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CD4" T Cells and CD40 Participate in Selection and
Homeostasis of Peripheral B Cells

Marc A. Schwartz,* Nikita S. Kolhatkar,* Chris Thouvenel,” Socheath Khim,* and

David J. Rawlings® "

Control of peripheral B cell development and homeostasis depends critically on coordinate signals received through the BAFFRs and
BCRs. The extent to which other signals contribute to this process, however, remains undefined. We present data indicating that CD4*
T cells directly influence naive B cell development via CD40 signaling. Loss of CD4" T cells or CD40-CD40L interaction leads to
reduced B cell homeostatic proliferation and hindered B cell reconstitution posttransplantation. Furthermore, we demonstrate that
in the absence of CD40 signals, these events are modulated by BCR self-reactivity. Strikingly, murine models lacking CD40 reveal
a broadly altered BCR specificity and limited diversity by both single-cell cloning and high-throughput sequencing techniques.
Collectively, our results imply that any setting of T cell lymphopenia or reduced CD40 function, including B cell recovery following

transplantation, will impact the naive B cell repertoire.

ormation of a functional, diverse AgR repertoire is the

primary goal of lymphocyte development (1). Following

successful BCR surface expression, immature B cells with
sufficient affinity for self-Ag are censored for autoreactivity via
receptor editing or clonal deletion. After bone marrow (BM) ex-
port, developing B cells progress through transitional stages in the
spleen to enter mature subsets including marginal zone (MZ)
B cells located within the splenic marginal sinus and follicular
mature (FM) B cells that recirculate through B cell follicles in sec-
ondary lymphoid tissues (2, 3). Most developing B cells do not
survive the competition for entry into mature subsets (1, 4, 5).
Negative selection by clonal deletion continues in the periphery as
transitional cells that receive a sufficient BCR stimulus undergo
apoptosis (2, 3, 6, 7). In addition, accumulating evidence indicates
transitional B cells are positively selected following BCR engage-
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ment with self-ligand (8-15). Importantly, the signals that facilitate
BCR-mediated selection of transitional cells and the Ags responsible
for shaping the endogenous B cell repertoire remain unclear.

In addition to the BCR, transitional B cell development is
promoted by the cytokine BAFF, produced predominantly by
myeloid cells (16) and signaling via the BAFFR and transmem-
brane activator and CAML interactor (TACI) (17). BAFFR en-
gagement results in activation of the alternative NF-kB pathway
leading to prosurvival signaling via Mcll, Bcl-xL, and Al (16,
18). BCR signals act in concert with BAFFR stimulation to pro-
mote peripheral B cell survival via complex cooperative effects
that include BCR-generated classical NF-«B (18) and PI3K (19)
activation; maintenance of pl00 substrate levels, required for
BAFFR-driven alternative NF-kB activation (20); modulation of
BAFFR expression (21); and BCR complex scaffolding of BAFFR-
mediated Syk activation (22).

Notably, previous work also has implicated T cells in modulating
transitional B cell development. In vitro data demonstrate early
transitional B cells undergo apoptosis following BCR engage-
ment but proliferate with CD40 costimulation (6), and CD40L
is expressed at low levels on naive splenic CD4 T cells providing
a source for CD40L-mediated activation of transitional B cells
(23). Mice with defects in both Bruton’s tyrosine kinase (Btk,
a key BCR signaling protein) and CD40 have a profound reduc-
tion in peripheral B cell numbers compared with mice with either
defect alone (24, 25), implying CD40 promotes survival in the
absence of sufficient BCR signals. Additional studies have dem-
onstrated altered Vy gene usage in athymic mice (26), reduced
transitional cell maturation in athymic rats (27), impaired B cell
development in Btk mutant nude mice (28-30), inability to me-
diate chronic graft versus host disease when B cells develop in the
absence of CD4 T cells (31), increased autoreactivity of mature
B cells from CD40L-deficient patients (32), and impaired B cell
maturation in humanized mice lacking T cells (33).

In this study, we further explore how CD4 T cells, through CD40
signaling, contribute to transitional B cell development, function,
and repertoire in both lymphopenic and physiologic settings. We
demonstrate that T cells and CD40 substantially promote B cell
proliferation in response to lymphopenia. Furthermore, we show
that CD40 provides a selective advantage during transitional and,
most notably, MZ B cell development. In addition, we provide
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a comprehensive analysis of the impact of CD40 signals on the
mature B cell repertoire using transgenic (Tg) BCR models, single-
cell BCR cloning, and high-throughput BCR sequencing. These data
demonstrate perturbations in BCR specificity—based selection in the
absence of CD40. Collectively, our findings indicate that T cells
and CD40 expression significantly impact transitional B cell de-
velopment and selection, suggesting that alterations in these events
may modulate subsequent B cell responses to infection and/or
autoimmunity.

Materials and Methods
Mice

Ly.5.1* and Ly5.2* C57BL/6, uMT, Rag knockout (KO), CD40 ",
CD40L™"~, MyD88 ', TRIF /", xid, tec/Btk DKO, MD4-Tg, M167-Tg,
and Vk8-Tg mice were bred and maintained in the specific pathogen-free
animal facility of Seattle Children’s Research Institute and handled
according to Institutional Animal Care and Use Committee—approved
protocols. M167 H chain Tg mice (M167H Tg mice, line U243-4) were
provided by J. Kenny and A. Lustig (National Institute on Aging,
Bethesda, MD) and established as a M167H Tg/Tg homozygous breeding
colony in the animal facility of the Albert Einstein College of Medicine
(New York, NY) by S. Porcelli.

