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Abstract

Ig class switch DNA recombination (CSR) in B cells is crucial to the maturation of antibody
responses. It requires IgH germline Iy-Cy transcription and expression of AID, both of which are
induced by engagement of CD40 or dual engagement of a Toll-like receptor (TLR) and B cell
receptor (BCR). Here, we have addressed cross-regulation between two different TLRs or between
a TLR and CD40 in CSR induction by using a B cell stimulation system involving
lipopolysaccharides (LPS). LPS mediated long-term primary class-switched antibody responses
and memory-like antibody responses in vivo and induced generation of class-switched B cells and
plasma cells in vitro. Consistent with the requirement for dual TLR and BCR engagement in CSR
induction, LPS, which engages TLR4 through its lipid A moiety, triggered cytosolic CaZ* flux in
B cells through its BCR-engaging polysaccharidic moiety. In the presence of BCR crosslinking,
LPS synergized with a TLR1/2 ligand (Pam3CSK,) in CSR induction, but much less efficiently
with a TLR7 (R-848) or TLR9 (CpG) ligand. In the absence of BCR crosslinking, R-848 and CpG,
which per seinduced marginal CSR, virtually abrogated CSR to 1gG1, 1gG2a, 1gG2b, 1gG3 and/or
IgA, as induced by LPS or CD154 (CD40 ligand) plus IL-4, IFN-y or TGF-, and reduced
secretion of class-switched Igs, without affecting B cell proliferation or IgM expression. The CSR
inhibition by TLR9 was associated with the reduction in AID expression and/or IgH germline I-
S-Cy transcription, and required co-stimulation of B cells by CpG with LPS or CD154.
Unexpectedly, B cells also failed to undergo CSR or plasma cell differentiation when co-
stimulated by LPS and CD154. Overall, by addressing the interaction of TLR1/2, TLR4, TLR7
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and TLR9 in the induction of CSR and modulation of TLR-dependent CSR by BCR and CD40,
our study suggests the complexity of how different stimuli cross-regulate an important B cell
differentiation process and an important role of TLRs in inducing effective T-independent
antibody responses to microbial pathogens, allergens and vaccines.
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antibody, AID; B cells; B cell receptor (BCR); CpG; class switch DNA recombination (CSR);
cytokine; germinal center; immunoglobulin; lipopolysaccharides (LPS); T-independent antibody
response; Toll-like Receptor (TLR)

Introduction

Immunoglobulin (Ig) class switch DNA recombination (CSR) substitutes an Ig heavy chain
(IgH) constant region (e.g. Cu in IgM) with a downstream region (e.g. Cy, Ca or Ce of IgG,
IgA or IgE), thereby altering the effector function(s) of an antibody without changing its
antigen specificity [1]. Pentameric/hexameric IgMs, as produced by non-switched B cells,
do not enter the extra-vascular space; class-switched monomeric 1gGs and IgEs and
monomeric/dimeric IgAs can distribute systemically. IgAs in the intestinal, respiratory and
reproductive mucosae control commensal and environmental microbes. CSR, together with
somatic hypermutation (SHM) and subsequent positive selection for high-affinity antibody
mutants, are essential for the maturation of an effective antibody response during an
infection or after vaccination [2].

Induction of CSR in B lymphocytes entails germline 14-S-Cy transcription in the IgH locus,
as driven by Iy promoters and encompassing upstream (donor) and downstream (acceptor)
switch (S) regions, where recombination occur. It also requires expression of activation
induced cytidine deaminase (AID) in B cells [1, 3]. Both IgH germline I4-S-Cy
transcription and Aicda (encoding AID) transcripts are induced in B cells activated by
primary CSR-inducing stimuli, e.g., T-dependent CD40 signals and T-independent dual
Toll-like receptor (TLR)/B cell receptor (BCR) signals [1]. In T-independent antibody
responses, B cells are induced to express AID and undergo CSR upon dual engagement of
their TLRs and BCR by microbe-associated molecular patterns (MAMPs) and repetitive
antigenic ligands, respectively [4, 5]. Dual TLR/BCR engagement also plays an important
role in CSR induction in T-dependent antibody responses, before the emergence of specific
T helper (Ty) cells, by directly activating B cells for CSR induction or by priming B cells
for CD40 engagement by trimeric CD154 expressed on T cells for CSR induction. T-
dependent and T-independent primary CSR-inducing stimuli also enable secondary stimuli,
i.e., cytokine IL-4 and TGF-§ (as well as IFN-y in the mouse), to induce IgH germline I-S-
Cy transcription and histone modifications in the donor and acceptor S regions [6, 7],
thereby directing CSR to specific Ig isotypes. IL-4 induces activation of STAT6, which is
then recruited to the Iy1 and le promoters to induce Iy1-Sy1-Cy1 and le-Se-Ce germline
transcription, and directs CSR to IgG1 and IgE. Likewise, IFN-y induces germline Iy2a-
Sy2a-Cvy2a transcription for CSR to 1gG2a through Stat1/2, whereas TGF- induces
germline 1y2b-Sy2b-Cy2b and la-Sa-Ca transcription through transcription factors Smad
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and Runx for CSR to 1gG2b and IgA, respectively [3]. Targeting of AID to the donor and
acceptor S regions is mediated by 14-3-3 adaptor proteins, which simultaneously bind 5°-
AGCT-3’ repeats, as frequently occurring in all S regions, and H3K9acS10ph, as
specifically induced in the S regions set to recombine [8-10].

