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In recent years, we have entered a new era full of insights into exciting pathways
and improved management of a distinct class of inflammatory conditions. Under the
umbrella of auto-inflammation, several so far seemingly unconnected diseases have been
summarized and separated from autoimmune conditions in particular. Initially, the striking
difference became clear for classical monogenetic periodic fever syndromes, where the
innate immune system plays a dominant role via the impact of a specific cytokine signature.

In this Special Issue of the Journal of Clinical Medicine, we find a diverse spectrum of
excellent contributions to this topic. Articles on the current knowledge of cryopyrin-
associated periodic syndromes [1] and proteasome-associated autoinflammatory syn-
dromes [2] provide us with valuable advice for diagnosis and treatment of these rare
conditions in clinical practice.

The field of auto-inflammation has further extended to more complex polygenetic
disorders. In this context, two diseases, namely adult-onset Still’s disease [3] and gouty
arthritis [4], are focused on in this Special Issue. Both contributions show that in these
clinically and mechanistically diverse diseases, the main symptoms are caused by a very
similar cytokine signature referring to interleukin 1 as the main driver. This knowledge
has also paved the way for new targeted and highly effective therapies.

This Special Issue on auto-inflammation also contains relevant contribution that have
been rarely addressed in such detail elsewhere. To highlight just a few points, one can read
about the current options of imaging in auto-inflammation [5] with special attention to
IgG4 related diseases [6] or about the issue of dysphagia in myositis [7]. Furthermore, this
Special Issue also contains valuable original work, such as studies providing basic data
on a novel variant of TNF receptor-associated periodic syndrome [8], drug hepatotoxicity
in the treatment of gouty arthritis [9], the impact of certain anti-rheumatic drugs on DNA
repair [10], genetic background in association with response to anti-rheumatic drugs [11],
and the impact of IL1-inhibition on the cytokine milieu in adult-onset Still’s disease [12].

Auto-inflammation can also cause life-threatening complications often in association
with hyper-inflammation or cytokine storm. Nowadays, everyone is familiar with the issue
of severe COVID-19 infections due to an overwhelming and disturbed cytokine signaling.
Of note, during this pandemic disaster, special attention has been attributed to the group
of patients receiving immunosuppressive therapy, which typically includes those with
auto-immune and -inflammatory diseases. In this Special Issue, we are able to publish one
of the earliest observations with respect to rare auto-inflammatory diseases. The risk for
severe acute COVID-19 disease was mild to moderate in these patients [13]. However, even
after resolution of infection, there was an impact on disease activity in these cases. With
respect to hyper-inflammation, the critical role of interferons has recently been highlighted.
In this context, we can also learn a lot from complications in auto-inflammatory diseases,
such as macrophage activation syndrome [14].

Research in the field of auto-inflammation remains in its infancy. Currently, we cannot
place each manifestation in a distinct category. To solve this problem, the concept of
systemic undefined recurrent fevers has recently been introduced [15]. We should be
aware that many of these diseases are still under-recognized, which requires our special
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attention. Overall, this Special Issue on auto-inflammation is of valuable interdisciplinary
information. I am very thankful to the authors for their contribution to this constantly
growing field and wish you a fruitful reading.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Adult-onset Still’s disease (AOSD) is a systemic auto-inflammatory disease characterized
by the presence of immunologically mediated inflammation and deficient resolution of inflammation.
Canakinumab is an approved IL-1β inhibitor in the treatment of AOSD with a balanced efficacy
and safety profile. Since inflammatory cytokines play a major role in the pathogenesis of AOSD, we
investigated the effects of canakinumab on the cytokine profile of AOSD patients from a randomized
controlled trial. Multiplex analysis and ELISA were used to test the concentrations of several cytokines
at three time points—week 0 (baseline), week 1 and week 4—in two patient groups—placebo and
canakinumab. Two-way repeated-measures analysis of variance revealed a significant temporal effect
on the concentrations of MRP 8/14, S100A12, IL-6 and IL-18 with a significant decrease at week 4 in
the canakinumab group exclusively. Comparing responders with non-responders to canakinumab
showed a significant decrease in MRP 8/14, IL-1RA, IL-18 and IL-6 in responders at week 4, while
S100A12 levels decreased significantly in responders and non-responders. In summary, canakinumab
showed a striking effect on the cytokine profile in patients with AOSD, exhibiting a clear association
with clinical response.

Keywords: adult-onset Still’s disease; canakinumab; cytokines

1. Introduction

Adult-onset Still’s disease (AOSD) is a rare multi-systemic auto-inflammatory disease
of unknown etiology, which commonly affects young adults. It is characterized by a
high spiking fever, macular and salmon-colored rash, arthritis, sore throat, neutrophilic
leukocytosis and hyperferritinemia [1]. AOSD was first defined by Bywaters in 1971 [2] in
fourteen patients presenting with clinical manifestations very similar to childhood-onset
Still’s disease, described a century ago by Sir Still, today called systemic juvenile idiopathic
arthritis (sJIA) [3]. Although the etiology of AOSD remains largely elusive, there is evidence
that various mechanisms contribute to the pathogenesis of AOSD; genetic susceptibility is
considered as a main contributor to AOSD. Associations with distinct HLA alleles including
HLA-Bw35, Cw4, DR4, DRw6, B17, B18, B35, and DR2 have been described in different
ethnic groups [4–6]. Infections [7–9], as well as other immunological stimuli and a deficient
resolution of inflammation, have also been implicated in the pathogenesis of AOSD [10].

Activation and amplification of inflammation are mainly driven by innate immune
cells, with macrophage and neutrophil activation representing the hallmark of AOSD patho-
genesis. However, adaptive immune cells including natural killer (NK) cells and T cells are

J. Clin. Med. 2021, 10, 4400. https://doi.org/10.3390/jcm10194400 https://www.mdpi.com/journal/jcm
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also reported to be involved in the inflammatory amplification [11]. Macrophage-colony
stimulating factor and interferon-γ (IFN-γ), as biomarkers reflecting macrophage activation,
are both increased in patients with AOSD and correlated with disease activity [12,13]. Most
circulating leukocytes expressed L-selectin, which is a cell adhesion molecule involved in
their rolling on inflamed vascular endothelium prior to transmigration and is, therefore, of
interest in this context [14].

The innate immune response in macrophages and neutrophils in AOSD starts with
danger or pathogen signals, termed pathogen-associated molecule patterns (PAMPs) and
endogenous damage-associated molecular patterns (DAMPs). Several DAMPs including
high-mobility group box-1, advanced glycation end products, S100 proteins, soluble CD163,
macrophage migration inhibitory factor (MIF), and neutrophil extracellular traps have been
well described in the pathogenesis of AOSD [15]. These danger signals are transmitted to
macrophages and neutrophils via specific Toll-like receptors and activate NACHT, LRR, and
PYD domains-containing protein 3 (NLRP3) inflammasome. The NLRP3 inflammasome is
a complex of proteins that activates caspase-1 activity, leading to the proteolytic cleavage
of pro-interleukin (IL)-1 and IL-18 to its bioactive and mature forms [16–18]. IL-1β and
IL-18 play a central role in AOSD pathophysiology and further promote immune cells
to produce a large amount of pro-inflammatory cytokines, including IL-6, IL-8, IL-17,
and tumor necrosis factor (TNF)-α, type I interferons (IFN-α and IFN-β), as well as IL-
1β and IL-18 themselves, leading to an amplified inflammatory response. Moreover,
macrophage activation leads to increased release of ferritin as a common marker of disease
activity in Still’s disease, including AOSD [19]. The role of adaptive immune cells in the
pathogenesis of AOSD was illustrated by different studies, contributing to the activation
of macrophages and neutrophils and induction of IFN-γ and IL-17 [11,20]. Moreover,
activation of dendritic cells through Toll-like receptor (TLR)-7 induced Th17 response and
neutrophil recruitment in AOSD patients [21]. Notably, as a marker of T cell activation,
soluble Interleukin-2 Receptor (sIL-2R) was also reported as a potential marker of disease
activity in AOSD [22,23].

In addition to inflammatory amplification, a deficiency in the resolution of inflamma-
tion has been suggested to play a role in the pathogenesis of AOSD. Besides a deficiency
of NK cells, diminished circulating regulatory T cells (Treg) were described in AOSD [24].
However, the levels of the immune-suppressive cytokine IL-10 were elevated in the serum
of AOSD and correlated with disease activity [25]. Additionally, several chemokines in-
cluding C-X-C motif chemokine ligands 9 (CXCL 9) MIG, (CXCL10) IP-10, and CXCL13
have been found to be potential biomarkers in AOSD [10].

Previously, IL-1, IL-6 and TNF-α antagonists have been used as biologic therapies in
patients with AOSD refractory to corticosteroids or conventional disease-modifying an-
tirheumatic drugs (c-DMARDs) in clinical practice, but results from controlled clinical trials
were missing [26]. Evidence of effectiveness was available for anakinra in particular [27],
as an IL-1 receptor antagonist, as well as for canakinumab, as a human antibody against
IL-1β, in refractory patients with AOSD [28]. At present, both drugs are approved by the
European Medicines Agency (EMA) for sJIA and AOSD with a beneficial efficacy–safety
profile [29]. Canakinumab has also been approved by the Food and Drug Administra-
tion (FDA) for treatment of sJIA and AOSD. Furthermore, canakinumab is also approved
for autoinflammatory periodic fever syndromes including cryopyrin-associated periodic
syndrome (CAPS), tumor necrosis factor receptor-associated periodic syndrome (TRAPS),
mevalonate kinase deficiency (MKD) and familial Mediterranean fever (FMF) [29]. Since
no predictive or associated markers for response to IL1 inhibitors have been established
in patients with AOSD so far, this study investigated the cytokine profile in AOSD pa-
tients in more detail. To correlate biomarkers to outcome, we used samples from the only
randomized controlled trial (RCT) with canakinumab performed so far [30].
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2. Patients

Patient materials were taken from the phase II Canakinumab for Treatment of Adult-
Onset Still’s Disease to Achieve Reduction of Arthritic Manifestation (CONSIDER) study,
which was performed as a multicenter, double-blind, randomized, placebo-controlled trial
in patients with AOSD and active joint involvement. Randomization, stratified by pre-
treatment status with biological disease-modifying antirheumatic drugs (bDMARDs) and
study center, was performed in a 1:1 ratio to the canakinumab or the placebo arm according
to Atkinsons’ DA-optimal biased coin algorithm. In patients treated with nonsteroidal
anti-inflammatory drugs (NSAIDs), glucocorticoids or conventional DMARDs, a stable
dose prior to randomization and throughout study treatment was required (≥2 weeks
(NSAIDs), ≥1 week (glucocorticoids with a dose of ≤10 mg/day prednisolone equivalent)
and ≥6 weeks (conventional DMARDs)). Depending on the pharmacokinetic properties
of the respective bDMARDs, a washout period between 1 week and 9 months was re-
quired [30]. Plasma from 31 adult-onset Still’s disease (AOSD) patients was analyzed.
Seventeen of the patients (ten female and seven male) had been treated subcutaneously
with canakinumab at a dose of 4 mg/kg body weight up to a maximum of 300 mg every
4 weeks. The other 14 patients (10 female and 4 male) had been randomized to placebo
and used as a control group. Samples were analyzed at three time points: baseline week
0, at week 1 and at week 4. The CONSIDER study (CACZ885GDE01T) was conducted
according to the ethical principles of the Declaration of Helsinki. The study protocol and all
amendments were reviewed by the Independent Ethics Commission of the State of Berlin
(Ethik-Kommission des Landes Berlin, LAGeSo), and Independent Ethics Committees for
each center. An approval from the German regulatory authority was received prior to the
start of the study. The reference number at the LAGeSo is: 11/0561-ZS EK 11. All patients
provided written informed consent prior to the screening visit.

The additional collection of research samples for this biomarker analysis was a sub-
project to the main study. The ethics committee also approved the additional patient
consent and a separate signed patient consent form was used for all samples analyzed in
this report.

A detailed description of patients analyzed in this study is shown in Table 1.

Table 1. Detailed characteristics of patients investigated in the study.

Patients Placebo Canakinumab

Men Women Total Men Women Total

Number 4 10 14 7 10 17

Mean age in years (average) 35 (28–40) 46 (24–70) 40 41 (22–63) 45 (24–61) 43

CRP mg/L baseline mean 48 37 39 33 37 35

CRP mg/L week 12 mean 21 25 24 14 25 21

Ferritin ng/mL baseline mean 883 718 751 514 811 689

Ferritin ng/mL week 12 mean 322 633 576 278 548 437

Medication before study

c-DMARDs 2 5 7 6 7 13

biological

Anti-IL1
(anakinra) 2 8 10 6 5 11

Anti-TNF 4 4 1 2 3

Anti-IL6 2 2 2 2 4

steroidal Prednisolone 2 9 11 7 10 17

NSAIDs COXIB 2 2 4
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Table 1. Cont.

Patients Placebo Canakinumab

Men Women Total Men Women Total

DAS28-ESR baseline

Remission

Low 1 1

Moderate 1 3 4 5 6 11

High 1 5 6 2 2 4

DAS28-ESR week 12

Remission 2 2 2 3 5

Low 3 3 1 2 3

Moderate 1 3 4 4 2 6

High 1 1 2 1 1

DAS28-ESR Improvement by
at least 1.2

Yes 5 5 4 6 10

No 2 4 6 3 2 5

CRP: C-reactive protein, NSAIDs: nonsteroidal anti-inflammatory drugs, c-DMARDs: conventional disease-modifying antirheumatic
drugs, DAS28-ESR: disease activity score uses 28 joint counts—erythrocyte sedimentation rate.

3. Methods

To investigate the exclusive effect of canakinumab on the expression of inflammatory
cytokines, multiplex analysis and ELISA were used to test the concentrations of several
cytokines in two patient groups (placebo versus canakinumab) at three time points (base-
line week 0, week 1 and week 4) and multiple comparisons were applied between the
two groups.

sCD163, IFN-α2 and BAFF/TNFSF13B were tested by Bio-Plex Pro Human Inflam 1
3plx EXP; IFN-γ, interleukin-1 receptor antagonist (IL-1RA), interleukin-2 receptor alpha
(IL-2RA), IL-6, IL-10, IL-17, IL-18, MIG (CXCL 9), IP-10 (CXCL 10), and TNF-α were tested
using Bio-Plex Pro Hu Screening Panel 10plx EXP, both from BioRad, Hercules, CA, USA.
Soluble (s)L-Selectin and CXCL 13 were tested using Human sL-Selectin and Human CXCL
13 (BLC) ELISA Kits, respectively, both from Invitrogen, Waltham, Massachusetts, USA.
Legend Max ELISA Kit Human MRP8/14 (Calprotectin) from Biolegend, San Diego, CA,
USA was used to test MRP8/14 and levels of S100A12 were measured using Circulex
S100A12/EN-RAGE ELISA Kit Ver.2 from MBL International, Woburn, MA, USA.

4. Statistics

As the primary outcome of the study, the 28-joint Disease Activity Score based on
erythrocyte sedimentation rate (DAS28-ESR) was used to evaluate disease activity for all
patients at week 0, week 1, week 4 and week 12. After discussion with the EMA, DAS28
was used as an established score in rheumatology to measure response with respect to
arthritic manifestation. Of note, the Pouchot score was not fully validated at initiation of the
CONSIDER study [31]. DAS28 ≤ 3.2 was interpreted as low, 3.2 < DAS28 ≤ 5.1 as moderate
and DAS28 > 5.1 as high disease activity [32], whereas DAS28 < 2.6 corresponds to disease
remission [33]. A good EULAR response to treatment was defined as an improvement
of DAS28-ESR > 1.2 from baseline to week 12 (responders) [32]. For statistical analysis,
logarithmic normally distributed data were used for all values that did not fully fit a normal
distribution and extreme outliers were removed. Two-way repeated-measures analysis of
variance (ANOVA) with Tukey’s multiple comparisons tests (95% confidence interval) and
Sidak’s multiple comparisons test (95% confidence interval) was used to analyze whether
time, treatment (placebo or canakinumab) or the interaction between both factors had a
statistically significant effect on the expression of cytokines. The effect of the response rate
(responder or non-responder) during treatment in canakinumab patients was analyzed in
the same way. For all positive results, one-way repeated-measures ANOVA with Tukey’s
multiple comparisons test (95% confidence interval) was applied to determine the simple
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main effect of time on the expression of cytokines in each treatment group. For responder
and non-responder groups, repeated measures t-test was used. Spearman’s correlation
coefficient was used to analyze the correlation between all analyzed cytokines and acute
phase reactants, C-reactive protein (CRP) and ferritin. GraphPad Prism 7 software (San
Diego, CA, USA) was used for all statistical analyses, and statistical significance was set at
p < 0.05.

5. Results

5.1. Statistically Significant Differences in the Concentrations of MRP8/14 (Calprotectin),
S100A12, IL-2RA, IL-6, IL-18 and sL-Selectin between Placebo and Canakinumab Groups

By two-way repeated-measures ANOVA, no significant differences were detected
in the biomarkers CXCL13, BAFF, sCD163, IP-10, MIG, TNF-α and IL-1RA between the
samples of patients treated with placebo or canakinumab.

Two-way repeated-measures ANOVA revealed a statistically significant effect of
interaction between treatment type (placebo or canakinumab) and time (F (2, 30) = 3.744,
p = 0.0353) on MRP8/14 concentrations. There was no difference between the two treatment
groups with respect to MRP8/14 concentrations, but there was a statistically significant
difference between time points (F (2, 30) = 8.983, p = 0.0009) between the two groups, with
a significant reduction in MRP8/14 in the canakinumab group at week 4 (Figure 1a). An
additional Tukey’s multiple comparisons test showed significant decreases between weeks
0 and 1 (adjusted p = 0.0065) and weeks 0 and 4 (adjusted p ≤ 0.0001) in the canakinumab
group, while no significant differences could be detected in the placebo group.

Figure 1. Representative cytokines that showed a significant reduction under the effect of canakinumab. A comparison
of the concentrations of MRP8/14 (a), S100A12 (b), IL-2RA (c), IL-6 (d), IL-18 (e) and sL-Selectin (f) between placebo and
canakinumab patients at week 0, week 1 and week 4 was applied. The bar plots represent the mean with SD. Two-way
repeated-measures ANOVA with Tukey’s multiple comparisons test and Sidak’s multiple comparisons test was performed
using GraphPad Prism 7 and statistical significance was set at p < 0.05. * p < 0.05, ** p < 0.01 and **** p < 0.0001.
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This result was further confirmed by applying one-way repeated-measures ANOVA
for each treatment group separately with three time points. Canakinumab showed a
significant decrease in MRP8/14 between weeks (p = 0.0014); Tukey’s multiple comparisons
test showed significant reductions in MRP8/14 between weeks 0 and 1 (adjusted p = 0.0035)
and weeks 0 and 4 (adjusted p = 0.0064) in the canakinumab group in contrast to the placebo
(Figure 2a,b).

Figure 2. Confirmed significant reduction in MRP8/14 (a,b), S100A12 (c,d) and IL-6 (e,f) in canakinumab patients analyzing
each group separately. One-way repeated-measures ANOVA with Tukey’s multiple comparisons test was used to investigate
the effect of treatment (placebo or canakinumab) on the concentrations of cytokines during three time points (week 0, week
1 and week 4) in each group separately. GraphPad Prism 7 was used and statistical significance was set at p < 0.05. * p < 0.05,
** p < 0.01.

By applying two-way repeated-measures ANOVA on S100A12 concentrations, only a
significant effect of time could be detected (F (2, 26) = 6.245, p = 0.0061); following this, a
Tukey’s multiple comparisons test showed a significant decrease in S100A12 levels between
weeks 0 and 4 (adjusted p = 0.0041) in the canakinumab group exclusively (Figure 1b). One-
way repeated-measures ANOVA for each treatment group separately confirmed this result
and showed a significant decrease in the concentrations of S100A12 in the canakinumab
group only (p = 0.0179). The analysis between time points by Tukey’s multiple comparisons
testing reflected a significant decrease between weeks 0 and 1 and between weeks 0 and 4
(p = 0.0417 and 0.0321, respectively) (Figure 2c,d).

The analysis of IL-2RA by two-way repeated-measures ANOVA demonstrated a
significant interaction between treatment type and time (F (2, 30) = 3.388, p = 0.0471),
with decreased expression in canakinumab at week 4. Neither time nor treatment type
solely showed a significant effect on the concentrations of IL-2RA. An additional Tukey’s
multiple comparisons test showed a significant increase between weeks 0 and 4 (adjusted
p = 0.0429) in the placebo group, while no significant differences could be detected in
canakinumab-treated patients (Figure 1c).

The concentrations of IL-6 differed significantly with respect to time (F (2, 32) = 3.555,
p = 0.0404) in statistical analysis using a two-way repeated-measures ANOVA. As can be
seen in Figure 1d, the concentrations of IL-6 decreased in patients treated with canakinumab,
while they increased in patients treated with placebo. Additional Tukey’s multiple com-
parisons testing revealed a significant difference in patients treated with canakinumab, in
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which the concentrations of IL-6 decreased between weeks 0 and 1 (adjusted p = 0.0133)
and weeks 0 and 4 (adjusted p = 0.008).

The significantly decreased concentrations of IL-6 over time in patients treated with
canakinumab and not in the placebo group were further demonstrated by one-way
repeated-measures ANOVA (p = 0.0304) (Figure 2e,f).

The two-way repeated-measures ANOVA of IL-18 concentrations revealed a signif-
icant difference with respect to time (F (2, 30) = 6.634, p = 0.0041), with a significant
decrease in canakinumab at week 4. Further Tukey’s multiple comparisons testing re-
vealed a significant decrease in the concentrations of IL-18 between week 0 and 4 (adjusted
p = 0.0436) and between weeks 1 and 4 (adjusted p = 0.0118) only in canakinumab patients
(Figure 1e). One-way repeated-measures ANOVA showed no significant differences of
IL-18 in both groups.

Two-way repeated-measures ANOVA revealed a significant difference in concentra-
tions of sL-selectin related to type of treatment (placebo or canakinumab) (F (1, 15) = 4.578),
p = 0.0492), whereas increased concentrations of sL-selectin could be seen in the placebo
group at week 4; an obvious decrease was observed only in canakinumab-treated patients.
Comparison of the concentrations of sL-selectin between two groups at each time point by
Sidak’s multiple comparisons test showed that the concentrations at week 4 were signifi-
cantly decreased in canakinumab patients when compared to placebo (adjusted p = 0.0361)
(Figure 1f). Further one-way repeated-measures ANOVA for each treatment group sepa-
rately with three time points showed no significant differences in sL-selectin concentrations
between different weeks in both groups.

IFN-γ, IL-10, IL-17A and IFN-α2 were below the lower detection limit of the multiplex
assay (1.57, 1.06, 2.44 and 0.95 pg/mL, respectively); therefore, no statistical analyses
were applied.

Detailed results of two-way and one-way repeated-measures ANOVA for significantly
different cytokines are shown in Tables 2 and 3, respectively.

Table 2. Detailed results of two-way repeated-measures ANOVA with Tukey’s and Sidak’s multiple comparisons tests for
placebo and canakinumab groups. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

Cytokine
Source of
Variation

p Value Summary F (DFn, DFd)
Tukey’s Multiple
Comparisons Test

Adjusted p
Value

Summary

MRP8/14

Interaction 0.0353 * F (2, 30) = 3.744 Placebo ns

Treatment 0.5932 ns Canakinumab

Time 0.0009 *** F (2, 30) = 8.983 week 0 vs. week 1 0.0065 **

week 0 vs. week 4 <0.0001 ****

week 1 vs. week 4 0.157 ns

S100A12

Interaction 0.0757 ns Placebo ns

Treatment 0.8699 ns Canakinumab

Time 0.0061 ** F (2, 26) = 6.245 week 0 vs. week 1 0.2236 ns

week 0 vs. week 4 0.0041 **

week 1 vs. week 4 0.1746 ns

IL-2RA

Interaction 0.0471 * F (2, 30) = 3.388 Placebo

Treatment 0.6039 ns week 0 vs. week 1 0.0972 ns

Time 0.086 ns week 0 vs. week 4 0.0429 *

week 1 vs. week 4 0.9209 ns

Canakinumab ns
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Table 2. Cont.

Cytokine
Source of
Variation

p Value Summary F (DFn, DFd)
Tukey’s Multiple
Comparisons Test

Adjusted p
Value

Summary

IL-6

Interaction 0.1085 ns Placebo ns

Treatment 0.7974 ns Canakinumab

Time 0.0404 * F (2, 32) = 3.555 week 0 vs. week 1 0.0133 *

week 0 vs. week 4 0.008 **

week 1 vs. week 4 0.9779 ns

IL-18

Interaction 0.6183 ns Placebo ns

Treatment 0.9114 ns Canakinumab

Time 0.0041 ** F (2, 30) = 6.634 week 0 vs. week 1 0.8451 ns

week 0 vs. week 4 0.0436 *

week 1 vs. week 4 0.0118 *

Sidak’s multiple
comparisons test

Adjusted p
Value Summary

sL-Selectin

Interaction 0.2684 ns Placebo-
Canakinumab

Treatment 0.0492 * F (1, 15) = 4.578 week 0 0.8361 ns

Time 0.6646 ns week 1 0.9326 ns

week 4 0.0361 *

Table 3. Detailed results of one-way repeated-measures ANOVA with Tukey’s multiple comparisons test for placebo and
canakinumab separately for three time points. * p < 0.05, ** p < 0.01.

Cytokine Group p Value Summary
Tukey’s Multiple
Comparisons Test

Adjusted p
Value

Summary

MRP8/14

Placebo 0.3967 ns Placebo ns

Canakinumab 0.0014 ** Canakinumab

week 0 vs. week 1 0.0035 **

week 0 vs. week 4 0.0064 **

week 1 vs. week 4 0.0758 ns

S100A12

Placebo 0.1282 ns Placebo ns

Canakinumab 0.0179 * Canakinumab

week 0 vs. week 1 0.0417 *

week 0 vs. week 4 0.0321 *

week 1 vs. week 4 0.2709 ns

IL-6
Placebo 0.6997 ns Placebo ns

Canakinumab 0.0304 * Canakinumab ns
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5.2. Response Rate Has an Effect on the Concentrations of MRP8/14, S100A12, IL-1RA, IL-18 and
IL-6 in Canakinumab Group

To analyze the effect of rate of response on the concentrations of cytokines, canakinumab
patients were classified into responders and non-responders based on their DAS28-ESR
improvement, and the concentrations of biomarkers were statistically analyzed. Since there
were fewer samples at week 1, only concentrations at weeks 0 and 4 were evaluated. Two-
way repeated-measures ANOVA showed no significant differences between responders
and non-responders for the biomarkers CXCL13, BAFF, sCD163, MIG, IP-10, TNF-α, IL-
2RA, sL-selectin and IL-6.

For MRP8/14, two-way repeated-measures ANOVA determined a significant differ-
ence with respect to time (F (1, 13) = 13.61, p = 0.0027). Further Sidak’s multiple compar-
isons testing showed a significant decrease in responders between weeks 0 and 4 (adjusted
p = 0.0023), as shown in Figure 3a. There was no significant decrease in concentrations of
MRP8/14 in non-responders. By applying t-test for each group separately, a significant
decrease in MRP8/14 between week 0 and week 4 could be detected in the responder
group (p = 0.0023) exclusively (Figure 4a,b).

Figure 3. Representative cytokines that showed a significant reduction in response to canakinumab. A comparison of the
expression of MRP8/14 (a), S100A12 (b), IL-1RA (c), IL-18 (d) and IL-6 (e) between responders and non-responders of
canakinumab patients at week 0 and week 4 was applied. The bar plots represent the mean with SD. Two-way repeated-
measures ANOVA with Tukey’s multiple comparisons test and Sidak’s multiple comparisons test was performed using
GraphPad Prism 7 and statistical significance was set at p < 0.05. * p < 0.05, ** p < 0.01.
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Figure 4. Confirmed significant reduction in MRP8/14 (a,b), S100A12 (c,d), IL-1RA (e,f), IL-18 (g,h) and IL-6 (i,j) in
responders of canakinumab patients. Investigation of the effect of response rate in each responder and non-responder
groups separately. Repeated-measures t-test was applied using GraphPad Prism 7 and statistical significance was set at
p < 0.05.

Two-way repeated-measures ANOVA detected significant differences in the concentra-
tions of S100A12 with respect to time (F (1, 12) = 11.65 p = 0.0051); when applying compari-
son between time points by Sidak’s multiple comparisons test, a significant decrease in the
concentrations of S100A12 could be detected in the responder group exclusively (adjusted
p = 0.0056) (Figure 3b). Additional t-test in each group separately showed a significant
decrease in responders and non-responders at week 4 (p = 0.0151 and 0.0027, respectively)
(Figure 4c,d).

A significant effect of time was also observed for IL-1RA concentrations by two-
way repeated-measures ANOVA (F (1, 13) = 6.688, p = 0.0226) (Figure 3c). Although a
decrease was observed in both groups, no significant difference was determined by Sidak’s
multiple comparisons test. t-test for each group revealed significant decrease in IL-1RA in
responders exclusively (p = 0.0347) (Figure 4e,f).

Two-way repeated-measures ANOVA determined a significant effect of the interaction
between time and response rate on the concentrations of IL-18 (F (1, 12) = 4.749, p = 0.05),
with a significant decrease at week 4 detected by Sidak’s multiple comparisons test in the
responder group exclusively (adjusted p = 0.0132). Two-way repeated-measures ANOVA
also detected a significant effect regarding the rate of response (responders versus non-
responders) (F (1, 12) = 8.989, p = 0.0111) with observable reduction in the concentrations
of IL-18 in non-responders at both time points when comparing to responders. Sidak’s
multiple comparisons testing showed a significant decrease in the concentrations of IL-18 in
the non-responder group compared to the responder group at week 0 (adjusted p = 0.0042)
(Figure 3d). Applying t-test for each group separately demonstrated a significant decrease
in IL-18 at week 4 only in the responder group (p = 0.0266) (Figure 4g,h).
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Although two-way repeated-measures ANOVA applied on IL-6 concentrations re-
vealed no significant differences between responder and non-responders, further Sidak’s
multiple comparisons testing showed significant reduced concentrations of IL-6 in respon-
ders at week 4 (adjusted p = 0.0308) (Figure 3e). The t-test confirmed the result and showed
a significant decrease in responder group exclusively (p = 0.0209) (Figure 4i,j).

Detailed results of two-way repeated-measures ANOVA followed by t-test for signifi-
cantly different cytokines are shown in Tables 4 and 5, respectively.

Table 4. Detailed results of two-way repeated-measures ANOVA with Sidak’s multiple comparisons test for responders and
non-responders. * p < 0.05, ** p < 0.01.

Cytokine
Source of
Variation

p Value Summary F (DFn, DFd)
Sidak’s Multiple

Comparisons Test
Adjusted p

Value
Summary

MRP8/14

Interaction 0.2892 ns week 0–week 4

DAS28 im-
provement 0.3022 ns Responder 0.0023 **

Time 0.0027 ** F (1, 13) = 13.61 Non-Responder 0.2562 ns

S100A12

Interaction 0.3104 ns week 0–week 4

DAS28 im-
provement 0.1944 ns Responder 0.0056 **

Time 0.0051 ** F (1, 12) = 11.65 Non-Responder 0.3075 ns

IL-1RA

Interaction 0.9816 ns week 0–week 4

DAS28 im-
provement 0.3475 ns Responder 0.0877 ns

Time 0.0226 * F (1, 13) = 6.688 Non-Responder 0.2501 ns

IL-18

Interaction 0.05 * F (1, 12) = 4.749 week 0–week 4

DAS28 im-
provement 0.0111 * F (1, 12) = 8.989 Responder 0.0132 *

Time 0.108 ns Non-Responder 0.9548 ns

Responder-Non-
Responder

week 0 0.0042 **

week 4 0.0523 ns

IL-6

Interaction 0.275 ns week 0–week 4

DAS28 im-
provement 0.5756 ns Responder 0.0308 *

Time 0.0585 ns Non-Responder 0.8209 ns

5.3. Significant Correlations between Certain Cytokine/Chemokine Levels and CRP as well as
Ferritin Were Detected at Week 4

To analyze if cytokine/chemokine levels correlated with the activity of disease, Spear-
man’s correlation coefficient was calculated for acute phase reactants such as C-reactive
protein (CRP) and ferritin. The analyses were applied in all patients as one group at baseline
(week 0) and week 4. At baseline, a correlation with CRP was only observed for CXCL-13
and IL-6 (r values 0.4072 and 0.4368, with p values 0.035 and 0.0227, respectively). At week 4,
we found significant correlations with CRP for MRP8/14 (r = 0.6667, p = 0.0003), S100A12
(r = 0.4497, p = 0.0275), BAFF (r = 0.4274, p = 0.0233), IL-1RA (r = 0.6229, p = 0.0004), IL-2RA
(r = 0.6297, p = 0.0006), IL-6 (r = 0.7752, p = <0.0001), MIG (r = 0.5399, p = 0.003), IP-10 (r = 0.541,
p = 0.003) and TNF-α (r = 0.4189, p = 0.0297) (Figure 5a–i), respectively. Likewise, ferritin levels
also correlated with several additional cytokines at week 4 compared to baseline. In detail,
significant correlations were observed for MRP8/14 (r = 0.6919, p = 0.0002), BAFF (r = 0.4537,
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p = 0.0175), IL-6 (r = 0.4808, p = 0.0129) and IL-8 (r = 0.4293, p = 0.0322) at baseline. In contrast,
at week 4, a significant correlation was found with MRP8/14 (r = 0.6275, p = 0.0008), BAFF
(r = 0.5212, p = 0.0045), sCD163 (r = 0.4402, p = 0.0216), IL-1RA (r = 0.4469, p = 0.0171), IL-6
(r = 0.5087, p = 0.0067), IL-18 (r = 0.4121, p = 0.0364), MIG (r = 0.5907, p = 0.0009) and IP-10
(r = 0.5699, p = 0.0015) (Figure 6a–h), respectively.

Table 5. Detailed results of t-test between week 0 and week 4 for responder and non-responder
groups separately. * p < 0.05, ** p < 0.01.

Cytokine Group p Value Summary

MRP8/14 Responders 0.0023 **

Non-Responders 0.196 ns

S100A12 Responders 0.0151 *

Non-Responders 0.0027 **

IL-1RA Responders 0.0347 *

Non-Responders 0.2558 ns

IL-18 Responders 0.0266 *

Non-Responders 0.3871 ns

IL-6 Responders 0.0209 *

Non-Responders 0.601 ns

Figure 5. Significant correlations between cytokines/chemokines and C-reactive protein (CRP) at week 4. Spearman’s
correlation coefficient r and p values of correlation analyses between CRP and MRP8/14 (a), S100A12 (b), BAFF (c), IL-1RA
(d), IL-2RA (e), IL-6 (f), MIG (g), IP-10 (h), and TNF-α (i) in all patients. GraphPad Prism 7 was used and statistical
significance was set at p < 0.05.
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Figure 6. Significant correlations between certain cytokines/chemokines and ferritin at week 4. Spearman’s correlation
coefficient r and p values of correlation analyses between ferritin and MRP8/14 (a), BAFF (b), sCD163 (c), IL-1RA (d), IL-6
(e), IL-18 (f), MIG (g) and IP-10 (h) in all patients. GraphPad Prism 7 was used and statistical significance was set at p < 0.05.

6. Discussion

In this study, we compared the inflammatory profile of well-characterized patients
with AOSD treated with canakinumab to those treated with placebo in a controlled setting.
For this purpose, we measured the concentrations of pro-inflammatory cytokines (IFN-α2,
IFN-γ, TNF-α, BAFF, IL-6, IL-17 and IL-18), anti-inflammatory cytokine (IL-10), soluble
cell adhesion molecule sL-selectin (CD62L), soluble CD163 (a monocyte/macrophage acti-
vation biomarker), alarmins (MRP8/14, S100A12) and chemokines (MIG (CXCL 9), IP-10
(CXCL10), and CXCL13). Additionally, we measured IL-1 receptor antagonist (IL-1RA), a
natural receptor antagonist for IL-1 and efficient therapeutic molecule in AOSD, and soluble
interleukin-2 receptor alpha (sIL-2RA), a marker of T-cell activation. We confirmed the
effectiveness of canakinumab on modulating the concentrations of alarmins (MRP 8/14 and
S100A12), IL-1RA, IL-18 and IL-6 in patients with AOSD with the strongest association with
response rate. As known, alarmins seem to have an important function in AOSD patho-
genesis; of those, calcium binding proteins MRP8/14 (S100A8/A9) and S100A12 showed
to be useful markers of disease activity and severity in AOSD [34,35]. Our results showed
that under treatment with canakinumab, concentrations of both S100 proteins were signifi-
cantly reduced in AOSD patients when compared to placebo. Moreover, when we classified
canakinumab patients by treatment response, MRP 8/14 showed a significant decrease in
responders, and S100A12 was significantly decreased in responders and non-responders.

Moreover, a significant increase in the soluble form of IL-2RA at week 4 was also
detected in the placebo group, whereas it decreased in canakinumab-treated patients. This
is in agreement with previous studies that showed increased soluble IL-2RA in association
with disease activity in chronic articular AOSD [23], and serum levels of sIL-2RA were sig-
nificantly higher in patients with active versus inactive AOSD and decreased significantly
with anti-inflammatory therapy [22]. IL-1RA is a natural inhibitor of the pro-inflammatory
effect of IL-1; it binds IL-1 receptors without inducing a cellular response, thereby modulat-
ing a variety of interleukin-1-related immune and inflammatory responses [36]. IL-1RA
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levels are elevated in different diseases including auto-immune diseases [37,38]. Of note,
it was elevated in AOSD patients [39] and significantly higher in patients with AOSD
than SLE [40]. Although anakinra, a recombinant version of the interleukin-1 receptor
antagonist is used in the treatment of AOSD [39,41], the increase in in vivo circulating
IL-1RA levels corresponds to a delayed event in response to IL-1 production and may
represent a preventive mechanism in excessive inflammatory response. Moreover, IL-
1RA could be considered as an acute phase protein because its expression is regulated by
pro-inflammatory cytokines in hepatocytes [42]. In our analysis, canakinumab, an IL-1β
inhibitor, could significantly reduce levels of IL-1RA in responders, confirming that AOSD
is an IL-1-mediated disease. Significantly higher levels of IL-6 were seen in both sera and
skin tissues of patients with active AOSD when compared to healthy donors and quiescent
AOSD patients, respectively [43]. Additionally, serum levels of free and total IL-18 were
significantly higher in patients with AOSD than healthy donors and control patients with
other diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE)
and psoriasis [40]. Furthermore, both cytokines (IL-6 and IL-18) showed an association
with clinical activity and declined significantly in the remission phase [43]. This is con-
sistent with the efficiency of canakinumab in significantly reducing the concentrations of
both cytokines in our patients and more intensely in the responder group. Notably, the
reduction effect of canakinumab on the concentrations of IL-1RA, IL-6, IL-18 and S100A12
in our cohort had been confirmed recently in a systemic juvenile idiopathic arthritis cohort.
Moreover, in both cohorts, responders showed higher levels of IL-18 at baseline [44]. L-
selectin is a cell adhesion molecule expressed on most leukocytes and is involved in their
trafficking to sites of inflammation [14]. The level of soluble L-selectin is used as a surrogate
biomarker for leukocyte activity triggered during different autoimmune diseases [45,46].
Our comparison between canakinumab and placebo patients showed a significant effect
of canakinumab on lowering the concentrations of sL-selectin at week 4, and significant
reduction could be detected in canakinumab when compared to the placebo group at
week 4. Although the concentrations of TNF-α were higher in the active untreated AOSD
patients when compared to healthy donors [43], canakinumab showed no effect on the
concentrations of TNF cytokines used in this study (TNF-α and BAFF).

The concentrations of INF-γ [22], IL-17 [20] and IFN-α2 [21] and a classical anti-
inflammatory cytokine IL-10 [25] were higher in AOSD patients than in healthy controls.
In our patients, the levels of these cytokines were below the detection limit of the multiplex
assay and this consistent with a previous study [40] that also showed undetectable levels of
INF-γ, IL-17 and IFN-α. Despite the higher levels of CXCL10 and CXCL13 in AOSD than
RA and healthy donors and the confirmed potential role of CXCL9, CXCL10 and CXCL13 as
clinical biomarkers for disease activity in AOSD [47,48], our analysis showed no difference
between concentrations of these CXC chemokine ligands before and after canakinumab
treatment. Moreover, although higher levels of sCD163 in AOSD compared to healthy
donors and correlation with disease activity were identified previously [49], no effect of
canakinumab could be detected in our analysis. However, despite the robust observations
in our study with a well-characterized cohort of patients, there are several limitations to
consider. According to the inclusion and exclusion criteria and the outcome measurements
as defined by the study protocol, our results are based on a selected cohort of patients with
predominant articular disease manifestation. The sample size was small and the biomarker
measurements were performed only at two time points over a short time period. Thus,
further validations of our results are needed in another larger patient cohort over a longer
observation period. Furthermore, it would be of utmost interest to investigate the same
biomarker profile in patients with a predominant systemic manifestation of AOSD.
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7. Conclusions

In this study, we provide evidence that canakinumab treatment in AOSD has a diverse
impact on the cytokine profile of responding patients. Furthermore, we identified a
potential biomarker profile for follow-up analyses consisting of S100 proteins, IL-2RA,
IL1RA, IL-6 and IL-18 and sL-selectin.
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Abstract: Spondyloarthritis (SpA) is a group of inflammatory rheumatic diseases characterized
by common clinical features, such as inflammatory enthesitis, arthritis and/or back pain. SpA is
strongly associated with human leukocyte antigen (HLA) class I allotype B27. Ankylosing spondylitis
has historically been the SpA subgroup with one of the strongest, best-proven associations with
HLA-B27. The remaining SpA subgroups, namely psoriatic arthritis (PsA), inflammatory bowel
diseases-associated arthritis/spondylitis, reactive arthritis, and undifferentiated SpA (uSpA), have
also been associated with HLA allotypes other than HLA-B27. In this retrospective study, we analyzed
the association between the HLA class I and II haplotypes and the susceptibility to enthesitis and/or
arthritis (E/A). Special attention was paid to E/A responding to disease-modifying antirheumatic
drugs (DMARDs) not fulfilling ASAS classification criteria (ASAS−), as compared to ASAS+ forms
including PsA and uSpA. The whole E/A group showed significant independent associations with
HLA-A28(68), B27, Cw3, Cw12, and DQ1; taken singly, PsA was associated with HLA-B27 and DQ1,
uSpA with HLA-B16(38,39) and B27, and E/A ASAS− with HLA-A28(68), Cw8, and Cw12. This
study identified novel risk HLA allotypes for different SpA subgroups in an Italian population. HLA
typing could aid the diagnosis and treatment of E/A subgroups, including DMARDS-responsive
forms not fulfilling ASAS classification criteria.

Keywords: spondyloarthritis; human leukocyte antigen; undifferentiated enthesitis and/or arthritis;
ASAS classification criteria; clinical management

1. Introduction

Spondyloarthritis (SpA) is a heterogeneous group of chronic inflammatory rheumatic
diseases encompassing different clinical subgroups, namely ankylosing spondylitis (AS),
psoriatic arthritis (PsA), inflammatory bowel diseases-associated arthritis/spondylitis (en-
teropathic arthritis), reactive arthritis, and undifferentiated SpA (uSpA). The latter includes
patients with enthesitis and/or arthritis (E/A) fulfilling ASAS classification criteria [1]
(E/A ASAS+) but who cannot be included under the classification criteria of any of the sin-
gle well-defined ASAS subgroups. SpA can also be clinically classified as axial, peripheral,
or combined forms, depending on whether axial or peripheral joints or both [1–3] are the
predominant sites affected by clinical manifestations.

SpA and its subgroups share common clinical manifestations, namely enthesitis,
inflammatory back pain, sacroiliitis, peripheral arthritis, uveitis, and/or gut inflamma-
tion [4,5]. Among these, enthesitis is the most peculiar to SpA [6].
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In daily practice, the rheumatologist is very often faced with patients showing signs
and symptoms consistent with E/A. Even in the presence of ultrasound-documented
E/A, the diagnosis of SpA is not always straightforward when 2011 ASAS criteria are not
fulfilled [1] (i.e., patients with only E/A; E/A ASAS−), ASAS+ patients’ disease features
do not satisfy any of the classification criteria related to SpA subgroups (uSpA), and/or
patient-reported symptoms are not clearly inflammatory [7]. In these cases, the possibility
of a mechanical/metabolic E/A cannot be ruled out [6]. Even so, a subgroup of E/A
ASAS− patients can still respond efficiently to DMARDs. Due to this uncertainty, it would
be helpful to rely on markers to (a) better define E/A ASAS− patients and/or (b) predict a
good response to DMARDs and eventually to more advanced therapies [8].

The etiology of SpA is unknown, although it is believed to be multifactorial, with
a major genetic predisposition, mostly consisting of the presence of human leukocyte
antigen (HLA) alleles such as HLA-B27 [9]. The HLA-B27 prevalence varies markedly
according to the SpA subtype and ethnicity [10,11], ranging from about 15% to 20% in
PsA patients to over 95% in AS patients [12]. The same applies to uSpA, although in this
case the prevalence of HLA-B27 ranges from 25% to 70% [13]. Besides HLA-B27, other
major histocompatibility complex (MHC) alleles have been implicated in SpA susceptibility,
including HLA-B8 [14], HLA-B15 [15–17], HLA-B16 with its splits, namely HLA-B38 and
-B39 [14,18], HLA-DR1 [15,17] and DR4 [17].

The aim of this study was to investigate the HLA profile in a Caucasian cohort of
patients affected by E/A, paying particular attention to the ASAS− as compared to the
ASAS+ subgroups, namely PsA and uSpA.

2. Patients and Methods

From 2013 to 2018, 113 consecutive patients with symptomatic peripheral E/A con-
firmed through ultrasound were recruited at the Rheumatology Research program Unit of
the University of Bari. Patients with rheumatoid arthritis (fulfilling the 2010 ACR/EULAR
classification criteria), as well as patients with AS, enteropathic, or reactive arthritis, were
excluded. Patients with PsA were defined according to CASPAR criteria [19], while uSpA
were defined according to the ASAS criteria for peripheral SpA in the absence of a more
definite diagnosis (E/A ASAS+). Patients with E/A, responding to DMARDs, but not
fulfilling ASAS criteria, were defined as E/A ASAS−. For each patient, data related to
gender, age, and age at the onset of first symptoms, and medical history, including the
presence of cardiovascular risk, metabolic syndrome, other autoimmune diseases (systemic
or organ specific), fibromyalgia and malignancies, were recorded. Response to DMARDs
was assessed according to DAPSA criteria, considering a minimum improvement of 50%
from baseline [20,21]. Controls included a total of 318 HLA-I and -II serotyped healthy
donors (HD) (female to male ratio 1:1). The study was approved by the Ethics Committees
of the University of Bari. All participants gave written informed consent to enrollment as
part of a project to study HLA disease markers.

3. Statistical Analysis

Statistical analyses were performed using Statistical Package for Social Sciences (SPSS)
software (v21 for Windows). The Mann–Whitney U test was used to compare the differ-
ences between groups for continuous variables. Comparisons between groups for nominal
variables were performed using Fisher’s exact test. Variables with statistically significant
associations were analyzed by multivariate logistic regression, adjusting for gender as
confounding variable. Multivariable logistic regression was performed to define the inde-
pendent association between variables and SpA. For all tests, a p-value < 0.05 was taken to
indicate statistical significance.
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4. Results

In this retrospective study, 113 patients with E/A were enrolled, of which 73 ASAS+

(54 patients with PsA, 19 patients with uSpA), and 40 ASAS−, responsive to conventional
DMARDS. The clinical characteristics of the study population are described in Table 1.
The female to male ratio in the whole E/A cohort (wE/A) was 4:1, mean age ± SD was
53.8 ± 11.4, and mean age at the onset of the first symptoms was 44.5 ± 12.7. The mean
body mass index (BMI) was 26.7 ± 4.4. No individuals in the uSpA or E/A ASAS− groups
had cutaneous psoriasis (Table 1). In addition, the HD group female to male ratio was 1:1
with a mean age ± SD of 34.82 ± 12.21.

Table 1. Clinical characteristics of the 113 patients with peripheral seronegative enthesitis/arthritis (E/A), in the whole
cohort, and the ASAS+ and ASAS− subgroups.

Variable Whole Cohort
n = 113

ASAS+

ASAS−
n = 40PsA

n = 54
uSpA
n = 19

Female (n; %) 92; 81.4 42; 79.2 19; 84.2 34; 85.0
Age (mean ± SD; median) 53.8 ± 11.4; 54 53.2 ± 9.5; 54.5 50.8 ± 15.2; 55 56.2 ± 11.8; 54
Age at the onset of first symptoms
(mean ± SD; median) 44.5 ± 12.7; 44.6 43.4 ± 12.0; 42.15 40.8 ± 14.1; 43.2 47.6 ± 12.6; 46.9

Weight (mean ± SD; median) 72.4 ± 14.4; 70 72.9 ± 15.1; 70 70.7 ± 15.0; 75 71.7 ± 12.5; 70
High (mean ± SD; median) 164.1 ± 8.4; 164 165.1 ± 7.6; 165 163.7 ± 7.5; 165 162.8 ± 9.5; 165
BMI (mean ± SD; median) 26.7 ± 4.4; 26 26.7 ± 4.8; 26 26.2 ± 4.7; 26 26.9 ± 3.7; 27
BMI > 29.9 (n; %) 29; 25.6 12.0; 22. 6 5; 26.3 11.0; 27.5
Familiarity for psoriasis (n; %) 45; 39.8 39; 73.6 3; 18.79 3.0; 7.5
Cutaneous psoriasis (n; %) 26; 23.0 26; 49.1 0 0
Peripheral arthritis only (n, %) 103; 91.2 47; 88.7 16; 84.2 39; 97.5
Peripheral and axial arthritis (n; %) 10; 8.8 6; 11.3 3; 15.78 1; 2.5
Smoking (n; %) 26; 23.0 8; 15.1 7; 26.8 10; 25
Hypertension (n; %) 46; 40.7 26; 49.1 4; 21 15; 37.5
Cardiovascular risk (n; %) a 37; 32.7 20; 37.7 5; 26.3 11; 27.5
Metabolic syndrome b (n; %) 5; 4.4 2; 3.8 2; 10.5 1; 2.5
Autoimmune thyroiditis (n; %) 16; 14.1 10; 18.9 2; 10.5 4;10
Fibromyalgia (n; %) 24; 21.2 12; 22.6 4; 21.0 8; 20
Malignancy (n; %) 10; 8.8 6; 11.3 1; 11.1 3; 7.5

BMI, body mass index; ASAS−, E/A patients responding to DMARDs, but not fulfilling ASAS criteria; PsA, psoriatic arthritis; uSpA,
patients fulfilling ASAS classification criteria but not satisfying any of the classification criteria related to SpA subgroups. a Categorized
as positive in the presence of any of the followings: diabetes, obesity, hypercholesterolemia, and metabolic syndrome. b Defined by the
National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATP III) criteria.

As expected, the item “family history of psoriasis” was statistically higher in the
PsA than in the uSpA (p < 0.001) or ASAS− (p < 0.001) subgroups (Table 2). Variables
such as “peripheral and axial arthritis,” “smoking,” “hypertension,” “cardiovascular risk,”
“metabolic syndrome,” “autoimmune thyroiditis,” “fibromyalgia,” and “malignancy” were
similarly distributed between subgroups (Table 2). Interestingly, significant differences
in age at the onset of symptoms were found between PsA and ASAS− (p = 0.03), being
higher in ASAS−. As expected, the HLA-B27 distribution percentage in the wE/A group
(p = 0.001) and its subgroups, PsA (p = 0.001) and uSpA (p < 0.001), was significantly higher
than in the HD group (Table 3).

Fisher’s exact test was performed to define the association between HLA allotypes
and wE/A or its subgroups (Table 4). wE/A was directly associated with HLA-A28(68)
(p = 0.001), B27 (p = 0.001), Cw3 (p = 0.022), Cw8 (p = 0.023), Cw12 (p = 0.004), DQ1
(p = 0.005), and DQ3 (p = 0.038), and inversely with Cw7 (p = 0.004) and DR3 (p = 0.008).
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Table 2. Fisher’s exact test to define clinical characteristics showing a statistically higher (odds ratio;
OR > 1) or lower (OR < 1) prevalence in peripheral seronegative enthesitis/arthritis (E/A) ASAS+

(PsA and uSpA) vs. ASAS− clinical subgroups.

Variable PsA vs. uSpA PsA vs. ASAS− uSpA vs. ASAS−

p; OR a

Female 0.745; 0.6 0.607; 0.7 1; 1.06
Age 0.355 0.329 0.221

Age at the onset of first symptoms 0.580 0.03 0.09
Weight 0.554 0.880 0.662
Height 0.465 0.058 0.425

BMI 0.811 0.671 0.685
BMI > 29.9 1; 0.88 0.817; 0.89 1; 1.06

Familiarity for psoriasis <0.001; 13.86 <0.001; 33.8 0.072; 0.83
Cutaneous psoriasis <0.001; NA <0.001; NA NA

Peripheral and axial arthritis 0.69; 0.66 0.132; 5.12 0.094; 0.13
Smoking 0.098; 0.31 0.216; 0.52 0.366; 0.56

Hypertension 0.033; 3.75 0.214; 1.80 0.247; 2.25
Cardiovascular risk 0.41; 1.78 0.275; 1.79 1; 1.06
Metabolic syndrome 0.276; 0.32 1; 1.57 0.240; 0.21

Autoimmune thyroiditis 0.72; 1.93 0.256; 2.15 1; 0.94
Fibromyalgia 1; 1.07 0.80; 1.21 1; 0.93
Malignancy 0.67; 2.25 0.727; 1.62 1; 1.45

ASAS−, patients responding to DMARDs, but not fulfilling ASAS criteria; BMI, Body Mass Index; NA, not
applicable; OR, odds ratio; PsA, psoriatic arthritis; uSpA, patients fulfilling ASAS classification criteria but not
satisfying any of the classification criteria related to SpA subgroups; a significance was assessed by Mann–Whitney
U test for continuous variables (p), and Fisher’s exact test for nominal variables (p; OR). A p < 0.05 was considered
statistically significant.

Table 3. HLA-B27 percentage in patients with peripheral seronegative enthesitis/arthritis (E/A) in
the whole cohort (wE/A), in ASAS+ psoriatic arthritis (PsA) and uSpA, and in ASAS− patients.

Group (n of Patients) B27+ (n; %) p a

wE/A (113) 12; 10.61 0.001
PsA (54) 7; 13 0.001

uSpA (19) 5; 26.3 <0.001
ASAS− (40) 0; 0 1

Healthy donors (318) 7; 2.2 NA
ASAS−, patients responding to DMARDs, but not fulfilling ASAS criteria; NA, not applicable; uSpA, patients
fulfilling ASAS classification criteria but not satisfying any of the classification criteria related to SpA subgroups.
a Fisher’s exact test for each group vs. healthy donors; p < 0.05 was considered statistically significant.

PsA was directly associated with HLA-B17(57.58) (p = 0.035), B27 (p = 0.001), DQ1
(p = 0.036), and DQ3 (p = 0.030), whereas Cw7 (p = 0.016) and DQ7 (p = 0.015) were found to
be protective alleles (Table 4). In addition, HLA-Cw6 was found to be positively associated
with cutaneous psoriasis (OR = 2.50, p = 0.036) in the PsA subgroup (data not shown).

Alleles directly associated with uSpA were HLA-B16(38,39) (p = 0.02) and B27 (p < 0.001),
whereas the protective alleles were Cw7 (p = 0.034) and DQ5 (p = 0.04), the latter not be-
ing recorded in any uSpA. In the ASAS− subgroup, a direct association was found with
HLA-A28(68) (p = 0.002), B15(62) (p = 0.049), Cw8 (p = 0.006), and Cw12 (p = 0.001) (Table 4).

With the only exception of HLA-DQ5 (not recorded in any uSpA), all statistically sig-
nificant alleles in Fisher’s exact test were then subjected to multivariate (logistic regression)
and multivariable analyses (Table 5).
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Table 4. Fisher’s exact test to define HLA allotypes showing a statistically higher (odds ratio; OR > 1)
or lower (OR < 1) prevalence in peripheral seronegative enthesitis/arthritis (E/A) patients than in
healthy donors (HD).

E/A Patients
Grouping

Allotype p a OR (95% CI)

Whole A28(68) 0.001 11.12 (2.32–53.22)
B27 0.001 5.27 (2.02–13.77)
Cw3 0.022 2.29 (1.17–4.47)
Cw7 0.004 0.50 (0.31–0.79)
Cw8 0.023 4.44 (1.23–16.04)

Cw12 b 0.004 N/A
DR3 0.008 0.16(0.03–0.71)
DQ1 0.005 2.39 (1.32–4.31)
DQ3 0.038 2.67 (1.09–6.26)

PsA B17(57,58) 0.035 2.19 (1.05–4.33)
B27 0.001 6.76 (2.22–19.71)
Cw7 0.016 0.45 (0.25–0.90)
DQ1 0.036 2.23 (1.08–4.61)
DQ3 0.030 3.14 (1.15–8.54)
DQ7 0.015 0.40 (0.20–0.82)

uSpA B16(38,39) 0.02 3.61 (1.29–10.10)
B27 <0.001 15.86 (4.47–56.29)
Cw7 0.034 0.30 (0.09–0.94)

DQ5 c 0.04 NA
ASAS− A28(68) 0.002 16.22 (2.86–91.71)

B15(62) 0.049 5.07(1.16–22.10)
Cw8 0.006 8.97 (2.14–37.46)

Cw12 0.001 NA
ASAS−, patients responding to DMARDs, but not fulfilling ASAS criteria, CI, confidence interval; NA, not
applicable; NI, not included; OR, odds ratio; PsA, psoriatic arthritis; uSpA, patients fulfilling ASAS classification
criteria but not satisfying any of the classification criteria related to SpA subgroups; a Fisher’s exact test; a p < 0.05
was considered statistically significant. b Not recorded in any HD. c Not recorded in any uSpA.

In the former analysis, in which each single allele was analyzed using “gender” as
confounding variable (Table 5), besides HLA-B27 (p = 0.003), the wE/A group showed a
significant direct association with HLA-A28(68) (p = 0.005), Cw3 (p = 0.022), Cw8 (p = 0.018),
and DQ1 (p = 0.003), while Cw7 (p = 0.014) and DR3 (p = 0.044) were confirmed to be protective.

In the PsA subgroup, alleles other than HLA-B27 (p = 0.002) showing a significant
direct association were HLA-B17(57,58) (p = 0.017), DQ1 (p = 0.024), and DQ3 (p = 0.036),
while Cw7 (p = 0.037) and DQ7 (p = 0.011) were protective, as found with the previous
Fisher’s exact test.

The uSpA subgroup showed a significant association with HLA-B16(38,39) (p = 0.025)
and B27 (p < 0.001) and the ASAS− subgroup with HLA-A28(68) (p = 0.005) and Cw8
(p = 0.004).

At multivariable logistic regression analyses, the wE/A group showed significant
independent associations with HLA-A28(68) (p = 0.047), B27 (p = 0.026), Cw3 (p = 0.004)
and DQ1 (p = 0.008) (Table 5). When the same type of analysis was applied to E/A
subgroups, the results showed that PsA was associated with HLA-B27 (p = 0.035) and DQ1
(p = 0.042), uSpA with HLA-B16(38,39) (p = 0.003) and B27 (p < 0.001), and E/A ASAS−
with HLA-28(68) (p = 0.006), and Cw8 (p = 0.006).
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Table 5. Logistic regression analyses to assess the interdependency of variables found to be statistically associated with
peripheral seronegative enthesitis/arthritis (E/A) in the whole cohort or clinical subgroups (odds ratio; OR > 1), as compared
to healthy donors (HD).

Disease and Subgroup Allotype Multivariate a Multivariable b

OR (95% CI) p OR (95% CI) p

Whole E/A A28(68) 10.26 (2.02–51.94) 0.005 10.17 (1.03–100.02) 0.047
B27 4.58 (1.69–12.44) 0.003 12.20 (1.34–111.00) 0.026
Cw3 2.26 (1.25–4.56) 0.022 11.21 (2.18–57.6) 0.004
Cw7 0.55 (0.34–0.88) 0.014 0.95 (0.44–1.84) 0.784
Cw8 5.18 (1.32–20.32) 0.018 4.48 (0.33–59.81) 0.256

Cw12 c NA 0.999 NA 0.999
DR3 0.20 (0.04–0.95) 0.044 0 0.999
DQ1 2.66 (0.94–5.92) 0.003 2.68 (1.29–5.55) 0.008
DQ3 2.33 (0.94–5.92) 0.066 3.27 (1.01–10.61) 0.048

PsA B17(57,58) 2.43 (1.17–5.07) 0.017 2.59 (0.87–7.67) 0.085
B27 6.09 (1.96–18.92) 0.002 14.99 (1.29–186.25) 0.035
Cw7 0.51 (0.27–0.96) 0.037 0.83 (0.36–1.91) 0.669
DQ1 2.41 (1.12–5.17) 0.024 2.37 (1.03–5.46) 0.042
DQ3 3.05 (1.07–8.68) 0.036 2.12 (0.60–7.52) 0.244
DQ7 0.38 (0.18–0.80) 0.011 0.50 (0.21–1.16) 0.110

uSpA B16(38,39) 3.81 (1.16–9.44) 0.025 5.63 (1.78–17.81) 0.003
B27 13.56 (3.65–50.31) <0.001 20.96 (5.08–86.36) <0.001
Cw7 0.34(0.10–1.05) 0.062 0.31 (0.09–1.04) 0.059

ASAS− A28(68) 13.48 (2.19–82.68) 0.005 14.72 (2.18–99.28) 0.006
B15(62) 4.27 (0.92–19.77) 0.063 7.54 (1.46–38.78) 0.016

Cw8 9.96 (2.12–46.80) 0.004 9.97 (1.90–52.24) 0.006
Cw12 NA 0.999 NA 0.999

ASAS−, E/A patients responding to DMARDs, but not fulfilling ASAS criteria; CI, confidence interval; NA, not applicable; NI, not included;
OR, odds ratio; PsA, psoriatic arthritis; uSpA, patients fulfilling ASAS classification criteria but not satisfying any of the classification
criteria related to SpA subgroups; a Alleles found statistically associated with E/A in Fisher’s exact test were analyzed by multivariate
logistic regression, in which each single variable, tested for E/A vs. HD, was adjusted for gender. b Variables found statistically associated
with E/A in Fisher’s exact test were analyzed by multivariable logistic regression. c Not recorded in any HD.

5. Discussion

To the best of our knowledge, this is the first study to investigate the association
between HLA class I and class II alleles and E/A ASAS−(vs. ASAS+ PsA and uSpA) in a
cohort of Caucasian patients (n = 113) as compared to an HLA-typed HD cohort (n = 318).

While previous studies investigated the association between PsA [22] and HLA-B27
only, our analysis was focused on alleles other than HLA-B27 in E/A patients and its
subgroups, PsA, uSpA, and ASAS−.

In addition to HLA-B27, in the wE/A cohort, our data revealed a significant association
with HLA-A28(68), Cw3, Cw12, and DQ1. All these associations, except the one with
HLA-Cw12, were independent of HLA-B27, as demonstrated by multivariable regression
analysis. Regarding HLA-Cw12, it was not possible to establish the interdependence with
HLA-B27, because this allele was not present in any HD.

Interestingly, we found that both HLA-A28(68) and Cw12 were also associated with
ASAS− but not with PsA or uSpA, suggesting that these alleles can confer susceptibility to
ASAS−. While HLA-A28, with its splits 68 and 69, has been demonstrated to be significantly
associated with B27 risk-related diseases, including AS [23], reactive arthritis [23], juvenile
chronic polyarthropathy [23], and intermediate uveitis [24], only a minimal predisposition
to cutaneous psoriasis has been reported for HLA-Cw12 [25,26].

ASAS−, which was the only E/A subgroup not associated with HLA-B27, presented
an additional association with HLA-Cw8, never previously found to be associated with
E/A or its subgroups.

Regarding HLA-Cw3 and HLA-DQ1, both of which favor wE/A, the former was
reported to have a statistically high prevalence in other immune-mediated diseases such
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as rheumatoid arthritis-associated vasculitis [27,28], while HLA-DQ1 was shown to be a
predisposing factor for autoimmune uveitis, the most common extra-articular manifestation
of SpA, in a cohort of Caucasian Italian patients [29]. Furthermore, HLA-DQ1 and HLA-
DQ2 have been associated with the presence of anti-Ro/SSA antibodies in both Sjögren’s
syndrome [30] and systemic lupus erythematosus patients [31].

In our study population, HLA-DQ1, along with HLA-B27, was also associated with PsA.
The prevalence of PsA patients positive for HLA-B27 in our investigation was 13%,

comparable to the 12% reported by Paladini et al. [22] in an Italian Caucasian cohort.
Several studies have shown that HLA-Cw6 is strongly associated with cutaneous

psoriasis, but not with PsA [32,33]. The lack of an established diagnosis of cutaneous
psoriasis in 51% of our PsA group can explain the absence of this subgroup association
with HLA-Cw6.

