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Abstract

T cell help is a crucial component of the normal humoral immune response, yet whether it 

promotes or restrains autoreactive B cell responses remains unclear. Here, we observe that 

autoreactive germinal centers require T cell help for their formation and persistence. Using 

retrogenic chimeras transduced with candidate TCRs, we demonstrate that a follicular T cell 

repertoire restricted to a single autoreactive TCR, but not a foreign antigen–specific TCR, is 

sufficient to initiate autoreactive germinal centers. Follicular T cell specificity influences the 

breadth of epitope spreading by regulating wild-type B cell entry into autoreactive germinal 

centers. These results demonstrate that TCR-dependent T cell help can promote loss of B cell 

tolerance and that epitope spreading is determined by TCR specificity.

INTRODUCTION

T cell help to B cells is a fundamental component of the adaptive immune system. Signals 

from follicular T cells to germinal center (GC) B cells facilitate somatic hypermutation, 

class switch recombination, affinity maturation, and memory B cell formation. Peripheral 

B cell tolerance is maintained in the GC through mechanisms such as clonal redemption 

and clonal anergy (1–7), but failures in these mechanisms can lead to production of 

pathogenic, class-switched, and epitope-spread autoantibodies (8–10). Although the function 

of follicular T cells, including T follicular helper (TFH) and T follicular regulatory (TFR) 

cells, has been well characterized in the normal GC (11, 12), the role of these cells in the 

autoreactive GC is less well understood (13–15).

Alterations in follicular T cell frequency and phenotype in autoantibody-mediated disease 

suggest that T cell help is critical for regulating B cell tolerance. TFH and TFR frequencies 
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are disrupted in systemic lupus erythematosus, myasthenia gravis, Sjögren’s syndrome, 

multiple sclerosis, autoimmune thyroid disease, and rheumatoid arthritis (16–31). Systemic 

autoimmunity in Roquinsan/san mice is T cell dependent (32), likely because Roquin-1 

targets key TFH genes, such as Icos and Ox40 (33–35). Advances in single-cell T cell 

receptor sequencing (scTCR-seq) have allowed for interrogation of the follicular T cell 

repertoire, revealing that TFH and TFR cells have nonoverlapping repertoires that expand but 

do not develop clonality in response to immunization with foreign antigens (36–38).

We hypothesized that despite widespread bystander activation, a subset of follicular TCR 

clones can provide T cell help to break B cell tolerance. To determine the role of T cell help 

and TCR specificity in autoreactive GCs, we developed follicular T cell–deficient mouse 

models of autoantibody disease. These models revealed that follicular T cells are necessary 

for the formation and persistence of spontaneous autoreactive GCs. We found that among 

a pool of polyclonal follicular T cells, a subset of autoimmune-enriched specificities can 

recognize autoantigen. Furthermore, these autoreactive TCRs, but not a model TCR, are 

sufficient to rescue spontaneous GC formation, facilitate wild-type (WT) B cell entry to 

autoreactive GCs, and direct epitope spreading toward specific autoantigens.

RESULTS

Autoreactive GC formation and persistence is T cell dependent

We tested T cell dependency in mice using the Icos−/− and SAP−/− models of follicular T 

cell deficiency (39, 40). To confirm the necessity of inducible T-cell costimulator (ICOS) 

and SLAM-associated protein (SAP) for provision of T cell help, we studied primary GC 

responses against foreign antigens using immunization with 4-hydroxy-3-nitrophenylacetyl 

hapten conjugated to ovalbumin (NP-OVA) or sheep red blood cells and chronic GC 

responses against commensal bacterial antigens using the mesenteric lymph node. ICOS- 

and SAP-deficient mice had decreased follicular T cell frequency and a corresponding 

loss of GC B cells and antibody-secreting cells (ASCs) (fig. S1, A to F), confirming that 

GC formation and ASC output are dependent on T cell help mediated by ICOS or SAP. 

Follicular T cell formation was less dependent on SAP than ICOS (fig. S1B), consistent 

with previous reports that early CD4 priming and TFH differentiation are ICOS dependent 

but SAP independent (41–43). Chronic spontaneous GCs in the mesenteric lymph node were 

also less dependent on SAP than ICOS (fig. S1D), similar to recent observations in Peyer’s 

patches (44).

Given the T cell dependence of primary B cell responses against foreign antigens, 

we next asked whether autoreactive GCs similarly require T cell help. To test the 

necessity of T cell help for autoreactive GC formation, we crossed 564Igi mice (45), 

which have heavy- and light-chain knockins of an autoreactive B cell receptor against 

ribonuclear complexes (46), onto ICOS- or SAP-deficient backgrounds. As expected, 

ICOS- and SAP-deficient mice lacked follicular T cells with near complete absence 

of TFH (CD4+CXCR5+PD1+ICOS+FoxP3−) and TFR (CD4+CXCR5+PD1+ICOS+FoxP3+) 

cells (Fig. 1, A and B). 564Igi;Icos−/− and 564Igi;SAP−/− mice also failed to form 

GCs, class-switched immunoglobulin G1 (IgG1), and age-associated B cells (ABCs; 

CD11c+CD21/35−B220+CD138−GL7−CD38+IgD−) (Fig. 1, C and D), suggesting that T 
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cell help is necessary for both autoreactive GC formation and early GC-extrinsic B cell 

activation. 564Igi;Icos−/− and 564Igi;SAP−/− spleens had decreased GC frequency despite 

presence of follicular dendritic cells (FDCs) and follicular architecture (Fig. 1, E and F). 

ASCs were less proliferative in both 564Igi;Icos−/− and 564Igi;SAP−/− mice (Fig. 1G), 

but only 564Igi;Icos−/− mice had decreased ASC formation (Fig. 1H). Persistence of 

autoreactive ASCs suggests that although T cell help is necessary for ASC proliferation, 

autoimmune mice have an ICOS-dependent but SAP-independent source of ASCs. 

Antinuclear antibody (ANA) testing of 564Igi sera demonstrated nucleolar and cytoplasmic 

staining (Fig. 1I), likely representing autoreactivity against multiple autoantigens. Functional 

autoantibody production was decreased in 564Igi;Icos−/− and 564Igi;SAP−/− mice, resulting 

in decreased ANA staining (Fig. 1I) and glomerular autoantibody deposition (Fig. 1J). These 

results suggest that as in foreign antigen–elicited GCs, initiation of autoreactive GCs and 

autoantibody production require T cell help.

We next asked whether T cell help is necessary for not only the formation but also the 

persistence of chronic autoreactive GCs. To establish a model of inducible loss of T cell 

help, we crossed Cd4CreERT2 mice onto the Bcl6fl/fl background to generate mice in which 

delivery of tamoxifen leads to inducible deletion of the follicular T cell lineage–defining 

transcription factor B cell lymphoma 6 (Bcl6) (47). We confirmed that Cd4CreERT2;Bcl6fl/fl 

mice have inducible loss of TFH, TFR, and GC B cell responses to primary immunization 

with foreign antigen (fig. S2). To test the necessity of continuous T cell help in chronic 

autoreactive GCs, we crossed Cd4CreERT2;Bcl6fl/fl mice onto the 564Igi background. Bcl6 

deletion led to inducible loss of TFH, TFR, and GC responses in autoimmune mice (fig. 

S3, A to E), suggesting that T cell help is necessary for the persistence of autoreactive 

GCs. However, Bcl6 deletion did not alter ABC or ASC frequency or ASC proliferation in 

autoimmune mice (fig. S3, E and F), suggesting that loss of T cell help does not immediately 

affect early GC-extrinsic B cell activation or ASC presence. Although Bcl6 depletion led 

to loss of splenic GCs (fig. S3G), it did not alter ANA reactivity (fig. S3H), likely due to 

the extended half-life of serum autoantibodies. These results suggest that in addition to their 

initiation, persistence of autoreactive GCs requires continuous T cell help.

Follicular T cell repertoires are polyclonal and dynamic

Given the necessity of T cell help for autoreactive GC formation and persistence, we next 

asked whether follicular T cell–driven loss of B cell tolerance is due to a clonal follicular 

T cell response. To visualize T cell clonality in situ, we crossed Cd4CreERT2 mice onto the 

R26con/con background to generate mice in which delivery of tamoxifen leads to inducible 

labeling of CD4 T cells with 1 of 10 randomly generated confetti color combinations 

(48). We first tested our ability to visualize follicular T cell clonality in foreign antigen–

elicited GCs by treating Cd4CreERT2;R26con/con mice with tamoxifen, followed by primary 

immunization with NP-conjugated to chicken gamma globulin (NP-CGG) and analysis of 

the draining inguinal lymph node up to 30 days after immunization (fig. S4A). Labeled 

follicular T cells were observable as early as 3 days after immunization (fig. S4B). However, 

in contrast to GC B cells (49), follicular T cells remained polyclonal up to 30 days after 

labeling (fig. S4B). These results suggest that in contrast to GC B cells, follicular T cells 
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in foreign antigen–elicited GCs remain polyclonal over the course of the primary immune 

response.

To assess the clonality of follicular T cells in chronic autoimmune GCs in situ, we 

generated mixed bone marrow chimeras in which irradiated Icos−/− mice were reconstituted 

with 564Igi;Icos−/− and Cd4CreERT2;R26con/con bone marrow. In this model, follicular T 

cells should only originate from Cd4CreERT2;R26con/con bone marrow. Six weeks after 

reconstitution, autoimmune bone marrow chimeras were treated with tamoxifen, left for 

5 weeks to establish clonality, administered phycoerythrin (PE) anti-CD21/35 to label FDCs, 

and analyzed by intravital multiphoton microscopy (Fig. 2A). Similar to foreign antigen–

elicited GCs, chronic autoimmune GCs had highly polyclonal follicular T cells (Fig. 2, 

B and C, and movie S1). Individual GCs and even distinct regions of the FDC network 

harbored a multitude of follicular T cell clones (movie S1), suggesting that a breadth of TFH 

and TFR TCR specificities are present in a single GC. Intravital multiphoton microscopy also 

allowed for tracking of individual follicular T cell clones over time. We observed both the 

exit and entry of follicular T cell clones of different confetti origins in an individual GC 

over a span of 10 to 15 min (Fig. 2D and movie S2), suggesting that follicular T cells in 

autoimmune GCs are both polyclonal and dynamic.

We also assessed follicular T cell clonality in autoimmune GCs by reanalyzing single-c ell 

RNA sequencing (scRNA-seq) and scTCR-seq of follicular T cells from autoimmune bone 

marrow chimera spleens 10 weeks after reconstitution (Fig. 3A) (50). Follicular T cells 

from both immunized and autoimmune bone marrow chimeras exhibited a similar degree 

of clonal expansion (Fig. 3B) and were not distinguishable by T cell repertoire similarity 

scores (TRSSs) (Fig. 3C). However, unweighted network analysis separated immunized and 

autoimmune follicular T cell repertoires on the basis of sharing of expanded CDR3β clones 

between mice (Fig. 3D), suggesting that there is an intrinsic difference in the immunized and 

autoimmune follicular T cell repertoires when clonal expansion and overlap are considered.

To compare the clonality of subsets of follicular T cells, we mapped the TCR repertoire 

onto the transcriptional landscape using paired scRNA-seq and scTCR-seq datasets. 

Unsupervised clustering identified eight clusters of follicular T cells, most prominently 

TFR and sclerostin domain containing 1 (Sostdc1) TFH cells, which were decreased and 

increased, respectively, in autoimmune bone marrow chimeras (fig. S5, A to C). The 

follicular T cell subsets were clonally and transcriptionally distinct, with limited clonotype 

sharing between clusters (fig. S5, D and E). Differential gene expression analysis revealed 

that each cluster was also transcriptionally distinct in autoimmune bone marrow chimeras 

(fig. S5F), with notable increases in Ly6a, Def8, and Cmss1 in almost all subsets. Although 

different follicular T cell clusters had varying degrees of clonality, most clusters exhibited 

a similar degree of clonal expansion in immunized and autoimmune bone marrow chimeras 

(fig. S5G), suggesting that follicular T cell subset, but not GC type, influences follicular T 

cell clonality. These observations suggest that although follicular T cells are transcriptionally 

distinct in autoimmune bone marrow chimeras, follicular T cell subsets are similarly 

polyclonal in both immunized and autoimmune GCs. This condition-agnostic polyclonality 

is consistent with our in situ observations of a multi–confetti color follicular T cell response 

in both foreign antigen–elicited and autoimmune GCs.
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To ask whether follicular T cell–dependent loss of B cell tolerance is due to an 

antigen-specific group of TCRs, we applied four orthogonal methods of in silico 

prediction of TCR specificity to compare the immunized and autoimmune follicular T cell 

repertoires. Grouping of lymphocyte interactions by paratope hotspots (GLIPH2) revealed 

an unexpected degree of shared specificity group expansion between immunized and 

autoimmune follicular T cell repertoires (Fig. 3, E and F), suggesting that many follicular 

T cells can recognize similar antigens independent of GC type. Similarly, Geometric 

Isometry–based TCR Alignment Algorithm (GIANA4), TCRdist3, and DeepTCR2 

dimensionality reduction were unable to separate immunized from autoimmune follicular 

T cell repertoires (Fig. 3G), confirming that they likely share predicted specificities. 

