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Abstract

:

Otoferlin mRNA expression is increased in JDM patients’ PBMCs and muscle compared to healthy controls. This study aims to evaluate the role of otoferlin in JDM disease pathophysiology and its association with disease activity in untreated children with JDM. A total of 26 untreated JDM (88.5% female, 92.3% white, non-Hispanic) and 15 healthy controls were included in this study. Otoferlin mRNA expression was determined by qRT-PCR before and a few months after therapy. Detailed flow cytometry of various cell surface markers and cytoplasmic otoferlin was performed to identify cells expressing otoferlin. In addition, muscle otoferlin expression was evaluated in situ in six untreated JDM patients and three healthy controls. There was a significant increase in otoferlin expression in JDM children compared to controls (Median 67.5 vs. 2.1; p = 0.001). There was a positive correlation between mRNA otoferlin expression and the following disease activity markers: disease activity scores (DAS)-total (rs = 0.62, p < 0.001); childhood myositis assessment scale (CMAS) (rs = −0.61, p = 0.002); neopterin (rs = 0.57, p = 0.004) and von Willebrand factor antigen (vWF: Ag) (rs = 0.60, p = 0.004). Most of the otoferlin-positive cells were unswitched B cells (63–99.4%), with 65–75% of them expressing plasmablast markers (CD19+, IgM+, CD38hi, CD24−). The findings of this pilot study suggest that otoferlin expression is associated with muscle weakness, making it a possible biomarker of disease activity. Additionally, B cells and plasmablasts were the primary cells expressing otoferlin.
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1. Introduction


Juvenile dermatomyositis (JDM) is a rare pediatric inflammatory myopathy characterized by muscle weakness, skin rash, and microvascular injury [1]. The estimated incidence of JDM in the USA is 2.7–3.4 cases per million annually [2]. The underlying mechanisms of JDM are complex and involve both the adaptive and innate immune systems [1]. For example, most untreated JDM patients have elevated neopterin levels, a marker for macrophage activation and interferon γ production [3]. Muscle biopsies of children with JDM frequently show infiltration of lymphocytes, macrophages, and plasmacytoid dendritic cells [1,4,5]. Additionally, there is evidence indicating that inherited B cell defects increase the risk of JDM [6], and more than 50% of children with JDM exhibit myositis-specific antibodies (MSA), which are linked to distinct disease phenotypes [7]. Furthermore, mitochondria dysfunction and neutrophil extracellular trap (NET) formation has been implicated in the disease pathophysiology, especially in JDM patients with calcinosis [8,9,10]. The exact cause of the inflammatory response is unclear but likely due to a combination of genetic susceptibility and appropriate environmental triggers [11]. To better understand the pathophysiology of JDM, our group performed RNA-Seq from peripheral blood mononuclear cells (PBMCs) of active JDM before treatment and age-matched controls [12]. The RNA-Seq data showed a marked increase in the expression of type 1 interferon-responsive genes, which is consistent with the other studies [12,13]. Another significantly upregulated gene in the untreated JDM PBMCs compared to control was otoferlin (OTOF; 23.6 FC) [12]. Otoferlin is a member of the ferlin family [14] and is essential to regulating calcium-sensitive exocytosis in inner ears’ sensory hair cells [15]. Defective otoferlin leads to profound hearing impairment in humans [16]. Interestingly, mutations in dysferlin, another member of the ferlin family, lead to limb–girdle muscular dystrophy type 2B and Miyoshi myopathy by altering calcium homeostasis in the skeletal muscle [17,18]. Although the role of otoferlin in muscle inflammation is not yet known, it is suspected to be calcium-flux-related. A previous RNA-Seq study demonstrated significant increases in otoferlin expression in PBMCs from untreated children with JDM compared to matched controls [12].



This study aims to further understand the role of otoferlin in JDM pathophysiology by identifying the cells that express otoferlin and examining its association with disease activity in untreated children with JDM.