Another finding of this study is the association of HLA-B16 (38,39) with uSpA, al-
though earlier reports suggested an HLA-B39 association with PsA [34,35], HLA-B27-
negative AS [36,37], and pauci-articular juvenile chronic arthritis [37,38].

A major study limitation is the lack of longitudinal observations that could establish
whether ASAS− forms could eventually evolve into any other E/A subgroup, although the
peculiar association of ASAS− with HLA-Cw8 makes this possibility unlikely.

The role of gender in influencing some HLA associations deserves some comment in
that certain HLA allotypes, found to be significantly associated with wE/A (HLA-DQ3),
uSpA (HLA-Cw7) or ASAS− (HLA-B15(62)) by Fisher’s exact test, lost their significant
association when “gender” was included as covariate in the multivariate analyses. These
findings suggest that gender had an impact on the expression of certain HLA alleles in the
E/A groups in our study, in agreement with previous studies showing gender-related HLA
differences in different autoimmune diseases [39–42].

Finally, our work paves the way for further investigation aimed at genotyping the
HLA alleles found in this study to be associated with uSpA or ASAS−.

6. Conclusions

Our study revealed that HLA-B27 and HLA-B16(38,39) are significantly more frequent
in uSpA patients, while HLA-A28(68), HLA-Cw8, and HLA-Cw12 were found to be
associated with ASAS− in the general population in Italy. These alleles can thus be
associated with a diagnosis of ASAS−, and HLA typing may contribute to correct clinical
management, as well as to identifying family members at risk, in particular those patients
with enthesitis and/or arthritis who do not meet the criteria for a uSpA diagnosis. These
findings warrant confirmation in further large, multicenter cohort studies.
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Abstract: Janus kinase inhibitors (JAKis) represent a new strategy in rheumatoid arthritis (RA)
therapy. Still, data directly comparing different JAKis are rare. In the present in vitro study, we
investigated the immunomodulatory potential of four JAKis (tofacitinib, baricitinib, upadacitinib,
and filgotinib) currently approved for RA treatment by the European Medicines Agency. Increasing
concentrations of JAKi or methotrexate, conventionally used in RA therapy, were either added to
freshly mitogen-stimulated or preactivated peripheral blood mononuclear cells (PBMC), isolated
from healthy volunteers. A comparable, dose-dependent inhibition of lymphocyte proliferation
was observed in samples treated with tofacitinib, baricitinib, and upadacitinib, while dosage of
filgotinib had to be two orders of magnitude higher. In contrast, antiproliferative effects were
strongly attenuated when JAKi were added to preactivated PBMCs. High dosage of upadacitinib and
filgotinib also affected cell viability. Further, analyses of DNA double-strand break markers γH2AX
and 53BP1 indicated an enhanced level of DNA damage in cells incubated with high concentrations
of filgotinib and a dose-dependent reduction in clearance of radiation-induced γH2AX foci in the
presence of tofacitinib or baricitinib. Thereby, our study demonstrated a broad comparability of
immunomodulatory effects induced by different JAKi and provided first indications, that (pan)JAKi
may impair DNA damage repair in irradiated PBMCs.

Keywords: JAK inhibitor; proliferation; DNA damage repair; γH2AX; PBMCs; T lymphocytes

1. Introduction

Rheumatoid arthritis (RA) is a chronic, autoimmune disease, characterized by in-
flammation and progressive damage of synovial joints, when treated insufficiently [1].
With increasing knowledge about disease pathophysiology, new pharmaceutical strategies
and compounds are available. After the application of conventional synthetic disease-
modifying antirheumatic drugs (csDMARDs), such as methotrexate (MTX) in late 1980s,
and biological DMARDs since late 1990s, small-molecule Janus kinase inhibitors (JAKis),
classified as targeted synthetic DMARDs, represent a new milestone in RA treatment [1–3].
Clinical studies with JAKi demonstrated similar efficacy and safety compared to biological
DMARDs [4,5]. However, long-term data for JAKi covering several years are still missing.

Janus kinases (JAKs) are cytoplasmic tyrosine kinases comprising four different types
of JAK enzymes in humans: JAK1, JAK2, JAK3, and tyrosine kinase 2 (TYK2) [6]. While
JAK1, JAK2, and TYK2 are expressed ubiquitously, JAK3 is predominantly detectable in
hematopoietic tissue [7,8]. Upon extracellular ligand binding, JAKs associate as homo- or
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heterodimers with type I and type II cytokine receptors. Subsequently, JAK dimers become
activated by auto- and transphosphorylation and phosphorylate the cytoplasmic tail of the
cytokine receptor [6,8]. This induces the recruitment and binding of signaling molecules,
such as the members of the signal transducer and activator of transcription (STAT) family
(seven members: STAT1/2/3/4/5A/5B/6). After JAK-mediated STAT phosphorylation,
dimerization, and activation, STAT dimers translocate to the nucleus where they act as
transcription factors for multiple target genes, modulating, i. a., survival, proliferation,
or differentiation of T lymphocytes [9,10]. More than 50 different cytokines and growth
factors are known ligands of type I/II cytokine receptors. Depending on the cytoplasmic
chains of the receptor, they are able to associate either with only one type of JAK enzyme
or with different JAK isoforms. Hence, this creates a high degree of specificity regarding
different JAK and STAT combinations [9–11].

Sufficient JAK-STAT signaling is essential in the regulation of immunological processes.
Polymorphisms and loss- or gain-of-function mutations within this pathway are associated
with immunodeficiency, autoimmune disease, and hematological malignancy [9,12]. There-
fore, JAK-targeting agents represent a new class of immunomodulatory drugs [11]. After
first approval of JAK inhibiting drugs for the treatment of neoplastic diseases, several JAKi
are also authorized for the treatment of RA by the U.S. Food and Drug Administration
(FDA) and European Medicines Agency (EMA) [13,14]. The two approved first-generation
JAK inhibitors tofacitinib (JAK3 > JAK1 > JAK2) and baricitinib (JAK1 > JAK2 > JAK3)
are classified as pan-JAK inhibitors, targeting multiple JAK isoforms, but with different
affinities. In contrast, the two second-generation JAKi upadacitinib and filgotinib (not yet
approved by the FDA) show high selectivity for JAK1 and primarily inhibit its associated
cytokine-receptors [10,15]. However, selectivity of JAKi towards specific JAK isoforms is
not absolute and depends on dosage and cell type [16]. An overview of reported mean
half-maximal inhibitory concentrations (IC50) obtained by enzymatic assays is provided
in Table S1.

Although already approved for RA treatment, in vivo and in vitro head-to-head stud-
ies of all four JAKi are rare. Therefore, we evaluated the immunomodulatory and cytotoxic
potential of tofacitinib, baricitinib, upadacitinib, and filgotinib on human PBMCs freshly
isolated from healthy donors. For comparison with conventional synthetic DMARDs,
samples treated with MTX were investigated in parallel. JAKi or MTX were either added
directly to freshly PHA-stimulated PBMCs or 48 h after PBMC activation, to investigate
their impact on preactivated T lymphocytes, as this might be more relevant regarding
inflammatory conditions in vivo [17]. Compared to healthy controls, peripheral blood
isolated from patients with active RA revealed an enhanced level of activated PBMCs,
which may play a direct role in disease pathogenesis [18]. Furthermore, Kitanaga et al.
stated constitutive activation of JAK/STAT signaling in PBMCs from patients with systemic
sclerosis or RA [19].

JAK/STAT signaling is involved in regulation of multiple fundamental cellular pro-
cesses. Additionally, there is increasing evidence suggesting that JAK/STAT signaling also
modulates molecules involved in DNA damage response pathways [20–24]. To investigate
the impact of JAKi on DNA double-strand break (DSB) formation and on repair of radiation-
induced DNA damage we quantified nuclear foci stained by γH2AX or 53BP1 (p53-binding
protein 1) antibodies. These markers have been described as sensitive molecular indicators
for DNA DSBs [25–27].

The objective of the present in vitro study was to compare the immunomodulatory
potential of all four JAKi currently approved for RA treatment in Europe. Therefore, we
treated freshly and preactivated PBMCs with rising concentrations of either tofacitinib,
baricitinib, upadacitinib, filgotinib, and MTX and determined the effect on cell proliferation,
activation (CD25) and apoptosis. Furthermore, we investigated the impact of different
JAKi and MTX on DNA damage induction and repair by fluorescence microscopic analysis
of DNA DSB markers γH2AX and 53BP1. Our study indicates a broad comparability of
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the immunomodulatory effects induced by different JAKi and offers a first indication, that
(pan)JAKi may impair DNA damage repair in radiated lymphocytes.

2. Experimental Section

2.1. Ethics Statement

The study was performed in accordance with the Declaration of Helsinki and was ap-
proved by the local ethics committee (No. 183/20). All 14 healthy blood donors (10 female
and 4 male; mean age: 35 ± 12 years) who agreed to participate in this study provided
written informed consent.

2.2. Cell Culture

Human peripheral blood mononuclear cells (PBMCs) were isolated from heparinized
blood by density gradient centrifugation using Pancoll separating solution (PAN-Biotech,
Aidenbach, Germany). Afterwards, PBMCs were washed twice and suspended to a final
density of 1 × 106 PBMCs per mL in serum-free AIM-V culture medium (Invitrogen,
Eggenstein, Germany). Activation of T lymphocytes among PBMCs was achieved by
mitogen stimulation with 2 μg/mL phytohemagglutinin (PHA, life technologies/Gibco,
London, UK).

JAK inhibitors tofacitinib, baricitinib, upadacitinib, and filgotinib and methotrexate
(MTX) were all purchased from Selleckchem (Houston, TX, USA). These agents (stock
solution: 10 mM in dimethyl sulfoxide (DMSO)) were either added simultaneously with
PHA into cell culture plates or 48 h after PHA-stimulation, to investigate their impact on
preactivated PBMCs. Cells treated with DMSO, diluted 1:1000, served as corresponding
vehicle controls.

2.3. Proliferation Analysis by 3H-Thymidine Incorporation

Cell proliferation was analyzed by 3H-thymidine incorporation assay. For T cell
activation, PHA was added to PBMC suspension and 1 × 105 PBMCs/well were seeded
into flat bottom 96-well plates. Different concentration (1 nM–10 μM, 1:10 serial dilution)
of the four investigated JAKi were added as triplicates either directly to the cell culture
or 48 h after PHA-stimulation (preactivated lymphocytes). After 72 h of PHA activation,
PBMCs were pulsed with [3H]-thymidine at a dose of 0.2 μCi/well for additional 6 h. At
the end of the incubation period cells were harvested and 3H-thymidine incorporation was
quantified using the microplate liquid scintillation counter Wallac MicroBeta TriLux from
Perkin Elmer (Waltham, MA, USA).

2.4. Proliferation Analysis by the CFSE Dilution Assay

Additionally, cell proliferation was assessed by the cell trace carboxyfluorescein suc-
cinimidyl ester (CFSE) cell proliferation kit (Invitrogen, Carlsbad, CA, USA). Therefore,
freshly isolated PBMCs were washed in phosphate buffers saline (PBS; PAN-Biotech) and
resuspended in 1 mL PBS containing 5% inactivated fetal calf serum (FCS). Subsequently,
5 μM CFSE solution was added and incubated for 5 min at room temperature in the dark.
Afterwards, cells were washed twice in PBS-FCS and were resuspended to a final concen-
tration of 1 × 106 PBMC/mL in AIM-V medium. CFSE loaded unstimulated cells served
as control sample, representing CFSEhigh, non-divided cell population. For activation
PHA was added to remaining CFSE-stained PBMC suspension, which was subsequently
plated into 24-well cell culture plates. Increasing concentrations of JAKi or MTX were
either added directly or 48 h after PHA-stimulation. After an incubation period of 96 h
PBMCs were transferred into 5 mL round bottom polystyrene tubes and washed once
in cold PBS containing 0.5% BSA. Subsequently, CFSE intensity of living cells (gating
based on forward/side scatter signal) was determined in FITC channel by flow cytometry
(LSRFortessa cell analyzer, BD Biosciences, Mountain View, CA, USA) and FlowJo software
(version 7.6.4, Tree Star Inc., Ashland, OR, USA).
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2.5. Analysis of CD25 Expression

Activation status was assessed by CD25 expression. Therefore, 1 × 106 PBMCs/sample
were simultaneously treated for 48 h with PHA and different JAKi at various concentrations
as indicated. Afterwards, cells were transferred into 5 mL round bottom polystyrene tubes,
washed twice with PBS containing 0.5% bovine serum albumin (BSA; AppliChem, Darmstadt,
Germany) and incubated for 30 min at 4 ◦C with 1:200 diluted phycoerythrin(PE)-coupled
anti-human CD25 antibody (BioLegend, San Diego, CA, USA). Subsequently, samples
were washed with PBS containing 2 mM ethylenediaminetetraacetic acid (EDTA) and
resuspended in PBS-BSA. Samples were kept cold until flow cytometry analysis using a BD
LSRFortessa cell analyzer. Data were acquired by FACSDiva 6.0 software (BD Biosciences)
and analyzed by FlowJo software.

2.6. Viability Assessment

JAKi- and MTX- induced cell death was determined after 72 h in unstimulated, freshly
PHA-stimulated and preactivated PBMCs using a FITC Annexin V/propidium iodide
(PI) apoptosis detection kit (BioLegend, San Diego, CA, USA). In brief, 1 × 106 PBMC
were transferred into 5 mL round bottom polystyrene tubes, washed once in cold PBS-BSA
and resuspended in 50 μL staining solution, comprising Annexin V and PI diluted 1:20 in
Annexin V binding buffer. After 15 min incubation at room temperature in the dark cellular
staining was terminated by addition of 200 μL binding buffer. Ratio of viable (Annexin
V−/PI−), early apoptotic (Annexin V+/PI−), late apoptotic (Annexin V+/PI+), and necrotic
(Annexin V−/PI+) cells was determined of 20,000 cells/sample by BD LSRFortessa cell
analyzer and subsequent analysis utilizing FlowJo software. Unstained, single- and double-
stained cells treated with camptothecin were included as control samples.

2.7. Detection of γH2AX and 53BP1 Foci

Automated quantification of intranuclear γH2AX and 53BP1 foci, described as sensi-
tive indicators for DNA double-strand breaks (DSB), was performed to study JAKi-induced
DNA DSB and their impact on DNA repair of radiation-induced DSBs [25–27]. There-
fore, unstimulated PBMCs were treated with indicated concentrations of JAKi or MTX.
Additionally, one fraction was exposed to γ-rays at a dose of 2 Gy (Biobeam 8000, Cs
137, Gamma-Service Medical, Leipzig, Germany) to induce DNA damage. After an in-
cubation period of 24 h non-irradiated and radiated samples were harvested, washed in
PBS and fixed for 15 min with 1% formaldehyde on silanized glass slides, as described
in detail elsewhere [28,29]. Subsequently, cells were permeabilized in 0.2% Triton X-100,
washed in blocking buffer (PBS containing 1% BSA) and incubated for 60 min at room tem-
perature simultaneously with 1:1000 diluted γH2AX (anti-phosphohistone H2AX mouse
monoclonal IgG primary antibody, clone JBW301, Millipore, Schwalbach, Germany) and
53BP1 primary antibodies (anti-53BP1 rabbit polyclonal IgG (NB 100–305), Novus Bio-
logicals, Centennial, CO, USA). Afterwards, slides were washed and incubated for 1 h
at room temperature with 1:500 diluted polyclonal goat anti-mouse IgG antibody con-
jugated to Alexa Fluor 488 and polyclonal goat anti-rabbit IgG antibody conjugated to
Alexa Fluor 647 (Lifetechnologies, Darmstadt, Germany). After a final washing cycle in
PBS, slides were covered with DAPI (4′,6-diamidino-2-phenylindole)-containing mount-
ing medium (Medipan, Berlin/Dahlewitz, Germany). Directly after staining procedure
slides were analyzed by an automated digital microscopy system (AKLIDES, Medipan,
Berlin/Dahlewitz, Germany) quantifying the number of γH2AX and 53BP1 foci in 300 nu-
clei per sample [28,29].

2.8. Statistical Analysis

Quantitative data analysis was performed by GraphPad Prism software version 5.01
(Graph Pad Software, La Jolla, CA, USA). Half-maximal inhibitory dose (IC50) was calcu-
lated by non-linear regression from logarithm-transformed data. Significance levels among
samples treated with the same JAKi or MTX were calculated by repeated measures ANOVA
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(analysis of variance) with 95% confidence interval (α = 0.05) followed by the Dunnett’s
post-hoc test, to compare the results with DMSO-treated control group. Data in text and
figures are displayed as the mean ± standard error of the mean (SEM), and p values are
indicated by asterisks (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05).

3. Results

3.1. Impact of JAKi and MTX on Lymphocyte Activation and Proliferation

3.1.1. 3H-Thymidine Incorporation

To assess the impact of different JAKi on lymphocyte proliferation DNA synthesis
was analyzed by 3H-thymidine incorporation 72 h after PHA-stimulation (Figure 1). As
expected, lymphocyte proliferation was significantly inhibited in freshly stimulated PBMCs
by all four investigated JAKi in a dose-dependent manner (Figure 1a). However, whereas
tofacitinib, baricitinib, and upadacitinib showed significantly inhibitory effects already
at the nanomolar dose range, higher concentrations of filgotinib were required to reduce
lymphocyte proliferation to a similar extent. Though, treatment of PBMCs with 10 μM
filgotinib showed the strongest decrease in 3H-thymidine incorporation (5.5% ± 1.0%)
when compared to cell cultures treated with 10 μM tofacitinib (38.6% ± 7.6%), baricitinib
(19.8% ± 3.3%), or upadacitinib (19.4% ± 4.6%).

Figure 1. Proliferation analysis by 3H-thymidine incorporation assay 72 h after PHA-stimulation of PBMCs treated with
indicated concentrations of JAKi either (a) immediately after activation or (b) 48 h after PHA-stimulation. Diagrams display
the mean ± SEM of five independent experiments normalized to the DMSO control (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05).

Additionally, we investigated the immunomodulatory potential of these four JAKi
on preactivated PBMCs. Therefore, increasing concentrations of JAKi were added to
the cell culture 48 h after PHA-stimulation (Figure 1b). Assessment of 3H-thymidine
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incorporation revealed no significant inhibitory effects in preactivated lymphocytes treated
with tofacitinib or upadacitinib, whereas baricitinib decreased cell proliferation in a dose-
dependent manner. Filgotinib significantly reduced the level of incorporated 3H-thymidine
only when the highest dose (10 μM) was applied. Of note, inhibitory potential of JAKi was
strongly attenuated in preactivated cell cultures compared to freshly stimulated PBMCs.

However, due to assay limitations, data obtained from PBMCs treated with MTX had
to be excluded from this proliferation analysis. MTX led to a concentration dependent
increase of 3H-thymidine incorporation (Figure S1), as also observed by others [30]. This
effect is caused by MTX-induced blockage of internal thymidine biosynthesis. The lack
of available endogenous thymidine was overcome by enhanced incorporation of external
radiolabeled thymidine provided in the cell culture medium, as reflected by an increase in
counted radioactivity.

To confirm results obtained by 3H-thymidine incorporation and to include samples
treated with MTX, proliferation was additionally analyzed by the CFSE dilution assay.

3.1.2. CFSE Dilution Assay

In line with our data obtained by 3H-thymidine incorporation, CFSE dilution analysis
demonstrated a dose-dependent decrease in lymphocyte proliferation, when JAKi were
added to freshly stimulated lymphocytes (Figure 2a). Filgotinib significantly reduced
the percentage of dividing cells only when PBMCs were treated with 10 μM filgotinib
(36.8% ± 15.7%), yet representing the strongest effect compared to samples cultured with
10 μM tofacitinib (42.4% ± 3.4%), baricitinib (38.3% ± 3.7%), or upadacitinib (55.5% ± 2.9%),
respectively. Treatment with MTX ≥ 0.1 μM also significantly reduced cell proliferation by
more than 50%.

In preactivated cell cultures, the antiproliferative impact of JAKi was reduced. Still,
JAKi significantly diminished the fraction of dividing cells after treatment with either
1 μM (93.3% ± 0.3%) or 10 μM (92.4% ± 0.4%) tofacitinib, 1 μM (92.5% ± 1.0%) or 10 μM
(92.9% ± 0.4%) baricitinib, and 10 μM filgotinib (94.0% ± 1.0%) (Figure 2b). In contrast,
MTX strongly reduced ratio of dividing cells (<50%) at a dose range ≥ 0.1 μM when added
to freshly and to preactivated PBMCs.

3.1.3. CD25 Expression

Lymphocyte activation was assessed 48 h after simultaneous incubation of PBMCs
with PHA and JAKi by the flow cytometric measurement of CD25 expression (Figure 3).
Similar to proliferation analyses, JAKi and MTX induced a dose-dependent reduction of
CD25 expression. Since data from CFSE analysis were insufficient to calculate half maximal
inhibitory concentration (IC50) for all JAKi investigated, we compared IC50 based on the
CD25 expression level. Upadacitinib (IC50: 0.0149 μM) showed the strongest inhibitory
effect, followed by baricitinib (IC50: 0.0284 μM), tofacitinib (IC50: 0.0522 μM), and filgotinib
(IC50: 2.4378 μM). Due to an attenuated effect of MTX on CD25 expression respective
IC50 value could not be calculated. Nevertheless, a significant reduction of CD25 was
observed for PBMCs treated with 0.1 μM (77.3% ± 8.6%), 1 μM (73.9% ± 6.4%), or 10 μM
(75.3% ± 7.8%) MTX.

3.2. Impact of JAKi and MTX on Lymphocyte Viability

Further, we investigated JAKi-induced cytotoxicity in unstimulated (Figure 4a), freshly
stimulated (Figure 4b), and preactivated (Figure 4c) PBMCs using Annexin V/PI staining.
Statistical analysis revealed a small but significant rise of apoptotic cell fraction already
in unstimulated PBMCs (control: 17.9% ± 0.9%) treated either with 1 μM baricitinib
(22.7% ± 2.7%), 1 μM (21.5% ± 2.3%), or 10 μM upadacitinib (21.8% ± 2.1%) or after
incubation with 10 μM filgotinib (21.7% ± 2.3%) (Figure 4a). Tofacitinib and MTX did not
affect viability in unstimulated PBMCs.
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Figure 2. Proliferation analysis by CFSE dilution assay 96 h after PHA-stimulation of PBMCs treated with indicated
concentrations of JAKi or MTX either (a) immediately after activation or (b) 48 h after PHA-stimulation. Percentage of
divided cell population was quantified. Diagrams display the mean ± SEM of three independent experiments (*** p ≤ 0.001;
** p ≤ 0.01; * p ≤ 0.05). Representative histograms of CFSE intensity are shown below.
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Figure 3. Assessment of lymphocyte activation by CD25 expression 48 h after PHA-stimulation and combined treatment of
indicated JAKi or MTX concentrations. Median fluorescence intensity of CD25 expression was quantified. Diagrams display
the mean ± SEM of three independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). Representative histograms of
CD25 intensity are shown below.

PHA-activation itself significantly increased the apoptotic cell population (control:
35.5% ± 2.2%) (Figure 4b). Apoptotic fraction further rose 72 h after treatment with
10 μM tofacitinib (52.8% ± 4.9%), 10 μM upadacitinib (53.2% ± 4.1%), or 10 μM filgotinib
(53.2% ± 3.3%). In contrast to JAKi, simultaneous incubation of PBMCs with PHA and
0.1 μM MTX already induced a high proportion of apoptotic cells (89.7% ± 2.1%), which
did not further grow with increasing MTX concentrations.

Addition of tofacitinib or baricitinib to preactivated PBMCs did not affect cell viability.
However, high doses of JAK1-selective JAKi upadacitinib (1 μM: 37.2% ± 2.5%; 10 μM:
37.32% ± 2.3%) or filgotinib (10 μM: 42.5% ± 2.7%) induced a significant rise in apoptotic
cell fraction. Treatment of preactivated PBMCs with MTX also strongly induced cell death
(0.1 μM: 62.5% ± 5.4%).

3.3. Impact of JAKi and MTX on DNA Double-Strand Break Formation and DNA Repair

To analyze the impact of JAKi on DNA DSB formation we investigated the induction
of γH2AX and 53BP1 foci 24 h after drug treatment (Figure 5). In general, incubation
of unstimulated PBMCs with JAKi or MTX did not induce γH2AX foci, only samples
treated with 10 μM filgotinib revealed a significant increase in γH2AX foci formation
(control: 0.41 ± 0.04 foci/cell; 10 μM filgotinib: 0.63 ± 0.06 foci/cell). This enhanced level
of DNA DSB marker after 10 μM filgotinib treatment was further confirmed by a significant
rise of 53BP1 foci (control: 0.59 ± 0.05 foci/cell; 10 μM filgotinib: 0.72 ± 0.04 foci/cell).
Additionally, an increase of 53BP1 foci was also observed in cells treated with 10 μM
baricitinib (0.82 ± 0.09 foci/cell).

Assessment of residual γH2AX and 53BP1 foci 24 h after radiation was applied to
analyze DNA repair efficacy by means of foci clearance. Therefore, JAKi or MTX were
added to cell cultures, which were subsequently irradiated with 2 Gy γ-radiation. Remain-
ing foci were determined 24 h after irradiation (Figure 6). A significant, dose-dependent
enrichment of residual γH2AX was determined in samples treated with pan-JAKi tofac-
itinib (control: 3.50 ± 0.37 foci/cell; 1 μM tofacitinib: 3.96 ± 0.41 foci/cell; 10 μM tofaci-

38



J. Clin. Med. 2021, 10, 1431

tinib: 3.93 ± 0.51 foci/cell) or baricitinib (control: 3.33 ± 0.32 foci/cell; 1 μM baricitinib:
3.84 ± 0.39 foci/cell; 10 μM baricitinib: 4.12 ± 0.29 foci/cell). Radiated PBMCs incubated
in the presence of 10 μM baricitinib also revealed a significant increase in the 53BP1 foci
level (control: 3.25 ± 0.23 foci/cell; 10 μM baricitinib: 3.60 ± 0.29 foci/cell). Furthermore,
treatment of irradiated PBMCs with 10 μM filgotinib correlated with enhanced level of
residual γH2AX foci (control: 2.71 ± 0.27 foci/cell; 10 μM filgotinib: 3.85 ± 0.32 foci/cell)
and 53BP1 foci (control: 2.48 ± 0.10 foci/cell; 10 μM filgotinib: 2.79 ± 0.09 foci/cell). Of
note, differences in foci levels of DMSO controls among groups were caused by individual
variance among blood donors, since some additional experiments investigating the impact
of upadacitinib and filgotinib had to be performed separately.

Figure 4. Cell viability was assessed after 72 h by Annexin V/PI staining of (a) unstimulated, (b) freshly PHA-stimulated,
or (c) preactivated PBMCs treatment with indicated concentrations of JAKi or MTX. Percentage of Annexin V+/PI− (light
grey), Annexin V+/PI+ (dark grey), and Annexin V−/PI+ (black; <2%) population were quantified. Diagrams display the
mean ± SEM of five independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05).
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Figure 5. The mean number of (a) γH2AX and (b) 53BP1 foci per cell were assessed, as markers for induced DNA
double-strand breaks, 24 h after treatment of unstimulated PBMCs with indicated JAKi or MTX concentration. Diagrams
display the mean ± SEM of seven independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). (c) Representative
immunofluorescence microscopy images of PBMCs from one donor treated with either 10 μM JAKi or MTX. Colors indicate
DNA/DAPI (blue), γH2AX (green), and 53BP1 (red).
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Figure 6. The mean number of residual (a) γH2AX and (b) 53BP1 foci per cell were assessed 24 h after 2 Gy irradiation of
unstimulated PBMCs in the presence of indicated JAKi or MTX to analyze DNA repair by means for foci clearance. Diagrams
display the mean ± SEM of seven independent experiments (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05). (c) Representative
immunofluorescence microscopy images of PBMCs from one donor treated with either 10 μM JAKi or MTX. Colors indicate
DNA/DAPI (blue), γH2AX (green), and 53BP1 (red).
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4. Discussion

JAK inhibitors represent a new class of immunomodulatory drugs, currently being
approved for therapy of cancer and inflammatory diseases [10,11]. In comparison to bio-
logical DMARDs, which are expensive to manufacture, require cold storage, and have to be
administered parenterally, small molecular JAKi circumvent these limitations. Furthermore,
JAKi are compounds that can be taken orally and typically exhibit a dose-proportional
pharmacokinetic profile and a short half-life in the range of hours [4,31]. This allows rapid
reversal of immunosuppressive or potential drug-induced adverse effects [4]. Although
not just targeting one specific cytokine, but rather signaling pathways of multiple cytokine
receptors, JAKi show similar efficacy and safety profiles compared to biological DMARDs,
like TNF inhibitors [4,5,13]. However, analysis of currently available data revealed, e.g., an
increased frequency of herpes zoster infection and thromboembolic adverse events in RA
patients receiving JAKi, while the incidence of respiratory or urinary tract infections and
recorded malignancies were similar compared to other DMARDs [4,9,13]. Completion of
ongoing long-term extension studies and increasing prescription rates of JAKi will provide
more pharmacovigilance data also concerning potential long-term effects [32].

Currently, leading pharmaceutical authorities, such as the FDA (United States), the
EMA (Europe), and the Pharmaceuticals and Medical Devices Agency (PMDA) in Japan
licensed the three JAKi tofacitinib (Xeljanz®), baricitinib (Olumiant®), and upadacitinib
(Rinvoq®) for the treatment of patients with active RA, who responded inadequately to
conventional therapies [13,14]. In September 2020 a fourth JAKi, filgotinib (Jyseleca®),
received approval by the EMA and PMDA. In contrast, the FDA has rejected filgotinib for
RA treatment, raising concerns, e.g., regarding its impact on sperm parameters and the
risk–benefit profile of 200 mg dose [14,33]. In Asian countries, such as Japan and Korea,
an additional pan-JAKi, peficitinib (Smyraf®), has also been approved for the treatment of
patients with moderate RA [34,35].

Due to the absence of head-to-head trials, direct comparison of JAKi with respect
to their efficacy in RA treatment is limited [36,37]. In the present in vitro study, we in-
vestigated all four JAKi currently approved by the EMA for RA treatment to gain more
information about their immunomodulatory potential. In contrast to previous studies,
which analyzed different JAKi and their inhibitory profile concerning specific cytokine re-
ceptor signaling pathways, we determined their inhibitory potential with regard to overall
lymphocyte proliferation and activation [17,38].

Therefore, PBMCs were isolated from healthy volunteers and T cells contained therein
were activated by addition of PHA. Increasing concentrations of tofacitinib, baricitinib,
upadacitinib, filgotinib, or MTX were added to cell cultures either directly or 48 h post
PHA-stimulation, to analyze the impact on preactivated lymphocytes. Proliferation and
activation were assessed by 3H-thymidine incorporation analysis, CFSE dilution assay,
and CD25 expression. Although small numerical differences have been observed, freshly
activated lymphocytes incubated with tofacitinib, baricitinib, or upadacitinib exhibited a
comparable, dose-dependent inhibition of T lymphocyte proliferation and CD25 expression.
In contrast, concentrations of filgotinib had to be approximately two orders of magnitude
higher to induce significant inhibitory effects. This deviation also reflects the higher
dosage of filgotinib regarding IC50 values of JAK1-enzymatic inhibition and administered
concentrations in clinical studies [16,38].

As JAKi are also administered under inflammatory conditions, it is of interest to
investigate their immunomodulatory potential on previously activated lymphocytes [17].
Therefore, different JAKi were added to cell cultures 48 h after PHA-stimulation. Com-
pared to direct JAKi exposure, inhibitory effects of JAKi on lymphocyte proliferation of
preactivated cells were strongly attenuated. While the CFSE assay revealed a small but
significant dose-dependent decrease in cultures treated with high doses of tofacitinib, baric-
itinib, or filgotinib, no alterations were observed in preactivated samples incubated with
upadacitinib. Data obtained from 3H-thymidine incorporation only revealed a significant,
dose-dependent reduction of DNA synthesis in preactivated cells subsequently incubated
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with baricitinib or treated with 10 μM filgotinib. However, in the highest concentration
of 10 μM, filgotinib among all four JAKi induced the strongest proliferation inhibition in
freshly stimulated and in preactivated PBMCs.

Furthermore, behavior of JAKi on lymphocyte proliferation is also reflected by data
obtained from CD25 analysis, supporting an antiproliferative rather than a cytotoxic im-
pact of JAKi. Of note, CD25 represents the interleukin-2 receptor α-chain (IL-2Rα) being
part of the high-affinity IL-2 receptor [39]. Its surface expression is regulated by initial
T cell receptor (TCR) activation and delayed IL-2 receptor stimulation [40]. Since IL-2R
signal transduction depends on JAK/STAT pathways, impairment of JAK/STAT signaling
inhibited CD25 expression and T cell proliferation [40,41]. Further, it was reported that ap-
plication of JAK1/2 inhibitor ruxolitinib suppressed IL-2-induced STAT5 phosphorylation
and CD25 expression, whereas phosphorylation of molecules associated with early T cell
receptor signaling was not affected [42].

Our data obtained from MTX-treated samples (≥0.1 μM) demonstrated reduced CD25
expression, but to a lesser extent compared to JAKi-application, while MTX caused a strong
proliferation inhibition of freshly stimulated and preactivated PBMCs. These results are in
line with values obtained from 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay by Nesher et al., stating a significant proliferation inhibition of
mitogen-stimulated PBMCs when treated with MTX concentrations > 10 nM for 72 h [43].

To further distinguish proliferation inhibition from cytotoxicity, we additionally per-
formed cell death analysis by Annexin V/PI staining. Treatment of freshly activated PBMCs
with a high dose (10 μM) of tofacitinib, upadacitinib, or filgotinib induced a significant
increase of apoptotic cells from 36% to 53%. Cell death was also enhanced in preactivated
PBMCs treated with high concentrations of JAK1-selective JAKi upadacitinib or filgotinib.
Therefore, the decreased proliferation rate after high dose JAKi exposure might at least
partly be due to induced cell death. Whereas viability of unstimulated PBMCs treated with
MTX was not significantly affected in the applied setting, a strong increase of apoptosis
was determined for MTX treatment of freshly and preactivated lymphocytes, leading to the
conclusion that this reduced lymphocyte proliferation was mainly due to cytotoxicity. As
already shown in publications from the 1990s, MTX primarily targets highly proliferating
lymphocytes, mainly in the S phase of the cell cycle, while resting T cells were only little
affected [44,45]. Therefore, only low-dose MTX therapy is applied in patients suffering
from RA. Nevertheless, also this approach can induce drug toxicity, forcing patients to
change the treatment method [46–48].

Cell death can be induced by enhanced cytotoxic but also by genotoxic stress, when
DNA lesions cannot be repaired efficiently. DNA DSBs are among the most lethal types of
DNA damage. A widely used marker to analyze DNA DSBs and DNA repair is γH2AX, a
core histone protein rapidly phosphorylated on serin-139 by ataxia telangiectasia mutated
protein (ATM), ATM- and Rad3-related (ATR), or DNA-dependent protein kinase (DNA-
PK) in chromatin surrounding the break site [25,27]. Immunofluorescence staining followed
by quantification of individual γH2AX foci represents the most sensitive method to detect
DSBs [25,27,28]. DNA DSBs are repaired by two major pathways—non-homologous end
joining (NHEJ) and homologous recombination (HR). Due to its simplicity NHEJ is the
preferred pathway throughout the cell cycle, directly ligating two adjacent DNA DSB ends.
In contrast, HR provides higher fidelity but requires a homologues DNA template. Thus,
HR is primarily activated in the S/G2 phase of the cell cycle [49,50].

There is increasing evidence that DNA damage repair is also modulated by JAK/STAT
signaling [20–24]. Further, inhibiting JAK/STAT pathways, e.g., by the JAK1/2 inhibitor
ruxolitinib, impaired HR and NHEJ, and was accompanied by reduced expression of dif-
ferent proteins involved in DNA damage response [23]. To analyze the impact of different
JAKi on DSB induction, we quantified γH2AX and 53BP1 foci 24 h after JAKi treatment. Ad-
ditionally, we measured residual γH2AX and 53BP1 foci in unstimulated lymphocytes 24 h
after irradiation with 2 Gy in the presence of increasing JAKi concentrations, to investigate
their impact on DNA repair. A significant increase of both DSB markers in non-irradiated
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and irradiated samples was determined in PBMCs after incubation with 10 μM filgotinib.
Further, a dose-dependent accumulation of residual γH2AX-foci 24 h after radiation was
observed in samples treated with pan-JAKi tofacitinib or baricitinib, whereas upadacitinib
and MTX did not lead to enhanced levels of DBS foci.

Microscopic quantification of γH2AX foci represents the most sensitive approach
when samples with low γH2AX levels were investigated. In contrast, flow cytometric
measurement of intracellular γH2AX intensity is more suitable in samples with high
γH2AX expression, where individual foci cannot be distinguished properly. Furthermore,
flow cytometry offers the advantage of simultaneous DNA content analysis, since γH2AX
levels differ depending on the cell cycle phase. DNA and histone content and intrinsic
γH2AX expression increase as cells progressing from G1 to S, G2, and M phase [51].
Therefore, it is recommended to combine γH2AX quantification of proliferating cells with
cell cycle analysis.

In the present study, DSB analysis had to be restricted to resting PBMCs since diffi-
culties were encountered quantifying the γH2AX level in PHA-stimulated lymphocytes.
The vast majority of isolated lymphocytes are in a resting state (G0) exhibiting only a
low baseline γH2AX level. Activation by antigen or mitogen stimulus induces chromatin
remodeling and transcriptional activation. Thus, transition of lymphocytes from G0 to
G1 phase also involves a strong endogenous induction of γH2AX [52]. In contrast to
cells in S and G2/M, G1 cells cannot be differentiated from the G0 phase by DNA content
analysis. Preliminary data of flow cytometric γH2AX measurements combined with cell
cycle staining based on DNA content revealed a reduction of γH2AX positive cells with
increasing JAKi concentration, while a dose of 10 μM again induced a small rise in γH2AX
intensity. Since cell proliferation and thereby high expression of intrinsic γH2AX in acti-
vated lymphocytes was inhibited with increasing concentrations of JAKi, this method was
not sufficient to distinguish JAKi induced DNA damage or modulated DNA repair from
endogenous γH2AX expression, which varied depending on activation status and cell cycle
phase. Therefore, we discontinued this analysis of stimulated PBMCs. In future studies,
modified protocols need to be established including additional proliferation markers, such
as Ki67 [53]. Furthermore, precise differentiation of cells regarding their cell cycle phase
will also allow one to analyze the influence of JAKi on proteins critical for HR, such as
RAD51, which is primarily active in the S/G2 cell cycle phase.

Although preclinical analysis applying multiple standardized genotoxicity assays did
not reveal an enhanced DNA damaging potential of approved JAKi, there is increasing
evidence that JAK/STAT signaling is involved in DNA damage repair and modulates
chemo- and radiosensitivity. As reviewed in detail elsewhere, various in vivo and in vitro
data demonstrated hyperactivation of JAK/STAT signaling, especially STAT3, in cancer
cells contributing to cancer progression and radio- and chemoresistance [24,54–56]. STAT3
activation induced upregulation of DNA repair molecules, while STAT3 deficiency induced
downregulation of proteins especially involved in DSB sensing and repair through HR, e.g.,
RAD51 [20,24,56]. Furthermore, the application of JAK inhibitor ruxolitinib downregulated
key proteins of HR and NHEJ, thereby reducing DNA repair activity [22,23]. Bonner
et al. also reported enhanced radiosensitivity and reduced DNA DSB repair in irradiated
head and neck cancer cells treated with radiosensitizer cetuximab in combination with a
JAK1 inhibitor [21]. Furthermore, Maranto et al. reported JAK2/STAT5A/B-dependent
expression of Rad51 and suppression of HR but not NHEJ when STAT5A/B was knocked
down [57].

Although JAKis show differences in their JAK-isoform selectivity, high dosage can
also induce inhibition of additional JAK isoforms and off-target effects [4]. Based on data
from pharmacological reviews published by FDA and EMA, mean maximal plasma con-
centrations (cmax) in human subjects treated with tofacitinib (5 mg/twice a day), baricitinib
(4 mg/day), or upadacitinib (15 mg/day) reach values of approximately 0.15 μM [58–63]. A
mean maximal plasma concentrations between 4 and 6.1 μM was reported after application
of filgotinib (200 mg/day) [64,65]. Regarding published IC50 values obtained by cell-free
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enzymatic assays (summarized in Table S1), reported cmax exceed IC50 values of multiple
JAK isoforms. With respect to doses used in our in vitro study, reported cmax of tofacitinib,
baricitinib, and upadacitinib are multiple folds below concentrations associated with sig-
nificant increases of apoptosis or γH2AX foci, whereas published cmax of filgotinib is in a
magnitude comparable with the highest concentration (10 μM) applied. As JAKis show
distinct pharmacokinetic profiles, e.g., hours per day above IC50 values and average daily
STAT inhibition among different human leucocyte subpopulations need to be considered
to evaluate particular safety and efficacy.

Such concentration-time profiles have been calculated for different JAKi by McInnes
et al. [17] and Traves et al. [66]. Investigating cytokine-stimulated STAT activation authors
reported similar daily average inhibition of JAK1-dependent signaling pathways. However,
Travers et al. described highest JAK-1 selectivity of filgotinib, showing the least inhibition
of JAK2- and JAK3-associated pathways when compared with tofacitinib, baricitinib, and
upadacitinib and the least inhibition of JAK1/JAK3-related cytokines, such as IL-2, IL-15,
or IL-21 [66].

Of note, IL-15 and IL-21 mediate proliferation and function of natural killer (NK) cells,
which are essential for clearance of virus-infected and tumorigenic cells. JAKi treatment
with tofacitinib and upadacitinib [17,67–71], but not with baricitinib or filgotinib [35,72,73],
was accompanied with mild to moderate decrease of circulating NK cell number and
impaired NK cell function. Although, these effects were not associated with an increased
risk of infectious diseases or lymphoma. Investigating the effect of JAKi ruxolitinib in
a murine breast cancer model Bottos et al. showed a JAKi-induced impairment of NK
cell-mediated tumor immunosurveillance and enhanced metastasis formation, which were
overcome by immunostimulation with IL-15 [74]. Until now, clinical relevance of JAKi-
induced NK cell inhibition in RA treatment remains unclear [17,67,69]. Though, especially
in regard with potentially affected DNA damage repair, this aspect also needs to be further
investigated in long-term studies.

Cancer cells often exhibit dysregulations in DNA repair mechanisms. However,
several studies also indicated enhanced DNA damage and DNA repair deficiencies in lym-
phocytes from RA patients [75–78]. In addition to studies investigating the role of different
JAK inhibitors on DNA damage response pathways in primary cells from healthy donors
or cancer cell lines, future trials also need to address the impact of JAKi on lymphocytes
from patients with RA.

5. Conclusions

In conclusion, our study confirmed a comparable, dose-dependent inhibition of lym-
phocyte activation and proliferation in PBMCs treated with tofacitinib, baricitinib, and
upadacitinib, independent of JAK selectivity. In line with reported IC50 values regarding
JAK1-enzymatic activity and administered dosage in vivo concentrations of filgotinib had
to be approximately two orders of magnitude higher to induce significant immunomod-
ulatory effects. Furthermore, antiproliferating properties especially of JAK1-selective
inhibitors may at least partially be caused by cytotoxicity, since high doses also affected cell
viability. For the first time the effect of tofacitinib, baricitinib, upadacitinib, and filgotinib
on DNA DSB induction and repair of radiation-induced DNA damage was investigated by
applying γH2AX and 53BP1 foci analysis. Our results provide first evidence for a signifi-
cant increase in DNA DSB markers after exposure to 10 μM filgotinib and a dose-dependent
enrichment of residual γH2AX foci in irradiated samples incubated with pan-JAKi tofaci-
tinib and baricitinib, possibly indicating attenuated DNA damage repair. Although these
in vitro results do not necessarily represent behavior in vivo, additional studies need to be
performed further investigating the impact of approved JAK inhibition on DNA damage
response and their potential long-term effects in vitro and in vivo, also comprising analysis
of RA patients. Since JAKi are also administered in combination with MTX, the impact of
combined treatment additionally needs to be addressed in future trials, especially as MTX
itself demonstrated JAK/STAT pathway inhibiting properties [79,80].
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or (b) 48 h after PHA-stimulation.
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Abstract: COVID-19 disease increases interleukin (IL)-1β release. Anti-IL-1-treatment is effective in
IL-1-mediated autoinflammatory diseases (AID). This case series presents COVID-19 in patients with
IL-1-mediated and unclassified AID with immunosuppressive therapy (IT). Patient 1 is a 34-year-old
woman with an unclassified AID and methotrexate. Patients 2 and 3 (14-year-old girl and 12-year-old
boy, respectively) have a Cryopyrin-Associated Periodic Syndrome (NLRP3 p.Q703K heterozygous,
CAPS) treated with canakinumab 150 mg/month since three and five years, respectively. Patient
4 is a 15-year-old girl who has had familial Mediterranean fever (MEFV p.M694V homozygous)
for 3 years treated with canakinumab 150 mg/month and colchicine. All patients had a mild acute
COVID-19 course, particularly the adolescent patients. A few weeks after COVID-19 recovery, both
CAPS patients developed increased AID activity, necessitating anti-IL-1-treatment intensification in
one patient. At day 100, one out of four patients (25%) showed positive antibody response to SARS-
CoV-2. This is one of the first reports providing follow-up data about COVID-19 in AID. The risk for
severe acute COVID-19 disease was mild/moderate, but increased AID activity post-COVID-19 was
detected. Follow-up data and data combination are needed to expand understanding of COVID-19
and SARS-CoV-2 immunity in AID and the role of IT.

Keywords: Interleukin-1; autoinflammatory diseases; CAPS; FMF; coronavirus; SARS-CoV-2 anti-
body response

1. Introduction

Autoinflammatory diseases (AID) are rare, potentially life-threatening conditions
caused by pathogenic gene variants encoding for inflammasomes leading to excessive pro-
duction of pro-inflammatory cytokines [1]. The NLRP3 inflammasome plays an important
role in the pathogenesis of the Cryopyrin-Associated Periodic Syndrome (CAPS) activating
caspase-1 (Figure 1). In the familial Mediterranean fever (FMF) pathologic pyrin variants
can increase caspase-1 activation. FMF and CAPS are interleukin (IL)-1 mediated AID. IL-
1β is one of the most prominent products of inflammasome activation and a key regulator
of systemic inflammation (Figure 1); therefore, maintenance anti-IL-1 treatment plays a
pivotal role, particularly in IL-1-mediated AID management [2–4]. The achievement of low
or no disease activity is crucial to avoid morbidity and mortality caused by uncontrolled
inflammation. Infections can trigger disease activity in AID. High disease activity results
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in disease flares with fevers, inflammation of joints, eyes, skin and serous membranes
coupled with increased inflammatory markers, and may result in a macrophage activation
syndrome, similar to cytokine storm syndrome (CSS) [5–9].

Figure 1. Schematic overview of the pathogenesis for IL-1-mediated autoimmune disease (AID) and COVID-19. (1.)
Pathogenesis of NLRP3 Inflammasome associated AID (gray): Inflammasome formation is induced by a variety of triggers.
Activated NLRP3 subsequently drives caspase-1 activation. Caspase-1 mediates transformation from pro-IL-1β and pro-
IL-18 to active IL-1β and IL-18. The positive feedback loop stimulates NF-kB. (2.) SARS-CoV-2 pathogenesis (white):
SARS-CoV-2 can stimulate a hyperinflammatory immune response with epithelial cell-mediated production of reactive
oxygen species (ROS). ROS can stimulate NF-kB and NLRP3. Both pathways (1. and 2.) result in increased cytokine
levels with laboratory signs and clinical symptoms associated with hypercytokinemia. Abbreviations: SARS-CoV-2: severe
acute respiratory syndrome coronavirus 2; COVID-19: coronavirus disease 2019; ROS: reactive oxygen species; NLRP3:
(NOD)-like receptor protein 3; NF-kB: nuclear factor kappa B; IL: interleukin; CRP: C-reactive protein, ESR: Erythrocyte
sedimentation rate, MAS: macrophage activation syndrome; CSS: cytokine storm syndrome.

The coronavirus disease 2019 (COVID-19) is associated with cytokine dysregulation,
increased IL-1β, tumor necrosis factor (TNF) and IL-6 release with hyperinflammation and
risk of CSS (Figure 1) [10–14]. Poor COVID-19 outcome correlates with clinical and labora-
tory features of the CSS [5]. The avoidance of hypercytokinemia is a pivotal therapeutic
aim in COVID-19, similar to AID, and cytokine targeting agents, such as anti-IL-1 treat-
ment, anti-IL-6 treatment or Janus kinase inhibitors may be promising [12,13,15]. Whereas
male sex, older age, smoking and comorbidities/underlying diseases, such as cardiovascu-
lar and respiratory diseases, diabetes mellitus or obesity seem to be related with higher
risk for severe COVID-19 [16–19], children seem to be less severely affected compared
to adults [20,21]. However, in the past months reports about a pediatric inflammatory
multisystem syndrome temporally associated with COVID-19 (PIMS-TS)/multisystem in-
flammatory condition associated with COVID-19 (MIS-C) in children are emerging [22–24].
It is known that infection can trigger AID activity. Increased AID activity or AID flares
are also associated with cytokine release and hypercytokinemia. Therefore, it might be
possible that COVID-19 and the underlying AID may influence each other with increased
risk for CSS. Several AID patients have maintenance immunosuppressive treatments (IT),
which is also used in COVID-19 treatment. Patients receiving IT in general seem not to
be at increased risk to develop COVID-19 or to show more severe disease courses [25–28].
Up to now, outcome data for patients with underlying AID and confirmed COVID-19
are scarce and particularly follow-up data addressing the underlying AID and its disease
activity are missing. Furthermore, no data and follow-up data addressing seroconversion
and antibody response to SARS-CoV-2 in AID patients with IT are available.
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In this case series, we describe three patients with an IL-1-mediated AID and one
patient with an unclassified AID. All patients are treated with maintenance IT and devel-
oped COVID-19. We describe: (i) the acute clinical COVID-19 course and furthermore we
report follow-up data for the first 100 days after COVID-19 diagnosis addressing, (ii) the
clinical course of the underlying disease, (iii) laboratory data, (iv) antibody response to
SARS-CoV-2, and (v) IT modifications, where needed.

2. Methods and Patients

2.1. Study Design

This is an observational single center case series of four consecutive patients with AID,
who were diagnosed or highly suspected for COVID-19 in March 2020. All IL-1-mediated
AID patients were treated at the time of COVID-19 symptom onset with IT according to
international recommendations [3,4]. The patients had a follow-up of 100 days. At the
follow-up visits, therapy was adjusted according to established treat-to-target strategies if
necessary [29]. The patients’ data were captured in a standardized way in the designated
institutional web-based Arthritis and Rheumatism Database and Information System
(ARDIS) [30]. Individual patient’s informed consent was obtained for data analysis and
publication. A waiver of ethical approval was obtained from the University of Tuebingen
Institutional Review Board (951/2020A).

2.2. Patients
2.2.1. Patient 1

Patient 1 is a 34-year-old woman diagnosed with an unclassified AID with undifferen-
tiated arthritis. Disease symptoms within the last 12 years were recurrent fever of 1–2 days
duration every 3 to 10 weeks including highly elevated inflammatory parameters during
flares, abdominal pain with diarrhea, oral aphthosis, and arthritis, mainly affecting the pal-
mar joints. A comprehensive work-up including clinical and laboratory examinations and
imaging excluded malignancies, immunodeficiencies, autoimmune diseases and infections.
The institutional genetic AID panel test for common AID (e.g., AID caused by (i) IL-1, (ii)
interferon, (iii) nuclear factor kappa B (NF-kB) dysregulation in keratocytes, (iv) NF-kB
also affecting interferon signaling, (v) NF-kB dysregulation and granulomatous diseases
and (vi) systemic macrophage activation) was negative. Treatment for arthritis was started
with sulfasalazine but without any improvement. Therefore, treatment was changed to
adalimumab and later to etanercept. Both biological disease modifying antirheumatic
drugs (bDMARDs) had to be stopped due to side effects. For the last nine years, she has
been treated with subcutaneous methotrexate (MTX) with dose increases during recent
years, finally up to 20 mg weekly, resulting in mild disease activity (physician global
assessment (PGA) 2).

2.2.2. Patient 2

Patient 2 is a 14-year-old girl. She lives in the same household as patient 1, who is
her mother, and was diagnosed at the age of 9 years with CAPS. Since her late infancy
she experienced recurrent episodes of fever, musculoskeletal complaints, gastrointestinal
symptoms and fatigue coupled with severely elevated C-reactive protein (CRP) and serum
amyloid A (SAA) during disease flares. A comprehensive work-up excluded malignancies,
immunodeficiencies, autoimmune diseases and infections. The institutional genetic AID
test detected a heterozygous p.Q703K variant in the NLRP3 gene. As this low-penetrance
variant can be associated with fevers and gastrointestinal symptoms [31], the variant was
postulated as being causative for her disease symptoms. Anakinra 2 mg/kg/day was
started due to moderate to high disease activity, as partial to good response to anti-IL-1
treatment has been reported for these variants [31]. At the age of 11 years a switch to
canakinumab 150 mg/every 4 weeks (q4w) was established, resulting in no to mild disease
activity during the last three years (PGA ≤ 2).
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2.2.3. Patient 3

Patient 3 is the 12-year-old brother of patient 2 and the son of patient 1. He was
diagnosed with CAPS (heterozygous NLRP3 p.Q703K variant) at the age of 7 years af-
ter exclusion of malignancies, immunodeficiencies, autoimmune diseases and infections.
Since age 5, he had recurrent fevers with urticaria-like rashes, abdominal pain, arthral-
gia/arthritis and highly elevated inflammatory markers (SAA and CRP) during flares.
Treatment was started immediately, after CAPS diagnosis, with anakinra 2 mg/kg/day re-
sulting in prompt improvement of high disease activity. A switch to canakinumab injections
at 4 mg/kg/q4w was performed for better compliance. During recent years he achieved a
stable mild to moderate disease activity on canakinumab 150 mg s.c/q4w (PGA 1–3).

2.2.4. Patient 4

Patient 4 is a 15-year-old girl diagnosed with FMF (homozygous p.M694V variant in
the MEFV gene) at four years of age. Treatment was started with colchicine 0.5 mg/day
with a stepwise dose increase due to persistent high clinical and laboratory disease activity.
As the patient showed colchicine resistance at 1.5 mg/day and intolerance at 2 mg/day
colchicine, anti-IL-1 treatment was started at the age of six years according to recommenda-
tions for FMF [3]. Treatment response was achieved with anakinra 2 mg/kg/day combined
with colchicine 1 mg/day. Daily injections were not well tolerated and therefore therapy
was switched to canakinumab 2 mg/kg/q4w and later 150 mg/q4w. During the last three
years she showed no to mild disease activity (PGA ≤ 2).

2.3. Monitoring and Follow-Up Visits

The patients’ monitoring included physical examination, laboratory assessments and
symptom diaries. The patients captured their daily AID symptoms in a diary similar to the
Autoinflammatory Disease Activity Index (AIDAI) [32]. Disease activity was assessed for
the underlying AID by the physician at each clinical visit. Disease activity was defined as
physician global assessment (PGA), recorded on a 10 cm visual analog scale (VAS) with 0
representing no disease activity and 10 maximum disease activity. Furthermore, disease
activity was assessed by the patients (PPGA) and recorded on a 10 cm VAS comparable to
the PGA. Laboratory monitoring included the inflammatory markers CRP, SAA, S-100 pro-
teins, and erythrocyte sedimentation rate (ESR). Additionally, blood count, liver enzymes
and kidney function tests were performed. SARS-CoV-2 antibody-tests were performed
for each patient during follow-up visits, if the patient and their parents agreed to the test.
Antibodies were detected by ELISA with an in-house assay as published previously [33].
Briefly, microtiter plates were coated with the SARS-CoV-2 proteins nucleocapsid, spike
1 (both obtained from SinoBiological; Peking, China), and the RBD-spike 1 protein (Gen-
Script; New Jersey, USA) at concentrations of 0.1 μg/mL, 0.2 μg/mL, and 0.3 μg/mL,
respectively. Patients’ sera were used at a dilution of 1:500 for the demonstration of IgG-
and IgM-antibodies and 1:100 for the detection of IgA-antibodies. Bound antibodies were
detected with peroxidase conjugated goat anti-human IgG-, IgM- and IgA-antibodies
(DIANOVA, Hamburg, Germany) at dilutions of 1:3000, 1:2000, and 1:650, respectively.
As substrate o-phenylendiamine was used. Reactivity was given as arbitrary units (AU).
Optimal antigen- and serum dilutions have been evaluated by serial dilutions prior to
analysis. In each assay four sera with defined AU (high, medium, low, and negative) were
tested as standard sera. Applying all three antigens in parallel, sensitivity of the assay for
the demonstration of anti-SARS-CoV-2-antibodies was 97% and specificity 99%.

3. Results

3.1. Acute COVID-19 Course
3.1.1. Patient 1

At day one of disease onset, patient 1 developed rhinitis, fever, headache, fatigue and
cough (Figure 2). On day 10, she reported a loss of taste and additionally she complained
about nausea, emesis and abdominal pain. On day 14, home oxygen was started due to
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respiratory insufficiency. On day 21, a computed tomography of the lungs was performed
showing typical signs of ground-glass opacities. MTX was administered four days before
symptom onset and was discontinued when first symptoms suggestive for COVID-19
appeared. During the acute episode, no laboratory work-up was performed.

Figure 2. Overview of symptoms of the acute COVID-19 disease course in AID patients. Acute COVID-19 disease course
was less severe in the three adolescent AID patients with canakinumab maintenance treatment as compared to the adult
patient treated with methotrexate. Particularly patient 4, who was treated with daily colchicine and who had received
canakinumab 150 mg s.c. 4 days before COVID-19 was confirmed, had a short and mild disease course. Abbreviations:
CAN: Canakinumab; CT: Computed tomography; COVID-19: Coronavirus disease 2019; GI-S.: Gastrointestinal symptoms
such as nausea, diarrhea, emesis, abdominal pain; MTX: Methotrexate. Legend: �ongoing disease symptoms on day 22 after
COVID-19 onset.

3.1.2. Patient 2 and 3

Disease courses in patients 2 and 3 were similar. They developed fever, cough, pharyn-
gitis, fatigue and rhinitis ten days after first disease symptoms of patient 1 (Figure 2).
Between day 3 and 13, both reported a loss of taste and smell. On day six, they complained
about nausea and abdominal pain. Patient 2 additionally had diarrhea. At day 14 both sib-
lings recovered and only persistent fatigue was reported. Canakinumab was administered
at day 14 after symptom onset, with a total delay of 10 days compared to usual dosing
regimen (Figure 2). No laboratory work-up was performed during the acute disease course.

3.1.3. Patient 4

Patient 4 developed fever, cough, loss of taste and smell, and headache four days after
her last canakinumab injection (Figure 2). Cessation of cough and fever was reported two
to three days after symptom onset. Disappearance of headache and normalized smell and
taste was reported 5 days after the onset of COVID-19 symptoms. Fatigue was present until
day 7. Recovery was reported since day 8. Canakinumab injections and also colchicine
treatment were continued (Figure 2).
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3.2. Follow-Up Visits
3.2.1. Patient 1

At first follow-up visit patient 1 still suffered from severe fatigue, loss of taste and
smell, dyspnea and ongoing muscoloskeletal complaints with arthralgia (Table 1). PGA was
estimated with 2. The ESR was mildly elevated but otherwise the laboratory results were
normal (Table 2). MTX was restarted at day 90. At second follow-up taste and smell were
normal, but fatigue and dyspnea during physical exercises were still present. Inflammatory
parameters were no longer elevated and disease activity was stable (Tables 1 and 2).

3.2.2. Patient 2

Patient 2 reported ongoing mild to moderate fatigue and intermittent mild erythe-
matous macular rash at the first follow-up visit. The PGA showed mild disease activity,
whereas the patient estimated disease activity as moderate (Table 1). No ongoing inflam-
mation was detected (Table 2). At second follow-up mild rash and fatigue persisted. One
mild flare was reported. No inflammation was detected (Tables 1 and 2).

3.2.3. Patient 3

At the first follow-up patient 3 reported moderate erythematous macular rash, severe
fatigue and arthralgia (Table 1). PGA and PPGA had increased to 4 and 7, respectively.
However, laboratory results revealed no inflammation (Table 2). Between the first and sec-
ond follow-up he showed typical signs of active CAPS with persistent urticarial-like rashes,
conjunctivitis, sever fatigue, intermittent subfebrile temperatures and arthralgia. Addi-
tionally he complained about mild abdominal pain without signs of peritonitis, diarrhea
or nausea. Vital signs, liver enzymes, kidney function tests, creatinine kinase, fibrinogen,
ferritin, thrombocytes and hemoglobin were normal. The canakinumab dose was increased
to 300 mg/q4w. At the second follow-up, symptoms were still present but milder (Table 1),
and inflammatory markers could not be detected anymore (Table 2).

3.2.4. Patient 4

Patient 4 reported neither COVID-19 nor FMF symptoms at the first and second
follow-up visits (Table 1). Laboratory parameters did not change during the follow-up
period (Table 2).

3.3. Nasopharyngeal COVID-19 Tests and Antibody Response to SARS-CoV-2

Patient 1 was tested with nasopharyngeal COVID-19 test (RT-PCR) on day 8 after
onset of COVID-19 symptoms and received a positive test result on day 11. Patient 2 and
3 were tested negative two days before their first COVID-19 symptoms occurred. After
symptom onset, both were diagnosed clinically for COVID-19 due to suggestive symptoms
and close contact to a person with confirmed COVID-19. Patient 4 was tested positive two
days after onset of COVID-19 symptoms. At first follow-up visit, the antibody response
to SARS-CoV-2 was tested in patient 2, confirming that she had COVID-19. At day 100
COVID-19 post-infection three out of four patients (75%) showed no antibody response to
SARS-CoV-2 (Table 3).
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Table 1. Clinical symptoms before and after COVID-19 symptom onset.

PGA
(0–10 cm)

PPGA
(0–10 cm)

Flares/3
Months

Fever Rash Fatigue Dyspnea Arthralgia

Patient 1
Before

COVID-19 2 2 1 - - + - +

~Day 40 * 2 n.a. n.a. - - +++ ++ +
~Day 100 * 2 n.a n.a. - - ++ + +

Patient 2
Before

COVID-19 ≤2 ≤2 0 - - - - -

Day 40 * 2 5 n.a - + +/++ - -
Day 100 * 2 2 1 - + + - -

Patient 3
Before

COVID-19 1–3 2 0 - - + - -

Day 40 * 4 7 n.a. - ++ +++ - +
Day 100 *,1 5 7 3 +/++ - +++ - ++

Patient 4
Before

COVID-19 ≤2 0 0 - - - - -

Day 40 * 2 n.a. n.a. - - - - +
Day 100 * 1 0 0 - - - - -

Abbreviations: PGA: physician global assessment recorded on a visual analog scale with 0= no disease activity and 10= maximum disease
activity; PPGA: Disease activity estimated by the patient similar recorded to the PGA; n.a.: not available, Symptom severity: - absence, +
mild, ++ moderate, +++ severe; * after COVID-19 onset; 1 five days after Canakinumab increase (300 mg/q4w).

Table 2. Laboratory results before and after COVID-19 symptom onset.

Hb (g/dl)
Leuc

(10S9/l)
Plt

(10S9/l)
ESR

(mm/h)
CRP

(mg/dl)
IL-6

(ng/L)
S100A8/A9
(μg/mL)

sl-ILR2
(U/mL)

SAA
(mg/L)

Patient 1
Before

COVID-19 11.8 5.52 197 8 0.34 <2.0 2.9 n.a. 2

~Day 40 * 12.4 5.30 256 22 0.72 3.0 16.4 267 4
~Day 100 * 11.6 5.92 231 13 1.54 n.a. 6.2 n.a. 6

Patient 2
Before

COVID-19 13.5 4.30 303 5 0.01 <2.0 11.3 n.a. 1

Day 40 * 14.3 5.09 239 n.a. 0.01 2.7 10.4 215 2
Day 100 * 13.9 5.38 301 2 0.01 n.a. 6.3 n.a. 1

Patient 3
Before

COVID-19 14.3 5.37 319 2 0.01 <2.0 3.2 n.a. 1

Day 40 * 15.0 5.63 305 4 0.02 2.7 6.9 164 2
Day 100 *,1 14.5 5.78 300 2 0.01 2.8 5.7 n.a. 2

Patient 4
Before

COVID-19 13.2 5.54 191 13 0.14 2.9 64.4 n.a. 19

Day 40 * 13.3 4.61 180 2 0.05 n.a. n.a. n.a. 10
Day 100 * 12.5 4.06 174 7 0.07 3.7 40.9 n.a 15

Abbreviations: Hb: Hemoglobin; Leuc: Leucocytes; Plt: Platelets; ESR: Erythrocyte sedimentation rate; CRP: C-reactive protein, IL-6:
Interleukin-6; S100A8/A9: S100 protein A8/A9; sl-ILR2: soluble Interleukin Receptor 2; SAA: Serum Amyloid A; n.a.: not available; * after
COVID-19 symptom onset; 1 five days after increased Canakinumab dose (300 mg/q4w).
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Table 3. Test results for COVID-19/SARS-CoV-2 antibodies.

