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ABSTRACT 

Objectives: In dermatomyositis patients with anti-Mi2 autoantibodies, autoantibodies can enter 

muscle cells, leading to the aberrant expression of genes normally repressed by the 

Mi2/nucleosome remodeling and deacetylation (NuRD) complex. However, the mechanism by 

which autoantibodies interfere with Mi2/NuRD function remains unclear. This study aimed to 

identify additional autoantibodies in anti-Mi2-positive patients as well as the specific epitopes 

recognized by anti-Mi2 and any novel autoantibodies. 

Methods: Phage ImmunoPrecipitation Sequencing (PhIP-Seq) was used to screen serum 

samples from anti-Mi2-positive myositis patients for autoantibodies. Enzyme-linked 

immunosorbent assays (ELISA) and luciferase immunoprecipitation system (LIPS) 

immunoassays were used to detect autoantibodies in serum samples from myositis patients and 

healthy controls. 

Results: PhIP-Seq identified autoantibodies recognizing the autoimmune regulator (AIRE) in 

sera from anti-Mi2 autoantibody-positive patients. Both anti-AIRE and anti-Mi2 autoantibodies 

predominantly recognized a homologous region of the plant homeodomain zinc finger type I 

(PHD1), which is critical for AIRE and Mi2/NuRD function. ELISA and LIPS testing showed that 

anti-Mi2 autoantibody-positive patients were positive for anti-AIRE autoantibodies, while AIRE 

reactivity was largely absent in healthy comparators, anti-Mi2 autoantibody-negative-myositis, 

and other autoimmune diseases. Affinity-purified anti-Mi2 autoantibodies recognized both Mi2 

and AIRE by ELISA, whereas anti-Mi2-depleted immunoglobulin fractions did not recognize 

either protein. 

Conclusions: Autoantibodies recognizing Mi2 also recognize AIRE at a homologous PHD1 

finger. This region is required by the Mi2/NuRD complex to anchor the nucleosome and 

consequently repress gene expression. Our findings suggest that anti-Mi2 autoantibodies 

disrupt NuRD complex function by binding to the PHD1 domain. Further studies are needed to 
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determine if anti-Mi2 autoantibodies bind other PHD1-containing proteins and their functional 

implications.
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INTRODUCTION 

Myositis is a heterogenous family of autoimmune diseases that includes dermatomyositis (DM), 

the antisynthetase syndrome (ASyS), immune-mediated necrotizing myopathy (IMNM), and 

inclusion body myositis (IBM) [1, 2].  Approximately 70% of DM patients have a known myositis-

specific autoantibody (MSA) targeting one or more intracellular autoantigens. The most 

prevalent MSAs in DM target the chromodomain-helicase-DNA binding proteins (CHD3 – i.e., 

Mi2α or CHD4 – i.e., Mi2β), nuclear matrix protein (NXP2), transcriptional intermediary factor 1 

gamma (TIF1ꝩ), or melanoma differentiation-associated protein 5 (MDA5) [1]. Importantly, each 

of these autoantibodies is associated with a unique disease phenotype. For instance, adult 

patients with anti-TIF1ꝩ autoantibodies exhibit a significantly heightened risk of malignancy 

compared to other DM patients but have a lower propensity for developing interstitial lung 

disease [3]. Conversely, those harboring anti-MDA5 autoantibodies are prone to rapidly 

progressive interstitial lung disease, with a relatively low risk of cancer [4]. 

Compared to other patients with DM, those with anti-Mi2 autoantibodies have more severe 

muscle involvement, more extensive myofiber necrosis, higher muscle enzyme levels, as well 

as photosensitive rashes [5]. We recently showed that anti-Mi2 autoantibodies can accumulate 

in the nuclei of muscle cells where they disrupt the function of the Mi2/NuRD complex and 

induce the overexpression of genes that this protein complex normally represses. [6-8] 

However, the mechanism by which anti-Mi2 autoantibodies disrupt the function of Mi2 has 

remained unclear.  

