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The Lupus-Associated Fcy Receptor [1b—-I1232T Polymorphism
Results in Impairment in the Negative Selection of Low-Affinity
Germinal Center B Cells Via c-Abl in Mice

Jyun-Pei Jhou, I-Shing Yu, Haw Hwai, Chih-Shan Chen,
Pei-Lung Chen, and Shiang-Jong Tzeng

Objective. Fcy receptor IIb (FcyRIIb) is an essen-
tial negative regulator of B cells that blocks B cell recep-
tor (BCR) signaling and triggers c-Abl-dependent
apoptosis of B cells. FcyRIIb-deficient mice display
splenomegaly with expansion of B cells, leading to lupus.
FeyRIIb-1232T is a hypofunctional polymorphism associ-
ated with lupus susceptibility in humans, an autoimmune
disease linked to diminished deletion of autoreactive B
cells. In the context of the FcyRIIb-1232T polymorphism,
we investigated the role of FcyRIIb in the deletion of low-
affinity germinal center (GC) B cells, an important mech-
anism for preventing autoimmunity.

Methods. We generated FeyRIIb>*"T mice to mimic
human FcyRIIb-1232T carriers and immunized mice with
chicken gamma globulin (CGG)—conjugated NP, a T cell-
dependent antigen, to examine the response of GC B cells.

Results. Compared to wild-type (WT) mice,
FeyRIIb>*"T mice showed increased numbers of low-af-
finity NP-specific IgG and NP-specific B cells and plasma
cells; additionally, the expression of a somatic mutation
(W33L) in their Vy186.2 genes encoding high-affinity
BCR was reduced. Notably, FcyRIIb>*"" mice had a
higher number of GC light zone B cells and showed less
apoptosis than WT mice, despite having equivalent folli-
cular helper T cell numbers and function. Moreover, phos-
phorylation of c-Abl was reduced in FcyRIIb™*"" mice,
and treatment of WT mice with the c-Abl inhibitor nilo-
tinib during the peak of GC response resulted in reduced
affinity maturation reminiscent of FeyRITb>*"" mice.
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Conclusion. Our findings provide evidence of a
critical role of FcyRIIb/c-Abl in the negative selection
of GC B cells in FeyRIIb>*"T mice. Importantly, our
findings indicate potential benefits of up-regulating
FcyRIIb expression in B cells for treatment of systemic
lupus erythematosus.

Fcy receptor IIb (FcyRIIb) is a low-affinity Fcy
receptor for IgG. The Fc portion of IgG binds to the sec-
ond Ig domain located near the transmembrane region of
FcyRIIb proteins (1,2). In B cells, FcyRIIb is an indis-
pensable inhibitory regulator. FcyRIIb-deficient mice
exhibit splenomegaly due to expansion of B cells and
eventually develop lupus-like disease (3,4). Depending on
the affinity of antigens to the B cell receptor (BCR),
FcyRIIb can transduce 2 distinct inhibitory signals upon
stimulation of IgG immune complexes (ICs) to block B
cell function (5). When FcyRIIb is co-ligated to the BCR,
FcyRIIb blocks BCR signaling for proliferation and dif-
ferentiation, and when independently engaged, FcyRIIb
triggers B cell apoptosis by a c-Abl-dependent mechanism
(1,2,5). When the BCR and FcyRIIb are co-engaged, the
cytoplasmic immunoreceptor tyrosine-based inhibition
motif of FcyRIIb is phosphorylated by the Lyn kinase, fol-
lowed by recruitment of the lipid phosphatase SH2
domain—containing inositol-5’-phosphatase (SHIP), which
hydrolyzes PI(3-5)P; to antagonize phosphatidylinositol
3-kinase signals for activation and proliferation of B cells
(6-8). On the other hand, when the antigen in IgG ICs has
low or no affinity for BCRs, FcyRIIb can directly trigger
apoptosis of B cells via c-Abl kinase (5). The FcyRIIb-
dependent apoptosis of B cells has been proposed to play
a role in the elimination of autoreactive B cells, which
emerge as low-affinity B cells in the germinal center (GC)
(9), but evidence from in vivo studies is largely lacking.