Reagents and Abs

Anti-murine Abs used in this study include Ly5.1 (A20), Ly5.2 (RA3-6B2),
AA4.1 and CD62L (MEL-14; eBioscience); CD24 (M1/69), CD21 (7G6),
B220 (RA3-6B2), IgD (11-26C.2A), and CD4 (RM4-5) from BD Bio-
sciences; BAFFR (204406) and TACI (R&D Systems); BP1 (FG35.4), CD25
(PC61), CD62L (MEC-14), CD11c (N418), Gr-1 (RB6-8C5), and CD23
(B3B4) from Caltag Laboratories; IgM (1B4B1), k (187.1), A (JC5-1),
goat anti mouse IgG-, IgG2b-, IgG2c-, 1gG3-HRP conjugated, and SA-
HRP conjugated from Southern Biotechnology Associates; CD19 (ID3),
NK.1 (PK136), IgM®* (DS-1), and CD8a (53-6.7) from BioLegend; and
CyS5 anti-rabbit polyclonal IgG from Jackson ImmunoResearch Labora-
tories; and Alexa Fluor 647 anti-M167 (28-6-20) Rat IgG2a from by
S. Porcelli.

Flow cytometry and cell sorting

As previously described (12), single-cell suspensions from BM, peripheral
blood, and spleen were incubated with fluorescently labeled Abs, and data
were collected on a FACSCalibur or LSR II (BD Biosciences) and ana-
lyzed using FlowJo software (Tree Star). Cell sorting was done using an
Aria II; sort purities were >90% in all studies. B cell subsets were gated as
in Ref. 12 using B220, CD21, and CD24 and shown in Fig. 1D. CD1d and
CD23 were used to further divide MZ (CD1d"CD23'") and MZ pre-
cursors (CD1d™CD23M).

Adoptive cell transfer

CD43-depleted B cells were incubated with 0.05 wuM CESE, and 10 X 10°
cells were transferred by tail vein injection into recipient mice.

T cell depletion

Mice were treated with i.p. injection of 250 pg anti-CD4 (GK1.5) or isotype
control (rat IgG2b) Ab (University of California San Francisco Ab Core).
Recipient mice were initially treated with anti-CD4 or isotype control Ab
at 1 d prior to transplant (2 mo of age) and then treated weekly for 8 wk as
described previously (34). CD4 depletion was confirmed via FACS anal-
ysis (Supplemental Fig. 1B).

BM transplantation

BM was harvested from wild-type (WT), CD40 /", M167-Tg, or CD40 '~ X
M167-Tg mice. BM from CD40 '~ and WT mice was mixed at either
a 65:35 or 90:10 ratio, and 5 X 10° total BM cells in PBS were injected i.v.
into lethally irradiated (1050 cGy) wMT recipients. Purity of transferred
cells was confirmed by flow cytometry as demonstrated in Supplemental
Fig. 1C. BM from M167-Tg and CD40 ™'~ X M167-Tg were mixed at
a 50:50 ratio.

Real-time PCR

RNA was isolated from sorted cells using the RNeasy Micro kit (Qiagen)
and converted into cDNA by reverse transcription (Superscript II; Invi-
trogen). Real-time PCR was performed using iCycler real-time PCR de-
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tection system with IQ SYBR Green Supermix (Bio-Rad). Ratios were
calculated using mouse [3,-microglobulin as a control. Primers used were
as follows: B,-MicroglobulinFP, 5'-CTTCAGTCGTCAGCATGGCTGG-
3’, and RP, 5'-GCAGTTCAGTATGTTCGGCTTCCC-3'; BAFFR FP, 5'-
CTGAGGCTGCAGAGCTGTC-3’, and RP, 5'-GGTGAGAAACTGCGT-
GTCCT-3"; TACI FP, 5'-ACCCCCAGTGTGCAGTAGAG-3’, and RP, 5'-
GGAGGTGGAAGTCAGGTCAG-3'; Al FP, 5'-CCTGGCTGAGCACT-
ACCTTCA-3', and RP, 5'-CTGCATGCTTGGCTTGGA-3'; and Bcl-XL FP,
5'-CTGGGACACTTTTGTGGATCTCT-3', and RP, 5'-GAAGCGCTCCT-
GGCCTTT-3'. To determine the replication history of B cells, genomic
DNA was isolated from sorted populations and the ratio between the k-de-
leting rearrangement (IRS1 to RS) and excision circles (k recombination
excision circle [KREC]) was determined by TagMan-based (Applied Bio-
systems) real-time PCR (35).

In vitro cell activation studies

In vitro activation studies were performed as described previously (12, 36).
Stimulating treatments included agonistic anti-CD40 Ab (10 uM) and anti-
IgM (10 pM).

