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Defective Allelic Exclusion by IgD in the Absence of Autoantigen

Valerio Renna,*' Elena Surova,””™' Ahmad Khadour,* Moumita Datta,* Timm Amendt,*
Elias Hobeika,* and Hassan Jumaa¥*

A considerable proportion of peripheral B cells is autoreactive, and it is unclear how the activation of such potentially harmful
cells is regulated. In this study, we show that the different activation thresholds or IgM and IgD BCRs adjust B cell activation to
the diverse requirements during development. We rely on the autoreactive 3-83 model BCR to generate and analyze mice
expressing exclusively autoreactive IgD BCRs on two different backgrounds that determine two stages of autoreactivity,
depending on the presence or absence of the cognate Ag. By comparing these models with IgM-expressing control mice, we found
that, compared with IgM, IgD has a higher activation threshold in vivo, as it requires autoantigen to enable normal B cell
development, including allelic exclusion. Our data indicate that IgM provides the high sensitivity required during early
developmental stages to trigger editing of any autoreactive specificities, including those enabling weak interaction with
autoantigen. In contrast, IgD has the unique ability to neglect weakly interacting autoantigens while retaining reactivity to higher-
affinity Ag. This IgD function enables mature B cells to ignore autoantigens while remaining able to efficiently respond to foreign

threats. The Journal of Immunology, 2022, 208: 293-302.

o achieve the remarkable ability to recognize virtually any

pathogen, an immune system evolved in which each of the

billions of different B cell clones possesses a BCR with
unique specificity; nevertheless, such a broad repertoire comes at a
cost (1). Variable regions of Igs, which determine specificity, are
generated by a random DNA rearrangement process, in which one
V gene segment, one D segment (only in IgH), and one J segment
are randomly chosen and brought into contiguity to form a single
V(D)J exon that will encode for the Ag binding region of the BCR.
The process, called V(D)J recombination, is random and therefore
leads to generation of useful Abs that recognize invading pathogens
as well as harmful, highly autoreactive Abs (2, 3). This issue is tack-
led by an ensemble of mechanisms, which fall under the term of
central tolerance, that ensures unresponsiveness to self-antigens of B
cells leaving the bone marrow by removing clones expressing mem-
brane Igs with high affinity to self. The most relevant mechanism is
receptor editing, in which B cells reactivate their Rag 1 and Rag 2
genes to trigger a new round of VJ recombination in the Ig k or A
L chain (LC) locus, to modify the specificity of the Ig (4). If editing
fails, autoreactive immature B cells undergo clonal deletion medi-
ated by apoptosis (5, 6). According to the classical perspective,
developing B cells that recognize self-antigens weakly may become
functionally unresponsive and exit the bone marrow in an anergic
state, implementing the so-called peripheral tolerance (7, 8).

However, the mechanism of anergy is, to date, unclear (9), and the
classical definition of peripheral tolerance seems too simplistic in
that it fails to explain how a remarkable proportion of autoreactive
clones persist in the periphery of healthy humans (3, 10, 11). Impor-
tantly, recent studies showed that self-reactivity is required for opti-
mal and diversified B cell development (12—14). Also, a certain
level of autoreactivity has been proposed to continue to play a posi-
tive role for the selection of B cells in the periphery (15). How this
is conciliated with self-tolerance is currently a matter of discussion.
Ig gene recombination is governed by sophisticated epigenetic
processes; indeed, differential structure of each locus ultimately con-
trols the recombination machinery (16). In nonlymphoid cells, Ig
loci are repressed by multiple targeted mechanisms that govern
chromatin accessibility, such as histone acetylation and subnuclear
localization (17, 18). In committed developing B cells, specifically
at the pro-B cell stage, programmed stepwise release of Ig loci
repression results in increased accessibility of recombination-specific
loci, such as the recombination signal sequences (17, 19). This is
achieved by hyperacetylation of specific histones (17). By means of
these mechanisms, each B cell clone restricts rearrangement to only
one immune-receptor allele during development. Whenever recom-
bination of an IgH H chain (HC) gene locus on one chromosome is
productive, this leads to generation of a pHC protein that forms a
functional pre-BCR. Signals by the pre-BCR suppress the
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rearrangement of the Ig HC gene locus on the other chromosome,
via a process known as allelic exclusion (20). Suppression of Ragl/
2 gene expressions, key players in V(D)J recombination, implements
allelic exclusion and prevents the expression of BCRs of two differ-
ent specificities on the same clone. Moreover, allele-specific chro-
matin accessibility is believed to preserve allelic exclusion
maintenance. Nevertheless, the second allele maintains the potential
to become available to the recombination machinery, and defective
signaling from the BCR can lead to secondary recombination (21).

During early stages of development, which occur in the bone
marrow, B cells express the pre-BCR, which lacks a conventional
LC and instead contains a preassembled and nonvariable surrogate
LC (22). Subsequent to a productive Ig LC gene rearrangement, B
cells express IgM-type BCR (23). The passage from the immature
to the transitional stage is denoted by the movement from bone
marrow to the periphery and by the acquisition of IgD-type BCRs.
The two BCR isotypes are distinct by their HCs. Whereas IgM dis-
plays a rigid, canonical “Y” structure, IgD is characterized by the
presence of a long hinge region that connects the crystallizable
fragment to the Fab, providing remarkable flexibility and a peculiar
“T” shape (24). Being coexpressed on one B cell clone, IgM and
IgD share the same Ag specificity (25). Also, they seem to activate
the same signaling cascade, and knockout (KO) mouse models for
either IgM or IgD showed only mild phenotypes (26—29). The rea-
son why IgD was conserved throughout evolution is still debated
today (30, 31). However, a growing body of evidence indicates
distinct functional roles for the two isotypes. A transgenic (Tg)
mouse model expressing monoclonal hen egg lysozyme (HEL)—
specific B cell population and soluble HEL constitutively showed
that, under chronic exposure to Ag, follicular B (Fo.B) cells down-
regulate IgM expression but retain IgD on their surface (8). This
regulation was thought to mediate peripheral tolerance by anergy
(i.e., functional inactivation of the autoreactive B cells) (8). Our
recent work provided a molecular explanation for the discrepancy
in signaling between IgM and IgD isotypes by demonstrating that,
in contrast to IgM, IgD responsiveness is restricted to multivalent/
polyvalent Ag, whereas soluble, monovalent Ag interferes with
this responsiveness (9, 32). Indeed, although not responding to Ag
in soluble form, IgD-expressing cells retain full reactivity to cog-
nate polyvalent Ag and anti-BCR stimulation, which suggests a
unique regulation of IgD BCR and argues against functional inacti-
vation of IgD-expressing cells (9, 32, 33). By employing the 3-83
BCR knock-in (KI) system, we show in the current study that the
threshold for activation of autoreactive IgM or IgD BCR differs
in vivo, thereby resulting in different repertoires of B cell specific-
ities and failure of allelic exclusion establishment by IgD.

Materials and Methods
Mice

All mice used in this study were bred and housed either in the animal facility
of Ulm University or in the animal facility of the Max Planck Institute of
Immunobiology and Epigenetics (Freiburg, Germany), in both cases under
specific pathogen—free conditions. All animal experiments were performed
in compliance with the guidelines of the German law and were approved by
the Animal Care and Use Committees of Ulm University and the local gov-
ernment. In this study, we used 3-83 IgM KI mice, which have been
described previously (34), and the 3-83 IgD KI mice that we generated; both
were bred onto the H2-K® or H2-K¢ background.

Cell culture conditions

Phoenix and triple-deficient (TKO) cells were cultured in Iscove's medium
(Biochrom) containing 10% FCS (PAN-Biotech), 10 mM L-glutamine (Life
Technologies), and 100 U/ml penicillin/streptomycin (Life Technologies).
For culture of TKO cells, the medium was supplemented with 50 uM 2-ME
(Life Technologies), and the supernatant of JSS8L mouse plasmacytoma cells

was stably transfected with a murine IL-7 expression vector. TKO cells were
cultured at a density of 2 x 10° to 4 x 10° cells/ml.

Plasmids and retroviral transduction

Ig HCs and LCs were expressed in TKO cells using the bimolecular fluores-
cence complementation vector system as previously described (14). Plasmid
for expression of A5 has been described previously (35). Retroviral transduc-
tion was performed as previously described (35). In brief, for generation of
retroviral particles, the helper-free retrovirus producer cell line Phoenix was
used (36). Twenty-four hours before transfection, Phoenix cells were plated
on a new dish at a density of 2 x 10° cells/ml. Shortly before transfection,
cells were supplemented with fresh medium. For transfection of a single
well of a 6-well plate, 3 pl of GeneJuice Transfection Reagent (Merck Milli-
pore) was added to 100 pl of plain Iscove’s medium; the mix was then vor-
texed and incubated for 5 min at room temperature. One to two micrograms
of the vector of interest were added to the resulting transfection mix, which
was then vortexed again and incubated at room temperature for 15 min. Sub-
sequently, transfection mixture with the DNA of interest was added dropwise
to the well containing the Phoenix cells. Forty-eight hours after transfection,
Phoenix cell supematant was collected, filtered through a 0.22-pm filter, and
directly used for transduction.

