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Significance

B cells are an important antigen 
presenting cell subset in the 
thymus that require activation to 
mediate T cell central tolerance. 
The process of thymic B cell 
activation, termed licensing, 
results in isotype class-switch 
recombination and upregulation 
of self-antigens and antigen 
presentation pathways in B cells. 
In this work, we show thymic B 
cells express the type III 
interferon(IFN) receptor and rely 
on type III IFN for licensing. 
Absence of the type III IFN 
receptor on B cells results in 
impaired T cell central tolerance, 
as illustrated by a reduction in 
regulatory T cell generation and 
altered Treg cell T cell receptor 
repertoire, demonstrating the 
critical role for licensed B cells in 
regulatory T cell development.

Author contributions: R.J.M., E.R.B., K.M.A., M.V., O.C.S., 
and K.A.H. designed research; R.J.M., E.R.B., Y.W., 
K.M.A., M.V., T.M., and O.C.S. performed research; S.V.K. 
contributed new reagents/analytic tools; R.J.M., E.R.B., 
K.M.A., M.V., O.C.S., and C.H.O. analyzed data; and R.J.M. 
and K.A.H. wrote the paper.

Reviewers: E.A.H., The Ohio State University;  and R.P., 
University of Colorado Anschutz Medical Campus.

The authors declare no competing interest.

Copyright © 2023 the Author(s). Published by PNAS.  
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
hogqu001@umn.edu.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2220120120/-/DCSupplemental.

Published February 21, 2023.

IMMUNOLOGY AND INFLAMMATION

Type III interferon drives thymic B cell activation and regulatory 
T cell generation
Ryan J. Martineza, Elise R. Breeda, Yosan Worotaa, Katherine M. Ashbya, Matouš Vobořila , Tailor Mathesa, Oscar C. Salgadoa, Christine H. O’Connorb, 
Sergei V. Kotenkoc,d,e, and Kristin A. Hogquista,1

Contributed by Kristin A. Hogquist; received November 29, 2022; accepted January 24, 2023; reviewed by Emily A. Hemann and Roberta Pelanda

The activation of thymic B cells is critical for their licensing as antigen presenting cells and 
resulting ability to mediate T cell central tolerance. The processes leading to licensing are 
still not fully understood. By comparing thymic B cells to activated Peyer’s patch B cells 
at steady state, we found that thymic B cell activation starts during the neonatal period 
and is characterized by TCR/CD40-dependent activation, followed by immunoglobulin 
class switch recombination (CSR) without forming germinal centers. Transcriptional 
analysis also demonstrated a strong interferon signature, which was not apparent in 
the periphery. Thymic B cell activation and CSR were primarily dependent on type III 
IFN signaling, and loss of type III IFN receptor in thymic B cells resulted in reduced 
thymocyte regulatory T cell (Treg) development. Finally, from TCR deep sequencing, we 
estimate that licensed B cells induce development of a substantial fraction of the Treg cell 
repertoire. Together, these findings reveal the importance of steady-state type III IFN 
in generating licensed thymic B cells that induce T cell tolerance to activated B cells.

thymic B cells | central tolerance | Treg cell selection | type III IFN

Thymic central tolerance is the process where developing T cells interact with self-antigens 
in the thymus to generate a diverse MHC-restricted T lymphocyte repertoire that protects 
against pathogens while limiting responses to self-antigens (1). T cell central tolerance is 
mediated by T cell receptor (TCR) recognition of self-antigen–MHC complexes presented 
by antigen presenting cells (APCs) in the thymus (2, 3). Thymic APCs express unique 
types and quantities of self-antigens, are in distinct anatomical locations, and demonstrate 
different costimulatory protein expression (2, 3). Thus, the various populations of thymic 
APC likely play unique roles in mediating T cell central tolerance.

One such unique APC subset is thymic B cells. Thymic B cells represent only a small 
proportion of cells in the thymus but are present early in life and increase with age (4). 
These B cells undergo a unique activation process, termed thymic B cell licensing (5). 
Licensing is most likely initiated by CD4SP recognition of self-peptide:MHCII presented 
by B cells, as it is absent in TCRa-deficient mice, mice that have a fixed nonself-reactive 
TCR, and mice that lack MHCII on B cells (5, 6). Self-reactive CD4SP thymocytes 
express CD40L and the delivery of CD40L-CD40 signaling is also essential for thymic 
B cell licensing (5). This T:B interaction results in isotype class-switched B cells with 
enhanced antigen presentation capabilities and the expression of unique self-antigens 
partially driven by AIRE (5). B cells presenting self-antigens in the thymus can drive clonal 
deletion (5, 6). Less is understood about B cell-mediated thymic Treg cell selection, but 
both BAFF-Tg and WT mice showed reduced Treg cell selection in the absence of B cells 
(7, 8). It is unknown whether B cell-mediated Treg cell selection requires B cell licensing. 
Nonetheless, these works demonstrate thymic B cells induce T cell central tolerance in 
thymocytes specific for self-antigens expressed by activated B cells (9).

How thymic B cells become licensed is still incompletely understood. Expression of a 
polyclonal TCR repertoire is necessary for thymic B licensing, but it is not clear whether 
differentiated T helper cells are required for the process (6). The thymus has a small pop-
ulation of differentiated IL-21 producing thymocytes that could be influencing B cell 
activation (10), as IL-21 is known to promote B cell proliferation and germinal center 
(GC) formation (11), but it is unknown whether these cells contribute to licensing. 
Traditionally, differentiated follicular helper T cells (Tfh) and germinal centers (GCs) are 
associated with B cell class-switch recombination (CSR) and somatic hypermutation 
(SHM) in peripheral lymphoid organs (12). However, recent evidence shows CSR occurs 
independently of GC and/or Tfh (13, 14). Investigation of the intrinsic and extrinsic 
requirements for thymic B cell licensing will help to further understand their contribution 
to thymic central tolerance.

Here, we investigated the development of licensed thymic B cells and their role in 
thymic central tolerance. Licensed class-switched thymic B cells were distinct from B cells 
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in Peyer’s patches (PPs) as they did not show a traditional GC 
immunophenotype or transcriptome. Instead, licensed thymic 
B cells rapidly developed during the first weeks of life and were 
found to be independent of GC and Tfh. When transcriptionally 
compared with other activated peripheral B cells, licensed thymic 
B cells expressed high amounts of interferon-stimulated genes 
(ISGs). Surprisingly, thymic B cell activation and resulting licens-
ing was dependent on type III interferon (IFN) signaling in B cells. 
Loss of type III IFN signaling resulted in alterations in B cell 
activation, CSR, ISG expression, and reduced Treg cell develop-
ment. To confirm the impact of licensed B cells on T cell central 
tolerance, TCR repertoire sequencing was performed, showing a 
large portion of Treg cells require class-switched B cells for devel-
opment. Thus, class-switched, licensed thymic B cell are essential 
for thymic Treg cell selection.

