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Editorial on the Research Topic 


Autoimmune diseases in childhood


The field of autoimmune diseases in childhood presents challenges to physicians regarding diagnosis, monitoring, and treatment (1–3). Didactically, autoimmune diseases can be classified as organ-specific or multi-system organ involvement (1–3). Despite increasing research, the exact cause of autoimmune disorders is not entirely understood (1–3). The main feature of autoimmune diseases is immune dysregulation which leads to immune-mediated damage of healthy tissues and cells and results from the breakdown of the central or peripheral tolerance (1–4). Autoimmune diseases in childhood are often less extensively studied (1–3). In this regard, understanding how autoimmune responses initiate and progress will allow the creation of novel therapeutics and improve the diagnoses and management strategies of these diseases (1–3).

Autoimmune diseases in childhood, in particular, those of early onset (diagnosed at < 5 years of age), have been linked to a series of genetic determinants, including human leukocyte antigen (HLA) and non-HLA variants as well as gene variants related to inborn errors of immunity (5–7).

Inborn errors of immunity (IEI) are genetic disorders that may manifest as increased susceptibility to infections, autoinflammatory, allergic, or malignant diseases, however, there are few IEI in which an autoimmune manifestation has never been observed (6). Regarding this, next-generation sequencing (NGS) has uncovered an array of genetic explanations for autoimmune diseases (6, 8). Genetic variants can alter various cellular functions, and the relative risk of each in the disease phenotype’s final effect can vary greatly (2, 6). An example is the LRBA deficiency which may manifest as a common variable immune deficiency (CVID) as well as inflammatory bowel disease, endocrinopathies, autoimmune hemolytic anemia, thrombocytopenia, arthritis, and systemic lupus erythematosus (8).

The challenge of unveiling the pathogenesis of autoimmune diseases in childhood is highlighted in the 23 interesting research articles collected from the 58 total manuscripts submitted under this Research Topic “Autoimmune Diseases in Childhood”, of the Frontiers in Immunology.

The power of genetic variants to drive autoimmune diseases, even in different ethnicities, is specially revealed in patients with early-onset disease, for example, in the study of Caramalho et al. which shows the discriminative factor of haplotype DRB1*04:08-DQ8 in the early development of type 1 diabetes. On the opposite side, Dashti et al.’s work demonstrates the power of genetic variants to protect against autoimmune diseases. The magnitude of the challenge of unveiling the pathogenesis of autoimmune diseases is reinforced by Robino et al. who observed non-classical HLA haplotypes that predispose to type 1 diabetes. However, this enormous challenge begins to be unveiled with the Nizam et al. study presenting the key regulatory link between hsa-miR-320-3p and type 1 diabetes.

The power of genetic variants to drive immunological disorders is also revealed by Adi et al. in a 3-year-old boy with generalized pustular psoriasis and an IL36RN variant, and by Wang et al. in a report of six families with retinopathy and seven pathogenic variants in four different genes.

Similarly, the skewed relationship of autoimmune diseases genotype and phenotype is shown by Paldino et al. in a series of pediatric APECED patients who presented with autoimmune hepatitis.

Noteworthy, different cell subsets such as self-reactive B lymphocytes, effector T lymphocytes, neutrophils, low-density granulocytes, monocytes, and natural killer (NK) cells have also been implicated in the pathogenesis of autoimmune diseases (2, 9). Namely, Vissers et al. revealed lower transitional B-cell and NK-cell counts in patients with aplastic anemia. In parallel, an extrafolicular B cell and peripheral T helper cell expansion, as well as, an altered profile of apoptosis-related proteins were observed by Baxter et al. and Liphaus et al. in patients with juvenile-onset systemic lupus erythematosus. Yet, Parackova et al. describe low-density neutrophils from juvenile idiopathic arthritis patients as primed, degranulated, immature cells with impaired suppressive activities. Lastly, Starosz et al. determined the contribution of Th1, Th17, and Th22 lymphocytes in Graves’ disease.

Another intriguing aspect of autoimmune diseases is that they can occur simultaneously (10). Thus, overt or latent polyautoimmunity is frequently observed in a single patient (10). Like this, Leong et al. reinforce that vitiligo may occur with various other autoimmune diseases such as psoriasis.

Classically, autoantibodies are defined as biomarkers of autoimmune disease diagnosis, monitoring, and prediction (10, 11). The array of available autoantibodies and their relationships with the clinical manifestations has grown lately, as demonstrated by Sapana et al. in an 8-year-old boy with anti-GAD65 antibody-positive autoimmune encephalitis and autoimmune polyendocrine syndrome type II. On the other hand, the role of nonspecific autoantibody-related diseases is debated by the Xu et al. study. Recently, the number of antibody-mediated disorders of the central nervous system (CNS) has gradually risen (2). The relevance of this organ-specific autoimmune disease in childhood is highlighted in the reports of Kang et al. and Li et al.

Especially in childhood, tissue damage in the context of autoimmune diseases can negatively impact the body’s physiological development and functioning (2). This impact is covered by various articles in this Research Topic, particularly by Kurpiewska et al. on the pancreatic β-cell function and by Lupu et al. regarding pulmonary lesions.

However, genetics is not the only component, the epigenetic control of gene expression and environmental triggers also make up the puzzle that leads to autoimmune diseases (12). Taking environmental triggers into account, infections are the first to be considered, but often inconclusively. In this regard, Ha et al. add Mycoplasma pneumoniae infection to the puzzle.

Thus, the challenge of autoimmune diseases in childhood is compounded by the limited arsenal of treatments available for this age group (2, 7). Even with efforts toward precision therapy, response prediction biomarkers, and newly developed biologics such as TNF-α blockers, targeted B-cell therapies, and Janus kinase inhibitors, in addition to classically nonbiologic treatments such as methotrexate and intravenous immunoglobulin, also reported in articles in this Research Topic such as that by Chen et al., the role of glucocorticoid therapy to control autoimmune disease flares persists, as discussed by Cao et al. and Pan et al. in their manuscripts.

Finally, the editors are very grateful to the authors who contributed to this Frontiers in Immunology Research Topic and invite you to read these interesting articles which intended to clarify the understanding of how autoimmune diseases in childhood develop and progress.
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Background

Antibody-mediated disorders of the central nervous system (CNS) have seen a gradual rise in their incidence and prevalence. This retrospective observational study aimed to investigate the clinical characteristics and short-term prognosis of children with antibody-mediated CNS autoimmune diseases at Hunan Children’s Hospital.





Methods

We collected the clinical data of 173 pediatric patients diagnosed with antibody-mediated CNS autoimmune diseases between June 2014 and June 2021 and analyzed their demographics, clinical features, imaging and laboratory data, treatment, and prognosis.





Results

A total of 187 patients tested positive for anti-neural antibodies and 173 patients were finally diagnosed with antibody-mediated CNS autoimmune diseases after excluding the 14 false-positive cases through clinical phenotypic evaluation and follow-up of treatment outcomes. Of the 173 confirmed patients, 97 (56.06%) were positive for anti-NMDA-receptor antibody, 48 (27.75%) for anti-MOG antibody, 30 (17.34%) for anti-GFAP antibody, 5 (2.89%) for anti-CASPR2 antibody, 3 (1.73%) for anti-AQP4 antibody, 2 (1.16%) for anti-GABABR antibody, and 1 (0.58%) for anti-LGI1antibody. Anti-NMDAR encephalitis was the most commonly seen among the patients, followed by MOG antibody-associated disorders and autoimmune GFAP astrocytopathy. Psycho-behavioral abnormalities, seizures, involuntary movements, and speech disorder were the most common clinical presentations of anti-NMDAR encephalitis, while fever, headache, and disturbance of consciousness or vision were the most seen among patients with MOG antibody-associated disorders or autoimmune GFAP astrocytopathy. The coexistence of multiple anti-neural antibodies was detected in 13 patients, among which 6 cases had coexistent anti-NMDAR and anti-MOG antibodies (including 1 case with anti-GFAP antibody also), 3 cases had coexistent anti-NMDAR and anti-GFAP antibodies, 3 cases had coexistent anti-MOG and anti-GFAP antibodies, 1 case had coexistent anti-NMDAR and anti-CASPR2 antibodies, and 1 case had coexistent anti-GABABR and anti-CASPR2 antibodies. All the survivors were followed up for at least 12 months; 137 recovered completely, 33 had varying sequelae, and 3 died; 22 had one or more relapses.





Conclusion

Antibody-mediated CNS autoimmune diseases occur in children of all ages. Most such pediatric patients have a good response to immunotherapy. Despite the low mortality rate, some survivors have a non-negligible risk of developing relapses.





Keywords: antibody-mediated autoimmune diseases, central nervous system, children, clinical features, immunotherapy, prognosis




1 Introduction

Autoimmune diseases of the central nervous system (CNS) in children are a group of complex disorders with obvious heterogeneity in pathophysiological mechanisms and clinical manifestations. Antibody-mediated autoimmune diseases represent the most common subgroup. Antibody-mediated CNS disorders represent a distinct subgroup of immune-mediated neurologic disorders characterized by the presence of autoantibodies directed against specific neuronal or glial target antigens mostly expressed in the CNS, which share several distinctive clinical and magnetic resonance imaging (MRI) features (1). Their spectrum ranges from disorders mainly involving white matter such as acquired demyelinating syndromes to disorders mainly involving gray matter such as autoimmune encephalitis. Over the past ten years, antibody-mediated CNS autoimmune diseases have been an important frontier of neuro-immunity and even neurology. Clinical application of anti-neural antibodies has been increasing and new anti-neural antibodies continue to be discovered. The antibody spectrum of CNS autoimmune diseases is also rapidly expanding with the growing understanding of their etiology, pathogenesis, and treatment (2–6).

Antibody-mediated CNS autoimmune diseases will affect patients’ quality of life and bring serious economic burdens to society and their families (7). Most such diseases are sensitive to immunotherapy. Previous studies have emphasized that early diagnosis and timely immunotherapy are the keys to improving the prognosis (8, 9). Early and accurate identification of related antibodies is crucial for the diagnosis of such diseases. Yet, the escalating popularity of such anti-neural antibody tests has increased the number of false-positive cases in clinical practice (10–13). It is of great significance for clinical work to exclude these false-positive cases.

Although there were some cohort studies about autoimmune encephalitis, MOG antibody-associated disorders (MOG-AD), or autoimmune GFAP astrocytopathy (GFAP-A) (14–16), such studies involving pediatric individuals are still limited. So far, there were no cohort studies about multiple subtypes of antibody-mediated CNS autoimmune diseases. Research on the clinical characteristics of antibody-mediated CNS autoimmune diseases, their diagnosis, and their prognostic factors using a large sample size that includes multiple subtypes is warranted. In this work, we retrieved and obtained the data of pediatric patients suspected of having antibody-mediated CNS autoimmune diseases admitted to the Department of Neurology of Hunan Children’s Hospital for detailed analysis. We determined the positive detection rate of anti-neural antibody tests in our hospital and summarized and analyzed the clinical phenotypes, auxiliary examinations, immunotherapy scheme, and short-term prognosis of these patients, to provide a reference for clinical diagnosis and treatment of antibody-mediated CNS autoimmune diseases in children.




2 Materials and methods



2.1 Participants and samples

Pediatric patients who were suspected of having antibody-mediated CNS autoimmune diseases were collected consecutively from June 2014 to June 2021 at Hunan Children’s Hospital. The included patients in the study were patients who met the diagnostic criteria for probable autoimmune encephalitis (17–19) or acquired demyelinating syndromes (20–22), and patients suspected of having MOG-AD or autoimmune GFAP-A were also enrolled. Their cerebrospinal fluid (CSF) or blood serum tested positive for neural autoantibodies (NMDAR, CASPR2, AMPA1R, AMPA2R, GABABR, LGI-1, MOG, GFAP, AQP4) based on cell-based assays. Patients with alternative causes such as intracranial infections could be reasonably excluded.

The clinical phenotypes of antibody-mediated CNS autoimmune diseases with positive MOG and GFAP antibodies among the included patients were classified by pediatric neurologists. Clinical phenotype such as acute disseminated encephalomyelitis, optic neuritis, transverse myelitis, neuromyelitis optica spectrum disorder, and overlapping syndrome were determined based on the corresponding diagnostic criteria (20, 23, 24). As to meningitis, encephalitis, meningoencephalitis, and encephalomyelitis, the relevant practice recommendations proposed by Hesham Abboud (19) were used for their diagnoses.

A total of 228 serum and 199 CSF samples were collected from 236 pediatric patients suspected of having CNS autoimmune diseases. Autoantibodies against NMDAR, GABABR, LGI1, AMPA1, AMPA2, and CASPR2 were assessed for 116 serum samples and 102 CSF samples. Autoantibodies against AQP4, MBP, MOG, and GFAP were assessed for 48 serum samples and 43 CSF samples. Autoantibodies against NMDAR, GABABR, LGI1, AMPA1, AMPA2, CASPR2, AQP4, MBP, MOG, and GFAP were assessed for 64 serum samples and 54 CSF samples. The blood or CSF samples were sent to Guangzhou Medical Laboratory Center and Kindstar Medical Laboratory (China) for antibody testing. The two laboratories used cell-based assays with high specificity and sensitivity for antibody analysis of the CSF and serum samples. The initial dilution titers of serum and CSF were 1:10 and 1:1, respectively.




2.2 Clinical data analysis

The clinical data used for this retrospective analysis included demographic characteristics, clinical manifestations, MRI findings, video electroencephalogram (EEG) data, serum tumor biomarkers, CSF findings, the findings of ultrasound or computed tomography scan of the chest, abdomen, and pelvis cavity, treatment regimens, and prognosis. The follow-up duration was at least 12 months for all included patients. Follow-up visits were carried out every three months during the first year after discharge and every six months thereafter. Modified Rankin Scale (mRS) scoring (for measuring neurological outcomes and assessing the degree of disability) was performed at the onset (initial score), at the time when a patient was in serious condition (maximum score), and at the patient’s last follow-up visit (terminal score). The absence of sequelae represented a good prognosis and otherwise a poor prognosis. The recurrence of multiple subtypes of antibody-mediated CNS autoimmune diseases was defined as the new onset or deterioration of symptoms occurring at least two months after condition improvement or stabilization. The relapses of MOG-AD were defined as the development of new neurological symptoms one month after the initial episode or, in the case of phenotype of acute disseminated encephalomyelitis (ADEM), 3 months after onset of the initial episode (25).




2.3 Statistical analysis

All statistical analyses were performed using IBM SPSS 22.0 software. The measurement data were expressed as the mean ± standard deviation (SD). The independent two-sample t-test and analysis of variance were performed for multi-group comparisons. SNK-q test was used for pairwise comparison. The paired t-test was for the comparison between the initial mRS score and the terminal mRS score. The enumeration data were expressed as number (n) and percentage (%). The chi-square test or Fisher’s exact test was used for multi-group comparisons. Pairwise comparisons between two groups were adjusted for p-values using the Bonferroni method to retain the nominal alpha value (an adjusted p-value was equal to three times the original p-value). The significance level (α) was set at 0.05, and p-values less than 0.05 were considered statistically significant.





3 Results

Of the 236 collected patients suspected of having antibody-mediated CNS autoimmune diseases in this study, 187 were positive for anti-neural antibodies, 14 were identified as false-positive cases from further clinical analysis, and 173 defined patients were ultimately enrolled in our further investigation. Only 73.3% of the 236 patients had true positive results for antibody testing. None of the 173 included patients met the revised criteria of the International Pediatric Multiple Sclerosis Study Group (2013) for pediatric multiple sclerosis (20). The flow diagram of this study is shown in Figure 1.




Figure 1 | Study flow diagram.





3.1 False positive antibody test

Based on the clinical manifestations, MRI and EEG findings, CSF changes, antibody titers, response to immunotherapy, and other significant findings (such as past history and pathological examinations), we conducted a comprehensive analysis of the 187 patients positive for anti-neural antibodies to distinguish true-positive from false-positive cases of neural autoantibody-related autoimmunity.

Of the 98 anti-NMDAR-Ab-positive pediatric patients, one patient had positive anti-NMDAR antibody only in serum (see details of patient #1 in Table 1). We could not confirm that his etiology was related to the anti-NMDAR antibody. Recurrent seizures were the core manifestation, the antibody titer was low (1:10), and the CSF and MRI results showed no specific changes. The immunotherapy regimen for this patient was ineffective. This patient was finally diagnosed with hereditary epilepsy and excluded from our further study.


Table 1 | The excluded pediatric patients with false-positive results of anti-neural antibody testing for suspected antibody-mediated CNS autoimmune diseases.



Of the 53 anti-MOG-Ab-positive patients, five (patients #2–#6; see their details in Table 1) were excluded by further check-ups. The fungus Cryptococcus neoformans was detected using metagenomic next-generation sequencing of CSF and combined administration of amphotericin B and flucytosine was effective for patient #2, thus this patient was finally diagnosed with cryptococcal meningitis and excluded. The head MRI of patients #3–#5 suggested the possible presence of demyelinating lesions, and several head MRI examinations after immunotherapy did not show any shrinking of the foci, which did not conform to the clinical manifestations and prognosis of MOG-AD. Since the neostigmine test was positive and the administration of pyridostigmine bromide was effective, patient #6 was finally diagnosed with myasthenia gravis and excluded from further analysis.

Of the 35 anti-GFAP-Ab-positive patients, five (patients #7–#11; see details in Table 1) were excluded by further check-ups. Patients #7 and #8 were finally diagnosed with glioma by brain biopsy. Among patients #9–#11, no solid evidence of encephalopathy or encephalitis, and no specific changes in CSF were found; their intracranial lesions did not shrink after immunotherapy, and the use of immunotherapy had little effect on their prognosis. These five patients were not considered to have autoimmune GFAP-A and were excluded from our further analysis.

Besides, three patients (patients #12–#14; see their details in Table 1), of the eight anti-CASPR2-Ab-positive patients, were excluded from our further analysis. In detail, patient #12 was diagnosed with tuberous sclerosis due to multiple Hypomelanotic macules throughout the body, multiple calcified subependymal nodules revealed by head CT, and a novel TSC1 pathogenic variant revealed by whole exome sequencing. Patient #13 was diagnosed with a urea cycle disorder due to abnormally elevated blood ammonia level, significantly increased citrulline concentration in dried blood spots revealed by tandem mass spectrometry, elevated orotic acid level in the urine, and ASSI pathogenic variants revealed by whole exome sequencing. Patient #14 was diagnosed with hereditary epilepsy; recurrent seizures were the core manifestation, the antibody titer was low (1:10), and the MRI results showed no specific changes; the immunotherapy regimen for this patient was ineffective.




3.2 Antibody positivity rate

Of the 97 anti-NMDAR-Ab-positive encephalitis patients, 92 received testing for anti-NMDAR antibodies in CSF, and 88 were positive (95.65%); 92 received testing for anti-NMDAR antibodies in serum, and 78 were positive (84.78%). Of the 48 patients with MOG-AD, 47 received testing for anti-MOG antibodies in serum, and all were positive (100%); 38 received testing for anti-MOG antibodies in CSF, and 21 were positive (43.75%). Of the 30 autoimmune GFAP-A patients, 29 received testing for anti-GFAP antibodies in serum, and 25 were positive (86.21%); 24 received testing for anti-GFAP antibodies in CSF, and 15 were positive (62.5%). The five anti-CASPR2-Ab-positive encephalitis patients received testing for anti-CASPR2 antibodies in serum and CSF, five were positive for the antibodies in serum (100%) and two were positive for the antibodies in CSF (40%). Of the two anti-GABABR-Ab-positive encephalitis patients, two were positive for the antibody in serum (100%) and one was positive for the antibody in CSF (50%). Besides, one anti-LGI1-Ab-positive encephalitis patient was positive for the antibody in serum and CSF (100%).




3.3 Coexistence of antibodies

In this cohort study, many patients had coexistent multiple anti-neural antibodies, and the coexistence of anti-MOG antibody and anti-NMDAR antibody was the most common. A total of 13 patients with coexistent multiple anti-neural antibodies were found in our included cases. In detail, six patients had coexistent anti-NMDAR antibody and anti-MOG antibody (including one with GFAP antibody), three had coexistent anti-NMDAR antibody and anti-GFAP antibody, three had coexistent anti-MOG antibody and anti-GFAP antibody, one patient had coexistent anti-NMDAR antibody and anti-CASPR2 antibody, and one patient had coexistent anti-GABABR antibody and anti-CASPR2 antibody. The coexistence of anti-neural antibodies is not uncommon for patients with Systemic lupus erythematous, but none of patients had co-existing Systemic lupus erythematous in our study.




3.4 Clinical features

A total of 173 patients were finally diagnosed with antibody-mediated CNS autoimmune diseases after excluding the 14 false-positive cases. Their detailed clinical data were collected for analysis. Anti-NMDAR encephalitis was the most common subtype (97 cases), followed by MOG-AD (48 cases) and autoimmune GFAP-A (30 cases) (Figure 2A). Five or fewer patients with antibody-mediated CNS autoimmune diseases had anti-CASPR2, anti-AQP4, anti-GABABR, or anti-LGI1 antibodies (Figure 2A). Of the 173 patients, 82 were male and 91 were female; the oldest was 16 years old, and the youngest patient was only 3 months old, and the peak ages of onset were between 3 and 6 years and between 6 and 9 years (Figure 2B). The demographics of the included patients were shown in Table 2.




Figure 2 | The profile of the included patients with antibody-mediated CNS autoimmune diseases. (A) Subtypes of antibody-mediated CNS autoimmune diseases in pediatric patients and (B) age distribution of these patients. The clinical phenotypes of 48 pediatric patients with MOG-AD (C) and 30 pediatric patients with autoimmune GFAP-A (D).




Table 2 | Demographics, clinical features, auxiliary examinations, treatments, and outcomes of pediatric patients with antibody-mediated autoimmune diseases of the central nervous system.



Of the 173 included patients, 106 (61.27%) had acute onset (≤2 weeks), 42 (24.27%) had subacute onset (2 weeks ~ 1 month), and 25 (14.45%) had chronic onset (≥1 month). Among anti-NMDAR encephalitis patients, psycho-behavioral abnormalities, seizures, involuntary movements, and speech disorder were the most common clinical manifestations; other common symptoms included consciousness disturbance, memory loss, sleep disorder, headache, fever, and autonomic nervous dysfunction; paresthesia, ataxia, and visual disturbance were also found. Among the patients with MOG antibody associated-disorders, fever (the most common), consciousness disturbance, visual disturbance, headache, and seizures were the common clinical manifestations. Of the 48 cases with MOG-AD, 24 had acute disseminated encephalomyelitis, 8 had autoimmune encephalitis overlap syndrome, 5 had optic neuritis, 4 had neuromyelitis optica spectrum disorder, and the resting cases had cortical encephalitis, aseptic meningitis, cranial neuritis, or demyelinating pseudotumor (Figure 2C). Autoimmune GFAP-A patients commonly had headaches, fevers, consciousness disturbance, and seizures. Of the 30 autoimmune GFAP-A patients, 10 had meningitis or meningoencephalitis, 4 had encephalomyelitis, 5 had optic neuritis, 3 had acute disseminated encephalomyelitis, and the rest had transverse myelitis, cranial neuritis, or cerebellitis (Figure 2D). Hyponatremia and faciobrachial dystonic seizures were seen among the anti-LGI1 encephalitis patients (Table 2).




3.5 Auxiliary examinations

Of the 173 included cases, 168 received CSF examination; 133 had leukocytosis (leukocyte count > 5 cells/mm3), with the highest record of 600 cells/mm3, and 25 had an elevated protein level (> 500 mg/L), with the highest record of 1,638 mg/L. The oligoclonal bands were detected in 107 patients, and 21 positive results were obtained. The anti-nuclear antibody (ANA) and anti-double-stranded DNA (anti-dsDNA) antibody were tested in 103 patients, but there were no positive findings. Besides, the elevation of adenosine deaminase (ADA) in CSF was detected in 5 of 30 autoimmune GFAP-A patients. All our included patients received a head MRI. The distribution of lesions was displayed in Table 2. EEG abnormalities were observed in 150 of 169 patients receiving EEG. Most abnormal cases exhibited local or global slow wave activity and some showed the characteristics of epileptiform discharges in EEG. The included patients were screened for potential tumors; three had ovarian teratoma and one had neuroblastoma. The detection of HSV PCR or HSV IgM in CSF indicated that four patients with anti-NMDAR encephalitis and two patients with MOG-AD were secondary to herpes simplex encephalitis (Table 2).




3.6 Treatment and follow-up

In our cohort, patients with antibody-mediated CNS autoimmune diseases, especially those with anti-NMDAR encephalitis, generally had a long hospital stay (Table 2). A total of 171 patients (98.84%) received immunotherapy. Immunotherapy included first-line (intravenous immunoglobulins, glucocorticoids, and plasma exchange) and second-line (rituximab, cyclophosphamide, and azathioprine) therapies. The different immunotherapies used in each subgroup of antibody-mediated CNS autoimmune diseases were shown in Table 2. All 97 anti-NMDAR encephalitis patients received first-line immunotherapy and 95 of them received combination therapy. Twenty anti-NMDAR encephalitis patients who responded poorly to first-line treatments or experienced relapse(s) received second-line immunotherapy; 19 were treated with rituximab and one was treated with cyclophosphamide. Besides, two anti-NMDAR encephalitis patients received surgical removal of their ovarian teratoma. Of the 48 patients with MOG-AD, 47 received first-line immunotherapy and 36 of them received combination therapy, and one did not receive immunotherapy due to spontaneous remission of symptoms. Six patients with MOG-AD who responded poorly to first-line treatments or experienced relapse(s) received second-line immunotherapy; five were treated with rituximab and one was treated with azathioprine. Of the 30 autoimmune GFAP-A patients, 29 received first-line immunotherapy and 22 of them received combination therapy, and one patient did not receive immunotherapy because of spontaneous remission of symptoms. Of the four recurrent patients, three were treated with rituximab and one was treated with azathioprine.

All included patients were followed up for at least 12 months after discharge. Of the 97 patients with anti-NMDAR encephalitis, 73 (75.3%) recovered completely, two (2.1%) died, and 22 (22.7%) had varying degrees of sequelae; eight patients (8.2%) experienced relapse(s) during the follow-up. Of the 30 patients with autoimmune GFAP-A, 21 recovered completely, 9 had varying degrees of sequelae, and 5 experienced relapse(s). Of the 48 patients with MOG-AD, 40 recovered completely, and eight had varying degrees of sequelae; 11 patients relapsed during the follow-up. As shown in Table 3, the MOG-AD patients with relapse(s) had fewer spinal MRI abnormalities,less consciousness disturbance and less fever but more visual disturbance than those with a monophasic disease course (p<0.05).


Table 3 | Comparison between MOG-AD patients with relapses and such patients with a monophasic disease course.






3.7 Comparisons between pediatric patients with anti-NMDAR encephalitis, MOG-AD, and autoimmune GFAP-A

In this study, there were 97 patients with anti-NMDAR encephalitis, 48 MOG-AD patients, and 30 patients with autoimmune GFAP-A. Among the patients with anti-NMDAR encephalitis, psycho-behavioral abnormalities (the most common), seizures, involuntary movements, consciousness disturbance, speech disorder, cognitive disorder, sleep disorder, and autonomic dysfunction were the common clinical manifestations. Among the MOG-AD and autoimmune GFAP-A patients, fever (the most common), consciousness disturbance, visual disturbance, headache, and seizures were the common manifestations. Between the MOG-AD and autoimmune GFAP-A patients, no significant difference was seen in the incidence of clinical manifestations including fever, seizures, status epilepticus, psycho-behavioral abnormalities, consciousness disturbance, and visual disturbance, and in the length of hospital stay, abnormality rates of head MRI and EEG, complete recovery rate, and recurrence rate. The anti-NMDAR encephalitis patients had longer hospital and higher incidence of clinical manifestations including psycho-behavioral abnormalities, involuntary movements, speech disorder, and sleep disorder than the MOG-AD patients and autoimmune GFAP-A patients. In addition, the incidences of seizures, status epilepticus, and admission to the intensive care unit in the anti-NMDAR encephalitis patients were significantly higher than those in the MOG-AD patients (p<0.05), while the incidence of visual disturbance in the anti-NMDAR encephalitis patients was significantly lower than those in the MOG-AD patients (p<0.05). Compared with MOG-AD patients, anti-NMDAR encephalitis patients had a higher abnormal EEG rate and a lower abnormal head MRI rate. Although the anti-NMDAR encephalitis patients usually required longer hospital stays, they showed no significant difference in the complete recovery rate and recurrence rate from the MOG-AD or autoimmune GFAP-A patients (p<0.05). More details are shown in Table 4.


Table 4 | Comparisons among the MOG group, GFAP group, and NMDAR group.







4 Discussion

A spectrum of patients with neurological and psychiatric symptoms have been diagnosed with antibody-mediated CNS autoimmune diseases with the increasing awareness of such diseases and unceasing discovery of related autoantibodies. However, relatively few studies have focused on pediatric patients with such autoimmune diseases (26–28). This retrospective, observational, single-center study collected the clinical data of 173 pediatric patients diagnosed with antibody-mediated CNS autoimmune diseases and analyzed their demographics, clinical features, laboratory and imaging data, treatment, and prognosis.

Of our 173 subjects, 97 were patients with anti-NMDAR encephalitis, similar to previous reports (29). Anti-NMDAR encephalitis is the most common type of autoimmune encephalitis in children, and its clinical diagnosis is not difficult because most of its pediatric patients have typical clinical manifestations. The detection of anti-NMDAR antibodies should be administered to patients with acute- or subacute-onset repeated seizures, unexplained psycho-behavioral abnormalities, or involuntary movements.

Over 90% of the early reported pediatric cases with MOG-AD had classical acquired demyelinating syndromes of the CNS such as acute disseminated encephalomyelitis, optic neuritis, transverse myelitis, and neuromyelitis optica spectrum disorder (24). In recent years, the clinical phenotype spectrum of this disease is expanding with the deepening understanding of the clinical manifestations, pathophysiology, and pathogenesis of MOG-AD, along with increasing reports of special phenotypes such as cortical encephalitis, demyelinating pseudotumor, cranial neuritis, and aseptic meningitis. Our cohort study included 48 such pediatric patients and acute disseminated encephalomyelitis was found to be the most common clinical phenotype, which was consistent with previous reports (24, 30). However, up to 31% of our confirmed clinical phenotypes did not conform to the diagnostic features of classical demyelinating syndromes of the CNS, which is higher than the earlier reported at home and abroad (31, 32). This may be explained by the increased atypical cases confirmed by the cell-based assays adopted in this study and the increasing MOG antibody tests in children with unexplained encephalitis and white matter lesions. The clinical manifestations of pediatric MOG-AD are highly heterogeneous. In this study, two patients with aseptic encephalitis had repeated fever, headache, and lethargy, and increased white blood cell counts in CSF. No abnormalities were found in their several head MRI scans, and their symptoms were not improved after anti-infection treatment. However, with the serum MOG-Ab-positive results, their symptoms were completely relieved by intravenous immunoglobulins and methylprednisolone pulse therapy. It is suggested that MOG antibody screening for pediatric patients with prolonged fever, lethargy, and leukocytosis in CSF and without sufficient etiological evidence for intracranial infection is needed to avoid missed diagnoses of MOG-AD. Two of the 48 MOG-AD patients were secondary to herpes simplex encephalitis. These two patients developed apathy, seizures, and memory loss during the recovery period; a reexamination of the head MRI revealed new multifocal white matter lesions, and serum MOG antibodies were detected. Thus, they were attributed to MOG-AD cases. It has been previously reported that autoimmune encephalitis secondary to herpes simplex virus encephalitis is mostly anti-NMDAR encephalitis. Whether anti-MOG antibodies could be identified as “responsible antibodies” in these two patients remains to be investigated in further studies.

MOG-AD patients had the highest recurrence rate in our study. How to identify recurrence risk in pediatric individuals with MOG-AD, and effective treatment approaches to preventing recurrence, are hot issues for clinicians. There are few reports with a large sample size and long-term follow-up on MOG-AD recurrence factor analysis in children. Our study showed that MOG-AD patients with relapses had a lower incidence of abnormal spinal MRI,fever and consciousness disturbance and a higher incidence of visual disturbance than the MOG-AD patients with a monophasic disease course. Practitioners need to be alert to the possible recurrence among MOG-AD patients with this manifestation. The common clinical manifestations in the MOG-AD and autoimmune GFAP-A groups were fever, consciousness disturbance, seizures, visual disturbance, speech disorder, headache and ataxia. No significant difference was seen in the incidence of common clinical manifestations, the length of hospital stays, abnormality rates of MRI and EEG, complete recovery rate, and recurrence rate between these two groups. Clinicians must be vigilant to the possible presence of MOG-AD or autoimmune GFAP-A in children when they have a fever of unknown origin, consciousness disturbance, seizures, or visual disturbance and timely performed MOG or GFAP antibody screening to avoid their missed diagnoses. In addition, 5 (16.6%) of our 30 autoimmune GFAP-A patients had; therefore, the possibility of autoimmune GFAP-A, in addition to tuberculous meningitis, should be taken into consideration by the clinicians when in the presence of elevated CSF adenosine deaminase.

The widespread application of anti-neural antibody detection has increased the number of pediatric cases of antibody-mediated CNS autoimmune diseases. However, an antibody positivity test is not always enough to ensure a correct diagnosis of such autoimmune diseases (1). Despite the high specificity of cell-based assays for anti-neural antibody tests, false positive results may occur, especially when antibody titers are low (13, 33). In our research, 9.4% of anti-MOG-Ab-positive cases, 37.5% of anti-CASPR2-Ab-positive cases, and 14.3% of anti-GFAP-Ab-positive cases were confirmed false positives, which is generally consistent with previous reports. False positives of anti-neural antibody tests may occur in pediatric patients with various surrogate nervous system diseases (e.g., infectious, hereditary, neoplastic, metabolic, vascular), but it seems rare in cases without known neurological diseases. This may indicate that given the presence of epitope spreading, the production of anti-neural antibodies may increase due to nervous system damage caused by other causes or cross-reactivity with autoantibodies against alternative antigenic targets.

The coexistence of multiple anti-neural antibodies is found in our cohort study, which is clinically referred to as the presence of coexistent multiple autoantibodies in the same patient at the same time point or different autoantibodies in the same patient at different time points. In our study, 13 patients had coexistent multiple anti-neural autoantibodies, and the coexistence of anti-NMDAR antibody and anti-MOG antibody was the most common type; the pediatric patients with such coexistent antibodies would face a higher incidence of psycho-behavioral abnormalities and frequent seizures than the patients with positive MOG antibody alone, and would more experience demyelinating symptoms such as visual disturbance or have a higher incidence of abnormal head MRI than the patients with positive anti-NMDAR antibody alone, which was consistent with previous reports (34, 35). Besides, the coexistence of anti-NMDAR antibody and anti-GFAP antibody and anti-GFAP antibody and anti-MOG antibody was also common among our cohort cases. In our cohort, all patients suspected of having MOG-AD were tested for anti-AQP4 antibodies, but no patients were double positive for anti-AQP4 and anti-MOG antibodies. To date, the pathological immune mechanisms behind the coexistence of multiple antibodies are still unclear, which may be related to immune reconstruction during viral infection, disease development, and treatment. Given the presence of several kinds of anti-neural antibodies in patients, we should deeply investigate the causal relationship between the detected antibodies and the clinical core phenotype, and clarify the pathogenic antibodies responsible for the causality in the individual disease course. Thus, one or more responsible/pathogenic antibodies should be confirmed based on the clinical core phenotype among the patients with coexistent multiple autoantibodies, to avoid imprudent diagnosis only according to identified antibodies. Besides, the presence of false positives of anti-neural antibody tests and coexistent multiple anti-neural antibodies underscores the importance of correct phenotypic evaluation and follow-up of treatment outcomes. Clinically, except for antibody-positive results, clinical manifestations, disease evolution, findings of imaging and other auxiliary examinations, and even nerve biopsy findings should be combined for comprehensive judgment to achieve an accurate diagnosis and administer reasonable treatments. Beyond that, the deepening understanding of antibody-mediated CNS autoimmune diseases is bringing more challenges to clinical practice.

In conclusion, our cohort study summarized the clinical features and evaluated clinical immunotherapies and short-term prognosis of antibody-mediated CNS autoimmune diseases in children. To some degree, the limited sample size and potential selection bias in this retrospective study limit the extrapolation from our current clinical findings to a wide application in future clinical practice. This cohort study is one of the largest case series studies on antibody-mediated CNS autoimmune diseases among Chinese pediatric patients to date and was conducted in a central medical institution in China, which is representative and could provide a basis for future research. Future prospective multi-center studies with larger sample sizes are warranted to verify our present findings.
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Introduction

The prevalence of obesity in general pediatric population increases without sparing children with T1D. We intended to find factors associated with the possibility of preserving endogenous insulin secretion in individuals with long-standing T1D. At onset, higher BMI is associated with higher C-peptide level, which may indicate to be one of the favorable factors involved in preserving residual β-cell function. The study determines the influence of BMI on C-peptide secretion in children newly diagnosed with T1D in two years observation.





Methods

We assessed the possible relationship between selected pro- and anti-inflammatory cytokines, body mass at recognition and β-cell function status. 153 pediatric patients with newly diagnosed T1D were divided into quartiles according to BMI-SDS index. We separated a group consisted of patients with BMI-SDS >1. Participants were followed up for two years and examined for changes in body weight, HbA1c, and insulin requirement. C-peptide was assessed at baseline and after two years. We evaluated the patients’ levels of selected inflammatory cytokines at baseline.





Results

Subjects with higher BMI-SDS presented higher serum C-peptide levels and lower insulin requirements at diagnosis than children with lower body weight. The two-year follow-up showed that C-peptide levels of obese patients dropped more rapidly than in children with BMI-SDS within normal limits. The group with BMI-SDS >1 showed the greatest decrease in C-peptide level. Despite statistically insignificant differences in HbA1c at diagnosis between the study groups, in the fourth quartile and BMI-SDS >1 groups, HbA1c as well as insulin requirements increased after two years. The levels of cytokines varied the most between BMI-SDS <1 and BMI-SDS >1 groups and were significantly higher within BMI-SDS >1 group.





Discussion

Higher BMI, associated with enhanced levels of inflammatory cytokines, relates to preservation of C-peptide at T1D recognition in children but is not beneficial in the long term. A decrease in C-peptide levels combined with an increase in insulin requirements and in HbA1c among patients with high BMI occur, which may indicate a negative effect of excessive body weight on the long term preservation of residual β-cell function. The process seems to be mediated by inflammatory cytokines.
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1 Introduction

Within the recent decades the incidence of both excessive body mass (1) and diabetes (2) became an increasing problem in the pediatric population. Along with the growing prevalence of overweight and obesity in children suffering from type 1 diabetes (T1D) (3–5), the interest in the coexistence and mutual correlation between these disease entities increases. As a result, a new term- double diabetes, has emerged to characterize patients with T1D who also exhibit clinical features of type 2 diabetes (T2D), such as insulin resistance or obesity (6).

In general, T1D is described as a progressive autoimmune destruction of pancreatic β-cells, leading to an absolute insulin insufficiency (7). However, numerous studies have shown that a great number of patients with long-duration T1D endure to secrete low levels of endogenous insulin (8, 9). This may imply persistence of a small number of still functioning β-cells. The measurement of serum C-peptide levels (which is produced in equal amounts to insulin) remains the best method to estimate residual β-cells insulin secretion (8, 10). Studies have demonstrated that even low persistent C-peptide secretion exhibit a positive impact on metabolic control (lower HbA1c concentrations, glucose variability, incidence of hypoglycaemia and insulin demand) and a protective effect on acute and long-term diabetes complications (11, 12).

Moreover, C-peptide levels presented in some studies as an independent factor of partial remission and is correlated with its duration (13, 14). The phenomenon of partial remission (PR), also known as the honeymoon phase, occurs in a number of patients who experience a transient reduction in insulin requirements in parallel with achieving proper metabolic control after the initiation of effective insulin therapy (15). PR is defined as a daily insulin requirement (DIR) of <0.5 units per kg of body weight and HbA1c <7% (16). Although the mechanisms responsible for the occurrence of this phenomenon are not yet well investigated, it appears that partial β-cell recovery with improved endogenous insulin production, transient recovery of immune tolerance and reduced peripheral insulin resistance may play an underlying role (17). In recent decades, attempts have been made to preserve β-cell function in patients with type 1 diabetes because of the clear clinical benefits of the PR period (17). Therefore, novel therapies have emerged to prolong the period of PR, such as cell therapies using the patient’s own proliferated regulatory T cells (Tregs) or umbilical cord stem cells, immunomodulatory therapies or granulocyte-colony stimulating factor (G-CSF), but unfortunately, only some of them can be implemented in pediatric patients (10). It has been observed that younger age and higher BMI at recognition are factors that potentially predispose to PR in children suffering from type 1 diabetes (18). In turn, in our previous study we found that regular physical activity promotes prolonged PR time in the pediatric diabetes (17).

Nevertheless, C-peptide levels are firmly and independently related to body weight and age at and shortly after the diagnosis of T1D (19). There are several studies concerning the β-cell secretory function in obese T1D individuals revealing that children with obesity have higher C-peptide levels than their overweight and lean peers (20–22). Noteworthy is also the fact that even with adjusting for glycemia, higher BMI at diagnosis was associated with greater fasting C-peptide levels decrease, thus more rapid disease progression among pooled European cohorts of teens with T1D over one year of follow-up (23). To the best of our knowledge, this is the one and only observation regarding the effect of BMI on the rate of β-cell loss, with an observation period lasting only one year. Interestingly, study of a group of young children diagnosed with type 1 diabetes found that greater C-peptide decline during the first two years after diagnosis was associated with female gender, younger age at diagnosis, higher weight Z-score, and higher HbA1c, as well as positive IA-2 and ZnT8 antibodies (24). Moreover, if the centrally and noncentrally obese groups of children are compared, the centrally obese youths have remarkably higher secretion of C-peptide at onset but not at follow-up (21).

Intriguingly, some studies have shown that higher BMI is related to elevated levels of pro-inflammatory cytokines, which could potentially affect the destruction of pancreatic islets (25–29). The fact that β-cell destruction occurring in the course of obesity is not only a consequence of insulin resistance but is also triggered by the devastating effects of pro-inflammatory cytokines sheds new light on understanding the causes of the negative effect of obesity on residual β-cell function in type 1 diabetes. Taking together, these data suggest that BMI-associated insulin resistance and inflammation contributes to β-cell exhaustion and that healthy adipose tissue is crucial for β-cell function.

In our study we hypothesized that greater BMI is associated with higher C-peptide level at diagnosis, but during follow-up C-peptide levels dramatically decrease along with reduced residual pancreatic β-cell function. However, few studies evaluating the effects of obesity-associated inflammatory cytokines on residual β-cell function have been done so far, thus we decided to investigate this relationship.




2 Material and methods

Our prospective observational research covered 153 youths newly diagnosed with T1D in the Department of Pediatrics, Endocrinology, and Diabetology with Cardiology Division, Medical University of Bialystok, Poland, who were consistently examined trimonthly in Outpatient Clinic during two years. Every patient received insulin intravenously at the time of diagnosis. The therapy has been changed to functional intensive therapy (multiple daily injections (MDIs) or continuous subcutaneous insulin infusion (CSII)) as the method of choice when the patient’s condition was stabilized. The main inclusion criteria were ISPAD diagnosis criteria of type 1 diabetes and age under 18 years. Exclusion criteria were diagnosis of other types of diabetes, such as MODY and type 2 diabetes. The patients were encouraged to maintain their normal physical activity in accordance with ISPAD recommendations (30).

Anthropometric data such as gender, height, weight and body mass index (BMI) have been assessed. To adjust for age and gender, the BMI SD score (BMI-SDS) was calculated using sex-specific and age-specific BMI growth charts based on local Polish OLAF study (31). All the subjects were positive for at least one of the anti-GAD, IA2, ICA or ZnT8 antibodies. Regarding BMI-SDS, participants were divided into four groups (quartiles of BMI-SDS within the study group). We also separated a group consisted of patients with BMI-SDS >1 (overweight and obese according to centile population charts) (n=22). All participants were followed up trimonthly for the next two years and assessed by examination for changes in body weight, HbA1c [%] and daily insulin requirement (DIR) [U/kg/24h].

DIR mean values were calculated depending on the information collected during the medical appointments from the course of previous 2 weeks, from patient’s home monitoring diary or personal insulin pump reports. Total DIR and HbA1c at the disease onset, as well as one year and two years after diagnosis were evaluated. The analyzed results of fasting C-peptide levels on the first admission to hospital and after two-years of observation are given as [ng/mL] and a cut-off level of clinical validity was adjusted from 0.2 nmol/L to 0.6 ng/mL (32).

Levels of cytokines were determined once, at disease onset as previously described and published (33). Plasma samples collected from patients were used to analyze concentrations of the selected cytokines. Immunoenzymatic assays were performed in accordance with the manufacturer protocols (DuoSet ELISA Kits; R&D system). The following cytokines were analyzed in patients’ and healthy controls’ plasma: IL-1β, IL-10, IL-12p70, IL-17, IFN-γ, TNF-α. Cytokines concentration-related absorbance was measured at wavelength of 450nm using LEDETECT96 microplate reader (Labexim Products, Lengau, Austria). Standard curve was performed based on the four-parameter logistic (4-PL) curve-fit, and subsequently used to estimate the final cytokines’ concentration.

After the patients had recovered from ketoacidosis, CRP and morphology tests were performed as part of standard clinical procedure along with other laboratory tests. The results were within the normal range and precluded a clinical diagnosis of inflammation at that point.




3 Statistical analysis

Statistical analysis was performed using Statistica version 13.3 (StatSoft Krakow, Poland). The Kolmogorov-Smirnov test of normality was used to test the distribution of all continuous variables with Lillefors correction and Shapiro-Wilk tests. All examined variables had a parametric distribution and were evaluated using the unpaired Student t-test to compare the differences between the groups and as several of the studied parameters were not normally distributed, the two-tailed Mann-Whitney U-test was used to correlate continuous variables. In the analysis of more than two groups, the analysis of variance was used with Tukey’s post-hoc RIR test for unequal numbers or the ANOVA rang Kruskal-Wallis test and the median test with post-hoc tests of multiple comparisons. All data are expressed as mean ± SD. Relative risk was evaluated with the use of Fishers’ exact test, and calculation of 95% confidence interval with Koopman asymptomatic score. We performed Pearson correlation analysis to analyse possible associations of intensity of pancreatic autoimmunity (GADA, ICA, IA2) and BMI, BMI-SDS, HbA1c, DIR and C-peptide. We also performed an analysis of covariance (ANCOVA) including gender and age as the accompanying variables to verify their possible influence on the ANOVA results between groups stratified by BMI-SDS into quartiles.

Differences were considered statistically significant with p-value below 0.05. Significant changes were demonstrated within the graphs or tables with asterisks or exact p-value: * - p < 0.05, ** - p < 0.01, *** - p < 0.001, **** - p < 0.0001.




4 Ethical approval

We obtained approval of the Ethical Committee at the Medical University of Bialystok (R-I-002/435/2017). Written informed consent was obtained from parents/legal guardians as well as from patients aged > 16 years.




5 Results

The study included 153 Caucasian children with a proportional ratio of both sexes (49% boys). The clinical and biochemical characteristics of the study group are collected in Table 1.


Table 1 | The clinical and biochemical characteristics of all patients and regarding to groups according to BMI-SDS.



First, we analyzed differences of HbA1c levels between the groups at the time of diagnosis, after a year and two years (Figure 1A). We found that average HbA1c at the first admission to the hospital among all the groups was comparable, with mean value 11.46 ± 2.65%. Nevertheless, after two years there were noticeable differences in HbA1c levels, especially in comparison of first and fourth BMI-SDS quartile groups (6.39% vs. 6.99%, P = .014). We have also observed a slight difference in HbA1c in BMI-SDS<1 an BMI-SDS>1 groups (6.64% vs. 7.02%, P = .14) (Tables 1 and 2).




Figure 1 | Changes in HbA1c (A), daily insulin requirement (B) and fasting C-peptide level (C) among quartiles and BMI-SDS >1 group over the observation time.




Table 2 | The comparison of the mean values of parameters affecting c- peptide level between the analyzed groups of patients divided according to SDS-BMI below and over 1 at the disease onset, after one year and two years of observation.



DIR of the study groups at hospital discharge and two years after diagnosis was also compared (Figure 1B). The mean DIR at the time of diagnosis in the whole study group was 0.57U/kg/24h. Initial DIR differed significantly between the first and fourth quartile (0.69 vs. 0.50 U/kg/24h, P = .01). Interestingly, we found no significant differences in DIR between the first and fourth quartile two years after diagnosis (0.70 vs. 0.71 U/kg/24h, P = .877). Similarly, a substantial difference in DIR at the disease onset was noted when comparing the group with BMI-SDS<1 and BMI-SDS>1 (0.58 vs. 0.47 U/kg/24h P = .0.044), while two years after diagnosis the difference was statistically insignificant (P = .31) (Table 2).

We also observed that during one year of follow-up, between the first and second year of observation, HbA1c and DIR increased in the subgroup of children within BMI-SDS>1. HbA1c level increased from 6.53% to 7.02% (P = .152) and DIR from 0.55 to 0.75 U/kg/24h (P = .045). It should be added that this group of children maintained their weight throughout the observation period (average BMI-SDS value sustained 1.79).

Next, we analyzed fasting C-peptide secretion in our patients at admission and two years after diagnosis (Figure 1C). The mean fasting C-peptide level (presented results are corrected for age and gender) on admission in the entire study group was 0.55 (0.44-0.73) ng/mL. There was a meaningful difference between the fasting C-peptide level among first and fourth quartiles on admission (0.44 vs. 0.73 ng/mL, P = .002), while two years after diagnosis this difference has become marginal (P = .39). We obtained similar results when comparing groups of patients with BMI-SDS >1 and BMI-SDS<1. At the time of admission, there was a substantial difference in fasting C-peptide levels between the BMI-SDS<1 and BMI-SDS >1 groups (0.52 vs. 0.77 ng/mL, P = .009), respectively two years after, we observed only a slight difference (P =.29) (Table 2). We noted a 36.99% decrease in C-peptide level in the fourth quartile group and 24.68% decrease in BMI-SDS >1 group over two years of follow-up. Interestingly, the lowest decrease in the level of C-peptide (only by 6.45%) was noted in the third quartile (BMI-SDS -0.01 ± 0.25) (Table 1).

Eventually, we measured patients’ levels of inflammatory cytokines such as IL-1β, IL-10, IL-12p70, IL-17, TNF-alpha and IFN-gamma at the time of diagnosis (Figure 2). We observed a statistically significant difference in the level of IL-10 (696.6 vs. 1646.2 pg/ml, P = .048), IL-12p70 (540.23 vs. 1482.6 pg/ml, P = .028), IL-17 (252.4 vs. 595.5, P = .046), and IFN-gamma (114.20 vs. 182.35 pg/ml, P= .047) between BMI-SDS <1 and BMI-SDS >1 groups, respectively (Table 2). However, differences between these groups in the level of IL-1β and TNF-alpha were marginal (P = .059, P = .155, respectively). Within 1st, 2nd and 4th quartile, mean levels of IL-1β, IL-10, IL-17 and IFN-gamma elevate with increasing BMI-SDS, although with no statistical significance (P >.05) (Table 1; Figure 2). Interestingly, children among 3rd quartile showed lower levels of all cytokines in comparison to those within 2nd quartile as well as their greater amounts when considering patients in 1st quartile. We correlated the levels of inflammatory cytokines with C-peptide levels among the subjects; however, we did not obtain a statistically significant resulst. Nevertheless, this relationship, in our opinion, requires further research.




Figure 2 | Mean values of inflammatory cytokines levels at T1D onset among quartile and BMI-SDS >1 groups.



Our analyses show that groups with BMI-SDS>1 and BMI-SDS<1 did not statistically differ in age (P = 0.71), pH (P = 0.23) and base excess (P = 0.1) at the time of diagnosis. Moreover, we observed that differences between age and pH at admission between the first and fourth quartiles were not substantial (P = 0.96 and P = 0.75, respectively). All the mean values of the BMI-SDS <1 and >1 groups characteristics including parameters affecting C-peptide level as well as their comparison with respect to the P value between groups at the disease onset, after one year and two years of observation are presented within Table 2.

Correlation analysis adjusted for age considering the possible associations of intensity of pancreatic autoimmunity (GADA, ICA, IA2) with BMI-SDS, BMI, HbA1c and C-peptide showed no statistical significance between studied autoimmunity and other variables within the entire study group. However, in correlation analysis adjusted for age performed between BMI-SDS at onset and inflammatory cytokines we found significant correlation with IL-10 (r = .316 P = .033) as well as with IL-17 (r = -.312; P = .035). Additionally, BMI-SDS correlated significantly with C-peptide at onset (r = .367; P <0.001), DIR at discharge (r = -.270; P = .001) and HbA1c after 2 years (r = .179; P = .031) (Table 3).


Table 3 | Correlation analysis between BMI-SDS at onset and studied variables adjusted for age within the entire study group.



Interestingly, there are some statistically significant correlations between GADA and BMI-SDS at onset within particular sub-groups: in the BMI-SDS 4th quartile group (r = .378; P = .021), in the group above the median BMI-SDS (r = .283; P = .017), and similar trend for the BMI-SDS>1 (r = .457; P = .037).

In our final analysis, we intended to evaluate predictive potential of selected diabetes-related parameters in establishing outcome of the therapy. First, we observed that patients with values of c-peptide lower than 0.7 ng/ml at the admission stage had significantly higher risk of keeping that parameter below clinically significant level after 2-year treatment (p = 0.0125). On the other hand, the same group of pediatric subjects had slightly higher tendency for maintaining normal level of SDS-BMI (p = 0.0862). As presumed, those patients who demonstrated initially SDS-BMI values of above 1, had substantially higher risk of that parameter elevated also after 2 years of therapy (p < 0.0001). Similarly, for subjects with lower median HbA1c levels (below 11%) at admission, the odds for these patients for reaching HbA1c normalization were significantly increased (p = 0.0163) (Figure 3).




Figure 3 | Risk assessment of selected parameters’ values prevalence at 2nd year of diabetes therapy using laboratory data obtained at patients’ admission stage. Achievement of clinically favorable changes was based on normal ranges of selected parameters: < 1 for SDS-BMI, < 7% for HbA1c, > 7ng/ml for c-peptide. Significant results indicated with asterisks or exact p value: * - p < 0.05, ** - p < 0.01, *** - p <0.001, **** - p < 0.






6 Discussion

The current study was designed to determine the impact of BMI on the preservation of residual β-cell function in children with newly diagnosed type 1 diabetes. We found a positive correlation between BMI-SDS and serum C-peptide level in our patients, occurring only at the time of diagnosis. Interestingly, after two years of follow-up, we observed a sharp decrease in serum C-peptide level, as well as an increase in daily insulin requirement and HbA1c in the group of children with the highest BMI-SDS, indicating that in long-term observation higher BMI affects residual β-cell function negatively. Previous studies support our finding that at the time of diagnosis, children with higher BMI-SDS demonstrate more preserved β-cell function than thinner ones. Szypowska et al. in their study revealed that obese and overweight children show higher fasting C-peptide levels as well as lower HbA1c levels compared to leaner individuals at the baseline (34). In addition, Redondo et al. demonstrated that the likelihood of having a preserved C-peptide was 2.4 fold and 4.1 fold higher in overweight and obese children, respectively, compared to their lean peers at the disease onset (35).

In contrast to the studies mentioned above, our study includes a two years follow-up of the subjects. Additionally, consistent to our observations is similar Swedish national study conducted by Ludvigsson et al., who showed in their one-year follow-up of children with newly diagnosed diabetes that subjects with higher BMI presented higher levels of C-peptide at diagnosis, whereas they lost more C-peptide during the first year after the onset of the disease than those with lower BMI (36). On the contrary, retrospective study of a small group of Korean children revealed that patients with lower BMI, significant symptoms of complications and a low C-peptide level at baseline, tended to show a rapid rate of decrease in C-peptide level (37).

Our observation showed that the third quartile BMI-SDS group experienced the smallest decrease in C-peptide level during the two-year follow-up, which may indicate that children with such body mass (mean BMI-SDS -0.72 ± 0.29) preserve β-cell function the most over the progression of type 1 diabetes. It is important to note that the first quartile BMI-SDS group showed almost the same decrease in C-peptide levels as the SDS-BMI >1 group which means that the leanest children do not preserve the function of the pancreatic islets in the best manner.

Furthermore, we found that children with BMI-SDS>1 were close to achieving criteria for PR after one year of implementing intensive insulin therapy, whereas two years after diagnosis their insulin requirements significantly increased, which may indicate that high BMI is not a factor that can contribute to prolonged PR period. In our relative risk analysis children with SDS-BMI above 1 occurred unfortunately to maintain increased body mass during the two years observation. This situation opens new therapeutic strategies – to emphasize the great need of normalization of body mass in those T1DM recognized with overweight. The negative effect of BMI on the preservation of pancreatic β-cell function in children with type 1 diabetes may be potentially explained by Wilkin’s accelerator hypothesis according to which the differences between type 1 diabetes and type 2 are blurred both clinically and etiologically (38). Therefore, a new term, double diabetes, has emerged to characterize people with type 1 diabetes who present clinical signs of type 2 diabetes like obesity and insulin resistance (6). Traditionally, type 1 diabetes sufferers are characterized as low or normal weight, with a little likelihood of metabolic syndrome or insulin resistance development, which are common features of type 2 diabetes (39). The accelerator hypothesis implies that the worsening of glucose control is the result of insulin resistance - the factor that accelerate the rate of β-cell loss through apoptosis (38). This phenomenon occurs through glucotoxicity and lipotoxicity and is responsible for what is conventionally known as type 2 diabetes (40). Importantly, it has been previously shown that obese, insulin-resistant patients with type 1 diabetes are likely to present with normal or elevated C-peptide levels at the time of diabetes diagnosis which is in line with our findings (41). Because of the fact that C-peptide is produced in equimolar amounts to endogenous insulin, its elevated levels are characteristic of insulin resistance and the metabolic syndrome phenotype (42), which are associated with hyperinsulinemia (43). Therefore, greater insulin resistance may account for higher levels of C-peptide observed in individuals with elevated BMI. In this situation, patients with higher BMI may experience symptoms that suggest insulin deficiency, despite having elevated insulin levels.

Interestingly, some studies show a positive correlation between BMI and levels of inflammatory cytokines (20, 26, 44). This is in line with our findings that subjects with SDS-BMI>1 present higher level of inflammatory interleukins than their peers with SDS-BMI <1. It was previously demonstrated that obese and overweight children with type 1 diabetes have low serum levels of IL-10, an interleukin that inhibits inflammatory responses in parallel with high levels of IL-17, a pro-inflammatory cytokine (44). Noteworthy, in our recent study we discovered that type 1 diabetic children with high plasma IL-17 levels present significantly increased SDS-BMI values (33). It is important fact that IL-17 augments inflammatory responses, plays a role in development of insulin resistance and intensifies autoimmune β-cell destruction (25). Another study found a positive correlation of TNF-α and IL-12, pro-inflammatory cytokines with BMI and obesity in patients with type 1 diabetes (26). In turn, Redondo et al. showed that obesity is associated with higher levels of TNF-α and lower levels of anti-inflammatory adipokines like omentin in children with newly diagnosed autoimmune type 1 diabetes (20). It has been demonstrated that TNF-α leads to insulin resistance and contributes to β-cell destruction (27). It has been also shown that obese individuals experience an increase in pro-inflammatory IL-1α and IL-1β, which consequently lead to insulin resistance (28). Interestingly, recent studies have shown that T1DM sufferers with worse glucose control or in the early stage of the disease demonstrate significant increase in IL-1β - cytokine which shows direct pathogenic impact on pancreatic islets. What is more, younger patients with T1DM present higher IL-1β levels which may be associated with cytokine storm during the first years of the disease (29). Unfortunately, we have not conducted any research on the origin of the cytokines we studied. In fact, they may originate from adipose tissue (45) but also from other cell populations, such as smooth muscle cells, endothelial cells or cardiomyocytes (46).

On the other hand, the correlation we have observed between BMI-SDS and GADA appears to confirm the destructive impact of obesity and its concominant low-grade inflammation on pancreatic beta cells via autoimmune mechanisms (47, 48). Our finding is in accordance with a recent study by Chylińska-Frątczak et al., which showed a 3.5-fold higher prevalence of at least one islet-specific autoantibody among obese children and adolescents compared to the general population (49).

The presence of a higher residual beta cell mass in individuals with type 1 diabetes could provide an opportunity to propose therapeutic interventions targeting the immune system in these patients. In development or under testing are several therapies aimed at modifying the immune system’s response to preserve beta cell function. Teplizumab, a CD3-directed monoclonal antibody was approved in November 2022 in the USA as a first drug indicated to delay the onset of stage 3 T1D in adults and pediatric patients aged 8 years and older with stage 2 T1D (50). Recent studies show that teplizumab treatment delays progression to T1D and improves beta cell function in high-risk individuals. The clinical response is associated with an increased frequency of KLRG1+TIGIT+CD8+ memory T cells, which show reduced IFNγ and TNFα secretion, which may indicate their functional exhaustion (51). Likewise, abatacept (CTLA4-Ig) have shown promising results in slowing the rate of reduction in beta cell function in individuals with recently diagnosed type 1 diabetes by blocking T-cell co-stimulation (52). It was also shown that golimumab, a monoclonal antibody against TNFα can have beneficial effects on endogenous insulin production and exogenous insulin requirements in children and young adults with newly diagnosed type 1 diabetes (53).

It should be added that the higher, unfavorable inflammatory milieu observed in patients with higher BMI may also reduce the efficiency of therapeutic interventions. It is proven that inflammation contributes to the development of insulin resistance (54), thus increasing the requirement for exogenous insulin. It has previously been shown that reducing BMI through physical activity reduces insulin resistance and increases the effectiveness of type 1 diabetes therapy (17).

Nevertheless, our study has some limitations. The study was performed in a single center, thus our group of patients was not large and diversified enough. Moreover, only 22 children were classified into the BMI-SDS >1 category, since the BMI-SDS <1 consisted of 121, the results might have been affected by statistical errors. We believe that also the correlation of cytokines and C-peptide levels do not show statistical significance because of the small study group. Therefore, a wider range of further research and epidemiologic studies with a greater number of varied patients are required. Additionally, the influence of factors that may affect C-peptide levels, such as history of infections and puberty (34, 55) was not considered. Low grade inflammatory state may have influenced the results and the decrease in C-peptide levels after 2 years of observation, but unfortunately we did not test hsCRP at the beginning, whereas CRP levels were within normal range. Unfortunately, we did not assess insulin resistance and cannot preclude the importance of individual insulin resistance or genetic predisposition for the C-peptide preservation at diagnosis. However, the mean and median age of the entire study group and individual groups were similar and prepubertal, hence the state of insulin resistance of these children could have been similar.




7 Conclusion

Higher BMI at type 1 diabetes onset in children, connected initially with preserved C-peptide, does not protect from rapid decrease in β-cell function in these patients. Significant decrease in residual β-cell function within two years from diagnosis in a group of children with the highest BMI may be the result of negative impact of elevated levels of inflammatory cytokines on pancreatic β-cells in the course of obesity. In terms of C-peptide preservation, it is most beneficial for type 1 diabetes sufferers to keep their BMI-SDS similar to individuals in the third quartile group of our follow-up, and it should be noted that neither the highest BMI-SDS nor the lowest BMI-SDS have a beneficial effect on preserving residual beta-cell function. Moreover, higher BMI is not associated with a greater likelihood of prolonged PR period. Since it has been proven that residual β-cell function has an advantageous result on metabolic control several years after disease onset this issue needs further investigation and prospective studies. Therapeutic strategies to maintain body mass within third centile of BMI-SDS ranges should be developed in order to prolong C-peptide, hence endogenous insulin secretion in new onset type 1 diabetes in children.
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Background

Myelin oligodendrocyte glycoprotein antibody disease (MOGAD) is a newly defined autoimmune inflammatory demyelinating central nervous system (CNS) disease characterized by antibodies against MOG. Leptomeningeal enhancement (LME) on contrast-enhanced fluid-attenuated inversion recovery (CE-FLAIR) images has been reported in patients with other diseases and interpreted as a biomarker of inflammation. This study retrospectively analyzed the prevalence and distribution of LME on CE-FLAIR images in children with MOG antibody-associated encephalitis (MOG-E). The corresponding magnetic resonance imaging (MRI) features and clinical manifestations are also presented.





Methods

The brain MRI images (native and CE-FLAIR) and clinical manifestations of 78 children with MOG-E between January 2018 and December 2021 were analyzed. Secondary analyses evaluated the relationship between LME, clinical manifestations, and other MRI measures.





Results

Forty-four children were included, and the median age at the first onset was 70.5 months. The prodromal symptoms were fever, headache, emesis, and blurred vision, which could be progressively accompanied by convulsions, decreased level of consciousness, and dyskinesia. MOG-E showed multiple and asymmetric lesions in the brain by MRI, with varying sizes and blurred edges. These lesions were hyperintense on the T2-weighted and FLAIR images and slightly hypointense or hypointense on the T1-weighted images. The most common sites involved were juxtacortical white matter (81.8%) and cortical gray matter (59.1%). Periventricular/juxtaventricular white matter lesions (18.2%) were relatively rare. On CE-FLAIR images, 24 (54.5%) children showed LME located on the cerebral surface. LME was an early feature of MOG-E (P = 0.002), and cases without LME were more likely to involve the brainstem (P = 0.041).





Conclusion

LME on CE-FLAIR images may be a novel early marker among patients with MOG-E. The inclusion of CE-FLAIR images in MRI protocols for children with suspected MOG-E at an early stage may be useful for the diagnosis of this disease.





Keywords: myelin oligodendrocyte glycoprotein, encephalitis, contrast enhancement, FLAIR, leptomeningeal




1 Introduction

Myelin oligodendrocyte glycoprotein antibody disease (MOGAD) is a newly defined autoimmune inflammatory demyelinating central nervous system (CNS) disease characterized by antibodies against the myelin oligodendrocyte glycoprotein (MOG) (1–3). MOGAD has a wide spectrum of clinical phenotypes, including MOG antibody-associated encephalitis (MOG-E), myelitis (MOG-M), and optic neuritis (MOG-ON), which may occur in isolation or in combination and vary with age (4–6). In older children and adults, MOG-ON is the most common phenotype, while MOG-E is the most common phenotype in children, particularly in younger children (7–9). Currently, the initial diagnosis of MOG-E is mainly based on clinical manifestations, magnetic resonance imaging (MRI), and antibody testing (10). However, the specific MRI features of MOG-E are still being explored.

More than 20 years ago, researchers demonstrated the use of the MOG protein in generating a mouse model of aseptic or autoimmune meningitis (11). MOG-E can present with an autoimmune or aseptic meningitis phenotype and can show leptomeningeal enhancement (LME) in MRI contrast-enhanced images (12–14). LME is an enhancement pattern that follows the leptomeningeal surface of the central nervous system and fills the subarachnoid spaces of sulci and cisterns, which reflects the disruption of the leptomeningeal blood barrier (15). The histopathological basis of these MRI findings is perivascular inflammation of the leptomeninges, involving B-cells, T-cells, and macrophages (16, 17). LME has been reported in patients with other diseases and interpreted as a biomarker of inflammation, including multiple sclerosis (MS), non-MS inflammatory neurologic diseases, non-inflammatory neurologic diseases, and human T-lymphotropic virus-infected and acquired immunodeficiency syndrome (18). Choosing a suitable MRI scanning sequence that can clearly show LME is important for the diagnosis of MOG-E. Currently, most studies on contrast-enhanced MRI for MOG-E still use traditional contrast-enhanced fat-suppressed T1-weighted images (CEFS-T1WI) (13, 19). However, other disease studies have shown that using contrast-enhanced fluid-attenuated inversion recovery (CE-FLAIR) images has more advantages than CEFS-T1WI in the identification of leptomeningeal lesions (18, 20, 21), suppressing the signal intensity from normal vascular structures on the cerebral surface and, consequently, making abnormal leptomeninges easier to visualize (21).

However, no reports have been published on contrast enhancement in the leptomeninges on the FLAIR images of children with MOG-E. Herein, we conducted a retrospective study and reported the prevalence and distribution of LME on CE-FLAIR images in children with MOG-E. Moreover, we described in detail the MRI features and clinical manifestations of MOG-E.




2 Methods



2.1 Participants

The study was approved by the institutional review board of Hunan Children’s Hospital. Informed consent was waived owing to the retrospective nature of this study, and all the procedures being performed were part of routine care.

We retrospectively collected data from 78 children with MOGAD diagnosed at Hunan Children’s Hospital from January 2018 to December 2021. Patients who met the following criteria were included in the study: 1. Patients meeting the diagnostic criteria of MOGAD (10); 2. age ≤168 months (14 years old); and 3. medical records available. The exclusion criteria were a non-first-onset of MOGAD, coexistence of positive serum and/or CSF laboratory test for other auto-immune encephalitis, other diseases with brain, unavailability of MRI data, or limited image quality. Of the initial 78 participants, 34 were excluded (see Figure 1 for the detailed selection process). For each patient, medical records, including demographics, clinical manifestations, and MRI findings, were reviewed.




Figure 1 | Overview of the patient selection process.






2.2 Clinical data collection

The following data were collected: age at onset, sex, clinical symptoms, white blood cells (WBC) count, C-reactive protein (CRP), cerebrospinal fluid white blood cell (CSF WBC) count and CSF biochemistry. MRI results and the interval between symptom onset and MRI examination were also collected. The clinical symptoms at admission were divided into prodromal and progressive concomitant symptoms. The decreased level of consciousness is defined as a Glasgow Coma Scale (GCS) score of ≤14. Increased WBC in the serum was defined as a WBC >12 × 109/L and divided into the mild (12–15 × 109/L), moderate (15–20 × 109/L), and severe (>20 × 109/L) subgroups. CRP levels were deemed elevated if they were >8 mg/L. CSF WBC levels were deemed increased if they were >15 × 106/L and divided into the mild (15–50 × 106/L), moderate (50–100 × 106/L), and severe (>100 × 106/L) subgroups. CSF biochemistry included glucose (normal range: 2.8–4.2 mmol/L), chloride (normal range: 111–123 mmol/L), and protein (normal range: 0–0.5 g/L).




2.3 MOG-IgG assay

The serum and CSF samples were sent to two medical laboratories in China, the Kindstar Medical Laboratory and Guangzhou Medical Laboratory Center for antibody testing. Both laboratories utilized live cell-based assays (CBA) to analyze the antibody levels in the serum and CSF samples. Serum and CSF were initially diluted at ratios of 1:10 and 1:1, respectively.




2.4 MRI and image analysis

The children were randomly examined on two MRI devices (1.5-T and 3.0-T, Siemens, Munich, Germany). Children unable to cooperate with the examination were sedated using oral chloral hydrate anesthesia (0.5 mL/kg). The initial scanning sequence included axial T1-weighted images (T1WI), T2-weighted images (T2WI), FLAIR images, and sagittal T1WI. In addition, after manual injection of a single-dose contrast agent (0.1 mmol/kg, gadodiamide, GE Healthcare, Chicago, IL, USA), the scanning sequence included axial, coronal, and sagittal fat-suppressed T1WI, and axial FLAIR images. Details on MRI acquisition parameters are available in Supplementary Table S1.

Two radiologists independently reviewed all MRI scans in an unblinded fashion (L.L. and S.H., with 10 and 25 years of experience in neuroimaging, respectively). The images were reviewed with regard to lesion location, signal characteristics, and enhancement of brain parenchymal lesion and leptomeninges. Lesion location was classified as follows: within the cortical gray matter (GM), juxtacortical white matter (WM), deep WM, periventricular/juxtaventricular WM, basal ganglia, thalamus, hippocampus, brainstem, and cerebellum. LME and enhancement of brain lesions were evaluated on both CEFS-T1WI and CE-FLAIR images. In the case of disagreement, the radiologists reached a consensus through a discussion, with an inter-rater reliability of 95%.




2.5 Statistical analysis

We conducted an exploratory study of MOG-E. Data were tested for normal distribution, and normally distributed data are expressed as mean ± standard deviation (SD). In contrast, non-normally distributed data are expressed as median and inter-quartile range (IQR: Q1, Q3) after data testing for skewed distribution. Categorical variables are expressed as rates and composition ratios.

To test for normally and non-normally distributed data, we applied independent-sample t-tests and Mann-Whitney U tests. Enumeration data were compared with the chi-squared test or Fisher’s exact probability method. P-values < 0.05 were considered statistically significant.





3 Results



3.1 Demographics and clinical symptoms

Table 1 summarizes the demographic and clinical data of 44 children with diagnosed MOG-E. The median age at the first-onset was 70.5 (range: 15–166) months, and the median interval between symptom onset and MRI examination was 10 days (IQR: 6, 20). The number of females was slightly higher than that of males (1.3:1). The prodromal symptoms in these children were fever, headache, emesis, and blurred vision, which could be progressively accompanied by convulsions; decreased level of consciousness, such as lethargy and coma; and dyskinesia, including unwillingness to walk and decreased muscle strength in the extremities (Figure 2).


Table 1 | Characteristics of children with MOG-E with LME on CE-FLAIR images.






Figure 2 | The prodromal symptoms and progressive concomitant symptoms of the study population.






3.2 Laboratory data

The median serum WBC level was 11.5 (IQR: 10.2, 13.4) × 109/L, and serum WBC levels increased in 16 (36.4%) children, of whom 9 (56.3%) had mildly increased levels. CRP was increased in 10 (22.7%) children. CSF was generally clear and transparent. However, the WBC in CSF was increased in 32 (72.7%) children, of whom 16 (50%) had mildly increased levels. The median CSF-WBC was 45 (IQR: 15, 74) × 106/L, median CSF chloride was 120.6 (IQR: 115, 121) mmol/L, mean glucose was 3.1 ± 0.7 mmol/L, and median CSF protein was 0.3 (IQR: 0.2, 0.4) g/L, all of which were normal or only slightly abnormal.




3.3 MRI scans

In our included cohort, 16 children underwent brain scans using a 1.5-T MRI instrument, whereas 28 children underwent scanning using a 3.0-T MRI instrument. In general, MOG-E showed multiple and asymmetric lesions in the brain on MRI, with varying sizes and blurred edges. These lesions were hyperintense on the T2WI and FLAIR images and slightly hypointense or hypointense on the T1WI (Figure 3). The most common site involved was the juxtacortical WM (81.8%), followed by the GM (59.1%), thalamus (38.6%), basal ganglia (34.1%), brainstem (31.8%), cerebellum (29.5%), deep WM (25%), and hippocampus (22.7%). Lesions in the periventricular/juxtaventricular WM (18.2%) were relatively rare.




Figure 3 | A 142-month-old female child with myelin oligodendrocyte glycoprotein antibody-associated encephalitis had a 10-day history of intermittent fever, which was accompanied by a decreased level of consciousness for 2 days. Magnetic resonance imaging showed multiple abnormal signals and blurred edges in the right basal ganglia, bilateral thalamus, left deep white matter, right temporal lobe, bilateral frontal parietal lobe cortex gray matter, and juxtacortical white matter, hypointensity on T1-weighted images (A-C), and hyperintensity on T2-weighted and fluid-attenuated inversion recovery images (D-F). There was no leptomeningeal enhancement on contrast-enhanced fat-suppressed T1-weighted images (G) and partial leptomeningeal enhancement in bilateral frontal lobe surface on contrast-enhanced fluid-attenuated inversion recovery images (H, I), arrow).



After enhancement, 11 (25%) children showed lesion enhancement in the brain parenchyma, while 24 (54.5%) children showed LME on CE-FLAIR images, and in 4 (9.1%) children, this was the only pathological finding. Only 3 (6.8%) children showed LME on CEFS-T1WI images, which was not as obvious as that on CE-FLAIR images (Figure 4). The areas of LME were on the cerebral surface. There was no enhancement in the cistern, intraventricular meninges, and endocranium in any children. Two (4.5%) children had normal brain MRI but extracerebral lesions, which were isolated MOG-M and isolated MOG-ON.




Figure 4 | A 39-month-old female child with myelin oligodendrocyte glycoprotein antibody-associated encephalitis had a 2-day history of fever, headache, and emesis, accompanied by an episode of convulsion. Magnetic resonance imaging showed localized abnormal signal in the left parietal lobe juxtacortical white matter, and cortical gray matter, slight hypointensity on T1-weighted images (A), hyperintensity on T2-weighted and fluid-attenuated inversion recovery images (B, C), and thickening of blood vessels in the cerebral sulci of the right frontal lobe on contrast-enhanced fat-suppressed T1-weighted images and unobvious leptomeningeal enhancement (D) but partial bilateral leptomeningeal enhancement on contrast-enhanced fluid-attenuated inversion recovery images (E, F), arrow).






3.4 Correlation between clinical symptoms and MRI findings

On CE-FLAIR images, there was a significant difference in the interval between the onset of symptoms to the MRI examination between the children with and without LME [6.5 days (IQR: 4.8, 12) vs. 18 days (IQR: 10, 30.2), P = 0.002]. This indicated that LME appeared in the early stage of the disease, and the probability of LME decreased as the disease progressed. In MOG-E, the brainstem was more easily affected in children without LME than in those with LME (P = 0.041). Other abovementioned clinical symptoms and MRI findings showed no statistically significant difference (Table 1).





4 Discussion

This study included a total of 44 children with MOGAD who underwent brain MRI enhancement. To the best of our knowledge, our report comprised the largest cohort used to study brain MRI enhancement in children with MOG-E.

In this study, we describe two novel findings regarding MOG-E. First, LME on MRI is a common manifestation in children with first-onset MOG-E. More than half of patients with MOG-E have LME on CE-FLAIR images. In some cases, this LME may be the only MRI finding. Second, LME may be the early MRI manifestation of MOG-E.

Previously, LME was reported in only a small number of case reports, rarely described in children with MOG-E (22–24), and considered to be an atypical MRI finding of MOG-E (25–27). In the current study, we found that LME in MOG-E is common on CE-FLAIR. However, the current use of CE-FLAIR is not common, with more traditional CEFS-T1WI, which has a lower detection rate, being used instead. Our study confirmed that LME on CEFS-T1WI is very rare. This could explain why LME is uncommon in patients with MOG-E in previous studies. Therefore, we suggest that the use of CE-FLAIR may help increase the sensitivity of detecting LME.

In addition, in our study cohort, children with a short interval from onset to MRI were more likely to show LME than those with a long interval. This is because, in the early stage of the disease, the MOG antibody in the peripheral serum passes through the blood-brain barrier and enters the central nervous system to bind to the nerve myelin sheath (3, 9). This process could lead to the destruction of the leptomeningeal vessel barrier on the brain surface. Therefore, MOG-E can manifest as autoimmune meningitis in the early stage, and LME can be seen on CE-FLAIR images.

The current study also summarized the clinical data and brain MRI involvement areas of 44 children with MOG-E. The median age of participants was 70.5 months, with no statistical significant sex difference, which is consistent with previous studies (12). Only two children presented with a normal brain, while the others had various brain abnormalities, confirming that encephalitis was predominant in children with MOGAD, especially in children aged less than nine years (1, 5). Consistent with previous reports, the prodromal symptoms of the first-onset disease were fever, headache, emesis, and blurred vision, which could be progressively accompanied by convulsions, decreased level of consciousness, and dyskinesia (28–30). Most of the infection indices in the blood of patients were normal or mildly abnormal. Although the WBC in the CSF were generally increased, they were only mildly increased in half of these instances, and the biochemistry of the CSF was normal or mildly abnormal, which was also consistent with the findings of other studies (1, 24, 31).

In our MRI study, we found that MOG-E showed multiple and asymmetric lesions in the brain, with varying sizes and blurred edges. The brain lesion was most likely to be located in the juxtacortical WM and cortical GM, followed by deep WM, brainstem, cerebellum, and deep WM (6, 32–34). Periventricular/juxtaventricular WM lesions were the least common, and only a few brain parenchymal lesions were enhanced, which was consistent with other studies (6, 31). Compared with children multiple sclerosis, MOG-E has an earlier age of onset and is more likely to have subcortical WM involvement. In particular, subcortical U-shaped fibers are easily involved, and the lesions are more widely distributed (12, 31).

This study had several limitations. First, because of the retrospective design of this study, the clinical symptoms were not detailed. Second, the study involved only a single center with a small sample size. Third, MRI studies were performed on scanners with different field strengths. To our knowledge, however, there is no discernible disparity between 1.5-T and 3.0-T MRI scanners for the routine clinical diagnosis of diseases, except for research applications, including functional MRI, spectroscopy, and automated lesion detection (35).Thus, future studies should comprise large-sample, multicenter, prospective MOG-E clinical trials using uniform MRI equipment and magnetic field strength protocols for further validation. Notwithstanding the study limitations, to the best of our knowledge, this is the first series investigating the additional value of LME on CE-FLAIR images during the first-onset of MOG-E in children.

In conclusion, our study support and extend previous observations in MOG-E. The prodromal clinical manifestations of MOG-E in children are fever, headache, emesis, or blurred vision, which could be progressively accompanied by neurological and/or mental disorders. In the MRI findings, MOG-E showed multiple and asymmetric lesions in the brain, with different sizes and blurred edges. The brain lesion was most likely to involve juxtacortical WM and cortical GM. LME on CE-FLAIR images may be a common early marker in MOG-E and possibly reflects a leptomeningeal inflammatory process, suggesting that it may be useful to include CE-FLAIR images in MRI protocols for children with suspected MOG-E. These findings will aid clinicians in detecting children likely to have MOG-E, as well as reduce excessive and futile tests and inefficient treatment practices.
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Introduction

Autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) syndrome is a rare monogenic disease determined by biallelic mutations in AIRE gene, which encodes a transcription factor essential for central immune tolerance. Classic diagnosis is determined by the presence of two of the main APECED clinical diseases: chronic mucocutaneous candidiasis, chronic hypoparathyroidism, and Addison’s disease. Non-endocrine autoimmunity, involving the liver, intestine, eyes, and kidneys, is generally reported in a minority of European patients, while American APECED patients have a higher tendency of developing organ-specific non-endocrine manifestations early in life. This observation led to the revision of the diagnostic criteria to permit earlier diagnosis based on the appearance of one classic triad symptom or one non-classical manifestation at a young age in the presence of IFNωAbs or AIRE mutations (Ferre-Lionakis criteria).





Patients and methods

We analyzed the clinical, genetic, and autoantibody (Ab) profiles in a series of 14 pediatric Italian APECED patients with gastrointestinal manifestations (seven male and seven female patients). Ten patients presented hepatitis (APECED-associated hepatitis (APAH)), while seven were affected by constipation, diarrhea, and malabsorption. Four patients had developed APAH before classic triad symptoms.





Results

Based on the age of appearance of non-endocrine manifestations including APAH and gastro-enteropathy, the Ferre-Lionakis criteria would have allowed an expedited diagnosis in 11/14 patients. Abs to tryptophan hydroxylase (TPHAb) and hepatic aromatic l-amino acid decarboxylase (AADC) were significantly associated with APECED patients of the present series. Abs to cP4501A2 were detectable in the serum of 4/8 patients with APAH, and Abs to cP4502A6 were detectable in 3/8 patients. AADC Abs tested positive in 5/7 patients, which is indicative of gastrointestinal dysfunction in APECED and TPHAb in 5/7 patients with gastrointestinal dysfunction. IFNAb was significantly associated with the syndrome.





Conclusion

Although Ferre-Lionakis expanded criteria applied to the American cohorts of APECED patients would require validation in independent large cohorts of European patients, the results of this study emphasize the importance to evaluate the presence and the age of appearance of APAH and autoimmune enteropathy even in European cohorts for an earlier APECED diagnosis. An earlier APECED diagnosis would also allow the prevention of episodes of life-threatening hypocalcemic seizures and adrenal crisis, which are the main manifestations of undiagnosed APECED.
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1 Introduction

Autoimmune-polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED, OMIM240300) syndrome is a rare monogenic disease due to biallelic mutations in autoimmune regulator (AIRE) gene (1). Classic diagnostic criteria are the presence of two of the three main APECED symptoms: chronic mucocutaneous candidiasis (CMC), chronic hypoparathyroidism (CH), and Addison’s disease (AD). Non-endocrine autoimmunity involving the liver, stomach, intestine, eyes, and kidneys is generally reported in a minority of patients (1).

Although it depends on the series analyzed, approximately 25% of APECED patients in different populations are affected by gastro-enteropathy (GE) manifestations (2) including celiac disease, cystic fibrosis, pancreatic exocrine insufficiency (PEI), autoimmune intestinal disease (2) and loss of enterochromaffin cells (3, 4), intestinal infections, gastritis due to an autoimmune attack against gastric parietal cells leading to gastric atrophy, and pernicious anemia (5). Circulating autoantibody (Abs) against parietal cells (anti-gastric parietal cells (PCAs)), i.e., anti-sodium potassium channel molecule and anti-intrinsic factor (IFA), are detectable. Candida esophagitis is characterized by pseudomembranotic lesions, erosion, and ulceration with retrosternal pain while swallowing and dysphagia (6, 7). Intestinal candidiasis may also be responsible for watery diarrhea and malabsorption (7). Autoimmune enteropathy is characterized by small intestinal villous atrophy, protracted diarrhea, no response to exclusion diets, and no severe immunodeficiency (2, 3, 8). Abs to tryptophan hydroxylase (TPHAb), an intestinal autoantigen expressed in serotonin-producing cells in the central nervous system and the intestine, were detected in APECED (8). Lymphangiectasia of the small intestine may also be responsible for steatorrhea in APECED patients (9).

Among the other non-endocrine manifestations, APECED-associated hepatitis (APAH) has been described to occur at different prevalence in large series of APECED patients among different ethnicities (reviewed (rev) in 10). Further, APAH is the first manifestation in less than 2% of APECED patients (rev in 11). Abs are detected against hepatic aromatic l-amino acid decarboxylase (AADC), cytochrome P450 family 1 subfamily A member 2 (CYP1A2), histidine decarboxylase (HDC), bactericidal permeability-increasing fold-containing B1, TPH, and p450 21-hydroxylase (21-OH, CYP21A2). No liver-specific autoantigen has been so far identified in all patients with APAH, and it has not been possible to specifically distinguish APAH from classical autoimmune hepatitis (AIH) (10). The homozygous c.967_979del13 AIRE mutation is the most frequently associated genotype to APAH development (10).

American APECED patients showed enrichment of organ-specific non-endocrine manifestations early in life when compared to European cohorts (11). Between 40% and 80% of the patients had non-major disorders at onset, while the occurrence of classical manifestations was delayed (11). This observation led to the revision of the diagnostic clinical criteria (11), which would permit earlier diagnosis based on the appearance of one classic triad (CMC, AD, and CH) (occurring below 20 years of age) and one non-classical manifestation (enamel hypoplasia, periodic fever with rash, non-infectious keratitis, or autoimmune hepatitis) at a young age in presence of IFNωAb or AIRE mutations (11, 12). In light of the foregoing, in this manuscript, we report and discuss the clinical, genetic, and Ab profile in a series of 14 pediatric Italian APECED patients with APAH or gastrointestinal manifestations highlighting common features and evaluating whether their early enrichment would allow an expedited clinical diagnosis of APECED similar to the American cohort.




2 Patients and methods



2.1 Study population

The overall population consists of 14 cases (seven male and seven female patients): 10 unrelated patients (Table 1, Nos. 1, 2, and 7–14) and two couples of siblings (Nos. 3–4 and 5–6). All patients were recruited from continental Italy except for patient No. 8, who was recruited from Sicily. Although all the patients were referred and diagnosed in childhood, eight patients (Nos. 4–8 and 11–13) are currently adults.


Table 1 | Clinical, genetic, and immunological characteristics of the 14 APECED patients.



The mean actual age was 16.5 years (range, 6.5–34.2). The mean age at referral was 4.8 years (range, 1–19.7). Ages at the presentation of the three major components of APECED, clinical manifestations, molecular genetics, and Ab profile of patients are analytically reported in Table 1. In Table 1, we have also summarized the minor APECED manifestations that have been detected so far in the whole series, as well as the results of both genetic analyses and Ab screening. Patient Nos. 2, 9, and 10 included in Table 1 are described for the first time in the present report, whereas the remaining cases have already been reported elsewhere (13–19). The patients were recruited from the University Department of Pediatrics (DPUO), the Endocrinology Unit, and the Hepatology, Gastroenterology and Nutrition Unit of Children’s Hospital Bambino Gesù (OPBG) IRCCS, in Rome (patient Nos. 1–4 and 10–14 in Table 1); from the Unit of Endocrinology and Rare Endocrine Diseases of Bari University (patient Nos. 9 and 10 in Table 1); from the Pediatric Endocrinology Units of the Department of Mother and Child; from the Department of Translational Medical Sciences of the University Federico II of Naples (patient Nos. 5–7 in Table 1); and from the Department of Human Pathology of Adulthood and Childhood of the University of Messina (patient No. 8 in Table 1).




2.2 Study design and methods

The clinical history of the 14 patients, from the first cardinal manifestation to the APECED diagnosis, was retrospectively reconstructed based on questionnaires addressed to the families by the authors, whereas their subsequent clinical evolution, from the time of diagnosis onward, was assessed based on clinical records of the patients at our centers. For the diagnosis of APECED, we used the criteria proposed by Husebye et al. (12). Informed consent was obtained from all those who took part in the present study in accordance with the Declaration of Helsinki. The investigation was approved by the local Institutional Review Board (IRB) of OPBG, which regulates using of human samples for experimental studies (Study Protocol No. 1385_OPBG_2017).




2.3 Autoantibody screening

Ab screening was performed in all cases at the time of diagnosis and periodically repeated during follow-up. The patients’ sera were assayed for insulin-dependent diabetes mellitus (type 1 diabetes (T1D))-related Abs, i.e., islet cell antibodies (ICAs) by immunofluorescence (IFL), anti-glutamic acid decarboxylase isoform 65 (GADAb) (First anti-GAD ELISA RSR, Cardiff, UK), anti-tyrosine phosphatase-related islet antigen 2 (IA2Ab) (First anti-IA2 ELISA RSR), anti-insulin (IAA) (Medzyme Corporation, Montreal, QC, Canada), and anti-zinc transporter 8 Abs (ZnT8Ab) (anti-ZnT8 RSR) by enzyme-linked immunosorbent assay (ELISA); and for thyroid-related Abs, i.e., anti-thyrotropin (TSH)-receptor (TRAb) immunoassay, Immulite TSI (Siemens Healthcare, Tarrytown, NY, USA), thyroglobulin (TgAb), and thyroperoxidase (TPOAb) via electrochemiluminescence immunoassay (ECLIA) (Siemens, Erlangen, Germany). Celiac-disease-related Abs were screened by chemiluminescence (CLIA, Quanta-Flash-Werfen, Monza, Milan, Italy), i.e., anti-transglutaminase (TRGAb) (CLIA, Quanta-Flash-Werfen, Monza, Milan, Italy) and by fluorimetric enzyme-linked immunoassay (FEIA), i.e., extractable nuclear antigen (ENA, SSA/RoAb) (ELiA, Thermo Fisher, Waltham, MA, USA) and by IFL endomysial Ab (EMA) (Werfen, Barcelona, Spain). Specific hepatic Abs, i.e., anti-liver–kidney microsomal (LKMAb) and anti-liver cytosol type 1 (LC1Ab), anti-ribosomal (RAb), and PCA were measured by indirect IFL (KSL-Werfen), while anti-soluble liver antigen IgG (SLA-IgG) (Euroimmun Italia s.r.l., Padua, Italy) via ELISA and IFA (ELiA, Thermo Fisher) were assayed via FEIA. Abs against autoantigen cytochrome P450 21-hydroxylase (21OHAb), hepatic autoantigens cytochrome P4501A2 (cP4501A2Ab and CYP1A2Ab) and P4502D6 (cP4502D6Ab), anti-villin (VillinAb), anti-75kDa (HarmoninAb and AIE-75Ab), and anti-interferonα4 (IFNα4Ab) were tested by luciferase immunoprecipitation system (LIPS, S. Raffaele Hospital, Milan, Italy) (22). Abs to autoantigen adrenal cortex (ACA) cells by IFL (Medical Systems, Milan, Italy), Abs to adrenal and gonadal autoantigens, cytochrome P450 side chain cleavage enzyme (SCCAb), adrenal autoantigen cP450c17α-hydroxylase (17αOHAb), hepatic aromatic l-amino acid decarboxylase (AADC), and TPHAb were tested by specific methods as previously reported (23–25) (S. Raffaele Hospital, Milan, Italy). IFNωAb was assayed by RIA in collaboration with FIRS Laboratories RSR Ltd (Cardiff, UK).

Non-organ specific Abs anti-nuclear (ANA), anti-neutrophil cytoplasmic (ANCA) (Elettrochimica s.r.l., Mainate, Varese), anti-double-stranded DNA (anti-dsDNA) (bioMérieux Italia S.p.A, Bagno a Ripoli, Florence, Italy), anti-reticulin (ARA), anti-mitochondrial (AMA), and anti-smooth muscle cell (SMA) were also tested by IFL (KSL-Werfen). Anti-cardiolipin Ab (CAb) was tested by FEIA (ELIA Thermo Fisher), and anti-glycoprotein 210 Ab (gp210Ab), which is indicative of primary biliary cirrhosis, was tested by Dot Blot assay (Alifax, Polverara, Padua, Italy).




2.4 Genetic study

All 14 exons and flanking exon–intron boundaries of the AIRE gene were sequenced in the DNA of recruited patients (26) according to already described protocols (Genetic Analyzer 3500 Applied Biosystems HITACHI System, Thermo Fisher Scientific, Rodano, Italy). Next-generation sequencing (NGS) was applied to the analysis of DNA samples of patient Nos. 1 and 2, and data were analyzed with the DRAGHEN Germline v3 algorithm (Illumina, San Diego, CA, USA).





3 Results

In the present series, all APECED patients presented APAH or autoimmune enteropathies (AIEs) (Tables 1, 2, Figure 1, Supplementary Figure 1) (13–19). A description of unpublished case reports is reported in the Supplementary Text, Supplementary Figure 1 and Table 1.


Table 2 | Clinical manifestations, diagnostic criteria, and autoantibody tests for each disorder of the 14 APECED patients.






Figure 1 | Prevalence of all disease manifestations in the 14 Italian APECED patients (A). The black bars represent the classical diagnostic triad. Distribution of total clinical manifestations (B), endocrinopathies (C), and non-endocrine manifestations (D) per patient. APECED, autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy.



Nine patients (Nos. 1–5, 8, and 12–14) presented APAH (Table 1). The mean age of APAH diagnosis was 8.1 years (range, 1.5–13). In three patients (Nos. 1, 3, and 5), APAH occurrence was the first disease manifestation, while three patients (Nos. 2, 4, and 14) developed it following CH, two (Nos. 8 and 12) following CMC, and one (No. 13) developed APAH following CH and simultaneously with CMC. APAH-related specificities LKMAb, which target cytochrome P4502D6 (cP4502D6 and CYP2D6) autoantigen (27), tested positive in 3/9 patients (Nos. 4, 12, and 13) and TPH in 4/8 (Nos. 2, 5, 8, and 12); AADC was enriched in 6/7 (Nos. 1–3, 5, 8, and 12), cP450c21Ab in 4/6 (Nos. 1–4), and cP4501A2Ab in one patient (No. 12). Regarding other APAH-related Abs, ANA was present in 3/10 (Nos. 2, 3, and 14), SMA was present in 3/10 patients (Nos. 1, 3, and 12), ANCA and LC1Ab tested negative in all those tested (Nos. 1–5, 13, and 14 and Nos. 1–4, 13, and 14, respectively), and lastly, SLA-IgG was absent in all those tested (Nos. 1–4, 13, and 14) (Table 1). The most frequent AIRE mutation was c.967_979del13 (4/9 patients, Nos. 1, 3, 4, and 14) (10).

Seven patients (Nos. 5–11) were affected by signs of constipation, diarrhea, and/or malabsorption (Table 1). The mean age of intestinal dysfunction diagnosis was 6.1 years (range, 3.9–9). Two patients (Nos. 8 and 11) were also affected by iron-deficiency anemia and two (Nos. 5 and 10) by atrophic gastritis, and of them was affected with pernicious anemia (No. 10). The sera of five patients (Nos. 5, 7, 8, 10, and 11) tested positive for TPHAb and five (Nos. 5, 6, 8, 10, and 11) for AADC Abs known to be associated with AIE in APECED. AIE-75 and VillinAb tested negative in Nos. 5–10. cP450c21Ab tested positive in 3/6 patients (Nos. 6, 7, and 9) with gastrointestinal dysfunction. PCA was positive in 1/7 (No. 5), while IFA was present in 1/5 (No. 10) patients (Table 1). Six of six patients’ sera (Nos. 5–10) tested positive for IFNωAb and IFN-α4Ab (2). None of the patients presented celiac-related Abs. No specific AIRE genotype was prevalent.

Eleven of 12 (Nos. 1–8 and 10–12) of the whole series were positive for IFNω and 11/12 (Nos. 1–11) for IFNα4Ab.

Two patients (Nos. 5 and 8) with AIE also presented clinical laboratory parameters indicative of autoimmune hepatitis (vide supra).