The current study initially aimed to identify novel myositis autoantibodies. We performed PhIP-

Seq with an oligonucleotide library encoding 274,207 overlapping peptides spanning the human 

proteome to screen patient sera for novel myositis autoantibodies [9, 10]. Surprisingly, this 

revealed that sera from individuals with anti-Mi2 autoantibodies also recognize autoimmune 

regulator (AIRE), a protein whose dysfunction leads to autoimmunity. Anti-Mi2/AIRE 

autoantibodies recognize a homologous PHD zinc finger that is critical for the function of both 
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Mi2 and AIRE. In the case of Mi2, this domain is required for the Mi2/NuRD complex to interact 

with nucleosomes. Our findings suggest that anti-Mi2 autoantibodies bind to this domain, 

prevent the Mi2/NuRD complex from interacting with nucleosomes, and cause the derepression 

of genes that are normally repressed by this complex. 
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METHODS 

 

Patients and Serum Samples 

To conduct PhIP-Seq, we established a discovery cohort comprising 10 anti-Mi2 autoantibody-

positive myositis sera: 8 from patients with adult DM and 2 from patients with juvenile DM. 

Additionally, we utilized 804 serum samples from healthy controls obtained from the Vaccine 

Research Cohort [11, 12]. 

 

To validate our PhIP-Seq findings, we first conducted enzyme-linked immunosorbent assays 

(ELISAs)  to measure anti-AIRE and anti-Mi2β levels in a separate cohort we termed the 

“validation” cohort. This validation cohort included 26 anti-Mi2 autoantibody-positive patients – 3 

of whom were present in the PhIP-Seq discovery cohort. Our validation cohort also included 63 

healthy controls and 44 patients with other myositis-specific autoantibodies (Table 1).  

 

Since anti-Mi2 autoantibodies can target different chromodomain-helicase-DNA-binding proteins 

(CHD), like Mi2β (CHD4) or Mi2α (CHD3), we also used luciferase immunoprecipitation system 

(LIPS) immunoassays to measure anti-AIRE and anti-Mi2α levels in the same validation cohort 

used for the ELISAs. Additionally, LIPS immunoassays were conducted on 53 serum samples 

from patients with systemic autoimmune diseases, including 20 with systemic lupus 

erythematosus (SLE), 8 with systemic sclerosis (SSc), 5 with vasculitis, and 20 with Sjögren’s 

syndrome (Table 1). 

Myositis serum samples were obtained from patients who either fulfilled Llyod’s criteria for 

inclusion body myositis (IBM) [13] or the Casal and Pinal criteria for other types of autoantibody-

positive myositis [1]. Patients were classified as autoantibody-positive if they tested positive for 

autoantibodies against Mi2, TIF1, NXP2, MDA5, Jo1, HMGCR, or SRP using at least one of the 
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following immunological methods: ELISA, in vitro transcription and translation followed by 

immunoprecipitation, line blotting (EUROLINE Autoimmune Inflammatory Myopathies 16 Ag 

(IgG) test kit), or immunoprecipitation from 35S-methionine-labeled HeLa cell lysates. All serum 

samples were obtained from patients enrolled in institutional review board-approved (IRB) 

cohorts from the NIH in Bethesda, MD as well as the Clinic and Vall d’Hebron Hospitals in 

Barcelona, Spain. 

 

Myositis-Specific Autoantibody Discovery and Epitope Mapping by Phage 

ImmunoPrecipitation Sequencing (PhIP-Seq) 

The standard PhIP-Seq procedure [9, 10] was employed to screen sera from 10 anti-Mi2 

autoantibody-positive myositis patients. The IgG concentration of each serum sample was 

quantified through an ELISA, enabling the standardization of IgG input (2 μg per reaction) into 

the subsequent PhIP-Seq assay. Serum antibodies were incubated overnight with the human 

peptidome library consisting of 274,207 peptides of 90 amino acids in length. Following 

incubation, antibody and antibody-bound T7 phage were isolated using protein A and protein G 

coated Dynal beads (#10002D and #10004D, Invitrogen). The immunoprecipitated phage library 

underwent PCR amplification with sample-specific DNA barcodes and the resultant amplicons 

were pooled and sequenced using an Illumina NextSeq instrument. Samples were then 

demultiplexed and aligned through an informatics pipeline as previously described [11, 14]. 

