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29 Abstract

30  Myasthenia gravis (MG) is a neurological disease caused by autoantibodies against
31  neuromuscular-associated proteins. While MG is frequently developed in thymoma
32 patients, the etiologic factors for MG are not well understood. Here, by constructing a
33 comprehensive atlas of thymoma using bulk and single-cell RNA-seq, we identified
34 ectopic expresson of neuromuscular molecules in MG-associated thymoma
35 (MG-thymoma). These molecules were originated from a distinct subpopulation of
36 medullary thymic epithelia cells (mTECs), which we named neuromuscular mTECs
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37 (hmTECs). MG-thymoma also exhibited microenvironments dedicated to autoantibody
38  production, including ectopic germinal center formation, T follicular helper cell
39  accumulation, and type 2 conventional dendritic cell migration. Cell-cell interaction
40 analysis aso predicted the interaction between nmTECs and T/B cels via
41 CXCL12-CXCR4. The enrichment of nmTECs presenting neuromuscular molecules
42 within MG-thymoma was further confirmed by immunohistochemically and by cellular
43 composition estimation from MG-thymoma transcriptome. Altogether, this study
44  suggests that nmTECs play a significant role in MG pathogenesis via ectopic expression
45  of neuromuscular molecules.

46 (154/150 words)

47
48 Main
49 Myasthenia gravis (MG) is the most common disorder of neuromuscular

50  transmission caused by autoantibodies against the motor endplate, such as
51  anti-acetylcholine receptor (AChR) antibodies. MG is often accompanied by thymoma,
52 and thymoma-associated MG (TAMG) is more difficult to manage than other forms of
53 MG because of its frequent crisis, the need for surgery, the difficulty of perioperative
54  management and the need for intense immunotherapies'. As the epidemiology, 21% of
55 MG patients experienced thymoma’, and 25% of thymoma patients experienced MG®,
56 indicating that MG and abnormalities in the thymus are closely related to each other.
57  Thisis also exemplified by that thymectomy is a well-established treatment for TAMG
58 in addition to immunosuppressive treastments”.

60 Abnormalities of the thymus, in which immature thymocytes differentiate into
61  matured CD4" or CD8" T cells, are frequently associated with a variety of autoimmune
62  diseases, such as pure red cell aplasia and Good syndrome’. In the thymus, T cell
63  maturation and selection are conducted by the interaction with antigen-presenting cells,
64 including thymic epithelia cells (TECs), myeloid cells, and B cells®’. The positive
65  selection of functional T cellsis mediated by cortical TECs (CTECSs), while the negative
66  selection of autoreactive T cells is mediated by medullary TECs (MTECs) presenting
67  self-antigens on MHCs. In line with the critical role of mTECs, a loss of function
68  mutation of AIRE, which is an essential transcription factor for producing self-antigens
69 in mMTECS®, causes systemic autoimmunity called Autoimmune Polyglandular
70 Syndrome Type 1 (APS-1)°. In addition, dysregulation of the thymus, including
71 thymoma and thymic hyperplasia, are frequently associated not only with MG but also
72 neurologica disorders, including encephalitis, which are caused by a wide range of
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73 autoantibodies’®™*2!314%> Thys, abnormalities of the thymus are closely associated

74 with the generation of self-reactive autoantibodies, which result in the development of
75 autoimmune diseases.

76

77 Given that MG is caused by self-reactive autoantibodies, M G-specific changes
78 within thymoma may be a clue for understanding the pathogenesis of MG. It has been
79  reported so far that the accumulation of neurofilaments, which is expressed in neurons
80 under the normal condition, are highly detected in MG-thymoma™. In addition,
81  germinal centers (GCs) and T follicular helper (Tfh) cells, both of which play critical
82 roles in antibody production, are also enriched in MG-thymoma'"*®. Despite the
83  possible contribution of these changes in MG pathology, the complete picture of MG
84  pathogenesis from abnormalities in thymoma to auto-reactive B cell maturation is till
85  poorly understood due to intra- and inter-individual heterogeneity of the thymus.
86  Therefore, to reveal the complex pathogenicity of MG in thymoma, we integratively
87  analyzed bulk and single-cell transcriptomes of MG-thymoma and found that a distinct
88  subpopulation of MTECs ectopically expressed neuromuscular-associated molecules
89 and would contribute to the pathogenesis of MG via presenting neuromuscular
90  moleculesto self-reactive immune cells developed in thymoma.

91

92 Results

93  Ectopic expression of neuron-related moleculesin M G-thymoma

94 To characterize MG-specific changes in thymoma comprehensively, we first

95 investigated gene expression profiles from surgically dissected thymoma samples
96  enrolled by The Cancer Genome Atlas (TCGA)™ (Fig. 1a). Of the 116 thymoma
97  samples with RNA-seq data, 34 were complicated with MG. In the WHO classifications,
98  which are commonly used for the thymoma staging based on histology, there are six
99 classifications. Type A, AB, B1-B3, and C (i.e, A, spindle cells; AB, mixed spindle
100 cells and lymphocytes; B1, lymphocytes > epithelia cells; B2, mixed lymphocytes and
101 epithelial cells; B3, predominant epithelial cells; and C, carcinoma). In the present data
102  set, MG was associated with multiple types except for type C (Extended Data Fig. 2a),
103 with its peak at type B2, as previously reported®. When we investigated differentially
104  expressed genes between thymoma with and without MG (Supplementary Table 1,
105  Extended Fig. 2b), 93 and 91 genes were identified as upregulated and downregulated
106 genes in MG, respectively. The upregulated genes contained neuromuscular-related
107 molecules;, NEFM, RYR3, GABRAS5, and immunoreceptors, PLXNB3, IL13RA. We also
108 observed a slight increase in the acetylcholine receptor CHRNAL, which is the main
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109  target of autoantibodies in TAMG (log; fold change = 1.07, P.q = 0.87 with DESeq2”;
110 P =0.0051 with two-sided Mann-Whitney U test, Extended Data Fig. 2c).

111

112 To dissect transcriptome changes unbiasedly, we next adopted the unsupervised
113 gene clustering approach; Weighted Gene Co-expresson Network Analysis
114  (WGCNA)? on the large-scale thymoma samples (Extended Data Fig. 2d). We initially
115 constructed gene “modules’, each of which were composed of a set of genes showing
116  correlated gene expression. In the thymoma samples, seven modules consisting of 30
117 -1102 genes were obtained and represented by colors (Supplementary Table 2). We next
118 investigated the association of clinical information with a representative gene
119  expression of each module, calculated as eigengene (Fig. 1b). MG had a most
120  significant correlation with the yellow module (p = 0.55, P = 6 x 10", Extended Data
121 Fg. 2e) among modules. Each type of the WHO classification corresponded to different
122 modules, respectively; i.e., A, AB - black, turquoise; B1, B2 - blue; B2, B3 - yellow; C -
123 green, red. The grey module was strongly associated with gender, and the black and
124  turquoise modules with age at diagnosis. On the PCA plot based on the transcriptome,
125  the enrichment of each module was well-coordinated with the profile of WHO types,
126 suggesting that the heterogeneity of thymoma can be represented by the gene modules
127 (Fig. 1c). Next, we investigated the detailed gene profiles of the modules associated
128 with MG. In accordance with that MG was particularly enriched in the WHO type B
129 epidemiologicaly® and in TCGA samples (Extended Data Fig. 2a), the yellow module
130 linked to MG was associated with type B2 and B3 (Fig. 1c). In contrast, the blue
131 module, which was independent of MG, was also associated with types B1 and B2 (Fig.
132 1c). To distinguish the yellow module from the blue one, we selected cytokeratins,
133 which have various isotypes specific to tissues. Within cytokeratin isotypes, KRT6A,
134  KRT6C, KRT15 were specific to the yellow module, whereas KRT7, KRT17, KRT18
135  were to the blue module (Fig. 1d). To confirm the difference histologically, we stained
136  KRT6 and KRT17 proteins in thymoma tissue sections and observed the corresponding
137  staining patterns to MG and non-MG-thymoma, respectively (Fig. 1ef). We next
138 examined the enriched pathways in the yellow module. Intriguingly, when we examined
139  the enriched pathways in the yellow module, the most significantly enriched pathway
140  was neuronal systems which included GABA receptors (GABRA5, GABRB3),
141 neurofilaments (NEFM, NEFL), voltage-gated potassium channels (KCNC1, KCNH2,
142  KCNH5, KCND3), and an NMDA receptor (GRIN2A) (Fig. 1g,h, Supplementary Table
143 3). Formation of the cornified envelope including cytokeratins and ion channel transport
144 were aso enriched in the yellow module. On the other hand, the other modules did not
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145  show the enrichment in neuronal systems but instead showed the enrichment of different
146 types of pathways, such as interleukin-4 and interleukin-13 signaling in the blue module,
147 extracellular matrix organization in the green module, and interleukin-10 signaling in
148 thered module (Extended Data Fig. 2f, Supplementary Table 4).

