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Abstract: Aging is a significant risk factor for autoimmunity, and many autoimmune diseases 

tend to onset during adulthood. We conducted an extensive analysis of CD4+ T cell subsets from 

354 autoimmune disease patients and healthy controls via flow cytometry and bulk RNA 

sequencing. As a result, we identified a distinct CXCR3midCD4+ effector memory T cell subset 

that expands with age, which we designated “age-associated helper T (ThA) cells”. ThA cells 

exhibited both a cytotoxic phenotype and B cell helper functions, and these features were 

regulated by the transcription factor ZEB2. Consistent with the highly skewed T cell receptor 

usage of ThA cells, gene expression in ThA cells from systemic lupus erythematosus patients 

reflected disease activity and was affected by treatment with a calcineurin inhibitor. Moreover, 

analysis of single-cell RNA sequencing data revealed that ThA cells infiltrate damaged organs in 

patients with autoimmune diseases. Together, our characterization of ThA cells may facilitate 

improved understanding of the relationship between aging and autoimmune diseases. 

 

One Sentence Summary: An age-associated CXCR3midCD4+ T cell subset with a cytotoxic 

phenotype and B cell helper functions reflects disease activity in lupus. 
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Main Text:  

INTRODUCTION 

Autoimmune diseases are induced by breakdown of self-tolerance in the immune system (1), 

with aging representing a major risk factor (2, 3). For example, the incidences of rheumatoid 

arthritis (RA) and systemic lupus erythematosus (SLE), two of the most common autoimmune 

diseases, are increased in middle or older ages (4–7). Although tremendous efforts have been 

made in genetic studies of autoimmune diseases, and associations of these diseases with inherited 

variants have been identified, the reason for their acute onset in adulthood remains unclear. 

Identifying the specific immune cells involved in aging and autoimmunity and the drugs that 

target these subsets is likely to aid the development of precision medicine approaches. 

T cell cytotoxicity and B cell activation are heavily involved in the pathogenesis of 

autoimmune diseases (1, 8), with the production of autoantibodies often the defining feature. 

Autoantibodies are produced by memory B cells or plasma cells, the differentiation of which is 

supported by CD4+ helper T cells expressing CXCL13 and interleukin (IL)-21 (9, 10). The 

maturation of B cells generally takes place in the follicles of lymphoid tissues (11, 12). However, 

the extrafollicular pathway has gained attention due to its role in the differentiation of 

autoantibody-producing B cells (13, 14). For example, CXCR5-PD-1hi peripheral helper T (Tph) 

cells are involved in the extrafollicular pathway leading to B cell activation (15). The function of 

Tph cells has been extensively investigated in various autoimmune diseases (16–18). The main 

population of B cells that produce autoantibodies in the extrafollicular pathway are likely double 

negative 2 (DN2), defined as CD27-IgD-CXCR5-CD11c+ (13, 14). DN2 B cells overlap with 

“age-associated B cells (ABCs)” that increase with age (19), perhaps contributing to the age-
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related risk for autoimmune diseases. However, the relationship between extrafollicular helper T 

cells and aging remains unclear. 

T cell cytotoxicity is also involved in autoimmune tissue damage. In addition to widely 

recognized CD8+ cytotoxic T lymphocytes (CTLs) (20, 21), CD4+ CTLs are increased in the 

blood of autoimmune patients (22–24) and infiltrate inflamed organ sites in autoimmune diseases 

(25, 26). Additionally, the amount of CD4+ CTLs infiltrating organs correlates with disease 

activity (27). Thus, CD4+ CTLs have gained attention for their possible involvement in the 

pathogenesis of autoimmune diseases. The increased CD4+ CTLs in healthy elderly individuals 

have also been investigated for their contribution to longevity and biological defense (28, 29). 

However, the connection between CD4+ CTLs in autoimmune diseases and those in the elderly 

have not been delineated. 

We recently constructed a database termed the “Immune Cell Gene Expression Atlas from the 

University of Tokyo (ImmuNexUT)”, which consists of gene expression and genomic data from 

a wide range of peripheral blood (PB) immune cells from healthy individuals and patients with 

autoimmune diseases (30). In the present study, we identify age-associated helper T (ThA) cells, 

a subset of effector memory CD4+ T cells that increases with age and is defined by a CXCR3mid 

immunophenotype. Notably, ThA cells possess characteristics of both extrafollicular helper T 

cells and CD4+ CTLs that shape the pathogenesis of autoimmune diseases, suggesting a shared 

basis for aging and the development of autoimmunity. We also found that the gene expression 

profile of ThA cells is associated with SLE disease activity and is affected by administration of 

calcineurin inhibitors. Together, these findings may provide insight into the T cell-driven 

mechanisms behind age-related induction of autoimmune diseases.  
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RESULTS  

A distinct CXCR3midCD4+ T cell subset is associated with age  

Our previously developed ImmuNexUT database contains 28 immune cell subsets derived from 

healthy controls (HC) and various autoimmune disease patients, including those with RA, SLE, 

and idiopathic inflammatory myopathy (IIM) (Fig. 1A, Table S1) (30). Effector memory CD4+ 

T cells (CD4+ Tem: CD3+CD4+CCR7-CD45RA-) are strongly involved in immune responses at 

sites of inflammation (31). Within the CD4+ Tem population, we noted a phenotype 

(CXCR3midCD25-CXCR5-CCR6-CCR4-) that did not match those of any well-described CD4+ T 

cell subset (Fig. 1B, Table S2, S3). To evaluate the characteristics of this CXCR3midCD4+ T cell 

subset, we compared it with eight other well-defined CD4+ T subsets: naïve CD4, T helper type 

(Th) 1, Th2, Th17, Tfh, fraction I naïve regulatory T, fraction II effector regulatory T, and 

fraction III non-regulatory T cells. In total, 1,562 bulk RNA-seq samples and 354 samples of 

flow cytometric data from PB mononuclear cells (PBMCs) from HCs and RA, SLE, and IIM 

patients were analyzed together (Fig. 1A). Principal component analysis (PCA) of the total 

RNA-seq data showed that the CXCR3midCD4+ T cell subset formed a distinct cluster 

independent of other CD4+ T cell subsets and was adjacent to a cluster of Th1 cells (Fig. 1C). 

Intriguingly, among all nine CD4+ T cell subsets, only the proportion of the CXCR3midCD4+ T 

cell subset was positively correlated with age, and this correlation was independent of sex or 

therapeutic steroid dose (Fig. 1D, 1E, and fig. S1). Based on these findings, we termed this 

CXCR3midCD4+ T cell subset “age-associated helper T (ThA) cells”. The proportion of ThA 

cells was positively correlated with age in HCs and RA, SLE, and IIM patients (Fig. 1F).  

In order to compare ThA cells and the previously described Tph cells, we examined flow 

cytometry data from 49 autoimmune disease patients and healthy controls. Almost 10% of ThA 
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cells overlapped phenotypically with Tph cells (fig. S2A-C). Intriguingly, unlike ThA cells (fig. 

S1), the proportion of Tph cells showed no correlation with age (fig. S2D), which is consistent 

with prior findings (15). Together, these findings suggest that ThA cells largely represented a 

distinct population from Tph cells. 

 

ThA cell signature is associated with a cytotoxic phenotype  

To evaluate the differences in gene expression among CD4+ T cell subsets, we examined the top 

specifically expressed genes (SEGs) of each subset in RNA-seq using an algorithm for detecting 

specific expression focused on entropy (32). We found that ThA cells specifically expressed the 

genes encoding cytotoxic molecules, including GZMA and GZMB, suggesting that ThA cells 

may be CD4+ CTLs (Fig. 2A, Data file S1). In addition, ZNF683 was in the top SEGs of ThA 

cells and encodes Hobit, a transcription factor that is characteristically expressed in CD4+ CTLs 

(33). ADGRG1, also in the top ThA SEGs, encodes GPR56, which also regulates cytotoxicity 

(34). ThA cells highly expressed genes related to CTL activity including GZMA, GZMB, GZMH, 

and PRF1 (Fig. 2B). Other characteristics of CD4+ CTLs (29, 35) such as lack of expression of 

CD28 and expression of CX3CR1, KLRG1, and NKG7, were also observed in ThA cells both in 

the HCs and autoimmune disease patients (Fig. 2C). Indeed, intracellular staining of HC PBMC 

revealed that ThA cells expressed high levels of granzyme A, granzyme B, and perforin proteins 

compared with naïve CD4+ T cells, Th1 cells, Th2 cells, Th17 cells, and Tfh cells, similar to that 

of CD8+ T cells (Fig. 2D,E). Interestingly, the CXCR3mid cell population corresponding to ThA 

cells markedly exhibited higher levels of granzyme A, granzyme B, and perforin proteins than 

neighboring CXCR3neg and CXCR3hi cells (Fig. 2F), suggesting that CD4+ T cells with moderate 

expression of CXCR3 have potent CTL activity. Moreover, ThA cells produced high levels of 
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granzyme A protein after T cell receptor (TCR) stimulation (fig. S3A). Cytotoxic granules have 

been observed as multi-core granules (MCGs) in the intracellular structure of CTLs (36). Our 

transmission electron microscopic observation also revealed the presence of MCGs in ThA cells 

and CD8+ T cells, but not in naïve CD4+ T cells or Th1 cells (Fig. 2G). Indeed, ThA cells 

exhibited cytotoxic activity toward K562 cells (fig. S3B). These results demonstrate that ThA 

cells are CD4+ CTLs delineated by a CXCR3mid chemokine receptor profile. 

 

ThA cells exert B cell helper functions  

Next, we explored the disease-associated phenotypic changes in ThA cells by comparing RA 

patients and HCs. Age- and sex-matched comparisons showed that the proportion of ThA cells 

among PB CD4+ T cells was increased in RA patients compared with HCs (Fig. 3A). Evaluation 

of differentially expressed genes (DEGs) in RNA-seq revealed that CXCL13 and IL21 were 

upregulated in RA-derived ThA cells (Fig. 3B). CXCL13 is involved in B cell recruitment as a 

ligand for CXCR5 and is an important effector molecule for the B cell helper function of CD4+ T 

cells, along with IL-21 (15, 18). Consistent with their gene expression, ThA cells expressed 

CXCL13 protein upon TCR stimulation (Fig. 3C, and fig. S3C). Co-culture of RA-derived PB 

CD4+ T cell subsets and B cells revealed that PB ThA cells induced antibody production by B 

cells comparable with PB Tfh cells (Fig. 3D). Antibody production was partially suppressed by 

neutralization of IL-21 and completely suppressed by blocking CD84 (SLAMF5) (Fig. 3E), a 

cell surface protein essential for T-B interaction (37). Comparable results were observed with 

HC ThA cells in vitro (fig. S3D, S3E). When direct contact between ThA and B cells was 

prevented by Transwell plates, such B cell helper function by ThA cells disappeared (Fig. 3F). 
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Consequently, direct cell-to-cell contact and subsequent signaling via CD84 and IL-21 are 

needed for the B cell helper function of ThA cells. 

Next, we examined ThA cells in SLE, which is a prototypical autoimmune disease 

characterized by a variety of autoantibodies and diverse organ lesions in the skin, joints, and 

kidneys. Additionally, type I interferon (IFN) plays a pivotal role in SLE pathogenesis (38). The 

proportion of ThA cells in PB CD4+ T cells was increased in SLE patients compared with HCs 

(Fig. 3G). CXCL13 was also one of the top DEGs in ThA cells in SLE patients versus HCs (Fig. 

3H), and CXCL13 and IL21 expression in SLE-derived ThA cells was positively correlated with 

the SLE disease activity index 2000 (SLEDAI-2K) (39) (Fig. 3I), suggesting that B cell helper 

function of ThA cells is involved in the pathogenesis of SLE. In addition, CXCL13 and IL21 

expression in SLE-derived ThA cells was positively correlated with the IFN-stimulated gene 

(ISG) score (40) (Fig. 3J), implying that cytokines, such as type I IFN, are related to the B cell 

helper function of ThA cells in SLE. Indeed, following anti-CD3 monoclonal antibody (mAb) 

stimulation, the presence of IFN- markedly the proportion of ThA cells producing CXCL13, 

whereas Tfh cells did not show such a response (Fig. 3K, fig. S3F). 

We performed an analogous analysis of ThA cells derived from IIM patients. IIM is an 

autoimmune disease characterized by chronic inflammation of skeletal muscle leading to muscle 

weakness with extensive involvement of skin, joints, and lungs, in which autoantibodies 

substantially determine the phenotype (41). Although there was no increase in the proportion of 

ThA cells among CD4+ T cells in the PB of IIM patients (fig. S4A), the DEGs between IIM-

derived ThA cells and HC-derived ThA cells also contained CXCL13 (fig. S4B), suggesting that 

ThA cells in IIM patients contribute to humoral immunity. When the expression of CXCL13 and 

IL21 of each CD4+ T cell subset was compared between patients with new-onset IIM and the 
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other IIM patients, CXCL13 and IL21 expression of ThA cells was upregulated in patients with 

new-onset IIM (fig. S4C). Thus, the B cell helper function of ThA cells may contribute to the 

initial pathophysiology of IIM.  

 

ZEB2 and TBX21 are signature genes of ThA cells  

The TCR defines the antigen specificity of T cells, and T cells possessing autoreactive TCRs 

play a central role in the development of autoimmunity (42). TCR repertoire analysis of the nine 

CD4+ T cell subsets included here (Fig. 1A) revealed a marked reduction in TCR diversity 

(increased Gini index) in ThA cells both in HC and autoimmune diseases (Fig. 4A). The TCR 

repertoire of ThA cells most overlapped with that of Th1 cells (Fig. 4B). Th1 cells are helper T 

cells that activate macrophages and NK cells by producing IFN-γ and are characterized by high, 

but not mid, expression of CXCR3 on the cell surface (43). The overlapping TCR repertoire was 

consistent with our PCA observations that showed the ThA cell cluster was nearest to the Th1 

cell cluster (Fig. 1C). Therefore, we evaluated DEGs between ThA cells and Th1 cells. Two 

transcription factors ZEB2 and TBX21 were identified as upregulated genes in ThA cells (Fig. 

