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Age-Associated B Cells Express a Diverse Repertoire of Vg
and Vk Genes with Somatic Hypermutation

Lisa M. Russell Knode,* Martin S. Naradikian,Jr Arpita Myles,Jr Jean L. Scholz,*
Yi Hao,dr’1 Danya Liu,iE Mandy L. Ford,i John W, Tobias,§ Michael P. Cancro,’L and
Patricia J. Gearhart*

The origin and nature of age-associated B cells (ABCs) in mice are poorly understood. In this article, we show that their emergence
required MHC class II and CD40/CD40L interactions. Young donor B cells were adoptively transferred into congenic recipients and
allowed to remain for 1 mo in the absence of external Ag. B cells expressing the T-bet transcription factor, a marker for ABCs, were
generated after multiple cell divisions from C57BL/6 donors but not from MHC class II- or CD40-deficient donors. Furthermore, old
CD154 (CD40L)-deficient mice did not accrue ABCs, confirming that they arise primarily through T-dependent interactions. To
determine what Igs ABCs express, we sequenced Vi and Vk rearranged genes from unimmunized 22-mo-old C57BL/6 mice and
showed that they had a heterogeneous repertoire, which was comparable to that seen in old follicular and marginal zone B cell subsets.
However, in contrast to the follicular and marginal zone cells, ABCs displayed significant somatic hypermutation. The mutation
frequency was lower than found in germinal center cells after deliberate immunization, suggesting that ABCs have undergone mild
stimulation from endogenous Ags over time. These observations show that quiescent ABCs are Ag-experienced cells that accumulate

during T cell-dependent responses to diverse Ags during the life of an individual. The Journal of Immunology, 2017, 198: 1921-1927.

rofound changes in the composition and dynamics of lym-
phoid populations occur with age, likely contributing to
the decline in immune status, collectively termed immune
senescence. For example, B cell production from bone marrow
steadily decreases with age, yet the numbers of peripheral B cells
remain relatively constant as a result of slowed turnover and altered
representation of naive and Ag-experienced B cell subsets (1-8). A
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novel B cell subset that accumulates with age, termed age-associated
B cells (ABCs), was identified recently (9-12). These cells have
unique features that include preferential responsiveness to TLR7
and TLRO ligands, surface markers consistent with prior Ag acti-
vation, and expression of the T-box transcription factor, Tbx21
(T-bet), which is required for their accumulation (13). Some ABCs
also express Itgax (CD11c), an integrin that potentiates their ability
to present Ag to T cells (14). ABCs are associated with the onset
and severity of humoral autoimmunity in animal models and hu-
mans (10, 15, 16). Further, these cells play roles in age-associated
immune dysfunctions, including elevated inflammatory cytokine
levels and reduced B cell generation rates (11). Finally, a growing
literature suggests that B cells with similar characteristics arise
during some viral, bacterial, and parasitic infections (13, 17-21),
implying a role for ABCs in normal immune function.

Despite these observations, the origin and nature of ABCs remain
poorly understood. In this study, we investigated their formation, Ig
repertoire, and level of somatic hypermutation. The results indicate a
polyclonal, Ag-experienced B cell population that arises primarily
through T-dependent immune responses to diverse endogenous Ags.

Materials and Methods
Mice

All mice used for experiments were females on a C57BL/6 background. Old
mice were obtained from the Charles River aged mouse colony at 18 mo of
age and used at 22 mo. Cd154~'~ (B6.129S2-Cd401g"™"™/J) mice were
purchased from the Jackson Laboratory and kept until 22 mo of age. Young
(24 mo) CD45.1 and CD45.2 mice were obtained from the Jackson Labo-
ratory. Young I-Ab~"~ mice were from Terri Laufer (University of Pennsyl-
vania), and Cd40™"~ spleens from young mice were sent from M. Ford’s
colony. Aid ’~ mice were bred in the National Institute on Aging colony.
Animal protocols were reviewed and approved by the Animal Care and
Use Committees at the National Institute on Aging and the University of
Pennsylvania.

Adoptive transfers

CD23" splenic B cells from 2-mo-old CD45.2 mice were enriched by
positive selection using the MACS bead system (Miltenyi Biotec). Cells
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were labeled with CFSE (eBioscience), according to the manufacturer’s
instructions, and 8 million cells were transferred into each CD45.1 con-
genic host by retro-orbital injection.