4 Discussion

In this study, we have characterized the clinical presentation and autoantibody profile of APAH and gastrointestinal manifestations in a series of 14 Italian APECED patients. Of these, nine patients (Nos. 1, 3–8, 11, and 12) were previously reported by our group (13–19), while five patients were newly described in the present study (Nos. 2, 9, 10, 13, and 14) and were added to the published series of 158 APECED patients recruited from across Italy (14).

In the analysis conducted by Garelli et al. (14) on 568 patients from different ethnicities, APAH occurs with an overall prevalence of between 4% and 43% of patients. In particular, in the Italian APECED series, APAH was diagnosed in 21.5% of patients by the end of the follow-up (14). Autoimmune intestinal diseases were diagnosed between 5% and 54% of APECED patients and autoimmune gastritis/pernicious anemia in 4% to 45% of patients. In the Italian APECED series, 29.7% of patients developed autoimmune intestinal dysfunction; autoimmune gastritis was diagnosed in 25.9% of APECED patients, and pernicious anemia was diagnosed in 21/41 of patients.

The analysis of the present Italian APECED series showed a significant expansion of disease manifestations with 35 clinical entities in varying frequencies (from 7% to 78%, Figure 1A, Table 1) with a median of 5.5 manifestations per patient (mean 6.6; range, 1–18; Figure 1B). The observed spectrum and frequency of endocrine and non-endocrine manifestations (median of 1.5 endocrine manifestations per patient; mean 2; range, 0–5 (Figure 1C); median of 3.5 non-endocrine manifestations; mean 4.6; range, 1–13 (Figure 1D), respectively) were similar to those of published cohorts (rev in 12). Further, the putative association between eight manifestations and APECED/AIRE is highly debatable; these include IgA deficit, septic arthritis, periodic rash-associated fever, kidney cysts, headaches, polyps, posterior reversible encephalopathy syndrome (PRES), and abscesses.

Of note, organ-specific non-endocrine manifestations were enriched in the present series with autoimmune hepatitis and gastrointestinal dysfunction seen in 57% (814) and 50% (7/14) of patients, respectively (Supplementary Figure 1). Remarkably, in published cohorts, circulating autoantibodies were found in approximately 80% of non-APECED patients affected by AIH (28). Two clinically distinct subtypes of AIH can be distinguished based on Ab patterns: AIH-1 and AIH-2 (29). AIH-1 patients had the presence of circulating ANA and/or SMA. Antibodies directed against SLA/liver-pancreas antigen (LP) (30, 31) specifically occurred in AIH patients. Abs against neutrophilic antigens can be at high prevalence (32). A little overlap was found between AIH-1 and AIH-2 patients (28, 29). Patients affected by AIH-2 were characterized by LKM-1Ab. Often associated with AIH-2 was LC1 and less frequently Abs against UDP-glucuronosyltransferases (LKM3Ab). The prevalence and diagnostic value of autoantibodies associated with idiopathic AIH remain to be determined for patients with APAH. In APECED, molecular targets of different hepatic autoantigens have been identified: P4501A2 (33, 34), cytochrome P4502A6 (CYP2A6) (35/36), and AADC (35) (vide supra). Remarkably, AADCs were detected in 92% of Finnish patients with APAH, but they were also frequent in those with no other signs of APAH (35).

Overall autoantibodies against TPHAb and AADC were significantly associated in APECED patients of the present series (Table 1). The last AADC specificity was also significantly associated with autoimmune biopsy-proven hepatopathy. CYP1A2 and AADC are known hepatic autoantigens in APECED (34). CYP1A2Ab was detected in the serum of 4/8 patients with APAH and CYP2A6Ab in the serum of 3/8 patients. Overall, these data confirm the association with APAH discovered in the previous series (27). As regards CYP2A6 and CYP1A2, they are two of six cytochromes P450 that are highly expressed in human liver microsomes (36). CYP1A2 seems to be not expressed in extrahepatic tissues, while CYP2A6 is also expressed in human kidneys (37). CYP2D6Ab was detected in the serum of two patients with APAH (Nos. 3 and 12); in one case, it was associated with CYP1A2Ab. As regards CYP2D6, it is the major autoantigen of LKM-1Ab widely used as a diagnostic marker of AIH-2, which was detectable in 95%–100% of patients (28).

Clinical enteropathy was diagnosed in seven patients; AADC Abs tested positive in 5/7 patients, indicating gastrointestinal dysfunction in APECED. Consistent with published literature (38), the presence of TPHAb was significantly associated with APECED being present in the serum of 5/7 patients. In contrast, VillinAb and HarmoninAb tested negative, as they were reported to be detectable only in a few APECED patients, while these are specific markers of IPEX (39).

Among other cP450 disease-related specificities, adrenal and steroid cell antibodies are detectable in APECED patients and directed against cP450ssc and cP450c17 (17αOH) (40–42). In the present study, 5/12 patients had cP450sscAb and 2/12 had cP450c17Ab. In the literature, there is some disagreement on whether cP450c21 is an autoantigen in APECED. As regards this matter, Uibo et al. (1994) reported that this specificity is present in 15/50 APECED patients (42), while Winqvist (1995) (43, 44) and Clemente in the Sardinian cohort failed to detect it (33). In our series, we confirmed the presence of cP450c21Ab in 9/12 APECED patients.

Almost all patients with APECED usually develop high levels of neutralizing Ab anti-type 1 interferons, which are often detectable before the appearance of clinical symptoms of autoimmunity (40). Indeed, 11/14 patients of the present series (except for patient Nos. 9) showed circulating IFNωAb, and 11/14 patients showed circulating IFNα4Ab; in two patients, IFNAb was not investigated.

On a general ground, a genotype/phenotype correlation has been rarely observed in the APECED series (rev in 10). In the present small series of APECED patients, the most frequent AIRE mutation was c.967_979del13, which was detected in the DNA of 4/9 patients with APAH as previously reported (10). No specific AIRE genotype was prevalent in APECED patients with gastrointestinal manifestations: this does not allow to establish a clear genotype/phenotype correlation.

Although the application of Ferre-Lionakis expanded criteria (11, 12) would require validation in independent large cohorts of patients, the early enrichment of organ-specific non-endocrine manifestations, similar to the American cohort investigated, has allowed an expedited clinical diagnosis in 11/14 patients (Nos. 1–5, 8–12, and 14) of the present series. On a general ground based on Ferre-Lionakis criteria, the presence of APAH or gastrointestinal manifestations in association with one symptom of the classical triad could lead to a clinical diagnosis that should be further confirmed by AIRE gene sequencing and detection of IFNωAb (11). This emphasizes the importance in the clinical practice of the definition of APAH and gastrointestinal dysfunction for an earlier diagnosis of APECED even in European cohorts. An earlier diagnosis would also allow the prevention of episodes of life-threatening hypocalcemic seizures and adrenal crisis, which are the main manifestations of undiagnosed APECED.
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Type 1 diabetes (T1D) is a complex autoimmune disorder that is highly prevalent globally. The interactions between genetic and environmental factors may trigger T1D in susceptible individuals. HLA genes play a significant role in T1D pathogenesis, and specific haplotypes are associated with an increased risk of developing the disease. Identifying risk haplotypes can greatly improve the genetic scoring for early diagnosis of T1D in difficult to rank subgroups. This study employed next-generation sequencing to evaluate the association between HLA class II alleles, haplotypes, and amino acids and T1D, by recruiting 95 children with T1D and 150 controls in the Kuwaiti population. Significant associations were identified for alleles at the HLA-DRB1, HLA-DQA1, and HLA-DQB1 loci, including DRB1*03:01:01, DQA1*05:01:01, and DQB1*02:01:01, which conferred high risk, and DRB1*11:04:01, DQA1*05:05:01, and DQB1*03:01:01, which were protective. The DRB1*03:01:01~DQA1*05:01:01~DQB1*02:01:01 haplotype was most strongly associated with the risk of developing T1D, while DRB1*11:04-DQA1*05:05-DQB1*03:01 was the only haplotype that rendered protection against T1D. We also identified 66 amino acid positions across the HLA-DRB1, HLA-DQA1, and HLA-DQB1 genes that were significantly associated with T1D, including novel associations. These results validate and extend our knowledge on the associations between HLA genes and T1D in Kuwaiti children. The identified risk alleles, haplotypes, and amino acid variations may influence disease development through effects on HLA structure and function and may allow early intervention via population-based screening efforts.
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Introduction

Type 1 diabetes (T1D) is a multifactorial autoimmune disorder, affecting over 8.7 million people worldwide and posing a major challenge to global healthcare systems (1). The aetiology of T1D is complex, involving a series of immunological and environmental factors that can trigger the disease in genetically susceptible individuals. The precise mechanism underlying β-cell destruction, leading to absolute deficiency of insulin and hyperglycaemia, is largely unknown. Hyperglycaemia develops after 80–90% of pancreatic β-cells are destroyed, providing a narrow window for therapeutic intervention (2). Insulitis is a major aspect of T1D pathogenesis, which is characterized by the infiltration of mononuclear cells, such as T cells, B cells, and macrophages, into pancreatic islet cells (3). T1D may lead to serious secondary complications involving neuropathy, nephropathy, and retinopathy (4); hence, early diagnosis is crucial in the treatment and management of the disease. Clinically, T1D is diagnosed by the presence of autoantibodies against pancreatic islet cells, including insulin autoantibodies (IAA), glutamic acid decarboxylase autoantibodies (GADA), islet antigen 2 autoantibodies (IA-2A), and zinc transporter 8 autoantibodies (ZnT8A) (5). Genetic predisposition to T1D has been evidenced by a positive family history and a heritability rate of over 50% in monozygotic twins (6).

The human leucocyte antigen (HLA) gene region, spanning a 7.6 Mb region on chromosome 6p21.3, is considered to be the strongest predictor of the disease, accounting for 40–50% of disease heritability (7). HLA class I and II genes are widely associated with several chronic debilitating autoimmune diseases, such as multiple sclerosis, lupus, thyroiditis, and T1D (8). Allelic and haplotypic combinations of three HLA genes, namely DRB1, DQA1, and DQB1, are widely associated with the development of T1D (7, 9). Allele-specific sequence motifs within the HLA-DQ and HLA-DR regions possibly determine the shape of the peptide binding groves and modulate T cell repertoire activity (8, 10). For instance, substitution of aspartic acid at amino acid position 57 of the HLA-DQ β chain tends to impart resistance, while replacement with non-Asp-57 has been associated with susceptibility to T1D in Caucasians (8, 11). Similarly, in individuals carrying the different HLA-DR4 subtypes, sequence variations at position β71 (engaged by glutamic acid/lysine/arginine), β74 (engaged by alanine/glutamic acid), and β86 (engaged by glycine/valine) lead to seven motifs (EAV, KAG, RAG, RAV, REG, REV, and KAV) that have a preferential impact on conferring resistance or susceptibility to T1D (10). According to the literature, multiple amino acid residues possibly impact the size and polarity of specific HLA anchor pockets and are likely to play a superior role in binding of autoantigen epitopes and presenting them T helper cells needed for specific islet autoantibody production, indicating its potential role in T1D pathogenesis (10, 12–15).

HLA class II haplotypes DRB1*03-DQB1*02:01 (DR3-DQ2) and DRB1*04-DQB1*03:02 (DR4-DQ8) are known to confer risk of developing T1D in multiple ethnic populations and are further associated with the development of β-cell autoantibodies (7, 16, 17). The DR3-DQ2 and DR4-DQ8 haplotypes, are present in 90% of Caucasian children with T1D (18, 19). Individuals with the HLA DR3-DQ2 haplotype are highly likely to produce GADA as their first autoantibodies, while those with the DR4-DQ8 haplotype preferentially present IAA in circulation (16, 17). An increased risk of T1D has been found in individuals carrying a heterozygous DR3-DQ2/DR4-DQ8 genotype compared with the risk associated homozygous DR3-DQ2/DR3-DQ2 and DR4-DQ8/DR4-DQ8 genotypes (20). On the contrary, certain haplotypes, such as DRB1*15:01-DQA1*01:02-DQB1*06:02, are reported to render protection against T1D, particularly in Caucasians (21).

The frequency and combinations of HLA alleles vary considerably across different ethnic populations. Identifying risk haplotypes is relevant in aiding clinical diagnosis of the disease and identifying individuals at risk of developing T1D. HLA haplotypes known to confer risk of developing T1D in the Japanese and Korean populations include DRB1*04:05-DQB1*04:01 (DR4-DQ4) and DRB1*09:01-DQB1*03:03 (DR9-DQ3); notably, a homozygous DR9-DQ3 haplotype revealed stronger susceptibility to T1D than a DR4-DQ4 haplotype (22). In sub-Saharan Africans, the HLA DR3 haplotype was reported to be more prevalent in individuals with T1D than the DR4 haplotype (23). HLA haplotype DRB1*07:01~DQA1*03:01~DQB1*02:02 was reported to confer susceptibility to T1D in African Americans, while the DQA1*02:01 allele in this haplotype tends to render protection against T1D in the European population (24, 25). HLA DRB1*03:01:01-DQB1*02:01 was reported to be the common locus that showed susceptibility to T1D in the Bahraini, Lebanese, and Tunisian individuals with T1D (26). A recent study conducted in the Emirati population showed a significant association between the DR3-DQ2 and DR4-DQ8 haplotypes and susceptibility to T1D. The highest risk of T1D was seen in individuals who carry the DRB1*03:01-DQB1*02:01/DRB1*04:02/05-DQB1*03:02 diplotype in Emiratis (27). While HLA class II alleles and haplotypes detected in individuals with T1D belonging to the Saudi Arabian and Omani populations were consistent to those in Caucasians and other Middle Eastern populations (28, 29).

As per the International Diabetes Federation (30), Kuwait ranks third among countries with an increased rate of incidence ofT1D (30). The incidence of T1D in children under the age of 14 years increased from 17.7 in 1992–1994 to 40.9 per 100,000 per year in 2011–2013 (31). Despite this, few studies have explored the impact of HLA variants on T1D pathogenesis (32, 33) in the Kuwaiti population. In the present study, we aimed to evaluate the association and contribution of HLA class II alleles with the risk of T1D in the paediatric Kuwaiti population using next generation sequencing. We intend to catalogue the entire spectrum of HLA class II alleles that impart susceptibility to, or render protection against, T1D.





Materials and methods




Ethics statement and study cohort

The study protocol was approved by the Ethical Review Committee of Dasman Diabetes Institute and was in accordance with the guidelines of the Declaration of Helsinki and the United States Federal Policy for the Protection of Human Subjects. The study cohort consisted of unrelated individuals with T1D (95) and controls (150). Participants with T1D were recruited from the registry initiated and maintained at Dasman Diabetes Institute, called the Childhood-Onset Diabetes eRegistry, which is based on the DiaMond protocol. The criteria for recruiting patients with T1D and information on participant consent are discussed in detail previously (31). The controls recruited in this study were non-diabetic individuals above 38 years of age.





Targeted HLA data

For individuals with T1D, an Omixon Holotype HLA V3 kit (Omixon, Hungary) was used on genomic DNA (0.8–1.2 µg) extracted by the QiAmp DNA blood mini kit, following the manufacturer’s protocols. The HLA typing kit generated DNA libraries and sequences for 11 loci, and among them were the DQA1, DQB1, and DRB1 genes. The protocol involved long-range PCR amplification of HLA genes using locus-specific master mixes, followed by quantitation and normalization of the resulting PCR amplicon, using QuantiFlour dsDNA system (Promega, USA). Amplicons were then subjected to enzymatic fragmentation, were end repaired and adenylated, followed by index ligation. The resulting single pool of indexed libraries were selected using AMPure XP magnetic beads (Beckman Coulter, USA) and were quantified using the qubit fluorometer (Thermofisher Scientific, USA). Next-generation sequencing (NGS) was carried out on an Illumina Miseq (Illumina, USA) sequencer, following the manufacturer’s protocols.





NGS exome data

For healthy controls, a Nextera Rapid Capture Exome kit (Illumina Inc. USA) was used on high quality genomics DNA for exome sequencing enrichment using an Illumina HiSeq 2500 platform (Illumina Inc. USA).





HLA typing

Targeted and whole exome FastQ files were used as input for HLA-HD tool version 1.4.0 (34) to identify alleles in HLA class II genes (HLA-DRB1, HLA-DQA1, and HLA-DQB1) by comparing the reads to a reference panel from the IPD-IMGT/HLA database (35) version 3.46 (2021 October) build 2d19adf. The database can be accessed at https://www.ebi.ac.uk/ipd/imgt/hla/licence/.





Testing for presence of celiac disease and Hashimoto’s thyroiditis

All T1D patients were tested for the presence of other comorbid conditions. Presence of celiac disease (CD) was tested using Anti-Tissue Transglutaminase: IgG, Anti-Tissue Transglutaminase: IgA (IU/ml) and Anti-Endomysial Ab (AEA) tests, while Hashimoto’s thyroiditis (HT) was tested using thyroid peroxidase antibody test.





Statistical tests

Phenotype associations between haplotypes, alleles, and amino acids in HLA class II genes, including calculation of the Hardy-Weinberg equilibrium (HWE), confidence intervals (CI), odds ratios (OR), and P-values were analysed using Bridging Immunogenomic Data-Analysis Workflow Gaps (BIGDAWG) tool (36) on R console version 3.6.2 (https://www.R-project.org/). The associations between alleles and haplotypes were analysed based on high-resolution sequence-based HLA typing (3-field). In addition, alleles and haplotypes with low frequencies were combined into one group (binned) and discarded from the analysis. A P value of <0.05 was considered statistically significant. To adjust for multiple comparisons, Bonferroni correction was used where adjusted P < 0.05 (denoted as Pc*) was considered statistically significant.






Results




Clinical characteristics

The average age of individuals with T1D (52 males and 43 females) was 13 years, with an average body mass index (BMI) of 21 kg/m2. Whereas the average age of healthy participants (50 males and 100 females) was 57 years, with an average BMI of 32 kg/m2. The age of onset in our T1D cohort was divided into 3 groups; <5 years old: 34%; 5–10 years old: 44%; and >10 years old: 22%.





Comparison of HLA-DRB1, HLA-DQA1, and HLA-DQB1 allele frequencies between individuals with T1D and controls

The number of alleles identified in HLA-DRB1, HLA-DQA1, and HLA-DQB1 were 52, 21, and 40, respectively. All the identified alleles in HLA-DRB1, HLA-DQA1, and HLA-DQB1 passed the HWE test in participants with T1D and controls. Results of the associations between the three HLA class II genes among individuals with T1D and controls are shown in Supplementary Table 1.

The distribution of significant HLA-DRB1, HLA-DQA1, and HLA-DQB1 alleles between the T1D and control groups is shown in Table 1. A total of 51% of susceptible HLA-DRB1 alleles in the T1D group were from participants carrying the HLA-DRB1*03:01:01 and HLA-DRB1*04:05:01 alleles. In addition, a total of 41% of susceptible HLA-DQA1 alleles in the T1D group were from participants carrying the HLA-DQA1*05:01:01 allele. Furthermore, a total of 63% of susceptible HLA-DQB1 alleles in the T1D group were from participants carrying the HLA-DQB1*02:01:01 and HLA-DQB1*03:02:01 alleles. Whereas participants carrying HLA-DQA1*01:03:01 and HLA-DQA1*05:05:01 alleles contributed to a total of 23% of protective HLA-DQA1 alleles in the control group. Moreover, a total of 11% of protective HLA-DQB1 alleles in the control group were from participants carrying the HLA-DQB1*03:01:01 allele. Furthermore, only 5% of protective HLA-DRB1 alleles in the control group were from participants carrying the HLA-DRB1*11:04:01 allele. Nevertheless, to maximize the identification of significant alleles associated with T1D, 2 fields resolution analysis was performed where HLA-DQA1*03:01 allele [17% vs. 9% OR (95% CI) = 2.22 (1.23–4), Pc = 0.04] passed the significance threshold and conferred risk to T1D.


Table 1 | Distribution of significant DRB1, DQA1, DQB1 alleles in children with T1D and controls.







Comparison of HLA-DRB1, HLA-DQA1, and HLA-DQB1 haplotype frequencies between children with T1D and controls

In total, we identified 100 unique DRB1~DQA1~DQB1 haplotypes. Table 2 portrays results of the association between the DRB1~DQA1~DQB1 haplotypes. Haplotypes with few counts were binned as one haplotype. Two haplotypes conferred susceptibility to T1D; the most highly frequent and significant haplotype was HLA-DRB1*03:01:01~HLA-DQA1*05:01:01~HLA-DQB1*02:01:01 and the least frequent among controls but significant haplotype was HLA-DRB1*04:05:01~HLA-DQA1*03:03:01~HLA-DQB1*03:02:01. The HLA-DRB1*11:04:01~HLA-DQA1*05:05:01~HLA-DQB1*03:01:01 haplotype was more frequently expressed in controls, which may suggest its protective role against T1D; however, it is to be noted that it does not pass Bonferroni-corrected P-value though the OR is 0; thus, this allele cannot be considered as protective. Similarly, other well-known haplotypes were identified in our analysis, however it only shows significance in un-adjusted P values.


Table 2 | Distribution of the DRB1~DQA1~DQB1 haplotypes among children with T1D and controls.



We examined the distribution of zygosity at two significant T1D risk HLA haplotypes across different age groups at onset. The first HLA haplotype, DRB1*03:01:01~DQA1*05:01:01~DQB1*02:01:01, had the highest percentage of homozygous individuals in the < 5 years age group at 11.7%, followed by 3.9% in the > 10 years group, and 0% in the 5-10 years group. The heterozygous individuals had the highest percentage in the 5-10 years age group at 22%, followed by 13% in the < 5 years group, and 6.5% in the > 10 years group. For the second haplotype, DRB1*04:05:01~DQA1*03:03:01~DQB1*03:02:01, the homozygous individuals had the highest percentage in the > 10 years age group at 1.3% and 0% in both the < 5 years and 5-10 years age groups. The Heterozygous individuals had the highest percentage in the < 5 years age group at 5.2%, followed by 2.6% in both the 5-10 years and > 10 years age groups.





HLA-DRB1, HLA-DQA1, and HLA-DQB1 amino acid variation frequencies between children with T1D and controls

To enhance our comprehension of the aetiology of T1D, it may be helpful to investigate the mechanisms involved in the HLA class II genes molecules’ structure. Thus, we conducted a blind association analysis to assess the potential contribution of specific amino acid residues and their associations with T1D. After applying a Bonferroni correction to our analysis, we found that 66 amino acids positions were significantly associated with T1D, in which most comprised attributes related to protection and susceptibility, depending on the amino acid change (Supplementary Table 2). Of these residues, 16 amino acids on DRß1 (11, 13, 26, 33, 37, 58, 67, 70, 71, 73, 74, 96, 133, 140, 142, 180) were associated with T1D. The strongest association that conferred risk of T1D on the HLA-DRß1 positions were DRß1-Tyr-21, DRß1-Leu-67, DRß1-Lys-71, and DRß1-Arg-74 (Pc = 6.4 x 10-6, Pc = 3.6 x 10-5, Pc = 0.0001, and Pc = 0.0001, respectively). Additionally, among the 16 identified amino acids, DRß1-His-13, DRß1-Gln-70, DRß1-Lys-71, and DRß1-Arg-74 are already known to confer risk of T1D (10, 12, 29, 37, 38). Additionally, we identified a previously known amino acid position — DRß1-11 (29) — but with a different amino acid change. Of the total 66 amino acid positions, 21 positions identified at HLA-DQα1 (11, 18, 26, 41, 45, 47, 48, 50, 52, 53, 55, 56, 61, 64, 66, 76, 80, 130, 175, 187, and 218) were associated with T1D. Among them, a few were previously reported to be associated with the risk of T1D, such as DQα1-Arg-55 and DQα1-Arg-66 (38). Furthermore, of the total 66 amino acids positions, 29 were identified at HLA-DQβ1 (9, 13, 26, 28, 30, 37, 45, 46, 47, 52, 53, 55, 57, 66, 67, 70, 71, 74, 84, 85, 86, 87, 89, 90, 125, 167, 203, 220, 221), and were associated with T1D. Of these, DQβ1-Tyr-9, DQβ1-Leu-26, DQβ1-Ser-30, DQβ1-Phe-47, DQβ1-Ala-57, and DQβ1-Arg-70 were previously reported to confer risk of T1D (10, 14, 15, 37–39). Based on our analysis, the strongest association identified was from DQβ1-Ala-57, a position well-known to confer risk of T1D (39).





Comorbidity with celiac disease and Hashimoto’s thyroiditis

Upon testing the T1D patients for the presence of celiac disease (CD) and Hashimoto’s thyroiditis (HT), we observed 2 individuals with CD and 3 individuals with HT.

CD was identified in a 10-year-old female child with T1D and HT. She belongs to a family with two siblings presented with a young onset age of 3 years for T1D. The patient is positive for Anti TPO antibodies (363.4 IU/ml), Anti-Endomysial Ab (AEA), Anti-Tissue Transglutaminase IgG (15.2 IU/ml) and Anti-Tissue Transglutaminase (IgA >200 IU/ml) tests. The second patient was a 6-year-old female child positive for Anti-Endomysial Ab (AEA) test indicating celiac disease, alongside T1D.

HT was confirmed in 3 female children aged less than 15 years, presenting T1D at a young age of less than 3 years. They confirmed HT diagnosis with an anti-TPO antibody level of >120.7 IU/ml.

Two out of the 3 HT patients and 1 out 2 CD patients carried the risk DRB1 03:01:01~ DQA1 05:01:01~ DQB1 02:01:01 haplotype, while in the other two patients no known risk haplotypes were detected.






Discussion

The current study identified frequencies of significant alleles, haplotypes, and amino acid variants of major HLA class II genes between Kuwaiti children with T1D and controls.

When comparing the significantly associated alleles identified in our study within the HLA-DRB1, HLA-DQA1, and HLA-DQB1 genes with other Arab populations (non-Kuwaitis) and Caucasians with T1D, we found that most of our findings agree with those of previous studies (40; 7, 9). In regard to the Arab population, with the same genetic structure, we found that the most significantly associated allele out of the three alleles within the HLA-DRB1 gene was DRB1*03:01:01 [OR (95% CI) = 3.6 (2.29–5.63), Pc = 2.4 x 10-8]. This gene confers risk of T1D both in our study and in neighbouring populations, such as the Saudi Arabian (28), Emirati (27), Bahraini (41, 42), Omani (29), Egyptian (43), Lebanese (42), and Tunisian (44, 45) populations. A previous association study carried out in the Kuwaiti population did not include the HLA-DRB1 locus (32); however, it is now known that a high number of Kuwaiti people with T1D carry the DR3 genotype (46). The second-most significant allele found in HLA-DRB1 was DRB1*04:05:01 [OR (95% CI) = 4.0 (1.71–10.17), Pc = 0.005], which also confers risk of T1D in our study, along with the Saudi Arabian (28), Omani (29), Egyptian (43), and Tunisian (44, 45) populations. Moreover, a high number of Kuwaiti individuals with T1D have been found to carry the DR4 genotype (46). The third-most significant allele, DRB1*11:04:01, demonstrated resistance to T1D [OR (95% CI) = 0 (0–0.43), Pc = 0.03]; this was also reported in the Tunisian (44, 45) and European populations (7, 9).

The HLA-DQA1 locus is understudied in most HLA-related association studies conducted in the Arab populations (27, 41, 42, 44, 45), which makes the four significant alleles identified in our study a boon for future comparative analyses. The most strongly associated allele within HLA-DQA1 was DQA1*05:01:01 [OR (95% CI) = 3.2 (2.05-4.92), Pc = 3.0 x 10-7], which increased the risk of T1D. A similar observation has been reported in the Saudi Arabian (28) and Caucasian populations (7, 9). The other two significantly expressed alleles within HLA-DQA1, i.e., DQA1*05:05:01 [OR (95% CI) = 0.1 (0.02–0.34), Pc = 9.7 x 10-5] and DQA1*01:03:01 [OR (95% CI) = 0.1 (0.01–0.39), Pc = 0.001], showed protection against T1D, which has also been reported in Saudi Arabia (28). HLA-DQA1*03:01 [OR (95% CI) = 2.22 (1.23–4), Pc = 0.04], another significantly expressed allele (2-fields analysis) identified in our study, is known to confer risk of T1D in the Kuwaiti (32) and Saudi populations (28).

In regard to the HLA-DQB1 locus, which has been studied in the Kuwaiti population (32), we identified the same allele, DQB1*02:01:01 [OR (95% CI) = 3.6 (2.3–5.66), Pc = 2.2 x 10-8], to be strongly associated with the risk of developing T1D; this has also been reported in the Arab (27–29, 41–43), Korean (40), and Caucasian populations, and has been known to confer risk of T1D (7, 9). In our Kuwaiti population, another identified allele — DQB1*03:02:01 [OR (95% CI) = 3.1 (1.82–5.48), Pc = 0.0001] was significantly associated with an increased risk of developing T1D; similar results have been reported in the Emirati (27), Saudi Arabian (28), Bahraini (41, 42), and European populations (7, 9). Lastly, we also identified DQB1*03:01:01 [OR (95% CI) = 0.1 (0.02–0.41), Pc = 0.0009] as a significant allele that renders protection against T1D; similar observations were made by other researchers in the Arab region (27, 28, 41, 42). Interestingly, some alleles reported to be significant in association studies on HLA–T1D in the Arab populations were not identified in the present study. Nonetheless, these alleles might show the same distribution pattern across patients with T1D and controls, and/or they might be significant if the allele field is lowered in the analysis.

Expectedly, a combination of the significantly identified alleles within HLA-DRB1, HLA-DQA1, and HLA-DQB1 genes made it to the association analysis of haplotypes. Our data revealed that the strongest associated haplotype was DRB1*03:01:01~DQA1*05:01:01~DQB1*02:01:01 [OR (95% CI) = 4.1 (2.61–6.63), Pc = 8.7 x 10-10], which confers high risk of T1D, and is well-documented in Arab, Korean, and Caucasian populations (7, 9, 40). Furthermore, DRB1*04:05:01~DQA1*03:03:01~DQB1*03:02:01 [OR (95% CI) = 5.4 (1.64–23.16), Pc = 0.01] is the second-most significant haplotype conferring high risk of T1D and has only been reported once in a European population study (47). Enczmann et al., suggested that the identification of this haplotype is possible using high-resolution NGS, which was employed in our study, that genotyped both exon 2 and 3 of the DQ gene for allele classification. The third-most significant haplotype identified in our study (using 2 fields analysis) — HLA-DRB1*11:04-HLA-DQA1*05:05-HLA-DQB1*03:01 [OR (95% CI) = 0 (0–0.46), Pc = 0.04] — demonstrated resistance to T1D, which, to the best of our knowledge, has not been reported previously.

The extent of zygosity at the significantly identified T1D risk haplotypes differed across the groups of age at onset. The DRB1*03:01:01~DQA1*05:01:01~DQB1*02:01:01 haplotype exhibited a higher frequency of homozygosity in the group of early age at onset, indicating that this haplotype in homozygous form confers a higher risk of developing T1D at an early age. Although DRB1*04:05:01~DQA1*03:03:01~DQB1*03:02:01 homozygous haplotype is seen less frequent in our cohort to draw conclusion, its rarity is uniformly seen across the three groups of age at onset.

The significant T1D risk haplotypes (namely DRB1*03:01~DQA1*05:01~DQB1*02:01 and DRB1*04:05~DQA1*03:03~DQB1*03:02) reported in this study are based on the Bonferroni-corrected P- values. Some of the other well-known haplotypes, reported in literature, with either T1D disease risk like DRB1*04:02~DQA1*03:01~DQB1*03:02 or protection against it like the DRB1*11:04~DQA1*05:05~DQB1*03:01, DRB1*13:01~DQA1*03:01~DQB1*06:03, DRB1*15:01~DQA1*01:02~DQB1*06:02 and DRB1*15:02~DQA1*01:03~DQB1*06:01 also appear in our study as significant albeit in uncorrected P values. It is possible that with increased cohort sizes in future studies, associations in haplotypes with low frequencies would be revealed. In addition, this study considers all the three fields of alleles in performing haplotype analysis. It may be pointed out that it is also possible to perform the analysis using only the first two fields since the significance of the third field remains unclear as the polymorphisms are not associated with amino acid changes and the field is very much the same in alleles defined by the first two fields.

Siblings of T1D children can exhibit increased risk for developing T1D risk. However, it is not possible to us to assess this as our study is not a long-term follow-up protocol. Nevertheless, we present results of longitudinal studies from literature on the subject. Generally, the overall risk of an individual developing T1D in a population is 0.4% (48). Nevertheless, the risk is higher for siblings of affected children (49). The estimated risk can significantly increase depending on the T1D proband’s age at onset, the presence of specific high-risk HLA alleles, and whether the siblings are monozygotic twins. For instance, siblings of T1D individuals with an early onset of less than 5 years have a higher cumulative risk of developing diabetes by age 20 years (11.7%), compared to 3.6% and 2.3% for those with onset between ages 5 and 9 years and between ages 10 and 14 years, respectively (50). In addition, sharing both HLA DR3/4-DQ8 haplotypes with a T1D proband elevates the risk of islet autoimmunity in siblings to 63% by age 7 and 85% by age 15, compared to those who do not share both haplotypes (20% by age 15). Of those sharing both haplotypes, 55% develop diabetes by age 12, compared to 5% without both haplotypes. Siblings without the HLA DR3/4-DQ8 genotype, despite carrying the same haplotypes with their T1D proband, had only a 25% risk of T1D by age 12 (51). Moreover, monozygotic twins are at higher risk (over 40%) of developing T1D and positive autoantibodies compared to non-twin siblings and dizygotic twins. Additionally, monozygotic twins with the HLA DQ8/DQ2 genotype have a greater risk of progressing to T1D and positive autoantibodies than those without (52).

Amino acid variations within the HLA genes and their association with T1D is understudied in Arab populations, as compared to studies on alleles and haplotypes. Although a modest attempt was carried out previously (32), with advancements in precise HLA genotyping techniques, such as NGS, the current study identified 66 amino acids positions that were significantly associated with T1D. In the present study, most of the significant amino acid positions either comprised protective or susceptibility attributes associated with T1D. Some of the significant amino acid positions identified on the HLA-DRB1 gene were previously reported in the Omani population, such as DRß1-11 and DRß1-71 (29), and the European populations, including DRß1-13, DRß1-70, DRß1-71, and DRß1-74 (10, 12, 37, 38). To the best of our knowledge, significant associations between T1D and changes in amino acids at position DRß1-26, DRß1-33, DRß1-37, DRß1-58, DRß1-67, DRß1-73, DRß1-96, DRß1-133, DRß1-140, DRß1-142, and DRß1-180, have not been reported previously, highlighting the novelty in our findings. Additionally, several amino acid changes that were significantly associated with T1D identified on the HLA-DQA1 gene have not been reported before, such as DQα1-11, DQα1-18, DQα1-26, DQα1-41, DQα1-45, DQα1-47, DQα1-48, DQα1-50, DQα1-52, DQα1-53, DQα1-56, DQα1-61, DQα1-64, DQα1-76, DQα1-80, DQα1-130, DQα1-175, DQα1-187, and DQα1-218. Whereas DQα1-55 and DQα1-66 positions, found to be associated with T1D, were reported in the Cypriot population (38). In addition, we uncovered novel and significant amino acid positions on the DQβ1 gene, such as DQβ1-13, DQβ1-28, DQβ1-37, DQβ1-45, DQβ1-46, DQβ1-52, DQβ1-53, DQβ1-55, DQβ1-66, DQβ1-67, DQβ1-71, DQβ1-74, DQβ1-84, DQβ1-85, DQβ1-86, DQβ1-87, DQβ1-89, DQβ1-90, DQβ1-125, DQβ1-167, DQβ1-203, DQβ1-220, and DQβ1-221. While amino acid positions, such as DQβ1-9, DQβ1-26, DQβ1-30, DQβ1-47, DQβ1-57, and DQβ1-70 have been previously reported to be associated with T1D in European populations (10, 13–15, 37–39). The identified amino acid positions that are significantly associated with T1D on the HLA-DRB1, HLA-DQA1, and HLA-DQB1 genes, whether previously reported or novel, might have a functional impact on the three-dimensional structure of the HLA genes, including antigen binding sites, and may either cause T1D or influence the age of T1D onset. Many of the significant amino acid positions that we identify are supported by many previous studies (at least 8 independent studies) as listed in the Results sections. However, it is to be noted that the observed amino acid variations have not been characterised for impact on the structural and functional features of the protein(s).

We additionally tested the prevalence of haplotypes predisposing to celiac disease and HT in our cohort. CD comprises only 0.02% of our T1D cohort; it is interesting to note that 47.4% carry DQA1*05:01/DQB1*02:01 encoding a DQ2.5 protein, which represents the strongest risk haplotypes associated with the celiac disease and additionally shared by T1D (53, 54). Similarly, HLA DR3-DQ2.5 and DR4-DQ8 are the major risk haplotypes associated with T1D in our study. More than 90% of the patients with celiac disease are reported to carry HLA DR3–DQ2.5 haplotype (55). Certain common predisposing alleles specifically DQB1*02:01:01 and HLA DQA1*05:01:01 are observed in significantly increased frequency in our T1D cohort compared to controls (Table 1). Though autoimmune thyroid conditions such as HT and Graves’ disease are recurrently associated with T1D, only one of the forms namely Hashimoto’s was detected in our cohort at a frequency of 0.03%. Limited studies have investigated the link between HLA class II alleles and HT, DR3 and DR4 haplotypes are the common haplotypes associated with the disease (56, 57). Each of autoimmune condition can co-exist with T1D especially if they have the same high-risk HLA profile, nevertheless, the diagnosis of one does not necessarily imply the presence of others especially at the same time. In our study T1D cohort we have limited number of individuals with CD and HT which highlight the complex multi-factorial nature of the autoimmune disorders.

In summary, our findings contribute to the growing body of knowledge about the genetic factors influencing the risk of developing T1D in children. This information has clinical implications for diagnosis, risk assessment, and personalized management of T1D, which can ultimately help improve the lives of affected individuals and their families.

In our current study, we utilized a higher typing resolution to investigate the association between the classical HLA class II genes and T1D in the Kuwaiti population. This approach allowed us to examine amino acid variations that were not explored in previous studies conducted in Kuwait (32, 33, 46). Furthermore, most T1D studies in Arab populations, with the exception of one conducted in Saudi Arabia (28), have allele resolutions ranging from 1 to 2 fields. This variation in resolution may potentially impact the overall association results (27, 29, 42–45). Furthermore, this study provides several novel results that may offer great clinical and research benefits. Despite these strengths, the results of our study come with few limitations. First, the sample size of people with T1D is relatively small even though its larger than prior studies performed in Kuwaiti population (32). Nevertheless, a larger sample size may provide a comprehensive portfolio of variations in allele, haplotype, and amino acid frequencies and allow association tests within specific T1D-related alleles (13, 14). Second, we carefully screened our control group to exclude any individuals with a family history of T1D or symptoms suggestive of adult-onset T1D. While our control group had a higher proportion of females than males, genomic autosomal HLA risk haplotypes do not generally differ based on sex (58). However, there is suggestive evidence for existence of sex-dependent differences in islet autoimmunity for T1D high-risk haplotypes (59), which we acknowledge as a potential confounder which could not be addressed in our study due to non-availability of full autoimmunity profiles of the study participants. Lastly, we cannot rule out mistype alleles resulting from algorithmic error by the HLA typing software, as this has been reported in other HLA typing tools such HLAforest, HLAminer, and PHLAT (60).





Conclusion

The significant findings on the association between alleles, haplotypes, and amino acid variations and T1D in the Kuwaiti population are not far from what has been previously reported in the Arab and European populations. Moreover, we further uncovered novel haplotypes and amino acid positions within HLA class II genes that are associated with T1D, which may shed some light on the understanding of immunogenetic influences on T1D.
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Childhood-onset systemic lupus erythematosus (cSLE) is an autoimmune disease that results in significant damage and often needs more aggressive treatment. Compared to adult-onset SLE, cSLE has a stronger genetic background and more prevalent elevated type I Interferon expression. The management of cSLE is more challenging because the disease itself and treatment can affect physical, psychological and emotional growth and development. High dose oral glucocorticoid (GC) has become the rule for treating moderate to severe cSLE activity. However, GC-related side effects and potential toxicities are problems that cannot be ignored. Recent studies have suggested that GC pulse therapy can achieve disease remission rapidly and reduce GC-related side effects with a reduction in oral prednisone doses. This article reviews characteristics, including pathogenesis and manifestations of cSLE, and summarized the existing evidence on GC therapy, especially on GC pulse therapy in cSLE, followed by our proposal for GC therapy according to the clinical effects and pathogenesis.
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1 Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that affects every organ system and causes heterogeneous clinical manifestations (1). This disease mostly occurs in adults, especially females (2). Approximately 15% to 20% of all SLE patients are diagnosed during childhood (3). Although childhood-onset SLE (cSLE) has similar pathogenesis, clinical manifestations, and immunologic disorders to adult-onset SLE (aSLE), there are some differences between them (4). There is evidence that cSLE has stronger genetic background and Interferon (IFN) signature (5). Previous studies have shown that compared to aSLE, cSLE has a more aggressive course and frequent damage accrual, with high morbidity and mortality (6). Moreover, patients with cSLE generally require more aggressive treatment to achieve lupus low disease activity state (LLDAS) than aSLE patients (7). Indeed, the management of cSLE is more challenging because the disease itself and treatment can affect physical, psychological and emotional growth and development.

Glucocorticoid (GC) remain the cornerstone of treatment for SLE patients and are commonly used for prolonged periods, especially in children. Daily high-dose oral GC is the most common therapeutic management for moderate to severe cSLE patients during the induction period (8). However, the side effects caused by long-term use of medium to high doses of GC are unfortunate for children who are growing, and this profile has led to a search for an optimized GC therapeutic management that has the least side effects. Recently, the intravenous pulse form of GC seems to have greater advantages in SLE. GC pulse is the essential element for effectively treating active SLE using lower doses of oral GC. In addition, GC pulse is not associated with most side effects, which were only related with the occurrence of cognitive impairment or psychosis (9, 10). Combined with the characteristics of cSLE, the possibility of GC pulse to reduce GC-related side effects while maintaining the disease remission offers significant promise. Therefore, this review summarized the characteristics of cSLE and described important developments in GC, especially in GC pulse, to develop new ideas for GC therapeutic management of cSLE from the perspective of pathogenesis and clinical practice.




2 The characteristics of cSLE



2.1 The pathogenesis of cSLE

Similar to aSLE, cSLE pathogenesis is complex and not fully understood. However, increasing severity with younger age and varying gender distribution in different age groups suggest variable pathogenic mechanisms between aSLE and cSLE.



2.1.1 Genetic factors

Familial clusters, the impact of ethnicity on disease prognosis, age-specific differences in clinical and immunological phenotypes, and the high degree of concordance among monozygotic twins suggest a stronger involvement of genetic factors in cSLE. A recent study that included multi-ethnic SLE patients suggested that there is a negative association between non-HLA genetic risk and age of SLE diagnosis (11). Compared to aSLE, cSLE patients are more likely to carry novel/rare high-penetrance variants associated with monogenic lupus or may have a burden of low-penetrance common SLE susceptibility alleles (12).

Recently, cSLE has been found to be associated with single gene mutations, defining the concept of monogenic lupus. Genes linked to monogenic lupus belong to type I interferonopathies, the complement deficiencies, T and B cell tolerance breakdown, or other uncharacterized pathways (13).First, type I interferonopathies refer to a group of complex genetic disorders associated with imbalance of IFN mediated immune responses. The mutations identified so far cause IFN overexpression in three different pathways: defect in nucleases (TREX1, SAMHD1, ADAR1, RNASEH2), enhanced sensitivity of an innate immune sensor (IFIH, DDX58) or adaptor molecules downstream the innate sensors (TMEM173), and defective negative feedback of the IFN pathway (ISG15) (14). Furthermore, mutations in the ACP5 gene result in a deficiency of tartrate-resistant acid phosphatase (TRAP) enzyme, which eventually leads to excessive IFN production and the development of SLE (15). Mutations in genes involved in IFN signaling pathway are shown in Figure 1. Second, complement deficiency is another described subcategories of monogenic lupus and highlight the importance of apoptotic body clearance in lupus pathogenesis (16). Genetic deficiencies of C1q/r/s strongly predispose to SLE, with a penetrance of nearly 90% (17). Deficiencies in other complement component also promote SLE, but the risk is lower. Notably, complement deficiencies are associated with early-onset lupus, and has a less biased of sex ratio compared to aSLE. Third, tolerance breakdown caused by genetic mutations in B and/or T cell promotes SLE. Protein kinase C-δ (PKC-δ) is a serine/threonine kinase important in multiple apoptotic signaling cascades. Mutation in PKC-δ is associated with loss of B cell tolerance and has been identified in cSLE patients (18). Deficiency in RAG1/RAG2 lead to defects in T cell tolerance, and a patient with SLE was reported to have heterozygous mutation in RAG2 recently (19). Other genes involved in monogenic lupus including DNASE1/DNASE1L3 encoding proteins involved in the nucleic acid degradation pathway and CYBB gene causing chronic granulomatous disease.




Figure 1 | Susceptibility genes related to the production of IFN-I and IFN-I signaling pathway in SLE. Red italics represent susceptibility genes, and blue arrows represent proteins in the pathway affected by the susceptibility genes. UBE2L3 regulate the degradation of TLR4/9. High IFN-α in SLE patients is related to the risk allele of PTPN22 though TRAF3. TNFAIP3 and TNIP1 encode regulatory factors in IFN-I pathway, NF-κB activation. DDX58 is related to RIG1 hyperactivation. IFIH1 encodes MDA5 and is involved in elevated expression of IFN-induced genes. ETS1 is a negative regulator in SLE. IRF5/7/8 can directly induce transcription of proteins in IFN-I signaling pathway. IRAK1, TRAF6, STAT4 and TYK2 are related to the production of IFN-I. UBE2L3, ubiquitin-conjugating enzyme E2 L3; PTPN22, protein tyrosine phosphatase non-receptor type 22.



Indeed, single locus confers only a small disease risk. Most individuals carry risk alleles and develop SLE with the influence of environment and time. Genome-wide association studies (GWAS) have identified more than 100 risk loci, accelerating the discovery of common single nucleotide polymorphisms (SNPs) (20). Compared with aSLE, cSLE are less affected by environment and time, but have more severe clinical manifestations, which may be related to increased genetic risk. The calculation of genetic risk score (GRS) by counting the number of SLE-associated risk alleles weighted odds ratios (ORs) has more power to predict disease susceptibility (21). Studies in Gullah and African-Americans showed an increased number of SLE-associated polymorphisms in cSLE compared with aSLE (22). Similarly, a Korean study showed that cSLE had a higher genetic risk scores (GRS) than aSLE (23). A recent study showed that there was a trend for stronger associations between both GRS and LN risk in Europeans with cSLE compared with aSLE (24). The evidence for common variants being directly pathogenic is limited. Next generation sequencing (NGS) technologies, including whole genome sequencing (WGS) and whole exome sequencing (WES), have led to increasing recognition that rare/novel variants are more deleterious than common variants (25). A previous study explored rare variants by undertaking WES of SLE patients showed that 14 missense de-novo variants were identified in SLE probands (26). In recent years, more and more rare variants that cause SLE have been identified, such as novel peripheral gene MEF2D, germline rare P2RY8 missense variants and SAT1 LOF variants (27–29). A study in Mexicans showed that catalytically impaired TYK2 variants were protective against SLE, but there is no difference between aSLE and cSLE (30). The genetic variants in cSLE differed from those in aSLE are showed in Table 1.


Table 1 | Different genetic variants between cSLE and aSLE.



The clinical variability of SLE is further influenced by genetic modifiers, epigenetics and environmental factors. We will only describe the epigenetic mechanisms briefly. DNA methylation, posttranslational histone modifications, and non-coding RNAs are the main epigenetic mechanisms studied. DNA hypomethylation plays an important role in T cell activation and contributes to SLE pathogenesis (37). It is worth noting that some DNA methylation, such as long interspersed nuclear element-1 (LINE-1), differs between aSLE and cSLE (38). Abnormal histone acetylation and altered microRNA (miRNA) expression also play crucial roles in the pathological processes of SLE. Increased histone acetylation in monocytes and CD4+ T cells has been detected in SLE patients and inhibition of histone acetylation can alleviate disease activity (39). In recent years, there have been many studies on the progress of miRNA in SLE, such as miR-146a, miR-31 and miR-98 (40, 41). In addition, E2F transcription factor 2 (E2F2)-miR-17-5p was found to increase autoantibody production by upregulating IL-10 (42). Furthermore, miR-448 was involved in SLE by targeting the suppressor of cytokine signaling 5 (SOCS5) to promote helper T cell (Th)17 activation (43). Taken together, genetic factors play an important role in SLE, and the available data suggested that cSLE is more strongly influenced by genetic factors.




2.1.2 Type I interferon

Type I IFN (IFN-I) is a multifunctional immune factor that bridges innate and adaptive immunity. It has been reported that IFN-I can promote the expansion of autoantibody-secreting cells (44) and more than half of the SLE-associated genetic loci are connected to the IFN-I pathway (45). Of note, the overexpression of IFN-regulated genes in the peripheral blood monocytes of almost all active cSLE patients was observed only in approximately 50% of aSLE patients (46, 47), revealing that cSLE is more closely related to IFN-I.

Plasmacytoid dendritic cells (pDCs) are the primary source of IFN-I. Under normal conditions, IFN-I production is strictly regulated for it ceases after pathogens have been cleared. However, many SLE patients demonstrate chronic overactivity in IFN-I pathways. Endogenous stimuli act upon a susceptible genetic background to result in IFN-I production.

In SLE, pDCs are activated by specific IFN immune complexes (ICs), derived from autoantibodies and endogenous or exogenous nucleic acid-binding proteins, and produce IFN-I (48). Interferogenics ICs are endocytosed through Fc gamma receptor IIa (FcγRIIa) on pDC and interact with TLR7 or TLR8/9 and initiate an activation chain that includes myeloid differentiation factor 88 (MyD88). MyD88 activates interleukin-1 receptor-associated kinase (IRAK) 4, then triggers IRAK1, tumor necrosis factor receptor associated factor (TRAF) 3 and TRAF6. Next, the interferon regulatory family (IRF) 7 is activated, resulting the initiate transcription of IFN-I (49). RIG-I and melanoma differentiation-associated gene 5 (MDA5) recognize ds-RNA and bind to mitochondrial antiviral signaling protein (MAVS), which activates TRAF3 and TANK-binding kinase 1 (TBK1) resulting the activation of IRF3 (50). Neutrophil extracellular traps (NETs) are another mechanism that triggers IFN-I generation. NETs accumulate in SLE patients, resulting in long-term exposure to the body and externalization of their antigens, thus producing high levels of IFN-I in a TLR9-dependent manner (51). In addition, mitochondrial reactive oxygen species (ROS) can initiate NETs formation (NETosis), activate the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway, and induce IFN-I production. IFN-I production further exerts its effects by ligating the IFN-α/β receptor (IFNAR). The Janus activating kinase (JAK)-STAT pathway is the most common signaling pathway. IFN-I combines with IFNAR to activate JAK1 and tyrosine kinase 2 (TYK2), and phosphorylated STAT1 and STAT2 form a transcription factor complex with IFN regulatory factor 9 (IRF9), which translocate to the nucleus, binds to IFN regulator elements in the promoters of IFN-regulated genes and initiates transcription genes (52). In SLE, IFN signaling-induced IFN-regulated genes participate in a positive feedback loop of autoimmunity, causing permanent autoimmune inflammation. Gene mutations related to IFN-I production or IFN-I signaling pathway (Figure 1) can lead to the production of self-derived IFN inducers and suppress the negative feedback signals that downregulate the IFN response.

IFN-I has a significant impact on the immune system. IFN-α promotes the expression of MHC-II and costimulatory molecules and stimulates monocytes to differentiate into mature dendritic cells (DCs) (53). Mature DCs and IFN-α activate B cells and increase autoantibody production. B cells interact with pDC through the platelet endothelial cell adhesion molecule (PECAM)-1 receptor to promote IFN-α secretion. IFN-α can also promote the differentiation of CD4+ T cells into Th1 and Th17, inhibit the development of Th2 and regulatory T cells (Treg), and enhance the cytotoxicity of CD8+ T cells. However, persistent IFN-α stimulation inhibits Th1 differentiation and promotes the development of T follicular helper (Tfh) cells, which supports B cell activation (54). Regarding the innate immune system, IFN-α enhances macrophage phagocytosis and natural killer (NK) cell cytotoxicity, and NK cells have a particularly strong effect on pDC through lymphocyte-associated antigen-1 (LFA-1)-dependent cell-cell interaction (55). Therefore, activation of the IFN-I system in SLE will widely affect the immune system (Figure 2), drive autoimmune response and chronic inflammation, and eventually cause tissue and organ damage. What’s more, children with SLE had elevated TLRs expression, and TLRs can induce neutrophil apoptosis, which lends more support to the role of IFN-I in cSLE (56).




Figure 2 | The central role of type I IFN in SLE. Interferogenic ICs stimulate pDCs and produce type I IFN. The secreted type I IFN acted on innate and adaptive immune cells to amplify the autoimmune response. B, T and NK enhanced type I IFN production by activated pDCs via PECAM, GM-CSF and LFA-1, respectively. In contrast, activated monocytes suppressed the secreted type I IFN by pDC via ROS and PGE2. GM-CSF, Granulocyte-macrophage colony stimulating factor; PGE2, Prostaglandin E2; NE, neutrophil.







2.2 The manifestations of cSLE

aSLE and cSLE differ in some disease phenotypes. Children have less gender bias in favor of females than adults. Moreover, children have higher SLE disease activity index (SLEDAI) scores than adults, and the earlier the age of onset, the greater the disease activity (57). This heterogeneity is broader in terms of clinical manifestations.

Systemic presentations, such as neurological, renal, and haematological involvement, are more significant with cSLE, whereas Raynaud’s phenomenon, pulmonary involvement, and photosensitivity are more common with aSLE (58) (Table 2). Among these, nephritis is the most important variation. A previous study showed that crescents on biopsy were more common in the cSLE (69). Another study reported the proportion of adults and children with lupus nephritis receiving kidney transplantation to be 1.9% and 3%, respectively (70). Neurological involvement is another important variation. A recent meta-analysis of neuropsychiatric symptoms in cSLE revealed that neuropsychiatric events were common in cSLE, including headaches, cognitive dysfunction, mood disorders and psychosis (71). Childhood-onset lupus remains a strong predictor of mortality. Serologically, cSLE and aSLE have similar positivity rates for most circulating antinuclear antibodies. However, a recent study showed that children had more anti-double-stranded DNA (dsDNA) and anticardiolipin immunoglobulin M (IgM) but less anti–Sjögren’s-syndrome-related antigen A (anti-Ro) and anti–Sjögren’s-syndrome-related antigen B (anti-La) antibodies (62). Antiphospholipid antibody-related thrombosis is uncommon in children but common in adults (72). In addition, rheumatoid factor positivity is more frequently encountered in aSLE, whereas arthritis is more common in cSLE (4).


Table 2 | Clinical and immunological characteristics in cSLE and aSLE.



SLE cannot be cured, disease activity fluctuates with periods of flare and remission. Long-term maintenance of LLDAS is the goal of current treatment. Previous research has shown that cSLE is less likely to achieve LLDAS than aSLE is (7). Additionally, the specific physical and psychological characteristics of children and adolescents render cSLE patients more vulnerable to the long-term effects of the disease. Hydroxychloroquine and immunosuppressive drugs have improved the prognosis of SLE. The efficacy of “new” biologic agents, such as belimumab and telitacicept, is exciting. However, GC remains the mainstay of SLE. GCs are required by 97% and 70% of cSLE and aSLE patients, respectively, and their average doses are higher in children than in adults (73). cSLE patients not only have a higher Systemic Lupus International Collaborating Clinics/American College of Rheumatology (SLICC/ACR) Damage Index (SDI), but also accumulate damage faster (74), which is mainly related to GC toxicity, although time is considered. Given that GC play an irreplaceable role in the treatment of cSLE, their proper use is particularly important.





3 Glucocorticoids in cSLE: GC pulse therapy may be more advantageous

The intensity of GC is as follows: low dose ≤7.5mg/d prednisone equivalent; medium dose >7.5mg/d, but ≤30mg/d prednisone equivalent; high dose >30mg/d, but ≤ 100mg/d prednisone equivalent; pulse therapy ≥250mg/d for one or a few days (75). The use of high dose oral GC have become the rule for treating moderate to severe SLE activity (76). Recent data suggested that GC pulse therapy may have a biologic rational in the treatment of SLE, especially of cSLE.



3.1 Mechanism of GC action: genomic and non-genomic effects

The anti-inflammatory and immunosuppressive actions of GC are exerted by two different mechanisms. Classic genomic effects are mediated by cytosolic GC receptors (GR). GC diffuse through the plasma membrane into the cytoplasm, forming a multiprotein complex with GR (GC-GR). The activated GC-GR complex moves to the nucleus and binds to specific GC-responsive elements (GRE), activating the transcription of specific genes and the synthesis of specific regulator proteins; this process is known as transactivation (Figure 3). Alternately, the GC-GR complex inhibits the activity of transcription factors such as activator protein 1 (AP-1) or NF-κB through direct or indirect action, thereby reducing the production of proinflammatory factors (77); this process is known as transrepression (Figure 3). In most cases, the anti-inflammatory and immunomodulatory effects of GC are achieved through transrepression, and transactivation mediates its side effects. A prednisone dose of >100 mg/day led to complete saturation of cGR, and non-genomic effects were activated. Three main modes of action exist for non-genomic effects. The GC-GR complex directly blocks the activation of phospholipase A2, thereby inhibiting the release of arachidonic acid. In contrast, GC rapidly activate GR on cell membranes, mediating rapid signal transduction via p38 MAPK. In addition, GC can alter cellular function by influencing cation transport, which contributes to rapid immunosuppression (78). The clinical impacts of non-genomic effects are rapid and play an important role in mediating GC pulse therapy. In contrast, genomic effects are often not immediate and are the primary activation mechanism of daily oral GC therapy. The toxicity and anti-inflammatory effects of the genomic effect increase in parallel with the dose. However, activating non-genomic effects provides additional benefits to patients with no increased toxicity (79). Ruiz-Arruza et al. found that the mean daily prednisone dose was higher in patients accruing GC-attributable damage (11 vs 7 mg/day, p=0.04) and MP pulses are not associated with damage accrual, suggesting that the dose of MP pulse is not included in the cumulative dese, which may be attributed to its rapid metabolism, as it is administered for a short time rather than continuously every day. Therefore, high-dose GC pulse can fully exert non-genomic effects and exert anti-inflammatory effect more quickly and fully. This is critical for children with SLE who require long-term management, as reducing organ damage in the early stage of disease helps to improve prognosis.




Figure 3 | The anti-inflammatory/immunosuppressive effects of GC and difference between oral and pulsed GC. The effects of GC are transmitted intracellularly through the binding of GR to GRE/nGRE to suppress the expression of pro-inflammatory genes. Furthermore, GR can interact with p65 subunit of NF-κB to repress NF-κB regulated gene expression. GR can also interact with c-Jun to repress AP-1 regulated gene transcription. Then the synthesis of IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-12, IL-18, GM-CSF, TNF-α, IFN-γ are decreased. The decreased IL-12 further reduced the secretion of TNF-α by NK cells. GR negatively regulates CXCL5, which in turn decreases NE migration. On the other hand, GR suppress the excessive inflammatory response mediated by T cell response by inhibiting COX-2. Finally, GC directly decreased the number of multiple immune cells including NK, CD8+ T cells, B cells, Th1 cells and monocytes. Pathway marked by red asterisks and red arrows is the different pathway affected by oral and pulse GC. The GC pulse regimen affects TLR7/9 in the IFN pathway, thereby affecting the activation of NF-κB, which in turn mediates pDC apoptosis and reduces IFN-α production. IFN pathway is not significantly affected by oral GCs. GRE, glucocorticoid response elements; nGRE, negative GRE; GM-CSF, granulocyte macrophage-colony stimulating factor; NE, neutrophil; TNF-α, tumor necrosis factor-α.






3.2 Pharmacologic effects of GC

Almost all primary and secondary immune cells are target for GC effects. As mentioned above, GC act by binding to GR that stimulates or inhibits gene expression. The anti-inflammatory and immunosuppressive effects of GC include inhibiting the synthesis of inflammatory cytokines and inducing the apoptosis of immune cells (See Figure 3 for details). Clinical effects of GC are strongly dependent on the solubility, the rate of absorption, the metabolic rate, the affinity of GC to its receptor and the dose administered. Prednisone is commonly used as oral therapy, whereas methylprednisolone (MP) is often used as pulse therapy for its high bioavailability and wide distribution. In general, more than 90% of circulating GC is bound to transcortin (80). When transcortin is saturated, GC bind to albumin or remain unbound. Prednisone shows nonlinear protein binding, whereas MP is strictly linear, possibly because it binds albumin and not transcortin (81). In terms of GC absorption, although GC have a high oral absorption rate and bioavailability of > 60%, intravenous administration promotes a more rapid onset of action and higher bioavailability (82). And what’s more, compared with adults, the total body clearance (CL) of MP is often higher in children administered high-dose MP pulse therapy, indicating that individual children are more tolerant to MP pulse therapy (83).




3.3 Effects of GC on type I IFN

Although GC pulse therapy is considered to have lesser systemic side effects, there are few studies in literature comparing the effects of GC pulse therapy versus daily oral GC on the pathogenesis of SLE. Guiducci et al. (84) found that the daily oral prednisone returned to normal multiple transcriptional modules, except for the IFN pathway. In contrast, intravenous MP (IVMP) pulse therapy normalized the IFN signature. Consistent with this, the number of pDCs in the IVMP pulse group was significantly reduced, accompanied by decreased IFN-α levels (Figure 3). In this study, further experiments confirmed that stimulation of pDCs though TLR7/9 can account for the reduced activity of GC to inhibit the IFN pathway in SLE. And activation of NF-κB is crucial for the survival of pDCs. Interestingly, recognition of self-nucleic acid by TLR7/9 is an important step in the pathogenesis of cSLE, promoting the production of IFN-I. Combined with the overexpression of IFN-regulated genes and TLRs are more closely related to cSLE (46, 56), suggesting that IVMP pulse therapy may be more suitable for cSLE.




3.4 GC-related side effects

Children are more susceptible to the side effects of GC than adults, especially regarding growth, development, mental and psychological aspects. GC-related toxicity is highly dependent on the time and dose of exposure. A safe dose has not been established, and GC-related damage occurs even at doses of 4.5-7.5mg/day (85). The effect of GC on bone is worth noting, as it is closely related to osteoporosis and osteonecrosis. The persistent use of GC in children can lead to delayed puberty and short stature in adulthood (86). This may be related to the GC-induced inhibition of the hypothalamic-pituitary-adrenal (HPA) axis and the decrease in bone mineral density. Some studies have demonstrated that GC pulse therapy does not lead to a decrease in bone mineral density and is not independently correlated with osteonecrosis (87). Additionally, a study on multiple sclerosis (MS) using GC pulse therapy found no prolonged suppressive effect on the HPA axis (88). This might explain the reduced severity of Cushing’s syndrome in children treated with GC pulse therapy compared with those treated with daily oral therapy (89). Neuropsychiatric symptoms are another common adverse effect of GC in children. Epileptic seizures, behavioral abnormalities, and cognitive impairment are the most common neuropsychiatric manifestations in cSLE patients treated with GC. However, there is evidence that neuropsychiatric symptoms are not associated with GC pulse therapy (90). In addition to organ damage caused by persistent disease activity, GC is an independent risk factor for cSLE damage. And studies on aSLE have shown that GC pulse therapy is not associated with damage accrual. Infection and hyperglycemia are other common adverse reactions. Although fasting blood glucose (FBG) levels are elevated during GC pulse therapy, FBG levels in non-diabetic patients slowly return to normal after the pulse ends (90). Major infections can occurre at a median oral prednisone dose of only 7.5mg, and the risk of infection increased 11-fold for every 10mg daily increase in prednisone dose (91). Infection appears to be the side effect associated with GC pulse therapy that requires special attention. However, some researchers suggest that GC pulses have no independent effect on infections (92).

GC pulses were first used for the treatment of SLE in the 1970s and have been used ever since. An observational cohort study showed that IVMP pulse therapy reduced the subsequent oral doses of prednisone (93). The use of reduced oral prednisone doses decreased GC-related damage and improved cardiovascular prognosis without increasing SLE-induced damage (94). These findings suggest that IVMP pulse therapy is superior to high-dose daily oral prednisone therapy. The Lupus-Cruces protocol, based on the above evidence, has attracted much attention in recent years. This protocol can be summarized as intermittent IVMP pulses combined with low-dose oral prednisone. Compared to traditional GC treatment regimens, intermittent IVMP pulses reduce the dose of oral prednisone and enhance the clinical response (95). A recent observational cohort study showed a higher rate of prolonged remission in the Lupus-Cruces group (96). All of the above suggested that intermittent IVMP pulse combined with low-dose oral prednisone have good application prospects for the treatment of SLE. Details of this GC administration pattern are provided in Figure 4. It should be noted that there is significant variation in individual patient responsiveness to GC therapy, especially in patients with associated immunodeficiency. Agents targeting genes and genetic pathways are currently under more intensive investigation for patients with immunodeficiency in cSLE (97).




Figure 4 | Pattern-trend plot of GC therapy. The red line represents the repeated IVMP pulses combined with low-dose oral prednisone therapy. The blue line represents the daily oral prednisone therapy. In daily oral therapy, prednisone doses decreased gradually but mostly remained at higher levels. In intermittent IVMP pulses combined with low-dose oral prednisone therapy, MP doses were high during the pulses, and intermittent and maintenance periods were given a low dose of GCs.







4 Summary

cSLE has more severe clinical manifestations and injuries earlier than aSLE does. Compared to adult-onset SLE, cSLE has a stronger genetic background and more prevalent elevated IFN-I expression. Guidelines and consensus recommendations for moderate to severe cSLE are high-dose daily oral GC. In view of the side effects and irreplaceability of GC, the key approach for a reasonable and successful systematic GC treatment is to minimize the dose of the administered GC in order to reduce the occurrence of side effects. Of course, immunosuppressive agents are necessary regardless of GC application regimen. GC pulse therapy can rapidly exert anti-inflammatory and immunosuppressive effects with reduced GC-related toxicity and allowing a reduction in oral prednisone doses. Combined with the pharmacology, activation mechanism and the specific effect on IFN of the GC pulse, intermittent IVMP pulse therapy may be the preferred treatment for cSLE rather than the current daily oral therapy. Further clinical and experimental studies are required to support this idea.
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Introduction

Retinal degenerative or inflammatory changes may occur with hereditary immunological disorders (HID) due to variants in approximately 20 genes. This study aimed to investigate if such retinopathy may present as an initial sign of immunological disorders in eye clinic.





Methods

The variants in the 20 genes were selected from in-house exome sequencing data from 10,530 individuals with different eye conditions. Potential pathogenic variants were assessed by multistep bioinformatic analysis. Pathogenic variants were defined according to the ACMG/AMP criteria and confirmed by Sanger sequencing, co-segregation analysis, and consistency with related phenotypes. Ocular clinical data were thoroughly reviewed, especially fundus changes.





Results

A total of seven pathogenic variants in four of the 20 genes were detected in six probands from six families, including three with hemizygous nonsense variants p.(Q308*), p.(Q416*), and p.(R550*) in MSN, one with homozygous nonsense variants p.(R257*) in AIRE, one with compound heterozygous nonsense variants p.(R176*) and p.(T902*) in LAMB2, and one with a known c.1222T>C (p.W408R) heterozygous variant in CBL. Ocular presentation, as the initial signs of the diseases, was mainly retinopathy mimicking other forms of hereditary retinal degeneration, including exudative vitreoretinopathy in the three patients with MSN variants or tapetoretinal degeneration in the other three patients. Neither extraocular symptoms nor extraocular manifestations were recorded at the time of visit to our eye clinic. However, of the 19 families in the literature with retinopathy caused by variants in these four genes, only one family with an AIRE homozygous variant had retinopathy as an initial symptom, while the other 18 families had systemic abnormalities that preceded retinopathy.





Discussion

This study, for the first time, identified six unrelated patients with retinopathy as their initial and only presenting sign of HID, contrary to the previous reports where retinopathy was the accompanying sign of systemic HID. Recognizing such phenotype of HID may facilitate the clinical care of these patients. Follow-up visits to such patients and additional studies are expected to validate and confirm our findings.
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1 Introduction

Immunological diseases can be broadly classified into two major groups: autoimmune diseases that arise directly from dysregulated innate immune cells and auto-inflammatory diseases that result from adaptive immune responses triggered by innate immunity, both of which originated from chronic over-activation of the immune system following systemic tissue inflammation in genetically predisposed individuals (1, 2). To date, a number of immunological disorders have been identified to be hereditary, some of which have been found to be accompanied with ocular involvement that can manifest as degenerative or inflammatory changes when the retina is involved (3, 4). Retinal changes are frequently considered to be a concomitant sign of hereditary immunological disorders (HID). Despite the existence of a significant number of reported cases with HID, comprehensive descriptions regarding the accompanying retinopathy were lacking, and its distinguishing characteristics from other types of hereditary retinal diseases remained unclear. Autoimmune retinopathy was the most widely recognized retinopathy associated with HID, occurring when the eye is targeted and attacked by circulating anti-retinal antibodies of immunogenetic nature (5), in which photoreceptors, ganglion cells, and bipolar cells are predominantly affected (6). It is difficult to differentiate between autoimmune retinopathy and retinitis pigmentosa due to similar fundus performances and overlapping symptoms (7). The lack of definitive diagnostic criteria and the delayed abnormal examination indicators make significant challenges in diagnosing autoimmune retinopathy (8). Hereditary retinopathy associated with auto-inflammatory diseases has been rarely described, whereas auto-inflammatory disease has been reported to be associated to uveitis (9). In addition, there has been no comprehensive review of the genes associated with HID-related retinopathy based on a large cohort of individuals with hereditary retinal disorders. The proportion of such retinopathy, which mimics other forms of hereditary retinal diseases, within the broader spectrum of hereditary retinal disorders remains uncertain.

Here in this study, variants in 20 genes that have been reported to be responsible for retinopathy related to HID were collected from our in-house large exome sequencing data of 10,530 unrelated probands with various eye conditions (Supplementary Table S1). Of the 20, variants in eight were reported to cause retinal degenerative or proliferative changes, including variants in seven genes [AIRE (10), ALPK1 (11), CBL (12), LAMB2 (13), MTHFD1 (14), MVK (15), and TNFSF5 (16)], resulting in retinal degenerative changes and variants in LRRC32 leading to proliferative retinopathy (17). Variants in the remaining 12 genes have been found to be associated with retinal vascular or inflammatory changes, including variants in five genes [CECR1 (18), IGFBP7 (19), MEFV (20), NOD2 (21), and TNFAIP3 (22)] reported to cause retinal macroaneurysms, vasculitis, or angiitis. Variants in CAPN5 were reported to present with inflammatory vitreoretinopathy (23), hemizygous variants in MSN were found to cause exudative retinal detachment (24), and variants in the remaining five genes (NLRC4, NLRP1, NLRP3, TNFRSF1A, and TYK2) (4, 25) were associated with uveitis involving the posterior segment. All variants in the 20 genes were thoroughly analyzed by multistep bioinformatic analysis, comparison with general population gnomAD dataset, and genotype–phenotype correlation analysis. According to the American College of Medical Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP) guidelines, the pathogenic variants were defined and further confirmed by Sanger sequencing and co-segregation analysis. As a result, seven pathogenic variants in four of the 20 genes were identified in six probands from six unrelated families, including six nonsense variants and one known pathogenic missense variant. The ocular recording and examination results of the six patients were reviewed in detail, and the characteristic changes on fundi were especially focused on. In contrast to previous studies on HID-related retinopathy, the distinct and novel characteristic observed in our study was that all the six patients presented with retinopathy as the initial and only sign. Based on our extensive cohort of hereditary retinal diseases from a genetic eye clinic, the genetic profile and clinical features of HID-related retinopathy were elucidated. Our findings were extremely valuable in terms of the clinical diagnosis and treatment for patients presenting with retinopathy that resemble other forms of hereditary retinopathy yet lacking defined ophthalmic genetic causes. The challenges that may arise in clinical practice were proposed, which concerned how to identify such HID-related retinopathy from an ophthalmological perspective in the absence of systemic immunological disorders and how to emphasize the significance of paying attention to these cases, which were aspired to be elucidated in future research.




2 Materials and methods



2.1 Subjects

Our study was approved by the institutional review board of Zhongshan Ophthalmic Center. A total of 10,530 unrelated probands with various ocular conditions and their available family members were recruited from our Pediatric and Genetic Clinic, Zhongshan Ophthalmic Center, Guangzhou, China. Of the 10,530 probands, 4,380 probands had hereditary retinal diseases and 6,150 individuals presented with other eye conditions. The peripheral venous blood samples of probands and available family members were collected to extract the genomic DNA using a method described previously (26), after they signed the informed consent forms adhering to the tenets of the Declaration of Helsinki. Moreover, the clinical data of each patient were carefully collected.




2.2 Variant’s detection and evaluation

Targeted exome sequencing, whole-exome sequencing, or whole-genome sequencing have been performed in all the 10,530 recruited probands’ genomic DNA according to a previously described method (27, 28). Variants in the 20 genes associated with HID-related retinopathy were selected from our in-house exome sequencing dataset and filtered using a comprehensive strategy outlined in our previous study (27). Variants with a low coverage depth, minor allele frequencies of ≥1% in the general population gnomAD dataset, as well as variants located in synonymous sites, untranslated regions, or non-canonical splicing sites were systematically excluded from the following analysis. All missense variants were predicted using five in-silico prediction tools, including Rare Exome Variant Ensemble Learner (REVEL; https://sites.google.com/site/revelgenomics/about), Combined Annotation-Dependent Depletion (CADD; https://cadd.gs.washington.edu), Sorting Intolerant Form Tolerant (SIFT; https://sift.jcvi.org/), Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/index.shtml), and Protein Variation Effect Analyzer (PROVEAN; https://provean.jcvi.org/). The effects of variants in canonical splicing sites were assessed by the Human Splicing Finder system (HSF, https://www.genomnis.com/access-hsf). Comparative analyses were carried out between in-house dataset and the general population gnomAD database. Pathogenic or likely pathogenic variants were defined following the rigorous guidelines set by the ACMG/AMP (29), which were subsequently confirmed by Sanger sequencing, co-segregation analysis among available family members, and their consistency with relevant phenotypic characteristics (30).




2.3 Ocular manifestation summarization

The available clinical data of patients with pathogenic or likely pathogenic variants were collected and reviewed in detail. The recorded clinical data included gender, age of onset, age of examination, and first symptoms. Detailed ophthalmologic examinations were conducted, including best-corrected visual acuity, refractive error, fundus photography, funds autofluorescence (FAF), fluorescence fundus angiography (FFA), wide-field scanning laser ophthalmoscopy, optical coherence tomography (OCT), ocular B-ultrasound, and full-field electroretinography (ERG) according to the international standards of the International Society for Clinical Electrophysiology of Vision (ISCEV). In addition, systemic symptoms were questioned and recorded.




2.4 Review of retinopathy associated with immunological disorders

The term “retinopathy” and the respective gene names of the 20 identified genes were used as the keywords to search on PubMed website (https://pubmed.ncbi.nlm.nih.gov). All literature in English up to May 1, 2023 were included, and duplicates were excluded. The number of families with retinopathy attributed to variants in these 20 HID-related genes was systematically recorded and summarized. The ocular manifestations as well as systemic symptoms of these reported patients were meticulously collected and documented.




2.5 Statistical analysis

SPSS Statistics version 25.0 was used for statistical analysis. Chi-square test was used for comparative analysis of the distribution of variants and phenotypes in our in-house hereditary retinopathy cohort, in-house cohort of other ocular conditions, and the gnomAD database. P <0.05 was defined as statistically significant.





3 Results



3.1 Identification of pathogenic variants

In total, seven pathogenic variants in four of the 20 genes were identified in six probands from six unrelated families, including five novels (Table 1; Supplementary Table S2). Six of the seven variants were truncation variants and were identified in five patients, including three hemizygous nonsense variants c.922C>T/p.(Q308*), c.1246C>T/p.(Q416*), and c.1648C>T/p.(R550*) in MSN identified in three probands, a homozygous nonsense variant c.769C>T/p.(R257*) in AIRE detected in one proband, and biallelic variants c.526C>T/p.(R176*) and c.2700_2701del/p.(T902*) in LAMB2 found in one proband. The remaining one heterozygous missense variant, 1222T>C/p.(W408R) in CBL, was predicted as damaging by all five in-silico prediction tools and identified in one proband. Hemizygous nonsense variants in MSN were exclusively clustered within the in-house cohort of hereditary retinopathy, while no occurrences of these variants were recorded in the gnomAD database (P = 0.000009). The variant p.(R257*) in AIRE has been repeatedly reported in unrelated patients with autoimmune polyendocrinopathy–candidiasis–ectodermal dystrophy in homozygous or compound heterozygous status (31–33). The heterozygous missense variant p.(W408R) in CBL has also been reported as damaging in a prior study (34). All the seven variants in the six families were confirmed by Sanger sequencing, and those in three families were further validated with co-segregation analysis in available family members (Figure 1A). No other rare pathogenic variants in genes related to inherited retinal diseases were identified among all the six probands.


Table 1 | Seven pathogenic variants of four hereditary immunological disorder-related genes identified in this study.






Figure 1 | (A) Pedigree diagrams and Sanger sequencing consequences of six families identified with pathogenic variants in four of the 20 genes responsible for retinopathy related to hereditary immunological diseases. The squares represent male individuals, and the circles represent female individuals. The filled squares and circles indicate affected male and affected female individuals, respectively. Gene names and family numbers are provided above the pedigrees, while variants are shown below the pedigrees. The probands in each family are indicated by arrows. “M” indicates the mutant allele and “+” indicates the wild-type allele. (B) Genetic spectrum of eight genes associated with degenerative retinopathy including families in the literature and our cohort. (C) Overview of a family’s numbers with variants in the 12 genes associated with inflammatory retinopathy based on literature and our cohort. The slashed boxes in (B, C) represent the families identified in our cohort.






3.2 Genetic landscape of immunological disorder-related retinopathy

Of the six probands with pathogenic variants detected, three had retinal degenerative changes, while the other three had retinal inflammatory changes. In addition to the three probands identified in this study, patients from 57 families with retinal degenerative disorders were reported to have variants in the eight HID-related genes associated with degenerative or proliferative retinopathy. For the 60 families with HID-related degenerative retinopathy, variants in ALPK1, AIRE, MVK, CBL, LAMB2, LRRC32, MTHFD1, and TNFSF5 accounted for 45.0% (27/60), 20.0% (12), 11.7% (7), 10.0% (6), 5.0% (3), 5.0% (3), 1.7% (1), and 1.7% (1), respectively (Figure 1B). Conversely, except for three in-house probands with hemizygous variants in MSN, a total of 103 families have been reported to have variants in the 12 genes associated with retinal inflammatory changes. Therefore, variants in NOD2, IGFBP7, TYK2, CAPN5, TNFAIP3, NLRP1, MSN, NLRC4, NLRP3, CECR1, MEFV, and TNFRSF1A accounted for 42.7% (44/103), 14.6% (15), 11.7% (12), 8.7% (9), 4.9% (5), 4.9% (5), 3.9% (4), 2.9% (3), 2.9% (3), 1.0% (1), 1.0% (1), and 1.0% (1) families with retinal inflammatory changes, respectively (Figure 1C).




3.3 Ocular manifestation of six patients with HID-related retinopathy

In this study, pathogenic variants in HID-related genes were exclusively detected in six of 4,380 families with hereditary retinopathy. Significantly, none of the 6,150 in-house families with other ocular conditions were detected with these pathogenic variants (P = 0.005). Patient F1-II2 was a 3-year-old boy identified with a homozygous c.769C>T/p.(R257*) variant in AIRE, whose main complaint at initial visit in our clinic was poor vision in the recent 3 months as noticed by his parents. He was unable to maintain his gaze. No obvious abnormalities were observed in the anterior segment of the eyes. Direct fundoscopy showed a waxy pallor disc and mottled change of retina in both eyes. The results of wide-field fundoscopy presented with a waxy disc pallor, attenuation of retinal arterioles, and widespread tapetoretinal degeneration in mid-peripheral retina, without bone-spicule pigmentation deposits. On FAF fundus image, heterogeneous hypo-autofluorescence changes were found in the mid-peripheral retina, with hyper-autofluorescence along the major vascular arcade (Figure 2A). The OCT examination demonstrated an obviously disruptive structure of the outer retinal layer and diffuse thinning of the whole retina, especially the central macula (Figure 2B). Both rod and cone responses were non-recordable on ERG recordings (Figure 2C). Cranial and orbital computed tomography showed no significant abnormalities in the cranium, both orbits, and orbital contents. The boy’s weight was slightly below the normal range for a 3-year-old boy. No other systemic symptoms were found at this visit.




Figure 2 | Ocular manifestation of a 4-year-old boy carrying the homozygous nonsense variant in AIRE. (A) Wide-field fundus imaging shows a pale optic disc, narrowed arterials, and obvious tapetoretinal degeneration of the whole retina without pigment deposits. Fundus autofluorescence imaging shows heterozygous hypo-autofluorescence change in the periphery and hyper-autofluorescence changes along the vascular arcade. (B) Optical coherence tomography showing the disruption of the outer retinal layer and ellipsoid zone of the retina, especially the macula. (C) Full-field electroretinography shows extinguished both rod and cone responses.



Patient F2-II1 was a 4-year-old girl with a heterozygous CBL pathogenic variant and who was found to have poor vision during regular physical examination at the age of three. Her BCVA was 0.6 for the right eye and 0.5 for the left, with equivalent spherical of +3.25 diopter (D) for both eyes. The anterior segment was normal. The results of a direct ophathmoscope examination revealed mild irregular pigmentary changes in the central macula and slightly tapetoretinal degeneration in the mid-peripheral retina in both eyes. On wide-field fundus examination, rhagadiforme-like degeneration was observed on the far-peripheral retina. Wide-field FAF revealed mottled changes across the whole retina, which were extremely obvious in the central macula and the far-periphery retina. The results of OCT examination showed a normal macular structure (Figure 3). The remaining proband F3-II1 had degenerative retinopathy and biallelic truncation variants in LAMB2 and came to our clinic at age of 59 with a complaint of poor vision since childhood. Now, his BCVA was hand movement and finger counting for the right and the left eye, respectively. The ocular examination revealed horizontal nystagmus, partial lenticular opacity, and grayish retina with pigmentation deposits.




Figure 3 | Fundus performances of a four-year-old girl identified with heterozygous pathogenic missense variant in CBL. The middle of the left column is the wide-field fundus photography of the patient’s right and left eye, respectively, showing slightly tapetoretinal degeneration in the mid-peripheral retina and characteristic rhagadiforme-like degeneration in the far-peripheral region, with magnified details of the peripheral changes shown above her wide-field images. The lower left imaging is autofluorescence imaging of this patient, in which speckled hyper-autofluorescence changes of the whole retina are observed, particularly evident in the macula pigmentary changes area and peripheral degenerative area. However, by routine posterior fundus examination, only macular pigmentation disorders were found in both eyes, demonstrated in the upper left. Normal macular structure was found on optical coherence tomography. The right is the left eye of a normal control, which shows no degenerative changes in the peripheral retina and homogeneous autofluorescence of the whole retina. Above the right column is a magnified view of the peripheral region in the normal control. The white dashed box indicates enlarged retinal area.



Except for the three probands with degenerative retinal changes, the other three probands with hemizygous nonsense variants in MSN presented with retinal changes similar to familial exudative vitreoretinopathy (FEVR) accompanied with tapetoretinal change. F4-II2 came to our clinic at the age of 6 months due to being unable to maintain his gaze as noticed by his parents. The slit lamp examination revealed a shallow anterior chamber, posterior synechia, and irregularly shaped pupil on both of his eyes. Upon RetCam examination, it was observed that the optic disc was dragged with fibrovascular membrane toward the temporal peripheral regions in both eyes. A diagnosis of FEVR was proposed, and laser photocoagulation on the retina was conducted. At follow-up visit at 10 months later, temporal tractional retinal detachment and severe temporal retinal fold were observed in the right and left eye, respectively. F5-II2 came to our clinic for decreased vision of the left eye for 1 month at the age of 13. He had phacoemulsification surgery, and an intraocular lens was implanted in his right eye due to a complicated cataract of the right eye. At that time, he had cloudy vitreous body and an intraocular membrane-like object in his right eye on B-ultrasound scan, widespread tapetoretinal degeneration and stretching of retinal vessels on posterior retina, and brush-like extraretinal neovascularization with slight fluorescein leakage in peripheral retina and far-peripheral avascular zone as demonstrated by FFA. At current visit, BCVA was 0.06 of the right eye and finger counting of the left eye. The ophthalmic examination found rhegmatogenous retinal detachment, choroidal detachment, and complicated cataract of the left eye. F6-II1 had poor vision since birth and received a series of ocular as well as systematic examination at the age of 2. White calcified opacity was found at the posterior capsule of the left eye’s lens, which suggested a diagnosis of congenital cataract. Ocular examinations were performed under general anesthesia. Vitreous haze and posterior detachment of the retina in both eyes were observed by B-ultrasound. The axial lengths were 23.79 and 23.19 mm of the right and left eye, respectively. The optometry results were -10.00DS for the right eye and -9.50DS for the left eye. The results of the fundus examination was suggestive of macular hypoplasia. At the age of 4 years, BCVA of the right eye was 0.16 and that of the left one was 0.1. Direct fundoscopy observed the retina to be slightly showing tapetoretinal degeneration, macular hypoplasia, apparent straightening of the vessels, and optic vessels extending to the periphery in a fan-shaped appearance. Wide-field fundus examination including FFA showed generalized retinal degeneration and extremely straightened retinal vessels without obvious leakage (Figure 4). The OCT results showed hypoplastic fovea (Figure 4).




Figure 4 | Fundus manifestation of a four-year-old boy with hemizygous nonsense variant in MSN. Apparent straightened of the vessels with optic vessels extending to the periphery in a fan-shape fashion and tapetoretinal degeneration of the retina were observed by posterior and wide-field fundus examination. This degeneration is different from other forms of degeneration observed in patients with retinitis pigmentosa. It is shown enlarged on the top of this image, adjacent to the posterior retina imaging. On fluorescence fundus angiography, extremely straightened retinal vessels without obvious leakage and mottled hyper-fluorescence changes around the arch of vessels are observed.






3.4 Retinopathy features of the four genes in the literature

In a previous study, 12 patients from 11 unrelated families have been identified with homozygous or compound heterozygous variants in AIRE and observed with autoimmune retinopathy (10, 35–40). In total, 11 of the 12 patients initially had systemic symptoms, including autoimmune hepatitis, mucocutaneous candidiasis, hypoparathyroidism, or adrenal insufficiency, followed by vision loss or nyctalopia. Ocular manifestations resembling retinitis pigments were observed in the 11 patients who showed a pale optic disc, attenuated retinal arterioles, and bone-spicule pigment deposits in the peripheral retina. There were six patients who had nondetectable rod and cone responses on ERG and disruption of the photoreceptors layers on OCT. Their BCVA ranged from 0.1 to 1.0. Their anterior segments had no remarkable findings. The remaining one of the 12 patients was a 19-month-old patient who had a rapid decrease in vision after an infection of COVID-19 and non-recordable responses of rod and cone on ERG examination. Due to the fact that no other systemic symptoms were identified at visit, Leber’s congenital amaurosis genes were suspected. Variants in genes related to Leber’s congenital amaurosis were comprehensively screened, and no positive findings could be identified. After autoimmune hepatitis occurred at the age of 3, autoimmune-related retinopathy was considered, and pathogenic variants in AIRE were identified (10). Five unrelated probands have been identified with heterozygous missense variants in CBL and diagnosed with RASopathy accompanied with retina involvement. Their ocular manifestation was variable, including two with periphery pigmentary changes, two with optic edema or atrophy, and one with retinal detachment due to episodes of chronic uveitis (12). Two reported patients with Pierson syndrome caused by LAMB2 variants exhibited distinct retinal manifestations, including one with retinal atrophy change and one with retinal detachment, following early-onset renal failure (13, 41). Only one published case has been observed with exudative retinal detachment following a recurrent infection history in his early life and detected with hemigynous variant in MSN (42). As for the remaining 39 published families identified with variants in the remaining five HID-related genes (ALPK1, LRRC32, MTHFD1, MVK, and TNFSF5) that have been associated with degenerative change of retina, only two probands were detected with MVK variants and presented with non-syndromic retinitis pigmentosa as initial symptom, while patients in the other 37 families had ocular symptoms as concomitant signs of systemic abnormities.





4 Discussion

This study was the first research that investigated the genetic profile and clinical characteristics of retinopathy associated with HID from the perspective of a large cohort of hereditary retinal diseases, based on our in-house exome sequencing database of inherited ocular diseases. Variants in 20 genes reported to be responsible for HID-related retinopathy were collected and comprehensively evaluated. Seven pathogenic variants in four of the 20 genes were identified, whose pathogenicity was well defined, as confirmed by co-segregation analysis, compared with the general population database and referenced with published literature. Of the seven pathogenic variants, three hemizygous nonsense variants in MSN were exclusively aggregated in our inherited eye diseases cohort but absent in the gnomAD database. These pathogenic variants were detected in six probands from six unrelated families, exclusively clustered in the hereditary retinopathy cohort compared with those with other ocular conditions. Their phenotypes were difficult to distinguish from other forms of hereditary retinopathies, in whom three with MSN nonsense variants showed phenotypes mimicking FEVR, while the remaining three had performances resembling retinitis pigmentosa. Though similar to other forms of retinopathy, some difficult-to-notice features of these patients were observed, which may be a good point of discrimination. Specially, ocular involvement was the initial and only sign of the six patients, which was in contrast to previous reports in which retinopathy was usually the accompanying sign of systemic abnormalities of HID. Recognizing such retinopathy may be the initial and only presenting phenotype of systemic HID and may contribute to good clinical care of these patients (Figure 5).




Figure 5 | The flow diagram illustrating our analysis process in this study. Our study was conducted based on a large cohort of hereditary eye disease, comprising 10,530 probands with various ocular conditions. Exome sequencing was performed on the genomic DNA of all 10,530 families. Variants in 20 genes known to be associated with hereditary immunological disorders-related retinopathy were selected for further multistep analysis. Pathogenic variants were assessed according to the ACMG/AMP criteria, involving comparative analysis with the general population gnomAD database, reference to the HGMD database, and consideration of consistency with related phenotypes. No other variants in known genes responsible for inherited retinal disorders were identified. As results, seven pathogenic variants in four of the 20 genes were identified in six unrelated families. Retinopathy, resembling other forms of inherited retinal diseases, was observed as the initial sign in these cases. Our finding prompts the need for further observation in a larger cohort.



Autoimmune retinopathy is the best-known form of ocular involvement in HID-related retinopathy caused by antibodies targeting the retina (8). Autoimmune polyendocrinopathy syndrome type I (APS1), as the systematic autoimmune disease firstly identified to be caused by variants of a single gene (43), is characterized by a clinical triad of chronic mucocutaneous candidiasis, hypoparathyroidism, and primary adrenal insufficiency (44). Autoimmune regulator (AIRE) protein is well known for its critical role in the immune tolerance process (43). It functions as a key regulator by facilitating the expression of tissue-specific antigens within the thymus and promoting the elimination of self-reactive T cells (45). Defects in this key regulator can lead to the breakdown of self-antigen expression and loss of function in establishing central tolerance to various autoantigens (46). Though the human eye exists in a special immune-privileged environment (47), it still could be attacked under the organ-specific autoimmune dysfunction background due to AIRE deficiency (48). The infiltration of CD4+ and CD8+ T cells along with an increased expression of proinflammatory cytokines on the ocular surface have been observed in mice experiments, which suggested immune-mediated mechanism function in the disruption of the ocular surface barrier (49, 50). The initial symptoms of APS1 are usually infection in childhood, followed by hypoparathyroidism by age 10 and adrenal insufficiency by age 15 (51–53). Keratoconjunctivitis has been long-established as associated with APS1 when the eye is involved (54), while a limited number of patients with APS1 have been found to present with autoimmune retinopathy (10, 35–40). A total of 12 reported patients in the literature exhibited with consistent retinal changes resembling retinitis pigmentosa, which showed a pale optic disc, attenuated retinal arterioles, and bone-spicule pigment changes in the periphery with retinal atrophic changes (36). Other examinations showed disruption of retinal structures on OCT and extinguished photoreceptor responses as recorded by ERG, but no other features of the retina different from retinitis pigmentosa were found. Prior to the identification of autoimmune retinopathy, 11 of the 12 patients have been reported to present with systemic symptoms. Only one youngster presented initially with ocular symptoms. Rapid and painless vision loss that was as severe as no light perception and extinguished both rod and cone responses suggested a diagnosis of Leber’s congenital amaurosis. No positive genetic causes were identified when focus on the genes related to Leber’s congenital amaurosis. It was not until the occurrence of autoimmune hepatitis at the age of 3 that autoimmune-related disorders were suspected and confirmed by genetic findings (10). The patient identified in our cohort exhibited widespread tapetoretinal degeneration without obvious pigment deposits and hyper-autofluorescence change along the major vascular arcade on the FAF, suggesting an autoimmune nature (55). However, no frequent candida infection and neither signs nor clinical examination abnormalities of hypoparathyroidism or adrenal insufficiency were noted upon follow-up of this patient. It is suggested that systemic disorders should be taken into consideration when no ophthalmic genetic causes can be identified in patients exhibiting ocular symptoms resembling other types of retinopathies and in the absence of systemic manifestations. As the most important human sense, the initial detection of autoimmune retinopathy in APS1 through routine ophthalmic examinations may be an early warning sign before systemic abnormalities occur, similar to the early diagnosis of retinopathy in CEP290-associated Senior–Loken syndrome, thus providing a window of time to treat a kidney disease (56).

Starting with the case of AIRE-associated autoimmune retinopathy, it makes us wonder if there are more patients with hereditary retinopathies in our cohort for whom no ophthalmic relevant genetic factors have been identified that might be attributed to variants in HID-related genes. In addition to autoimmune retinopathy, other retinal dystrophic changes have been reported as ocular manifestations of HID. So, our study included not only genes related to autoimmune retinopathy but also others associated with HID-related retinal degenerative changes. Previously, a heterozygous germline variant in CBL that was involved in the RAS-MAPK signaling pathway has been reported to cause Noonan syndrome-like phenotype with a predisposition to malignancies (57), while somatic mutations in CBL have been found to lead to myeloproliferative disorders including juvenile myeloid leukemia (JMML) (58). The CBL protein exhibiting ubiquitin ligase (E3) activity has been identified as a significant negative regulator in the RAS-MAPK transduction cascade (59), a pivotal process in normal cellular mediating processes, by promoting the internalization and retrogradation of the epidermal growth factor receptor protein (EGFR) (60). The ubiquitination of E3 protein plays a crucial role in the regulation of the immune system, encompassing both innate and adaptive responses (61). Maintaining the balance between activation and inhibitory signals, the CBL protein contributes significantly to immune homeostasis (62–64). It has been demonstrated that pathogenic germline variants in the CBL gene impact the ubiquitylation and migration of EGFR, resulting in loss of downregulation function of the CBL protein in the RAS-MAPK pathway, which leads to Noonan syndrome and other RASopathies (65). Based on the Cbl knock-out mice model, it has been observed that autoimmune disorders were predisposed to happen, highlighting the critical role of CBL in immune regulation. Furthermore, potential therapy targeting the ubiquitin ligase has been reported to be a novel approach to autoimmunity disease (66). Only one published study described five patients with CBL variants who had various retinal performances, including two with peripheral pigmentary changes mimicking retinitis pigmentosa, two with optic dystrophy, and one with retinal detachment due to recurrent uveitis, four of whom had chronic hepatosplenomegaly for a long time and one who had idiopathic thrombocytopenic purpura since childhood before visual loss (12). Our study, for the first time, reported a patient with a characteristic retinal manifestation as the initial and only sign of a pathogenic germline variant in CBL. Pigmentary disturbance of the macula with sightly retinal tapetoretinal degeneration as observed with an ophthalmoscope indicated a diagnosis of retinitis pigmentosa, while special rhagadiforme-like degeneration with a hyper-autofluorescence change found in the far-peripheral retina attracted our attention. Such rhagadiforme-like degeneration was extremely rare and different from other inherited retinal degenerations commonly seen in our clinic. A genetic test was suggested, and a pathogenic germline mutation in CBL was identified. It was suggested that, in addition to OCT and ERG examinations, wide-field fundus examination as well as autofluorescence photography were also valuable in the initial determination of the autoimmune characteristics of retinal degeneration. Retinal degeneration associated with HID may present with hyper-autofluorescent performance which was distinct from retinitis pigmentation with a hypo-autofluorescent change (55).

