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ABSTRACT

FcyRIIB is an inhibitory Fc receptor of IgG and an essential negative regulator of

B cells. In response to cognate and non-cognate immune complexes (ICs), FcyRIIB can

transduce SHIP-dependent and c-Abl-dependent signaling pathways, respectively, in a

mutually exclusive manner. Mice deficient in FcyRIIB display an enhanced humoral

immune response after immunization. Moreover, FcyRIIB knockout mice

spontaneously develop a lupus-like disease as a result of uncontrolled expansion of

plasma cells (PCs) and thereby excess generation of ICs that accumulate in tissues,

leading to glomerulonephritis. Thus, FcyRIIB is considered to play a checkpoint role in

regulating the homeostasis of PC numbers. Because PCs are terminally differentiated B

cells and they originate from germinal center (GC) B cells, we investigate the functional

role of FcyRIIB in the selection of GC B cells for further differentiation into PCs after

secondary immunization, and pharmacological modulation with GW501516, a PPAR-$

agonist, on this election process, known as affinity maturation to generate antibody (Ab)

of high affinity to antigen (Ag). Because FcyRIIB/c-Abl signals for apoptosis of B cells

and GC B cells of which B-cell receptor (BCR) binds to the Ag with low affinity will be



eliminated by apoptosis, we hypothesized that inhibition of FcyRIIB/c-Abl signaling

during affinity maturation could alter the selection outcome and Ab affinity. We

immunized C57BL/6 mice with a model Ag NP-CGG (4-hydroxy-3-nitrophenylacetyl

hapten-chicken gamma globulin) and treated mice with nilotinib (2 mg/kg/day), a

clinically used c-Abl inhibitor, during the seventh to ninth days when GC B cells

undergo apoptosis for selection. Indeed, we found an increase of serum NP' IgGs

accompanied by an increased number of low-affinity NP IgG" PCs, indicating reduced

affinity maturation. Previously, GW501516 was shown to down-regulate the expression

level of FcyRIIB. When GW501516 (3,6 mg/kg/day) was administered intraperitoneally

to mice during the peak of selection of GC B cells, we found a similar phenotype of

affinity maturation. Taken together, we propose that FcyRIIB plays a checkpoint role in

the negative selection of low-affinity GC B cells to ensure the production of

high-affinity Abs for humoral host protection. Moreover, our preliminary data showed

cross-reactivity of low-affinity Abs to cognate Ags. Thus, it will be of interest to

examine whether modulation of inhibitory activity of FcyRIIB could enhance

cross-protection against distinct influenza A virus by seasonal influenza vaccination.

Key words: FcyRIIB ~ germinal center~ PPRA-6~GWS501516 ~nilotinib * cross-protection
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Introduction



Chapter 1 Introduction

1.1 Germinal center (GC) reaction
1.1.1 Anatomy and function of germinal center

The primary follicle is a B cell-rich structure, which locates in the secondary
lymphoid organs, including, the spleen, lymph nodes, Peyer’s patches of the intestine
and tonsils. In response to antigen (Ag) stimulation, B cells in the primary follicle
proliferate and form the secondary follicle, which comprises of the marginal zone, the
mantle zone and the germinal center (GC). The GC localizes in the central portion of
the secondary follicle and contacts with the T cell zone (Victoria and Nussenzweig,
2012). In the GC, Ag-stimulated B cells sequentially undergo somatic hypermutation,
affinity maturation and class switching. Based on the hematoxylin-eosin staining of
nuclear contents, it was well established that the GC comprises the dark zone (DZ) and
the light zone (LZ), both of which are filled with GC B cells differentiated in different
stages, and also called centroblasts and centrocytes, respectively. Histologically, the DZ
is densely packed with proliferating centroblasts (Allen, et al., 2015). In contrast, the

LZ is mostly composed of centrocytes and follicular dendritic cells that can trap



immune complexes (ICs) for presentation to B cells. In the DZ, the Ag-stimulated

centroblasts rapidly proliferate and undergo somatic hypermutation in the variable

region of immunoglobulin (Ig) gene to increase the repertoire of mutated B-cell receptor

(BCR) on GC B cells for selection. The centroblasts later cease proliferation and

migrate to the LZ to differentiate into centrocytes for affinity maturation for selection,

followed by class switching of Ig isotypes (Zhang, et al., 2016).

1.1.2 Somatic Hypermutation

The immature B cells undergo the V(D)J gene recombination to diversify the

surface B cell receptor and further mature into naive B cell. It is process completed in

the bone marrow. Somatic hypermutation (SHM) occurs to the rapid proliferating GC B

cells, derived from antigen-stimulated naive B cells. It is a tightly regulated mechanism

that the genes of the B-cell receptor (BCR) acquire a higher-than-usual mutation rate

during proliferation to expand its repertoire. The mutation rate is estimated about 10° to

10° per base pair, about 10° folds greater than other somatic cells’ proliferation (Martin,

et al., 2015). The mutations of BCR are mostly point mutations and are left unaltered to



accumulate in the variable region of the Ig genes for increasing the Ab diversity. The

key enzymes that contribute to SHM include activation-induced cytidine deaminase

(AID), uracil N-glycosylase, and error-prone DNA-polymerase. Since SHM is a random

process, the majority of the mutations will lead to decreased Ab affinity (Kanyavuz, et

al., 2019). Only a small portion of the centroblasts that acquire higher Ag binding

affinity after SHM will survive owing to BCR signals.

1.1.3 Affinity maturation

The affinity maturation is a process to select high-affinity centrocytes as a result

of success in competing limited Ag on follicular dendritic cells for survival and

proliferation (Zhang, et al., 2016). High-affinity GC B cells induce stronger CD40 and

BCR signals that enhance c-Myc, interferon regulatory protein-4 (IRF-4) expression

levels. IRF-4 upregulates the expression of B lymphocyte-induced maturation protein-1

(Blimp-1), a transcriptional factor that ceases proliferation, induces plasma cell

differentiation, and increases antibody synthesis and secretion. CD40 activation leads to

higher expression levels of intercellular adhesion molecule 1 (ICAM-1) and signaling



lymphocyte activation molecule (SLAM), both of which are adhesion molecules that

can enhance interaction and adhesion between the T follicular helper cells (Tg) and

centrocytes during affinity maturation and class switching (Shulman, ef a/, 2013). The

current paradigm is that centrocytes with high affinity BCRs promote more signal help

from the Ty, for survival and plasma cell (PC) differentiation. In contrast, low-affinity

centrocytes that cannot receive Ag-triggered survival signals are doomed to be

eliminated by apoptosis or survive as memory B cells (Wataru and Tomohiro, 2018).

The organization and migration between the DZ and the LZ are highly dynamic and

require chemokine receptor expression and chemokine gradients to direct the

destination of GC B cells in the GC. Namely, the centroblasts express higher C-X-C

chemokine receptor type 4 (CXCR4) levels and respond to C-X-C motif chemokine

ligand 12 (CXCL12) produced in the DZ, while the centrocytes express abundant

CXCRS5 and migrate to CXCL13 gradients established in the LZ. Recent studies have

shown that some positively selected centrocytes with intermediate Ag binding affinity

will reenter the DZ for further proliferation and SHM in order to obtain higher affinity

to Ag (De Silva and Klein, 2015).



1.1.4 Class switch recombination

The variable region of an antibody determines its Ag binding affinity. On the
other hand, the constant region defines the class (isotype) of the antibody, and its
distinct function and distribution. The naive B cells that express IgM or IgD on the
surface will undergo class switch recombination (CSR) to transform into IgG, IgA or
IgE (Stavnezer, et al., 2008). It is a process that determine by the type of helper T cells
and cytokines, with which the B cells interact. In the GC, Ty, interact with the GC B
cells at the interface of the GC and T cell zone for CSR. Nevertheless, triggered by Thl
and Th2 cells, CSR can also take place in extrafollicular regions. In addition to the
involvement in SHM, AID is the major enzyme of initiation of CSR (Chua, et al,

2002).

1.2 Hapten carrier system as a model for vaccination response
Vaccination is a clinical procedure and active immunity aimed to enhance host
immunity by artificially exposing antigens of target pathogens. The vaccine antigen (Ag)

can be live attenuated, inactivated or subunits of pathogens. It is a cost-effective method



for individuals to generate effective and protective immune responses prepared for

encountering the target pathogens (WHO, 2017). When pathogens invade the host, the

primary humoral response is slow, inefficient and less in scale. Nevertheless, after the

primary response fades away the pathogen-specific memory B and T cells will be

generated and stay long term. Because of the presence of memory cells, a quicker and

greater secondary immune response can occur as the individual encounters the original

or similar pathogens (Kurosaki, ef al., 2015). Taking advantage of the memory response

of the adaptive immunity, we can generate specific immune memory for better

protection by vaccination.

Hapten carrier system is a widely used model for research on T-cell-dependent

response of vaccination. T-cell-dependent response occurs in the GC. Haptens are small

molecules that do not elicit immune response alone but they become immunogenic

when they are conjugated with a carrier protein to increase molecular weight. The

valence of the hapten-carrier protein is defined as the average number of the haptens

that are able to bind to the carrier protein (Oda, et al., 2004). Commonly used carrier

proteins include albumin, ovalbumin, gamma globulin, etc. The haptens modulate the



amino acid epitopes and trigger T-cell-dependent adaptive immunity against the hapten,

hapten-carrier epitopes or the carrier after immunization (Gefen, ef al., 2015). The GCs

induced by immunization undergo the affinity maturation to select GC B cells that carry

B-cell receptors with higher Ag affinity, meaning that cells are able to bind against

hapten-carrier protein with lower valence. As a result, by detecting the percentage of

antibodies that can bind against the hapten-carrier protein with lower or higher valence

than the immunogen, researchers can trace the affinity maturation status of vaccination.

The fundamental goal of vaccination is to generate antibodies with higher affinity to

target Ag for humoral host protection.

1.3 Fcy Receptors

Fcy receptors are a class of Fc receptors that bind the constant region of

immunoglobulin G (IgG) to function. Different types of Fcy receptors show different

affinity to IgG isotypes, and express on different immune cells. Among the Fcy

receptors, only the FcyRI, an activating receptor, binds the monomeric form of IgGs.

FcyRIIB is the only inhibitory receptor in the Fcy receptor family and it possesses weak



affinity to IgG in mice and humans. In humans, the other Fcy receptors are classified

into FcyRIIA, FcyRIIC, FcyRIIIA, and FcyRIIIB. In mice, other activating Fcy

receptors are FcyRIIl and FcyRIV. With the exception of FcyRI, which have three

Ig-like domains in the extracellular part, all the Fcy receptors have only two Ig-like

domains, resulting in weak to medium affinity for IgG and only binding to IgG immune

complex (IC). Activating Fcy receptors of humans contain immunorepector

tyrosine-based activating motifs (ITAMs) on either the intracellular domain itself, like

FcyRIIA, FcyRIIC or on the adaptor protein Fcy subunit, such as FcyRIIIA. Human

FcyRIIIB is a glycosylphosphatidyl inositol (GPI)-anchored protein without ITAMs that

activate intracellular signaling by lipid raft-mediated activation (Yang, ef al., 2018). All

the activating Fcy receptors of mice, including FcyRI, FcyRIII and FcyRIV, have their

ITAMs on the adaptor protein Fcy subunit. Aside from the Fcy receptor subtypes, the

IgG isotypes also show difference between mice and human. For example, the human

IgG1 with high effector function and affinity toward Fcy receptors is more similar to the

characteristics of mouse IgG2a, instead of the mouse IgG1 (Steward, et al., 2014).



1.4 Fcy receptor IIB (FcyRIIB, a.k.a. CD32B)

1.4.1 General Properties

Both FcyRIIB (a.k.a. CD32B) of mice and humans are low-affinity Fcy receptors
and the only inhibitory Fcy receptors, which contains an immunoreceptor tyrosine-based
inhibitory motif (ITIM) (Moldta and Hessellb, 2014). Except for T cells and NK cells,
immune cells express certain isoforms of FcyRIIB. FcyRIIB demonstrate highest
binding affinity toward IgGl or IgG3 in humans, whereas IgG2a and IgG2b in mice.
FcyRIIB can be further classified into FcyRIIB1, FcyRIIB2 and FcyRIIB3 isoforms,
based on alternative splicing of the mRNA. FcyRIIB1 is expressed in B cells and is
usually prevented from endocytosis function. FcyRIIB2 is generated by alternative
splicing of mRNA, giving rise to a 47-amino acid deletion at the upstream of the ITIM.
FcyRIIB2 is mainly expressed on the surface of myeloid cells, including macrophages,
monocytes and dendritic cells, and function as an endocytosis mediator. FcyRIIB3 is a
soluble isoform without the transmembrane region and signal transduction domain,
which can inhibit forming of ICs (Li and Kimberley, 2015).

FcyRIIB deficiency is found be correlated with autoimmune diseases, such as

10



systemic lupus erythematosus, multiple sclerosis, etc. Clinically, FcyRIIB is expressed

on malignant B cells enhance the internalization rate of monoclonal antibody and thus,

contribute to the resistance of B-cell immunotherapy (Roghanian, ef al.,, 2015). Mice

deficient in FcyRIIB spontaneously develop splenomegaly due to uncontrolled

expansion of B cells. These mice gradually develop a lupus-like disease resulting from

massive IC deposition in the kidney after 6 months of age (Bolland, et al, 2002).

Consistent with these results, the surface expression level of wild-type FcyRIIB in

memory B cells and PCs is down-regulated, thereby reducing inhibitory activity in

patients with SLE (Mackay, et al., 2006). Likewise, lupus-prone mice fail to up-regulate

FcyRIIB expression on GC B cells, regardless of their genetic backgrounds, suggesting

a role of FcyRIIB in the GC (Rahman, et al., 2005).

1.4.2 Physiological function and signal transduction of FcyRIIB

The main physiological function of FcyRIIB is to serve as a negative regulator by

feedback inhibition of humoral response via cognate ICs that co-ligate BCR (via Ag)

and FcyRIIB (via IgG Ab), resulting in inhibition on proliferation and differentiation of
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B cells. Coengagement of BCR and FcyRIIB by the IgG ICs triggers the

phosphorylation of ITIM and recruitment of SH2-containing inositol 5'-Phosphatase

(SHIP) to transduce inhibitory signals (Ambrosso, et al, 1996). On the other hand,

non-cognate IgG ICs can mediate FcyRIIB aggregation when BCR is not recognized or

has low affinity to the Ag and induce apoptosis of B cells through c-Abl tyrosine kinase

in mice (Zheng, et al., 2005). We have recently shown that this pathway mediated by

FcyRIIB alone is crucial for the deletion of low-affinity GC B cells in that a human

polymorphic allele of FcyRIIB-1232T defective in inhibition leads to retention of

low-affinity GC B cells, a major source of autoreactive B cells (Jhou, et al., 2018).

1.4.3 FcyRIIB-1232T polymorphism

Compared to wild-type mice, deficiency in FcyRIIB results in higher antibody

titers after immunization (Ono, et al, 1996). This result suggests FcyRIIB as a potential

target of immunomodulation for vaccine-elicited antibody response. On the other hand,

FcyRIIB-deficient mice are prone to produce self-reactive B cells that secrete

anti-nuclear antibodies and ultimately lead to a lupus-like disease (Li and Kimberley,
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2014). Recently, we have shown that FcyRIIB-1232T variant mice, of which the 232"

amino acid of FcyRIIB protein was mutated from isoleucine to threonine, resulting in

reduced inhibition as previously reported (Kono, et al., 2005). We demonstrated that

these mutant mice display impairment in the elimination of low-affinity GC B that

should have been deleted during affinity maturation. As a result, immunized

FeyRIIBZ*"T mice exhibit higher levels of both high- and low-affinity IgGs after

immunization and also expansion of LZ B cells in the GC due to a failure in the

elimination of low-affinity GC B cells (Jhou, et al., 2018).

In addition, our preliminary data showed cross-reactivity of 4-hydroxy-3-

nitrophenylacetyl (NP) Ag-specific IgGs to 4-hydroxy-5-iodo-3-nitrophenylacetyl (NIP),

a cognate Ag. This finding suggests the repertoire of low-affinity IgGs is diverse and

potentially cross-reactive. Based on these findings, we reasoned that pharmacological

down-regulation of FcyRIIB levels during the affinity maturation in the GC might be

able to safely generate higher levels of both Ag-specific and cross-reactive Abs without

long-term side effects for ongoing affinity maturation can clear low-affinity B cells after

a period of time. Such modulation via FcyRIIB might be able to alter vaccine responses

13



for better efficacy and cross-protection, e.g. influenza, HBV, etc.

1.5 Peroxisome proliferator activated receptors (PPARSs)

PPARs are nuclear receptors that are activated with ligand binding and they
function as transcription factors. Various PPARs share similar structures that contain
the N-terminal domain, the DNA-binding domain, the hinge and the ligand-binding
domain. The activation function-1 (AF-1) domain that can control the activation of
PPARs independently of the ligand binding lies in the N-terminal region. The
DNA-binding domains are highly conservative with zinc fingers among PPARSs
(Higashiyama, et al., 2007). During activation, the PPARs heterodimerize with the
retinoid X receptor (RXR) and bind to the PPAR response element (PPRE) with DNA
sequences of “AGGTCAnAGGTCA” (Zhang and Young, 2008).

PPARs are classified into PPAR-a, PPAR-f/6, PPAR-y. PPAR-a regulates fatty
acid oxygenation and ketogenesis, and is mainly expressed on cardiac muscle,
hepatocytes and brown adipose tissue. PPAR-y is mainly expressed on brown and white

adipose tissues and controls adipogenesis and lipid storage (Poulsen, et al, 2012).
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PPARs affect cell metabolism and energy usage, making them potential targets for

regulating immune response, cell differentiation and development.