COVID-19 Test
(Nasopharyngeal)

SARS-CoV-2 Antibodies §

(Serum)

Patient 1

Day 8 * Positive n.a.

~Day 40 * n.a. n.a.

~Day 100 * n.a. Negative

Patient 2

Day -2 (before COVID-19 symptom onset) Negative

Day 40 * n.a.

Positive IgG (19.4 U/mL) and IgA (15.2 U/mL)
SARS-CoV-2-nucleocapside, Positive IgG

SARS-CoV-2-spike (18.3 U/mL), Positive IgG
SARS-CoV-2-RBD (19.9 U/mL)

Day 100 * n.a. Negative

Patient 3

Day -2 (before COVID-19 symptom onset) Negative n.a

Day 40 * n.a. n.a.

Day 100*,1 n.a. Positive IgG (59.3 U/mL) and IgA (28.6 U/mL)
SARS-CoV-2-nucleocapside

Patient 4

Day 2* Positive n.a.

Day 40* n.a. n.a.

Day 100* n.a. Negative

Abbreviations: n.a.: not available; * after COVID-19 symptom onset; 1 five days after canakinumab increase (300 mg/q4w), § Antibody
against SARS-CoV-2-spike, SARS-CoV-2-RBD, SARS-CoV-2-nucleocapside, Reference values: SARS-CoV-2-nucleocapside: IgG >11.0 U/mL,
IgA >4.4 U/mL; SARS-CoV-2-spike: IgG >15.0 U/mL, IgA >6.0 U/mL, SARS-CoV-2-spike-RBD: IgG >15.0 U/mL, IgA >14.0 U/mL.

4. Discussion

This is one of the first case series illustrating the acute COVID-19 disease course and
follow-up data in patients with IL-1-mediated and unclassified AID treated with IT. All
patients had common COVID-19 symptoms and no one needed admission to the intensive
care unit. The acute COVID-19 disease course was milder in the adolescent patients treated
with maintenance anti-IL-1 treatment compared to the adult patient with maintenance MTX.
Although all patients recovered, fatigue was a common long-lasting symptom reported by
75% of patients after acute COVID-19. One patient with CAPS experienced increased AID
disease activity necessitating adjustment of anti-IL-1 treatment (canakinumab 300 mg/q4w)
a few weeks after acute COVID-19 disease course. At day 100 post COVID-19-infection, in
three out of four patients (75%), SARS-CoV-2 antibodies were undetectable.

4.1. COVID-19 Disease Course and AID

AID patients with IT and controlled AID activity can show typical COVID-19 symptoms,
but seem not to be at increased risk for severe acute COVID-19. Typical COVID-19 symptoms
are fever, respiratory symptoms (rhinitis, dyspnea, and coughing), sore throat, loss of
taste/smell, muscle pain additionally headache, and gastrointestinal symptoms [34–38].
The patients in this case series showed common COVID-19 symptoms. All four patients
had IT, but none had a severe disease course. These observations are in line with previous
published data showing that patients with IT, particularly children, seem not to be at
increased risk to develop (i) COVID-19 or (ii) a more severe disease course or (iii) an
inferior outcome after being infected with COVID-19 in comparison with the general
population [26–28,39–41].
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Data for patients with AID are scarce. Haslak et al. studied 404 AID patients (90% FMF,
3.4% CAPS, 0.2% TRAPS, 6.1% others) with COVID-19 [25]. He reported six FMF patients
with colchicine tested positive for COVID-19 and all recovered completely [25]. Addi-
tionally, he reported one asymptomatic CAPS patient with canakinumab, who was tested
negative for COVID-19 although he had close contact to family members with confirmed
COVID-19 [25]. Similarly, Koker et al. reported negative test results for an asymptomatic
FMF patient and a CAPS patient suffering from arthralgia, both with maintenance anti-
IL-1 treatment and close contact to family members with confirmed COVID-19 [27]. A
70-year-old CAPS patient treated with canakinumab 150 mg/q8w and confirmed COVID-
19 showed a very mild clinical disease course with a soon recovery [42]. Usually, a 70-year-
old patient would be regarded at high risk for experiencing a serious COVID-19 disease
course. Therefore, the authors hypothesized that cytokine blockade may protect from
cytokine storm and thus ameliorate the gravity of the clinical picture of COVID-19 [42].
COVID-19 seems to be associated with a massive inflammatory response that appears
to occur via stimulation of the NLRP3 inflammasome [43]. The NLRP3 inflammasome
plays also an important role in mediating systemic inflammation in CAPS (Figure 1). This
raises the questions if (i) patients with NLRP3 inflammasome-associated cytokine release
are at higher risk of hypercytokinemia and increased AID activity during or after acute
COVID-19; and if (ii) maintenance anti-IL-1 treatment, applied in IL-1-mediated AID to
avoid inflammasome activation and cytokine release, also reduces COVID-19-related cy-
tokine dysregulation accounting for mild or asymptomatic COVID-19 disease courses in
these patients. The three adolescent patients with IL-1-mediated AID and anti-IL-1 treat-
ment in this case series had very mild COVID-19 symptoms. Whereas the FMF patient did
not show any signs of increased AID activity, patient 2 reported mildly increased disease
activity without need for therapy adjustment during follow-up. Patient 3 required dose
increase of anti-IL-treatment (canakinumab 300 mg/q4w) a few weeks after acute COVID-
19, due to moderate to severe AID activity compared to pre-COVID-19 era. Although
canakinumab was administered with a delay of 10 days in patient 2 and 3 it can be expected
that the IL-1β blocking effects were still present. Canakinumab has a long half-live (t1/2) of
28 days, so that from a pharmacologic point of view 95–99% of the drug will be eliminated
after 84–140 days. In comparison to the adolescent patients, patient 1 had a more severe
COVID-19 disease course, which might have several reasons (e.g., age, other risk factors).
In patient 1 maintenance MTX treatment was stopped with symptom occurrence. Despite
the relatively short MTX plasma half-life, MTX can persist intracellularly in red blood cells
as MTX polyglutamate (MTXGlu). The median half-life elimination of MTXGlu ranges
from 1.2 to 4.3 weeks, resulting in a median time of 15 weeks after MTX cessation (range
3 to ≥32 weeks) to become undetectable [44]. This case series indicates that patients with
IL-1-mediated or unclassified AID with maintenance IT can experience typical COVID-19
symptoms without AID flares during acute COVID-19 and seem not to be at an increased
risk for a severe acute COVID-19 disease course. However, follow-up visits are important
as similarly to other infections COVID-19 can increase the underlying AID activity a few
weeks later with the need for therapy adjustment.

4.2. Antibody Response to SARS-CoV-2

In three out of four patients in this case series, no SARS-CoV-2 antibody response was
detectable at day 100. There is evidence that most patients seroconvert to SARS-CoV-2
specific IgG antibodies within 2 to 4 weeks after symptom onset [45–47]. Murchu et al.
reviewed 74 studies and reported, that IgG could be detected in all reviewed patients
(N = 24) at 49–65 days and that neutralizing antibodies were detected in 92%–100% of
patients up to 53 days [45]. SARS-CoV-2 antibody decline after COVID-19 is under current
research. Decrease of COVID-19 immunity might be possible similar as seen in other
coronaviridae [45,48]. Seow at al. detected high neutralizing antibody titers at >60 days in
individuals with high peak infective doses, whereas patients with lower peaks returned to
baseline over a relatively short period suggesting decrease of COVID-19 immunity [49].
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To differentiate between re-infection and persistent viral shedding, To et al. performed
a comparative genome virus analysis in a patient with a second episode of COVID-19
symptoms 142 days after the first confirmed COVID-19 episode and found a re-infection
by a different strain [50]. Similarly, Tillett et al. detected genetically significant differences
between virus variants in a patient tested positive in April and June for COVID-19 [51].
Whereas Tillett et al. reported that the second episode was symptomatically more severe
than the first, Bentivegna et al. reported an asymptomatic female patient at her second
COVID-19 episode [51,52]. Interestingly, she was tested positive for SARS-CoV-2-specific
IgG (CLIA assay) after onset of COVID-19 symptoms [52]. Torres et al. reported an
otherwise healthy female patient with COVID-19 reinfection 12 weeks after first confirmed
COVID-19 [53]. At the first COVID-19 episode she was tested negative for IgG antibody
response to SARS-CoV-2 at day 23, 33 and 67 [53]. Although Freeman at al. discovered that
pediatric immunocompromised patients are capable of producing an antibody response to
SARS-CoV-2, they reported that one out of two documented RT-PCR positive patients did
not show any seroconversion [54].

At day 100, three out of four patients (75%) in our case series had no detectable
antibody response. As one of these patients displayed SARS-CoV-2 antibodies at day 40,
antibody loss can be postulated for this patient. For the two others patients, it cannot
be determined if they (i) did not develop antibodies or (ii) had a loss of immunity. We
were unable to find (i) any other follow-up data on antibody response to SARS-CoV-2 in
patients with IT, immunosuppressive diseases or AID; (ii) data on COVID-19 reinfection in
this particular patient group; or (iii) long-term follow-up data for antibody-responses in
immunocompetent patients. Taken together, we can summarize that SARS-CoV-2 antibody
decline is currently incompletely understood. The sparse data from this case series might
raise the question of whether patients with IT might have a risk for no seroconversion
or loss of antibody response to SARS-CoV-2. More research in this area is necessary
and antibody monitoring in patients with IT might help to better understand their risk
regarding COVID-19 reinfection. It is important to be aware of the possibility of COVID-19
re-infection in patients with IT.

4.3. Limitations

This case series has several limitations. First of all, the sample size is small. However,
AID are orphan diseases and therefore, data of COVID-19 confirmed AID patients is
rare. To our knowledge this is the first case series reporting follow-up data of COVID-19
in IL-1-mediated and undifferentiated AID patients. Moreover, particularly regarding
laboratory values, there is missing data. All patients were diagnosed at the end of March
through the first wave of the COVID-19 pandemic and the start of lockdown in several
countries in Europe. March was a very challenging month for the health care systems in
Europe as COVID-19 test resources were limited, SARS-CoV-2 antibody tests initially were
not available and several university hospitals could not schedule regular visits for their
chronically ill/immunosuppressed outpatients. Consequently, some diagnostic tests—now
being well established—were not done regularly. In addition, some missing data can be
explained as we report patients from a real-life cohort. However, standardized outcome
evaluation of the included patients combined with advanced laboratory testing resulted in
comparable high-quality data captured in ARDIS. Antibody response was only tested using
ELISA for all patients at day 100 and only in patient 2 at day 40. Additional nasopharyngeal
COVID-19 RT-PCR was not performed at day 40 and 100, due to the reasons explained
above. Although data from this case series are not generalizable, due to small sample size,
important insights can be gained which may be taken into account in case AID patients
with and without IT develop COVID-19.

5. Conclusions

Patients with IL-1-mediated or unclassified AID and maintenance IT can experience
typical COVID-19 symptoms, but seem not to be at an increased risk for severe acute
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COVID-19 disease course. However, follow-up visits are important to monitor AID activity
as COVID-19 may increase underlying AID activity a few weeks after acute infection,
necessitating IT dose adjustments. In this case series, only one patient had detectable
antibodies against SARS-CoV-2 at day 100. Therefore, AID patients with IT should be
monitored carefully for new COVID-19 symptoms and should be re-tested if indicated.
Data from international registries and follow-up data combination of COVID-19 in AID
and monitoring of SARS-CoV-2 antibodies will help to better understand COVID-19 and
SARS-CoV-2 immunity in AID and the role of IT.
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Abstract: Tumor necrosis factor receptor-associated periodic syndrome (TRAPS) belongs to systemic
autoinflammatory diseases (AIDs). Many of these syndromes are genetically conditioned and can be
inherited. Diagnosis relies on clinical symptoms and should be confirmed by genetic testing. One of
the most serious complications is AA amyloidosis. We present the diagnostic route of a 33-year-old
male with AA amyloidosis and his children, leading to diagnosis of monogenic autoinflammatory
syndrome, confirmed by genetic analysis. A novel variant of the in-frame insertion type in one allele
of TNFRSF1A gene was found by whole exome sequencing and confirmed by Sanger sequencing,
which allowed a diagnosis of TRAPS. Three-dimensional modeling was used to assess the structural
changes introduced into TNFR1 molecule by the insertion. The analysis of the 3D model revealed that
accommodation of the 4AA insert induces misalignment of three cysteine bridges (especially the C70-
C96 bridge) in the extracellular domain, leading to putatively misfolded and improperly functioning
TNFR1. Three of the patient’s daughters inherited the same variant of the TNFRSF1A gene and
presented TRAPS symptoms. TRAPS is a very rare disease, but in the presence of suggestive
symptoms the genetic diagnostic workout should be undertaken. Early diagnosis followed by
appropriate clinical management can prevent irreversible complications.

Keywords: new genetic variant; monogenic autoinflammatory syndrome; diagnostic delay; anakinra;
damage index; genetic inheritance; personalized therapy
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1. Introduction

Monogenic autoinflammatory diseases (AIDs) cover a spectrum of syndromes, which
lead to chronic or recurrent inflammation caused by activation of the innate immune
system, typically in the absence of high autoantibody titers [1]. The four most common
monogenic AIDs are: NLRP3-associated autoinflammatory disease (NLRP3-AID), familial
Mediterranean fever (FMF), mevalonate kinase deficiency (MKD), and tumor necrosis
factor receptor-associated periodic fever syndrome (TRAPS).

TRAPS is an autosomal dominant disease, caused by mutations in TNFRSF1A gene
which encodes the protein named tumor necrosis factor receptor 1 (TNFR1), which plays
a crucial role in the inflammation and apoptosis [1]. The estimated prevalence of TRAPS
is one per million. Symptoms include recurrent episodes of fever, lasting about 3 weeks,
abdominal, chest, and muscle pains, skin rash, typically found on the limbs, periorbital
edema, and joint pain [2]. Inflammatory markers are always elevated during acute episodes.
The onset of the disease may occur at any age, from infancy to late adulthood, but most
patients have their first episode in childhood. In most cases, relatives are affected, and
positive family history strongly supports the diagnosis. AA amyloidosis is the main long-
term complication of TRAPS. Depending on the genetic variant, it is estimated that 2–24%
of untreated patients with TRAPS would develop AA amyloidosis [2–5], usually in mid-
adulthood, but the risk of this complication has significantly been decreased by modern
anti-inflammatory therapies [6]. The evaluation of patient with systemic AA amyloidosis,
in whom an obvious cause cannot be identified, is a challenge in clinical practice, as there
are over 100 diseases associated with AA amyloidosis. Among them, strong association is
reported for AIDs. The correlation is not unexpected, because autoinflammatory syndromes
often cause the long-standing inflammation [7]. However, due to low awareness and
heterogenous presentation, especially in sporadic cases, the diagnosis of AIDs might be
overlooked. Indeed, long diagnostic delay is usually reported. Importantly, the proper
diagnosis allows for avoiding the complications and progressive, irreversible organ damage.
Moreover, worse prognosis and unfavorable outcomes of renal transplantation is reported
in AA amyloidosis in the course of AIDs [8].

The therapies include corticosteroid therapy, non-steroidal anti-inflammatory drugs
(NSAIDs) during flares or a treatment based on biological agents, depending on the re-
quirements of the particular patient and disease severity [9,10]. Targeted anti-inflammatory
treatment is the only option in preventing further systemic deposition of amyloid and
recurrence of amyloidosis in transplanted organ.

The aim of the study was the identification of molecular basis and inheritance pattern
of disease in an adult male with AA amyloidosis and episodes of fever suspected of AID,
as well as in the members of his family.

2. Materials and Methods

2.1. Patients

4 patients were included in the study—proband and all his 3 children (daughters). At
the admission, the proband was 33-year-old Caucasian male, who was referred for nephrol-
ogy consultation because of proteinuria, chronic renal failure with estimated glomerular
filtration rate (eGFR) 69 mL/min./1.73 m2, and biopsy-proven kidney AA amyloidosis.

2.2. Methods of Molecular Analysis

Next-generation sequencing (NGS). Whole exome sequencing (WES) was performed.
Patient’s genomic DNA was extracted from the whole blood sample, and sequencing
library was prepared according to Agilent Sure-Select Human All Exon V5 protocol. The
enriched DNA libraries were sequenced by the Illumina HiSeq4000 instrument (Illumina,
Inc., Sand Diego, CA, USA). All procedures for exome sequencing were conducted by
Macrogen (Seoul, Korea). Raw sequencing reads were mapped to the reference genome
using BWA [11]. Duplicates were removed using Picard software (Broad Institute, Cam-
bridge, MA, USA), and variants were named using Samtools software (SourceForge, San
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Diego, CA, USA). Variants in 289 genes connected with autoinflammatory diseases were
analyzed (the list of genes [12] is presented in Supplementary Table S1). The following in
silico prediction software programs were used to assist with interpretation of pathogenicity
of detected variant: Alamut visual v 2.9.0 (Interactive biosoftware, SOPHiAGENETICS,
CH-1025 Saint Sulpice, Switzerland). The presence of the variant in control populations was
checked in 1000Genomes [13], the Exome Variant Server [14], and the Exome Aggregation
Consortium (Broad Institute) and gnomAD (Broad Institute).

2.3. 3D Protein Modeling

The newly identified AHRH insertion was manually introduced into the structure
of TNFR1 (Tumor necrosis factor receptor superfamily member 1A; PDB:1FT4) with the
MAV (Multalign Viewer) module of UCSF (University of California San Francisco, CA,
USA) Chimera software (v 1.14) [15]. Next, the Modeler software [16] was used to generate
5 different models of the modified structure. The resulting models were validated with
zDOPE (Discrete Optimized Protein Energy score [17]). Final model was subjected to a
short minimization procedure (MMTK—Molecular Modelling Toolkit, Center for Molecular
Biophysics, CNRS-Orleans, France) with Amber ff14SB force field, 100 steps of steepest
descent and 10 steps conjugate gradient) to lessen the sterical constraints introduced by the
modeling procedure.

3. Results

3.1. Patients
3.1.1. Patient 1—Proband

33-year-old Caucasian male was referred for nephrology consultation because of
proteinuria 3.2–5.7 g/day; chronic renal failure with estimated glomerular filtration rate
(eGFR) 69 mL/min./1.73 m2 and biopsy-proven kidney AA amyloidosis. On admission,
he complained of chronic fatigue; otherwise, he denied any other symptoms. His family
medical history was reported as irrelevant. His comorbidities were as follows: arterial
hypertension, hypercholesterolemia, normocytic anemia. There were no clinically relevant
findings during physical examination, except for the post-appendicitis scar in right lower
quadrant of the abdomen.

In routine laboratory tests, the erythrocyte sedimentation rate (ESR) was 47 mm/h
(reference range: 0–12 mm/h), and serum concentration of C-reactive protein (CRP)
61.17 mg/L (reference range: up to 9 mg/L), serum amyloid A (SAA) 60.9 mg/L (ref-
erence range: up to 6.4 mg/L). Laboratory work-up for anti-nuclear (ANA), anti-neutrophil
cytoplasmic (ANCA) antibodies and rheumatoid factor were negative. Blood and urine
cultures were also negative.

Detailed analysis of his past medical history revealed that from the age of 7 the patient
reported recurrent episodes of abdominal pain with fever up to 40 ◦C, upper respiratory
tract symptoms (pharyngitis, tonsillitis), arthralgia of elbow, knee, and wrists and elevated
inflammatory parameters. These episodes were recurring irregularly, at least twice a year,
with fever lasting 7–10 days and abdominal pain lasting 10–14 days. He was repeatedly
hospitalized and suspected of infections (at the age of 7), chronic endocarditis (aged 14),
lambliasis with cholangitis (aged 13), or connective tissue diseases. Episodes of abdominal
pain were the rationale for appendectomy (age 14). Inflammatory bowel disease and
chronic pancreatitis were excluded. Despite extensive research, the reason for recurrent
fevers was not identified. During adolescence, recurrent acute episodes stopped, but
chronic low-grade fever and fatigue persisted. At the age of 28, the patient was diagnosed
with proteinuria, kidney function impairment, and arterial hypertension. Kidney biopsy
specimen revealed AA amyloidosis.

Based on the medical history, AIDs were included as a potential cause for AA amyloi-
dosis. Initial suspicion of FMF was made and treatment with colchicine 0.5 mg/day twice
a day was ordered, with short-time improvement of ESR and CRP. An attempt to increase
colchicine dosage to 0.5 mg three times a day was unsuccessful due to diarrhea. Moreover,
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genetic tests for FMF did not reveal any known pathogenic variants in exons 2, 3, and 10 of
MEFV gene. Due to unsatisfactory effectiveness of the treatment and sustained suspicion
of AID as the cause of AA amyloidosis, the genetic diagnostic work-up was continued by
next-generation sequencing (NGS).

3.1.2. Remaining Patients
Patient 2

At the age of 7, Patient 1’s daughter had been referred for consultation due to episodes
of fever up to 39 ◦C lasting for 6–10 days accompanied by severe abdominal pain, lym-
phadenopathy (cervical, inguinal) and recurrent pharyngitis. Flares have been occur-
ring irregularly 4–5 times a year since the age of 2. Her physical examination between
episodes was normal. She had constantly elevated SAA during and between febrile flares
(67–813 mg/dL). Until the diagnosis of the father, her symptoms were treated as typical
childhood infections.

Patient 3

At the age of 9, the second daughter had presented fever episodes. Her symptoms
have been sporadic and mild, and lasted approx. 10 days. She responded well to an-
tipyretic treatment. Her acute inflammatory reactants were high during flares (CRP up to
6.0 mg/dL), and between episodes were within the reference range (SAA 3.7 mg/dL).

Patient 4

At the age of 17, the oldest daughter presented with severe abdominal pain, low-
grade fever 37.5 ◦C. No abnormalities were found on additional investigation except
for abnormal inflammatory markers (CRP 8.2 mg/dL). Symptoms persisted for 3 weeks,
without response on NSAID and resolved spontaneously. Otherwise, her medical history
was unremarkable. Her acute inflammatory reactants between episodes were within the
reference range (SAA 0.8 mg/dL, CRP 0.2 mg/dL).

3.2. Genetic Results
Genetic Variant Identification

As the result of WES analysis of Patient 1, the novel variant of the insertion type:
c.362_363insTGCAAGACACAG in one allele of TNFRSF1A gene was identified (Supple-
mentary Figure S1). Then, the NM_001065.5:c.362_363insTGCAAGACACAG/p.(Arg121_
Asp122insAlaArgHisArg) variant was confirmed by Sanger sequencing (Figure 1).

Because the NM_001065.5:p.(Arg121_Asp122insAlaArgHisArg) insert has been identi-
fied in the TNFR1 protein for the first time, we decided to assess the potential effects of
this insertion on the protein structure by 3D modeling (Figure 2). The acquired 3D model
suggested that the insert may influence three cysteine bridges, with the C70–C96 being the
crucial one for correctly orienting CRD2 and CRD3 domains. Accommodation of the 4AA
insert leads to misalignment cysteine bridges leading to putatively misfolded and improp-
erly functioning TNFR1. Therefore, the NM_001065.5:p.(Arg121_Asp122insAlaArgHisArg)
insert should be considered pathogenic. This notion warrants further investigations on the
potential phenotypic changes induced by this novel TNFR1 variant under experimental
conditions, preferably by comparison with some previously identified pathogenic variants,
as exemplified in [18,19].
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Figure 1. Sanger sequencing of NM_001065.5:c.362_363insTGCAAGACACAG variant. The alignment to wild sample
sequence is visualized using Mutation Surveyor Software, v.4.0.7 (Softgenetics, State College, PA 16803, USA). The upper
panel represents the reference sequence, underneath—Sanger sequencing of mutated sample—from forward (middle panel)
and from reverse (bottom panel) primers.

Figure 2. (A,B) Comparison between the structure of wild-type variant of TNFR1 protein
(A) and modeling of the predicted misfolding (red arrow) resulting from the NM_001065.5:
p.(Arg121_Asp122insAlaArgHisArg) insertion in the pathogenic variant of TNFR1 (B).
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3.3. Management

From 19 December 2017, when biologic treatment for AIDs got reimbursement in
Poland, Patient 1 started treatment with an interleukin 1 inhibitor—anakinra, 100 mg
subcutaneously/day, as home therapy. At the beginning, he was taking the medication
irregularly due to moderate local side effects (rush, skin burning). Patient 1 was re-educated
about the aim of treatment, mode of application, and then continued the treatment regularly.
After 3 months of follow-up, local side effects completely disappeared. In parallel, low-
grade fever and fatigue resolved. Inflammatory parameters normalized: CRP to 0.1 mg/dL
(reference range: 0.8 mg/dL), SAA to 0.6 mg/dL (reference range: to 0.64 mg/dL) and stay
within reference range after 24 months treatment. His kidney function and proteinuria are
stable (creatinine level 1.7 mg/dL, proteinuria 2.0 g/day).

From the patient’s perspective: during the 2-year follow-up despite initial doubts
related to local reactions after administration of the preparation, we observed a very good
compliance with the treatment principles. The applied targeted therapy not only resulted
in the normalization of inflammatory parameters, but also eliminated the troublesome
symptoms of excessive fatigue and the patient returned to his work on the farm. Currently,
he feels free from burden of symptoms and from his point of view can give financial and
personal support for his family members.

Patient 2 has started the treatment with IL-1 blocker (anakinra). Rapid response was
observed with remission of symptoms within 2 days and normalization of lab results after
7 days (CRP 0.8 mg/dL; SAA 7.3 mg/dL). There were no flares during next 18 months of
follow-up.

Patient 3 and Patient 4 remain asymptomatic and have currently normal laboratory
results. They do not need chronic pharmacological treatment at present and are under
thorough medical control.

4. Discussion

We present results of diagnostics that included NGS sequencing in a patient with
kidney AA amyloidosis and all his children. The clinical presentation of the adult male
patient was suggestive for AIDs, but not specific for a particular type of AID, including
TRAPS, according to the clinical criteria acknowledged at the time of patient’s admis-
sion [20]. Predominant clinical symptoms were episodes of fever and severe abdominal
pain in childhood, arthralgia and fatigue in adulthood, and AA amyloidosis as a long-term
complication. Patient’s family history was negative, as well as the medical history in respect
of migratory rash and periorbital edema—the more specific indicators for TRAPS [21].
According to the literature, the experts asked to indicate signs and symptoms regarded the
most helpful in their practice for the diagnostics of TRAPS cited the following: recurrent
long-lasting fever episodes, positive family history, periorbital edema, abdominal pain,
myalgia, cutaneous rash, arthralgia, and monocytic fasciitis [22]. The onset of the disease in
the reported male patient, as in most cases of TRAPS, was in his childhood, but at the time
of diagnosis he presented the pattern typical for a chronic disease without inflammatory,
acute flares. Notably, in his case it took approx. 29 years from the onset of the disease
till the confirmation of diagnosis. Moreover, the proband developed AA amyloidosis and
kidney failure, but it occurred quite early, in his twenties, while Lachman et al. found that
the median age of developing of amyloidosis in TRAPS population was 43 years [5].

In clinical practice, there is a challenge to appropriately qualify the sporadic cases of
AA amyloidosis for further genetic evaluation. Generally, when the clinical symptoms pre-
sented by the given patient are adherent with the diagnostic criteria for a specific AID (e.g.,
TRAPS), the genetic method of choice should be a targeted sequencing of the respective
gene by the Sanger method. In the adult patient with AA amyloidosis reported hereby,
an initial attempt was made of a targeted sequencing of selected exons of the MEFV gene,
which proved unsuccessful. In the last decade, due to application of the next-generation
sequencing (NGS), the genetic diagnosis in patients with AIDs has greatly improved and
remarkable progress has been made in the genetic characterization of the undiagnosed
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patients and the sporadic cases [23]. Importantly, TRAPS is genetically heterogeneous.
More than 140 TNFRSF1A variants have been recognized up to date [24]. TNFRSF1A gene
comprises 10 exons. Most of the variants are single-nucleotide substitutions (95%), but
deletions and insertions have also been reported. Most sequence variants lie within exons
2 to 4 and result in amino acid substitutions which disrupt important cysteine-cysteine
disulfide bonds within the extracellular domain (cysteine-rich domains, CRDs). A single
splicing mutation also perturbs the first CRD due to the insertion of 4 amino acids. The
most common are low-penetrance variants R92Q and P46L. Another common variant is
T50M. Generally, mutations that result in cysteine substitutions lead to higher penetrance
of the clinical phenotype (93% versus 82% for non-cysteine residue substitutions), and
increase the probability of developing amyloidosis (24% versus 2% for no cysteine residue
substitutions) [2].

Hereby, to establish the diagnosis, we performed WES with subsequent analysis
of genes connected with autoinflammatory diseases. As a result, we identified a novel
TNFRSF1A variant of in-frame insertion type that putatively influences three cysteine
bridges and the structure of TNFR1 protein leading to its dysfunction or loss of function.
The variant was confirmed by Sanger analysis. To the best of our knowledge, this variant
has not been reported up to date. Thus, the important question is whether this novel
genetic variant is pathogenic. Notably, it was found in one allele, which corresponds to the
fact that TRAPS is an autosomal dominant disease. Clinical arguments for its pathogenicity
are that the same genetic variant was found in three symptomatic relatives (i.e., daughters).
However, clinical spectrum varies among family members and leads to personalized
management. Therefore, further research laboratory tests, e.g., in the cell culture models,
are necessary to respond the question of pathogenicity with acceptable precision.

Management of TRAPS should be adjusted case by case. It can involve corticosteroid
therapy, NSAIDs during flares or a treatment based on biological agents, mainly TNF
receptor-IgG1 Fc fusion protein etanercept [25] or interleukin 1 inhibitors [9]. Current data
indicate that anti-IL-1 compounds are the most effective drugs in patients with pathogenic
variants [26]. Such treatment eliminates the clinical symptoms and inhibits progression of
AA amyloidosis. Indeed, the efficiency of anti-IL-1 agents in TRAPS treatment has been
proved. Anakinra, a recombinant and slightly modified version of the human interleukin 1
receptor antagonist protein or canakinumab, a human monoclonal antibody targeted at
interleukin-1 beta can be used. In 47 TRAPS patients from the US, the European Union,
and the eastern Mediterranean, treatment with anakinra versus anti-TNF agents as the first
biologic therapy led to significantly higher clinical and biochemical responses [27]. In one
adult with amyloidosis-related renal failure, anakinra led to the disappearance of mani-
festations of TRAPS and decrease of laboratory abnormalities, including proteinuria [28].
Moreover, this treatment is considered safe, as in the presented case the side effects were
local and self-limiting. Canakinumab was effective in controlling and preventing fever
flares in patients with TRAPS, colchicine-resistant FMF, and MKD [29,30]. In contrast to
anakinra, which is administered daily, canakinumab can be given every 4–8 weeks. The
limitation of its use is the high cost, and that at present time it is not reimbursed in Poland.

As mentioned above, management of TRAPS and qualification for biologic treatment
should be personalized. In this study, three additional family members of the patient are
symptomatic and have undergone diagnostic workout, but based on their symptoms and
the estimated risk of end-organ damage, the goals and manners of management differ. The
father (proband) is treated continuously with anakinra to stop the AA amyloidosis pro-
gression. His 7-year-old daughter received anakinra treatment before any damage accrual
occurred, and in future it may be possible to pause the medication. Finally, two daughters
are covered by watch-and-wait strategy, as flares were sporadic, and inflammatory markers
are within reference range between attacks.

Our study has some limitations. We did not perform the functional studies on the
newly identified variant. Moreover, the pathogenicity of the variant could be further
supported by the assessment (e.g., by flow cytometry) of TNFR1 presence on the respective
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cells, and the serum concentrations of soluble TNFR1, TNF-α, and perhaps other proin-
flammatory cytokines. However, none these tests are routinely performed in the medical
centers involved in the current study. Furthermore, given the information collected in this
report, it would be preliminary to speculate what would be the pathophysiological and/or
molecular mechanism(s) responsible for the pathogenicity of the newly identified variant.
In theory, such effects may rely on the exaggerated activation of NF-κB pathway [18]
and/or hyperresponsiveness to the proinflammatory stimuli [19], and then induction of
subsequent inflammatory cascading. As mentioned, this should be further investigated in
properly designed functional studies. Despite its limitations, our study supports the notion
that in cases of AA amyloidosis of unknown origin, the monogenic AID, including TRAPS,
should be considered.

5. Conclusions

TRAPS is a very rare disease and can be overlooked in differential diagnosis, especially
if clinical picture is not specific. The diagnosis is usually delayed leading to organ damage
with the most serious complications, i.e., the development of secondary inflammatory
amyloidosis and kidney failure. In diagnosis, the crucial role is played by the genetic
testing, preferably by NGS. Hereby, in an adult male with AA amyloidosis and his family
members we identified a novel in-frame insertion-type pathogenic variant in one allele
of TNFRSF1A gene that caused TRAPS. Setting up the correct diagnosis of TRAPS allows
for the choice of a suitable treatment. Indeed, anti-IL-1 agents provide efficient and safe
therapy that eliminates clinical symptoms and prevents the patients from the organ damage,
which is exemplified in the current report.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-038
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Abstract: Background: Benign immunoglobulin G4 (IgG4)-related orbital disease (IgG4-ROD)—
characterized as tumors mimicking malignant orbital lymphoma (OL)—responds well to steroids,
instead of chemotherapy, radiotherapy and/or surgery of OL. The objective of this study was to report
the differences in computed tomography (CT) features and- serum IgG4 levels of IgG4-ROD and
OL. Methods: This study retrieved records for patients with OL and IgG4-ROD from a pathology
database during an eight-year-and-five-month period. We assessed the differences between 16 OL
patients with 27 lesions and nine IgG4-ROD patients with 20 lesions according to prebiopsy CT
features of lesions and prebiopsy serum IgG4 levels and immunoglobulin G (IgG) levels This study
also established the receiver-operating curves (ROC) of precontrast and postcontrast CT Hounsfield
unit scales (CTHU), serum IgG4 levels, serum IgG levels and their ratios. Results: Significantly
related to IgG4-ROD (all p < 0.05) were the presence of lesions with regular borders, presence of
multiple lesions—involving both lacrimal glands on CT scans—higher median values of postcontrast
CTHU, postcontrast CTHU/precontrast CTHU ratios, serum IgG4 levels and serum IgG4/IgG level
ratios. Compared to postcontrast CTHU, serum IgG4 levels had a larger area under the ROC curve
(0.847 [95% confidence interval (CI): 0.674–1.000, p = 0.005] vs. 0.766 [95% CI: 0.615–0.917, p = 0.002]),
higher sensitivity (0.889 [95% CI: 0.518–0.997] vs. 0.75 [95% CI: 0.509–0.913]), higher specificity
(0.813 [95% CI: 0.544–0.960] vs. 0.778 [95% CI: 0.578–0.914]) and a higher cutoff value (≥132.5 mg/dL
[milligrams per deciliter] vs. ≥89.5). Conclusions: IgG4-ROD showed distinct CT features and
elevated serum IgG4 (≥132.5 mg/dL), which could help distinguish IgG4-ROD from OL.

Keywords: immunoglobulin G4-related orbital disease (IgG4-ROD); orbital lymphoma (OL);
computed tomography (CT); Hounsfield unit

1. Introduction

Orbital space-occupying lesions comprise a wide range of benign and malignant masses [1].
The top eight ocular adnexal lesions include lymphoid tumors, inflammatory disease, cavernous
hemangioma, lymphangioma, meningioma, optic nerve glioma, metastatic breast cancer and capillary
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hemangioma [2]. Several studies indicate that ocular adnexal lymphomas almost account for up to
half of all malignant orbital lesions in adults [2–4].

Immunoglobulin G4–related disease—which can involve any organs including orbital structures—
is a systemic fibroinflammatory condition due to tissue infiltration by immunoglobulin G4 (IgG4) plasma
cells [5]. IgG4-related disease in orbit tends to form tumor-like lesions, which are difficult to differentiate
from intraorbital lymphoma because both are tumors rich in lymphoplasmacytic infiltration [6].
Lymphoma, one of the most common orbital malignancies in adults [3,4], needs radiotherapy, systemic
chemotherapy and/or surgery [7,8]. In contrast, approximately 90% of patients with IgG4-related
orbital disease (IgG4-ROD) respond well to steroid therapy [5] Therefore, rapid and accurate diagnosis
of IgG4-ROD to help patients receive early steroid treatment is critical.

IgG4-related disease diagnostic criteria commonly follow: a serum IgG4 concentration higher than
135 mg/dL (milligrams per deciliter) [9], the ratio of IgG4-positive/immunoglobulin G (IgG)-positive
plasma cell (IgG4+/IgG+ ratio) is >40% or IgG4+ cells > 10/high-powered field of biopsy sample [9].
However, up to 40% of patients with IgG4-related disease may have serum IgG4 levels within the
normal range [10]. Pathology and immunohistochemistry remain the gold standard for accurate
diagnosis of IgG4-related disease [5,11].

Furthermore, orbital neoplasm rupture via biopsy may lead to tumor seeding and poor
prognosis [12]. Integrating clinical findings, serologic data and radiological features is important to
establish the prebiopsy diagnosis of IgG4-ROD [12]. Computed tomography (CT) scans provide rapid
high-resolution images of orbits for radiological feature extraction [13]. As such, this study integrates
CT qualitative and quantitative (Hounsfield unit density) features, serum IgG, and IgG4 levels to
differentiate IgG4-ROD from orbital lymphoma (OL).

2. Material and Methods

2.1. Patients

The Institutional Review Board of Taipei Veterans General Hospital (TVGH) approved this study
to waive informed consent because of the retrospective nature of the research.

A doctor (SYY) blinded from the research hypothesis searched pathologic results from the
pathology database at TVGH using the keywords “orbit” or “orbital” for cases from 1 January 2010,
to 31 May 2018.

The research returned 178 patients with orbital lesions and pathologic results. Thirteen (7%)
of 178 patients had multiple orbital lesions (≥2): one (7.7%) of the thirteen patients with lung
carcinoid tumors and multiple metastases in the right orbital cavity and 12 (92.3%) patients with
lymphoplasmacyte-rich lesions (5 patients with orbital lymphoma; 7 patients with IgG4-ROD). The other
165 (93%) of the 178 patients showed only one lesion in the orbital cavity or eyelid. Sixteen (9%) of
the 178 patients had orbital lymphoma (OL) and 9 (5%) patients had IgG4-related orbital disease
(IgG4-ROD).

Among these patients, this study only considered patients who had OL or IgG4-ROD with
prebiopsy precontrast and postcontrast orbital CT scans, serum IgG4 levels and serum IgG levels and
excluded those were younger than 20 years of age or pregnant cases or those lacked prebiopsy CT and
serologic data.

As a result, 25 patients pathologically diagnosed as OL (16 patients) or IgG4-ROD (9 patients) met
the inclusion criteria and had prebiopsy orbital CT scans, serum IgG4 levels and serum IgG levels.
All patients met the eligibility criteria. We enrolled 25 patients to collect and analyze demographic
data, symptoms and signs, past medical histories, CT qualitative and quantitative (Hounsfield unit
density) features of orbital lesions, serum IgG levels and serum IgG4 levels of patients with IgG4-ROD
from those of patients with OL.
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2.2. CT Imaging Techniques

This study examined orbital CT images taken by a multiple-detector computed tomography
(MDCT) scanner for the selected 25 patients. MDCT scanners of orbit or face included iCT 256 (256-slice,
n = 5), Philips Healthcare, Cleveland, OH, USA, Somatom Sensation 16 (16-slice, n = 4), Siemens
Healthcare, Forchheim, Germany, ECLOS Hitachi Medical Corporation (16-slice, n = 1), Tokyo, Japan,
and Aquilion 64, Toshiba Medical Systems (64-slice, n = 15), Tochigi, Japan. Orbital CT scans were
obtained with or without an intravenous contrast medium, which included iobitridol (Xenetix 350;
Guerbet, Rue Jean Chaptal, Aulnary-sous-Bios, France, 350 mg I [Iodine]/mL [milliliter]) and iohexol
(Omnipaque 350; GE healthcare, Carrigtohill, Co., Cork, Ireland, 350 mg I/mL). The data records
showed that twenty-five patients underwent an intravenous power injection as a bolus of 1.2-mL/kg
(kilogram) iodine-based contrast medium at 1 mL/second (s). Postcontrast CT images were performed
after the complete injection of contrast medium. The axial sections of precontrast and postcontrast
orbital CT images scanned along the transaxial direction with the sections parallel to the optic nerve
along a line from the inferior border of the maxillary sinus to the middle part of the frontal region.
A Hitachi CT scanner took the slice thickness for image viewing of axial images at 1.25 mm (mm) and
other MDCT scanners at 2–4 mm. The coronal and sagittal sections of postcontrast orbital CT images
were reformatted with 2–4 mm in slice thickness. The reconstruction matrix for MDCT scans of orbit
was 512 × 512.

2.3. Analysis of Images and Pathologic Diagnosis

Two experienced radiologists (CHW and YYC) reanalyzed orbital lesions of the 25 patients on
orbital CT images with axial, sagittal and/or coronal images together without knowledge of pathologic
diagnosis of orbital tumors. The consensus from the two radiologists served as the final interpretation
of images. If the two radiologists could not reach an agreement on any features from orbital CT scans,
a third experienced radiologist (HCH) mediated the disagreement.

This study analyzed the following orbital CT features of each lesion or of each patient: maximum
diameter of a lesion, lesion borders, homogeneity of CT density, a lesion involving extraocular muscle
tendons, the lacrimal sac, lacrimal gland, preseptal space, extraconal, conal or intraconal orbital
compartments, the optic nerve, infraorbital nerve, presence or absence of bone remodeling, single
tumor or multiple lesions and single or bilateral orbital involvement, single or bilateral lacrimal gland
involvement. This study also measured the mean values of the precontrast and postcontrast CT
Hounsfield unit scales (CTHU) of each orbital lesion among the 25 patients.

A regular border of an orbital tumor on CT scans indicated the contour of a lesion from the
surrounding tissue was smooth for more than 75% of the lesion. An irregular border of a lesion showed
microlobulated, microangulated or indistinct contour from the surrounding tissue with ≥25% of the
lesion. Lesion involvement indicated lesion infiltration, invasion or encasement on orbital CT scans.

This study measured CTHU for all 47 orbital lesions of 25 patients on both pre and postcontrast
prebiopsy CT scans. The region of interest (ROI) maker in an oval shape was placed in the center of each
lesion to cover 50% of the largest tumor area on CT axial images, avoiding the inclusion of bone and
blood vessels (Figure 1). This study also calculated postcontrast CTHU divided by precontrast CTHU.
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Figure 1. A 68-year-old man with immunoglobulin G4 (IgG4)-related orbital disease (IgG4-ROD)
shows multiple tumors in bilateral orbital cavities. (a) Axial computed tomography (CT) scans show
masses in bilateral lacrimal glands (short and large arrows). The mean value of CT Hounsfield unit
scale (CTHU) is measured at the enlarged right lacrimal gland (short arrows) on a picture archiving
and communication system monitor. The region of interest (ROI) marker in an oval shape is placed
in the center of the mass (short arrows) to cover 50% of the largest tumor area. The mean value of
precontrast CTHU is 53 and that of postcontrast CTHU is 103. Sinusitis is found in the left frontal
sinus with mucus retention (black curved arrows); (b) Coronal postcontrast CT scan shows multiple
masses or enlargement in various ophthalmic tissues with regular borders and homogeneous contrast
enhancement in bilateral orbital cavities as follows: a mass at the extraconal compartment of the right
orbital cavity (black arrow),the right lacrimal gland (black curved arrow), the left lacrimal gland (large
white curve arrow), the right superior rectus muscle belly (small white curve arrow) and the right
infraorbital nerve (white arrow). Sinusitis is noted in the right ethmoid sinus with mucus retention
(arrowhead); (c) Pathologic specimen shows infiltration of many lymphoplasma cells and mild fibrosis
(hematoxylin–eosin stain, original magnification ×200); (d) Immunostaining for immunoglobulin G
(IgG)-expression shows many plasma cells are positive for IgG stains (original magnification ×200);
(e) Immunostaining for IgG4-expression shows abundant IgG4-positive plasma cells have infiltrated
the lesion. IgG4-postive/IgG-positive plasma cell ratio is more than 40%. There are more than 100
IgG4-positive plasma cells in one high-powered field (>100/HPF) (original magnification ×200).
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An experienced pathologist (AFYL) with 29 years of experience in pathology diagnosis reviewed
the pathologic and immunohistochemical sections of the specimens of the 25 patients to confirm
pathologic results of OL and IgG4-ROD. The two main pathologic criteria of IgG4-ROD included (1)
IgG4+/IgG+ ratio > 40%, and/or (2) IgG4+ cells > 10/high-powered field (HPF) in histopathologic
examination [5,9,14].

The radiologist (WHY) integrated demographic data, patient symptoms, signs and past histories,
prebiopsy serum IgG4 levels and IgG levels and CT imaging interpretations and the mean values
of CTHU measurement results of the 25 patients to evaluate the differences in CT qualitative and
quantitative features, serum IgG and IgG4 levels between OL and IgG4-ROD.

2.4. Statistical Analysis

This study used SPSS version 19.0 software (SPSS, Inc., Chicago, IL, USA) for data analysis.
Specially, we applied the Mann–Whitney U test to compare continuous variables because of the small
sample size and the χ2 or Fisher’s exact test for categorical variables at the level of significance of
p < 0.05. Receiver operating characteristic (ROC) curve analysis calculated the area under the ROC
curve to identify diagnostic values of CTHU, serum IgG4 levels and serum IgG levels of IgG4-ROD.
This study assessed the findings based on sensitivity, specificity and accuracy with a 95% confidence
interval (95% CI).

3. Results

The median age (mean ± standard deviation [SD], range) of the selected 25 patients was 59
(58.20 ± 10.61, 32–78). The median age (mean ± SD, range) of 16 patients with OL was 60.5 (59.31 ± 9.20,
41–78) and that of 9 patients with IgG4-ROD was 58 (56.22 ± 13.11, 32–69) (p = 0.934, Mann–Whitney
U test). Of the 25 patients, 17 (68%) were male and 8 (32%) were female. Twelve (12 or 71%) of the
17 male patients were OL and 5 (29%) were IgG4-ROD; four (50%) of 8 females were OL patients and
4 (50%) were IgG4-ROD (p = 0.3942, Fisher’s exact test).

The 25 patients showed proptosis, palpable mass and/or eyelid swelling—none of the 25 patients
suffered from orbital pain or tender palpable mass. Six (6 or 24%) of the 25 patients had malignancy
histories. Five (83%) of the 6 patients with malignant histories had OL: one with renal cell carcinoma,
one with prostatic cancer and soft palate follicular lymphoma, one with squamous cell carcinoma of
the tongue, one with follicular lymphoma involving lung, neck lymph nodes and bone marrow and
one with chronic lymphocytic leukemia. Only one (17%) of the 6 patients with malignant history was
an IgG4-ROD patient who had ovarian cancer. Patient malignant histories of the two groups had no
significant difference (p = 0.3644, Fisher’s exact test).

A pathologist (AFYL) reviewed the pathologic sections of the 25 patients. The pathologic review
concluded 13 patients with extranodal marginal zone lymphoma of mucosa-associated lymphoid
tissue (MALT lymphoma), 1 with low-grade B cell lymphoma with plasmacytic differentiation, 1 with
diffuse large B cell lymphoma, 1 with follicular lymphoma and 9 with IgG4-ROD. The histopathologic
findings of the 9 patients with IgG4-ROD showed diffuse lymphoplasmacytic infiltration, IgG4-positive
(IgG4+) plasma cells, IgG-positive (IgG+) plasma cells and various degree fibrosis. Seven (78%) of the
nine IgG4-ROD patients showed IgG4+ cells > 100 cells/HPF and IgG4+/IgG+ ratio > 40% (Figure 1).
Another 2 of the 9 IgG4-ROD patients (22%) had IgG4+ plasma cell < 50 cells/HPF and IgG4+/IgG+
ratio > 40%.

Furthermore, CT images indicated a total of 47 orbital tumors among the 25 patients: 27 lesions
were OL and 20 lesions were IgG4-ROD. Of 47 orbital tumors, none appeared inside the eyeball.

Tables 1 and 2 summarize CT features of 47 tumors among the 25 patients, of which 16 had orbital
lymphoma and 9 had IgG4-ROD.
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Table 1. Computed tomography (CT) features of 47 tumors among the 25 patients with orbital
lymphoma or immunoglobulin G4-related orbital disease (IgG4-ROD) on prebiopsy orbital CT scans.

Orbital CT Scans
Orbital Lymphoma

n (%)
IgG4-ROD

n (%)
p

Tumor Size, median (mean ± SD, range) 2.58 (2.62 ± 1.149, 0.98–5.16) 3.17 (2.70 ± 1.233, 0.66–5.1) 0.667 @

Lesion border 0.0069 #

Regular 10 (38) 16 (62)
Irregular 17 (81) 4 (19)

Precontrast CT density 1 #

Homogeneous 26 (57) 20 (43)
Heterogeneous 1 (100) 0 (0)

Postcontrast CT contrast-enhancement 1 #

Homogeneous 26 (57) 20 (43)
Heterogeneous 1 (100) 0 (0)

Extraocular muscle tendon involvement 0.1138 #

Presence 10 (77) 3 (23)
Absence 17 (50) 17 (50)

Lacrimal sac involvement 1 #

Presence 3 (60) 2 (40)
Absence 24 (57) 18 (43)

Preseptal space involvement 1 #

Presence 8 (62) 5 (38)
Absence 19 (56) 15 (44)

Lacrimal gland involvement 0.0085 #

Presence 8 (36) 14 (64)
Absence 19 (76) 6 (24)

Orbital compartment involvement 0.4813 #

Extraconal or/and conal 20 (53) 17 (47)
Intraconal 7 (78) 3 (22)

Optic nerve involvement 1 #

Presence 5 (63) 3 (37)
Absence 22 (56) 17 (44)

Infraorbital nerve involvement 1 #

Presence 1 (50) 1 (50)
Absence 26 (58) 19 (42)

Bone remodeling 0.2507 #

Presence 3 (100) 0 (0)
Absence 24 (55) 20 (45)

n (%)—number (percentage); SD—standard deviation; @—Mann–Whitney U test; #—Fisher’s exact test.

Table 2. CT features of the 25 patients with orbital lymphoma or immunoglobulin G4-related orbital
disease (IgG4-ROD) on prebiopsy orbital CT scans.

Orbital CT Scans
Orbital Lymphoma

n (%)
IgG4-ROD

n (%)
p

Tumor number 0.0414 #

Single 11 (85) 2 (15)
Multiple (≥2) 5 (42) 7 (58)

Orbital involvement 0.0168 #

One side 12 (86) 2 (14)
Bilateral 4 (36) 7 (64)

Bilateral lacrimal gland involvement 0.0022 #

Presence 2 (22) 7 (78)
Absence 14 (88) 2 (12)
Sinusitis 0.6882 #

Presence 7 (58) 5 (42)
Absence 9 (69) 4 (31)

n (%)—number (percentage); #—Fisher’s exact test.
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Specifically, of the 16 patients with OL, eleven (69%) had a solitary tumor in an orbital cavity or
at eyelids, 1 (6%) had 2 tumors, 2 (13%) had 3 and 2 (13%) had 4. The other 9 out of the 25 patients
had IgG4-ROD: 2 (22%) with 1 tumor; 5 (56%) with 2 tumors, 1 (11%) with 3 tumors and 1 (11%)
with 5 tumors. CT features statistically significantly associated with IgG4-ROD included lesions with
regular borders (p = 0.0069), multiple tumors (p = 0.0414), lacrimal gland involvement (p = 0.0085),
lesions involving bilateral lacrimal glands and bilateral orbital cavities (p = 0.0022 and p = 0.0168,
respectively, Figure 1).

In contrast, tumors involving the extraconal, conal or intraconal space, lacrimal sac, optic nerve,
extraocular muscle tendon, infraorbital nerve, preseptal space and presence of sinusitis and bone
remodeling were ineffectual to differentiate IgG4-ROD from orbital lymphoma (Figures 1 and 2;
all p > 0.05, Fisher’s exact test). Two IgG4-ROD patients and 6 OL patients had a solitary tumor
involving the preseptal space (Figure 2).

  
(a) (b) 

Figure 2. A 66-year-old man with orbital lymphoma shows a painless solitary lesion at the right lower
eyelid. (a) Axial precontrast CT image shows a small nodule with an irregular border and homogeneous
density involves the preseptal space of the right lower eyelid (arrowhead). Precontrast CT Hounsfield
unit scale (CTHU) of the nodule is 57; (b) Axial postcontrast CT image shows the nodule demonstrates
homogeneous enhancement (arrowhead). Postcontrast CTHU of the nodule is 68. Serum IgG4 level of
the patient is 44.3 mg/dL.

Table 3 shows the descriptive statistical prebiopsy values of precontrast CT Hounsfield unit scales
(CTHU), postcontrast CTHU and postcontrast CTHU/precontrast CTHU ratios of 27 tumors of OL and
20 tumors of IgG4-ROD on prebiopsy CT scans.

Table 4 demonstrates descriptive statistical prebiopsy values of serum IgG4 levels, serum IgG
levels and the ratios of serum IgG4 level/serum IgG level of the 16 patients with OL and the 9 patients
with IgG4-ROD.
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Table 3. Descriptive statistical prebiopsy values of precontrast CT Hounsfield unit scales (Pre HU),
postcontrast CTHU (Post HU) and postcontrast CTHU/precontrast CTHU ratios (Post HU/Pre HU) of
27 tumors of orbital lymphoma and 20 tumors of IgG4-related orbital disease (IgG4-ROD) on prebiopsy
orbital CT scans.

Orbital Lymphoma
n = 27

IgG4-ROD
n = 20

Parameter Pre HU Post HU Post HU/Pre HU Pre HU Post HU Post HU/Pre HU

Median 49 80 1.51 51 93.5 1.8
Mean 51.8 78.9 1.55 54.1 93.8 1.77

SD 10.28 13.58 0.27 10.69 19.02 0.42
Quartile 1 45 68 1.37 45.5 87 1.41
Quartile 3 57 89 1.76 61.25 103 2.08
minimum 36 56 1.17 40 51 1.06
Maximum 76 102 2.31 77 125 2.49
Outlier 1 76 2.31 51
Outlier 2 59

n—number; SD—standard deviation.

Table 4. The descriptive statistical prebiopsy values of serum IgG4 levels (serum IgG4),
serum immunoglobulin G (IgG) levels (serum IgG) and the ratios of serum IgG4 level/serum IgG level
(serum IgG4/IgG) of the 16 patients with orbital lymphoma and the 9 patients with IgG4-ROD.

Orbital Lymphoma
n = 16

IgG4-ROD
n = 9

Parameter
(mg/dL)

Serum IgG4 Serum IgG Serum IgG4/IgG Serum IgG4 Serum IgG Serum IgG4/IgG

Median 57.65 1345 0.042 675 1560 0.241
Mean 135.73 1307.94 0.106 756.49 2108.56 0.32

SD 199.82 332.42 0.1502 733.78 1326.07 0.2325
Quartile 1 28.23 979 0.022 142 1232 0.107
Quartile 3 125.4 1594.5 0.123 1140 3080 0.563
minimum 8.1 725 0.011 28.9 1110 0.026
Maximum 780 1915 0.524 2297.9 4645 0.59
Outlier 1 339.5 0.404 4112
Outlier 2 780 0.524 4645

n—number; mg/dL—milligram/deciliter; SD—standard deviation.

Figures 3 and 4 show the differences in postcontrast CTHU, postcontrast CTHU/precontrast CTHU
ratios, serum IgG4 levels and serum IgG4 level/serum IgG level ratios were statistically significant
between the two groups (all p < 0.05, Mann–Whitney U test).

Figure 3 shows that the areas under the ROC curve (AUC) of precontrast CTHU, postcontrast
CTHU and the ratios of postcontrast CTHU/precontrast CTHU were 0.56 (95% CI: 0.393–0.727, p= 0.484),
0.766 (95% CI: 0.615–0.917, p = 0.002) and 0.670 (95% CI: 0.498–0.842, p = 0.048). According to Figure 4,
the AUC for serum IgG4 levels, serum IgG levels and the ratios of serum IgG4/serum IgG were 0.847
(95% CI: 0.674–1.000, p = 0.005), 0.684 (95% CI: 0.455–0.913, p = 0.134) and 0.819 (95% CI: 0.639–1.000,
p = 0.009), respectively.

Compared with above data, the AUC using postcontrast CTHU (= 0.766) and serum IgG4 levels
(= 0.847) was moderately accurate for the diagnostic yield of IgG4-ROD because both AUC measures
fell between 0.7 and 0.9. The largest Jordon index 0.528 [(sensitivity−[1−specificity] = 0.528)] suggested
a cutoff value of postcontrast CTHU equal to 89.5. The sensitivity and specificity were 0.75 (95% CI:
0.509–0.913) and 0.778 (95% CI: 0.578–0.914), respectively. As to serum IgG4 level, the largest Jordon
index (0.701) suggested a cutoff value equal to 132.5 mg/dL, which resulted in sensitivity of 0.889
(95% CI: 0.518–0.997) and specificity of 0.813 (95% CI: 0.544–0.960), respectively.

82



J. Clin. Med. 2020, 9, 2425

For patients with postcontrast CTHU ≥ 89.5 in at least one orbital nodule in the two groups, 7 (58%)
were IgG4-ROD patients and 5 (42%) were OL patients (p = 0.0414, Fisher’s exact test). For serum IgG4
levels ≥ 132.5 mg/dL, 8 (73%) were IgG4-ROD patients and 3 (27%) OL (p = 0.0021).

The postcontrast CTHU and serum IgG4 levels for patients with a solitary orbital tumor in the
two groups of OL and IgG4-ROD patients were as follows: higher postcontrast CTHU (≥89.5) in 3 OL
patients and 1 IgG4-ROD case; lower postcontrast CTHU (<89.5) in 8 OL and 1 IgG4-ROD; and lower
serum IgG4 levels (<132.5) in all 11 OL patients and 1 IgG4-ROD case with higher CTHU. In addition,
one IgG4-ROD patient with a lower postcontrast CTHU showed a higher serum IgG4 level ≥ 132.5.

  

(a) (b) 

  
(c) (d) 

Figure 3. Box-and-whisker plots and receiver operating characteristic (ROC) curve analysis of
precontrast computed tomography (CT) Hounsfield unit scale (CTHU), postcontrast CTHU, postcontrast
CTHU/precontrast CTHU ratios between orbital lymphoma (OL) and immunoglobulin G4-related orbital
disease (IgG4-ROD). Bars =medians. (a) Precontrast CTHU (precontrast HU) shows a nonsignificant
difference between the two groups (p = 0.484, Mann–Whitney U test); (b) Postcontrast CTHU
(postcontrast HU) shows a significant difference between the two groups (p = 0.002, Mann–Whitney
U test); (c) Postcontrast CTHU/precontrast CTHU ratios (postcontrast HU/precontrast HU) show a
significant difference between the two groups (p = 0.048, Mann–Whitney U test); (d) Areas under
the ROC curve (AUC) of precontrast CTHU (precontrast HU), postcontast CTHU (postcontrast HU)
and postcontrast CTHU/precontrast CTHU ratios (postcontrast HU/precontrast HU) are 0.56 (95% CI:
0.393–0.727, p = 0.484), 0.766 (95% CI: 0.615–0.917, p = 0.002) and 0.670 (95% CI: 0.498–0.842, p = 0.048),
respectively. �—an outlier.
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Figure 4. Box-and-whisker plots and receiver operating characteristic curve (ROC) analysis of serum
immunoglobulin G4 (IgG4) levels, serum immunoglobulin G (IgG) levels and serum IgG4 level/serum
IgG level ratios between orbital lymphoma (OL) and IgG4-related orbital disease (IgG4-ROD).
Bars =medians. (a) Serum IgG4-levels demonstrate a significant difference between the two groups
(p = 0.004, Mann–Whitney U test); (b) Serum IgG levels demonstrate a nonsignificant difference
between the two groups (p = 0.136, Mann–Whitney U test); (c) Serum IgG4 level/IgG level ratios
(serum IgG4 level/IgG level) demonstrate a significant difference between the two groups (p = 0.009,
Mann–Whitney U test); (d) The areas under the ROC curve of serum IgG4 level (serum IgG4), serum IgG
level (serum IgG) and serum IgG4 level/IgG level ratio (serum IgG4/IgG) are 0.847 (95% CI: 0.674 to
1.000, p = 0.005), 0.684 (95% CI: 0.455 to 0.913, p = 0.134) and 0.819 (95% CI: 0.639 to 1.000, p = 0.009),
respectively. * and �—outliers.

The postcontrast CTHU and serum IgG4 level for patients with multiple orbital lesions in the
two groups were as follows: lower postcontrast CTHU (<89.5) were noted in 3 OL patients and in
1 IgG4-ROD case; higher postcontrast CTHU (≥89.5) were found in 2 OL patients and in 6 IgG4-ROD
cases; higher serum IgG4 levels (≥132.5 mg/dL) were found in 3 OL patients and in 7 IgG4-ROD cases;
lower serum IgG4 levels (<132.5 mg/dL) appeared in 2 OL patients. Two of the three OL patients with
lower postcontrast CTHU showed OL involving bilateral lacrimal glands, who had different serum
IgG4 levels: 51.3 and 339.5, respectively. Concurrent higher postcontrast CTHU and a higher serum
IgG4 level were found in 1 OL patient (1/5, 20%) with multiple tumors in the left orbital cavity and in
6 IgG4-ROD cases with tumors involving bilateral lacrimal glands. Lower postcontrast CTHU and
higher serum IgG4 level were noted in only one IgG4-ROD (1/7, 14%) case, who showed tumors mainly
in intraconal spaces of bilateral orbits.

If this study used “lesions with bilateral lacrimal gland involvement” (the most significant
qualitative CT feature in statistics, p = 0.0022), “bilateral lacrimal gland involvement and a higher
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serum IgG4 level (≥132.5 mg/dL) (p = 0.0005)” or “bilateral lacrimal gland involvement and higher
postcontrast CTHU (≥89.5, quantitative CT feature) (p = 0.00047)” or “higher postcontrast CTHU
and a higher serum IgG4 level” (p = 0.0029) as helpful test tools for diagnosis of IgG4-ROD (Table 5),
sensitivity, specificity and accuracy of the first test (Test 1), the second (Test 2), the third (Test 3) and
the latest one (Test 4) were as follows (Table 5): 0.78 (95% CI: 0.3999–0.972), 0.88 (95% CI: 0.617–0.985)
and 0.84 (95% CI: 0.639–0.955) for Test 1; 0.78 (95% CI: 0.3999–0.972), 0.94 (95% CI: 0.698–0.998)
and 0.88 (95% CI: 0.688–0.975) for Test 2; 0.67 (95% CI: 0.299–0.925), 1 (95% CI: 0.794–1) and 0.88
(95% CI: 0.688–0.975) for Test 3; 0.67 (95% CI: 0.299–0.925), 0.94 (95% CI: 0.698–0.998) and 0.84 (95% CI:
0.639–0.955) for Test 4. In Table 5, Test 3 had 100% of positive predictive value (PPV). Test 1 & Test 2
had the highest negative predictive value (NPV) 0.88.

Table 5. Contingency table of four helpful testing tools for diagnosis of IgG4-related orbital disease
(IgG4-ROD).

Test 1 Test 2 Test 3 Test 4

True positive, n 7 7 6 6
False negative, n 2 2 3 3
False positive, n 2 1 0 1
True negative, n 14 15 16 15

Sensitivity
(95% CI)

0.78
(0.40–0.972)

0.78
(0.40–0.972)

0.67
(0.299–0.925)

0.67
(0.299–0.925)

Specificity
(95% CI)

0.88
(0.617–0.985)

0.94
(0.698–0.998)

1.0
(0.794–1.0)

0.94
(0.698–0.998)

PPV
(95% CI)

0.78
(0.478–0.931)

0.88
(0.504–0.98)

1.0
(*)

0.86
(0.460–0.977)

NPV
(95% CI)

0.88
(0.670–0.960)

0.88
(0.687–0.962)

0.84
(0.679–0.931)

0.83
(0.663–0.927)

Accuracy
(95% CI)

0.84
(0.639–0.955)

0.88
(0.688–0.975)

0.88
(0.688–0.975)

0.84
(0.639–0.955)

n, patient number; Test 1 to Test 4 represent four helpful tools for diagnosis of IgG4-ROD; Test 1, orbital lesions with
bilateral lacrimal gland involvement on CT scans; Test 2, orbital lesions with bilateral lacrimal gland involvement on
CT scans and a higher serum IgG4 level (≥132.5 mg/dL [milligrams per deciliter]); Test 3, orbital lesions with bilateral
lacrimal gland involvement and higher postcontrast CTHU (CT Hounsfield unit scales ≥ 89.5) on CT scans; Test 4,
orbital lesions with higher postcontrast CTHU (≥89.5) and a higher serum IgG4 level (≥132.5 mg/dL); (95% CI),
(95% confidence interval); *—not shown in the statistics operation; PPV—positive predictive value—NPV—negative
predictive value.

