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Abstract

Autoimmune vasculitis of the medium and large elastic arteries can cause blindness, stroke, 

aortic arch syndrome, and aortic aneurysm. The disease is often refractory to immunosuppressive 

therapy and progresses over decades as smoldering aortitis. How the granulomatous infiltrates in 

the vessel wall are maintained and how tissue-infiltrating T cells and macrophages are replenished 

is unknown. Single cell and whole tissue transcriptomic studies of immune cell populations 

in vasculitic arteries identified a CD4+ T cell population with stem cell-like features. CD4+ T 

cells supplying the tissue-infiltrating and tissue-damaging effector T cells survived in tertiary 

lymphoid structures around adventitial vasa vasora, expressed the transcription factor T cell 

factor 1 (TCF1), had high proliferative potential, and gave rise to two effector populations, 

Eomesodermin (EOMES)+ cytotoxic T cells and B-cell lymphoma 6 (BCL6)+ T follicular helper-

like cells. TCF1hiCD4+ T cells expressing the interleukin 7 receptor (IL-7R) sustained vasculitis 

in serial transplantation experiments. Thus, TCF1hiCD4+ T cells function as disease stem cells 
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and promote chronicity and autonomy of autoimmune tissue inflammation. Remission-inducing 

therapies will require targeting stem-like CD4+ T cells instead of only effector T cells.

One Sentence Summary:

Stem-like CD4+ T cells replicating in tertiary lymphoid structures supply effector T cells in 

autoimmune vasculitis.

INTRODUCTION

The aorta and its major branch vessels are considered immunoprivileged sanctuary spaces, 

protected from aggressive inflammation by layers of immunosuppressive mechanisms. This 

immunoprivilege is lost in giant cell arteritis (GCA), a prototypic autoimmune disease 

manifesting with destructive aortitis and vaso-occlusive vasculitis of the 1st to 5th aortic 

branches (1, 2). In GCA, T cells and macrophages are arranged in granulomatous infiltrates, 

and vasculitic lesions occupy the intima, media, and adventitia. This vasculitis causes 

blindness, stroke, aortic arch syndrome, and aortic aneurysm and is often resistant to current 

immunosuppressive therapy (3). Smoldering vasculitis resulting in progressive aortic wall 

destruction, aneurysm formation, and dissection is emerging as the major challenge in the 

long-term management of GCA. A better understanding of the tissue tropism of the disease 

for the ascending aorta, of immune effector cell populations in early and chronic disease, 

and of signaling pathways resisting conventional immunosuppression is needed to improve 

diagnosis and management. Definition of these disease risk factors will conceptually inform 

the paradigms relevant for other autoimmune diseases, which also persist for decades.

The identification of shared T cell clonotypes in independent arteries of patients with 

GCA has supported the concept that GCA is an antigen-specific disease (4, 5). The 

granulomatous infiltrates are dominated by CD4+ T cells, and lesional macrophages can 

differentiate into multinucleated giant cells that secrete tissue-injurious metalloproteinases 

(6). Autoantibodies are distinctly infrequent in GCA (1, 2). The disease affects individuals 

older than 50 years, but in contrast to patients with other autoimmune diseases, signatures 

of accelerated immune aging have not been reported in patients with GCA (7). How effector 

CD4+ T cells mediate disease, in particular persistent disease, is not understood. Notably, 

the vascular lesions are occupied by an array of T cell effector populations, including T 

helper (Th)1, Th17, Th9 and Th21 cells (1). Th1 cells appear to be particularly resistant 

to immunosuppressive therapy (3), but it remains unclear whether they are chronically 

recruited to the vessel wall or whether they are generated in situ. The diversity of functional 

T cell subsets has challenged the notion of a single vasculitogenic antigen and instead 

has drawn attention to endogenous abnormalities in T cell reactivity. In support, CD4+ 

and CD8+ T cells isolated from patients with GCA aberrantly express NOTCH receptors 

(8), which guide tissue-invasive CD4+ T cells through NOTCH ligands expressed on vasa 

vasorum endothelial cells (EC) (9). Another critical component of GCA pathogenesis is a 

defect in inhibitory immune checkpoints (10, 11) due to the low expression of programmed 

cell death ligand 1 (PD-L1) and CD155 on lesional antigen presenting cells, leaving lesional 

T cells with insufficient negative signaling.
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Pathogenic concepts of autoimmune disease have focused on autoantigen recognition as 

the driving force. Yet, the pathogenesis of autoimmune diseases spans over decades, often 

including long periods of clinically silent autoimmunity. Pathogenic immune recognition 

events happen in distinct tissue environments, with the host immune system evolving over 

time. In population-based cohorts, a unique metabolic phenotype consisting of low blood 

glucose, low body mass index, and low lipids has been identified as a risk factor preceding 

GCA onset by decades (12). Beyond metabolic conditions, structural elements related to 

the ascending aorta may predispose older individuals to develop aortitis. Tissue-specific risk 

factors are indicated by the preferential occurrence of therapy-induced aortitis in checkpoint 

inhibitor treated cancer patients (13). Improved treatment of GCA will require understanding 

of its tissue tropism and of the molecular determinants through which the disease gains 

lasting immune memory.

In current work, we have defined the interplay between the aortic wall tissue environment 

and the induction of durable T cell immunity, sustaining aortitis, disease chronicity and 

therapeutic resistance. All patients with aortitis studied here had evidence of highly 

organized lymphoid aggregates in the aortic wall. Such tertiary lymphoid structures (TLS) 

provided shelter for TCF1hi CD4+ T cells that served as a local source for multiple TCF1lo 

effector populations, including tissue-damaging Eomesodermin (EOMES)+ cytotoxic CD4+ 

T cells and structure-maintaining interleukin (IL)-21-producing T follicular helper (Tfh)-like 

CD4+ T cells. TLS-residing TCF1hi CD4+ T cells had self-renewal capacity and sustained 

disease in serial transfer experiments; assigning them as in situ disease stem cells that need 

to be targeted to disrupt the autonomy and chronicity of autoimmune vasculitis.

RESULTS

Aortic aneurysms resected from patients with aortitis contain adventitial perivascular TLS.

In the panarteritic lesions of GCA, T cells and macrophages typically form granulomatous 

infiltrates in the media, with multinucleated giant cells accumulating at the media-intima 

border, along the fragmented internal elastic lamina. Dense lymphocytic infiltrates accrue 

outside of the external lamina elastica at the adventitia-media border. To examine the 

diversity and the dynamics of disease-inducing T cells, we proceeded with a comprehensive 

spatial analysis in 42 ascending aortic wall samples, collected from 22 cases of aortitis 

and 20 cases of non-inflamed ascending aortic aneurysms (inherited aortopathy and mild 

atherosclerosis) (Table 1). Irrespective of etiology, all tissues had common features of 

aneurysm formation (loss of elastin fibers, medial degeneration) (fig. S1A) and some of 

the aortitis cases had typical giant cells in medial infiltrates (fig. S1A). All aortitis samples 

exhibited dense mononuclear cell aggregates around adventitial microvessels (Fig. 1A), a 

phenotype restricted to aortas with vasculitis and only minimally present in disease controls 

and normal aorta (Fig. 1B). Immunofluorescence imaging of the mononuclear aggregates 

identified T cells and B cells (Fig. 1C) and Ki67+ proliferating cells (fig. S1B), indicating 

that the highly organized lymphoid architectures in the adventitia functioned as tertiary 

lymphoid structures (TLS), inducible ectopic lymphoid tissues under chronic inflammatory 

conditions (14, 15). Aortic TLS were composed of three distinct zones: T cell zones, B 

cell zones, and T/B mixed zones. B cell zones were identified through CD21+ follicular 
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dendritic cell (FDC) networks, some of which contained germinal centers (fig. S1C and D). 

Half of the aortic TLS were mainly composed of T and B cells, but about 25% contained 

predominantly T cells (Fig. 1D, fig. S1E and F). Most TLS were in advanced maturational 

stages with distinct T or B cell areas (Fig. 1E), mimicking the architecture of lymph nodes. 

TLS formed in the adventitia, infrequently in the media (fig. S1G to I) and contained 

mostly CD4+ T cells (Fig. 1F). Aortic TLS were rich in CD11c+ dendritic cells (DCs), 

often arranged in interconnected networks (Fig. 1G). T cells had close contact to antigen-

presenting HLA-DR+ cells (Fig. 1H). Analysis of TLS-residing cells revealed Podoplanin+ 

lymphatic vessels, known to contribute to T cell survival through IL-7 production (16, 17) 

(Fig. 1I). A distinguishing feature of aortic TLS was the high density of microvessels (Fig. 

