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ABSTRACT

Germinal center (GC) reaction, which undergoes somatic hypermutation, affinity
maturation and class switching, is the hallmark of humoral immunity. One important
function of it is to eliminate GC B cells that secrete low-affinity antibody (Ab) to the
antigen (Ag) to ensure successful generation of effective neutralizing Abs through
affinity maturation. FcyRIIB, a critical inhibitory Fcy receptor (FcyR) that can mediate
apoptosis in B cells, has been found to up-regulate on the GC B cells. Interestingly
FcyRIIB-deficient mice spontaneously develop lupus accompanied by retention of
somatic mutated BCRs as well as increased number and increased size of GCs in the
spleen, indicative of a failure in negative selection of GC B cells. Moreover, people
carrying a functionally impaired variant of FcyRIIB, of which isoleucine at position 232
was replaced by threonine, are susceptible to lupus particularly in Asians. Here, we
generated FcyRI1B™2 mutant mice to investigate the functional role of FcyRIIB in GC

B™% mice

reaction. We hypothesized that to some extent the GC phenotype of FcyRII
should recapitulate that of FcyRI1B knockout mice after immunization. To address this,

BI232 BT232

we immunized FcyRII (wild-type) and FcyRII mice respectively with
4-hydroxy-3-nitrophenylacetyl (NP) hapten-chicken gamma globulin (CGG), a model
Ag that allows distinction of low vs. high affinity Ag-specific B cells. Indeed, we found

an increase of low-affinity NP-specific IgG-expressing B cells and plasma cells in



B2 mice than those of

circulation and a concomitant increase of serum Abs in FcyRII
FcyRI11B'%2 mice after primary immunization. After secondary immunization, we
detected a significant increase of NP-specific B cells and plasma cells in the blood,

spleen and bone marrow of FcyR11B™*2 mice compared to that of FcyRI1B%*? mice,

accompanying an accumulation of low-affinity NP-specific 1gG-secreting B cells in the

T232 T232
B3 B2

spleen and bone marrow of FcyRII mice. Furthermore, FcyRII mice increased

the formation of low-affinity NP-specific IgG in the circulation. Consistent with these

findings, the spleen of FcyRIIB™**

mice displayed an increased size of the GC of
lymphoid follicles and had a concomitant increase of the number of GC B cells,
especially the light zone GC B cells. Moreover, a decrease of apoptosis of GC B cells in
the light zone of FCyRIIBT232 mice correlated with their increased levels of low-affinity
NP-specific B cells and Abs, supporting an active and essential role of FcyRIIB in GC
reaction. Finally, we also found that the increased low-affinity antibodies in FcyRl IB2%
mice resulted in the increase of cross-reactive antibodies. Taken together, these results
support the notion that FcyRIIB plays an important role in negative selection of GC B
cells. In addition, FcyRIIB may be considered as an ideal target for immunomodulation
if the expression level of FcyRIIB on GC B cells holds the key to determine the
stringency of Ab affinity as well as Ab repertoire to be generated during vaccination.
Key words: FcyRIIB, FcyRIIB'??T polymorphism, germinal center, low-affinity

antibody, affinity maturation, immunization
Vi
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Chapter 1 Introduction

1.1 Fcy receptors

Fcy receptors are the receptors for the Fc region of immunoglobulin G (IgG).
Up to now, three different classes and their respective subclasses of Fcy receptors
have been recognized in humans, known as FcyRI, FcyRII (including FcyRIIA,
FcyRIIB and FcyRIIC), FeyRIII (including FcyRITIA and FcyRINIB) (Table 1.1.1). In
mice, a fourth class of Fcy receptor, known as FcyRIV, has been identified (Table
1.1.2) (Nimmerjahn and Ravetch, 2008). Most Fcy receptors are activating receptors,
including FcyRI, FcyRIIA, FeyRIIC, FeyRITTA and FcyRIIB in humans, and FcyRI,
FcyRIIT and FcyRIV in mice. In contrast, FcyRIIB is the only inhibitory receptor in
families of human and mouse Fcy receptors. Among the Fcy receptors, FcyRI is the
sole high-affinity receptor, which comprises three immunoglobulin (Ig)-like
domains in the extracellular region that can bind both monomeric 1gG and
immune-complexed 1gG, whereas FcyRII, FcyRIIl and FcyRIV are low- to
medium-affinity receptors, each of which comprises two Ig-like domains in the
extracellular portion that can bind only immune-complexed IgG (Ravetch and Kinet,

1991).



Table 1.1.1 The family of human Fcy receptors (FcyRs)

Human
FcyRs

Immunoglobulin __
domain

Common y chain

Structure

Activating FcyRs

GPI anchor

Inhibitory
FcyRs

Name FcyRI FcyRIIC FcyRITIA FcyRINIB
Receptor . o ) o
o High affinity Low to medium affinity
affinity
Signaling
) ITAM ITAM ITAM ITAM ITAM ITIM
motif
1gG3>1gG1> Variant H131 1gG3>IgG1 Variant V158 1gG3>>1gG1 1gG3>IgG1
19G4>>1gG2 1gG3>1gG1> and 1gG4 19G3>IgG1>>> | does not bind and 1gG4
e 1gG2>>1gG4 does not bind IgG2 and IgG4 | 1gG2 and 1gG4 | does not bind
. g. 1gG2 1gG2
binding ) )
o Variant R131 Variant F158
affinity
1gG3>IgG1>> 1gG3>>>IgG1l
1gG2 and 1gG4 does not bind
19gG2 and 1gG4
B cell
Plasma cell
Monocyte Monocyte
NK cell Monocyte
Dendritic cell Dendritic cell Neutrophil -
) Monocyte Dendritic cell
Expression]| Macrophage Platelet NK cell . Mast cell
j Dendritic cell ) ) Macrophage
Neutrophil Macrophage Eosinophil ]
) ) ] Macrophage Neutrophil
Eosinophil Neutrophil )
Basophil
Mast cell

ITAM, immunoreceptor tyrosine-based activating motif
ITIM, immunoreceptor tyrosine-based inhibitory motif
GPI, glycosylphosphatidylinositol

(Nimmerjahn and Ravetch, 2008; Smith and Clatworthy, 2010)




Table 1.1.2 The family of mouse Fcy receptors (FcyRs)

Mouse
FcyRs

Immunoglobulin
domain

Common y chain

Activating FcyRs

Inhibitory
FcyRs

Structure
Name FcyRI FcyRIV
Receptor ) o ) o
o High affinity Low to medium affinity
affinity
Signaling
) ITAM ITAM ITAM ITIM
motif
o 1gG2a and 1gG2a and
IgG binding 1gG3>1gG2a> 1gG2a and
o 19G3>>>IgG1 and 1gG2b>>>IgG1 and
affinity 1gG2b>>1gG1 1gG2b>1gG1
1gG2b 1gG3
NK cell B cell
Monocyte Plasma cell
Monocyte Monocyte
) Macrophage Monocyte
Expression Macrophage ] Macrophage
. Neutrophil ] Macrophage
Dendritic cell Neutrophil
Dendritic cell Neutrophil
Dendritic cell

ITAM, immunoreceptor tyrosine-based activating motif
ITIM, immunoreceptor tyrosine-based inhibitory motif

(Dijstelbloem, et al., 2001; Nimmerjahn, et al., 2005; Nimmerjahn and Ravetch, 2008;

Smith and Clatworthy, 2010)



1.2 Fcy receptor 1B (FcyRIIB)

FcyRIIB is the only Fcy receptor that has inhibitory function and it is
ubiquitously expressed by immune cells, including lymphoid cells (B cells and
plasma cells), myeloid cells (macrophages, monocytes and dendritic cells), and
granulocytes (neutrophils, basophils and mast cells), with the exception of NK cells
and T cells (Ravetch and Kinet, 1991). FcyRIIB has distinct functions when
expressed by different types of immune cells. When expressed on B cells, FcyRIIB
increases activation threshold, and therefore inhibits B cell activation. By same
token, when expressed on myeloid cells and granulocytes, FcyRIIB inhibits the
functions of activating Fcy receptors, such as phagocytosis and release of
pro-inflammatory cytokines. In contrast, when expressed on follicular dendritic cells,
FcyRIIB does not transduce inhibitory signals but plays an important role in
trapping the antigen-containing immune complexes (ICs) and mediating the
generation of GC reaction (Qin, et al., 2000).

Three isoforms of FcyRIIB, referred to as FcyRIIB-1, FcyRIIB-2 and
FcyRIIB-3, have been identified in humans and mice (Brooks, et al., 1989; Hogarth,
et al., 1991; Ravetch, et al., 1986; Stuart, et al., 1989). Both FcyRIIB-1 and
FcyRIIB-2 are membrane proteins that contain an immunoreceptor tyrosine-based

inhibitory motif (ITIM) within the cytoplasmic domain, whereas FcyRIIB-3 is a



soluble receptor that lacks the transmembrane and first cytoplasmic domains
(Tartour, et al., 1993). FcyRI1IB-1 and FcyRIIB-2 are differentially expressed in
hematopoietic cells. FcyRIIB-1 is predominantly expressed by B cells, while
FcyRIIB-2 is mainly expressed by myeloid cells (Joshi, et al., 2006). Although
FcyRIIB-1 and FcyRI1IB-2 are encoded by the same gene, FcyRIIB-2 has a deletion
of exon 6, which contains 47 amino acids and resides in the cytoplasmic domain,
due to alternative mRNA splicing and this prevents FcyRIIB-1, but not FcyRI1IB-2,
from localization into clathrin-coated pits for endocytosis (Miettinen, et al., 1992).
In spite of the difference of membrane trafficking between FcyRIIB-1 and
FcyRIIB-2, both B1 and B2 isoforms of FcyRIIB are functional inhibitory receptors
in the phagocytic process (Joshi, et al., 2006).

1.3 FcyRIIB triggers inhibitory signaling pathways to block

B-cell function
FcyRIIB has been shown to play an important role in regulating the humoral

immunity. FcyRIIB exerts inhibitory function mainly through co-ligation of FcyRIIB
with activating Fcy receptors in myeloid cells or with the B-cell antigen receptor
(BCR) by cognate ICs in B lymphocytes. The co-engagement of BCR and FcyRI1IB
leads to phosphorylation of the ITIM in the cytoplasmic domain by the Src family

kinase Lyn (Malbec, et al., 1998), followed by the recruitment of SHIP (Src



homology 2 domain-containing inositol-5-phosphatase) that hydrolyzes

phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) into

phosphatidylinositol-3,4-bisphosphate (PtdIns(3,4)P,) (Ono, et al., 1996; Ono, et al.,

1997). This results in prevention of the subsequent recruitment of pleckstrin

homology-domain-containing kinases, such as BTK (Bruton’s tyrosine kinase) or

PLCy (phospholipase Cy) to the cell membrane, thereby inhibiting downstream

activating signaling cascade (Bolland and Ravetch, 1999).

In addition to co-ligation of FcyRIIB with activating Fcy receptors or with

BCR, cross-linking of FcyRIIB itself has recently been shown functional. Clustered

FcyRIIB in the absence of BCR ligation on B cells can induce apoptosis through

BTK and JNK1 (c-Jun N-terminal kinase 1) as well as c-Abl tyrosine kinase in

chicken and mouse B cells, respectively (Pearse, et al., 1999; Tzeng, et al., 2005),

and this is independent of ITIM- and SHIP-mediated signaling pathways (Tzeng, et

al., 2005). The cross-linking of FcyRIIB by itself to trigger B cell apoptosis has been

proposed to be involved in the regulation of B-cell responses and the maintenance of

self-tolerance by the deletion of low-affinity B cells during the GC reaction and by

elimination of self-reactive B cells in lymphoid organs. This idea mainly bases on

the affinity and specificity of Ag to BCR in the IC. When B cells encounter ICs the

BCR with Ag specificity can co-engage both BCR and FcyRI1IB, whereas BCR with



low affinity or no specificity for the Ag will predominantly receive signals from
FcyRIIB only and lack survival signaling provided by the BCR, thereby allowing
low-affinity B cells to be deleted by apoptosis.

Terminally differentiated plasma cells in the bone marrow do not express
BCR and merely express little receptors elsewhere, but they express higher level of
FcyRIIB than that of mature B cells or less-differentiated plasma cells (Xiang, et al.,
2007). Studies have also shown that cross-linking FcyRIIB itself on plasma cells can
induce apoptosis through Bim (Bcl-2-interacting mediator of cell death), a Bcl-2
(B-cell lymphoma 2) family member (Xiang, et al., 2007). Consistent with this
notion, plasma cells from SLE-prone mouse strains, which do not express FcyRIIB
or have strongly reduced expression of FcyRIIB, are resistant to induction of
apoptosis (Xiang, et al., 2007).

1.4 Functions of FcyRI1IB in innate immunity

In dendritic cells (DCs), engagement of activating FcyRs by ICs in the
absence of coligation of FcyRIIB enhances the maturation of DCs (Kalergis and
Ravetch, 2002). Blockade of FcyRIIB enables DCs to produce inflammatory
cytokine, such as interleukin-12 (1L-12) and type 1 interferon (IFN) and enhances
DCs to generate the immunity of tumor-reactive T cells (Dhodapkar, et al., 2007,

Dhodapkar, et al., 2005). In macrophages, FcyRIIB negatively regulates



antibody-dependent phagocytosis and reduces proinflammatory cytokines
production, such as tumor necrosis factor a (TNF-a), interleukin-6 (IL-6)
(Clatworthy and Smith, 2004; Clynes, et al., 1999; Zhang, et al., 2009) and
interleukin-la (IL-1a) (Yuasa, et al., 1999) through FcyRIIB-dependent PGE,
production (Zhang, et al., 2009). In mast cells and basophils, costimulation of
high-affinity IgE receptor FceRI and FcyRI1B by DNP-Ova and anti-DNP 1gG
inhibits FceRI-mediated histamine and serotonin release and interleukin-4 (IL-4)
production (Daeron, et al., 1995; Kepley, et al., 2000).
1.5 FcyRIIB and autoimmunity

Since FcyRIIB is a key negative regulator of B-cell activation, it is not
surprising that FcyRIIB is involved in the pathogenesis of autoimmune diseases.
Studies have shown that FcyRI1B-deficient mice spontaneously develop high levels
of serum anti-nuclear autoantibodies and autoimmune glomerulonephritis
resembling systemic lupus erythematosus (SLE) (Bolland and Ravetch, 2000).
Moreover, loss of FcyRIIB increases serum collagen-specific antibodies and
exacerbates disease severity in a mouse model of type Il collagen-induced arthritis
(CIA) (Yuasa, et al., 1999). Similarly, in multiple sclerosis deficiency of FcyRI1B
exacerbates the disease severity of experimental autoimmune encephalomyelitis

(EAE) and enhances the activation of myelin-specific T cells (Iruretagoyena, et al.,



2008). One important caveat is that FcyRIIB-deficient mice gradually develop an

increase of self-reactive GC B cells and plasma cells (Tiller, et al., 2010). Likewise,

GC B cells and activated B cells display reduced levels of FcyRIIB in mice that

develop spontaneous autoimmune diseases (Jiang, et al., 1999; Pritchard, et al.,

2000; Xiu, et al., 2002). In humans, FcyRIIB expression is also decreased on

memory B cells in SLE patients (Mackay, et al., 2006). Cross-linking the surface

dsDNA-specific Ig and FcyRI1IB by a chimeric antibody, which was constructed by

coupling the dsDNA-mimicking DWEYSVWLSN peptide to an anti-mouse

FcyRIIB monoclonal antibody, selectively suppresses dsDNA-specific auto-reactive

B cells and alleviates the SLE symptoms as well as decreases the level of

anti-dsDNA 1gG autoantibodies in MRL/Ipr mice (Tchorbanov, et al., 2007).

