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Abstract 

The human thymus plays a key role in the development of the adaptive immune system. Its 

development and pathologic aberrations with missing involution occupy the scientific world for 

years. Here, we present a comprehensive single-cell RNA sequencing (scRNA-seq) analysis of 

453,727 cells across 53 datasets derived from healthy prenatal, pediatric, and adult thymic 

tissues, as well as six pathological conditions, including thymic hyperplasia and thymic epithelial 

tumors (types A, AB, B, C, and micronodular thymoma). We created a high-resolution cellular 

atlas revealing disease-specific cellular populations and transcriptional programs, particularly 

within fibroblast subsets and thymic epithelial cells. Comparative analysis uncovers distinct 

intercellular communication patterns and identifies transcriptional alterations associated with 

thymic pathology. Integration with published bulk RNA-seq datasets supports the robustness 

and translational relevance of our findings. This study provides a foundational resource for 

understanding the cellular and molecular landscape of thymic development and disease, 

offering avenues for diagnostic and therapeutic innovations. 

 

Keywords: prenatal thymus, pediatric thymus, adult thymus, thymoma, thymic carcinoma, 

thymic hyperplasia, single cell RNA sequencing 
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Introduction 

The thymus is a primary lymphoid organ essential for the development and education of the 

adaptive immune system during early life 1. Its function is orchestrated through the intricate 

interplay of diverse cell populations, particularly thymic epithelial cells (TECs), which guide the 

selection and maturation of self-tolerant, functional thymocytes (TC) 2. Thymic activity peaks 

during childhood and gradually declines with age, undergoing physiological involution whereby 

up to 50% of its mass is replaced by adipose tissue by the age of 40 3. Despite its regression in 

adulthood, the thymus can persist abnormally, known as thymic hyperplasia (TH), a benign 

condition characterized by organ enlargement without severe aberration. Alternatively, the 

thymus can undergo neoplastic transformation into thymic epithelial tumors (TETs), including 

thymomas and thymic carcinomas. Thymic neuroendocrine tumors (TNETs) define a biologically 

distinct disease entity. TH is defined as an increase in thymic size and weight while maintaining 

a benign microscopic architecture 4. The adipose tissue in TH can be either sparse between 

cell-rich lobules or abundant between small lobules 5,6. In contrast, thymomas, although rare, 

are clinically relevant due to their association with autoimmune disorders and exhibit the lowest 

mutational burden among adult human cancers, with favorable outcomes following complete 

surgical resection 7,8. 

Thymomas are histologically classified into type A (TET-A), AB (TET-AB), B (TET-B), 

metaplastic type C/carcinoma (TET-C), and micronodular thymoma with lymphoid stroma (TET-

MNT) 9. Recent molecular studies suggest that these subtypes may represent biologically 

distinct disease entities rather than a linear histopathological continuum 8. TET-A contain bland, 

spindle-shaped or oval tumor cells, few or no immature T cells and usually exhibit low tumor 

stages 10. TET-AB are described as epithelial thymus tumors with widely varying lymphocyte-

poor (TET-A) and lymphocyte-rich (TET-B like) components 11. B-type thymomas (TET-B) are 

further divided based on their lymphocyte content and epithelial morphology in type B1 (TET-
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B1), B2 (TET-B2) or B3 (TET-B3). TET-B1 resembles the neonatal thymus with abundant 

immature T cells and sparse epithelial components, whereas TET-B3 is predominantly 

composed of epithelial cells with minimal lymphocytic infiltration and lacks cortical or medullary 

differentiation 12. TET-MNT presents as biphasic lesions with spindle-cell nodules embedded in 

a lymphoid-rich, epithelium-free stroma, while TET-C (58% thymic squamous carcinoma) 

exhibits lobular architecture with islands of polygonal tumor cells, focal keratinization, and 

intercellular bridges 11,13. 

The postnatal thymus itself is encapsulated and divided into lobules by connective tissue septa. 

Its parenchyma primarily comprises developing TC supported by a stromal network of TECs, 

fibroblasts (FB), endothelial cells (EC), and other accessory cell types that coordinate TC 

maturation and central tolerance induction 14.  

The advent of single-cell RNA sequencing (scRNA-seq) has revolutionized the analysis of 

complex tissues by enabling the high-resolution profiling of cellular heterogeneity, gene 

expression dynamics, and intercellular communication 15. With regard to the thymus and TETs, 

scRNA-seq has already advanced our understanding of thymic organogenesis, TC 

differentiation, and the molecular underpinnings of thymoma subtypes, particularly those 

associated with myasthenia gravis (MG) 16-23. Furthermore, integrated multi-omics approaches, 

such as that by Radovich et al., have characterized the genomic landscape of TETs, 

highlighting GTF2I mutations and their subtype-specific distribution 8. 

In the present study, we aimed to expand this basis by applying scRNA-seq to systematically 

characterize the cellular composition and transcriptional programs of benign thymic tissue, TH, 

and TETs, including thymic carcinoma. Our goal was to elucidate common and unique cellular 

features across thymic conditions and to identify potentially pathogenic cell populations and 

signalling networks. The datasets generated here are publicly available and offer a valuable 
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resource for future integrative analyses, contributing to a deeper understanding of thymoma 

biology and facilitating the discovery of diagnostic and therapeutic targets. 
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Results 

Uncovering the cellular heterogeneity in normal and diseased human thymus by scRNA-seq. 

Recent scRNA-seq studies analysing the cellular microenvironment of the thymus and its 

pathological alterations have provided critical insights over the past years 16,20,22,23. Given that 

these studies focus on the same organ and that advancements in scRNA-seq technology have 

significantly increased the number of analyzable cells, we consolidated published datasets from 

independent research groups. To expand the published datasets, especially for TH and TET-B, 

we performed additional scRNA-seq experiments. This integrated dataset encompasses 

transcriptional profiles of prenatal, pediatric, and adult thymus, as well as various TET subtypes, 

including type A, AB, B, C, and MNT, to construct a comprehensive representation of the thymic 

cellular landscape (Figure 1a).  

In total, fifty-three datasets from five independent research groups were analyzed in a unified 

and extensive manner. This combination included eighteen prenatal thymus samples, eight 

pediatric thymus samples, five adult thymus samples, six TH samples, and samples 

representing thymoma subtypes: one TET-A, four TET-AB, seven TET-B (including B1-B3 but 

also intermediate types), three TET-C (thymic carcinoma, all squamous cell carcinomas), and 

one TET_MNT (donor information detailed in Supplementary Table 1). Due to challenges in 

histologically distinguishing the TET-B subtypes in all samples, these were collectively analyzed 

as a merged group. Histopathological validation of all tissue samples was conducted by expert 

pathologists (Supplementary Figure 1), and representative hematoxylin and eosin (H&E) 

stainings of all thymic conditions are provided (Figure 1b). 

Following rigorous preprocessing and quality control, a total of 453,727 high-quality single-cell 

transcriptomes were selected for analysis. Unbiased clustering identified nine major cell clusters 

(Figure 1c). Previously published cluster markers (Bautista et al., Xin et al., Yasumizu et al.) 

were used to annotate cell types, facilitating cross-validation with published cell populations 
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from other studies (Supplementary Figure 2a) 16,22,23. Annotation accuracy was further confirmed 

by cross-referencing marker genes within our generated clusters (Supplementary Figure 2b, 

Supplementary Data 1). We successfully identified T cells (TC), B cells (BC), thymic epithelial 

cells (TEC), dendritic cells (DC), macrophages/monocytes (MAC/Mono), endothelial cells (EC), 

fibroblasts (FB), and vascular smooth muscle cells/pericytes (VSMC/Peri) in varying proportions 

depending on the tissue condition (Figure 1c). 