1J), pronounced in the T cell areas (Fig. 1K). Unexpectedly, both arterioles and venules 

could function as TLS-guiding vessels and many of them expressed PNAd (Fig. 1L), a 

marker for high endothelial venules (HEV). PNAd+ endothelial cells encased clumps of 

extravasating T cells, next to subendothelial pockets of T cells arranged between smooth 

muscle cell layers of the vessel wall (Fig. 1M to P, fig. S2A to C). TLS grew as an extension 

of subendothelial lymphocyte pockets, identifying specialized EC formations and dedicated 

T cells as early elements in the process of aortic wall lymphoid organogenesis.

A TLS gene signature separates aortitis from non-inflamed aneurysm.

To characterize immune responses relevant for aortic autoimmunity, we proceeded with 

global tissue RNA-sequencing (RNA-seq) analysis of 42 aortic aneurysm samples (n=22 

Aortitis, n=20 non-inflammatory aneurysms). Unsupervised principal component analysis 

(PCA) showed clear separation of the aortitis group from the disease control group (Fig. 

2A). A total of 1070 genes were differentially expressed between the two groups (adjusted P 
value <0.05) (Fig. 2B, fig. S3A). Gene ontology analysis of the 1070 differentially expressed 

genes (DEGs) demonstrated the enrichment of adaptive immune activation pathways in 

aortitis (Fig. 2C). DEGs highly enriched in the aortitis tissues pointed towards ongoing T 

cell- and B cell-dependent immune responses: T cells (CD3E, CD4, CD8A, GZMB, LTB), B 

cells (CD19, CD38, SDC1, FCRL3, FCRL5, CR2, LTB, JCHAIN, IGLL5, CD79B), antigen 

presentation (HLA-DRA, HLA-DMA, CD86), homeostatic chemokines (CXCL13, CCL19), 

proliferation and activation (MKI67, BTLA) (Fig. 2B). Unbiased hierarchical clustering of 

these genes provided a clear separation of the aortitis group from the disease control group 

and from normal aortic tissue (Fig. 2D, fig. S3B). The 22 gene transcripts that divided 

the aortic tissues into aortitis versus non-inflammatory aneurysms have previously been 

associated with the formation of TLS in non-lymphoid tissue sites (18–20).

The aortitis cases included patients with limited and widespread GCA and the control 

aneurysms resulted from atherosclerosis or inherited aortopathies. Underlying disease 

processes did not affect expression patterns of the 22 TLS-associated gene transcripts (Fig. 

2E) (21). Expression of CXCL13 and CCL19, but not of CCL21, was upregulated in aortitis 

and closely associated with the size of the mononuclear cell aggregates (Fig. 2F and G). 

Transcripts for lymphocyte survival factors, such as IL7, IL15 and the gene encoding B-cell 

activating factor, BAFF (TNFSF13B), were all significantly higher in the aortitis versus 

the control tissues (p>0.0001) (Fig. 2G). Gene Set Enrichment Analysis (GSEA) confirmed 

enrichment of the human tissue resident memory T cell (Trm) signature (fig.S3C) (22). 
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TNFSF8 and TNFRSF8, facilitating interaction between Tfh-like T cells and age-associated 

B cells within TLS (23), were also highly elevated in the aortitis tissues (Fig. 2G).

Tissue-infiltrating CD45+ immune cells were highly enriched in aortitis (fig. S3D). To 

capture cellular elements relevant in the formation of structured lymphoid follicles, we 

performed CIBERSORT analysis on bulk RNA-seq data (Fig. 2H, fig. S3E to F). Both 

tissue sources expressed gene patterns indicative of resting CD4+ memory T cells and 

monocytes. However, gene expression profiles for some cell types appeared enriched or even 

unique for the vasculitic tissues. Activated CD4+ memory T cells and memory B cells were 

exclusively seen in aortitis (Fig. 2H). Unexpectedly, most tissue-infiltrating T cells were in 

a resting state in aortitis (Fig. 2I, fig. S3F). Together, tissue transcriptomics confirmed the 

histomorphologic data placing TLS into the aortic wall affected by autoimmune disease and 

provided evidence for in situ activation of a small subset of tissue-residing T cells.

Tissue-residing CD4+ T cells in vasculitis are heterogenous.

To unravel the heterogeneity of CD4+ T cells involved in autoimmune vasculitis, we sought 

to isolate tissue CD4+ T cells from arteries unexposed to immunosuppressive therapy. We 

induced vasculitis in arteries engrafted into immuno-deficient NOD scid gamma (NSG) mice 

that were reconstituted with peripheral blood mononuclear cells from patients with active 

GCA (fig. S4A) (9, 12). In the inflamed arteries, tissue-infiltrating T cells formed dense 

aggregates in the adventitia (fig. S4B). We isolated CD4+ T cells from the explanted arteries 

for single cell RNA-seq studies. Following stringent quality control, we retained 680 CD4+ 

T cells with a median of 2122 genes per cell. To directly compare the scRNA-seq data from 

induced vasculitis with the bulk RNA-seq data from the aortic samples, we combined the 

scRNA-seq data into a pseudobulk data set. 85% of the genes were overlapping in the two 

data sets (fig. S4C), indicating a high degree of similarity in the T cell populations of the 

experimental murine vasculitis versus spontaneous human vasculitis.

Clustering of the scRNA-seq transcripts yielded 5 clusters and differential gene expression 

analysis among the 5 clusters revealed notable differences in their transcriptomic profiles 

(Fig. 3A to C). Cluster 0 was characterized by the expression of the transcription factors 

(TF) TCF7 (encoding TCF1), LEF1 and FOXO1 and exhibited higher expression of survival 

related genes (IL7R), co-stimulatory molecules (CD28, CD27, FAS, CD226), but not CD38. 

This signature is reminiscent of transcriptional profiles obtained from the long-lived human 

CD8+ memory population known as CD8+ memory stem T cells (Tsmc) (24). Cluster 0 also 

expressed the primary chemokine receptors relevant for lymphoid tissue homing (CCR7, 

CXCR3, CXCR5) as well as GPR183, a gene involved in dendritic cell recruitment (Fig. 3D 

and E, fig. S4D).

Distinguishing gene transcripts defining Cluster 2 included the TFs BCL6, MAF, and TOX2, 

and genes implicated in B cell helper functions such as IL21, CXCL13, and TNFSF8, 

identifying them as Tfh-like cells (Fig. 3D and E, fig. S4D) (23, 25, 26). Gene profiles 

distinguishing Cluster 2 and 4 contained the cell cycle genes ME2F8, MKI67, PCNA, and 

MCM2. Genes defining Cluster 3 included EOMES and SLAMF7, as well as genes involved 

in cytotoxicity such as PRF1, NKG7, GZMB, and GZMK. Cluster 3 expressed transcripts 

for the chemokines CCL4 and CCL5 (Fig. 3D, fig. S4D) (27).
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Based on these findings, we annotated the clusters as TCF1hi CD4+ T cells (cluster 0), 

Tfh-like T cells (cluster 1), cycling (cluster 2 and 4), and cytotoxic CD4+ T cells (cluster 

3), respectively. TCF1hi CD4+ T cells lacked transcriptional evidence for TOX-driven 

exhaustion as well as an EOMES-driven cytotoxic program (Fig. 3E). The expression of 

PRDM1 (encoding B-lymphocyte-induced maturation protein 1 or BLIMP-1) and TCF7 
was mutually exclusive (Fig. 3E), consistent with BLIMP-1 repressing TCF1 and IL7R 
(28–30). Despite the high expression of inhibitory markers, such as TOX, PDCD1 and 

TIGIT (Fig. 3E and F), cytotoxic CD4+ T cells transcribed higher amounts of TBX21 and 

IFNG, enabling them to provide pathogenic effector functions (Fig. 3E and F) (27). FOXP3-

expressing CD4+ regulatory T (Treg) cells were distinctly rare (Fig. 3E). TCF1hi CD4+ 

T cells expressed TGFB1 and SMAD3 transcripts (Fig. 3G), consistent with the notion 

that transforming growth factor (TGF)-β signaling can promote development of Tstem and 

of tissue resident memory T cells (31). In support, TCF1hi CD4+ T cells were enriched 

for integrin family genes (ITGA4, ITGB1, ITGB7) (fig. S4D), whereas markers of tissue 

residence (CX3CR, ITGAE) were mainly found in the transcriptome of other CD4+ T cells 

(fig. S4D). TCF1hi CD4+ T cells expressed LTB, which is essential for TLS development 

(32) (Fig. 3H).

