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Abstract: Systemic juvenile idiopathic arthritis associated with lung disorders (sJIA-LD) is a subtype
of sJIA characterized by the presence of chronic life-threatening pulmonary disorders, such as pul-
monary hypertension, interstitial lung disease, pulmonary alveolar proteinosis and/or endogenous
lipoid pneumonia, which were exceptionally rare before 2013. Clinically, these children show a
striking dissociation between the relatively mild clinical manifestations (tachypnoea, clubbing and
chronic cough) and the severity of the pulmonary inflammatory process. Our review describes
sJIA-LD as having a reported prevalence of approximately 6.8%, with a mortality rate of between
37% and 68%. It is often associated with an early onset (<2 years of age), macrophage activation
syndrome and high interleukin (IL)-18 circulating levels. Other risk factors may be trisomy 21 and
a predisposition to adverse reactions to biological drugs. The most popular hypothesis is that the
increase in the number of sJIA-LD cases can be attributed to the increased use of IL-1 and IL-6
blockers. Two possible explanations have been proposed, named the “DRESS hypothesis” and the
“cytokine plasticity hypothesis”. Lung ultrasounds and the intercellular-adhesion-molecule-5 assay
seem to be promising tools for the early diagnosis of sJIA-LD, although high resolution computed
tomography remains the gold standard. In this review, we also summarize the treatment options for
sJIA-LD, focusing on JAK inhibitors.

Keywords: sJIA-LD; systemic juvenile idiopathic arthritis and lung disease; DRESS; tocilizumab;
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1. Introduction

Juvenile Idiopathic arthritis (JIA) is the most common rheumatic disease in childhood,
with an estimated prevalence of 1 to 4 per 1000 children. Patients with systemic juvenile
idiopathic arthritis (sJIA) represent 10-20% of the children with JIA, with incidence rates
ranging from 0.4 to 0.8 children per 100,000 children and no gender difference [1]. sJIA can
occur during childhood or adolescence but the peak of onset is between 1 and 5 years of age.
Although it can occur in patients of any ethnicity, a slightly higher prevalence rate was ob-
served in Japan and India compared to the United States and Canada [2,3]. sJIA is a subtype
of JIA with unique clinical manifestations, associated complications and treatment options.
sJIA is a diagnosis of exclusion and is defined by the International League of Association
for Rheumatology criteria as arthritis of one or more joints, with or preceded by a fever of
at least 2 weeks’ duration that is documented to be daily (quotidian) for at least 3 days and
accompanied by one or more of the following: (1) evanescent (nonfixed) erythematous rash,
(2) generalized lymphadenopathy, (3) hepatomegaly and/or splenomegaly and (4) serosi-
tis [4]. Typical symptoms of sJIA are non-specific and could mimic other inflammatory and
non-inflammatory diseases [1]. The long-term outcome of sJIA depends on the arthritis
evolution while systemic features mostly subside over time [5,6]. Systemic symptoms
and the associated complications often require hospitalization for intensive treatment [1].
Macrophage activation disease (MAS) is a secondary macrophage lymphohistiocytosis that
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complicates approximately 7-17% of patients with sJIA [7]. It is characterized by a cytokine
storm, including interferon-y (IFNYy), increased serum ferritin levels and cytopenia leading
progressively to organ failure with an 8-17% mortality rate [8]. Other serious complications
in patients with sJIA are myocarditis, arrhythmias, cardiac tamponade and amyloidosis.
Recently, more advanced treatments and better control of sJIA has dramatically reduced
the incidence of these complications [1]. Pleuritis and pleural effusions were considered the
most common pulmonary manifestations of sJIA for decades. Reports of chronic pulmonary
disorders during sJIA were exceptionally rare until 2013. Recently, an increase in severe and
potentially life-threatening chronic lung disorders (LD) in children with sJIA (sJIA-LD) was
reported. These manifestations include pulmonary alveolar proteinosis (PAP), interstitial
lung disease (ILD) and pulmonary hypertension (PH) [9].

Pathogenesis of the systemic form of JIA differs from the other subtypes of JIA because
it is considered to be predominantly driven by innate rather than by acquired immu-
nity, particularly during the initial phases of the disease. Therefore, sJIA and monogenic
autoinflammatory diseases share an altered response of innate immunity to known or
yet unknown triggering factors, inducing systemic and/or organ-specific inflammation
in predisposed individuals [10]. Arthritis, fever or skin rash are clinical manifestations
of some monogenic autoinflammatory diseases as well as of sJIA. Lung involvement is
rare, but it can be found in some autoinflammatory diseases, especially in some interfer-
onopathies. STING-associated vasculopathy with onset in infancy (SAVI) is characterized
by ILD, fever, malaise, chronic anemia, growth failure, as well as skin involvement [11],
making differential diagnosis from sJIA difficult.