Results

Class-Switched Thymic B Cells Exhibit a Unique Phenotype. To 
better define the unique aspects of thymic B cell activation, we first 
set out to compare thymic B cells with splenic and Peyer’s patch 
(PP) B cells. Both PP and thymic B cells have high frequencies 
of class-switched IgM−IgD− B cells at steady state, while B cells 
from the spleen show little CSR (Fig. 1A). As reported previously 
(6), class-switched thymic B cells were predominantly switched to 
IgG2b, IgA, and IgG2c isotypes (SI Appendix, Fig. S1). Thymic 
and splenic B cells also showed a population of IgM+IgDlo B cells 
that were absent in the PP (Fig. 1A). Further immunophenotyping 
was performed with CD38 and GL7 to identify naïve/memory 
(CD38+GL7−), activated memory precursor (CD38+GL7+), and 
germinal center (GC) (CD38−GL7+) B cells. Like B cells in PPs, 
thymic B cells up-regulated the germinal center activation marker 
GL7. However, they did not down-regulate CD38 (Fig. 1B), as is 
typical for GC B cells (15). Such CD38+GL7+-activated memory B 
cell precursors were previously shown to be generated independent 
of Bcl6 but could give rise to GC or memory B cells (15). Activated 
memory B cell precursors were further shown to be formed by 
CD40 signaling, but independently of full T cell help, which may 
explain their presence in the thymus where CD4SP thymocytes 
can provide CD40 signaling but are unlikely to differentiate 
fully and provide help to generate a GC response, as self-reactive 
CD4SP thymocytes undergo apoptosis. Taken together, there is a 
large population of class-switched B cells present in the thymus, 
but they do not express typical immunophenotypic markers 
associated with a GC response.

To compare the transcriptomes of thymic and PP B cells, 
IgM−IgD− B cells from the thymus and PP were sorted and RNA-seq 
was performed on the isolated RNA, identifying 512 genes up-reg-
ulated in thymic B cells, and 546 up-regulated in PP B cells (Fig. 1C). 
Gene set enrichment analysis (GSEA) showed thymic B cells were 
significantly enriched for pathways associated with inflammation 
such as IFN, TNF-a, and TLR signaling, while PP B cells showed 
enrichment of proliferation and GC response pathways (Fig. 1D). 
Flow cytometry confirmed higher expression of CD69, MHCI, 
MHCII, Ly6C. and CXCR3 (Fig. 1E), and qPCR confirmed higher 
expression of Aire, Ccl22, Cd40, Cd80, Ly6c2, Mx1, and Irf7 in 
thymic B cells (SI Appendix, Fig. S1B). To define the heterogeneity 
of the thymic B cell population, thymic B cells were analyzed by 
single-cell RNA-Seq (scRNA-Seq), revealing two distinct clusters 
(Fig. 1F). Differential gene expression analysis suggested these two 
clusters could be characterized as unswitched naïve/memory B cells 
(Ighd in cluster 0) or activated and isotype class-switched B cells 
(Ighg2b, Igha in cluster 1) (Fig. 1G and SI Appendix, Fig. S1C). 
Cluster 1 was also defined by several interferon-stimulated genes 

(ISGs) (Ly6a, Ifi27l2a, Ly6c2) (Fig. 1G and SI Appendix, Fig. S1C). 
It is important to note that cluster 1 was not comprised solely of 
isotype class-switched B cells, as some cells still expressed Ighm even 
though they lacked Ighd (SI Appendix, Fig. S1C). This suggests that 
IgD downregulation represents an activated state of B cells even 
though they were not isotype switched. Last, we investigated human 
thymic B cells to determine if they shared a similar activation as 
mouse. Comparison of previously published human neonatal 
thymic and peripheral (cord blood) B cells revealed human thymic 
B cells were strongly enriched for many of the same interferon path-
ways identified in mouse thymic B cells (SI Appendix, Fig. S1D) 
(16). Analysis of individual differentially regulated genes in mouse 
thymic B cells showed a similar expression pattern as human thymic 
B cells (Fig. 1H). Thus, thymic B cells from mice and humans 
demonstrate a phenotype associated with inflammatory signaling 
in the absence of a traditional GC transcriptome.

CD40L Drives a Burst of B Cell Licensing in Early Life. Thymic 
B cells are highly differentiated with a large population of class-
switched B cells at steady state. The differentiation of peripheral 
B cells during immune responses is tightly coordinated with 
proliferation (17, 18); however, thymic B cells showed a distinct 
absence of genes associated with proliferation when compared 
with PP B cells (Fig.  2A). We confirmed the low proliferative 
state of thymic B cells by BrdU labeling in adult mice for either 
24-h (Fig. 2B) or 6-d (Fig. 2C). At both timepoints, thymic B 
cells incorporated significantly less BrdU than PP B cells (Fig. 2 B 
and C). Previous work reported thymic B cells undergo activation 
and CSR within days of birth in both mice and humans (19). 
Thus potentially, the proliferative differences between thymic and 
PP B cells could be due to differences in the timing of B cell 
activation and CSR. Analysis of thymic B cells from birth revealed 
the presence of CD38+GL7+ B cells already at 2 d of age and class-
switched B cells shortly thereafter, which peaked in frequency 
at 21 d of age (Fig.  2D). The frequency of isotype-switched 
B cells remained stable into adulthood, while the frequency 
of CD38+GL7+ B cell was reduced after 3 wk  (Fig.  2D). This 
suggested that thymic B cells may undergo a burst of activation 
early in life. To test if proliferation of thymic B cells occurred 
in this period, cell cycle analysis using DAPI was performed, 
demonstrating a greater frequency of neonatal thymic B cells in 
S/G2M when compared with the adult (Fig. 2E). This confirms 
that a larger fraction of thymic B cells are undergoing activation, 
differentiation, and proliferation during neonatal life.