Real-time PCR

Quantitative real-time PCR was performed either with a 7500 Fast Real-Time
PCR System (Applied Biosystems) using SYBR Green PCR Master Mix
(Applied Biosystems) or with a StepOnePlus Real-Time PCR thermocycler
(Applied Biosystems) using TagMan probe mixes (Applied Biosystems)
together with TagMan Gene Expression Master Mix (Applied Biosystems).
Cells were purified using a FACS Aria IIu Cell Sorter (BD Biosciences).
RNA was extracted from FACS-sorted cells by using the ReliaPrep RNA
Cell Miniprep System (Promega). Residual genomic DNA was digested using
DNase I (Thermo Fisher Scientific). cDNA synthesis was performed with the
RevertAid Reverse Transcriptase Kit (Thermo Fisher Scientific) as indicated
by the manufacturer. Replicates for each sample were discarded from the
analysis in case of nonexpected melting curves and inconsistency between the
replicates. Amplification curves and ACt values for each target gene relative
to the reference gene (mb-1) for the same sample were exported into Micro-
soft Excel. With this software, ACr data were transformed into 2 to the
power of —ACr, and the resulting values were plotted in Prism. Sequences of
oligonucleotides used for the real-time PCR are as follows: Ragl_qPCR_sl
(5’-GGC TAG GGT CAG CAA GGA-3"), Ragl_gPCR asl (5'-CAC GGG
ATC AGC CAG AAT GTG TTC-3'), Rag2_qPCR_sl (5'-TTT GAG TGA
GGA TTG CAC TGG AGA C-3"), Rag2 qPCR asl (5'-CAG AAC TTC
AGG ATG GGC TGT CTT T-3'), HPRT_gPCR_s (5'-TCC TCC TCA
GAC CGC TTT T-3'), HPRT _gPCR_as (5'-CCT GGT TCA TCA TCG
CTA ATC-3'), 3-83 CDR3_For (5'-TTC GGT AGT AGC TAC TAC TGG-
3"), 3’A inner (5'-GAG GAC CAT TGT ATA ATT GCC ATT TCT CAT-
3"), B-actin_m_RT_F (5'-TCC TGT GGC ATC CAT GAA ACT-3'), and
B-actin_m_RT_R (5'-GAA GCA CTT GCG GTG CAC-3').

Calcium measurement

Intracellular Ca®* mobilization was measured as previously described (32,
37). TKO cells expressing exogenous BCR were stimulated with 2 pM 4-
hydroxytamoxifen (4-OHT; Sigma-Aldrich) for measurement of autonomous
signaling. For ex vivo measurements of murine primary lymphocytes, spleno-
cytes were either sorted with MACS, as described below, to obtain a popula-
tion of pure untouched mature B cells, or total splenocytes were used, and B
cell discrimination was then performed by CD23 staining. Cells were then
used to conduct the Ca™? mobilization experiments following the same proto-
col used for TKO cells. Experiments shown in all figures are representative of
triplicates. Ca®* flux measurements were acquired at a FACS LSRFortessa
flow cytometer (BD Biosciences).

Flow cytometry

Cell suspensions were blocked with anti-CD16/CD32 Fc Block (2,4G2; BD
Biosciences) and stained by standard procedures. For flow cytometric analysis,
cells were stained with the following: CD21/CD35-allophycocyanin (7E9;
BioLegend), IgD-allophycocyanin (11-26C; eBioscience), IgM—allophyco-
cyanin (RMM-1; BioLegend), IgD-allophycocyanin-Cy7 (11-26C.2a; BioLe-
gend), IgM-allophycocyanin-Cy7 (RMM-1; BioLegend), SA-allophycocyanin-
Cy7 (allophycocyanin-Cy7; BioLegend), CD23-biotin (B3B4; BD Bioscien-
ces), CD5-biotin (53-7.3; BD Biosciences), H2-KP-biotin (AF6-88.5; BD
Biosciences), Ig (3-83)-biotin (54.1; a kind gift from R. Pelanda), IgD-biotin
(11-26; SouthernBiotech), IgM-biotin (R6-60.2; BD Biosciences), [gM*—
biotin (DS-1; BD Biosciences), Igk-biotin (polyclonal; SouthernBiotech),
CD45R-BV510 (RA3-6B2; BioLegend), IgG (H+L)-Cy3 (polyclonal; Invi-
trogen), B220-Cy5 (RA3-6P2; SouthernBiotech), CD19—eFluor V450 (1D3;
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eBioscience), CD93-allophycocyanin (AA4.1; BioLegend), IgM—eFluor
V450 (eB121-15F9; eBioscience), B220-FITC (RA3-6P2; SouthernBiotech),
CD43-FITC (S7; BD Biosciences), H2-K°-FITC (AF6-88.5; BD Biosciences),
IgD-FITC (11-26C.2a; BD Biosciences), IgD-FITC (11-26C.2a; BD Bioscien-
ces), IgM-FITC (polyclonal; SouthernBiotech), IgMP—FITC (AF7-78; BD Bio-
sciences), Igk—FITC (polyclonal; SouthernBiotech), IgD*~Pacific Blue (AMS-
9.1; BioLegend), SA—Pacific Blue (Invitrogen), H-2D-PE (34-2-12 BD
Biosciences), CD23-PE-Cy7 (B3B4; eBioscience), CD5-PE-Cy7 (53-7.3; eBio-
science), SA-V450 (BD Biosciences), Ig\5—biotin (LM34; produced in our
laboratory), and IgAS-DyLight 649 (LM34; AB-Direct). Analysis was per-
formed using a FACSCalibur or an LSR II (Becton Dickinson). If not stated
otherwise, numbers in the dot plots indicate percentages in the respective gates.

MACS cell isolation

Resting mouse B cells from the spleen were isolated from single-cell suspen-
sion using anti-mCD43 magnetically labeled beads according to the man-
ufacturer’s instruction. Separation of the unlabeled B lymphocytes was
performed on an autoMACS column using the DepleteS program. Cells
were counted with the automated CASY counter system.

Generation of V3-830 KI mouse model

Cloning of the V3-838 KI construct was performed with standard cloning
techniques. To introduce the Vy3-83 segment into the Jy region of the
murine Ig HC locus, we used a modified version of the IgVy3-83 targeting
construct (kindly provided by R. Pelanda) (34). Assembly of homology arms
and Vy;3-83 and Neo® sequences, was designed the same way as in the
IgVyB1-8 KI targeting vector (38). To increase homologous recombination
efficiency of the Vy3-83 targeting vector, the Vy3-83 gene segment was
introduced between the Neo® selection cassette and 5-kbps left homology
arm. The long homology arm and the Vi3-83 VDIJ sequence were cloned
from the Vy3-83 targeting construct published previously (34). Frt-flanked
Neo® was cloned from the pFlrt vector (provided by Dr. Dimitry Penkov,
Istituto FIRC di Oncologia Molecolare, Milan, Italy). The short homology
arm, which was 800-bps long in the original plasmid, was extended to 2
kbps and it was cloned from two overlapping PCR fragments amplified from
BALB/c tail gDNA template (Supplemental Fig. 1A). An auxiliary construct
for optimizing the PCR-screening protocol contained the NeoR cassette and
a 72-bp extended short homology arm. The vector was then employed to
mediate replacement of the Jy segment, where naturally rearranged VDJ
sequences are located. The optimized PCR was performed with the following
primer pair: Neo_Frt3_fwd4 (5'-CAC TTC ATT CTC AGT ATT GTT TTG
C-3") and 383KI_gDNAup3 (5'-GTA GAG ACA GCA TCA GTA CCT
CAA CTA-3"). Homologous recombination was detected by amplification of
the 2140-bp PCR product. Homozygous IgM KO mice (26) on BALB/C
background were used to generate an IgM KO embryonic stem (ES) cell
line. Upon electroporation of the new Vy3-83 targeting construct into IgM
KO ES cells, two clones were identified as positive in the PCR screen for
recombination of the right homology arm. ES cells were injected into wild--
type (WT) blastocyst, and few chimeric animals were raised. The male foun-
der with a germline-transmitted Vi;3-83 & HC KI allele was mated with the
Flp-Tg female (39), and double-Tg pups that excised Frt-flanked Neo®
sequence were further used to establish a mouse colony. Mice were geno-
typed by PCR using the following primers: 3-83:exon2 s (5'-GGT ATA
CCT TCA CAA CTG CTG GAA TGC-3'), 3-83:WT3JH4 (5'-AGC CTC
CAA AGT CCC TAT CCC ATC-3'), and 3-83:JH3 dir (5'-CAA GGG
ACT CTG GTC ACT GTC-3").