1.6 PPARS

PPAR-9$ is localized in the nucleus in most tissues with exception of cytoplasmic

localization in the islet of Langerhans, nervous system and macrophages. PPAR-9

regulates gene expression and mediates cell differentiation, metabolism, tumorigenesis

and immune reaction. Thiazolidinediones (TZD) is a PPARY, another subtype of PPAR

receptor, agonist and it has therapeutic effects on type 2 diabetes mellitus (Quinn, ef al,

2008). However, no drugs of PPAR-3 have been approved for clinical use so far. The

natural ligands of PPAR-§ are intracellular fatty acids and metabolites, including

9-hydroxyoctadecadienoic  acid (HODE), 4-hydroxynonenal (4-HNE), and

15-hydroxyeicosatetraenoic acid (15-HETE). Synthetic compounds of PPAR-3 have

been developed, based on the ligand binding site structural design (Wu, 2017). With the

co-repressor B-cell lymphoma 6 (Bcl-6) binding to the PPAR-6 and RXR,

conformational change blocks access of the ligand binding sites for PPAR-6 and RXR
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and thereby inactivates gene transcription. Whereas through ligand and coactivator

binding, activated PPAR-6 forms a stable complex with RXR and activates transcription

(Cox, 2017). Whether PPAR-6 is involved in the regulation of humoral response by

influence the gene expression of FcyRIIB has not been determined. Interestingly,

PPAR-0 agonists have been shown to enhance macrophage survival under hypoxic

stress and down-regulate gene transcription of FcyRIIB in macrophages (Adhikary, et

al., 2015).

1.7 GWS501516

GW501516, also known as cardarine, is a synthetic and specific PPAR-6 agonist,

which was designed from the structure of the ligand binding site, and therefore it is

highly specific. GW501516 has been shown to confer striking effects on improving

serum lipid profile in obese rhesus monkeys at the dose of 3 mg/kg/day (Luo, 2012).

However, carcinogenesis was observed in mice by daily oral administration of greater

than 10 mg/kg/day (Newsholme, et al, 2012). The tumor promoting effect is considered

through PPAR-$ activation rather than genotoxicity. On the other hand, GW501516 is a
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selective androgen receptor modulator that enhances athletic performance (Pokrywka,

2014). The ECsy of GW501516 to PPAR-6 is less than a thousandth of the ECsy of

PPAR-a and PPAR-y, respectively. In vitro study of GW501516 further reveals peak

activity at the concentration above 10 nM (Oliver, et al., 2001).

1.8 Nilotinib

Nilotinib is a Food and Drug Administration (FDA) approved medication for

treating chronic myelogenous leukemia (CML). It is a small molecule that acts as a

tyrosine kinase inhibitor (TKI) that blocks the activity of breakpoint cluster

region-Abelson tyrosine kinase (BCR-Abl), discoidin domain receptors, platelet-derived

growth factor receptors, etc. Nilotinib can bind to either wild-type or imatinib-resistant

BCR-Abl due to its rational design from the protein binding pocket. Nilotinib is

effective for most identified imatinib-resistant related mutations of BCR-ADbI, with an

ICso below 2000 nM (Manley, et al., 2010). The elimination half-life of nilotinib is 17

hours. The recommended dose for Philadelphia chromosome positive (Ph+) CML

pediatric patients is 230 mg/m’ twice daily orally based on two clinical trials:
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CAMNI107A2120, CAMNI107A2203. For newly diagnosed Ph+ adult CML patients,

300 mg orally twice daily is recommended (Prod Info Tasigna, 2007).
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1.9 Motivation

A recent study of human monocyte-macrophage has identified a paradoxical

phenomenon that both anti-inflammatory and pro-inflammatory genes were activated by

GW501516 (Adhikary, et al., 2015). The FCGR2B gene expression is suppressed

during hypoxic stress based on fluorescence-assisted cell sorting (FACS) analysis.

Interestingly, the LZ of the GCs is a hypoxic environment (Cho, 2016). Taken together,

we hypothesized that by activation of PPAR- during the stage of affinity maturation in

the LZ, the surface expression level of FcyRIIB on macrophages and/or B cells could be

down-regulated. If our hypothesis is correct, the number of PCs will increase

substantially and so do the titers of the low-affinity Abs owing to a reduced inhibition

by FcyRIIB.

In this study, we use the commonly used hapten 4-hydroxy-3-nitrophenyl acetic

acid conjugated with chicken gamma globulin (NP-CGG) as the immunogen to

investigate the Ab titers and distinguish their affinity to the NP Ag. We performed

ELISA and ELISPOT assays for detecting serum Ag-specific Abs and splenic PC

numbers as a functional readout of the stringency of selection of GC B cells in the LZ.
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Chapter 2 Materials and Methods

2.1 Mice

Female C57BL/6 mice were obtained from the Laboratory Animal Center of
National Taiwan University College of Medicine. We immunized 7 to 10-week-old
mice intraperitoneally with 50 pg nitrophenyl-chicken gamma globulin (NP-CGG, ratio
20, 1 mg/ml, Bioresearch Technology) admixed with equal volume alum precipitate
(Alhydrogel® adjuvant 2%). The same antigen was immunized a second time 28 days
later. GW501516 was administered intraperitoneally on the 6" day to 9t day after the
second booster of immunization. Nilotinib was administered intraperitoneally on the 7"
day to 9" day after the second booster of immunization. Mice were then sacrificed on
the next day of the last injection. The animal protocol and schedule are illustrated in

Figure 1.

2.2 Enzyme Linked Immunosorbent spot (ELISPOT) assay

PVDF-based ELISPOT plates were pretreated with 30% ethanol to increase
hydrophobicity. After PBS wash twice, NP7-BSA and NP30-BSA were coated with 50

ul/well at the concentration of 10 pg/ml in PBS at 4°C overnight. Splenocytes were
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harvested by crushing the spleen with two pieces of microslides and then filtered into a

15 ml centrifuge tube containing sterile PBS. To eliminate the red blood cells (RBCs),

RBC lysis buffer was added and incubated for 5 min. Cells were centrifuged and

resuspended in RPMI 1640 containing 10% fetal bovine serum. Splenocytes were

seeded at about 3 x 10°/well for detection of Ag-specific IgG and IgM secreting PCs

and incubated at 37°C, 5% CO, overnight. Horseradish peroxidase (HRP) conjugated

rabbit anti-mouse IgG and goat anti-mouse IgM Abs were incubated at room

temperature for detection of PCs for 2 hours. The 3-amino-9-ethylcarbazole (AEC

substrate, BD Bioscience) of 50 ul was added as the substrate of HRP to develop spots

resulting from PCs. To quench the reaction, plates were washed with ddH,O. The spots

were counted after completely air dry by C.T.L. S6 universal analyzer (Cellular

Technology Limited, Cleveland, OH, USA).

2.3 Enzyme Linked Immunosorbent assay (ELISA)

High binding 96-well microplates (Corning® 96 Well EIA/RIA Assay Microplate)

were coated with anti-mouse IgG + IgM Abs, NP2-BSA, NP7-BSA, and NP30-BSA
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with 10 pg/ml in 50 pl at 4°C overnight, respectively. Plates were blocked

with BlockPRO™ blocking buffer in room temperature for 2 hours. Serum samples

collected from submandibular vein puncture of the mice were diluted in blocking buffer

with 1: 40000 or 20000 dilutions for measuring IgG and IgM levels, respectively.

Mouse reference serum (mouse reference serum, RS10-101, Bethyl Laboratories) in

2-fold serial dilution was used for generation of standard curves for quantification.

Samples and diluted reference serum were incubated at room temperature for 2

hours. HRP conjugated rabbit anti-mouse IgG and goat anti-mouse IgM were incubated

at room temperature for detection for 2 hours. After washing with PBS-T (phosphate

buffered saline with 0.05% Tween 20), tetramethylbenzidine substrate was added for

development. The reaction was terminated with 2N H,SO4 The absorbance OD4so nm

and ODs7p nm was read by an ELISA plate reader (BioTek, Winooski, VT, USA).

2.4 Confocal microscopy

232T/T

Mouse splenic B cells were isolated from wild-type and FcyRIIB mice of 8

weeks of age using the mouse B cell isolation kit (BD Pharmingen) to more than 95%
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purity. Cells were treated with 10 pg of rabbit anti-mouse IgM  (Jackson

Immunoresearch) for 15 min on ice. After a brief wash, either FITC-labeled cholera

toxin B (Sigma) or Cy3-labeled anti-rabbit IgGs (Jackson Immunoresearch) were added

for 15 min on ice, followed by additional incubation for 5-60 min at room temperature.

Cells were washed by PBS, fixed by 4% paraformaldehyde and then mounted.

Metamorph software was applied to quantify colocalization of FcyRIIB with lipid raft.
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Chapter 3 Results

3.1 FcyRIIBMT/T mice show persistent impaired affinity maturation
over time
To investigate whether reduced inhibitory function of FcyRIIB could affect the

selection of GC B cells, we have generated FcyRIIB**""

mice to test our concept. We
have recently shown that the FeyRIIB-1232T polymorphism, of which the 232" amino
acid was substituted from isoleucine to threonine, in mice results in impairment in the
negative selection of GC B cells during GC reaction (Jhou, et al., 2018). To evaluate the

long-term effect of FeyRIIBX*"T

on affinity maturation, we immunized female
wild-type and FeyRIIB**"T mice with 50 pg of NP-CGG admixed with an equal
volume of alum adjuvant. Serum samples were collected on days 14, 28 and 35. Serum
levels of high-affinity NP-specific IgG and total NP-specific IgG were measured with
ELISA plates coated with NP7-BSA and NP30-BSA proteins, respectively. The affinity
maturation status was measured by dividing high-affinity NP-specific 1gG by total

NP-specific IgG from ELISA readings. We found that on day 14, the serum levels of

NP-specific IgG of FeyRIIB**"'T mice showed significantly lower affinity maturation
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(P < 0.05, Figure 2) than those of wild-type mice. By day 35, the affinity maturation
status of serum NP-specific IgGs of wild-type mice was close to 1, indicative of nearly
total elimination of the low-affinity NP-specific GC B cells to produce mostly

high-affinity NP-specific IgGs. In contrast, FcyRIIB**"""

mice revealed continued
retention of low-affinity NP-specific IgGs and a slower affinity maturation kinetic
toward maturation to high-affinity NP-specific IgGs over time. These data from
FeyRIIBZ*"T mice suggest that pharmacological down-regulation of FcyRIIB

expression might induce a similar Ab phenotype resulting from reduced inhibitory

activity of FcyRIIB.

3.2 Association of FcyRIIB and BCR with the lipid raft after coligation

232T/T .
321 mutant mice

was impaired in FcyRIIB
The 1232T polymorphism is a single nucleotide polymorphism (SNP) in the
transmembrane domain of FcyRIIB proteins. Coligation of FcyRIIB with immune

complex results in apoptosis of the centrocytes. We hypothesized that the mouse

FcyRIIB-1232T would alter its stability in the association with lipid raft as observed in
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human counterpart. To investigate this, confocal microscopy was applied to visualize

the effect of FcyRIIB-1232T on BCR in the lipid microdomain at the cell surface. The

ganglioside GM1, a lipid raft marker that binds to the subunit B of cholera toxin, and

FcyRIIB were respectively labeled as green with FITC and red with Cy3-conjugated

Abs. As shown in Figure 3A, the wild-type B lymphocytes showed remarkable yellow

cap structure at 30 to 60 min, indicating that the FcyRIIB were stably coligated within

the lipid raft with BCR in response to whole anti-Ig crosslinking. In contrast, B

lymphocytes from FcyRIIB®*"T mice showed discrete FcyRIIB and lipid raft
ymphocy p

co-localization. Metamorph analysis tool was applied to quantify the percentage of

FcyRIIB localized in the lipid raft. From 15 to 60 min, we found that a significantly

lower co-localization in isolated FcyRIIB-232T B cells in comparison with the

wild-type B cells in a time-dependent fashion (Figure 3B). Our findings FcyRIIB-232T

B cells are consistent with those observed in human peripheral mononuclear cells

isolated from FcyRIIB-232T carriers (Kono, ef al., 2005).
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3.3 Nilotinib administration during GC reaction has a negative impact

on affinity maturation

To assess whether it is applicable to manipulate affinity maturation with FcyRIIB

targeting agent, we examine the effects of nilotinib, a specific c-Abl inhibitor. As

reviewed in the introduction, c-Abl is the key downstream signal protein involved in the

apoptosis pathway induced by aggregation of FcyRIIB via non-cognate ICs. Mice were

immunized twice with NP-CGG 50 ug admix with equal volume of alum on day 1 and

day 28 (Figure 1).

After the second booster of NP-CGG, we administered the wild-type female mice

with nilotinib with the dose of 2 mg/kg/day daily from the sixth day (day 35) to the

ninth day (day 37), which was the most active time of GC reaction, clonal selection and

apoptosis of low-affinity GC B cells. Immunized mice were sacrificed on day 38, the

following day after last treatment of nilotinib. Sera and splenocytes were collected.

NP-specific IgG secreting PCs and IgG levels were detected and quantified with

ELISPOT and ELISA assays, respectively. Low-affinity NP-specific IgG secreting PCs

were measured with subtracting the NP7-specific IgG-secreting PC count from
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NP30-specific 1gG-secreting PC count. In nilotinib-treated group, the low-affinity

NP-specific IgG secreting cell count was significantly higher (P < 0.05, Figure 4A).

Correspondingly, the affinity maturation status of the circulating NP-specific IgGs was

significantly reduced (P < 0.05, Figure 4B).

3.4 GWS01516 increases respective total and low-affinity Ag-specific

IgG PCs at the dose of 3 and 6 mg/kg/day during GC reaction

To observe the effects of GW501516 on the selection process of GC reaction, we

gave each wild-type female mouse with either 3 or 6 mg/kg/day on the sixth to the ninth

day after the secondary immunization when IgG ICs were abundantly present. The

choice of doses was based on a study of obese rhesus monkey, of which lipid-lowering

effect by GW501516 was dramatically observed at 3 mg/kg/day given for 1 month.

More importantly, the dosage of 3 mg/kg/day was safe and not reported to induce

carcinogenesis in mice in previous studies. Due to the short-term treatment of

GW501516 for 4 days, a higher dose of 6 mg/kg/day of GW501516 was also included

in our study to observe a potential dose-dependent effect. The control group was given
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an equal volume of diluted dimethyl sulfoxide (DMSO) in PBS, which is the vehicle of

GW501516. We performed ELISPOT assay to assess Ag-specific IgG secreting PCs in

spleen. We found that mice respectively given 3 and 6 mg/kg/day of GW501516 could

generate more NP30-specific IgG secreting PCs than those of control mice. Moreover,

the increase in the both groups of 3 and 6 mg/kg/day was statistically significant (P <

0.05, Figure 5B). The total Ag-specific IgG secreting cells show increment in each dose

but no dose dependent effect was observed. The number of NP7-specific IgG secreting

cells, considered as high affinity NP-specific IgG secreting cells, did not show a

significant change (Figure 5A). The low-affinity Ag-specific IgG secreting PC count,

defined as the numbers of NP30-specific IgG secreting PC numbers minus NP7-specific

IgG secreting PC numbers, increased at the dose of 3 and 6 mg/kg/day in a

dose-dependent fashion (P < 0.05, Figure 5C). The effect was apparent on 6 mg/kg/day

probably because of no significant increase and also mild decrease in some of the mice

in the numbers of high-affinity NP* PCs.
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3.5 GWS501516 increases the serum levels of total and low-affinity

Ag-specific IgG at the dose of 3 and 6 mg/kg/day in wild-type mice

In order to assess whether the serum IgG level was associated with the numbers of

IgG secreting PCs, we performed indirect ELISA with either NP2-BSA (1 BSA

conjugated with 2 NPs) or NP30-BSA as the Ag coated onto 96-well plates. Serum

samples were diluted with PBS in a factor of 4 x 10*. The relative NP Ag-specific IgG

concentrations expressed in arbitrary units per ml (AU/ml) were calculated from

semilog regression of the ODuso levels of standard serum. The average of total

antigen-specific (NP30-specific) IgGs increased approximately 2 folds in both 3 and 6

mg/kg/day groups but the results did not show a dose-dependent pattern (P < 0.05,

Figure 6B). The level of high-affinity IgGs (NP2-specific) did not show significant

differences (Figure 6A). We divided the high-affinity Ag-specific IgG level over total

Ag-specific IgGs as the antibody avidity index as a functional readout of affinity

maturation. The higher the ratio, the better the affinity maturation in terms of

high-affinity IgG production. The results showed a significant decrease in the affinity

maturation in 3 mg/kg/day but not in 6 mg/kg/day. As a result, the circulating I1gG
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levels were highly relevant to the IgG secreting cell count in the spleen. Notably, the

interpretation of IgG levels is slightly distinct from antigen secreting cell count since the

affinity maturation terminates and the germinal centers diminished in the spleen after

the primary immunization. But the circulating IgGs continue to increase affinity till day

35 as shown in Figure 2. The average ratio was about 0.8 in 3 mg/kg/day (Figure 6C)

compared with 1 in control group, which indicating complete affinity maturation on

dayl0 after the second booster. The results were consistent with the prediction that

GW501516 can increase low-affinity antibody production and impair negative selection

during the GC reaction. On average, high-affinity antibody levels were not affected, but

the GW501516-treated mice presented a greater variation than the control group.

Namely, the GW501516 treatment has an ambiguous effect on high-affinity Abs.