The human FcyRIIb-1232T polymorphic variant,
in which the isoleucine at position 232 of FcyRIIb is
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replaced by threonine, is a risk allele for systemic lupus
erythematosus (SLE). The prevalence of FcyRIIb-1232T
carriers has been reported to be up to 40% of SLE
patients in Africans and Southeast Asians (10-12). Bio-
chemical and imaging analyses have revealed a decreased
association of FcyRIIb-232T proteins with lipid microdo-
mains on the plasma membranes, resulting in blocking the
association with BCR that results in inhibitory signaling
(13-15). Nevertheless, people carrying the FcyRIIb-232T
allele are protected against malaria infection owing to
enhanced antibody response (12,16,17). Conversely, these
subjects are susceptible to autoimmune diseases, e.g.,
SLE (12). Consistent with these findings, the surface
expression of wild-type (WT) FcyRIIb in memory B cells
and plasma cells (PCs) is down-regulated in patients with
SLE (18-20). Furthermore, a failure to up-regulate
FcyRIIb expression on GC B cells has been found in
lupus-prone mice regardless of their genetic background
(21). These findings strongly suggest a role of FcyRIIb in
the GC response and raise the question of whether the
hypofunctional FcyRIIb-232T allele might result in abnor-
mality in the clonal selection of B cells in GCs, particu-
larly in the deletion of low-affinity autoreactive B cells.
The GC is a critical site for antigen-driven selec-
tion of GC B cells for differentiation into PCs to generate
high-affinity antibodies for protective immunity. In
response to antigen, GC B cells first undergo V(D)J gene
hypermutation of their BCRs in the dark zone, followed
by migration of GC B cells to the adjacent light zone for
selection of cells with high affinity to antigen, a critical
process known as affinity maturation (22-24). Impor-
tantly, while high-affinity GC B cells are positively
selected for further development into memory B cells and
PCs, GC B cells carrying mutated BCRs of low or no anti-
genic affinity are negatively selected for apoptosis (25,26).
To investigate the pathogenesis of human lupus associated
with the FcyRIIb-1232T polymorphism, we generated
FeyRIID*#YT mice to mimic human FeyRIIb-1232T carri-
ers. Given that IgG ICs are readily formed after sec-
ondary immunization (27,28), the surface expression level
of FcyRIIb in GC B cells is up-regulated (21), and
FcyRIIb activation can trigger apoptosis of B cells via c-
Abl (5), we reasoned that the FcyRIIb-232T allele with
reduced inhibitory function might result in abnormal neg-
ative selection of GC B cells. Whether the dysfunction of
the FcyRIIb-1232T polymorphism is linked to a GC
defect is virtually unexplored. In addition, the conse-
quences of abnormal GC reaction in the pathogenesis of
autoimmune diseases are incompletely understood.
Importantly, new insights into the causal relationship
between the FcyRIIb-1232T polymorphism and the
pathogenesis of SLE may provide valuable implications
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for therapeutic exploitation of FcyRIIb for patients with
SLE and perhaps other autoimmune diseases.

MATERIALS AND METHODS

Reagents. Chicken gamma globulin—conjugated NP,
(NP2-CGG), bovine serum albumin (BSA)-conjugated NP, BSA-
conjugated NP3, and phycoerythrin (PE)-conjugated NP were
purchased from LGC Biosearch Technologies. Imject Alum
adjuvant was acquired from Thermo Scientific. F(ab’), goat anti-
mouse IgG and IgM antibodies were purchased from Jackson
ImmunoResearch. Mouse IgG isotypes and monoclonal antibod-
ies (mADb) specific for CD16/32 (clone 2.4G2), PE-Cy7—conju-
gated CD19 (clone 1D3), BV421-conjugated CD138 (clone 281-
2), PerCP-Cy5.5—conjugated CD11b (clone M1/70), Alexa Fluor
700—conjugated CD11c (clone HL3), and fluorescein isothio-
cyanate (FITC)-conjugated inducible costimulator (ICOS)
(clone 7E.17G9) were purchased from BioLegend. Allophyco-
cyanin (APC)-Cy7-conjugated B220 (clone RA3-6B2), BV605-
conjugated CD86 (clone GL1), Alexa Fluor 647-conjugated
GL-7 (clone GL-7), BV421-conjugated CXCR4 (clone 2B11),
PE-Cy7-conjugated CD95 (clone Jo2), Alexa Fluor 647-
conjugated CD4  (clone RM4-5), BV42l-conjugated
programmed death 1 (PD-1; clone J43), PE-conjugated CXCR5
(clone 2G8), and 7-aminoactinomycin D (7-AAD) were acquired
from BD Biosciences. Ninety-six-well MultiScreen-HTS filter
plates were acquired from Merck Millipore. Blood lancets were
obtained from MEDIpoint. Mouse reference serum was acquired
from Bethyl Laboratories. Vectastain ABC kits containing
biotinylated goat anti-rabbit IgG and rabbit anti-goat IgG mAb
were purchased from Vector. Horseradish peroxidase (HRP)-
conjugated isotype IgG and polyclonal antibodies specific to
phospho—c-Abl (Y245) were obtained from Santa Cruz Biotech-
nology. The active caspase 3 mAb was purchased from Cell Sig-
naling Technology. Nilotinib and DMSO were obtained from
Selleckchem.

FeyRID?*""  mice and immunization protocols.
FeyRIIB*TT mice on a C57BL/6J background were generated
at the gene knockout mouse core facility at the Center of Geno-
mic Medicine of National Taiwan University (NTU). The ATT
codon of isoleucine 231 in exon 5 of the Fcgr2b gene was mutated
to ACT to encode threonine using a recombineering approach. A
neo gene cassette flanked with loxP sequences was inserted into
the intron 5 region. The targeting vector was then linearized for
electroporation into JM8A3 embryonic stem cells (ESCs). Cor-
rectly targeted ESC clones were subsequently injected into
C57BL/6 blastocysts to produce chimeras. Chimeric males were
bred with C57BL/6 females to produce FcyRIIbD>?'T mice. To
remove the neo cassette, FcyRIIDZ2YT mice were crossed with
Sox2-Cre mice (Tg(Sox2-cre)lAmc/J), which were kindly pro-
vided by Dr. Ming-Ji Fann (National Yang-Ming University, Tai-
pei, Taiwan). Male and female FcyRIIb>*"" mice were bred to
generate offspring carrying FC)([RIIbBZUI (WT), FcyRIIb>T
(heterozygote), or FcyRIIB**"'T (homozygote) genotypes for
experiments. All mice were maintained in specific pathogen—free
conditions at the Center for Laboratory Animals in the College of
Medicine of NTU. The protocols of animal use were reviewed,
and the experiments were performed according to the guidelines
approved by the Institutional Animal Care and Use Committee
of the College of Medicine of NTU. Female mice (7-8 weeks old)
were immunized with 50 pg NP,-CGG per mouse by
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intraperitoneal injection. Nilotinib (2 mg/kg/day) was adminis-
tered intraperitoneally once a day on days 7-9 after secondary
immunization. Mice were killed the day after the last injection.