Results
Generation of Vi3-83 6 KI mice

As mentioned above, we have previously assessed with multiple
in vitro experimental settings that IgD has a higher activation thresh-
old than IgM, being selectively responsive to Ag in its polyvalent
form (9, 32). In the current study, we aimed at translating our find-
ings in vivo to understand their physiological implications. To com-
pare the signaling of IgM and IgD BCR isotypes, we chose the 3-83
idiotype (40). The 3-83 idiotype specifically recognizes MHC class
I (MHC 1) with high and medium affinity to H-2K* and H-2K®,
respectively, whereas binding to H-2K¢ allotype ranked as the low-
est tested (41). Although affinity of the 3-83 BCR to the H-2K¢ is
identified as ultralow (41), conditional expression of the 3-83 IgM
at the immature B cell stage on an H-2K® background can lead to
receptor editing in some murine models (34). It was suggested that
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BCR expression requires a minimal threshold of basal signaling,
also called “tonic” signaling, which is not reached on the H-2K*
background. This would be due to Ag-independent background-
related factors, which impact the expression level of the exogenous
BCR (42). However, in our view, this is most likely caused by
weak interaction of the 3-83 IgM BCR with unknown autoantigens.

Therefore, the 3-83 idiotype might be a powerful tool for compar-
ing the signal strength of IgD and IgM BCR isotypes upon engage-
ment with cognate autoantigen or upon weak nonspecific interaction
with various autoantigens. To design an in vivo model with a 3-83
BCR expressed exclusively as an IgD isotype, we performed a
Vy3-83 KI targeting in IgM KO ES cells (26). To this aim, we used
an optimized version of the original 3-83 targeting vector (34)
(Supplemental Fig. 1A). The resulting Vi3-83 KI IgH allele in the
IgM KO locus is indicated as 8H', and the original 3-83 KI (34) is
referred to as pH'. To achieve the expression of the 3-83 BCR idio-
type as IgM or IgD at the immature B cell stage, mice carrying either
uH! or 8H' alleles were crossed with animals having the Vk3-83 KI
in the k LC gene locus (34), indicated as «'. The resulting progenies,
carrying homo- or hemizygous KI alleles in IgH and k LC gene loci
expressed 3-83 IgM or 3-83 IgD BCR at the immature cells stage
(Supplemental Fig. 1B). To compare the capability of IgM and IgD
to induce editing of autoreactive 3-83 idiotype, we bred these mice
onto an H-2K® background to obtain exposure to specific autoantigens
or onto an H-2K“ background lacking a specific autoantigen.

V:3-83 0 KI mice stably express IgD BCR only in the absence of Ag

To evaluate the expression of the 3-83 IgD KI and its stability in
the presence or absence of Ag in B cells of our novel mouse model,
bone marrow and spleen B lymphocytes from 3-83 IgD KI mice
(8H"k"*) were stained with idiotype-specific Abs 54.1 (Fig. 1A).
On the H2-K? background lacking the cognate Ag for the 3-83
receptor a major fraction of 3-83 IgD KI B cells preserve the 3-83
idiotype, not only as immature cells in the bone marrow but also in
the spleen as mature cells (Fig. 1A, 1B). Although 3-83 IgD-
expressing cells retain the original idiotype, the responsiveness of
the 3-83 IgD BCR is not abolished. Indeed, in the presence of Ag,
namely on the H-2K® background, 3-83 IgD KI immature B cells
undergo receptor editing, leading to loss of the 3-83 idiotype
(Fig. 1A, 1B). To test whether 3-83 IgD KI mice with preserved
idiotype acquire an anergic state, B cells were stimulated ex vivo
with anti-IgD Ab, and the Ca®>"-mediated response was measured.
The 3-83 idiotype-positive cells are activated upon BCR engagement,
as shown by intracellular Ca®* flux analysis (Supplemental Fig. 1C).

Data presented in Figure 1A and 1B refer to mice carrying two
Vu3-83 8 HC KI alleles and V3-83 KI in one allele of the IgL
gene locus (SH"'k"™). To study the effects of hetero—homozygos-
ity of the KI alleles, all genotype configurations were analyzed on
the non-autoantigenic background (Fig. 1C). We found that the 3-
83 IgD BCR is stable when the Vy3-83 8 HC KI is inserted in
both copies of the IgH gene locus, with percentages of B cells pre-
serving the idiotype above 80%, regardless of the KI configuration
of the Igk gene locus. In contrast, when the second allele of the
IgH gene locus is unmodified, most B cells stain negative for the
54.1 Ab, which specifically recognizes the 3-83 idiotype. Loss of
the 3-83 idiotype is caused by the inability of 3-83 IgD to sustain
allelic exclusion, as explained later in this study. As only in the
genotypic configuration 8H" k"™ is the KI allele expressed on a
considerable number of cells, allowing the analysis of the pheno-
type, this is used throughout this study as a reference genotype.
Concerning the 3-83 IgM receptor, whereas 3-83 idiotype partially
persists in mice with two Vy3-83 p and two Vk3-83 KI alleles,
the vast majority of 3-83 BCR-expressing cells are modified by
receptor editing in mice in which HC and/or LC KI is on one
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FIGURE 1. Autoreactive 3-83 IgD BCR does not support receptor editing
on H-2K® background. (A) Representative flow cytometric analysis of 3-83
idiotype expression using the idiotype-specific 54.1 Ab on bone marrow and
splenic B cells (gated on B220™) from mice of 8H"'k”" genotype and the
indicated background. Numbers in the plots indicate percentages of events in
the respective gate. (B) Quantitative analysis of fraction (in percentage) of
3-83 idiotype-positive cells of all B220™ lymphocytes in the spleen, as in (A).
Analysis comprised results of four independent experiments. ****p < 0.0001
by Welch’s 7 test. (C) Representative flow cytometric analysis of 3-83 idiotype
expression using the idiotype-specific 54.1 Ab on splenic B cells (gated on
B220™) from mice of indicated genotype and background. Numbers on the
plots correspond to the percentages of cells within respective gates.

allele only. This is in line with what has been previously observed
(34), and it is probably due to effects related to gene dose and
related impact on protein expression. In conclusion, differently
from the IgM counterpart, the 3-83 IgD is less efficient in mediat-
ing receptor editing in absence of cognate Ag, indicating the
requirement for higher-affinity autoantigen to mediate efficient
editing of IgD 3-83 idiotype. All of this evidence is in agreement
with our data showing a higher activation threshold for IgD and a
recent study that proposed that IgD is less sensitive than IgM to
endogenous autoantigen (9, 32, 33).

Pre- and mature B cell compartments are altered in the Vy3-83 IgD
K1 mice lacking Ag

Next, we sought to understand the impact of early IgD 3-83 idiotype
expression on B cell development. To this end, we analyzed central
and peripheral B cell compartments in Vi3-83 IgD KI mice of our
reference genotype (8H"'k”"). We found that the absence of Ag
leads to strong reduction in the number of B lymphocytes in the
periphery (Fig. 2A, 2B). Animals that preserve 3-83 IgD receptor
on mature B lymphocytes show reduced numbers of CD23Meh
CD21" Fo.B cells, whereas the marginal zone compartment
(CD23°¥CD21"¢") seems unaffected (Supplemental Fig. 2A, 2B).
The presence of Ag is sufficient to restore the peripheral B cell
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FIGURE 2. Absence of Ag causes lack of pre- and mature B cells in
3-83 IgD KI mice. (A) Quantification of B lymphocytes (CD19™ lympho-
cytes) by flow cytometric analysis in the spleen of SH k" H2-K¢ mice.
Data are representative of at least three experiments. Numbers on the plots
correspond to the percentages of cells within the gate. (B) Quantitative anal-
ysis of absolute number of B lymphocytes (B220™) in the spleen of 6- to
8-wk-old mice of indicated genotypes based on flow cytometric analysis.
Results represent analysis of four independent experiments. *p = 0.03,
##p = 0.007, ***p = 0.0007 by Mann—Whitney U test. (C) Flow cytomet-
ric analysis of pre-B (CD43 1gD®") lymphocytes in the bone marrow. All
displayed events were positively selected for pan—B cell marker B220 from
the lymphocyte gate. Numbers on the plots correspond to the percentages
of cells within respective gates. (D) Quantitative analysis of fraction (in per-
centage) CD43 IgD*~ pre-B cells of all B220™ B lymphocytes in the bone
marrow, as in (C). Analysis is performed on results from four independent
experiments. ***p < 0.0005 by Welch’s  test.

compartment, as exemplified by numbers of splenic B cells in mice
of H2-K® background. As decline of Fo.B cells may occur upon
compromised B cell development (43), we analyzed bone marrow
cells of the V33-83 IgD KI mice on H-2K® (no autoantigen) and
H-2K® (with autoantigen) backgrounds. We observed that expres-
sion of IgD with the 3-83 idiotype in the absence of Ag results in
contraction of the B cell niche in the bone marrow to an almost
exclusively CD43% B cell population (Fig. 2C, 2D). When expres-
sion of 3-83 IgD takes place in the presence of Ag (H-2K"), B cell
development in the bone marrow proceeds normally from CD43™"
to CD43™ pre—B cell stage (Fig. 2C, 2D).

