Consider switching the initial agent to
another non- glucocorticoid
immunosuppressive agent (methotrexate,
azathioprine, tumor necrosis factor alpha
inhibitors, or tocilizumab)

Tumor necrosis factor alpha inhibitors are
recommended over tocilizumab

Treatment of patients during remission Consider tapering the biologic agent in patients
in remission for at least 6 months and in those
who achieved the individual target
glucocorticoid dose

Consider tapering glucocorticoids in patients
who are in remission for at least 6–12
months

Antiplatelet or anticoagulant therapy Do not routinely use antiplatelet or anticoagulant
therapy unless indicated for other
cardiovascular conditions

Consider adding an antiplatelet therapy in
patients with active disease and critical
cranial or vertebrobasilar involvement

Timing for endovascular or surgical
interventions

Perform either intervention, once remission is
achieved (with the exception of vascular
complications requiring an emergent surgery)

Perform either intervention, once remission is
achieved

csDMARDs, conventional synthetic disease modifying agents.
aThe main difference between two guidelines is that ACR/VP recommends escalating immunosuppressive therapy in patients with a new or progressive
inflammatory vascular lesion on imaging even if the patient is asymptomatic, while in the EULAR recommendations the presence of typical signs or symptoms
attributable to vasculitis is a mandatory criterion for active disease and active disease on imaging is not enough to define an asymptomatic patient as having
active disease.
All of the ACR/VP guideline were graded as conditional recommendations.
bCyclophosphamide should be kept as a last option.

Vasculitis syndromes
(n¼28), and there were less relapses in the lefluno-
mide group [37].

Vascular remodeling and fibrosis are the critical
pathological characteristics of TAK in the chronic
stage and lead to irreversible damage. Dos Santos
and colleagues investigated the macrophage subpo-
pulations in the aorta specimens of TAK patients and
found that M2 macrophages dominated over M1
macrophages [38]. M2 macrophages are also known
to promote tissue fibrosis [39]. After three animal
studies had shown that leflunomide may attenuate
fibrosis in lung, heart, and liver [40–42], Cui and
colleagues assessed the potential role of leflunomide
on the inhibition of vascular fibrosis [43]. They
showed that leflunomide was able to reduce the
number and the function of the M2a macrophages
in vitro, supporting its antifibrotic effects.
 Copyright © 2021 Wolters Kluwer H
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Tocilizumab

In the open-label extension study of the random-
ized, double-blind, placebo-controlled, phase 3
TAKT (Takayasu Arteritis Treated with Tocilizumab),
28 patients were treated with tocilizumab for
96 weeks [44

&&

]. At week 96, 13 (46%) patients
reduced their glucocorticoid dose to<0.1 mg/kg/
day, and the improvement in the patient reported
outcomes maintained over time. Eighteen relapses
were observed in 14 (50%) patients. During the
double blind and open extension periods, 9/36
(25%) severe adverse events occurred, infections
being the most common (7/36, 17%). None of the
infections led to tocilizumab discontinuation.

Wu and colleagues reported their clinical expe-
rience with 37 refractory patients [45]. Among the
23 patients who achieved complete remission at
ealth, Inc. All rights reserved.
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month 6, 14 discontinued tocilizumab. During the
following 6 months, there were more relapses in the
discontinuation group (6/14, 43% vs. 1/9, 11%).
Overall, 11% of the patients had to stop tocilizumab
due to a serious infection.

Tocilizumabwas tried in treatmentnaivepatients
in a prospective study for the first time [46

&

]. Thirteen
patients treated with tocilizumab for 6 months were
followed up for additional 12 months. Eleven
patients achieved complete remission at month 6
and 6 of these discontinued glucocorticoid therapy.
During the follow-up, five had a relapse, two contin-
ued to receive glucocorticoids alone, and 4 remained
free of any treatment. The relapse rate after tocilizu-
mab discontinuation reported in this and the former
study might support the prolonged use of tocilizu-
mab to prevent relapses.
Tofacitinib

In the first observational study of a Janus-kinase
(JAK) inhibitor, tofacitinib (n¼27) was compared
to methotrexate (n¼26) for remission induction
[47

&

]. Tofacitinib led a higher complete remission
rate at months 6 and 12 (23/27, 85% vs. 16/26, 61%,
P¼0.07; 23/26, 88% vs. 13/23, 56%, P¼0.02,
respectively) with a longer median relapse-free dura-
tion and a similar adverse event rate.

The potential promising therapeutic effect of
JAK inhibitors was also supported by the recent
studies on disease mechanisms in TAK. A transcrip-
tome analysis of CD4þ and CD8þ T cells showed a
significantly increased expression of several genes
related to JAK/signal transduction activator of tran-
scription (STAT) pathways, demonstrating that JAK
inhibitors regulated autoinflammatory responses
and restored T cells homeostasis in vitro and in vivo
[48]. Another study found a specific follicular helper
T cell signature which was able to discriminate
patients with TAK from patients with GCA and
healthy subjects [49]. These cells cooperated with
B cells mediated by the JAK/STAT pathway and
ruxolitinib resulted a significant decrease in the
maturation of B cells in vitro.
CONCLUSION

Novel imaging modalities show promise better visu-
alization of the vessel wall and the assessment of
mural inflammation. Although tocilizumab seems
to be effective in the remission induction therapy,
relapses are frequent after its discontinuation and
even during its use. Tofacitinib is a promising agent,
whereas baricitinib may prove to be more effective
by its regulatory action on the JAK3/STAT5
 Copyright © 2021 Wolters Kluwe
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signalling pathway, since tofacitinib inhibits 1–3,
while baricitinib inhibits only the 1–2 pathways.
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 CURRENT
OPINION Updates in cutaneous manifestations of

systemic vasculitis

Amira Elbendarya, Mona R.E. Abdel-Halima, and Gaafar Ragabb

Purpose of review
The main purpose of this review is to present newly reported cutaneous manifestations of systemic
vasculitis, updates in investigations to verify systemic involvement in cases with cutaneous vasculitis and
new therapeutic guidelines. The spectrum of COVID-19-related vasculitis is also covered.

Recent findings
Only a few reports highlighted new cutaneous presentations or associations with some systemic vasculitic
entities. For example, the association of inflammatory disorders with Takayasu arteritis, the importance of
considering Kawasaki disease in febrile children with erythema nodosum, the development of necrotic ulcers
on fingers and toes in Behçet’s disease and the possible presence of polyarteritis nodosa-like pathological
features in vulvar ulcers of Behçet’s disease. New attempts to classify cutaneous manifestations of giant cell
arteritis (GCA) and antineutrophil cytoplasmic antibody-associated vasculitis (AAV) and the diagnostic
investigations for cutaneous vasculitis cases to verify systemic involvement are discussed. Treatment of systemic
vasculitis with cutaneous vasculitis should be tailored according to disease status. A plethora of reports in the
past 2 years focused on the broad spectrum of COVID-19 vasculitic manifestations.

Summary
Although newly reported cutaneous manifestations of systemic vasculitis are relatively uncommon, the
plethora of reports in the past 2 years on COVID-19 vasculitis necessitates the expansion of the
classification of vasculitis associated with probable cause to include severe acute respiratory syndrome
coronavirus-2 (SARS-Cov-2) vasculitis.

Keywords
coronavirus disease 2019, cutaneous manifestations, cutaneous vasculitis, systemic vasculitis

INTRODUCTION

Systemic vasculitis is a complex group of diseases that
presents with heterogeneous manifestations, which
may lead to severe morbidity and mortality. It is
characterized by inflammation of the blood vessels
in different organs. The skin, being the largest organ
in the body, may be involved as a component of a
systemic vasculitis disorder or may be involved as a
skin-limited or skin-dominant expression or variant
of a systemic vasculitis disorder [1].

The widely used and accepted classification of
systemic vasculitis remains to be based on the 2012
revised International Chapel Hill Consensus Confer-
ence Nomenclature of Vasculitides, which is based
on the size of the predominantly affected vessel [2]
(Table 1).

In this review, we focus on the available updates in
the cutaneous manifestations of various entities of
systemic vasculitis, the diagnosis of systemic vasculitis
in cases presenting with cutaneous vasculitis and the
management of cutaneous lesions in this context.

With the emergence of the coronavirus disease-
2019 (COVID-19) pandemic with its protean man-
ifestations, it is expected that the classification of
vasculitis associated with probable cause will
expand to involve severe acute respiratory syn-
drome coronavirus-2 (SARS-Cov-2) vasculitis. A spe-
cial part of this review will cover the spectrum of
cutaneous vasculitis associated with SARS-Cov-
2 infection.

Finally, newly reported associations of skin con-
ditions with systemic vasculitis are discussed.
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KEY POINTS

� Skin biopsy remains the gold standard in cutaneous
vasculitis for diagnosis, classification, and exclusion
of mimickers.

� Verification of systemic involvement requires scrupulous
clinical, laboratory, and radiological investigations.

� Systemic treatment of cutaneous lesions of systemic
vasculitis follows the same principles of management of
the original disease. They are to be tailored according
to disease status: activity, severity, and responsiveness.

Vasculitis syndromes
AVAILABLE UPDATES ON THE
CUTANEOUS MANIFESTATIONS OF
VARIOUS ENTITIES OF SYSTEMIC
VASCULITIS

Takayasu arteritis

In a recent review on a large cohort of Takayasu
arteritis (TA), 37 patients (19%) had an associated
inflammatory disorder and Behçet’s syndrome
occurred in 10 of them (5%). Even in cases without
 Copyright © 2021 Wolters Kluwer H

Table 1. 2012 revised International Chapel Hill Consensus Confe

Large vessel vasculitis (LVV) Takayasu arterit
Giant cell arteri

Medium vessel vasculitis (MVV) Polyarteritis nod
Kawasaki disea

Small vessel vasculitis (SVV) Antineutrophil c
Microscopic po
Eosinophilic gra
Immune comple
Antiglomerular
Cryoglobulinem
IgA vasculitis (H
Hypocompleme

Variable vessel vasculitis (VVV) Behçet’s disease
Cogan’s syndro

Single-organ vasculitis (SOV) Cutaneous leuko
Cutaneous arter
Primary central
Isolated aortitis
Others

Vasculitis associated with systemic disease Lupus vasculitis
Rheumatoid vas
Sarcoid vasculit
Others

Vasculitis associated with probable cause Hepatitis C viru
Hepatitis B virus
Syphilis-associa
Drug-associated
Drug-associated
Cancer-associat
Others

Data from Jennette et al. [2].

26 www.co-rheumatology.com
specific inflammatory diseases, inflammatory cuta-
neous lesions were found in the form of recurrent oral
ulcers (14%), erythema nodosum (12%) and papulo-
pustular lesions (6%) [3

&

]. Also, although rare, asso-
ciations with immunoglobulin A vasculitis (IgAV)
and psoriasis were reported. This makes it prudent
not to exclude possible other coexisting diseases in
this context. Moreover, pyoderma gangrenosum was
reported to precede the diagnosis of TA [4

&

].
Giant cell arteritis

Cutaneous manifestations in giant cell arteritis
(GCA) remain to be uncommon and are rarely
reported to be the presenting sign of the disease.
In their recent review, Prieto-Peña et al. in 2019,
classified the cutaneous manifestations of GCA into
three categories based on their nature: ischemic
mucocutaneous manifestations including scalp,
tongue and lip necrosis; nodules and panniculitis-
like lesions including erythema nodosum-like
lesions; diseases associated with GCA, such as gen-
eralized granuloma annulare and basal cell carci-
noma [5

&

] (Fig. 1a).
ealth, Inc. All rights reserved.

rence Nomenclature of Vasculitides
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FIGURE 1. (a) Lingual necrosis in a case of giant cell arteritis (courtesy of Dr Xavier Puéchal, Department of Internal Medicine,
University of Paris). (b) Severe cutaneous vasculitis marking disease relapse in a case of granulomatosis with polyangiitis
(GPA). (c) Relapsing cryoglobulinemic vasculitis (CV) after sustained viral response. (d) Chilblains in a coronavirus disease
2019 (COVID-19) patient. (e and f) Tender subcutaneous nodules developing following vaccination with AZD1222
(ChAdOx1) COVID-19 vaccine. Histopathological features were consistent with PAN (H&E 100�) (Courtesy of Dr Marwa
Fawzi, Department of Dermatology, Cairo University).
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Kawasaki disease

In 2019, the first case of Kawasaki disease (KD) pre-
senting with erythema nodosum-like lesions was
reported. This was a female child who presented
with fever, congested throat, cervical lymphadenop-
athy and painful erythematous cutaneous nodules
on the lower limbs. A diagnosis of erythema nodo-
sum was made; however, the patient did not
respond to treatment. During routine echocardiog-
raphy for evaluation of fever, medium-sized aneur-
ysms of the left anterior descending coronary artery
were detected and KD was diagnosed. This case
report highlights the importance of considering
KD in the differential diagnosis of refractory ery-
thema nodosum in a febrile child [6

&

].
Antineutrophil cytoplasmic antibody-
associated vasculitis

Cutaneous manifestations of antineutrophil cyto-
plasmic antibody-associated vasculitis (AAV) were
recently reviewed and categorized into specific and
 Copyright © 2021 Wolters Kluwe
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nonspecific manifestations based on their histo-
pathological features. Specific manifestations show
evidence of vasculitis with or without granulomas in
the skin biopsy while nonspecific manifestations
show features of the corresponding clinical entity
or nonspecific perivascular lymphohistiocytic infil-
trate. Specific lesions are almost similar in all three
types of AAV, and they include: palpable purpura/
petechiae, livedo reticularis/racemosa, papules
or nodules on purpuric background, tender subcuta-
neous nodules, hemorrhagic blisters, painful ulcer-
ations (skin necrosis), splinter haemorrhages,
pyoderma gangrenosum-like ulcers, palisaded neu-
trophilic and granulomatous dermatitis, digital/
penile ulcers (or gangrene) and erythema eleva-
tum-like lesions. Nonspecific manifestations are var-
iable, the most common of which are maculopapular
rash and urticaria-like lesions [7].

Skin lesions may mark a disease relapse and the
development of more than one specific lesion in the
same patient have been described in granulomatosis
with polyangiitis (GPA) [8] (Fig. 1b). A case of
r Health, Inc. All rights reserved.
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Vasculitis syndromes
eosinophilic granulomatosis with polyangiitis
(EGPA) and annular erythematous polycyclic
slightly pruritic skin rash was reported. The initial
pulmonary involvement and hypercoagulable state
encountered at presentation have led to an initial
suspicion of COVID-19 infection. However, the
presence of peripheral eosinophilia and eosino-
philic vasculitis in skin biopsy, exceptional in
COVID-19 infection, favoured a final diagnosis of
EGPA [9

&&

].
Immunoglobulin A vasculitis (Henoch–
Schonlein)

Bilateral lower limb swelling, and foul-smelling
wounds was an unusual cutaneous presentation of
immunoglobulin A vasculitis (IgAV) in an elderly
man. He had been treated with antibiotics as cellu-
litis before a skin biopsy revealed a picture consis-
tent with IgA vasculitis [10].
Behçet’s disease

Oral and genital ulcers are the cardinal cutaneous
lesions of Behçet’s disease (BD). An unusual presen-
tation with small necrotic ulcers involving the fin-
gers and toes was recently reported [11]. Also,
multiple vulvar ulcers with pathological features
of polyarteritis nodosa (PAN) were reported in a
BD case [12

&

].
Cogan’s syndrome

Cutaneous manifestations are rare in this syndrome.
A recent report described the development of lichen
planus in all nails a few years after diagnosis of
Cogan syndrome (CS) reflecting their common
immunogenetic backgrounds [13].
Vasculitis associated with autoinflammatory
syndromes

Recurrent episodes of acute hemorrhagic edema of
infancy (a form of leukocytoclastic vasculitis) was
the presenting manifestation of tumor necrosis fac-
tor-receptor associated periodic syndrome (TRAPS)
in a 2.5-year-old boy [14].

A recent article characterized skin lesions occur-
ring in Blau syndrome and reported that vasculitis and
livedoid lesions tend to occur in later stages of the
disease. Granulomas were a consistent histopatholog-
ical finding in all types of skin lesions in this syndrome
and vasculitic lesions showed additionally micro-
scopic features of vasculitis [15]. Propionibacterium
acnes (P. acnes) was detected by immunohistochemis-
try using P. acnes-specific monoclonal antibodies in
 Copyright © 2021 Wolters Kluwer H

28 www.co-rheumatology.com
the cutaneous granulomas of a case with Blau syn-
drome suggesting an etiopathogenic role [16].

Behçet’s disease-like manifestations have been
recently reported in cases with adenosine deaminase
2 (DADA2) deficiency [17]. A 21-year-old man with a
long-standing history of livedo, leg ulcers, and
hyperpigmentation over both legs was finally diag-
nosed as DADA2 when he developed recurrent
ischemic strokes [18]. The manifestations of DADA2
are very variable and can range from mild to fatal
cases [19]. Awareness of this entity, especially in
patients with livedo racemosa or PAN-like cutane-
ous manifestations, and its links with stroke is
important. It is noteworthy that BD is considered
an autoinflammatory disease.
ESTABLISHING THE DIAGNOSIS OF
SYSTEMIC VASCULITIS IN CASES
PRESENTING WITH CUTANEOUS
VASCULITIS

A skin biopsy remains the cardinal step in confirm-
ing the diagnosis of cutaneous vasculitis, specifying
its type (based on evaluation of extravascular fea-
tures and immunofluorescence results) and exclud-
ing potential mimics (mainly infections, reactions
to drugs/therapeutic agents, malignancies, throm-
boembolic and vasculopathic disorders) [20

&

].
Verifying systemic involvement in order to

establish the diagnosis of systemic vasculitis
requires meticulous history taking, thorough clini-
cal examination, extensive laboratory and radiolog-
ical investigations. Although no standard protocol
for such an endeavour is available until now, a
comprehensive summary of how to assess patients
suspected of having systemic vasculitis and how to
identify possible etiologic factors have been recently
provided [21

&&

,22
&&

] (Table 2).
MANAGEMENT OF CUTANEOUS LESIONS
OF SYSTEMIC VASCULITIS

Whether being the presenting manifestation of sys-
temic vasculitis, developing along its course or
marking its relapse, systemic treatment of cases with
cutaneous lesions do not differ from those without
cutaneous lesions and should be tailored according
to disease status: active, severe, nonsevere, in remis-
sion, refractory, or relapsing.

Recent guidelines for the treatment of GCA, TA,
PAN and AAV have been released by the American
College of Rheumatology/Vasculitis Foundation and
published in August 2021 [23

&&

–25
&&

] (Table 3).Direct
antiviral agents (DAAs) have reduced the incidence
of hepatitis C virus-associated cryoglobulinemic
vasculitis [26]. Relapsing cryoglobulinemic vasculitis
ealth, Inc. All rights reserved.
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Table 2. Recommended laboratory and radiological workup to establish a diagnosis of systemic vasculitis in cases presenting

with cutaneous vasculitis and to identify possible etiologic factors

Laboratory investigations CBC with differential
ESR
CRP
ANA
AntidsDNA
Extractable nuclear antigen
p-ANCA, c-ANCA, antiPR3 and antiMPO antibodies
Antiglomerular basement membrane antibody
Antiphospholipid antibodies
Complement levels (CH50, C3, C4)
RF
Lipid profile
Blood sugar
Serum blood urea nitrogen and creatinine
Creatinine clearance
Urine analysis
Urine toxicology screening
24-h urinary protein (if proteinuria is present)
Urine culture test
Urine Bence Jones protein
AST
ALT
GGT
Alkaline phosphatase
Bilirubin
Serum albumin
Prothrombin time
Faecal occult blood in stools
Serum protein electrophoresis with immunofixation
Serum free light chain
Serum cryoglobulins
IgE
LDH
ASO
Tuberculin test and/or TB-IGRA
Parvovirus B-19 serology (IgM and IgG)
Parasitic eggs and larvae in stools (schistosomiasis, strongyloidiasis)
Strongyloidiasis serology
Toxocariasis serology (IgG)
Syphilis serology (or IHC in skin biopsy)
Slit smear test for leprosy (or MZN stain in skin biopsy)
HCV serology
HBV serology
HIV serology
CMV serology
EBV serology
Special fungal serology
Procalcitonin
Blood cultures

Radiological investigations Arterial Doppler
Doppler echocardiography
Chest X-ray or chest CT
Sinus X-ray or sinus CT
PET scan
Angiotomography
MRI angiography and MRI imaging

Others ECG
Electrophysiologic nerve studies
EMG
Nerve biopsy
Muscle biopsy
Colonoscopy and/or upper GIT endoscopy (if active GIT bleeding or suspicion of GIT neoplasia

associated vasculitis is present)

Adapted from Morita et al. [21
&&

] and Hng et al. [22
&&

].
ALT, alanine transaminase; ANA, anti-nuclear antibodies; Anti-dsDNA, anti double stranded deoxyribonucleic acid antibodies; ANCA, anti-neutrophil cytoplasmic
antibodies; ASO, anti-streptolysin O titre; AST, aspartate transaminase; CBC, complete blood count; CT, computed tomography; CMV, Cytomegalovirus;
CRP, C-reactive protein; ECG, electrocardiogram; EMG, electromyogram; ESR, erythrocyte sedimentation rate; EBV, Epstein-Barr virus; GGT, gamma glutamyl
transferase; GIT, gastrointestinal; HCV, hepatitis C virus; HBV, hepatitis B virus; HIV, human immunodeficiency virus; IgE, immunoglobulin E; IGRA, interferon
gamma release assay; IgM, immunoglobulin M; IgG, immunoglobulin G; IHC, immunohistochemistry; LDH, lactate dehydrogenase; MPO, myeloperoxidas;
MRI, magnetic resonance imaging; MZN, modified Ziehl-Neelsen; PET, positron emission tomography; PR3, proteinase 3; RF, rheumatoid factor; TB, tuberculosis.
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Table 3. Lines of treatment of giant cell arteritis, Takayasu

arteritis and antibody-associated vasculitis according to the

most recent 2021 guidelines of the American College of

Rheumatologists/Vasculitis Foundation

Systemic vasculitis entity Lines of treatment

GCA and TA IV pulse glucocorticoids
High-dose oral glucocorticoids
Moderate-dose oral glucocorticoids
Low-dose oral glucocorticoids
Nonglucocorticoids nonbiologic

immunosuppressive therapy
Biologics (Tocilizumab)
Surgical intervention

PAN IV pulse glucocorticoids
High-dose oral glucocorticoids
Moderate-dose oral glucocorticoids
Low-dose oral glucocorticoids
Nonglucocorticoids

immunosuppressive therapy

AAV IV pulse glucocorticoids
High-dose oral glucocorticoids
Remission induction therapy

Methotrexate
Azathioprine
Mycophenolate Mofetil
Cyclophosphamide
Rituximab
Mepolizumab

Remission maintenance therapy
Methotrexate
Azathioprine
Mycophenolate Mofetil
Rituximab
Mepolizumab
Omalizumab

Adapted from Maz et al. [23
&&

], Chung et al. [24
&&

] and Chung et al. [25
&&

].
AAN, antineutrophil cytoplasmic antibody-associated vasculitis; GCA, giant
cell arteritis; PAN, polyarteritis nodosa; TA, Takayasu arteritis.

Vasculitis syndromes
following sustained viral response lends support to its
autoimmune nature [27] (Fig. 1c). For relapsed or
refractory cases, Rituximab might be used as an addi-
tional treatment [28].
NEWLY REPORTED ASSOCIATIONS OF
SKIN CONDITIONS WITH SYSTEMIC
VASCULITIS

Hidradenitis suppurativa is a chronic skin condition
mostly attributed to dysregulated immune mecha-
nisms. It has been reported in association with
several inflammatory disorders, such as pyoderma
gangrenosum, arthritis, familial Mediterranean
fever and inflammatory bowel diseases. Its associa-
tion with systemic vasculitis is rare. In 2019, Alavi
et al. [29] reported five cases of Hidradenitis suppu-
rativa-associated with systemic vasculitis. One case
 Copyright © 2021 Wolters Kluwer H
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was associated with TA, another one with BD and
three with GPA.
THE SPECTRUM OF CUTANEOUS
VASCULITIS IN SEVERE ACUTE
RESPIRATORY SYNDROME
CORONAVIRUS-2 INFECTION
(CORONAVIRUS DISEASE 2019)

Cutaneous manifestations of COVID-19 have been
progressively reported in literature since the emer-
gence of this potentially deadly respiratory virus in
2019. Among these, vasculitic and vasculopathic
lesions are commonly reported reflecting the
immune-inflammatory cascades triggered by this
virus.

Chilblains are among the vasculitic manifesta-
tions of COVID-19 showing equal gender incidence
and tendency to affect mainly young ages (children
and adolescents) without triggering factors. Feet and
distal legs are most involved [30] (Fig. 1d). Hands and
fingers canalso be involved [31

&&

]. They were noted in
patients with less severe disease who usually showed
negative nasopharyngeal PCR and blood serology
and experienced very good outcomes with complete
recovery within a few weeks [31

&&

]. Histopathologi-
cally, two patterns were noted in COVID-19-related
chilblains; a classic chilblains-like pattern with super-
ficial and deep perivascular and perieccrine lympho-
cytic infiltrate associated with lymphocytic vasculitis
and a thrombotic vasculopathy pattern with luminal
thrombosis and no evidence of vasculitis [32]. They
are believed to differ from the hypercoagulable ische-
mic lesions seen in the toes of adults with severe
pulmonary involvement [33].

Cutaneous small vessel vasculitis (CSVV) has
been also reported in COVID-19 patients. It presents
as usual withpalpable purpuric lesions,which may be
exuberant with hemorrhagic vesicles and bullae or as
urticarial plaques with central purpura (urticarial
vasculitis) [34,35]. InfectionwithCOVID-19mayalso
trigger GPA [36] and IgAV [37]. Post vaccination
CSVV was also reported after receiving COVID-19
inactivated viral vaccine and following vaccination
with single-dose Ad26.COV2.S vaccine [38,39]
(Fig. 1e and f). Flares of preexisting vasculitis follow-
ing BNT162b2 mRNA vaccine were also reported [40].

