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Differences in Self-Recognition between Secreted Antibody
and Membrane-Bound B Cell Antigen Receptor
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The random gene segment rearrangement during B cell development ensures Ab repertoire diversity. Because this process might
generate autoreactive specificities, it has been proposed that stringent selection mechanisms prevent the development of autore-
active B cells. However, conventional assays to identify autoreactive B cells usually employ in vitro—generated Abs, which differ
from membrane-bound BCRs. In this study, we used a cell-based assay to investigate the autoreactivity of membrane-bound BCRs
derived from different B cell developmental stages of human peripheral blood. Contrasted to soluble Ab counterparts, only a few
of the tested BCRs were autoreactive, although the cell-based assay sensitively detects feeble Ag recognition of a germline-reverted
murine BCR that was selected after OVA immunization of mice, whereas conventional assays failed to do so. Together, these data
suggest that proper identification of autoreactive B cells requires the membrane-bound BCR, as the soluble Ab may largely differ
from its BCR counterpart in Ag binding. The Journal of Immunology, 2019, 202: 1417-1427.

he membrane-bound form of Igs function as a BCR
controlling maturation, activation, and differentiation
of B cells, whereas the soluble secreted Igs, also known
as Abs, contribute to the body’s immune surveillance mecha-
nism through pathogen recognition and organization of immune
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reactions. Ig isotypes IgM, IgD, IgG, IgA, and IgE differ in
their C region, and soluble Igs that bind to self-structures are
referred to as autoreactive Abs that may induce aberrant im-
mune responses and tissue damage (1-3). Therefore, it has been
proposed that developing B cells are subject to rigorous se-
lection during maturation to avoid the development of autore-
active B cells. Indeed, it has been observed that 75% of newly
generated immature B cells express autoreactive BCRs (4),
and that B cells carrying autoreactive BCRs either modify
BCR specificity by receptor editing or are eliminated at early
checkpoints of development (5-8). However, a considerable
proportion of normal peripheral B cells in healthy individuals
express autoreactive Igs, suggesting that additional investiga-
tions are required for better understanding of the mechanisms
regulating self-recognition and the development of autoimmune
diseases.

Conventionally, Ig reactivities are determined by ELISA,
surface plasmon resonance (SPR) spectroscopy, or immuno-
fluorescence assay (IFA) on the Hep-2 cell line (4, 9-11) using
polyclonal sera or rmAbs. For rAbs, the variable Ig regions
cloned from B cells expressing IgM-BCR are expressed as sol-
uble IgG and tested in combination with various autoantigens
such as DNA, lipids, insulin, or cell lysates. Based on these re-
sults, respective B cells are then classified by IgG/autoantigen
interaction as tolerant, autoreactive, or polyreactive (4). ELISA
and SPR spectroscopy are standard methods for testing the rel-
ative binding, affinity, and avidity of autoantibodies. Because the
experimental setup of these assays differs significantly from the
membrane-bound BCR situation, these methods are unable to
predict Ag binding or the resulting downstream signaling of the
respective BCR. Furthermore, depending on the C region or Ig
isotype, Abs in their soluble form might have altered Ag-binding
properties by modulating specificity or affinity (12, 13). Thus,
IgM- and IgD-BCR isotypes expressed on immature or mature
(m) B cells may have a different Ag-binding profile than the
respective IgG Ab isotype, which is usually expressed in the
memory B cell compartment upon class switching. Moreover,
different BCR isotypes (e.g., IgM and IgD on m B cells) differ in
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their membrane localization and signaling capacities (14, 15).
Therefore, it might be misleading to conclude from in vitro Ag
binding of soluble IgG that the corresponding IgM-BCR binds to
and is activated by the same Ag.

In this study, we used a cell-based assay (CBA) to investigate the
differences between IgM-BCR and soluble IgG as well as IgG-BCR
in Ag binding and signaling upon the encounter of model Ag,
including self-structures (dsDNA). Our data reveal that Ag binding
of several Abs expressed as soluble IgG differ dramatically from
their IgM-BCR counterpart.

Materials and Methods

Mice and immunization

Female C57BL/6 mice (age: 10-14 wk) were purchased from Charles
River Laboratories. Mice were immunized s.c. at the tail base with 100 pg
of OVA (Calbiochem) as an alum precipitate in 100 pl of PBS. Mice were
sacrificed 21 d postimmunization. Animal experiments were approved by
the local authority.

Isolation of mAb GC178 and human B1-like
B cell-derived Abs

Single cell sorting, RT-PCR, Ig gene cloning, and mAb generation of
germinal center (GC) B cells (7-AAD ™ B220*Fas*GL7"IgD ") from lymph
nodes were performed as previously described (16). Briefly, cDNA from
single GC B cells was synthesized by reverse transcription, and Ig genes
were amplified using a seminested PCR approach and sequenced. For
human B1-like B cell (B1)—derived Abs, CD20*CD27*CD43*CD70 CD5"
B1 cells were purified by sorting from the peripheral blood of a healthy
human donor and Ig genes were amplified and cloned as previously
described (4, 17).

Ig gene reversion of GCI178 to the unmutated germline form

Reversion of GC178 was performed using a PCR-based strategy as pre-
viously described (17). Briefly, the unmutated V gene was amplified using
primers specific for the V gene leader sequence and primer located at the
3’ end of the framework region 3. The CDR3 junction of the GC178 Ig
gene was amplified by PCR using an overlapping the primer at the 3" end
of framework region 3 and a J gene—specific primer. The unmutated V gene
and the CDR3-J segment were fused by overlapping PCR, and successful
reversion was confirmed by sequencing.