Tfh-like cells isolated from the inflamed arteries had high expression of CSF2, which 

encodes granulocyte-macrophage colony-stimulating factor (GM-CSF), a proinflammatory 

cytokine specialized in monocyte activation (33) (Fig. 3H), suggesting that they may 

promote aortitis through an in situ GM-CSF supply. Gene signature analysis revealed that 

Cluster Cycling 2 exhibited a stronger T cell receptor (TCR) signaling signature (Fig. 3I), 

suggesting that Cluster Cycling 1 and 2 differ in activation status.

TCF1hi CD4+ T cells give rise to TCF1lo effector and cycling CD4+ T cells.

To explore the potential lineage relationship between CD4+ T cell subpopulations described 

above, we performed pseudotime analysis using Monocle3. The cell trajectory started from 

TCF1hiCD4+ T cells and subsequently divided into 3 branches, two of which progressed 

towards two distinct effector cell populations, Tfh-like and cytotoxic CD4+ T cells. The third 

branch gave rise to cycling CD4+ T cells (Fig. 4A). Along the projected pseudotime course, 

TCF7 expression gradually decreased (Fig. 3D), providing strong support for the concept 

that TCF1hiCD4+ T cells may differentiate into TCF1lo effector CD4+ T cells and serve as 

the source of in situ proliferating CD4+ T cells.

To validate these results, we performed single cell TCR sequence (scTCR-seq) analysis 

from the same cDNA starting material as used for scRNA-seq and examined whether 

TCR clonotypes were shared between the 5 distinct T cell populations. We recovered 

complementarity determining region 3 (CDR3) sequences for TRA and TRB from 70.7%, 

TRA only from 10.2% and TRB only from 13.8% of the CD4+ T cells (Fig. 4B and C). We 

defined a clone as 2 or more T cells that shared the same CDR3 sequences for either α or β 
TCR chains. More than 40% of both TRA and TRB were clonally expanded and expanded 

clonotypes were present in all 5 T cell clusters (Fig. 4D and E, fig. S5A and B). Typically, 

expanded clonotypes were shared between distinct CD4+ T cell subsets (Fig. 4F). TCF1hi 

CD4+ T cells shared TCR clonotypes with all other CD4+ T cell clusters (Fig. 4G and H, 
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fig. S5C). These results lend support for the concept that CD4+ TCF1hi T cells exhibit high 

plasticity and self-renewal capacity and give rise to more differentiated effector T cells.

We next explored whether the distinction between TCF7-expressing and effector molecule-

expressing T cells was maintained in the tissue lesions. Expression of TCF7 in tissue-

derived CD4+ T cells was negatively correlated with those of several effector molecules, 

including TBX21, EOMES, IFNG, and GZMB (Fig. 5A). In peripheral blood mononuclear 

cells (PBMCs), TBX21 (also known as T-bet) expression, typically associated with effector 

differentiation, correlated inversely with TCF1 protein expression in both CD4+ and CD8+ T 

cells of aortitis patients and controls (Fig. 5B and C).

To functionally characterize TCF1hi and TCF1low CD4+ T cells in the autoimmune disease 

process, we examined TCF1 expression across the T cell subsets of older healthy adults (64 

to 83 years old). In both CD4+ and CD8+ T cells, naïve and central memory T cells (TCM) 

typically expressed higher concentrations of TCF1 protein than effector memory T cells 

(TEM) and effector memory CD45RA+ T cells (TEMRA) (Fig. 5D), highlighting that TCF1 

expression is a characteristic feature of less differentiated T cells, even in older individuals. 

We probed the response of TCF1hi T cells to TCR stimulation. Naïve and memory CD4+ 

T cells from older adults were separated, labeled with CellTrace Violet and stimulated to 

proliferate. The offspring of naïve CD4+ T cells maintained high TCF1 expression in the 

proliferating cells during early divisions. Eventually, TCF1lo populations emerged (Fig. 5E 

and F). In contrast, the proportion of TCF1hiCD4+ T cells amongst the memory population 

was under 50% prior to stimulation and progressively decreased with each division (Fig. 5E 

and F). Thus, naïve CD4+ T cells were a superior source of TCF1hi progeny, repopulating T 

cells with stem-like characteristics.

We asked the question whether patients that accumulate TCF1hi T cells in the adventitial 

TLS of the ascending aorta have a higher pool of such T cells in the periphery. We examined 

the distribution of peripheral blood T cell subpopulations in patients with aortitis versus age-

matched controls. CD4+:CD8+ T cell ratios were indistinguishable (fig. S6). Unexpectedly, 

patient-derived T cells were biased towards non-effector T cells. The proportion of non-

effector CD4+ T cells (naïve plus central memory T cells) was higher and frequencies of 

TEMs and TEMRAs were lower in patients compared to healthy controls (Fig. 5G). A 

similar skew was observed in CD8+ T cells (Fig. 5H), whereas this was not detected in T 

cells derived from patients with non-inflammatory aortic aneurysm (fig. S7). These findings 

raise the possibility that accumulation of TCFhi T cell populations and delayed immune 

aging is a risk factor for aortitis.

TCF1hiCD4+ T cells preferentially reside within TLS and might act as a reservoir for 
effector memory T cells.

To verify the results obtained by scRNA-seq of tissue-derived CD4+ T cells, we returned 

to aortic tissues and located the functional T cell subsets identified by transcriptomics. 

Immunofluorescence analysis identified TCF1hi T cells within the TLS (Fig. 6A, fig. 

S8A). TCF1 expression in T cells was variable, ranging from high signal expression 

to undetectable (Fig. 6A). To define the relationship between T cell location and TCF1 

expression, we determined the proportion of TCF1hi and TCF1low T cells in 3 anatomical 
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locations: adventitial TLS, adventitial non-TLS area, and medial compartment. More than 

50% of the TLS-residing T cells were strongly positive for TCF1 (Fig. 6A to C). More 

than 80% of the T cells in other areas were TCF1 low (Fig. 6A to C). Consistently, TCF1 

expression was associated with the size of the TLS (Fig. 6D).

We investigated whether the high proliferative potential of TCF1hi T cells was maintained 

when such T cells were placed into the tissue niche. IF for the proliferation marker Ki67 

positioned proliferating CD4+ and CD8+ T cells to the adventitial layer (Fig. 6E to H, fig. 

S8B and C), especially, into the TLS (Fig. 6I and J, fig. S8B and C). Cytotoxic CD4+ T 

cells, defined as EOMES+CD4+ T cells, were present both inside and outside of the TLS 

(Fig. 6K). IF identified Tfh-like cells within germinal centers (Fig. 6L). IFNG, IFNGR1 and 

IFNGR2 transcripts were differentially expressed in the aortitis cases and GSEA provided 

further evidence for ongoing type II interferon (IFN) signaling in the disease lesions (Fig. 

6M and N, fig. S8D), all supporting the presence of IFN-producing cytotoxic CD4+ T cells. 

GSEA of the bulk RNA-seq dataset confirmed enrichment of a Tfh gene signature and 

elevated IL21 gene transcripts in aortitis tissues, in support of the presence of Tfh-like cells 

(Fig. 6M and N). Also, TCF1 and ICOS expression were positively correlated (fig. S8E). 

Collectively, the data support the concept that TCF1hi T cells give rise to Tfh cells, which 

reach pathogenic relevance by supporting the assembly and maintenance of TLS.

To further characterize the tissue niche for TCF1hi CD4+ T cells, we determined the 

geographical distribution of TCF1hi CD4+ T cells within the TLS. TCF1hi CD4+ T cells 

homed to both T cell zones and T/B mixed zones (Fig. 7A to D). As in lymph nodes, where 

DC networks are particularly dense at the T cell-B cell zone border, CD11c+ DCs mapped 

to the T cell zone, often close to the B cell zones (Fig. 7E to G). TLS-residing CD11c+ 

DCs formed extensive networks, creating a specialized environment for T cell survival (Fig. 

7E to G, fig. S9) (34). We also observed Ki67+CD11c+ DCs, suggesting they are capable 

of replenishing within the TLS (Fig. 7H). Finally, CD11c+ DCs were often wrapped around 

HEVs, building intercalating cellular networks between the two cell types (Fig. 7I and J).