To further test whether the neonatal thymic environment 
enhances the licensing of thymic B cells, we used an adoptive 
transfer model (Fig. 2F). Splenic B cells were labeled with cell 
proliferation dye and intrathymically injected into host mice. 
Transfer of splenic B cells resulted in upregulation of CD69, 
MHCII, GL7, and Ly6C in the thymus, as well as isotype switch-
ing, similar to that seen in thymic B cells at steady state (Fig. 2G 
and SI Appendix, Fig. S2A). Transfer of splenic B cells into day 
5 to 7 neonatal thymi showed increased proliferation when com-
pared with transfer into adult thymi (Fig. 2H). Noticeably, the 
most divided cells in both hosts were primarily composed of IgD− 
B cells (Fig. 2H). Analysis of the IgD− CTV− transferred B cells 
revealed these cells were composed of both IgM+ (activated) and 
IgM− (isotype switched) B cells demonstrating activation, licens-
ing, and CSR occurred in cells undergoing multiple rounds of 
division (SI Appendix, Fig. S2 B and C), and a higher fraction of 
B cells underwent this process in neonatal recipients than in adult.

The neonatal thymic environment is distinctive as it generates 
unique TCRs that have higher self-reactivity due to lack of 
N-nucleotide additions (20, 21). Thymocyte CD40L expression 
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is dependent on self-reactivity in CD4SP thymocytes (22); there-
fore we hypothesized that increased neonatal thymocyte self- 
reactivity leads to increased CD40L expression and B cell licensing. 
Indeed, CD40L expression was higher on CD4SP thymocytes 
from neonates (Fig. 2I). and B cell proliferation after transfer into 
neonatal mice was reduced in neonatal Cd40l−/− hosts (SI Appendix, 
Fig. S2B). Together, these results suggest that as mice age and 
CD40L expression on CD4SP is reduced, less thymic B cells are 
newly licensed, which results in a reduced frequency of actively 
proliferating B cells. As the numbers of thymic B cells do not 
decrease as mice age, this model suggests the majority of activated 

thymic B cells maintain residency in the thymus. Indeed, parabi-
osis studies suggested thymic B cells are primarily resident in the 
thymus (9, 23), supporting the hypothesis that thymic B cells are 
activated early in life and become resident.

Finally, during neonatal life, B cells are primarily of fetal origin 
(24, 25). If most of thymic B cell activation occurs in the neonatal 
period and those B cells are retained in the thymus, then the 
population of thymic B cells in adult mice would include more 
B cells of fetal origin. To address this, we analyzed previously 
reported BCR repertoire data from adult thymic versus splenic 
B cells for N-nucleotide addition frequency. We observed that the 
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thymic B cells. (G) Heatmap representation of top 10 differentially expressed genes in subsampled thymic B cells from cluster 0 and 1. (H) Heatmap representation 
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B One-way ANOVA with Tukey’s multiple comparisons test).
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frequency of BCRs with N-nucleotide additions was lower in 
thymic B cells (both switched and unswitched) than in splenic 
B cells, albeit not absent (SI Appendix, Fig. S3A). This supports 
the idea that B cell licensing is more active in the neonatal period.

Thymic B Cell Activation and Class-Switching Is Not Dependent 
on Tfh Cells. Although the contribution of T  cells to thymic 
B  cell licensing is well established (5), it is unclear whether 
Tfh cells or GC structures are required for thymic B cell CSR. 
Tfh cells are a T cell subset specialized for providing B cell help 
during peripheral immune responses and are necessary for the 
generation of GC B cells (26). However, not all B cells need to 

enter a germinal center or interact with Tfh cells to undergo 
CSR (13, 14). We first investigated where thymic B cells were 
localized using immunofluorescence. We found only small B cell 
clusters, generally located at the corticomedullary junction 
(Fig. 3A). There was no evidence of an organized GC structure, 
and B cell clusters were rare outside of the thymus medulla. Lack 
of a transcriptional GC signature in thymic B cells was further 
confirmed by GSEA, showing isotype class-switched thymic 
B cells were transcriptionally more similar to memory B cells and 
showed reduced expression of GC defining genes such as Bcl6, 
Pcna7, Pms2, Brca1, Fas, and S1pr2, with increased expression of 
Bcl2 when compared with class-switched PP B cells (Fig. 3B) (27). 
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comparisons test, E, G, I Two-tailed unpaired Student’s t test).
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To investigate the contribution of Tfh cells in B cell licensing, 
we examined Icos−/− and CD4Cre/+Bcl6fl/fl mice, which are unable 
to generate Tfh cells (28). Thymic B cells from mice lacking αβ 
T cells or CD40L have reduced activation (CD69 upregulation 
and IgD downregulation) and CSR as previously shown (6) (Fig. 3 
C and D). Thymic B cells from mice lacking AID show initial 
activation but no CSR, as expected. However, thymic B cells from 
both Icos−/− and CD4Cre/+Bcl6fl/fl mice showed normal levels of 
activation and CSR, despite profoundly reduced GC B cells in 
the Peyer’s patch in CD4Cre/+Bcl6fl/fl mice (Fig. 3E). In summary, 
thymic B cell licensing is a germinal center-independent activation 
process.

Type III IFN Drives Thymic B Cell Licensing. IFN signaling 
pathways were highly enriched in thymic B cells when compared 
with B cells from the PP (Fig. 1D and 4A). IFNs can enhance 
B cell survival, activation, and production of antibodies during 
autoimmunity and in response to viral challenges (29). Type I and 
III IFNs are expressed by epithelial cells in the thymus at steady 
state (30, 31). Thus, IFN could potentially impact thymic B cell 
function. To investigate the role of IFN in thymic B cell licensing, 
we analyzed B cells from Mx1gfp/gfp mice, where GFP is expressed 
in cells actively responding to IFN (32). In 6- to 8-wk-old mice, 
20% of thymic B cells expressed Mx1 in Mx1gfp/gfp mice while B cell 
expression of GFP in peripheral tissues was low (Fig. 4B). Thymic 
B cells from 10-d-old mice showed ~50% Mx1gfp expression, 
supporting our finding of increased thymic B cell activation in 