Cell culture

Phoenix and triple knockout (TKO) cells were cultured in Iscove medium
(Biochrom) containing 10% FCS (PAN-Biotech), 10 mM L-glutamine (Life
Technologies), and 100 U/ml each of penicillin and streptomycin (Life
Technologies). For TKO cells, the medium was supplemented with 50 mM
2-ME (Life Technologies) and murine IL-7—enriched medium obtained
from J558L mouse plasmacytoma cells stably transfected with a murine
IL-7 expression vector.

Plasmids and retroviral transduction

Ig H chain (HC) and L chain (LC) were expressed using the BiFC
vector system described previously (18). To generate GC178 and

Table 1.
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GC178 IgM-BCRs, Ig VH and VL genes were cloned into murine
Igw and murine Igk expression vectors. BCRs derived from different
single B1, new emigrant (ne), m, IgM* memory B cells (mm), and
chronic lymphocytic leukemia (CLL) B cells were amplified by an
anchor PCR using poly(G)-tailed cDNA and a poly(C)—containing
primer as described before (4, 19, 20). For their expression in TKO
cells, vectors encoding the complete human LCs were used, whereas
the human VH domains were cloned into the murine Igu or human
Igyl and Igp constant domains. Retroviral transduction was performed
as described previously (18, 21). Briefly, phoenix cells were transfected
using GeneJuice (Novagen) as recommended by the manufacturers pro-
tocol. Supernatants were harvested 48 h posttransfection and used for
transduction of TKO cells.

Flow cytometry

To analyze BCRs expressing TKO cells and to identify mouse and human
B cell subsets, the following fluorescently labeled Abs were used: anti-
mouse IgM eFluor 450 (eb121-15F9; eBioscience), anti-mouse IgM Cy5
(polyclonal; Jackson ImmunoResearch), biotin labeled anti-human k or A
(polyclonal; SouthernBiotech), anti-mouse IgM allophycocyanin (RMM-1;
BioLegend), Alexa Fluor 647—conjugated anti-human IgM (MHM-88;
BioLegend), anti-human IgG (polyclonal; SouthernBiotech), anti-human
CD20 allophycocyanin (2H7; BioLegend), anti-human CD27 V450 (M-T271;
BD Biosciences), anti-human CD43 FITC (eBio84-3C1; eBioscience),
anti-human CD70 PE (Ki-24; BD Biosciences), and anti-human CD5
PE-Cy7 (UCHT2; BioLegend).

Biotinylation of dsDNA

One microgram of calf thymus DNA was fragmented by digesting with a
mixture of blunt end cutter restriction enzymes (Smal, Hincll, and
EcoRV) and purified with a gel extraction column (QIAGEN). Klenow
fragment (New England Biolabs)-mediated biotin labeling reaction
was performed with 100 uM random hexamer and a mixture of unla-
beled dNTPs (0.1 mM each of dATP, dGTP, dCTP, and 0.04 mM dTTP)
and Biotin-11-dUTP (0.06 mM). Afterwards biotinylated DNA was again
column purified.

Ag-binding assay

For Ag binding, TKO cells expressing the BCR of interest were in-
cubated with biotinylated Ags at 20 wg/ml oxidized low-density lipo-
protein (OxdLDL) (MyBioSource), 10 pg/ml LPS (Invivogen), 20 pg/ml
phosphorylcholine-conjugated BSA (PC-BSA) (Biosearch Technologies),
20 pg/ml malondialdehyde (MDA)-BSA (Academy Bio-Medical), 20 pg/ml
MDA-LDL (Cell Biolabs), 20 pg/ml Smith Ag (Sm) (AROTEC Diag-
nostics), and different doses of dsDNA from calf thymus (Invitrogen),
OVA (Sigma-Aldrich), and hen egg lysozyme (HEL; Sigma-Aldrich) for
20 min on ice. After washing, Ag binding was detected by allophycocyanin-
conjugated streptavidin (eBioscience). The cells were costained with fluo-
rescently labeled HC Ab and anti-mouse IgM eFluor 450 (eBioscience) and
analyzed in a BD LSRFortessa I (BD Biosciences) and analyzed using
FlowJo software (TreeStar).

2
Measurement of Ca”™ flux

Ca®* analyses were performed as described (18, 21). Briefly, a total of 1 X 10°
freshly transduced TKO cells expressing ERT2-SLP65 were loaded with
Indo-1 AM (Invitrogen) using Pluronic F27 (Invitrogen). ERT2-SLP65
function was induced by the addition of 1-2 wM 4-hydroxy tamoxifen

Abs expressed as IgM and IgG1 for testing their responsiveness toward dsDNA

Specificity/Ab Name Cloned from

Original Isotype

Origin Species Expressed in TKO as

BI1-9 Bl
m-GO53 m naive
UM-CLL2 CLL patient
2C6 Commercially available anti-OVA
HEL HEL-specific BCR
m-GO43 m naive
m-GO16 m naive
m-JH.2A8 m naive
B1-36 Bl
mm-GO9 m memory
mm-GO30 m memory
ne-GO18 ne
ne-GO77 ne