Flow cytometry and FACS sorting

Single-cell suspensions were prepared from spleens and stained with
fluorochrome-conjugated Abs. For flow cytometry of the adoptive-transfer and
influenza experiments, we used Live/Dead Zombie Aqua, anti-CD45.1-AF700
(A20), anti-CD45.2-BV421 (104), anti-CD19-BV785 (6D5), anti-CD23 biotin
(B3B4), and anti-CD11c (N418) (BioLegend). Anti-CD43-PE (S7) was from
BD Biosciences. Cells were analyzed on an LSRII, and data were analyzed
using FlowJo software (TreeStar). Intracellular stains for T-bet were per-
formed with anti-T-bet-allophycocyanin (4B10; BioLegend) and a Foxp3
transcription factor kit (eBioscience), according to the manufacturer’s instruc-
tions. For FACS sorting to isolate subsets, we used anti-CD43-allophycocyanin
(S7; BD Biosciences). Anti-CD23-PE Cy7 (B3B4), anti-CD21/CD35-¢Fluor
450 (4E3), anti-CD45R-FITC (B220, RA3-6B2), and anti-CD93 (AA4.1)-
allophycocyanin were from eBioscience. Stained splenocytes were analyzed
with a BD FACSCanto II or sorted using a BD FACSAria I1I, BD FACSAria
Fusion, iCyt Reflection (Sony Biotechnology), or Beckman Coulter MoFlo.
Follicular (FO) B cells were isolated as CD93 (AA4.1)” CD43~ B220*
CD21/35" CD23*. Marginal zone (MZ) B cells were isolated as CD93
(AA4.1)” CD43™ B220" CD21/35" CD23". ABCs were isolated as CD93
(AA4.1)” CD43~ B220" CD21/35~ CD23™. Analyses were done using
FlowlJo software.

V gene identification and mutation analyses

Sorted cells were lysed in TRIzol reagent, and RNA was prepared. cDNA
was synthesized using SuperScript III Reverse Transcriptase (Invitrogen). Ig
H chain VDJ genes and Ig k light (Igk)-chain VJ genes were amplified
using Taq polymerase (TaKaRa; Clontech) with 5’ degenerate primers
specific to framework 1 of V genes and 3’ primers located in IgM or Igk
constant regions, as previously described (22). PCR products were cloned
into StrataClone TA cloning vector (Agilent Technologies) and sequenced.
Only sequences with unique VDJ or VJ joins were counted. The sequences
were blasted against the mouse Ig loci using IgBLAST from the National
Center for Biotechnology Information to identify V, D, and J gene segment
usage and mutations. For mutational analysis of the Jy4 intron, DNA was
prepared, and a 492-bp intronic region downstream of J4 from rearranged
VyJ558 genes was amplified using nested PCR. The first round used for-
ward primer J558 5'-AGCCTGACATCTGAGGAC-3' and reverse primer
V1.8NR4R 5'-TCCATACACATACTTCTGTGTTCCT-3’, and the second

A B cells (CD19+*CD43") (2 months)
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round used the same J558 forward primer listed above and reverse primer
JH2827Bam 5'-CGCGGATCCGATGCCTTTCTCCCTTGACTC-3". DNA
was amplified using Herculase II Fusion DNA Polymerase (Agilent
Technologies). The amplified PCR products were cloned into a StrataClone
Blunt PCR Cloning vector (Agilent Technologies) and sequenced.

Influenza virus infection and analysis

Four-month-old C57BL/6 mice were left uninfected or infected intranasally
with 30 tissue culture infectious dosesq of influenza strain A/Puerto Rico/8/
1934 (PR8), which was provided by Dr. S. Hensley (University of Penn-
sylvania). Both uninfected and infected mice were sacrificed 100 d later.
To detect hemagglutinin (HA)-reactive B cells, we used a PE-labeled probe
that recognizes HA of PR8 (HA-PE) (23). The probe was used at a con-
centration of 1:500, and data acquisition and analysis were performed as
described (23).