4C). TBX21 encodes the transcription factor T-bet, the master regulatory gene of Th1 cells (44, 

45). Surprisingly, ThA cells expressed about five-times more TBX21 than Th1 cells (Fig. 4D). In 

contrast, GATA3, RORC, and FOXP3, which are crucial for Th2, Th17, and Treg cell 

differentiation, respectively, were not highly expressed in ThA cells. Consistent with the 

expression of cell surface markers in flow cytometry, gene expression of CXCR3 in ThA cells 

was moderate and lower than that in Th1 cells. Of note, IFN-γ production by stimulated ThA 

cells in vitro was comparable with that of Th1 cells (fig. S5A).  
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ZEB2 was also highly expressed in ThA cells among CD4+ T cells (Fig. 4D). ZEB2 belongs to 

the zinc-finger E homeobox-binding family of transcription factors and contributes to the 

epithelial to mesenchymal transition (46). The function of ZEB2 in CD4+ T cells is not well-

studied (47); however, a recent study showed that ZEB2 expression in mouse Th1 cells 

transforms them into CTLs (48). In our expression quantitative trait locus (eQTL) analysis (30), 

ZEB2 and TBX21 were both included in the gene cluster that regulates eQTL effects in memory 

CD4+ T cells. Expression of this gene cluster increased with age, and the eQTL effects of the 

regulated genes increased with increasing levels of ZEB2 and TBX21, suggesting that these two 

transcription factors may be functionally relevant. Using weighted gene correlation network 

analysis (WGCNA), we identified 4 gene regulatory modules in ThA cells whose expression was 

significantly and positively correlated with aging (Fig. 4E). ZEB2 and TBX21 were identified at 

the center of the gene regulatory network of the age-associated module M22 (Fig. 4F). There 

were no significant differences in the expression of ZEB2, TBX21, GZMA, CXCL13, or IL21 in 

ThA cells between younger and older individuals (fig. S6A). 

Next, we conducted single-cell RNA sequencing (scRNA-seq) analysis of PB CD4+ T cells 

from HCs, which generated 10 clusters (fig. S5B). Among them, we identified a ThA cluster 

with various CD4+ CTL characteristics (expressing granzymes, perforin, CX3CR1, KLRG1, 

NKG7, ADGRG1; lacking expression of CXCR5, FOXP3, CD27, CD28) and high expression of 

ZEB2 and TBX21 (fig. S5C, S5D, Data file S2). Another CD4+ CTL cluster was observed along 

with the ThA cluster, likely cytotoxic Th17 (49–51), since these cells expressed high levels of 

RORC and CCR6. ADGRG1, encoding GPR56 and identified in ThA SEGs using RNA-seq (Fig. 

2A), was also specifically expressed by the ThA cluster in our scRNA-seq analysis (fig. S5D, 

Data file S2). We simultaneously performed cellular indexing of transcriptomes and epitopes by 
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sequencing (CITE-seq) to evaluate cell surface protein expression using antibody-derived tags. 

The distributions of CXCR3 protein and mRNA showed strong concordance (fig. S5E). 

Consistent with our flow cytometry data (Fig. 1B), CITE-seq showed that the ThA cell cluster 

also exhibited moderate expression of CXCR3 protein and the effector memory 

(CD45RAloCCR7neg) phenotype (fig. S5F). CD4+ T cells expressing GPR56 were CXCR3mid and 

mostly belonged to the ThA cell cluster (fig. S5G). Flow cytometry of HC PBMC showed 

expression of GPR56 specifically in the ThA cell fraction of CXCR3mid cells (fig. S5H). Thus, 

data obtained from bulk RNA-seq, scRNA-seq, CITE-seq, and flow cytometry analysis exhibited 

concordance. 

ThA cell numbers increased with age and expressed high levels of genes characteristic of 

exhausted T cells, such as PDCD1 (fig. S6B), but were not considered to be fully exhausted 

because they retained cytokine-secreting ability. ThA cells also expressed high levels of KLRG1, 

KLRK1 (coding NKG2D), and CD244 (coding 2B4) (fig. S6B), which are expressed by 

senescent T cells, but their proliferative ability upon TCR stimulation was not anergic (fig. S6C), 

and no significant telomere shortening was observed (fig. S6D). Thus, ThA cells are unlikely to 

be senescent or functionally exhausted.  

Because ThA cells are age-related T cells that are functionally preserved, they may be 

involved in the regulation of infectious diseases in the elderly. The potential importance of CD4+ 

CTLs has been recognized in COVID-19 patients, leading us to further investigate ThA cells in 

COVID-19 (52, 53). In previously published data from hospitalized COVID-19 patients (54),  

PB memory CD4+ T cells included ThA cells, which expressed ZEB2, GZMA, and ADGRG1 but 

not CD28 (fig. S6E). The late inflammatory response (day 17-23 after symptom onset) 

represents a turning point in determining the severity of SARS-CoV-2 infection (54), at which 
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the ThA cluster appeared to reach a maximum (fig. S6F), suggesting that ThA cells may also be 

involved in the severity of COVID-19. 

 

ZEB2 regulates the function of ThA cells 

Our data suggests roles of the two transcription factors ZEB2 and TBX21 in ThA cells, leading us 

to analyze the function of both genes in vitro. When we overexpressed TBX21 in Jurkat cells, a 

model human CD4+ T cell line (55), CXCL13 was modestly upregulated, but there were no 

apparent changes in the expression of ZEB2 or cytotoxicity-related genes such as GZMA and 

PRF1 (Fig. 4G). When ZEB2 was overexpressed in the same manner, we observed induction of 

GZMA expression but no increase in TBX21 or CXCL13 expression (Fig. 4H). Since ZEB2 or 

TBX21 alone could not reproduce ThA cell-associated changes in gene expression, we evaluated 

the effects when both transcription factors were overexpressed simultaneously. Co-expression of 

ZEB2 and TBX21 upregulated not only the cytotoxicity-related genes GZMA and PRF1, but also 

CXCL13 (Fig. 4I). Additionally, when primary human CD4+ T cells were examined, 

simultaneous ectopic expression of ZEB2 and TBX21 upregulated GZMA and CXCL13 

expression (Fig. 4J). 

To further examine the roles of ZEB2 and TBX21 in ThA cells, we performed knockout 

experiments in human ThA cells using the CRISPR/Cas9 system. Expression of GZMA, PRF1, 

and CXCL13 was downregulated when ZEB2 was knocked out (Fig. 4K). In contrast, knockout 

of TBX21 did not result in the downregulation of these genes, suggesting that the ZEB2 is 

responsible for maintaining the function of differentiated ThA cells. Interestingly, knockout of 

ZEB2 alone reduced TBX21 expression (Fig. 4K), suggesting that ZEB2 is required to maintain 

high TBX21 expression in ThA cells. 
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Gene expression profiles of ThA cells reflect the disease activity of SLE 

We recently reported the relationship between immune cell subsets and SLE therapeutic agents, 

examining the clinical parameters of SLE with RNA-seq gene expression profiles of immune cell 

subsets in PBMC (57), but did not examine ThA cells. Here, we performed an analogous analysis 

of SLE and HC using bulk RNA-seq of nine subsets of CD4+ T cells including ThA cells. To 

quantify the transcriptomic patterns established in SLE, we evaluated the expression of 100 IFN-

related genes (IRG) previously identified in a scRNA-seq analysis of SLE PBMC (58). In 

hierarchical clustering, ThA cells had the closest IRG expression profiles to those of Th1 cells 

(Fig. 5A). Cluster 1 (C1) of IRG was highly expressed in HC ThA cells and SLE ThA cells, 

suggesting that C1 is fundamentally related to ThA cells. The variability of gene expression data 

for every immune cell subset was greater within SLE than within HC in our previous report (57), 

and this was also the case for ThA cells (Fig. 5B), implying that there are strong transcriptomic 

perturbations in SLE ThA cells as well as other T cell subsets.  

Next, we quantified the contribution of clinical parameters (sex, age, immunosuppressant, 

prednisolone (PSL), and disease activity) to the variations in gene expression within SLE using 

weighted variance partitioning analysis. SLE disease activity had the largest effect on gene 

expression variation in SLE ThA cells, which was also the highest among the nine CD4+ T cell 

subsets (Fig. 5C). We then calculated DEGs for each subset, comparing case-controls (reflecting 

disease status) and between SLE in remission and SLE with high disease activity (reflecting 

disease activity). The total number of DEGs in ThA cells was the second highest after Th1 cells 

(Fig. 5D). Additionally, the majority of DEGs in ThA cells were associated with disease activity. 

Thus, gene expression in SLE-derived ThA cells closely reflected the disease activity among 
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CD4+ T cells. Enrichment analysis of pathways showed a similar pattern in ThA and Th1 cells 

for both metabolism- and cellular process-related pathways (Fig. 5E). Specifically, ThA cells 

were enriched in oxidative phosphorylation signaling and cell cycling as disease activity 

signatures. Thus, we anticipate that ThA cells likely proliferate and undergo increased oxidative 

phosphorylation in association with disease activity in SLE. 

In SLE, specific therapeutic agents should be tailored to reduce disease pathophysiology. 

However, it remains unclear how to optimally target the specific immune cell subsets involved in 

certain aspects of SLE pathophysiology (38). Therefore, we evaluated the contribution of each 

organ lesion and therapeutic drug to the variations in gene expression using weighted variance 

partitioning analysis. Gene expression variation in ThA cells was significantly associated with 

the presence of many organ lesions (Fig. 5F). PSL, hydroxychloroquine (HCQ), and tacrolimus 

(TAC) significantly altered the gene expression of ThA cells (Fig. 5G), suggesting that ThA 

cells might be important targets of these agents, especially TAC, in SLE. In contrast, the use of 

mycophenolate mofetil (MMF) significantly affected the gene expression of Th1 and Th2 cells. 

Serum levels of CXCL13 are correlated with SLE disease activity (59), and the expression 

levels of CXCL13 in Tfh cells and Tph cells are higher in SLE patients than in HC (17), 

suggesting a role of CXCL13 in the pathogenesis of SLE. Indeed, of all the immune cell subsets 

from SLE patients in our dataset, ThA, Tfh, and Th1 cells exhibited characteristically high 

expression of CXCL13 (fig. S7A). To evaluate the contribution of CXCL13-expressing CD4+ T 

cell subsets to humoral immunity, we examined the association between CXCL13 expression of 

three subsets and autoantibody titers in SLE, as adjusted for age, sex and drug treatment. Total 

IgG and anti-Sm antibody titer were significantly associated with CXCL13 expression in ThA 

cells (Fig. 5H, Table S4). In contrast, anti-RNP antibody titer correlated with CXCL13 
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expression in Tfh cells. Thus, it is possible that the production of anti-RNP antibody depends on 

the follicular pathway mediated by Tfh cells, whereas the production of anti-Sm antibody (which 

is more specific for SLE) stems from an extrafollicular pathway mediated by ThA cells. 

Additionally, we investigated whether ThA cells infiltrated local organ lesions in SLE using 

publicly available scRNA-seq data of lupus nephritis specimens generated by the Accelerating 

Medicines Partnership (AMP) (60). Our analysis showed that among CD4+ T cell clusters, 

PDCD1+CXCR5+ CT3b (TFH-like cells) expressed ZEB2, TBX21, and CXCL13, confirming the 

presence of a population similar to ThA cells (fig. S7B-D). Thus, it appears that ThA-like cells 

are also involved in organ lesions of SLE and could represent immune targets of therapy. 

 

ThA cells infiltrate organs targeted in autoimmune diseases  

We next assessed the infiltration of ThA cells into inflammatory organ sites in IIM 

patients using scRNA-seq of lymphocytes in muscles and bronchoalveolar lavage fluid (BALF). 

Interstitial pneumonia frequently coexists with myopathy in anti-ARS antibody-positive patients 

(61). scRNA-seq of CD45+ lymphocytes obtained from BALF of three anti-ARS antibody-

positive IIM patients with interstitial pneumonia (Table S5) yielded 25 clusters (fig. S8A-C) 

including six cell types, most of which were CD4+ T cells (Fig. 6A). Reclustering of CD4+ T 

cells resulted in the identification of 11 clusters, most of which harbored CD4+ CTLs expressing 

granzymes and perforin (Fig. 6B, 6C). Notably, reclustered CD4+ T cells did not express NKT 

cell markers (fig. S8D). These cells included several clusters expressing TBX21, but only C8 

expressed ZEB2 and was identified as a ThA cluster based on expression of key ThA cell-

associated genes (Fig. 6C). C8 expressed genes related to cytotoxicity and was the only cluster 

expressing CXCL13, suggesting that CTL activity and B cell helper function might coexist, as in 
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PB ThA cells. Moreover, only the ThA-like cluster (C8) highly expressed proliferation markers 

such as MKI67 and E2F2, suggesting in situ proliferation (Fig. 6C). Gene set enrichment 

analysis showed that the ThA cluster was enriched for both cell cycle-related genes targeting 

E2F2 and oxidative phosphorylation-related genes (Fig. 6D). Indeed, genes such as TIMMDC1 

(62), which is associated with multiple members of the mitochondrial complex I assembly 

complex, was specifically expressed in the ThA cell cluster (Fig. 6C). ThA cell proliferation and 

increased oxidative phosphorylation were also observed in SLE and were associated with disease 

activity (Fig. 5E). Trajectory analysis inferred a differentiation pathway from naïve CD4+ T cells 

(C5) to CTL (C0) and then from C4 (potentially “pre-ThA cells”) not expressing CXCL13 to 

ThA cells (C8) expressing CXCL13 in lung lesions (Fig. 6E). Although the ThA cell cluster (C8) 

partially expressed PDCD1, a marker of Tph cells, other clusters also expressed that marker 

(Fig. 6C), implying that ThA cells may correspond to a subfraction of Tph cells.  

In order to further examine the connection between ThA and Tph cells (which are not 

contained in the ImmuNexUT database), we performed bulk RNA-seq of CD4+ T cell subsets, 

including Tph cells, from four autoimmune disease patients. As expected, the expression levels 

of TBX21, ZEB2, GZMA, and GZMB were upregulated in ThA cells compared with Tph cells 

(fig. S9A). Although there was no significant difference in the mRNA expression levels of CD28 

and CXCL13 between ThA and Tph cells (fig. S9A), ThA cells exhibited a lower frequency of 

CD28+ cells compared with Tph cells (fig. S9B). Notably, while over 80% of unstimulated ThA 

cells expressed granzyme B protein, less than 40% of unstimulated Tph cells showed expression 

of this protein (fig. S9C). Moreover, higher levels of CXCL13 and granzyme B protein were also 

observed in TCR-stimulated ThA cells compared to Tph cells (fig. S9C). These findings further 
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indicate that although there may be some overlap between ThA and Tph cells, ThA cells 

represent a distinct population. 

Next, we performed scRNA-seq of muscle-infiltrating lymphocytes using biopsy specimens 

from three patients with anti-ARS antibody-positive IIM (Table S6). Cells were divided into 14 

clusters and 7 cell types were annotated (Fig. 6F, and fig. S10A, S10B). Among them, CXCL13 

expression was confined to CD4+ T cells, some of which also expressed PDCD1 (Fig. 6G). 

Reclustering of CD4+ T cells resulted in clusters of ThA cells, Treg cells, and non-ThA/non-Treg 

cells (Fig. 6H). The Treg cluster exhibited high expression of FOXP3 and IL2RA (encoding 

CD25) (Fig. 6I, Data file S3). Conversely, the ThA cluster expressed both CXCL13 and GZMA. 

