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major histocompatibility complex region

and CCR6. The CCR6 risk variant showed

a disease-specific expression

quantitative trait loci effect in CD4T cell

subsets. NMOSD was strongly

associated with somatic mosaic

chromosomal alterations. Single-cell

analysis revealed that CD4T cells with 21q

loss, one of the recurrently observed

somatic events in NMOSD, showed

dysregulation of type I interferon-related

genes.
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SUMMARY

Neuromyelitis optica spectrum disorder (NMOSD) is a rare autoimmune disease characterized by optic
neuritis and transverse myelitis, with an unclear genetic background. A genome-wide meta-analysis of
NMOSD in Japanese individuals (240 patients and 50,578 controls) identified significant associations with
the major histocompatibility complex region and a common variant close to CCR6 (rs12193698; p = 1.8 3
10�8, odds ratio [OR] = 1.73). In single-cell RNA sequencing (scRNA-seq) analysis (25 patients and 101 con-
trols), the CCR6 risk variant showed disease-specific expression quantitative trait loci effects in CD4+ T
(CD4T) cell subsets. Furthermore, we detected somatic mosaic chromosomal alterations (mCAs) in various
autoimmune diseases and found that mCAs increase the risk of NMOSD (OR = 3.37 for copy number
alteration). In scRNA-seq data, CD4T cells with 21q loss, a recurrently observed somatic event in NMOSD,
showed dysregulation of type I interferon-related genes. Our integrated study identified novel germline and
somatic mutations associated with NMOSD pathogenesis.

INTRODUCTION

Neuromyelitis optica spectrum disorder (NMOSD) is a rare

autoimmune disease that primarily affects the central nervous

system (CNS).1 It is characterized by recurrent episodes of

optic neuritis and longitudinally extensive transverse myelitis,

typically causing devastating outcomes such as blindness

and paralysis.2 Anti-aquaporin 4 (AQP4) antibodies infiltrating

the CNS play a pathogenic role and cause astrocyte damage

in NMOSD.3,4 The estimated prevalence of NMOSD is around

1 in 100,000 in Europe, while East Asian individuals have a

higher prevalence, around 3.5 per 100,000.5 This suggests

that the ancestral background might affect the susceptibility

of NMOSD.
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To date, several genome-wide association studies (GWASs)

have been conducted in NMOSD.6–8 In Europeans, a meta-

analysis of whole genome sequencing and genome-wide sin-

gle-nucleotide polymorphism (SNP) array data revealed two

independent signals associated with anti-AQP4 antibody-pos-

itive NMOSD in the major histocompatibility complex (MHC) re-

gion7; one of these signals was related to structural variants in

the complement 4 (C4) region. In the same study, imputed

human leukocyte antigen (HLA) data indicated a significant

association between HLA-DRB1*03:01 and NMOSD. In the

Japanese population, multiple HLA class II haplotypes, such

as HLA-DRB1*08:02 and DRB1*09:01, have been reported to

be associated with NMOSD.8–10 Although a Japanese within-

cases GWAS associated an intronic KCNMA1 variant at

10q22 with disability score,8 previous case-control GWASs

did not detect any associations satisfying the genome-wide

significance outside the MHC region.

Clonallyexpandedbloodcellswithsomaticmutations, knownas

clonal hematopoiesis (CH), are common among peripheral blood

of the general population11,12 and increase the hematological can-

cer risks.13,14 CH has increasingly been implicated in a variety of

disease processes beyond malignancy15,16 and gene-level muta-

tions were associated with autoimmune diseases.17 However,

the potential impacts of mosaic chromosomal alterations (mCAs)

on autoimmune diseases remain understudied. Furthermore, the

biological insights into somatic mutations in benign (i.e., non-ma-

lignant) disorders have largely remained unexplored. Single-cell

RNA sequencing (scRNA-seq) provides a unique opportunity to

profile the mutational status of individual cells, enabling us to

compare somatically mutated cells and their wild-type counter-

parts.18,19 Integrating genomics and single-cell transcriptomics

data should provide biological insights into the phenotypic effects

of somatic mutations in non-malignant disorders.

In this study, we conducted a case-control GWAS meta-anal-

ysis of NMOSD in the Japanese population (240 NMOSD cases

and 50,578 controls in total). We applied the HLA imputation

method to the GWAS data to comprehensively fine-map the

risk of the HLA variants. In scRNA-seq analysis, a novel risk

variant of NMOSD outside the MHC region showed the dis-

ease-specific expression quantitative trait loci (eQTL) effects in

subtypes of CD4+ T (CD4T) cells. We further detected mCAs

from the genotype data; our investigation including various auto-

immune diseases provides the first evidence of the strong asso-

ciation between mCAs and the NMOSD risk. Projecting prede-

fined mCAs into NMOSD scRNA-seq data, we demonstrated

the cell-type-specific enrichment of mCAs and the expression

change of immune-related genes in the somatically mutated

cells. Our results demonstrated genetic contribution to this
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non-malignant yet deleterious disease across germline and so-

matic mutations.

RESULTS

Genome-wide association study of NMOSD in the
Japanese population
In the discovery GWAS, we enrolled 163 NMOSD cases from the

Japan MS/NMOSD biobank, and 40,908 controls from the BBJ

Project20 (Figures S1A andS1B; Table S1). After SNP imputation,

we analyzed 8,707,965 autosomal variants and 261,946 X chro-

mosome variants using a generalized linear mixed model. The

most significant association signal that satisfied the genome-

wide significance thresholdofp<5.0310�8wasobservedwithin

the MHC region (rs28383171; p = 4.63 10�11, odds ratio [OR] =

0.41, 95% confidence interval [CI] 0.31–0.54; Table 1), which

mapped 8,110 base pairs (bp) upstreamofHLA-DRB1. To further

explore the NMOSD risk SNPs, we conducted a replication

GWAS that enrolled independent 77 NMOSD cases and 9,670

controls (Figures S1A and S1B; Table S1). Rs28383171 in the

MHC region showed the strongest association in the replication

GWAS (p = 4.6 3 10�5, OR = 0.43, 95% CI 0.29–0.63; Table 1).