General Aspects of SJIA-LD

sJIA-LD is a unique disease entity characterized by severe chronic pulmonary mani-
festations and distinctive clinical and immunological features in children with sJIA.

It was originally described to be concomitant with the use of biological drugs anti-
interleukin (IL)-1 and anti-IL-6 for sJIA treatment. Kimura et al. [12] firstly observed that
80% of children with SJIA-LD developed pulmonary disease after 2004, following the
spread of biological drugs (especially IL-1 inhibitors) for the treatment of sJIA. Similarly,
Schulert et al. [9] found that 94% of children with sJIA-LD developed LD after the exposure
to at least one biological drug. Therefore, an association of sJIA-LD with the patients’
exposure to biologics acting on IL-1 and IL-6 blockade was firstly postulated by Kimura
et al. [12] and then supported by Schulert et al. [9].

In 2013, Kimura et al. [12] compared 25 children with sJIA who developed LD (16 pa-
tients with PH, 7 with ILD and 5 with PAP) to 389 patients with sJIA enrolled in a pediatric
rheumatic disease registry. Patients of the first cohort were significantly more likely to
be female, to show systemic features, to be exposed to an IL-1 inhibitor, IL-6 inhibitor
(tocilizumab), TNF inhibitor (infliximab), corticosteroids, intravenous immunoglobulin,
cyclosporine and cyclophosphamide compared to the patients of the registry cohort. Specif-
ically for the first cohort, MAS was reported during the disease course in 80% of patients
and at the diagnosis of lung disease in 60% of cases. At the pulmonary disease onset, 68%
of children were taking or recently discontinued a biologic agent, mostly anti-IL1 therapy
(48% of patients). The authors found a mortality rate of 68% and the death occurred with a
mean of 8.8 months from pulmonary involvement.

Schulert et al. [9], in a prospective cohort study including 74 children with sJIA enrolled
between 2010 and 2018, found lung involvement in 18 children with an sJIA-LD prevalence
of 6.8%. The authors observed that patients with sJIA-LD were younger (2 years or younger)
at the diagnosis, suffered more frequently from MAS episodes and adverse reactions to
biologic therapy compared to children with sJIA without LD.

Nevertheless, in a recent prospective study including 42 children with newly onset
sJIA followed for a median of 5.8 years and in treatment with IL-1 receptor antagonists
as a first-line monotherapy, the authors found a lower incidence of LD in sJIA; only one
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patient with a refractory form of the disease died because of lung involvement with PH
and neurological symptoms [13].

To better understand the specific relationship between drug reaction and lung disease
development, data resulting from the use of anti-cytokine therapy in other diseases could be
useful. Indeed, anti-IL-1 and anti-IL-6 drugs are used in other diseases and specifically IL-1
blockers are widely used in the treatment of monogenic autoinflammatory diseases. To date,
Saper et al. [14] reported four cases of suspected delayed anakinra reaction in patients with
Kawasaki Disease and lung involvement in a patient with an autoinflammatory disease.
Therefore, the increasingly widespread use of these drugs could help us to understand the
relationship between their use and lung involvement, but to date data are still insufficient
and a longer follow-up is needed.

Whether sJIA-LD is associated with the use of biologics or whether its recognition was
underestimated in the years preceding the use of such therapies is still unclear. However,
given the 6.8% prevalence of LD in children with sJIA [9], it would seem unlikely that
sJIA-LD was not recognized earlier.

As aforementioned, several studies confirmed the close association between sJIA-LD
and the systemic form of JIA [9,12,15]. Nigrovic et al. [15] described these children as
“sickest of the sick”. Despite therapy, 92% of patients still presented with a systemic active
disease at the onset of pulmonary involvement [15]. Kimura et al. [12] firstly suggested
that the development of sJIA-LD was related to an uncontrolled form of sJIA.

The underlying mechanism of the lung involvement in sJIA in children is still not clear
and continues to be a matter of interest given that not all observations seem to fit a simple
causal model.

2. Risk Factors

Several conditions are significantly associated with the onset of sJIA-LD. sJIA-LD
mainly occurs in patients who develop s]JIA before 2 years of age, who have a history of
MAS and high circulating IL-18 levels. Other risk factors include trisomy 21 and a history of
adverse reactions to biological drugs, especially tocilizumab. At least 40% of these patients
showed adverse reactions to this drug, ranging from malaise to anaphylaxis [9,16-18].