Restoration of FcyRIIB expression levels on B cells in lupus-prone mouse

strains alleviates the symptoms of SLE and prevents autoimmunity (McGaha, et al.,

2005). Transgenic mice overexpressing FcyRIIB on B cells exhibit reduced disease

severity of CIA and SLE as well as reduced collagen-specific and anti-dsDNA

autoantibodies. However, overexpressing FcyRI11B on macrophages does not have

these effects but increase mortality after Streptococcus pneumoniae infection due to

impaired phagocytosis of bacteria (Brownlie, et al., 2008).
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1.6 Polymorphisms of FCGR2B
1.6.1 Mouse fcgr2b polymorphisms
In mice, fcgr2b polymorphisms include three haplotypes that are distributed
within the region of promoter and intron 3 regions, and two Ly17 polymorphisms in
the coding regions.
1.6.1.1 Polymorphisms in the promoter and intron
In the promoter and intron of fcgr2b gene, three haplotypes have been
identified. These haplotypes result from the deletion in different regions within the
promoter (region 1 and region 2) and intron 3 (region 3 and region 4). Inbred mouse
strains with the group 1 haplotype (NZB, BXSB, MRL, NOD and 129 mice) share
three deletion sites in region 1, region 2 and region 3 and are prone to autoimmune
diseases. Inbred mouse strains with the group 2 haplotype (NZW, SJL and SWR
mice) do not have deletions in promoter but in the two regions within intron 3. Mice
with group 2 haplotype are not prone to autoimmune diseases, but appear to have
the potential to accelerate the autoimmune diseases. Inbred mouse strains with the
group 3 (BALB/c, C57BL/6 and DBA mice) haplotype do not have deletions in the
region 1 to 4 and are normal healthy mouse strains (Jiang, et al., 2000; Pritchard, et

al., 2000).
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1.6.1.2 Polymorphisms in the coding region
In the coding regions of fcgr2b gene, there are two variants of Ly17, termed
Ly17.1 and Ly17.2 (Hibbs, et al., 1985). The Ly17 polymorphisms include four
single nucleotide polymorphisms (SNPs), three are (Prol116, GIn161, and Thrl66 in
Ly17.1 protein; Leull6, Leul61, and Prol66 in Ly17.2 protein) in the exon 6 and
one (11e258 in Ly17.1 protein; Ser258 in Ly17.2 protein) in the exon 8. Although
these SNPs lead to the change of amino acids, whether they have effects on the
inhibitory function of FcyRIIB is still not clear.
1.6.2 Human FCGR2B polymorphisms
In humans, several SNPs have been identified within the promoter and coding
regions of FCGR2B gene.
1.6.2.1 Polymorphisms in the promoter
In the promoter of FCGR2B gene, two haplotypes have been described,
namely the more common —386G-120T variant and the less common —386C-120A
variant (Su, et al., 2004b). Previous studies have shown that the —386C-120A
haplotype increases the binding capacity for the transcription factors GATA-binding
protein 4 (GATA4) and Yin-Yang 1 (Y'Y1), leading to higher promoter activities of
FCGR2B gene. As a result, people with the —386C-120A haplotype express more
FcyRIIB on B cells and monocytes than those with the —386G-120T haplotype (Su,
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et al., 2004a). Decreased transcription of the human FCGR2B gene mediated by the
-343 G/C promoter polymorphism associates with systemic lupus erythematosus
(Blank, et al., 2005).

1.6.2.2 Polymorphisms in the coding region

In the coding region of FCGR2B gene, there are seven non-synonymous SNPs,

i.e. T43l, Q83P, T118l, H153R, Y205F, 1232T and L282P. Among them, only 1232T
polymorphism occurs at noteworthy frequency and has been studied in detail. This
1232T polymorphism originates from the T-to-C transition in exon 5 of the FCGR2B
gene, which results in a single amino acid substitution of a threonine (T) for
isoleucine (1) at position 232 within the transmembrane domain of FcyRIIB (known
as the FcyR11B™* allele). The inhibitory function of FcyRI1B™*? polymorphism is
remarkably impaired for B cells with FcyRI1B"#* variant exhibit decreased
inhibition on BCR-triggered proliferation in that unlike wild-type FcyRIIB it is
excluded from sphingolipid rafts where BCR transduces signals. On the other hand,

macrophages with FcyRI1B™*

variant display enhanced phagocytic capacity,
indicating that FcyR11B™*2 polymorphism is unable to inhibit activating receptors
(Floto, et al., 2005; Kono, et al., 2005).

The prevalence of FcyRI1B™%*

polymorphism has greater association with
ethnic variation. There is a higher frequency in Africans (8~11%) and Southeast
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Asians (5~7%), whereas a lower incidence in Caucasians (1%) (Clatworthy, et al.,
2007; Kyogoku, et al., 2002; Siriboonrit, et al., 2003). Moreover, people with
FcyR11B™*2 polymorphism have an increase of susceptibility to SLE, particularly in
Asians. In Taiwan, 35% of SLE patients are heterozygous FcyRI1B"#* variants
(2321/T) and 11% are homozygous FcyRI1B™*? variants (232T/T) (Chen, et al.,
2006). Similarly, in Japanese SLE patients 34.2% individuals are of 232I/T and
10.9% are of 232T/T genotypes (Kyogoku, et al., 2002). In Thai SLE patients,
36.7% individuals are 2321/T heterozygous and 15.2% are 232T/T homozygous
genotypes (Siriboonrit, et al., 2003).

1.7 Germinal centers (GCs)

The essential feature of humoral immunity is the progressive generation of
somatically mutated high-affinity B cells and plasma cells over time, eventually
production of high-affinity antibodies that can provide effective protection against
invading pathogens. This process takes place in the germinal centers (GCs), which
are temporary structures that form in the peripheral lymphoid organs in response to
T cell-dependent Ags after immunization or infection (MacLennan, 1994). The
structure of GCs is comprised of two zones, the dark zone and the light zone, which
were named on the basis of the histological appearance of the B cell density. The
dark zone is the more densely packed area while the light zone is the less densely
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assembled region. The dark zone is abundant in rapidly proliferating B cells that

adapt their BCRs to the immunizing Ags through the process of Ig somatic

hypermutation (Jacob, et al., 1991; Rajewsky, 1996; Takahashi, et al., 1998), while

the light zone is the compartment where B cells are selected on the basis of their

affinity of the BCRs for the Ags. B cells with the higher-affinity Ag receptors will be

positively selected and proceed to divide or to differentiate into plasma cells or

memory B cells (Meyer-Hermann, et al., 2012). On the contrary, B cells with the

lower-affinity antigen receptors or B cells that can no longer make a functional BCR

(not Ag-specific) will be eliminated by apoptosis because they cannot compete with

the higher-affinity B cells that bind Ags more strongly.

The organization of GC dark and light zones requires expression of the

chemokine receptors CXCR4 and CXCR5 by GC B cells (Allen, et al., 2004). This

is supported by the findings that CXCR4-deficient mice result in GC disorganization

(Allen, et al., 2004). Rapidly proliferating B cells in the dark zone, called

centroblasts, highly express CXCR4 and CXCR5. CXCL12 (also known as SDF-1,

stromal cell-derived factor 1), a ligand for CXCR4, was more abundant in the dark

zone than in the light zone of GCs, rendering centroblasts to localize to the dark

zone (Allen, et al., 2004; Bannard, et al., 2013). As time goes on, some centroblasts

reduce the rate of cell division and down-regulate the expression of CXCR4 but
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1.7.1

begin to produce high levels of surface Ig. These B cells are called centrocytes.
CXCL13 (also known as BLC, B lymphocyte chemoattractant), a ligand for CXCRS5,
has an opposite distribution to CXCL12 in the GC, being more abundant in the GC
light zone than in the GC dark zone. Therefore, the reduced expression of CXCR4
and increased expression of CXCR5 facilitates centrocytes to migrate to the light
zone.

T follicular helper (Tru) cells are required for the development and function of
GCs and for the regulation of differentiation of GC B cells into memory B cells and
plasma cells. It has been known that interleukin-21 (IL-21) produced by Ty cells is
important for the formation of GCs as absence of IL-21 signaling in IL-21-deficient
or IL-21R-deficient mice decrease the generation of plasma cells in the spleen and
bone marrow, and also remarkably reduce the number of GC B cells and their
affinity maturation (Linterman, et al., 2010; Zotos, et al., 2010). Furthermore, the
development of GCs is impaired in CD28-knockout mice, presumably because of a
lack of Try cells when co-stimulation is absent (Ferguson, et al., 1996).
Somatic hypermutation (SHM)

Somatic hypermutation (SHM) primarily occurs in rapidly proliferating
centroblasts. SHM is an event of point mutations that occurs in the 1g variable
region genes to result in changes of a single or a few amino acids, leading to a
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diversified BCR repertoire. The outcome of SHM is the production of various GC B
cells with different affinities. Most SHM has negative effect on the binding affinity
of BCR to antigen because these point mutations render complementarity
determining regions (CDRs) of Ig unable to recognize Ag. In contrast, only a small
number of SHM variants can increase the affinity of BCR to Ag.
1.7.2 Affinity maturation

The hallmark of GC reaction is to preferentially select high-affinity B-cell
clones that bind Ags more strongly. GC selection involves the process of survival,
clonal selection and cell differentiation. As the result of somatic hypermutation in
the dark zone, GC reaction produces a variety of BCR mutant clones with various
Ag affinities. B cells carrying these distinct BCRs then move to the light zone and
compete for Ags where affinity selection occurs. Higher affinity B-cell clones will
be positively selected and expanded, whereas lower affinity B-cell clones will be
eliminated by apoptosis because of deprivation of survival signals from Ag to ligate
BCR. In the condition of absence of Ag competition, both higher- and lower-affinity
B cells have the same intrinsic capacity to produce GC responses to Ag and also
have the similar GC numbers (Shih, et al., 2002). However, lower-affinity B cells
are unable to form GCs in the presence of higher-affinity B cells using B1-8"%" and
B1-8"" NP-specific transgenic mice (Dal Porto, 2002; Shih, et al., 2002).
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Interestingly, lower-affinity B cells can form GCs and differentiate to memory B

cells when higher-affinity B cells is reduced (Dal Porto, 2002). It is likely that

low-affinity B cells are able to capture Ag as a result of reduced strong (high-affinity)

competitors.

Affinity-based selection occurs when GC B cells move to the light zone where

the Ags also localize. In addition to centrocytes, GC light zone is abundant in

follicular dendritic cells (FDCs) that can capture antibody-antigen ICs on the surface

through the FcyRIIB (Allen and Cyster, 2008; Mandel, et al., 1980; Qin, et al., 2000;

Tew, et al., 1980). Consistently, lymphotoxin 3 receptor (LTBR)-deficient mice are

absent of FDCs and exhibit impaired affinity maturation of the antibody response,

suggesting that FDCs have a crucial role in the selection of high-affinity GC B cells

(Futterer, et al., 1998). On the contrary, a report has shown that GC formation and

affinity selection appear normal in the absence of ICs on FDCs, suggesting that

other non-IC sources of Ag to drive the GC response may also be important

(Hannum, et al., 2000). It seems that whether ICs retention on FDCs is required for

GC development is still a controversial issue (Haberman and Shlomchik, 2003;

Kosco-Vilbois, 2003).

Recently, studies have shown that competition for T-cell help is also an

important factor in the selection of high-affinity B-cell mutants (Victora and
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Nussenzweig, 2012; Victora, et al., 2010). T follicular helper (Tgy) cells are

considered to be a dominant player in the T-cell help-mediated selection of

high-affinity B cells in the GC (Victora, et al., 2010), because high expression levels

of CXCR5 allow Ty cells to migrate into CXCL13-rich B cell follicles, particularly

the light zone of GC (Breitfeld, et al., 2000; Kim, et al., 2001; Schaerli, et al., 2000).

In addition to providing survival signals, BCR is also an endocytic receptor. When

GC B cells capture Ags via the BCR, Ags will be internalized to intracellular major

histocompatibility complex class 11 (MHCII)-containing compartments to process,

then these processed Ags will be presented on MHCII complexes to Ty cells

(Lanzavecchia, 1985). B cells with higher-affinity BCR capture more antigens than

those with lower-affinity BCR resulting in presenting higher density of

peptide-MHC complexes on the surface of B cells (Victora, et al., 2010). Increasing

the amount of Ags presented by higher-affinity GC B cells to Ty cells will increase

the help of Tgy cells, leading to proportional and selective expansion of

higher-affinity GC B cells (Gitlin, et al., 2014). Furthermore, increased Ag capture

and presentation result in increased rates of cell proliferation of high-affinity GC B

cells (Gitlin, et al., 2014).
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1.8 Motivation

FcyRIIB is a key negative regulator in mediating the B-cell activity and plays
a crucial role in regulating the humoral immunity. Interestingly, FcyRI11B-deficient
mice spontaneously develop systemic lupus erythematosus (Bolland and Ravetch,
2000), which is accompanied by a decrease of apoptosis of autoreactive GC B cells
as well as an increased number and increased size of GCs in the spleen (McGaha, et
al., 2008; Tiller, et al., 2010). A functionally impaired 1232T polymorphism of
FcyRIIB, of which isoleucine at position 232 is replaced by threonine, has higher
incidence rate in Asia populations. In Asian SLE patients, about 34-37% patients are
heterozygous FcyRIIB™*? variants (2321/T) and 11-15% are homozygous
FcyR11B™* variants (232T/T) (Chen, et al., 2006; Kyogoku, et al., 2002;
Siriboonrit, et al., 2003). Taken together, these findings indicate that FcyRIIB plays
an important role in the B-cell tolerance and in the prevention of the development of
autoantibodies and autoimmunity.

B cells carrying the somatic mutated BCRs that possess the ability to
recognize self-antigens can be deleted through negative selection during the GC
reaction (Pulendran, et al., 1995; Shokat and Goodnow, 1995); however, this
process appears to be defective in autoimmune diseases, resulting in retention of the
self-reactive B cells (Davidson, et al., 1987). Consistently, a decreased exclusion of
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auto-reactive B cells also has been found in FcyRIIB-deficient mice (Paul, et al.,
2007), implying that loss of FcyRIIB or functionally impaired FcyRIIB can result in
a failure in negative selection of GC B cells.

Autoantibodies to some degree can be regarded as low-affinity antibodies
when they first arise. Deletion of low-affinity B cells during the GC reaction is an
important physiologic process for ensuring the production of effective neutralizing
antibodies. So far the elimination of low-affinity GC B cells is considered mainly
through the competition mechanism of BCR for Ags. B cells with low-affinity BCR
will die because they cannot acquire the survival signaling from the BCR in the
absence of Ag engagement. In addition, co-ligation of FcyRIIB by itself on B cells
induces the apoptosis of B cells. It was hypothesized that this event might occur
when low-affinity BCRs cannot capture Ags during the GC reaction, suggesting an
important role of FcyRIIB in negative selection of GC B cells (Pearse, et al., 1999).
The findings that FcyRIIB-deficient mice develop increased number of self-reactive
GC B cells and increased size of GCs (McGaha, et al., 2008; Tiller, et al., 2010)
indicate a failure to delete self-reactive (low-affinity) GC B cells.