Of the 12 genes related to retinal vasculature inflammation or posterior uveitis, only three hemizygous nonsense variants in MSN were identified in our cohort. Moesin (MSN) is one of the ezrin–radixin–moesin (ERM) family member proteins involved in the function of actin cytoskeleton by jointing cortical actin filaments to the plasma membrane proteins, which plays an essential role in the normal immune response by regulating lymphocyte activation and migration (67). Deficiency or overexpression of ERM-mediated interconnection in a mouse model has been found to be associated with disrupted lymphocyte homing (68). Highly expressed in lymphocytes, moesin determines the formation of the immunological synapse in B and T cells and controls the proliferation of CD8+ and CD4+ Tregs, whose deficiency has been found to result in persistent lymphopenia in the peripheral blood (69). Previously, variants in MSN have been reported to cause a novel form of X-linked recessive primary immunodeficiency (IMD50) that is characterized with recurrent infections in multiple organs (24). To the best of our knowledge, a total of 14 patients have been reported to have MSN-associated IMD50, including 11 probands carrying variant c.511C>T/p.(R171W), which results in mRNA degradation followed with protein expression reduction, and three patients were detected with nonsense variants (24, 42, 69–71). One boy patient had X-linked inflammatory bowel-like disease that was reported to be caused by nonsense variant in MSN (72). Moreover, moesin has been found to involve vascular endothelial dysfunction and to be associated with autoimmune-related vasculitis (73, 74). To date, only one reported patient with MSN variant has been described with ocular involvement and who had posterior exudative retinal detachment caused by chronic inflammation (42). In our study, no patients with the p.(R171W) variant or other likely pathogenic missense in MSN were identified. All three hemizygous nonsense MSN variants were clustered in patients with exudative vitreoretinopathy resembling the FEVR phenotype. Differently from other forms of FEVR, wide-field special tapetoretinal degeneration was observed in our patients. All three patients had no complaints of other systemic infections at the time of presentation, except for eye disease. In the situation that systemic symptoms were absent, a diagnosis of FEVR was likely to be carried out. However, no pathogenic or likely pathogenic variants in genes known to be the cause of FEVR were identified. For the first time, our study proposed that sight-threating exudative vitreoretinopathy phenotype was a characteristic ocular manifestation of MSN-associated autoimmune disease, which may be the initial and only signs. We are eager to further confirm our findings in more cases. Recognizing the correlation between exudative vitreoretinopathy and MSN is valuable, reminding us that such systemic HID-related exudative vitreoretinopathy should be recalled in the clinical care of these patients without obvious systemic abnormalities and identified genetic causes to explain the FEVR-like phenotypes. Moreover, patients with MSN-associated IMD50 should be aware of ocular disease to prevent severe sight loss due to retinal detachment.

The nuclear factor kappa B (NF-κB) signaling cascade is a widely recognized and crucial pathway that triggers immune cell activation and tightly linked to the transcription of pro-inflammatory and cell survival genes (75). Both Blau syndrome and Haploinsufficiency A20 are auto-inflammatory diseases resulting from the excessive activation of the NF-κB pro-inflammatory pathway. Blau syndrome was caused by gain-of-function variants in NOD2 gene, which lead to an aberrant auto-activation of the NF-κB pathway (21). In contrast to the understanding that loss-of-function variants of NOD2 were considered nonpathogenic for Blau syndrome (21), Haploinsufficiency A20 is attributed to loss-of-function variants in TNFAIP3 gene (22). The A20 protein encoded by TNFAIP3 has been reported to play an essential role in the NF-κB pathway by regulating its signals through a deubiquitinating activity. Loss-of-function variants in TNFAIP3 result in the inadequate suppression of the NF-κB signaling, consequently leading to inflammation (76). As rare autosomal dominant auto-inflammatory diseases, both Blau syndrome and Haploinsufficiency A20 are characterized by early-onset systemic inflammation as well as ocular inflammation manifestations. The classical clinical triad of Blau syndrome includes granulomatous uveitis, arthritis, and skin rashes (77, 78), whereas Haploinsufficiency A20 was presented with non-granulomatous uveitis, skin rashes, and oral or genital ulcers (22). Despite the hallmark manifestation of the two diseases that has been recognized, the diagnosis remains challenging because of their variable phenotype, which commonly overlaps with other inflammatory conditions (78). Recent advances in the treatment of the two autoinflammatory diseases have underscored the critical importance of the early identification of these patients, as it can significantly improve their prognosis. To achieve this goal, accurate and efficient diagnosis is necessary, which requires the detection of a pathogenic variant in NOD2 or TNFAIP3 (22, 79–81).

Non-infection ocular inflammation related to other systemic autoimmune disorders, such as anterior uveitis associated with ankylosing spondylitis, Vogt–Koyanagi–Harada disease, and Behçet’s disease (82), usually presents with significant symptoms which are predominantly inflammatory-related, including severe photophobia and pain, obvious ciliary congestion, anterior chamber flare, keratic precipitates, iris nodule, and so on. The patients with these obvious symptoms and signs suggestive of uveitis usually directly visit the uveitis clinic of ours rather than our genetic eye clinic. Therefore, our cohort mainly consists of patients with suspected hereditary ocular diseases, often presenting with ocular manifestations difficult to detect and which are unexplained. However, the feature of our cohort was also our limitations, namely, that the exact proportion of uveitis is not known. Another limitation of our study was the lack of a long-term follow-up of systemic symptoms in these patients, which we aspire to perform in the future.

Although our research mainly focused on a large cohort comprising thousands of subjects with hereditary ocular diseases, our findings should be applicable for validation in other larger cohorts of diverse individuals. The ocular phenotypes observed in both our registered patients and reported cases in previous literature could be explained by the identified variants with explicit pathogenicity. Pathogenic variants in HID-related genes exclusively clustered in the hereditary retinopathy cohort as compared to the cohort with other ocular abnormalities and the general population. Moreover, variants in genes attributed to other forms of inherited eye diseases have been excluded at first. Based on our findings and a comprehensive review of the literature, the conclusion that individuals detected with pathogenic variants in one of the 20 genes related to HID might initially or exclusively present with ocular degenerative or proliferative mimicking retinitis pigmentosa or FEVR could be drawn. Of course, it should be emphasized that potential variants in other known genes related to hereditary ocular diseases should be excluded, and systemic immunological laboratory indicators should be given careful attention. Also, we are eager to carry out in the future a larger population study not limited to specific patients with ocular abnormalities to further validate our findings. Furthermore, when noticing specific manifestations of the retina, including degenerative, proliferative, inflammatory, and vascular changes, consideration should be given to the possibility of HID diagnosis.

In summary, our study, for the first time, reported six patients with retinopathy as the initial and only sign of HID at the time of visit, in contrast to previous studies that reported patients with retinopathy as a concomitant sign of systemic abnormalities. Our findings are a good reminder that such retinal features should be considered as possibly HID-related even though no systemic clinical features are present. In patients with degenerative changes mimicking retinitis pigmentosa and vascular changes resembling FEVR for which no genetic cause can be found, attention should be paid to the importance of HID-related retinopathy. Earlier recognition of such an ocular phenotype of HID may provide a valuable time window for tracking and caring for potential and serious to systemic symptoms of these patients.
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Case Report: Successful treatment with methotrexate in a 10-year-old boy with co-occurrence of generalized psoriasis and vitiligo
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The co-occurrence of psoriasis (PsO) and vitiligo is rare in Asian countries, especially in children. This case report presents the first-ever occurrence of PsO combined with vitiligo in an Asian boy under 6 years of age, in whom symptom improvement was observed after the use of methotrexate (MTX) as the sole treatment. Although previous studies have indicated that there is a close correlation between the two diseases, methotrexate (MTX), which is a commonly used treatment for PsO, is not a standard treatment for vitiligo. Even with advanced progress in biologics and Janus kinase inhibitor (JAKi), the biologics and JAKi used in vitiligo are still inconsistent. In our case report, the successful use of MTX indicated that there are shared immune pathways between PsO and vitiligo. Further exploration is needed to optimize the treatment options for this co-occurrence of PsO and vitiligo.
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Introduction

Psoriasis (PsO) is more prevalent in Northern European nations than in East Asia (1), and vitiligo is less common among Asian Americans than individuals of other races (2). Consequently, the co-occurrence of PsO and vitiligo is frequent in Europe and the Americas but rare in Asia, especially among children under 10 years of age. We present the first-ever case of an Asian boy under 6 years of age who developed PsO combined with vitiligo. This child’s symptoms improved after only methotrexate (MTX) was administered. Based on this treatment experience and relevant literature, we discuss the correlation between PsO and vitiligo and the therapeutic role of MTX in treating these two conditions.

At 5 years of age, a young boy with no family history of PsO or vitiligo presented with psoriatic lesions on his elbows, knees, hands, and feet, along with associated nail changes. Initially, he was managed with topical corticosteroids at local clinics for his condition. One year later, at 6 years of age, vitiligo appeared to be generalized and included lesions of PsO that extended to the patient’s face and neck. At 7 years of age, he was brought to our outpatient department due to progressed vitiligo and PsO despite the addition of narrow-band ultraviolet B (NB-UVB) phototherapy for 3 months. A physical examination revealed vitiligo lesions all over the patient’s face, neck, hands, trunk, four limbs, palms, and soles, with typical psoriasis plaques on the patient’s knees, elbows, hands, and feet. In regard to psoriatic nails, crumble of more than half the nail bed area was observed on all 10 toenails, and the fingernails were also affected, with mild pitting and minimal onycholysis observed, but no subungual hyperkeratosis or crumble. No musculoskeletal symptoms or signs and no arthritis were observed at that time. All the hematologic, biochemical, and autoimmune examination results were within the normal range. He did not have the budget for treatment with biologics. Hence, our treatment target was focused only on his PsO and psoriatic nails, with low-dosage MTX (5 mg per week owing to his body surface area). During the initial 6-month period, monthly follow-up assessments were conducted to track treatment outcomes and potential side effects. Encouragingly, no adverse effects were observed, and the patient maintained normal levels of blood cells and normal liver function. PsO lesions improved approximately 4 weeks after treatment, and the vitiligo lesion improved approximately 8 weeks after treatment. These positive results underscore the favorable tolerability and effectiveness of the treatment regimen, and the follow-up interval was extended to every 2 months (for 6 months) and finally to every 3 months (to date). After 3 years of treatment at the same dosage of MTX, the psoriatic skin and nail lesions have improved slowly, the psoriasis area severity index (PASI) score has declined from 6.1 to 1.9, and the vitiligo has improved dramatically over time, with the vitiligo area scoring index (VASI) decreasing from 54.8 to 21.5, and with no signs or symptoms of arthritis observed during this period. The psoriatic nail lesions also improved slowly (approximately 18 months after treatment), and improved only partially after 3 years of treatment, with the right big toenail regrowing almost fully, approximately 50% of the nail bed area on the left big toenail regrowing, and the crumbling areas on the other toenails decreasing by approximately 30%, with only minimal residual pitting observed over all fingernails (Figures 1, 2).




Figure 1 | Panels (A–D): Generalized co-occurrence of vitiligo and psoriasis before treatment.






Figure 2 | Panels (E–H): Vitiligo responded better than psoriatic lesions to low-dose methotrexate treatment after 3 years.







Discussion

PsO is a chronic inflammatory skin disease characterized by well-demarcated erythematous plaques covered by excessive keratinocyte exfoliation. According to the Global Burden of Disease (GBD) Study 2019, its prevalence rate is 57.8 per 100,000 people and it is more common in Northern European nations (1). Vitiligo is an autoimmune disorder that causes the patchy loss of skin pigmentation by attacking melanocytes. It is less prevalent among Asian Americans than among individuals of other races (2). The co-occurrence of PsO and vitiligo was first reported by Selenyi in 1955 (3). PsO has a strong tendency to co-occur with other autoimmune/immune-mediated diseases, and research indicates that PsO patients may have a 25% chance of developing vitiligo during their lifetime (4). Similarly, PsO is the second most common comorbidity in vitiligo patients (5). Therefore, the co-occurrence of PsO and vitiligo is more frequent in individuals in Western countries than in Asian children. Until now, only six cases in which PsO co-occurred with vitiligo have been reported in Asian patients. These comprised four Korean patients, one Japanese patient, and one Chinese patient; the two Korean patients were adults and had previously been reported on in a study written in Korean (6, 7); of the other four patients, who were reported on in a study written in English, two were Korean adults (8, 9). In the Japanese patient, initial symptoms of vitiligo presented in childhood, and PsO co-occurred when she was 66 years old (10). The co-occurrence of PsO and vitiligo under the age of 18 years was observed in only the Chinese patients. The Chinese patient showed initial symptoms of vitiligo at 10 years of age, with PsO co-occurring 2 months later (11). Our patient is the youngest Asian child in whom the initial symptoms of co-occurrence of PsO and vitiligo presented below the age of 6 years.

Current studies have revealed that the interleukin (IL)-23/IL-17 pathogenic axis drives PsO. The activation of plasmacytoid dendritic cells promotes myeloid dendritic cell maturation and the production of tumor necrosis factor-α (TNF-α), IL-12, and IL-23, which leads to the activation of Th (T helper) 1 and Th17, and the subsequent secretion of inflammatory cytokines, such as TNF-α, IL-17, IL-21, and IL-22. These cytokines (especially IL-17) then activate keratinocytes and produce antimicrobial peptides, cytokines, and chemokines, contributing to inflammation amplification (12). Therefore, in addition to conventional synthetic diseases modified antirheumatic drugs (csDMARD), biologics are commonly used in treating PsO, including TNF inhibitor (TNFi), anti-IL-17 antibodies, anti-IL-17 receptor antibodies, anti-IL12/23 antibodies, anti-IL-23 antibodies, and Janus kinase inhibitor (JAKi).

Before 2013, no positive results associated with treating vitiligo using MTX had been published (13); only after 2015 did a few studies with a small number of patients reveal the effect of MTX in vitiligo (14, 15), and since 2020 a few positive results associated with MTX combined with low-dose steroids or phototherapy in vitiligo have also been reported in a small number of cases (16, 17). Yen et al. previously reported that PsO and vitiligo have similar pathogenic backgrounds. They are both cell-mediated Th1 diseases in which elevated TNF-α and interferon (INF) levels and the activation of the Th17 pathway are observed (18). After that, TNFi, anti-IL-17 antibodies, anti-IL-23 antibodies, and JAKi are reasonable in treating the co-occurrence of PsO and vitiligo. In recent vitiligo studies, the IFN-γ- CXCL9/10-CXCR3 axis appears important in vitiligo via inhibiting melanogenesis, inducing apoptosis of melanocytes, and further recruiting T cells to the skin. These are all involved in the JAK/signal transducer and activator of the transcription (STAT) pathway. In addition, cytokines, including heat shock protein 70i (HSP70i), IL-15, IL-17/23, and TNF, and also the wnt signaling pathway, regulatory T cells (Tregs), and micro-RNA (miRNAs), have also been proven to be involved in the pathogenesis of vitiligo. Based on the pathophysiology of vitiligo, the current treatment for moderate to severe vitiligo includes TNFi, anti-IL-17 antibody, anti-IL-23 antibody, and JAKi (19). However, many case reports have revealed that the use of these biologics in treating PsO or the co-occurrence of PsO and vitiligo, except for JAKi combined with phototherapy (20, 21), might induce the new onset of or worsen pre-existing vitiligo (22, 23). The first case of vitiligo successfully treated with JAKi was reported in 2015 (24). Later, positive results of topical JAKi in vitiligo were published in 2017 (25). Nevertheless, it was not until July 2022 that the Food and Drug Administration (FDA) approved topical ruxolitinib as a treatment for non-segmental vitiligo in patients above the age of 12 years. Although some oral JAKi studies in vitiligo had positive results, no oral JAKi are currently approved for treatment. In addition, the FDA-approved label for topical ruxolitinib features a pointed reminder that the relationship between the JAKs and their inhibition and vitiligo is not entirely understood. On the label it is stated that the “relevance of inhibition of specific JAK enzymes to therapeutic effectiveness is unknown.”

The efficacy of MTX in treating rheumatoid arthritis, psoriatic arthritis, and PsO was previously thought to be inherent to its action as a competitive inhibitor of dihydrofolate reductase (DHFR); enzymatic inhibition reduces the intracellular levels of downstream folate pathway intermediates required for nucleotide synthesis, and this results in impaired DNA replication. A possible new mechanism of MTX in immune disease, namely its inhibition of the JAK/STAT pathway, was proposed in 2015 (26). MTX has multiple mechanisms that potentially contribute to anti-inflammatory actions, including (a) inhibition of purine and pyrimidine synthesis, (b) transmethylation reactions, (c) the translocation of nuclear factor-κB (NF-κB) to the nucleus, (d) signaling via the JAK/STAT pathway, (e) nitric oxide production, and (f) the promotion of adenosine release and expression of specific long non-coding RNAs. Among these possible mechanisms, (c), (d), and (e) have been proposed to be the principal anti-inflammatory mechanisms (27). The (f) mechanism of anti-inflammation was previously included in the main mechanism, but a recent study revealed that the polymorphism of the genes involved in adenosine production and signaling could influence the response to MTX (28). The patient reported on in our case report started taking MTX in 2018; at that time, MTX was the first choice of first-line csDMARDs for moderate to severe PsO and was not considered helpful for vitiligo treatment, and JAKi, in both topical and oral form, had still not been approved for the treatment of vitiligo, especially in children under the age of 12 years. Therefore, in addition to presenting the youngest patient with co-occurrence of vitiligo and PsO, in our case report we present the successful treatment with MTX, especially of vitiligo and not just of PsO, as a piece of minor evidence that the JAK/STAT pathway may play an important role in both vitiligo and PsO.

Another interesting observation is that in our patient the PsO lesions were all found within the later onset vitiligo lesion area. From Sharquie’s report, 15 patients were found to have co-occurrence of PsO and vitiligo. The PsO lesions of eight patients were in the vitiligo lesions, and in another nine their PsO lesions were separate from the vitiligo lesions (29). Whether or not the excellent response of PsO and vitiligo to MTX in our patient is related to the fact that these two skin lesions (for two conditions with a common pathologic pathway) were in the same area still needs further study.





Conclusion

Li et al. summarized three possible mechanisms of the co-occurrence of vitiligo and PsO: (a) isomorphic reaction, (b) shared genetic basis of autoimmunity and inflammation, and (c) shared cellular immune pathways and related cellular molecules (11). Based on the occurrence of vitiligo following the onset of PsO, the lack of a traceable family history of PsO or vitiligo, and the good results with MTX treatment in both PsO and vitiligo in our case, we suggest that the co-occurrence of PsO and vitiligo is not a coincidence and may be related to the shared cellular immune pathways of both diseases. Although the effects of TNFi and anti-IL-17 antibodies on vitiligo are variable, the utilization of MTX in conjunction with steroids or phototherapy and the consideration of JAKi targeting the JAK/STAT pathway hold potential for treating vitiligo. However, it is important to note that the hypothesis regarding the involvement of the JAK/STAT pathway in vitiligo treatment needs to be substantiated with further evidence.
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Introduction

Juvenile idiopathic arthritis (JIA), a clinically variable disease characterized by autoimmune arthritis, affects children, and its immunopathology remains elusive. Alterations in neutrophil biology play an important role in this disease. In the present study, we aimed to explore the features of low-density neutrophils (LDNs) in patients with JIA.





Methods

Gene expression of peripheral blood mononuclear cells (PBMCs) from children with distinct subtypes of JIA was analyzed by NanoString Immunology panel. Presence of LDNs was ascertained by flow cytometry and the release of neutrophil-associated products were analyzed by LUMINEX.





Results

LDNs were detected in patients’ peripheral blood mononuclear cells (PBMCs) after density gradient centrifugation. Transcriptomic analysis of JIA PBMCs revealed that genes related to neutrophil degranulation were markedly upregulated. The number of LDNs and level of their degranulation products increased in patients’ PBMCs and correlated with serum calprotectin, but not with disease activity, sedimentation rate and C-reactive protein (CRP) levels. The phenotypes of LDNs varied from those of normal-density neutrophils and healthy donor LDNs. Phenotypical analysis revealed LDNs are immature and primed population with decreased suppressive capacity. A negative correlation between surface proteins CD62L, CD66b, and CD11b and the number of inflamed joints/JADAS was established.





Conclusion

Our results describe LDNs as primed, degranulated, immature cells with impaired suppressive activities. This work thus contributes to the increasing body of evidence that LDNs in JIA are altered and their role in the disease immunopathogenesis and possible clinical associations should be investigated further.
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1 Introduction

Low-density neutrophils (LDNs) are a subset of neutrophils that remain in the peripheral blood mononuclear cell (PBMC) fraction after density gradient centrifugation. Their density is similar to that of PBMCs, but different from that of normal-density neutrophils (NDNs), which segregate with other polymorphonuclear cells during density centrifugation (1). The origin and possible cellular functions of LDNs are vague and still controversial. Their presence in PBMC layer might be due to increased activation and degranulation since neutrophils are capable to change their buoyancy upon stimulation or inflammatory conditions. On the other hand, their presence might be explained by the change of cell volume which would make LDNs not activated/degranulated neutrophils, but rather primed neutrophils (2). The LDN phenotypical characterizations also continues to be challenging since there is no specific marker that allows to distinguish LDNs from granulocytic myeloid derived suppressive cells (G-MDSC) (3). They are even considered to be the same population by some, and a functional assay to confirm their immunosuppressive properties appears to be a good discriminative option (4).

Low-density neutrophils were first described in systemic lupus erythematosus (SLE) (5), and their count correlates with the severity of vasculitis. Since then, LDNs have been identified in cancer (6, 7), other autoimmune diseases (8–10), infections (8–11), and inflammation (12, 13) where they are speculated to contribute to disease pathology. LDNs have varying functions among inflammatory disorders, indicating the disease-specific LDN diversity. In SLE, LDNs can damage endothelial cells and produce pro-inflammatory cytokines (1), whereas in rheumatoid arthritis (RA), LDNs are not as functionally efficient as NDNs (9). Nevertheless, LDNs are considered highly pro-inflammatory because of their ability to spontaneously produce neutrophil extracellular traps (NETs), reactive oxidative species (ROS), cytokines, and display endothelial toxicity. Their presence is often associated with the severity of several immune-mediated diseases (14). Also, it is possible that LDN functions vary among different diseases. In SLE, LDNs can activate T cells (10), on the other hand, in cancer, LDNs are capable inhibiting T cell responses and promote tumor growth and metastization (15). Because of their immunosuppressive properties, they represent a potential target for immunotherapies focused on disinhibition of the effector cytotoxic T lymphocytes (16).

Juvenile idiopathic arthritis (JIA) is commonly considered to be a multifactorial autoimmune disease driven by a combination of environmental triggers and genetic susceptibility. It is characterized by arthritis that lasts for more than 6 weeks and occurs before 16 years of age. The most common form of JIA is oligoarticular arthritis affecting up to four joints, followed by the polyarticular form (>5 joints), enthesopathy-related arthritis (ERA), systemic JIA (sJIA), and rheumatoid factor (RF)-positive polyarthritis. The JIA subtypes differ not only by clinical symptoms but also by the immunopathogenesis. Most children first manifest the symptoms at around 3 or between 6 and 12 years of age (17–20).

The pathophysiology of JIA is still not completely understood. The key role of neutrophils in the early steps of the pathological immune response has been elucidated (21–25). Neutrophils are the most prevalent cells in the synovial fluid of inflamed joints and exhibit signs of hyperactivation and an impaired capacity to suppress T cell proliferation. In addition, they exhibit defective oxidative bursts and phagocytic activity (21, 22, 26). Notably, using public microarray datasets of PBMCs collected from patients with JIA, a neutrophil activation signature has been identified and the possible involvement of LDNs in JIA pathology has been reported (25).

Therefore, in the present study, we determined the number of LDNs in patients with JIA and focused on their deeper characterization, particularly their phenotypic and functional differences, and their correlation with clinical assessments of patients.




2 Methods



2.1 Patients

Patient blood samples were obtained from the Department of Paediatric and Adult Rheumatology, University Hospital in Motol, where they have been followed and fulfilled the International League of Association for Rheumatology’s (ILAR) criteria. The study involved 15 pediatric patients with JIA (juvenile arthritis disease activity score-71: JADAS71 ≥ 1; 20% male individuals; median age 12.88 ± 4.10 years) and 17 healthy donors (40% male individuals; mean age 15.50 ± 9.48 years). The JADAS consists of four elements: 1) the active joint count, 2) physician global evaluation, 3) parent/patient visual analog scale of well-being (VAS), and 4) erythrocyte sedimentation rate (ESR) (27). The patients were recruited to this study based on the following criteria: patients with oligoarticular/oligoarticular-extended, polyarticular and ERA JIA subtypes with the active state of disease (JADAS71 ≥ 1) who were approved for the anti-TNF-α treatment. No patients with systemic JIA (sJIA), psoriatic arthritis and undifferentiated arthritis were included in this study. To assess LDNs in different JIA subtypes with likely variable immunopathogenesis, we compared the data between the three JIA subgroups to ensure that we described general mechanisms shared between the pediatric patients with chronic autoimmune inflammatory arthritis. The healthy donors had no previous history of autoimmune diseases. The patient demographic attributes are summarized in Table 1.


Table 1 | Patient cohort characteristics.



Written informed consent was obtained from all patients or their parents/guardians in accordance with the tenets of the Declaration of Helsinki, and the study was approved by the Ethics Committee of University Hospital in Motol.




2.2 Cell isolation

Peripheral blood was collected in EDTA-coated tubes, and then PBMCs were isolated using Ficoll–Paque (GE Healthcare BioSciences, Uppsala, Sweden) and washed three times in phosphate buffered saline (PBS). The isolated PBMCs were cultured in a RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS, 1% penicillin, and 1% GlutaMAX (Thermo Fisher Scientific, Waltham, MA, USA).




2.3 RNA extraction and quality assessment

The total RNA was extracted from PBMC pellets stored at –80°C using the RNeasy MiniKit (Qiagen, Hilden, Germany) isolation kit following the manufacturer’s instructions. The RNA was quantified using NanoDrop, and the quality of RNA was determined using a TapeStation 4200 (Agilent, St. Clara, CA USA).




2.4 Gene expression analysis using NanoString profiling

Approximately 100 ng of total RNA was used to measure the expression of 730 immunity-related genes, and 40 housekeeping genes using the nCounter platform (NanoString Technologies) and the Immunology panel. Data was analyzed by ROSALIND®. All samples satisfying quality assurance metrics checks were log- transformed (base 2) to help with distributional assumptions and normalized using housekeeping genes. Differentially expressed genes (DEGs) were determined as genes with a p value ≤ 0.05 and a false discovery rate (FDR) ≤ 5%. P-value adjustment was performed using the Benjamini-Hochberg method by estimating FDR. Hypergeometric distribution was used to analyze the enrichment of pathways. REACTOME database source was referenced for enrichment analysis. The gene enrichment was calculated relative to a set of healthy donors’ genes.




2.5 LDN and NDN determination

Peripheral blood was incubated with a mixture of antibodies containing anti-lineage specific markers (CD3 clone MEM-57, CD19 clone LT19, CD20 clone LT20, CD56 clone MEM-188, CCR3 clone 5E8)-FITC, CD10-PEDY594 (clone MEM-78) all from Exbio (Prague, Czech Republic); CD66b-PC7 (clone G10F5), CD62L-BV650 (clone DREG-56), CD14-APC (clone HDC14), CD11b-BV510 (clone ICRF44), CD33-BV421 (clone P67.6), CD16-A700 (clone 3G8), and PDL1-PE (clone 29E.2A3) from Biolegend (San Diego, CA, USA); and HLA-DR-PerCP (clone 243) from BD Biosciences (San Jose, CA, USA) for 20 min and then hypotonically lysed. Samples were acquired on BD Fortessa and analyzed using FlowJo software.




2.6 Neutrophil degranulation determination

Isolated 106/ml PBMCs were left untreated in 37°C overnight. The cell- free supernatant was collected and stored at -20°C until further analysis. For detection of degranulation products (lipocalin, matrix metalloproteinase 8, lactoferrin, myeloperoxidase and proteinase 3) multianalyte profiling was performed using the LUMINEX xMAP technology (R&D Systems).




2.7 Serum calprotectin

The clotted whole blood was centrifugated for 10 minutes at 3000 rpm. The serum was then collected, aliquoted and stored at -80°C until further analysis. Human calprotectin (S100A8/A9) was determined by ELISA (Abcam, Cambridge, UK).




2.8 Statistical analysis

The obtained data from at least four independent experiments are presented as median values. Not all patients were involved in all experiments because of the limited blood amount. The results were analyzed using a non-parametric one-way analysis of variance with Dunn’s post-hoc test for multiple comparisons where applicable. A two-tailed paired Wilcoxon or unpaired Mann–Whitney t-test was also used for data analysis using GraphPad Prism 8. Results with p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered statistically significant.





3 Results



3.1 Neutrophil degranulation was enriched in the PBMCs from patients with JIA

15 pediatric patients with JIA and 17 healthy donors were involved in this study. All JIA patients have active state of the disease, i.e., JADAS71 ≥ 1, and comprised patients with oligoarticular/oligoarticular-extended, polyarticular, and ERA JIA subtypes.

The transcriptional analysis of PBMCs from patients with JIA and HDs revealed 57 differentially expressed genes (DEGs) (Figure 1A). These DEGs play roles in various biological processes but are mostly involved in cytokine and TLR signaling. One of the most markedly enriched pathways in PBMCs from patients with JIA was neutrophil degranulation (Figures 1B, C). A total of 1 downregulated and 15 upregulated genes were found to be involved in neutrophil degranulation (Figure 1D).




Figure 1 | Transcriptomic analysis of PBMCs from patients with JIA. (A) volcano plot showing upregulated and downregulated DEGs in PBMCs from patients with JIA compared with that in PBMCs from HDs. (B) Enriched pathways in PBMCs in patients with JIA. (C) A volcano plot of enriched terms in the Bioplanet 2019 gene set library. Each point represents a single term in the library, plotted by the corresponding odds ratio (X-position) and -log10 (p-value) (Y-position) from the enriched DEGs. (D) Heatmap of DEGs involved in neutrophil degranulation. JIA, juvenile idiopathic arthritis; PBMC, peripheral blood mononuclear cell; DEG, differentially expressed gene; HD, healthy donor.






3.2 Low-density neutrophils were expanded in PBMCs from patients with JIA

The transcription analysis indicated the presence of neutrophils in the PBMC fraction, which prompted us to investigate the presence of LDNs. The cell population was defined as Lin-CD16+CD11b+CD66b+ CD14- cells (Figure 2A). We found increased percentage of LDNs in patients with JIA compared to healthy donors (HDs) (median: JIA 1.09% ± 1.23% vs. HD 0.17% ± 0.28% of total PBMCs) (Figure 2B). LDNs expressed HLA-DR with no differences between patients with JIA and HDs (Figure 2C). We compared the LDN percentages between patients with the articular form of JIA and those with ERA and observed no differences between the groups (Figure 2D). Similarly, no correlation was found between the LDN percentages and patients’ age (Supplementary Figure 1A).




Figure 2 | Low-density neutrophils in JIA. (A) Gating strategy for LDN identification. (B) Quantification of LDNs in patients with JIA (n = 15) and HDs (n = 17) (C). % of HLA-DR+ LDNs in patients with JIA (n = 15) and HDs (n = 17) (D). LDN percentage in JIA subtypes: oli-polyarticular and ERA groups. (E) Neutrophil degranulation products in PBMC cultures. (F) Correlation between LDN percentage in patients with JIA and serum calprotectin, CRP level and sedimentation rate. (G) Correlation between LDN percentage in patients with JIA, JADAS and the number of inflated joints. JIA, juvenile idiopathic arthritis; LDN, low-density neutrophil; HD, healthy donor; ERA, enthesopathy-related arthritis; PBMC, peripheral blood mononuclear cell; MMP8, matrix metalloproteinase 8; PR3, proteinase 3; CRP, C-reactive peptide; JADAS, juvenile arthritis disease activity score. Values are standardized and expressed as median values. Statistical analyses were performed using paired t-tests and linear regression. Values with p < 0.05 (*) and p < 0.01 (**) were considered significant.



To further confirm LDN presence in PBMCs from patients with JIA, we cultured PBMCs in complete medium for 24 h and detected neutrophil degranulation products using LUMINEX. Our analysis revealed increased levels of lipocalin, matrix metalloproteinase 8 (MMP8), lactoferrin, and proteinase 3 (PR3) in patients’ PBMC cultures (Figure 2E).




3.3 LDN percentage correlated with serum calprotectin levels but not with clinical severity

We were intrigued whether elevated LDN percentage in JIA correlates with other routinely used markers of inflammation. Therefore, we compared the number of LDNs with serum calprotectin (S100A8/A9), C-reactive protein (CRP) level and sedimentation rate. The linear regression analysis showed a positive correlation of LDNs with calprotectin and no correlation with CRP and sedimentation rate in the patients (Figure 2F).

Similarly, no significant relationship was observed between clinical severity (number of active joints and JADAS score) and LDN percentage (Figure 2G).




3.4 LDNs markedly differed from NDNs

Next, we aimed to characterize LDNs in detail; thus, we compared their features with those of NDNs in matched patient samples. The expression of CD62L was low on LDN surface, suggesting a more active and primed state of LDNs. Low CD10 level implied an immature state and decreased PD-L1 expression, suggested that LDNs were less suppressive than NDNs (Figure 3A). In addition, the expression of the degranulation and adhesive marker CD66b on LDN surface decreased when compared to that on the NDN surface; and CD11b expression decreased as well but not as significantly as CD66b (Figure 3A). We observed similar differences between NDNs and LDNs in matched healthy samples. We compared CD11b and CD66b expression between HLA-B27 negative JIA patients (articular form only) and those with ERA and observed no differences between the groups (Supplementary Figure 1B).




Figure 3 | Low-density neutrophil characteristics in JIA. (A) Surface marker expression on LDNs and NDNs in matched samples (n = 15). (B) LDN phenotype in patients with JIA (n = 15) and HDs (n = 17). Correlation between (C) CD62L (D) CD11b, and (E) CD66b expression and JADAS and number of active joints. JIA, juvenile idiopathic arthritis; LDN, low-density neutrophils; NDN, normal-density neutrophil; HD, healthy donor; JADAS, juvenile arthritis disease activity score. Values are standardized and expressed as median values. Statistical analyses were performed using paired t-tests and linear regression. Values with p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were considered significant.






3.5 Phenotype of LDNs from patients with JIA varied from that of LDNs from HDs

We compared the LDN phenotype between patients with JIA and HDs. The expression of CD62L on JIA LDNs was low, indicating their higher activated status. Similarly, decreased surface CD10 level suggested a more immature state and decreased PD-L1 expression indicated the less suppressive profile of LDNs from patients with JIA (Figure 3B). Moreover, we detected significantly decreased levels of CD66b and CD11b on the surface of LDNs from patients with JIA (Figure 3B). We observed a negative correlation between CD62L expression and JADAS and the number of active joints in patients with JIA (Figure 3C). We observed a similar relationship between CD11b and CD66b surface expression and JADAS and the number of active joints in patients with JIA (Figures 3D, E). No relationship was observed between CD11b and CD66b expression and inflammatory parameters (CRP level and sedimentation rate) (Supplementary Figure 1C).





4 Discussion

In this study, we identified and characterized LDNs in the PBMCs of patients with JIA using transcriptomic analysis and flow cytometry. LDNs from patients with JIA were phenotypically distinct from NDNs. In addition, LDNs from patients with JIA were increased and showed altered expression of multiple surface molecules compared to LDNs from HDs. Notably, the expression of CD62L, CD66b, and CD11b on the surface of LDNs from patients with JIA was decreased and negatively correlated with the number of inflamed joints and JADAS.

The analysis of publicly available datasets of RNA isolated from PBMCs of patients with JIA indicated the presence of neutrophils in the PBMC fraction (25). In addition, we suspected neutrophil infiltration into the PBMC fraction as the transcription analysis identified neutrophil degranulation as one of the most significantly upregulated processes in PBMCs from patients with JIA. Also, the elevated LDN percentage in JIA has already been reported (25), and although we employed different gating strategies, we arrived at the same conclusion. Neutrophils migrate to the site of inflammation or activate during inflammation, they release biologically active enzymes (28). The levels of these enzymes such as MPO, NE, and MMP8 reportedly increased in the sera of patients with JIA (23). We noted that these enzymes were overproduced in the JIA patients’ PBMC, presumably by LDNs. This is important, because the presence of elevated neutrophil-associated products may contribute to the inflammatory milieu and tissue damage. Moreover, there is evidence of elevated protease levels in adult rheumatoid arthritis (RA) synovial joints (29, 30), therefore a similar pattern may occur in the inflamed joints of patients with JIA.

The origin of LDNs remains unclear. They might represent a completely distinct neutrophil population, as observed in SLE, where they are considered an aberrantly developed lineage of neutrophils resulting from genomic damage (8, 31). In contrast, LDNs may represent neutrophils with the lowest density within a spectrum of buoyant densities, found even in healthy individuals. Inflammatory conditions can lead to a reduction of density of all neutrophils (32, 33). Similarly, neutrophils can shift their density spectrum upon activation (8, 29), and only in cells on the lower end of the density range will occur in the PBMC fraction (34).

The presence of neutrophils in the PBMC fraction has been described in several pathological circumstances; yet, their characterization is inconclusive despite having employed various morphological, functional, and phenotypical markers (35). Both pro- and anti-inflammatory properties and immature and mature morphologies of LDNs have been identified (35). The results of the transcriptomic analysis of LDNs from patients with RA suggested that they resemble immature neutrophils (1, 9). In our hands, cells from JIA patients display distinct immature features. Of note, the immaturity of LDNs is supported by the fact that band immature neutrophils have a lower density (36, 37). The expansion of immature neutrophils has been previously described in patients with JIA (23). Emergency granulopoiesis often occurs during acute and chronic inflammation, leading to the appearance of the immature forms of neutrophils in the circulation. As neutrophil progenitors and early stage neutrophils have high buoyancy, they can occur in the PBMC fraction (38, 39).

The density of healthy mature neutrophils decreases upon in vitro stimulation. Under inflammatory conditions, mature neutrophils can be found in the PBMC fraction, indicating that inflammatory LDNs are mature and activated neutrophils. They often show signs of activation such as increased expression of CD11b and CD66b compared with that in NDNs, as described in patients with advanced adenocarcinoma (40). We observed a decrease in CD62L expression in our JIA cohort, implying an activated state of LDNs in patients with JIA. However, it cannot be excluded that in vivo LDNs are primed and that they subsequently become more susceptible to other stimuli. JIA LDN percentage positively correlated with serum calprotectin levels, a potential marker for diagnosis, prediction of disease relapse, response to treatment and risk of flares in JIA and other autoimmune diseases, such as RA, SLE and inflammatory bowel disease (41–43). Calprotectin is released mostly by phagocyting cells such as neutrophils at the site of inflammation, where it can modulate inflammatory response (44). It is uncertain whether LDNs contribute to the increased calprotectin levels or whether calprotectin activates neutrophils, and they consequently decrease their density and occur in the PBMC fraction. The latter would suggest that systemic inflammation may be the cause of LDN expansion in JIA, however, in our experiments LDN percentage in patients with JIA did not correlate with neither sedimentation rate nor CRP. Degranulation may be another cause of density change. Measurements of granule markers on LDNs, such as CD63, CD11b, and CD66b, supported this concept (40, 45). However, several arguments have been raised against this notion, including the fact that the granular content of LDNs does not demonstrate signs of extensive degranulation (8). In addition, the majority of in vitro activated neutrophils revert to their original density after a couple of hours (46). In this study, LDNs from patients with JIA did not express increased levels of surface granule markers, implying that they had normal granule content.

Neutrophil migration to the sites of infection or injury is a crucial step in innate immunity, and neutrophil retention can lead to chronic inflammation and tissue damage. Activated neutrophils at the sites of inflammation do not necessarily undergo apoptosis and clearance by macrophages and in some circumstances, they may undergo reverse migration and re-enter circulation (reverse transendothelial migration) (47–49). Neutrophils, including their activated and degranulated fractions, arrive at the affected tissues where they perform multiple functions. Neutrophils are the most abundant cells found in synovial fluid of JIA patients and we hypothesized that their LDNs might represent a transmigrated neutrophil subset from the sites of inflammation into the joints (11, 35, 50). Transmigrated neutrophils account for 1–2% of circulating neutrophils in patients with RA, where they produce high amounts of ROS (51). They are hallmarked by a distinctive phenotype of CD54-hi CXCR1-low (51) and decreased expression of CD62L and CD11b (51). The latter two markers were found significantly decreased in the LDNs of patients with JIA in our study, which implies their possible transmigratory origin. Moreover, the expression of CD62L, CD11b, and CD66b negatively correlated with the number of active joints, suggesting that transmigration might be the reason for their decreased expression on the LDN surface in patients with JIA, and that their activated phenotype might be acquired in other tissues. Of note, neutrophils in the tissue may have a phenotype similar to in vitro activated neutrophils (51, 52).

The main limitations in the presented data interpretation are the size and heterogeneity of the studied JIA patient cohort, required for statistical strength to allow robust clinical and cellular phenotype correlations. Four patients were treated with glucocorticoids, which may have affected the neutrophil biology. The data regarding transmigration is indirect, and a phenotypic analysis of transmigrated neutrophils and neutrophils infiltrating the synovial fluid should be performed to confirm the hypothesis of reverse migration of neutrophils. Moreover, functional and morphological studies of LDNs in JIA are lacking. Methodologically, the quantification of degranulation products from Luminex analysis, as well as the analysis of RNA expression performed in PBMC, might be affected by other cells originating from PBMCs.

Several reports have indicated the critical role of neutrophils in JIA immunopathogenesis. Synovial neutrophils exhibit an activated state and impaired functions such as ROS production, phagocytosis, and T cell suppressive features (21, 22). Furthermore, neutrophils in the peripheral blood of patients with JIA demonstrated substantial variations in their subset distribution, phenotype, and a tendency to form aggregates with platelets (PNAs), which affect their activation and pro-inflammatory features (23, 53, 54).

This study contributes to the mounting evidence that LDNs in JIA are altered in their counts, phenotype and functions and may therefore be important players in the disease development or progression. Specifics of their origin, possible contribution to site-specific inflammation, functional characteristics and clinical applications should be addressed by future studies. For instance, the percentage of LDN might be helpful as a biomarker to know subclinical joint inflammation. Larger-sized cohorts should assess whether LDN/LDN features are superior as a marker over other biomarkers, such as calprotectin.
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Kawasaki disease (KD), an autoinflammatory disease primarily affecting young children, characterized by consisting of acute systemic vasculitis and coronary artery involvement in severe cases. Intravenous immunoglobulin gamma (IVIG) combined with aspirin therapy is the first-line regimen for the prevention of coronary aneurysms in the acute phase of KD. The etiology and pathogenesis of KD are unclear, but its incidence is increasing gradually, especially in the cases of IVIG-naïve KD and refractory KD. Conventional therapies for refractory KD have unsatisfactory results. At present, infliximab (IFX), a human-murine chimeric monoclonal antibody that specifically blocks tumor necrosis factor-α (TNF-α), has made great progress in the treatment of KD. This review revealed that IFX infusion (5 mg/kg) could effectively modulate fever, reduce inflammation, improve arthritis, diminish the number of plasma exchange, decrease hospitalizations, and prevent the progression of coronary artery lesions. The adverse effects of IFX administration included skin rash, arthritis, respiratory disease, infusion reaction, hepatomegaly, and vaccination-associated complications. But the incidence of these adverse effects is low. The clear optimal application protocol of the application of IFX for either initial combination therapy or salvage therapy in KD is still under investigation. In addition, there are no effective biomarkers to predict IFX resistance. Further multicenter trials with large sample size and long-term follow-up are still needed to validate the clinical efficacy and safety of IFX for IVIG-resistant KD or refractory KD.
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1 Introduction

Kawasaki disease (KD), also known as cutaneous mucosal lymph node syndrome, was first reported by Dr. Tomisaku Kawasaki in Japan in 1967 (1). KD is a systemic inflammatory vasculitis syndrome and often occurs in children who under 5-year-old. KD occurs throughout the year, and the peak is detected during the winter–spring seasons. At present, the global incidence of KD is increasing gradually (2). According to the epidemiological data, KD is more prevalent in Japan (3) and Korea (4) when compared to the Western countries (5, 6). Of note, the incidence of KD in children under 5 years of age is low in Western countries, while the incidence in East Asian countries continues to elevate. The most serious complication among patients with KD is the cardiovascular disease, i.e., coronary artery lesions (CAL), cardiac lesions, and peripheral arterial lesions. CAL is the most common complication which can lead to myocardial ischemia, myocardial infarction, and even death, seriously threating to children’s health and life (7). The American Heart Association’s guidelines for the diagnosis of KD show that 15% to 25% of untreated children will develop coronary artery aneurysms (CAA) or coronary artery dilation (CAD), which have become the leading cause of acquired heart disease in children. The first-line treatment for the acute phase of KD is to resolve the intense inflammation in the acute phase as early and to minimize the incidence of CAL. Currently, intravenous immunoglobulin gamma (IVIG) combined oral aspirin serves as the first-line treatment option for KD, which can reduce the risk of CAA from 25% to 5% (8). The administration of this therapeutic strategy is IVIG either as a single infusion of 2 g/kg over 10-12 hours combined with aspirin (100 mg/kg daily through the 14th day of illness, then 3 to 5 mg/kg daily) (9–11). However, 10-15% of children with KD still do not respond to IVIG regimens (12). Moreover, the probability of CAL is significantly higher in IVIG-refractory children than those children with IVIG-sensitive response (13). Recent data from Japan suggest that the IVIG resistance rate has increased from 7% in 2003 to 23% in 2014, with a concomitant increase in the incidence of CAA (14). Therefore, how to effectively treat KD (especially IVIG-refractory KD) remains a hotspot in clinical research. There is no unified treatment pattern being followed for the IVIG-refractory children. The common treatments include the second dose of IVIG, glucocorticoids, and infliximab (IFX) (7).

The host’s immune system is a major determinant in the pathogenesis of KD (15). Clinically, biological agents are recommended currently for treating IVIG-refractory children with KD (16). IFX is a human-murine chimeric monoclonal antibody that specifically blocks tumor necrosis factor-α (TNF-α) via binding to TNF-α with high affinity and inhibiting TNF-α from binding to its receptor, and therefore exhibits anti-inflammatory effects. IFX is indicated for rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis, and Crohn’s disease (17). Besides, it is the first anti-TNF-α monoclonal antibody that has been validated for the treatments in pediatric patients (18). At present, an increasing number of studies have found that IFX might exhibit a better therapeutic profile for patients who failed initial IVIG monotherapy. According to the American Heart Association (AHA) 2017 Scientific Statement, three most common second-line therapies are recommended for treating KD, including a second dose of IVIG, intravenous methylprednisolone or a single dose of IFX infusion (7). For these IVIG-resistant KD patients, patients receiving IFX as second therapy had a higher response rate, faster resolution of fever, lower incidence of CAAs, and fewer days of hospitalization than those who received only a second IVIG dose (19–22). For example, the data from the United States (2006-2015 yr) showed that the response rates in KD patients treated with IFX, steroids, and a second IVIG dose were 87.9%, 83.0%, and 73.3%, respectively (P < 0.001) (19). However, despite its promising therapeutic effects, the rates of IFX application in patients with refractory KD (or received the second-line therapies) was low in some geographic regions (20). In this study, we conducted a comprehensive review on the applications of IFX in KD based on the current evidence.




2 The mechanisms of action of IFX

In the acute phase of KD, plasma levels of TNF-α were significantly increased and were higher in children with combined CAL than in those without CAL (7). As a result, blocking TNF-α is an effective intervention in regulating inflammation in KD. Mechanistically, TNF-α directly induces vascular endothelial cells to express intercellular adhesion molecule-1 (ICAM-1), monocyte chemoattractant protein-1 (MCR-1), and promote inflammatory cell infiltration (i.e., neutrophils and monocytes, thus aggravating the inflammatory injury of the blood vessels (23). In contrast, IFX, a monoclonal antibody that specifically blocks TNF-α, is confirmed to exert an excellent anti-inflammatory effect. In the previous studies, Maury et al. (24) and Lang et al. (25) demonstrated that high TNF-α expression were observed in the blood of patients with KD. Consistently, in a subsequent study in Japan, Matsubara et al. (26) found a similar result and showed a correlation between TNF-α and CAA complications. A study (27) in Canada revealed that specific blockade of TNF-α prevented the formation of coronary arteritis and coronary aneurysms in a mouse KD model. Oharaseki et al. (28) found that TNF-α antagonists such as IFX could reduce the adhesion of neutrophils to vascular endothelial cells in the acute phase, thus attenuated the inflammation of the arterial vascular endothelium.

IFX administration was found to reduce the serum levels of interleukin-6 (IL-6), soluble tumor necrosis factor-alpha receptor I (TNF-R I) and other inflammatory levels, especially in children with KD complicated by CAL (29). However, IFX could not reduce the levels of vascular endothelial growth factor (VEGF) and myeloid-associated proteins. This evidence suggested that IFX might be effective in suppressing systemic inflammation but not completely blocking local vasculitis in KD. In addition to a significant decrease of multiple factors induced by the stimulation of the TNF-α pathway in KD, IFX treatment also controlled the inflammatory cytokine pathways of IL-1 and IL-6 and reduced the inflammatory cytokine pathways of peptidase inhibitor-3 (PI-3), matrix metalloproteinase 8 (MMP-8), chemokine receptor-2 (CCR-2) and pentraxin-3 (PTX-3) transcript levels (30). Besides, IFX can also inhibit the elastase secretion between neutrophils (31).




3 Data sources and strategy of search

In this study, four common electronic databases, e.g. MEDLINE (PubMed), EMBASE databases, Cochrane Library databases, and Google Scholar, were systematically searched to find the eligible studies. The timeframe spanned from the inception of these databases to June 1, 2023. Only human participant research that acknowledged utilizing the English language was considered to be eligible. The following search terms were used in different combinations in PubMed: ((((“Mucocutaneous Lymph Node Syndrome”[Mesh]) OR (Kawasaki Syndrome)) OR (Lymph Node Syndrome, Mucocutaneous)) OR (Kawasaki Disease)) AND ((((((((((((“Infliximab”[Mesh]) OR (MAb cA2)) OR (Monoclonal Antibody cA2)) OR (Antibody cA2, Monoclonal)) OR (cA2, Monoclonal Antibody)) OR (Infliximab-dyyb)) OR (Infliximab dyyb)) OR (Inflectra)) OR (Remicade)) OR (Infliximab-abda)) OR (Infliximab abda)) OR (Renflexis)). Also, reference lists were manually searched for detecting more eligible studies. As shown in Supplementary Figure 1, in total, 652 studies were found in the four databases during the initial search. Finally, 24 studies were considered eligible after removing duplicates and those studies failing to meet the inclusion criteria.




4 Eligibility criteria and data extractions

The criteria for the selection of the eligible studies included: 1) participants (articles including a population of KD patients; 2) the design of the studies (any study design); 3) the intervention (with the treatment of IFX); 4) comparative group (with or without a control group); 5) outcomes (treatment efficacy and adverse effects). We extracted those data from the eligible studies, including the first author, publication year, geographic distribution, sample size, IFX administration, treatment outcomes or main findings, and the adverse events under IFX treatment.




5 IFX for the treatment of KD complications



5.1 Modulation of fever and inflammation



5.1.1 Initial treatment

According to the current evidence, IFX is effective in initial treatment, refractory treatment, and combination therapy for KD. IVIG therapy is an effective method to treat autoimmune and immune associated diseases, including KD. Some investigators applied IFX in the initial treatment of KD. In 2009, Hirono et al. (29) studied 43 patients with KD, including 18 IVIG-responsive, 14 IVIG-nonresponsive, and 11 patients initially treated with IFX. Ten patients received IFX (5 mg/kg) as a single infusion and one patient received twice 5 mg/kg of IFX. Among these patients treated with IFX, 8 children had significant fever remission, of which six had fever that resolved immediately after IFX treatment, one patient resolved within 24 hours and one within 48 hours, and other symptoms also disappeared. Of note, four patients had concomitant CAL even after IFX treatment, which might be correlated to the abnormal coronary arteries with transient dilation had been documented by echocardiography before IFX treatment. Inflammatory factors CRP and IL-6 were significantly decreased after IFX treatment, suggesting a positive role for IFX as remedial therapy or initial intensive therapy in KD.

Shirley et al. (32) reported a case of a 3-year-old male with KD who developed the diffuse urticaria and facial swelling after IVIG infusion. This child was treated with IFX (5mg/kg) and subsequently given methylprednisolone 30 mg/(kg-d) for 3 days, resulting in his fever symptom quickly alleviated. No adverse effects were observed during the initial treatment and subsequent follow-up. In this case report, IFX provided a new approach to the initial treatment of KD, but the efficacy of IFX alone could not be evaluated because of the concomitant use of high-dose methylprednisolone therapy, so its clinical significance was relatively limited.




5.1.2 Refractory treatment

Refractory KD management is a thorny clinical problem. IFX showed potent effect on KD patients with IVIG failure or refractory KD. In 2004, Weiss et al. (18) performed a case report of a 3-year-old child with refractory KD who had recurrent fever and progression of coronary aneurysm despite eight doses of IVIG and eight times of high-dose methylprednisolone therapy. Besides, this patient continued to present with elevation of erythrocyte sedimentation rate, platelet count, and liver enzymes, accompanied by decreased hemoglobin and albumin. After the first infusion of IFX, the child had no further fever. In 2005, Burns et al. (33) reported IFX as a secondary treatment for IVIG-resistant patients after IVIG administration. Seventeen subjects treated with IFX, 14 children remarkably ceased fever. Fifteen children received a single dose of IFX 5 mg/kg and the remaining two children with arthritic complications received a single dose of IFX 10 mg/kg, the arthritis symptoms were significantly relieved within 12 hours after IFX infusion. CRP was elevated in most of the patient (16/17, 94%) before IFX infusion and decreased after infusion of IFX in 10 patients who were remeasured within 48 hours of treatment. Four patients had transient dilatation that disappeared after IFX infusion. Fifteen patients were followed up for 6 to 26 months without significant complications after IFX treatment. This study demonstrated that patients with dilated coronary arteries might restore after IFX infusion.

According to the published data, IFX could serve as one of the treatments after IVIG failure. In 2016, Youn et al. (34) reported that 43 children with KD resistant to initial IVIG were randomly assigned to receive a second dose of IVIG (n=32) or IFX (n=11). The results showed that 21 children (65.6%) responded to IVIG retreatment and 10 children (90.9%) responded to IFX, suggesting that the need for further treatments in the IFX group was less than the IVIG group. Retreatment with IFX for the first time might improve the efficiencies of treatment. The mean duration of fever was 6 hours in the IFX retreatment group and 17 hours in the IVIG retreatment group, while the number of children who resolved their fever within 24 hours was 9/11 (81.8%) and 18/32 (56.3%) in IFX and IVIG group, respectively. The mean number of hospital days was 8 days in the IFX group and 10 days in the IVIG group, indicating that IFX treatment shortened the duration of fever and hospitalization. One patient in IFX group and four IVIG patients in the IFX group developed CAL complications. All these five patients required a second retreatment and had no coronary abnormalities on echocardiography early in the disease. The remaining 31 patients did not present with CAL, which might be associated with the effective response to the first treatment of IVIG or IFX. One child in the IFX group developed a rash during the infusion, while five children in the IVIG group developed a febrile infusion reaction that required suspension of the infusion for relief. This study shows that initial retreatment with IFX did not reduce the incidence of CAL (reduction of coronary artery abnormalities) but reduced further treatment compared to IVIG, i.e. IFX may be effective in reducing inflammatory markers but less effective in inhibiting vasculitis itself, suggesting IFX as a retreatment option after unsuccessful initial IVIG therapy in KD patients. In line with Youn et al.’s study, Son et al. (22) reported that patients with IVIG-resistant KD who received IFX treatment had faster resolution of fever and fewer days of hospitalization. However, IFX could not improve coronary artery outcomes. No AEs related to IFX treatment were detected during the follow-up.

Subjects with KD often suffer from concomitant comorbidities. Ohnishi et al. (35) reported a case of a 14-month-old boy diagnosed with KD combined with Yersinia pestis small intestinal colitis. This child presented with non-bloody watery diarrhea seven times a day without vomiting or abdominal distention and without pressure pain. All symptoms disappeared except fever and diarrhea after twice IVIG treatments. On day 12 of the course of the disease, the fever subsided with the administration of IFX 5 mg/kg, but the diarrhea continued. On day 15, this patient developed fever again, then received a third administration of IVIG and oral cyclosporine A 4 mg/kg with cefotaxime sodium injection for anti-infective treatment. For 5 days under these treatments, no abnormality was seen on follow-up cardiac ultrasound. This finding indicated that small bowel colitis might mimic or be involved in the pathogenesis of KD, and therefore treatment of KD along with antimicrobial therapy is required. Immunosuppression and monoclonal antibody therapy are currently considered to be additional therapies for IVIG-resistant KD (7).

Song et al. (36) retrospectively analyzed 16 cases of refractory KD, 14 of which were children with persistent or recurrent fever and 2 with fever that subsided after symptomatic management with supportive therapy. Sixteen children had elevated CRP before IFX treatment, which decreased after treatment in all 14 children for whom results were available. Coronary artery (CA) abnormalities (ranging from mild CA dilatation to aneurysms) were detected on echocardiography before IFX treatment in 15 patients. Three of them had transient mild CA dilatation that resolved after IFX injection, 9 had CAA, which returned to normal in 4 patients after treatment, 3 had persistent mild dilatation, 2 had persistent aneurysms at echocardiographic follow-up. Among the three patients who were not followed up, two of them had CAA and one had mild CA dilatation. This study suggested that CA dilatation stopped or at least slowed down after IFX treatment. It was possible that there was no significant additional progression of CA lesions after IFX treatment and that IFX treatment of refractory KD might have prevented the rapidly progressive CA expansion. It is proposed that early administration of IFX should be considered if CAL progresses rapidly in the presence of other treatments (including methylprednisolone). In those patients combined with persistent arthritis, all of whom had received two or more doses of IVIG or IVIG combined with pulsed methylprednisolone. Thirteen of these children had fever resolution within 12 hours after IFX treatment, including two children with combined arthritis. The arthritis was significantly relieved after IFX treatment. One of the children developed acute hepatitis during IFX treatment and stone cholecystitis after 4 months of treatment. Fifteen of the sixteen patients (15/16, 94%) did not have infusion reactions or complications from IFX administration. Of note, Dogra et al. (37) reported that an 18-mo-old girl who presented with features of incomplete KD and was refractory to IVIG and IFX. Fortunately, this patient was response to pulse intravenous methylprednisolone therapy. This study indicated pulse intravenous methylprednisolone therapy might be an option for the patients who failed to first-line and second-line treatment.




5.1.3 Combination therapy

Combination therapy also plays an important role in treating KD. In 2012, Servel et al. (38) reported a case of KD with hemophagocytic syndrome that was resistant to treatment after treating with twice IVIG and three times of corticosteroid combinations. Interestingly, the patient’s condition returned to normal after a single treatment with IFX. Sivakumar et al. (39) reported a 7-month-old male child with KD complicated by extensive coronary artery involvement and coronary thrombosis. Multiple doses of IVIG and steroid therapy failed to control the inflammation, recurrent fever persisted after IFX infusion. In this case, the patient took a long-term oral steroid medication and combined with the platelet glycoprotein 2b/3a receptor blocker “abciximab”, which turned out to be the reduction in thrombus size and coronary aneurysm size, followed by fever regression.

Tremoulet et al. (11) conducted a randomized, double-blind, placebo-controlled phase 3 clinical trial in which 196 children with KD. The patients were randomized to 2 groups and given IFX 5 mg/kg and a placebo control, both of which were subsequently given IVIG combined with aspirin in a standard regimen. The results showed that 11 children in both the IFX-treated and control groups did not respond to treatment, and there was no significant difference in the incidence of CAL between the two groups. However, the duration of fever was shorter in the IFX group (median of 1 day for IFX versus 2 days for placebo, P<0-0001). The inflammatory markers including C-reactive protein, absolute neutrophil count, and erythrocyte sedimentation rate decreased rapidly after IFX treatment. More clinically significant, the Z-score of the left anterior descending branch of the coronary artery was significantly decreased in the IFX group than the control group at 2 weeks after treatment. These results suggested that the standard treatment regimen given in combination with IFX in the initial treatment of KD could further reduce inflammation and decrease the occurrence of coronary artery lesions. However, this regimen cannot improve IVIG resistance, thus its efficacy, especially on coronary artery lesions, still needs further verification. Pilania et al. (40) reported that four children with KD combined with macrophage activation syndrome (MAS) received IVIG as first-line therapy and then treated with IFX. The outcomes turned out to be no recurrences of MAS were detected in the four patients under IFX treatment, and none of them had any short-term adverse effects.





5.2 Treatment of arthritis

Arthritis can be seen in the acute phase of KD. In 2022, Matsubara et al. (41) reported a case of refractory KD-related delayed arthritis in a 4-year-old girl who was diagnosed with KD on day 5 of the disease and initially had no complications of CAL. After several times of IVIG combined with oral prednisolone (PSL) 2 mg/kg and intravenous ulinastatin, the fever reappeared during hormone tapering (day 17 of the course of the disease). On day 18, the patient developed pain in the right and left hip, knee and ankle joints. She was diagnosed with late-onset arthritis associated with refractory KD. After treatment with IFX (5 mg/kg), the child’s fever and arthralgia were significantly relieved, and the coronary arteries did not change significantly on review. The child’s arthritis did not recur and the coronary arteries returned to normal after 6 months of follow-up. In this study, delayed arthritis that was ineffective to treatment with IVIG, steroids, ulinastatin and cyclosporine, and was accompanied by worsening CAL. This observation suggested that additional IFX therapy should be considered for arthritis associated with refractory KD.




5.3 Diminished the number of plasma exchange

Shimada and Matsuoka et al. (42) investigated the effect of IFX (5 mg/kg) given before plasma exchange (PE) treatment on patients with KD. KD patients who received IFX before receiving PE were in the IFX group and those who did not receive IFX were in the non-IFX group, and the CRP levels were lower in the IFX group. After treatment, CRP, tumor necrosis factor-α (TNF-α), granulocyte colony-stimulating factor (GCSF), and monocyte chemotactic protein-1 (MCP) were significantly lower in the IFX group than in the non-IFX group. The total number of PE treatments was less than in the non-IFX group. The reason for this finding might be correlated to that TNF-α was a key inflammatory cytokine in KD, while IFX was an anti-TNF-α monoclonal antibody that binds to TNF-α. PE suppressed inflammation by directly removing inflammatory cytokines from plasma Both therapies have been used to treat IVIG-resistant patients. Although IFX treatment was not clinically sufficient to achieve remission, IFX might have reduced circulating levels of TNFα, and thus subsequent PE rapidly controlled inflammation. Thus, the application of IFX for KD prior to PE treatment resulted in a faster reduction of inflammatory markers, which improved clinical symptoms and reduced the number of treatments for PE. There was also no significant difference in the coronary z-score 1 month after the onset of KD between the two groups. Further, there was no significant difference in the incidence of complications associated with PE between the two groups. In line with the above findings, Ebato et al. (43) and Sonoda et al. (44) also reported the clinical efficacy and safety of IFX used together with PE, showing that the use of IFX before receiving PE reduced the total duration of PE, decreased the number of catheter punctures and sedation, and reduced physical restraint.

Miyata et al. (45) conducted a prospective observational study of RAISE (Prospective Observational Study on Stratified Treatment With Immunoglobulin Plus Steroid Efficacy for Kawasaki Disease Prospective Observational Study on Stratified Treatment With Immunoglobulin Plus Steroid for Kawasaki Disease) and found that young age at fever, large maximal Z-score of coronary internal diameter at baseline, and unresponsiveness to IVIG and prednisolone therapy were important risk factors for the development of CAA. More intensive or adjuvant therapy with drugs such as IFX should be considered for these KD patients with high-risk factors in order to reduce the development of CAA. It is proposed that baseline total bilirubin values enable the identification of non-responders at the time of diagnosis.

In a multicenter, prospective, open-label, single cohort, observational study, Miura et al. (46) recruited 208 patients with KD who had failed conventional therapy and received a single dose of 5 mg/kg IFX. The authors found that the fever regression rate was 77.4% within 48 hours after IFX infusion. The incidence and severity of coronary artery lesions did not change significantly after IFX administration. Adverse drug reactions and serious adverse drug reactions occurred in 12.4% and 3.1% of patients, respectively. A significantly higher incidence of serious adverse reactions was found in infants than in other age groups. No live vaccination-associated infections were observed.

Real-world studies have found that a single infusion of IFX was well tolerated and effective for fever in patients with acute refractory KD. Dionne et al. (47) found that in children with KD complicated by CAA at diagnosis, initial treatment with superimposed IFX or hormones delayed the progression of CAA compared with IVIG alone.





6 Efficacy of IFX treatment

The efficacy of IFX treatment for KD was variable among different studies. Han et al. (48) studied the therapeutic effects of conventional IVIG therapy versus IVIG combined with IFX therapy in KD. They found that the fever, CRP, WBC, and TNF-α decreased earlier and more significantly in the combined group than in the IVIG group. IFX treatment significantly reduced the incidence of CAA in KD patients compared with conventional IVIG therapy. Several subsequent studies (11, 19) have shown that IFX induced lower levels of inflammatory markers, shorter duration of fever, reduced length of stay (LOS), and a lower likelihood that patients could require further treatment. These advantages resulted in lower healthcare costs worldwide. Burns et al. (49) conducted a two-center retrospective study of intravenous immunoglobulin-resistant disease with a second intravenous immunoglobulin resulted in faster fever relief and shorter length of stay compared to IVIG. Johnson et al. (50) reported a cost comparison between IFX and intravenous IVIG for refractory KD. They found that IFX was more cost-saving than IVIG treatment. IVIG was easy to face the national shortage. Thus, cost savings can be achieved by giving IFX replacement therapy when more than a second dose of IVIG is used in children with refractory KD. Hur et al. (21) conducted a study to examine the efficacy of IFX in treating patients with IVIG-resistant KD in Korea. This study showed that early use of IFX after IVIG treatment might cause a shorter duration of fever, less days of hospitalization, and the prevention of CA complications in patients with IVIG-resistant KD.

Nagatomo et al. (8) showed that the cumulative persistence of CAA at 2, 4, and 6 years was 24%, 24%, and 24% in the IFX group compared with 67%, 52%, and 33% in the non-IFX group, respectively. In patients with moderate and large CAA, the cumulative persistence at 2, 4, and 6 years was 33%, 33%, and 33% in the IFX group compared with 77%, 51%, and 48% in the non-IFX group, respectively. IFX not only inhibited the inflammatory response to CAA development, but might also assist in achieving vascular remodeling after early CAA regression. A later study by Suzuki et al. (51) showed that early administration of IFX might reduce the incidence of significant CAA in patients with IVIG-resistant KD. Jone et al. (52) conducted a study for investigating children diagnosed with KD with CAL at the time of presentation. They found that IFX combined with IVIG as initial therapy reduced the need for additional therapy in children with KD complicated by CAL. Therefore, IFX might reduce the number of patients with IVIG-resistant KD. IVIG plus IFX group had only 1 infusion reaction occurred, while the IVIG group had more adverse events. No patient in either group developed serious bacterial or viral infections within 3 months after treatment.

IFX for refractory KD is generally well tolerated and safe, with minimal risk of infusion reactions or serious adverse events (19). Li et al. (53) found that adding IFX therapy to standard treatment was associated with improved treatment response, prevention of progressive CAA, and no increase in AEs. In addition, this study indicated that a beneficial effect of IFX could be found to set it as an initial treatment for high-risk patients. However, the treatment of IFX remains a controversial issue in the long-term follow-up of CAA, so more studies and trials are needed to evaluate the importance of IFX in KD patients with CAA (53). Miura et al. (46) performed in a prospective multicenter study and found that a single infusion of IFX was well tolerated in patients with treatment-refractory KD on conventional therapy and was effective in relieving fever. No significant change was found in the incidence or severity of coronary artery lesions after IFX infusion compared with controls. This finding was consistent with the safety profile obtained in clinical studies in similar groups of KD patients treated with IFX in Japan (1, 16), the United States (11), and Korea (34). Tremoulet et al. (11) found IFX was safe and well tolerated in a phase III clinical trial of IFX 5 mg/kg adjuvant therapy, even in infants younger than 6 months of age.




7 Adverse effects

The common adverse effects of IFX include skin rash, arthritis, respiratory disease, infusion reaction, hepatomegaly, and vaccination-associated complications. Complications of IFX administration include reactivation of latent tuberculosis, histoplasmosis, increased risk of bacterial sepsis and lymphoma, production of antinuclear antibodies, and heart failure. Since the routine administration of IFX in treating children with KD is single infusion (children with other diseases always require multiple IFX treatments), the incidence of reported adverse reactions to IFX is low (46, 54, 55).



7.1 Arthritis and skin rash

Mitsui et al. (56) reported a case of a 7-year-old child with KD who developed psoriasis-like rash and arthritis after treatment with IFX. On the day 4 of illness onset, the child was treated with IVIG (2 g/kg), intravenous methylprednisolone (IVMP, 30 mg/kg/day), oral prednisolone (PSL, 2 mg/kg/day), but had persistent fever. On day 8, IFX (5 mg/kg) was given, the fever and other symptoms improved immediately. After taking PSL (1 mg/kg/day) on day 34, his joint symptoms were rapidly reduced and his psoriasis-like rash gradually improved. Since then, the PSL dose was gradually reduced over 6 months. This is consistent with the finding reported by Haddock et al. (57). Youn et al. (34) reported that one IFX-treated subject did develop a rash during the infusion.

Without IFX treatment, Guleria et al. (58) showed that 29 (72.5%), 8 (20%), and 3 (8.6%) children developed arthritis in acute, subacute, and convalescent phases of KD, respectively. With the treatment of IFX, Sonoda et al. (44) reported that 10.5% of KD patients presented with arthritis within 2-3 weeks after IFX therapy. In the real-world SAKURA study (46), the incidence of arthritis after IFX treatment was recorded at 2/291 (0.7%). In the cases with IFX treatment other than KD, arthritis flare has been reported as a paradoxical adverse reaction after IFX administration for rheumatoid arthritis (59) and psoriatic arthritis (60). But for treating of KD, IFX is administrated with a single infusion. Therefore, the frequency of arthritis among patients with refractory KD receiving IFX is lower than in other diseases due to KD patients did not receive IFX administration repeatedly. Based on the current evidence, whether arthritis is a complication of IFX or part of the disease of KD, which is still confused and warrants further investigation. Since arthritis is one of the symptoms of KD, the clinicians should make a determination as to whether the complaint was related to the IFX if this complaint predated IFX infusion.




7.2 Upper airway complications

In a phase 3 multicenter trial, Mori et al. (16) showed that four cases of concomitant nasopharyngitis, three cases of upper respiratory tract infection, and two cases of upper respiratory tract inflammation in the IFX-treated group. These patients had increased anti-double-stranded DNA (anti-dsDNA) antibodies but decreased to normal levels during follow-up. No lupus-like syndrome was observed in any of the patients. Singh et al. (61) reported that one patient (1/23) developed an acute febrile illness two weeks after IFX treatment (5–7 mg/kg given intravenously) which responded well to anti microbials.




7.3 Liver complications

Burn and colleagues (49) reported transient hepatomegaly in five subjects during the second week of IFX treatment, while only one subject exhibited transient hepatomegaly during the first week of IVIG treatment. Subsequently, Son et al. (22) also reported a 19% incidence of transient hepatomegaly in patients treated with IFX (6/31) compared to 1.5% in the controls. Of note, anti-TNF- α drugs have also been used to treat severe stages of liver disease, such as alcoholic hepatitis (AH), nonalcoholic fatty liver disease (NAFLD), refractory autoimmune hepatitis (AIH), and primary biliary cholangitis (PBC), which were contradicting with IFX -associated hepatotoxicity (62).




7.4 Complications related to vaccination

Other complications of IFX administration included reactivation of latent tuberculosis and an increased risk of bacterial sepsis (63). IFX has been reported to induce central nervous system demyelination episodes during anti-TNF-α therapy or to lead to fatal outcomes due to BCG vaccination (64, 65). In Japan, an interval of at least 6 months is recommended for the application of IFX in children who have received live vaccines (especially BCG) before the diagnosis of KD. Besides, IFX treatment should be used at least 3 months of interval from other live attenuated vaccinations, due to a shorter interval may lead to a higher risk of infection (46). Song et al. (36) reported that 38 children who received live attenuated vaccine within 90 days prior to IFX application. Furuta et al. (54) reported 6 children who received BCG vaccine between 14 d and 8 months prior to IFX application. Both Song et al. and Furuta et al.’s studies demonstrated that none of whom had complications with tuberculosis or other serious infections. Burns et al. (49) and Tremoulet et al. (11) reported that patients with KD could safely receive IFX treatment even if they had recently received live virus vaccine. At present, relevant data on the time interval between live vaccination and IFX use and the risk of live vaccination-related (especially BCG) infections are currently limited and require further study.




7.5 Infusion reaction

Jone et al. (52) reported that the incidence of infusion reactions in the IFX combined with IVIG treatment group was significantly lower than that in the IVIG treatment group. Only one infusion reaction occurred after IVIG combined with IFX for KD. But this adverse effect might be partially caused by IVIG due to this observation was derived from IFX combined with IVIG treatment. Currently, a direct correlation with IFX-mediated infusion reaction could not be established due to a combination therapy is commonly applied at this time. As a result, further studies are still needed to validate this adverse effect.

Of note, IFX can effectively treat various autoimmune diseases, including KD, rheumatoid arthritis, Crohn’s disease, and psoriasis. KD often occurs in children who under 5-year-old, while rheumatoid arthritis, Crohn’s disease, and psoriasis commonly occur in adolescents, young adults, and middle-aged adults. Therefore, there might be some differences of side effects of IFX between children and adults. Due to IFX is administered only once in most patients with KD, its administration may cause fewer complications in KD patients than in patients with other autoimmune diseases, where it is administered repeatedly (36).





8 Roles of TNF-α antagonist (i.e., IFX) in KD patients with SARS-CoV-2 and patients with MIS-C

Current evidence suggested that the coronavirus (SARS-CoV-2) might have some impacts on children with Kawasaki disease. On the other hand, several studies have shown that some children with coronavirus infections developed symptoms similar to KD, including high fever, rash, conjunctivitis, oral mucositis, and red, swollen, and pain and swelling in the limbs (66). This condition is known as COVID-19-associated multisystem inflammatory syndrome (MIS-C). However, as compared to patients with KD, MIS-C patients typically have the following characteristics (67). First, patients with MIS-C are older than KD patients. Second, patients with MIS-C are susceptible to severe systemic inflammatory response, i.e., high fever, rash, and inflamed mucosa. Third, MIS-C can be associated with cardiac injury, i.e., myocarditis, dilated or abnormal coronary arteries, and heart failure. KD is commonly a self-limiting disease, while MIS-C may require longer treatment and care. There may be a connection between KD and MIS-C. As reported, angiotensin converting enzyme (ACE)-2 receptor is downregulated by the SARS-COV through the spike protein of SARS-CoV via a process that is tightly coupled with TNF-α production (68). Since ACE2 has been described to exhibit anti-inflammatory, anti-fibrotic, and anti-proliferative function, ACE2 plays an important role in KD development. Amirfakhryan (68) demonstrated that KD children with genetically low-expression of ACE2 receptor might aggravate inflammation and elevate TNF- α production. Due to IFX is a TNF-α antagonist, patients with MIS-C might be successfully treated with IFX (69). For the KD patients with SARS-CoV-2 infection, Roh et al. (70) reported that post-COVID KD showing a stronger inflammatory response than KD-alone, but with no differences in cardiac complications. Limited studies have shown the efficacy of IFX in treating KD patients with SARS-CoV-2 infection. Roh et al. (70) found that the number of KD patients with COVID-19 receiving IFX was higher than those KD patients without a history of COVID-19 (two patients vs none), but it was not statistically significant. Therefore, the exact roles of IFX in treating KD patients with COVID-19 and patients with MIS-C still need further investigation.




9 Conclusion and perspective

This study summarized the current evidence on the efficacy and adverse effects of IFX in treating KD via a comprehensive review (Table 1; Supplementary Figure 2). The establishment of therapeutic approaches for KD is a major issue, and the choice of treatment and the timing of therapeutic interventions are also important. A better exploration of the pathophysiological mechanisms of KD may help to design and select the best treatment for the sufferers. Although various treatments exist in clinical practice, each treatment has refractory cases and lacks uniformity, which is needed to solve in future. Although KD is commonly a self-limiting illness, mismanaged of this disease may cause several serious complications, such as CALs, thrombosis, myocarditis, pneumonia, and kidney injury. Based on the results from the aforementioned studies, IFX could alleviate or prevent the progression of CALs, but some investigators failed to find a significant reduction of CALs. On the other hand, there are only a few reports showing the efficacy of IFX in treating KD patients with thrombosis, pneumonia, and kidney injury, which is still warranted to be confirmed by more high-quality studies with large samples. It was reported that 10%–20% of patients with KD are resistant to IVIG with aspirin (the first-line therapy for KD). For the IVIG-resistant KD patients, IFX may serve as the second-line therapy. However, if second-line therapy is unsuccessful in treating IVIG-resistant or refractory KD, the optimal choice for the third-line therapy remains unclear, which needs further prospective RCTs to explore and evaluate the efficacy of the additional therapies in refractory KD.


Table 1 | The characteristics of the included studies.



The application of IFX for either initial combination therapy or salvage therapy in KD has been reported in various studies, but there is no clear optimal application protocol. Since IFX is usually administered late in the disease, early detection of IFX resistance is important to reduce CAA. However, there are no biomarkers to predict IFX resistance. Nakashima et al. (71) aimed to develop a clinical prediction model for IFX responsiveness in patients with IVIG-refractory KD. Several studies (72, 73) proposed procalcitonin as a biomarker to predict the severity of KD. However, there is still no information about procalcitonin related to IFX resistance in patients with refractory KD.

The indications for the application of IFX and the optimal timing of its application are not clear and vary widely among different studies in different regions. Most studies have reported that IFX is more effective in reducing fever in children with IVIG or hormone nonresponse, with sensitivity rates ranging from 76.7% to 90.9%. Initial intensive treatment with IFX combined with IVIG is routinely used in children with KD complicated by CAA at 1 medical center in the United States (47), while IFX is used for salvage therapy in Japan (1, 74), and Korea (21). There is relatively little experience with the application of IFX due to most patients are effective on IVIG and high-dose aspirin therapy. And most of the current relevant studies have small sample sizes and lack of relevant controlled studies. Therefore, further large-sample studies are still warranted in the future to find factors associated with IFX insensitivity. Multicenter trials with large sample size and long-term follow-up are needed to evaluate the clinical efficacy and safety of IFX for IVIG-resistant KD or refractory KD.

In the future, we believe there will be a treatment approach that is tailored to the genetic polymorphisms and pathological characteristics of each KD case. A customized treatment strategy with less adverse effects and complications of coronary artery disease can be achieved possibly later. For the potential refractory KD patients with risk factors, intensive primary therapy in these populations will be needed. In addition, close monitoring for cardiac-related complications by frequent echocardiography will be also required.
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Introduction

Most childhood-onset SLE patients (cSLE) develop lupus nephritis (cLN), but only a small proportion achieve complete response to current therapies. The prognosis of children with LN and end-stage renal disease is particularly dire. Mortality rates within the first five years of renal replacement therapy may reach 22%. Thus, there is urgent need to decipher and target immune mechanisms that drive cLN. Despite the clear role of autoantibody production in SLE, targeted B cell therapies such as rituximab (anti-CD20) and belimumab (anti-BAFF) have shown only modest efficacy in cLN. While many studies have linked dysregulation of germinal center formation to SLE pathogenesis, other work supports a role for extrafollicular B cell activation in generation of pathogenic antibody secreting cells. However, whether extrafollicular B cell subsets and their T cell collaborators play a role in specific organ involvement in cLN and/or track with disease activity remains unknown.





Methods

We analyzed high-dimensional mass cytometry and gene expression data from 24 treatment naïve cSLE patients at the time of diagnosis and longitudinally, applying novel computational tools to identify abnormalities associated with clinical manifestations (cLN) and disease activity (SLEDAI).





Results

cSLE patients have an extrafollicular B cell expansion signature, with increased frequency of i) DN2, ii) Bnd2, iii) plasmablasts, and iv) peripheral T helper cells. Most importantly, we discovered that this extrafollicular signature correlates with disease activity in cLN, supporting extrafollicular T/B interactions as a mechanism underlying pediatric renal pathogenesis.





Discussion

This study integrates established and emerging themes of extrafollicular B cell involvement in SLE by providing evidence for extrafollicular B and peripheral T helper cell expansion, along with elevated type 1 IFN activation, in a homogeneous cohort of treatment-naïve cSLE patients, a point at which they should display the most extreme state of their immune dysregulation.
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1 Introduction

Systemic lupus erythematosus (SLE) is a systemic multi-organ autoimmune disease with heterogeneous clinical presentation and an unpredictable waxing/waning disease course. Both features pose significant management challenges, as current diagnostic measures are insufficient to predict; i) severity of current/future organ involvement, ii) disease flare, and iii) response to specific immunomodulatory therapy. Childhood onset SLE (cSLE) poses additional challenges as these patients present with worse disease, including higher prevalence of central nervous system and renal involvement (lupus nephritis, LN), with consequent increased morbidity and mortality compared to adult-onset patients (1–3). Up to 80% of cSLE patients develop lupus nephritis (cLN), compared with 50% of aSLE (aLN). Prognosis is poorer in cLN with up to 75% of cLN classified as Class III or IV disease (3, 4). In LN, failure to achieve renal remission at 6 and 12 months after initiation of therapy is associated with end stage renal disease (ESRD)/dialysis (5). This is particularly concerning for children who, by definition, have a longer lifetime to accrue organ damage. Despite this greater risk of disease development and progression, eligibility for LN clinical trials is frequently restricted to patients >18 years, limiting generalizability of published clinical data to pediatric patients.

Despite improved renal outcomes in proliferative lupus nephritis following standardization of cyclophosphamide and mycophenolate mofetil (MMF) treatment regimens, up to 45% of these patients do not achieve remission within the first 6 months of standard therapy (6). In addition, protocolized repeated kidney biopsies have shown continued histologic disease activity in a significant portion of patients achieving apparent complete clinical remission (7). In recent years, lupus nephritis clinical trials have shown limited success, including large, randomized control trials demonstrating no benefit of drugs targeting diverse immune mechanisms, such as co-stimulatory blockade (CTLA4-Ig, abatacept) (8, 9), B cell depletion (anti-CD20, rituximab (10, 11) and ocrelizumab (12)), and cytokine blockade (anti-IL-6, sirukumab (13)). The i) poor rate of clinical remission, ii) limited clinical trial data in pediatric populations, and iii) lack of sensitivity and specificity of conventional histologic renal biopsy classifications to predict response to therapy (14–16), emphasize the urgent need to decipher underlying immune mechanisms driving cLN in order to predict response to currently-approved and novel-targeted therapies.

While it is well established that a breakdown in tolerance of both autoreactive T and B cells contributes to the pathogenesis of SLE, knowledge of the role of specific lymphocyte subset derangements in different ‘SLE phenotypes’ (i.e., organ-specific involvement) remains unknown. Despite the clear role of autoantibody production in SLE, targeted B cell therapies such as rituximab (anti-CD20) and belimumab (anti-BAFF) have shown only modest efficacy (10–12), particularly in cLN. While many studies have linked dysregulated germinal center formation to SLE pathogenesis, other work supports a role for extrafollicular (EF) B cell activation in generation of cells secreting pathogenic antibodies (17, 18). However, whether extrafollicular B cell subsets, their cytokine production, and downstream effects on their T cell counterparts play a role in specific organ involvement or track with disease activity remains poorly understood. Autoreactive B cells that escape central tolerance in the bone marrow and populate the periphery are normally tolerized by anergy, a mechanism that renders self-reactive B cells unresponsive to stimulation due to increased activity of inhibitory signaling circuitry. Anergic autoreactive B cells (Bnd), have been identified in healthy humans (19). Type 1 diabetes (T1D) and autoimmune thyroid disease (AITD) are associated with incipient loss of Bnd cells from the peripheral blood suggesting activation of these self-reactive B cells and their instigation of disease (20, 21). Further supporting this concept, a subpopulation of Bnd cells that expresses activation markers (Bnd2, activated and formerly anergic B cells), has been shown to be increased in T1D patients that develop disease at an early age (22).

The antibody secreting cells (ASC) found in peripheral blood within a few weeks following active immunization are primarily CD38+CD27+ plasmablasts (PB). Increased frequency of PB in blood is also correlated with SLE disease activity (23–25). Likewise, longitudinal whole blood transcriptome profiling of cSLE patients demonstrated increased expression of a PB mRNA module correlated with increased disease activity (26). Generation of ASC occurs canonically in germinal centers with help from PD1hi CXCR5+ T follicular helper cells (Tfh), but can also occur through extrafollicular pathways with help from PD1hi CXCR5- T cells (T peripheral helper, Tph) (27). One recent study demonstrated that increased frequency of Tph cells correlated with disease severity in adult SLE patients, underscoring the potential importance of extrafollicular T/B interactions in SLE (28). Moreover, recent studies have highlighted an important role for the extrafollicular B cell response in both adult and pediatric SLE through the generation of CD27-IgD- double negative B cells (DN2) that lack expression of CD21 and CXCR5 (29, 30). Because these DN2 cells do not express the chemokine receptor CXCR5, which is important for homing to follicles, this B cell subset is likely to be extrafollicular in localization. In addition, the DN2 compartment has been shown to be enriched in autoreactive B cells that are precursors of autoantibody secreting ASCs (30–33). Taken together, when B cell tolerance mechanisms such as anergy fail, either because of receipt of T cell help or alterations in inhibitory signaling (i.e., Tph, Tfh, or T cell subsets), these B cells can be activated and enticed to participate in disease pathogenesis. Recent studies indicate that SLE development may involve extrafollicular autoimmune responses that result from coordination of Tph and DN2 cells (28, 30). However, such extrafollicular T/B signature has not been studied in cSLE with or without cLN.

However pathogenic ASC arises, immune complexes (IC) containing antibodies they produce can deposit in various tissues leading to inflammation and end-organ damage. Previous studies using single-cell RNA sequencing of dissociated kidney biopsy samples from adult LN patients and healthy controls revealed evidence of activation of B cells with an age-associated B cell (ABC) signature (34). ABC are very reminiscent of DN2 cells (increased gene expression of TBX21 (Tbet), FCRL5, and ITGAX (CD11c) (35, 36). These studies also revealed evidence of progressive monocyte differentiation in the kidney. A clear interferon response was observed in most dissociated renal biopsy cells but was most pronounced in B and CD4+ T cells, suggesting a role for these cells at the diseased tissue-level (37). However, such studies have not been pursued in cLN, despite renal involvement occurring in up to 80% of cSLE and being the greatest predictor of mortality (38). Therefore, there is a strong need to understand which cell types i) drive the development of cLN (37, 39–41), and ii) what biomarkers are predictive of cLN development/progression over the course of cSLE disease (42).

While previous studies have shown that different cSLE phenotypes are associated with a unique immune signature (26), such studies have been limited by several factors including cross-sectional analysis, patient’s previous immunosuppressive treatment, and/or use of only one analytic modality. To better guide patient specific therapy in cSLE, and in particular SLE with cLN, we characterized the immunologic status of treatment-naïve cSLE patients with and without cLN both at diagnosis and over time (longitudinal follow up over 1-2 years), compared to age and sex-matched healthy controls. We integrated clinical laboratory and exam, mass cytometry (CyTOF), and gene expression data (DxTerity®). Paired with unbiased computational analyses to capture high-dimensional phenotypic (i.e., cell identity) and functional (i.e., cytokine, activation, interferon-response) parameters, relevant to ‘patient-level’ and ‘organ-level’ phenotypes, we identified biologically meaningful signals that have escaped conventional approaches.




2 Results



2.1 Demographic and clinical characteristics of cSLE patient cohort

24 cSLE patients and 30 age and sex-matched healthy controls (HC) were enrolled in the study. Participants’ demographics and baseline clinical and laboratory characteristics are summarized in Table 1. The age and sex distribution between cSLE and HC cohorts was similar. The racial/ethnic distribution within the cSLE and HC groups was different, with a Hispanic predominance in the cSLE patients (p = 0.01). The average age at study enrollment for the cSLE cohort was 14.6 years (SD = 2.6), with a female predominance (75%). The demographic characteristics of our cSLE patient group reflect the incidence/prevalence of cSLE disease in general, which has a predominance of female patients of minority racial/ethnic background. Information about ancestral genetic backgrounds in this study was limited to self-reporting of demographic information and thus did not allow deeper exploration of genetic influences within our predominantly Hispanic patient group. We also did not collect any specific SES information with which to explore such associations.


Table 1 | Demographic, Clinical and Laboratory Information.



Almost every patient in our cSLE patient group was enrolled at diagnosis, except for one patient who was enrolled during a flare episode after medication discontinuation for several years prior to flare. At baseline (enrollment), the median SLEDAI score was 14.5 (IQR 8.0 – 18.5), consistent with moderate-to-high disease severity. The most common clinical features were arthritis (66.7%), cutaneous manifestations (54.2%), and cytopenias (54.2%) (Supplementary Table 1). Seven patients (29%) had lupus nephritis (cLN) at diagnosis based on kidney biopsy; all cLN patients had Class III or IV proliferative nephritis (International Society of Nephrology and the Renal Pathology Society, ISN/RPS), and 4/7 (57.1%) had concurrent membranous disease (ISN/RPS class V), reflecting typical severity range of cLN (Table 1).

The median follow-up duration for the cSLE patients was 42.7 weeks (IQR 11.7 – 79.4) with an average number of three total study visits (min 1 – max 7, Supplementary Figure 1A). Study visits were concurrent with routine clinical care follow up, and hence most visits occurred during the first year of diagnosis when follow up is more frequent. All patients received treatment with hydroxychloroquine and 90% received corticosteroids. The most prescribed immunosuppressive steroid sparing agent was mycophenolate mofetil (65%). Other targeted biologics, including rituximab, belimumab and abatacept, were used sparingly with only one individual having received either therapy (Supplementary Table 2). Most patients experienced improvement in disease activity as evidenced by a decrease in median SLEDAI score over time (Supplementary Figures 1A, B). The median change in SLEDAI from first to last study visit was 7.5 (IQR 2.0 – 14.3); the maximal improvement in SLEDAI score of 20 points, occurred in one patient. 7/24 patients (35%) reached lupus low disease activity state (LLDAS) during the study follow-up period (Supplementary Figures 1A, B), consistent with the increased disease severity in the pediatric population.

Of the seven patients with cLN at enrollment, six had longitudinal data, and of these, four achieved a partial renal response, and none achieved a complete response. Definitions for partial and complete response followed previously published metrics (43). Proteinuria and total SLEDAI-2K values improved compared to baseline values (Supplementary Figures 1B, C). None of the cLN patients achieved lupus low disease activity state (LLDAS) during the study period, consistent with the high morbidity/mortality of LN (Supplementary Figure 1A). One additional patient developed new-onset proliferative LN one year after enrollment (and sample analysis) and experienced a refractory course.




2.2 Newly diagnosed cSLE patients demonstrate a type I interferon signature and downstream immune cellular activation

We investigated the whole blood transcriptional profile of cSLE patients using a targeted gene expression panel that assesses 10 gene expression ‘modules’ (i.e., groups of genes) covering different cell types and downstream signaling pathways previously implicated in SLE immunopathogenesis (DxTerity®, see Methods). It is well-established that SLE patients exhibit increased interferon-stimulated gene (ISG) expression at the time of diagnosis, with wide variability in their specific ISG signatures (26). 3/10 DxTerity® gene modules cover ISG targets induced by type I/II IFN ligands, and they all demonstrated statistically significant increased gene expression in cSLE baseline visits versus HC (Figure 1A, Supplementary Figures 2A, B). Consistent with previous reports of an increased peripheral plasmablast (PB) mRNA signature in pediatric and adult SLE (26, 44), the PB module was significantly elevated in our cSLE cohort (Figure 1A, Supplementary Figure 2C), while B, T, and dendritic cells (DC), and neutrophil modules showed no significant difference (data not shown).




Figure 1 | Untreated cSLE patients demonstrate enhanced interferon and plasmablast gene expression signatures compared to HC. HC (black, n=29) and SLE (red, n=16) subjects were assessed for gene expression of 10 mRNA modules. (A) Box plots (median, Q1, Q3) of module score (mean of Log2 normalized expression of constituent genes). p-values shown within each module comparison determined by Mann-Whitney U test with FDR correction; signficance<0.05. (B) Subject-wise dendrogram generated by unsupervised clustering of subjects (rows) according to modular gene expression (columns). Black line at 2nd branch level indicates significant enrichment (p = 4.8e-8) of SLE samples in lower branch ($, SLE n = 13/16, 81%; HC n = 4/29,14%) compared to the upper branch (#, SLE n = 3/16, 19%; HC n = 25/29, 86%). Clustering and testing detailed in methods.



Unsupervised hierarchical clustering of all baseline cSLE and HC samples based on modular gene expression profiles grouped most cSLE distinctly from HC (p = 4.8e-8, with most cSLE grouped together in bottom half; SLE n = 13/16, 81%; HC n = 4/29, 14%; Figure 1B). In addition to these modules, we queried expression of specific gene targets complementary to the mass cytometry analysis, discussed below. Notably, CD38, a marker highly expressed on PB and indicative of T cell activation, was significantly elevated in cSLE compared to HC, along with the lymphocyte activation/exhaustion markers such as PDCD1 (PD-1) and LAG3 (Supplementary Figures 2C, D). While all of the individual genes comprising the type I and II IFN, PB, and activation/exhaustion T cell modules were significantly different between cSLE and HC groups (Figure 1, Supplementary Figure 2C), only PDCD1 and LAG3 were significantly different between cSLE patients with and without LN (Supplementary Figure 2C). While not significant, all plasmablast module genes demonstrated an elevated trend in the cSLE with cLN patients when compared to those without cLN, except for BAFF (LN vs. No LN; Supplementary Figures 2C, D). These data suggest that B cell activation in particular may play a role in cLN immunopathogenesis.

We analyzed peripheral leukocytes via mass cytometry to investigate alterations of immune cell subsets and their functional state (Methods, Supplementary Table 3). 26 surface markers delineated lymphoid and myeloid cell subsets including T, B, NK, DC, monocytes, granulocytes, and their cellular activation states (gating of representative mass cytometry data in Supplementary Figure 3). Intracellular proteins measured 14 innate pro-inflammatory and T cell-specific cytokines in response to the in vivo ‘SLE inflammatory state’ (no ex vivo stimulation, only protein transport inhibitor added). The prominent type I IFN gene expression signature observed in the cSLE cohort at diagnosis (p = 1.75e-14, median score SLE = 1.16 vs. HC = -2.75; Figure 1A) is also reflected in increased CD66+ neutrophil frequency, and monocyte cytokine production (Figure 2A). We have previously identified a pro-inflammatory cytokine signature in CD14hi monocytes of newly diagnosed cSLE patients defined by increased intracellular levels of monocyte chemoattractant protein 1 (MCP-1 or CCL2), macrophage inflammatory protein 1-beta (Mip-1   or CCL4) and interleukin-1 receptor antagonist (IL-1RA) (45). That same study showed that type I IFN signal is necessary, but not sufficient to induce these cytokines. In the present study we observed a statistically significant increase in the percentage of MCP-1+ CD14hi cells (p = 0.025, median SLE = 40.4% vs. HC = 3.63%) in cSLE, as well as a trending, though not significant, increase in the percent of IL-1RA+ CD14hi cells, compared to HC (Figure 2A). We did not observe a difference in the percent of Mip-1   + CD14hi cells (Figure 2A). Consistent with our prior report, no difference in the frequency of CD14hi monocytes between cSLE and HC accompanied this difference in cytokine expression (Figure 2A). cSLE patients with LN at the time of diagnosis exhibited a trend towards a higher frequency of MCP-1+ CD14hi cells compared to cSLE patients without LN (p = 0.060, median LN = 47.7% vs. No LN = 31.3%) (Figure 2B).




Figure 2 | Untreated cSLE patients demonstrate lymphoid and myeloid cellular features consistent with elevated interferon signaling compared to HC. Mass cytometry analysis of HC (black, n=23) and SLE (red, n=22) subjects without LN (purple, n=15) or with LN (green, n=7) at time of diagnosis (A) For HC vs. SLE, CD66+ Neutrophils frequency from all live cells, CD14hi Monocytes frequency from all lymphocytes, and percent of these cells expressing cytokines (MCP-1, Mip-1  , IL-1RA) after 6 hours with protein transport inhibitor relative to 95th percentile time-zero threshold (methods). (B) Same as A, for No LN (purple) vs. LN (green). (C) Compositional Analysis using Kernels (CODAK) of 16 manually gated immune cell subsets (listed with color code at right) shows the proportion of each cell type (x-axis) per subject (y-axis). Overall significance of disease-specific compositional difference, p = 1.2e-4. Row-wise dendrogram generated by unsupervised clustering of subjects according to cell type composition. Black line at 3rd branch level indicates significant enrichment (p = 2.19e-7) of SLE subjects clustering in the lower branch ($, SLE n = 16/22, 73%; HC n = 11/23, 48%) compared to the upper branch (#, SLE n = 6/22, 27%; HC n = 12/23, 52%). (D, E) Frequency of populations shown as percentage of lymphocytes (Y-axis), comparing HC vs. SLE (D) and SLE patients with LN and No LN (E). For all box plots (median, Q1, Q3) p-values shown within each module comparison determined by Mann-Whitney U test with FDR correction; signficance<0.05.