3.6 GW501516 increases total Ag-specific IgM secreting PCs at the

dose of 6 mg/kg/day during GC reaction

Our results had shown effects of GW501516 on the GC reaction and humoral

response of repeated immunization. Traditionally, IgM is not considered as the main
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component of affinity maturation since the centrocytes undergo class switch to IgG

secreting PCs. Especially after the secondary immunization, IgM has little role in the

humoral immunity. Circulating IgMs are produced from extrafollicular PCs that do not

participated in the GC reaction. To evaluate whether GW501516 had effects on

extrafollicular IgM secreting PCs, we performed ELISPOT assay to determine the

numbers of IgM secreting PCs in the spleen. GW501516 administration increased the

levels of NP30-specific (total NP-specific) [gM at the dose of 6 mg/kg/day (P < 0.05,

Figure 7B) but not 3 mg/kg/day. In the group of mice treated with 3 mg/kg/day, the

effect of GW501516 varies that some of the mice decreased but some increased in total

numbers of NP-specific PCs (Figure 7A). When the numbers of high-affinity IgM PCs

were analyzed, no significant difference was observed in each dose. However, the

numbers of low-affinity IgM NP" PCs (total IgM PCs minus high-affinity IgM PCs)
y 18 g

increased significantly in mice treated with 6 mg/kg/day for 4 days (P < 0.05, Figure

7C). The avidity index was 0.5 in control group but the GW501516-treated group

display an average 0.6 and up to 0.8 in some mice.
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3.7 GW501516 increases the serum levels of high-affinity Ag-specific IgM at

the dose of 3 and 6 mg/kg/day and total Ag-specific IgM at 6 mg/kg/day

To assess whether the result of Ag-specific [gM PCs is associated with serum

levels of Ag-specific [gMs, we performed ELISAs. The serum samples were diluted in a

factor of 2 x 10%. The serum Ab levels were displayed in arbitrary units per ml.

Consistent with the findings in NP30-specific (total NP-specific) IgM secreting PCs, the

serum total Ag-specific IgM levels increased in mice treated with 6 mg/kg/day (P <0.05,

Figure 8B) but not in 3 mg/kg/day. On the other hand, the NP2-specific (high affinity

NP-specific) [gMs increased in both 3 and 6 mg/kg/day in a dose-dependent pattern,

which was not concordant with the results in IgM-secreting PCs (Figure 8B). The

antibody avidity index of the high-affinity Ag-specific IgMs over the total NP-specific

IgMs showed increased ratios in both groups of 3 and 6 mg/kg/day treatments owing to

the higher levels of high-affinity Ag-specific IgMs (Figure 8C). The result indicates

that the effect of GW501516 on FcyRIIB might not be the only factor to influence the

humoral immunity and affinity maturation. GW501516 might also affect the memory B

cell response, Ab secretion, and class switch of centrocytes and Ty, activity.
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Chapter 4 Discussion
4.1 FcyRIIB¥*"" mutant mice as a model for investigating the
functional role of FcyRIIB in GC reaction

FcyRIIB act as the only inhibitory Fcy receptor of immune response. Impairment
of FcyRIIB leads to development of persistent GC reaction and autoimmune diseases.
1232T is a single nucleotide polymorphism of Fcgr2B in human that is highly associated
with SLE. As previously mentioned, the 1232T SNP locates in the transmembrane
domain, impairing signal transduction and stability during coengagement with BCR in
the lipid raft. Despite that FcyRIIB**"" mutant mice are functionally impaired of the
receptor on all the immune cells, FcyRIIBBZT/T mice did not present SLE symptoms
even after immunization. Because FcyRIIB-deficient mice spontaneously develop lupus
symptoms after 6 months of age, advanced age of FcyRHBBZT/T is likely required to
trigger lupus pathology. However, we can still observe impaired negative selection,
larger GCs and more PCs in FeyRIIBZ*"T mice. On the other hand, FcyRIIB-deficient

mice present with hyper-immunity and are used as a model for SLE. The properties of

FeyRIIB**"T mice make them an ideal human disease-relevant model for research on
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the role of Fcy receptors in the GC reaction and also pharmacological manipulation of
Fcy receptors for vaccination, e.g. phenotype rescue, or the treatment of autoimmune

disorders, as opposed to FcyRIIB-deficient mice.

4.2 Difference between FcyRIIB **"'" mutant mice and wild type mice
treated with nilotinib or GW501516

We tested nilotinib and GW501516 for the potential of manipulating the selection
outcome of GC reaction. We hypothesized that nilotinib inhibits the downstream c-Abl
signal pathway triggered by coengagement of FcyRIIB, negative selection and apoptosis
of low-affinity centrocytes in the LZ were impaired, leading to accumulation of
low-affinity GC B cells. For GW501516, it can reduce FcyRIIB expression levels,
mimicking the condition of reduced FcyRIIB inhibitory activity. The timing of
administering nilotinib and GW501516 was designed to meet the maximum negative
selection and apoptosis of GC B cells, but to avoid affecting early phase GC reaction.
As shown in Figure 2, FcyRIIB>**"" mice remained impaired on affinity maturation till

35 days after primary immunization. For wild-type mice on day 28 after primary
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immunization, the day for second booster, the circulating IgG affinity maturation was

0.8. Therefore, the baseline conditions for FcyRIIB**"T mice and wild type mice

treated with nilotinib or GW501516 are different. We could reason that memory cells

generated from the primary immunization are not exposed to nilotinib or GW501516,

which might affect the secondary immune response. It is reasonable that by

administering nilotinib or GW501516 cannot fully replicate the functional impairment

in FcyRIIB-1232T polymorphism. After drug elimination, we expected that the affinity

maturation would go on and FcyRIIB activity or expression would return to normal

conditions. Thus, the risk for inducing autoimmune disease is expected to be low. The

long-term effect requires further investigation.

4.3 Summary of the overall effect of GW501516 on GC reaction

In this study, we showed that GW501516 at the dose of 3 and 6 mg/kg/day can

influence the GC reaction, resulting in an increase of the numbers of total Ag-specific

IgG PCs and serum levels of Ag-specific IgGs. The high-affinity Ag-specific PCs and

Ag-specific IgG levels were not significantly different when compared with the control
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group (Figures 2 and 3). However, GW501516 administration at 6 mg/kg/day showed

paradoxical results in that some mice displayed lower levels of total Ag-specific IgG

PCs, whereas some mice showed the opposite findings (Figures 6 and7). Our results

showed a concomitant increase of the low-affinity PCs and serum IgGs (Figures 6 and

7) in treated groups. These results support the involvement of GW501516 in GCs with

negative influence on the affinity maturation reminiscent of the findings observed in

FcyRIIB-232T mice. Interestingly, GW501516 appears to increase the numbers of

high-affinity Ag-specific IgG ASCs and serum IgG. On the other hand, the levels of

high-affinity Ag-specific IgM increased more markedly than the increased number of

ASCs. As the extrafollicular ASCs mostly carry IgM on their surface and they do not

undergo affinity maturation in the germinal center, we reasoned that GW501516 might

have effects on the secretion of IgM but this needs to be further investigated.

4.4 Could GW501516 affect GC reaction other than FcyRIIB

down-regulation induced by PPAR-6 activation?

A previous study demonstrates that PPAR-0 activation down-regulates the
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expression of FcyRIIB in a macrophage cell line (Adhikary, et al., 2015). In addition,

our previous study on FcyRIIB-I232T mice revealed enhanced antibody production and

reduced affinity maturation (Jhou, et al, 2018). The down-regulation of FcyRIIB in

macrophages could be a result of direct regulation by PPAR-6 but whether the effect of

PPAR-6 activation is the same in B cells remained unknown. On the other hand,

PPAR-$ is a transcription factor with different functions on T cells, B cells and

macrophages.iii How activation of PPAR-06 might lead to alternation of the interaction

between B cells and Ty, or between Ty and B cells remains unclear. However, our

preliminary data from the analysis of flow cytometric results did not show a significant

change in surface FcyRIIB levels in CD11b+ myeloid cells in the spleen. A more

detailed analysis of the phenotypes of GC myeloid cells, especially at the marginal zone

of the GC is warranted. Unlike splenic macrophages, splenic B cells showed a trend of

decreased expression of FcyRIIB at the dose of 6 mg/kg/day, suggesting greater drug

sensitivity. However, the relative numbers of DZ and LZ GC B cells did not show

significant differences in vehicle- and GW501516-treated mice, suggesting that

GW501516 did not affect the differentiation of DZ GC B cells (centroblasts) into LZ
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GC B cells (centrocytes) and not significantly influenced by FcyRIIB. A definitive

answer can be obtained from inducible deletion of FcyRIIB gene at a defined time

during GC reaction. FcyRIIB gene deleted at the same period of GWS501516

administration after secondary immunization is expected to show more profound effects

in the change of IgG PCs and their Abs secreted.

PPAR-d activates signaling pathways that affect immune responses and

inflammation. The phenomenon in humoral response observed in our study might be an

integrated result from multiple factors. For instance, Bcl-6, an important transcription

factor in selection of B cells entering the GC, is also a transcriptional repressor of

PPAR-6. GW501516 induces activation of PPAR-§ and leads to unbinding and

activation of Bcl-6 (Coleman, et al., 2013). In contrast, NF-kB is a transcription factor

involved in pro-inflammatory effects and it is suppressed during PPAR-$ activation by

AMP kinase (AMPK) and SIRT1 (Barroso, et al, 2011). PPAR-o also modulates

inflammatory responses that involve JAK-STAT pathway. On the other hand,

GW501516 had been reported to increase fatty acid oxidation and glucose uptake in

skeletal muscles via activation of AMPK, a kinase activated in hypoxic environment,
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and PPAR-8 (Kramer, et al., 2007). Since the GC is a hypoxic environment, it then

suggests that energy metabolism might modulate antibody production (Cho, 2016). It is

possible that PPAR-6 activation alters the metabolism in the GCs and then affects

humoral immunity. It should be noted that our study focused on the response after a

second booster of immunogen. The effect on memory B cells should also be considered

for investigation. In addition, it is likely that the effect on the primary response will be

different because of different natures in the production of IgM and IgG.

4.5 Pharmacological modulation of FcyRIIB activity is an applicable

method for novel manipulation of immune response

Although the GW501516-mediated mechanisms of our findings are not clear at

present, we showed immunomodulatory effects of GW501516, a PPAR- agonist, in

vivo. The effects of widely used anti-diabetic drugs, such as metformin, TZDs, have

been reported to be associated with PPARs activation. It is an interesting question to

answer that if these anti-diabetic medications affect our immune response to pathogens

and to vaccination. Importantly, our results reveal that PPAR-3 could be a potential
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target for innovative adjuvants in vaccine development and the development of

cross-protective effects of vaccines. On the flip side, PPAR-8 inactivation might be a

prospective therapy toward autoimmune diseases. Our ongoing research aims to unravel

the molecular mechanism of immunomodulatory effects of GW501516 and PPAR-$

activation both in vitro and in vivo by using conditional and inducible knockout mice of

FcyRIIB gene and to modulate GC response using various candidate compounds.

4.6 Potential role of macrophages in the GC reaction to influence the

generation of Ag-specific Abs

It has been reported that defective phagocytosis of macrophages can lead to

autoimmunity (Fond and Ravichandran, 2016). FcyRIIB can block IC-mediated

activation of FcyR and other activating receptors in macrophages. Moreover,

overexpression of FcyRIIB in myeloid cells suppresses host immunity against bacterial

infection. Conversely, FcyRIIB-deficient macrophages increase their phagocytic

property (Brownlie, et al., 2008). The gene transcription of FcyRIIB has been shown to

be down-regulated in a macrophage cell line by PPAR-6 agonist (Adhikary et al., 2015).
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It is then crucial to determine whether the absence of FcyRIIB gene can promote

macrophage function in vivo.

Splenic macrophage subpopulations are diverse and their functions remain elusive.

The unique tingible body macrophages (TBMs; Mer+DNasel’) are predominantly

scattered in the GC. TBMs express Mer receptor tyrosine kinase, which mediates

phagocytic activity and regulates cytokine production (Rahman, 2011). They

phagocytose apoptotic cells and thereby contain condensed chromatin fragments. TBMs

are thought to play a role in down-regulation of GC reaction (Rahman, 2011). The

marginal zone (MZ) surrounds lymphoid follicles, where MZ macrophages (MZMs;

MARCO'CD169") and metallophilic macrophages (MMMs; MOMA+) are abundantly

present (McGaha and Karlsson, 2016). MZMs are specialized macrophages that

phagocytosed apoptotic materials entering the spleen from circulation to minimize the

immunogenicity of autoantigens (McGaha et al., 2011). MMM s distribute adjacent to

the T- and B-cell-rich zones. Interestingly, MZMs and MMMs disappear when B cells

were absent before birth or gradually depleted after birth, suggesting a critical role of B

cells in the maintenance of splenic MZ structure (Nolte, et al., 2004). Interaction with
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MZ B cells is also crucial for efficient homing of MZMs and MMMs and for efficient

removal of blood-borne pathogens coming into the MZ.

To the best of our knowledge, whether the fate of GC B cells during affinity

maturation is influenced by macrophages, whether FcyRIIB regulates phagocytic

activity of GC and MZ macrophages, and how macrophages might interact with B cells

in the GC are all incompletely understood. We have recently generated conditional

knockout mice of FcyRIIB gene in myeloid cells to investigate the potentially important

role of macrophages in the selection of GC B cells. Moreover, this mouse strain will

help explain and conclude our findings on the effects of GW501516 of macrophages

during affinity maturation of GC reaction in secondary immunization.
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Figure 1. Mouse immunization schedules.

(A~C) 7-to-10-week-old female mice were primarily immunized with 50 pg of
NP20-CGG admixed with 50ul of alum intraperitoneally on day 1. The second booster
was given on day 28 with the same antigen and route. The “x” denotes the day of
collecting serum samples. Before the second booster, serum samples were collected on
days 14 and 27. (A) Comparison of wild-type and FcyRIIBZ*" mice. Mice were
sacrificed on day 35 after primary immunization. Sera were collected on day 14, day 28
and day 35. No second booster was given. (B) C57BL/6 mice were daily given nilotinib
at 2 mg/kg/day or vehicle intraperitoneally from the sixth day to the ninth day after the
second booster. Mice were sacrificed on the tenth day after the second booster (day 38).
Serum was collected on day 37. (C) C57BL/6 mice were daily given vehicle,
GW501516 3 or 6 mg/kg/day intraperitoneally from the sixth day to the ninth day after
the second booster. Mice were sacrificed on the tenth day after the second booster (day

38). Serum samples were collected on day 37.
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Figure 2
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Figure 2. Analysis of the differences of affinity maturation status between
wild-type and FeyRIIB **"T mice over time.

On days 14, 28 and 35 after the primary immunization with NP-CGG, sera were
collected. The serum NP-specific IgG levels were analyzed by ELISA assay. The status
of affinity maturation was measured by the ODgsso ratio of serum NP7-specific
IgG/NP30-specific IgGs between wild-type (n=3) and FcyRIIB**"'T (n=4) mice on day

14 (P=0.0243), day 28 (P=0.0089) and day 35 (P=0.0095).
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Figure 3
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Figure 3. Compare FcyRIIB*>*"""

mutant and wild type mice of FcyRIIB cluster in
the lipid raft with confocal microscopy.

(A) Confocal image (400x magnification) of B-lymphocyte retrieved from the spleens
8-week-old FeyRIIB?*"T mutant and wild type mice. FITC-labeled cholera toxin B
binds to the GMI1 ganglioside of the lipid raft and display green fluorescence.
Cy3-labeled anti-rabbit IgG binds to the anti-mouse IgM and display red fluorescence.
FcyRIIB stabilized in the lipid raft would display yellow fluorescence. In wild type

232T/T
mutant

mice, cap structures were formed (arrows) at 30 to 60 min but FcyRIIB
mice did not show much merged yellow fluorescence (arrow head). (B) Quantitative
representation of FcyRIIB localized in the lipid raft with Metamorph analysis tool.

FeyRIIBZ*"T mutant mice showed significant impaired lipid raft colocalization over 15

min (P < 0.05).
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Figure 4
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Figure 4. Analysis of the effect of nilotinib on the affinity maturation of female

wild-type mice.

(A, B) Wild type female mice were given nilotinib 2 mg/kg/day or vehicle given from

the seventh day to the ninth day after the second booster. (A) Analysis of IgG secreting

PC numbers with ELISPOT assay. Number of low affinity NP-specific IgG secreting

PCs per 2.4 x 10* splenocytes by subtracting the NP7 specific IgG-secreting PCs from

NP30 specific IgG-secreting PCs. Comparisons between vehicle (n=6) and

nilotinib-treated group (n=8) (P=0.0087). (B) Analysis of serum NP-specific IgG

concentration by ELISA assay. The affinity maturation was measured by the OD450

ratio of serum NP7-specific IgG/NP30-specific IgG between vehicle (n=5) and

nilotinib-treated group (n=5) (P=0.0283).
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Figure 5
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Figure 5. Analyzing IgG-secreting PCs in the spleen of female C57BL/6 mice

immunized with two different GW501516 doses by ELISPOT assay.

(A, B) ELISPOT quantification (upper panel) and demonstrative graph (lower panel) of

the high-affinity and total NP-specific IgG PCs per 3 x 10° splenocytes. Female
g y

C57BL/6 mice, 10 days after the second booster (day 39). Vehicle (n=6, as control

group), GW501516 3 mg/kg/day (n=9), GW501516 6 mg/kg/day (n=7) were

administered, respectively, during the sixth to the ninth day after the second booster. (A)

High-affinity NP7-specific IgG-secreting PC count: GW501516 3 mg/kg/day (ns), 6
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mg/kg/day (ns). (B) Total NP30-specific IgG-secreting PC count: GW501516 3

mg/kg/day (P=0.040), 6 mg/kg/day (P=0.049), compared with the control group.

(C) Low-affinity NP-specific IgG secreting PCs measure by subtracting the NP7

specific IgG-secreting PCs from NP30 specific IgG-secreting cells. Low-affinity

NP-specific IgG secreting PC count: GW501516 3 mg/kg/day (P=0.042), 6 mg/kg/day

(P=0.005). Results were analyzed with unpaired, two-tailed student ¢ test and shown as

mean T SEM. *P <0.05, **P <0.01, ***P < 0.001 and ns, no significance
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Figure 6
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Figure 6. Measurement of serum IgG levels of female C57BL/6 mice immunized

with two different GW501516 doses by ELISA assay.