It is noteworthy that petechiae and purpura
in COVID-19 patients do not always mean CSVV
as they may simply represent manifestations of
thrombocytopenia that may develop in these
patients [41]. Cutaneous manifestations of vascular
thrombosis like retiform purpura, ischemic necrosis
and ulcers of fingers and toes and livedo racemosa
were usually encountered in critically ill patients
and were frequently associated with disseminated
ealth, Inc. All rights reserved.
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thromboembolic events, multiorgan failure and
high mortality rate [42

&&

].
The awareness and interest in KD have risen

since the emergence of COVID-19 pandemic. A
severe potentially fatal multisystem inflammatory
syndrome (MIS) with many manifestations mimick-
ing KD has been reported mainly in pediatric pop-
ulations and less frequently in adults as a result of
COVID-19 infection [43]. A potential association
between COVID-19 and KD is suggested and testing
for this possibility is indicated in febrile children
with manifestations suggestive of KD [44].
CONCLUSION

The past 2 years witnessed the emergence, spread
and heavy burden of the COVID-19 pandemic. The
protean manifestations of this disease including
vasculitis added this notorious virus to the list of
causative agents of vasculitis providing further evi-
dence of the intricate link between infection and
autoimmunity. That same period was not marked by
quantum leaps in the field of cutaneous vasculitis
but rather by steady accumulation of observations
and reports to the database of the topic.
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This reference describes a case of Behçet’s disease whose vulvar ulcers showed
pathological features of polyarteritis nodosa.
13. Houriet C, Haneke E. Nail Lichen Planus in a patient with Cogan syndrome:

report of a case and discussion. Case Rep Dermatol 2019; 11:175–179.
14. Heck E, Johnson N, Ramien M. Autoinflammatory disease mimicking acute

hemorrhagic edema of infancy. Pediatr Dermatol 2021; 38:223–225.
15. Poline J, Fogel O, Pajot C, et al., French Society for Rheumatology and

Inflammatory Diseases (SOFREMIP) and the Research Group of Pediatric
Dermatology French Society (GRSFDP). Early-onset granulomatous arthritis,
uveitis and skin rash: characterization of skin involvement in Blau syndrome. J
Eur Acad Dermatol Venereol 2020; 34:340–348.

16. Okazaki F, Wakiguchi H, Korenaga Y, et al. A novel mutation in early-onset
sarcoidosis/Blau syndrome: an association with Propionibacterium acnes.
Pediatr Rheumatol Online J 2021; 19:18.

17. van Well GTJ, Kant B, van Nistelrooij A, et al. Phenotypic variability including
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 CURRENT
OPINION Patient reported outcomes in systemic vasculitis

Helena Crawshawa, Matthew Wellsb, Keziah Austinc, Shalini Janagand, and
Joanna C. Robsond,e

Purpose of review
This review paper evaluates the use of patient reported outcome (PROs) in systemic vasculitis and the
increasing incorporation of these measures in the evaluation of clinical outcomes and healthcare provision.

Recent findings
Generic PROs such as the SF-12, SF-36, EQ-5D have been used to evaluate health-related quality of life
(HRQOL) across the spectrum of vasculitis; including giant cell arteritis, antineutrophil cytoplasmic antibody
(ANCA)-related vasculitis and immunoglobulin A vasculitis (IgA) vasculitis. More recently disease-specific
PROs have been developed including the associated vasculitis (AAV)-PRO and GCA-PRO, whilst further
work is ongoing including a Steroid-PRO.

Summary
Generic and disease-specific PROs are complimentary in nature, but the advent of disease-specific PROs
allows evaluation of the impact of specific symptoms and intervention on patient HRQOL. Following the
COVID-19 pandemic, the advent of increasing virtual work has brought the potential for electronic-PRO
measures to the forefront and is a current area of interest.

Keywords
Behçet’s Disease, giant cell arteritis, patient reported outcome, systemic vasculitis, Takayasu arteritis

INTRODUCTION

The systemic vasculitides are a spectrum of diseases
characterised by inflammation of blood vessel walls
which can involve multiple organs. The Interna-
tional Chapel Hill Consensus Conference developed
a nomenclature system that defines most forms of
vasculitis (see Table 1) [1]. Modern treatments have
meant that outcomes have improved, but long-term
immunosuppression is usually still required [2–4].
The impact of active disease, irreversible damage
and side effects of treatment can all adversely affect
health-related quality of life (HRQoL) [5]. A recent
scoping review by Gill et al. of patients’ experiences
of vasculitis demonstrates this significant impact.
Across the different domains, patients were most
affected physically by fatigue, psychologically by
anxiety, socially by decreased social involvement
and financially by functional decline and decreased
employment [6

&

].
The integration of the patient’s perspective in

the evaluation of healthcare has highlighted that
patients and their clinicians may not always align in
their assessment [7]. Quantitative measurements
such as renal function or biochemical measures of
inflammation, along with clinician completed mea-
sures (including Birmingham Vasculitis Activity

Scale [8] and the Vasculitis Damage Index [9]), have
traditionally been used to measure outcomes.
Whilst these provide a valuable assessment,
patient’s interpretation of their HRQoL can be better
assessed using Patient-reported outcome measures
(PROMs) [10,11].

PATIENT REPORTED OUTCOME
MEASURES

PROMs are self-reported validated questionnaires
completed by patients (often at multiple intervals
e.g. pre and post treatment) that assess the patient’s
perspective of their HRQoL. Patient involvement is
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KEY POINTS

� Patients’ perception of their health and care can be
assessed using Patient Reported Outcome (PRO)
measures; this is a key process in evaluating health-
related quality of life for patients with vasculitis.

� Available evidence suggests that PRO measures can be
useful in identifying gaps between the clinician’s
assessment using traditional quantitative measures and
the lived experience of the patient.

� Generic PROs can be useful when comparing outcomes
across the spectrum of vasculitis, but the advent of
diseasespecific PROs enables more in depth assessment
of specific interventions in vasculitis.

� Areas of interest for future development include the
assessment of steroid treatment with a Steroid-specific
PRO which is currently in development and the
potential use of virtual or e-PROMs assessments.

Vasculitis syndromes
required in the development of PROMs; they may be
either generic, disease specific, symptoms specific or
treatment specific [12]. The Food and Drug Admin-
istration (FDA) and The European Medicines Agency
now recognise PROMs as a measure of treatment
efficacy and can be used to support licensing appli-
cations [13]. Figure 2 summarises the FDA guidelines
for use.

Clinically PROMs are already in use: in the
National Health Service (NHS) in the UK, PROM
data is used as primary outcome data in the evalua-
tion of elective surgery [14]. The use of virtual or
ePROMs increased during the COVID-19 pandemic;
 Copyright © 2021 Wolters Kluwer H

Table 1. The revised International Chapel Hill Consensus Confere

Large vessel vasculitis Giant cell arteritis S

Takayasu arteritis

Medium vessel vasculitides Kawasaki disease

Polyarteritis nodosa (PAN)

ANCA-associated vasculitis
(AAV)

Microscopic polyangiitis (MPA)

Granulomatosis with polyangiitis
(GPA)

Immune complex
vasculitides

Anti-glomerular basement
membrane (Ant-GBM) disease

V

Cryoglobulinemic vasculitis

IgA vasculitis

Hypocomplementemic urticarial
vasculitis (Anti-C1q vasculitis)

Variable vessels
vasculitides (VVV)

Behçet’s disease (BD)

Cogan’s syndrome
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the British Society of Rheumatology have developed
an ePROMS platform to develop, monitor and eval-
uate current care provision within the NHS [15].

PRO data is increasingly used to evaluate health-
care provision which can either utilise patient-
reported experience measures (PREM) or PROM data
(see Fig. 1). PREM data have yet to be widely estab-
lished in systemic vasculitides and this article will
focus predominantly on PROM data.
LARGE VESSEL VASCULITIS

Large vessel vasculitides refer to the conditions that
cause chronic granulomatous inflammation primar-
ily of the aorta and its’ major branches.
GIANT CELL ARTERITIS

Giant cell arteritis (GCA) predominantly affects the
arteries in the head and neck and carries a 20% risk
of visual loss in untreated individuals [16]. High
dose glucocorticoids remain the cornerstone of
treatment, although more recently Tocilizumab
has been recognised as an effective agent [17].
GCA is associated with significant impact on
HRQoL. Patients can be continually affected both
physically and psychologically citing concerns
around treatment side-effects and the persistent
concern of possible visual loss [18].

Generic and symptom specific HRQOL measures
have been used in several clinical trials in GCA.
Stone et. al demonstrated that receiving a combina-
tion of tocilizumab and prednisolone led to an
improvement in SF-36 and FACIT-Fatigue scores
ealth, Inc. All rights reserved.

nce Nomenclature of Vasculitides [1]

ingle organ vasculitides
(SOV)

Cutaneous leukocytoclastic angiitis

Primary central nervous system (CNS)
vasculitis

Isolated aortitis

Lupus vasculitis

Rheumatoid vasculitis

Sarcoid vasculitis

asculitides associated
with probable aetiology

Hepatitis C virus associated
cryoglobulinemic vasculitis

Hepatitis B virus-associated vasculitis

Syphilis-associated vasculitis

Drug-associated immune complex
vasculitis

Cancer-associated vasculitis
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FIGURE 1. Comparing Patient reported outcome measures and patient reported experience measures. AAV PRO, ANCA-
associated vasculitis patient-reported outcome; BD-QoL, The Behçet’s Disease Quality of Life scale; CAHPS, Consumer
Assessment of Healthcare Providers & Systems; CARE, Consultation and Relational Empathy measure; EQ-5D, a standardised
measure of health-related quality of life; GCA PRO, Patient reported outcome for people with giant cell arteritis; PROMIS,
Patient-Reported Outcomes Measurement Information System; SF-12/36, Short Form 12/36.
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compared with those receiving prednisone only.
Moreover, this group recovered by week 52 to a
comparable baseline (and exceeded those values
in 5 domains compared with HRQOL scores seen
in normal populations) [19].

An observational study by Rimland et al. com-
pared (1) generic and symptoms specific PROMs; (2)
physician global assessment (3) CRP/ESR measures;
and (4) imaging outcomes and found that CRP and
PROMs were independently associated with
 Copyright © 2021 Wolters Kluwe

Develop PRO instruments based on concepts that p
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Clearly iden�fy the PRO instrument’s context of use
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Use exis�ng PRO instruments as templates or jump
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Work with other stakeholders to develop and refine
space.

FIGURE 2. FDA draft guidelines in 2009 summarise best practic
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clinically active disease [20
&

]. PROMs can be useful
to provide comparison between different conditions
but can lack specificity. In GCA, generic PROMs
would not acknowledge visual loss, which may limit
their sensitivity. The OMERACT Vasculitis Working
Group recognised the need for a disease-specific
PROM for GCA [21], and this was subsequently
developed by Robson et al. with the recent publica-
tion of the disease-specific PRO for GCA (GCA PRO)
[22

&

]. These identified domains impacting HRQoL:
r Health, Inc. All rights reserved.
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physical symptoms; activity of daily living and func-
tion; participation; psychological impact; and
impact on sense of self and perception of health.
The development and validation of the final GCA
PRO have now been completed in a large-scale
survey of >400 patients in the UK [23].
TAKAYASU ARTERITIS

Takayasu arteritis (TAK) is an idiopathic granuloma-
tous systemic inflammatory disease that affects large
arteries including aorta, its major branches and
pulmonary arteries [24]. Arterial inflammation
being the core feature may result in arterial stenosis
or aneurysmal disease that presents with ischaemic
symptoms of claudication or tissue loss [25].

Patients with TAK tend to have physical limita-
tions and higher levels of anxiety and depression
compared to healthy controls. A recent study showed
high scores in fatigue associated with disease dura-
tion which is not assessed in current disease activity
indices [26]. The lack of a disease-specific PRO for
people with TAK was identified by the OMERACT
Large Vessel Vasculitis Working Group [27]. As part of
their agenda to develop core set of outcomes and
disease-specific outcome measures, recent qualitative
research in the USA and Turkey, found the key areas
of concern to be ’pain and discomfort’, ’fatigue and
low energy levels’ and ’emotional impact’, and these
themes could underpin the development of a disease-
specific PRO for TAK [28].
ANTINEUTROPHIL CYTOPLASMIC
ANTIBODY-ASSOCIATED VASCULITIS

Antineutrophil cytoplasmic antibody (ANCA)-asso-
ciated vasculitis (AAVs) are multisystem disorders
and includes granulomatosis with polyangiitis,
microscopic polyangiitis, and eosinophilic granulo-
matosis with polyangiitis [1]. The clinical spectrum
of AAV is broad but the most commonly affected
systems are the respiratory tract, kidneys, eyes, and
peripheral nerves.

The impact of both symptoms and treatment on
patients’ quality of life can be significant. Many
patients are of working-age at diagnosis and up to
26% of patients report being unable to work and
50% of patients report career progression was
affected following diagnosis [29]. A recent study
in Italy compared patient and physician assessment
of disease; 37% of patients considered to be in
remission by the physician still reported high assess-
ment scores [30]. With improving clinical out-
comes, many patients with AAV will require
chronic disease management and the importance
of quality of life becomes increasingly important. A
 Copyright © 2021 Wolters Kluwer H
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review in 2020 by Monti et al. found that only 41%
of randomised controlled trials of AAV outcomes
included patient reported data [31].

In 2011, the OMERACT Vasculitis working
group highlighted importance of PROs in AAV.
Two forms of PROs, the generic PRO item bank-
Patient Reported Outcome Measurement Informa-
tion System (PROMIS), and the recently developed
disease-specific ANCA Associated Vasculitis Patient
Reported Outcome (AAV-PRO) received endorse-
ment by OMERACT 2017 for use in clinical trials
of AAV [32]. The AAV-PRO has now been translated
into 14 languages and is currently incorporated into
two clinical trials [33

&

,34]. The Italian Vasculitis
Study Group has validated the AAVPRO in 27 par-
ticipants and is currently recruiting for a multi-
centre Italian trial [35].

Patient-reported outcome measures have not
been traditionally used to assess disease activity
in the small vessel immune-complex-mediated vas-
culitides such as immunoglobulin (IgA) vasculitis.
These conditions may cause primary glomerular
disease, and as such routine monitoring tends to
focus on quantitative laboratory measures such as
serum creatinine or urinary protein in addition to
clinician assessment. However, it has more recently
been recognised that these parameters may not
accurately reflect the patient experience in this
cohort. Health-related quality of life in the glomer-
ular diseases has been explored in the recent longi-
tudinal cohort study CureGN, which recruited 1615
adults and children, of which 8% had IgA vasculitis.
HRQOL was assessed using measures selected from
PROMIS, including global health, anxiety, fatigue
and mobility. Overall HRQOL was found to be most
strongly predicted by oedema and overall number
of symptoms, but laboratory measures including
proteinuria did not predict HRQOL in any domain.
This highlights the importance of assessing the
patient experience in small vessel vasculitides as
it could be complex and differ from clinicians per-
spectives. Additionally, PROMs have not tradition-
ally been included in disease registry data for these
patients, but The European Rare Kidney Disease
Registry has also recently been established, to
record epidemiological, clinical, diagnostic and
management data for those with rare kidney dis-
eases, with a future aim of exploring patient out-
comes. In total, 0.9% of the 7607 patient cohort
have IgA vasculitis. Whilst there is therefore much
to learn about the use of PROMs in IgA vasculitis
from research into renal disease, it should be noted
that that the overall insight into health-related
quality of life is skewed towards those with renal
involvement and therefore those likely to have
more severe disease. Further focussed work
ealth, Inc. All rights reserved.
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exploring the use of PROMs in IgA vasculitis is
therefore required.
IgA VASCULITIS

Patient-reported outcome measures have not been
traditionally used to assess disease activity in the
small vessel immune-complex-mediated vasculitides
such as IgA vasculitis. These conditions may cause
primary glomerular disease, and as such routinemon-
itoring tends to focus on quantitative laboratory
measures such as serum creatinine or urinary protein
in addition to clinician assessment [36]. HRQoL in
the glomerular diseases has been explored in the
recent longitudinal cohort study CureGN [37].
HRQOL was assessed using measures selected from
PROMIS, including global health, anxiety, fatigue
and mobility. Overall HRQOL was found to be most
strongly predicted by oedema and overall number of
symptoms, but laboratory measures including pro-
teinuria did not predict HRQOL in any domain. This
highlights the importance of assessing the patient
experience in small vessel vasculitides as it could be
complex and differ from clinicians perspectives.
Additionally, PROMs have not traditionally been
included in disease registry data for these patients,
but The European Rare Kidney Disease Registry has
also recently been established, to record epidemio-
logical, clinical, diagnostic and management data for
those with rare kidney diseases, with a future aim of
exploring patient outcomes [38].

Whilst there is therefore much to learn about
the use of PROMs in IgA vasculitis from research into
renal disease, it should be noted that that the overall
insight into health-related quality of life is skewed
towards those with renal involvement and therefore
those likely to have more severe disease [39,40].
Further focussed work exploring use of PROMs in
IgA vasculitis is therefore required.
BEHÇET’S DISEASE

Behçet’s is a systemic vasculitis characterised by
recurrent oro-genital ulcers with ocular, skin, vascu-
lar and gastric involvement also common [41]. It has
been demonstrated that disease activity compared
with the generic global SF-36 score were signifi-
cantly lower in patients with active disease [42].
The study demonstrated muco-cutaneous active dis-
ease correlated with social functioning (P¼0.001),
emotional disability (P¼0.003) and mental health
(P¼0.001). The OMERACT Vasculitis Working
Group had identified large variability in outcome
measures in Behçet’s syndrome which included
PROM data [43]. In 2004 a disease-specific PRO
was developed in the UK, the Behçet’s Disease
 Copyright © 2021 Wolters Kluwe
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Quality of Life Scale (BD-QoL) [44] using 30 ques-
tions that have also been adapted for use in Korean
and Arabic speaking patients [45].
IMPACT OF GLUCOCORTICOIDS IN
SYSTEMIC VASCULITIDES

Glucocorticoids are the mainstay of treatment, par-
ticularly in the acute phases, of patients with sys-
temic vasculitis. Some aspects are clinician recorded
e.g., impact on diabetes, hypertension and fractures,
whereas other aspects such as the impact on mood
and appearance are more based on patient perspec-
tives. The Glucocorticoid Toxicity Index (GTI) was
developed using ‘1000 minds analysis’ with input
from clinicians working in different medical speci-
alities (e.g., rheumatology, respiratory, gastroenter-
ology). This has resulted in a checklist of items to
report key glucocorticoid adverse effects (the GTI)
which has now been incorporated into clinical trials
within vasculitis [18]. The OMERACT group have
identified that a PRO to capture impact from the
patient perspective is needed and work to develop a
Steroid PRO based on underpinning qualitative
interviews with patients from the UK, USA and
Australia is currently underway [45].
CONCLUSION

The inclusion of PROMs as outcome measures in the
systemic vasculitides enables clinicians to provide
more patient-centred care. It is important to recog-
nise their limitations, as some key measures of active
disease are not necessarily experienced by the
patient (e.g. blood pressure control or presence of
urinary sediment). PROMs should be seen as integral
and complementary to more traditional outcome
measures. As physicians, it is important to recognise
that patients’ perspective are valid assessment tools
in systemic vasculitides. Looking to future develop-
ment, with the increasing provision of virtual
healthcare the use of e-PROMs is an area of interest.
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 CURRENT
OPINION A treat-to-target approach is needed for

Behçet’s syndrome

G€ulen Hatemi a,b

Purpose of review
Treat-to-target (T2T) approach has improved outcomes in chronic diseases. The aim of this review is to
discuss the long-term goals and review the evidence for possible targets that would predict the achievement
of these goals for developing a T2T strategy for Behçet’s syndrome.

Recent findings
There are no trials comparing a tight control strategy to standard care in Behçet’s syndrome but recent
studies suggest better outcomes with earlier use of biologic agents compared with sustained conventional
treatment. Fluorescein angiography may be a reliable tool for assessing remission in uveitis as fluorescein
angiography findings were shown to predict relapses and long-term visual outcome. Good recanalization
on Doppler ultrasonography can be a target for venous involvement as this was the only predictor of
relapse. Fecal calprotectin levels were associated with small intestinal and colonic ulcers and may be used
as a surrogate for remission of gastrointestinal involvement.

Summary
There are several new treatment modalities that are tried for Behçet’s syndrome and ongoing work on
outcome measures for reliable disease assessment. In order to ensure the wise and efficient use of treatment
modalities, development and implementation of T2T strategies are needed through multidisciplinary and
multinational efforts that include patient research partners.

Keywords
Behçet’s syndrome, management, treat to target

INTRODUCTION

Treat-to-target (T2T) strategies have been developed
for several chronic diseases with the aim of improv-
ing the long-term outcome by reaching a short-term
target that would predict the achievement of the
good outcome. The method for monitoring the
predefined target, and the time interval over which
the target would be monitored is determined in T2T
strategies. Moreover, a plan for modification of
treatment should be in place, in case the target
has not been reached. Classical examples of T2T
strategies that have been successfully used are those
developed for chronic conditions including hyper-
tension, diabetes and hyperlipidemia, where the
target is relatively straightforward, such as blood
pressure, serum glycosylated hemoglobin, and lipid
levels. Thresholds were determined for these targets,
that would lead to improved cardiovascular out-
comes in the long-run and to decreased mortality.

In rheumatology, this concept was first intro-
duced for rheumatoid arthritis (RA) [1]. The current
T2T strategy for RA mandates monitoring the patient

for attainment of the target, which is defined as
remission, and treatment modification until the tar-
get is reached, in order to achieve the long-term goal
of preventing damage and preserving health-related
quality of life and function [1,2]. Although the imple-
mentation of T2T strategies have not been ideal in
daily practice, clinical trials have shown improve-
ment in outcome with T2T strategies compared with
routine practice [2]. Following RA, T2T recommen-
dations were developed for other rheumatic diseases
including spondyloarthritis, systemic lupus erythe-
matosus and juvenile idiopathic arthritis [3–6].
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KEY POINTS

� Management of Behçet’s syndrome have improved with
new treatment modalities but a T2T strategy utilizing a
predefined treatment target, attainment of which would
prevent damage and preserve function, and that can
be reliably and feasibly assessed is not yet available.

� Developing a T2T strategy may be challenging for
Behçet’s syndrome because of the heterogeneity of
clinical manifestations with differences in course and
prognostic importance.

� Remission may be a valid target for Behçet’s syndrome,
similar to other rheumatic conditions. However, the
instruments to assess remission and the frequency for
monitoring may have to be different for each type
of involvement.

� Rapid and sustained remission and prevention of
relapses may be the target for organ involvement,
whereas there may be a level of mucocutaneous
activity that is acceptable for the patient, in order to
avoid treatment-related adverse events.

Vasculitis syndromes
Although strategy trials similar to RA have been
conducted in spondyloarthritis and psoriatic arthri-
tis, the evidence behind T2T strategies for systemic
lupus erythematosus and juvenile idiopathic arthritis
is less robust. Moreover, the 2019 update of the ACR/
SAA/SPARTAN Recommendations for axial spondy-
loarthritis advises against a T2T strategy, which aims
at a specific Ankylosing Spondylitis Disease Activity
Score rather than a treatment strategy based on phy-
sician assessment [7]. Their main concerns when
making this decision were the lack of direct evidence
supporting the association between disease activity
and future radiographic progression, the additional
burden this approach would bring to the patient and
providers, and the possibility of rapid cycling of all
available drugs in some patients. However, they still
recommended quantifying disease activity when
making treatment decisions.

Behçet’s syndrome is a multisystem vasculitis
with relapsing and remitting manifestations that
show variability in frequency and course between
patients. Skin and mucosa manifestations constitut-
ing oral ulcers, genital ulcers, nodular and papulo-
pustular lesions and musculoskeletal manifestations
mainly in the form of lower extremity monoarthritis
or oligoarthritis run a course with frequent relapses
of short duration that usually do not cause perma-
nent damage. Major organ involvement including
uveitis, arterial aneurysms, venous thrombosis,
intestinal ulcers, and parenchymal brain lesions
relapse less frequently but can be organ-threatening
or life-threatening.
 Copyright © 2021 Wolters Kluwer H
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Several new treatment modalities including bio-
logic agents have been studied in patients with
Behçet’s syndrome over the recent years. Although
fewof thesewere randomized controlled trials, results
were promising for the management of refractory
and difficult to treat manifestations of Behçet’s syn-
drome. There has also been work on standardization
of outcomes and outcome measures. Recently a core
set of domains were issued for the assessment of
different manifestations of Behçet’s syndrome and
efforts are ongoing for determining and developing
optimal instruments to evaluate these domains [8

&&

].
The updated EULAR recommendations for the man-
agement of Behçet’s syndrome advise a stepwise
approach for the use of conventional and biologic
agents, depending on type and severity of manifes-
tations and treatment response [9]. However, a T2T
strategy where there is a defined treatment target,
attainment of which would prevent damage and
preserve function that is important to the patient,
and that canbe reliablyand feasibly assessed is notyet
available. This would only be possible through mul-
tidisciplinary, multinational efforts to determine the
optimal targets, how and how often these targets
should be assessed, and how the treatment should
be modified to attain these targets for each type of
organ involvement in Behçet’s syndrome.
CHALLENGES IN DEVELOPING A TREAT-
TO-TARGET STRATEGY FOR BEHÇET’S
SYNDROME

Developing a T2T strategy may be more challenging
for Behçet’s syndrome than it is for some of the other
rheumatic conditions. The currently available T2T
recommendations for different rheumatologic con-
ditions propose remission as their target, and this
is usually assessed using a validated composite mea-
sure [3–6]. Individual remission definitions were not
used for different disease domains, even for diseases
with heterogenous clinical phenotype, such as SLE.

A composite measure may not be the ideal target
for Behçet’s syndrome. In Behçet’s syndrome, the
treatment target needs to be multidimensional as
this is a variable vessel vasculitis that can affect
several organ systems with different course and prog-
nostic importance. The currently available disease
activity measures do not allow an organ-specific
evaluation and is dichotomous for disease activity
in each organ during the last 4 weeks. A mild anterior
uveitis attack is no different from a sight-threatening
posterior attack, in terms of activity score. One may
argue that complete remission would be optimal for
all manifestations but the long-term consequences of
disease activity may be different for each manifesta-
tion. This would necessitate defining different targets
ealth, Inc. All rights reserved.
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for each type of involvement that would be followed
with different frequencies and different levels of
stringency. A tighter T2T strategy may be required
for manifestations, such as uveitis, vascular, and
central nervous system involvement, whereas there
may be a patient acceptable level of disease activity
for skin and mucosa lesions. Targeting remission
with a composite index would mean taking the risk
of adverse events when trying to obtain complete
remission of cutaneous lesions, whereas this may
not always be preferred by the patient.

The instruments and time interval for monito-
rization would also show differences. A patient with
newly diagnosed arterial aneurysm or severe uveitis
would usually be monitored every 2–4 weeks,
whereas once in every 3–6 months may be adequate
for a patient with only mucocutaneous involve-
ment. The regular assessment of an organ that has
never been involved may be unnecessary and not
feasible in Behçet’s syndrome, a vasculitis with
protean manifestations.

Another challenge for Behçet’s syndrome is
that not only remission but also preventing relap-
ses is a target. This is somewhat different from
other rheumatic diseases. It is important to identify
predictors of relapse for each type of involvement
and monitor the patient for these. Depending on
the type of involvement, this may require labora-
tory and imaging modalities in addition to clinical
findings.

The long-term goal would also be different for
different manifestations. It is preventing pain and
functional disability and preserving quality of life
for mucocutaneous and musculoskeletal manifesta-
tions whereas it is preventing damage in uveitis and
venous thrombosis that can result in blindness or
postthrombotic syndrome with chronic venous
ulcers. On the other hand, the drugs that are used
in Behçet’s syndrome to achieve that target may
themselves cause damage, such as infertility and
malignancies with cyclophosphamide and chronic
renal failure with cyclosporine A [10,11].