As a mature B cell expresses relatively high levels of different TLRs, e.g., TLR1/2, TLR4,
TLR7 and TLR9 in the mouse [11-13], it would activate multiple TLRs when exposed to
pathogens that contain different MAMPs, such as TLR1/2 ligand triacyl lipopeptides, TLR4
ligand lipid A, and TLR9 ligand bacterial unmethylated DNA, raising the possibility that
signals from different TLRs synergize to induce CSR. In addition, B cell-intrinsic TLR
signals contributed to class-switched T-dependent antibody responses against protein
antigens and viruses [14-16], suggesting a functional interaction of TLRs and CD40 in
sustaining and shaping the processes of antibody affinity maturation [17], likely through
modulation of B cell differentiation, including CSR. Signals emanating from innate and/or
adaptive immune receptors, e.g., those from T-independent TLRs and/or T-dependent CDA40,
can be integrated in the same B cell [18-21]. Integration of such signals can lead to enhanced
or suppressed B cell activation and differentiation, depending on the context. For instance,
human naive B cells require co-stimulation of an agonistic anti-CD40 Ab, a TLR ligand,
such as the TLR9 ligand CpG oligodeoxynucleotide (CpG), and BCR crosslinking for robust
proliferation and induction of AID expression and CSR [22]. By contrast, stimulation of
mouse B cells with CpG could suppress CD40-induced IgG1 and IgE secretion [23]. Despite
these findings, how different TLRs or TLRs and CD40 regulate each other in CSR induction
remains poorly understood, in part due to the previous lack of a robust in vitro B cell
stimulation system that employs efficient TLR ligands and CD154.

Here, we have addressed the cross-regulation between TLRs and between a TLR and CD40
in CSR by establishing a B cell stimulation system involving LPS, a widely used TLR4
ligand in activation of macrophages and B cells, other TLR ligands (including TLR1/2
ligand Pam3CSK,, TLR7 ligand R-848 and TLR9 ligand CpG), BCR crosslinking anti—-Igd
mAb/dex, and CD154 [5]. We have addressed the role of LPS in the potentiation of long-
term T-independent class-switched specific antibody responses in vivo as well as in
triggering Ca2* flux, a cardinal feature of BCR signals, and inducing efficient generation of
class-switched B cells and plasma cells in vitro. We have also analyzed the impact of
Pam3CSK4, R-848 and CpG on LPS-induced CSR and B cell differentiation into plasma
cells. We have further addressed the inhibitory effect of CpG on CD154-induced CSR and
the timing requirement for such inhibitory effect. Finally, we have shown the unexpected
impact of B cell co-stimulation by LPS and CD154 on CSR and plasma cell differentiation.

Mice and Immunization

C57BL/6 mice were maintained in pathogen-free vivaria, and were used for experiments at
8-12 weeks of age and without any apparent infection or disease. For immunization, mice
were injected intraperitoneally (i.p.) with 25 pg or 10 pg of NP-LPS (average 0.2 molecule
of 4-hydroxy-3-nitrophenyl acetyl coupled to 1 molecule of LPS; Biosearch Technologies)
in 100 pl of PBS. All protocols were in accordance with the rules and regulations of the
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Institutional Animal Care and Use Committee (IACUC) of the University of Texas Health
Science Center at San Antonio and those of IACUC of the University of California, Irvine.

B cells and CSR

Single B cell suspensions were prepared from spleens or pooled axillary, inguinal and
cervical lymph nodes using a 70-um cell strainer. Spleen B cells were resuspended in ACK
Lysis Buffer (Lonza) to lyse red blood cells and, after quenching with RPMI-1640 medium
(Invitrogen) supplemented with FBS (10% v/v, Hyclone), penicillin-streptomycin (1% v/v,
Invitrogen) and amphotericin B (1% v/v, Invitrogen) (RPMI-FBS), were resuspended in
RPMI-FBS before purification of B cells. Lymph node cells were directly resuspended in
RPMI-FBS before purification. B cells were purified by depletion of cells expressing CD43,
CD4, CD8, CD11b, CD 49b, CD90.2, Gr-1 or Ter-119 using the EasySep™ Mouse B cell
Isolation kit (StemCell Technologies) following the manufacturer’s protocol, resulting in a
preparation of more than 99% B220*1g8" B cells. For labeling with carboxyfluorescein
diacetate succinimidyl ester (CFSE, Invitrogen), B cells were resuspended in PBS at 107
cell/ml and incubated with 4 uM CFSE at 37°C for 5 m and immediately quenched with
RPMI-FBS. After pelleting, B cells were resuspended and cultured at 3 x 10° cell/ml in
RPMI-FBS supplemented with 50 M B-mercaptoethanol.