TCF1hiCD4+ T cells function as disease stem cells.

We hypothesized that TCF1hi T cells have a unique pathogenic role due to their ability 

to replenish the T cell infiltrates by in situ proliferation, give rise to effector T cells 

and maintain autoimmune vasculitis in an organ-autonomous manner, independent from 

circulating immune cells. To test this hypothesis, we designed serial transplantation 

experiments, probing the disease-maintaining capabilities of TCF1hi CD4+ T cells. We first 

identified IL-7 receptor (IL-7R) as a sortable surface marker correlated with high TCF7 
expression (Fig. 8A). IL-7R expression was confined to T cells (Fig. 8B, fig. S10), and high 

TCF1 expression distinguished IL-7R+ T from IL-7R− T cells (Fig. 8C). Utilizing IL-7R 

as a surrogate marker for TCF1hi CD4+ T cells, we generated TCF1-low expressing GCA 

PBMCs by depleting IL-7R+ cells. We then induced vasculitis in humanized NSG mice 

by adoptive transfer of IL-7R containing (IL-7R+) and IL-7R-depleted (IL-7R−) PBMCs 

(Fig. 8D). To separate T cells that reside within the inflamed arteries from those living in 

extravascular lymphoid tissues (mostly the spleen of NSG mice), we serially transplanted 

the inflamed arteries into “empty” mice free of human cells other than graft-residing cells 
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(Fig. 8D). We monitored numbers of human T cells in the blood and the spleen of the 

primary and secondary recipients (Fig. 8E). Engraftment of inflamed human arteries into 

secondary recipients was associated with complete containment of tissue-infiltrating T cells 

in the vascular grafts. No human cells were detected in the circulation.

The intensity of vasculitis in explanted arteries was quantified through the histology score, 

evaluating severity and spread of inflammation as well as extent of vascular damage. 

Vasculitis induced by IL-7R+ cells depleted PBMCs was significantly less severe (p<0.001) 

(Fig. 8F and G), demonstrating the pathogenic relevance of TCF1hi T cells. We evaluated 

the impact of IL-7R+TCF1hi T cells on vascular remodeling. Depletion of IL-7R+ cells from 

the vasculitis-inducing immune cell populations markedly reduced VEGFA transcription and 

minimized graft neoangiogenesis (Fig. 8H to J). To mechanistically connect the proliferative 

capacity of IL-7R+TCF1hi T cells with chronicity and transferability of vasculitis, we 

compared rates of Ki67+ T cells in arteries from the chimeras reconstituted with IL-7R-

containing and IL-7R-depleted grafts. Arterial inflammation induced with IL-7R+ T cell 

populations was T cell-rich and included high rates of proliferating (Ki67+) T cells (Fig. 

8K and L). The depletion of IL-7R+ cells resulted in low-grade wall inflammation that 

lacked transcripts for the two main effector molecules, IFNG and GZMB (Fig. 8M). Taken 

together, these data suggest that TCF1hiCD4+ T cells are required to induce transferrable and 

persistent vasculitis, designating them as disease stem cells.

DISCUSSION

The exclusivity of GCA in medium and large arteries has been attributed to autoantigen 

availability but current data assign a critical role to structural elements in the tissue 

microenvironment; specifically, to the vasa vasorum arterioles and venules that serve 

as an origination point for lymphoid architectures harboring TCF1hiCD4+ T cells that 

serve as disease stem cells. In vessel-surrounding TLS, TCF1hiCD4+ T cells undergo 

proliferation and differentiate into pathogenic effector cells that attack the vessel wall. 

Thus, adventitial TLS function as a hub, steadily supplying T cells to the granulomatous 

infiltrates and rendering the disease lesions autonomous and self-sustained. The formation of 

highly sophisticated lymphoid structures seeded with TCF1hi stem-like cells reaches equal 

importance as autoantigen access. All cases of GCA aortitis analyzed had adventitial TLS, 

supporting the local renewal of disease stem cells, implicating TLS and local production 

of stem-like T cells in disease chronicity. These data have implications for the diagnosis 

and management of autoimmune vasculitis but the principle of local distribution centers for 

disease-relevant effector cells may be equally important in other autoimmune conditions 

associated with TLS formation (14). As a minimum, our data suggest that therapies directed 

only at effector T cells are insufficient to arrest the in situ autoimmune responses and offer 

strategies for the elimination of disease stem cells.

Structurally, aortic wall TLS are heterogeneous, with only some containing germinal 

center reactions, whereas 25% were occupied by mostly CD4+ T cells; challenging the 

concept that TLS are B cell-oriented structures dedicated to autoantibody production (14, 

15). GCA patients typically lack autoantibodies; rather macrophages and T cells are the 

dominant tissue-destructive cell populations (1, 2). Accordingly, GCA TLS engage in the 
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local production and differentiation of CD4+ T cells. Induction or removal of TLS has 

been considered as a potent strategy to treat cancer, infection, and age-related diseases 

(18–20, 23, 35–38). In autoimmunity, target organ TLS are generally associated with poor 

disease prognosis (14, 15, 39). This is also the case in GCA, as the TLS transcriptomic 

signature is tightly linked to aortic aneurysm formation, but TLS have been noted in 

temporal artery biopsies (40, 41). Indeed, even early stages of GCA are often resistant 

to immunosuppressive therapy. In sequential biopsies studies, 50% of patients had persistent 

vasculitis despite high-dose therapy for 12 months (3). These data emphasize the power of 

locally produced TCF1hiCD4+ T cells in sustaining autoimmunity.

scRNA-seq studies identified TCF1hiCD4+ T cells as the major subpopulation in the 

inflamed arteries. Pseudotime analysis suggested that tissue-residing TCF1hiCD4+ T cells 

decide between self-renewal and differentiation into two major effector populations: 

EOMES+CD4+ T cells equipped with a cytotoxic machinery and BCL6+ Tfh-like cells, 

capable of providing help for TLS formation. scTCR-seq analysis confirmed frequent TCR 

clonotype sharing between TCF1hi CD4+ T cells and all other subpopulations, strongly 

supporting the hypothesis that TCF1hi CD4+ T cells act as precursor cells for cytotoxic and 

Tfh-like cells. Stem-cell like CD8+ T cells have been implicated in driving tissue destruction 

in type I diabetes (42), but notably, these CD8+ Tstem reside in regional lymph nodes. The 

dimensional step in aortitis lies in the construction of lymph node-like TLS directly in the 

target organ.

Trm are generated in tissues after site-specific antigen exposure, persist and drive immune 

responses in an organ-autonomous manner (43). In autoimmunity, Trm confer long-term 

immunological memory in the target organs, guiding immunologic silence versus tissue 

inflammation. Here, serial transplantation experiments demonstrated tissue residency of 

vasculitis-inducing CD4+ T cells that found a survival niche in TLS. Such TLS are prime 

therapeutic targets for immunotherapy aiming to induce disease remission.

Although TCF1hi CD4+ T cells were shown to be a requirement for autoimmunity in our 

model, these cells are not directly involved in tissue injury. GCA lesions typically contain 

a broad spectrum of effector cytokines (IFN-γ, IL-21, IL-9, IL-2, GM-CSF, IL-17, IL-22) 

but how functional T cell subsets are induced remains unclear (1). EOMES+ cytotoxic 

CD4+ T cells have high destructive potential, targeting stromal cells, such as endothelial 

cells and vascular smooth muscle cells (27, 44) and are possibly directly involved in 

formation of aortic aneurysms. How BCL6+ Tfh-like cells contribute to vasculitis needs 

to be defined. A major disease pathway lies in macrophage activation, some of which 

differentiate into multinucleated giant cells. Transcriptomic analysis placed the cytokine 

GM-CSF into Tfh-like CD4+ T cells, possibly of relevance in vasa vasorum leakiness. 

Also, better understanding of how the defective PD1/PD-L1 pathway interferes with TLS 

induction and the turn-over and differentiation of TCF1hi CD4+ T cells requires attention.

NOTCH1+CD4+ T cells interact with vasa vasorum ECs, enabling T cell invasion into the 

vessel wall (9). Thus, NOTCH signaling may guide early steps of TLS formation, such as 

the formation of intrawall lymphoid pockets. In aortitis, adventitial vessels acquire a HEV-

like phenotype. Loss of Notch signaling selectively in ECs leads to the HEV phenotype in 
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middle-size arteries and to TLS formation (45). Downregulation of Notch signaling, coupled 

with the loss of EC differentiation markers occurs in high ECs (46). The intimate spatial 

relationship between HEVs and CD11c+ DCs in aortic TLS suggests a critical position of 

DCs in HEV development and maintenance, previously proposed for lymph nodes (47). 

