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SUMMARY

Although autoimmune disorders are a significant
source of morbidity and mortality in older individ-
uals, the mechanisms governing age-associated in-
creases in susceptibility remain incompletely under-
stood. Central T cell tolerance is mediated through
presentation of self-antigens by cells constituting
the thymic microenvironment, including epithelial
cells, dendritic cells, and B cells. Medullary thymic
epithelial cells (mTECs) and B cells express distinct
cohorts of self-antigens, including tissue-restricted
self-antigens (TRAs), such that developing T cells
are tolerized to antigens from peripheral tissues.
We find that expression of the TRA transcriptional
regulator Aire, as well as Aire-dependent genes, de-
clines with age in thymic B cells in mice and humans
and that cell-intrinsic and cell-extrinsic mechanisms
contribute to the diminished capacity of peripheral
B cells to express Aire within the thymus. Our find-
ings indicate that aging may diminish the ability of
thymic B cells to tolerize T cells, revealing a potential
mechanistic link between aging and autoimmunity.

INTRODUCTION

Aging is associated with diminished immune responses to new

infections and vaccines, as well as increased susceptibility to

many autoimmune diseases (reviewed in Goronzy and Weyand,

2012, and Cooper and Stroehla, 2003). The mechanisms gov-

erning increased susceptibility to autoimmune disease are not

fully understood, but age-associated thymic atrophy has been

proposed to contribute to declines in central T cell tolerance in-

duction (e.g., see M€uller and Pawelec, 2015). In support of this

notion, we have shown that in addition to loss of mass during

aging, the thymus also loses primary functions, including the

expression of tissue-restricted antigens (TRAs) (Griffith et al.,

2012). TRA expression in the thymus allows the presentation

of self-antigen that would normally be expressed in only one

or a few tissues, such that T cells bearing potentially autoreac-
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tive T cell receptors may be negatively selected or diverted

to the regulatory T cell (Treg) lineage (Derbinski et al., 2001;

reviewed in Klein et al., 2014). The significance of Aire expres-

sion in the thymus is revealed in humans by autoimmune poly-

endocrinopathy-candidiasis-ectodermal dystrophy (APECED),

in which mutation of AIRE (Autoimmune regulator), a tran-

scriptional regulator required for expression of a large cohort

of TRAs, results in spontaneous glandular autoimmunity

(Anderson et al., 2002). Aire is estimated to regulate the

expression of approximately 40% of all TRAs (St-Pierre et al.,

2015), with the remaining 60% regulated by Aire-independent

mechanisms.

In the course of our previous studies of thymic aging, we used

an informatics-based approach to generate a non-presumptive

list of TRA genes expressed in microdissected whole thymus

medulla, which included both Aire-dependent and Aire-indepen-

dent TRAs. Because someB cell-specific genes fit the criteria we

used to define our TRA list, we also observed an increase in

expression of B cell genes in the thymicmedulla with age, though

the biological significance of this increase was unclear at the

time (Griffith et al., 2012). The presence of B cells in the young,

steady-state thymus (Isaacson et al., 1987; Miyama-Inaba

et al., 1988) and age-associated increases in thymic B cell fre-

quency have been described in mice and humans for decades

(Flores et al., 1999, 2001). Evidence supports contributions

from both intrathymic development (Akashi et al., 2000; Perera

et al., 2013) and recirculation (Yamano et al., 2015) to the thymic

B cell population in the young thymus. Increased B cell fre-

quency in the thymus is also a common feature of autoimmune

disease in both mice and humans (Habu et al., 1971; Tamaoki

et al., 1971).

Over the past several years, critical roles for thymic B cells in

T cell tolerance induction have emerged. Thymic B cells have

been shown to mediate negative selection of self-reactive

T cells (Fujihara et al., 2014; Perera et al., 2013; Yamano et al.,

2015), as well as diversion of developing T cells to the Treg line-

age (Lu et al., 2015; Walters et al., 2014; Xing et al., 2015). B cells

in the thymus tend to be self-reactive and can present

cognate antigen, often self-antigen, to mediate negative selec-

tion of T cells bearing receptors that recognize those cognate

antigens (Perera et al., 2013, 2016). A recent study demonstrated

that B cells can also be ‘‘licensed’’ to express Aire and
or(s).
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Figure 1. Increased B Cell Frequency and

Altered Phenotype in the Aged Mouse

Thymus

(A) Frequency (percentage of viable singlets) ex-

pressing surface CD19 cells in young (5 weeks)

and aged (10–24 months) mouse thymus (n = 11).

(B) Representative surface IgD and IgM staining

(gated on CD19+ viable singlets) on intrathymic

B cells in aged (12 months) mouse thymus. Data

are mean ± SEM.

(C) Frequency of IgM+IgD+, IgM+IgD�, and

IgM�IgD� cells among CD19+ viable singlets in

young (5 weeks, n = 6) and aged (10–24 months,

n = 8) mouse thymus.

(D) Representative surface CD23 and CD21

staining (gated on CD19+CD93�CD43� viable

singlets) in spleen and thymus from a 12-month-

old mouse.

(E) Frequency of CD21�CD23� ‘‘ABCs’’ among

CD19+CD93�CD43� viable singlets in thymus

of 5-week-old (n = 5) and 12- to 24-month-old

(n = 4) mice.

p values were calculated using unpaired two-

tailed Student’s t test. See also Figure S1.
Aire-dependent genes in the young, steady-state thymus in mice

(Yamano et al., 2015). Moreover, the cohort of Aire-dependent

genes expressed in thymic B cells is distinct from the cohort of

Aire-dependent genes expressed in mTECs (Yamano et al.,

2015), such that B cell-specific Aire-dependent genes constitute

a unique constellation of potential self-antigens to which T cells

can be tolerized in the thymus. Given the recently established

roles for B cells in thymus function, the present study was under-

taken to characterize changes in thymic B cell phenotype and

function during aging.
Cell Repo
RESULTS

Age-Associated Changes in Thymic
B Cell Frequency and Phenotype
Our previous aging studies revealed in-

creases in B cell-specific gene expres-

sion in microdissected whole medullary

tissue from thymus and in the frequency

of cells expressing B220 in aged mice

by immunofluorescence (Griffith et al.,

2012). Using flow cytometry, we found

that CD19+ B cells represented about

0.2% of total thymic cellularity in young

mice (Figure 1A), which is consistent

with previous reports (Akashi et al.,

2000; Perera et al., 2013; Yamano et al.,

2015). B cell frequency in aged mice is

variable but averages about 1.2% of total

cellularity, an increase of more than

6-fold. Despite the substantial increase

in frequency, the total number of B cells

is unchanged, because of the precipitous

decline in overall thymus size with age

(Figure S1A). Increased frequency of
B cells implies that the relative frequency of other key stromal

cells, such as mTECs and dendritic cells, declines with age.

Indeed, thymic B cells come to predominate individual medullary

islets in some cases (Figures S1B–S1E).