early life (Fig. 4B). GFP+ thymic B cells showed greater activation 
(CD69, GL7), upregulation of Ly6C and CXCR3, and CSR (IgD, 
IgA) (Fig. 4C). Thus, IFN signaling in thymic B cells is associated 
with activation and CSR. To identify global changes occurring 
in B cells due to IFN signaling, the previous scRNA-Seq data 
were further analyzed. A module score for the “Hallmark IFN 
Alpha Response” gene set was generated and applied to the thymic 
B cells, finding the activated B cells in cluster 1 were strongly 
enriched for IFN signaling (Fig.  4D). Within this scRNA-Seq 
dataset, thymic B cells from WT and Ifnar1−/−/Ifnlr1−/− mice were 
mixed and labeled with hashtag-oligos (HTOs) to identify cellular 
origin. Thymic B cells from Ifnar1−/−/Ifnlr1−/− mice were used 
to ablate signaling from both type I and III IFNs. Thymic B 
cells from Ifnar1−/−/Ifnlr1−/− mice were poorly represented within 
cluster 1 that was composed of activated and isotype switched 
B cells (Fig. 4E). Therefore, IFN signaling is necessary to drive 
the differentiation of activated and class-switched B cells in the 
thymus. Next, to determine the contribution of individual IFN 
types in the processes of activation and CSR, the thymic B cell 
phenotype was analyzed in mice deficient in type I IFN signaling 
(Ifnar1−/−), type II IFN signaling (Ifngr1−/−), type III IFN signaling 
(Ifnlr1−/−), both type I and III IFN signaling (Ifnar1−/−/Ifnlr1−/−) or 
mice deficient for Stat1 (Stat1−/−), a transcription factor necessary 
for the transmission of type I, II and III IFN signaling (33–35). 
Analysis of thymic B cells showed that expression of the ISGs 
Ly6C and CXCR3 were dependent on type III IFN but not type 
I IFN receptors and showed partial dependence on type II IFN 
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(Fig. 4 F and G). CSR was reduced by deficiency of Ifnlr1, but 
not Ifnar1 or Ifngr1. It is unclear what role type II IFN is playing 
in thymic B cells’ ISG regulation, but it does not impact the 
frequency of thymic B cell licensing (Fig. 4 F and G). In summary, 
type III IFN drives activation, expression of ISGs, and isotype class 
switching in thymic B cells.

Requirement for Type III IFN Receptor is B Cell Intrinsic. 
We sought to determine whether thymic B cells respond directly 
to type III IFN. Ifnlr1 expression was measured by RT-qPCR 
in B cells from the thymus and PP, finding greater expression 
of the receptor in thymic B cells (Fig. 5A). Next, we generated 
bone marrow chimeric mice where either the hematopoietic 
donor cells, recipients or both lacked Ifnlr1 expression. Thymic 
B cell expression of ISGs CXCR3 and Ly6C, as well as isotype 
class-switching, were dependent on hematopoietic expression of 
Ifnlr1 (Fig.  5B). Interestingly, when Ifnlr1 was absent only on 
recipient cells, B cells showed an intermediate level of Ly6C and 
CXCR3 expression and class switching (red symbols in Fig. 5B), 
suggesting a partial effect in radioresistant cells. Next, thymic B 
cells were analyzed in CD4Cre/+Ifnlr1fl/fl and Mb1Cre/+Ifnlr1fl/fl mice 
to determine if B cell licensing was intrinsically controlled by type 

III IFN on T or B cells. Thymic B cells from CD4Cre/+Ifnlr1fl/fl mice 
showed no changes in B cell licensing (SI Appendix, Fig. S4A) while 
thymic B cells from Mb1Cre/+Ifnlr1fl/fl showed significant reduction 
in CXCR3 and Ly6C expression, as well as isotype class switching 
(Fig. 5 C and D). The absence of Ifnlr1 in B cells impacted thymic 
B cell CSR while demonstrating no impact on CSR in Peyer’s 
patch (Fig. 5D), nor did PP B cells express CXCR3 or Ly6C. 
Isotype class-switched thymic B cells were further characterized 
for individual isotypes, finding reduction of all isotypes, suggesting 
type III IFN impacts thymic CSR in general and not switching to 
a single isotype (SI Appendix, Fig. S4B). Thus, type III IFN directly 
drives thymic B cells’ ISG upregulation and CSR.

Type III IFN Drives Tolerogenic Activity of Thymic B Cells. Thymic 
B cells can mediate CD4SP thymocyte clonal deletion (5, 9, 36, 37) 
and Treg cell generation (7, 8). To verify that B cell self-antigens 
induced T cell central tolerance, we examined tolerance to a 
model self-antigen—Cre—when its expression was restricted to 
B cells. Previous work showed that Cre:I-Ab-specific CD4 T cell 
immune responses in Cre-expressing mice could be used to study 
both deletion and Treg cell generation to tissue-restricted antigens 
(38). WT, Mb1Cre/+, and AicdaCre/+ mice were immunized with the 
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http://www.pnas.org/lookup/doi/10.1073/pnas.2220120120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220120120#supplementary-materials
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immunodominant Cre61–71 peptide emulsified in CFA (Fig. 6A). 
Cre protein was expressed as a self-antigen in all B cells (Mb1Cre/+) 
or only in isotype class-switched B cells (AicdaCre/+). Analysis of 
the immune response following immunization showed reductions 
in total Cre:I-Ab-specific CD4 T cell numbers and an increased 
frequency of Cre:I-Ab-specific Foxp3+ Treg cells (Fig. 6 A and B). 
The total expansion of Cre:I-Ab-specific CD4 T  cells and the 
proportion of Foxp3+ Treg cells was similar between Mb1Cre/+ and 
AicdaCre/+ mice, demonstrating licensed B cells can induce both 
clonal deletion and Treg cell induction.

To further study the role of licensed thymic B cells on thymo-
cyte selection, we first confirmed previous reports that B cell-de-
ficient (Mb1Cre/Cre) mice had reduced proportions of polyclonal 
thymic Treg cells (Fig. 6C). The previous study showing that mice 
lacking B cells had reduced proportions of Treg cells did not dis-
tinguish nascent thymic Treg cells from Treg cells that recirculated 
back to the thymus (7, 8). Thus, we distinguished developing Treg 
cells from recirculating thymic Treg cells using the marker CD73 
(39). Nascent Treg cells (CD73−) were decreased in B cell-deficient 

mice as well, demonstrating that developing Treg cells require B 
cells (SI Appendix, Fig. S5A). As type III IFN drives thymic B cell 
activation and licensing, we hypothesized type III IFN would also 
impact thymocyte Treg cell selection. Analysis of developing thy-
mocytes in Mb1Cre/+ Ifnlr1fl/fl mice found decreased Treg cell devel-
opment when only B cells lacked type III IFN signaling (Fig. 6D). 
As in total B cell-deficient mice, both total and nascent Foxp3+ 
Treg cells were reduced when type III IFN signaling was removed 
from B cells (Fig. 6D and SI Appendix, Fig. S5B). Thus, thymic 
B cell activation requires type III IFN signaling to optimally 
induce thymic Treg cell development.