3. Clinical Features

In the cohort of 25 patients with sJIA-LD investigated by Kimura et al. [12], the most
common clinical symptoms were dyspnea on exertion (72% of cases) and shortness of breath
(64%); digital clubbing (40%), cough (44%) and chest pain (20%) were less frequent [9].
The authors also found a devastating clinical evolution: 68% of patients died within a
mean of 8.8 &+ 11.36 months from lung disease diagnosis [12]. Conversely, Schulert et al. [9]
observed a less severe clinical evolution in comparison: stable or improved disease was
documented in 14 of 18 patients and a worsening evolution was found in 4 patients, and
none died within one year of follow-up.

In a recent multicenter retrospective study including 61 patients, distinctive clinical
features were found in subjects with sJIA with lung involvement, such as acute clubbing
(61% of cases), atypical rash (56%) and serious adverse reactions to tocilizumab (40%).
Pulmonary symptoms were absent in most cases, although hypoxia and PH were present
in 43% and 30% of cases, respectively [19]. Other atypical features were eosinophilia (37%)
and severe abdominal pain (16%). A noteworthy feature was that the authors reported a
higher frequency of digital clubbing compared to Kimura et al. [12], suggesting that this
sign could be an early marker of LD [19].

4. Pathogenetic Mechanisms
4.1. Pathogenetic Hypotheses

In the literature, the most favored hypothesis is that the increase in sJIA-LD cases
can probably be attributed to the use of IL-1 and IL-6 blockers [9,12,19]. Anti-IL1 are
only used in systemic JIA while tocilizumab is used in polyarticular forms of refractory
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JIA in conjunction with treatment with methotrexate and anti-TNF [20]. However, the
mechanisms underlying the development of this condition are still unknown.

Recently, Saper et al. and Chen et al. [19,21] described the characteristics of 61 children
with sJIA and chronic parenchymal lung involvement in a retrospective multicenter study.
The authors observed that approximately 38% of these patients exposed to tocilizumab
showed anaphylactic reactions. A subgroup of these patients exhibited features that ful-
filled the criteria for drug reaction with eosinophilia and systemic symptoms (DRESS).
The same study group carried out a multicenter case-control study including 66 patients
with Still’s disease and features of IL1/IL6-inhibitor-related DRESS and 65 patients with
drug-tolerant Still’s disease [14]. They observed that a DRESS-type reaction in the first
group of patients was closely correlated with the expression of Human Leukocyte Antigen
(HLA) DRB1*15 [14]. Based on these findings, Binstadt et al. [16] proposed two patho-
genetic hypotheses. “The DRESS hypothesis” was based on the fact that approximately
50% of patients with sJIA-LD experienced adverse reactions to biological drugs (in par-
ticular tocilizumab) fitting the DRESS criteria [22]. The authors proposed that anakinra
(interleukin-1 receptor antagonist), canakinumab (IL1{3-specific monoclonal antibody) and
tocilizumab (or their excipients) led to a pathogenic T cell-response. The drugs could
activate T-lymphocytes: (1) by covalently binding to endogenous proteins and being recog-
nized as non-self; (2) by non-covalently binding to the major histocompatibility complex
(MHC) and/ or T-cell receptor (TCR) outside the antigen-binding pocket, similar to bacterial
superantigens [16,23]; (3) by binding within the MHC groove and altering it so that some
self-peptides appear as non-self [16]. Thus, IL-1 and IL-6 blockers may achieve one of these
interactions with DRB1*15:XX, although anakinra does not share any sequence peptides
with canakinumab and tocilizumab. However, these drugs share an excipient, such as
polysorbate 80, even if it is a poor candidate trigger for DRESS, being a heterogeneous and
almost ubiquitous chemical [16]. Moreover, anakinra should have a very low antigenic
potential, being very similar to its endogenous homologue. The reactivation of herpesvirus
infections with subsequent activation of CD8+ lymphocytes was observed in many DRESS
reactions [16]. However, the underlying mechanism by which DRESS contributes to MAS
and/or sJIA-LD is still unknown. It is noteworthy that approximately 25% of patients with
sJIA-LD were never exposed to IL-1 or IL-6 blockers, excluding any pathogenic role of
biological therapy in this subgroup of patients [16]. The second hypothesis proposed by
Binstadt et al. [16] is the “cytokine plasticity hypothesis”, where the biological activity of
IL-1 and IL-6 blockers could lead to a favorable condition for adverse reactions similar to
drug-induced hypersensitivity syndrome (DIHS) and sJIA-LD in predisposed children [16].
CD4+ cells can change phenotype in response to environmental stimuli. In patients predis-
posed to develop sJIA-LD, biologic drugs could promote CD4+ cell differentiation into Th1
cells rather than Th17 cells (induced by high levels of IL-1 and IL-6 usually found in sJIA),
with a consequent increase in IFNy production [24].