All of these problems lead to the idea that a
single T2T strategy may not be applicable to all
patients with Behçet’s syndrome and organ-specific
strategies may be needed.
EYE INVOLVEMENT

Uveitis in Behçet’s syndrome is usually a bilateral
nongranulomatous posterior or panuveitis. The
long-term goal in Behçet’s syndrome uveitis is to
preserve vision. Rapid suppression of uveitis attacks,
preventing relapses and treatment of subclinical
inflammation is needed to preserve vision. Although
there are no randomized trials comparing a
 Copyright © 2021 Wolters Kluwe
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tight control strategy to standard care in Behçet’s
syndrome uveitis, a number of studies provide hints
that the former approach may improve the outcome.
A recent study comparing adalimumab in addition to
conventional treatment to conventional treatment
alone as first line treatment showed greater improve-
ment in fluorescein angiography scores, longer remis-
sion duration, less relapses and lower glucocorticoid
dose in theadalimumabwith conventional treatment
group [12

&

].
Regular ophthalmologic examination is crucial

for patients with Behçet’s syndrome uveitis, to
ensure lack of inflammation. BOS24 is an instru-
ment developed for assessing activity of eye involve-
ment in Behçet’s syndrome but it is not widely used
in daily practice. There is evidence that remission on
fluorescein angiography, meaning the absence of
leakage may be a suitable target in Behçet’s syn-
drome patients with uveitis as fluorescein angiogra-
phy findings can predict both relapses and long-
term visual outcome. A recent study showed that
fluorescein angiography leakage in the optic disc
and capillary vessels after infliximab treatment was
strongly associated with uveitis relapses [13

&&

].
Another study showed that arterial narrowing and
severe posterior pole leakage on fluorescein angiog-
raphy were significantly associated with poor visual
outcome in Behçet’s syndrome [14

&&

]. However,
performing fluorescein angiography at all visits
may not be feasible in routine clinical practice.
Moreover, whether activity detected only by fluores-
cein angiography is an indication for step-up treat-
ment needs to be carefully considered.
VASCULAR INVOLVEMENT

Arterial involvement in Behçet’s syndrome is poten-
tially fatal. A rapid remission should be aimed and
patients should be frequently monitored with clini-
cal and laboratory evaluation using acute phase
reactants until remission is obtained. Imaging is also
used for the assessment of remission but may be
difficult to interpret as computed tomography (CT)
findings do not completely resolve in up to 60% of
the patients with arterial aneurysms [15]. Clinical
findings and acute phase reactants are used for
differentiating damage from active disease but tran-
sient elevations of acute phase reactants may be
caused by occasional concomitant skin lesions
and clinical findings are not totally reliable. A resid-
ual mild dyspnea associated with pulmonery artery
thrombosis or occasional minor hemoptysis associ-
ated with secondary bronchial artery enlargement
may occur without active disease [15,16]. Relapses
are relatively less frequent but not easy to predict.
Elevated acute phase reactants and other vascular
r Health, Inc. All rights reserved.
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events, such as deep or superficial vein thrombosis
may be alarming for imminent arterial events. How-
ever, these are not easy to formulate into a standard
instrument/method for monitoring patients with
arterial involvement.

Venous involvement runs a course with recur-
rences that might result in postthrombotic
syndrome, which may be painful and disabling,
especially in case of leg ulcers. So, the long-term
goal should be to prevent the development of post-
thrombotic syndrome. A recent prospective study of
venous involvement showed that lack of good
recanalization was the most important predictor
of relapse [17

&&

]. Thus, recanalization of the throm-
bus may be considered as a surrogate for prevention
of relapses. However, Doppler ultrasonography
would be needed to assess this and it is not clear
whether treatment modification would be required,
if good recanalization has not occurred at a certain
time point.

For both arterial and venous involvement, reg-
ular imaging would be costly, time consuming and
even potentially harmful in case of CT scans. It is
also not clear whether further monitorization with
imaging is necessary, once remission has been
achieved.
NERVOUS SYSTEM INVOLVEMENT

Both parenchymal brain lesions and cerebral sinus
thrombosis are considered within the spectrum of
nervous system involvement in Behçet’s syndrome.
From a T2T point of view, principles applicable to
dural sinus thrombosis may be similar to other
venous thromboses. On the other hand, parenchy-
mal brain lesions may cause severe disability or even
be life-threatening. In order to achieve the long-term
goal of preventing damage and disability, and pre-
serving function, rapid remission without further
relapses is crucial. Patients with parenchymal ner-
vous system involvement may be the most
difficult group for developing a T2T approach. Instru-
ments for evaluating physical and cognitive function
have been used in Behçet’s syndrome patients with
nervous system involvement but differentiating
active disease from damage may be difficult with
clinical findings. Laboratory findings including acute
phase reactants have limited use in disease monitor-
ing. Imaging with cranial magnetic resonance imag-
ing (MRI) and in some cases MR angiography may be
required with frequent intervals to ensure that remis-
sion has been achieved. However, none of these
modalities are helpful in predicting a relapse. A sub-
group of patients have a chronic progressive pheno-
type and this group may even be more challenging
to monitor.
 Copyright © 2021 Wolters Kluwer H
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GASTROINTESTINAL INVOLVEMENT

Gastrointestinal involvement of Behçet’s syndrome
resembles Crohn’s disease in many ways including
clinical and endoscopic findings, and response to
treatment modalities. A recent international initia-
tive identified clinical response as an immediate
target, clinical remission as an intermediate target
and endoscopic healing as a long-term target for
inflammatory bowel diseases [18]. These targets may
also be relevant for gastrointestinal involvement of
Behçet’s syndrome. A meta-analysis of eight studies
on gastrointestinal involvement showed that muco-
sal healing was associated with a decreased risk of
recurrence and need for surgery [19

&

]. However,
regular frequent endoscopies would not be feasible
or desirable for routine care. Recent studies have
shown that fecal calprotectin levels were associated
with both small intestinal lesions and colonic ulcers
in Behçet’s syndrome [20

&&

,21]. Moreover, a nega-
tive fecal calprotectin test was the only significant
predictor of endoscopic remission in multivariate
analysis, justifying its use as a surrogate for remis-
sion [21]. Further studies are required to determine
whether fecal calprotectin can be used as a treat-
ment target for gastrointestinal involvement, and
how often it would need to be monitored.
SKIN, MUCOSA AND JOINT INVOLVEMENT

Skin and mucosa lesions and arthritis relapse fre-
quently, have a substantial impact on the quality of
life, work and social participation. Preserving these
while avoiding treatment-related adverse events
should be the short-term and long-term goal.
Patient-reported outcomes are important in the
assessment of these manifestations and shared deci-
sion-making is crucial when making treatment
modifications. Complete remission is difficult to
obtain even with biologics and newer immunomod-
ulatory agents [22,23]. A low disease activity
state may be a more preferable target than risking
treatment-related adverse events when aiming at
complete remission. However, a definition of low
disease activity is not available for Behçet’s syn-
drome. Determining a ‘patient acceptable symptom
state’ is needed for the optimal management of
patients with skin, mucosa and joint involvement
without organ involvement.
FUTURE PERSPECTIVES FOR DEVELOPING
A TREAT-TO-TARGET STRATEGY FOR
BEHÇET’S SYNDROME

A carefully planned date-driven approach is needed
for developing a T2T strategy for Behçet’s syndrome.
The components of a successful T2T strategy are
ealth, Inc. All rights reserved.
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Table 1. Possible targets and long-term goals for each type of organ involvement in Behçet’s syndrome

Skin, mucosa Arthritis Uveitis Venous Arterial CNS Gastrointestinal

Treatment decision
driving target/s

Function
Quality of life

Function
Quality of life

Remission
Preventing
relapses

Remission
Preventing
relapses

Remission
Preventing
relapses

Remission
Preventing
relapses

Remission
Preventing
relapses

Monitoring
instrument

Number of
lesions?
Pain?
Quality of
life indexes?

Joint count?
Pain?
Quality of
life indexes?

BOS24?
Fluorescein
angiography?

Clinical findings?
Doppler USG?

Clinical findings?
Acute phase
response?
MRI?

Clinical findings?
MRI?

Endoscopy?
Fecal
calprotectin?

Monitoring
interval

3–6 months 3–6 months 2–4 weeks
at onset
3 months

1 month at onset
3 months

2–4 weeks
at onset
3 months

2–4 weeks at onset
3 months

3 months

Organ-specific
goal

Preserving
quality of life

Preserving
function

Preserving visual
acuity

Preventing
postthrombotic
syndrome

Preventing
mortality

Preserving cognitive
and motor function

Preventing
perforation

Overall goal Preventing disease or treatment-related damage; preserving quality of life, work and social participation

CNS, central nervous system; MRI, magnetic resonance imaging; USG, ultrasonography

Treat-to-target approach for Behçet’s syndrome Hatemi
long-term goals that are important to patients, tar-
gets that predict the achievement of these goals,
reliable and feasible instruments to regularly assess
the targets and treatment modalities to ensure the
attainment of the targets.

The multisystem nature of Behçet’s syndrome
requires collaboration between disciplines includ-
ing rheumatology, dermatology, ophthalmology,
neurology, gastroenterology and vascular surgery
for defining the goals, determining the targets and
instruments to monitor the achievement of these.
During the development of a Core Set of outcome
measures for Behçet’s syndrome, the heterogeneity
of clinical manifestations in Behçet’s syndrome
necessitated developing a different set for each type
of organ involvement, different from Core Sets
developed for other diseases within OMERACT. This
may have to be the case for developing a T2T
strategy, too. Table 1 shows proposed organ-specific
targets as well as instruments and time intervals for
monitoring these targets in order to achieve desir-
able long-term outcomes. Patient involvement is
crucial at all steps, and representation of patients
with all types of involvement is necessary.

Standard, validated and widely accepted defini-
tions of remission and relapse are needed for each
type of organ involvement. Quantifiable tools to
assess remission may be preferred to dichotomous
definitions in order to fine-tune the treatment in
this long-lasting disease. Moreover, these tools have
to be feasible enough to use in daily practice. The
role of clinical findings, laboratory and imaging
methods as surrogates for remission should be deter-
mined. In addition to remission, prevention of
relapses is an important target in Behçet’s syndrome.
Reliable tools or means for predicting relapses is
required for stratifying the management. Addition-
ally, smoldering asymptomatic disease activity may
 Copyright © 2021 Wolters Kluwe
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have long-term consequences for some manifesta-
tions, such as eye involvement. How to assess and
monitor this in a feasible and cost effective way that
would minimize the additional burden and how
aggressively it should be treated to avoid long-term
damage needs to be determined. The use of subclini-
cal targets, meaning assessment of inflammation
by biomarkers or imaging in patients who are
asymptomatic have not provided improvement in
outcomes in RA [24]. It remains to be studied whether
this is true for Behçet’s syndrome or whether target-
ing fluorescein angiography remission in uveits or
endoscopic remission in gastrointestinal involve-
ment would provide better long-term outcomes.

Several factors are important in determining
how stringent the target should be. Some of these
are cost, convenience, possible adverse events and
comorbidities and concomitant drugs that may
interfere with the use of a treatment that is aggres-
sive enough to reach that target.

After defining the treatment targets, these should
be prospectively evaluated to ensure that reaching the
target would provide achieving the long-term goal. To
this date, there has been no studies comparing a T2T
approach to usual care in patients with Behçet’s syn-
drome. There were a number of retrospective studies
comparing a more rigorous treatment approach to
standard care, such as comparing early infliximab
treatment to the standard approach for Behçet’s syn-
drome uveitis but these are compromised not only by
their retrospective design but also the lack of a stan-
dard monitorization scheme [25]. After developing a
T2T strategy, it will need to be validated by testing its
efficacy over routine care for achieving the desired
long-term outcomes.

A further goal of a T2T strategy should be to
guide on when to taper or even stop treatment,
especially for patients on biologic drugs. There are
r Health, Inc. All rights reserved.
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Vasculitis syndromes
few retrospective studies that report the outcome of
tapering biologics in Behçet’s syndrome patients
who achieved remission [26,27

&

]. Strategies for
tapering and stopping treatment should be tested
in prospective studies.

Finally the implementation would be another
challenge as this has not been optimal even for RA,
despite ongoing efforts for establishing a T2T
approach for more than a decade [1,2]. Cost, feasi-
bility and the time spent for assessment may impact
the acceptance of T2T strategies.
CONCLUSION

There are several new treatment modalities that
have improved the outcome in patients with
Behçet’s syndrome and ongoing work on outcome
measures for reliable disease assessment. In order to
ensure the wise and efficient use of treatment
modalities, development and implementation of
T2T strategies are needed. Multidisciplinary and
multinational efforts that include patient research
partners are necessary for defining the final ‘good
outcome’, determining the target whose achieve-
ment would provide that good outcome in the
long-term, and determining the best instruments
and time intervals for monitoring those targets,
for each type of organ involvement.
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treatment in patients with Behçet’s retinal vasculitis. Front Pharmacol 2021;
12:609148.

This study shows that adalimumab in addition to conventional treatment showed
greater improvement in fluorescein angiography (fluorescein angiography) scores,
longer remission duration, less relapses and lower glucocorticoid dose, compared
with conventional treatment alone. It should be noted that adalimumab is not
labeled for Behçet’s syndrome.
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inflammatory attacks in ocular Behçet’s disease patients. Ocul Immunol
Inflamm 2020; 28:1166–1170.

This study showed that capillary leakage on fluorescein angiography predicted
uveitis relapses.
14.
&&

Keorochana N, Homchampa N, Vongkulsiri S, Choontanom R. Fluorescein
angiographic findings and Behcet’s disease ocular attack score 24 (BOS24)
as prognostic factors for visual outcome in patients with ocular Behcet’s
disease. Int J Retina Vitreous 2021; 7:48.

Together with the previous reference, these studies suggest that remission on
fluorescein angiography may be a reliable target for Behcet’s disease uveitis.
15. Seyahi E, Melikoglu M, Akman C, et al. Pulmonary artery involvement and
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 CURRENT
OPINION Is osteoarthritis a mitochondrial disease? What is

the evidence

Mercedes Fernández-Morenoa, Ignacio Rego-Péreza, and
Francisco J. Blancoa,b

Propose of review
To summarize the evidence that suggests that osteoarthritis (OA) is a mitochondrial disease.

Recent findings
Mitochondrial dysfunction together with mtDNA damage could contribute to cartilage degradation via
several processes such as: (1) increased apoptosis; (2) decreased autophagy; (3) enhanced inflammatory
response; (4) telomere shortening and increased senescence chondrocytes; (5) decreased mitochondrial
biogenesis and mitophagy; (6) increased cartilage catabolism; (7) increased mitochondrial fusion leading
to further reactive oxygen species production; and (8) impaired metabolic flexibility

Summary
Mitochondria play an important role in some events involved in the pathogenesis of OA, such as energy
production, the generation of reactive oxygen and nitrogen species, apoptosis, authophagy, senescence
and inflammation. The regulation of these processes in the cartilage is at least partially controlled by
retrograde regulation from mitochondria and mitochondrial genetic variation. Retrograde regulation
through mitochondrial haplogroups exerts a signaling control over the nuclear epigenome, which leads to
the modulation of nuclear genes, cellular functions and development of OA. All these data suggest that OA
could be considered a mitochondrial disease as well as other complex chronic disease as cancer,
cardiovascular and neurologic diseases.

Keywords
apoptosis, cartilage, mitochondria, mtDNA, osteoarthritis

INTRODUCTION

Articular cartilage has traditionally been classified as
highly glycolytic tissue that derives its energy from
anaerobic glucose metabolism, for this reason, the role
of mitochondria in the pathogenesis of osteoarthritis
(OA) has not been studied in detail until last decade
[1]. OA has been recently defined as a chronic progres-
sive disorder that involves movable joints and is char-
acterized by cell stress and extracellular matrix
degradation initiated by micro- and macro-injuries,
that activate maladaptive repair responses, including
proinflammatory pathways of innate immunity. The
disease is first manifested as a molecular derangement
(abnormal tissue metabolism) followed by anatomic
and/or physiologic derangements (characterized by
cartilage degradation, bone remodeling, osteophyte
formation, joint inflammation, and loss of normal
joint function) [2].

According to this definition, mitochondria
could be involved in the OA pathogenesis because
mitochondrial Oxidative Phosphorylation System

(OXPHOS) account for up to 25% of total ATP
production in articular cartilage, and an even higher
percentage in situations that there are high tissue
energy demands [3,4

&

,5]. In addition, OA chondro-
cytes show defective glycolysis, which makes them
further reliant on OXPHOS. Furthermore, mito-
chondria are involved in other important multiple
cell functions described in articular chondrocytes,
such as heat regulation, calcium homeostasis, bio-
genesis and assembly of iron-sulfur proteins, control
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KEY POINTS

� There are evidence that defective mitochondrial function
is also a contributing element to OA.

� Different mtDNA haplogroups have been associated
with radiographic prevalence, incidence, and
progression of OA in various prospective cohorts world-
wide.

� Data from cellular experiments, animal models and
clinical studies suggest that carrying mtDNA cluster J/T
might confer some level of protection against OA
compared to carrying mtDNA haplogroup H.

� These findings demonstrate that mitochondria and
mtDNA could be OA biomarkers and critical targets for
potential novel therapeutic approaches to treat OA.

Is osteoarthritis a mitochondrial disease? Fernández - Moreno et al.
of apoptosis, reactive oxygen species (ROS) produc-
tion, cell survival and proliferation, production of
metabolites and coordination of metabolic path-
way. This implies that mitochondrial dysfunction
can have many and various deleterious effects on
chondrocytes function associated with cartilage
degradation. In this review, we have summarized
the evidence that suggests that mitochondria play a
role in the pathogenesis of OA [6,7].
IN VITRO STUDIES CONFIRM
MITOCHONDRIAL DYSFUNCTION IN
OSTEOARTHRITIS

Disordered mitochondrial function contributes to
the pathogenesis of complex diseases not classically
considered to involve mitochondria, including can-
cer [8–10], cardiovascular disease [11–13] and
neuro-degenerative diseases [14–16]. There is over-
whelming evidence that defective mitochondrial
function is also a contributing element to rheumatic
diseases including the OA [3,6,17

&&

,18].
Analyses of mitochondrial function in human

OA chondrocytes have revealed decreased activity of
the mitochondrial respiratory complexes II and III,
as well as increased mitochondrial mass, compared
with that in human healthy chondrocytes [19]. In
addition, the apoptotic mitochondrial pathway has
been implicated in the apoptosis of OA chondro-
cytes [20,21]. The inhibition of complexes III and V
has been shown to increase the OA chondrocyte
inflammatory response, including the production
of pro-inflammatory cytokines and metalloprotei-
nases, mediated by enhanced production of ROS
[22–24]. Mitochondrial dysfunction has also been
associated with a significant downregulation of
superoxide dismutase 2 (SOD2) [25], one of the
major mitochondrial antioxidant proteins, whose
 Copyright © 2021 Wolters Kluwe
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levels are also diminished in the superficial layers of
end-stage OA cartilage [26,27].

As mitochondrial metabolism is an important
source of ROS, the production of excessive amounts
of these reactive molecules, attributed to mitochon-
drial dysfunction, has been implicated in the devel-
opment of ageing-related OA [28], in compromising
chondrocyte function [29,30] and in causing
mtDNA damage and reducing the capacity for
mtDNA repair [31]. Mitochondrial dysfunction
and mtDNA damage have also the capacity to pro-
mote abnormalities in human articular chondro-
cytes that contribute to cartilage degradation in
OA. Among these abnormalities, impaired anabolic
and growth responses of human chondrocytes,
excessive apoptosis, defect in autophagy, reduced
telomere length, enhanced cellular senescence and
inflammatory responses are particularly important
[22,29,32].

More recently mitochondrial dynamics, includ-
ing fission, fusion, mitophagy, turnover and plastic-
ity, facilitate a metabolic shift either into a glycolytic
phenotype or into an OXPHOS phenotype, depend-
ing on the cellular demand, have been implicated in
OA [33,34

&&

]. Mitophagy consists of the elimination
of depolarized and damaged mitochondria and the
activation of this process protects against mitochon-
drial dysfunction, prevents ROS production and
improves chondrocyte survival under pathological
conditions [35,36]. Mitochondrial biogenesis is defi-
cient in human OA chondrocytes, leading the chon-
drocyte to adopt procatabolic responses [37].

Metabolic flexibility is also associated with
mitochondria dysfunction due to their role in the
last steps of both glucose and fatty acid (FA) metab-
olism [38,39]. OA is associated with a high accumu-
lation of lipids in cartilage [40,41] and ectopic FA
accumulation likely leads to lipotoxicity and con-
tributes to the cellular dysfunction [42]. In trans-
mitochondrial cybrids, OA mitochondria showed
less flexibility than OA-free mitochondria [43

&

].
Collectively, these abnormal processes have tre-

mendous deleterious effects on cartilage biology and
chondrocytes function. Mitochondrial dysfunction
together with mtDNA damage could contribute to
cartilage degradation via several processes such as: 1)
increased apoptosis; 2) decreased autophagy; 3)
enhanced inflammatory response; 4) telomere
shortening and increased senescence chondrocytes;
5) decreased mitochondrial biogenesis and mitoph-
agy; 6) increased cartilage catabolism; 7) increased
mitochondrial fusion leading to further ROS pro-
duction; and 8) impaired metabolic flexibility.
When these changes cannot be managed by the
repair and the antioxidant systems, the homeostatic
system fails, and mitochondrial dysfunction is
r Health, Inc. All rights reserved.

rved. www.co-rheumatology.com 47



Table 1. Abnormal mitochondrial processes with deleterious effects on cartilage biology and chondrocyte function

Mitochondrial dysfunction contributes to cartilage degradation via several processes References

Increased apoptosis [21,44,45]

Decreased autophagy [35,46,47]

Enhanced inflammatory response [48]

Telomere shortening and increased senescence chondrocytes [49,50&&]

Decreased mitochondrial biogenesis and mitophagy [36,37]

Increased cartilage catabolism [39,51&]

Increased mitochondrial fusion leading to further ROS production [36]

Impaired metabolic flexibility [38,39,43&]

ROS, reactive oxygen species.

Osteoarthritis
perpetuated, leading to progressive cartilage
destruction and, eventually, to joint malfunction
(Table 1) [21,36,44–49,50

&&

,51
&

].
CLINICAL DATA ASSOCIATES
MITOCHONDRIAL GENETIC VARIATIONS
WITH OSTEOARTHRITIS

Mitochondria contain their own genetic material
(mtDNA) enclosed in a single circular chromosome.
MtDNA codes for 13 essential genes that are critical
for mitochondrial energy metabolism. Evolutionary
changes in mtDNA coincided with the major
human geographical transitions to facilitate human
adaptation to different regional environments.
These variants are called mtDNA haplogroups and
they are defined by the presence of a particular set of
single nucleotide polymorphisms in the mtDNA
sequence in coding and noncoding regions that
were shaped by natural selection as humans
migrated into colder climates [52,53]. Among indi-
viduals of Caucasian ancestry, 95% of the popula-
tion belongs to one of the following haplogroups: H,
I, J, T, U, K, V, HV�, W or X. There is data that
showed the relation between mtDNA haplogroups
and the energy production, showing differences in
their OXPHOS coupling efficiency [52,54,55].

An increasing number of studies showed asso-
ciations between some of the mtDNA haplogroups
and human longevity as well as with some multifac-
torial diseases such as Alzheimer Disease, type 2
Diabetes Mellitus, Obesity [56,57

&

,58,59] and also
with OA. In terms of radiographic OA prevalence,
European mtDNA haplogroup J and cluster JT have
been significantly correlated with a decreased risk in
a Spanish cohort [60,61]. The mtDNA haplogroup T
has been associated with a lower risk of knee OA in a
population from the United Kingdom [62]. Asian
mtDNA haplogroup B has also seemed to be a pro-
tective factor against knee OA in a population from
 Copyright © 2021 Wolters Kluwer H
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China and Korea [63,64,65
&

]. In contrast, the arcO-
GEN consortium did not find associations between
mtDNA variants and the symptomatic knee OA
prevalence [66]. Some points must be clarified to
explain this discordant result; control samples used
in arcOGEN study are population-based controls
with only symptomatic information and without
radiographic data. It is important highlight that
up to 50% of patients without joint symptoms
may have radiographic changes related to OA
[67], therefore the selection of adequate healthy
controls is crucial to draw consistent conclusions
in case-control studies; this point could be one of
the causes by which one study performed by the
arcOGEN consortium also failed to replicate previ-
ous associations such as GDF5, or MCF2L [68]
gene polymorphisms.

In addition to the prevalence, the progression
and incidence of radiographic knee OA have been
also associated with mtDNA haplogroups. A meta-
analysis including data from three independent
cohorts Prospective Cohort of Osteoarthritis from
A Coruña (PROCOAC), Osteoarthritis Initiative
(OAI), and Cohort Hip and Cohort Knee (CHECK)
confirmed the association of the haplogroup T and
the mtDNA cluster JT with a lower risk of radio-
graphic knee OA progression over time [69]. A repli-
cation study and meta-analysis of 3217 subjects
showed that the mtDNA haplogroup J is signifi-
cantly associated with a lower rate of incident knee
OA over an eight-year period [70] (Table 2).

OA-protective haplogroup J has been signifi-
cantly associated with lower serum levels of cata-
bolic type II collagen biomarkers, stromelysin-1
(MMP-3) and collagenase 3 (MMP-13) and nitric
oxide, in contrast to haplogroup H carriers, which
showed significantly higher levels [30,49,61,74–76].
In terms of imaging biomarkers, a longitudinal
study including 255 participants from the OAI
cohort that developed incident knee OA at
ealth, Inc. All rights reserved.
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Table 2. Published associations of mtDNA variants with specific radiographic OA-related features

Study cohort Population Haplogroup OR (95% CI) P-value/
effect on the biomarker

Reference

OA prevalence

Spanish 457 OA cases, 262 controls J OR¼0.460 (0.282–0.748) P¼0.002 [60]

JT OR¼0.564 (0.384–0.828) P¼0.005

Spanish 550 OA cases, 505 controls J OR¼0.519 (0.271–0.994) P¼0.048 [61]

UK 453 OA cases, 280 controls T OR¼0.574 (0.350–0.939) P¼0.027 [62]

UK 7846 OA cases, 5402 controls J OR¼1.190 (0.720–1.950) nsb [66]

Meta-analysis 2557 OA cases, 1339 controls J OR¼0.570 (0.460–0.710) P<0.0001 [71]

2478 OA cases, 1173 controls JT OR¼0.700 (0.580–0.840) P¼0.0002

Chinese 187 OA cases, 420 controls G OR¼3.834 (1.139–12.908) P¼0.003 [64]

B OR¼0.503 (0.283–0.893) P¼0.019

OA progression

OAI 891 knee OA cases T HR¼0.499 (0.261–0.819) P<0.05 [72]

Spanish 281 knee OA cases JTa HR¼0.584 (0.354–0.964) P¼0.036 [73]

CHECK 431 knee OA cases T HR¼0.645 (0.419–0.978) P<0.05 [69]

JT HR¼0.707 (0.501–0.965) P<0.05

Meta-analysis 1603 knee OA cases T HR¼0.612 (0.454–0.824) P¼0.001 [69]

JT HR¼0.765 (0.624–0.938) P¼0.009

OA incidence

OAI 2579 subjects J HR¼0.680 (0.470–0.968) P<0.05 [70]

CHECK 635 subjects J HR¼0.728 (0.469–0.998) P<0.05 [70]

Meta-analysis 3214 subjects J HR¼0.702 (0.541–0.912) P¼0.008 [70]

Korean 438 subjects B RR¼2.389 (1.315–4.342) P¼0.004 [65&]

CHECK, Cohort Hip and Cohort Knee; HR, hazard ratio; mtDNA, mitochondrial DNA; ns, nonsignificant; OA, osteoarthritis; OAI, Osteoarthritis Initiative; OR,
odds ratio; RR, risk ratio; UK, United Kingdom.
aWhen compared with mtDNA cluster KU.
bDiagnosis of symptomatic OA.
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48 months revealed that patients with mtDNA hap-
logroup J were less likely to develop large bone
marrow lesions (BMLs) in the tibiofemoral compart-
ment of the knee than those with mtDNA hap-
logroup H [77].