To determine overall cellular compositional differences (i.e., differences in immune cell population distribution) between cSLE (at diagnosis) and HC, we applied CODAK (46), a kernel-based statistical learning method optimized for high-dimensional and low sample size data sets (Methods). In brief, this approach uses kernel distance covariance to test whether cell type composition associates with a predictor (i.e., disease state – cSLE vs. HC). This methodology requires non-overlapping input populations, and therefore, only CD27- (naïve), CD27+ (memory), and PB B cells were included in this clustering approach, since DN2, Bnd, Bnd2, isotype switched B cells, and other B cell subpopulations studied below overlap with the CD27+ and CD27- B cell subsets and PB populations. For the same reason, T follicular and peripheral helper cells were also not included in this analysis. To assess whether and how the cSLE vs. HC subjects segregated based on cellular compositional difference, we applied unsupervised clustering based on each study subject’s cellular compositional distribution, which grouped most cSLE samples distinctly from HC (p = 2.19e-7, with most cSLE grouped together in bottom half; SLE n = 16/22, 73%; HC n = 11/23, 48%; Figure 2C). Once cellular compositional differences between cSLE and HC were determined to be statistically significant (p = 1.2e-4, Figure 2C), specific cell types that significantly contributed to this overall compositional difference were identified. cSLE patients showed significantly lower frequencies of CD4+ T naïve (TN) cells and CD56dim NK cells compared to HC (Figure 2D), but these cell type frequencies did not differ between LN and No LN groups (Figure 2E).

These data are consistent with previous literature describing prominent type I IFN, type II IFN, and PB transcriptional signatures in cSLE patients. Extending these studies, we demonstrate downstream T and B cellular activation consequences of such transcriptional signatures, including increased frequency of ISG-dependent cytokine production by classical monocytes, increased frequency of neutrophils, and decreased frequency of naïve T cells. Taken together, our gene expression and immune cellular profiling data extend previously published findings and demonstrate the robustness of the technical and analytical platforms.




2.3 Newly diagnosed cSLE patients demonstrate an activated/exhausted memory T cell phenotype that is correlated with disease activity in LN patients only

We investigated the frequencies and phenotype of manually-gated CD4+ and CD8+ T cell subsets using CD27 and CD45RA to define cells as naïve (TN, CD45RA+CD27+), central memory (TCM, CD45RA+CD27-), effector memory (TEM, CD45RA-CD27+), and effector memory RA (TEMRA, CD45RA-CD27-) within each lineage. CD4+ TN cells were less frequent in cSLE vs. HC, but no differences in CD4+ TCM, TEM, or TEMRA were found (Supplementary Figure 4A). Among cSLE patients at diagnosis, there were no differences in CD4 T cell subset frequencies between LN and No LN (Supplementary Figure 4A). The frequencies of CD8+ TN, TCM, TEM, and TEMRA cells were also comparable between cSLE patients and HC, but an increase in CD8+ TCM was found when comparing LN vs. No LN (p = 0.05, median LN = 4.70% vs. No LN = 2.26%; Supplementary Figure 4A).

We further investigated these T cell subsets by analyzing their expression of activation markers and cytokines. Non-naïve CD8+ T cells from cSLE patients at diagnosis expressed higher levels of the activation markers CD38, PD-1, and HLA-DR (Figure 3A, Supplementary Figure 4B). However, differences in activation marker expression were not observed when comparing LN vs. No LN (Figure 3A, Supplementary Figure 4B). CD4+ TEM cells from cSLE patients expressed more CD38 compared to HC, but no other significant differences in activation marker expression were identified in cSLE vs. HC nor LN vs. No LN (Supplementary Figure 4C). We did not find significant differences in T cell IFN- , TNF-α, or IL-17 cytokine production between cSLE vs. HC, nor LN vs. No LN, in the absence of exogenous stimulation (only addition of protein transport inhibitor, Supplementary Figure 4D).




Figure 3 | CD8+ T cells from untreated cSLE patients exhibit an activated/exhausted phenotype that correlates with disease score in cLN. Mass cytometry analysis of HC (black, n=23) and SLE (red, n=22) subjects without LN (purple, n=15) or with LN (green, n=7) at time of diagnosis (A) or longitudinally (B). (A) Median CD38 MMI (arcsinh transformed value) for CD8+ T cell subsets. (B) Differential correlations of surface activation marker expression (CD38, PD1, and HLA-DR untransformed MMI) on CD8+ TCM vs. SLEDAI score (left) and C3 (mg/dL; right) for No LN and LN subjects including all timepoints (accounting for repeated measures). p values at top of plots test differential correlations between No LN (purple, n=48) and LN (green, n=16) r and p values at right of plots describe No LN and LN specific correlations. Correlation tests performed by linear mixed model (methods). For all box plots (median, Q1, Q3) p-values shown within each module comparison determined by Mann-Whitney U test with FDR correction; signficance <0.05.



We applied linear mixed models to test correlations between CD4+ and CD8+ T cell subset frequencies, and their expression of activation markers, against clinical disease activity metrics over the course of the study (i.e., SLEDAI and complement C3 levels; reduced C3 levels are indicative of increased disease activity). Correlations between T cell activation marker expression and disease activity (SLEDAI) were tested differentially based on LN status at time of diagnosis (Figure 3B, differential correlation p-value at top of panels). Expression of CD38, PD-1 and HLA-DR in CD8+ TCM cells correlated with baseline SLEDAI score only in patients with LN, and the corresponding LN-specific inverse correlations to complement C3 levels were observed for CD38 and PD-1 (Figure 3B). Expression of activation markers CD38 and HLA-DR was correlated with disease severity in CD8+ T naive (TN) cells but not other CD8+ T cell subsets (Supplementary Figure 4E). Additionally, there was no correlation found between the frequency of any CD8+ T cell subsets and SLEDAI score, regardless of LN status (Supplementary Figure 4F). Overall, these findings support a specific relationship between highly activated CD8+ TCM cells and disease severity amongst cSLE patients with LN at diagnosis.




2.4 Newly diagnosed cSLE patients demonstrate increased frequencies of circulating T follicular and peripheral helper cells, but the frequency of cTph correlates with disease activity in cLN patients only

Considering the prominent role of autoreactive antibody-secreting cells (ASC) in SLE, we evaluated peripheral circulating CD4+ T cells known to promote B cell differentiation in either germinal center (cTfh) or extrafollicular sites (cTph) as a surrogate for T-B (and myeloid) cellular interactions. The CD4+ T cell compartment of cSLE patients at diagnosis contained higher percentages of both cTfh (PD-1hi, CXCR5+) and cTph (PD-1hi, CXCR5-) compared to HC (cTfh: p = 3.2e-4, median SLE = 1.27% vs. HC = 0.371%; cTph: p = 1.2e-7, median SLE = 11.5% vs. HC = 3.43%; Figure 4A). The frequency of cTph, but not cTfh, was significantly higher in LN patients compared to those without LN at diagnosis (p = 0.037, median LN = 14.3% vs. No LN = 8.87%; Figure 4A).




Figure 4 | Untreated cSLE patients demonstrate increased frequency of T follicular helper (cTfh) and T peripheral helper (cTph) compared to HC, and cTph frequency correlates with disease activity longitudinally in cLN. Mass cytometry analysis of HC (black, n=23) and SLE (red, n=22) subjects without LN (purple, n=15) or with LN (green, n=7) at time of diagnosis (A) or longitudinally (B). (A) cTfh and cTph cells as % of CD4+ T cells for HC vs. SLE and No LN vs. LN. (B) Differential correlations of cTfh and cTph frequencies at all timepoints vs. SLEDAI score (top) and C3 (mg/dL; bottom) for No LN and LN subjects including all timepoints (accounting for repeated measures). p values at top of plots test differential correlations between No LN (purple, n=48) and LN (green, n=16) r and p values at right of plots describe No LN and LN specific correlations. Correlation tests performed by linear mixed model (methods). For all box plots (median, Q1, Q3) p-values shown within each module comparison determined by Mann-Whitney U test with FDR correction; signficance <0.05.



Correlations between cTph or cTfh frequency and disease activity (SLEDAI) were tested differentially based on LN status at time of diagnosis. The frequency of cTph cells correlated with SLEDAI score for LN patients only (LN r = 0.48, p = 0.046; No LN r = -0.09, p = 0.52; differential p = 0.019 at the top of the panel; Figure 4B). These data indicate that an increased frequency of cells that promote B cell differentiation into ASC at extrafollicular or inflamed tissue sites is associated with increased disease severity amongst cSLE patients with LN. No such correlation between cTfh frequency and disease activity was observed regardless of LN status (Figure 4B), indicating that while cTfh cells are more frequent in cSLE generally, they are not increased in the setting of LN and their frequency does not correlate with disease severity. Taken together, our multi-dimensional analysis of T cells demonstrates; i) a bias toward increased activated CD8+ TCM cells coupled with CD4+ T helper cells that support B cell differentiation as general features of cSLE, and ii) increased cTph frequency as a correlate of disease activity in LN only.




2.5 Newly diagnosed cSLE patients demonstrate increased frequency of extrafollicular B cell subsets

The gene expression analysis showed an increased PB mRNA module score in the blood of newly diagnosed untreated cSLE patients compared to HC (p = 2.7e-6, median SLE score = 2.17 vs. HC = -0.199; Figure 1A), and this module trended higher in LN patients (Supplementary Figure 3C). The CyTOF analysis demonstrated increased PB frequency (% of total B cells), though this was not significant (p = 0.15, median SLE = 2.12% vs. HC = 0.602%; Figure 5A), and the PB frequency was significantly higher in LN patients (p = 0.037, median LN = 5.56% vs. No LN = 1.53%; Figure 5B). We evaluated non-plasmablast B cell subtypes defined by CD27- B cell subsets (IgM-IgD- atypical memory, IgM-IgD+ anergic, IgM+IgD- immature naïve, IgM+IgD+ mature naïve) and CD27+ B cell subsets (IgM-IgD- class switched memory, IgM-IgD+ c-delta class switched, IgM+IgD- IgM memory, IgM+IgD+ pre-switched) and observed no disease-specific differences in frequency (Supplementary Figures 5A, B). However, cSLE patients demonstrated an increased frequency of CD21lo B cells (p = 1.65e-5, median SLE = 42.3% vs. HC = 14.0%; Supplementary Figure 5B).




Figure 5 | Untreated cSLE patients demonstrate increased frequency of activated B cell subsets compared to HC, and plasmablasts are more frequent in cLN compared to No LN. Mass cytometry analysis of HC (black, n=23) and SLE (red, n=22) subjects without LN (purple, n=15) or with LN (green, n=7) at time of diagnosis. (A) Boxplots of B cell subsets shown % of CD19+ B cells in HC vs. SLE. (B) Same as A but comparing No LN (purple) vs. LN (green). For all box plots (median, Q1, Q3) p-values shown within each module comparison determined by Mann-Whitney U test with FDR correction; signficance <0.05.



Because it has been previously demonstrated that PB in SLE patients can differentiate from a pool of activated naive cells (aNAV) (47, 48), we evaluated aNAV population frequency as defined by CD27-CD38-CD21loCXCR5-IgD+CD11c+. We did not find any difference in aNAV frequency between SLE vs. HC, or LN vs. No LN (Supplementary Figure 5A). aNAV B cells have been shown to be progenitors of DN2 B cells (30, 48). As mentioned above, the DN2 B cell subset can differentiate into ASC via an extrafollicular pathway, and their frequency has been shown to correlate with SLE disease activity (30). In our study, we found this DN2 population to be increased in cSLE vs. HC (p = 0.055, median SLE = 3.04% vs. HC = 1.32%; Figure 5A), with an increased trend in LN vs. No LN (p = 0.22, median LN = 3.85% vs. No LN = 3.00%; Figure 5B). Because the ASC in SLE likely derive from precursors with autoreactive specificity that escape anergy, we evaluated the anergic B cell compartment (Bnd, CD27-IgM-IgD+) and found a trend toward reduced frequency in cSLE patients (p = 0.087, median SLE = 5.50% vs. HC = 6.40%; Figure 5A). This is consistent with observations in other autoimmune diseases that argue a loss of the B cell anergic phenotype occurs in asymptomatic autoantibody positive T1D and new-onset pediatric T1D and AITD patients (21, 49–51). We further evaluated the Bnd compartment and found that Bnd2 cells (CD27-IgM-IgD+CD21loCXCR5-), which express increased markers of activation and are thought to be extrafollicular in derivation (52), are increased in cSLE vs. HC (p = 0.0058, median SLE = 1.48% vs. HC = 0.913%; Figure 5A). Neither DN2, Bnd, nor Bnd2 cell frequencies were significantly different between LN and No LN groups (Figure 5B). These findings demonstrate increased frequency of extrafollicular B cellsin cSLE, consistent with breakdown of the B cell tolerance.

Given the correlations between cTph and SLEDAI disease activity in cLN, we also evaluated whether different B cell subset frequencies correlated with disease activity over the course of disease. While such analyses demonstrated lack of correlation of any of the a priori user defined populations with SLEDAI (Supplementary Figure 5D), the application of unsupervised machine learning algorithms showed otherwise, as described below.




2.6 An extrafollicular B/T cell signature correlates with disease activity in LN patients only

To further explore the differences in the B cell compartment, we leveraged a machine learning tool designed to identify rare and/or heterogeneous disease-associated cell signatures based on many parameters simultaneously. CellCnn is a supervised, neural network-based (Cnn), multiple instance representation learning algorithm that has been used to identify disease-associated cell signatures in another autoimmune disease such as multiple sclerosis (53, 54). In brief, this tool is trained to identify a multi-parametric signature (filter) of cells that differs most distinctly between disease states – it is supervised with respect to disease state but is agnostic with respect to any user-defined definition of cell gates or functional features. The researcher can then query the frequency and characteristics of cells strongly conforming to this signature (quantified by CellCnn score) in all samples, to make inferences about cells relevant to disease.

Using surface markers measurements made by CyTOF analysis (Supplementary Table 3) as features to select disease-associated cells (those cells that probabilistically and statistically differentiate LN from no LN disease state at diagnosis), we found a heterogeneous subset of B cells that is more frequent in cSLE patients with LN than without LN (p = 6.22e-4, median LN = 17.6% vs. No LN = 6.94%; Figures 6A, B). The selected population was comprised of two clusters visualized on a UMAP projection (Figure 6A, CellCnn score greater than 3), one with a CD11c-CD27+CD38hiIgD- phenotype (cluster A), and one with a CD11c+CD27-CD38midIgD- phenotype (cluster B) (Figure 6C). These phenotypes resemble PB and DN2 populations respectively, suggesting that CellCnn identifies a continuum of disease-associated B cells along the extrafollicular and ASC differentiation pathway. This continuum most distinctively differentiates LN vs. No LN disease state (at diagnosis). A phenotypically similar CellCnn-associated B cell population (named ‘CellCnn PB-DN2’ for short) was also found to differ significantly between the disease states of cSLE without LN vs. HC (p = 2.56e-7, median SLE = 6.87% vs. HC = 0.725%; Supplementary Figures 6A, B).




Figure 6 | Untreated cLN patients exhibit a B cell disease-specific population spanning plasma cell differentiation that correlates with cTph and cTfh frequencies. Mass cytometry analysis of No LN (purple, n=15) and LN (green, n=7) subjects at time of diagnosis. A supervised neural network-based learning algorithm (CellCnn) was applied to analyze B cells from SLE patients with and without LN at time of diagnosis to identify i) an immunophenotypic signature based on surface markers (A–C) that discriminates between No LN and LN. (A) UMAP projection composite for all samples showing 85th percentile of cells with CellCnn scores conforming to filter (see methods; CellCnn Score coloration indicates strength of conformity to cell-selection signature). (B) Frequency of CellCnn-selected cells in No LN and LN subjects. (C) Overlay of relevant characteristic marker intensities on UMAP projection (as in A); corresponding histogram of marker intensity between selected (red) and all (blue) B cells (KS = Kolgorov-Smirnov distance). (D) B cell subset composition of CellCnn-selected B cells based on manually-gated populations for No LN (n=15) vs. LN (n=6*) groups (methods). (E) Boxplots of plasmablast frequency from CellCnn-selected B cells from LN vs. No LN groups. Spearman correlation of PB frequency from % CellCnn-selected B cells vs. manually-gated PB frequency from % total B cells analyzed. (F) Same as E but for isotype switched B cells. Spearman correlations of the frequency manually-gated cTph, cTfh cells, and SLEDAI vs. % CellCnn PB-DN2 cells (G–I) and those CellCnn-selected B cells that were identical to user-gated plasmablasts (J–L). *For one LN subject, CellCnn-selected cells comprised 98.4% PBs. Subject excluded from panels E-L to calculate correlation coefficient and significance. For all box plots (median, Q1, Q3) p-values shown within each module comparison determined by Mann-Whitney U test with FDR correction; signficance <0.05.



To further discern the phenotype of the heterogeneous LN-associated ‘CellCnn PB-DN2’ population, these cells were mapped to conventionally gated B cell subsets (on an individual patient basis), and this demonstrated that isotype switched B cells and PB constitute over a third of the ‘CellCnn PB-DN2’ cells that best differentiate LN and No LN status (Figure 6D, bottom two populations of the stacked bar graph). However, while the PB frequency from the ‘CellCnn PB-DN2’ is significantly different between LN and No LN (p = 0.018, median LN = 30.11% vs. No LN = 7.84%; Figure 6E), the isotype switched B cell frequency (from the ‘CellCnn PB-DN2’) is not (p = 0.97, median LN = 22.92% vs. No LN = 21.21%; Figure 6F). The frequencies of both PB and isotype-switched B cells determined from the CD19+ B manual gate (X-axis, % from CD19+, Figures 6E, F) correlate with their frequencies determined using the CellCnn selected B cells (Y-axis, % from CellCnn, Figures 6E, F). Thus while the abundance of these cells among total CD19+ B cells from each patient is indeed consistent with abundance of cells defined using the CellCnn signature, only the PB frequency is statistically different between LN and No LN. These findings further support a unique role of B cell activation/differentiation toward ASC in cLN immunopathogenesis.

Frequency of LN-associated ‘CellCnn PB-DN2’ cells (% ‘CellCnn PB-DN2’ on X-axis of Figures 6G, H) strongly correlated with the frequency of manually gated cTph (r = 0.536, p = 0.022; Figure 6G) and cTfh cells (r = 0.568, p = 0.016; Figure 6H) in cSLE patients. Particularly, for LN patients who demonstrated higher percentage of ‘CellCnn PB-DN2’ B cells, cTph and cTfh, the correlation amongst them was even more robust and significant (green dots in Figures 6G, H), supporting the strong relationship between cTph cells and B cell differentiation toward ASC in LN. Further supporting ASC differentiation as the driving feature distinguishing LN and No LN in this ‘CellCnn PB-DN2’ B cell signature, we found a robust correlation between the frequency of PB population from the CellCnn selected B cells (% PB from CellCnn on X-axis of Figures 6J-L) to cTph (r = 0.532, p = 0.013; Figure 6J) and cTfh (r = 0.723, p = 2.1e-4; Figure 6K). Neither the frequency of these ‘CellCnn PB-DN2’ B cells or PB population from the ‘CellCnn PB-DN2’ significantly correlated with disease activity (SLEDAI) in cSLE (all purple and green dots, r = 0.382, p = 0.11; Figures 6I, L). However, while all cLN patients (green dots only) demonstrated the highest frequency of ‘CellCnn PB-DN2’ B cells correlated with the highest SLEDAI scores (Figure 6I), they did not demonstrate the same pattern for the percent PB from CellCnn selected cells (Figure 6L), suggesting that other B cell populations in the ASC trajectory (extrafollicular and germinal center derived) contribute to LN pathogenesis.

We also investigated T cell and monocyte compartments using the CellCnn methodology but did not detect statistically significant differences associated with LN (or cSLE in general) disease state (data not shown). Overall, our findings using both manual gating and CellCnn suggest an important role for the continuum of extrafollicular T/B interactions toward ASC and their potential involvement in development of LN. Remarkably, one non-LN cSLE patient who at the time of sampling demonstrated an increased percentage of ‘CellCnn PB-DN2’ B cells (and manually gated PB), cTph, and cTfh cells (purple diamond in Figures 6G-L), with the same “signature/pattern” as the LN patients (green dots, Figures 6G-L), developed LN a year later. These data support the notion that increases in these populations may precede LN development.




2.7 A cytokine-producing heterogeneous LN-associated B cell signature is correlated with disease activity in LN patients only

While production of autoantibodies is typically considered the most pathogenic effector function of B cells in SLE, B cells can also act as antigen presenting cells and make pro-inflammatory cytokines, such as IFN- , TNF- , IL-6, IL-23, and IL-12. These functions may influence T cell differentiation and promote Th1-dependent inflammatory processes (55–57). We applied CellCnn analyses to B cells from LN vs. No LN patients based on intracellular cytokine production and identified an LN-associated B cell population (p = 0.00778, median LN = 3.15% vs. No LN = 1.06%; Figures 7A, B) with elevated IFN- , MCP-1, IL-12p40, PTEN, IL-23p19, IFN- , and IL-6 (Figure 7C). The observed elevated levels of PTEN are likely indicative of recent activation (50). Interestingly, we noted that MCP-1 expression is highly statistically significant in the disease-associated B cells (Figure 7C, KS value). MCP-1 was also significantly produced by CD14hi monocytes from LN patients (Figure 2B). This disease-associated B cell population was also found to be significantly more frequent in cSLE without LN compared to HC (p = 1.78e-3, median SLE = 2.41% vs. HC = 1.32%; Supplementary Figures 6C, D), suggesting the pervasive nature of cytokine producing B cells in cSLE.




Figure 7 | The B cell compartment of untreated cLN patients demonstrates disease-specific signature populations defined by cytokine production that correlates with disease activity. Mass cytometry analysis of No LN (purple, n=15) and LN (green, n=7) subjects at time of diagnosis. A supervised neural network-based learning algorithm (CellCnn) was applied to analyze B cells from SLE patients with and without LN at time of diagnosis to identify signature population based on intracellular cytokine production that discriminates between No LN and LN. (A) UMAP projection composite for all samples showing 85th percentile of cells with CellCnn scores conforming to filter (see methods; CellCnn Score coloration indicates strength of conformity to cell-selection signature. (B) Frequency of selected cells in No LN and LN subjects. (C) Overlay of relevant characteristic marker intensities on UMAP projection (as in A); corresponding histogram of marker intensity between selected (red) and all (blue) B cells (KS = Kolgorov-Smirnov distance). (D) Spearmann correlation of SLEDAI vs. % of CellCnn-selected B cells by cytokine signature; significance <0.05.



The frequency of B cells fitting this cytokine signature was strongly correlated to clinical disease activity at baseline (SLEDAI) (r = 0.594, p = 0.00358, Figure 7D); however, the frequency of these cytokine producing B cells did not correlate with cTph or cTfh frequency as the CellCnn surface-marker-defined B cells did (Supplementary Figures 6E, F). Interestingly, the subject highlighted in Figure 6 (purple diamond), who did not have LN at the time of analysis but developed LN approximately one year later, also showed a higher frequency of these cytokine-producing B cells (% CellCnn-selected B cells by cytokines on X-axis) correlated with SLEDAI score (purple diamond, Figure 7D). These findings suggest that while the predominant role of B cells in SLE pathogenesis is autoantibody production, a small population of proinflammatory cytokine-producing B cells could have an additional role in LN pathogenesis.





3 Discussion

We applied a multi-modal peripheral blood immune profiling approach to cSLE patients, sampling both at diagnosis prior to treatment and longitudinally as their disease was treated/progressed, to identify abnormalities associated with clinical manifestations and disease activity, specifically, LN. Despite the modest size of our study cohort, our findings confirmed themes of previously reported cSLE literature, such as the predominance of an elevated type I IFN and PB signatures, increased neutrophil frequency, increased monocyte cytokine production, and T cell activation/exhaustion. These findings demonstrate that our study cohort represents “typical cSLE pathology” and supports the robustness of our technical platforms. Importantly, we extended knowledge regarding the immunopathogenesis of cLN by identifying i) an extrafollicular T/B cellular (cTph, plasmablast, DN2, Bnd2), and ii) a B cell cytokine-producing signature in cSLE patients that is correlated with disease activity in cLN, suggesting a specific pathway that could be targeted in renal disease. While previous studies have addressed these cell types, their cytokine production repertoire, and different blood transcriptomic profiles separately, our approach integrated these analyses in the same patients. These findings serve to define the specific pathways of B cell differentiation/activation that should be targeted in LN specifically, particularly since general anti-CD20 and anti-BAFF therapies have had mixed therapeutic success.

Unlike other studies where the patient population studied was heterogeneous in clinical disease phenotype and stage/course of disease, our cSLE patient cohort is homogeneous as all patients were studied at diagnosis, when treatment-naïve, a point at which they should display the most extreme state of their immune dysregulation. They were then followed longitudinally for 1-2 years, allowing study of progression of disease phenotype across time. During this interval subjects underwent standard of care treatment and demonstrated changing disease scores (Table 1, Supplementary Tables 1, 2, Supplementary Figure 1). Consistent with previous literature, we demonstrated that cSLE patients’ peripheral blood demonstrate an enhanced type I and II IFN gene expression signature (Figure 1). In newly diagnosed untreated cSLE patients, we evaluated three different interferon-based gene expression modules including DxTerity® IFN-1, IFN- , IFN- , all of which demonstrated statistically significant increases compared to healthy controls. The commercially available DxTerity® IFN-1 module, composed of Herc5, IFI27, IFIT1, and RSAD2, demonstrates the greatest significance in cSLE vs. HC. This gene expression module has been previously shown to be a key prognostic marker for SLE patients, as patients with a high baseline IFN-1 score have been shown to have 3X increased risk of developing LN (58). Our findings support the use of this commercially available IFN-1 assay for patient care and clinical trials (59–61). Future studies using a micro-collection device to assess IFN-1 score via fingerprick blood droplet will allow the measurement of type I IFN scores in a consistent longitudinal fashion in large cSLE study cohorts, including cLN specifically. Such validation studies will provide the foundation for a “home based” disease activity monitoring capability and provide data to study predictors of flare.

Type I and II IFN possess pleiotropic downstream effects on T and B cell activation, such as promotion of T cell differentiation (effector and central memory), B cell differentiation into DN2, Bnd2, and ASC, and depending on chronicity of disease process, T and B cell exhaustion (62–66). These IFN downstream immunological consequences were all identified in our studies, including increased frequency of i) extrafollicular (EF) B cell subsets DN2, Bnd2, and PB cells; ii) cTph and cTfh, and iii) CD8+ TCM, and expression of CD38, PD-1 and LAG-3 in CD8+ T cells (67, 68) (Figures 2, 3). While these findings have been previously addressed in other studies, they have all focused on adult patient cohorts, or incompletely studied – i.e., the studies focused on EF B cell subsets only, or T cell activation only, etc.

Previous studies have demonstrated increased frequency of certain B cell subsets in SLE patients, particularly those with LN. Sanz et al. demonstrated increased PB and DN2 populations in SLE patients with nephritis (30, 69, 70). However, these have not been evaluated in pediatric cohorts. We evaluated B cell subsets in our cSLE patient cohort, and identified increased frequencies of PB in LN vs. No LN patients, and extrafollicular DN2 and Bnd2 cells in cSLE vs. HC, without significant differences in aNAV cells (Figure 5). It is notable that Bnd2 cells are likely a subset of the aNAV phenotype but are restricted to IgM-lo/negative Bnd cells with an activated phenotype (19, 50, 71). While these user defined B cell subsets were evaluated, the application of machine learning algorithms to the data demonstrated the novel robust relationship between cTph, extrafollicular B cells, and disease severity in LN (Figure 6). We identified a heterogeneous population of LN-associated B cells comprising surface marker phenotypes resembling PB (CD27hiCD38hi) and DN2 (CD11c+CD27-IgD-) (30, 72) (Figure 6). As these machine learning-defined cells did not clearly conform to manually gated definitions, we expect that this set also includes transitional states that would occur as atypical memory cells differentiate toward pathogenic ASC; a fate that has been hypothesized in other reports on such B cells in SLE (30, 72). A strength of this approach is the ability to explore features of a heterogeneous set of disease-associated cells, encapsulating B cells at different stages of ASC differentiation trajectory, whether it be following germinal center or extrafollicular pathways, both of which likely have important roles in SLE pathogenesis. Importantly, frequency of these disease-associated B cells correlated robustly with cTph and cTfh, but only in cLN. Integrating these cellular subsets within the same patients (as opposed to separate cross-sectional studies), correlated with clinical disease scores. These findings reveal the specific immune profiles of cells that are the most important to target using new therapies. Clinical trial outcomes may be improved by refining patient suitability criteria based on these modalities.

LN-associated B cells showed elevated levels of cytokines that have been implicated in promoting T cell activation and differentiation into central memory phenotype (MCP-1), and differentiation of CD4+ cells into Tph cells (IL-12p40, IL-23p19, IFN- ) (27). Consistent with such findings were the increased CD8+ TCM, cTph and cTfh populations in cSLE patients, particularly those with LN (Figures 3, 4). We discovered a strong correlation between the frequency of these cytokine-expressing B cells and disease activity score across all SLE patients in our cohort, and all eight nephritis patients had greater than 2% of their total B cells fitting this profile, while only 3/14 non-nephritis cSLE patients exceeded that frequency threshold (Figure 7). These findings highlight a previously under-recognized, yet potentially important, role for B cell cytokine production in cSLE pathogenesis, particularly in LN. In addition, our findings support the notion of using PB and extrafollicular B cell subsets in disease monitoring (72) and extends the signature through use of a deep learning-derived profile to capture a complex set of B cells associated with disease.

It has been shown that naïve B cells can be driven to differentiate into the extrafollicular DN2 and Bnd2 cells and further into ASCs, in an IL-21-dependent manner (30, 52, 72). cTfh and cTph cells are producers of IL-21, and it has been shown that Tph cells can drive B cell differentiation into PB in the setting of SLE (27, 28, 73). Complementary to our finding of an extrafollicular B cell signature in LN, we found increased cTph cells in cSLE patients at the time of diagnosis. While we defined cTph and cTfh based on CD4 T cell expression of PD-1 and CXCR5, other markers such as CXCR3 and additional transcriptional factors such as Bcl6 for cTfh were not used and may provide further specificity to the data analyzed. Moreover, cTph frequency correlated with disease activity score (SLEDAI) specifically for patients with LN throughout the study period (Figure 4). cTph frequency also correlated with the frequency of surface-marker selected B cells (described above) for all patients at the time of diagnosis, with LN patients exhibiting the highest levels for both cell populations. The increased frequency of cTph cells in the circulation, along with the presence of disease-associated B cells that i) resemble PB and extrafollicular DN2 cells, and ii) produce cytokines implicated in driving Tph differentiation, suggests the possibility for a feed-forward dysregulation in which B cells may drive Tph through cytokine production; and Tph cells, in turn, drive the differentiation of DN2-like B cells into pathogenic ASCs by IL-21 production. This implicates signaling in these cell types as attractive therapeutic targets that would avoid the drawbacks of cell-depleting approaches and potentially afford more precise disease management. Our finding of a cytokine production signature amongst disease-associated B cells suggests that these as markers could be used to monitor disease activity, and as direct drug targets themselves. Future flow cytometry and/or gene expression-based studies evaluating extrafollicular T/B cell subsets and B cell cytokine production in a larger cohort of cSLE patients with and without nephritis holds the potential to inform new therapies for organ-specific disease. It is important to consider the role that elevated and sustained type 1 IFN signaling could play in the model of pathologic T/B cell interactions our data support. Type 1 IFN signaling has been shown to promote the differentiation of autoreactive, T-dependent, extrafollicular plasmablasts in a mouse model of SLE (74), and in vitro studies of human T cells demonstrate that IFN-  stimulation can induce CD4 T cell phenotypes consistent with Tph/Tfh differentiation (75). Monoclonal therapy directed against the type I IFN receptor subunit 1 (Anifrolumab, Saphelo) is currently FDA approved for treatment of moderate to severe SLE in adult patients, after a decade without the introduction of any new therapies (76–78). The initial clinical trials in 2020 included SLE patients of diverse clinical presentations, but the more recent 2022 clinical trial focused on treatment of active LN. While the primary endpoint of change in baseline 24-hour urine protein–creatinine ratio (UPCR) was not met, the anifrolumab arm did result in improved numerical renal outcomes, suggesting that disruption of type I IFN signaling can result in improvement of renal disease (79). Understanding the role of this intervention with respect to the aberrant T/B cell interactions in cLN that we and other groups have reported on will be critical to defining the downstream immunopathogeneses of elevated type 1 IFN on SLE generally, as well as any treatment (and perhaps even preventive) value it may have against the development of nephritis specifically. The current possibility to study extrafollicular T/B cell interactions before and after type 1 IFN signaling blockade, particularly through spatial analysis of immune cells in the renal tissue, presents an important opportunity to elucidate the immune pathways underlying cLN.




4 Methods



4.1 Experimental subject details

24 patients with cSLE were enrolled and consented at Children’s Hospital Colorado Rheumatology clinics between April 2016-2019 and followed longitudinally with routine clinical care and peripheral blood collection until study completion, under an IRB approved protocol for which Dr. Hsieh is the PI. At enrollment (baseline), participants were required to be< 21 years of age, meet the 1997 American College of Rheumatology revised SLE classification criteria (80) (Table 1, Supplementary Table 1), and be either treatment naïve (new diagnosis) or have ceased treatment for longer than six months. Clinical data including physician exam findings and laboratory data were obtained at each study visit. Medications were prescribed according to standard clinical practice at the discretion of the treating physician (Supplementary Table 2). An additional 30 healthy subjects were recruited to serve as cross-sectional age and sex-matched controls (Table 1).



4.1.1 Disease activity

To assess disease activity, the Systemic Lupus Erythematosus Disease Index Activity Index 2000 (SLEDAI-2K) (81) was reported at baseline and at each follow-up visit by the treating clinician (Supplementary Figure 1, Supplementary Table 2). Conventional laboratory parameters were collected with each visit, including but not limited to, complete blood cell count and differential, C-reactive protein, sedimentation rate, serum creatinine, complement components 3 and 4, double-stranded DNA (dsDNA) titers, urinalysis with microscopy and urine protein to creatinine ratio (UPCR) (Supplementary Figure 1, Supplementary Table 1, Table 1).




4.1.2 Lupus low disease activity state

The LLDAS definition was modified from the consensus-based definition published by Franklyn et al (82). A patient was deemed to be in LLDAS if their SLEDAI-2K was ≤4, they had no new disease activity or organ involvement compared with the previous assessment, and the prednisone (or equivalent) dose was ≤7.5 mg daily, on stable maintenance doses of immunosuppressive drugs and approved biological agents. The physician global assessment component was omitted from our definition as this was not routinely performed with clinical care. Summary of SLEDAI and LLDAS status can be found in Supplementary Figure 1.




4.1.3 Renal response

Definitions for complete and partial renal response were adapted from the Childhood Arthritis and Rheumatology Research Alliance Consensus Treatment Plan for new–onset proliferative lupus nephritis (43) definitions for substantial and moderate renal response, respectively. Core renal parameters include proteinuria (UPCR), renal function (creatinine clearance), and urine sediment (urine WBCs, RBCs, and casts). Complete renal response was defined as normal estimated glomerular filtration rate (eGFR) by modified Schwartz equation for age (eGFR > 90 mL/min/1.72 m2), inactive urinary sediment (<5 WBCs/hpf,<5 RBCs/hpf, and no urinary casts), and UPCR< 0.2. Partial renal response was defined as at least 50% improvement in two core renal parameters without worsening of the remaining renal parameter if eGFR was abnormal at baseline and a maximum UPCR ≤ 1. Non-responders did not fulfill criteria for either complete or partial renal response. Summary of renal response for the patients with lupus nephritis can be found in Supplementary Figure 1, Supplementary Table 1.





4.2 Method details



4.2.1 Blood processing and mass cytometry analysis

Whole blood was collected into heparinized vacutainers. Freshly drawn whole blood was treated with protein transport inhibitor (ebioscience 00-4980-03) in the absence of immune-stimulatory agents, incubated for 6 hours, then lysed and fixed (BD lyse/fix buffer #558049) to remove RBCs. Fixed cells were stored in cell staining buffer (MaxPar Cell Staining Buffer, Fluidigm, # 201068) at -80°C. When specimen numbers for batch processing had been obtained, cells were thawed for downstream CyTOF barcoding and staining steps. Mass tag cell barcoding of fixed samples, followed by antibody staining and permeabilization was performed as previously described (45, 83). Antibody panel detailed in Supplementary Table 3.




4.2.2 Targeted gene expression panel analysis

Gene expression analyses of specified modules were measured by DxTerity Diagnostics, Rancho Dominguez, CA USA, using the DxTerity Modular Immune Profile (MIP) test, a chemical ligation-dependent probe amplification and gene expression test with relative quantitative analysis by capillary electrophoresis (84). Modules analyzed were: DxTerity IFN Module (IFN-1), B Cell Module, Energy Module, IFN Beta Module, IFN Gamma Module, mRNA Translation Module, Neutrophil Module, pDC Module, Plasmablasts Module, T Cell Module. Sample testing and analysis was performed directly on PAXgene RNA Stabilized Blood as described by Kim et al. (84). The DxTerity MIP test measures the RNA expression levels of 51 immune response genes relative to the expression levels of 3 housekeeping normalizer genes (ACTB, GAPDH and TFRC). Normalized expression values of each respective response gene were calculated per the following function: Normalized ExpressionGene i -= Log2(HeightGene i) – Mean (Log2(Normalized Gene Height). A 4-gene Type 1 Interferon (IFN-1) signature score was calculated by averaging the normalized expression values of HERC5, IFI27, IFIT1, and RSAD2 in the MIP panel. The IFN-1 signature score cutoff of -0.5 between IFN high and low was determined based on measurement of 281 healthy human blood samples and placing the cut-off at 2 standard deviations (95th percentile) above the mean healthy IFN-1 score (-0.5). This cut-off falls within the trough of the observed bimodal distribution of IFN-1 scores for this and other cohorts of SLE samples.





4.3 Computational and statistical analysis



4.3.1 Box plot and clustering analyses of mRNA data

Mann–Whitney U two-sided tests (85) were used to determine the statistical significance of gene expression between HC and SLE groups (Figure 1A). P-values were adjusted using Benjamini-Hochberg false discovery rate and adjusted P-values<0.05 were considered statistically significant. No data were excluded from the analyses.

For validation of subject-wise clustering (e.g., HC subjects are mostly clustered together) or identification of potential batch effects (e.g., a couple of SLE subjects [SLE21 and SLE16] share similarities with HC subjects: Figure 1B heatmap), unsupervised hierarchical clustering was performed. Initially, each subject is assigned to its own cluster and then the algorithm proceeds iteratively, at each stage joining the two most similar clusters, continuing until there is just a single cluster. At each stage distances between clusters are recomputed by the Lance-Williams dissimilarity update according to the particular clustering method being used. A matrix of subject-to-subject Euclidean distance values was calculated from the input data matrix (as observed from the Figure 1B heatmap) of gene modules and subjects. The Ward’s minimum variance algorithm was used for subject-wise clustering (86). Dendrograms are used in subject-wise clustering to help visualize similarities or dissimilarities between subjects.




4.3.2 CyTOF phenotype and function analysis

For all tests, adjustments for multiple testing were conducted using the Benjamini-Hochberg False Discovery Rate (FDR) approach and adjusted p-values were reported (87).



4.3.2.1 Comparison of CD14hi monocytes percent positive cytokine production

We used two-sample t-tests to statistically test the difference between CD14hi monocyte cytokine production after 6 hours of peripheral whole blood incubation with a protein transport inhibitor, between two disease groups (cSLE vs. HC or LN vs. No LN). The threshold median metal intensity (MMI) was determined for each cytokine to be the 95th percentile at T0 for the anchor sample that was included in each barcode set (aliquoted and frozen cells from a single healthy subject to control for technical variability). For each study subject, the percentage of cells expressing a given cytokine after 6 hours was determined relative to this threshold, and the baseline percentage at T0 was subtracted from this. Negative values indicate that for some samples the percentage of above-threshold cells at T6 was less than at T0.




4.3.2.2 Immune cell subsets compositional analysis (cSLE vs. HC) and comparison of frequencies of specific immune cell subsets (HC vs. cSLE and LN vs. No LN)

To analyze the cell-type abundance data, first we obtained the multivariate cell-type compositions of different cell subpopulations with the total lymphocytes as the denominator. These subpopulations were obtained from a hierarchical gating structure using subpopulations that were not expected to have overlap. Cell-type proportions (proportion with respect to the number of lymphocytes) were obtained from this hierarchical tree. This cell-type proportion data was compositional in nature with the proportions summing to 1. We tested the difference in these cell-type compositions between cSLE and HC using a newly developed kernel-based statistical test CODAK (46). Upon finding significantly different cell-type compositions across the two disease groups using CODAK, we followed up using logistic generalized linear mixed models to test for differential abundance of each individual cell-type to identify the most significantly different subpopulations (88). The logistic mixed models were also used to test differential abundance for cell sub-types that were outside the hierarchical tree structure due to overlap with other cell-types. The top two contributors identified included CD4+ Naïve T cells and CD56dim CD16+ NK. This procedure was repeated for T-cell subpopulations with the T-cells as the denominator. A similar approach using logistic mixed model was used to test the difference in cell-type abundance for the additional individual cell subpopulations: Plasmablasts, DN2, Bnd, and Bnd2 using B-cells as the denominator; cTph and cTfh using CD4+ T-cells as the denominator. For the compositional data, we also constructed hierarchical cluster dendrograms of subjects having similar cell-type compositions. Aitchison distance was used as the appropriate distance between two compositions (89).




4.3.2.3 Cellular activation marker expression analysis

Arcsinh transformation with cofactor = 5 was performed on all CyTOF data before analyzing the activation marker expression. Two-sample Wilcoxon-Mann-Whitney tests were used (due to asymmetry in the data) to test the difference in MFI for each activation marker-cell subpopulation combination across the two disease groups (cSLE VS. HC or LN VS. No LN).




4.3.2.4 Correlations of immune cell subsets or cellular activation markers to each other and/or to disease activity scores/metrics

For the longitudinal part of the study, we used data from all time points (cSLE only) to test differential correlation between marker-abundance, marker-disease score, or abundance-disease score pairs across the lupus nephritis disease groups (LN vs No LN). Linear mixed model was used to conduct these tests.





4.3.3 Application of CellCnn algorithm to CyTOF data

For CellCnn analysis, patient samples at time of diagnosis were divided into two disease categories: with LN (n=7) and without LN (n=15). The training and validation sets comprised.fcs files from both categories that were manually pre-gated for CD19+ B cells. The network was trained by randomly initializing the filters (weights of the convolution part of the network) from a continuous uniform distribution [-0.05, 0.05]. A filter is a vector having a length equal to the number of cytometry markers considered in the analysis. Markers considered for the surface phenotype analysis, and the cytokine analysis are detailed in Supplementary Table 3. The number of filters is a hyperparameter chosen randomly from a range of 3 to 10 and optimized using a random search. Other hyperparameters including learning rate and dropout are optimized following the same strategy.

After performing convolution operation on multi-cell inputs (see Arvaniti, 2017 (53)), a top-k pooling (mean of top-k cells, where k ranges from 0.1, 1, 5, 20, up to 100% of a total number of cells in a batch of 200 cells) strategy is applied. The mean of top-k pooled response evaluates the frequency of a cell subset having top k% of cells ordered according to the CellCnn score obtained from the convolution operation by a particular filter. For each of the initialized filters, we obtain one pooled response. Therefore, the vector of pooled response has the same dimension as the number of initialized filters. Finally, the output layer performs a weighted sum operation over the pooled response and applies a softmax (for classification task) function to obtain the final response of the network. The network is trained and validated using 5-fold cross-validation on multi-cell inputs constructed from samples. During training, the network uses mini-batch (batch size=200) stochastic gradient descent with Adam optimizer and categorical cross-entropy as the loss function to optimize the network weights (90). Upon obtaining the model with the lowest validation loss, corresponding trained filter weights were used to assign each cell a cell-filter response score called the CellCnn score. A suitable percentile threshold (e.g., 85%) was chosen to identify the cells from each sample with a CellCnn score exceeding that threshold. UMAP was then used to visualize cell similarity relationships in 2D with above-threshold CellCnn scores represented as a color gradient overlay (Figures 6, 7). To assess whether individual marker expression on above-threshold cells differed from the entire population we performed a non-parametric Kolmogorov–Smirnov two-sample test between the selected cells (above-threshold) and the whole cell population and visualized the differential abundance using the kernel density plots for each marker. (Figures 6, 7).

In order to obtain the percentage of the CellCnn-selected cells that are concurrent with cells in user-gated population categories (Figures 6D-F), we first obtain the set of event numbers of the CellCnn-selected cells denoted by Sc and subsequently perform intersection with the set of event numbers for a particular gated population which provides the set of overlapping cells denoted by So. Finally, the fraction of mapped cell population is obtained by taking ratio between So and Sc. This ratio is obtained for each patient for the following manually-gated populations: Plasmablasts, DN1, DN2, Activated DN, Bnd1, Bnd2, IgM+ IgD- IgM-only, IgM+ IgD+ Mature Naïve, IgM- IgD- Switched Memory, IgM- IgD+ c-delta class switched, IgM+ IgD- IgM Memory, IgM+ IgD+ Pre-switched.

The R programming language was used to implement statistical analyses (91), with supporting visualizations generated in Prism 9.
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Background

Glutamic acid decarboxylase (GAD) is the rate-limiting enzyme for the synthesis of gamma-aminobutyric acid (GABA), the major inhibitory neurotransmitter in the central nervous system. Antibodies against glutamic acid decarboxylase (GAD) are associated with various neurologic conditions described in patients, including stiff person syndrome, cerebellar ataxia, refractory epilepsy, and limbic and extra limbic encephalitis. While there are few case reports and research on anti-GAD65 antibody-associated encephalitis in adults, such cases are extremely rare in pediatric cases.





Methods

For the first time, we report a case of anti-GAD65-positive autoimmune encephalitis associated with autoimmune polyendocrine syndrome (APS) type II. We reviewed previously published pediatric cases of anti-GAD65 autoimmune encephalitis to discuss their clinical features, laboratory tests, imaging findings, EEG patterns, and prognosis.





Case presentation

An 8-year-old, male child presented to the outpatient department after experiencing generalized convulsions for twenty days. The child was admitted for epilepsy and had received oral sodium valproate (500 mg/day) in another center, where investigations such as USG abdomen and MRI brain revealed no abnormalities, however, had abnormal EEG with diffuse mixed activity in the left anterior middle prefrontal temporal region. On the follow-up day, a repeat blood test showed a very low serum drug concentration of sodium valproate hence the dose was increased to 750 mg/day. Then, the child experienced adverse effects including increased sleep, thirst, and poor appetite, prompting the parents to discontinue the medication. A repeat MRI showed increased signals on FLAIR sequences in the right hippocampus hence admitted for further management. The child's past history included a diagnosis of hypothyroidism at the age of 4, and receiving levothyroxine 75 mcg once daily. His parents are healthy with no history of any similar neurological, autoimmune, or genetic diseases, but his uncle had a history of epilepsy. At presentation, he had uncontrolled blood glucose levels with elevated HbA1c levels. Additionally, the serum and CSF autoantibodies were positive against the anti-GAD65 antibody with the titer of 1:100 and 1:32 respectively. The patient was managed with a mixed type of insulin regimen and received first-line immunotherapy (intravenous immunoglobulin, IVIG) for five consecutive days, followed by oral prednisone and sodium valproate as an antiepileptic drug. Upon achieving a favorable clinical outcome, the patient was discharged with oral medications.





Results

Among the 15 pediatric patients reported in this literature, nine presented with limbic encephalitis (LE), three with extralimbic encephalitis (ELE), and three with a combination of limbic and extralimbic encephalitis. Most of these cases exhibited T2-W FLAIR hyperintensities primarily localized to the temporal lobes in the early phase, progressing to hippocampal sclerosis/atrophy in the later phase on MRI. EEG commonly showed slow or spike waves on frontotemporal lobes with epileptic discharges. Prognostic factors varied among patients, with some experiencing persistent refractory seizures, type-1 diabetes mellitus (T1DM), persistent memory impairment, persistent disability requiring full assistance, and, in severe cases, death.





Conclusion

Our findings suggest that anti-GAD65 antibody-positive autoimmune encephalitis patients may concurrently present with other APS. Our unique case presented with multiple endocrine syndromes and represents the first reported occurrence in children. Early diagnosis and timely initiation of immunotherapy are crucial for improving clinical symptoms and reducing the likelihood of relapses or permanent disabilities. Therefore, emphasis should be placed on prompt diagnosis and appropriate treatment implementation to achieve better patient outcomes.
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Introduction

Autoimmune encephalitis is a neurological disorder, characterized by confusion, memory disturbances, and often seizures (1). Anti-GAD65 encephalitis is subtype of autoimmune encephalitis. Reported cases of anti-GAD65 encephalitis in pediatric patients have been associated with a single endocrine syndrome whereas our case is a novel case of anti-GAD65 encephalitis in a pediatric patient which concurrently involve with multiple endocrine syndromes (T1DM and autoimmune thyroiditis). This particular case is the rare combination that has been observed in a young patient and the first case of its kind to have ever been reported.

To the best of our knowledge, only a single type of autoimmune endocrine illness has been associated with anti GAD65 in pediatrics in previously published papers. This work has so far concentrated on autoimmune encephalitis with anti-GAD65 and multiple autoimmune endocrine disorders. Additionally, we aimed to raise awareness of anti-GAD-65-mediated autoimmune encephalitis, which can appear in conjunction with a number of endocrine disorders. Anti-GAD-65 antibody testing should be taken into consideration to individuals who exhibits any symptoms suggestive of autoimmune encephalitis, and strict monitoring for the emergence of T1DM and other autoimmune endocrine illnesses is advisable. Early recognition and timely management of such cases may improve patient outcomes and help researchers better understand the intricate relationships between the nervous and endocrine systems in autoimmune encephalitis.





Case presentation

An 8-year-old, male child presented to the outpatient department after experiencing generalized convulsions for twenty days. The child was admitted for epilepsy and had received oral sodium valproate (500 mg/day) in another center, where investigations such as USG abdomen and MRI brain revealed no abnormalities. However, VEEG (video electroencephalogram) indicated abnormal EEG with diffuse mixed activity (ranging from low to high amplitude sharp waves, spicy slow waves/sharp slow waves) of 1.5-5.5 Hz in the left anterior middle prefrontal temporal region. On the follow-up day, a repeat blood test showed a very low serum drug concentration of sodium valproate hence the dose was increased to 750 mg/day. However, the child experienced adverse effects including increased sleep, thirst, and poor appetite, prompting the parents to discontinue the medication. A repeat MRI showed increased signals on FLAIR sequences in the right hippocampus (Figure 1A) hence admitted for further management.




Figure 1 | (A) showing an increased signal on the FLAIR sequence of the right hippocampus. (B) showing the new inflammatory lesion on the left hippocampal. In addition, it demonstrates that the original right hippocampal signal was decreased with compared to the old film.



The child's past history included a diagnosis of hypothyroidism at the age of 4, and receiving levothyroxine 75 mcg once daily. His parents are healthy with no history of any similar neurological, autoimmune, or genetic diseases, but his uncle had a history of epilepsy.





Diagnosis and treatment

Our patient exhibited various clinical and laboratory abnormalities leading to the diagnosis of anti-GAD65 autoimmune encephalitis associated with APS type-II. Initial hematological tests showed normal results except for hyperglycemia (20.72 mmol/L) and increased glycosylated hemoglobin (HbA1c) to 9.2%, indicating uncontrolled T1DM. Urine analysis revealed the presence of ketone bodies (3+) and glucose (3+), along with elevated levels of glycosylated serum protein and D3 hydroxybutyric acid, confirming diabetic ketoacidosis.

Further investigations showed low fasting C-peptide levels, and elevated anti-insulin and anti-islet cell antibodies, indicating a deficiency in pancreatic beta cell insulin production, leading to hypoinsulinemia, and diagnosing autoimmune-mediated T1DM. In order to control blood sugar levels, the patient was put on an insulin regimen. The maximum blood sugar recorded was 28.3 mmol/L, and to achieve a normal blood glucose level, the dose of the mixed type of insulin regimen (long/ short-acting) was adjusted accordingly.

Cerebrospinal fluid (CSF) analysis demonstrated elevated glucose levels and increased CSF IgG (133 mg/L) with the presence of oligoclonal bands in CSF, confirming autoimmune brain disease. Other CSF analysis revealed no pleocytosis with normal CSF and serum albumin (116.70mg/L and 43.70g/L). The albumin quotient value of 2.67x10-3 (Normal range- 0-9x 10-3) which was calculated by (QAlb = CSF albumin/serum albumin) (2), indicating normal the blood-CSF barrier function. Rheumatological tests revealed positive results for antinuclear antibody (ANA), anti-SSA-52 antibody, further supporting the autoimmune nature of the disorder.

Increase level of serum GAD antibody (160.92 IU/mL/ Normal value- 0-10 IU/mL) indicating the presence of anti-GAD antibody. Furthermore, the anti-GAD65 antibody titer was detected using indirect immunofluorescence cell-based assays (CBA) in both serum and CSF with titers of 1:100 and 1:30 respectively. The brain tissue slices detected by tissue-based assay (TBA) showed positive results (Table 1; Figure 2) in both serum and CSF. First MRI of the brain revealed increased signals in the right hippocampus, suggesting brain involvement (Figure 1A).


Table 1 | Autoimmune encephalitis panel.






Figure 2 | Test results of serum and CSF using indirect immunofluorescence assays. (A, B) showed negative and positive controls of CBA technique respectively. Red fluorescent light showing positive results detected by CBA in serum (C1) and CSF (C2). (D1, D2) illustrated the negative controls detected by TBA method in hippocampus and cerebellum respectively. While (E1, E2) in green fluorescent light showing the positive TBA in hippocampus and cerebellum tissue respectively by using serum, and (F1, F2) showing positive results of TBA by using CSF.



The patient's thyroid function test showed low free T3 and high thyroid-stimulating hormone (TSH), along with elevated anti-thyroid peroxidase(198 IU/mL) and anti-thyroglobulin antibodies (>4000 IU/mL) in serum, confirming autoimmune thyroiditis. After confirming the presence of positive anti-GAD65 antibodies, T1DM, and autoimmune thyroiditis, a diagnosis of anti-GAD65 antibody autoimmune encephalitis associated with APS type-II was made.

The results of various tests, including serum lactic acid, blood ammonia level, cardiac enzymes, T-SPOT test, parathyroid hormone level, immunoglobulin complement tests, infectious disease screening, and iron profile, did not show any significant abnormalities. However, ACTH and Cortisol levels measured in the morning and evening were within normal range. Additionally, ultrasound scans for abdominal and testicular masses, as well as serum and CSF screening for paraneoplastic conditions, yielded negative findings. The homocysteine test in combination with folic acid was normal, but vitamin B12 levels were elevated. Furthermore, both cardiac echo and plain chest CT scan results were normal, indicating the absence of any cardiovascular risks.

The patient was treated with human immunoglobulin (IVIG) (2 gm/kg/day) as the first-line immunotherapy for five consecutive days, followed by oral prednisone 45 mg/day (2 mg/kg/day). The insulin regimen was readjusted to achieve optimal blood glucose levels. The child showed improvement in sleep patterns, appetite, and seizure frequency after the treatment. A follow-up MRI showed a decrease in the inflammatory lesion on the right hippocampus and the appearance of a new inflammatory lesion on the left hippocampus. (Figure 1B).

The patient exhibited clinical improvement after 10 days of therapy, and was discharged with medications (prednisone 45 mg/day, levothyroxine 50 mcg per day, sodium valproate and mixed type insulin regimen pump) with instructions for monitoring blood glucose levels at home.

The child developed a left sided headache five months after being discharged, which was acute in nature and was followed by generalized seizures that lasted for around 30 minutes. His MRI revealed no new lesions and diminished existing lesions. VEEG showed aberrant waves of moderate to high amplitude sharp slow waves, intermittent slow waves, and intermittent left and right-synchronous or asynchronous bursts in bilateral frontal, central, parietal, and occipital regions during sleep. Furthermore, within 24 hours of the VEEG, two clinical seizures were discovered. Repeat IVIG (2 gm/kg) was given for 5 days, followed by 50 mg of prednisone, orally. To control the seizures, a fresh addition of tablet lacosamide (100 mg in the morning and 50 mg in the evening) was made and stopped sodium valproate. Nevertheless, continuing anti-thyroid drugs and insulin pump as directed. With these treatment the child was clinically recovered.





Discussion

Autoimmune polyendocrine syndrome type-II (APS II) also known as Schmidt’s syndrome, is a rare condition characterized by the co-occurrence of at least two of the following endocrine disorders: primary adrenal insufficiency (Addison’s disease), primary hypothyroidism, type 1 diabetes mellitus, celiac disease, and pernicious anemia (3, 4). APS-II is infrequent among children and any patient with Addison’s disease (AD) has a 50% lifetime risk of developing additional autoimmune disease. It is strongly recommended to conduct periodic retesting at intervals of 2-3 years, as autoantibodies have the potential to develop at any point throughout an individual’s lifespan (5).

In our case, the patient presented with positive anti-GAD65 antibody, anti-islets cells, and anti-insulin antibody along with positive anti-thyroid peroxidase antibody and anti-thyroglobulin antibody, with more than two autoimmune diseases confirmed the diagnosis of APS type-II. This represents the first-ever reported case of APS-II with anti- GAD antibody autoimmune encephalitis in the pediatric age group.

The presence of anti-GAD65 antibodies is frequently associated with T1DM, and these antibodies can be detected in a significant proportion of patients with newly-diagnosed T1DM and prediabetic individuals (6). Additionally, anti-GAD-65-mediated autoimmune encephalitis, characterized by non-paraneoplastic intracellular antigens, demonstrates pathogenicity to the central nervous system (7).

Several cases have been reported regarding anti-GAD65 antibodies in this literature (summarized in Table 2), the first case being reported in 2002 (8). In our study, we present a comprehensive analysis of 15 cases, including our own, involving patients under the age of 18. We found similarities with the work of Ren et al. (2021) (17), who reported 10 cases of anti-GAD65 antibody-associated encephalitis. Among all cases, nine exhibited features of limbic encephalitis (LE), three had extralimbic encephalitis (ELE), and three presented a combination of limbic and extralimbic encephalitis.


Table 2 | Pediatric cases of anti-GAD65 antibodies associated with encephalitis in previous studies from 2002 to 2022.



Limbic symptoms were prevalent among the patients and included mental and behavioral changes (observed in almost all cases), various types of seizures (12 cases), and memory disturbances (5 cases). The extra limbic symptoms comprised ataxia (one case), aphasia (three cases), headache (seven cases), and global developmental delay (one case). Moreover, some cases experienced autonomic dysfunctions, such as gastrointestinal upsets (nausea, vomiting, dysphagia in five cases), ocular symptoms (ptosis, diplopia both in one case), face blindness (one case), and urinary incontinence (one case). Our patient’s symptoms were characterized by seizures, increased sleep, thirst, and poor appetite.

MRI findings showed T2-W FLAIR hyperintensities primarily restricted to the temporal lobes in the early phase, progressing to hippocampal sclerosis/atrophy in the late phase in majority of the cases. Interestingly, three cases presented with normal MRIs. Likewise, our patient exhibited initial involvement of the right hippocampus, followed by subsequent engagement of the left hippocampus. The majority of cases exhibited the electroencephalogram (EEG) readings of slow waves or spike waves on the frontotemporal lobes, whereas our EEG findings revealed abnormal signals characterized by diffuse mixed activity (ranging from low to high amplitude sharp waves and spicy slow waves/sharp slow waves) in the left anterior middle prefrontal temporal region. But the latest VEEG of our patient elicited mixed type waves with different amplitudes from almost all regions of the brain. These findings contribute to a better understanding of the clinical and neuroimaging characteristics of anti-GAD65 antibody-associated encephalitis in young patients.

The diagnosis of GAD65-Ab-associated encephalitis is based on clinical features and the presence of high anti-GAD65 Ab level in serum or high titers in both serum and CSF with the detection of intrathecal synthesis (IS) in CSF (19). In clinical practice, GAD Ab is detected through different techniques, including indirect immunohistochemistry, immunoblot, enzyme-linked immunosorbent assay (ELISA), and radioimmunoassay (RIA), which have different sensitivity and specificity (20). Recently, CBA technique is considered as an effective screening method. It demonstrates promise as a valuable screening method for suspected patients, TBA plays a significant role in defining antibodies, especially for patients who yield negative CBA results (21). In our patient, we detected high level of GAD antibody in serum along with high titers of anti-GAD65-Abs detected in both serum and CSF through CBA and TBA methods. In addition, 7/15 cases including our case detected oligoclonal bands in CSF, whereas only one case had a negative result, and the remaining cases did not mention.

The first-line treatment for GAD65-Ab-associated encephalitis typically involves IVIG, intravenous methylprednisolone, and plasma exchange. Second-line treatments, such as rituximab, cyclophosphamide, and mycophenolate mofetil, are considered, although their efficacy may vary across cases. Occasionally, third-line therapies, such as daratumumab, bortezomib, tocilizumab, tofacitinib, and low-dose interleukin 6 (IL-6), have been recommended; however, their effectiveness is currently being evaluated in ongoing trials (22). Our patient responded well to the first line of therapy. The prognosis varies for each patient, with early diagnosis and timely immune therapy associated with better outcomes. However, some patients had experienced relapse and require second-line treatments. Persistent refractory seizures, type-1 diabetes mellitus, and other complications (persistent memory impairment, persistent disability and death) have also been reported.





Conclusion

This represents the initial documentation of a case, presenting anti-GAD65 autoimmune encephalitis in association with APS type-II. Unlike previous reports where anti-GAD65 autoimmune encephalitis coexisted with a single type of endocrine disease, our case illustrates a unique manifestation involving both APS type-II with anti-GAD65 autoimmune encephalitis. The coexistence of three immune diseases (anti-GAD65 antibody, T1DM, and autoimmune thyroiditis) presents a distinctive and uncommon case that holds significant importance in pediatric medicine and in the medical literature, contributing valuable insights for future research. This study aims to increase awareness regarding anti-GAD-65-mediated autoimmune encephalitis, which may concomitantly occur with polyendocrine diseases such as T1DM and autoimmune thyroiditis. Moreover, we believe that early recognition of neuropsychiatric symptoms, coupled with timely initiation of immunotherapy, may yield favorable treatment outcomes and reduce the risk of relapses or permanent disability.
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Background

Mycoplasma pneumoniae infection is common in the general population and may be followed by immune dysfunction, but links with subsequent autoimmune disease remain inconclusive.





Objective

To estimate the association of M. pneumoniae infection with the risk of subsequent autoimmune disease.





Methods

This retrospective cohort study examined the medical records of South Korean children from 01/01/2002 to 31/12/2017. The exposed cohort was identified as patients hospitalized for M. pneumoniae infection. Each exposed patient was matched with unexposed controls based on birth year and sex at a 1:10 ratio using incidence density sampling calculations. The outcome was subsequent diagnosis of autoimmune disease, and hazard ratios (HRs) were estimated with control for confounders. Further estimation was performed using hospital-based databases which were converted to a common data model (CDM) to allow comparisons of the different databases.





Results

The exposed cohort consisted of 49,937 children and the matched unexposed of 499,370 children. The median age at diagnosis of M. pneumoniae infection was 4 years (interquartile range, 2.5–6.5 years). During a mean follow-up time of 9.0 ± 3.8 years, the incidence rate of autoimmune diseases was 66.5 per 10,000 person-years (95% CI: 64.3–68.8) in the exposed cohort and 52.3 per 10,000 person-years (95% CI: 51.7–52.9) in the unexposed cohort, corresponding to an absolute rate of difference of 14.3 per 10,000 person-years (95% CI: 11.9–16.6). Children in the exposed cohort had an increased risk of autoimmune disease (HR: 1.26; 95% CI: 1.21–1.31), and this association was similar in the separate analysis of hospital databases (HR: 1.25; 95% CI 1.06–1.49).





Conclusion

M. pneumoniae infection requiring hospitalization may be associated with an increase in subsequent diagnoses of autoimmune diseases.





Keywords: autoimmune diseases, childhood, epidemiology, immune system, Mycoplasma pneumoniae, pneumonia





Introduction

Mycoplasma pneumoniae (M. pneumoniae) is one of the most frequent causes of respiratory diseases and is responsible for 10% to 40% of all cases of community-acquired pneumonia (CAP) in children. M. pneumoniae, a gram-negative bacterium lacking cell walls and characterized by its small size, depends on host cell association as an extracellular pathogen. It develops a specialized attachment organelle that potentially leads to the formation of capsular material outside the cell membrane. This bacterium is a significant respiratory pathogen in children (1). Although many infected individuals completely recover without complications, some experience sustained chronic diseases (2–4). More specifically, some children experience extrapulmonary manifestations that influence specific organs or whole-body systems after an infection. Some evidence suggests that a M. pneumoniae infection may lead to an increased development of autoimmune diseases (5).

There is increasing interest in the impact of M. pneumonia infection on autoimmune diseases (2, 6), and many case reports have examined this relationship (7, 8). However, there is no definitive evidence of a causal relationship because these studies had cross-sectional designs (9, 10), observational studies lacking appropriate controls (11), and examined small numbers of patients who were mostly from specialist clinics (12). There are also conflicting results from case–control studies regarding the relationship of M. pneumoniae infection with common childhood autoimmune diseases, such as Kawasaki disease and Guillain–Barre’s syndrome (13). We are unaware of any rigorous epidemiologic investigations that examined the effect of M. pneumoniae infection on subsequent autoimmune diseases.

The purpose of this study was to determine the association of M. pneumoniae infection with the risk of subsequent autoimmune diseases using a nationwide population-based database that has information on all medical diagnoses and use of healthcare resources, with control for confounding by comparison with hospital-based data.





Methods




Study design

This retrospective population-based cohort study enrolled all individuals born in South Korea between 2002 and 2005, as identified by the National Health Insurance Service (NHIS), with linked Statistics Korea census data. The NHIS provides healthcare services coverage for over 98% of the South Korean population and includes claims-based medical data. These data provided information on demographic characteristics, healthcare utilization (with diagnostic codes from the 10th version of the International Classification of Diseases, ICD-10), prescriptions, and relevant procedures. All guidelines for observational studies that use routinely collected health data were followed (Supplementary Table 1).





Study population

A total of 1,914,461 subjects were included and followed up from birth until 31/12/2017, using all included participants who were less than 18 years old on that date (Figure 1). The index date was defined as the date of first hospitalization due to M. pneumoniae infection. Individuals with underlying history of lower respiratory tract infection due to other pathogens (ICD-10 code J12X-J18X), respiratory and cardiovascular disorders specific to the perinatal period (ICD-10 code P20X-P29X), congenital malformations of the respiratory system (ICD-10 code Q30-Q34), chromosomal anomaly (ICD-10 code Q90-Q99), and lower respiratory tract infection due to solids and liquids (ICD-10 code J69X) were excluded. Individuals diagnosed as autoimmune diseases prior to the index date were also excluded. Lower respiratory tract infections due to other viral pathogens and infections due to ingestion of solids or liquids were also excluded, considering the potential inclusion of M. pneumoniae diagnoses or insufficient differentiation within these categories. Individuals in the exposed cohort were matched with unexposed controls at a 1:10 ratio based on birth year and sex using incidence density sampling. The unexposed cohort participants were randomly matched based on birth year and sex and had no M. pneumoniae infection or autoimmune diseases at the index patient’s diagnosis date.




Figure 1 | Study design. Individuals born in South Korea from 2002 to 2005 were identified from the database of the National Health Insurance Service (NHIS) and linked information on death from Statistics Korea. After application of exclusion criteria, there were 49,937 children in the exposed cohort and 1,277,613 matched children in the unexposed cohort. aThere were 265,430 born in 2002–2003, 233,940 born in 2004–2005. bThe first year of follow-up was excluded for calculation of accumulated person-years. cEligible unexposed individuals had no M. pneumonia infection and no autoimmune disease at the time of diagnosis of the matched index patient. Matching was performed using density sampling. There were 26,543 born in 2002–2003, and 23,394 born in 2004–2005. dAmong individuals in the unexposed cohort, 10,420 (2.1%) who received diagnoses of M. pneumonia infections during follow-up were reallocated to the exposed group after diagnosis. eFor the CDM, the exposed cohort included hospitalized patients from four hospitals without M. pneumonia infection and without autoimmune disease at the date of diagnosis of the index patient.







Exposure

The exposure in this study was defined as hospitalization due to M. pneumoniae infection, with relevant ICD-10 codes including J200 (acute bronchitis due to M. pneumoniae); J157 (pneumonia due to M. pneumoniae); B960 (M. pneumoniae as the cause of diseases classified elsewhere), or A493 (Mycoplasma infection, unspecified site) (14–16) (Supplementary Table 2). We referred to existing studies to define the exposure to enhance validity and minimize the possibility of misclassification (Supplementary Tables 3-5; literature search in Supplementary Table 6). Moreover, two pediatricians (Ha and Han) performed separate analyses to validate the predictive value of ICD-10 codes for the diagnosis of M. pneumonia infections (J200, J157, B960, or A493) by reviewing electronic medical records (EMRs) at Bundang CHA Medical Center and Kangnam Sacred Heart Hospital (17). The positive predictive values (PPVs) were 97.8% (95 CI, 95.8%–99.9%) and 97.5% (95% CI, 95.3%–99.7%), indicating that the diagnostic assessment used herein had high accuracy and was suitable for use in this analysis.

In addition, a Common Database Model (CDM) comparison, consisting of hospital-based data from four different hospitals that had data of patients with M. pneumonia infections and a matched unexposed cohort, was conducted to determine the robustness of the main results. These data were from different healthcare institutions and allowed large-scale distributed comparative effectiveness analysis (18). Evidence was generated using standard analytic tools by converting data to a CDM. For this analysis, patient-based retrospective cohort data were from four hospitals (Myongji Hospital [MJ], Kyung Hee University Hospital at Gangdong [KH], Bundang CHA Medical Center [CHA], Pusan National University Hospital [PS]). Heterogeneous data sources were standardized and analyzed using the analysis program that was distributed to these four institutions.





Follow-up

All participants were followed from 01/01/2002 until the first diagnosis of an autoimmune disease, death, or the end of the study (31/12/2017), whatever happened first. The follow-up of unexposed individuals included the determination of a M. pneumonia infection later; an individual who was censored due to a M. pneumonia infection was transferred to the exposed group. The first year of follow-up was excluded from the analyses to reduce the probabilities of reverse causality and surveillance bias. The exposed individuals were followed for an average of 9.9 years (SD 3.5) and the unexposed cohort for 10.1 years (SD 3.4).





Autoimmune diseases

Information on autoimmune diseases was from the NHIS database. The 41 autoimmune diseases (19, 20) were identified by ICD-10 codes (Supplementary Table 2).





Covariates

Data were examined for age, sex, follow-up time, birth residence, household income, calendar year/season at birth, any medical condition during the perinatal period, asthma comorbidity, and inpatient and outpatient hospital visits during the first year after study entry (21).. The most updated information before the index date was used for all analyses, and data on inpatient and outpatient visits were collected as a surrogate for use of medical resources during follow-up. Asthma was defined as one or more physician diagnoses 6 months prior to the index date, with one or more events of asthma exacerbation requiring hospitalization and/or systemic corticosteroids (22, 23). Use of systemic macrolide antibiotics infections during any month after the index date, duration of hospitalization, and use of oxygen therapy for treating M. pneumoniae during the first year after study entry were also assessed. We removed the first month after study entry from this calculation considering that exposed patients are likely to receive intensive medical care during the first month after M. pneumoniae infection.





Statistical analysis

Conditional Cox models were used to estimate hazard ratios (HRs) with 95% CIs for developing an autoimmune disease due to previous M. pneumonia infection based on time after the index date. For this analysis, specific autoimmune diseases with fewer than 100 observed cases were not analyzed separately, but it was used in calculations of hazard ratios (HRs) for the corresponding main category. We performed stratified analyses by matching identifiers (birth year and sex) and adjusted for age group at index date (≤60 months or >60 months), time since index date (1 to <5 years or ≥5 years), calendar year of birth (2002–2003 or 2004–2005), birth residence (Seoul and metropolitan, city, or rural area), household income (by tertiles, low, middle, or high), calendar season at birth date (spring, summer, fall, or winter), any medical condition during the perinatal period (yes or no), asthma comorbidity (yes or no), inpatient hospital visits during the first year after study entry (yes or no), and outpatient hospital visits during the first year after study entry (≤13 or >13). All analyses were stratified by matching identifiers (birth year and sex) and adjusted for birth residence (Seoul/metropolitan, city, or rural area), household income (low, middle, or high), and perinatal history (disorder related to the length of gestation and fetal growth, birth trauma, infections specific to the perinatal period, congenital malformation/deformation, and chromosomal abnormalities). HRs were separately calculated for sex, age at the index date (≤60 months or >60 months), time since the index date (1–5 years or ≥5 years), calendar year of birth (2002–2003 or 2004–2005), birth residence (Seoul/metropolitan, city, or rural area), household income (low, middle, or high), the season of birth (spring, summer, fall, or winter), disorders related to any perinatal status (yes or no), history of asthma (yes or no), history of hospital admission (yes or no), and the number of outpatient visits (≤13 or >14, based on the median) during the first year after study entry. In the stratified analysis, information from the first month after study entry was not considered, as medical service utilization within that month was likely attributed to the exposure itself. Differences in HRs by variables were assessed by introducing an interaction term into the Cox models. The difference in log (HR) between strata was used to calculate the z-score and P value for this comparison. The absolute rate differences with 95% CIs were also determined for all associations.

Sensitivity analyses were performed to examine the effect of using a more stringent definition of M. pneumonia infection (ICD-10 code J157 alone), two or more and three or more autoimmune syndromes, individual autoimmune diseases, any of the major groups of autoimmune diseases (Supplementary Table 2) (20), or a more stringent definition of the outcome (use of medication such as non-steroidal anti-inflammatory drugs [NSAIDs], systemic steroid, intravenous immunoglobulin (24, 25), thyroid medications).

To determine the possible effects of reverse causality and surveillance bias, the analyses were repeated by excluding participants who were enrolled during the first 2 years (2002–2003) or during the first 5 years (2002–2007). In this analysis, the cumulative incidence curves of autoimmune diseases among participants with more than 1 year of follow-up were analyzed.

Furthermore, we performed an analysis using the CDM to assess the reliability of our results. We utilized four hospital-based cohorts that had been transformed into the OMOP-CDM (Observational Medical Outcomes Partnership Common Data Model) format. This format enabled the utilization of deidentified patient data extracted from EMRs. The hospitals included Myongji Hospital (MJ), Kyung Hee University Hospital at Gangdong (KH), CHA University Bundang CHA Medical Center (CHA), and Pusan National University Hospital (PS). This allowed for the multicenter analysis of disparate databases. This consisted of the following information: person, drug exposure, drug era, condition occurrence, condition error, observation period, observation, procedure occurrence, visit occurrence, death, drug cost, procedure cost, location, provider, organization, care site, payment plan period, and cohort (26). The analysis period and total number of patients were 2003 to 2020 and 880,392 from MJ, 2006 to 2017 and 822,183 from KH, 2006 to 2019 and 2,363,386 from CHA, and 2011 to 2018 and 1,753,001 from PS. In total, 5,818,962 patients were enrolled across all hospitals, consisting of 5,239 individuals in the exposed cohort (M. pneumonia-related hospitalization) and 37,640 in the unexposed cohort (Figure 2). All analyses were conducted in SAS statistical software version 9.4 (SAS Institute), and a two-sided P value below 0.05 was considered statistically significant.




Figure 2 | Multicenter analysis of results from the Common Data Model (Supplementary Table 7) of the association between M. pneumonia-related hospitalization and autoimmune disease. CHA, Bundang CHA Medical Center; CI, confidence interval; KH, Kyung Hee University Hospital at Gangdong; MJ, Myongji Hospital; N, number; PS, Pusan National University Hospital; PY, per year. aThe first year of follow-up was excluded from all analyses.







Ethics statement

The study was approved by the Institutional Review Board and Ethics Committees of Hallym University Kangnam Sacred Heart Hospital (IRB No. [2022-05-001]), Hallym University Kangdong Sacred Heart Hospital (IRB No. [2019-09-005]), and CHA University Bundang CHA Medical Center (IRB No. [2022-06-009]). The requirement for informed consent was waived because the study utilized a deidentified database open to the public in Korea.






Results




Baseline characteristics of the participants

All individuals who required hospitalization due to an initial M. pneumonia infection between 2002 and 2005 were identified (Figure 1). We excluded 348,741 individuals who met our predefined criteria, including those with a history of respiratory or cardiovascular complications during the intrauterine and perinatal period (n = 19,826), congenital malformations (n = 9,745), and chromosomal anomalies (n = 4,061). This left us with 52,805 children with M. pneumonia infections who met our criteria for inclusion in the study. We further excluded 2,868 children who had been diagnosed with autoimmune diseases, leaving us with 49,937 individuals in the exposed cohort. For the unexposed cohort, we identified individuals who had not been hospitalized for M. pneumonia infections and who met our inclusion criteria for population matching. Overall, there were 49,937 participants in the exposed cohort and 499,370 in the matched unexposed cohort.

The median age at diagnosis of M. pneumoniae infection was 3.67 years, and 48.54% of all patients were men (Table 1). Compared with the unexposed cohort, the exposed cohort had more inpatient and outpatient hospital visits and a higher rate of asthma comorbidity. The incidence of M. pneumoniae infection was greatest (0.8%) in children who were 2 and 3 years old and decreased steadily with age (Supplementary Figure 1). Trends in M. pneumoniae infection-related hospitalization from 2002 to 2016, analyzed using our database, are presented in Supplementary Figure 2. The variations in prevalence might be explained by the M. pneumonia epidemics in Korea during specific periods (27).


Table 1 | Characteristics of the study cohorts.







Relationship between hospitalization due to M. pneumoniae infection and increased risks to autoimmune diseases

Elevated HRs of autoimmune diseases in the exposed group with history of hospitalization due to M. pneumoniae infection was shown by the Cox model with adjustment of multiple confounders, compared with the unexposed group (Table 2). During a mean follow-up time of 10 years, we identified newly diagnosed autoimmune diseases in 3295 individuals in the exposed cohort (incidence rate: 66.5 per 10,000 person-years; 95% CI: 64.3–68.8) and in 26,145 individuals in the unexposed cohort (incidence rate: 52.3 per 10,000 person-years; 95% CI: 51.7–52.9). This corresponded to an absolute difference of 14.3 per 10,000 person-years (95% CI: 11.9–16.6), with an HR of 1.26 (95% CI: 1.215–1.308).


Table 2 | Risk of autoimmune disease in the exposed cohort (patients hospitalized with M. pneumoniae infection) relative to the matched unexposed cohort.



Sex, calendar year of birth, asthma comorbidity, perinatal status, and the number of outpatient visits had no significant effects on the HR for autoimmune disease. However, the HR was less in patients infected at an age of 60 months or less (HR: 1.228; 95% CI: 1.178–1.280 vs. HR: 1.391; 95% CI: 1.285–1.507; P for interaction = 0.0085) and in patients with an index date of 1 to 5 years (HR: 1.232; 95% CI: 1.181–1.284 vs. HR: 1.373; 95% CI: 1.269–1.485; P for interaction = 0.021). The HR was marginally smaller for those with a history of hospital admission during the first year after study entry (HR: 1.10; 95% CI: 1.022–1.206 vs. HR: 1.217; 95% CI: 1.167–1.269; P for interaction = 0.049).

M. pneumoniae infection was also associated with elevated risks in each of the nine major groups of autoimmune diseases (Figure 3). The population-matched analysis indicated that these associations were especially notable for four groups of autoimmune diseases. Several associations between M. pneumoniae infection and several autoimmune diseases were notable, including autoimmune thyroiditis (HR 1.258, 95% CI 1.142–1.386), juvenile idiopathic arthritis (HR 1.403, 95% CI 1.276–1.543), ankylosing spondylitis (HR 1.72, 95% CI 1.253–2.361), Kawasaki disease (HR 1.449, 95% CI 1.280–1.640), Henoch-Schonlein purpura (HR 1.314, 95% CI 1.168–1.478), systemic lupus erythematosus (SLE) (HR 1.559, 95% CI 1.169–2.077), psoriasis vulgaris (HR 1.268, 95% CI 1.092–1.472), vitiligo (HR 1.185, 95% CI 1.085–1.295), idiopathic thrombocytopenic purpura (ITP) (HR 1.474, 95% CI 1.14–1.907), Crohn’s disease (HR 1.26, 95% CI 1.006–1.586), and IgA nephropathy (HR 1.167, 95% CI 1.048–1.299). Among these, the risk for SLE was the highest in the exposed cohort, and no significantly lower risks were observed in any of the other autoimmune diseases.




Figure 3 | Risk estimates for the association of M. pneumonia-related hospitalization with different types of autoimmune diseases. HR, hazard ratio. Autoimmune diseases with fewer than 100 cases were not analyzed separately but were used for calculations of hazard ratios (HRs) for the main categories. Cox models were stratified by matching identifiers (birth year and sex) and adjusted for birth residence (Seoul/metropolitan, city, or rural area), household income (low, middle, or high), and perinatal history (disorder related to length of gestation and fetal growth, birth trauma, infections specific to the perinatal period, congenital malformation/deformation, and chromosomal abnormalities). The first year of follow-up was excluded from all analyses. aAutoimmune diseases with fewer than 100 cases were not analyzed separately but were included in calculations of hazard ratios (HRs) for the main categories. bIncludes autoimmune vascular disorders, such as polyarteritis nodosa and Churg–Strauss syndrome.







Effects of healthcare history, age at infection, and antibiotic use on autoimmune diseases hospitalization due to M. pneumoniae infection

We examined the effects of use of antibiotics, oxygen therapy, and hospital visits on the association between hospitalization due to M. pneumoniae infection and autoimmune disease. The association was influenced by the prescription of antibiotics from 1 month before to 1 month after the index date, whereas the significance interaction was marginal. Oxygen therapy and frequency of outpatient visits within a month after the index date did not show an effect (Supplementary Table 7).





Multiple sensitivity analyses

The CDM comparison corroborated the observed associations (Figure 2) with higher estimates noted for autoimmune diseases (HR: 1.25; 95% CI: 1.06–1.49) although there were differences in statistical values among the hospitals.

The results of further sensitivity analysis yielded consisted results (Table 3). The association of hospitalization for M. pneumoniae infection with autoimmune disease was stronger for those with two or more autoimmune syndromes (HR: 1.506; 95% CI: 1.314–1.727; P for difference = 0.0011) and with three or more autoimmune syndromes (HR: 1.789; 95% CI: 1.178–2.716; P for difference <0.001) (Table 3). The sensitivity analysis also indicated greater risk when excluding cases diagnosed 2 years after study entry or 5 years after study entry; when exposure was defined more stringently (only ICD-10 code J157); and when the outcome was defined more stringently (diagnosis and treatment for autoimmune disease). In addition, when participants were restricted as individuals followed up for more than 5 years after entry, the exposed group (history of hospitalization for M. pneumoniae infection) had a higher cumulative incidence of autoimmune diseases compared with their matched unexposed group across the follow-up period (Supplementary Figure 3).


Table 3 | Sensitivity analysis of the association between M. pneumonia-related hospitalization and autoimmune disease.








Discussion

In this large-scaled population-based cohort study, we observed a higher risk of autoimmune disease following hospitalization for M. pneumoniae infection. This association was particularly pronounced among patients who were older at the time of admission (as determined by diagnosis data) and whose index date was beyond 60 months. We found that the association persisted regardless of hospitalization duration, oxygen therapy, and antibiotic use. To the best of our knowledge, this is the first study to examine the relationship of hospitalization for M. pneumoniae infection with 19 distinct autoimmune in a large pediatric population, using a population-based comparison. By shedding light on this possible link, our study underscores the need for continued research regarding the potential link between severe M. pneumoniae infection and autoimmune and immune-mediated diseases (28, 29).

Our findings also suggest that degree of association differed for the various autoimmune diseases examined in our study. For instance, the hazard ratio was 1.40 for juvenile idiopathic arthritis and 1.26 for autoimmune thyroid disease. These differences may reflect variations in the prevalence and pathogenicity of different autoimmune diseases in children Moreover, our results are consistent with previous studies that have reported associations between M. pneumoniae infection and autoimmune diseases such as Guillain–Barre’s syndrome (GBS) (30, 31) and polyarthritis (32). However, these previous studies were limited by a cross-sectional design, which precluded causal inferences. While our study provides compelling evidence for a potential link between severe infection and autoimmune and immune-mediated diseases, it is important to acknowledge that further research is needed to fully understand the mechanisms underlying this association (28).

Our findings are consistent with previous evidence that reported links of severe cases of M. pneumoniae infection and related respiratory diseases with immune system dysfunction and suggest that autoimmune reactions may contribute to some of the extrapulmonary complications in patients who have these infections (33). Previous evidence suggests that this may be attributed to immune responses related to cytokine activation and immune cell reaction due to severe infection. For example, inflammatory reflexes precipitated by M. pneumoniae infection might activate the sympathetic nervous system, possibly leading to impaired immune function or a widespread inflammatory response. Moreover, the adhesin proteins of M. pneumoniae (P1, P30, and P116) enable the adhesion of this pathogen to host epithelial cells, and this leads to the production of antibodies that target cells in the brain, liver, kidney, smooth muscle, and lungs that could induce autoimmune disorders in the affected organs (34, 35). The release of cytokines and inflammatory mediators during M. pneumoniae infection can lead to worse disease outcomes and overactivation of the immune system (1, 36). This supports our finding that patients hospitalized for M. pneumoniae infection were more likely to develop autoimmune and immune-mediated diseases involving different organs and multiple autoimmune syndromes. This might also explain the stronger association of infection with an autoimmune disease in children exposed after the age of 60 months, whose clinical course is more severe. Immune reactions induced by M. pneumoniae infections might occur because of the amino-acid sequence homology of mycoplasmal adhesins with antigens (P1, P30, and perhaps P65 and P116) in diverse human tissues and the formation of immune complexes (37). M. pneumoniae infections can activate T cells and increase B-cell proliferation, and these play important roles in the pathogenesis of extrapulmonary manifestations during pneumonia and autoimmune diseases (3). However, another study found no significant difference in the age of occurrence of extrapulmonary symptoms possibly related with immune-mediated reactions between M. pneumoniae infection and respiratory infections caused by M. pneumoniae in children. Caution is warranted in interpreting this finding due to the inherent limitations of epidemiological studies (38).

The strengths of our study are that we used a population-based cohort design and performed a complete follow-up of nearly 50,000 patients who were diagnosed with M. pneumoniae infections during a 10-year period. Furthermore, the large sample size allowed us to perform several sensitivity analyses, so we analyzed the effect of age at exposure and the use of multiple outcome measures. The availability of detailed sociodemographic and medical information also allowed us to control for a large number of potential confounders.

This study has several limitations. First, there may have been some surveillance bias. To address this issue, we performed sensitivity analyses using extended lag times, measured different outcomes, and adjusted for estimated levels of medical surveillance. Second, we relied on diagnoses of infection registered in the NHIS. This could have been an underestimation if infection occurred as a comorbidity of a different severe condition, if there was delayed identification of the pathogen, or if there was a missed diagnosis. Furthermore, since exposures included inpatient cases, the associations between Mycoplasma pneumoniae infection and autoimmune diseases may be limited to severe cases and may not be applicable to non-hospitalized infections. Third, since this is an observational retrospective cohort study, we could not exclude potential confounders that may affect the causal relationship because of the nature of this data. As an example, changes in epidemics over time such as age, sex, and peak season that might influence the pathogenesis of M. pneumoniae infection were not assessable. Furthermore, unmeasured factors such as unreported health conditions preceding an autoimmune disease (39), alterations in health-related behaviors, or the use of certain medications should be addressed in future studies. Fourth, although we identified a stronger association for older children, we did not assess the association between M. pneumoniae infections with autoimmune diseases that occurred later in life.





Conclusions

This nationwide population-based cohort study may indicate that exposure to M. pneumoniae infection requiring hospitalization may be associated with an increase in subsequent diagnoses of autoimmune diseases. Although our findings provide insight into the relationship between hospitalizations due to M. pneumonia infection and the increased occurrence of autoimmune disease, further studies are needed to better understand the underlying mechanisms.
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Objective

Primary immune thrombocytopenia (ITP) is the most common acquired autoimmune bleeding disorder among children. While glucocorticoids are the primary first-line treatment for ITP treatment, they prove ineffective in certain patients. The challenge of identifying biomarkers capable of early prediction regarding the response to glucocorticoid therapy in ITP persists. This study aimed to identify ideal biomarkers for predicting glucocorticoid efficacy in patients with ITP using plasma proteomics.





Methods

A four-dimensional data-independent acquisition approach was performed to determine the differentially expressed proteins in plasma samples collected from glucocorticoid-sensitive (GCS) (n=18) and glucocorticoid-resistant (GCR) (n=17) children with ITP treated with prednisone. The significantly differentially expressed proteins were selected for enzyme-linked immunosorbent assay validation in a cohort conprising 65 samples(30 healthy controls, 18 GCS and 17 GCR children with ITP). Receiver operating characteristics curves, calibration curves, and clinical decision curve analysis were used to determine the diagnostic efficacy of this method.





Results

47 differentially expressed proteins (36 up-regulated and 11 down-regulated) were identified in the GCR group compared with the GCS group. The significantly differentially expressed proteins myosin heavy chain 9 (MYH9) and fetuin B (FETUB) were selected for enzyme-linked immunosorbent assay validation. The validation results were consistent with the proteomics analyses. Compared with the GCS group, the GCR group exhibited a significantly reduced the plasma concentration of MYH9 and elevated the plasma concentration of FETUB. Furthermore, the receiver operating characteristics curves, calibration curves, and clinical decision curve analysis demonstrated good diagnostic efficacy of these validated biomarkers.





Conclusion

This study contributes to the establishment of objective biological indicators for precision therapy in children with ITP. More importantly, the proteins MYH9 and FETUB hold potential as a foundation for making informed decisions regarding alternative treatments for drugresistant patients, thereby preventing treatment delays.
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1 Introduction

Primary immune thrombocytopenia (ITP) is the most common autoimmune bleeding disorder among children, characterised by excessive platelet destruction and impaired platelet production, resulting in platelet counts falling below 100×109/L (1, 2). Clinical manifestations include petechiae, purpura, mucosal bleeding, and, in rare cases, intracranial haemorrhage, often accompanied by a health-related decline in the patient’s quality of life (3). The incidence of ITP in children is approximately 1.9-6.4 per 100,000 individuals (4, 5), surpassing that observed in adults. Glucocorticoids constitute a cornerstone in the first-line treatment of ITP, being the most cost-effective option (6). They function by inhibiting autoantibody production by lymphocytes and curtail macrophage activity, thereby reducing platelet destruction (7). However, approximately 20% of patients are resistant to glucocorticoids and experience recurrent bleeding symptoms, thereby affecting their quality of life (8). Moreover, continuous glucocorticoids therapy does not confer benefits to glucocorticoid-resistant (GCR) patients, and while delaying the need for treatment, patients experience various side effects such as hypertension, hyperglycaemia, and osteoporosis (9–12). Therefore, biomarkers are needed to identify GCR patients with ITP prior to commencing long-term medication to reduce the incidence of serious adverse events, improve the quality of life of the affected patients, and encourage the early use of alternative therapies before the onset of bleeding symptoms.

In recent years, there has been a continuous influx of reports examining biomarkers for assessing glucocorticoid efficacy in ITP treatment. Unfortunately, a consensus in clinical practice has not yet emerged. Furthermore, most of these investigations have centred on adults, leaving uncertainties regarding their applicability to children. Using real-time polymerase chain reaction assays, it was observed that stromal cell-derived factor 1 and miRNA-125a-5p were closely associated with glucocorticoid sensitivity, while adenosine triphosphate-binding cassette subfamily B member 1 was associated with glucocorticoid resistance (12–14). Naguib et al. and Li et al., through enzyme-linked immunosorbent assay (ELISA) analysis, reported increased levels of nuclear factor-κB (NF-κB) and intercellular adhesion molecule-1 in the GCR patients with ITP (13, 15). Notably, a flow cytometry analysis of patients with ITP demonstrated a lowered interleukin (IL)-10 to IL-17 ratio in the GCR group (16). Additionally, one study using time-of-flight mass spectrometry (MS) analysis revealed that glucocorticoid-sensitive (GCS) individuals exhibited significantly higher levels of sirtuin 1 and hypoxia-inducible-factor 1A, suggesting a potential link to their favourable response to glucocorticoid therapy (17, 18).

Proteomics technology, particularly the data-independent acquisition (DIA) technology, has been relatively underutilised in the study of markers associated with glucocorticoid efficacy in children with ITP. The four-dimensional (4D)-DIA proteomics technology uses the parallel accumulation-serial fragmentation (PASEF) combined with DIA (diaPASEF) acquisition mode of the timsTOF Pro2 series mass spectrometer to conduct differential quantitative proteomic analysis. The diaPASEF acquisition mode is a combination of the DIA acquisition mode and the PASEF technology, offering the advantage of acquiring DIA data without compromising window cycling speed. This concurrently reduces spectral complexity and enhances ion utilisation, resulting in a comprehensive enhancement of proteomics in terms of coverage depth, sensitivity, and throughput (19, 20). This study aimed to employ 4D-DIA quantitative proteomics technology to analyse the differentially expressed protein profiles in GCS and GCR children. Subsequently, these findings were validated using ELISA. This endeavour contributes valuable insights for identifying biomarkers associated with the efficacy of glucocorticoids in children with ITP.




2 Patients and methods



2.1 Study cohort and grouping

This study encompassed a cohort of 35 children with a primary diagnosis of ITP who were hospitalised at the Department of Paediatrics within Huaian No.1 People’s Hospital of Nanjing Medical University and 30 age-and sex-matched healthy volunteers at the same time as the outpatient clinic from 1 February to 1 July 2023. All participants met the diagnostic criteria for ITP as outlined in the ITP Neunert C practice guidelines (6). The inclusion criteria were as follows: children who were recently diagnosed with ITP; those who had not undergone glucocorticoid and/or intravenous gammaglobulin treatment; and those capable of adhering to a regular follow-up schedule. The exclusion criteria were as follows: congenital or secondary thrombocytopaenia; congenital immunodeficiency disorders; and the inability to maintain regular follow-up appointments or instances of missed visits.

Prednisone treatment was administered according to guideline recommendations (21), with a specific dose of 2 mg/kg/day (with a maximum of 60 mg/day) for 2 weeks. Based on the response to glucocorticoid therapy, the patients were divided into two groups, namely the GCS group and the GCR group. The criteria for group assignment were as follows: 1) The GCS group: Platelet counts ≥30×109/L and at least two times greater than the baseline level, with no observable bleeding manifestations after completing the 2-week prednisolone treatment (administered at 2 mg/kg, followed by tapering); 2) The GCR group: Platelet counts below<30×109/L, less than two times the baseline, or displaying bleeding symptoms after the 2-week prednisone treatment. Informed consent was obtained from all study participants, who also provided their signatures on a written informed consent form. This study adhered to the guidelines of the Declaration of Helsinki and was approved by the ethics committee of the Affiliated Huaian No.1 People’s Hospital of Nanjing Medical University.




2.2 Samples collection

Peripheral blood of approximately 3 mL were obtained from patients with ITP before initiating treatment. These samples were collected into dipotassium ethylene diamine tetraacetic acid (EDTA) premixed vacuum tubes and subsequently subjected to centrifugation at 3000 r/min for 10 min at room temperature. After centrifugation, the supernatant was carefully collected to isolate plasma specimens, which were then frozen in a -80°C refrigerator for future use. Following a randomised selection process, three plasma specimens were selected from each group for 4D-DIA analysis (Wuhan Maiwei Metabolism Co., Ltd., Wuhan, China).




2.3 Main reagents

Albumin from bovine serum was procured from Wuhan Chucheng Zhengmao Science and Technology Engineering Co., Ltd. DL-Dithiothreitol were procured from Solarbio, while EDTA, Xylene brilliant cyaninG-250, Sodium dodecyl sulfate, Thiourea, and Acetone were procured from Sinopharm. Iodoacetamide was procured from Aladdin, and Phenylmethanesulfonyl fluoride was procured from Xiya Reagent. Tetraethylammonium bromide and Urea were procured from Sigma. Trypsin was procured from Promega, and the protein marker was procured from Fementas. Lastly, the bicinchoninic acid (BCA) protein quantification kit was procured from Biyuntian. ELISA kits for myosin heavy chain 9 (MYH9) and fetuin B (FETUB) were procured from Wuhan Fearn and Eliot Biotechnology Co.




2.4 DIA



2.4.1 Sample preparation

Frozen peripheral plasma specimens were lysed at room temperature, followed by the removal of high-abundance proteins using the ProteoMiner™ Protein Enrichment Small Volume Kit (Bio-Rad). The resulting eluate was collected to determine the total protein concentration through BCA protein quantification analysis. An aliquot of protein solution was taken based on its concentration, and the volume was adjusted to 200 µL with 8 M urea. Subsequently, it was reduced with 10 mM dithiothreitol for 45 min at 37°C and alkylated with 50 mM iodoacetamide for 15 min under dark conditions at room temperature. For precipitation, pre-cooled acetone, added in four-fold volume to the protein solution, was employed. This precipitation process was performed at -20°C for 2 h. Following centrifugation, the protein precipitates were collected and resuspended in a 200 µL solution comprising 25 mM amine bicarbonate solution and 3 µL of trypsin. The mixture was allowed to undergo digestion at 37°C overnight. After digestion, peptides from each sample were subjected to desalination using a C18 column, concentrated via vacuum centrifugation, and subsequently redissolved in a 0.1% (v/v) formic acid solution.