 

Anti-AIRE and anti-Mi2β ELISA  

ELISA plates (#351172, Falcon) were pre-coated overnight at 4ºC with 100 ng of recombinant 

protein of human AIRE (#TP313497M, OriGene) per well diluted in 100 uL of 1X phosphate-

buffered saline (PBS). After coating, ELISA plates were washed with PBS-0.05% Tween (PBS-

T) and blocked with 300 uL of 5% bovine serum albumin (BSA) in PBS-T for 1 hour at 37ºC. 
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Plates were then washed again with PBS-T. Diluted human serum samples (100 uL, 1:400 in 

1% BSA/PBS-T) were added to each well and incubated for 1 hour at 37ºC and then washed 

with PBS-T. Diluted HRP-labelled goat anti-human IgG antibody (100 uL, 1:10,000 in 1% 

BSA/PBST; #109-036-088, Jackson ImmunoResearch Lab) was added and incubated for 30 

minutes at 37ºC. After washing the plate with PBS-T followed by PBS, 100 uL of Sure Blue 

Peroxidase Substrate (#52-00-03, KPL) was added. Reactions were stopped with 100 uL of 1N 

hydrochloric acid. The absorbance at 450 nm was determined, and test sample absorbances 

were normalized to the sera of an arbitrary positive control sample used as a reference in the 

anti-AIRE ELISA. The cut-off for determining AIRE-positivity was defined as two standard 

deviations above the mean normalized absorbance of healthy control sera. We followed this 

procedure to develop an anti-Mi2β ELISA, adapting by pre-coating with 50 ng of Mi2β protein 

(#PRO-112, ProSpec) per well.  

 

Anti-AIRE and anti-Mi2α LIPS 

Luciferase immunoprecipitation systems (LIPS) immunoassays were performed as described 

elsewhere [15-18]. AIRE or Mi2α autoantigen were fused to a light-emitting luciferase and then 

immunoprecipitated. Synthetic DNA encoding AIRE (NP_000374.1, amino acids 2-545) and 

Mi2α (NP_005843.2, amino acids 2-596) were obtained from Twist Biosciences. These DNAs 

contained BamH1 and Xho1 restriction sites for directional cloning into the pREN2 eukaryotic 

expression vector as a C-terminal Renilla luciferase fusion protein. Both pREN2-AIRE and -

Mi2α constructs were sequenced to verify their integrity. These mammalian expression vectors 

were then transfected into Cos1 cells using Lipofectamine 3000. Crude lysates were harvested 

48 hours after transfection for AIRE and 24 hours for Mi2α. For testing, serum samples from 

myositis patients, healthy controls, and other autoimmune disease subjects were diluted in 

assay buffer A (20 mM Tris, pH 7.5 150 mM NaCl, 5 mM MgCl2, 1% Triton X-100) and incubated 

in a 96-well microtiter plate for 1 hour with 1 X 107 light units (LU) per well for either Renilla 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted January 19, 2025. ; https://doi.org/10.1101/2025.01.15.633218doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633218


luciferase-Aire or -Mi2α. Next, the serum-antigen mixture was transferred to a microtiter filter 

plate (Millipore) containing protein Ultralink protein A/G beads (Invitrogen) and incubated for 

another hour. The filter plates containing the immune complexes were then washed eight times 

with buffer A and twice with 1X PBS to remove unbound antigens. After the final wash, 

coelenterazine substrate (Promega) was added to detect the amount of immunoprecipitated 

Renilla luciferase fusion proteins in light units (LU) using a Berthold LB 960 Centro microplate 

luminometer (Berthold Technologies, Bad Wildbad). The cut-off for determining AIRE-positivity 

was defined as the mean value plus five standard deviations of the healthy control sera. 

 

Purification of myositis-specific autoantibodies from patient serum 

Human immunoglobulin G (IgG) was purified and concentrated from anti-Mi2 autoantibody-

positive (n=3) and anti-MDA5 autoantibody-positive (n=1) sera using protein G Agarose (#16-

266, Millipore) and the Amicon Pro Purification System (#ACS500024, Millipore) with a 30 kDa 

molecular weight cutoff Amicon Ultra Centrifugal Filter (Millipore, ref. UFC503024). After 

isolating IgG from anti-Mi2 autoantibody-positive serum samples, we used Mi2β-coated 

magnetic beads to affinity-purify anti-Mi2β autoantibodies, while also preserving the non-bound 

fraction for further analysis. NHS-activated magnetic beads (#88826, Thermo Scientific) were 

coupled with recombinant Mi2β human protein (#PRO-112, ProSpec) during an overnight 

incubation at 4ºC with continuous mixing. The unbound ligand was removed, and the beads 

were washed with quench buffer (100 mM Tris-HCl, 150 M NaCl, pH 8.0). For affinity 

purification, total IgG from anti-Mi2-positive sera was added to the Mi2β-coupled beads, 

followed by incubation with continuous mixing for two hours at room temperature. After 

incubation, the Mi2β-coupled beads were placed on a magnetic rack to separate them from the 

solution. The supernatant containing unbound IgGs was collected, while the beads were 

washed to remove residual impurities. Bound IgGs were then eluted using 0.1M glycine at pH 