After the meta-analysis combining the discovery and replica-

tion GWAS, we detected a novel risk variant at 6q27 outside

the MHC region (rs12193698; p = 1.8 3 10�8, OR = 1.80, 95%

CI 1.47–2.20; Figures 1A and S1B; Table 1), located 13 kbp up-

stream of the C-C motif chemokine receptor 6 (CCR6) gene (Fig-

ure 1B). CCR6 is a G protein-coupled receptor that binds C-C

Motif Chemokine Ligand 20 (CCL20)21 and is known as a cell sur-

face marker of T helper 17 (Th17) cells.22 Previous studies of an-

imal models and of human subjects have reported associations

of Th17 cells with the pathogenesis of NMOSD.23–25 In anti-

AQP4 antibody-positive patients (n = 223), the same variant

also exhibited a significant association (p = 4.9 3 10�8, OR =

1.74, 95% CI 1.43–2.12; Table 1). Previous European NMOSD

GWAS7 showed no association signals around this variant

(Table S2). Thus, our genetic study demonstrated a novel Japa-

nese population-specific locus.

NMOSD shares a genetic background with other
autoimmune diseases
Previous GWASs of immune-related diseases, such as rheuma-

toid arthritis (RA) and primary biliary cholangitis (PBC), showed a

strong association with CCR6.26–28 Clinically, NMOSD coexists

with other autoimmune diseases,29–31 but its etiology is unclear.

To investigate the genetic correlation, we compared the results

of our NMOSD GWAS with those of autoimmune diseases in

East Asian individuals.

First, we examined the previous studies of RA27 and PBC28 as

CCR6-associated diseases. The effects of risk variants in these

two diseases were significantly correlated with NMOSD (p =

0.0073, Spearman’s r = 0.53 for RA; p = 4.03 10�4, Spearman’s

r = 0.85 for PBC; Figures S2A and S2B; Table S3). We addition-

ally examined systemic lupus erythematosus (SLE),32 which

frequently coexists with NMOSD. The 94 of 111 SLE risk variants

outside theMHC region were available in our NMOSD study, and

their effect sizes showed significantly positive correlations

between SLE and NMOSD (p = 1.1 3 10�10, Spearman’sT
a
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r = 0.60; Figure S2C; Table S3). Especially, a variant within

STAT4 (rs11889341) was significantly associated with RA,

PBC, and SLE; it also showed a nominal association with

NMOSD. These findings indicate that these autoimmune dis-

eases have shared genetic backgrounds.

Associations of the HLA with NMOSD susceptibility
We then focused on the association signal within theMHC region.

To fine-map the causal HLA variants, we applied HLA imputation

to GWAS meta-analysis data and performed MHC fine-mapping

for theNMOSDsusceptibility.We found the strongest association

at HLA-DRb1 amino acid position 11 (p = 3.73 10�17; Figure 2A;

Table 2). Given the strength and complexity of the association

within the region covering HLA-DRB1, -DQB1, and -DQA1, we

performed conditional analysis within this region to identify inde-

pendent associations. When conditioning on HLA-DRb1 amino

acid position 11, we identified the most significant independent

association in HLA-DQB1*06 (p = 7.6 3 10�10; Figure 2B;

Table S4). We observed non-additive effects of amino acid poly-

morphisms of HLA-DRb1 amino acid position 11 and HLA-

DQB1*06 on the NMOSD susceptibility, particularly HLA-DRb1

Ser11 (p = 3.3 3 10�4; Table S5). When conditioning on HLA-

DRb1 amino acid position 11 and HLA-DQB1*06, we did not

Figure 1. NMOSD GWAS meta-analysis of

Japanese individuals

(A) Manhattan plot of the NMOSD GWAS meta-

analysis. The red horizontal line indicates the

genome-wide significance threshold of p = 5.0 3

10�8.

(B) Regional association plot around the lead

variant, rs12193698, at CCR6. The purple dia-

mond indicates the lead variant, rs12193698.

Other dots represent SNPs and are colored ac-

cording to linkage disequilibrium (r2) with the lead

variant.

observeanyadditional independent asso-

ciation in HLA-DRB1, -DQA1, and -DQB1

(p >0.05; Figure 2B; Table S4).When con-

ditioning on HLA-DRB1, -DQA1, and

-DQB1, we did not observe any significant

association (p > 0.05; Figure 2A). We per-

formed fine-mapping for anti-AQP4 anti-

body-positive patients and the same

variant, HLA-DRb1 amino acid position

11, exhibited themost significant associa-

tion (p = 1.13 10�18; Figure S3; Table 2).

CCR6 expression profile in scRNA-
seq data
GWASs identified the NMOSD-associ-

ated variant in the CCR6 locus. We there-

fore sought to reveal the functional role of

CCR6 in NMOSD. To elucidate the cell-

type-specific expression profile of CCR6,

we performed scRNA-seq in peripheral

blood mononuclear cells (PBMCs) from

25NMOSDpatients and101healthycontrols (TableS6).After pro-

cessing the samples through the unified single-cell analysis pipe-

line,weobtained1,004,361 immunecells.Wemanually annotated

cells basedon theexpressionof knownmarker genes,33which led

to the definition of seven major cell types and 19 more detailed

subsets (Figures 3A, S4, andS5; Table S7). Among the 19detailed

cell types, we found enrichment of CCR6 expression in CD4+

memory T (CD4 memory) cells, regulatory T (Treg) cells,

mucosal-associated invariant T (MAIT) cells, naive B (B naive)

cells, and memory B (B memory) cells (Figures 3B and 3C). This

expression profile was consistent with previous reports.21,34

Case-control differential expression analysis in these five cell

types revealed the significant upregulation of CCR6 expression

level in CD4 memory and MAIT cells in NMOSD (false discovery

rate [FDR]=2.1310�4, log2 fold change [FC]=0.57 forCD4mem-

ory; FDR = 0.0048, log2 FC = 0.52 for MAIT; Table S8), implying

thatCCR6 is important inTcell subtypes in thecontextofNMOSD.

Cell-type- and disease-specific eQTL effects of the
NMOSD-related variant
To examine the regulation of the transcriptional variability anddy-

namics of CCR6 by the GWAS risk variant (rs12193698), we per-

formed eQTL analyses, separately for NMOSDcases and healthy

4 Cell Genomics 5, 100776, March 12, 2025
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Figure 2. Regional association plots of HLA variants with NMOSD risk NMOSD GWAS meta-analysis of Japanese individuals

(A) Regional association plots in nominal results (upper) and those conditioned on HLA-DRB1, -DQA1, and -DQB1 (lower). In each plot, diamonds represent the

HLA variants, including SNPs, classical alleles, and amino acid polymorphisms of the tested HLA genes. The dashed horizontal lines represent the genome-wide

significance threshold of p = 5.0 3 10�8.