According to genetic (44, 45), gene expression, and functional
(46) studies, CD43™ B cells in the bone marrow are represented by
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pre— and immature B cells that undergo pre-BCR-mediated clonal
expansion and LC recombination. As it was shown that 8 HC can-
not replace p HC in a pre-BCR (47), we hypothesized that 3-83 IgD
KI cells on H-2K* background are blocked in their development at
CD43™" stage because of a defect in pre-BCR signaling.

Pre-BCR containing 3-83 6 HC is not functional

To test the hypothesis of a defective 3-83 & pre-BCR, we studied
the capacity of Vy3-83 & HC to form a functional pre-BCR com-
plex with surrogate LC components. To this aim, we made use of
our TKO cell line (35). This murine pre—B cell line derives from a
RAG2/\5/SLP65 TKO mouse model on a mixed H-2K® and H-
2K¢ background. These cells lack expression of any endogenous
BCR, and endogenous SLP65 is substituted with an engineered
tamoxifen-inducible ERT2-SLP65 fusion protein (48). This makes
the TKO cell line a powerful tool to test autonomous activation of
exogenous BCRs, which can be introduced by retroviral transduc-
tion and are allowed to signal only upon addition of 4-OHT in
solution. We transduced TKO cells with A5 and either Vy3-83
8- or p HC to achieve expression of either dpre-BCR or ppre-
BCR. As indicated by A5 expression analysis, dpre-BCR expres-
sion on the cell surface was significantly lower than the ppre-BCR
(Fig. 3A). Measurement of Ca>" mobilization downstream of pre-
BCR as a direct readout of pre-BCR function revealed strongly
reduced autonomous activity of dpre-BCR with respect to the
ppre-BCR counterpart (Fig. 3B). In contrast, when TKO cells
were transduced with the 3-83k LC in place of A5, enabling
assembly of either 3-83 IgM or 3-83 IgD, expression of 3-83 BCR
was equally efficient regardless the HC isotype (Supplemental
Fig. 2C). This indicates that TKO cells can express Vy3-83 8- or
p HC with the same efficiency, implying that lower expression of
Spre-BCR is specifically due to defective assembly of Vy3-83
8 HC with \5. Therefore, improper pre-BCR function contributes
to the loss of clonal expansion after the pro—B cell stage in the
3-83 IgD KI mice lacking Ag. In contrast, despite inefficient
pre-BCR function, developing cells can proceed to the immature B
cell stage by expression of the conventional LC, which is already
provided as a KI of the functional 3-83kx LC KI. When conven-
tional BCR is activated by an autoantigen at the immature B cell
stage, downstream signaling functionally operates as upon autono-
mous activation of the pre-BCR (13) and therefore leads to clonal
proliferation and expansion of the CD43™ B cell pool. As shown
in Fig. 2C and 2D, in the presence of H-2K® autoantigen, a
CD43™ B cell population appears in the bone marrow, suggesting
that a potent autoantigen can replace pre-BCR function in 3-83
IgD KI mice (13). A fundamental task performed by the pre-BCR
is the suppression of Ragl/2 genes expression; this prevents further
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Ig gene rearrangement, thus enforcing allelic exclusion. Underlying
the nonfunctionality of the 3-83 &-pre-BCR, we found markedly
increased expression of Ragl and Rag2 genes in splenic B lym-
phocytes of V3-83 IgD KI mice, with respect to control, as
shown by real-time quantitative PCR analysis of the correspondent
transcripts (Fig. 3C).

Loss of allelic exclusion in V3-83 IgD-expressing cells

As shown in Fig. 1C, mice with two copies of the V3-83 & HC KI
allele retain a vast majority of 3-83 idiotype-positive cells in the
absence of Ag. In sharp contrast, in animals without Ag and with
one single copy of Vy3-83 & HC KI allele, the majority of mature
B cells lose the 3-83 idiotype and stain negative for the idiotype-
specific 54.1 Ab (Fig. 1C). We sought to understand how these cells
lose the 3-83 idiotype on the non-autoantigenic H2-K¢ background.
In these heterozygous mice, activity of the second WT allele can be
monitored with allotype-specific staining, in that the unmodified
allele belongs to IgH® allotype (C57BL/6 background), whereas
expression of Vy3-838 HC KI allele is identified by staining with
anti-IgD* (IgH?, BALB/C background) Ab. We found that in bone
marrow and blood of Vi 3-83 IgD KI mice lacking Ag (SH' k"™
on H2-K¢ background), expression of the second HC allele (detected
by anti-IgMb staining) takes place in a cell fraction that is negative
or low for IgD? staining (Fig. 4, Supplemental Fig. 3A). Strikingly,
in the spleen of 8H"" k""" mice on H2-K¢ background, all B cells
expressing the WT alleles stained weakly positive for IgD* and
were thus IgM®" IgD** double-positive. To set a negative/positive
threshold for expression of IgD* and IgMP®, we have employed
splenic B cells from a C57BL/6 mouse and a homozygous Vy 3-83
IgD KI mouse, SH"k”", equivalent to IgM ™"~ (Fig. 4, lower pan-
els). We identified cells above these thresholds as an allelically
included population, as they express both the Vi 3-83 IgD KI (as
IgD®) and the unmodified WT allele (as IgM®) as BCRs on their
surfaces. The fact that B cells acquire this peculiar phenotype only
in the spleen may indicate a correlation with ageing or maturation
of the cells.

In contrast to the increased proportion of HC inclusion on the
H-2K® background lacking autoantigen, the autoreactive H-2K°
background showed only a minor cell fraction in bone marrow and
blood expressing IgM°. Consequently, the allelically included popu-
lation in the spleen is extremely small (Fig. 4, Supplemental Fig.
3A). This is in agreement with the restored B cell development in
3-83 IgD KI mice when the autoantigen is present. Hence, 3-83 IgD
KI B cells show lack of efficient and stable monoallelic expression
of the IgH gene in the absence of Ag.

Together, 3-83 IgD KI B cells are unable to establish or maintain
allelic exclusion in the absence of cognate Ag. Results obtained
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FIGURE 3. 3-83 8 HC cannot form a functional pre-BCR, and IgD 3-83 BCR fails to mediate downregulation of Rag genes in absence of Ag. (A) TKO-Est
cell line was reconstituted with constructs for expression of pre-BCR with 3-83 p and 3-83 8 HC. The histogram depicts A5 expression in the pre-BCR complex
with 3-83 p HC and 3-83 & HC. (B) Flow cytometric analysis of intracellular Ca?* concentration upon application of 4-OHT (arrow). TKO-Est cell line was
reconstituted with constructs for expression of pre-BCR with either 3-83 p (left panel) or 3-83 & HC (right panel). (C) Real-time PCR analysis of Ragl and Rag2
expression in B cells from spleen of mice with H2-K¢ background and indicated genotype. *p < 0.05, **p < 0.01 by Mann—Whitney U test.

€202 AeIN G| uo Jasn aiBojoiqunuuw *} Jnpsu|-foueld-xe|N Aq Jpd-9z.2001.2!1/208+051/€62/2/802/spd-ajo1e/jounwwil/Bi0 1ee"sjeusnol//:dny wouy papeojumoq


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100726/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100726/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100726/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100726/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100726/-/DCSupplemental

298 IgD REQUIRES AUTOANTIGEN TO MAINTAIN ALLELIC EXCLUSION

Bone marrow

H2-K¢
-Ag
IgD 3-83%
H C|/+ L C|/+
H2-K®
+Ag
C57BL/6

Ho-ke | 19D 3-83¢

+Ag HCI/I I_C|/+

IgD®

IgM®

FIGURE 4. In absence of Ag 3-83 IgD KI fails to sustain monoallelic
expression. Representative flow cytometric analysis of cells from indicated
compartments of mice of the indicated genotypes (pregated on B cells:
B220"/CD19") for surface expression of IgD* and IgMP. Shown data are
representative of three independent experiments. Numbers on the plots indi-
cate percentage of events in the respective gate.

from the analysis of mice with different genotypic configuration and
presence or absence of Ag, which are presented in Figs. 1 and 4,
are summarized in Table L.