Thus, muscle tissue-infiltrating ThA cells had a gene expression profile comparable with that of 

ThA cells in BALF and PBMC. Trajectory analysis suggested that cells consecutively 

differentiated from non-ThA/non-Treg cells into muscle-infiltrating ThA-like cells late in 

pseudotime (Fig. 6J). The gene expression changes along pseudotime showed that TBX21 was 

expressed in the early phase, and CXCL13 and IL21 were expressed with ZEB2 later in 

pseudotime (Fig. 6K). Genes related to CTL activity, such as GZMA and PRF1, showed 

enhanced expression in the mid to late-phase, but subsequently decreased (Fig. 6K). These 

change in gene expression mostly showed an inverse relationship to those of MX1, an IFN-

related gene, suggesting a potential involvement of IFN signaling in their reduction. Together, 

these findings support a model in which CTL- and B cell helper function-related genes are 

induced by ZEB2 expression and basal expression of TBX21 at the site of muscle inflammation. 

Thus, ThA cells may be involved in the pathogenesis of autoimmune diseases not only in the PB, 

but also in local organs. 
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DISCUSSION  

Here, using a database that included both healthy individuals and patients with autoimmune 

diseases, we identified a distinct age-associated CD4+ T-cell population that we have designated 

as ThA cells. ThA cells have a characteristic chemokine receptor profile, CXCR3midCD4+ Tem, 

and a phenotype that does not overlap with other described subsets of CD4+ Th cells. ThA cells 

have aspects of CD4+ CTL and extrafollicular helper T cells, functions we found to be regulated 

by ZEB2. Furthermore, the gene expression profiles of SLE-associated ThA cells were strongly 

associated with disease activity and targeted by drugs such as calcineurin inhibitors, indicating 

potential as predictive biomarkers. Together, our results provide key insights into the cellular 

mechanisms behind the association of age with autoimmune diseases, which could be important 

for developing precision medicine strategies to treat SLE. 

Interactions between T and B cells are essential in the humoral immune response, with 

CXCL13 playing a particularly important role. In our study, CXCL13 expression in ThA cells 

was correlated with titers of total IgG and anti-Sm antibodies in patients with SLE. These results 

suggest that ThA cells play a fundamental role in the homeostasis of humoral immunity, and that 

the production of anti-Sm antibodies, one of the specific autoantibodies to SLE, depends on an 

extrafollicular pathway mediated by ThA cells. Recently, the efficacy of MMF and TAC 

combinations in the treatment of lupus nephritis has received considerable attention (63). MMF 

is a pro-drug of mycophenolic acid that inhibits DNA synthesis, and TAC is a representative 

calcineurin inhibitor. However, it remains unclear which cells are targeted by combination 

therapy with TAC and MMF. Here, we found that treatment with TAC and MMF substantially 

affected gene expression variation in SLE-derived ThA cells and Th1 cells, respectively (Fig. 

5G). Because ThA cells are much more clonally expanded than Th1 cells and other CD4+ T 
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cells, we expect they are subject to sustained TCR signaling stimulation. Since calcineurin 

inhibitors target NFAT, which is activated by TCR signaling, it is reasonable that TAC may 

selectively target ThA cells. Our findings may explain the mechanism of such effective treatment 

combinations and guide the treatment selection in lupus nephritis. TAC is also effective for 

myositis and interstitial pneumonia associated with IIM (64), which we found was infiltrated by 

ThA cells. 

The presence of CD4+ CTLs consistent with ThA cells has been frequently observed in older 

individuals and in autoimmune diseases. CD4+ CTLs are increased in the PB of 

supercentenarians, and these cells are characterized by lack of CD28 and CD27 expression, 

KLRG1 expression, and skewing of the TCR repertoire (28). In addition, CD27-CD28- CD4+ 

Tem cells are increased in the elderly (65). ThA-like CD4+ T cell clusters, which expressed 

TBX21, GZMB, and PDCD1 with low expression of CD28 and CD27, were correlated with aging 

in a large scale scRNA-seq analysis of PB (66). In autoimmune diseases, CD28-CD4+ CTLs 

infiltrated the skin of patients with systemic sclerosis (SSc) (26), and the muscles of IIM patients 

(22). Similarly, cytotoxic CD4+CD28-CD27- Tem cells were found to clonally proliferate and 

expressed ZEB2 in the PB of patients with IgG4-related diseases (23, 25). In Graves' disease with 

ophthalmopathy, CD4+ CTLs expressing ZEB2, TBX21, and GZMA and with a skewed TCR 

repertoire were found to be expanded (67). Although CD4+ CTLs consistent with ThA cells have 

been reported in healthy elderly and autoimmune diseases, we found that ThA cells have both 

cytotoxic potential and B cell helper function. Further, we observed that CXCL13 production by 

ThA cells was enhanced by external stimulation with type I interferons. Thus, we propose that 

this physiologically expanded cell type in older individuals can transform into an autoimmune-

provoking phenotype under inflammatory conditions.  
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Here, we demonstrated that transcription factor ZEB2 was essential for the induction of the 

ThA phenotype in CD4+ T cells. Intriguingly, for induction of the ThA cell phenotype by ZEB2 

in Jurkat cells, simultaneous activation of other transcription factors, such as T-bet, was required. 

However, knockdown of TBX21 in ThA cells did not affect the expression levels of ThA 

signature genes, suggesting that other transcription factors might compensate for the function of 

T-bet in ThA cells. The high expression of TBX21 in ThA cells and the shared TCR repertoire 

between ThA and Th1 cells suggest that ThA and Th1 cells have a common origin. Indeed, 

previous reports have shown that mouse Th1 cells exhibit ZEB2-dependent cytotoxicity with 

decreasing CXCR3 expression (48) and that naïve CD4+ T cells turn into CD4+ CTLs after 

prolonged culture under Th1 differentiation conditions (68). However, to confirm ThA 

differentiation conditions that will facilitate further functional assessment, additional in vitro 

studies will be needed.  

Both ThA and Tph cells are extrafollicular helper T cells in autoimmune diseases, thus, their 

functions likely partially overlap. In our BALF scRNA-seq study of interstitial pneumonia 

patients, only the ThA cluster expressed CXCL13 among the multiple CD4+ T cell clusters 

expressing PDCD1, suggesting that ThA cells may correspond to a subfraction of Tph cells with 

a particularly strong B cell helper function. Indeed, Tph cells at arthritic sites reportedly express 

high levels of T-bet (69) and CXCR3+ Tph cells in SLE have been designated as Tph1 cells  (70, 

71, 72).  ThA cells share some similarities with Tph and Tph1 cells; however, flow cytometry 

analysis shows that ThA cells and Tph cells exhibit limited overlap (Fig. S2C). Moreover, the 

majority of ThA cells are CD28neg, while Tph cells are CD28+ (73). Based on the difference in 

the distribution in the flow cytometry analysis and distinct CD28 and CXCR3 expression 

profiles, we surmise that they are different populations. 
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The current study was limited by the small number of available tissue specimens from IIM 

patients. Thus, scRNA-seq of tissue-infiltrating lymphocytes did not permit disease stratification 

by gene expression profiling of inflammatory tissue-infiltrating ThA cells. While the B cell 

helper function of ThA cells was suggested to be linked to disease, it remains to be seen how 

enhanced cytotoxicity, which is also common in ThA cells from healthy individuals, affects the 

human body. To assess the interactions of ThA cells with other immune subsets, detailed 

scRNA-seq analysis and spatial RNA expression analysis of biopsied tissues from various 

autoimmune disease cases are needed. In the future, additional analyses of lymphocytes 

infiltrating inflammatory tissues as well as evaluation of the effects of depleting or suppressing 

ThA cells will be required to elucidate their functional roles. 

The numbers of ThA cells described in this study were increased in healthy elderly individuals 

and they were also associated with the activity of autoimmune disease. Thus, clarifying the 

differentiation path from ordinary ThA cells to pathological ThA cells should enhance our 

understanding of the mechanisms driving autoimmune pathogenesis. Future research on the 

interaction between ThA cells and other immune cells are likely to reveal how ThA cells change 

in healthy human aging versus autoimmune disease development, providing a deeper 

understanding of the regulation of the human immune system. 

 

MATERIALS AND METHODS  

Study design 

To construct the initial dataset (related to Figs. 1–4) consisting of RNA-seq and flow cytometry 

data for peripheral blood immune cells, 124 HCs, 44 patients with RA, 120 patients with SLE, 

and 66 patients with IIM were recruited. For further analysis using SLE patient data (related to 
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Fig. 5), peripheral blood RNA-seq data from 136 patients with SLE and 89 HCs (the secondary 

dataset), which overlapped with the initial dataset, were obtained and included in the analysis. 

For scRNA-seq of tissue samples from patients with IIM (related to Fig. 6), three muscle 

specimens from muscle biopsies for muscle lesions and three bronchoalveolar lavage fluid 

(BALF) specimens from bronchoscopy for interstitial pneumonia were obtained from patients 

with IIM with anti-ARS antibody-positive myositis; two of the three cases in both groups were 

overlapping cases.  

 

Human samples 

For healthy controls (HCs), adults with no underlying disease or family history of autoimmune 

disease were recruited, and participants who consented to the study were included. The 

rheumatoid arthritis (RA) cohorts comprised patients attending the University of Tokyo Hospital 

who met the 2010 American College of Rheumatology/European League Against Rheumatism 

(ACR/EULAR) classification criteria for RA. The systemic lupus erythematosus (SLE) cohort 

comprised patients meeting the 1997 ACR classification criteria for SLE. The idiopathic 

inflammatory myopathy (IIM) cohort comprised patients meeting at least one of the following 

criteria: Bohan & Peter’s criteria (74), the European Neuromuscular Center criteria (75), 

Sontheimer criteria (76), or Griggs criteria (77). When selecting patients for the three diseases, 

cases with malignancy under treatment or chronic infectious diseases, such as hepatitis B and 

hepatitis C, were excluded. This study was approved by the Ethics Committees of the University 

of Tokyo (approval numbers G10095 and G10137). Written informed consent was obtained from 

all participants. 
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Sample processing for the initial dataset (related to Figs. 1–4)  

Peripheral blood samples obtained from patients were subjected to density gradient 

centrifugation by Ficoll-Paque PLUS (Cytiva) using a Leucosep tube (Greiner Bio-One) 

immediately after blood collection, and peripheral blood mononuclear cells (PBMCs) were 

isolated. Residual erythrocytes were hemolyzed with ACK Lysing Buffer (Thermo Fisher 

Scientific).  

 

Flow cytometry and cell sorting 

PBMCs isolated from the peripheral blood were treated with anti-Fcγ receptor antibodies 

(Thermo Fisher Scientific), stained with the fluorescent antibody reagent shown in Table S2 

(4°C, 20 min), and analyzed by flow cytometry (BD FACSAria Fusion cell sorter; BD 

Biosciences). Nine CD4+ T cell subsets (naïve CD4, Th1, Th2, Th17, Tfh, fraction I naïve 

regulatory T, fraction II effector regulatory T, fraction III non-regulatory T, and ThA cells) were 

sorted. FACS gating was performed (Table S3). 

Intracellular staining experiments for cytotoxic proteins were performed using PBMCs. PBMCs 

were stained for cell surface markers with the fluorescent antibody reagents listed in Table S7 

(4°C, 20 min), and dead cells were stained with a LIVE/DEAD Fixable Aqua Dead Cell Stain 

Kit (Thermo Fisher Scientific). After staining (20°C, 15 min), cells were fixed, permeabilized 

with a BD Human Th1/Th2/Th17 Phenotyping Kit (BD), and stained for intracellular granzyme 

A, granzyme B, and perforin proteins (20°C, 30 min). The positivity rate of each of the six 

subsets of CD4+ T cells (naïve CD4 cells, Th1 cells, Th2 cells, Th17 cells, Tfh cells, and ThA 

cells) and total CD8+ T cells was evaluated by flow cytometry. To detect intracellular CXCL13, 
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cells were cultured in 96-well plates coated with 1 μg/mL anti-CD3 antibody (Thermo Fisher 

Scientific; clone OKT3) for 24 hours. Interferon (IFN)- 2a (R&D systems) was added at a 

concentration of 1 × 104 U/mL in RPMI medium under specific conditions. A Protein Transport 

Inhibitor Cocktail (Thermo Fisher Scientific) was applied during the last 5 hours of culture. Cells 

were harvested and stained for dead cell detection with the LIVE/DEAD Fixable Aqua Dead Cell 

Stain Kit (Thermo Fisher Scientific). Subsequently, fixation and permeabilization were 

performed according to the manufacturer’s instructions (Intracellular Fixation & 

Permeabilization Buffer Set; Thermo Fisher Scientific), and intracellular staining was carried 

out. In the analysis of cryopreserved cells, the selection of viable cells was performed through 

staining LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific). 

 

RNA sequencing and quality control (QC) of the expression data 

Each CD4+ T cell subset sorted by flow cytometry was subjected to total RNA extraction using a 

MagMAX-96 Total RNA Isolation Kit (Thermo Fisher Scientific), followed by library 

preparation using a SMART-seq v4 Ultra Low Input RNA Kit (TaKaRa Bio). The generated 

libraries were sequenced on a HiSeq 2500 Illumina platform to generate 100 base paired-end 

reads. Adaptor trimming, read alignment, count quantification, and exclusion of low-quality 

samples were conducted as previously reported (57). Briefly, adaptor sequences were trimmed 

with Cutadapt (v1.16) (78) with default parameters, followed by removal of reads containing 

low-quality bases (Phred quality score < 20 in > 20% of the bases). Reads were mapped using 

STAR (v2.5.3) (79) with the UCSC (provided in the iGenomes UCSC hg38 bundle; 

https://support.illumina.com/sequencing/sequencing_software/igenome.html), and read counts 

were quantified using HTSeq (v0.11.2) (80). To detect outlier samples, we calculated pairwise 

https://support/
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Spearman’s correlations of expression with samples from the same cell type and removed 

samples with a mean correlation coefficient less than 0.9. Furthermore, to detect potentially 

swapped samples, we calculated the concordance ratio between the genotype from RNA-seq data 

and the genotype from WGS data at the heterozygous loci, then removed samples with a 

concordance ratio less than 0.9. 

For analyses using CD4+ T cell RNA-seq data with multiple diseases and HCs, we utilized only 

phase 2 samples (30). Finally, we attained 1,562 RNA-seq samples from 185 donors.  

We then filtered out low-expression genes (< 10 counts in > 20% of samples or < 0.5 counts per 

million [CPM] in > 20% of samples), followed by a trimmed mean of M values (TMM) 

normalization. The data were then converted to CPM with R (v4.1.0) package edgeR (v3.36.0) 

(81) for each cell type. For each filtering process, the genes described in this paper were retained 

such that we could compare results between diseases or subsets.  