Based on these findings, haplogroups J/T and H
could represent two different OA phenotypes, lead-
ing to the consideration of these mtDNA hap-
logroups as complementary genetic biomarkers of
the disease [76].
POTENTIAL MECHANISMS TO EXPLAIN
THE ASSOCIATION OF MtDNA
HAPLOGROUPS AND OSTEOARTHRITIS

As reflected in the two previous sections, mitochon-
drial dysfunction but also mitochondrial genetic
polymorphisms, specifically the MtDNA hap-
logroups, have been shown to have influence on
the prevalence, severity, incidence, and progression
of the disease. To understand potential mechanism
to explain this association it is important to keep in
 Copyright © 2021 Wolters Kluwe
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mind that a bi-directional communication exists
between the nucleus and mitochondria with the
aim of maintaining cellular homeostasis and regu-
lating adaptation to a broad range of stressors
[78,79]. Mitochondria are controlled by the nucleus
by means of an ‘anterograde regulation’, and mito-
chondria (mtDNA variation) maintain partial regu-
latory signaling control over the nucleus through a
‘retrograde regulation’, which leads to the modifi-
cation of cellular metabolism and function by acti-
vating the expression of nuclear genes with the aim
of protecting against mitochondrial dysfunction
[80–82] (Fig. 1).

In this context, DNA methylation is involved in
the phenotypic modulation that articular chondro-
cytes undergo during the OA process [83–85]. Car-
tilages harboring haplogroups H and J show a
differential methylation pattern, regardless of diag-
nosis and demonstrates that apoptosis is enhanced
in haplogroup H cartilage samples, together with an
enrichment of overexpressed genes related to cell
death. On the contrary, apoptosis appeared more
r Health, Inc. All rights reserved.
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FIGURE 1. Mitochondrial events involved in OA pathogenesis. OA, osteoarthritis.

Osteoarthritis
repressed in haplogroup J cartilages. In addition,
compared with H cartilages, samples with hap-
logroup J also showed a significant enrichment of
hypomethylated CpGs of genes related to develop-
mental process, including those belonging to the
homeobox family of transcription factors, whereas
haplogroup H cartilages showed an enrichment of
genes related to metabolic processes [86

&

].
Transmitochondrial cybrids is a cell model with

a defined and uniform nuclear background contain-
ing mitochondria from different sources. Using this
cell model, functional experiments showed the exis-
tence of differences between haplogroups H and J.
Cybrids harboring the haplogroup J showed higher
mitochondrial respiration rate and glycolytic capac-
ity, which is reflected in an decreased ATP genera-
tion, lower amounts of peroxynitrite and
mitochondrial superoxide anion together with a
lower rate of apoptosis under stress conditions as
well as an increased ability to cope with oxidative
stress. These J cybrids not only have a significantly
lower rate of apoptosis under stress conditions, but
also a lower expression of the pro-apoptotic gene
BBC3, which induces apoptosis through mitochon-
drial dysfunction [70].

Senescent chondrocytes accumulate in OA car-
tilage and are associated with a loss of tissue func-
tion. Replicative senescence at the cellular level is
triggered when telomeres are excessively shortened.
[21]. OA chondrocytes show shorter telomeres than
those from healthy individuals which may be
related to accelerated articular senescence and could
contribute to the incidence and progression of OA
[10]. Interestingly, individuals carrying the mtDNA
haplogroup J exhibit a Peripherical Blood
 Copyright © 2021 Wolters Kluwer H
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Leucocytes (PBL) telomere length longer than those
non-J carriers [49]. In addition, the slower telomere
decay in PBL is associated with a lower risk of inci-
dence of knee OA over time. This slow telomere
shortening is more significant in nonincident OA
subjects carrying mtDNA cluster JT than those with
cluster HV [50

&&

]. An increased telomere loss rate in
PBL may reflect a systemic accelerated senescence
phenotype which could be potentiated by the mito-
chondrial function, increasing the susceptibility of
developing OA.

Some of these results described in human have
been confirmed comparing the conplastic mice
model (BL/6NZB) (mice with a constant nuclear
background but different mtDNA genomes) with
the original strain (BL/6C57). The level of diver-
gence between the two strains is equivalent to that
between human African and Eurasian mtDNAs.
Comparative analysis of both mice strain showed
profound differences in health longevity, behavior
in terms of mitochondrial proteostasis, reactive
oxygen generation, obesity, and insulin signaling
as well as in cell-senescence-related parameters
such as telomere shortening and mitochondrial
dysfunction [87]. Most of the altered processes
described are also associated with some chronic
human diseases as OA. In agreement with this,
analyses of the articular cartilage from the knee
during the aging of these mice, revealed significant
differences between them in terms of the expres-
sion of the autophagy-related protein microtu-
bule-associated protein 1 light chain 3 (LC3) and
extracellular matrix-degrading protein metallo-
proteinase-13 (MMP-13) and beta-galactosidase,
as well as significant differences in the Mankin
ealth, Inc. All rights reserved.
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score [88
&&

]. Even more interesting were the results
obtained in the surgical DMM OA model induced
in both strains. The joints of BL/6NZB mice that
underwent surgery presented more cellularity
together with a reduced OARSI histopathology
score, subchondral bone, menisci and synovitis
score compared to those of BL/6C57 mice. This
was accompanied with higher autophagy and a
lower apoptosis in the cartilage of BL/6NZB mice
that were operated. Therefore, this study demon-
strates the functional impact of nonpathological
variants of mtDNA on OA process using a surgically
induced OA model. Conplastic (BL/6NZB) mice
develop less severe OA compared to the BL/6C57

original strain [88
&&

]. These findings support that
the replacement of mtDNA reduces joint damage
during aging and in OA surgery animal model.
CONCLUSION

Mitochondria play an important role in some events
involved in the pathogenesis of OA, such as energy
production, the generation of reactive oxygen and
nitrogen species, apoptosis, autophagy, senescence
and inflammation. The regulation of these processes
in the cartilage is at least partially, controlled by
retrograde regulation from mitochondria and mito-
chondrial genetic variation. Retrograde regulation
through mitochondrial haplogroups exerts a signal-
ing control over the nuclear epigenome, which leads
to the modulation of nuclear genes, cellular func-
tions and development of OA. All these data suggest
that OA could be considered a mitochondrial disease
as well as other complex chronic disease as cancer,
cardiovascular and neurologic disease.
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 CURRENT
OPINION Blood and urine biomarkers in osteoarthritis – an

update on cartilage associated type II collagen and
aggrecan markers

Anne C. Bay-Jensena, Ali Mobasheri b,c,d,e,f, Christian S. Thudiuma

Virginia B. Krausg, and Morten A. Karsdala

Purpose of review
Osteoarthritis (OA) is a painful disease for which drug development has proven difficult. One major reason
for this is the heterogeneity of the disease and the current lack of operationalized means to distinguish
various disease endotypes (molecular subtypes). Biomarkers measured in blood or urine, reflecting joint
tissue turnover, have been developed and tested during the last decades. In this narrative review, we
provide highlights on biomarkers derived from the two most studied and abundant cartilage proteins – type
II collagen and aggrecan.

Recent findings
Multiple biomarkers assessing type II collagen degradation and formation, and aggrecan turnover have
been developed. Several markers, such as uCTX-II, have been validated for their association with disease
severity and prognosis, as well as pharmacodynamically used to describe the mode of action and efficacy
of drugs in development. There is a great need for biomarkers for subdividing patients (i.e., endotyping)
and recent scientific advances have not yet come closer to achieving this goal.

Summary
There is strong support for using biomarkers for understanding OA, reflecting degradation and formation of
the joint tissues, focused on type II collagen and aggrecan. There is still a lack of in vitro diagnostics, in all
contexts of use.

Keywords
aggrecan, biomarker, osteoarthritis, type II collagen

INTRODUCTION

The most prevalent form of arthritis is osteoarthritis
(OA). It is associated with overuse of the joints,
injury, metabolic and inflammatory factors, and
accounts for more than 10% of disabilities and
symptomatic diseases of the elderly population
[1,2]. Joint pain and progressive degeneration of
articular cartilage are hallmarks of the disease which
include remodeling of all joint tissues (bone, syno-
vium, ligaments) resulting in painful articular carti-
lage loss, manifested as radiographic joint space
narrowing (JSN) [3]. Research indicates that the
structural integrity and preservation of articular
cartilage is highly reliant on normal subchondral
bone turnover, synovial crosstalk, physiological bio-
mechanical stresses and intact chondrocyte func-
tion [4]. Both in the clinical and research settings,
and possibly most importantly in drug develop-
ment, there is a need for validated diagnostic tools
for treatment selection. Thus, developing markers
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KEY POINTS

� Biomarkers of cartilage proteins type II collagen and
aggrecan are the most abundant and most studied
to date.

� Several biomarkers have been developed that target
breakdown or formation peptides of type II collagen
and aggrecan.

� Many of the existing OA-related biomarkers are
associated with radiographic severity, progression,
and pharmacodynamics.

� Very few biomarkers have been tested in the context of
identifying specific endotypes of OA.

Blood and urine biomarkers in osteoarthritis Bay-Jensen et al.
with these properties is a top priority for researchers
in the biomarker field for future management of OA.

Disease-modifying OA drugs (DMOADs), i.e.,
drugs that could ease pain and slow the destruction
of joints, have not yet been approved for OA [5,6].
The lack of biological understanding what drives OA
and a heterogeneous patient population may
explain why no medication has thus far been devel-
oped. Therefore, we need to expand our understand-
ing of the subclinical or molecular subtypes, i.e.,
endotypes, as well as the corresponding markers
that allow separation of patient groups.

Although many aspects of biomarker develop-
ment need attention, we have elected to focus on
the following: (1) Pharmacodynamic biomarkers
allowing the monitoring of treatment responses
within a clinical study enabling informed decision
making in clinical studies faster and with fewer
patients, analogous to the response of HbA1c in
type II diabetes studies. (2) Biomarkers reflecting
disease activity, which may possibly be used for
identification of fast progressors and those in most
need of treatment. This will also allow for selection
of the optimal patients for clinical studies.

Blood, synovial fluid, or urine-based biochemi-
cal markers may be used as noninvasive and objec-
tive measures to diagnose patients. In these settings,
there are a range of confounding factors associated
with noninvasive biochemical markers which need
to be discussed and considered, to provide the right
context for evaluating the potential value of bio-
markers [7].

This narrative review sets out to review current
and potential biomarkers for use in OA with focus
on cartilage-derived type II collagen and aggrecan
markers. We have searched PubMed for recent
papers and selected a few to highlight as examples
of the research conducted to develop and test bio-
markers for OA.
1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
OSTEOARTHRITIS – THE STORY IS
EVOLVING

A long list of biomarkers has been tested in OA for
different purposes and listed in several recent
reviews [7–9]. For the purpose of a concise descrip-
tion, we will only describe type II collagen and aggre-
can, which are the main components of cartilage
although other proteins may be of equal interest.
Type II collagen – keeping it together

Type II collagen is the most abundant protein in
cartilage [10]. It is a fibrillar collagen that acts as the
structural framework of the cartilage extracellular
matrix (ECM). Collagen attracts attention as its
turnover is directly associated with cartilage homeo-
stasis and joint health. Several markers have been
developed targeting different soluble metabolites
and posttranslational modifications of type II colla-
gen (Fig. 1).

Formation of type II collagen

As the collagen matures both the N- and C-terminal
propeptides are cleaved off (Fig. 1). Alternative splic-
ing of the first three exons results in two types of the
noncollagenous N-terminal pro-peptide—types IIA
and IIB. Type IIA is the embryonic variant in which
the cysteine-rich region, exon 2, is retained, whereas
type IIB is the variant present in mature articular
cartilage [11]. Markers that measure either of the two
splice variants have been developed. The PIIANP
assay targets the A form of the splice variant [12].
In the OA biomarker project, Foudation for the
National Institutes of Health (FNIH, US) study,
baseline serum levels of PIIANP were found to be
negatively associated with two-year radiographic
progression when assessed in 600 OA patients
[13]. An immuno-assay specific for PIIBNP was
recently developed [14,15]. The PRO-C2 assay, tar-
geting an epitope at the junction site of exons 1 and
3, only measures released PIIBNP. Compared with
healthy controls (n¼22), PRO-C2 and PIIANP in
serum samples were lower in knee OA patients with
a KL grade of 2–4 (n¼123) [15]. Assessed two inde-
pendent knee OA cohorts of 106 and 147 partici-
pants, Luo et al. reported that low serum levels of
PRO-C2 were associated with 3.4-fold higher likeli-
hood of radiographic progression than those with
high levels of PRO-C2 [16

&

]. This suggests that low
cartilage repair capacity, assessed by markers such as
PRO-C2 and PIIANP, is a risk factor for OA. The idea
of low cartilage formation being associated with OA
severity and progression was already proposed two
decades ago by Garnero et al., who showed that the
ratio between type II collagen synthesis measured by
PIIANP and degradation measured by uCTX-II was
r Health, Inc. www.co-rheumatology.com 55



FIGURE 1. Type II collagen and its biomarkers. Type II collagen is a fibrillar collagen composed of three alpha 1 chains.
It has been targeted extensively for biomarker development as it is cleaved at multiple locations in the triple helical and
telopeptide regions. Type II collagen has N- and C-terminal propeptides, which are cleaved off at maturation; their
measurement reflects cartilage formation.

Osteoarthritis
altered in OA [17]. Moreover, these data are now
appreciated as indications of different endotypes in
OA. PIICP has also been suggested to be a marker of
cartilage formation, however to date, it has mainly
been assessed in preclinical settings and posttrau-
matic injury cohorts.

Degradation of type II collagen

The N- and C-telopeptide, of which the C-terminal
telopeptide contains the lysine residue used for
inter-crosslinking, are still present on the mature
secreted and cartilage-incorporated type II collagen
(Fig. 1) [18]. Matrix metalloproteinases (MMPs),
including collagenases and gelatinases, are the main
‘actors’ in type II collagen degradation. In particular,
MMP-1, -8, and -13 cleave the site between gly-
cine775 and leucine776, the primary cleavage site
in the collagen triple helix, resulting in the unwind-
ing of the helix. This cleavage generates two new
peptides that are 3/4 and 1/4 the length of the
original mature type II collagen. Both the primary
cleavage and the further secondary processing of
these domains produce fragments that are believed
to be released to circulation and can be targeted via
their newly generated neoepitopes [19].

Billinghurst et al. generated the C1,2C (also
denoted as COL2-3/4Cshort) assay, which targets
a neoepitope located at the C-terminus of the colla-
genase-generated 3/4 fragment [20]. Quantification
of C1,2C in cartilage from OA patients and healthy
controls in which type II collagen has been extracted
showed an increase in C1,2C levels in OA cartilage
compared to the healthy samples [20]. However, the
C1,2C assay is limited by cross-reactivity toward
type I collagen (’’the bone collagen’’). To address
this cross-reactivity, a sandwich ELISA, uTIINE, was
56 www.co-rheumatology.com
developed that targets a type II collagen-specific
epitope upstream of the 3/4 cleavage sites. UTIINE
was detected in 9/10 OA patients but only in 2/10 of
healthy controls [21], indicating diagnostic poten-
tial for the assay. Since the development of the
assay, the cleavage was found to be mainly mediated
by MMP-13 activity [21]. uTIINE was able to distin-
guish between OA patients and healthy controls, as
well as between symptomatic and asymptomatic
radiographic OA patients [21]. Furthermore, in a
randomized controlled trial testing doxycycline
treatment in 120 obese knee OA patients, increased
uTIINE levels were associated with increased JSN [22].

Another collagen type II assay, the C2C assay,
quantifies an elongated version of the C1,2C target
sequence, which—in contrast to C1,2C—is specific
toward type II collagen. There have been several
recent reports indicating that C2C measured in
serum or urine (C2C-HUSA) is associated with radio-
graphic OA progression [13]. Poole et al. reported
that urinary C2C was significantly higher in pro-
gressors compared to nonprogressors after a 3-year
follow-up period [23]. In the OAI-FNIH study only
urinary C2C (C2C-HUSA) but not serum C2C was
associated with knee OA progression [13].

The biomarker Coll2-1 targeting an epitope
located in the N-terminal triple helical region of
the 3/4 fragment is another cartilage degradation
marker being tested in OA. The targeted epitope
contains a tyrosine residue that is susceptible to
nitration, resulting in the release of the neo-epitope
Coll2-1-NO2. Increased levels of oxidative and
inflammatory stress have been detected in OA and
rheumatoid arthritis, suggesting that posttransla-
tional species of ECM markers, such as Coll2-1-
NO2, could provide more specificity to the markers
Volume 34 � Number 1 � January 2022



Blood and urine biomarkers in osteoarthritis Bay-Jensen et al.
for reflecting molecular pathways [24]. Further
investigations of this association were performed
in a follow-up study, in which an increase in urinary
Coll2-1 levels was recently shown to be correlated to
subscores of Whole-Organ Magnetic Resonance
Imaging Score (WORMS), amongst other articular
cartilage integrity and osteophyte scores [25

&

]. In
multivariate analysis of the 19 available markers
measured in the FNIH cohort, Liem et al. reported
that Coll2-1-NO2 together with three other markers
(CS846, COMP and uCTX-II), were independently
associated with radiographic OA severity [26].

The C2M biomarker was identified by mass
spectrometric analysis of the fragments generated
by MMP-9 cleavage of healthy human cartilage [27].
C2M reflects a neoepitope located in the C-termi-
nus of the 1/4 fragment close to the C-terminal
domain [28]. Serum C2M has been reported to be
higher in patients with radiographic knee OA com-
pared with healthy controls. However, recent
reports indicate that this marker is highly elevated
in rheumatoid arthritis and ankylosis spondylitis,
rather than OA, thus it may find its home in that
corner of rheumatology.

uCTX-II is probably the most well-described
biomarker of type II collagen [29]. Measurements
of urinary uCTX-II were able to distinguish between
OA patients and healthy controls and between OA
patients with slowly and rapidly progressing disease
[17,29]. Kraus et al. showed that baseline uCTX-II
was able to predict both symptomatic and radio-
graphic knee OA progression [13]. These findings
were confirmed by a recent meta-analysis by Huan
et al., which concluded that uCTX-II levels were
higher in OA patients than in healthy controls
and that uCTX-II levels increased with disease pro-
gression [76]. A very recent metaanalysis by Cheng
et al. summarized the value of uCTX-II. By pooling
data from 2856 participants, they found uCTX-II to
FIGURE 2. Aggrecan and its biomarkers. Aggrecan consists
domains. The C-terminal interglobular domain contains keratan su
ADAMTS cleavage fragments released from the N-terminal intergl
development (FFGV generated by MMPs, and NITEGE and ARGS
has been reported to have signaling functions. CS846 has been p

1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
be higher in patient with severe OA compared to
patients with moderate OA [30

&

]. Interestingly, they
also found that uCTX-II performed better in females
vs. males, and in European vs. Asian populations.
This highlights the importance of including varia-
bles related to human diversity, such as sex and race,
at a minimum, as covariates in evaluations of the
diagnostic value of novel biomarkers. In addition,
uCTX-II has been applied in DMOAD trials, as dem-
onstrated by Manicourt et al. wherein change in
uCTX-II levels correlated with the treatment-medi-
ated change in disease status; and as demonstrated
by Karsdal et al. and Bihlet et al., examining the
effect of oral salmon calcitonin (sCT) on Lequesne
algofunctional index scores in patients with knee
OA and its association with pain and radiographic
outcomes [31–33]. There have been several attempts
to develop a serum CTX-II assay, however with
limited success. T2CM is a recently discovered serum
marker targeting a neoepitope generated by MMP-
13 by cleavage of the C-terminal end of the triple
helix close to the telopeptide end [34]. The first
results show that T2CM is increased in patients
scheduled for joint replacement compared to
patients with moderate OA. In addition, the levels
of T2CM were significantly decreased in response to
sCT compared to placebo [34].
AGGRECAN – A STORY OF ITS OWN

Aggrecan is the main ECM glycoprotein of articular
cartilage (Fig. 2) [35]. Aggrecan is a protein that has
been modified with large polyanionic carbohy-
drates, primarily chondroitin sulfate. It binds to
hyaluronic acid and link proteins [36] and draws
cations and osmotically obliged water into the ECM;
this creates a hydrated gel, that gives the cartilage its
compressive strength. Aggrecan is important for the
physiochemistry and biology of the cartilage, it is
of three globular domains – G1-3, and two interglobular
lfate (KS) and chondroitin sulfate (CS) rich areas. MMP and
obular domain have been targeted for biomarker
by ADAMTS). The 32mer fragment from FFGV to NITEGE
roposed to be a marker of aggrecan formation.

r Health, Inc. www.co-rheumatology.com 57
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not just a structural glycoprotein. Three globular
domains (G1, G1 and G3) make up aggrecan
together with carbohydrate recognition domains,
epidermal growth factor-like domains, complement
binding protein-like domains, immunoglobulin
folds and proteoglycan tandem repeats in the inter-
globular domains [37] (see Fig. 2 highlighting the
most well-described aggrecan cleavage sites by A
Disintegrin And Metalloproteinase with Thrombo-
spondin motifs (ADAMTS’) and MMPs).

There is disagreement regarding the relationship
of the two aggrecanases, ADAMTS-4 and ADAMTS-5,
with respect to how they fit into the pathology of
OA, loss of cartilage and aggrecan. Bondeson et al.
[38] have highlighted that in murine OA, induced
by antigen or surgical joint destabilization,
ADAMTS4-null mice had no protective effect on
cartilage aggrecan loss in contrast to ADAMTS5-null
mice. ADAMTS-5 and ADAMTS-4 mRNA are
expressed by freshly isolated human OA synovial
cells and ADAMTS-5 by freshly isolated human OA
chondrocytes [39]. Both ADAMTS-4 and -5 cleave
aggrecan but they are different enzymes regarding
their regulation.

Although insoluble type II collagen turns over
slowly after skeletal maturity, aggrecan is very
regenerative, thus its degradation is in theory,
reversible [40]. Heinemeier et al. [41] elegantly dem-
onstrated that bomb pulse 14C levels in insoluble
type II collagen from articular cartilage remained
nearly unchanged from the age of 13 and found that
OA seemed to have practically zero impact on the
turnover of insoluble type II collagen after this age.
14C levels in the proteoglycan component of carti-
lage were practically like atmospheric 14C levels
during biopsy extraction. This important finding
indicated that preservation, healing, and modifica-
tion of cartilage tissue is primarily possible for the
proteoglycan component but not the insoluble col-
lagen component in skeletally mature individuals.

Within OA, aggrecan destruction has impor-
tance and is an important structural protein in
the cartilage ECM. Fosang et al. have described
aggrecan mutations in mice that prohibited carti-
lage degradation with only a bit of loss of collagen
[42]. Recent data by Reker et al. [43] showed that
fibroblast growth factor 18 induced a biphasic
remodeling process in OA cartilage explants charac-
terized by an increase in aggrecanase degradation of
aggrecan reflected by the biomarker AGNx-1
(NITEGE, Fig. 2) paralleling the initial decrease in
type II collagen formation marker PRO-C2 in the
first three weeks of culture. This was followed by a
decrease in AGNx-I and an increase in PRO-C2 the
remaining 7 weeks of culturing [43]. Thus, the ana-
bolic process of cartilage aggrecan restructuring is
58 www.co-rheumatology.com
thus very dynamic. A direct causal relationship has
also been suggested between aggrecan destruction,
binding of aggrecan fragments to the toll-like recep-
tor-2, IL-6 induction, and pain [44], which could
provide a temporal link between disease associated
tissue activity and OA symptoms
Assessing A Disintegrin And
Metalloproteinase with Thrombospondin
activity by quantifying the ARGS neo-epitope
Degradation of aggrecan

The degradome profile of aggrecan is extremely
complex, but this is possibly one of the most inves-
tigated ECM glycoproteins despite the complexity.
A range of biomarkers have been developed for the
assessment of aggrecan destruction (Fig. 2). The
aggrecan inter-globular domain displays several
cleavage sites susceptible to MMPs, ADAMTS’, ser-
ine, and cysteine proteases [45]. Multiple protease
cleavage sites have been found in the aggrecan G1-
G2 domain [35]. These different cleavage sites give
rise to neo-epitopes, for example, FFGV (AGNx-2),
NITEGE (AGNx-1) and ARGS, which have been tar-
geted as biomarkers of cartilage turnover. Although
markers assessing FFGV and NITEGE seem to be
stuck in the preclinical space, ARGS has been mea-
sured in several clinical studies during the last three
decades. Below we will discuss some of the more
recent studies. There are also several cleavage sites in
the G2-G3 domain, however, these targets are less
well-described in the literature, potentially due to
the inaccessible nature of the highly glycosylated
domain.

The marker ARGS released from aggrecan
because of protein cleavage by ADAMTS’ and several
assays are available measuring the fragment in
serum or plasma. It is generally considered a marker
of cartilage degradation although, as discussed
above and shown by Reker et al., it could also be a
marker of cartilage remodeling. Consequently,
although generation of the ARGS cleavage site is a
direct consequence of ADAMTS activity, interpre-
tation of protease cleavage sites and the relevant
pharmacology need to be carefully evaluated. An
alternate cleavage pattern by compensatory pro-
teases is sometimes induced when a protein cannot
be remodeled by one protease, resulting in an alter-
native cleavage pattern, such as the MMP cleavage
of aggrecan. A similar observation, related to type I
collagen, has already been made during the clinical
development of Cathepsin K inhibitors for osteo-
porosis. CTX-I is a bone resorption biomarker
generated by Cathepsin K activity on type I
collagen [46]; Cathepsin K inhibition reduced the
Volume 34 � Number 1 � January 2022
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pharmacodynamic biomarker, CTX-I, more than
90%, whereas another biomarker of type I collagen
destruction by MMPs, ICTP, was elevated. Thus, in
addition to ADAMTS-5, ADAMTS-4, other proteases
may be involved in pathological turnover of aggre-
can thereby requiring a multiprotease inhibition
strategy to successfully slow OA based on this target.
Alternative biomarkers of type II collagen and other
fragments of aggrecan destruction likely need to be
investigated in the context of any aggrecanase inhi-
bition trial to lower this risk.