Repertoire-wide pairwise comparisons of TCRdist3 scores identified clusters of closely 

related TCRs between immunized and autoimmune bone marrow chimeras (Fig. 3H), 

indicating that follicular T cells from immunized and autoimmune GCs are similar and 

might recognize the same antigens.

Although in silico prediction of TCR specificity revealed a high degree of shared predicted 

antigen reactivities in the immunized and autoimmune follicular T cell repertoires, there was 

a minority of specificity groups that exhibited preferential expansion in either immunized or 

autoimmune bone marrow chimeras (Fig. 3, E and G), consistent with our ability to separate 

immunized from autoimmune follicular T cell repertoires when accounting for CDR3β 
sharing and expansion (Fig. 3D). Computational prediction of TCR autoreactivity using 

CDR3βmr-specific TCR-intrinsic regulatory potential (mTiRP) (51) revealed inversion of 

mTiRP scores between immunized and autoimmune repertoires in Sostdc1 and effector-like 

TFH cells (Fig. 3I), suggesting that Sostdc1 TFH cells might be less autoreactive, whereas 

effector-like TFH cells might be more autoreactive in autoimmune chimeras. These changes 

potentially represent disparate fates of autoreactive versus nonautoreactive TFH cells in 

autoimmune bone marrow chimeras (51), although in silico repertoire analyses require in 

vivo validation. Together, these results suggest that although most of the follicular T cell 

repertoire represents lowly expanded TCRs capable of binding a pool of condition-agnostic 

antigens, a minority of the repertoire that is capable of binding to a distinct set of antigens 

expands in autoimmune GCs. We hypothesized that this set of TCRs is responsible for the T 

cell dependence of autoreactive GCs.

Follicular T cell initiation of autoreactive GCs is TCR dependent

We next asked whether loss of B cell tolerance is determined by TCR specificity. To 

establish mice with a TCR-restricted follicular T cell repertoire, we generated mixed 

bone marrow chimeras in which irradiated Icos−/−;CD45.1 mice were reconstituted with 

564Igi;Icos−/− bone marrow mixed with B6;CD45.1, Icos−/−;CD45.1, or OTII;CD45.1 bone 

marrow (Fig. 4A). In this model, autoimmune bone marrow chimeras with B6 bone 

marrow (BM.564.B6) have a complete WT follicular T cell repertoire, autoimmune bone 

marrow chimeras with Icos−/− bone marrow (BM.564.ICOS) lack any follicular T cells, and 

autoimmune bone marrow chimeras with OTII bone marrow (BM.564.OTII) have follicular 

T cells with a restricted TCR repertoire against OVA. In addition, CD45.1 may be used as a 

congenic marker to distinguish hematopoietic cells of non-564Igi (autoimmune) origin.
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Twelve weeks after reconstitution, BM.564.ICOS mice lacked follicular T cells (Fig. 4, B 

and C). Follicular T cell presence was rescued by the inclusion of WT bone marrow but 

not OTII bone marrow (Fig. 4, B to D). Analysis of CD4 subsets revealed an increase in 

naïve CD44−CD62L+ cells with a corresponding decrease in CD44+PD1+-activated cells in 

BM.564.ICOS and BM.564.OTII mice (Fig. 4, E and F), supporting a global decrease in 

CD4 activation in autoimmune chimeras lacking T cell help or with only T cell help toward 

OVA. CD4 cells also had decreased FoxP3+ regulatory T cells (Tregs) in BM.564.ICOS and 

BM.564.OTII mice (Fig. 4G), consistent with prior reports of ICOS-mediated control of 

the homeostatic Treg pool (52). Extrafollicular (EFO) CD4 T cell frequency, programmed 

cell death protein 1 (PD1), and CD44 expression were also decreased in BM.564.ICOS 

and BM.564.OTII mice (Fig. 4, H to J), suggesting that the presence and activation of 

EFO CD4 T cells are TCR dependent in B cell–driven autoimmune disease. These findings 

illustrate the inability of a restricted OTII follicular T cell repertoire to overcome CD4 T cell 

phenotypic changes due to ICOS deficiency in B cell–driven autoimmune disease.

Given these CD4 T cell deficiencies, we next asked whether a restricted follicular T cell 

repertoire was sufficient to rescue spontaneous autoimmune GC formation. BM.564.ICOS 

mice failed to form spontaneous autoimmune GCs or ASCs, both of which were rescued 

with a WT follicular T cell repertoire but not an OTII-restricted repertoire (Fig. 4, K 

and L), indicating that loss of B cell tolerance is TCR dependent. Enrichment of non-5 

64Igi–derived B cells in the GC may be a precursor to epitope spreading (45) that can 

be quantified by calculating the ratio of CD45.1 frequency in the GC compartment to 

the CD45.1 frequency in the follicular B cell compartment. BM.564.B6 GCs were largely 

populated by CD45.1 cells (Fig. 4M), consistent with previous observations of WT B 

cell entry into and dominance of spontaneous autoimmune GCs (45). BM.564. ICOS and 

BM.564.OTII mice exhibited decreased CD45.1 enrichment in the GC (Fig. 4M), suggesting 

that epitope spreading represented by WT B cell entry into autoreactive GCs is rescued 

with a WT follicular T cell repertoire but not fully with an OTII-restricted repertoire. Both 

GC B cells and ASCs expressed decreased Ki67 in BM.564.ICOS and BM.564.OTII mice 

(Fig. 4N), indicating that GC B cell and ASC proliferation can be rescued by a WT but 

not a restricted OTII follicular T cell repertoire in autoimmune bone marrow chimeras. 

Notably, B cells increased expression of ICOSL in BM.564.ICOS and BM.564.OTII mice 

(Fig. 4O), likely representing a homeostatic response to loss of CD4 T cell–derived ICOS 

stimulation. BM.564.B6 mice exhibited hallmarks of epitope spreading, including splenic 

CD45.1+ GC B cells (Fig. 4P), altered ANA staining patterns, and WT-derived IgG2c 

autoreactivity (Fig. 4Q), all of which were diminished in BM.564.ICOS and BM.564.OTII 

mice. Together, these results suggest that a WT follicular T cell repertoire, but not an 

OTII-restricted repertoire is sufficient to rescue spontaneous autoreactive GC formation and 

epitope spreading, suggesting that follicular T cell TCR specificity determines ability to 

break B cell tolerance.

To distinguish the provision of follicular from GC-extrinsic T cell help, we next used 

564Igi;SAP−/− mice, which are still capable of forming GC-independent ASCs (Fig. 1). To 

establish mice with a TCR-restricted follicular T cell repertoire but still capable of providing 

GC-extrinsic T cell help, we generated mixed bone marrow chimeras in which irradiated 

SAP−/−;CD45.1 mice were reconstituted with 564Igi;SAP−/− bone marrow and B6;CD45.1 
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(BM.564-S AP.B6), SAP−/−;CD45.1 (BM.564-SAP.SAP), or OTII;CD45.1 (BM.564-SAP. 

OTII) bone marrow (fig. S6A). These chimeras largely phenocopied our observations in 

ICOS-deficient chimeras, including losses of follicular T cells, activated CD4s, EFO CD4 T 

cells, and GC B cells that were rescued by a WT, but not restricted OTII, follicular T cell 

repertoire (fig. S6, B to L). Despite decreases in EFO CD4 T cell numbers and expression 

of PD1 (fig. S6, I and J), BM.564-S AP.SAP and BM.564-SAP.OTII mice had normal levels 

of ASCs, CD45.1 enrichment in ASCs, and ASC proliferation (fig. S6, L to N), suggesting 

that although SAP might be necessary for EFO T cell activation, it is not necessary for 

ASC generation. BM.564-S AP.SAP and BM.564-SAP. OTII mice also did not have altered 

ICOSL levels (fig. S6O), indicating that the ICOSL up-regulation observed in BM.564.ICOS 

mice (Fig. 4O) was specifically due to loss of ICOS signaling rather than general loss of T 

cell help. Our observations in SAP-deficient chimeras confirm that loss of autoreactive GCs 

is TCR dependent while also uncovering the presence of a TCR-And ICOS-dependent but 

SAP- and GC-independent source of ASCs.

TFH and TFR cells from autoreactive GCs recognize autoantigens

After our observations of both follicular TCR dependence of spontaneous autoreactive GC 

formation and enrichment for a subset of expanded follicular T cell antigen specificities 

in autoimmune GCs, we next sought to determine the antigen specificity of these TCRs. 

We hypothesized that TCRs in autoimmune-specific predicted specificity groups bind to 

autoantigens, facilitating their ability to break B cell tolerance. From our scTCR-seq data, 

we identified seven orphan TCRs, which we named TCR-A through TCR-G (Fig. 5, A 

to C), that represent a range of follicular T cell subsets, including both TFH and TFR 

cells, and predicted specificity groups, clone sizes, and membership to either immunized 

or autoimmune bone marrow chimeras or both (Fig. 5C). To study these TCRs in vitro, 

we cloned their full-length TCRαβ sequences and retrovirally expressed each TCR in 

a TCRα−β− hybridoma with a Nur77–green fluorescent protein (GFP) reporter. TCR-E 

experienced the greatest Nur77 activation by 564Igi spleen lysates (Fig. 5B and fig. S7A), 

suggesting that it may be autoreactive.

In parallel, we tested orphan TCR autoreactivity using the peptide major histocompatibility 

complex (MHC)–TCR chimeric receptor (MCR) coculture system (53). In this system, 

cognate antigen recognition leads to TCR-specific nuclear factor of activated T cells 

(NFAT) activation in MCR reporter cells (Fig. 5D) expressing a mouse I-Ab MHC class 

II extracellular domain covalently linked to candidate peptides. Other current methods to 

identify CD4 T cell cognate peptides are constrained by the relatively lower binding affinity 

of CD4 TCRs, the variability of peptide binding to MHC class II, and the inability to match 

randomly mutated artificial peptides to natural peptides and have therefore not succeeded 

at identifying CD4 autoantigens (54). We used MCR to overcome these challenges using 

autoimmune bone marrow chimera spleens and kidneys as sources of cDNA to generate 

a transcriptome-wide library of natural autoantigen peptides (Fig. 5E). We cloned this 

cDNA-derived peptide (CDP) autoantigen library into the MCR retroviral backbone and 

transduced NFAT reporter cells to make a murine autoantigen MCR reporter library (MCR-L 

ib). Coculture of MCR-Lib with each orphan TCR resulted in the greatest MCR activation 

by TCR-A, TCR-C, TCR-E, and TCR-G (Fig. 5F and fig. S7B), suggesting that these 
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TCRs may be more autoreactive. Notably, among the seven orphan TCRs identified from 

scTCR-seq, these were the four TCRs that were more prevalent in the autoimmune follicular 

T cell repertoire (Fig. 5A). TCR-A and TCR-E were most prevalent in TFR cells, whereas 

TCR-C and TCR-G were found in TFH clusters (Fig. 5A), suggesting that both TFH and TFR 

cells may be autoreactive.

To test the reactivity of orphan TCRs, we cocultured MCR-Lib with TCR-A, TCR-B, and 

TCR-E, and responding MCR reporter cells were enriched through iterative flow sorting 

(fig. S7C). After six rounds of coculture and sorting, over 50% of MCR reporter cells 

responded to TCR-A and TCR-E (fig. S7D), whereas TCR-B did not lead to enrichment. 