The proposed underlying mechanism of lung involvement in children sJIA is summa-
rized in Figure 1.

The Th1 differentiation could be facilitated by other risk factors epidemiologically
associated with sJIA-LD, including a young age [16], high levels of IL-18 and other cir-
culating mediators [16,25,26] and trisomy 21 [16,27-29]. Patients could develop sJIA-LD
without being exposed to anti-IL-1 or anti-IL-6 drugs because that clonal differentiation
can occur without exogenous manipulation [16]. Critical issues also underlie the “cytokine
plasticity hypothesis”. Indeed, this hypothesis explains the lack of anaphylactic reaction
to tocilizumab, although IgE-mediated reactions are not typical of DRESS [30]. It is also
unclear how the Th1 transition causes the dysfunction of alveolar macrophages in PAP,
which is an unusual pulmonary condition in DRESS [16].
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Figure 1. The proposed underlying mechanism of lung involvement in children with systemic
juvenile idiopathic arthritis. [*] In cells exposed to interleukin (IL)-2 e IL-12, IL- 18 enhances the
synthesis of interferon (IFN) vy, which promotes Th1 differentiation. In particular circumstances, it
can trigger a vicious cycle leading to a cytokine storm that favors the development of macrophage
activation syndrome. [**] Overexpression of IFN-y and Thl cytokines can lead in some murine
models to the development of pulmonary alveolar proteinosis.

4.2. Potential Role of IFNvy in sJIA-LD

Many studies suggested that IFNYy is the main cytokine involved in MAS [25,31,32]
probably as part of a positive feedback loop in which lymphocytes activate macrophages.
IFNy may play a key role in the development of sJIA-LD. The activity of IFNy can be
indirectly assessed through the ‘proxy’ molecules induced, such as CXCL9 and CXCL10 [15].
Schulert et al. [9] found higher serum IL-18 levels (27,612 vs. 5413 pg/mL, p = 0.047)
in sJIA-LD patients compared to patients with sJIA and no lung involvement. IL-18
enhances IFNy synthesis in cells exposed to cytokines, such as IL-2, IL-12 or IL-15 [33].
Patients with sJIA-LD mostly present a positive history of MAS and high IL-18 levels,
indicating an IFNy overproduction and hence the IFNy-mediated alveolar macrophage
activation [15]. These observations suggest overlapping pathophysiological pathways
between MAS and sJIA-LD. Indeed, Schulert et al. [9] found a strong IFNy-induced gene
signature in lung biopsy tissue of patients with sJIA-LD. The authors showed that two of
the most upregulated genes were CXCL10 and CXCL9, respectively, increased nine and
seven-fold compared to the healthy controls. Furthermore, high concentrations of IL-18,
CXCL9 and CXCL10 were found in the bronchoalveolar lavage fluid (BAL) samples of
two of the six samples [9]. Consistent with this hypothesis, mice with T-cell-restricted
overexpression of T-bet leading to increased IFNy production showed a dysfunction of
bone marrow macrophages, resulting in erythrophagocytosis and dysfunction of alveolar
macrophages with the development of a pulmonary disease similar to PAP [34]. These
findings confirmed that IFNy plays a pivotal role in the pathophysiology of sJIA-LD.

The role of monocytes in sJIA pathogenesis is still unclear, but the monocytes response
to IFN may be dysregulated. In an in vitro analysis of monocytes in sJIA, Macaubas
et al. [35] found that cells from patients receiving biological therapies showed higher ratios
of STAT1 phosphorylation in response to IFNy than the control cells. In contrast, monocytes



Diagnostics 2022, 12, 3095

6 of 14

from recent onset patients showed lower responses to IFNy. The authors suggested that
anti-cytokine therapy might alter initially defective STAT1 phosphorylation with effects on
the IFN signaling pathway, as a higher pSTAT1/IFN response. Similarly, De Jager et al. [36]
investigated 16 patients with sJIA treated with anakinra for 3 weeks. They found a clinical
improvement and a normalization of IL-1, IL-6 and IL-18 plasma levels, suggesting that
anakinra acts as an inflammation regulator blocking IL-1R signaling, but also restores the
IL-18-NK cell route.