(legend continued on next page)
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controls. InMAIT, Bnaive, andBmemory cells, bothNMOSDand

control cohorts showedsignificant eQTLeffects of the risk variant

on CCR6 expression levels (FDR <0.1). By contrast, the risk

variant showed NMOSD-specific increasing dosage effects in

CD4 memory (FDR = 0.069, b = 0.037 for NMOSD; FDR = 0.89,

b = 0.0011 for controls) and Treg cells (FDR = 0.069, b = 0.040

for NMOSD; FDR = 0.89, b = 0.0034 for controls; Figure 3D;

Table S9). The previous study using bulk RNA-seq data showed

generally consistent eQTL effect in immune cells with our control

cohort (Figure S6). In our study, the NMOSD cohort showed

higher eQTL effects than controls, particularly in T cell subtypes:

CD4 memory, Treg, and MAIT cells (Figure 3E). These results

demonstrated that the risk allele of rs12193698 might contribute

to the pathogenesis of NMOSD by upregulating CCR6 in T cell

subtypes, especially in CD4T subsets. To further explore the

role of CD4T cells in NMOSD, we performed cell-cell interaction

analysis between CD4T cells and other cell types. We inferred

intercellular communications by the expression of ligand-recep-

tor pairs using CellChat.35 Ligand-receptor communications

from CD4 naive and CD4 memory cells to CD8 memory and

CD8 CTL cells were enhanced in NMOSD patients (Figure S7A).

Focusing on CCL20/CCR6 interaction, CD4 memory cells (re-

ceivers) showed the strong interaction with mono CD14 cells

(senders), which was enhanced in the context of NMOSD (Fig-

ure S7B). Taken together, CD4 memory cells play a specific

role in NMOSD.

The contribution of Th17 cells to NMOSD
Given that our analysis revealed the significant impact of

CD4 memory cells, we attempted to extract Th17 cells, a sub-

set of CD4T cells playing a crucial role in the pathogenesis of

NMOSD.23–25 To perform the more detailed immune cell anno-

tation, we projected CD4T cells of our scRNA-seq data onto a

previous dataset of CD4T subsets including Th17 cells36

(Figures 4A–4C). Most of the Th17 cells annotated based on

the reference data were included in the CD4 memory cells in

our dataset and highly expressed CCR6 compared with other

CD4T cells (Figures 4D and 4E). In the differential abundance

analysis, the proportion of non-naive CD4T cells, including

Th17 cells, was increased in NMOSD (Figure 4F). In the differ-

ential expression analysis of Th17 cells, CCR6was significantly

upregulated in NMOSD (Table S8). We analyzed the aforemen-

tioned eQTL effect on CD4 memory cells separately for Th17

cells and other cells. Although the limited number of cells re-

sulted in reduced statistical power, eQTL effects were relatively

higher in Th17 cells compared with other CD4 memory cells

(Figure 4G; Table S9). We confirmed that Th17 cells play a sig-

nificant role in the pathogenesis of NMOSD.

Effects of the NMOSD-related variant on plasma protein
levels
In addition to eQTL analysis, we performed plasma protein quan-

titative trait loci (pQTL) analysis to examine the effect of GWAS

risk variant (rs12193698) on the concentration of plasma pro-

teins. We measured expression levels of 2,943 proteins using

Olink Explore 3072 platform from 1,394 independent Japa-

nese.37–39 CCR6 was not included in this dataset. We found a

significant pQTL effect of rs12193698 only on ribonuclease T2

(RNase T2) and risk alleles reduced the expression level

(Figures S8A and S8B). RNase T2 is an endoribonuclease that

degrades exogenous RNA molecules into forms detected by

toll-like receptor 8 (TLR8).40 Downstream of TLR8 includes tran-

scription factors such as NF-kB and IRF3 that affect CD4T cell

differentiation.41 The previous study has reported that downre-

gulation of TLR8 may contribute to autoimmune processes in

multiple sclerosis (MS).42 Decreased expression of RNase T2

may also affect the pathogenesis of NMOSD by dysregulating

the TLR8 pathway.

Mosaic chromosomal alterations increase the NMOSD
risk
As described above, we have so far analyzed the effect of the

germline mutation on NMOSD. To further expand our NMOSD

risk catalog, we then investigated the association between so-

matically acquired mCAs and the risk of NMOSD. The MoChA

pipeline11,12 was applied to the GWAS data from patients with

various autoimmune diseases: RA, MS, SLE, psoriasis vulgaris,

Sjögren’s syndrome, sarcoidosis (median nCase = 287), or hema-

tological malignancy (n = 1,301) and control subjects (n = 48,394;

Table S10), identifying individuals with autosomal mCAs

including gain, loss, and copy-neutral loss of heterozygosity

(CN-LOH).We evaluated the associations between each disease

and copy number alteration (CNA; gain or loss) or CN-LOH using

a multivariate logistic regression analysis adjusted for age and

sex (Figure 5A). As expected,13,14 hematological malignancy

showed strong associations with CNA (OR = 2.43, 95% CI

2.03–2.92) and CN-LOH (OR = 2.17, 95% CI 1.71–2.76). Among

the autoimmune diseases, only NMOSD was associated with

CNA at extremely high OR (OR = 3.37, 95% CI 2.10–5.41) and

CN-LOH (OR = 2.18, 95% CI 1.07–4.46). Thus, we propose

that mCAs increase the risk of NMOSD, perhaps more strongly

than that of hematological malignancy.

Dissection of somatically mutated cells in NMOSD
patients at single-cell resolution
To reveal the biological mechanisms underlying the association

between mCAs and NMOSD, we additionally conducted scRNA-

seq of four NMOSD patients with mCAs detected using the

GWAS genotype data (mNMOSD1-4; Figure 5B; Table S11). In

the genotypedata, threeNMOSDpatients (mNMOSD1-3) showed

mCAs at 21q, which was one of the recurrently affected regions

in NMOSDpatients and did not show an association with hemato-

logical malignancy (i.e., NMOSD-specific; Figure S9A; Table S12).

We used Numbat43 to distinguish the somatically mutated cells

from the other normal cells at single-cell resolution. As Numbat

uses germline allelic signals from scRNA-seq raw reads for

(B) Association plots in HLA-DRB1, -DQA1, and -DQB1 genes. Diamonds represent the amino acid polymorphisms (purple) and classical alleles (blue) for the

tested HLA genes. For amino acid polymorphisms, the smallest p values among those for results of binary and omnibus tests at each position are shown. An allele

or position of the smallest p values at each step is displayed in a red circle. The dashed horizontal lines represent the genome-wide significance threshold of p =

5.0 3 10�8.
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somatic clone detection, we expected thatmore detailed allele in-

formation in scRNA-seqdatawould achievemore sensitive detec-

tion. For the additional scRNA-seq, we applied a long and deep

sequencing method increasing a target depth from 20,000 to

80,000 reads per cell and extending a read2 length from 90 to

270 bp. Consequently, wecould identify somaticallymutated cells

for the four NMOSD patients (Figures 5C and S9B).