Next-generation sequencing identified peptides that were significantly enriched in response 

to TCR-A or TCR-E coculture relative to the initial MCR-L ib (fig. S7, E and F), suggesting 

that TCR-A and TCR-E, but not TCR-B, can recognize mouse CDPs. Comparison of 

peptides enriched after coculture with TCR-A versus TCR-E identified multiple peptides 

specifically enriched in response to the individual TCRs (fig. S7E), suggesting that TCR-A 

and TCR-E might recognize distinct antigens and are cross-reactive. Motif analysis of 

NetMHCIIpan-predicted core binding sequences of MCR-enriched peptides revealed TCR-

specific motifs (fig. S7G), likely reflecting nonoverlapping specificity of TCR-A and TCR 

E. Once we determined that TCR-E is likely autoreactive, we used AlphaFold2 multimer 

prediction of protein folding to confirm positioning of the TCR-E CDR3αβ sequence in the 

TCR paratope (fig. S7H).

These results demonstrate not only the ability of our MCR library to detect TCR-specific 

cross-reactivity from a CDP library of the entire transcriptome but also that disease-specific 

TCRs may be identified from repertoire-w ide scTCR-seq data using a combination of in 

silico antigen specificity prediction and in vitro screening for peptide MHC recognition. 

These findings indicate that TFR cells from autoreactive GCs can both recognize CDPs and 

are cross-reactive.

A single TFR clone is sufficient to initiate autoreactive GCs

Given the follicular TCR dependence of spontaneous autoreactive GCs and expansion of 

autoreactive TFR clones in autoimmune chimeras, we next asked whether a singular TCR 

would be sufficient to initiate autoreactive GCs. To establish mice with a follicular T cell 

repertoire restricted to our candidate TCRs, we generated retrogenic mice (55) in which 

full-length TCRαβ sequences identified from scTCR-seq were cloned into a retroviral vector 

and transduced into RAG−/− hematopoietic stem cells (HSCs). Irradiated Icos−/−;CD45.1 

mice were then reconstituted with 564Igi;Icos−/− bone marrow mixed with Icos−/−;CD45.1 

bone marrow and either B6 bone marrow or retrogenic HSCs expressing candidate TCRs 

(Fig. 6A). For these analyses, we chose to test the two most frequent TCRs identified by 

scTCR-seq (TCR-A and TCR-B) and TCR-E, the most frequent clone identified in both 

immunized and autoimmune chimeras (Fig. 5A). In this model, autoimmune bone marrow 

chimeras with retrogenic HSCs (BM.564.TCR-A, BM.564.TCR-B, and BM.564. TCR-E) 

have follicular T cells with a repertoire restricted to the indicated TCR.

Twelve weeks after reconstitution, we confirmed that ICOS deficiency abrogated follicular T 

cells and TFH proliferation, which was rescued by inclusion of either a WT follicular T cell 
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repertoire or a TCR-A– or TCR-E–restricted repertoire, but to a lesser degree with a TCR-

B–restricted repertoire (Fig. 6,B and C). Although candidate TCRs restored follicular T 

cell frequency, they further increased the TFH-to-TFR ratio observed in BM.564.ICOS mice 

(Fig. 6D), suggesting that TCR specificity can influence TFH and TFR development. We 

confirmed that the entire TFH compartment was derived from transduced retrogenic cells, 

whereas CD45.1 cells were still capable of reconstituting the CD4 compartment (fig. S8, 

A and B). TCR-A–, TCR-B–, or TCR-E–restricted follicular T cell repertoires also rescued 

Treg frequencies (fig. S8C), suggesting that ICOS-mediated control of the homeostatic Treg 

pool is TCR dependent. TCR-A rescued the ICOS-dependent increase in naïve CD4 T cells 

and decrease in EFO CD4 T cells and partially rescued the ICOS-dependent decrease in 

EFO CD4 T cell expression of CD44 and PD1 (fig. S8, D to I), suggesting that autoreactive 

follicular T cells can facilitate CD4 T cell activation and EFO T cell responses. These 

findings indicate that a single autoreactive TCR can not only reconstitute the follicular T 

cell compartment but also rescue ICOS-dependent changes to CD4 T cell phenotypes in B 

cell–driven autoimmune disease.

We next asked whether an autoreactive TCR–restricted follicular T cell repertoire 

was sufficient to rescue spontaneous autoimmune GC formation. BM.564.TCR-A and 

BM.564.TCR-E mice formed spontaneous GCs, class-switched IgG1 B cells, and ASCs 

(Fig. 6, E and F), suggesting that a single autoreactive clone is sufficient to initiate 

autoreactive GCs. BM.564.TCR-A mice had greater GC formation and class switching 

than BM.564.TCR-B mice (Fig. 6, E and F), suggesting that follicular TCR autoreactivity 

dictates the extent of spontaneous GC formation. TCR-A–and TCR-E–restricted follicular 

T cells also rescued IgD−CD138−GL7−CD38+ B cell frequency (Fig. 6, G and H), a GC-

extrinsic population of B cells that includes both memory B cells and ABCs. As with GC 

B cells, TCR-B was less capable of rescuing IgD− B cell frequency than autoreactive TCRs 

(Fig. 6, G and H), suggesting that TCR specificity can shape GC-extrinsic responses as 

well. Fc receptor-like protein 5 (Fcrl5) and CD23 can distinguish memory B cell populations 

with distinct spatial localization and recall capacity (56, 57). TCR-A– and TCR-E–restricted 

follicular T cells not only rescued Fcrl5+ memory B cell frequency but also increased Fcrl5+ 

memory B cell frequency beyond what was observed in autoimmune chimeras with a WT 

follicular T cell repertoire (Fig. 6H), likely reflecting increased GC output driven by an 

autoreactive TCR. In contrast, decreased ABC frequency was not rescued by TCR-A– or 

TCR-E–restricted follicular T cells (Fig. 6H), possibly representing decreased EFO CD4 T 

cell help in the presence of a restricted autoreactive follicular T cell repertoire.

To ask whether a restricted autoreactive follicular T cell repertoire can promote WT B cell 

entry into spontaneous autoreactive GCs, we identified WT B cells with the congenic marker 

CD45.1, which is absent from initiating autoreactive 564Igi CD45.2+ B cells. TCR-A and 

TCR-E, but not TCR-B, increased CD45.1 enrichment in the GC B cell but not ASC 

population (Fig. 6, I and J), indicating that autoreactive follicular T cells are sufficient to 

promote epitope spreading as measured by WT B cell entry into autoreactive GCs. Notably, 

although total ASC formation is ICOS and follicular TCR dependent (Fig. 6, F and H), these 

results suggest that WT B cell entry to the ASC compartment is not. BM.564.TCR-A and 

BM.564. TCR-E mice also rescued CD45.1+ B cell expression of CD21/35, Ki67, CD11c, 

and CD86, even increasing CD21/35 and CD11c expression beyond what was observed with 
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a WT repertoire (Fig. 6K). TCR-A and TCR-E but not TCR-B restored splenic CD45.1+ GC 

B cells and TFH presence within the GC (Fig. 6L). These B cell phenotypic changes suggest 

that an autoreactive TCR can not only rescue ICOS-dependent loss of B cell activation 

in autoimmune chimeras but can also drive B cell phenotypes in distinct TCR-specific 

patterns. We hypothesized that these alterations in B cell phenotype result in downstream 

changes in ASC and memory B cell phenotypes. TCR-A and TCR-E, but not TCR-B, 

rescued Ki67 expression in CD45.1+ ASCs (Fig. 6M), although all TCRs were capable 

of rescuing Fcrl5 expression in CD45.1+IgD− memory B cells to an even greater extent 

than with a WT repertoire (Fig. 6N), reflecting autoreactive TCR–specific abilities to not 

only shape B cell activation but also shape GC output. Together, these results suggest that 

even a single autoreactive TCR–restricted follicular T cell repertoire can initiate autoreactive 

GCs, promote memory B cell and ASC formation, and facilitate entry of WT B cells into 

autoreactive GCs.

Although TCR-A and TCR-E clones were both predominantly found in the TFR cluster by 

scRNA-seq, they occupied opposite regions of the TFR cluster in transcriptional space (Fig. 

5A). We therefore asked whether transcriptional differences, in addition to differences in 

TCR specificities, might account for the functional differences observed between TCR-A 

and TCR-E in vivo. Analysis of our scRNA-seq dataset revealed that TCR-A and TCR-E 

cells were transcriptionally distinct, with increased expression of Rln3, Ms4a4b, S100a4, 

and Klf2 in TCR-A and Hif1a, Tpi1, Aldoa, and Pdcd1 in TCR-E (Fig. 6O). Gene 

set enrichment analysis of these differentially expressed genes revealed that TCR-A was 

associated with lymphocyte migration and memory, whereas TCR-E was associated with 

increase metabolic flux (fig. S8, J to L). Signaling pathway impact analysis (58) reaffirmed 

these findings, identifying mammalian target of rapamycin (mTOR) signaling as a perturbed 

pathway in TCR-E (fig. S8L). Intra-TCR differential expression analysis revealed that TCR-

E clones from autoimmune chimeras expressed elevated Cmss1, Nav2, and Cd72, whereas 

TCR-E clones from immunized chimeras expressed elevated Krt17 (fig. S8, M and N), 

suggesting that an identical TFR clone can adopt different phenotypes in different immune 

contexts. These results indicate that although both TCR-A and TCR-E are autoreactive 

and sufficient to promote autoreactive GCs, they adopt both functional and transcriptional 

differences in vivo that are context dependent.

TCR diversity and specificity shape epitope spreading

After observing TCR-A– and TCR-E–mediated rescue of spontaneous autoreactive GC 

formation (Fig. 6L and fig. S8O), we next asked what effect they might have on the 

autoantibody pool produced in autoimmune chimeras. We hypothesized that an autoreactive 

TCR–restricted follicular T cell repertoire would facilitate autoantibody epitope spreading 

but only to a narrow set of autoantigens dictated by the TCR. TCR-A and TCR-E 

partially rescued ANA reactivity in autoimmune chimeras (Fig. 6P and fig. S8P). Sera 

from BM.564.B6, BM.564.TCR-A, and BM.564.TCR-E mice exhibited altered ANA 

staining patterns (Fig. 6P) from the initial 564Igi reactivity (Fig. 1H), indicative of 

epitope spreading. Interrogation of autoantibody source using WT-specific IgG2c revealed 

increased ANA reactivity by TCR-A and TCR-E compared with BM.564.ICOS chimeras 

(Fig. 6P), confirming that the source of autoantibody is not the original 564Igi clone. 
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Pathogenic autoantibody production was assessed by histologic examination of kidneys from 

autoimmune chimeras. TCR-A and TCR-E not only rescued but also increased functional 

autoantibody production resulting in pronounced glomerular IgG and IgG2c deposition (Fig. 

6Q and fig. S8Q). Glomerular deposition of autoantibody is usually only appreciable in 

aged 564Igi mice (45, 46), suggesting that a follicular T cell repertoire restricted to an 

autoreactive TCR can accelerate pathogenic autoantibody production. These results suggest 

that TCR autoreactivity is necessary and sufficient for epitope spreading.

To determine the antigen specificity and therefore the breadth of epitope spreading, 

we tested sera from autoimmune chimeras for the ability to bind to a set of 33 

autoantigens using a custom microbead array (Fig. 7A). Principal components analysis 

of serum autoreactivity separated 564Igi sera from BM.564.B6 sera, whereas sera from 

retrogenic autoimmune chimeras clustered together with some separation from both 

564Igi and BM.564.B6 sera (Fig. 7B), suggesting that TCR specificity can shape the 

pool of autoantibodies produced. Hierarchical clustering also separated 564Igi sera from 

BM.564.B6 sera based on autoreactivities and antibody isotype subclass patterns (fig. 

S9A), confirming broadening of autoantibody specificities in our model. Differential serum 

autoreactivity analysis of IgG binding revealed the emergence of autoreactivity to a distinct 

set of autoantigens depending on the follicular T cell repertoire (Fig. 7C). A WT follicular 

T cell repertoire resulted in the greatest number of reactivities, including reactivity against 

two tRNA synthetases (Jo1 and EJ) and the systemic sclerosis autoantigen Scl-70 (Fig. 7C). 

