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The joint involvement in adult
onset Still’s disease is characterised
by a peculiar magnetic

resonance imaging and a specific
transcriptomic profile
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Adult onset Still's disease (AOSD) is a rare systemic autoinflammatory disease, characterised by
fever, arthritis, and skin rash, and joint involvement is one of its clinical manifestations. The aims

of this work were to assess joint involvement, to describe main patterns of involvement, and
associated clinical characteristics. In this work, we aimed at assessing the joint involvement in

AOSD by using MR, to describe main patterns and associated clinical characteristics. In addition, we
aimed at assessing the global transcriptomic profile of synovial tissues in AOSD to elucidate possible
pathogenic pathways involved. We also evaluated the global transcriptomic profile of synovial
tissues to elucidate possible pathogenic pathways involved in the disease. Thus, AOSD patients,

who underwent to MRI exam on joints, were assessed to describe patterns of joint involvement

and associated clinical characteristics. Some synovial tissues were collected for RNA-sequencing
purposes. The most common MRI finding was the presence of synovitis on 60.5%, mainly in peripheral
affected joints, with low to intermediate signal intensity on T1-weighted images and intermediate

to high signal intensity on T2-fat-saturated weighted and STIR images. Bone oedema and MRI-

bone erosions were reported on 34.9% and 25.6% MRI exams, respectively. Patients with MRI-bone
erosions showed a higher prevalence of splenomegaly, a more frequent chronic disease course, lower
levels of erythrocyte sedimentation rate, and ferritin. In AOSD synovial tissues, a hyper-expression
of interleukin (IL)-1, IL-6, and TNF pathways was shown together with ferritin genes. In conclusion,
in AOSD patients, the most common MRI-finding was the presence of synovitis, characterised by
intermediate to high signal intensity on T2-fat-saturated weighted and STIR images. MRI-bone
erosions and bone oedema were also observed. In AOSD synovial tissues, IL-1, IL-6, and TNF pathways
together with ferritin genes resulted to be hyper-expressed.

Abbreviations

AOSD Adult-onset Still's disease

MRI Magnetic resonance imaging
MAS Macrophage activation syndrome
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ESR Erythrocyte sedimentation rate

CRP C-reactive protein

GCs Glucocorticoids

DMARDs Disease modifying anti-rheumatic drugs
H&E Haematoxylin and eosin

SD Standard deviation

IQR Interquartile range

Adult-onset Still’s disease (AOSD) is a rare inflammatory disease of unknown aetiology'. These patients are
constantly affected by fever, which starts suddenly with daily spikes. Arthritis, either oligoarthritis or bilateral
symmetrical rheumatoid arthritis-like polyarthritis, is another common clinical feature of AOSD?. The joint
involvement may have with a migrating pattern at the beginning and it may become becoming stable over the
time?~*. Although any joint may be affected, wrists, knees and ankles are those more frequently involved affected®.
During the early phases of AOSD or flare, conventional radiography may display normal or a soft tissue swell-
ing in association with a mild periarticular demineralisation of involved affected joints®. Subsequently, patients
may develop a distinctive pattern of intercarpal and carpometacarpal joint space narrowing, leading to joint
erosions and/or pericapitate ankylosis”®. The latter is considered a classic and suggestive feature of AOSD”~.
AOSD patients with chronic course may show a distinctive pattern of intercarpal and carpometacarpal joint
space narrowing, leading to joint erosions and/or pericapitate ankyloses”®. The latter may be considered a classic
sequela in the chronic pattern of the disease’®. In this context, the role of magnetic resonance imaging (MRI)
in AOSD patients is not elucidated yet.

MRI is a non-ionizing imaging technique with an excellent soft-tissue visualisation. It allows a multiplanar
tomographic imaging, without a projectional superimposition and possible geometric distortions associated
with other techniques!®. Furthermore, inflammatory soft tissue changes of synovitis, which are not detectable
by conventional clinical assessment and conventional radiography biochemical, and radiographic methods, may
be directly visualised and evaluated in detail by MRI'!. In addition, MRI this technique offers a large anatomical
coverage and has the possibility of standardised image acquisition and possible centralised reading'>**. Impor-
tantly, MRI is a very safe technique, without involving no ionising radiations and without increasing the risk of
malignancies'®'*. However, during AOSD, a systematic evaluation of joint involvement by MRI is still missing.
On these bases, in this work, we aimed at assessing the joint involvement in AOSD by using MRI, to describe
main patterns and associated clinical characteristics. In addition, we aimed at assessing the global transcriptomic
profile of synovial tissues in AOSD to elucidate possible pathogenic pathways involved in the disease with.

Results

Patients and descriptive characteristics. In this study, 31 patients with AOSD (mean age
42.3+15.2 years, 54.8% male gender), who underwent to at least one MRI exam on joints, were assessed.
The clinical characteristics were registered at the time of MRI execution. The most common clinical mani-
festations were fever (87.1%), arthralgia (80.6%), and arthritis (77.4%). Systemic score resulted to be 4.2+2.4
(mean +SD). Inflammatory markers were also increased during flares of the disease [erythrocyte sedimentation
rate (ESR): 49.7 £16.5 mm/h, C-reactive protein (CRP): 50 (90) mg/L median (interquartile range), ferritin:
1757.7 (3975.0) ng/mL]. A large percentage of these patients were treated with low dosage of glucocorticoids
(GCs) (54.8%), synthetic- (51.6%), and biologic-disease modifying anti rheumatic drugs (DMARDs) (54.8%).
Specifically, 7 patients were treated with tocilizumab, 5 with anakinra, 4 with etanercept, and 1 with infliximab.
No episode of macrophage activation syndrome (MAS) was reported in this cohort. Supplementary Table 1 sum-
marizes descriptive statistics of assessed patients.