Vi3-83 IgD KI transcription is diminished in allelically included
cells

To genetically characterize the allelically included cells, we FACS-
sorted this population, which we refer to as biallelic population
(IgD*" IgMP"), as well as the monoallelic population (IgD**

IgM®™), whose cells only use IgH* Kl-derived HCs in their BCRs,
as depicted in Fig. SA. Analysis of sorted cells showed purity of the
two populations (Supplemental Fig. 3B). PCR analysis on genomic
DNA extracted from the two target populations showed the presence
of the WT allele (in germline configuration) and the KI allele (HC)
in both cellular populations, implying that biallelic cells retain the KI
at the genomic level (Fig. 5B). We next investigated gene expression
of the KI allele. Quantitative real-time and standard PCR analyses
performed on cDNA showed that the transcript is present in both
populations, although in smaller quantities in the allelically included
population. This indicates that the KI allele is transcriptionally
repressed in these cells, thereby resulting in reduced IgD* expression
(Fig. 5C, 5D). Therefore, cells belonging to the biallelic population,
retain both the KI and the WT allele at the genomic as well as at the
transcriptional level. After assessing that both alleles are transcribed
and that the respective proteins are expressed on the cell surface, we
investigated functionality of these receptors. To this aim, we
employed intracellular Ca®>" release as direct readout of BCR-medi-
ated cellular activation. To discriminate between the IgD*" IgM°*
biallelic cells and the IgD*" IgM"~ monoallelic population without
stimulating the BCRs, we employed IgM®-Fab staining (Fig. 5E, left
panel). Calcium flux in biallelic cells upon treatment with anti-k Ab
is comparable with that of the monoallelic population (Fig. SE, right
panels). This analysis bears a limitation in that it did not permit us to
distinguish signaling triggered by IgD® or IgM® BCRs on biallelic
cells. We detected similar intracellular Ca®* release in mono- and
biallelic cells upon stimulation with anti-IgD* Abs (Supplemental
Fig. 3C); however, signaling competence of these receptors needs to
be further characterized with more experiments.

In summary, these data suggest that, in absence of cognate Ag
3-83 IgD, KI B cells cannot suppress gene recombination of the
WT allele. After successful recombination, the IgM BCR expressed
by the WT allele leads to suppression of the 3-83 IgD KI in the
biallelic B cell population.

Allelic inclusion is found mainly in mature aged 3-83 IgD KI cells
As in heterozygous SH* k" mice on an H2-K® Ag-lacking back-
ground we assessed a prevalence of allelically included cells in the
spleen, where most mature and aged B cells reside, we next tested

an eventual correlation of the phenotype with ageing. To this aim,

Table I. Summary of genotype configurations with related phenotypes and molecular mechanism

3-83 p Ki 3-83 k Ki Ag Idiotype Retention Mechanism Involved Conclusion

i/i i/+ + — Cognate Ag induces signaling above threshold of IgM has a lower activation threshold
activation. than IgD.

i/i i/+ — — Unspecific Ag induces signaling above threshold of
activation.

i/i i/i - = Gene dose Excessive gene dose partially inhibits

editing.

i/+ i/+ - - Unspecific Ag induces signaling above threshold of IgM has a low activation threshold.
activation.

3-83 3 Ki

i/i i/+ + — Cognate Ag induces signaling above threshold of IgD has a higher activation threshold
activation. than IgM.

i/i i/+ - + Unspecific Ag induces signaling below threshold of
activation.

i/i i/i - + Gene dose and absence of specific Ag Excessive gene dose and signaling

below activation threshold.
i/+ i/+ - — Reduced tonic signaling by IgD Loss of allelic exclusion causes
replacement of KI allele with WT
allele.
i/+ i/+ + + BCR engagement by Ag increases tonic signaling by BCR engagement by Ag restores

IgD.

allelic exclusion.

Conclusions drawn by analysis of mice with different genotypes are summarized in the table. Each genotype configuration is described, and the molecular mechanism
causing the observed phenotype (idiotype retention or not) is explained. Ag presence (indicated by “+) refers to H2-K” background; Ag absence (indicated by “—) indi-

cates H2-KY background.
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FIGURE 5. KI allele is transcriptionally repressed in allelically included cells. (A) Flow cytometer analysis scheme for sorting of monoallelic (IgD**, red
gate) and biallelic (IgD*" IgM"", blue gate) B cells from spleen of SH” "k’ H2-K? mice. (B) PCR fragments amplified with specific primers for JH3 and JH4
(HC of WT allele in germline configuration) and 3-83 Vi VDJ and JH4 (HC of KI allele) from genomic DNA of purified splenic B cells of the indicated popu-
lation [as per scheme in (A)] from 8H”" «”"H2-K“ mice. Genomic ear DNA from a 8H” k" mouse (indicated as +/KI ctrl) and from a C57BL/6 (WT-ctrl)
were used as controls. The results are representative of three independent experiments. (C) PCR analysis on cDNA generated from RNA from samples of the
indicated B cell population [as per scheme in (A)] from a SH'* k™ H2-K¢ mouse. For amplification of 3-83 KI allele, the same primers were used as in (B).
B-actin was used as loading control. (D) Real-time PCR analysis of 3-83 KI allele expression in the two target populations from spleen of 8H* k"1 H2-K¢
mice. Data were collected from three independent experiments. **p < 0.01 by Mann—Whitney U test. (E) Intracellular calcium flux analysis in target populations
of 8H"* k" H2-K? upon treatment with anti-x Ab (indicated by the arrow). The left panel, showing all cells contained in lymphocytes gate, shows pregating
used for calcium flux-monitoring experiment to distinguish between the monoallelic (CD23 " IgM®™) cells and the biallelic (CD23 " IgM® ™) splenic populations.

we analyzed mice belonging to different age groups. We detected
a clear trend, with the proportion of monoallelic splenic B cells
(expressing the 3-83 KI allele only) gradually decreasing with age-
ing and the biallelic population following an opposite tendency,
increasing in spleens of aged mice (Fig. 6A). In sharp contrast,
when Vy 3-83 IgD KI was expressed in the presence of Ag (on a
H2-K® background), the proportion of allelically included cells
was extremely small and constant throughout the age groups (Fig.
6B). Moreover, in mice lacking the Ag, the great majority of alleli-
cally included cells do not express CD93, a marker specific for
early B cell immigrants in spleen (Fig. 6C) (49). This is further
proof for an association of the allelic-inclusion phenotype with
maturation of cells. Together, the data show that allelically
included cells accumulate with age in Vy 3-83 IgD KI mice lack-
ing cognate autoantigen, suggesting that the expression of WT
allele enables the development and maintenance of these cells as
compared with the monoallelic cells.

Discussion

In this study, we tackle the enigma of the dual expression of IgM
and IgD BCRs on mature naive B cell surfaces. We address the
hypothesis of a different sensitivity to endogenous Ag for IgM and
IgD (33) by employing the well-studied 3-83 BCR, which recog-
nizes MHC 1 allele H2-K® with low affinity. We generated and ana-
lyzed a mouse model that expresses 3-83 idiotype as IgD BCR
isotype only. These mice were bred onto an autoreactive H2-K®
background as well as a non-autoreactive H2-K¢ background. A
counterpart model that carries Tg rearranged V region genes in the
IgH and Igk loci to encode 3-83 idiotype as both IgM and IgD,