4. Discussion

The IgG4-related disease can result in fibroinflammatory lesions at nearly any anatomic site [14].
OL is malignant and needs radiotherapy, chemotherapy and/or operation [4,7,8]. IgG4-ROD is benign
and approximately 90% of patients respond well to steroid treatment [5]. Both of malignant OL
and benign IgG4-ROD are lymphoplasmacytic infiltrated mass-like lesions, which make clinicians
difficult to differentiate from each other [6]. This study showed that lesions with regular borders,
multiple tumors, lacrimal gland involvement, simultaneous involvement of bilateral lacrimal glands
and bilateral orbital cavities and higher medians of postcontrast CTHU and serum IgG4 levels were
significantly related to IgG4-ROD (all p < 0.05). Postcontrast CTHU ≥ 89.5 showed 0.75 sensitivity
and 0.778 specificity with the AUC = 0.766 (95% CI: 0.615–0.917, p = 0.002); serum IgG4 levels ≥ 132.5
mg/dL had 0.889 sensitivity and 0.813 specificity, with the AUC = 0.847 (95% CI: 0.674–1.000, p = 0.005,
Figures 3 and 4). A lesion with regular borders is most likely to be a slow growing benign mass or less
likely to be an indolent malignant tumor [1]. IgG4-ROD being benign usually presented as lesions
with regular borders in this study.

Serum IgG4 levels account for 3% to 6% total amount of serum IgG levels [15]. Hamano et al. [16]
reported a cutoff value of 135 mg/dL to differentiate autoimmune pancreatitis from pancreatic cancer
with a high sensitivity (95%), specificity (97%) and accuracy (97%). This study identified a cutoff value
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132.5 mg/dL (close to 135 mg/dL) to distinguish IgG4-ROD from OL at diagnostic accuracy (AUC) of
84.7% with 88.9% sensitivity and 81.3% specificity.

However, approximately 40–50% of patients with biopsy-proven IgG4-related disease have normal
serum IgG4 concentrations [10,14,17]. In our study, normal serum IgG4 (<132.5 mg/dL) occurred in
13 (81%) of 16 OL patients and one IgG4-ROD patient (1/9, 11%), who had a solitary orbital lesion.
There may be several reasons to explain why in our study there was a lower percentage of IgG4-ROD
with normal serum IgG4 levels: first, our study was a small sample research, which may have selection
bias; second, serum IgG4 levels may vary according to the specific organ involved [10]; finally, elevated
serum IgG4 levels represent a subtype of IgG4-related disease with more inflammatory features and
worsening disease activity [17]. Our IgG4-ROD patients (8/9, 89%) could be developing an active
IgG4-related disease with elevated serum IgG4 concentrations.

Patient’s age, standard imaging features and localizing orbital lesions to intraconal, conal or
extraconal compartments help limit the differential diagnosis [18]. Our study showed no significant
difference in median ages between patients with OL and IgG4-ROD (p = 0.934, Mann–Whitney
U test). Lesions with regular borders, multiple orbital tumors, lacrimal gland involvement,
lesions simultaneously involving bilateral lacrimal glands and bilateral orbital cavities and higher
postcontrast CTHU (≥89.5) on orbital CT scans were significantly associated with IgG4-ROD (all p< 0.05).
The difference in extraconal, conal and intraconal compartments of orbital lesions between OL and
IgG4-ROD groups was not statistically significant (p = 0.4813). In addition to CT, magnetic resonance
imaging (MRI) also helps in further diagnostic workup of orbital tumors and provides ocular anatomy
for lesions involvement, perineural spread and intracranial extension [12]. Both retinoblastomas
typically found in children and uveal melanomas in adults appear in the globe. Retinoblastoma
is slightly hyperintense on T1 weighted MRI (T1WI) and very hypointense relative to vitreous on
T2-weighted MRI (T2WI) and well contrast enhancement on postcontrast CT and contrast-enhanced
(CE) MRI [12,18]. Ninety percent of retinoblastomas demonstrate calcifications on precontrast CT
scans [18]. Melanomas with melanin show characteristic hyperintensity on T1WI and hypointensity
on T2WI [12,18]. For intraconal orbital tumors, gliomas common among children result in fusiform
enlargement of the optic nerve on axial CT and MRI [12,18]. In contrast, meningiomas, commonly
seen in the 5th decade of life, classically show the contrast-enhancing tumor with a “tram-tract”
configuration alongside the optic nerve on axial postcontrast CT or CE MRI [12]. The most common
benign orbital tumor in adults is a cavernous hemangioma, which typically demonstrates a well-defined
dense unilateral orbital intraconal mass with intra-tumoral calcifications on precontrast CT scans and
MRI. The enhancement spread pattern on a dynamic postcontrast CT and dynamic CE T1WI can help
to distinguish between cavernous hemangioma and schwannoma [18,19]. Cavernous hemangiomas
show initial patchy enhancement on arterial phase, but schwannomas start a wide area of enhancement.
The most common congenital orbital nodules are dermoids, which usually show a well outlined round
or oval tumor with a capsule and low density or fat contents in the extraconal space on CT scans
or MRI [18]. Due to fat contents, dermoids typically show hyperintensity on T1WI, hyperintensity
on T2WI and hypointensity on short tau inversion recovery MRI (STIR) [18]. Benign mixed tumor
of lacrimal gland usually seen in middle-aged patients demonstrates a well-circumscribed round
or oval tumor with homogeneous enhancement on postcontrast CT and CE MRI [12]. Malignant
epithelial lacrimal gland tumors show a mass with a well- or poor-defined margin with associated
bony remodeling or destruction in 70% cases on CT scans [18].

Multiple or multicompartmental orbital masses include venolymphatic malformations (VLM),
rhabdomyosarcoma (RMS), plexiform neurofibroma, thyroid ophthalmopathy (TO), orbital
pseudotumor (OP), lymphoma, metastases and IgG4-ROD [18]. The first three types of masses
are common among children; the last five, among adults [3,5,18]. VLM usually appears poorly defined,
lobulated and multiloculated lesions with various signal intensity on T1WI and T2WI [18]. VLM may
demonstrate fluid–fluid level on MRI, which is highly suggestive of the diagnosis of VLM [12]. VLM,
RMS and plexiform neurofibroma may have similar findings on CT and MRI [18]. TO causes enlarged
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bilateral myositis of the extraocular muscles, often involves medial and inferior rectus muscles with
sparing tendinous insertions on CT and MRI [12] and is related to elevated thyroid-stimulating hormone
level [18]. OP, IgG4-ROD and OL show similar MRI features on conventional sequences, which are
hypointense on T1WI and T2WI and well contrast enhancement on postcontrast T1WI. Furthermore,
diffusion-weighted imaging (DWI) with apparent diffusion coefficient (ADC) mapping can help to
differentiate between benign and malignant orbital lesions [1,18]. Sepahdari et al. have reported
that an ADC value < 1.0 × 10−3 mm2/ sec and an ADC ratio < 1.2 are optimal for predicting orbital
malignant tumors [1,18]. Prior studies used ADC value < 1.0 × 10−3 mm2/ sec and ADC ratio < 1.2 to
differentiate orbital lymphoma from benign OP and IgG4-ROD with more than 95% accuracy [1,18].
However, ADC values and ratios cannot differentiate OP from IgG4-ROD because the two disease have
similar these values [1,18]. OP manifests with the most common acute unilateral painful mass in adults,
which assist in differentiating OP from TO, OL and IgG4-ROD. Pain is uncommon in TO, OL and
IgG4-ROD [12,18]. None of 25 patients in this study suffered from orbital pain or tender palpable mass,
either. Consistent with the result of our research, Fujita et al. have reported that IgG4-ROD commonly
presents involving bilateral lacrimal glands [15], which can distinguish OL and OP from IgG4-ROD.
A clinician can suggest the diagnosis of orbital metastasis only when clinically primary malignancy is
known [18].

An effective clinical diagnosis or appropriate disease classification for IgG4-related disease needs
the integration of clinical findings, radiological features and serologic or pathologic data [12]. None of
our 25 patients suffered from painful orbital lesions. Four tests for IgG4-ROD diagnosis used in this
study included serologic serum IgG4 levels, radiological CT qualitative (lesions with bilateral lacrimal
gland involvement) and/or quantitative features (postcontrast CTHU ≥ 89.5). Of the four tests, Test 2
(lesions with bilateral lacrimal gland involvement and a higher serum IgG4 level [≥132.5 mg/dL]) with
the highest sensitivity (78%), a higher specificity (94%), a higher PPV (88%), the highest NPV (88%)
and the highest accuracy (88%) could be the better prebiopsy test to distinguish IgG4-ROD from OL.

This study had only two IgG4-ROD patients with a solitary tumor, which was a small sample and
lacked specific CT features. Prebiopsy diagnosis of a solitary IgG4-ROD could depend on a painless
orbital mass, postcontrast CTHU ≥ 89.5 and serum IgG4 level ≥ 132.5 mg/dL. Tissue proof is an ultimate
diagnostic way. However, biopsy is not always suitable for orbital lesions. The best medical option for
a benign mixed tumor or malignant mass of the lacrimal gland may be excision en bloc without biopsy
once clinical and imaging diagnosis. However, incomplete excision or ruptures of neoplasms via biopsy
may result in tumor recurrence, malignant transformation of a mixed tumor and poor prognosis [12].
In clinical practice, some IgG4-ROD patients may be at high risk for biopsy and/or refuse biopsy.
However, once these patients meet possible diagnosis of IgG4-ROD [20], systemic steroid treatment
may be a good alternative. The criteria for possible IgG4-ROD diagnosis include elevated serum IgG4
(≥135 mg/dL), enlargement of the lacrimal gland or masses, enlargement or hypertrophic lesions in
various orbital tissues [20]. Clinicians could forgo further biopsy if such patients respond well to
glucocorticoids within weeks, such as reductions in the size of tumors, improvements of symptoms
and a significant decrease in serum IgG4 [20]. Alternative non-vital organ or lip biopsy may be an
acceptable option [21].

Sato et al. [22] reported that 17 (81%) of 21 patients with IgG4-ROD had involvement of the
lacrimal glands and 13 (70.6%) of 17 cases showed bilateral lacrimal gland swellings. Our study also
showed that seven (78%) of nine patients with IgG4-ROD had bilateral lacrimal gland involvement,
which could distinguish IgG4-ROD from OL (p = 0.0022). Neither Sato et al. nor this study had patients
with IgG4-ROD originating from conjunctival or subconjunctival tissue. However, prior research
suggested that IgG4-ROD can also develop at conjunctival tissue [23,24].

This study has several limitations. First, this retrospective research had a small sample of patients.
Second, the patients in this study received different brands of contrast agents and CT machine, which
could produce potential bias in measurement of CTHU. Last, incomplete data records ruled out the
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possibility of deciphering a detailed correlation between CT features and clinical presentations of OL
and IgG4 ROD.

5. Conclusions

This study compared prebiopsy precontrast and postcontrast CT features, serum IgG4 and serum
IgG levels of IgG4-ROD with those of OL. The key findings showed that IgG4-ROD had high correlation
with the presence of lesions with regular borders, presence of multiple lesions, lesions involving
the lacrimal gland, both lacrimal glands and bilateral orbital cavities on CT scans, higher values
of postcontrast CTHU, postcontrast CTHU/precontrast CTHU ratios, serum IgG4 levels and serum
IgG4/IgG level ratios (all p < 0.05). For diagnosis of IgG4-ROD, postcontrast CTHU ≥ 89.5 and serum
IgG4 level ≥ 132.5 mg/dL provided moderate diagnostic accuracy, AUC = 0.776 and 0.847, respectively,
which were higher than those of postcontrast HU/precontrast HU and serum IgG4/IgG level ratio.
The special CT features and elevated serum IgG4 levels could help differentiate IgG4-ROD from OL.
Prebiopsy diagnosis of the uncommon solitary type of IgG4-ROD could also depend on a painless
orbital mass and elevated CTHU ≥ 89.5 and serum IgG4 level ≥ 132.5 mg/dL.
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Abstract: Colchicine has been effectively used to prevent acute flares in patients with gout, but drug-
related adverse events have frequently occurred. We investigated whether colchicine therapy with
febuxostat is associated with hepatotoxicity in gout patients. Gout patients treated with (n = 121) or
without (n = 57) colchicine were enrolled upon initiating febuxostat as a urate-lowering treatment, and
clinical and laboratory data at diagnosis were compared. Logistic regression analysis was performed
to evaluate the risk factors related to hepatotoxicity. Median age of the with-colchicine and without-
colchicine groups was 51.0 (37.0–62.0) and 56.0 (43.5–68.5) years, respectively. During the three months
of febuxostat prescription, the prevalence of hepatotoxicity was 13/121 (10.9%) in the with-colchicine
group and 4/57 (7.0%) in the without-colchicine group, without statistical significance. The rate of
colchicine use was not different between the study subjects with or without hepatotoxicity (76.5%
vs. 67.1%, p = 0.587). Pre-existing liver disease was significantly associated with increased risk of
hepatotoxicity after febuxostat treatment (odds ratio, 4.083; 95% confidence interval, 1.326–12.577;
p = 0.014). Colchicine may be safely used as a prophylactic agent for gout patients with febuxostat.
However, upon initiating febuxostat, it is recommended to monitor the development of acute liver
injury in gout patients with underlying liver disease.

Keywords: gout; febuxostat; colchicine; hepatotoxicity; prophylaxis

1. Introduction

Gout is a common and treatable form of inflammatory arthritis resulting from the chronic deposition of
monosodium urate crystals, which form in the presence of increased urate concentrations [1]. Recent studies
have reported that incidence and prevalence rates of gout are rapidly increasing in many countries due to
various factors, such as change of dietary habits and comorbid conditions [2,3]. Previous studies have also
reported that gout is associated with a number of comorbidities, including cardiovascular disease (CVD),
type II diabetes, obesity, dyslipidemia, chronic kidney disease (CKD), nonalcoholic fatty liver disease,
and metabolic syndrome [4]. These comorbidities play an important role in determining the medication
for treatment options in patients with gout.

Early episodes of acute gouty attack resolve spontaneously within several days or weeks, but repeated
acute flares can lead to chronic arthritis with the formation of tophi and joint damage, which contribute to
disability and decreased quality of life. Therefore, uric acid-lowering therapy (ULT) as well as prophylaxis
of acute attack is one of the treatment goals of gout [5]. A recent guideline for gout management has
recommended that when initiating ULT, prophylactic treatment with anti-inflammatory drugs for at least
6 months reduces the frequency of gout flares [6].

Colchicine is a systemic anti-inflammatory agent, and has been regarded as a first line prophylactic
drug to prevent gout flare. However, it also has many side effects, such as gastrointestinal symptoms
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(including diarrhea), muscle pain or weakness, drug-to-drug interactions, renal impairment, and abnormal
liver function tests [7]. Therefore, before colchicine treatment, it is necessary to consider the underlying
diseases and concomitant medications.

A previous study has shown that colchicine is associated with a risk of hepatotoxicity in gout
patients prescribed febuxostat [8], which has also been reported to induce acute liver injury [9]. However,
there are few studies regarding hepatic safety of colchicine as a prophylactic therapy in gout patients
treated with febuxostat. We investigated whether the concomitant use of colchicine and febuxostat
increases hepatotoxicity in gout patients, and evaluated the factors associated with hepatotoxicity in gout
patients treated with febuxostat.

2. Materials and Methods

2.1. Study Subjects

A total of 319 patients initially diagnosed with gout at Kangwon National University Hospital
from January 2012 to December 2018 were included. Exclusion criteria were as follows: age at the time
of diagnosis <18 years, patients who used uric acid-lowering agents in asymptomatic hyperuricemia,
and patients whose follow-up period was less than 3 months. Patients who had a history of allopurinol
use were also excluded. A total of 178 gout patients treated with febuxostat were included. The study
was approved by the Institutional Review Board of Kangwon National University Hospital and
conducted in accordance with the Declaration of Helsinki (IRB protocol number: 2019-12-009).

2.2. Data Collection

All data were retrieved from electronic medical records of Kangwon National University Hospital.
Demographic data, including age, gender, concomitant medications (uric acid-lowering agents,
colchicine, aspirin, diuretics including furosemide, and thiazide), and comorbidities data (hypertension,
diabetes mellitus, CVD, heart failure, dyslipidemia, liver cirrhosis, fatty liver, CKD, and dementia),
were collected. Liver disease (as defined as liver cirrhosis or fatty liver) was diagnosed by abdominal
ultrasound or abdominal computed tomography. We also collected the following biochemical laboratory
data: uric acid, aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen
(BUN), creatinine (Cr), total cholesterol, triglyceride, low-density lipoprotein (LDL) and high-density
lipoprotein (HDL), at time of diagnosis. In addition, uric acid, AST, ALT, BUN, and Cr were obtained
one and three months after initiating febuxostat.

2.3. Definition of Hepatotoxicity

Hepatotoxicity was defined as more than three times the upper normal limit when the baseline
AST/ALT was normal, and double the baseline AST/ALT when the baseline was abnormally elevated [10].

2.4. Statistical Analysis

Continuous variables were expressed as the mean ± standard deviation (SD) or as the median
(interquartile range, IQR), while categorical variables were expressed as number percentages (%).
The Chi-square test was used to compare the categorical data between the colchicine users and nonusers.
Continuous values were compared using the Student’s t-test for parametric data or the Mann–Whitney
U test for nonparametric data. Multivariate logistic regression analysis was performed to estimate the
relative risk of hepatotoxicity in the study subjects. Age, dosage of febuxostat, ALT, hyperlipidemia,
and liver disease identified by univariate analysis as significant predictors of hepatotoxicity (with a
p-value < 0.2) were included in the multivariate model. Subgroup analysis was also performed; patients
with liver cirrhosis were excluded. All statistical analyses were performed using SPSS (version 23.0,
Chicago, IL, USA). A p-value less than 0.05 was considered statistically significant.
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3. Results

3.1. Baseline Characteristics of Gout Patients with or without Colchicine

The baseline characteristics of the study patients (n = 178) with or without prophylactic colchicine
are shown in Table 1. Of the 178 patients, 121 (69.7%) used prophylactic colchicine with febuxostat.
The median age (IQR) of colchicine users was 51.0 (37.0–62.0) years, and those without colchicine
was 56.0 (43.5–68.5) years, which was not significantly different. The two groups did not differ
in terms of disease duration, symptom duration, duration of febuxostat use, dosage of febuxostat,
baseline laboratory findings (including uric acid, AST, ALT, and lipid profile), and comorbidities (CVD,
dyslipidemia, liver disease, and dementia). There was no difference in the hepatotoxicity between the
febuxostat with and without colchicine groups (13/121 [10.7%] vs. 4/57 [7.0%], p = 0.587) (Figure 1).
Subgroup analysis according to diabetes or CVD revealed no statistically significant differences in the
development of hepatotoxicity between the patients with and without colchicine.

Table 1. Comparison of baseline characteristics according to the use of colchicine.

Colchicine User (N = 121) Colchicine No-User (N = 57) p Value

Age, years 51.0 (37.0–62.0) 56.0 (43.5–68.5) 0.203
Male 119 (98.3) 49 (86.0) 0.002

Disease duration, months 26.6 (15.4–61.7) 23.9 (16.4–41.6) 0.748
Symptom duration, months 36.1 (5.2–73.3) 13.6 (0.8–55.2) 0.134

Duration of febuxostat use, months 17.6 (10.3–27.7) 20.8 (14.5–31.0) 0.165
Dosage of febuxostat, mg/day 59.2 ± 21.5 56.8 ± 19.9 0.491

Duration of colchicine use, months 13.3 (6.9–21.5)
Dosage of colchicine, mg/day 0.6 ± 0.2

Presence of tophi 24 (19.8) 9 (15.8) 0.680
Renal stone 9 (7.4) 5 (8.8) 1.0

Family history 9 (7.4) 4 (7.0) 1.0
Previous history of cancer 8 (6.6) 4 (7.0) 1.0

Gout flares within 3 months 14/113 (12.4) 24/51 (47.1) <0.001
Comorbidities
Hypertension 46 (38.0) 34 (59.6) 0.010

Diabetes mellitus 10 (8.3) 14 (24.6) 0.005
Cerebrovascular disease 15 (12.4) 14 (24.6) 0.051

Heart failure 1 (0.8) 4 (7.0) 0.037
Dyslipidemia 31 (25.6) 14 (24.6) 1.0

Hypertriglyceridemia 56 (46.3) 23 (40.4) 0.589
Liver disease 24 (19.8) 13 (22.8) 0.694

Chronic kidney disease
(eGFR < 60 mL/min/1.73 m2) 8 (6.6) 19 (33.3) <0.001

Dementia 1 (0.8) 1 (1.8) 0.539
Laboratory findings

Uric acid (mg/dL) 8.6 (7.0–9.9) 8.4 (6.9–9.8) 0.618
AST (IU/L) 29.0 (23.0–36.0) 26.5 (23.0–37.8) 0.163
ALT (IU/L) 31.5 (22.0–44.3) 27.5 (19.0–43.0) 0.465

BUN (mg/dL) 15.3 (12.9–19.3) 18.9 (13.3–27.1) 0.139
Cr (mg/dL) 1.0 (0.8–1.1) 1.1 (0.9–1.8) 0.006

eGFR (mL/min/1.73 m2) 89.0 (75.0–104.5) 70.0 (34.0–96.5) 0.020
Total cholesterol (mg/dL) 190.0 (154.0–216.0) 171.5 (146.5–203.8) 0.078

Triglyceride (mg/dL) 207.0 (123.0–292.0) 199.5 (129.0–260.5) 0.897
LDL (mg/dL) 112.5 (86.3–135.0) 106.0 (82.0–128.0) 0.268
HDL (mg/dL) 46.0 (40.0–51.0) 43.0 (37.3–54.0) 0.508
Medications

Aspirin 14 (11.6) 13 (22.8) 0.072
Diuretics 8 (6.6) 15 (26.3) 0.001

Results are expressed as the mean ± SD, as the median (interquartile range, IQR), or as number (%). AST, aspartate
aminotransferase; ALT, alanine aminotransferase; BUN, blood urea nitrogen; Cr, creatinine; eGFR, estimated
glomerular filtration rate; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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Figure 1. Incidence of hepatotoxicity between the groups with or without colchicine in patients with
gout treated febuxostat.

However, the laboratory results indicating renal function were significantly worse in patients
without colchicine than those with colchicine. In addition, the use of colchicine was significantly less in
patients with hypertension, diabetes mellitus, heart failure, and CKD. When initiating ULT, gout flares
occurred more frequently in patients without colchicine than those with colchicine (47.1% [24/51] vs.
12.4% [14/113], p < 0.001). Diuretics were more frequently used in patients without colchicine than those
with colchicine (26.3% vs. 6.6%, p = 0.001). Among the 37 patients with liver disease, 30 were diagnosed
with alcoholic or nonalcoholic fatty liver and seven were diagnosed with liver cirrhosis. No patients
presented with viral hepatitis.

3.2. Comparison of Baseline Characteristics According to Hepatotoxicity in Gout Patients on Febuxostat

Among the 178 patients, 17 subjects (9.6%) developed hepatotoxicity within three months after
initiating febuxostat treatment. The baseline characteristics of gout patients with or without hepatotoxicity
are shown in Table 2. The two groups did not differ in age, sex, disease duration, symptom duration,
duration of febuxostat use, dosage of febuxostat or colchicine, and use of concomitant medications (aspirin
or diuretics). The rate of colchicine use was not different between the groups with or without hepatotoxicity.
In addition, the two groups did not differ in comorbidities except for liver disease. Strikingly, only pre-existing
liver disease was significantly higher in patients with hepatotoxicity than in those without hepatotoxicity
(8 [47.1%] vs. 29 [18%], p = 0.01). Incidence of hepatotoxicity was significantly more frequent in study
subjects with liver disease than those without liver disease (Figure 2A). With the exception of cirrhotic
patients, the incidence of hepatotoxicity was also high in patients with a fatty liver (Figure 2B). Baseline
laboratory parameters, including uric acid, AST, and ALT, were similar between the two groups. However,
LDL levels at the time of the gout diagnosis were significantly higher in the hepatotoxicity group than those
in the no-hepatotoxicity group (142.0 [119.0–165.0] vs. 108.0 [82.0–129.0], p = 0.01).

Table 2. Comparison of baseline characteristics according to hepatotoxicity in gout patients with febuxostat.

Hepatotoxicity (N = 17) No Hepatotoxicity (N = 161) p Value

Age, years 38.0 (34.0–60.0) 54.0 (39.0–64.0) 0.166
Male 17 (100.0) 151 (93.8) 0.601

Disease duration, months 24.3 (17.8–91.1) 26.1 (15.4–47.5) 1.0
Symptom duration, months 18.2 (0.8–90.2) 25.1 (3.9–67.9) 0.793

Duration of febuxostat use, months 17.5 (6.6–27.0) 19.2 (11.7–29.0) 0.645
Dosage of febuxostat, mg/day 50.6 ± 20.1 59.3 ± 21.0 0.109

Use of colchicine 13 (76.5) 108 (67.1) 0.587
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Table 2. Cont.

Hepatotoxicity (N = 17) No Hepatotoxicity (N = 161) p Value

Duration of colchicine use, months 7.0 (3.9–25.3) 13.4 (7.4–21.5) 0.975
Dosage of colchicine, mg/day 0.6 ± 0.2 0.6 ± 0.2 0.858

Presence of tophi 3 (17.6) 30 (18.6) 1.0
Gout flares 2 (11.8) 39 (24.2) 0.365

Comorbidities
Hypertension 6 (35.3) 74 (46.0) 0.452

Diabetes mellitus 3 (17.6) 21 (13.0) 0.706
Cerebrovascular disease 2 (11.8) 27 (16.8) 1.0

Heart failure 1 (5.9) 4 (2.5) 0.398
Dyslipidemia 7 (41.2) 38 (23.6) 0.142

Hypertriglyceridemia 7 (41.2) 70 (43.4) 1.0
Liver disease 8 (47.1) 29 (18.0) 0.010

Chronic kidney disease
(eGFR < 60 mL/min/1.73 m2) 1 (5.9) 26 (16.1) 0.476

Dementia 1 (5.9) 1 (0.6) 0.182
Laboratory findings

Uric acid (mg/dL) 8.6 (7.0–9.8) 8.5 (6.9–9.8) 1.0
AST (IU/L) 30.0 (26.5–44.8) 28.0 (23.0–35.3) 0.402
ALT (IU/L) 42.5 (20.0–76.3) 29.0 (21.0–41.3) 0.755

BUN (mg/dL) 13.3 (10.1–19.3) 15.9 (13.2–22.4) 0.793
Cr (mg/dL) 1.0 (0.8–1.2) 1.0 (0.9–1.2) 0.925

eGFR (mL/min/1.73 m2) 84.0 (78.3–103.0) 85.5 (63.8–104.0) 0.8
Total cholesterol (mg/dL) 195.0 (157.0–230.0) 176.5 (151.0–210.3) 0.1

Triglyceride (mg/dL) 215.5 (137.8–282.8) 199.0 (123.0–292.0) 0.784
LDL (mg/dL) 142.0 (119.0–165.0) 108.0 (82.0–129.0) 0.01
HDL (mg/dL) 44.0 (40.0–51.0) 46.0 (39.0–52.0) 0.982
Medications

Aspirin 3 (17.6) 24 (14.9) 0.726
Diuretics 1 (5.9) 22 (13.7) 0.702

Results are expressed as the mean ± SD, as the median (interquartile range, IQR), or as number (%). AST, aspartate
aminotransferase; ALT, alanine aminotransferase; BUN, blood urea nitrogen; Cr, creatinine; eGFR, estimated
glomerular filtration rate; LDL, low-density lipoprotein; HDL, high-density lipoprotein.

  
(A) (B) 

Figure 2. (A) Incidence of hepatotoxicity between the groups with or without liver disease in patients
with gout treated febuxostat. (B) Incidence of hepatotoxicity between the groups with or without fatty
liver in patients with gout treated febuxostat.

3.3. Logistic Regression Analysis for Hepatotoxicity in Gout Patients on Febuxostat

Univariate logistic regression analysis revealed that pre-existing liver disease was significantly
associated with an increased risk of hepatotoxicity (odds ration [OR], 4.046; 95% confidence interval
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[CI], 1.439–11.375; p = 0.008). After adjusting for age, febuxostat dosage, ALT, and hyperlipidemia,
underlying liver disease was independently associated with a 4.1-fold increase in the risk of developing
hepatotoxicity (OR, 4.083; 95% CI, 1.326–12.577; p = 0.014) (Table 3). A subgroup analysis excluding
liver cirrhosis revealed that fatty liver was also an independent risk factor for the development of
hepatotoxicity after febuxostat usage (OR, 2.353; 95% CI, 1.320–4.197; p = 0.004).

Table 3. Risk factors for hepatotoxicity in gout patients on febuxostat.

Baseline Variables Univariate Multivariate

OR (95% CI) p OR (95% CI) p

Age 0.975 (0.946–1.006) 0.114 0.976 (0.941–1.013) 0.198
Duration of febuxostat use 0.990 (0.956–1.025) 0.573

Febuxostat dosage 0.978 (0.952–1.005) 0.113 0.976 (0.946–1.006) 0.120
Colchicine use 1.595 (0.496–5.128) 0.433

Duration of colchicine use 0.998 (0.954–1.043) 0.917
Colchicine dosage 0.700 (0.015–32.928) 0.856

ALT 1.016 (0.998–1.034) 0.082 1.010 (0.987–1.033) 0.415
LDL 1.0 (0.997–1.003) 0.821

Hyperlipidemia 2.266 (0.807–6.360) 0.120 1.855 (0.581–5.920) 0.296
Chronic kidney disease 0.325 (0.041–2.555) 0.285

Liver disease 4.046 (1.439–11.375) 0.008 4.083 (1.326–12.577) 0.014

Adjusted for age, febuxostat dose, ALT, hyperlipidemia and liver disease. OR, odds ratio; CI, confidence interval;
ALT, alanine aminotransferase; LDL, low-density lipoprotein.

3.4. Side Effects of Colchicine

Thirteen (10.7%) of 121 patients treated with colchicine and febuxostat had acute liver injury, two
(1.6%) patients had diarrhea, and one (0.8%) patient had a skin rash within three months after colchicine
treatment. Meanwhile, of the 57 patients treated with febuxostat, four (7.0%) presented with only an acute
liver injury [7.0% (febuxostat monotherapy group) vs. 10.7% (colchicine and febuxostat combination
therapy group), p = 0.587] and two presented with diarrhea [3.5% (febuxostat monotherapy group) vs.
1.6% (colchicine and febuxostat combination therapy group), p = 0.594]; no patient developed a skin rash
(0% vs. 0.8%, p = 1.0). There were no patients with muscle pain, muscle weakness, or neurotoxicity. Of the
13 patients who developed hepatotoxicity, nine continued to receive colchicine treatment, while four
discontinued it. Ten patients (76.9%) used hepatotonics. In all patients with hepatotoxicity, liver function
parameters recovered to their normal ranges or remained stable compared to their previous levels.

4. Discussion

In the present study, prophylactic colchicine did not increase the risk of acute hepatotoxicity in
gout patients on febuxostat. However, in these patients, pre-existing liver disease may be associated
with an increased risk of hepatotoxicity.

Gout is a common chronic inflammatory arthritis [1]. Recently, the incidence of younger gout
patients has been increasing faster than older patients [2,11]. Therefore, gout is considered an important
public healthcare issue. The goal of long-term treatments of gout is to reduce the levels of serum
urate, subsequently avoiding acute gout attacks and inhibiting progression to chronic arthropathy.
A uric acid-lowering agent is effective for lowering serum urate levels, and reduces the rate of gout
flares and tophus burden [12]. However, during the initial use of ULT, rapid reduction in serum
uric acid levels can often cause flares of gout, especially in the situation of in-patients, diuretics
use, surgery, and overhydration [13–15]. Acute gout flare is a clinically evident episode of articular
or periarticular inflammation induced by monosodium urate crystals [16], causing severe pain and
disability of the articular joint. Therefore, gout flare is one of the most important concerns for patients
as it can also affect their quality of life [17,18]. The European League Against Rheumatism (EULAR)
recommendations have suggested that anti-inflammatory agents, such as low-dose colchicine or
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nonsteroidal anti-inflammatory drugs, should be used for at least six months when initiating ULT [6].
Previous studies reported that prophylactic treatment longer than six months is associated with fewer
gout flares after initiating ULT [19,20].

Colchicine is an anti-inflammatory agent that has long been used to relieve pain and inflammation
in acute gout attacks [21]. It inhibits the release of crystal-induced chemotactic factors from neutrophil
lysosomes, blocks neutrophil adhesion to the endothelium, and reduces monosodium urate crystal-induced
production of superoxide anions from neutrophils [22,23]. Therefore, colchicine effectively controls and
prevents acute gout flare. However, it has also several toxicities, including gastrointestinal, renal,
neuromuscular, hepatic, and cerebral toxicity, and bone marrow suppression [24–26].

When initiating colchicine in patients with gout, it is necessary to carefully check their comorbidities,
and concomitant medications. There is a controversy around hepatotoxicity after colchicine treatment.
Experimental studies have shown that colchicine causes hepatotoxicity, including acute hepatic necrosis
and steatosis in animals [9,27]. Guo X. et al. reported that CYP3A inhibition was associated with colchicine-
induced hepatotoxicity in animals [28]. However, a meta-analysis study demonstrated that adverse liver
events did not increase in gout patients with colchicine use [29]. The present study also revealed that the
number of patients with hepatotoxicity was not significantly higher in colchicine users than non-users.
In addition, colchicine in patients with febuxostat did not increase their other side effects. Based on a
previous meta-analysis and the present study results, colchicine can be safely used to prevent acute flares
in gout patients on febuxostat.

Recent studies have shown that gout and hyperuricemia are significantly associated with metabolic
syndrome [4]. Especially, hepatic steatosis and non-alcoholic fatty liver disease in younger gout patients
have increased due to prevalent obesity and western dietary habits. Therefore, when treating hyperuricemia,
hepatotoxicity has caused problems in these patients. A previous report demonstrated that febuxostat is
associated with low risk of hepatotoxicity in Korean gout patients [8]. However, a recent randomized-
controlled study from Huang et al. revealed that liver function abnormality was the most common adverse
side-effect in gout patients treated with 80mg of febuxostat; febuxostat was discontinued in about 10%
of the patients due to liver dysfunction [30]. Therefore, when initiating febuxostat therapy in patients
with gout, it is important to identify the risk factors for development of hepatotoxicity in these patients.
Our study demonstrated that febuxostat can increase the liver enzyme levels in patients with underlying
liver diseases (such as fatty liver or liver cirrhosis). Therefore, we suggest the careful monitoring of liver
function tests in patients with underlying liver disease after initiation of ULT.

There are several limitations to this study. First, the present study is a retrospective cohort design
and the study populations were composed of a single medical center. Therefore, the number of study
patients was relatively small and could introduce selection bias. Second, the liver diseases, including
liver cirrhosis and fatty liver, were not confirmed by liver biopsy but rather diagnosed by imaging
studies. Third, since hepatic side effects were defined by laboratory results, we could not exclude other
causes of hepatotoxicity. Finally, it is possible that the adverse events of colchicine and gout flares may
have been underestimated due to the retrospective design.

5. Conclusions

In conclusion, colchicine as a prophylactic therapy was not associated with acute hepatotoxicity
in gout patients initiating febuxostat. Therefore, colchicine can be safely combined with febuxostat
in gout patients without fatty liver or liver cirrhosis. However, attention needs to be paid to use of
febuxostat in patients with pre-existing liver diseases.
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Abstract: Syndrome of undifferentiated recurrent fever (SURF) is a heterogeneous group of autoin-
flammatory diseases (AID) characterized by self-limiting episodes of systemic inflammation without
a confirmed molecular diagnosis, not fulfilling the criteria for periodic fever, aphthous stomatitis,
pharyngitis and adenopathy (PFAPA) syndrome. In this review, we focused on the studies enrolling
patients suspected of AID and genotyped them with next generation sequencing technologies in
order to describe the clinical manifestations and treatment response of published cohorts of patients
with SURF. We also propose a preliminary set of indications for the clinical suspicion of SURF that
could help in everyday clinical practice.

Keywords: autoinflammatory diseases; NGS; SURF; FMF; colchicine; anakinra

1. Introduction

Syndrome of undifferentiated recurrent fever (SURF) is a heterogeneous group of
autoinflammatory diseases (AID) characterized by self-limiting episodes of systemic in-
flammation without a confirmed molecular diagnosis. First defined by Broderick et al., [1]
SURF is increasingly diagnosed in patients with recurrent fever after exclusion of the main
hereditary recurrent fevers (HRF) and periodic fever, aphthous stomatitis, pharyngitis and
adenopathy (PFAPA) syndrome [2]. Recent evidence suggests the presence of a multi-organ
presentation in SURF and, in a relevant percentage of the patients, a complete or at least
partial response to colchicine, usually not observed with the same high frequency in PFAPA
syndrome [3]. It is possible that omics-based technologies will provide a relevant opportu-
nity to analyse the functional characteristics of immune cells in SURF patients, highlighting
the pathological relevance of possible novel genes and supporting the development of new
diagnostic tests. On the other hand, the response to colchicine suggests a possible crucial
role of cytoskeleton and related proteins, as observed in the other form of HRF responding
to this drug, namely the familial Mediterranean fever (FMF) [4]. In this systematic literature
review, we will (1) identify a subgroup of patients with SURF among cohorts of patients
with suspected AID undergoing next generation sequencing (NGS); (2) describe the clinical
manifestations and therapeutic responses of these patients; (3) propose a set of indications
for the clinical suspicion of SURF, with the aim of supporting the diagnostic approach in
everyday life.

2. Materials and Methods

All the original English studies found in the PubMed database (https://pubmed.ncbi.
nlm.nih.gov; accessed on 2 February 2020) with the queries: “periodic/recurrent fever/s”
AND “NGS/Sanger”; “undefined/undifferentiated” AND “autoinflammatory”; “NGS/Sanger”
AND “autoinflammatory”, were included in this review (Figure 1). Excel software was used
for the analysis. A descriptive statistical analysis was performed using frequencies and
percentages for categorical variables; median and range for numerical variables.

J. Clin. Med. 2021, 10, 1963. https://doi.org/10.3390/jcm10091963 https://www.mdpi.com/journal/jcm

101



J. Clin. Med. 2021, 10, 1963

 

Figure 1. Original English studies found in the PubMed database (https://pubmed.ncbi.nlm.nih.gov;
accessed on 2 February 2020) with the queries: “periodic/recurrent fever/s” AND “NGS/Sanger”;
“undefined/undifferentiated” AND “autoinflammatory”; “NGS/Sanger” AND “autoinflammatory”.
AID, autoinflammatory diseases.

3. Results

3.1. Studies Selection and Main Characteristics

The main characteristics of the 18 studies regarding the performance of NGS analysis
in patients suspected of AID are reported in Table 1. The number of these studies is
increased overtime (Figure 2). Recurrent fever has been included in the enrolment criteria
by 6/18 (33%) studies. A total of 2179 patients suspected of AID have been genotyped
by NGS since 2014. Studies enrolling a large amount of patients usually did not perform
an analysis of many genes and vice versa (Figure 3). However, the number of analysed
genes in the NGS panels used in the available studies that only referred to AID did not
exceed 55. Analysed genes of each study are reported in the Supplementary Table S1.
The major enrolled ethnic groups of patients were Caucasian, Middle Eastern and Asian.
The exclusion criteria of a previous diagnosis of PFAPA or clinical FMF was informed by
the modified Marshall’s criteria and the Tel-Hashomer’s criteria, respectively.

Figure 2. Trend line of studies in Table 1.
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Figure 3. Correlation between the numbers of enrolled patients and analyzed genes of studies in
Table 1 except the two using whole exome sequencing.

3.2. Genotype-Phenotype Assessment

All the analysed studies are reported in Table 1. The assessment of the pathogenicity of
each identified variant was obtained by using the minor allele frequency (MAF), predictive
software, classification tools and Sanger sequencing confirmation analysis in 12/18 (67%),
11/18 (61%), 14/18 (78%) and 10/18 (56%) studies, respectively. Some studies considered
also the pattern of inheritance and available family data. For assessing the MAF, the
1000 Genome Project (http://www.1000genomes.org accessed on 2 February 2021), the
Exome Variant Server (http://esv.gs.washington.edu/ESV/ accessed on 2 February 2021),
the Exome Aggregation Consortium database (http://exac.broadinstitute.org/ accessed on
2 February 2021) and the Genome Aggregation database (https://gnomad.broadinstitute.
org/ accessed on 2 February 2021) were used. Sorting Intolerant from Tolerant (SIFT;
https://sift.bii.a-star.edu.sg/ accessed on 2 February 2021) is the most frequently used
predictive in silico software (Figure 4), followed by the Polymorphism Phenotyping version
2 (PP2; http://genetics.bwh.harvard.edu/pph2/index.shtml accessed on 2 February 2021)
and Mutation Taster (MT; http://www.mutationtaster.org/ accessed on 2 February 2021).
Since its first description in 2014, the Combined Annotation Dependent Depletion software
(CADD; https://cadd.gs.washington.edu/ accessed on 2 February 2021) is routinely imple-
mented. The most used variant classification tools are ClinVar and the AID-focused website
Infevers (https://infevers.umai-montpellier.fr/web/index.php accessed on 2 February
2021) that reports the International Study Group for Systemic Autoinflammatory Diseases
(INSAID) variant classification (Figure 5).

3.3. Variants Characteristics

In total, more than 1100 variants were reported, ranging from 0.2 to 6.5 per patient. The
median rate of detection of a pathogenic or likely pathogenic variant in an undefined AID
patient was 20%, ranging from 0% to 89%. Thus, the number of undefined AID patients
persists as quite high even if the NGS or the whole exome sequencing (WES) approach has
been used (73% in Wang et al.). No studies using a whole genome sequencing approach in
undefined AID patients have been published to date.
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Figure 4. Predictive software of studies in Table 1. SIFT, Sorting Intolerant From Tolerant; PP2,
Polymorphism Phenotyping version 2; MT, Mutation Taster; CADD, Combined Annotation Depen-
dent Depletion software; HSF, human splicing finder; NNSplice, Splice Site Prediction by Neural
Network; GERP, Genomic Evolutionary Rate Profiling; MetaSVM, Meta-analytic Support Vector
Machine; PROVEAN, Protein Variation Effect Analyzer; SSF, Splice Site Finder; REVEL, Rare Exome
Variant Ensemble Learner; UMD, Universal Mutation Database; MES, Manufacturing Execution
System; GVGD, Grantham Variation and Grantham Deviation.

Figure 5. Classification tools of studies in Table 1. HGMD, Human Gene Mutation Database; EMGQN,
European Molecular Genetics Quality Network; ACGS, Association for Clinical Genetics Society.

3.4. Clinical Manifestations

As reported in the Methods, patients with suspected AID and undefined recur-
rent fevers that did not reach a molecular diagnosis after NGS analysis were consid-
ered as SURF. Detailed clinical descriptions of 486 SURF patients were available in 5/18
(28%) studies reported in Table 1 and in an additional four specific studies found in the
PubMed database.

Clinical features of these patients are reported in Table 2.
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The larger cohorts of patients came from the international Eurofever registry, Japan
and Middle East [16,19,21]. The median ages at the symptoms onset and patient enrollment
are 13 (±13) and 25 (±18) years, respectively. In the four pediatric studies, the median
diagnosis delay was 35 months (range 13–78) [5,19,22,23]. Males are 42% of the total.
A positive family history ranged from 0% to 32%.

The median duration of inflammatory attacks was 4 ± 1 days with a monthly fre-
quency (11 ± 2 attacks/years). The most frequently reported symptoms during fever at-
tacks were fatigue and malaise (>70% of the patients; Figure 6). Arthralgia, abdominal pain,
myalgia and eye manifestations were reported in >40% of the patients. Lymphadenopathy,
rash/erythema and oral ulcers were less frequently reported (20–40% of the patients).
Headache, pharyngitis, arthritis, nausea/vomiting, diarrhea and hepato/splenomegaly
were reported in 10–20% of the patients, and chest pain and pericarditis in less than 10%.
Sinusitis, urethritis/cystitis, genital ulcers, gonadal pain, neck stiffness, morning headache,
febrile seizure, pleuritis, proteinuria, amyloidosis and sensorineural hearing loss were
reported by only single studies.

Figure 6. Clinical manifestations of SURF patients reported by at least two studies of Table 2. SURF, syndrome of
undifferentiated recurrent fever.

3.5. Treatment Response

The effect of treatment was considered with different methods among the various
studies and, herein, any judgement of an evident amelioration of the clinical manifestations
after a given treatment. Only a few studies reported a difference between a partial and
complete response, and not all authors carefully described the differences between these
types of treatment response. Furthermore, on demand or continuous treatment was not
always specified. Taking into account these general considerations, the efficacy rate of
treatments used in SURF patients is shown in Figure 7. The most frequent treatments
were steroids on demand (308 patients) with at least a partial efficacy described in >50%
of patients, followed by continuous colchicine treatment (190 patients) and on demand
non-steroidal anti-inflammatory drugs (NSAIDs) (127 patients) with a similar efficacy rate
(56% and 65%, respectively). Anti-interleukin (IL)-1 treatment (mainly anakinra) was the
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most effective and frequently used biologic therapy, administered to 46 patients with an
efficacy rate of 74%. DMARDs were less frequently used and less effective: 32 patients
were treated with different drugs (methotrexate, ciclosporin, azathioprine, mycophenolate
mofetil) with an efficacy rate of 48%. Adenoidectomy and tonsillectomy were performed
in only 24 patients with a very low efficacy rate (9%).

Table 2. Characteristics of SURF patients published in the English literature.

Study
Chandrakasan

et al. [5]
Harrison
et al. [24]

De Pauli
et al. [22]

Ozyilmaz
et al. [11]

Ter Haar
et al. [21]

Garg et al.
[23]

Papa et al.
[3]

Hidaka
et al. [16]

Demir
et al. [19]

Year 2014 2016 2018 2019 2019 2019 2020 2020 2020

Patients 25 11 23 9 180 22 34 133 49

Ethnicity
(patients)

Caucasian
(14), African
(7), others (5)

Caucasian
(10), Jewish

(1)

Caucasian
(20), Middle
Eastern (2),
others (1)

Middle
Eastern Mixed

Caucasian
(11), Asian
(5), Jewish
(1), African

(1), others (4)

Caucasian Asian
Caucasian,

Middle
Eastern

Age at
enrollment,

median (range),
years

2.5 (0–9) ND 4.3 (2–9) 18 (1–47) ND ND ND 39.9 (22–57) 5.9 (3–9)

Age at onset,
median (range),

years
1.4 (0–5) 35 (24–76) 0 (0–2) ND 4.3 (1–12) ** 0.61 (0–13.5) ND 33.4 (13–53) 3 (1–6)

Adults onset 0 (0) 11 (100) 0 (0) 0 (0) 65 (35) ** 0 (0) ND ND ND

Gender, M:F 16:9 5:6 5:18 5:4 51:49 ** 8:14 ND 66:67 34:15

Positive family
history 0 (0) 0 (0) ND 1 (11) 24 (13) ** 7 (32) ND ND 12 (24)

Attacks/year,
median (range) 8 (4–12) ND ND ND 12 (5–14.5) ND 12 (7–24) ND ˆ 10 (6–12)

Attacks duration,
median (range),

days
4 (3–5) ND ND ND 4 (3–7) ND 5.9

(4.5–7.3) ND ˆ 3 (2–4)

Clinical
manifestations 25 (100) 11 (100) 23 (100) 9 (100) 180 (100) 22 (100) 34 (100) 133 (100) 49 (100)

Fever 25 (100) 11 (100) ND 6 (67) 180 (100) 13 (59) 34 (100) 133 (100) 49 (100)

Abdominal pain 1 (4) 2 (18) *** 12 (52) 8 (89) 87 (48) 4 (18) 17 (50) ND 31 (63)

Nausea/Vomiting ND 2 (18) *** ND ND 44 (24) 5 (23) 3 (9) ND 8 (16)

Diarrhea 2 (8) 2 (18) *** ND ND 30 (17) 3 (14) 3 (9) 40 (30) 5 (10)

Rash/Erythema 3 (12) 9 (82) ND ND 35 (20) 12 (55) 11 (32) 10 (8) 22 (45)

Genital ulcers ND 1 (9) ND ND ND ND ND ND ND

Oral ulcers 1 (4) 3 (27) 12 (52) ND 53 (29) ND 13 (38) ND 14 (29)

Pharyngitis/Tonsillitis 1 (4) ND 13 (57) ND 47 (18) ND 13 (38) ND 5 (10)

Eye
manifestations ND ND ND ND ND 14 (64) ND ND 11 (22)

Arthritis 2 (8) 5 (46) ND 1 (11) 12 (7) 12 (55) 7 (21) ND 4 (8)

Arthralgia ND 8 (72) ND ND 107 (59) 10 (46) 12 (35) 57 (43) 27 (55)

Myalgia ND 8 (72) 15 (65) ND 80 (44) 13 (59) 9 (27) 25 (19) 23 (47)

Headache 1 (4) 5 (46) ND 1 (11) 67 (37) 1 (5) 7 (20) ND 10 (20)

Morning
headache ND ND ND ND 22 (12) ND ND ND ND

Fatigue ND 11 (100) *** ND ND 106 (59) ND ND ND ND

Malaise ND 11 (100) *** ND ND 99 (55) ND ND ND ND

Lymphadenopathy 1 (4) 4 (36) ND ND 76 (42) 12 (55) 6 (18) ND ND

Splenomegaly ND ND ND ND 20 (11) ND 5 (15) *** ND 1 (2)

Hepatomegaly ND ND ND ND 21 (12) ND 5 (15) *** ND ND

Chest pain ND 1 (9) 0 (0) 0 (0) 21 (12) 5 (23) ND 17 (13) 4 (8)

Pericarditis ND 2 (18) ND ND 10 (6) ND ND ND 1 (2)

Urethritis/cystitis ND ND ND ND 6 (3) ND ND ND ND

Gonadal pain ND ND ND ND 3 (2) ND ND ND ND

Neck stiffness 1 (4) ND ND ND ND ND ND ND ND

Sinusitis ND 6 (55) ND ND ND ND ND ND ND

109



J. Clin. Med. 2021, 10, 1963

Table 2. Cont.

Study
Chandrakasan

et al. [5]
Harrison
et al. [24]

De Pauli
et al. [22]

Ozyilmaz
et al. [11]

Ter Haar
et al. [21]

Garg et al.
[23]

Papa et al.
[3]

Hidaka
et al. [16]

Demir
et al. [19]

Febrile seizure ND ND ND ND ND ND ND ND 4 (8)

Pleuritis ND ND ND ND ND ND ND ND 1 (2)

Proteinuria ND ND ND ND ND ND ND ND 1 (2)

Amyloidosis ND ND ND ND ND ND ND ND 1 (2)

Sensorineural
hearing loss ND ND ND 0 (0) ND ND ND ND 0 (0)

Patients with
information

about the
response

to treatment

25 (100) 11 (100) ND ND ND 22 (100) 18 (53) 133 (100) 49 (100)

On demand
NSAIDs ND ND ND ND 80/105

(76%) 3/22 (14%) ND ND ND

On demand
steroids ND 6/10 (60%) 16/21 (76%) ND 85/104

(82%) 11/22 (50%) 17/18
(94%)

29/133
(22%) ND

Colchicine 15/25 (60%) 0/3 (0) 6/13 (46%) ND 29/49 (59%) ND 14/18
(78%)

44/133
(33%)

31/49
(63%)

DMARDs ND 0/10 (0) ND ND 7/10 (70%) 13/22 (59%) ND ND ND

Anakinra ND 10/11 (90%) ND ND 8/13 (62%) 16/22 (73%) ND ND ND

Tonsillectomy/
Adenoidectomy ND ND 0/12 (0) ND 2/12 (17%) ND ND ND ND

Hispanic, Vietnamese, Asian-Indian, Puerto Rican-Filipino-Mixed European; ** including seven patients with a chronic disease course;
ˆ 57.1% > 1 episodes/months and 54.9% ≤ 3 days; *** not specify. Results are shown as numbers (%) unless stated otherwise. ND, not
declared; NSAIDs, non-steroidal anti-inflammatory drugs; DMARDs, disease-modifying anti-rheumatic drugs.

 

Figure 7. Treatment efficacy in SURF patients. SURF, syndrome of undifferentiated recurrent fever; NSAIDs, non-steroidal
anti-inflammatory drugs; DMARDs, disease-modifying anti-rheumatic drug.

4. Discussion

In the present analysis, we systematically reviewed the papers enrolling patients with
suspected AID who were extensively genotyped by NGS technology in order to define the
clinical manifestations and response to treatment in patients with recurrence of undefined
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inflammatory attacks, not fulfilling any PFAPA criteria [25,26] and identified under the
new term of SURF.

Inflammation is the first sign of immune system activation against pathogens and
damage associated molecular patterns (DAMPS) in living organisms. In the case of the
occurrence of inborn errors of immunity, the so-called horror autoinflammaticus may de-
velop [27]. In the first conditions reported, the most characteristic clinical feature asso-
ciated with AID was the recurrence of self-resolving fever attacks, namely HFR. How-
ever, a subclinical inflammation in affected patients may be associated with long term
or life-threatening complications, such as amyloidosis, with an evident impact on qual-
ity of life and life expectation. An early diagnosis and a proper treatment may prevent
a severe outcome.

Despite the fact that recurrence was implicit in the definition of the original group
of HRF (FMF, MKD, TRAPS), the pathogenic mechanisms correlated with the alternation
between flares of inflammation and periods of complete wellbeing still represent a dilemma.
The existence is hypothesized of an unbalanced up-regulation of the inflammatory response
to common hits, followed by a negative feedback able to down-modulate the primary cause
of the immune system hyperactivation. This virtuous cycle prevents an early exitus
in people with minor defects in the innate immune system that can cause milder AID
phenotypes and allows these mutations to be inherited across future generations. The
molecular definition of numerous monogenic AID during the last 20 years dramatically
increased our knowledge of the pathways and proteins involved in the innate immune
system [28]. However, the large amount of patients displaying undefined recurrent fevers
even after NGS suggests a need for further discoveries in the field.

In this review, we define a subset of undefined AID patients with recurrent inflam-
matory attacks and systemic manifestations not fulfilling the typical features of PFAPA
syndrome, that represents an homogeneous subgroup of patients with recurrent fevers
characterized by the classical triad of pharyngitis, cervical lymph nodes enlargement
and aphthosis [25]. Fever is the physiological reaction to an increased concentration of
inflammatory cytokines in the blood during an inflammatory response. This systemic
inflammation often requires systemic drugs, such as specific cytokine blockers or other
therapies able to prevent the unbalanced inflammatory response.

Among these drugs, colchicine is an ancient and well known agent. Colchicine
acts as a cytoskeleton stabilizer with an evident efficacy in some HRF, namely FMF [29].
A similar effect has been shown in the present review in the majority of SURF patients
treated with this drug [9]. The clinical definition of SURF as a well-defined and homo-
geneous clinical entity may be useful to further investigate the molecular basis of the
role of the cytoskeleton in the activation and regulation of the inflammatory response.
Furthermore, future studies may delineate novel treatments able to control the clinical
manifestations of SURF.

This literature review has a number of limitations. First, the variability of the inclusion
criteria used in the different analysed studies is associated with a relevant heterogeneity of
the studied populations. Notably, in some studies, the exclusion of non-autoinflammatory
syndrome was not formally specified. Finally, the not-homogeneous distribution of genes
included in the different NGS panels cannot exclude that some patients could harbour
mutations of some genes related to AID not covered by the panel used for that study. It is
worth noting, however, that in all the analysed studies, the NGS panel included at least
the four genes most frequently associated with HRF, namely MEFV, MVK, TNFRSF1A
and NLRP3.

In conclusion, we reviewed the literature data regarding an emerging group of patients
with recurrent fevers distinct from HRF and PFAPA syndrome, now defined as SURF.
According to the analysis of the literature, a set of the clinical variables that could help to
distinguish SURF from PFAPA and HRF can be empirically proposed (Table 3). A proper
statistical analysis comparing a homogeneous group of SURF patients with patients with
HRF and PFAPA will allow the creation of evidence-based classification criteria for SURF,
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with the final aim of favoring the harmonization of future studies in the fascinating field of
AID still without a precise clinical and molecular characterization.

Table 3. Proposed empirical indications for the clinical suspicion of SURF.

Mandatory features

Recurrent fever with elevated inflammatory markers 1

Negative criteria for PFAPA 2

Negative genotype for HRF 3

Additional supporting features

Monthly attacks

Attacks duration of 3–5 days

Fatigue/malaise

Arthralgia/myalgia

Abdominal pain

Eye manifestations 4

Continuous colchicine/anti-IL1 response 5

1 at least 3 similar episodes of fever of unknown origin in 6 months; 2 according to the modified Marshall’s and/or
Eurofever criteria. 3 not conclusive NGS and/or Sanger sequencing of at least the most commonly associated genes
(MEFV, MVK, TNFRSF1A, NLRP3). 4 periorbital edema and/or corneal erythema. 5 amelioration of symptoms
and/or acute phase reactants. PFAPA, periodic fever, aphthous stomatitis, pharyngitis and adenopathy; HRF,
hereditary recurrent fever; IL, interleukin.

5. Footnote

The data in this study are derived from a personal interpretation of published data.
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Abstract: In the panorama of inflammatory arthritis, gout is the most common and studied disease.
It is known that hyperuricemia and monosodium urate (MSU) crystal-induced inflammation provoke
crystal deposits in joints. However, since hyperuricemia alone is not sufficient to develop gout,
molecular-genetic contributions are necessary to better clinically frame the disease. Herein, we
review the autoinflammatory features of gout, from clinical challenges and differential diagnosis,
to the autoinflammatory mechanisms, providing also emerging therapeutic options available for
targeting the main inflammatory pathways involved in gout pathogenesis. This has important
implication as treating the autoinflammatory aspects and not only the dysmetabolic side of gout may
provide an effective and safer alternative for patients even in the prevention of possible gouty attacks.

Keywords: gout; autoinflammation; therapy; IL-1 inhibitors

1. Introduction

The concept of autoinflammation resulted from the acknowledgment of monogenic
diseases with seemingly unprovoked inflammation and without the high-titer autoan-
tibodies or antigen-specific T cells seen in classic autoimmune diseases [1]. However,
autoinflammation and autoimmunity are not sharply defined, as many diseases display
features common to both conditions. This led to the concept of the immunological disease
continuum, in which intermediate place was taken by polygenic diseases with prominent
autoinflammatory and/or autoimmune components [2]. Gout is thus a multifactorial
autoinflammatory disease.

Gout is the most common inflammatory arthritis with about 2–4% of prevalence
worldwide, mainly in men over 40 and particularly in those with underlying comorbidities
such as obesity, hypertension, coronary artery disease, diabetes, or metabolic diseases.
The characteristic gouty flare has a distinctive clinical feature, achieving an acute painful
synovitis caused by monosodium urate (MSU) crystals deposition in joints [3].

There has been an increasing amount of evidence about the autoinflammatory nature
of gout. Similarly to autoinflammatory diseases, there is a malfunction of the innate
immune system in gout. Indeed, hyperuricemia solely is not sufficient to induce gout; this
strongly suggests further inflammatory and genetically determined elements contributing
to the disease [4]. Further autoinflammatory aspects of gout are the typically self-limiting
nature of acute flares and the central role of inflammatory cytokines, such as interleukin
(IL)-1β, suggesting that pro- and anti-inflammatory regulatory pathways are involved in
gout [5]. Recent and already consolidated autoinflammatory aspects of gout were reviewed
in this work to provide important implications for treating challenging gouty inflammation.

2. Clinical Challenges and Differential Diagnosis

It is widely known that gout typically presents with an acute painful flare that can
resolve spontaneously within a few days, with asymptomatic periods between attacks. It
usually affects the first metatarsophalangeal joint, but large joints such as knee, wrist, and
ankle may be involved as well, leading to a systemic acute inflammation [6].
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Fever and fatigue are not uncommon symptoms during a gout attack, but have to be
considered in the differential diagnostic process to infectious arthritis or, more severely, a
systemic sepsis. Fever is also a prominent sign in many autoinflammatory diseases even
though the fever patterns vary considerably (from episodic to continuous fever) [1]. In
gout, fever can be present mostly when there is a polyarticular involvement, since the
final production of IL-1β can be a possible trigger for fever in patients affected by crystal
arthropathies. Although fever may be more prevalent in the case of calcium pyrophosphate
crystal-induced arthritis than it is in gout, febrile systemic inflammatory diseases particu-
larly in elderly people may be often caused by crystal-induced arthritis [7]. In general, the
prevalence of fever in gout is driven by specific pyrogens (IL-1, IL-6, tumor necrosis factor
(TNF)-α) with the inflammasome as a pivotal activator of the inflammatory cascade.

Cellulitis, a potentially serious skin infection caused by different types of bacteria
(β-hemolytic streptococci, and generally group A streptococcus, i.e., Streptococcus pyogenes,
followed by methicillin-sensitive Staphylococcus aureus [8]) may be clinically similar to
a gouty attack, especially when involving lower limbs with concomitant redness and
soft tissue swelling. In addition, it was observed that in patients with chronic gout, the
polyarticular repeated attacks may induce a systemic inflammatory response syndrome
(SIRS) without associated infections [9]. In addition, the uncommon axial involvement in
polyarticular gout can induce a SIRS-like reaction mimicking a sepsis with the presence of
a chronic crystal arthropathy [10].

Overall, distinguishing between an infection and an acute arthritis (septic or crystal-
induced, like gouty arthritis) may be quite challenging. Ultrasound scans of the joints
involved together with synovial fluid analysis remain the gold standard exams for the
appropriate diagnosis; however, laboratory tests, including urate serum, inflammatory
markers, and procalcitonin levels, and a primary immunological assessment (protein
profile, immunoglobulins, etc.) should be performed to provide a global view of the patient.

3. Molecular Mechanisms of Gouty Inflammation

In gouty inflammation, different mediators are involved with distinct effects on the
initiation, amplification, attenuation, and extinction of the acute flares (Figure 1). The core
event in gouty inflammation remains the activation of leukocytes by MSU crystals, danger
signals leading to the initiation of the inflammatory cascade [11]. The crystals are, indeed,
the first endogenous activators of NLRP3 inflammasome, a large multiprotein complex
implicated in the processing of IL-1β and IL-18 precursors into their active forms.

Inflammation in gout can be illustrated as a two-phase process, requiring separate and
interacting signals [12]. Cell surface receptors such as Toll-like receptors (TLR) mediate
the first signal, which provides upregulated expression of inflammasome components
and of IL-1β and IL-18 precursors. In the context of gout, several endogenous molecules
have been proposed to act as priming signals, including the complement protein C5a,
the granulocyte-macrophage colony-stimulating factor GM-CSF, and the ligands of TLR4
receptor S100A8/A9 [13]. Exogenous, dietary-induced first signal activators include long-
chain saturated fatty acids such as palmitate. The synergy between long-chain free fatty
acids, released after food intake, and MSU crystals for the release of IL-1β and induction of
inflammation might represent the missing link between metabolic changes, inflammasome
activation, and gout attacks [14].

This priming phase is necessary but cannot trigger the inflammasome assembly
and activation without the contribution of a second, more specific, and MSU crystals-
mediated phase.

The oligomerization of the NLRP3 inflammasome results in the recruitment of the
adapter protein ASC and auto-activation of caspase-1, that catalyze in turns the cleavage of
IL-1β and IL-18 precursors into the mature forms [15]. Then, IL-1β and IL-18 are secreted
from the cells via secretory lysosomes or exosomes or via the gasdermin D channel. After
neutrophils recruitment, a positive loop of inflammation can continue.
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Figure 1. Complex network of molecular mechanisms implicated in gout. Inflammation has been
defined by two stages: first signal (left) and second signal (right). Cell priming production of
precursors of cytokines and inactive inflammasome molecules needs the subsequent activation step
after Signal 2. IL-1β is critical to the upregulation of inflammatory processes.

During a gouty flare, MSU crystals phagocytosis induces degranulation, lysis of lyso-
somal and cell membranes, further recruitment of leukocytes, and release of inflammatory
mediators; all of these processes contribute to the ongoing inflammation [16]. It has been
recently observed that this process, notably known as pyroptosis, can be regulated by the
P2Y14 receptor, linking intracellular cAMP and the gouty inflammatory cascade [17].

Neutrophils are recruited to the inflamed tissues by chemokines, such as MCP-1
and CXCL8/IL-8, and released cytokines, such as IL-1, IL-6, and TNF-α, as well as other
mediators such as matrix metalloproteinases (MMP), prostaglandins, leukotrienes, ROS,
and various lysosomal enzymes [18].

Inflammasome activation is surely an important, and possibly indispensable, pathway
to induce inflammatory reactions in the joints. An inflammasome-independent mechanism
can also activate IL-1β in gout. Neutrophil-derived proteases (proteinase-3) or elastase can
indeed process the IL-1β precursor into its active form [19].

Recently, MSU crystals have been reported to be implicated in cell necrosis, mediated
by the receptor-interacting protein (RIP) kinase-1, -3 and the pseudokinase mixed-lineage
kinase domain-like (MLKL)-driven necroptosis pathways [20]. The complex RIPK3/MLKL
can disrupt both plasma and mitochondrial membranes, leading to cell death.