Flow cytometric analysis. Mouse splenocytes were stained
with FITC-conjugated CD16/32 mAb for 10 minutes at 4°C, fol-
lowed by addition of an antibody cocktail containing PE-Cy7-
conjugated CD19, BV421-conjugated CD138, PerCP—Cy5.5—con-
jugated CD11b, Alexa Fluor 700—conjugated CD11c, Alexa Fluor
647—conjugated GL-7, and PE-conjugated NP for 20 minutes on
ice. To distinguish GC light zone from dark zone B cells, mouse
splenocytes were stained with FITC-conjugated CD16/32, APC-
Cy7—conjugated B220, BV605-conjugated CD86, Alexa Fluor
647-conjugated GL-7, BV421-conjugated CXCR4, PE-Cy7—con-
jugated CD95, and PE-conjugated NP. Splenic follicular helper T
(Tth) cells were stained with the following mAb: APC-Cy7-con-
jugated B220, Alexa Fluor 647-conjugated CD4, BV421-conju-
gated PD-1, PE-conjugated CXCRS, FITC-conjugated ICOS,
and BV605-conjugated CD69. Bone marrow cells were stained
with FITC-conjugated CD16/CD32, BV421-conjugated CD138,
PE-Cy7—conjugated CD19, PerCP-Cy5.5—conjugated CD11b,
Alexa Fluor 700-conjugated CDllc, and PE-conjugated NP.
Dead splenocytes and bone marrow cells were stained with 7-
AAD for 5 minutes before being washed. Cells were processed
for analysis using a multicolor LSRFortessa cytometer (BD Bio-
sciences). Data were analyzed using FlowJo version 10.

Confocal microscopy. Splenic B cells from 8-week-old
WT and FeyRIIb>*T'T mice were isolated (>98% purity) using
a mouse B lymphocyte enrichment kit (catalog no. 557792; BD
Biosciences) according to the manufacturer’s instructions. Puri-
fied cells (2 x 10%ml) were incubated with rabbit anti-mouse
IgM (25 pg/ml) for 10 minutes on ice followed by Cy3-labeled
goat anti-rabbit IgG (50 pg/ml) and FITC-labeled cholera toxin
B (10 pg/ml), which binds the lipid raft resident protein gan-
glioside Gy, for an additional 10 minutes. Cells were then
placed on a shaker (200 revolutions per minute) and incubated
at 25°C for the indicated times. After a brief wash, cells were
immediately fixed with 4% paraformaldehyde for 10 minutes at
room temperature before mounting on slides. Images were
acquired, analyzed, and quantified using a Zeiss LSM 880 confo-
cal microscope.

Enzyme-linked immunosorbent assay (ELISA). BSA-con-
jugated NP7 or BSA-conjugated NP3, (5 pug/ml) was added to 96-
well high bind plates (100 pl/well; Corning) and incubated at 4°C
overnight. Mouse serum samples were diluted to detect IgG
(1:200,000) and IgM (1:15,000). After blocking and incubation at
4°C overnight, plates were washed, followed by addition of HRP-
conjugated rabbit anti-mouse IgG (Fcy-specific) (catalog no. 115-
035-071; Jackson ImmunoResearch) or goat anti-mouse IgM (-
specific) (catalog no. 115-035-075; Jackson ImmunoResearch)
for a 1-hour incubation at room temperature. After washes,
plates were developed with tetramethylbenzidine substrate and
the reaction was quenched with 2N H,SO,. Plates were read at
an optical density of 450 nm (ODys nm) and ODs7g ,, using an
ELISA plate reader (BioTek). The reading values of HRP activi-
ties were calculated using ODysp nm minus ODs7g . Standard
curves of IgM and IgG concentrations were generated using seri-
ally diluted samples of mouse reference serum.

Enzyme-linked immunospot (ELISpot) assay. ELISpot
assay was performed as previously described (29,30), except
that BSA-conjugated NP; and BSA-conjugated NP5, were
used as the immobilized antigens to capture NP-specific PCs.
Briefly, HRP-conjugated goat anti-mouse IgG and IgM were
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used for detection of PCs. Approximately 2 x 10* cells/well and
1.6 x 10° cells/well with 2-fold serial dilutions for the detection
of IgG and IgM PCs, respectively, were incubated overnight at
37°C. Spots in wells were developed by addition of 50 pl per well
of 3-amino-9-ethylcarbazole substrates and incubation for 30
minutes. After washes and complete air dry, plates were scanned
to enumerate spots using a CTL S6 universal analyzer (Cellular
Technology).

Immunohistochemical examination. Immunohistochem-
ical analysis of mouse spleen sections was performed using stan-
dard procedures with Vectastain ABC kits. Deparaffinized
sections (4 pm thick) were stained overnight at 4°C with antibod-
ies specific to active caspase 3 or phospho—c-Abl according to
the manufacturer’s instructions. After washes with phosphate
buffered saline (PBS)-Tween (PBS buffer with 0.1% [volume/
volume] Twween 20), sections were incubated with a species-speci-
fic antibody conjugated with HRP for 1 hour at ambient temper-
ature. Slides were washed thoroughly, followed by addition of
3,3'-diaminobenzidine substrates for development. Sections were
counterstained with hematoxylin before mounting. Slides were
photographed using an Axioplan 2 light microscope (Zeiss).