IgM Human B1-9 IgM and IgGl
IgM Human m-GO53 IgM and IgG1
IgM Human UM-CLL2 IgM and IgG1
IgE Mouse OVA IgM and IgG1
IgM Mouse HEL IgM and IgGl1
IgM Human m-GO43 IgM and IgG1
IgM Human m-GO16 IgM and IgG1
IgM Human m-JH.2A8 IgM and IgG1
IgM Human B1-36 IgM and IgG1
IgM Human mm-GO9 IgM and IgGl
IgM Human mm-GO30 IgM and IgG1
IgM Human ne-GO18 IgM and IgG1

IgM Human ne-GO77 IgM and IgG1
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FIGURE 1. Differential response of IgM and IgG-BCR isotypes toward dsDNA. (A) Schematic representation of plasmids encoding Ig HC and LC of
B1-9 (top) and m-GOS53 (bottom) cloned as murine IgM-BCRs. (B) Left, Representative analysis of BCR expression determined by surface IgM staining
followed by FACS of B1-9 IgM (top) and m-GOS53 IgM (bottom) expressing TKO cells compared with the EV control. Right, Representative histograms
showing dsDNA binding at different dsDNA concentration by B1-9 IgM (top) and m-GOS53 IgM (bottom) expressing (Figure legend continues)
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(OHT) (Sigma-Aldrich). For BCR stimulation, calf thymus DNA, OVA,
cross-linked OVA complexes (cOVA), and HEL at different concentrations
(as detailed in the figure legends) and anti-human or anti-murine Ig LC
(Igk or Ig\) Ab at 10 wg/ml (SouthernBiotech) were used.

Biotinylation of Ags

The Ags were biotinylated using FluoReporter Mini-biotin-XX Protein
Labeling Kit (Invitrogen). In brief, 1 mg of target Ag was incubated with
0.1 mg biotinamidohexanoic acid N-hydroxysuccinimide ester (Sigma-
Aldrich) at room temperature (RT) for 1 h. The reaction mixture was
then dialyzed against PBS at 4°C.

Cross-linking of OVA

To cross-link OVA, biotinylated OVA was mixed with unconju-
gated streptavidin (Life Technologies) or allophycocyanin-conjugated
streptavidin (eBioscience) in a molar ratio of 2:1 and incubated on ice
for 20 min.

rAb production and purification

Abs were produced in vitro as described previously (4, 17). In brief,
human embryonic kidney fibroblast 293A cells were cotransfected
with 15 pg/ml Ig HC- and Ig LC-encoding plasmids by calcium phos-
phate precipitation. Cells were washed with serum-free cell DMEM
(Invitrogen) 8—12 h posttransfection and thereafter cultured in DMEM
supplemented with 1% Nutridoma-SP (Roche). Supernatants were har-
vested after 8 d and purified using protein G—Sepharose (GE Healthcare)
and eluted with 0.1 M glycine (pH 3). The pH of the elute was neu-
tralized with 1 M Tris (pH 8) supplemented with 0.05% sodium azide.
Concentrations of the purified Abs were determined by anti-human IgG
ELISA using human monoclonal IgG1 (Jackson ImmunoResearch) as
standard.

ELISA and IFA

ELISA were performed as described previously (4). Briefly, microtiter
plates (Costar) were coated with individual Ags at 10 pwg/ml for dsDNA
and LPS (Sigma-Aldrich), 5 pg/ml for recombinant human insulin (Sigma-
Aldrich), and 10 pg/ml for OVA (Sigma-Aldrich). Purified Abs were
adjusted to 1 wg/ml and used at three serial dilutions of 1:4 in PBS, and
Abs were detected with HRP-labeled goat anti-human IgG (Jackson Immuno-
Research). IFAs were done as previously described (4). Briefly, Hep-2 Ag
substrate—coated slides (MBL Bion) were incubated at RT with 15 pl of
purified Abs (1 mg/ml). After washing, Cy3-conjugated anti-human IgG1 Ab
(Jackson ImmunoResearch) was used to detect binding, and nuclear staining
was performed using DAPIL.

SPR spectroscopy

Affinity measurements were performed on a Biacore T200 (GE Healthcare).
A CMS chip (GE Healthcare) was coupled with mouse anti-human IgG (GE
Healthcare), according to the manufacturer’s instructions. Measurements
and dilutions were performed in PBS containing 0.05% Tween 20. All
steps were performed at RT. rmAbs diluted to 25 pg/ml were immobilized
for 60 s at a flow rate of 10 pl/min followed by a stabilization period of
120 s. OVA (Calbiochem) was floated for 60 s at a flow rate of 30 wl/min
over the chip surface and allowed to dissociate for 180 s. Flow rate was
maintained, and the chip surface was regenerated by injection of 3 M
MgCI2 for 30 s. Ag binding is depicted as the difference in resonance units
between sample and reference flow cell. Affinity was calculated using the
1:1 binding model of the Biacore T200 software V2.0.

Cell-based ELISA

Ninety-six—well glass-bottom and black-walled plates (u-Plate 96 well;
IBIDI) were coated with 100 wl 0.5 pg/ml fibronectin in PBS for 30 min at

Ig FORM DETERMINES AUTOREACTIVITY

RT. After washing, cells were added at a density of 250,000 cells per well
and were kept on ice for 15 min to adhere to the surface. Afterwards,
empty plate surfaces were blocked with 3% BSA in PBS followed by
addition of biotinylated DNA at 0.25 pg/ml concentration for 15 min
on ice. Cells were then washed with PBS and incubated with diluted
(1:8000) HRP-conjugated streptavidin (Thermo Scientific Scientific)
for 15 min on ice. After washing, DNA binding was detected by
colorimetric assay using TNB substrates (Biozol) by measuring the
color at 450 nm.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6 software
(GraphPad). Specific tests of statistical significance are detailed in the figure
legends.