Because Aire expression has been characterized in young

thymic B cells according to expression of IgM and IgD

(Yamano et al., 2015), we evaluated the frequency of these

B cell subsets in aged mice. Representative surface IgM and

IgD staining (gated on CD19+ thymocytes) from a 12-month-

old mouse are shown in Figure 1B. We found that the
rts 22, 1276–1287, January 30, 2018 1277



Figure 2. Distinct Gene Expression Signature and Loss of Aire Expression in Aged Intrathymic B Cells

Gene expression in sorted (R98.5% purity) CD19+ intrathymic B cells was analyzed using RNA-seq in young (5 weeks) and aged (12–24 months) thymus.

(A) Unsupervised hierarchical clustering of genes (log2 signal SD > 0.5) distinguishes B cells from young (5 weeks, n = 7) and aged (12–24 months, n = 5) thymus.

(B) Analysis of differentially expressed genes (false discovery rate [FDR] value < 0.05, fold change > 2). Colors indicate statistically significantly decreases (green)

or increases (red) in gene expression with age. Top five most significantly changed genes are labeled. Aire was revealed as the gene with the most statistically

significant change (decrease) in aged intrathymic B cells.

(legend continued on next page)
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IgM+IgD+ subset, which was found to express the lowest

levels of Aire in young mice, increased in frequency with

age, while the frequency of the Aire-expressing IgM�IgD� sub-

set declined with age (Figure 1C). As was reported for young

mice (Yamano et al., 2015), we found that the IgM�IgD� sub-

set was predominately IgG class switched in aged mice (data

not shown).

To further characterize the phenotype of thymic B cells in

young and aged mice, we evaluated the frequency of B cells

with a phenotype described in a population of aging peripheral

B cells, designated ‘‘age-associated B cells’’ (ABCs; Hao

et al., 2011; Rubtsov et al., 2011; Rubtsova et al., 2015). Fig-

ure 1D shows representative surface expression of CD23

and CD21 (gated on CD19+CD43�CD93� cells) from spleen

and thymus in aged mice. The frequency of ABCs increases

in thymus with age (Figure 1E), consistent with changes found

in peripheral B cells (Hao et al., 2011). The ABC subset

has been characterized by expression of T-bet (Rubtsov

et al., 2011), which also increases in thymic B cells during

aging (see Figure 2C). Together, these data show that aging

is associated with an increase in the frequency of thymic B

cells, as well as significant changes in thymic B cell pheno-

type, including relative reduction of B cell subsets most likely

to express Aire.

Broad Transcriptional Changes Associated with Age in
Thymic B Cells Include Conspicuous Decrease in
Expression of Aire
Given the decreased frequency of thymic B cell subsets

shown to express the highest levels of Aire, we analyzed the

transcriptome of purified thymic B cells from young and

aged mice in order to assess expression of Aire and TRA

genes. Thymic B cells were enriched using magnetic beads,

followed by purification by sorting of CD19+ cells. Samples

with at least 98.5% purity from young (4–6 weeks, n = 7) or

aged (12–24 months, n = 5) mice were submitted for RNA-

sequencing (RNA-seq) analysis. As shown in Figure 2A, aged

and young samples are easily distinguished by unsupervised

hierarchical clustering, indicating substantial age-associated

changes.

As shown in the volcano plot in Figure 2B, differential gene

expression analysis identified Aire as the gene changed with

greatest statistical significance during aging. The DESeq pack-

age in R was used to identify changes in gene expression with

a magnitude of at least 2-fold (decreases in green and increases

in red) with a corrected p value of 0.05 or below (Anders and

Huber, 2010) (Figure 2B). The top five most significant changes

are labeled by gene symbol and include not only Aire as the

gene with the most significant decrease but also decreased

expression of Titin (Ttn), which is an important antigen in

late-onset myasthenia gravis (Skeie et al., 1995) (previously iden-

tified as a TRA using an informatics-based approach; Griffith

et al., 2012).
(C) RNA-seq RPKM expression values for Aire, RANK, CD40, CD80, T-bet, and

and 12- to 24-month-old (n = 5) mice. Bars indicate mean ± SEM.

(D) RNA-seq RPKM expression values for Mxd1, Myb, Rbpj, and Rogdi as descr

p values were calculated using limma. See also Figure S2.
Age-Associated Changes in Gene Expression Suggest
that B Cell-Intrinsic Mechanisms Contribute to Loss of
Aire Expression
To learn more about mechanisms that may govern changes in

TRA expression with age, we evaluated a manually curated list

of genes related to Aire expression in mouse B cells (Figure 2C).

Along with declining Aire expression, we found loss of Rank

(Tnfrs11a) but not CD40 expression. Because CD40 but not

RANK signaling is required for Aire expression in young thymic

B cells (Yamano et al., 2015), it may be that thymic B cell

licensing requirements change during aging, such that loss of

RANK becomes critical with age. CD80 expression is increased

when thymic B cells are signaled to express Aire in young mice

(Yamano et al., 2015), and we found a downward trend in

CD80 expression, but the change was not statistically signifi-

cant. We also evaluated changes in expression of several genes

recently shown to regulate Aire expression (Herzig et al., 2017)

and found that expression of four of these positive Aire regula-

tors tended to decline with age. Expression of Mxd1, Myb, and

Rogdi declined significantly in aged thymic B cells (Figure 2D).

We also evaluated changes in genes expressed by ABCs (Rubt-

sov et al., 2011) and found that expression of T-bet (Tbx21), but

not CD11c (Itgax), was increased with age (Figure 2C), as ex-

pected on the basis of the increased frequency of B cells ex-

pressing the ABCphenotype in aged thymi (Figure 1). Expression

of housekeeping genes Gapdh and Actb were unchanged in

aged samples (Figure 2C). We confirmed RNA-seq data for five

of these genes by qRT-PCR (see Figure S2). Together, these

data indicate that B cell-intrinsic changes (such as diminished

expression of RANK and other Aire regulators) may contribute

to age-associated declines in function.

Expression of Aire-Dependent Genes Declines with Age
Given the reduction in Aire expression in aged thymic B cells,

we sought to assess expression of Aire-dependent genes in

mouse and human thymic B cells. Gies et al. (2017) recently re-

ported expression of AIRE in human thymic B cells at both the

transcript and protein levels, as well as expression of genes

identified as B cell-specific Aire-dependent genes in mouse

(Yamano et al., 2015). In order to assess gene expression in

human thymic B cells from young (‘‘young’’: 3–5 months and

4 years) and older (‘‘old’’: 42, 57, and 61 years) patients, we pu-

rified thymic B cells by magnetic bead enrichment, followed by

sorting of CD19+ cells. Samples of at least 98.5% purity from

young and aged patients were submitted for RNA-seq analysis.