Sequence analysis of the V186.2 region of BCRs from
NP+ GC B cells. Genomic DNA of sorted GC B cells
(NP+B220+GL-7+1gG+;~1,000 cells per mouse) was
extracted using a QIAamp DNA micro kit (Qiagen). For the
amplification of V186.2-Ji;2 segments, 1 ng of genomic DNA
was used as template, and polymerase chain reaction (PCR)
products were generated from high-fidelity PrimeStar DNA
polymerase (Takara Bio). The PCR primers have been described
previously (31): forward primer, 5-AGCTGTATCATGCTCTT
CTTGGCA-3" and reverse primer, 5-AGATGGAGGCCAGT-
GAGGGAC-3' (31). Illumina libraries were generated from
PCR products using a TruSeq library preparation kit and were
sequenced using Illumina MiSeq to generate paired-end reads
of 300 nucleotides. Raw sequencing data were aligned to mouse
germline Vy186.2 sequences using Burrows-Wheeler aligner
and SAMtools (32,33). The W33L mutation percentages in first
complementarity-determining region sequences were compared
with those in WT mice.

Statistical analysis. Bar graphs were plotted and ana-
lyzed using GraphPad Prism software version 6.0. Student’s
unpaired 2-tailed #-test was used for statistical analysis. The #-
test was modified by Welch’s correction in case of unequal vari-
ance. Tukey’s test with one-way analysis of variance was used to
compare multiple groups. Results are presented as the mean +
SEM. P values less than 0.05 were considered significant.

RESULTS

FeyRIIb>*" mice exhibit enhanced antibody pro-
duction with reduced affinity maturation. Because the
isoleucine 232 residue of human FcyRIIb is conserved in
mice (NCBI accession nos. NP_001070657.1 and NP_
003992.3), we generated a mouse line, termed the
FcyRIIb™*T'T mouse line, which carries a point mutation
of the isoleucine residue at position 231 (232 in humans)
replaced by threonine (Figure 1A). Consistent with previ-
ous findings of live cell imaging (15), the surface FcyRIIb-
232T proteins and lipid rafts were neither stably


http://www.ncbi.nlm.nih.gov/nuccore/NP_001070657.1
http://www.ncbi.nlm.nih.gov/nuccore/NP_003992.3
http://www.ncbi.nlm.nih.gov/nuccore/NP_003992.3

FcyRIIb-232T IMPAIRS GC B CELL SELECTION

1869

A Wild-type P 5 12 L
fcgr2b "

s

e Mutant
/ 2 exon

1232T mutant
fegr2b
(Targeting construct)

lle:ATT

~
Snlninfol &Y . NEnipin R

loxP loxP
Thr:ACT

s/ HEHEH HEHD {1/~
fegr2b

(Recombined locus)
exon

Mutant

1232T mutant 1234
fegr2b

Second immunization
50 pg NP,-CGG in Alum

Primary immunization
50 pg NP,,-CGG in Alum

l Draw blood l Sacrifice
v

1 1 1 L~

I I I |
Day 1 14 28 35

Figure 1. Generation of Fcy receptor IIb (FcyRIIb)>27/T
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)

mice and immunization schedule. A, Schematic diagram of the generation of FcyRIIb-

1232T mutant mice. B, Schedule of immunization of mice with chicken gamma globulin—conjugated NP (NP,-CGG). Wild-type and FcyRIIb>2"'T
mice 7-8 weeks of age were each injected intraperitoneally with 50 pg of NP»-CGG proteins mixed with 50 pl of alum. A second immunization

was performed 4 weeks later.

associated nor co-clustered to form cap structures in splen-
ic B cells (see Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40555/abstract).

To investigate GC response, we immunized each
WT and FeyRIID?*TT mouse by intraperitoneal injec-
tion with 50 pg of NP,-CGG mixed with an equal
volume of alum. All mice received a booster injection
with the same amount of NP,;-CGG on day 28 after
primary immunization and were killed on day 35,
when clonal selection was actively proceeding (24,25)
(Figure 1B). Serum samples were collected on day 14
and day 35 and tested in ELISA plates coated with
either IgG-specific antibodies to detect total serum
IgG, NP3 to detect NP-specific antibodies of all affini-
ties, or NP5 to detect high-affinity NP-specific antibod-
ies (30,31). The serum levels of total IgG were
significantly higher in FcyRIIb>*"T mice than in WT
mice following both primary immunization (day 14)
(P = 0.0035) and secondary immunization (day 35)
(P = 0.032) (Figure 2A).