MRI findings in AOSD. The present evaluation included 44 MRI exams (13 exams of hand/wrists, 12 of
knee, 5 of pelvis, 3 of shoulder, 3 of ankle, 3 of feet, 2 of hip, 2 of lumbosacral spine and 1 of cervical spine). The
most common MRI finding was the presence of synovitis on 26 (60.5%) exams, mainly in peripheral affected
joints, as shown in Fig. 1. In these exams, MRI revealed a mild to moderate proliferative synovitis, as thickening
of the synovial membrane, suggesting the presence of a hyperplastic than of a hypertrophied synovial tissue. In
these patients, we observed a low to intermediate signal intensity on T1-weighted images and an intermediate
to high signal intensity on T2-fat saturated weighted and STIR images. Contrast enhancement (CE)-MRI was
performed in our series in 20 patients with severe synovial involvement, allowing to better differentiate active
hyperplastic synovitis than fluid effusion. CE-MRI confirmed the findings on T2-fat saturated weighted and
STIR images without CE, as shown in Supplementary Figure 1. The presence of bone oedema, characterised by
high signal intensity on T2-fat saturated weighted and STIR images, was reported on 15 (34.9%) MRI exams. In
11 (25.6%) patients, MRI-bone erosions were observed, codified as on T1-weigheted images as discontinuity of
signal void of cortical bone and loss of normal high signal intensity of bone marrow fat. In all patients but one,
MRI-bone erosions were synchronous with bone oedema, overlapping completely the locations, as reported in
Fig. 1. Less frequently, tenosynovitis, defined as peritendinous effusion, and a focal joint space narrowing were
reported on 8 (18.6%) and 7 (16.3%) patients MRI exams, respectively. Concerning MRI on spine, although the
low number, no inflammatory lesions were detected. No ankylosis was observed in any MRI, even if this tech-
nique could not be the first choice in assessing this feature.

Follow-up study. During the follow-up, in 20 patients, 20 MRI exams were repeated (6 of hand/wrist, 5
of knee, 4 of pelvis, 2 of ankle, 1 of hip, 1 of cervical spine and lof lumbar spine), and evaluated for possible
changes, without any inferential analysis due to the lack of power. Following the therapies, an improvement of
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Figure 1. Synovitis, bone oedema, and bone erosions, as common MRI findings on wrists and ankles in AOSD.
In panels (a) and (b), T1-weighted and T2-STIR images of coronal sections on wrist are shown, respectively,
detailing a mild to moderate proliferative synovitis, as thickening of the synovial membrane, with low to
intermediate signal intensity on T1-weighted images and intermediate to high signal intensity on T2-STIR
images (arrows). Bone oedema and bone erosions are also shown, which overlapped the locations (arrows).

In panel (c) and (d), T1-weighted and T2-STIR images of coronal sections on ankle are shown, respectively,
detailing a mild to moderate proliferative synovitis, with low to intermediate signal intensity on T1-weighted
images and intermediate to high signal intensity on T2-STIR images (arrows). Bone oedema and bone erosion
are also shown, which overlapped the locations (arrows). In panels (e) and (f) T1-weighted and T2-fat saturated
images of coronal sections on wrist are shown, respectively, detailing no pathologic findings. In panels (c)

and (d), T1-weighted and T2-STIR images of sagittal sections on ankle are shown, respectively, detailing no
pathologic findings.

synovitis and bone oedema was reported, whereas a stabilisation of MRI-bone erosions. Conversely, a worsening
of synovitis was reported on MRI exam during a flare of the disease, as shown in Fig. 2. On two MRI exams of
spine, no changes were described during the follow-up.

Patients with MRI bone-erosions, clinical characteristics, and predictive factors. Patients with
and without MRI bone-erosions were grouped and compared, as reported in Supplementary Table 1. Patients
with MRI-bone erosions showed a higher prevalence of splenomegaly [9 (90.0%) vs 11 (52.4%), p=0.041], lower
levels of ESR [46.6+17.3 mm/h vs 52.5+14.9 mm/h, p=0.002], and ferritin [1191.7 (2288.5) ng/mL vs 2833.8
(3887.1) ng/mL, p=0.044]. Furthermore, these patients were treated more frequently with both synthetic- [8
(80.0%) vs 8 (38.1%), p=0.029] and biologic-DMARD:s [8 (80.0%) vs 9 (42.8%), p=0.046] experiencing more
often a chronic disease course [7 (70.0%) vs 2 (9.5%), p=0.007]. We performed the same analysis about dis-
ease courses grouping the patients according to the presence or not of synovitis. Non-significant results were
retrieved about polycyclic [synovitis: 10 (50%) vs no-synovitis 5 (45.4%), p=0.210] and chronic patterns [syno-
vitis: 4 (20.0%) vs no-synovitis 5 (45.4%), p=0.298]. In addition, possible correlations among the presence of
MRI-bone erosions and ESR (coeflicient —0.123, p=0.216), CRP (coefficient —0.046, p=0.385), ferritin (coef-
ficient 0.15, p=0.370), and systemic score (coefficient 0.88, p=0.287) were searched, but non-significant results
were obtained. Finally, a multivariate regression model was built to evaluate a possible predictive role of selected
variables (use of synthetic DMARDS, chronic disease course) on the likelihood of MRI-bone erosions, assessing
the first available MRI exam. The multivariate analysis showed that the use of synthetic DMARDs (OR 7.79, 95%
CI 1.29-46.89, p=0.025) and the chronic disease course (OR 1.69, 95% CI 1.04-28.43, p=0.034) were indepen-
dently related with MRI-bone erosions, as reported in Table 1. The logistic regression model was statistically
significant (x*=10.99, p=0.001).