which we refer to as 3-83 KI mouse, was already available (34).
Therefore, we could compare how different HC isotypes impact rec-
ognition of low-affinity autoantigen(s) and its effect on B cell devel-
opment, central tolerance, and allelic exclusion establishment and
sustenance. In agreement with previous work (9, 32, 33), we found
that IgD, with respect to IgM, requires higher-affinity Ag to activate
downstream signaling, rendering it tolerant to weak (auto)antigen.
Indeed, whereas IgM edits the 3-83 specificity already on a H2-K¢
background because of unspecific interactions with unknown auto-
antigens, IgD requires the presence of the cognate Ag, which is
achieved on the H2-K® background, to trigger receptor editing. Dis-
tinctive reactivity of the same 3-83 idiotype BCR, expressed as IgM
or IgD at the immature B cell stage, profoundly determines B cell
development in the 3-83 IgD KI mouse model. In contrast to the
3-83 KI mouse model and IgM KO animals (34), mice with 3-83
IgD KI display a poor B cell development on H-2K® background
because of the lack of the pre—B cell stage, which leads to a strong
reduction in mature B cell pool. This is the result of the inability of
the 8 HC to make a functional pre-BCR. In turn, this leads to dysre-
gulation of Rag 1/2 gene transcription in 3-83 IgD KI mice (45, 50).
Because 3-83 IgD KI B cells lack both the primary Ig rearrange-
ment and the receptor editing stage, it is possible that these B
lymphocytes leave the bone marrow prematurely. Continuous
expression of Rag genes may lead to recombination and activation
of the second HC allele, leading to the appearance of allelically
included cells in the spleen. Additionally, it was shown that tonic
signaling from the receptor is essential to silence Rag genes in
peripheral B cells and that loss of surface BCR leads to Ragl/Rag2
expression (51, 52). Because of its intrinsic high-activation thresh-
old, it is conceivable that 3-83 IgD does not obtain those loose
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FIGURE 6. WT allele prevails on 3-83 IgD KI in aged mice. (A) Quantitative analysis of fraction (as percentage) of B lymphocytes (B220™) belonging to
the monoallelic or the biallelic population in the spleen of 3H” " k”* H2-K® mice as defined in Fig. 5A. Results comprise analysis of 16 mice. **p = 0.007,
sk = (00007 by Mann-Whitney U test. (B) Representative flow cytometric analysis of cells from spleen of 8H” "k *H2-K® mice. Anti-IgD* and anti-
IgMP Abs are used to distinguish between the mono- and the biallelic population. Mice belonged to different age groups as indicated. Shown data are repre-
sentative of at least three independent experiments. Numbers on the plots indicate percentage of events in the respective gate. (C) Representative flow cyto-
metric analysis of splenic B cells from 8H”* k" H2-K¢ mice in which CD93 is used to distinguish between mature lymphocytes and early immigrants in the
spleen (left panel). The two subpopulations (CD93'", mature B cells; CD93"€", early immigrants) are then analyzed with allotype-specific Abs.

antigenic interactions that are presumably important for the genera-
tion of survival/tonic signaling provided by the BCR to sustain B
cell survival (33). This leads to failure in the prevention of expres-
sion of the second HC allele, causing the emergence of the WT
allele. IgM BCR generated by physiologically random recombina-
tion of the WT allele provides better survival signals that, in the
long-term, can induce this allele to prevail on the IgD KI allele. In
heterozygous mice, in which p HC is available and a p-pre-BCR
can provide the required autoreactivity (13), generation of B cells
is more efficient. This leads to accumulation of cells derived from
the WT allele, over the KI allele, which can only provide 8 HC,
not suitable for formation of a functional pre-BCR. Therefore, the
IgD BCR fails to promote its own expression, and the correspond-
ing allele is outcompeted in the race for allelic exclusion. In this
scenario, the expression of the artificially provided KI allele, which
drove development of the clone, slowly attenuates in time in favor
of the second allele, leading to the emergence of a “hidden specif-
icity.” This would be the result of epigenetic opening of the second
allele mediated by de-heterochromatization, histone reacetylation,
and DNA demethylation (21). Allelic inclusion, causing the pres-
ence of multispecific lymphocytes, has been previously described
in the T cell repertoire of normal mice (53).

As discussed, we show that the Vi;3-83 & HC is not able to form
a functional pre-BCR complex with the surrogate LC, resulting in
compromised pre-B cell development in the 3-83 IgD KI mice on a
non-autoantigenic H-2K¢ background and consequent scarcity of
lymphocytes in the bone marrow and peripheral niches. It was not
tested whether clonal deletion contributes to this phenotype. Two

elegant studies addressing the contribution of receptor editing and
clonal deletion of IgHEL (54) and 1g3-83 (55) BCRs convincingly
showed that, in contrast to the respective conventional Tg models,
mice with KI HC and LC use receptor editing as the main mecha-
nism to eliminate autoreactive BCRs.

Intriguingly, despite the evidence that IgD receptors have higher
threshold for editing the autoreactive BCRs, neither 3-83 IgD KI
animals nor IgM-deficient mice with polyclonal repertoire show
signs of autoimmunity (data not shown). Retention of the 3-83 idio-
type on mature B lymphocytes does not lead to accumulation of
self-specific Abs; neither does it lead to the MHC I autoantigen nor
to other self-antigens.

It was previously shown that, whereas IgD is more efficient than
IgM in the recruitment of B cells into germinal centers and conse-
quent maturation of Ab responses (9), IgM is specialized for induc-
tion of short-lived IgG1™ plasma cells (33). This indicates that IgD
activation directs lymphocytes toward differentiation into IgG-
secreting plasma and memory B cells, whereas IgM-induced signal-
ing mediates rapid terminal differentiation with consequent failure
to enter the memory repertoire. In this view, IgD, with its high-acti-
vation threshold, acts as a gatekeeper for memory response. In con-
trast, I[gM is more easily activated and, accordingly, more prone to
generation of autoreactive clones than IgD. However, IgM is spe-
cialized for quick, short-lasting response, not for induction of mem-
ory response, and this, along with spatially and temporally
restricted expression, prevents uncontrolled activation of IgM™
cells. Consequently, IgD-deficient mice do not develop autoimmu-
nity in that IgM-only cells fail to trigger the generation of
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anti—self-IgG—producing plasma cells. It was suggested that IgM is
the preferred BCR isotype in some B cell malignancies, such as
activated B cell-like diffuse large B cell lymphoma (56). As it was
shown that activated B cell-like diffuse large B cell lymphoma is
BCR signaling driven (57), it is conceivable that, because of its
ease to activate the signaling pathway (9, 32) and its better ability
to induce prosurvival and mitogenic signals (58), IgM outcompetes
other isotypes in induction of survival and proliferation in trans-
formed B cells.

The incompetence of IgD in establishing allelic exclusion, unless
an Ag is available, which we report in the current study, impacts
interpretation of data in the literature. If the LC gene is free to
recombine, as in the case of Tg animals with random integration of
the Tg cassette, it is likely that all sorts of specificities, including the
mildly autoreactive ones that are necessary for driving early B cell
development, are generated. This might explain how B cells in Tg
mice expressing IgD transgenes establish allelic exclusion in the
absence of Ag. Therefore, all experiments that rely on the mono-
specificity of the repertoire of these mice have to be re-evaluated.
To prevent endogenous genes from recombining, introducing new
specificities in the repertoire, these mouse lines should be crossed to
a Rag 1/2—deficient mouse line. The resulting line could be used as
a reliably monoclonal repertoire mouse model.

In recent years, several studies that helped shape the opinion of
the community about the roles of the two BCR isotypes in tolerance
and Ag recognition have contributed major advances to this research
field. Wilson and colleagues (10) identified a novel subpopulation of
naturally occurring mature naive autoreactive B cells in humans that
downregulated IgM but maintained high levels of surface IgD.
Mature naive autoreactive B cells were found in healthy donors that
showed no signs of autoimmunity, indicating that downregulating
IgM is sufficient to prevent these cells from attacking self-structures.
Recently, Zikherman and colleagues (59) exploited an in vivo
reporter of Ag recognition, Nur77-eGFP BAC Tg, and found that,
unexpectedly, a large proportion of B cells do encounter Ag during
late development in the spleen. Also, they found that the extent of
Ag recognition during development correlates with IgM downregu-
lation, whose expression varies greatly among Fo.B cells. Later, the
same group generated Nur77-eGFP reporter mice deficient for either
IgM or IgD and found that, on the same genetic background, IgD-
only cells show weaker BCR activation, indicating that IgD is less
sensitive than IgM to bona fide endogenous Ags in vivo (33). In
light of these data, it is clear that an alarmingly high amount of B
cells reactive to endogenous Ags reach the periphery, are unrespon-
sive to self, but retain responsiveness to foreign Ags. This seems to
be achieved by responsiveness tuning via shift in the IgM/IgD ratio.
In our view, this shift serves as an adaptive system for adjusting
sensitivity to the available Ags in the course of B cell development.
IgM guarantees the high sensitivity required at the immature stage
for receptor editing. IgD as a dominant type of BCR guarantees the
quiescence of B cells bearing mild autoreactive BCRs in the
encounter of low-affinity self-antigens in the periphery. This would
ensure maintaining the broadest possible spectrum of specificities in
the repertoire while avoiding autoimmunity. As polyreactivity of
BCR has been previously described (60), it is legitimate to assume
that mildly autoreactive specificities would be of value. Indeed,
mildly autoreactive clones might recognize nonself molecules as
well, thereby expanding the repertoire of useful specificities,
explaining the evolutionary advantage provided by retention of anti-
—self-clones.