2.4.2 Liquid chromatography-MS/MS detection

The samples were separated using a nanolitre flow rate NanoElute ultra-high-performance liquid chromatography system. Mobile phase A comprised a 0.1% formic acid aqueous solution, while mobile phase B comprised a 0.1% formic acid ethene solution (acetonitrile 100%). An autosampler loaded the samples onto an analytical column (25 cm × 75 µm, C18 packing 1.6 µm) for separation. The analytical column was maintained at 50°C, and the sample volume was set at 200 ng, with a flow rate of 300 nL/min over a 60-min gradient. The liquid-phase gradient program was as follows: 0 min–45 min, linear increase of liquid B from 2% to 22%; 45 min–50 min, linear gradient from 22% to 35% for liquid B; 50 min–55 min, linear gradient from 35% to 80% for liquid B; 55 min–60 min, liquid B was maintained at 80%. After chromatographic separation, the mixed samples were subjected to MS data collection in data-dependent acquisition (dda) PASEF mode using the timsTOF Pro2 mass spectrometer. The analysis featured a 60-min effective gradient, positive ion detection mode, a parent ion scanning range of 100–1700 m/z, ion mobility range (1/K0) of 0.7–1.4 Vs/cm2, ion accumulation and release time of 100 ms, and nearly 100% ion utilisation. Parameters included a capillary voltage of 1500 V, a drying gas rate of 3 L/min, and a drying temperature of 180°C. In the ddaPASEF acquisition mode, parameters included 10 MS/MS scans with a total cycle time of 1.17 s, charge range of 0–5, dynamic exclusion time of 0.4 min, ion target intensity set at 10,000, ion intensity threshold at 2500, collision-induced dissociation fragmentation energy of 42 eV, and an isolation window setting of 2 for <700 Th and 3 for >700 Th. For the diaPASEF acquisition mode, parameters encompassed a mass range of approximately 400–1200, mobility range of 0.7–1.4 Vs/cm2, mass width of 25Da, a mass overlap of 0.1, 32 mass steps per cycle, and two mobility windows, resulting in a total of 64 acquisition windows. The average acquisition period was 1.8 s.




2.4.3 Database search and quantification

The library search software employed in the study was DIA-NN (v1.8.1). For library searching, the Libraryfree method was used with specific parameters. The database used was swissprot_Homo_sapiens_9606_20376.fasta database (20376 entries). A deep learning-based parameter was activated to predict a spectral library. The match-between-runs option was selected to create a spectral library using DIA data and reanalyse the DIA data to obtain protein quantification. Precursor ions and protein-level false discovery rates were filtered at 1%.




2.4.4 Bioinformatic analysis

Comprehensive functional annotation of identified differential proteins included Gene Ontology (GO) classification (http://geneontology.org/) and the Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway (https://www.genome.jp/kegg/). Protein-protein interaction (PPI) analysis were applied to find the interactions among all DEPs by using the STRING database (https://string-db.org/).





2.5 ELISA

The procured ELISA kits were validated against MYH9 and FETUB, respectively, according to the manufacturer’s instructions. Absorbance values of standards and samples were read using a microplate reader at a wavelength of 450 nm.




2.6 Statistical analysis

Data were statistically analysed using GraphPad Prism 8.0(San Diego, CA, USA) and SPSS 26.0 (Chicago, IL, USA). Measurement data were tested for normality using the Shapiro–Wilk method, and normally distributed data are expressed as the mean ± standard deviation (SD). Comparisons between groups were made using the independent samples t-test. Data that did not conform to normal distribution are expressed as medians (quartiles) using, and between-group comparisons were made using the Mann–Whitney U test. Count data are expressed as the number of instances (percentage), and between-group comparisons were made using Fisher’s exact test and Chi-square test. Generated subject work characteristics (receiver operating characteristics [ROC]) curves, calibration curves, and clinical decision curve analysis (DCA) were also plotted to assess the model’s efficacy. P-values of <0.05 were considered statistically significant.





3 Results



3.1 Patient characteristics

This study included 30 healthy controls, 18 GCS and 17 GCR children with ITP. Table 1 presents demographic details and clinical characteristics in children with ITP. Notably, there were no statistically significant differences between GCS and GCR groups in terms of sex, age and body weight. There was no statistically significant difference in gender and age between ITP patients and healthy controls (see Supplementary Materials).


Table 1 | Patient characteristics.






3.2 4D-DIA analysis results

Principal component analysis revealed sample dispersion between the GCS and GCR groups, with strong clustering observed within each group (Figure 1A). These findings underscore significant differences between the two groups. Furthermore, when evaluating the Pearson correlation of protein abundances among all sample pairs using a heat map, it was evident that the Pearson correlation coefficient for protein abundance exceeded 0.7 (Figure 1B). This high correlation suggests a significant consistency in protein expression across all samples.




Figure 1 | Quality assessment of quantitative results. (A) Principal component analysis: where PC1 represents the first principal component, PC2 represents the second principal component, and PC3 represents the third principal component; (B) Correlation analysis: the horizontal and vertical coordinates represent the names of the samples, and the change in colour from red to yellow represents the change in correlation from high to low. The size of the fan area in the figure represents the size of the correlation coefficient of the corresponding horizontal and vertical coordinate samples; the number in the figure represents the correlation coefficient of the corresponding horizontal and vertical coordinate samples.





3.2.1 GO classification and the KEGG pathway analysis of differentially expressed proteins

Three plasma samples selected from each group were analysed using the NanoLC-MS/MS protein assay technology to compare GCS and GCR children. A total of 1586 quantifiable proteins were detected (Figure 2A). Using screening criteria of protein expression fold change (FC) >2.0 or <0.5 with a significance level of P<0.02, a set of 47 differential proteins was identified (Figure 2B). Among these proteins, 36 proteins were up-regulated and 11 proteins were down-regulated compared with the GCS group. For a visual representation, the volcano plots illustrate the significant up-regulation of the protein FETUB and the down-regulation of the protein MYH9 (Figure 2C). The heatmap of the differential proteins demonstrated that the expression levels of the differential proteins differed significantly between the GCS and GCR groups (Figure 2D).




Figure 2 | Plasma differential protein test results of sensitive and resistant groups of children with ITP. (A) Statistical results of mass spectrometry analysis data; (B) Results of differential proteins after screening conditions with protein expression FC>2.0 or <0.5 and P-value<0.02; (C) Volcano plot of the plasma differential proteins in the sensitive and resistance groups, where the horizontal coordinate represents the log2(FC), the vertical coordinate represents -log10(P-value), and the red and green scatters represent up- and down-regulation of the differential proteins, respectively; (D) Clustering heat map, where red indicates up-regulation and green indicates down-regulation, and the shades of the colours indicate varying degrees of up- and down-regulation.



The GO enrichment analysis comprises three parts, namely biological process, cellular components, and molecular functions. Regarding biological processes, the differentially expressed proteins were primarily associated with cellular protein metabolism, negative regulation of carbohydrate derivative metabolism, and the regulation of protein hydrolysis, among others. Concerning cellular components, these proteins predominantly reside in various cellular locales, such as cellular membranes, organelles, extracellular regions, and protein-containing complexes. In terms of molecular functions, the differential proteins were primarily characterised by enzyme inhibitor activity, peptidase regulatory activity, and endopeptidase regulatory activity (Figure 3A). The KEGG database was used to analyse the pathway enrichment of the differential proteins. The results of this analysis revealed that the differential proteins were primarily enriched in glycolysis/gluconeogenesis and cellular tight junction pathways (Figure 3B).




Figure 3 | Bioinformatics analysis of plasma differential protein detection results in the sensitive and resistant groups of children with ITP. (A) GO classification bar graph, where the horizontal coordinates represent secondary GO entries, the vertical coordinates represent the number of differentially expressed proteins in a particular GO entry, and the different colours of the bar represent up- and down-regulation. (B) KEGG enrichment analysis graph, where the horizontal coordinates represent the enrichment folds and the vertical coordinates represent the KEGG pathway; the bubble colour indicates the enrichment degree, and the bubble size indicates the number of proteins enriched to this entry.






3.2.2 Protein-protein interaction analysis

Based on the GO and KEGG analyses, differential protein interactions network analysis was performed by applying the interactions in the STRING protein interactions database (http://string-dborg). Subsequently, an interaction network diagram was constructed using Cytoscape. The results of PPI analysis demonstrated that the screened differentially expressed proteins form a complex regulatory network containing 35 nodes and 49 edges with the average degree of 2.8. The PPI analysis revealed that MYH9 and FETUB exhibited a higher degree of connectivity with other proteins within the network, suggesting that MYH9 and FETUB might be key proteins influencing the efficacy of glucocorticoids in ITP (Figure 4).




Figure 4 | Protein interaction network analysis diagram. Each node represents a protein, and the lines between the nodes represent interaction relationships. The more the lines, the stronger the interaction relationship. The thicker the line, the more credible the interaction. The color represents the level of differential protein expression. Red indicates upregulation of differential proteins, and blue indicates downregulation of differential proteins. The darker the color, the denser the relationship. The network consists of 35 nodes and 49 edges with an average node degree of 2.8.







3.3 ELISA results

The upregulated protein FETUB and downregulated protein MYH9 were selected for verification in validation cohorts (n= 65, 30 healthy controls, 18 GCS and 17 GCR children with ITP) using ELISA. Compared with the healthy control group, the levels of MYH9 were significantly increased (P<0.001) and FETUB were significantly decreased (P<0.01) in patients with ITP (Figures 5A, B). Compared with the GCS group, the GCR group exhibited a significantly reduced the plasma concentration of MYH9 and elevated the plasma concentration of FETUB (Figures 5C, D).




Figure 5 | The plasma levels of MYH9 and FETUB in children with ITP (n = 35) and healthy volunteers (n = 30). (A, B) Comparison of MYH9 and FETUB plasma levels in children with ITP versus the healthy controls. (C, D) Comparison of MYH9 and FETUB plasma levels in the GCS group(n = 18) and the GCR group(n = 17). *P<0.05,**P<0.01,***P<0.001.






3.4 Efficacy of the model

There were multifactorial logistic regression analysis concerning factors influencing glucocorticoid resistance (Table 2). Notably, FETUB and MYH9 emerged as statistically significant factors in the model (P<0.05). The findings suggest that as the level of MYH9 decreases and the level of FETUB increases, the risk of glucocorticoid resistance in patients increases. It displays the ROC curves for predicting glucocorticoid resistance using FETUB and MYH9 (Figure 6A). The areas under the curve for FETUB, MYH9, and their combined prediction of glucocorticoid resistance were 0.696, 0.778, and 0.814, respectively. These values yielded corresponding P-values < 0.05, underscoring the statistical significance of each indicator in predicting glucocorticoid resistance (see Supplementary Materials). For FETUB, a cut-off value of 39.649 was established, resulting in a sensitivity of 64.7% and a specificity of 72.2%. Meanwhile, MYH9 had a cut-off value of 2.392, with a sensitivity of 88.2% and a specificity of 61.1%. When both indicators were jointly considered, the cut-off value was 0.272, yielding a sensitivity of 100.0% and a specificity of 55.6% for predicting glucocorticoid resistance.


Table 2 | Multifactorial logistic regression analysis affecting glucocorticoid resistance.






Figure 6 | Efficacy of the model of predicting glucocorticoid resistance. (A) ROC curves for predicting glucocorticoid resistance by each metric; (B) Calibration curves for predicting glucocorticoid resistance; (C) DCA for predicting glucocorticoid resistance.



It illustrates the calibration curve and DCA of the model for predicting glucocorticoid resistance (Figures 6B, C). The Hosmer-Lemeshow goodness-of-fit test for the logistic regression model yielded χ2 value of 13.731, with a corresponding P-values of 0.056, which exceeded 0.05, indicating the efficacy of the model. Furthermore, the clinical DCA of the predictive model demonstrated that the model’s performance was superior within the probability range of 0.05 to 0.75.





4 Discussion

ITP is the most common bleeding disorder among children. The heterogeneity within ITP renders the response anticipation of treatment responses a challenging endeavour. In instances where children exhibit resistance to hormone-based therapies for ITP, there is an increased risk of enduring prolonged and ultimately chronic disease. Therefore, there is an urgent need for biomarkers that can predict glucocorticoid responsiveness, offering objective biological indicators for the precise management of children with ITP. Moreover, these biomarkers might serve as a basis for alternative therapeutic approaches for the GCR patients, thereby avoiding delays in treatment initiation.

There are few studies examining plasma proteomics concerning the efficacy of glucocorticoids in children with ITP. In this study, plasma specimens from patients with ITP in the GCS and GCR groups were analysed proteomically. This led to the initial identification of a set of biomarkers closely associated with cytoskeleton formation, protein hydrolysis, and enzyme activities. These findings were derived from the results obtained through GO analysis, KEGG signalling pathway analysis, and PPI analysis. Among these identified biomarkers, 36 differential proteins were up-regulated in expression in the GCR group, with FETUB demonstrating a particularly significant difference (FC=7.471). Meanwhile, 11 proteins were also found to be down-regulated in expression, with MYH9 having the smallest P-values (P<0.00008).

MYH9, a 230 kDa cytoskeletal protein, participates in several vital cellular processes such as cell adhesion, migration, and signalling (22–24). Numerous studies have reported that MYH9 affects the haematopoietic system, leading to impaired bone marrow haematopoiesis (25–28). Human MYH9 gene mutations are associated with a group of autosomal dominant disorders, collectively known as MYH9-related disorders, which are characterised by thrombocytopenia (29). Experimental models with point mutations in the MYH9 gene have exhibited reduced platelet adhesion and intracellular interactions (30). An investigation by An et al. indicated that MYH9 knockout mice experienced severe haematopoietic impairment, resulting in diminished whole blood cell counts and bone marrow dysfunction. Additionally, MYH9 gene deletion was observed to affect the repopulation ability of haematopoietic stem/progenitor cells while increasing apoptosis, implying its involvement in organismal haematopoiesis (31). Furthermore, proteomic analysis revealed the significant potential of MYH9 in early prediction of GCR childhood nephrotic syndrome, positioning it as a potential candidate biomarker for evaluating glucocorticoid efficacy (32–34). Our proteomics study also found that the difference in MYH9 protein levels between the GCS and GCR groups was statistically significant. MYH9 levels in ITP patients were significantly higher than those in the healthy controls. More importantly, the close relationship between MYH9 levels and response to steroid therapy has been demonstrated in ITP. ROC curve analysis revealed a cut-off value of 2.392 and an ROC value of 0.778, with a high sensitivity of 88.2% and a specificity of 61.1%. These findings collectively propose MYH9 as a potential biomarker for predicting the response to steroid therapy in ITP.

Human fetoglobulin encompasses fetuin A (FETUA) and FETUB (35). Predominantly originating from the liver, FETUA is also found in limited quantities within monocytes/macrophages (36, 37). Existing literature underscores FETUA as a multifunctional plasma protein, pivotal in neutrophil and platelet degranulation (38). Moreover, FETUA serves as an endogenous ligand for toll-like receptor (TLR) 4 (TLR4), actively participating in the inflammatory response. By binding to the extracellular structural domain of TLR4, it activates NF-κB signalling, subsequently inducing the release of pro-inflammatory cytokines from macrophages. The involvement of FETUA in TLR activation and consequent inflammatory signalling can contribute to glucocorticoid resistance (39, 40). Although fewer studies have been conducted on FETUB, its structural homology to FETUA suggests a potentially similar role. Research has indicated the value of FETUB in predicting glucocorticoid resistance in paediatric nephrotic syndrome (41). In the present study, DIA analysis revealed significant differences in the levels of FETUB protein between the GCS and GCR groups. Notably, FETUB exhibited higher levels in the GCR group compared with the GCS group, with this difference attaining statistical significance. Moreover, PPI analysis indicated that FETUB exhibited more extensive associations with other proteins, suggesting its potential role as a key player in this context. ELISA analysis found that the FETUB levels in ITP patients were significantly lower than those in the healthy controls. In ITP patients, the levels of FETUB in the GCR group is significantly higher than the GCS group, which is consistent with the results of DIA analysis, underscoring the potential significance of FETUB in the mechanism of glucocorticoid action in ITP. It is worth noting that most existing studies on FETUB and glucocorticoid resistance have mainly focused on urologic diseases. Further exploration is warranted to understand the precise mechanisms through which FETUB contributes to the development of glucocorticoid resistance in the context of ITP.

The ROC curve analysis in this study revealed that the area under the curve value for the combined prediction of glucocorticoid sensitivity using MYH9 and FETUB was significantly superior to that of MYH9 or FETUB alone, suggesting that the combination of these metrics has a higher predictive value for glucocorticoid resistance. Furthermore, results from the calibration curves and DCA indicated that the combined prediction model incorporating MYH9 and FETUB exhibited commendable diagnostic efficacy. In summary, by analysing the plasma proteomic profiles of different therapeutic responses to glucocorticoids in children with ITP, two important proteins, MYH9 and FETUB, were screened in this study, confirming their role as potential biomarkers of glucocorticoid efficacy in children with ITP. These findings provide novel insights and important information for further study of glucocorticoid resistance in ITP. However, this study has some limitations. First, it is a single-centre study with a small sample size. Second, our study only revealed the relationship between MYH9 and FETUB and glucocorticoid sensitivity, necessitating further experimental exploration to uncover the underlying mechanisms.
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Introduction

Early-onset Type 1 diabetes (EOT1D) is considered a disease subtype with distinctive immunological and clinical features. While both Human Leukocyte Antigen (HLA) and non-HLA variants contribute to age at T1D diagnosis, detailed analyses of EOT1D-specific genetic determinants are still lacking. This study scrutinized the involvement of the HLA class II locus in EOT1D genetic control.





Methods

We conducted genetic association and regularized logistic regression analyses to evaluate genotypic, haplotypic and allelic variants in DRB1, DQA1 and DQB1 genes in children with EOT1D (diagnosed at ≤5 years of age; n=97), individuals with later-onset disease (LaOT1D; diagnosed 8-30 years of age; n=96) and nondiabetic control subjects (n=169), in the Portuguese population.





Results

Allelic association analysis of EOT1D and LaOT1D unrelated patients in comparison with controls, revealed that the rare DRB1*04:08 allele is a distinctive EOT1D susceptibility factor (corrected p-value=7.0x10-7). Conversely, the classical T1D risk allele DRB1*04:05 was absent in EOT1D children while was associated with LaOT1D (corrected p-value=1.4x10-2). In corroboration, HLA class II haplotype analysis showed that the rare DRB1*04:08-DQ8 haplotype is specifically associated with EOT1D (corrected p-value=1.4x10-5) and represents the major HLA class II genetic driver and discriminative factor in the development of early onset disease.





Discussion

This study uncovered that EOT1D holds a distinctive spectrum of HLA class II susceptibility loci, which includes risk factors overlapping with LaOT1D and discriminative genetic configurations. These findings warrant replication studies in larger multicentric settings encompassing other ethnicities and may impact target screening strategies and follow-up of young children with high T1D genetic risk as well as personalized therapeutic approaches.





Keywords: Type 1 diabetes, age of onset, T1D endotypes, Early-onset Type 1 diabetes, HLA class II




1 Introduction

Type 1 Diabetes (T1D) is a multifactorial disease with a strong genetic component that results from the immune-mediated destruction of insulin-producing pancreatic beta cells, leading to lifelong insulin dependency. T1D predominantly manifests in childhood and typically presents with a peak of incidence near or at adolescence (10 to 14 years of age) (1, 2).

Numerous studies conducted in diverse populations contributed to uncover the genetic basis of T1D susceptibility. Familial aggregation and genome-wide association studies established that the genomic region located on chromosome 6p21 harboring the Human Leukocyte Antigen (HLA) class II genes, mainly DRB1, DQA1 and DQB1 accounts for about half of the T1D genetic risk (3, 4). Within Caucasian populations, two HLA haplotypic configurations consistently emerged as the strongest genetic risk factors, namely DRB1*03:01-DQA1*05:01-DQB1*02:01 (referred to as DR3-DQ2) and DRB1*04-DQA1*03-DQB1*03:02 (DR4-DQ8) (4–6). It is also recognized that T1D susceptibility is differentially influenced by the DRB1*04 alleles present within the DR4-DQ8 haplotype. Among these, the DRB1*04:05 allele is associated with the highest risk, followed by DRB1*04:01, DRB1*04:02 and DRB1*04:04, while DRB1*04:03 shows protective effects (6).

T1D susceptibility conferred by distinct HLA alleles has been proposed to result from variation in amino acid residues at specific positions within the peptide-binding groove, which may affect the set of antigenic peptides presented to T cells. Hence, the presence of non-aspartate residues at position 57 of DQB1 and arginine at position 52 of DQA1 was found to confer strong susceptibility to T1D (7, 8). More recently, it has been established that two positions in DRB1 (13 and 71) together with position 57 of DQB1 capture more than 90% of the phenotypic variance attributed to the HLA locus (9), implicating the P4 and P9 pockets in the antigen-binding groove of DRB1 and DQB1, respectively, in T1D risk. In addition to HLA, more than 57 loci located outside of this region were found to contribute to T1D risk with relatively modest effects (10). Interestingly, several of these non-HLA loci have been suggested to influence immune cells or pancreatic beta-cell functions (11).

Recent observations support the notion that T1D is a heterogeneous clinical entity composed of distinct disease subtypes that are distinguished by different pancreatic immunophenotypes and increased clinical severity in patients with younger age at diagnosis (12–15). Accordingly, children diagnosed with T1D under the age of 7 usually present with a more aggressive form of insulitis, characterized by both T and B cell infiltrates whereas children diagnosed at 13 years of age or later, tend to show milder insulitis with predominant T cell infiltration (12). Moreover, children diagnosed under the age of 5 years exhibit reduced residual beta-cell mass at diagnosis and sharply decreased insulin production shortly after disease onset, which is associated with severe metabolic decompensation (13–15). This early-onset disease subtype poses a significant clinical challenge, as these patients are at a higher risk of long-term diabetic complications compared to those with disease onset at older ages (16).

While the genetic landscape of T1D susceptibility has been extensively studied, the search for genetic determinants of age at T1D diagnosis has received comparatively less attention. Nonetheless, disease concordance studies in twins and siblings provide evidence that the age at which individuals develop T1D is strongly influenced by genetic factors (17, 18). These and other reports have contributed to establish that the genetic component impacting on age at T1D diagnosis encompasses both non-HLA and HLA genes (15, 19–26). Non-HLA gene associations include IL2, RNLS, PTPRK, THEMIS, GLIS3, IL2RA, IL10, IKZF3 and CTSH (19–22). Notably, individuals diagnosed at a younger age are more likely to carry high-risk HLA class II genetic configurations, including the DR3/DR4 genotype, than those diagnosed at an older age (15, 21–26). Notwithstanding, a detailed comparison of HLA class II gene variants in early-onset versus later-onset disease has been overlooked.

In search for HLA variants that discriminate susceptibility to early-onset T1D (EOT1D), we analyzed HLA class II polymorphisms in a collection of Portuguese children with diagnosis at ≤5 years of age in comparison with individuals diagnosed between 8 and 30 years of age (Later-onset T1D; LaOT1D). Our results revealed that the genetic susceptibility to EOT1D conferred by the HLA class II locus comprised risk factors that overlap with LaOT1D susceptibility and private genetic configurations that mainly pertain to DRB1 gene variants. Molecular and mechanistic studies are warranted to uncover the role of these genetic factors on age at T1D onset, and may provide novel tools to improve risk prediction, earlier diagnosis, and targeted preventive interventions in individuals at higher risk of developing EOT1D.




2 Material and methods



2.1 Ethics

Ethical permissions for this study were obtained from the Ethics Committee from Hospital de Dona Estefânia (HDE; Comissão de Ética para a Saúde, Centro Hospital de Lisboa Central, #318/2016), and the Ethics Committee from Associação Protetora dos Diabéticos de Portugal (APDP). All procedures in this study were in accordance with National and European regulations, including the Helsinki Declaration.




2.2 Subjects

Subjects with Type 1 diabetes (T1D) with age of disease onset ≤5 years (n=97) were outpatients of the Unidade de Endocrinologia Pediátrica at HDE, that were enrolled between April 2016 and July 2018, and embodied the Early-onset (EO)T1D cohort (80.4% of these diagnosed before 5 years of age). The later-onset cohort (LaOT1D) comprised 96 subjects with ages at T1D onset from 8 to 30 years (83% of those diagnosed before 21 years of age) and were collected at HDE and APDP. Ninety six percent of T1D patients were of European ancestry. T1D diagnosis met the criteria established by the American Diabetes Association (27). All patients were insulin-dependent since diagnosis and had been on uninterrupted insulin treatment. Control subjects with no history of T1D or hyperglycemia (n=169; average age at recruitment 42 years; IQR [35-51] years), and deemed unlikely to develop T1D post-enrolment, were selected within a cohort representative of the Portuguese population [Prevadiab 2 (28)].




2.3 Genotyping

DNA extraction was performed from peripheral blood using standard techniques. The HLA-DRB1 and DQA1/DQB1 typing for patients and controls was assessed with a Luminex-based SSOP typing array and Sequence-Based Typing (Sanger) for allelic resolution, according to manufacturer´s protocols (One Lambda LabType SSO and HLAssure, respectively). Haplotypes were reconstructed from allele data using Arlequin v3.5 software (29). Individual extended genotypes carried were derived from reconstructed haplotypes. DR3-DQ2 and DR4-DQ8 were used to classify subjects with the DRB1*03:01-DQA1*05:01-DQB1*02:01 and DRB1*04:01/04:02/04:04/04:05/04:08-DQA1*03:01/03:02-DQB1*03:02 haplotypes, respectively.




2.4 Statistical analysis

Allelic, haplotypic and genotypic association tests as well as Odds-Ratio calculations were performed with Plink software package (v1.07), using the BCGene user interface. In this analysis, 8 genotypes; 19 DRB1, 9 DQA1 and 12 DQB1 alleles; and 18 haplotypes were independently evaluated. P-values were computed using the Fisher’s exact test and multi-comparison analyses were corrected with the Holm-Bonferroni method.

To estimate the predictive power of HLA class II haplotypes, regularized logistic regression was performed using scikit-learn python package v1.1 (30). This modeling approach was executed in a cross-validated fashion, where the dataset was partitioned into five blocks. In this process, 80% of the data, corresponding to four blocks, was used for training the model, and the remaining 20%, or one block, was reserved for evaluating model performance. The robustness of the fitting was assessed by reiteration of this process.





3 Results



3.1 Contribution of HLA class II genotype classes to disease susceptibility in EOT1D and LaOT1D

We used a two-way case-control study design to analyze HLA class II locus variants in 97 unrelated Portuguese subjects with Early-onset T1D (EOT1D, age at diagnosis 0-5 years) and 96 unrelated Portuguese subjects with disease onset after 7 years of age (LaOT1D, age at diagnosis 8-30 years), using as controls 169 non-diabetic individuals, representative of the Portuguese population (Table 1). 


Table 1 | Demographic and clinical characteristics of patients and non-diabetic controls.



The clinical manifestation of T1D in preschool children is characterized as more severe when compared to those who develop the disease later in childhood or in adulthood (15, 31, 32). Accordingly, we found evidence that EOT1D patients had lower fasting c-peptide at diagnosis (Supplementary Table 1) denoting diminished insulin secretion capacity, presumably due to extensive pancreatic beta-cell autoimmune destruction. Moreover, despite presenting with a lower percentage of glycated hemoglobin at diagnosis, EOT1D patients showed worse metabolic control under insulin treatment, as indicated by the lower proportion of individuals with glycated hemoglobin below 7.5% one year after diagnosis (EOT1D, 19.4% versus LaOT1D, 44.4%; Supplementary Table 1). Consistent with prior studies (15, 24, 32), EOT1D patients also displayed heightened humoral reactivity against insulin at diagnosis when compared to LaOT1D subjects (anti-insulin antibodies at diagnosis present in 74.1% versus 36.8%, respectively; Supplementary Table 1). Collectively, these data indicate that the EOT1D cohort followed the typical T1D clinical phenotype observed in preschool children, and differed from the LaOT1D cohort.

Conventional analysis of T1D risk conferred by HLA class II in Europeans considers 4 different genotype classes (25, 33). The highest risk is conferred by DR3/DR4 genotypes, followed by DR3/3 and DR4/4 (high risk), and by DR3 or DR4 haplotypes in combination with any other haplotype (DR3/X, DR4/X; intermediate risk), while X/X genotypes are considered low risk (25, 33).

In our cohorts, we observed that 91/97 EOT1D (93.8%) and 85/96 LaOT1D (88.5%) subjects, carried at least one of the two main high-risk haplotypes DR3-DQ2 (DRB1*03:01-DQA1*05:01-DQB1*02:01) or DR4-DQ8 (DRB1*04:01/04:02/04:04/04:05/04:08-DQA1*03:01/03:02-DQB1*03:02) in Caucasians. Of these, 46 EOT1D and 28 LaOT1D patients were homozygous or heterozygous DR3-DQ2/DR4-DQ8, whereas 45 EOT1D and 57 LaOT1D patients harbored only one of these haplotypes (DR3/X or DR4/X).

We found that disease risk conferred by DR3 and DR4 susceptibility genotypes was not significantly different in EOT1D and LaOT1D cohorts (Figure 1A and Supplementary Table 2). Likewise, HLA class II genotypes not containing DR3 or DR4 (X/X) had comparable protective effects in the two disease groups (Figure 1A and Supplementary Table 2). As expected, association analysis detected a significantly increased frequency of DR3 and DR4 genotypes in EOT1D and LaOT1D patients, in comparison with non-diabetic controls (Figure 1B and Supplementary Table 2) and confirmed that the frequency of risk and protective genotype classes was not significantly different in EOT1D in comparison with LaOT1D subjects (Supplementary Figure 1). Moreover, the distribution of the different genotype classes was not significantly different in EOT1D when compared with LaOT1D, while clearly being so when the 3 groups were compared together (Figure 1C). Nonetheless, in line with previous studies (15, 23–26, 34) we found a trend for higher frequency of the highest risk genotype (DR3/DR4) in EOT1D patients when compared to LaOT1D subjects (Supplementary Table 2, 35.1% versus 19.8%, p-value=2.36x10-2, by Fisher´s exact test, prior multi-comparison correction). These results prompted us to dissect the HLA class II genetic configurations in these patient groups to discern whether different alleles in DR3 and DR4 genotype classes show differential association with EOT1D when compared to LaOT1D.




Figure 1 | Genetic risk conferred by classical T1D-associated HLA class II genotypes in Early-onset T1D (EOT1D; n=97) and Later-onset T1D patients (LaOT1D; n=96). In (A), the mean log -odds ratio (OR) ± 95% CI of HLA class II individual genotypes in case versus controls (n=169) is shown. EOT1D versus control comparisons are represented in red and LaOT1D versus controls in blue. The dashed line represents log -OR=0. In (B), allelic association tests in case versus controls, represented as -log p-value, after Holm-Bonferroni correction are depicted. The dashed line represents -log p-value=0.05. In (C), the proportion of subjects with the indicated DR3 and DR4 genotypic classes in EOT1D and LaOT1D patients as well as controls are shown (C versus LaOT1D versus EOT1D, p-value<1x10-3; LaOT1D versus EOT1D, p-value=5.63x10-2; by chi-square test).






3.2 Private and shared HLA class II alleles associated with EOT1D and LaOT1D

To scrutinize the contributions of different HLA class II genes in disease susceptibility, we analyzed the genetic risk conferred by DRB1, DQA1 and DQB1 alleles with a frequency ≥2.5% in the EOT1D and LaOT1D cohorts or in control subjects. Most risk alleles had comparable genetic effects in EOT1D and LaOT1D cohorts (Figure 2A and Supplementary Table 3). Interestingly, the T1D risk allele DRB1*04:05 was absent in EOT1D subjects, suggesting it may not significantly contribute to the development of EOT1D (Figure 2A and Supplementary Table 3). We also noted that the DQA1*05:05 and DQB1*02:02 protective alleles were under-represented in EOT1D when compared to LaOT1D subjects, suggesting that disease protection conferred by these alleles is particularly relevant in EOT1D (Supplementary Figure 2 and Supplementary Table 4).




Figure 2 | Genetic risk conferred by HLA class II alleles in EOT1D and LaOT1D patients. In (A), the mean log-odds ratio (OR) ± 95% CI of individual HLA class II genotypes in cases versus controls is displayed. Comparisons of EOT1D versus controls are highlighted in red, and LaOT1D versus controls are shown in blue. The dashed line represents log-OR=0. In (B), allelic association tests in cases versus controls, presented as -log p-values after Holm-Bonferroni correction, are depicted. The dashed line represents -log p-value=0.05. In (C), allelic association analysis in EOT1D versus LaOT1D patients (purple). The dashed line represents -log p-value=0.05.



Strikingly, the DRB1*04:08 allele was significantly associated with EOT1D but not with LaOT1D (Figure 2B and Supplementary Table 3). Consistent with earlier findings in Portuguese (35, 36) and Spanish cohorts (37), the DRB1*04:08 allele was found at a remarkably low frequency in nondiabetic controls (0.3%, Supplementary Table 3). Conversely, we found that the classical T1D risk allele DRB1*04:05 was associated with LaOT1D while it was absent in the EOT1D cohort. Although the absence of the DRB1*04:05 allele in EOT1D patients might appear surprising, it aligns with findings from a previous study involving Caucasian children diagnosed with T1D before the age of five (13). Therefore, we next directly compared allelic frequencies in EOT1D and LaOT1D subjects. This analysis corroborated that the DRB1*04:05 risk allele as well as the DQA1*05:05 and DQB1*02:02 protective alleles have a significantly higher frequency in LaOT1D when compared to EOT1D (Figure 2C and Supplementary Figure 2C, Supplementary Tables 3, 4). However, no difference in the frequency of other risk and protective alleles was observed in LaOT1D when compared to EOT1D (Figure 2C and Supplementary Figure 2C). Notably, we found that the rare allele DRB1*04:08, while not associated with LaOT1D, was present in 20 of the 97 EOT1D subjects and conferred the highest HLA class II allelic risk to EOT1D (Figure 2 and Supplementary Table 3).

T1D susceptibility conferred by distinct HLA alleles may arise from variations in amino acid residues at specific positions within the peptide-binding groove. We thus performed amino acid sequence alignment of the DRB1*04 alleles analyzed in this study (Supplementary Figure 3) and found that the presence of serine (S) instead of aspartic acid (D) at amino acid position 57 was the only difference between the LaOT1D-specific DRB1*04:05 and the EOT1D-associated DRB1*04:08 risk alleles. While D and S are both polar amino acids, D is negatively charged whereas S is uncharged. This distinction in charge within pocket 9 may influence both the nature and the affinity of diabetogenic peptides binding to the MHC molecules encoded by these two alleles.

Previous studies have also established that DQ-susceptible alleles code for arginine (R) residue at position 52 of the DQA1 molecule and are negative for D at the DQB1 position 57 (7, 8). Consistent with these findings, we found that the presence of R in DQA1 position 52 conferred significant risk, whereas its substitution by histidine or serine was protective in EOT1D or in both EOT1D and LaOT1D, respectively (Supplementary Table 5). Moreover, while D at position 57 of DQB1 was highly protective, the presence of alanine (A) was associated with significant risk in both cohorts (Supplementary Table 6). The representation of susceptible and protective alleles defined by these amino acid residues was not different in EOT1D when compared to LaOT1D (Supplementary Figure 4). Together, these findings uncovered that in addition to shared HLA class II allelic variants (DRB1*03:01, DRB1*04:01, DQA1*03, DQA1*05:01, DQB1*02:01 and DQB1*03:02), distinct alleles (DRB1*04:08 and DRB1*04:05) are contributing to the risk of EOT1D or LaOT1D. This led us to compare the HLA class II haplotypic structure in these cohorts, with a focus on DR3 and DR4 risk haplotypes.




3.3 EOT1D distinctive HLA class II haplotypes

Haplotype reconstruction identified 29, 50 and 55 distinct class II haplotypes in EOT1D, LaOT1D and control subjects, respectively. This analysis revealed 3 protective and 3 risk haplotypes significantly associated with EOT1D and LaOT1D (Figures 3A, B and Supplementary Figure 5 and Supplementary Tables 7, 8). The DRB1*15:01-DQA1*01:02-DQB1*06:02 haplotype was under-represented in both patient groups in comparison to control subjects, whereas the DRB1*07:01-DQA1*02:01-DQB1*02:01/02:02 and DRB1*11:01-DQA1*05:05-DQB1*03:01 haplotypes showed a protective effect only in the EOT1D cohort (Supplementary Figure 5 and Supplementary Table 8).




Figure 3 | Genetic risk conferred by HLA class II susceptibility haplotypes in EOT1D and LaOT1D patients. In (A), the mean log-odds ratio (OR) ± 95% CI of individual HLA class II genotypes in cases versus controls is illustrated. Comparisons of EOT1D versus controls are highlighted in red, and LaOT1D versus controls are represented in blue. The dashed line represents log -OR=0. In (B), allelic association tests in cases versus controls are presented, depicting -log p-values after Holm-Bonferroni correction. The dashed line represents -log p-value=0.05. In (C), allelic association analysis in EOT1D versus LaOT1D patients (purple). The dashed line represents -log p-value=0.05.



We also observed that the high-risk DRB1*03:01-DQ2 and DRB1*04:01-DQ8 haplotypes were not differently represented in EOT1D and LaOT1D cohorts (Figure 3C and Supplementary Table 7), suggesting they are shared susceptibility factors in both disease subtypes. Notably, we found that the risk DRB1*04:08 allele exceedingly occurred in the context of the DQ8 haplotype in EOT1D (17/20 subjects), indicating that the DRB1*04:08-DQ8 haplotype is distinctively associated with this disease subtype (Figure 3 and Supplementary Table 7). Of note, of the three additional patients harboring the DRB1*04:08 allele, two carried DQA1*03:01-DQB1*02:01 and one DQA1*03:01-DQB1*02:51; both are likely risk configurations, given the presence of R and a non-D at positions 52 and 57 of DQA1 and DQB1, respectively (7, 8). Moreover, within the 17 EOT1D children carrying the DRB1*04:08-DQ8 haplotype, 10 were DR3/DR4 heterozygous and 7 harbored it together with neutral haplotypes. Worth noting, the DRB1*04:08-DQ8 haplotype was identified in a single LaOT1D patient who had a diagnosis of Juvenile arthritis at 7 years of age and subsequently developed T1D at the age of 14, thus presenting an unusual combination of autoimmune diseases.

The DRB1*04:05 allele also occurred at high frequency in the context of DQ8 in LaOT1D (15/18 subjects; one of these homozygous) but failed to attain statistical significance after multiple testing correction (corrected p-value=5.46x10-2; Figure 3 and Supplementary Table 7). Of the three additional carriers of the DRB1*04:05 allele, two presented it associated with DQA1*03:02-DQB1*02:01 and the third with the DQA1*05:01-DQB1*02:01 haplotype. Within the 15 LaOT1D carriers of the DRB1*04:05-DQ8 haplotype, 3 were DR3/DR4 heterozygous, one was homozygous for the haplotype and the others presented it in combination with neutral haplotypes.

It has been reported that the amino acid residues in positions 13 and 71 in the DRB1 molecule and position 57 in DQB1 together capture more than 90% of the phenotypic variance controlled by the HLA locus (9). We found that the A-H-K and A-S-K haplotypes defined by these positions conferred risk in both cohorts (Supplementary Table 9). Additionally, while the D-S-R haplotype was protective in both cohorts, D-S-E was protective in EOT1D whereas D-G-R and D-R-A conferred protection in LaOT1D only (Supplementary Table 9). Moreover, no differential representation was observed in risk and protective haplotypes defined by these amino acid residues in EOT1D when compared to LaOT1D (Supplementary Figure 6).

In summary, these data revealed that in addition to the classical HLA class II susceptibility haplotypes shared between EOT1D and LaOT1D (DRB1*03:01-DQ2 and DRB1*04:01-DQ8), a specific DR4 allelic variant, DRB1*04:08, mostly occurring in the context of the DQ8 haplotype, is distinctively associated with EOT1D and confers the highest risk among the HLA class II haplotypes represented in this cohort.




3.4 The DRB1*04:08-DQ8 is the main HLA class II haplotype discriminating EOT1D

To estimate the predictive power of the DR3 and DR4 risk haplotypes in EOT1D and LaOT1D classification, we performed regularized logistic regression with cross-validation, using all three groups simultaneously (each one versus the other two). This analysis revealed that the combined effect of DR3-DQ2 and DR4-DQ8 haplotypes provided solid discrimination between the 3 groups of subjects (Area Under the Curve, AUC, HC: 0.875 ± 0.035; LaOT1D: 0.725 ± 0.058; EOT1D: 0.829 ± 0.039), with the DRB1*04:08-DQ8 haplotype accounting for the highest genetic difference between EOT1D and the other two groups (LaOT1D and controls). Similarly, the DRB1*04:05-DQ8 haplotype was the main contributor distinguishing LaOT1D from the other two cohorts (Figure 4A). Furthermore, binary logistic regression results (case group versus controls) aligned with the case-control findings above-mentioned. Accordingly, we found that the DRB1*03:01-DQ2 and DRB1*04:01-DQ8 haplotypes are the main risk factors in LaOT1D (Figure 4B), with an associated OR of 8.43 and 8.63, respectively (Supplementary Table 10), whereas the DRB1*04:08-DQ8 haplotype is the predictor variable with the highest impact in EOT1D development (OR 13.62; Figure 4C and Supplementary Table 10).




Figure 4 | Phenotype predictive power of HLA class II DR3 and DR4 haplotypes in EOT1D and LaOT1D. Coefficients of regularized logistic regression are represented with error bars for each phenotype class. AUC was derived from ROC analysis of one versus the rest in (A), or case group vs controls in (B, C) after fitting a binary logistic regression model.



We next evaluated whether these haplotypes influenced age at disease onset in all T1D subjects enrolled in this study (n=193). We found no significant impact of protective haplotypes as well as of the DR3/DR4 genotype on age at disease presentation in T1D subjects (Supplementary Figures 7, 8). Importantly, we observed that T1D patients harboring one copy of the DRB1*04:05-DQ8 risk haplotype were on average 13.7 years of age at T1D onset whereas the age at diagnosis in individuals with other haplotypes decreased to 8.6 years. Conversely, subjects with one copy of the DRB1*04:08-DQ8 haplotype were on average 3.1 years of age at disease onset while individuals carrying other haplotypes were 9.6 years old (Figure 5). This analysis demonstrated that the discriminative EOT1D and LaOT1D haplotypes significantly influenced the age at T1D presentation, with the DRB1*04:08-DQ8 haplotype decreasing age at onset on average by 6.5 years and the DRB1*04:05-DQ8 haplotype increasing it by 5.1 years.




Figure 5 | Genotypic stratification of age of T1D onset in patients (n=193) stratified by HLA class II haplotypes. Age distribution of homozygous and heterozygous subjects for DR3 and the indicated DR4 haplotypes are plotted against all other haplotypes (****p=6.29x10-5, **p=4.20x10-3, by Mann-Whitney test).



In sum, while our cohorts of EOT1D and LaOT1D share the expected DQ risk alleles and haplotypes, including DR3-DQ2 and DR4:01-DQ8 (4–6, 35, 37), we revealed the differential impact of two risk DR4 haplotypes, DRB1*04:05-DQ8 and DRB1*04:08-DQ8, and identify the latter as the main single HLA class II discriminative factor and genetic driver in the development of EOT1D, in Portuguese subjects.





4 Discussion

In this study, we addressed the question of whether patients with EOT1D harbor a distinctive HLA class II genetic spectrum. Compared with patients with later-onset disease and non-diabetic controls, we found that a rare HLA class II haplotype (DRB1*04:08-DQ8) was primarily present in EOT1D and accounted for the main HLA class II discriminative factor and genetic driver of this T1D subtype. Analysis of age at diagnosis in all T1D subjects confirmed that the DRB1*04:08-DQ8 haplotype was significantly associated with disease onset at younger ages, while the DRB1*04:05-DQ8 haplotype, a main risk DR4 haplotype in Caucasians (6), was absent in EOT1D and associated with diagnosis at older ages. These findings corroborate the notion that specific HLA class II configurations are relevant drivers in determining T1D disease subtypes.

Our study design used an enrollment strategy that targeted subjects who developed T1D at an early age (under 6 years) thereby enriching for genetic susceptibility factors underlying this condition. This approach is in contrast with most studies that evaluated the genetic susceptibility conferred by HLA class II alleles, haplotypes and genotypes within T1D cohorts and families (4–6, 35, 37), where EOT1D subjects are often a minority group. It is thus not surprising that rare alleles and haplotypes, such as DRB1*04:08 and its DRB1*04:08-DQ8 haplotype, may have passed unnoticed in these studies.

In this study, our choice of a healthy control cohort deviates from the gold standard case-control analysis as these individuals are not age-matched with the patient populations (EOT1D and LaOT1D). However, this decision aligns with the study’s specific focus on uncovering specific HLA II genetic determinants of EOT1D. By opting for healthy older controls (IQR [35-51] years), representative of the Portuguese population, we aimed to ensure their unlikely development of T1D during the study, making them an ideal group for identifying HLA II alleles and haplotypes associated with T1D susceptibility. One potential limitation of our control selection strategy arises from the known accumulation of somatic mutations with age. These mutations can act as confounding factors in genetic association studies, particularly when de novo variants confer a significant clonal advantage. Somatic mutations in HLA genes have been identified in patients with solid and hematological cancers (38, 39); in hematological cancer recipients of allogeneic and haploidentical stem cell transplantation (39, 40); and in patients with aplastic anemia (41). The significance of these mutations lies in their provision of a selective advantage to the mutated clones, enabling them to evade immune surveillance. An increased accumulation of somatic mutations with age can also be found in healthy individuals (a phenomenon designated by age-related clonal hematopoiesis), but these primarily target genes with malignancy implications, such as DNMT3A, TET2, and ASXL1, and increase their carriers´ predisposition to hematological malignancies and cardiovascular disease (42–45). These mutations are, in addition, individually very rare. Consequently, while we do not rule out the possibility of somatic mutations being present, at least in some of our healthy controls, we consider it improbable that these mutations would specifically target HLA class II genes at a frequency substantial enough to significantly impact our association analysis and the conclusions derived from it.

Our findings bear consequences on age at disease onset. Considering the increasing incidence of EOT1D in the last decades and a prevalence of T1D in the general population of 0.4% (46), along with the assumption that EOT1D presently accounts for 25% of all T1D cases, the application of Bayes theorem predicts that one individual with the DRB1*04:08-DQ8 haplotype has a 3.15% probability of developing EOT1D. On the other hand, the chance of developing T1D at an older age (LaOT1D) is roughly 6 times lower (0.54%). Regarding the DRB1*04:05-DQ8 haplotype, a carrier has 1.18% probability of developing LaOT1D and is unlikely to develop EOT1D.

The DRB1*04:08 allele and the DRB1*04:08-DQ8 haplotype were not found associated with T1D in prior cohort analyses of Portuguese and Spanish T1D patients nor in large Caucasian cohorts (4–6, 35, 37). To the best of our knowledge, this allele was only found significantly overrepresented in T1D patients in comparison with controls in eastern Baltic individuals, when in combination with DQB1*03:04 (47). However, the DRB1*04:08 allele has been previously associated with other autoimmune conditions and associated clinical phenotypes, namely anti-citrullinated protein antibody-positive and childhood Rheumatoid Arthritis (RA), clinical severity of RA and anti-drug antibody development in Multiple Sclerosis patients under Interferon beta treatment (48–50). These observations raise the possibility the DRB1*04:08 allele impacts the development, age at onset and clinical severity of autoimmunity phenotypes other than T1D.

Other studies reported lower frequency of HLA class II protective alleles and haplotypes in patients with T1D onset at a younger age (13, 22, 23, 34). In agreement with these reports, our EOT1D cohort lacked the DRB1*11:01-DQA1*05:05-DQB1*03:01 haplotype and had a significantly lower frequency of the DRB1*07:01-DQA1*02:01-DQB1*02:01/02:01 in comparison with controls, suggesting these may confer protection from early-onset disease, while not impacting significantly on LaOT1D. On the other hand, the classical DRB1*15:01-DQA1*01:02-DQB1*06:02 protective haplotype showed strong effects in both cohorts. These data also raise the possibility that the protective effects of HLA class II haplotypes may differ in these disease subtypes.

Previous studies demonstrated T1D patients diagnosed at a young age present with a more restricted range of DR and DQ haplotypes (24, 34). Accordingly, we found that the HLA class II haplotypic diversity was significantly more homogeneous in EOT1D (29 haplotypes identified) than LaOT1D (50 haplotypes identified; p-value=8.0x10-3, Fisher´s exact test). This restriction of haplotypic heterogeneity is likely influenced by the decreased number of DRB1 alleles in EOT1D (19 versus 27 alleles in EOT1D and LaOT1D, respectively), as the allelic heterogeneity in DQA1 (7 versus 9 alleles) and DQB1 (13 versus 12 alleles) is rather similar in the two cohorts. It is conceivable that the limited spectrum of DRB1 susceptibility alleles represents a distinctive feature of EOT1D, with probable impact on CD4 T cell repertoire selection in the thymus, including regulatory T cells, as well as in the activation of these cells in the periphery. Particularly relevant in this context will be to evaluate the binding affinity of distinct diabetogenic peptides to DRB1*04:05-DQ8 compared to DRB1*04:08-DQ8, as it is known that the presence of a non-D (S)/D residue at position 57 within pocket 9 determines the peptide anchor residue accommodated in this pocket (acidic versus small aliphatic) (51, 52).




5 Conclusion

Despite the limited size of the cohorts analyzed here, our data suggest EOT1D is a clinical entity bearing non-overlapping genetic determinants when compared to LaOT1D. The distinctive HLA class II differences we revealed may be relevant in the implementation of EOT1D screening strategies and personalized therapeutic approaches, such as peptide-based immunotherapy. Multicentric studies with broader ethnic coverage would be helpful in replicating these findings and in identifying additional private EOT1D genetic factors, that may be of use as predictors of age at T1D onset and disease severity.
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Background

Lupus pathogenesis is mainly ascribed to increased production and/or impaired clearance of dead cell debris. Although self-reactive T and B lymphocytes are critically linked to lupus development, neutrophils, monocytes, and natural killer (NK) cells have also been implicated. This study assessed apoptosis-related protein expressions in NK cells of patients with juvenile-onset systemic lupus erythematosus (jSLE) and relations to disease activity parameters, nephritis, and neuropsychiatric involvement.





Methods

Thirty-six patients with jSLE, 13 juvenile dermatomyositis (JDM) inflammatory controls, and nine healthy controls had Fas, FasL, TRAIL, TNFR1, Bcl-2, Bax, Bim, and caspase-3 expressions in NK cells (CD3−CD16+CD56+) simultaneously determined by flow cytometry. Disease activity parameters included Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2K) score, erythrocyte sedimentation rate, C-reactive protein level, anti-double strain DNA antibody level, complement fractions C3 and C4 levels.





Results

Patients with jSLE had a profile of significantly reduced expression of TRAIL, Bcl-2, and TNFR1 proteins in NK cells when compared to healthy controls. Similar profile was observed in patients with jSLE with active disease, positive anti-dsDNA, nephritis, and without neuropsychiatric involvement. Patients with jSLE with positive anti-dsDNA also had reduced expression of Bax in NK cells when compared healthy controls and to those with negative anti-dsDNA. Yet, patients with jSLE with negative anti-dsDNA had reduced mean fluorescence intensity (MFI) of Bim in NK cells compared to healthy controls. Patients with jSLE with nephritis also had reduced MFI of Fas in NK cells when compared to those without nephritis. In addition, in patients with jSLE, the proportion of FasL-expressing NK cells directly correlated with the SLEDAI-2K score (rs = 0.6, p = 0.002) and inversely correlated with the C3 levels (rs = −0.5, p = 0.007). Moreover, patients with jSLE had increased NK cell percentage and caspase-3 protein expression in NK cells when compared to JDM controls.





Conclusion

This study extends to NK cells an altered profile of TRAIL, Bcl-2, TNFR1, Fas, FasL, Bax, Bim, and caspase-3 proteins in patients with jSLE, particularly in those with active disease, positive anti-dsDNA, nephritis, and without neuropsychiatric involvement. This change in apoptosis-related protein expressions may contribute to the defective functions of NK cells and, consequently, to lupus development. The full clarification of the role of NK cells in jSLE pathogenesis may pave the way for new therapies like those of NK cell–based.
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1 Introduction

Juvenile-onset systemic lupus erythematosus (jSLE) is a multisystem autoimmune disorder with a relapsing-remitting course, a high risk of nephritis and neuropsychiatric involvement, a more active disease, and an increased mortality ratio when compared to adult SLE (1). There is evidence that jSLE has stronger genetic background and interferon (IFN) signature (1–3). Although self-reactive T and B lymphocytes are critically linked to lupus development, others cells as neutrophils, monocytes, and natural killer (NK) cells have also been implicated (1, 4–6). Lupus pathogenesis is mainly ascribed to increased production and/or inefficient removal of dead cell debris (1, 4, 7–12). In this regard, our group demonstrated that patients with jSLE have altered expressions of the apoptosis-related proteins Fas and Bcl-2 in lymphocytes and monocytes, as well as altered sFas, sTRAIL, sFasL, and sMer levels, which related to disease activity and/or nephritis (13–17).

NK are innate, CD3-negative, cells that comprise 5% to 15% of peripheral blood mononuclear components and lack antigen specificity (5). NK cells detect and have critical cytolytic effector role in response to intracellular pathogens and transformed or stressed cells (5). NK cell cytotoxicity is regulated by a series of cytokines including IFN-α and IFN-γ (5, 18). Moreover, NK cell release of cytokines modulates not only the innate immune response but also the proliferation of helper T cells (5). Therefore, NK cell actions must be carefully regulated to prevent: 1. inappropriate apoptosis and tissue damage, 2. augmented cytokine release, 3. dysregulated adaptive immune response, and 4. persistent T-cell activation (5, 18). The best characterized inhibitory and activating receptors in NK cells are those of the NKG2, NCRs, and the KIR families, whereas the receptors related to apoptosis are poorly understood (5, 18).

Studies show a reduced absolute number and frequency of NK cells as well as impaired cytotoxic effect and defects of NK differentiation in SLE and other autoimmune diseases (5, 19–21). In addition, altered proportions of NK cells have been related to lupus nephritis, thrombocytopenia, and disease activity (19, 20, 22, 23). Defective NK cell cytolysis was also observed in jSLE (22). Furthermore, depletion of NK cells in mice led to the development of autoantibody-secreting B lymphocytes (5, 18, 24).

Reports evaluating apoptosis-related proteins in NK cells are sparse (5, 18, 25). One study showed increased FasL expression in NK cells of adult patients with SLE, and another reported higher Fas expression by NK cells of multiple sclerosis patients (26, 27).

Therefore, this study simultaneously assessed the expression of both inducing (Fas, TRAIL, TNFR1, Bax, and Bim) and inhibitory (Bcl-2) apoptosis-related proteins from the extrinsic (Fas, FasL, TRAIL, and TNFR1), the intrinsic (Bcl-2, Bax, and Bim), and the caspase-dependent (caspase-3) pathways in peripheral NK cells of patients with jSLE and investigated the relations with disease activity parameters, nephritis and neuropsychiatric involvement.




2 Methods



2.1 Patients and controls

Patients and controls were consecutively included in this cross-sectional study, comprising 36 patients with jSLE, 13 juvenile dermatomyositis (JDM) inflammatory controls, and nine sex- and age-matched non-related children without inflammatory and/or autoimmune disease (healthy controls). All patients and controls were followed at the hospital pediatric rheumatology unit. Informed assent/consent was obtained from parents and participants after approval by the local ethics committee. All patients fulfilled respective classification criteria and were younger than 18 years at disease onset (28–30). On enrollment, individuals with suspicion of infection were excluded.

Medical records were revised for patients’ demographic, clinical, laboratory, and current treatment data. Nephritis and neuropsychiatric involvement were defined according to lupus criteria (28, 29). Disease activity parameters included erythrocyte sedimentation rate (ESR; by Westergren method), C-reactive protein level (CRP; by nephelometry), complement fractions C3 and C4 levels (by nephelometry), anti-dsDNA antibody level (by Enzyme-linked Immunosorbend Assay (ELISA) assay), and the Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2K) score (31). Arbitrarily, the active disease was defined as SLEDAI-2K score ≥ 4. Patients and controls data are described in the Supplementary Table.




2.2 Staining reagents

The following surface and intracellular monoclonal anti-human antibodies were used: PE-Cy7 anti-CD3, APC anti-CD56, PERCP anti-CD56, APC-Cy7 anti-CD16, V450 anti-Fas/CD95, PE anti-FasL, APC anti-TRAIL, PERCP anti-TNFR1/CD120, V450 anti-Bcl-2, FITC anti-Bax, PE anti-Bim, and FITC anti-caspase-3. Isotype controls were included in all experiments (PERCP IgG1, FITC IgG1, PE IgG1, and V450 IgG1).




2.3 NK cell preparation

Immediately after peripheral venous blood was collected in EDTA tubes, 0.5 ml was placed in each tube containing lysis buffer (BD Lysing buffer) for 30 min at room temperature. Cells were then washed two times and resuspended in a staining buffer to obtain 2 × 10 (6) cells in 100 μL. The cell suspension was placed in a 96-well plate, and 100 μL of diluted membrane antibodies (CD3, CD56, CD16, Fas, FasL, TRAIL, and TNFR1/CD120) were added and incubated for 30 min at 4°C in dark. The plate was washed, the supernatant was discarded by inversion, and cells were resuspended in 300 μL of staining buffer. For intracellular staining, 100 μL of Cytofix/Cytoperm was added per well and incubated for 30 min at 4°C in dark. Afterward, 100 μL of PBS was added and centrifuged at 1,200 rpm at 4°C for 5 min, and 130 μL of 1% paraformaldehyde PBS 0.5% Tween 20 was added and incubated for 30 min at room temperature in dark. Then, 100 μL of diluted intracellular antibodies (Bcl-2, Bax, Bim, and caspase-3) were added and incubated for 2 h at room temperature in dark. After washing, cells were resuspended in 300 μL of staining buffer.




2.4 Flow cytometry analysis

The eight-color analysis was performed with the FACS LRS II Fortessa flow cytometer (BD Biosciences) and the FlowJo™. NK cell proportions were determined in the lymphocyte gate. To exclude T cells and monocytes, NK cells were analyzed by the selection of CD3-negative cells. NK cells were detected on the CD16 versus CD56 expression plot. This gating strategy detected double-positive CD16+ CD56+ NK cells. Considering that classifying NK cells into CD56dim or CD56bright subsets does not necessarily define the functional phenotype in different physiological settings (5), we chose not to assess the NK cell subpopulations. Apoptosis-related protein expressions are shown by percentages of NK cells expressing the respective protein and by the relative quantitative densities of each protein in the NK cells measured as mean fluorescence intensity (MFI). Representatives gating strategy and flow cytometry for each apoptosis-related protein expression in NK cells of the three groups are shown in the Supplementary Figure.




2.5 Statistical analysis

According to data normality, tested by the D’Agostino-Pearson normality test, group comparisons were performed using the nonparametric KruskalWallis test, with Dunn’s multiple comparisons post-hoc test. Continuous variables were correlated using Spearman’s rank test. Analyses were carried out using GraphPad Prism version 7.0 Software for Windows (GraphPad Software Inc., San Diego, CA, USA). Data are shown as number and percentage or as mean ± standard deviation (SD) or as median and range. Only non-zero expression results were included in the analysis. All statistical tests were performed considering a significant level of p < 0.05.





3 Results



3.1 Demographic, clinical, and disease activity features from patients and controls

The 36 patients with jSLE (31 girls) had median age upon enrollment of 15.8 years, median disease duration of 4.6 years, and median age at disease onset of 10.9 years. Twenty-nine patients with jSLE had nephritis, and 37.9% underwent renal biopsy. Nine patients with jSLE had neuropsichiatric involvement. In terms of disease activity, 11 (30.6%) patients with jSLE had SLEDAI-2K score ≥ 4, and 19 patients had SLEDAI-2K score equal to zero. The median SLEDAI-2K score was zero, median ESR was 20.5 mm/h, median CRP was 0.9 mg/dL, and median anti-dsDNA antibody level was 46.4 IU/mL. Twenty-three patients with jSLE had positive anti-dsDNA. All patients with jSLE were taking hydroxychloroquine associated with one or more of azathioprine, mycophenolate mofetil, methotrexate, cyclosporine, and prednisone. Fifteen (41.7%) patients with jSLE were taking prednisone. The 13 patients with JDM (eight girls) had median age upon enrollment of 14.4 years, median disease duration of 5.6 years, and median age at disease onset of 6.9 years. JDM controls had median ESR of 13.0 mm/h and median CRP of 3.4 mg/dL. Five (38.5%) patients with JDM were taking prednisone. The nine healthy controls (eight girls) had median age upon enrollment of 14.2 years, median ESR of 8.5 mm/h, and median CRP of 0.3 mg/dL. Additional patients and controls data are summarized in the Supplementary Table.




3.2 Frequency of peripheral NK cells

NK cell percentage differed comparing the three groups (p = 0.03). Then, patients with jSLE had significantly increased NK cell percentage when compared to JDM controls [median: 10.5% (range: 1.5–28.8) vs. median: 6.5% (range: 0.5–20.3), p = 0.04], whereas NK cell percentage of patients with jSLE was like healthy controls [median: 10.5% (range: 1.5–28.8) vs. median: 11.1% (range: 4.2–26.7), p = 0.9], as shown in Figure 1.




Figure 1 | Percentage of NK cells and proportions of apoptosis-related proteins in NK cells of patients with juvenile-onset systemic lupus erythematosus (jSLE), juvenile dermatomyositis (JDM) inflammatory controls, and healthy controls. Results presented as median, range, and 25th–75th percentiles. p* represents the three group comparisons, and p shows the adjusted values.






3.3 Expressions of apoptosis-related proteins

Patients with jSLE had significantly reduced proportions of TRAIL [median: 12.6% (range: 0.2–100.0) vs. median: 51.9% (range: 20.3–76.3), p = 0.03] and Bcl-2–expressing NK cells [median: 80.0% (range: 1.0–100.0) vs. median: 94.8% (range: 87.6–100.0), p = 0.04] as well as reduced density of TNFR1 protein in NK cells [median MFI: 343.0 (180.0–3,346.0) vs. median MFI: 886.0 (337.0–3,532.0), p = 0.02] when compared to healthy controls. Patients with jSLE also had significantly increased density of caspase-3 protein in NK cells [median MFI: 325.0 (range: 186.0–12,200.0) vs. median MFI: 529.0 (range: 42.0–2,157.0), p=0.04] when compared to JDM controls, as shown in Figures 1, 2. Yet, when comparing the three groups, no difference of apoptosis-related protein expression was pointed between patients with JDM and healthy controls. Thus, we hypothesize whether the altered apoptosis-related protein expressions of patients with jSLE could differ according to disease activity or the clinical manifestation.




Figure 2 | Densities (MFI) of apoptosis-related proteins in NK cells of patients with juvenile-onset systemic lupus erythematosus (jSLE), juvenile dermatomyositis (JDM) inflammatory controls, and healthy controls. Results presented as median, range, and 25th–75th percentiles. p* represents the three group comparisons, and p shows the adjusted values.






3.4 Relations with disease activity parameters

Patients with jSLE with active disease (SLEDAI-2K score ≥ 4) had significantly reduced proportion of TRAIL [median: 5.4% (range: 0.8–22.5) vs. median: 51.9% (range: 20.3–76.3), p = 0.04] and Bcl-2–expressing NK cells [median: 78.8% (range: 1.0–97.8) vs. median: 94.8% (range: 87.6–100.0), p = 0.04] when compared to healthy controls. Patients with jSLE with inactive disease had significantly reduced proportion of Bcl-2–expressing NK cells [median: 81.9% (range: 2.5–100.0 vs. median: 94.8% (range: 87.6–100.0), p = 0.01] as well as reduced MFI of TNFR1 protein in NK cells [median MFI: 282.0 (180.0–3,346.0) vs. median MFI: 886.0 (337.0–3,532.0), p = 0.02] when compared to healthy controls. Patients with jSLE with active disease had similar NK cell percentage when compared to healthy controls [median: 9.6% (range: 1.5–24.3) vs. median: 11.1% (range: 4.2–26.7), p = 0.2]. Moreover, in patients with jSLE, the proportion of FasL-expressing NK cells directly correlated with the SLEDAI-2K score (rs = 0.6, p = 0.002) and inversely correlated with the C3 levels (rs = −0.5, p = 0.007). Significant comparisons and correlations are shown in Figure 3.




Figure 3 | Proportions and densities (MFI) of apoptosis-related proteins in NK cells of patients with juvenile-onset systemic lupus erythematosus (jSLE) according to disease activity or dsDNA positivity, and healthy controls. Correlations of proportions of apoptosis-related proteins in NK cells of patients with jSLE and the SLEDAI-2K score and C3 levels. Results presented as median, range, and 25th–75th percentiles. p* represents the three group comparisons, and p shows the adjusted values.



Patients with jSLE with positive anti-dsDNA had significantly reduced proportion of TRAIL [median: 10.4% (range: 0.8–62.2) vs. median: 51.9% (range: 20.3–76.3), p = 0.01], Bcl-2 [median: 68.6% (range: 1.0–100.0) vs. median: 94.8% (range: 87.6–100.0), p = 0.02], and Bax-expressing NK cells [median: 97.8% (range: 1.3–100.0) vs. median: 99.9% (range: 1.4–100.0), p = 0.02] as well as reduced density of TNFR1 protein in NK cells [median MFI: 325.0 (180.0–3,346.0) vs. median MFI: 886.0 (337.0–3,532.0), p = 0.03] when compared to healthy controls. Patients with jSLE with positive anti-dsDNA also had significantly reduced proportion of Bax-expressing NK cells [median: 97.8% (range: 1.3–100.0) vs. median: 100.0% (range: 97.5–100.0), p = 0.02] when compared to those with negative anti-dsDNA. Yet, patients with jSLE with negative anti-dsDNA had significantly reduced MFI of Bim protein in NK cells [median MFI: 549.0 (2.9–16,600.0) vs. median MFI: 1,414.0 (428.0–2,136.0), p = 0.04] when compared to healthy controls. Patients with jSLE with positive anti-dsDNA had similar NK cell percentage when compared to healthy controls [median: 10.2% (range: 3.6–28.8) vs. meidan: 11.1% (range: 4.2-26.7), p = 0.7]. Significant comparisons are shown in Figure 3. Intriguingly, anti-dsDNA levels did not correlate either with apoptosis-related protein proportions or densities (data not shown).




3.5 Relations with nephritis

Patients with jSLE with nephritis had significantly reduced proportion of TRAIL [median: 13.3% (range: 0.8–98.3) vs. median: 51.9% (range: 20.3–76.3), p = 0.02] and Bcl-2–expressing NK cells [median: 81.8% (range: 1.0–100.0) vs. median: 94.8% (range: 87.6–100.0), p = 0.01] as well as reduced MFI of TNFR1 protein in NK cells [median MFI: 343.0 (206.0–3,346.0) vs. median MFI: 886.0 (337.0–3,532.0), p = 0.03] when compared to healthy controls, and reduced MFI of Fas protein in NK cells [median MFI: 603.0 (113.0–3,072.0) vs. median: 989.0 (618.0–2,355.0), p = 0.04] when compared to those without nephritis. Patients with jSLE without nephritis had significantly reduced proportion of Bcl-2–expressing NK cells [median: 70.7% (range: 5.0–95.8) vs. median: 94.8% (range: 87.6–100.0), p = 0.04] when compared to healthy controls. Patients with jSLE with nephritis had similar NK cell percentage when compared to healthy controls [median: 10.2% (range: 1.5–24.3) vs. median: 11.1% (range: 4.2–26.7), p = 0.5]. Significant comparisons are shown in Figure 4.




Figure 4 | Proportions and densities (MFI) of apoptosis-related proteins in NK cells of patients with juvenile-onset systemic lupus erythematosus (jSLE) according to renal or central nervous system (CNS)/neuropsychiatric involvement, or prednisone treatment, and healthy controls. Results presented as median, range, and 25th–75th percentiles. p* represents the three group comparisons, and p shows the adjusted values.






3.6 Relations with neuropsychiatric involvement

Patients with jSLE without neuropsychiatric involvement had significantly reduced proportion of TRAIL [median: 14.5% (range: 0.2–98.3) vs. median: 51.9% (range: 20.3–76.3), p = 0.03] and Bcl-2–expressing NK cells [median: 79.4% (range: 1.0–100.0) vs. median: 94.8% (range: 87.6–100.0), p = 0.03] as well as reduced density of TNFR1 protein in NK cells [median MFI: 303.0 (180.0–3,346.0) vs. median MFI: 886.0 (337.0–3,532.0), p = 0.02] when compared to healthy controls. Patients with jSLE with neuropsychiatric involvement had similar NK cell percentage when compared to healthy controls [median: 11.8% (range: 3.9–16.8) vs. 11.1% (range: 4.2–26.7), p = 0.8]. Significant comparisons are shown in Figure 4.




3.7 Relations with corticosteroid treatment

Fifteen (41.7%) patients with jSLE and 5 (38.5%) patients with JDM were taking prednisone. We performed this analysis to clarify possible confounding caused by treatment. NK cell percentage and apoptosis-related protein expressions did not differ when comparing the five groups as well as when comparing patients with JDM taking or not prednisone and healthy controls (data not shown). Otherwise, patients with jSLE taking prednisone had significantly reduced proportions of Bcl-2–expressing NK cells [median: 81.5% (range: 1.0–97.8) vs. median: 94.8% (87.6–100.0), p = 0.02] and reduced density of TNFR1 protein in NK cells [median: MFI 337.5 (257.0–1,061.0) vs. median MFI: 886.0 (337.0–3,532.0), p = 0.03] when compared to healthy controls as well as increased density of Bim protein in NK cells [median MFI: 1,182.0 (761.0–16,600.0) vs. median MFI: 643.0 (2.9–8,411.0) p = 0.04] when compared to those not taking prednisone. Patients with jSLE not taking prednisone had significantly reduced proportion of Bcl-2–expressing NK cells [median: 80.0% (range: 2.5–100.0 vs. median: 94.8% (range: 87.6–100.0), p = 0.03] and reduced MFI of Bim protein in NK cells [median MFI: 643.0 (2.9–8,411.0) vs. median MFI: 1,414.0 (428.0–2,136.0), p = 0.03] when compared to healthy controls. Patients with jSLE taking prednisone had NK cell percentage similar to healthy controls [median: 10.2% (range: 1.5–20.9) vs. median: 11.1% (range: 4.2–26.7), p=0.5]. Significant comparisons are shown in Figure 4.





4 Discussion

To the best of our knowledge, this is the first study to simultaneously assess the expression of eight apoptosis-related proteins in NK cells of patients with jSLE. We found that NK cells of patients with jSLE have a profile characterized by reduced TRAIL, Bcl-2, and TNFR1 expressions when compared to those of healthy controls and increased caspase-3 expression when compared to those of JDM controls. Reduced TRAIL and Bcl-2 expressions were also observed in patients with jSLE with active disease. In addition, FasL expression correlated directly with the SLEDAI-2K score and inversely with C3 levels. Reduced TRAIL, Bcl-2, TNFR1, and Bax expressions were observed in patients with positive anti-dsDNA. Otherwise, patients with jSLE with negative anti-dsDNA had reduced Bim expression. Reduced TRAIL, Bcl-2, TNFR1, and Fas expressions occurred in patients with nephritis. Moreover, reduced TRAIL, Bcl-2, and TNFR1 expressions were also observed in patients without neuropsychiatric involvement. Yet, patients with jSLE had the frequency of NK cells similar to healthy controls and increased when compared to JDM controls.

The development of jSLE has been linked to changes in the expression of proteins involved in apoptosis, such as Fas and Bcl-2, in lymphocytes, monocytes, and neutrophils (7–10, 13–17). This raises the question of whether other proteins or cells involved in apoptosis could also play a role in jSLE pathogenesis. This study found that the profile of apoptosis-related proteins in patients with jSLE is complex; includes other proteins like TRAIL, TNFR1, FasL, Bax, Bim, and caspase-3, as well as other cells like NK cells; and diverge according to disease activity and the organ involved.

The protective role of NK cells in autoimmunity has been related to its downregulation of autoreactive adaptive immune responses (5, 18). In this way, NK cell numeric and/or functional defects have been observed in patients with autoimmune diseases (5, 20, 21, 27). Phenotypic alterations, such as increased CD69 and CD86 expressions in patients’ NK cells, suggest a dysfunctional state (5). However, the mechanisms supporting these abnormalities are still not definitive (5). Studies demonstrated the accumulation of NK cells in affected tissues of autoimmune patients, indicating a possible dysregulated NK cell apoptosis (5, 18). NK cells induce apoptosis of target cells via the caspase-dependent pathway linking up FasL, TNF, and TRAIL receptors (5, 18, 25). Another way, the NK cells’ apoptosis is mediated by both Fas–FasL interactions and via CD16 engagement (18, 25). In fact, all these apoptosis-related protein expressions were, herein, observed to be altered in patients with jSLE.

Studies evaluating the absolute number and frequency of NK cells in patients with lupus are still controversial (5, 19, 26). This study shows that patients with jSLE have an increased percentage of NK cells when compared to JDM controls. We speculate whether the altered expressions of apoptosis-related proteins observed herein may be influencing the result of the number of NK cells reported by different studies. We also reflect the similar percentage of NK cells among patients with jSLE, and healthy controls could not be attributed to for not discriminating NK cells CD56dim from CD56bright subset (5, 23, 32). Nonetheless, according to our results, the similar percentage of NK cells of patients with jSLE and healthy controls cannot be attributed to disease activity or prednisone treatment.

NK cells from patients with lupus also present altered functions, namely. defective cytolysis (5, 20, 22, 23). This study did not directly analyze NK cells’ cytolysis. However, we speculate whether the killing defect of NK cells may be related to the reduced expressions of apoptosis-related proteins observed herein because it could not be entirely explained by cytokines production in an earlier study (20).

Previous studies report constitutively lower Fas, FasL, and Bcl-2 expressions in freshly isolated NK cells when compared to those in T lymphocytes (5, 18, 25). We observed herein that patients with jSLE had Fas and FasL expressions similar to controls, as well as reduced TRAIL and Bcl-2 expressions. These findings diverge from our previous observations of increased expressions in helper and cytotoxic T cells and B lymphocytes and reduced expressions in monocytes (13–15). These remarks also contrast with the higher Fas expression in NK cells of multiple sclerosis patients (27). In line, it is diverse of the significantly increased soluble Fas levels in the serum of patients with jSLE (16).

TRAIL is an apoptosis-inducing ligand by interacts with its death receptors DR4 and DR5 in monocytes, lymphocytes, and NK cells (5, 18, 33). The reduced proportion of TRAIL-expressing NK cells in patients with jSLE observed herein contrasts with previous results of increased TRAIL-expressing T lymphocytes, TRAIL mRNA expression levels, and soluble TRAIL levels reported in both patients with adult SLE and patients with jSLE (16, 33, 34). This finding suggests a decreased TRAIL-mediated apoptosis and, as a consequence, an impaired cytolysis of autoreactive cells.

As for TRAIL protein, Fas/FasL interactions are essential for activated and autoreactive immune cell deletion (7). One study showed that even patients with jSLE with inactive disease persist with cytolytic defects in NK cells (22). We doubt if this defect is related to Fas/FasL pathway because we observed their expressions in jSLE NK cells were like the healthy controls. Otherwise, a reduced expression of Fas occurred in patients with nephritis. Yet, the correlations between the proportion of FasL-expressing in NK cells and the SLEDAI score and C3 levels are in line with a previous report in adult SLE, which observed similar Fas and increased FasL expressions in NK cells of patients with active disease (26). In addition, we anteriorly observed reduced sFasL levels in patients with jSLE (16). Moreover, based on a previous study, we could speculate whether the not increased Fas-expressing NK cells may define an NK1-like phenotype in jSLE (24).

Mice lacking Bcl-2 have lymphocytes abnormally susceptible to a range of death stimuli (35). NK cells constitutively expressed low levels of Bcl-2 (5, 18, 25). Although, in this study, Bcl-2 proportions and MFI have greatly varied, the reduced proportion of Bcl-2–expressing NK cells may favor the apoptosis rate and lead to an overflow of phagocytes with apoptotic bodies. Nonetheless, this result differs from previous ones that observed increased Bcl-2 expressions in T and B lymphocytes of patients with jSLE (13–15).

Bim and Bax’s relevance to autoimmune diseases was first shown by Bim knockout mice that accumulated plasma cells and developed high titers of autoantibodies, vasculitis, and diffuse proliferative glomerulonephritis with immune complex deposition similar to SLE (34). Otherwise, single Bax knockout mice are essentially normal, which demonstrated its largely overlapping functions with Bak (34). Additional knockout mice studies demonstrated that the absence of Bcl-2 increases cell dying due to unopposed action of Bim, whereas concomitant removal of Bim abrogates this effect (35). Interestingly, patients with jSLE with positive anti-dsDNA had a significantly reduced proportion of Bax-expressing NK cells when compared to both healthy controls and patients with negative anti-dsDNA. Yet, patients with jSLE with negative anti-dsDNA had significantly reduced density of Bim protein in NK cells when compared to healthy controls. These findings open a new avenue in understanding the role of Bax, its balance with Bim, Bak, and Bcl-2 in lupus development, as well as of possible biomarkers of disease activity.

In NK cells, the caspase-3–dependent pathway can be activated not only by the extrinsic and intrinsic pathways but also by granzymes (5, 18). Caspase-3, FasL, and Bax expressions were reported to be high in lupus nephritis, especially caspase-3 and Bax in glomeruli of class IV (36). The present study shows that patients with jSLE have an increased density of caspase-3 protein in NK cells compared to JDM controls, although the same was not observed in patients with nephritis. Thus, the real role of caspase-3 in lupus pathogenesis still needs to be clarified.

Patients with jSLE with active disease had the lowest median proportion of TRAIL-expressing NK cells and those with positive anti-dsDNA had the lowest median proportion of Bcl-2–expressing NK cells. Moreover, patients with jSLE with positive anti-dsDNA had reduced TRAIL, Bax, and TNFR1 expressions in NK cells. Furthermore, the proportion of FasL-expressing NK cells correlated with the SLEDAI score and C3 levels. These findings put TRAIL, Bcl-2, Bax, and TNFR1 expressions in NK cells as also good candidates for future biomarkers for monitoring disease activity.

To shed light on the role of NK cells in lupus clinical features, we related apoptosis protein expressions with the manifestations with higher risk of morbidity and mortality. Although nephritis is one of the most serious manifestations of jSLE, it still does not have an ideal biomarker to detect early renal flare (1, 4). In this study, patients with jSLE with nephritis had reduced TRAIL, Bcl-2, TNFR1, and Fas expressions in NK cells when compared to healthy controls and to those without nephritis, confirming the great imbalance of the apoptosis process in patients with jSLE with nephritis, which favors disease development and maintenance. One or more of these protein expressions may be considered as possible nephritis flare biomarkers, mainly Bcl-2 that had the lowest proportion in patients with positive anti-dsDNA. Furthermore, patients with jSLE without neuropsychiatric involvement had reduced proportions of TRAIL and Bcl-2–expressing NK cells that may reflect the whole group results or suggest a protective role of these proteins to the central nervous system, an aspect to be better clarified.

A stronger genetic predisposition is observed in patients with early-onset (≤ 6 years of age) jSLE (1–4, 37). Nonetheless, the three patients with early-onset jSLE and the 6 patients with prepubertal disease onset (≤ 8 years of age) had apoptosis-related protein expressions similar to the whole group (data not shown) precluding additional analyses.

Corticosteroids and immunosuppressive drugs can modify both membrane and cytoplasmic expressions of apoptosis-related proteins (7–10). Thus, drug therapy interference with the observed altered expressions may not be completely ruled out. In this regard, patients with jSLE taking prednisone had results of apoptosis-related protein proportions and densities similar to the whole group, suggesting that either these were potentially influenced by the treatment or reflected the findings of active patients in need of treatment. Therefore, prospective studies on drug influence on NK cell number and/or functions are still required.

This study has some unavoidable limitations such as the single-center design, the limited sample size, its cross-sectional nature, not having the opportunity to study other apoptosis-related proteins expressed by NK cells as TWEAK and Bid, and not assessing them locally in the tissues, particularly in the kidney. In addition, apoptosis-related protein expressions displayed a high variation of proportions and MFI, which may reflect the complex scenario of analyzing NK cell phenotype.

Lastly, our findings in NK cells reinforce the importance of determining apoptosis-related protein expressions in jSLE and not extrapolating adult SLE results. In addition to this, the reduced TRAIL, Bcl-2, TNFR1, and Fas expressions in patients with nephritis favor the hypothesis that the disrupted balance of apoptosis proteins may result in increased death of both activated NK and target cells, leading to a greater offer of apoptotic bodies to the immune system. However, this same disrupted balance may result in abnormal longevity of autoreactive NK cells and, consequently, a tolerance disorder. Moreover, the dysregulated apoptosis process, observed in patients with jSLE, appears not to be limited to a particular cell type, because altered expressions of distinct apoptosis-related proteins have been observed in helper and cytotoxic T cells, B cells, monocytes, and, herein, NK cells (13–17). Furthermore, it is possible that apoptotic proteins are not primarily defective in jSLE, but rather the autoimmune process modifies their expressions and, then, the activated apoptotic mechanism contributes to disease development.




5 Conclusion

This study extends to NK cells an altered profile of TRAIL, Bcl-2, TNFR1, Fas, FasL, Bax, Bim, and caspase-3 proteins in patients with jSLE, particularly in those with active disease, positive anti-dsDNA, nephritis, and without neuropsychiatric involvement. This change in apoptosis-related protein expressions may contribute to the defective functions of NK cells and, consequently, to lupus development. The full clarification of the role of NK cells in jSLE pathogenesis may pave the way for new therapies like those of NK cell–based.
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Generalized Pustular Psoriasis (GPP) is a dermatological autoinflammatory disease that rarely occurs in children and is associated with complex genetic factors. GPP pathogenesis has been associated with mutations in IL36RN gene, which encodes an interleukin-36 receptor antagonist. GPP usually occurs without a history of psoriasis in the patients or their family members. This case report describes the clinical course of a 3-year-old toddler with GPP. The diagnosis of GPP was confirmed through a comprehensive series of examinations, and genetic testing revealed an IL36RN mutation, providing further insight into the genetic basis of the condition. This case highlights the importance of a genetic perspective for diagnosing GPP, particularly in children.
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1 Introduction

Generalized Pustular Psoriasis (GPP) is a rare and severe form of psoriasis that poses life-threatening risks, characterized by sudden, repeated episodes of diffuse erythema and subcorneal sterile pustules (1). The pustules are primarily infiltrated by sterile neutrophils, which can localize or diffuse throughout the body (2, 3). Individuals with a history of psoriasis vulgaris (PV) commonly suffer from GPP, although it can also occur in those who have never experienced PV (4). Although psoriasis is a chronic immune-mediated skin disorder affecting adults, it is exceedingly rare in the pediatric population, particularly in toddlers (5). The rarity of this case is significant because of associated diagnostic and therapeutic challenges.




2 Case presentation

A 3-year-old Saudi male toddler had been suffering from persistent oral ulcers, pruritic punctate papules, and pruritic pustules all over the body for 1 month before his admission to our hospital, that was approximately five months ago. It started with small white blisters on the feet and lower limbs, followed by blisters and erythema on the trunk, head, and mouth. He also presented with a fever, asthenia, and rigor. The patient’s brother has been reported to have similar symptoms simultaneously. The initial differential diagnoses at the local hospital included: Staphylococcal Scalded Skin Syndrome, Bullous Impetigo, Steven Johnson Syndrome, and Toxic epidermal necrolysis (TEN). He was started there on broad-spectrum antibiotics with antiviral therapy to cover a possible herpes simplex virus (HSV) infection because of the severe symptoms; however, he showed no improvement. The patient’s condition partially improved with the empirical administration of fluconazole and betamethasone in the local hospital, and he was referred to a tertiary care hospital (King Fahad Medical City (KFMC)) for further work-up and management. A multidisciplinary team consisting of a histopathologist, dermatologist, and pediatrician collaborates to thoroughly evaluate and manage the patient’s condition.

Physical examination revealed that the patient was unwell, with high-grade persistent pyrexia associated with tachycardia, although he was active and oriented. A full skin examination revealed that the skin was warm, with a scaly rash on the face and abdomen associated with blisters, widespread erythematous plaques, and pustular lesions dispersed across the child’s trunk, extremities, and flexural areas (Figures 1, 2). Furthermore, there was no enlargement of the liver or spleen in the abdomen, and no palpable lymph nodes were found in the cervical, supraclavicular, infraclavicular, axillary, or inguinal regions. These findings indicate the absence of hepatomegaly, splenomegaly, and lymphadenopathy.




Figure 1 | Generalized scaly red rash with desquamation along with small white blisters distributed over the face with pustular lesions.






Figure 2 | Generalized scaly red rash with desquamation along with small white blisters distributed over the body with pustular lesions.



Routine laboratory investigations include: CRP levels were significantly elevated at 33.1 (normal: 0.02 to 14.4 mg/l). Additionally, ESR levels were high (107) (normal: 0–10 mm/h). The patient also had leukocytosis with a count of 17x10^3/µl (with a normal value between 4.30 and 11.30 10^3/µL) and thrombocytosis with a count of 1547x10^3/µl (normal value between 100 and 450 10^3/µL). The Hb levels were at 9.3 g/dl (normal value is between 11.0 – 15.0 g/dl) and the HCT levels were at 28% (normal value is between 35 – 45%). However, the patient’s renal and liver profiles were normal, except for a high gamma-glutamyl transferase (GGT) enzyme level. The patient tested negative for HIV, HBV, HCV, TB, EBV and CMV.

Owing to the unusual and worrisome appearance of the skin lesions, additional diagnostic tests were performed to investigate whether the patient had any underlying systemic infection or secondary bacterial involvement. The tests included a skin biopsy for histopathological examination, blood and wound cultures, and genetic analysis.

Blood and wound cultures were collected and sent for analysis to rule out any underlying bacterial infections that may have contributed to the exacerbation of the skin lesions. These culture results were positive for Staphylococcus haemolyticus and Staphylococcus epidermidis in the blood and scant growth Escherichia coli in the wounds.

Histopathological examination of a punch skin biopsy from the right leg lesions showed psoriasiform hyperplasia, spongiosis, sub-corneal pustules, parakeratosis, reduced granular layer, thinning of supra-papillary plate, dilated blood vessels in the papillary dermis with neutrophilic and monocytes infiltration, and a superficial dermal lymphocytic infiltrate (Figure 3). No eosinophils were detected. Considering the clinical context, these histological features strongly suggested Pustular Psoriasis.




Figure 3 | Psoriasiform hyperplasia, spongiosis (spongiform pustules of Kogoj), sub-corneal pustules, parakeratosis, diminished granular layer, thinning of the supra-papillary plate, dilated papillary dermis blood vessels with neutrophilic infiltration, superficial dermal lymphocytic infiltration, and absence of eosinophils.



Genetic analysis using whole-exome sequencing identified a homozygous likely pathogenic variant of IL36RN, consistent with a genetic disorder, autosomal recessive pustular psoriasis type 14 (6).

The patient was treated with Adalimumab, a subcutaneous TNF-α monoclonal antibody medication administered weekly at a dose of 20 mg, along with 1ml of oral prednisolone every other day and skin creams and ointments including: Cortiderm 1% cream, Hydrocortisone 1% cream, Liquid paraffin-white soft paraffin-glycerin cream, Daivonex 0.005% ointment, Elica 0.1% ointment, Mometasone 0.1% ointment, and White soft paraffin ointment. The lesions displayed significant regression and improvement, and nearly all had healed by the time of reporting with improvement of laboratory parameters including anemia to 12.4 g/dl, thrombocytosis to 611x10^3/µl, leukocytosis to 10.4x10^3/µl, and GGT.




3 Discussion

GPP is a type of psoriasis that has rarely been reported in many studies. It is also rare in children, accounting for only 0.8% of the approximately 1500 childhood psoriasis cases studied (7). Childhood GPP manifests at any age, although it is notably more frequent within the first year of life. In contrast to adulthood GPP, the childhood GPP has a higher incidence in males (8–10). Despite its rarity, early intervention is crucial, as complications can be life-threatening, including superimposed bacterial infections and sepsis (1, 11). GPP is characterized by the recurrent presence of widespread sterile pustules associated with erythema throughout the body (1, 11). The pustules can merge into a ring around the edges of the erythema and form pus-filled plaques throughout the body. Plaques tend to extend centrifugally over several hours to several days (1, 11). The other symptoms include fever and fatigue. Abnormal laboratory test results include elevated leukocytes, neutrophils, inflammatory cytokines levels, and elevated ESR (1, 11–15). Leukocytosis and elevated ESR are typically presented in GPP (13–15). Other associated abnormalities include elevated liver enzymes, increased antistreptolysin antibody, electrolyte imbalances, hypoalbuminemia, and lymphopenia (13–15). GPP is a chronic inflammatory disease that induces anemia of chronic disease by several mechanisms, such as iron sequestration in macrophages and iron-restricted erythropoiesis (16, 17). Spongiform pustules of Kogoj and Munro’s microabscesses are key features of the disease (18). Kogoj spongiform pustules are formed when neutrophils infiltrate the stratum spinosum of the epidermis. Meanwhile, Munro’s microabscesses are sites of inflammation that have a large number of infiltrating neutrophils in the stratum corneum of the epidermis (18).

Our patient exhibited erythema of the skin with a sudden appearance of erupted pus-filled lesions on the face, chest, and abdomen, along with fever and inflammation. Additionally, presented with anemia, leukocytosis, elevated ESR, and increased levels of GGT, a liver enzyme. Initially, we suspected Staphylococcal Scaled Skin Syndrome and Reter’s syndrome due to the rarity of GPP and the absence of any family history of PV and GPP. However, the patient’s unclear medical history, negative bacterial cultures, and similar presentation of his 9-month-old sibling around the same time, all indicate the possibility of an autoinflammatory disorder, which could have been triggered by an infectious factor with genetic predisposition pointing towards GPP. Therefore, skin biopsy was performed to confirm the diagnosis, and the histopathological results showed the presence of Kogoj spongiform pustules, confirming the diagnosis of GPP.

The etiology of GPP is still unknown, but several studies have indicated that it may be caused by various factors, such as infections, trauma, emotional changes, and sudden withdrawal or administration of certain medications, such as glucocorticoids and cyclosporine (12, 19). In some cases, especially in children with no history of psoriasis, the aforementioned factors may act as motivators (12). The factors underlying GPP are linked to various genes, such as IL1RN, IL36N, SERPINA1, CARD14, MPO, and AP1S3 (20). These genes are involved in the signaling pathways, particularly in the IL-1/IL-36 axis, which is the primary pathogenic inflammatory pathway that is activated in GPP (3, 21).

A study has indicated that GPP is an autoinflammatory disease caused by changes in production of interleukin-1 family proteins in the skin by disinhibiting the signaling pathway that activates these proteins (3, 22). We suspect that genetic mutations have contributed to the onset of GPP in the child in our case, considering that there was no personal or familial history of psoriasis. Genetic analysis was performed and identified the homozygous pathogenic mutation in IL36RN.

The interleukin-36 (IL-36) cytokine family includes IL-36α, IL-36β, IL-36γ, and interleukin-36 receptor antagonist (IL-36Ra) (3, 21, 22). These cytokines are expressed in multiple cell types such as epithelial tissues, keratinocytes, and immune cells (3, 21, 22). They are known to activate both nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling pathways, which initiate an inflammatory response (18, 22). IL-36Ra acts as a regulator by binding to IL-36R, thereby mediating the pro-inflammatory effects of IL-36 cytokines (18, 22). IL36RN gene encodes IL-36Ra, and mutations in this gene disrupt the regulatory function of IL-36Ra, causing an overactive signaling pathway associated with IL-36, which ultimately leads to the development of GPP (3, 18, 21, 22). Mutations in the IL36RN gene that reduce IL-36Ra activity are referred to as “Deficiency of IL-36Ra” (DITRA) (22). DITRA is characterized as an independent autoinflammatory disease mediated by innate immunity (22). High fever and generalized malaise characterize DITRA during an episode (22). Moreover, several research have shown that people with a deficiency in IL36RN overproduce IL-8 and IL-36 in keratinocytes in response to various cytokines and chemokines, including IL-1, TNF-α, and IL-17A (18, 21, 22). These overproduced cytokines bind to IL-36R on the keratinocytes surface, triggering an autocrine response that further amplifies IL-36 expression (18, 21, 22). Additionally, they stimulate the production and secretion of neutrophil chemokines such as CXCL1, CXCL2, and CXCL6, which increase the recruitment of neutrophils to the epidermis (18, 22). This could explain why common infections trigger pustular flares in all patients with this condition. Several studies have reported homozygous IL36RN mutations in different families, indicating that familial GPP may follow an autosomal recessive inheritance pattern (23, 24). Furthermore, IL36RN mutations have been found in approximately one-third of the patients with GPP, including sporadic cases (12). More than 20 different mutations in IL36RN have been linked to GPP pathogenesis, with the majority occurring in Asian populations (12). Studies have shown that IL36RN mutations are more common in pediatric-onset GPP cases than in adult-onset cases, suggesting that genetic changes in IL36RN play a critical role in early onset GPP (12). This may result in a lower likelihood of plaque psoriasis and an increased susceptibility to systemic inflammation (12). These findings highlight the unique nature of GPP as a subtype of psoriasis, particularly in the presence of IL36RN mutations (Figure 4).




Figure 4 | Mechanisms of IL-36Ra Deficiency and Overactive IL-36 Signaling in DITRA.



GPP causes severe systemic symptoms during an acute-phase attack, including malaise, and potentially life-threatening complications (1, 11). GPP can affect multiple organ systems, increasing the risk of sepsis, and can lead to renal and hepatic diseases, such as neutrophilic cholangitis, and respiratory abnormalities, such as neutrophilic pneumonitis and acute respiratory distress syndrome (25). Extensive pustular skin lesions can cause secondary bacterial or fungal infections, complicating the disease course and resulting in significant fluid loss and increased risk of dehydration and electrolyte imbalances (1, 11, 25). GPP can also cause psoriatic arthritis, which impairs joint mobility and leads to hepatic abscesses (25). In chronic cases, persistent systemic inflammation owing to GPP can lead to cardiovascular complications (25). The impact of GPP goes beyond physical symptoms, affecting mental well-being, and can lead to psychological stress, reduced quality of life, and even suicidal thoughts in the absence of proper support and counseling (25).

Managing childhood GPP can be challenging due to the limited research and established treatment guidelines (18, 21). Biologics, such as TNF-α inhibitors such as Adalimumab and Infliximab and IL-17 antagonists (Secukinumab), have been shown to improve prognosis and decrease complications in many cases (12). Clinical trials have investigated the effectiveness of agents targeting IL-36 or IL-36R. Their lesions rapidly improved in a trial involving GPP patients treated with a single dose of Spesolimab (an anti-IL-36R biologic) (26). While biological agents have been used, there is a scarcity of solid evidence supporting their effectiveness in treating complex cases of GPP, and the accumulation of such evidence has been slow (18, 21). Despite various case series documenting the successful use of biological agents, there is still a significant need to understand their efficacy and safety characteristics in this population (18, 21).
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Connective tissue represents the support matrix and the connection between tissues and organs. In its composition, collagen, the major structural protein, is the main component of the skin, bones, tendons and ligaments. Especially at the pediatric age, its damage in the context of pathologies such as systemic lupus erythematosus, scleroderma or dermatomyositis can have a significant negative impact on the development and optimal functioning of the body. The consequences can extend to various structures (e.g., joints, skin, eyes, lungs, heart, kidneys). Of these, we retain and reveal later in our manuscript, mainly the respiratory involvement. Manifested in various forms that can damage the chest wall, pleura, interstitium or vascularization, lung damage in pediatric systemic inflammatory diseases is underdeveloped in the literature compared to that described in adults. Under the threat of severe evolution, sometimes rapidly progressive and leading to death, it is necessary to increase the popularization of information aimed at physiopathological triggering and maintenance mechanisms, diagnostic means, and therapeutic directions among medical specialists. In addition, we emphasize the need for interdisciplinary collaboration, especially between pediatricians, rheumatologists, infectious disease specialists, pulmonologists, and immunologists. Through our narrative review we aimed to bring up to date, in a concise and easy to assimilate, general principles regarding the pulmonary impact of collagenoses using the most recent articles published in international libraries, duplicated by previous articles, of reference for the targeted pathologies.
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1 Introduction

Connective tissue diseases (CTDs) that frequently affect pediatric patients are systemic lupus erythematosus (SLE), scleroderma (Sc) and dermatomyositis (DM). In more particular cases, we can find antiphospholipid antibody syndrome, Sjögren's syndrome or associations of pathologies (overlap syndrome). The difficulty of approaching the cases lies both in the variety of clinical manifestations of the underlying disease, as well as in the multiple systemic damages that can occur (e.g., cerebral, pulmonary, cardiac, renal) (1). Regarding pulmonary damage, the pathogenic mechanisms can be diverse starting from granulomatous reaction, interstitial inflammation, primary vasculitis and ending with disease mediated by immune complexes. The functional imbalance can be objectified equally in patients who do not present pulmonary imaging changes (2). Consequently, given the impact played by pulmonary pathology on the patient's quality of life, understanding the pathological mechanisms underlying them, early detection and countering/slowing down the decline represent the goals of modern, preventive medicine.