The relative cellular composition per tissue type and research group is summarized in Figure 

1d. Differences in tissue processing protocols, including differential cellular enrichment, across 

the contributing studies results in divergent proportional representations of major cell clusters 

(Supplementary Table 2). 

To address discrepancies in cellular proportions arising from differential tissue processing in 

TETs, bulk RNA-seq deconvolution was performed across thymoma subtypes 24. This analysis 

demonstrated a prominent presence of TECs in TET-A, co-dominance of T cells and TECs in 

TET-AB, and a progressive decrease in T cells alongside increased TEC prevalence from TET-

B1 to B3. Other cell types remained minor constituents in these groups, whereas TET-C and 

TET-MNT exhibited markedly higher proportions of additional cell types (Figure 1e, 

Supplementary Data 2).  

Compared to bulk RNA sequencing, scRNA-seq enables detailed comparison of specific cell 

types across distinct thymic conditions. To gain an initial overview of cellular heterogeneity in 

pathologic thymic conditions, we performed a cell type-specific differential expression analysis 

to identify the most significantly up- and downregulated genes in each pathological thymic entity 

relative to the healthy adult thymus. Analysis of differentially expressed genes (DEGs) across all 

cell types revealed numerous significant transcriptional alterations. Notably, TECs exhibited the 

most pronounced changes in almost all pathological conditions. Additionally, Mac/Mono and FB 

showed substantial dysregulation compared to healthy adult thymus (Supplementary Figure 3). 
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Among the pathologies, TET-C and TET-MNT displayed the highest degree of cell type-specific 

alterations (Supplementary Data 3). GO Term analysis uncovered functional shifts within TECs 

of each tissue in comparison with the healthy adult thymus. They especially show an 

upregulation of genes associated with cellular transition and development in the pathologic 

tissues. (Supplementary Data 4) 

Together, this integrative scRNA-seq analysis represents the most comprehensive cellular 

characterization of the human thymus and its pathological states to date, providing a refined and 

unified cellular atlas that highlights key cellular composition shifts across neoplastic 

transformation. Direct comparison of gene expression in the identified cell types of the various 

thymus conditions provides direct insight into the individual cell stages present and their 

dominant transcriptional situations. 

 

Integrated analysis reveals distinct thymic epithelial subtypes associated with TET. 

Previous studies have provided valuable but heterogeneous characterizations of the cellular 

landscapes in both healthy and pathological thymic conditions 16,20,22,23. However, variations in 

cluster nomenclature and analytic depth limited unified interpretation. To address this, we 

performed a comprehensive re-analysis of all major cell clusters across all datasets to establish 

a consistent transcriptional framework. 

Given the proposed pivotal role of TECs in TETs 2, we first focused on in-depth subclustering of 

the TEC population, identifying ten distinct TEC subclusters (Figure 2a). Utilizing module scores 

derived from top DEGs reported in prior TEC subtype characterizations as well as marker genes 

established by Yayon et al., we assigned specific TEC subtypes within the current dataset 

(Figure 2b) 16,22,23,25. This juxtaposition of previous annotations also points out certain analogies 

between the referenced studies. One cluster was annotated as cortical TEC (cTEC) and one as 
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corticomedullary TEC-like (mcTEC), consistent with previous genetic annotations 16,22,25. 

Medullary TECs segregated into two distinct clusters corresponding to mTEC_hi and mTEC_lo. 

While mTEC_hi included keratinocyte-like TECs, mTEC_lo interestingly also expressed marker 

genes characteristic for immature TECs (Figure 2b) 23,25. Strikingly, one TEC cluster was 

predominantly restricted to pathological thymic conditions (TH, TET-A, TET-AB, TET-B, and 

TET-MNT) and was barely noticeable in healthy tissue (denoted as TET_TEC, Figure 2a). This 

cluster shared transcriptional features with KRT14+ mTEC-like and mcTEC cells described by 

Xin et al., both of which are linked to thymic epithelial progenitor characteristics, and also 

showed a slight upregulation of typical cTEC marker as LY75 and CCL25 23. However, 

TET_TECs showed no strong expression of marker genes for regular mcTECs identified in 

healthy thymus, as mentioned by Yayon et al. (Figure 2b)25. Differential expression analysis 

revealed 228 upregulated genes (fold change >2) including MAOA, RORA, GMDS, ERBB4, 

IGFBP7, and SCPEP1 (Figure 2c, Supplementary Data 5). Gene Ontology (GO) enrichment 

implicated TET_TECs in developmental and morphogenic processes such as cell 

morphogenesis, skeletal system development, muscle structure formation, regulation of growth 

but also regeneration and stem cell development (Figure 2d, Supplementary Data 6). 

Immunofluorescence (IF) of MAOA confirmed elevated protein levels in TET-A, TET-AB, TET-

MNT, as well as TET-B1 and TET-B2, compared to the healthy postnatal thymus (Figure 3a, 

Supplementary Figure 4). Two carcinoma-specific TEC clusters (Carc_TEC_1, Carc_TEC_2) 

dominated the epithelial subcluster in TET_C samples. Notably, both clusters shared 

characteristics with the CHI3L1_mTEC subtype described by Xin et al. (Figure 2a & b) 23. 

Carc_TEC_1 was characterized by a strong expression of DUSP2, CCL20 and SOX18 while 

Carc_TEC_2 showed high level of CD177, PLAU and CA9. Their transcriptional profiles indicate 

potential pathological roles in epithelial cell differentiation and cell migration (Figure 3b & c, 

Supplementary Data 6). Functionally, cTEC, mcTEC and mTEC clusters exhibited 

characteristics linked to T cell development, including regulation of T cell receptor signaling, 
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interferon responses, and immune modulation (Supplementary Figure 5, Supplementary Data 5, 

6). The adult thymus persisted as expected primarily of mTEC_lo followed by mTEC_hi and 

almost no cTECs. TEC subtypes previously described by Bautista et al., Xin et al. and Yayon et 

al., including neuronendocrine and ciliated assembling cluster (TEC_neuro_ciliated), muscle-like 

myoid TECs (TEC_myo_1, TEC_myo_2), and tuft cells (TEC_tuft) (Figure 2b, Supplementary 

Figure 5, Supplementary Data 5, 6) 22,23,25. GO and marker analysis supported the correct 

annotation. While TEC_tuft appeared to be present in several conditions, TEC_myo_1, as one 

of the main cell types in TET_C, showed a strong involvement in tissue morphogenesis.  

This analysis provides evidence that a significant number of TECs in diseased thymuses exhibit 

a pathology-specific transcription pattern, suggesting strong involvement in morphogenetic 

processes. These cells show moderate similarity to bipotent TEC precursor cells in healthy 

thymuses but nevertheless differ significantly from them in terms of gene expression. 

 

Integrated analysis reveals distinct fibroblast subtypes associated with TET. 

Given pronounced FB alterations in TET pathology, we further dissected the detected FBs, 

identifying ten distinct FB subclusters (Figure 4a, Supplementary Data 7). Initial classification 

attempts based on Yasumizu et al. were inconclusive (Supplementary Figure 6a), prompting 

integration of additional fibroblast markers from Yayon et al. 25. This enabled identification of 

Perilobular-, Interlobular-, and medullary fibroblasts (Supplementary Figure 6b). However, a 

predominant FB subcluster almost exclusively present in all TET types (TET-FB) was identified. 