5. Serum Proteome Characteristics in sJIA-LD

In a recent study, Chen et al. [21] investigated the serum proteomes of patients with
MAS, sJIA and sJIA-LD. The authors observed that the serum proteomes in active sJIA
and MAS are essentially overlapping. The increase in known biomarkers of sJIA, such
as amyloid A and S100A9, was reported, as well as the increased levels of heat shock
proteins and glycolytic enzymes (e.g., GAPDH, N-acetyl-D-glucosamine and LDH). IL-18
concentrations were increased in all groups (sJIA, particularly in MAS and sJIA-LD). The
study of the serum proteome revealed 26 proteins significantly associated with sJIA-LD,
with 20 upregulated and 6 downregulated. The most strongly associated was intercellular
adhesion molecule 5 (ICAM-5), matrix metalloproteinase 7 (MMP-7), CCL11 (eotaxin 1)
and CCL17; while circulating levels of IFNy-induced chemokines (CXCL9 and CXCL10)
were not increased in all patients [21]. Conversely, Schulert et al. [9] found increased levels
of IL-18 and IFNy-induced chemokines CXCL9-10 in the BAL of patients with SJIA-LD.
The different sampling method could explain the opposite results of the two study groups:
Chen et al. [21] assessed serum concentrations of CXCL9 and CXCL10, while Schulert
et al. [9] assessed gene expression levels in lung tissue samples and the concentrations of
these proteins in the BAL.

ICAMS-5 is the protein most significantly associated with sJIA-LD. MMP-7 is a ma-
trix metallo-peptidase that efficiently cuts ICAM-5, whose levels correlate with ICAM-5
concentration [37]; its levels were also significantly elevated in patients with sJIA-LD.
Increased ICAM-5 levels in sJIA-LD patients could be due to the pulmonary activity of this
metallo-peptidase [21,38,39].

This study suggested that these two proteins could identify pulmonary disease in the
course of sJIA. However, they are not specific to sJIA-LD; they can be increased also in
autoimmune/hereditary PAP, idiopathic pulmonary fibrosis, interstitial diseases related
to rheumatoid arthritis, pneumonia, PH and in the BAL of children with neuroendocrine
hyperplasia, while their levels are normal in patients with sJIA after recovery from lung
disease [21,38,40-42].

6. Diagnostic Imaging
6.1. High Resolution Computed Tomography

Lung involvement is common in children with systemic diseases. High-resolution
computed tomography (HRCT) is the imaging technique of choice to assess lung involve-
ment in these patients. The aim of HRCT is to detect pulmonary abnormalities, characterize
findings, assess the extent of disease and help differential diagnosis. HRCT is also used in
the follow-up evaluation and to guide lung biopsy when necessary [43—45]. SJIA-LD has
unique radiological findings similar to PAP and/or endogenous lipoid pneumonia, often
associated with pulmonary vascular changes [19].

In JIA, pleural and pericardial effusions are common findings, affecting about 60%
of patients [46,47]. Similar to other connective tissue diseases, lung involvement in JIA
commonly manifests firstly as ground glass and evolves towards septal thickening and
pulmonary fibrosis, which are the most frequent findings on HRCT in patients with sJIA-
LD. In addition, the presence of consolidations (described as a homogeneous increase in
pulmonary attenuation that obscures vascular margins) and nodules, progressive lung
volume loss and dilation of pulmonary arteries can be observed in patients with sJIA-
LD [48].
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Lipoid pneumonia is a less common finding in children with sJIA-LD [49,50]. HRCT
images show multiple pulmonary nodules, mainly in the centrolobular region, repre-
senting intra-alveolar and interstitial cholesterol granulomas resulting from macrophage
activation [48].

Recently, Vega Fernandez et al. [51] evaluated the pulmonary ultrasonography find-
ings in nine patients with sJIA-LD compared to healthy controls. Seven patients were also
eligible for evaluation with HRCT. Consolidation was found in six patients, was always
bilateral and occurred in the following distribution: inferior lobe subpleural (six patients),
inferior lobe peribronchovascular (six patients), right anterior middle lobe and/or subpleu-
ral lingula (four patients), right middle lobe and/or peribronchovascular lingula (three
patients), anterior superior lobe subpleural (four patients) and/or superior lobe peribron-
chovascular (four patients). Less frequent findings included thickening of the interlobular
septum (three patients), cysts (two patients) and ground glass opacity (three patients),
probably because these are typical abnormalities of the early stages, and these patients were
evaluated long after the onset of lung disease. In the study conducted by Saper et al. [19],
chest HRCT scans were obtained in 58 of 61 patients, mostly at the time of diagnosis. Most
patients had one or more of five patterns. Pattern A was found in 60% of the cases (septal
thickening involving the periphery of several lobes, more pronounced in the lower lung
areas, parahilary/paramediastinal and/or in the anterior superior lobes with or without
adjacent ground-glass opacities). Crazy paving, peribronchovascular consolidation and
ground glass opacity were observed in 21%, 22% and 16% of cases, respectively. Contrast-
enhanced HRCT scans were performed in 30 of these patients, and 11 subjects (37%) had
hyperenhancing lymph nodes [19].