2.0, with the pH neutralized afterward using 10% 1M Tris at pH 8.0, yielding the Mi2β-enriched 
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fraction. To generate the Mi2-depleted fraction, the collected supernatant was re-incubated with 

fresh Mi2-coupled beads, and this process was repeated three times. This same procedure was 

performed on purified IgG from the anti-MDA5 autoantibodypositive serum sample using MDA5 

protein (#PRO-1505, ProSpec) -coupled NHS-activated beads to obtain the MDA5-enriched and 

MDA5-depleted fractions. These fractions served as negative controls for anti-AIRE reactivity. 

Using both the Mi2β and MDA5 fractions, we then performed anti-Mi2β, anti-human IgG 

(#359722-004, Thermo Scientific), and anti-AIRE ELISAs to assess immunoreactivity. 

 

Standard Protocol Approvals and Patient Consents 

This study was approved by the Institutional Review Boards (IRB) at the National Institutes of 

Health, the Vall d’Hebron, and the Clinic Hospitals in Barcelona. Written informed consent was 

obtained from each participant. 

 

Statistical analysis 

PhIP-Seq analysis between anti-Mi2 autoantibody-positive patients and healthy controls was 

performed using phipCC as previously described [11]. Dichotomous variables were expressed 

as percentages and absolute frequencies. Pairwise comparisons for categorical variables 

between groups were made using Fisher’s exact test using the R programming language. 

Clustal Omega was used to assess the homology between protein sequences. A 2-sided p-

value of 0.05 or less was considered statistically significant with no adjustment for multiple 

comparisons. 
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RESULTS 

Novel autoantibody reactivity against AIRE using PhIP-Seq 

Among 10 anti-Mi2 autoantibody-positive myositis samples tested with PhIP-Seq, 6 showed 

reactivity to AIRE (Figure 1A). This reactivity was specific to the AIRE peptide spanning amino 

acids 271-360 (Figure 1A). These same 6 patients who were positive for anti-AIRE also reacted 

to the Mi2β peptide spanning amino acids 361-450 (Figure 1B), and 5 of these patients also 

showed reactivity to the Mi2α peptide spanning amino acids 347-436 (Figure 1C). PhIP-Seq 

also detected reactivity to other Mi2 peptides, but these were found in 3 or fewer of the 10 anti-

Mi2 autoantibody-positive patients. These immunodominant epitopes identified by PhIP-Seq 

both in AIRE, Mi2β, and Mi2α corresponded to the plant homeodomain zinc finger type I 

(PHD1), which plays a crucial role in chromatin recognition and transcriptional regulation [19-

22]. The immunodominant PHD1 epitopes of the three proteins revealed a high degree of 

similarity (Figure 1D). 

 

Only myositis patients with anti-Mi2 autoantibodies have anti-AIRE reactivity 

We designed an ELISA with full-length AIRE protein to evaluate AIRE reactivity in a validation 

cohort that consisted of serum samples from 26 anti-Mi2 autoantibody-positive DM patients, 44 

myositis patients with other MSAs or IBM, and 63 healthy comparators (Table 1). Among these 

samples, autoantibodies recognizing AIRE were present in 24/26 (92%) of anti-Mi2 

autoantibody-positive and 0/44 (0%) of anti-Mi2 autoantibody-negative myositis patients (Figure 

2A). One (1.6%) of the 63 healthy control serum samples had anti-AIRE reactivity (Figure 2A). 

To validate these data, we used a LIPS immunoassay with an AIRE antigen genetically fused to 

Renilla luciferase to measure autoantibody levels. We tested the same serum samples used in 

the ELISA, along with samples from 53 patients with different systemic autoimmune diseases. 