Based on these results, we reasoned that FcyRIIB might play a decisive role in
the negative selection of low-affinity GC B cells. To address this question, we
generated FcyRI1B"™* mutant mice to investigate the functional role of FcyRIIB in
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GC reaction. We hypothesized that to some extent the GC phenotype of FcyRIIB™*

mice should recapitulate that of FcyRIIB knockout mice after immunization. To test

1232 T232
Bz B2

our hypothesis, we immunized FcyRII (wild-type) and FcyRlII mice
respectively with 4-hydroxy-3-nitrophenylacetyl (NP) hapten-chicken gamma
globulin (CGG), a model antigen that allows discrimination between low- and high-
affinity Ag-specific B cells. In order to produce more 1gG, which is a ligand of
FcyRI1IB, we primarily immunized mice on day 1 and delivered a booster 28 days
later. Subsets of B cells in the blood, spleen and bone marrow were compared
between FcyRI1B'**? and FcyRI1B™*2 mice by flow cytometry. ELISPOT
(Enzyme-linked immunosorbent spot) assay was used to determine the number of
total and Ag-specific antibody-secreting cells (ASCs) of high vs. low affinities in the
spleen and bone marrow of FcyRI11B'**? and FcyR11B™*2 mice. The amount and
affinity of serum Ag-specific IgG antibodies were measured by ELISA assay. To
further determine whether the GCs of FcyRI11B#2 mice displayed a failure in the
deletion of low-affinity Ag-specific B cells during the GC reaction, we analyzed the
GC B cells of dark and light zones of these mice using flow cytometry and
immunohistochemistry. Our prediction was that an impaired signaling through
FcyRIIB™* for apoptosis at GCs should result in an accumulation of low-affinity

Ag-specific B cells. Finally, to investigate whether the Ag-specific low-affinity
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B™* mice,

antibodies might be more cross-reactive with the analogue Ags in FcyRII
we performed ELISA assays for measurement of serum cross-reactive antibodies to
NIP (4-hydroxy-3-iodo-5-nitrophenylacetyl) hapten.

Through these approaches, we should be able to determine whether FcyRI1B
can be an ideal target for immunomodulation on the level of FcyRIIB on GC B cells

so that the desired stringency of antibody affinity as well as antibody repertoire to be

generated may be pre-determined during vaccination.
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Chapter 2 Materials and Methods

2.1 Mice

In collaboration with the transgenic core at the Laboratory Animal Center of
National Taiwan University the point mutant mice of FcyRI1B'***T were generated
by replacement of wild-type allele with the 1232T mutant allele. The sequences of
isoleucine at position 232 of FcyRIIB gene are conserved in humans, mice and other
mammals. The targeting vector contained floxP and FRT sites that flank the
neomycin selection marker and mutated exon 5 of FcyRIIB gene, respectively.
Standard procedures of electroporation and gene targeting by homologous
recombination were used to select correct embryonic stem (ES) cell clones.
FcyR11B™* (232T/T) mutant mice were bred by mating one heterozygous (2321/T)
male mouse with two heterozygous (2321/T) female mice. Of the same littermates
the FcyRIIB™%? (232T/T) mutant mice were compared with the wild-type
FcyR11B'?%2 (2321/1) control mice in most experiments. The genotype of
FcyR11B"?*?T mutant mice was determined by genomic polymerase chain reaction
(PCR) with the following primers: Cu, FD and Neo3’, which were either adjacent or
within the neo cassette. The detailed sequences of primers were listed in Table 2.

Mice were maintained in specific pathogen-free (SPF) conditions at the Center for
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Laboratory Animals of College of Medicine of National Taiwan University. The
animal use protocols were reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) of College of Medicine of National Taiwan
University.
2.2 Immunization
2.2.1 Primary Immunization
FcyRI1B'?%? (2321/1) and FcyRIIB™3 (2327T/T) mice of six to eight weeks old
were injected intraperitoneally with 50 pg nitrophenyl-chicken gamma globulin
(NP-CGG; conjugation ratio 27; 1 mg/ml, Bioresearch Technologies) emulsified
with equal volume of Alum (Imject Alum®, Thermo Scientific). Blood drawing was
performed one day (day 0) before primary immunization. Mice were immunized on
day 1 and were sacrificed and analyzed 13 days (day 13) after immunization.
2.2.2 Secondary Immunization
Six- to eight-week-old FcyRI1B2*? (2321/1) and FcyRIIB™*? (232T/T) mice
were injected intraperitoneally with 50 pg nitrophenyl-chicken gammaglobulin
(NP-CGG,; conjugation ratio 21; 1 mg/ml, Bioresearch Technologies) emulsified
with equal volume of Alum (Imject Alum®, Thermo Scientific). Blood drawing was
performed one day before primary immunization. Mice were first immunized on day
1, followed by a second booster with the same amount of Ags after 28 days (day 28).
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Fourteen days after primary immunization, blood drawing was performed. Mice
were sacrificed and analyzed one week (day 35) after the secondary immunization.

2.3 Flow cytometry to analyze cell populations in the blood,

spleen, and bone marrow
2.3.1 Blood
Mouse blood was drawn by puncturing the submandibular vein using blood

lancets (Goldenrod Animal Lancet, MEDIpoint, Inc.) and collected into
K,EDTA-coated tubes (BD Microcontainer® tubes with K,EDTA, BD Biosciences).
For secondary immunization, blood drawing was performed 14 days (day 14) after
primary immunization (day 1) and 7 days (day 35) after secondary immunization
(day 28). Red blood cells (RBC) were removed from blood samples by adding RBC
lysis buffer for 5 min at ambient temperature. Cells were centrifuged at 350xg
(2,200 rpm) for 5 min and re-suspended in 100 ul staining buffer (0.5% BSA and 2
mM EDTA in PBS). Peripheral blood cells were then pre-stained with
FITC-conjugated anti-CD16/32 antibody (clone 2.4G2, BD Biosciences) for 10 min
at 4 °C, followed by staining for 20 min with the following antibodies:
CD138-BV421 (clone 281-2, BD Biosciences), CD19-PE-Cy7 (clone 1D3,
eBioscience), and NP-PE (Bioresearch Technologies). After washes and
centrifugation, cells were re-suspended in PBS and analyzed using BD LSRFortessa
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(BD Biosciences). Analysis of staining results of cell subsets was performed using
FlowJo software version X (Tree star Inc.).
2.3.2 Spleen

Mouse spleen was dissected out 7 days (day 35) after secondary immunization
(day 28). Mouse splenocytes were collected by gently crushing the spleen placed in
between the coarse surface of two glass slides, followed by passing through a 40-um
cell strainer before into the 15 mL centrifuge tube. All pre-treatment (removal of
RBC) and staining procedures of splenocytes were performed virtually the same as
described in Section 2.3.1 except for staining with different antibody cocktails.
Splenocytes were pre-stained with CD16/32-FITC antibody (clone 2.4G2, BD
Biosciences) for 10 min at 4 °C, followed by staining for 20 min with an antibody
cocktail containing CD19-PE-Cy7 (clone 1D3, eBioscience), CD138-BV421 (clone
281-2, BD Biosciences), CD11b-PerCP-Cy5.5 (clone M1/70, BD Biosciences),
CD11c-AlexaFluor®700 (clone HL3, BD Biosciences), GL7-AlexaFluor®647 (clone
GL7, BD Biosciences), and NP-PE (Bioresearch Technologies).

To distinguish light zone from dark zone B cells of GCs, splenocytes were
pre-stained with FITC-conjugated anti-CD16/32 antibody (clone 2.4G2, BD
Biosciences) for 10 min at 4 °C, followed by staining for 20 min with an antibody
cocktail containing B220-APC-Cy7 (clone RA3-6B2), CD86-BV605 (clone GL1),
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GL7-AlexaFluor®647 (clone GL7), CXCR4-BV421 (clone 2B11), and
CD95-PE-Cy7 (clone Jo2), all of which were purchased from BD Biosciences. The
NP-PE to stain Ag-specific B cells was obtained from Bioresearch Technologies.

To identify and quantify the T follicular helper (Try) cells, splenocytes were
Fc blocked with anti-CD16/32 antibody (clone 2.4G2, BD Biosciences) for 10 min
at 4 °C before staining with the following antibodies: B220-APC-Cy7 (clone
RA3-6B2, BD Biosciences), CD4-AlexaFluor®647 (clone RM4-5, BD Biosciences),
PD-1-BV421 (clone J43, BD Biosciences), CXCR5-PE (clone 2G8, BD
Biosciences), ICOS-FITC (clone 7E.17G9, eBioscience), and CD69-BV605 (clone
H1.2F3, BioLegend) for 20 min.

2.3.3 Bone marrow

Mouse bone marrow was collected at 7 days (day 35) after secondary
immunization (day 28). Bone marrow cells in femurs were flushed out using
syringes to rinse the bone cavities and transferred to a 15 mL centrifuge tube after
passing through a 40-um cell strainer. RBC lysis and antibody staining of bone
marrow cells were performed as described in Section 2.3.2 except for leaving out

the GL7-AlexaFluor®647 (clone GL7, BD Biosciences).
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2.4 ELISPOT assay (Enzyme-linked immunosorbent spot)

ELISPOT assays were performed to detect and quantify total and Ag-specific
antibody-secreting cells (ASCs). Membranes of PVDF-based ELISPOT plates
(MultiScreenyrs IP Filter Plate, Merck Millipore) were pre-treated with 15 ul of
35% ethanol for 1 min, immediately followed by two washes of ddH,O and then one
wash of PBS. For detection of total IgG- and IgM-secreting cells, membranes were
coated with 5 ug/mL (in 100 uL) of either AffiniPure F(ab"), fragment specific goat
anti-mouse 1gG (Jackson ImmunoResearch) or u chain specific AffiniPure goat
anti-mouse IgM (Jackson ImmunoResearch) at 4 °C overnight. For detection of
Ag-specific ASCs, membranes in 96-well plates were coated with 100 uL (10
ug/mL) of either NP7-BSA or NP30-BSA (Biosearch Technologies) at 4 °C
overnight. Following coating, plates were washed once with PBS and then blocked
with BlockPRO™ blocking buffer (Visual Protein) for 2 hr at room temperature. To
assay and quantify the number of total 19G- or IgM-secreting cells in spleen and
bone marrow of day 35 samples from secondary immunization, splenocytes and
bone marrow cells were seeded with 6.0 x 10* cells per well and 1.5 x10° cells per
well, respectively. Similarly, splenocytes and bone marrow cells were seeded with
2.4 x 10° cells/well and 3.0 x 10° cells/well, respectively for detection of
Ag-specific ASCs. Cells were cultured in 100 pl/well of RPMI 1640 medium

31



supplemented with 10% FCS (fetal calf serum) in a 5% CO, incubator at 37 °C for
16 hr. Following incubation, plates were aspirated and washed twice with ddH,0,
followed by three washes with PBS-T (0.05% Tween-20 in PBS). Plates were
allowed to soak for 5 min at each wash step. Detection antibodies of horseradish
peroxidase (HRP)-conjugated Fcy fragment specific AffiniPure rabbit anti-mouse
IgG (Jackson ImmunoResearch) and HRP-conjugated u chain specific AffiniPure
goat anti-mouse IgM (Jackson ImmunoResearch) were diluted in PBS-T and 100 pl
of them were added into corresponding wells for incubation for 1 hr at room
temperature. Plates were then washed four times with PBS-T and three additional
washes with PBS. During each wash plates were allowed to soak for 2 min. Spots in
each well were developed by addition of 50 ul per well of 3-amino-9-ethylcarbazole
(AEC substrate, BD Biosciences) for ~20 to 30 min. Due to variation in antibody
secretion the time needed for developing visible spots was adjusted accordingly in
some experiments. To stop the substrate reaction, plates were washed vigorously
with ddH,O. Spots in ELISPOT plates were then enumerated using ImmunoSpot

5.0.2 software (C.T.L.).
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2.5 Detection of serum total and antigen-specific antibodies
by ELISA
2.5.1 Blood collection and serum separation

Mouse blood was drawn from the submandibular vein using blood lancets
(Goldenrod Animal Lancet, MEDIpoint, Inc.) and collected into eppendorf tubes.
Blood specimens were left standing upright for 30 min at room temperature until
coagulation. Serum was separated from blood clot by centrifugation at 5,500 rpm for
20 min at 4 °C, and the supernatant was transferred to a new eppendorf tube. Sera
were stored at —80 °C until analysis.

2.5.2 Detection of serum total or antigen-specific IgG and IgM

To detect serum total 1gG or IgM, 96-well plates were coated with 5 pg/mL
(in 100 uL) of either AffiniPure F(ab"), fragment specific goat anti-mouse 1gG
(Jackson ImmunoResearch) or p chain specific AffiniPure goat anti-mouse IgM
(Jackson ImmunoResearch) antibodies at 4 °C overnight. To detect serum
Ag-specific IgG or IgM, plates were pre-coated with 10 ng/mL of either NP7-BSA
or NP30-BSA (Bioresearch Technologies) at 4 °C overnight. Following coating,
plates were washed three times with PBS-T and then blocked with BlockPRO™
blocking buffer (Visual Protein) for 2 hr at room temperature, followed by two
washes with PBS-T. Mouse serum samples were diluted 20,000-folds in PBS-T and
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incubated in pre-coated plates at 4 °C overnight. To quantify the amount of
antibodies, standard curves were generated using mouse IgG (mouse gamma
globulin, Jackson ImmunoResearch) or IgM (mouse IgM isotype control,
SouthernBiotech). Plates were washed five times with PBS-T and incubated with
diluted horseradish peroxidase (HRP)-conjugated AffiniPure rabbit anti-mouse 1gG,
Fcy fragment specific (Jackson ImmunoResearch) or AffiniPure p chain specific
goat anti-mouse IgM (Jackson ImmunoResearch) antibodies for 1 hr at room
temperature. Plates were then washed four times with PBS-T followed by three
washes with PBS and then developed with tetramethylbenzidine (TMB) substrate
(BD Biosciences). To quench the reaction, 2N H,SO, was added. Plates were read at
ODgs50 nm and ODs7g nm Using ELISA reader (BioTek). The ODgs0 minus ODs7g Was
calculated to calibrate the background of each well.