(A, B) Serum high-affinity and total NP-specific IgGs in the serum of female C57BL/6

mice, 10 days after the second booster (day 39). Vehicle (n=5, as control group),

GW501516 3 mg/kg/day (n=6), GW501516 6 mg/kg/day (n=6) were administered,

respectively, during the sixth to the ninth day after the second booster. Serum was

diluted in 4 x10” folds. (A) Serum high-affinity NP2-specific IgG: GW501516

3mg/kg/day (ns), 6mg/kg/day (ns). (B) Serum total NP30-specific IgG of treatment with

GW501516 3 mg/kg/day (P=0.037) or 6 mg/kg/day (P=0.025), compared with the

control group. (C) The affinity maturation measurement by dividing the NP2 specific

IgG serum level by the NP30 specific IgG serum levels. NP2/NP30: GW501516 3

mg/kg/day (P=0.035), 6 mg/kg/day (ns). Results were analyzed with unpaired,

two-tailed student 7 test and shown as mean £ SEM. *P < (.05, **P < (.01, ***P <

0.001 and ns, no significance. AU denotes arbitrary units
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Figure 7
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Figure 7. Analyzing IgM-secreting PCs in the spleen of female C57BL/6 mice

immunized with two different GW501516 doses by ELISPOT assay

(A, B) ELISPOT quantification (upper panel) and demonstrative graph (lower panel) of
high-affinity and total NP-specific IgM-secreting cells per 3x10° splenocytes of female

C57BL/6 mice, 10 days after the second booster (day 39). Vehicle (n=7, as control

group), GW501516 3 mg/kg/day (n=10), GW501516 6 mg/kg/day (n=8) were

administered, respectively, during the sixth to the ninth day after the second booster. (A)

High-affinity NP7-specific IgM-secreting PC count: GW501516 3 mg/kg/day (ns),
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6mg/kg/day (ns). (B) Total NP30-specific IgM-secreting PC count: GW501516 3

mg/kg/day (ns), 6 mg/kg/day (P=0.017), compared with the control group.

(C) Low-affinity NP-specific IgM secreting PCs measure by subtracting the NP7

specific IgM-secreting PCs from NP30 specific IgM-secreting PCs. Low-affinity

NP-specific IgM secreting PC count: GW501516 3 mg/kg/day (P=0.45), 6 mg/kg/day

(P=0.0469) Results were analyzed with unpaired, two-tailed student t test and shown as

mean T SEM,*P <0.05, **P <0.01, ***P <(.001 and ns, no significance.
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Figure 8
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Figure 8. Measurement of the serum IgM levels of female C57BL/6 mice

immunized with two different GW501516 doses by ELISA assay.

(A, B) Serum high-affinity and total NP-specific I[gMs in the serum of female C57BL/6

mice, 10 days after the second booster (day 39). Vehicle (n=5, as control group),

GW501516 3 mg/kg/day (n=5), GW501516 6 mg/kg/day (n=5) were administered,

respectively, during the sixth to the ninth day after the second booster. Serum was

diluted 2 x 10 times. (A) Serum high-affinity NP2-specific IgGs: GW501516 3

mg/kg/day (P=0.046), 6 mg/kg/day (P=0.013). (B) Serum total NP30-specific IgMs.

GW501516 3 mg/kg/day (P=0.14), 6 mg/kg/day (P=0.045), compared with the control

group. (C) Affinity maturation measured by dividing the NP2 specific IgM serum levels

by the NP30 specific IgM serum levels. NP2/NP30: GW501516 3 mg/kg/day (P=0.03),

6 mg/kg/day (P=0.019). Results were analyzed with unpaired, two-tailed student ¢ test

and shown as mean * SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ns, no

significance. AU denotes arbitrary units.
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The Lupus-Associated Fcy Receptor I1b-1232T Polymorphism
Results in Impairment in the Negative Selection of Low-Affinity
Germinal Center B Cells Via c-Abl in Mice

Jyun-Pei Jhou, 1-Shing Yu, Haw Hwai, Chih-Shan Chen,
Pei-Lung Chen, and Shiang-Jong Tzeng

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

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

Results. Compared to wild-type (WT) mice,
FeyRIID* " mice showed increased numbers of low-af-
finity NP-specific IgG and NP-specific B cells and plasma
cells; additionally, the expression of a somatic mutation
(W33L) in their V4186.2 genes encoding high-affinity
BCR was reduced. Notably, FeyRIIB®*"" mice had a
higher number of GC light zone B cells and showed less
apoptosis than WT mice, despite having equivalent folli-
cular helper T cell numbers and function. Moreover, phos-
phorylation of ¢-Abl was reduced in FeyRIID>*" mice,
and treatment of WT mice with the ¢c-Abl inhibitor nilo-
tinib during the peak of GC response resulted in reduced
affinity maturation reminiscent of FeyRIIb™*"" mice,
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Conclusion. Our findings provide evidence of a
critical role of FeyRIIb/c-Abl in the negative selection
of GC B cells in FeyRIIB**T mice. Importantly, our
findings indicate potential benefits of up-regulating
FeyRIIb expression in B cells for treatment of systemic
lupus erythematosus.

Fey receptor IIb (FeyRIIb) is a low-affinity Fey
receptor for IgG. The Fe portion of IgG binds to the sec-
ond Ig domain located near the transmembrane region of
FeyRIIb proteins (1,2). In B cells, FeyRIIb is an indis-
pensable inhibitory regulator. FcyRIIb-deficient mice
exhibit splenomegaly due to expansion of B cells and
eventually develop lupus-like disease (3.4). Depending on
the affinity of antigens to the B cell receptor (BCR),
FeyRIIb can transduce 2 distinet inhibitory signals upon
stimulation of IgG immune complexes (ICs) to block B
cell function (5). When FeyRIIb is co-ligated to the BCR,
FeyRIIb blocks BCR signaling for proliferation and dif-
ferentiation, and when independently engaged, FcyRIIb
triggers B cell apoptosis by a c-Abl-dependent mechanism
(1,2,5). When the BCR and FeyRIIb are co-engaged. the
cytoplasmic immunoreceptor tyrosine-based inhibition
motif of FeyRIIb is phosphorylated by the Lyn kinase, fol-
lowed by recruitment of the lipid phosphatase SH2
domain-containing inositol-5"-phosphatase (SHIP), which
hydrolyzes PI(3-5)P; to antagonize phosphatidylinositol
3-kinase signals for activation and proliferation of B cells
(6-8). On the other hand, when the antigen in IgG ICs has
low or no affinity for BCRs, FcyRIIb can directly trigger
apoptosis of B cells via ¢-Abl kinase (5). The FeyRIIb-
dependent apoptosis of B cells has been proposed to play
a role in the elimination of autoreactive B cells, which
emerge as low-affinity B cells in the germinal center (GC)
(9), but evidence from in vivo studies is largely lacking.

The human FeyRIIb-1232T polymorphic variant,
in which the isoleucine at position 232 of FeyRIIb is
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replaced by threonine, is a risk allele for systemic lupus
erythematosus (SLE). The prevalence of FeyRIIb-1232T
carriers has been reported to be up to 40% of SLE
patients in Africans and Southeast Asians (10-12). Bio-
chemical and imaging analyses have revealed a decreased
association of FcyRIIb-232T proteins with lipid microdo-
mains on the plasma membranes, resulting in blocking the
association with BCR that results in inhibitory signaling
(13-15). Nevertheless, people carrying the FeyRIIb-232T
allele are protected against malaria infection owing to
enhanced antibody response (12,16,17). Conversely, these
subjects are susceptible to autoimmune diseases, e.g.,
SLE (12). Consistent with these findings, the surface
expression of wild-type (WT) FeyRIIb in memory B cells
and plasma cells (PCs) is down-regulated in patients with
SLE (18-20). Furthermore, a failure to up-regulate
FeyRIIb expression on GC B cells has been found in
lupus-prone mice regardless of their genetic background
(21). These findings strongly suggest a role of FcyRIIb in
the GC response and raise the question of whether the
hypofunctional FcyRIIb-232T allele might result in abnor-
mality in the clonal selection of B cells in GCs, particu-
larly in the deletion of low-affinity autoreactive B cells.
The GC is a critical site for antigen-driven selec-
tion of GC B cells for differentiation into PCs to generate
high-affinity antibodies for protective immunity. In
response Lo antigen, GC B cells first undergo V(D)J gene
hypermutation of their BCRs in the dark zone, followed
by migration of GC B cells to the adjacent light zone for
sclection of cells with high affinity to antigen, a critical
process known as affinity maturation (22-24). Impor-
tantly, while high-affinity GC B cells are positively
sclected for further development into memory B cells and
PCs, GC B cells carrying mutated BCRs of low or no anti-
genic affinity are negatively selected for apoptosis (25,26).
To investigate the pathogenesis of human lupus associated
with the FcyRIIb-1232T polymorphism, we generated
FeyRIIBZ*TT mice to mimic human FeyRIIb-1232T carri-
ers. Given that IgG ICs are readily formed after sec-
ondary immunization (27,28), the surface expression level
of FeyRIIb in GC B cells is up-regulated (21), and
FeyRIIb activation can trigger apoptosis of B cells via c-
Abl (5), we reasoned that the FcyRIIb-232T allele with
reduced inhibitory function might result in abnormal neg-
ative selection of GC B cells. Whether the dysfunction of
the FeyRIIb-1232T polymorphism is linked to a GC
defect is virtually unexplored. In addition, the conse-
quences of abnormal GC reaction in the pathogenesis of
autoimmune diseases are incompletely understood.
Importantly, new insights into the causal relationship
between the FcyRIIb-I1232T polymorphism and the
pathogenesis of SLE may provide valuable implications
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for therapeutic exploitation of FcyRIIb for patients with
SLE and perhaps other autoimmune diseases.

MATERIALS AND METHODS

Reagents. Chicken gamma globulin-conjugated NP,
(NP,;-CGG), bovine serum albumin (BSA)-conjugated NP, BSA-
conjugated NP, and phycoerythrin (PE)-conjugated NP were
purchased from LGC Biosearch Technologies. Imject Alum
adjuvant was acquired from Thermo Scientific. F(ab’), goat anti-
mouse IgG and IgM antibodies were purchased from Jackson
ImmunoResearch. Mouse IgG isotypes and monoclonal antibod-
ies (mAb) specific for CD16/32 (clone 2.4G2), PE-Cy7 conju-
gated CD19 (clone 1D3), BV421-conjugated CD138 (clone 281-
2), PerCP-Cy5.5—conjugated CD11b (clone M1/70), Alexa Fluor
T—conjugated CD11c¢ (clone HL3), and fluorescein isothio-
cyanate (FITC)-conjugated inducible costimulator (ICOS)
(clone 7E.17G9) were purchased from BioLegend. Allophyco-
cyanin (APC)-Cy7-conjugated B220 (clone RA3-6B2), BV605-
conjugated CDS86 (clone GLI1), Alexa Fluor 647-conjugated
GL-7 (clone GL-7), BV42l-conjugated CXCR4 (clone 2B11),
PE-Cy7-conjugated CD95 (clone Jo2), Alexa Fluor 647-
conjugated CD4  (clone RM4-5),  BV42l-conjugated
programmed death 1 (PD-1; clone J43), PE-conjugated CXCRS
(clone 2G8), and 7-aminoactinomycin D (7-AAD) were acquired
from BD Bioscicnees. Ninety-six-well MultiScreen-HTS filter
plates were acquired from Merck Millipore. Blood lancets were
obtained from MEDIpoint. Mouse reference serum was acquired
from Bethyl Laboratories. Vectastain ABC kits containing
biotinylated goat anti-rabbit IgG and rabbit anti-goat IgG mAb
were purchased from Vector. Horseradish peroxidase (HRP)
conjugated isotype IgG and polyclonal antibodies specific to
phospho-¢-Abl (Y245) were obtained from Santa Cruz Biotech-
nology. The active caspase 3 mAb was purchased from Cell Sig-
naling Technology. Nilotinib and DMSO were obtained from
Selleckchem. o
Fc;lRIlhlm ™ mice and immunization protocols.
FeyRIIB*'T mice on a C57BL/6] background were generated
at the gene knockout mouse core facility at the Center of Geno-
mic Medicine of National Taiwan University (NTU). The ATT
codon of isoleucine 231 in exon 5 of the Fegr2b gene was mutated
to ACT to encode threonine using a recombineering approach. A
neo gene cassette tlanked with JoxP sequences was inserted into
the intron 5 region. The targeting vector was then lincarized for
electroporation into JMSA3 embryonic stem cells (ESCs). Cor-
rectly targeted ESC clones were subsequently injected into
C57BL/6 blastocysts to produce chimeras. Chimeric males were
bred with CS7BL/6 females to produce FeyRIID**'" mice. To
remove the neo cassette, FcyRIIbz"zl"' mice were crossed with
Sox2-Cre mice (Tg(Sox2-cre)IAmc/J), which were kindly pro-
vided by Dr. Ming-Ji Fann (National Yang-Ming University, Tai-
pei, Taiwan). Male and female FeyRIIb- " mice were bred to
generate offspring carrying Fp'(rRIIhl‘:L'l (WT), FeyRIIHZHT
(heterozygote), or FeyRIIB**TT (homozygote) genotypes for
experiments. All mice were maintained in specific pathogen-free
conditions at the Center for Laboratory Animals in the College of
Medicine of NTU. The protocols of animal use were reviewed,
and the experiments were performed according to the guidelines
approved by the Institutional Animal Care and Use Committee
of the College of Medicine of NTU. Female mice (7-8 weeks old)
were immunized with 50 pg NP»-CGG per mouse by
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intraperitoneal injection. Nilotinib (2 mg/kg/day) was adminis-
tered intraperitoneally once a day on days 7-9 after secondary
immunization. Mice were Killed the day after the last injection.

Flow cytometric analysis. Mouse splenocytes were stained
with FITC-conjugated CD16/32 mAb for 10 minutes at 4°C, fol-
lowed by addition of an antibody cocktail containing PE-Cy7
conjugated CD19, BV421-conjugated CD138, PerCP-Cy5.5—con-
jugated CD11b, Alexa Fluor 700-conjugated CD1l¢, Alexa Fluor
647-conjugated GL-7, and PE-conjugated NP for 20 minutes on
ice. To distinguish GC light zone from dark zone B cells, mouse
splenocytes were stained with FITC-conjugated CD16/32. APC
Cy7-conjugated B220. BV605-conjugated CD86, Alexa Fluor
647-conjugated GL-7, BV421-conjugated CXCR4, PE-Cy7-con-
jugated CD95, and PE-conjugated NP. Splenic follicular helper T
(Tth) cells were stained with the following mAb: APC-Cy7—con-
jugated B220, Alexa Fluor 647-conjugated CD4, BV421-conju-
gated PD-1, PE-conjugated CXCRS. FITC-conjugated ICOS,
and BV605-conjugated CD69. Bone marrow cells were stained
with FITC-conjugated CD16/CD32, BV42l-conjugated CD138,
PE-Cy7-conjugated CDI19, PerCP-Cy5.5-conjugated CDI11b,
Alexa Fluor 700-conjugated CDIle, and PE-conjugated NP.
Dead splenocytes and bone marrow cells were stained with 7-
AAD for 5 minutes before being washed. Cells were processed
for analysis using a multicolor LSRFortessa cytometer (BD Bio-
sciences). Data were analyzed using FlowJo version 10.

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

Enzyme-linked immunosorbent assay (ELISA). BSA-con-
jugated NP; or BSA-conjugated NP5, (5 pg/ml) was added to 96-
well high bind plates (100 pl/well; Corning) and incubated at 4°C
overnight. Mouse serum samples were diluted to detect IgG
(1:200,000) and IgM (1:15,000). After blocking and incubation at
4°C overnight, plates were washed, followed by addition of HRP-
conjugated rabbit anti-mouse IgG (Fey-specific) (catalog no. 115-
035-071; Jackson ImmunoResearch) or goat anti-mouse IgM (p-
specific) (catalog no. 115-035-075; Jackson ImmunoResearch)
for a I-hour incubation at room temperature. After washes,
plates were developed with tetramethylbenzidine substrate and
the reaction was quenched with 2N H,SO,. Plates were read at
an optical density of 450 nm (ODysq ) and ODsqy o, using an
ELISA plate reader (BioTek). The reading values of HRP activi-
ties were calculated using ODysp 5 minus ODszy . Standard
curves of IgM and IgG concentrations were generated using seri-
ally diluted samples of mouse reference serum.,

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

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

Sequence analysis of the V;186.2 region of BCRs from
NP+ GC B cells. Genomic DNA of sorted GC B cells
(NP+B220+GL-7T+IgG+:~1.000 cells per mouse) was
extracted using a QIAamp DNA micro kit (Qiagen). For the
amplification of Vi186.2-J,42 segments, 1 ng of genomic DNA
was used as template, and polymerase chain reaction (PCR)
products were generated from high-fidelity PrimeStar DNA
polymerase (Takara Bio). The PCR primers have been described
previously (31): forward primer, 5-AGCTGTATCATGCTCTT
CTTGGCA-3' and reverse primer, 5-AGATGGAGGCCAGT-
GAGGGAC-3' (31). Illumina libraries were generated from
PCR products using a TruSeq library preparation kit and were
sequenced using Illumina MiSeq to generate paired-end reads
of 300 nucleotides. Raw sequencing data were aligned to mouse
germline Vi;186.2 sequences using Burrows-Wheeler aligner
and SAMtools (32,33). The W33L mutation percentages in first
complementarity-determining region sequences were compared
with those in WT mice.

Statistical analysis. Bar graphs were plotted and ana-
lyzed using GraphPad Prism software version 6.0. Student’s
unpaired 2-tailed 7-test was used for statistical analysis. The -
test was modified by Welch’s correction in case of unequal vari-
ance. Tukey's test with one-way analysis of variance was used to
compare multiple groups. Results are presented as the mean +
SEM. P values less than 0,05 were considered significant,

RESULTS

FeyRIIB***"" mice exhibit enhanced antibody pro-
duction with reduced affinity maturation. Because the
isoleucine 232 residue of human FeyRIIb is conserved in
mice (NCBI accession nos. NP_001070657.1 and NP_
003992.3), we generated a mouse line, termed the
Fclelme"T mouse line, which carries a point mutation
of the isoleucine residue at position 231 (232 in humans)
replaced by threonine (Figure 1A). Consistent with previ-
ous findings of live cell imaging (15), the surface FcyRIIb-
232T proteins and lipid rafts were neither stably
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mice and immunization schedule. A, Schematic diagram of the generation of FeyRIIb-
1232T mutant mice. B, Schedule of immunization of mice with chicken gamma globulin—conjugated NP (NP,-CGG). Wild-type and FeyRITb

232T/T

mice T-8 weeks of age were each injected intraperitoneally with 50 pug of NP»-CGG proteins mixed with 50 ul of alum. A second immunization

was performed 4 weeks later.