149

150 Thymoma has been shown to associate with paraneoplastic neurological
151  diseases, such as encephalitis and myositis, besides myasthenia gravis*>%. We observed
152 the significant overlap of candidate target antigens of thymoma-relating autoantibodies
153 (Supplementary Table 5,6) with the yellow module genes (odds ratio = 7.87, P = 1.65 x
154 10° and more weakly with the differentially expressed genes between MG and
155  non-MG (odds ratio = 7.42, P = 2.67 x 10'3). The overlap included an NMDA receptor
156  (GRIN2), voltage-gated potassum channels (KCNH2, KCNC1, KCNA1, KCNC2,
157  KCND3, KCNH5), a glycine receptor (GLRA4), a GABA receptor (GABRAS), and a
158  ryanodine receptor (RYR3) (Fig. 1i).

159

160 We aso examined immune profiles of MG, such as T cell receptor (TCR)/B
161  cell receptor (BCR) diversity and viral infections. The diversity of immunoglobulinsin
162  MG-thymoma was lower than that of non-MG-thymoma, suggesting that B-cell
163 maturation and expansion were occurred in MG-thymoma (Extended Data Fig. 3a). The
164  diversity of TCR was mostly unchanged between them, but the composition rate of a
165 TCR aphachain J, TRAJ24, was high in MG (P = 9.6 x 10™*; Extended Data Fig. 3b),
166 and especialy the TRAJ24-TRAV13-2 combination was 7.50-fold more frequent in
167  MG-thymoma (Extended Data Fig. 3c). To assess the effect of HLA on MG
168 susceptibility, we determined major aleles of the HLA class | and Il in MG using the
169 same TCGA bulk RNA-seq dataset. The strongest association was observed in
170  DQA1*01:04 (odds ratio = 4.43, P = 0.050), followed by DQB1*05:03 (odds ratio =
171 4.25, p = 0.056), A*24:02 (odds ratio = 2.84, P = 0.058, aso reported by Machens et
172 al.,**) though all associations were below the significance level (Extended Data Fig. 3d).
173 MG development has also been shown to associate with viral infections, including
174  SARS-CoV2® and Epstein-Barr virus®®®’. Therefore, we next examined infected
175 viruses in thymoma using the TCGA dataset. Although various viral transcripts such as
176  Epstein-Barr virus and herpesvirus 6A were detected in MG-thymoma, no significant
177  association with viruses was observed (False Discovery Rate (FDR) < 0.1, Extended
178  Data Fig. 2€). In addition, we could not find any significant somatic mutations
179  associated with MG, whereas missense mutations in GTF2I were observed in 49% of
180  thymoma patients as previously reported® (Extended Data Fig 4). Altogether, the
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181  unbiased large-scale omics analysis revealed MG-specific expression of neuromuscular
182 molecules and the distortion in the diversity of TCRs and BCRs.

183
184  Single-cell profiling of thymoma and PBM Csfrom MG patients
185 To clarify the source of neurological molecules and the surrounding immune

186  environments in MG-thymoma, we conducted single-cell RNA sequencing (SCRNA seq)
187  experiments of thymoma and peripheral blood mononuclear cells (PBMCs) derived
188 from four MG patients (Fig. 2a, Supplementary Fig. 3). The patients consisted of three
189  females and one male, had not received immunosuppressive therapy preoperatively
190  except for one patient, ranged in age from 35 to 55 years, and had thymomatype AB-B2
191  (Supplementary Table 7). Using a droplet-based single-cell isolation method, we
192 profiled 33,839 cells from thymoma and 30,810 cells from PBMCs and identified 49
193 clusters upon them (Fig. 2b,c, Extended Data Fig. 5a,b). The cell annotation of PBMCs
194 and the thymus was well-concordant with the previously reported scRNAseq
195  experiments for healthy PBMCs® and the thymus® (Extended Data Fig. 5d,e), and each
196  cluster was well-separated by the specifically expressed genes. (Fig. 2d, Extended Fig.
197 5c, Supplementary Table 8). In the latter parts, we analyzed the detailed expression
198 profiles of the mgjor clusters; stromal cells, T cells, and B cells, of MG-thymoma.

199
200  ldentification of a unique thymic epithelial cell cluster in M G-thymoma
201 We profiled stromal cells of thymoma firstly. Clustered stromal cells

202 corresponded to endothelial cells (positive for PECAM1/CD31, VWF), normal
203 fibroblasts (FN1, EGFL6), tumor-associated fibroblasts (TAFs, PDGFRA, ADH1B), and
204  thymic epithelial cells (TECs, KRT19, S100A14) (Fig. 3a, Extended Data Fig. 6a). We
205  then extracted the TEC cluster and re-clustered them into cTEC (CCL25, PSVIB11) and
206 mMTEC (CCL19, KRT7) clusters (Fig. 3b, c). The mTECs further fell into 3 clusters;
207 mTEC(I) specifically expressing KRT15 and IFI127; mTEC(Il) expressing CLDN4 and
208  KRT7; and the unique mTECs expressing neuromuscular-related molecules (Fig. 3d).
209  Cells in this unique mTEC cluster also expressed brain-specific genes included in the
210 yellow module, such as GABRA5, MAP2, NEFL, NEFM, SOX15, TF. Their ectopic
211  expression was aso confirmed immunohistochemically in M G-thymoma tissue sections
212 (Fig. 3e, Extended Data Fig. 6b,c). GABRAS as one of the neuronal molecules
213 expressed in the unique cluster and the cytokeratin KRT6, which belongs to the yellow
214  module, were detected in identical cells (odds ratio = 50.6, P < 107, with the
215  cytoplasm and the pericellular localization of the cells, respectively (Fig. 3g,h,
216 Supplementary Fig. 4). Due to the atypical expression profile of the cluster, we named
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217 the population neuromuscular-mTECs or nmTECs. nmTECs also expressed some of the
218  targets of autoantibodies in thymoma-associated neuromuscular disorders highlighted in
219  TCGA bulk RNA-seq analysis in Fig. 1i (Extended Fig. 6d). To assess the counterparts
220 inthe normal thymus, we compared scRNAseq data of thymoma TECs with that of the
221 normal thymus previously published®. Thymoma nmTECs were partially correlated
222 with an immature TEC cluster (mcTECs) and not with myoid cells (TEC(myo)) and
223 neuroendocrine cells (TEC(neuro)) in the normal thymus (Fig. 3f). Next, to clarify the
224  biological characteristics of nmTECs, gene set enrichment analysis of nmTECs was
225  performed using the REACTOME gene sets. nmTECs showed the enhancement of
226  pathways such as TP53 activation and pathways in cancer (Fig. 3i,I). nmTECs showed
227  the highest number of detected reads per cell, while markers for other cell-types such as
228 T cells and B cells were not detected in their expression (Fig.3m, Extended Data Fig.
229  6e), suggesting that NmTECSs are tumorous cells and not doublets. nmTECs a so showed
230 the enrichment in E3 ubiquitin ligases, IFNy signaling, and class | MHC mediated
231  antigen processing and presentation (Fig. 3i-k). Although MHC class Il antigen
232 presentation was not significantly enriched in the pathway analysis, nmTECs showed
233 upregulation of HLA class Il molecules and IFNy together with downstream molecules
234 of IFNy signaling; STAT1, IRF1, CIITA, which have been shown to activate MHC class
235 Il regulations®***2. It suggests that NnmTECs may possess a high capability of
236  antigen-presentation via HLA class Il (Fig3.n). AIRE and FEZF2, which have been
237  reported to be involved in the production of self-antigens in mTECs, and
238  tissue-restricted antigens (TRAS) were expressed in a few cells of mTEC(1) cells, but
239 not in nmTECs (Extended Data Fig 6f). These observations thus suggest that nmTECs is
240 a unique population producing neuromuscular-related molecules with active antigen
241  presentation viaMHC class | and 11 molecules.