RNA-seq analysis revealed very low AIRE expression, even in

young patients, relative to the expression previously reported

in human thymic B cells. This discrepancy may be because

we sequenced purified total (all CD19+) B cells, whereas Gies

et al. (2017) sequenced a CD19+CD27� subset of thymic

B cells. Although expression levels are low, we find that

AIRE expression declines significantly with age (p value for

‘‘young’’ versus ‘‘old’’ < 0.05) and correlated closely with
CD11c in sorted (R98.5% purity) intrathymic B cells from 5-week-old (n = 7)

ibed in (A). Bars indicate mean ± SEM.
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Figure 3. Aire and Aire-Dependent Gene

Expression in Mouse and Human Intrathy-

mic B Cells Diminishes with Age

(A) RNA-seq RPKM values for Aire (black) and

RANK (red) in sorted human intrathymic B cells

(R98.5% purity) from young (3 months, 5 months,

and 4 years; n = 3) and aged (42–61 years, n = 3)

patients. Individuals are represented by unique

symbols.

(B) Relative expression of genes in the Aire-

dependent B cell-specific gene list (Yamano) and a

random list of similar size, in intrathymic B cells

from young (5 weeks, n = 5) and aged

(12–24 months, n = 7) mice (left) and young

(3 months, 5 months, and 4 years; n = 3) and aged

(42–61 years, n = 3) humans. Statistically signifi-

cant changes (calculated using limma; see

Experimental Procedures) are indicated in black,

and changes not statistically significant are shown

in gray.

p values for over-representation of up- or down-

regulated genes were calculated by chi-square

testing. See also Table S1.
RANK expression (Figure 3A). We evaluated changes in expres-

sion of a published Aire-dependent B cell-specific list of genes

(‘‘Aire-Dep B cell-specific [Yamano]’’) (Yamano et al., 2015) in

mice, and mapped the mouse list to human homologs to adapt

the list for analysis of the human RNA-seq data. The Aire-

dependent gene lists, mean RPKM signal values, and p values

for comparison of young and old groups (see Experimental

Procedures) are included in Table S1.

Given the low expression levels expected for any particular

TRA (Gotter et al., 2004), we set an arbitrary threshold at the

top 75th percentile of RPKM signal value to define ‘‘present’’

genes (�0.14 and 0.016 RPKM in mouse and human datasets,

respectively). This threshold captured expression of �95% of

the published B cell-specific Aire-dependent gene list (Yamano

et al., 2015) in thymic B cells from young mice (see Table S1).
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We evaluated changes in gene expres-

sion with age in mice and humans, as

shown in Figure 3B. Expression of Aire-

dependent B cell-specific genes (first

columns) declined significantly with age

in both mouse and human thymic B cells.

A random list of genes derived from the

same dataset did not show significant in-

creases or decreases in expression with

age (‘‘Random,’’ second columns). These

results indicate that aging is associated

with declining expression of Aire and

Aire-dependent genes in mice and

humans.

Aire-GFP Reporter Confirms that
Aire Expression Declines in All
IgMIgD Subsets during Aging
The decline in Aire expression identified

in our RNA-seq analysis could be pre-
dicted on the basis of the decreased frequency of thymic

B cell subsets known to express Aire (Figure 1C; Yamano

et al., 2015). To evaluate changes in Aire expression within

B cell subsets, and to confirm our RNA-seq results, we next

measured Aire expression using Adig Aire-GFP reporter mice

(Gardner et al., 2008). Thymic B cells from young and aged

Adig mice were stained for surface CD19, IgM, and IgD

expression, and Aire expression was evaluated by GFP

expression. Figure 4A shows GFP expression within the three

IgMIgD subsets described in Figure 1. We find significant de-

clines in Aire-GFP expression in all three IgMIgD subsets in

aged mice (12–24 months old) relative to young (5 weeks

old) (Figures 4A and 4B). These results indicate that in addition

to loss of the thymic B cell populations most likely to express

Aire, aging is also associated with significant declines in Aire



Figure 4. Aire Expression in Aged Intrathy-

mic BCells Is Diminished on a per Cell Basis

and in All IgG Subclasses

(A) Expression of Aire-GFP in IgM+IgD+, IgM+IgD�,
and IgM�IgD� thymic B cells in Adig reporter mice

(green) or reporter negative (gray) control mice.

Representative gating strategy is shown on the left

and Aire-driven GFP expression on the right.

(B) Frequency of Aire-GFP+ cells within each

IgM/IgD subset of thymic B cells in 5-week-old

(n = 6) and 12- to 24-month-old (n = 4) Adig mice.

Bars indicate mean ± SEM. p values were calcu-

lated using unpaired two-tailed Student’s t test.

(C) Frequency of IgG1, IgG2a, IgG2b, and IgG3

class-switched cells within the CD19+IgM�IgD�

subset of thymic B cells in 5-week-old (n = 5 or 6)

mice.

(D) Frequency of IgG2a and IgG2b cells within

the CD19+IgM�IgD� subset of thymic B cells in

5-week-old (n = 4–6) and 12- to 24-month-old

(n = 3 or 4) mice.

(E) Frequency of Aire-GFP expression in each IgG

subset in 5-week-old Adig mice (n = 4). Gated on

viable singlet CD19+IgM�IgD� and respective IgG.

(F) Frequency of Aire-GFP+ cells in the IgG1 and

IgG2b subsets in 5-week-old (n = 4) and 12- to

24-month-old (n = 3) Adig mice. p values were

calculated using unpaired two-tailed Student’s

t test. Gated on viable singlet CD19+IgM�IgD� and

respective IgG.

See also Figure S3.
expression on a per cell basis. With increasing total B cell fre-

quency, and decreasing frequency of Aire+ cells among

B cells, it is possible that these changes would in effect

compensate for each other, leaving the frequency of Aire+

B cells among total thymic cells essentially unchanged. To

address this, we calculated the frequency of Aire+ B cells

within total thymus viable singlet cells in young (5 weeks)

and old (12 months) Adig mice and found that Aire+CD19+

cells decrease significantly in frequency from approximately

0.05% of total cells to approximately 0.02% (Figure S3).

Thus the frequency of Aire-expressing B cells among devel-

oping T cells, which is likely important for cell-cell interactions

required for negative selection, declines with age.
Cell Repo
Aging Is Associated with an
Increase in IgG2a+ Thymic B Cells
and Diminished Aire Expression in
All IgG Subsets
In addition to expression of Aire, B cells

have also been shown to mediate nega-

tive selection of T cells bearing receptors

that bind their cognate antigen (Perera

et al., 2013). Perera et al. (2016) showed

that B cells in the thymus tend to be

autoreactive, and therefore presentation

of cognate antigen likely often repre-

sents presentation of self-antigen. Given

that individual IgG subclasses are associ-

ated with autoimmunity (e.g., IgG2a in
Lupus; Ehlers et al., 2006) and with the ABC phenotype, we

examined the frequency of IgG subsets in thymic B cells in young

mice. As shown in Figure 4C, IgG2a and IgG2b are present at the

highest frequency among young thymic B cells, which is consis-

tent with results previously reported (Perera et al., 2016; Yamano

et al., 2015). With age, we found an increase in IgG2a frequency

and a decline in IgG2b frequency (Figure 4D). Increased IgG2a

frequency is consistent with increased ABC frequency and

T-bet expression with age, as T-bet expressing ABCs tend to ex-

press IgG2a (Gerth et al., 2003; Peng et al., 2002; Rubtsova et al.,

2013). Given that thymic B cells ‘‘licensed’’ to express Aire un-

dergo IgG class switching, we also measured Aire expression

among IgG subsets using Adig mice.We found the highest levels
rts 22, 1276–1287, January 30, 2018 1281



of Aire expression in IgG1 and IgG2b subsets in youngmice (Fig-

ure 4E) and that Aire expression declined with age in both sub-

sets (Figure 4F).