2.6 Detection of the cross-reactivity of low-affinity

antigen-specific antibodies by sequential ELISA

Mouse serum was drawn as described in Section 2.5.1. The 96-well plates
were coated with 100 uL (10 pg/mL) per well of NP7-BSA, NP30-BSA, NIP7-BSA,
or NIP26-BSA (Biosearch Technologies) at 4 °C overnight. Following coating
antigens, plates were washed three times with PBS-T and blocked with 200 uL/well
BlockPRO™ blocking buffer (Visual Protein) for 2 hr at room temperature. Plates
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were then washed twice with PBS-T. Mouse serum samples were diluted
20,000-folds in PBS-T and then added into the NP7-BSA or NIP7-BSA coated wells
of the plate #1 to incubate for 12 hr at 4 °C. Meanwhile, the standard curve for
quantification was generated using various amounts of mouse IgG (mouse gamma
globulin, Jackson ImmunoResearch). Before washes, the mouse sera in the plate #1
were transferred into NP30-BSA, NIP26-BSA or NIP7-BSA coated wells (for the
group pre-incubated with NP7-BSA coated wells) or NIP26-BSA, NP30-BSA or
NP7-BSA coated wells (for the group pre-incubated with NIP7-BSA coated wells),
both of which were designated as the plate #2 and incubated for 12 hr at 4 °C (as
shown in Figure 2.6.1). After serum transferred to plate #2, the plate #1 was
washed five times with PBS-T and incubated with diluted HRP-conjugated
AffiniPure Fcy fragment specific rabbit anti-mouse 1gG (Jackson ImmunoResearch)
for 1 hr at room temperature. Plates #1 were washed four times with PBS-T,
followed by three washes with PBS and then developed with TMB substrate (BD
Biosciences) until 2N H,SO,4 was added to stop the reaction. Plates were read at
ODys0 nm and ODs7g nm using ELISA reader (BioTek). The value of ODgsp minus
ODs7 was calculated to calibrate the background of each well. After finish of serum
incubation, plates #2 were treated and analyzed as plates #1 for OD reading. A
schematic of detailed procedures was illustrated in Figure 2.6.2.
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Plate #1  coating NP7 NP7 NP7 NIP7 NIP7 NIP7
2 3 4 5 6 7

Figure 2.6.1 A schematic of sequential ELISA.

Plates were pre-coated with antigens overnight

Plate #1
Blocki S incubati Secondary TMB
| ocking  Wash, erum incubation | Wash, antibody Wash, . Readin
[ T T 1 T 1 1 — g
2hr 12 hr 1hr
Transfer serum
Plate #2
. . . Secondary
: Blocking | Wash, Serum incubation | Wash, antibody |Wash|TMB, . .
| T T T T T T —> Reading
2 hr 12 hr 1hr

Figure 2.6.2 A schematic of the procedures of sequential ELISA.

36



2.7 Tissue preparation
2.7.1 Tissue fixation and paraffin block trimming
Mouse spleen was dissected and fixed overnight in 10% neutral buffered
formalin (Fisher Scientific) at 4 °C. Fixed tissues were first dehydrated sequentially
by each wash of 50% ethanol, 70% ethanol, 80% ethanol and 95% ethanol, followed
by two washes of 100% ethanol, and xylene wash for one hr for three times.
Dehydrated tissues were infiltrated in liquid wax for two hr and then embedded in
paraffin. Paraffin block was cut into 4-um thick sections using rotary microtome
(Leica RM2125 RTS).
2.7.2 Dewaxing and rehydration
Tissue sections were incubated at 60 °C incubator for 15 min before
deparaffinization with three washes of xylene for 5 min each. Rehydration with two
washes of 100% ethanol followed by two washes of 95% ethanol, one wash of 75%
ethanol, one wash of 50% ethanol, and two washes of ddH,O for 5 min each time in
a sequential manner.
2.7.3 H&E staining
After dewaxing and rehydration, tissue sections were stained with
hematoxylin for 10 min followed by three washes of ddH,O for 2 min each time.
Tissues were then stained with eosin for 1 min followed by three washes of ddH,O
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for 2 min each time. Dehydrating was performed sequentially with one wash of 50%
ethanol, one wash of 75% ethanol, two washes of 95% ethanol, and two washes of
100% ethanol for 3 min each time. Tissue sections were mounted and examined
using a light microscope (Axioplan 2, Zeiss).

2.7.4 Immunohistochemistry (IHC)

After completion of deparaffinization, sections were immersed in boiling
buffer of 10 mM sodium citrate (pH 6.0) and 0.05% Tween-20 for Ag retrieval.
Slides were pressure boiled at 120 °C for 10 min, and then cooled off for 10 min at
room temperature. Slides were washed twice with ddH,O for 5 min each time,
followed by incubation in 3% H,O, for 10 min before two washes of ddH,O for 5
min each time. Slides were blocked with PBS containing 5% BSA for one hr at
room temperature. Primary antibodies were diluted in PBS containing 1% BSA
before applying to the sections for incubation at 4 °C overnight. Slides were washed
twice with PBS-T for 5 min each. Diluted biotinylated goat anti-rabbit 1gG
secondary antibodies (VECTASTAIN® ABC Kit (Rabbit 1gG), Vector Laboratories)
were added and incubated for 1 hr at room temperature. After two washes with
PBS-T for 5 min each time, slides were incubated with VECTASTAIN® ABC
reagent (Avidin/Biotinylated Horseradish Peroxidase Complex) (VECTASTAIN®
ABC Kit (Rabbit IgG), Vector Laboratories) for 40 min at room temperature. Slides

38



were washed twice with PBS-T for 5 min each time and then developed with 3,

3’-diaminobenzidine (DAB) substrate (Thermo Scientific). Slides were rinsed in tap

water and then counterstained with hematoxylin, followed by two washes with

PBS-T for 5 min each time. Mounted sections were examined with a light

microscope (Axioplan 2, Zeiss).

2.8 Statistics

Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad

Software, Inc.). All data were analyzed by two-tailed unpaired Student’s t-test. The

t-test was modified by Welch’s correction in case of unequal variance. All results

were showed mean + SEM. P < 0.05 were considered as statistical significance

between two groups.
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Chapter 3 Results

3.1 FcyRIIB™ mice exhibit more Ag-specific B cells and plasma cells in the
spleen and bone marrow during GC reaction
To determine the role of FcyRIIB in the germinal center (GC) reaction, we

232 mutant mice, which carried a threonine in

generated functionally impaired FcyRIIB
substitution for isoleucine at position 232 within the transmembrane domain of FcyRIIB
(Figure 1). To test our hypothesis that FcyR11B might involve in the negative selection
of GC B cells that have low affinity to Ag, we immunized FcyRIIB'** (wild-type) and
FcyR11B™* mice, respectively with 4-hydroxy-3-nitrophenylacetyl (NP)
hapten-chicken gamma globulin (CGG), which enables distinction between low- and
high-affinity NP-specific B cells. As illustrated in Figure 2, 6- to 8-week old
FcyRI1B%*? (wild-type) or FcyRI1B™*2 mice were first immunized (primary
immunization) with NP-CGG in alum, followed by a booster (secondary immunization)
28 days later (Day 28). The timing of secondary immunization does not interfere with
prior GC reaction, which generally dissolves after about 21 days after Ag administration
(Victora, 2014). In circulation we found that FcyRI1B™*2 mice exhibited more

1232
B

NP-specific B cells and plasma cells than those of FcyRII mice at two weeks after

the primary immunization (Figure 3, C and E) as well as one week after the secondary
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immunization (Figure 4, C and E). Likewise, at one week after the booster when GC
reaction is actively ongoing, we found that both the frequency and cell number of

B2 mice were increased

NP-specific B cells and plasma cells in the spleen of FcyRII
than those of FcyRI11B'%*2 mice (Figure 5, C and E). Interestingly, the total (NP-specific
and -non-specific) number of splenic B cells and plasma cells were not significantly
different between these two genotypes of mice (Figure 5, B and D). A greater increase
of the NP-specific B cells and plasma cells was observed in FcyRI1B™*? mice in the

B"™* mice

bone marrow (Figure 6, C and E). Of note the NP-specific B cells of FcyRII
was 27% (i.e. (5.52% — 4.35%) /4.35%) higher than that of FcyRIIB'**? mice in the
spleen, but the degree of such difference increased up to 49% (i.e. (2.78% — 1.87%)/
1.87%) than that of FcyRI11B"?*? mice in the bone marrow (Figures 5C and 6C).
Whether there is a survival advantage of NP-specific B cells and plasma cells generated
from the GCs of FcyRIIB™*? mice or an additional selection process in circulation and
in the bone marrow is an interesting open question for FClelBT232 is less inhibitory.

Similarly, the frequency of NP-specific plasma cells of FcyRIIB™%

mice was 19% (i.e.
(25.6% — 21.5%) /21.5%) and 48% (i.e. (9.3% — 6.3%)/6.3%) more than those of
FCyRIIB'232 mice in the spleen and bone marrow, respectively (Figures 5E and 6E). It is
well known that plasma cells express the highest level of FcyRIIB in subsets of B cells.

Given the fact that crosslinking FcyRIIB induces apoptosis of plasma cells in the bone
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marrow (Xiang, et al., 2007), it is likely that the extrafollicular plasmablasts and plasma
cells in circulation where ICs are readily accessible after immunization might be subject
to apoptosis triggered through FcyRIIB. Taken together, these results not only indicate a
defect in the negative selection of NP-specific B cells and plasma cells carrying
FcyRIIB™*? in the spleen but suggest an extended negative regulation of FcyRIIB in
circulation and bone marrow. From the standpoint of homeostasis, FcyRIIB may play an
unappreciated role in the control of total B-cell number outside the GCs.
3.2 FcyRIIB™ mice produce more low-affinity Ag-specific 1gG-secreting cells in
the spleen and bone marrow during GC reaction

B resulted in

As shown in Figures 3-6, the functionally impaired FcyRII
retention of more Ag-specific B cells and plasma cells during GC reaction. We next
examined the antibody affinity secreted by these increased Ag-specific plasma cells, i.e.
NP-specific antibody-secreting cells (ASCs) in the spleen and bone marrow in particular

from FcyRI1BT#

mice by enzyme-linked immunosorbent spot (ELISPOT). Since our
phenotypic data by flow cytometry suggest a defect in the deletion of low-affinity
NP-specific B cells (Figures 3-6), we measured the low- vs. high-affinities of
NP-specific ASCs in the spleen and bone marrow from FcyRI11B'?2and FcyR11BT#*
mice after secondary immunization. To do so, we coated ELISPOT plates with either

NP7-BSA or NP30-BSA, both of which contain different numbers of NP molecules
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conjugated to one BSA. For instance, NP7-BSA harbors 7 molecules of NP conjugated
to each BSA while NP30-BSA contains an average of 30 molecules of NP per BSA.
With these in hands, ASCs that secrete high-affinity NP-specific Igs will be captured by
both NP7-BSA and NP30-BSA, whereas ASCs that secrete low-affinity Igs will be
captured predominantly by NP30-BSA only owing to a disadvantage in binding to an
NP Ag of low valency number. Consistently, we observed a significant increase of total
IgG-secreting B cells in the spleen of FcyRIIB™* mice compared to those of
FcyRIIB'?*2 mice (Figure 7A). Moreover, the NP30-specific 1gG-secreting cells in the
spleen of FcyRI1B™*? mice were also markedly increased than those of FcyRIIB'?*
mice (Figure 7C). Interestingly, however, the NP7-specific 1gG-secreting cells were not
significantly different (Figure 7B). When the absolute numbers of NP30-specific and
NP7-specific 1gG-secreting cells were compared, we found that the increase of

NP-specific 1gG-secreting cells in FcyR11B™2*

mice were predominantly of low-affinity,
indicating a failure of GC reaction to eliminate these cells (Figure 7D). In contrast, total
IgM ASCs in the spleen of FcyRI1B™*2 mice were not increased (Figure 7F), and both
NP7-specific and NP30-specific IgM ASCs were not significantly different in groups of
FcyRIIB™* and FcyRI11B'%? mice after secondary immunization (Figure 7, G and H).
Consistent with the notion that 1gG, but not IgM, is a ligand of FcyRIIB, the generation

of 1gG ASCs, but not IgM ASCs, are affected during the GC reaction. In addition, we
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detected more total and Ag-specific (both NP7- and NP30-specific) IgG ASCs in the
bone marrow of FcyRIIB™3 mice after boosting (Figure 8, A-C), in particular the
increase of low-affinity NP-specific ASCs (Figure 8D). Taken together, these data
indicate a strong causal relationship of a functionally impaired FcyRIIB and the
retention of low-affinity Ag-specific B cells as a result of defective negative selection
during the GC reaction. This defect is likely a consequence of defective function of
FCyRIIBT232 during the process of affinity maturation that normally can enable stringent
negative selection of low-affinity Ag-specific B cells to ensure the production of high
affinity neutralizing antibodies through GC reaction.
3.3 FcyRIIB™ mice increase the generation of low-affinity Ag-specific 1gG in

the circulation during GC reaction

To assess whether the increased low-affinity NP-specific 1gG-secreting cells in
FClelez mice caused a concomitant increase of low-affinity NP-specific antibodies
in the circulation, we performed an ELISA assay for antibody quantification. We found

that the level of total IgG in the sera of FcyRIIB™*

mice was significantly increased
than that of FcyR11B'%*2 mice after primary and secondary immunizations (Figure 9A).
Furthermore, the serum levels of both NP7-specific and NP30-specific IgG in

B'?*2 mice after

FcyRIIB™* mice were significantly elevated than those of FcyRil|
primary and secondary immunizations (Figure 9B). Using the ratio of NP7/NP30 to
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determine the affinity stringency of the NP-specific 1gG, we found a lower ratio of

T232 1232
B B

serum 1gG of FcyRII mice than that of FcyRII mice after both primary and
secondary immunizations (Figure 9C). Taken together, these data suggest that the
impaired function of FcyRIIB leads to an increase of predominant low-affinity
Ag-specific IgG and to a lesser degree of high-affinity IgG after secondary
immunization.
3.4 Afunctionally impaired FcyRI1IB increases the number of GC B cells with a

concomitant increase of the size of GCs

As described above, immunized FcyR11B™2*2 mice tended to reserve more
low-affinity Ag-specific ASCs in the spleen and bone marrow in comparison with those
of FcyRI11B'%2 mice. We went on to examine the morphology of GCs, which can be
divided into dark and light zones by their structural density and respective functions.
While somatic hypermutation occurs in the dark zone, the affinity maturation and
selection operate in the light zone in the GC response. The purpose of affinity-based
selection is to ensure the high-affinity GC B cell mutants are positively selected for
development, while the low-affinity BCR mutant GC B cells to be eliminated through
apoptosis. If there is a failure to delete the low-affinity mutants, the size and number of
GCs are likely increased as a result of accumulation of these GC B cells. Furthermore,

the negative selection during affinity maturation is thought to occur in the light zone of
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GCs; therefore, an expansion of GC B cells (centrocytes) in the light zone will confirm
our notion. To address this issue we analyzed the cell composition within the GCs of
FcyR11B™* and FcyRI11B'%*2 mice after secondary immunization. The results showed an
increase in not only the proportion but the number of GC B cells in the spleen of
FcyR11B™*2 mice compared to FcyRI11B'%*2 mice (Figure 10B). When the B cells in the
dark zone and light zone were analyzed by surface staining of CXCR4 and CD86, we
found the percentage and number of light zone B cells (CD86™CXCR4'™) but not those
of dark zone (CD86'CXCR4™) B cells in FcyRIIB™** mice were significantly
increased (Figure 10, C and D). In addition, we also investigated the morphology of
the GC within lymphoid follicles using H&E staining. Consistent with an increased
number of GC B cells, the spleen of FcyRIIB™3 mice displayed an increased size of the
GC within lymphoid follicles (Figure 11). These data further support the crucial role of
FcyRIIB in the negative selection of low-affinity B cells during GC reaction for the
functionally impaired FClelBT232 mice manifest with a remarkable increase of the
low-affinity Ag-specific B cells in the spleen. In addition, since the ability to exert
inhibitory function is the only difference between wild-type FcyRI1B'%? and
FcyRI1IB™ mice, we argue that the central theory of poor Ag competition for survival
of low-affinity Ag-specific B cells, which eventually develop into low-affinity
Ag-specific ASCs, to prevent their retention might not be fully accountable.
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3.5 Tgp cells do not contribute to the increase of low-affinity Ag-specific B cells
and antibodies in FcyRI1B™*? mice
As Tgy cells are known to be essential in the process of affinity maturation in
addition to class switching (Schwickert, et al., 2011, Victora, et al., 2010), we next

investigated whether the increase of low-affinity B cells in FcyRI1B™%

mice might in
part result from the defect of Try cells although FcyRIIB is not known to influence the
interaction between Tgy cells and GC B cells at the light zone. As expected, we found

the number of Tgy cells in FcyRI11B™#

mice were roughly the same as that in
FcyR11B"?*? mice (Figure 12A). Since the Tgy cells are associated with class switch of
immunoglobulin, we examined whether FcyRIIB might have an impact on Ig isotypes.
In mice Tl cells predominantly produce interferon-y (IFN-y) and T2 cells
predominantly produce interleukin-4 (IL-4). IL-4 induces the class switching to IgG1
production, while IFN-y switches Ig synthesis to 1gG2a by B cells (Abbas, et al., 1990).
We investigated the isotype of total IgG and NP-specific 1gG in FcyRI1B'**?and
FcyRIIB™* mice and found that not only total but Ag-specific (NP7- and NP30-specific)
lgG isotypes (1gG1, 1gG2a, 1gG2b and 1gG3) in FcyRIIB™** mice had a similar pattern
to that of FcyRI1B'*** mice (Figure 12, B and C), indicating that FcyRI1B™*? mice
appeared not affect the production of Ag-specific IgG isotypes during immunization.