Schulert et al. [9] performed chest CT scans in 18 patients with sJIA-LD. They found in
sixteen subjects at least one of the seven main lung features and four of them showed at
least five of the seven features. Specifically, they observed pleural thickening in 11 patients,
septal thickening in 10, bronchial wall thickening or peribronchovascular thickening in
11, tree-in-bud opacity in 2 patients, ground-glass opacity in 8, peripheral consolidation
in 5 children and lymphadenopathy in 6. Furthermore, three patients had evidence of
pulmonary artery enlargement and one had a diagnosis of PH [9].

6.2. Lung Ultrasound

HRCT is more sensitive at detecting changes in ILD than chest X-rays and represents
the gold standard imaging for ILD. However, the significant cumulative radiation and
costs associated with serial HRCT preclude its routine use for screening, follow-up and
for monitoring responses to therapy [51]. Lung ultrasound (LUS) is a non-invasive, quick,
ionizing radiation-free and low-cost imaging technique. Traditionally used for pleural
assessment or guided procedures, LUS has recently been proposed for the assessment of
ILD in childhood rheumatic diseases. Vega Fernandez et al. [51] found that 106/122 (87%)
lung zones assessed using LUS were abnormal, often with severely abnormal subpleural
pleural architecture. These findings often spared the axillary zones and affected anterior
and posterior fields, as observed in HRCT. Typical LUS abnormalities included a thickened,
irregular, fine- and/or coarse-grained hyperechogenic pleural surface with associated
scattered or coalesced B-lines, with or without consolidation. In patients with sJIA-LD, focal
pleural irregularities were observed in 20 lung fields (16%), diffuse pleural irregularities
in 86 fields (70%), B-lines in 106 fields (87%) and subpleural consolidations in 44 (36%)
lung fields. Pleural effusion was occasionally found. The authors also showed that focal
areas of pleural irregularity associated with scattered B-lines correspond to subpleural
reticulation and interlobular septal thickening on HRCT. Scattered, non-confluent B-lines
were occasionally observed to be associated with small pleural irregularities < 1 millimeter,
and no pleural thickening, granularity, effusions or consolidations were observed in healthy
pediatric controls.

In conclusion, acute and chronic pulmonary findings may already be at an advanced
stage at the time of clinical onset of lung involvement. Therefore, screening techniques
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for subclinical disease are required. Indeed, lung function assessment could be useful in
patients with JIA to improve patient management and to detect early pulmonary involve-
ment [52]. Moreover, sJIA-LD may have been present since a patient was 2 years of age as
children are unable to perform the recommended screening tests for sJIA-LD, including the
6-minute walk test, the lung function tests or an unsedated HRCT. These considerations,
together with the costs and exposure to the ionizing radiation of HRCT, suggest a potential
role of LUS as a screening tool for sJIA-LD [51].

7. Therapy

As in lung diseases, such as asthma [53], and in JIA, the introduction of biological
drugs in the last 20 years represented a revolution in the therapeutic management of
reducing glucocorticoid (GC) dependency and improving outcomes in children with JIA.
The approval of IL-1 and IL-6 blocking therapies in 2012 led to a substantial change in the
management of children with sJIA. Additionally, the widespread use of biologic drugs
resulted in new insights about the disease mechanisms, with the recognition of a so-called
window of opportunity early in the disease course. During this early phase of disease,
autoinflammatory mechanisms seem to play a pivotal role, and patients seem to be more
responsive to targeted therapy by IL-1 blockade [54]. Based on consensus treatment plans
developed by CARRA (Childhood Arthritis and Rheumatology Research Alliance) in the
USA, the initial therapy for sJIA most commonly includes four options: starting with GC
alone or IL-1 inhibition, IL-6 inhibition or methotrexate, all with or without GC [55].

Patients with SJIA-LD are frequently unresponsive to a single therapy and at least 80%
of them require multiple drugs [15].

7.1. Anti-Cytokine Therapies

Patients with refractory sJIA are challenging; there is no curative treatment and
significant morbidity and a high mortality rate exists. Indeed, a significant number of
patients with sJIA show an incomplete response to standard biologic treatments that
necessitates sequential trials with multiple biologic and other therapies, and sometimes in
combination [22].

7.1.1. IL-1 and IL-6 Blockers

In 2020, Henderson et al. [24] characterized T-cells in patients with acute and chronic
sJIA. Patients with acute sJIA had an increased activation of T-regulatory cells with a Th17
gene expression signature; this gene expression signature was found in CD41 T effector
cells in patients with chronic arthritis. Therefore, a shift in Th17 response from T-regulatory
cells in acute disease to T effector cells in chronic disease occurred [24].