Histological findings. During the follow-up, in two patients, replacements of hip were performed and
the synovial tissues were collected. Based on the peculiar MRI signal intensity of synovitis, we conducted a
pathogenic study on these synovial samples. In this evaluation, we performed a histological study to evaluate the
pro-inflammatory infiltrate and the presence of some cytokines involved in AOSD pathogenesis. Two patients
(female 25 years-old, male 54 years-old, respectively) underwent joint surgery since a repeated and uncontrolled
inflammatory involvement of hips because of the disease. They reported a long history of AOSD, treated with
glucocorticoids, 0.2-0.3 mg/kg/day of prednisone equivalent, and non-steroidal anti-inflammatory drugs, on-
demand, during the acute flares. In these patients, at the time of synovial tissues collection, no biologic DMARD
was administered.
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Figure 2. MRI findings before and after therapies in AOSD. In panels (a) and (b), T1-weighted and T2-STIR
images of coronal sections on wrist are shown, respectively, before therapies (a,b), whereas, in panels (d) and
(e), T1-weighted and T2-STIR images of coronal sections on wrist are shown, after therapies, reporting the
reduction of synovitis, the disappearance of bone oedema, and the stabilisation of bone erosions (d,e) (arrows).
In panels (c) and (f), T2-weighted images of sagittal sections on knee are shown before (c) and after therapies
(f), respectively, detailing a worsening of proliferative synovitis and effusion in suprapatellar bursa and intra-
articular space (arrows).

As shown in Supplementary Figure 2, a moderate perivascular mononuclear infiltrate in the sub-lining stroma
of hip synovial tissues was observed, associated with a slight increase in the cellular density of the stroma and a
synovial lining of 2-3 layers. These features could suggest a low-grade synovitis. Furthermore, an increase number
of vessels number could be suggested, but without a haematic extravasation. In addition, interleukin (IL)-1,
IL-6, TNFE, and heavy ferritin subunit (FeH) were found on AOSD synovial tissues, as shown in Supplementary
Figure 3. Finally, CD68+/FeH+ cells were observed in these tissues, as reported in Supplementary Figure 4.

RNA sequencing analysis. After the histological assessment, we performed in the same patients a bulky
RNA-sequencing to provide a transcriptomic synovial tissue profile of main pathogenic pathways involved in
AOSD. This, RNA-sequencing analysis assessed the global transcriptomic profile of synovial tissues on AOSD
patients and gender matched-controls (female 70 years-old, male 65 years-old, respectively). The compari-
son of the gene expressions profile between AOSD patients and controls revealed 1123 genes downregulated
(log2FC< -1 and FDR<0.05) and 2716 genes upregulated (log2FC>1 and FDR <0.05) in AOSD synovial tis-
sues (Fig. 3). Among upregulated ones, plxncl, clstn3, c3, gbp1, irfl, gchl, cyr61, ccl8, and chi3I2 showed the high-
est differences between the 2 groups (Fig. 3). After that, we explored genes implicated in IL-1, IL-6, TNFE IFN-y,
and iron uptake and transport pathways. Assessing IL-1 pathway, we found an increased expression of illa, il1b,
illrap, illrl, il18r1, and il18bp on AOSD tissues when compared with controls. On the contrary, il18 resulted to
be more expressed in the controls (Fig. 4A). In IL-6 pathway, we found an increased expression of il6 and il6st/
gp130 on AOSD synovial tissues, whereas an increased expression of il6r was shown in the controls (Fig. 4B).
Among genes involved in TNF pathway, tnf, trafl, traf2, tnfaip3, and tnfrsfla resulted to be more expressed in
AOSD synovial tissues than controls (Fig. 5A). Furthermore, no significant difference was retrieved analysing
the interferon (IFN)-y pathway (Supplementary Figure 5). Finally, fthl and ftl were more expressed in AOSD
patients than controls (Fig. 5B), when we explored the iron uptake and transport pathway.

Discussion

The present work showed MRI patterns of joint involvement in AOSD, mainly reporting the presence of synovitis,
characterised by low to intermediate signal intensity on T1-weighted images and intermediate to high signal
intensity on T2-fat saturated weighted and STIR images. MRI-bone erosions and bone oedema in peripheral
joints were also observed, which overlapped the locations. Assessing these findings with clinical features, the
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Clinical variables |OR [SE [95%cCI p
Univariate analyses

Age 1.02 |0.02 |0.97-1.07 0.352
Male gender 225 |0.72 |0.55-9.24 |0.261
Fever 1.03 | 1.21 |0.09-11.12 | 0.978
Arthritis 2.80 | 1.12 |0.30-25.77 |0.363
Skin rash 0.75 |0.80 |0.15-3.59 0.715
Splenomegaly 6.01 |1.11 |0.68-12.90 |0.107
Systemic score 1.09 |0.16 |0.81-1.48 0.565
Disease duration 0.98 |0.08 |0.85-1.14 0.865
ESR 0.99 |0.35 |0.49-1.99 0.989
CRP 091 |0.24 |0.56-1.44 0.666
Ferritin 144 |0.26 |0.85-2.42 0.168
Low dosage of GCs 0.50 |0.70 |0.12-1.99 | 0.327
Synthetic DMARDs 7.50 |0.86 |1.38-40.69 |0.002
Biologic DMARDs 4.56 |0.86 |0.98-10.75 | 0.061
Polycyclic disease pattern | 0.83 | 0.72 | 0.20-3.44 | 0.803
Chronic disease pattern 520 |0.75 |1.18-22.89 |0.029
Multivariate analysis

Synthetic DMARDs 7.79 1092 |1.29-46.89 |0.025
Chronic disease pattern 1.69 |0.84 |1.04-28.43 |0.034
Constant x2=10.99, p=0.001