Fourteen days after the primary immunization,
FcyRIIbZ*"T mice produced similar levels of high-
affinity NP-specific antibodies (P = 0.5033) but more
than double the amount of low-affinity NP-specific anti-
bodies compared to WT mice (P < 0.05) (Figure 2B).
By day 35, seven days after secondary immunization,
FcyRIIb>*"T mice produced significantly more high-
affinity and low-affinity NP-specific antibodies than WT
mice (P < 0.05 for NP;; P < 0.01 for NP;y) (Fig-
ure 2B). The ratio of high-affinity to total (low affinity
plus high affinity) NP-specific IgG (NPs-bound IgG:
NP3p-bound IgG) was lower in the serum of
FcyRIIb>?"'T mice than in that of WT mice, indicating
reduced affinity maturation of antibodies (P < 0.05)
(Figure 2B). Moreover, sequencing of the NP-specific
Vi186.2 region of B cells expressing NP-specific BCRs
showed a decreased percentage of W33L replacement,
which gives rise to high-affinity BCR variants, in
FcyRIIb™?"T mice (P < 0.001) (Figure 2C). In addi-
tion, we found a trend toward a lower ratio of replace-
ment to silent hypermutation in FcyRIIb**"T mice
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Figure 2. Enhanced NP-specific IgG production in immunized Fcy receptor IIb (FcyRIIb)

32T mice. A and B, Serum levels of total IgG (A) and

high-affinity NP; IgG and total NP3, IgG (B) in wild-type (WT) mice and FcyRIIb>*"T mice 2 weeks after primary immunization (day 14) (P =
0.0035 for IgG, P = 0.5033 for NP, and P = 0.0469 for NP;;) and 1 week after secondary immunization (day 35) (P = 0.032 for IgG, P = 0.0411
for NP;, and P = 0.0068 for NP3g). In B, the ratios of NP; to NP3, IgG levels in serum on day 14 (P = 0.0427) and day 35 (P = 0.0277) after
immunization are also shown. Symbols represent individual mice; bars show the mean + SEM (n = 5-8 mice per group). C, Frequency of W33L
mutation in the Vi186.2 region of individual B cell receptor (BCR) genes of NP+ germinal center (GC) B cells in WT mice and FcyRIIb>2TT
mice 7-8 days after primary immunization (P = 0.0008). D, Ratio of replacement mutations to silent mutations (R:S) in the Vy186.2 region in
NP+ GC B cells in WT mice and FcyRIIb?*™T mice (P = 0.0845). In C and D, symbols represent individual mice; horizontal and vertical lines
show the mean + SEM (n = 4 WT mice and 6 FcyRIIb>*"T mice). * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS = not significant.

than in WT mice 8 days after primary immunization
(Figure 2D). These results indicate a dysfunction in the
affinity maturation of GC B cells in FcyRIIb>*"T mice.
Retention of low-affinity B cells in FcyRIIb>*"'"
mice after secondary immunization. Because affinity mat-
uration was reduced in FcyRIIb**"T mice compared to
WT mice, we investigated whether the elimination of low-
affinity antigen-specific B cells was abnormal in GCs. As
shown in Figure 3A, the percentages of splenic CD19+ B
cells in lymphocytes were comparable in WT and
FcyRIIDZ?*TT mice. However, the percentage of
NP+CD19+ B cells was substantially increased in

FcyRIIb™*"'T mice compared to WT mice after sec-
ondary immunization. Similarly, the percentage of splenic
CD19+CD138+ PCs in FeyRIIb>*"T mice was not dif-
ferent from that in WT mice, but the percentage of
NP+CD19+CD138+ PCs was significantly increased in
FcyRIIb>*"T mice (P < 0.001) (Figure 3B).

We next used ELISpot assays to quantify the num-
bers of splenic NP+ PCs. Consistent with an increased
level of circulating NP;p+ IgG, a greater number of
NP3;p+IgG+ PCs was detected in FcyRIIbBZT/T mice
than in WT mice (P < 0.05) (Figure 3C). Further analysis
of splenic NP+IgG+ PCs revealed no significant
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Figure 3. Increased frequency of low-affinity NP+IgG+ plasma cells (PCs) in the spleen in Fcy receptor IIb (FcyRIIb)**™T mice after secondary

immunization. A and B, Percentages of CD19+ B cells (P = 0.2846) and NP+CD19+ B cells (P = 0.0007) (A) and percentages of CD19+CD138+ PCs
(P =0.8432) and NP+CD19+CD138+ PCs (P = 0.0009) (B) in splenic lymphocytes from wild-type (WT) mice and FcyRIIb**?"'T mice on day 35, ana-
lyzed by flow cytometry. C, Splenic total IgG+ PCs (P = 0.0315), high-affinity NP;-specific IgG+ PCs (P = 0.4318), total NPsp-specific IgG+ PCs (P =
0.0168), and low-affinity NP+IgG+ (NP3, minus NP;) PCs (P = 0.0159) in WT mice and FcyRIIb>?"T mice on day 35, determined using enzyme-
linked immunospot assays (using 6 x 10° cells to detect total PCs and 2.4 x 10* cells to detect NP+ PCs). D, Numbers of total [gM+ PCs (P = 0.5412),
NP;-specific IgM+ PCs (P = 0.355), NP3¢-specific IgM+ PCs (P = 0.116), and low-affinity NP+IgM+ (NP3 minus NP;) PCs (P = 0.0864) in WT mice
and FcyRITb?27/T mice. Symbols represent individual mice; bars show the mean + SEM (n = 8-12 WT mice and 8-10 FcyRIIb*?"'T mice in A and B; n
=5 WT mice and 7-9 FcyRIIb??™T mice in C; n = 4-5 WT mice and 7-9 FcyRIIbZ>?™T mice in D). * = P < 0.03; *** = P < 0.001. NS = not significant.