Single-cell BCR cloning

cDNA was obtained using Thermo Maxima First-Strand cDNA Kit, sup-
plemented with 0.5% Igepal CA-630 (v/v) (Sigma-Aldrich) to a final
volume of 12 wl/well. Igh, Igk, or Igl gene transcripts were amplified in-
dependently from cDNA with nested PCR or seminested PCR (Igl) using
DreamTaq (Thermo), 2.5 ul cDNA as template, and 400 nM primers as
published for Igh (37) or Igk and Igl (38) to a final volume of 25 wl/well.
First-round PCR was performed at 94°C for 5 min, followed by 15 cycles
of 94°C for 30s, 47°C (Igk) or 51°C (Igh) or 53°C (Igl) for 30 s, 72°C for
55 s, followed by 30 cycles of 94°C for 30 s, 50°C (Igk) or 56°C (Igh) or
58°C (Igl) for 30 s, 72°C for 55 s, and a final incubation of 72°C for 8 min.
Round 2 PCR and sequencing, gene analysis, and Ig gene-specific PCR
was performed under settings described previously (38). PCR products
were cloned into expression vectors with human /GGI, IGK, or IGL
constant regions (21). HEK293T cells in 100-mm plates at 70-80% con-
fluency were transiently transfected with 4 pg of each H and L chain
plasmid and 32 pg polyethyleneimine in an 888 wl solution of 10 mM
HEPES (Fisher) and 150 mM NaCl (pH 7.05) (EMD). Cells were cultured
with serum-free medium, and supernatant was extracted for Ab purifica-
tion. Abs were purified using 400 ul Pierce protein A—agarose beads
(Thermo) in 5 ml polypropylene gravity columns (Thermo). Purified Abs
were quantified four times and averaged using the Nanodrop2000 Spec-
trophotometer (Thermo).

ELISA and anti-nuclear Ab screen

Abs were tested for anti-nuclear Ab (ANA) reactivity (Bio-Rad), according to
the manufacturer’s protocol, at 100 pg/ml and serially diluted 1:2, 1:4, and
1:10. Reactivity with insulin, LPS, phosphorylcholine (PC)-12, and dsDNA
(Sigma-Aldrich) at 100 pg/ml was tested by ELISA with Abs at 10 pg/ml
and serially diluted 1:5, 1:25, and 1:125. For ELISAs, 96-well Immuno
plates (Nunc) were precoated (1 mg/ml) overnight at 4°C with dsDNA,
insulin, LPS, MDA-BSA, or MDA-LDL (20P-MD L-105; Academy Bio-
Medical). After blocking with 0.5% BSA/PBS, recombinant human Abs
were added, and plates were incubated with mouse anti-human IgG-HRP
(Southern Biotechnology Associates) (1:2000 dilution). ANA screens were
performed using BD EIA kit, according to the manufacturer’s instructions.
Serum BAFF levels were measured using BAFF/BlySS Quantikine ELISA
kit (R&D Systems). Pooled Abs (60 Abs/subset at total concentrations of
100 ng/pl, 1 pg/pl, and 10 ug/pl) were sent to the University of Texas
Southwestern Microarray Core Facility for analysis on autoantigen arrays.

HEp-2 immunofluorescence assay tests

BD immunofluorescence assay (IFA) slides were used, according to the
manufacturer’s instructions. Slides were incubated with Abs for 30 min.
Next, slides were incubated with FITC-conjugated anti-human IgG for
30 min. Coverslips were then added with mounting media, and images
were acquired using a Leica DM6000B microscope, Leica DFL300 FX
camera, and Leica Application Suite Advanced Fluorescence software.

High-throughput BCR sequencing

Total RNA was obtained from purified B cells using RNeasy reagents
(Qiagen). H chain cDNAs from each sample were synthesized using a
5'-RACE kit (Ambion), according to the manufacturer’s protocol. For
reverse transcriptase and PCR, Transcriptor High Fidelity (Roche) and
Phusion Hot Start (New England Biolabs) was used, respectively. A triple-
nested primer strategy was used to amplify H chain IgM and IgD genes.
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Outer IgM and IgD C region—specific primers were used for the reverse-
transcription reaction, middle C region IgM and IgD primers were used for
the first round of PCR, and innermost constant-region IgM and IgD pri-
mers (adjacent to the J segment of the V region) were used for the second
PCR round. 454 adapters were included in the primers during second-
round PCR, and a bar-code strategy was used to run multiple samples
simultaneously. Sequencing was done at Mycroarray on a GS Junior. Bar-
coded sequence data were separated using Geneious software, and IMGT/
HighVQuest was used for alignment to germline IgH VDJ regions. IgAT
software was used to generate descriptive statistics and calculate CDR3
characteristics (39). Software provided by Ramit Mehr’s laboratory was
used for clonal analysis and combination of clones from various samples.
Species prediction and diversity estimation (SPADE) software was used for
calculation of diversity indices (40).

Statistical evaluation

The p values were calculated using the two-tailed Student ¢ test, ANOVA,
or Fisher’s exact test, where appropriate.