For CSR induction, B cells were stimulated with different combinations of LPS (3 pg/ml or
as indicated, from E. coli, serotype 055:B5, deproteinized by chloroform extraction, Sigma-
Aldrich), TLR1/2 ligand Pam3CSK, (100 ng/ml, Invivogen), TLR7 ligand R-848 (30 ng/ml,
Invivogen), TLR9 ligand CpG ODN1826 with a phosphorothioate backbone (CpG, 1 uM,
sequence 5’~-TCCATGACGTTCCTGACGTT-3’; Operon) and CD154 (3 U/ml, mouse
CD154-containing membrane fragments of baculovirus-infected Sf21 insect cells). Anti-Igé
mADb (clone 11-26¢) conjugated to dextran (anti-6 mAb/dex; Fina Biosolutions) was added,
as indicated, to crosslink BCRs. Recombinant IL-4 (3 ng/ml) was added for CSR to 1gG1
and IgE, IFN-y (50 ng/ml) for CSR to 1gG2a, and TGF-B (2 ng/ml) for CSR to 1gG2b (all
from R&D Systems). After stimulation, B cells were harvested, stained with fluorochrome-
conjugated mAbs (Table 1) in Hank’s Buffered Salt Solution (HBSS) for 15 m and analyzed
by flow cytometry for Igy3, 1gy1, Igy2b, Igy2a and Iga expression (CSR to 1gG3, 1gG1,
1gG2b, 1gG2a and IgA) and other B cell surface molecules. For intracellular Ige analysis, B
cells (2 x 106) stimulated by CD154 or LPS plus IL-4 were harvested and treated with 200
ul of trypsin for 2 m to cleave off FceRl, as described [10, 24], followed by quenching with
1 ml RMPI-FBS. Cells were then fixed in 200 pl of formaldehyde (3.7% v/v) at 25°C for 10
m and, after quenching with 22 pl 1 M glycine (pH 7.0), were permeabilized in 500 pl 90%
cold methanol on ice for 30 m before staining with fluorochrome-conjugated Abs and flow
cytometry analysis. FACS data were analyzed by the FlowJo® software (Tree Star).

B cell proliferation

For analysis of B cell proliferation in vitro, purified CFSE-labeled naive B cells were
cultured for 96 h in the presence of appropriate stimuli and then analyzed by flow cytometry
for CFSE intensity (CFSE distributes equally into the two daughter cells when a cell
divides). The number of B cell divisions was determined by the “Proliferation Platform” of
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the FlowJo® software. CSR as a function of the cell division number was the ratio of class-
switched B cells in each division over the total number of B cells in that division.

Real-time single B cell ratiometric Ca2* imaging and quantification

B (B220™) cells from C57/BL6 mice were immobilized on poly-L-lysine-coated chamber
slides, loaded with 1 uM Fura-2/AM, washed and incubated in Ringer’s solution containing
Ca?* (2 mM:; when thapsigargin was used for stimulation, Ca?* was not added until after
cells were stimulated for 2 m). B cells were stimulated with LPS, lipid A, anti-8-mAb/dex or
thapsigargin for up to 20 m and up to 40 cells were imaged simultaneously in each imaging
chamber. Real-time fluorescence intensities at 340 nm and 380 nm of each B cell were
measured by a custom-built CaZ* imaging microscope using the MetaFluor® Fluorescence
Ratio Imaging software [25]. The ratio of fluorescence intensity at 340 nm over that at 380
nm was plotted as a measurement of the free cytosolic Ca2* level, of up to 10 cells
(representative of 40 cells analyzed), with the threshold set as greater than 220% that of
background.

RNA isolation and qRT-PCR analysis of transcripts

Secreted Ig

Total RNA was extracted from 5 x 108 B cells using the RNeasy Mini Kit (Qiagen). First-
strand cDNA was synthesized from 2 ug RNAs using the SuperScript™ 111 System
(Invitrogen) and analyzed by gPCR using SYBR Green (Dynamo HS kit; New England
Biolabs) and appropriate primers (Table 2). PCR was performed in a MyiQ Real-Time PCR
System (Bio-Rad Laboratories) according to the following protocol: 95°C for 30 s, 40 cycles
of 95°C for 10 s, 60°C for 30 s, 72°C for 30 s. Melting curve analysis was performed at
72°C-95°C. The AACt method was used to analyze levels of transcripts and data were
normalized to the level of Cd79b, which encodes the BCR Igp chain constitutively expressed
in B cells.

To determine titers of total IgG1, 1gG3 or IgA, sera and culture supernatants were first
diluted 4 — 100-fold and 10-fold, respectively, with PBS (pH 7.4) plus 0.05% (v/v)
Tween-20 (PBST). Two-fold serially diluted samples and standards for each Ig isotypes
were incubated in 96-well plates coated with pre-adsorbed goat anti-IgG (to capture 1gG1
and 1gG3) or anti-IgA Abs (all 1 mg/ml; Table 1). After washing with PBST, captured 1gs
were detected with biotinylated anti-1gG1, —1gG3 or —IgA (Table 1), followed by reaction
with horseradish peroxidase (HRP)-labeled streptavidin (Sigma-Aldrich), development with
o-phenylenediamine and measurement of absorbance at 492 nm. Ig concentrations were
determined using Prism® (GraphPad Software) or Excel® (Microsoft) software.