This fibroblast group exhibited elevated expression of TWIST1, ITGA11, and SDC1 (Figure 4b, 

Supplementary Data 7). TET-FB seemed to be especially associated with extracellular matrix 

organization and embryonic morphogenesis (Figure 4c, Supplementary Data 8). Pathway 

analysis underscored robust TGF-β signaling activity within this subtype (Figure 4d). 
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Immunofluorescence dual-staining for SDC1 and CD90 (THY1) confirmed increased presence 

of spindle-shaped fibroblasts in TET-A, TET-AB, TET-MNT, TET-B1, TET-B2, TET-B3, and 

TET-C (Figures 4e & f, Supplementary Figure 7). Two distinct cluster of perilobular fibroblasts, 

especially present in prenatal thymus, were identified. One positive for proliferation marker 

TOP2A (PeriloFB-Prolif) and another one positive for GRM7 and ADAMTSL1 with supposed 

involvement in tissue morphogenesis (PeriloFB) (Figure 4a, Supplementary Figure 8, 

Supplementary Data 8). One cluster of interlobular FBs (InterloFB), characterized by expression 

of genes involved in vasculature development, was only present in the adult thymus. The 

second Interlobular fibroblast cluster, annotated according to its expression of COL9A3 

(InterloFB_COL9A3), was especially present in prenatal thymus but also in TET_A, _AB and _B 

implicating functions in muscle structure development (Figure 4a, Supplementary Figure 8, 

Supplementary Data 8). Strikingly, one mixed cell cluster consisting of medullary, interlobular 

and perilobular FBs (Perilo_Interlo_medFB) built the major amount of FBs in the pediatric 

thymus (Figure 4a), characterized by high expression of ECM2, ANGPTL1 and MYOC 

(Supplementary Figure 8, Supplementary Data 8) Two further medullary clusters were identified 

(medFB-MHCIIh, medFB-CCL2) present only in healthy and benign adult thymic conditions, 

such as TH and TET_MNT. (Supplementary Figure 8, Supplementary Data 8). One fibroblast 

cluster almost exclusively present in fetal tissue (Supplementary Figure 6c) showed a strong 

expression of POSTN and exhibited a gene signature associated with embryonic organ 

morphogenesis (Figure 4a, Supplementary Figure 8, Supplementary Data 8). Additionally, one 

FB type, expected to be present in fetal thymic tissue (fetal-FB-SFRP1) showed cellular 

presence also in TH with the potential ability to regulate stem cell differentiation (Supplementary 

Figure 8, Supplementary Data 8). 

Overall, we show that TETs contain a specific type of fibroblast that appears to be particularly 

involved in forced matrix formation and morphogenic functions. Furthermore, the cellular state in 
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TH is examined in more detail, which, in addition to healthy adult thymus, shows particular 

parallels with prenatal thymus. 

 

Since important findings regarding TECs and FBs were made during the creation of the ´thymus 

cell atlas in healthy and diseased conditions´, it was decided to address the subtype analyses of 

the remaining cell types in the supplements in order to maintain the readability of the study. In 

Supplementary Note1, we provide the in-depth subcluster analysis of all remaining celltypes 

including Figures and Tables depicting subtype annotation and distribution, DEGs and 

corresponding GO-terms, drawing a more complete image of the cellular spectrum (Note S1, 

Supplementary Figures 9-19, Supplementary Data 9 - 22). 

 

In-depth analysis uncovers cell type-specific changes of interactions and pathway regulations in 

normal and pathologic thymus. 

ScRNAseq enables the prediction of potential cell-cell interactions and regulatory pathways 

within tissues. To further explore pathway activity, we applied decoupleR for pathway inference 

analysis. Averaged pathway activity scores across conditions indicated increased TGF-β 

signaling in all pathological thymic entities compared to the healthy adult thymus, with 

particularly pronounced activity in EC, FB, and VSMC/Peri (Figure 5a). Statistical analyses 

demonstrated significant upregulation, particularly in TET-AB, TET-B and TH populations 

(Figure 5b). 

To delineate potential variations in intercellular communication between pathological thymic 

states and the healthy thymus, we applied CellChat with its multiple dataset comparison 

functionality. Our results indicated that the postnatal thymus exhibits a significantly greater 
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number of cell-cell interactions than the prenatal thymus. Interestingly, more interactions were 

observed in less malignant conditions (Figure 5c). 

Mapping the cellular origins of these interactions revealed that T cells of the healthy adult 

thymus were subject to particularly strong incoming signalling. In TH, TECs demonstrated the 

highest incoming interaction strength. Notably, Mac/Mono and FB of TETs exhibited prominent 

cell communication potential (Supplementary Figure 20a). Direct comparisons between each 

pathological condition and the healthy adult thymus showed increased interactions particularly 

involving FB, ECs, and VSMC/Peri (Supplementary Figure 20b). The strongest enhancement of 

TEC-mediated interactions was observed in TH. While TET-A, TET-AB, TET-C and TET-MNT 

exhibited increased TEC communication with FB, VSMC/Peri, and EC, TET-B did not show 

marked changes in TEC intercellular signaling. 

Screening for upregulated signaling pathways (Supplementary Figure 21) revealed a significant 

increase of APP-CD74 signaling among various cell types in TET-A (Figure 5d). 

Immunofluorescence staining for APP and CD74 confirmed these findings, demonstrating 

strong co-localization of these proteins specifically in TET-A samples (Figure 5e, Supplementary 

Figure 22, Supplementary Data 23). Examination of previously identified cellular subtypes in 

TET-A revealed the strongest upregulation of APP in InterloFB-COL9A3 followed by TET-FB, 

TET-TEC and distinct EC types, while pDCs and the distinct macrophages showed the 

strongest expression of CD74 (Figure 5f).  

In summary, we reveal a comparison of the significantly different pathway regulations in healthy 

thymus at different stages of development as well as in TH and the various TETs. Furthermore, 

we were able to identify increased cell-cell interaction via APP-CD74 in TET-A using 

transcriptional analysis. In addition to the FBs referred to here as InterloFB-COL9A3, the TET-

specific FBs and TECs described above also appear to be involved in this interaction. 
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Bulkseq data with known GTF2I mutation disclose specific gene expression pattern  

Radovich et al. uncovered the increased occurrence of GTF2I mutations, specifically at a single 

codon (L424H), in humans developing TET-A and TET-AB in comparison with all distinct TET-

types by exome sequencing 8. To uncover potential GTF2I-mutation-affected genes, we 

performed bulkseq analysis using data published by Radovich et al. (Figure 6a). A general bulk-

seq comparison of all GTF2I positive TETs with the remaining ones uncovered 109 up- and 308 

down-regulated genes (Figure 6a, Supplementary Data 24). GO term analysis of these two 

gene lists go along with the features reported by Radovich et al., including participation in WNT 

signalling pathway, but also show involvement of GTF2I-affected genes in matrix shaping 

processes and cell differentiation (Figure 6b & c, Supplementary Data 25) 8. To uncover 

potential GTF2I mutations in our scRNAseq data, we formed module scores of the up and down 

regulated genes and checked their expression in the scRNAseq donors. Strikingly, the GTF2I-

Up regulated gene pattern was positive in TET-A (Figure 6d).  

 

In summary, the officially published Bulkseq and mutation analyses were combined with the 

scRNAseq analyses performed here to identify and verify the presence of up- and 

downregulated transcriptional patterns in GTF2I-mutated TETs in the tissues included here. 

Interestingly, the gene pattern was specifically confirmed under the benign TET-A condition, 

which is consistent with the published data. Through this analysis, a potential GTF2I mutation in 

our scRNAseq data cannot be proven, however the combination of up-regulated genes is 

suggested as promising indicator for a benign pathologic state. 
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Discussion 

Previous studies have begun to elucidate the cellular heterogeneity of the healthy and diseased 

thymus using scRNA-seq 16,20,22,23. Here, we integrated these published datasets with generated 

data from TETs and included the additional condition “thymic hyperplasia” (TH). This 

comprehensive approach allowed us to construct a unified cellular landscape of both healthy 

and pathological thymus, revealing conserved cellular patterns across studies, transcriptional 

distinctions between healthy and diseased tissues, and refining the classification of thymic cell 

types. 