Taken together, these data suggest that the impaired function of FcyRIIB on GC B cells
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is unlikely to influence the Tg4 cells to contribute to the increase of low-affinity
Ag-specific B cells and their secreted antibody isotypes.
3.6 The increased low-affinity Ag-specific B cells and antibodies in FcyRI1B™%
mice are caused by a decrease of apoptosis of GC B cells
The GC B cells carrying low-affinity BCR are eliminated through apoptosis. To
determine whether the increased level of low-affinity Ag-specific B cells and antibodies
in FeyR11B™* mice might result from a decrease of apoptosis of low-affinity GC B cells,
we performed flow cytometry to determine the percentage of dead cells of GC B cells in
FcyRI1B'*and FcyRIIB™ mice. We found that FcyRIIB™ mice had lower

percentage of dead cells in GC B cells compared to that of FcyR11B'%

mice (Figure
13A). As caspase-3 is one of the key executioners of apoptosis, and previously study has
shown that cross-linking of FcyRIIB induces the apoptosis through caspase-9
and-3-mediated pathways (Tzeng, et al., 2005). We then assessed the levels of activated
caspase-3 in the GCs of FcyRI1B'**2and FcyRIIB™*? mice by performing an
immunohistochemistry (IHC) assay. The IHC analysis revealed that the FcyRI1B™*
mice possessed less activated caspase-3-expressed GC B cells that undergoing apoptosis

BI232

in the light zone than FcyRII mice (Figure 13B). Taken together, these data suggest

that the functionally impaired FcyRIIB indeed results in decreased apoptosis of GC B
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cells during GC reaction. This is consistent with a crucial role of FcyRIIB in the
negative selection of GC B cells.
3.7 The increased low-affinity Ag-specific antibodies in FcyRI1B™?*? mice have an

increased cross-reactivity to homologous antigen

As illustrated in Figure 9, B and C, FcyRI1B™*? could result in an increased
production of serum low-affinity Ag-specific antibodies. We then determined whether
these low-affinity antibodies in FcyRIIB™#*2 mice possessed cross-reactivity to Ag
homologues. To examine our hypothesis, we performed a sequential ELISA assay to
measure the potential cross-reactivity of NP-specific antibodies to the NIP
(4-hydroxy-3-iodo-5-nitrophenylacetyl) hapten, which is a homolog of NP hapten. We
started by incubating the serum of FcyR11B"?%? mice and FcyRI1B™*? mice separately in
NP7-BSA pre-coated plates to capture and remove high-affinity NP-specific antibodies
in the mouse sera. When the incubation period was finished we transferred the
remaining sera into another plate containing NP30-BSA, NIP26-BSA or NIP7-BSA
pre-coated wells separately for a second incubation to detect the potential
cross-reactivity to NIP from the low-affinity NP-specific antibodies. Our results showed
that circulating antibodies with cross-reactivity to NIP26 and to a lesser degree to NIP7

in FcyRI1B™2 mice were higher than those of FcyRIIB'%*

mice, suggesting that the
impaired function of FcyRIIB can lead to an increase of cross-reactive antibodies to
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homologous Ags (Figure 14A). Remarkably, we found that the circulating antibodies
cross-reactive to NIP26 in FcyRIIB™* mice were 123% (i.e. {(296 — 133) /133} x
100%) higher than those of FcyRIIB'%*? mice, whereas the cross-reactivity of circulating
antibodies to NIP7 in FcyRIIB™*? mice was even greater with a 183% (i.e. {(147 — 52)/
52} x 100%) higher than those of FcyRI1B'**2 mice. This finding suggests that the

circulating low-affinity Ag-specific antibodies in FcyRI11B"#*

mice have stronger
cross-reactivity to homologous Ags compared to FcyRI1B%*? mice.

Consistent with the results shown in Figure 9B, we found that the level of
low-affinity (NP30-specific) Ag-specific antibodies in FcyRIIBT* mice were indeed
higher than that in FcyRI1B'?? mice when the high-affinity (NP7-specific) Ag-specific
antibodies had been removed in prior incubation (Figure 14A). Interestingly, as shown
in Figure 14A the high-affinity (NP7-specific) antibodies in FcyRIIB™* mice was
117% (i.e. {(1085 — 499) /499} x 100%) higher than that in FcyRI11B'%*2 mice, whereas
the low-affinity (NP30-specific, after removal of NP7-specific) antibodies in
FcyRIIB™* mice was even higher with 178% (i.e. {(203 — 73)/73} x 100%) compared
to that in FcyRIIB'**2 mice. On the other hand, if we first removed the cross-reactive
antibodies by incubating the mouse sera with pre-coated NIP7-BSA, the level of both

B mice remained

high-affinity and low-affinity NP-specific antibodies of FcyRII
higher than that in FcyRI1B'?? mice (Figure 14B). These results provide additional
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evidence of the increase of low affinity NP-specific antibodies in FcyRI1B™#*2 mice
under no interference of cross-reactive antibodies. On the other hand, these data also
suggest that the signaling dysfunction of ligation of FcyRIIB** itself may be more

B3 and BCR, which is not known to influence

severe than that of co-ligation of FcyRII
the outcome of affinity maturation. In addition, due to the presence of cross-reactive
antibodies in the pool of low-affinity Ag-specific antibodies this phenomenon cannot be
simply explained by an increase in proliferation of GC B cells in FClelBT232 mice.
Namely, the increased level of low-affinity Ag-specific antibodies in FcyR11B™*2 mice
supports a defect of apoptosis caused by signaling dysfunction of ligation of
FcyRIIB™* itself by ICs. Since co-ligation of FcyRIIB™* and BCR has a defect in
inhibitory signaling, this can contribute to an increased number of naive B cells in the
follicle, leading to an increased input of GC B cells in the GC response, but the
increased number of Ag-specific GC B cells is not expected to be biased to low-affinity
Ag-specific B cells under affinity maturation and selection. On the other hand, a defect
in FcyRIIB-mediated apoptosis of B cells is expected to favor the existence of
low-affinity Ag-specific GC B cells even though they are widely thought to be less
competitive for Ag capture for survival. Taken together, our data have provided a great
deal of evidence to demonstrate that the apoptotic response of FcyRIIB is essential for

elimination of low-affinity GC B cells during GC reaction and a failure of this process
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results in the emergence of low-affinity Ag-specific antibodies, which possess

cross-reactivity to homologous Ags.

54



Chapter 4

Discussion

55



Chapter 4 Discussion

4.1 Using FcyRIIB ™ mice as a model to investigate the role of FcyRIIB in the
negative selection during GC reaction
In this study, we generated a transgenic mouse line carrying a functionally

B™**2 to study immune dysfunction of B cells. The FeyRIIB'**T mutant

impaired FcyRII
mice contained a neo cassette in the recombinant allele and it has not been deleted by
Cre recombinase. Despite of this, the neomycin-resistant gene in the cassette did not

appear to affect the development of B cells in FcyRIIB"#*

mice. Likewise, the
FeyRIIB-deficient mice (B6.129S4-Fcgr2b™ ™), which were generated by Jeffrey V.
Ravetch, also retain the neo cassette. Similarly, the development of myeloid and
lymphoid cells of these mice were not affected (Takai, et al., 1996).

Although FcyRIIB™#* is an SLE susceptible allele, these mice do not exhibit
spontaneous lupus up to 40 weeks old. Studies have shown that the expression level of
FcyRI1IB on B cells up-regulates during GC reaction. In contrast, down-regulation of
FcyRIIB on B cells is often found in autoimmune prone mice, leading to increased
number and size of GCs (Jiang, et al., 2000; Jiang, et al., 1999; McGaha, et al., 2008;

Paul, et al., 2007; Pritchard, et al., 2000; Tiller, et al., 2010; Xiu, et al., 2002).

Furthermore, the lack of FcyRIIB eventually results in lupus-like disease, manifested by
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an expansion of ASCs in the spleen (Bolland and Ravetch, 2000). Based on these

findings, we proposed that FcyRIIB might play a crucial role in GC reaction. To test our

1232 T232
B'23 B2

hypothesis, we immunized wild-type FcyRII and mutant FcyRII mice with
NP-CGG, which allows for detection and discrimination of low- and high-affinity
Ag-specific B cells as well as their secreted antibodies to determine whether a failure in
the negative selection of low-affinity cells during GC reaction occurs. Our results
showed that FcyR11B™*2 mice displayed an increased number of low-affinity
NP-specific IgG ASCs in the spleen and in the bone marrow as well as an increased
serum level of low-affinity NP-specific 1gG antibodies (Figures 7C, 8C and 9, B and
C). Moreover, an increase in the size of GCs pointed to the pathological origin of these
low-affinity NP-specific ASCs and antibodies. Since every GC B cell carries a mutated
BCR with various degree of affinity for Ag, we should be able to obtain genetic
evidence by sequencing and analyzing the repertoire of somatic hypermutants of the
BCR’s V1186.2 gene, which is specific for NP. An increase in the repertoire and

BT232

frequency of VH186.2 gene mutation is expected in GC B cells of FcyRI|I mice.

It is not surprising that to some degree the phenotype of FcyRIIB™*? mice may

B™* mice

resemble that of FcyRIIB knockout mice in GC reaction in that both FcyRII
(Figures 10B and 11) and FcyRI1B-deficient mice (McGaha, et al., 2008; Tiller, et al.,

2010) develop increased number of GC B cells and increased size of GCs. Since
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FcyRI1IB-deficient mice spontaneously develop massive autoantibodies and undergo
continuous GC reaction, these mice are not suitable for studying GC response to
immunization. In addition, partial restoration of FcyRIIB’s expression by retroviral
transfection of B cells can ameliorate lupus syndrome (McGabha, et al., 2005). This

232 mice do not

report is consistent with our preliminary findings that FcyRIIB
spontaneously develop lupus up to 40-week-old, suggesting that FeyRIIB %, despite its
lower inhibitory ability, may still be competent for maintenance of tolerance for a while.
The use of FcyRI1B™*2 mice to study the role of FcyRIIB in negative selection of
low-affinity GC B cells has unique advantages over FcyRIIB knockout mice. For

BT232

example, since the inhibitory function of FcyRIlI is not entirely lost and the

T232 T232

mutated amino acid of FcyRIIB “* is of clinical relevance, manipulation of FcyRIIB
for treating autoimmune diseases is of superior feasibility to that of FcyRIIB-deficient
mice. Specifically we can try to up-regulate the expression of FcyRIIB™* by
pharmacological agents to ameliorate disease activity of patients. Whether up-regulation
of FcyRIIB™*2 on the GC B cells can enhance the inhibitory role of FcyRI1B™* and
reverse the GC phenotype during immunization is an important question to answer in

the future. Obviously this question cannot be addressed in the setting of FcyRIIB

knockout mice.
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The current dogma attributes the deletion of low-affinity Ag-specific GC B cells
to a lack of survival signal from BCR due to its low affinity for Ag. However, our data
revealed that without a change of the BCR itself along with the process of Ag-driven

somatic hypermutation, a lower inhibitory function of FcyRIIB"#*2

can evidently result
in retention of low-affinity Ag-specific B cells during the GC reaction. The conventional
paradigm exclusively weighs on the affinity of Ag for BCR to determine cell fate with
the assumption that Ag is essential for GC B cells both in proliferation and in
differentiation during GC response. However, an engineered membrane BCR transgenic
line, which lacks antibody (secreted form of BCR) secretion, also presents an
enlargement of GCs in immunization argues against the central dogma of Ag as the
major, if not the sole, determinant in negative selection of low-affinity Ag-specific B
cells (Hannum, et al., 2000). Together with our data from FcyRIIB™# mice, we are
inclined to place emphasis on FcyRIIB as an active player in the induction of apoptosis
of low-affinity Ag-specific GC B cells during the process of affinity maturation. Since
FcyRIIB is widely expressed on immune cells except for T cells and NK cells, a bone
marrow chimera experiment with transfer of FcyRIIB'** bone marrow into irradiated
FcyRIIB'%*2 mice and vice versa will provide further insights into whether the defective
GC response is intrinsic and autonomous to FcyRIIB™* in GC B cells. Specifically, the

GC response of FeyRIIB'*** mice that receive FeyRIIB™* GC B cells is expected to
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resemble that of FcyRIIB™%*2 mice, whereas FcyRIIB?*? mice engrafted with
FeyRIIB'%*? GC B cells will behave like wild-type mice. In spite of the importance of
Ten cells in class switch of antibody isotype and in differentiation of GC B cells into
plasmablasts during GC reaction, T cells do not express FcyRIIB and our data indicate
no involvement of Tgy cells (Figure 12, A-C). Therefore, the results from bone marrow
chimera experiments are likely to support an intrinsic defect of FcyRIIB'**? GC B cells.
Another feasible way to provide evidence for FcyRIIB to be in charge of negative
selection of GC B cells is to use an inducible knockout system to induce deletion of
FcyRIIB gene prior to immunization. However, current commonly used inducible
systems are based on doxycycline and tamoxifen for induction. The potential problem is
whether doxycycline or tamoxifen might have adverse effects on B cells and perhaps
other immune cells. The inducible FcyRIIB knockout system obviously has the
advantage to delineate the requirement of FcyRIIB at different stages of the GC reaction,
which last for about 21 days, by switching on and off the gene deletion (De Silva and
Klein, 2015). Typically subcutaneous immunization with hapten-carrier emulsified in
alum adjuvant, the affinity selection occurs at days 8 to 21 after injection (Victora,
2014). Under this circumstance, if FcyRIIB is deleted when affinity maturation is
ongoing, more low-affinity Ag-specific GC B cells are expected to accumulate, thereby
reminiscent of the phenotype of FcyRI11B™?*, In practical sense pharmacological
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modulation to regulate the expression level of FcyRIIB at different stages of the GC

reaction is easier to translate into clinical use. Future direction will aim to screen and

analyze the modulators of FcyRIIB for this purpose.