All the mCA events were found to be highly cell-type-specific

and the somatic mutations at 21q were enriched in T lympho-

cytes (Figures 5D and 5E; Table S13). Notably, the two

NMOSD patients with 21q loss consistently showed enrichment

of the mutated cells in CD4T cells (mNMOSD1: OR = 2.2 for

CD4T; mNMOSD2: OR = 2.4 for CD4T). This suggests that not

only germline variations, but somatic mutations have the pheno-

typic impacts on CD4T cells in NMOSD. In CD4T cells, CD4

memory and Treg cells showed relatively high fractions of the

mutated cells in mNMOSD1 and mNMOSD2, respectively (Fig-

ure S9C). To assess the correlation between these somatically

mutated clones and T cell receptor (TCR) clonotypes, we inte-

grated scRNA-seq and scVDJ-seq data. While the 21q loss

clones were expanded independently of the TCR repertoire,

we observed a large TCR clonotype (clone size = 315 [mean

clone size = 3.6]) consisting of more than 70% mutated cells

with 21q gain in mNMOSD3, implying different underlying mech-

anisms among 21q loss and 21q gain (Figure S9D).

To evaluate the phenotypic impacts of 21q loss in mNMOSD1

and mNMOSD2, we assessed differentially expressed genes

(DEGs) between the mutant and normal CD4T cells (Figure 4F;

Table S14). Most of the top downregulated genes in the 21q

loss CD4T cells were located in the affected chromosomal re-

gion, highlighting the successful detection of the mutant clones.

We performed a pathway enrichment analysis and found that

the downregulated DEGs in CD4T cells with 21q loss were en-

riched in type I interferon (IFN-I)-related pathways (Figures 5G

and S10). The somatic mutation might suppress the expres-

sions of interferon receptor genes residing within 21q (i.e., cis;

IFNAR1 and IFNAR2), resulting in downregulation of IFN-related

genes outside the affected regions (i.e., trans; OAS1 and

STAT2). Given that a fraction of NMOSD patients showed

mCAs at 21q, our results may highlight the significance of

IFN-I signaling in the NMOSD pathophysiology. We dissected

the somatically mutated cells with an NMO-specific mCA at sin-

gle-cell resolution and demonstrated the potential mechanisms

underlying the strong association between mCAs and the

NMOSD risk.

DISCUSSION

In this study, we obtained new insights into the pathogenesis of

NMOSD from two aspects: germline and somatic mutations. By

combining scRNA-seq data in both approaches, we confirmed

cell-type-specific effects, especially in CD4T cells.

Our GWAS meta-analysis identified NMOSD risks at the MHC

region andCCR6, a novel associatedgene.We further performed

HLA fine-mapping analysis and found that HLA-DRb1 amino acid

position 11 andHLA-DQB1*06were associatedwith theNMOSD

susceptibility. A previous European study also showed signifi-

cant associations of class II HLA variants.7 Although the same

study identified the association of the structural variation in the

C4 region, our study showed no associations around this region.

This result might be due to the HLA diversity among populations,

thus genetic studies including multiple populations are war-

ranted. CCR6 is highly expressed in Th17 cells,21,22 and plays

an important role in the pathogenesis of autoimmune diseases.

Our study revealed the shared genetic backgrounds of NMOSD

with RA, PBC, and SLE. The proportion of Th17 cells and the

levels of Th17-related cytokines have been reported to increase

in NMOSD patients,24,25 and we also confirmed a high abun-

dance of Th17 cells in our dataset. Some studies have shown

that CCL20/CCR6 interaction promotes the migration of Th17

cells, disruption of the blood-brain barrier, and invasion of inflam-

matory cells into theCNS.44,45 The increasedCCL20/CCR6 inter-

actionbetweenCD4memory cells andmonocytes in ourNMOSD

dataset suggests an enhanced inflammatory reaction leading to

CNS damage.46 We identified the disease-specific eQTL effects

of the NMOSD risk variant in CD4 memory and Treg cells.

Notably, Th17 cellswithin theCD4memory subset exhibited rela-

tively larger eQTL effects. The cell-type-specific eQTL analysis

enabled us to functionally interpret the GWAS result and demon-

strated genetic regulation underlying the pathogenic role of Th17

cells in NMOSD.

CH including mCAs and gene-level mutations has increasingly

been found to contribute to various disease processes beyond

malignancy.15,16 As the mCA detection method typically utilizes

genotype data from large-scale cohorts such as biobanks, previ-

ous efforts mainly focused on common diseases such as

Table 2. Nominal associations of HLA-DRb1 amino acid position 11 with NMOSD

All NMOSD AQP4+ NMOSD

Frequency

OR (95% CI) P

Frequency

OR (95% CI) PCase Control Case Control

HLA-DRb1 amino

acid position 11

Omunibus test – – – 3.7 3 10�17 – – – 1.1 3 10�18

Aspartic acid 0.040 0.15 0.24 (0.15–0.37) 9.3 3 10�15 0.034 0.15 0.20 (0.12–0.33) 1.2 3 10�15

Leucine 0.088 0.057 1.57 (1.15–2.16) 0.0083 0.087 0.057 1.57 (1.13–2.18) 0.011

Proline 0.21 0.19 1.19 (0.95–1.48) 0.13 0.22 0.19 1.20 (0.96–1.51) 0.12

Serine 0.48 0.37 1.56 (1.31–1.87) 1.4 3 10�6 0.49 0.37 1.64 (1.36–1.98) 2.4 3 10�7

Valine 0.18 0.23 0.71 (0.56–0.89) 0.0025 0.17 0.23 0.66 (0.52–0.85) 7.5 3 10�4

AQP4+, anti-AQP4 antibody-positive; CI, confidence interval; OR, odds ratio.
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infections.16 In this study, we propose the strong association be-

tween mCAs and a rare autoimmune disease, NMOSD. Although

the previous study17 showed an association between RA and

gene-level mutations, other autoimmune diseases besides

NMOSD were not associated with mCAs in our study. This sug-

gests that mCAs may play a unique role in NMOSD, a non-malig-

nant yet deleterious disease. We dissected the somatically

mutated cells with loss of 21q, one of the NMO-specific regions,

Figure 3. Cell-type- and disease-specific expression profiles of CCR6

Regional association plots of HLA variants with NMOSD risk NMOSD GWAS meta-analysis of Japanese individuals.