To analyze titers of high-affinity NP-specific Abs, sera were diluted 1,000-fold in PBST.
Two-fold serially diluted samples were incubated in a 96-well plate pre-blocked with BSA
and coated with NP3-BSA (average 3 NP molecules on one BSA molecule). Captured Igs
were detected with biotinylated Ab to 1gG2b or IgG3. Data are expressed as relative values
based on end-point dilution factors.

Autoimmunity. Author manuscript; available in PMC 2016 February 01.
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Results

LPS promotes long-term class-switched antibody response in vivo and induces class

switching in vitro
We have previously shown that immunization of C57BL/6 mice with NP-LPS conjugate
(which crosslinks the BCR of NP-specific B cells and engages their TLR4), but not NPyg-
Ficoll (which only crosslinks BCR) or LPS, elicited class-switched NP-specific 1gG2b and
1gG3, two IgG subclasses characteristically induced by LPS, nine days after injection [5].
We tracked the serum levels of these antibodies in NP-LPS-immunized mice for 90 days.
Unlike levels of NP-specific 1gG1 in mice immunized with the T-dependent antigen NP-
CGG that peaked at d 14 — d 20 and then gradually declined (data not shown), NP-specific
1gG2b and IgG3 persisted at the initial peak levels (Figure 1). Upon secondary injection with
a lower dose of NP-LPS, mice mounted a strong antibody response, increasing NP-specific
1gG2b and IgG3 levels by 50- and 15-fold, respectively, 12 days after the injection (Figure
1).

As levels of class-switched antibodies depend on B cell class switching and differentiation
into antibody-secreting plasma cells, we next analyzed LPS induction of CSR and plasma
cell differentiation in vitro. In the presence of IL-4, LPS induced CSR to IgG1 occurred in a
dose-dependent manner, with an optimal dose range of 1-10 pg/ml, while B220'°CD138M
plasma cells formed at highest frequencies when B cells were stimulated with intermediate
doses of LPS (Figure 2a, 2b). It also occurred in a stimulation time-dependent manner, with
IgG1* B cells kept accumulating, up to seven days of stimulation (Figure 2c). By contrast,
the proportion of B220'°CD138M plasma cells did not change, possibly reflecting a
continuous increase of newly generated 1gG1* plasma cells and loss of IgM™* plasma cells
that formed within the first 2-3 days of LPS stimulation and were likely short-lived (Figure
2d). Interestingly, even a brief 24 h-stimulation of LPS was sufficient to drive a substantial
proportion (14.8%) of B cells to complete multiple cell divisions and class switching by d 4,
and B cells stimulated by LPS for 3 d underwent CSR at levels comparable to those
stimulated for 4 d (Figure 2e).

These results show that LPS induces long-term memory-like class-switched antibody
responses in vivo as well as B cell class switching and differentiation into class-switched
plasma cells in vitro.

LPS induces Ca?* flux in B cells

Our previous findings that dual engagement of a TLR and BCR can induce efficient CSR [5]
prompted us to analyze the difference of LPS, which consists of a TLR4-engaging lipid A
moiety and a polysaccharidic moiety, and monophosphoryl lipid A in triggering BCR
signaling. We adapted a quantitative real-time microscopic approach to quantify Ca?* flux, a
hallmark of the BCR signaling, in B cells at the single cell level. Within seconds of LPS
stimulation, a proportion of B cells started to release into the cytosol free Ca%*, as detected
by its binding to Fura-2, in a fluctuation manner over the course of 20 m (Figure 3a).
Overall, more than 25% of B cells showed Ca?* flux upon LPS stimulation, as compared to
virtually all B cells that did so upon stimulation by anti—-1gé mAb/dex and none upon
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stimulation by lipid A (Figure 3b). Thus, stimulation of B cells with LPS triggers not only
TLR4 signaling through its lipid A moiety, but also BCR signaling, likely through its
polysaccharidic moiety, thereby satisfying the requirement of dual TLR/BCR signaling for
the induction of high levels of CSR in B cells.

LPS-induced CSR is enhanced by Pam3CSK,4 and CpG in the presence of BCR
crosslinking

Prompted by the consideration that a B cell would encounter more than one MAMP
molecule (TLR ligand) during a natural infection, we next analyzed the modulation of LPS-
induced CSR by the ligand of other TLRs (TLR1/2, TLR7 and TLR9) in the presence of
anti-1gd mAb/dex, which triggers BCR signaling, as required for TLR ligands to induce
efficient CSR [5]. At suboptimal doses, LPS (0.1 pg/ml), Pam3CSK, (0.01 pug/ml), R-848
(0.01 pg/ml) and CpG (0.1 uM) all induced marginal levels of CSR to 1gG1 in the presence
of 1L-4 (panels within the first column, Figure 4a) — CSR was only slightly increased, to
15%-18%, when the dose doubled (panels on the slope, Figure 4a). Pam3CSKy4 and CpG, but
not R-848, enhanced LPS induction of CSR. In particular, Pam3CSK4, displayed a
synergizing activity with LPS for CSR induction (Figure 4a, red box) and did so in a dose-
dependent fashion, leading to class switching in more than 65% of B cells (Figure 4b). The
pairwise combination between Pam3CSKy, R-848 and CpG displayed additive, but not
synergistic, effect in CSR induction (Figure 4a). Notably, in the absence of anti-Igd mAb/
dex, CSR frequencies were in general below 5%, irrespective of different pair-wise
combinations (data not shown).