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

To investigate GC response, we immunized each
WT and FeyRIID™ " mouse by intraperitoneal injec-
tion with 50 pg of NP,,-CGG mixed with an equal
volume of alum. All mice received a booster injection
with the same amount of NP;,-CGG on day 28 after
primary immunization and were killed on day 35,
when clonal selection was actively proceeding (24,25)
(Figure 1B). Serum samples were collected on day 14
and day 35 and tested in ELISA plates coated with
either IgG-specific antibodies to detect total serum
IgG, NPj; to detect NP-specific antibodies of all affini-
ties, or NP5 to detect high-affinity NP-specific antibod-
ies (30,31). The serum levels of total IgG were
significantly higher in FcyRIIB**"" mice than in WT
mice following both primary immunization (day 14)
(P = 0.0035) and secondary immunization (day 35)
(P = 0.032) (Figure 2A).
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Fourteen days after the primary immunization,
FeyRIIb*TT mice produced similar levels of high-
affinity NP-specific antibodies (P = 0.5033) but more
than double the amount of low-affinity NP-specific anti-
bodies compared to WT mice (P < 0.05) (Figure 2B).
By day 35, seven days after secondary immunization,
FeyRIIb™ T mice produced significantly more high-
affinity and low-affinity NP-specific antibodies than WT
mice (P < 0.05 for NP;: P < 0.01 for NPy,) (Fig-
ure 2B). The ratio of high-affinity to total (low affinity
plus high affinity) NP-specific IgG (NPz-bound IgG:
NP;p-bound IgG) was lower in the serum of
FeyRIIb™*™™ mice than in that of WT mice, indicating
reduced affinity maturation of antibodies (P < 0.05)
(Figure 2B). Morcover, sequencing of the NP-specific
V11186.2 region of B cells expressing NP-specific BCRs
showed a decreased percentage of W33L replacement,
which gives rise to high-affinity BCR variants, in
FeyRIIb*TT mice (P < 0.001) (Figure 2C). In addi-
tion, we found a trend toward a lower ratio of replace-
ment to silent hypermutation in FeyRIIb™ "™ mice
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Figure 2. Enhanced NP-specific IgG production in immunized Fey receptor [Ib (FeyRIIbY ™™ mice. A and B, Scrum levels of total IgG (A) and

high-affinity NP; IgG and total NPs, IgG (B) in wild-type (WT) mice and FeyRIID™ T mice 2 weeks after primary immunization (day 14) (P
0.0035 for 1gG, P = 0.5033 for NP5, and P = 0.0469 for NP;,) and 1 week after secondary immunization (day 35) (P = 0.032 for IgG, P = 0.0411
for NP;. and P = 0.0068 for NPy). In B, the ratios of NP; to NPy IgG levels in serum on day 14 (P = 0.0427) and day 35 (P = 0.0277) after
immunization are also shown, Symbols represent individual mice; bars show the mean + SEM (n -~ 5-8 mice per group). C, Frequency of W33L
mutation in the Vy186.2 region of individual B cell receptor (BCR) genes of NP+ germinal center (GC) B cells in WT mice and FeyRITh™ "7
mice 7-8 days after primary immunization (P = 0,0008), D, Ratio of replacement mutations to silent mutations (R:S) in the V186.2 region in
NP+ GC B cells in WT mice and FeyRIIb™"" mice (P = 0.0845). In C and D, symbols represent individual mice; horizontal and vertical lines
show the mean = SEM (n = 4 WT mice and 6 FeyRIIb™ " mice). * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS = not significant.

than in WT mice 8 days after primary immunization FeyRIIb™ ™ mice compared to WT mice after sec-
(Figure 2D). These results indicate a dysfunction in the ondary immunization. Similarly, the percentage of splenic
affinity maturation of GC B cells in FeyRIIb>*"" mice. CD19+CD138+ PCs in FeyRIIb*"" mice was not dif-
Retention of low-affinity B cells in FeyRIIB>*"T ferent from that in WT mice, but the percentage of
mice after secondary immunization. Because affinity mat- NP+CD19+CDI138+ PCs was significantly increased in
uration was reduced in FeyRIIB**"" mice compared to FeyRIIb* " mice (P < 0.001) (Figure 3B).
WT mice, we investigated whether the elimination of low- We next used ELISpot assays to quantify the num-
affinity antigen-specific B cells was abnormal in GCs. As bers of splenic NP+ PCs. Consistent with an increased
shown in Figure 3A, the percentages of splenic CD19+ B level of circulating NPy+ IgG, a greater number of

cells in lymphocytes were comparable in WT and NP +IgG+ PCs was detected in FeyRIID*'T mice
FeyRIIb™ ™ mice. However, the percentage of than in WT mice (P < 0.05) (Figure 3C). Further analysis
NP+CD19+ B cells was substantially increased in of splenic NP+IgG+ PCs revealed no significant
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Figure 3. Increased frequency of low-affinity NP+IgG+ plasma cells (PCs) in the spleen in Fey receptor b (FeyRIIb)™"" mice after secondary
immunization. A and B, Percentages of CD19+ B cells (P = 0.2846) and NP+CD19+ B cells (P = 0.0007) (A) and percentages of CD19+CD138+ PCs
(P = 0.8432) and NP+CD19+CD138+ PCs (P = 0.0009) (B) in splenic lymphocytes from wild-type (WT) mice and FeyRIIb™ "™ mice on day 35, ana-
lyzed by flow cytometry. C, Splenic total IgG+ PCs (P = 0.0315), high-affinity NPy-specific IgG+ PCs (P = 0.4318), total NPy;-specific IgG+ PCs (P =
0.0168), and low-affinity NP+1gG+ (NP5, minus NP;) PCs (P = 0.0159) in WT mice and FeyRIID™ T mice on day 335, determined using enzyme-
linked immunospot assays {using 6 x 10 cells to detect total PCs and 2.4 x 10" cells to detect NP+ PCs). D, Numbers of total IgM+ PCs (P = 0.5412),
NP-specific [gM+ PCs (P = 0.355), NP3-specific [gM+ PCs (P = 0.116), and low-affinity NP+IgM+ (NP3, minus NP;) PCs (P = 0.0864) in WT mice
and FeyRIIb* 7T mice. Symbols represent individual mice; bars show the mean + SEM (n = 8-12 WT mice and §-10 FeyRIIb**™ ™ mice in A and B; n
=5 WT mice and 7-9 FeyRII™ """ mice in C; n = 4-5 WT mice and 7-9 FeyRIIb " mice in D). * = P < 0.05; *** = P < 0.001. NS = not significant.

differences in the numbers of high-affinity NP;+ PCs through FeyRIIb. Of interest, we found that the numbers
between WT and FeyRIIb> "™ mice. In contrast, com- of low-affinity NP+IgG+ PCs were also significantly
pared to WT mice, the numbers of low-affinity IgG+ PCs increased in heterozygous FeyRIIb-232T mice compared
(NP3;3+ PCs minus NP7+ PCs) increased ~3-fold in to WT mice (see Supplementary Figure 2, available on the
FeyRITb™ T mice (P < 0.05) (Figure 3C). These differ- Arthritis & Rheumatology web site at http://onlinelibrary.
ences were not observed when the numbers of NP+ I1gM + wiley.com/doi/10.1002/art.40555/abstract). These findings
PCs were compared between WT and FeyRITb> "™ mice suggest that FcyRIIb-232T might impede recruitment of
(Figure 3D), suggesting a specific IgG-associated effect sufficient amounts of WT receptors to reach the threshold
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required for efficient induction for apoptosis. Consistent 1+ICOS+) cells, which provide help, e.g., interleukin-21,
with this notion, we previously demonstrated that to GC B cells to further their differentiation into PCs and
FeyRITb-mediated apoptosis is dependent on the signal to class-switch Ig isotypes (32,33), we examined the num-
strength transduced from the receptor oligomers (5). bers of splenic Tfh cells to determine their contributions
Tth cell number and function in switching IgG iso- to the increase in NP+IgG+ PCs in FeyRIIB*T mice.
types are not altered in FeyRIID™**"™ mice. Because the As shown in Figure 4A, the numbers of Tth cells were
generation of PCs is influenced by Tth (CD4+B220+PD- comparable between immunized WT and FeyRIIb=*!!
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Figure 4. Splenic follicular helper T (Tfh) cell numbers and serum titers of class-switched NP+ IgG isotypes in wild-type (WT) and Fey receptor IIb
(FeyRIIb)™ " mice. A, Percentages of Tth cells (CD4+B220— programmed death 1-positive inducible costimulator-positive) in splenic Tcells in WT
mice and FeyRIIDV7"" mice on day 35 (P = 0.8622). B, Serum concentrations of IgG1 (P = 0.0098), 1gG2a (P = 0.0076), IeG2b (P = 0.9813), and 1gG3
(P = 0.045) in immunized WT mice and FeyRIID*TT mice. C and D, Serum levels of high-aftinity NPo-specific IgG isotypes (IgG1 [P = 0.0137), 1gG2a
[P = 0.0178], 1gG2b [P = 0.5956], and 1gG3 [P = 0.0091]) (C) and total NPy-specific IgG isotypes (IgG1 [P = 0.0011], 1gG2a [P = 0.0283], IgG2b [P
0.217), and TgG3 [P = 0.0079]) (D} in WT and FeyRIb*™ ™™ micc. Symbols represent individual mice; bars show the mean + SEM
(n =6 WT mice and 8 FeyRIIb™*"'T mice in A; n = 7 WT mice and 8 FeyRIIb™*™T mice in B; n = 5-7 mice per group in C and D). * = P < 0.05; ** = P
< 0.01. NS = not significant.
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Figure 5. Increased numbers of light zone (LZ) germinal center (GC) B cells and reduced numbers of apoptotic GC B cells in Fey receptor 11b
(FeyRITb) " mice after secondary immunization. A, Percentages of splenic CD19+GL-7+ GC B cells (P = 0.0011), dark zone (DZ) NP+ GC
B cells (P = 0.0005), and light zone NP+ GC B cells (P = 0.0002) in WT mice and FeyRIIb**TT mice. Symbols represent individual mice; bars
show the mean + SEM (n = 7 WT mice and 8 FeyRIIV™*"" mice). B, Representative splenic sections from WT and FeyRIIB¥*"T mice showing
the size of GCs. Bottom panels are higher-magnification views of the top panels. The boxed areas show follicles. C, Surface expression levels of
FeyRITb on GC B cells in age-matched nonimmunized WT and FeyRIID™TT mice (open symbols) (P = 0.3613) and immunized WT and
FeyRIIDTT mice on day 35 (solid symbols) (P = 0,7026). There was a significant difference in expression of FeyRIIb in nonimmunized WT mice
versus immunized WT mice (P = 0.0082) and in nonimmunized FeyRIIB™"™ mice versus immunized FeyRIT™ ™ mice (P = 0.0001). Symbols
represent individual mice; horizontal and vertical lines show the mean + SEM (n = 6 nonimmunized WT mice, 7 nonimmunized Fc‘(RIlbz'uT'T
mice. 7 immunized WT mice, and 11 immunized FeyRIIb™*™" mice). MFI = mean fluorescence intensity. D, Left, Percentages of T-aminoactino-
mycin D (7-AAD)+GL-7+ GC B cells in WT mice and FeyRIIb™"" mice (P = 0.0484). Symbols represent individual mice; bars show the mean
} SEM {n = 3 WT mice and 7 FeyRIIb>*TT mice). Right, Staining for active caspase 3 to detect apoptotic GC B cells in the light zone of GCs
(encircled areas) in splenic sections from WT and FeyRIIb*"™ mice. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. NS = not significant,
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Figure 6. Association of reduced c-Abl activation with retention of low-affinity germinal center (GC) B cells in mice after secondary immu-
nization. A, Reduced staining of phospho-c-Abl (Y245)+ GC B cells (arrowhead) in Fcy receptor IIb (FeyRIIbY™"" mice compared to
wild-type (WT) mice. Female WT mice (7-8 weeks old) were immunized as deseribed in Figure 1B. Mice were treated with either vehicle or
nilotinib (2 mg/kg/day) on days 7-9 after the second immunization. Encircled areas show GCs. Bottom panels show higher-magnification
views of the top panels. B and C, Ratio of NP; to NP3, serum IgG (P = 0.0283) (B) and number of low-affinity NP+IgG+ (NPx minus
NP;) plasma cells in splenocytes (2.4 x 10%) (P = 0.0087) in vehicle-treated WT mice and nilotinib-treated WT mice. Symbols represent indi-
vidual mice; horizontal and vertical lines show the mean £ SEM (n = 5-6 vchicle-treated mice and 5-8 nilotinib-treated mice), * = P <
0.05; ** = P < 0.01. D, Illustration of the crucial role of FcyRIIb in the negative selection of low-affinity GC B cells via c-Abl in the light
zone of GCs in response to IgG immune complexes (ICs) in secondary immunization in WT mice (solid lines). Broken lines represent
FeyRID*YT mice. BCR = B cell receptor; SHM = somatic hypermutation.

mice (P = 0.8622) despite an increased number of NP+ (Figure 2A), the serum concentrations of IgGl, IgG2a,
PCs in FeyRIIb>?™T mice (Figure 3). Consistent with and IgG3 isotypes were all significantly higher in immu-
increased serum levels of total IgG in FeyRIILZ T mice nized FeyRIIB**"T mice than WT mice (P < 0.03)
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(Figure 4B). Similarly, the serum levels of high-affinity
(NP;)-specific and total NP+ (NPyy)-specific 1gG iso-
types remained higher in FeyRIIb*"'T mice than in WT
mice (Figures 4C and D).

Reduced apoptosis of B cells in GC light zones of
immunized FeyRIIb™*™" mice. To further delineate the
abnormality of GC response in FeyRIID™*"" mice, we
quantified NP+CD19+GL-7+ GC B cells and found that
FeyRIIB*"" mice exhibited more splenic NP+ GC B
cells than WT mice (Figure 5A). When GC dark zone
(CD86"™CXCR4"#") and light zone (CDS6"E"CXCR4"™)
B cells were analyzed and compared, we found a decreased
percentage of GC dark zone B cells (P < 0.001) (Fig-
ure 5A) but an increased percentage of GC light zone B
cells (P < 0.001) (Figure 5A) in FeyRIIZ 1T mice.
Morecover, we detected an increase in the size of GCs in
splenic sections from immunized FeyRIIb> " mice (Fig-
ure 5B). It has been shown that the surface expression of
FeyRIIb in GC B cells is up-regulated in normal mice (16).
We examined the FeyRIIb expression levels in GC B cells
and found no significant differences in FcyRIIb expression
between WT and FeyRITb™ T mice either before or after
immunization (Figure 5C). Because clonal selection of GC
B cells occurs primarily in the light zone of GCs (17-22),
we next investigated the apoptosis of GC B cells to deter-
mine the extent of negative selection of low-affinity B cells
after secondary immunization. Consistent with an increase
in GC B cell numbers in FeyRIIb™"" mice, the percent-
age of dead GC B cells was significantly decreased in these
mice (P < 0.05) (Figure 5D). Significantly fewer apoptotic
GC B cells, which were stained by active caspase 3 mAb,
were detected in FeyRIID™ ™ mice after secondary
immunization (Figure 5D).

Blocking c-Abl activity in WT mice during clonal
selection recapitulates the GC phenotype of FeyRIIb>"T
mice. Because FcyRIIb is known to mediate apoptosis via
c-Abl kinase in response to IgG ICs in B cells (5), we
investigated the expression of active c-Abl (p-Y245) pro-
teins in GC B cells. In WT mice, phospho—c-Abl proteins
were readily detectable and mainly localized in the light
zone of GCs, where affinity maturation and clonal selec-
tion occur. In contrast, the levels of phospho-c-Abl pro-
teins were substantially decreased in the GCs of
FeyRIIb"™ mice (Figure 6A). It has been reported
that the apoptosis of GC B cells peaks during days 7-9
after secondary immunization (34). Thus, to determine
whether ¢c-Abl activity is crucial for FeyRIIb to negatively
regulate GC B cells, we treated WT mice with nilotinib
(2 mg/kg/day) to block c-Abl kinase activity during the
peak period when GC B cells undergo apoptosis for selec-
tion after secondary immunization. Indeed, the serum
titers of NP+ IgG displayed reduced affinity maturation
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in nilotinib-treated mice (P < 0.05) (Figure 6B). More-
over, the number of low-affinity NP+IgG+ PCs (NP3,
PCs minus NP; PCs) was significantly increased after
c-Abl kinase activity was blocked in WT mice (P < 0.01)
(Figure 6C). Thus, the findings in antibodies produced
from nilotinib-trecated WT mice are reminiscent of the
GC defect observed in FeyRIID™"" mice after see-
ondary immunization (Figures 2 and 3).

DISCUSSION

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

Because FeyRIID™ """ mice display a higher serum
level of high-affinity NP-specific IgG, the reduced inhibi-
tion of FeyRIIb-232T on BCRs might have the potential
to promote the proliferation of GC B cells. Indeed, num-
bers of GC B cells increased in FeyRIIb™ 1T mice after
secondary immunization (Figure 5A). Nevertheless, the
increased number of B cells was largely due to an increase
in low-affinity B cells, since no increase in high-affinity
IgG+ PCs was observed in FeyRITb™ T mice (Figure 3).
This leads us to conclude that the retention of low-affinity
B cells is more a consequence of insufficient apoptosis
rather than insufficient inhibition of proliferation of GC B
cells in FeyRIIb™ '™ mice. In addition, because low-affi-
nity B cells are intrinsically less competitive than high-affi-
nity cells for antigen stimulation, the increased survival of
low-affinity FeyRIIb> " GC B cells is positively associ-
ated with reduced apoptosis. One important caveat is that
low-affinity antigen-specific GC B cells may have a chance
to undergo further affinity maturation when the competi-
tion with high-affinity B cells becomes reduced in late
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GCGCs (35). However, in the persistence of FcyRIIb-232T
dysfunction, repeated immunization generates a new pool
of low-affinity B cells, which normally should have been
deleted. Consistent with this finding, the serum level of
low-affinity antigen-specific IgG and the number of IgG+
PCs remained significantly increased after secondary
immunization in FeyRIIb**""" mice (Figures 2 and 3).