To determine if the lack of licensed, class-switched B cells was 
driving the Treg cell selection changes in Mb1Cre/+ Ifnlr1fl/fl mice, 
we next analyzed Treg cell development in mice lacking class-
switched B cells (AicdaCre/Cre). Interestingly, these mice did not 
show reduced Foxp3+ Treg cell frequency when compared with 
control mice (AicdaCre/+) (Fig. 6E). As mice lacking isotype CSR 
B cells (AicdaCre/Cre) did not show altered thymic Treg cell frequen-
cies but were able to induce Treg cell selection in the Cre-model 
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http://www.pnas.org/lookup/doi/10.1073/pnas.2220120120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220120120#supplementary-materials
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antigen system, we next tested whether isotype CSR thymic B 
cells altered the Treg cell TCR repertoire. We crossed AicdaCre/Cre 
mice to mice expressing a fixed TCRβ transgene- TclibTg- to 
reduce the repertoire diversity to ensure sufficient sequencing cov-
erage (40, 41). We also crossed these mice to the Tcra−/− mouse 
to generate Tcra+/− experimental mice so that each T cell could 
only express and be selected by a single αβ TCR. Conventional 
CD4SP (Tconv) and Treg thymocytes were flow sorted from the 
thymus of individual mice and the Tcra locus sequenced using 
arm-PCR technology. Unique CDR3 sequences were parsed, and 
the data were filtered to include only those sequences present at 
>10 cpm and in at least three of four individual mice analyzed. 
Comparison of TCR clonotypes in WT and AicdaCre/Cre mice for 
Tconv (Left) and Treg (Right) cells found a subset of clones were 
significantly overrepresented in WT Treg cells compared with the 
AicdaCre/Cre Treg cells (Fig. 6F), suggesting class-switched B cells are 
required for the selection of these clones. Tconv cell clone selection 
was not statistically different between WT and AicdaCre/Cre mice 
(Fig. 6F), although given the larger, more diverse repertoire of 
Tconv cells, analysis of more animals would be required to con-
clude that the repertoires are not different. Altogether, these data 
demonstrate licensed B cells play a critical role in Treg cell reper-
toire selection.

Discussion

Here, we have identified a requirement for type III IFN in gen-
erating tolerogenic thymic B cells. Surprisingly, type III IFNs are 
constitutively expressed in the thymus (31). While type III IFN 
was shown to impact thymic epithelial cell antigen presentation 
and CD8 T cell clonal deletion through increasing MHC Class I 
levels, our data define type III IFNs impact on Foxp3+ Treg cell 
selection mediated by thymic B cells. We found that thymic B cell 
licensing starts soon after birth, driven in part by the increased 
CD40L expression by neonatal thymocytes, which are more 
self-reactive than adult thymocytes (20, 21). Along with CD40 
signaling, type III IFN receptor signaling is required on thymic 
B cells to induce full activation, isotype class-switch recombina-
tion, and licensing. Reduction in thymic B cell activation in the 
absence of type III IFN signaling resulted in a poorly tolerogenic 
APC population with reduced ability to generate Foxp3+ Treg cells. 
The nascent Treg cell population was reduced by approximately 
16% in B cell-deficient mice, suggesting that B cells are a major 
thymic APC involved in generating Treg cells. Surprisingly, the Treg 
cell reduction was almost as large (11%) in Mb1Cre/+Ifnlr1fl/fl mice, 
suggesting that type III IFN-induced licensing of B cells is critical 
to their ability to generate Treg cells, possibly through the upreg-
ulation of MHCII and unique self-antigen expression. While there 
were no changes in the global frequency of thymic Treg cells in 
mice lacking B cell isotype CSR (AicdaCre/Cre), analysis of the TCR 
repertoire found it to be altered by class-switched B cells. 
Altogether these findings suggest that thymic B cell activation 
plays a major role in the selection and shaping the Treg cell TCR 
repertoire.

Type III IFNs signaling through the IFNLR1/IL-10Rβ het-
erodimeric receptor plays an important role in antiviral defenses 
of barrier tissues (42). Our data provide definitive evidence that 
mouse B cells can express IFNLR1 and respond to type III IFN. 
Responsiveness to type III IFN is thought to be controlled by 
expression of IFNRL1, as IL-10Rβ is widely expressed across mul-
tiple cell types while IFNLR1 expression is more restricted (42, 
43). Previous work found that peripheral B cells did not directly 
respond to type III IFN but instead showed that type III IFN 
acted as an extrinsic regulator of B cell activation through 

recruitment of APCs (44). However, others have shown type III 
IFN can intrinsically act on peripheral B cells, leading to the 
suppression of plasmablast formation in response to malaria infec-
tion in mice, or increasing plasmablast differentiation in human 
cells (45, 46). Thus, it seems that under some physiological con-
ditions, B cells can express IFNLR1 and type III IFN signaling 
directly impacts B cells. In our work, only thymic B cells were 
affected by the loss of the type III IFN receptor, while peripheral 
B cell activation and isotype CSR in Peyer’s patches were unaf-
fected. This may be due to poor expression of IFNLR1 in periph-
eral B cells, as demonstrated by isotype class-switched B cells in 
the PPs. The unique CD4SP thymocyte-thymic B cell interaction 
or the thymic microenvironment may drive expression of IFNLR1, 
allowing thymic B cells to respond to thymic epithelial cell pro-
duced type III IFN.

Medullary thymic epithelial cells (mTEC) express type III 
IFNs, while both medullary and cortical thymic epithelial cells 
(cTECs), thymic B cells, and thymic cDC1 express IFNLR1 and 
are responsive to type III IFN signaling (31). Like type I IFN, 
type III IFN production by mTECs is partially dependent on 
AIRE expression (31). Analysis of transcriptome data from mTEC 
fate tracking experiments shows the highest type III IFN produc-
tion in AIRE+ mTECHi (MHCII+) cells, suggesting differentiated 
mTECs are necessary for type III IFN production (47). However, 
AIRE control of type III IFN production may be direct, like a 
tissue-restricted antigen, indirect through the upregulation of a 
gene product or transcript that induces type III IFN or due to the 
requirement of AIRE in mTEC differentiation (48). Further stud-
ies of how type III IFN production is regulated by AIRE will be 
important to understand the control of type III IFN, thymic B 
cell licensing, and resulting T cell tolerance.