2. Results


There was a significant increase in the otoferlin expression in JDM children compared to controls (median 73.2 vs. 2.1; p = 0.001) (Figure 1a). The otoferlin expression decreased significantly after 2–3 months of treatment (Figure 1b). There was no significant correlation between mRNA otoferlin expression and age or duration of untreated disease (p = 0.956 and p = 0.229, respectively) in JDM. Furthermore, there was no significant association between the MSAs and otoferlin expression (Supplemental Figure S4). However, higher otoferlin expression was associated with increased disease activity (Table 1). For example, there was a positive correlation between otoferlin expression and clinical disease activity indicators, such as DAS-total (rs = 0.62, p < 0.001), DAS-muscle weakness (rs = 0.452, p = 0.021), and CMAS (rs = −0.611, p = 0.002) (Figure 2). Because of the strong correlation between otoferlin expression and muscle weakness (assessed by DAS -muscle weakness and CMAS), we evaluated the association between otoferlin expression and muscle enzyme levels. Higher otoferlin expression was associated with increased serum lactate dehydrogenase (LDH) and aldolase but not creatine phosphokinase (CK) or aspartate aminotransferase (AST) (Table 1).



We evaluated the relationship between inflammatory markers, such as von Willebrand factor antigen (vWF: Ag), erythrocyte sedimentation rate (ESR), neopterin, and otoferlin expression. vWF: Ag level and serum neopterin positively correlated with otoferlin expression (rs = 0.602, p = 0.004, and rs = 0.57, p = 0.004, respectively). Because of the positive correlation between otoferlin and serum neopterin, a marker of macrophage activation upon interferon γ stimulation, we evaluated the relationship between otoferlin expression and serum CXCL10, also known as interferon γ-induced protein 10 (IP-10), in 7 JDM subjects. There was a positive correlation between CXCL10 and otoferlin expression (rs = 0.8, p = 0.03) (Supplemental Figure S5). Of note, there was no significant correlation between ESR level and otoferlin expression. This is not completely surprising as the median ESR of the study subjects was 10 mm/h, which is within the normal range (0–20 mm/h).



To investigate which cell was expressing otoferlin, we first evaluated the correlation between the otoferlin expression and various lymphocyte subsets. There was a negative correlation between the percentage of NK cells and otoferlin expression (rs = −0.439, p = 0.025). Then, we performed flow cytometry with cytoplasmic otoferlin staining in eight JDM patients and three controls. Consistent with the RNA expression data, JDM patients had a significantly higher percentage of otoferlin-positive cells (median 1.9% vs. 0.2% p = 0.03) (Figure 1c). Most of the otoferlin-positive cells were positive for CD19 staining, suggesting that they were B cells (Figure 1d,e). Detailed B cell phenotyping in two samples showed that these B cells were IgD+, IgM+ CD27− naive B cells, with 65–75% of them expressing plasma blast markers (CD19+, IgM+, CD38hi, CD24−).



We performed a tissue staining study on the muscle biopsy of six untreated JDM patients and three controls to assess the infiltration of otoferlin-positive B cells in the muscle. Our results showed that the mean number of CD19 + ve cells (B cells) per mm2 was 20 cells/mm2 in JDM patients, which was not present in the control group. Additionally, the mean number of otoferlin + ve cells in JDM was six cells/mm2 and was absent in the control group. All of the otoferlin + ve cells were co-stained for CD19, indicating that they were B cells. The number of CD19 + ve and otoferlin + ve cells was significantly higher in JDM patients compared to the control group (p = 0.013), as determined by an unpaired t-test with Welch’s correction (Figure 3).




3. Discussion


This study documented the presence of otoferlin-positive cells in the peripheral blood of JDM, which are not typically found in healthy controls. Although the exact role of these cells in the pathophysiology of JDM is not completely clear, we showed a positive correlation between otoferlin expression and various disease activity indicators, especially in relation to muscle weakness (Table 1). Furthermore, muscle biopsies of JDM patients show an increased number of otoferlin-positive cells compared to controls, which suggests the potentially important role of these cells in muscle inflammation. Most of the otoferlin-positive cells were B cells, identified as IgD+, IgM+ CD27− naive B cells, with more than 50% expressing plasmablast markers (CD19+, IgM+, CD38hi, and CD24−).