BCell-Intrinsic and BCell-Extrinsic Changes Contribute
to Diminished Capacity to Induce Aire in Aged B Cells
In Vivo

Given the evidence for B cell-intrinsic age-associated defects

(Figures 2C and 2D), we sought to test the capacity of aged

B cells to be licensed to express Aire. Yamano et al. (2015)

showed that lymph node (LN) B cells could be induced to ex-

press Aire after intrathymic injection in young mice. To assess

the relative contributions of B cell-intrinsic changes and changes

in the thymic microenvironment on the capacity of peripheral

B cells to induce Aire expression in the thymus, we sorted

IgD+IgG�Aire-GFP� LN B cells from young (5–6 weeks) and

aged (12 months) Adig mice for intrathymic injection into young

and aged congenic recipients. Figure 5A shows representative

sorting gates, and Figure 5B shows representative post-sort

analysis. IgD+IgG�Aire-GFP� cells were transferred into young

and aged CD45.1 congenic recipients by intrathymic injection.

Seven days later, Aire-GFP expression was evaluated in

donor-derived (CD45.2+) CD19+ B cells. Aire expression was

induced in about 18% of B cells transferred from young donors

to young recipients. In contrast, Aire expression was induced

in approximately 3% of B cells from aged donors after intrathy-

mic injection in young recipients (Figure 5C). These results

indicate that B cell-intrinsic defects contribute to loss of Aire

expression in aged mice. Although the sorted donor populations

were restricted to IgD+IgG�Aire�CD19+ cells, we cannot rule out

the possibility that other phenotypic differences in the young and

aged donor populations were not detected and could have

contributed to differences in Aire induction after intrathymic

injection.

To determine whether age-associated microenvironmental

changes in thymus also contribute to loss of Aire expression,

we performed the reciprocal experiment and evaluated Aire-

GFP induction in aged recipient mice receiving young or aged

peripheral B cells by intrathymic injection. Aire-GFPwas induced

in approximately 10% of young donor B cells intrathymically

injected into aged recipients. The diminished Aire induction in

young donor B cells injected into aged thymi compared with in-

duction in young donor B cells injected into young thymi, though

not statistically significant, indicates that age-associated

changes in the thymic microenvironment may also inhibit Aire

induction. Together, these data support the notion that B cell-

intrinsic changes, as well as changes in the thymicmicroenviron-

ment, both contribute to declining Aire induction in thymic

B cells.

CD40-Stimulated Aire Induction Is Increased in Aged
B Cells In Vitro

Because in vitro CD40 stimulation is sufficient for Aire induction

in peripheral B cells from young mice (Yamano et al., 2015), we

hypothesized that diminished CD40 responsiveness could

represent a B cell-intrinsic mechanism resulting in loss of Aire in-

duction with age. To test this, Aire-GFP� peripheral B cells from

young and aged Adig mice were sorted and stimulated with
1282 Cell Reports 22, 1276–1287, January 30, 2018
agonistic anti-CD40 antibody in vitro. Aire expression was

induced in approximately 10% of B cells from young Adig

mice, and at a significantly higher frequency, about 35%, in

B cells from aged Adig mice (Figure 5D). Thus, we find that

both CD40 expression and CD40-stimulated Aire expression

are maintained in aged B cells. Further studies will be required

to clarify whether the increased Aire induction in aged peripheral

B cells after in vitro CD40 stimulation reflects increased Aire

expression in identical B cell subpopulations or altered relative

frequencies of Aire-expressing populations.

DISCUSSION

Autoimmune disease affects at least 3% of the population of the

United States, and susceptibility generally increases with age

(Cooper and Stroehla, 2003). However, the precise mechanisms

by which aging is linked to autoimmune disease are not

completely resolved. One hallmark of the aging immune system

is themarked atrophy of the thymus, which begins relatively early

in life, with concomitant reduction in production of new, naive

T cells (Aspinall et al., 2010; Hartwig and Steinmann, 1994). In

both humans and in mice, this results in diminished T cell recep-

tor diversity with age, as diminished thymus output is compen-

sated by homeostatic proliferation of memory T cells (Ernst

et al., 1990; Hale et al., 2006; Haynes et al., 2000; Utsuyama

et al., 1992). Resulting immunodeficiencies include diminished

vaccine responsiveness and tumor surveillance and decreased

response to new infections, especially viral infection. Paradoxi-

cally, aging is associated with both immunodeficiencies and

increased autoimmunity. We have previously identified age-

associated functional declines in the thymus that may impair

central tolerance induction and promote autoimmune disease.

In particular, decreased expression of TRAs in the medulla

may contribute to a decline in the efficiency of negative selection

of T cells bearing self-reactive TCRs and release of those poten-

tially auto-reactive cells to the periphery (Griffith et al., 2012).

When we characterized the decrease in TRA expression that

occurs in the thymic medulla during aging, we attributed the

decline to changes in expression in medullary thymic epithelial

cells (mTECs), because mTECs were the only cell type known

to express TRA genes in themedulla at that time. However, given

that thymic B cells are now known to express Aire and TRA

genes (Gies et al., 2017; Yamano et al., 2015), we reasoned

that changes in thymic B cells might also contribute to changes

in TRA expression. Because mTECs and thymic B cells have

been shown to express different cohorts of Aire-dependent

genes (Yamano et al., 2015), even if thymic B cell function

were unchanged with age, a relative expansion of thymic B cells

into niche space previously occupied by mTECs and dendritic

cells could alter the panel of TRAs presented to T cells. In fact,

our data demonstrate that thymic B cells are altered with age,

both phenotypically and functionally. Our findings reveal age-

associated declines in expression of Aire and Aire-dependent

genes (Table S1; Figure 3). Gies et al. (2017) previously reported

AIRE expression in human B cells at the mRNA and protein level.

Perhaps because our data were derived from bulk thymic B cells,

we measured low levels of AIRE even in young patients.

Nonetheless, confidence in the biological relevance of these



Figure 5. Age-Associated Decline in the Capacity of Peripheral B Cells to Be Licensed to Express Aire in Thymus Despite Increased

CD40-Mediated Aire Induction

(A) Representative sorting gates for donor LN B cells from Adig mice stained for surface CD19, IgD, and IgG.

(B) Representative post-sort re-analysis of purified CD19+IgD+IgG�Aire-GFP� LN B cells from Adig mice (CD45.2) before intrathymic injection into CD45.1

recipient mice.