 

PCA of RNA-seq data 

We combined normalized expression using the intersection of genes across all subsets, and then 

sex and disease (when all the samples were analyzed) were regressed out using a linear model. 

PCA was performed using the prcomp function in R (v4.1.0). 

 

Identification of specifically expressed genes in RNA-seq 

To identify subset-specific expression, we filtered genes with low expression levels in all subsets 

across HCs. Counts were then normalized and averaged for each subset. Cell type-specific 

expressed genes were identified using the ROKU function in the TCC package (v1.34.0) (32). 

Although this function identifies both specifically upregulated genes and downregulated genes 
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based on Shannon entropies, we selected only specifically upregulated genes in each subset for 

an illustration. 

 

Differential gene expression analysis  

To detect differentially expressed genes, we performed quasi-likelihood F-tests implemented in 

edgeR. In analyses between subsets or between diseases, sex was treated as a covariate. 

 

Coculture of CD4+ T cells and B cells 

CD4+ T cell subsets and total B cells from PBMCs were sorted on a FACSAria Fusion (BD). B 

cells were defined as CD19+CD3- cells. For cocultures, 5 × 104 T cells were seeded with 1 × 105 

B cells in the presence of anti-CD3/CD28 beads (Thermo Fisher Scientific) at a 1:1 bead/T-cell 

ratio for 7 days. The culture medium was RPMI 1640 (Thermo Fisher Scientific) supplemented 

with 10% fetal bovine serum (BioWest), 100 µg/mL streptomycin, 100 U/mL penicillin G, and 

0.3 mg/mL L-glutamine (Thermo Fisher Scientific). Recombinant IL-21R His-tag protein (R&D 

Systems; 50 μg/mL) or anti-CD84 antibodies (BioLegend; 20 μg/mL) were added in blocking 

experiments. For Transwell cocultures, the B cells were seeded onto 0.4-µm Transwell 

membranes (Corning) and cultured separately from the T cells at the bottom of the well in 200 

μL medium. Concentrations of total IgG were measured with ELISA.  

 

Gene transfection into Jurkat cells 

To induce ZEB2 overexpression, Jurkat cells (ECACC) were nucleofected with 0.5 mg mock 

ZsGreen plasmid vector (TaKaRa) or ZEB2 ZsGreen plasmid vector per 2 × 105 cells using the 

SE Cell Line 4D-Nucleofecton X Kit S (Lonza). After incubation for 72 hours at 37°C in a 5% 
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CO2 incubator, ZsGreen-positive or -negative cells were sorted by flow cytometry, and the 

expression of TBX21, ZEB2, GZMA, PRF1, and CXCL13 was evaluated by reverse-transcription 

qPCR (RT-qPCR). To induce TBX21 overexpression, Jurkat cells were nucleofected with 0.5 mg 

mock DsRed plasmid vector (TaKaRa) or TBX21 DsRed plasmid vector per 2 × 105 cells, and 

after 72 hours of culture, DsRed-positive cells were sorted by flow cytometry and evaluated by 

RT-qPCR. To induce both ZEB2 and TBX21 overexpression, nucleofection was performed using 

a combination of two of the four plasmid vectors (mock ZsGreen, mock DsRed, ZEB2 ZsGreen, 

and TBX21 DsRed), and after 72 hours of culture, cells positive for both ZsGreen and DsRed 

were sorted by flow cytometry and evaluated by RT-qPCR. The culture medium was RPMI 1640 

(Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (BioWest), 100 µg/mL 

streptomycin, 100 U/mL penicillin G, and 0.3 mg/mL L-glutamine (Thermo Fisher Scientific).  

 

Gene knockout in human ThA cells using the CRISPR/Cas9 system 

First, human PB ThA cells were sorted by flow cytometry and divided into four conditions (1 × 

105 cells/condition). A green fluorescent protein (GFP)-fused Cas9 protein (26 pmol; Sigma-

Aldrich) was incubated with 100 pmol single guide RNA (nontargeting, ZEB2, or TBX21 single 

guide RNA) for 10 minutes and then nucleofected into ThA cells using the P2 Primary Cell 4D-

Nucleofector X Kit S (Lonza). After 5 hours, the cells were cultured for 48 hours in 96-well 

plates that had been coated overnight with 1 µg/mL anti-human CD3 antibody (Thermo Fisher 

Scientific). The culture medium was High-Glucose RPMI 1640 (Wako) supplemented with 10% 

fetal bovine serum (BioWest), 100 µg/mL streptomycin, 100 U/mL penicillin G, and 0.3 mg/mL 

L-glutamine (Thermo Fisher Scientific). After culture, GFP-positive or -negative cells were 
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sorted by flow cytometry, and the expression of TBX21, ZEB2, GZMA, PRF1, and CXCL13 was 

evaluated by RT-qPCR. 

 

Statistical Analysis 

The statistical analyses are also described in the figure captions. To calculate the correlation 

coefficients between the percentage of each CD4+ T cell subset and age, Spearman’s rank 

correlations were used. For comparisons of multiple groups, one-way analysis of variance  

(ANOVA) with Tukey multiple comparison test was used for the ELISA, intracellular CXCL13 

staining, proliferation assay and telomere length data; one-way ANOVA with Bonferroni 

multiple comparison test was used for the CRISPR/Cas9 assay, intracellular granzyme A/B 

expression, and perforin expression data; one-way repeated measures ANOVA with Fisher’s 

LSD post hoc test were used for cytotoxicity assay and intracellular CXCL13/granzyme B 

staining; and multiple test correction using the Benjamini–Hochberg method was used for the 

other data. For comparisons between two groups, the Wilcoxon rank sum test was used for the 

proportion of ThA cells among CD4+ T cells in PB, and the two-sided unpaired Student’s t test 

was used for TBX21 and/or ZEB2 overexpression in Jurkat cells and for cell surface CD28 

positivity. Statistical analyses were conducted by R (v4.1.0), GraphPad Prism 6 or 9.  

 

Supplementary Materials 

Materials and Methods 

Figs. S1 to S10 

Table S1 to S8 
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Data file S1 to S5 
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Main figures:  

 
Fig. 1. Characterization of age-associated CXCR3midCD4+ effector memory T cells. (A) 

Overview of the initial dataset of this study. Nine CD4+ T cell subsets were collected from PB of 

HC and three autoimmune diseases. Flow cytometric data and 1,562 RNA sequencing datasets 

were generated from the initial dataset. (B) Flow cytometric hierarchical gating strategy for ThA 
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cells (CXCR3midCD4+ Tem). Representative data from 69 years old HC female is shown. (C) 

Principal component analysis (PCA) of RNA-seq data from the initial dataset. (D) Heatmap of t 

values for the coefficients obtained by multivariate analysis of the associations between the 

proportion of each CD4+ T cell subset among total CD4+ T cells detected by flow cytometry and 

the clinical data, i.e., prednisolone (PSL) use, sex, and age. *p < 0.05. (E) Representative flow 

cytometric data from healthy controls at different ages. The gating strategy is the same as Fig. 

1B. Gates indicate ThA cells. (F) The proportion of ThA cells among total CD4+ T cells, 

detected by flow cytometry from the initial dataset, plotted against age. The regression line is 

shown. The correlation coefficients and p values were determined using Spearman’s rank 

correlations. 
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Fig. 2. The ThA cell signature is associated with a cytotoxic phenotype. (A) Cell-type-

specific expressed genes (SEG) across each cell subset were extracted from the initial dataset. 

Column-wise Z scores of normalized counts are plotted. Representative genes are annotated on 
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the top. Full lists of SEG are provided in Data file S1. (B, C) Expression of genes directly 

involved in cytotoxic activity (B) and other CD4+ CTL signature genes (C) in RNA-seq data 

from the initial dataset. CPM: counts per million. (D, E) Intracellular staining of proteins 

involved in cytotoxic activity. Representative plots (D: HC) and a graph summarizing positive 

rates (E: HC, n = 5 biological replicates, mean ± SD) are shown. *, Significantly different from 

naïve CD4+ T cells (adjusted p < 0.05, one-way ANOVA with Bonferroni multiple comparison 

test). n.s.: not significant. (F) Representative flow cytometric analysis of surface CXCR3 vs. 

intracellular granzymes and perforin in CD25-CXCR5-CCR6-CCR4- effector memory (CD45RA-

CCR7-) CD4+ T cells. (G) Transmission electron microscopy images of T cells. Arrows indicate 

multi-core granules (MCGs), which represent cytotoxic granules in T cells. Representative data 

from three HC are shown. 

  



 52 

 

Fig. 3. ThA cells exert B cell helper functions. (A) Comparison of the proportion of ThA cells 

between age/sex matched HC (n = 82) and RA cases (n = 41). *, p < 0.05, Wilcoxon rank sum test. 
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(B) Volcano plot of DEGs in RNA-seq between HC-ThA and RA-ThA cells. (C) CXCL13 

expression of CD4+ T cell subsets in RA patients. The data are representative of three 

experiments. (D) Total IgG in supernatant of each CD4+ T cell subset co-cultured with B cells 

obtained from RA patients, quantified by ELISA (mean ± SD, n = 3). *, p < 0.05, compared with 

B cell alone culture condition. (E) Total IgG in supernatants during co-culture of ThA and B 

cells obtained from RA patients with or without IL-21 neutralization or CD84 blocking, 

quantified by ELISA (mean ± SD, n = 4). *, p < 0.05, compared with co-culture of ThA and B 

cells under CD3/CD28 mAb stimulation. (F) Total IgG in supernatants when ThA and B cells 

obtained from HC were co-cultured under separate or mixed conditions on Transwell plates, 

quantified by ELISA (mean ± SD, n = 3). n.d.: not detected. *, p < 0.05. (G) Comparison of the 

proportion of ThA cells between age/sex matched HC and SLE cases (n = 115 each). *, p < 0.05, 

Wilcoxon rank sum test. (H) Volcano plots of DEGs in RNA-seq between HC-ThA and SLE-

ThA cells. (I and J) Pearson correlation coefficients between gene expression and SLEDAI-2K 

(I) or ISG score (J) in each CD4+ T cell subset of SLE patients. (K) Intracellular CXCL13+ cells 

for each HC CD4+ T cell subset upon CD3 mAb and/or IFN- stimulation (mean ± SD, n = 4 

biological replicates). *, p < 0.05, one-way ANOVA with Tukey multiple comparison tests. (D–

F) The data are representative of three experiments (three to four technical replicates of three 

biological replicates). Statistical significance was calculated by one-way ANOVA with Tukey 

multiple comparison tests. 
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Fig. 4. ZEB2 regulates the function of ThA cells. (A, B) T cell receptor (TCR) repertoire analysis 

of initial dataset. Gini skewing indices of TCR clones in each T cell subset (A), and overlap ratio 

of TCR repertoire with ThA cells (B). (C) Volcano plots of RNA-seq data depicting DEGs between 

HC-Th1 and HC-ThA cells. (D) Gene expression levels of known master regulatory genes of Th 
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cells and CXCR3 in RNA-seq data from the initial dataset. (E, F) Weighted gene coexpression 

network analysis of ThA cell RNA-seq data from the initial dataset. Characteristics of each gene 

network module (E), and the top 30 hub genes that comprise its aging-related M22 module (F). 

Top 15 hub genes are highlighted yellow. (G, H, I) Gene expression in Jurkat cells quantified by 

qRT-PCR with induction of TBX21 or mock vector (G) (n = 3), ZEB2 or mock vector (H) (n = 3 

or 4), and both TBX21 and ZEB2 or mock vectors (I) (n = 3 to 5) (mean ± SD). *, p < 0.05, two-

sided unpaired t-test. (J) Gene expression quantified by qRT-PCR of human primary CD4+ T cells 

with induction of TBX21 and/or ZEB2 or mock vectors (mean ± SD, n = 4). (K) Gene expression 

quantified by qRT-PCR of HC ThA cells after TBX21 and/or ZEB2 gene knock-out via the 

CRISPR/Cas9 system (mean ± SD, n = 3 to 4). *, adjusted p < 0.05, compared with the non-target 

single guide RNA condition, one-way ANOVA with Bonferroni multiple comparison test. (G–K) 

The data are representative of three experiments (three to five technical replicates of three 

biological replicates). 
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Fig. 5. Gene expression profiles of ThA cells reflect lupus disease activity. (A) Heatmap 

depicting the mean expression of 100 IRGs across all CD4+ T cell subsets and diseases. Genes 

and cell subsets were hierarchically clustered based on the IRG expression levels of our dataset. 

(B) Proportion of sum-squared deviations within HC, SLE, and between HC and SLE data in 

each cell subset. (C) Proportion of variance explained by indicated clinical parameters within 

SLE data in each cell subset. (D) Number of disease-state/-activity signature DEGs (top) and the 

proportion of DEG types in each cell subset (bottom). Cell subsets were separated into three 

groups. (E) Number of significant enrichments of metabolism- and cellular process-related 

pathways (top) and the enrichment of representative pathways for each signature (bottom). p 

values in one-sided Fisher’s exact test. (F, G) Proportion of variance within-SLE data in each 

cell subset, explained by the overall disease activity and representative organ activities (F), and 

the use of key therapeutic agents (G). Error bars and dashed vertical lines indicate 95% 

confidence intervals from jackknife resampling and the median values across nine cell types, 

respectively. (H) Forest plot showing the estimated correlation between autoantibody titers and 

CXCL13 expression in RNA-seq data of each T cell subset in SLE patients, after adjusting for 

age, sex, and therapeutic agents (see also Table S4). Point represents the median value and line 

spans 95% confidence interval. *, Adjusted p < 0.05, multiple linear regression analysis. 

(A-H) The secondary dataset was used for the analysis.  
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Fig. 6. ThA cells infiltrate the target organs of autoimmune disease. (A) UMAP of scRNA-

seq data for CD45+ cells from BALF of three patients with anti-ARS antibody-positive IIM. (B) 

UMAP reclustering analysis of CD4+ T cells from CD45+ BALF cells in A. (C) Violin plots 
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depicting expression of key genes of ThA cells across cell clusters in B. (D) Gene Set 

Enrichment Analysis (GSEA) of proliferative capacity (Hallmark_E2F_TARGETS) and 

oxidative phosphorylation (Hallmark_OXPHOS) of each CD4+ T cell cluster in B. (E) 

Pseudotime values were calculated and plotted across cell clusters in B (deep blue to yellow for 

low to high pseudotime values, respectively). (F, G) UMAP (F) and feature plot (G) of scRNA-

seq data for CD45+ cells from muscle biopsy specimens of three anti-ARS antibody-positive IIM 

patients. (H) UMAP reclustering analysis of CD4+ T cells from CD45+ muscle-infiltrating cells 

in F. (I) Violin plot depicting expression of CXCL13, GZMA, IL2RA, and FOXP3 across cell 

clusters in H. (J) Pseudotime values were calculated and plotted across cell clusters in H (deep 

blue to yellow for low to high pseudotime values, respectively). (K) Gene expression changes 

along the pseudotime values in J. 
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Supplementary Materials 

Materials and Methods 

Analysis of the association between cell proportions and clinical data 

In each subset, cell proportion was regressed according to rank-transformed age, rank-

transformed prednisolone (PSL) dosage, and sex using a linear model, with disease treated as a 

covariate. T-values of the regression coefficient were compared across subsets and clinical traits 

(Fig. 1D). 