The initial step in B cell licensing is driven by a CD40L+ 
CD4SP thymocyte recognition of self-antigen:MHCII displayed 
by thymic B cells (5). The delivery of the CD40L-CD40 signaling 
initiates activation of thymic B cells, resulting in isotype CSR, but 
requires the support of type III IFN to undergo CSR in many 
thymic B cells. Once licensed, thymic B cells present AIRE-
dependent antigens (5), as well as epitopes likely derived from Ig 
and ISGs (49), and drive Foxp3+ Treg cell selection. It is interesting 
to note that in this model of thymic B cell licensing, two thymo-
cytes with distinct self-reactive TCRs are required. The first self-re-
active thymocytes delivering CD40L recognizes antigens presented 
by resting B cells to initiate licensing, while the second self-reactive 
thymocyte recognizes antigens presented by the licensed thymic 
B cell, resulting in Treg cell selection. The fate of the first self-re-
active thymocyte delivering CD40L signaling is unknown. 
However, if self-reactive thymocytes can interact with resting 
thymic B cells, then why is licensing essential for T cell central 
tolerance generation? We hypothesize there are two roles for licens-
ing. The first is that licensing induces upregulation of MHCII and 
costimulatory molecules, increasing capabilities of B cells to act 
as APC. The second is that licensing likely induces broad changes 
in self-antigen expression and processing in thymic B cells. It is 
known that B cell activation alters antigen processing to increase 
the efficiency of presenting Ig-captured antigens, thus altering the 
B cell self-peptidome (50, 51). Thus, licensing increases the effi-
cacy of B cell-induced selection, while also producing new self-an-
tigens derived from activated B cell self-antigens.

We confirmed thymic B cell licensing occurs within the first 
days of life and is greatly enhanced in the neonatal thymus due 
to increased CD4SP CD40L expression. While we found the neo-
natal environment enhances thymic B cell licensing, there may be 
other intrinsic and extrinsic factors that regulate licensing. Thymic 
B cells in the neonatal period may be uniquely suited to become 
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licensed. During neonatal life, B cells in peripheral organs are 
primarily of fetal origin and bone marrow-derived B cells do not 
displace them until the end of the neonatal period (24, 25). 
Parabiosis and our BrdU studies support the hypothesis of early 
thymic B cell seeding by B cells, as there is proliferation and dif-
ferentiation of B cells early in life, but by adulthood thymic B 
cells are resident and largely quiescent. Thus thymic B cells may 
be skewed toward those of fetal origin, and the observation of 
reduced N-nucleotide additions is consistent with this. However, 
peripheral B cells can enter the thymus in adulthood, as intrave-
nously transferred B cells are found licensed in the thymus, even 
though this process does not seem to be efficient (5). Furthermore, 
fetal B cell progenitors commonly produce B-1 cells, but B-1 cells 
are phenotypically distinct from thymic B cells (CD5+, diffuse 
CD43+ and CD11b−) (9). Finally, fetal liver and bone marrow 
showed comparable reconstitution of the thymic B cell niche in 
lethally irradiated or Rag-1−/− host adult recipients (5, 9). Thus, 
fetal B cell progenitors do not seem to be uniquely susceptible to 
licensing, but rather there is a supportive neonatal environment, 
created at least in part by increased CD4SP CD40L. IFN expres-
sion in the thymus may also contribute to the supportive neonatal 
environment. IFN expression by mTEC is partially regulated by 
AIRE (30, 31), and mTEC cellularity peaks following the neonatal 
period (52, 53), potentially increasing the amount of IFN present 
within the thymus. In this scenario, the neonatal thymus has 
increased ability to induce B cell licensing through higher con-
centrations of IFN and increased expression of CD40L on CD4SP. 
Experiments to determine the influence of IFN expression in 
neonatal and adult mice will be informative to further address 
these hypotheses.

B cell activation in peripheral lymphoid organs results in isotype 
CSR and SHM, with the later occurring within germinal centers 
(12, 14). This B cell activation and germinal center formation is 
primarily generated in response to foreign antigens and is tightly 
regulated by Tfh and T follicular regulatory (Tfr) cells to make 
high-affinity antibodies and avoid overt autoreactivity (12, 26, 
54, 55). Yet in the thymus, B cell licensing occurs in response to 
self-antigens in the presence of “sterile” inflammation driven by 
interferons. Even though there are differences between B cell acti-
vation in the thymus and periphery, it is likely thymic B cells will 
present and generate tolerance to the same B cell-derived self-an-
tigens that are generated and displayed during a B cell immune 
response to a foreign antigen following infection. Thus, the out-
come of licensed thymic B cell-mediated thymic central tolerance 
may serve to minimize autoreactivity during humoral immune 
responses, either in preventing T cell-mediated destruction of 
activated B cells, or through the regulation of activated B cells 
during CSR and SHM by the generation of Tfr cells.

The self-antigens generated by type III IFN-driven thymic 
B cell licensing are likely exclusively presented by this APC pop-
ulation, as loss of Ifnlr1 on thymic B cells results in a large reduc-
tion in Treg cell selection. Though we hypothesize the 
AIRE-expressing thymic B cell would be reduced when Inflr1 is 
absent, we do not believe the loss of tissue-restricted antigens 
regulated by AIRE are solely driving changes in T cell central 
tolerance. Instead, we propose that two other groups of self-anti-
gens may be presented by type III IFN-licensed thymic B cells 
that drive T cell selection: ISGs and Ig. Based on scRNA-seq, the 
thymic B cells that require type III IFN for licensing express high 
amounts of ISGs, and likely present epitopes derived from these 
self-antigens to developing thymocytes. For example, thymic B 
cells in mice lacking Ifnlr1 show loss of Ly6c and CXCR3 expres-
sion (Fig. 4F) and would not present epitopes derived from these 
proteins. At this time, it is not known which ISGs are solely 

produced in type III IFN-licensed B cells, but future studies will 
be helpful to define different IFNs role in controlling ISG expres-
sion and potentially identify unique selecting ISG-derived 
epitopes. The other source of self-antigen driven by B cell licensing 
are likely those derived from class-switched Ig. TCR repertoire 
analysis demonstrated mice lacking Aicda have a large Treg cell 
repertoire defect, with many of these epitopes likely being derived 
from Ig. Self-antigens derived from Ig can be presented by thymic 
B cells (49) and we hypothesize they are driving Treg cell develop-
ment. Future studies will focus on identifying T cell receptors that 
recognize Ig- and ISG-derived epitopes and determine if they 
contribute to the development of autoimmunity reported in aged 
mice lacking Ifnlr1 (31).