Formation of aggrecan

Unlike type II collagen, aggrecan does not have
propeptides which are released upon maturation
of the protein. CS846 has been proposed as a marker
of aggrecan formation, although the original liter-
ature described this epitope as a marker of aggrecan
turnover [47]. CS846 was amongst four of 19 bio-
markers tested in the OAI-FNIH cohort that was
independent associated with radiographic OA
[26]. CS846 was decreased modestly in response to
collagen hydrolysate compared to controls, which
contrasted with PIIANP which was elevated [48].
These data may indicate a disconnect between
aggrecan and type II collagen formation.
ON A SIDE NOTE

Type II collagen and aggrecan are the not the only
proteins for which tissue associated markers have
been developed and tested during the last decades. It
is worth mentioning markers such as COMP, mea-
suring the turnover of the cartilage oligomeric
matrix protein in blood. It seem to be highly ele-
vated after traumatic injury and moderate to high
with impact exercise [13,49,50]. CRPM, which mea-
sures a metabolite of C-reactive protein, is also
elevated in a subset of OA patients and associated
with disease progression [51–53]. In addition, sev-
eral markers reflecting bone and synovial turnover
and inflammation have been and are currently
being tested in wide range of OA cohorts. Each of
these deserve a review of its own.
CONCLUSION

Type II collagen and aggrecan are likely the most
studied cartilage proteins with respect to developing
biomarkers. Some biomarkers have been tested for
their association with disease severity, others for their
prognostic and pharmacodynamic ability. There is
no doubt that many of the markers are good for
understanding biology, however, there is a lack of
markers that have reached the level of IVD use. Only a
few of the markers discussed here have been tested in
1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
the context of identifying OA endotypes. This may be
a field where serum and urine markers have the
ability to provide groundbreaking value.
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OPINION Ribosome dysfunction in osteoarthritis
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and Tim J.M. Weltinga,b,y

Purpose of review
Translation of genetic information encoded within mRNA molecules by ribosomes into proteins is a key part of
the central dogma of molecular biology. Despite the central position of the ribosome in the translation of
proteins, and considering the major proteomic changes that occur in the joint during osteoarthritis development
and progression, the ribosome has received very limited attention as driver of osteoarthritis pathogenesis.

Recent findings
We provide an overview of the limited literature regarding this developing topic for the osteoarthritis field.
Recent key findings that connect ribosome biogenesis and activity with osteoarthritis include: ribosomal
RNA transcription, processing and maturation, ribosomal protein expression, protein translation capacity
and preferential translation.

Summary
The ribosome as the central cellular protein synthesis hub is largely neglected in osteoarthritis research.
Findings included in this review reveal that in osteoarthritis, ribosome aberrations have been found from
early-stage ribosome biogenesis, through ribosome build-up and maturation, up to preferential translation.
Classically, osteoarthritis has been explained as an imbalance between joint tissue anabolism and
catabolism. We postulate that osteoarthritis can be interpreted as an acquired ribosomopathy. This
hypothesis fine-tunes the dogmatic anabolism/katabolism point-of-view, and may provide novel molecular
opportunities for the development of osteoarthritis disease-modifying treatments.

Keywords
osteoarthritis, protein translation, ribosome, rRNA, snoRNA

INTRODUCTION

The dogmatic long-standing view on the molecular
pathobiology of osteoarthritis is that of an imbalance
between anabolism and catabolism of tissues and
cells of the joint [1]. From a plethora of studies
reported over the past decades, it has become over-
whelmingly clear that the low turn-over homeostatic
balance of a healthy joint becomes compromised in
osteoarthritis and a net loss of tissue occurs. This is
caused by a compromised balance between anabolic
reparative capacity and catabolic degenerative activ-
ity, resulting in the destruction of anatomical joint
function. A major part of the extracellular matrix of
joint tissues and many of the molecules involved in
anabolic and catabolic cellular events are proteins.
Osteoarthritis-related aberrations in gene and pro-
tein expression are widely reported in the literature.
However, the central cellular hub that critically catal-
yses the biosynthesis of these proteins from dedicated
gene transcripts; the ribosome, has been largely
neglected in osteoarthritis research. In addition to
a variety of genetic and epigenetic regulatory mech-
anisms of protein expression, it has nowbecomeclear

that regulation of protein expression also takes place
at the level of the ribosome itself [2]. Environmental,
developmental and pathological conditions are all
able to influence the protein translation character-
istics of the cellular ribosome pool [3], including
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KEY POINTS

� Ribosome biogenesis and activity are dysfunctional
in osteoarthritis.

� The ribosome-related consequences for the proteomes
in the joint need to be determined.

� Osteoarthritis can be seen as an
acquired ribosomopathy.

� Targeting ribosomes is a novel avenue to develop
osteoarthritis disease-modifying treatments.

Osteoarthritis
ribosome heterogeneity as a mechanism for prefer-
ential translation [4]. This has major consequences
for total protein translation capacity but also for the
synthesis of specific proteins involved in develop-
ment, homeostasis and pathology.
THE RIBOSOME IN OSTEOARTHRITIS

Disrupted ribosome biogenesis in
osteoarthritis

In order to build a ribosome, the cell is equipped with
sophisticated mechanisms that support the biogenesis
of a ribosome in a highly orchestrated and regulated
manner (Fig. 1). Although the pathway of ribosome
biogenesis is tightly integrated in the cell, the high
complexity of this process makes it relatively vulnera-
ble to aberrations that may result in pathological
consequences. In the field of oncology, a wide variety
of alterations in ribosome biogenesis are known to
promote carcinogenesis [5–7], and a number of anti-
cancer drugs target ribosome biogenesis pathways
[8,9]. In osteoarthritis, however, the role of ribosome
biogenesis is only beginning to be studied. Human
ribosome biogenesis is initiated in the nucleolus and
starts with the transcription of the 47S preribosomal
RNA (rRNA) precursor by the dedicated RNA polymer-
ase I transcription complex [10] (Fig. 1). There are
�200 copies of the 47S gene spread over five chromo-
somes, forming the nucleolus organizer regions. Fol-
lowing transcription, the 47S prerRNA transcript is
endoribonucleolytically and exoribonucleolytically
processed into the 18S, 5.8S and 28S rRNAs, and a
number of these processing steps take place co-tran-
scriptionally. The 5S rRNA is transcribed separately in
the nucleus by RNA polymerase III and imported in
the nucleolus to be integrated into the ribosome
biogenesis pathway. In ageing (a major risk factor
for osteoarthritis), mouse bone marrow cells have
been shown to have an increased rDNA copy number
[11]. However, these rDNA copies have increased CpG
methylation levels [11,12], probably leading to the
62 www.co-rheumatology.com
observed reduction of rRNA expression [11]. Recent
work demonstrated regulation of rRNA expression by
a Chromobox 4 (CBX4)-dependent mechanism. This
mechanism of nucleolar homeostasis protects against
mesenchymal stem cell senescence and against
murine osteoarthritis development [13]. In addition,
cartilage ageing led to lower expression of the RNA
component of mitochondrial RNA processing endor-
ibonuclease (RMRP) in equine chondrocytes [14]. This
small nucleolar RNA (snoRNA) is a key factor in the
endoribonucleolytic processing of the 47S prerRNA
[15] and provides an indication of age-related
impairment of chondrocyte rRNA processing. This
was confirmed in human chondrocytes, when RMRP
snoRNA expression was found to be enriched in
hypertrophic chondrocytes in a single-cell sequencing
analysis of osteoarthritis cartilage [16

&

,17]. Another
key factor in the endoribonucleolytic processing of the
47S prerRNA is U3 snoRNA [18]. The expression of U3
snoRNA was reduced in human osteoarthritis cartilage
and chondrocytes, as well as in murine joints in which
experimental osteoarthritis [destabilization of the
medial meniscus (DMM)] was induced [19

&&

]. Osteo-
arthritis-dependent inhibition of U3 snoRNA tran-
scription was identified as one of the causes of
reduced U3 snoRNA expression in osteoarthritis chon-
drocytes and resulted in a decrease of chondrocyte
rRNA levels [19

&&

].
Except for 5S rRNA, all rRNAs are targets of

snoRNA-mediated site-specific posttranscriptional
modification (PTM) by 2’O-ribose methylation and
pseudouridylation by fibrillarin and dyskerin, respec-
tively. A total of 226 of these PTMs have been identi-
fied onhuman rRNAs [20]. A large family of canonical
snoRNAs [active as small nucleolar ribonucleopro-
tein particles (snoRNPs)] ensures the site-directional-
ity of these PTMs [21]. Differential expression of
canonical snoRNAs was demonstrated in human age-
ing and osteoarthritis cartilage [22

&&

], in murine
DMM joints [23], and in equine ageing cartilage
[14]. Mechanistic analysis of the role of a number
of these snoRNAs in chondrocyte biology demon-
strated that SNORD26 and SNORD96A are involved
in determining the chondrocyte phenotype [22

&&

]
and SNORD32A, SNORD33 and SNORD35A in
oxidative stress responses [24]. A great number of
differentially expressed snoRNAs await further
mechanistic studies and their consequences for rRNA
PTM and ribosome function in cells from joints tis-
sues need to be dissected. In this respect, our group
mapped the rRNA PTM landscape in an in-vitro
model for osteoarthritis chondrocytes and identi-
fied osteoarthritis-dependent changes in rRNA
PTMs with consequences for the modus of ribosome
translation initiation [25]. Differential expression of
canonical snoRNAs was also detected in synovial
Volume 34 � Number 1 � January 2022



FIGURE 1. An overview of ribosome biogenesis and activity. 47S prerRNA is transcribed in the nucleolus from rDNA clusters
by RNA polymerase I. The 47S precursor is simultaneously processed by endoribonucleases and exoribonucleases and
posttranscriptionally modified by snoRNPs. These snoRNPs consist of an enzyme, accessory proteins and box C/D or box H/
ACA snoRNAs that guide site-specific 2’-O ribose methylation or pseudouridylation of rRNA nucleotides. These canonical
snoRNAs originate from intronic regions of RNA polymerase II-transcribed mRNAs and are liberated by the splicing machinery
and subsequent processing. Together with mature rRNA, ribosomal proteins assemble into the small 40S and large 60S
ribosomal subunits. This highly coordinated process requires additional assembly factors. After nuclear export, the 40S subunit
can form a 43S preinitiation complex together with eukaryotic translation initiation factors that recognize the m7G cap of
mRNAs and initiate protein translation after recruitment of the 60S large subunit, resulting in the formation of an active 80S
ribosome. In addition to cap-mediated translation, Internal Ribosome Entry Sites (IRESs) can mediate direct recruitment of the
ribosome to a translation start site. This process is of paramount importance under cellular stress conditions, where cap-
mediated translation is generally inhibited. Ribosome activity is tightly regulated by a multitude of signalling pathways (e.g.
AKT/mTOR, TGF/BMP, FGF), and other important factors are energy status and amino acid availability for aminoacyl-tRNA
formation. The most rate-limiting step of ribosome activity is translation initiation by eIF4E, which is counteracted by 4E-BP1. In
addition, ribosomes can preferentially translate a certain mRNA because of specific (IRES) trans-acting factors. To add to the
complexity, the ribosome can generate multiple protein variants from a single mRNA, when more than one or alternative
translation initiation sites are present (e.g. in VEGF, MYC and FGF2 mRNAs). Ribosome core protein composition and rRNA
posttranscriptional modification levels can vary [4,10], which leads to heterogeneous ribosomes with distinct translational
characteristics.

Ribosome dysfunction in osteoarthritis van den Akker et al.
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Osteoarthritis
fluid of early equine osteoarthritis [26], in the serum
of DMM mice and horses [26] and in the serum of an
anterior cruciate ligament injury cohort [27]. These
studies may provide snoRNA-based biomarkers for
musculoskeletal ageing and osteoarthritis develop-
ment.

In addition to the rRNAs, the ribosome consists
of 79 proteins [33 RPS (ribosomal protein small
subunit) proteins in the 40S subunit and 46 RPL
(ribosomal protein large subunit) proteins in the 60S
subunit]. These proteins are imported into the
nucleus and depending on the protein species and
its position in the ribosome’s biomolecular architec-
ture, are assembled in a highly orchestrated
sequence, which requires over 100 ancillary proteins
to achieve this task [10,28]. This number excludes
snoRNP-related proteins. The 40S and 60S ribosomal
subunits are then transported to the cytoplasm and
undergo several final maturation steps before they
are ready to engage in the translation of mRNA into
protein. Emerging evidence indicates that in osteo-
arthritis, the proteinaceous part of the ribosome’s
architecture may change. In recent single-cell
sequencing work, it was demonstrated that
increased RPS29 (ribosomal protein S29) expression
in chondrocytes is associated with osteoarthritis
progression [16

&

]. The involvement of ribosomal
protein expression in osteoarthritis was also
highlighted in a recent single-cell sequencing study
that investigated cross-talk between the synovium
and cartilage in osteoarthritis [29]. A great number
of ribosomal proteins were found to be differentially
expressed in cell subpopulations of osteoarthritis
synovium and osteoarthritis cartilage from damaged
and nondamaged areas [29]. Although their associ-
ation with functional ribosomes needs to be inves-
tigated, these observations at least highlight an
interaction between the osteoarthritis disease stage,
the chondrocyte phenotype, and the regulation of
the expression of core ribosomal proteins. Indeed,
recent work from our group demonstrated that in
chondrogenesis, the expression of the chondrogenic
transcription factor Sox9 regulates the expression of
ribosomal proteins as well as proteins involved in
the ribosome biogenesis pathway [30

&&

]. The osteo-
arthritis disease-dependent regulation of expression
of core ribosomal subunits hints towards ribosome
heterogeneity, which is a level of protein transla-
tional control that was recently discovered [31].
Altered ribosome activity in osteoarthritis

The primary function of the ribosome is the trans-
lation of mRNAs into proteins (Fig. 1). Multiple
studies have gathered compelling evidence of major
proteomic changes in fluids, cells and tissues of the
64 www.co-rheumatology.com
osteoarthritis joint [32–39]. For a long time, it was
assumed that these changes originate from major
mRNA transcriptomic changes only. An additional
important level of epitranscriptomic regulation was
later introduced by the identification of microRNA
networks that control the translation of mRNAs
involved in osteoarthritis development [40]. How-
ever, it was only recently demonstrated that protein
synthesis in osteoarthritis is also regulated at the
level of ribosome activity (Fig. 1). It was shown that
ribosome protein translation activity was increased
in human osteoarthritis chondrocytes, in a rat
model for traumatic osteoarthritis, and in an IL-
1b-dependent in-vitro chondrocyte model for oste-
oarthritis [41]. The identified mechanism behind
this observation was a mammalian target of rapa-
mycin complex 1 (mTORC1)-mediated inhibition of
eIF4E-binding protein 1 (4E-BP1). As the activity of
4E-BP1 is rate-limiting for the activity of eIF4E, the
cap-binding protein responsible for cap-dependent
protein translation, this indicates that this mecha-
nism primarily involves cap-mediated translation
initiation. In concert with involvement of mTORC1
in cartilage homeostasis, mTOR activity was shown
to be increased in osteoarthritis but was then linked
to cartilage autophagy [42]. The finding that the
mTORC1-mediated inhibition of 4E-BP1 precedes
cartilage degeneration in rat osteoarthritis knees
[43] strongly suggests its involvement in early oste-
oarthritis. In contrast to an overall increased level of
chondrocyte protein translation activity, work from
our group demonstrated that protein translation
activity was reduced in chondrocytes isolated from
end-stage knee osteoarthritis cartilage [19

&&

]. This
was accompanied by lower levels of rRNA in osteo-
arthritis chondrocytes and chondrocytes treated
with osteoarthritis synovial fluid. In addition, in a
study comparing end-stage osteoarthritis cartilage
with normal cartilage, it was found that expression
of 4E-BP1 was higher in osteoarthritis cartilage,
which is indicative of a reduction of translational
activity [44

&

]. Fibroblast growth factor (FGF) signal-
ling [45] was described as another mechanism
underlying a reduction in chondrocyte protein
translation [46]. However, this mechanism was
mTOR-independent. In addition, the recent sin-
gle-cell sequencing work in chondrocytes demon-
strated differential expression of translation
initiation factors 4E-BP1 [in proliferative chondro-
cytes (ProCs)] and EIF4A1, EIF4A2, EIF4A3, EIF1 and
EIF5 [in homeostatic chondrocytes (HomCs)]
[16

&

,29]. Interestingly, in an osteoarthritis serum
biomarker study, patients with knee osteoarthritis
had significantly lower serum levels of 4E-BP1,
which was found be positively correlated with oste-
oarthritis pain intensity [34]. Together, this suggests
Volume 34 � Number 1 � January 2022
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that the mechanisms and involvement of deregu-
lated ribosome protein translation activity in osteo-
arthritis chondrocytes are far more complex and
depend on the stage of osteoarthritis progression
and the chondrocyte phenotype, warranting further
studies to dissect its complexity.

Rather than performing protein translation in a
textbook manner, it has become clear that there is a
large level of translational regulation that drives
preferential translation of specific mRNAs [47]. Pro-
tein translation initiation can occur via multiple
mechanisms and two well described mechanisms
are cap-dependent translation and IRES-dependent
translation (Fig. 1). Although cap-dependent trans-
lation is considered to constitute the majority of
translation events, the cell preferentially uses IRES-
dependent translation for the synthesis of many of
its stress-related proteins. Indeed, ongoing work by
our group demonstrates that in chondrocytes TNFa

induces protein translation from the FGF1 IRES [48].
In addition, treatment of chondrocytes with TGFb

induced their protein translational activity [44
&

,49]
but skewed their preferential mode of translation
toward cap-dependent translation [49]. The balance
between cap-dependent and IRES-dependent trans-
lation is amongst others determined by specific
snoRNA-mediated PTMs on the rRNA [18] and by
expression of IRES-transacting factors (ITAFs). With
the mapping of differential expression of snoRNAs
[14,22

&&

,23,26,50] and rRNA PTMs [25], as well as
high-resolution proteomics [30

&&

,39] in cells from
joint tissues as a function of ageing [51,52] and
osteoarthritis, it is expected that insight into this
level of ribosome translation regulation will further
unfold. The existence of other mechanisms of pref-
erential translation in cell types from the joint is
only starting to emerge. Recently ribosome profiling
coupled to protein mass-spectrometry demon-
strated that treatment of chondrocytic cells with
IL-1b induced the preferential translation of pro-
teins associated with inflammatory responses and
oxidative stress [53

&&

]. IL-1b -induced preferential
translation of osteoarthritis-related proteins in
chondrocytes was suggested to be mediated by their
50 untranslated regions [54].
Future perspectives

It is becoming clear that alterations in ribosome
biogenesis and ribosome function find their place
in themolecularpathobiology ofosteoarthritis.How-
ever, considering the incredible complexity of ribo-
some biogenesis and the many mechanisms bywhich
ribosome activity and modus can be influenced, this
field of osteoarthritis research is only just emerging.
In discovery-driven approaches, we need to further
1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
chart the levels and identify the molecules by which
ribosomebiogenesis and function arebeingdisturbed
in osteoarthritis. Cellular stress signalling provoked
by environmental factors like growth factors, cyto-
kines, chemokines, damage-associated molecular
patterns, senescence, metabolites, mechanosensing
mechanisms and the extracellular matrix are all, in
one way or the other, involved in osteoarthritis
development and its progression. The osteoarthri-
tis-related proteomic changes in the tissues of the
joint induced by these pathological stress signalling
events can all be candidates for regulation at the
translational level by the ribosome. This can either
be caused by changes in ribosome biogenesis, total
protein translation capacity, or by mechanisms of
preferential translation of mRNAs. An interesting
connection between ribosome biogenesis and cellu-
lar stress is p53. P53 expression is upregulated in
senescent and osteoarthritis chondrocytes [55,56].
In addition, p53 is a major regulator of ribosome
biogenesis stress and p53 activation shuts down ribo-
some biogenesis at multiple levels [57]. This can lead
to impairment of the total protein translation capac-
ity with consequences for cartilage proteostasis [52].
Another ribosome-related stress factor relevant to
chondrocytes is endoplasmic reticulum (ER) stress
[58]. ER stress triggers the unfolded protein response
(UPR). UPR activation has been demonstrated in
osteoarthritis chondrocytes [59,60] and recently it
was shown that ER stress and the UPR are specifically
involved in the onset of experimental osteoarthritis
but not in its progression [61]. Whether alterations in
ribosome biogenesis are involved in osteoarthritis
chondrocyte ER stress is currently unclear. However,
ribosome translation activity can be connected to ER
stress and the UPR via inactivation of eukaryotic
translation initiation factor (eIF) 2a and inhibition
of 80S ribosome assembly [58,62]. Recent evidence
demonstrates that translation of catabolic proteins in
chondrocytic cells is preferred in osteoarthritis-mim-
icking environments [53

&&

,54]. The finding that
mechanisms of such preferential translation can also
include heterogeneity of the cellular ribosome pool is
an exciting development that may further unveil
how cells in joints tissues can translationally respond
to changes in their environment at the protein level
(Fig. 1). However, the potential ribosome biogenesis-
related and ribosome activity-related consequences
for the proteomes of different tissue types from the
joint still need to be determined.
CONCLUSION

As outlined above, a slowly increasing amount of
experimental evidence highlights that molecular
mechanisms involved in ribosome biogenesis and
r Health, Inc. www.co-rheumatology.com 65
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ribosome activity are deregulated in osteoarthritis.
The fact that we can find these aberrations from
early-stage ribosome biogenesis, through ribosome
build-up and maturation, up to preferential transla-
tion by the ribosome is fascinating. Underlying
genetic factors do not seem to be the cause of these
translational deficits. In contrast, ageing and many
environmental factors are clearly connected to dis-
turbances in ribosome biogenesis and ribosome activ-
ity in general, and also represent main risk factors for
the development and progression of osteoarthritis.
Classically, osteoarthritis has been explained as a
disbalance between joint tissue anabolism and catab-
olism. Considering the current evidence collected in
this article on osteoarthritis-related aberrations in
ribosome biogenesis and ribosome function, we
therefore hypothesize that osteoarthritis can be
molecularly interpreted as an acquired ribosomop-
athy [63

&

]. This hypothesis further fine-tunes the
dogmatic anabolism/catabolism point-of-view by
adding aberrations in total protein translation capac-
ityand preferential translation to the molecular path-
ogenesis of osteoarthritis. This may provide novel
molecular opportunities for the development of oste-
oarthritis disease-modifying treatments.
Acknowledgements

The authors thank Bobby Li (Sketchy Pipette) for graphi-
cal design support for the figure.

Financial support and sponsorship

T.J.M.W. is funded through a grant from Stichting de
Weijerhorst (Bewegen zonder Pijn) and grants from the
Dutch Arthritis Foundation (LLP14 and 17-2-401).
M.J.P. is funded through a Wellcome Trust Clinical
Intermediate Fellowship (grant 107471/Z/15/Z).

Conflicts of interest

There are no conflicts of interest.
REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:

& of special interest
&& of outstanding interest
1. Mueller MB, Tuan RS. Anabolic/catabolic balance in pathogenesis of
osteoarthritis: identifying molecular targets. PM R 2011; 3(6 Suppl 1):
S3–11.

2. Dalla Venezia N, Vincent A, Marcel V, et al. Emerging role of eukaryote
ribosomes in translational control. Int J Mol Sci 2019; 20:1226.

3. Shi Z, Barna M. Translating the genome in time and space: specialized
ribosomes, RNA regulons, and RNA-binding proteins. Annu Rev Cell Dev
Biol 2015; 31:31–54.

4. Shi Z, Fujii K, Kovary KM, et al. Heterogeneous ribosomes preferentially
translate distinct subpools of mRNAs genome-wide. Mol Cell 2017;
67:71.e7–83.e7.

5. Li D, Wang J. Ribosome heterogeneity in stem cells and development. J Cell
Biol 2020; 219:e202001108.
66 www.co-rheumatology.com
6. Piskol R, de Sousa EMF. Colon cancer heterogeneity: welcome to the
RiboZone. Cell Stem Cell 2020; 26:797–799.

7. Turi Z, Lacey M, Mistrik M, Moudry P. Impaired ribosome biogenesis: mechan-
isms and relevance to cancer and aging. Aging (Albany, NY) 2019; 11:
2512–2540.

8. Catez F, Dalla Venezia N, Marcel V, et al. Ribosome biogenesis: an emerging
druggable pathway for cancer therapeutics. Biochem Pharmacol 2019;
159:74–81.

9. Ford D. Ribosomal heterogeneity - a new inroad for pharmacological innova-
tion. Biochem Pharmacol 2020; 175:113874.

10. Bohnsack KE, Bohnsack MT. Uncovering the assembly pathway of human
ribosomes and its emerging links to disease. EMBO J 2019; 38:e100278.

11. Watada E, Li S, Hori Y, et al. Age-dependent ribosomal DNA variations in
mice. Mol Cell Biol 2020; 40:e00368-20.

12. Wang M, Lemos B. Ribosomal DNA harbors an evolutionarily conserved clock
of biological aging. Genome Res 2019; 29:325–333.

13. Ren X, Hu B, Song M, et al. Maintenance of Nucleolar Homeostasis by
CBX4 Alleviates Senescence and Osteoarthritis. Cell Rep 2019;
26:3643.e7–3656.e7.

14. Peffers M, Liu X, Clegg P. Transcriptomic signatures in cartilage ageing.
Arthritis Res Ther 2013; 15:R98.

15. Goldfarb KC, Cech TR. Targeted CRISPR disruption reveals a role for RNase
MRP RNA in human preribosomal RNA processing. Genes Dev 2017;
31:59–71.

16.
&

Ji Q, Zheng Y, Zhang G, et al. Single-cell RNA-seq analysis reveals the
progression of human osteoarthritis. Ann Rheum Dis 2019; 78:100–110.

This study represents the first single cell sequencing analysis of osteoarthritic
human cartilage. Seven chondrocyte sub-populations were defined by clustering
analyses. RPS29 protein expression could distinguish osteoarthritis from normal
cartilage.
17. Steinbusch MMF, Caron MMJ, Surtel DAM, et al. Expression of RMRP RNA is

regulated in chondrocyte hypertrophy and determines chondrogenic differ-
entiation. Sci Rep 2017; 7:6440.

18. Lafontaine DL. Noncoding RNAs in eukaryotic ribosome biogenesis and
function. Nat Struct Mol Biol 2015; 22:11–19.

19.
&&

Ripmeester EGJ, Caron MMJ, van den Akker GGH, et al. Impaired chondro-
cyte U3 snoRNA expression in osteoarthritis impacts the chondrocyte protein
translation apparatus. Sci Rep 2020; 10:13426.

U3 snoRNA, a crucial mediator of rRNA processing, is decreased in end-stage
osteoarthritis and be rescued with BMP7 stimulation. Gain and loss-of-function
analysis revealed that U3 snoRNA modulates the translational activity of chon-
drocytes.
20. Motorin Y, Quinternet M, Rhalloussi W, Marchand V. Constitutive and variable

2’-O-methylation (Nm) in human ribosomal RNA. RNA Biol 2021. 1–10.
doi: 10.1080/15476286.2021.1974750. [Online ahead of print]

21. Bratkovic T, Bozic J, Rogelj B. Functional diversity of small nucleolar RNAs.
Nucleic Acids Res 2020; 48:1627–1651.

22.
&&

Peffers MJ, Chabronova A, Balaskas P, et al. SnoRNA signatures in cartilage
ageing and osteoarthritis. Sci Rep 2020; 10:10641.