This autoreactivity represents epitope spreading, because it differs from the autoreactivity 

of 564Igi sera, which is largely toward Ro60/SSA (fig. S9B). In contrast, sera from 

BM.564.TCR-A, BM.564.TCR-B, and BM.564.TCR-E mice bound to a smaller set of 

autoantigens (Fig. 7C). When this autoreactivity was compared with autoreactivity in 

the presence of a WT follicular T cell repertoire, only TCR-A and TCR-E resulted in 

enrichment and in both cases for only a single autoantigen (fig. S9B). Each TCR also 

resulted in a unique pattern of epitope spreading. For example, TCR-A sera displayed IgG2c 

reactivity against Scl-70, thyroglobulin (TG), and Jo1, whereas TCR-B sera lacked IgG2c 

reactivity to these autoantigens, and TCR-E sera had IgG2c reactivity against only Scl-7 

0 and Jo1 (Fig. 7D). Therefore, a diverse follicular TCR repertoire is capable of driving 

epitope spreading toward a broad set of autoantigens, whereas a restricted autoreactive TCR 

repertoire can narrow epitope spreading toward a smaller but distinct pool of autoantigens.

DISCUSSION

We have shown that autoreactive follicular T cells are necessary and sufficient to facilitate 

loss of B cell tolerance and epitope spreading. Even in established chronic autoimmune 

GCs, continual T cell help was necessary for GC maintenance. Repertoire-w ide analyses 

revealed that despite expansion of follicular T cells with shared specificities in immunized 

and autoimmune GCs, we could identify autoimmune-specific TCRs that recognize 

autoantigens. A follicular T cell repertoire restricted to a single autoreactive TCR was 

sufficient to rescue spontaneous autoimmune GC formation in ICOS-deficient chimeras, 

demonstrating the importance of TCR specificity in loss of B cell tolerance. Our findings 

illustrate the importance of follicular T cell specificity, demonstrating that cognate antigen 
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identity can influence breadth and direction of epitope spreading, providing a mechanistic 

link between T cell help and clonal evolution of autoreactive GCs.

Our observation of shared specificities in immunized and autoimmune GCs is consistent 

with prior reports of TFH and TFR repertoire expansion after immunization with foreign 

antigens (37, 59, 60). This bystander activation might provide increased coverage for 

foreign antigen specificity at the expense of potential cross-reactivity with self (61–63). 

Recent identification in mice and humans of autoreactive conventional CD4+ T cells that 

escape central tolerance and resemble TFH cells (64) suggests that auto-reactivity might 

be an evolutionarily adaptive feature of the follicular T cell repertoire. We observed the 

presence of an autoreactive follicular T cell clone in the repertoire of control immunized 

mice, suggesting that mechanisms exist to maintain peripheral tolerance of this potentially 

autoreactive follicular T cell repertoire. Mounting experimental and teleological reasoning 

suggests that a naïve low-affinity autoreactive B cell pool might also be crucial for 

functional humoral immunity (6, 65–69). We hypothesize that just as an autoreactive 

follicular T cell may overcome B cell clonal anergy selective pressures to break B cell 

tolerance, autoreactive B cells can present autoantigen to cross-reactive follicular T cells to 

overcome T cell ignorance and break T cell tolerance.

Although B cell maturation, somatic hypermutation, and memory B cell formation occur in 

the GC, loss of B cell tolerance also occurs at sites other than the GC, such as EFO foci 

and the marginal zone (70). ASC persistence despite GC deficiency in SAP-deficient mice 

suggests the existence of a GC extrinsic but ICOS-dependent source of ASC in autoantibody 

disease. This is consistent with previous reports of ICOS-dependent EFO T cell help in 

MRL(lpr) mice (71). Given the ability of SAP-deficient T cells to be primed by DCs toward 

TFH commitment but not form stable T-B conjugates (41–43), we hypothesize that stable 

T-B interactions and TFH recruitment to the GC might be less necessary for autoreactive 

ASC development than ICOS-dependent TFH differentiation and development. Although 

GC, ASC, and memory B cell loss in ICOS-deficient mice was rescued by inclusion of an 

autoreactive follicular T cell repertoire, only the GC pool had TCR-dependent decreases 

in WT B cell entry. Neither ICOS nor SAP deficiency altered WT B cell frequency in 

the ASC pool. Furthermore, an autoreactive TCR could not rescue ICOS-dependent loss 

of ABCs but increased Fcrl5+ memory B cell frequency. Therefore, we hypothesize that a 

restricted autoreactive follicular T cell repertoire drives naïve B cell entry into autoreactive 

GCs, accelerating loss of tolerance, epitope spreading, and memory B cell formation, at the 

expense of GC-extrinsic pathways of B cell activation. In contrast, WT B cells might use the 

ABC compartment or marginal zone to bypass GC entry to develop into autoreactive ASCs 

in the setting of limiting TCR-dependent T cell help, although this process is less efficient 

than loss of tolerance and epitope spreading in the GC, given the decrease in total ASCs and 

ABCs.

We show that autoreactive 564Igi B cells are sufficient to break tolerance, but it is possible 

that other autoreactive B cell receptors (BCRs) with varying avidities and specificities 

might be either more or less capable of activating autoreactive follicular T cells (72–74). 

ICOS-, SAP-, and Bcl6-deficient models of loss of T cell help also led to both TFH and 

TFR deficiency, obscuring the role that each population might individually play in loss 
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of B cell tolerance. Similarly, retrogenic chimeras necessarily had clonal TFH and TFR 

repertoires that shared TCR specificity, something we and others rarely observed in a 

complete follicular T cell repertoire (37, 38), making it difficult for us to distinguish the 

relative importance of TFH versus TFR specificity in loss of tolerance. Recent studies using 

inducible and selective TFH or TFR deletion have suggested that TFR rather than TFH cells 

are responsible for maintaining B cell tolerance (75, 76). Our use of a restricted follicular 

T cell repertoire also does not replicate the polyclonal bystander TFH and TFR expansion 

we and others have observed (37, 50), the physiologic relevance of which still remains 

unclear. When screening for TCR specificity, we limited our pool to autoantigens, although 

our candidate TCRs might also bind foreign antigens, potentially with greater avidity (63, 

77–79). Whether the candidate autoantigens identified by MCR screening can be recognized 

by these TCRs with high affinity or can induce autoimmune responses in vivo, for example, 

through immunization, remains to be established. Future experiments will attempt to answer 

these questions and replicate our findings in other models of B cell autoimmunity.

We conclude that an autoreactive TCR, but not a model TCR, is necessary and sufficient 

to break B cell tolerance. Implication of follicular T cell specificity in clonal evolution 

of autoreactive GCs highlights the possibility of using TCR specificity to direct epitope 

spreading, potentially therapeutically away from self with engineered T cells (80–82). These 

findings might also extend to other forms of GC dysfunction and loss of B cell tolerance and 

epitope spreading, such as generation of Epstein-B arr virus and central nervous system 

cross-reactive TCRs and antibodies in multiple sclerosis (83–86), beneficial B to TFH 

to CD8 cell cross-talk in cancer or chronic lymphocytic choriomeningitis virus infection 

(87–89), and autoantibody generation in severe COVID-1 9, multisystem inflammatory 

syndrome in children, and long COVID (90–96).

MATERIALS AND METHODS

Study design

This study aimed to determine how TCR specificity influences autoreactive GC formation 

and autoantibody development. We generated genetic mouse models of follicular T cell 

deficiency and B cell–driven autoimmunity to test the necessity of T cell help for loss of B 

cell tolerance. We also used retrogenic chimeras to test individual TCRs, cell-based reporters 

to determine TCR specificity, intravital multiphoton microscopy to visualize follicular T 

cells in vivo, and scRNA-seq and scTCR-seq analyses to characterize follicular T cell 

repertoires. Both male and female mice were used for all experiments, and mice were 

gender and age matched within experiments. For chimera generation, mice were randomly 

assigned to experimental groups. Experimental and control mice were cohoused whenever 

appropriate. No statistical methods were used to predetermine sample size. All image 

quantification was performed in a blind fashion.

Study approval

All animal experiments were conducted in accordance with the guidelines of the Laboratory 

Animal Center of National Institutes of Health (NIH). The Institutional Animal Care and 

Use Committee of Harvard Medical School approved all animal protocols (IS111).
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Mice

C57BL/6J (B6; #000664), B6.SJL-PtprcaPepcb/BoyJ (CD45.1; #002014), B6.129P2-

Icostm1Mak/J (Icos−/−; #004859), B6.129S6-Sh2d1atm1Pls/J (SAP−/−; #025754), B6(129X1)-

Tg(Cd4-cre/ERT2)11Gnri/J (Cd4CreERT2; #022356), B6.129S(FVB)-Bcl6tm1.1Dent/J 

(Bcl6fl/fl; #023727), B6.129P2-Gt(ROSA)26Sortm1(CAG-Brainbow2.1)Cle/J (R26con/con; 

#017492), and B6.129S7-Rag1tm1Mom/J (RAG−/−; #002216) mice were obtained from the 

Jackson Laboratories. The 564Igi mice on a C57BL/6 background (46) were provided by 

T. Imanishi-K ari (Tufts University), and OTII transgenic mice (97) were provided by G. 

Victora (Rockefeller University) and were maintained in house. All mice were bred and 

maintained in the Association for Assessment and Accreditation of Laboratory Animal 

Care–accredited facility at Harvard Medical School at ambient temperature and humidity. 

Mice were specific pathogen–free and maintained under a 12-hour light/dark cycle with 

standard chow diet.

Genotyping

564Igi mice were genotyped using digital droplet polymerase chain reaction (PCR). Tail 

DNA was isolated and digested with Alu I [New England Biolabs (NEB)]. Droplets were 

prepared from a mix of tail DNA, heavy- or light-chain primers (data file S2) (50), and 

EvaGreen Supermix (Bio-Rad) using a QX200 Droplet Generator (Bio-R ad). PCR was 

performed using a C1000 Touch Thermal Cycler (Bio-R ad), and droplets were read on 

a QX200 Droplet Reader (Bio-R ad). 564Igi heavy- and light-chain copy number was 

quantified by comparing with amplification of reference mRPP30 using QuantaSoft (Bio-

Rad). FACStyping of OTII, CD45.1 mice, and bone marrow chimeras was performed by 

bleeding mice retroorbitally using heparinized capillary tubes and collecting into 30 μl of 

acid-citrate-dextrose solution (Sigma-Aldrich). Stabilized blood was underlayered with 1 ml 

of lymphocyte separation medium (Corning) and centrifuged at 400g for 30 min at room 

temperature. The mononuclear cell layer was aspirated and processed for flow cytometry as 

described below using anti-CD45.1 and anti-CD45.2 to detect congenic markers or anti-TCR 

Vα2 to detect OTII T cells. All other genotyping was performed according to the Jackson 

Laboratory protocols.

Mouse treatments

To generate primary GCs against foreign antigens, mice were immunized either 

intraperitoneally with 100 μg of NP-OVA (Biosearch) in 50 μl of Hanks’ balanced salt 

solution (HBSS) precipitated in 50 μl of Imject Alum (Thermo Fisher Scientific) or 

subcutaneously with 25 μg of NP-OVA in 15 μl of HBSS precipitated in 15 μl of 

Imject Alum per footbed. For immunization of nonautoimmune bone marrow chimeras, 

primary immunizations were performed 6 weeks after irradiation to allow for hematopoietic 

reconstitution. To generate secondary responses, nonautoimmune bone marrow chimeras 

received an intraperitoneal booster immunization of 100 μg of NP-OVA in 100 μl of HBSS 

4 weeks after primary immunization. Alternatively, mice were immunized intraperitoneally 

with 109 sheep red blood cells in 100 μl of HBSS. To induce Cre-mediated recombination, 

mice were injected intraperitoneally with tamoxifen (50 mg/g; Sigma-Aldrich) in 100 

μl of sunflower seed oil (Spectrum Chemical) every 2 days for five total doses. Blood 
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was collected via cardiac puncture and kept at room temperature for 30 min to promote 

coagulation and then centrifuged at 1000g for 10 min to isolate serum, which was stored at 

−80°C.