The current narrative review aims to outline the most current medical information regarding the pathophysiological cascade underlying lung degradation in CTD. In this sense, we will consider a concise presentation regarding the main respiratory damage that can occur in the evolution of the pediatric patient with collagenoses. Additionally, we will not omit from the discussion the current standards of their diagnosis and management. Finally, we will combine the results certified in the literature with those currently being researched, thus broadening the horizons of approaching pediatric children with collagenoses from the perspective of respiratory system disorders. The desired practical purpose is to obtain an increase in the quality of life by drawing attention to the chameleon-like ways of presentation, encouraging early detection and appropriate, individualized management. In order to achieve our objectives, we performed a screening of the most recent publications in the field of interest. We have added reference articles to these. The databases entered were PubMed, Google Scholar, Web of Science, Scopus and Embase. No linguistic criteria were imposed, in order to limit the risk of bias. The terms used for the search were "pulmonary disease", "collagenosis", "collagenoses", "systemic lupus erythematosus", "scleroderma", "dermatomyositis", "children" and various combinations thereof.




2 Current directions in knowledge



2.1 General considerations

CTDs are thus broadly represented by the triad SLE – Sc – DM. Although the characteristics at the pediatric age are slightly different from those of adults, their importance cannot be neglected from the perspective of the increased morbidity and mortality that they print.

SLE is a multisystemic autoimmune condition, with a pathophysiology based on genetic and epigenetic factors and a disabling evolution. The genetic involvement is demonstrated by recent studies regarding the increased susceptibility to develop the juvenile form of SLE (jSLE) among children with positive mothers for SLE or Sjögren's syndrome. Compared to the adult form, the juvenile onset is marked by a higher activity of the disease, important organic lesions, and significant therapeutic burden. The aggressiveness of the disease is inversely proportional to the age at diagnosis, under 5 years of age atypical manifestations of the disease can also be observed (e.g., lack of autoantibodies). Therefore, an overall mortality rate of about three times the usual rate is estimated (3–5). Due to these considerations, the medical world is focusing its efforts on the discovery of new biomarkers (blood/urine) useful in the diagnosis, monitoring of jSLE, and predicting the response to treatment (6, 7). It is also worth mentioning the existence of a neonatal form of SLE that occurs in the case of transplacental transfer of the maternal antigen. The clinical manifestations are violent, including skin, cardiac, hepatobiliary, and hematological damage and regressing (with the exception of cardiac symptoms) once the antibodies are cleared (8). Representing up to 15% of the total number of cases, jSLE notes an incidence that varies between 0.36–2.5/100,000 children, with a prevalence of 1.89–34.1/100,000 children. It is noted that most patients have an onset of jSLE in peri-puberty/adolescence. Regarding the racial distribution, jSLE appears to present more classic clinico-biological characteristics among African/Caribbean patients compared to Caucasian patients. On the other hand, the renal damage was more pronounced in the first category, reaching more frequent therapies with Cyclophosphamide and Rituximab. The gender distribution is in favor of girls, who are affected up to ten times more often than boys (3, 9). Organic damage is an invariable and apparently multifocal phenomenon in the evolution of SLE. Factors such as demographic characteristics, duration of the disease and age at onset, genetic predisposition, the presence of antiphospholipid antibodies or pharmacotherapy appear to play a role in its initiation and maintenance (10). Recent theories also place in the area of interest the impact played by sensitization due to infections (e.g., Covid 19, Epstein-Barr virus) or the imbalance of the microenvironment (e.g., dysbiosis, nutritional/immune deficiency, atopic terrain, hormonal or neuro-psychic disturbances) (11–14). The therapeutic protocol is largely based on the adaptation of the one used among adult patients (7). Thus, considering the stated conditions, it is seen necessary to undertake global efforts aimed at preventing and reducing the negative impact of jSLE on the quality of life.

Juvenile scleroderma (jSc) is considered the third most common rheumatic disease in childhood. Clinically, it gathers under its umbrella manifestations such as inflammation, vasculopathy and fibrosis. According to the degree of its damage, it can be localized (jLSc) or systemic (jSSc). Although jSc is primarily considered a localized disease, the results obtained by Zulian F. et al. contradict the paradigm. They expose the possibility of single or multi-organ damage within jSc, without increasing the risk of progression to jSSc. Consequently, a thorough and extensive evaluation of the patients is required. In turn, the systemic form is divided into diffuse cutaneous (diffuse and rapidly progressive thickening of the skin that associates early pulmonary, cardiac or renal damage), limited cutaneous (restricted and non-progressive thickening of the skin, limited to the distal extremities, which associates late pulmonary arterial hypertension or malabsorption) and overlap syndrome that may associate features of another connective tissue disease (e.g., dermatomyositis, SLE). Respiratory, the difference between the 3 forms is dictated by the more frequent cardiac damage in the skin-limited one and pulmonary in the others. Regardless of the form we are dealing with, it should be known that up to 1/3 of scleroderma cases begin in childhood. The average age of diagnosis is 6–8 years (jLSc), and respectively 8–11 years (jSSc). The incidence varies between forms from 0.34–2.7/100,000 children/year in the localized form, to 0.27/1,000,000 children/year in the systemic one. The gender ratio is against girls in both forms, while the racial predominance of jLSc is higher among Caucasians (15–19). The organic damage seems to be similar between children and adults. However, compared to the adult form, the prognosis in the medium and long term (5 to 15 years) is more favorable in the juvenile form. However, the data must be interpreted with caution due to the disproportionality of the compared cohorts. Martini G. et al. also mentions the reverse side of the coin, represented by the existence of a form with very rapid progression and early signs of internal organ involvement. There are also rare reports of apparently jLSc forms that have progressed to jSSc. The main factors influencing mortality are damage to vital organs such as the heart (pericarditis), kidneys (increase in creatinine) and lungs (pulmonary fibrosis) (17, 20–23).

Juvenile dermatomyositis (jDM) is the last collagenoses disease on which we focus our attention. The onset of vasculopathy is usually between 4 and 10 years, with an incidence of approximately 3/1 million children and a double frequency in girls. Although of unknown etiology, jDM affects the skin (e.g., heliotrope eruptions, Gottron papules) and the proximal muscles progressively, often with systemic involvement (pulmonary, cardiac, gastrointestinal, endocrine). In addition, we cannot overlook the citation in the literature of SARS-CoV-2 as a trigger mechanism of jDM. Excluding the clinical-biological involvement specific to the pathology (also useful for confirming the diagnosis), Livermore P. et al. completes the symptomatic profile by highlighting the psychosocial manifestations identified among the patients. Their awareness is vital in the optimal, multifactorial approach to the consequences of the disease. It should be mentioned that the gold standard in diagnosis (muscle biopsy) is variably performed in children. The basic treatment used is an aggressive regimen of corticosteroid therapy, associated with immunosuppressants (Methotrexate, Ciclosporin, Cyclophosphamide, Azathioprine) or intravenous immunoglobulins. However, it is recommended to customize the therapy according to the patient's profile, following a "treat to target" approach. Biological agents are being studied (24–30).




2.2 Data on pulmonary involvement

Pulmonary function evaluation must be used both to refine the differential diagnosis and to dynamically monitor the severity of the disease. Early diagnosis allows targeted therapies to be instituted, thus maximizing results (31).

In addition to cardiac, renal or neurological damage, the lung damage identified in the case of jSLE is among the most diverse, bringing together both pleuropulmonary damage (pleurisy, pleurisy, acute lupus pneumonia, chronic interstitial lung disease, shrinking lung syndrome, pulmonary hemorrhages) and vascular (hypertension) pulmonary). Veiga CS. et col. note that approximately half of jSLE patients may present subclinical pulmonary abnormalities. The most frequent anomalies of the respiratory functional tests are the alteration of the carbon monoxide diffusion capacity and the total lung capacity. Its frequency is variable, being between 7% and 75%. On the other hand, the prevalence can register an upward curve, depending on the duration of the disease manifestation. However, Trapani S. et al. fail to identify a significant correlation between the changes in pulmonary function tests and the duration/activity of the disease or its immunological profile. Against them, recently, Dai G. et al. demonstrated the impact of both the duration of the disease and the immunological profile (positive anti-RNP and ANCA antibody) in dictating the risk of lung damage. After the research that involved 120 patients, Haupt HM. et al. attribute some of these changes to intercurrent infections, oxygen toxicity, or associated cardiac/renal damage (32–37). Consequently, pulmonary damage in jSLE is a vast field that lends itself to in-depth research due to its controversies.

Pulmonary involvement in jSSc is described by Murray KJ. et al. as being "a frequent, almost universal characteristic, if it is looked for carefully". Reports in the literature vary between 30% to 70%, noting an early involvement of the lungs in jSSc. Manifestations include interstitial lung disease, restrictive/obstructive pulmonary syndrome, pulmonary arterial hypertension (primary/secondary), and alteration of pulmonary function tests such as forced vital capacity or carbon monoxide diffusing capacity (17, 38, 39). Additionally, the medical world recognizes the association between SSc and malignant pathologies, including lung (e.g., adenocarcinoma), attributed in part to the genetic susceptibility of patients (40–42). In a practical way, since the specialized reports aimed at children are low in frequency, we emphasize the comparison obtained by Adrovic A. et al. between adult and juvenile disease phenotypes. Although the juvenile form seems to mainly affect the skin and joints, the authors objectify the presence of interstitial lung disease in a significant percentage of children (30%), compared to that of adults (50.9%). Thus, although rarely found in the clinical profile, possible lung damage in children with jSSc must be considered when diagnosing the pathology or in its evolution (21). To reinforce what was stated previously, the medical literature exposes cases of jSSc that are complicated by cardio-pulmonary damage (43, 44). Next, Adrovic A. et al. argue that it is the cardiovascular and pulmonary damage that largely dictates the prognosis of juvenile scleroderma (45).

Pulmonary involvement in jDM is a serious complication, but with a low prevalence. Manifestations include interstitial lung disease, aspiration pneumonia secondary to pharyngeal/esophageal dysmotility, and alveolar hypoventilation secondary to respiratory muscle weakness. The prevalence of DM symptoms depends on the spectrum of autoantibodies. Although lung damage is not correlated with the severity of the underlying condition, it negatively interferes with mortality. The importance of early diagnosis and treatment is therefore emphasized. Not to be neglected, despite its rarity, is the existence in the literature of cases with respiratory impairment due to CTD overlap syndrome. Popescu NA. et al. describes such a case of jDM-jSSc overlap. The importance of popularization lies in the need to add anti-PM/Scl antibodies in the diagnostic protocol (27, 46–49).





3 Pathophysiological mechanisms of lung damage

The heterogeneity of the pleuro-pulmonary damage in CTDs suggests divergent directions of the main pathophysiological mechanisms incriminated in the structural and functional decline of the respiratory system. Consequently, in what follows, we detail the general molecular lines of the degenerative process by correlation with the three entities that are the subject of the manuscript.



3.1 SLE

Although the etiology of jSLE is still open to research, it is certain that among the mechanisms involved in organic damage we find circulating immune complexes (CIC). The findings are supported by animal and human studies that reveal the involvement of autoantibodies in the pathogenesis of pulmonary complications. Quantitative research demonstrates an increased level of antibodies in lung tissue compared to circulating blood levels. Thus, CICs were isolated in alveolar septa, alveolar basement membrane, capillaries, large vessels, bronchi, and pleural effusion. Additional evidence is provided by the therapeutic efficacy of plasmapheresis (50–53). The latter represents an extracorporeal therapy that allows the removal of pathogens from the plasma. In the past, it was frequently used for complications such as renal or cerebral damage, thrombocytopenia, recurrent pulmonary hemorrhages, or antiphospholipid syndrome. Currently, use has been restricted to severe cerebral/pulmonary complications. Adverse effects were divided into mild in 2.4% of cases (related to the vascular approach in 54% and to the device in 7% of cases, in addition to hypotension and tingling), moderate in 3% (tingling, urticaria, hypotension and nausea) and severe in 0.4% of treatments (hypotension and syncope, urticaria, chills or fever, arrhythmia or asystole, nausea or vomiting). In addition to these, we note the risk of disturbing the coagulant and/or acid-base balance, infections, transfusion incompatibility, acute lung injuries related to transfusion and, respectively, the risk of diseases transmitted through the use of contaminated donor plasma. A report by Lu J. et al. which included 120 children with jSLE also noted a 2.5% incidence of toxic epidermal necrolysis after plasmapheresis. Consequently, although a well-tolerated procedure with excellent results in improving the general prognosis, among children prone to such complications, the risk-benefit ratio should be weighed judiciously. To increase the efficiency of the procedure, the clinician must consider the plasma volume (PV) that needs to be purified. It is calculated individually, according to the formula: PV = body weight (kg) × 0.065 × (1-hematocrit). It is estimated that to remove 75%-95% of a noxious substance, 1.4–3 PV must be changed during a procedure. To avoid the return of the pathogen in the blood circulation, the procedure must be repeated 4–5 times, at an interval of 24–48 hours (54–58).

At the molecular level, increased expression of genes regulated by type I interferon (IFN-1) is known. These are crucial in the process of promoting the synthesis of autoantibodies and deregulation of immune tolerance. Thus, pulmonary involvement may coexist with high levels of antibodies such as anti-double-stranded DNA (dsDNA), anti-La, anti-Scl-70, anti-SM, and anti-U1RNP, in contrast to decreased complement. Proinflammatory cytokines such as IFN-γ, tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), IL-8, IL-12, IL-17 also recorded high levels in patients with SLE that presented lung damage. At the opposite pole, IL-10 can be considered a protective factor for pulmonary manifestations in SLE. Other molecules involved in the pathogenesis of SLE are CXC chemokines. Among these, CXCL10 and CXCL11 are associated with the accumulation of neutrophils in the alveolar space, being therefore considered potentiating factors of interstitial fibrosis. Also, findings in cases with pulmonary fibrosis reveal overexpression of CX3C motif chemokine receptor 1 (CX3CR1) and CX3C chemokine ligand 1 (CX3CL1) (59–63). With regard to the pathogenesis of diffuse alveolar hemorrhages, during the research it was incriminated about its possible overlap with the COPA syndrome (mutations that damage the endoplasmic reticulum) (64). Despite the intense research in the field of molecular pathophysiology of jSLE, studies could not associate the changes of biomarkers with a pattern of clinical-imaging manifestations characteristic of lung damage from jSLE. Part of this limitation is attributed to the polymorphic manifestations. They could not allow the formation of sufficient study groups to be able to issue findings. Next, Ding H. et al. note the potential of using biomarkers in the development of precision medicine in SLE (65, 66). We encourage the concentration of future efforts towards the deepening of research in the field. We strongly believe that they could bring a new perspective in the anticipation of the evolutionary pattern and the personalized management of children with jSLE.




3.2 SSc

In SSc, lung damage mainly follows two directions similar to the basic pathology, represented by fibrotic and immuno-inflammatory pathways. In addition, we consider the endothelial dysfunction that is considered as a bridge between the immune and fibrotic damage. This is triggered by the autoimmune attack doubled by the influence of genetic and environmental factors. Although apparently common with those of idiopathic interstitial lung disease, the pathogenic pathways followed in autoimmune diseases are delimited by the dynamics of their involvement (e.g., divergent IFN signaling patterns). Summarizing, alveolar, and microcirculatory injury can be considered the trigger factors both in the activation and proliferation of lung-resident immune cells, as well as in the recruitment of inflammatory cells (e.g., monocytes, neutrophils, mast cells and natural killer cells). To these is added as an aggravating factor the dysregulation of microvessels and the regeneration capacity of lung progenitor cells (type 2 alveolar cells). Subsequently, pro-fibrotic mediators modulate the activation of the Toll Like 4 receptor (TLR4), promoting the uncontrolled, excessive deposition of extracellular matrix and potentiating transforming growth factor-β (TGF-β) signaling. The finality of the process is illustrated by epithelial and endotheliosis mesenchymal transition, promoting the transition of fibroblasts to activated myofibroblasts and extensive lung remodeling, culminating in the irreversible disorganization of the lung structure, increased stiffness and functional impairment. Consequently, the beneficial effects of modulating the TLR4 pathway in the management of pulmonary fibrosis are suggested. Autoreactive B lymphocytes also participate in this cascade, by favoring the secretion of pro-fibrotic mediators and autoantibodies. The pro-inflammatory balance is particularly supported by neutrophil-derived alpha-defensins (human neutrophil peptides), cytokines and chemokines (IL-8, IL-1α, IL-10, CCL2, CCL7, CCL18, macrophage inflammatory protein-1α and MCP- 1). An inverse correlation was also observed between lung function and myeloid-derived suppressor cell (MDSC) levels, thus attesting to their potential involvement in the pathogenesis of pulmonary fibrosis (67–74). Other pathways and molecules recently described as being involved in the balance of pulmonary fibrosis associated with SSc are: Wnt/β-catenin signaling, Yes-associated protein (YAP) and transcription coactivator with PDZ-binding motif (TAZ), nuclear receptor subfamily 4A (NR4A), CXCL4, Sirtuin1, matrix metalloproteinases, cathepsins or endostatins (73, 75–77).




3.3 DM

The causative factors of jDM appear to be an entanglement of genetic susceptibility (e.g., HLA-DQA1 * 0501, HLA-DQA * 0301, HLA-DRB1 * 0301) with disturbing environmental factors. The major pathogenic event is complement-mediated damage to vessels, triggering additional cytokine release via the membrane attack complex. From this point, an inflammatory cascade centered on IFN-1 leads to major histocompatibility complex class I (MHC I) overexpression and dendritic cell (DC) maturation. Downstream appears the regulation of adhesion molecules, the modulation of lymphocyte migration and the inflammatory infiltration of the muscles. Further, the extensive studies on IFN-1 suggest the involvement of the cytokine in the relation of anti-melanoma differentiation associated gene 5 (MDA5) autoantibodies - interstitial lung disease (ILD) within the JDM subtype characteristic of them. The importance of knowing and recognizing the amyopathic form of DM to which we refer (DM5) resides in its high prevalence in pediatrics (10–40% of jDM cases) and the rapidly progressive evolution, with high early mortality, of ILD. In this case, the indications for therapy with aggressive corticosteroids are controversial, the only one noted being the decrease in the possibility of progression to classic jDM. After associative therapy, anti-MDA5 antibodies may become negative. The genetic predisposition is equally felt. Thus, the genotype-phenotype correlation indicates HLA-DRB1*03 as a predictive factor of the risk of ILD, independent of the presence of autoantibodies. To all this is added the possible trigger effect of RNA virus infections (e.g., coxsackie, parvovirus B19, SARS-CoV-2) (27, 78–81).

The pathological mechanism of pulmonary murmur in dermatomyositis is complex and still open to research. Regarding ILD, CD8 T lymphocytes are thought to exert a diffuse cytotoxic effect on muscle cells, while B lymphocytes and CD4 T lymphocytes (predominant in perivascular areas) may be responsible for muscle vasculitis. B cells also seem to be correlated with disease activity, being able to be used both as a biomarker and as a therapeutic target. This theory was supported by the lung biopsy results that revealed numerous CD8 lymphocytes both in the affected tissue and in the partially preserved tissue. Also, their percentage in the bronchoalveolar lavage fluid could be correlated with the response to corticosteroid treatment. Pulmonary arterial hypertension (PAH) occurs rather as a consequence of ILD, being partly precipitated by vasoconstriction secondary to chronic hypoxia and vascular remodeling (78, 82).

Summarizing the previously developed directions, Figure 1 shows the main pathological mechanisms underlying the pulmonary damage in collagenoses, respectively jSLE, jSSc and jDM.




Figure 1 | Pathophysiological cascade characteristic of pulmonary damage from collagenoses. The main factor of pulmonary damage from collagenoses is presented by genetic susceptibility. External triggers are additionally added to it. Upon contact of an organism genetically predisposed to the development of a collagenoses with external factors that potentiate the pulmonary injury, an activation of the host's immune system takes place. The molecular balance at this level maintains the pathological process, having the practical purpose of inflammation and damage to the adjacent pulmonary and vascular parenchyma. In dynamics, the lesions heal through remodeling and fibrosis, thus imprinting pulmonary elasticity and organic functionality.







4 Types of pulmonary damage

Pulmonary damage in CTDs is diverse, gathering under its umbrella pathologies such as pleurisy, pleural effusion, acute pneumonia, emaciated lung syndrome, interstitial lung disease, diffuse alveolar hemorrhage, pulmonary arterial hypertension, and pulmonary embolism. Although the clinical profile and the diagnostic method are broadly similar, the division of the diseases in terms of frequency is dependent on the collagenoses pattern.



4.1 Pleurisy

Pleural involvement in lupus is one of the most frequent consequences of the disease (approximately 80% of jSLE cases), being included in the classification criteria. Further, pleurisy notes a frequency of 12.5–32%, being able to be complicated by the appearance of pleural effusion. The localization can be unilateral or bilateral, of small to moderate amount and with the possibility of recurrence. We can rarely find the existence of the "dry" form of pleurisy. Clinically, it can evolve from an asymptomatic phase to one manifested by chest pain accentuated by inspiration, dry cough, fever and dyspnea. The diagnosis must be confirmed by chest X-ray or high-resolution computed tomography (HRCT). The balance is later completed by measuring the C-reactive protein (CRP), the erythrocyte sedimentation rate (ESR), lactate dehydrogenase, thrombomodulin and the pleural puncture which reveals a sterile, yellow serous liquid, with a predominance of polymorphonuclear neutrophils or lymphocytes. Immunologically, the high level of antinuclear antibodies (>1/160) is a potent indicator of the involvement of SLE in the pleural etiology. In the absence of SLE as etiology, the high level of antibodies frequently indicates paraneoplastic causes. Finally, susceptibility to pleuropulmonary lesions is suggested by leukopenia, low complement C3 fraction or dsDNA antibodies (+) (32, 50, 83–85). Pleural effusion in scleroderma is rarely reported in the literature, both in the pediatric and adult populations. However, its occurrence has recently been correlated with PAH within CTDs or, more rarely, with the coexistence of Meigs syndrome (recurrent pleural effusion, ascites and often benign ovarian tumor formation) in adults. This aspect can partly explain the interest in using elevated serum CA125 values as a marker of serositis in CTDs (86–89). In jDM, pleural damage is rarely found, the exudative effusion can appear isolated or in association with the pericardial effusion (78).




4.2 Acute lupus pneumonia

It is relatively rare in the evolution of jSLE, and may also be the initial manifestation of the disease, as presented by Şişmanlar Eyüboğlu T. et al. The frequency noted in its case is approximately 11% of patients. Histologically, diffuse alveolar lesions, interstitial edema, formation of hyaline membranes and even hemorrhagic areas can be observed. Clinically, it is defined by non-specific signs such as fever, cough, dyspnea and cyanosis due to hypoxia. Consequently, the factors that induce a correct diagnosis are the onset of ALP in correlation with the exacerbation of the underlying disease involving other organs, doubled by the positivity of anti-SSA antibodies in most cases. In dynamics, it may appear necessary for fan support. Imaging we observe pulmonary infiltrates in the presence/absence of pleural effusion. Important in the management of ALP are the diagnosis and countermeasures of associated infections and pulmonary hemorrhage, entities that can mimic the clinical profile. Because infections are the leading cause of death in patients with SLE, the diagnostic workup must include appropriate cultures, doubled as needed by fiberoptic bronchoscopy, transbronchial biopsy, and open lung biopsy. Therapeutically, the administration of immunoglobulins must be carried out with caution due to the risk of precipitation of renal lesions (32, 50, 90–92).




4.3 ILD

ILD within CTDs can currently be divided according to the histological characteristics into usual interstitial pneumonia, non-specific interstitial pneumonia, desquamative interstitial pneumonia and/or respiratory bronchiolitis-associated interstitial lung disease, organizing pneumonia, lymphocytic interstitial pneumonia, pleuroparenchymal fibroelastosis and alveolar lesions loudspeaker (93). Studies on ILD in jSLE are few. However, studies that included adults demonstrated a weak ILD-SLE association in the absence of overlap of other autoimmunity (94). The characteristic damage of jSSc begins with the accumulation of a mixed cellular infiltrate (bronchoalveolar lavage positive for neutrophils and eosinophils) in the pulmonary interstitium that will overflow into the alveolar spaces, constituting the first, inflammatory phase. The image of ground-glass opacities on the HRCT of the lungs is suggestive at this stage. Progressively, the inflammation decreases, being replaced by a transition towards thickening of the alveolar walls, fibrosis and pulmonary remodeling. Moderate restrictive lung disease/severe decrease in lung volumes develops consecutively. Clinically, it is mainly objectified slowly progressive dyspnea on exertion and productive cough. Other suggestive aspects in evolution on HRCT are reticular linear opacities, honeycombing, nodules, cylindrical bronchiectasis, and parenchymal bands. Associations between esophageal damage and respiratory dysfunction in children with jSSc have also been described. An accompanying complication can be aspiration pneumonia following esophageal dysmotility associated with jSSc (17, 32, 95–97). It should be mentioned that chest x-rays do not show pathological aspects except in the late stages of ILD, thus being included in the category of insensitive diagnostic methods. Likewise, repeating the bronchoalveolar lavage is not justified, since no post-therapeutic changes were objective (95). In conclusion, we emphasize the strong correlation between ILD, and mortality encountered in SSc. Castelino FV. et al. expose, with the help of a cohort of adults, the precocity of the development of restrictive lung disease independent of individual characteristics (age, gender, duration of the disease) and the importance of screening in the population at risk (98). In agreement, Hoffmann-Vold AM. et al. underlines the need to create some classifications of ILD from the perspective of severity and the risk of progression, but also the importance of early screening. The desired purpose is the optimization and individualization of therapeutic schemes to increase the quality of life (99).

ILD in jDM has been reported to affect approximately 8% of patients. The most common forms described are nonspecific interstitial pneumonia and cryptogenic organizing pneumonia. Among the early markers of interstitial disease in CTDs, we note Krebs von den Lungen-6 (KL6), expressed by damaged type II alveolar cells. IL-19 and ferritin (>1000 ng/ml) are added to this. The correlation between KL-6 and IL-18 suggests the possible association of alveolar macrophages in the pathogenesis of ILD. At the same time, anti-aminoacyl transfer ribonucleic acid synthetase (ARS) antibodies, rare in JDM patients, are associated in a proportion of 63% with ILD in juvenile idiopathic inflammatory myopathies. Clinically, the symptomatology is non-specific, dry cough and respiratory difficulties being described. Spontaneous pneumothorax and pneumomediastinum are not frequently encountered, probably due to vasculopathy. However, respiratory function tests, including carbon monoxide diffusing capacity, should be evaluated at diagnosis and in dynamics (79, 84, 100–103). ILD has also been reported in anti-MDA5 jDM. The described pattern includes skin, mucous and joint damage, in addition to the pulmonary component. Contrary to adults, the rapidly progressive evolution was variable, also describing a favorable therapeutic response compared to the anti-MD5 negative form. However, there are also citations in the literature of fatal cases of IDL with negative anti-MDA5. Compared to the general form, the clinical profile of jDM5 can be complicated by pneumomediastinum in 15% of cases, a condition clinically characterized by increased dyspnea, cervical or facial swelling, subcutaneous emphysema, cervical pain, and cough. It has a negative impact on mortality, especially in cases with non-invasive ventilation in the therapeutic scheme. Early recognition, the establishment of optimal treatment, as well as screening in risk populations are measures that lead to improving the prognosis dictated by lung function (78, 79, 104–106). For this purpose, Hu M. et al. defined, with the help of a cohort of 93 children, a nomogram based on variables such as ESR, IL-10 and MDA-5 antibodies. This has proven effective in the clinical evaluation and prediction of long-term prognosis of ILD associated with jDM (107).




4.4 Chronic interstitial lung disease

CILD in patients with SLE is characterized by inflammatory cell infiltrate in various degrees, peribronchial lymphoid hyperplasia, homogeneous interstitial fibrosis and pneumocyte hyperplasia. In particular, the medical literature describes the existence of lymphoid interstitial pneumonia, characterized by infiltration of the interstitium with polyclonal lymphocytes and pneumocyte hyperplasia, along with moderate macrophage and lymphocytic alveolitis. Clinico-biologically, pulmonary function is affected similarly to diffuse infiltrative pneumonia. Radiologically, fibrosis is rare (50). Furthermore, it is estimated to affect approximately 14% of children with jSLE. The clinical-imaging presentation is marked by signs and symptoms such as chronic cough, dyspnea, exercise intolerance, fatigue, or pleural effusion. The diagnostic gold standard is HRCT (ground glass appearance or evidence of fibrosis) due to the reduced sensitivity of chest X-ray. Given the chronic and minimally symptomatic nature of the condition, the negative imprint of pulmonary function is less often objective and more difficult to interpret (32).




4.5 Shrinking lung syndrome

It is a rare manifestation but cited in the literature of jSLE. From an etiological point of view, the means of its occurrence is unclear, being dysfunctions or hypo functions of the diaphragm (unilateral or bilateral) due to muscle or nerve damage (phrenic nerve). The clinical pattern of SLS includes progressive, episodic dyspnea with orthopnea, hypoxia, pleural pain aggravated by inspiration, pleurisy, a restrictive pattern of lung volumes, with/without parenchymal imaging abnormalities (frequently, however, atelectasis may be present). Percussion reveals dullness in the lower lung lobes, characteristic of reduced expansion. SLS usually appears months to years after the diagnosis of SLE. Chest X-ray shows small lungs, without pleuropulmonary damage (except for atelectasis). Additionally, for diagnostic purposes, the use of diaphragmatic ultrasound in M mode or fluoroscopy is recommended. The response to early optimal therapy can be favorable. Consequently, we emphasize the importance of including SLS in the category of differential diagnoses of dyspnea in children with SLE (32, 50, 108–111).




4.6 PAH

PAH is defined by the progressive increase in vascular resistance and obstructive vascular remodeling, which over time leads to increased mortality. PAH is currently considered a pulmonary vascular disease with systemic noise. Recently, the possibility of distinguishing between the idiopathic form of PAH and that associated with scleroderma has been postulated based on the changes evident in the level of circulating bioactive metabolites (e.g., acid metabolites, eicosanoids/oxylipins, sex hormone metabolites). The pathogenesis is multifactorial bringing together, among others, inadequate angiogenesis, inflammation/vascular obstruction, metabolic/immune disorders, DNA damage, genetic mutations, and impairment of vasoreactivity. Initial evaluation can be performed with the help of echocardiogram. The condition often appears 1.5 years after the initial manifestations of CTDs. The gold standard in diagnosis is represented by right heart catheterization. The technique can measure elevated mean pulmonary arterial pressure (>25 mmHg at rest) by reference to normal pulmonary capillary pressure (<15 mmHg). The prevalence in the pediatric population with SSc is lower compared to adults (prevalence estimates <10%). Accordingly, children with PAH showed a lower risk of heart failure compared to adults, although the risk of syncope is higher. Current medical literature ranks SLE as the second cause of PAH precipitated by CTDs, after SSc. The risk factors for PAH in jSLE are Raynaud's phenomenon and the presence of antiphospholipid antibodies, although Anuardo P. et al. did not objectify a PAH pathogenic correlation in jSLE and the antiphospholipid antibody syndrome. At the opposite pole, the prognostic factor considered important is PaO2. Optimal and early management has improved life expectancy. In pediatrics, it mainly addresses congenital heart defects, as there are no specific recommendations specifically addressed to cases associated with scleroderma. Therapeutic combinations (e.g., Bosentan and Iloprost/Sildenafil) require further studies. A viable alternative seems to be lung transplantation (17, 32, 50, 84, 95, 112–115). PAH in DM is rare in the absence of ILD (78).




4.7 Alveolar hemorrhage

AH occurs most frequently as a consequence of pulmonary microcirculation damage, being categorized as one of the emergencies in jSLE. It occurs most frequently in girls, in cases with previously diagnosed SLE, being often associated with lupus nephritis. In this context, the suspicion arises that corticosteroid therapy for kidney damage is among the precipitating factors of AH. Of all the pulmonary manifestations, AH is marked by an acute onset with hemoptysis, anemia, and diffuse pulmonary infiltrates on chest X-ray. To these can be added cough, fever, dyspnea, hypoxia, asthenia, tachycardia, increased inflammatory markers, positive direct Coombs test, thrombocytopenia, and consumption of complement factors. Radiologically, it is presented by diffuse infiltrates. The pulmonary diffusing capacity of carbon monoxide is increased, the bronchoalveolar lavage (the key investigation in the examination) demonstrating the presence of blood or hemosiderin-laden macrophages. The biological consequence is a significant decrease in hemoglobin. Simultaneously, immunology described the presence of immune complexes and IgG and C3 deposits in alveolar, capillary, and interstitial cells. The incidence and mortality are high in the pediatric disease, being clearly higher than that reported in adults. Management requires an aggressive approach, centered on mechanical ventilation, therapy with corticosteroids, immunosuppressants, intravenous immunoglobulin or plasmapheresis depending on the needs (32, 50, 84, 116–119). Recently, such episodes have been correlated in the medical literature with acute respiratory infection caused by the SARS-Cov-2 virus (120).




4.8 Pulmonary thromboembolism

It can be found especially among adolescents with jSLE, being precipitated by smoking, estrogen-based contraceptives and proteinuria resulting from nephrotic disease. There are described in the literature cases of pulmonary thromboembolism as the first symptom in jSLE, from the investigation of which the diagnosis of the underlying disease was started. It is mainly a complication of the coexistence of antiphospholipid antibodies, especially the lupus anticoagulant. Pulmonary thromboembolism can be found especially among adolescents with jSLE, being precipitated by smoking, estrogen-based contraceptives and proteinuria resulting from nephrotic disease. There are described in the literature cases of pulmonary thromboembolism as the first symptom in jSLE, from the investigation of which the diagnosis of the underlying disease was started. It is mainly a complication of the coexistence of antiphospholipid antibodies, especially the lupus anticoagulant (50, 84, 121–126).





5 Management methods

In closing the manuscript, we would like to emphasize the importance of multidisciplinary monitoring in the dynamics of patients with CTDs. This must be carried out optimally, including clinical examination and paraclinical investigations (biological/imaging), mainly due to the risk of overlap in the evolution of pathologies. Argumentatively, we bring to attention the report submitted by Lin HK. et al. They describe the case of a 15-year-old child (known to have SSc) in whom, following the investigations initiated by the systemic decline of the underlying condition, the coexistence of the diagnostic criteria for SLE and pulmonary involvement (serositis, fibrosis and PAH) is objectified (127). The literature in this regard is vast, also recognizing cases of triple association of pathologies in dynamics (SLE, DM and later SSc) (128). In such situations, we should not lose sight of the possible involvement of microbiome disturbances in the imprinting of the risk of development, association or aggravation of pathologies, as described in the literature and in case of other diseases (e.g., atopies, autoimmunities, gastrointestinal or renal pathologies) (129–136).

Also, taking JSLE as an exemplary model, patient monitoring must be done gradually, starting with primary care doctors who must recognize the diagnostic/alarm signs of the pathology and continuing with rheumatologists, experts in the field of pathogenesis, pediatricians, cardiologists, orthopedists, and other medical categories that can be skilled in the management of complications. In the work team, an essential role is occupied both by clinical pharmacologists, competent to anticipate and prevent possible drug interactions, and psychotherapists. Good staffing leads to optimized therapeutics by early recognition of disease complications, minimizing drug toxicity, educating families about prevention, promoting school performance, addressing reproductive health concerns, and easing the transition to health care of the young adult (137). Chang JC. et al. notes that children who benefited from a multidisciplinary approach recorded better levels of the pediatric index of care, compared to those who benefited from monodisciplinary follow-up (138). Being a chronic pathology, current studies have also focused their attention on the barriers regarding good therapeutic practices. Among these, we mainly note the patient's lack of compliance due to psychological, systemic degradation or the deficit in primary education, the brutal transition between the team of pediatric specialists and that of adults, non-involvement/non-information of the patients regarding the natural course of the pathology and management methods, material shortages, biases of the medical system regarding financing, communication and the collaboration of specialists and social stigmatization. Looking at the pediatric-adult transition, a recent study showed that this period is characterized by moderate disease activity, partially precipitated by the emotional attachment to the previous medical team, doubled by a prolonged time until being noticed by the new medical team (139, 140).

Summarizing the previously presented data and supplementing them with other references from the literature, Table 1 shows the main lines in the recognition and management of pulmonary disorders in CTDs in children. We thus outline a clinical guide that summarizes the correlation between the type of collagenoses and the frequency of pulmonary injury, the paraclinical investigations (biological and imaging) that must be undertaken to certify a correct diagnosis and effective management means, currently certified. Additionally, we review the particularities of the conditions and the pharmacological substances used, where appropriate, but also the biases and future directions in the individualized therapy of the affected child.


Table 1 | Practical clinical guideline in the recognition and management of pulmonary lesions in CTD in children - current and future trends (adapted from Ramphul M. et al., García-Peña P. et al., Lammi MR. et al., Landini N. et al., Buda N. et al., Sperandeo M. et al., DeCoste C. et al., Shimizu M. et al., Eyraud A. et al. and Shin JI. et al.) (84, 141–149).






6 Conclusions

In conclusion, CTDs represent a topic of interest in pediatrics, the approach of which requires the formation of multidisciplinary teams composed, among others, of rheumatologists, pulmonologists, cardiologists, pediatricians, physio/kinetotherapists and psychologists. Although they differ in some respects from the clinical pattern found in adults, they are not without damage at a systemic level. Treatment can broadly include immunosuppressive drugs, corticosteroids, and other therapies designed to control inflammation and relieve symptoms. Given the burden on the quality of life, psychotherapy sessions can be necessary and useful. Focusing on the pulmonary damage, we reiterate that the damage to the respiratory system can be multiple, both at the pleural, interstitial, and vascular levels. At the same time, the functional impairment can also be found in children without suggestive pulmonary imaging changes. Therefore, we consider that the current work has achieved its defined objective by promoting the increase of information, diagnosis, and optimal management among children with collagenoses. The value of the work is given by the mirror approach to respiratory damage in the three frequent pathological entities (SLE, Sc and DM), both from a physiopathological and a management point of view. Also, through the final subchapter we bring to light both fundamental knowledge, already postulated in the literature and current research directions in the field. In the end, we reiterate the importance of screening in at-risk populations to reduce the burden of subsequent comorbidities and increase the patient's quality of life and his capacity for social integration.
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Objective

To clarify the impact of intravenous infusion of gamma globulin (IVIg) on antinuclear antibodies (ANAs) in children.





Methods

A retrospective analysis was performed on the data of children with nonspecific autoantibody-related diseases whose antinuclear antibody (ANA) and autoantibody profiles were detected in our hospital from January to March 2022. A total of 108 patients with a clear history of IVIg infusion within 28 days composed the IVIg group, and 1201 patients without a history of IVIg infusion composed the non-IVIg group.





Results

All patients in the IVIg group had either positive ANAs or positive autoantibodies. Anti-SSA, anti-Ro52 and anti-AMA Mi2 were the top three autoantibodies in the IVIg group. The proportions of patients who were positive for either of these three autoantibodies in the IVIg group were significantly greater than those in the non-IVIg group (all P<0.5). Spearman correlation analysis revealed that the signal intensities of anti-SSA and anti-Ro52 were negatively correlated with the number of days of ANA detection after IVIg infusion (P<0.05). Multiple logistic analyses revealed that a greater total dosage of IVIg, greater IVIg per kilogram of body weight, and fewer ANA detection days after IVIg infusion were independent risk factors for positive anti-SSA and anti-Ro52 results.





Conclusions

It is recommended that if rheumatic diseases are suspected, ANA detection should be carried out beforeIVIg infusion. But for patients who are positive for at least one of these three autoantibodies after IVIg infusion, doctors should first consider adoptive antibodies.





Keywords: children, antinuclear antibody, anti-SSA, anti-Ro52, anti-Mi2, intravenous infusion of gamma globulin




1 Introduction

With the deepening understanding of rheumatic diseases, an increasing number of paediatric patients with rheumatic diseases have been diagnosed in recent years (1). Due to the diverse clinical manifestations of rheumatic diseases, paediatricians often complete ANA detection for patients with unexplained fever or multisystem involvement. Autoantibodies are very important serological markers of rheumatic diseases (2, 3). Some specific autoantibodies, such as anti-dsDNA for systemic lupus erythematosus (SLE), anti-SSA for Sjögren’s syndrome (SS), and anti-U1nRNP for mixed connective tissue disease, are important in the classification criteria for autoimmune diseases (4, 5). However, positive ANA or specific autoantibodies do not necessarily indicate rheumatic diseases. For example, ANA and some autoantibodies can also be positive in viral infections (hepatitis C virus, parvovirus), tuberculosis infections, parasitic infections (schistosomiasis), and tumours (6–8). In addition, approximately 5% of healthy people may also have a low titre of ANA (9).

Intravenous infusion of immunoglobulin (IVIg) is a liquid or freeze-dried powder preparation in which the main component is polyclonal immunoglobulin G (IgG), which is isolated from the plasma of more than 1,000 healthy blood donors. IVIg was originally used as an alternative treatment for patients with primary immunoglobulin deficiency. In recent years, IVIg has become increasingly important for the treatment of autoimmune/inflammatory diseases and severe infectious diseases in children (10, 11). Because of its effectiveness and safety, paediatric patients who are difficult to diagnose or are in critical condition may have already received IVIg infusion before a clear diagnosis is made. Sometimes, ANA may be detected after the infusion of IVIg. Therefore, some patients who are positive for ANA or autoantibodies but without other obvious evidence of rheumatic disease usually have a history of IVIg infusion before ANA detection. Some of these positive autoantibodies are specific for certain rheumatic diseases, which may lead to difficulties in making diagnoses by paediatricians.

We considered that IVIg infusion could transfer IgG autoantibodies to the recipients, which led to positive ANA detection in the recipients. Previous studies have shown that anti-SSA is present in IVIg products and in blood donors without clinical symptoms, which makes IVIg replacement interfere with ANA and ENA serology through the passive transfer of autoantibodies (12–14). Renate’s study also showed that discoid erythema occurred in a common variable immunodeficiency (CVID) patient receiving regular IVIg replacement therapy, which may be related to the transfer of anti-SSA by infused IVIg (12). At present, there are no data about the ANA and autoantibody profiles of children after IVIg infusion worldwide. This study aimed to analyse the ANA of patients who were not diagnosed with autoantibody-specific rheumatic diseases after IVIg infusion in our hospital to assist clinicians in evaluating positive ANA or autoantibodies for diagnosis after IVIg infusion.




2 Materials and methods



2.1 Material

There were 3683 patients with nonspecific autoantibody-related diseases who underwent ANA and autoantibody profile detection at the Children’s Hospital of Chongqing Medical University between January and March 2022. There were 108 patients with a clear history of IVIg infused within 28 days before ANA detection in the IVIg group. A total of 1201 patients without a history of IVIg infused before ANA detection were randomly selected as the non-IVIg group. The basic information and diagnosis of both groups were recorded, and the ANA detection time after IVIg infusion and the dosage of IVIg in the IVIg group were recorded. The proportions of positive ANA or ANA‐specific antibodies in both groups were compared. Moreover, ITP patients from the IVIg group and non-IVIg group were also screened for comparisons of ANA and certain specific antibodies. The relationships of ANA detection days after IVIg infusion, the dosage of IVIg and ANA positivity or ANA‐specific antibodies in the IVIg group were analysed.

All patients were excluded if they had specific autoantibody-related rheumatic diseases, such as systemic lupus erythematosus, Sjögren’s syndrome, undifferentiated connective tissue disease, mixed connective tissue disease, systemic scleroderma, juvenile dermatomyositis, or protozoan idiopathic biliary cirrhosis and so on. Patients with rheumatic diseases without a clear relationship with specific autoantibodies, such as Henoch-Schönlein purpura, Kawasaki disease, autoimmune haemolytic anaemia, immune thrombocytopenic purpura, and juvenile idiopathic arthritis, were included. Infectious and noninfectious diseases, such as sepsis, pneumonia, neurological diseases, renal diseases and cardiovascular system diseases, were also included. This study was approved by the Ethics Committee of the Children’s Hospital of Chongqing Medical University.

Because some patients were infused with IVIg in other hospitals, we did not know the manufacturers of the IVIg. However, all IVIg was liquid, and the IVIg used in our hospital came from three different manufacturers. Therefore, there were many manufacturers of IVIg in this research.




2.2 Methods

Serum ANA titres were detected by indirect immunofluorescence (IIF), and 15 other ANA‐specific IgG antibodies were detected by Euroline immunoassays. ANAs were detected by IIF in HEp‐2 cells according to the manufacturer’s instructions (Euroimmun AG). ANA titres >1:80 were considered positive. Euroline ANAs (IgG) were used to qualitatively detect 15 IgG antibodies (anti‐nRNP, anti‐Sm, anti‐SSA, anti‐Ro52, anti‐SSB, anti‐Scl‐70, anti‐PM-Scl, anti‐Jo1, anti‐CENP B, anti‐dsDNA, anti‐PCNA, anti‐nucleosome, anti‐Histone, anti‐ribosomal P protein, and anti‐AMA M2 (anti-Mi2)) in human serum. Anti-SSA was equivalent to anti-Ro60, not included anti-Ro52. The serum for the ANA profile (IgG) was diluted 1:101.

All the reagents used were produced by the German Oumeng Medical Detection and Diagnostics Co., Ltd. According to the degree of colouration, the detection signal intensity was divided into negative (-), suspicious positive (±), generally positive (+), positive (++), and strongly positive (+++). The final colour film strip results were automatically interpreted using the EUROBlot Master and EUROBline S-can systems. We considered negative (-) and suspicious positive (±) negative results in this study.




2.3 Statistical methods

All the statistical analyses were performed using SPSS 25.0. Fisher’s test was used for categorical variables. The number of days of ANA detection after IVIg infusion and the dosage of IVIg were used as continuous variables. T-test was used to compare mean values between normally distributed data. Spearman correlation analysis was performed to analyse correlations between positive ANA or ANA-specific antibodies and other variables. Multivariate logistic regression analysis was further performed to analyse the correlations between the number of detection days after IVIg infusion, the dosage of IVIg and certain ANA-specific antibodies. The signal intensity of anti-SSA was analysed as a categorical variable by (-) and (+), and the signal intensity of anti-Ro52 and anti-Mi2 was analysed by (-), (+), and (++). P<0.05 was considered to indicate a statistically significant difference.





3 Results



3.1 Baseline information

In the IVIg group (108 patients), 32 patients were ultimately diagnosed with infectious diseases, and 76 patients were diagnosed with noninfectious diseases, including ITP (27 patients), Kawasaki disease, disseminated encephalomyelitis, central nervous system demyelination, and nephrotic syndrome. In the non-IVIg group (1201 patients), 233 patients had infectious diseases, and 968 patients had noninfectious diseases, including ITP (116 patients) and other diseases, as IVIg group (Table 1). The median age of the patients in the IVIg group was 3.08 years [1 day–14.92 years]. The median duration from IVIg infusion to ANA detection in 108 patients was 2 days [0.5~26 days], the median total dosage of IVIg was 20g [2.5–115g], and the median dosage of IVIg was 1.55 g/kg body weight [0.14~4 g/kg].


Table 1 | Comparison of basic information between the IVIg group and the non-IVIg group.






3.2 ANAs and ANA-specific antibodies in the IVIg group and non-IVIg group



3.2.1 Antinuclear antibodies

All of the patients in the IVIg group were positive for ANA or ANA-specific antibodies. There were 55 patients (50.93%) with positive ANAs. In the non-IVIg group, 191 patients (15.9%) had positive ANAs or specific autoantibodies, and 120 patients (9.99%) had positive ANAs (Table 1). In the IVIg group, the proportion of females with ANA positivity was similar to that in the male subgroup (Table 2). In the non-IVIg group, the proportion of females with ANA positivity was greater than that of males with ANA positivity (P<0.05).


Table 2 | Distribution of the ANA‐positive population by sex.






3.2.2 ANA-specific antibodies

There were no patients who were positive for anti-Sm, anti-CENP B, anti-dsDNA, anti-nucleosome, and anti-ribosomal P protein in either group. In the IVIg group, the three most positive antibodies were anti-Ro52, anti-Mi2 and anti-SSA (Table 3). The proportion of patients who were positive for anti-Ro52 was the highest, with 95 patients (87.96%), followed by 57 patients who were positive for anti-Mi2 (52.78%) and 42 patients who were positive for anti-SSA (38.89%). The proportions of patients who were positive for these three antibodies were significantly greater in the IVIg group than in the non-IVIg group separately (all P <0.05). There were 30 patients (27.78%) who were simultaneously positive for anti-SSA, anti-Ro52 and anti-Mi2 in the IVIg group, but there were no patients in the non-IVIg group (P<0.05). The three most common positive antibodies in the non-IVIg group were anti-PM-Scl (17 patients; 1.42%), anti-nRNP/Sm (11 patients; 0.92%), and anti-PCNA (9 patients; 0.75%). There were no significant differences in the proportions of patients who were positive for these antibodies between the IVIg group and the non-IVIg group (all P <0.05).


Table 3 | Comparison of ANA and antibody levels between the IVIg group and the non-IVIg group.






3.2.3 ANAs and ANA-specific antibodies from patients with ITP

To completely exclude the effects of different diseases on ANA detection, patients with the same disease from the two groups were selected for analysis of differences in anti-Ro52, anti-Mi2 and anti-SSA. There were 27 patients with a definite diagnosis of immune thrombocytopenia (ITP) in the IVIg group and 116 patients with ITP in the non-IVIg group. There were no differences of age, sex and nadir platelet counts between these two groups (all P>0.05). There were 53 patients in non-IVIg group with IVIg treatment only, and 32 patients with glucocorticoids treatment only, 21 patients with both IVIg and glucocorticoids treatment, 10 patients with neither IVIg nor glucocorticoids treatment. And 9 patients in IVIg group received both IVIg and glucocorticoids treatment. There were no differences of proportions of the patients who received both IVIg and glucocorticoids treatment between these two groups(P>0.05). And there were no patients using other immune modulating treatment in these two groups. In the IVIg group, the three most positive antibodies were still anti‐Ro52, anti-AMA M2, and anti‐SSA. The proportions of patients who were positive for anti-Ro52, anti-AMA Mi2, and anti-SSA were significantly greater in the IVIg group than in the non-IVIg group separately (all P <0.05) (Table 4).


Table 4 | Comparison of ANA and antibodies between ITP patients in the IVIg group and those in the non-IVIg group.







3.3 Correlations between ANA/ANA-specific antibodies and other variables in IVIg group

There was no correlation between IVIg per kilogram of body weight and age. The total dosage of IVIg was positively correlated with age (r=0.621, P<0.05) and weight (r=0.620, P<0.05). In the IVIg group, the signal density of all positive anti-SSA signals was (+); the signal density of positive anti-Ro52 signals was 38 (++) and 57 (+); and the signal density of positive anti-Mi2 signals was 35 (++) and 22 (+). Spearman correlation analysis revealed that the levels of anti-SSA and anti-Ro52 were negatively correlated with the number of detection days after IVIg infusion (P<0.05). Anti-Mi2 was negatively correlated with the number of days after IVIg infusion, but the difference was not significant (P>0.05). The anti-Ro52 concentration was positively correlated with the total dose of IVIg (P<0.05). Moreover, anti-SSA was correlated with ANA, anti-Ro52 and anti-Mi2 (all P values <0.05) (Table 5).


Table 5 | Spearman correlation analysis of ANA/ANA-specific antibodies and other variables.






3.4 Multivariate logistic regression analysis of IVIg dosage and ANA detection days after IVIg infusion with positive antibodies

Anti-SSA, anti-Ro52 and anti-Mi 2 were the dependent variables (0 as negative, 1=+, 2=++), and IVIg dosage (total dosage or IVIg per kilogram of body weight) and detection days after IVIg infusion were the independent variables. A higher total dosage of IVIg, higher IVIg per kilogram of body weight, and a shorter detection day after IVIg infusion were found to be independent risk factors for positive anti-SSA or positive anti-Ro52 (Tables 6, 7). The total dosage of IVIg or IVIg per kilogram of body weight and detection days after IVIg infusion were not independent risk factors for positive anti-Mi2 (Tables 6, 7).


Table 6 | Multivariate logistic regression analysis of total dosage, days of ANA detection and levels of antibodies.




Table 7 | Multivariate logistic regression analysis of IVIG/kg(Wt), days of ANA detection and levles of antibodies.






3.5 Longitudinal ANAs and ANA-specific antibodies of a small group of patients from IVIg group

A total of 20 patients from the IVIg group had multiple ANA tests in our hospital. Among them, 7 patients had tested for ANAs before this study, and all of them had negative anti-SSA, anti-Ro52 and anti-Mi2, but after IVIg infusion in this study, 6 of them had at least one of the three autoantibodies positive. There were 11 patients with repeated ANA tests after this study, 10 of them had at least one of the three autoantibodies positive in this study and only one of them had anti-Ro52 positive when they repeated ANA tests later. There were 2 patients with ITP had ANA tests both before and several months after this study, and the three autoantibodies were all negative, but in this study they had at least two of the three autoantibodies positive.





4 Discussion

IVIg is a polyclonal immunoglobulin extracted from the plasma of thousands of healthy people. It contains approximately 50 g/L protein, of which the gamma globulin content is no less than 95% (15). A previous study revealed that a CVID patient who regularly received IVIg were positive for ANA and anti-SSA. It was also found that the proportion of anti-SSA antibodies in the blood of healthy donors without any overt autoimmune features was approximately 0.69%, and 0.05% of donors had very high (greater than 10,000 U/ml) anti-SSA titres (12). To further study the effect of IVIg infusion on ANA detection in paediatric patients, we analysed ANA and ANA-specific antibodies in the IVIg group and non-IVIg group.

In this study, all of the patients in the IVIg group had positive ANA or ANA-specific antibodies. The speckled pattern and cytoplasm particle pattern were the most common patterns of ANA in the IVIg group and non-IVIg group. The percentage of ANA-positive individuals in the non-IVIg group reached 9.99%, 12.51% of which were females (66/536), which was significantly greater than the 7.37% of which were males (49/665). These data were similar to the percentages of ANA-positive individuals in healthy people reported in the Chinese literature (14.1%), of which 19.05% were females (2376/12470), which is greater than the 9.04% among males (1143/12640) (16). However, the proportion of ANA-positive individuals was significantly greater in the IVIg group than in the non-IVIg group, and there was no difference in the proportion of ANA-positive individuals between males and females, which was different from that in the non-IVIg group. These results indicated that IVIg infusion led to a greater proportion of ANA-positive patients in the IVIg group by transferring autoantibodies to the recipients.

To further study the effect of IVIg infusion on ANA-specific antibodies, 15 autoantibodies were analysed. The top three autoantibodies detected in the IVIg group were anti-Ro52 (87.96%), anti-Mi2 (52.78%), and anti-SSA (38.89%), which were the same as the top three antibodies detected in 1489 ANA-positive people in a study of 25110 healthy adults with anti-Ro52 (212 cases, 14.24%), anti-M2 (189 cases, 12.69%) and anti-SSA (144 cases, 9.67%) (16). However, the proportions of patients who were positive for either of these autoantibodies were much greater than those in the healthy adult and non-IVIg groups. The average age of non-IVIg group was older than that of IVIg group, therefore, ITP patients who had no differences of age and disease between those two groups were compared, and the same results were gotten. Anti-SSA, anti-Ro52 and anti-Mi2 were not among the three most common antibodies in the non-IVIg group, suggesting that the distribution of autoantibodies in the plasma of adults may differ from that in the plasma of children. Shome’s study showed that the number of unique IgG autoantibodies in healthy individuals increased with age from infancy to adolescence and then plateaued (17). However, while the response to infectious agents (and possibly vaccines) might contribute to autoantibodies through molecular mimicry, this mechanism does not appear to continue to result in the accumulation of autoantibodies throughout life (17). The plasma donors were all adults, which can explain why the top three antibodies were the same between IVIg group patients and healthy adults. Although a previous study showed that one patient who received IVIg developed discoid lupus erythematosus, the abovementioned patients in the IVIg group had no clinical manifestations of rheumatic disease. It is speculated that the risk of IVIg infusion leading to the development of clinical phenotypes of rheumatic diseases is very low.

Anti-SSA was named after the discovery of the A antigen in Sjogren syndrome patients. It was previously believed that the target antigens of anti-SSA include two proteins with molecular weights of 60 kDa and 52 kDa. Ro60 and Ro52 are the same macromolecular complex, so the anti-SSA system included anti-SSA/Ro60 and anti-SSA/Ro52. Chan’s research showed that the Ro60 and Ro52 antigens are proteins encoded by two different cDNAs. The natural SSA antigen only has Ro60 but not Ro52 (18). Anti-Ro60 and anti-Ro52 do not belong to the same antibody system and have different clinical significance (19). In this study, anti-SSA was equivalent to anti-natural SSA or anti-Ro60. Anti-SSA is one of the few autoantibodies that can cause immunopathological injury. It can lead to neonatal lupus or photoallergic dermatitis (20). Anti-SSA is present in many rheumatic diseases, such as 20~60% of SLE patients, 40~95% of SS patients, and 95~100% of neonatal lupus patients. Because of its importance, we often pay more attention to anti-SSA. Many studies have shown that IVIg contains anti-SSA (12). In this study, we showed that anti-SSA can be tested in recipients by the infusion of IVIg. Its presence in the recipients was also related to the dosage of IVIg and was usually accompanied by positivity for anti-Ro52 or anti-Mi2. Within 28 days, it decayed obviously over time.

Anti-Ro52 has been shown to be involved in the mechanisms of many rheumatic diseases, including SLE, systemic sclerosis, inflammatory myositis and juvenile idiopathic arthritis (21, 22). The proportions of patients with different diseases who are positive for anti-Ro52 antibodies vary greatly. Some studies have shown that it is an independent risk factor for adult dermatomyositis interstitial lung disease or is associated with pulmonary fibrosis and the severity of juvenile dermatomyositis (23, 24). However, most reports indicate that Ro52 is not disease specific. In this study, anti-Ro52 was the most commonly detected antibody after IVIg infusion, with the positive proportion reaching 87.96% of cases, which was greater than that of anti-SSA and anti-Mi2. Moreover, 40% of the positive patients had a signal density of (++). Previous studies have shown that anti-Ro52 and anti-SSA are the most common autoantibodies in the healthy population (14, 16). However, Renate G reported that anti-SSA and anti-Ro52 can be present in IVIg preparations and in apparently healthy donors (12). The results of the present study suggested that IVIg carried a large amount of anti-Ro52, even more so than anti-SSA. Like the presence of anti-SSA, the presence of anti-Ro52 in the recipients was also related to the dosage of IVIg and the detection time after IVIg infusion; within 28 days, the dose also clearly decreased over time.

Antimitochondrial antibodies(AMAs) are autoantibodies directed against mitochondrial inner membrane lipoproteins in the cytoplasm. It is divided into 9 subtypes, among which the M2 subtype is a serological marker of primary biliary cholangitis (PBC) and plays an important role in the diagnosis of PBC (25). PBC is an immune-mediated, progressive, nonsuppurative inflammatory disease of the bile ducts of unknown aetiology. The specificity of anti-AMA Mi2 for PBC is as high as 90% (26). The incidence of PBC in children is very low, and none of the patients in the IVIg group showed signs of cholestasis. The IVIg dosage and number of detection days after IVIg infusion were not independent risk factors for anti-Mi2, which showed that anti-Mi2 may be present longer in the patient’s blood than may anti-SSA and anti-Ro52, and even a lower dosage of IVIg can also lead to positive anti-Mi2 in recipients. Therefore, it took a longer time for the anti-Mi2 antibody to decay.

In this study, ANA patterns did not always coincide with ANA-specific antibodies. The presence of anti-SSA, anti-Ro52 and anti-Mi2 antibodies indicated a speckled pattern. However, in this study, positive anti-SSA or anti-Mi2 results may not always be accompanied by a positive speckled pattern. We believe that the methods of ANA detection and ANA-specific antibody detection differ, and the major challenge and limitation of ANA-IIF testing is that it requires competent and experienced interpreters and is subjective (27), which may explain the above results.

In summary, after IVIg infusion, adoptive autoantibodies can be detected in recipients, which can lead to positive ANA or ANA-specific antibodies. Anti-Ro52, anti-Mi2 and anti-SSA are the top three autoantibodies after IVIg infusion. Within 28 days, the anti-Ro52 and anti-SSA antibodies decreased over time, but the anti-Mi2 antibody was present in the blood of the recipients longer. Combined with the ANAs and ANA-specific antibodies of patients from the IVIg group besides this study, we considered that the autoantibodies conferred by IVIg were detected transiently. It is recommended that if rheumatic diseases are suspected, ANA detection should be carried out before IVIg infusion. However, if patients are at least one of these three antibodies positive after IVIg infusion, doctors should consider adoptive antibodies first, and follow-up visits are also very important.
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Introduction

Type 1 diabetes is an autoimmune disease with an significant genetic component, played mainly by the HLA class II genes. Although evidence on the role of HLA class I genes in developing type 1 diabetes and its onset have emerged, current HLA screening is limited to determining DR3 and DR4 haplotypes. This study aimed to investigate the role of HLA genes on type 1 diabetes risk and age of onset by extensive typing.





Methods

This study included 115 children and young adults with type 1 diabetes for whom typing of HLA-A, -B, -C, -DRB1, -DRB3/4/5, -DQA1, -DQB1, -DPA1 and -DPB1 genes was conducted using Next Generation Sequencing.





Results

We observed that 13% of type 1 diabetes subjects had non-classical HLA haplotypes that predispose to diabetes. We also found that compared to type 1 diabetes subjects with classical HLA haplotypes, non-classical HLA subjects had a significantly higher frequency of HLA-B*39:06:02 (p-value=0.01) and HLA-C*07:02:01 (p-value=0.03) alleles, known to be involved in activating the immune response. Non-classical HLA subjects also presented peculiar clinical features compared to classical HLA subjects, such as multiple diabetic antibodies and the absence of other autoimmune diseases (i.e., coeliac disease and thyroiditis). We also observed that subjects with early onset had a higher frequency of DQ2/DQ8 genotype than late-onset individuals. Moreover, subjects with late-onset had a higher frequency of alleles HLA-B*27 (p-value=0.003), HLA-C*01:02:01 (p-value=0.027) and C*02:02:02 (p-value=0.01), known to be associated with increased protection against viral infections.





Discussion

This study reveals a broader involvement of the HLA locus in the development and onset of type 1 diabetes, providing insights into new possible disease prevention and management strategies.
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1 Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by insulin deficiency due to chronic immune-mediated progressive destruction of pancreatic beta cells through the interaction between T lymphocytes and autoantigens (1, 2).

Potential triggers of pancreatic islet autoimmunity are viral infections, toxins, and dietary factors that act on a genetically susceptible background to T1D development (3–5). Over 60 loci across the genome were associated with T1D susceptibility (6, 7). However, the primary susceptibility locus is mapped to the Human Leukocyte Antigen (HLA) class II gene, placed on the short arm of chromosome 6, 6p21.31 (6, 8).

As the HLA system is highly polymorphic, numerous HLA alleles affect the peptides pool, which is recognized as initiating an immune reaction (9).

The strong linkage disequilibrium (LD) in the HLA region leads to the formation of haplotypes consisting of the combination of definite allelic variants. Specific HLA haplotypes are strongly associated with T1D (10) and those associated with the highest risk are HLA-DRB1*04-DQA1*03:01-DQB1*03:02 (or DR4-DQ8) and HLA-DRB1*03:01-DQA1*05:01-DQB1*02:01 (or DR3-DQ2) (11).

On the other hand, other HLA class II haplotypes, such as the DQB1*06:02-DRB1*15:01-DQA1*01:02, which is carried by 20% of the general population compared to 1% of T1D subjects, turn out to have a protective effect against the development of T1D (12).

HLA class II genes do not represent all the observed HLA-related inheritance of T1D (9) and some studies had also revealed the role of HLA class I genes (HLA-A, HLA-B, and HLA-C). The HLA class I molecules are involved in immune response, influencing beta cell destruction, as confirmed by the observation of overexpression of HLA class I molecules on islet cells of deceased T1D subjects (13). For example, HLA-A*24 alleles have been associated with rapid and complete destruction of beta cell function in T1D subjects (14); HLA-B*39:06 allele is known to be the most T1D predisposing HLA class I allele. At the same time, the HLA-B*57:01 has a protective effect (15). Conditional analyses, performed to exclude the effect of LD across the HLA region, also revealed an influence of the HLA-DP alleles on T1D susceptibility. In particular, the study by Varney et al. showed a predisposing effect of the DPA1*01:03 allele in association with the DPB1*03:01, whereas DPA1*01:03 has a protective role when associated with DPB1*04:02 (16).

Th e HLA genes also influence the age at onset of T1D. The high-risk genotype HLA-DRB1*03-DQA1*0501-DQB1*0201/DRB1*0401-DQA1*0301-DQB1*0302 was strongly associated with the onset of diabetes before the age of 5 years and that the frequency of this genotype in T1D subjects decreased with increasing age at onset (17).

Similarly, an association between HLA class I genes and the age at onset of diabetes was observed. For example, HLA-A*24:02, related to the total beta cell destruction, has been associated with an earlier onset of T1D (18). At the same time, diabetic subjects carrying HLA-B*39:06 had an average age at onset 3.7 years lower than subjects without this allele. The same trend was observed for T1D subjects carrying HLA-C*07:02; in contrast, we observed the opposite for carriers of the HLA-B*44:03, who had an age at onset approximately 3.5 years higher than people with diabetes without this allele (19).

Despite this growing body of work, to date, HLA screening in T1D individuals is limited to the determination of DR3 and DR4 haplotypes. Moreover, the previously mentioned studies reporting an involvement of HLA genes in the development of T1D have been conducted on a limited number of subjects and on a limited set of HLA genes.

However, HLA typing is fundamental for studying the risk of T1D and the pathogenesis of the disease, especially with a view to prevention and intervention in high-risk subjects, such as individuals with family history. Moreover, determining the genetic component underlying the early onset of T1D can lead to early intervention and avert greater severity of the disease. Indeed, numerous studies indicate that an early onset of T1D is associated with a poor prognosis of diabetes and an elevated risk of developing diabetes-related diseases (20–23).

Therefore, in this study, DNA samples from 115 children and young adults with T1D were typed for HLA-A, -B, -C, -DRB1, -DRB3/4/5, -DQA1, -DQB1, -DPA1 and -DPB1 by NGS (Next Generation Sequencing), with the aim of investigating the role of these genes on T1D risk and age at onset.




2 Materials and methods



2.1 Study participants

In this observational study, we included 115 T1D European subjects referred to the Endocrinologic Unit of IRCCS Burlo Garofolo of Trieste (Italy). T1D subjects were collected from June 2016 to August 2023 according to the following inclusion criteria: diagnosis of type 1 diabetes for at least one year and age between 6 and 21 years.

For all participants, demographic and anthropometric information (age, sex, height, weight, Body Mass Index (BMI), puberty) at the time of recruitment were collected. BMI standard deviation scores were calculated according to WHO reference charts (24) using the Growth Calculator 4 software (http://www.weboriented.it/gh4/), as recommended by the Italian Society for Pediatric Endocrinology and Diabetology (ISPED).

Puberty was defined as the presence of at least breast budding in girls [B2] and a testicular volume of 4 ml in boys [G2] (25).

Furthermore, we collected data relating to the T1D onset, such as the HbA1c value, the presence or absence of ketoacidosis (DKA) [calculated as a venous pH of <7.3 and/or a bicarbonate (HCO3) level of <15 mmol/L (26)], age at onset and the presence of antibodies: Insulin-directed antibodies (IAA), antibodies directed against tyrosine phosphatase (IA2), antibodies directed against the cytoplasm of pancreatic islet cells (ICA), antibodies directed against glutamic acid decarboxylase (GAD) and zinc transporter 8 autoantibodies (ZnT8A) (27).

We gathered additional clinical data, such as the previous year’s HbA1c of and the presence of diseases concomitant to diabetes (e.g., coeliac and thyroid disease).

All the enrolled participants or their parents, for participants aged <18 years, gave written informed consent. The ethics committee approved the study (CEUR-2018-Em-323-Burlo).




2.2 DNA extraction and HLA typing by next generation sequencing

DNA was extracted from saliva using the EZ1 DNA investigator kit (Qiagen, Milan, Italy) following the manufacturer’s protocols.

HLA typing was performed employing the MIA FORA NGS MFlex HLA typing kit (Immucor, Inc., GA, USA), which uses long-range PCR to capture the clinically relevant class I and II HLA genes. The kit includes each class I genes, HLA-A, -B, -C, and the class II genes, HLA-DRB, -DQA1, -DQB1, -DPA1 and -DPB1.

Sample and sequencing library preparation was performed following the manufacturer’s protocols. NGS sequencing libraries were prepared in sets of 24 samples and were sequenced using iSeq™ 100 Illumina®.

Candidate HLA alleles were computed and the final HLA typing was called and examined using the MIA FORA NGS EXPRESS analysis software (Immucor, Inc., GA, USA).

Using three orthogonal algorithms, including independent mapping and de novo assembly strategies, a probability score was calculated, genotype candidates were ranked, and consensus sequences were created for individual alleles.

Due to the lack of coverage in the intron region, ambiguities in the fourth field could not be ruled out so HLA typings were assigned to the third field.




2.3 Statistical analysis

Demographic, anthropometric and clinical data were reported in contingency tables.

Continuous variables were indicated by mean and standard deviation (mean ± sd), and binary traits by percentages (%).

T1D subjects were grouped into classical HLA (CH) and non-classical HLA (NCH) according to the presence or absence of classical HLA haplotypes predisposing to diabetes.

According to percentile distribution of age at onset, T1D subjects were stratified into three groups: early-onset (EO) (age at onset <5 years old); intermediate-onset (IO) (age at onset ≥5<10 years old); late-onset (LO) (age at onset ≥10 old).

Poor Glycemic Control (PGC) [HbA1c > 7% (53 mmol/mol)] was defined using the mean HbA1c values of the previous year (28).

To test normality, we calculated skewness and kurtosis. We applied for binary variables the Fisher’s exact test to analyzed anthropometric and clinical data among the stratified T1D subjects. Instead, to compare continuous variables between CH and NCH T1D subjects, when the variable was normally or non-normally distributed, we used t-test or Mann-Whitney test, respectively.

Whereas, to compare continuous variables between EO, IO and LO T1D subjects, the ANOVA test for normal data and the Kruskall-Wallis test for non-normal data were used.

Fisher’s exact tests analyzed differences in HLA alleles and haplotypes between CH and NCH, and between EO, IO, and LO.

We set statistical significance at a p-value ≤ 0.05. All statistical analyses were performed with R software (www.r-project.org).





3 Results



3.1 HLA typing

We recruited 115 T1D children and young adults and performed HLA typing.

We observed that in 87% of T1D subjects classical HLA predisposing haplotypes were present, represented mainly by the DQ2/DQ8 (24.3%) and the DQ2/XX (23.6%) genotypes (XX indicates a haplotype different from DQ2 and/or DQ8), as shown in the pie chart (Figure 1). Interestingly, HLA typing also showed that 13% of T1D subjects had non-classical HLA haplotypes predisposing to diabetes.




Figure 1 | HLA haplotypes distribution in T1D subjects. XX≠DQ2 and/or DQ8.



Analysis of the allele frequencies of HLA class I and II genes in CH and NCH T1D subjects showed statistically different allele frequencies between T1D CH and NCH groups (Figure 2). Supplementary Table 1 reports all HLA alleles identified in T1D subjects. In particular, for the HLA class I alleles, we found that HLA-A*01:01:01 (19.5% vs. 0%, p-value = 0.002), HLA-B*08:01:01 (24% vs. 0%, p-value = 0.0003) and HLA-C*07:01:01 (29% vs. 7%, p-value = 0.01) were more frequent in CH T1D that in NCH T1D subjects (Figure 2A). Instead, HLA class I alleles more frequent in NCH T1D than CH T1D subjects were HLA-B*39:06:02 (10% vs. 1%, p-value = 0.01), HLA-B*41:01:01 (10% vs. 2%, p-value = 0.04), HLA-C*07:02:01 (17% vs. 3.5%, p-value = 0.03), and HLA-C*17:01:01 (10% vs. 0.5%, p-value = 0.007) (Figure 2A).




Figure 2 | Statistically different allele frequencies in the HLA-A, -B and -C genes of class I (A) and in the HLA-DRB1 (B), -DQA1 (C), -DQB1 (D) and -DPB1 (E) genes of class II, in T1D subjects stratified according to the presence of HLA haplotypes predisposing to T1D, in subjects with classical HLA (CH) and non-classical HLA (NCH).



For HLA class II alleles, those which were part of the HLA DQ2 and DQ8 haplotypes of predisposition to T1D were more frequent in CH T1D subjects than in NCH subjects, i.e., HLA-DRB1*03:01:01 (44.5% vs. 0%, p-value < 0.0001), DRB1*04:01:01 (12.5% vs. 0%, p-value = 0.03); HLA-DQA1*03:01:01 (28% vs. 7%, p-value = 0.01), HLA-DQA1*05:01:01 (45.5% vs. 0%, p-value < 0.0001); HLA-DQB1*02:01:01 (45.5% vs. 7%, p-value < 0.0001) and HLA-DQB1*03:02:01 (30% vs. 3%, p-value = 0.0005).

In NCH T1D subjects, the HLA class II alleles significantly more frequent concerning CH T1D subjects were: HLA-DRB1*07:01:01 (23% vs. 5.5%, p-value = 0.002), HLA-DRB1*08:01:01 (10% vs. 1%, p-value = 0.01), HLA-DRB1*13:02:01 (17% vs. 2%, p-value = 0.009) and HLA-DRB1*16:01:01 (20% vs. 4.5%, p-value = 0.02) (Figure 2B); HLA-DQA1*01:02:02 (40% vs. 7%, p-value = 0.001), HLA-DQA1*02:01:01 (23% vs. 5.5%, p-value = 0.002) and HLA-DQA1*04:01:01 (10% vs. 0.5%, p-value = 0.007) (Figure 2C); HLA-DQB1*02:02:01 (23% vs. 4%, p-value = 0.002), HLA-DQB1*04:02:01 (10% vs. 0.5%, p-value = 0.007), HLA-DQB1*05:02:01 (20% vs. 4.5%, p-value = 0.02) and HLA-DQB1*06:04:01 (17% vs. 2%, p-value = 0.009) (Figure 2D); HLA-DPB1*09:01:01 (10% vs. 1%, p-value = 0.01) (Figure 2E).




3.2 Characteristics of T1D subjects according to the presence of classical and non-classical HLA haplotypes

In Table 1, we reported the characteristics of T1D subjects stratified according to the presence of classical and non-classical HLA haplotypes predisposing to T1D.


Table 1 | Characteristics of the T1D subjects stratified according to HLA haplotypes predisposing to T1D in classical HLA (CH) and non-classical HLA (NCH) subjects.



Overall, 54% of the 115 T1D subjects included in the study were female, the mean age of the sample was 15.6 ± 3.7 years, 28% presented DKA at onset, and 65% had a PGC.

Despite the limited number of NCH subjects, comparing CH and NCH subjects, we found that NCH T1D subjects had a shorter disease duration than the CH T1D ones (6.1 vs. 8.4 years old, p-value = 0.03) and that all NCH subjects had more than one antibody compared to 66% of CH T1D subjects (p-value = 0.02).

Furthermore, although differences did not reach statistical significance, higher age at onset was observed in NCH subjects compared to CH T1D subjects (8.5 vs. 7.4 years), as well as a more elevated percentage of DKA at onset in NCH compared to CH (38.5% vs. 26%). Finally, none of the NCH T1D subjects showed coeliac disease or autoimmune thyroid disease, compared to CH T1D subjects (16.5% and 21%, respectively).




3.3 Association between HLA and age at onset

In the present work, we stratified subjects according to their age at onset of T1D and studied its association with HLA genotypes.

In our study population, the age at onset was <5 years old (early-onset, EO) in 31% of participants, between 5 and 10 years old (intermediate-onset, IO) in 46%, and over 10 years old (late-onset, LO) in the remaining 23%. In EO, IO and LO groups, respectively 53%, 45% and 73% were females, while the mean age in the three groups was 13.9 ± 4.1, 15.8 ± 3.5 and 17.5 ± 2.5. Anthropometric and clinical data are reported in Supplementary Table 2.

Table 2 indicates the genotype distribution according to age at onset. The most frequent HLA genotype was DQ2/DQ8, followed by the DQ2/XX genotype, except for LO T1D subjects, for whom the most frequent genotype was DQ2/XX, followed by DQ8/XX.


Table 2 | Genotype distribution in T1D subjects stratified according to age at onset in early-onset (EO, <5 years old), intermediate-onset (IO, ≥5<10 years old) and late-onset (LO, ≥10 years old).



In T1D subjects, stratified according to age at onset in EO, IO and LO, no significant differences emerged in genotypes distribution. Instead regarding the frequency of HLA alleles, Figure 3 reports significant differences in the three groups. In particular, for the HLA-C locus, HLA-C*01:02:01 and *02:02:02 were more frequent in LO than in EO (7.5% vs. 0%, p-value = 0.027, 10% vs. 0%, p-value = 0.01, respectively), and in IO (7.5% vs. 1% p-value = 0.038, 10% vs. 2%, p-value = 0.036, respectively), while HLA-C*03:04:01 was more frequent in EO (11.5%) compared to IO (2%) and LO (2%) but only the comparison between EO and IO was statistically significant (p-value = 0.01).




Figure 3 | Statistically different allele frequencies in the HLA-C gene of class I (A) and in the HLA-DQA1 and -DPB1 (B) class II genes, in T1D subjects, stratified according to age at onset in early-onset (EO, <5 years old), intermediate-onset (IO, ≥5<10 years old) and late-onset (LO, ≥10 years old).



HLA-C*07:01:01 was also more frequent in EO (33%) compared to IO (25.5%) and LO (17.5%). In this case, only the comparison between EO and LO was statistically significant (p-value = 0.04).

Concerning HLA class II alleles, we found that HLA-DQA1*03:03:01 was more frequent in LO T1D subjects than in EO, in which this allele was absent (7.5% vs. 0%, p-value = 0.027). HLA-DPB1*03:01:01 was also more frequent in LO (27%) compared to EO (11.5%) and IO (9%) (p-value = 0.029 and p-value = 0.016, respectively).

Supplementary Table 3 reports all HLA class I and II allele frequencies in EO, IO and LO. A particular mention should be made about HLA-B*27 alleles (27:02:01, 27:05:02 and 27:07:01), which were not detected in EO subjects, whereas they were present in 2% of IO and 23% of LO, with significant differences in the comparison between EO and LO (p-value = 0.003) and between IO and LO (p-value = 0.004).





4 Discussion

Our findings suggest that haplotypes strongly associated with the development of T1D are not the only HLA genetic component involved in the risk of diabetes and in the age at onset of the disease.

In our cohort, DQ2/DQ8 was the most frequent genotype, in agreement with previous literature data (29, 30). However, in our study HLA high-resolution typing proved that 13% of T1D subjects did not have the classical HLA haplotypes predisposing to the disease. In agreement with our results, approximately the same frequency of T1D subjects without classic HLA predisposition alleles was already found in Polish T1D children and adolescents (31), confirming that HLA class II alleles do not represent the entire genetic component of predisposition to T1D.

In particular, in the present study, analysis of the genetic characteristics of T1D subjects without the classical HLA predisposing haplotypes showed that the HLA class II alleles significantly more frequent in NCH T1D subjects were part of four different haplotypes (HLA-DRB1*07:01:01-DQA1*02:01:01-DQB1*02:02:01; HLA-DRB1*08:01:01-DQA1*04:01:01-DQB1*04:02:01; HLA-DRB1*13:02:01-DQA1*01:02:02-DQB1*06:04:01; and HLA-DRB1*16:01:01-DQA1*01:02:02-DQB1*05:02:01), previously reported to have a neutral or, even, a protective role towards the T1D development risk (29, 32, 33).

These data suggested that NCH T1D subjects probably had other genetic risk factors, which may reside in the HLA class I region. The role of HLA class I genes on the development of T1D had indeed already been assessed, as the encoded molecules bind and present antigens to CD8+ T cells, both by aiding the selection of the T cell repertoire and by initiating antigen-specific cytotoxicity (30).

In our study, one of the more frequent HLA class I alleles in NCH compared to CH T1D subjects was HLA-B*39:06:02. This allele was already known to be the most predisposing HLA class I allele to T1D (15, 34). By developing an HLA-B*39:06 transgenic NOD mouse model, Schloss et al. (35) demonstrated that this allele independently mediates the development of CD8+ T cells that conferred susceptibility to T1D. Some studies reported that HLA-B*39:06 could increase the risk of diabetes in combination with some low-risk haplotypes, containing DRB1*08:01, DRB1*01:01 or DRB1*16:01 alleles (19, 36). The odds ratio values obtained from combination of HLA-B*39:06 with these alleles indicated a significantly raised risk, comparable to that of the DR3/DR4 genotype (36). In our sample, HLA-B*39:06 was indeed found in combination with these alleles, confirming the hypothesis of its involvement in the development of T1D, even in the absence of high-risk haplotypes.

Another HLA class I allele that we have frequently found in NCH T1D subjects was HLA-C*07:02:01. This allele was positively correlated with increased expression of the T cell receptor complex variable region (TCR V) gene, stimulating high immunological activity (37), as suggested by its known association with T1D (34) and psoriasis (37). Some authors hypothesized that the effect of this allele on the development of T1D depended on LD with HLA-B*39:06. However, its strong association with the early onset of diabetes, independently from HLA-B*39:06, supported an autonomous effect on predisposition to T1D (19). In our cohort, we did not find a LD between these two alleles; furthermore, the HLA-C*07:02:01 was always in combination with protective or neutral DR-DQ haplotypes, confirming its autonomous effect on the T1D risk.

Interestingly, the present work suggests that diabetic individuals without the classical high-risk haplotypes present peculiar clinical characteristics. For example, we found that all NCH subjects showed more than one diabetes antibody compared to 66% of the CH group. Our results did not confirm previous studies that reported the role of HLA-DR3 and HLA-DR4 alleles in producing T1D antibodies (38–41). However, the role of other genes has also been proposed (40–42), and future studies should be conducted to investigate their involvement in antibody development better.

In our work, other clinical characteristics were peculiar to NCH T1D subjects, even if the comparison with CH did not result statistically significant, possibly due to the small sample size of our study. For example, we observed that 38% of NCH T1D subjects presented DKA at disease onset, compared to 26% of CH T1D subjects, in agreement with previous studies that had already shown a protective effect of high-risk HLA alleles on the development of DKA (43, 44). Moreover, NCH T1D subjects did not present other autoimmune pathologies, such as coeliac disease and autoimmune thyroid diseases. This observation highlighted the usefulness of carrying out extended HLA typing in helping to identify distinct clinical characteristics and set or avoid specific controls. For example, implementing genetic testing could reduce the number of patients requiring systematic immunological screening.

Finally, the age at onset of the disease in the NCH T1D group was slightly older than in the CH T1D subjects, confirming previous studies on the role of HLA genes in this regard (18, 19, 45).

Infact, investigating the association of HLA genes according to the age at onset, we also observed that T1D subjects with early onset had a higher percentage of DQ2/DQ8 genotype than T1D subjects with late onset. This result suggested that the role of this genotype is not only to increase the risk of developing T1D but also to induce its development at an early age. Although it was difficult to determine whether this high-risk genotype alone was enough to confer a greater risk of developing diabetes early, we showed that the DQ2/DQ8 genotype was associated with an early age at onset (6.37 age at onset) and that the age at onset increased in the absence of DQ2 and in the presence of DQ8 (DQ2/DQ2 = 7.07 age at onset; DQ2/XX = 7.8 age at onset; DQ8/XX = 8.1 age at onset; DQ8/DQ8 = 8.9; XX/XX = 8.6). Interestingly, when we evaluated the mean age at onset associated with both DQ2/DQ8 genotype and HLA-C*03:04:01, that were significantly more frequent in the early onset subjects, we observed that age at onset lowered to 3.9 years. This observation implied that other HLA genetic factors might be involved in early onset besides DQ2 and DQ8.

On the other hand, in the group of late onset T1D subjects, the significantly more frequent HLA alleles were HLA-B*27 alleles, HLA-C*01:02:01 and C*02:02:02, all known to be associated with increased protection against viral infections (46–49). Since the peak of early onset observed around the age of 5 was connected to the numerous infections in the early school years (50), protection from viral infections given by these alleles could prevent the early development of the disease. The presence of the alleles mentioned above delayed the age at onset by about 5 years compared to T1D subjects not carrying these alleles (HLA-B*27+, average age at onset 12.48, HLA-B*27- average age at onset 7.21; HLA-C*01:02:01+, average age at onset 11.65, HLA-C*01:02:01-, average age at onset 7.34; HLA-C*02:02:02+, average age at onset 12.14, HLA-C*02:02:02-, average age at onset 7.23), independently from classical HLA risk haplotypes.

Interestingly, some of these HLA alleles were also strongly associated with the development of other diseases, such as seronegative arthritis (HLA-B*27) (51) and psoriasis (HLA-C*01) (52). It means that these subjects, protected from the early development of diabetes, could be more susceptible to the development of other autoimmune diseases. In our study, T1D subjects did not manifest any HLA-related diseases (excluding coeliac and autoimmune thyroid diseases). However, our outcomes suggested that this risk should be considered when screening of diabetic subjects.

Overall, the findings of this study highlight important implications for future clinical practice.

First, our study supports the use of HLA typing by NGS as an accurate and feasible method for HLA-related disease association testing (including T1D), allowing to overcome the detection limitations of low-resolution traditional methods commonly used in clinical practice [i.e., Sequence-Specific Oligonucleotide (SSO) and Sequence-Specific Primer (SSP)] (53). Moreover, considering that the NGS costs continue to decline and are currently similar to or lower than the SSO method, HLA typing by NGS may also become a cost-effective approach, especially in large volume laboratories, thanks to the possibility of analyzing many patients within a single run.

Furthermore, our results underline the possible relevance of HLA extended typing from a prevention perspective. The purpose of screening for T1D is to identify early the risk of developing the disease to prevent a severe onset of diabetes with the presence of DKA, causing both short- and long-term complications. Current T1D screening, in addition to analyzing the presence of antibodies, only assesses the presence of the primary genetic risk factors, DR3 and DR4. In a pediatric population screening context, HLA extended typing would allow the identification of new diabetes predisposition alleles whose identification requires a sample size to counteract the excessive allelic variability of the HLA locus. Moreover, considering their genetic heterogeneity would allow a more accurate genetic risk assessment of different populations. So, if NGS becomes widely used, it could provide a valuable resource for future screening and population studies.

The results of our study show that HLA is associated with clinical characteristics, including age at onset, also emphasize that NGS-based HLA analyses may be relevant for defining clinical phenotypes and predicting the disease course. Moreover, since the HLA region represents the major genetic component for the development of numerous autoimmune diseases, such as coeliac disease, psoriasis, rheumatoid arthritis, and thyroiditis, often concomitant in diabetic subjects, NGS HLA extended typing could also prove useful in the management of T1D subjects (54).

Overall, although low-resolution HLA typing continues to be used in clinical practice, an NGS-based method should be considered in the future since more precise assignments of HLA alleles/haplotypes could help to elucidate the exact role of HLA variation in the etiopathogenesis and progression of T1D, which may result in improved patient care, decreased additional testing, and then reduced costs.




5 Conclusion

The study’s results indicate that the HLA locus’s involvement in the development of T1D and the onset time occurs on a broader spectrum and does not only involve the classical HLA genotypes known to play a predisposing role in diabetes.

However, despite high-resolution genotyping, the extreme allelic variability, in conjunction with the limited number of subjects analyzed, makes these data preliminary. Therefore, it is essential to increase the number of T1D subjects studied to better understand the role of the HLA genes in type 1 diabetes. Moreover, given the small sample size, some associations may have been missed. Furthermore, control group of healthy subjects are not considered in this study.

Overall, despite these limitations, the results of our study suggest that an in-depth understanding of the HLA genetic variations associated with T1D and, in particular, with age at onset, may increase our knowledge of the mechanisms underlying the development of the disease and can also be used in disease prevention and in patient management.
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Introduction

Pediatric patients with unexplained bone marrow failure (BMF) are often categorized as aplastic anemia (AA). Based on the accepted hypothesis of an auto-immune mechanism underlying AA, immune suppressive therapy (IST) might be effective. However, due to the lack of diagnostic tools to identify immune AA and prognostic markers to predict IST response together with the unequaled curative potential of hematopoietic stem cell transplantation (HSCT), most pediatric severe AA patients are momentarily treated by HSCT if available. Although several studies indicate oligoclonal T-cells with cytotoxic activities towards the hematopoietic stem cells, increasing evidence points towards defective inhibitory mechanisms failing to inhibit auto-reactive T-cells.





Methods

We aimed to investigate the role of NK- and B-cells in seven pediatric AA patients through a comprehensive analysis of paired bone marrow and peripheral blood samples with spectral flow cytometry in comparison to healthy age-matched bone marrow donors. 





Results

We observed a reduced absolute number of NK-cells in peripheral blood of AA patients with a skewed distribution towards CD56bright NK-cells in a subgroup of patients. The enriched CD56bright NK-cells had a lower expression of CD45RA and TIGIT and a higher expression of CD16, compared to healthy donors. Functional analysis revealed no differences in degranulation. However, IFN-γ production and perforin expression of NK-cells were reduced in the CD56bright-enriched patient group. The diminished NK-cell function in this subgroup might underly the auto-immunity. Importantly, NK-function of AA patients with reduced CD56bright NK-cells was comparable to healthy donors. Also, B-cell counts were lower in AA patients. Subset analysis revealed a trend towards reduction of transitional B-cells in both absolute and relative numbers compared to healthy controls. As these cells were previously hypothesized as regulatory cells in AA, decreased numbers might be involved in defective inhibition of auto-reactive T-cells. Interestingly, even in patients with normal distribution of precursor B-cells, the transitional compartment was reduced, indicating partial differentiation failure from immature to transitional B-cells or a selective loss. 





Discussion

Our findings provide a base for future studies to unravel the role of transitional B-cells and CD56bright NK-cells in larger cohorts of pediatric AA patients as diagnostic markers for immune AA and targets for therapeutic interventions. 
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1 Introduction

Bone marrow failure (BMF) in pediatric patients can be caused by several hematological disorders, including inherited bone marrow failure syndromes (IBMFS), (pre)malignant diseases and (idiopathic) aplastic anemia (AA). Independent of the etiology, hematopoietic stem cell transplantation (HSCT) is the most often used modality to cure severe BMF in pediatric patients. However, HSCT is an intensive medical procedure, associated with severe complications, such as graft versus host disease (GVHD), organ toxicity, secondary malignancies, and transplant-related mortality (1, 2). Therefore, it is essential to develop targeted therapies. A major limitation is the lack of diagnostic tools to identify the underlying event causing BMF in most pediatric patients suffering severe BMF.

In recent years, standard diagnostics for pediatric patients suspected of BMF have been expanded by wide genetic screening, telomere length analysis and broader immunological screening, resulting in the identification of a causative defect in 40% of the patients (3). The remaining group of BMF with unknown origin is classified as aplastic anemia (AA) (3). While the exact mechanism remains elusive, the prevailing hypothesis suggests that AA is driven by an immunological etiology. The evidence for an immune mechanism in these patients is the result of immunosuppressive therapy (IST) restoring blood counts in a part of AA patients (4). In addition, the identification of oligoclonal expanded T-cell population in experimental settings supports an immune-mediated pathophysiology (5). Several related mechanisms have been suggested, including CD8+CD57+ oligoclonal T-cells with direct cytotoxic activity (6), secretion of different inflammatory cytokines such as interferon-γ (IFN-γ) (7), immune imbalance by increased T-helper type 17 cells (8) or reduced regulatory T-cells (Tregs) (9), and associative correlations with certain HLA types (10).

The lack of a repeatedly identified type of effector cell, trigger or antigen causing immune AA in spite of decades of research suggests that complex disease mechanisms with involvement of multiple (immune) cell types and patient susceptibility to immune dysregulation are involved instead of a single disease causing cell or event. Recently, noncanonical activation of auto-reactive T-cells as effector cells attacking hematopoietic stem cells was shown in pediatric AA patients (11). However, the role of other important regulatory cells, such as NK- and B-cells, often hypothesized to be involved in adult patients, is understudied in pediatric patients (12, 13). In this study, we aimed to investigate the role of NK- and B-cells in pediatric AA patients suspected of an immune mediated disease causing mechanism through a comprehensive analysis of paired bone marrow and peripheral blood samples.




2 Methods



2.1 Patients

For this study, seven pediatric AA patients were included. The diagnosis of AA was based on the combination of peripheral cytopenia and hypocellular bone marrow and the exclusion of all other known causes of BMF by extensive diagnostics towards IBMFS, predisposition syndromes and secondary BMF as described previously (3). As controls, seven age-matched healthy bone marrow donors were included. Clinical data as well as paired peripheral blood (a volume of 4 to 10 mL for AA patients) and bone marrow samples were collected prior to treatment. The samples were processed by performing Ficoll density gradient centrifugation (LUMC Pharmacy, Leiden, The Netherlands) to isolate the PBMCs and BMMCs, respectively. The PBMCs and BMMCs were cryopreserved and used for phenotypic and functional analysis, with approval of the Institutional Review Board (protocols P00.068, P01.028, B17.001 and RP24.023) after informed consent was obtained.

For phenotypic and functional analysis, PBMCs from the same date were used, except for patient 4 (189 days difference) due to limited material availability. Patient 1 and healthy donor 5 were excluded from the functional analysis due to unavailability of materials. In addition, for AA patients, PBMCs and BMMCs were obtained within one month of each other to prevent large variabilities in cellular composition.




2.2 Phenotyping of peripheral blood and bone marrow mononuclear cells

PBMCs (up to 1 million viable cells) and BMMCs (up to 5 million viable cells) were stained with fluorochrome-conjugated antibodies. A two-tube flow cytometry panel was designed to study the lymphocytes in the peripheral blood. BMMCs were stained with 38 fluorochrome-conjugated antibodies in one tube (Supplementary Table S1).

The mononuclear cells were thawed using AIM-V medium (Thermo Fisher Scientific, Waltham, MA, USA) with 1% Penicillin/Streptomycin (Sigma-Aldrich, Saint Louis, MI, USA) and 20% heat inactivated fetal calf serum (FCS, Capricorn scientific, Ebsedorfgrund, Germany) (thawing medium) supplemented with 1600 IU per mL DNAse (VWR, Radnor, PA, USA), incubated for 5 minutes at 37°C, washed twice and incubated for one hour at 4°C (BMMC) or at 37°C (PBMC) in thawing medium. Viable cells were counted with a TC20 automated cell counter (Bio-Rad Laboratories, Hercules, CA, USA). The BMMCs were washed twice with PBS and stained with live dead staining (FVDUV455, eBioscience, San Diego, CA, USA) at 4°C in PBS. After washing twice in PBS supplemented with 0.5% Bovine Serum Albumin (BSA, Sigma-Aldrich), 2mM EDTA (Merck, Darmstadt, Germany) and 0.02% NaN3 (LUMC Pharmacy) (FACS buffer), PBMC and BMMC samples were incubated for 45 minutes at room temperature with the fluorochrome-conjugated antibodies for extracellular markers and Brilliant Stain buffer plus (Becton Dickinson Biosciences (BD), Franklin Lanes, NY, USA) in FACS buffer. PBMC samples were washed three times with FACS buffer and kept in the fridge until measurement. BMMC samples were washed twice in PBS/NaN3, and subsequently cells were fixed in 4% paraformaldehyde in PBS and permeabilized in PBS supplemented with 0.5% BSA, 2mM EDTA, 0.02% NaN3 and 0.1% saponin (Perm buffer). After 10 minutes incubation with 10% FCS in Perm buffer at 4°C and subsequent washing of cells with Perm buffer, antibodies for intracellular staining diluted in Perm buffer were added and incubated for 30 minutes at 4°C. Next, the cells were washed three times, resuspended in Perm buffer and kept in the fridge until measurement. DAPI was added to the PBMC samples prior to measurement to detect dead cells. Data was acquired on the 5-Laser Cytek Aurora flow cytometer (Cytek® Biosciences Inc, Fremont, CA, USA) at the Flow cytometry Core Facility (FCF) of the Leiden University Medical Center (LUMC) using Spectroflo® Software (Cytek Biosciences Inc).




2.3 In vitro assessment of NK-cell degranulation and IFN-γ production

To study degranulation and cytokine production of NK-cells, PBMCs were thawed as described and plated in a flat-bottom 48 wells plate (Corning Incorporated, Corning, NY, USA) at a concentration of 5 million per mL in AIM-V supplemented with 1% Penicillin/Streptomycin, 1% glutamax and 10% heat inactivated FCS and incubated at 37°C with 5% CO2 in a 100% humidified atmosphere. The next day, CD107a (BD, FITC) was added. Subsequently, K562 target cells (1:1 effector-target cell ratio) or a combination of 10 ng/mL IL-12 (PeproTech, Rocky Hill, NJ, USA), 10 ng/mL IL-15 (PeproTech) and 20 ng/mL IL-18 (MBL International, Woburn, MA, USA) were added, or cells were incubated in medium only, as control. After 1 hour of incubation, GolgiStop (BD) was added, followed by another 3 hours of incubation. The stimulated PBMCs were harvested and stained for surface markers (Supplementary Table S1). Subsequently, cells were fixed and permeabilized as described, incubated with Fc block (eBioscience) for 10 minutes at 4°C and stained intracellularly (Supplementary Table S1). Data was acquired on the 3-Laser Cytek Aurora flow cytometer (Cytek® Biosciences Inc) at the FCF of LUMC using Spectroflo® Software.