Unlike conventional approaches relying on single marker genes 16,20,22,23, our inclusion of 

module scores allowed more precise cell type assignments, capturing nuanced heterogeneity 

beyond individual markers. Despite the limitations of scRNAseq data due to methodological 

cellular enrichment of various groups, a combination of scRNAseq and bulk deconvolution made 

it possible to create a highly reliable picture of the cellular composition of different TETs. 

Consistent with literature, TET-A samples contained over 60% TECs, underscoring their central 

role in pathology, while TCs were present at levels comparable to endothelial cells 10. TET-B1 

was dominated by TCs, with their abundance declining across TET-B2 and B3 as TECs 

increased 11,26. TET-AB exhibited an intermediate profile with both TECs and TCs, aligning with 

its histology 11. TET-C and TET-MNT, largely TEC-driven, also showed increased presence of 

BC, DC, FB, MAC/Mono, and EC, reflecting their histologic and transcriptomic similarity 11,13. 

Our TH samples, processed without cellular enrichment, revealed a native-like cellular 

composition with over 80% TCs, consistent with previous reports 4. Although scRNA-seq 

quantification must be interpreted cautiously due to tissue dissociation biases 27, our integrated 

dataset provides a hint of the relative cell proportions. However, for a clear confirmation of the 

cellular composition of the tissue based on the scRNAseq data, future studies with extensive 

multiplex immunohistochemistry analysis using celltype specific markers would be necessary. 
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TECs remain pivotal in driving TET subtypes, but cell-cell communication analyses revealed a 

more complex picture. Robust TEC signaling was mainly observed in TH, with only TET-A and 

TET-MNT showing increased TEC interactions versus healthy thymus. Non-TEC populations 

exhibited subtype-specific increased communication (VSMC/Peri and FB in TET-A, TET-MNT, 

TET-C) highlighting the tumor microenvironment’s multifaceted contribution. Although the total 

number of ligand-receptor pairs did not differ markedly, qualitative differences emerged. 

Notably, APP-CD74 interaction was upregulated in TET-A, a pathway linked to tumor 

progression, Alzheimer’s disease, and fibrosis 28-32. Subtype analysis shows a strong expression 

of APP especially in InterloFB-COL9A3, but also in TET-TEC, TET-FB and arterial, venous and 

capillary ECs. A significant upregulation of CD74 was detected in pDCs and distinct 

macrophage subtypes, suggesting an particular interaction of these cellular subtypes. The 

interaction of ECs and MACs is particularly likely in this environment, as it is known to be 

induced by an increase in TGF-ß 30. This aligns with heightened fibrotic signaling and TGF-β 

pathway activation, particularly in TET-A, but also in the remaining pathological conditions, 

echoing Yu et al. 33. TGF-β is a well-established promoter of tumor growth, fibrosis, and 

angiogenesis 34. These data emphasize that both TECs and other cell types contribute to 

aberrant TET tissue architecture and identifying key ligand-receptor axes might serve as 

potential therapeutic targets. As such, Bintrafusp alfa, a bifunctional inhibitor of TGF-β and PD-

L1, exemplifies a promising treatment under investigation for TETs 35. 

A direct comparison of healthy and diseased tissues at the cell-type level provided initial insights 

into cellular alterations, further refined by deeper analyses. We identified a distinct TEC 

population, termed TET_TEC, predominantly present in TH and all TET subtypes except 

metaplastic Type-C. This population showed strong transcriptional overlap with KRT14⁺ and 

medullary-cortical-like TECs described by Xin et al. 23, both linked to thymic epithelial progenitor 

cells (TEPCs) 23. TEPCs serve as common progenitors for cortical and medullary TECs during 
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fetal and early postnatal thymus development 36,37. In comparison, an independent mcTEC 

cluster was identified in healthy thymus. When comparing these results with those of healthy 

thymus at different stages published by Yayon et al., it is striking that there is only weak 

agreement between mcTEC marker genes such as DLK2 or CCL2 25. Only IGFBP6 and CCN2 

show weak positivity. This comparison, in conjunction with the preliminary data from Xin et al., 

suggests that TET-TECs are in a progenitor-like state, which differs from mcTECs in healthy 

thymus based on the expression of specific genes. Conversely, only a few of the cluster-

defining genes of TET-TECs, such as APBB2, TGM2, GPC4, and RBMS3, appear in healthy 

mcTECs. Especially TGM2 and GPC4 are known to support the development and growth of 

organs 38,39.The TET_TEC cluster is marked by a unique gene signature including GMDS, 

EYA1, ZBTB20, GAS6, IGFBP7, and MAOA, genes associated with various cancers 40-49. In 

particular, ZBTB20 promotes proliferation, migration, and apoptosis resistance 45, while 

KIAA1217, RBMS3, and SCPEP1 are implicated in epithelial-to-mesenchymal transition (EMT) 

50,51, with RBMS3 additionally inhibiting WNT signaling 52. MAOA and GAS6 are potential cancer 

therapy targets 46-48. Conversely, TBC1D5, upregulated here, acts as a tumor suppressor 

potentially limiting metaplastic progression in less aggressive forms of TETs 53. The gene 

ontology terms related to cell morphogenesis and development suggest notable plasticity and 

influence on thymic architecture. While these data position TET_TECs as likely pathogenic 

drivers across multiple TET subtypes, functional studies are needed to confirm their role. 

Rare TEC subtypes previously described by Bautista et al. (neuroendocrine, ciliated, myoid, 

tuft/ionocyte, keratinocyte-like TECs) and by Xin et al. (CHGA⁺ and MYOG⁺ TECs) were 

primarily connected in one common mixed cluster 23. This supports the transcriptional 

equivalence of MYOG⁺ muscle-like TECs and myoid TECs, suggesting shared identity or close 

lineage relationships. The core transcriptional program of this cluster resembles conventional 

cortical and medullary TECs, indicating fundamental similarity despite phenotypic diversity. The 
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Carc_TEC clusters provide an initial molecular snapshot of thymic squamous carcinoma 

microenvironment, which accounts for 58% of type C thymomas. Although these clusters show 

fundamentally differences in their gene expression, both clusters appear to have a strong 

impact on epithelial cell differentiation. The expression of CCL20 in CARC-TEC-1 and MUC4 

and MUC1 in Carc-TEC-2 go in line with published literature discussing these factors as 

potential biomarkers for thymic carcinoma 54-56. More comprehensive insights require additional 

data from rarer thymic carcinomas such as hyalinizing clear cell and sebaceous carcinomas 9,13. 

Looking at the results of the FBs as a whole, it is striking that medFB-CCL2 accounts for a large 

proportion of the healthy adult thymus and in TET-MNT, whereas the medFB-MHCIIh are found 

particularly in adult healthy thymus. According to Yayon et al., medullary FBs are found primarily 

in the postnatal state in thymic tissue, which is also reflected in the results shown here, while 

peri- and interlobular FBs are primarily present in the prenatal thymus. In contrast to TET_TEC, 

the TET_FB cluster is found across all TET subtypes but absent in healthy postnatal thymus 

and TH. These fibroblasts exhibit strong signatures of extracellular matrix remodeling and TGF-

β signalling. While fibroblasts contribute to thymic organogenesis and TEC development under 

physiological conditions 57,58, they can facilitate tumor progression by promoting epithelial 

transformation and proliferation 59-61. We observed increased expression of SDC1 in TET_FB, 

corroborated at the protein level by immunofluorescence. Although elevated stromal SDC1 often 

correlates with poor prognosis in cancers 62, its higher expression in benign TETs may indicate 

a favorable outcome, suggesting SDC1 as a potential therapeutic target. Antibodies targeting 

SDC1, such as indatuxumab ravtansine and VIS832, currently tested in clinical trials for multiple 

myeloma, may have potential in TETs 63-66. 