differences in the numbers of high-affinity NP;+ PCs
between WT and FcyRIIb>*"T mice. In contrast, com-
pared to WT mice, the numbers of low-affinity [gG+ PCs
(NP3p+ PCs minus NP;+ PCs) increased ~3-fold in
FcyRIIb>*"T mice (P < 0.05) (Figure 3C). These differ-
ences were not observed when the numbers of NP+IgM+
PCs were compared between WT and FcyRIIb*?"T mice
(Figure 3D), suggesting a specific IgG-associated effect

through FcyRIIb. Of interest, we found that the numbers
of low-affinity NP+IgG+ PCs were also significantly
increased in heterozygous FcyRIIb-232T mice compared
to WT mice (see Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40555/abstract). These findings
suggest that FcyRIIb-232T might impede recruitment of
sufficient amounts of WT receptors to reach the threshold
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required for efficient induction for apoptosis. Consistent
with this notion, we previously demonstrated that
FcyRIIb-mediated apoptosis is dependent on the signal
strength transduced from the receptor oligomers (5).

Tth cell number and function in switching IgG iso-
types are not altered in Fc'yRIIbZ"’ZT/T mice. Because the
generation of PCs is influenced by Tth (CD4+B220+PD-
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1+ICOS+) cells, which provide help, e.g., interleukin-21,
to GC B cells to further their differentiation into PCs and
to class-switch Ig isotypes (32,33), we examined the num-
bers of splenic Tth cells to determine their contributions
to the increase in NP+IgG+ PCs in FcyRIIb>*"T mice.
As shown in Figure 4A, the numbers of Tth cells were

comparable between immunized WT and FcyRIIb>*T/T
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Figure 4. Splenic follicular helper T (Tth) cell numbers and serum titers of class-switched NP+ IgG isotypes in wild-type (WT) and Fcy receptor IIb
(FeyRIIb)**"T mice. A, Percentages of Tth cells (CD4+B220— programmed death 1—positive inducible costimulator—positive) in splenic Tcells in WT
mice and FeyRITb2"T mice on day 35 (P = 0.8622). B, Serum concentrations of IgG1 (P = 0.0098), IgG2a (P = 0.0076), IgG2b (P = 0.9813), and TgG3
(P=0.045) in immunized WT mice and FcyRIIb>*"T mice. C and D, Serum levels of high-affinity NP--specific IgG isotypes (IgG1 [P = 0.0137], IgG2a
[P =10.0178], IgG2b [P = 0.5956], and IgG3 [P = 0.0091]) (C) and total NP5-specific IgG isotypes (IgG1 [P = 0.0011], IgG2a [P = 0.0283], IgG2b [P =
0.217], and IgG3 [P = 0.0079]) (D) in WT and FcyRIIb**"T mice. Symbols represent individual mice; bars show the mean + SEM
(n =6 WT mice and 8 FcyRITb?*?"/T mice in A; n =7 WT mice and 8 FcyRIIb**"'" mice in B; n = 5-7 mice per group in C and D). * = P < 0.05; ** = P

< 0.01. NS = not significant.
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Figure 5. Increased numbers of light zone (LZ) germinal center (GC) B cells and reduced numbers of apoptotic GC B cells in Fey receptor 1Ib
(FeyRIIb)?*™T mice after secondary immunization. A, Percentages of splenic CD19+GL-7+ GC B cells (P = 0.0011), dark zone (DZ) NP+ GC
B cells (P = 0.0005), and light zone NP+ GC B cells (P = 0.0002) in WT mice and FcyRIIb>*"T mice. Symbols represent individual mice; bars
show the mean & SEM (n = 7 WT mice and 8 FcyRIIb™*"'T mice). B, Representative splenic sections from WT and FcyRIIb?*"T mice showing
the size of GCs. Bottom panels are higher-magnification views of the top panels. The boxed areas show follicles. C, Surface expression levels of
FcyRIIb on GC B cells in age-matched nonimmunized WT and FcyRIIb>*™™ mice (open symbols) (P = 0.3613) and immunized WT and
FeyRITb>*"T mice on day 35 (solid symbols) (P = 0.7026). There was a significant difference in expression of FcyRIIb in nonimmunized WT mice
versus immunized WT mice (P = 0.0082) and in nonimmunized FcyRIIb**"" mice versus immunized FeyRIIb*?™T mice (P = 0.0001). Symbols
represent individual mice; horizontal and vertical lines show the mean + SEM (n = 6 nonimmunized WT mice, 7 nonimmunized FcyRIIb>Z"/T
mice, 7 immunized WT mice, and 11 immunized FcyRIIbBZWr mice). MFI = mean fluorescence intensity. D, Left, Percentages of 7-aminoactino-
mycin D (7-AAD)+GL-7+ GC B cells in WT mice and FcyRITIb>*"T mice (P = 0.0484). Symbols represent individual mice; bars show the mean
+ SEM (n = 3 WT mice and 7 FcyRIIb>?™T mice). Right, Staining for active caspase 3 to detect apoptotic GC B cells in the light zone of GCs
(encircled areas) in splenic sections from WT and FcyRIIb™?T mice. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS = not significant.
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mice (P = 0.8622) despite an increased number of NP+ (Figure 2A), the serum concentrations of I1gG1, IgG2a,
PCs in FcyRIIb>?"T mice (Figure 3). Consistent with and IgG3 isotypes were all significantly higher in immu-
increased serum levels of total IgG in FcyRIIb**"T mice nized FcyRIIb?*YT mice than WT mice (P < 0.05)
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(Figure 4B). Similarly, the serum levels of high-affinity
(NP7)-specific and total NP+ (NP3g)-specific I1gG iso-
types remained higher in FcyRIIb>*"'T mice than in WT
mice (Figures 4C and D).