Results
CD4™* T cells contribute to B cell homeostatic proliferation
through CD40

The role of T cells and CD40 was first assessed in lymphopenia-
induced B cell homeostatic proliferation (HP) as transitional B cells
are preferentially expanded in this setting (Fig. 1A) (12). Com-
pared with B cells transferred alone into RAG KO mice, cotransfer
of CD4™ T cells increased B cell HP (Fig. 1D); an effect abrogated
when T cells lacked CD40L. Interestingly, transfer of both B and
CD40L ™" T cells results in a slight increase in B cell prolifera-
tion; this is likely because of additional signals provided by donor
T cells also undergoing homeostatic proliferation. As T cells un-
dergo HP in RAG KO mice, we evaluated B cell HP using uMT-
recipient mice. In this system, depletion of CD4* T cells, transfer
of CD40-deficient B cells, or transfer of C57/BL6 WT B cells into
CD40L-deficient pMT recipients each resulted in a ~50% re-
duction in proliferation (Fig. 1B, 1C). In contrast, depletion of
CD8* T cells, inhibition of IL-4 (Fig. 1C), and deficiency of
MyD88 or TRIF (data not shown) had no effect on B cell HP.
Following transfer to lymphopenic recipients, recovered B cells
exhibit a CD21"MCD24" phenotype, similar to MZ cells in un-
manipulated animals. Loss of CD4" T cells or the CD40 pathway
resulted in a portion of recovered cells with lower CD21 and
CD24 levels (Fig. 1E), which could reflect impaired proliferation
of a subset of B cells or could simply be a consequence of de-
creased proliferation of all transferred cells. These data demon-
strate a major role for CD4" T cells, through CD40 signaling, in
replenishing B cell numbers during lymphopenia.

The contribution of Ag-mediated BCR signals to B cell HP was
addressed using M167-Tg mice in which a fraction of B cells
contain a self-reactive PC-specific BCR recognizable by an Id-
specific Ab (41). Compared with 1d™ cells, Id™ B cells exhibited
increased HP (Fig. 1F). Although HP levels were reduced in Id ™
cells with CD4 depletion, HP of 1d* cells was unaffected by the
presence of CD4™ T cells (Fig. 1F). Collectively, these data point
to independent roles for CD40- and BCR-induced signals during
B cell HP.

Given the effect of CD40 on B cell HP, we evaluated whether
CD40 plays a role in nonlymphopenic B cell development. As
expected from prior observations, no difference was observed when
quantifying peripheral B cell subsets in CD40 KO versus WT mice
(data not shown). Cumulative division of FM and MZ B cells,
assessed using the KREC assay, revealed no difference among WT,
CD40 KO, and CD40L KO mice (Fig. 1G). Surface marker ex-
pression was largely comparable in WT and CD40-deficient
B cells, although the MZ-precursor subset had lower MHC class
1II (data not shown). On the basis of the observations in CD40L-

CD40 FACILITATES TRANSITIONAL B CELL SELECTION

deficient patients (32), we measured serum BAFF levels and ob-
served increased levels in both CD40L- and CD40-deficient mice
(Fig. 1H). Taken together, these data suggest that CD40 deficiency
results in a compensatory increase in circulating BAFF levels to
maintain peripheral B cell numbers.

CDA40 promotes peripheral B cell homeostasis in mixed BM
chimeras

To assess development of WT versus CD40 '~ B cells within an
identical microenvironment, we generated mixed BM chimeras
from congenically marked WT and CD40'~ BM (Fig. 2A).
Generation of chimeras wherein the early transitional stage was
composed of equal quantities of WT and CD40 '~ B cells was
accomplished at a 65:35 CD40~’~:WT BM ratio. Analysis at 3 mo
posttransplant revealed a progressive selective advantage for
CD40-expressing cells beginning at the late transitional stage and
most evident within the MZ subset (Fig. 2B). Depletion of CD4*
T cells eliminated enrichment of WT cells in transitional and MZ-
precursor subsets but only partially reduced enrichment within the
MZ subset. A more stringent 90:10 CD40 '~:WT BM ratio was
used to further test competitive selection of WT B cells. In this
setting, enrichment for WT cells in transitional stages was not
observed indicating unperturbed BM B cell development, but the
competitive advantage of CD40 expression remained in the MZ
subset and was again reduced by CD4-T cell depletion (Fig. 2C).
These data demonstrate that CD40 signals promote transitional
B cell development and MZ subset homeostasis.

To evaluate how CD40 signals might mediate selection, surface
levels of BAFF family receptors were analyzed as upregulation
of these receptors coincides with developmental progression of
transitional cells (42). BAFFR and TACI levels were increased in
WT transitional cells derived from mixed BM chimeras, and this
difference was abolished by CD4 depletion (Fig. 2D). Consistent
with these data, in vitro stimulation of B cells with CD40 in-
creased surface levels of BAFFR and TACI (Fig. 2E, 2F).
Survival-associated genes A/ and BclxL were increased in WT
versus CDA40-deficient early transitional cells (Fig. 2G). Thus,
CD40 signals received through interaction with CD4* T cells
promote upregulation of BAFF family receptors in transitional
B cells suggesting that CD40 mediates its selective effect, at least
in part, via increased BAFF signaling.

Because previous data indicate a subset of transitional cells is
cycling in naive mice (3, 12), we asked whether CD40 promotes
this process. Using DAPI and PyroninY to identify cells in S and
G2 phases, the fraction of cycling cells was significantly enriched
for WT cells versus CD40 KO cells in mixed chimeras (Fig. 2H). In
contrast, KREC values did not differ between WT and CD40™"~
FM and MZ subsets (Fig. 2I).