242
243 Dynamics of myeloid cellsin M G-thymoma
244 To explore the MG-specific immune environment in thymoma, we next

245  profiled myeloid cells. We identified six myeloid clusters in thymoma and PBMCs
246  (Extended Data Fig. 7a,b). Monocytes were dominated in PBMCs, while macrophages
247  and dendritic cells were populated mostly in thymoma (Extended Data Fig. 7€). Among
248  clusters, type 2 conventiona dendritic cells or cDC2s (CLEC10A, FCERIA,
249  ITGAX/CD11c), which preferentially polarize toward Tx2, Tl17, and Tgy responses™,
250  were inferred to migrate from the periphery into thymoma from RNA velocity®
251  (Extended Data Fig. 7c-f).

252

-~
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253 B cell maturation with ectopic germinal center formation in M G-thymoma

254 Since B cells are the source of the autoantibodies causative for MG, we next
255  assessed B cell dynamicsin MG-thymoma. To determine the subpopulations of B cells,
256  we categorized them into eight distinct B cell clusters. Notably, we found a population
257 forming a germinal center (GC; positive for BCL6, MEF2B) in MG-thymoma (Fig. 4a),
258  while GC B cells were not detected in the normal thymus (Extended Data Fig. 5d). The
259  formation of ectopic germinal centers in MG-thymoma was aso histologically
260  confirmed by H&E staining (Fig. 4f). Based on the expression of immunoglobulins, B
261  cells were divided into three groups, 1) Naive, GC, pre-GC (IGHM, IGHD, IGHG3
262 high); 2) memory B cells (IGHA1, IGHA2, IGHG2 high); and 3) plasmablasts (IGHGL,
263  IGHG3, IGHG4 high) (Fig. 4b). We also observed that a pre-GC B cell population
264  (STMNL1, TCL1A) was preferentialy enriched in thymoma (Fig. 4c). The RNA velocity
265  analysis showed that pre-GC cells were directed from naive B cells toward GC B cells,
266 memory B cells, and plasmablasts in MG-thymoma (Extended Data Fig. 8a), suggesting
267  that the B cell maturation progresses normally in the MG-thymoma. In addition, Pre-GC,
268  GC, thymic memory B cells, and plasmablasts were enriched in thymoma compared to
269  PBMCs(Fig. 4d.,e).

270
271 T cell polarization in M G-thymoma
272 In the thymus, T cells are characteristically educated by antigen-presenting

273 cells, including mTECs, and abnormalities of the antigen-presentation frequently
274  associate with autoimmune diseases via T cell dysfunction®®®’. Therefore, we next
275 investigated whether T cells in thymoma were engaged in MG pathogenesis (Extended
276  Data Fig. 8d). We observed the existence of immature and mature T cells in thymoma,
277  suggesting that the physiological T cell development was maintained even in
278  MG-thymoma. Among populations, we identified a thymoma-specific mature T-cell
279  population, CD8" tissue-resident memory T cell (CD8 Trw) expressing CXCR6 as seen
280  in other tissues such as the lung®® and skin® (Extended Data Fig. 8d). We next
281  focused on CD4" T cell clusters, which are essential for B cell activation. In thymoma
282 and PBMCs, we identified 13 specific clusters, which corresponded to cells in the
283  process of differentiation, i.e, immature thymic CD4" T cells to terminally
284  differentiated effector memory CD4" T cells (CD4 Tewmra). T cells after thymic selection
285  contained CD4" naive T cells (CD4 Tnaive; CCR7™ FAS), CD4" central memory T cells
286 (CD4 Tcm; CCR7 FAS), effector memory T cells (CD4 Tew; CCR7 FAS'), and
287  terminally differentiated effector memory CD4" T cells (CD4 Tewra; FAS CD28) (Fig.
288  4g,h). We also identified T cell polarizations using characteristic transcription factors
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289 and chemokine receptors such as Tyl (TBX21/Thet) in Tem and Temra, T2 (GATAS3,
290  CCR4) in Tcom, Thl7 (RORC, CCRE) in Tew, T follicular helper cells (Ten; CXCRS,
291 PDCDL1) in Tewm (Fig. 4h). These cell annotations were also concordant with the bulk
292 RNA-seq dataset of purified T cells* (Extended Data Fig. 8e). When we assessed the
293  tissue localization of these cells, CD4 Tcm (Tw0) was more abundant in the thymus, and
294  CDA4 Tem (Ten) was equally abundant in the thymus, whereas other memory T cells such
295  asCD4 Tewm (Tw2), CD4 Tewm (Tw17) were significantly more abundant in the periphery,
296  suggesting that TuO-Tey axis are prominent in the thymus (Fig. 4i,j). Next, to infer T
297  cell dynamics between thymoma and periphery, we investigated the commonalities of
298  T-cell receptor (TCR) repertoires of these cell populations. Strong clonal expansions
299  were observed in Tyl prone clusters, including CD4 Tem (Twl/17), CD4 Tem (Twl) and
300 Temra (Twl), and also slight clonal expansions in CD4 Tem (Th2), CD4 Tem (Twl7),
301 and activated T cells (Extended Data Fig. 8f). By examining TCR similarity between
302  the thymus and periphery for each cluster, Treg cells showed higher levels of TCR
303 similarity between the thymus and the periphery, compared to the other cell populations
304  (Fig. 4l). This suggests that naive Ty Cells are activated in thymoma aberrantly and
305 circulated into the periphery. In addition, a chemokine receptor CXCR4 was
306  preferentially expressed in thymic mature T cells (Fig. 4k, Extended Data Fig. 8g). A
307  couple of thymic T cell-specific genes such as CD69, SOCSL (STAT-Induced STAT
308 Inhibitor 1) and RGSL (Regulator Of G-Protein Signaling 1) were also expressed in B
309  cellsin thymoma, but not in periphery, suggesting that these genes were regulated by a
310 shared tissue-specific program between T and B cells (Extended Data Fig. 8b,c). Taken
311  together, a detailed analysis of B and T cells revealed that MG-thymoma kept primary
312 lymphoid tissue characteristics for T cell education and gained abnormal inflammatory
313 profiles with ectopic GC formations.

314

315 Cell-cell interaction inference

316 To analyze the communications among cells, we next inferred cell-cell
317 interaction by integrating single-cell data with a curated ligand-receptor pair database
318  through a bicinformatics application, CellPhoneDB* (Fig. 5a). The cell fraction
319 possessing the highest number of intercellular interactions was nmTECs (Fig. 5b). The
320  cell-cell interaction network analysis showed that nmTECs acted as a hub in the
321 network and interacted with myeloid cells, T cells, B cells, tumor-associated fibroblasts,
322 and endothelia cells (Fig. 5¢). nmTECs and tumor-associated fibroblasts preferentially
323 expressed CXCL12, and thymic B cells and helper T cells, including Tey and TregCells,
324  expressed its receptor, CXCR4. Given that the CXCR4-CXCL12 axis has been shown to
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325 play a key role in T cell homing in synovia tissues of rheumatoid arthritis®,
326  neurogenesis™, and maintenance of hematopoietic stem cells®, the interaction may be
327 important for nmTEC-mediated T cell regulation (Fig. 5d). CXCR5 was expressed in B
328  cells, Tey, and CD8 Trm, Whileits ligand, CXCL13, was expressed in Tey and CD8 Try,
329  suggesting that the putative role of CXCR5-CXCL13 for T-B interaction in thymoma.
330  This predicted interaction was consistent with the previous findings™. We also predicted
331  theinteractions of nmTECs with vascular endothelial cells via VEGFA and VEGFE and
332 with tumor-associated fibroblasts via PDGFA-PDGFRA. To verify the predicted
333 interaction, we performed immunostaining of CD31 on MG-thymoma sections and
334  observed that GABRA5" nmTECs were in proximity to CD31" vascular endothelial
335 cells (Fig. 5e-g, Supplementary Fig. 5). These observations suggest that nmTECs may
336 promote angiogenesis viathe interaction of vascular endothelial cells.