Materials and Methods

Mice. 5- to 8-wk-old male and female, age-matched mice were used for all 
experiments. C57BL/6NCrl and B6.SJL-PtprcaPepcb/BoyCrl were purchased from 
Charles River Laboratories. B6.129S2-Ifnar1tm1Agt/Mmjax (Strain #:028288, 
Ifnar1−/−), B6.129S(Cg)-Stat1tm1Dlv/J (Strain #:012606, Stat1−/−), B6.129S7-
Ifngr1tm1Agt/J (Strain #:003288, Ifngr1−/−), B6.C(Cg)-Cd79atm1(cre)Reth/EhobJ 
(Strain #:020505, Mb1Cre), B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ (Strain #:022071, 
Cd4Cre), B6.Cg-Foxp3tm2Tch/J (Strain #:006772, Foxp3eGFP), and B6.129P2-
Aicdatm1(cre)Mnz/J (Strain #: 007770, AicdaCre/Cre) mice were purchased from 
The Jackson Laboratory. B6.Cg-Mx1tm1.1Agsa/J (Mx1gfp) were kindly provided 
by A. García-Sastre (Icahn School of Medicine at Mount Sinai) and have been 
described previously (32). Ifnlr1tm1.1Svko (Ifnrl1fl/fl) and Ifnlr1tm1.2Svko (Ifnrl1−/−) 
mice were kindly provided by Sergei V Kotenko (Rutgers New Jersey Medical 
School) and have been described previously (35). Tg(Tcrb51–11.5)AR1251Ayr 
(TClibTg) mice have been described previously (41). Mice were maintained and 
bred under specific pathogen-free conditions at the University of Minnesota. All 
animal experiments were approved by the Institutional Animal Care and Use 
Committee of the University of Minnesota. All animals were maintained under 
specific pathogen-free conditions at the University of Minnesota.

Immunizations. Mice were administered a subcutaneous injection of 50 μL 1:1 
CFA(Sigma-Aldrich):PBS (Corning) emulsion containing 100 μg Cre61–71 peptide 
(RKWFPAEPEDV, GenScript).

Thymic and Splenic B cell Isolation. For isolation of thymic and splenic B cells, 
the tissue was first injected with 500 μL HBSS (with Ca2+,Mg2+) supplemented 
with Collagenase D (1 mg/mL, Roche,) 2% FCS and 10 mM HEPES, then finely 
minced in a total volume of 1 mL Collagense D solution and incubated for 30 
min at 37 °C. Thymi were washed with HBSS (without Ca2+,Mg2+) supplemented 
with 2% FCS and 5 mM EDTA. Thymus suspensions were resuspended in PBS 
containing 2% FCS and stained with Fc block (2.4G2) for 15 min at 4 °C, washed, 
and then used for experiments.

Thymic B Cell Enrichment and RNA Isolation. Processed thymic B cells were 
stained with biotinylated anti-CD4 and anti-CD8a antibodies, and thymocytes 
were depleted using anti-Biotin microbeads (Miltenyi Biotec) according to the 
manufacturer’s instructions. CD4/CD8a− thymocytes were surface stained with 
indicated antibodies, and CD19+B220+ IgM−IgD− were isolated using a FACSAria 
(BD Biosciences). The RNeasy Micro Kit (Qiagen) was used to isolate RNA obtained 
from each sample per the manufacturer’s instructions.

Bone Marrow Chimeras. Bone marrow was isolated from the tibia and femur 
of mice. Bone marrow was isolated as previously described (56). Bone marrow 
chimera mice were generated by reconstituting lethally irradiated (1,000 rad) 
mice with 1 ×  107 T cell–depleted donor bone marrow cells. Irradiated mice 
were given neomycin and polymyxin B supplemented water for at least 2 wk 
following irradiation and bone marrow transplantation. Chimeras were analyzed 
a minimum of 6 wk after reconstitution.

BrdU Labeling. BrdU (Sigma-Aldrich) was reconstituted in sterile PBS and either 
injected intraperitoneal for a total dose of 2 mg or added to drinking water with 
2% sucrose at a final concentration of 0.8 mg/mL. For BrdU staining, previously 
processed cell suspensions were surface stained as described above, followed by 
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fixation and permeabilization using the BD Cytofix/Cytoperm kit per the man-
ufacturer’s instructions. Following processing, cells were further permeabilized 
with BD Cytoperm buffer with 10% DMSO for 10 min at 4 °C, followed by two 
washes with BD Cytoperm buffer. Samples were then incubated with DNase (30 
μg per 1 × 107 cells) diluted in PBS for 60 min at 37 °C followed by one wash in 
BD Cytoperm buffer. Cells were stained with anti-BrdU antibody for 20 min at 25 
°C, washed in BD Cytoperm buffer analyzed by flow cytometry.

Tetramer Enrichment. Secondary lymphoid organs (spleen and lymph 
nodes-axillary, brachial, inguinal, cervical, mesenteric, para-aortic) were isolated 
from mice and were pressed through a 70-μm nylon screen to generate a sin-
gle-cell suspension. Single-cell suspensions were stained for 1 h at room tem-
perature with allophycocyanin- or phycoerythrin-conjugated tetramers. Samples 
underwent enrichment for tetramer-binding cells as previously described (57). 
Cre61–71:I-Ab APC and PE tetramers were a generous gift from James Moon.

Cell Isolation and Flow Cytometry. Thymi, spleen and Peyer’s patches (PPs) were 
isolated from mice. Spleen and thymi single-cell suspensions were generated as 
described above. PPs were pressed through a 70-μm nylon screen to generate a 
single-cell suspension. Single-cell suspensions were stained for 30 min at 4 °C with 
the indicated antibodies. Staining for CD40L was performed as previously described 
(58). For intracellular Ig H + L staining, the BD Cytofix/Cytoperm kit was used as per 
the manufacturer’s instructions. For intranuclear transcription factor staining, the 
Tonbo Foxp3 / Transcription Factor Staining Buffer Kit was used as per the manu-
facturer’s instructions. Samples were acquired with a BD LSRII or Fortessa X-20 (BD 
Biosciences) and analyzed with FlowJo version 10.8.1 (FlowJo LLC).

Intrathymic Transfers. Spleens were isolated and pressed through a 70-μm 
nylon screen to generate a single-cell suspension. B cells were isolated using 
the EasySep Mouse B cell kit (StemCell Technologies) per the manufacturer’s 
protocols. CTV or CFSE labeling was performed following the manufacturer’s pro-
tocols. 5 × 106 purified B cells were injected into each lobe of the thymus using 
ultrasound guidance as previously described (59).