Human healthy and osteoarthritis cartilage was profiled for snoRNA expression.
Functional follow-up of SNORD26/96 by gain and loss-of-function experiments
revealed that pertrubation of these snoRNAs induces osteoarthritis-like changes.
23. Steinbusch MM, Fang Y, Milner PI, et al. Serum snoRNAs as biomarkers for

joint ageing and post traumatic osteoarthritis. Sci Rep 2017; 7:43558.
24. Pimlott Z, Hontoir F, Ashraf Kharaz Y, et al. Small nucleolar RNAs as mediators

of oxidative stress in cross species cartilage and osteoarthritis. Osteoarthritis
Cartilage 2020; 28(Suppl 1):S342.

25. Chabronova A, Akker G, Ripmeester E, et al. Evidence of specialized ribosomes
in osteoarthritic chondrocytes. Osteoarthritis Cartilage 2021; 29(Suppl 1):2.

26. Castanheira C, Balaskas P, Falls C, et al. Equine synovial fluid small non-
coding RNA signatures in early osteoarthritis. BMC Vet Res 2021; 17:26.

27. Zhang L, Yang M, Marks P, et al. Serum noncoding RNAs as biomarkers for
osteoarthritis progression after ACL injury. Osteoarthritis Cartilage 2012;
20:1631–1637.

28. Peculis BA. Ribosome biogenesis: ribosomal RNA synthesis as a package
deal. Curr Biol 2002; 12:R623–R624.

29. Chou CH, Jain V, Gibson J, et al. Synovial cell cross-talk with cartilage plays a
major role in the pathogenesis of osteoarthritis. Sci Rep 2020; 10:10868.

30.
&&

Caron MMJ, Eveque M, Cillero-Pastor B, et al. Sox9 determines translational
capacity during early chondrogenic differentiation of ATDC5 cells by regulat-
ing expression of ribosome biogenesis factors and ribosomal proteins. Front
Cell Dev Biol 2021; 9:686096.

An important functional link between the master regulator of chondrogenesis Sox9
and ribosome modus and activity was established in ATDC5 murine progenitor cells.
31. Genuth NR, Barna M. The discovery of ribosome heterogeneity and its

implications for gene regulation and organismal life. Mol Cell 2018;
71:364–374.

32. Folkesson E, Turkiewicz A, Ali N, et al. Proteomic comparison of osteoarthritic
and reference human menisci using data-independent acquisition mass
spectrometry. Osteoarthritis Cartilage 2020; 28:1092–1101.

33. Folkesson E, Turkiewicz A, Englund M, Onnerfjord P. Differential protein
expression in human knee articular cartilage and medial meniscus using two
different proteomic methods: a pilot analysis. BMC Musculoskelet Disord
2018; 19:416.
Volume 34 � Number 1 � January 2022



Ribosome dysfunction in osteoarthritis van den Akker et al.
34. Giordano R, Petersen KK, Andersen HH, et al. Serum inflammatory markers in
patients with knee osteoarthritis: a proteomic approach. Clin J Pain 2020;
36:229–237.

35. Hsueh MF, Khabut A, Kjellstrom S, et al. Elucidating the molecular composi-
tion of cartilage by proteomics. J Proteome Res 2016; 15:374–388.

36. Lourido L, Balboa-Barreiro V, Ruiz-Romero C, et al. A clinical model including
protein biomarkers predicts radiographic knee osteoarthritis: a prospective
study using data from the Osteoarthritis Initiative. Osteoarthritis Cartilage
2021; 29:1147–1154.

37. Mobasheri A. Applications of proteomics to osteoarthritis, a musculoskeletal
disease characterized by aging. Front Physiol 2011; 2:108.

38. Shabestari M, Shabestari YR, Landin MA, et al. Altered protein levels in bone
marrow lesions of hip osteoarthritis: analysis by proteomics and multiplex
immunoassays. Int J Rheum Dis 2020; 23:788–799.

39. Timur UT, Jahr H, Anderson J, et al. Identification of tissue-dependent proteins
in knee OA synovial fluid. Osteoarthritis Cartilage 2021; 29:124–133.

40. Swingler TE, Niu L, Smith P, et al. The function of microRNAs in cartilage and
osteoarthritis. Clin Exp Rheumatol 2019; 37 Suppl 120:40–47.

41. Katsara O, Attur M, Ruoff R, et al. Increased activity of the chondrocyte
translational apparatus accompanies osteoarthritic changes in human and
rodent knee cartilage. Arthritis Rheumatol 2017; 69:586–597.

42. Zhang Y, Vasheghani F, Li YH, et al. Cartilage-specific deletion of mTOR
upregulates autophagy and protects mice from osteoarthritis. Ann Rheum Dis
2015; 74:1432–1440.

43. Katsara O, Kolupaeva V. mTOR-mediated inactivation of 4E-BP1, an inhibitor
of translation, precedes cartilage degeneration in rat osteoarthritic knees. J
Orthop Res 2018; 36:2728–2735.

44.
&

Hwang HS, Lee MH, Kim HA. TGF-beta1-induced expression of collagen type
II and ACAN is regulated by 4E-BP1, a repressor of translation. FASEB J
2020; 34:9531–9546.

4E-BP1 is the foremost inhibitor of protein translation, its expression is increased in
osteoarthritis cartilage and TGF-beta1 can reverse this. Notably, 4E-BP1 is
associated with preferential translation of SMADs and inhibitory SMADs.
45. Xie Y, Zinkle A, Chen L, Mohammadi M. Fibroblast growth factor signalling in

osteoarthritis and cartilage repair. Nat Rev Rheumatol 2020; 16:547–564.
46. Ruoff R, Katsara O, Kolupaeva V. Cell type-specific control of protein synth-

esis and proliferation by FGF-dependent signaling to the translation repressor
4E-BP. Proc Natl Acad Sci U S A 2016; 113:7545–7550.

47. James CC, Smyth JW. Alternative mechanisms of translation initiation: an
emerging dynamic regulator of the proteome in health and disease. Life Sci
2018; 212:138–144.

48. van den Akker G, Chabronova A, Housmans B, et al. TNF-alpha induces FGF1
ires mediated messenger RNA translation in chondrocytes. Osteoarthritis
Cartilage 2021; 29(Suppl 1):2.
1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
49. van den Akker G, Surtel D, Chabronova A, et al. TGF-beta induces ribosome
activity, alters ribosome composition and inhibits ires-mediated translation in
chondrocytes. Osteoarthritis Cartilage 2020; 28(Suppl 1):2.

50. Balaskas P, Green JA, Haqqi TM, et al. Small non-coding RNAome of ageing
chondrocytes. Int J Mol Sci 2020; 21:5675.

51. Gonskikh Y, Polacek N. Alterations of the translation apparatus during aging
and stress response. Mech Ageing Dev 2017; 168:30–36.

52. Steffen KK, Dillin A. A ribosomal perspective on proteostasis and aging. Cell
Metab 2016; 23:1004–1012.

53.
&&

McDermott BT, Peffers MJ, McDonagh B, Tew SR. Translational regulation
contributes to the secretory response of chondrocytic cells following expo-
sure to interleukin-1beta. J Biol Chem 2019; 294:13027–13039.

A unique combination of ribo-sequencing and proteome analyses revealed trans-
lational control of the chondrocyte’s cytokine response in vitro.
54. Kolupaeva V, Katsara O, Attur M. The translational landscape in articular

chondrocytes treated with interleukin-1 reveals novel potential players in
osteoarthritis. Osteoarthritis Cartilage 2018; 26(Suppl):1.

55. Ashraf S, Cha BH, Kim JS, et al. Regulation of senescence associated
signaling mechanisms in chondrocytes for cartilage tissue regeneration.
Osteoarthritis Cartilage 2016; 24:196–205.

56. Hashimoto S, Nishiyama T, Hayashi S, et al. Role of p53 in human chon-
drocyte apoptosis in response to shear strain. Arthritis Rheum 2009;
60:2340–2349.

57. Golomb L, Volarevic S. Oren M. p53 and ribosome biogenesis stress: the
essentials. FEBS Lett 2014; 588:2571–2579.

58. Boot-Handford RP, Briggs MD. The unfolded protein response and its
relevance to connective tissue diseases. Cell Tissue Res 2010;
339:197–211.

59. Ruiz-Romero C, Carreira V, Rego I, et al. Proteomic analysis of human
osteoarthritic chondrocytes reveals protein changes in stress and glycolysis.
Proteomics 2008; 8:495–507.

60. Uehara Y, Hirose J, Yamabe S, et al. Endoplasmic reticulum stress-induced
apoptosis contributes to articular cartilage degeneration via C/EBP homo-
logous protein. Osteoarthritis Cartilage 2014; 22:1007–1017.

61. Kung LHW, Mullan L, Soul J, et al. Cartilage endoplasmic reticulum stress may
influence the onset but not the progression of experimental osteoarthritis.
Arthritis Res Ther 2019; 21:206.

62. Wek RC, Cavener DR. Translational control and the unfolded protein re-
sponse. Antioxid Redox Signal 2007; 9:2357–2371.

63.
&

Venturi G, Montanaro L. How altered ribosome production can cause or
contribute to human disease: the spectrum of ribosomopathies. Cells 2020;
9:2300.

This review article describes pure and mixed ribosomopathies and proposes the
definition of acquired ribosomopathies with a more complex pathobiology.
r Health, Inc. www.co-rheumatology.com 67



 Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

 CURRENT
OPINION Did COVID-19 impact osteoarthritis –

clinical perspective?

Eaman Alhassana, Bernadette C. Siatonb, and Marc C. Hochbergb,c

Purpose of review
To assess the impact of the coronavirus disease 2019 (COVID-19) pandemic on patients with osteoarthritis
(OA).

Recent findings
The COVID-19 pandemic negatively affected patients with OA irrespective of them contracting the
infection. Patients with OA had a disruption in access to the healthcare system, which resulted in delays in
joint replacement surgeries from cancellations of elective surgical procedures. On the other hand, the
pandemic accelerated the drive towards telemedicine and telerehabilitation, with many nonurgent services
being delivered remotely whenever possible. Cross-sectional studies showed that the majority of patients
with OA were willing to accept the increased risks of contracting the COVID-19 infection and proceed with
elective joint replacement surgeries.

Summary
The American College of Rheumatology and the European League Against Rheumatism issued guidelines
for managing immune-mediated rheumatic diseases during the pandemic. However, these guidelines did
not include recommendations for patients with OA.
Healthcare providers, including physical therapists, should aim to schedule more frequent telemedicine
follow-up appointments to maximize medical management while patients await elective joint procedures.

Keywords
arthroplasty, coronavirus disease 2019, osteoarthritis, physiotherapy, telemedicine

INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by the
severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) emerged in late 2019, causing a global
pandemic resulting in more than 2 million deaths
[1]. In March 2020, many countries mandated lock-
down to minimize in-person interactions and
reduce the spread of the virus. The lockdown mas-
sively affected the healthcare system and influenced
the methods of healthcare delivery. Social distanc-
ing and lockdown resulted in a significant decrease
in physical activity level, loss of follow-up appoint-
ments with physicians and physical therapists (PTs),
and delay or cancelation of surgical procedures
[2

&

,3
&

,4].
Osteoarthritis (OA) is the most common age-

related joint disease affecting more than 80% of
people older than 55 years old [5] and more than
20% of the population [6

&

]. It is one of the leading
causes of pain and disability worldwide [7]. OA is
present concomitantly with other chronic condi-
tions such as cardiovascular disease, diabetes, and

obesity, which are risk factors for COVID-19 infec-
tion. These co-morbidities shared with advanced age
are risk factors for high COVID-19 severity. The
American College of Rheumatology [8] and the
European League Against Rheumatism [9] issued
guidelines for managing immune-mediated rheu-
matic diseases during the pandemic. However, these
guidelines did not include recommendations for
patients with OA.

In this review, we discuss how the COVID-19
pandemic affected patients with OA in terms of
delays in elective joint replacement surgeries, the
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KEY POINTS

� The COVID-19 pandemic negatively affected patients’
lifestyle habits, access to the healthcare system, and
general well-being.

� Delays in elective arthroplasty resulted in worsening
pain, increased patient dissatisfaction, and
surgical backlog.

� Elective arthroplasty can be performed safely during the
COVID-19 pandemic as long as there is strict
adherence to infection prevention strategies.

� Patients may benefit from regular follow-up
appointments with healthcare providers using
telemedicine to deliver essential health services and
optimize medical management.

Did COVID-19 impact osteoarthritis? Alhassan et al.
development of telemedicine and telerehabilita-
tion, and regular follow-up appointments and
symptom management.
JOINT REPLACEMENT SURGERIES

In March 2020, the American College of Surgeons
[10] and the US Centers for Disease Control and
Prevention [11] recommended that nonemergency
procedures be delayed in response to the rapidly
spreading COVID-19 infection. A Norwegian study
based on data from the BEREDT C19, the Norwegian
emergency preparedness register, showed a marked
decrease in elective hip surgeries down to one-third
compared to before the lockdown [2

&

]. The data also
showed a decline in the number of emergent hip
surgeries due to fractures in men aged � 35 and
middle-aged women (35–69 years old) but not for
older women aged � 70 years old [2

&

]. The unex-
pected decline in the number of emergency surger-
ies in men and middle-aged women was thought to
be due to lockdown, which reduced the risk for falls,
as hospitals did not limit access to acute care [2

&

].
However, the unchanged incidence of emergency
hip surgeries in older women was attributed to
intrinsic causes such as osteoporosis [2

&

]. A survey
conducted in the United Kingdom explored
patients’ willingness to proceed with elective hip
and knee arthroplasty during the COVID-19 pan-
demic [12]. Patients from a single surgeon’s waiting
list were contacted; the survey showed that 70.6% of
patients were willing to proceed with the procedure
[12]. It was noted that patients were more willing to
accept the increased risk of COVID-19 infection and
proceed with elective hip arthroplasty (87.9%) com-
pared with elective knee arthroplasty (57.1%,
P¼0.007) [12]. A Sweden study investigated the
impact of COVID-19 on knee and hip surgeries
 Copyright © 2021 Wolters Kluwe
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[13
&

]. The study showed a significant and rapid drop
in elective procedures after the first wave of COVID-
19, a 54% drop in the rate of joint replacements, and
a 42% drop in the rate of arthroscopies [13

&

]. How-
ever, the rate of these elective procedures went back
to the normal rate after the second wave of COVID-
19 [13

&

]. Surgery for acute fractures was unaffected
during the pandemic. The study showed that the
first wave of the COVID-19 adequately prepared the
healthcare system to minimize disruption in elec-
tive surgeries during the second phase of the pan-
demic. A Canadian study investigated the
magnitude of the surgical backlog caused by the
COVID-19 pandemic in Ontario, Canada [14].
Between March 15 and June 13, 2020, the estimated
surgical backlog was 148,364 surgeries, with an aver-
age weekly increase of 11,413 surgeries [14]. The
estimated backlog clearance time was 84 weeks
[14]. The data suggest an urgent need to increase
healthcare resources to accommodate incoming
new cases without adding to the backlog [14]. A
prospective qualitative study in Ireland assessed
the attitudes, awareness, and behavioral changes
in OA patients awaiting total joint arthroplasty
during the COVID-19 pandemic [15]. Sixty-five
patients completed a telephone questionnaire
within one week in May 2020; 86% felt there was
a minimum chance of contracting the COVID-19
infection, and this was noted mainly in participants
younger than sixty-five years of age [15]. Patients
with a preoperative modified Harris Hip Score below
50 were more interested in proceeding with surgery
during the pandemic [15]. There were no significant
differences in Short-Form-12 (SF-12) score, Charlson
Comorbidity Index, and patients’ desire to proceed
or cancel the surgery [15]. In Austria, telephone
interviews were conducted during and at the end
of the lockdown [6

&

]. The study enrolled 63 patients
with end-stage knee or hip OA who were scheduled
for arthroplasty that was postponed because of the
COVID-19 pandemic [6

&

]. There was a decrease in
physical activity which resulted in a significant
increase in both VAS and WOMAC pain scores
[6

&

]. Almost 80% of participants wished they had
their arthroplasty as soon as possible [6

&

]. Another
study conducted in Italy showed that quarantine
had a minimal impact or even a beneficial effect on
clinical scores of OA patients awaiting arthroplasty
[16]. The study recruited 34 patients with OA [16].
Despite the results, only seven patients were inter-
ested in postponing the surgery, whereas other
patients stated they were willing to proceed with
the surgery despite the persistence of the COVID-19
pandemic [6

&

]. One of the main limitations of this
study was the small sample size. A retrospective
study conducted in the National Capital Region in
r Health, Inc. All rights reserved.
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India enrolled 147 patients who underwent arthro-
plasty during the COVID-19 pandemic (from March
2020 to April 2021) [17]. The patients were admitted
to a ‘ring-fenced ward’ where everybody adhered to
infection prevention strategies (the use of N-95 or
surgical masks, personal protective equipment,
hand hygiene, and social distancing). Physicians
who cared for COVID-19 patients were not allowed
to enter the ‘ring-fenced ward’ before completing a
quarantine period [17]. The number of staff entered
the operating theatre and the number of surgeries
per day was markedly reduced [17]. Postoperatively,
two patients manifested symptoms and tested posi-
tive for COVID-19 infection; however, neither
required admission to the intensive care unit [17].
The study showed that arthroplasty procedures
could be performed safely during the pandemic as
long as everybody adheres to infection prevention
strategies.
TELEMEDICINE AND TELEREHABILITATION

Telemedicine, a term often used interchangeably
with telehealth, is defined as ‘the use of medical
information that is exchanged from one site to
another through electronic communication to
improve patient’s health.’ [18] Telemedicine can
be delivered via telephone, video, or e-mail. Tele-
rheumatology, telemedicine for the provision of
rheumatology care, was first developed to facilitate
and provide care to patients in rural and under-
served areas [19]. The COVID-19 pandemic has
accelerated the drive towards telemedicine and tele-
rehabilitation, with many nonurgent services being
delivered remotely whenever possible.

A qualitative study was nested within a clinical
trial, the Physiotherapy Exercise and Physical Activ-
ity for Knee OA trial (the PEAK trial), which enrolled
fifteen PTs who were provided with a novel e-learn-
ing program for physiotherapists to manage knee
OA via telehealth. Although PTs were familiar with
in-person ‘hands-on’ training, most of them valued
the mock consultations and the self-paced nature of
the program [20

&

]. The program provided PTs with
high confidence in practicing telerehabilitation
[20

&

]. The most significant challenge was helping
patients to navigate the videoconference technol-
ogy effectively [20

&

]. Telerheumatology conferen-
ces (TCR) were conducted in Spain during the
COVID-19 pandemic [21]. The majority of patients
were diagnosed with OA, soft tissue rheumatic dis-
ease, and osteoporosis. The study showed that
patient satisfaction was positively correlated with
a higher level of education and good skills in man-
aging information and communication technolo-
gies. TCR was explicitly helpful to patients who
 Copyright © 2021 Wolters Kluwer H
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resided in rural areas with difficult access to rheu-
matology specialists [21]. It was noted that the
length of the TCR was less than 10 min compared
to an average of 2 h for a regular in-person visit,
including travel time if the patient was commuting
from a rural area [21].
REGULAR FOLLOW-UP APPOINTMENTS
AND SYMPTOM MANAGEMENT

Since elective and nonurgent joint replacement
procedures were temporarily suspended during
the COVID-19 pandemic, many patients had to
rely on multimodal nonoperative symptomatic
management. Primary care providers, including
physicians and PTs, played a major role in optimiz-
ing the health and quality of life for thousands of
people awaiting total joint replacement proce-
dures. Although patients with OA had limited
access to exercise facilities and parks, all patients
were encouraged to stay active to avoid further
limitations in range of motion and subsequent
muscle atrophy. Patients were advised to partici-
pate in regular low-impact aerobic cardiovascular
and muscle strengthening exercises, reduce
weight, and adhere to a healthy diet. Many activi-
ties can be performed at home or near home (while
maintaining social distancing), such as walking,
yoga, home cycling, tai chi, pilates, and chair-
based sessions.

The REUMAVID cross-sectional study enrolled
1800 patients with rheumatic and musculoskeletal
diseases (RMD) from seven European countries to
study the impact of the COVID-19 pandemic on
their health [3

&

]. Three hundred ten patients
(17.3%) reported OA as a clinical diagnosis. Over
50% of participants had disruptions in access to
healthcare services with a cancellation of their rheu-
matology appointments [3

&

]. Almost half reported
not receiving information about the impact of
COVID-19 infection on their health and RMD
[3

&

]. Many participants reported poor lifestyle hab-
its, with one-quarter of participants smoking more
than before the lockdown, one-fifth reported
increased alcohol consumption, and almost half
were unable to continue exercising [3

&

]. It was nota-
ble that over three-quarters of participants reported
worsening pain [3

&

]. Half of the participants
reported poor well-being according to the WHO five
well-being index (WHO-5), and about half were at
risk for anxiety and depression, according to the
Hospital Anxiety and Depression Scale (HADS)
[3

&

]. The study nicely elucidated the negative impact
of the COVID-19 pandemic and subsequent lock-
down on patients with RMD, including OA, from
the patients’ perspective.
ealth, Inc. All rights reserved.
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CONCLUSION

Throughout the COVID-19 pandemic, patients with
OA have experienced disruption in access to health-
care services, poor lifestyle habits (increased alcohol
consumption and smoking and decreased physical
activity), and adverse effects on their overall well-
being and mental health. The most remarkable neg-
ative impact was the cancellation or delay in elective
joint replacement surgeries.

Although a temporary delay in the surgical
intervention will not result in disease progression,
immobility due to pain and stiffness can result in
muscle wasting, weight gain and decreased quality
of life [22]. Although patients with severe OA
experience intolerable pain, their symptoms
should not be left unaddressed. A multimodal
approach in the treatment of OA will significantly
improve symptoms during the COVID-19 pan-
demic and will strengthen a culture of team-based
primary care in the future. Healthcare providers
should aim to schedule more frequent follow-up
appointments via telemedicine, if possible, to
address patient needs. Although increased weight
and obesity are associated with worse outcomes in
patients with OA, weight reduction was more chal-
lenging during the pandemic due to fewer oppor-
tunities for aerobic exercise. Adherence to a
healthy diet with close attention to protein
requirements should be emphasized during fol-
low-up visits. Patients may benefit from an evi-
dence-based patient education program that
incorporates neuromuscular exercise under the
supervision of certified PTs, such as the Good Life
with OsteoArthritis: Denmark (GLA: D). The pro-
gram effectively reduced pain, improved physical
function and physical activity, reduced the num-
ber of patients taking painkillers, and reduced
the number of patients on sick leave secondary
to knee and hip OA [23]. We understand that none
of these nonsurgical management strategies will
completely substitute for joint replacement sur-
gery. However, during the COVID-19 pandemic,
healthcare providers should aim to optimize med-
ical management, primarily patient education,
cognitive behavioral therapy and physical exer-
cise, whereas the health system works to safely
and gradually reinstate elective joint replacement
surgeries.
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 CURRENT
OPINION Bone in osteoarthritis: imaging and interventions

Kiran Khokhar and Philip G. Conaghan

Purpose of review
To review the recent literature on bone in osteoarthritis (OA), with a focus on imaging and intervention
studies

Recent findings
Most studies focused on knee OA; hip and hand studies were uncommon. Bone shape studies
demonstrated that shape changes precede radiographic OA, predict joint replacement, and have
demonstrated high responsiveness. Novel quantitative 3D imaging markers (B-score) have better
characterized OA severity, including preradiographic OA status. The addition of computerized
tomography-derived 3D metrics has improved the prediction of hip joint replacement when compared to
radiographs alone.
Recent studies of bisphosphonates for knee OA have reported no benefits on pain or bone marrow lesion
(BML) size. A meta-analysis on Vitamin D supplementation in knee OA suggested minimal symptom
improvement and no benefits on the structure. Cathepsin K inhibition demonstrated reduction in OA bone
change progression, but with no symptom benefit. Studies of injections of bone substitutes into BMLs
(subchondroplasty) have generally been small and potential benefits remain unclear.

Summary
Subchondral bone features are associated with pain, incidence and progression of OA. Recent studies
have validated quantitative bone shape as a biomarker for OA trials. Trials of bone-targeted OA therapies
have been disappointing although cathepsin K inhibition may slow structural progression.

Keywords
biomarker, bone marrow lesions, bone shape, osteoarthritis

INTRODUCTION

Subchondral bone plays an integral role in the path-
ogenesis of osteoarthritis (OA). Subchondral sclerosis
and subchondral cysts are cardinal features of radio-
graphic OA. Magnetic resonance imaging (MRI)-
detected bone marrow lesions (BMLs) reflect areas
of trabecular microfracture, necrosis and fibrosis,
adjacent to areas of cartilage loss; they have been
associated with OA pain and structural progression.
Evidence suggests that bone morphology predisposes
to OA onset in hip and knee joints; for example,
femoroacetabular impingement (FAI) involves ana-
tomical changes at the femoral head and neck junc-
tion and is considered a risk factor for hip OA. Bone
morphology or ‘bone shape’ has been associated with
incident hip [1] and knee OA [2].

Imaging allows noninvasive monitoring of bone
pathologies including osteophytes, BMLs and bone
shape. OA structure can be assessed semi-quantita-
tively using different scoring systems and using
different imaging modalities; radiographically (e.g.
Kellgren Lawrence (KL)) and using MRI (e.g. MRI
Osteoarthritis Knee Score (MOAKS) and Scoring Hip

Osteoarthritis with MRI (SHOMRI)) for the knee and
hip respectively. OA structure can also be measured
quantitatively: quantitative bone shape can be
assessed by manual segmentation or by applying
Statistical Shape Modelling (SSM) methods, in 2D
using radiographs or 3D using CT and MRI images.

Interventions for OA have broadly been limited
to nonpharmacological therapies including weight
loss and physiotherapy, analgesia, and joint replace-
ment surgery. Although a number of therapies have
targeted hyaline cartilage, subchondral bone pro-
vides a potential therapeutic target.

This narrative review, therefore, highlights
recent imaging and intervention studies involving
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KEY POINTS

� Bone shape has been shown to be a more responsive
biomarker than radiographic JSW outcomes.

� SSM derived femur bone shape score (B-score) has
been shown to better characterize OA severity,
including preradiographic OA status.

� Addition of CT-derived 3D metrics improves prediction
of hip joint replacement when compared to
radiographs alone.

� Novel Cathepsin K inhibition has shown structure
modifying potential in knee OA, though without
symptom benefit.

� Studies of antiresorptive medications for knee OA have
largely been disappointing. A recent RCT of zoledronic
acid versus placebo showed no change between
groups in pain or BML size.

Osteoarthritis
OA bone. Due to the different clinical trajectories, the
publications are presented according to anatomical
site of OA.