Otoferlin is a member of the ferlin family, which are large proteins involved in Ca sensing and vesicular trafficking [19,20]. Other members of this family include dysferlin and myoferlin, among others [14,21]. Otoferlin is essential in regulating calcium-sensitive exocytosis in the inner ears’ sensory hair cells [15]. Defects in the otoferlin function can lead to profound hearing loss in humans [16,22]. The role of otoferlin in inflammation and B cell biology has not been previously identified but was suspected to be based on a previous RNA-seq study that showed significant increases in otoferlin expression in PBMCs compared to controls [12]. This unbiased approach led to the recognition of the potential role of otoferlin in muscle inflammation in JDM, which was explored in this manuscript. The correlation between otoferlin expression and disease activity indicators suggests its potential use as a biomarker for disease activity in JDM, particularly for muscle weakness. Biomarkers are important to optimize treatment and reduce long-term glucocorticoid side effects, such as obesity and decreased muscle mass [11,23]. Additionally, there is a strong correlation between otoferlin expression and vWF: Ag level, a marker for severe JDM that can indicate vascular injury [24,25]. Finally, otoferlin expression has an inverse correlation with the peripheral NK cell count. Low NK cell count has been associated with an increase in disease activity of the orbital myositis [26]. In addition, a recent study has shown that children with JDM have lower than normal NK cell counts, particularly after the onset of the COVID-19 pandemic [27]. Overall, these findings expand upon existing knowledge of otoferlin and its potential role as a biomarker in JDM.



The identification of B cells and plasmablasts as the primary cells expressing otoferlin is also an important finding of this study. B cells are known to play an important role in the pathophysiology of JDM, as evidenced by the influence of autoantibodies on the disease phenotype [1,28] and B cell infiltration of muscle tissue in active disease, which is also confirmed in this study. Furthermore, B cell-depleting agent [29,30,31] and intravenous immunoglobulin (IVIG) [32,33] have been shown to be effective therapies when first-line therapy fails. Expanded naïve B cells with transitional markers (CD19+CD24hiCD38hi) have been observed in untreated JDM patients and correlated with type I interferon signatures [34]. These cells are activated through the toll-like receptor 7 (TLR7) and interferon α [34]. The otoferlin expression correlated to the levels of serum neopterin and CXCL10, a protein known to be induced by interferon, highlighting the significance of interferon in B cell dysregulation. This is consistent with previous research, indicating the crucial role of type 1 interferon signaling in the development of autoreactive B cells [34,35]. Although the presence of otoferlin-positive B cells in the peripheral blood and muscle tissue of JDM patients suggests its possible role in the disease process, further research is needed to establish the exact role of otoferlin in B cell dysregulation and its connection to disease activity.



This study has several limitations that should be noted. First, it is a pilot study with a small sample size, which could limit the generalizability of the results. Secondly, the study was not designed to detect any subtle differences between different MSA subgroups of JDM. Lastly, further functional testing and studies in knockout mouse models [36] were not conducted; therefore, the exact mechanism by which otoferlin affects B cell activation remains unclear.




4. Materials and Methods


4.1. Study Subjects


This IRB-approved study was conducted at the Ann & Robert H. Lurie Children’s Hospital of Chicago (IRB# 2008-13457). We included 26 JDM patients and 15 age-matched controls in this study. All study patients fulfilled the EULAR/ACR 2017 classification criteria for the definite JDM [37] and Bohan and Peter’s criteria [38,39]. All study participants had samples available before initiating medical therapy. Clinical variables, including age, sex, duration of untreated disease, childhood myositis assessment scale (CMAS), and disease activity scores (DAS skin, muscle weakness, total) [40] were obtained from the Ann & Robert H. Lurie Children’s Hospital of Chicago Juvenile Myositis Registry REDCap database. The demographic data of this’s study subjects are presented in Table 2. MSAs were assessed by immunoprecipitation and immunodiffusion at Oklahoma Medical Research Foundation [41]. A competitive enzyme-linked immunosorbent assay (ALPCO diagnostics kit) was used to measure the serum neopterin [3]. Fifteen age-matched healthy control volunteers were enrolled in the study (IRB# 2001-11715) after undergoing screening to confirm the absence of medical illnesses. As compensation for their participation in the study, nailfold capillaroscopy, and blood donation, they were provided with a $25 gift card.