Results
Differential response of IgM- and 1gG-BCR isotypes toward
autoantigen (dsDNA)

There is an increasing body of evidence demonstrating that the
Ig isotypes influence the specificity and affinity of soluble Abs
(12, 13, 22) as well as BCRs (15). Therefore, we first exam-
ined and compared the reactivity of different IgM- and IgG-
BCR isotypes (Table I). We analyzed BCRs derived from a
polyreactive Ab, named as B1-9, which we cloned from hu-
man B1 (Fig. 1A, 1D). As a control, we used BCR isotypes
derived from the m-GOS53 Ab that was previously cloned from
a human peripheral m B cell (4) (Fig. 1A, 1D). We used the
TKO cells, derived from a RAG2, A5, and SLP65 TKO mice
(21) to reconstitute BCR expression (Fig. 1B, 1E, left panels).
Next, we analyzed the binding of these BCRs to different
concentrations of dsDNA (5, 10, and 20 pg/ml). Both B1-9
IgM and B1-9 IgG1 bind to different doses of dsDNA, whereas
the m-GO53 IgM and IgG1 failed to bind (Fig. 1B, 1E, right
panels). Of note, B1-9 IgM binds more than B1-9 IgGl
(Fig. 1C, 1F). Next, we analyzed the signaling capacity of these
receptors by measuring intracellular Ca>* release in response
to the aforementioned doses of dsDNA. Interestingly, B1-9
IgM-BCR showed Ca®* release in response to all doses of
dsDNA, whereas B1-9 IgG1-BCR showed no Ca* release in
TKO cells (Fig. 1G). Thus, despite binding to dsDNA at all
doses (Fig. 1E, 1F), B1-9 IgG1 BCR failed to mobilize Ca**
(Fig. 1G). Moreover, B1-9 IgM but not B1-9 IgG1 showed a
cell-autonomous Ca’* release (15, 18, 20) upon inducible
activation of SLP65 by addition of 4-OHT in absence of any
dsDNA (Fig. 1G). This result suggests that B1-9 IgM is au-
tonomously active BCR and elicits Ca®>* mobilization, most
likely because of polyreactivity (18). As expected, no BCR
activation after dsDNA treatment was observed in cells expressing
the control m-GO53 as IgM or IgG1 (Fig. 1G). Similar results
were obtained for all B1-9 IgM-BCRs regardless whether
human or murine IgM C regions were used (Supplemental
Fig. 1A-D).

To substantiate our findings from flow cytometric analysis,
we developed another cell-based ELISA to measure relative
DNA binding by these receptors (Supplemental Fig. 1E).

TKO cells compared with the EV. (C) Quantification of relative dsDNA binding by B1-9 IgM (top) and m-GO53 IgM (bottom) expressing TKO cells
compared with the EV. Bars represent mean = SEM. (D) Same as in (A) for B1-9 (top) and m-GO53 (bottom) cloned as human IgG1 BCRs. (E) Left, Same
BCR expression analysis as in (B) for B1-9 IgG1 (top panels) and m-GO53 IgG1 (bottom panels) expressing TKO cells compared with the EV control.
Right, Similar dsDNA-binding analysis as in (B) for B1-9 IgG1 (top panels) and m-GO53 IgG1 (bottom panels) expressing TKO cells. (F) Similar
quantification as in (C) of relative dsSDNA binding by B1-9 IgG1 (top) and m-GOS53 IgGl1 (bottom) expressing TKO cells compared with the EV. (C) and (F)
were analyzed by two-way ANOVA, Dunnett multiple comparison test. *p < 0.05, ***p < 0.001. (G) Representative calcium release of B1-9 IgM,
m-GO53 IgM, B1-9 IgG1, and m-GO53 IgG1 expressing TKO cells in response to control PBS or indicated concentrations of dsDNA and 10 p.g/ml of anti-
LC (k or N). Of note, in each calcium experiment, cells received 2 uM 4-OHT along with the stimuli to induce ERT2-SLP65 activity. The data in (B), (C),

and (E)—(G) are representative of three independent experiments.
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FIGURE 2. dsDNA binding by autoreactive UM-CLL2 BCRs and HEL-specific BCRs. (A) Top panel, Schematic representation of plasmids encoding HC
and LC of anti-OVA and UM-CLL2 cloned as murine IgM and human IgG1 BCRs. Bottom panel, Representative FACS analysis of BCR expression. (B).
Quantification of dsDNA binding by UM-CLL2 IgM, UM-CLL2 IgG1, OVA IgM, and OVA IgG- expressing TKO cells compared with mGO53 IgM and IgG1
expressing cells. The relative binding of EV is indicated with the dashed line. Bars represent mean = SEM. ***¥p < (0.0001, two-way ANOVA, Dunnett
multiple comparison test. (C and D) Representative Ca>* release of UM-CLL2 IgM and UM-CLL2 IgG1 (C) and OVA IgM and OVA IgG1 (D) expressing TKO
cells in response to control PBS or indicated concentrations of dsDNA, 10 wg/ml of anti-LC (k or \), and 10 pg/ml of soluble OVA. In each calcium ex-
periment, cells received 2 uM 4-OHT along with the stimuli to induce ERT2-SLP65 activity. Data in (B)—(D) correspond to three independent experiments.