RT-qPCR. From isolated RNA, cDNA was generated using the SuperScript III 
First-Strand Synthesis SuperMix for qRT-PCR (Thermo Fisher Scientific) as per the 
manufacturer’s protocol. RT-PCR was performed using Fast SYBR Green Master 
Mix (Roche) on the ABI PRISM 7900HT sequence detection system (Applied 
Bioscience). Gapdh was used for normalization of Ct values.

Immunofluorescence. Thymi embedded in optimal cutting temperature 
compound (Sakura Finetek) were sectioned (7-μm slices) at −20 °C, followed 
by fixation and permeabilization in 100% acetone for 20 min at 4 °C. Acetone 
fixed sections were then blocked for 60 min at room temperature with 5% bovine 
serum albumin (BSA) and Fc block (clone 2.4G2). Following washing, sections 
were stained in 0.5% BSA and 0.1% Tween-20 (Sigma-Aldrich) overnight at 4 °C. 
Stained sections were washed, stained with DAPI, and mounted using Prolong 
antifade mounting medium (Life Technologies). Images of sections were acquired 
with a Leica DM6000B epifluorescent microscope

RNA Sequencing. RNA sequencing was performed by the University of Minnesota 
Genomics Center. Total RNA was quantified using a RiboGreen assay. RNA quality 
was assessed via Agilent BioAnalyzer (Agilent Biotechnologies). Library creation 
was performed using the SMARTer Stranded Total RNA Pico Mammalian v2 kit 
(Takara Bio), according to the manufacturer’s instruction. Sequencing was per-
formed on a NextSeq550 using paired-end 75-base chemistry at the University 
of Minnesota Genomics Center.

RNA Sequencing Analysis. Reads were analyzed using the CHURP v0.2.1 pipe-
line developed by the University of Minnesota Supercomputing Institute (60). 
For the GSE152453 dataset (National Center for Biotechnology Information Gene 
Expression Omnibus), raw counts were analyzed using edgeR v3.24.3. GSEA was 
performed using Limma to generate a preranked list based on t-value and then 
analyzed using the GSEA-Broad Institute website application (https://www.gsea-
msigdb.org/gsea/index.jsp). Heat maps of log2(CPM+1) normalized expression 
values were generated using the Morpheus website (https://software.broadin-
stitute.org/morpheus/). RNA-Seq data are available from the National Center for 
Biotechnology Information Gene Expression Omnibus (https://www.ncbi.nlm.
nih.gov/geo/) under accession GSE220104.

scRNA-seq and Analysis. scRNA-seq experiments were performed as previ-
ously described (61). Briefly, MHC-II-expressing thymic cells were FACS sorted 
and captured using the 10× Genomics 3′ Single Cell V3 chemistry platform and 
were sequenced on a NovaSeq instrument. CellRanger (v 4.0.0) was used to pro-
cess raw sequencing data, followed by the “count” function used to obtain gene 
(mRNA) and protein (HTO) count data for all cells. The Seurat R package (v3.2.2, 
R version 4.0.0) was used for analysis. Highly variable features (n = 2,000) from 
log normalized mRNA count data were identified by “FindVariableFeatures” 
function from the Seurat package, and HTO count data were added into the 
dataset, followed by centered-log ratio normalization. Doublet cells and cells 
derived from OT-I mice (by HTO) were identified using “HTODemux” and were 
removed from analysis. Principal components analysis and generation of a 
two-dimensional representation of data were generated using “RunPCA” and 
“RunUMAP,” respectively. Cells were clustered using the “FindNeighbors” and 
“FindClusters” Seurat functions. For the “FindClusters” function, different res-
olution values were tested and the resolution value of 0.1, which identified 14 
clusters, was empirically chosen. The cluster representing B cells was selected, 
followed by selection of C57BL/6 and Ifnar1−/−/Ifnlr1−/−-derived cells (by HTO) 
and subset as a new object. This new object was reclustered as described above 
(resolution of 0.1). Differentially expressed genes from the WT B cells were 
identified by a Wilcoxon Rank Sum test implemented in the “FindMarkers” 
function in Seurat. For scoring of the expression of multiple genes of single 
cells, the Hallmark Interferon Alpha Response gene set was used as features to 
generate a new module score (“AddModuleScore” in Seurat) and plotted. Other 
MHCII-expressing thymic cells will be analyzed and reported elsewhere. scR-
NA-seq data generated are available from the National Center for Biotechnology 
Information Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) 
under accession GSE192716.

Tcra RNA Sequencing. Tcra sequencing was performed as previously described 
(2). Briefly, conventional CD4 single-positive T cells (CD8−CD4+CD25−GITR−) 
and Treg cells (CD8−CD4+CD25+GITR+) were FACS sorted from 6 to 12-wk-old 
AicdaCre/Cre or WT Tcra+/− TclibTg Foxp3eGFP  thymi. Cells were sorted into 
RNAprotect Cell Reagent (Qiagen) and bulk RNA-seq of the Trav locus was per-
formed using the RepSeq service from iRepertoire amplify all expressed Tcra 
transcripts. Samples were sequenced to a depth of five reads per cell. TCRs 
were analyzed based on the predicted amino acid sequence of the CDR3 region 
regardless of V gene usage and filtered to select for high confidence, recurrently 
expressed CDR3 clones. In brief, reads were normalized to counts per million 
(CPM), and data were filtered to include only CDR3 clones that were present at 
or above 10 CPM reads mapped in at least n-1 of biological replicates of at least 
one sample type. Analysis was performed using R (v. 4.0.5), including packages 
EdgeR, ggplot2 and pheatmap.

BCR N-Nucleotide Addition Analysis. FASTQ files from 3H9 thymic and splenic 
B cells sequenced for Igk were downloaded from the Gene Expression Omnibus 
(GEO, GSE85366) and processed using IMGT/HighV-QUEST (62–65). Calculated 
Junction data were parsed using R (v. 4.0.5), and the frequency of productive Igk 
with no N-nucleotide additions was calculated.

Statistical Analysis. Statistical analyses were performed using Prism 8 
(GraphPad). For comparison of two datasets, two-tailed unpaired Student’s t tests 
were used. For comparison of three or more datasets, ordinary one-way ANOVA 
with Sidak’s multiple comparison tests or two-way ANOVA with Tukey’s multiple 
comparisons test was used. P-values less than or equal to 0.05 were considered 
significant. Sample size, experimental replicates, and additional details are pro-
vided in the figure legends.

Data, Materials, and Software Availability. RNA sequencing data have been 
deposited in Gene Expression Omnibus under accession numbers GSE220104 
and GSE192716. All study data are included in the article and/or SI Appendix. A 
list of all materials used is included in SI Appendix, Table S1.
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