337
338 Integrative analysis of MG pathology across cdl types
339 Recently, a computational method has been developed to infer the cell

340  proportions from bulk RNA-seq datasets using references constituted by scRNAseq”.
341 To identify cell populations enriched in MG, we estimated cell distribution by
342 deconvolution of large-scale bulk RNA-seq of thymomas in the TCGA database, using
343 detailed single-cell annotation defined in the previous sections. Among cell populations,
344  CTECs were accumulated in WHO type A; mTECs in type A, B3, C; and immature T
345  cellsintype B1 thymoma (Extended Data Fig. 9a). These observations were concordant
346 with the phenotypes defined by WHO classification, suggesting that the deconvolution
347 was functioning well. The numbers of cycling DN/DP T cells and endothelia cells were
348  decreased and increased, respectively, along with age (Extended Data Fig. 9b). The
349  most significantly associated cell population to MG was nmTECs, followed by GC B
350  cellsand cDC2s (Fig. 6a-C).

351

352 Next, we examined the contribution of each cell type to each module defined
353 by WGCNA. nmTECs were the most significantly contributed to the yellow module,
354  which was associated with MG (mean expression = 0.092, Py < 10™°; Fig. 6d,
355  Supplementary Table 11). The blue module, which was also associated with WHO type
356 B, was found to be associated with cycling DN/DP T cells and DP cells (mean
357  expression = 0.092 and = 0.10, P < 10"® and < 10™%; Fig. 6d, Supplementary Table
358 11). The target molecules of thymoma-associated autoantibodies were also enriched in
359  nmTECs significantly (mean expression = 0.014, Py =1.4 x 10°>; Extended Data Fig.
360  10c, Supplementary Table 10). To measure genetical effects on each cell population, we
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361 listed up myasthenia gravis associated genes reported in three genome-wide association
362 studies (Seldin et al.®®, 532 cases, 2128 controls; Renton et al.*®, 1455 cases, 2465
363 controls, Gregersen et al.™, 649 cases, 2596 controls, Supplementary Table 10). We
364 excluded HLA genes, which possessed the most significant signals, to avoid the
365  ambiguity derived from the complex linkage disequilibrium (LD) structure in the HLA
366  regions. We also extracted genes associated with GWAS SNPs in consideration of
367  expression quantitative trait locus (eQTL) and LD structures (see Methods).
368  MG-associated genes in both lists were significantly associated with T Cells and B
369  cells, including GC B cells and plasmablasts (Fig. 6d, Extended Data Fig.10a,b,
370 Supplementary Table 11). Overall, these analyses indicated that nmTECs, GC B cells,
371 and cDC2s were atypicaly increased in MG-thymoma and that the genetic effects
372 associated with MG were mainly accumulated in T and B cells.

373
374  Histological validation of the M G-associated phenotypes
375 To validate the M G-associated changes in another cohort, we examined tissue

376 gpecimens from 63 WHO type AB-B3 thymoma surgery cases with the clinical records
377 (Fig. 6e). To quantify the amount of hmTECs, we performed immunostaining for
378  GABRAS (Fig. 6f) and found that the number of GABRADS poasitive cells was higher in
379 MG (P = 0.050) and more significantly in anti-AChR antibody-positive thymoma
380 patients (P = 4.2 x 10*, Fig. 6g-i). In addition, the presence of germinal centers
381  determined by H&E staining was associated with the increase of anti-AChR antibodies,
382  the presence of MG/other neuro-related autoimmune diseases, and the number of
383  GABRAS positive cells (Fig.6j). These observations depicted that the emergence of
384 nmTECs was involved in MG pathogenesis in thymoma together with the altered
385 immune cell populations.

387
388 Discussion
389 In this study, we revedled the pathogenic changes responsible for MG in

390 thymoma by exploring MG-deviated expression at the single-cell level. Asakey finding,
391  we identified abnormal expression of neuromuscular molecules specific to MG cases
392 within thymoma. Single-cell RNA-seq and immunohistological examination of
393 MG-thymoma specimens revealed that these neuromuscular expressions were limited in
394 a subpopulation of mMTECs (GABRAS'KRT6'), termed nmTECs. In addition,
395  MG-thymoma developed atypical immune microenvironments with GC formation, B
396  cell maturation, and ectopic neuromuscular expression on nmTECs, providing a holistic
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397  picture of the cell dynamics for producing autoantibodies, which was previously known
398 only in fragments (fig. 6k).

399

400 While TAMG is caused by autoantibodies against acetylcholine receptors
401  expressed at the neuromuscular junction under normal conditions, the mechanisms by
402 which those autoantibodies are generated have not been clarified so far. In this study,
403 integrated omics analysis showed that responsible antigen-presenting cells to present
404  acetylcholine receptors would be nmTECs in the thymus. mTECs originally possess the
405  ability to express systemic antigens ectopically using a transcription factor, AIRE, to
406  eliminate self-reactive T cells’. In fact, it has been shown that mTECs acquire a variety
407  of cel polarities such as tuft, keratinocyte-like, and neuroendocrine after AIRE
108  expression” 2. Therefore, it seems likely that acetylcholine receptor expression by
409  nmTECs would be caused by the intrinsic ability of mTECs to present self-antigens
410 under the negative selection. The expression of autoantigens is also known to be
411 enhanced by IFN-y>*. We observed that the IFN-y signaling cascade in nmTECs was
412 more active than those in normal mTECs, indicating that they present antigens to
413 immune cells more efficiently. Thus, nmTECs would feed self-antigens to autoreactive
414  lymphocytes and trigger pathologica GC formation in the thymoma. This also gives
415  riseto the possibility that the physiological production of self-antigens by mTECs might
416  have arisk of inducing autoimmunity. Interestingly, M G-thymoma expresses not only
417 acetylcholine receptors but also various neuromuscular-related antigens associated with
418  other autoimmune diseases, suggesting that the abnormal expression of neuromuscular
419  antigens by nmTECs is aso associated with thymoma-associated neuromuscular
420  autoimmune diseases. This may provide clues to elucidate the pathogenesis of a wide
421  range of neurological autoimmune diseases.

422

423 We have succeeded in capturing the entire picture of the thymic
424 microenvironment for producing autoantibodies causative for MG. It is widely accepted
425  that mature B cellsin the thymus serve as a source of autoantibodies™. In addition, GC
426  formation and an increase of Tfh cells in the thymus have been reported as immune
427 changes in MG-thymoma'"*®. Our results were fully consistent with those observations
428  and further revealed the accumulation of cDC2, which are considered as migrating DCs
429  from the peripherally for supporting B cell maturation®™, in MG-thymoma. Cell-cell
430 interaction analysis also predicted that the CXCR4-CXCL12-mediated interaction
431  between lymphocytes and nmTEC in the thymus is one of the key interactions for
432 producing autoantibodies in the thymoma microenvironments. The interaction of
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433 nmTECs and lymphocytes together with cDC2, Tfh, GC accumulation suggests that
434  there may be MG-specific immune microenvironments that support the maturation of
435  autoantibody-producing B cells and their migration to the periphery. It has also been
436 reported that anti-AChR antibody-producing cells reside in the bone marrow®® and
437 lymph nodes® outside the thymus and that antibody-producing cells continued to
438 circulate in the periphery after thymectomy™. The circulation between the thymoma and
439 the periphery also seems to be present in T cells, as suggested by our TCR repertoire
440  analysis. We thus now have a better understanding of the thymoma microenvironment in
441  which autoreactive B cells are maturated with the help of neuromuscular
442 molecule-presenting nmTECs, the construction of GC formation, enhanced Tfh cell
443 activity, and cDC2 accumulation.

444

445 One of the remaining questions is whether the expression of neuromuscular
446 molecules by mTECs triggers the MG development. Our data showed that some patients
447 with high expression of neuromuscular genes did not develop MG. Histological analysis
448  also showed that GABRAS5-positive, or nmTEC marker-positive, cells were present in
449  some acetylcholine receptor antibody-negative patients. These results suggest that the
450  accumulation of neuromuscular-related antigens induces a pre-disease state and is not a
451  sufficient condition for MG pathogenesis. In other words, MG pathogenesis requires
452 additional factors except for the differentiation of nmTECs. One of the candidate factors
453 is vira infections since vira infections have been reported to be involved in many
454  autoimmune diseases, including MG*?**, via inducing immune disruption. While we
455  could not detect any virus that significantly correlated with MG, its effect might
456  contribute to the MG pathogenesis as reported. Another pathological factor is the
457  genetic factors. The integrated analysis with GWAS reaffirmed the importance of T cells
458 including Ty Cells and B cells as a genetic predisposition for MG pathogenesis.
459  Therefore, MG would be cooperatively developed by the expression of
460  neuromuscular-related antigens, skewed immune microenvironment, genetic
461  backgrounds, and environmental factors including virus infections. Further analysis will
462  be required for addressing the stepwise development of MG.