(C) Frequency of Aire-GFP+ donor cells in donor B cells (gated on CD45.2+CD19+ viable singlets) 7 days after intrathymic injection of 53 105 CD19+IgD+IgG�Aire-
GFP� LN B cells from young (5-week-old) or aged (12-month-old) Adig mice into young (5-week-old) or aged (12- to 17-month-old) CD45.1 recipient mice. Bars

indicate mean ± SD. p values were calculated using unpaired two-tailed Student’s t test.

(D) Frequency of Aire-GFP+ cells in 5-week-old or 12-month-old Adig spleen B cells cultured for 3 days with or without agonistic anti-CD40 antibody (10 mg/mL)

(n = 3). Bars indicate mean ± SEM. p values were calculated using unpaired two-tailed Student’s t test.
measurements is increased by the correlation between expres-

sion of AIRE and RANK (Figures 2C and 3A) and the decrease

in expression of Aire-dependent genes (Figure 3) in aged human

samples.
We found evidence that the failure of aged B cells to induce

Aire expression may be governed in part by B cell-intrinsic de-

fects inmice, because aged LNB cells are diminished in their ca-

pacity to express Aire upon injection into young thymi (Figure 5C).
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A role for B cell-intrinsic changes is also supported by decreased

expression of RANK, a positive regulator of Aire expression

(Akiyama et al., 2008; Hikosaka et al., 2008; Rossi et al., 2007),

in thymic B cells in aged mice. Yamano et al. (2015) demon-

strated that, unlike mTECs, thymic B cells require CD40, rather

than RANK, for Aire induction. Because expression of RANK,

but not CD40, declines with age, it may be that aging alters

signaling requirements for Aire induction. ABCs, which increase

in frequency in the aged thymus, have impaired CD40 respon-

siveness (Hao et al., 2011). Thus, even without a decline in

CD40 expression, we hypothesized that thymic B cell respon-

siveness to CD40 signaling, including Aire induction, may be

impaired with age. This led us to investigate whether CD40 stim-

ulation-induced Aire expression was diminished in aged B cells.

In fact, aged peripheral B cells showed increased Aire induction

upon CD40 stimulation (Figure 5), indicating that B cell-intrinsic

capacity to induce Aire after CD40 stimulation remains intact

with age. Thus, alterations independent of CD40 signaling

contribute to B cell-intrinsic age-associated decreases in Aire in-

duction. Expression of at least three positive regulators of Aire

expression (Mxd1, Myb, and Rogdi; Herzig et al., 2017), in addi-

tion to RANK, declined in aged thymic B cells, which may indi-

cate alternative mechanisms governing age-associated declines

in Aire expression. Nonetheless, the extensive changes in the

stromal microenvironment that occur during age-associated

thymic atrophy are also likely to have an impact in addition to

B cell-intrinsic defects, because young LN B cells injected into

the thymi of agedmice are also somewhat diminished in their ca-

pacity to induce Aire (Figure 5C).

Although the changes we describe are indeed ‘‘age associ-

ated,’’ our studies do not attempt to distinguish between

chronological age and repeated antigenic exposure. As a

result, it is possible that differences we attribute to aging

are caused by antigen exposure over time. Antigen exposure

in our specific pathogen-free mouse colony will be low relative

to that of pet store or feral mice as well as normal human pop-

ulations (Beura et al., 2016). We also note that the human

samples available to us were from neonatal (3–5 months)

and pediatric (4 years) patients, whereas the ‘‘young’’ cohort

of mice comprised young adults. We expect that the ‘‘aged’’

mouse samples (12–24 months) more closely reflect the age

of our ‘‘aged’’ human samples (41–62 years). These caveats

notwithstanding, our data reveal declines in critical functions

within this population during aging under physiological

conditions.

Several key questions arise from this study: What are the

mechanisms governing the increased frequency of thymic

B cells with age? Do increases in intrathymic differentiation

and/or recirculation contribute? What are the effects of these

changes on negative selection, Treg induction, and T cell toler-

ance? The perivascular space in the thymus was recently shown

to be a reservoir for plasma cells in humans (Nuñez et al., 2016),

raising the possibility that thymic B cells from different anatom-

ical locations (i.e., perivascular versus central medulla versus

cortico-medullary junction) may also serve unique functions,

which may also vary depending on age and antigen exposure.

Although decreases in Aire and TRA expression with age would

predict diminished T cell tolerance induction, further work will be
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required to address whether these changes affect the repertoire

of antigens to which developing T cells are exposed and whether

downstream changes in negative selection and/or diversion to

the Treg lineage occur with age.

EXPERIMENTAL PROCEDURES

Oversight

This study was approved by the Institutional Review Board at UT Health San

Antonio and University Hospital. Written informed consent was obtained

from the patients undergoing corrective cardiac surgery or from the patients’

parents. Animal studies and all procedures were approved by the Institutional

Animal Care and Use Committee.

Mice

Young (5 weeks) C57BL/6J and B6.SJL-PtprcaPepcb/BoyJ (Jax strain 002014)

male and female mice were purchased from The Jackson Laboratory (Bar Har-

bor, ME, USA), aged C57BL/6J (12–24 months) male and female mice were

obtained from our colony and/or from the National Institute on Aging (NIA),

and male and female Adig (Aire-Driven-Igrp-GFP) (5 weeks to 13 months)

(Gardner et al., 2008) mice were provided by Dr. Mark Anderson (University

of California, San Francisco, USA). Mice were bred and maintained at The Uni-

versity of Texas Health Science Center at San Antonio animal facility.

Cell Counting, FlowCytometry, andCell Sorting fromMouse Tissues

Upon euthanasia, thymi were removed and placed immediately in iced buffer

(Hank’s balanced salt solution [HBSS] [GIBCO, Waltham, MA, USA], 5% fetal

bovine serum [FBS], 5 mg/mLDNase). All subsequent steps were performed on

ice. Thymi and spleens were gently but thoroughly pressed between two ice-

cold frosted glass slides to generate a single-cell suspension. Cells were

counted using a hemacytometer; viable cells were determined by exclusion

of trypan blue (Sigma-Aldrich, St Louis, MO, USA). Red blood cells were lysed

in spleen samples using ACK lysis buffer (Thermo Fisher Scientific, Waltham,

MA, USA).

After counting, cells were stained with the following antibodies from

BioLegend: CD19-A594 (6D5), IgD-APCCy7 (11-26c.2a), and IgM-A647

(RMM-1). For surface IgG phenotyping, the following antibodies were used:

IgG1-Biotin (RMG1-1), IgG2a-Biotin (RMG2a-62), IgG2b-Biotin (RMG2b-1),

and IgG3-Biotin (RMG3-1), followed by incubation with Streptavidin-PerCp-

Cy5.5. For ABC phenotyping, cells were stained with the following antibodies

from BioLegend (unless otherwise noted): CD11c-BV510 (N418), CD43-A647

(1B11), CD93-PE (AA4.1; Molecular Probes), CD21-PeCy7 (8D9; eBioscience),

and CD23-PerCp-eFluor710 (B3B4; eBioscience). For all phenotyping experi-

ments, dead cells were excluded using DAPI (Molecular Probes) in fluores-

cence-activated cell sorting (FACS) buffer (HBSS, 5% FBS, 0.5% DNase

[1 mg/mL, pH 7.2]). Flow cytometry analysis was performed using a BD LSRII

flow cytometer, and data were analyzed using BD FACSDiva and FlowJo flow

cytometry analysis software (Tree Star).