KNEE IMAGING STUDIES

A preliminary analysis using the OA Initiative (OAI)
employed multilevel statistical analysis to assess
which MRI-assessed structural features of early knee
OA (KL0) were associated with pain [3]. 3T MRI of the
knees at baseline, 24, 48 and 72months were scored
using the MOAKS system. Meniscal extrusion was
significantly associated with worsening Knee injury
and Osteoarthritis Outcomes Score (KOOS) pain score.
Thoseparticipants who developedosteophyteshad on
average worse KOOS pain than those who did not.

Culvenor et al. conducted a systematic review
and meta-analysis into the prevalence of knee OA
features in asymptomatic patients [4]. Study partic-
ipants needed no activity-related symptoms and no
history of previous surgery or injury. In total, 63
studies were included. Semi-quantitative MRI fea-
tures were common, with the prevalence of meniscal
tears, cartilage defects and osteophytes increasing
with age: 4–14% in the under 40 s and 19–43% in
those over 40. Overall BML pooled prevalence esti-
mate was 18% (12–24%), although BML prevalence
was not found to increase with age. In those under 40,
BML prevalence in asymptomatic athletes who
played weight bearing sports was 26% compared to
3% in the general population (P¼0.002). There was
likely important confounding, as BML prevalence
may have been affected by different MRI sequences.

Another systematic review assessed the effects of
weight loss on hip and knee OA structure [5]. 14
 Copyright © 2021 Wolters Kluwer H
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articles were included (13 knee, one hip). 5 papers
evaluated BMLs semi-quantitatively and 3 evaluated
radiographic joint space width (JSW). There was no
association seen between weight loss and JSW or
BML size.

Shape modelling was applied to dual energy X-
ray absorptiometry (DXA) images in 109 participants
from the Aberdeen Hip and Knee Study (AHAKS) [6

&

].
Participants had bilateral knee x-rays within the pre-
vious 12 months and imaging was repeated at 6 and
12 months. One mode showed good responsiveness
to change at 12 months [standardized response mean
(SRM) 0.63]. This shape mode was subcategorized by
radiographic severity: the moderate OA group (KL2)
of 24 patients had a SRM of 0.92. The first five modes
selected in the study only explained 43% of the
variance in radiographic OA. These responsiveness
measures compare favourably to 12-month radio-
graphic JSW measures [7,8]. However, using 3D
MRI bone shape in 600 participants from the pain/
structural progression subgroup of the Foundation
for the NIH Biomarkers Consortium (FNIH), Dube
et al. previously found responsiveness to be as high as
SRM¼1.02 at 24 months [9].

Wise et al. examined 3D bone shape trajectories
in knee OA [10]. Data was collected from 473 OAI
participants randomly selected for symptomatic OA
or at risk of OA (defined as those with knee symp-
toms for 12 months and risk factors such as previous
knee injury or contralateral replacement). Trajecto-
ries of distal femur and proximal tibia SSM shape
were examined at baseline, 2 and 4 years. Overall,
bone shape did not change much over the 4 years
(reflecting previous studies), though sex and base-
line radiographic OA severity were associated with
differences in trajectories.

SSM-derived femur bone shape, or ‘B score’, has
recently been shown to be a quantitative repeat-
able and sensitive measure [11

&&

]. It was associated
with current and future knee pain, functional lim-
itation and joint replacement (see Fig. 1). As well as
being a useful biomarker for trials, clinical applica-
tion of B score would be akin to T score use in
osteoporosis: diagnostic and to help stratify
treatment decisions.

Shape modelling using CT has also shown that
OA knees have distinctive shape features to distin-
guish them from controls; bony expansion at the
femoral borders, enlargement of the postero-medial
tibial tubercle with accompanying postero-medial
condylar expansion [12]. This study involved 66
patients with OA awaiting joint replacement surgery
and 77 controls, and its model allowed classification
of OA and non-OA knees with 95% accuracy, 96%
sensitivity, 94% specificity and 97% AUC.
ealth, Inc. All rights reserved.
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FIGURE 1. B-score. The risks of moderate knee pain or loss of function increase across the range of B-score. Risks of severe
knee pain or severe functional limitation and TKR also increase similarly [11&&].
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HIP IMAGING STUDIES
A Japanese study assessed 54 hips with radiographic
OA (scored using the Tönnis system) [13]. Bilateral
hip MRI was performed and graded using the Hip OA
MRI Scoring System (HOAMS). In hips with severe
OA (Tönnis grade 3), those with higher pain
(defined as above the average pain VAS 75.8 mm)
demonstrated higher BML scores in the central-infe-
rior femoral head and osteophyte scores in the
infero-medial femoral head.

The Tasmanian Older Adult Cohort (TASOAC) is
a population-based study including 801 participants
aged 50–80. Preliminary analysis from TASOAC
showed shape modes (constructed from DEXA
images) reflecting decreasing acetabular coverage
and femoral head asphericity independently pre-
dicted risk of progression to THR [14].

In the Cohort Hip and Cohort Knee (CHECK)
study, 2D shape modelling was applied to hip radio-
graphs with a 10 years follow-up [15] to assess the
natural history of bone shape; whether changes in
bone shape are predictive of OA, or a consequence of
OA. Preliminary analysis from 1002 participants
found that in addition to baseline bone shape, peri-
odic shape changes are associated with radiographic
progression in the same time period. Change in bone
shape was also seen to precede radiographic OA.

Ten hip shape models were derived using SSM
(using SHAPE software) from a combined cohort of
 Copyright © 2021 Wolters Kluwe
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nearly 16,000 participants. GWAS meta-analysis
found 9 SNPs (in 8 loci) that were consistently
associated with DXA-derived hip shape [16]. Most
loci were associated with height and endochondral
bone formation. The same genetic variants associ-
ated with hip shape and endochondral bone forma-
tion in adults appear to be important in adolescence
[17]. Further work using SSM show that lesser tro-
chanter size and cam-type FAI are related to radio-
graphic OA [18].

A Californian longitudinal study applied 3D
SSM in 46 subjects with unilateral MRI at baseline,
18 and 36 months [19]. Hip Disability and Osteoar-
thritis Outcome Scores were recorded and MRIs
scored using the SHOMRI grading system. Results
showed that volume in the femoral head and neck
(Mode 3) increased over time and this shape mode
was significantly more prevalent in those with pain
[19]. Mode 6 shape change (angulation of the femo-
ral head in relation to the neck) was significantly
associated with the presence of cartilage lesions.

From the AGES-Reykjavik cohort, further use of
3D shape modelling using CT has also enabled
accurate 3D assessment of JSW distribution across
the hip joint [20

&

]. In a group of 80 cases and 187
controls, when combined with KL grade, these 3D
metrics improved prediction of joint replacement by
18%, when compared with radiographic minimum
JSW alone.
r Health, Inc. All rights reserved.
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HAND IMAGING STUDIES

The Hand OSTeoArthritis in Secondary care (HOS-
TAS) study assessed the association between base of
thumb OA pain and semi-quantitatively scored MRI
features [21]. 161 participants who fulfilled Ameri-
can College of Rheumatology criteria had imaging
at baseline and 2 years and MRIs scored using the
OMERACT thumb base OA MRI scoring system
(TOMS) which includes BMLs and synovitis at the
first carpal-metacarpal and scaphotrapeziotrapezoid
joints. Pain (on palpation) fluctuated across the
study period. A longitudinal relationship was
reported, with increase in BMLs (and synovitis)
associated with increased pain.

A 2021 meta-analysis concluded that in hand
OA, hand joints with MRI detected bone features
(including osteophytes, central bone erosions and
BMLs, but also synovitis) were 2–3 times more likely
to be tender than unaffected joints [22]. Ultrasound-
detected osteophytes (grey scale and power Doppler)
also showed similar results. MRI detected BMLs (and
synovitis) were associated with development of a
new radiographic abnormality or worsening of
preexisting changes.
INTERVENTIONS

Weight loss has been shown to improve OA pain and
function and remains strongly recommended in OA
treatment guidelines [23] A Danish randomized
controlled trial (RCT) included 60 patients with
painful knee OA with KL 2–3 [24]. Participants were
randomized to thrice-weekly exercise therapy for
12 weeks or to a control group. KOOS pain improved
significantly in the treatment arm (11.7 points
mean improvement). However, no significant dif-
ferences were found in BMLs between the groups
and BMLs did not explain the improvement in
pain scores.

In OA, there is a loss of regulation of bone
homeostatic processes which leads to increased
bone turnover in the subchondral bone. Cathepsin
K is a protease that mediates the breakdown of
matrix proteins leading to bone resorption. The
structure modifying effects of MIV-711 (a novel
selective Cathepsin K inhibitor) was studied in a
RCT involving 244 participants with painful knee
OA [25

&&

]. MRI-derived bone area was used as an
outcome measure. Patient-reported pain (primary
outcome) was unchanged at 26 weeks. However, a
statistically significant reduction in bone area pro-
gression was seen in the active treatment arms.

Bisphosphonates also hinder the OA bone
remodelling process. Zoledronic acid (ZA) is a
potent osteoclast inhibitor and a previous study
of its use in knee OA reported promising results
 Copyright © 2021 Wolters Kluwer H
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[26]. Cai et al. enrolled 223 participants with knee
OA in a RCT to assess the effect of annual ZA
infusions versus placebo on knee cartilage volume
over 2 years [27

&&

]. Cartilage volume change, West-
ern Ontario and McMaster Universities Osteoarthri-
tis Index (WOMAC) pain score and BML size change
were not significant between the two groups; use of
ZA for knee OA was not supported by these findings.
Adverse events were high in both groups, although
significantly higher for the ZA group (96% versus
83%). An earlier 2019 study from the same group
compared one-off ZA infusion, ZA plus methylpred-
nisolone (VOLT1) and placebo in 117 knee OA over
6 months [28]. There were again no significant dif-
ferences in BML change between the active treat-
ments and placebo at 6 months.

Using data from the OAI, the protective effects
of concurrent bisphosphonate use in knee OA
patients were explored [29]. Women over 50 years
old with radiograph and medication use data avail-
able were included. 344 patients taking bisphosph-
onates at baseline were 1:1 propensity matched with
those who were not, and were followed up for 2 years
after the baseline visit. Results indicated that in
those with a baseline KL grade <2, bisphosphonate
use was protective of OA progression (defined as a
one unit increase in the KL score); HR 0.53 (CI, 0.35–
0.79). This protective effect was not seen with
patients with KL �2 at baseline.

From OAI data, 145 female participants who
were newly initiated on to bisphosphonates were
identified and 1:1 propensity matched with ‘non
initiators’ [30]. BML volumes were assessed for both
groups at index visit and 12 months. The paper
found no significant effect of bisphosphonate initi-
ation on BML volume at 12 months.

A recent Swiss study compared antiresorptive
therapies (ZA, ibandronic acid, alendronate and
denosumab) in a retrospective open-label study of
only 34 patients [31]. Included participants had
concurrent knee pain and knee BMLs diagnosed
on MRI. Main outcome measures were change in
pain and change in semiquantitative BML size. The
study concluded that ZA was the most effective
treatment, although the study was underpowered
to detect a true change in BML size.

In large observational studies, Vitamin D defi-
ciency has been linked to the incidence and pro-
gression of radiographic knee OA [32]. The Vitamin
D in OA (VIDEO) study was a multicenter UK RCT
designed to assess the efficacy of Vitamin D sup-
plementation on radiographic JSW in painful knee
OA. Participants in the active treatment arm were
given cholecalciferol 800 IU daily. A small subsam-
ple of participants (24 treatment arm, 26 placebo)
had knee MRIs at baseline and 2 years follow-up
ealth, Inc. All rights reserved.
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FIGURE 2. Subchondroplasty. BML in the medial femoral condyle as seen on T2-weighted MRI (left). Intraoperative
fluoroscopic image showing cannula position and injection of calcium phosphate into medial femoral condyle (right).
Reproduced with permission [36]. BML, bone marrow lesion.
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[33]. No effect was seen on BML volume (or syno-
vitis) between the two groups. A recent meta-anal-
ysis suggested that Vitamin D may improve
WOMAC scores in knee OA. However, the mean
differences were not clinically significant and het-
erogeneity of studies was very high. Moreover,
there was no benefit on OA structural progression
[34].

Additional interventions to subchondral bone
in OA include subchondroplasty which has been
used in patients with joint pain with corresponding
areas of BML. It involves the injection of a bone
substitute material (e.g. calcium phosphate) into
areas of subchondral defects or BMLs, see Fig. 2. This
theoretically acts as a scaffolding around which new
bone growth can occur. A recent systematic review
included 17 studies on subchondroplasty (13 knee,
four on the foot and ankle) involving 756 partic-
ipants in total [35]. Improvement in patient-
reported pain and function scores did consistently
improved, and patient-reported postprocedure sat-
isfaction was high. However, the studies were of low
quality, serious complications including avascular
necrosis and osteomyelitis did occur and, rates of
post procedure conversion to knee replacement sur-
gery were up to 30% over the 10 months to 7 years
follow-up period.
 Copyright © 2021 Wolters Kluwe
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CONCLUSION

Radiographic bone shape studies have shown
improved sensitivity to change in comparison to
previous radiographic measures, such as JSW, over
equivalent time periods. Bone shape has also been
shown to precede radiographic OA, and predict joint
replacement. 3D bone shape score (B-score) has been
shown to better characterize OA severity, including
preradiographic OA status. B-score provides a more
effective risk stratification method for all clinically
important outcomes when compared to KL grade.
Use of novel 3D-CT derived measures in addition to
radiographic measures can improve prediction of
hip joint replacement when compared to radio-
graphic features alone. OA intervention studies have
had mixed results, with structural disease-modify-
ing potential seen with Cathepsin K inhibition, but
this was not associated with symptomatic benefits.
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osteoarthritis in human tissues
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Purpose of review
To provide an overview of recent developments in the field of osteoarthritis research with a focus on
insights gleaned from the application of different -omic technologies.

Recent findings
We searched for osteoarthritis-relevant studies focusing on transcriptomics, epigenomics, proteomics and
metabolomics, published since November of 2019. Study designs showed a trend towards characterizing
the genomic profile of osteoarthritis-relevant tissues with high resolution, for example either by using single-
cell technologies or by considering several -omic levels and disease stages.

Summary
Multitissue interactions (cartilage–subchondral bone; cartilage–synovium) are prevalent in the
pathophysiology of osteoarthritis, which is characterized by substantial matrix remodelling in an
inflammatory milieu. Subtyping approaches using -omic technologies have contributed to the identification
of at least two osteoarthritis endotypes. Studies using data integration approaches have provided molecular
maps that are tissue-specific for osteoarthritis and pave the way for expanding these data integration
approaches towards a more comprehensive view of disease aetiopathogenesis.

Keywords
evolution, multiomics, osteoarthritis, single-cell

INTRODUCTION

Osteoarthritis is a prevalent, debilitating and com-
plex disease affecting the whole joint organ with a
high public health burden and no curative therapy
[1]. Osteoarthritis primarily affects knee, hip and
hand joints leading to alterations in a multitude of
joint tissues. The pathophysiology of osteoarthritis is
characterized by degradation of articular cartilage,
thickening of the subchondral bone, osteophyte for-
mation, degradation of ligaments and synovitis [2].

Osteoarthritis development depends on both
environmental (older age, female sex, obesity, joint
morphology and injury) and genetic factors, with
heritability estimated to be over 50% [3]. To pin-
point the specific genes and pathways associated
with osteoarthritis, large-scale genome-wide associ-
ation studies (GWAS) have been carried out and
have identified over 140 osteoarthritis susceptibility
risk loci [4–8]. The vast majority of these variants are
located in noncoding regions, for which the effector
gene is not readily discernible. Therefore, it is impor-
tant to establish functional links between genomics
and disease-relevant alterations on multiple mole-
cular levels.

Increasing scalability and affordability of methods
to measure transcriptomic, epigenomic, proteomic
and metabolomic alterations in health and disease
have led to an increasing number of studies monitor-
ing these alterations genome-wide and combining the
different -omics levels to glean new insights into
osteoarthritis mechanisms. The aim of this review is
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KEY POINTS

� The integration of molecular data in osteoarthritis-
relevant tissues has generated novel insights into tissue-
specific molecular profiles.

� Single-cell RNA-sequencing approaches have started to
shed light in the cellular heterogeneity of osteoarthritis-
relevant tissues and their communication.

� Omic approaches have successfully been utilized for
the identification of osteoarthritis subtypes.

� Potential biomarkers from accessible tissues have been
identified with the use of proteomics and metabolomics.

� Integration of multiomic data types can reveal
functional mechanisms across molecular levels and thus
improve our understanding of osteoarthritis.

Osteoarthritis
to give a summary of the knowledge accumulated
within the last 20 months in relation to osteoarthritis
molecular mechanisms, primarily through using and
combining different -omics technologies.
Search criteria

We searched PubMed for studies published in any
language during the time frame 1 November 2019–
30 June 2021 for the terms ‘osteoarthritis’ AND
[(’transcriptomics’) OR (’gene expression’) OR
(’RNA-seq’) OR (’methylation’) OR (’genomics’) OR
(’genetics’) OR (’proteomics’) OR (’ATAC-seq’) OR
(’ChIP-seq’) OR (’metabolomics’)]. In this review,
we consider studies solely on human samples using
both untargeted and targeted approaches and exclud-
ing in-vitro systems. We focus on primary research
excluding purely bioinformatic analyses (Table 1).
TRANSCRIPTOMICS

Several studies have explored alterations in gene
expression transcriptome-wide utilizing RNA-
sequencing technology (RNA-seq) in osteoarthri-
tis-relevant tissues, mainly of the knee or hip joints.
Coding transcriptome

The majority of studies have focused on character-
izing changes in cartilage and synovium. The largest
study of this kind in osteoarthritis involved 115
patients and identified 2557 differentially expressed
genes between high-grade (macroscopically
degraded) and low-grade (macroscopically intact)
osteoarthritis cartilage, 409 of which also demon-
strated significant protein-level differences. Nota-
bly, this study reported 36 genes with therapeutic
80 www.co-rheumatology.com
potential for osteoarthritis, highlighting the down-
regulation of IL11 as a likely intervention point. The
authors additionally stressed extracellular matrix
(ECM) remodelling by chondrocytes in an inflam-
matory milieu as a fundamental molecular hallmark
during cartilage degeneration [9

&

]. The latter is also
in agreement with the hypothesis that tissue cross-
talk is a central aspect of osteoarthritis pathophysi-
ology [10]. A recent study explored this cross-tissue
interaction by monitoring gene expression changes
in subchondral bone (n¼24 patients) and cartilage
derived from knee and hip osteoarthritis joints. This
study compared subchondral bone underlying low-
grade and high-grade cartilage, thereby identifying
1569 differentially expressed genes. Of these, 305
genes were also differentially expressed with the
same direction of effect between low-grade and
high-grade cartilage samples in the same patients.
Among these genes, the authors highlight CHADL
and IL11 as potential therapeutic targets for knee
osteoarthritis [11]. Together, these studies use tran-
scriptome-profiles to indicate potential future ther-
apeutic intervention points, with IL11 being
repeatedly highlighted as a putative gene of interest.
Regulatory transcriptomics

In addition to alterations in the transcription of
protein-coding genes, an increasing number of stud-
ies have focussed on noncoding RNAs (ncRNAs).
Depending on their length in nucleotides, ncRNAs
can be divided into two subclasses: small ncRNAs
(20–30 nucleotides) and long ncRNAs (lncRNAs;
>200 nucleotides) [12]. MicroRNAs (�20 nucleoti-
des) are the most well studied among small ncRNAs
due their established role in posttranscriptional gene
silencing [13]. LncRNAs are much less studied and
their mechanism of action is unclear; however, they
can be therapeutically targeted [14]. With regard to
osteoarthritis, a recent study characterized for the
first time changes in lncRNA transcriptome-wide,
and studied the effect of lncRNA on mRNA expres-
sion in low-grade and high-grade cartilage from 98
osteoarthritis patients. This study pointed out 191
differentially expressed lncRNAs in degraded carti-
lage and demonstrated the importance of intergenic
and antisense lncRNA in osteoarthritis pathophysi-
ology. The authors also indicated P3H2-AS1 lncRNA
as a potential preclinical target through regulation of
its sense gene P3H2 [15]. Another study focused on
microRNAs and their interactions with mRNAs by
comparing the synovium between five osteoarthritis
patients and three healthy controls. This study iden-
tified 395 miRNA–mRNAs pairs and implicated
PI3K–Akt signalling in osteoarthritis pathophysiol-
ogy in synovium [16].
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Transcriptomics and genomics

Integrating genetics with molecular profiles can
identify molecular quantitative trait loci (molQTL).
Steinberg et al. [9

&

] provided the first molQTL map in
three osteoarthritis primary tissues: low-grade and
high-grade cartilage, and synovium. This study
identified 1891 genes targeted by an expression trait
locus (eQTL) in at least one of these primary tissues.
In addition, the authors reported 172 genetic var-
iants involved in differential regulation of gene
expression between high-grade and low-grade carti-
lage (differential eQTLs) targeting 32 genes. Closer
examinations of these genes revealed involvement
in regulation of gene expression, nervous system
development, response to stress, immune response,
cell adhesion and catabolic processes [9

&

].
Identification of osteoarthritis molecular
subtypes using transcriptomics

Osteoarthritis is a disease of high heterogeneity both
in its clinical manifestation and its molecular char-
acteristics [17]. Molecular subtyping can help disen-
tangle this heterogeneity by clustering samples with
a similar molecular profile into groups [18].

In the past 20 months, three studies have used
transcriptomics data to identify osteoarthritis
patient subgroups. The first study utilized data from
both knee and hip joint cartilage derived from 66
patients and described two osteoarthritis subtypes in
low-grade osteoarthritis cartilage [19]. The first sub-
type corresponded to high inflammation showing
upregulated chemokine signalling (CCL2, CCL3,
CCL4), while the second one demonstrated
increased expression of ECM-related components.
The high-inflammation cluster was found to be
associated with higher joint space narrowing (JSN)
scores and low osteophyte scores [19]. Following
that, a second study sought to identify osteoarthritis
subtypes considering three different tissues includ-
ing cartilage, synovium and subchondral bone from
a total of 131 osteoarthritis patients (131 osteoar-
thritis cartilage samples, four healthy control carti-
lage samples, 60 synovium samples, 65 subchondral
bone samples) [20]. The authors described four oste-
oarthritis molecular subtypes based on cartilage
transcriptome: a glycosaminoglycan metabolic dis-
order subtype (C1), a collagen metabolic disorder
subtype (C2), an activated sensory neuron subtype
(C3) and an inflammation subtype (C4). Vasculature
development was linked to clinical features includ-
ing increased osteophytes in the metabolic disorder
subtype and severe JSN in the inflammation subtype
[21]. A third study utilized data from knee joint
cartilage and synovium from a total of 113 (carti-
lage) and 90 (synovium) patients, respectively, and
84 www.co-rheumatology.com
was the first study to explore clusters in synovium.
In agreement with the first study [19], the authors
identified two patient subgroups in low-grade carti-
lage, which were correlated with patient clinical
characteristics. The two subgroups were different
from each other in processes relevant to inflamma-
tion (cytokine and chemokine signalling), ECM
interactions and cell adhesion pathways. The
high-inflammation cluster correlated positively
with female sex and prescription of proton pump
inhibitors. Molecular subtyping in synovium iden-
tified two clusters which differed in similar path-
ways as the two clusters in cartilage. Patient cluster
allocation in synovium and cartilage was different,
indicating tissue-specific molecular processes active
in osteoarthritis [21]. Despite differences in design
among the three studies, they all highlight a high-
inflammation molecular subtype and a subtype
related to extensive remodelling of the ECM. In
addition, the different studies also associate the
high-inflammation subtype with more severe clini-
cal symptoms including more apparent JSN.
Single-cell transcriptomics in osteoarthritis

Single-cell RNA-sequencing (scRNA-seq) has revolu-
tionized the study of complex biological systems
offering a greater view of cellular heterogeneity.
Following the first single-cell study in osteoarthritis
cartilage by Ji et al. in 2019 [22], Chou et al. [23

&

]
sought to characterize cellular and transcriptional
heterogeneity of matched cartilage and synovium to
glean further insight into the molecular crosstalk
between these tissues in osteoarthritis. Profiling of
10 640 synoviocytes and 26 192 chondrocytes from
three osteoarthritis patients revealed 12 distinct
synovial and seven distinct articular cell popula-
tions. Synoviocytes were found to produce a pleth-
ora of cytokines relevant to osteoarthritis
progression (55%) and a minority of key cytokines
were found to be produced exclusively by chondro-
cytes (16%). To this end, this study identified 31
cytokines (12 uniquely expressed in synoviocytes)
and 30 growth factors (seven uniquely expressed in
synoviocytes) associated with phenotypic altera-
tions in osteoarthritis chondrocytes. Chou et al.
replicated the identification of five chondrocyte
populations by Ji et al., and characterized two addi-
tional distinct populations: the reparative chondro-
cytes characterized by ECM signalling (COL2A,
CLEC3A, CILP and COMP) and the prefibrochondro-
cytes characterized by processes relevant to synthe-
sis of ECM components and increased expression of
IL11. These two populations were additionally
enriched in osteoarthritis cartilage along with fibro-
chondrocytes and regulatory chondrocytes (RegC)
Volume 34 � Number 1 � January 2022
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[23
&

]. Increased fibrochondrocytes and RegC in oste-
oarthritis cartilage were also detected from a second
scRNA-seq study comparing osteoarthritis (5834
cells) to healthy (4401 cells) and Kashin–Beck chon-
drocytes derived from osteoarthritis (n¼5) and
Kashin–Beck (n¼5) patients, and from healthy
(n¼5) healthy controls, respectively [24]. The
authors additionally reported a novel chondrocyte
population referred to as mitochondrial chondro-
cytes. This chondrocyte population was present in
cartilage of both diseases but was absent in healthy
cartilage indicating mitochondrial dysfunction in
osteoarthritis and Kashin–Beck disease [24]. In addi-
tion to the roles played by cartilage and synovium,
meniscus degeneration and weakening are common
but much less studied in osteoarthritis [25]. A recent
study on human meniscus samples identified seven
cell populations in healthy meniscus, two of which
were described for the first time. Comparison of
healthy and degenerated meniscus pinpointed alter-
ations in three cell populations: monocyte-derived
dendritic cells, hypertrophic chondrocytes and
degenerated meniscus progenitor cells (DegP). DegP
was identified as a novel progenitor cell population
and expression of its marker genes (GAS1, RAB3B
and CD318) was associated with aberrant differenti-
ation processes taking place during meniscus degra-
dation. The authors described these differentiation
processes in a trajectory from fibrochondrocyte pro-
genitors to DegP, proposed as a marker of meniscus
degeneration and as an intervention point [26

&

].
EPIGENOMICS

Gene expression is in part regulated by epigenetic
processes, such as methylation and chromatin accessi-
bility. Epigenomics defines the whole set of epigenetic
modifications in a biological system. Characterizing
the epigenomics landscape in disease-relevant tissues
can expand our insights into osteoarthritis aetiology
beyond gene and protein expression.