4.2 Does FcyRIIB™2 have a haploinsufficient effect or a dominant-negative role
in the negative regulation of GC B cells?

Haploinsufficiency occurs when only one copy of a wild-type gene is not enough
to provide wild-type function, whereas dominant-negative effect occurs when the
mutant allele directly inhibits the function of wild-type gene or inhibits other genes that
are required for the function of wild-type gene. To determine whether FcyRIIB has such
effects, analysis of F0yRIIB+/’ heterozygous mice should be able to answer this question.
FCyRIIB"” heterozygous mice that are partially deficient in FcyRIIB exhibit an
increased production of rheumatoid factors (RF) and anti-DNA autoantibodies in the
presence of the Y-linked autoimmune acceleration (Yaa) locus, which harbors a
duplicate copy of TLR-7 (Pisitkun, et al., 2006). This result supports the possibility of
FcyRIIB haploinsufficiency for a dysfunction in the elimination of auto-reactive B cells
(Moll, et al., 2004). To investigate whether FcyRIIB'?T mutation has a
dominant-negative effect on the inhibition of B cell activation and proliferation, we took
advantage of the availability of FcyRIIB'?*?T heterozygous (2321/T) mice. As a matter of
fact, we were surprised to find that more FcyRIIB'**2" heterozygous mice exhibited a
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phenotype reminiscent of FcyRI1B#2" homozygous (232T/T) than wild-type mice in
GC response. This finding thereby suggests that FcyRIIB?*?" allele is dominant-negative

2321
B3

to the wild-type FcyRII allele (Supplementary Figure 1). Future works are

underway to address this issue.

T232
B 3

4.3 Potential strategies to induce SLE in FcyRII mice

Our initiative to generate FcyRIIB™%

mice was to use it as a model to study the
pathogenesis of the human 1232T polymorphism of FcyRIIB with SLE in particular in
Asian populations. Previous studies have shown that when the peripheral blood
mononuclear cells of FcyRIIB™* donors were transplanted into immunodeficient mice,
spontaneous elevation of autoantibodies can be observed overtime but whether this
eventually will lead to full blown lupus-like disease remains to be determined
(Baerenwaldt, et al., 2011). The availability of FcyRI1B™** mice provides us an unique
opportunity to interrogate not only the pathogenesis of human SLE but the efficacy of
therapeutic intervention. However, we could not observe any lupus symptoms of female
FeyRIIB™2 mice up to 40 weeks old. Since human SLE is considered as a
multi-factorial disease, a relevant trigger or an additional gene abnormality is likely

required to induce lupus or autoimmune disease in the FcyRI1B"%*

mice. Two potential
strategies can be used to induce lupus in FcyR11B™ mice. One way is to induce by

drugs, while the other means is to introduce additional gene aberration. In terms of
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induction of lupus by drugs, a number of drugs have been reported to cause a symptom
that resembles SLE. The most common agents in use are hydralazine, procainamide and
quinidine (Rubin, 1992). A major drawback of these drug-induced SLE is that the
symptom of SLE is only transient and it will restore to normal within a few days to
months once withdrawal of the drugs. In addition to drugs, several studies have shown
that estrogen promotes development of SLE (Holmdahl, 1989). It is known that use of
estrogen-contraceptive therapy exacerbates SLE disease in humans (Jungers, et al.,
1982), and in NZB/NZW F; mice that receive prepubertal castration in combination

with estrogen treatment results in a significant increase in mortality both in male and
female mice (Roubinian, et al., 1978). These findings suggest that estrogen seems to be
a suitable choice to induce lupus in the FcyRIIB™*? mice. As for induction of SLE
through gene manipulation, it will be preferred to select genes related to signaling and
differentiation of B cells to concentrate on further determination of the contribution of
FcyRIIB in the disease onset, course and severity of SLE. Several genes in the B-cell
signaling pathways have been reported to be susceptible to SLE (Mohan and Putterman,
2015; Vaughn, et al., 2012); for instance, LYN (Lu, et al., 2009), BLK (B lymphoid
tyrosine kinase) (Hom, et al., 2008; Ito, et al., 2009; Wu, et al., 2015; Yang, et al., 2009),
BANK1 (B-cell scaffold protein with ankyrin repeats 1) (Chang, et al., 2009; Guo, et al.,
2009; Kozyreyv, et al., 2008), and so on. The genetic modeling of a disease is usually
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compelling and more definitive, but it is time-consuming, labor-intensive and costly. In

addition, epigenetic regulators and modifiers also contribute to the pathogenesis and

disease activity of SLE. For the same reason, we will prioritize these regulators related

to B-cell signaling, in particular those susceptible genes from linkage studies and

genome-wide gene analyses.

4.4 Potential strategies to treat SLE carrying FcyRIIB-1232T polymorphism

To treat and to cure disease is the ultimate goal for us to study SLE. Current main

treatment for SLE is still corticosteroids, cytotoxic drugs and immunosuppressants, e.g.

cyclophosphamide. Given the fact that FcyRIIB is an essential inhibitory molecule in B

cells and the functional status of FcyRIIB closely correlates with the prevention of

antibody-mediated autoimmunity, our central idea to use drugs to target FcyRIIB for

B™* mice

patients with SLE and for restoration of normal GC response in FcyRII
represents a new strategy for translational research. Such notion is further supported by
a previous study that plasma cells from FcyRIIB-deficient mice as well as lupus-prone
mice are protected from apoptosis and this may contribute to the production of
autoantibodies (Xiang, et al., 2007). This result suggests that up-regulation of FcyRIIB

might compensate for the impaired function of FcyRI1B"%*

polymorphism, supporting
our strategy for the treatment of SLE. Alternatively, we should be able to enhance the

downstream signaling of FcyRIIB to achieve the same goal as boosting the expression
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of FcyRIIB. Studies indicate that the polymorphic FcyRI11B™*is unable to inhibit
activating receptor because it is excluded from sphingolipid rafts, resulting in the
susceptibility to SLE for B-cell activation is less inhibited (Floto, et al., 2005; Kono, et
al., 2005). However, whether FcyRI11B"**2-mediated apoptosis of B cells is more
important than its inhibition on BCR in GCs is not easily reconciled for the signaling
transduction of the former is not yet fully understood and it is difficult to completely
tweeze out these two distinct pathways in vivo though our data support the apoptotic
response mediated by FcyRIIB is likely more critical in GC response in vivo. In this
regard, utilization of drugs that can enhance B-cell apoptosis through FcyRIIB is
potentially a better strategy for the treatment of SLE.
4.5 Peritoneal B-1a cells express high level of FcyRIIB and are highly associated
with autoimmune diseases

It has been found that B-1a cells are associated with autoimmunity. B-1a cells are
distinguished from conventional B-2 cells by their functions and high expression of
CD?5, a pan T-cell surface glycoprotein (Stall, et al., 1996). B-1a cells are mainly located
in peritoneal and pleural cavities and play an important role in response to
thymus-independent antigens and invading microbial pathogens. B-1a cells are primary
source of the production of natural IgM, which are polyreactive low-affinity antibodies
providing an innate immunity of defense against pathogens (Murakami and Honjo,
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1995). The characteristics of polyreactivity and low affinity enable these IgM antibodies
recognize a broad range of antigens; however, on the flip side these antibodies also can
lead to the cross-reactivity with autoantigens (Baumgarth, et al., 2005). Studies show
that the number of B-1a cells is elevated in patients with Sjoren’s syndrome (Dauphinee,
et al., 1988) and rheumatoid arthritis (Youinou, et al., 1990). In addition, lupus-prone
NZB and NZB/NZW F1 mice exhibit increased number of B-1a cells (Hayakawa, et al.,
1983).

Peritoneal B-1 cells express significantly higher level of FcyRIIB than other B
cell subsets (splenic B-1, B-2, and marginal zone B cells and peritoneal B-2 cells)
(Amezcua Vesely, et al., 2012). FcyRI1B-deficient mice dramatically increase the
number of peritoneal B-1 cells because of protection from FcyRI1B-mediated apoptosis.
Furthermore, FcyRIIB-deficient mice exhibit increased serum levels of
anti-phosphatidylcholine (PtC) IgM and IgG antibodies (Amezcua Vesely, et al., 2012),
which are the most widely expressed natural antibodies (Mercolino, et al., 1988).
However, whether FcyRI11B#* mice also exhibit increased number of peritoneal B-1

cells remains to be determined. It is likely that FcyR11B"%

mice might delay the
appearance of autoreactive B-1 cells as seen in FcyRIIB knockout mice. Since
autoimmune diseases often display an increase of B-1a cells, which highly express

FcyRIIB, and conversely FcyRI11B-deficient mice spontaneously develop autoimmune
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diseases (Bolland and Ravetch, 2000; Iruretagoyena, et al., 2008; Tiller, et al., 2010;
Yuasa, et al., 1999), it is important to investigate the likelihood of FcyRIIB'** on B-1a
cells to break tolerance, leading to aberrant homeostasis of B-1 cells overtime.

4.6 Ty cells involve in the affinity maturation of GC B cells

T follicular helper (Tgy) cells are essential for GC formation and development
(Johnston, et al., 2009; Linterman, et al., 2010; Nurieva, et al., 2009; Yu, et al., 2009).
Interleukin-21 (IL-21) produced by Tgy cells is critical for promotion of survival,
differentiation and proliferation of GC B cells as IL-21R-deficient mice or
IL-21-deficient mice reduce plasma cells formation and proliferation in spleen and bone
marrow as well as reduce the differentiation of memory B cells into plasma cells (Zotos,
et al., 2010). Furthermore, Ty cells are important for affinity maturation (Schwickert,
et al., 2011; Victora, et al., 2010) and IL-21R-deficient mice decrease the number of
high-affinity plasma cells (Zotos, et al., 2010). To the best of our knowledge, there is no
evidence of FcyRIIB on GC B cells to influence I1L-21 production from Tgy cells when
both cells interact in the light zone of GCs.

The interaction between GC B cells and Tgy cells is important for the selection of
high-affinity Ag-specific GC B cells. GC B cells with higher-affinity BCR will capture
more antigens than those with lower-affinity BCR, and therefore will present higher
density of peptide-MHC complexes on the surface of GC B cells to Ty cells, resulting
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in proportional and selective expansion of higher-affinity GC B cells for activated Try
cells to release cytokines, e.g. IL-21 to promote differentiation of plasma cells (Gitlin, et
al., 2014; Lanzavecchia, 1985; Victora, et al., 2010). We have showed the increased
low-affinity Ag-specific antibodies in FcyRIIB™* mice is totally associated with the
defect of FcyRIIB on B cells, independent of Tgy cells (Figure 12, A-C). However,
whether FcyRIIB regulates the interaction between GC B cells and Ty cells to control
the affinity maturation of high-affinity GC B cells has not been thoroughly examined.
Bone marrow chimera experiments described above will help address this issue.
4.7 FcyRI1IB™* on FDCs seems to have no effect on the ICs trapping

FcyRIIB expressed on follicular dendritic cells (FDCs) plays an important role in
trapping the Ag-containing ICs for presentation to GC B cells and mediating the
generation of GC reaction (Qin, et al., 2000). On the contrary, the results from a
transgenic line carrying a genetically defined BCR showed that GC formation and
selection appear normal in the absence of ICs on FDCs, suggesting that other sources of
Ag to drive the GC reaction may also be important (Hannum, et al., 2000). Whether ICs
trapped by FcyRIIB on FDCs are required for GC development seems in doubt
(Haberman and Shlomchik; 2003; Kosco-Vilbois, 2003). In spite of this controversy,
whether FcyR11B™*2 has an impaired ability to trap ICs is unclear. Our data suggest that
FcyRI1B ™% seems not affect the ICs trapping since we have found no decrease but
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increase in the number of B cells entering the GC for reaction in FcyRII
(Figure 10).
4.8 The effect of co-ligation of FcyRI1B™*? and BCR on the increase of

low-affinity Ag-specific antibodies

Cross-linking FcyRIIB itself in the absence of BCR ligation can induce apoptosis

of B cells, but not other cell types, through BTK, JNK1 and c-Abl in chicken and mouse
B cells (Pearse, et al., 1999; Tzeng, et al., 2005). The proximal signaling through
FcyRIIB is entirely independent of ITIM and SHIP, which are essential when FcyRIIB
inhibits co-ligated BCR (Tzeng, et al., 2005). A failure of FcyRIIB aggregation to
trigger B-cell apoptosis can well account for the increase of low-affinity Ag-specific GC
B cells in FeyRIIB™** mice for defective FcyRIIB signaling leads to reduced
elimination of low-affinity GC B cells during the GC reaction. On the other hand, the

increase of low-affinity Ag-specific GC B cells in FcyRI1B"2*2

mice may in part result
from an increased input of B cells that enter the GC since the impaired FcyRI1B"%
mutant weakens the inhibitory signaling from FcyRI1IB to block co-ligated BCR,
rendering B cells more activated and proliferative. So far, the defect of FcyRI1B"%*
co-ligation with BCR has been shown; however, the degree of functional impairment of
FcyRI1IB™ in the co-ligation with BCR versus by itself might be difficult to distinguish

and might vary in vivo. Although we cannot rule out the contribution of increased input
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of B cells to the increased number of low-affinity Ag-specific B cells in FcyRI1B™%
mice, the findings from gene knockout mice of SHIP, which is essential for co-ligated
BCR and FcyRIIB to transduce inhibitory signals, appear to support our argument in
that mice deficient in SHIP in B cells exhibit paradoxically decreased GC number and
reduced GC size after immunization (Leung, et al., 2013). Taken together, it is
undoubtedly that FeyRIIB™?*? contributes to the retention of low-affinity Ag-specific B
cells that normally would die during the GC reaction. In this regard, FcyRIIB-mediated
apoptosis of B cells is of more importance than inhibition by co-ligation with BCR in
the GC.
4.9 Additional genes or molecules that are related to morphological change of
GCs and involved in the affinity maturation

Several genes or molecules in B cells have been reported to affect affinity
maturation and/or the size of GCs. Transgenic mice that overexpress a suppressor of
apoptosis, Bcl-xL (B-cell lymphoma-extra large), a member of Bcl-2 family proteins, in
B cells have an increased retention of low-affinity B cells and an increased number of
splenic ASCs, but show no increase of the number or size of GCs (Takahashi, et al.,
1999). SHIP is recruited to the ITIM of FcyRIIB when BCR and FcyRIIB are co-ligated
by cognate ICs. Unexpectedly, B cells deficient in SHIP promote the survival of
low-affinity B cells by lowering the threshold for B-cell activation; however, the size of
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GCs reduces and diversity of mutant BCR by somatic hypermutation decreases (Leung,
et al., 2013). These findings argue against the contribution of impaired inhibition of
FcyRI1B™*? on co-ligated BCR in promotion of retention of low-affinity Ag-specific
GC B cells. Moreover, Iga (CD27a) and Igp (CD79b) are the essential components of
the BCR complex but both are down-regulated in part by IL-21 in GC B cells
(centroblasts). Whether blunting the BCR signaling in GC B cells promotes
FcyRI1IB-mediated apoptosis is an interesting thought. In addition, the suppression of
down-regulation of Igp, whose decrease is more pronounced than Iga, by B cell-specific
Igp transgenic reduces the number of GC B cells and impairs the affinity maturation,
leading to reduced antibody production. Moreover, when B cell-specific 1gp transgenic
mice were backcrossed to BXSB-Yaa autoimmune mice, the lupus manifestation is
ameliorated (Todo, et al., 2015). These results imply that co-ligation of BCR and
FcyRIIB that dampens the BCR functionality is somehow reminiscent of 1go/Igp
down-regulation and might actually affect merely positive selection during affinity
maturation, but not the negative selection of GC B cells. In terms of epigenetic
modulators of GCs, BRD4 (bromodomain-containing protein 4), a member of the BET
(bromodomain and extra-terminal domain) family protein, is up-regulated on GC B cells
and inhibition of BRD4 results in the suppression of GC formation and the reduction of
both the number and size of GCs. The effects of BRD4 on GC B cells are mediated by
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down-regulation of Bcl6 and block of NF-«xB activation (Gao, et al., 2015). Whether

BRD4 regulates the dichotomy of expression levels of Iga/lgp and FcyRIIB of GC B

cells is worth investigation.