 

Analysis of the association between clinical data and transcriptome data 

We combined normalized expression using the intersection of the genes from each subset, and 

sex and disease (when all the samples were analyzed) were then regressed out using a linear 

model. After clinical data were joined with the transcriptome data, their relationships were 

evaluated by taking Spearman’s correlation r in each combination of subset and gene. p values 

were adjusted with the Benjamini and Hochberg method to correct for multiple testing. 

 

Propensity score matching 

To compare cell proportions of ThA cells among CD4+ T cells with controlled baseline 

characteristics between HCs and targeted diseases (RA, SLE, or IIM), we matched HCs to 

patients with the targeted disease based on propensity scores calculated with a logistic regression 

of sex and age using greedy nearest neighbor matching without replacement by MatchIt package 

(v4.5.3) (82). Matching ratio was set to 2:1 in RA, and 1:1 in SLE and IIM. 

 

Calculation of the IFN-stimulated gene (ISG) score 
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In each sample, sex was regressed out from normalized data, and then we calculated ISG 

scores using genes and loading factors listed in the IFN score A proposed by El-Sherbiny et al. 

(83).   

 

T-cell receptor (TCR) repertoire analysis 

We utilized TCR data attained from our previous report (84). Briefly, RNA-seq data were 

aligned with the MiXCR (v 3.0.11) (85) using the “analyze shotgun” command with default 

parameters. We used these TCR data, the Gini index, and sequence motif of clones analyzed with 

immunarch (v0.5.5, https://immunarch.com/). 

 

Weighted gene co-expression network analysis 

We performed weighted gene co-expression network analysis to normalized data for ThA cells 

with the “signed network” option (86). The soft threshold power with the adjacency matrix was 

set to 12 to generate gene modules, and gene modules whose first eigenvectors were highly 

correlated (Pearson’s correlation > 0.9) were then merged.  

 

In silico analyses including Tph cells 

In in-silico analyses including Tph cells, we utilized samples from 4 donors (2 RA donors and 2 

IIM donors), which were collected separately from samples in the main analysis. Sample 

normalization was conducted in the same way as described above. Expression differences 

between Tph and ThA cells were investigated for some genes without batch correction due to the 

small sample size. 

 

https://immunarch.com/
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Enzyme-linked immunosorbent assay (ELISA) 

The concentration of total IgG in the culture supernatant was measured with commercial kits 

from Bethyl Laboratories, Mabtech, or Thermo Fisher Scientific. For granzyme A, IFN-γ, and 

CXCL13 detection, Duoset kits (R&D Systems) were used. Each ELISA was performed as 

described in the manufacturer’s protocols. 

 

Electron microscopy of human T cells 

Naïve CD4+ T cells, Th1 cells, ThA cells, and CD8+ T cells (2 × 105 cells each) were sorted by 

flow cytometry. The sorted cells were prefixed with half Karnovsky’s solution (a mixture of 

2.5% glutaraldehyde and 2% paraformaldehyde) at Kamakura Techno Science and then agar-

embedded with 2% agar solution. Samples were then postfixed with 1% osmium tetroxide 

solution, dehydrated with ethanol and propylene oxide, and embedded in resin. Ultrathin sections 

(60–80 nm thickness) were prepared from the embedded blocks, electrons were stained (double 

stained with uranium acetate and lead citrate), and the internal cell structure was observed by 

transmission electron microscopy (Hitachi HT7700). 

 

Cytotoxicity assay 

Naïve CD4+ T cells, ThA cells and effector memory CD8+ T cells (CD3+CD4-CD8+ CCR7-

CD45RA- cells) were sorted and co-cultured with K562 cells at an effector-to-target (E:T) ratio 

of 10:1 for 4 hours. The culture medium was RPMI 1640 without phenol red (Thermo Fisher 

Scientific) containing 10% fetal bovine serum (Thermo Fisher Scientific), 100 ng/mL anti-CD3 

antibody (Thermo Fisher Scientific; clone OKT3, functional grade) and 500 ng/mL recombinant 

human IFN-γ (R&D Systems). The LDH release was measured in the supernatant using CytoTox 
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96 Non-Radioactive Cytotoxicity Assay (Promega). The percentage of specific cytotoxicity was 

calculated using the following formula according to the manufacturer’s instructions. 

Specific Lysis (%) = 100 * (Experimental – Effector Spontaneous – Target Spontaneous) / 

(Target Maximum – Target Spontaneous) 

The LDH release from the following conditions was used in the calculation. Experimental: co-

culture of effector cells and K562 cells, Effector Spontaneous: individual culture of effector 

cells, Target Spontaneous: individual culture of K562 cells, Target Maximum: 0.8% Triton X-

100 treated K562 cells. 

 

Intracellular staining 

Sorted Naïve CD4+ T cells, Tfh cells, and ThA cells were cultured in RPMI 1640 (Thermo 

Fisher Scientific) supplemented with 10% fetal bovine serum (BioWest), 100 µg/mL 

streptomycin, 100 U/mL penicillin G, and 0.3 mg/mL L-glutamine (Thermo Fisher Scientific). 

Under the stimulation conditions, anti-CD3/CD28 beads (Thermo Fisher Scientific) at a 1:1 ratio 

of cells to beads and/or 1 × 104 U/mL of IFN-α 2a (R&D systems) were added to the medium. 

To evaluate CXCL13 and Granzyme B expression, Naïve CD4+ T cells, Tph cells, and ThA cells 

were sorted and cultured with plate-coated anti-CD3 antibody (1 μg/mL, Thermo Fisher 

Scientific; clone OKT3) for 24 hours. Cells were treated with a Protein Transport Inhibitor 

Cocktail (Thermo Fisher Scientific) during the final 5 hours of culture and subsequently assessed 

by dead cell staining and intracellular staining with Intracellular Fixation & Permeabilization 

Buffer Set (Thermo Fisher Scientific) as described in the methods section of the main text. 

 

T-cell proliferation assay 
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CD4+ T cell subsets were sorted and labeled with 0.25 μM 5- or 6-(N-succinimidyloxycarbonyl) 

fluorescein 3′,6′-diacetate (CFSE; Dojindo). Each subset was incubated for 5 days in the 

presence or absence of anti-CD3/CD28 beads (Thermo Fisher Scientific) in RPMI 1640 (Thermo 

Fisher Scientific) supplemented with 10% fetal bovine serum (BioWest), 100 µg/mL 

streptomycin, 100 U/mL penicillin G, and 0.3 mg/mL L-glutamine (Thermo Fisher Scientific). T-

cell proliferation was measured by CFSE (Dojindo) dilution. 

 

Telomere length quantification 

An Absolute Human Telomere Length Quantification qPCR Assay Kit (ScienCell) was used to 

measure telomere length. Genomic DNA was extracted from sorted CD4+ T cell subsets using a 

QIAamp DNA Mini kit (Qiagen). Quantitative polymerase chain reaction (qPCR) was performed 

to amplify the telomere sequence and single-copy reference on chromosome 17 for each sample. 

Absolute telomere length was calculated by comparing the quantification cycle number of the 

telomere and single-copy reference between the target samples and the reference genomic DNA 

sample from the kit. 

 

Gene transfection into human primary CD4+ T cells 

Human primary CD4+ T cells were extracted from PBMCs with MojoSort Human CD4 T Cell 

Isolation Kit (BioLegend). To induce ZEB2 overexpression, human primary CD4+ T cells were 

nucleofected with 0.5 mg mock ZsGreen plasmid vector (TaKaRa) or ZEB2 ZsGreen plasmid 

vector per 2 × 106 cells using the P3 Primary Cell 4D-Nucleofecton X Kit S (Lonza). After 

incubation for 48 hours at 37°C in a 5% CO2 incubator, ZsGreen-positive or -negative cells were 

sorted by flow cytometry, and the expression of TBX21, ZEB2, GZMA, PRF1, and CXCL13 was 

evaluated by reverse-transcription qPCR (RT-qPCR). To induce TBX21 overexpression, human 
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primary CD4+ T cells were nucleofected with 0.5 mg mock DsRed plasmid vector (TaKaRa) or 

TBX21 DsRed plasmid vector per 2 × 106 cells, and after 48 hours of culture, DsRed-positive 

cells were sorted by flow cytometry and evaluated by RT-qPCR. To induce both ZEB2 and 

TBX21 overexpression, nucleofection was performed using a combination of two of the four 

plasmid vectors (mock ZsGreen, mock DsRed, ZEB2 ZsGreen, and TBX21 DsRed), and after 48 

hours of culture, cells positive for both ZsGreen and DsRed were sorted by flow cytometry and 

evaluated by RT-qPCR. The cells were cultured for 48 hours in 96-well plates that had been 

coated overnight with 1 µg/mL anti-human CD3 antibody (Thermo Fisher Scientific) and 2 

µg/mL anti-human CD28 antibody (BD). The culture medium was Iscove's Modified Dulbecco's 

Medium (IMDM) (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum 

(BioWest), 100 µg/mL streptomycin, 100 U/mL penicillin G, and 0.3 mg/mL L-glutamine 

(Thermo Fisher Scientific).  

 

RT-qPCR 

Total RNA was extracted from sorted cells using a MagMAX-96 Total RNA Isolation Kit 

(Thermo Fisher Scientific), and complementary DNA was then synthesized using random 

primers (Thermo Fisher Scientific) and Superscript IV (Thermo Fisher Scientific) according to 

the manufacturer’s protocols. RT-qPCR was performed using the CFX Connect Real-Time PCR 

detection system (Bio-Rad Laboratories) and the intercalation method with SYBR Green 

(Qiagen). Relative mRNA abundance was determined by normalization to glyceraldehyde-3-

phosphate dehydrogenase expression. The primer sequences used in this study are shown in table 

S8. 

 

scRNA-seq of peripheral blood CD4+ T cells from HCs 
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CD4+ T cells from PBMCs obtained from HCs were sorted by flow cytometry, and libraries were 

prepared using a Chromium Next GEM Single Cell 5′ Reagent Kit (v2 Dual Index; 10× 

Chromium). Sequencing was performed on a NovaSeq 6000 system (Illumina). The generated 

sequencing data were mapped with Cell Ranger (10× Genomics) using GRCh38 (Genome 

Reference Consortium) as the reference genome, and integrated analysis was then performed 

with Seurat (v3.2.3) (87). Data were adopted from cells with detected gene counts between 500 

and 3,500, and data from cells with mitochondrial gene content greater than 5% were excluded. 

The number of dimensions was set based on the PCA and Elbowplot results, and dimensionality 

compression was performed using the unsupervised machine learning algorithm uniform 

manifold approximation and projection (UMAP). In this scRNA-seq, CITE-seq technology was 

simultaneously applied to evaluate cell surface protein expression using antibody-derived tags 

(ADTs). TotalSeq-C Custom Human Panel (BioLegend) shown in data file S4 was used for 

CITE-seq. 

 

Collection and processing of tissue specimens from patients with IIM 

Muscle specimens were transferred into a cryopreservation solution Cryostor CS10 

(STEMCELL Technology), slow-frozen, and thawed for analysis at a later date. After thawing, 

the samples were shredded to 0.5–1 mm in Advanced DMEM (Thermo Fisher Scientific) 

containing 0.25 mg/mL Liberase TL (Roche) and 0.5 mg/mL DNase I (Roche). The shredded 

samples were heated in a 37°C water bath for 5 min. The treated samples were diluted in RPMI 

1640 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (BioWest), 

100 µg/mL streptomycin, 100 U/mL penicillin G, and 0.3 mg/mL L-glutamine (Thermo Fisher 

Scientific) to inactivate Liberase TL, filtered through a 30-mm cell strainer. 
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BALF specimens were filtered through a 40-mm cell strainer, hemolyzed with ACK Lysing 

Buffer (Thermo Fisher Scientific), slowly frozen in cryopreservation solution containing DMSO, 

and later thawed for analysis. 

After the above treatments, each sample was treated with anti-Fcγ receptor antibody (Thermo 

Fisher Scientific), stained with anti-CD45-BUV395 antibody (BD) at 4°C for 20 minutes and a 

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) for 15 minutes at 

20°C, and then sorted for CD45-positive live cells using flow cytometry (BD FACSAria Fusion 

cell sorter; BD Biosciences). 

 

scRNA-seq of tissue specimens from patients with IIM  

Libraries were generated from CD45-positive viable immune cells sorted from muscle and 

BALF specimens from patients with IIM using a Chromium Next GEM Single Cell 5′ Reagent 

Kit (v2 Dual Index; 10× Chromium). Sequencing was performed on a NovaSeq 6000 system 

(Illumina). The generated sequencing data were mapped with Cell Ranger (10× Genomics) using 

GRCh38 (Genome Reference Consortium) as the reference genome, and integrated analysis was 

then performed with Seurat (v3.2.3) (R package). Data were adopted from cells with detected 

gene counts between 1,000 or 1,500 (BALF or muscle, respectively) and 5,500, and data from 

cells with mitochondrial gene content greater than 5% were excluded. Data were dimensionally 

compressed using UMAP. Pseudotime trajectory analysis for each cell was estimated using 

Monocle3 (v1.0.0) (R package) (88). Gene set enrichment analysis (GSEA) was performed with 

Escape (v1.2.0) (R package) (89). As for the Human Gene Set in GSEA, proliferative capacity 

(HALLMARK_E2F_TARGETS) and oxidative phosphorylation (HALLMARK_OXPHOS) 

were evaluated. In these scRNA-seq data, CITE-seq technology was simultaneously applied to 
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evaluate cell surface protein expression using ADTs. TotalSeq-C Human TBNK Cocktail 

(BioLegend) shown in data file S4 was used for CITE-seq. 