Results
ABC generation requires B cell expression of MHC class 1I and
CD40

We showed previously that ABCs could arise from FO B cells after
in vivo expansion in adoptive hosts (9). This extensive division
may reflect homeostatic expansion or could implicate Ag-driven
activation involving T cell help and costimulation. To distinguish
between these possibilities, we modified our adoptive-transfer
model with CFSE-labeled donor B cells to use MHC class II-
or CD40-deficient donor B cells. The rationale was that homeo-
static expansion should be independent of Ag presentation and
costimulation, whereas Ag-driven events should not. As shown in
Fig. 1A, after 1 mo in the absence of immunization, a small
proportion (~0.2%) of C57BL/6 donor B cells underwent five to
eight rounds of division, likely in response to stimulation by en-
dogenous Ags. These extensively divided CFSE'" cells were
CD23" and T-bet*, which are markers for ABCs. Although the
events occurred in only a month, they represent a snapshot of the
slow accumulation of ABCs with time. In contrast, B cells from
MHC class II-deficient (I-Ab™"") and CD40-deficient (Cd40™"")
mice underwent fewer divisions with far less T-bet expression than
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FIGURE 1. Interactions with MHC class II and CD40 drive the accumulation of ABCs. (A) CD23* FO B cells from 2-mo-old donor mice (CD45.2) were labeled
with CFSE and adoptively transferred into young congenic CD45.1 hosts. Recipient mice were analyzed 1 mo later. Shown are a representative plot of the gating
strategy and representative dot plots of CFSE dilution in C57BL/6, I-Ab~'~, and Cd40™"~ cells. Numbers depict the percentage of cells in each box. Cells with
multiple rounds of proliferation (CESE"®) are boxed in red. Line graphs show intracellular staining for T-bet in CESE™ cells. (B) Analyses of T-bet change in mean
fluorescence intensity (AMFI) are summarized in three independent experiments for a total of 12 mice for C57BL/6, 6 mice for I-Ab™ —, and 12 mice for Cd40™". ©
Spleen cells from 22-mo-old Cd154 '~ mice were gated on live B220* cells. A representative dot plot shows the absence of ABCs (CD23 CD21 ). Numbers

represent the percentage of B cells in each population. (D) Absolute B cell numbers of the indicated cell subset from old C57BL/6 and Cdl54

'~ mice. Error bars

signify the SD of values from 31 C57BL/6 mice and 5 Cdl54 " mice. The p values were calculated by an unpaired, equal variance Student 7 test.
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did C57BL/6 cells of the same division cohort. Analyses of mul-
tiple mice (Fig. 1B) confirmed a significant increase in T-bet mean
fluorescence intensity in CFSE' cells compared with CFSE™ cells
from C57BL/6 donors, whereas cells from I-Ab~"~ and Cd40~"~
donors had no increase. The data suggest that ABCs arise from
B cells involved in immune responses to T-dependent Ags, be-
cause cognate Ag-presenting capacity and competence to receive
CD40 costimulation are required. This interpretation further pre-
dicts that CD154-deficient mice, which lack CD40L, should have
reduced ABC accumulation. Consistent with this expectation,
analysis of splenic B cells from 22-mo-old CD154-deficient mice
revealed a paucity of ABCs (Fig. 1C), despite no change in FO
and MZ compartments compared with controls (Fig. 1D). Col-
lectively, these results show that ABCs are generated slowly after
endogenous Ag presentation via MHC class II and costimulation
via the CD40 receptor with CD40L on T cells. The notion that
ABCs are derived from T-dependent immune responses raises
questions about the breadth and nature of potential Ags involved
in their generation and whether they bear hallmarks of germinal
center participation. Accordingly, we interrogated Ig variable (V)
gene usage and levels of somatic hypermutation among quiescent,
naturally occurring ABCs from old mice.

ABCs exhibit a diverse V gene segment repertoire

ABC accumulation may reflect the aggregate of immune responses
to a large and diverse class of endogenous Ags and, thus, involve a
broad array of clonotypic specificities. Alternatively, accumulation
could be mediated by common exposure to a limited array of self-
or environmental ligands that generate oligoclonal expansions with
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limited repertoire diversity. To differentiate between these possi-
bilities, we sorted FO, MZ, and ABC B cell subsets from 22-mo-old
mice and compared Vy and Vk gene segment usage. Because the
majority of ABCs express IgM (9), sequencing analyses for H
chain genes were done on cDNA amplified with a Cp. 3’ primer
and degenerate Vy 5’ primers. Likewise, k L chain genes were
identified by amplifying cDNA with a Ck 3’ primer and degen-
erate Vk 5’ primers. Some 2400 unique sequences for both loci
were collected and analyzed. Overall, the usage of Vy and Vk
gene segments was similar among all three subsets. For Vi genes,
85 genes from 12 families were identified, and their frequencies
were measured within the subsets. ABCs were compared sepa-
rately with FO (Fig. 2A) and MZ (Fig. 2B) cells, and significant
differences in over- or underutilization were seen in only two to
four individual genes. For Vk genes, 69 genes from 15 families
were found; when ABCs were compared with FO (Fig. 3A) or MZ
(Fig. 3B) cells, only three to five genes were significantly over- or
underused. Thus, there was no evidence for strong repertoire
skewing, arguing against a restricted Ag-driven response. We also
did not observe significant selection for amino acid replacement
changes in CDRs for Ig H chain and Igk-chains from the ABC
population (data not shown). These results suggest that ABCs
develop in response to a broad range of Ags.