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

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

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

Our findings indicate that in FcyRIIb-232T allele
carriers, the persistent presence of low-affinity B cells and
especially PCs may gradually become a key contributor
that puts them at risk of developing autoimmune diseases
over time. Reduced surface expression levels of WT
FeyRIIb in the B cells of SLE patients may result in sus-
ceptibility to the presence of low-affinity B cells (18-20).
Accordingly, because transgenic mice overexpressing
Fegr2b in B cells exhibit reduced SLE disease severity
(47), it will be of interest to investigate whether regimens
that up-regulate the surface expression level of FeyRIIb-
232T proteins to enhance their inhibition can restore
competency to negatively regulate low-affinity GC B cells
for therapeutic exploitation.
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Chapter 11

B-Cell ELISpot Assay to Quantify Antigen-Specific
Antibody-Secreting Cells in Human Peripheral Blood
Mononuclear Cells

Haw Hwai, Yi-Ying Chen, and Shiang-Jong Tzeng

Abstract

Peripheral blood is commonly used to assess the cellular and humoral immune responses in clinical studies.
It is a convenient sample to collect for immunological research as compared to the surgically excised and
biopsicd lymphoid specimens. To determine the functional status of immunc system from peripheral
blood, the enzyme-linked immunospot (ELISpot) assay is a popular method of choice owing to its high
sensitivity, great accuracy, and casy performance. The ELISpor allows detection and quantification of cel-
lular functionality at the single-cell level. Therefore, ELISpot assay is commonly applied to detect cyto-
kines and cytotoxic granules released from T cells as well as to measure antibodies secreted from B cells.
Because the ELISpot assay has been increasingly used for evaluation of the vaccine efficacy in clinical trials,
standardization and reproducibility are crucial to minimize assay variability amongst samples from differ
ent sources. Here we introduce methods to isolate human peripheral blood mononuclear cells (PBMCs)
for quantification of the antigen-specific antibody-secreting cells using the ELISpot assay.

Key words Enzyme-linked immunospot (ELISpot), B cells, Antibody-secreting cells (ASCs),
Peripheral blood mononuclear cells (PBMCs), Vaccine

1 Introduction

The ELISpot assay was originally developed by Dr. Cecil Czerkinsky
in 1983 for the purpose to detect antigen (Ag)-specific antibody
(Ab)-sccreting cells (ASCs) [1]. Over the years, the ELISpot has
become an important method for the detection and quantification
of ASCs in vaccine rescarch. The technology of ELISpot assay is a
combination of enzyme-linked immunoabsorbance assay (ELISA)
and western blotting to enable quantification of a specific cell pop-
ulation based on their secretory molecules with superior sensitivity
to detect a single positive cell [2]. Therefore, ELISpot assay has
been increasingly adopted for the identification and enumeration
of cytokine-producing T cells as well as Ag-specific ASCs [2-4].
Although the conventional ELISA and flow cytometry-based

Alexander E. Kalyuzhny (ed.), Handbook of ELISPOT: Methods and Protocols, Methods in Molecular Biology, vol. 1808,
https://doi.org/10.1007/978-1-4939-8567-8_11, © Springer Science+Business Media, LLC, part of Springer Nature 2018
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cytokine bead arrays and intracellular staining can provide extremely
useful information of the cells, they have less sensitivity and accu-
racy than ELISpot in the quantification of rare Ag-specific cells [5,
6]. These advantages make the ELISpot assay frequently applied to
directly monitor Ag-specific B-cell response in PBMCs.

In an ELISpot assay for detecting Ag-specific ASCs, the polyvi-
nylidene difluoride (PVDF) membranes in a 96-well microtiter plate
require pre-coating with the Ag to be assayed. After blocking and
washing steps, purified PBMCs are serially diluted to seed into wells
of the ELISpot plate for incubation. The Ag-specific ASCs secrete
Abs, which are captured directly on the membrane surface by the
immobilized Ag to prevent diffusion into culture medium.
Subscquent detection steps utilize a detection Ab, typically conju-
gated with horseradish peroxidase (HRP) or alkaline phosphatase
(AP) enzyme, in order to visualize the secretory fingerprint of indi-
vidual ASCs [7]. Because ELISpot is capable of detecting a single
Ag-specific cell, direct ex vivo measurement of Ag-specific ASCs
from PBMC:s is frequently adopted in vaccine trials [8, 9]. In vitro
differentiation of memory B cells from PBMCs into ASCs is an
option for long-term assessments of vaccine-induced humoral
response [ 10-12]. Because the processing of blood samples is ame-
nable to scale up, ELISpot assay is suitable for investigating
Ag-specific Ab response in a large-scale and multicenter vaccine trial.

The protocols described include isolation of PBMCs (~1 h)
and detection of total and Ag-specific IgG ASCs (~4 h) in small
amounts of blood (~10 mL). Other than culturing cells overnight,
the hands-on steps normally take less than 6 h. The whole proce-
dures can be performed in a resource-poor setting.

2 Materials

2.1 Isolation
of Human PBMCs

1. Autoclaved double distilled water (ddH,0).

. Sterile 0.5 M ethylenediaminetetraacetic acid (EDTA) solution
(9.3 g of EDTA disodium and 1.12 g of NaOH dissolved in
50 mL ddH,0).

3. Blood sample drawing equipment: tourniquet, rubber gloves,
disinfection swabs, 3M micropore tape, adhesive dressing, and
needle disposal box.

. 10 mL syringe with 20G or 22G needle.

[

T

. Sterile 15 and 50 mL conical tubes.

. Red blood cells (RBC) lysis buffer: 155 mM NH,CI, 10 mM
NaHCO;, 0.1 mM EDTA.
7. Autoclaved phosphate-buffered saline (PBS, NaCl 137 mM,

KCI 2.7 mM, Na,HPO, 10 mM, KH,PO, 2 mM, pH 7.4) and
PBS-T (PBS with 0.1% Tween 20).

=
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. RPMI 1640 culture medium supplemented with 10% fetal calf

serum (FCS), 10 mM penicillin/streptomycin, and 10 mM
L-glutamine (see Notes 1 and 2).

. Centrifuge machine that allows spinning 10 and 50 mL conical

tubes at 500 x 4.
Trypan blue solution (0.5%).

Hemocytometer (Hausser Scientific, Horsham, PA, USA) to
count PBMCs under the microscope.

Upright microscope equipped with bright-field illumination
and phase contrast condenser.

. A protocol approved by the Internal Review Board (IRB) of

investigators’ institutions for the use of human blood to per-
form ELISpot assays. Note: the protocol (no.
201307019RINB) to use human peripheral blood was
approved by the IRB of National Taiwan University Hospital
for this study.

. PVDF membrane-bottomed 96-well filter plates, 0.45 pm

pore size (Merck Millipore, Billerica, MA, USA).

2. Tetanus toxin.

. Goat anti-human IgG conjugated with alkaline phosphatase

(AP) (Fcy fragment specific).

. Bromochloroindolyl phosphate-nitro blue tetrazolium (BCIP/

NBT) substrate solution (Sigma-Aldrich, St. Louis, MO,
USA).

. C.T.L. ImmunoSpot analyzer (Cellular Technology Limited,

Cleveland, OH, USA).

3 Methods

3.1 Isolation
of Human PBMCs

w

0 N U e

. Collect 10 mL of venous blood from a donor with a tube con-

taining 20 pl. of 0.5 M EDTA (final concentration: 5 mM) (see
Notes 3 and 4).

. Transfer blood into a 50 mL conical tube.
. Fill tube to 50 mL with RBC lysis buffer and incubate at room

temperature (RT) for 5 min (see Notes 5 and 6).

. Spin down cells at 500 x g (or 1500 rpm) at RT for 5 min.
. Decant supernatant carefully.

. Resuspend PBMCs with 10 mL of sterile PBS.

. Centrifuge at 500 x g for 5 min.

. Decant supernatant carefully.
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3.2 ELISpot Assays

1l:
12.

. Resuspend PBMCs gently with 1 mL of culture medium.
10.

Take 10 pL, transfer into an Eppendorf tube, and add 90 pL
culture medium (10x dilution).

Mix cells 1:1 with trypan blue dve and incubate 1-2 min at RT.

Pipette 20 pL. from the mixture into a V-shaped well of one
side of hemocytometer under a coverslip.

. Count cells under the phase contrast microscope using 20x

lens (see Note 7).

. Aliquot desired numbers of cells into separate Eppendorf

tubes.

. Cells are ready for seeding into the ELISpot plate (Fig. 1).

. Pre-wet the membranes with 30 pL of 35% ethanol per well in

ELISpot plates for 30 s. Avoid touching the membrane in wells
at all times during pipetting (see Note 8).

. Decant ethanol.
. Add 150 pL of sterile ddH,0 into cach well and incubate at

RT for 5 min.

4. Dccant ddH,0.

o

10.
1Y

12.

13.

14.

15.
16.

. Add 200 pL of sterile PBS into cach well and incubate at RT

for 3 min.

. Decant PBS.
. Pre-coat the plate with 50 pL per well of 10 pg/mL of Ag

(c.g., tetanus toxin) (see Note 9).

. Incubate overnight at 4 °C (preferred) or alternatively at 37 °C

for 2 h.

. Empty the wells and wash with 200 pL of PBS per well for

three times.
Decant PBS thoroughly.

Add 200 pL of culture medium per well for blocking at RT for
2 h.

Decant culture medium and briefly wash wells with 200 pL of
PBS.

Seed 5 x 107, 2.5 x 107, 1.25 x 10° PBMCs per donor’s sam-
ple into wells, respectively. Bring up volume to 100 pL in wells
with culture medium (see Note 10).

Incubate the plate in a 37 °C incubator with 5% CO, over-
night. Do not shake or move the plate (se¢ Note 11).

Decant cells and culture medium.

Wash the plate with 200 pL per well of PBS-T at RT for 3 min
for five times (se¢ Note 12).
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Fig. 1 A schematic flowchart of ELISpot assay to detect Ag-specific ASCs. (A) Pre-coat the wells of the ELISpot
plate with an Ag, e.g., tetanus toxin. (B) Seed serial diluted PBMCs into wells of the plate, respectively. Culture
overnight (minimum: 8 h). (C) Wash off cells with PBS-T. (D) Add AP-conjugated detection Abs specific to IgM,
1gG, or IgA. (E) Wash off unbound Abs. (F) Develop the spots with BCIP/NBT substrate solution

17. Add goat anti-human IgG-AP (Fcy-specific, 1:5000 in PBS
with 1% BSA) into wells and incubate at RT for 2 h in the dark.

18. Wash the plate three times with 200 pLL of PBS-T.

19. Add 50 pL of BCIP/NBT substrate solution and incubate at
RT. Purple-colored spots normally appear in 10-30 min (see
Note 13).
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Fig. 2 Representative ELISpot images of tetanus toxin-specific 1gG ASCs detected from PBMCs. PBMCs were
isolated from a healthy donor 2 weeks after receiving a booster of tetanus toxin. ELISpot plate was pre-coated
with 50 pL/well of tetanus toxin (10 ug/mL in PBS). Aliquots of 5 x 10%, 2.5 x 10% and 1.25 x 10° PBMCs (#1,
#2 and #3) were seeded into wells of the ELISpot plate, respectively. Tetanus toxin-specific IgG ASCs were

detected and illustrated

20.

21.

22.

23.

Stop enzymatic reaction by adding 100 pl. ddH,O into each
well to prevent over-development of spots.

Take the underdrain off the plates and wash both sides of the
membrane with tap water (see Note 14).

Allow plates completely air dried and store plates in the dark
before scanning (see Note 15).

Count the spots on membrane surface (Fig. 2) using a C.T.LL
analyzer or an automated plate reader equipped with an image
acquisition and analysis unit (see Note 16).

4 Notes

. Complements in FCS may inhibit or destroy cells, e.g., via

complement-dependent cytotoxicity, or affect the results of
immunoassays, e.g., via binding to the Fc portion of Abs. If
this is a concern, inactivate the serum at 56 °C for 30 min.
Filtrate serum with a 0.2 pm sterile filter if precipitates occur
after cooling.

. If human serum is necessary to replace FCS in culture medium,

pre-test the serum in different batches to avoid nonspecific
activation to cultured cells, which may cause background spot
formation. Heat inactivation of human serum before use is
recommended.

. Vacutainer blood collection tubes, which contain 1-2% of spray-

dried K,EDTA, are often adopted in vaccine trials. KGEDTA is
recommended by the CLSI (Clinical & Laboratory Standards
Institute) and the ICSH (International Council for
Standardization in Hematology). It is important to mix the
sample immediately after collection to ensure no blood clot
formation.
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If sodium citrate is used as the anticoagulant, add 1 part sodium
citrate (3.2% or 0.109 M) to 9 parts blood. Incubate at RT for
5 min [13].

Ficoll gradient is also commonly used to prepare PBMCs from
fresh blood [7, 14]. Make sure no mixing of blood with Ficoll
to gain good separation of bufty coat and high yield of PBMCs.
In our experience, the purity and the vield of PBMCs isolated
from either direct RBC lysis or Ficoll gradient methods are
comparable.

Purified PMBCs can be cryopreserved until use. Typically,
PBMCs can be frozen and stored at 1-2 x 10° cells/mL in cold
cryoprotective medium containing 90% FCS and 10% dimethyl
sulfoxide (v/v).

The hemocytometer is generally divided into nine major
squares of 1 mm? area in the middle square part. Add ~20 pL
of cell suspension between hemocytometer and cover glass.
The goal is to distribute roughly 50-100 cells/square. Count
five squares—typically four corner and the center squares. Take
the average of cellular counts per square, multiply it by the
dilution factor (multiply by 1 if not diluted) and then multiply
by 10* = the number of cells/mL. Alternatively, an automated
cell counter is quick and convenient and highly suitable for
processing multiple samples at a time.

. Pre-wetting of the PVDF membrance with 35-70% cthanol or

methanol improves hydrophobicity and greatly increases pro-
tein binding. By contrast, the nitrocellulose membrane-
bottomed filter plates require no pre-treatment and they are
not compatible with ethanol or methanol.

. To detect all ASCs in PBMCs, the plate can be pre-coated with

a single Ab, the F(ab’), fragment of anti-human
(IgM + IgG + IgA). Use F(ab'), fragment of Ig rather than the
whole Ig to reduce background signals resulting from poten-
tial cross-reactivity of Fc fragment with the detection Abs [7].
Seeding of serial diluted PBMCs is necessary to obtain a quan-
tifiable number of spots for counting. The practical limit of
spot detection generally depends on the number of cells
sceded to form a tight monolayer on the membrane surface.
Typically, 2-3 x 10° PBMCs in a well is reccommended. The
goal is to get ~50-200 spots. Although up to a maximum of
10° cells is acceptable for detection of rare events, it should be
noted that over-seeding of cells may lead to piling up of cells
and compromise the linearity between cell input and spot
frequency.

Disturbing cultured cells in the plate may cause the develop-
ment of weakly stained and fuzzy spots and the formation of
“snail trail” or “comet tail” spots. Do not stack plates to prevent
the edge effect—few or no spots at the outer wells of the plate.
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12.

13.

14.

i
(92}

16.

Squirt bottle is preferred over multichannel pipettes for man-
ual wash to prevent damaging of the membrane. When a
microplate washer is used, make sure the protruding prongs
are properly adjusted to avoid puncturing the membrane. An
automatic plate washer is highly convenient and cffective.
After completing the wash, tap the plates on a dry paper towel
to remove residual liquid contents to prevent increasing back-
ground signals. Repeat tapping motion when necessary.

BCIP/NBT reaction produces an insoluble NBT diformazan
end product that is blue to purple in color. Alternatively, use
AEC (9-cthylcarbazol-3-amine) substrate solution for HRP-
conjugated Abs. If using biotinylated detection Abs, incubate
with streptavidin-AP or -HRP proteins before adding respec-
tive substrate solutions.

For enzymatic reaction steps, removing the base of the plate
before addition of substrates can further reduce background
signals as reagents can leak through the membrane into the
bottom underdrain of the plate.

. It is necessary to allow the ELISpot plate completely air dried

in the dark before analysis in that wet membranes appear dark
and obscure the detection of weak and small spots.

Spot counting can be performed manually via a dissecting
microscope.
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Abstract

Known as a selective 81 opioid receptor (DOR1) antagonist, the 7-benzylidenenaltrexone (BNTX) is also a DORI-
independent immunosuppressant with unknown mechanisms. Here we investigated if BNTX could be beneficial for
diseased MRL//pr lupus mice. We treated mice with 0.5, 2, 5§ or 10 mg/kg/day of BNTX for 2 weeks. At as low as
2 mg/kg/day, BNTX significantly improved splenomegaly and lymphadenopathy. Notably, B cell numbers, particularly
autoreactive plasma cells, were preferentially reduced: moreover, BNTX enhanced surface expression of FeyRIIB, an
immune complex (IC)-dependent apoptotic trigger of B cells. Consequently, serum autoantibody concentrations were
significantly decreased, leading to diminished glomerular IC deposition and renal fibrosis, thereby improving protein-
uria, Microarray and pathway analyses revealed heme oxygenase-1 (HO-1) and p38 MAPK as key mediators of BNTX-
induced upregulation of FeyRIIB. Moreover, HO-1 expression was also induced by BNTX via p38 MAPK at renal
proximal tubules to further cytoprotection. Taken together, we demonstrate that BNTX can alleviate lupus nephritis by
reducing autoreactive B cells via FcyRIIB and by augmenting renal protection via HO-1. Accordingly, we propose a
new strategy to treat lupus nephritis via such a dual immuno-renal targeting using cither a single agent or combined
agents to simultancously deplete B cells and enhance renal protection.