LPS-induced CSR is inhibited by R-848 and CpG in the absence of BCR crosslinking

In the presence of BCR crosslinking by anti—Igé mAb/dex, endosomal TLR9 ligand CpG
and TLR7 ligand R-848 could induce CSR at a high level, as we have previously shown [5],
and moderately enhance LPS-induced CSR. Surprisingly, in the absence of BCR
crosslinking, CpG and R-848 reduced CSR to 1gG1 induced by LPS plus IL-4 by over 90%
at a wide range of concentrations (Figure 5a and data not shown). By contrast, the control
GpC ODN, which did not engage TLR9, or TLR1/2 ligand Pam3CSK, did not inhibit LPS-
induced CSR. CpG-mediated inhibition was independent of any alterations in B cell division
and was not associated with any changes in the surface expression of IgM (Figure 5a, 5b). In
addition, CpG inhibited LPS induced CSR to 1gG3, other 1gG isotypes and IgA, as specified
by cytokines, such as IFN-y (for CSR to 19G2a), TGF- (for CSR to 1gG2b) or IL-4, IL-5
plus TGF- (for CSR to IgA), as assessed by surface Ig expression (Figure 5c¢) and
generation of post-recombination Iu-Cy1, Iu-Cy2a, Iu-Cy3 and Iu-Ca transcripts (Figure 6).
We further addressed the molecular mechanisms underlying CpG inhibition of CSR by
analyzing induction of AID expression and germline I-S-Cy transcription. CpG reduced
Aicda transcript levels in B cells treated with LPS, LPS plus IFN-y or LPS plus IL-4, IL-5
and TGF-B, as well as germline 1y1-Cvy1, 1v3-Cy3 and la-Ca transcripts in B cells treated
with LPS plus IL-4, LPS and LPS plus IL-4, IL-5 and TGF-B, respectively (Figure 6).

Overall, our data show that LPS-induced CSR to all 1gG isotypes and IgA is inhibited by
TLR7 or TLRO, likely due to the downregulation of Aicda transcription and/or germline Iy-
S-C transcription.

Autoimmunity. Author manuscript; available in PMC 2016 February 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pone et al. Page 8

LPS-induced plasma cell differentiation and secretion of class-switched Igs are inhibited

by CpG
Like CSR, LPS-induced B cell differentiation into plasma cells was inhibited by CpG, as
shown by 50-80% reduction of the formation of B220'°CD138" plasma cells in B cells
stimulated with LPS plus IL-4, nil or IL-4, IL-5 and TGF-B (Figure 7a, 7b). This decrease
was observed for both IgM™* plasma cells within 4 d of stimulation and for class-switched
IgG1*, IgG3* and IgA* plasma cells after 7 d of stimulation (data not shown). Consistent
with its suppression of plasma cell formation, CpG reduced the titers of secreted 19G1, 1gG3
and IgA in B cell cultures upon stimulation with LPS plus IL-4, nil and IL-4/IL-5/TGF-B,
respectively for 7 d, without affecting titers of secreted IgM (Figure 7c and data not shown).
Thus, LPS-induced B cell class switching and plasma cell differentiation are inhibited by
CpG in the absence of BCR crosslinking, leading to impairment in the secretion of class-
switched 1gG isotypes and IgA.

CD154-induced CSR and B cell differentiation are inhibited by CpG in the absence of BCR
crosslinking

We next addressed the impact of CpG on CSR and B cell differentiation induced by CD154,
the T-dependent primary B cell stimulus. Like LPS, CD154, together with IL-4 or IFN-v,
induced CSR to IgG1 or IgG2a in a time- and dose-dependent manner (Figure 8 and data not
shown) — CD154 plus IL-4 also induced CSR to IgE and did so more efficiently as
compared to LPS plus IL-4 [10, 24]. In addition, upon CD154 stimulation, B cells expressed
high levels of lectins that were bound by PNA (PNANM, which is a hallmark of germinal
center B cells in vivo) and differentiate into B220'°CD138" plasma cells. In the absence of
BCR crosslinking, CpG virtually abolished CD154-induced generation of 1IgG1* B cells and
impaired generation of IgE™ and 1gG2a™* B cells, without affecting expression of IgM on B
cells (Figure 8a-8c and data not shown). It also reduced the expression levels of PNA-
binding lectins on B cells and hampered the generation of B220'°CD138" plasma cells
without affecting B cell proliferation or viability (Figure 8d and data not shown).