ABC V genes have undergone somatic hypermutation

The requirement for CD40-CD154 interactions in ABC accumu-
lation suggests that most ABCs are products of activation involving
cognate T cell help. If so, the V genes of ABCs should contain
increased frequencies of mutations compared with other subsets. To
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FIGURE 2. Diverse Vy gene segment usage in ABCs. The frequency of gene expression within the indicated B cell population in old mice (n = 18-24
mice for FO, MZ, and ABC subsets) was determined using RT-PCR. For each subset, ~400 Vy sequences were analyzed. V genes were grouped by family,
which is indicated numerically below the graph. Significant differences in V gene usage between ABC and FO (A) or between ABC and MZ (B) subsets
were calculated using the Fisher exact test and are shown below the gene name in the yellow bar. The p value heat map scale is shown.
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FIGURE 3. Diverse Vk gene segment usage in ABCs. (A) ABC vs. FO subsets. (B) ABC vs. MZ subsets. Details are similar to Fig. 2 legend.

address this, we counted the number of mutations in VDJ heavy and
VIJ k light exons amplified from FO, MZ, and ABC B cell subsets
from 22-mo-old mice used for the repertoire analysis. Sequences of
V, D, and J gene segments were compared with their germline
counterparts to identify mutations. VDJ and VJ genes from ABCs
had a significant 4-fold increase in mutations compared with FO
cells and a significant 2-fold increase compared with MZ cells
(Fig. 4A, 4B). As a control, V exons were sequenced from FO and
MZ cells from young Aid ’~ mice, which cannot undergo hyper-
mutation because the activation-induced deaminase protein is ab-
sent. The mutation frequency was ~2 X 10> mutations per base
pair for activation-induced deaminase—deficient cells, which repre-
sents the background frequency of errors produced during cDNA
synthesis and PCR amplification. The distribution of mutations per
sequence is shown in Fig. 4C, which shows that two thirds of se-
quences from ABCs had mutations, indicating that most of these
B cells have encountered some type of Ag during their existence. An
examination of the types of nucleotide substitutions in the cadre of
>2700 mutations from VDJ and VJ genes from the ABC sequences
showed no difference compared with FO and MZ substitutions (data
not shown). Because the error rate for sequencing cDNA clones
from RNA is elevated due to errors from the low-fidelity reverse
transcriptase used to make cDNA, we also analyzed mutations in the
492-bp Jy4 intronic region directly from DNA, using a high-fidelity
polymerase. FO, MZ, and ABC B cell subsets were sorted as de-
scribed above, and the Jy4 region was amplified from genomic
DNA. As shown in Fig. 4D-F, there was a significant increase in
mutation frequency from ABCs compared with those from FO and
MZ cells, confirming that ABCs have undergone somatic hyper-
mutation. As a control, introns were sequenced from germinal center B
cells of young mice taken 4 wk after immunization with (4-hydroxy-3-

nitrophenyl) acetyl—chicken vy globulin (24), and the frequency was
5-fold higher than in ABCs. This comparison places ABCs in the
middle between naive and germinal center cells, suggesting that they
undergo mild chronic stimulation by endogenous Ags versus acute
stimulation by immunization.

Some Ag-specific B cells express T-bet and CDIlIc

Our results suggest an Ag-driven origin for ABCs that, coupled
with their continuous accumulation, BLyS independence, and
resting state (9, 25), lends credence to the idea that they are an
unusual subset of B cells. To further interrogate the provenance of
ABCs, we compared their gene-expression profiles with those
from FO B cells sorted from old and young mice. ABC uniqueness
is shown by a subset of 70 genes with =5-fold higher expression in
old ABCs compared with old and young FO B cells (Supplemental
Fig. 1A, Supplemental Table I). T-bet and CD11lc were overex-
pressed in ABCs, confirming previous reports (13, 14). Principal
component analysis was used to visualize intersample variation
among all of the genes from sorted subsets and illustrated that old
ABCs have distinct gene-expression profiles compared with FO
B cells from old and young mice (Supplemental Fig. 1B).