TCR cloning

Retroviral expression plasmids pMSCV–IRES–GFP II (pMIG; #52107) and TCR 

OTII-2A.pMIG II (pMIG-OTII; #52112) were gifts from D. Vignali (Addgene), and 

pMSCV-I RES-Ametrine (pMIA) was a gift from J. Moon (Massachusetts General 

Hospital). Full-length TCRα and TCRβ sequences were identified from scTCR-seq data 

using Cell Ranger (10X Genomics). Vα sequences with the following Gibson overhangs 5′-

CGCCGGAATTCAGATCTACC-3′ and 5′-ATCCAGAACCCAGAACCTGCTG-3′ and Vβ 
sequences with the following Gibson overhangs 5′-GGAAGAAAACCCCGGTCCCATG-3′ 
and 5’-GATCTGAGAAATGTGACTCCACCCAAG-3′ (data file S3) were ordered 

as gene blocks (IDT). T cell receptor alpha constant gene fused to 2A 

peptide sequence (TRAC-2A) was PCR-amplified from pMIG-OTII using TRAC_F 

5′-ATCCAGAACCCAGAACCTGCTG-3′ and 2A_R 5′-CATGGGACCGGGGTT-

TTCTTCC-3′. T cell receptor beta constant gene (TRBC) was PCR-amplified from pMIG-

OTII using TRBC_F 5′-GATCTGAGAAATGTGACTCCACCCAAG-3′ and TRBC_R 5′-

GCGGAATTGATCCCGCTCGAG-3′. Backbone pMIG or pMIA was linearized with Eco 

RI (NEB) and Xho I (NEB) and combined with the above gel purified inserts into a 

five-part isothermal assembly using NEBuilder HiFi DNA Assembly Master Mix (NEB) 

at equimolar ratios. Minipreps were screened by Sanger sequencing, and endotoxin-free 

Midipreps (Zymo) were inoculated and purified from sequence-verified minipreps.

Cell culture

Human embryonic kidney cells (HEK-2 93T) and mouse embryonic fibroblasts (3T3, NIH) 

were cultured in Dulbecco’s modified Eagle’s medium (Corning) supplemented with 2 mM 

l-glutamine, penicillin (100 U/ml), streptomycin (100 μg/ml), and 10% heat-inactivated fetal 

bovine serum (FBS; Gibco). The 58−/− TCR-negative hybridoma cells (98) were a gift 

from M. Birnbaum (MIT), and A2 TCR-negative hybridoma cells and 16.2C11 reporter 

cells were gifts from M. Kopf (ETH-Zürich) and described previously (53). The 58−/−, A2, 

and 16.2C11 cells were cultured in suspension in RPMI (Corning) supplemented with 2 

mM l-glutamine, penicillin (100 U/ml), streptomycin (100 μg/ml), and 10% heat-inactivated 

FBS. All cells were cultured at 37°C in a 5% CO2-humidified atmosphere.

Retroviral production and transduction

Retrovirus was produced by transfection of 15 × 106 HEK-293T cells with 20 μg of 

retroviral plasmid and 20 μg of pCL/Eco (Addgene, #12371) using calcium phosphate 

(99). After 3 days, supernatant was harvested by centrifugation, titered using 3T3 cells as 

previously described (100), and stored at −80°C. Nonadherent cells were transduced by 

resuspending cells in retroviral supernatant at a multiplicity of infection of 0.5 to 2 in 

non-tissue culture–treated cell culture plates coated with RetroNectin (10 μg/cm2; Takara) 

and centrifugation at 800g for 2 hours at 30°C. After spinfection, cells were incubated 

at 32°C for 5 hours, followed by an optional second spinfection. Cells were washed and 

Akama-Garren et al. Page 15

Sci Immunol. Author manuscript; available in PMC 2024 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



replaced with fresh medium after spinfection, and transduction efficiency was assessed 3 

days later by flow cytometry.

Bone marrow chimeras

Epitope spreading was induced in an autoreactive B cell–driven model of autoimmunity 

using mixed 564Igi chimeras as previously described (45). Recipient mice between 8 and 10 

weeks old were irradiated with 11 Gy and fed water with sulfamethoxazole/trimethoprim for 

10 days to prevent opportunistic infections. Femurs and tibia were dissected from 6- to 8-w 

eek-old congenic donor mice and rinsed through three rounds of HBSS supplemented with 

10 mM Hepes, 1 mM EDTA, and 2% heat-inactivated FBS. Bones were crushed in a mortar 

and passed through a 70-μm cell strainer (Corning). Bone marrow cells were mixed at 

indicated ratios, and a total of 15 × 106 cells in 100 μl were injected intravenously into each 

irradiated recipient 8 to 10 hours after irradiation. Six weeks after reconstitution, chimerism 

was verified by FACStyping as described above.

Retrogenic chimeras

Retrogenic chimeras were used to create restricted T cell repertoires using candidate TCRs 

(55). Bone marrow cells were isolated from RAG−/− mice as described above. HSCs 

were purified using the MojoSort Mouse CD117 Selection Kit (BioLegend) following 

the manufacturer’s protocol. Postsort purity was verified by flow cytometry, and HSCs 

were resuspended at 1 × 106 cells/ml in RPMI supplemented with 2 mM l-glutamine, 

penicillin (100 U/ml), streptomycin (100 μg/ml), 10% heat-inactivated FBS, 20 mM Hepes, 

50 μM β-mercaptoethanol, 1 mM sodium pyruvate, 100 μM nonessential amino acids 

(complete RPMI), interleukin-3 (IL-3; 20 ng/ml; PeproTech), IL-6 (50 ng/ml; PeproTech), 

and stem cell factor (SCF) (50 ng/ml; PeproTech). HSCs were cultured at 37°C in a 5% 

CO2-humidified atmosphere for 24 hours, followed by spinfection with TCR-Expressing 

retrovirus as described above. Transduced RAG−/− HSCs were washed, and 1 × 106 cells 

were included in bone marrow mixes to reconstitute irradiated mice as described above.

Flow cytometry

Spleens and lymph nodes were harvested into ice-cold fluorescence-activated cell sorting 

(FACS) buffer [phosphate-buffered saline (PBS) with 0.5% heat-inactivated FBS, 1 mM 

EDTA, and 0.05% sodium azide] and mechanically digested through a 70-μm cell strainer 

(Corning). Spleens were incubated in red blood cell lysis buffer (155 mM NH4Cl, 12 mM 

NaHCO3, and 0.1 mM EDTA) for 3 min at room temperature and washed with FACS 

buffer. Cells were counted, and 1 × 106 cells per well were added to round-bottom 96-well 

plates and incubated with 50 μl of staining mix (appropriate antibodies and viability dye 

in FACS buffer) for 30 min on ice. Antibodies that were used are listed in data file S4. 

Plates were washed with FACS buffer and, for two-step staining procedures, incubated with 

50 μl of secondary staining mix (appropriate streptavidin antibody in FACS buffer) for 

15 min on ice. For intracellular staining, cells were fixed with fixation/permeabilization 

buffer (eBioscience) for 30 min at room temperature, washed with permeabilization 

buffer (eBioscience), and incubated with 50 μl of intracellular staining mix (appropriate 

intracellular antibody in permeabilization buffer) for 30 min at room temperature. Cells were 

washed with a final wash of FACS buffer, resuspended in 150 μl of FACS buffer, and read 
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using three-to eight-fluorophore flow cytometry on a FACSCanto II (BD Biosciences) with 

488-, 405-, and 640-nm lasers using FACSDiva (BD Biosciences). Flow cytometry gating 

strategies are shown in fig. S10. Two-w ay purity sorts were performed using a FACSAria 

II (BD Biosciences) with 355-, 405-, 488-, 640-, and 592-nm lasers into complete RPMI. 

Postsort purity was verified by flow cytometry. Compensation matrices were determined 

using unstained and single fluorophore–stained controls. Data were analyzed using FlowJo 

(BD Biosciences).

Intravital multiphoton microscopy

Mice were anesthetized by inhalation of 2% isoflurane in 100% oxygen and maintained with 

0.5 to 1% isoflurane monitored by pedal withdrawal reflex and respiratory rate. Mice were 

restrained on a stage warmer, and a ventral midline incision was made. The lateral skin 

was separated from the peritoneum by gentle blunt dissection, and the inguinal lymph node 

was exposed by removal of overlying fat and restrained under a coverslip using vacuum 

grease (VWR). To label FDCs, mice were injected intravenously with 3 μg of PE anti-C 

D21/35 (BioLegend, 7E9) 2 days before imaging. All imaging was performed on an upright 

Olympus FV1200 MPE multiphoton system microscope fitted with a 20× 0.95 numerical 

aperture plan water-immersion objective, a MaiTai HP DeepSee Ti-Sapphire laser (Spectra-

Physics), and four nondescanned detectors (two GaAsP and two regular photomultiplier 

tubes). Imaging was performed using λ = 920-nm excitation, and emission was collected 

in three channels, using the following filter sets: a pair of cyan fluorescent protein (CFP) 

(480/40 nm) and yellow fluorescent protein (YFP) (525/50 nm) filters, separated by a 505-n 

m dichroic mirror, for CFP/GFP/YFP detection, and a third filter (605/70 nm) for red 

fluorescent protein detection. Second harmonic generation by collagen was detected in the 

CFP filter. Movies were acquired as 75-μm Z-stacks with 15-μm Z resolution and 800 × 800 

X-Y resolution at ~30 s per frame. Images were analyzed using Fiji (ImageJ).

Immunofluorescence confocal microscopy

Spleens were perfused with PBS, followed by 2% paraformaldehyde (Electron Microscopy 

Sciences) in PBS. Tissues were fixed in 2% paraformaldehyde for 8 hours at 4°C, 

cryoprotected with 30% sucrose in PBS overnight at 4°C, perfused with 30% OCT (Tissue-

Tek) in PBS, embedded in 100% OCT in Standard Cryomolds (Tissue-Tek) in the vapor 

phase of liquid nitrogen, and stored at −80°C. Frozen sections were cut on a cryostat at 

a thickness of 20 μm and allowed to dry for 60 min at room temperature. Sections were 

fixed with acetone for 5 min at −20°C, then permeabilized, and blocked with 5% normal 

rat serum (Thermo Fisher Scientific) in immunofluorescence (IF) buffer [PBS with 0.2% 

bovine serum albumin (BSA) and 0.3% Triton X-100] for 1 hour at room temperature. Slides 

were stained with primary antibody in IF buffer overnight at 4°C and secondary antibody 

or streptavidin-c onjugated fluorophore in IF buffer for 4 hours at room temperature where 

appropriate. Antibodies that were used are listed in data file S4. Slides were stained with 

4′,6-diamidino2-phenylindole (DAPI; 2 μg/ml) where indicated and mounted using Fluoro-

Gel (Electron Microscopy Sciences). Images were acquired using a FLUOVIEW FV3000 

confocal laser scanning microscope (Olympus) with 10× or 30× objectives and analyzed 

using Fiji (ImageJ).
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Antinuclear IF

ANA-H Ep-2 slides (Aesku) were brought to room temperature and incubated with 30 μl 

of sera diluted 1:20 in PBS for 1 hour at room temperature. Slides were blocked with 

0.5% BSA and 0.1% Tween 20 in PBS and stained with secondary antibody for 1 hour 

at room temperature. The following secondary antibodies and stains were used: Alexa 

Fluor 488 (AF488) anti-m ouse IgG (SouthernBiotech; 1:400), AF488 anti-mouse IgG2c 

(SouthernBiotech; 1:400), and AF594 cholera toxin subunit B (Thermo Fisher Scientific). 

Slides were then stained with DAPI (2 μg/ml) and mounted using Fluoro-Gel (Electron 

Microscopy Sciences). Images were acquired using a FLUOVIEW FV3000 confocal laser 

scanning microscope (Olympus) with a 30× objective and analyzed using Fiji (ImageJ).

Nur77 reporter hybridoma

Nr4a1-GFP bacterial artificial chromosome (BAC) (101) (GENSAT1-BX1262, BacPac 

Genomics) was linearized with PI–Sce I (NEB) and purified by two-dimensional gel 

electrophoresis. Electroporation was performed by resuspending 1 × 106 58−/− cells in 

100 μl of Ingenio Electroporation Solution (Mirus) and subjecting cells to 140 V at 950 

μF and infinite resistance in 0.2-cm Gene Pulser cuvettes (Bio-Rad). After 2 weeks, cells 

were pulsed with Cell Stimulation Cocktail (eBioscience), and GFP-positive cells were 

flow-sorted as described above. Single-cell clones were selected by limiting dilution and 

screened individually again. Clone 58.2E7 was selected for high GFP upregulation with low 

background activation and used as a TCR-negative hybridoma for future experiments.