Cancer immunotherapies have been implicated in the EC-to-HEV transformation, promoting 

TCF1+ T cell niches in the tumor microenvironment (48). Whether pathogenic CD4+ T 

cells could analogously facilitate the induction of aortic TLS remains to be investigated. 

Intriguingly, large vessel vasculitis is the predominant type of vasculitis associated with 

immune checkpoint inhibitors (13).

Our study has limitations. The aortic tissues were resected from patients with advanced 

disease and it remains to be explore to which extent formation of tertiary lymphoid 

structures affect early steps in the disease process. Definition of cellular neighborhood by 

imaging studies is limited to cell types that are present in frequencies >1 to 2% and might 

therefore miss low-frequency cell types. Also, current technologies do not permit analysis of 

cells in three-dimensional tissue environments, which may be of particular relevance in the 

function of TCF1hi CD4+ T cells in the wall of inflamed arteries.

Beneficial TLS in anti-tumor immunity stand in contrast to the detrimental TLS in 

autoimmune disease. Building complex lymphoid architectures in close vicinity to 

autoantigen production sites adds a new dimension to the disease process. TLS can capture, 

enrich, and store autoantigens, maximizing adaptive immune responses toward tissue 

antigens. Most importantly, TLS function as a site for TCF1hi CD4+ T cells that repopulate 

in situ and give rise to a diverse set of effector T cells, combining disease maintenance 

with diversification of tissue damaging effector functions. Understanding the determinants 

that control TLS development as well as the origin of vasculitis-inducing TCF1hi CD4+ 

T stem cells has important clinical implications. TLS may provide a focus for biomarker 

development to surmount the barriers in assessing inflammatory activity in the aortic wall. 

Equally important, the power of TLS in rendering the disease process autonomous calls for 

the therapeutic targeting of such structures to overcome the high rate of treatment resistance 

in this autoimmune disease.

MATERIALS AND METHODS

Study design

The objective of this study was to identify cellular and molecular mechanisms driving 

persistence of autoimmunity and GCA aortitis was chosen as a model system. Table 1 shows 

clinical and demographic characteristics of patients with GCA aortitis (n=22) and disease 

controls (non-inflamed ascending aortic aneurysms, n=20). In case-controlled histological 

and transcriptomic studies of ascending aortic aneurysm, all cases of aortitis had structured 

perivascular lymphoid clusters. Next, we dissected the heterogeneity and the function of 

disease-relevant CD4+ T cells using scRNA-seq and a human artery-NSG mouse chimeric 

model, in which vasculitis is induced under controlled conditions. Tissue residing CD4+ T 

cells were composed of 5 subsets. Besides proliferating and effector T cells, the inflamed 

arteries contained a CD4+ T cell population highly expressing the transcription factor TCF1. 

We found that TCF1hi CD4+ T cells gave rise to CD4+EOMES+ cytotoxic effector T 
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cells and to CD4+BCL6+ Tfh-like cells in situ, identifying them as disease stem cells. We 

relied on serial transplantation experiments to examine whether TCF1hi CD4+ T cells can 

induce durable autoimmunity, even in the absence of cellular influx from outside. Numbers 

of independent experiments or individuals are given in each figure legend. Sample sizes 

were determined from pilot experiments. All experiments were approved by the Mayo 

Clinic Institutional Review Board, and appropriate informed consent was obtained from all 

participants.

Patients and tissue samples

Patients were recruited in accordance with an approved Mayo Clinic Institutional Review 

Board protocol, and all patients provided informed consent. Surgically resected ascending 

aortic aneurysms were obtained from 22 aortitis patients and 20 non-inflammatory disease 

controls (Table 1). The diagnosis of GCA was established by temporal artery biopsy. 

Histologic diagnoses were confirmed by at least 2 vascular pathologists. Tissues with severe 

and diffuse atherosclerosis were excluded from both groups. Normal human arteries were 

collected from organ donors. Blood samples were donated by patients with GCA, GCA 

aortitis, or aortic aneurysm as well as by age-matched healthy individuals (Table 2).

Histological and immunohistological analysis

Aortic aneurysms were fixed in formalin, embedded in paraffin, and sectioned (6.0 μm 

thickness), and then stained with hematoxylin eosin (HE) or Verhoeff-Van Gieson (VVG). 

The sizes of aortic mononuclear cell aggregates were measured with the HE-stained sections 

of surgically resected ascending aortic aneurysm samples using Adobe Photoshop software. 

For immunofluorescence, the paraffin-embedded sections were deparaffinized with xylene, 

rehydrated, and then steam-heated for 15 min as described previously (38). The sections 

were incubated with 5% serum appropriate to the secondary antibody for 1 h at room 

temperature, and then incubated overnight at 4°C with the primary antibodies (table S1). 

All staining samples were visualized using the appropriate secondary antibodies (at a 

dilution of 1:300), counterstained with 4’,6-diamidino-2-phenylindole (DAPI), and analyzed 

using a confocal microscope (LSM780 confocal microscope, Zeiss). TLS were defined as 

perivascular lymphocyte aggregates with sign of proliferation. Quantification of TLS was 

performed using immunofluorescence of CD3 and CD20. T and B cell dominated TLS were 

defined as those composed mainly of T and B cells (> 75%), respectively, and other TLS 

were defined as mixed type TLS. Ratios were calculated by the total and each type of TLS 

numbers per one section. Geographical distribution of TCF1hi/low T cells and Ki67+ T cells 

in aortitis samples were determined by immunofluorescence. The cases with TLS in the 

media were excluded from the analysis. For immunohistochemistry, the paraffin-embedded 

tissue sections were rehydrated, and endogenous peroxidase was blocked using 3% H2O2. 

Antibody labeling was performed with a 3, 3 -diaminobenzidine (DAB) reagent (Vector 

Laboratories). Sections were counterstained with hematoxylin.

Bulk RNA-Seq data analysis

RNA was extracted from formalin-fixed paraffin-embedded block sections. The tissues were 

added with buffer PKD and proteinase K and placed in a QIAcube for the RNA purification 

(extraction) as previously described (21). Libraries were prepared using a TruSeq RNA 
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Exome Capture kit (Illumina) following the manufacturer’s protocol as previously described 

(21). The raw reads were preprocessed using the nf-core RNA-seq pipeline (v.3.3), aligned 

to the human reference genome GRCh38. For PCA, the counts were normalized by 

‘regularized log’ transformation using DESeq2 (v.1.34.0) (50) followed by removing gender 

effect using limma (v.3.50.3) (51). To identify the differential gens, the mean-variance trend 

modelled on logCPM values of each gene along with sample weight adjustment using 

voomWithQualityWeights (52, 53). Using the normalized weighted matrix linear model 

is fitted. The differential genes between Aortitis and Control group were calculated by 

fitting contrast to the model followed by the empirical Bayes moderation. The Gene Set 

Enrichment Analysis (GSEA) was performed on the differential genes (adjusted pvalue < 

0.05) using fgsea (v.1.20.0). The Tfh gene sets were extracted from Meckiff et al. (54) and 

the Trm gene set was extracted from (55), whereas interferon mediated signaling pathway 

and positive regulation of T cell proliferation were extracted from Gene Ontology database 

(56). Pathway enrichment analysis was performed on the 1070 DEGs between aortitis and 

non-inflamed aortic aneurysm disease controls using enrichR (57). CIBERSORTx analysis 

were performed on bulk RNAseq data by using the analytical tool (cibersortx.stanford.edu) 

(58). LM22 was used as a reference signature for analysis. To compare the single cell and 

bulk RNA-seq datasets, we transformed single cell RNA raw counts to pseudobulk using 

Seurat’s AggregateExpression function. Genes with raw counts greater than 5 were retained. 

Subsequently, genes in the bulk RNA were overlapped with the genes in the pseudobulk 

single cell RNA and percentages identified or missing from single cell to bulk RNA were 

calculated. The bulkRNAseq data in the current study have been deposited in the NCBI 

(https://submit.ncbi.nlm.nih.gov/geo/submission/) under accession number GSE224528. The 

normal aorta sets were extracted from GSE 141032 (59). Raw counts were normalized and 

compared with the data sets from the aortitis and disease control cases.

Human artery-severe combined immunodeficiency mouse chimeras.