Among these samples, autoantibodies recognizing AIRE were detected in all 26 (100%) of the 

anti-Mi2 autoantibody-positive patients and none (0%) of the anti-Mi2-negative myositis patients 
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or healthy controls (Figure 2B). Two anti-Mi2 autoantibody-positive samples that were borderline 

negative for AIRE reactivity by ELISA were identified as positive by LIPS (Figure 2C), likely due 

to the broader dynamic range of LIPS. Additionally, only 1 (5%) of the 20 SLE sera showed 

reactivity against AIRE, while none (0%) of the sera from SSc (0/8), vasculitis (0/5), or Sjögren's 

syndrome (0/20) patients exhibited AIRE reactivity (Figure 2B). The healthy control with positive 

anti-AIRE reactivity by ELISA tested negative for AIRE and Mi2 by LIPS and ELISA, suggesting 

a false positive, and the SLE patient with positive anti-AIRE reactivity showed no anti-Mi2α 

reactivity by LIPS. We also compared the levels of AIRE-reactive autoantibodies measured by 

ELISA and LIPS immunoassays, which revealed a strong correlation between the two methods 

(Figure 2C). This underscores the reliability of both techniques in detecting AIRE reactivity.  

 

Anti-Mi2 autoantibodies also recognize AIRE  

Due to the specificity of anti-AIRE reactivity in sera containing anti-Mi2 autoantibodies, and the 

similarity in the immunodominant epitopes between AIRE and Mi2 proteins, we then explored 

whether anti-Mi2 autoantibodies target both AIRE and Mi2β. To this end, we affinity-purified anti-

Mi2 autoantibodies using full-length Mi2β protein conjugated to magnetic beads from three 

serum samples that were positive both for anti-Mi2 and anti-AIRE autoantibodies by ELISA. We 

also collected the non-bound antibodies from this purification process to obtain the anti-Mi2 

depleted fraction. We detected AIRE recognition only in the anti-Mi2 enriched fractions whereas 

depletion of anti-Mi2 autoantibodies resulted in a loss of AIRE reactivity (Figure 3). These 

results demonstrate that autoantibodies that target Mi2β also recognize AIRE.  

 

Anti-AIRE levels do not correlate with anti-Mi2 levels 

Given that nearly all anti-Mi2 autoantibody-positive patients were also anti-AIRE-positive, it was 

not feasible to conduct a comparative analysis of the clinical characteristics between anti-AIRE-

positive and anti-AIRE-negative patients within anti-Mi2 autoantibody-positive myositis. 
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However, given that anti-Mi2 autoantibody levels correlate with disease severity [5, 6], we 

evaluated the association between anti-AIRE and anti-Mi2β levels within the 26 anti-Mi2 

DM/JDM patient sera in our validation cohort. We observed a poor correlation between anti-

AIRE and anti-Mi2β levels as determined by ELISA (Figure 4A). As noted earlier, anti-Mi2 

autoantibodies can also recognize Mi2α (CHD3). Therefore, we employed LIPS immunoassays 

to assess whether anti-AIRE levels correlate with anti-Mi2α levels. We also observed a weak 

correlation between anti-AIRE and anti-Mi2α levels by LIPS (Figure 4B).  
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DISCUSSION 

In this study, we used PhIP-Seq to identify novel autoantibodies in the serum of DM patients 

with anti-Mi2 autoantibodies. We found that sera from individuals with autoantibodies against 

Mi2 also recognize the AIRE protein. Importantly, PhIP-Seq allowed us to identify the PHD1 

region as a shared immunodominant epitope of the AIRE and Mi2 autoantigens. This finding is 

consistent with a previous study defining the immunogenic regions of Mi2 [23]. We also 

demonstrated that affinity-purified anti-Mi2 autoantibodies can recognize AIRE. When these 

autoantibodies are removed from the total immunoglobulin fraction, AIRE reactivity is lost. This 

highlights that the same autoantibodies bind both Mi2 and AIRE, presumably at the PHD1 

finger. The PHD1 finger is distinguished by a unique motif consisting of four cysteine residues, 

one histidine residue, and an additional three cysteine residues. This region is critical for both 

AIRE and Mi2 to recognize histone modifications and regulate target gene expression by 

coordinating with transcriptional and chromatin-remodeling machinery [19-22]. 