Thymic single-cell suspensions from C57BL/6J mice (aged 5 weeks to

24 months) were stained with CD19-APC (MB19-1; eBioscience), followed

by incubation with anti-APC magnetic MicroBeads (Miltenyi Biotec). CD19+

cells were subsequently magnetically enriched using a QuadroMACS sepa-

rator with LS columns (Miltenyi Biotec). Enriched B cells were suspended in

DAPI and sorted on CD19+ viable singlets using a BD FACSAria cell sorter

(BD Biosciences) using the single-cell sorting mode. Post-sort analysis for

sorted cell purity was accomplished using FACSDiva software. Sorted sam-

ples for RNA-seq analysis were selected to be at least 98.5% pure. RNA

was isolated using the RNAqueous – Micro Kit (Invitrogen) as per manufac-

turer’s instructions.

Cell Sorting from Human Tissues

Human thymic tissue was obtained from pediatric (3 months, 5 months, and

4 years) and adult (42, 57, and 61 years) volunteers undergoing corrective car-

diac surgery at University Hospital. Sections of human thymi were mechani-

cally broken down into single-cell suspensions as described above. Cells

(400 3 106) were stained with a-human CD19-APC (HIB19; BioLegend),



followed by incubation with anti-APCmagnetic MicroBeads. CD19+ cells were

subsequently magnetically enriched using a QuadroMACS separator with LS

columns. Human CD19+ cells were subsequently sorted as described for

mouse cells above. Sorted samples for RNA-seq analysis were selected to

be at least 98.5% pure. RNA was isolated using the RNAqueous – Micro Kit

as per manufacturer’s instructions.

RNA Sequencing and Analysis

These steps were carried out by the Genome Sequencing Core Facility. RNA

quality was analyzed using an Agilent Bioanalyzer (Santa Clara, CA, USA)

and/or Qubit fluorometer (Life Technologies). Approximately 20–50 ng total

RNA was used for RNA-seq library preparation following the KAPA Stranded

RNA-Seq Kit with RiboErase (HMR) according to the manufacturer’s instruc-

tions (catalog no. KR1151). cDNA libraries were sequenced using 50 bp sin-

gle-read sequencing runs on an Illumina HiSeq 3000 sequencer. Reads were

aligned to mouse genome (University of California, Santa Cruz [UCSC], mm9

build) or human genome (UCSC hg19 build) using TopHat (Kim et al., 2013;

Trapnell et al., 2009). The expression levels were extracted using HTSeq (An-

ders et al., 2015) with GENCODE annotation (GENCODE V24lift37; Harrow

et al., 2012) and converted to reads per kilobase per million mapped reads

(RPKM) units according to Mortazavi et al. (2008). Data were then normalized

and tested for differential expression by DESeq in R (Anders and Huber, 2010).

Data reported in this article were submitted to the NCBI’s GEO (GEO:

GSE107112). Heatmap, hierarchical clustering (using Pearson correlation as

distance function and average linkage as agglomeration method), and volcano

plot were generated using R/Bioconductor (https://www.bioconductor.org).

The mouse Aire-dependent B cell-specific list was mapped to human

homologs using Homologene identifiers downloaded from MGI (http://www.

informatics.jax.org). Genes from any list that did not map to gene symbols in

our dataset were omitted from further analysis.

In Vitro Stimulation of B Cells

Splenic B cells from young (5 weeks) or aged (12 months) Adig mice were

magnetically enriched using a mouse B cell Isolation Kit with a QuadroMACS

separator and LS columns according to the manufacturer’s instructions. En-

riched B cells were suspended in DAPI in FACS buffer and sorted on Aire-

GFP� viable singlets. Subsequently, 2 3 105 sorted B cells were cultured

for 3 days with or without agonistic anti-CD40 monoclonal antibody (FGK45;

Bio X Cell) (10 mg/mL) and recombinant mouse IL-4 (PeproTech) (5 ng/mL) in

flat-bottom 96-well plates. For qRT-PCR, RNA extraction, cDNA synthesis,

and qPCR were performed on 2 3 105 cells using Taqman Gene Expression

Probes (Thermo Fisher Scientific) forAire andHprt and gene expression values

normalized as previously described.

For flow cytometry analysis, 6 3 105 to 1 3 106 stimulated B cells were

stained with CD19-A594 (6D5; BioLegend) and suspended in DAPI in FACS

buffer. Aire-GFP expression was analyzed on CD19+ viable singlets using a

BD LSRII flow cytometer with BD FACSDiva and FlowJo� flow cytometry anal-

ysis software.

Validation of RNA-Seq by qRT-PCR

RNA from sorted murine thymic B cells with a purity of at least 98.5% was

extracted using the method described above, and cDNA synthesis was per-

formed using a Superscript VILO cDNA synthesis kit (Invitrogen) per manufac-

turer’s instructions. qPCR (cycle 1, 95�C for 10min; cycle 2 [340], 95�C for 15 s

and 60�C for 1 min) was performed using a Bio-Rad CFX96 Real-Time System

and C1000 Touch Thermal Cycler (Bio-Rad) using presynthesized Taqman

Gene Expression Assay Probes to amplify the following gene sequences:

Tbx21 (assay ID: Mm00450960_m1), CD80 (Mm00711660_m1), CD40

(Mm00441891_m1), Tnfrsf11a (Mm00437132_m1), Aire (Mm00477457_m1),

and Hprt (Mm00446968_m1). Gene expression values were analyzed using

Bio-Rad CFX Manager software and normalized to Hprt.

Intrathymic Injections

Single-cell suspensions were generated from LNs of young (6 weeks) and

aged (12–13 months) Adig mice as described above. Cells were stained with

the following antibodies from BioLegend: CD19-A594 (6D5), IgD-APCCy7

(11-26c.2a), IgG1-Biotin (RMG1-1), IgG2a-Biotin (RMG2a-62), IgG2b-Biotin
(RMG2b-1), and IgG3-Biotin (RMG3-1), followed by incubation with Streptavi-

din-APC (BioLegend). CD19+IgD+IgG�Aire-GFP� cells were isolated at a pu-

rity of 98.5% or better for intrathymic injection. Young (4–6 weeks) or aged

(13–17 months) B6.SJL-PtprcaPepcb/BoyJ CD45.1+ mice were placed under

anesthesia using ketamine and xylazine, and a small incision was made in

the skin of the upper thoracic region. A Hamilton Microlitersyringe needle

was inserted in the second intercostal space at a 30�–40� angle, and

5 3 105 CD19+IgD+IgG�Aire� viable singlet lymphocytes (suspended

in �5 mL sterile PBS) were injected into one thymic lobe. After 7 days, thymo-

cytes of recipient mice were stained with the following antibodies from

BioLegend (unless otherwise specified): CD19-A594 (6D5), IgG1-Biotin

(RMG1-1), IgG2a-Biotin (RMG2a-62), IgG2b-Biotin (RMG2b-1), IgG3-Biotin

(RMG3-1), Streptavidin-A700 (Life Technologies), CD45.1-BV510 (A20), and

CD45.2-APC (104; eBioscience), and Aire-GFP expression was analyzed in

CD45.2+CD19+ donor cells.