 

Analysis from publicly available scRNA-seq data 

Using the publicly available scRNA-seq data browser, we analyzed CD4+ T cells in the 

peripheral blood of patients with coronavirus disease-2019 (COVID-19) and CD4+ T cells 

infiltrating the renal lesions of patients with SLE. Memory CD4+ T-cell scRNA-seq data were 

extracted from publicly available data of blood from patients with COVID-19 (54). Feature plots 

of ZEB2, CD28, TBX21, ADGRG1, PDCD1, and GZMA and cell frequency according to days 

after onset were analyzed with a cellxgene browser 

(https://cellxgene.cziscience.com/e/21d3e683-80a4-4d9b-bc89-ebb2df513dde.cxg/). Gene 

expression in CD4+ T cells was evaluated using publicly available scRNA-seq data for lupus 

nephritis specimens provided by the Accelerating Medicines Partnership (AMP) (60). Data were 

analyzed using the following website: 

https://singlecell.broadinstitute.org/single_cell/study/SCP279/. 

 

Expression of IFN-related genes (IRGs) in patients with SLE and HCs (related to Fig. 5) 

In this analysis, we used the same pipeline as in our previous study (57). We evaluated the 

expression of 100 IRGs reported in a recent PBMC scRNA-seq study (58) across case-control 

data and nine cell types from the CD4+ T-cell lineage in the ImmuNexUT data (Fig. 5A). 

Expression levels were scaled for each gene across the nine cell types. Cell types were arranged 

based on the hierarchical clustering of IRGs and cell types using IRG expression. For the 

file://///Users/colingy/Documents/PEND/adk1643_P*/Final_revision/lyzed%20with%20a%20cell
https://singlecell.broadinstitute.org/single_cell/study/SCP279/
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hierarchical clustering, Euclidean distances of the scaled expression levels were used with 

Ward’s method. 

 

Association of transcriptome data with SLE disease status (related to Fig. 5) 

In this analysis, we used the same pipeline as in our previous study (57). To quantify 

transcriptome variations within HCs, within patients with SLE, and between HCs and patients 

with SLE, we conducted PCA, calculated the proportion of sum squared deviations for each PC 

score, and then inferred the average value of the proportion weighted by the eigenvalue of each 

PC (Fig. 5B). We used PC1–7 for the analysis, which showed significant associations with 

clinical parameters in a previous study (57). To calculate the explained variance of each clinical 

parameter for whole transcriptome variation within SLE, we fitted each PC score to the linear 

mixed models in R package variancePartition (v1.20.0) (90) with the following regression 

models and then inferred the average value of the explained variance weighted by the eigenvalue 

of each PC for each cell type (Fig. 5C, F, G).  

Fig. 5C: 𝑦 = 𝛽 ∙ 𝑥 [0,1,2,3] + ∑ 𝛾 ∙ 𝐼𝑘[0,1]

𝑘=1,2,3

+ 𝛿 ∙ 𝑃𝑆𝐿[𝑚𝑔] +  𝜀 ∙ 𝐴𝑔𝑒[𝑦𝑟𝑠] + 𝜖 ∙ 𝑆𝑒𝑥[0,1] + 𝜃 

For overall disease activity, we defined four categories: i) inactive as SLEDAI-2K (39) = 0, ii) 

low disease activity (LDA) as 1 ≤ SLEDAI-2K ≤ 4, iii) moderate disease activity (MDA) as 5 ≤ 

SLEDAI-2K ≤ 8, and iv) high disease activity (HDA) as SLEDAI-2K ≥ 9. Here, 𝑥 represents 

disease activity (inactive, LDA, MDA, and HDA) and 𝐼𝑘(𝑘 = 1,2,3) represents each 

immunosuppressant (mycophenolate mofetil [MMF], hydroxychloroquine [HCQ], and 

tacrolimus [TAC]) as covariates. 

Fig. 5F: 𝑦 = ∑ 𝛽 ∙ 𝑥𝑗[0,1]

𝑗=1…7

+ ∑ 𝛾 ∙ 𝐼𝑘[0,1]

𝑘=1,2,3

+ 𝛿 ∙ 𝑃𝑆𝐿[𝑚𝑔] +  𝜀 ∙ 𝐴𝑔𝑒[𝑦𝑟𝑠] + 𝜖 ∙ 𝑆𝑒𝑥[0,1] + 𝜃 
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Here, 𝑥𝑗(𝑗 = 1 … 7) represents each organ/domain activity (constitutional, mucocutaneous, 

musculoskeletal, renal, extrarenal severe, hematological, and serological). 

Fig. 5G: 𝑦 = ∑ 𝛾 ∙ 𝐼𝑘[0,1]

𝑘=1,2,3

+ 𝛽 ∙ 𝑥[0,1,2,3] + 𝛿 ∙ 𝑃𝑆𝐿[𝑚𝑔] +  𝜀 ∙ 𝐴𝑔𝑒[𝑦𝑟𝑠] + 𝜖 ∙ 𝑆𝑒𝑥[0,1] + 𝜃 

To verify whether the inferred explained variance was not biased by outlier samples, we 

estimated the standard errors (SEs) of the explained variance using the jackknife resampling 

method (Fig. 5F, G). When we had n samples for one cell type, we recalculated the explained 

variance n times by excluding each one of the samples. We then evaluated the distribution of n 

explained variance, quantified the SE for each clinical parameter, and compared the explained 

variance in each cell type against the median explained variance across the nine cell types.  

 

Differential gene expression analysis for patients with SLE and HCs (related to Fig. 5) 

In this analysis, we used the same pipeline as in our previous study (57). To detect differentially 

expressed genes (DEGs) in each cell type, we fitted the TMM-normalized counts to the 

generalized linear models (GLMs) with negative binomial distribution using edgeR (v3.32.1) 

(81) (Fig. 5D). We defined (1) “disease-state signature genes” as significant DEGs between 

patients with inactive SLE and HCs and (2) “disease-activity signature genes” as significant 

DEGs between patients with HDA and inactive SLE for each cell type. The equations in the 

GLM were as follows: 

(1) For disease-state (𝑥: patients with inactive SLE versus HCs),  

𝑦 = 𝛽 ∙ 𝑥[0,1] + 𝜀 ∙ 𝐴𝑔𝑒[𝑦𝑟𝑠] + 𝜖 ∙ 𝑆𝑒𝑥[0,1] + 𝜗 ∙ 𝐵𝑎𝑡𝑐ℎ + 𝜃 

(2) For disease-activity (𝑥: patients with HDA versus inactive SLE), 

𝑦 = 𝛽 ∙ 𝑥[0,1] + ∑ 𝛾 ∙ 𝐼𝑘[0,1]

𝑘=1,2,3

+ 𝛿 ∙ 𝑃𝑆𝐿[𝑚𝑔] +  𝜀 ∙ 𝐴𝑔𝑒[𝑦𝑟𝑠] + 𝜖 ∙ 𝑆𝑒𝑥[0,1] + 𝜗 ∙ 𝐵𝑎𝑡𝑐ℎ + 𝜃 
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Here, 𝐼𝑘(𝑘 = 1,2,3) represents each immunosuppressant (MMF, HCQ, TAC) as covariates. 

Statistical significance was set at a false discovery rate (FDR) of less than 0.05 with the 

Benjamini-Hochberg method. In Fig. 5D, bar plots show (top) the number of the union of 

disease-state/activity signature genes and (bottom) the proportion of DEG types in each cell type. 

To examine the specificity of these signatures, we calculated the Jaccard similarity index in each 

cell type to quantify the shared genes between signatures; we considered that a gene was shared 

when it was included in both signatures with a concordant sign. Based on the proportion of 

DEGs and the Jaccard index, we found three different transcriptome perturbation patterns: 

disease-state dominant pattern, disease-activity dominant pattern, and shared pattern (57). 

 

Pathway enrichment analysis for SLE-relevant signatures (related to Fig. 5) 

In this analysis, we used the same pipeline as in our previous study (57). To test pathway 

enrichment in disease-state and activity signature genes, we performed over-representation 

analyses with one-sided Fisher’s exact test in R package clusterProfiler (v.3.18.1) (91) (Fig. 5E). 

Statistical significance was set at an FDR of less than 0.05 with the Benjamini-Hochberg 

method. For pathway data sets, we used the MsigDB hallmark gene set collection (50 

annotations) (92) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (548 

annotations) (93). To capture the cell-type-specific biology linked to disease-state and activity 

signatures genes, we set the union of both signature genes in all cell types as the background 

gene sets. To overview the biology unique to each signature, we first classified all significant 

KEGG pathways into 33 subcategories and then 4 main categories (“Immune disease system,” 

“Non-immune disease system,” “Metabolism,” and “Cellular process”) according to the definitions 

on the developer’s website (https://www.genome.jp/kegg/pathway.html) and our previous study 

file://///Users/colingy/Documents/PEND/adk1643_P*/Final_revision/the%20definit
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(57). In Fig. 5E, we summarized the number of enrichments for the “Metabolism” and “Cellular 

process” categories. 

 

Multiple linear regression analysis of antibody titers in patients with SLE  

To examine the association between autoantibody titers in SLE and CXCL13 expression in three 

CD4+ T cell subsets (Th1, Tfh, and ThA), we conducted multiple linear regression analysis. Age, 

sex, and drug treatment, including treatment with PSL, TAC, CyA, HCQ, and MMF, were 

adjusted as covariates. All variables were analyzed after normalization. GraphPad Prism version 

9 software was used for this analysis.  
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Supplementary Figures 

 

Figure S1. Distribution of age and the percentage of each of nine CD4+ T cell subsets in flow 

cytometry. The data are presented for all flow cytometry data (HC = 124, RA = 44, SLE = 120, 

IIM = 66) included in the initial data set (Fig. 1A). The percentage of each cell subset was 

calculated as the percentage in the total CD4+ T cells. The correlation coefficients and p values 

were determined using Spearman’s rank correlations. 
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Figure S2. Examination of overlap between Tph cells and other CD4+ T cells. (A) Flow 

cytometric hierarchical gating strategy for Tph and ThA cells. Representative data from 54-

years-old HC female is shown. (B) Flow cytometric hierarchical gating strategy for each 
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indicated T cell subsets gated on Tph cells fig. S2A. (C) Rate of overlap among CD4+ T cell 

subsets from healthy controls and autoimmune disease patients according to flow cytometric 

analysis (mean ± SD, n = 49, HC: 22, SLE: 11, RA: 16). The gating strategy is as shown in A 

and B. (D) Distributions of age and the Tph cell proportion according to the flow cytometry data 

shown in C. The proportion of each cell subset was calculated as the percentage of the total 

CD4+ T cells. The correlation coefficients and p values were determined using Spearman’s rank 

correlations. 
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Figure S3. Functional analysis of ThA cells (related to Figures 2 and 3). (A) Granzyme A 

concentration in culture supernatant of naïve CD4+ T cells and ThA cells obtained from HC, 

quantified by ELISA (mean ± SD, n = 4). *, p < 0.05, compared with naïve CD4+ T cell culture 

conditions with CD3 mAb stimulation. (B) Cytotoxic effect of CD3 mAb-stimulated naïve 

CD4+ T cells, ThA cells, or effector memory CD8+ T cells from healthy donors on K562 target 

cells. Cytotoxic responses were evaluated by the lactate dehydrogenase (LDH) assay at an 

effector-to-target (E:T) ratio of 10:1 (n = 3 biological replicates). *p < 0.05 by one-way repeated 

measures ANOVA with Fisher’s LSD post hoc test. (C) CXCL13 concentration in culture 

supernatant of CD4+ T cell subsets obtained from RA patients, quantified by ELISA (mean ± 
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SD, n = 4). *, p < 0.05, compared with naïve CD4+ T cell culture conditions with CD3 mAb 

stimulation. (D) Total IgG concentration in culture supernatant of CD4+ T cell subset co-cultured 

with B cells obtained from HC, quantified by ELISA (mean ± SD, n = 4). *, p < 0.05, compared 

with the B cell alone culture condition. (E) Total IgG concentration in culture supernatant during 

co-culture of ThA and B cells obtained from HC with or without IL-21 neutralization or CD84 

blocking, quantified by ELISA (mean ± SD, n = 4). *, p < 0.05, compared with the co-culture 

condition of ThA and B cells under CD3/CD28 mAb stimulation. (F) Intracellular CXCL13-

positivity rates for each CD4+ T cell subset obtained from RA patients after CD3 mAb/CD28 

mAb and/or IFN- stimulation (n = 2 biological replicates). (A, C–E) Data are representative of 

three experiments (four technical replicates of three biological replicates). Statistical significance 

was calculated by one-way ANOVA with Tukey multiple comparison tests. 
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Figure S4. Comparison of IIM ThA cells and HC ThA cells in the initial data set. (A) 

Comparison of the proportion of ThA cells in PB CD4+ T cells between age/sex matched HC and 

IIM cases (n = 66 each). *, p < 0.05, Wilcoxon rank sum test. n.s.: not significant. (B) Volcano 

plot showing DEGs between HC-ThA and IIM-ThA cells. (C) Pearson correlation coefficients 

between IL21 and CXCL13 gene expression and disease state in IIM patients (n = 40). 

Correlation coefficients were calculated with cases evaluated at onset as 1 and those evaluated at 

other times as 0.  
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Figure S5. Characterization of ThA cells in the peripheral blood of healthy controls. (A) 

Interferon-γ concentration in culture supernatant of Th1 and ThA cells obtained from HC, 

quantified by ELISA (mean ± SD, n = 3 biological replicates). No significant difference, one-

way ANOVA. (B, C) UMAP (B) and feature plots (C) of scRNA-seq data from PB CD4+ T cells 

obtained from a HC. (D) Dot plots showing gene expression for each of the ten CD4+ T-cell 

clusters in B. (E) Feature plots of CXCR3 protein (left) and mRNA (right) expression according 

to the scRNA-seq analysis of PB CD4+ T cells shown in B. CXCR3 protein expression levels 

were evaluated using antibody-derived tags (ADTs) via CITE-seq analysis of the scRNA-seq 

data. (F) Cell surface CXCR3, CD45RA, and CCR7 protein expression evaluated using ADTs 

via CITE-seq analysis of the specimens used in B. (G) Cell surface CXCR3 and GPR56 protein 

expression evaluated using ADTs via CITE-seq analysis of the scRNA-seq data from PB CD4+ T 

cells shown in B. (H) Representative flow cytometry data showing cell surface CXCR3 and 

GPR56 expression from HC. The gating strategy is the same as Fig. 1B. Rectangles indicate ThA 

cells. 
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Figure S6. ThA cells in T cell senescence and COVID-19 infection. (A) Expression of the 

indicated genes in ThA cells according to RNA-seq data from the initial data set (Fig. 1A). 
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Younger and older age groups were defined as under 45 (n = 40) and over 60 (n = 46) years of 

age, respectively. CPM: counts per million. *, p < 0.05, Student’s t-test. (B) Expression of genes 

related to T cell senescence and exhaustion in bulk RNA-seq data from the initial data set (Fig. 