TET_FB cells upregulate fibrosis- and EMT-associated genes including FN1, ITGA11, MMP11, 

CTHRC1, TWIST1, and SFRP4 67-73. MMP11 supports invasion and migration, while CTHRC1 

promotes ECM deposition and tumor progression. SFRP4, a WNT inhibitor, shows cancer-type 
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dependent expression and impacts ECM formation, especially in prostate cancer 72. The 

upregulation of HTRA1, a modulator of TGF-β signaling and fibroblast transdifferentiation into 

cancer-associated fibroblasts (CAFs), further implicates TET_FB cells in tumor stroma 

remodeling 74,75. Collectively, these data highlight TET_FBs as important contributors to EMT, 

fibrosis, and tumor microenvironment remodeling in TETs. Given the limited current focus on 

CAFs in thymomas, deeper exploration of their roles could be relevant for potential treatment 

options in the future. 

This study examines TH using scRNAseq. As a benign phenomenon, TH is primarily 

characterized by the presence of an oversized thymus that continues to function normally in 

adulthood. It is a condition easy to treat surgically, but nevertheless represents a stressful 

condition for many patients. Here, it was shown that TECs with numerous cell-cell interactions 

appear to be the most active cell-type. Furthermore, the TGF-ß pathway is significantly 

upregulated in EC, similar to more serious thymus diseases. At the cellular level, there are 

strong similarities to healthy adult thymus (FBs), prenatal thymus (PCs), and TETs (TECs). 

However, special fibroblasts which are primarily found in fetal tissue (fetal-FB-SFRP1) were also 

detected in TH. These FBs mainly express factors associated with stem cell differentiation and 

response to tumor necrosis factor. Top regulated genes of this celltype like DLX5, SFRP1 and 

HES1 76 are mentioned to be involved in embryogenesis and organ development77-79. These 

findings suggest TECs and FBs as key drivers in TH.  

In summary, our integrated single-cell analysis provides a comprehensive and refined cellular 

atlas of the healthy and pathological thymus, encompassing multiple TET types and TH. We 

highlight the pivotal role of TEC, particularly the TET_TEC population, in driving tumor 

pathogenesis, alongside a dynamic interplay with diverse stromal and immune cell types that 

shape the tumor microenvironment. Our findings emphasize the complexity of cell-cell 

communication and the significance of fibrotic and immunoregulatory pathways, such as TGF-β 
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signaling, in thymic tumor progression. Importantly, the identification of specific molecular 

signatures and ligand-receptor interactions opens promising avenues for targeted therapies, 

including agents like Bintrafusp alfa and anti-SDC1 antibodies. This work not only advances our 

understanding of thymic tumor biology but also lays a foundation for developing precision 

medicine approaches tailored to the distinct cellular landscapes of thymic diseases. 
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 Methods 

Study approval/ Ethics statement 

The study was conducted according to the guidelines of the Declaration of Helsinki. The use of 

resected tissue was approved by the ethics committee of the Medical University of Vienna (vote 

2167/2020).  

Tissue acquisition 

Human tissue samples of 6 TH, 4 TET-B (Type B1-3) and 2 TET-C were obtained from patients, 

who underwent extended thymectomy (Supplementary Table 1). Surplus tissue not required for 

pathologic evaluation was processed. Patients who had received any previous chemotherapy or 

radiation treatment were excluded from the study. Upon surgical resection, the tissue was 

examined by a pathologist for clinical and/or research purposes. The included patients were 

aged between 23 and 77 years.  

Generation of single-cell suspensions 

Samples were rinsed with sterile Dulbecco`s phosphate-buffered saline (PBS, without Ca2+ and 

Mg2+, Gibco, Thermo Fisher Scientific, Waltham, MA, USA), mechanically minced and 

enzymatically dissociated using MACS Miltenyi Tumor Dissociation Kit, human (Miltenyi Biotec, 

Bergisch Gladbach, Germany) in accordance with the manufacturer´s instructions. Sample-

Enzyme mix were placed in gentleMACS C-tubes (Miltenyi) and digested on the gentleMACS 

OctoDissociator (Miltenyi) with the selected gentleMACS program 37C_h_TDK_2. The resulting 

cell suspension was sequentially passed through 100 and 40 µm cell strainers and washed 

twice with 0.04% bovine serum albumin (BSA, Sigma Aldrich, St. Louis, MO, USA) in PBS. 

Cellular viability and concentration were determined by LUNA-FL™ Dual Fluorescence Cell 

Counter (Logos Biosystems, Anyang-si, Gyeonggi-do, South Korea) using the Acridine 

Orange/Propidium Iodide (AO/PI) Cell Viability Kit (Logos Biosystems). Suspensions with a cell 
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viability <80% were processed with Dead Cell Removal Kit (Miltenyi). The final cell 

concentration was adjusted to 0.7-1.2*106 cells/ml. All isolation procedures were performed 

within 4 hours after surgery and samples were kept on ice for transport.  

Single cell RNA sequencing 

Gel bead-in-emulsion (GEM) preparation, cDNA amplification and library preparation were 

performed with Chromium Next GEM Single Cell 5´ Kit v2 and Dual Index Kit TT Set A (all 10x 

Genomics, Pleasanton, CA, USA). Viable cells were loaded on Chromium Next GEM Chips type 

K (10X Genomics), GEMs were prepared using the Chromium controller (10X Genomics). The 

Biomedical Sequencing Core Facility of the Center for Molecular Medicine (CeMM, Vienna, 

Austria) was commissioned for RNA-sequencing, demultiplexing and counting. All samples were 

sequenced paired-end by Illumina HiSeq 75PE, or Illumina NovaSeq SP, 50PE (all Illumina, 

San Diego, CA, USA). Raw sequencing files were demultiplexed and aligned to the human 

reference genome (GrCh38) and counted using the Cellranger pipelines (Cellranger v5.0.1, 10x 

Genomics). 

Data acquisition 

Transcriptional datasets of distinct TET types (A, AB, B3, C, MNT) published by Xin et al. (2022) 

were downloaded from the Genome Sequence Archive in National Genomics Data Center 

(HRA002334) [https://ngdc.cncb.ac.cn/gsa-human/browse/HRA002334] 23. Single cell RNA 

sequencing from Yasumizu et al. (2022), were downloaded from the JGA (JGAS000482) 

[https://ddbj.nig.ac.jp/resource/jga-study/JGAS000482] 16. Transcriptomic data from Bautista et 

al. (2021) were downloaded from the Gene Expression Omnibus (GEO) database (GSE147520) 

[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147520] 22. Datasets from Park et al. 

(2020) were downloaded from ArrayExpress (E-MTAB-8581) 

[https://www.ebi.ac.uk/biostudies/ArrayExpress/studies/E-MTAB-8581?query=E-MTAB-8581] 20. 
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Bulkseq data were downloaded from GDC Data Portal (TCGA-THYM) 

[https://portal.gdc.cancer.gov/projects/TCGA-THYM] 8. 

 

Pre-processing, quality control and sketch integration 

Single cell RNA sequencing data were analyzed using R (v4.3.1, The R Foundation, Vienna, 

Austria), R-studio and Seurat (Seurat v5.0.2, Satija Lab) 80. Unique molecular identifier (UMI) 

count matrices were generated for each individual dataset. Features of all datasets were 

screened and doublets removed. The feature designation was harmonized and only features 

detected in all datasets were kept for further analysis. Potential ambient RNA contamination 

was removed using DecontX 81. Synchronized datasets were converted to Seurat Objects. 

Erythrocytes, identified by their expression of hemoglobin subunit beta [HBB >=5], were 

removed from all datasets. Data normalization and variable feature selection was performed. 