2.4 Cytometry data analysis

Flow cytometry data analysis was performed using the OMIQ data science platform (Omiq, Inc, Santa Clara, CA, USA). Manual compensation and arcsinh transformation was performed, as described previously (14). FlowAI was used to remove anomalous events, based on flow rate and outlier events (15). Data was normalized using CytoNorm (16) based on a reference control. Cell populations were identified using the gating strategy described in Supplementary Figures S1-S3. Absolute blood cell counts were calculated using the leukocyte subsets (absolute counts and differential) which were determined on an automated hematology analyzer.

For single-cell analysis, UMAP was performed as dimensionality reduction (17), and FlowSOM (18) for clustering. Calculations were based on all normalized expression values in the respective panel, except the live/dead marker, CD10, CD15, CD38 and IgD. Peripheral blood NK-cells were defined as Lin-CD56+CD7+ (Supplementary Figure S2) and downsampled to include an equal number per group (e.g., healthy donors and AA patients). Bone marrow derived B- and progenitor cells were defined as described in Supplementary Figure S1 and also downsampled to include an equal number per group.




2.5 Statistical analysis

Visualizations and statistics were performed in GraphPad Prism v9.3.1. (GraphPad Software, San Diego, CA, USA). Heatmaps were generated using the pheatmap package in R (v4.2.2, R Foundations for Statistical Computing, Vienna, Austria). The Mann-Whitney U test was applied for the analysis of non-parametric data. Fisher’s exact test was used for the analysis of categorical data. A two-sided p-value of less than 0.05, corrected for false discovery rate (FDR), was considered statistically significant.





3 Results



3.1 Patient characteristics

In this study, seven pediatric AA patients and seven age-matched healthy donors were included (Table 1; Supplementary Table S2). No significant differences in age at sampling and sex were found between both groups (p=0.71 and 0.56, respectively). Five out of seven patients had classic (very) severe AA according to the WHO classification with hypocellular bone marrow and trilinear severe cytopenia. Patient 4 presented with progressive peripheral cytopenia and marrow hypoplasia 10 years after HSCT for very severe AA and later she also developed paroxysmal nocturnal hemoglobinuria (PNH). This patient was initially transplanted at the age of 4 years by using a HLA-identical sibling. The procedure was without complications and at yearly follow-up she was free of symptoms for 10 years. During the recurrent presentation with cytopenia 10 years post-HSCT, she underwent extensive diagnostic work-up (DNA was isolated from fibroblasts cultured from skin to avoid donor DNA contamination) which revealed no explanation for the peripheral cytopenia and progressive marrow hypoplasia.


Table 1 | Patient characteristics.



Although for this study only patients were included without IBMFS or other identified cause for BMF, whole exome sequencing (WES) data revealed interesting variants which were classified as variants of unknown significance (VUS) in three out of seven patients. In addition, in one patient, a pathogenic variant BRCA1, which is not associated with BMF, was found. Mitomycin C (MMC) DNA breakage test results were normal for all patients. Patients 5 and 6 had shortened telomere length in the granulocyte fraction, patient 3 had short telomere length for all fractions, however not to the extent that telomere biology disorder (TBD) was suspected. All other patients had normal telomere length. Telomere length for patient 4 could not be performed, due to high donor chimerism in peripheral leukocytes.




3.2 Absolute B- and NK-cell counts in peripheral blood of AA patients are reduced

To study the lymphocyte composition in AA patients, cryopreserved PBMCs were analyzed by flow cytometry. No significant differences in the absolute number of T-cells were found between AA patients and healthy donors (Figure 1A). However, in two AA patients (1 and 6) the T-cell number was below the normal range of age-matched controls (Supplementary Table S3). In contrast, absolute NK-cell and B-cells were significantly lower in AA patients as compared to healthy controls (Figures 1B, C). Six out of seven AA patients exhibited NK-values below the lower limit of age-matched controls (Supplementary Table S3) (19). The seventh patient displayed markedly reduced NK-cell numbers, just within the normal range. Regarding the B-cells, four patients had B-cells numbers below and one just within the normal range. The lymphocyte subsets from the healthy donors were all within normal range.




Figure 1 | Lymphocyte distribution in peripheral blood. Absolute numbers of (A) T-cells, (B) NK-cells and (C) B-cells in the peripheral blood of AA patients compared to age-matched healthy donors (HD). Data were compared using the Mann-Whitney U test. Significant values after multiple testing correction using the false discovery rate (FDR) are indicated: ***P<0.001; *P<0.05.






3.3 CD56bright NK-cells with a non-classical phenotype are enriched in peripheral blood of a subgroup of AA patients

To study whether the NK-cells in AA patients have an aberrant phenotype, we performed an in-depth single-cell analysis of the flow cytometry data. First, NK-cells were categorized into the conventional CD56dimCD16+ and CD56brightCD16+/- NK-cell subset. Although the absolute number of CD56dim NK-cells in blood was consistently lower compared to healthy donors in all patients, the CD56bright NK-cells were relatively enriched or even higher in absolute counts in 3 AA patients (1, 6 and 7, Figures 2A, B). Within the bone marrow, a similar enrichment of CD56bright NK-cells was observed (Figure 2B).




Figure 2 | NK-cells in blood and bone marrow. (A) Absolute and relative CD56dim and CD56bright NK-cell values within the blood of AA patients and healthy donors (HD). NK-cells were defined as Lin-CD56+CD7+. (B) Representative flow cytometry plots of total NK-cells from one healthy donor and 3 AA patients with enriched CD56bright NK-cells. The CD69+ tissue-resident NK-cells were excluded from the total NK-cell population in bone marrow. (C) UMAP and FlowSOM clustering of total blood NK-cells based on all fluorochrome conjugated markers, except the live/dead marker. An equal number of cells per group (HD vs AA) was included in the analysis, resulting in a minimum of 5.533 and a maximum of 9.449 events per sample. (D) A heatmap based on median expression levels and proportions of each individual cluster. (E) Flow cytometry plots demonstrating expression of CD45RA, TIGIT and NKG2C in a subgroup of AA patients with enriched CD56bright NK-cells. One representative healthy donor is shown. Data were compared using the Mann-Whitney U test. Significant values after multiple testing correction using the false discovery rate (FDR) are indicated: ***P<0.001; *P<0.05.



Next, dimensionality reduction (UMAP) and FlowSOM clustering were performed on the blood NK-cells (Figure 2C; Supplementary Figure S4). In total 15 clusters were identified, each representing a unique phenotype (Table 2). Based on the density of the UMAP, it was evident that the distribution of the clusters differed between healthy donors and AA patients (Figure 2C). In line with our results as described above, cluster 8, 11 and 13 representing CD56bright NK-cells were abundant in AA patients 1, 6 and 7 (Figures 2C, D). Cluster 11 was characterized by a classical CD56bright phenotype NKG2A+CD45RA+CD16-. Notably, cluster 8 was uniquely present in patient 1 (9.4% of NK-cells) and patient 7 (8.5% of NK-cells) and was characterized by a CD45RA-/dimTIGIT+CD16+ phenotype. Cluster 13, representing 22.5% of NK-cells in patient 7, included CD45RA-/dimNKG2C+ cells (Figures 2D, E). Within the CD56dim compartment, only notable differences in NKG2C+ percentages were detected, but this could be attributed to CMV serostatus as previously described (Figure 2D) (20–22). In conclusion, the CD56bright NK-cells that are enriched in a subgroup of AA patients have an aberrant phenotype.


Table 2 | Definition of NK-clusters.






3.4 NK-cell function is reduced in the CD56bright-enriched patient group

To study the link between the CD56bright expansion and AA, functional NK-cell assays were performed. PBMCs were stimulated with K562 cells, cytokines or, as a control with medium. The degranulation of CD56bright and CD56dim NK-cells, as assessed by CD107a expression, did not significantly differ between AA patients and healthy donors (Figure 3A). Only patient 4 had less externalization of CD107a on CD56bright NK-cells after stimulation with K562 cells (25.4%) compared to healthy controls (mean 44.9%) (Figures 3A, B). IFN-γ production by CD56bright NK-cells of both patient 6 (32.4%) and patient 7 (17.8%) was lower compared to healthy donors (mean 61.8%) upon stimulation with cytokines (Figures 3C, D). Although less apparent, IFN-γ production by CD56dim NK-cells seemed hampered in patient 5 (5.4%), 6 (3.8%) and 7 (5.5%) compared to healthy donors (mean 24.5%) (Figures 3C, D). Interestingly, in all conditions, patient 6 and 7 had reduced perforin expression of CD56bright NK-cells compared to healthy donors. This reduction became most pronounced upon stimulation with cytokines, with a mean fluorescence intensity (MFI) of 3071 and 1148 for patient 6 and 7, respectively, compared to a MFI of 5655 (geomean) for the healthy donors (Figures 3E, F). For patient 7, a similar pattern was seen for the CD56dim NK-cells. Together, these results suggest that NK-cell function is altered in the CD56bright-enriched patient group.




Figure 3 | Function of peripheral NK-cells. NK-cells were stimulated with medium, K562 cells or a combination of cytokines (IL-12, IL-15, IL-18). (A) Degranulation of NK-cell subsets. (B) Representative flow cytometry plots demonstrating a reduction of CD107a+CD56bright in patient 4. One representative healthy donor (HD) is shown. (C) Percentage of IFN-γ positive cells for both CD56dim and CD56bright NK-cell subsets. (D) Representative flow plots of one HD and two AA patients with reduced IFN-γ production of both CD56dim and CD56bright NK-cell subsets. (E) Intracellular expression of perforin of both CD56dim and CD56bright NK-cell subsets indicated by the mean fluorescence intensity (MFI). Horizontal dotted line visualizes the geomean of perforin negative T-cells (negative control). (F) Representative flow cytometry plots showing reduced perforin expression of CD56bright NK-cell in AA6 and reduced expression of both subsets in AA7. One representative (HD) is shown. Data were compared using the Mann-Whitney U test. After multiple testing correction using the false discovery rate (FDR) no significant differences were observed.






3.5 Transitional B-cells are decreased in AA patients

As AA patients had reduced absolute B-cell values in peripheral blood, the composition was studied in further detail. While no significant differences after multiple test correction were observed, subset analysis indicated that the absolute numbers of B-cell subsets of nearly all SAA patients were reduced compared to the donor controls (Figure 4). Interestingly, although most mature B-cells, including the switched memory B-cells, were reduced in number, Ig production was not affected (Supplementary Figure S5), indicating that the B-cell immune response in AA patients is still intact.




Figure 4 | B-cell subpopulation within the peripheral blood. (A) Relative and absolute numbers of transitional and naïve mature B-cells in AA patients compared to healthy donors (HD). (B) Relative and absolute number of natural effector, memory B-cells and plasmablasts. Data were compared using the Mann-Whitney U test. After multiple testing correction using the false discovery rate (FDR) no significant differences were observed. DN, double-negative; MZ, marginal zone.



The transitional B-cells of AA patients were the only subset with a trend towards reduction in both absolute numbers and relative values compared to the donors (Figure 4). When comparing to age-specific references, five of these patients exhibited absolute numbers below the normal range (Supplementary Table S3) (23).




3.6 Absence of transitional B-cells seems independent of bone marrow precursor B-cell development

As transitional B-cells are early emigrant cells from the bone marrow, flow cytometry analysis was performed on BMMCs to determine whether these abnormal cell counts were due to aberrant precursor B-cell development. The bone marrow composition revealed significantly decreased percentages of progenitor cells, myeloid cells, erythroid cells, B-cells and significantly increased percentages of T- and NK-cells (Supplementary Figure S6). However, higher levels of blood contamination due to hypoplastic bone marrow in AA patients might partly explain the increased T- and NK cell percentages (Supplementary Table S4).

To overcome the limitation of blood contamination, only B-cells known to be exclusively present in the bone marrow were analyzed first (precursor B-cells). These included pro B, pre B I, pre B II and immature B-cells. In general, significant lower pre B I, pre B II and significantly higher immature B-cells were observed in patients (Supplementary Figure S7). Although absolute counts in AA patients were likely further skewed due to their hypocellular bone marrow, there was no block in precursor B-cell development that could explain the absence of transitional B-cells in peripheral blood (Figure 5). Of patients 1 to 5, who all lacked transitional B-cells in peripheral blood, patients 4 and 5 had a normal precursor B-cell development in bone marrow. Patients 6 and 7 had normal numbers of transitional B-cells in blood, but in patient 7 no pro B and pre B I cells could be detected, which was also seen in patient 1 (Figure 5).




Figure 5 | B-cell development in bone marrow and peripheral blood. Each bar represents one individual. BM, bone marrow; PB, peripheral blood; DN, double-negative; MZ, marginal zone.



In bone marrow samples, mature B-cells (i.e., non-precursor B-cells) are present mainly because of peripheral blood contamination. The percentage of these so-called “bone marrow mature B-cells” in AA was comparable to the healthy donor samples. Within this bone marrow mature B-population, the transitional B-cells were also relatively reduced in AA compared to the donors (Supplementary Figure S7). The combined data show that transitional B-cells are strongly reduced in AA, despite complete bone marrow precursor B-cell development until the immature B-cell stage. In addition, about half of the AA patients had a remarkable reduction in pro-B cells and pre-B-I cells.




3.7 A shift towards more precursor B-cells and less CD34+ progenitors in a subgroup of AA patients

Dimensionality reduction (UMAP) and FlowSOM clustering were performed on the CD34+ progenitors and precursor B-cells (Figure 6A; Supplementary Figure S8). In total, 20 clusters were identified, each representing a unique phenotype (Table 3). The clusters on the lower right (cluster 15-20) represented the CD34+ progenitors and clusters on the left part (cluster 1-3 and 4-14) of the UMAP the precursor B-cells which were positive for CD19, CD10 and had a gradual increase in the expression of cyIgM. In patient 1, 2, 3 and 7, the distribution in percentages of CD34+ progenitors and precursor B-cells was shifted towards more CD34- precursor B-cells and less CD34+ cells as compared to the healthy donors (Figure 6A; Supplementary Table S5).




Figure 6 | Analysis of CD34+ progenitors and precursor B-cells. (A) UMAP and FlowSom clustering of CD34+ progenitors and precursor B-cells, based on all fluorochrome conjugated markers except the live/dead marker, CD10, CD15, CD38 and IgD. An equal number of cells per group (HD vs AA) was included in the analysis, resulting in a minimum of 2.168 and a maximum of 52.376 events per sample. (B) A heatmap based on median expression levels and proportions of each individual CD34+ cluster. Patients 1 and 3 were excluded due to an insufficient number of events.




Table 3 | Definitions of CD34+ progenitors and precursor B-cell clusters.



In depth analysis of progenitor cells was performed by selecting only the CD34+progenitor cells (Figure 6B). Patients 1 and 3 were excluded from analysis due to an insufficient number of events. Interestingly, patient 5 clustered with the healthy donors, indicating no aberrant distribution in CD34+ progenitor cells. For all other AA patients, differences in distribution could be observed compared to healthy donors. Cluster 15, characterized mostly by late granulocyte-macrophage progenitors (GMPs) and some GMP + lymphoid-primed multipotent progenitors (LMPPs) and erythro-myeloid progenitors (EMPs), represented 27.5 to 39% of CD34+ cells in these patients, as compared to a mean of 5.6% in healthy donors. Only 2.7 to 9.6% of these patients’ CD34+ cells were represented by cluster 17, defined as multipotent progenitors (MPPs), GMP+LMPP and some pro B, as compared to a mean of 32.2% in healthy donors. Cluster 18, characterized by EMPs and some MPPs, was also reduced in this subgroup of patients, with a proportion of 0 to 1.3%, compared to a mean of 7.9% in healthy donors. Together, these results indicate a shift from CD34+ progenitors towards precursor B-cells in AA patients compared to healthy donors.





4 Discussion

Although the widely accepted hypothesis states that AA is caused by immune dysregulation or auto-immunity, the exact mechanism is still not fully understood. As part of the current standard diagnostic pathway for pediatric patients with BMF, we frequently observed lower peripheral NK- and B-cell counts in pediatric AA patients. Interestingly, this observation was not only true in comparison to healthy controls but also when compared to pediatric patients with constitutional hypoplastic BMF such as in telomere biology disorders (TBD), NK- and B-cell counts were frequently decreased in peripheral blood (3). Therefore, in this study, we aimed to investigate the presence and characteristics of NK- and B-cells in peripheral blood and bone marrow of pediatric AA patients in comparison to age-matched healthy bone marrow donors.

We categorized pediatric patients as AA if patients were healthy until the onset of BMF, unexposed to cytotoxic drugs or radiation and if other known causes of BMF, mainly inherited bone marrow failure syndromes (IBMFS) and (pre)malignant conditions, were excluded. In parallel to adult patients with acquired/immune AA, this category of pediatric patients might suffer from an auto-immune driven process affecting healthy hematopoiesis. In immune AA, the most hypothesized disease mechanism includes a viral infection driven T-cell attack towards the hematopoietic stem cell, although the initiating antigenic target for this immune response remains elusive. In addition, ineffective inhibition of the T-cell response by regulatory cells and cytokines maintaining immune dysregulation, auto-immunity and micro-environmental marrow inflammation have been proposed to facilitate the disruption of hematopoiesis in these patients (24).

In this study, we focused on a potential role for NK- and B-cells in pathogenesis. We observed a reduced absolute number of NK-cells in peripheral blood of all patients. However, the considered immunoregulatory CD56bright NK-cell subset (25, 26) was enriched in three patients (1, 6 and 7) and even normal absolute CD56bright counts were detected in two of them. After HSCT, which is like AA also an inflammatory setting, absence of T-cells is associated with expansion of CD56bright NK-cells (27). Therefore, the expansion of the CD56bright NK-cells might be a result of the low T-cell numbers, as observed in patient 1 and 6. The loss of CD45RA on this subset suggests that these NK-cells are activated. Accordingly, in the blood of both multiple myeloma patients and HSCT recipients a similar loss of CD45RA was observed (28). However, in spite of normal degranulation, IFN-γ production and perforin expression were reduced in this specific patient subgroup, suggesting the function of NK-cells to be impaired. Interestingly, the observed reduction in NK-cell function was not limited to the CD56bright NK-cells. Impaired NK-cell activity has been reported in multiple auto-immune diseases, including multiple sclerosis (MS) (29), systemic lupus (SLE) (30), rheumatoid arthritis (RA) (31) and adult AA (12, 32, 33). Overall, these results imply that diminished NK-cell function in a subgroup of AA patients might underly the auto-immunity. Importantly, degranulation, IFN-γ production and intracellular perforin of AA patients with reduced CD56bright NK-cell counts (patient 2, 3, 4 and 5) were within the range of healthy controls. Of note, NK-cells were found to be relatively increased in the bone marrow. Additional analyses are required to pinpoint the exact role and cellular interactions of NK-cells in pediatric AA.

In our pediatric AA cohort, the absolute numbers of B-cells were reduced in peripheral blood, which concerned all B-cell subsets. Although a greater sample size is required to confirm the observation, the trend towards reduction or even absence of transitional B-cells was remarkable and in line with a previous study in adult AA (13). Transitional B-cells are regarded as the intermediates between bone marrow precursor-B and peripheral naive mature B-cells. However, this population is also suggested to contain B-regulatory cells (Bregs), which have specific B-cell receptor repertoire characteristics outside the trajectory of gene loss or gain between precursor B - naive mature stages (34). Reduction of these Breg cells in AA was previously hypothesized to be involved in defective inhibition of auto-reactive T cells (13). Interestingly, even in AA patients with normal distribution of precursor B-cell stages in the bone marrow, the transitional compartment was reduced, suggesting a partial differentiation failure from immature to transitional B cells or selective loss, as naive B-cells were not reduced. It might be that the specific reduction of Bregs contributes to the development of AA. However, in depth functional investigations on the normal role of Bregs are necessary to determine whether this phenomenon indeed contributes to the pathogenesis in AA and if Bregs can be used as diagnostic or prognostic markers in immune AA.

Furthermore, in depth analysis of the bone marrow CD34+ progenitors and precursor B-cells revealed a shift from CD34+ progenitors towards more precursor B-cells in a subgroup of AA patients as compared to the healthy donors. Reduced CD34+ progenitor cells are a hallmark of AA, but it is remarkable that the B-cell lineage remains relatively unaffected in comparison to the myeloid lineages, which are completely absent or destroyed. This might be partly explained by a difference in cellular turnover between the lineages. Further research is necessary to better understand this observation.

Although patients in this study were selected after exclusion of constitutional BMF syndromes to increase the probability of an underlying immune based disease mechanism, we were intrigued by the identification of a germline VUS in 3 out of 7 patients in BMF related genes (SAMD9, SAMD9L and RPS24) and a pathogenic BRCA1 mutation in another patient. Despite the lack of evidence for the pathogenicity of these variants, especially the SAMD9 and RPS24 mutations might suggest a predisposing role for the development of AA. Comparable observations were reported for TERC, TERT, and SLX4 variants of unknown significance predisposing or causing AA (35). Hypothetically, these variants might not be pathogenic as a single factor causing BMF as compared to other known pathogenic SAMD9 and RPS24 mutations in IBMFS but might render patients more susceptible to BMF within a multifactorial disease mechanism. Functional studies are essential to provide additional information on whether these variants predispose patients to AA by intrinsic increased HSC vulnerability to inflammation, increased T-cell auto-reactivity directly or via accumulation of additional somatic mutations and/or reduced inhibitory potential of the regulatory immune cells (24).

Limitations of this study include low patient numbers and low numbers of bone marrow cells to study and quantify findings due to hypocellularity of the bone marrow.

Pediatric immune AA patients may be successfully treated by IST to avoid risks of HSCT. However, diagnostic markers to identify immune AA and prognostic markers to predict IST response are required to personalize treatment. Therefore, high-dimensional single-cell studies in larger homogeneous patient cohorts are crucial for the identification of disease-causing events that could serve as targets for therapy.
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Graves’ disease is the leading cause of autoimmune hyperthyroidism. Thyroid hormones are an essential element of the endocrine system, playing a pivotal role in the body’s development, especially important in children with intensified growth. Disturbance within thyroid tissue certainly affected the whole body. Nowadays, numerous research studies indicate different factors contributing to the onset of the disease; however, the exact pathomechanism of Graves’ disease is still not fully understood, especially in the context of immune-related processes. Th1, Th17, and Th22 effector lymphocytes were found to be crucial participants in the disease outcome, as well as in autoimmune diseases. Here, our study aimed at assessing selected effector T lymphocytes, Th1, Th17, and Th22, in newly diagnosed pediatric Graves’ disease patients, together with their association with thyroid-related parameters and the potential outcome of disease management. We indicated significant increases in the frequencies and absolute numbers of selected effector lymphocytes in Graves’ disease patients. In addition, their mutual ratios, as well as Th1/Th17, Th/Th22, and Th17/Th22, seem to be significant in those diseases. Notably, low Th17/Th22 ratio values were distinguished as potential prognostic factors for normalizing TSH levels in response to methimazole treatment. To sum up, our research determines the crucial contribution of Th1, Th17, and Th22 cells in the pathogenesis of Graves’ disease. Moreover, the mentioned subset of T cells is highly likely to play a substantial role in the potential prediction of therapy outcomes.
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GRAPHICAL ABSTRACT 






Introduction

Graves’ disease (GD), an autoimmune thyroid disease (AITD), is the leading cause of hyperthyroidism in the adult population (1). Pediatric GD constitutes approximately 5% of all GD cases, with prevalence gradually increasing with age (2). Disturbance within thyroid tissue is associated with autoimmune processes; however, its clinical manifestations can affect the whole body. Dominant symptoms of GD are associated with the systemic excess of thyroid hormones, including inter alia: tachycardia, goiter, neck swelling, and exophthalmos (3). First-line therapy is based on the administration of methimazole/thiamazole to counteract the increased release of thyroid hormones, with doses strictly dependent on the disease’s advancement and severity (2, 4, 5). The pathogenesis of the disease results from autoimmune reactions, with genetic, epigenetic, and environmental factors affecting GD outcome and development. Mutation of TSH receptor gene (TSHR), leading to incorrectly built protein receptors and concomitant autoantibody production, was one of the first gene-related autoimmune backgrounds of GD (6). Recent studies indicated the crucial role of five alleles that are more frequent in patients with GD, class I human leukocyte antigen (HLA I B8 and Cw7) and class II (HLA II DQ2, DR3, and DR4), affecting inter alia elevated fT3 concentrations (7, 8). Despite the discovery of numerous factors contributing to the onset of autoimmune response, the knowledge on the sophisticated net of immune-mediated processes is still scarce.

Lymphocytes expressing CD4 (helper T cells) are significant orchestrators of immune reactions, modulating other cells’ activity through a wide range of released cytokines. In reference to autoimmunity, Th1 lymphocytes, differentiated via stimulation with IFN-gamma and IL-12, can activate macrophages and cytotoxic lymphocytes damaging the thyroid tissue. Moreover, the secretion of Th1-related cytokines like IFN-gamma and TNF-alpha can inhibit the growth of thyrocytes and reduce the binding of iodine to thyroglobulin (9, 10). Previous research demonstrated elevated values of Th1 cytokines in the serum of thyroid-associated active orbitopathy patients (11). In addition, the lack of helper T cells’ balance, especially Th1/Th2, has been reported as another factor contributing to the pathogenesis of GD. Unfortunately, currently available data do not describe the exact mechanism of these subsets’ relation to the GD course and outcome in pediatric patients (12, 13).

Secretion of IL-17 cytokine (mainly an IL-17A) is a crucial feature of the effector Th17 lymphocytes, demonstrating supportive action in the immunity via mobilization of innate and acquired response cells (14). Thus, IL-17-producing cells exert effects that contrast with the regulatory T cells (Tregs) responsible for self-tolerance development and immunosuppression. The disturbed balance of the Th17/Treg interactions has been reported in various autoimmune disorders, including GD, type 1 diabetes, and rheumatoid arthritis (15–19). To date, a few studies have indicated increased levels of Th17 cells in the peripheral blood of GD patients and their participation in orbitopathy (20–22). More recent studies revealed that methimazole-related euthyreosis was accompanied by decreased values of Th17 frequencies in adolescent patients (23).

Although relatively less studied, a subpopulation of effector T cells producing IL-22 (Th22 lymphocytes) has already been shown as a participant in the outcome of autoimmune diseases, also including GD (20, 24–26). To date, conducted studies indicated complicated aspects associated with unambiguous determination of the IL-22 role, as either pro- or anti-inflammatory factor. Nevertheless, IL-22 is predominantly described as one of the main components of the innate immune responses regulating epithelial barrier function. In psoriasis patients, it can stimulate the hyperplasia of epithelium. Moreover, together with IL-17, it can induce proinflammatory processes within bronchial epithelial cells (27). Differentiation and activation of Th22 cells occur within inflamed tissues, with a substantial contribution of IL-6 and TNF-alpha. Besides inflammation-related features, IL-22-producing lymphocytes have demonstrated potential in regenerating and protecting epithelial cells (28). Proper activity of Th22 lymphocytes is essential as their excessive expansion was found to be associated with rheumatoid arthritis, ankylosing spondylitis, and other autoimmune diseases (29, 30).

Thyroid hormones are an essential element of the endocrine system, playing a pivotal role in the body’s development, especially important in children with intensified growth processes. Despite increasing interest in AITDs, there are substantial knowledge gaps regarding the precise influence of the immune cells on inflammatory events. Notably, the previously known cell subpopulations of lymphocytes are constantly being modified. Still, new subpopulations that can significantly impact the pathomechanisms of immune-related diseases were discovered. Our study aimed to evaluate selected effector T lymphocytes, Th1, Th17, and Th22, in newly diagnosed pediatric patients with GD. We additionally determined how therapy with methimazole affects those subpopulations. Most importantly, we established an association between tested lymphocytes and thyroid-related parameters, together with their contribution to the outcome of GD management.





Materials and methods




Patient group characteristics

The study was performed in a group of 22 newly diagnosed GD pediatric patients hospitalized in the Clinical Department of Pediatric, Endocrinology, Diabetology with Cardiology Division University Children’s Teaching Hospital in Bialystok and 31 age- and sex-matched healthy control groups without any autoimmune, inflammatory diseases. Patients were treated with methimazole using an adaptive titration regimen, at an initial dose of 0.3–0.6 mg/kg/day in combination with propranolol at 0.5–1.0 mg/kg/day. Peripheral blood (2.7 mL of EDTA-K2 venous blood) was collected at three time points in therapy: before treatment (Time 0), after 3 months (Time 1), and after 12 months (Time 2). Levothyroxine was included in the case of hypothyroidism. Patients were compliant based on the clinical manifestation of GD and results of biochemical parameters such as level of thyrotropin (TSH), free thyroxin (fT4), and free triiodothyronine (fT3). Additionally, the autoantibodies’ anti-receptor for TSH (TRAb) was measured to determine the autoimmune based on hyperthyroidism. The clinical description of analyzed patients is presented in Supplementary Figure 1. The local bioethical committee approved the research protocol for the investigation at the Medical University of Bialystok (APK.002.78.2021).

Peripheral blood mononuclear cells (PBMCs) were obtained using density gradient centrifugation with Pancoll (1.077 g/L, Pan Biotech, GmbH, Aidenbach, Germany). PBMC fraction was subsequently washed with PBS without sodium and magnesium (phosphate-buffered saline without Ca2+ and Mg2+; Corning). In the final part, cells were suspended in the cryoprotectant 10% DMSO (Sigma-Aldrich, St. Louis, MO, USA) in FBS (fetal bovine serum, PAN Biotech GmbH, Aidenbach, Germany) and stored in liquid nitrogen until the whole study group’s samples were collected.





Flow cytometry

After rapid thawing, cells were resuspended in the RPMI 1640 culture medium with 10% FBS and centrifuged per 10 min at 400g. Further assessment was followed by counting the cells and confirming their viability. PBMCs were counted on the Bürker chamber using the 0.4% trypan blue solution to determine the amount and viability of cells simultaneously. Only samples containing 95%–100% of viable cells were included in the further assessment. Flow cytometric evaluation of Th1, Th17, and Th22 lymphocytes was performed on 500,000 cells, which were subjected to a 5-hour stimulation with Leukocyte Activation Cocktail containing brefeldin A (BD Pharmingen) at 37°C to enhance the efficiency of intracellular cytokine detection. After incubation, cells were washed with PBS and prepared for fluorometric staining. Firstly, we added a monoclonal antibody to determine CD4 lymphocyte surface markers anti-CD4 FITC (clone RPA-T4). After incubation, unbound antibodies were washed with the PBS solution. Furthermore, to determine intracellular cytokine secretion, we performed permeabilization (Permeabilization Buffer 2, BD Bioscience). The rest of the perm buffer was washed again to allow the staining procedure: anti-IFN-gamma PE-Cy7 (clone B27), anti-IL-17A PE (clone SCPL1362) (BD Bioscience), and anti-IL-22 APC (clone 2G12A41) (BioLegend). The final incubation of cells was followed by twice washing with PBS and fixation of cells using the CellFix Buffer (BD Pharmingen) and stored shortly at +4°C until acquisition. Data were collected using the FACS Calibur flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA) and subsequently analyzed by FlowJo® software (Tree Star Inc., Ashland, OR, USA).

Lymphocytes were determined based on the morphology: size [forward scatter (FSC)] and granularity [side scatter (SSC)], and further CD4+ surface marker presence. Subsequent determination of the mentioned subsets of lymphocytes was based on the positive expression of intracellular markers: IFN-gamma+ for Th1 lymphocytes, IL-17A+ for Th17, and IL-22+ for Th22. Data were presented as a frequency of CD4+ lymphocytes and an absolute number of cells (based on the positive events and normalized in the context of 500,000 cells per test, constant suspension buffer, and acquisition speed, volume, and time). Representative gating strategies with implemented controls are included in Supplementary Figure 1.





Statistical analysis

Statistical assessment of obtained data was performed with GraphPad Prism 9.0 statistical software (GraphPad Prism Inc., San Diego, CA, USA). Firstly, we evaluate the presence of Gaussian distribution of the data. Owing to the lack of it, a nonparametric Mann–Whitney U test was applied to compare differences between groups. Moreover, the Wilcoxon test was used for the determination of statistically significant changes in the course of methimazole treatment of pediatric patients with GD. The graphs presented results as median values with interquartile range (IQR). Assessment of the correlation between analyzed parameters was performed with a nonparametric Spearman correlation test. Data were presented as coefficient values (R-value), and asterisks indicated significance. The following grouping in the context of data strength evaluation was applied: weak (r = 0.20–0.39), moderate (r = 0.40–0.59), strong (r = 0.60–0.79), and very strong (r = 0.80–1.00). Significance level was determined at a p-value of 0.05 (p = 0.05), and differences were indicated with asterisks or exact p-values: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






Results




Initial Th1, Th17, and Th22 lymphocyte levels in Graves’ disease pediatric patients

Firstly, we indicated statistically significant differences between frequencies of Th1, Th17, and Th22 lymphocytes in newly diagnosed GD pediatric patients compared to a healthy control group (HC). In all mentioned subsets of effector T cells, we emphatically determine enhancement values of cells in GD patients. The dominant population was Th1 lymphocytes producing IFN-gamma, constituting our patients’ most significant percentage of CD4+ lymphocytes. Furthermore, we determine the elevated frequencies of lymphocytes simultaneously secreting IFN-gamma and IL-17A (IFN-gamma+IL-17A+), IFN-gamma and IL-22 (IFN-gamma+IL-22+), and IL-17A and IL-22 (IL-17A+IL-22+). Similar to the conventional subsets, we also observed increased frequencies in GD patients (Figure 1A). Additionally, changes in the frequency of CD4+ lymphocyte levels were confirmed by assessing the absolute numbers of cells in all the mentioned populations. Here, we also determine that the most significant subpopulations are Th1 lymphocytes. Interestingly, the absolute number of cells secreted by IL-22 was definitely increased in the case of GD patients. In the HC group, negligible levels can indicate the crucial role of Th22 in the onset of GD in pediatric patients (Figure 1B). In further assessment, we evaluate the changes in the mutual ratios of the mentioned subsets of effector T cells. Interestingly, we did not observe any statistical changes in the Th1/Th17 ratio. Its level seems identical in both rated groups (GD and HC). Furthermore, considering changes in the Th1/Th22 ratio, we observed that in the HC group, that ratio estimates significant increases compared to GD. Moreover, we also analyzed the Th17/Th22 ratio, which followed a similar tendency but with a substantial enhancement of the importance of observed changes (Figure 1C).




Figure 1 | Analysis of differences in Th1, Th17, and Th22 levels between Graves’ disease (GD) patients and the healthy control (HC) group. Data (median values with min to max range) are presented as the frequency of studied populations within CD4+ lymphocytes (A), absolute cell numbers (B), and mutual ratio of cells (C). The significance levels are indicated with asterisks or exact p-values: *p < 0.05; ***p < 0.001; ****p < 0.0001.







Changes in Th1, Th17, and Th22 lymphocyte subsets during methimazole-based management of Graves’ disease pediatric patients

To precisely describe the effect of methimazole on Th1, Th17, and Th22 lymphocyte subpopulations, we assessed their changes throughout therapy, before the implementation of methimazole (Time 0), after 3 months of use (Time 1), and after 12 months of treatment (Time 2). The most responsive population to the applied drug was the secreting IFN-gamma Th1 cells. Since treatment induction, we have observed gradual decreases in the frequency of IFN-gamma+ cells. Moreover, we observed a slight rising trend in Th17 lymphocytes until the 3rd month of treatment, which is normalized at the 12th month of therapy. Importantly, we determined an increasing percentage of IL-22+ lymphocytes (Th22) while simultaneously gradually decreasing its values in long-term treatment (12 months). Further observation was followed by a systematic reduction in frequencies of subsets simultaneously secreting IFN-gamma and IL-22 (IFN-gamma+IL-22+). However, lymphocytes with co-secretion of IL-17A and IL-22 (IL-17A+IL-22+) do not seem to change their frequencies during the methimazole treatment (Figure 2A). Considering the changes in frequency levels, we also evaluated the change in the absolute number of cells during the methimazole treatment. Similar to the previous values, we noticed the same trend of changes with its intensification in the case of Th22 cells. We observed a statistically significant decrease in the absolute values of IL-22+ cells during the course of the therapy. Furthermore, the amount of Th17 did not seem to change significantly during treatment, and values of IFN-gamma+ cells presented a similar decreasing tendency, similar to the percentage values. Comparable changes were observed when analyzing absolute numbers of lymphocyte subsets secreting selected cytokines (Figure 2B).




Figure 2 | Effects of therapy on Th1, Th17, and Th22 T-cell populations during Graves’ disease management. Data (median with interquartile range) were analyzed as frequency changes of studied populations (A) and absolute cell numbers (B). The significance levels indicated with asterisks or exact p-values: *p < 0.05; **p < 0.01.







Influences of methimazole treatment for mutual association with Th1, Th17, and Th22 parameters with thyroid function parameters

Assessing the correlations of thyroid parameters with lymphocyte subpopulations Th1, Th17, and Th22 allowed us to observe a positive association between immune parameters and fT3 at admission time. Moreover, we determined a statistically significant positive correlation between the frequency of IL-17A+ and IL-22+ lymphocytes with fT3 values in moderate strength. Simultaneously, TSH and the TRAb autoantibodies’ values present mainly negative correlations with immune-related parameters. It is worth noting that during the determination of the association of the ratio of lymphocyte populations, we observe a total reversal of the observed tendency. The Th1/Th22 ratio positively correlates with TSH in moderate strength. The most significant negative correlations we observed were in the case of fT3, while both Th1/Th17 and Th1/Th22 ratios determined a strong negative association with fT3 values. Furthermore, TSH-R autoantibody (TRAb) values correlate negatively with all immune-related parameters, which is estimated to have the highest strength with the frequency of IFN-gamma+ cells.

The therapy approach intensified the previously established negative correlation between fT4 and IFN-gamma+ cells. Moreover, the frequency of IFN-gamma+ cells also correlated positively with the fT3/fT4 ratio and TRAb values with slight tendency of statistical significance. Interestingly, various negative correlations between immune-related parameters and fT3 values determined before the applied treatment were diminished during therapy. However, moderate-strength negative correlations were noted with immune parameters and the fT3/fT4 ratio. Purely absolute numbers of IFN-gamma+ cells correlate with the fT3/fT4 ratio positively and also with moderate strength. Notably, we indicated an influential association with statistical significance between the absolute numbers of IFN-gamma+ cells and TRAb values. Single positive correlations between the immune-related parameters and the TRAb were determined during treatment. Notably, Th1/Th17 and Th1/Th22 cell ratios presented a negative association with fT4 and correlated positively with the fT3/fT4 ratio and TRAb values (Figure 3).




Figure 3 | Graphical presentation of correlations between Th1, Th17, and Th22 T cells and thyroid function-related parameters at admission and after therapy. Heatmaps demonstrate r values with exact values and color indicating strength subgroup. The following grouping in the context of data strength evaluation was applied: weak (r = 0.20–0.39), moderate (r = 0.40–0.59), strong (r = 0.60–0.79), and very strong (r = 0.80–1.00). The significance levels are indicated with asterisks or exact p-values: *p < 0.05; **p < 0.01.







Monitoring the thyroid-related parameters associated with initial Th1, Th17, and Th22 levels during Graves’ disease therapy

Considering the probable impact of the initial values of immune cells on the course of treatment, we determined how the initial Th1, Th17, and Th22 frequencies affect the achievement of therapeutic effect when using methimazole. Stratification was based on the median value of Th1, Th17, and Th22 cell frequency within patient groups: low values are below the median, and high values are above the median. Firstly, we obtained normalization of TSH values in patients with an initially lower Th1 lymphocyte frequency, in contrast to subjects with increased Th1 cells, where TSH levels remained unchanged. On the other hand, initially, high percentages of Th17 and Th22 lymphocytes were determined with a statistically significant increase in TSH secretion during therapy. However, observed low frequencies of the mentioned effector T cells resulted in a lack of normalization of the TSH level during treatment. Interestingly, we observed statistically significant differences between low/high frequencies of Th22 based on the TSH values obtained after treatment (Figure 4A). Further assessment of the influence of the number of cell subsets depending on the initial low/high level of Th1 lymphocytes shows that the precursory percentage of cells did not significantly affect fT4 and fT3 values. Moreover, during therapy, both subgroups were characterized by a regular decrease in fT4 and fT3, achieving statistically significant decreases and normalization to the reference range level. Nevertheless, statistically significant changes in fT4 and fT3 levels were observed depending on the pre-treatment frequency of Th17 or Th22 lymphocytes in patients. Moreover, both analyzed subsets showed significantly increased fT4 levels, but we observed a substantial reduction in fT4 and fT3 values (back to the reference range) during the therapy approach. In addition, in patients with initially lower lymphocyte values, we observed decreases in fT4 and fT3 during methimazole treatment (Figures 4B, C). Finally, we also assessed changes in TRAb levels in the context of initial frequencies of effector T cells. Surprisingly, we observed significant differences in the level of TRAb depending on the increased or decreased percentage of Th1 lymphocytes. Patients with initially lower levels of Th1 lymphocytes were characterized by higher levels of TRAb, which further systematically decreased during therapy, reaching levels corresponding to lymphocytes with higher percentages. Increased frequencies of Th17 and Th22 lymphocyte values at admission time corresponded with higher TRAb levels, which were subsequently accompanied by an effective decrease after methimazole treatment (Figure 4D).




Figure 4 | Analysis of changes in thyroid function-related parameters, including stratification of tested lymphocyte populations into patients with a low or high frequency of Th1, Th17, or Th22 T cells. Differences in response were analyzed in the context of TSH (A), fT4 (B), fT3 (C), and TRAb (D). Data are presented as median with interquartile range. The significance levels are indicated with asterisks or exact p-values: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.







Predictive value of selected lymphocyte subsets in evaluating the effectiveness of therapy in the course of the management of pediatric subjects with Graves’ disease

Finally, we determined the potential predictive values of selected immune-related parameters in establishing the outcome of GD therapy. For this point, we considered two of the most important clinical parameters in clinical outcomes for the effectiveness of therapy: TSH and fT4. As a normalization range, we established the reference values of selected parameters TSH (0.32–5.0 mIU/L) and fT4 (0.71–1.55 ng/dL). We observed that patients with increased frequencies of Th1 lymphocytes at the initial stage have a higher risk of maintaining the TSH reference value after applied therapy. On the other hand, patients with increased values of Th17 frequencies were determined to have a low risk of failure to obtain an average TSH value (Figure 5A). We also assessed if increased/decreased values of effector T cell ratio impact therapy success. We evaluated patients with initially elevated ratios of Th1, Th17, and Th22, followed by a higher risk of maintaining the normal range of TSH after therapy, compared to those with initial lower frequencies (Figure 5B).




Figure 5 | Risk assessment of selected Th1, Th17, and Th22 parameter values for prevalence therapy, frequency of selected lymphocytes (A) and their mutual ratios (B). Normalization was achieved based on the selected parameters' normal ranges: TSH (0.32-5.0 mIU/l) and fT4 (0.71-1.55 ng/dl). The significance levels was indicated with  exact p values.








Discussion

GD is an organ-specific disease characterized by the failure of self-tolerance mechanisms leading to autoaggressive immune reactions (31). To date, a considerable amount of attention was paid to the B-cell response due to the reported increased production of autoantibodies influencing thyroid tissue. Induced thyroid hormones can stimulate the overexpression of BAFF-activating factors in macrophages, leading to their polarization and activation of B cells. This leads to the lymphocyte differentiation into plasma cells and the development and progression of GD. In accordance, there is a mutual dependence between hormonal and immunological factors contributing to the pathogenesis of autoimmune diseases, including GD (32–34). Noteworthy phenomena in this condition are not limited to the B cells, with T lymphocytes reported as potentially immunomodulating B lymphocytes and, consequently, increasing antibody production (35, 36). Relatively newly discovered subpopulations of effector T lymphocytes, namely, Th17 and Th22, have recently been in the spotlight of the scientific community (27, 37). The manifestation of the disease is undoubtedly associated with infiltration of the thyroid tissue with immunocompetent cells, both B and T cells predominantly (38). Here, we focused on revealing the contribution of Th17 and Th22 subpopulations of T lymphocytes to the disturbance of thyroid function accompanying GD.

At the initial stage of our investigation, we found that GD patients are characterized by a significant increase in values of Th1, Th17, and Th22 effector T cells, compared to HC, both in absolute numbers of cells and their frequency within CD4+ Th lymphocytes. Similarly, Torimoto et al. demonstrated a substantially elevated frequency of Th1 and Th17 lymphocytes in newly diagnosed GD adult patients. Furthermore, a clinical association between the GREAT (Graves Recurrent Events After Therapy) classification and Th1 and Th17 lymphocyte activity levels was presented. It has been shown that a higher frequency of Th17 lymphocytes correlates significantly with the advancement of the pathological process according to the GREAT classification (21). Another group also showed higher Th17 and Th22 cell values in adult subjects with GD, but with no changes in the Th1 subset. The reported changes were additionally supported by concomitant increases in related plasma cytokines, IL-17 and IL-22, respectively, indicating a strong positive correlation between the number of Th17 and Th22, suggesting mutual contribution to the thyroid inflammation (20). This is in agreement with our data showing the most significant changes in the Th17-to-Th22 ratio in pediatric subjects. In addition, we demonstrated dominance of the changes in Th22 over Th17 cells, leading to a decline in Th17/Th22 ratio compared to the HC group. It is worth noting that apart from the blood compartment, increased infiltration of Th17 and Th22 lymphocytes was previously found in thyroid tissue samples from patients with AITDs—GD and Hashimoto thyroiditis (26). The observed phenomenon seems to be age-dependent, as in the study of Song et al., significant elevation of T lymphocyte subsets was exclusively shown only in case of Th22 cells, but the investigation involved only adult GD patients. No changes were found in reference to the IFN-gamma+ (Th1) and IL-17A+ (Th17) T-cell subpopulations. An important addition to our study is the fact that participation of the Th22 cells in thyroid dysfunction was attributed predominantly to the hyperthyroidism related to GD and not hypothyroidism associated with other autoimmune conditions such as Hashimoto (39).

The pharmacological management of hyperthyroidism, involving the use of methimazole (MMI), has been shown as a more convenient and efficient alternative to propylthiouracil, which is used only in several conditions in adult patients due to its hepatotoxicity (40, 41). Despite the confirmed efficacy of MMI in obtaining a euthyroid state, there are ongoing studies on that drug’s actual influence on the immunological phenomenon associated with the autoimmune thyroid dysfunctions. To date, methimazole was found inter alia to increase absolute counts of regulatory T cells (Treg) with concomitant reduction of Th17 cells in GD patients (23). Interestingly, methimazole therapy seems to have a minimal effect on levels of Th1, Th17, and Th22 lymphocyte subsets as presented here. Nevertheless, applied therapy reduced the frequency of IFN-gamma+ T lymphocytes in the first 3 months of MMI implementation. Similar effects were shown previously in adults, with a significant decrease in activated Th1 lymphocytes at approximately 6 months of methimazole therapy. Notably, we showed that those effects regarding IFN-gamma-secreting lymphocytes occur during the first 3 months of MMI use, with their normalization at later stages of the therapy. Regarding Th17 cells, this subset of lymphocytes showed no response to the methimazole, as presented in our data (21). Furthermore, IL-22+ T cells showed a tendency for lower absolute numbers after 1 year when compared to the third month of therapy. There are no other data available on Th22 response to MMI in the management of hyperthyroidism. We presume that long-term monitoring of patients might be required to reveal potentially more substantial variations in the tested T-cell populations. This assumption results from the fact that the efficiency of the methimazole therapy (based on the remission rates) gradually increased with years of GD management, from approximately 24% after 1.5–2.5 years to even 75% remission rates after 9 years of the therapy (5). In addition, confirmed participation of Th22 and Th17 cells in the GD outcome might require evaluating its contribution to the other effects associated with MMI application. This includes, among others, the protective influence of methimazole on Treg, which is affected by radioactive iodine (RAI) therapy and causes worsening of the autoimmune reactions (42).

A subset of Th17 cells was demonstrated to exert substantial influence on the severity and duration of the autoimmune thyroid disorders in adult subjects. The involvement of Th17 cells proved to be equally important in the context of orbitopathy occurrence. Th22 lymphocytes seemed to correlate with the level of TRAb antibodies but did not affect the duration of the disease, onset of orbitopathy, or the response to treatment with anti-thyroid drugs (26). Here, the correlation of data obtained at the admission time revealed some crucial associations between tested subsets of lymphocytes and thyroid-related parameters. We showed a close-to-strong positive association between Th17 or Th22 lymphocytes and fT3 level. This is partially in agreement with assessments performed on adult patients. GD subjects showed a weak/moderate positive association of Th17 cells with fT3, as well as fT4, TRAb, and thyroid lobe size (21). Notably, Th1 with Th17 or Th22 ratios correlated negatively with the active form of the thyroid hormone. At the same time, the Th1/Th22 ratio showed a moderate positive correlation with TSH values. Interestingly, no significant associations were demonstrated between tested lymphocyte subsets and TRAb, with moderate negative correlation within subsets expressing IFN-gamma. In contrast, a recent study revealed significant correlations between the percentage of Th17 and Th22 lymphocytes and the level of TRAb, with data corresponding to adult patients in the Chinese population (20). Nevertheless, we showed a negative association of that parameter with the percentage of Th1 lymphocytes, with similar tendency in IFN-gamma+IL-17A+ T cells. The observed trends were reversed in response to treatment implementation. Most importantly, IFN-gamma+ T lymphocytes showed a strong positive association with the blood level of TRAb at the last point of the therapy monitoring. These results complement the above-described reduction in Th1 cells, which seems to be responsible for the concomitant decline in autoantibody values.

We found that initial frequencies of Th1, Th17, and Th22 might play a substantial role in GD patients’ response to the treatment with methimazole. Despite comparable pre-therapy levels of TSH, subjects with higher Th17 or Th22 frequency showed better response with a significant increase of the thyroid parameter. At the same time, high initial levels of those lymphocyte subsets were associated with clearly elevated fT3 and fT4. However, the more intense response of that group to methimazole was later followed by the effective reduction of those hormones. No significant differences in response were found between patients with low and high levels of Th1 cells, with comparably effective reduction of thyroid function-related hormones. Nevertheless, we might presume that higher initial Th1 is instead associated with poor response to therapy, with a complete lack of changes in TSH after the 12th month. In reference to autoantibodies, we found that patients with lower Th1 showed elevated TRAb levels, with significant reduction after therapy to the values comparable to the opposite group. Different Th22 frequencies before methimazole treatment did not influence the efficient reduction of TRAb. Interestingly, GD individuals with high initial Th17 seemed to demonstrate a better response to the therapy with more pronounced decline in those autoantibodies.

In subsequent stages of our investigation, risk assessment analysis showed that patients with higher Th1 frequencies at the beginning of therapy are associated with a higher risk of therapy failure in the context of achieving normal TSH levels on the 12th month of observation. In contrast, higher Th17 or Th22 frequencies were confirmed to contribute beneficially to better outcome prediction based on the normalization of fT4 and TSH. Moreover, our results indicate that patients with initially increased frequency of Th1 lymphocytes are noted with a higher risk of failure of MMI therapy in the context of achieving euthyroidism. However, IFN-gamma+ lymphocytes were the only subsets of effector T cells that showed a statistically significant decline during MMI therapy. Klatka et al. demonstrated an increased value of Th17 lymphocytes resulting from a disturbed balance between Tregs and Th17, which might indicate a short period of disease remission and increased possibilities of occurrences of relapses. Simultaneously, they stated the necessity of prolonging the treatment period to normalize the level of Th17 lymphocytes. In contrast, our study showed that pediatric patients with initially higher Th17 and Th22 values are characterized by a reduced risk of therapy failure, described as normalizing TSH and fT4 levels and, thus, indicating their favorable role as prognostic factors (23).

To the best of our knowledge, we have shown the assessment of Th1/Th17, Th1/Th22, and Th17/Th22 ratios in the onset and management of GD for the first time. Studies from years back showed the crucial role of mutual lymphocyte interactions in the severity of AITD but involved only the Th1/Th2 ratio and its influence on Hashimoto’s disease (38). Differential changes in selected lymphocyte subsets substantially affected the mutual ratio of those cells, namely, Th1/Th17, Th1/Th22, and Th17/Th22 ratios. We observed a reduced ratio of Th1 or Th17 versus Th22 lymphocytes in the group of GD individuals. Significant differences observed exclusively in those parameters, including the Th22 subset, indicate a crucial role of Th22 cells in the inflammatory network involved in the pathogenesis of GD. As mentioned before, noted changes are in favor of higher contribution of Th22 lymphocytes over Th17 in the pathogenesis of GD. Assessment changes in the subsets’ ratio allowed us to evaluate their influence on the clinical aspects of GD. First, we observed that Th1 with Th17 or Th22 ratios correlated negatively with the active form of the thyroid hormone—T3. At the same time, the Th1/Th22 ratio showed moderate positive correlation with TSH values. GD management with methimazole resulted in diminished association reported before therapy implementation. However, we found a tendency for correlation between Th1/Th17 or Th1/Th22 ratio and fT4 levels, presumably related to the frequency of IFN-gamma+ T cells. The previously reported correlation of Th1/Th17 and Th1/Th22 ratios with fT3, after 12 months of therapy, shifted toward their positive association with fT3/fT4 ratio. This aspect seemed to be closely linked to the Th1 values as well considering correlations involving the lymphocyte subset. Additionally, tested lymphocyte ratios were found to be more useful in predicting the normalization of TSH values than fT4. In accordance, lower ratios of Th1/Th17, Th1/Th22, or Th17/Th22 were associated with higher chances of achieving levels of TSH within the normal range after methimazole therapy. Previously described studies have only indicated a positive association between the frequency of Th17 and Th22 lymphocytes and the severity of the disease described using the GREAT or CAS score (21). Our results are the first to note an enhanced chance of achieving a positive therapeutic effect measured via normalization of the thyroid-stimulating hormone according to initially lower values of the Th17/Th22 ratio. The described effect might presumably result from the potentially protective role of Th22 cells. Nevertheless, we are aware of some limitations of our study associated inter alia with the lack of related analysis including anti-TSHR autoantibodies. Unfortunately, in subjects with clear signs of remission, based on the clinical features and laboratory basic data (TSH and fT4), assessment of that serological parameter is not commonly implemented at such an early stage of the therapy (12th month).





Conclusion

GD is an AITD and the most common form of hyperthyroidism in adult and pediatric patients. Despite numerous studies considering the influence of various factors on its pathogenesis, there is still a substantial knowledge gap on the immunological background of this condition. Th1, Th17, and Th22 effector lymphocytes were found to be crucial participants in the disease outcome. Our study indicated significant increases in the frequencies and absolute numbers of selected effector lymphocytes in GD patients. Additionally, we proposed the substantial role of the mutual ratios of Th1/Th17, Th/Th22, and Th17/Th22 cells in this condition. Interestingly, the most susceptible subpopulation of cells that responded to the MMI treatment in the first place was the Th1 subset. However, the obtained results indicate a need for extended observations to possibly report changes also in the context of Th17 or Th22 lymphocytes. Furthermore, low Th17/Th22 ratio values were found to be potential prognostic factors for normalizing TSH levels in response to the methimazole treatment. In addition, long-term monitoring of an immunological remission marker—anti-TSHR—would be essential in future studies. Cumulatively, our data indicate the crucial contribution of Th1, Th17, and Th22 cells in the pathogenesis of GD, together with their great potential in predicting therapy outcomes. Further investigation of larger study groups is of great importance in validating the value of the described immunological parameters in clinical practice. Moreover, follow-up of GD after years of therapy implementation might reveal that Th17 and Th22 lymphocytes influence its outcome through monitoring remission rates.
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Introduction

Increasing evidence from human and animal model studies indicates the significant role of microRNAs (miRNAs) in pancreatic beta cell function, insulin signaling, immune responses, and pathogenesis of type 1 diabetes (T1D).





Methods

We aimed, using next-generation sequencing, to screen miRNAs from peripheral blood mononuclear cells of eight independent Kuwaiti-Arab families with T1D affected siblings, consisting of 18 T1D patients and 18 unaffected members, characterized by no parent-to-child inheritance pattern.





Results

Our analysis revealed 20 miRNAs that are differentially expressed in T1D patients compared with healthy controls. Module-based weighted gene co-expression network analysis prioritized key consensus miRNAs in T1D pathogenesis. These included hsa-miR-320a-3p, hsa-miR-139-3p, hsa-miR-200-3p, hsa-miR-99b-5p and hsa-miR-6808-3p. Functional enrichment analysis of differentially expressed miRNAs indicated that PI3K-AKT is one of the key pathways perturbed in T1D. Gene ontology analysis of hub miRNAs also implicated PI3K-AKT, along with mTOR, MAPK, and interleukin signaling pathways, in T1D. Using quantitative RT-PCR, we validated one of the key predicted miRNA-target gene-transcription factor networks in an extended cohort of children with new-onset T1D positive for islet autoantibodies. Our analysis revealed that hsa-miR-320a-3p and its key targets, including PTEN, AKT1, BCL2, FOXO1 and MYC, are dysregulated in T1D, along with their interacting partners namely BLIMP3, GSK3B, CAV1, CXCL3, TGFB, and IL10. Receiver Operating Characteristic analysis highlighted the diagnostic potential of hsa-miR-320a-3p, CAV1, GSK3B and MYC for T1D.





Discussion

Our study presents a novel link between hsa-miR-320a-3p and T1D, and highlights its key regulatory role in the network of mRNA markers and transcription factors involved in T1D pathogenesis.





Keywords: hsa-miR-320a-3p, miRNA, type 1 diabetes, Kuwait, genetics, next-generation sequencing, weighted gene co-expression network analysis




1 Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by an unfavorable immune response against pancreatic beta cells, which leads to insulin deficiency and overt hyperglycemia. The etiology of T1D remains unclear, yet several genetic, immunological, and environmental factors are associated with the disease. A genetic basis for T1D has been evidenced by 78 genome-wide regions associated with the disease (1–4). Human leukocyte antigen (HLA) is by far the strongest predictor and accounts for at least 50% of the heritability in T1D (5). The familial aggregation of T1D, especially clustering among first-degree relatives, indicates strong genetic basis for the disease (6, 7). However, only a negligible percentage of T1D cases represent monogenic forms characterized by either a dominant, recessive, or X-linked pathogenic variant (8–10). The occurrence of T1D phenotypic discordance in monozygotic twins and the incidence of T1D sporadic cases with no parent-to-child inheritance pattern suggest a greater role for gene–environment interactions in triggering the disease (7). Accordingly, several environmental and lifestyle factors, such as viral infections, toxicity exposure, microbial dysbiosis and dietary choices during infancy, have been associated with T1D onset (11), but these have not been unequivocally proven to be causal.

Recent years have witnessed a growing interest in studies utilizing microRNA (miRNA) as biomarkers for the early prediction of T1D. Dysregulation of miRNA is associated with pancreatic beta cell function, insulin signaling, and immune response (12). Studies using peripheral blood mononuclear cells (PBMC) from patients with T1D have observed dysregulation of key miRNAs, such as miR-21, miR-93 and miR-326, and thereby indicated their potential impact on inflammatory and autoimmune responses (13). In T1D animal models, overexpression of miR-21 interferes with the β-cell development (14). Upregulation of miR-29 in both animal and human pancreatic islets has been observed to disrupt the beta cell function and glucose-induced insulin secretion (15–18). Similarly, miRNAs have also been implicated in cytokine-mediated beta cell destruction, as evidenced by the deregulated expression of miR-21-5p, miR-30b-3p, miR-34, miR-101a and miR-146a-5p in response to inflammatory cytokines such as IL-1β and TNF in MIN6 cells and human pancreatic islets (19, 20). These studies collectively indicate that miRNAs play a potential role in T1D pathogenesis and warrant further in-depth studies on the dysregulation of miRNAs in T1D pathogenesis.

To gain further knowledge on the role of miRNA in T1D pathogenesis, we aimed to identify the key miRNAs involved in T1D by utilizing next-generation sequencing technologies in a familial cohort consisting of siblings with T1D characterized by no parent-to-child inheritance pattern. As miRNA expression is confounded by several factors such as diet, environment, lifestyle, and ethnicity (21, 22), we considered that adopting a sib-pair study design may, by way of minimizing the impact of confounders and enriching for disease parameters, lead to the identification of unique genetic markers associated with T1D. We also aimed to validate the shortlisted miRNA markers in a unique set of sporadic T1D cases, with no vertical or horizontal transmission of the disease, to ensure generalizability of the results. We further aimed to identify, by way of performing module-based weighted gene co-expression network analysis (WGCNA), the key regulatory network consisting of miRNA markers, mRNA markers, and transcription factors (TFs) involved in T1D pathogenesis.




2 Methods

The Schematic workflow of this study is shown in Figure 1.




Figure 1 | Flowchart depicting the steps of miRNA sequencing data used to identify key miRNAs, followed by downstream functional enrichment analysis.





2.1 Study design and clinical recruitment

This study was approved by the ethical committee of Dasman Diabetes Institute and was performed in accordance with the principles of the Declaration of Helsinki, as revised in 2008. Written informed consent was obtained from all study participants. In cases of children, informed consent was obtained from the parents/legal guardians, and assent was obtained from children aged seven years and more.

Samples used in this study were obtained from the Childhood-Onset Diabetes eRegistry (CODeR) (23) maintained by Dasman Diabetes Institute in collaboration with the Ministry of Health (MOH) of Kuwait. A total of eight families consisting of 18 people with T1D and 18 unaffected first-degree relatives were recruited for the present study (Table 1). Selection criteria included the following: (i) families with a minimum of two T1D cases exhibiting a horizontal transmission of the disease, (ii) diagnosis of T1D confirmed using World Health Organization criteria, which include fasting hyperglycemia and absolute insulin deficiency, as defined by low C-peptide concentration (<0.3 nmol/l), (iii) T1D characterized by presence of one or more autoantibodies against pancreatic islet cells, and (iv) T1D people of Kuwaiti-Arab origin.


Table 1 | Clinical characteristics of individuals with T1D from eight recruited families.



The validation cohort consisted of 110 T1D sporadic cases and 15 controls without T1D. Selection criteria included: (i) sporadic cases with no parent-to-child or horizontal transmission of the disease (ii) diagnosis of T1D confirmed based on World Health Organization criteria, (iii) T1D characterized by the presence of autoantibodies against pancreatic islet cells, and (iv) people of Kuwaiti-Arab origin. This cohort included 60 male, and 50 female sporadic T1D cases with an average age of 12 ± 3.5 years, body mass index (BMI) of 20.6 ± 4.9 kg/m2, glycated hemoglobin A1c (HbA1c) of 9.4 ± 1.71%, and plasma glucose of 12.1 ± 5.49 mmol/l at baseline. The healthy control subjects were ethnically matched Kuwaiti-Arab individuals (n=15) with no prior medical history of any chronic debilitating disease. This included 10 male and 5 female volunteers with an average age of 27± 5.3 years, BMI of 30.2 ± 6.4 kg/m2 and plasma glucose of 5.4 ± 0.54 mmol/l. Of the samples from this validation cohort, miRNA samples were available in sufficient quantities in a set of 52 sporadic T1D children and 10 ethnically matched controls. While the miRNA markers were validated in this subset of validation cohort, the mRNA markers were validated in the entire validation cohort. Blood samples were collected at the clinics of Dasman Diabetes Institute. The date of the first insulin injection was taken as the date of the onset of T1D. The collected data included age, sex, BMI, nationality, date of birth, date of T1D diagnosis, family history of diabetes in first-degree relatives, and measurements of HbA1c, plasma glucose, blood pressure, serum uric acid, blood urea nitrogen, and creatinine concentrations.




2.2 miRNA isolation, libarary preparation, sequencing and identification of differentially expressed miRNAs

The extraction of miRNA from PBMCs was performed using the miRNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Quantification of miRNA was carried out using the miRNA assay kit on a qubit fluorometer (Thermofisher Scientific, Massachusetts, United States).

A total of 10ng of purified miRNA samples was used for library preparation. miRNome-wide sequencing libraries were prepared using the QIAseq miRNA Library Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions (24, 25). The protocol involves sequential ligation of 3′ and 5′ end adapters followed by universal cDNA synthesis with unique molecular index assignment, cDNA cleanup, library amplification and library cleanup using QMN beads. The prepared libraries were validated and quantified using bioanalyzer (Agilent, California, United States) and qubit fluorometer (Thermofisher Scientific, Massachusetts, United States), respectively. Sequencing was carried out on MiSeq system using MiSeq 150-cycle version 3 kit (Illumina Inc. USA).

GeneGlobe data analysis tool is a supportive RNA-seq data analysis solution powered by Qiagen, included with the small RNA seq library kits. The portal initially removes low quality bases and reads without 3’ adapters using cutadapt (cutadapt.readthedocs.io/en/stable/guide.html); reads with less than 16 bp insert sequences or less than 10 bp unique molecular indices (UMI) sequences are excluded from the analysis. The obtained reads are mapped against miRBase V21 (https://mirbase.org/) where up to two mismatches are tolerated using bowtie (bowtie-bio.sourceforge.net/index.shtml). Normalization is carried out based on UMI with a p-value threshold of <0.05 and |log fold change (FC)| ≥ or < 1.0. The resulting Fastq files were used for differential miRNA expression analysis using the GeneGlobe data analysis tool. We performed both family-based distinct and concatenate analysis to identify DE miRNAs in T1D individuals compared with unaffected family members using the GeneGlobe data analysis tool based on unique molecular indices with a p-value threshold of <0.05 and |log fold change (FC)| ≥ or < 1.0. The resulting data were visualized by generating volcano plots and heatmaps using ggplot2 and pheatmap packages, respectively.




2.3 Functional enrichment analysis of key miRNAs

Enrichment analysis of DE miRNA data to identify the target regulatory genes was carried out using MIENTURNET (26–28), which is a web tool that predicts miRNA-target interactions by performing statistical analysis on computationally predicted, and experimentally validated data from miRTarBase (29), miRDB (30) and TargetScan (31) databases. Significantly correlated pairs of interacting DE miRNAs and mRNAs were included to create co-expression networks using Cytoscape 3.6.1 (32). Pathway analysis of DE miRNAs was performed using the MIENTURNET tools (26). A p-value < 0.05 was used as a cut-off for false discovery rate (FDR) to detect significantly enriched pathways. The statistically most enriched Gene Ontology (GO) terms were visualized in ggplot2 (33).




2.4 Co-expression network analysis and module detection

The WGCNA R (34) software package was used to perform weighted gene co-expression network analysis on DE miRNA data to construct a co-expression network, identify the key modules, relate them to clinical data, and delienate the key biomarkers involved in the pathogenesis of T1D. Prior to performing network construction and module detection, samples were clustered and visualized in a heatmap to examine how clinical traits relate to the sample dendrogram (Supplementary Figure S1). In co-expression analysis, biologically meaningful gene pairs are characterized by high correlations (signal) compared to random gene pairings that are usually characterized by low correlation (noise). Firstly, the miRNA expression similarity matrix was constructed by calculating the absolute value of Pearson’s correlation coefficient between miRNA pairs. This similarity matrix was then converted into an adjacency matrix using a power adjacency function, which encodes the strength of the connection between node pairs. According to the scale-free topological algorithm, the adjacency matrix met the scale-free topology criterion when the R2 value approximated 0.80 (Supplementaryry Figures S1B, C). The adjacency matrix was subsequently converted into a topological matrix, using the topological overlap measure (TOM) to describe the degree of association between miRNAs. TOM indicates the degree of dissimilarity between miRNA pairs. Hierarchical clustering was performed using 1-TOM as a distance measure, and modules of co-expressed miRNAs were identified using the dynamic tree cut procedure with a minimum size cutoff of 5. Highly similar modules were then merged using the Merge Dynamic function.

The Eigengene network tool was utilized to investigate module associations with biological data. We used module eigengene (ME), the first principal component of module expression, to represent the expression profile of module miRNAs. Relevance of each miRNA is assessed by computing the following parameters: the gene significance (GS), the module membership (MM), and Module Connectivity (MC). MC is typically calculated by averaging the gene significance (GS) of all the genes within the module. Gene significance reflects the correlation between the expression of a gene and the trait of interest. A value of 0 for gene significance indicates that the gene is not significant with regard to the biological question of interest. GS can take on positive or negative values. Module significance measures how strongly the genes within a particular module are associated with a specific trait or phenotype. A higher value for module significance suggests that the module, as a whole, is more strongly associated with the phenotype, making it biologically relevant. Module Membership (MM, also known as KME or Eigengene-based Connectivity) quantifies how well each individual gene correlates with the eigengene of its module. An eigengene is the first principal component of the module’s gene expression data and serves as a representative profile of the module. MM is calculated as the correlation between the expression profile of a gene and the module eigengene. Genes with high MM values (close to 1 or -1) are considered highly connected or as core genes within the module and are likely to play a central role in the module’s biological functions. In this study, potential key miRNAs were identified as those within a given module that were highly connected (having the highest absolute MM) and showed the strongest correlation with the trait of interest (having the highest absolute GS). A threshold of 0.7 was applied for both MM and GS. Module connectivity refers to the degree of connection a gene has with other genes within the same module, indicating how central a gene is within the module’s co-expression network. Connectivity is computed as sum of adjacencies (co-expression similarity) between a gene and all other genes in the module. Genes with high intramodular connectivity are considered hub genes. These hub genes are important because they may regulate key biological processes within the module.

Therefore to validate module-trait relationships (MTRs), defined as the correlation between MEs and clinical features of miRNA modules, we categorized miRNAs into matching modules according to the constructed modules (34, 35). We calculated the ME of each module and included the related clinical features. We further calculated miRNA significance defined as the log10-transformation of p-value in the linear regression slope between gene expression and clinical features), and module significance (MS) (described as the average miRNA significance of all miRNAs in the module) to further assess correlation intensity between a miRNA module and clinical features such as age, BMI, HbA1C, plasma glucose, alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, and calcium.




2.5 Feedforward loops of miRNA-transcription factor-gene network

We further constructed miRNA‐Transcritpion Factor (TF) feedback loops and miRNA‐TF‐gene Feedforward loops (FFLs) using FFL tool webserver (36) and visualized their regulatory networks using Cytoscape 3.6.1 (32). The miRNA-long noncoding RNA (lncRNA) interaction analysis was carried out with DIANA-LncBaseV3.0 tool using Ensembl and Refseq databases (37).




2.6 Validation of key targets by quantitative real-time PCR

Regulatory target genes of miRNA were validated using specific TaqMan gene expression assays (Thermofisher Scientific, Massachusetts, United States) on a quantitative real-time PCR system (Quant Studio6, Thermofisher Scientific, Massachusetts, United States). RNA was extracted from peripheral blood using Qiagen RNA blood mini kit (Qiagen, Hilden, Germany), reverse transcribed using ABI reverse transcriptase kit (Applied Biosystem, USA) and quantitative real-time PCR was performed using pre-designed ready-to-use miRCURY LNA miRNA PCR assay (hsa-miR-320a-3p, #YP00206042) relative to 5S rRNA (#YP00203906). Target gene validation was performed using TaqMan gene expression assays PTEN (Hs02621230_s1), AKT1 (Hs00178289_m1), BCL2 (Hs04986394_s1), FOXO1 (Hs00231106_m1), MYC (Hs00153408_m1), BLIMP3 (Hs00153357_m1), GSK3B (Hs00275656_m1), CAV1 (Hs00971716_m1), CXCL3 (Hs00171061_m1), IL-10 (Hs00961622_m1), TGFB (Hs00998133_m1) and relative to GAPDH (Hs02786624_g1) as endogenous control on ABI 7500 real-time PCR system following manufacturer’s protocol.




2.7 Statistical analysis

The fold change (FC) was calculated using the 2 − ΔΔCT method, and differences in the expression levels between the two tested groups were detected using Mann-Whitney U-test. Correlation between variables were calculated using Spearman’s rank correlation test and were considered statistically significant at p-value <0.05. Receiver Operating Characteristic (ROC) analysis was based on a logistic regression (38) considering the shortlisted hsa-miR-320a-3p and its interactive mRNA partners, such as CAV1, GSK3B and MYC, as potential predictors. To determine the ideal biomarker combinations, both a single marker and a combinatorial analysis were used. A cross-validation (CV) procedure was employed to provide an unbiased estimate of biomarker performance (39). Multiple rounds of CV were conducted resulting in a series of ROC curves, to ensure a reliable performance estimate by using R.4.4.1. The performance results were averaged over these rounds and a 10-fold CV strategy was adopted to compare different models.





3 Results

A total of eight Kuwaiti-Arab T1D families, who showed no parent-to-child transmission of the disease, were initially examined in this study. This included 18 people with T1D, 10 of whom were female and eight were male. The clinical characteristics of 18 people with T1D are shown in Table 1. The average age at the time of recruitment and age at onset of T1D cases were 12 ± 4.7 and 4.7 ± 3.0 years, respectively. The in-family control set included 18 individuals (10 females and 8 males) with an average age of 31 ± 16.6 years and were with no prior medical history of chronic debilitating diseases. The average duration of T1D among our patients was 7.1 ± 5.1 years. The average body mass index of T1D case and control subjects were 20.5 ± 4.1 kg/m2 and 26.4 ± 7.9 kg/m2, respectively.

None of our patients showed elevated levels of lipids though minor variations were observed within the borderline range. Only a 10-year-old female patient from family 3 was observed to be positive for anti-endomysial Ab (AEA), anti-TPO antibodies (363.4 IU/ml), anti-Tissue Transglutaminase IgG (15.2 IU/ml), and anti-Tissue Transglutaminase (IgA >200 IU/ml) tests indicating the presence of Hashimoto thyroiditis and Celiac Disease. The patient also showed a high urine albumin-creatinine ratio (47.5 mg/g) indicative of an early-stage kidney disease. None of the other tested patients was positive for anti-endomysium antibody, anti-thyroid peroxidase antibody and anti-tissue transglutaminase tests. Similarly, hyperuricemia was also not reported in any of the tested patients.

The flowchart indicating the steps from miRNA sequencing to identification of key miRNAs followed by downstream functional enrichment analysis is presented in Figure 1. An average of 1,961,698 sequencing reads were obtained per sequenced sample and 615 unique miRNAs were detected in each of the tested case and control groups (Supplementary Table S1). Volcano plots representing significant DE miRNAs between T1D affected and unaffected members are shown in Figure 2A (Supplementary Table S2). We visualized the top 50 DE miRNAs using heatmaps (Figure 2B). Significant differences were observed in the expression levels of miRNA between people with T1D and non-diabetic controls. We identified 20 unique miRNAs that are significantly DE between members of T1D affected versus unaffected groups with a p-value cut-off of <0.05, and |log fold change (FC)| ≥ or < 1.0. (Figure 2B). The miRNA-gene expression analysis of the key DE miRNAs predicted 10 hub genes, namely PTEN, MYC, AGO1, HASPA1B, BCL2, EEEF1A1, AKT1, CPEB4, FASN, and PRPF8, that are significantly deregulated in T1D individuals (FDR p-value ≤0.05) (Figure 3A). PTEN and MYC are the top two genes impacted by the DE miRNAs. The key miRNA–mRNA target interaction network retrieved from MIENTURNET are presented in Figure 3B (Supplementary Table S3). Functional enrichment analysis revealed 41 significant pathways that were differentially regulated by the shortlisted miRNAs (FDR p-value ≤0.05) (Figure 3C; Supplementary Table S4). PI3K-Akt signaling was the top enriched pathway shortlisted by our NGS-based pathway analysis. In addition, we depicted the differences in the expression profiles of key shortlisted miRNAs in tested individual families. The heatmap presents fold change calculated for every case-control pair from each distinct families tested, indicating log fold changes of 20 miRNAs that were differentially expressed (Figure 3D).




Figure 2 | Classification of miRNA based in T1D affected versus non-diabetic individuals. (A) The volcano plot presenting differential expression of miRNA with a threshold of false discovery rate (FDR) p-value< 0.05 and |log2 fold change (FC)| ≥ or < 1.0. The red dot represents upregulated, the blue dot represents downregulated and the grey dot represents unaffected miRNA targets. (B) Heatmap of the top 50 circulating miRNAs across all samples for unaffected T1D and affected T1D groups. Red color shows the upregulated and blue color shows the downregulated miRNAs.






Figure 3 | Genetic Perturbations Revealed by Regulatory Networks analysis. (A) miRNA–mRNA target interaction network obtained from the DE miRNAs shortlisted from the eight tested families with T1D. The bar plot represents each target gene resulting from the enrichment analysis along with the count of interacting miRNAs. Colors of the bars represent the adjusted p-values (FDR). (B) Significant miRNA–mRNA target interaction network retrieved from MIENTURNET based on DE miRNAs form the eight tested families with T1D. The miRNAs are represented by red diamond shaped nodes and the target genes are represented by blue dots. (C) Dot plots resulting from functional enrichment analysis indicating the pathways that are significantly dysregulated. The y-axis reveals the annotation classifications, the x-axis presents the miRNAs, and the plotted data points as circles represent the count of identified targets. Sizes of the circles correspond to the count of DE miRNAs whereas the colors of the circles indicate the adjusted p-values. (D) The heatmap shows family-based analysis wherein the log fold changes in the expression of the 20 DE miRNAs in individual T1D families, and a pooled analysis is depicted. F1-F8 represents each individual family. Red colors represent upregulated, blue colors show downregulated miRNAs and black colors represent miRNAs that are not expressed.





3.1 Module-based computational analysis of miRNA in T1D

We performed weighted gene co-expression network analysis to identify key modules and hub miRNAs involved in T1D (Supplementary Table S5). Correlation was used as a measure of miRNA expression on the data set consisting of 615 unique miRNAs detected across all the tested samples to identify significantly enriched modules (. The highly representative miRNA in each module was referred to as the module Eigen miRNA (MEM). Figure 4 presents the co-expression module visualized as hierarchical cluster dendrograms and trait heatmap (Figures 4A, B). The clustering and dynamic tree cut algorithm resulted in five color-coded modules corresponding to grey, brown, blue, turquoise and yellow. The grey module was excluded from the analysis as it represents unassigned miRNAs. The blue module represents a total of 114, turquoise 76, yellow 80, and brown 84 distinct miRNAs; thus a total of 354 miRNAs were seen to form significant Eigen miRNA modules. Clinical traits (such as age, BMI, HbA1C, plasma glucose, serum alanine transaminase (ALT), aspartate transferase (AST), total cholesterol, LDL, HDL, and calcium) correlated with the miRNA expression in these five modules. For each miRNA in these four modules, the module significance (MS), module membership (MM), and intra-module connectivity (KME) were calculated to draw the scatterplots. Results indicated that MS was positively correlated with MM in all the four modules (Figures 4C–F) with correlation coefficients of 0.96, 0.94, 0.89, and 0.76 for the turquoise, yellow, brown, and blue module, respectively. Results from the analysis of DE miRNAs between T1D individuals and healthy individuals can be integrated with results from correlation network analysis to identify more precise targets (Figure 4G). A total of 5 miRNAs were seen common between the 18 DE miRNAs in T1D patients compared to healthy subjects and the 354 miRNAs forming the four significant Eigen miRNA modules.




Figure 4 | Identification of key modules by weighted gene co-expression network analysis. (A) Clustering dendrogram of miRNAs, with dissimilarity based on topological overlap, together with assigned module colors. Relationships of consensus module Eigen miRNAs (MEMs) and clinical traits status (age, BMI, HbA1C, Glucose, ALT, AST, Total cholesterol, LDL, HDL and calcium). Each row in the table corresponds to a module and each column to a clinical trait. The table is color-coded for correlation: red color indicates a positive while blue indicates a negative correlation. (B) Eigengene adjacency heatmap of different co-expression modules. (C–F) Correlation between module membership (MM) and connectivity of all miRNAs in each module. The scatter plot of eigengenes in tortoise, blue, yellow, and brown module, respectively. The figure shows the scatter plot of connectivity (x-axis) vs. MM (y-axis) in each module. (G) Venn diagram representing intersections among key module miRNAs and DE miRNAs.



These 5 miRNAs could be considered as playing a potential regulatory role in T1D (Figure 4G). These miRNAs were hsa-miR-200-3p, hsa-miR-139-3p, hsa-miR-320a-3p, hsa-miR-6808-3p and hsa-miR-99b-5p.




3.2 Mapping the key regulatory network in T1D

We further investigated one of the shortlisted hub miRNAs, namely hsa-miR-320a-3p (MIMAT0000510), for its regulatory role by constructing the miRNA‐TF and the miRNA‐TF‐gene FFLs. The biological connectivity of 3-node motifs in TF, mRNA, and miRNA key regulatory networks are shown in Figure 5A. The highest-order network motif consisted of hsa-miR-320a-3p with MYC and FOXO1 as the key transcription factors regulating the expression of miRNA target genes including PTEN, BCL2, and AKT1.




Figure 5 | Circulating miRNA-mRNA biomarkers shortlisted by our study (A) miRNA feedforward loop (FFL) consisting of transcription factors-hsa-miR-320a-3p regulatory network. Nodes: The hexagonal shaped green nodes represent transcritpion factors (TFs), the triangle-shaped orange nodes represent miRNAs, and the circular-shaped blue nodes represent the targeted genes; Edges: sharp arrow means activation; T-shaped arrow represents repression. (B) Expression fold change of hsa-miR-320a-3p and other key targets in T1D versus healthy control, validated by quantitative real time PCR in sporadic T1D cases. The fold change (FC) was calculated using the 2 − ΔΔCT method, and differences in the expression levels between the two tested groups were detected using Mann-Whitney U-test. (C) The ROC curve analysis indicating the diagnostic potential of hsa-miR-320a-3p (AUC 0.83, p-value=0.005), CAV1 (AUC: 0.88, p-value<0.001), GSK3B (AUC: 0.87, p-value<0.001) and MYC (AUC: 0.84, p-value<0.001). (D, E) Depicts the predictive power of hsa-miR-320a-3p in combination with CAV1, GSK3B and MYC. Using logistic regression, a linear combination of all four biomarkers, hsa-miR-320a-3p with CAV1, GSK3B and MYC led to an enhanced predictive accuracy of 0.92. (F) Depicts the correlations between hsa-miR-320a-3p and mRNA markers. Correlations between variables were calculated using Spearman’s rank correlation test and were considered statistically significant at p-value <0.05. Blue dots indicate positive correlation and red indicates negative correlation. * indicates p-value <0.05, ** indicates p-value <0.01.



We measured the expression levels of the shortlisted hub miRNAs in an extended cohort of sporadic T1D children and ethnically-matched healthy children using targeted quantitative miRNA expression analysis. Expression of hsa-miR-320a-3p was observed to be significantly downregulated in children with T1D compared with non-diabetic controls (p-value=0.005) (Figure 5B). GO analysis of the hsa-miR-320a-3p hub miRNA shows enrichment of PI3K-AKT, MAPK and RAP1 signaling pathways. Results of the ROC analysis (Figure 5C) indicated the suitability of hsa-miR-320a-3p as a biomarker for T1D with an area under the curve (AUC) of 0.83, and asymptomatic p-value=0.005.

We further validated miRNA‐TF feedback loops and miRNA‐TF‐gene FFLs by targeted gene expression (Figure 5B). We observed significantly increased expression of key transcription factors namely MYC (p-value<0.001) and FOXO1 (p-value=0.006) in people with T1D compared with non-diabetic controls. In a similar manner, we observed a significant increase in the expression of hub genes such as PTEN (p-value=0.02), AKT (p-value=0.02), and BCL2 (p-value=0.009) in people with T1D compared with non-diabetic controls. Expression fold change of tested targets failed to show any significant correlation with clinical characteristics of study subjects such as age, sex, BMI, HbA1c, and autoantibody titers of IA-2 or GAD (p-value<0.05) at mRNA level (p-value>0.05).

We observed an inverse correlation between expression fold change of hsa-miR-320a-3p and shortlisted candidate genes such as MYC (p-value=0.005) and BCL2 (p-value=0.034) (Supplementary Table S2; Figure 5F). The hsa-miR-320a-3p also showed significant inverse correlation with insulin receptor-mediated signaling targets, such as GSK3B (p-value=0.002) and CAV1 (p-value=0.003), and additionally with the anti-inflammatory marker IL-10 (p-value=0.03). We further observed a moderate to strong direct correlation between the expression of MYC, FOXO1, PTEN, AKT and BCL2 and the expression of B-cell differentiation marker BLIMP1 (p-value<0.001) and the macrophage inflammatory marker CXCL3 (p-value<0.001) and additionally with the insulin signaling marker such as GSK3B (p-value<0.001). Consistently, the expression of MYC and PTEN also showed significant direct correlations with CAV1 (p-value<0.003). Expressions of AKT, BCL2, and FOXO1 were inversely correlated with TGFB1 (p-value<0.008) (Figure 5F).

CAV1, GSK3B, and MYC are three potential markers that are differentially expressed at mRNA level, and their expression levels are significantly correlated with hsa-mir-320a-3p in T1D. ROC analysis (Figure 5C) indicated a predictive potential for CAV1 (AUC: 0.88, p-value<0.001), GSK3B (AUC:0.87, p-value<0.001), and MYC (AUC: 0.84, p-value<0.001) for T1D at the transcriptional level. A linear combination of hsa-miR-320a-3p with CAV1, GSK3B and MYC led to an enhanced predictive accuracy of 0.92 (Figures 5D, E).

We tested further whether the difference in the expression of hsa-miR-320a-3p stem from abnormal glucose and lipid metabolism by way of examining correlations between miRNA expression and the metabolic trait measurements in the study cohort. We observed no significant correlation between miRNA expression and any of the tested glucose or lipid parameters, with an exception of triglyceride (TGL) level. A moderately positive correlation was observed between hsa-miR-320a-3p expression and TGL (r=0.555, p-value=0.026). Given the fact that obesity and insulin secretion are interdependent, any correlation of hsa-miR-320a-3p seen with key glycemic and obesogenic targets may indicate its parellel role in diabetes and other metabolic complications.

Recent advances in long non-coding RNA (lncRNA) research indicate that lncRNA competes mRNA targets for miRNA binding sites, impacting gene expression. However, the role of lncRNA in T1D etiology is inadequate; as a preliminary attempt, we aimed to identify the key lncRNAs that interact with the shortlisted hsa-miR-320a-3p in human pancreatic tissue using DIANA-LncBaseV3.0 webtool. The hsa-miR-320a-3p was detected to target the expression profiles of MEG3, NEAT1 and AC015813.1 lncRNA genes, by way of adopting direct validation type and high confidence limit in human pancreatic tissue; this observation possibly indicate the significance of post-transcriptional regulatory events involving miRNA-lncRNA interaction in T1D, which needs to be further validated.





4 Discussion

The complexity and heterogeneity of T1D pose major challenges in identifying causative factors associated with the disease. A vast majority of T1D cases follow a polygenic model indicating a combined effect of multiple polymorphic genes and complex cellular mechanisms in the etiopathogenesis of the disease. In the present study, by way of examining both sib-pair and sporadic T1D cases from Kuwait, we highlight the key consensus miRNAs associated with T1D by primarily adopting differential miRNA analysis followed by a computational approach based on weighted gene co-expression network analysis. We evaluated key hub miRNA identified in the familial cohort for its potential to serve as a biomarker for T1D by validating it in an independent cohort of sporadic T1D cases by way of selecting the highest-order network motif consisting of hsa-miR-320a-3p, with MYC and FOXO1 as the key transcription factors regulating the expression of key miRNA target genes such as PTEN, BCL2, and AKT1. We also provided additional evidence for the involvement of their key interacting partners such as BLIMP1, GSK3B, CAV1, IL10 and TGFB in T1D pathogenesis.

The hsa-miR-320a-3p is one of the top prioritized miRNAs shortlisted by concatenated analyses of familial T1D cohort. Consistent with the observation from the familial cohort, the sporadic cases showed a significantly lower expression of hsa-miR-320a-3p in T1D patients compared with non-diabetic controls. Supportive evidence from literature also indicated a dysregulated expression of miR-320 in glucose and lipid metabolism (40, 41). Lower levels of hsa-miR-320 in blood have been associated with pre-diabetes and type 2 diabetes (T2D) in the Bruneck population in Italy (42). In contrast to these observations, a study by Karolina et al. (41) observed upregulation of hsa-miR-320 and a direct correlation between hsa-miR-320 and fasting blood glucose in the blood and exosomes of people with various metabolic conditions. Additionally, hsa-miR-320 is associated with cardiac dysfunction and lipotoxicity (40). Multiple studies have reported a dysregulated expression of hsa-miR-320a-3p in different types of carcinoma involving liver and pancreas (43, 44). Differences in the direction of mir-320 expression in various metabolic conditions hint towards the heterogeneity of the tested specimens and adopted technical methodologies.

To our knowledge, our study is the first to suggest the plausible association of hsa-miR-320a-3p with T1D etiology. Our results suggest a regulatory network comprising hsa-miR-320a-3p, along with key transcription factors and mRNA targets, to play a potential role in T1D etiology (Figure 6). We observed a significantly increased expression of two key transcription factors, namely FOXO1 and MYC in our T1D cohort. Expression of hsa-miR-320a-3p was correlated inversely with that of MYC. The transcription factor MYC plays a detrimental role in intracellular glucose homeostasis and pancreatic beta cell function (45). Overexpression of MYC in cellular and animal models has led to increased beta cell proliferation, apoptosis and down-regulation of insulin gene leading to diabetes (46–49). MYC also tends to be a key regulator of major metabolic pathways, such as aerobic glycolysis, glutaminolysis, polyamine synthesis, and HIF-1α/mTOR (50). Similarly, the FOXO family of transcription factors plays a significant role in B lymphocyte maturation/function as part of adaptive immune response. Aberrant expression of FOXO family members has been widely associated with B cell malignancies (51). FOXO1 plays a definitive role in the recombination activating genes (RAG) mediated immunoglobulin gene rearrangement (52). Though an increased expression of FOXO1 was observed in our T1D cohort, it failed to show any significant correlation with that of hsa-miR-320a-3p.




Figure 6 | Overview of insulin signaling pathway and the shortlisted key mRNA markers. Insulin receptor stimulates CAV1 and triggers a series of phosphorylation events activating IRS/PI3K/AKT pathway leading to increased GLUT4 translocation, inhibition of glycogen synthesis, increased myogenic growth transformation, and increased apoptosis. TGFB also appears to significantly contribute to IRS/PI3K/AKT pathway influencing cell proliferation, differentiation, and growth. TL4R, cytokines and antigen specific responses lead to activation of STAT3 resulting in the translation of PRDM1 to BLIMP1 protein. Arrow indicates the direction of gene regulation.



Further, we observed a significantly increased expression of PTEN, BCL2 and AKT in people with T1D compared with non-diabetic controls. The hsa-miR-320a-3p tended to be significantly associated with a decreased expression of target genes such as PTEN, BCL2 and AKT. PTEN is a potent negative regulator of PI3K-AKT pathway, and its increased expression has been associated with key metabolic events characterizing diabetes (53, 54). Muscle targeted deletion of PTEN has been reported to protect mice from insulin resistance and diabetes caused by high-fat feeding (55). Deletion of PTEN in pancreatic beta cells leads to an increase in the beta cell mass, further implying the role of such a deletion in increased beta cell proliferation and diminished apoptosis (56). BCL2 and AKT have been shown to have prominent roles in glucose and lipid metabolism (57–59). Pharmacological and genetic knockout of BCL2 has been shown to profoundly improve glucose-dependent metabolic and ca2+ signaling in pancreatic cells (60).

GO analysis of the hsa-miR-320b hub miRNA also demonstrated enrichment of PI3K-AKT, MAPK and RAP1 signaling pathways. PI3K-AKT pathway has been considered as an emerging therapeutic target for T1D and beta cell dependent diseases (61, 62). The PI3K-AKT pathway is involved in diverse beta cell functions regulating the number of pancreatic islets, apoptosis, and cellular functions (63). It also tends to play a key role in the secretion of insulin by pancreatic beta cells (64). MAPK signaling pathway has also been considered as one of the key regulatory pathways involved in signal transductions related to viral replication and inflammatory cytokine synthesis, specifically with enterovirus infections (65) that are implicated in T1D pathogenesis (66). RAP1 also plays a prominent role in glucose-stimulated islet cell insulin secretion, beta cell size and proliferation (67).

Our study also reported a deregulated expression of key interacting partners of hsa-miR-320a-3p namely BLIMP1, GSK3B, CAV1, IL-10 and TGFB1 in T1D at mRNA level (p-value<0.05). Higher levels of BLIMP1 significantly correlated with the expression levels of MYC, FOXO1, PTEN, AKT and BCL2 in T1D. BLIMP1 is a candidate gene involved in key regulatory mechanisms involving T cell and B cell differentiation, immunoglobulin secretion and cytokine response (68–71). GSK3B is yet another candidate marker that correlates inversely with hsa-miR-320a-3p and directly with the target regulatory network highlighted in our study. GSK3B tends to dysregulate glucose homeostasis and is known for its potential role in promoting inflammation, endoplasmic reticulum stress, mitochondrial dysfunction, and apoptosis (72). Hence, we assume that the augmented expression of GSK3B may critically contribute to impaired glycemic control in people with T1D. Several lines of evidence indicate the role of CAV1 in insulin secretion and insulin signaling (73) in diabetes and metabolic syndrome (73, 74). The hsa-miR-320a-3p tended to correlate inversely with CAV1 in our study, further implying its significance in the pathogenesis of T1D. An upregulation of IL-10 may possibly be a counter-mechanism to combat hyper-inflammatory conditions (75). The reduction in the expression of TGFB1 in T1D is significant; TGFB1 has a prominent role in the development of pancreas and islet cell proliferation, differentiation, and apoptosis (76). Supportive evidence from literature indicates the protective effect of TGFB1 on diabetes development. Overexpression of TGFB1 under a rat insulin promoter reduces the risk of diabetes in T1D susceptible nonobese diabetic mice (77).

Additionally, our study highlights the interaction of hsa-miR-320a-3p with key lncRNAs targeting MEG3, NEAT1 and AC015813.1 genes in human pancreatic tissue. Interestingly, MEG3 gene region was previously shown to be associated with susceptibility to T1D (78). In mouse model studies, a reduced expression of MEG3 lncRNA in pancreatic beta cells tends to impact insulin synthesis and secretion (79). MEG3 has also been shown to modulate key endothelial functions by interacting with other candidate markers such as TGFB1 and FOXO1 (80, 81). Increased circulating expression of NEAT1 lncRNA has been reported in type 2 diabetic patients (82), while the role of AC015813.1 lncRNA in diabetes is not known.

We highlight the possible role of hsa-miR-320a in T1D etiology, which has not been previously reported in the literature. Our findings based on the cohort from Kuwait are interesting, given the fact that the incidence of T1D is considerably increasing in the Arab region. A previous study on systemic literature review on T1D (83), have highlighted 11 consistently deregulated circulating miRNA markers (such as miR-21-5p, miR-24-3p, miR-100-5p, miR-146a-5p, miR-148a-3p, miR-150-5p, miR-181a-5p, miR-210-5p, miR-342-3p, miR-375 and miR-1275) associated with the disease. However, none of the shortlisted miRNA markers from our study, with the exception of hsa-miR-21-5p, overlaps with the above-mentioned markers implying the possible relevance of ethnic factors and associated clinical heterogeneity. One of the limitations of our study is that we used peripheral blood mononuclear cells which may reflect generalized systemic dysfunctions. Nevertheless, we assume that the transcriptional deregulations in peripheral blood are possibly in harmony with those in pancreas as supported by the increasing evidences for the involvement of the shortlisted targets in the pathophysiology of T1D. Although our sample size is relatively small (discovery cohort: 8 Kuwaiti-Arab families, with 18 T1D affected members and 18 unaffected members, characterized by no parent-to-child inheritance pattern; validation cohort: 110 people with T1D and 15 controls from which 52 sporadic T1D children and 10 ethnically-matched controls used for the validation of shortlisted miRNAs; and the entire validation cohort used for the validation of mRNA markers), there was sufficient power to reveal statistically significant novel results. A Power analysis of DE genes specifically in the control group showed an empirical power of >90%, presumably due to higher abundance of transcripts represented by these targets. It is noteworthy that these targets were shortlisted by way of adopting independent analysis strategies involving NGS-based differential expression analysis, module-based weighted gene co-expression network analysis in equal number of sib-pairs with and without T1D, and additionally by valdiation using targeted gene expression analysis. Our study warrants further in-depth validation in larger multi-ethnic age-matched cohorts, to reduce the confounding effect of age and ethnicty on the obtained results.