(A) Uniform manifold approximation and projection (UMAP) visualization of 1,004,361 PBMCs from the NMOSD cases (n = 25) and healthy controls (n = 101).

(B) Cell-type-specific expression of CCR6.

(C) Percentage of CCR6-expressing cells and CCR6 expression levels in each cell type.

(D) The disease-specific eQTL effects of the CCR6 risk variant in five cell types. Boxes denote the interquartile range, and horizontal lines denote the median.

Whiskers extend to 1.5 times the interquartile range. yFDR <0.1.

(E) Correlations of the eQTL effect sizes of rs12193698 and 95% confidence intervals between NMOSD and healthy controls.

Figure 4. Identification of Th17 cells among CD4T cells and eQTL analysis using Th17 cells

(A–C) Uniform manifold approximation and projection (UMAP) visualization of 372,313 CD4T cells projected onto the reference dataset: manually annotated (the

same as Figure 3A) in (A), annotated based on the reference data in (B), and annotated to indicate whether Th17 or other cell types in (C).

(D) Tile plot showing the proportion of the manually annotated four cell types in the reference-based 18 cell types.

(E) Percentage of CCR6-expressing cells and CCR6 expression levels in the 18 reference-based cell types.

(F) Beeswarm plot showing the distribution of adjusted log2 fold change in abundance betweenNMOSD and controls in Nhoods according to Th17 cells and other

cell types excluding Th17 cells. Boxes denote the interquartile range, and vertical lines denote the median. Whiskers extend to 1.5 times the interquartile range.

(G) Correlations of the eQTL effect sizes of rs12193698 and 95% confidence intervals between NMOSD and healthy controls in CD4 memory cells. The plot

includes all CD4 memory cells (black), Th17 cells in CD4 memory cells (red), and CD4 memory cells excluding Th17 cells (light blue).
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at single-cell resolution. Our results showed that this somaticmu-

tation might drive immune system dysregulation through IFN-I

signaling. IFN-I hasbothpro-andanti-inflammatory functions,de-

pending on thepathologic context47,48: interferon beta, amember

of IFN-I, stimulates B cells to produce inflammatory cytokines,49

while reduces differentiation of inflammatory T cells.23 Combining

genotype and scRNA-seq data, we revealed the functional im-

pacts of somatic mutations on immune cells and the potential

mechanisms underlying their strong association with NMOSD.

Our integrated study expands our understanding of the NMOSD

genetics from germline variations to somatic mutations.

Limitations of the study
This study has some limitations that should be considered. Our

scRNA-seq dataset was generated from PBMCs and did not

includemacrophages or granulocytes. To further expand our un-

derstanding of immune-related cells in NMOSD, future research

incorporating these cells would be warranted.

Furthermore, most NMOSD cases included in single-cell anal-

ysiswere in the remissionphase. Investigating samples, including

cerebrospinal fluid, frompatients in the initial onset or the relapse

phase could provide more detailed insights into the mechanisms

underlying CNS damage.
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Figure 5. Integrated analysis into the association between somatic mutations and NMOSD

(A) Forest plot of the associations between disease risks and mCAs (CNA and CN-LOH). The odds ratios and 95% confidence intervals were calculated using a

multivariate logistic regression adjusted for age and sex.

(B) Schematic overview of our integrated analysis of genomics and single-cell transcriptomics.

(C) Uniform manifold approximation and projection (UMAP) embeddings of mNMOSD1 scRNA-seq data colored by cell type (left) and clone (right).

(D) UMAP embeddings of mNMOSD1 scRNA-seq data colored by the density of the 21q loss cells (left) and normal cells (right).

(E) Heatmap showing in-sample odds ratios of each cell type containingmutated cells. Dendritic cells (DCs) in mNMOSD4 aremasked in gray due to a limited cell

count (<5).

(F) DEG analysis between the 21q loss and normal CD4T cells in mNMOSD1 and mNMOSD2. Significant DEGs satisfying FDR (adjusted p values via the

Benjamini-Hochberg method) < 0.1 are colored in light blue or pink, and DEGs on 21q are colored in navy. The upward triangle denotes a data point beyond the

axis limit. The genes included in the ‘‘response to virus’’ pathway were annotated.

(G) Top 10 enriched biological pathways of the downregulated DEGs in CD4T cells with 21q loss. The dot color indicates the adjusted enrichment p values via the

Benjamini-Hochberg method, and the dot size represents the gene count annotated to each term.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human DNA extracted from peripheral blood This study N/A

Human peripheral blood mononuclear cells This study N/A

Deposited data

Genotype data of BioBank Japan Nagai et al.20 Japanese Genotype-phenotype Archive of Biobank

Japan (JGA) with the accession ID JGAS000412, which

is available through application at https://humandbs.

biosciencedbc.jp/en/hum0311-latest

Allele frequency reference panel of

Tohoku Medical Megabank Project

Tadaka et al.50 https://jmorp.megabank.tohoku.ac.jp/downloads

Summary statistics of the genome-wide

meta-analysis of NMOSD

This study NBDC: hum0197

Integrated scRNA-seq data including

25 NMOSD cases

This study GEAD: E-GEAD-887

Japanese scRNA-seq dataset for controls Edahiro et al.51 Japanese Genotype-phenotype Archive (JGA) with the

accession ID JGAS000593/JGAD000722/JGAS000543/

JGAD000662, which is available through application at

https://humandbs.biosciencedbc.jp/en/hum0197-latest

Japanese scRNA-seq dataset of CD4T cells Yasumizu et al.36 https://github.com/yyoshiaki/screfmapping