4.2. Otoferlin Expression and Flow Cytometry


Otoferlin expression was determined by qRT-PCR in PBMCs from untreated children with JDM and healthy controls [42]. To identify cells expressing otoferlin, flow cytometry was done on eight children with JDM and three healthy controls. The cells were first stained with live dead dye (eBioscience—eFluor 780) to exclude dead cells. The cell viability was >90% in all the samples. The following surface markers were determined (CD45, CD3, CD19, CD16, CD56, CD14 and CD11b) to characterize the otoferlin-positive cells. We fixed and permeabilized the cells and then stained them for cytoplasmic otoferlin expression. The otoferlin-positive cells were primarily B cells; more detailed flow cytometry was performed with the following markers (CD19, IgM, IgD, IgG, CD27, CD21, CD24, and CD38) to characterize these B cells further. An example of the gating strategy of both experiments is found in the Supplemental Material (Supplemental Figures S1 and S2).




4.3. Immunohistochemistry


For immunoenzymatic staining, 8 um of frozen sections of muscle tissue biopsies from untreated JDM patients and healthy female pediatric controls were air-dried and stored at −20 °C until use. Tissue sections were incubated with mouse IgG2b anti-human CD19 antibody (clone A17136C, Biolegend, San Diego, CA, USA) and mouse IgG1 anti-human otoferlin antibody (clone 13A9, Abcam, Cambridge, UK). Alkaline phosphatase staining was developed in the presence of Fast BlueBB substrate (Millipore Sigma, St. Louis, MO, USA), followed by the development of horseradish peroxidase by adding either 3,3′-diaminobenzidine tetrahydrochloride substrate (Leica Biosystems, Vista, CA, USA) or 3-Amino-9-Ethylcarbazole (AEC) detection solution (Abcam) [14,42]. The histological slides were digitized using NanoZoomer S210 Digital Slide Scanner (Hamamatsu), scanning resolution 40× mode, 0.23 µm/pixel. The total number of positively stained cells per 1.0 mm2 was estimated on representative histologic sections. Using QuPath v0.4.1 software, a grid composed of 0.1 mm2 fields of view was generated [43]. The number of positively stained cells per 10 fields (1.0 mm2) of view was evaluated (Supplemental Figure S3). Two observers performed quantitative analysis of the tissue specimen without knowledge of specimen identification. The tissues were evaluated for the expression of CD19 and otoferlin. Scoring was based on the count of the cells stained with CD19, otoferlin, and double staining per mm2. To validate the specificity of the CD19 antibody, human tonsillar tissue was used as a positive control, as it is known to express CD19. Additionally, human tonsillar tissue was employed as a negative control for otoferlin staining, as it is known not to express otoferlin. Isotypic IgG was used as a negative control for staining.




4.4. Statistical Analysis


Given the non-parametric distribution of the otoferlin expression data, Spearman’s correlation was used to assess the correlation between mRNA expression and various clinical and laboratory disease activity indicators. Similarly, the Mann–Whitney test was used to compare otoferlin mRNA expression between two independent groups, such as sex. IBM SPSS Statistics and GraphPad Prism 8 software were used to conduct statistics and generate the figures.