MSU crystals are further implicated in the promotion of miRNAs, short non coding
RNA molecules that can regulate gene expression subtly and with complexity. There are
currently different miRNAs that have been found to play an activation role in acute gouty
inflammation. miR-122-5p is reported to upregulate BRCC protein expression, activating
the NLRP3 inflammasome [21]. Upregulation of miR-328-3p, miR-375-5p, and miR-299a
positive regulates the apoptotic process by the p53 signaling pathway. Moreover, miR-203a,
miR-3085, and miR-19b-2-5p regulate the MAPK signaling pathway to indirectly mediate
the inflammatory response in gout [22].
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While the activation of IL-1β and the role of NLRP3 in gout have been relatively
well-established, the upstream pathways involved in MSU-triggered NLRP3 activation are
not yet fully understood.

Considering the critical role of T cell subsets in modulating immune function, the
relationship between T cell subsets and the underlying mechanisms of gouty arthritis has
been increasingly considered. Enhanced immune responses mediated by Th1, Th17, or Th22
may bear a significant role in causing pro-inflammatory attacks during the development of
gouty arthritis [23]. In contrast, regulatory T cell subsets such as Tregs and Th2 may inhibit
the progression of gouty inflammation, carrying out an anti-inflammatory response.

Undoubtedly, IL-1β plays a pivotal role in gout; however, increasing evidence suggests
other IL-1 family members can be involved in gout. IL-1α may be implicated in the local
induction and amplification of gouty arthritis. IL-33, IL-37, and IL-38 have an inhibitory
function in MSU crystal-induced inflammation. Furthermore, IL-37 regulates uric acid
metabolism by affecting the protein level of PDZK1, a cytoskeletal controller of uric acid
transport [24,25].

The importance of aberrant innate immune responses in the pathophysiology of gout
is further supported by critical observations in over a decade of translational studies [26].

4. Resolution of Gouty Inflammation

After the protraction of the inflammatory cascade, a regulatory anti-inflammatory
process attenuates gouty inflammation. It is indeed widely known that MSU-induced in-
flammation is characterized by spontaneous resolution [3]. Patients experiencing an acute
attack improve within a few days and become chronic only if untreated. Masking MSU
crystals and limiting the urate availability in circulation can help to remove the stimulatory
trigger of a gout attack [27]. Known mechanisms associated with the resolution of gouty
arthritis involve negative regulators of inflammasome and TLR signaling, regulators of
pro-inflammatory cytokines, neutrophils, net-like structures, and pre-resolving mediators
(Figure 2) [28]. Upon activation, macrophages up-regulate intracellular regulatory path-
ways, such as the SOCS3 pathway, believed to control the production of pro-inflammatory
cytokines and for starting the production of anti-inflammatory cytokine (TGF-β1) and the
secretion of soluble TNF-α receptors. TGF-β1 also reinforces the shutdown of inflammatory
functions in macrophages and neutrophils, including inhibition of amplification of IL-1β
signaling and downregulation of IL-1R expression [29,30].

Other anti-inflammatory cytokines (e.g., IL-10 and IL-37) have a key role in the
resolution phase. IL-37, in particular, suppresses multiple innate inflammatory responses
in vitro and in vivo, acting partially via inhibition of the NLRP3 inflammasome [27]. Other
endogenous molecules involved in the disease self-limitation are lipoproteins ApoE and
ApoB, a hormone receptor perixosome proliferator-activated receptor y (PPARy), a ketone
body b-hydroxybutyrate (BHB), and an inhibitor of serine proteases α1-anti trypsin (AAT).
Concerning lipoproteins, it has been reported that changes in the lipoproteins coating
MSU crystals and their concentration in synovial fluid play an integral role in the self-
limiting nature of an acute attack [31,32]. Both PPARy and BHB have been reported to
reduce or inhibit the production of IL-1β [33,34]. It was also shown in a murine model that
AAT blocked IL-1β production after MSU stimulation. Interestingly, AAT concentration
and IL-1β production are linked to seasonality, since low AAT and high IL-1β levels are
observed during gouty peaks in the spring and summer. Moreover, recent data demonstrate
a rhythmic regulation of NLRP3 inflammasome expression and activation, linking the
circadian clock to inflammatory resolution [35].

Other molecules might also contribute to the prompt resolution of inflammation
in gout. The protein annexin A1 (AA1), a potential inhibitor of phospholipase A2, can
decrease inflammation, thus promoting resolution in mouse models of gout [36]. In
addition, miRNA 146a suppresses gouty inflammation via the downregulation of IL-
1β, TNF, and NLRP3 levels by targeting TRAF6 and NF-kB signaling pathways [37].
Furthermore, exogenous substances, introduced with diet, can be involved in resolution of
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crystal-induced inflammation [38]. They can have immune, inflammatory, or regulatory
properties. Among them, plant polyphenols are known to prevent hyperuricemia while
short-chain fatty acids, such as butyrate, can suppress MSU-induced IL-1β production [39].

Figure 2. Resolution processes of gouty inflammation. Negative regulators of inflammasome and
IL-1 operate in synergy with neutrophils and M2 macrophages to attenuate the inflammatory cascade.

An interesting mechanism of auto-regulation in gout, which is also associated to
autoinflammatory syndromes self-resolution, is NETosis. MSU crystals are known to
induce neutrophil extracellular traps (NETs), consisting of decondensed nuclear DNA
coated with cell granule enzymes released to the extracellular space [40]. This process
has been shown to be dependent, at least in part, on IL-1β [40] and independent from
ROS [41]. NETs have been shown to have both inflammatory and anti-inflammatory
effects. While NETosis has been supposed to facilitate crystal sequestration in aggregates
within tissues, limiting the inflammatory response [42], these structures have also been
associated to the formation of tophi and, consequently, to the chronic evolution of the
disease [43]. Interestingly, Apostolidou et al. suggested that the inflammatory attacks
of familial Mediterranean fever (FMF) can be regulated by NETs through the release of
IL-1β. According to their study, in fact, neutrophils from FMF patients release NETs
decorated with IL-1β during disease attacks but were resistant to the release of NETs under
inflammatory stimuli during remission [44]. These observations might support a dual role
for NET in crystal-induced IL-1ß production and, therefore, represents an interesting issue
for future studies.

Neutrophils can further release phosphatidylserine positive microvescicles that sup-
press inflammasome activation and consequently inhibit IL-1β release in C5a primed
macrophages [45].

A recent study supports the idea that T cells, specifically type 1 NKT cells or in-
variant NKT (iNKT) cells, can suppress the severity of gouty inflammation, promoting
M2 polarization and thus contributing to immune homeostasis [46]. This data is consis-
tent with our observation that macrophages polarization can address the ability of the
macrophages to give an inflammatory (M1-related) or non-inflammatory (M2-related) re-
sponse to pathogenic crystals [47], sustaining the role of a non-inflammatory phagocytosis
of the crystals in the resolution of the process as already demonstrated by our group [48].
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5. Genetics of Gout

The familial and hereditary nature of gout has long been recognized. However, it was
only in the past decade that several genes involved in rare metabolic and kidney diseases
were identified as being associated with the pathogenesis of gout. Many of the identified
loci include genes encoding for urate transporter, and for urate metabolism [49]. Among
these, solute carrier family 2 (SLC2A9) and ATP-binding cassette superfamily G member
2 (ABCG2) have multiple variants associated with serum urate levels and, overall, the
increased risk of gout. Moreover, ABCG2 has an established key role in the onset and in
severity of gout [50].

In the last decade, advances in genotyping technologies have facilitated the identifica-
tion of genes involved in initiating the inflammatory response to MSU crystals (Figure 3).
These genetic associations yield additional findings on inflammatory regulation and shared
pathways in the pathogenesis of gout. Furthermore, investigation on genes involved in
autoinflammatory diseases, such as the MEFV gene of Familial Mediterranean fever, has
obtained heterogeneous results of association with gouty inflammation [51,52].

Figure 3. Genes involved in initiating the inflammatory response to MSU crystals. Many loci code
for proteins involved in the inflammasome pathway; however, some mitochondrial and epigenetics
factors have been reported to be associated with the inflammatory regulation of gouty arthritis.

5.1. Genes Involved in Processing NLRP3 Inflammasome

Many loci associated with gout are known to code for proteins directly involved in
processing NLRP3 inflammasome, including membrane bound receptors, transcriptional
regulators, ion channels, lipoproteins, and the inflammasome molecules (i.e., APOA1,
APOC3, CARD8, CD14, NLRP3, PPARGC1B, P2RX7, and TLR4).

The TLR4 gene, coding for a transmembrane pattern recognition receptor, an important
mediator of gouty inflammation, is highly polymorphic. rs2149356 is the only variant
currently associated with increased risk of gout in Han Chinese and European populations
and may play a regulatory role of TLR4 expression and IL-1 serum levels during flares [53].
These polymorphisms might affect the priming phase of the inflammatory process or
might have a wider impact on the inflammatory response in these patients. The SNP
rs25569190 in the CD14 gene is reported to confer a gain-of-function to CD14, a co-receptor
for the TLR2/4 receptor, possibly implicated in vitro in downstream inflammatory cytokine
production [54]. A recent study, however, suggested an opposite role for CD14 in self-
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limiting gout flares [55]. Various genetic variations in the P2RX7 gene, coding for the
P2X7 receptor implicated in inflammasome activation and probably a key regulator of
IL-1β production by MSU crystals during acute gout flares, have been reported to be
associated with gout: rs1653624, rs7958316, rs17525809, and rs3751142 [56]. Associated to
the inflammatory signaling is also the PPARGC1B gene, encoding peroxisome proliferator-
activated receptor γ (PPARγ) co-activator 1β. A linkage between gout incidence and
polymorphisms has been reported in PPARGC1B, which increased NLRP3 and IL-1β
expression [57]. Three SNPs were associated with gout: rs10491360, rs45520937, and
rs7712296. Since PPARGC1B is known to regulate metabolism, these genetic variants might
link metabolic deregulation with gouty inflammation.

Since lipoproteins can elicit inflammasome activation [31], genetic associations have
been researched. rs670 in the APOA1 gene increases the risk of gout and supports the
APOA1 involvement in gouty inflammatory pathways [58]. APOA1 can bind MSU crystals
and/or inhibit IL-1β production, having thus a role in initiation and/or resolution of gout
attacks. The APOC3 (rs5128) gene has a causal role in gout, decreasing the risk of gout and
increasing expression of APOC3 [58]. Zewinger and colleagues, indeed, identified APOC3,
a key player in triglyceride-rich lipoprotein metabolism, as a novel NLRP3 activator that
promotes sterile inflammation and organ damage [59].

Along with its pathogenic role as a molecular mediator of inflammation, NLRP3’s
role is further established by its genetic association with gout. rs3806268 and rs10754558
variants were associated with increased risk of gout in Chinese cohorts [60]. The rs10754558
risk allele, associated with increased expression of NLRP3 during flares, may influence the
regulation of NLRP3 expression. Functional variant rs2043211 in the gene encoding caspase
recruitment domain-containing protein 8 (CARD8) demonstrated an association with gout
in European and Chinese cohorts [61]. Since CARD8 negatively regulates the NLRP3
inflammasome, its genetic variant might raise inflammasome activity and contribute to the
sustained NLRP3 engagement in gouty episodes.

5.2. Genes Involved in the Downstream Cascade of NLRP3 Inflammasome

Inflammatory cytokines and cytokine receptors, downstream products of the gouty
inflammatory cascade, have also been studied for genetic association or susceptibility.

The first inflammatory modulating gene associated with gout was TNF-α in a Tai-
wanese cohort of patients [62]. TNF-α is a well-known proinflammatory cytokine with
a major role in the pathogenesis of several diseases, including gout. The rs1800630 SNP
was significantly associated with augmented risk of gout. rs114362 in the IL-1B gene, inter-
acting with a CARD8 variant (rs2043211), correlates with increased expression of IL-1β,
IL-6, and gout risk [63]. This reinforces the central role of IL-1β in gouty inflammation.
rs4073 in the IL-8 gene and rs7517847 in the IL-23 receptor gene conferred increased suscep-
tibility to gout risk [64,65]. Klück V and colleagues recently provided genetic, mechanistic,
and translational evidence that the anti-inflammatory cytokine IL-37 is implicated in the
pathogenesis of gout [66]. IL-12b and MCP-1, two chemokines involved in the initiation
and amplification of acute flares, presented, respectively, rs3212227 and rs1024611 variants
associated with increased risk for the development of gout [64].

5.3. Mitochondrial and Epigenetic Factors in Gout

It has been proposed that mitochondrial function and epigenetics may be associated
with gout, opening up another, mainly unexplored, source of genetic contributions to
inflammation in gout. Mitochondrial DNA copy number variation was consistent with
emerging research showing that mitochondria are important for the colocalization of
the NLRP3 and ASC inflammasome subunits, a process essential for the generation of
interleukin-1β in gout [67].

A recent promoter-wide methylation study evidenced aberrant methylation changes
of PGGT1B, INSIG1, ANGPTL2, JNK1, UBAP1, RAPTOR, and CNTN5 associated to gouty
inflammation [68]. Epigenetic modifiers appear also to be linked to the MSU-induced
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inflammatory response in gout. Cleophas and colleagues showed that romidepsin, a
histone deacetylase (HDAC) 1/2 inhibitor, controlled inflammation by increasing the
expression of SOCS1 and decreasing cytokines production in response to MSU crystal
stimulation [69].

6. Therapeutic Approaches

Gout pharmacological approaches are based both on the treatment of acute flares to
control the hyperinflammation status and on the prevention of attacks using urate-lowering
therapies such as xanthine oxidase inhibitors (allopurinol and febuxostat), uricosurics
(probenecid, benzbromarone), and URAT1 inhibitors (lesinurad) [6]. Of course, when
hyperuricemia occurs in a gouty patient, low serum urate maintenance is crucial to the
avoidance of other acute attacks. Gout is considered not only a dysmetabolic disorder, but is
classified as an inflammatory disease, for which the activation of the innate immune system,
in particular the NLRP3 inflammasome pathway, plays a central role in its pathogenesis.
For this reason, targeting inflammasome and IL-1β has become crucial in treating the
inflammatory component of gout (Figure 4).

Figure 4. Inhibitory drugs (in red) of autoinflammatory mechanisms in gouty inflammation. Blue arrows indicate
mechanisms of activation (i.e., maturation of IL-1α and IL-1β from precursors or the ability of miR-488 and miR-920 to
induce the production of IL-1β). Green connectors identify inhibitory mechanisms towards NLRP3 or IL-1 processing.

6.1. First Line Therapy: NSAIDs, Colchicine, and Glucocorticoids

It is broadly recognized that therapy with monoclonal antibodies represents a second
line choice when classical approaches are insufficient or contraindicated. The first line
therapy for gouty attacks is represented by anti-inflammatory drugs (NSAIDs), colchicine
and glucocorticoids, drugs recommended by ACR and EULAR guidelines as the primary
approach [6,70]. Colchicine was the first drug approved for gout more than a decade
ago by the FDA, and EULAR recommends it at the loading dose of 1 mg followed 1 h
later by 0.5 mg on day one; the association with NSAIDs or glucocorticoids may curb
the inflammatory status; however, it is mandatory to consider possible renal impairment,
other drug interactions, and relevant comorbidities such as CVDs. In addition, low-dose
colchicine or NSAIDs can be used in prophylaxis for at least 6 months or until 3 months
after achieving the correct serum urate target. NSAIDs and glucocorticoids can be used
as colchicine alternatives; however, particular attention should be paid in elderly people
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or those with multiple comorbidities, especially CVD and gastrointestinal bleeding for
NSAIDs and hypertension and diabetes for glucocorticoids [6]. Colchicine is involved
in the inflammasome-related anti-inflammatory mechanism. Indeed, colchicine acts on
microtubule polymerization by binding both α- and β-tubulin to create a tubulin–colchicine
complex that prevents the formation of microtubules in neutrophils and immune cells
and in this way interfers with neutrophil adhesion and recruitment to inflamed tissues;
moreover, the microtubule-disrupting effect hampers NLRP3 assembly and the subsequent
release of IL-1β and oxygen-reactive species (ROS). In addition, the disarrangement of the
microtubule structure may interfere with TNF-α release, with mast cell degranulation, and
can reduce the discharge of other chemo-attractant mediators of the inflammatory response
such as leukotriene B4 (LTB4) [71].

6.2. Second Line Therapy: IL-1 Inhibitors

The second line therapy provides for the use of IL-1 inhibitors and may be admin-
istered when patients are intolerant or refractory to traditional drugs (Table 1). To date,
they include direct inhibitors of IL-1β (canakinumab and gevokizumab), selective inhibitor
of the IL-1 receptor (anakinra), and a dimeric trap fusion protein (rilonacept) [7]. The
efficacy of anakinra in gout was established in 2007 and despite there being no available
randomized controlled trials (RCTs) to confirm the data, the drug seems to be effective in
gouty patients. In particular, anakinra is adequate in patients with acute gouty arthritis
unresponsive to the standard therapy and with a contraindication for NSAIDs, gluco-
corticoids, or colchicine [72,73]. The efficacy of rilonacept in gout has been investigated
in one phase 3 RCT and in three RCTs in the prevention of flares during urate-lowering
therapy [74]. The studies confirmed the efficacy of IL-1 inhibition in pain improvement and
in a decrease of inflammation markers. Nevertheless, rilonacept is not currently approved
by EMA nor FDA for gout. Canakinumab instead, was approved by EMA in 2013 for the
treatment of gouty arthritis. The efficacy was investigated in RCTs [75], which showed a
significant recovery in pain, swelling, and flare recurrence compared to that of patients
taking only glucocorticoids. However, adverse events due to therapy should be consid-
ered, especially those related to infections of the upper respiratory tract, abscesses, and
gastrointestinal disorders.

6.3. Novel Therapies Modulating Inflammatory Pathways

Recently, new treatments have been proposed to modulate and block the inflamma-
tory pathways involved in gout pathogenesis (Table 1). Apart from colchicine, whose
inhibition mechanism on NLRP3 has been aforementioned, other molecules able to hamper
NLRP3 assembly should be considered. For example, beta-hydroxybutyrate, a ketone
body produced in response to starvation, suppresses the potassium effluvium upstream
of NLRP3, affecting the inflammasome assembly [81]; similarly, MMC-950 (also known
as CP-456,773 or CRID3), a diarysolfonylurea-compound, can inhibit the NALP3-ASC
oligomerization without affecting other inflammasome types [12]. Other inhibitors of
inflammasome components include VX-765, also known as belnacasan, and α1 anti-trypsin
(AAT), which are known to block Caspase I [78,79]. Dapansutrile, a novel β-sulfonyl nitrile
compound, is an orally active small molecule that selectively inhibits NLRP3 in neutrophils
and human monocyte-derived macrophages. An open-label phase IIa clinical trial (EU
Clinical Trials Register, EudraCT 2016-000943-14) proved the efficacy of this molecule
in reducing joint pain of gouty subjects and was well tolerated in terms of safety [80].
Another recent study [89] proved that beta-carotene (provitamin A) suppresses the NLRP3
inflammasome activation induced by MSU crystals in a mouse model. Indeed, molecular
modeling and mutation assays revealed the interaction between β-carotene and the NLRP3
PYD; the oral administration of β-carotene in mice was proven to reduce the inflammation
and to diminish IL-1β secretion from human synovial fluid cells isolated from gouty pa-
tients, demonstrating its inhibitory efficacy in human gout [82]. Procyanidin B2 (PCB2),
a phenolic compound naturally present in grape seeds, apples, berry fruits, and tea [80],
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and eucalyptol [84] are known to have anti-inflammatory and antioxidant properties by
suppressing NLRP3 activation in MSU-injected mice; other NLRP3 inhibitors with antiox-
idant properties include polydatin and resveratrol [90]; curcumin [83]; epigallocatechin
gallate [12]; riboflavin (vitamin B2) [85]; and Omega-3 fatty acids (u-3 FAs) [86]. In addi-
tion, other new natural peptides are emerging as possible anti-gout treatments such as
rice-derived-peptide-3 (RDP3), obtained from the water extract of shelled Oryza sativa
fruits in China [87].

Table 1. Drugs and compounds proposed for gouty treatment targeting autoinflammatory mediators.

Anti IL-1

Dosage Target Reference

Anakinra 100 mg daily IL-1 receptor [72]

Canakinumab 150 mg at baseline IL-1β [76]

Rilonacept (trap protein) 320 mg at baseline Trap-fusion protein blocking both
IL-α and Il-1β [74]

lncRNA
(miRNA-488, miRNA-920) NA IL-β [77]

IL-1β processing inhibitors

Dosage Target Reference

VX-765 (belnacasan) NA Caspase I [78]

A1AT NA Caspase I [79]

MMC-950 (CRID3) NA ASC complex [37]

NLRP3 inhibitors

Dosage Target Reference

Glucocorticoids variable NLRP3 (indirectly)
NF-κB pathway [6]

Colchicine 1 mg/day (followed by 0.5 mg after
30 min on day 1)

Microtubules polymerization,
Chemokines, chemotaxis, NLRP3 [6]

Dapansutrile (OLT 1177) 100 mg/day, 300 mg/day, 1000 mg/day,
or 2000 mg/day orally for 8 days NLRP3 [80]

Beta-hydroxybutyrate (BHB) NA NLRP3, K+ channels [81]

Polyphenols present in food (ProcyanidinB2,
Curcumin, Epigallocatechingallate) NA NLRP3 [37,82,83]

Carotenoids (Beta-carotene)
Other compounds: Eucalyptol, Omega3 FAs,

small peptides (RDP3), vitamins (riboflavin-B2)
NA NLRP3 [82,84–88]

Receptor inhibitors

Dosage Target Reference

lncRNA (miRNA-146a) NA Myd88/TLR4 [47]

NA: not available.

Many other flavonoids are reported to exert anti-inflammatory effects on mouse mod-
els of gouty arthritis, inhibiting both stages of the NLRP3 inflammatory process. Overall,
polyphenols (i.e., flavonoids, stilbenoids, and phenols), triterpenoids, isothiocyanates, and
carotenoids play a pivotal role in many inflammatory conditions including gouty arthritis;
therefore, different phytochemicals could represent a suitable pharmacological approach
or, at least, a complementary treatment in addition to the standard therapy for the manage-
ment of persistent inflammatory gout [88]. Finally, in recent years, expanding evidence
has pointed out that long-noncoding RNAs (lncRNAs) and micro-RNAs (miRNAs) may be
specifically expressed and involved in the regulation of inflammatory gouty arthritis. Stud-
ies from murine models observed that in miR-146a knockout mice, TNF receptor associated
factor 6 (TRAF) and interleukin-1 receptor associated kinase (IRAK1) were upregulated;
thus, it was supposed that miR-146a can downregulate the levels of pro-inflammatory
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cytokines in gout. Similarly, miR-302b is involved in a downregulatory pathway, while
miR-155, miR-488 and miR-920 are known to induce the production of pro-inflammatory
cytokines. Among lncRNAs, ANRIL upregulates NLRP3. Overall, lncRNAs and miRNAs,
may function as regulators of the pathological processes of gout and might be used for
diagnosis but also as therapeutic targeted for patients with gout. [22,91].

7. Future Perspectives

Increasing knowledge on the inflammatory mechanisms involved in gout in response
to MSU crystals should aid in the development of new therapeutic compounds in the
near future. Apart from anti-cytokines such as anti-IL-1, other new therapies should be
identified to target the different components of the pathways involved in gout. Recently,
new plant-derived natural compounds have been studied in murine models; however, the
efficacy in gouty patients need to be confirmed. The therapeutic potential role of lnc-RNAs
and miRNAs represents a new field of application; however, further studies are required to
confirm their capability to curb or modify the inflammatory cascade involved in gout.

8. Concluding Remarks

Autoinflammation-related mechanisms contribute to diseases not usually considered
primarily immune-mediated, including crystal-induced arthropathies. In recent years, the
concept of gout moved from a purely metabolic disease to a more global autoinflammatory
disease, leading to expanded treatment options targeting specific inflammatory mecha-
nisms. Pursuing those types of therapies may provide more safe and effective alternatives
for patients in the future, since gout represents the most prevalent destructive inflammatory
joint disease.
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Abstract: The ubiquitin–proteasome system (UPS) is involved in multiple cellular functions including
the regulation of protein homeostasis, major histocompatibility (MHC) class I antigen processing,
cell cycle proliferation and signaling. In humans, proteasome loss-of-function mutations result in
autoinflammation dominated by a prominent type I interferon (IFN) gene signature. These genomic
alterations typically cause the development of proteasome-associated autoinflammatory syndromes
(PRAAS) by impairing proteasome activity and perturbing protein homeostasis. However, an
abnormal increased proteasomal activity can also be found in other human inflammatory diseases. In
this review, we cast a light on the different clinical aspects of proteasomal activity in human disease
and summarize the currently studied therapeutic approaches.

Keywords: proteasome; inflammation; autoinflammation; autoimmune; proteasome-associated
autoinflammatory syndrome

1. The Ubiquitin–Proteasome System

The ubiquitin–proteasome system (UPS) is the most important intracellular non-
lysosomal pathway for protein breakdown in eukaryotic cells [1–3]. As such, it plays a
critical role in preserving protein homeostasis and protecting the cells from harmful protein
aggregation which would compromise cell integrity and function [4,5].

The UPS is a highly complex mechanism with well over 1000 different genes in-
volved [6], about only 50 of which encode proteins serving proteasome function [7]. The
vast majority of the remaining UPS genes encode components involved in the selective
modification of intracellular substrates with the ubiquitin molecule for recognition and
subsequent degradation by proteasomes [8,9]. The covalent attachment of ubiquitin to
target proteins is mediated by a cascade reaction involving three enzymes. In the first step,
an E1 ubiquitin-activating enzyme uses energy released by adenosine triphosphate (ATP)
hydrolysis to form a covalent bond between a cysteine residue of its active site and the
C-terminal glycine of ubiquitin [10,11]. The activated ubiquitin is then transferred onto
an E2 ubiquitin-conjugating enzyme, which itself can bind to one of several E3 ubiquitin
ligases. In the final step, E3 ubiquitin ligases mediate the transfer of ubiquitin to a lysine
residue of target substrates [12] (Figure 1). Less frequently, ubiquitylation occurs on other
acceptors sites including cysteine, threonine and serine residues as well as N-terminal
methionine [12–15]. Remarkably, ubiquitin itself may be also subjected to ubiquitylation
at either one of its seven lysine (K) residues (K6, K11, K27, K29, K33, K48 and K63) or its
N-terminal methionine (M1—known as linear polyubiquitylation), thereby triggering the
formation of poly-ubiquitin chains [16,17]. Depending on the K-linkage used for ubiqui-
tylation, these poly-ubiquitin chains may decide different possible fates for the attached
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protein [18]. Among these ubiquitylation types, K48-linked poly-ubiquitin chains represent
canonical signals for proteasome-mediated degradation [17,19], while K63-linked and
linear (M1) polyubiquitylation may support non-proteolytic roles such as signaling [19–21].
Importantly, the process of ubiquitylation is counteracted by deubiquitinating enzymes
(DUBs) [22], whose most prominent families include the ubiquitin-specific proteases (USPs)
and the otubain proteases (OTUs) [23].

Figure 1. Schematic representation of ubiquitylation and proteasomal protein degradation. (A) Proteins destined for
proteasomal degradation are conjugated with ubiquitin in a three-step cascade. First, E1-ubiquitin-activating enzymes
bind to ubiquitin in an ATP-dependent reaction. This ubiquitin is transferred onto a E2-ubiquitin conjugating-enzyme.
The E3-ubiquitin-ligase binds to both ubiquitin-conjugated E2-enzymes and target substrates which thereby undergo
modification with ubiquitin. Ubiquitylated proteins can be polyubiquitylated. Depicted is a K48 linked polyubiquitylation,
where ubiquitin is consecutively attached to the lysine 48 of the already bound ubiquitin. (B) The 20S proteasome core
particle is made up of α- and β-subunits. The assembly to αββα asymmetric heptameric rings is guided by assembly
chaperones. Each 20S core particle consists of two outer α-rings and two inner β-rings. In standard proteasomes (SPs), the
catalytically active subunits are β1, β2 and β5. In immunoproteasomes (IPs), these subunits are replaced by the inducible
subunits LMP2 (β1i), MECL1 (β2i) and LMP7 (β5i). IPs are preferentially incorporated to newly synthetized proteasomes
in response to IFN, as indicated. Additional isotypes include the thymoproteasome (TP) which contains a unique β5t
protease subunit and the spermatoproteasome (SpP) that incorporates a specific structural α4s subunit. The active sites of
the catalytic subunits face the inside of the 20S barrel shape. Proteasomes can bind to different regulators on one or both
sides. The 19S regulator has receptors for poly-ubiquitylated proteins and helps to unfold the proteins, remove ubiquitin
from substrates and translocate them into the 20S for degradation. The regulators can attach to different isoforms on either
or both sides. Additionally, combinations of the 19S regulator and PA28αβ/γ or PA200 regulators exist.

As alluded earlier, K48-linked ubiquitination is a prerequisite for the breakdown of
intracellular proteins by 26S proteasome complexes, which themselves are made up of a 20S
core particle (CP) and a 19S regulatory particle (RP) [24,25]. The 20S CP is a barrel-shaped
multicatalytic protease consisting of four heptameric αββα rings. The outer two rings are
each composed of seven different α-subunits, while the inner two rings each contain seven
different β-subunits [26,27]. The catalytic activity of the 20S CP is driven by the β1, β2 and
β5 subunits encoded by the PSMB6, PSMB7 and PSMB5 genes, respectively [28]. All three
β-subunits carry N-terminal threonine active sites exposed to the inner chamber of the
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20 CP and exhibit chymotrypsin-, trypsin and caspase-like activities [29]. The assembly of
the 20S CP is a highly coordinated process guided by the proteasome-assembly chaperones
(PAC)1-4 encoded by the PSMG1-4 genes and the proteasome maturation protein (POMP)
encoded by POMP [7,30,31].

Importantly, 20S CPs are usually capped by regulators at either one or both sides
of the barrel-shaped structure. One prime example of such regulators is the 19S RP [32],
a complex of approximately 20 subunits which is essential for the recognition of K48-
linked polyubiquitinated proteins via the Rpn10 and Rpn13 subunits [33,34]. The 19S
RP also ensures the ATP-dependent unfolding of substrates as well as the removal of the
ubiquitin moieties before translocation into the 20S CP [35–37]. Other regulators include
the proteasome activators (PA) 28-αβ, PA28-γ and PA200 [27]. The ability of the 20S CP to
bind distinct regulators at both sides gives rise to multiple proteasome complexes whose
respective biological relevance, however, remains to be better understood [38] (Figure 1).
Degradation products produced by the UPS are usually 8–10 amino acid long-peptides [39].
Only a small fraction of them may enter the endoplasmic reticulum (ER) via transporter
associated with antigen processing (TAP) and are presented onto major histocompatibility
(MHC) class I molecules [40,41]. In this regard, the UPS is a major contributor to MHC
class I antigen presentation. Conversely, the vast majority of proteasomal products are
further degraded into amino acids by various peptidases.

1.1. Proteasome Isoforms

Besides the β1, β2 and β5 subunits traditionally referred to as standard subunits,
proteasomes may incorporate alternative catalytic β-subunits including the inducible
β1i (low molecular weight protein 2—LMP2), β2i (multicatalytic endopeptidase complex
subunit 1—MECL1) and β5i (LMP7) to form so-called immunoproteasomes (IPs) [42–44].
While standard proteasomes (SPs) are found in virtually all tissues, IPs are predominantly
expressed in immune cells or other cell types that have been exposed to type I and/or II
interferons (IFN) [43,45].

It is believed that IPs are more effective than SPs at degrading substrates under
stress conditions [46–49], thereby protecting the cells from the accumulation of insoluble
ubiquitin-modified protein aggregates [4,43,50]. It is also understood that SPs and IPs
differ in their cleavage rates [51], thereby modulating the supply of MHC class I-restricted
peptide positively or negatively, depending on antigen primary structure [6]. Recently,
IPs have also been shown to regulate inflammation, as discussed below. Apart from the
standard and inducible subunits, 20S CPs may contain the β5t catalytic subunit (encoded
by the PSMB11 gene) which is exclusively expressed in thymus [52]. The assembly of
β5t results in the formation of so-called thymus-proteasomes which participate in T-cell
positive selection [52,53]. Another proteasome isoform is the spermatoproteasome which
carries the α4s (encoded by PSMA8) alternative structural subunit, predominantly found
in testis and involved in spermatogenesis [54] (Figure 1).

1.2. Proteasomes and Cellular Pro-Inflammatory-Pathways

Due to its ability to degrade multiple regulatory proteins, the UPS coordinates a myr-
iad of cellular responses. Innate immunity is a prime example of such processes, whereby
the UPS regulates key signaling cascades. For instance, activation of the NF-κB and
MAPK pathways in response to pattern recognition receptors’ (PRRs) engagement typically
requires the generation of poly-ubiquitin chains at multiple levels. This is probably best de-
picted by the linear ubiquitin chain assembly complex (LUBAC) which contains the two E3
ubiquitin ligases HOIL-1L and HOIP [55]. By promoting the linear (M1-linked) ubiquitina-
tion of the IKK regulatory subunit NF-κB essential modulator (NEMO), LUBAC facilitates
the phosphorylation of IκBα by IKK [55]. This phosphorylation serves as a signal for
K48-linked poly-ubiquitylation and proteasomal degradation, thereby allowing the translo-
cation of NF-κB into the nucleus for the transcription of genes encoding proinflammatory
cytokines [56]. Further substrates of LUBAC include the receptor-interacting protein kinase
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1 (RIPK1) involved in TNF signaling, which following linear ubiquitylation activates the
proinflammatory NF-κB and MAPK pathways. The activation of RIPK1 is counterbalanced
by the OTU DUB OTULIN, which is able to trim linear ubiquitin linkages [57]. In addition,
K63-linked ubiquitin chains can result in the downstream activation of proinflammatory
pathways, which is counteracted by the deubiquitinase A20 [58] (Figure 2).

 

Figure 2. Current understanding of the pathogenesis of UPS dysfunction in autoinflammatory diseases. PRAAS
(Proteasome-Associated Autoinflammatory Syndrome): proteasome loss-of-function mutations decrease proteasome
proteolytic activity and result in intracellular accumulation of polyubiquitylated proteins. These proteotoxic aggregates
induce ER-stress which initiates the unfolded protein response (UPR). The IRE1 (inositol-requiring enzyme 1) arm of
the UPR has been shown to contribute to the transcription of IFN-stimulated genes (ISG). A possible involvement of the
integrated stress response (ISR) in this process is also discussed. NF-κB-mediated autoinflammation: PPR and cytokine
receptor activation requires ubiquitylation for the induction of pro-inflammatory signaling. Depicted is the activation of the
TNF receptor 1 (TNFR). The receptor-interacting protein kinase 1 (RIPK1) binds to the activated TFNR and is ubiquitylated
with linear (M1-linked) poly-ubiquitin chains by the LUBAC complex or with K63-linked polyubiquitin. Polyubiquitylation
is counterbalanced by the deubiquitinating enzymes (DUB) OTULIN and A20 in order to control the activation of the NF-κB
and MAPK pro-inflammatory pathways. USP18 deficiency: USP18 besides its DUB activity also directly regulates IFN
signaling. It is upregulated following different pro-inflammatory stimuli and directly inhibits JAK1, thereby acting as a
negative feedback loop. Disruption of this negative feedback leads to overwhelming inflammatory IFN response.
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Overall, proinflammatory pathways have been shown to be dependent on both pro-
teasomal activity and ubiquitylation [6]. Toll-like receptor (TLR) stimuli, for example,
rely on active IPs for the full induction of proinflammatory cytokines via the MAPK path-
way [59,60]. These studies were mainly performed in myeloid-derived immune cells, but
lymphoid cells were affected as well [61]. Interestingly, IP activity was found to play a
critical role in T-cell differentiation with inducible subunits favoring T helper (Th)1 and
Th17 differentiation, while SPs promoted a regulatory T cell phenotype [60,62,63]. B cells,
especially plasma cells (PC), have an increased sensitivity to proteotoxic stress and there-
fore, are extremely dependent on proper proteasome function for their survival [64–66].
The accumulation of protein aggregates that cannot be effectively degraded by proteasomes
generally induces intracellular stress and activates the unfolded protein response (UPR).
This, in turn, leads to compensatory mechanisms including the upregulation of proteasome
isoforms to restore protein homeostasis [6,67].

2. Impaired Proteasomal Function—(Mono)genetic Defects in the Ubiquitin
Proteasome-System in Autoinflammatory Disorders

2.1. Proteasome-Associated-Autoinflammatory-Syndrome (PRAAS)

A cause-and-effect relationship between proteasome dysfunction and chronic inflam-
mation was first established in 2010, as loss-of-function mutations in the PSMB8 gene were
identified in patients suffering from autoinflammatory syndromes [68]. As disease mani-
festations included joint contractures, muscle atrophy, microcytic anemia and panniculitis-
induced lipodystrophy, these syndromes were initially referred to as JMP syndromes.
Shortly afterwards, further mutations in the very same PSMB8 gene were found in patients
presenting with similar autoinflammatory symptoms. Many different names have been
proposed to describe these disorders, including Nakajo-Nishimura syndrome (NNS) [69],
Japanese autoinflammatory syndrome with lipodystrophy (JASL) [70] and chronic atypical
neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE) syn-
drome [71]. As these syndromes share the same genetic etiology, these were subsequently
brought together and referred to as proteasome-associated-autoinflammatory-syndromes
(PRAAS) [72,73].

Disease starts usually in infancy up to early childhood and is characterized by arthritis,
skin eruptions, lipodystrophy and myositis as well as muscle atrophy in all PRAAS forms.
Recurring fever is also described in all syndromes but JMP. Further PRAAS hallmarks
include basal ganglia calcifications and hepatosplenomegaly [68–70,73–75]. As for the skin
lesions, they seem to slightly differ in presentation between syndromes, with CANDLE
being associated with annular plaque and violaceous eyelids [74], while NNS and JASL
mostly present with nodular erythema [69,70]. Additionally, lesions in JMP patients are
described as erythematous macular/papular and nodules [68].

Laboratory findings are in line with the observed chronic inflammation, as elevated
C-reactive protein levels and erythrocyte sedimentation rate are common in patients [72].
Unfortunately, beside genetic analysis, rapid diagnostic tests for PRAAS are not available so
far. However, two biological traits highly specific to PRAAS may be used to help establish
the presence of the disease. These include: (i) a typical type I IFN gene signature in the
blood [7,75–77] and (ii) a ubiquitous proteasome loss of function. One way to detect type I
IFN responses is to monitor the expression of IFN-stimulated genes (ISG) at the transcript
level by qPCR and/or Nanostring technology [78,79] or at the protein level (i.e., SIGLEC1)
using flow cytometry [80]. Impaired proteasomal function can be measured either directly
using activity-based-probes showing cleavage capacity [68] or indirectly by assessing the
content of ubiquitin-modified proteins by Western blotting [69].

Given that the first PRAAS genetic mutations were all identified within the PSMB8
gene encoding the catalytic IP subunit β5i [71], it was initially assumed that these disorders
were primarily caused by IP defects. This notion was, however, rapidly challenged by the
fact that PRAAS patients may carry genomic alterations in other proteasome genes such as
PSMA3 [76], PSMB4 [76], PSMB9 [76], POMP [76,81], PSMG2 [82] and PSMB10 [83]. Surpris-
ingly, a series of proteasome loss-of-function mutations affecting PSMB1 [84], PSMD12 [85]
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or PSMC3 [86] were not associated with typical PRAAS phenotypes, as they were found in
patients suffering from neurodevelopmental delay (NDD). While cognitive impairment
is also detectable in PRAAS patients, NDD subjects fail to develop any clinical signs of
autoinflammation. The reasons for these discrepancies are unclear and warrant further in-
vestigation.

Due to the inherent type I IFN gene signature, PRAAS may be placed into the category
of interferonopathies. However, in contrast to other well-defined interferonopathies such
as Aicardi–Goutières syndrome (AGS) or STING-associated vasculopathy with onset in
infancy (SAVI), the molecular mechanisms leading to type I IFN production in PRAAS
remain unclear. One particularly attractive hypothesis for the induction of sterile inflamma-
tion in PRAAS subjects is the propagation of ER stress. It is indeed well established that ER
associated protein degradation (ERAD) function is compromised by proteasome defects,
thereby resulting in the retention of misfolded proteins in the ER [87,88]. Perturbed protein
homeostasis in the ER lumen is then sensed by the three ER-resident transmembrane
receptors ATF6 (activating transcription factor 6), IRE1 (inositol-requiring enzyme 1) and
PERK (protein kinase R (PKR)-like endoplasmic reticulum kinase) which in turn initiate
the so-called unfolded protein response (UPR). This results in the activation of downstream
transcriptions factors destined to upregulate ERAD component and/or chaperones [89].
Strikingly, it has been shown that sustained UPR activation may induce inflammation even
in a pathogen-free context by various mechanisms [67,90]. For instance, the exposure of
microglia to proteasome inhibitors leads to the production of inflammatory cytokines in
an IRE1-dependent fashion [91]. The observation that PRAAS patients express typical
ER stress markers [81], suggests that the UPR might be one the mechanisms underlying
inflammation in these patients. Interestingly, the activation of the UPR also results in the
transcription of genes encoding inhibitors of the mTORC1 signaling pathway [92–95]. A
decreased activation of mTORC1 would result in decreased lipid biosynthesis and reduced
amounts of cholesterol. The observation that cholesterol deficiency is a danger signal
alerting the innate immune system [96] reinforces the notion that the UPR might play a key
role in PRAAS pathogenesis.

Thus far, the therapeutic options for PRAAS are extremely limited. Subjects with
PRAAS respond poorly to conventional or biologic disease-modifying antirheumatic
drugs [76]. Recently, major advances have been made by introducing the JAK1/2 in-
hibitor baricitinib into the treatment protocols [97]. Baricitinib, which blocks inter alia
IFN signaling, has shown promising effects in PRAAS patients, as it could reduce dis-
ease manifestation in 8 out of 10 patients and promote clinical/inflammatory remission
in 5 out of 10 patients, even though one patient had to drop out because of an uncon-
trolled BK-virus infection [97]. Similarly, successful treatment of PRAAS with tofacitinib, a
pan-JAK-inhibitor, was demonstrated in a case report [98].

2.2. Further Genetic Inflammatory Diseases with a Link to the UPS

Dysregulated ubiquitylation has recently been associated with NF-κB-related au-
toinflammatory diseases, also named relopathies [99]. Among them, three are currently
associated with altered ubiquitylation patterns [100]. These include mutations within genes
encoding LUBAC and the OTU-deubiquitinase OTULIN and A20.

Mutations in RBCK, encoding HOIL-1L [101], and RNF31, encoding HOIP [102], are
found in patients suffering from autoinflammation and immunodeficiency. These are
traditionally referred to as LUBAC-mutations, as they result in the impaired assembly of
the LUBAC complex, thereby preventing the linear (M1) ubiquitylation of critical signal
transducing proteins (for TNF-signaling RIPK1, as depicted in Figure 2). LUBAC deficiency
induces cell-type specific and cytokine-specific down- but also upregulation of the NF-
κB-pathway. Clinically, patients with mutations in either one of the LUBAC subunits
present with multiorgan autoinflammation, recurring infections and intracellular muscular
glycogen inclusions with consecutive (cardio-)myopathy (amylopectionsis) [101,102].
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OUTLIN, which counteracts linear LUBAC ubiquitylation, may be subjected to several
loss-of-function mutations in patients exhibiting enhanced NF-κB activation [57]. Conse-
quently, this leads to increased secretion of pro-inflammatory cytokines due to unbalanced
LUBAC-activity (Figure 2).The resulting disease is named otulipenia or otulin-related
autoinflammatory syndrome (ORAS) [103], whereby patients suffer from recurring fevers,
sterile neutrophilia, lipodystrophy, panniculitis and systemic inflammation with growth
retardation [100].

Another DUB involved in a negative feedback regulation is A20, whose alterations
are associated with severe autoinflammation. Heterozygous loss-of-function mutations in
the gene TNFAIP3 encoding A20 result in a Behçet-like disease named A20 haploinsuffi-
ciency [104,105]. Autoinflammation manifests early and is accompanied by bipolar oral and
genital ulcers, inflammation of the eyes, exanthemas, and arthralgia/arthritis (ref). Further-
more, mutations within TNFAIP3 have been found in autoimmune–lymphoproliferative
syndrome (ALPS) [105]. In these diseases, autoinflammation is typically accompanied by
immunodeficiency due to the severe dysregulation of the NF-κB-pathway [100] (Figure 2).

USP18 deficiency was recently described as a novel autoinflammatory disorder [106].
USP18 serves as a negative feedback for type I IFN-signaling besides its role as a DUB
for the ubiquitin-like modifier ISG15 [107]. Genetic mutations resulting in USP18 loss-
of-function of present with a pseudo-TORCH (toxoplasmosis, other [syphilis, varicella,
mumps, parvovirus and HIV], rubella, cytomegalovirus, and herpes simplex) fetopathy
due to the unmitigated IFN-induced inflammation [106]. Similarly, impaired trafficking
of USP18 to the IFN receptor results in loss of USP18 activity and a phenocopy of USP18
deficiency [108]. Untreated USP18 deficiency results in neonatal death [106]. However,
immediate treatment with JAK-inhibitors has been successful in a first case [109].

Most recently, mutations within the major E1 ubiquitin-activating enzyme ubiquitin-
like modifier activating enzyme 1 (UBA1) have been associated with adult-onset autoin-
flammation [110,111]. In the affected patients, somatic mutations in peripheral blood
myeloid cells in the X-chromosomal UBA1 gene resulted in the expression of a catalyti-
cally impaired UBA1 isoform. Mechanistically the impaired ubiquitin-activating activity
resulted in decreased polyubiquitylation and increased unfolded protein response. Thus,
only males were found to be affected and somatic nature explains the late onset of inflam-
mation. Clinical phenotypes can vary. Common inflammatory manifestations include
relapsing perichondritis, Sweet’s syndrome or vasculitis. Additionally, patients frequently
present with hematological abnormalities including myelodysplastic syndrome. Due to the
vacuoles found in myeloid precursor cells, the affected E1 enzyme on the X-chromosome,
causing autoinflammation by a somatic the disease was named VEXAS [110].

3. Inflammation and Increased Proteasomal Activity

As the inducible β1i, β2i and β5i catalytic units are typically upregulated in response
to inflammatory cytokines (as highlighted in the first chapter), the constitutive expres-
sion of IPs is a common hallmark of autoinflammatory diseases [112,113]. In this regard,
other UPS-related biomarkers include proteasome-directed autoantibodies which were
identified in multiple autoimmune diseases such as poly/dermatomyositis, systemic lupus
erythematosus (SLE), Sjögren Syndrome (SjS) and multiple sclerosis (MS) [114–116]. Inter-
estingly, these antibodies were capable of reducing proteasomal activation by PA28, at least
in vitro [117]. Besides autoantibodies against proteasome subunits, circulating proteasomes
were also found in various autoinflammatory diseases including SLE, rheumatoid arthritis
(RA) or vasculitis [118]. Interestingly, the amounts of circulating proteasomes seemed to
correlate with cellular damage, thereby making them good clinical markers for disease pro-
gression [119]. These findings led to multiple preclinical studies, investigating proteasomal
activity in various autoinflammatory diseases and autoimmune diseases [59,60,120–125],
as discussed below. Additionally, in autoimmune driven diseases further benefit from
proteasome inhibition might be accounted to the specific proapoptotic effect on plasma
cells [64,66,126,127].
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3.1. Rheumatoid Arthritis

RA is a common autoimmune disease characterized by inflammation of the synovia
and joints leading to cartilage and bone destruction [128]. It can be accompanied by
systemic disorders, thereby potentially leading to high morbidity and increased mortal-
ity [128]. A key driver of RA pathogenesis is NF-κB [129], whose activation relies on proper
proteasome function, as mentioned above. Hence, proteasome inhibition has proven clin-
ically useful to reduce the production of interleukin (IL)-1β and IL-6 in T cells from RA
patients [130]. In addition, blocking proteasome function by small molecule inhibitors
has been shown to limit RA synovial cell proliferation by preventing the degradation of
p53 [131]. Preclinical data from two mouse models of collagen antibody-induced arthritis
and collagen-induced arthritis have also revealed that IP activity supports disease pro-
gression by promoting pro-inflammatory cytokine production and inflammatory joint
infiltration [120].

3.2. Systemic Lupus Erythematosus

SLE is an autoimmune disease in which inflammation may target multiple organs,
resulting in a very heterogeneous clinical manifestation with individual disease courses
and various life-shortening and life-threatening complications [132]. Autoantibodies found
in SLE target nuclear proteins are frequently produced by long-lived plasma cells (PC)
that evade conventional B cell-targeted treatment [127]. However, due to their particularly
high-rate production of secretory proteins, PCs generate large amounts of misfolded pro-
teins in ER lumen that must be transported back to the cytosol by ERAD for subsequent
degradation by proteasomes. For that reason, PCs are particularly sensitive to proteasome
inhibition (as discussed below). A more direct involvement of proteasomes in SLE patho-
genesis has been shown in mouse models in which specific IP inhibition was associated
with reduced production of IFN-α [133], a critical disease marker [134]. Another hint for
an active contribution of proteasomes to SLE comes from the observation that PA28γ is
downregulated in lupus nephritis tissue [135]. Since PA28γ-capped proteasomes accel-
erate the turnover of phosphorylated STAT3 [135], it is highly likely that the decreased
expression of PA28γ actively contributes to diseases pathogenesis. Interestingly, this notion
seems to be specific to SLE, as the serum levels of circulating PA28γ in RA, SjS and other
undifferentiated connective tissue diseases (CTDs) are increased and positively correlate
with disease activity [136].

3.3. Sjögren Syndrome

Like RA and SLE, SjS is an autoimmune CTD. In SjS, autoimmunity leads to a chronic
inflammation of salivatory and lacrimal glands [137]. It can manifest primarily or in combi-
nation with other autoimmune diseases and is the most frequent autoimmune CTD [137].
Besides the prevalence of anti-proteasome autoantibodies in SjS [138], the expression of the
IP subunit LMP2 was significantly reduced in SjS salivatory glands [113,139]. The down-
regulation of LMP2 in SjS seems to occur as a consequence of increased protein turnover, as
LMP2 mRNA were simultaneously upregulated. mRNA upregulation was most prominent
in B cells and correlated with reduced susceptibility to proteasome inhibition [140]. How-
ever, proteasome inhibition in an animal model of SjS prevented disease development [141].
In this study, the beneficial effect of proteasome inhibitors was attributed to the prevention
of Th17 differentiation and lymphocytic gland-infiltration. Furthermore, a variant of the
PSMB11 gene encoding the thymoproteasome specific β5t subunit was associated with the
development SjS [142]. In this work, the introduction of this variant in mice resulted in
impaired positive T-cell selection and an altered CD8+ T-cell receptor repertoire.

3.4. Inflammatory Bowel Disease

Besides CTD, it has been suspected that UPS dysfunction might be involved in the
pathogenesis of other inflammatory diseases. For instance, it is thought that proteasomes
participate in the progression of inflammatory bowel disease (IBD). The two main IBD forms
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are ulcerative colitis (UC) and Crohn’s disease (CD), both of which presents with relapsing
chronic inflammation of the gut and sustained activation of the NF-κB pathway [143].
Strikingly, the IP subunits β1i and β2i were found to be constitutively expressed in colons
of patients with CD [144,145] and to a lesser extent in UC [145]. It has been proposed that
the presence of IP in patients with IBD favors IκBα degradation, thereby promoting the
excessive activation of NF-κB activation [146]. IP subunit expression and activity in CD
might be involved in immunopathogenesis. However, a prominent role of IFN-γ (known
to induce IP formation) in CD limits conclusions made from these ex vivo studies [144].
Preclinical studies have been carried out to investigate whether such differential expression
of proteasome isoforms was disease-relevant. It could be confirmed that both proteasome
pan- and IP-specific inhibitions reduced gut inflammation in mice [147,148]. For the
targeted approach, a dual inhibition of at least two IP subunits was necessary [149].The
protective mechanism was attributed to reduced NF-κB-signaling in all these studies.

3.5. Multiple Sclerosis

MS is an inflammatory disease of the central nervous system (CNS) resulting in de-
myelination and neuronal damage [150]. It is the most common CNS autoimmune disease
whose molecular pathogenesis remains, however, poorly understood. It predominantly
affects young adults and has a severe impact on the quality of life of these individu-
als [150]. Interestingly, LMP2 and PA28αβ were found to be enriched in immune cells
and oligodendrocytes of MS lesions [151]. Further evidence for an involvement of IPs in
MS pathogenesis was made by the identification of a PSMB9 variant associated with a
reduced risk of developing MS. It is understood that the beneficial effect of this variant
is attributed to altered MHC class I-restricted myelin-derived peptides [151]. It was also
shown that proteasome pan-inhibition could prevent the development of experimental
autoimmune encephalitis (EAE, a mouse model of MS) in mice following the injection of
antigens and/or antigen-specific CD4+ or CD8+ T cells [125,152,153]. Similar effects were
observed by specifically inhibiting the two IP subunits LMP2 and LMP7 [125,149].

3.6. Further Inflammatory Diseases with a Link to the UPS

The critical role of the UPS in cytokine signaling, especially the NF-κB- and Th17
differentiation pathways makes it a good disease-causing candidate in many other inflam-
matory disorders. For example, in psoriasis, a chronic inflammatory skin disease, driven
by both innate and adaptive immunity, genome wide association studies have shown a
direct cause-and-effect relationship between UPS dysfunction and psoriasis [154,155]. A
central role here is assigned to the IL-23/Th-17 axis and TNFα a cytokine upregulated by
NF-κB [156]. Similarly, any UPS dysfunction might trigger auto-immune diseases because
of inappropriate supply of MHC class I-restricted peptides. This view is supported by a
genome wide association study in Behçet’s disease [157].

4. The UPS as a Therapeutic Target

Bortezomib is the first proteasome inhibitor with FDA approval. It was initially
described as an anti-inflammatory drug [158]. However, bortezomib and the second-
generation proteasome inhibitor carfilzomib have only been clinically approved for treat-
ing malignancies such as multiple myeloma and mantle cell lymphoma so far [159–161].
Clinical data from a small study involving 12 patients with SLE [64] and a randomized
double-blind controlled trial with 14 patients with SLE [162] have shown a beneficial effect
of bortezomib on disease outcome. Similarly, in another study, bortezomib was shown to
deplete PCs and reduce autoantibody production [127,163]. As discussed earlier, this effect
can be easily explained by the fact that antigen-producing PCs need a high proteasomal
capacity to degrade misfolded antibodies, which renders them susceptible to proteasome
inhibition [127]. The perceived benefit of bortezomib is its proapoptotic effect on long-lived
PCs. This effect is unfortunately not limited to pathogenic PCs but also depletes protec-
tive PCs [164]. Bortezomib has furthermore successfully been used in different cases of
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autoimmunity including autoimmune cytopenia, refractory primary SjS and encephali-
tis [165–168]. As all beneficial effects of bortezomib on the SLE disease course cannot
be attributed to the reduction in autoantibodies [162], an additional anti-inflammatory
effect is suspected. For instance, ex vitro stimulated T cells from healthy donors showed
the reduced expression of inflammatory cytokines under proteasome inhibition by borte-
zomib [169]. A substantial part of the anti-inflammatory potential might also be attributed
to overall cytotoxic effects on immune cells [170], which were most prominently observed
in monocytes [124,170]. Similar effects on antibody formation has been observed in a
small case series of anti-NMDA-receptor encephalitis [171], and a multicenter randomized
controlled double-blinded study is currently recruiting patients [172] (ClinicalTrials iden-
tifier NCT03993262, https://clinicaltrials.gov/ct2/show/NCT03993262, accessed on 20
February 2021). However, a therapy with bortezomib is limited by the hematological and
neurotoxic side effects [173]. The assumed effects are summarized in Figure 3.

Figure 3. Overview of the potential anti-inflammatory mechanisms of proteasome inhibitors.

Proteasome inhibitors including bortezomib, carfilzomib, ONX 0914 and KZR 616 were shown to
exert anti-inflammatory effects via different mechanisms. These involve all cells: an influence on
MHC class I antigen presentation (top left) and degradation of IκBα (top right), which results in
NF-κB nuclear translocation and transcription of pro-inflammatory cytokines. Specific effects on
cellular subsets include a targeted anti-inflammatory and proapoptotic effect on monocytes which
results in a reduction in pro-inflammatory cytokine production upon TLR stimuli (bottom left). In
T-cells, active IP are required for differentiation into Th1 and Th17 phenotypes (bottom center),
whilst IP inhibition results in increased Treg differentiation and decreased IFN-γ production, as
indicated. Plasma cells (PC) are especially sensitive to reduced proteasomal activity, which results in
apoptosis most likely via activation of the UPR and in depletion of autoantibodies (bottom right).

Further proteasome inhibitors, particularly those only targeting the IP subunits,
are currently under investigation [174], as they are thought to have fewer toxic side ef-
fects [175,176]. IP-specific inhibitors have been established in preclinical research [120,174]
and have shown promising potential in multiple inflammatory disease models of various
inflammatory and autoimmune disorders including experimental arthritis [120], sepsis-
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models [59], experimental autoimmune myocarditis [60] experimental autoimmune en-
cephalomyelitis [125] and experimental colitis [121] inter alia [123,177–179].

For sufficient anti-inflammatory treatment, a co-inhibition of at least two IP catalytic
subunits is necessary [149,179]. For immune cell depletion, including PC depletion, at least
a partial added inhibitory effect on SPs is needed, as the catalytically active SP subunits
β1, β2 and β5 are upregulated compensatory under highly specific IP inhibition in these
cells [180]. The first human immunoproteasome inhibitor with such inhibitory capacity
is KZR-616 [174]. It is currently in clinical phase 2 studies for treating systemic lupus
erythematosus (ClinicalTrials identifier NCT03393013, https://www.clinicaltrials.gov/ct2
/show/NCT03393013, accessed on 20 February 2021) and polymyositis/dermatomyositis
(ClinicalTrials identifier NCT04033926, https://www.clinicaltrials.gov/ct2/show/NCT040
33926, accessed on 20 February 2021).

Whilst proteasome inhibitors are well established, only limited data are currently
available on the therapeutic potential of small molecule proteasome activators [181]. Ex-
amples of the very few substances capable of activating proteasomes include a MAPK
inhibitor [181] and the protein kinase (PKA) activator Rolipram, which acts most likely by
phosphorylating proteasomes [182]. Other substances increase proteasomal activity by the
transcription of proteasome genes [183] or by the inhibition of DUBs [184] Clearly, further
research is needed in this field, as increasing proteasome activity may provide treatment
for patients with PRAAS or other diseases [181].

5. Conclusions

To summarize, the UPS is tightly involved in inflammation and (auto-)inflammatory
diseases. It is involved in regulating pro-inflammatory pathways and is in turn upregulated
during inflammation. Its exact role in the disease pathogenesis of inflammatory diseases is,
however, still under investigation. Then again, impaired proteasomal activity is known
to induce sterile inflammation, as observed in PRAAS patients. The exact mechanism
is still not fully understood. Unravelling the pathogenesis of such diseases further will
aid in better therapeutic approaches for PRAAS patients. For (auto-)inflammatory and
auto-immune diseases, multiple mechanisms involved have been found. This resulted in
successful initial clinical trials using the immunoproteasome as a therapeutic target. Larger
studies with novel proteasome inhibitors with an optimized side-effect spectrum seem
promising for larger randomized clinical trials.
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Abstract: Adult-onset Still’s disease (AOSD) is a systemic inflammatory disorder of unknown aetiol-
ogy affecting young adults, which is burdened by life-threatening complications, mostly macrophage
activation syndrome (MAS). Interferons (IFNs) are signalling molecules that mediate a variety of
biological functions from defence against viral infections, to antitumor and immunomodulatory
effects. These molecules have been classified into three major types: IFN I, IFN II, IFN III, presenting
specific characteristics and functions. In this work, we reviewed the role of IFNs on AOSD and MAS,
focusing on their pathogenic role in promoting the hyperinflammatory response and as new possible
therapeutic targets. In fact, both preclinical and clinical observations suggested that these molecules
could promote the hyperinflammatory response in MAS during AOSD. Furthermore, the positive
results of inhibiting IFN-γ in primary hemophagocytic lymphohistiocytosis may provide a solid
rationale to arrange further clinical studies, paving the way for reducing the high mortality rate in
MAS during AOSD.

Keywords: adult-onset Still’s disease; macrophage activation syndrome; IFN-γ

1. Introduction

Adult-onset Still’s disease (AOSD) is an inflammatory disease usually affecting young
adults [1]. AOSD is associated with a very heterogeneous clinical picture, a triad of high
fever, arthritis, and evanescent pink salmon skin rash are commonly observed [2]. Further-
more, a multiorgan involvement of the disease is recognised, including liver involvement,
splenomegaly, and poly-serositis [2]. A typical hyperferritinemia is observed in these pa-
tients, associated with increases of C-reactive protein (CRP) and erythrocyte sedimentation
rate (ESR) [1]. Additionally, patients with AOSD experience life-threatening complica-
tions, which may rapidly evolve into multiple-organ failure and death [3]. These patients
would frequently develop macrophage activation syndrome (MAS), a secondary form of
hemophagocytic lymphohistiocytosis (HLH) [4,5]. The latter is characterised by continuous
high fever, extreme hyperferritinemia, pancytopenia, and histopathological evidence of
hemophagocytosis by activated macrophages, typically in bone marrow [5,6].

Although it is typical, this histological finding is not mandatory for HLH diagnosis
since it cannot be recognized at the beginning of the disease in bone marrow biopsies [4].
Another important characterisation of HLH is the organomegaly, splenomegaly, and hep-
atomegaly frequently recognized in these patients [4]. In addition, it was proposed that
AOSD and MAS may be considered part of the same disease spectrum, sharing clinical and
pathogenic features, and in which AOSD may represent a milder form [7]. Furthermore,
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these diseases have been recently included in the so-called hyperferritinemic syndrome,
which, together with catastrophic anti-phospholipid syndrome and septic shock, share
similar clinical and laboratory features, including very high levels of ferritin [8].

As far as the pathogenesis is concerned, AOSD is considered at the crossroads between
auto-inflammatory and autoimmune diseases [9]. Both the innate and adaptative arms
of the immune system are called upon in the pathogenic mechanisms underlying this
disease [10]. The pathogenic mechanisms of MAS have not been fully clarified yet, but
recently a multi-layer pathogenic model was proposed [6]. Both genetic predisposition and
several triggers may contribute to the development of a cytolytic dysfunction, prolonging
the survival of target cells and enhancing antigen presentation to overproduce proinflam-
matory cytokines, leading to full-blown MAS syndrome [5,6,11]. In this context, the role of
interferons (IFNs) was pointed out mainly for inducing cytokine storm syndrome and MAS
occurrence during AOSD [5,6,11]. On these bases, in this work we reviewed the role of IFNs
on AOSD and MAS, focusing on their pathogenic role in promoting the hyperinflammatory
response and as new possible therapeutic targets.

2. Interferons

In 1957, a molecule was first described with the ability to “interfere” with viral replica-
tion and protect cells from infection, which was called an IFN [12]. Since then, a growing
body of evidence has shown that multiple IFNs exist which mediate a variety of biological
functions from defence against viral infections to antitumor and immunomodulatory ef-
fects [13]. IFNs are classified into three main groups according to chromosomal location,
their aminoacidic sequence, and specific receptors: i. type I IFNs (-α, -β, -δ, -ε, -ζ, -κ, -τ,
and -ω); ii. type II IFN (-γ); iii. type III IFNs (-λ1, -λ2, -λ3). Type I IFNs and IFN-γ are
physiologically expressed and are increased by stress and infections [13]. IFNs are critical
effectors of both innate and adaptive immune responses, associated with the development
of immune cell populations and their activation in response to pathogens, cancers, and
other conditions [14]. In addition, the elevated production of IFNs is recognised during
both autoimmune and autoinflammatory diseases [15]. This increases the expression of
target genes and the canonical interferon-stimulated genes (ISGs) in affected tissues and in
circulating blood cells, thus defining the “IFN signature” [14]. The latter is reported to be a
typical characteristic of some diseases [16].