Cells with unique feature counts above 3000 or below 200 as well as cells with more than 7% 

mitochondrial counts were excluded from downstream analysis. A representative set of 5000 

cells from each dataset was then identified applying a leverage score computation. The selected 

cells were then preprocessed using first the “FindVariableFeatures”, “ScaleData” commands 

followed by a principal component analysis (PCA) dimensionality reduction by default. Due to 

the complexity of the study design with data sets from different working groups, each of which 

does not contain all cell types due to enrichment, several tools were tested as integration 

methods. RPCA and Harmony achieved the best results with no significant differences in cluster 

distribution between each other. Since all data sets originate from the same platform (10x), not 

all cell fractions are contained in the included data sets, and due to the extensive amount of 

data, the analysis was ultimately performed using RPCA. The RPCA Integration method with 30 

dimensions and 20 k.anchors was subsequently utilized for integration UMAP-Plots split by 

tissue, coloured according to the batch are depicted in Supplementary Figure 23. 
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“FindNeighbors”, “FindClusters” and “RunUMAP” were further applied for graph-based 

clustering of the representative cell selection. Complete datasets were then loaded in 

individually and all cells were integrated in the previously determined integrated low-dimensional 

space. Clusters were projected on the full datasets applying the “ProjectData” command.  

 

Cluster annotation using Modul score calculation 

After the described integration process, the identified clusters were annotated applying Seurats 

“AddModuleScore” function. The top differentially expressed gene sets of the main clusters 

published by Bautista et al. 22, Yasumizu et al. 16 and Xin et al. 23 were used and classification of 

the here identified cluster was performed with all results. Manual inspection/annotation of 

remaining doublets has been performed on main and subset level using canonical 

markergenes, with a particular focus on TC and TEC clusters. Since stromal-stromal doublets 

have not been screened, potential intermediate stromal doublets might still remain in the 

dataset. Although HBB-positive erythrocytes were previously excluded, a cluster consisting of 

Red blood cells has been identified. The mentioned analytical impurities were excluded from 

further downstream analysis. Clustermarker lists were obtained using the “FindAllMarkers” 

feature (min.pct = 0.25, logfc.threshold = 0.25, test.use= “wilcox”).  

Cell type specific subclustering 

Subset analyses of all clusters were performed based on the raw data of the cell cluster. 

Variable feature selection was performed followed by data scaling and PCA. “RunUMAP”, 

“FindNeighbors” and “FindClusters” were performed for UMAP dimensionality reduction and 

Louvain clustering. Thymic epithelial cells and T-cells were annotated according to cell type- 

specific module scores created from Top differentially regulated expressed genes published by 

Xin et al. 23 and Yasumizu et al. and by marker genes published by Yayon et al. 16,25. B-cells 

were classified according to specific marker genes published by Stewart et al. 82. Dendritic cell 
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subtypes were assigned based on the markers published by Yayon and Yasumizu et al. 16,25. 

Macrophage/monocyte subtypes were identified using module scores published by Yayon et al. 

and Yasumizu et al. 16 in combination with well-known marker genes 25,83. Identification of 

subtypes of 1) plasma cells, 2) endothelial cells and 3) vascular smooth muscle cells according 

to marker genes published by Yayon et al. 25. The relative composition of fibroblasts and thymus 

epithelial cells was determined by calculating the average proportions of cellular percentages 

within each individual donor. Donors with fewer than 50 cells and a composition consisting of 

only one clustertype were excluded. 

Differential gene expression analysis 

Seurat´s “FindAllMarkers” and “FindMarkers” commands were used to identify genes with a 

significant differential expression between distinct cell groups and to uncover cluster-specific 

marker genes. Only genes detected in a minimum fraction of 0.25 in either of the compared cell 

populations with a minimum of 0.25-fold difference (log-scale) between the distinct groups were 

included in the clustermarker computation. Specific differential gene expression analysis was 

performed with default settings.  

Enrichment analysis 

Gene Ontology (GO) enrichment analysis was performed using Metascape with a minimum 

enrichment score of 2 and a p-value cutoff of 0.05 84. Genes resulting from differential gene 

expression analysis with an average fold change ≥ 2 were included to obtain information on 

biological function.  

Cell-cell communication inference and pathway analysis 

The CellChat package was used to reveal potential cell-cell interactions within the distinct tissue 

types 85. For comparative analysis, condition-specific CellChat objects were merged with the 

CellChat object from healthy thymus, including prenatal, pediatric and adult datasets. The R 

package decoupleR was used according to the developer vignettes to identify potential pathway 
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alterations and transcription factor activities 86. The average pathway activities determined from 

all donors are shown. Statistical analyses was also performed using the detected values of each 

individual donor. 

Extraction of GTF2I expression pattern from Bulkseq data 

TCGA-Thym bulk RNA seq data published by Radovich et al. 8 and the donor- specific clinical 

information were downloaded using the R package TCGAbiolink. The genetic pattern specific 

for the GTF2I mutation was identified after adaptation of the code published by Yasumizu et al. 

using the same packages as described 16.  Up- and downregulated genes in GTF2I-positive 

donors compared to wildtype donors with a log2 fold change higher than 2 and an adjusted p-

value <0.01 were used for downstream analysis. The “final diagnosis” described in the donor-

specific clinical information was used as diagnosis. Since literature considers TET types as 

autonomous pathologic process without an explicit relation, except for TET-Bs, we first aimed to 

identify a type-specific gene pattern, comparing exclusively TET-ABs with and without GTF2I 

mutation. However, this analysis revealed no differentially gene regulation with a fold change of 

2 or higher. Therefore, the entire range of samples was analyzed. The resulting gene lists were 

converted to NCBI symbols and potential duplicates were removed by default. Only genes also 

present in the Seurat object were kept for the next steps. Module Scores were created for up- 

and for downregulated genes and the distinct expression was visualized as Dotplots. 

 

Bulkseq deconvolution 

Deconvolution of bulk RNA-seq data was performed applying the “granulator” package 

maintained by Pfister et al. 87. Counts of scRNAseq data were transformed into transcript per 

Million (tpm) followed by calculation of average tpm per gene and cluster. Deconvolution was 

then performed according the vignette published by Kuettel et al. using the linear mixing model 
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(https://bioconductor.org/packages/release/bioc/vignettes/granulator/inst/doc/granulator.html, 

accessed on 04/12/2024) 24.  

Data analysis software 

The following R packages were used for analyses: granulator_1.10.0, decontX_1.0.0, DT_0.32, 

TCGAmutations_0.4.0, data.table_1.15.2, maftools_2.18.0, scales_1.3.0, lubridate_1.9.3, 

forcats_1.0.0, stringr_1.5.1, purrr_1.0.2, readr_2.1.5, tidyverse_2.0.0, pals_1.8, vsn_3.70.0, 

plyr_1.8.9, EnhancedVolcano_1.20.0, biomaRt_2.58.2, DESeq2_1.42.1, TCGAbiolinks_2.30.0, 

ComplexHeatmap_2.18.0, RColorBrewer_1.1-3, enrichR_3.2, celda_1.18.2, 

SingleCellExperiment_1.24.0, SummarizedExperiment_1.32.0, GenomicRanges_1.54.1, 

GenomeInfoDb_1.38.7, IRanges_2.36.0, S4Vectors_0.40.2, MatrixGenerics_1.14.0, 

matrixStats_1.2.0, pheatmap_1.0.12, tibble_3.2.1, decoupleR_2.8.0, readxl_1.4.3, 

rstatix_0.7.2.999, Matrix.utils_0.9.7, Matrix_1.6-5, limma_3.58.1, ggsignif_0.6.4, clustree_0.5.1, 

ggraph_2.2.1, tidyr_1.3.1, CellChat_1.1.3, Biobase_2.62.0, BiocGenerics_0.48.1, igraph_2.0.3, 

ggrepel_0.9.5, SeuratWrappers_0.3.0, sctransform_0.4.1, patchwork_1.2.0, xlsx_0.6.5, 

ggplot2_3.5.0, magrittr_2.0.3, dplyr_1.1.4,  SeuratObject_5.0.1, sp_2.1-3, viridis_0.6.5, 

viridisLite_0.4.2, Polychrome_1.5.1 

All analyses were conducted using the cited packages, according to publicly available 

instructions, provided by the developers. No novel data analysis tools have been generated in 

this study. 