Software and algorithms

Azimuth Hao et al.33 https://azimuth.hubmapconsortium.org/

CellBender Fleming et al.52 https://github.com/broadinstitute/CellBender

CellChat Jin et al.35 https://github.com/sqjin/CellChat

Cell Ranger 10x Genomics https://www.10xgenomics.com/jp/

support/software/cell-ranger/latest

Clusterprofiler Yu et al.53 https://github.com/YuLab-SMU/clusterProfiler

DEEP*HLA Naito et al.54 https://github.com/tatsuhikonaito/DEEP-HLA

DoubletFinder McGinnis et al.55 https://github.com/chris-mcginnis-ucsf/DoubletFinder

edgeR Robinson et al.56 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

lme4 Bates et al.57 https://github.com/lme4/lme4

METASOFT Han et al.58 http://genetics.cs.ucla.edu/meta/

MoChA Loh et al.11,12 https://github.com/freeseek/mocha

Milo Dann et al.59 https://github.com/MarioniLab/miloR

Numbat Jin et al.35 https://kharchenkolab.github.io/numbat/

PLINK Purcell et al.60 https://www.cog-genomics.org/plink/1.9

PLINK2 Chang et al.61 https://www.cog-genomics.org/plink/2.0

Python Python Software Foundation https://www.python.org/downloads/

release/python-376/

R The R Foundation for

Statistical Computing

https://www.r-project.org/

SAIGE Zhou et al.62 https://github.com/weizhouUMICH/SAIGE

Scanorama Hie et al.63 https://github.com/brianhie/scanorama

Scanpy Wolf et al.64 https://scanpy.readthedocs.io/en/stable/

Scirpy Sturm et al.65 https://github.com/scverse/scirpy/

scran Lun et al.66 https://bioconductor.org/packages/

release/bioc/html/scran.html
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The participants for genome-wide association study
Discovery cohort

We obtained DNA samples of 183 neuromyelitis optica spectrum disorder (NMOSD) cases from 18 institutes enrolled in the Japan

MS/NMOSDbiobank (KyushuUniversity Hospital, Utano National Hospital, SapporoMedical University Hospital, Yamaguchi Univer-

sity Hospital, Tokyo Women’s Medical University Yachiyo Medical Center, Osaka University Hospital, Tokyo Women’s Medical Uni-

versity Hospital, Saitama Medical Center, Hokkaido Medical Center, Ehime University Hospital, Hiroshima University Hospital, Na-

gasaki Kawatana Medical Center, Tokyo Medical and Dental University Hospital, Kitasato University Hospital, Niigata University

Medical and Dental Hospital, Hospital of University of Occupational and Environmental Health, Iwate Medical University Hospital,

and Hachinohe Red Cross Hospital) between August 2013 and March 2017. All the subjects agreed with informed consent based

on the approval of the institutional ethical committee. We collected 42,689 control subjects from Biobank Japan (BBJ) project.20

All DNA samples were extracted from peripheral blood.

Replication cohort

We additionally collected 81 samples from patients in Osaka University Hospital and five cooperating institutes (Hokkaido Medical

Center, Kindai University Hospital, Tokyo Women’s Medical University Hospital, Toyama University Hospital, and Kawasaki Medical

School Hospital) between October 2013 and October 2022. All the subjects agreed with informed consent based on the approval of

the institutional ethical committee. As controls, we obtained 11,716 samples independent of the discovery cohort from BBJ.20 All

DNA samples were extracted from peripheral blood.

SUBJECTS AND SPECIMEN COLLECTION OF PBMC FOR scRNA-SEQ

Peripheral blood samples were obtained from patients with NMOSD (n = 25) and healthy controls (n = 101) recruited at Osaka Uni-

versity Hospital. For the detection of chromosomal alterations, we revisited case samples from Osaka University Hospital (n = 2),

Hokkaido Medical Center (n = 1), and Toyama University Hospital (n = 1). We collected peripheral blood into heparin tubes and iso-

lated PBMCs using Leucosep (Greiner Bio-One) density gradient centrifugation according to the manufacturer’s instructions. We

processed blood samples within 3 h of collection and stored them at �80�C until use.

METHOD DETAILS

Genotyping and quality control
We performed genotyping of all case and control subjects using Infinium Asian Screening Array (Illumina). We applied the same strin-

gent quality control to both cohorts: we excluded individuals with a low genotyping call rate (<0.98) or potential sex chromosome

aneuploidy. We excluded cases which did not meet the 2015 International Panel for NMO Diagnosis criteria.1 Duplicate samples

were excluded based on genotype information (PI_HAT calculated by PLINK version 1.960 > 0.75). In both cohorts, we excluded con-

trols with autoimmune or allergic diseases. We included only the individuals of the estimated East Asian ancestry based on the prin-

cipal component (PC) analysis with the individuals of the HapMap project,69 and then further restricted to those in Japanese Hondo

(themain island of Japan) clusters.70 Sample filtering resulted in 163 cases and 40,908 controls in the discovery cohort, and 77 cases

and 9,670 controls in the replication cohort for association analysis.

As a variant filter, we excluded variants with call rate <0.99, minor allele count <5, p value for Hardy–Weinberg equilibrium <1.03

10�10, or >5% allele frequency difference compared to the Tohoku Medical Megabank Project50 dataset and in-house reference

panel described below.

Genotype imputation
We conducted genome-wide genotype imputation to estimate untyped variants. We used the in-house reference panel consisting of

Japanese whole-genome sequencing data (n = 11,754) as a haplotype reference for genotype imputation. We performed haplotype

estimation using SHAPEIT467 and then conducted genotype imputation with Minimac4.71 After the imputation, we extracted the var-

iants imputed with Rsq > 0.7 and a minor allele frequency >0.005 for the association analysis.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Seurat Hao et al.33 https://satijalab.org/seurat/

SHAPEIT4 Delaneau et al.67 https://github.com/odelaneau/shapeit4

STAR Dobin et al.68 https://github.com/alexdobin/STAR
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Genome-wide association study
We conducted a genome-wide association study (GWAS) for each cohort with a generalized linear mixed model implemented in

SAIGE (v1.0.0).62 We included age and the top four PCs as covariates in the regression model, with genetic relation matrix under

leave-one-chromosome-out approach. We adopted a genome-wide association significance threshold of p = 5.0 3 10�8. We con-

ducted an inverse variance fixed-effects meta-analysis using METASOFT58 for GWAS meta-analysis.

Comparison with other autoimmune diseases study
To compare the genetic background of NMOSD and other autoimmune diseases in East Asians, we examined GWAS summary sta-

tistics from studies of rheumatoid arthritis (RA),27 primary biliary cholangitis (PBC),28 and systemic lupus erythematosus (SLE),32 in

which enough associated variants have been reported. For the RA, PBC, or SLE risk variant (p < 5.03 10�8), we assessed their effect

sizes in our NMOSD study and examined correlations. We excluded variants in major histocompatibility complex (MHC) (chromo-

some 6: 25–35 Mbp).