B cells quickly upregulated expression of several putative negative regulators of NF-xB
activation, such as TANK, SOCS1, SOCS2, SOCS3 and A20, upon stimulation by CpG plus
IL-4, up to 30-fold (Socs3) within 4 h of stimulation and 170-fold (Socsl) within 24 h
(Figure 9a). To address whether CpG mediated CSR inhibition by first upregulating
expression of these and other putative negative regulators of B cell activation/differentiation,
we stimulated B cells with CpG plus IL-4 for 24 h and then washed B cells extensively to
remove CpG before re-stimulating B cells with LPS or CD154 plus IL-4. Like freshly
isolated naive B cells (Figure 1c and data not shown), B cells pre-treated with CpG could
still undergo CSR to IgG1 at frequencies of 11% and 21% after 3d (d 1 to d 4) of
stimulation by LPS or CD154, respectively, plus IL-4 (Figure 9b, 9c).

Overall, out data show that both T-independent and T-dependent CSR as well as plasma cell
differentiation, as induced by LPS and CD154, respectively, are inhibited by CpG, in a
manner that requires co-stimulation of B cells by LPS or CD154 with CpG.
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Co-stimulation of B cells by LPS and CD154 results in inhibition of CSR and plasma cell
differentiation

The CSR inhibition mediated by co-stimulation of LPS or CD154 with CpG prompted us to
address the impact of co-stimulation of B cells by LPS and CD154 on CSR. While LPS and
CD154 each induced CSR at high levels (up to 40% of B cells were IgG1* when stimulated
in the presence of IL-4), they together failed to induce CSR in most B cells without causing
any reduction in the number of live B cells (Figure 10a and data not show). Likewise,
plasma cell differentiation was induced by LPS or CD154 plus IL-4, but was virtually
abolished in co-stimulated B cells (Figure 10b). Thus, two primary CSR-inducing stimuli,
LPS and CD154, synergize to inhibit B cell class switching and plasma cell differentiation.

Discussion

Here we have shown that LPS efficiently induces CSR and plasma cell differentiation. Such
induction likely underpins the adjuvant effect of LPS in a primary class-switched specific
antibody response, as we have previously shown [5] and further confirmed here. The
antibody response to NP-LPS, which was free of proteins and was administered in PBS,
would be largely independent of T cells, despite the suggestion that E. coli LPS could skew
Tyl cell response [26] and T cell TLRs could directly modulate certain T cell functions
[27]. 1t would unfold in “germinal center”-like structures, as B cells stimulated in vitro by
LPS express high levels of peanut agglutinin (PNA)-binding lectins [5]. These molecules are
characteristically induced by CD154 and are hallmarks of germinal center B cells in mice
responding to a T-dependent antigen, such as NP-CGG. The generation of high-affinity
specific antibodies evoked by NP-LPS would entail T-independent SHM and positive
selection in germinal center-like structures. Further, the NP-LPS-induced antibody response
was sustained for over 90 days, suggesting that either the contraction phase of germinal
center-like structures is protracted or plasma cells derived from class-switched B cells
remain circulating after exiting secondary lymphoid organs and actively secrete antibodies.
By contrast, levels of specific antibodies elicited by NP-CGG taper off (Ref. [28] and our
own unpublished data), in part due to plasma cells’ homing to the bone marrow, in which
they are perhaps less active in secreting antibodies.

LPS is an adjuvant for the generation of memory antibody responses, as challenging of NP-
LPS-immunized mice with the same conjugated hapten at a lower dose elicited a rapid and
markedly increased response. Our findings differ from previous data showing that NP-LPS
could induce an anamnestic 1gG1 response when used to challenge mice previously
immunized with NP-CGG [28], as they suggest that LPS per se promotes the generation of
memory or memory-like B cells. These B cells might also contribute to the maintenance of
the serological memory when subjected to reactivation by bystander T cells or TLR ligands
to differentiate into plasma cells, as it occurs in human memory B cells [29]. The adjuvant
effect of LPS to induce an effective T-independent antibody response also contrasts the role
of TLR ligands to boost the T-dependent antibody responses [15, 16, 30], and may represent
a new strategy of vaccines that can target subjects with impairment in T cell functions.

Efficient CSR induction by LPS is underpinned by the ability of LPS to trigger not only
TLR4 signaling (as lipid A does), but also BCR signaling, as indicated by the increased
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cytosolic CaZ* flux, as confirmed by both flow cytometry [5] and quantitative imaging (this
study) — LPS can also induce Ca2* flux in dendritic cells, perhaps through engagement of
CD14 [31]. While BCR signaling promotes TLR-induced class switching of IgM*1gD* B
cells, it does hamper the differentiation of these B cells into plasma cells, thereby explaining
the seemingly mutually exclusive generation of 1gG1* cells and CD138" cells during early
stimulation (e.g., within 72 h). The polyclonal nature of early antibody responses supports a
role of TLRs, but not BCR, as the driving force in the generation of short-lived
extrafollicular plasmablasts. Nevertheless, BCR signaling would promote the differentiation
of class-switched B cells into plasma cells in vivo, as suggested by the important role of
BCR affinities towards the antigen in plasma cell differentiation in germinal centers [32] and
our data showing increased IgG1*CD138" cells from d 4 to d 7 of stimulation.