In conclusion, our study highlights the prospective role of hsa-miR-320a-3p in the pathophysiology of T1D by presenting known evidences for dysregulated expression of miRNA target-transcription factor network involving PTEN, AKT1, BCL2, FOXO1 and MYC. The correlations of hsa-miR-320a-3p with additional interacting partners indicate its wide potential in insulin signaling and metabolic pathways characterizing the development of T1D. We highlight hsa-miR-320a-3p, CAV1, GSK3B and MYC as novel key biomarkers for T1D, and we further portray predictive transcriptional signatures of the key target mRNA-transcription factors associated with T1D. These observations lay the foundation for further in-depth research on catering to a better outcome and treatment of T1D.
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Characteristic Population-matched
cohort, n (%)

Exposed Matched

cohort unexposed
cohort
Participants, N 49,937 499,370
Follow-up time, mean (SD), y 9.9 (3.5) 10.1 (3.4)
Outcome date, mean (SD), y* 5.6 (3.2) 5.7 (3.2)
Male, N (%) 24,237 242,370 (48.5)
(48.5)
Age at index date, median years (IQR) 37 3.7 (2.1-6.4)
(2.1-6.4)

Age group, N (%)

<60 months old 32,477 324,770 (65.0)
(65.0)

>60 months old 17,460 174,600 (35.0)
(35.0)

Birth residence, N (%)

Seoul/metropolitan 26,031 264,616 (53.0)
(52.1)

City 18,357 184,950 (37.0)
(36.8)

Rural 5,549 49,678 (10.0)
(11.1)

Missing 0 (0.0) 126 (0.0)

Income tertile®, N (%)

1 (lowest) 6,262 56,086 (11.2)
(12.5)

2 (middle) 32,650 320,158 (64.1)
(65.4)

3 (high) 9,304 103,912 (20.8)
(18.6)

Missing 1,721 (3.5) 19,214 (3.9)

Calendar year at birth, N (%)

2002-2003 26,543 265,430 (53.2)

(53.2)
2004-2005 23,394 233,940 (46.9)
(46.9)

Calendar season of birth, N (%)

Spring (1236026)2 133,398 (26.7)
Summer (12135;)0 116,931 (23.4)
Fall (122545)2 120,825 (24.2)
Winter (1225873)3 128,216 (25.7)

Inpatient hospital visits during the first year after study entry©,
N (%)

None 41,117 472,765 (94.7)
(82.3)

>1 8,820 26,605 (5.3)
(17.7)

Outpatient hospital visits during the first year 19.1 (12.7) 15.0 (11.6)
after study entry, mean (SD)

Perinatal status

Fetal growth and development disorder?,

N (%)
Yes 302 (0.6) 2,274 (0.5)
No 49,635 497,096 (99.5)
(99.4)
History of birth injury, N (%)
Yes 97 (0.2) 709 (0.1)
No 49,840 498,661(99.9)
(99.8)

Infections specific to the perinatal period, N (%)

Yes 2,930 (5.9) 24,627 (4.9)
No 47,007 474,743 (95.1)
(94.1)

Congenital malformation, N (%)

Yes 6,860 55,391 (11.1)
(13.7)

No 43,077 443,979 (88.9)
(86.3)

Asthma comorbidity®, N (%)

Yes 10,917
90,189 (18.1
(21.9) ( )
No 39,020
(78.1) 409,181 (81.9)

Specific diagnosis of M pneumoniae infection, N (%)

Acute bronchitis due to 5,743

M pneumoniae (J200) (11.5)

Pneumonia due to M prneumoniae (J157) 47,133
(94.4)

M pneumoniae as the cause of diseases 252 (0.5)

classified elsewhere (B960)

Mycoplasma infection, unspecified site 853 (1.7)

Use of antibiotics, N (%)

Yes 49,547
(99.2)
No 390 (0.8)

Use of systemic corticosteroid?, N (%)

Yes 10,357
(20.7)

No 39,580
(79.3)

Oxygen therapy®, N (%)

Yes 1,484 (3.0)
No 48,453
(97.0)

Length of hospitalization”, N (%)

1-6 days 24,197
(48.5)
>7 days 25,740
(51.5)
IQR.

*The period between the index date and the occurrence of the outcome among children who
experienced the outcome.

PIncome was categorized into tertiles based on the amount of insurance co-payment.

“The first month after study entry was removed from this calculation.

dComplications during the intrauterine and perinatal period that were diagnosed 3 months
prior to the index date (i.e., diagnosis date of the exposed participant or the diagnosis date of
the index participant for the matched unexposed participant).

“Defined as one or more physician diagnosis during 6 months prior to the index date, with 1 or
more event of asthma exacerbation requiring hospitalization or systemic corticosteroids.
fPrescriptions of systemic macrolide antibiotics for treating M. pneumoniae infections during
any month after the index date.

8Events during 1 month after the index date.

"The median length of hospitalization was 6 days.
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Cases/accumulated person-
years X 10,000 (incidence rate/
10,000 person-years)

Exposed Matched unex- Absolute rate difference/10,000
cohort posed cohort person-Years (95% CI)

Hazard ratio
(95% CI)P

All i;?(/ss.s) 2614514997 (52.3) 1427 (11.91-16.64) 1.26 (1.215-1.308)
Sex
Female 1731/
252(687) 13,711/255 (53.9) 14.92 (11.56-18.28) 1.257 (1.195-1.323) 0.9036
Male ;’:‘24(/6 ) 12,434/245 (50.7) 1361 (10.3-16.92) 1.264 (1.198-1.333)
7 Age group at index date
<60 months 2578/ 20,945/380 (54.6) 133 (10.58-16.02) 1.228 (1.178-1.280) 0.0085
38.0 (67.8)
>60 months 717/11.5 (62.4) | 5,200/119 (44.9) 17.52 (12.8-22.24) 1.391 (1.285-1.507)
Time since index date
1 to <5 years ) 20,760/403 (54.6) 13.33 (10.59 ~16.06) 1.232 (1.181-1.284) 0.0211
37.7 (68.0)
25 years 733/11.8 (62.0) | 5,385/97 (45.2) 1687 (12.21-21.52) 1.373 (1.269-1.485)
Calendar year of birth
2002-2003 1940/ 14,970/264 (56.7) 17.63 (14.2-21.06) 1.298 (1.237-1.362) 0.0726
26.1 (74.3)
2004-2005 1355/ 11,175/236 (47.4) 10.55 (7.35-13.76) 1212 (1.144-1.283)
234 (57.9)
Birth residence
izmmelropolm ;’:;S(/ﬂ_l) 14,385/264 (54.4) 16.64 (13.26-20.02) 1.293 (1.231-1.358) 0.1547
City 145/ 9,362/185 (50.5) 11.96 (8.2-15.73) 1.224 (1.150-1.303)
183 (62.6)
Rural 322/5.5 (58.3) 2,398/50 (48.2) 10.59 (3.91-17.26) 1213 (1.075-1.369)
Income tertile
| Low 387/6.2 (62.2) 2,844/56 (50.6) 11.63 (5.14-18.13) | 1213 (1.091-1.349) [ 07149
Middle 2’21:19(/67. 2 16,808/320 (52.5) 14.73 (11.8-17.66) 1.272 (1217-1.331)
High 627/9.2 (68.1) 5,604/104 (54.0) 14.27 (8.75-19.79) 1.252 (1.152-1.359)
Calendar season at birth date
Spring 891/13 (69.0) 7,234/133 (54.3) 1574 (11.11-2037) 1.253 (1.167-1.344) 075
Summer 747/11 (65.3) 6,073/117 (51.9) 13.22 (8.38-18.06) 1.258 (1.164-1.359)
Fall 796/12 (63.8) 6,066/121 (50.0) 14.89 (10.09-19.7) 1.254 (1.163-1.352)
Winter 861/13(67.9) 6,772/128 (52.8) 1238 (7.82-16.95) 1.275 (1.186-1.370)
Any medical condition during the perinatal period ¢
Yes 731/9.4 (77.8) 4952/77.6 (63.8) 13.92 (8.02-19.84) 1213 (1.121-1.312) 02539 ‘
No 2564/40.1 (63.9) | 21,193/422.1 (50.2) 1115 (11.15-16.28) 1.274 (1.222-1.328)
Asthma comorbidity® 7 :
Yes 619/9.4 (65.7) 3967/77.3 (51.3) 14.38 (8.96-19.80) 1.272 (1.166-1.386) 0.9007
No zere/ 22,178/422.3 (52.5) 1423 (11.61-16.85) 1.260 (1.209-1.312)
40.1 (66.7)
Inpatient hospital visits during the first year after study entry"
Yes 783/9.2 (85.1) 2,181/28.5 (76.6) 8.58(1.81-15.35) 1.110 (1.022-1.206) 0.0488
No 212 23,964/471.2 (50.9) 11.92 (9.38-14.46) 1.217 (1.167-1.269)
40.3 (62.3)
Outpatient hospital visits during the first year after study entry n®
<13 923/17.0 (54.3) | 11,596/251.1 (46.2) 8.11(4.51-11.71) 1.191 (1.113-1.274) 0.9088
>3 2’23_25(/73_1) 14,099/228.4 (61.7) 1133(8.21-14.44) 1.172 (1.121-1.226)

“Results not shown if the number of subjects was less than 10.

*Cox models were stratified by matching identifiers (birth year and sex) and adjusted for birth residence (Seoul/metropolitan, city, or rural area), household income (low, middle, or high),
perinatal history (disorders related to fetal growth and development, birth injury, congenital malformations), and prescription duration of systemic macrolide antibiotics. The first year of follow-

up was excluded from all analyses.
P value was from an interaction test by incorporating an interaction term into the Cox model.

dComplications during the intrauterine and perinatal period that was diagnosed 3 months prior to the index date (i.e., the date of diagnosis of an exposed participant or the date of diagnosis of the
index participant with the matched unexposed participant); history of fetal growth and development disorders, birth injury, infections specific to the perinatal period, and

congenital malformations.

“Defined as one or more physician diagnoses during 6 months prior to the index date, with one or more events of asthma exacerbation requiring hospitalization or systemic corticosteroids.

fRemoved the first month after study entry from this calculation.
Bold values indicate statistical significance at the p < 0.05 level.
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Cases/accumulated person-years X
10,000 (incidence rate/10,000
person-years)

Sensitivity analysis (ref- = Exposed Matched unex-
erence group) individuals posed individuals

Multiple autoimmune syndromes (any syndrome)

22 245/6.9 (35.5) 1,619/70 (23.1)

>3 26/7.0 (3.7) 150/70 (2.1)
Lag-time
2 years after study entry 2,918/44.9 (64.9) 23,362/453 (51.6)

was excluded

5 years after study entry 1,924/312 (61.6) 15,721/314 (50.1)
was excluded
Restricted exposure” (:
ICD codes)

any of 4

ICD-10 code J157 3124/46.9 (66.7) 26145/473 (52.3)

More stringent definition of the outcome (diagnosis alone)

Absolute rate difference/10,000
person-years (95% CI) *

11.96 (7.42-16.50)

1.54 (0.99-2.09)

13.41 (10.96-15.86)

11.58(8.72-14.45)

14.27 (11.85-16.7)

Hazard ratio
(95% Cl)

1.506 (1.314-1.727)

1.789 (1.178-2.716)

1.251 (1.203-1.301)

1.223 (1.166-1.284)

127 (1.22-1.31)

Diagnosis and medication 1,541/50.7 (30.4) 11,683/509 (22.9)

7.47 (5.90-9.05)

1.32 (1.25-1.39)

Cox models were stratified by matching identifiers (birth year and sex) and adjusted for birth residence (Seoul/metropolitan, city, or rural area), household income (low, middle, or high),
perinatal history (disorders related to fetal growth and development, birth injury, congenital malformations), and prescription duration of systemic macrolide antibiotics. The first year of follow-

up was excluded from all analyses.
®P value was from an interaction test by incorporating an interaction term into the Cox model.
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19,826 ICD-10 code P20X-P29X (Respiratory and cardiovascular disorders specific to
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4,014 ICD-10 code J69X (Lower respiratory tract infection due to solids and liquids)
9,745 ICD-10 code Q30-Q34 (Congenital malformations of the respiratory system)
4,061 ICD-10 code Q90-Q99 (Chromosomal anomaly)

52,805 Exposed participants
2,868 Autoimmune diseases before exposure

49,937 Exposed cohort? 499,370 Unexposed cohort ¢4
495,133 Accumulated person-years at risk? 4,996,652 Accumulated person-years at riskP

1,512,915 Unexposed participants

5,239 Exposed cohort® 37,640 Unexposed cohort






OPS/images/fimmu.2023.1165586/fimmu-14-1165586-g002.jpg
Number IR (per 1,000PY) Weight

Study Exposed/Unexposed Exposed/Unexposed HR[95% CI]?* Common Random
M) 1,678/10,511 13.5/11.7 1.19 [0.94; 1.50] 52.9% 52.9%
KH 877/5,524 6.5/6.2 0.95 [0.53;1.70] 8.6% 8.6%
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Heterogeneity: I° = 0%, Tt =0, p = 0.57
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Variables

Gender, n(%)

Male

Female

Age, years (mean + SD)
Weight, kg (mean + SD)

Platelet counts, x10°/L (mean + SD)

8 (44.44%)

10 (55.56%)
4.972 £ 3216
21.60 + 10.00

10 +7.874

P
>0.999
8 (43.75%)
9 (56.25%)
6353 +2.978 0.197
2874 +17.67 0.148
1671 + 8.528 0021
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Detection Results

Method
Serum

NMDA- IgG CBA Negative Negative
AMPA1-IgG CBA Negative Negative
AMPA2-1gG CBA Negative Negative
LGI-1-IgG CBA Negative Negative
CASPR2-1gG CBA Negative Negative
GlyR1-IgG CBA Negative Negative
GABA-A CBA Negative Negative
GABA-B-IgG CBA Negative Negative
IgLON5-IgG CBA Negative Negative
DPPX-IgG CBA Negative Negative
DRD2- IgG CBA Negative Negative
GAD65-1gG CBA Positive (1:100) Positive (1:30)
mGluR1-IgG CBA Negative Negative
mGluR5-IgG CBA Negative Negative
Neurexin-3 o CBA Negative Negative
Ganglionic AchR CBA Negative Negative
KLHL11 CBA Negative Negative
GluK2 CBA Negative Negative
AK5 CBA Negative Negative
AGO CBA Negative Negative
CaVoa2d CBA Negative Negative
AQP4 CBA Negative Negative
MOG CBA Negative Negative
GFAP CBA Negative Negative
TBA detection of TBA Positive Positive
Brain tissue slices

The 24 autoimmune encephalitis panels in both serum and cerebrospinal fluid (CSF).

The results were detected by indirect immunofluorescence cell-based assay (CBA) indicating
that the anti-GAD65 antibodies were positive in both serum and CSF with titers of 1:100 and
1:30 respectively. The brain tissue slices detected by tissue-based assay (TBA) were positive.
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Author/

Year
10lson 6yM
etal () (2002)
2. Akman  16y/Fe
etal (9) (2009)
3Korff 6ylFe
etal (10) o1
4N: 15yM
etal (11) (014)
S.Inceck | 7yM
etal (12) (015
6.Grilo 10y/Fe
etal (13) | (2016)
7. Achour | 9ylFe
etal (1) | (2017)
8.Akin 16yM
etal (15) (017)
9. Koki SylFe
etal (16) | (2018)
10.Kem | 16y/Fe
etal3 (2021)
1L Ren 6y/Fe
etal (17) | (2021)
12. Ren 16y/Fe
etal 17) | (2021)
13, Ren ayom/
eal 17 | F
(2021)
14. Bushati | 8y/Fe
etal (18) | (2022)
15, 8yM
(2023)

CBA, cell-based assay

Clinical features

Epilepsia partialis
continua, aphasia

Complex partial seizure
and status epilepticus,
academic function decline

Progressively refractory
focal seizures, progressive
global developmental

delay, and gait instability.

Headache, transient
memory disturbance,
seizures, behavior change.

Behavioral changes,
dysphagia, ptosis,
diplopia, and drowsiness

Headache, nausea,
vomiting, seizures,
irritability, depressed
‘mood, unusual fear,
memory disturbance
Later: new seizures,
decrease the state of
consciousness, confusion,
hallucination

Temporal lobe seizures,
generalized tonic-clonic
seizures, Mood and
behavioral disturbances,
autonomic imbalance.

Confusion and headache

Seizure clustering and
altered mental status

Persistent headache, 2
episodes of urinary
incontinence, change in
acute mental status,
expressive aphasia,
auditory hallucination.

Seizure, headache,
memory deficient

Seizure, memory deficient,
depression, dysautonomia

Vomiting, headache,
confsion

First episode: abrupt
behavioral changes,
irritability, emotional
lability, deficiency of
speech, low
concentrationation and
memory loss, headache,
and morning vomiting.
Second episode: drop
attack, face blindness
Third episode:
neuropsychiatric
complaints

Seizures increase sleep
and thirst and decrease

appetite

Autoimmune
disorder

Type 1 Diabetes
Mellitus

Common variable
immune deficiency
(CVID)

TIDM at 3 years of

age

None

None

Type-1 Diabetes
mellitus

None

Type-1 DM
6months back

Pineoblastoma,
(Onco)

Acute
Iymphoblastic
Leukemia(Onco)

None.

Thyroiditis

None.

None.

Hypothyroidism

GAD Ab titer

Serum

19610 U/ml 3325 Ulml Not

(normal range  (normal range  mentioned

<10 U/ml) <10 Ufml)

>300 1U/ml >300 U/ml | Not

(normal range  (normal range  mentioned

0-1.45) 0-145)

3400 TU/mL. 13 1U/m Positive

(Normal-<10  (Normal-

1U/mL) <IU/mL)

1:160000 1:128000 Positive

(CBA) (CBA)

Positive Positive Not
mentioned

2793 U/mL Positive Negative

(Normal-<1 U/

mL)

Positive Positive Not
mentioned

20141U/mL 407 nmol. Nt

(Normal-0-10)  (Normal<0.02) ~ mentioned

Initially65,100  Initially: not Nt

Ufml (Normal  mentioned mentioned

<15U/MmL)  Later: 238 U/

Later: 142000 mlL

UlmL

250 IU/mL Negative Positive

(Normal <5

1U/ml)

1:100(CBA) 1320(CBA)  Positive

1:32(CBA) 1:32(CBA) Positive

1:100(CBA) 1320(CBA)  Positive

Positive Not Not

(ELISA) mentioned mentioned

1:100 (CBA) 132 (CBA) Positive

Brain MRI

Initially: normal
Later: lesions of the gray matter
involving the occipital and frontal
cortex, left insular region,
cerebellum

Initially: bilateral hippocampal T2
hyperintensites 1 year later:
bilateral mesial temporal sclerosis

Initially: normal at 5 years: 3yrs
Later: bilateral hippocampal,
cortical, and cerebellar atrophy

‘T2/FLAIR signal of the
hippocampus and amygdala,

mildly increased signal in the left
amygdala

Normal

Hypertense signal of the left
‘mediotemporal lobe and amygdala
on T2 and FLAIR sequences

Normal

Hyperintense signal of the right
mesiotemporal lobe

Initially: Hyperintensity of
cerebrum, predominantly in the
left hemisphere.

Later: severe whole brain
encephalitis

New edema and ill-defined
enhancement involving the left
temporal lobe, parieto-occipital
region, and left hippocampus

Bilateral Hippocampus

Initial: bilateral hippocampal 15th
‘month: bilateral frontal lobe, left
parietal lobe, right temporal lobe
and insular cortex, and subcortical
white matter and the bilateral
hippocampus 5 years follow-up:
parenchymal atrophy.

Brainstem, thalamus, basal ganglia,
bilateral cerebral, and cerebellar
hemispheres

Normal

Initially right hippocampus
involvement.
Later left hippocampus

y, TBA, tissuc-based assay, IVIG, intravenous immunoglobulin, MP, methylprednisolone, RTX, rituximab, T1DM, type-1 diabetes mellitus.

Left-sided
epileptiform
discharges and
slowing

Bilateral temporal
onset complex
partial status
epilepticus

Multifocal
harges and
right frontal
seizures

Interictal
epileptiform
discharges arising
independently
from the right
frontotemporal
and left the
posterior head
region

Epileptiform
abnormaliies in
both temporal
regions

Paroxysmal
activity and
Bilateral temporal
slowing

Slowed theta
rhythm with
bilateral
frontotemporal
spike-wave
discharges

Temporal slowing

Initially: left
dominant delta
activity.

Later: generalized
delta activity and
no spike waves.

Subelinical
scizures from the
left frontal,
temporal lobe.

Right-sided
epileptiform
harge

Slowed theta
shythm with
bilateral temporal
spike-wave
discharges

Slow theta rhythm

Initially: spiked
and slow right
frontotemporal
alpha waves
Later: no dlinical
seizures were seen

Diffuse mixed
activity in the left
anterior middle
prefrontal
temporal region

Immunotherapy

High-dose steroids,
VIG, PE

MP, IVIG

MP, Plasma exchange,
mycophenolate mofetil,
rituximab

IVIG, oral prednisone,
RTX

IVIG, Plasma exchange

MP, Oral prednisone,
RTX

MP, IVIG, RTX

IVIGMP, Oral steroid

IVIG, MP, Plasma
exchange Tacrolimus

IVIG, Dexamethasone

IVIG, MP, Oral

IVIG, MP, oral steroid,
RTX

IVIG, MP, oral steroid

IVIG, MP, RTX

IVIG, MP, Oral
prednisone

Prognosis

Seizure free

Refractory seizures

Clinical
improvement but
had refractory

seizures

Excellent seizure
control;
improvement of
transient global
amnes

episodes.

Complete recovery

Improved (No
seizures and
neuropsychological
deterioration)

6 months: died

Persists with type-1
DM

still unable to
communicate and
walk independently
and requires almost
total assistance.

Symptomatic
improvement but

persists Type-1
DM

Refractory focal
seizures

Persistent memory
impairment and
refractory focal
seizures

Complete recovery

Not mentioned

Persists with Type-
1DM
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Age at enrollment in years,

mean (SD) 13.5 (4.3) 14.6 (2.6) 0.23
Female, n (%) 21 (70.0) 18 (75.0) 0.68
Race/Ethnicity, n (%) 0.01

‘White/Caucasian 13 (433) 2(8.3)

Hispanic 9 (30.0) 17 (70.8)

Black or African American 5(16.7) 3(12.5)

Asian or Pacific Islander 3 (10.0) 2 (8.3)

Clinical and Laboratory Characteristics of the SLE Cohort

Age at SLE diagnosis in years, mean (SD) 14.2 (2.6)
Total study visits, mean (min - max) 3(1-7)
42.7 (11.3 -
Total follow up time in weeks, median (IQR) 79( N
SLEDAI-2K at enrollment, median (IQR) 14‘158(;0 )
7.5(2.0 -
Change in SLEDAI-2K", median (IQR) li 3)
Proliferative Lupus Nephritis, n (%) 7(29.2)
ISN-RPS Class
Class TII, n (%) 1/7 (14.3)
Class IV, n (%) 617 (85.7)
Concurrent Class V, n (%) 4/7 (57.1)
Baseline eGFR in mL/min/1.73 m? median 118.2 (84.6 -
(IQR" 124.7)
Baseline Proteinuria in mg pr/mg cr, median
(1oRF 29 (09 -7.2)
Individuals who reached LLDAS?, n (%) 7/20 (35%)

SD, standard deviation; IQR, interquartile range; SLEDAI-2K= systemic lupus erythematosus
disease activity index-2000.

ISN-RPS, International Society of Nephrology-Renal Pathology Society; eGFR, estimated
glomerular filtration rate.

“Calculated as baseline SLEDAI - last study visit SLEDAL

"Modified Schwartz equation.

Proteinuria assessed via spot urine protein to creatinine ratio.

IModified lupus low disease activity state defined as SLEDAI 2K <4; without major organ
activity; no new disease activity; prednisolone <7.5 mg/d and standard immunosuppressant
dosage.
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Dataset Sex (m/f; m%) Age of onset

(mean4+std; [IQR])

Early-onset (EO)T1D 97 54/43; 55.7% 2.7+1.5; [1-4]
Later-onset (LaO)T1D 96 56/39; 58.3% 15.35.4; [11-18]
Controls 169 82/87; 48.5% NA

n, number of individuals; m, male; f, female; NA, not applicable.
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HLA class

Il genotypes
DQ2/XX 22% 23% 27% 0.69
DQ2/DQ2 19% 17% 15% 0.67
DQ8/XX 14% 17% 19% 0.57
DQ8/DQ8 3% 6% 8% 0.39
DQ2/DQ8 31% 26% 12% 0.10
XX/XX 11% 11% 19% 0.38
XX#DQ2 and/or DQ8.
Differences among T1D subjects were computed by the Fisher exact test.
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Sex, Female 54% 54% 53% 1
Age (years) 15.6 £ 3.7 15.7 + 3.5 147 +47 | 0.59
Disease »
duration (years) 8.1+42 84 +42 6.1 £35 0.04
Age at onset (years) 7.5+ 39 7.4+ 37 8.6 +53 0.42
HbAIc at onset % 110 £ 24 V 109+ 24 115423 0.45
HbAlc % 7.6+12 7.7+ 13 7.3:x0.7 0.53
PGC (HbAlc > 7%) 65% 66% 60% 0.77
DKA at onset 28% 26% 38.5% 0.34
SDS-BMI 024+ 11  030£10 ;0'11_2 022
Pubertal Status 89% 90% 80% 0.37
T1D Ab

TAA 33% 32% 40% 0.72
1A2 59% 57% 70% 0.51
ICA 20% 20.5% 20% 1
GAD 79% 76.5% 100% 0.11
ZnT8A 20% 19% 30% | 0.42
Ab >1 70.5% 66% 7‘ 100% 0.02
Coeliac disease 14% 16.5% 0% 0.12
Autoimmune

thyproii 18% 21% 0% 0.07
CSII 65% 66% 60% 0.77

Data are shown as mean + SD or %.

PGC, Poor glycemic control; DKA, Diabetic ketoacidosis; SDS-BMI, Standardized Body Mass
Index; Ab, Antibody; CSII, Continuous subcutaneous insulin infusion.

In bold are indicated p values <0.05.

Differences among T1D subjects were computed by the Fisher exact test, t-test and by Mann-
Whitney U test, as appropriate.
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OR 95% Cl P value
anti-SSA IVIg/kg(Wt) 1.834 1.001 3.360 0.049
detection days
after -0.741 -0.630 -0.870 <0.0001
IVIg infused
ot IVIg/kg(Wt) 1.831 1.080 3.105 0.025
Ros2 g/kgl . . ; ;i
detection days
after -0.876 -0.819 -0.937 <0.0001
IVIg infused
anti-Mi2 IVIg/kg(Wt) 1.324 0.818 2.143 0.253
detection days
after -0.960 -0.903 -1.020 0.187
IVIg infused

OR, odds ratio; HR, hazards ratio; 95% CI, 95% confidence interval.
Bold statistical significance.
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OR 95% Cl  Pvalue
total d
anti-SSA | o cosage 1.026 1.004 1.049 0.023
of IVIg
tecti
detection days after /o 6aa | 0877 | <0.0001
IVIg infused
i- total d
anti ota’ dosage 1.042 1.019 1066 <0.0001
Ro52 of IVIg
detection days after
) 0872 -0815 | -0934 | <0.0001
IVIg infused
tal d
anti-Mip | Ofa dosage 1.005 0.990 1.021 0.491
of IVIg
detection days after
0965 | -0908 | -1.023 0.233

OR, odds ratio; 95% CI, 95% confidence interval. Bold statistical significance.

IVIg infused






OPS/images/fimmu.2024.1410661/table5.jpg
detec- total IVig/ anti- anti-Mi2
tion IVig kg(Wt) Ro52
days
ANA ; d -0.110 0.139 0.155 -0.95 0.183 0.107 - 0.079 0.001
P 0.259 0.15 0.110 0.326 0.058 0.272 - 0.419 0.992
anti-SSA ¥ -0.87 0.145 0.137 -0.455 0.165 0.085 0.327 0.563 0.353
P 0.369 0.134 0.158 0.000 0.087 0.382 0.001 0.000 0.000
anti-Ro52 T -0.167 0.222 0.231 -0.379 0.268 0.144 - - 0.126
P 0.085 0.021 0.016 0.000 0.005 0.137 = = 0195
anti-Mi2 r 0041 0.026 0010 0.158 0085 0.063 = - -
P 0672 0.786 0918 0.103 0381 0514 = - -

Bold statistical significance.
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IVlg group non-1Vig group t/Fisher's

n (%) n (%)
age(year) 326 +4.13 401 £ 391 -0.885 0377
Female 10(37.04%) 45(38.79%) - >0.9999
PLT(xlOQ/L) 9.85 + 7.50 10.34 £7.13 -0.315 0.753
IVIg+glucocorticoids 9 21 - 0.113
ANA 13(48.15%) 13(12.21%) - <0.0001
speckled pattern 10(37.04%) 10(8.62%) - 0.0006
cytoplasm particle pattern 7(25.93%) 3(2.59%) - 0.0003
anti-SSA 11(40.74%) 1(0.86%) - <0.0001
anti-Ro52 22(81.48%) 2(1.72%) = <0.0001
anti AMA-Mi2 14 (51.85%) 0(0.0%) = <0.0001

Data are means + standard deviation. Bold statistical significance.
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ANA/ANA-spe- IVig group non-1VIg group

cific antibodies n (%) n (%)

ANA 55(50.93%) 120(9.99%) <0.0001
speckled pattern 50(46.3%) 78(6.49%) <0.0001
cytoplasm particle pattern 33(30.56%) 29(2.41%) <0.0001
nucleolar pattern 2(1.85%) 15(1.24%) 0.6449
the other patterns 2(1.85%) 14(1.17%) 03856
anti-nRNP/SM 3(2.78%) 11(0.92%) 0.1019
anti-SSA 42(38.89%) 3(0.25%) <0.0001
anti-Ro52 95(87.96%) 6(0.50%) <0.0001
anti-SSB 1(0.93%) 1(0.08%) 0.1583
anti-Scl70 1(0.93%) 6(0.50%) 04535
anti-PM-SCL 2(1.85%) 17(1.42%) 0.6662
anti-Jol 0(0%) 7(0.58%) =
anti-PCNA 1(0.93%) 9(0.75%) 05786
anti-histone 2(1.85%) 12(1.00%) 03235
anti AMA-Mi2 57(52.78%) 4(0.33%) <0.0001

Bold statistical significance.
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positive female n(%) male n(%) Fisher's P

ANA value

IVIg group 21/47(44.68%) 34/ - 0.3319
61(55.74%)

non- 68/536(12.69%) 52/ - 0.0065

IVIg group 665(7.82%)

Bold statistical significance.
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1Vig group non-1Vilg group t/Fisher's P value
average age (year) ‘ 435 +3.87 639+ 423 4.85 <0.05
male: female ‘ 61:47 665:536 - 0.6290
infection: noninfection ‘ 32:76 233: 968 - 0.1634
positive ANA or specific antibodies n (%) ‘ 108(100%) 191(15.89%) - <0.0001
positive ANA n (%) ‘ 55(50.93%) 120(9.99%) - <0.0001
positive ANA-specific antibodies n (%) ‘ 103(95.37%) 87(7.24%) - <0.0001

Data are means + standard deviation. Bold statistical significance.
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AH

alveolar hemorrhage

ALP acute lupus pneumonia
ANA antinuclear antibodies
ANCA antineutrophil cytoplasmic antibodies
anti-RNP anti ribonucleoprotein needle
anti-SM anti-Smith
ARS anti-aminoacyl transfer ribonucleic acid synthetase
BAL bronchoalveolar lavage
c3 C3 fraction of the complement
cic circulating immune complexes
CILD chronic interstitial lung disease
cL chemokine ligand
CR chemokine receptor
CRP C-reactive protein
CTDs connective tissue diseases
CTPA computed tomography pulmonary angiogram
CXR chest x-ray
DC dendritic cell
DLCO diffusing capacity of the lungs for
carbon monoxide
DM dermatomyositis
DNA deoxyribonucleic acid
dsDNA anti-double-stranded DNA
ESR erythrocyte sedimentation rate
HRCT high-resolution computed tomography
IFN interferon
Ig immunoglobulin
1L interleukin
ILD interstitial lung disease
DM juvenile dermatomyositis
jLSc localized juvenile scleroderma
jSc juvenile scleroderma
JSLE juvenile lupus erythematosus
jssC systemic juvenile scleroderma
KL6 Krebs von den Lungen-6
LDH lactate dehydrogenase
MCp monocyte chemoattractant protein
MDA5 anti-melanoma differentiation associated gene 5
MDSC myeloid-derived suppressor cell
MHC histocompatibility complex
MRI magnetic resonance imaging
NR4A nuclear receptor subfamily 4A
PAH pulmonary arterial hypertension
Pa02 partial pressure of oxygen in the arterial blood
PT pulmonary thromboembolism
Se scleroderma
SLE lupus erythematosus
SLS shrinking lung syndrome
TAZ transcription coactivator with PDZ-binding motif
TGF transforming growth factor
TLR toll like receptor TNF- 0, tumor necrosis factor-o.
TUS thoracic ultrasound
YAP Yes-associated protein
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Affection Specificity

of CTDs

Paraclinical investigations

Imaging features

Management
directions

Pleurisy JSLE +++ leukocyte CXR/HRCT: unilateral/ Analgesics and anti-
CRP, ESR, LDH, thrombomodulin bilateral pleural effusion, in inflammatories
j8Se + thoracentesis + biochemical analysis  small to moderate amounts,  Oxygen therapy
: ANA with opacification of the Steroid therapy
JDM + CA125 costdiaphragmatic recess (Methylprednisolone)
Tetracycline pleurodesis
ALP JSLE ++ Positive anti-SSA antibodies CXR/HRCT: pulmonary Steroids Bacterial cultures, fiberoptic
Histology: diffuse alveolar lesions, infiltrates in the presence/ Immunosuppressive bronchoscopy,
jsSe - interstitial edema, formation of absence of pleural effusion Immunoglobulins * transbronchial biopsy, and
jDM - hyaline membranes, hemorrhagic Plasmapheresis open lung biopsy are
areas Antibiotic therapy recommended to rule out
spirometry associated lung infections
ILD JSLE + ESR CXR: changes only in late Steroids, Immunosuppressive agents
BAL * positive for neutrophils and phases Immunosuppressants require in-depth studies
jSSe 4+ eosinophils HRCT: ground-glass (Hydroxychloroquine, regarding the effectiveness in
DM ++ KL6, IL-10, IL-19, IL18, ferritin opacities, reticular linear Azathioprine, Methotrexate, children
ARS opacities, honeycombing, Cyclophosphamide, In refractory cases,
MDA5 nodules, cylindrical Mycophenolate mofetil, Adalimumab or combined
spirometry, DLCO bronchiectasis, parenchymal  Infliximab, Rituximab) therapy with high doses of
Gastrointestinal evaluation bands, esophageal dilatation Oxygen therapy methotrexate, cyclosporin A
Ultrashort echo-time MRI Lung transplant/autologous and intravenous
TUS hematopoietic stem cells immunoglobulins can be
Prokinetic agents used
Nintedanib is currently
showing promising results
in adults
CILD JSLE ++ Histological: inflammatory cell HRCT: pleural effusion, TUS can provide
infiltrate in various degrees, ground glass or fibrosis information about
jSSe no peribronchial lymphoid hyperplasia,  appearance pulmonary damage in the
iDMno homogeneous interstitial fibrosis, TUS initial stages, being non-
pneumocyte hyperplasia, invasive and useful in
macrophage/lymphocytic alveolitis assessing the need for HRCT
spirometry, DLCO
SLS JSLE + Blood gasometry CXR: small lungs, atelectasis, =~ Corticosteroids The syndrome is rare, the
Spirometry high diaphragm Theophylline and beta- therapeutic schemes being
j8Se no HRCT: atelectasis agonists may be useful in incompletely developed.
§ diaphragmatic ultrasound diaphragmatic weakness Rituximab demonstrated its
iDM no 5 ! :
mode M: alteration of the effectiveness in the study on
dynamics of the diaphragm isolated cases
fluoroscopy: alteration of the
dynamics of the diaphragm
PAH JSLE ++ Echocardiography: right ventricular CXR, HRCT, MRI: the Steroids Bosentan can induce hepatic
enlargement increase in size of the Immunosuppressants dysfunction as an adverse
jSSe +++ Right heart catheterization pulmonary artery, explores | (Cyclophosphamide) effect
DM+ Antiphospholipid antibodies the existence of Vasodilator (Bosentan, pentraxin-3 (PTX-3) is a
Blood gasometry congenital defects Epoprostenol, Iloprost/ biomarker under
Sildenafil) investigation regarding the
Lung transplant effectiveness of estimating
the risk of SSC-PAH
AH JSLE +++ Hemoglobin, Hematocrit, Platelets CXR: diffuse pulmonary Mechanical ventilation
Coagulogram, Coombs test infiltrates Corticosteroid therapy
j8Se no Serum complement MRI Immunosuppressants
DM no Inflammatory markers: ESR, CRP Bronchoscopy (Cyclophosphamide,
Blood gasometry, Spirometry, DLCO Rituximab)
Echocardiogram: tachycardia Intravenous immunoglobulin
BAL: blood/macrophages loaded Plasmapheresis
with hemosiderin
Immunohistological: immune
complexes and deposits of 1gG and
C3 in alveolar, capillary and
interstitial cells
PT JSLE +++7 Complete blood count CTPA: may show pulmonary = anticoagulants
Coagulogram embolus Thrombolysis
j8Se no Antiphospholipid antibodies Doppler: may show
DM no venous embolus

* +++, frequent; ++, relatively rare; +, rare; -, absent; no, no data; jSLE, juvenile systemic lupus erythematosus; jSSc, juvenile systemic scleroderma; jDM, juvenile dermatomyositis; ALP, acute
lupus pneumonia; ILD, interstitial lung disease; CILD, chronic interstitial lung disease; SLS, shrinking lung syndrome; PAH, pulmonary arterial hypertension; AH, alveolar hemorrhage; PT,
pulmonary thromboembolism; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; LDH, lactate dehydrogenase; ANA, antinuclear antibodies; BAL, bronchoalveolar lavage; KL-6,
Krebs von den Lungen-6; IL-, interleukin; Ig, immunoglobulin; C3, C3 fraction of the complement; DLCO, diffusing capacity of the lungs for carbon monoxide; ARS, anti-aminoacyl transfer
ribonucleic acid synthetase antibodies; MDAS, anti-melanoma differentiation associated gene 5 autoantibodies; CXR, chest x-ray; HRCT, high-resolution computed tomography; MRI, magnetic
resonance imaging; TUS, thoracic ultrasound; CTPA, computed tomography pulmonary angiogram;
'in the absence of ILD;
%in association with antiphospholipid antibody syndrome, smoking, estrogen-based contraceptives and proteinuria;
3caution due to the risk of precipitating kidney damage;
“dynamic repetition is not recommended.
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Susceptibility (genetics)

e.g., alveolar and microcirculatory injury
RNA virus infections (e.g., coxsackie,

parvovirus B19, SARS-CoV-2)

- Circulating immune complexes located at lung level
- Activation and proliferation of immune cells

pulmonary residues

- Increases IFN-1 expression

- MHC | overexpression DC maturation
- Increases the synthesis of antibodies,

pro-inflammatory cells, alpha-defensins,

B lymphocytes, CD4 and CD8 T

lymphocytescytokines and chemokines,

potentiation of transforming growth

factor-B (TGF-B) mediated TLR 4 signaling

- Immune tolerance disorder

-

Molecular continuation of the
pathogenic process

- Dysregulation of the regeneration capacity of lung

progenitor cells

+

Trigger factors

2

Organic finality

Promoting the pro-inflammatory
environment

Epithelial lesions

Epithelial and endotheliosis
mesenchymal transition

Transition of fibroblasts to activated
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Excessive deposition of extracellular
matrix

Extensive lung remodeling
Irreversible disorganization of the
lung structure

Endothelial activation
Vasoconstriction secondary to
chronic hypoxia and vascular
remodeling

Increased stiffness and functional
impairment
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IL-36 (a, B, ¥) binds to IL-36 receptor.  [------- 3

NF-kB Anti-inflammatory ligands
MAP kinases (e.g. IL-36 RA) are missing in DITRA.

Enhanced Inflammatory Response

Keratinocytes react to IL-1, TNF-q,
and IL-17A, causing an increased
production of IL-8 and IL-36.

Keratinocytes stimulate the production
of CXCL1, CXCL2, and CXCLS6.

The overproduction of IL-8 and IL-36 This stimulation enhances the
creates an autocrine loop, recruitment of neutrophils
amplifying the expression of IL-36. to the epidermis.
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Hospital-based electronic
medical record screened (n=78)

34 children excluded:

€ Not first onset children (n=6)

€ Overlap with other positive antibodies (n=11)

€ Seccondary to Infectious Encephalitis (n=4)

€ No MRI and contrast enhancement examination (n=13)

44 children included
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¥ Prodromal symptoms ¥ Progressive concomitant symptoms

Fever Headache Emesis Blurred Vision Convulsions  Decreased Level Dyskinesia
of Conscioushess
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Parameter P value
No. of patients 131 22 -
Male, % 50% 54% -
Age at onset [years] 8.62 9.00 0.714
pH value at onset 7.33 7.30 0.229
BMI-SDS at onset -0.63 179 0.000
HbAIc at onset [%)] 1149 11.35 0.823
DIR at discharge [U/kg/24 h] 0.58 0.47 0.044
Fasting C-peptide at onset [ng/mL] 0.52 0.77 0.009
HbAIc after 1 year [%)] 6.62 6.53 0.673
DIR after 1 year [U/kg/24 h] 0.59 0.55 0.501
HbAIc after 2 years [%] 6.65 7.02 0.139
DIR after 2 years [U/kg/24 h] 0.69 0.75 0.314
Fasting C-peptide after 2 years [ng/mL] 0.44 0.58 0.291
% decrease in c-peptide level during the time of observation 15.39% 24.68% -
BMI-SDS after 2 years 0.37 179 0.000
IL-1beta/IL-1F2 [pg/mL] 126.82 268.37 0.059
IL-10 [pg/ml] 696.61 1646.24 0.048
IL-12p70 [pg/ml] 540.23 1482.59 0.028
IL-17 [pg/ml] 252.37 595.47 0.046
TNF-alpha [pg/ml] 229.08 537.13 0.155
IFN-gamma [pg/ml] 114.20 182.35 0.047

Results are presented as mean values. P values <.05 are in bold.
BMI, body mass index; BMI-SDS, BMI SD score; DIR, daily insulin requirement.
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Age at onset r=0.074; P=0.363

pH value at onset r=0.058 P=0.474

HbAIc at onset r=-0.093; P=0.252
DIR at discharge r=-0.270; P=0.001
Fasting C-peptide at onset r=0.367; P<0.001
HbAICc after 2 years r=0.179; P=0.031
DIR after 2 years 1=0.001; P=0.988
Fasting C-peptide after 2 years r=0.146; P=0.155
IL-1beta/IL-1F2 r=0.208; P=0.166
IL-10 r=0.316 P=0.033
IL-12p70 r=-0.242; P=0.105
IL-17 r=-0.312; P=0.035
TNF-alpha r=0.239; P=0.109
IFN-gamma r=0.187; P=0.214
GADA r=0.084; P=0.313
ICA r=-0.091; P=0.274
IA2A r=0.052; P=0.531

P values <.05 are in bold.
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a- statistically significant difference between 1* quartile and BMI-SDS >1 group (P <.05),
b- statistically significant difference between 3" quartile and BMI-SDS >1 group (P <.05).
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Average terminal mRS score 0.53 + 1.16 0.25 + 0.67 0.8 + 147 0.59 + 1.23 2352 0.098
Onset age (months) 83.73 + 41.57 78.88 + 36.26 81.2 + 40.08 86.91 + 44.49 0.664 0.516
Complete recovery 134 (63.21%) 40 (63.49%) 21 (65.63%) 73 (62.39%) 0.116 0.944
Recurrence 24 (11.32%) 11 (17.46%) 5 (15.63%) 8 (6.84%) 5.298 0.071
Abnormal head MRI scan 109 (51.42%) 42 (66.67%) 25(78.13%) 42 (35.90%)" 26.284 <0.001
Abnormal electroencephalogram 145 (68.40%) 34 (53.97%) 21 (65.63%) 90 (76.92%)" 10.116 0.006
Abnormal leukocyte count in CSF 136 (64.15%) 42 (66.67%) 25 (78.13%) 69 (58.97%) 4254 0.119
Fever 84 (39.62%) 28 (44.44%) 17 (53.13%) 39 (33.33%) 4.985 0.083
Seizures 89 (41.98%) 14 (22.22%) 11 (34.38%) 64 (54.70%)" | 18.630 <0.001
Status epilepticus 31 (14.62%) 4 (6.35%) 2 (6.25%) 25 (21.37%)* 9.514 0.009
Psycho-behavioral abnormalities 103 (48.58%) 10 (15.87%) 12 (37.50%) 81 (69.23%)™ 48.526 ‘ <0.001
Consciousness disturbance 92 (43.40%) 26 (41.27%) 15 (46.88%) 51 (43.59%) | 0275 0.871
Visual disturbance 32 (15.09%) ‘ 18 (28.57%) 5 (15.63%) 9 (7.69%)" ‘ 13.938 0.001
Involuntary movements 75 (35.38%) 4(6.35%) 6 (18.75%) 65 (55.56%)" 47.927 <0.001
Ataxia 38 (17.92%) 13 (20.63%) 7 (21.88%) 18 (15.38%) 1.167 0.558
Speech disorder 79 (37.26%) 12 (19.05%) 6 (18.75%) 61 (52.14%)™ 24.705 <0.001
Sleep disorder 58 (27.36%) 3 (4.76%) 2 (6.25%) 53 (45.30%)™ 42.310 <0.001
Admission to an intensive care unit 36 (16.98%) 4 (6.35%) 6 (18.75%) 26 (22.22%)* 7.402 0.025

p<0.05, compared with MOG group; °p<0.05, compared with GEAP group.
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Pediatric patients

AQP4 NMDAR CASPR2 GABABR

(n=3) (n=97) (n=5) (n=2)
Demographics
Range of onset age (months) 3-198 13-166 14-154 108179 3192 25-118 88118 157
Mean onset age (years) 706 %36 657 +3.02 677334 1181297 706379 295+ 163 425189
Sex (male/female) 82191 18/30 1911 o3 4255 an 200 on

Types of onsets (n)

Acute (<2 weeks) 106 31 19 3 60 2 1 1
Sub-acute (2 weeks ~ 1 month) 42 n 8 0 21 3 1 0
Chronic (21 month) 2 6 3 0 16 0 0 0

Initial manifestations (n)

Seizures 59 6 5 0 50 2 1 0
Psycho-behavioral abnormalities 26 0 1 0 2 2 1 1
Fever 33 15 13 0 6 0 0 0
Visual disturbance it 1 3 1 1 0 0 0
Others a1 16 8 2 18 1 0 0

Clinical manifestations (n)

Seizures 88 i u 0 6 3 2 1
Status epilepticus E) 1 2 0 2 1 1 1
Consciousness disturbance 92 26 15 0 51 3 2 1
Fever 82 2 17 0 39 1 2 1
Psycho-behavioral abnormalities 103 10 12 0 81 5 1 1
Headache 61 20 13 1 E 0 0 1
Menmory deficit 60 10 6 2 36 2 2 1
Speech disorder 7 12 6 0 61 2 1 1
Sleep disorder 0 3 2 0 53 4 1 1
| nvoluntary movement 8 1 6 0 65 1 1 0
Visual disturbance 2 18 5 2 9 0 0 0
Ataxia 37 13 7 1 18 0 0 0
Autonomic dysfunction 48 9 9 2 25 3 1 0
Sensory disorder 19 1 5 2 9 0 0 0
Faciobrachial dystonic seizures 1 0 0 0 0 0 0 1

Positive antibody (n, %)

Only serum 2 2 15 0 9.(9.3%) 3 (60%) 1(50%) -
Only cerebrospinal fluid 22 1 5 0 19 (19.6%) - - -
Cerebrospinal fluid and serum 102 21 10 3 69 (711%) 2 (40%) 1(50%) 1(100%)

Cerebrospinal fluid analysis
Number of cases with increased protein level (range, mg/L) 25 9 (200-1638) 7 (180-1610) 0 6 (160-860) 1(593) 0 0
Number of cases with cerebrospinal fluid pleocytosis (>5/mm?) (range, 10° cells/L) 133 42 (2-430) 25 (1-600) 2(4-28) 69 (1-144) 4(6-214) 2(15-40) 1(23)

Cases with abnormalities in brain magnetic resonance imaging (n)

Total 105 2 25 1 42 2 2 1
Frontal lobe 66 33 16 0 25 1 1 o
Parietal lobe 64 27 14 0 28 1 1 o
Temporal lobe 53 21 9 0 21 1 1 1
Oceipital lobe a4 2 n 0 15 1 1 0
Basal ganglia 2 17 8 0 7 0 1 0
Thalamus 2 16 13 0 15 2 2 0
Brain stem 23 15 10 1 2 0 0 o
| Cerebellum 22 15 5 0 6 0 0 o
‘ Callosum 12 8 4 0 3 0 0 o
| Insular lobe 1 5 1 0 9 1 1 0
‘ Others ; 3 1 0 2 1 1 o
|

Cases with abnormalities in spinal cord magnetic resonance imaging (n)

Cervical cord - 16 5 3 - = = =
Thoracic cord - 18 4 1 - = - -
Lumbar cord - 5 2 0 . = = -
Medullary cone - 1 0 0 = = = x

Cases with abnormal electroencephalogram (n)

Total 150 3 2 2 %0 5 2 1
Epileptiform discharges 9 1 1 0 39 2 2 1
Slow waves 13 3 20 2 88 5 2 1
Others (n)
Secondary to herpes simplex encephalitis 6 2 0 0 4 0 0 0
Complicated with tumor(s) 4 0 1 0 2 0 1 0
Treatments (n)
No immunotherapy 2 1 1 0 0 0 0 0
Only IVIG 6 2 2 0 2 0 0 0
Only steroids 12 9 5 0 0 0 0 0
Steroids + IVIG 153 36 2 3 95 5 2 1
Steroids + IVIG + plasma exchange 5 1 1 0 3 0 0 0
Second-line treatment E) 6 1 2 20 1 1 0
Admission to an intensive care unit 37 4 6 0 2 2 2 0
Mean time to discharge (days) 2035+ 2045 1992 £ 1091 2437 £ 1269 30,67+ 12.64 3377+ 2334 3544195 5142263 36
| Outcomes
‘ Complete recovery 137 0 21 1 7 4 1 1
| Movement disorder 12 3 3 1 5 0 0 0
‘ Cognitive disorder 2 5 5 1 15 1 0 0
| Epilepsy 13 4 2 0 7 0 0 0
Visual disturbance 2 1 0 1 0 0 0 0
Relapses 2 u 5 2 8 0 0 0
Mortality 3 0 0 0 2 0 1 0
Average maximum mRS score 365+ 102 35088 347+125 333058 367+ 101 3813 50 4
Average terminal mRS score 06+126 025 +067 08+ 147 167+ 153 059+123 02+045 342 0

NMDAR, N-methyl-D-aspartate receptor; AQP4, aquaporin 4 CASPR2, contactin-associated protein-like
15 IVIG, intravenous immunoglobulin; mRS, modified Rankin scale.

10G, myelin oligodendrocyte glycoprotein; GABABR, y-aminobutyric acid B receptor; GFAP, gialfibrillay acidic protein; LG11,leucine-rich glioma- inactivated
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Patients with relapse(s) Patients with a monophasic disease course

Variable
(n=11) (n=37)
Sex, male 29 (60.42%) | 6 (54.55%) 23 (62.16%) kS 0.732
78.88 +
Age 96 + 39.14 73.78 + 34.28 1.828 0.074
36.26
19.92 +
Length of stay 1091 17.64 £5.32 20.59 + 12.06 -1.16 0.253
Initial mRS score 35+0.88 327 £1.01 357 +083 -0.981 | 0.332
Terminal mRS score 0.25 +0.67 0.18 + 0.4 027 +0.73* -0.516 | 0.609
Leukocytosis 42 (87.50%) | 10 (90.91%) 32 (86.49%) i3 >0.999
Abnormal head MRI scan 42 (87.50%) | 9 (81.82%) 33 (89.19%) * 0.609
Abnormal orbit MRI scan 16 (33.33%) | 5 (45.45%) 11 (29.73%) * 0.468
Abnormal spinal MRI scan 19 (39.58%) | 1 (9.09%) 18 (48.65%) ® 0.032
Ab: al
norm 34(85.000 8 (80.00%)" 26 (86.67%)° * 0.629
electroencephalogram
Fever 28 (58.33%) | 3 (27.27%) 25 (67.57%) * 0.034
Seizure(s) 14 (29.17%) | 5 (45.45%) 9 (24.32%) * 0.258
Status epilepticus 4(8.33%) 2 (18.18%) 2 (5.41%) * 0.221
P -behavioral
sycho-behaviora 10 (20.83%) | 3 (27.27%) 7 (18.92%) * 0.675
abnormalities
Consciousness disturbance 26 (54.17%) | 2 (18.18%) 24 (64.86%) 7.443 0.006
Visual disturbance 18 (47.37%) | 8 (72.73%) 10 (37.04%) 3.993 0.046
Positive tests of multiple
oy 8 (16.67%) 4 (36.36%) 4 (10.81%) kd 0.068
antibodies
Antibody titer >1:100 26 (54.17%) 7 (63.64%) 19 (51.35%) 0.515 0.473

The asterisks (*) indicate no statistics for Fisher’s exact test. P* < 0.05 compared with the initial mRS score. One® and seven® patients did not receive an electroencephalogram test. MRI, magnetic
resonance imaging; mRS, modified Rankin scale.
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Phenotype Cluster

EMP 20
EMP 19
EMP and some MPP 18
2 MPP and GMP+LMPP, some pro B 17
=
[
2 Majority late GMP and some GMP is
g +LMPP and EMP
g Late GMP and some pro B 16
a
o Pro B 10
Pre B I and some pre B II 12
Pre B 1 11
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o
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£
o
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GMP, granulocyte-macrophage progenitor; MPP, multipotent progenito; LMPP, lymphoid-
primed multipotent progenitor; EMP, erythro-myeloid progenitor.
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) %) E cellularity  hematopoiesis  clonality e variation -
VUS SAMDSL:
Decreased Chr7(GRCh37)
Ery<l%, hematopoiesisin | B9276101IT>A:
1 0 15 16 Neu7%, 49 | No Ng | No Hypocelular | allins ncresed | Y0010 o NM1527032  Normal | Normal Pos
Mono 16% Iymphocytes and | O™ cl2MAT
mast cells p.(Hist25Len)
Heterorygous
VUS RPS21;
ChriO(GRCh3?)
SIS A
2 m 5 9 an 15 No Neg Mo Hypocelhlar | "+ " Mo No NM_O01142285.1:  Normal | Normal Pos
At s
07
Heterozygous
VUS SAMDS;
Chr7(GRCh7)
Minimal rest — BOTIBITSG _—
s = 2 s as M Hadsl Ng | N Hypocie | hemtopoioss | om0 e S
without dysplasia | "™ <21304>C fons
pLys7104sm)
Heterorygous
Decreased
Ery 2030%, myelopoicsis and
other Progissive | megakaryopoiesis
1 B 16 15 s M No Ng Mo e | No No No NE NE Neg
s0% increased
erythropoiesis
BRCALChrl?
(GRCh3?):
Minimal rest EAIMSGA: i
5 m B B a% 2 No Ng | No Hypocelllar  hematopoicsis | No No NMO0943: | Nommal | SISy
‘without dysplasia CA258CT P!
p(Gln120)
Heterozygous
Decreased
6 m 16 17 <an 76 No Ng Mo Hypocelular | hemORISBIn gy No No Normal f’;"“"’“"“ Pos
no dysplasia
Decreased
hematopoiess in
7 B 3 3 s 21 N Neg | Mo Hypooelar ‘:{;”2;&‘;‘: No No No Normal | Normal Pos
increased B- an
T-cels

* Anti-nuclear antibodies (ANA), direct antiglobulin test (DAT) and human leukocyte antigen (HLA) antibodies were screened, followed by further specification if tested positive.
** Screened for active ParvoB19, EBV, CMYV, Hepatitis A/B/C (if indicated Leishmania and HIV).

*** Iron, foli acid, vitamin B12, thyroid/liver/kidney function, electrolytes.

PNH, paroxysmal nocturnal hemoglobinuria; TPO, thrombopoietin; BME, bone marrow failure; MMC, mitomycin C; CMV, cytomegalovirus; VUS, variant of unknown significances NE, not examined.
The symbol # indicates that the effect of the nucleotide change on the resulting protein is not clear.
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(mmHg)
F1 33 Daughter 126 6 66 ¥ 266 126/69 1 53 3 152 162 198 111
(Affected)
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(Affected)
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COHORT oligoarticular  polyarticular
Demography
Patients (n) 15 5 5 5
Gender (males) 3 1 1 1
Age (median, +/-SD, years) 12.88 £ 4.10 10.46 + 4.21 10.66 + 5.25 14.52 £ 1.94
Disease characteristics 7 7
Antinuclear antibodies positivity 7 2 4 1
Human leukocyte antigen B27 positivity 5 0 2 3
Rheumatoid factor positivity 0 0 0 0
Anti-citrullinated protein antibody positivity 0 0 0 0
Disease activity
active joint count (median +/- SD) 4.00 +3.18 42 +1.92 8.5+332 34£22
active uveitis 2 2 0 0
Erythrocyte sedimentation rate (mean +/- SD, mm/hour) 13.50 + 8.12 10.43 + 447 12.00 + 12.17 17 £9.13
C-reactive protein (mean +/- SD, mG/L) 4.85 +8.94 1192 +£13 4.93 + 4.00 2.76 +2.64
Juvenile arthritis disease activity score-71 843 +7.26 13.00 + 2.55 16.75 + 5.74 7.8 +£3.37
Treatment
Glucocorticoid 4 2 1 1
Conventional synthetic disease-modifying antirheumatic drug 15 5 5 5
Anti-tumor necrosis factor-alpha 0 0 0 0
Neutrophil counts
Relative numbers (mean +/- SD; HD range 0.45-0.7) 0.55 + 0.098 0.57 £ 0.12 0.55 + 0.05 0.54 + 0.08
Absolute numbers (mean +/- SD; x10*9/1; HD range 2.00-7.00) 395+ 1.87 429 +2.37 3.58 + 1.50 4.06 + 0.94

Baseline characteristics of the study cohort: 15 enrolled patients with juvenile idiopathic arthritis (JIA) with active disease (JADAS71 = 1). SD, standard deviation.
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Country

Infliximab
Administration

Treatment outcomes or main findings

Adverse events

KD patient

1. No further fever after the first infusion.

Weiss et al. with resistant 5 mg/kg of 2. Pericardial effusion resolved. 3. Inflammatory markers
2004 (18) ) USA to IVIG and infliximab (on Days returned to normal. 4. Infliximab was an effective NA
corticosteroids 45, 59, and 89) adjuvant therapy in patients refractory to intravenous
(n=1) immunoglobulin or corticosteroids treatments.
1. Cessation of fever occurred in 13 of 16 patients.
2. Infliximab treat: t d ed the C- ti tei
A single infusion of i Ipmep e imenticecreas SReRCHEPIoNE There were no adverse reactions
Bucnsietial, USA n=17 5 or 10 mg/kg of (CRE}Jevel or complications of infliximab
2005 (33) B 2.0r 0 mgkg 3. Patients with arthritis treated with 10 mg/kg of oricomp
infliximab G F 5 infusion.
infliximab resulted in dramatic and permanent
resolution of their arthritis within 12 hours.
Biens RCT: Asingl infusion of | IFX infusion and IVIG resulted in the cessation of fever | .0 Infusion reaction and positive
etal, 2008 | USA - X ; skin test for tuberculosis were
n=24 5 mg/kg within 24h in 11 of 12 and 8 of 12 patients.

(49) observed.

Fever subsided immediately after infliximab treatment

18.6%); infl: ki li
Hirono K A single infusion of (18.6%); Serum proint ?mmatory cytokines §ec ined

remarkably upon infliximab treatment; It might be one
et al,, 2009 Japan n=43 5 mg/kg of 5 . : NA

) of the adoptive therapies in refractory KD patients; But

(29) infliximab NP B

infliximab treatment could not completely inhibit local

vasculitis.

1. Cessation of fever presented in 13 of 16 patients

(81.3%).

o 2. CRP level decreased in 87.5% of patients. One case with acute hepatitis
A single infusion of . X .
Song et al. Korea _y 5.6.6 mafke of 3. No remarkable further progression of coronary artery occurring during treatment
2010 (36) - o R (CA) lesions developing after treatment. followed by calculous cholecystitis
infliximab . . s .

4. Two patients with fever and arthritis achieved 4 months later.

dramatic and permanent resolution of their arthritis

within 12 hours after treatment.

1. Decreased CRP.

. 2. No abnormalities of the coronary arteries. .
Shirley Intravenous 3. Infliximab and prednisol 14 the first The coronary arteries were
etal, 2010 | USA n=1 infliximab with 5 o Jusat normal. Without any further

ine therapy for KD.

32 d ts.
G2 me/kg 4. The patient defervesced quicKly and tolerated with adverse events.
IFX treatment.
1. IFX and the placebo group did
not differ dramatically in adverse
events (0% vs 2.3%, P =1.0).
2. No symptoms of congestive
1. Fewer days of fever was observed under IFX treatment  heart failure was identified in any
Soivetal RCT: A single infusion o than the control group (median 8 days vs 10 days, pat?ent with IFX. tre.:ntmem. No
2011 (22) USA 0106 5 mg/kg P=0.028). patient had an ejection fraction
. 9/ 2. Shorter lengths of hospitalization were observed in the ~ <60% after IFX treatment.

IFX infusion group (median 5.5 days vs 6 days, P =0.04). 3. However, IEX could not
improve coronary artery
outcomes. No AEs related to IFX
treatment were detected during
the follow-up.

Do Thi i It
o . A single infusion of An 18-mo-old girl who presented with features of . is patient was response. 10 pu'se
et al, 2013 India n=1 . intravenous methylprednisolone
5 mg/kg incomplete KD and was refractory to IVIG and IFX.
(37) therapy.
Sivak Repeated fe d thereb;
Hasumar " Remarkable reduction in thrombus size and the size of e .e .ever shc et
etal, 2013 India n=1 NA the bt i necessitating prolonged oral
e right coronary artery aneurysm.
(39) £ e it steroid use.
Compared with the placebo group, patients treated with
infliximab had fewer days of fe 0.0001).
Tremoulet A single infusion of | > ac fewer days ottever fprooton,; :
RCT: Infliximab-treated patients had greater reductions in No serious adverse events were
etal, 2014 USA 5 mg/kg of . . . - o
) n=196 infliximab erythrocyte sedimentation rate (p=0.009), Z score of the directly attributable to infliximab.
left anterior descending artery (p=0-045), CRP
(p=0.0003), and in absolute neutrophil count (p=0.024).
Ogihara 5 mg/kg of Infliximab treatment was corelated to both the signaling
et al. Japan n=8 iflilinab cascades of KD inflammation and multiple transcripts related =~ NA
2014 (30) R to intravenous immunoglobulin (IVIG) resistance factors.
1. Seven patients (9.2%) showed

1. IFX improved the fever and conjunctival injection of | drug eruptions and

KD patients. liver dysfunction.

2. IFX treatment reduced fever to 37.5°Cin 70 of 76 cases 2. Four patients (5.3%) suffered

Sonoda g p 5 (92.1%). 81.6% of the cases presented with a rapid from infectious diseases with

A single infusion of A siai ordione . o "
etal, 2014  Japan n=76 5 meg/kg declination of fever within 2d after IFX administration bacteremia, phlebitis, and urinary
(44) without any recurrence. tract infections.

3. IFX could decrease the inflammatory cytokines. 3. Eight patients (10.5%) emerged

4. Clinical symptoms and blood laboratory data were with arthritis.

also improved in these cases. 4. No severe life-threatening
adverse event was observed.

1. No adverse reactions were
observed during the infusion of
X IFX.
1. Patients under IFX treatment responded promptly .
5 3 2. None of these patients
Singh A dose of IFX was with resolution of fever (11/23). developed tubereulosis or an
s ! 5.7 2. One patient who did not respond to IFX (1/23). pec fhsreilosis onany.
et al.2016 India n=23 : 0 " . other significant infection in the
1) mg/kg given 3. Nine severe KD patients with CAAs. No further sollow
-up.
intravenously. progression of CAAs was detected among the two p.
tients (2/9) 3.0ne patient (1/23) developed an
pansnts ) acute febrile illness two weeks
after IFX treatment which
responded well to antimicrobials.

1. Infliximab treatment resulted in shorter duration of

fever and fewer days of hospitalization.

2. Treatment resistance was lowere in the infliximab

group than in the IVIG group (9.1% vs. 34.4%, P = 1. One subject (9.1%) experienced

0.093). skin rash developed during

3. The median duration of fever was 6 hours in the infusion of infliximab.

KD patients infliximab group and 17 hours in the IVIG group (P = 2. No serious AEs such as
Youn et al,, Ko with resistant A single infusion of 0.044). Defervescence occurred within 24 hours in 9 of anaphylactoid reaction, severe
2016 (34) to IVIG 5 mg/kg the 11 subjects (81.8%) treated with infliximab and in 18 infections, transient

(n=43) of the 32 subjects (56.3%) retreated with IVIG (P = hepatomegaly, liver function,

0.098). The median days depressed myocardial

of hospitalization were short in the infliximab group contractility, or heart failure were

than the IVIG group (8 days vs 10 days, P = 0.046). observed.

Coronary artery lesions (CALs) presented in only 1

subject (9.1%) retreated with infliximab, but in 4 of the

32 subjects (12.5%) retreated with IVIG (P = 0.411).

1. Fewer refractory KD patients were detected in the

combined treatment group than in the IVIG group (4 vs.

14, p<0.001).

Han ) RCT: Asingle infiston of 2. IF).( lrealmen't had a better outcome with sh(?ne‘r fever
et al2018 China anlsd 5 mg/kg durations, hospital stays, and coronary artery dilation. NA
(48) a 8/ 3. A better anti-inflammation effect was observed.

4. There was no significant differences in the incidence

rate of coronary artery aneurysms between the 2 groups

(p>0.05).

IFX combined with IVIG as initial therapy reduced the One patient presented with

Jone et al., A single infusion of need for additional therapy in KD patients with CALs. . P PA B
USA n=69 e 7 T infusion reaction in IXF plus
2018 (52) 5 mgl/kg In addition, this combination also reduced the length of IVIG (1/35)

hospital stay. |
1. CALs occurred in 1 (6.3%) and
3 (20.0%) patients receiving IFX
and VGIH.

2. No serious adverse events were
observed in the IFX group.

3. AEs presented in 15/16 (93.8%)
and 15/15 (100.0%) patients in
the TFX and VGIH groups,
respectively.

4. Adverse drug reactions

Defe te within 48h ter with TFX th:

Mori et al., RCT: A single infusion of ¢ ervescence rate within a5 B Cater vl an presented in 11/16 (68.8%) and
Japan VGIH (76.7% vs 37.0%, p=0.023). Moreover, .
2018 (16) n=31 5 mg/kg . 3 . 10/15 (66.7%) in the IFX and
defervescence was achieved earlier with IFX (p=0.0072). :
VGIH groups, respectively.
5. NO infusion reactions were
observed.
6. Other AEs in the IFX group
included nasopharyngitis, upper
respiratory tract infection, and
upper respiratory tract
inflammation.
7. CALs presented in one patient
receiving IFX (6.3%).
Nakashima High procalcitonin or low sodium levels independently
etal, 2019  Japan n=27 NA predicted the resistance of IFX treatment in patients with ~ NA
(71) KD who were refractory to IVIG.
Nagatomo XD patients o 1. IFX administration significantly reduced the level of
; A single infusion of | CRP.
etal, 2018 Japan with CAA, . NA
® =49 5 mg/kg 2. Maximum z-score and response to IFX were
independently associated with disease regression.
1. Early treatment of IFX reduced the incidence of
ignificant It CAAs) in subjects
A il A (CAAS)in SUDIECtS | ients with IVIG-resistant KD
Hur et al., RCT: A single infusion of ! i i were well tolerated under IFX
Korea 2. IFX treatments resulted in a rapid defervescence and a —
2019 (21) n=102 5 mg/kg L treatment. No complications and
shorter length of hospitalization. e 3
. . infusion reactions were observed.

3. The overall response rate to IFX infusion was 89/102

(87.3%).

1. Two patients occurred CALs
(18%) after IFX treatment.
2. One patient presented with
hyper-triglyceridemia with

it spontaneous resolution.

A single infusion of Ten patients (91%) presented with defervescence within 3. Two patients developed skin

et al,, 2020 Japan n=11 q 4

(54) 5 mglkg 48h after IFX infusion. rash.
4. Six patients received BCG
vaccination before
IFX treatment but none of them
developed disseminated BCG
infection.
1. Adverse drug reactions (ADRs)
were recorded in 12.4% (the most

1. The fever resolution rate within 48h after IFX infusion = common one was rash); Serious

Mi was 77.4%. adverse drug reactions were 3.1%.
v RCT: A single infusion of 2. IFX treatment inhibited acute inflammation within 10 2. No live vaccine-related

et al, 2020 Japan , . <

6) n=291 5 mglkg days of illness. infections was detected.

3. No increase in size or occurrence of CALs was 3. The incidence (4.2%) and

detected after IFX treatment. severity of CALs did not alter
significantly.

4. Other ADRs influenza,
bronchitis, cellulitis orbital,
gastroenteritis, Chlamydia
pneumonia, respiratory tract
infection, infusion reaction
(1.4%), and decreased white blood
cell count (0.3%).
1.The CRP level and the total number of plasma
Shimada . sisp exchange sessions reduced under IFX treatment.
A single infusion of . .
etal, 2020  Japan n=17 § ma/kg 2. The prognosis of coronary artery disease and NA
m;
(42) complications of plasma exchange did not significantly
differ in the IFX group.
Johnson : 5 « i @
&l 531 UsA =100 A single infusion of IFX infusion turned out to a shorter length of stay and NA
(50)" B 10 mg/kg less hospital costs, regardless of age.
There have been no recurrences
Pilania . P Four children with KD combined with macrophage of MAS in the four patients under
: A single infusion of T . ,
et al.2021 India n=4 activation syndrome (MAS) received IVIG as first-line IFX treatment, and none of them
5 -10mg/kg 3
(40) therapy and then treated with IFX. had any short-term adverse
effects.
Mitsui Psoriasife : ith
Heut A single infusion of  The fever and other symptoms immediately improved soriasiform eruption wit
et al,, 2022 Japan n=1 5 kg frer TEX treat € arthritis was occurred after IFX
m; after reatment.
(56) 9/ administration.
Matsubara A single infusion of The patient’s fever reduced on the 24th day after
et al, 2022 Japan n=1 5 mgkg treatment with IFX. Arthralgia improved significantly, NA
(41) and the patient could walk on the 26th day.

NA, not available; CALs, coronary artery lesions; IVIG, intravenous immunoglobulin; CAASs, coronary artery aneurysms; VGIH, IV polyethylene glycol-treated human immunoglobulin.
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Haplotypes Frequency (%) OR (95% Cl)

DRB1~DQA1~DQB1 Controls

03:01:01~05:01:01~02:01:01 39 13 4.1 (2.61-6.63) 62x10™" 87x 10
04:02:01~03:01:01~03:02:01 8 3 25 (1.02-6.32) 0.02 03
04:03:01~03:01:01~03:02:01 4 2 1.8 (0.57-6.06) 02 33
04:05:01~03:03:01~02:02:01 4 2 23 (0.61-9.14) 02 22
04:05:01~03:03:01~03:02:01 7 1 5.4 (1.64-23.16) 0.001 | 0.01
07:01:01~02:01:01~02:02:01 9 9 0.9 (0.49-1.95) 09 137
10:01:01~01:05:01~05:01:01 4 7 0.5 (0.12-1.74) 02 35
11:04:01~05:05:01~03:01:01 0 4 0 (0-0.55) 0.005 0.07
13:01:01~01:03:01~06:03:01 1 4 0.13 (0-0.87) 0.01 03
13:02:01~01:02:01~06:04:01 5 2 2.0 (0.68-6.69) 0.1 2.02
15:01:01~01:02:01~06:02:01 1 3 0.19 (0-1.46) 0.08 119
15:02:01~01:03:01~06:01:01 1 3 ‘ 0.15 (0-1.1) 0.04 0.6
16:01:01~01:02:02~05:02:01 2 2 1.0 (0.22-4.51) 09 13.1
16:02:01~01:02:02~05:02:01 1 2 0.4 (0.04-2.38) 03 42

* Pc Bonferroni corrected p-value.
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Pt  Gender Other clinical mani-

festatio

Age
(years)

Age at
referral
(years)

Major
APECED
diseases

IFN AIRE gene
Abs pattern®/
protein

Therapy

L Acute liver failure (5),
(13) hypergammaglobulinemia,
autoimmune hepatitis (5),
onychodystrophy (6)

2, F 141 7 CH (7),

CMC (13)

HT (7), vernal
keratoconjunctivitis (10),
vitiligo (11), selective partial
IgA deficit (12),
autoimmune hepatitis (13),
hypertransaminasemia,
hypergammaglobulinemia

3 Autoimmune hepatitis (9),
(14) hypertransaminasemia,
hypergammaglobulinemia

4 M 20.1 116 CH (7),

q Septic arthritis (3), transient
(14) AD (17)

GH deficiency (9),
autoimmune hepatitis (12),
hypergammaglobulinemia,
alopecia (16)

5. M 209 1.6 CH (5),
(14, AD (5),
20) CMC (5.5)

Autoimmune hepatitis
(1.5), vitiligo (5), alopecia
(5), enamel dysplasia (5),
nail pitting (5.5), chronic
diarrhea/malabsorption
(5.5), alternation
constipation/diarrhea,
autoimmune gastritis (6),
keratoconjunctivitis (6),
previous PRES (6), periodic

rash-associated fever (7),
cholelithiasis (11), GH
deficiency (11), primary
testicular failure (14), early
hypertension (14), kidney
cysts (14), nasal polyps
(15), keratitis, HT, urticaria

X CMC (4),
(14, CH (4),
21) AD (15)

Nail pitting (4), alopecia
(11), HT, onychodystrophy,
alternation constipation/
diarrhea

4 CH (2),
(14) CMC (3),
AD (3)

Dental enamel dysplasia
(3), nail pitting (3), GH
deficiency (11.5), primary
ovarian failure (12),
keratoconjunctivitis (12),
chronic constipation (17),
frequent abdominal pain,
previous Helicobacter pylori
infection (17), relapsing
urticaria, onychodystrophy,
hypolacrimia, peripheral
retinal degeneration,
recurrent headaches

CMC (1),

i Autoimmune enteropathy
(15) CH (11)

with malabsorption (DQ2/
DQ8) (6),
hypertransaminasemia (7),
iron-deficiency anemia (9),
IgA deficit (9), carpal
spasms (11)

Oral CMC
(4), CH (7)

Alopecia (1),
onychodystrophy (1),
abscesses (4), joint pain (8),
chronic mucous diarrhea
(9), growth deficit

CMC (1),
CH (8)

Still’s disease (1), chronic
mucous diarrhea (6),
psoriatic onychopathy (6),
macrocytosis (7), homo
MTHEFR mutation
¢.677C>T (7), autoimmune
gastritis (9)

11 F 28.7 13 CMC (0.1),
(16) CH (6),
AD (8)

TID (3.6), gastrointestinal
dysfunction (3.9), temporal
lobe epilepsy (4.7),
hypercholesterolemia (5.6),
constipation (5.8), ocular
myasthenia (5.8),
onychodystrophy (5.8),
precocious puberty (6.6),
HT (9.7), iron-deficiency
anemia (20), secondary
amenorrhea (21), alopecia
(21), homo MTHFR
mutation ¢.677C>T (22.6)

CMC (6),
17) AD (15)

Onychosis (Candida
albicans) (6), low-grade
chronic active autoimmune
hepatitis (8),
hypertransaminasemia,
hypergammaglobulinemia,
obesity, and short stature
(due to long-term steroid
treatment) (12), central
diabetes insipidus (15)

13. F 22 19.7 CH (3),

CMC (4)

Autoimmune hepatitis (4),
hypertransaminasemia,
hypergammaglobulinemia

14. M 11.1 9 CH (4) Urticarial vasculitis (0.8),
vitiligo (7), autoimmune

hepatitis (8), autism

In brackets, the age of onset of disease symptoms is shown. In bold, positive values.

AADC, T1A2Ab,
SMA, ACA,
SCC Ab,
210HADb,
AADC,
cP4501A2Ab
pos

TgAb, TPOAD,
TAA, GADAb,
ZnT8Ab, AGA,
ENA, ANA,
ANCA, AMA,
ARA, dsDNA,
LKMAD, LC1Ab,
RAb, SLA-IgG,
PCA,
1700HAD,
HarmoninAb,
VillinAb,
TPHAb,
cP4502D6Ab,
cP4502A6Ab
neg

TPHAb, AADC,
TgAb, TPOAD,
ANA, ACA,
1700HAD, SSA,
cP450c21Ab pos
TRAD, TAA,
GADADb, IA2Ab,
TRGAD, ANCA,
SMA, ARA,
dsDNA,

LKMAb, LC1Ab,
RAb, SLA-IgG,
PCA, TFA,
SCCAb,
HarmoninAb,
VillinAb,
cP4501A2Ab,
cP4502D6Ab,
cP4502A6Ab
neg

AADC, ANA,
ACA, SMA,
IFA, SCCADb,
cP450c21Ab,
AADC,
cP4501A2Ab,
cP4502D6Ab,
cP4502A6Ab
pos

TgAb, TPOAb,
TPH, TAA,
GADADb,
TRGAD, ENA,
ANCA, AMA,
ARA, dsDNA,
LKMADb, LC1Ab,
ASCA, RAb,
SLA-IgG, PCA,
170.0H Ab,
HarmoninAb,
VillinAb,
TPHAD neg

ACA, LKMAb,
PCA, TFA,
1700HAD,
SCCAD,
cP450c21Ab pos
AADC, TgAb,
TPOAb, TPH,
1AA, TRGAD,
AGA, ANA,
ANCA, SMA,
AMA, ARA,
dsDNA, ASCA,
RAb, LC1ADb,
SLA-IgG,
HarmoninAb,
VillinAb,
AADC, TPHAD,
cP4501A2Ab,
cP4502D6Ab,
cP4502A6Ab
neg

TPHAb, AADC,
Thyroid Ab,
PCA, TFA,
170.0HADb,
cP4501A2Ab,
cP4502A6Ab
pos

TRGAD, ICA,
GADADb, TA2Ab,
ENA, ANA,

ANCA, SMA
dsDNA, LKM,
SCCAb,
HarmoninAb,
VillinAb,
cP4502D6Ab
neg

AADC, Thyroid
Ab, GADAD,
IA2Ab,
1700HAb,
210HAD pos
TRGADb, ICA,
ENA, dsDNA,
PCA, TFA,
SCCAb,
HarmoninAb,
VillinAb,
TPHAb, neg

TPHAD,
GADADb,
SCCAb,
cP450c21Ab pos
TRGADb, Thyroid
Ab, ICA, TA2Ab,
ENA, ANA,
ANCA, SMA,
dsDNA,
LKMAD, PCA,
IFA, 1700HAb,
HarmoninAb,
VillinAb,
AADC,
cP4501A2Ab,
cP4502D6Ab,
cP4502A6Ab
neg

TPHAb, AADC,
Ro2ADb, pos
Thyroid Ab,
1700HAD,
SCCAb,
HarmoninAb,
VillinAb,
cP4501A2Ab,
cP4502D6Ab,
cP4502A6Ab
neg

TgAb, TPOAD,
IAA, ACA,
ANA, 210HAb
(cP450c21Ab),
cP4502A6Ab
pos GADAD,
PCA, 1A2AD,
ovaryAb,
1700HAD,
SCCAb,
HarmoninAb,
VillinAb,
AADC, TRGAb,
TPH Ab,

cP4501A2Ab,
cP4502D6Ab
neg

TPHAb, AADC,
GADAD, ANA,
IFA pos

TgAb, TPOAD,
TRAb, TAA,
TA2ADb, ZnT8Ab,
ACA, ENA,
ANCA, P-
ANCA, C-
ANCA, SMA,
AMA, dsDNA,
ASCA, LKMAb,
LC1Ab, PCA,
1700H Ab,
SCCAb,
HarmoninAb,
VillinAb,
TRGADb,
cP450c21Ab,
cP4501A2Ab,
cP4502D6Ab,
cP4502A6Ab
neg

TPHAb, AADC,
TgAb, TPOAb,
IAA, ICA,
GADAD,
TA2Ab, ACA,
ovary Ab,
210HAD pos
TRGAb, AGA,
ANA, ANCA,
SMA, EMA,
AMA, ARA,
LKMAD, LC1Ab,
RADb, PCA, IFA,
cardiolipin Ab,
170.0HADb, SCC
Ab,
cP4501A2Ab,
cP4502D6Ab,
cP4502A6Ab
neg

TPHAb, AADC,
SMA, LKMAb,
210HAb
(cP450c21Ab),
cP4501A2Ab,
cP4502D6Ab
pos

TgAb, TPOAb,
TAA, GADAb,
TA2AD, TRGAb,
ANA, AMA,
ARA, RAb,
mitochondrial
Ab, other organ
and non-organ
specific Ab,
1700HAD,

SCCAD,
HarmoninAb,
cP4502A6Ab
neg

TgAb, TPOAD,
LKMADb pos
TAA, GADADb,
TA2Ab, TRGADb,
ZnT8Ab, ACA,
ANA, ANCA,
SMA, EMA,
LC1AD, ASCAb,
RAb, SLA-IgG,
Sp100Ab,
gp21Ab neg

TPOAb, ACA,
ANA pos
ANCA, SMA,
AMA, ARA,
RAD, LKMAD,
LCI1AD, SLA-
1gG, PCA neg

IFN® het ¢.967_979del13
IFNo4 (L323SfsX51) het
pos €.1259_1260del TG
(V420GfsX3)
IFN® het ¢.769C>T
IFNo4 (R257X)
pos het ¢.1616C>T
(P539L)
IFN® het c415C>T
IFNo4 (R139X)
het ¢.967_979del13
(L3235fsX51)
IFNo het c415C>T
(R139X)
het ¢.967_979del13
(L3238fsX51)
IFN® homo IVS1 + 1G>C;
IFNo4 IVS1 + 5delG
IFNo homo IVS1 + 1G>C;

IFNo4 IVSI + 5delG
pos

IFNo het ¢.62C>T (A21V)

IFNo4 het ¢.967_979del13

pos (L3238fsX51)

IFNo homo ¢.1566 +2-

IFNod 1566 + 3insT

IFN® homo

neg €.64_69delGTGGAC

IFNo4 (V22_ D23del)

pos

IFNo het c.47C>T (T16M)

IFNo4 het ¢.769C>T
(R257X)

TFN® homo c.415C>T

IFNo4 (R139X)

pos

TFNo homo c.1314-

pos. 1326del13/insGT

IFNo4 (D439CfsX61)

neg

ND het C322fsX372/
C449Xhet 964-
976del13

ND het ¢.47C>T (T16M)
het ¢.967_979del13
(L3238fsX51)

Prednisone
Omeprazole
Azathioprine
Ursodeoxycholic
acid

Calcifediol

Prednisone
Hydrocortisone
Fludrocortisone
Ursodeoxycholic
acid
Azathioprine
Calcitriol
Levothyroxine
(LT4)

Lansoprazole
Fluconazole

Prednisone
Lansoprazole
Azathioprine

Hydrocortisone
Calcitriol
Fludrocortisone
Calcium
carbonate

Folic acid
Acetylsalicylic
acid

Calcitriol
Calcium LT4
Hydrocortisone
Prednisone
Fludrocortisone
anti-hypertensive
therapy
Anti-fungal
therapy

Calcitriol
Calcium LT4
Hydrocortisone
Prednisone
Fludrocortisone
iron sulfate
vitamin C, B6,
B12, folic acid
supplement
Anti-fungal
therapy

Hydrocortisone
Fludrocortisone
Calcitriol
Calcium
estrogen and
progestin

Fecal softeners
anti-fungal
therapy

Calcium
carbonate
Calcitriol

Calcium
carbonate
Calcitriol 0.5
rhGH treatment
HRT

Calcitriol
Magnesium
supplement once
a day

Vitamin A, B6,
B9, B12,C, D,
zin, iron,
copper, and
selenium
supplement
Calcium
carbonate
Omeprazole

Insulin aspart
Insulin degludec
Hydrocortisone
Fludrocortisone
Calcitriol
Calcium
carbonate
Clobazam
Levetiracetam
Lacosamide
Carbamazepine
Pyridostigmine
bromide
Lansoprazole
Ezetimibe/
Simvastatin
Estradiol
valerate/
dienogest

Fludrocortisone
Prednisone
Omeprazole
Desmopressin

Azathioprine
Prednisone
Calcium lactate/
gluconate
Calcitriol

Azathioprine
PTH
Calcium
carbonate
Calcitriol

Het, heterozygous; homo, homozygous; neg, negative; pos, positive; ASCA, anti-Saccharomyces cerevisiae Abs; HT, Hashimoto thyroiditis; GH, growth hormone; PRES, posterior reversible

encephalopathy syndrome; U, unit; 1U, international unit; HRT, hormone replacement treatment.
*Mutations and polymorphisms.
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Disease

Main clinical manifestations

Autoantibodies

Chronic
mucocutaneous
candidiasis (CMC)

Chronic
hypoparathyroidism
(CH)

Addison’s disease
(AD)

Primary ovarian
failure

Testicular failure

Autoimmune
thyroid diseases

Type 1 diabetes

Pituitary deficiency

Atrophic gastritis/
pernicious anemia

Autoimmune
intestinal disease

Celiac disease

Autoimmune
hepatitis

Vitiligo
Alopecia

Ectodermal
dystrophy

Hypokalemia with

hypertension

Exocrine pancreas
insufficiency

Chronic candida infection of mucosae, nails, esophagus

Paraesthesia, tetany, muscle cramps, Trousseau or
Chvostek’s signs

Asthenia, hyperpigmentation, hypotension, weight loss,
nausea

Amenorrhea less than 40 years, infertility

Infertility, erectile dysfunction

Clinical or subclinical hypothyroidism or hyperthyroidism

Polyuria, polydipsia, weight loss, coma
Signs/symptoms of hypothyroidism, hypogonadism,

adrenal insufficiency, growth retardation

Dyspepsia, microcytic or macrocytic anemia, asthenia

Chronic diarrhea or constipation

Diarrhea, abdominal bloating or pain, weight loss,
intestinal malabsorption, slow growth (in children), anemia

Dyspepsia, fatigue, diarrhea, hepatomegaly

Skin depigmentation
Areata, total or universal, hair loss

Enamel hypoplasia, nail dystrophy, keratoconjunctivitis,
tympanic calcifications, cataract, punctate nail defect,
sublenticular cataract

Hypertension, muscle cramps

Diarrhea, malabsorption

Diagnostic tests

Dermatological and ORL
evaluation and culture

Calcium, PTH, ECG, EMG
ischemic test

ACTH, cortisol, renin, ACTH
test, ionemia

Estradiol, FSH, LH, anti-
Miillerian hormone

FSH, LH, testosterone

TSH, FT4, FT3, thyroid
ultrasound

Glucose, C-peptide, HbAlc

TSH, FT4, FSH, LH, estradiol,
testosterone, ACTH, cortisol,
HGH, IGF-1

Blood count, iron, ferritin,
vitamin B12, pepsinogen I,
gastrin, gastric biopsy

Low serotonin levels, gastric/
duodenal biopsy

Duodenal biopsy

AST, ALT, GGT, ALP, bilirubin,
liver ultrasound with biopsy

Dermatological clinical evaluation

Dermatological clinical evaluation

Clinical evaluation

Na, K, Cl

Amylase, lipase

IENAb, ILAb

NALP-5Ab

210HAD, ACA

StCA, 170HAD, SCCAb, 210HAb

StCA, 170HAD, SCCAb, 210HAb

TPOAb, TgAb, TRAb

ICA, GADAD, IA2Ab, ZnT8Ab

Pituitary Ab, ECE-2Ab

PCA, PCA+IFA

TPHAb, HDAb, AADC, VillinAb,
HarmoninAb

TRGAb
LC1Ab, SLA-IgG, cP4501A2Ab,

cP4502D6Ab, cP4502A6Ab, ANA, SMA,
ANCA, ActinAb, LKMAb

SOXAb, MPCAD (present only in APECED)
THADb (positive only in APECED)

IFNAb

IFNAb

IFNAb

ORL, otorhinolaryngological (evaluation); ILAb, anti-interleukin Ab; NALP-5A, Nucleotide-Binding Oligomerization Domain, Leucine Rich Repeat and Pyrin Domain Containing 5 Ab; StCA,
steroid cell Ab; ECE-2Ab, Endothelin Converting Enzyme 2 Ab; HDAb, histidine Ab; SOXAb, SRY-type related box Ab; MPCAb, melatonin-producing cell Ab; APECED, autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy; PTH, parathyroid hormone; ECG, electrocardiogram; EMG, electromyogram; ACTH, adrenocorticotropic hormone; ESH, follicle-
stimulating hormone; LH, luteinizing hormone; TSH, thyroid-stimulating hormone; HbALc, glycated hemoglobin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT,

gamma-glutamyl transferase; ALP, alkaline phosphatase.
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Frequency (%)

HLA gene Allele OR (95% ClI)

Controls
DRBI 03:01:01 40 16 3.6 (2.29-5.63) 14 x10° 24x10%
DRBL 04:05:01 11 3 4.0 (1.71-10.17) 0.00029 0.005
DRBI » 11:04:01 0 ‘ 5 0 (0-0.43) 0.00175 0.03
DQAL 01:03:01 1 10 0.1 (0.01-0.39) | 9.4x10° 0.001
DQA1 05:01:01 41 18 3.2 (2.05-4.92) 23x10° 30x107
DQA1 05:05:01 2 13 0.1 (0.02-0.34) 74x10° 9.7x10°
DQBI 02:01:01 39 15 3.6 (2.3-5.66) 1.6 x 107 22x10%
DQBI 03:01:01 2 ‘ 1 0.1 (0.02-0.41) 68x10° 0.0009
DQBI 03:02:01 24 9 3.1 (1.82-5.48) 7.7x10° 0.0001

* Pc Bonferroni corrected p-value.
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Contrast enhancement

Demographics and Clinical Features Total (n=44)
Present (n=24) Absent (n=20)
Age at onset, median (IQR) years, months 70.5 (47.5, 99.2) 60.5 (47.5, 106.2) 76 (51, 95.8) 0.981
Female, n (%) 25 (56.8) 14 (58.3) 11 (55) 1
Fever, n (%) 24 (54.5) 13 (54.2) 11 (55) 1
Headache, n (%) 17 (38.6) 9 (37.5) 8 (40) 1
Emesis, n (%) 15 (34.1) 11 (45.8) 4(20) 0.139
Blurred Vision, n (%) 12 (27.3) 6(25) 6 (30) 0975
Convulsions, n (%) 17 (38.6) 11 (45.8) 6 (30) 0.445
Decreased Level of Consciousness, n (%) 15 (34.1) 8 (33.3) 7 (35) 1
Dyskinesia, n (%) 10 (227) 4(167) 6 (30) 0472
WBC (IQRx10%/L) 11.5(102, 13.4) 11.6 (109, 14.5) 10.8 (9.4, 12.5) 0.083
Normal 28 (63.6) 14 14 (58.3) 14 (70) ‘
Mild, n (%) 9 (20.5) 6(25) 3(15) ‘
0553
Moderate, n (%) 5 (114) 2(83) 3(15) ‘
Severe, n (%) 2 (45) 2(83) 0(0) ‘
CSF-WBC (IQRx10%L) 45 (15, 74) 40 (12, 51.8) 53 (248, 81.5) 0.12
Normal 12 (27.3) 7(29.2) 5 (25)
Mild, n (%) 16 (36.4) 11 (45.8) 5 (25)
0323
Moderate, n (%) 9 (20.5) 3(125) 6 (30)
Severe, n (%) 7 (15.9) 3(125) 4(20)

Symptoms onset to MRI examination,
median (IQR), days 10 (6, 20) 6.5 (4.8, 12) 18 (10, 30.2) 0.002

MRI areas affected

Cortical GM, n (%) 26 (59.1) 16 (66.7) 10 (50) 0.417
Juxtacortical WM, n (%) 36 (81.8) 18 (75) 18 (90) 0.436
Deep WM, n (%) 11 (25) 3(125) 8 (40) 0.08
Periventricular/Juxtaventricular WM, n (%) 8(18.2) 3(12.5) 5(25) 0.436
Basal ganglia, n (%) 15 (34.1) 7(29.2) 8 (40) 0.663
Thalamus, n (%) 17 (38.6) 7(29.2) 10 (50) 0.27
Hippocampus, n (%) 10 (22.7) 4(16.7) 6 (30) 0.472
Brainstem, n (%) 14 (31.8) 4(16.7) 10 (50) 0.041
Cerebellum, n (%) 13 (29.5) 4(16.7) 9 (45) 0.086
Brain parenchymal lesion enhancement, n (%) 11 (25) 6(25) 5(25) 1

IQR, interquartile range; WBC, white blood cells; CSE, cerebrospinal fluid; MRI, magnetic resonance imaging; GM, gray matter; and WM, white matter.
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Characteristics cSLE aSLE Ref.
Gender, female/male 2.7:1-6.5:1 8.4:1-16.7:1 (59, 60)
Age at diagnosis (years, mean) 12.7-15.5 28.3-37.0 (4, 58)
Prevalence of SLE 1-6/100,000 20-70/100,000 (61)
Percentage of SLE (%) 10%-20% 70%-87.4% (62)

Clinical manifestations (%)

Systemic

Fever 20.4%-68.4% 15.4%-64.9% (63, 64)

Lymphadenopathy 6.9%-29.6% 4%-19.3% (65)
Mucocutaneous

Malar rash 22.4%-71.9% 16.7%-61% (60, 66)

Discoid rash 0%-26.5% 3.5%-14.9% (62, 63)

Photosensitivity 33.5%-75% 43.5%-72.5% (62, 65)

Oral ulcers 5.3%-40.8% 6.7%-48.5% (4, 62)
Arthritis 39.2%-85% 22.4%-84.9% (59)
Serositis

Pericarditis 5%-24.8% 2.7%-16% (4, 6)

Pleurisy 1.7%-24.8% 2.5%-16.5% 4, 6)
Neuropsychiatric 9.9%-36.7% 6%-20% (4, 67)
Hematologic disorders

Hemolytic anemia 9.3%-38.6% 9.13%-24.5% (6, 60, 62)

Leucopenia/lymphopenia 11.1%-61.7% 8.6%-56.9% (59, 64)

Thrombocytopenia 15%-52.6% 15.5%-39.6% (6, 63)
Nephritis 42.7%-83% 27.1%-67% (68)

Thrombosis 2.7%-4% 12%-15.4% (4, 65)

Autoantibodies (%)

Anti-dsDNA 41.2%-89.7% 37.9%-88% (59, 63)
Anti-Smith 16.3%-30.3% 10%-45% (58, 62)
Anti-RNP 0.7%-28% 1.8%-33.6% (4, 60, 62)
aCL 2%-37% 4.6%-24.1% (6, 60, 62)
SLEDAI, mean 4.4-20 4.6-16 (58, 65)

aSLE, adult-onset SLE; cSLE, childhood-onset SLE; Anti-dsDNA, anti-double-stranded deoxyribonucleic acid; RNP, ribonucleic acid; aCL, anticardiolipin antibodies.
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ESR1/
ESR2

STAT4

MECP2

PDCD1

ARID5B

C4/C4B

STAT4, Signal transducer and activator of transcription 4; ESR, Oestrogen receptor; SNP, Single nucleotide polymorphisms; MECP2, Methyl-CpG-binding protein 2; PDCD1, Programmed cell

Variant

152234693
154986938
157574865,

157601754

151734787,
151734791

PDL.3A
(rs11568821)

rs10821936

Low gene

copy
number

Ethnicity

Polish

Iranian

Iranian

Mexican

Egyptian

Brazilian

deth 1; ARID, AT-rich interactive domain.

Genes with functional roles potentially
relevant to SLE

ESRI1/ESR2 is involved in the pathogenesis of SLE
through estrogen activation

STAT4 may involve in SLE development by regulating
Thl, Th17 and related cytokines.

MECP2 encodes MeCP2, which changes the DNA
methylation pattern, and then perturbate the epigenetic
modifications of T cells to participate in SLE.

PDCDI contribute to the breakdown of preripheral
tolerance to self-antigens and development of SLE

The ARID5B protein plays an important role in the
growth and differentiation of B-lymphocyte progenitors
and possibly other lympocytes

C4 involved in the pathogenesis of SLE through the
complement pathway

Distinct between cSLE and aSLE

ESR1 (rs2234693) was associated with ¢SLE. ESR2
(rs4986938) was associated with aSLE.

The two SNPs of STAT4 have no relationship with
the risk of cSLE, despite their association with the
risk of aSLE in Iranian population

Although aSLE was associated with MECP2, this
gene was not associated with disease susceptibility in
CSLE patients

This SNP was associated with c¢SLE in Mexican,
which was different from those reported aSLE in
Spanish and Swedish.

This SNP was associated with cSLE, which has no
association with all SLE in Chinese Han population

Low C4 gene copy number is a stronger risk factor
for cSLE than aSLE. Low C4B gene copy number is
associated with cSLE but not with aSLE.

(31)

(32)

(33)

(34)

(35)

(36)
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