Based on their accumulation of somatic hypermutation, we
hypothesized that ABCs represent a subset of Ag-experienced
B cells whose accretion reflects the cumulative aggregate of
challenges that drive their formation. To demonstrate that another
subset of Ag-experienced B cells arising from deliberate infection
also expresses T-bet and CDl11c, we infected young mice with in-
fluenza. HA-specific B cells were tracked by binding to fluorescent
labeled HA-PE. Prior to infection, the frequency of HA-reactive
B cells was low (Fig. SA), consistent with prior estimates of ~1/50,000
splenic B cells (26). Following infection, mice displayed the expected
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FIGURE 4. ABCs have increased somatic hypermutation. (A—C) Exon sequences from Figs. 2 and 3 were analyzed for mutations in rearranged VDJ
genes for the H chain and in rearranged VJ genes for the k L chain. (A) Numbers of unique sequences, nucleotides, mutations, and frequencies. (B) Mean
mutation frequencies (mutations/nucleotides) in the exons of each B cell subset were calculated. The dotted line indicates the mutation frequency in Aid ™~
FO and MZ B cells from young mice. (C) Distribution of mutations per sequence. The number of sequences is shown in the center of each circle. Segments
represent the proportion of sequences that contain the indicated number of mutations. (D—F) J;4 intron sequences were analyzed from genomic DNA of 11—
13 mice for each subset. (D). Numbers of sequences, nucleotides, mutations, and frequencies. (E) Mean mutation frequencies; the dotted line represents the
frequency in germinal centers from young immunized mice. (F) Distribution of mutations per sequence. *p < 0.0001, x* test.

weight loss and fully recovered 30 d later (Fig. 5B), indicating that the
virus was cleared. At day 100 postinfection, HA-reactive B cells in-
creased, and ~25% of these were T-bet'CD11c¢* (Fig. 5C, 5D). Col-
lectively, these observations on influenza-infected mice support the
analogy that some long-lived Ag-experienced cells express the phe-
notype associated with ABCs.

Discussion

These studies probe the origin and nature of ABCs, a B cell subset
that steadily accumulates with age and whose surface phenotype
and transcriptional signature were associated with humoral auto-
immunity and antipathogen immune responses. We provide three
lines of evidence that ABCs are a unique B cell subset. First,
adoptive-transfer studies using MHC class II and CD40-deficient
cells confirm our prior report that young FO B cells can give
rise to ABCs after extensive division (9) and extend this obser-
vation in several ways. Notably, they demonstrate that ABCs can
be generated with cognate T cell help, which is substantiated by
the lack of ABCs in old CDI54 '~ mice. These findings also
significantly connect T-bet expression with these extensively di-
vided cells, a feature that is well established in ABC genesis (12,
13). In addition, our results indicate that homeostatic expansion is

unlikely to be the major source of ABCs. The transfer experiments
involved replete hosts, with minimal space for donor cells to fill by
division, and the relatively few transferred cells from MHC class
II- and CD40-deficient donors that divided did not express T-bet.
Overall, our data support the hypothesis that most ABCs are the
cumulative result of enduring environmental Ag stimulation through
T-dependent mechanisms. However, the results do not exclude a
TLR-mediated origin for some ABCs that may respond to viral or
autoimmune stimuli (27).