BCR signaling also dictates the outcome of the regulation of LPS-induced CSR by other
TLRs and cross-regulation of different TLRs in CSR induction. In the presence of BCR
crosslinking, TLR ligands showed synergizing or additive effect, with the strongest synergy
occurring between two surface TLRs (TLR1/2 and TLR4). This suggests that class-switched
T-independent antibody responses would be particularly important in host immunity to
Gram-negative bacteria, which possess both lipoproteins (TLR1/2 ligands) and LPS. TLR4
and TLR7 also synergized in vivo to induce class-switched specific antibody responses [15].
In the absence of BCR crosslinking, however, intracellular TLR7 and TLR9 inhibited LPS-
induced CSR (as well as plasma cell differentiation), suggesting that non-antigen-specific B
cells (which do not have activated BCR signaling) are tolerant for these irreversible
differentiation processes upon co-stimulation by different TLRs. By contrast, autoreactive B
cells activated by dual engagement BCR and endosomal TLRs by autoantigen and
endogenous TLR ligands, respectively, could be hyper-activated by TLR4 ligands, thereby
explaining, at least in part, the exacerbation of autoimmune symptoms by bacterial infection
[33, 34]. The B cell-intrinsic role of TLRs, particularly TLR7, and TLR signaling, e.g., that
mediated by MyD88, in autoimmunity has been shown in several mouse models [35, 36],
emphasizing the relevance of our findings on regulation of TLR-induced CSR in
autoimmune diseases.

TLR7 and TLR9 inhibition of LPS-induced CSR occurred in the presence of virtually
normal B cell proliferation, survival and IgM expression. The underlying molecular
mechanisms would entail modulation of specific gene expression central to CSR, as
indicated by CpG-mediated reduction of germline I-S-Cy transcription and/or Aicda
expression in LPS-stimulated B cells. The lack of downregulation of germline Iy2a-Cvy2a
transcripts reflects CpG upregulation of T-bet (ref. [23] and our unpublished data), a
transcription factor that promotes germline Iy2a-Sy2a-C+y2a transcription and CSR to 1gG2a.
In fact, despite its inhibition of CSR to IgG2a induced by LPS or CD40 together with IFN-y,
CpG could functionally replace, at least to certain extent, IFN-y for the induction of CSR to
1gG2a by CD40 [23]. As we have shown [5, 24, 37, 38], induction of Aicda expression and
CSR depends on activation of both the canonical and non-canonical NF-xB pathways and
upregulation of the homeodomain transcription factor HoxC4, and is mediated by the Rab7
small GTPase, which is upregulated in activated B cells and promotes canonical NF-xB
activation. TLR7- and TLR9-signaling could modulate one or more of these molecules and
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pathways. Alternatively, but not mutually exclusively, they may selectively upregulate
microRNASs that target Aicda 3’-UTR, thereby downregulating Aicda transcript levels and/or
inhibiting their translation to reduce AID expression, in a manner similar to what histone
deacetylase (HDAC) inhibitors (HDIs) do to dampen CSR as well as antibody and
autoantibody responses [39, 40]. Like HDIs, TLR9 inhibited LPS-induced plasma cell
differentiation, perhaps also through a microRNA-dependent pathway.

The cross-inhibition of LPS, CpG and CD154 in the induction of CSR (and plasma cell
differentiation) is unexpected, since all three are primary CSR-inducing stimuli that can
individually drive CSR, albeit at different degrees [1]. Cross-inhibition of engaged receptors
has also been documented in other cell types, e.g., macrophages, in which selected
immunoreceptor tyrosine-based activation motif (ITAM)-bearing receptors upon
engagement could negatively regulate TLR signaling in macrophages [20, 41]. As shown by
our data, co-stimulation was necessary for the strongest inhibition to take place, suggesting
that these stimuli synergistically upregulate (a) putative negative regulator(s) of CSR.
Interestingly, it has recently been shown that LPS and an agonistic anti-CD40 Ab induced B
cells to express 1L-35, but not IL-10; 1L-35 played a B cell-intrinsic role in downregulating
antibody responses, but not IL-10 [42]. An alternative possibility is that certain signal
adaptors important for all three pathways[43-45], such as TRAF6, are “sequestered” due to
hyper-activation, leading to the dampening of signaling.

During host immune responses to microbial pathogens and allergens, a B cell is exposed to
several innate stimuli (e.g., TLR ligands) and adaptive stimuli (e.g., those from cognate T
cells) [4, 46] and has to integrate different signals of different strengths for effective and
focused specific antibody responses. Our findings have provided an example of how
different stimuli cross-regulate an important B cell differentiation process in a context-
dependent manner, namely the nature and timing of stimuli. They also raise the possibility
that potent TLR ligands may not always elicit optimal antibody responses, a point further
emphasized by the reduced class switched antibody response in vivo by repeated treatment
of CpG [47]. Rather, a fine-tuned control of the kinetics (timing and sequence) of different
stimuli would be critical for the generation of sustained antibody responses. Finally,
identification of the negative regulators of CSR would be highly relevant of our
understanding of mechanisms underlying autoimmune diseases and inflammation.
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CSR class switch DNA recombination

Ig immunoglobulin

LPS lipopolysaccharides

NP 4-hydroxy-3-nitrophenyl acetyl

NP-LPS NP-conjugated LPS

PNA peanut agglutinin

T-dependent thymus-dependent

T-independent thymus-independent

TLR Toll-like receptor
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Figure 1.