These data demonstrate that transitional B cells can receive
CD4* T cell help through CD40, and this signal promotes the B
cell developmental program by increasing expression of BAFFRs
and survival genes, leading to a competitive advantage in entering
mature B cell subsets, most notably the MZ compartment.

CDA40 regulates B cell development when BCR signaling is
impaired

Coordinate loss of CD40 and the BCR signaling effector, Btk,
manifests as severe deficiency in naive B cell development (24, 25).
To determine whether the impact of CDA40 in this setting requires
CD4 T cells, we depleted CD4 T cells from mice expressing
mutant, nonfunctional Btk (xid) or lacking both Btk and the re-
lated kinase, Tec. In each strain, T cell depletion induced a block
in transitional B cell development leading to near complete ab-
sence of FM and MZ subsets (Fig. 3A-D), whereas T cell de-
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pletion in WT mice had no effect (data not shown). As a separate
model of reduced Ag-mediated BCR signaling, we generated
CD40-deficient hen egg lysozyme (HEL)-specific MD4-Tg mice.
This approach allowed us to determine whether CD40 affects
development of a B cell population unable to recognize self-Ag.
Although subset distribution did not change, absolute peripheral
B cell numbers markedly decreased in CD40-deficient MD4 mice
(Fig. 3E). Thus, in the absence of a sufficient signal through the

BCR, transitional B cells are reliant on CD40—-CD40L interactions
to enter the mature B cell compartment.

Increased self-Ag—mediated positive selection of MZ B cells in
the absence of CD40

Next, we tested whether CD40 deficiency alters positive selection
of B cells expressing a self-reactive BCR. Using the M167-Tg
model, we looked for selective enrichment of late-transitional,
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FIGURE 2. CD40 signaling promotes B cell development in mixed BM chimeras. (A) WT/CD40 KO-mixed BM chimeras created by transfer of
congenically marked BM to uMT recipients. (B) The percentage of ly5.1" (WT) and ly5.2" (CD40 KO) cells in each B cell subset at 3 mo posttransplant
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PC-specific Id™ B cells in the MZ pool in the absence of CD40
(12). In M167-Tg mice lacking CD40, the percentage and absolute
number of FM cells were reduced, and the percentage of MZ cells
was increased (Fig. 4A, 4B). Furthermore, PC-specific MZ B cells
were significantly increased in CD40 KO X M167-Tg mice
(Fig. 4C, 4D). To account for the possible influence of altered
BAFF levels, we created chimeras using BM from M167-Tg mice
with and without CD40. Consistent with previous chimera data,
CD40 expression provided a competitive advantage to developing
B cells, with considerably greater selection pressure than that
observed in non-M167-Tg chimeras (Fig. 4E). In these chimeras,
both T2 and MZ CD40-deficient subsets contained significantly
more Id* cells compared with CD40-expressing subsets (Fig. 4F).
This supports the idea that in the absence of CD40, population of
the naive B cell compartment increasingly depends on Ag-
mediated positive selection of transitional cells.

We also assessed selection in M167-Tg WT versus CD40-
deficient chimeras based on proliferation history using the KREC

assay in MZ cells sorted by both CD40 expression and Id positivity.
Although we did not detect differences based on CD40 expression
alone, CD40 ' "1d* cells had significantly higher KREC values
than CD40 /"Id~ cells (Supplemental Fig. 1D). Consistent with
earlier data, CD40-expressing transitional cells had high levels of
surface BAFFR and TACI expression (Supplemental Fig. 1E, 1F).
However, Id* transitional cells had a divergent phenotype with
lower BAFFR and higher TACI levels compared with Id~ cells
(Supplemental Fig. 1E, 1F). These data demonstrate a key role for
CD40 signals in promoting BAFFR expression in transitional cells
and suggest an independent role for Ag-mediated BCR signals in
this process.

Altered specificity profile of mature B cells in CD40™"" mice

On the basis of the findings from Tg models, we expanded our
analysis to the setting of an unrestricted BCR repertoire. Using
established methods (43), BCRs were cloned from single FM and
MZ B cells sorted from WT and CD40 '~ mice. Of 840 sorted

from untreated and CD4-depleted 65:35 CD40 KO:WT mixed BM chimeras; n = 8 mice. Error bars show SEM. Data representative of at least three

experiments. *p < 0.05, **p < 0.005, ***p < 0.0005.
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B cells, 303 rAbs were produced. Following purification, Ab
specificity was first evaluated by ANA IFAs, to assess nuclear
versus cytoplasmic staining patterns (Supplemental Fig. 3A).
Positive ANA staining was detected in 19% of WT versus 21% of
CD40~'~ FM; and 25% of WT versus 17% of CD40~'"MZ Abs
(Fig. 5A). Nuclear staining patterns were more frequent in WT
MZ (12.5%) versus FM (5.41%)-derived Abs (Fig. SA). Notably,
CD40 ™'~ -derived Abs from both subsets displayed reduced nu-
clear staining (8.43 and 2.35% for MZ and FM, respectively) with
proportionally greater cytoplasmic reactivity indicating a subtle
alteration in BCR specificity.