Second, analyses of V gene segment use and somatic hyper-
mutation indicate encounters with multiple Ags. The breadth of
V-gene usage speaks against a monolithic origin in terms of Ag or
epitope recognition and demonstrates that ABCs represent a cross-
section of responses to a broad array of Ags. Numerous early
reports suggested that the total B cell repertoire was restricted in old
mice (5, 28-31). However, our extensive analysis of 85 Vy gene
segments and 69 Vk gene segments revealed a rich spectrum of
V-gene usage by FO, MZ, and ABCs from old mice, indicating
that global sequencing generates a more comprehensive view of
the repertoire than do limited studies of Ag-specific cells. Only a
handful of genes were over- or underused by ABCs; overall, there
was no significant difference when ABCs were compared with FO
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FIGURE 5. B cells infected with influenza HA express T-bet and
CDllc. Mice were infected intranasally with PR8, and spleens were har-
vested 100 d postinfection. (A) Representative profile of HA-PE-binding B
cells (CD19%) in an uninfected spleen. Number shows the percentage of
cells in highlighted box. (B) Weight loss and recovery postinfection. Error
bars signify SD from eight mice. (C) Gating profile for HA-binding B cells
in spleens at day 100 (upper panel). Number in box reflects the percentage
of cells. A portion of HA-binding B cells express T-bet and CD11c (lower
panel). (D) Number of B cells that bind HA. Total T-bet CD11c¢™ and
T-bet'CD11c* cells (black circles) compared with only T-bet*CD11c*
cells (red circles). Data are from seven uninfected and eight d-100 infected
mice collected in three independent experiments. *p < 0.01, uninfected
versus infected groups, unpaired equal-variance Student ¢ test.

or MZ repertoires. Such results would be expected if multiple
heterogeneous Ags generated the diverse repertoire. Possible
candidates are self-antigens or Ags of the microbiota environment.
With regard to self-antigens, a previous report found that mice
stimulated chronically with TLR7 agonists developed ABCs
expressing high titers of anti-Smith autoimmune Abs (10). How-
ever, the few genes that were overused in ABCs in this study did
not possess positively charged CDR3 regions in their rearranged
sequences, which are common in self-reactive Abs (32). It appears
that healthy old mice without deliberate immunization develop a
heterogeneous repertoire, without propensity for autoimmune
Abs. Although the repertoires of ABCs, FO cells, and MZ cells
were similar, the results of the mutation analyses were strikingly
different. ABCs showed clear evidence of mutation in the Vg and
Vkexons compared with FO and MZ B cells. Although FO B cells
had the lowest mutation frequency, consistent with their pre-
immune status, the frequency was 2-fold higher in MZ cells,
which have likely encountered microbial Ags during circulation,
and 4-fold higher in ABCs. In ABCs, mutations did not accu-
mulate in CDRs, consistent with the lack of selection of certain V
genes in the repertoire analysis. Furthermore, there was a signif-
icant increase in mutation frequency in ABCs in the noncoding
Jy4 intron, which is a broad substrate for hypermutation in the
absence of selection (33). However, it remains uncertain whether
all ABCs are the products of germinal center reactions. For ex-
ample, most ABCs have IgM receptors and continue to express the
surface receptor TACI (9), both of which are inconsistent with the
germinal center B cell phenotypes (34). Moreover, the mutation
frequency in ABCs was lower compared with germinal center
B cells from immunized mice (24). There is precedent for mutated
IgM-bearing cells occurring in the absence of germinal centers
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(35, 36). Alternatively, ABCs may represent early germinal center
emigrants that exit before concerted selection (37, 38).

Third, microarray analyses of gene expression show that ABCs
from old mice are unique in relation to FO cells from young and old
mice. Transcription analysis was also performed by Rubtsov et al.
(10) to compare old ABCs with old FO, old B1, and young Bl
cells. However, the two analyses profile different sets of genes
because the cells were isolated under different conditions. The
ABCs in the study from Rubtsov et al. (10) were sorted for CD11b*
expression, and the ABCs analyzed in this study were sorted as
CD21° CD23 . Nonetheless, both analyses show that T-bet and
CDlIc are greatly increased in old ABCs relative to old FO cells.
We found that this signature was also present in some long-lived
B cells following influenza infection 100 d later, confirming our
previous report (39). By analogy, ABCs are Ag experienced, be-
cause they have increased somatic hypermutation, and they require
T cell interactions for their generation. The cells presumably arise
from chronic stimulation by endogenous Ags, but it is important to
note that ABCs are resting cells that persist over time. Whether they
can undergo recall responses when they encounter cognate Ags re-
mains to be determined.
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FIGURE S1. ABCs display a distinct gene expression profile.
(A) Heat map showing relative expression levels of transcripts that are at least 5-fold higher (red)

in old ABCs compared to old FO B cells or young FO cells (blue). Gene names are provided in Table S1.
(B) Principal component analysis of all genes expressed in young FO, old FO, and old ABC, sorted
from 5 young and 5 old mice. The first, second, and third components account for 42.4% of the variance

in the data matrix.