HLA imputation and association study
We performed human leukocyte antigen (HLA) imputation with the HLA reference panel of the Japanese population (n = 1,118) con-

structed in the previous study.72 We applied Deep*HLA, deep learning-based HLA imputation,54,73 to the genotyped SNPs in the

MHC region and imputed the classical HLA alleles (one- and two-field [two- and four-digit]) and amino acid variants of class I and

II HLA genes (HLA-A, HLA-C, HLA-B, HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DPA1, and HLA-DPB1). The variants imputed

with an imputation quality score of R2 in 10-fold cross-validation >0.7 and MAF >0.005 were used for further analyses.

For fine-mapping in MHC, we evaluated associations of the HLA variants with the risk of NMOSD using a logistic regression model

using a glm() function implemented in R software (v3.6.0).54,72 The HLA variants were defined as SNPs in the MHC region, two-digit

and four-digit HLA alleles, biallelic HLA amino acid polymorphisms corresponding to their respective residues, and multiallelic HLA

amino acid polymorphisms for each amino acid position. For multiallelic amino acid polymorphisms, we estimated their significance

using an omnibus test for each amino acid position through a log likelihood ratio test, comparing the likelihood of the fittedmodel with

the null model. The significance of the improvement in model fitting was evaluated by the deviance, which follows a chi-square dis-

tribution with m – 1 degrees of freedom for an amino acid position with m polymorphic residues. Non-additive effects were tested

assessing by the significance of including an interaction term between target variants, as well at these variants, into the model.

To evaluate independent risk among and across the HLA genes, we conducted a forward-type stepwise conditional regression anal-

ysis that additionally included the associated variant genotypes as covariates. When conditioning a specific HLA gene, we included

all the 4-digit alleles of that HLA gene as covariates to robustly condition the associations attributable to it. When conditioning on a

specific HLA amino acid position, we included all the amino acid residues belonging to that position with the most frequent one

excluded as the reference allele. Given the need to perform the omnibus test, we constructed a model for the combined data

from the two cohorts with including a variable representing each cohort as a covariate, instead of conducting a meta-analysis be-

tween results from the two cohorts. We used otherwise the same covariates as those used in the GWAS. We adopted a genome-

wide association significance threshold of p = 5.0 3 10�8.

Droplet-based single-cell sequencing
We processed single-cell suspension through the 10X Genomics Chromium Controller. Oil droplets of encapsulated single cells and

barcoded beads (GEMs) were subsequently reverse transcribed in a Veriti Thermal Cycler, resulting in cDNA tagged with a cell bar-

code and unique molecular index (UMI). cDNA was amplified to generate single-cell libraries according to the manufacturer’s pro-

tocol. Quantification was made with an Agilent Bioanalyzer High Sensitivity DNA assay (Agilent, High-Sensitivity DNA Kit, 5067–

4626). Amplified cDNA was enzymatically fragmented, end-repaired, and poly-A tagged. Cleanup and size selection was performed

on amplified cDNA using SPRIselect magnetic beads (Beckman-Coulter, SPRIselect, B23317). Next, Illumina sequencing adapters

were ligated to the fragments and cleaned up using SPRIselect magnetic beads. Then, sample indices were selected and amplified,

followed by a double-sided size selection using SPRIselect magnetic beads. We assessed the final library quality using an Agilent

Bioanalyzer High Sensitivity DNA assay, and sequenced samples on Illumina NovaSeq 6000 as paired-end mode with 90 bp

read2 and 20,000 reads depth. Four samples for detection of chromosomal alteration were sequenced with 270 bp read2 to achieve

80,000 reads per cell for gene expression.

Alignment, quantification, and quality control of scRNA-seq data
We processed droplet libraries using Cell Ranger 6.0.0 (10X Genomics). Sequencing reads were aligned with STAR68 using the

GRCh38 human reference genome. We created raw count matrices with the cellranger_count function. We processed them with

the remove-background function of CellBender (v0.1.0)52 to remove cell-free ambient RNAs in the droplets and call cells. We

removed cells that had fewer than 1,000 UMIs or greater than 99th percentile of UMIs in each sample, fewer than 200 feature counts

or greater than 99th percentile of feature counts in each sample, greater than 12% of reads frommitochondrial genes, or greater than

10% of reads from hemoglobin genes. We further excluded putative doublets using DoubletFinder (v2.0.3)55 for each sample.
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scRNA-seq computation pipelines
We used Seurat (v4.1.0)33 for data scaling, transformation, clustering, dimensionality reduction differential expression analysis, and

most visualization. We scaled and transformed data using the SCTransform() function, and linear regression was performed to re-

move unwanted variation due to the percentage of mitochondrial reads. We removed batch effects and integrated scRNA-seq data-

sets using Scanorama.63 We performed a PC analysis based on adjusted gene expression and uniform manifold approximation and

projection (UMAP) using the first 30 PCs. A nearest-neighbor graph using the first 30 PCs was calculated with the FindNeighbors()

function, followed by clustering with the FindClusters() function setting the resolution parameter between 0.4 and 1.2.

We determined cellular identity with differentially expressed genes for each cluster using the FindMarkers() with parameter ‘tes-

t.use = wilcox’, and comparing those markers to known cell-type-specific genes. We temporally divided the whole PBMCs into

four cell groups; T cells, natural killer (NK) cells, B cells, and monocytes (Mono)/dendritic cells (DC). We excluded platelets at this

step. We reclustered each cell group in the same way as above and annotated cells using marker genes with reference to Azimuth.33

First, we identified seven major cell types: CD4+ T (CD4T) cells, CD8+ T (CD8T) cells, other T (Other T) cells, NK cells, B cells, Mono,

and DC. Then we divided them into 19 subsets: CD4+ naive T (CD4 Naive) cells, CD4+ memory T (CD4Memory) cells, CD4+ cytotoxic

T (CD4 CTL) cells, regulatory T (Treg) cells, CD8+ naive T (CD8 Naive) cells, CD8+ memory T (CD8 Memory) cells, CD8+ cytotoxic T

(CD8 CTL) cells, mucosal-associated invariant T (MAIT) cells, gamma-delta T (gdT) cells, double-negative T (dnT) cells, CD56-dim

natural killer (NK CD56dim) cells, CD56-bright natural killer (NK CD56bright) cells, Naive B (B Naive) cells, memory B (B Memory) cells,

plasmablasts, CD14+ monocytes (CD14 Mono), CD16+ monocytes (CD16 Mono), conventional dendritic cells (cDC), and plasmacy-

toid dendritic cells (pDC).