 

AIRE is a pivotal transcriptional regulator that maintains central immune tolerance by controlling 

the expression of tissue-restricted self-antigens in the thymus [22, 24]. This is crucial for 

eliminating autoreactive T cells or redirecting them towards a regulatory T cell lineage [22, 24]. 

AIRE's role also extends beyond the thymus [25, 26]. Peripheral AIRE is mainly expressed in 

“extra-thymic AIRE-expressing cells,” which also demonstrate antigen-presenting capabilities 

and are hypothesized to assist in peripheral immune tolerance [27-34].  

 

Mutations in AIRE lead to a rare monogenic disorder called autoimmune polyendocrinopathy-

candidiasis-ectodermal dystrophy (APECED), and mono-allelic mutations in the PHD1 finger of 

AIRE have been found to associate with a broader range of autoimmune phenotypes  [35-39]. 

Moreover, mutations in the PHD1 finger of AIRE have been shown to significantly reduce the 

expression of AIRE-targeted genes and impair AIRE's binding to their promoters [19, 20]. This 
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highlights the PHD1 finger as a critical domain for AIRE's function. Myositis-specific 

autoantibodies targeting the PHD1 region of AIRE could in theory disrupt its role in regulating 

tissue-restricted antigen expression, potentially leading to immune tolerance breakdown. 

However, muscle biopsies from anti-Mi2 myositis patients show the transcriptional derepression 

of genes, including Mi2-regulated genes and others not typically expressed in skeletal muscle 

[6]. Given that AIRE promotes gene expression, we hypothesize that anti-AIRE autoantibodies, 

if functionally relevant, would repress gene expression, which contradicts the observed 

transcriptional profile in anti-Mi2 muscle biopsies.  Additionally, although AIRE dysfunction is 

known to cause autoimmunity, we found no clinical reports indicating APECED-related 

manifestations in either pediatric [40] or adult [5] populations of anti-Mi2 autoantibody-positive 

patients. This suggests that the Mi2/NuRD complex is likely the main target of these myositis-

specific autoantibodies, through which they exert their pathological effects. Future studies are 

needed to determine whether these anti-Mi2/AIRE autoantibodies impair AIRE's function in the 

thymus or other cells that express this transcriptional regulator, which is crucial for preventing 

autoimmunity. 

 

Previously, we demonstrated that anti-Mi2 autoantibodies are internalized by muscle cells. They 

can accumulate in the nucleus and disrupt the function of the Mi2/NuRD complex, which 

normally represses a specific gene set [6, 7]. Binding of histone 3 tails by PHD fingers is crucial 

for the gene regulatory function of the Mi2/NuRD complex [41]. Therefore, anti-Mi2 

autoantibodies may contribute to myositis pathophysiology by binding the PHD1 finger of the 

Mi2/NuRD complex and interfering with its ability to bind chromatin. This may result in the 

subsequent expression of genes typically repressed by this complex in muscle cells.  

 

Of note, detection of anti-Mi2 autoantibodies using standard commercial tests is often 

unreliable.[42] The discovery that anti-Mi2 autoantibodies also recognize AIRE suggests that 
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testing for anti-AIRE reactivity may provide an improved detection method, especially for 

patients who test borderline negative in assays utilizing Mi2 protein. The lack of correlation 

between anti-Mi2 and anti-AIRE antibody levels may result from autoantibodies targeting 

regions of Mi2 outside the PHD1 finger (Figure 1). Therefore, detecting anti-AIRE 

autoantibodies in an anti-Mi2 autoantibody-positive patient can confirm that these 

autoantibodies are targeting the functionally-relevant PHD1 finger of Mi2, as this is the only 

shared epitope between both proteins. Alternatively, assays specifically designed to target the 

PHD1 finger may provide a more physiologically-relevant detection compared to currently 

available methods. However, larger studies, including those addressing false positives in anti-

Mi2 results, are needed to robustly support these findings. 

 

In summary, we found that anti-Mi2 autoantibodies also recognize AIRE protein at a shared 

epitope in the PHD-zinc finger domain of both Mi2 and AIRE proteins. This suggests that anti-

Mi2 autoantibodies disrupt the function of the Mi2/NuRD complex by preventing it from 

interacting with chromatin. Given the key role of the PHD1 finger in regulating global 

transcriptional factors, further investigation is needed to understand how autoantibodies 

targeting this region affect proteins like AIRE. Exploring the muscle-specific and systemic effects 

of this reactivity could reveal how the dysregulation of target autoantigens like Mi2 and AIRE 

interact to drive the development of myositis and other autoantibody-mediated diseases. 
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FIGURES 

Table 1: Serum samples tested for anti-AIRE autoantibodies using ELISA and LIPS. 