To this end, we seeded TKO cells expressing different receptors Bound DNA was quantified by colorimetric assay using HRP-
of interest in a fibronectin-coated 96-well glass-bottom plate and labeled streptavidin. Similar to flow cytometric data, B1-9 IgM
incubated them with biotinylated dsDNA (Supplemental Fig. 1E). and B1-9 IgGl expressing TKO cells manifested significantly
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FIGURE 3. Autoantigen-binding profile of BCRs from different peripheral B cells subsets. (A) Schematic representation of TKO cell reconstitution
with retroviral constructs encoding HC and LC derived from different human B cell subsets expressed as murine IgM in TKO cells. (B) Representative
FACS analysis of BCR expression. The BCRs derived from different B cell subsets were indicated by their subset identifiers: B1, ne, naive m, and mm,
followed by clone numbers. The dot plot represents Ig HC and Ig LC expression measured using anti-murine IgM and anti-human LC (k or \)
polyclonal Abs and compared with the EV control. (C) Quantification of Sm (left panel) and LPS (right panel) binding to IgM-BCRs derived from
different human B cell subsets in TKO cells. The bar graph represents mean += SEM Ag binding to different [gM-BCRs in TKO cells measured by fold
change in median fluorescence intensity (MFI) of transduced (YFP*) and untransduced cells (YFP™) and compared by using unpaired, nonparametric
Mann—Whitney U test. *p < 0.05. Data are normalized to B1-9 IgM expression (solid red bar) and the normalization value is indicated by a red dashed
line. The gray shaded area represents background signal in EV control. BCRs denoted with the il symbol were previously described (4, 23) to exhibit
polyreactivity, and unlabeled BCRs were nonpolyreactive as soluble IgG Abs in ELISA. The data in (B) and (C) correspond to a minimum of three

independent experiments.

higher DNA binding compared with mGOS53 IgM and IgG1 or
empty vector (EV)-expressing cells (Supplemental Fig. 1E, 1G).
We also tested the ability of DNA binding by the secreted B1-9
IgM, B1-9 IgG1, and mGOS53 IgM Abs using traditional ELISA
(Supplemental Fig. 1F). We found that both B1-9 IgM and IgGl
have significantly higher DNA-binding ability compared with
mGO53 IgM (Supplemental Fig. 1F). Importantly, DNA-binding
ability of B1-9 IgM Ab was shown to be higher than that of
B1-9 IgGl, as has also been observed in their receptor form in
the flow cytometric assay (Fig. 1C, 1F).

The above data suggest that B1-9 elicited Ca®* response
to dsDNA only when expressed as IgM but not as [gG1-BCR
(Fig. 1G). To validate this differential response of IgM and IgG1
in another autoreactive BCR, we used a CLL-derived receptor
namely, unmutated CLL (UM-CLL) 2, and also OVA-specific
BCR as a control (Fig. 2A, upper panels). In TKO cells, both
UM-CLL2 and OVA-specific BCR were successfully expressed
either as surface IgM or IgGl (Fig. 2A, lower panels). When
tested for dsDNA binding, UM-CLL2 IgM-expressing cells
showed significantly higher DNA binding compared with m-GO53
IgM and m-GOS53 IgG1l, whereas UM-CLL2 IgGl or OVA
IgM- and IgGl-expressing cells showed negligible binding
(Fig. 2B). Next, when these cells were tested for Ca®" release

in response to DNA binding, only UM-CLL2 IgM elicited
Ca** flux (Fig. 2C, 2D). In addition to the OVA-specific BCR,
we also used HEL Ag-specific BCR in IgM and IgG1 forms as
further control (Supplemental Fig. 2A). Similar to OVA IgM
and OVA IgGl, HEL IgM and HEL IgG1l showed no dsDNA
binding (Supplemental Fig. 2B) and subsequent Ca** mobi-
lization (Supplemental Fig. 2C). Taken together, these data
demonstrate unexpected differences in autoantigen binding and
signaling capacity of the [gM-BCR isotype as compared with
class-switched IgG.