Differential expression analysis using scRNA-seq data
Differential gene expression analysis was performed between patients with NMOSD and healthy controls in the CCR6-enriched cell

types. We created donor pseudo-bulk samples by aggregating gene counts for each cell type within each sample. Genes which

expression rate wasmore than 1% in each cell type were included in the analysis. Differential gene expression testing was performed

using an NBGLM implemented in the Bioconductor package edgeR (v3.32.0).56We included age and sex in themodel as covariates.

Single-cell eQTL analysis
First, we performed normalization of scRNA-seq datasets using scran (v1.18.5),66 then calculated gene expression per cell type per

sample as the mean of log2-transformed counts-per-cell normalized expression. We adopted genes expressed in more than 1% of

each cell type for PC analysis. We evaluated the dosage effect of the variant on the gene expression using linear regression models

with the top two PCs of the genotype, the top two PCs of the gene expression, age, and gender as covariates. To correct multiple

testing, FDR was calculated via the Benjamini-Hochberg method across all pairs of cell types and clinical status.

Cell-cell interaction analysis in PBMCs
At first, to reduce the influence of individual samples contributing a larger number of cells, we capped the number of cells per sample

at 4,000 randomly sampled cells. We used the ComputeCommunProb() function in CellChat (v.2.1.0)35 to calculate the weight of cell-

cell interactions. We primarily set the parameter as type = ‘‘trimean’’, and switched to type = ‘‘truncatedMean’’ and trim = 0.01 when

examining the interaction betweenCCL20 andCCR6. After calculating interactions between 19 cell types, we extracted the cell types

of interest and created the heatmaps.

Reference-based annotation of CD4T cells
We projected our CD4T cells dataset to reference atlas,36 using the pipeline available at https://github.com/yyoshiaki/screfmapping.

In this pipeline, FindTransferAnchors() function in Seurat is used to find anchors between the reference and query object, and Trans-

ferData() function is used to transfer information from the reference to the query. The pipeline was runwith the default parameters.We

annotated Th17 cells by combining Tcm (Th17) and Tem (Th1/17) in the reference data.

Differential abundance analysis
We used Milo (v1.2.0)59 to test for the differential abundance of CD4T cells within defined neighborhoods between NMOSD and

healthy controls. We first used the buildGraph() function to construct a KNN graph with parameters k = 30 and d = 30. Next we

used makeNhoods() function to assign cells to neighborhoods based on their connectivity over the KNN graph. For computational

efficiency, we subsampled 5% of all CD4T cells in this step. In testNhoods() function, we included age and sex as covariates. We

did not apply a spatial FDR threshold to get a general estimate of the cell abundance. Log2 FC of the number of cells between

NMOSD and healthy controls in each neighborhood was used for visualization.

pQTL analysis
We measured expressions of 2,943 circulating proteins using Olink Explore 3072 platform from plasma of 1,394 independent East

Asian individuals on the Japan COVID-19 Task Force (JCTF),37–39 a nationwide multicenter consortium to overcome the COVID-

19 pandemic in Japan. The expression levels in a normalized scale (Normalized Protein eXpression: NPX) were bridge-normalized

using OlinkAnalyze R package and subsequently rank-inverse normal transformed.
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We conducted a pQTL analysis using PLINK version 2.061 for the GWAS risk variant. We performed a linear regression analysis of

genotypes for each circulating protein biomarker, adjusting for age, sex, top 4 genetic PCs, and top 6 expression PCs.

Associations between disease risks and mCAs
We evaluated the associations betweenmCAs and the risk of autoimmune diseases and hematological malignancy. From the GWAS

control, we excluded hematological malignancy patients for this analysis (ncontrol = 48,394). Using BBJ and our in-house data, we

enrolled the patients with NMOSD (n = 232), MS (n = 599), RA (n = 2,789), SLE (n = 388), psoriasis vulgaris (n = 287), Sjögren’s syn-

drome (n = 242), sarcoidosis (n = 79), and hematological malignancy (n = 1,301) after QC of the mCA detection. We applied the

MoChA pipeline11,12 to the genotype data from those samples. In brief, IDAT genotype intensity data were transformed to VCF files

with log2 R ratio (LRR; total allelic intensity) and B-allele frequency (BAF; relative allelic intensity) values. Genotype phasing was per-

formed in the same way as in the NMOSD GWAS. Using the phase information and LRR/BAF values, we detected individuals with

mCAs including gain, loss, and CN-LOH. From the resulting candidates, calls flagged as germline copy number polymorphisms and

calls that were likely germline duplications were removed. We additionally removed unclassifiable calls and calls with lower cell frac-

tion (<0.01). We assessed the associations between each disease and CNA or CN-LOH using a multivariate logistic regression

adjusted for age, age2, and sex. We defined the recurrently affected regions as chromosomal regions (>10Mb) where more than

one NMOSD patient shared mCAs.

Single-cell dissection of somatically mutated cells in NMOSD patients
We applied Numbat (v1.3.0)35 to the additional scRNA-seq data of NMOSD patients with mCAs detected using the genotype data.

Numbat combines population haplotype information with allele and expression signals from scRNA-seq data to enhance detection of

somatic clones with mCAs. Utilizing the profiles of the genotype-based mCAs as prior information, we ran Numbat with parameters

init_k = 10 and max_entropy = 1.0 and classified all the cells as somatically mutated cells or normal ones. For the TCR clonotype

analysis using scVDJ-seq, filtered annotated contigs for TCR sequences were analyzed using Scirpy.65 Among cells with both

TCR a-chain and b-chain, TCR clonotypes were defined based on the similarity of CDR3 amino acid sequences with receptor_arms =

‘‘any’’, metric = ‘‘alignment’’, and default cutoff of ten. TheDEG analysis between the 21q loss and normal CD4T cells were performed

using a negative binomial model implemented in lme4 R library (v.1.1.32)57 with an offset term for UMI count and random effects for

sample. Genes were included if they were expressed in more than 10% of cells and were considered to be significant if they satisfied

FDR (adjusted p-values via the Benjamini-Hochberg method) < 0.1. For the significant DEGs, the pathway enrichment analysis was

performed using the enrichGO function of Clusterprofiler53 with parameters OrgDb = ‘‘org.Hs.e.g.,.db’’ and ont = ‘‘BP’’. The statistical

significance of the enrichment was adjusted via the Benjamini-Hochberg method.

QUANTIFICATION AND STATISTICAL ANALYSIS

Please refer to figure legends and method details for details of statistical analysis.
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