3. IFN I

3.1. Generalities

IFN-α and IFN-β are the most studied and characterised members of this class of
IFNs [16]. IFN-α is encoded by more than 20 different genes. Among these, 13 lead to a
functional protein in humans and 14 in mice, whereas IFN-β is encoded by a single gene
in both humans and mice [16,17]. Although IFN-α and -β may regulate an overlapping
set of genes, these two cytokines differ slightly in their downstream effects and in their
expression pattern [18]. Other type I subtypes (IFN- δ, -ε, -ζ, -κ, -τ, and -ω) are less-
often studied [16]. Type I IFNs act on most cell types and induce an antiviral state by
increasing the major histocompatibility complex expression and inducing the production
of chemokines and cytokines [19,20]. Furthermore, type I IFNs boost the innate arm of the
immune system by stimulating the maturation of dendritic cells and the function of natural
killer cells [16]. These IFNs also enhance the adaptive response of the immune system
by promoting the activation of T and B cells [14]. As a major component of the innate
immune system protecting against viruses, the expression of IFN-α and IFN-β is induced
by viral infection [19,20]. Type I IFNs bind to the ubiquitously expressed type I IFN receptor
(IFNAR) in an autocrine and paracrine manner, modulating the expression of numerous
IFN-stimulated genes (ISG) which are involved in the antiviral and anti-inflammatory
responses and the pro-apoptotic and anti-proliferative activities [18].
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3.2. Pathogenic Implications in AOSD and MAS

Multiple lines of evidence indicate that type I IFNs also exert anti-inflammatory func-
tions [21–23]. These anti-inflammatory phenomena were proposed because IFN-α may
reduce both interleukin (IL)-1α and IL-1β production by two main pathways [23,24]. By
acting on the signal transducer and activator of transcription 1 (STAT1), type I IFNs may
repress the activity of the Nucleotide Binding Domain (NBD), Leucine-Rich Repeat (LRR)
containing (NLR) protein 1 (NLRP1) and NLRP3 inflammasomes, thereby suppressing
caspase-1-dependent IL-1β maturation [23]. These molecules could also induce the ex-
pression of IL-10 in a STAT1-dependent manner, which in turn may reduce the abundance
of the pro-IL-1α and pro-IL-1β signals via STAT3 [23]. Such inflammasome inhibition by
type I IFNs may also suggest a mechanism for the observed IFN-dependent suppression of
IL-18 maturation, since it would also depend on inflammasome activity [23]. Because of
these anti-inflammatory functions, an impaired response of type I IFNs may be implicated
in the generation of the hyperinflammatory processes [18]. Patients with more severe
COVID-19, during the ongoing catastrophic pandemic by SARS-CoV-2, may provide a
virally induced representative model of cytokine storm syndrome, thus suggesting similar-
ities with the underlying pathogenic mechanisms of AOSD and MAS [25,26]. Interestingly,
severe coronavirus disease 2019 (COVID-19) may display many common aspects with
other disorders included in hyperferritinaemic syndrome, including continuous fever and
high levels of ferritin [27]. In the context of COVID-19, Hadjadj et al. observed a distinct
phenotype in severe and critical patients, associated with a highly impaired type I IFN
response, associated with decreased production and reduced activity [28]. In addition, the
presence of neutralizing autoantibodies against type I IFNs was supposed in the inhibition
of the type I IFN response [29]. These autoantibodies against type I IFNs seemed to be
clinically silent until the infection, suggesting that the small quantities of such molecules
could be implicated in the onset of cytokine storm syndrome [29].

Taking these observations together, the impairment of the functions of type I IFNs
or their delayed response may be implicated in the development of a cytokine storm
syndrome. These pathogenic alterations could be also associated with the development
of MAS during AOSD, thus providing food for thought for further mechanistic studies.
In fact, limited data are available about the role of IFN I in the pathogenesis of AOSD
and MAS, so far. In this setting, sera levels of both IFN-α and IFN-β were studied by
enzyme-linked immunosorbent assay (ELISA) in 39 AOSD patients, both during a flare
of the disease and when following therapies [30]. Levels of IFN-α were detected in only
one of the AOSD patients. Instead, levels of IFN-β were found in both patients with an
active flare of the disease and those following therapies, without any statistically significant
difference [30]. Notably, the type I IFN response on the HLH experimental model was
studied in a murine model with a specific deletion of IFNAR (IFNAR-KO) [31]. HLH was
induced by stimulation with an IL-10 receptor-blocking antibody and a Toll-like receptor
9 (TLR9) agonist. When IL-10 signalling was maintained, the administration of the TLR9
agonist resulted in a milder HLH in wild-type (WT) mice, with less severe hepatitis and
lack of hemophagocytosis. However, thrombocytopenia and IFN-γ were similar between
the IFNAR-KO and the WT mice. Despite IFN-γ levels being comparable to those of the WT
mice, the IFNAR-KO mice did not develop anaemia, suggesting that type I IFNs could be
involved in leading to this feature during HLH [31]. In the same model, the simultaneous
administration of both an IL-10 receptor-blocking antibody and a TLR9 agonist led to
fulminant HLH. The IFNAR-KO mice had less weight loss than their WT counterparts
but were comparable for thrombocytopenia, hepatitis, and splenic hemophagocytosis.
Furthermore, the IFNAR-KO mice treated for fulminant HLH conditions experienced the
same degree of anaemia when compared to WT mice. Taking together these findings, a
complex interaction between type I and type II IFNs in the pathogenesis of TLR9-mediated
HLH could be suggested [31].
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4. IFN II

4.1. Generalities

The type II IFN subtype is made of a single gene product: IFN-γ [16,32,33]. Its struc-
ture is different from type I IFNs, but it is classified in this family of molecules due to its
antiviral effects [16]. IFN-γ binds to the nearly ubiquitously expressed receptor (IFNGR),
and signals through Janus kinase 1 (JAK1) and JAK2 to phosphorylate STAT1 [13]. IFN-γ is
involved in the modulation of the immune and inflammatory responses and is predom-
inantly produced by natural killer (NK), NKT, and activated T cells [18]. It has weaker
antiviral effects than type I IFNs, but potent effects on increasing major histocompatibility
complex expression, antigen presentation, and chemokine production, while suppressing
cell proliferation [18]. IFN-γ would be the prototypic “macrophage-activating factor” in-
creasing cytokine and chemokine production, phagocytosis, and the intracellular killing
of microbial pathogens by macrophages [33]. Furthermore, IFN-γ boosts type 1 adaptive
immunity by promoting the differentiation of type 1 helper T cells, the generation of follic-
ular helper T cells, B cell class switching, autoantibody production, and the generation of
autoimmunity-associated B cells [18]. This molecule may also have protective functions
by suppressing responses mediated by type 2 helper- and IL-17-producing helper T cells,
inducing specialized regulatory T cells and restraining tissue damage [18]. Moreover,
IFN-γ may directly enhance antigen presentation by promoting antigen processing and by
inducing the expression of major histocompatibility complex molecules [18].

In this context, the involvement of the IFN-γ pathway in the pathogenic mechanisms
of HLH, either primary or secondary, was proposed [30]. Although the mechanisms
leading to IFN-γ-mediated immunopathology remain to be fully clarified, many data
would suggest this cytokine is a crucial mediator in HLH occurrence [30,34–36].

4.2. Pathogenic Implications, Ex Vivo Observations

The pathogenic implications of IFN-γ in HLH were studied through the evaluation of
neopterin levels in HLH patients [37]. Neopterin is a marker of inflammation belonging to
a group of pteridines, and it is biosynthetically derived from guanosine triphosphate. It is
secreted by human monocyte-derived macrophage and dendritic cells upon stimulation
with IFN-γ. On these bases, it may be considered as a surrogate marker of this cytokine.
Sera neopterin levels obtained at the time of diagnosis of 21 HLH patients and 50 untreated
children with active juvenile dermatomyositis were evaluated by competitive enzyme
immunoassay. HLH patients had higher levels of neopterin than the control group. Fur-
thermore, neopterin significantly correlated with ferritin, suggesting a possible pathogenic
link. Moreover, a cut-off of 38.9 nmol/L was derived by a ROC curve with a 70% sensitivity,
and 95% specificity in diagnosing HLH, thus suggesting that neopterin levels could be an
accurate marker of the disease [37].

Considering that IFN-γ is rapidly catabolized, it may be difficult to use it as a
biomarker, thus highlighting the assessment of IFN-γ-induced chemokines in studying this
pathway. In an elegant study, sera levels of the IFN-γ-induced chemokines (C-X-C motif)
ligand 9 (CXCL9), and CXCL10 were evaluated in 14 patients with active HLH. These
chemokines were higher than those collected from patients with a non-active disease or
following therapies. Furthermore, the correlations among IFN-γ, CXCL9, and CXCL10 and
the laboratory features of HLH were evaluated, including neutrophil and platelet counts,
ferritin, lactate dehydrogenase, and alanine transaminase levels. CXCL9 correlated with
all studied laboratory parameters. IFN-γ and CXCL10 correlated with all the parameters
except for platelet counts for IFN-γ, and ferritin levels for CXCL10 [38]. In a further study,
IFN-γ and IFN-γ-induced chemokines, CXCL9, CXCL10, and CXCL11, were studied using
ELISA. Sera samples of 39 active and untreated AOSD patients, 30 rheumatoid arthritis
patients, and 28 healthy controls were collected. IFN-γ, CXCL9, CXCL10, and CXCL11
were higher in AOSD patients when compared with RA patients or healthy controls. Fur-
thermore, CXCL9, CXCL10, and CXCL11 were significantly higher in AOSD patients with
MAS than those without it. In addition, these chemokines correlated with inflammatory
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markers and systemic scores. Notably, a decrease of these chemokines except for IFN-γ
was observed after the reduction of disease activity during the follow-up. Finally, on
immunohistochemistry, more inflammatory cells expressing CXCL10 were observed in
skin biopsy samples from AOSD patients than in healthy controls [30].

4.3. Pathogenic Implications and In Vivo Observations

The importance of IFN-γ in the pathogenesis of both primary and secondary HLH
would be enhanced by the data obtained in experimental models. In fact, IFN-γ may be
suggested as a pivotal mediator in murine models of HLH [39,40]. In this setting, the
first experimental model of HLH was provided in perforin-deficient mice infected by
lymphocytic choriomeningitis virus (LMCV). After this infection, the mice manifested
the typical features of HLH, including fever, pancytopenia, and hypofibrinogenemia,
associated with evidence of tissue hemophagocytosis. Furthermore, in this model, a
marked increase of pro-inflammatory cytokines was shown with a remarkable quantity of
IFN-γ. The latter was related due to a persistent antigen presentation and an increase in the
antigen responsiveness of cytotoxic T cells [39]. Subsequently, in Rab 27a-deficient (Rab27a–
/–) mice, it was also shown that infection with LCMV led to HLH [40]. Interestingly,
in both these models, the administration of an IFN-γ blocking agent had a therapeutic
effect [39,40]. In fact, the authors described how this treatment improved survival and led
to an improvement of haematological and histopathological features in these mice. Indeed,
the inhibition of IFN-γ increased blood cell counts. A significant reduction of triglyceride
and ferritin levels was also observed over time in these experimental models. Furthermore,
following IFN-γ inhibition, complete normalization of the histopathological features of the
spleen was described in these models. The authors also noted a reduction of macrophage
activation, as evidenced by the reduction of haemophagocytosis in the liver of both murine
models [40].

In another study, it was shown that experimental HLH could be induced by repeated
stimulation of TLR9 [34]. The authors also tested if IFN-γ could be required for the in-
duction of HLH. Compared with WT mice, the IFN-γ–/–mice did not develop anaemia,
thrombocytopenia, or hepatic inflammation, and these mice preserved the splenic struc-
ture. However, some features could not be dependent on IFN-γ, since leukopenia and
hyperferritinemia were observed in both the WT and the IFN-γ –/– mice. Furthermore,
the authors described the protective role of IL-10 in this setting, showing that the inhibi-
tion of its signal and/or the IL-10 receptor led to the development of hemophagocytosis.
These data could reinforce the idea that IL-10 may also contribute by modulating both
the variability and severity of this disease [34]. These findings were investigated in a later
work in which IFN-γ-deficient mice underwent stimulation with a TLR9 agonist, IFN-γ,
or a combination of both [35]. Following singular and repeated stimulation with a TLR9
agonist or IFN-γ, HLH features were not developed. However, mice treated with both a
TLR9 agonist and IFN-γ reproduced the main features of HLH, developing cytopenias,
hepatitis, and hepatosplenomegaly. On these bases, the authors suggested that TLR9- and
IFN-γ-dependent signals could synergize in enhancing the myeloid progenitor function
and inducing myelopoiesis. Thus, in this study, TLR9-driven signals would potentiate
the effects of IFN-γ, leading to the development of HLH [35]. In a subsequent study,
HLH in WT, transgenic, and cytokine-inhibited mice was assessed following stimulation
with an IL-10 receptor-blocking antibody and a TLR9 agonist. Interestingly, fulminant
HLH and hemophagocytosis developed independently of the presence of IFN-γ, whereas
anaemia and dyserythropoiesis did not suggest an IFN-γ dependence [31]. IFN-γ depen-
dent anaemia during HLH was also confirmed and detailed [41]. In fact, it was shown that
IFN-γ could induce cytopenia and hemophagocytosis. The latter may have derived from
the direct action of IFN-γ on macrophages in vivo, altering endocytosis and consequently
leading to severe anaemia, the so-called consumptive anaemia of inflammation [41]. Other
processes involved in HLH-associated anaemia could be blood loss, haemolysis, and de-
creased bone marrow output [41]. In addition, the IFN-γ-induced chemokines CXCL9 and
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CXCL10 were identified as possible biomarkers to be correlated with disease parameters
including thrombocytopenia, hyperferritinemia, and lymphopenia [38]. These results pro-
vided the rationale for studying these IFN-γ-induced chemokines as possible predictors of
HLH occurrence in humans, as previously mentioned [38].

In addition, some authors used a murine model of HLH induced by the administration
of a TLR9 ligand in IL-6 transgenic mice to study the pathogenic mechanisms of the
disease [36]. These mice, when injected with TLR ligands, may develop this condition by
mimicking an acute infection on a background of high levels of IL-6 [36]. This experimental
approach would more closely resemble what occurs in AOSD and its juvenile counterpart,
an infectious trigger on an inflammatory background leading to MAS occurrence [36]. In
addition, these IL-6 transgenic mice, following the administration of a TLR9 agonist, were
associated with reduced survival, low neutrophils and platelet counts, and high levels of
ferritin, LDH, and pro-inflammatory cytokines. In this experimental model, it was observed
that IFN-γ and the IFN-γ-induced chemokines CXCL9 and CXCL10, were significantly
increased in the liver, spleen, and plasma of the IL-6 transgenic mice, as compared to
the WT mice. Furthermore, IFN-γ inhibition significantly decreased circulating levels of
CXCL9, CXCL10, IL-1β, IL-6, TNF, and ferritin. Thus, a complex interplay between IL-6
and IFN-γ could be suggested in generating HLH [36].

4.4. Therapeutic Strategies

As previously discussed, experimental mouse models and ex vivo observations pro-
vide the rationale behind the use of IFN-γ inhibiting strategies for the treatment of HLH on
account of the importance of the underlying IFN-γ-associated pathogenetic mechanisms of
the disease [31,34–36,38–41].

Emapalumab is a fully human monoclonal antibody that neutralises both free- and
receptor-bound IFN-γ by inhibiting receptor dimerization and the transduction of the sig-
nalling pathway of this molecule [42]. The efficacy of emapalumab was recently assessed
in a clinical trial enrolling thirty-four patients aged between 0–18 years with a diagnosis of
primary HLH, some were previously treated, while others were untreated. As main end-
points, the overall response was codified into patients with a complete response (defined
absence of fever, cytopenia, hyperferritinemia, coagulopathy, neurological manifestations,
increase of soluble CD25, and a normal spleen size), a partial response (three or more
abnormalities that met the criteria for a complete response), or an improvement larger
than 50% from baseline in at least three abnormalities associated with HLH. Twenty-six
patients completed the eight-week treatment study. The percentage of previously treated
patients with a response as assessed by the pre-defined parameters was 63%, while for the
whole population of patients it was 65%. Of the previously treated patients, 26% achieved
a complete response, 30% a partial response, 7% had improvement of HLH features, and
37% had no response. In the untreated patients, 43% achieved a partial response, 28.5%
an improvement, and 28.5% no response. In this study, the authors also assessed CXCL9,
which significantly decreased following the administration of emapalumab. Interestingly,
low CXCL9 levels were associated with the clinical response during this clinical trial,
suggesting possible predictors of efficacy following the administration of this drug [43].

In addition, a case report of a patient with refractory Epstein–Barr virus-associated
HLH treated with emapalumab was recently described, with the resolution of all clinical
symptoms and an improvement of laboratory markers of the disease [44]. Although IFN-γ
inhibition would commonly be employed as a bridge to allogeneic stem cell transplantation,
the successful use of emapalumab was also reported after transplant rejection in three
relapsed primary HLH patients [45,46]. Finally, despite emapalumab being licensed for the
treatment of primary HLH, several ongoing studies are assessing its use in the additional
clinical settings of secondary HLH to systemic juvenile idiopathic arthritis (SJIA), and
occurrence in adult ages (NCT03985423, NCT03311854).
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5. IFN III

The third class of IFNs is composed of IFN-λ1, -λ2, -λ3, and -λ4 [16,47]. These are
produced by most cell types, mainly from plasmacytoid dendritic cells following either
viral or bacterial infection. Type III IFNs bind to the type III IFN receptor (IFNLR), pref-
erentially expressed on certain myeloid cell types and epithelial cells of the respiratory,
gastrointestinal, and reproductive tracts. This expression pattern is associated with local
viral control at the site of entry. Furthermore, type III IFNs activate similar signalling
pathways and partly induce the same genes as type I IFNs, resulting in a potent antiviral
response [48]. The pathogenic role of type III IFNs in AOSD and MAS has yet to be defined.

6. Discussion and Appraisal of Literature

During AOSD, the difficult clinical scenario of MAS makes it difficult to manage
patients, since genetic background, pro-inflammatory milieu, and triggers are mixed with
a high mortality rate [5,6]. Thus, a growing body of studies has focused on investigating
new therapeutic targets to better manage these patients [11,49]. Although IL-1 and IL-6
inhibiting agents were shown to be efficacious in AOSD [50,51], findings from clinical trials
of canakinumab and tocilizumab on SJIA suggested that these therapies could not fully
abrogate the risk of MAS development, even if the disease could be well controlled [52,53].
Consequently, these data suggest that additional pathogenic mechanisms could be impli-
cated in MAS occurrence and together with the preclinical data, provided the rationale
for IFN-γ inhibition in this field [31,34–36,38–41]. Thus, IFNs could be implicated in the
development of this life-threatening complication during AOSD, as shown in Figure 1. In
fact, Locatelli F et al. demonstrated the efficacy of emapalumab in children with primary
HLH [43], which could be considered a genetic model of cytokine storm syndrome [54].
These clinical results may further confirm the pathogenic role of IFN-γ. It could also be
possible to postulate the efficacy of emapalumab on cytokine storm syndromes from other
aetiologies, including inflammatory or iatrogenic, and in adult ages. However, the data
mined from children to adults with HLH would be limited by the presence of comorbidities,
which may contribute to a higher rate of mortality in adulthood (almost 40%) [55,56]. In
fact, patients with cytokine storm syndrome and comorbidities may be at high risk of poor
prognosis, less able to tolerate medical procedures, and less responsive to any treatment, as
recently shown in severe COVID-19 cases [57,58].

In addition, considering the poor prognosis of MAS occurring in AOSD, one crucial
point would be a more accurate estimation of the subsequent clinical response. In this
context, IFN-γ-induced chemokines were correlated with markers of MAS disease severity
and clinical response to emapalumab [43,44], thus suggesting possible predictors of clinical
response to treatment. Furthermore, IFN-γ-induced chemokines could be considered
as mechanistic biomarkers, better reproducing the ongoing pathogenic mechanisms in
MAS during AOSD and possibly more accurately reflecting the manipulated signalling
pathways. In this context, specific HLH features such as anaemia and thrombocytopenia
would be more correlated to IFN-γ [31]. In the heterogenous scenario of these patients,
some clinical features should be considered as possible predictors of clinical response to
IFN-γ inhibition when more relevant than others. Looking at new therapeutic strategies
targeting IFN-γ, the possible role of JAK inhibitors was proposed in animal models of
HLH as a further therapeutic option in these patients [59,60]. By the modulation of IFN-γ
and other cytokines, the JAK1/2 inhibitor ruxolitinib reduced immune cell proliferation
and activation, and reversed organ pro-inflammatory damage on experimental models of
HLH [59,60]. Since they were concomitantly affecting different proinflammatory pathways,
these drugs could simultaneously target IFN-γ and other pathogenic mechanisms of MAS
during AOSD, possibly allowing for better management of cytokine storm syndrome
in these patients [61]. On these bases, recent evidence has shown ruxolitinib may be
considered for patients with secondary HLH with contraindications to glucocorticoids,
with a good clinical response [62–64].
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Figure 1. Pathogenic implications of IFNs in a cytokine storm syndrome occurrence. Type I IFNs bind to the IFNAR complex,
consisting of two different chains, IFNAR1 and IFNAR2. Type II IFN activates the IFNGR, which is composed of two
different chains, IFNGR1 and IFNGR2, and type III IFNs signal through a receptor complex made up of IL28RA and IL10R2.
The impairment of the functions of type I IFNs or its delayed response may be implicated in the development of a cytokine
storm syndrome lacking the negative control of production and maturation of pro-inflammatory cytokines as well as lacking
the positive control on the production of anti-inflammatory cytokines. The enhanced activity of IFN II results in occurrences
of cytokine storm syndrome via increased production of pro-inflammatory cytokines and chemokines and the increased
activation of macrophages and cytotoxic T cells. The role of IFN III in this context has yet to be fully defined. Abbreviations:
IFN: Interferon; IFNAR: interferon-alpha/beta receptor; IFNGR: interferon-gamma receptor; IL28RA: interleukin 28 receptor,
alpha subunit; IL10R2: interleukin 10 receptor 2; TYK2: tyrosine kinase 2; JAK 1: Janus kinase 1; JAK 2: Janus kinase 2.

Finally, it must be pointed out that HLH could be also observed in patients with severe
combined immunodeficiency lacking the main pathogenic effectors of the disease, T- and
NK-cells. In these patients with severe combined immunodeficiency, the aberrant activa-
tion of macrophages and the subsequent cytokine storm syndrome may occur despite the
complete absence of lymphocytes [65]. Furthermore, IFNGR1 deficiency is a rare immune
deficiency characterized by selective susceptibility to mycobacterial disease due to IFNGR1
gene mutations [66]. Complete autosomal recessive IFNGR1 deficiency is characterized
by the early onset of disseminated life-threatening infections from low-virulent mycobac-
teria, lack of response to IFN-γ cytokine replacement therapy, and high mortality [67]. A
hematopoietic stem cell transplant is the only curative therapy available for these patients.
Taking these observations together in the context of HLH, early identification of these pa-
tients would be needed to avoid unnecessary exposure to IFN-γ inhibition during cytokine
storm syndrome.

7. Conclusions

In conclusion, IFNs are signalling molecules that mediate a variety of biological
functions from defence against viral infections to antitumor and immunomodulatory
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effects. Preclinical and clinical observations suggest that these molecules could promote
the hyperinflammatory response in MAS during AOSD, although additional evidence
is needed to fully elucidate this topic. Finally, the positive results of inhibiting IFN-γ in
primary HLH may provide a solid rationale to arrange further clinical studies, paving
the way towards new therapeutic targets and reducing the high mortality rate in MAS
during AOSD.
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Abstract: Adult-onset Still’s disease (AoSD) is a rare systemic autoinflammatory disease charac-
terized by arthritis, spiking fever, skin rash and elevated ferritin levels. The reason behind the
nomenclature of this condition is that AoSD shares certain symptoms with Still’s disease in children,
currently named systemic-onset juvenile idiopathic arthritis. Immune dysregulation plays a central
role in AoSD and is characterized by pathogenic involvement of both arms of the immune system.
Furthermore, the past two decades have seen a large body of immunological research on cytokines,
which has attributed to both a better understanding of AoSD and revolutionary advances in treatment.
Additionally, recent studies have introduced a new approach by grouping patients with AoSD into
only two phenotypes: one with predominantly systemic features and one with a chronic articular
disease course. Diagnosis presupposes an extensive diagnostic workup to rule out infections and
malignancies. The severe end of the spectrum of this disease is secondary haemophagocytic lympho-
histiocytosis, better known as macrophage activation syndrome. In this review, we discuss current
research conducted on the pathogenesis, diagnosis, classification, biomarkers and complications of
AoSD, as well as the treatment strategy at each stage of the disease course. We also highlight the
similarities and differences between AoSD and systemic-onset juvenile idiopathic arthritis. There is a
considerable need for large multicentric prospective trials.

Keywords: adult-onset Still’s disease; autoinflammatory disorder; systemic-onset juvenile idiopathic
arthritis; haemophagocytic lymphohistiocytosis; macrophage activation syndrome

1. Introduction

Adult-onset Still’s disease (AoSD) is a rare systemic autoinflammatory disease charac-
terized by arthritis, spiking fever, skin rash and elevated ferritin levels. The cause of this
complex disorder, which usually affects young adults, remains unknown [1]. A London
doctor named Bywaters first introduced the term AoSD in the medical literature in 1971
by describing this condition in a small group of 14 patients with an age range of 17 to
35 years [2]. The reason behind the nomenclature of this disease is that AoSD shares certain
symptoms with Still’s disease in children, which is currently named systemic-onset juvenile
idiopathic arthritis (SoJIA). Based on gene expression analysis, some regard SoJIA and
AoSD as a single nosological entity [3]. Most recent estimates place AoSD incidence at 0.16
to 0.4 per 100,000 persons [4].

One of the most interesting current discussions in immunology is the newly intro-
duced concept of a “crossroads between autoinflammation and autoimmunity due to
the pathogenic involvement of both arms of the immune system” [5]. AoSD, like PFAPA
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(periodic fever with aphthous stomatitis, pharyngitis and adenitis) and Behçet’s disease, is
a complex disorder with malfunctioning dysregulated immune system. On the one hand,
it lacks the classical characteristics of autoimmune diseases, such as autoantibodies, but on
the other hand, it has negative genetic testing in family histories, which is opposite to other
autoinflammatory conditions [6].

The past two decades have seen a large body of immunological research on cytokines,
which has attributed to both a better understanding of AoSD and significant advances in
treatment. One major problem is that although biological drugs have made revolutionary
changes in the management of a range of rheumatic conditions, many patients with AoSD
are not benefiting from most of them [7]. In addition, every rheumatologist with a patient
who had a life-threatening cytokine storm during macrophage activation syndrome (MAS)
has deep respect for AoSD.

The goal of our paper is to summarize the current (2020) state of knowledge on the
pathogenesis, diagnosis, classification, biomarkers and complications of AoSD, as well as
the treatment strategy at each stage of the disease course.

2. Autoinflammation and Autoimmunity

Autoimmunity was, historically, defined as a dysregulation of the adaptive immune
system, exclusively involving B and T lymphocytes and leading to the production of
autoantibodies directed against self. Autoinflammation, on the other hand, was strictly
separated from autoimmunity and was previously considered to have a solely innate
autoimmune aetiology. Recent studies on pattern recognition receptors (PRRs) were the
breakthrough discovery that changed the way we approach these two phenomena and
elucidated the pathology of a group of disorders where both arms interfere and contribute
to the inflammatory response [8].

Autoinflammation in periodic fever syndromes is caused by an inborn error of the
innate immune system that results in the perturbation of pattern recognition receptors
(PRRs), such as the leucine-rich repeat containing family (NLR), leading to an inappropriate
chain reaction towards both pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns molecules released from injured tissues (DAMPs) [9].

In concert with this theory, genetic errors in the NLR pathway can trigger the onset
of Crohn’s disease, a very well-known disorder that was classified as an autoimmune
disease until recently. Currently, Crohn’s disease is considered an autoimmune disease
with a prevalent autoinflammatory pathogenesis [10]. Moreover, a small subgroup of
patients with rheumatoid arthritis show systemic inflammatory symptoms, such as fever
and serositis, although this disease is not supposed to have a coexistent autoinflammatory
background [11].

AoSD belongs to this group of disorders and is thought to be “the archetype of
non-familial, or sporadic, systemic autoinflammatory disorders” [12].

2.1. Pathogenesis Part I: Who Started the Fire

The exact underlying cause of AoSD is not fully understood. We still do not know
what exactly triggers DAMPs and PAMPs.

The causal inferences between genetics and AoSD are controversial. Human genetic
factors apparently contribute to SoJIA in children, whereas the underlying genomic suscep-
tibility in the adult form is unclear [13].

On the other hand, there is a high degree of similarity between infections and the
onset of AoSD for fever, leucocytosis and elevated C-reactive protein (CRP). Logically,
many investigators focused on identifying infectious triggers and described the occurrence
of AoSD after infection with cytomegalovirus, Epstein-Barr, influenza, Mycoplasma, hepati-
tis, etc. [4]. We now know that cytomegalovirus may also trigger a relapse of AoSD [14].
Blood cultures and polymerase chain reaction (PCR) tests may, therefore, be useful for a dif-
ferential diagnosis, although no specific diagnostic algorithms exist to date. It is currently
still not clear which pathogenic viruses and bacteria should be included in the diagnostic
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workup. Remarkably, procalcitonin is not a reliable marker, since patients suffering from
AoSD can show elevated procalcitonin levels without confirmed infection [15].

Other studies have examined the relationship between cancer and AoSD [16] and
reported malignancy-mediated autoinflammation in breast cancer [17], thyroid cancer [18],
melanoma, lung cancer and haematological malignancies, mostly lymphomas [19]. Despite
increasing sophistication in the diagnostic workup for possible malignancies, there are
no universally accepted guidelines for patients with AoSD, which makes daily clinical
work more difficult. Positron emission tomography and computed tomography (PET/CT)
scanning could be useful in difficult case scenarios to rule out solid tumours or large vessel
vasculitis mimicking AoSD, but it is not routine practice because of the relatively high
costs [20]. Bone marrow examination can rule out a haematologic malignancy or support
the diagnosis of MAS.

In short, AoSD is a diagnosis of exclusion. The process of eliminating similar medical
conditions is most likely to take a considerable amount of time. Table 1 summarizes the
broad spectrum of differential diagnoses.

Table 1. Differential diagnosis of AoSD [12].

Infections
Tuberculosis, toxoplasmosis, brucellosis, yersiniosis

HIV, Epstein-Barr, cytomegalovirus, hepatitis, herpes, influenza,
parvovirus B19, measles, rubella

Malignancies
Lymphoma, Castleman disease, myeloproliferative disorders, melanoma

and colon, breast, lung, kidney and thyroid cancer
In pediatrics also: leukemia

Systemic diseases

Systemic lupus erythematosus, idiopathic inflammatory myopathies,
vasculitis, hereditary autoinflammatory syndromes, neutrophilic

dermatosis, Sweet syndrome, reactive arthritis, sarcoidosis, Schnitzler
syndrome, Kikuchi-Fujimoto disease

In pediatrics also: other types of inflammatory arthritis

2.2. Pathogenesis Part II: What Keeps the Fire Burning

PAMPs and DAMPs stimulate macrophages and neutrophils, leading to activation of
specific inflammasomes via Toll-like receptors. Inflammasomes are multiprotein units that
act as catalysts by activating the caspase pathway immediately after they come into contact
with damage or illness. Caspase enzymes lead to overproduction of IL-1β, the hallmark of
AoSD, and IL-18. IL-1β and IL-18 then promote further abnormal inflammation by several
cytokine bursts, including IL-6, IL-8, IL-17, IL-18 and TNF-α. At this point, the patient is
experiencing heavy systemic symptoms [21–24].

Furthermore, activated macrophages stimulate the release of excessive levels of fer-
ritin. In addition to functioning as an iron storage molecule, ferritin also plays a central role
in many conditions with an amplified inflammatory response, currently called “hyperfer-
ritinemic syndromes”, such as AoSD, MAS, catastrophic antiphospholipid syndrome and
septic shock [25]. Ferritin has a key role in inflammation by promoting cytokine production,
and at the same time, cytokines can regulate ferritin synthesis.

Moreover, analysis of accumulating data over the past years showed an enhancement
of neutrophil extracellular traps (NET) in AoSD, which promotes the acute phase response
by activating the NLRP3 inflammasome [26].

Additionally, dysfunctional natural killer (NK) cells, elevated T-helper Th1 and Th17
cells, enhanced IFN-γ and IL-17 levels, different alarmins, such as the S100 proteins, signifi-
cantly higher IFN-γ-producing Th1 cells and Th1/Th2 cells ratios and advanced glycation
end products complete the proinflammatory environment in many ways, which favours
the abnormal response of the human immune system [27–29].
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2.3. Pathogenesis Part III: Why Is Firefighting so Hard

The massive release of cytokines in patients with AoSD over a prolonged period of
time can be fatal. Deficient resolution of inflammation may be mostly due to failures in
immune system self-regulation. Deficient regulatory T cells, decreased or defective NK
cells, insufficient production of anti-inflammatory cytokines or problematic circulation of
advanced glycation end products (AGEs) have been hypothesized to cause these complex
problems [30–33]. Surprisingly, the anti-inflammatory cytokine IL-10 levels are elevated
during the higher state of inflammation and correlate with disease activity in AoSD [34].

3. Clinical Symptoms

Nonspecific symptoms such as fever, sore throat or arthralgia that usually bring
patients with AoSD to medical attention are rather misleading. The similarities with an
infection often obscure the diagnosis and lead to empirical antibiotic therapies. Italian and
French studies have shown a diagnostic delay ranging from 1.5 to 4 years between the onset
of symptoms and the final diagnosis of AoSD [4,35]. When all conservative treatments fail,
practitioners realize they are facing a prolonged febrile illness without an obvious aetiology.
The diagnostic journey then begins.

In a large retrospective study, which set out to analyse 1641 patients with fever of
unknown origin (FUO), AoSD was responsible for 5.4% of cases [36]. Overall, rheumatic
diseases comprise approximately 30% of cases with FUO, with AoSD being the most
frequent group [37].

Fever is a cardinal symptom in AoSD and occurs in 60 to 100% of cases. Patients
typically report two fever spikes daily, one in the morning and one in the evening, usually
>39 ◦C. In 60 to 80% of patients, a macular or maculopapular evanescent salmon-pink skin
rash on the proximal limbs and trunk accompanies high fever. Interestingly, this rash can
disappear completely during afebrile intervals. Permanent skin rashes, on the other hand,
presenting with urticaria, are warning signs for haematological complications. Both fever
and skin rash are correlated with disease activity. Along with other nonspecific constitu-
tional symptoms, such as weight loss and malaise, patients with active AoSD feel sick and
miserable [1,4,38].

Arthralgia is also a cardinal symptom that is observed in 70 to 100% of patients,
often accompanied by polyarthritis involving small joints, imitating rheumatoid arthri-
tis. Some patients with chronic articular AoSD show severe osteodestructive features,
which cause ankyloses and functional disability [39].

Other concomitant symptoms, such as pharyngitis, odynophagia, lymphadenopathy,
splenomegaly, myalgia, pleuritis or abdominal pain vary from person to person. National
registries and patient cohorts are a major determinant for successful characterization of
clinical phenotypes in the field of rare diseases, such as AoSD. Table 2 shows the summary
statistics of some observational studies and illustrates the heterogeneity of AoSD and SoJIA.

Table 2. Comparison of clinical features (%) of patients with AoSD and SoJIA.

Di Benedetto P,
Cipriani P,

Iacono D, et al.
(2020) [40]

Hu QY, Zeng T,
Sun CY et al.

(2019) [41]

Sfriso P,
Priori R,

Valesini G, et al.
(2016) [35]

Gerfaud-
Valentin M,

Maucort-
Boulch D,

Hot A, et al.
(2014) [42]

Fautrel B. et al.
(2002) [43]

Tsai H. et al.
(2012) [44]

Behrens E. D. et al.
(2008) [45]

Case number 147 517 245 57 72 28 136

Nationality Italy China Italy France France Taiwan United States

Female 39.5 72 47.3 53 nk 53.6 54

Average age at
onset 45.2 37.7 38.8 36 35.2 8.7 5.7

Median 2

Fever ≥ 39 ◦C 100 91.3 92.6 95 84.7 100 98

Rash 74.8 79.9 67.7 77 70.8 67.9 81
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Table 2. Cont.

Di Benedetto P,
Cipriani P,

Iacono D, et al.
(2020) [40]

Hu QY, Zeng T,
Sun CY et al.

(2019) [41]

Sfriso P,
Priori R,

Valesini G, et al.
(2016) [35]

Gerfaud-
Valentin M,

Maucort-
Boulch D,

Hot A, et al.
(2014) [42]

Fautrel B. et al.
(2002) [43]

Tsai H. et al.
(2012) [44]

Behrens E. D. et al.
(2008) [45]

Arthralgia/arthritis 88.4 73.1 93 95 88.8 89.3 88

Sore throat 56.5 60.5 62 53 52.7 nk nk

Lymphadenopathy 54.4 51.1 60.4 * 60 44.4 * 46.4 31

Hepatomegaly nk 6.6 41.7 21 nk nk ~7

Splenomegaly 66.7 34.4 60.4 * 30 44.4 * 21.4 * ~5

Pericarditis 21.1 14.1 17.3 19 20.8 nk 10

Pleuritis 19.7 nk nk 18 nk 7.1 * nk

Myalgia 64.6 32.5 nk 44 nk nk nk

AoSD
pneumonia 12.2 nk nk nk nk nk nk

Abdominal
pain 13.6 nk nk 18 nk nk nk

nk = not known. * reported together as single variable.

4. Laboratory Findings and Biomarkers

There are no pathognomonic laboratory findings in AoSD. Negative acute phase
proteins allow exclusion of an active AoSD. Laboratory tests will almost always detect high
levels of both CRP and leukocytes (>10,000/mm3), yet highly elevated leukocyte counts
of >50,000/mm3 are usually associated with haematological malignancies. In contrast,
leukopenia is related to an unfortunate course of disease with complications such as
reactive haemophagocytic lymphohistiocytosis or thrombotic angiopathy.

Diagnostic workup should also include liver function tests, as nearly 50% of the
patients show elevated transaminases, mostly due to non-steroidal anti-inflammatory
drugs (NSAIDs) or antibiotics and rarely due to fulminant hepatitis [35].

Moreover, ferritin is a very helpful serologic marker for diagnosis and follow-up,
especially when it increases >5-fold. Current propositions for hyperferritinaemia in AoSD
include increased production by macrophages, liver and erythrocytes due to parallel
erythrophagocytosis [46–49]. Furthermore, high circulating ferritin has a positive feedback
mechanism that can further exacerbate its own inflammatory properties [24]. Ferritin
contains two types of subunits: heavy (H) and light (L). In the bone marrow of patients
with MAS, high levels of H-ferritin are found, and they correlate with disease severity.
Correspondingly, lymph nodes and skin are infiltrated with CD68/H-ferritin cells.

Several studies have pointed out the diagnostic utility of glycosylated ferritin (GF).
A low percentage of GF is significantly related to amplifying inflammation in AoSD.
A combined laboratory approach of GF <20% with ferritin levels >5-fold can optimize the
diagnosis and yield a sensitivity of 43.2% and specificity of 92.9% [47]. Low GF can also
be used as a biomarker for haemophagocytosis [50]. Remarkably, GF does not perform
well in the assessment of disease activity in AoSD, since it remains low for several weeks
or months after flare up [51]. Unfortunately, measurement of GF is not a common marker
in routine laboratory diagnostics so far and few studies have been published supporting
its relevance.

Serum cytokine levels, such as IL-1, IL-6 or IL-18, could be helpful to diagnose AoSD,
but they are not yet recommended for routine practice [52–54].

Furthermore, studies investigating the members of the S100 protein family and how
they interact with proinflammatory signalling pathways show that they could be a potential
biomarker. However, more studies are needed to consider them a routine test [55,56].

High levels of serum amyloid A can predict the development of systemic amyloidosis [53].
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5. Diagnostic Criteria

During the diagnostic process, most physicians use the Yamaguchi and Fautrel classi-
fication criteria for AoSD in actual practice, although they are primarily designed to select
patients for clinical trials (Table 3).

Table 3. Classification criteria for AoSD and the revised definition of the International League of Associations for Rheuma-
tology (ILAR) diagnostic criteria for SoJIA.

Criteria 1992 Yamaguchi [57] 2002 Fautrel [47] 2004 ILAR [58]

Major

• Fever ≥39 ◦C lasting ≥1 week
• Arthralgia or arthritis ≥ 2 weeks
• Typical rash
• Leucocytosis ≥ 10,000/μL with

≥80% neutrophils

• Spiking fever ≥39 ◦C
• Arthralgia
• Transient erythema
• ≥80% granulocytes
• Pharyngitis
• Glycosylated ferritin ≤20%

• Arthritis in at least one
joint

• Fever >2 weeks, daily for
at least 3 days

Minor

• Sore throat
• Lymphadenopathy
• Hepatomegaly or splenomegaly
• Abnormal liver function tests
• Negative rheumatoid factor and

anti-nuclear antibodies

• Maculopapular rash
• Leucocytes ≥10,000/μL

• Evanescent
erythematous rash

• Generalized lymph node
enlargement

• Hepatomegaly
• Splenomegaly
• Serositis

Exclusion criteria
Infection, malignancy or other

rheumatic disorders than
mimic AoSD

None Other forms of JIA must
be excluded

Algorithm Five criteria, at least two major ones
AND no exclusion criteria

Four major criteria OR three majors
with two minor ones

All major criteria AND at least
one minor criteria

Sensitivity 96.2% 80.6% Not applicable

Specificity 92.1% 98.5% Not applicable

One major limitation of the Yamaguchi criteria set is its exclusion criteria. This ap-
proach is not beneficial in clinical practice, as it presupposes an extensive diagnostic
workup, whereas the needed laboratory and imaging tests are not specified. Another prob-
lem is that helpful biomarkers such as ferritin are not included. In contrast, Fautrel’s criteria
provide a core set without exclusion criteria and refer to the usability of glycosylated ferritin
as a diagnostic marker.

To validate the performance of the Fautrel criteria in 2018 in a different cohort than
the original in 2002, a French working group included 54 patients with AoSD and 278 con-
trols. The sensitivity was 87.0%, the specificity was 97.8%, and the positive and negative
predictive values were 88.7% and 97.5%, respectively. In the same study, the Yamaguchi
criteria (without exclusion restrictions) performed better and showed a sensitivity of 96.3%
and a specificity 98.9%, with positive and negative predictive values of 94.5% and 99.3%,
respectively [59].

6. The Course of the Disease Splits in Two

Several disease patterns have been observed in patient cohort studies. For approx-
imately 19–44% of affected patients, AoSD has a monocyclic course without relapses.
A polycyclic course is identified in 10–41% of affected patients and is characterized by
unpredictable periods of exacerbation after a few months or years. Approximately 35–57%
of affected patients show a chronic progressive course, which is the most frequent one,
which is characterized by steady progression, continuous inflammation and often erosive
joint involvement [60].

However, recent studies have introduced a new approach by grouping patients with
AoSD into only two phenotypes: one with predominantly systemic features and one with
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a chronic articular disease course. Treatment of the systemic form is different from the
treatment used for adults with progressive joint involvement, due to a higher inflammatory
status and possible multi-organ damage with haematological complications. The non-
systemic subgroup, on the other hand, may begin with systemic symptoms and evolve to a
disease resembling rheumatoid arthritis at the end stage. This phenotypic dichotomy may
also simplify the design of future clinical trials [4,61–64].

Predictive factors for the systemic subset of AoSD include high fever (>39 ◦C) and
high levels of liver enzymes or CRP, while female sex, polyarthritis at disease onset and
steroid dependence are associated with the chronic articular subgroup [65,66]. To close,
this simplified theory of dichotomous disease courses is supported, at least partially,
by studies on cytokine profiles and responses to biologic treatments [65,67,68].

7. Complications

7.1. Cytokine Storm

The most severe complication of the spectrum of Still’s disease and AoSD is secondary
haemophagocytic lymphohistiocytosis (HLH), better known as MAS. The term cytokine
storm best describes excessive cytokinaemia during MAS. The prevalence varies from 10
to 15% and is associated with high mortality [64]. Possible triggers such as infections or
medications in combination with uncontrolled and prolonged inflammation in patients
with genetic predisposition may lead to this life-threatening condition [69–71].

Researchers from France developed diagnostic criteria for MAS to shorten the crit-
ical process of reaching an accurate diagnosis. In this multicentre retrospective cohort
study of 312 patients, the diagnosis relied on a set of nine variables: known underlying
immunosuppression, high temperature, organomegaly, triglyceride, ferritin, serum aspar-
tate transaminase, fibrinogen levels, cytopenia and haemophagocytosis features on bone
marrow aspirate (Table 4). Based on a scoring system, physicians can then calculate the
“HScore” and assess the probability of the patient having MAS. MAS can be ruled out with
an HScore of ≤90 MAS, whereas an HScore ≥ 250 has a diagnostic accuracy of >99% [72].

Table 4. HScore † ‡ for diagnosis of haemophagocytic lymphohistiocytosis [72].

Variable Number of Points

Temperature
<38.4 ◦C 0

38.4–39.4 ◦C 33
>39.4 ◦C 49

Organomegaly
None 0

Hepatomegaly or splenomegaly 23
Hepatomegaly and splenomegaly 38

Cytopenia
One lineage 0
Two lineages 24

Three lineages 34

Triglycerides (mmol/L)
<1.5 0

1.5–4.0 44
>4.0 64

Fibrinogen (g/L)
>2.5 0
≤2.5 30
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Table 4. Cont.

Variable Number of Points

Ferritin (ng/mL)
<2000 0

2000–6000 35
>6000 50

Serum aspartate aminotransferase (IU/L)
<30 0
≥30 19

Haemophagocytosis on bone marrow aspirate
No 0
Yes 35

Known immunosuppression
No 0
Yes 18

† The probability of having haemophagocytic syndrome ranges from <1% with an HScore of ≤90 to >99% with
an HScore of ≥250. ‡ The HScore is freely available online (http://saintantoine.aphp.fr/score/ (accessed on
19 September 2020)).

Knowing how to diagnose MAS could be life-saving because of its short therapeutic
window of opportunity. Even if the full diagnostic criteria are not met, treatment should be
started as soon as possible to silence the cytokine storm and prevent hyperinflammatory
complications, critical illness and death. Cross-specialty collaboration is the key to success.

Once a diagnosis of MAS has been made, serum ferritin concentrations are useful for
monitoring disease activity and response to treatment. Very high peak levels as well as a
limited decrease (less than 50% from first measurement near diagnosis) after initiation of
treatment are associated with high mortality in paediatric patients [73].

7.2. Parenchymal Lung Disease and PAH

The latest research in paediatrics reported lung involvement in children with SoJIA,
a rare but potentially fatal complication [74,75]. Correspondingly, 12% of the 147 adult
patients with AoSD included in Gruppo Italiano di Ricerca in Reumatologia Clinica e Sper-
imentale (GIRRCS) cohort have been diagnosed with parenchymal lung disease. Older age
and higher inflammation status were independent predictors. Overall, the survival rate
was significantly decreased in this subgroup [76]. The reason behind the high mortality rate
is the association with MAS. Lung involvement seems to trigger accelerating mechanisms
of inflammation. This observation reflects the data about the occurrence of MAS in children
with lung damage [77,78]. Bronchiolitis and nonspecific interstitial pneumonia are the most
common histological patterns [79]. Pulmonary hypertension in AoSD is a rare complication
but it represents a life-threatening condition with a mortality of about 40%. This disorder
mostly affects women and leads to rapidly progressive respiratory distress [80,81].

7.3. Coagulation Disorders

Disseminated intravascular coagulation (DIC) is a rare complication in patients, mainly
in those with the systemic phenotype of AoSD and it occurs in 1–5% of cases. Cutaneous or
mucosal bleeding and/or signs of thromboembolism are suggestive of DIC [82]. The DIC-
Score by the International Society on Thrombosis and Haemostasis (ISTH) criteria is shown
in Table 5.
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Table 5. DIC-Score by ISTH [83].

Variables Points

Platelet count (/μL)

50,000–100,000 1

<50,000 2

Prolongation of PT (seconds)

3–6 1

>6 2

Fibrinogen (mg/dL)

<100 1

D-dimer (μg/mL)

0.5–1 1

1–2 2

>2 3

If score ≥ 5: compatible with DIC. Repeat daily.
If score < 5: suggestive of DIC. Repeat after 1–2 days.

DIC = Disseminated intravascular coagulation, ISTH = International Society on Thrombosis and Haemostasis.

Moreover, thrombotic microangiopathy (TMA) in the context of hyperinflammatory
conditions, such as AoSD, is another feared coagulation disorder. TMA causes small vessel
thrombosis and could lead to strokes or multi-organ failure. Acute blurred vision may be
an early symptom of ocular involvement in TMA [84].

8. Treatment Management

The establishment of a default management strategy for rare diseases such as AoSD is
not easy (Figure 1). Steroids and NSAIDs are almost always the first-line treatment regimen
in both clinical phenotypes; unfortunately, they have a poor overall response. To achieve
satisfactory control of the disease, many physicians offer their patients disease modify-
ing antirheumatic drugs (DMARDs) such as methotrexate, ciclosporin or azathioprine,
although there is no robust evidence to support this practice [85]. However, the anticipated
response rate in patients with the chronic articular phenotype of AoSD should be higher
when the therapy protocol for rheumatoid arthritis is adopted [67].

Moreover, systematic reviews on AoSD are problematic because of the heterogeneity of
clinical disease courses, the different organ manifestations and used treatment approaches.
There is a great need for large multicentric prospective trials.

8.1. Anti-TNF Therapy

In contrast to numerous trials in the field of rheumatoid arthritis and spondyloarthritis,
the efficacy of TNFα blockers in AoSD is controversial. They should probably only be
prescribed for patients in the end stage of the articular type to inhibit erosion progres-
sion [86–88].
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Figure 1. Suggested strategy for management of AoSD. Diameter of the circles represents the challenge in clinical practice.
AoSD = Adult-onset Still’s disease, NSAIDs = Non-steroidal anti-inflammatory drugs, MTX = Methotrexate, csDMARDs =
Conventional synthetic disease-modifying antirheumatic drugs, IL = Interleukin, TNF = Tumor necrosis factor, JAK = Janus
kinase, GC = Glucocorticoids, CRP = C-reactive protein.

8.2. Anti-IL-1 Therapy

Evidence over the last twenty years has explained the central functional role of IL-1 in
the pathogenesis of autoinflammatory conditions. Anakinra, a recombinant humanized
IL-1 receptor antagonist, is the first choice for AoSD, yet patients with mainly articular
phenotypes do not always benefit. Anakinra is licensed for subcutaneous use for systemic
juvenile idiopathic arthritis, periodic fever syndromes, rheumatoid arthritis and AoSD
(only by the European Medicines Agency) [12,89–91]. Rapid improvement in the systemic
features of AoSD following anakinra administration was well demonstrated in a recent
large observational retrospective multicentre study in 140 Italian patients [92].

However, the slower absorption of the subcutaneous route is a major disadvantage
when facing a cytokine storm in patients with critical illness. This issue was addressed
in a study with 46 patients with MAS, where 18 of them were treated with intravenous
anakinra. Its pharmacokinetic and safety profile looks promising, yet the dosing scheme
remains unclear. The authors concluded that intravenous anakinra could be used as a
first-line treatment in MAS [69].

The other strategy for inhibiting IL-1 that has been intensively studied to date consists
of a fully human antibody against IL-1β, canakinumab [93–95]. Canakinumab is cur-
rently licensed for AoSD, SoJIA, periodic fever syndromes and gout [96]. The CONSIDER
study (Canakinumab for Treatment of Adult-Onset Still’s Disease to Achieve Reduction of
Arthritic Manifestation), a phase II, randomized, double-blind, placebo-controlled, mul-
ticentre, investigator-initiated trial was terminated prematurely and did not reach the
primary outcome (ΔDAS28 > 1.2). However, this trial demonstrated that in AoSD, treat-
ment with canakinumab yielded improvement in several clinical aspects of the disease,
while showing a favourable safety profile [97–99].
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The efficacy and safety of another IL-inhibitor, rilonacept, was analyzed in a ran-
domized, double-blind, placebo-controlled trial with seventy-one children with SoJIA.
Rilonacept showed some benefit with an acceptable safety profile, although the primary
end point was not met [100].

8.3. Anti-IL-6 Therapy

Tocilizumab, a humanized monoclonal antibody against the IL-6 receptor, showed
promising results in the treatment of AoSD in a pilot study. Both the systemic features
and the arthritic manifestations improved [101–103]. A 2018 meta-analysis investigated
the benefits of tocilizumab in patients with AoSD and definitely showed signals of efficacy
compared to conventional therapy regimes and was well acceptable in terms of safety [104].
The other IL-6 receptor antagonist, sarilumab, was reported to be effective as a steroid-
sparing agent [105].

8.4. JAK Inhibitors

Contrary to anti-IL-1 and anti-IL-6 therapies, Janus kinase (JAK) inhibitors block a
wide variety of proinflammatory cells and can therefore become a very promising treatment
approach in heterogeneous disorders, such as AoSD. In a study with 14 patients with
refractory AoSD, seven of them achieved complete remission under tofacitinib, while six
responded partially. This trial also showed the steroid sparing effect of tofacitinib, especially
in the articular phenotype [106]. Furthermore, a reported case of AoSD complicated by
MAS describes remission with tofacitinib after failure of response to tocilizumab [107].
Another case report describes successful treatment of AoSD with tofacitinib in a HIV-
positive female patient [108]. Baricitinib could also be an option, although current data are
debatable [109].

8.5. Anti-IL-18 Therapy

Given the new insights into the pathogenic role of IL-18 in AoSD, this cytokine quickly
became a drug target. Tadekinig alpha, a recombinant human IL-18 binding protein, demon-
strated its potential effectiveness and acceptable safety profile in a phase 2 multicentred
European study in 2018. The low number of participants (21) and the short period of
treatment duration (12 weeks) could be considered limiting factors [110].

9. Still’s Disease in Children and Adults—Is There a Difference?

SoJIA was first described by Georg F. Still in 1897 as a novel disease entity differing
from other forms of juvenile onset arthritis [111]. As AoSD and SoJIA share certain symp-
toms, it is worth investigating whether AoSD is a continuum of SoJIA in adult patients.

A closer look at the age-dependent disease prevalence gives first indications that
the two entities may be a continuum of one and the same entity. Unpublished data from
German registries for pediatric and adult patients with rheumatic diseases yields a contin-
uous decline of SoJIA prevalence by age with highest prevalence in age group 0–4 years.
The prevalence in the 15–20 years old patients closely corresponds to the prevalence of
young adults with AoSD, which also further declines by age.

Even on closer inspection, SoJIA and AoSD show multiple other similarities. The dif-
ferences described below may be based primarily on different research strategies as well
as the inclusion of various patient cohorts and therefore do not contradict the thesis of
a common disease continuum. Understanding the pathology and clinical manifestation
of both entities should therefore be considered synergistically to identify age-dependent
differences and define age-independent similarities.
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Investigating drivers of paediatric diseases frequently focus on underlying genetic
conditions. Therefore, multiple genome association studies have been performed to answer
whether the fire ignites particularly easily in the presence of a certain genotype. First genetic
studies on SoJIA were already published in 1976 and showed that SoJIA differs from other
forms of JIA [112]. More recently a locus on chromosome 1 and loci within the HLA class
II and III region on chromosome 6 have been associated with SoJIA [113]. Furthermore,
HLA-DRB1*11 was found to be a major risk factor for SoJIA indicating the involvement of
antigen-specific T cells [114]. In combination, these studies suggest a complex pathogenesis
with multiple levels of genetic diversity. Furthermore, there is also emerging evidence for
a rare familial monogenic form of SoJIA, which is associated with mutations in LACC1
leading to a reduced autophagy flux in primary macrophages [115–117].

In SoJIA, a model assumes a biphasic disease course with an initial systemic phase
dominated by fever, followed by an intermediate phase and finally a phase in which
arthritis is in the foreground [118]. Especially during the early phase of SoJIA PAMPs
and DAMPs, prominently S100A8/9 and SA10012 initiate a fever-syndrome with signs
of autoinflammation [119,120]. In this respect, it was shown that leukocytes from SoJIA
patients overreact to TLR4 and TLR 8 stimuli leading to a strongly increased IL-1 production
by monocytes [121]. In a landmark paper, Pascual et al. described that sera derived from
patients with SoJIA can induce–amongst others–the transcription of IL-1 in cells derived
from healthy controls [122]. Additionally, unstimulated cells from patients with active
SoJIA and AOSD express genes related to innate immunity including members of the
IL-1 pathway [3,122]. This perspective is broadened by recent work, which demonstrate
an association of high expression of certain transcription factors with early active SoJIA,
indicating a role of B-cell activation and autoimmunity during that phase of disease [123].

Similar to AoSD it is suggested, that this first autoinflammatory phase is furthermore
sustained by IL-18 and IL-6 [124]. IL-18 is part of the IL-1-family and induces the expression
of Interferon-γ mainly by cytotoxic lymphocytes, which robustly express the IL-18 receptor.
The naturally occurring antagonist IL-18 binding protein (IL-18BP) which is again induced
by Interferon-γ controls the action of IL-18 [125].

Due to their central role in the differentiation of Th17 cells, the two cytokines IL-1β
and IL-6 may be a key to understand the disease evolution of SoJIA [126,127]. Two recent
studies analysing cells from patients with SoJIA give evidence that an IL-1-blockade
prevents and/or reverses the differentiation of /δ T cells and regulatory T cells into a
Th17 phenotype [128,129].

A central role of an impaired NK cell function in the perpetuation of SoJIA patho-
genesis has been studied by analysing patient’s cells as well as applying a corresponding
murine model [130–132].

Differently from adult patients, MAS is well known in paediatric patients. The transi-
tion from SoJIA to MAS (for classification criteria see Table 6) is sought to be initiated by
the constant inflammatory trigger and often corresponds to a massive increase in IFNγ.
Furthermore, as effective treatment of SoJIA using IL-1 and IL-6 blockade does not com-
pletely protect from MAS in these patients further mechanism must be involved in the
development of MAS [78]. There is evidence, that a major driver for MAS is free IL-18
overcoming the inhibitory levels of IL-18-binding protein [125]. The close link of SoJIA
to MAS is further demonstrated by whole-exome-sequencing showing overlaps between
both diseases [133].

174



J. Clin. Med. 2021, 10, 733

Table 6. Classification criteria for MAS in SoJIA (EULAR/ACR-approved [134]).

Major criteria
• Febrile patient with (suspected) SoJIA
• Serum ferritin > 684 ng/mL

Minor criteria

• Platelet count ≤ 181 × 109/L
• Aspartate aminotransferase > 48 U/L
• Triglycerides > 156 mg/dL
• Fibrinogen ≤ 360 mg/gL

Algorithm Both major criteria with at least two minor criteria

Clinical presentation can vary but most patients initially present very ill. The most com-
mon initial clinical features are fever, (most commonly a polyarticular) arthritis, and rash.
Especially a fever pattern with one or two peaks on a daily basis, with rapid return to
baseline is highly suggestive. The fever is classically accompanied by a discrete, salmon
pink, erythematous macular rash. Furthermore, inflammatory affections of all organs can
occur [135]. Emerging evidence for a lung disease, a rare but life-threatening complication
in SoJIA patients comes from a multicentre retrospective study. The found pathology
was mostly an alveolar proteinosis and lung disease was associated with macrophage
dysfunction. Contrary to AoSD very young age was a predictor and despite a suggested
macrophage dysfunction it is not associated with MAS in paediatric patients [74].

Similar to the AoSD classification criteria from Yamaguchi [57] and from Fautrel [43]
the International League of Associations for Rheumatology (ILAR) defined criteria for
the diagnosis of SoJIA (see Table 3) [58]. As the paediatric criteria require the presence
of an arthritis a subset of SoJIA patients can have a severe delay in diagnosis as the sys-
temic symptoms can proceed the arthritis by up to 10 years [135]. Retrospective testing
of the Yamaguchi criteria in paediatric patients with suspected SoJIA with and without
arthritis has yielded promising results especially for SoJIA patients with a delay in onset
of arthritis [136]. Combining both sets of criteria might improve the time until diagnosis,
especially in patients with a long time between systemic onset and beginning of arthri-
tis [137]. A treatment window targeting the cytokine driven first phase of the disease might
otherwise close [138].

Consensus-based treatment strategies exist from the German Society for Pediatric
Rheumatology (GKJR) (Figure 2) [139] and the North American Childhood Arthritis and
Rheumatology Research Alliance (CARRA) [140]. These are summarized as “treatment-
to-target”. The main goal is achieving a clinical remission with the secondary goal of
avoiding long-term glucocorticoids [139]. According to the CARRA and GKJR consensus
statements methotrexate therapy is an option in articular diseases courses, either as sole
long-term or adjunctive therapy. Besides glucocorticoids, IL-1 [141] and IL-6-receptor-
targeting drugs are established cornerstones of modern therapeutical approaches [142].
The later ones have been proven successful in randomized trials [141–143]. Use of biologics
is already suggested for initial treatment as monotherapy [139], whilst only results for
initial treatment with anakinra have been published [144]. Furthermore, current data from
the German National Pediatric Rheumatologic Database shows an increased usage of these
biologicals as well as an improved initial response to treatment [145]. Other explanations
for this effect could be an improved access to specialized care and a more rapid start of
treatment. Furthermore, patient recruitment for a trial with the Janus-kinase bariticinib
is active (ClinicalTrials.gov Identifier: NCT04088396). There is also an ongoing trial of
tofacitinib in children with SoJIA (ClinicalTrials.gov Identifier: NCT03000439).
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Figure 2. Treat-to-target consensus treatment strategy from the German Society for Pediatric Rheumatology for definitive
SoJIA. In addition, non-steroidal anti-inflammatory drugs, intraarticular GC or Methotrexate may be used throughout.1 Max-
imal doses for glucocorticoids: intravenous methylprednisolone pulse therapy (20–30 mg/kg/day (max. 1000 mg/day) for
5 days or prednisolone equivalent 1–2 mg/kg/day (max. 80 mg/day). Maximal doses for biologics: Anakinra 8 mg/kg/day
(max. 300 mg/day), Canakinumab max. 300 mg every 4 weeks, Tocilizumab (for body weight > 30 kg) 8 mg/kg (max.
800 mg) i.v. every 2 weeks and (for body weight < 30 kg) 12 mg/kg every 2 weeks.2 Treatment target 1-definition: resolution
of fever or improvement of CRP by at least 50%. 3 Treatment target 2-definition: improvement of the physician global
assessment by at least 50% AND reduction of the active joint count by at least 50% OR JADAS-10 score of maximally 5.4.
4 Treatment target 3-definition: clinically inactive disease without GC. T2T = Treat to target, SoJIA = Systemic-onset juvenile
idiopathic arthritis, GC = Glucocorticoids, TNF = Tumor necrosis factor, JADAS = juvenile arthritis disease activity score
(JADAS), “Biologic” refers to Anakinra, Canakinumab or Tocilizumab. ↓ = reduce drug dose. ↑ = increase drug dose.

Although individual studies show certain differences between AOSD and SoJIA,
a comparative analysis indicates that both findings most likely describe different ends of a
common disease continuum.

10. Conclusions

AoSD is characterized by pathogenic involvement of both arms of the immune system.
Despite extensive progress in understanding the pathophysiology and targeting the right
cytokines, there are few large prospective cohort studies and randomized trials compared
to other rare diseases, such as vasculitis. The new dichotomous classification of patients
with AoSD into systemic and articular phenotypes may be a simple but very important step
in designing and conducting future clinical trials. Furthermore, the development of activity
score and treatment to target is required. These tasks should be addressed in cooperation
between paediatric and adult rheumatologists.
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Abbreviations

AoSD Adult-onset Still’s disease
SoJIA Systemic-onset juvenile idiopathic arthritis
MAS Macrophage activation syndrome
HLH Haemophagocytic lymphohistiocytosis
PRRs Pattern recognition receptors
NLR Leucine-rich repeat containing family
PAMPs Pathogen-associated molecular patterns
DAMPs Damage-associated molecular patterns
IL Interleukin
TNF Tumor necrosis factor
GF Glycosylated ferritin
DIC Disseminated intravascular coagulation
TMA Thrombotic microangiopathy
PET/CT Positron Emission Tomography/Computer Tomography
ILAR International League of Associations for Rheumatology
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Abstract: The cryopyrin-associated periodic syndromes (CAPS) are usually caused by heterozygous
NLRP3 gene variants, resulting in excessive inflammasome activation with subsequent overproduc-
tion of interleukin (IL)-1β. The CAPS spectrum includes mild, moderate, and severe phenotypes.
The mild phenotype is called familial cold autoinflammatory syndrome (FCAS), the moderate
phenotype is also known as Muckle–Wells syndrome (MWS), and the neonatal-onset multisystem
inflammatory disease (NOMID)/chronic infantile neurologic cutaneous articular syndrome (CINCA)
describes the severe phenotype. The CAPS phenotypes display unspecific and unique clinical signs.
Dermatologic, musculoskeletal, ocular, otologic, and neurologic disease symptoms combined with
chronic systemic inflammation are characteristic. Nevertheless, making the CAPS diagnosis is chal-
lenging as several patients show a heterogeneous multi-system clinical presentation and the spectrum
of genetic variants is growing. Somatic mosaicisms and low-penetrance variants lead to atypical
clinical symptoms and disease courses. To avoid morbidity and to reduce mortality, early diagnosis
is crucial, and a targeted anti-IL-1 therapy should be started as soon as possible. Furthermore,
continuous and precise monitoring of disease activity, organ damage, and health-related quality of
life is important. This review summarizes the current evidence in diagnosis and management of
patients with CAPS.