Table 1. Multivariate regression analysis of predictive factors on the likelihood of MRI-bone erosions

in AOSD. MRI magnetic resonance imaging, AOSD adult onset Still’s disease, OR odds ratio, SE standard
error, 95% CI 95% confidence interval, ESR erythrocyte sedimentation rate, CRP C-reactive protein, GCs
glucocorticoids, DMARD:s disease modifying anti-rheumatic drugs. Bolded values are statistically significant
(p<0.05).
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Figure 3. Volcano plot showing the effect size log2 fold-change (x axis) and significance (y axis) of each tested
gene. Cut-off: og2FC>1 or log2FC< -1 and FDR <0.05.

subset of patients showing MRI-bone erosions was characterised by a chronic disease course, lower levels of both
ferritin and ESR. In addition, a global transcriptomic profile of synovial tissues suggested specific pathogenic
pathways involved in AOSD joint involvement.
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Figure 4. Clustered heatmaps of IL-1 (A) and IL-6 (B) pathways (R package version 1.0.0, https://CRAN.R-
project.org/package=ggplot.multistats).

The most common MRI finding was the presence of synovitis in peripheral joints, including wrists, shoulders,
and knees, which showed a low to intermediate signal intensity on T1-weighted images and an intermediate to
high signal intensity on T2-fat saturated weighted and STIR images. The latter feature appears to differentiate
AOSD synovitis from haemorrhagic or post-traumatic ones, which are typically characterised by low or high
intensity on T2-fat saturated weighted and STIR images, respectively'*'. This feature could be associated with the
presence of FeH on AOSD synovial tissues, which could represent a specific marker of the disease, as observed
in other affected tissues'®!”. Despite the lack of power, the results obtained from the follow-up, suggested that
MRI-synovitis could also follow the activity of the disease, reducing or enhancing in case of remission or flare.
Thus, MRI-synovitis could be considered a possible surrogate of disease activity in AOSD to be assessed during
the disease course, at least regarding the joint involvement.

In addition, a percentage of patients showed the presence of MRI-bone erosions and bone oedema. These
findings seemed to be synchronous between them, overlapping the locations, and it could suggesting another
typical feature of AOSD joint involvement. Differently from what previously reported®=, no MRI findings to be
correlated with ankylosis were observed on MRI-exams. In fact, although considered a typical feature of AOSD,
the pericapitate ankylosis on conventional radiograph may be considered a finding of a long-standing and
insufficiently treated disease. Thus, our MRI exams could have not revealed this aspect since the characteristics
of assessed patients, with a relatively low disease duration and all variably treated with glucocorticoids (GCs),
synthetic- and/or biologic DMARDs.

Analysing comparatively clinical characteristics and MRI-findings, the results suggested some clinical features
related to MRI-bone erosions. In fact, these patients with MRI-bone erosions were characterised by a higher
prevalence of splenomegaly, lower levels of both ESR and ferritin, and experienced more commonly a chronic
disease pattern. In this context, it has been reported that splenomegaly and chronic disease pattern could predict
the need of prolonged therapies', differently from what observed in patients achieving a monocyclic pattern'. In
fact, these patients were more frequently treated with synthetic- and biologic-DMARDs, which are administered
in non-responder patients to first-line therapeutic strategies®*?!.

However, analysing predictive factors of MRI-bone erosions, the use of synthetic-DMARDs was predictive
of this finding, whereas the use of biologic-DMARDs did not. In fact, During AOSD, the administration of
biologic-DMARDs is related to additional prescribing motivations to joint involvement in AOSD, considering
the heterogeneous clinical course of these patients the disease?”. The association among MRI-bone erosions and
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Figure 5. Clustered heatmaps of TNF signalling (A), and iron uptake and transport pathways (B) (R package
version 1.0.0, https://CRAN.R-project.org/package=ggplot.multistats).

lower levels of both ESR and ferritin could reflect a more intensive therapeutic strategy in these patients, parallel-
ing what observed in rheumatoid arthritis as a confounding by indication bias**?*. Another possible explanation
could be provided by a recent published multidimensional characterisation of the disease AOSD patients®. In
this work, four different clusters of AOSD patients were identified by using values of systemic score, ferritin,
CRP, ESR, and age. Patients codified in cluster 4 were characterised by lower levels of ferritin and ESR than
others. Thus, it could be possible that patients with MRI-erosions in the present evaluation could be codified in
this cluster 4. These observations may suggest the need of further studies to fully validate the proposed clinical
clusters of AOSD and to evaluate associated clinical characteristics.

Interestingly, the global transcriptomic profile of AOSD synovial tissues suggested the hyper-expression
of IL-1a, IL-1f, IL-6, and TNF as well as of their respective receptors, furtherly reinforcing the rationale of
inhibiting these cytokines during the disease®. Thus, it could be possible to speculate the existence of a specific
pro-inflammatory signature on AOSD joint involvement, characterised by the hyper-activation of these path-
ways. In addition, the hyper-expression of ferritin genes on AOSD synovial tissues could highlight the idea of a
possible pathogenic role of ferritin in enhancing the pro-inflammatory burden, as proposed by the concept of
the “hyper-ferritinaemic syndrome”?’-%°.

Finally, AOSD is burdened by life-threatening complications, such as MAS mainly MAS, a hyper-inflam-
matory syndrome which leads to a high mortality rate, although the disease usually affects young people®*~2.
Interestingly, in our cohort, no episode of MAS was registered. In our study, the patients in our cohort did not
appear to be characterised by a hyper-activation of IFN-y pathway, which is considered of crucial importance
on the occurrence of life-threatening complications during AOSD and its juvenile counterpart®*-¢. In fact, the
activation of IFN-y would prompt the occurrence of a systemic inflammation, since it has been implicated as a
pivotal mediator of the pathogenesis in different hyper-inflammatory diseases®**. Similarly, although elevated
levels of IL-18 are were reported in AOSD¥, this cytokine appeared downregulated in synovial tissues of our
AOSD patients. This possible discrepancy could be related to the pathogenic role of IL-18 in development of both
MAS and cytokine storm syndrome®®*. Thus, it could be possible that IL-18 could be also more involved in the
systemic manifestations of the disease than the articular ones. In addition, considering that synovial tissues were
collected in patients with a long history of AOSD, the assessed cells could be in a state in which the production of
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IL-18 could be reduced due to the drugs and/or the exhaustion of pro-inflammatory cells producing cytokines.
Taking together these observations, further studies are needed to fully evaluate these issues.