As shown in Figure 13B, caspase-3 is active in low-affinity Ag-specific GC B

cells undergoing apoptosis. Deletion of caspase 8 in GC B cells, however, leads to an

increased size but not the number of GCs, accompanied by a delay in affinity selection

of high-affinity B cells (Boulianne, et al., 2013). Noxa, also known as

phorbol-12-myristate-13-acetate-induced protein 1 (Pmaipl), is a pro-apoptotic member

of the BH3-only proteins. Noxa-deficient mice develop increased size of GCs and

reduce the affinity of BCR, resulting in increased low-affinity antibodies (Wensveen, et

al., 2012). Protein phosphatase subunit G5PR, a catalytic subunit of the serine/threonine

protein phosphatase 2A, is up-regulated in GC B cells following Ag immunization.

Overexpression of G5PR enlarges the size of GCs and increases the number of GC B

cells, but the number of GCs is not changed. Furthermore, overexpression of G5PR also

impairs the affinity maturation, resulting in a significantly increase of low-affinity

antibody titers, whereas the level of high-affinity antibodies is unchanged (Kitabatake,

et al., 2012). Since G5PR inhibits JNK and Bim to promote BCR-mediated proliferation

(Xing, et al., 2005) and FcyRIIB mediates B-cell apoptosis through JNK (Pearse, ef al.,
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1999), the up-regulation of both GSPR and FcyRIIB and their potential
inter-relationship during GC reaction needs to be delineated.
4.10 Reassessing the strategies to detect cross-reactivity of low-affinity Ag-specific
antibodies
The anti-NP antibodies produced after NP Ag immunization have 3 to10 times
higher affinity for NIP than NP (Imanishi and Makela, 1973). According to this, it
might be a better approach to determine the cross-reactivity of low-affinity antibodies

produced by FcyRI IB2%

mice by immunizing them with NIP Ag for measurement of
the cross-reactivity of anti-NIP antibodies with NP. In this study, we immunized mice
with NP Ags and were still able to detect cross-reactivity of low-affinity NP-specific
antibodies to NIP (Figure 14). In order to provide firm evidence for whether the

BT232

increased level of low-affinity antibodies in FcyRlII mice contains more

cross-reactive antibodies than FcyRI11B'%*?

mice, we think the best way is to use a
clinical relevant vaccine immunogen, such as influenza H1, a hemagglutinin (HA)
subtype of influenza viruses, to immunize FcyRIIB'*? and FcyRIIB™*? mice. If the
low-affinity H1-specific IgG antibodies can cross-react to other HAs in the same group
or different group, e.g. H3 and H5, pharmacological modulation of FcyRIIB’s
expression may be of great importance in the enhancement of vaccine efficacy. As a

matter of fact, it would be even better if we can directly analyze the serum antibodies or
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memory B cells of the FcyRII subjects with prior vaccination of seasonal influenza

that contains immunogens from HIN1, H3N2 and either one or two influenza B strains.
The FeyRIIB™* subjects are expected to confer advantage in the generation of

1232

cross-protective antibodies against pathogen than FcyRIIB“** subjects. In other words,

it will be interesting to know whether subjects carrying FcyRI1B ™%

will be prone to
elicit broadly neutralizing antibodies against other subtypes of influenza A virus. If the

cross-reactive antibodies can neutralize cross-reactive virus strain(s), the usefulness of

FcyRI1IB modulation in vaccination will be highly appreciated.
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Figure 1
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Figure 1. Strategy for generation of FcyRI11B'**T mutant mice.

FClelBlzng mutant mice were generated via homologous recombination between the
targeting construct that contains a point mutation in exon 5 and the wild-type
(endogenous) fcgr2b gene in embryonic stem (ES) cells. The recombined ES cells were
injected into blastocysts, and the blastocysts were then transferred into a foster female
mouse. To breed FcyRIIB™*? mice, one heterozygous (FcyRI1B***"™) male mouse was

BZSZI/T)

mated with two heterozygous (FcyRII female mice. Neo, neomycin resistant

gene.
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Figure 2
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Figure 2. Schematic representation of the schedule of immunization.

(A) Schedule of two immunizations. The 6- to 8-week-old FcyRI1B'%*2 (2321/1) or
FcyRIIB™ (232T/T) mice were primarily immunized with 50 pg of NP-CGG in
alum on day 1, followed by a booster with the same antigen and dose 28 days later
(Day 28). Mice were sacrificed and analyzed one week after secondary
immunization (Day 35).

(B) Schedule of one immunization. The 6- to 8-week-old FcyR11B'*2 or FcyRI1B™*
mice were immunized with 50 pug of NP-CGG in alum on day 1. Mice were

sacrificed and analyzed 13 days after immunization (Day 13).
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Figure 3
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Figure 3
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Figure 3. Analysis of cell subsets in the blood of FcyRI1B'?*2 and FeyRIIB™* mice
after primary immunization.

(A) The gating methods for flow cytometric analysis of blood samples collected after
primary immunization. (B-E) As described in Section 2.3.1 blood cells were isolated
from FcyRIIB'?*? (2321/1) or FcyRIIB™2 (232T/T) mice 14 days after primary
immunization (Day 14) for phenotypic analysis by flow cytometry. A representative
FACS plot (upper panel) showed frequencies (lower left panel) and cells number (lower
right panel) of (B) B cells were gated by CD19/SSC from lymphocytes; (C)
NP-specific B cells were defined as CD19"NP" cells from lymphocyte gate; (D) plasma
cells were CD138"CD19"; (E) NP-specific plasma cells were CD19"NP* cells from
CD138" plasma cells. The flow cytometric data were further analyzed by the two-tailed
unpaired t-test and shown as histograms with mean £ SEM. N = 7 to 8 mice for the
FeyRIIB®*" and 5 mice for the FcyRIIBZ2™T, respectively. P value < 0.05 was

considered as statistically significant.
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Figure 4
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Figure 4. Analysis of cell subsets in the blood of FcyRI1B'?*2 and FeyRIIB™ mice
after secondary immunization.

(A) Gating strategies for cytometric analysis of blood samples collected after secondary
immunization, (B-E) Blood cells were isolated from FcyRI1B'%* (2321/1) or FcyR11B™%
(232T/T) mice as described in Section 2.3.1 7 days after secondary immunization (Day
35) and were analyzed by flow cytometry. A representative FACS plot (upper panel),
illustrated subset frequencies (lower left panel), and cell numbers (lower right panel) of
(B) B cells gated as CD19/SSC cells from lymphocytes; (C) NP-specific B cells gated
as CD19"NP" cells from lymphocytes; (D) plasma cells gated as CD138"CD19" cells
from lymphocytes, and (E) NP-specific plasma cells gated as CD19"NP™ cells from
plasma cells. Results were analyzed using two-tailed unpaired t-test as Figure 3. N =8

to 10 mice for the FcyR11B=2" and 7 to 9 mice for the FcyRIIBZ2™T, respectively.
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Figure 5. Analysis of cell subsets in the spleen of FcyRI1B'%*? and FeyRIB™?*? mice
after secondary immunization.

(A) Gating strategies for flow cytometric analysis of splenocytes isolated after
secondary immunization, (B-E) Splenocytes from FcyRIIB'?*? (2321/1) or FcyR11B™#*
(232T/T) mice were treated as described in Section 2.3.2 seven days after secondary
immunization (Day 35) and were analyzed by flow cytometry. A representative FACS
plot (upper panel), illustrated subset frequencies (lower left panel), and cell numbers
(lower right panel) of (B) B cells gated as CD19*/SSC cells among lymphocytes; (C)
NP-specific B cells gated as CD19"NP™ cells among lymphocytes; (D) plasma cells
gated as CD138"CD19" cells among lymphocytes, and (E) NP-specific plasma cells
gated as CD19"NP" cells among plasma cells. Results were analyzed using two-tailed
unpaired t-test as described in Figure 3. N = 8 to 10 mice for the FcyR11B*?"" and 8 to

10 mice for the FeyR1IB**?™T, respectively.
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Figure 6. Analysis of cell subsets in the bone marrow of FcyRI1B'%*? and
FcyR11B™#* mice after secondary immunization.

(A) Gating methods for flow cytometric analysis of the bone marrow sample after
secondary immunization, (B-E) Bone marrow cells were isolated from FcyR11B'%
(2321/1) or FcyRIIB™*? (232T/T) mice as described in Section 2.3.3 on the 7th day after
secondary immunization (Day 35) and were analyzed by flow cytometry. A
representative FACS plot (upper panel), illustrated subset frequencies (lower left panel),
and cell numbers (lower right panel) of (B) B cells gated as CD19*/SSC cells among
lymphocytes; (C) NP-specific B cells (CD19°NP*); (D) plasma cells (CD138"CD19%),
and (E) NP-specific plasma cells (CD138"CD19"NP"). Results were analyzed using
two-tailed unpaired t-test as described in Figure 3. N = 7 or 8 mice for the FcyR11B%2""!

and 7 or 8 mice for the FcyRIIBZ™'T, respectively.

93



Figure 7
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Figure 7
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Figure 7. ELISPOT assay to analyze antibody-secreting cells (ASCSs) in the spleen
of FcyR11B'*? and FcyRI11B™#* mice after secondary immunization.

(A-C) ELISPOT graph (left panel) and quantification (right panel) of total and
NP-specific IgG-secreting cells in the spleen of FcyRI1B'?# (2321/1) or FcyRI11B™2*
(232T/T) mice 7 days after secondary immunization (Day 35) were shown as follows:
(A) total 1gG-secreting cells, (B) NP7-specific IgG-secreting cells, and (C)
NP30-specific IgG-secreting cells. (D) Low-affinity NP-specific ASCs (1gG) were
assessed and quantified by subtracting the spot number of NP7-specific 1gG-secreting
cells from that of NP30-specific 1gG-secreting cells. (E) Non-NP-specific ASCs (1gG)
were assessed by subtracting the spot number of NP30-specific 1gG-secreting cells from
that of total 19gG-secreting cells. (F-H) Spot graph (left panel) and quantification (right
panel) of total and NP-specific IgM-secreting cells in the spleen of FcyRI1B'%? (2321/1)
or FcyRIIB™3 (232T/T) mice 7 days after secondary immunization (Day 35) were
illustrated, namely (F) total IgM-secreting cells, (G) NP7-specific IgM-secreting cells,
and (H) NP30-specific IgM-secreting cells. (1) Low-affinity NP-specific ASCs (IgM)
were assessed by subtracting the spot number of NP7-specific IgM-secreting cells from
that of NP30-specific IgM-secreting cells. Splenocytes were seeded at a density of 6.0 x
10* cells (A and F) or 2.4 x 10° cells (B-E and G-1) per well and incubated for 16 hr at
37 °C in a 5% CO, incubator. Results were analyzed using two-tailed unpaired t-test.
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The t-test was modified by Welch’s correction in the case of unequal variance.
Histograms of FcyRI1BZ2" mice (n=5) versus FeyRIIBZ?"T (n=8 or 9) mice were

shown as mean = SEM for comparison and statistical analysis.
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Figure 8
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Figure 8. ELISPOT assay to analyze antibody-secreting cells (ASCs) in the bone
marrow of FcyRI11B'*? and FcyR11B™#*2 mice after secondary immunization.

(A-C) ELISPOT graphs (left panel) and quantification (right panel) of total and
NP-specific IgG-secreting cells in the bone marrow of FcyRI1B'%* (2321/1) and
FcyRI11B™* (232T/T) mice, respectively, 7 days after secondary immunization (Day 35)
were illustrated. (A) Total 1gG-secreting cells. (B) NP7-specific 1gG-secreting cells. (C)
NP30-specific IgG-secreting cells. (D) Low-affinity NP-specific ASCs (1gG) were
measured by subtracting the spot number of NP7-specific 1gG-secreting cells from that
of NP30-specific 1gG-secreting cells. (E) Non-NP-specific ASCs (1gG) were measured
by subtracting the spot number of NP30-specific 1gG-secreting cells from that of total
IgG-secreting cells. Bone marrow cells were seeded at a density of 1.5 x 10° cells (A) or
3.0 x 10° cells (B-E) per well and incubated for 16 hr at 37 °C in a 5% CO, incubator.

2321/1 mice

Results were analyzed using two-tailed unpaired t-test. Histograms of FcyRIIB
(n=8) versus FcyRIIBZ2"T (n=7) mice were shown as mean + SEM for comparison and

statistical analysis.
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Figure 9
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Figure 9. ELISA assay to detect the level of serum total 1gG or antigen-specific 19G
in FcyRI1B'?*2 and FeyRI1B ™ mice after primary and secondary immunization.
Detection of serum total 1gG and NP7- or NP30-specific IgG levels was performed 14
days after primary immunization (Day 14) or 7 days after secondary immunization (Day
35). The difference of low- and high-affinity of the NP-specific IgG was determined by
the ratio of NP7/NP30, of which NP7 represents the amount of high-affinity IgG
whereas NP30 denotes the sum of low- and high-affinity 1gG antibodies. Mouse sera
were obtained from FcyRI11B'%2 (2321/1) or FcyRIIB™* (232T/T) mice as described in
Section 2.5.1 on Day 14 and Day 35, respectively. (A) Serum total 1gG levels of
FcyRI1B'?%2 (2321/1) or FcyRIIB™*? (232T/T) mice on Day 14 and Day 35, respectively
were shown. Mouse sera were diluted 20,000 folds for Day 14 serum and 40,000 folds
for Day 35 serum, respectively. (B) The NP7-specific and NP30-specific IgG levels of
FcyRI1B'%2 (2321/1) or FeyRI1B™*? (232T/T) mice on Day 14 and Day 35 were shown,
respectively. Mouse sera were diluted 2,000 folds for Day 14 serum and 20,000 folds
for Day 35 serum, respectively. (C) As described in Section 2.5.2, the affinity of serum
NP-specific 1gG was determined by the ratio of NP7/NP30 of OD4so measurements
from samples of Day 14 and Day 35, respectively. Results were analyzed using

232111

two-tailed unpaired t-test. Histograms of FcyRIIB mice (n=5 or 6) versus
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FeyRIIBZ2™T (n=6 to 8) mice were compared for statistical significance. *P < 0.05, **P

< 0.01, ***P < 0.001, ns denotes no significance.
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Figure 10
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Figure 10
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Figure 10. Flow cytometric analysis of the germinal center B cell subsets in the
spleen of FcyRI1B'%*2 and FeyRI1B™*? mice after secondary immunization.