Keywords: CAPS; FCAS; MWS; CINCA; NOMID; hearing loss; urticarial-like rash; autoinflammatory
disease; anti-IL-1 treatment

1. Introduction

Autoinflammatory diseases (AID) are rare, often severe illnesses caused by genetic
variants in innate immunity genes resulting in a constitutive overproduction of proin-
flammatory cytokines [1,2]. The genetic origin of monogenic interleukin-1 (IL-1) medi-
ated AID was first determined for the familial Mediterranean fever (FMF) in 1997 [3,4].
In 1999, mutations in the TNFRSF1A gene were shown to be associated with Hibernian
fever subsequently relabeled as tumor necrosis factor (TNF) receptor-associated periodic
syndrome (TRAPS) [5,6]. Furthermore, for the hyperimmunoglobulinemia D syndrome
(HIDS)/mevalonate kinase deficiency (MKD) the MVK gene was described in 1999 [7,8].
In 2001/2002, the NLRP3 gene (also known as CIAS1 or NALP3 gene) was discovered,
coding for the protein cryopyrin or synonymously called NLRP3/NALP3 protein [9–11].
Variants of this gene usually cause the cryopyrin-associated periodic syndromes (CAPS),
a clinical spectrum of different autoinflammatory phenotypes with varying disease activity
and phenotype-related risk for morbidity and mortality [12]. The CAPS spectrum includes
mild, moderate, and severe phenotypes. The mild phenotype is also called familial cold
autoinflammatory syndrome (FCAS, OMIM 120100), the moderate phenotype is known
as Muckle–Wells syndrome (MWS, OMIM 191900), and the neonatal-onset multisystem
inflammatory disease (NOMID)/chronic infantile neurologic cutaneous articular syndrome
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(CINCA) (OMIM 607115) describes the severe phenotype. In a recent consensus proposal of
a new taxonomy for monogenetic AID, it was proposed to use the name NLRP3-associated
autoinflammatory diseases (NLRP3-AID) for the CAPS spectrum [13]. The different levels
of phenotypic severity of the same disease should be reflected by using the adjectives: mild,
moderate, and severe [13]. However, it seems that this new taxonomy has yet failed to
receive broad recognition, therefore, the, up until now, more prevalent term CAPS is used
in this paper.

The CAPS phenotypes display unspecific and unique clinical signs. Dermatologic,
musculoskeletal, ocular, otologic, and neurologic disease symptoms combined with chronic
systemic inflammation are characteristic. Nevertheless, making the CAPS diagnosis is
challenging as several patients show a heterogeneous multi-system clinical presentation
and the spectrum of genetic variants is growing. Somatic mosaicisms and frequent variants
of uncertain significance also known as low-penetrance variants lead to atypical clinical
symptoms and disease courses.

The CAPS phenotypes are an important differential diagnosis in patients with sys-
temic inflammation and suspected AID. Prompt diagnosis and early start of targeted
anti-IL-1 treatment is crucial to avoid disease burden and organ damage. Furthermore,
effective multidisciplinary management of patients with CAPS including, treat-to-target
(T2T) strategies, as well as standardized monitoring of disease activity, organ damage,
and disease-related psychosocial burden is important. In this review, we summarize what
we know today, nearly 20 years after NLRP3 gene discovery, give an overview of the current
evidence in making the diagnosis, and give an update regarding the current management
recommendations for patients with CAPS.

2. Epidemiology

CAPS belong to the orphan diseases or so-called rare diseases. Their true incidence
is unknown due to underdiagnosis, underreporting, and selection bias, similar to other
rare disease [14]. However, the prevalence is estimated to be 2.7 to 5.5 per 1 million and
might be higher, as CAPS is still not widely known, and therefore often not diagnosed
correctly [15,16]. The different CAPS phenotypes seem to vary in incidence and preva-
lence over the globe. Caucasians are more often affected, whereas no gender differences
could be observed so far [15,17]. CAPS has been reported on nearly every continent, and
the geographical distribution of CAPS might be influenced by external factors such as
weather [14]. For example, patients with FCAS can avoid flares if not exposed to cold,
and therefore they might prefer to live in areas with a mild climate. In North America,
a founder mutation (L353P) associated with the mild CAPS phenotype FCAS is observed
in up to 75% of CAPS patients, whereas in Europe the moderate MWS seems to be the
most common CAPS phenotype [14,18,19]. The more severe phenotypes, such as CINCA
or NOMID, are rare and mostly caused by de novo variants [20].

3. Genetics

In 2001, heterozygous gain-of-function variants in the NLRP3 gene were identified
in patients with FCAS and MWS and later in NOMID/CINCA [9–11]. This discovery led
to the conclusion that FCAS, MWS, and NOMID/CINCA represent different phenotypes
that belong to the same disease spectrum, called CAPS [12]. Today, genetic variants can be
classified as ”pathogenic”, ”likely pathogenic”, ”uncertain significance”, ”likely benign”,
and ”benign” [21]. The Infevers database (https://infevers.umai-montpellier.fr/web/),
an exhaustive registry for sequence variants identified in different AID related genes,
listed more than 240 sequence variants of the NLRP3 gene in November 2020 [22]. Of these,
more than 100 are known to be pathogenic/likely pathogenic and the majority is located in
exon 3.
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3.1. Frequent Variants of Uncertain Significance

Frequent variants of uncertain significance (VUS), also known as low-penetrance
variants, can be present in asymptomatic healthy individuals. Nevertheless, some of
these frequent VUS, also described as risk alleles, may contribute to an AID phenotype
in affected carriers [23–25]. The systemic inflammation might be mediated by different
pathways parallel to the caspase 1 activation, including IL-1β and non-IL-1β mediated in-
flammatory pathways [23,26]. Schuh et al. analyzed peripheral blood mononuclear cells of
several symptomatic patients with NLRP3 VUS and found increased NLRP3-specific IL-1β
release upon stimulation and elevated NLRP3-independent IL-6 and TNF-α levels [27].
Furthermore, frequent VUS seem to act as susceptibility alleles to inflammation [28,29].
Well known frequent VUS in the NLRP3 gene are the following variants: V198M, R488K,
and Q703K. Symptomatic carriers display a distinct clinical phenotype, which includes typ-
ical CAPS symptoms of headache, urticarial-like rashes, and arthralgia, as well as atypical
CAPS symptoms, such as severe gastrointestinal symptoms [23]. In addition, symptomatic
patients with NLRP3 VUS seem to have significantly more fever (76%) [23] and can present
with cranial nerve inflammation [27]. Moreover, it seems that Q703K variants can be also
associated with pharyngitis and oral aphthosis [24]. Whereas Kuemmerle-Deschner et al.
stated that patients with frequent VUS in the NLRP3 gene were at lower risk for eye disease,
hearing loss, and renal involvement [23], Theodoropoulou et al. concluded that patients
with clinical CAPS phenotype and Q703K variants had a comparable complication risk to
patients with pathogenic NLRP3 gene variants [24]. However, patients with low-penetrance
NLRP3 gene variants seem to display an intermediate biologic phenotype, with traditional
markers of inflammation being elevated less frequently [23]. It is important to notice
that the detection of a frequent VUS in the NLRP3 gene does not genetically confirm the
diagnosis of CAPS.

3.2. Somatic Mutation/Somatic Mosaicism

Somatic mutation/somatic mosaicism is a term which describes the occurrence of a
new mutation post-zygotically in an embryo after the single cell stage with inheritance by
all subsequent cells of that lineage, resulting in genetically different cell populations within
an individual [30]. Whereas germline mutations are present in the first fertilized egg and,
consequently, expressed in all cells of the body, the body distribution of somatic mutations
depends on the time when the post-zygotic mutation occurs. If the somatic mutation
occurs early in embryonic development, it results in a high frequency of altered cells across
many different tissues and cell types; while those occurring later affect a lower frequency
of mutant cells in a more limited distribution, potentially leading to a delayed onset of
disease [30]. In 2005, Saito et al. identified a somatic mutation in a CINCA/NOMID
patient [31]. Subsequently, somatic mosaicism was reported in 70% of former genetically
negative NOMID/CINCA patients [32]. Labrousse et al. estimated that the proportion
of CAPS-like patients carrying mosaicism ranged between 0.5% and 19% [33]. One of
the most common somatic mutations is the E567K [33]. Up to now, there are 35 different
somatic mutations that have been identified in the NLRP3 gene [33]. Somatic mutations
can result in an atypical AID phenotype, milder disease course, or late onset [32,34–36].
Furthermore, vertical transmission of somatic mosaicism has been reported [37]. Addi-
tionally, the phenotypic spectrum of CAPS appears to be related to the germinal/mosaic
status and localization of the underlying variant [38]. Louvrier et al. reported that somatic
mutations for NLRP3 were mainly situated in the core of the NLRP3-inflammasome ac-
tivating domain, while germline mutations were scattered throughout this domain [38].
Furthermore, it seems that there are two hotspots for somatic mutations. One is located in
the HD2 domain of NLRP3 and the second mosaic mutational hotspot involves Phe304 to
Gly309 amino acids that overlap the Walker B motif of the nucleotide binding domain [38].
Due to the low or extremely low frequency of the mutant allele, somatic mutations can be
missed using conventional methods of genetic analysis, such as Sanger sequencing. To
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detect somatic mutations, usually novel technologies are needed, such as next generation
sequencing (NGS)-based methods with greater depth.

4. Pathogenesis

The NLRP3 gene encodes for the protein NLRP3, which is part of the cytoplasmatic
nucleotid-binding domain, a family member of the intracellular “NOD like” receptor
(NLR) [39]. NLRP3 nucleates an intracellular multi-molecular complex, called the NLRP3
inflammasome [40]. The NLRP3 inflammasome consists of specific adaptor proteins such as
ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain) and
several chaperone proteins [41,42] and the formation of this complex enables the activation
of proinflammatory protease caspase-1. Caspase-1 can cleave pro-interleukin (IL)-1β and
pro-IL-18 in their biological active forms (IL-1β, IL-18) [42–44]. IL-1β, and to a less extent
IL-18, can elicit neutrophilic inflammation [14]. Once released, IL-1β causes a cascade of
downstream signals, which finally result in the activation of nuclear factor κB (NFκB) and
the production and release of other inflammatory cytokines. The NLRP3 inflammasome
can be activated by a large variety of pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs). Additionally, it seems that cells of CAPS
patients have increased levels of reactive oxygen species due to increased redox stress,
resulting in overactivation or ineffective anti-inflammatory mechanisms [45]. A unique
feature of monocytes isolated from patients with FCAS is inflammasome activation when
cultured at a slightly cooler temperature of 32 ◦C instead of the traditional 37 ◦C, resulting
in increased IL-1β, IL-6, und TNF-α secretion [46].

5. Three Distinct Phenotypes Versus One Cryopyrin-Associated Periodic Syndromes
(CAPS) Spectrum

Historically, FCAS, MWS, and NOMID/CINCA have been described as three distinct
diseases. The first clinical reports of FCAS date back to 1940, when Kile and Rusk described
FCAS as an inherited disorder with cold-induced skin and musculoskeletal symptoms [47].
MWS was first described in 1962 by Muckle and Wells as a syndrome of urticarial rash,
neurosensory hearing loss, and amyloidosis [48]. CINCA/NOMID was first described
by Prieur, in 1980, as a chronic inflammatory disease with rash, articular involvement,
and chronic aseptic meningitis [49,50]. However, in all three phenotypes, the disease-
causing variant was identified in the NLRP3 gene [12]. Furthermore, patients can present
with overlapping symptoms between the historically distinct phenotypes. Therefore, today
CAPS is conceived as a continuous spectrum of disease. Although anti-IL-1 treatment is
recommended for all phenotypes and is known to be effective throughout the complete
CAPS severity spectrum [51], it is still important to distinguish among the subphenotypes,
particularly in the moderate to severe CAPS phenotypes, because more intensive treatment
is necessary to achieve remission and to prevent organ damage [52–54].

6. Clinical Manifestations

Similar to several other AID, CAPS is a multi-system inflammatory disease, affecting
eyes, skin, muscles, joints, bones, kidneys, and the central nervous system. Some signs
of inflammation are commonly associated with distinct subtypes of the CAPS spectrum
(Table 1), whereas others are present in all subgroups. Characteristic CAPS symptoms can
result from acute inflammation (flares) but they can also be caused by organ damage due to
chronic inflammation. A chronic disease course was reported by 57% of 136 patients with
CAPS, whereas 43% experienced only symptoms during acute inflammatory flares [55].
The age of CAPS onset ranges between perinatal/early infancy and adulthood. The median
disease onset is 0.8 years (0.1–5), but a late-onset, with a median age of 50 years in patients
with somatic mutations, has been described [36,55]. The duration of acute inflammatory
flares can vary between <24 h up to more than 3 days [55]. CAPS flares can be triggered
typically by cold, stress, infections, or trauma and lack of sleep [55]. In particular, cold is
a commonly reported and potent trigger for the mild CAPS phenotypes, such as FCAS.
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In FCAS, inflammatory flares might be more frequent in the winter, on damp and windy
days, and following exposure to air conditioning [14,56].

Table 1. Clinical manifestations and characteristics of cryopyrin-associated periodic syndromes (CAPS) (adapted from
[14,18]).

Clinical Manifestations and Characteristics of CAPS

Mild Phenotype (FCAS) Moderate Phenotype (MWS)
Sever Phenotype

(CINCA/NOMID)

Disease onset <6 months–adulthood Early childhood–adulthood Perinatal

Family history Often positive Often positive Often negative (sporadic de
novo mutations)

Inflammatory flares Yes Yes + continuous disease
symptoms

Yes + continuous disease
symptoms

Duration of inflammatory
flares

30 min–72 h 1–3 Days ± subclinical Persistent inflammation

Cold trigger Yes Possible Rare

Dermatological
manifestations

Cold-induced neutrophilic
urticaria Neutrophilic urticaria Neutrophilic urticaria

Fever
6–24 h after cold exposure

possible Particularly in childhood Yes

Fatigue Rare Yes Yes

Hearing loss No Yes Yes

Ocular manifestation Conjunctivitis
Conjunctivitis, episcleritis,

optic disc
edema/papilledema

Conjunctivitis, episcleritis,
optic disc

edema/papilledema

Muskulosceletal
manifestations

Myalgia, arthralgia Myalgia, arthralgia,
oligoarthritis

Myalgia, arthralgia, (poly-)
arthritis. epiphyseal bony
overgrowth, limb-length

discrepancies, contractures

Central nervous system
manifestations

Headache Headache, intermittent aseptic
meningitis

Headache, chronic aseptic
meningitis increased

intracranial pressure, brain
atrophy

Abbreviations: FCAS, familial cold autoinflammatory syndrome; MWS, Muckle–Wells syndrome; NOMID, neonatal-onset multisystem
inflammatory disease; CINCA, chronic infantile neurologic cutaneous articular syndrome.

6.1. Unspecific General Symptoms

Common unspecific signs associated with CAPS are fever/subfebrile temperature,
fatigue, and influenza-like muscle pains. While CAPS is classified as a hereditary fever
disorder, it is important to know that fever is not always a complaint and, often, objective
measurement of body temperature in patients with CAPS does not meet standard criteria
for fever [14]. In particular, fatigue is a major component of CAPS and, together with
emotional irritability, both can affect a patient’s quality of life [57,58].

6.2. Skin Manifestation

The characteristic dermatological manifestation of CAPS is a neutrophilic dermatitis
that presents clinically with “urticaria-like” lesions, but it can appear also as erythematous
and edematous papules or plaques. The rashes are rarely itchy, but often painful and
sensitive to touch [14]. Typically, the rashes are located at the trunk and limbs, but can be
seen also on the face, upper arms, thighs, and abdomen [14]. In the mild CAPS phenotypes,
such as FCAS, the rashes are usually not induced by direct contact with cold objects or
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water, but often appear 1–4 h after cold exposure in areas not necessarily subjected directly
to cold. Additionally, painful extremity swelling is reported [59]. Histologically perivas-
cular neutrophilic infiltrations with leucozytoclasia without vasculitis and eosinophilic
infiltrations can be detected in a skin biopsy [60,61].

6.3. Musculoskeletal Involvement

The involvement of muscles, bones, and joints depends on the clinical phenotype.
Whereas patients with a mild CAPS phenotype may complain about limb pain, painful
periarticular swelling and myalgia limited to inflammatory flares, patients with moderate
CAPS often also experience arthralgia and arthritis [58,59]. Joints such as wrists, knees, and
ankles are often affected [58]. Patients with severe CAPS may have skeletal abnormalities
with bone deformation and may suffer from chronic polyarthritis. Several patients with NO-
MID/CINCA show characteristic arthropathy with bone and joint deformation caused by
overgrowth and asymmetry of the cartilage, excessive uncontrolled growth of the patella
and of the long bones, and abnormal epiphyseal and metaphyseal calcification [56,62].
Osseous lesions often affect growth plates asymmetrically with unilaterally reduced longi-
tudinal growth of affected bones causing severe asymmetric limb length discrepancies [14].
In one third of patients, the arthropathy and bone changes are disabling [56]. Other fea-
tures in patients with severe CAPS are chronic hydrocephalus, atypical facies with frontal
bossing, macrocrania, and flattening of the nasal dorsum (“saddle nose”) [56,63,64].

6.4. Eye Involvement

Interstitial keratitis, conjunctivitis, episcleritis, iridocyclitis and anterior and pos-
terior uveitis, band keratopathy, and corneal abnormalities can be present in patients
with CAPS [65,66]. Less common are posterior stromal corneal opacification with edema,
anterior iris snychecia, and cataract [65]. The most common eye manifestation is the con-
junctivitis occurring during flares in many CAPS patients [65]. Patients with moderate
to severe CAPS often report dry eyes with chronic conjunctivitis or perilimbal redness.
In up to 40% of patients, the cornea is involved [58]. Chronic anterior uveitis and anterior
segment manifestation varying from mild to severe are seen in up to 55% of patients with
NOMID/CINCA [67]. Inflammation of the posterior eye segments is less frequent and
can be present as vitritis, retinal vasculitis, and focal chorioretinitis. Elevated intracranial
pressure in patients with severe CAPS (NOMID/CINCA) may cause papillary edema and
subsequent optic disc atrophy [67]. Typically, ocular manifestations present bilaterally [68].
In more than 80% of NOMID/CINCA patients, the optic nerve head is affected, the most
frequent ocular manifestation in this group of patients [58]. Ocular manifestations can
progress to blindness and ocular disability.

6.5. Hearing Loss

Neurosensory hearing loss is a major symptom in moderate and severe CAPS. Usually,
in untreated CAPS patients, hearing loss starts in childhood and early adulthood [56].
At onset, initially high frequencies are affected, which are often not detected in the rou-
tine otologic assessment [69,70]. Therefore, regular monitoring to provide early detec-
tion of hearing loss with high frequency pure tone averages (HF-PTA) is important [71].
In some patients, it is possible to detect a cochlear enhancement in the FLAIR magnet
resonance imaging, representing inflammation of the inner ear [69]. The mechanism of
hearing loss in CAPS is still under research. Nakanashi et al. raised the hypothesis that
macrophages/monocyte-like cells in the cochlea might mediate local autoinflammation
via activation the NLRP3 inflammasome [72]. They demonstrated that the inflammasome
could be activated in macrophage/monocyte-like cells in a mouse cochlea with secretion
of IL-1β and concluded that local cochlear activation of the NLRP3 inflammasome could
induce cochlear autoinflammation and sensorineural hearing loss [72]. Depending on the
type of variant, the hearing loss increases in extent and intensity throughout the course of
the disease and with age [73]. Particularly, the variants T348M and E311K are associated
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with progressive linear deafness if patients are untreated [73], whereas the variant R918Q
seems to cause a late onset of hearing loss and moderate progression [74]. A reversal or
halt in progress of hearing loss may be achieved by timely induction of treatment but it can
be irreversible if the start of treatment is delayed [75,76].

6.6. Central Nervous Impairment

Abnormalities of the central nervous system (CNS) can be caused by aseptic meningi-
tis, in which polymorphonuclear cells infiltrate the cerebrospinal fluid (CSF) [56]. The CNS
involvement varies with CAPS phenotype. In moderate CAPS, aseptic meningitis may oc-
cur only during inflammatory flares with headache and vomiting, whereas chronic aseptic
meningitis and increased intracranial pressure including its consequences, such as chronic
headache, papilledema, and CNS degeneration, is frequently observed in severe CAPS [56].
Brain atrophy and cognitive impairment may occur, depending on the severity of the
disease. Mild cognitive deficits with need for specialized educational support are reported
for the mild to moderate CAPS phenotypes [77]. Further CNS symptoms are seizures,
strokes, and stroke-like episodes with hemiparesis, and vascular occlusions [64,78] have
been reported. Early onset of CAPS is predictive of more severe CNS involvement and
neurological complications [55].

7. Diagnostic Approach

A median delay between symptom onset and CAPS diagnosis has been reported to be
1.4 years (0.2–8.9) [79]. Particularly, in the mild phenotypes, a diagnosis is often delayed
(median age 23.3 years) as compared with the more severe CAPS phenotypes [80]. Although
early age of onset is a very strong indicator for CAPS, diagnosis of CAPS also has to be con-
sidered in adults due to the rarity of the disease, mild phenotypes, and somatic mutation.
If CAPS is suggested, a systematic stepwise diagnostic approach (Figure 1) similar to other
AID is recommended including patient’s history, family history, physical examinations, and
inflammatory markers during inflammatory flares and symptom-free intervals [81,82]. Red
flags in patient history are specific triggers, such as cold exposure, characteristic disease
symptoms, or a family history of early hearing loss or renal transplants. The autoinflam-
matory disease activity index (AIDAI), a standardized symptom diary [83], captures AID
characteristic symptoms and can help to identify CAPS phenotypic patterns. Furthermore,
a complete and thorough physical examination is important. The patients should be exam-
ined for typical clinical CAPS manifestations, such as urticarial-like rashes. In addition,
laboratory inflammatory markers, such as the c-reactive protein (CRP), serum amyloid A
(SAA), and the whole blood count, are considered to be first line laboratory examinations
during inflammatory flares and in symptom-free intervals [82]. Characteristics of systemic
inflammation are blood leukocytosis, neutrophilia, thrombocytosis, anemia, increased
erythrocyte sedimentation rate (ESR), elevated CRP and SAA, and myeloid-related protein
8 and 14 (MRP8/MRP14, also known as S100A8/S100A9) [84–86]. Particularly, SAA is one
crucial parameter to detect subclinical inflammation and risk evaluation for the develop-
ment of AA-amyloidosis [87]. Additionally, S100A12 and MRP8/MRP14 can be used for
the monitoring of inflammation with a good correlation to inflammation and treatment
response [86,88]. Other disorders associated with recurrent systemic inflammation, such
as immunodeficiencies, infections, autoimmune diseases, and malignancies, need to be
excluded. If these first steps support the suspicion of CAPS, musculoskeletal, neurological,
and ophthalmologic examination is suggested [51]. Moreover, HF-PTA, including 0.5 to 10
kHz, formal cognitive testing, brain MRI studies, lumbar punctures with opening pressure,
cell counts, protein concentration, and lesional skin biopsy should be considered [51].
During inflammatory flares, elevated neopterin and elevated protein can be detected in the
CSF [89]. In patients with severe musculoskeletal involvement, X-ray and bone MRI should
be performed [51]. Molecular diagnosis should be attempted when the clinical phenotype,
laboratory, and functional tests are suggestive for CAPS.
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Figure 1. Diagnostic approach to CAPS. WBC, whole blood count; CRP, c reactive protein; ESR, erythrocyte sedimentation
rate; SAA, serum amyloid A; HF-PTA, high frequency pure tone audiogram; MRI, magnet resonance imaging; CSF,
cerebrospinal fluid; ICP, intracranial pressure; PID, primary immune deficiency; AIDAI, autoinflammatory disease activity
index; S100, S 100 proteins (S100A12, S100A8/A9); VUS, variant of uncertain significance. Bold format and grey background
indicate headings.

7.1. Diagnostic and Classification Criteria
7.1.1. Diagnostic Criteria

CAPS is diagnosed clinically and genetically. Diagnostic criteria are used to guide the
care of individual patients, and therefore must have a very high sensitivity and specificity
in order that patients receive the correct diagnosis and treatment [90]. The diagnostic
criteria of CAPS recognize that all but a few patients with CAPS have detectable systemic
inflammation and use unique CAPS-specific clinical features along the whole disease spec-
trum to achieve reasonable specificity and sensitivity to aid clinicians in making the CAPS
diagnosis [91]. These diagnostic criteria do not include genetic confirmation, and there-
fore can be applied in places where genetic testing is not available. If genetic testing is
not available or it is negative, making a CAPS diagnosis is possible if raised inflamma-
tory markers (CRP/SAA) can be detected plus at least two of the following symptoms:
urticarial-like rash (neutrophilic dermatitis), cold-triggered episodes, sensorineural hearing
loss, musculoskeletal symptoms, chronic aseptic meningitis, and skeletal abnormalities
(Table 2) [91].

Table 2. Diagnostic criteria for CAPS (data from [91]).

Diagnostic Criteria for CAPS

mandatory + ≥2 of 6 clinical characteristic symptoms/signs

Raised inflammatory markers (C-reactive
protein, serum amyloid A)

• Urticarial rash
• Cold/stress-triggered flares
• Chronic aseptic meningitis
• Neurosensorial hearing loss
• Muskoloskeletal symptoms (arthralgia,

arthritis, myalgia)
• Skeletal abnormalities (epipysial

overgrowth/frontal bossing)
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7.1.2. Classification Criteria

Classification criteria are primarily used to define cohorts of patients that can be
included in clinical research. Using classification criteria may result in some patients with
the disease not being captured (false negative); however, the chance of patients not having
the indicated diagnosis (false positive) is very low [90]. In 2019, Gattorno et al. developed
validated evidence-based classification criteria for hereditary AID with high sensitivity
and specificity [92]. The classification criteria for CAPS are summarized in Table 3.

Table 3. Classification criteria for CAPS (data from [92]).

Eurofever/Printo Classification Criteria for CAPS

Genetic Criteria Clinical Criteria

Presence of a pathogenic/likely pathogenic NLRP3 gene variant

At least one among the following:

• Urticarial rash
• Red eye (conjunctivitis, episclereitis, uveietis)
• Neurosensorial hearing loss

Presence of a frequent NLRP3 gene variant of uncertain significance

At least two among the following:

• Urticarial rash
• Red eye (conjunctivitis, episclereitis, uveitis)
• Neurosensorial hearing loss

No presence of one of the above mentioned NLRP3 gene variants

At least two among the following:

• Urticarial rash
• Cold/stress-triggered flares
• Chronic aseptic meningitis
• Neurosensorial hearing loss
• Skeletal abnormalities (epipysial overgrowth/frontal

bossing)

7.2. Diagnostic Challenges

As mentioned above, patients with low-penetrance variants or somatic mosaicism
might present with atypical clinical CAPS phenotypes. AID panels and targeted NGS
may be negative or inconclusive and the correlation of clinical phenotype and genetic
result is critical [93]. Furthermore, patients might present with a heterogeneous multi-
systemic clinical presentation. Advanced genetic testing can enable a diagnosis in some
AID patients [94,95].

8. Treatment

CAPS treatment is a multidisciplinary effort including medication, psychosocial sup-
port, physiotherapy and supportive care. Treatment aims are to suppress systemic in-
flammation, to improve functionality, to prevent organ damage, and to increase patients’
quality of life. To achieve these aims, cytokine targeting drugs are important and evidence-
based treatment plans including treat-to-target (T2T) strategies play a pivotal role in CAPS
management [51,96]. The key component of T2T is the definition of a clinical target, such
as disease remission or the lowest possible disease activity. Standardized and repeated
examinations are required to determine if a previously defined target is achieved [97].
Different levels of disease activity may require different treatment selections and dosing
approaches [51,96]. Since IL-1 plays a central role in CAPS pathogenesis, the anti-IL-1
treatment is recommended for the whole CAPS spectrum [51]. Currently, three anti-IL-1
treatments (anakinra, canakinumab, and rilonacept) are available, and several studies have
addressed their safety and efficacy. However, symptomatic patients with low-penetrance
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variants are at risk to achieve only a partial response to anti-IL-1 treatment, as inflammation
seems to be mediated due to NLRP3 specific IL-1β release and NLRP3-independent IL-6 or
TNF-α production [23,27].

8.1. Anti-IL-1 Treatment

Anakinra is a short-acting recombinant IL-1 receptor antagonist, which has been
proven to have long-term efficacy and safety in several studies [54,98–101]. Anakinra is
administered daily subcutaneously and blocks the binding of IL-1α and IL-1β to the IL-1
receptor. In a study of 43 CAPS patients treated with anakinra, for up to 5 years, the most
reported serious adverse events were pneumonia and gastroenteritis [101]. Anakinra
has been approved by the European Medicines Agency (EMA) and the Food and Drug
Administration (FDA) for CAPS. For anakinra, the typical dosing regimen varies from 1
to 2 mg/kg/day for patients with FCAS, up to 10 mg/kg/day for critically ill patients
with NOMID/CINCA [14]. The CNS penetrance of anakinra seems to be superior, and
therefore this might be the treatment of choice in cases with aseptic meningitis [102]. The
recombinant soluble IL-1 receptor rilonacept binds to IL-1α and IL-1β. Weekly subcuta-
neous administration has shown a good safety and efficacy profile against CAPS [103,104].
So far, rilonacept has only been approved by the FDA. The dose of rilonacept for adults is
160 mg/week and varies from 2.2 to 4.4 mg/kg/week in children [14]. Canakinumab is a
fully humanized anti-IL-1β monoclonal antibody that selectively binds to soluble IL-1β
and has to be administered subcutaneously every four to eight weeks. Several studies
have confirmed long-term efficacy and safety against CAPS [52,105–109]. In patients with
mild to moderate CAPS, 150 mg of canakinumab can be administered if the body weight is
>40 kg or it can be dosed with 2 mg/kg for patients from ≥15 to ≤ 40 kg, every four to
eight weeks [14]. For children (15–40 kg) with an inadequate response, a dose increase,
up to 3–4 mg/kg, might be necessary and dosing up to 8 mg/kg every four weeks has
been described for NOMID/CINCA patients [110]. Canakinumab has been approved by
the EMA and FDA.

8.2. Supportive Therapy

In patients with CAPS, supportive care plays an important role and can consist, for
example, of hearing aids, physiotherapy, and orthopedic devices. Furthermore, adjunctive
therapies, such as non-steroidal anti-inflammatory drugs for pain and fever or corticos-
teroid eye drops and tear substitutes, might help to overcome the disease symptoms.
Particularly for patients with the mild CAPS phenotype, warming therapies and local
protection for cold (gloves, wristlets) can be beneficial for flair prophylaxis.

8.3. Psychosocial Needs

In addition to anti-IL-1 treatment, CAPS patients can profit from psychosocial support.
AID have been shown to be associated with depression, lower health-related quality of life,
anxiety, and risk of isolation due to frequent canceling of social events [111–113]. Since
AID can affect all areas of life and well-being is linked to psychological factors such as
illness beliefs, coping strategies, and the distribution of dependency, these aspects have
to be taken into account in the long-term management of CAPS [111,114]. Furthermore,
patient support networks can provide emotional support.

8.4. Outlook Drug Development

Currently, there are new treatment approaches under development, which might
be used to treat CAPS in the future. For example, small molecule inhibitors targeting
NLRP3 directly are one promising drug development [115]. The diarylsulfonylurea com-
pound MCC950 seems to be a potent selective small inhibitor of NLRP3, blocking canon-
ical and non-canonical NLRP3 activation by closing the “open” confirmation of active
NLRP3 [116,117]. MCC950-based therapies may effectively treat inflammation driven
by wild-type NLRP3, and an evaluation of its ability to inhibit CAPS mutant variants
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has provided a mechanistic framework for advancing therapeutic development and for
understanding its therapeutic potential in patients [118]. Furthermore, Youm et al. showed
that β-hydroxybutyrate (BHB) suppressed the activation of the NLRP3 inflammasome
by preventing K+ efflux and reducing ASC oligomerization and speck formation [119].
In addition, several other ways to inhibit the NLRP3 inflammasome, such as autophagy or
microRNAs, are under research [115].

9. Monitoring

Regular monitoring of disease activity is crucial to determine disease activity and
organ damage [51]. Monitoring includes serial physical examinations, measurements of
weight and height, audiology and ophthalmologic exams, radiographs and MRIs, as well as
musculoskeletal, neurological, and laboratory examinations, such as blood count, liver and
muscle enzymes, renal function, urine analysis, CSF measurements, and determination of
SAA and CRP levels to detect ongoing inflammation. For monitoring of disease activity in
CAPS, longitudinal patient diaries, such as the MWS disease activity score (MWS-DAS) or
the AIDAI, can be used for systematic assessment of daily diseases symptoms. Both were
initially developed for clinical trials but can be used by clinicians as well. The MWS-DAS
captures disease symptoms in 10 domains; nine domains reflect the organ involvement
in MWS (fever, headache, eye involvement, hearing impairment, oral ulcers, abdominal
pain, renal disease, musculoskeletal disease, and rash), and the tenth is the patient’s global
assessment score [100,120]. The validated AIDAI is a simple tool for outpatients to assess
CAPS disease activity at home [83], allowing treating physicians to better differentiate
between inactive or active disease and the need for treatment adjustments. The autoinflam-
matory disease damage index (ADDI) is a reliable instrument for assessing disease-related
organ damage [121]. The ADDI consists of 18 items grouped into the following eight cate-
gories: reproductive, renal/amyloidosis, developmental, serosal, neurological, auditory,
ocular, and musculoskeletal damage [121,122]. The ADDI can be used to monitor structural
damage in individual patients and allows outcome analysis and comparison of results in
clinical trials [121].

10. Prognosis

The prognosis in CAPS patients depends, on the one hand, on the CAPS phenotype
and, on the other hand, on an early diagnosis allowing the start of effective treatment.
The prevalence for AA-amyloidosis in CAPS patients without treatment varies between
10% for mild phenotypes and 25% for moderate phenotype [123]. With the availability
of anti-IL-1 treatment, the prognosis of patients with CAPS has improved considerably.
However, early and aggressive treatment is crucial to improve quality of life and to avoid
organ damage. Only an early start of treatment will prevent organ damage and avoid
progress. Furthermore, starting treatment early can result in reversibility, for example, of
hearing loss.
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Abstract: Autoinflammatory disorders are commonly characterized by seemingly unprovoked
systemic inflammation mainly driven by cells and cytokines of the innate immune system. In many
disorders on this spectrum, joint and bone involvement may be observed and imaging of these
manifestations can provide essential diagnostic information. This review aimed to provide a
comprehensive overview of the imaging characteristics for major diseases and disease groups on
the autoinflammatory spectrum, including familial Mediterranean fever (FMF), Behçet disease (BD),
crystal deposition diseases (including gout), adult-onset Still’s disease (AoSD), and syndromatic
synovitis, acne, pustulosis, hyperostosis, and osteitis (SAPHO)/chronic recurrent multifocal
osteomyelitis (CRMO). Herein, we discuss common and distinguishing imaging characteristics,
phenotypical overlaps with related diseases, and promising fields of future research.

Keywords: imaging; autoinflammation; arthritis

1. Introduction

Autoinflammatory disorders, in contrast to classical autoimmune disorders, are commonly
characterized by seemingly unprovoked systemic inflammation without auto-reactive T-lymphocytes
or auto-antibodies [1]. The inflammatory process is mainly driven by cells and cytokines of the innate
immune system. During the past decade, the understanding of auto-inflammation and auto-immunity
has shifted away from a concept of two distinct groups of disorders towards a spectrum of disorders [1,2].
Although joint involvement in varying degrees may be observed in many autoinflammatory diseases,
there are a number of diseases within this spectrum where imaging has special significance in the
diagnostic process, i.e., familial Mediterranean fever (FMF), Behçet disease (BD), crystal deposition
diseases, adult-onset Still’s disease (AOSD), and syndromic synovitis, acne, pustulosis, hyperostosis,
and osteitis (SAPHO)/chronic recurrent multifocal osteomyelitis (CRMO). The aim of this article was
to provide an overview of the state of the art joint imaging techniques in these disease groups, and to
point out promising fields of future research.

2. Familial Mediterranean Fever

Familial Mediterranean fever (FMF) is an autoinflammatory autosomal recessive disorder that
usually begins before the age of 20 and causes recurrent fever and serosal inflammation of the abdomen,
lungs, and joints, leading to severe pain [3]. FMF is commonly seen in people of Mediterranean and
Middle Eastern descent, including Jews, Armenians, Arabs, Kurds, Greeks, Turks, Iranians, and Italians.
It is caused by mutations in the Mediterranean fever (MEFV) gene, the product of which, the pyrin
protein, is involved in the control of inflammation [4].

Arthralgia of the large joints of lower extremities including hip, knee, or ankle joints is common.
The patient often presents with severe pain in one joint. Very rarely, multiple joints are affected
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simultaneously. The pattern of involvement of a large, lower extremity joint conjures a clinical
resemblance to spondyloarthropathy (SpA). Indeed, the incidence of SpA in FMF patients was reported
to be up to 7% of the total patient population. Moreover, up to 27% of patients with sacroiliitis had joint
involvement [5] and a significantly higher frequency of M694V. Nonetheless, these patients maintained
low HLA-B27 positivity [6].

Enthesitis, which is the hallmark of SpA, was also reported in FMF, mainly in the calcaneal insertion
of the Achilles tendon, the plantar fascia, and/or the long plantar ligament [7]. The characteristic MRI
features of this ankle enthesitis reported in SpA are insertional bone marrow edema (BME), thickening
and high signal intensity of the affected tendon, and increased synovial fluid in the adjacent bursa [8].
A unique MRI feature in FMF is significant calcaneal BME along the insertion site of the long plantar
tendon—an imaging example is given in Figure 1 [9]. This ankle enthesopathy of FMF patients is
related to exertional leg pain that is a common debilitating symptom of FMF.

 

Figure 1. MRI in Familial Mediterranean fever (FMF). Sagittal T2 weighted with fat saturation image
of an ankle of an 18 years old male with known FMF and exertional leg pain. There is characteristic
enthesitis (black arrowhead) with extensive calcaneal bone marrow edema (white arrow heads) at the
insertion of the long plantar tendon.

3. Behçet Disease

Behçet disease (BD) is an auto-inflammatory systemic vasculitis of unknown etiology. BD is
characterized by mucocutaneous manifestations (i.e., recurrent oral and genital ulcerations), ocular
manifestations (especially chronic relapsing uveitis and systemic vasculitis involving arteries and
veins of all sizes), and peripheral arthritis [10]. Although BD does not follow a Mendelian inheritance,
it is associated with HLA-B51/B5, and carriers are at high risk of developing BD compared to
non-carriers [11].

Arthritic manifestation is one of the minor manifestations and it is usually overlooked.
Joint involvement is typically non-erosive and non-deforming arthritis, seen in 50% of BD patients [12,13].
The most commonly involved joints include the knees, ankles, elbows, wrists, fingers, and toes [13,14].
Erosive forms of arthritis in BD are uncommon, and the most affected locations are the axial joint
(sacroiliac), enthesis (calcaneal), and peripheral joints, such as metatarsophalangeal and interphalangeal
joints of the feet [15]. Repeated attacks of synovitis in the same joint leads to a destructive arthritis
resembling the radiological changes of rheumatoid arthritis. There are various variable reports on the
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prevalence of sacroiliitis and enthesitis in BD. While some report high prevalence, others claim that
there is only rare involvement [15–17].

The coexistence of BD and SpA, as well as the presence of clinical overlap between BD and some
SpA subgroups (i.e., inflammatory bowel disease and reactive disease) suggest a potential common
pathogenesis. However, this has not yet been proven.

4. Crystal Deposition

In terms of prevalence, crystal-induced arthritides are the most common diseases on the
autoinflammatory spectrum [18]. The establishment of their inflammatory nature dates back less than
20 years [19,20]. Since then, the capacity of both mono-sodium urate (MSU) and calcium species to
activate the NLRP3 inflammasome [21], as well as the production and secretion of pro-inflammatory
cytokines, has been widely accepted [22,23]. To date, the gold standard for diagnosis remains the
demonstration of crystals in synovial fluid [24,25]. As joint aspiration is an invasive procedure, the need
for improved diagnostic imaging is well established. Over the last few years, a number of imaging
studies have greatly advanced the detection of MSU, calcium pyrophosphate (CPP), and basic calcium
species (BCP). A common denominator of all crystal deposition diseases, however, is the fact that
deposition on imaging should not be equated with disease. For CPP, community-based cross-sectional
studies estimate the prevalence of deposition between 7.0% [26] and 8.1% [27], while estimates of
symptomatic disease are well below 1% of the general population [28]. Asymptomatic hyperuricemia
is estimated to affect approximately 2.6% of the general population [29], while the prevalence of
symptomatic gout lies much lower, between 0.46% [28] and 1.1% [29]. Therefore, imaging of crystal
deposition disease poses unique challenges, which are addressed in the following paragraphs.

5. Gout

Historically, radiography has been the main imaging modality for investigating gout [30]. However,
as a radiograph is only able to reliably capture advanced stages of the disease, recent years have seen a shift
towards cross-sectional imaging techniques. One of the most available, inexpensive, and non-invasive
imaging techniques in point-of-care rheumatology is the ultrasound. Using ultrasounds, MSU
depositions may be demonstrated in tendons, periarticular soft tissue, and articular cartilage
(i.e., the double-contour sign) [31] with high sensitivity and specificity [32,33]. Longitudinal studies
have also demonstrated the capacity of ultrasound to monitor diseases [34]. Additionally, ultrasounds
can visualize erosions, joint effusion, and synovitis as surrogates of inflammation [35]. Dual-energy
computed tomography (DECT) has become a well-established tool in gout imaging and was included
in the 2018 update of the American College of Rheumatology (ACR) and European League Against
Rheumatism (EULAR) classification criteria [24]. Its specificity and sensitivity have estimated to be
93.6% and 84.7% in a recent meta-analysis [36], yet its diagnostic accuracy may be lower in cases
of recent onset gout [37,38]. Apart from establishing the diagnosis, DECT can be used as a tool for
quantification of urate burden [39]. As such, it may be applied as a surveillance tool in urate lowering
therapy [40]. Additionally, there is evidence that DECT may be useful to depict bone marrow edema,
allowing for a more direct visualization of acute inflammation [41]. Clinical imaging examples of gout
are supplied in Figure 2.
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Figure 2. Multimodality imaging for gout. (Left): Virtual calcium subtraction imaging from dual-energy
computed tomography. The arrowhead indicates bone marrow edema in the first metacarpal head.
(Right): Ultrasound image of the same patient. The arrow indicates double-contour sign and arrowheads
indicate synovitis on the power Doppler.

6. Calcium Pyrophosphate Dihydrate Deposition (CPPD)

The most widely applied and accepted imaging modality for the diagnosis of CPPD remains
radiography [25], where linear or flake-like calcifications in typical localizations (e.g., the hyaline
cartilage of the knee, or the triangular fibrocartilage of the wrist) may be demonstrated. Nevertheless,
CPPD imaging has seen a steady advance in cross-sectional imaging techniques in recent years. Already
embedded in the 2015 EULAR recommendations for the diagnosis of CPPD [25], ultrasonography
has gained increased attention in recent years. This has been facilitated by the establishment and
preliminary validation of ultrasonographic criteria for CPPD by the dedicated Outcome Measures in
Rheumatology (OMERACT) taskforce [42,43]. A major strength of ultrasonography in CPPD imaging
is its capacity to visualize inflammation by demonstration of synovitis using a power Doppler [35].
Computed tomography (CT) has long been established as an imaging tool in CPPD manifestations at
the axial skeleton, especially the atlanto-axial joint (crowned dens syndrome) [44], but recent studies
have applied it to the wrist [45] and knee [46], thus putting a new focus on crystal depositions, not only
in cartilage but also in ligaments. The use of DECT in the diagnosis of CPPD remains controversial.
Although in vitro and in vivo studies show an encouragingly high capacity for differentiation between
different calcium species [47–49], evidence of added diagnostic value of DECT vs. conventional CT
remains sparse [50,51]. However, DECT may be a valuable tool for strengthening the understanding of
the development of specific patterns of arthropathy in CPPD as it can be used to non-invasively detect
tissue remodeling [52]. To date, evidence of the usefulness of MRI in CPPD imaging is sparse. In spinal
imaging, MRI may be useful for assessing acute inflammation when CPP deposition is established using
alternative imaging, such as CT [53]. Imaging examples from different modalities are given in Figure 3.
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Figure 3. Multimodality imaging in Calcium Pyrophosphate Dihydrate Deposition (CPPD). (Left):
Crowned dens syndrome with flake-like calcifications in the CT image (arrowhead) and concurring
bone marrow edema on MRI (arrowhead). (Right): CPPD of the wrist, showing calcifications of the
luno-triquetral ligament on radiography and additional calcifications of the scapho-lunate ligament on
CT (arrowhead).

7. BCP and Mixed Crystal Disease

Basic calcium deposition (BCP) comprises a heterogeneous spectrum of conditions associated with
a number of different calcium containing crystal species, the most common of which is hydroxy-apatite
deposition disease (HADD) [54]. In terms of imaging characteristics, BCP may be distinguished
from CPP crystal deposition, both by localization and calcification morphology. While HADD
typically manifests as circumscribed calcific deposits inside of tendons, especially at the tendons of
the rotator cuff [55], CPP crystals are typically found in ligaments and hyaline or fibrocartilage as
ill defined, flake-like depositions [56]. An example of a symptomatic BCP deposit is provided in
Figure 4. The most commonly applied imaging modality is radiography, which is usually sufficient for
visualizing these depositions. Identification of calcium deposition on MRI imaging can be challenging,
but three-dimensional imaging allows for the direct visualization of invasion of the deposit into the
bursa or bone. The size of the calcific deposit does not correspond with the intensity of symptoms [57].
Symptom onset is typically observed when resorption of the calcification commences [58]. In this
phase, macrophages invade [59] and, as a result, local edema, redness, swelling, and tenderness may
be observed. This can be accompanied by intense pain and decreased range of motion. During this
phase, calcium crystals may enter the subacromial-subdeltoid bursa [55].

A special subtype of BCP is the Milwaukee (shoulder/knee) syndrome [60]. This rare arthropathy
exhibits a rapidly progressive joint destruction, often affects older women, and is connected with
rotator cuff tears [61]. Synovial fluid aspiration yields a mixture of calcium crystals (predominantly
hydroxy-apatite) and sero-hematic synovial fluid with low leucocyte counts [62].
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Figure 4. BCP deposition. (Left): White arrowheads indicate calcific deposition on radiography.
(Right): Axial and 3D reconstructions of the same shoulder with better visualization of the depositions.

8. Adult-Onset Still’s Disease (AOSD)

Still’s disease is a rare systemic auto-inflammatory disease that often poses a diagnostic challenge
to clinicians. Among the clinical features of the disease are arthralgia and arthritis, which typically
concur with classical fever spikes. Joint involvement is considered a common manifestation and
may be observed in at least two-thirds of affected patients. It may present at any joint, including the
axial skeleton [63]. Biopsy of the synovium typically reveals non-specific synovitis [64] and synovial
fluid analysis shows high cellularity with neutrophil predominance [65]. Although the arthritis is
non-destructive in the majority of patients, approximately 30% of patients may develop erosions.
In these patients, bilateral destruction of the carpus, with subsequent carpal ankylosis in the absence of
erosive changes at the metacarpophalangeal and proximal interphalangeal joints, may be a valuable
imaging feature for the distinction from rheumatoid arthritis [64]. Additionally, destructive arthritis of
the distal interphalangeal joints in younger patients may be observed [66].

9. SAPHO and CRMO

The syndromes synovitis, acne, pustulosis, hyperostosis, and osteitis (SAPHO)/chronic recurrent
multifocal osteomyelitis (CRMO) are considered related diseases, characterized mainly by neutrophilic
inflammation, skin eruptions, and osteitis with bone hypertrophy [67]. Alternatively, the diseases
are sometimes termed chronic non-bacterial osteomyelitis (CNO) [68]. The distribution of disease
involvement differs in children and adults [69]. While the former typically presents with lesions in
the long tubular bones and less frequently the spine and clavicles [70,71], the latter usually presents
with involvement of the anterior chest wall, spine, and pelvis [72]. As many affected patients are
children or adolescents, MRI is widely applied in the imaging of this disease family and may reliably
depict osteitis in commonly affected sites [73]. An imaging example is supplied in Figure 5. However,
radiography, and especially CT, are superior in the detection of hyperostosis and osteosclerosis,
which are both well-established imaging characteristics of SAPHO/CRMO [74]. In adults with primary
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manifestations at the axial skeleton, differentiation from axial spondyloarthritis (axSpA) can be
challenging; however, a valuable diagnostic clue is that generally sclerosis is more pronounced in
patients with SAPHO/CRMO [69]. This imaging feature represents an interesting pathophysiological
bridge towards the related axSpA spectrum. The predominantly auto-immune (e.g., B- and T-cell
mediated) inflammation of the entheses in axSpA and psoriatic arthritis [75] shares many characteristics
with the predominantly neutrophilic osteitis of SAPHO/CRMO [76].

Figure 5. MRI in CRMO. Coronal T2 weighted with fat saturation images of a whole-body MRI
in a 12 year old boy with chronic recurrent multifocal osteomyelitis (CRMO). There is evidence of
bilateral bone marrow edema in the distal femur, distal/proximal tibia and talus, triradiate cartilage,
and unilateral BME on the right distal radius (indicated by arrowheads. In the case of bilateral lesions,
only one side was annotated).

10. Conclusions

Imaging is a vital tool to diagnose and follow-up on auto-inflammatory spectrum diseases.
Although our knowledge of imaging features of specific auto-inflammatory diseases are steadily
increasing, they remain particularly challenging to distinguish from auto-immune diseases in
many cases, as cellular and cytokine profiles do not translate directly to imaging features.
A better understanding of both common and distinguishing imaging features of auto-immune
and auto-inflammatory diseases may increase our understanding of disease pathways in the future.
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Abstract: (1) Background: Dysphagia is a clinical hallmark and part of the current American College
of Rheumatology/European League Against Rheumatism (ACR/EULAR) diagnostic criteria for
idiopathic inflammatory myopathy (IIM). However, the data on dysphagia in IIM are heterogenous
and partly conflicting. The aim of this study was to conduct a systematic review on epidemiology,
pathophysiology, outcome and therapy and a meta-analysis on the prevalence of dysphagia in
IIM. (2) Methods: Medline was systematically searched for all relevant articles. A random effect
model was chosen to estimate the pooled prevalence of dysphagia in the overall cohort of patients
with IIM and in different subgroups. (3) Results: 234 studies were included in the review and 116
(10,382 subjects) in the meta-analysis. Dysphagia can occur as initial or sole symptom. The overall
pooled prevalence estimate in IIM was 36% and with 56% particularly high in inclusion body myositis.
The prevalence estimate was significantly higher in patients with cancer-associated myositis and with
NXP2 autoantibodies. Dysphagia is caused by inflammatory involvement of the swallowing muscles,
which can lead to reduced pharyngeal contractility, cricopharyngeal dysfunction, reduced laryngeal
elevation and hypomotility of the esophagus. Swallowing disorders not only impair the quality of
life but can lead to serious complications such as aspiration pneumonia, thus increasing mortality.
Beneficial treatment approaches reported include immunomodulatory therapy, the treatment of
associated malignant diseases or interventional procedures targeting the cricopharyngeal muscle
such as myotomy, dilatation or botulinum toxin injections. (4) Conclusion: Dysphagia should be
included as a therapeutic target, especially in the outlined high-risk groups.

Keywords: myositis; inflammatory idiopathic myopathy; dysphagia; aspiration; pneumonia

1. Introduction

Idiopathic inflammatory myopathies (IIM) are a heterogeneous group of autoimmune diseases
in which inflammation of the striated skeletal muscles leads to myalgia and weakness. As distinct
subgroups, they include dermatomyositis (DM), inclusion body myositis (IBM) and polymyositis (PM),
defined by clinical, serological and histological criteria. In DM, both muscles and skin tissues are
affected. IBM owes its name to the histological findings of protein aggregates in muscle cells. In PM
there is no skin involvement and an inflammation of the muscle tissue occurs without evidence of
inclusion bodies in muscle biopsy. Besides these major groups, there are also overlap syndromes in
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which symptoms of other rheumatological diseases occur in combination with muscle impairment.
In recent years, the role of autoantibodies has been increasingly recognized in both research and
diagnostics. Specific autoantibodies are hypothesized to be involved in the pathophysiology of
inflammation and thus are associated with distinct disease entities, e.g., the Jo-1 antibody is highly
specific for the antisynthetase syndrome.

Swallowing is a complex neuromuscular process that requires the precise motor coordination of
the oropharynx, larynx and esophagus [1,2]. While smooth muscles are located in the lower and middle
part of the esophagus, the upper part and the oropharynx consist of striated skeletal muscle tissue [2],
which is typically affected by inflammation in IIM. It is therefore not surprising that myositis can cause
dysphagia via inflammatory involvement of the swallowing muscles. In fact, dysphagia is part of the
current American College of Rheumatology/European League Against Rheumatism (ACR/EULAR)
diagnostic criteria as an item indicating IIM in patients with symptoms of myalgia [3]. Instrumental
assessments, e.g., flexible endoscopic evaluation of swallowing (FEES) or videofluoroscopy (VFSS) are
considered the diagnostic gold standard [4,5].

The study data available on dysphagia in IIM are heterogeneous with partly conflicting results,
e.g., the reported prevalence rates range from 0% [6] to 100% [7]. Similarly, heterogeneous study
results can be found in the instrumental characterization of dysphagia, its consequences or therapeutic
implications. The aim of this systematic review was therefore to summarize and analyze the existing
evidence on epidemiology, pathophysiology, outcome and therapeutic effects and to estimate pooled
prevalence rates in a meta-analysis.

2. Methods

2.1. Review

2.1.1. Inclusion and Exclusion Criteria in the Review

Studies had to meet the following inclusion criteria:

1. Cohort: the article had to report on dysphagia in at least one subject with IIM. If the cohort
included less than five subjects, it had to be stated that diagnostic criteria of definitive or
probable IIM according to either Bohan and Peter [8,9], Griggs [10], Needham and Mastaglia [11],
the European Neuromuscular Center [12] or the ACR/EULAR criteria [3] were met. If this
was not the case, articles were only included if based on the information provided the current
ACR/EULAR criteria [3] for definitive or probable IIM were met or if the diagnosis was confirmed
by muscle biopsy.

2. Topic: the articles had to report on at least one of the following topics:

a. Epidemiology or prevalence of dysphagia in a population with a minimum of five subjects;
b. Pathophysiology of dysphagia;
c. Outcome of a patient cohort with dysphagia;
d. Therapeutic effects on dysphagia or swallowing.

Articles were excluded if:

1. Patients had other diseases associated with dysphagia, e.g., myasthenia gravis. However,
this exclusion criterion was not applied to diseases associated with IIM such as rheumatological
diseases in case of overlap syndromes;

2. They exclusively reported on gastroesophageal reflux as manifestation of dysphagia;
3. Dysphagia was reported exclusively as manifestation of structures distal to the esophagus;
4. Conflicting results were reported within the article (e.g., differing prevalence rates).
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2.1.2. Search Strategy

To identify studies, MEDLINE was searched for all relevant articles on dysphagia and myositis
from inception to January 2020 (last update in January 2020). The following PubMed search algorithm
was used:

(“deglutition disorders”(MeSH Terms) OR (“deglutition”(All Fields) AND “disorders”(All Fields))
OR “deglutition disorders”(All Fields) OR “dysphagia”(All Fields)) AND ((“myositis”(MeSH Terms)
OR “myositis”(All Fields)) OR (“polymyositis”(MeSH Terms) OR “polymyositis”(All Fields)) OR
(“dermatomyositis”(MeSH Terms) OR “dermatomyositis”(All Fields)) OR (“myositis, inclusion
body”(MeSH Terms) OR (“myositis”(All Fields) AND “inclusion”(All Fields) AND “body”(All Fields))
OR “inclusion body myositis”(All Fields) OR (“inclusion”(All Fields) AND “body”(All Fields) AND
“myositis”(All Fields))) OR (“Antisynthetase syndrome”(Supplementary Concept) OR “Antisynthetase
syndrome”(All Fields] OR “antisynthetase syndrome”(All Fields)))”.

Furthermore, reference lists of published articles were screened for additional studies.

2.2. Meta-Analysis

2.2.1. Inclusion and Exclusion Criteria in the Meta-Analysis

All studies that reported the prevalence of dysphagia in a cohort of a minimum of five subjects
were included in the meta-analysis (Document S1). Only studies that reported directly on a cohort
were included (no survey data with estimates of prevalence among physicians). If both instrumental
and clinical results were available, the results of the instrumental diagnostics were used. If studies at
the same institution had recruited subjects during overlapping periods, only the study with lowest bias
risk (Section 2.2.2) was included, or, in case of equal bias risk, the study with the larger sample was
included. An equivalent procedure was applied to overlapping cohorts of registry studies or precursor
cohorts of a registry. If studies at the same institution did not report an overlapping recruitment period,
studies were excluded only if one of the studies stated that all available patients at the institution were
included. If studies reported on an identical patient cohort with the same bias risk and sample size,
the study that allowed for more subgroup analyses was included.

In addition to the total cohort of IIM, pooled prevalence for dysphagia was estimated in the PM,
DM and IBM subgroup and in the subgroup of studies with low bias risk regarding study cohort
and dysphagia assessment (Section 2.2.2). Also, the pooled prevalence was estimated for cancer
associated myositis, and non-cancer associated myositis in all studies that compared these two groups.
All studies on myositis associated/specific antibodies were reviewed to determine whether dysphagia
was reported to be associated with (or with the absence of) a specific antibody. If two or more studies
compared the prevalence in a population with one of these reported antibodies to a population without
the respective antibody, pooled prevalence was again estimated in both of these groups. Studies in the
subgroup analysis were only included, if the sample size of the subgroup contained a minimum of
five subjects.

2.2.2. Bias Risk in Individual Studies

In all studies included in the meta-analysis, the bias risk was assessed according to the two
domains relevant for observational studies, “study participation” and “outcome measurement” of
the “Quality in Prognosis Studies Tool” [13]. The domains were adapted to the topic of dysphagia,
e.g., in the outcome measurement it was evaluated if studies relied on an instrumental gold-standard
assessment including the pharyngeal phase of swallowing. The aim was to evaluate if the presence or
absence of oropharyngoesophageal involvement had been assessed by an objective procedure and
that dysphagia had not been determined by clinical examination or the presence of symptoms alone.
The following criteria were evaluated:

Study participation criteria: (1) Study population represents the total population of IIM or one
of its subgroups (DM, PM, IBM, JDM etc.) without additional clinical, demographic or diagnostic
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criteria, e.g., not only subjects with specific diagnostic procedure or additional clinical hallmark.
Excluded from this were clinical criteria, which exclusively represented the contraindications of the
instrumental diagnostics used. (2) Adequate description of recruitment: Either a defined period of time
at a particular institution/region had to be specified, or it had to be evident that all available patients of
an institution/region were included. (3) Adequate description of inclusion and exclusion criteria.

Outcome measures: (1) A clear definition of dysphagia or swallowing pathologies assessed
is provided. (2) Dysphagia was assessed with an instrumental gold-standard procedure (flexible
endoscopy of swallowing, VFSS, real-time MRI, scintigraphy) that includes the visualization of the
pharyngeal phase of swallowing. (3) Identical method and setting of outcome measurement was
applied for all study participants.

All points in this list had to have been fulfilled for a study to be classified as “low bias risk”.
If there was no indication of bias risk, the study was classified as “low bias risk”, otherwise the study
was classified as “significant bias risk”.

2.2.3. Statistical Analysis

A random effect model (restricted maximum likelihood) was chosen to estimate the pooled
prevalence rates. The effect size and standard deviation was calculated with Microsoft Excel 16 using
the following approach [14]: If no patient had dysphagia in a study population (0 events), a “continuity
correction” of 0.5 was added to the event column as well as to the sample size column to enable inverse
variance weighting [15]. The further analysis was calculated with the software JASP 0.11.1. The pooled
prevalence, the 95% confidence interval (CI), I2 as a measure for heterogeneity and a funnel plot with
the Egger’s test as a measure for publication bias were calculated for each analyzed group. In the
comparison of subjects with a parameter to subjects without the respective parameter (Section 2.2.1),
prevalence rates were considered to be significantly different when the 95% CI did not overlap.

3. Results

Figure 1 illustrates the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) flow diagram of the reviewed literature [16].

3.1. Review

A total of 139 articles reported on epidemiology and prevalence (Table S1), 101 articles on
pathophysiology (Table S2), 34 articles on the outcome (Table S3) and 93 articles on therapeutic effects
(Table S4).

3.1.1. Epidemiology

3.1.1.1. Dysphagia and Disease Course

In principle, IIM is a chronically progressive disease, but sometimes there are also relapsing–
remitting episodes. The situation is similar with dysphagia in IIM. Besides relapsing–remitting
episodes of dysphagia, several authors report that the prevalence of dysphagia increases as the disease
progresses [17–26]. Nevertheless, dysphagia can also be the initial [17–21,23–32] or even the only
symptom [18,29,31,33]. Therefore, dysphagia should not be considered a late symptom in IIM. Indeed,
IIM might be the underlying disease in patients with unclear dysphagia, even if other investigations,
such as laboratory results and electrophysiology, do not refer to IIM [32].

3.1.1.2. Factors Associated with Dysphagia

Several factors are reported to be associated with dysphagia. Among the subgroups, differences
in prevalence are found: Higher prevalence is reported in DM compared to PM [34–37] but also vice
versa [38], in IBM compared to other forms of IIM [39] and in overlap syndromes compared to other
forms of IIM [39]. In addition, an increased risk of dysphagia is reported in patients with associated
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malignancy [37,40–45]. A number of antibodies are also linked to an increased risk of dysphagia:
NXP2 [46–49], FHL-1 [50], SAE [47,51], HMGCR [47,52], NT5c1A [53], SRP [47,54,55], TIF1y [44,47],
OJ [56] and myositis-specific or -associated autoantibodies in general [47]. ANA and MDA5 antibodies
are reported to be associated with a reduced risk of dysphagia [47,57].

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow
diagram of the reviewed literature.

3.1.2. Pathophysiology

Inflammation of Swallowing Muscles

IIM can result in impairment of the oral [29,58–64], pharyngeal [7,23,24,27,29,31–33,44,58–116]
and esophageal [24,29,38,59,62,73,81,85,89,90,93,95,98,99,101,103–105,112,114–131] phases of swallowing
and pharyngeal dysfunction is associated with aspiration [27,29,31–33,58,60,61,70,76–79,81,83,84,86–89,91,93,
94,96–98,102,105,106,108,111,113]. Results from studies and case-reports with biopsies suggest that
inflammatory involvement occurs in the affected swallowing muscles [29,31,32,86,90,91,94–97,100,
101,103,104,108,126,132,133], similarly to the well-known inflammatory reactions in the peripheral
skeletal muscles in IIM. Interestingly, such changes also seem to occur in smooth muscle tissue
of the esophagus [104,119,126]. Besides muscle biopsy, signs for inflammation can be detected by
characteristic MRI findings, e.g., edema in the oropharynx [74,134–136]. However, presumably due to
the small volume of the respective muscles, MRI findings are inconclusive and, if normal, cannot rule
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out myositis as cause of dysphagia [33]. The study data is conflicting on whether dysphagia is related
to the clinical impairment of the peripheral skeletal muscles. Some studies report a correlation of
peripheral symptoms with dysphagia [17,39,127], while other studies report the opposite [137,138].

Dysphagia Pathology

In general, four patterns of swallowing impairment can be distinguished depending on the
muscle groups affected (illustrated in Figure 2): Reduced pharyngeal contractility, cricopharyngeal
dysfunction, reduced laryngeal elevation and esophageal hypomotility. In case of unclear dysphagia,
knowledge of these mechanisms and the corresponding findings in instrumental dysphagia assessment
can be helpful in the differential diagnosis [33].

 

Figure 2. Skeletal swallowing muscles and the associated dysphagia mechanisms: A: Reduced
pharyngeal contractility; B: Cricopharyngeal dysfunction; C: Reduced laryngeal elevation; D:
Esophageal hypomotility.
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Reduced pharyngeal contractility can result in insufficient pharyngeal bolus clearance [139].
Consequently, myositis patients often show pharyngeal residue after swallowing [7,27,29,31,33,44,
58–61,65–67,69,71,73–80,83,84,86,87,91,93,96,100,101,103,104,106,111,112,115]. These can impact on
swallowing safety and ultimately cause aspiration, which is a frequently reported finding [33,78,81,86].
Further findings indicating reduced pharyngeal contractility are absent or inadequate peristalsis
or bolus propulsion [27,31,69,95,106,111], inadequate pharyngeal contraction [29,61,75,87,100,116,
126], nasal regurgitation due to velopharyngeal insufficiency [31,44,62,74,79,80,97,98,104,109–111,116],
piecemeal deglutition when swallowing larger boluses [82,140] or reduced pharyngeal pressure in
manometry [7,29,32].