Autoantigen-binding profile of BCRs from different peripheral
B cell subsets

The frequency of autoreactive Ig specificities is predominant in
the bone marrow compartment as demonstrated by several rIgG
Abs cloned from different human B cell subsets corresponding
to ne, peripheral B1, m naive or mm (4, 23). However, these
B cell subsets express membrane-bound IgM-BCRs during
their development. Hence, it is essential to analyze the auto-
reactive specificities in the distinct B cell subsets as mem-
brane bound IgM-BCRs. To address whether these Abs are
auto/polyreactive as membrane-bound IgM, we expressed the
aforementioned Abs as membrane-bound IgM-BCR (Fig. 3A,
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Table II.  List of Abs derived from different B cell subsets and their binding to different Ags
As IgM-BCR As IgG Ab
Origin B Cell
Subset FACS Phenotype Name of Ig LC Sm LPS dsDNA LPS Insulin Hep-2 Reference
Bl CD19*CD20" B1-9 N + + + + + + Described in this article
CD27"CD43"* B1-36 K + — + + + + Described in this article
CD70 B1-72 N = = - + Described in this article
B1-76 K - - - - - + Described in this article
ne CD19*CD10* ne-GO18 N - - - — - - Wardemann et al., 2003 (4)
IgM*CD27~ ne-GOS51 K — — - - - + Wardemann et al., 2003 (4)
ne-GO77 K - - + + + + ‘Wardemann et al., 2003 (4)
ne-GO78 K - - - - - - Wardemann et al., 2003 (4)
m naive CD19*CD10~ m-JH.2A8 K - - + + + + ‘Wardemann et al., 2003 (4)
IgM*CD27~ m-JH.2F9 K — — - - — Wardemann et al., 2003 (4)
m-GO16 K - - + + + - ‘Wardemann et al., 2003 (4)
m-GO43 K - — - - - + Wardemann et al., 2003 (4)
m-GO53 K — — — - — Wardemann et al., 2003 (4)
m-GO56 K - - - - - - ‘Wardemann et al., 2003 (4)
IgM* memory CD19*CD10~ mm5-GO44 A - - - - - - Tsuiji et al., 2006 (23)
IgM*CD27* mm-GO9 A - - + + + - Tsuiji et al., 2006 (23)
mm-GO30 K + + - - - - Tsuiji et al., 2006 (23)
mm-JB57 K - - - - - - Tsuiji et al., 2006 (23)

+ and — represent positive and negative for Ag binding, respectively.

Table II) and used our CBA to test their binding to a common
autoantigen referred to as Sm or to LPS as foreign Ag. All
BCRs were expressed on TKO cells (Fig. 3B, Supplemental
Fig. 3A) and showed signaling activity in response to anti-BCR
treatment.

We found that the majority of polyreactive soluble Igs lacks
autoreactivity when expressed as membrane-bound IgM (Fig.
3C, Supplemental Fig. 3B, Table II). For instance, although
rlgG1 Abs derived from ne-GO77 or from m naive B cells
(m-JH.2A8 and m-GO16) bind to LPS when expressed as solu-
ble Ig in vitro (4); binding to LPS was not detected when these
Igs were expressed as IgM-BCRs in CBA (Fig. 3C and Table II).
Similarly, among four BCRs derived from mm, only mm-GO30
showed binding to LPS and Sm (Fig. 3C), which was not pre-
viously detected when expressed as soluble IgG1 in vitro (23).
Of note, the binding capacities of peripheral B1 cell-derived
Abs were not previously analyzed (4, 23). Therefore, these Igs
were expressed as soluble IgG1 to perform the conventional
tests and evaluate the binding of these Abs to DNA, LPS, and
insulin in ELISA (Supplemental Fig. 3C) and in IFA on Hep-2
cells (Supplemental Fig. 3D). The B1-9—derived soluble IgG1
showed highest binding to dsDNA, LPS, and insulin (Fig. 3C,
Supplemental Fig. 3D). Soluble B1-36 showed weak poly-
reactivity when expressed as soluble IgG1 but bound to both
Sm and LPS as IgM-BCRs in CBA (Fig. 3C, Supplemental Fig.
3C). Taken together, our results show the in vitro binding of
rlgG markedly differ from the IgM-BCR counterpart. To fur-
ther confirm our observation, we cloned these aforementioned
BCRs as human IgM and human IgG1 isotypes and expressed
them in TKO cells (Supplemental Fig. 3E, 3F, Table I). When
tested for dsDNA binding, ne-GO77, mm-GO30, and B1-36
receptors were found to bind dsDNA only in IgM form, whereas
none of them binds to dsDNA in IgGl form (Supplemental
Fig. 3E, 3F). It is, therefore, conceivable that being expressed as
IgM 1is not the reason why the CBA did not confirm the
autoreactivity of previously described Igs tested as soluble
IgG1 (4, 10, 23). No reactivity was detected even when these
BCRs were expressed as membrane-bound IgG1 form. Thus,
the autoreactivity of soluble IgG1l seems not to correspond
to the reactivity of its membrane-bound BCR form. Because

the BCR format is physiologically relevant for selection of
developing B cells prior to differentiation into plasma cells, our
data suggest that these differences need to be considered when Ig
genes from different B cell subsets are cloned and subsequently
used to produce soluble Abs to conclude the Ag-binding profile of
the respective B cells.

Ag-binding profile of CLL-derived BCRs

Because binding to an autoantigen has been proposed to be the
underlying mechanism for BCR-mediated activation and pro-
liferation of B cell neoplasms, including CLL, we investigated
the Ag-binding profile of CLL-derived Igs when expressed as
BCR. Notably, previous studies mainly analyzed recombinant
soluble IgG Abs cloned from CLL B cells and found that a
substantial fraction of CLL B cells from UM-CLL or mutated
CLL (M-CLL) cases show increased autoreactivity when tested
in conventional readouts (9), suggesting that the respective
BCRs are autoreactive. To test this in the CBA, we analyzed
10 M-CLL and 5 UM-CLL IgM-BCRs (Fig. 4A, 4B, 4D) for
their binding to several autoantigens (24-26), including Sm,
PC-BSA, OxdLDL, MDA-BSA, MDA-LDL, and LPS. Com-
pared with the EV, all M-CLL-derived IgM-BCRs and UM-
CLL—derived IgM-BCRs were expressed on TKO cells (Fig. 4B
and data not shown). We used B1-9 IgM (Fig. 4C) and m-GO53
IgM as positive and negative control, respectively. Surpris-
ingly, within our analyzed cohort, no significant Ag binding to
CLL BCRs was observed (Fig. 4D). Of note, M-CLL3, UM-
CLL1, and UM-CLL2 in their soluble IgG1 form were shown to
bind Ags like LPS and insulin in ELISA and to be reactive on
Hep-2 cells in IFA (20). These data reveal clear differences
between soluble IgG and membrane-bound BCR, suggesting
that the autoreactive Abs are not always presented as auto-
reactive BCRs.