Next, we assessed a broad range of potential self-reactive spe-
cificities by analyzing pools of cloned Abs using an autoantigen
microarray (composed of 88 endogenous Ags associated with Ab-
mediated autoimmune diseases). A comparison of normalized, av-
erage signals revealed a similar pattern for WTand CD40 '~ FM Abs
(Fig. 5B). In contrast, the WT MZ Abs exhibited a distinct pattern

and reduced overall signal compared with FM Abs, with far fewer
Ags generating a detectable signal. CD40 '~ MZ Abs exhibited
a profile that appeared intermediate between the WT MZ and FM
pattern and one that also contained additional unique specificities.

BCR sequences for each recombinant Ab were also assessed
according to ANA reactivity using IMGT/VQuest for sequence
alignment and the Ig Analysis Tool (IgAT) (39) for generation of
descriptive statistics. Notable findings included the following:
significantly increased V-D junction N-nucleotide addition (N1
addition) in CD40™'~ Mz ANA-positive relative to WT Abs
(Fig. 5C); and a tendency, although not significant, for CD40~'~
ANA-positive Abs to have shorter CDRH3s (Supplemental Fig.
3C). Thus, individual sequence differences were identified in
ANA-positive CD40 '~ -derived Abs in addition to alterations in
staining IFA pattern and specificity profiles.

To determine whether CD40 deficiency impacts enrichment for
BCR polyreactivity, Ab specificity was evaluated based on ELISA
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show SEM. Data representative of at least two experiments. *p < 0.05, **p < 0.005, ***p < 0.0005.

assays for ANAs and for three structurally distinct Ags (dsDNA,
insulin, and LPS; Supplemental Fig. 2A—-C). Abs were classified as
polyreactive if positive by ANA ELISA and reactive with at least
two additional Ags. 25% of WT FM, 27% of CD40~'~ EM, 35%
of WT MZ, and 27% of CD40~’~ MZ Abs scored as ANA pos-
itive by ELISA (Supplemental Fig. 2A-C) (32, 44). Similar to
previous data in human naive B cells (43), 4% of WT FM Abs

were polyreactive (Supplemental Fig. 3B). In contrast, only 1% of
CD40 '~ FM Abs were polyreactive. Interestingly, WT MZ—de-
rived Abs exhibited reduced polyreactivity relative to the FM
compartment, and CD40 '~ MZ-derived Abs completely lacked
polyreactivity.

Taken together, these data demonstrate a divergent (and not
previously assessed) specificity profile for FM versus MZ B cells in
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WT mice and, most notably, alterations in the polarization of such
BCR specificities in the absence of CD40.

High-throughput sequencing of BCR H chain genes in WT and
CD40™"" mice

To extend the scope of our repertoire analysis, high-throughput se-
quencing of BCR H chain genes was carried out by pyrosequencing
5'-RACE-generated amplicons. This method was selected to reduce
bias induced by using multiple 5’ V-region primers. FM and MZ
subsets were sorted from WT and CD40 '~ mice as well as
WT/CD40 "~ mixed BM chimeras, resulting in 3-5 x10* sequences
per subset, and analysis was restricted to unique clonotypes to avoid
PCR amplification-induced bias (Supplemental Table I). Although
CD40 deficiency did not alter overall VDJ gene usage (Supplemental
Fig. 3D), CD40 '~ subsets displayed small but statistically signifi-
cant decreases in CDRH3 length (Fig. 5D). Although there was no
difference in the number of positive or negative CDRH3 charges
(data not shown), comparison of average Kyte-Doolittle hydropho-
bicity (KD) indices revealed a significant increase in the CD40 ™/~
MZ subset compared with WT MZ (Fig. 5E).

An identical analysis was carried out in subsets sorted from
WT/CD40 '~ mixed BM chimeras. N1 addition was significantly
higher in CD40™~’~ MZ relative to WT MZ sequences (Fig. 5F).
Interestingly, in contrast to the non-chimeric setting, the average
KD index for the MZ subsets was not significantly different (data
not shown); suggesting that mixed BM chimeras may not fully
recapitulate normal MZ specificity—based selection. In addition,
CD40 deficiency did not affect overall VDJ gene usage
(Supplemental Fig. 3D).

Next, we assessed BCR sequence diversity using CD40™'~ mice
crossed to Vk8-Tg (45) mice to obtain a model wherein H chain
variability predominantly determines BCR diversity. Tools devel-
oped in ecology to analyze species abundance distributions were
applied to sequence data organized, based on VDJ combinations.
An empirical cumulative distribution function depicts VDJ abun-
dance in VKk8-Tg and Vk8 X CD40 '~ B cells (Fig. 5G). Rare-
faction analysis demonstrates that the Vk8 X CD40 '~ sample
appears to approach a lower theoretical asymptote reflecting fewer
total VDJ combinations (Fig. 5SH). Finally, the SPADE program
was used to calculate zero, first-, and second-order true diversity
indices for each population (40, 46). Zero-order diversity was
calculated using the Chao-1 estimator (46) and can be interpreted
as the predicted total number of VDJ combinations in the sampled
subsets. Despite no significant differences in overall VDJ gene
selection (data not shown), CD40-deficienct Vk8-Tg mice were
estimated to have ~1000 fewer VDJ combinations (5513 for Vk8-
Tg versus 4293 for Vk8 X CD40 '~ Fig. 5I). These data are
consistent with the idea that CD40 supports the survival and se-
lection of particular B cells that, based on their BCR, would oth-
erwise not enter mature compartments.