Statistics

p values for differences in gene expression between young and aged samples in

RNA-seq data were calculated using base 2 log scale RPKM values for the two

groupswith theRpackage limma,using the empirical Bayesmethod tocalculate

p values (Ritchie et al., 2015). p values for changes in the Aire-dependent gene

lists during aging were calculated using the chi-square test. Scatterplots were

generated in GraphPad Prism. p values for differences in surface phenotype

(as in Figure 1) were calculated in GraphPad Prism using Student’s t test.
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Figure S1. B cell number and localization in the aged mouse thymus. Related to Figure 1. 
		

Supplemental Figure 1. B cell number and localizat ion in the aged mouse 
thymus . a) The number of CD19+ B cells in thymus in young (5 week, n= 10) and aged (12-24 
month, n=11) mouse thymus. Bars indicate mean ± SEM. b) Anti-B220 (red), and DAPI (blue) stains 
identify B cells and nuclei, respectively. B cells increase in frequency in 12 month-old mice (b-e). 
Stitched composite 40X images were assembled (b,d) to identify the spatial/anatomical organization 
of thymic B cells in 12 month-old mice. Thymic B cells are most common in medulla, but are also 
present in cortex less frequently. Panels c and e are higher magnification images from the inset 
boxes in b and d, respectively. Panels b-e represent 2 individual 12 month-old mice.  
	



	Figure S2. Validation of RNAseq by qPCR. Related to Figure 2. 
	

Supplemental Figure 2. Validation of RNA-seq by qPCR. Relative 
expression levels of Aire, RANK, CD40, CD80, and T-bet were measured by 
qPCR to confirm RNA-seq results in intrathymic B cells described in Figure 2, 
normalized to Hprt. Bars indicate mean ± SEM. P-values calculated using 
student’s t-test. 
	



Figure S3. Diminished frequency of Aire expressing thymic B cells in aged mice. Related to Figure 4. 
	

Supplemental Figure 3. Diminished frequency of Aire 
expressing thymic B cells in aged mice. a) Frequency of 
Aire-GFP+ B cells in total viable, singlet thymus cells in 5 
week old (n=7) and 12 month old (n=4) Adig reporter mice. 
Bars indicate means and standard deviation. P-values 
calculated using unpaired two-tailed Student’s t-test. 
	



Table S1. Expression of Aire-dependent B cell-specific genes in human and murine thymic B cells. Related to Figure 3. 
 

Human	Aire-Dependent	B	cell-specific	Gene	List	
	

Mouse	Aire-Dependent	B	cell-specific	Gene	List	

Gene	Symbol	 Young	Mean		 Old	Mean	 p	value	(limma)	
	

Gene	Symbol	 Young	Mean		 Old	Mean	 p	value	(limma)	