Undifferentiated CD4+ cells exposed to IL-13 and/or IL-6 in the presence of TGEF-
[ differentiate into Th17, whereas in the absence of IL-1$ and IL-6, these cells become
regulatory T cells. However, the latter retain a certain plasticity, in fact, when exposed to
IL-13 and IL-6; there is a reduction in the expression of the classic transcription factor of
these cells (FOXP3) and an increase in the production of IL-17 [56,57].

Henderson et al. [24] observed higher levels of IL 17+ T-regulatory cells in patients with
acute sJIA compared to the controls. In some of these patients, they accounted for 10% of all
circulating T-regulatory cells. Furthermore, a significantly lower frequency of circulating
IL-17+ regulatory T-cells was observed in patients with new-onset active sJIA treated with
anakinra within 4 weeks after diagnosis [24]. Early IL-1 inhibition using anakinra and
canakinumab, and IL-6 inhibition using tocilizumab [22] offsets the expression of this Th17
signature and prevents Th17 induction, suggesting the importance of treating within a
window of opportunity [54]. sJIA patients treated early with IL-1 blockade often show a
rapid and complete therapeutic response, and more than 90% of sJIA patients receiving
first-line IL-1 blockade achieved inactivity [13,58].
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7.1.2. Etanercept

Etanercept is a fusion protein produced by recombinant DNA. It acts as tumor necrosis
factor (TNF) inhibitor, fusing TNF receptor to the constant end of the IgG1 antibody. The
American College of Rheumatology response criteria and the Juvenile Arthritis Disease
Activity Score based on 10 joints (JADAS-10) established that etanercept is less effective in
children with sJIA compared to IL-6 or IL-1 blockers [59,60].

7.1.3. Abatacept

It is a fusion protein composed of the Fc region of the immunoglobulin IgG1 fused to
the extracellular domain of CTLA-4. It interferes with the immune activity of T-cells.

The successful use of abatacept in patients with sJIA has been reported in patients
with refractory arthritis without systemic features. Apparently, this drug could have a
role in restoring immune tolerance, specifically by changing the environment to which
T-regulatory cells are exposed in early sJIA [24].

7.2. Therapeutic Strategies for Refractory sJIA Associated with Lung Disease

The advent of Janus kinase (JAK) inhibitor therapy led to new therapeutic options for
sJIA. Tofacitinib is a JAK inhibitor, a small molecule targeting JAK1 and JAK3 by blocking
the JAK-STAT signaling pathway. The FDA recently approved Tofacitinib for the treatment
of polyarticular JIA. Currently, mostly case reports support the use of these drugs in sJIA,
MAS and sJIA-LD [61]. The use of JAK/STAT pathway inhibitors in sJIA-MAS and sJIA-LD
was extrapolated from animal and clinical studies on similar diseases. Indeed, the beneficial
effects of JAK/STAT inhibitors in MAS and HLH were described in mouse models [61-64].
JAK/STAT inhibition controlled catastrophic hyperinflammation in two MAS mouse mod-
els and in a patient with recurrent MAS [65]. A significant clinical improvement and a
complete remission within 3 months of starting treatment with tofacitinib were described
in a 13-year-old girl with sJIA [66]. In another recent case report, a 4-year-old patient with
sJIA-LD was successfully treated with ruxolitinib, a JAK inhibitor with selectivity for JAK1
and JAK2 [63,67]. Other case reports described the use of various therapies in cases of
sJIA-LD refractory to classical treatment regimes. In a case report of a 5-year-old boy with
progressive sJIA-LD complicated with MAS, the disease was stabilized using several cycles
of plasma exchange (PE), after unsuccessful therapy with corticosteroid, methotrexate,
cyclosporine, tocilizumab, IVIG and canakinumab. It was suggested that PE was effective
because it rapidly decreased circulating cytokine levels, such as IL-18 [68]. Another case
report described symptom remission after treatment with canakinumab in a 7-year-old
patient with sJIA and PH complicated with a MAS refractory to therapy [69]. Therefore, we
can speculate that in refractory forms of sJIA associated with MAS and PH, canakinumab
may be a valid therapeutic option.

In 2022, a case report of a patient with refractory SJIA-LD treated with MAS-825, an
investigational bispecific monoclonal antibody targeting IL-13 and IL-18, was reported.
Treatment with MAS-825 was associated with a marked reduction in both serum and BAL
IL-18 levels with the regression of PAP. After a 10-month treatment with this monoclonal
antibody, the patient discontinued treatment with systemic corticosteroids and other bio-
logics dugs without experiencing any side effects [70]. These results suggest that targeting
of both IL-1$3 and IL-18 may be a promising treatment strategy in SJIA-LD. Lastly, a patient
with MAS and sJIA-LD who improved with IFNy antagonist (emapalumab) treatment
was also reported in the literature [71]. Thus, this suggests IFNy could be a target for the
treatment of sJIA-LD.