One study investigated the chromatin accessi-
bility profile of chondrocytes of joint components
in one human developmental sample (59 days old)
[27

&&

]. In evolutionary analyses, knee-specific open
chromatin regions (knee elements) showed signals
for positive selection during hominin evolution and
recent constraint and genetic drift, but also over-
lapped osteoarthritis risk variants. These evolution-
ary insights allowed the formulation of a model
which suggests genetic variants that violate these
constraints may not exert a negative effect during
knee development, but may have a detrimental
influence later, for example by contributing to an
increased osteoarthritis risk. Considering this model
and overlaying regulatory knee elements with
1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
GWAS results, enabled the prioritization of
rs6060360 for further study. This is a variant located
in the knee enhancer R4 in the osteoarthritis risk
locus for GDF5. Functional follow-up analyses
linked R4 loss and the risk allele ‘T’ of rs6060360
with lower GDF5 expression and knee shape
changes in mouse models, providing evidence in
support of a causal role in osteoarthritis. This study
shows how epigenomics data of a developmental
sample can be used to investigate evolutionary
aspects of osteoarthritis and how these insights
can be used to identify likely causal variants [27

&&

].
Epigenetic profiles of peripheral but more acces-

sible tissues might have the potential to be used as
prognostic biomarkers [28]. A recent study trained a
classifier to distinguish patients with progressing
osteoarthritis (n¼58) from nonprogressors
(n¼58). Here, progressors were patients with a con-
sistent joint space width loss in affected knees across
48 months, based on radiographic data. Models that
used DNA methylation from peripheral blood
mononuclear cells and clinical information
achieved an accuracy of 73% and outperformed
models using solely clinical information. This sug-
gests that DNA methylation can be a relevant
resource for patient stratification [28].
Chromatin–protein interactions in
osteoarthritis

Chromatin immunoprecipitation assay (Chip-seq)
can help map the chromatin regulatory landscape of
a given tissue. This has enabled the exploration of
protein–chromatin interactions with a focus on
transcription factors, and has offered a better view
of gene expression regulation. In osteoarthritis,
there has been evidence that the expression of the
transcription factor forkhead box protein O1
(FOXO1) is increased in the intermediate layers of
affected cartilage [29]. A recent study investigated
this finding further by applying Chip-seq in primary
chondrocytes of osteoarthritis patients (n¼3) to
characterize FOXO1 binding sites at a genome-wide
scale. The authors showed that osteoarthritis-linked
pathways are more frequently regulated through
FOXO1 binding to sites with a noncanonical motif,
whereas in other (ubiquitous) pathways, FOXO1
interacts with the canonical binding sequence
[30]. Follow-up analysis integrating cartilage RNA-
seq data revealed 428 osteoarthritis-relevant target
genes of FOXO1 to be differentially expressed in
osteoarthritis. These genes were enriched in osteo-
arthritis-relevant pathways including senescence,
ECM and circadian clock. This study highlights
differences in the FOXO1-regulation between
osteoarthritis-related and other pathways and
r Health, Inc. www.co-rheumatology.com 85
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underlines its role in transcriptional changes
during osteoarthritis.
Proteomics in osteoarthritis-affected tissues

Recent studies in osteoarthritis have monitored
alterations in protein abundance in cartilage, syno-
vium, meniscus and fat pad. Steinberg et al. reported
differences in 2233 proteins between low-grade and
high-grade osteoarthritis cartilage tissue from 115
patients. The main activated pathway among these
proteins was ECM receptor interaction [9

&

]. A further
study examined differences between osteoarthritis
and healthy menisci from 10 osteoarthritis patients
and 10 healthy donors. The largest differences were
observed for matrix metalloproteinase 3 (MMP3),
metalloproteinase inhibitor 1 (TIMP1), asporin and
versican [31]. Another recent study explored differ-
ences in the proteins secreted from cartilage, syno-
vium, Hoffa’s fat pad and meniscus from knee
osteoarthritis patients (n¼4) and compared their
abundance in the surrounding synovial fluid of
osteoarthritis patients (n¼10) and healthy controls
(n¼10). Using an untargeted mass spectrometry
approach (LC–MS/MS), the authors identified 62
proteins that were significantly increased and 234
that were significantly decreased in synovial fluid of
osteoarthritis patients compared with healthy
donors. Thirty nine out of 62 and 56 out of the
234 were detected in the secretome of synovium, fat
pad, meniscus and cartilage. The authors also
reported tissue-specific secretion for antileukopro-
teinase [secretory leukocyte peptidase inhibi-
tor(SLPI)] (highest in cartilage), MMP3 (highest in
cartilage), complement C8 alpha chain (C8A) (high-
est in meniscus) and retinoic acid receptor
responder protein 2 (RARRES2) (highest in carti-
lage). These findings stressed the differential contri-
bution of the different joint tissues to osteoarthritis-
relevant alterations in the synovial proteome of the
knee and highlighted the fat pad and meniscus as
additional important players [32].
Proteomics for biomarker discovery

The approaches described above offer an overview of
alterations in osteoarthritis-relevant tissues. How-
ever, insufficient accessibility or invasiveness of the
relevant tissues limits their utility for early diagno-
sis. Studies on blood serum or urine circumvent this
obstacle and hold great potential in the identifica-
tion of diagnostic biomarkers. The largest study of
this kind from Styrkarsdottir et al. explored 4792
plasma proteins in 39 155 individuals, of whom
12 178 had osteoarthritis. This study identified
CRTAC1 (cartilage acidic protein 1), a new potential
86 www.co-rheumatology.com
biomarker for knee, hip and hand osteoarthritis,
which correlates with disease incidence and predicts
joint replacement surgery [33]. Camacho-Encina
et al. [34] used a targeted proteomics approach
(nucleic-acid programmable protein arrays) to
explore the potential predictive role of autoanti-
bodies in the serum of 327 osteoarthritis-free at
the baseline participants in the development of
radiographic knee osteoarthritis during a 96-month
follow-up. The authors discovered that elevated
serum concentration of autoantibodies against
methionine adenosyltransferase 2 b can be used as
a predictive marker for osteoarthritis development
and validated their findings in an independent
cohort (n¼108) [34]. Sarkar et al. compared plasma
from healthy individuals and osteoarthritis patients
to identify differentially expressed proteins in circu-
lating blood. They highlighted 52 differentially
expressed proteins with haptoglobin, a free haemo-
globin (Hb)-scavenging protein, being the most sig-
nificantly increased in osteoarthritis plasma. This
finding, combined with lower abundance for hap-
toglobin tetramers and elevated autoantibodies
against haptoglobin b (a cleaved precursor of hap-
toglobin), indicated that increased Hb levels may be
associated with initiation of inflammation in osteo-
arthritis [35]. Xiao et al. explored urine proteomics
differences between osteoarthritis patients and
healthy individuals. This resulted in the identifica-
tion of 102 proteins that had significant differences
in their abundances (46 upregulated and 56 down-
regulated in urine from osteoarthritis patients).
Among these proteins, collagen type IV (COL-4),
matrix metalloproteinase 9 (MMP9), adiponectin
and gamma-butyrobetaine dioxygenase 1 (BBOX1)
were highlighted as potential biomarkers for early
diagnosis of osteoarthritis in urine [36].
Proteomics and genomics

There have been two studies in osteoarthritis inte-
grating genomics data with protein level abundance
to discover genetic variants affecting protein expres-
sion (referred to as protein QTLs or protein quanti-
tative trait locus (pQTLs)). Steinberg et al. [9

&

]
explored protein levels in cartilage (low-grade and
high-grade) and synovial tissue. This led to the
identification of 38 genes with a cis-pQTL effect in
at least one of the osteoarthritis-relevant tissues.
Styrkarsdottir et al. [33] studied the role of CRTAC1
variants in osteoarthritis pathogenesis. This study
identified eight CRTAC1 pQTL variants in blood
plasma which were, upon further testing, not asso-
ciated with osteoarthritis. This indicated that
CRTAC1, although a promising biomarker, is not
causally involved in osteoarthritis pathogenesis.
Volume 34 � Number 1 � January 2022
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METABOLOMICS

Metabolomics holds great potential for biomarker
discovery and understanding of disease mecha-
nisms. Metabolomics refers to the profiling of
metabolites in biofluids, cells and tissues [37].
Global high-throughput (untargeted) or targeted
MS-based metabolomics offer a global overview
compared with greater selectivity and specificity,
respectively [37].
Metabolomics for biomarker discovery

The majority of metabolic studies in osteoarthritis
have been performed in blood samples comparing
osteoarthritis patients to healthy controls. The largest
study of this kind sought to identify metabolic sig-
natures in the serum of 1564 osteoarthritis cases and
2125 controls using an untargeted approach (1H-
NMR-metabolomics assay) [38]. The authors explored
the association of 227 metabolites with radiographic
knee/hip osteoarthritis prevalence and progression.
They highlighted increased fatty acid chain length as
the most strongly associated factor to end-stage oste-
oarthritis independent of patient BMI. This result
indicated the presence of an altered systemic meta-
bolic state in osteoarthritis and stressed the impor-
tance of measuring systemic factors in older age [38].
Three further studies, with smaller sample sizes,
explored the metabolic changes in plasma or serum
of osteoarthritis patients compared with healthy con-
trols [39–41]. These studies identified panels of
metabolites altered in the osteoarthritis plasma
including cholesterol, lactic acid, stearic acid, alpha-
tocopherol and oxalic acid [40], succinic acid, xan-
thurenic acid and L-tryptophan [39] and in the serum
sphingomyelins, phosphatidylcholines, lysophos-
phatidylcholines, spermine, arginine and glycine
[41]. Abdelrazig et al. examined changes in urine
metabolites between osteoarthritis patients (n¼74)
and healthy controls (n¼68), and identified pertur-
bations in the tricarboxylic acid cycle, pyruvate and
amino acid metabolism. This study also highlighted
that perturbation of glutamine metabolism is associ-
ated with inflammatory osteoarthritis [42]. Together,
these studies indicate that there is a complex interplay
between chronic inflammation, oxidative stress and
collagen destruction in osteoarthritis.
Metabolomics for osteoarthritis subtyping

Metabolomics profiles in osteoarthritis can be used to
identify subgroups of patients based on pathological
factors including radiographic osteoarthritis progres-
sion, obesity, type 2 diabetes and coronary heart
disease. A recent study used a targeted metabolomics
approach (Biocrates AbsoluteIDQ p180) to identify
1040-8711 Copyright � 2021 The Author(s). Published by Wolters Kluwe
osteoarthritis metabolic endotypes [43]. This study
included 615 osteoarthritis patients and 237 controls
and measured a total of 186 plasma metabolites.
Three clinical endotypes of primary osteoarthritis
(knee and hip) were identified based on distinct
metabolic markers: these were characterized by mus-
cle weakness, arginine deficiency and low inflamma-
tory osteoarthritis. The clusters differed from each
other in the plasma-levels of (butyrylcarnitine) C4,
arginine and lysophosphatidylcholine. Notably,
cluster A included more patients with higher BMI
and incidence of type two diabetes, cluster B had the
highest association with coronary heart disease and
cluster C with osteoporosis [43]. Replication of the
findings in an independent sample is important for
validation of the observations.
RESOLVING GENOME-WIDE ASSOCIATION
STUDIES SIGNALS

Large meta-analyses have revealed more than 140
genetic risk variants for osteoarthritis to date [4–8],
but their impact on the molecular profile for the
most part remains elusive. Therefore, recent studies
sought to resolve GWAS risk loci and identify their
effector genes in affected tissues.

Steinberg et al. provided the first genome-wide
molQTL maps of primary osteoarthritis tissue types
(see Transcriptomics and Genomics sections). Com-
bining these maps with GWAS results for osteoar-
thritis traits using colocalization identified high-
confidence effector genes of five risk variants
(ALDH1A2 and FAM53A in low-grade osteoarthritis
cartilage, NCP1, SMAD3 and SLC44A2 in high-grade
osteoarthritis cartilage) [9

&

].
Candidate region-focussed functional follow-up

studies examined the regulatory activity of a single
genetic risk on nearby genes. Kehayova et al. showed
that the osteoarthritis risk variant rs11583641 tar-
gets COLGALT2, which encodes a transferase that
catalyses the transfer of beta-galactose to collagen,
through methylation. Specifically, the authors iden-
tified associations between rs11583641 and close
methylation sites of a COLGALT2 enhancer in carti-
lage of osteoarthritis patients (n¼137). In chondro-
cyte cell models, they found these methylation sites
to be negatively correlated with COLGALT2 expres-
sion [44].

Rice et al. demonstrated that the risk variant
rs75621460 influences TGFB1 expression in a tis-
sue-specific manner. Using chondrocyte cell models
and cartilage samples of osteoarthritis patients
(n¼319), this study revealed that the risk allele
‘A’ of rs75621460 is associated with increased meth-
ylation levels in nearby methylation sites. These
sites were correlated with TGFB1 expression and
r Health, Inc. www.co-rheumatology.com 87
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FIGURE 1. Type of -omic studies discussed and their distribution based on tissue. (a) Distribution of studies among -omic
technologies and osteoarthritis-relevant tissues. Colours denote the different -omic approaches. (b) Distribution of studies
among joint-specific tissues. (c) Distribution of studies among peripheral tissues.

Osteoarthritis
showed opposing direction of effect in the syno-
vium and cartilage of osteoarthritis patients [45].

Similarly, Parker et al. showed that the osteoar-
thritis risk variant rs6516886 targets RWDD2B
through methylation. Rs6516886 was found to be
associated with a nearby methylation site
(cg20220242, located upstream of RWDD2B) across
several tissues (cartilage, fat pad, synovium and
peripheral blood) in osteoarthritis patients
(n¼348). They found that the risk allele ‘T’ of
rs6516886 correlates with reduced expression of
RWDD2B, which was reversed in a chondrocyte cell
model by increasing the methylation levels of
RWDD2B methylation [46].

A previous study by Rice et al. [47] revealed
rs11780978 to be an eQTL and an mQTL for PLEC
expression and methylation in cartilage, respec-
tively. In a recent follow-up study, Sorial et al. inves-
tigated these effects in additional tissues (fat pad,
synovium, blood) of osteoarthritis patients (n¼36
in low-grade cartilage, n¼68 in fat pad, n¼81 in
synovium and n¼55 in blood). They found tissue-
88 www.co-rheumatology.com
specific differences in the associations between
rs11780978 and PLEC methylation (present in all
tissues, but stronger in joint tissues), between
rs11780978 and PLEC expression (present in syno-
vium in cartilage, but not in fat pad), and between
PLEC expression and methylation in synovium. This
study suggests that rs11780978 targets PLEC also in
synovium, but not in fat pad, which highlights the
tissue-specificity of these functional mechanisms
[48].
CONCLUSION

The current review covers developments in the field
of osteoarthritis molecular mechanisms through
omics approaches over the last 20 months. Multiple
lines of evidence have indicated that osteoarthritis is
a complex disease characterized by significant
matrix remodelling taking place in an inflammatory
environment as a result of multitissue crosstalk. The
majority of -omics studies have focused on the tran-
scriptome, potentially due to the cost efficiency,
Volume 34 � Number 1 � January 2022
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robust and high-throughput protocols associated
with bulk RNA-seq (Fig. 1). Proteomics and metab-
olomics studies have started to emerge, but larger
sample sizes are needed to gain a better understand-
ing of functionally important alterations in osteoar-
thritis. As with many complex diseases, the vast
majority of omics studies conducted in osteoarthri-
tis have focussed on European-descent populations.
There is an urgent need to increase the diversity of
study participants going forward. Although individ-
ual -omics approaches offer important insights
into osteoarthritis mechanisms, data integration
approaches across -omics levels and combination
with patient clinical data hold great promise both
for the identification of disease mechanisms and for
the discovery of potential therapeutic interventions.
In the era of single-cell sequencing, scRNA-seq
approaches have identified specific cell populations
involved in osteoarthritis pathophysiology in a
plethora of afflicted tissues (cartilage, synovium
meniscus). The next step towards this direction
would be to increase the number of cells and to
apply combinatorial -omics approaches on a single-
cell level, monitoring both expression and epige-
netic regulation. A welcome step further would be to
identify the effects of genetic variants on molecular
profiles in single-cell resolution [49].
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 CURRENT
OPINION Metabolic perturbations in systemic sclerosis

Steven O’Reilly

Purpose of review
The aim of this review is to evaluate the recent evidence of the role of metabolism in systemic sclerosis
(SSc), highlighting specific aberrations and to appraise the feasibility of targeting these therapeutically.

Recent findings
SSc is an autoimmune disease that is characterised by three facets: vascular problems, inflammation, and
fibrosis. The fibrosis primarily affects the skin and lungs and currently, no antifibrotic treatment has been
found effective. In recent years a renaissance in metabolism research has begun with renewed vigour in
the role of metabolism in disease, particularly in the immune system. Alterations in glycolysis and utilisation
of specific metabolic pathways in specific cell types have been associated with specific diseases. Most
recently alterations in glycolysis and glutaminolysis have been determined in SSc fibroblasts mediating
fibrosis. Reduced nicotinamide adenine dinucleotide levels have also been described in SSc.

Summary
Specific metabolic aberrations have been described in SSc and this may lead to novel therapeutic targets
in this disease.

Keywords
glycolytic reprogramming, itaconate, metabolism, systemic sclerosis

INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune idiopathic
connective tissue disease that is characterised by
three key features: vascular abnormalities, inflam-
mation and fibrosis [1,2]. The fibrosis primarily
affects the skin and lungs and depending on which
subtype can be localised or more widespread.
Although inflammation and many cytokines are
key to the disease the primary cell type involved
in mediating the fibrosis is the myofibroblast.

In recent times, metabolism and specifically
metabolic reprogramming has come to the fore in
immunology-where this was once seen as a benign
subject-this has now been demonstrated to be key in
multiple disease states, primarily cancer [3]. How-
ever, recently altered, and dysregulated metabolism
has been found to be associated with SSc pathogen-
esis. The aim of this review is to evaluate the recent
evidence of metabolism in SSc and propose how this
may be targeted therapeutically.

MYOFIBROBLASTS

It is widely appreciated that the key cell type
that mediates fibrosis is the myofibroblast. The
myofibroblasts are generated from a quiescent
fibroblasts that result in a phenotype that expresses
alpha-smooth muscle actin, becomes contractile,

resistant to apoptosis and secretes excess extracel-
lular matrix this then leads to fibrosis and tissue
dysfunction [4].

GLYCOLYSIS

Nearly all cells rely on oxidative phosphorylation
for the generation of energy. However, what was
first described by Otto Warburg was that cancer cells
undergo the use of glycolysis even in the presence of
sufficient oxygen with the preferential conversion
of pyruvate to lactate [5]. The reason cancer cells use
this is unclear as the net adenosine triphosphate
(ATP) yield is much lower using glycolysis compared
to oxidative phosphorylation 2 ATP versus 36
ATP mol glucose. Given that net ATP production
is significantly lower what gain would the cell have
by utilising glycolysis compared to oxidative respi-
ration? One reason is that it provides more rapid
access to ATP in other words it is quicker. Another
reason is that it creates intermediates to build up
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KEY POINTS

� Metabolic dysregulation is a key feature in SSc.

� Glycolysis and glutaminolysis drive ECM deposition in
dermal fibroblasts.

� Boosting nicotinamide adenine dinucleotideþ levels
with dietary supplementation could mitigate fibrosis.

� Gaining a deeper understanding of metabolic
abnormalities in SSc may yield new targets.

Special commentary
biosynthesis so although ATP yield is lower there is
more biomass to be created via the tricarboxylic acid
(TCA) cycle.

Indeed, although myofibroblasts are not cancer-
ous they do increase proliferation and extracellular
matrix (ECM) which would require new intermedi-
ates. In light of this, we recently demonstrated in SSc
dermal fibroblasts increased glycolysis and
increased lactate levels [6

&&

]. By using two separate
inhibitors of glycolysis 2-Deoxy Glucose and 3-PO
we could demonstrate significant reductions in col-
lagen in these cells [6

&&

], thus demonstrating the
importance of glycolysis in mediating the fibrotic
phenotype. This was confirmed recently in SSc and
extended in that the endothelial cells also use gly-
colysis and the acidic environment promoted endo-
thelial to mesenchymal differentiation [7]. Thus,
glycolytic changes drive myofibroblast formation
from fibroblasts and also endothelial cells in SSc.
In lung fibrosis, it has recently been demonstrated
that glycolysis is important in mediating activation
of the myofibroblast in lung fibrosis and blockade of
glycolysis in the bleomycin and TGF-b transgenic
mouse reduced lung fibrosis [8]. A recent microarray
analysis of lung fibroblasts from SSc patients uncov-
ered highly elevated genes associated with glycolysis
pathway regulation [9

&

], suggesting this is at play in
the lung as well as the skin.

Although no specific studies have examined this
at all but we know T cells are important in SSc disease
[10], it could be that T cells that are pathogenic in SSc
are glycolytic as it is known that CD4þ T cell effector
function is reliant on glycolytic reprogramming to
support downstream effector function [11].
GLUTAMINOLYSIS

Glutamine is a nonessentially amino acid, but is
indispensable for glutamine addicted cancers
[12,13]. Glutamine is converted to glutamate and
then the TCA intermediate a-ketoglutarate via
glutaminase 1 and 2 enzymes- this is termed
 Copyright © 2021 Wolters Kluwer H
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glutaminolysis. Glutaminolysis was first described
in liver fibrosis in the important stellate cells gluta-
minolysis was elevated and chemical blockade of
this was found to reduce fibrosis [14]. In vitro anal-
ysis of hepatic stellate cells found upregulated glu-
taminase and siRNA mediated knockdown of this
enzyme reduced ECM components [14]. Mechanis-
tically they found upstream regulation of glutami-
nolysis by the mechanosensitive protein Yes
Associated Protein 1 (YAP1) [14]. We found
increased levels of glutaminolysis in SSc and that
the pro-fibrotic cytokine TGF-b1 upregulated gluta-
minase-1 enzyme in a Smad-dependant mechanism
[6

&&

]. The use of small molecule inhibitors of gluta-
minolysis reduced myofibroblast formation thus
indicating the key role of glutaminolysis. Because
the end product of glutaminolysis is a-ketoglutarate
we speculate that this mediated an epigenetic effect
modification by acting as a substrate for histone
demethylase enzymes; the Jumonji-C domaining-
containing (JMJD) family of histone demthylases.
Interestingly JMJD3, for which a-ketoglutarate is a
co-factor, is upregulated in SSc fibroblasts and modi-
fies the promoter of FRA2 leading to fibrosis [15].
Also a-ketogluturate is a co-factor for hypoxia-
inducible factor (HIF)-a prolyl hydroxylases which
could alter HIFs function and play a role in myofi-
broblasts generation. This could be of relevance
given that HIF is important in SSc. Also a-ketoglu-
tarate can alter HIF-1a that can then indirectly affect
epigenomics through HIF-1a-mediated demethy-
lases [16].
ATP

As discussed through either glycolysis in myofibro-
blasts or in normal cells oxidative phosphorylation
the output is the molecule ATP that provides energy.
It was recently demonstrated that extracellular ATP
as opposed to intracellular ATP was pro-fibrotic
releasing increased collagen and also the pro-fibrotic
cytokine Interleukin-6 [17]. Indeed, blockade of the
purinergic receptor in a mouse model of skin fibrosis
attenuated the skin fibrosis [17].

CD36 is an 88KDa transmembrane glycoprotein
receptor. CD36 functions as a long-chain fatty acid
receptor that facilitates the transport of oxidised
lipids in the cell [18]. Skin fibroblasts from fibrotic
patients have altered levels of CD36 and inhibiting
glycolysis reduced ECM and enhancing CD36 and
fatty acid oxidation enhanced degradation of colla-
gen [19]. CD36 knockdown fibroblasts have elevated
collagen and mechanistically CD36 stimulation
leads to collagen degradation in the lysosomes
[19]. Levels of the soluble form of CD36 are elevated
in SSc patients serum compared to healthy controls
ealth, Inc. All rights reserved.
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[20]. It could be that the receptor is shed inappro-
priately and thus reduces fatty acid oxidation lead-
ing to attenuated collagen destruction.

CD38 is an ectoenzyme that metabolises nico-
tinamide adenine dinucleotide (NAD)þ and was
initially described on T cells but it is widely
expressed on a variety of cell types [21]. NADþ is
a critical co-factor for enzymes involved in glycol-
ysis and multiple redox reactions within cells and
is associated with a significant decline with chro-
nological ageing [22]. A recent remarkable study
determined elevated levels of CD38 in SSc skin
biopsies which correlated with both the Rodnan
skin score (a measure of skin fibrosis) and TGF-b1
[23

&&

]. Furthermore, elevated levels of CD38
were found in the bleomycin model of fibrosis
and deletion of CD38 in the mouse model amelio-
rated fibrosis. Mechanistically it appears that it
alters the levels or activity of Sirtuins resulting
in increased acetylation of certain genes. Most
powerfully the authors demonstrated that dietary
supplementation with the NAD precursor nicotin-
amide riboside (NR) in the bleomycin mice
retarded fibrosis [23

&&

], suggesting that a dietary
supplement could be of therapeutic use.
THERAPEUTIC TARGETING

SSc is a disease with a high unmet need. Currently,
no treatment exists that modifies the fibrotic ele-
ment of the disease- with perturbations in metab-
olism being clear it appears an attractive target.
Glycolytic reprogramming in fibroblasts that sup-
port a phenotypic conversion to myofibroblasts
could be targeted with small molecules. 2-DG is
a glycolytic blocker and 3-PO inhibits the enzyme
6-phosphofructo-2-kinase/fructose-2,6-bisphos-
phate (PFKFB3) which converts fructose 6-phos-
phate to fructose-2,6bisphosphate [24]. We have
used 3-PO in isolated SSc fibroblast and seen
reduced collagen expression and in an animal
model of liver fibrosis the use of 3-PO reduced liver
fibrosis and collagen deposition [25] (Table 1). Of
course, some cells in normal inflammatory
responses such as macrophages switch to glycolysis
 Copyright © 2021 Wolters Kluwe

Table 1. Glycolysis inhibitors used in various organ

fibrosis

Target organ Reference

Skin [6&&]

Kidney [28]

Lung [8,29]

Liver [30]

1040-8711 Copyright � 2021 Wolters Kluwer Health, Inc. All rights rese
as part of the normal response to infection [26,27]
and blunting glycolysis may be detrimental. A
more subtle ‘retuning’ may be more positive
approach.

One possible therapeutic approach would be
supplementation with the NAD precursor NR as in
the bleomycin model of fibrosis this was effective at
mitigating fibrosis [23

&&

]. Glutaminolysis inhibitors
such as CB-839 could also be used as a possible
modulator of fibrosis.
CONCLUSION

SSc is a disease in which metabolic alterations have
been found to play key roles. Primarily metabolic
reprogramming to glycolysis from oxidative phos-
phorylation appears a key checkpoint [6

&&

]. It is
possible to target components of the glycolytic
pathway and these have been used in preclinical
models (Table 1), however, whether these would
have deleterious effects in patients requires further
studies. NR supplementation also appears as a pos-
sible therapeutic in SSc. One thing that could be
considered is combination therapies.

One key issue in SSc is clinical heterogeneity and
capricious course, this likely reflect different under-
ling disease pathogenesis and in the case of metab-
olism it could be that different metabolic
perturbations are expressed in different patients.
Therefore, having an understanding of the underly-
ing metabolic dysfunction to then guide specific
metabolic treatment would be of great importance.
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