Differential OVA binding by soluble IgG Abs and IgM-BCRs

To confirm the strength of the CBA, we evaluated its ability to
monitor affinity maturation of an Ab during GC reaction. To this
end, we used OVA as model Ag for immunization and inves-
tigated an Ig that was derived from a single GC-derived B cell
recognizing OVA (Fig. 5A). This Ig, designated as GC178,
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FIGURE 4. Autoantigen-binding profile of CLL-derived BCRs. (A) Schematic representation of retroviral constructs encoding HC and LC of BCRs
derived from different M-CLL (n = 10) and UM-CLL (n = 5) expressed as murine IgM in TKO cells. (B) Representative FACS analysis of BCR
expression. The dot plot represents Ig HC and Ig LC expression of six BCRs derived from UM-CLL and M-CLL measured using anti-murine IgM and
anti-human LC (k or N\) polyclonal Abs. The expression data of remaining UM-CLL- and M-CLL-derived BCRs were previously published (20).
(C) Representative FACS analysis of different Ag binding of B1-9 IgM-BCR compared with EV control. The Ags are OxdLDL, MDA-BSA,
MDA-LDL, LPS, PC-BSA, and Sm as summarized in Fig. 3C. The histogram overlays show Ag binding to transduced YFP* cells (blue) compared with
untransduced YFP™ cells (solid gray), and the median fluorescence intensity (MFI) values are indicated in the histogram. The data are representative of
a minimum of three independent experiments. (D) Quantification of different Ag binding to CLL-derived BCRs as indicated. The bar graph represents
mean = SEM Ag binding to different [gM-BCRs measured by fold change in MFI of YFP* and YFP™ and compared by using unpaired, nonparametric
Mann—-Whitney U test. Data are normalized to B1-9 IgM expression (solid red bar), and the normalization value is indicated by a red dashed line. The
gray shaded area represents background signal in EV control. The Ags are OxdLDL, MDA-BSA, MDA-LDL, LPS, PC-BSA, and Sm. BCRs derived
from CLL cells labeled as “§” were previously described (20) to exhibit polyreactivity and the unlabeled BCRs were nonpolyreactive as IgG Abs in
ELISA. “A” denotes the BCRs that were not analyzed for polyreactivity as IgG Abs. The data in (B) and (C) correspond to a minimum of three in-
dependent experiments.

was also reverted to germline sequence and named GC178gl ELISA and SPR spectroscopy to a commercially available
(Supplemental Fig. 4A). We analyzed OVA binding of GC178 anti-OVA Ab known as clone 2C6 (Fig. 5B, 5C, Supplemental
and GC178gl produced as soluble IgG1 and compared them in Fig. 4B). As negative controls, we used IgG1 derived from
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FIGURE 5. Comparison of anti-OVA reactivity of GC178 and GC178gl IgG1 Abs and its membrane-bound BCR forms. (A) Schematic depicts cloning of
GC-derived anti-OVA Ab named GC178 (top). The Ig HC and Ig LC of GC178 were reverted to their germline sequence (GC178gl), and both of them were
produced as IgG1 Ab. (B) ELISA analysis of OVA binding of GC178 (orange) and GC178gl (blue) IgG1 Abs in comparison with commercial anti-OVA
(2C6, red), anti-HEL Ab (HyHEL10, purple) and negative control (m-GOS53, green). (C) Representative SPR spectroscopy (Figure legend continues)
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anti-HEL Ab (HyHEL10) and m-GO53 IgG1l. As expected,
the GC178 Ab bound to OVA, whereas the germline-reverted
GC178gl surprisingly failed to bind OVA in ELISA and showed
feeble binding at a very high concentration (36 wg/ml) in SPR
(Fig. 5B, 5C). Of note, anti-OVA Ab derived from 2C6 showed
the highest binding in both ELISA and SPR (Fig. 5C, Supplemental
Fig. 4B).

In contrast, when GC178 and GC178gl Ig were expressed
as IgM-BCRs (GC178 IgM and GC178gl IgM), both showed
binding to OVA (Fig. 5D). In parallel, we also analyzed the
ability of GC178 and GC178gl IgM-BCRs to induce Ca’* flux
in response to OVA treatment. Both IgM-BCRs showed an
elevated Ca®* response toward different concentrations of
OVA (Fig. SE). Notably, reverting the GC-derived GC178 into
its germline counterpart GC178gl was associated with drastic
decrease in OVA binding. Nonetheless, the subtle binding of
GC178gl IgM-BCR to OVA was enough to trigger Ca>* release
(Fig. 5E). Furthermore, we also determined the binding of both
GC178 and GC178gl IgM-BCR to OVA presented as com-
plexes. To this end, cOVA were generated by biotinylation and
subsequent incubation with streptavidin. Interestingly, both
GC178 and GC178gl IgM-BCRs showed increased binding
and Ca®* release in response to cOVA (Fig. 5F, 5G). Impor-
tantly, both GC178 and GC178gl IgM-BCR showed stronger
binding and triggered Ca** release in response to much lower
concentrations of cOVA as compared with soluble OVA
(Fig. 5F). The negative control HyHEL10 IgM-BCR showed
no binding to the highest concentration (6 pg/ml) of OVA
(Supplemental Fig. 4C, 4D).