The present evaluation is affected by different limitations due to the observational study design and the lack of
control group, reducing the validity of our findings and suggesting a cautious generalization of the results. Fur-
thermore, the relative low number of assessed MRI-exams would recommend the necessity of specific designed
studies to entirely clarify this issue. However, the rarity of AOSD makes very difficult to arrange prospective stud-
ies, suggesting the significance of cohort studies to identify relevant clinical features and to generate hypotheses
to be subsequently investigated.

In conclusion, in this work, MRI patterns of AOSD joint involvement were reported suggesting possible
peculiar features on these patients. The most common finding was the presence of synovitis, characterised by
an intermediate to high signal intensity on T2-fat saturated weighted and STIR images. MRI-bone erosions and
bone oedema in peripheral joints were also observed, which could be synchronous between them, overlapping the
locations. Assessing these findings with clinical features, the subset of patients showing MRI-bone erosions was
characterised by a chronic disease course, lower levels of both ESR and ferritin. In addition, a hyper-activation
was observed on of IL-1, IL-6, TNE, and ferritin pathways were observed by a global transcriptomic profile of
AOSD synovial tissues, suggesting pathogenic mechanisms and therapeutic targets. Taking together all these
findings, although further studies are needed to entirely elucidate these issues, some specific aspects of AOSD
could be observed on joint involvement, suggesting typical radiologic findings, associated clinical features,
involved pathogenic mechanisms, and therapeutic targets.

Methods

Study design. From January 2015 to December 2019, consecutive patients with AOSD, who underwent at
least one MRI exam on joints, were assessed, in an observational study, to describe patterns of joint involvement
by using MRI and to highlight associated clinical characteristics and predictive factors.

The local Ethics Committee (Comitato Etico Azienda Sanitaria Locale 1 Avezzano/Sulmona/LAquila, LAquila,
Italy) approved the study, considering both clinical (protocol number 0139815/16) and translational (protocol
number 0122353/17) sections of the present research project. The study was performed according to the Good
Clinical Practice guidelines and the Declaration of Helsinki. Each patient provided the informed consent for
purposes of the study.

Settings. Patients with AOSD, who attended the Rheumatologic Clinics of Aquila, Siena, Naples, and Bolo-
gna, were considered. These Italian Rheumatology centres, involved in this project, were selected due to previous
expertise on management of AOSD and in inception cohort studies.

Patients. Patients were considered whether fulfilling Yamaguchi’s criteria® for diagnosis of AOSD and
undergoing at least one MRI exam on joints during the follow-up, for a clinical suspicion of joint involvement by
the disease. Since the observational nature of the study, the choice of performing or not the MRI of joint was left
to the physicians in charge on the patient. After the execution of this radiologic exam, the data of these patients
were registered.

Variables on MRl exams. MRI exam was included if performed as detailed in available imaging protocols
in musculoskeletal system?!. The strict adherence to these standardised protocols has been deemed as crucial
to minimise the variability among different diagnostic centres and readers, involved in the present study. In
cases with severe synovitis, CE-MRI was employed to a better characterisation of the findings, by a bolus of
gadolinium (0.1 mmol/kg). MRI-findings, namely bone erosions, osteitis/bone marrow oedema, synovitis, joint
space narrowing, and tenosynovitis, were scored, by experienced radiologists, according to OMERACT MRI
definitions*2.

Clinical variables. In this work, we related clinical characteristics and predictive factors of joint involve-
ment in AOSD. These findings were recorded at the time of MRI execution. Clinical features, systemic score,
occurrence life-threatening complications, therapies, and patterns of disease were reported. The systemic score
was derived, as previously detailed®*’. The presence of fever, arthritis, arthralgia, complications, and other clini-
cal manifestations were also evaluated and defined as discretely distributed variables (yes/no). The occurrence
of MAS and other AOSD-life threatening complications were evaluated as previously reported®>**. Patients in
remission were defined as those achieving a complete disappearance of any clinical and laboratory feature of
the disease as previously reported®. Inflammatory markers, ESR and CRP, and ferritin were registered, and
expressed as continuous variables. At the end of follow-up, patients were codified into three different disease
courses, monocyclic, polycyclic, and chronic patterns as previously performed®***-*¢. The administration of
therapies for managing AOSD was also recorded, at the diagnosis and during the follow-up, GCs, synthetic- and
biologic-DMARDs. The use of GCs was stratified into two categories, low dosage (<0.5 mg/kg/day of pred-
nisone-equivalent) and high dosage (> 0.5 mg/kg/day of prednisone-equivalent), as already done®’.

Data sources. Relevant data were collected at study beginning and reassessed, during the scheduled visits
for each involved participant by an extensive clinical history. A specific form was used to retrieve all variables of
interest for study purposes.
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Bias. Considering the observational design, our study could be subjected to a number of possible biases,
which we tried to overcome by a relatively simple study design and a careful selection of involved centres, all to
be considered tertiary referral centres for AOSD and with a high experience in inception cohort studies. We also
tried to minimise the main methodological issues by a careful definition of each variable to be assessed. Fur-
thermore, participants with significant missing data, which were considered to be meaningful for the analyses,
were removed.