Reduced apoptosis of B cells in GC light zones of
immunized FeyRIIb™*"" mice. To further delineate the
abnormality of GC response in FcyRIIb*?TT mice, we
quantified NP+CD19+GL-7+ GC B cells and found that
FeyRIIb>*"T mice exhibited more splenic NP+ GC B
cells than WT mice (Figure 5A). When GC dark zone
(CD86'"CXCR4"e") and light zone (CD86ME"CXCR4'Y)
B cells were analyzed and compared, we found a decreased
percentage of GC dark zone B cells (P < 0.001) (Fig-
ure 5SA) but an increased percentage of GC light zone B
cells (P < 0.001) (Figure 5A) in FcyRIIb™*"T mice.
Moreover, we detected an increase in the size of GCs in
splenic sections from immunized FcyRIIb™*"'T mice (Fig-
ure 5B). It has been shown that the surface expression of
FeyRIIb in GC B cells is up-regulated in normal mice (16).
We examined the FcyRIIb expression levels in GC B cells
and found no significant differences in FcyRIIb expression
between WT and FcyRIIb™?"T mice either before or after
immunization (Figure 5C). Because clonal selection of GC
B cells occurs primarily in the light zone of GCs (17-22),
we next investigated the apoptosis of GC B cells to deter-
mine the extent of negative selection of low-affinity B cells
after secondary immunization. Consistent with an increase
in GC B cell numbers in FcyRIIb>*"T mice, the percent-
age of dead GC B cells was significantly decreased in these
mice (P < 0.05) (Figure 5D). Significantly fewer apoptotic
GC B cells, which were stained by active caspase 3 mAb,
were detected in FcyRIIb®*YT mice after secondary
immunization (Figure 5D).

Blocking c-Abl activity in WT mice during clonal
selection recapitulates the GC phenotype of FcyRIIb***"T
mice. Because FcyRIIb is known to mediate apoptosis via
c-Abl kinase in response to IgG ICs in B cells (5), we
investigated the expression of active c-Abl (p-Y245) pro-
teins in GC B cells. In WT mice, phospho—c-Abl proteins
were readily detectable and mainly localized in the light
zone of GCs, where affinity maturation and clonal selec-
tion occur. In contrast, the levels of phospho—c-Abl pro-
teins were substantially decreased in the GCs of
FcyRIIb™*"T mice (Figure 6A). It has been reported
that the apoptosis of GC B cells peaks during days 7-9
after secondary immunization (34). Thus, to determine
whether c-Abl activity is crucial for FcyRIIb to negatively
regulate GC B cells, we treated WT mice with nilotinib
(2 mg/kg/day) to block c-Abl kinase activity during the
peak period when GC B cells undergo apoptosis for selec-
tion after secondary immunization. Indeed, the serum
titers of NP+ IgG displayed reduced affinity maturation
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in nilotinib-treated mice (P < 0.05) (Figure 6B). More-
over, the number of low-affinity NP+IgG+ PCs (NP5
PCs minus NP; PCs) was significantly increased after
c-Abl kinase activity was blocked in WT mice (P < 0.01)
(Figure 6C). Thus, the findings in antibodies produced
from nilotinib-treated WT mice are reminiscent of the
GC defect observed in FcyRIIb*?T'T mice after sec-
ondary immunization (Figures 2 and 3).

DISCUSSION

In this study, we showed for the first time that
compromised inhibitory activity of FcyRIIb-232T proteins
results in insufficient deletion of low-affinity antigen-
specific GC B cells and reduces affinity maturation in
clonal selection. Consequently, the resultant increase in
low-affinity antigen-specific GC B cells leads to a corre-
sponding increase in low-affinity antigen-specific IgG in
circulation in FcyRIIb>*"'T mice (Figures 2 and 3). Com-
pared to WT mice, the number of GC light zone B cells
was increased in FcyRIIb**TT mice due to a decrease in
the apoptosis of GC B cells and in the phosphorylation of
c-Abl proteins (Figures 5 and 6). Furthermore, adminis-
tration of nilotinib to WT mice to block c-Abl kinase activ-
ity at the peak of apoptosis of GC B cells in clonal
selection resulted in reduced affinity maturation reminis-
cent of the phenotype of immunized FcyRIIb>*"" mice.
The involvement of c-Abl in the clonal selection of GC B
cells is a novel and important finding. The newly identi-
fied, crucial role of FcyRIIb in regulating the stringency of
affinity maturation by triggering apoptosis to delete low-
affinity GC B cells via c-Abl is illustrated in Figure 6D.