Using enzyme-linked immunosorbent assays (ELISAs) and luciferase immunoprecipitation 

systems (LIPS), the prevalence of anti-AIRE autoantibodies was measured in a validation 

cohort that included different types of myositis and other healthy and disease comparators.  

 

Group 
AIRE reactivity by 

ELISA (n / N) 

AIRE reactivity by LIPS 

(n / N) 

Healthy control 1.6% (1 / 63) 0% (0 / 63) 

Myositis (N=70)   

Anti-Mi2 92% (24 / 26) 100% (26 / 26) 

Anti-NXP2 0% (0 / 7) 0% (0 / 7) 

Anti-TIF1g 0% (0 / 5) 0% (0 / 5) 

Anti-MDA5 0% (0 / 9) 0% (0 / 9) 

Anti-Jo1 0% (0 / 8) 0% (0 / 8) 

Anti-HMGCR 0% (0 / 5) 0% (0 / 5) 

Anti-SRP 0% (0 / 4) 0% (0 / 4) 

IBM 0% (0 / 6) 0% (0 / 6) 

Disease control (N=53)   

SLE - 5.0% (1 / 20) 

SSc - 0% (0 / 8) 

Vasculitis - 0% (0 / 5) 

Sjögren's syndrome - 0% (0 / 20) 
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Abbreviations: ELISA (enzyme-linked immunosorbent assays), LIPS (luciferase 

immunoprecipitation systems), Mi2 (chromodomain helicase DNA-binding protein), NXP2 (Anti-

nuclear matrix protein 2), TIF1g ( transcriptional intermediary factor 1 gamma), MDA5 

(melanoma differentiation-associated protein 5), Jo1 (antihistidyl transfer RNA synthetase), 

HMGCR (3-hydroxy-3-methylglutaryl-coenzyme A reductase), SRP (signal recognition particle), 

IBM (inclusion body myositis), SLE (systemic lupus eryhtmatosus), SSc (systemic sclerosis) 
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Figure 1A: Identification of novel autoantibody specificities through PhIP-Seq analysis. 

Anti-AIRE (A), anti-Mi2β (B), and anti-Mi2α (C) reactivity as determined by Phage 

ImmunoPreciptation Sequencing from 10 anti-Mi2 autoantibody-positive myositis patients.  

For pannels (A) – (C), the peptide fragments of the protein, annotated by their starting and 

terminal amino acids, are arranged diagonally along the X-axis. Black squares show that the 

patient has autoantibodies against that peptide fragment, while gray squares indicate that the 

patient does not have autoantibodies against that peptide. Panel (A) highlights the immunogenic 

peptides of the AIRE protein, Panel (B) showcases those of the Mi2β protein, and Panel (C) 

displays the immunogenic peptides of the Mi2α protein. Panel (D) shows sequence alignment of 

the immunodominant epitopes of AIRE (amino acids 271-360), Mi2β (amino acids 361-450), and 

Mi2α (amino acids 347-436) using Clustal Omega. The PHD1 region is characterized by a 

distinct motif featuring a combination of four cysteine residues, one histidine residue, and three 

additional cysteine residues, which are highlighted in gray. A detailed characterization of the 

PHD region is provided and can also be found on PROSITE 

(https://prosite.expasy.org/PS01359). PROSITE (expasy.org). 

 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted January 19, 2025. ; https://doi.org/10.1101/2025.01.15.633218doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633218


1-9
0

46-1
35

91
-180

136
-225

18
1-2

70

226
-31

5

27
1-3

60

316
-40

5

36
1-450

40
6-4

95

451
-540

49
6-58

5

Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Patient 7
Patient 8
Patient 9

Patient 10

1-90
46-135

91-180

13
6-225

181
-270

226-315

271-360

316-405

361-450

406-495

451-540

496-585

541-630

586-675

631-720

676-765

721-810

766-855

811-900

856-945

901-990

946-1035

991-1080

1036-1125

1081-1170

1126-1215

1171-1260

1216-1305

1261-1350

1306
-1395

1351-1440

1396-1485

1441-1530

1486-1575

1531-1620

1576-1665

1621-1710

1666-1755

1711-1800

1756-1845

1801-1890

1846-1935

Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Patient 7
Patient 8
Patient 9