1A). (C) Percentage of proliferation of three CD4+ T cell subsets evaluated with a CFSE labeling 

assay after five days of culture with or without CD3/CD28 mAb stimulation (mean ± SD, n = 

3 biological replicates). *, p < 0.05, compared to Naïve CD4+ T without CD3/αCD28 stim.;  

†, p < 0.05, compared to Naïve CD4+ T with CD3/αCD28 stim.; one-way ANOVA with 

Tukey multiple comparison tests. (D) Telomere length of genomic DNA of four CD4+ T cell 

subsets quantified by Absolute Human Telomere Length Quantification qPCR Assay Kit 

(ScienCell). Cells were obtained from three HCs (mean ± SD, n = 3). *, p < 0.05, compared with 

naïve CD4+ T cells, one-way ANOVA with Tukey multiple comparison tests. n.s., not 

significant. Data are representative of three experiments (three technical replicates of three 

biological replicates). (E, F) Memory CD4+ T cell scRNA-seq data extracted from publicly 

available COVID-19-infected patients’ blood (Cell. 2021;184(7):1836-1857.e22.). Data were 

analyzed using the cellxgene browser (https://cellxgene.cziscience.com/e/21d3e683-80a4-4d9b-

bc89-ebb2df513dde.cxg/). Feature plot of ZEB2, CD28, TBX21, ADGRG1, PDCD1, GZMA (D) 

and cell frequency according to days after onset (day 10: red, day 18: pale green, day 28: green) 

(E) are shown. 

  

https://cellxgene.cziscience.com/e/21d3e683-80a4-4d9b-bc89-ebb2df513dde.cxg/
https://cellxgene.cziscience.com/e/21d3e683-80a4-4d9b-bc89-ebb2df513dde.cxg/
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Figure S7. ThA cells infiltrate local organ lesions in SLE. (A) CXCL13 gene expression for 27 

immune cell subsets in 136 SLE patients (Cell. 2022;185(18):3375-3389), newly including ThA 

cells. (B, C, D) Gene expression of CD4+ T cells from publicly available scRNA-seq data of 
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lupus nephritis specimens provided by the Accelerating Medicines Partnership (AMP). 

Annotations of each CD4+ T cell cluster (B) and feature plot showing gene expression (C). Dot 

plot summarizing gene expression in each CD4+ T cell cluster (D). B, C, D were analyzed by the 

website https://singlecell.broadinstitute.org/single_cell/study/SCP279/. 

  

https://singlecell.broadinstitute.org/single_cell/study/SCP279/
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Figure S8. Supplementary data for scRNA-seq of BALF cells and (related to Figure 6). 

(A) UMAP of scRNA-seq data for CD45+ cells from BALF of three patients with anti-ARS 

antibody-positive IIM related to Fig. 6A. Twenty-five clusters were identified. (B) Dot plots 
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showing gene expression of cell subset signature genes across cell clusters in A. (C) Cell surface 

protein expression evaluated with antibody-derived tags (ADTs) using CITE-seq technology on 

specimens in A. (D) UMAP plots of the scRNA-seq data from PB CD4+ T cells shown in Fig. 

6B. 
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Figure S9. Comparison between ThA and Tph cells (A) Expression of the indicated genes in 

ThA and Tph cells based on the RNA-seq data from autoimmune disease patients (n = 4: 2 for 

IIM and 2 for RA). CPM: counts per million. *, p < 0.05, two-sided unpaired t-test. (B) Cell 

surface CD28-positivity in PB ThA and Tph cells in RA patients (mean ± SD, n = 4 biological 

replicates). CD28 positivity of ThA cells (CXCR3midCD25-CXCR5-CCR6- CD4+ Tem) and Tph 

cells (CXCR5-PD-1hi CD4+ T) was calculated from PBMC flow cytometry data. *, p < 0.05, two-

sided unpaired t-test. (C) Representative flow cytometric data showing the expression of 

intracellular CXCL13 and granzyme B proteins in the indicated PB CD4+ T cell subsets from HC 

individuals after CD3 mAb stimulation. Bar graphs indicate the mean ± SD CXCL13 and 

granzyme B expression levels in ThA or Tph cells (n = 3 biological replicates). *p < 0.05 by one-

way repeated measures ANOVA with Fisher’s LSD post hoc test.   
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Figure S10. Supplementary data for scRNA-seq of muscle-infiltrating cells from anti-ARS 

antibody-positive IIM patients (related to Figure 6). (A) Dot plots showing gene expression 
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of cell subset signature genes across cell clusters in Fig. 6F. (B) Cell surface protein expression 

evaluated with ADTs using CITE-seq technology using specimens in Fig. 6F.  
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Supplementary Tables 

Table S1. Clinical features of initial data set, Related to Figure 1 - 4 

In right three columns, values are median, and inter quartile ranges are in parentheses. PSL, prednisolone. 

【RNA-seq (N = 185)】 

Diagnosis Total (n) 
Female 

 (n (%)) 
PSL (mg) Age (year) 

Disease duration 

(year) 

Healthy control 64 48 (75.0) - 48 (37.8-58) - 

Rheumatoid arthritis 19 18 (94.7) 2.5 (0-5) 64 (55.5-72) 10.5 (0.9-22.5) 

Systemic lupus 

erythematosus 
62 57 (91.9) 5 (3-8) 

47 (37.5-

57.5) 
12 (4-20.8) 

Idiopathic inflammatory 

myopathy 
40 30 (75.0) 2 (0-6) 58 (52-70) 3.5 (0-12.5) 

 

【Flow cytometry (N = 354)】 

Diagnosis Total (n) 
Female  

(n (%)) 
PSL (mg) Age (year) 

Disease duration 

(year) 

Healthy control 124 88 (71.0) - 51 (40-64.5) - 

Rheumatoid arthritis 44 38 (86.4) 2 (0-4) 
69 (60.2-

73.2) 
15 (3.6-26) 

Systemic lupus 

erythematosus 
120 105 (87.5) 5 (2.5-8) 44 (34-55) 14 (7-21) 

Idiopathic inflammatory 

myopathy 
66 48 (72.7) 5 (0-8) 57 (45-68.5) 3 (0-11.8) 
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Table S2. Fluorescent-labeled flow-cytometry antibodies, 

Used to construct initial data set in this study, Related to Figure 1 - 4 

marker conjugate clones source identifier RRID 

CD25 FITC M-A251 BD #560990 AB_2033954 

CXCR5 PerCP/Cy5.5 RF8B2 BD #562781 AB_2313576 

CD3 PE/Cy7 UCHT1 BioLegend #300419 AB_439780 

CCR6 APC 11A9 BD #560619 AB_1727439 

CD45RA APC/Cy7 HI100 BioLegend #304128 AB_10708880 

CXCR3 BV421 1C6 BD #562558 AB_2737653 

CD4 BV510 RPA-T4 BD #740161 AB_2739914 

CCR4 BV605 L291H4 BioLegend #359418 AB_2562483 

CCR7 BV711 G043H7 BioLegend #353228 AB_2563865 

CD8 BUV805 RPA-T8 BD #749366 AB_2873737 

 

 

Used to analyze cell proportion of Tph and other CD4+ T subsets, 

Related to Figure S2A, S2B, S2C, and S2D 

marker conjugate clones source identifier RRID 

CD25 FITC M-A251 BD #560990 AB_2033954 

CXCR5 PerCP/Cy5.5 RF8B2 BD #562781 AB_2313576 

CD3 PE/Cy7 UCHT1 BioLegend #300419 AB_439780 

CCR6 APC 11A9 BD #560619 AB_1727439 

CD45RA APC/Cy7 HI100 BioLegend #304128 AB_10708880 

CXCR3 BV421 1C6 BD #562558 AB_2737653 

CCR4 BV605 L291H4 BioLegend #359418 AB_2562483 
PD-1 BV650 EH12.2H7 BioLegend #329950 AB_2566362 

CCR7 BV711 G043H7 BioLegend #353228 AB_2563865 

CD8 BUV805 RPA-T8 BD #749366 AB_2873737 

CD4 BUV661 SK3 BD #612962 AB_2739452 
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Table S3. Immune cell definition in our cohort 

Subset name Abbreviation Definition 

Naïve CD4+ T cells Naïve CD4 CD3+/CD4+CD8-/CCR7+CD45RA+ 

T helper 1 cells Th1 
CD3+/CD4+CD8-/non-naïve CD4+/CD25-/CXCR5-CCR6-

/CXCR3+CCR4- 

T helper 2 cells Th2 
CD3+/CD4+CD8-/non-naïve CD4+/CD25-/CXCR5-CCR6-

/CXCR3-CCR4+ 

T helper 17 cells Th17 
CD3+/CD4+CD8-/non-naïve CD4+/CD25-/CXCR5-CCR6+ 

/CXCR3- 

T follicular helper cells Tfh CD3+/CD4+CD8-/non-naïve CD4+/CD25-/CXCR5+ 

Fraction I naïve regulatory T cells Fr.I nTreg CD3+/CD4+CD8-/CD25+CD45RA+ 

Fraction II effector regulatory T cells Fr.II eTreg CD3+/CD4+CD8-/CD25++CD45RA- 

Fraction III non-regulatory T cells Fr.III T CD3+/CD4+CD8-/CD25+CD45RA- 

Age-associated helper T cells ThA 
CD3+/CD4+CD8-/CCR7-CD45RA-/CD25-/CXCR5-CCR6-

/CXCR3mid CCR4- 

 

Non-naïve CD4+ refers to CD4+ T cells other than naïve (CCR7+CD45RA+). 
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Table S4. Multiple linear regression analysis of antibody titer in SLE patients, 

 Related to Figure 5 

PSL; prednisolone, TAC; tacrolimus, CyA; cyclosporin A, HCQ; hydroxychloroquine, MMF; 

mycophenolate mofetil 

【Total IgG】 

Explanatory variables 
Estimated 

coefficients 
95% CI |t| 

Adjusted  

P-value 

Clinical features     

Sex 0.1211 0.02844 to 0.2138 2.606 0.0112* 

Age -0.0001083 -0.1383 to 0.1381 0.001563 0.9988 

Treatment drugs     

PSL -0.2064 -0.3618 to -0.05096 2.648 0.0100* 

TAC -0.08172 -0.2104 to 0.04694 1.266 0.2095 

CyA 0.1311 -0.1502 to 0.4124 0.9292 0.3559 

HCQ -0.04145 -0.1164 to 0.03352 1.102 0.2740 

MMF -0.09173 -0.2400 to 0.05658 1.233 0.2215 

Gene expression     

Th1-CXCL13 0.06865 -0.1232 to 0.2605 0.7135 0.4778 

 Tfh-CXCL13 0.03683 -0.1452 to 0.2188 0.4035 0.6878 

 ThA-CXCL13 0.1613 0.008326 to 0.3143 2.102 0.0391* 

 

【Anti-RNP antibody titer】 

Explanatory variables 
Estimated 

coefficients 
95% CI |t| 

Adjusted  

P-value 

Clinical features     

Sex 0.06960 -0.1482 to 0.2874 0.6375 0.5259 

Age -0.2098 -0.5490 to 0.1293 1.234 0.2213 

Treatment drugs     

PSL -0.02557 -0.3931 to 0.3420 0.1387 0.8901 

TAC 0.07678 -0.2262 to 0.3797 0.5056 0.6148 

CyA -0.3303 -1.100 to 0.4398 0.8556 0.3952 

HCQ 0.05889 -0.1159 to 0.2337 0.6721 0.5038 

MMF -0.1466 -0.4986 to 0.2054 0.8308 0.4090 

Gene expression     

Th1-CXCL13 -0.1811 -0.6690 to 0.3069 0.7403 0.4616 

 Tfh-CXCL13 0.7193 0.2856 to 1.153 3.309 0.0015* 

 ThA-CXCL13 0.2316 -0.1489 to 0.6122 1.214 0.2288 
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【Anti-Sm antibody titer】 

Explanatory variables 
Estimated 

coefficients 
95% CI |t| 

Adjusted  

P-value 

Clinical features     

Sex 0.1224 -0.06315 to 0.3079 1.315 0.1927 

Age -0.5116 -0.7973 to -0.2258 3.569 0.0006* 

Treatment drugs     

PSL 0.04077 -0.2740 to 0.3556 0.2582 0.7970 

TAC -0.3465 -0.6061 to -0.08699 2.662 0.0096* 

CyA -0.06637 -0.6307 to 0.4980 0.2345 0.8153 

HCQ -0.1173 -0.2625 to 0.02789 1.611 0.1116 

MMF 0.04603 -0.2553 to 0.3473 0.3046 0.7615 

Gene expression     

Th1-CXCL13 -0.04852 -0.4494 to 0.3524 0.2413 0.8100 

 Tfh-CXCL13 0.1200 -0.2474 to 0.4874 0.6512 0.5170 

 ThA-CXCL13 0.3702 0.05197 to 0.6885 2.320 0.0232* 
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Table S5. Clinical information on 3 BALF lymphocyte scRNA-seq cases,  

Related to Figure 6 

 Pt. 1 Pt. 2 Pt. 3 

Age (years) 56 49 72 

Sex Male Female Female 

Myositis-specific 

antibodies 
anti-ARS anti-ARS anti-ARS 

Duration of disease 

(years) 
0.2 1.8 7 

Complications of 

autoimmune disease 
- - Sjogren syndrome 

Distribution of 

involvement 

arthritis, lung, skin, 

muscle 
lung, skin, muscle arthritis, lung, skin 

Patterns of interstitial 

pneumonia 
NSIP Probable UIP NSIP 

Myositis + + - 

Immunosuppressive 

treatment at testing 
none none none 
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Table S6. Clinical information on 3 muscle infiltrating lymphocytes scRNA-seq cases, Related to 

Figure 6 

 Pt. 1 Pt. 2 Pt. 3 

Age (years) 56 49 41 

Sex Male Female Female 

Myositis-specific 

antibodies 
anti-ARS anti-ARS anti-ARS 

Duration of disease 

(years) 
0.2 1.8 1.0 

Complications of 

autoimmune disease 
- - Sjogren syndrome 

Distribution of 

involvement 

arthritis, lung, skin, 

muscle 
lung, skin, muscle skin, muscle 

Creatine 

phosphokinase (U/L) 
289 530 12,768 

Immunosuppressive 

treatment at testing 
none none none 
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Table S7. Reagents and Resources 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

anti-human CCR4 BV605 (clone L291H4) BioLegend 
Cat#359418; RRID: 

AB_2562483 

anti-human CCR6 APC (clone 11A9) BD 
Cat#560619; RRID: 

AB_1727439 

anti-human CCR6 BV650 (clone 11A9) BD 
Cat#563922; RRID: 

AB_2738488 

anti-human CCR6 BUV395 (clone 11A9) BD 
Cat#743356; RRID: 

AB_2741448 

anti-human CCR7 BV711 (clone G043H7) BioLegend 
Cat#353228; RRID: 