Key messages

* 7-Benzylidenenaltrexone (BNTX) alleviates lupus nephritis in diseased MRL//pr mice.
+  BNTX reduces autoreactive plasma cell numbers and serum autoantibody titers.

«  BNTX upregulates FeyRIIB levels via p38 MAPK and HO-1 to reduce B cell numbers.
*  Reduction of immune complex deposition and fibrosis by BNTX improves proteinuria.
+  BNTX induces HO-1 via p38 MAPK to enhance protection of renal proximal tubules.

Keywords 7-Benzylidenenaltrexone (BNTX) - Lupus nephritis - FeyRIIB - B cells - Heme oxygenase-1 (HO-1) - p38 MAPK
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Introduction

The opioid system consists of three classical naloxone-
sensitive receplors-p-opioid receptors (MORs), k-opioid re-
ceptors (KORs) and d-opioid receptors (DORs), and a
naloxone-insensitive receptor-the non-classical nociceptin/
orphanin FQ receptors. Opioids have well-known effects on
analgesia and addiction and other complex pharmacological
properties [1]. For example, opioids, e.g. morphine, are im-
munosuppressants, of which inhibitory effects are attributed to
the MORs and KORs rather than DORs [2]. Distinct from the
modulators of MORs and KORs, DOR agonists actually stim-
ulate immune function [2-4], whereas DOR antagonists, e.g.
BNTX and naltrindol. suppress immune cells [5]. Based on
the differences of pharmacological attributes, DORs can be
classified into DOR1 and DOR2 subtypes. However, only a
receptor gene, termed Oprd, has been identified in mammals
and no evidence of splicing variants of DOR transcripts exists
[6]. Additionally, in some cases DOR 1 and DOR2 antagonists
actually have entirely different physiological effects. For in-
stance, unlike BNTX, the DOR2 antagonist naltriben is not
immunosuppressive [5]. Nevertheless, the clear functional di-
chotomy between agonists and antagonists of DORs on the
immune system indicates their therapeutic potentials for im-
munological disorders.

BNTX was originally synthesized as a selective DORI
antagonist in 1992 [7]. Shortly, data from human peripheral
blood mononuclear cells (PBMCs) revealed the inhibitory ef-
fects of BNTX on cell proliferation and cytokine production
[5]. Intriguingly, however, BNTX remains suppressive to
splenocytes isolated from the DOR-deficient mice, thereby
indicating a DOR-independent inhibition [8]. Since the turn
of the century, the cellular targets and molecular mechanisms
of BNTX-induced immunosuppression have not been
addressed.

To explore the therapeutic potential of BNTX for autoim-
mune diseases, we adopted MRL//pr lupus mice to investigate
whether BNTX can confer beneficial effects to lupus nephri-
tis. The MRL//p» mice were born with a spontaneous loss-of-
function mutation in Fas gene, leading to a breach of periph-
eral tolerance in T cells and development of a lupus disease
driven by Th1 helper T cells [9]. Because the MRL//pr mouse
strain displays the cardinal pathology of lupus nephritis, it is
commonly used as a pre-clinical model of systemic lupus
erythematosus (SLE) to evaluate drug efficacy on the discase
activity. Of importance, the present available therapies are
unsatisfactory in reversing or delaying the progression of lu-
pus nephritis, in which glomeruli become inflamed owing to
deposition of excess immune complexes (ICs) from circula-
tion or direct autoantibody deposition. Without effective treat-
ment, chronically inflamed glomeruli gradually become fi-
brotic followed by aggravation of proteinuria and progression
to renal failure [10]. Such an unmet medical need prompts
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researchers to develop new, effective and safe therapeutics
for SLE patients.

Materials and methods
Reagents

BNTX and Abs specific to p38 MAPK and ERK were
obtained from Santa Cruz Biotechnology (Dallas, TX,
USA). Naloxone, naltrindole, tin protoporphyrin IX and
dimethyl sulfoxide (DMSO) were purchased from
Selleckchem (Houston, TX. USA). SB203580 and
U0126 were acquired from Calbiochem (San Diego, CA,
USA). F(ab'), fragment of goat anti-mouse IgG and p
chain-specific goat anti-mouse IgM were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA,
USA). Mouse monoclonal Abs: CD19-PE-Cy7 (clone
1D3), CDI16/32 (clone 2.4G2), CD138-BV421 (clone
281-2), CDI11b-PerCP-Cy5.5 (clone MI1/70), CDllc-
AlexaFluor 700 (clone HL3) and GL7-AlexaFluor 647
(clone GL7), and 7-aminoactinomycin D (7-AAD) were
acquired from BioLegend (San Diego, CA, USA). Mouse
IgG isotypes and IgM were obtained from
SouthernBiotech (Birmingham, AL, USA). Abs specific
to phospho-p38 MAPK (Thr180/Tyr182), phospho-ERK
(Thr202/Tyr204) and 3 actin were purchased from Cell
Signaling Technology (Danvers, MA, USA). Ninety six-
well MultiScreen HTS filter plates were acquired from
Merck Millipore (Billerica, MA, USA). Blood lancet
was obtained from MEDIpoint, Inc. (Mineola, NY,
USA). Vectastain ABC kits were purchased from Vector
Laboratories (Burlingame, CA, USA). Urine analysis
strips were acquired from Macherey-Nagel (Duren.
Germany).

Mice

The MRL/Ipr mice were obtained from Jackson
Laboratory and maintained in specific pathogen-free con-
ditions at the Center for Laboratory Animals of College of
Medicine of National Taiwan University. The protocols
for animal experiments conformed to the guidelines ap-
proved by the Institutional Animal Care and Use
Committee (IACUC) of College of Medicine of National
Taiwan University. Full-blown female mice of 17 weeks
old with the severity of proteinuria (++/+++ on urinalysis
strip tests) were randomly divided into groups for treat-
ment with vehicle (PBS) or a defined dose of BNTX for
14 days via intra-peritoneal route. Mice were sacrificed on
the following day after the last treatment.
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Enzyme-linked immunosorbent assay (ELISA)

To detect anti-dsDNA autoantibodies, 50 pg/ml methylat-
ed BSA (Sigma-Aldrich) was added into 96-well plates to
incubate at 37 °C for 1 h, followed by overlaying
10 pg/ml of calf thymus DNAs (Invitrogen, Carlsbad,
CA, USA) for additional incubation at 4 °C overnight.
Mouse serum samples were diluted (1:100) to measure
concentrations of anti-dsDNA IgM and IgG. Mouse IgM
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BV421, CD19-PE-Cy7. CD11b-PerCP-Cy5.5, CDl1lc-
AlexaFluor 700, and GL7-AlexaFluor 647 mAbs to quantify
cell subsets by LSRFortessa flow cytometer (BD Biosciences).
Dead cells were excluded by 7-AAD staining. BJAB B cells
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were treated with vehicle (DMSO) or indicated concentrations
of BNTX for 24 h and stained with CD32-FITC (clone FLIS.26,
BD Biosciences) and 7-ADD for cytometric analysis. The per-
centages of immune cell subsets and mean fluorescence intensi-
ty (MFI) of the surface FeyRIIB levels were analyzed and quan-
titied by FlowJo, version 10 (FLOWJO, LLC, Ashland, OR,
USA). Single-cell suspension of total bone marrow cells was
prepared by mechanical dispersion of marrow extracted from
both femur bones of mice.

Enzyme-linked immunospot (ELISpot) assay

ELISpot assays were performed as previously described
[11]. Briefly, splenocytes and bone marrow cells (3.2
6.4 % 10°/well) were serially diluted (2-fold) for detection
of IgG and IgM dsDNA plasma cells (PCs), were incu-
bated at 37 °C overnight. After washes with PBS-T, HRP-
conjugated goat Abs specific to p or v chain (1:5000)
were added for 1-h incubation at room temperature.
Spots were developed by addition of 50 pl/well of 3-
amino-9-ethylcarbazole substrate (BD Biosciences) to in-
cubate for 20-30 min. Plates were scanned to enumerate
spots using the C.T.L. S6 Universal Analyzer.

Immunohistochemistry examination

Four pum thick of paraffin-embedded kidney sections
were incubated with rabbit polyclonal Abs specific to

FecyRIIB MFI

FcyRIIB MFI

mouse HO-1 (CUSABIO Biotech Co., Baltimore, MD,
USA) at 4 °C overnight. After washes, HRP-conjugated
anti-rabbit Abs were added for 1-h incubation at room
temperature. Slides were washed thoroughly before
adding the 3.3-diaminobenzidine substrates for develop-
ment. Sections were counterstained with hematoxylin be-
fore mounting. An Axioplan 2 light microscope (Zeiss,
Oberkochen, Germany) was used to photograph sections.
The degrees of IC deposition in the renal glomeruli were
determined by staining with HRP-conjugated goat anti-
mouse IgM at room temperature for | h. Collagen fibers
were stained by a Masson’s trichrome staining kit
(Sigma-Aldrich) to assess fibrosis in kidneys.
MetaMorph software (Molecular Devices, Sunnyvale,
CA, USA) was used to quantify arcas of interest in tissue
sections.

Urine biochemistry analysis

Urine creatinine was measured by Roche Cobas C111 chem-
istry analyzer (Roche Diagnostics). Bradford protein assay
was used to measure the protein concentrations of 24-h urine
samples from MRL//pr mice before and after treatments.

Immunoblotting

BJAB B cells and NRK-52E cells (ATCC CRL-1571.
provided by Dr. Shuei-Liong Lin) were cultured in
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RPMI 1640 and DMEM, respectively, both of which were
supplemented with 10% fetal calf serum. BJAB B cells
(2% 10%ml) and NRK-52E cells (90% confluence) were
treated with indicated concentrations of BNTX for 24 h.
Cells were lysed with RIPA buffer for SDS-PAGE and
subject to western blotting using Abs specific to HO-1
(CUSABIO), p38 MAPK, phospho-p38 MAPK, ERK,
phospho-ERK and B actin, respectively. Imagel software
was used to quantify the relative abundance of respective
proteins by normalization to (3 actin proteins.
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RNA extraction and microarray analysis

BJAB cells (2 x 10%ml) with treated with 2 or 10 HM of
BNTX, naltrindol and naloxone for 9 h. Total RNAs of each
sample were extracted with Trizol (Life Technologies,
Carlsbad, CA, USA). The RNA concentration and quality
were determined using a NanoDrop ND-1000 spectrophotom-
cter (NanoDrop Technologies, Wilmington, DE, USA) and an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA) to calculate the RNA integrity number (RIN). Total
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4 Fig. 5 BNTX treatment activated p38 MAPK and HO-1 proteins to
upregulate expression levels of FeyRITB in B cells. a BJAB B cells
{2 * 10%ml) were treated with vehicle (DMSO), 2 or 10 uM of BNTX,
naltrindole (NTD) and naloxone (NLX). respectively. To analyze the
intensity distribution of microarray results, PCA was conducted to
compare global gene expression profiles among samples. b DEGs were
identified for further clustering by calculating their euclidean distances
and then visualized by heatmap. Significant ingenuity canonical
pathways in clusters were depicted. Blue color represents
downregulation while red color indicates upregulation. Different color
depths reveal the genes’ expression values. ¢ IPA was performed for
network identification of DEGs of BNTX-responsive genes. Red color
represents upregulated genes while blue color indicates down-regulated
genes of datasets of BNTX., Molccules highlighted in white from IPA
database are highly connected with DEGs. d Surface expression levels
of FcyRIIB of BJAB B cells in the absence (vehicle control) versus
presence of 1, 2.5 and 5 uM of BNTX for 24 h, respectively. Bar
graphs of cytometric analyses on the expression levels of FeyRIIB
(MFI vs. control) of control versus BNTX-treated cells (P=0.053,
0,013 and 0.0267). Expression levels of surface FcyRIIB of BJAB B
cells with the addition of 10 uM of SB203580 (P =0.6859, 0.4153 and
0.8571). U0126 (P =0.2114, 0.0265 and 0.0178) or tin protoporphyrin [X
(TinPP) (P =0.5475. 0.4638 and 0.3379) with or without 1. 2.5 and 5 uM
of BNTX, respectively, for 24 h were compared. e BJIAB B cells treated
with cither vehicle (DMSO) or BNTX (0.5, 1, 2.5 and 5 uM) for 24 h
were subject to immunoblot analysis using Abs specific to HO-1 and 8
actin, respectively. A representative blot from three independent
experiments was shown. f Western blotting results of BNTX-treated (0,
2.5 and 5 uM) BJAB B cells in the absence or presence of SB203580
(10 uM) for 24 h using indicated Abs. Representative results from three
independent experiments were shown

RNA samples with A,g0/Aagg = 1.8-2.0 were assessed for
RNA integrity. Samples with RIN > 9 were processed for gene
expression profiling. The RNA concentration of samples was
adjusted to the 50 ng/ul with DEPC-treated H,0. A total of
500 ng RNAs per sample were converted to double-stranded
¢DNA, followed by an amplification step with in vitro tran-
scription to generate biotin-labeled cRNA (Ambion, Austin,
TX. USA). A total of 1.5 g cRNA was subsequently hybrid-
ized to Illumina Human HT-12 v4.0 beadchip (Illumina, San
Diego, CA, USA) at 58 °C at the [llumina Bead Station. After
hybridization for 14-20 h, the BeadChip was stained by Cy3
and washed. The intensities of the bead’s fluorescence were
detected by the Illumina Bead Array Reader, and the results
were analyzed using GenomeStudio v2010.1 software. The R
software with Bioconductor packages was used for data anal-
ysis and data visualization. Raw intensity data were
preprocessed by log2 transformation and then normalized by
quantile normalization using ‘limma’ package of R.
Normalized values of each sample were further divided with
the values of control sample (DMSO treated cells). The dif-
ferentially expressed genes (DEGs) were defined with abso-
lute log2 fold-change value = 1. The similarity of the compo-
sition of each sample was analyzed by principal component
analysis (PCA) using ‘ggfortify” package of R. A hierarchical
clustering analysis was applied to identify the expression pat-
tern of DEGs and the results were visualized as a heatmap

using ‘pheatmap’ package of R. The canonical pathway was
conducted by ingenuity pathway analysis (IPA) program and
analyzed based on ingenuity knowledge base (content ver-
sion: 39480507; release date: 2017-09-14). Fisher’s exact test
was used to determine the enrichment of differentially
expressed proteins in a given canonical pathway.

Statistics

Statistical analysis was performed using two-tailed unpaired
Student’s 7 test to compare groups with Welch's correction in
the presence of unpaired variance. Graphs and histograms
were plotted using GraphPad Prism 6.0 (GraphPad Software,
Inc., San Diego, CA, USA). All results were shown as mean +
standard error (SEM). *P<0.05, **P<0.01, and
##%P<(.001 denote degrees of statistical significance be-
tween compared groups. NS indicates no significance.

Results

BNTX treatment improves splenomegaly
and lymphadenopathy in MRL//pr lupus mice
with full-blown disease

Because of entirely unknown cfficacy of BNTX in animals,
various doses were applied to female MRL//pr mice of
17 weeks old when serum anti-dsDNA ftiters and proteinuria
were evident [9]. Mice were treated with either vehicle (PBS)
or BNTX at 0.5, 2, 5, or 10 mg/kg/day for 2 weeks by intra-
peritoneal route. As shown in Fig. la, BNTX treatment sig-
nificantly improved splenomegaly at as low as 2 mg/kg/day
(P =0.0186), but not 0.5 mg/kg/day (P = 0.9586), compared
with mice treated with vehicle. Likewise, 2 mg/kg/day (P=
0.005), but not 0.5 mg/kg/day (P =0.4609), of BNTX treat-
ment significantly reduced lymphadenopathy compared with
control mice (Fig. 1b). No significant changes of the body
weight of mice were observed up to 10 mg/kg/day of BNTX
treatment, suggesting a considerable dose range for therapy
(Fig. 1c). We next examined whether BNTX treatment altered
the numbers of immune cells in the spleen. While B cells
continued to expand in vehicle-treated mice, the percentages
of CD19" B cells were decreased ~30-50% after treatment
with 2 to 10 mg/kg/day of BNTX (Fig. 1d; P=0.8391, <
0.0001, 0.0004 and < 0.0001 for 0.5, 2, 5 and 10 mg/kg/day,
respectively). By contrast, the percentages of CD3*CD4™ T
cells (P=0.342, 0.2862, 0.3694 and 0.9159) and CD11b*
myeloid cells (P=0.6708, 0.0676, 0.8735 and 0.7947) were
not significantly altered by various doses (0.5, 2, 5 and
10 mg/kg/day) of BNTX treatment compared with control
mice (Fig. le, f).
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BNTX treatment reduces splenic and bone marrow
autoreactive PC numbers and decreases serum
autoantibody concentrations in MRL//pr mice

Because B cells were selectively reduced after BNTX treatment
(Fig. 1d), we examined possible alteration of the numbers of
autorcactive PCs, which in lupus are responsible for seereting
autoantibodies to form excess immune complexes (ICs) to de-
posit in tissues. We used the ELISpot assay for its great sensi-
tivity and accuracy to quantify the numbers of PCs [11]. In
control mice, the numbers of splenic anti-dsDNA IgM (P =
0.0833) and IgG (P =0.0295) PCs continued to increase sub-
stantially (Fig. 2a). In contrast, after 0.5, 2, 5 or 10 mg/kg/day
of BNTX treatment, we found a remarkable more than 50%
decrease of the numbers of splenic anti-dsDNA IgM dose-
dependently compared with vehicle-treated mice (P =0.023,
0.0008, 0.0006 and 0.0004) (Fig. 2a). To a similar extent, the
numbers of anti-dsDNA IgG (P =0.0967, 0.0037, 0.0133 and
0.0121) decreased after BNTX treatment (0.5, 2, 5 and
10 mg/kg/day) as compared to vehicle-treated mice (Fig. 2a).
Importantly, BNTX treatment reduced the numbers of anti-
dsDNA PCs not only in the spleen but also in the bone marrow,
where long-lived PCs reside [12]. In the bone marrow, the
numbers of anti-dsDNA IgM (P =0.0011, 0.0005, 0.0003
and 0.0004) and IgG (P=0.0023, 0.002, 0.002 and 0.0017)
PCs significantly declined in BNTX-treated (0.5, 2, 5 and
10 mg/kg/day) mice as compared to control mice, respectively
(Fig. 2b).