463

464 Finally, we revealed the complex relationship between MG and thymoma from
465 aview of cell composition and the source of neuromuscular molecules causative for
466 MG. We hope that this study will provide useful information for the development of
467 MG therapy.

468  (4668/4000 words)
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469

470 Methods

471 Human samples

472 The study using human samples was reviewed and approved by the Research Ethics
473 Committee of Osaka University and carried out in accordance with the guidelines and
474  regulations. Human samples were collected under approved Osaka University’s review
475  board protocols: ID 10038-9 and ID 850-2. Written informed consent was obtained from
476 dl donors.

477

478 Immunohistochemistry

479 All tissue samples were fixed in 10% formalin, embedded in paraffin, cut into
480  4-um-thick sections. For DAB staining, Immunohistochemical staining was performed
481 using the Roche BenchMark ULTRA IHC/ISH Staining Module (Ventana Medical
482  Systems) with the Ultra CC1 mild protocol. For Double stains, we performed a second
483  oain for slides that were DAB stained by the Ultra CC1 mild protocol using the
484  Stayright Purple kit (AAT Bioquest). For multicolor fluorescent staining, we stained
485  dlides using Opal 4-Color IHC Kits (AKOYA Biosciences) and observed using the Zeiss
486  LSM 710 or LSM 880 confocal microscope and ZEN microscope software (Carl Zeiss).
487  The primary antigens and dilution ratios used are presented in Supplemental Table 12.
488  The scoring of immunohistochemical staining images was supervised by the
489  pathologists (K.K. and S.N.).

490

491  Histological quantifications

492 For DAB signal quantification, the region with the strongest DAB signal in each slide
493 was captured. Double-stained slides of CD31 and GABRAS were captured up to two
494  GABRAS-positive areas and an equal number of negative areas from each
495  MG-thymoma specimen under 40x objective. After adjusting the white balance, signals
496  of hematoxylin and DAB or hematoxylin, DAB, and Purple were separated using the
497  reb2hed function in a python package scikit-image (v0.18.1) and quantified the areas
498  above the threshold (Supplementary Fig. 1,2,5). For the distance between GABRAS
499  dgnas and KRT6 signals, the distances between the nearest blobs of GABRAS and
500  KRT6 were measured (Supplementary Fig. 4) were measured. Blobs were defined using
501  the blob_log function provided by a python package scikit-image (0.18.1). The number
502  of nmTECs in Figure 6f was calculated by averaging the number of positive cellsin the
503  three regions with the highest accumulation of positive cells under x40 objective using
504 DAB saining for GABRAS. The detection of germina centers was judged by H& E
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505  staining or IHC of CD79A. The existence of Hassall's corpuscles was judged by HE
506  staining.

507

508  Cell preparation and sequencing of SSRNAseq

509  To ensure the quality of the library, the library preparation of all thymoma and
510  peripheral blood samples was completed by the next day after the collection. Immune
511  cellsand thymic epithelial cells were isolated from thymic tissue dissected surgically, as
512 previously described™. Briefly, thymic tissue was mechanically disrupted, and the
513  fraction containing lymphocytes was collected. Extracted cells were stained with
514  7-AAD (BD Biosciences), and live cells were collected as a lymphocyte fraction. The
515  remaining thymic tissue was subjected to enzymatic treatment (Collagenase A
516  (Worthington), DNAse | (Roche, Basel Switzerland), Trypsin/EDTA (nacalai tesgque))
517  and the resulting cells were then subjected to a percoll density gradient centrifugation
518  for the enrichment of thymic epithelial cells. Cells derived from low-density fraction
519  were stained using FITC-labeled anti-EpCAM mAb (dilution: 1/10, HEA-125, Miltenyi
520  Biotec), PE-labeled anti-CD45 mAb (dilution: 1/100, HI30, Biolegend). Dead cells
521  were excluded by 7-AAD staining, and CD45 (low) EpCAM (high) was defined as
522 thymic epithelial cells. Immune cells and thymic epithelial cells were isolated using BD
523  Biosciences FACS Ariall. The gating strategy is described in Supplementary Data Fig.
524 3. For CD4" T cells and B cells, we first collected PBMCs using Ficoll-Paque (Cytiva).
525  Isolated PBMCs were washed, blocked Fc receptors using Fc Receptor Binding
526  Inhibitor Polyclonal Antibody, Functional Grade, eBioscience™ (Thermo Fisher
527  Scientific), and stained using FITC-labeled anti-CD3 mAb (dilution: 1/100, UCHT1,
528  BD Bioscience), APC-labeled anti-CD4 mADb (dilution: /100, RPA-T4, Thermo Fisher
529  Scientific), PE-labeled anti-CD19 mAb (HIB19, BiolLegend), Live/Dead (Thermo
530  Fisher Scientific). Then, live-CD3"CD4'CD19" cells and live-CD3'CD4'CD19" cells
531  wereisolated using BD Biosciences FACS Ariall.

532

533  The sorted cells were loaded to Chromium Next GEM Chip G (10x Genomics) on
534  Chromium Controller (10x Genomics) for barcoding and cDNA synthesis.
535  Amplification of the cDNA and the library construction was performed using
536 Chromium Next GEM Single Cell 3 GEM, Library & Gel Bead Kit v3.1 or Chromium
537 Next GEM Single Cell 3' Kit v3.1 (10x Genomics) for 3" profiling and Chromium Next
538  GEM Single Cell 5’ Kit v2 and Chromium Single Cell Human BCR Amplification Kit
539  or Chromium Single Cell Human TCR Amplification Kit (10x Genomics) for 5° and
540  VDJ profiling according to the manufacturer’s protocol. The libraries were sequenced
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541  on NovaSeq6000 (Illumina).

542

543 TCGA-THYM bulk RNA-seq analysis

544  RNA-seq fastq files for thymoma were downloaded from the GDC Data Portal using
545  gdc-client. Gene expression matrix quantified by HTSeq and clinical information was
546  downloaded through an R package TCGAbiolinks. The detection of differentially
547 expressed genes was performed by DESeq2” (1.30.1) with the design ~
548  primary_pathology history _myasthenia_gravis after the removal of mean count below
549 5. For the visualization of a volcano plot, the IfcShrink function in DESeq2 was applied.
550  Visualizations were performed by the plotPCA function in DESeg2, and R packages
551  EnhancedVolcano, pheatmap, and ggplot2.

552

553  WGCNA analysis

554 A transformed matrix by the vst function in DESeq2 was used for WGCNA analysis.
555 The top 3000 genes in the variance of the vsd matrix were selected. Then, we calculated
556  the adjacency using the adjacency function with power=5, created Topological Overlap
557  Matrix by TOMsimilarity, calculated the gene tree by hclust against 1 - TOM with
558  method = “average’, and conducted a dynamic tree cut with the following parameters,
559  deepSplit = 2, pamRespectsDendro = FALSE, minClusterSize = 50. The eigengenes of
560  each module were used for the correlation with clinica information. A pathway
561  enrichment analysis was performed utilizing R packages clusterProfiler and
562  ReactiomePA. Genes included in each module or included in the yellow module and
563  with log, fold change > 1, and genes of each module were analyzed using the
564  enrichPathway function.

565

566  Immunoreceptor s quantification

567  The determination and quantification of TCR and BCR were performed by the
568 MiXCR® (v3.0.3) analyze shotgun command with the options; --species hs
569  --starting-material rna --only-productive. The Gini index for CDR3 amino acid
570  sequences was calculated by an in-house program implemented in Python.