Discussion

In summary, our data reveal important differences in Ag binding
between IgM-BCR and soluble IgG Ab. The main finding is that
most Abs that are identified to be autoreactive as soluble Abs
in conventional assays are not autoreactive when expressed as
membrane-bound IgM on the B cell surface. This suggests that
investigating the autoreactivity of B cells requires the em-
ployment of cell-based systems, as Ags defined using secreted
IgG Abs or Fab fragments may not correspond to IgM-BCR
binding.

Importantly, the ability of the CBA to properly monitor Ag
binding specifically for low-affinity Ag is demonstrated by the
results showing that only CBA but neither ELISA nor SPR
detects Ag binding of a GC-derived BCR after reversion to the
putative germline sequence to evaluate Ag binding prior to
somatic hypermutation. These data underline the sensitivity
of the CBA and suggest that the lack of autoreactivity for most
of the BCRs tested in this study is not because of lower sen-
sitivity of the cellular system, it is rather an intrinsic property
of the receptors. Thus, whereas ELISA and SPR are appro-
priate methods for testing the relative binding, affinity, and
avidity of soluble Abs, they seem not be ideal for determining
the Ag spectrum of membrane-associated BCR, which requires
a cellular system.

Moreover, the view that the variable domain solely determines
Ag specificity seems to be incomplete, as increasing evidence

Ig FORM DETERMINES AUTOREACTIVITY

suggests that the C region of the Ab, which induces substantial
conformational changes and mutual effects in the variable and
constant parts of an Ab, is involved in Ag binding (27). Inter-
estingly, not only the affinity but also the recognized epitopes
seem to largely depend on the isotype of the C region (13, 28,
29). In line with this, our results suggest that Ags identified using
the V region of BCRs from different B cell subsets may not match
the Ags that are recognized by IlgM-BCR on the cell surface. In
addition, the BCR on the cell surface might be organized in a
conformation that regulates its accessibility to Ag, thereby
limiting the autoreactive potential of B cells by controlling
BCR interactions (30).

In contrast, when the BCR class is changed by class
switching and membrane-bound Igs are secreted as soluble
Abs, the system may be exposed to an unpredicted pattern of
autoreactivity induced just by the novel form of the Igs. This
can be concluded from previous studies showing that sub-
stantial numbers of B cells are autoreactive when their BCR
was tested as soluble Igs (4, 10). This points to an unexpected
problem of regulating autoreactivity, as the Ig form expressed
might be key for the specificity and affinity of Ag binding.
Thus, seemingly harmless membrane-bound BCRs might un-
cover their autoreactivity after secretion as soluble Igs. As this
form of autoimmunity is mediated by the Ig form, it seems to
be unpredictable. In other words, it is conceivable that auto-
immune reactions result from tolerant B cells whose secreted
Ab is autoreactive despite an otherwise harmless membrane-
bound BCR.

In this scenario, stimulation by an unknown Ag may activate
m B cells to develop into memory B cells or plasma cells se-
creting potentially autoreactive Abs. The secreted Abs but not
the membrane-bound BCR might recognize the unknown Ag
with different affinity or specificity as compared with auto-
antigen. Accordingly, immune responses associated with chronic
secretion of autoreactive Abs from otherwise tolerant B cells
might be a major unnoticed cause of autoimmune diseases.
Notably, this scenario differs from induction of autoimmune
reactions by molecular mimicry, in which an Ag shares sequence
or structural similarity with a self-antigen thereby leading to
autoantibody production when encountering the Ag (31). In
contrast, our data suggest that the potentially autoreactive Igs
may not bind to autoantigen when expressed as BCR on the
surface of B cells and that recognition of an unrelated Ag results
in the secretion of autoreactive Abs. Because a substantial
number of secreted Abs of peripheral B cells harbor autoreac-
tive potential, it is currently unclear how such autoreactive Abs
are prevented from damaging the body. Most likely, the pro-
tection relies on the #1,, of Abs, the duration of encountering the
Ag, and regulatory functions of Igs, such as the binding to
immune inhibitory receptors (32). In agreement with this, Abs
possessing IgG4 isotype show increased stability and are often
associated with autoimmune diseases (33). Altogether, this
study suggests that characterization of the relationship between
Ig form, Ag recognition, and B cell activation is required
for understanding B cell selection and the development of
autoimmune diseases.

analysis of GC178 IgG1 (top) and GC178gl IgG1 (bottom) Abs binding to OVA at indicated concentrations as shown in time versus resonance units (RU) plot.
(D) Representative FACS analysis of GC178 IgM (left) and GC178gl IgM (right) BCRs on TKO cells for their OVA binding at 6, 4, and 2 p.g/ml of OVA,
compared with untransduced cells (control). (E) Top to bottom, representative analysis for calcium release of GC178 IgM (left column) and GC178gl IgM
(right column) BCRs in response to 6, 4, and 2 pg/ml of OVA. (F) Same as in (D) for cOVA binding at 0.5, 0.25, and 0.05 p.g/ml of cOVA. (G) Same as in
(E) for GC178 IgM (left column) and GC178gl IgM (right column) calcium release in response to indicated concentrations of cOVA. The data in (B)—(G) are

representative of a minimum of three independent experiments.
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