 

Immunofluorescence  

After deparaffinization and antigen unmasking using 10x R-Universal Epitope Recovery Buffer 

(Aptum Biologics Ltd, Southampton, UK) sections were incubated with primary antibody diluted 

according to Supplementary Table 3 in 2% PBS/BSA at 4°C over night. The anti-SDC1 antibody 

was directly labeled using the FlexAble CoraLite® Plus 488 Antibody Labeling Kit (Proteintech, 
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Manchester, UK; Cat. No. KFA001) following the manufacturer’s instructions. Sections were 

washed in PBS three times for 5 min and incubated with secondary antibody in PBS with 2% 

BSA, 1% goat serum and DAPI (1:1000) (ThermoFisher Scientific, cat#: 62248) diluted 

according to Supplementary Table 3 for 30 min at room temperature. Sections were washed 

three times in PBS, twice with dH2O, and mounted using mounting medium (Dako/Agilent 

Technologies, Santa Clara, CA, USA; Cat. No. S3023). Images were acquired on a Zeiss LSM 

700 laser scanning confocal microscope (Carl Zeiss Microscopy) with the ZEN 2012 SP1 (black 

edition) software (Version 8.1.0.484). All images of a specific staining were captured using 

strictly identical microscopic settings with standardized exposure. During subsequent image 

processing, the intensity of DAPI was optimized linear to improve the visualization of cell nuclei 

using ImageJ v1.53c 88. 

 

Hematoxylin and eosin (HE-stainings) 

HE staining was performed on 2 µm sections of 7.5% neutral formalin-fixed, paraffin- embedded 

tissues according to routine protocols. 

Study overview 

The schematic visualisation of the study setting was created using Adobe Illustrator CS6 

v16.0.3 (Adobe Inc., San Jose, California, USA). 

Statistics & Reproducibility  

Specifically generated and publicly available scRNAseq and bulkseq datasets were analyzed for 

the study. No statistical method was used to predetermine the sample size for scRNAseq or 

Bulkseq analyses. These are analyses of rare diseases and therefore no data were excluded. 

During the scRNAseq analyses, poor-quality cell data were eliminated from further investigation. 
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The biological N for validating immunofluorescence was extrapolated from previous work, with 

similar research questions and study designs. The experiments were not randomized. The 

investigators were not blinded. Normal distribution within a group was tested by Shapiro-Wilk 

test. Groups with normally distributed data were compared by one-way ANOVA with Tukey post 

hoc test. Groups without normal distribution were compared by Kruskal-Wallis test, followed by 

Dunn’s post-hoc comparisons. All statistical analyses were performed in GraphPad Prism v8.0.1 

(GraphPad Software, San Diego, USA). Clustermarker genes of all main cell-cluster were 

identified by testing for differential expression of a cellcluster against all other cells using the 

Wilcoxon rank-sum test implemented in Seurat (FindAllMarkers). Statistical significance of GO-

term analyses was calculated using a hypergeometric test with Benjamini–Hochberg multiple 

testing correction implemented in metascape The statistical significance of ligand–receptor 

interactions was determined using a permutation test implemented in the Cellchat package. P-

values for bioinformatical data were marked in figure using asterisks indicating *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001. Exact p-values of GO-term and Cellchat analyses can be 

found in the supplementary information. 

 

Informed Consent Statement 

All donors, who were registered by our research group, provided their written informed consent 

and agreed to the publication of the anonymized patient data listed (such as rare diagnosis, sex 

or age). Participation in the study was voluntary, and there was no compensation for expenses. 

Since this analysis concerns rare diseases, the sex of the donors was not taken into account 

due to the small number of samples. Information regarding donor consent for the datasets that 

have already been published can be found in the relevant studies.   
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Data Availability Statement 

The ScRNAseq data generated in this study have been deposited in the NCBI´s Gene 

Expression Omnibus (GEO) database under GEP series accession number GSE228033 

[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE228033]. All the data used to produce 

the figures in this study are available in the Supplementary and Source Data files, which 

accompany this paper. Publicly available datasets were downloaded from the following sources: 

Xin et al., 2022 (HRA002334) [https://ngdc.cncb.ac.cn/gsa-human/browse/HRA002334] 23; 

Yasumizu et al., 2022 (JGAS000482) [https://ddbj.nig.ac.jp/resource/jga-study/JGAS000482] 16; 

Bautista et al., 2021 (GSE147520) 

[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147520] 22; Park et al., 2020 (E-

MTAB-8581) [https://www.ebi.ac.uk/biostudies/ArrayExpress/studies/E-MTAB-8581?query=E-

MTAB-8581] 20; Radovich et al. (2018) (TCGA-THYM 

[https://portal.gdc.cancer.gov/projects/TCGA-THYM] 8 

Code Availability Statement 

No original custom code was developed within this work. Only previously published and open-

access software was used following developer’s instructions, cited and described in detail under 

the relevant method subsections and supplementary notes. The R-code applied in this study is 

accessible under the following link: [https://github.com/Mwielscher/scRNAseq/tree/main/thymus] 

89. A README file has been included to the link for general guidance.  
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Figure legends 

 

Figure 1: Single cell RNA sequencing uncovers cellular composition of healthy and 

pathologic thymic conditions 

(a) Schematic illustration of the study setting (b) Hematoxylin/Eosin (HE) staining of prenatal 

thymus (prenatal Thym), postnatal thymus (postnatal Thym), thymic hyperplasia (TH), thymoma 

type-A (TET-A), -AB (TET-AB), -B1 (TET-B1), -B2 (TET-B2), -B3 (TET-B3), -micronodular (TET-

MNT), -C/ squamous carcinoma (TET-C). Scale bars: 500 µm, coloured frames symbolize 

condition affiliation- healthy thymus, TH or TET; One representative micrograph of n = 3 donors 

per condition is shown. (c) UMAP-Plot revealing common primary cell cluster split in healthy 

thymus, TH and TET, coloured frames symbolize condition affiliation- healthy thymus, TH or 

TET, Cluster characterisation as TC: thymocytes; BC: B-cells; PC: plasma cells; TEC: thymic 

epithelial cells; DC: dendritic cells; MAC/Mono: macrophages/monocytes; EC: endothelial cells; 

FB: fibroblasts; VSMC/Peri: vascular smooth muscle cells/pericytes; coloured frames symbolize 

condition affiliation- healthy thymus, TH or TET; (d) Bar plot indicates relative amounts of cell 

types within TET-A, -AB, -B1, -B2, -B3, -C, -MNT based on bulk RNA-seq deconvolution. , 

coloured frames symbolize condition affiliation- healthy thymus, TH or TET; (e) Bar plot 

indicates relative amounts of cell types exclusive for research-group and condition based on 

scRNAseq. Attached Bar plot shows total number of included cells per entity. Source data are 

provided within Supplementary data. 