Regarding non-pharmacologic supportive care, such as chronic home oxygen therapy
and positive pressure ventilation, it should be useful in sJIA-LD patients as in patients
with ILD. According to the Official American Thoracic Society Clinical Practice Guidelines,
home oxygen therapy is recommended in patients with ILD complicated by severe chronic
hypoxemia or mild chronic hypoxemia and either dyspnea on exertion or desaturation
during sleep. The optimal treatment must be individualized for each patient, given the
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overlapping nature of these disease states and accounting for previously failed agents, drug
interactions, and patient/family preference [72].

7.3. Therapeutic Strategies for Refractory s]IA Associated with MAS

To date, no randomized controlled trials about the treatment of sJIA-associated MAS
are available. Currently, high-dose GCs (sometimes in association with cyclosporine A),
are still the mainstay of treatment [8,73] even though targeted biologic and JAK-inhibition
therapies seem to be promising [61].

8. Conclusions

Over the last decade, reports of chronic, potentially life-threatening lung manifesta-
tions in children with sJIA have dramatically increased. Several theories were proposed
to explain this sudden increase in incidence. The most-favored hypothesis associates the
appearance of chronic pulmonary manifestations with the common use of biological drugs
acting on IL-1 and IL-6 for the treatment of sJIA. However, pulmonary complications can
occur in patients never exposed to biological drugs. Despite the enormous progress in
understanding this condition, the cause of LD development in some children with sJIA
continues to be a critical issue. Clinically, these children show a striking dissociation
between the relatively mild clinical manifestations (tachypnoea, clubbing and chronic
cough) and the severity of the pulmonary inflammatory process. Therefore, it is important
to develop effective methods to stratify sJIA patients with the higher risk of developing
lung involvement and strategies for its early diagnosis. We suggest that those children
should be tested with a lung function assessment (a six-minute walking test, spirometry
and diffusion lung capacity), and in selected cases HRTC should be performed. On one
hand, lung function tests require a certain amount of compliance from the patient, who
often tends to develop lung involvement at an early age. On the other hand, the execution
of HRTC very often requires sedation and exposes the patient to high doses of radiation. To
overcome those limitations, lung ultrasound and a serum dosage of specific molecules (i.e.,
ICAM-5) are safe and could be useful tools. To our knowledge, no specific drug has been
approved for the treatment of sJIA-LD. However, JAK inhibitors appear to be the most
promising drugs.
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Abbreviations

JIA Juvenile Idiopathic Arthritis;

sJIA systemic Juvenile Idiopathic Arthritis;

ILAR International League of Association Rheumatology;

MAS Macrophage Activation Syndrome;

LD Lung Disease;

sJIA-LD Systemic Juvenile Idiopathic Arthritis with Lung Disease;
PAP Pulmonary Alveolar Proteinosis;

ILD Interstitial Lung Disease;

PH Pulmonary Hypertension;

SAVI STING-associated vasculopathy with onset in infancy;
IL-1 Interleukin-1;

IL-6 Interleukin-6;

IL-18 Interleukin-18;

DRESS Drug Reaction with Eosinophilia and Systemic Symptom:s;
HLA Human Leukocyte Antigen;

MHC Major Histocompatibility Complex;

TCR T-Cell Receptor;
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DIHS Drug-Induced Hypersensitivity Syndrome;
IFNy Interferon gamma;

CXCL9 C-X-C motif chemokine ligand 9;

CXCL10 C-X-C motif chemokine ligand 10;

BAL Broncho-Alveolar Lavage;

S100A9 5100 calcium-binding protein A9;

GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase;
LDH Lactate Dehydrogenase;

ICAM 5 Intercellular Adhesion Molecule 5;

MMP-7 Matrix Metalloproteinase-7;

CCL11 C-C motif chemokine Ligand 11;

CCL17 C-C motif chemokine Ligand 17;

HRCT High Resolution Computer Tomography;

CT Computer Tomography;

LUS Lung Ultrasound;

GC Glucocorticoid;

CARRA Childhood Arthritis and Rheumatology Research Alliance;
TGF-p Transforming Growth Factor beta;

IL-17 Interleukin-17;

FOXP3 Forkhead box P3;

JAK Janus Kinase;

STAT Signal Transducer and Activator of Transcription;
Fc region Fragment Crystallizable region;

JAK1 Janus Kinase 1;

JAK2 Janus Kinase 2.
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