Discussion

Peripheral selection of developing B cells is critical for the for-
mation of a mature B cell repertoire capable of protecting from
infection while minimizing autoreactivity risk. BCR- and BAFF-
mediated signals consist of critical regulators of peripheral B
cell survival. Our data demonstrate an additional role for CD40,
through interaction with CD40L-expressing naive CD4™ T cells, in
the survival, developmental progression, and repertoire selection
of transitional B cells.

Because transitional B cells are particularly sensitive to
lymphopenia-induced HP, a functional HP assay was used to
identify novel contributors to peripheral B cell selection. Engage-
ment of CD40 by CD40L on CD4" T cells consist of a major

CD40 FACILITATES TRANSITIONAL B CELL SELECTION

component of lymphopenia-induced B cell HP. Absence of this
signaling axis results in decreased proliferation and stunted phe-
notypic changes associated with HP reflecting impaired prolifera-
tion of either all transferred B cells or a specific subset. This
contradicts previous work that concluded HP is T cell independent
based on higher HP upon transfer of WT B cells into SCID versus
xid-recipient mice (47). However, although xid mice have partial
lymphopenia sufficient to drive B cell HP, total B cell numbers in
this strain are substantially greater than in SCID mice and likely
explain the authors’ findings. Thus, although not absolutely es-
sential for HP, T cells impact the proliferative response to B cell
lymphopenia and may be required for HP of specific subsets. We
also tested whether Btk influences HP through BCR or TLR sig-
naling as both have been proposed previously (47). Lack of effect
on HP using MyD88 /~ and TRIF '~ donor B cells demonstrates
that Btk operates downstream of BCR signaling in this context, and
increased proliferation of PC-specific cells during HP suggests this
can be Ag dependent. These data suggest that either T cell help or
Ag-induced BCR signaling is sufficient to drive B cell HP. Our
observations have important potential clinical implications. Ab-
sence of T cell provision of CD40L may result in a decreased rate
and altered outcome of B cell reconstitution following hemopoietic
stem cell transplant. Consistent with this idea, our unpublished data
measuring B cell reconstitution rates in response to sublethal ir-
radiation demonstrates fewer B cells at multiple time points when
CD4* T cells are depleted (as reported by M. Schwartz and
D. Rawlings). A recent study also determined that B cell matura-
tion in a humanized mouse model was less efficient in the absence
of T cells (33).

Based on these findings, we considered whether CD40 indepen-
dently supports normal peripheral B cell development. Consistent
with prior studies, CD40™’~ mice exhibited no alterations in nu-
merical composition of peripheral B cell compartments. Serum
BAFF levels were elevated in both CD40™'~ and CD40L ™"~ mice,
similar to the increase in serum BAFF in humans lacking CD40L (32),
suggesting increased BAFF compensates for the lack of CDA40.
WT/CD40-mixed BM chimeras were used to directly compare the
competitive fitness of WT versus CD40-deficient B cells. We observed
arobust competitive advantage for CD40-expressing B cells beginning
at the late transitional stage and, most notably, within the MZ subset.
Although our study focused on events in the periphery, prior work
demonstrated a role for CD40 in BM B cell development (48), which
may explain the increased proportion of CD40~"~ donor BM required
to establish chimeras with equal proportions of early transitional cells.
Depletion of CD4* T cells in these chimeras markedly reduced the
competitive advantage of WT transitional B cells. The residual se-
lective advantage for CD40" cells within the MZ subset after CD4
depletion likely reflects residual CD4" T cells and/or CD40L ex-
pression by non-CD4™ T cells, possibly including myeloid cells.

To investigate how CD40 cooperates with other signals required
for transitional development, expression of BAFF family receptors
was evaluated in chimeric mice. A striking increase in BAFFR and
TACI expression was observed in transitional B cells expressing
CD40 versus CD40 '~ cells. Correspondingly, expression of pro-
survival genes was significantly reduced in CD40 '~ versus CD40-
sufficient transitional cells. Notably, this phenotype was observed
only in the mixed chimera setting. This likely reflects a relative
increase in access of WT B cells to limited CD40L, which pro-
motes competitive selection in the presence of CD40 ™'~ transi-
tional cells. Consistent with this idea, the BAFFR phenotype
increased in magnitude as the fraction of CD40~'~ donor BM in-
creased (data not shown). In summary, CD40 signals promote the
transitional B cell developmental program by inducing increased
BAFFR expression, leading to enhanced survival signaling.
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We next explored the idea that BCR and CD40 signals function
independently, yet coordinately, to support peripheral B cell de-
velopment. First, we tested whether reduced BCR signaling
impacts the relative dependence on CD40. Peripheral B cell de-
velopment is severely reduced in CD4-depleted or CD40 ™'~ xid
mice, demonstrating increased dependence on CD40 and T cells
when BCR signaling is impaired. Using distinct BCR-Tg models,
we assessed the role of self-Ag engagement in this process. CD40
deficiency exhibited opposing impact on the fate of HEL-specific
B cells (that lack self-reactivity) versus Id* B cells in M167-Tg
mice (with affinity for the self-Ag PC). Loss of CD40 signals led
to depletion of HEL-specific B cells, whereas PC-specific B cells
were specifically enriched. Decreased total FM B cells also were
found in CD40 '~ X M167-Tg mice, implying that the combined
setting of reduced BCR diversity and CD40 deficiency reduces
FM B cell selection. These combined findings suggest that 1)
a subset of self-Ag—specific B cells are enriched in the absence of
CDA40, and 2) because BCR diversity is limited, CD40 plays an
increasingly important role in B cell development.