Study size. No sample size estimation was provided, since our evaluation would provide a “real-life” esti-
mation of the joint patterns of involvement in AOSD. From January 1, 2015 to December 31, 2019, consecutive
patients with AOSD, admitted to Italian Rheumatology Units, who underwent to at least 1 MRI exam on the
joint, were assessed and followed-up.

Hematoxylin and eosin. During the follow-up, in two patients, replacements of hip were performed and
the synovial tissues were collected for histological purposes. Paraffin-embedded hip synovial tissues were pro-
cessed for haematoxylin and eosin (H&E) staining. Samples were analysed at a single cutting level according to
standard of practice. Synovial sections were analysed according to a semi-quantitative assessment of synovitis
according to a previously validated score?’. Images were acquired with Olympus BX53 microscope.

Immunofluorescence. Immunofluorescence analysis was performed on paraffin sections (thickness 3 um).
The sections were dewaxed, and antigen retrieval was carried out using Dako Target Retrieval solution (DAKO,
USA). After blocking, with Dako Protein block (Dako, USA), the sections were incubated for 60 min at room
temperature with the following antibodies anti-CD68 (sc-9139, 1:20, Santa Cruz Biotechnology, USA), anti-FeH
(sc-376594, 1:50, Santa Cruz Biotechnology, USA). The immunoreaction was revealed using conjugated second-
ary antibody (Alexa Fluor; Life Technologies, USA). Negative controls were obtained by omitting the primary
antibody. Cell nuclei were visualized using 4',6-diamidino-2-phenylindole. Fluorescence was acquired using a
BX53 fluorescence microscope (Olympus, Center Valley, PA, USA).

Immunohistochemistry. Synovia paraffin sections (thickness 3 pm) were deparaffinised, treated with
endogenous peroxidase blocking (Dako, USA) and then with Dako Protein block (Dako, USA) to block non-
specific binding. After blocking, sections were incubated respectively with anti-IL-1 (sc-7884, 1:100, Santa Cruz
Biotechnology, USA), anti-IL-6 (sc-130326, 1:100, Santa Cruz Biotechnology, USA), anti-TNFa (sc-8301, Santa
Cruz Biotechnology, USA) and anti-FeH antibody (sc-376594, 1:200, Santa Cruz Biotechnology, USA). Visu-
alisation of the primary antibodies was performed using EnVision Flex/HRP and DAB (diaminobenzidine)
(both Dako, USA). No immunohistochemical staining was noted in negative control samples where the primary
antibody was omitted. Sections were examined and photographed under light microscope (Olympus BX53).

RNA sequencing of synovial tissues.  Total RNA was extracted from synovial tissue using All prep DNA/
RNA/miRNA universal kit (Qiagen, Germany) As controls, we used 2 patients with hip fracture who did a hip
arthroplasty. Extracted RNA was submitted to an external company (GALSEQ srl, Via Vincenzo Monti, 8, 20123
Milano) for RNA sequencing, including total RNA sample detection, mRNA enrichment, synthesis of double-
stranded cDNAs, end repair/dA-tailing module, fragment selection, PCR amplification, library detection, and
Ilumina sequencing. The method for screening differentially expressed genes between 2 groups was filtered by
P value of less than 0.05, and fold-change (FC) values were more than 1.2-fold. Heatmaps were generated in R: a
Language and Environment for Statistical Computing statistical software (version 3.0.3; R core team, R Founda-
tion for Statistical Computing, Vienna, Austria, 2018, https://www.R-project.org/) with the heatmap.2 function
in the ggplots (R package version 1.0.0, https://CRAN.R-project.org/package=ggplot.multistats).

Statistical methods. Statistics firstly provided the descriptive analysis of all assessed variables, in included
patients. The data distribution was tested by using Shapiro-Wilk test and, thus, collected results were presented
as mean and standard deviation (SD) or median and interquartile range (IQR). To compare the clinical charac-
teristics of patients with- and without MRI-erosions parametric or non-parametric ¢ tests were used for all the
continuous variables and Chi-squared test was used for the categorical variables, as appropriate. Furthermore,
possible correlations among the presence of MRI-bone erosions and ESR, CRP, ferritin, and systemic score were
estimated by using a point-biserial coefficient correlation. In addition, a regression analysis was built to evaluate
possible predictive factors, assessing the significance of selected clinical and laboratory features, on the likeli-
hood of MRI-erosions presence. The statistical analysis of this feature was planned considering that the variable
was discretely distributed (“yes MRI-bone erosions’/”no MRI-bone erosions”). The selection process of covari-
ates started by a univariate analysis of each variable, any variable having a significant univariate test was selected
as candidate for the multivariate analysis, whereas removed if non-significant. At the end of this process, the
multivariate model was provided, with OR estimations of independently predictors of MRI-bone erosions. Due
to the relatively simple study design, a very few missing data were managed by exclusion of these from analyses.
Two-sided P values < 0.05 were considered as being statistically significant. The Statistics Package for Social Sci-
ences (SPSS for Windows, version 17.0, SPSS Inc., Chicago, IL, USA) was used for all analyses.

Ethics approval and consent to participate. The local Ethics Committee (Comitato Etico Azienda
Sanitaria Locale 1 Avezzano/Sulmona/IAquila, CAquila, Italy; protocol number 0139815/16 and protocol num-
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ber 0122353/17) approved the study, which was performed according to the Good Clinical Practice guidelines
and the Declaration of Helsinki.

Informed consent was obtained from each patient for the use of de-identified clinical and laboratory data

and images for study purposes.

Data availability

All data relevant to the study are included in the article or uploaded as supplementary information.

Received: 5 January 2021; Accepted: 21 May 2021
Published online: 14 June 2021

References

1.
2.