AB_2563865 

anti-human CD19 APC (clone HIB19) BioLegend 
Cat#302212; RRID: 

AB_314242 

anti-human CD19 BUV805 (clone HIB19) BD 
Cat#742007; RRID: 

AB_2871305 

anti-human CD19 PE (clone HIB19) BioLegend 
Cat#302208; RRID: 

AB_314238 

anti-human CD25 FITC (clone M-A251) BD 
Cat#560990; RRID: 

AB_2033954 

anti-human CD25 PE (clone M-A251) BD 
Cat#555432; RRID: 

AB_395826 

anti-human CD27 BUV395 (clone M-T271) BD 
Cat#740291; RRID: 

AB_2740030 

anti-human CD279 (PD-1) BV650 (clone EH12.2H7) BioLegend 
Cat#329950; RRID: 

AB_2566362 

anti-human CD28 BUV805 (clone CD28.2) BD 
Cat#742037; RRID: 

AB_2871331 

anti-human CD28 (clone CD28.2) BD 
Cat#556620; RRID: 

AB_396492 

anti-human CD3 (clone OKT3) Thermo Fisher Scientific 
Cat#14-0037-82; 

RRID:AB_467057 

anti-human CD3 (clone OKT3) Thermo Fisher Scientific 
Cat#16-0037-85; 

RRID: AB_468854 

anti-human CD3 BUV395 (clone UCHT1) BD 
Cat#563546; RRID: 

AB_2744387 

anti-human CD3 PE/Cy7 (clone UCHT1) BioLegend 
Cat#300419; RRID: 

AB_439780 

anti-human CD38 BV650 (clone HIT2) BD 
Cat#740574; RRID: 

AB_2740275 

anti-human CD4 BUV661 (clone SK3) BD 
Cat#612962; RRID: 

AB_2739452 

anti-human CD4 BV510 (clone RPA-T4) BD 
Cat#740161; RRID: 

AB_2739914 

anti-human CD45 BUV395 (clone HI30) BD 
Cat#563792; RRID: 

AB_2869519 

anti-human CD45RA APC/Cy7 (clone HI100) BioLegend 
Cat#304128; RRID: 

AB_10708880 
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anti-human CD8 BUV805 (clone RPA-T8) BD 
Cat#749366; RRID: 

AB_2873737 

anti-human CD8 BV510 (clone RPA-T8) BD 
Cat#563256; RRID: 

AB_2738101 

anti-human CD8 PE (clone RPA-T8) BioLegend 
Cat#301008; RRID: 

AB_314126 

anti-human CD84 BioLegend Cat#CD84.1.21 

anti-human CXCL13 APC (clone 53610) Thermo Fisher Scientific 
Cat#MA5-23629; 

RRID: AB_2610225 

anti-human CXCL13 PE (clone 53610) R&D Systems Cat# IC801P 

anti-human CXCR3 BV421 (clone 1C6/CXCR3) BD 
Cat#562558; RRID: 

AB_2737653 

anti-human CXCR3 PE (clone 1C6/CXCR3) BD 
Cat#557185; RRID: 

AB_396596 

anti-human CXCR5 PerCP/Cy5.5 (clone RF8B2) BD 
Cat#562781; RRID: 

AB_2313576 

anti-human GPR56 PE (clone CG4) BioLegend 
Cat#358204; RRID: 

AB_2562084  

anti-human GPR56 PE/Cy7 (clone CG4) BioLegend 
Cat#358206; RRID: 

AB_2562090 

anti-human Granzyme A PE/Cy7 (clone CB9) BioLegend 
Cat#507222; RRID: 

AB_2721668 

anti-human Granzyme B PE (clone GB11) BD 
Cat#561142; RRID: 

AB_10561690 

anti-human Granzyme B Alexa Fluor 647 (clone GB11) BioLegend 
Cat#515406; RRID: 

AB_2566333 

anti-human Perforin PE (clone B-D48) BioLegend 
Cat#353303; RRID: 

AB_10915476 

Fc Receptor Binding Inhibitor Polyclonal Antibody, 

eBioscience 
Thermo Fisher Scientific Cat#14-9161-73 

TotalSeq-C Custom Human Panel (204 antibodies) BioLegend Cat#900000115 

TotalSeq-C Human TBNK Cocktail BioLegend Cat#399903 

Chemicals, peptides, and recombinant proteins 

Ficoll-Paque PLUS Cytiva Cat# 17144003 

ACK Lysing Buffer Thermo Fisher Scientific Cat#A1049201 

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit, for 405 nm 

excitation 
Thermo Fisher Scientific Cat#L34957 

Recombinant Human IFN-alpha A (alpha 2a) Protein R&D Systems Cat#11100-1 

Recombinant Human IFN-gamma Protein R&D Systems Cat#285-IF-100 

eBioscience Protein Transport Inhibitor Cocktail (500X) Thermo Fisher Scientific Cat#00-4980-93 

Dynabeads Human T-Activator CD3/CD28 Thermo Fisher Scientific Cat#DB11131 

RPMI 1640 Medium Thermo Fisher Scientific Cat#11875119 

RPMI 1640 Medium, no phenol red Thermo Fisher Scientific Cat#11835030 

Iscove's Modified Dulbecco's Medium (IMDM) Thermo Fisher Scientific Cat#12440053 

Fetal Bovine Serum BioWest Cat#S1820 

HyClone Fetal Bovine Serum Thermo Fisher Scientific Cat# Sh30910.03 

Penicillin-Streptomycin-Glutamine (100X) Thermo Fisher Scientific Cat#10378016 

Recombinant IL-21R His-tag protein R&D Systems Cat#9249-R2-100 
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5- or 6- (N-Succinimidyloxycarbonyl) fluorescein 3',6'-

diacetate 
Dojindo Cat#C375 

Cas9-GFP Protein SIGMA-Aldrich 
Cat#CAS9GFPPRO-

250UG 

High-Glucose RPMI 1640 medium Wako Cat#187-02705 

SuperScript IV Reverse Transcriptase Thermo Fisher Scientific Cat#18090200 

QuantiTect SYBR® Green PCR Kits QIAGEN Cat#204143 

Cryostor CS10 STEMCELL Technology Cat#7930 

Advanced DMEM Thermo Fisher Scientific Cat#12491015 

Liberase TL Roche Cat#447530 

DNase I Roche Cat#10104159001 

Critical commercial assays 

BD Human Th1/Th2/Th17 Phenotyping Kit BD Cat#560751 

eBioscience Intracellular Fixation & Permeabilization Buffer 

Set 
Thermo Fisher Scientific Cat#88-8824-00 

MagMAX-96 Total RNA Isolation Kit Thermo Fisher Scientific Cat#AM1830 

SMART-seq v4 Ultra Low Input RNA Kit for Sequencing Takara Bio Cat#634894 

Human IgG ELISA Quantitation Set Bethyl Laboratories Cat#E80-104 

Human IgG ELISA BASIC kit (ALP) Mabtech Cat#3850-1AD-6 

IgG (Total) Human Uncoated ELISA Kit with Plates Thermo Fisher Scientific Cat#88-50550-22 

Human Granzyme A DuoSet ELISA R&D Systems Cat#DY2905-05 

Human IFN-gamma DuoSet ELISA R&D Systems Cat#DY285B 

Human CXCL13/BLC/BCA-1 DuoSet ELISA R&D Systems Cat#DY801 

DuoSet ELISA Ancillary Reagent Kit 2 R&D Systems Cat#DY008 

CytoTox 96 Non-Radioactive Cytotoxicity Assay Promega Cat#G1780 

Absolute Human Telomere Length Quantification qPCR 

Assay Kit 
ScienCell Cat#8918 

QIAamp DNA Mini kit QIAGEN Cat#51304 

SE Cell Line 4D-Nucleofecton X Kit S Lonza Cat#V4XC-1032 

P2 Primary Cell 4D-Nucleofector X Kit S Lonza Cat#V4XP-2032 

P3 Primary Cell 4D-Nucleofector X Kit S Lonza Cat#V4XP-3032 

MojoSort Human CD4 T Cell Isolation Kit BioLegend Cat#480009 

Chromium Next GEM Single Cell 5' Reagent Kits v2 Dual 

Index 
10X Chromium Cat#1000266 

Deposited data 

RNA-seq This study 

NBDC: JGAS000626, 

JGAS000627, 

JGAS000648 

ImmuNexUT (Immune Cell Gene Expression Atlas from the 

University of Tokyo) 

Cell. 

2021;184(11):3006-

3021.e17. 

https://www.immunex

ut.org/ 

Human reference genome NCBI, build 38, GRCh38 
Genome Reference 

Consortium 

https://www.ncbi.nlm.

nih.gov/grc/human 

Time-resolved Systems Immunology Reveals a Late Juncture 

Linked to Fatal COVID-19 

Liu et al., Cell. 

2021;184(7):1836-

1857.e22.  

https://cellxgene.czisci

ence.com/collections/e

d9185e3-5b82-40c7-

9824-b2141590c7f0. 

https://cellxgene.cziscience.com/collections/ed9185e3-5b82-40c7-9824-b2141590c7f0.
https://cellxgene.cziscience.com/collections/ed9185e3-5b82-40c7-9824-b2141590c7f0.
https://cellxgene.cziscience.com/collections/ed9185e3-5b82-40c7-9824-b2141590c7f0.
https://cellxgene.cziscience.com/collections/ed9185e3-5b82-40c7-9824-b2141590c7f0.
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The Immune Cell Landscape in Kidneys of Lupus Nephritis 

Patients 

Arazi et al., Nat 

Immunol. 

2019;20(7):902-914.  

https://singlecell.broad

institute.org/single_cel

l/study/SCP279/ 

Experimental models: Cell lines 

Jurkat cells ECACC Cat# 88042803 

K562 cells ATCC Cat# CCL-243 

Oligonucleotides 

Random Primers Thermo Fisher Scientific Cat#48190011 

Software and algorithms 

cutadapt (v1.16) 
Martin, EMBnetjournal. 

2011; 17(1):10-12. 

https://cutadapt.readthe

docs.io/en/stable/index

.html 

STAR (v2.5.3) 

Dobin et al., 

Bioinformatics. 2013; 

29(1):15–21. 

https://github.com/alex

dobin/STAR 

HTSeq (v0.11.2) 

Anders et al., 

Bioinformatics. 

2015;31(2):166-9. 

https://github.com/htse

q/htseq 

R (v4.1.0)  

Ihaka, R., and R. 

Gentleman. 1996. R: a 

language for data 

analysis 

and graphics. J. Comp. 

Graph. Stat. 5:299-314 

https://www.r-

project.org/ 

edgeR (v3.32.1 or v3.36.0, depending on the time of the 

analysis) 

Robinson et al., 

Bioinformatics. 

2009;26(1):139–40. 

https://bioconductor.or

g/packages/release/bio

c/html/edgeR.html 

TCC (v1.34.0) 

Sun et al., BMC 

Bioinformatics. 

2013;14(1). 

https://www.bioconduc

tor.org/packages/releas

e/bioc/html/TCC.html 

MatchIt (v4.5.3) 

Ho et al., J Stat Softw 

[Internet]. 2011;42(8):1–

28. 

https://github.com/kos

ukeimai/MatchIt 

MiXCR (v3.0.11) 

Bolotin et al., Nat 

Methods. 

2015;12(5):380–1. 

https://github.com/mil

aboratory/mixcr 

immunarch (v0.5.5) 
ImmunoMind Team, 

2019 

https://immunarch.com

/ 

Seurat (v3.2.3) 
Stuart et al,, Cell 2019; 

177, 1888-1902.e1821. 

https://satijalab.org/seu

rat/ 

Monocle3 (v1.0.0) 

Trapnell et al., Nat. 

Biotechnol. 2014; 32, 

381-386. 

https://cole-trapnell-

lab.github.io/monocle3

/ 

Escape (v1.2.0) 

Borcherding et al., 

Commun Biol. 2021; 

4(1):122.  

https://github.com/ncb

orcherding/escape 

variancePartition (v1.20.0) 

Hoffman et al., BMC 

Bioinformatics. 

2016;17(1):17–22. 

https://bioconductor.or

g/packages/release/bio

c/html/variancePartitio

n.html 

clusterProfiler (v3.18.1) 
Yu et al., Omi A J Integr 

Biol. 2012;16(5):284–7. 

https://bioconductor.or

g/packages/release/bio

c/html/clusterProfiler.h

tml 

https://singlecell.broadinstitute.org/single_cell/study/SCP279/
https://singlecell.broadinstitute.org/single_cell/study/SCP279/
https://singlecell.broadinstitute.org/single_cell/study/SCP279/
https://cutadapt.readthedocs.io/en/stable/index.html
https://cutadapt.readthedocs.io/en/stable/index.html
https://cutadapt.readthedocs.io/en/stable/index.html
https://github.com/kosukeimai/MatchIt
https://github.com/kosukeimai/MatchIt
https://github.com/ncborcherding/escape
https://github.com/ncborcherding/escape
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FlowJo FlowJo, LLC 
https://www.flowjo.co

m/ 

10x Cell Ranger 10x Genomics 

https://support.10xgen

omics.com/single-cell-

gene-

expression/software/pi

pelines/latest/what-is-

cell-ranger/ 

GraphPad Prism version 9 GraphPad Software 
https://www.graphpad.

com/ 

Other 

ZsGreen plasmid vector TaKaRa Cat#632478 

DsRed plasmid vector TaKaRa Cat#632540 

 

  

https://www.flowjo.com/
https://www.flowjo.com/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger/
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger/
https://www.graphpad.com/
https://www.graphpad.com/
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Table S8. Primer sequences used for qRT-PCR, Related to STAR Methods 

 

Gene Direction Primer sequence 

ZEB2 † forward TCTCGCCCGAGTGAAGCCTT 

ZEB2 † reverse GGGAGAATTGCTTGATGGAGC 

ZEB2 * forward AAATTCCAGGTCCCCATCCC 
ZEB2 * reverse GTGGAGTTCTGCTATAGATGGTG 

TBX21 † forward GATGCGCCAGGAAGTTTCAT 
TBX21 † reverse GCACAATCATCTGGGTCACATT 

TBX21 * forward TCCTACCCAACCAGTATCCTG 

TBX21 * reverse TCATGCTGACTGCTCGAAAC 
GZMA forward TTTCTGGCATCCTCTCTCTCA 

GZMA reverse GGGTCATAGCATGGATAGGG 

PRF1 forward GTGGAGTGCC GCTTCTACAGTT  

PRF1 reverse TGCCGTAGTTGGAGATAAGCCT 

CXCL13 forward GAGGCAGATGGAACTTGAGC 

CXCL13 reverse CTGGGGATCTTCGAATGCTA 
 

† used in the gene transfection experiments 

* used in the gene knockout experiments using the CRISPR/Cas9 system in human ThA cells 
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