We next examined the consequence of reduced num-
bers of anti-dsDNA PCs on the autoantibody production
following various doses (0.5 to 10 mg/kg/day) of BNTX
treatment. Indeed, the serum concentrations of anti-
dsDNA IgM (P=0.6125, 0.0299, 0.0411, 0.0452) and
IgG (P=0.4472, 0.042, 0.0157, 0.0295) autoantibodies
were decreased by ~50% after 2, 5 and 10 mg/kg/day of
BNTX treatment in comparison to control mice, respec-
tively (Fig. 3a, b). In vehicle-treated mice, the serum
levels of anti-dsDNA IgM (P <0.0001) and I1gG (P=
0.047) continued to increase as the disease progressed
(Fig. 3a, b).

BNTX treatment upregulates the surface expression
level of FcyRIIB in B cells in MRL//pr mice

FeyRIIB is an essential negative regulator of B cells. We and
others have shown that FcyRIIB can mediate apoptosis of B
cells induced by ICs particularly in the PCs [13-16]. We then
investigated the potential contribution of FeyRIIB in the reduc-
tion of PC numbers in response to BNTX treatment. Except for
0.5 mg/kg/day (P=0.0744), treatment with 2, 5 or 10 mg/kg/
day (P=0.0049, 0.0038 and 0.0186) of BNTX enhanced the
surface expression of FeyRIIB in splenic CD19™ B cells by ~
20-30% as compared to control MRL/[pr mice (Fig. 4a).
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Although CD11b* myeloid cells also express FcyRIIB, their
expression levels were not significantly altered after various
doses of BNTX treatment (Fig. 4b).

BNTX treatment induces HO-1 gene expression
and regulatory networks distinct from naltrindole
and naloxone

In addition to BNTX, naltrindole, a non-selective DOR antag-
onist, and naloxone, a pan-opioid receptor antagonist, can not
only antagonize DORs but also confer immunosuppressive
effects [S, 8]. Morcover, BNTX, naltrindole and naloxone
remain immunosuppressive to splenocytes isolated from
DOR-deficient mice [8]. We then decided to unravel the
mechanisms of BNTX and to determine if BNTX induced
specific genes distinct from naltrindole and naloxone to inhibit
B cells. Because continuous treatment with BN'TX for 2 weeks
reduced B cells by FeyRIIB-mediated apoptosis in the spleen
and bone marrow might affect retrieval of RNAs of interest
(Figs. 1, 2 and 3), we decided to perform microarray analysis
using BJAB B cells, which is a commonly used human B cell
line, to compare the gene expression profiles of BNTX,
naltrindol and naloxone. Specific genes responsible for
BNTX action could then be identified for further investiga-
tion. Total RNA samples of BIAB B cells in response to 2 or
10 uM of BNTX, naltrindole and naloxone were separately
collected and purified to perform microarray profiling of glob-
al gene expression. Responsive genes with concentration-
dependent changes in expression were further analyzed to
identify drug-specific gene signatures. To our surprise, the
PCA showed virtually no similarities in DEG profiles of B
cells treated with BNTX, naltrindole and naloxone, respec-
tively (Fig. 5a). Moreover, clustering analysis of their gene
expression profiles showed distinct groups of upregulated
and downregulated genes (Fig. 5b and Supplemental
Tables 1, 2). Notably, HO-1 transcripts were abundantly in-
duced up to 4 folds among the genes specifically in response
to BNTX (Supplemental Table 3). When we used ingenuity
pathway analysis (IPA) to classify relevant pathways and reg-
ulatory networks of differentially expressed genes, HO-1 was
predicted to independently interact with p38 MAPK and
MAPKI (a. k. a. ERK2, extracellular signal-regulated ki-
nase-2) (Fig. 5c). HO-1 upregulation by BNTX was also
linked to downregulation of several genes in the c-myc regu-
latory network (Fig. 5¢).

HO-1 and p38 MAPK promote upregulation of FcyRIIB
in response to BNTX in B cells

To validate the findings from microarray experiments, we
performed flow cytometry to investigate the influence of
p38 MAPK. ERK and HO-1 on the expression level of
FcyRIIB in B cells. As shown in Fig. 5d. BNTX-mediated
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Fig. 6 BNTX treatment decreased IC deposition, reduced fibrosis and
improved proteinuria in diseased MRL//p»r mice. a Glomerular
deposition of IgM ICs in renal sections of control versus BNTX-treated
(0.5, 2, 5, 10 mg/kg/day) mice was examined. Control mice of 17 weeks
of age (n = 3) before treatment were included for comparisons. Three or
four mouse kidneys of cach group were analyzed. (Right pancl) Bar
graphs showed comparisons of control (vehicle-treated, 19 w/o) versus
0.5 mg/kg/day (P =0.4065), 2 mg/kg/day (P <0.0001), 5 mg/kg/day
(P <0.0001) and 10 mgkg/day (P <0.0001) of BNTX-treated mice
before and after treatment, b Kidneys from control (# =4) and BNTX-
treated (n =3-4) MRL/Ipr mice were sectioned and stained with
Masson’s trichrome solutions. Representative images (magnification *

100) of renal sections from control (17 w/o and vehicle-treated) and
BNTX-treated mice were illustrated. Scale bars, 50 pm. Intensities of
collagen deposition (stained blue) in the glomerular and tubulo-
interstitial arcas were quantified and averaged in cach high-power ficld

upregulation of FeyRIIB levels was significantly impaired
by inhibitors specific to either p38 MAPK (SB203580) or
HO-1 (tin-protoporphyrin IX), but not by ERK inhibitor
(U0126) in BJAB B cells. In concordance with these find-
ings, BNTX induced expression of HO-1 levels in a
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(HPF) (> 5 glomeruliHFP and > 5 HPFs/section/mouse). Quantifications
of tubulo-interstitial and glomerular stained regions of control (19 w/o)
versus 0.5 mg/kg/day (P =0.4873 and 0.4897), 2 mg/kg/day (P=0.0176
and 0.0041), § mg’kg/day (P=0.0009 and < 0.0001) and 10 mg/kg/day
(P=0.01 and <0.0001) of BNTX-treated mice were compared and
illustrated as bar graphs. ¢ Urinary protein/creatinine (pg/mg) ratios of
control (n = 6) versus BNTX-treated (0.5, 2. S, 10 mg/kg/day. n =5-8)
mice, respectively. Bar graphs illustrated alterations of severity of
proteinuria between control (P =0.002), 0.5 mgkg/day (P =0.3136),
2 mg/kg/day (P =0.,0023), 5 mgkg/day (P <0,0001) and 10 mg/kg/day
(P =0.0059) of BNTX-treated mice. d Vehicle (dash line, # = 14) and
5 mg/kg/day of BNTX (solid line, nn = 10) treated mice were monitored
for survival for a total of 5 weeks starting the 2 weeks of treatment. The
survival rates of mice between two groups were plotted and compared
(P =0.0442) using log-rank (Mantel-Cox) test for statistical significance

concentration-dependent manner (Fig. 5e¢). Moreover, re-
sults from western blotting showed that p38 MAPK inhibi-
tor reduced the level of HO-1 proteins induced by BNTX
(Fig. 5f). These results demonstrate that BNTX upregulates
HO-1 via p38 MAPK.
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¢ P<0.0001 proteinuria in MRL/Ipr mice (P=0.0076, 0.0008 and
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pression in the kidney to alleviate lupus nephritis. Indeed, in a
d Log-rank (Mantel-Cox) test: p = 0.0442 dose-dependent manner, HO-1 expression was markedly up-
100 . regulated at the proximal tubules adjacent to the glomerulus
- E I_ w10 by 2, 5 and 10 mg/kg/day of BNTX treatment (P =0.0007, <
Z 0.0001 and <0.0001), respectively, in MRL/lpr mice
= 60 - (Fig. 7a). In contrast, HO-1 expression in proximal tubules
g 404 R O n=14 remained low in vehicle-treated mice (Fig. 7a). We then used
@ mouse NRK-52E cell line of proximal tubular origin to inves-
20 1 -+ ko tigate the molecular basis of BNTX effects. Cells were treated
0 . . . — 5m.g)'kg . with various concentrations (0, 1, 2.5, 5 uM) of BNTX for
17 18 19 20 21 2 23 24 h. We found that HO-1 expression was induced by BNTX
Age (weeks) in a concentration-dependent manner (Fig. 7b). Moreover, the

Fig. 6 (continucd)

BNTX treatment effectively ameliorates lupus
nephritis in MRL//pr mice

As the autoantibody production significantly declined follow-
ing the depletion of PCs by BNTX treatment (Fig. 3), we
mvestigated glomerular IC accumulation, which can induce
chronic inflammation and gradually results in destruction.
Indeed, BNTX treatment at 2, 5 and 10 mg/kg/day. but not
0.5 mg/kg/day (P =0.4065), significantly decreased deposi-
tion of IgM ICs in the glomerulus by ~20-40% (Fig. 6a).
Except for the 0.5 mg/kg/day of BNTX treatment, the depo-
sition of collagen fibers stained by Masson’s trichrome was
significantly reduced both in the glomeruli (P=0.0041, <
0.0001 and < 0.0001 for 2, 5 and 10 mg/kg/day, respectively)
and in the tubulo-interstitial space (P =0.0176, 0.0009 and
0.01 for 2, 5 and 10 mg/kg/day, respectively) in discased
MRL/ipr mice (Fig. 6b). To determine if proteinuria was also
improved by BNTX treatment, we collected 24-h urine sam-
ples from control and BNTX-treated MRL/jpr mice to mea-
sure their concentrations of protein and creatinine. The urinary
protein/creatinine ratio was then used to report the severity of
proteinuria resulting from glomerular destruction in MRL/Ipr
mice. As shown in Fig. 6¢, BNTX treatment with 2, 5 and
10 mg/kg/day, respectively, all significantly improved
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expression level of HO-1 was reduced by p38 MAPK inhib-
itor SB203580 (P = 0.0585). but not by ERK inhibitor (P =
0.2232) (Fig. 7b, c). These results suggest that in renal tubular
cells induction of HO-1 proteins by BNTX requires p38
MAPK.

Discussion

Lupus nephritis is a hallmark of SLE. About 20% of patients
with lupus nephritis are refractory to immunosuppressive
treatment, and 30 to 50% of these patients progress to end-
stage renal failure even under intensive therapy [19]. To our
knowledge, this is the first report of BNTX to alleviate lupus
nephritis through a dual effect by reduction of autoreactive
PCs via FcyRIIB and by induction of HO-1 expression to
enhance renal tubular protection against glomerular protein-
uria. Such a dual targeting of BNTX is of novelty and impor-
tance in that no current single agent or two independent drugs
in clinical use exert a similar dual effect to BNTX for the
treatment of any autoimmune diseases. Moreover, neither B
cell depletion agents, e.g. rituximab, preferentially target PCs
[20] nor are approved HO-1 activators available. Given that
the DOR-deficient mice exhibit no spontaneous phenotype,
the beneficial effects via the dual action of BNTX open an
opportunity for the development of a new class of therapeutics
to patients with lupus nephritis.
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Fig. 7 BNTX treatment induced
HO-1 expression in renal
proximal tubules in MRL/Ipr
mice. a Immunohistochemical
staining of HO-1 proteins in the
kidneys. The bar graph (right
pancl) illustrated the
quantification of HO-1 levels at
renal tubules of control versus

2 mg/kg/day (P=0.0007),

5 mg/kg/day (P<0.0001) and
10 mgkg/day (P < 0.0001) of
BNTX-treated mice, respectively.
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Evidence from DOR knockout mice excludes the par-
ticipation of DOR for the immunosuppressive effects of
BNTX [8]. In addition, independent groups have reported
no detectable expression of DORs in human PBMCs [21,
22]. Here, we show that BNTX can upregulate FeyRIIB
expression in B cells to promote elimination of PCs via
excess ICs in circulation (Fig. 2). The reduction of PC
numbers eventually results in decreased formation of ICs
and thereby diminished deposition of ICs in the glomeru-
lus, dampening glomerulonephritis and ameliorating pro-
teinuria (Fig. 6). Remarkably, the numbers of anti-
dsDNA-secreting PCs in bone marrow were also reduced
after treatment with BNTX at as low as 2 mg/kg/day (Fig.
2). Correspondingly, the serum concentrations of anti-
dsDNA Abs significantly declined (Fig. 3). The elimina-
tion of bone marrow autoreactive PCs is of clinical im-
portance because recent evidence indicates a necessity to
climinate these PCs for a complete cure of SLE [23-25].
Yet, none of the current therapeutic Abs is designed to
directly target PCs for depletion [26].

Elimination of pathogenic B cells is crucial for the
treatment of lupus in that B cell-deficient MRL//pr mice
fail to develop glomerulonephritis [27, 28]. A key finding
of our study is that BNTX treatment up-regulates the ex-
pression level of FeyRIIB in B cells (Fig. 4a). Given that
PCs express the highest level of FcyRIIB among popula-
tions of B cells and ICs can trigger apoptosis of B cells
via FeyRIIB, PCs are therefore most sensitive to
FcyRIIB-dependent apoptosis [13-16, 29]. Morcover,
bone marrow long-lived PCs no longer express the B cell
receptor on their surfaces [26]. Thus, BNTX-mediated
upregulation of FeyRIIB can deliver apoptotic signals to
decrease autoreactive PC numbers via an auto-regulatory
feedback loop between FeyRIIB and excess ICs. In this
study, we identified p38 MAPK and HO-1 as essential
mediators for BNTX-induced upregulation of FeyRIIB
in B cells (Fig. 5d). To the best of our knowledge, we
are the first to report the inhibitory effect of HO-1 on B
cells and the functional link between HO-1 and FeyRIIB.
Of importance, the induction of HO-1 appears to be
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specific to BNTX but not to other DOR antagonists, e.g.
naltrindole and naloxone (Fig. 5a, b).

The most severe complication of SLE is lupus nephritis,
which affects more than half of patients during the course of
disease [10, 20]. Patients with lupus nephritis gradually de-
velop glomerular proteinuria as a consequence of IC-
associated chronic inflammation and impaired permeability
and integrity of the glomerular structure. Plasma proteins
are filtrated through the glomerulus and normally
reabsorbed from the proximal tubules to prevent protein-
uria. Excess urinary proteins therefore result in over-
reabsorption by proximal tubular cells. Consequently, high
tubular transport demands oxygen consumption, which is
prone to produce excess reactive oxygen species to induce
pro-inflammatory and pro-fibrotic processes [30]. HO-1 is
an inducible molecule with anti-oxidant and anti-
inflammatory properties [31]. The major physiological
function of HO-1 is to convert heme to biliverdin, which is
subsequently converted to bilirubin, and during the course
carbon monoxide is produced and iron is released [31]. The
crucial role of HO-1 as a renal protectant can be evidently
demonstrated in a human patient with genetic deficiency of
HO-1, who succumbed to proteinuria and renal tubular in-
jury [32]. Conversely, HO-1 overexpression in mice pro-
tects against renal inflammation and fibrosis induced by
ureter obstruction [33]. Moreover, HO-1 induction therapy
has beneficial effects for renal diseases, including glomeru-
lonephritis [34. 35]. Here, we showed that BNTX at 2 to
10 mg/kg/day significantly reduced renal fibrosis and im-
proved proteinuria over 2 weeks of treatment (Fig. 6).
Mechanistically, we showed that like B cells BNTX activat-
ed p38 MAPK to induce HO-1 expression in renal tubular
cells (Fig. 7). The effective doses of BNTX range from 2 to
10 mg/kg/day to treat lupus nephritis indicating a consider-
able window for BNTX dose-finding and a good opportu-
nity for safe use in clinical application. Along this line, a
fivefold dose range of BNTX from 2 to 10 mg/kg/day ap-
pears to demonstrate comparable therapeutic efficacies. In
support of this, mice treated with 2-10 mg/kg of BNTX
showed no elevation of serum levels of alanine transami-
nase (ALT), indicative of no obvious hepatotoxicity
(Supplemental Fig. 1). However, the ability of BNTX to
cross blood-brain barrier can exert antagonistic actions on
DORs prompts the use of a low, effective dose to avoid
potential side effects from the central nervous system. c.g.
antitussive and antinociception [36, 37]. Moreover, DOR
agonists have recently been developed for the treatment of
chronic pain [38, 39], e.g. neuropathic pain and inflamma-
tory pain, both of which are aggravated in mice deficient in
DORI gene [40, 41]. Therefore, for clinical application in
lupus, it is essential to reduce the lipophilicity of BNTX and
its derivatives to prevent the drugs from passing through the
blood-brain barrier to result in adverse effects.

@ Springer

In conclusion, our studies reveal a dual effect of BNTX via
FeyRIIB and HO-1 to confer therapeutic benefits to mice with
lupus nephritis. Such a dual effect of BNTX to target both
immune and renal systems is novel because neither PC-
selective targeting drugs nor FDA-approved HO-1 activators
are available at present. Although the absence of obvious phe-
notype of DOR1-deficient mice encourages the development
of BNTX and its derivatives as a new class of immunosup-
pressive agents, it will be of importance to validate the DOR-
independent effects of BNTX via FeyRIIB and HO-1 in re-
spective gene deficient mice before consideration for clinical
application [8, 42]. Importantly, the concept of dual immune
and renal targeting could greatly contribute to the design of
new therapeutics in particular for Ab-mediated autoimmune
diseases, e.g. SLE.
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