Patient 10

1-90 33
-121

77-166

122-211

167-25
6

212-3
01

302-3
91

347-436

39
2-481

437-526

482-571

527-61
6

572-6
16

617-7
06

662-751

707
-796

752
-841

797-886

842-931

887-9
76

932-1
021

977-1066

10
22-1111

106
7-115

6

1112-1201

1157-1246

122-12
91

1247
-1336

1292-1381

133
7-1426

138
2-147

1

1427-1516

1472-1561

1517-1606

1562-1
651

1607-1696

1652-1741

169
7-178

6

1742-183
1

1787-1876

1832-1921

1877
-19

66

1922-2000

Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Patient 7
Patient 8
Patient 9

Patient 10

PHD1 Region definition: C-x(1,2)-C-x(5,45)-[VMFLWIE]-x-C-x(1,4)-C-x(1,4)-[WYFVQHLT]-H-x(2)-C-x(5,45)-[WFLYI]-x-C-x-(2)-C

AIRE ARLGQQG-------SVPAPLALPSDPQLHQKNEDECAVCRDGGELICCDGCPRAFHLACLSPPLREIPSGTWRCSSCLQATVQEVQPRAEEPRPQEP-----------------
Mi2β -----------------------AVDGYETDHQDYCEVCQQGGEIILCDTCPRAYHMVCLDPDMEKAPEGKWSCPHCEKEGIQ-WEAKEDNSEGEEILEEVGGDLEEEDDHHME
Mi2α LKRGRPGRKKKKVLGCPAVAGEEEVDGYETDHQDY CEVCQQGGEIILCDTCPRAYHLVCLDPELDRAPEGKWSCPHCEKEGVQ-WEAKEEE-----------------------

.::* * **.:***:* ** ****:*:.**.* : *.*.* *. * : :* :.. ::

A)

B)

C)

D)

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted January 19, 2025. ; https://doi.org/10.1101/2025.01.15.633218doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633218


Figure 2: Detection of anti-AIRE autoantibodies in healthy controls, myositis patients, 

and individuals with other systemic autoimmune diseases. Anti-AIRE autoantibody levels 

were measured using (A) enzyme-linked immunosorbent assay (ELISA) and (B) luciferase 

immunoprecipitation system (LIPS) in sera from healthy controls, patients with myositis, and 

patients with other systemic autoimmune diseases (the latter only for LIPS). The dotted line 

indicates the cutoff for defining anti-AIRE autoantibody positivity, with the cutoff set at 3 

standard deviations for the anti-AIRE ELISA and 5 standard deviations for the anti-AIRE LIPS 

assay. Panel (C) shows the correlation of anti-AIRE levels measured by ELISA and LIPS in 26 

anti-Mi2-positive serum samples, 44 samples with other myositis-specific autoantibodies or 

inclusion body myositis, and 63 healthy controls by both ELISA (X-axis) and LIPS (Y-axis). AU: 

arbitrary units. 
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Figure 3A: Detection of anti-AIRE reactivity in affinity-purified anti-Mi2 autoantibody 

fractions. Purified immunoglobulin G (IgG) of anti-Mi2 autoantibody-positive sera (n=3) 

underwent affinity purification using Mi2β-bound magnetic beads, which produced a Mi2β-

enriched and Mi2β-depleted fraction. As a control, purified IgG of one anti-MDA5 autoantibody-

positive serum sample underwent affinity purification using MDA5-bound magnetic beads, which 

produced an MDA5-enriched and MDA5-depleted fraction. These fractions were subjected to an 

ELISA to detect immunoreactivity against Mi2β (A) and AIRE (B). The total concentration of 

immunoglobulin was determined by ELISA in the two sets of samples (C). 
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Figure 4: Correlation between anti-AIRE and anti-Mi2 autoantibody reactivity levels by 

ELISA and LIPS. (A) Reactivity levels measured by ELISA (measured in arbitrary units [AU]) of 

anti-AIRE and anti-Mi2β autoantibodies and (B) Reactivity levels measured by LIPS (measured 

in light units) of anti-AIRE and anti-Mi2α autoantibodies. AU: arbitrary units. 
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