Human artery-mouse chimeras were generated using NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

(NSG) mice as previously published (6, 49). In brief, non-inflamed human axillary arteries 

were engrafted subcutaneously into the back of NSG mice. Six days after the engraftment, 

10 μg of lipopolysaccharide (LPS) was injected subcutaneously, and the next day, PBMCs 

from GCA patients were adoptively transferred into the chimeras.

In scRNA-seq experiments, 10 million cells per mouse were transferred for vasculitis 

induction. Adventitial tissues from engrafted arteries were harvested 22 days after vasculitis 

induction. To isolate CD4+ T cells from the tissues, the tissues were physically minced and 

then shaken at 37 °C for 1 hour with collagenase/DNase I solution (1.5 mg/ml collagenase 

Ⅰ (#LS004196; Worthington Biochemical Corporation) and 0.1 mg/ml DNase I (#E1011-A; 

Zymo Research) in Hanks’ balanced salt solution (#14025076, Thermo Fisher Scientific)). 

After filtration with 100 μm mesh, cells were subject to dead cell removal kits (#17899, 

STEMCELL Technologies), and filtered again through 35 μm mesh. CD4+ T cells were 

then isolated using the EasySep Human CD4+ T Cell Isolation Kit (#17952, STEMCELL 

Technologies).
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In serial transplantation experiments, 6 to 10 million cells per mouse were transferred for 

vasculitis induction. In IL-7R positive cell depleted group, IL-7R positive cells in PBMCs 

from GCA patients were stained with CD127(IL-7R-α)-phycoerythrin (PE) antibody (clone 

A019D5, #351304, BioLegend) and removed with anti-PE Microbeads (#130–048-801, 

Miltenyi Biotec), as commercial protocol indicated. Engrafted arteries were transengrafted 

into another empty mice 14 days after vasculitis induction and harvested 4 weeks 

after the transengraftment. For histological analysis, engrafted arteries were fixed in 4% 

paraformaldehyde, incubated in 20% sucrose for 5 hours and in 30% sucrose in phosphate-

buffered saline (PBS) at 4°C overnight, and embedded in OCT compound. OCT-embedded 

arteries were cryosectioned and used for immunofluorescence and HE stains.

Single cell RNA-Seq

Three humanized mice were used. Beads isolated CD4+ T cells from adventitial lesion of 

vasculatures were loaded onto a Chromium Single Cell Controller using the Chromium 

Single Cell 3’ Library and Gel Bead Kit v3 (both from 10x Genomics) following the 

manufacturer’s instructions. Sample preparation and library preparation were performed 

following the manufacturer’s instructions. The libraries were sequenced on NextSeq 2000 

(Illumina). The scRNA-seq data in the current study have also been deposited in the NCBI 

(https://submit.ncbi.nlm.nih.gov/geo/submission/) under accession number GSE224528.

Single cell RNA-Seq data analysis

The single cell fastq data is processed using Cell Ranger pipeline version 6.1.2 

(10x Genomics) mapped on GRCh38 v.3.0.0 reference. The downstream analysis was 

performed using R package Seurat v.4.3.0 for quality control (QC), normalization, scaling, 

dimensionality reduction, clustering, differential expression, and visualization (56). In brief 

we have retained genes expressed in >3 cells. Cells expressing between 200 and 4000 

genes with <10% mitochondrial gene contamination were retained for analysis. We have 

also removed doublets cells using DoubletFinder (60). Further we have extracted T cells 

based on the expression of CD3 and CD4 and performed the downstream reanalysis 

using Seurat. The raw counts were normalized, and variable genes were identified using 

NormalizeData and FindVariableFeatures function in Seurat, respectively. The variable 

genes were used for dimensionality reduction followed by clustering using graph-based 

clustering approach using the Louvian algorithm. We have performed imputation of gene 

expression using MAGIC (61). The imputed data is being used to perform Pearson 

correlation between the TCF1 with other genes. The gene module scores were calculated 

using the “AddModuleScore” function from Seurat applying TCR signaling and Cell cycling 

gene sets. Pseudotime trajectory analysis was performed using Monocle3 (62).

T cell receptor sequencing from single cell library

To obtain TCR CDR3 sequences from 3’ scRNA sequencing experiments, we enriched 

and amplified TCR-encoding transcripts from the whole transcriptome starting materials 

as described previously (63,64). We followed the modified protocol for 10x genomics 3’ 

starting materials by Millar et al. (63) that was originally developed for Seq-Well by Tu et al. 
(64). We sequenced TRA- or TRB-enriched libraries on Illumina MiSeq lane (about 1,000 T 

cells per lane) at a cluster density of about 450,000 per mm2. Twenty-eight cycles were used 
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for read 1 and 100 cycles were used for index 1, which reads the TCR CDR3 region. TCRα- 

and TCRβ-specific custom sequencing primers were used for index 1 (63). We used WAT3R 

to analyze the TCR CDR3 sequences (65) and downstream analysis was performed using 

in-house scripts. For clonal sharing in T cell subsets, we have used TCR repertoire similarity 

score (TRSS) measured by the Bhattacharyya coefficient as previously described (66).

Flow cytometry antibody staining

PBMCs were isolated by gradient centrifugation with Lymphocyte Separation Medium 

(Lonza). Single cell suspensions were stained with a cocktail of conjugated antibodies 

(table S2) at 4 °C for 20 minutes. For intracellular TCF1 and TBX21 staining, cells were 

surface stained, washed in PBS, permeabilized with Foxp3/Transcription Factor Staining 

buffer set (eBioscience, catalog number 00–5523-56), and stained with anti-human TCF1 

(Cell Signaling Technology, clone C63D9 conjugated with PE, catalog number #14456) and 

TBX21 (BioLegend, clone 4B10 conjugated with brilliant violet (BV) 421, catalog number 

644815). Flow cytometric analyses were performed using a CYTEK NL-1000 or FACSAria 

II, and analyzed with FlowJo software (Becton, Dickinson Co.).

Tracking proliferation of rested human CD4+ T cells

PBMCs were separated from whole blood using Lymphocyte separation medium (Lonza). 

Naïve and memory CD4+ T cells were isolated from aged healthy donor PBMCs using 

the EasySep Human Naive and Memory CD4+ and T Cell Enrichment Kit (STEMCELL 

Technologies), respectively. CD4+ T cells were labeled with Cell Trace Violet (Thermo 

Fisher Scientific, C34571). 5×104 cells were plated per well in 96-well plates and stimulated 

with anti-CD3/anti-CD28-coated Dynabeads (Gibco) at a ratio of 1 bead per 2 cells for 

6 days. T cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum, 

penicillin/streptomycin and 10 ng/mL IL-2 for 6 days and analyzed with flow cytometry. 

Each peak of the Cell Trace Violet fluorescence signal represents one cell division cycle.

Histological injury score

Histological injury score was scored using HE-stained sections of engrafted arteries in 

humanized chimeric mice. Inflammation severity, inflammation extent, and vascular damage 

were graded, same as other humanized disease mice models (67). For each feature, 

histological scores were graded blindly using a semi-quantitative scale. The histological 

score was obtained by adding the average of the subscore of each feature.

RNA extraction, reverse transcription and RT-PCR

Total RNA was purified with Direct-zol RNA MiniPrep kits (Genesee Scientific) and 

was reverse transcribed into complementary DNA with High-Capacity cDNA Reverse 

Transcription Kits (Thermo Fisher Scientific). Quantitative RT-PCR was performed with 

PowerUp SYBR Green Master Mix (applied biosystems by Thermo Fisher Scientific) and 

QuantStudio 6 Pro (applied biosystems by Thermo Fisher Scientific). The primer sequences 

used in this study are listed in table S3. Expression values were normalized to those of 

β-actin.
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Statistical analysis

All raw, individual-level data for experiments where n<20 are presented in data file S1. 

Shapiro-Wilk test (Fig. 8E) or Kolmogorov-Smirnov test (others) was performed to compare 

variance where a parametric test was used (P > 0.05). Statistical analysis was performed 

by Mann-Whitney U test, Wilcoxon matched-pairs signed rank test (two-sided), paired or 

unpaired student’s t-test, Kruskal-Wallis test with post-hoc, one-way analysis of variance 

(ANOVA) with Tukey’s post hoc test, and Pearson’s correlation analysis as indicated in the 

figure legends. Significance was set at P < 0.05. Statistical analysis was performed using 

Prism software (version 14, SAS Institute Inc.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TLS are formed in large vessel vasculitis.
Tissue samples were collected from the ascending aorta of patients with GCA and patients 

with non-inflammatory aneurysm (disease control). Tissue sections were analyzed by multi-

color immunofluorescence (IF); nuclei were stained with DAPI. (A) In GCA aortitis, 

mononuclear cells formed organized lymphoid aggregates around adventitial blood vessels. 