5. Conclusions


The results of this pilot study suggest that otoferlin expression is increased in JDM patients compared to healthy controls and is positively correlated with disease activity markers. Furthermore, the study identified B cells and plasmablasts as the primary cells expressing otoferlin.
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Figure 1. Otoferlin expression in PBMCs from JDM children. (a) There was a significant increase in otoferlin expression in JDM children compared to controls (median 73.2 vs. 2.1; p = 0.001). (b) The otoferlin expression decreased significantly after treatment (paired t-test; mean 109.3 vs. 11.3, p = 0.04). (c) Increased percentage of otoferlin-positive lymphocytes in JDM (median 1.9% vs. 0.2% p = 0.03). (d) The majority of the otoferlin-positive cells were B cells (63–99.4%). (e) Example of plot chart showing the percentage of CD19 + ve cells out of otoferlin positive cells. *** means p < 0.001 and * means p < 0.05. 
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Figure 2. Otoferlin expression and clinical disease activity indicators. There was a positive correlation between otoferlin expression and clinical disease activity indicators: DAS-total (rs = 0.62, p < 0.001); DAS-skin (rs = 0.35, p = 0.076); DAS-muscle weakness (rs = 0.45, p = 0.021); and CMAS (rs = −0.61, p = 0.002). 
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Figure 3. Immunohistochemical staining otoferlin and CD19 staining of muscle tissues. (a) Example of otoferlin and CD19 staining of muscle tissues from 2 JDM subjects and a control sample. Tonsillar tissue was included as a positive control for CD19 and a negative control for otoferlin expression. Of note, magnification level is ×200. (b) Here is a significant increase in CD19 +ve otoferlin +ve cells in the JDM subjects compared to the control. ** means p < 0.01. 
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Table 1. Correlation of peripheral blood otoferlin mRNA expression in 29 untreated children with JDM disease activity markers and flow cytometry results.
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	Clinical Findings
	Median (25%ile–75%ile)
	Spearman’s Correlation Coefficient
	p-Value





	Clinical disease activity indicator
	
	
	



	Disease activity score (DAS) total
	12 (9.1–14)
	0.620
	<0.001



	Disease activity score skin
	6.3 (5–8)
	0.354
	0.076



	Disease activity score muscle weakness
	5 (3.5–7)
	0.452
	0.021



	Childhood myositis assessment scale (CMAS)
	28 (18–44)
	−0.611
	0.002



	Nailfold capillary end row loops (ERL) (#/mm)
	4 (3.5–5.9)
	0.128
	0.532



	Laboratory disease activity indicator
	
	
	



	Neopterin (nmol/L)
	16.5 (12–27)
	0.570
	0.004



	Erythrocyte sedimentation rate (ESR) (mm/h)
	10 (8.5–24.5)
	0.246
	0.359



	Von Willebrand factor antigen (vWF: Ag) (%)
	143 (96–195)
	0.602
	0.004



	Muscle enzymes
	
	
	



	Creatine phosphokinase (CK) (IU/L)
	132.5 (98.5–365.3)
	0.090
	0.699



	Aspartate aminotransferase (AST) (IU/L)
	50 (39.5–64.5)
	0.417
	0.068



	Lactate dehydrogenase (LDH) (IU/L)
	324 (285.5–536)
	0.580
	0.007



	Aldolase (U/L)
	9.9 (7.5–13.7)
	0.624
	0.006



	Flow cytometry
	
	
	



	Total T cells (CD3+)
	63 (53–69)
	−0.223
	0.275



	T helper cells (CD3+ CD4+)
	42 (34.5–49)
	0.018
	0.929



	T cytotoxic cells (CD3+ CD8+)
	19 (16–23)
	−0.214
	0.293



	B cells (CD19+)
	31 (23–42)
	0.370
	0.063



	NK cells (CD16+/CD56+)
	4 (3–7.5)
	−0.439
	0.025
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Table 2. Demographic characteristics of study subjects.
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	JDM Patients (n = 26)
	Healthy Controls (n = 15)
	p-Value





	Age
	
	
	



	  <6 years old
	12 (46.2%)
	5 (33.3%)
	0.236



	  6–12 years old
	11 (42.3%)
	5 (33.3%)
	



	  >12 years old
	3 (11.5%)
	5 (33.3%)
	



	Sex
	
	
	



	  Female
	23 (88.5%)
	8 (53.3%)
	0.012



	  Male
	3 (11.5%)
	7 (46.7%)
	



	Race/ethnicity
	
	
	



	  White, non-Hispanic
	24 (92.3%)
	10 (66.7%)
	0.099



	  White, Hispanic
	0 (0%)
	3 (20 %)
	



	  African American
	1 (3.8%)
	1 (6.7%)
	



	  Others
	1 (3.8 %)
	1 (6.7%)
	



	Myositis specific antibodies
	
	
	



	  P155/140
	11 (42.3%)
	
	



	  MJ
	4 (15.4%)
	
	



	  Mi2
	4 (15.4%)
	
	



	  MDA5
	2 (7.7%)
	
	



	  Negative
	4 (15.4%)
	
	



	  Not tested
	1 (3.8%)
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