572 For HLA genotyping and quantification, we first aligned fastq reads on the hg38
573  reference genome using STAR (v2.7.2a). Then, HLA genotypes and expressions were
574  extracted using arcasHLA®' (v0.2.0) with IMGT.HLA database (3.24.0) with default
575  parameters.
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577  Comprehensive virus detection from bulk RNA-seq

578  The comprehensive viral quantification of RNA-seq was performed by a bioinformatics
579  pipeline; VIRTUS® (v1.2.1), which was composed of fastp, STAR, and Salmon. First,
580  we created indices using createindex.cwl with references downloaded from Gencode
581  v33. Then, we quantified viruses using VIRTUS.PE.cwl with options --hit_cutoff O
582  --kz_threshold 0.3.

583

584  Somatic mutation analysis of TCGA-THYM

585  Mutation data of thymoma was downloaded using an R package, TCGAbiolinks
586  (2.16.4). Visualization was performed by the oncoplot function implemented in an R
587  package, mafttools.

588

589  Bioinformatics analysis of SSRNAseq

590  Sequenced reads were quantified by Cell Ranger (v5.0.0) with pre-built reference
591  refdata-gex-GRCh38-2020-A downloaded at 10x GENOMICS website. Quantified
592  expressions were preprocessed and visualized using Scanpy® 1.7.2 and python 3.8.0.
593  IGKYV, IGLV, IGHV, IGLC, TRAV, and TRBV genes were removed for the clustering
594 and embedding for the removal of the effect of clonal expansion. Cells with
595  mitochondrial genes were higher than 20%, or detected genes less than 200 were filtered
596  out, then preprocessed by sc.pp.normalize per_cell with counts per cell _after=1e4,
597  sc.pp.loglpp, retained highly variable genes, scaled using sc.tl.scale, and computed
598  principal components using sc.tl.pca. The batch effect of samples was removed by the
599  BBKNN® agorithm. Cells were embedded by UMAP using sc.tl.umap, clustered using
600  sc.tl.leiden, and manualy annotated. T cells, B cells, myeloid cells, and stromal cells
601  were extracted, re-clustered from raw counts, and annotated manually through the same
602  procedure where parameters were determined heuristically. The inference of the cell
603  cycle was performed using the sc.tl.score_genes cell_cycle function following the
604  tutorial

605  (https://nbviewer.jupyter.org/github/theislab/scanpy_usage/blob/master/180209 cell_cy

606  cle/cell_cycle.ipynb). The enrichment scores of gene sets such as GWAS reported genes
607  and WGCNA module genes were calculated by the sc.tl.score_genes function of Scanpy.
608 A two-sided Mann-Whitney U test was performed for scores of a cluster and that of
609  others by the scipy.stats function. P-value correction for multiple tests was conducted
610  using the statmodels package. Gene set enrichment analysis for clusters was performed
611 by prerank test implemented in gseapy with scores caculated by
612  sc.tl.rank_genes_groups with the option method=t-test_overestim_var.

17


https://doi.org/10.1101/2021.12.19.473411
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.19.473411; this version posted December 21, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

613

614 To examine the difference in cell distribution in the thymus and blood, we used
615  Bayesian estimation in consideration of the imbalance in the number of observed cells
616  in the samples. For each cluster, we inferred the difference between piymus and Poiood
617  using the following model;

618 Xehymus ~ Binomial (nthymus, pthymus)
619 Xolood ~ Binomial (Ngiood, Pbiood)
620  where,

621 x : number of detected cells for the cluster of an individual in the site.

622 p : probability that a cell isin the cluster of an individual in the site.

623 n : number of cells of an individual in the site.

624  Thefollowing was used as a prior distribution of p.

625 Prhymus ~ Uniform(0,1)

626 Poiood ~ Uniform(0,1)

627  The inference was conducted using a python package pymc3 (3.11.2) using 4
628  independent chains, 1,000 tuning iterations, and 25,000 additional iterations per chain.
629  Trace plots and R_hat were used to assess the convergence.

630

631  For the extraction of thymus specific genes in CD4" T cells (Fig. 4i), we examined the
632  following cell types, CD4 Tnaive, Naive T, Activated Treg, CD4 Tem (THO), CD4 Tem
633 (Twl7), CD4 Tewm (Ten), CD4 Tem (Th2), CD4 Tem (Thl), CD4 Tem (Twl/17), CD4
634  Temra (Tul). Similarly, we used the following cell typesin B cells (Extended Data Fig.
635  8c); Naive B cell, Plasmablast, Pre GC B cell, GC B cell, Memory B cell (1), Memory B
636 cell (11), Thymic memory B cell, Unswitched memory B cell.

637

638  For the determination of RNA velocity, velocyto run10x was performed with the repeat
639  file hg38_rmsk.gtf downloaded at the UCSC website. The projection of velocities was
640  performed by scVelo (0.2.3)* following the same procedures and parameters as the
641  officia tutorial (https://scvelo.readthedocs.io/VelocityBasics/). Visudization was
642  performed by functions of python packages; Scanpy, plotly (4.14.3), matplotlib (3.4.1),
643 and seaborn (0.11.1). Details were described in codes deposited in the Github
644  repository.

645

646  Integration with public single-cell data

647 Hb5ad files of scRNAseq data previously reported were downloaded respectively
648 (PBMC: https://atlas.fredhutch.org/data/nygc/multimodal/pbmc_multimodal .hSseurat;
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649  normal thymus: 10.5281/zenodo.3711134). Data integration with public single-cell data
650  was performed by the sc.tl.ingest function in Scanpy. For each reference dataset, we
651  extracted highly variable genes, normalized and scaled the expression, and ingested our
652  dataset to reference datasets similarly to our dataset. For the integration of TEC cells
653  and B cells, we re-clustered cells from two datasets with the batch correction instead of
654  theingestion because some clusters were expected not to have their counterparts leading
655  tothe failure of the appropriate ingestion. We first concatenated our data with data from
656  Park et al., removed the batch effect with BBKNN®', and calculated correlations using
657  sc.tl.dendrogram because TEC cells in thymoma were expected to be consist of a
658  different set of cells from that in the normal thymus.

659

660  Definition of tissue-restricted antigens (TRA)

661  To definethe list of tissue-restricted antigens (TRA), we used bulk RNA-seq data across
662 tissues  provided by  Genotype-Tissue  Expression (GTEX) project
663  (https://storage.googleapis.com/gtex_analysis v8/rna_seq datal GTEx_Anaysis 2017-0
664 6-05 v8 RNASeQCv1.1.9 gene tpm.gct.gz). We calculated the Gini index for mean
665  TPM across tissues and extracted genes with Gini index > 0.8 and mean TPM at the
666  maximum expressed tissue > 100 as TRAS (Supplementary Table 9).

667

668  Inference of cell-cell interaction

669  Cell-cell interaction was inferred by CellPhoneDB (2.1.7), which utilizes abundantly
670  curated ligand-receptor pairs to measure the interactions within single-cell datasets.
671  Statistical test was performed with the default parameters. Dot plots of ligand-receptor
672  pairs were plotted by the cellphondb plot dot_plot function.

673

674  Deconvolution of bulk RNAseq

675 A deep-learning-based deconvolution tool, Scaden* (v1.1.0) was used for the
676  deconvolution of bulk RNAseq datasets by TCGA. First, we created 30000 simulation
677  datasets with scaden simulate by scaden simulate with option -n 30000. Second, count
678  matrices of our single-cell dataset and TCGA thymoma dataset quantified by HTseq
679  downloaded by TCGADbilkinks were pre-processed by the scaden process command.
680  Then, trained a network by the command scaden train with the option --steps 5000.
681  Lastly, the bulk RNAseq matrix was deconvoluted by scaden predict. Deconvoluted cell
682  proportion was tested using a multiple linear regression provided as the formula.api.ols
683  function by a python package statsmodels (0.12.0) with a model, cells ~ MG + WHO +
684  days to_birth + Gender + 1.
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685

686  Curation of GWAS reported genes

687  We listed up GWAS-reported genes (P < 5x10°) from previous reports®® . Genes in
688  HLA regions were excluded from the list. For eQTL and LD-aware gene mapping,
689  LDexpress (https://Idlink.nci.nih.gov/2ab=Idexpress) in the LDlink suite® was used.
690  We used all populations for the LD reference and al tissues from GTEx v8® for eQTL
691  reference with the threshold, RZ > 0.1, P < 0.1. For each reported locus, we selected a
692  genethat possesses the smallest P-value.