Tissues were stained with hematoxylin and eosin. (B) Cumulative size of mononuclear cell 

aggregates per tissue section (aortitis: n=22, disease control: n=20, normal aorta: n=4). Each 

dot represents one tissue. (C and D) Tissues were stained for CD3 and CD20; representative 
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images of a mixed TLS (C) and a T cell dominated TLS (D) are shown. (E) Depending 

on the dominant cell type, TLS were categorized as T cell dominated, B cell dominated 

or mixed. Proportions are shown for 11 cases of aortitis. (F to K) Tissues were stained 

for CD4 and CD8 (F); CD11c (G); CD3 and HLA-DR (H); CD3, CD11c, and Podoplanin 

(Podo) (I); CD3 and αSMA (J); or CD21 and αSMA (K). (L and M) Peripheral lymph 

node addressin (PNAd) expression was examined by immunohistochemistry. PNAd+ high 

endothelial cells are shown in (L). Subendothelial immune cell pockets are indicated in (M). 
(N and O) Tissue were stained for CD3, αSMA and PNAd (N) and for CD3 and αSMA 

(O). (P) Frequencies of PNAd+ vessels and vessels with intravascular T cells in aortitis 

and in non-inflamed aneurysms (n=10) are compared. TLS and T cell zones are marked by 

dotted lines. Data are presented as mean ± SD with individual values indicated. Data were 

analyzed by Kruskal-Wallis test with post-hoc (B and P), one-way ANOVA with Tukey post 

hoc test (E). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars, 100 μm (A) 

or 50 μm (C and D, F to O).
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Fig. 2. Inflamed aortic wall expresses a TLS transcriptomic signature.
Human ascending aortic tissues from patients with giant cell aortitis (n=22) or non-inflamed 

aortic aneurysms (n=20 disease controls) were analyzed by bulk RNA-seq. (A and B) 
A principal component analysis (PCA) (A) and a volcano plot showing DEGs between 

aortitis and non-inflamed aneurysms (B) are presented. (C) Shown are the top 10 enriched 

pathways in GCA aortitis. Statistical significance was determined by enrichr (48). (D) The 

hierarchical clustering heatmap indicates 22 transcripts relevant in TLS formation (TLS gene 

signature) in aortitis and non-inflamed aneurysms. (E) Subgroup analysis comparing the 

Sato et al. Page 24

Sci Transl Med. Author manuscript; available in PMC 2024 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TLS gene signature in the indicated clinical subtypes. (F) TLS size (Fig. 1C) and TPM 

values of CXCL13, CCL19 and CCL21 (n=22 aortitis cases, n=20 disease controls) are 

correlated. (G) Shown are comparisons of TPM values of TLS-related genes (CXCL13, 

CCL19, CCL21, IL-7, IL15, TNFSF13B, TNFSF8 and TNFRSF8) in aortitis and disease 

controls. (H) CIBERSORT analysis of RNA-seq data is used for a quantitative evaluation 

of immune cell infiltrates in aortitis (n=22) and disease controls (n=20). (I) Estimated 

proportions of resting and activated CD4+ memory T cells in aortitis are shown. Data are 

presented as mean ± SD. Data were analyzed by Mann-Whitney U test (G, I). Correlations 

were determined by Pearson’s correlation analysis (F). **P < 0.01, ****P < 0.0001; ns, not 

significant.
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Fig. 3. Single cell RNA sequencing defines multiple subsets of vasculitogenic CD4+ T cells.
Vasculitis was induced in human arteries engrafted into NSG mice by adoptively transferring 

PBMCs from patients with GCA. CD4+ T cells were isolated from digested inflamed 

arteries and analyzed by scRNA-seq. (A) Uniform manifold approximation and projection 

(UMAP) representation of the CD4+ T cell dataset of 680 cells from the inflamed arteries 

(n=3); each dot represents a single T cell, and cells are colored as 1 of 5 discrete subsets. (B) 

A circle graph of the relative frequencies of each CD4+ T cell subset is shown. (C) Shown 

is a heatmap of the top 20 differentially expressed genes driving heterogeneity of vessel wall 
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infiltrating CD4+ T cells. (D to H) UMAP visualizations of gene expression in CD4+ T cells 

are shown; Cluster defining signature genes (D), key transcriptional factors (E), inhibitory 

receptors (F), genes involved in TGF-β signaling (G), and cytokines and chemokines (H) 

are presented. (I) UMAP presentation shows cell cycling and TCR signaling gene signature 

scores for individual CD4+ T cells.
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Fig. 4. Different vasculitogenic CD4+ T cell subpopulations share TCR clones.
Cluster assignment of scRNA-seq was performed as in Fig. 3. (A) Single-cell trajectories 

of vasculitogenic CD4+ T cells were generated with Monocle3 pseudotime analysis. CD4+ 

T cells are colored by clusters and the black line traces the trajectory (left panel). The 

pseudotime trajectory marks three branch nodes; the split of cycling and differentiating 

CD4+ T cells, which then both separate into two subsets (middle panel). In the right panel, 

the root of the trajectory is represented by TCF1hi CD4+ T cells, which transition into 

three TCF1lo branches: cycling CD4+ T cells, cytotoxic (cyto) CD4+ T cells, and Tfh-like 
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T cells. (B to G) Tissue-derived CD4+ T cells were analyzed by single cell T cell receptor 

sequencing (scTCR-seq). (B) Recovered CDR3 sequences for TRA and TRB are projected 

on the same UMAP as the scRNA-seq data. (C) Proportions of successful CDR3 recovery 

for TRA and TRB are shown for each T cell subset. (D and E) Expanded TCRα (D) and 

TCRβ (E) clonotypes (clonotype frequency > 1 cell) are shown. (F) Shown are examples 

of expanded clonotypes that share TCRα or TCRβ across distinct T cell subsets. (G and 
H) Proportion of clonal overlap and TCR repertoire similarity score (TRSS) amongst tissue-

infiltrating CD4+ T cell subpopulations for TCRα (G) and TCRβ (H).
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Fig. 5. TCF1 expression correlates with the T cell differentiation state.
(A) Gene expression of TCF7 was correlated with the transcription factors TBX21 and 

EOMES and the effector molecules IFNG and GZMB in scRNA-seq data of individual 

CD4+ T cells isolated from vasculitic lesions. Color coding reflects the cluster assignment in 

Fig. 3A. (B to H) PBMCs were collected from patients with GCA aortitis and age-matched 

controls and analyzed by flow cytometry. (B and C) Expression of the transcription factors 

TCF1 and TBX21 (also known as T-bet) in CD4+ (B) and CD8+ T cells (C) (n=6 each) is 

shown. Representative dot plots and quantification of TBX21 mean fluorescence intensities 

Sato et al. Page 30

Sci Transl Med. Author manuscript; available in PMC 2024 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(MFI) in TCF1hi, TCF1int and TCF1lo T cells are presented. (D) TCF1 expression was 

quantified in healthy CD4+ and CD8+ T cells isolated from healthy older adults subdivided 

into naïve, central memory (TCM), effector memory (TEM) and terminally differentiated 

effector memory CD45RA+ T cells (TEMRA) (n=8 each). (E and F) Naïve (E) and memory 

(F) CD4+ T cells were isolated, labeled with CellTrace and stimulated in vitro. TCF1 

expression was measured 6 days after stimulation by flow cytometry. Representative dot 

plots and data from three donors are shown. (G and H) CD4+ (G) and CD8+ (H) T cells 

from patients with GCA aortitis (n=6) and age-matched controls (n=8) were subdivided 

into naïve, TCM, TEM, and TEMRA. Representative dot plots, frequencies of the T cell 

subsets and combined proportions of (naïve plus TCM) and (TEM plus TEMRA) are shown. 