Polyreactive B cell clones that have mild affinity to a range of
endogenous and exogenous Ags might bring great benefit, consider-
ing how important timing of immune reaction is and that low affin-
ity could be resolved by germinal center reaction and related
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somatic hypermutation. The shift to & HC provides polyreactive
BCRs, which partially fit autoantigens in their Ag binding pocket,
with the capability to remain passive upon encounter of such Ags
while preserving ability to signal when exposed to Ag that fully
engages the receptor. In this picture, activation of innate immunity
that occurs upon infection, which is often essential for triggering a
proper reaction, would assist auto-polyreactive B cell clones in the
distinction between self and nonself, functioning as a further regula-
tory mechanism. Our findings contribute fundamental evidence for
an essential role of BCR isotype shift along the life of a B cell, and
in conjunction with other recent studies (10, 33, 59), ultimately
establish the role of IgD in tolerance and Ag recognition. Also, our
novel, to our knowledge, mouse model will allow in depth study of
allelic exclusion in that it provides a system were a KI allele sys-
tematically drives the B cell clone through development to then
diminish its expression in favor of a more autoreactive second allele
along maturation of the cell.

Acknowledgments

We thank R. Pelanda for providing the IgVy3-83 targeting construct and the
anti-3-83 idiotype Ab 54.1 and P.C. Maity for support for the statistical
analyses and critical reading of the manuscript.

Disclosures
The authors have no financial conflicts of interest.

References

1. Nemazee, D. 2006. Receptor editing in lymphocyte development and central tol-
erance. Nat. Rev. Immunol. 6: 728—-740.

2. Schatz, D. G., M. A. Oettinger, and M. S. Schlissel. 1992. V(D)J recombination:
molecular biology and regulation. Annu. Rev. Immunol. 10: 359-383.

3. Wardemann, H., S. Yurasov, A. Schaefer, J. W. Young, E. Meffre, and M. C.
Nussenzweig. 2003. Predominant autoantibody production by early human B cell
precursors. Science 301: 1374-1377.

4. Retter, M. W, and D. Nemazee. 1998. Receptor editing occurs frequently during
normal B cell development. J. Exp. Med. 188: 1231-1238.

5. Hartley, S. B., J. Crosbie, R. Brink, A. B. Kantor, A. Basten, and C. C. Goodnow.
1991. Elimination from peripheral lymphoid tissues of self-reactive B lympho-
cytes recognizing membrane-bound antigens. Nature 353: 765-769.

6. Nemazee, D., and K. Buerki. 1989. Clonal deletion of autoreactive B lympho-
cytes in bone marrow chimeras. Proc. Natl. Acad. Sci. USA 86: 8039-8043.

7. Nemazee, D. A., and K. Biirki. 1989. Clonal deletion of B lymphocytes in a trans-
genic mouse bearing anti-MHC class I antibody genes. Nature 337: 562-566.

8. Goodnow, C. C., J. Crosbie, S. Adelstein, T. B. Lavoie, S. J. Smith-Gill, R. A.
Brink, H. Pritchard-Briscoe, J. S. Wotherspoon, R. H. Loblay, K. Raphael, et al.
1988. Altered immunoglobulin expression and functional silencing of self-reac-
tive B lymphocytes in transgenic mice. Nature 334: 676—682.

9. Setz, C. S., A. Khadour, V. Renna, J. Iype, E. Gentner, X. He, M. Datta, M. Young,
L. Nitschke, J. Wienands, et al. 2019. Pten controls B-cell responsiveness and germi-
nal center reaction by regulating the expression of IgD BCR. EMBO J. 38: €100249.

10. Duty, J. A., P. Szodoray, N. Y. Zheng, K. A. Koelsch, Q. Zhang, M. Swiatkow-
ski, M. Mathias, L. Garman, C. Helms, B. Nakken, et al. 2009. Functional anergy
in a subpopulation of naive B cells from healthy humans that express autoreactive
immunoglobulin receptors. J. Exp. Med. 206: 139-151.

11. Cooper, G. S., and B. C. Stroehla. 2003. The epidemiology of autoimmune dis-
eases. Autoimmun. Rev. 2: 119-125.

12. Herzog, S., and H. Jumaa. 2012. Self-recognition and clonal selection: autoreac-
tivity drives the generation of B cells. Curr. Opin. Immunol. 24: 166—172.

13. Eschbach, C., M. P. Bach, I. Fidler, R. Pelanda, F. Kohler, K. Rajewsky, and H.
Jumaa. 2011. Efficient generation of B lymphocytes by recognition of self-anti-
gens. Eur. J. Immunol. 41: 2397-2403.

14. Kohler, F., E. Hug, C. Eschbach, S. Meixlsperger, E. Hobeika, J. Kofer, H.
Wardemann, and H. Jumaa. 2008. Autoreactive B cell receptors mimic autono-
mous pre-B cell receptor signaling and induce proliferation of early B cells.
Immunity 29: 912-921.

15. Ubelhart, R., and H. Jumaa. 2015. Autoreactivity and the positive selection of B
cells. Eur. J. Immunol. 45: 2971-2977.

16. Bergman, Y., and H. Cedar. 2004. A stepwise epigenetic process controls immu-
noglobulin allelic exclusion. Nat. Rev. Immunol. 4: 753-761.

17. Johnson, K., C. Angelin-Duclos, S. Park, and K. L. Calame. 2003. Changes in
histone acetylation are associated with differences in accessibility of V(H) gene
segments to V-DJ recombination during B-cell ontogeny and development. Mol.
Cell. Biol. 23: 2438-2450.

€202 AeIN G| uo Jasn aiBojoiqunuuw *} Jnpsu|-foueld-xe|N Aq Jpd-9z.2001.2!1/208+051/€62/2/802/spd-ajo1e/jounwwil/Bi0 1ee"sjeusnol//:dny wouy papeojumoq



302

18.

19.

20.

2

—_

22.

2

w

24.

2

3

26.

27.

2

o0

29.

30.

3

32.

3

[

34.

3

[y

36.

37.

38.

Kosak, S. T., J. A. Skok, K. L. Medina, R. Riblet, M. M. Le Beau, A. G. Fisher,
and H. Singh. 2002. Subnuclear compartmentalization of immunoglobulin loci
during lymphocyte development. Science 296: 158—162.

Goldmit, M., M. Schlissel, H. Cedar, and Y. Bergman. 2002. Differential accessi-
bility at the kappa chain locus plays a role in allelic exclusion. EMBO J. 21:
5255-5261.

Grawunder, U., T. M. Leu, D. G. Schatz, A. Werner, A. G. Rolink, F. Melchers,
and T. H. Winkler. 1995. Down-regulation of RAG1 and RAG2 gene expression
in preB cells after functional immunoglobulin heavy chain rearrangement.
Immunity 3: 601-608.

. Mostoslavsky, R., N. Singh, A. Kirillov, R. Pelanda, H. Cedar, A. Chess, and Y.

Bergman. 1998. Kappa chain monoallelic demethylation and the establishment of
allelic exclusion. Genes Dev. 12: 1801-1811.

Melchers, F. 2005. The pre-B-cell receptor: selector of fitting immunoglobulin
heavy chains for the B-cell repertoire. Nat. Rev. Immunol. 5: 578-584.

. Herzog, S., M. Reth, and H. Jumaa. 2009. Regulation of B-cell proliferation and

differentiation by pre-B-cell receptor signalling. Nat. Rev. Immunol. 9: 195-205.
Sun, Z., A. Almogren, P. B. Furtado, B. Chowdhury, M. A. Kerr, and S. J.
Perkins. 2005. Semi-extended solution structure of human myeloma immunoglobu-
lin D determined by constrained X-ray scattering. J. Mol. Biol. 353: 155-173.

. Hobeika, E., P. C. Maity, and H. Jumaa. 2016. Control of B Cell Responsiveness

by Isotype and Structural Elements of the Antigen Receptor. Trends Immunol.
37:310-320.

Lutz, C., B. Ledermann, M. H. Kosco-Vilbois, A. F. Ochsenbein, R. M. Zinkernagel,
G. Kohler, and F. Brombacher. 1998. IgD can largely substitute for loss of IgM func-
tion in B cells. Nature 393: 797-801.

Brink, R., C. C. Goodnow, J. Crosbie, E. Adams, J. Eris, D. Y. Mason, S. B.
Hartley, and A. Basten. 1992. Immunoglobulin M and D antigen receptors are
both capable of mediating B lymphocyte activation, deletion, or anergy after
interaction with specific antigen. J. Exp. Med. 176: 991-1005.