MCR autoantigen library construction

Total RNA was isolated from the spleen and kidney from autoimmune chimeras using 

the RNeasy Plus Mini Kit (QIAGEN) following the manufacturer’s protocols. RNA was 

treated with QIAseq FastSelect - rRNA HMR (QIAGEN) to remove ribosomal RNA 

before double-stranded cDNA (dscDNA) synthesis was performed using the Maxima 

H Minus Double-S tranded cDNA Synthesis Kit (Thermo Fisher Scientific) following 

the manufacturer’s protocols. A CDP library was generated by randomly fragmenting 

dscDNA using the DNA Fragmentation Kit (Takara) for 8 min. Vector homologous 

adaptors were generated by PCR using MHCR2leader 5′-CAAC-CATGGCTCTGCAGA-3′ 
and 5′linker3′o 5′-GGAACCGCCCTCA-GTCCTTG-3′ or 3′linker5′o 5′-

GGAGGATCCGGTGGTAGCGG-3′, and PepSeq1 5′-CCGTTGGTGAAGTAGCACTC-3′ 
from the MCR backbone plasmid pMY-MCR2-I-Ab (pMY-MCR) (53) and ligated to 

fragmented dscDNA. Inserts were size-s elected by gel electrophoresis, PCR-amplified 

using MHCR2leader and PepSeq, and cloned into pMY-MCR linearized with Bmr I 

(NEB) using NEBuilder HiFi DNA Assembly Master Mix (NEB) at equimolar ratios. 

DNA assembly products were electroporated into MegaX DH10B T1R Eelctrocomp Cells 

(Thermo Fisher Scientific) generating over 3 × 107 clones, providing transcriptome-wide 

coverage of most peptides (53). 16.2C11 reporter cells were transduced with this library 

as described above, and IA/IE+NFAT-Blue− cells were sorted by FACS as described above. 

To eliminate cross-reactive peptides, sorted reporter cells expressing the autoantigen library 

were cocultured with a 10-fold excess of naïve polyclonal B6 CD4 T cells for 8 hours, and 

NFAT-Blue− cells were sorted and expanded for a final complexity of ~1 × 107 (MCR-Lib).
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TCR hybridoma generation and coculture

A2 and 58.2E7 cells were transduced by spinfection with retrovirus expressing candidate 

TCRs as described above. Three days after transduction, TCRβ and ametrine-expressing 

cells were flow-sorted as described above. To assess TCR binding, 58.2E7 cells were 

cocultured with anti-CD3 (2 μg/ml) and anti-CD28 (1 μg/ml) or a fivefold excess of 

antigen-presenting cells (APCs) from indicated tissues for 12 hours, and Nur77-G FP 

reporter activity was measured by flow cytometry. For autoantigen screening, MCR-L ib 

cells were cocultured with a fivefold excess orphan TCR-expressing A2 cells in 96-well 

U-bottom plates at 1 × 105 total cells per well. After 12 hours, ametrine−GFP+NFAT-

Blue+ cells were sorted as described above and expanded. After six rounds of iterative 

coculture and sorting, DNA was isolated from sorted reporter cells, and the peptide 

sequence of the MCR construct was PCR-amplified using MHCR2leader and PepSeq1. 

This fragment was cloned into pMY-MCR linearized with Bmr I using NEBuilder HiFi 

DNA Assembly Master Mix and sequenced by Sanger sequencing using IRES_F 5′-

GTGCCAC-GTTGTGAGTTGGATAG-3′. Cognate antigen was identified by comparing 

sequencing results with the mouse transcriptome using Nucleotide BLAST (NIH; https://

blast.ncbi.nlm.nih.gov/).

Next-generation sequencing of MCR peptide library

To determine the entire peptidome of starting and enriched MCR libraries, genomic DNA 

was isolated from MCR cells using the DNeasy Blood & Tissue Kit (QIAGEN) with 

ribonuclease A (QIAGEN) before treatment. Next-generation sequencing libraries were 

prepared by a two-step PCR protocol. First, MCR peptide sequences were PCR-amplified 

from 5 μg of genomic DNA using PCR1_ MCR_F 5′-

TCTTGTGGAAAGGACGAAACACCGGCTGCTGTG GTGGTGCTGATGG-3′ and 

PCR1_MCR_R 5′-

TCTACTATTCTTTCCCCTGCACTGTCCGTTGGTGAAGTAGCACTC-3′ with NEBNext 

Ultra II Q5 Master Mix (NEB) in a 50-μl reaction for 15 to 35 cycles. Cycle counts 

necessary to reach but not exceed the linear range were determined by quantitative real-time 

PCR (qRT-PCR) with SYBR Green Supermix (Bio-Rad). PCR products were pooled when 

multiple reactions were performed for the same sample, concentrated using DNA Clean & 

Concentrator (Zymo), and size-s elected by gel electrophoresis and extraction (QIAGEN). 

Purified products were diluted, and 1 ng of each sample was PCR-amplified using unique 

barcoded sequencing adapters PCR2_Fx 5′-AATGATACGGCGA 

CCACCGAGATCTACAC[barcode]ACACTCTTTCCCTACACG 

ACGCTCTTCCGATCT[stagger]TCTTGTGGAAAGGACGAAA-CACCG-3′ and PCR_Rx 

5′-CAAGCAGAAGACGGCATACGAGA 

T[barcode]GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT[stagger]TCTACTATTC

TTTCCCCTGCACTGT-3′ with Q5 Hot Start High-Fidelity 2X Master Mix (NEB) for 16 

cycles. Libraries were purified using AMPure XP Beads (Beckman Coulter), quantified by 

qRT-PCR using i5_F 5′-AATGATACGGCGACCACCGAG ATCTACAC-3′ and i7_R 5′-

CAAGCAGAAGACGGCATACGAGAT-3′, and pooled to equimolar ratios. After 

TapeStation quality control (Agilent), libraries were sequenced on a NextSeq 500 (Illumina).
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MCR peptide analysis

Open reading frames (ORFs) were determined from raw FASTA files using orfipy (version 

0.0.4) (102) with a minimum length of 60 nucleotides. MCR peptide sequences were 

extracted from ORFs as peptide sequences flanked by the amino acid sequences PRTE and 

SGGS using str_match from tidyverse (version 2.0.0). Peptide enrichment was calculated for 

each individual peptide in each individual sample based on fold change (FC)

FC = nx
i /nx

total

nref
i /nref

total

where nx
i  and nref

i  represent the number of reads n corresponding to peptide i in sample x
or the entire library ref and nx

total and nref
total represent the total number of reads corresponding 

to any peptide in sample x or the entire library ref. Differential analysis was performed 

on a subset of peptides that each represented at least 0.01% of the test peptide library. 

Gene identity was mapped to individual peptides using blastp-short from BLAST+ (version 

2.12.0) with the RefSeq mouse proteome (https://ftp.ncbi.nlm.nih.gov/refseq/M_musculus/

mRNA_Prot), and the highest scoring gene by bitscore was matched with each peptide 

and annotated using biomaRt (version 3.16). MHC class II–predictive binding scores were 

calculated using NetMHCIIpan (version 4.1) (103), and an aggregate score was calculated 

as the sum of eluted ligand (EL) and binding affinity (BA) scores for H2-IAb, H2-IAd, and 

H2-IEd.

Autoantigen array

Autoantigen arrays were generated, and assays using the arrays were performed as described 

previously (104). Briefly, 1 × 106 carboxylated magnetic beads per ID (MagPlex-C, 

Luminex) were distributed into 96-well plates (Greiner BioOne), washed, and resuspended 

in phosphate buffer (0.1 M NaH2PO4; pH 6.2) on a 96-well plate magnet. Bead surface 

was activated by addition of 100 μl of phosphate buffer containing 0.5 mg of 1-e thyl-3(3-

dimethylamino-propyl)carbodiimide (Pierce) and 0.5 mg of N-hydroxysuccinimide (Pierce). 

After 20 min of incubation on a shaker (Grant Bio), beads were washed and resuspended 

in activation buffer (0.05 M MES; pH 5.0). Eight micrograms of each analyte (data file S5) 

and control antibody were diluted in PBS, transferred into 96-w ell plates, and then mixed 

with activated beads for coupling during a 2-h our incubation at room temperature. Beads 

were washed three times in 100 μl of storage buffer [0.02% Tween 20 in PBS (PBS-T ), 

0.1% BSA, and 0.05% sodium azide], resuspended in 50 μl of storage buffer, and stored 

in plates at 4°C overnight. Immobilization of the antigens was confirmed, and the assay 

conditions were optimized by analysis using commercially available mouse monoclonal 

antibodies or antibodies specific for 6× histidine epitope tags (ab9108). Prototype human 

plasma samples were used for validation of bead arrays. Mouse sera were diluted 1:100 

in an assay buffer of 0.05% PBS-T supplemented with 3% (w/v) BSA (Sigma-Aldrich) 

and transferred into a 96-well plate. The bead array was distributed into a 384-w ell plate 

(Greiner BioOne) by transfer of 5 μl of bead array per well, and then 45 μl of the diluted 

sera were aliquoted and transferred into the 384-well plate. Samples were incubated for 90 

min on a shaker (Grant Bio) at room temperature. Beads were washed three times with 60 
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μl of PBS-T on a plate washer (EL406, BioTek). Secondary antibodies, including 50 μl of R-

phycoerythrin (PE)–conjugated Fcγ fragment–specific goat anti-mouse IgG (115–116-071, 

the Jackson Laboratories), R-PE–conjugated Fcγ subclass 2a–specific goat anti-mouse IgG 

(115–005-206, the Jackson Laboratories), and R-P E–conjugated Fcγ subclass 2c–specific 

goat anti-mouse IgG (115–005-208, the Jackson Laboratories), were diluted 1:500, 1:1000, 

and 1:1000, respectively, in 3% BSA in 0.05% PBS-T based on optimized assay conditions 

and transferred to three separate 384-w ell plates. After incubation with the secondary 

antibody for 45 min, plates were washed three times with 60 μl of PBS-T and resuspended 

in 50 μl of PBS-T for readout in a FlexMap3D instrument (Luminex Corp). Principal 

components analysis and clustering were performed on median fluorescence intensity (MFI) 

values for each antigen using prcomp from stats (version 3.6.2) with scaled variables and 

visualized using autoplot from ggfortify (version 0.4.14).

Single-cell RNA sequencing

Raw scRNA-seq data were obtained from Gene Expression Omnibus (GEO) 

(www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157649). The Cell Ranger (10X 

Genomics, version 7.0.0) multipipeline was used to align 5′ gene expression reads to 

the GRCm39 reference genome (mm39). Only barcodes with unique molecular identifier 

counts that passed the threshold for cell detection were included in gene-barcode matrices. 

Individual sample matrices were loaded in Seurat (version 4.2.0) (105) using the Read10X 

function and filtered for cells with at least 200 genes detected and genes detected in at 

least three cells using the CreateSeuratObject function. Individual samples were merged 

using the merge function, and S and G2-M cell cycle phase scoring was assigned using 

CellCycleScoring. To remove batch effects between samples associated with a heat shock 

gene expression signature, genes annotated with the Gene Ontology biological process 

(GOBP) term “cellular response to heat” (GO:0034605) were used to assign a heat shock 

score using AddModuleScore. Cells with less than 800 or greater than 3500 genes detected, 

less than 2000 reads detected, greater than 7% mitochondrial RNA content, greater than 

20% ribosomal RNA content, an S phase score greater than 0.15, or a G2-M phase score 

greater than 0.15 were excluded from analysis. BCR and TCR variable and constant genes 

were excluded from scRNA-seq analysis to prevent clustering based on V(D)J transcripts. 

Data were normalized and scaled using NormalizeData and ScaleData in Seurat to regress 

out mitochondrial RNA content, ribosomal RNA content, number of unique molecular 

identifiers, and heat shock score before correcting for batch effects using Harmony (version 

0.1.0) (106). After Harmony integration, clusters were identified using FindClusters to apply 

shared nearest neighbor–based clustering using the first 20 principal components with k = 

30 and resolution = 0.3. The same Harmony embeddings were used to generate Uniform 

Manifold Approximation and Projection (UMAP) projections. Clusters were annotated 

on the basis of expression of marker genes, including Foxp3 (TFR), Sostdc1 (Sostdc1), 

Tcf7 [TFH–T cell factor 1 (Tcf1)], Tigit (TFH-exhausted), S100a6 (TFH-activated), Sell 
[TFH–central memory (CM)], Gzmk (TFH-effector), and Isg15 [TFH–interferon-stimulated 

gene (ISG)]. Cluster determination was confirmed by identifying differentially expressed 

marker genes for each cluster using FindAllMarkers with the MAST (107) algorithm and 

comparing with known cell type–specific marker genes. Cluster names were updated using 

RenameIdents. Differentially expressed genes between autoimmune or nonautoimmune 
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chimeras were determined using FindMarkers with the MAST algorithm across all genes. 