693

694  Statistical analysis

695  All statistical analyses were performed in R (4.0.3) and python (3.8.0). FDR was
696  obtained by the Benjamini-Hochberg procedure implemented by a python package
697  statsmodels (0.12.0). Pearson’s correlation used for Figure 6f was calculated using a
698  python package pingouin (0.3.8). The visualization of a network was performed using
699  Cytoscape (3.8.0)®. All other statistical analyses are detailed in the respective sections
700  of thearticle.

701

702 Code and data availability

703 TCGA data is available on dbGaP accession phs000178. All source codes will be
704 deposited in the GitHub repository. Single-cell data will be deposited in
705  SingleCellPortal upon the acceptance. Sequence data for single-cell analysis will be
706  deposited in NBDC database upon the acceptance.

707
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942

943 Figure Legends

944

945  Figure 1 Massive transcriptome profiling of thymoma and M G-specific expression
946  of neuro-related genes.

947  a, PCA plots for transcription profile of thymomas from 116 patients. The left panel
948  shows the disease status, MG or non-MG, and the right panel shows WHO classification
949  based on histology. b, Gene modules defined using WGCNA and the association with
950 MG, WHO classification, gender, and age at diagnosis. Numbers in colored boxes on
951  the left are the number of genes included in each module. The numbers in the heatmap
952 show the correlation (upper) and the P-value (lower). ¢, Eigengenes of each module for
953  each patient on the PCA plot. d, Heatmap of the gene expression of keratins in the
954  yellow and blue modules. The color represents the Z-score of normalized expression by
955  DESeg2. WHO classification and MG status were shown at the top of the heatmap. e,
956  Immunohistochemical (IHC) staining of KRT6 and KRT17 in MG and
957  non-MG-thymoma. The scale bar: 100um. f, Protein levels of KRT6 and KR17, and
958 KRT6 normalized by KRT17 in MG and non-MG-thymoma quantified using
959  microscopic images (details in Supplementary Data Fig.1,2 and Methods). The signals
960  were analyzed using a two-sided Mann-Whitney U test. g, Significantly enriched
961 REACTOME pathways in the yellow module. The node size represents the number of
962  genes included in each pathway, and the color represents the adjusted P-value of the
963  enrichment. The pathways were sorted by the ratio of genes included in the yellow
964  module. h, Genes in enriched REACTOME pathway in the yellow module. Genes with
965  log fold change > 1 in comparison of MG and non-MG were selected. i, Venn diagram
966  showing overlap of targets of autoantibodies associated with thymoma with genes in the
967  yellow module and upregulated genes in MG. Data were analyzed using a two-sided
968  Fisher’s exact test.

969

970  Figure 2 Overview of scCRNAseq of thymoma and blood from MG patients.

971  a, The experimental design of sScRNAseq. Immune cells and non-immune cells from
972 MG-thymoma and immune cells from the blood of corresponding patients were
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973 collected for scRNAseq. b, UMAP plot for 65,935 cells displaying the 49 clusters from

974  thymoma and blood of MG patients. c, UMAP plot of marker genes, inferred cell cycle,

975  and tissue origins. d, Dot plot depicting signature genes mean expression levels and

976  percentage of cells expressing them across clusters. The detailed dot plot is shown in

977  Extended Fig. 5c.

978

979  Figure 3 Neuromuscular thymic epithdial cells (nmTECs) expressed

980  neuromuscular genes, | FN gamma signaling pathway genes, and HL A molecules.

981 ab, UMAP embedding for stromal clusters (@) and thymic epithelial cells (TECs)

982  clusters (b) in thymoma. ¢, Gene expression of marker genes on UMAP embedding. d,

983  Violin plots of mean expression of the REACTOME gene sets; Neuronal System (left)

984  and Muscle contraction (right) in TEC clusters. e, Dot plot of the yellow module genes.

985  Corresponding protein expressions were also confirmed using IHC (Extended Data Fig.

986  6b). f, Heatmap showing correlation of transcriptional profile with TEC cells in

987  thymoma (this publication) and a normal thymus (Park et al.*’). g, Immunofluorescence

988  staining for confirming the presence of nmTECs positive for GABRAS (red), KRT6

989  (green), and DAPI (blue). Scale bars: 20um. h, Cross table showing cell numbers of

990  GABRADS positive/negative and KRT6 positive/negative cells in IHC dlides. Data were

991  analyzed using a two-sided Fisher’s exact test. i, Volcano plot showing REACTOME

992  gene sets enriched in NnmTECs. j-m, Violin plots of mean expression of the gene sets

993 (j-1) and the number of detected reads per cell (m). j and k represent the significantly

994  enriched REACTOME gene sets and |. represents the KEGG gene set, Pathways in

995  cancer. n, Dot plot of gene expression of HLA class |I-related moleculesin TECs.

996

997  Figure 4 Immune cell landscape elucidates GC formation, TyO-Tgy enhancement,

998  and Treg recirculation in M G-thymoma.

999  a, UMAP embedding for B cell clusters of thymoma and peripheral blood. b, Heatmap
1000 of immunoglobulin expressions in each B cell cluster. Mean expressions in each group
1001 are shown as a heatmap. ¢, Dot plot of gene expression of marker genes of each B cell
1002 cluster. d, Density plots showing B cell accumulation in the periphery (left) and thymus
1003 (right). e, Cell proportion of each B cell cluster in thymoma and peripheral blood. f,
1004  Representative IHC image of germinal center in MG-thymoma stained for CD79A.
1005  Scale bar: 100um. g, UMAP embedding for CD4™ T cell clusters of thymoma and
1006  peripheral blood. h, Dot plot of gene expression of marker genes of each T cell cluster. i,
1007  Density plots showing T cell accumulation in the periphery (left) and thymus (right). j,
1008 Cell proportion of each T cell cluster in thymoma and peripheral blood. k, Bar plot of
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1009 thymus specific genes across CD4" T cell clusters ranked by the number of cell types
1010 where each gene was upregulated (Pag < 0.05 and log; fold change > 1) in mature CD4"
1011 T cells. I, TCR similarity between peripheral blood and thymoma. The thicknesses of
1012 edges represents TCR similarity. *FDR < 0.05 in e and j. Statical proceduresin e and |
1013 aredescribed in Methods. GC, germinal center.

1014

1015  Figure5 nmTECsstrongly associated with epithelial cells, myeloid cells, and T cells
1016  with characteristic ligand-receptor pairs.

1017 & Schematic view of the cell-cell interaction analysis. b, Bar chart showing the number
1018  of significant interactions with other cell types in each cell type. ¢, Cell-cell interaction
1019  network inferred from scRNAseq data. Each node represents a cell type, and the
1020 thickness of each edge represents the number of significant interactions. Edges with less
1021 than 75 significant interactions were removed. d, Dot plot of gene expression of
1022 ligand-receptor pairs involved in trafficking, immunomodulation, and angiogenesis in
1023  CD4" T cells, B cells, and stromal cells. e,f, Representative images of the colocalization
1024  of nmTECs (GABRAS5; DAB) and endothelia cells (CD31; purple) in the vicinity of
1025 GABRAS' cells (€) and not in the vicinity of GABRAS' cells (f). Scale bar: 100pum. g,
1026  Protein levels of CD31 near and not near from GABRAS+ cells in MG-thymoma
1027  quantified using microscopic images (details in Supplementary Data Fig. 4 and
1028  Methods). For each group, seven areas from four MG patients were quantified. The
1029  signals were analyzed using atwo-sided Mann-Whitney U test.