. Nitschke, L., M. H. Kosco, G. Kéhler, and M. C. Lamers. 1993. Immunoglobulin

D-deficient mice can mount normal immune responses to thymus-independent
and -dependent antigens. Proc. Natl. Acad. Sci. US4 90: 1887—-1891.

Roes, J., and K. Rajewsky. 1993. Immunoglobulin D (IgD)-deficient mice reveal
an auxiliary receptor function for IgD in antigen-mediated recruitment of B cells.
J. Exp. Med. 177: 45-55.

Ohta, Y., and M. Flajnik. 2006. IgD, like IgM, is a primordial immunoglobulin class
perpetuated in most jawed vertebrates. Proc. Natl. Acad. Sci. USA 103: 10723-10728.

. Gutzeit, C., K. Chen, and A. Cerutti. 2018. The enigmatic function of IgD: some

answers at last. Eur. J. Immunol. 48: 1101-1113.

Ubelhart, R., E. Hug, M. P. Bach, T. Wossning, M. Diihren-von Minden, A. H.
Horn, D. Tsiantoulas, K. Kometani, T. Kurosaki, C. J. Binder, et al. 2015.
Responsiveness of B cells is regulated by the hinge region of IgD. [Published
erratum appears in 2015 Nat. Immunol. 16: 785.] Nat. Immunol. 16: 534—543.

. Noviski, M., J. L. Mueller, A. Satterthwaite, L. A. Garrett-Sinha, F. Brombacher,

and J. Zikherman. 2018. IgM and IgD B cell receptors differentially respond to
endogenous antigens and control B cell fate. eLife 7: €35074.
Pelanda, R., S. Schwers, E. Sonoda, R. M. Torres, D. Nemazee, and K. Rajewsky.
1997. Receptor editing in a transgenic mouse model: site, efficiency, and role in
B cell tolerance and antibody diversification. Immunity 7: 765-775.

. Meixlsperger, S., F. Kohler, T. Wossning, M. Reppel, M. Miischen, and H.

Jumaa. 2007. Conventional light chains inhibit the autonomous signaling capacity

of the B cell receptor. Immunity 26: 323-333.

Swift, S., J. Lorens, P. Achacoso, and G. P. Nolan. 2001. Rapid production of ret-

roviruses for efficient gene delivery to mammalian cells using 293T cell-based

systems. Curr Protoc Immunol. Chapter 10: Unit 10.31: 10.17.14-10.17.29

Storch, B., S. MeixIsperger, and H. Jumaa. 2007. The Ig-alpha ITAM is required
for efficient differentiation but not proliferation of pre-B cells. Eur. J. Immunol.
37:252-260.

Sonoda, E., Y. Pewzner-Jung, S. Schwers, S. Taki, S. Jung, D. Eilat, and K.

Rajewsky. 1997. B cell development under the condition of allelic inclusion.

Immunity 6: 225-233.

39

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

IgD REQUIRES AUTOANTIGEN TO MAINTAIN ALLELIC EXCLUSION

. Rodriguez, C. L, F. Buchholz, J. Galloway, R. Sequerra, J. Kasper, R. Ayala,
A. F. Stewart, and S. M. Dymecki. 2000. High-efficiency deleter mice show that
FLPe is an alternative to Cre-loxP. Nat. Genet. 25: 139-140.

Russell, D. M., Z. Dembié, G. Morahan, J. F. Miller, K. Biirki, and D. Nemazee.
1991. Peripheral deletion of self-reactive B cells. Nature 354: 308-311.

Lang, J., M. Jackson, L. Teyton, A. Brunmark, K. Kane, and D. Nemazee. 1996.
B cells are exquisitely sensitive to central tolerance and receptor editing induced
by ultralow affinity, membrane-bound antigen. J. Exp. Med. 184: 1685-1697.
Kouskoff, V., G. Lacaud, K. Pape, M. Retter, and D. Nemazee. 2000. B cell
receptor expression level determines the fate of developing B lymphocytes:
receptor editing versus selection. Proc. Natl. Acad. Sci. USA 97: 7435-7439.
Hao, Z., and K. Rajewsky. 2001. Homeostasis of peripheral B cells in the absence
of B cell influx from the bone marrow. J. Exp. Med. 194: 1151-1164.

Kitamura, D., A. Kudo, S. Schaal, W. Miiller, F. Melchers, and K. Rajewsky.
1992. A critical role of lambda 5 protein in B cell development. Cel/ 69: 823—-831.
Kitamura, D., and K. Rajewsky. 1992. Targeted disruption of mu chain mem-
brane exon causes loss of heavy-chain allelic exclusion. Nature 356: 154—156.
Hardy, R. R., C. E. Carmack, S. A. Shinton, J. D. Kemp, and K. Hayakawa.
1991. Resolution and characterization of pro-B and pre-pro-B cell stages in nor-
mal mouse bone marrow. J. Exp. Med. 173: 1213-1225.

Ubelhart, R., M. P. Bach, C. Eschbach, T. Wossning, M. Reth, and H. Jumaa.
2010. N-linked glycosylation selectively regulates autonomous precursor BCR
function. Nat. Immunol. 11: 759-765.

Diihren-von Minden, M., R. Ubelhart, D. Schneider, T. Wossning, M. P. Bach,
M. Buchner, D. Hofmann, E. Surova, M. Follo, F. Kohler, et al. 2012. Chronic
lymphocytic leukaemia is driven by antigen-independent cell-autonomous signal-
ling. Nature 489: 309-312.

Jordan, C. T., J. P. McKearn, and I. R. Lemischka. 1990. Cellular and develop-
mental properties of fetal hematopoietic stem cells. Cell 61: 953-963.

Loffert, D., A. Ehlich, W. Miiller, and K. Rajewsky. 1996. Surrogate light chain
expression is required to establish immunoglobulin heavy chain allelic exclusion
during early B cell development. Immunity 4: 133-144.

Tze, L. E., B. R. Schram, K. P. Lam, K. A. Hogquist, K. L. Hippen, J. Liu, S. A.
Shinton, K. L. Otipoby, P. R. Rodine, A. L. Vegoe, et al. 2005. Basal immuno-
globulin signaling actively maintains developmental stage in immature B cells.
PLoS Biol. 3: e82.

Verkoczy, L., B. Duong, P. Skog, D. Ait-Azzouzene, K. Puri, J. L. Vela, and D. Nem-
azee. 2007. Basal B cell receptor-directed phosphatidylinositol 3-kinase signaling
turns off RAGs and promotes B cell-positive selection. J. Immunol. 178: 6332-6341.
Sarukhan, A., C. Garcia, A. Lanoue, and H. von Boehmer. 1998. Allelic inclusion
of T cell receptor alpha genes poses an autoimmune hazard due to low-level
expression of autospecific receptors. Immunity 8: 563-570.

Hippen, K. L., B. R. Schram, L. E. Tze, K. A. Pape, M. K. Jenkins, and T. W.
Behrens. 2005. In vivo assessment of the relative contributions of deletion,
anergy, and editing to B cell self-tolerance. J. Immunol. 175: 909-916.
Halverson, R., R. M. Torres, and R. Pelanda. 2004. Receptor editing is the main mech-
anism of B cell tolerance toward membrane antigens. Nat. Immunol. 5: 645-650.
Young, R. M., A. L. Shaffer III, J. D. Phelan, and L. M. Staudt. 2015. B-cell
receptor signaling in diffuse large B-cell lymphoma. Semin. Hematol. 52: 77-85.
Davis, R. E., V. N. Ngo, G. Lenz, P. Tolar, R. M. Young, P. B. Romesser, H.
Kohlhammer, L. Lamy, H. Zhao, Y. Yang, et al. 2010. Chronic active B-cell-
receptor signalling in diffuse large B-cell lymphoma. Nature 463: 88-92.
Horikawa, K., S. W. Martin, S. L. Pogue, K. Silver, K. Peng, K. Takatsu, and C. C.
Goodnow. 2007. Enhancement and suppression of signaling by the conserved tail
of IgG memory-type B cell antigen receptors. J. Exp. Med. 204: 759-769.
Zikherman, J., R, Parameswaran, and A. Weiss. 2012. Endogenous antigen tunes
the responsiveness of naive B cells but not T cells. Nature 489: 160—164.
Dimitrov, J. D., C. Planchais, L. T. Roumenina, T. L. Vassilev, S. V. Kaveri, and
S. Lacroix-Desmazes. 2013. Antibody polyreactivity in health and disease: statu
variabilis. J. Immunol. 191: 993-999.

€202 AeIN G| uo Jasn aiBojoiqunuuw *} Jnpsu|-foueld-xe|N Aq Jpd-9z.2001.2!1/208+051/€62/2/802/spd-ajo1e/jounwwil/Bi0 1ee"sjeusnol//:dny wouy papeojumoq