For differential expression analysis within individual clusters or clonotypes, Seurat objects 

were first subset using the subset function.

Gene set enrichment and pathway analysis

Pathway analysis and gene set enrichment analysis were performed using clusterProfiler 

(version 4.6.0) (108). Differentially expressed genes were ranked according to log2 fold 

change (log2FC) for enrichment analysis. Ranked gene lists were used to query GOBP (109, 

110) and MSigDB (version 2022.1.Mm) (111, 112) signature libraries. Signaling pathway 

impact analysis (version 2.50.0) (58) was used to identify significantly altered pathways 

based on topology using differentially expressed genes (Padj < 0.05).

Single-cell T cell receptor sequencing

Raw scTCR-seq data were obtained from GEO (www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE157649). The Cell Ranger (10X Genomics, version 7.0.0) multipipeline was used 

to align TCR reads to the GRCm39 reference genome (mm39). Only TCRs with full-length 

and productive α and β chain sequences were included in analysis. Clonotypes were 

determined by grouping cell barcodes that shared the same pair of productive CDR3α and 

CDR3β amino acid sequences, and clone size was calculated by the number of unique cell 

barcodes belonging to an individual clonotype. Clonality was matched with gene expression 

analysis in Seurat by adding clonality information to the metadata using AddMetaData 

based on cell barcodes. Unweighted TCR network analysis between samples and conditions 

was performed using the qgraph package (version 1.9.2). TRSSs were computed using the 

Battacharyya coefficient (BC) (113):

BCi, j =
k = 1

C
pk

i • pk
j

where pk
i  and pk

j are the proportions of cells in groups i and j that belong to clonotype k, with 

a total of C clonotypes.

Grouping of lymphocyte interactions by paratope hotspots

GLIPH2 (114) clusters TCRs on the basis of a global similarity index, determined by CDR3 

sequences that differ by up to one amino acid, and a local similarity index, determined by 

common CDR3 motifs of two to three amino acids. The GLIPH2 mouse CD4 dataset was 

used for reference. Fisher’s exact test was used to assess the statistical significance of a 

given motif, and specificity groups were filtered for global clusters with Fisher score of 

<0.05. Specificity group prediction was matched with gene expression analysis based on 

clonotype sequences.

Geometric Isometry–based TCR Alignment Algorithm

GIANA4 (version 4.1) (115) clusters TCRs with predicted shared antigen specificity in 

Euclidean space based on BLOSUM62 isometric encoding of CDR3β amino acids. GIANA 

was performed using GIANA4.1.py with a Smith-Waterman alignment threshold of 10 
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and an isometric distance cutoff of 10. Principal components analysis and clustering were 

performed on scaled isometric coordinates using k-means from stats (version 3.6.2) with 

k = 20 and visualized using autoplot from ggfortify (version 0.4.14). Specificity group 

prediction was matched with gene expression analysis based on CDR3β sequences.

TCRdist3

TCRdist3 (version 0.2.2) (116) groups TCRs into predicted antigen–specific metaclonotypes 

using a distance metric based on TCRβ biochemistry. Murine TRBV sequences were 

annotated manually to match IMGT allele names (www.imgt.org/vquest/refseqh.html). 

Intraclone distances were calculated using TCRrep, and interrepertoire distances were 

calculated using compute_rect_distances. Clustering and metaclonotype annotation were 

performed on the basis of probability of V(D)Jβ generation using OLGA (117) modeled 

TCR generation and TCRdist3 radius = 50. Multidimensional scaling was performed on the 

symmetric intraclone distance matrix using cmdscale from stats (version 3.6.2), and public 

(in >1 sample) clones were visualized. Specificity group prediction was matched with gene 

expression analysis based on clonotype sequences.

TCR intrinsic regulatory potential

TiRP scoring uses features of individual TCRs to predict T cell fate (51). mTiRP is the 

greatest contributor to Treg fate (51) and therefore was used as an estimate for autoreactivity. 

TiRP scores were computed from scTCR-seq data for each clone using CDR3β sequence 

and TRBV gene. TiRP scores were matched with gene expression analysis based on 

clonotype sequences.

DeepTCR2

DeepTCR2 (version 2.1.0) (118) classifies both repertoires and antigen-specificity based 

on machine learning featurization of TCRαβ sequences using an unsupervised deep neural 

network. TCR featurization was performed using a variable autoencoder (VAE) with 256 

latent dimensions, k = 5 for the first convolutional layer of the graph, learned latent 

dimensionality of 64 for amino acids, learned latent dimensionality of 48 for V(D)J 

genes, latent alpha of 0.001, and three convolutional layers with 32, 64, and 128 neurons, 

respectively. The VAE was trained using an Adam Optimizer with learning rate = 0.001 

until convergence criteria of >0.01 decrease in determined interval were met. UMAP was 

calculated using unsupervised sequence featurization, and expanded (>10 cells) clones 

were visualized. For sample-agnostic clustering, a dendrogram was constructed to compare 

clonotype distribution in UMAP space and PhenoGraph clustering using Kullback-Leibler 

divergence. Specificity group prediction was matched with gene expression analysis based 

on clonotype sequences.

AlphaFold2

AlphaFold (version 2.1.1) (119) multimer was used to predict TCRαβ structures. 

AlphaFold2 was performed using full-length TCRα and TCRβ sequences identified by the 

Cell Ranger (10X Genomics, version 7.0.0) multi pipeline and a mouse UniProt database 

(www.uniprot.org/uniprotkb/?query=*). Top ranked prediction was used for visualization.

Akama-Garren et al. Page 23

Sci Immunol. Author manuscript; available in PMC 2024 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.imgt.org/vquest/refseqh.html
http://www.uniprot.org/uniprotkb/?query=*


Image quantification

Confetti allele clonality was calculated using color dominance as previously described 

(49). Briefly, color dominance in Cd4CreERT2;R26con/con mice was quantified in multiple 

Z planes. GCs were identified on the basis of CD21/35 staining for FDCs. Cells of 

each color recombination were counted manually in either the GC or adjacent regions. 

HEp-2 staining was quantified using CellProfiler (120). Nuclear masks were created using 

DAPI with IdentifyPrimaryObjects, and cytoplasm masks were created by subtracting DAPI 

staining from cholera toxin subunit B staining with IdentifySecondaryObjects. IgG or IgG2c 

MFI was calculated using MeasureObjectIntensity. Glomerular antibody deposition was 

quantified using Fiji (ImageJ). Glomerular masks were created using CD31 staining, and 

IgG or IgG2c MFI was measured within each mask using Multi Measure. Follicles were 

defined using CD169 staining, and an average number of GCs per follicle were calculated 

for each sample. GC size was calculated using Fiji (ImageJ).

Visualization

Bar graphs were created using ggpubr (version 0.4.0.999) or Prism (GraphPad, version 

9.4.1), and scatter plots were created using ggplot2 (version 3.3.6). Gene set enrichment 

plots were generated using clusterProfiler (version 4.6.0). Heatmaps and hierarchical 

clustering were performed using pheatmap (version 1.0.12). UMAP plots were generated 

using Seurat. Peptide motifs were created using ggseqlogo (version 0.1). Protein structures 

were visualized using ChimeraX (UCSF, version 1.5). Experimental diagrams and 

schematics were created with BioRender.com.

Statistical analyses

All values are expressed as means ± SD. Measurements were taken from distinct samples. 

Statistical significance was determined using two-tailed Student’s t test for two-w ay 

comparisons or one-way analysis of variance (ANOVA) for grouped comparisons. Two-

sided testing with α = 0.05 was used. We corrected for multiple comparisons and report 

adjusted P values using Bonferroni correction. For pathway analyses, Fisher’s exact test was 

used with Benjamini-Hochberg correction for multiple testing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Data and materials availability:

All scRNA-seq and scTCR-seq have been deposited in the GEO database and are available 

under primary accession number GSE157649 (www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE157649). Connective tissue disease autoantigen array data have been deposited 

in the GEO database and are available under primary accession number GSE231808 

(www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE231808). Relevant code and processed 

data are available through GitHub (https://github.com/egarren/scTCR). 58.2E7 cells are 

available upon request. All TCR plasmids described herein have been deposited in Addgene. 

All transgenic mice used in this study are available through the Jackson Laboratories. Raw 

data used to generate figures are presented in data file S1.
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Fig. 1. Autoreactive GC formation is T cell dependent.
(A and B) Flow cytometry contour plots (A) and quantification (B) of follicular T 

cell frequency in the spleens of 10-week-old 564igi (n = 23), 564igi;Icos−/− (n = 7), 

or 564igi;SAP−/− (n = 14) mice. (C and D) Flow cytometry contour plots (c) and 

quantification (D) of GC (GL7+FAS+), IgG1+ B cell, and ABC (CD11c+CD21/35− 

of B220+CD138−GL7−CD38+IgD−) frequency in the spleens of 10-week-old 564Igi, 

564Igi;Icos−/−, or 564Igi;SAP−/− mice. (E) Confocal microscopy of spleens stained for 
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indicated markers from 10-week-old 564Igi (n = 10), 564Igi;Icos−/− (n = 6), or 564Igi;SAP−/

− (n = 6) mice. (F) Quantification of average number of GCs per follicle per mouse (left) 

or GC size (right) from confocal staining in (E). (G) Flow cytometry histogram (left) and 

quantification (right) of Ki67 expression in ASCs (CD138+) in the spleens of 10-week-old 

564Igi, 564Igi;Icos−/−, or 564Igi;SAP−/− mice. Fitc, fluorescein isothiocyanate. (H) Bar plot 

of flow cytometric quantification of total number of ASCs in the spleens of 10-week-old 

564Igi, 564Igi;Icos−/−, or 564Igi;SAP−/− mice. nS, not significant. (I) Confocal microscopy 

(left) and quantification of nuclear IgG staining (right) of HEp-2 cells incubated with sera 

from 10-week-old 564Igi (n = 5), 564Igi;Icos−/− (n = 4), 564Igi;SAP−/− (n = 4), or B6 (n 
= 3) mice. (J) Confocal microscopy (left) and quantification of glomerular IgG deposition 

(right) in kidneys from 564Igi (n = 3), 564Igi;Icos−/− (n = 3), 564Igi;SAP−/− (n = 3), 

or B6 (n = 3) mice. Data are representative of three independent experiments. Data are 

represented as means ± SD. P value was computed using two-tailed Student’s t test for 

two-way comparisons or AnoVA or Kruskal-Wallis for grouped comparisons.
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Fig. 2. Follicular T cells are polyclonal and dynamic.
(A) Experimental diagram. Icos−/− mice were lethally irradiated with 11 Gy, followed by 

intravenous reconstitution with a mix of 1p 564Igi;Icos−/− and 2p Cd4CreERT2;R26con/con 

bone marrow. Six weeks after irradiation, mixed bone marrow chimeras were treated 

with five doses of tamoxifen (50 mg/kg, intraperitoneally) every 2 days. Five weeks after 

tamoxifen treatment, bone marrow chimeras were injected intravenously with 3 μg of PE 

anti-cD21/35 to label FDCs. Two days later, mice were analyzed by intravital multiphoton 

microscopy. (B) Multiphoton microscopy of spleens from autoimmune bone marrow 

chimeras (n = 15). insets (right) show higher magnification of non-GC or GC resident 

T cell populations. (C) Quantification of CD4 clonality (top) or number of recombined 

cells (bottom) from (B). horizontal line indicates 50% dominance. GC was determined by 

CD21/35 staining. Red line indicates mean. P value computed using two-tailed Student’s t 
test. (D) Intravital multiphoton microscopy of inguinal lymph node of an autoimmune bone 
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marrow chimera. Arrows track individual follicular T cell clones entering and leaving a GC. 