To test this model in a physiologic setting with unrestricted B cell
diversity, we used single-cell BCR cloning and specificity testing.
Our combined findings provide the first direct comparative analysis
of the specificity of naive FM and MZ B cell subsets in WT animals.
The increased proportion of IFA-reactive and ANA ELISA-positive
WT MZ versus FM BCRs is consistent with previous work, sug-
gesting MZ cells are enriched for self-Ag specificity (10, 49, 50).
Collectively, our data demonstrate that MZ B cells are enriched
for self-reactivity but that such cells use a more restricted spec-
trum of specificities, implying that a limited set of autoreactive
BCRs favors MZ B cell development. In contrast, B cells that
express a broader range of specificities, including BCRs with
modest polyreactivity, enter the FM subset. Importantly, loss of
CD40-CDA40L interaction significantly altered these events lead-
ing to 1) an alteration in the pattern of IFA reactivity and a de-
crease in polyreactive FM BCRs, 2) a decreased frequency of
autoreactive MZ B cells, and 3) an altered specificity profile of
autoreactive B cells in both FM and MZ subsets. Taken together,
these findings indicate that deficiency in CD40 signaling impacts
the specificity of the naive mature B cell repertoire.

Our findings are partially consistent with results obtained from
CD40L-deficient humans but contain several notable differences
(32). The modest increase in ANA-positive ELISAs in CD40~/~
FMs resembles the increase in ANA reactivity described in mature
naive B cells from CD40L-deficient humans, albeit lower in mag-
nitude. However, in contrast to human data, we found reduced
polyreactivity and nuclear IFA staining in CD40 '~ -derived Abs.
These differences likely reflect the vastly different environmental
exposure encountered by humans compared with mice in specific
pathogen-free conditions. In addition, differences in the murine and
human repertoire may be because of other B cell survival signals,
such as pattern recognition receptor signaling, which may com-
pensate for CD40 deficiency as Myd88-dependent TLR signaling
has previously been shown to drive BAFFR expression via TACI
(51). Furthermore, we did not extend our analysis past a young age
in mice, and it is likely that the effect of CD40 deficiency becomes
greater with increasing age. Analyses using additional candidate
Ags will be required to gain a more complete understanding of how
selection is altered in the CD40-deficient setting.

To expand our analysis of the BCR repertoire to a much larger
number of candidate BCRs, we performed high-throughput se-
quencing of IgH genes. Consistent with altered BCR specificity—
based selection in a CD40-deficient setting, we identified key
differences in CDRH3 length and KD index values in CD40-
deficient BCR sequences consistent with altered BCR specific-
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ity—based selection. In addition, IgH combinatorial diversity in
Vk8-Tg mice was estimated to decrease by 1000 VDJ combina-
tions in the absence of CD40, indicating a restriction of H chain
diversity. Of note, the Vk8-L chain selects for less DNA-reactive
BCR clones (52); thus, our Vk8-Tg sequencing data likely un-
derestimate the effect of CD40 deficiency on selection of auto-
reactive specificities. Collectively, our BCR specificity and high-
throughput sequencing data are consistent with a model wherein
B cells with particular BCR specificities require CD40 to com-
plete development in the periphery; and that altered specificity-
based selection of transitional B cells entering the mature com-
partment in the absence of CD40 results in reduced BCR diversity.

Taken together, our data support the idea that T cells and CD40
play a key role in peripheral B cell development. On the basis
of our findings in lymphopenia models, we predict that B cell
reconstitution is likely to be delayed in the absence of sufficient
naive CD4" T cells providing CD40L signals. Most notably, al-
though B cell development can proceed in the absence of CD40,
this setting does not recapitulate normal selection. Thus, an im-
portant implication of our findings is that CD40-mediated shaping
of the mature BCR repertoire may facilitate efficient humoral
immune responses to neoantigens. Consistent with this idea, many
patients have poor responses to pneumococcal vaccines following
BM transplant, despite having reconstituted normal B cell num-
bers, and T cell targeting to mitigate graft-versus-host disease
further exaggerates this defect (53). In addition, the altered BCR
repertoire generated in the absence of CD40 signals may promote
autoimmunity because hyper-IgM patients lacking CD40L suffer
from various autoimmune symptoms (54). These collective
impacts of the CD40 pathway should be taken into account when
considering treatments that suppress T cells or CD40 signals be-
cause these manipulations are likely to have previously unappre-
ciated effects on the B cell repertoire. Conversely, modulation of
CD40 signaling may also represent a strategy to regulate B cell
diversity that might prove useful in the setting of inefficient vac-
cines, which may elicit stronger responses if the naive BCR rep-
ertoire can be temporarily expanded or skewed to enrich for
desired germline specificities.
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