'

oo

10.
11.
12.
13.
. Zappia, M. et al. Diagnostic imaging: Pitfalls in rheumatology. Radiol. Med. 124, 1167-1174 (2019).
15.
16.
17.
18.
19.
20.
21.
22.

23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

Gerfaud-Valentin, M., Jamilloux, Y. & Iwaz, J. Pascal Séve. Adult-onset Still’s disease. Autoimmun. Rev. 13, 708-722 (2014).
Ruscitti, P. & Giacomelli, R. Pathogenesis of adult onset still’s disease: Current understanding and new insights. Expert Rev. Clin.
Immunol. 14, 965-976 (2018).

. Giacomelli, R., Ruscitti, P. & Shoenfeld, Y. A comprehensive review on adult onset Still’s disease. J. Autoimmun. 93, 24-36 (2018).
. Fautrel, B. Adult onset Still’s disease. Best Pract. Res. Clin. Rheumatol. 22, 773-792 (2008).
. Kadavath, S. & Efthimiou, P. Adult-onset Still’s disease-pathogenesis, clinical manifestations, and new treatment options. Ann.

Med. 47, 6-14 (2015).

. Pouchot, J. et al. Adult Still’s disease: Manifestations, disease course, and outcome in 62 patients. Medicine (Baltimore) 70, 118-136

(1991).

. Elkon, K. B. et al. Adult-onset Still’s disease. Twenty-year followup and further studies of patients with active disease. Arthritis

Rheumatol. 25, 647-654 (1982).

. Sampalis, J. S. et al. A controlled study of the long-term prognosis of adult Still’s disease. Am. J. Med. 98, 384-388 (1995).
. Medsger, T. A. Jr. & Christy, W. C. Carpal arthritis with ankylosis in late onset Still’s disease. Arthritis Rheumatol. 19, 232-242

(1976).

Bruno, E et al. New advances in MRI diagnosis of degenerative osteoarthropathy of the peripheral joints. Radiol. Med. 124,
1121-1127 (2019).

QOstergaard, M. & Boesen, M. Imaging in rheumatoid arthritis: The role of magnetic resonance imaging and computed tomography.
Radiol. Med. 124, 1128-1141 (2019).

Barile, A. et al. Computed tomography and MR imaging in rheumatoid arthritis. Radiol. Clin. North Am. 55,997-1007 (2017).
Bruno, E. et al. MR imaging of the upper limb: Pitfalls, tricks, and tips. Radiol. Clin. North Am. 57, 1051-1062 (2019).

Carotti, M., Salaffi, E, Di Carlo, M. & Giovagnoni, A. Relationship between magnetic resonance imaging findings, radiological
grading, psychological distress and pain in patients with symptomatic knee osteoarthritis. Radiol. Med. 122, 934-943 (2017).
Ruscitti, P. et al. H-ferritin and CD68(+) /H-ferritin(+) monocytes/macrophages are increased in the skin of adult-onset Still's
disease patients and correlate with the multi-visceral involvement of the disease. Clin. Exp. Immunol. 186, 30-38 (2016).
Ruscitti, P. et al. H-ferritin and proinflammatory cytokines are increased in the bone marrow of patients affected by macrophage
activation syndrome. Clin. Exp. Immunol. 191, 220-228 (2018).

Gerfaud-Valentin, M. et al. Adult-onset still disease: Manifestations, treatment, outcome, and prognostic factors in 57 patients.
Medicine (Baltimore) 93, 91-99 (2014).

Efthimiou, P, Paik, P. K. & Bielory, L. Diagnosis and management of adult onset Still’s disease. Ann. Rheum. Dis. 65, 564572
(2006).

Cipriani, P,, Ruscitti, P., Carubbi, E, Liakouli, V. & Giacomelli, R. Methotrexate: An old new drug in autoimmune disease. Expert
Rev. Clin. Immunol. 10, 1519-1530 (2014).

Ruscitti, P. et al. Biologic drugs in adult onset Still's disease: A systematic review and meta-analysis of observational studies. Expert
Rev. Clin. Immunol. 13, 1089-1097 (2017).

Ruscitti, P. et al. Prescribing motivations and patients’ characteristics related to the use of biologic drugs in adult-onset Still's
disease: Analysis of a multicentre “real-life” cohort. Rheumatol. Int. 40, 107-113 (2020).

Salas, M., Hofman, A. & Stricker, B. H. Confounding by indication: An example of variation in the use of epidemiologic terminol-
ogy. Am. J. Epidemiol. 149, 981-983 (1999).

Landewé, R. & van der Heijde, D. Follow up studies in rheumatoid arthritis. Ann. Rheum. Dis. 61, 479-481 (2002).

Berardicurti, O. et al. Dissecting the clinical heterogeneity of adult-onset Still’s disease, results from a multi-dimensional charac-
terisation and stratification. Rheumatology https://doi.org/10.1093/rheumatology/keaa904 (2021).

Feist, E., Mitrovic, S. & Fautrel, B. Mechanisms, biomarkers and targets for adult-onset Still’s disease. Nat. Rev. Rheumatol. 14,
603-618 (2018).

Rosirio, C., Zandman-Goddard, G., Meyron-Holtz, E. G., D'Cruz, D. P. & Shoenfeld, Y. The hyperferritinemic syndrome: Mac-
rophage activation syndrome, Still’s disease, septic shock and catastrophic antiphospholipid syndrome. BMC Med. 11, 185 (2013).
Zarjou, A. et al. Ferritin light chain confers protection against sepsis-induced inflammation and organ injury. Front. Immunol. 10,
131 (2019).

Ruscitti, P. et al. Pro-inflammatory properties of H-ferritin on human macrophages, ex vivo and in vitro observations. Sci. Rep.
10, 12232 (2020).