Time is represented as HH:MM. Data are representative of three independent experiments.
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Fig. 3. Autoimmune and foreign antigen follicular T cell repertoires share predicted specificities.
(A) experimental diagram. B6 (cD45.1) mice were lethally irradiated with 11 Gy, followed 

by intravenous reconstitution with a mix of 1p 564Igi (cD45.1+cD45.2+) and 2p B6 (cD45.2) 

bone marrow. ten weeks after irradiation, follicular T cells (cD4+cXcR5+PD1+cD45. 

1−cD45.2+) were sorted from the spleens of autoimmune bone marrow chimeras (564Igi; 

n = 5) or NPOVA–immunized controls (B6; n = 5) and analyzed by scRNA-seq and 

scTCR-seq. (B) Pie charts of clonal expansion of follicular t cells in individual bone 

marrow chimeras. Pie slice size represents proportion of cells in clones (defined by 

cDR3αβ) of indicated size. number of cells is shown in bottom right. (C) Symmetric 

correlation plot of TRSSs between cDR3αβ repertoires of individual bone marrow chimeras. 

Sample names are colored according to experimental group (B6, red; 564Igi, blue). (D) 

unweighted network plot of expanded (greater than five cells) clones (defined by cDR3β). 
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colored points represent individual samples (B6, red; 564Igi, blue), edges indicate clone 

presence in each repertoire, and size represents number of cells in each clone. (E) Scatter 

plot comparing GLIPH2 group size between immunized (B6) and autoimmune (564Igi) 

bone marrow chimeras. Specificity groups are colored according to the number of unique 

clones (defined by cDR3αβ) that belong to a given GLIPH2 group and sized according 

to number of bone marrow chimeras in which the given specificity group is observed. 

(F) hierarchical heatmap of GLIPH2 sharing across individual samples. columns represent 

bone marrow chimeras, and rows represent GLIPH2 groups. (G) Dimensionality reduction 

plots of different methods of computational prediction of TCR similarity (columns) colored 

according to treatment group, scRNA-seq assigned cluster, or k–nearest neighbor clustering 

assigned specificity group (metaclonotypes). individual clonotypes are depicted as circles 

and sized according to number of cells in each clonotype. GIANA4 dimensionality reduction 

calculated using isometric encoding of amino acid sequences of clones (defined by cDR3β). 

TCRdist3 dimensionality reduction calculated using pairwise TCR distance calculations 

between clones (defined by TCRβ). DeepTCR2 dimensionality reduction calculated using 

VAE-based unsupervised sequence featurization of clones (defined by TCRαβ). PC, 

principal component. (H) hierarchical heatmap of TCRdist3 comparison scores between 

each clone (defined by TCRβ) in the B6 repertoire (columns) and each clone in the 564ligi 

repertoire (rows). Groups of closely related clones highlighted in white boxes. (I) mTiRP 

calculated from scTCR-seq data of follicular T cell repertoires from immunized (B6, red) 

or autoimmune (564lgi, blue) bone marrow chimeras. Data are representative of three 

independent experiments.
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Fig. 4. Follicular T cell initiation of autoreactive GCs is TCR dependent.
(A) Experimental diagram. Icos−/− (cD45.1) mice were lethally irradiated with 11 Gy, 

followed by intravenous reconstitution with a mix of 1p 564Igi;Icos−/− (CD45.2) and 2p 

B6, Icos−/−, or OTII (CD45.1) bone marrow. Twelve weeks after irradiation, mixed bone 

marrow chimeras were analyzed by flow cytometry. (B and C) Flow cytometry contour 

plots (B) and quantification (C) of follicular T cell frequency in the spleens of B6 (n = 

20), Icos−/− (n = 13), or OTII (n = 6) mixed autoimmune chimeras. (D) Bar plot of the 

ratio of TFh (CD4+CXCR5+PD1+FoxP3−) to TTFR (CD4+CXCR5+PD1+FoxP3+) cells. (E 
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and F) Flow cytometry contour plots (E) and quantification (F) of naïve and activated CD4 

T cell frequency. (G) Flow cytometry histogram (left) and quantification (right) of FoxP3 

expression in CD4 t cells. (H and I) Flow cytometry contour plots (E) and quantification 

(F) of EFO (PSGl1−cD62l−) CD4 T cell frequency and PD1 expression in EFO cells. (J) 

Flow cytometry histogram (left) and quantification (right) of CD44 expression in CD45.1+ 

EFO cells. (K and L) Flow cytometry contour plots (K) and quantification (L) of GC B 

cell frequency and ASC (CD138+) number. (M) overlaid flow cytometry contour plot (left) 

and quantification (right) of non-564Igi derived (CD45.1+CD45.2−) GC B cells or ASCs in 

B6 (gray), Icos−/− (blue), or OTII (red) mixed autoimmune chimeras. Enrichment represents 

CD45.1+CD45.2− frequency in indicated population relative to CD45.1+CD45.2− frequency 

in follicular B cells. (N) Flow cytometry histograms (left) and quantification (right) of Ki67 

expression in GC B cells and ASCs. (O) Flow cytometry histograms (left) and quantification 

(right) of ICOSL expression in GC B cells and ASCs. (P and Q) Confocal microscopy of 

spleens from B6 (n = 3), Icos−/− (n = 3), or OTII (n = 3) mixed autoimmune chimeras (P) or 

HEp-2 cells (Q) stained for indicated markers. insets (right) show higher magnification. Data 

are representative of four independent experiments. Data are represented as means ± SD. P 
value was computed using two-tailed Student’s t test for two-w ay comparisons or two-way 

ANOVA for grouped comparisons.
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Fig. 5. Construction of an autoantigen library for cognate CD4 TCR peptide identification.
(A) mappings of seven orphan clonotypes from immunized (B6, top) or autoimmune 

(564lgi, bottom) bone marrow chimeras onto UMAP visualization of scRNA-seq data from 

Fig. 3A. (B) Overlaid flow cytometry contour plots of Nur77-GFP reporter activation and 

CD69 expression after 24-hour coculture of TCR hybridomas expressing each orphan TCR 

with 564lgi splenocytes (green) or no stimulation (red). (C) Hierarchical heatmap of sharing 

of candidate TCRs from (A) across assigned clusters. Columns represent clusters, and rows 

represent clones, colored according to their presence in either B6 (red), 564igi (blue), or 
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both (gray) repertoires and sizes. (D) Experimental schematic of MCR coculture system. 

TCR-Expressing hybridomas (Ametrine+) are cocultured with NFAT reporter cells (GFP+) 

expressing an MHC class II extracellular domain covalently linked to candidate peptides 

and an intracellular TCR signaling domain. Cognate antigen recognition results in reporter 

activation of MCR cells, which may be enriched through iterative sorting. Created with 

BioRender.com. (E) Experimental schematic of MCR library construction. The spleen and 

kidney were used as autoantigen sources to generate dscDNA. After random fragmentation 

and adapter ligation, peptide sequences were cloned into the MCR vector by Gibson 

Assembly. the peptide library was retrovirally transduced into nFAt reporter cells and sorted 

for mhc class ii expression, generating a transcriptome-wide library of autoantigen peptides. 

created with BioRender.com. (F) Flow cytometry contour plots of NFAT reporter activation 

in cells expressing a transcriptome-wide library of autoantigen peptides (MCR-Lib) after 

coculture with indicated orphan TCR.
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Fig. 6. A single autoreactive TFR clone is sufficient to initiate autoreactive GCs.
(A) Experimental diagram. Retrogenic donor stem cells were produced by spinfection 

of RAG−/− HSCs with retrovirus expressing TCR-A, TCR-B, or TCR-E and GFP 

(pMIG-TCR). Icos−/− (CD45.1) mice were lethally irradiated with 11 Gy, followed by 

intravenous reconstitution with a mix of 1p 564Igi;Icos−/− (CD45.2), 1p Icos−/− (CD45.1), 

and 1p B6, Icos−/−, or retrogenic (CD45.2) HSCs. Twelve weeks after irradiation, 

mixed bone marrow chimeras were analyzed by flow cytometry. (B and C) Flow 

cytometry contour plots (B) and quantification (C) of follicular T cell frequency in 

the spleens of B6 (n = 11), Icos−/− (n = 23), TCR-A (n = 25), TCR-B (n = 17), 

and TCR-E (n = 18) mixed autoimmune chimeras. (D) Bar plot of the ratio of TFh 
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(CD4+CXCR5+PD1+FoxP3−) to TFR (CD4+CXCR5+PD1+FoxP3+) cells in the spleens of 

B6, Icos−/−, TCR-A, TCR-B, and TCR-E mixed autoimmune chimeras. (E and F) Flow 

cytometry contour plots (E) and quantification (F) of Gc, IgG1+ B cell frequency, and 

ASc (CD138+) number in the spleens of B6, Icos−/−, TCR-A, TCR-B, and TCR-E mixed 

autoimmune chimeras. (G and H) Flow cytometry contour plots (G) and quantification 

(H) of IgD−B220+CD138−GL7−CD38+ B cells, Fcrl5+CD23−B220+CD138−GL7−CD38+ 

memory B cells, and ABCs (CD11c+CD21/35−B220+ CD138−GL7−CD38+IgD−) in the 

spleens of B6, Icos−/−, TCR-A, TCR-B, and TCR-E mixed autoimmune chimeras. (I 
and J) Flow cytometry contour plots (i) and quantification (J) of non-564Igi–derived 

(CD45.1+CD45.2−) GC, ASC, or ABC in the spleens of B6, Icos−/−, TCR-A, TCR-B, and 

tcR-e mixed autoimmune chimeras. enrichment represents cD45.1+ cD45.2− in indicated 

population relative to cD45.1+ cD45.2− frequency in follicular B cells. (K) Flow cytometry 

histogram (left) and quantification (right) of cD21/35, Ki67, cD11c, and cD86 expression 

in non-564Igi–derived (cD45.1+cD45.2−) B cells in the spleens of B6, Icos−/−, TCR-A, 

TCR-B, and TCR-E mixed autoimmune chimeras. (L) confocal microscopy of spleens 

from B6 (n = 11), Icos−/− (n = 10), TCR-A (n = 4), TCR-B (n = 4), and TCR-E (n 
= 4) mixed autoimmune chimeras stained for indicated markers. (M) Flow cytometry 

histogram (left) and quantification (right) of Ki67 in non-564Igi–derived (CD45.1+CD45.2−) 

ASCs in the spleens of B6, Icos−/−, TCR-A, TCR-B, and TCR-e mixed autoimmune 

chimeras. (N) Bar plot of Fcrl5 expression in non-564Igi–derived (CD45.1+CD45.2−) 

IgD−B220+CD138−GL7−CD38+ B cells in the spleens of B6, Icos−/−, TCR-A, TCR-B, and 

TCR-E mixed autoimmune chimeras. (O) Volcano plot of differentially expressed genes 

between TCR-A (green) versus TCR-E (yellow) cells from scRNA-seq from Fig. 3A. 

Differential expression computed by MAST and adjusted for multiple comparison based 

on Bonferroni correction. (P and Q) Confocal microscopy of HEp-2 cells stained with sera 

(P) or kidneys (Q) from B6 (n = 4), Icos−/− (n = 4), TCR-A ( n = 4), TCR-B (n = 4), 

and TCR-E (n = 4) mixed autoimmune chimeras stained for indicated markers. Data are 

representative of four independent experiments. Data are represented as means ± SD. P 
value computed using two-tailed Student’s t test for two-way comparisons or ANOVA for 

grouped comparisons.
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Fig. 7. TCR autoreactivity shapes B cell tolerance and epitope spreading.
(A) Experimental diagram. Serum autoreactivity was screened against 33 connective tissue 

disease (CTD) autoantigens by Luminex bead array. Antibody isotype subclasses were 

distinguished by secondary antibody staining. Created with BioRender.com. (B) Principal 

components analysis of serum reactivity from 564Igi (n = 11) or 564Igi;Icos−/− (n = 5) 

mice, or B6 (n = 14), TCR-A ( n = 24), TCR-B (n = 7), or TCR-E (n = 18) mixed 

autoimmune chimeras. Component weightings were computed using MFI of all autoantigens 

and antibody subclasses for each sample. (C) Volcano plots of differential autoreactivity 

between sera from autoimmune chimeras versus 564Igi;Icos−/− mice. Fold change was 

computed using MFI of IgG binding, and P value was computed using Wilcoxon rank sum 

test. (D) Bar plots of serum reactivity for indicated autoantigen and antibody subclass. Data 

are represented as means ± SD.
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