1030

1031  Figure 6 Cell-type wide analysis exhibits nmTECs and GC B cells associate with
1032 MG.

1033 a, Volcano plot showing the association with MG for deconvoluted cell proportion based
1034  on TCGA bulk RNA-seq dataset with the reference defined in our sScRNAseq analysis.
1035  Red dot FDR < 0.05, orange dots FDR < 0.2. b,c, Vialin plots of the inferred cell
1036 proportion for nmTECs (b) and GC B cells (c) partitioned by WHO classification and
1037 MG status. d, Expression enrichment of gene modules, targets of autoantibodies in
1038 thymoma-associated neuromuscular disorders, and GWAS reported genes for EOMG
1039  and LOMG. The enrichment score for each gene set was analyzed using a two-sided
1040  Mann-Whitney U test across cell-type, and the adjusted P-value was calculated. A
1041  positive correlation is colored in red, and a negative correlation is in blue. e, Strategy of
1042  histological assessment by an independent cohort. f, Representative
1043 Immunohistochemical (IHC) staining images of GABRAS in MG (left) and non-MG
1044 (right) thymoma. Arrowheads indicate GABRAS-positive cells. Scale bar: 100 um. g-i,
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1045 Box plots of anti-AChR antibody titer (nmol/L) (g) and the number of
1046  GABRAS5-positive cells in thymoma (h) in MG and non-M G-thymoma patients, and the
1047 number of GABRAS-positive cells in thymoma partitioned by anti-AChR antibody titer
1048 (i). Data were analyzed using a two-sided Mann-Whitney U test. j, Network showing
1049  the correlation with clinical and histological features. Anti-AChR antibody titer was
1050  tested before the thymectomy. The existence of the germinal center was determined
1051  using H& E staining or DAB staining for CD79A. Statistically significant edges with the
1052  multiple test correction were retained (FDR < 0.2). The edge color represents Pearson’s
1053 correlation, and the thickness of the edge represents -logioFDR. k, Proposed MG
1054  pathology in thymoma. EOMG, early-onset MG; LOMG, late-onset MG.

1055

1056 Extended figure legends
1057  Extended Data Fig. 1 Schematic view of the analysisflow.
1058

1059  Extended Data Fig. 2 Global profiling of TCGA thymoma bulk RNA-seq dataset.
1060  a, Bar plot of patient distribution partitioned by WHO classification and MG status. b, A
1061  volcano plot showing adjusted P-value and log. fold change for differential testing of
1062  genes between MG and non-MG patients in bulk RNA-seq of thymoma. Red dots
1063 represent statistically significant genes (Pag < 0.1, |log. fold change] > 1). ¢, Vialin plots
1064  of DESeg2 normalized expression for MG-specific genes. Adjusted P-value by DESeq2
1065 and for CHRNAl P-value calculated by a two-sided Mann-Whitney U test (in
1066  parentheses) are shown. d, Workflow for Weighted Correlation Network Analysis
1067  (WGCNA). In WGCNA analysis, we first defined gene modules based on gene-wise
1068  expression correlation, then integrated clinical information. e, Heatmap showing
1069  standardized expression of genes in the yellow module. Samples were sorted by
1070  eigengene value. WHO classification and MG status are shown at the top of the
1071 heatmap. f, REACTOME pathways enriched in each module.

1072

1073  Extended Data Fig. 3 TCGA thymoma bulk RNA-seq dataset elucidated | mmune
1074  characteristicsof M G.

1075 a, Amino acid sequences diversity of immunoreceptors in CDR3 regions. The Gini
1076  index was used as an index of the complexity of repertoires in each group, and
1077  differences between MG and non-MG were tested using a two-sided Mann-Whitney U
1078 test. *P < 0.05, **P < 0.01. b, Box plot showing the frequency of TRAJ24 in MG- and
1079  non-MG- thymoma. c, Bar plot of the frequency of TRAJ genes paired with TRAJ24.
1080  TRAV13-2 was 7.50 times more frequent but not statistically significant. d, Volcano plot
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1081  showing association of HLA major aleles with MG. Data were analyzed using a
1082 two-sided Fisher’s exact test. e, Heatmap of detected viruses in thymoma. The color
1083 indicates the number of transcripts mapped for each virus.

1084

1085  Extended Data Fig. 4 No somatic mutation in TCGA thymoma was associated with
1086  myasthenia gravis.

1087  Somatic mutations detected within TCGA thymoma samples with and without MG.
1088 Rows show observed variants aggregated by genes, and columns show individuals with
1089 MG satus (below). The color represents the type of mutation. The frequency of the
1090  gene was mutated (right), and the abundance of mutation in each individual (top) is also
1091 shown.

1092

1093  Extended Data Fig. 5 Confirmation of sScRNAseq annotation and embedding.

1094 a, The number of cells recovered from each sample. We collected cells from four
1095  individuals with MG and thymoma. The abbreviation after the underscore in the sample
1096 1D indicates the source of the sample. TI: Thymoma immune cells, TE: Thymoma
1097  Epithelia cells, Pl: Periphery immune cells, PT: Periphery CD4" T cells, PB: Periphery
1098  CD19" B cells. VDJ indicates 10x Genomics 5 +VDJ kit; otherwise, 10x Genomics 3’
1099  GEM v3. b, The mgjor categories on UMAP embedding. c, Detailed dot plot depicting
1100  signature genes’ mean expression levels and percentage of cells expressing them across
1101 clusters. d,e, Sankey diagrams showing cells aligned to each other in the thymus (d) and
1102 blood (e) of healthy individuals and our data set.

1103

1104  Extended Data Fig. 6 Detailed single-cell profiling of TEC cells.

1105 a, Dot plot of signature gene expresson in stroma cell clusters. b,
1106  Immunohistochemistry of the yellow module genes. Scale bar: 20pum. c, Violine plots of
1107  the yellow module genes' expressions across tissues in GTEx samples. d,e, Dot plot of
1108 gene expression of targets of autoantibodies in thymoma-associated neuromuscular
1109  disorders (d) and marker genes (e) in TEC clusters. f, UMAP embedding of mean
1110  expression of tissue-restricted antigens (TRAS) defined using GTEx bulk RNA-seq
1111 from systemic organs (left), and essential genes for TRA regulation; AIRE (middle),
1112 FEZF2 (right).

1113

1114  Extended Data Fig. 7 single-cell profiling of myeloid cells.

1115  a UMAP embedding for myeloid cell clusters of thymoma and peripheral blood. b, Dot
1116  plot of gene expression of marker genes of each myeloid cell cluster. ¢,d, Density plots
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1117 showing myeloid cell accumulation in the periphery (left) and thymus (right) (c) and
1118 RNA velocity in myeloid cells (d). Upper figures show the global picture, and lower
1119  images show the local picture focusing on cDC2s. e, Cell proportion of each myeloid
1120 cell cluster in thymoma and peripheral blood. *FDR < 0.05. f, Representative DAB
1121 staining for CD11c in MG-thymoma stained (left) and UMAP embedding of ITGAX
1122 (CD11c) expression. Scale bar: 100um.

1123

1124  Extended Data Fig. 8 Detailed single-cell profiling of B cellsand T cells.

1125  a RNA velocity of intrathymic B cell in the global picture and local picture focusing on
1126  GC B cells and the neighboring cells. b, Dot plot of B cell gene expression of genes
1127  preferentially expressed in thymus across cell type. In column labels, P: periphera
1128  blood, T: thymoma. ¢, Bar plot of thymus specific genes across B cell clusters ranked by
1129 the number of cell types where each gene was upregulated (P.g < 0.05 and log. fold
1130  change > 1) in B cells. d, UMAP embedding for T cell clusters except for DN and
1131 cycling DN/DPT cells of thymoma and peripheral blood. e, Heatmap of the correlation
1132 between CD4" T cell clusters defined by our scRNAseq dataset and bulk RNA-seq
1133 sorted from peripheral blood established by the DICE (Database of Immune Cell
1134  Expression, Expression quantitative trait loci (eQTLs) and Epigenomics) project. f,
1135 UMAP embedding depicting the size of clonotypes. g, Dot plot of CD4" T cell gene
1136  expression of genes preferentially expressed in thymus across cell type. In column
1137 labels, P: peripheral blood, T: thymoma.

1138

1139  Extended Data Fig. 9 Inferred cell proportion in TCGA bulk RNA-seq in
1140 thymoma.

1141 @& Violin plots of deconvoluted cell proportion partitioned by WHO classification and
1142 MG dtatus. b, Scatter plot showing the relationship between deconvoluted cell
1143 proportion (y-axis) and age at diagnosis (x-axis). Dot color represents MG status.

1144

1145  Extended Data Fig. 10 Cdll-type wide expression of GWAS reported genes, HLA,
1146 and targets of autoantibodiesthymoma-associated neuromuscular disorders.

1147  ac, Dot plot of gene expression of GWAS reported genes (a), GWAS genes mapped by
1148 eQTL (b), and HLA and costimulatory molecules (c) across cell types. d, Violin plots of
1149  the signature score of targets of autoantibodies causing neuromuscular disorders
1150  associated with thymomallisted in Supplementary Table 6.
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Extended Data Fig.10
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