HLA-B	 1547.958	 1705.964	 6.657E-01	
	

A630023P12Rik	 8411.812	 2525.442	 2.085E-04	

NLRC5	 92.291	 133.245	 3.094E-02	
	

Stard9	 4608.144	 6209.816	 1.233E-01	

OAS2	 84.705	 39.954	 4.082E-03	
	

G630030J09Rik	 1037.906	 1096.159	 6.671E-01	

PHF11	 44.179	 45.412	 9.731E-01	
	

Vwa3b	 931.758	 1590.937	 1.509E-01	

PARP12	 41.641	 36.048	 2.881E-01	
	

Gm10382	 865.037	 1303.538	 1.864E-01	

DDX60	 39.690	 18.345	 2.046E-02	
	

1600012P17Rik	 502.689	 12.151	 4.276E-08	

GPR114	 39.546	 47.613	 3.157E-01	
	

Flt3	 286.122	 96.890	 7.524E-05	

ZBP1	 34.151	 24.359	 2.013E-01	
	

H2-Q7	 274.756	 221.847	 2.907E-02	

HSPH1	 25.613	 17.108	 2.658E-01	
	

Gm16315	 259.682	 80.185	 5.330E-03	

RSAD2	 24.805	 13.674	 3.712E-02	
	

Zbtb32	 253.086	 442.974	 2.541E-01	

CSF2RB	 23.833	 21.660	 6.924E-01	
	

Tet2	 236.196	 185.398	 3.249E-03	

FNIP1	 12.691	 12.230	 7.847E-01	
	

Gm17034	 167.378	 76.755	 5.532E-01	

TET2	 12.607	 9.146	 1.400E-01	
	

Gatsl3	 94.560	 31.791	 2.483E-05	

SLC5A3	 10.755	 4.457	 1.938E-02	
	

Nlrc5	 92.896	 73.244	 5.542E-02	

ZBTB32	 9.410	 46.717	 1.306E-04	
	

Ctsw	 79.631	 17.457	 3.639E-04	

PIK3R6	 9.156	 10.183	 7.641E-01	
	

Aire	 73.472	 8.124	 9.067E-08	

AHR	 8.456	 9.344	 4.584E-01	
	

St8sia1	 73.425	 8.652	 1.504E-06	

OBSCN	 7.506	 5.992	 3.553E-01	
	

Atp10a	 62.356	 17.126	 3.169E-04	

SSPN	 7.412	 20.217	 7.154E-02	
	

Zbp1	 57.560	 44.828	 1.079E-01	

ATP2B4	 6.954	 16.945	 2.840E-03	
	

Hsph1	 55.356	 30.757	 7.306E-02	

STK38L	 6.656	 7.312	 5.894E-01	
	

Oas2	 41.858	 12.046	 3.048E-04	

ARHGAP19	 5.970	 5.673	 6.940E-01	
	

Cdh17	 36.628	 12.501	 2.977E-06	

HK2	 4.805	 1.327	 3.670E-02	
	

Mx1	 35.501	 11.388	 8.179E-04	

GATSL3	 4.430	 6.092	 2.075E-01	
	

Stxbp1	 33.622	 20.905	 8.832E-04	

SOCS3	 3.922	 1.378	 5.109E-02	
	

Rprm	 27.757	 4.905	 3.037E-05	



IL2RB	 3.820	 2.592	 2.973E-01	
	

Stk38l	 25.856	 21.481	 9.798E-02	

PKD2	 3.506	 1.287	 2.748E-02	
	

Slfn1	 24.499	 4.909	 1.526E-04	

RAG1	 2.972	 2.267	 2.691E-01	
	

Rag1	 23.969	 12.384	 3.724E-02	

CISH	 2.758	 1.294	 2.469E-01	
	

Ahr	 22.857	 8.561	 7.985E-07	

CTSW	 2.733	 2.018	 4.006E-01	
	

Oasl2	 21.813	 8.976	 2.753E-04	

CD3E	 2.716	 2.404	 3.219E-01	
	

Sspn	 20.386	 10.493	 7.209E-04	

FLT3	 2.400	 2.324	 5.743E-01	
	

Ddx60	 17.870	 5.147	 5.849E-05	

RUNX2	 2.362	 0.400	 5.110E-02	
	

Gbp7	 17.849	 14.800	 1.077E-01	

SOCS2	 2.160	 1.124	 2.853E-01	
	

Atp2b4	 16.824	 10.951	 5.661E-02	

SLC24A1	 1.692	 2.055	 6.247E-01	
	

Socs3	 15.860	 17.888	 3.789E-01	

LAMP3	 1.601	 0.156	 4.937E-02	
	

Fnip1	 15.310	 13.320	 4.548E-02	

SYN3	 1.187	 2.094	 5.674E-01	
	

2810429I04Rik	 14.990	 5.834	 4.396E-06	

CD8A	 1.042	 0.983	 6.701E-01	
	

Nek2	 14.877	 6.455	 1.369E-04	

GBP7	 0.707	 2.467	 5.331E-04	
	

Il2rb	 13.549	 6.172	 1.071E-03	

EML5	 0.672	 0.011	 1.362E-01	
	

1700071M16Rik	 13.160	 12.151	 7.058E-01	

ATP10A	 0.625	 0.942	 4.017E-01	
	

Gm16184	 13.160	 12.151	 7.058E-01	

TP73	 0.548	 0.015	 4.297E-01	
	

4930594C11Rik	 12.733	 13.579	 4.476E-01	

AIRE	 0.531	 0.461	 1.273E-02	
	

Pik3r6	 10.925	 3.145	 1.792E-05	

NEK2	 0.405	 3.822	 1.173E-02	
	

Cish	 9.207	 2.713	 4.064E-05	

DBNDD1	 0.394	 0.025	 7.246E-01	
	

Cd3e	 8.786	 6.913	 3.070E-01	

RAPGEF4	 0.332	 0.026	 1.484E-02	
	

Hk2	 8.729	 4.803	 1.237E-04	

SEMA6A	 0.251	 0.104	 1.559E-01	
	

Pvr	 8.320	 5.574	 5.110E-03	

GAS2L3	 0.111	 0.003	 6.891E-01	
	

Rsad2	 6.509	 1.870	 1.650E-04	

CDH17	 0.105	 0.327	 4.883E-01	
	

Lamp3	 6.253	 2.010	 1.199E-06	

ST8SIA1	 0.103	 0.383	 8.306E-01	
	

Cd8a	 5.995	 5.790	 5.649E-01	

GGN	 0.086	 0.824	 9.307E-01	
	

Grik2	 5.320	 0.093	 4.577E-04	

VASN	 0.061	 0.572	 3.088E-01	
	

Parp12	 5.287	 1.711	 7.778E-04	

ACSBG1	 0.060	 0.085	 4.090E-05	
	

Arhgap19	 4.316	 3.266	 2.825E-01	



VWA3B	 0.047	 0.002	 1.180E-04	
	

Sema6d	 4.071	 1.677	 2.163E-04	

FAM196B	 0.041	 0.009	 6.439E-05	
	

Eml5	 3.876	 4.525	 1.098E-01	

MAP3K15	 0.029	 0.002	 1.445E-01	
	

Acsbg1	 3.011	 0.385	 1.782E-06	

STXBP1	 0.028	 0.014	 1.597E-01	
	

Slc5a3	 2.943	 2.427	 1.374E-01	

SEMA6D	 0.026	 0.002	 3.919E-01	
	

Rapgef4	 2.786	 7.120	 3.371E-05	

TFCP2L1	 0.020	 0.006	 1.540E-01	
	

Socs2	 2.347	 0.507	 3.443E-04	

GRIK2	 0.012	 0.002	 7.619E-01	
	

Siglech	 2.227	 0.427	 2.845E-06	

RANBP17	 0.006	 0.001	 4.176E-01	
	

Iigp1	 2.134	 5.590	 1.252E-02	

RPRM	 0.005	 0.002	 5.126E-01	
	

Map3k15	 2.107	 3.751	 3.400E-02	

SCEL	 0.002	 0.009	 5.108E-01	
	

Gas2l3	 1.958	 1.002	 8.010E-02	

LIF	 0.002	 0.002	 7.272E-01	
	

Runx2	 1.362	 1.625	 3.018E-01	

	 	 	 	 	
Scel	 1.213	 0.176	 1.012E-04	

	 	 	 	 	
Csf2rb2	 1.111	 1.063	 5.990E-01	

	 	 	 	 	
Ggn	 1.080	 0.458	 3.262E-04	

	 	 	 	 	
Trp73	 0.902	 0.642	 8.222E-02	

	 	 	 	 	
Pkd2	 0.598	 0.110	 3.586E-06	

	 	 	 	 	
Syn3	 0.396	 0.841	 7.067E-02	

	 	 	 	 	
Vasn	 0.335	 0.172	 1.020E-02	

	 	 	 	 	
Lif	 0.180	 0.025	 1.014E-03	

	 	 	 	 	
Obscn	 0.173	 0.188	 6.482E-01	

	 	 	 	 	
Gm9855	 0.165	 0.160	 9.945E-01	

	 	 	 	 	
Ranbp17	 0.156	 0.421	 2.855E-02	

	 	 	 	 	
Fam196b	 0.058	 0.050	 8.996E-01	

	 	 	 	 	
Dbndd1	 0.035	 0.011	 2.268E-01	

	 	 	 	 	
Slc24a1	 0.018	 0.010	 5.133E-01	

	 	 	 	 	
Sema6a	 0.011	 0.013	 9.230E-01	

	

Supplemental Table 1. List of Aire-dependent B cell-specific genes identified by Yamano et al. with average RNAseq expression 
values (RPKM) in young (3 month, 5months, 4 years, n=3) and aged (42-61 years, n=3) human thymic B cells and in young (5 
week, n=7) and aged (12-24 month, n=5) murine thymic B cells. P-value calculated with limma. 



Supplemental Experimental Procedures 
 
Immunofluorescent microscopy 
 
Thymi removed after euthanasia, embedded in ice-cold OCT (Fisher Scientific), and immediately frozen. 5 
micron transverse sections were fixed in ice-cold acetone, stained with Alexa 594-conjugated anti-B220 
antibody and then mounted in Prolong Gold (Molecular Probes) containing 0.25µg/ml DAPI. Images were 
captured on a fluorescent microscope using mercury illumination. 
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