Ruscitti, P. et al. Advances in immunopathogenesis of macrophage activation syndrome during rheumatic inflammatory diseases:
Toward new therapeutic targets?. Expert Rev. Clin. Immunol. 13, 1041-1047 (2017).

Ruscitti, P. et al. Prognostic factors of macrophage activation syndrome, at the time of diagnosis, in adult patients affected by
autoimmune disease: Analysis of 41 cases collected in 2 rheumatologic centers. Autoimmun. Rev. 16, 16-21 (2017).

Efthimiou, P,, Kadavath, S. & Mehta, B. Life-threatening complications of adult-onset Still’s disease. Clin. Rheumatol. 33, 305-314
(2014).

Grom, A. A., Horne, A. & De Benedetti, F. Macrophage activation syndrome in the era of biologic therapy. Nat. Rev. Rheumatol.
12, 259-268 (2016).

Schulert, G. S. et al. Systemic juvenile idiopathic arthritis-associated lung disease: Characterization and risk factors. Arthritis
Rheumatol. 71, 1943-1954 (2019).

Canna, S. W. & Behrens, E. M. Making sense of the cytokine storm: A conceptual framework for understanding, diagnosing, and
treating hemophagocytic syndromes. Pediatr. Clin. North Am. 59, 329-344 (2012).

Weaver, L. K. & Behrens, E. M. Hyperinflammation, rather than hemophagocytosis, is the common link between macrophage
activation syndrome and hemophagocytic lymphohistiocytosis. Curr. Opin. Rheumatol. 26, 562-569 (2014).

Weiss, E. S. et al. Interleukin-18 diagnostically distinguishes and pathogenically promotes human and murine macrophage activa-
tion syndrome. Blood 131, 1442-1455 (2018).

Scientific Reports |

(2021) 11:12455 | https://doi.org/10.1038/s41598-021-91613-5 nature portfolio


https://doi.org/10.1093/rheumatology/keaa904

www.nature.com/scientificreports/

38. Girard-Guyonvarc’h, C. et al. Unopposed IL-18 signaling leads to severe TLR9-induced macrophage activation syndrome in mice.
Blood 131, 1430-1441 (2018).

39. Harel, M., Girard-Guyonvarc’h, C., Rodriguez, E., Palmer, G. & Gabay, C. Production of IL-18 binding protein by radiosensitive
and radioresistant cells in CpG-induced macrophage activation syndrome. J. Immunol. 205, 1167-1175 (2020).

40. Yamaguchi, M. ef al. Preliminary criteria for classification of adult Still’s disease. J. Rheumatol. 19, 424-430 (1992).

41. Bellelli, A. et al. Position paper on magnetic resonance imaging protocols in the musculoskeletal system (excluding the spine) by
the Italian College of Musculoskeletal Radiology. Radiol. Med. 124, 522-538 (2019).

42. Ostergaard, M. et al. The OMERACT rheumatoid arthritis magnetic resonance imaging (MRI) scoring system: Updated recom-
mendations by the OMERACT MRI in Arthritis Working Group. J. Rheumatol. 44, 1706-1712 (2017).

43. Ruscitti, P. et al. Adult-onset Still’s disease: Evaluation of prognostic tools and validation of the systemic score by analysis of 100
cases from three centers. BMC Med. 14, 194 (2016).

44. Ruscitti, P. et al. Macrophage activation syndrome in patients affected by adult onset Still’s disease: Analysis of survival rate and
predictive factors in GIRRCS (Gruppo Italiano di Ricerca in Reumatologia Clinica e Sperimentale) cohort. J. Rheumatol. 45,
864-872 (2018).

45. Cush, ]. J. et al. Adult-onset Still’s disease: Clinical course and outcome. Arthritis Rheumatol. 30, 186-194 (1987).

46. Ruscitti, P. et al. Parenchymal lung disease in adult onset Still’s disease: An emergent marker of disease severity-characterisation
and predictive factors from Gruppo Italiano di Ricerca in Reumatologia Clinica e Sperimentale (GIRRCS) cohort of patients.
Arthritis Res. Ther. 22, 151 (2020).

47. Krenn, V. et al. Synovitis score: Discrimination between chronic low-grade and high-grade synovitis. Histopathology 49, 358-364
(2006).

Author contributions

All authors made substantial contributions to the conception or design of the work, the acquisition and inter-
pretation of data. All authors contributed to the critical review and revision of the manuscript and approved
the final version. All the authors agreed to be accountable for all aspects of the work. A.B,, S.I, EB., and C.M.
provided Fig. 1, Fig. 2, Suppl. Fig. 1 and (a), (b), (e), (f) Suppl. Fig. 2. OB and PDB provided (c), (d), (g), (h)
Suppl. Fig. 2, Suppl. Fig. 3 and Suppl. Fig. 4.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-91613-5.

Correspondence and requests for materials should be addressed to PR.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:12455 | https://doi.org/10.1038/s41598-021-91613-5 nature portfolio


https://doi.org/10.1038/s41598-021-91613-5
https://doi.org/10.1038/s41598-021-91613-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The joint involvement in adult onset Still’s disease is characterised by a peculiar magnetic resonance imaging and a specific transcriptomic profile
	Results
	Patients and descriptive characteristics. 
	MRI findings in AOSD. 
	Follow-up study. 
	Patients with MRI bone-erosions, clinical characteristics, and predictive factors. 
	Histological findings. 
	RNA sequencing analysis. 

	Discussion
	Methods
	Study design. 
	Settings. 
	Patients. 
	Variables on MRI exams. 
	Clinical variables. 
	Data sources. 
	Bias. 
	Study size. 
	Hematoxylin and eosin. 
	Immunofluorescence. 
	Immunohistochemistry. 
	RNA sequencing of synovial tissues. 
	Statistical methods. 
	Ethics approval and consent to participate. 

	References