Numerous authors reported a dysfunction of the upper esophageal sphincter (UES) due to
cricopharyngeal impairment [7,23,24,27,29,31,32,38,58,61,63,66,68,71,72,77,78,80,82,86,87,89–94,96,97,
100–102,106,108]. Both, hypercontractility, e.g., a relaxation deficit of the UES [7,23,24,31,58,61,63,77,
78,80,82,86,87,89,93,94,96,97,100,102,106,108], and hypocontractility [24,38,82,85,90,98,114] have been
described. This may be explained by the fact that muscle physiology is affected in a different way during
the acute inflammatory phase compared to the chronic phase when fibrosis occurs [82]. Cricopharyngeal
hypercontractility often leads to an opening or relaxation disorder of the UES, resulting in pronounced
residue or pooling of saliva in the piriform sinus [7,27,31,33,65–67,69,73,74,76–78,80,86,87,101,103,
106,111,112,115], which is located directly above the UES. Typical findings in VFSS are a prominent
cricopharyngeus muscle, also referred to as cricopharyngeal bar [23,32,61,68,86,91,93,97,99,106] and
muscle propulsions or posterior indentations between C3 and C7 [7,71,96].

Another common finding in myositis is reduced laryngeal elevation [29,58,63,66,76,77,83,107,111].
This is probably caused by impaired contractility of the suprahyoid and longitudinal pharyngeal
muscles [141]. Laryngeal elevation is a prerequisite for the UES to open [142] and reduced laryngeal
elevation can lead to functional UES impairment. Therefore, the findings in dysphagia diagnostics
can be similar to findings with primary UES disorder. Some studies suggest that the typical
myositis-associated finding of residue in the piriform sinus may be primarily caused by reduced
pharyngeal contractility of suprahyoid muscles rather than an actual dysfunction of the cricopharyngeus
muscle itself [58,77]. In this context, one could speak of a pseudocricopharyngeal dysfunction due to
reduced laryngeal elevation.

Various authors reported reduced or absent esophageal motility sometimes extending to the lower
esophageal sphincter [29,38,114]. Most studies used manometry [24,29,38,59,85,90,98,105,114,117–119,
122,129,130] some also VFSS, barium swallow or scintigraphy [62,73,81,89,99,104,120,121,124,125,127]
to detect esophageal impairment.

3.1.3. Outcome

Dysphagia in patients with IIM not only affects quality of life [71], but is also associated with
severe complications such as weight loss [30,138] or aspiration pneumonia [24,29,30,32,68,116,143–146].
Pneumonia after aspiration is particularly dangerous as this condition can be fatal [24,29,30,32,116,
143–145,147]. The rates of pneumonia/aspiration pneumonia in cohorts with dysphagic patients
are reported between 6% and 36% [24,30,32,68,99,116], are four times more prevalent and, thus,
significantly higher in dysphagic than in non-dysphagic patients [24]. Some studies report that
aspiration pneumonia is the leading cause of death [29,30,32,147]. In fact, a survey-based study among
physicians on patient cases with IBM suggests that dysphagia-associated complications may even be
the only cause of premature mortality [148]. It is therefore not surprising that dysphagia is associated
with increased mortality [34,144,145,149]. Conversely, the survival rate is associated with dysphagia
recovery [143]. Nevertheless, some studies also reported no association between dysphagia and
mortality [25,35,150]. Besides mortality, dysphagia is associated with a worse functional status or
general condition of the disease [24,39,110,151–153] and represents a negative predictive factor for
further disease progression [151].
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3.1.4. Therapy

Immunomodulatory Therapy

There are several articles reporting positive therapeutic effects of immunomodulatory
medication on symptoms and/or on findings of objective swallowing evaluations. These include
intravenous methylprednisolone pulse therapy [19,33,70,81,87,134,154–159], methotrexate [30,
76,89,124,136,154,159–161], long-term prednisone/prednisolone [29,30,33,59,64,70,74,76,81,83,84,87,
89,101,103,111,118,122,124,134,136,143,154,158,159,161–167], azathioprine [29,30,33,83,84,87,155,158,
163], intravenous immunoglobulin (IVIG) [24,30,44,65,69,70,73,76,78,81,85,87,114,117,118,121,136,
155,161,168–176], subcutaneous immunoglobulin [173,177,178], hydroxychloroquine [30,118,
154], tacrolimus [162,172], cyclophosphamide [83,170,172], mycophenolate mofetil [118,179],
cyclosporine [123] and rituximab [155]. If dysphagia does not respond to medical therapy, it may
be helpful to switch to another group of medication, e.g., from steroids to IVIG [24]. The effects on
swallowing function were reported in all forms of IIM including IBM [176].

Therapy of Malignancy

IIM is associated with malignant diseases and can occur as paraneoplastic syndrome. Therefore,
treatment of malignancy can improve muscle symptoms. This effect is also described for
dysphagia [44]. Both tumor resection [180–182] and chemotherapy [182–184] can improve or relieve
impaired deglutition.

Non-Pharmacological Interventional Therapy

Non-pharmacological interventional therapies are symptomatic strategies without a modulatory
effect on the disease course, aiming to improve swallowing physiology. Preliminary data suggest that
the pneumonia rate can be reduced by interventional therapy if aspiration is reduced [68]. To date,
all non-pharmacological interventional procedures attempt to relieve or eliminate the symptoms of
cricopharyngeal dysfunction. Three different procedures have been reported:

Injection of botulinum toxin A in the cricopharyngeus muscle: This procedure can reduce the
pressure in the UES [61,86] which may result in both symptom relief [61,68] and improvement in
objective swallowing diagnostics [68,72]. The effect of this treatment usually lasts for a few months,
hence repetitive treatments are necessary [72]. Some authors also reported no improvement [29].

Cricopharyngeal dilatation: This procedure is usually performed endoscopically via a balloon
catheter. A clinical improvement of symptoms [29,30,32,80,102] as well as improvement in objective
dysphagia diagnostics [78,80] have been described. Here, too, the effect may not be permanent, so that
repetitive treatments may become necessary [32,80,102].

Cricopharyngeal myotomy: This is a non-reversible intervention with a surgical sectioning of
the cricopharyngeus muscle. It can lead to an improvement of symptoms [24,29–32,86,91,96,97,100,
102,108,110] and an improvement in objective swallowing diagnostics [91,96,97,100]. In some cases,
improvement of symptoms without corresponding improvement in VFSS were reported [29]. Other
articles reported improvement in swallowing diagnostics without benefits being perceived by the
patients [91].

In the absence of interventional trials with clinically meaningful endpoints, the available
studies do not allow for a direct comparison between these treatment options and related treatment-
specific recommendations.

Behavioral Therapy

In myositis patients, various behavioral swallowing therapies such as diet modifications,
compensatory techniques and exercises are used [29]. Unfortunately, there is little evidence for
these techniques as there are few studies investigating behavioral therapy in IIM. In individual cases,
it was reported that the Mendelson maneuver (pressing the back of the tongue against the palate
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when swallowing) has helped to maintain oral food intake without aspiration pneumonia or weight
loss [29]. In addition, a case report suggests that isometric tongue strengthening has contributed to the
maintenance of posterior tongue pressure [60].

3.2. Meta-Analysis

A total of 109 studies representing 10,382 subjects were included in the meta-analysis of the total
patient cohort with IIM. The overall estimate of prevalence of dysphagia was 36%. In patients with
IBM, a particularly high prevalence of 56% was estimated. No significant differences in prevalence
were found between PM and DM (prevalence and CIs are visualized in Figure 3).

Figure 3. Pooled estimated prevalence of dysphagia: prevalence in % (y-axis): the blue and orange
bars represent the 95% confidence interval; IIM: Idiopathic inflammatory myopathy, PM: Polymyositis,
DM: Dermatomyositis, IBM: Inclusion body myositis, low bias risk studies: cohort of studies with low
risk of bias.

Only six studies were classified as “low bias risk”. In those studies, all with gold-standard
instrumental assessments of dysphagia, the prevalence estimate was 82% and thus clearly higher
compared to the total cohort. The estimate of dysphagia prevalence in non-cancer-associated IIM was
26% and 52% in cancer-associated IIM. In patients with NXP2-negative IIM, the estimated prevalence
was 33% and 56% in patients with NXP2 antibodies. The CIs in these two comparative analyses
did not overlap, so that a significant difference between patients with and without malignancy and
NXP2-antibodies can be assumed. The forest plot for studies on malignancy is illustrated in Figure 4
and for studies on NXP2-antibodies in Figure 5. All other comparisons between patients with and
without specific antibodies did not reveal significant differences in prevalence. Therefore, of the risk
factors presented in Section 3.1.1.2, only malignancy and NXP2 antibodies could be confirmed in our
meta-analysis. The estimate of the pooled prevalence, the 95% CI, the number of included studies,
the number of included subjects, I2 as measure for heterogeneity, the p-value of the Egger’s test as
measure for publication bias and the percentage of studies with low bias risk for all analyses are shown
in Table 1. The included studies with prevalence and CI in forest and funnel plots for all analyses are
shown in the Supplementary Materials S5.
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Table 1. The estimate of the pooled prevalence, the 95% confidence interval (CI), the number of included
studies and subjects, I2 as measure for heterogeneity, p-value of the Egger’s test and percentage of
studies with low risk of bias for all meta-analyses.

Patient Group n, Studies n, Subjects Prevalence CI Lower CI Upper I-Squared
p-Value

Egger’s Test
Low Bias Risk

total cohort 109 10382 36% 33% 40% 87% >0.01 * 6%
PM 21 882 23% 18% 27% 52% 0.03 * 5%
DM 49 3274 31% 26% 35% 80% >0.01 * 2%
IBM 23 1352 56% 47% 65% 76% >0.01 * 22%

low bias risk 6 115 82% 65% 98% 0% 0.70 100%
malignancy+ 13 271 51% 43% 60% 0% 0.39 0%
malignancy− 13 1120 23% 17% 30% 85% 0.02 * 0%

NXP2+ 5 196 56% 45% 66% 0% 0.42 0%
NXP2− 5 1188 33% 28% 37% 42% 0.22 0%
MDA5+ 3 89 12% 0% 23% 61% 0.13 0%
MDA5− 3 538 21% 10% 32% 86% 0.22 0%

SEA+ 2 17 76% 35% 100% 0% n.a. 0%
SEA− 2 589 35% 20% 49% 81% n.a. 0%
SRP+ 3 51 62% 40% 84% 0% 0.69 0%
SRP− 3 943 36% 26% 45% 81% 0.15 0%

TIF1y+ 3 103 45% 32% 58% 0% 0.67 0%
TIF1y− 3 519 23% 0% 48% 98% 0.12 0%

* Significant p-values.

 

Figure 4. Forest plot for malignancy: Forest plot of the studies comparing prevalence in cancer and
non-cancer-associated IIM: x-axis shows the prevalence in %.
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Figure 5. Forest plot for NXP2: Forest plot of the studies comparing prevalence in NXP2-positive and
-negative IIM: x-axis shows the prevalence in %.

4. Discussion

Dysphagia is a frequent complication in IIM with an estimated pooled prevalence of 36% and a
peak prevalence of 56% in IBM. Due to the worse outcome associated with dysphagia and the fact
that standard immunomodulatory therapy as well as interventional treatment options can improve
swallowing impairment, we propose to systematically evaluate swallowing function in patients with
IIM and, if present, to include dysphagia as a therapeutic target. The association with malignancy and
NXP2 antibodies may have diagnostic relevance in two ways: On the one hand, dysphagia should be
considered early on in patients with these risk factors and therefore initiate instrumental swallowing
assessment for detailed analysis. On the other hand, in patients with proven dysphagia it might be
particularly relevant to carefully look for the presence of an associated malignancy, as dysphagia was
shown to be associated with malignant comorbidities [40].

The fact that specific antibodies are associated with an increased risk of swallowing impairment
could be an indication that specific pathophysiologic mechanisms might be prone to the oropharynx or
the esophagus. The NXP2 antibody associated with dysphagia in this study is particularly common
in patients with juvenile dermatomyositis [185]. In the studies on NXP2 antibodies included in our
meta-analysis, there was one study in which only juvenile IIM was investigated [49], and another
study in which juvenile IIM patients were included in addition to adult patients [47]. The remaining
three studies were conducted in adult patients. In addition, the antibody is associated with calcinosis
and in adult patients possibly also with malignancy [185]. Thus, an association with dysphagia
may also seem possible by association with malignancy which, in turn, is associated with dysphagia.
A connection between dysphagia and calcinosis also seems possible, although we did not find a
supporting mechanistic explanation for this connection in the literature. However, other antibodies
such as TIF-1y, for which in this study no increased prevalence of dysphagia could be proven,
are also associated with malignancy [185] (although individual studies associate TIF-1y to dysphagia).
Furthermore, in one of the studies on NXP2 antibodies from our meta-analysis, no association with
malignancy and calcinosis in adult patients was found [186]. A higher prevalence of dysphagia is also
observed in malignancy with compared to malignancy without active IIM [43]. This suggests that
dysphagia is not due to an unspecific general deterioration caused by the malignant disease alone.
Specific paraneoplastic immune-mediated mechanisms might therefore contribute to swallowing
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dysfunction. Further, the reported cases of isolated dysphagia (Section 3.1.1.1) might, similarly to
orbital myositis [187], represent a distinct inflammatory entity.

A higher prevalence of dysphagia of 82% was estimated in the low bias risk studies with
instrumental assessment. This finding corroborates previous studies showing that refined instrumental
evaluation is more sensitive for detecting dysphagia than clinical testing [188,189]. Further, this
suggests that oropharyngoesophageal dysfunction may also be present in patients who subjectively
experience no swallowing complaints and, therefore, do not report symptoms of dysphagia [7,27,138].
Consistent with this, silent penetration and aspiration (clinically unapparent without symptoms,
e.g., coughing or dyspnea) are reported in patients with IBM [71]. The reported prevalence rates
vary widely which is also reflected by the strong heterogeneity of the overall cohort. There are four
main explanations for these inconsistencies: (1) IIM is not a uniform disease but instead represents
a heterogeneous group of diseases with different pathophysiologic mechanisms. Thus, there are
presumably real differences in prevalence between different subgroups of the disease. If this is the
case, heterogeneity in a meta-analysis should decrease when individual disease groups are analyzed
separately; (2) Many different definitions of dysphagia were used, e.g., oropharyngeal vs. esophageal
dysphagia. The prevalence rates of the different forms of dysphagia may differ; (3) Different forms
of assessment of dysphagia were used, e.g., clinical (patient chart review, swallowing examination)
vs. instrumental (FEES, VFSS, manometry, scintigraphy, real-time swallowing MRI). If this is a cause
of different prevalence rates, heterogeneity in a meta-analysis should decrease when studies using a
uniform assessment procedure are analyzed separately; (4) Dysphagia was determined at different
points in the course of the disease (Section 3.1.1.1). Indeed, the heterogeneity partly decreased in the
subgroup analysis of IBM, PM and DM and disappeared in the analysis of low bias risk studies with
instrumental assessment. Therefore, the heterogeneity in the overall cohort seems to be due to both
the different definitions and assessments of dysphagia and real differences in the investigated patient
cohorts with differing pathophysiology. The low heterogeneity in most subgroup analysis with specific
antibodies may indicate that in case of uniform pathophysiology prevalence rates converge.

Both the funnel plot and the Egger’s test suggest that there was a publication bias in our overall
cohort, i.e., studies with small sample sizes show higher prevalence rates than studies with large sample
sizes. If the bias risk of individual studies is taken into account, an alternative conclusion emerges:
Prospective studies with instrumental procedures generally had a smaller sample size, presumably due
to the increased recruitment and data collection effort. However, they reported higher prevalence rates
due to more sensitive and high-quality diagnostic procedures. In line with this explanatory approach,
the funnel plot and the Egger’s test no longer indicate a publication bias when studies with low bias
risk are analyzed separately.

There are several limitations to this study that must be considered. First, in the overall cohort of the
meta-analysis, only few studies had a low bias risk. Especially in the studies with a significant bias risk,
different definitions of dysphagia were used and the classification as dysphagic and non-dysphagic
was often based solely on clinical evaluation or symptoms. However, due to the lack of objective
swallowing diagnostics, it is not possible to say with certainty whether oropharyngoesophageal
dysfunction was actually present in these studies with significant bias risk. This has certainly
contributed to the considerable heterogeneity and may have contributed to the publication bias.
Second, in the meta-analysis of factors associated with increased risk of dysphagia, only studies
comparing the prevalence in groups with and without the respective factors were included. However,
several potential factors were reported where no such comparison was possible. Third, the majority
of included studies were retrospective observational studies, some with small sample size or even
only individual case reports. Thus, many conclusions are based on studies with low quality and
evidence levels. This applies in particular to the therapy section, where not a single prospective
randomized controlled trial could be included. Fourth, although studies at the same institutions with
overlapping recruitment periods were excluded, it is possible that overlapping patient groups may
also have occurred between registry studies and studies at individual institutions. Fifth, the review
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as well as the assessment of the bias risk were conducted by only one observer, which may reduce
reliability. Sixth, for the systematic review of this meta-analysis, only Medline was searched with
Pubmed, so studies that are only listed in other databases may not have been found. Seventh, due to
different reporting standards and partially missing information, no demographic data were pooled
and included in the meta-analysis. Especially when comparing groups (e.g., patients with malignant
disease and without malignant disease), the groups may differ not only in the prevalence of dysphagia
but also in demographic characteristics. For the available demographic data of the studies included in
the meta-analysis, we refer to Table S1 (column “cohort”) in the Supplementary Materials.

5. Conclusions

Dysphagia is common in patients with IIM, with an estimated overall prevalence rate of 36% and a
particularly high prevalence in IBM. Factors with increased risk of dysphagia include malignancy and
NXP2 autoantibodies. A refined instrumental assessment is more sensitive to detect dysphagia and
should be included in the diagnostic work-up of swallowing impairment. Dysphagia in IIM is caused
by inflammatory involvement of the swallowing muscles, which can lead to reduced pharyngeal
contractility, cricopharyngeal dysfunction, reduced laryngeal elevation and esophageal hypomotility.
In IIM, impaired deglutition can lead to life-threatening complications such as aspiration pneumonia
and increasing mortality. Standard immunomodulatory therapy can improve swallowing function and
dysphagia should, therefore, be included as a therapeutic target. Further positive therapeutic effects
may result from the treatment of malignancy or from interventions targeting the cricopharyngeal
muscle such as myotomy, dilatation or botulinum toxin injection.
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Abstract: In seronegative arthritis with extremity edema, the differential diagnosis between remit-
ting seronegative symmetrical synovitis with pitting edema syndrome (RS3PE) and seronegative
rheumatoid arthritis (SNRA) is difficult. We compared the clinical characteristics of RS3PE and SNRA
and those of such patients with and without malignancies. We retrospectively examined patients
diagnosed with RS3PE (McCarty criteria) and SNRA at our hospital in 2007–2020. Malignancy was
diagnosed within 2 years before or after RS3PE or SNRA diagnosis. Overall, 24 RS3PE and 124 SNRA
patients were enrolled. The mean ages were 79.0 and 66.5 years, and men comprised 54.2% and 37.1%
of RS3PE and SNRA patients, respectively. RS3PE patients had higher inflammation levels (p < 0.01)
and more incidences of malignancy (p < 0.01). Matching for age and sex, RS3PE patients had higher
inflammation levels (p < 0.01) and more incidences of malignancy (p = 0.02). Overall, odds ratios (ORs)
for malignancy were higher for older age (OR 1.06, p = 0.04), male sex (OR 4.34, p = 0.02), RS3PE pa-
tients (OR 4.83, p = 0.01), and patients with extremity edema (OR 4.83, p = 0.01). RS3PE patients had
higher inflammation levels and associated factors of malignancy than SNRA patients. Patients who
are older, male, with extremity edema, or with RS3PE should be screened for malignancies.

Keywords: rheumatoid arthritis; synovitis; neoplasms; edema; inflammation

1. Introduction

Remitting seronegative symmetrical synovitis with pitting edema (RS3PE) was first
reported by McCarty et al. in 1985 [1]. It is characterized by pitting edema of the extremities,
sudden onset of polyarthritis, seronegativity for rheumatoid factor (RF), excellent response
to glucocorticoids, and the absence of radiologically evident erosions [1]. RS3PE mainly
affects the joints of the extremities, especially the metacarpophalangeal (MCP) and prox-
imal interphalangeal (PIP) phalanges, wrists, shoulders, elbows, knees, and ankles [2].
Although the pathophysiology of RS3PE remains unclear, vascular endothelial growth
factor (VEGF) serum levels have been found to be elevated in patients with RS3PE [3].
The increase in vascular permeability by VEGF is thought to be responsible for the de-
velopment of pitting edema of the dorsum of both hands and both feet in patients with
RS3PE [3].

Initially, RS3PE was thought to be a type of older-onset rheumatoid arthritis (RA) [4]
and was considered the same disease as seronegative RA and polymyalgia rheumatica
(PMR) [5]. Subsequently, comparisons between PMR and RS3PE have been reported [6].
Kawashiri et al. reported the differences in musculoskeletal ultrasound findings of both
hands between RS3PE and “seropositive” elderly onset RA; however, to our knowledge,
no reports have compared the characteristics of RS3PE and “seronegative” RA [7].
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RS3PE is often described as a paraneoplastic disease [8] and has been reported to
have a high rate of malignancy development [9]. Paraneoplastic arthritis often presents
as symmetrical polyarthritis, mainly affecting the wrist and fingers, and is often negative
for RF and anti-cyclic citrullinated peptide antibody (ACPA) [10]. Early diagnosis of
malignancy is clinically important because it improves survival. Therefore, examination for
malignancy is necessary in such cases.

The primary aim of this study was to compare the clinical characteristics of RS3PE
and seronegative RA and evaluate the frequency of concurrent malignancy. The secondary
aim was to compare the clinical features with and without malignancies in patients with
RS3PE and to compare the clinical features with and without malignancies in patients with
seronegative RA.

2. Materials and Methods

2.1. Compliance with Ethical Standards

All procedures were performed in accordance with the ethical standards of the institu-
tional and national research committees and the 1975/1983 Helsinki Declaration and its
later amendments.

2.2. Study Design

This was a retrospective medical record study.

2.3. Patients

Medical records of consecutive patients diagnosed with RS3PE and seronegative
RA at our hospital between 2007 and 2020 were retrospectively examined. Patients who
were both ACPA- and RF-negative were included. Patients who met the criteria for both
PMR and RS3PE were included in the RS3PE group and those who met the criteria for
both PMR and seronegative RA were included in the seronegative RA group. PMR was
diagnosed according to the 2012 European League Against Rheumatism/American Col-
lege of Rheumatology (EULAR/ACR) Provisional Classification Criteria for PMR [11].
For patients diagnosed with PMR before 2012, we retrospectively reviewed whether they
met the 2012 PMR classification criteria. Patients who met the criteria for both RA and
RS3PE were diagnosed with RS3PE. However, those who had erosion were diagnosed with
seronegative RA. We defined RS3PE and seronegative RA patients by excluding those who
met the criteria for PMR as “pure RS3PE” and “pure seronegative RA.” Patients who met
the criteria for both RA and PMR were diagnosed with seronegative RA. Patients with
paraneoplastic polyarthritis were excluded from the group of patients with RS3PE or
seronegative RA. Those with distal joint swelling that rapidly disappeared after tumor
resection were diagnosed with paraneoplastic polyarthritis.

2.4. RS3PE Diagnosis

Patients were diagnosed with RS3PE when they met the McCarty et al. criteria [1]:
(1) pitting edema of the dorsum of both hands and both feet, (2) sudden onset of polyarthri-
tis, (3) seronegative for RF, and (4) no development of radiologically evident erosions.

2.5. Seronegative RA Diagnosis

Seronegative RA was diagnosed according to the 2010 EULAR/ACR criteria [12]. Pa-
tients who were first diagnosed with RS3PE or PMR and later diagnosed with seronegative
RA were included in the seronegative RA group.

2.6. Clinical and Laboratory Features

We examined the affected joints and evaluated them for systemic signs and symptoms
(temperature ≥ 38.0 ◦C, malaise or fatigue, weight loss, morning stiffness lasting at least
1 h, and edema). The affected joints were the shoulders, elbows, wrists, fingers (MCP and
interphalangeal (IP)/PIP joints), hips, knees, ankles, and toes (MCP and IP/PIP joints).
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Edema was evaluated separately as edema of only hands, only feet, and of both limbs.
We also measured the erythrocyte sedimentation rate (ESR) and the levels of C-reactive
protein (CRP), hemoglobin (Hb), albumin (Alb), lactate dehydrogenase (LDH), and ma-
trix metalloproteinase 3 (MMP-3). Smokers were defined as those who had a smoking
history within 2 years before and after RS3PE or seronegative RA diagnosis. If there
were evaluable examinations, ultrasound imaging, breast imaging, joint X-ray imaging,
chest computed tomography (CT), abdominal CT, pelvic CT, positron emission tomogra-
phy/CT, joint magnetic resonance imaging, upper and lower gastrointestinal endoscopy,
gynecological examination, and pathological tests were performed.

2.7. Statistical Analysis

The first analysis was performed on clinical and laboratory features of patients with
RS3PE and seronegative RA. The secondary analysis was performed on the above eval-
uations with matching for age and sex. All data were analyzed using JMP version 14.0
(SAS Institute, Cary, NC, USA). The third analysis was performed to compare the clinical
features of patients with or without malignancy among patients with RS3PE or seroneg-
ative RA. Univariate analysis, Fisher’s exact test, and logistic regression analysis were
applied to evaluate the associated factor of malignancy. A probability level less than 0.05
was used as the criterion of significance. Results that did not follow the Gaussian distribu-
tion were expressed as the median of the 25–75th percentile (interquartile range), and results
that followed the Gaussian distribution were expressed as mean ± standard deviation.
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Abstract: In seronegative arthritis with extremity edema, it is difficult to differentiate between
remitting seronegative symmetrical synovitis with pitting edema syndrome (RS3PE) and seronegative
rheumatoid arthritis (SNRA). We compared the clinical characteristics of RS3PE and SNRA in patients
with and without malignancies. We retrospectively examined patients diagnosed with RS3PE
(McCarty criteria) and SNRA at our hospital in 2007–2020. Malignancy was diagnosed within 2 years
before or after RS3PE or SNRA diagnosis. Overall, 24 RS3PE and 124 SNRA patients were enrolled.
The median ages were 79.5 and 68.5 years, and men comprised 54.2% and 37.1% of RS3PE and SNRA
patients, respectively. RS3PE patients had higher inflammation levels (p = 0.004) and more incidences
of malignancy (p = 0.034). Matching for age and sex, RS3PE patients had higher inflammation levels
(p = 0.021) and more incidences of malignancy (p = 0.005). Overall, odds ratios (ORs) for malignancy
were higher for older age (OR 1.06, p = 0.037), male sex (OR 4.34, p = 0.007), RS3PE patients (OR 4.83,
p = 0.034), and patients with extremity edema (OR 4.83, p = 0.034). Inflammation levels and associated
factors of malignancy were higher in RS3PE patients than in SNRA patients. Patients who are older,
male, with extremity edema, or had RS3PE should be screened for malignancies.

Keywords: rheumatoid arthritis; synovitis; neoplasms; edema; inflammation

1. Introduction

Remitting seronegative symmetrical synovitis with pitting edema (RS3PE) was first
reported by McCarty et al. in 1985 [1]. It is characterized by pitting edema of the extremities,
sudden onset of polyarthritis, seronegativity for rheumatoid factor (RF), excellent response
to glucocorticoids, and the absence of radiologically evident erosions [1]. RS3PE mainly
affects the joints of the extremities, especially the metacarpophalangeal (MCP) and proximal
interphalangeal (PIP) phalanges, wrists, shoulders, elbows, knees, and ankles [2]. Although
the pathophysiology of RS3PE remains unclear, vascular endothelial growth factor (VEGF)
serum levels have been found to be elevated in patients with RS3PE [3]. The increase in
vascular permeability by VEGF is thought to be responsible for the development of pitting
edema of the dorsum of both hands and both feet in patients with RS3PE [3].

Initially, RS3PE was thought to be a type of older-onset rheumatoid arthritis (RA) [4]
and was considered the same disease as seronegative RA and polymyalgia rheumatica
(PMR) [5]. Subsequently, comparisons between PMR and RS3PE have been reported [6].
Kawashiri et al. reported the differences in musculoskeletal ultrasound findings of both
hands between RS3PE and “seropositive” elderly onset RA; however, to our knowledge,
no reports have compared the characteristics of RS3PE and “seronegative” RA [7].

J. Clin. Med. 2021, 10, 1116. https://doi.org/10.3390/jcm10051116 https://www.mdpi.com/journal/jcm
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RS3PE is often described as a paraneoplastic disease [8] and has been reported to
have a high rate of malignancy development [9]. Paraneoplastic arthritis often presents
as symmetrical polyarthritis, mainly affecting the wrist and fingers, and is often negative
for RF and anti-cyclic citrullinated peptide antibody (ACPA) [10]. Early diagnosis of
malignancy is clinically important because it improves survival. Therefore, examination
for malignancy is necessary in such cases.

The primary aim of this study was to compare the clinical characteristics of RS3PE
and seronegative RA and evaluate the frequency of concurrent malignancy. The secondary
aim was to compare the clinical features with and without malignancies in patients with
RS3PE and to compare the clinical features with and without malignancies in patients with
seronegative RA.

2. Materials and Methods

2.1. Compliance with Ethical Standards

All procedures were performed in accordance with the ethical standards of the institu-
tional and national research committees and the 1975/1983 Helsinki Declaration and its
later amendments.

2.2. Study Design

This was a retrospective medical record study.

2.3. Patients

Medical records of consecutive patients diagnosed with RS3PE and seronegative
RA at our hospital between 2007 and 2020 were retrospectively examined. Patients who
were both ACPA- and RF-negative were included. Patients who met the criteria for
both PMR and RS3PE were included in the RS3PE group and those who met the criteria
for both PMR and seronegative RA were included in the seronegative RA group. PMR
was diagnosed according to the 2012 European League Against Rheumatism/American
College of Rheumatology (EULAR/ACR) Provisional Classification Criteria for PMR [11].
For patients diagnosed with PMR before 2012, we retrospectively reviewed whether they
met the 2012 PMR classification criteria. Patients who met the criteria for both RA and
RS3PE were diagnosed with RS3PE. However, those who had erosion were diagnosed
with seronegative RA. We defined RS3PE and seronegative RA patients by excluding those
who met the criteria for PMR as “pure RS3PE” and “pure seronegative RA.” Patients who
met the criteria for both RA and PMR were diagnosed with seronegative RA. Patients
with paraneoplastic polyarthritis were excluded from the group of patients with RS3PE
or seronegative RA. Those with distal joint swelling that rapidly disappeared after tumor
resection were diagnosed with paraneoplastic polyarthritis.

2.4. RS3PE Diagnosis

Patients were diagnosed with RS3PE when they met the McCarty et al. criteria [1]: (1)
pitting edema of the dorsum of both hands and both feet, (2) sudden onset of polyarthritis,
(3) seronegative for RF, and (4) no development of radiologically evident erosions.

2.5. Seronegative RA Diagnosis

Seronegative RA was diagnosed according to the 2010 EULAR/ACR criteria [12]. Pa-
tients who were first diagnosed with RS3PE or PMR and later diagnosed with seronegative
RA were included in the seronegative RA group.

2.6. Clinical and Laboratory Features

We examined the affected joints and evaluated them for systemic signs and symptoms
(temperature ≥38.0 ◦C, malaise or fatigue, weight loss, morning stiffness lasting at least 1
h, and edema). The affected joints were the shoulders, elbows, wrists, fingers (MCP and
interphalangeal (IP)/PIP joints), hips, knees, ankles, and toes (MCP and IP/PIP joints).
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Edema was evaluated separately as edema of only hands, only feet, and of both limbs.
We also measured the erythrocyte sedimentation rate (ESR) and the levels of C-reactive
protein (CRP), hemoglobin (Hb), albumin (Alb), lactate dehydrogenase (LDH), and matrix
metalloproteinase 3 (MMP-3). Smokers were defined as those who had a smoking history
within 2 years before and after RS3PE or seronegative RA diagnosis. If there were evaluable
examinations, ultrasound imaging, breast imaging, joint X-ray imaging, chest computed
tomography (CT), abdominal CT, pelvic CT, positron emission tomography/CT, joint
magnetic resonance imaging, upper and lower gastrointestinal endoscopy, gynecological
examination, and pathological tests were performed.

2.7. Statistical Analysis

The first analysis was performed on clinical and laboratory features of patients with
RS3PE and seronegative RA. The secondary analysis was performed on the above eval-
uations with a 1:2 matching for age and sex. All data were analyzed using JMP version
14.0 (SAS Institute, Cary, NC, USA). The third analysis was performed to compare the
clinical features of patients with or without malignancy among patients with RS3PE or
seronegative RA. Univariate analysis, Fisher’s exact test, and logistic regression analysis
were applied to evaluate the associated factor of malignancy. A probability level less than
0.05 was used as the criterion of significance. Results that did not follow the Gaussian
distribution were expressed as the median of the 25–75th percentile (interquartile range),
and results that followed the Gaussian distribution were expressed as mean ± standard
deviation. The odds ratio (OR) and its 95% confidence interval (95% CI) indicated the
increased or decreased risk of malignancy associated with a one-unit change in the pre-
dictor variable for continuous variables. For dichotomous variables, the OR indicated the
risk of malignancy associated with the presence of the feature compared to the absence of
the characteristic. In the case of missing data, the number of patients with available data
was specified.

3. Results

We enrolled 24 consecutive patients with RS3PE examined at our hospital between
2007 and 2020 (Supplementary Table S1). Initially, 25 patients were diagnosed with RS3PE
according to the criteria of McCarty et al. [1]. However, one patient was later diagnosed
with paraneoplastic polyarthritis with rapid remission of distal swelling with pitting edema
after tumor resection and was excluded from the RS3PE group. Only one patient was
diagnosed with paraneoplastic polyarthritis: an 81-year-old woman who presented with
polyarthritis and edema of both hands and feet. Her blood test showed high levels of CRP
(2.2 mg/dL). During examination, she was diagnosed with cancer of the pancreatic body
and underwent surgery to remove the body and tail of the pancreas. The postoperative
course is uneventful. One month after the operation, the polyarthritis resolved and the
levels of CRP decreased (0.1 mg/dL) without the use of medication.

In the control group, 124 consecutive patients with seronegative RA during the same
period were enrolled. Supplementary Figure S1 shows the patient diagnosis flow.

Figure 1 shows the breakdown of patients according to the criteria for RS3PE, RA,
and PMR. The RS3PE group consisted of Group A, B, and C patients. The seronegative RA
group consisted of Group D and E patients. In the RS3PE and seronegative RA groups,
two and 17 patients, respectively, met the 2012 EULAR/ACR provisional criteria for
PMR [11] (Figure 1). After excluding those patients, 22 patients (Groups A and B, Figure 1)
with RS3PE and 107 patients (Group D, Figure 1) with seronegative RA were analyzed
with similar results to those obtained at baseline, including the incidence of comorbid
malignancies (Supplementary Table S2).
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Figure 1. Diagnostic criteria for RS3PE and seronegative RA, as used in this study. Patients in Group A met only the criteria
for RS3PE. Patients in Group B met the criteria for both RS3PE and RA. Patients in Group C met the criteria for both RS3PE
and PMR. Patients in Group D met only the criteria for RA. Patients in Group E met the criteria for both RA and PMR. The
RS3PE group consisted of Group A + B + C patients. The seronegative RA group consisted of Group D + E patients. No
patients met the criteria for RS3PE, RA, and PMR. ACPA, anti-cyclic citrullinated peptide antibody; PMR, polymyalgia
rheumatica; RA, rheumatoid arthritis; RF, rheumatoid factor; RS3PE, remitting seronegative symmetrical synovitis.

3.1. Comparison of Clinical and Laboratory Features of RS3PE and Seronegative RA

In the first analysis, baseline characteristics at diagnosis of the 24 RS3PE patients were
compared with those of the 124 seronegative RA patients (Table 1). The onset age of RS3PE
was significantly higher than that of seronegative RA. The RS3PE patients had less swollen
small joints and significantly higher levels of CRP, LDH, and MMP-3 than the seronegative
RA patients. The numbers of swollen and/or tender joints were similar in both groups,
except for the elbows and fingers, which were more affected in the seronegative RA patients.
The ankles were more affected in the RS3PE patients than in the seronegative RA patients.

Malignancies were detected in six of 24 (25%) patients in the RS3PE group and in
eight of 124 (6.5%) patients in the seronegative RA group within 2 years before and after
RS3PE/seronegative RA diagnosis. The malignancy incidence rate in the RS3PE group was
significantly higher than that in the seronegative RA group (p = 0.034). Table 2 presents the
patients with malignancies and the types of malignancies. Advanced malignancies were
not found in the RS3PE patients. There was one case of advanced malignancy (pancreatic
cancer) in a seronegative RA patient.
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Table 1. Patient baseline characteristics at diagnosis.

Characteristics
RS3PE Patients

(n = 24)
Seronegative RA Patients

(n = 124)
p Value

Age, median (IQR), years 79.5 (73.8–86.5) 68.5 (58.5–78.0) <0.001

Length of follow-up, median (IQR), months 31.5 (12.0–109.0) 62.9 (30.7–98.4) 0.09

Male sex, n (%) 13 (54.2) 46 (37.1) 0.17

Smoking, n (%) 5 (20.8) 23 (18.6) 0.78

Diabetes, n (%) 6 (25.0) 14 (11.3) 0.10

Hypertension, n (%) 12 (50.0) 41 (33.1) 0.16

Hyperlipidemia, n (%) 5 (20.8) 33 (26.1) 0.62

Swollen or/and tender joints, n (%)

Shoulders 8 (33.3) 67 (54.3) 0.08

Elbows 2 (8.3) 53 (42.7) 0.001

Wrists 17 (70.8) 100 (80.7) 0.28

Fingers 19 (79.2) 120 (96.8) 0.022

Hips 4 (16.7) 13 (10.5) 0.48

Knees 9 (37.5) 59 (47.6) 0.38

Ankles 18 (75.0) 65 (52.4) 0.046

Toes 8 (33.3) 35 (28.2) 0.63

Patients with swollen large joints, n (%) 17 (70.8) 64 (51.6) 0.12

Patients with swollen small joints, n (%) 21 (87.5) 124 (100.0) 0.024

Number of swollen large joints, median (IQR), n 2.0 (0.0–2.8) 1.0 (0.0–2.0) 0.17

Number of swollen small joints, median (IQR), n 3.0 (1.3–13.3) 9.0 (5.0–15.0) 0.33

28 swollen joints, median (IQR), n 4.0 (1.3–10.8) 8.0 (5.0–14.0) 0.29

28 tender joints, median (IQR), n 6.5 (4.3–12.0) 11.0 (7.3–15.0) 0.15

Patients with erosion, n (%) 0 (0.0) 39 (31.5) <0.001

Systemic signs and symptoms, n (%)

Temperature ≥38 ◦C 2 (8.3) 7 (5.7) 0.64

Malaise or fatigue 3 (12.5) 8 (6.5) 0.39

Weight loss 5 (20.8) 12 (9.7) 0.16

Morning stiffness
(lasting at least 1 h) 2 (8.3) 31 (25.0) 0.11

Edema (both hands and feet) 24 (100.0) 0(0) <0.001

Edema (only hands) 0 (0.0) 1 (0.8) 1.0

Edema (only feet) 0 (0.0) 19 (15.3) <0.001

CRP, median (IQR), mg/dL 8.2 (4.0–14) 2.8 (0.7–6.6) 0.004

ESR, median (IQR), mm/h

Men+Women 91.0 (59–112.5) 55.0 (32.0–90.0) 0.07

Men 85.0 (28.5–114.5) 57.0 (31.0–90.0) 0.36

Women 91.0 (82–113) 54.0 (32.0–88.0) 0.010

Alb, median (IQR), g/dL 3.5 (3.0–3.7) (n = 23) * 3.9 (3.4–4.1) (n = 100) * 0.012

LDH, median (IQR), U/L 197.0 (161–234) 176.0 (155.5–195) 0.07

MMP-3, median (IQR), ng/mL
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Table 1. Cont.

Characteristics
RS3PE Patients

(n = 24)
Seronegative RA Patients

(n = 124)
p Value

Men+Women 378.5(243.3–662.2) (n = 16) * 162.0 (82.2–401.1) (n = 115) * 0.022

Men 359.4(269.1–435.4) (n = 7) * 211.0
(115.3–420.9) (n = 45) * 0.08

Women 414.1(92.8–997.2) (n = 9) * 151.0 (47.2–348.5) (n = 70) * 0.07

Hb, mean ± SD, g/dL

Men + Women 10.7 ± 1.8 11.9 ± 1.8 0.024

Men 10.8 ± 2.0 12.2 ± 1.7 0.10

Women 10.6 ± 1.5 11.7 ± 1.8 0.12

Malignancy (within 2 years before and after the
diagnosis of RS3PE or seronegative RA), n (%) 6 (25.0) 8 (6.5) 0.034

Patients fulfilling the classification criteria for RA
[11,12], n (%) 7 (29.2) 124 (100.0) <0.001

Patients fulfilling the classification criteria for
PMR [10], n (%) 2 (8.3) 17 (13.7) 0.74

Patients fulfilling the classification criteria for RA
[11,12] + PMR [10], n (%) 0 (0.0) 17 (13.7) 0.08

Alb, albumin; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; Hb, hemoglobin; IQR, inter quartile range; LDH, lactate dehy-
drogenase; MMP-3, matrix metalloproteinase 3; PMR, polymyalgia rheumatica; RA, rheumatoid arthritis; RS3PE, remitting seronegative
symmetrical synovitis with pitting edema; SD, standard deviation. * In the case of missing data, the number of patients with available data
was specified.

Table 2. Patients with malignancies 2 years before and after RS3PE or seronegative RA diagnosis.

Sex, Age (years)
Interval between Diagnosis of
RS3PE/Seronegative RA and

Malignancies (Months)
Malignancy Type

RS3PE

M, 81 –24 Prostate cancer

M, 78 –24 Prostate cancer

M, 78 –11 Rectal cancer

F, 87 0 (+5 days) Pancreatic cancer

M, 79 0 (+6 days) Stomach cancer

M, 80 3 Rectal cancer

Seronegative RA

M, 84 –20 Rectal cancer

F, 64 –17 Uterine cancer

M, 82 –6 Ascending colon cancer

M, 69 –5 Small cell lung cancer

F, 58 –4 Breast cancer

F, 80 1 Breast cancer

M, 67 9 Diffuse large B cell lymphoma

M, 83 18 Pancreatic cancer
RA, rheumatoid arthritis; RS3PE, remitting seronegative symmetrical synovitis with pitting edema; M, male;
F, female.
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3.2. Comparison of Clinical and Laboratory Features of RS3PE and Seronegative RA with a 1:2
Matching for Age and Sex

Since the incidence of malignancies depends on age and sex, we performed a 1:2
matching in the second analysis. After matching for age and sex, 24 patients with RS3PE
and 48 with seronegative RA were selected for comparison. Malignancies were significantly
more common in the RS3PE than in the seronegative RA patients (Table 3). The RS3PE
patients had less swollen and tender joints and significantly higher CRP levels than the
seronegative RA patients.

Table 3. Baseline characteristics at diagnosis of RS3PE and seronegative RA patients with a 1:2 matching for age and sex.

Characteristic
RS3PE Patients

(n = 24)
Seronegative RA Patients

(n = 48)
p Value

Age, median (IQR), years 79.5 (73.8–86.5) 79.5 (73.3–85.3) 0.58

Male sex, n (%) 13 (54.2) 23 (47.9) 0.80

Swollen or/and tender joint, n (%)

Shoulders 8 (33.3) 33 (68.8) 0.006

Elbows 2 (8.3) 19 (39.6) 0.006

Wrists 17 (70.8) 42 (87.5) 0.11

Fingers 19 (79.2) 46 (95.8) 0.037

Hips 4 (16.7) 6 (12.5) 0.72

Knees 9 (37.5) 19 (39.6) 1.00

Ankles 18 (75.0) 25 (52.1) 0.08

Toes 8 (33.3) 11 (22.9) 0.40

Patients with swollen large joints, n (%) 17 (70.8) 26 (54.2) 0.21

Patients with swollen small joints, n (%) 21 (87.5) 48 (100.0) 0.034

Number of swollen small joints, median (IQR), n 3.0 (1.3–13.3) 9.0 (6.0–15.0) 0.021

28 swollen joints, median (IQR), n 4.0 (1.3–10.8) 9.5 (6.0–15.0) 0.008

28 tender joints, median (IQR), n 6.5 (4.3–12.0) 11.0 (8.3–15.0) 0.019

Patients with erosion, n (%) 0 (0.0) 15 (31.3) 0.001

CRP, median (IQR), mg/dL 8.2 (4.0–14) 4.4 (1.3–8.4) 0.021

ESR, median (IQR), mm/h 91.0 (59–112.5) 75.0 (37.0–103.0) 0.25

LDH, median (IQR), U/L 197.0 (161–234) 184.5 (164.0–210.5) 0.26

MMP-3, median (IQR), ng/mL 378.5(243.3–662.2) 251.0 (124.0–555.0) 0.27

Hb, mean±SD, mg/dL 10.7 ± 1.8 11.5 ± 2.0 0.08

Malignancy
(within 2 years before and after the diagnosis of RS3PE or

seronegative RA), n (%)
6 (25.0) 1 (2.1) 0.005

Patients fulfilling the classification criteria for RA [11,12], n (%) 7 (29.2) 48 (100.0) 0.09

Patients fulfilling the classification criteria for PMR [10], n (%) 2 (8.3) 7 (14.6) 0.71

Patients fulfilling the classification criteria for RA [11,12] + PMR
[10], n (%) 0 (0.0) 7 (14.6) 0.09

CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; Hb, hemoglobin; IQR, interquartile range; LDH, lactate dehydrogenase;
MMP-3, matrix metalloproteinase 3; PMR, polymyalgia rheumatica; RA, rheumatoid arthritis; RS3PE, remitting seronegative symmetrical
synovitis with pitting edema; SD, standard deviation.
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3.3. Comparison of Clinical Features of Patients with and without Malignancies among the RS3PE
and Seronegative RA Patients

Table 4 shows a comparison of the clinical features of the patients with and without
malignancies. There were 14 patients with malignancies and 134 patients without malig-
nancies, with median ages of 79.5 and 69.5 years, respectively (p = 0.032). Furthermore,
71.4% and 36.6% of the patients, respectively, were men (p = 0.011). The RS3PE patients
constituted 42.9% and 13.4% (p = 0.034) of the patients with and without malignancies,
respectively. Patients with malignancies had more edema of both hands and both feet
(p = 0.034) than those without malignancies. There was no difference between the groups
in terms of percentage of patients who fulfilled the criteria for PMR (p = 1.00). In terms of
overall ORs for malignant comorbidities among the patients with RS3PE or seronegative
RA, older age (OR 1.06, 95% CI 1.002–1.11, p = 0.037), male sex (OR 4.34, 95% CI 1.29–14.57,
p = 0.007), RS3PE (OR 4.83, 95% CI 1.50–15.56, p = 0.034), and edema of both hands and both
feet (OR 4.83, 95% CI 1.50–15.56, p = 0.034) were associated with the presence of comorbid
malignancies. Seronegative RA (OR 0.21, 95% CI 0.06–0.07, p = 0.034) and increased Hb
levels in men (OR 0.51, 95% CI 0.33–0.81, p = 0.005) were associated with the absence of
comorbid malignancies (Table 5).

Table 4. Patient baseline characteristics at diagnosis of RS3PE and seronegative RA patients with or without malignancies.

Characteristics
With Malignancy

(n = 14)
Without Malignancy

(n = 134)
p Value

Age, median (IQR), years 79.5 (68.5–82.3) 69.5 (60.0–79.0) 0.032

Length of follow-up, median (IQR), months 40.6 (7.9–87.7) 57.4 (27.4–97.7) 0.36

Male sex, n (%) 10 (71.4) 49 (36.6) 0.011

Smoking, n (%) 5 (35.7) 23 (17.2) 0.14

Diabetes, n (%) 4 (28.6) 16 (11.9) 0.10

Hypertension, n (%) 5 (35.7) 48 (35.8) 1.00

Hyperlipidemia, n (%) 4 (28.6) 34 (25.4) 0.76

Swollen or/and tender joints, n (%)

Shoulders 5 (35.7) 70 (52.2) 0.27

Elbows 5 (35.7) 50 (37.3) 1.00

Wrists 11 (78.6) 106 (79.1) 1.00

Fingers 13 (92.9) 126 (94.0) 1.00

Hips 2 (14.3) 15 (11.2) 0.67

Knees 5 (35.7) 63 (47.0) 0.56

Ankles 8 (57.1) 75 (56.0) 1.00

Toes 4 (28.6) 39 (29.1) 1.00

Patients with swollen large joints, n (%) 6 (42.9) 75 (56.0) 0.41

Patients with swollen small joints, n (%) 13 (92.9) 132 (98.0) 0.26

Number of swollen large joints, median (IQR), n 0.0 (0.0–2.3) 1.0 (0.0–2.0) 0.44

Number of swollen small joints, median (IQR), n 12.5 (4.3–18.5) 8.0 (4.0–13.0) 0.46

28 swollen joints, median (IQR), n 9.5 (3.5–16.8) 8.0 (4.0–12.0) 0.62

28 tender joints, median (IQR), n 7.5 (5.8–19.3) 10.0 (7.0–14.3) 0.74

Patients with erosion, n (%) 5 (35.7) 34 (25.4) 0.52
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Table 4. Cont.

Characteristics
With Malignancy

(n = 14)
Without Malignancy

(n = 134)
p Value

Systemic signs and symptoms, n (%)

Temperature ≥ 38 ◦C 0 (0.0) 9 (6.7) 1.00

Malaise or fatigue 2 (14.3) 9 (6.7) 0.28

Weight loss 1 (7.1) 16 (12.0) 1.00

Morning stiffness (lasting at least 1 h) 4 (28.6) 29 (21.7) 0.55

Edema (both hands and feet) 6 (42.9) 18 (13.4) 0.034

Edema (only hands) 0 (0.0) 1 (0.8) 1.00

Edema (only feet) 0 (0.0) 19 (14.2) 0.22

CRP, median (IQR), mg/dL 6.1 (3.1–11.9) 3.1 (0.8–7.2) 0.08

ESR, median (IQR), mm/h

Men + Women 46.0 (21.5–112.0) 59.0 (33.0–91.5) 0.88

Men 90.0 (35.0–114.0) 59.0 (31.0–90.5) 0.53

Women 22.5 (13.8–91.3) 59.0 (33.5–93.5) 0.15

Alb, median (IQR), g/dL 3.5 (3.1–4.0) 3.8 (3.3–4.1) (n = 109) * 0.24

LDH, median (IQR), U/L 174.5 (166.8–214.8) 178.0
(155.0–206.3) 0.79

MMP-3, median (IQR), ng/mL

Men+Women 220.0 (43.8–364.8) (n = 13) * 181.0 (84.8–428.5) (n = 118) * 0.75

Men 234.7 (133.0–364.8) (n = 9) * 213.0
(116.0–426.2) (n = 43) * 0.85

Women 37.7 (28.1–463.8) (n = 4) * 162.0 (66.8–465.0) (n = 75) * 0.13

Hb, mean ± SD, g/dL

Men + Women 10.9 ± 2.0 11.8 ± 1.8 0.10

Men 10.3 ± 1.4 12.3 ± 1.7 0.001

Women 12.7 ± 2.3 11.5 ± 1.8 0.24

Patients diagnosed with RS3PE, n (%) 6 (42.9) 18 (13.4) 0.034

Patients diagnosed with RA [11,12], n (%) 8 (57.1) 116 (86.6) 0.034

Patients fulfilling the classification criteria for RA
[11,12], n (%) 10 (71.4) 121 (90.0) 0.058

Patients fulfilling the classification criteria for
PMR [10], n (%) 1 (7.1) 18 (13.4) 1.00

Alb, albumin; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; Hb, hemoglobin; IQR, interquartile range; LDH, lactate
dehydrogenase; MMP-3, matrix metalloproteinase 3; RA, rheumatoid arthritis; RS3PE, remitting seronegative symmetrical synovitis with
pitting edema; SD, standard deviation. * In the case of missing data, the number of patients with available data was specified.
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Table 5. Risk factors for malignancy in patients with RS3PE or seronegative RA analyzed by univari-
ate logistic regression analysis.

Characteristics Odds Ratio 95% Confidence Interval p Value

Age 1.06 1.002–1.11 0.037

Length of follow–up 0.999801 0.9994–1.0002 0.36

Male sex 4.34 1.29–14.57 0.007

Smoking 2.68 0.82–8.74 0.10

Diabetes 2.95 0.83–10.52 0.10

Hypertension 0.995 0.32–3.14 0.99

Hyperlipidemia 1.18 0.35–3.997 0.79

Swollen or/and tender joints

Shoulders 0.51 0.16–1.60 0.25

Elbows 0.93 0.30–2.94 0.91

Wrists 0.97 0.25–3.71 0.96

Fingers 0.83 0.10–7.13 0.86

Hips 1.32 0.27–6.49 0.73

Knees 0.63 0.20–1.97 0.42

Ankles 1.05 0.34–3.19 0.93

Toes 0.97 0.29–3.29 0.97

Patients with swollen large joints 0.59 0.19–1.79 0.35

Patients with swollen small joints 0.20 0.02-2.32 0.20

Number of swollen large joints 0.87 0.60–1.25 0.44

Number of swollen small joints 1.04 0.98–1.10 0.22

28 swollen joints 1.03 0.95–1.11 0.50

28 tender joints 1.004 0.92–1.10 0.92

Patients with erosion 1.63 0.51–5.21 0.41

Systemic signs and symptoms

Temperature ≥ 38 ◦C 8.20 × 10–7 0–>106 0.99

Malaise or fatigue 2.31 0.45–11.97 0.32

Weight loss 0.57 0.07–4.63 0.60

Morning stiffness
(lasting at least 1 h) 1.45 0.42–4.96 0.56

Edema (both hands and feet) 4.83 1.50–15.56 0.034

Edema (only hands) 6.45 × 10–7 0–>105 0.99

Edema (only feet) 2.78 × 10–7 0–>106 0.99

CRP 1.08 1.18–0.92 0.08

ESR

Men+Women 0.999905 0.98–1.02 0.08

Men 1.006 0.988–1.02 0.51

Women 0.98 0.95–1.01 0.25

Alb 0.63 0.24–1.65 0.35

LDH 1.0009 0.99–1.02 0.90
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Table 5. Cont.

Characteristics Odds Ratio 95% Confidence Interval p Value

MMP–3

Men +Women 1.00009 0.9992–1.001 0.84

Men 1.0006 0.9993–1.002 0.34

Women 0.9985 0.99–1.003 0.50

Hb

Male + Women 0.77 0.57–1.06 0.11

Men 0.51 0.33–0.81 0.005

Women 1.47 0.80–2.71 0.21

Patients with RS3PE 4.83 1.50–15.56 0.034

Patients with seronegative RA 0.21 0.06–0.07 0.034

Patients fulfilling the classification
criteria for RA [11,12] 0.27 0.07–0.98 0.046

Patients fulfilling the classification
criteria for PMR [10] 0.50 0.06–4.02 0.51

Patients fulfilling the classification
criteria for RA [11,12] + PMR [10] 2.82 × 10–7 0–>106 0.99

Alb, albumin; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; Hb, hemoglobin; IQR, interquartile range;
LDH, lactate dehydrogenase; MMP-3, matrix metalloproteinase 3; PMR, polymyalgia rheumatica; RA, rheumatoid
arthritis; RS3PE, remitting seronegative symmetrical synovitis with pitting edema; SD, standard deviation.

3.4. Comparison of Baseline Characteristics between RS3PE Patients with and
without Malignancies

No clinical differences were noted between the RS3PE patients with and without
malignancies (Supplementary Table S3).

3.5. Comparison of Baseline Characteristics between Seronegative RA Patients with and
without Malignancies

The seronegative RA patients with malignancies had less swollen large joints (p = 0.027),
lower MMP-3 levels (83.8 vs. 173.0 ng/mL, p = 0.07), lower ESRs in women (19.0 vs.
55.0 mm/h, p = 0.020), and higher Hb levels in women (13.7 ± 1.3 vs. 11.6 ± 1.8, p = 0.045)
than those without malignancies (Supplementary Table S4).

4. Discussion

4.1. Comparison of Clinical and Laboratory Features of RS3PE and Seronegative RA

We found that patients with RS3PE were characterized by an older age at onset, higher
affectation of the ankles compared to the elbows and fingers, higher levels of CRP and
ESR, and a higher malignancy rate compared to patients with seronegative RA. These
results (Table 1) are similar to those of Olive et al. [2], who reported that, in RS3PE patients,
the MCP (81.5%) and PIP joints (70.4%), wrists (55.5%), shoulders (48%), knees (33.3%),
and ankles (25.9%) were more frequently affected, while the elbows (11.1%) were less
frequently affected. Patients with RS3PE had swollen and/or tender finger joints less
frequently than those with seronegative RA (79.2% vs. 96.8%, p = 0.022). The reason for
this is that patients with seronegative RA must present with 11 or more swollen or tender
joints, including at least one small joint, to meet the 2010 EULAR/ACR criteria for RA [12].
This suggests that patients with seronegative RA tend to have many small joints affected.
In our study, RS3PE more frequently affected the joints of the ankles than did seronegative
RA. The high incidence of affected joints of the ankles in RS3PE patients may be due to
attending physicians determining swelling in the ankle because of lower extremity edema
in RS3PE patients.

251



J. Clin. Med. 2021, 10, 1116

The number of affected joints in the RS3PE patients was lower than that in the seroneg-
ative RA patients; however, the levels of CRP, and MMP-3 were higher. When analyzed
with a 1:2 matching for age and sex, CRP levels were higher in the RS3PE group than in
the seronegative RA group, while MMP-3 levels were comparable between the groups
(Table 3). This implies that RS3PE and seronegative RA are essentially different diseases.
Patients with RS3PE have often been reported to be positive for human leukocyte antigen
(HLA)-B7, -Cw7, and -DQw2 [13], but not for HLA-DRB1, which is positive in RA [13,14].
Furthermore, RS3PE patients have higher levels of VEGF than RA patients [3]. This sug-
gests that the pathogenesis of RS3PE is different from that of seronegative RA. Malignancies
such as advanced cancers [15] and kidney cancers [16], which cause high levels of CRP,
were not found in the RS3PE patients in this study.

PMR and seronegative RA have both positive HLA-DRB1, which may suggest that
their etiologies may be the same; however, there are differences regarding their clinical
manifestations. In PMR patients, there is significantly more frequent bilateral shoulder
and hip pain and significantly less frequent peripheral arthritis (peripheral synovitis) than
in RA patients [11]. Based on the distribution of the affected joints, it is not difficult to
distinguish PMR from seronegative RA. Therefore, when the primary symptom of a patient
who meets the criteria for PMR is peripheral arthritis; a diagnosis of RA is often made
when the patient also meets the criteria for RA.

Compared to RS3PE, PMR has also been found to be significantly more common in
male patients with a higher frequency of hip morning stiffness and pain [6]. Salvarani
et al. [17] reported 19 cases of PMR with distal extremity swelling with pitting edema.
However, edema in both hands and both feet was present in only three of the 19 cases, and
all three cases met the criteria for RS3PE [1], although there are some missing data on RF.
PMR with distal extremity swelling with pitting edema appears to identify a more benign
disease subset than PMR without edema [18]. Patients who met the criteria for both PMR
and RS3PE have previously been categorized as RS3PE [6,19]. Therefore, PMR with edema
in all extremities could have been defined as RS3PE.

In our study, the patients who met the criteria for both RS3PE and PMR were defined
as having RS3PE, and those who met the criteria for both seronegative RA and PMR were
defined as having seronegative RA. Two (8.3%) and 17 (13.7%) patients with RS3PE and
seronegative RA met the criteria for PMR [11], respectively. Excluding these patients who
met the criteria for PMR, we reanalyzed 22 “pure RS3PE” and 107 “pure seronegative
RA” patients. There were no differences in clinical characteristics and results between the
“pure RS3PE” and “pure seronegative RA” groups, including the incidence of comorbid
malignancies. These results suggest that it is not possible to differentiate RS3PE from
seronegative RA regardless of the patients meeting the criteria for PMR. In paraneoplastic
syndromes in rheumatology, musculoskeletal symptoms are known to occur in the joints
and muscles [20] and PMR-like symptoms are also known to develop [21]. In our study,
however, there was no relationship between meeting the PMR criteria and the presence or
absence of malignancies (Table 5).

4.2. Comparison between RS3PE/Seronegative RA with and without Malignancies

Comorbid malignancies were found in 25.0% and 6.5% of the RS3PE and seronegative
RA patients, respectively (Table 1). Based on data from the National Cancer Institute of
Japan [22], the 4-year incidences of malignancies (2 years before and after the diagnosis of
RS3PE/seronegative RA) in the Japanese population of the same age were 9.1% and 6.3%
in RS3PE and seronegative RA patients, respectively. Thus, compared with the Japanese
population, the incidence of comorbid malignancies was higher in the RS3PE group and
comparable in the seronegative RA group. This is consistent with the findings of a previous
report that the incidence of malignancies is higher in patients with RS3PE than in the
general population [9]. The types of malignancies associated with RS3PE [23] include
stomach, rectal, and prostate cancers, as observed in our study.
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4.3. Comparison between RS3PE Patients with and without Malignancies

In the current study, there was no significant difference in the clinical characteristics
of RS3PE between patients with and without malignancies (Supplementary Table S3).
Origuchi et al. reported that RS3PE with malignancies has higher MMP-3 serum levels
than RS3PE without malignancies, due to the abundant production of MMP-3 owing to
malignancies [24]. In our study, there was no difference in MMP-3 levels. This discrepancy
may have been due to the small number of cases both in the study by Origuchi et al. [24]
and ours. These authors included eight patients with malignancy out of a total of 33
patients with RS3PE, and our study included six patients with malignancy out of a total
of 24 patients with RS3PE. Due to the small number of cases to be analyzed, sufficient
detection power may not have been obtained. These authors also included not only patients
with edema of the hands and feet, but also that of only hands or only feet, which is different
from our inclusion criteria that included patients with edema in both hands and both feet,
similar to the study of McCarty et al. [1]. There was no difference in MMP-3 levels when
analyzed separately by sex.

4.4. Comparison between Seronegative RA Patients with and without Malignancies

In our study, the seronegative RA patients with malignancies had lower MMP-3 levels
and fewer swollen large joints than those without malignancies. Although MMP-3 serum
levels can be elevated with steroids [25], all patients in this study had not used steroids
before seronegative RA diagnosis. Additionally, patients with malignancies had fewer
swollen large joints than those without malignancies (Supplementary Table S4). Serum
levels of MMP-3 have been reported to be higher in RA patients with synovitis in large
joints [26]. The MMP-3 serum levels did not correlate with the number of tender and
swollen joints used in the core set of ACR, but they correlated with the Lansbury’s joint
scores, which have a high coefficient for large joints [27]. Therefore, in our study, the low
circulating levels of MMP-3 in seronegative RA patients with malignancy may be due to
the small number of swollen large joints.

4.5. Comparison between Seronegative RA and RS3PE Patients with and without Malignancies

We also examined the differences in the clinical characteristics of the overall patients
with and without malignant comorbidities. The ORs of the patients with malignancies were
higher for older age, male sex, RS3PE, and edema of both hands and both feet (Table 5).
Regarding older and male patients, these results are consistent with data from the National
Cancer Institute of Japan and the general Japanese trend. The high ORs of RS3PE and
edema in both hands and both feet for malignancy also suggest that a thorough examination
for malignancies should be performed in patients with RS3PE.

4.6. Limitations

Our study has several limitations. First, this was a retrospective study. Therefore,
we employed matching to minimize selection bias. Second, 23 seronegative RA patients
(one with malignancy, 22 without malignancies) and eight RS3PE patients (three with
malignancies, five without malignancies) could not be followed for ≥2 years after the
diagnosis of seronegative RA and RS3PE, respectively. Nevertheless, the results were not
different after the exclusion of these patients. In our study, the incidence of malignancies
was defined within 2 years before and after RS3PE or seronegative RA diagnosis; however,
it is not clear within what year malignancy should be included. Some reports included
comorbid malignancies within a definite period after the onset of RS3PE [6,24], while other
reports did not present a definite period [9,28]. The significant difference in the incidence
of comorbid malignancies between the RS3PE and seronegative RA groups was noted
even when including malignancies within 1 or 3 years before or after the diagnosis of
RS3PE/RA. Third, our study population was small. Since RS3PE is a rare disease and
this was a single center study, multicenter validation studies are warranted. Finally, there
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were some missing data on Alb and MMP-3, but there were no missing data on important
indices such as CRP and ESR.

5. Conclusions

Patients with RS3PE had higher CRP levels and a higher risk for malignancy than those
with seronegative RA. As RS3PE patients are likely to have malignancies, it is necessary to
thoroughly examine for malignancies at RS3PE diagnosis.

The seronegative RA patients with malignancies had lower MMP-3 levels and fewer
swollen large joints at RA diagnosis than those without malignancy. Furthermore, among
seronegative RA patients, it is recommended that patients with lower MMP-3 levels and
fewer swollen large joints should be screened for malignancy.

These findings may enable the performance of a differential diagnosis between RS3PE
and seronegative RA. Moreover, this may encourage clinicians to examine for malignancies
in patients with RS3PE, contributing to improved patient outcomes.
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