(A) Gating methods for flow cytometric analysis of GC B cells in the spleen after
secondary immunization, (B-D) Splenocytes were isolated from FcyRIIB'?*? (2321/1) or
FcyRI11B™* (232T/T) mice as described in Section 2.3.2 seven days after secondary
immunization (Day 35) and were analyzed by flow cytometry. (B) A representative
FACS plot (upper panel) of the frequency (lower left panel) and cell number (lower
right panel) of GC B cells (B220"GL7") in lymphocytes. (C) (Upper panel) the dark
zone (DZ) and light zone (LZ) B cells were distinguished according to surface
expression of CD86 and CXCR4. DZ B cells were denoted as CD86''CXCR4" cells
while LZ B cells were characterized as CD86"CXCR4"™ cells in GC B cells as in (A).
(Lower panel) Frequencies of DZ and LZ B cells in spleen samples of FcyRI1B'?*
(2321/1) and FcyRIIB™ (232T/T) mice were illustrated. (D) Cell numbers of DZ (left

panel) and LZ (right panel) B cells of splenocytes. Results were analyzed using

23211 232TIT

two-tailed unpaired t-test. Histograms of FcyRIIB mice (n=7) versus FcyRIIB
(n=3) mice were compared for statistical significance. Abbreviations: GC, germinal

center. DZ, dark zone. LZ, light zone.
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Figure 11

Spleen (Day 35)

2321/1 232TIT

Figure 11. Morphological analysis of the germinal centers in spleens of FcyR11B'%*
and FcyRI1B™* mice after secondary immunization.

H&E staining of spleen sections from FcyRI11B?*? (2321/1) and FcyRIIB™*? (232T/T)
mice seven days after secondary immunization (Day 35) were shown. Square regions
represented the white pulp, and arrows indicated the germinal center. The power of
eyepiece was 10X. The visual magnification of 50X (upper panel) and 100X (lower
panel) were used for acquiring images. Scale bar indicates 250 um. Five mouse spleens
of each group were analyzed and representative histological sections were depicted. GC

stands for germinal center.
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Figure 12
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Figure 12. Analysis of the number of Tey cells and their influence on isotypes of
serum levels of total 1IgG and NP-specific 1gG after secondary immunization.

(A) Splenocytes were isolated from FcyRI11B"2%2 (2321/1) or FcyRIIB™%? (232T/T) mice
as described in Section 2.3.2 seven days after secondary immunization (Day 35) and
analyzed by flow cytometry. The frequencies (left panel) and cell numbers (right panel)
of T follicular helper (Tgy) cells were gated as PD17ICOS™ cells from CD4'B220° T
cells. Results were analyzed using two-tailed unpaired t-test. Histograms were shown as
mean + SEM. N=6 mice for FcyRI1B*?"" and n=3 mice for FcyRIIBZ*"T,

(B-C) Serum levels of total 1gG isotypes as well as NP7- and NP30-specific IgG
isotypes were performed using samples from 7 days after secondary immunization (Day
35). Mouse sera from FcyRI1B'% (2321/1) or FeyRIIB™*? (232T/T) mice were collected
on Day 35 as described in Section 2.5.1. (B) Serum levels of total IgG isotypes of
FcyRI11B'%2 and FcyRI1B™*? mice on Day 35 were shown, respectively. Mouse sera
were diluted 20,000 folds for ELISA. (C) Serum levels of NP7- and NP30-specific IgG
isotypes of FcyRI1B'%2 or FcyRIIB™? mice on Day 35. Mouse sera were diluted 15,000
folds for ELISA. Results were analyzed using two-tailed unpaired t-test for statistical
significance. Histograms were shown as mean £ SEM with n=6 mice for each group of
FcyRI1B'?2and FcyRIIB™* mice, respectively. Abbreviations: OD, optical density; *P
< 0.05; **P < 0.01; ns denotes no significance.
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Figure 13
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Figure 13. Analysis of the apoptosis of GC B cells using flow cytometry and

immunohistochemistry.

(A) The frequency of 7-AAD" apoptotic CD19"GL7" GC B cells was measured by flow
cytometry. As described in Section 2.3.2, mouse splenocytes were isolated from
FcyR11B?%? (2321/1) and FcyRIIB™ (2327T/T) mice 7 days after secondary
immunization (Day 35), respectively, and analyzed by flow cytometry. The data
were analyzed for statistical significance using two-tailed unpaired t-test and

B»?"'and n=7

illustrated as histograms (mean = SEM). N=3 mice for the FcyRII
mice for the FeyR11B?*?"'". GC stands for germinal center.

(B) Immunohistochemical staining of active caspase-3 of spleen sections from
FcyRI1B'?*? (2321/1) and FeyRIIB™3 (2327T/T) mice at 7 days after secondary
immunization (Day 35). Fields shown in upper panels represent 200x magnification
and 50 um scale bars. Images (lower panels) from upper panels were shown as 400x

magnification with 20 um scale bars. Arrows indicated active caspase-3 positive

cells.
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Figure 14
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Figure 14. Sequential ELISA to detect cross-reactive antibodies in the serum of
FcyRI11B'?*? and FcyRI1B™%2 mice after secondary immunization.

Mouse sera were collected from FcyRI11B'%*2 (2321/1) and FcyRI1B™%? (232T/T) mice 7
days after secondary immunization (Day 35), respectively as described in Section 2.5.1.
(A) Mouse sera were diluted for 20,000-fold to pre-incubate in NP7-BSA coated plates
for 12 hr at 4 °C. After completion of incubation, sera were then transferred into the
NP30-BSA, NIP26-BSA or NIP7-BSA coated wells, respectively for another incubation
for 12 hr at 4 °C. (B) Mouse sera were diluted as (A) and pre-incubated in NIP7-BSA
coated plates for 12 hr at 4 °C. After finish of incubation, sera were then transferred into
the NIP26-BSA, NP7-BSA or NP30-BSA coated wells for second incubation for 12 hr
at 4 °C. The data were analyzed using two-tailed unpaired t-test and shown as
histograms with mean + SEM. N=6 mice for each group of FcyR11B*2"" and

FeyRIIBZ?TT respectively. *P < 0.05 and **P < 0.01 indicate statistical significance.
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Figure 15
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Figure 15. Illustrations to summarize of the proposed critical role of FcyRIIB in

affinity selection and subsequent negative selection during the GC reaction.

(A) In FcyRI11B'%*2 (wild-type) mice, cognate IC-triggered co-ligation of BCR and
FcyRIIB inhibits the proliferation of B cells in B-cell follicles, thereby maintaining
a homeostatic control of normal input of B cells into the dark zone of GCs

compared to that of FcyRIIBT**

mice. In the dark zone where somatic hypermutant
B-cell clones with various affinities for Ag are produced, and subsequently these B
cells enter the light zone for selection on the basis of their BCR (B-cell Ag receptor)
to compete for Ag for survival. In other words, B cells with high-affinity BCR have
advantages to capture Ags than those that have a low-affinity BCR. The selected
high-affinity B cells then differentiate into memory B cells and plasmablasts and
many of them interact with Try cells before differentiation starts. In contrast, B cells
with low-affinity BCR cannot bind Ags efficiently and are susceptible to
cross-linking FcyRI11B'%*2 by itself. Therefore, we proposed the majority of
low-affinity B-cell clones will be eliminated through apoptosis mediated by
FcyRIIB while for some reason a small number of low-affinity B-cell clones were
left to survive and able to differentiate into plasmablasts. Our data suggest the
low-affinity Ag-specific B cells produce antibodies cross-reactive to homologous

Ags and this is not yet appreciated in host immunity. After undergoing GC reaction,
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the low- and high-affinity Ag-specific memory B cells and plasmablasts leave the
GC to enter circulation and a portion of plasmablasts will settle in bone marrow for
terminal differentiation and permanent residence. In circulation our data suggest the
existence of an additional negative selection through FcyRIIB to reduce the number
of low-affinity plasmablasts since the low-affinity plasma cells in the bone marrow
show a marked decrease in comparison to those in the spleen and blood.

(B) In FcyRI1B™3 (mutant) mice, cognate IC-triggered BCR and FcyRIIB co-ligation
has an impaired function to inhibit the proliferation of B cells in B cell follicles,
leading to an increase of the flux of B cells into the dark zone of GCs compared to
that of wild-type FcyRI11B"?*? mice. In the light zone, the low-affinity B-cell clones
cannot bind Ags efficiently, rendering the non-cognate ICs to trigger clustering of
FcyRIIB™# jtself. Since our data demonstrate a functional impairment of
FcyRIIB™* in the negative selection of low-affinity B cells, a defective apoptosis
through FcyRI11B™2 of GC B cells supports this finding. Therefore, the majority of
low-affinity B cells fail to be deleted, resulting in accumulation for further
differentiate into plasmablasts. Once they leave GCs into blood vessels, it appears
that low-affinity plasmablasts are also less sensitive to apoptosis upon aggregation
of FcyR11B"™2 by non-cognate ICs, ultimately leading to more retention of
low-affinity plasma cells in the bone marrow.
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Table 1. Antibodies used for flow cytometry, ELISA, ELISPOT, and immunohistochemistry analysis.

N,rr:;;ilr?/ Host/Isotype Reactivity Fluorochrome Clone Manufacturer Catalog Application
Primary antibodies
CD16/32 Rat/1gG2b, Mouse - 2.4G2 BD Biosciences 553142 Flow cytometry
CD16/32 Rat/1gG2b, Mouse FITC 2.4G2 BD Biosciences 553144 Flow cytometry
CD138 Rat/lgG2a, « Mouse BVv421 281-2 BD Biosciences 562610 Flow cytometry
CD19 Rat/lgG2a, « Mouse PE-Cy7 1D3 eBioscience 25-0193-82 Flow cytometry
NP - - PE - Blosearcr_l N-5070 Flow cytometry
Technologies
CD11b Rat/1gG2b, Mouse PerCP-Cy5.5 M1/70 BD Biosciences 550993 Flow cytometry
Armenian
CDl1c hamster/IgG1, Mouse AlexaFluor700 HL3 BD Biosciences 560583 Flow cytometry
z2

GL7 Rat/IgM, « Mouse AlexaFluoré47 GL7 BD Biosciences 561529 Flow cytometry
B220 Rat/lgG2a, « Mouse APC-Cy7 RA3-6B2 BD Biosciences 552094 Flow cytometry
CD86 Rat/lgG2a, « Mouse BV605 GL1 BD Biosciences 563055 Flow cytometry
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Table 1. Antibodies used for flow cytometry, ELISA, ELISPOT, and immunohistochemistry analysis (continued).

Molecule/
Antigen Host/Isotype Reactivity Fluorochrome Clone Manufacturer Catalog Application
Primary antibodies
CXCR4 Rat/1gG2b, Mouse BVv421 2B11 BD Biosciences 562738 Flow cytometry
CD4 Rat/lgG2a, « Mouse AlexaFluor647 RM4-5 BD Biosciences 557681 Flow cytometry
Armenian
PD-1 hamster/IgG2, Mouse BVv421 J43 BD Biosciences 562584 Flow cytometry
K
CXCR5 Rat/lgG2a, « Mouse PE 2G8 BD Biosciences 561988 Flow cytometry
ICOS Rat/lgG2b, Mouse FITC 7E.17G9 eBioscience 11-9942-80 Flow cytometry
IgG, F(ab"),
Goat/F(ab’), Jackson
fragment Mouse - Polyclonal 115-006-072 ELISPOT/ELISA
. fragment ImmunoResearch
specific
IgM, p chain Jackson
. Goat/lgG Mouse - Polyclonal 115-005-020 ELISPOT/ELISA
specific ImmunoResearch
Human,
Caspase-3 Rabbit Mouse, Rat, - Polyclonal Cell Signaling 9661 Immunohistochemistry
Monkey
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Table 1. Antibodies used for flow cytometry, ELISA, ELISPOT, and immunohistochemistry analysis (continued).

Molecule/
Antigen Host/Isotype Reactivity Fluorochrome Clone Manufacturer Catalog Application
Secondary antibodies (HRP-conjugated)
19G, Fc
J ! . Jackson
fragment Rabbit/IgG Mouse - Polyclonal 315-035-046 ELISPOT/ELISA
- ImmunoResearch
specific
IgM, p chain Jackson
. Goat/lgG Mouse - Polyclonal 115-035-075 ELISPOT/ELISA
specific ImmunoResearch
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Table 2. Primers used for genotyping of FcyRIIB-1232T mice.

Primers Sequence

Cu 5’-CACATGGAGATCTAGGAGTG-3’

FD 5’-CCCAGCGATTGAACTAAGAT-3’
Neo3’ 5’-CATTGTCTGAGTAGGTGTCATTC-3’
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Supplementary Figure 1. ELISPOT assay to analyze antibody-secreting cells

(ASCs) in the spleen and bone marrow of FcyRI11B-2321/1, -2321/T, and -232T/T

mice after secondary immunization.

(A-C) Quantification of total and NP-specific 1gG-secreting cells in the spleen of

FcyRIIB-2321/1 (2321/1), -2321/T (2321/T), or -232T/T (2327T/T) mice at 7 days after

secondary immunization (Day 35). (A) Total 1gG-secreting cells. (B) NP7-specific

1gG-secreting cells. (C) NP30-specific 1gG-secreting cells. (D-F) Quantification of total

and NP-specific 1gG-secreting cells in the bone marrow of FcyRI1B-2321/1 (2321/1),

-2321/T (2321/T), or -232T/T (232T/T) mice at 7 days after secondary immunization

(Day 35). (D) Total IgG-secreting cells. (E) NP7-specific 1gG-secreting cells. (F)

NP30-specific 1gG-secreting cells. (G-H) Low-affinity NP-specific ASCs (1gG) were
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assessed and quantified by subtracting the spot number of NP7-specific 1gG-secreting
cells from that of NP30-specific IgG-secreting cells in (G) spleen and (H) bone marrow.
Splenocytes were seeded at 6.0 x 10* cells in (A) or 2.4 x 10° cells in (B, C and G) per
well. Bone marrow cells were seeded at 1.5 x 10° cells in (D) or 3.0 x 10° cells in (E, F
and H) per well. Cells were incubated for 16 hr at 37 °C in a 5% CO, incubator. Results
were analyzed using two-tailed unpaired t-test. The t-test was modified by Welch’s
correction in case of unequal variance. Graphs show mean £ SEM. n =5 mice for the

2321/1, 6~7 mice for the 2321/T, and 7-9 mice for the 232T/T.
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