Table S1. List of transcripts 2 5-fold higher in old ABC compared to old FO (shown in Fig. S1A)

Gene symbol Gene name
Rgs1 regulator of G-protein signaling 1
Ccl19 chemokine (C-C motif) ligand 19
Ctla4 cytotoxic T-lymphocyte-associated protein 4
1110 interleukin 10
Fam46c¢c family with sequence similarity 46, member C
1d2 inhibitor of DNA binding 2
S1pr3 sphingosine-1-phosphate receptor 3
Sh2d1b1 SH2 domain containing 1B1
Abcb1b ATP-binding cassette, sub-family B (MDR/TAP), member 1B
Ramp3 receptor (calcitonin) activity modifying protein 3
Nrp2 neuropilin 2
Parm1 prostate androgen-regulated mucin-like protein 1
Haver1 hepatitis A virus cellular receptor 1
Anxa2 Mouse annexin
Rbm47 RNA binding motif protein 47
Chn2 chimerin 2
Nt5e 5' nucleotidase, ecto
12rb interleukin 2 receptor, beta chain
Art3 ADP-ribosyltransferase 3
4930506 M07Rik shootin 1
ltgax integrin alpha X (CD11c)
Cxcl10 chemokine (C-X-C motif) ligand 10
Ptpn22 protein tyrosine phosphatase, non-receptor type 22 (lymphoid)
Cd300If CD300 molecule like family member F
Gmb5486 M. musculus predicted gene 5486
Sirpa signal-regulatory protein alpha
Zbtb32 zinc finger and BTB domain containing 32
Cd80 CD80 antigen
Gm1965 M. musculus predicted gene 1965
Cd80 CD80 antigen (RIKEN library)
Gpr55 G protein-coupled receptor 55
Cdk14 cyclin-dependent kinase 14
Lcp2 lymphocyte cytosolic protein 2
Emr1 adhesion G protein-coupled receptor E1 (Adgre1)
ltgb1 integrin beta 1 (fibronectin receptor beta)
Zeb2 zinc finger E-box binding homeobox 2
Bmpria bone morphogenetic protein receptor, type 1A
Fgl2 fibrinogen-like protein 2
Lilrb4 leukocyte immunoglobulin-like receptor, subfamily B, member 4A
Zbtb20 zinc finger and BTB domain containing 20
Rcn3 reticulocalbin 3, EF-hand calcium binding domain
Fah fumarylacetoacetate hydrolase
Zbtb20 zinc finger and BTB domain containing 20
Fcerlg Fc receptor, IgE, high affinity |, gamma polypeptide
ltm2c integral membrane protein 2C
Ptpn14 protein tyrosine phosphatase, non-receptor type 14
Grk5 G protein-coupled receptor kinase 5
Zc3h12c zinc finger CCCH type containing 12C
Gp49a leukocyte immunoglobulin-like receptor, subfamily B, member 4B
Bhlhe41 basic helix-loop-helix family, member e41
Apoe apolipoprotein E
ltgam integrin alpha M
Ahnak AHNAK nucleoprotein (desmoyokin)
Cd3g CD3 antigen, gamma polypeptide
Lgals1 lectin, galactose binding, soluble 1
AK081116 Hypothetical Gag gene protein p24
Apoc2 apolipoprotein C-Il
Plscr1 phospholipid scramblase 1
nuclear body protein SP140-like
LOC100041877
Naip5 NLR family, apoptosis inhibitory protein 5
Fcrl5 Fc receptor-like 5
Trabd2b TraB domain containing 2B
Naip6 NLR family, apoptosis inhibitory protein 6
Atxn1 ataxin 1
Gm7609 predicted pseudogene 7609 (Gm7609)
Ackr2 atypical chemokine receptor 2
Tbx21 T-box 21 (T-bet)
Fas Fas (TNF receptor superfamily member 6)
Mpeg1 macrophage expressed gene 1
G530011006Rik RIKEN cDNA G530011006 gene

Gene names are from the NCBI Nucleotide or Ensembl databases. Transcripts are listed in order from top to bottom of Fig. S1A. Duplicates either map
to different clones of the same gene (CD80, Zbtb20) or are repeats of the same RefSeq (Gm1965, Gm7609, Plscr1, Zc3h12c). This dataset is available
through the NCBI GEO repository (dataset GSE81650).



	/content/jimmunol/supplemental/jimmunol.1601106/DCSupplemental/Supplemental_PDF1/JI_1601106_Supplemental_Material_1.pdf
	Figure S1
	Table S1