Because FcyRITb>*"T mice display a higher serum
level of high-affinity NP-specific IgG, the reduced inhibi-
tion of FcyRIIb-232T on BCRs might have the potential
to promote the proliferation of GC B cells. Indeed, num-
bers of GC B cells increased in FcyRIIb>*"'T mice after
secondary immunization (Figure SA). Nevertheless, the
increased number of B cells was largely due to an increase
in low-affinity B cells, since no increase in high-affinity
IgG+ PCs was observed in FeyRIIb>*"T mice (Figure 3).
This leads us to conclude that the retention of low-affinity
B cells is more a consequence of insufficient apoptosis
rather than insufficient inhibition of proliferation of GC B
cells in FeyRIIb>?™T mice. In addition, because low-affi-
nity B cells are intrinsically less competitive than high-affi-
nity cells for antigen stimulation, the increased survival of
low-affinity FeyRIIb>*"" GC B cells is positively associ-
ated with reduced apoptosis. One important caveat is that
low-affinity antigen-specific GC B cells may have a chance
to undergo further affinity maturation when the competi-
tion with high-affinity B cells becomes reduced in late
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GCs (35). However, in the persistence of FcyRIIb-232T
dysfunction, repeated immunization generates a new pool
of low-affinity B cells, which normally should have been
deleted. Consistent with this finding, the serum level of
low-affinity antigen-specific IgG and the number of IgG+
PCs remained significantly increased after secondary
immunization in FeyRIIb***"'T mice (Figures 2 and 3).

These findings raise the possibility of undesired
consequences of enhanced immune response due to the
presence of the FcyRIIb-232T allele. For example, low-
affinity memory B cells might persist in peripheral lym-
phoid organs, and low-affinity PCs emigrated from GCs
into circulation might be able to become long-term resi-
dents in the bone marrow to secrete low-affinity antibodies
(36). An additional caveat is that because serum NP+ IgG
display increasing affinity maturation in WT mice over time
but remain reduced in FcyRIIb™*™™ mice after primary
immunization, the contribution of extrafollicular response
to influence the outcome of low-affinity B cells is likely lim-
ited (Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40555/abstract).

Consistent with previous findings in living cells
(14,15), FcyRIIb-I1232T proteins appear to form small
raft-associated clusters rather than coalesced caps for sig-
nal amplification as compared to receptors in WT mice at
30-60 minutes (see Supplementary Figure 1, available on
the Arthritis & Rheumatology web site at http://online
library.wiley.com/doi/10.1002/art.40555/abstract). The resul-
tant diminished recruitment of SHIP to FcyRIIb-232T
therefore can account for reduced inhibition on B cells in
response to IgG ICs. However, mice deficient in the Ship
gene show no differences from WT mice in antibody pro-
duction after immunization with a T cell-dependent antigen
(37). Nevertheless, when the Ship gene is specifically
deleted in B cells, they are indeed more sensitive to antigen
activation than WT cells in vitro (38).

Surprisingly, the number of NP+ GC B cells and
the serum level of NP+ IgG decreased markedly after NP-
CGG immunization. It appears that hyperactive BCR sig-
naling in SHIP-deficient GC B cells directly induces
apoptosis of both low- and high-affinity B cells (38). Thus,
a tightly regulated balance between FcyRIIb/SHIP and
FcyRIIb/c-Abl pathways in response to IgG ICs is crucial
for normal outcome of GC reaction. Consistent with this
notion, an increased sensitivity to FcyRIIb-dependent
apoptosis might contribute in part to the GC phenotype in
mice with SHIP deficiency in B cells. Indeed, loss of SHIP
in DT40 B cells enhances FcyRIIb-induced apoptosis (9).
We previously showed that apoptosis of B cells induced by
FcyRIIb is dependent on c-Abl, but independent of SHIP,
suggesting a decisive role of c-Abl when activated (5).
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In the GC, low-affinity B cells are outcompeted by
high-affinity B cells for antigen stimulation and Tfh cell
help, thereby lacking survival advantages (39,40). In the
present study, we provided evidence of a new role of the
FcyRIIb/c-Abl signaling pathway to participate in the neg-
ative selection of low-affinity B cells. Consistent with our
findings, enhancing survival of GC B cells by overexpres-
sion of the Bel-x;, gene in mice results in reduced affinity
maturation (41). Similarly, mice overexpressing Bcl-2 show
decreased negative selection of GC B cells (42,43). These
findings indicate that enhanced BCR signaling can
increase the survival of low-affinity B cells to avoid nega-
tive selection. Whether these low-affinity B cells might
have overcome the apoptotic induction from FcyRIIb to
escape deletion is of interest for future studies. Mean-
while, it has been demonstrated that low-affinity autoreac-
tive B cells are more sensitive to CpG double-stranded
DNA-induced differentiation into PCs than high-affinity
B cells (44,45). Thus, low-affinity autoreactive B cells are
able to efficiently expand independent of antigen stimula-
tion if they can escape from elimination in GCs. Because
autoreactive B cells are routinely generated in response to
a foreign antigen in normal mice, e.g., resulting from host
immune response against pathogens (46), low-affinity
autoreactive B cells, which are likely generated from time
to time, need to be deleted when they emerge in GCs to
prevent autoimmunity.

Our findings indicate that in FcyRIIb-232T allele
carriers, the persistent presence of low-affinity B cells and
especially PCs may gradually become a key contributor
that puts them at risk of developing autoimmune diseases
over time. Reduced surface expression levels of WT
FcyRIIb in the B cells of SLE patients may result in sus-
ceptibility to the presence of low-affinity B cells (18-20).
Accordingly, because transgenic mice overexpressing
Fegr2b in B cells exhibit reduced SLE disease severity
(47), it will be of interest to investigate whether regimens
that up-regulate the surface expression level of FcyRIIb-
232T proteins to enhance their inhibition can restore
competency to negatively regulate low-affinity GC B cells
for therapeutic exploitation.
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