Data are presented as mean ± SD with individual values indicated. Data were analyzed by 

unpaired two-tailed t-test (B to D, G and H). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001.
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Fig. 6. TCF1hi CD4+ T cells preferentially localize to TLS.
(A) Spatial mapping of TCF1hi T cells in GCA aortitis was visualized by IF staining. Tissues 

were subdivided into three territories: inside of adventitial TLS, outside of adventitial TLS 

and medial layer. (B) Proportions of TCF1hi and TCF1lo T cells in the media, inside the 

TLS, and in non-TLS territory were determined (n=8). (C) Shown is the geographical 

distribution of TCF1hi and TCF1lo T cells in individual cases of GCA aortitis. Frequencies 

of TCF1hi and TCF1lo T cells were measured in the medial layer, inside of adventitial TLS, 

and in the surroundings of the TLS. (D) Shown is the correlation between TCF7 TPM values 
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and TLS sizes in 22 cases of GCA aortitis and 20 cases of disease controls. (E and F) 
Proliferating CD4+ (E) and CD8+ (F) T cells were mapped. Cycling T cells were detected 

by Ki67 expression. (G and H) Shown is the geographical distribution of CD4+Ki67+ (G) 

and CD8+Ki67+ (H) T cells in the intima, the media, and the adventitia of 11 cases of 

GCA aortitis. (I and J) Shown is the placement of CD4+Ki67+ (I) and CD8+Ki67+ (J) T 

cells inside or outside of TLS (n=11). (K) CD4 and EOMES expression was analyzed by 

dual-color IF in different tissue niches: inside TLS, surroundings of TLS, or media. (L) CD4 

and Ki67 expression was examined by dual color IF. CD4+ T cells are detected inside of 

germinal centers (proliferating cell cluster). (M) Shown are GSEAs for the IFN-γ-mediated 

signaling pathway and for the Tfh cell signature in aortitis (n=22) and in non-inflamed 

aneurysms (n=20). (N) TPM values for IFNG, CXCL9, CXCL10 and IL21 in aortitis (n=22) 

and in non-inflamed aneurysms (Con; n=20) are compared. Data are presented as mean ± 

SD with individual values shown. Data were analyzed by one-way ANOVA with Tukey post 

hoc test (C, G), Kruskal-Wallis test with post-hoc (H) or Mann-Whitney U test (I, J, N). 
The correlation in (D) was determined by Pearson’s correlation analysis. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001. Scale bars, 50 μm.
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Fig. 7. TCF1hi T cells survive in defined cellular neighborhoods.
TLS were identified in the aortic wall of GCA-affected tissues and each TLS was subdivided 

into three zones: T cell zone, B cell zone, and mixed zone. Multi-color IF was used for 

spatial mapping of all cell types. (A to C) Mapping of the T/B cell area (A), the B cell 

area (B), and the T cell area (C) as well as quantification of TCF1hi T cells in different 

zones (n=12) (D) are shown. (E to F) Tissue distribution of CD11c+ dendritic cells (DC) in 

the T and B cell zone (E) and in the mixed zone (F) are shown and CD11c+ DC numbers 

in different zones (G) are compared. (H) Proliferating CD11c+ DCs were identified by 

Ki67 staining. (I) DC-microvessel contact sites are visualized. Microvessels were identified 

through αSMA and PNAd. (J) Proportions of αSMA+ microvessels inside TLS in direct 

contact to DC were quantified (n=14). Localization of TLS and T cell zones is indicated by 

dotted lines. Data are presented as mean ± SD with individual values indicated. Data were 

analyzed by one-way ANOVA with Tukey post hoc test (D, G). **P < 0.01, ***P < 0.001, 

****P < 0.0001. Scale bars, 50 μm.
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Fig. 8. TCF1hiCD4+ T cells function as disease stem cells.
(A) TCF7 and IL-7R gene expression in individual CD4+ T cells isolated from vasculitic 

lesions are correlated. (B) Representative flow cytometry plot is shown for CD3 and 

IL-7R in PBMCs from older adults. (C) TCF1 expression in IL-7R positive (IL-7R+) and 

IL-7R negative (IL-7R−) T cells are compared. Representative histogram and data from 8 

individuals are presented. (D) Shown is a scheme of the serial transplantation experiments. 

Pairs of NSG mice were engrafted with human arteries, reconstituted with IL-7R+ or IL-7R− 

PBMCs from patients with GCA. IL-7R− PBMCs were prepared by depleting IL-7R+ cells. 
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Vasculitis was induced in engrafted human arteries and inflamed arteries were transplanted 

into “empty” NSG mice. Finally, arteries were explanted on day 42. (E) Numbers (No.) of 

human T cells in the blood (100μl) and the spleen of NSG mice reconstituted with IL-7R+ 

or IL-7R− PBMCs were quantified (n=3). Data of T cell numbers in 100μl blood and spleen 

7 days after vasculitis induction were used as positive control (49). (F to M) Tissue sections 

were prepared from the explanted arteries and the intensity of vasculitis was assessed in 

arteries. (F) Representative images (H&E) show density of intrawall infiltrates. (G) Shown 

is a comparison of vascular injury scores in arteries (n=6 each). (H and I) Intralesional 

microvessels were identified by dual color IF analysis of vWF (green) and αSMA (red). 

Representative microphotographs (H) and enumeration of lesional microvessels (I) in 

arteries are shown (n=6 each); HPF, high power field. (J) VEGFA transcripts in arteries 

were quantified using real-time polymerase chain reaction (RT-PCR); n=6 each. (K and L) 

Proliferating T cells in the tissue were identified by dual-color IF for CD3 (green) and Ki67 

(red). Representative images (K) and total T cell numbers and proportions (L) of Ki67+ 

T cells in arteries are shown (n=6 each). (M) IFNG and GZMB mRNA was quantified in 

arteries by RT-PCR; n=6 each. Data are presented as mean ± SD with individual values 

given. Data were analyzed by paired t-test (C, G, I, L), one-way ANOVA with Tukey post 

hoc test (E), or Wilcoxon matched-pairs signed rank test (two-sided) (J, M). *P < 0.05, **P 
< 0.01, ***P < 0.001. Scale bars, 50 μm. IL-7R pos: IL-7R+, IL-7R neg: IL-7R−.
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Table 1.

Clinical characteristics of patients with GCA aortitis or non-inflamed ascending aortic aneurysm.

Non-inflamed ascending
Aortitis (n = 22)

aortic aneurysm (n = 20)

Age (mean ± SD) 72.5 ± 6.5 74.0 ± 6.1

Male:Female 8:12 10:10

ESR (mean ± SD, mm/hr) 4.95 ± 9.2 6.3 ± 8.5

CRP (mean ± SD, mg/L ) 0.79 ± 1.5 3.3 ± 3.7

Treatment

Prednisone 0 (0%) 1 (4.5%)

Prednisone dose (mg/day) 4mg

Methotrexate 0 (0%) 0 (0%)

Active Systemic Disease 0 (0%) 0 (0%)

Anti-platelet 10 (50%) 13 (59%)

Statin 12 (60%) 9 (40.9%)

ACE-I/ARB 15 (75%) 11 (50%)

History of Polymyalgia Rheumatica 0 (0%) 7 (31.8%)

History of congenital heart disease 10 (50%) 0 (0%)

Smoking

Current 0 (0%) 6 (27.3%)

Former 7 (35%) 7 (31.8%)

Values are n (%) unless otherwise noted. ESR: Erythrocyte sedimentation time, CRP: C-reactive protein, ACE-I: angiotensin-converting enzyme 
inhibitor, ARB: angiotensinⅡ receptor blocker.
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Table 2.

Clinical characteristics of patients with GCA.

Patients with GCA (n = 25)

Age (year, mean ± SD) 68.8 ± 8.8

Male:Female 4:21 (16.0% : 84.0%)

Ethnicity

 Caucasian 22 (88.0%)

 African American 1 (4.0%)

 Hispanic 0 (0%)

 Asian 2 (8.0%)

 Other 0 (0%)

Disease Duration (month, mean ± SD) 4.68 ± 4.43

Erythrocyte sedimentation rate (mean ± SD, mm/h) 33.72 ± 30.38

C-reactive protein (mean ± SD, mg/dL) 29.19 ± 50.97

Clinical symptoms

 Headaches 12 (48.0%)

 Eye involvement 7 (28.0%)

 Claudication 8 (32.0%)

 Polymyalgia rheumatica symptoms 9 (36.0%)

 Constitutional symptoms 14 (56.0%)

Aortic/large vessel involvement 19 (76.0%)

Treatment of GCA

 Untreated 12 (48.0%)

 Prednisone 11 (44.0%)

  dose (mg/day, mean ± SD) 25.1 ± 21.8 mg/day

 Tocilizumab 4 (16.0%)

Values are n (%) unless otherwise noted.
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