 

Figure 2: Integrated analysis reveals distinct thymic epithelial subtypes associated with 

TETs 
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(a) Combined plot including from left to right - UMAP-Plot showing identified TEC subtypes - Bar 

plot indicating relative amounts of cell types within all conditions – Bar plot displaying total 

number of detected cells per condition – Heatmap uncovering cluster individuality by DEG; 

Abbreviations: thymic hyperplasia (TH), thymoma type-A (TET-A), -AB (TET-AB), -B (TET-B), -

micronodular (TET-MNT), -C/ squamous carcinoma (TET-C); (b) Dot plots depicting matching 

cluster annotation applying module scores based on published clustermarker and marker 

genes; (c) Dot plot highlighting top clusterdefining genes of TET-TEC; Dot color shows level of 

average gene expression, Dot size reveals percentage of cells expressing the gene; (d) GO-

Term analysis of TET-TEC. Bar length depicts statistical significance. Pathway and functional 

enrichment analyses were performed using Metascape, statistical significance was calculated 

using a hypergeometric test with Benjamini–Hochberg multiple testing correction. Source data 

are provided within Supplementary data. 

 

Figure 3: Immunostaining reveals increase of MAOA in distinct TETs 

(a) Representative immunofluorescence of postnatal thymus (postnatal Thym), thymic 

hyperplasia (TH), thymoma type-A (TET-A), -AB (TET-AB), -B (TET-B), -micronodular (TET-

MNT), -C/ squamous carcinoma (TET-C) for MAOA. Scale bar: 100 µm. One representative 

micrograph of n = 3 donors per condition is shown. (b) Combined plot including - Heatmap 

highlighting top 10 clusterdefining genes of Carc_TEC_1; color shows level of average gene 

expression, - GO-Term analysis of Carc_TEC_1. Statistical significance is depicted by bar 

length. (c) Combined plot including - Heatmap highlighting top 10 clusterdefining genes of 

Carc_TEC_2; color shows level of average gene expression, - GO-Term analysis of 

Carc_TEC_2. Statistical significance is depicted by bar length. Source data are provided within 

Supplementary data. 
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Figure 4: Integrated analysis reveals distinct fibroblast subtypes associated with TETs 

(a) Combined plot including from left to right - UMAP-Plot showing identified FB subtypes - Bar 

plot indicating relative amounts of cell types within all conditions – Bar plot displaying total 

number of detected cells per condition – Heatmap uncovering cluster individuality by identified 

DEG expression; Abbreviations: thymic hyperplasia (TH), thymoma type-A (TET-A), -AB (TET-

AB), -B (TET-B), -micronodular (TET-MNT), -C/ squamous carcinoma (TET-C); (b) Dot plot 

highlighting top clusterdefining genes of TET-FB; Dot color shows level of average gene 

expression, Dot size reveals percentage of cells expressing the gene; (c) GO-Term analysis of 

TET-FB. Pathway and functional enrichment analyses were performed using Metascape, where 

statistical significance was calculated using a hypergeometric test with Benjamini–Hochberg 

multiple testing correction. Statistical significance is depicted by bar length; (d) Heatmap of 

predicted pathway using PROGENy scores calculated over single-cell RNA-seq data for each 

FB subtype. (e) Feature plot verifying increased THY1 expression in TET-FB. Color intensity 

shows average gene expression. (f) Representative immunofluorescence of postnatal thymus 

(postnatal Thym), thymic hyperplasia (TH), thymoma type-A (TET-A), -AB (TET-AB), -B (TET-

B), -micronodular (TET-MNT), -C/ squamous carcinoma (TET-C) for SDC1 and CD90. Scale 

bar: 100 µm. Arrows and dashed rectangles indicate double-positive cells. Continuous 

rectangels show magnification of double-positive cells. One representative micrograph of n = 3 

donors per condition is shown. Source data are provided within Supplementary data. 

 

Figure 5: Pathology-specific changes in cellular pathway regulation and cell-cell 

interactions of normal and pathologic thymus 
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(a) Heatmap of predicted pathway signaling for prenatal thymus, pediatric thymus, adult thymus, 

thymic hyperplasia (TH), thymoma type-A (TET-A), -AB (TET-AB), -B (TET-B), -micronodular 

(TET-MNT), -C/ squamous carcinoma (TET-C) using PROGENy scores calculated over single-

cell RNA-seq data for each cell type. coloured frames symbolize condition affiliation- healthy 

thymus, TH or TET; (b) Comparison of TGFB pathway activities detected in all donors by tissue. 

Lines and error bars indicate mean and standard deviation. Individual counts, for each donor 

are depicted as dots.  Gray background indicates conditions with less than 3 donors (TET-A and 

TET-MNT), which excluded from the statistical analyses but are shown in the figure for the sake 

of comparability. Pathway activities identified in n = VSMC: 4 adult thymus, 4 pediatric thymus, 

18 prenatal thymus, 4 TH, 4 TET-AB, 7 TET-B, 3 TET-C; FB: 4 adult thymus, 4 pediatric 

thymus, 18 prenatal thymus, 5 TH, 4 TET-AB, 6 TET-B, 3 TET-C; EC: 4 adult thymus, 4 

pediatric thymus, 17 prenatal thymus, 4 TH, 4 TET-AB, 7 TET-B, 3 TET-C - donors, p values 

derived in FB and VSMC from one-way ANOVA tests and Tukey post hoc tests, in EC from 

Kruskal–Wallis Test and Dunn’s post-hoc comparisons. Exact p-values are provided directly in 

the figure. coloured borderlines symbolize condition affiliation- healthy thymus, TH or TET; (c) 

Barplot depicting absolute number of detected interactions by each condition. (d) Dot plot 

revealing high communication probability of APP-CD74 in TET-A. Red squares indicate cell-cell 

interactions identified in TET_A. Font color denotes thymus condition. Dot color shows 

communication probability. Cell–cell communication probabilities were inferred using CellChat, 

and the statistical significance of ligand–receptor interactions was determined using a 

permutation test. (e) Representative immunofluorescence of postnatal thymus (postnatal Thym), 

thymic hyperplasia (TH), thymoma type-A (TET-A), -AB (TET-AB), -B (TET-B), -micronodular 

(TET-MNT), -C/ squamous carcinoma (TET-C) for APP and CD74. Scale bar: 100 µm. One 

representative micrograph of n =  3 donors per condition is shown. (f) Heatmap highlighting APP 

and CD74 expression in identified TET-A cellsubtypes; color shows level of average gene 

expression; Source data are provided within Supplementary data and Source Data file. 
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Figure 6: Bulk RNAseq analysis reveals potential GTF2I mutation-associated 

transcriptional pattern. 

(a) PCA plots based on bulk RNAseq analysis of distinct TET types. (b) Heatmap of significantly 

up- and down regulated genes comparing GTF2I-mutation positive vs. negative TETs by bulk 

RNAseq. Color represents the Z-score of normalized expression by DESeq2. Final diagnosis 

and mutation status are shown on top of the heatmap; (c-d) GO-Term analysis of up- and down 

regulated genes comparing GTF2I-mutation positive vs. negative TETs by bulk RNAseq. 

Pathway and functional enrichment analyses were performed using Metascape, where 

statistical significance was calculated using a hypergeometric test with Benjamini–Hochberg 

multiple testing correction. Statistical significance is depicted by bar length; (e) Dot plots 

showing matching upregulation in TET-A and TET-MNT of module scores based on published 

GTF2I up- and down regulated genes, Dot color shows level of average gene expression, Dot 

size reveals percentage of cells expressing the score; Abbreviations: thymic hyperplasia (TH), 

thymoma type-A (TET-A), -AB (TET-AB), -B (TET-B), -micronodular (TET-MNT), -C/ squamous 

carcinoma (TET-C); Source data are provided within Supplementary data. 
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Editor’s Summary  

The human thymus is essential for building the adaptive immune system, yet its development 

and disease-related changes remain incompletely understood. Here, the authors show through 

large-scale single-cell RNA sequencing that distinct cell populations and signaling programs 

define normal development and multiple thymic diseases. 
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