NP-LPS induces long-term and secondary antibody response in vivo. Three C57BL/6 mice
(8-12 week old) were injected intraperitoneally with NP-LPS (25 pg) in PBS at d 0 and re-
injected with NP-LPS (10 pg) in PBS at d 90 (second arrow). Sera were collected prior to
the first injection and at different days, and analyzed for titers of NP3-binding 1gG2b and
1gG3 (depicted as relative units). Titers at d O were beyond the detection limit and set as 1
for the graph purpose.
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Figure 2.

LPS induces B

cells to undergo CSR and plasma cell differentiation in vitro in a dose- and

time-dependent manner (flow cytometry analysis). (a, b) CSR to 1gG1 in B cells stimulated
with LPS at the indicated concentrations plus IL-4 for 4 d (a, top panels), and formation of

B220'°cD138"
data from four

I plasma cells in the same cell culture (a, bottom panels). Mean and s.d. of
independent experiments were depicted in (b). p values calculated by paired

student t test. (c) CSR to 1gG1 in B cells stimulated with LPS plus IL-4, starting at d 0, and
harvested at d 2,d 3, d 4, d 5and d 7, as indicated. (d) Formation of B220'°CD138" plasma

cells (top panel

s) as well as the proportion of IgG1* (middle panels) and IgM* (bottom

panels) within those plasma cells in cultures of B cells stimulated with LPS plus IL-4,
starting at d 0, and harvested atd 2,d 3,d 4, d 5and d 7, as indicated. () CSR to IgG1 in B
cells stimulated with LPS plus IL-4 for the period indicated, pelleted to remove LPS, and
then cultured in RPMI-FBS only until being harvested at d 4. Data in (a, ¢, d, €) are
representative of three independent experiments.
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Figure 3.

LPS induces Ca2* mobilization in a proportion of B lymphocytes in the normal B cell
repertoire. (a) Real-time ratiometric imaging of cytosolic CaZ* levels in B cells pre-loaded
with Fura, washed and incubated in Ringer’s solution containing Ca2* (2 mM), and then
stimulated with LPS, lipid A, anti-5 mAb/dex or thapsigargin (as indicated by arrow) for up
to 20 m (when thapsigargin was used for stimulation, Ca?* was not added until after cells
were stimulated for 2 m). Depicted is the trace of ratio of fluorescence intensity at 340 nm
over that at 380 nm, as a measurement of the free cytosolic Ca2* level, of up to 10 cells
(representative of at least 80 cells analyzed). Each colored trace depicted Ca2* mobilization
(above the threshold set as greater than 220% that of background) in an individual cells and
black traces depicted cells with no Ca2* mobilization. Data are representative of four
independent experiments. (b) Quantification of B cells showing Ca2* mobilization upon
stimulation by with LPS, lipid A, anti-8-mAb/dex or thapsigargin (which blocks Ca2*
transport back to ER, thereby raising cytosolic Ca2* levels in all cells). Data are mean and
s.d. from triplicates.
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Figure4.

LPS-induced CSR to 1gG1 is enhanced by Pam3CSK, and CpG in the presence of BCR
signaling (flow cytometry analysis). (a) CSR to IgG1 in CFSE-labeled B cells stimulated
with suboptimal doses of LPS, Pam3CSK4, R-848 and CpG (as indicated), alone or in pair-
wise combination, all in the presence of anti—3 mAb/dex (100 ng/ml) and IL-4 for 4 d. (b)
CSR to IgG1 in B cells stimulated with different concentrations of Pam3zCSKy4 and LPS in
the presence of anti-5 mAb/dex (100 ng/ml) and IL-4 for 4 d.

Autoimmunity. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pone et al. Page 19

a LPS + IL-4
+ R-848

IgG1——
b LPS + IL-4 < 80
o + nil + GpC w2
LEIF - .o %= 60 o= +nil
10° ;‘C’ m
1074 :_é + GpC
- 10' Q S 20 —e— + CpG
916)— 5 Nk _;\_o 0 T T T T T T T
1P 10' 167 10°10* ~ 012345678
CFSE— Cell divisions
C p =0.003 p=0.033 p =0.045 p =0.002 p =0.005
40 m:u?16_ w’{_n‘32- 016 - ® 16
nZ 2= 25 0 G 2
=& 0 D 81 B 894 D 81 J 23,
0:03" Bs 2 ] °m24 0m2 °’m12
M= e o — o — o mLPS
+.920- ?528- .+QS16— +EB" m-og 8-
5L N 2 N ° 3L < 8 M LPS + CpG
&% 10 %‘*5 4 %*5 8 %6 4 D% 44
E 0. 8 o 8 o =0 o
+ |L-4 + IFN-y + TGF-p +nil  +IL-4 +IL-5 + TGF-p

Figureb.
LPS-induced CSR is inhibited by CpG and R-848 in the absence of BCR crosslinking (flow

cytometry analysis). (a) The proportion of switched 1IgG1*IgM™~ B cells and IgM*1gG1~
unswitched B cells in B cells after stimulation with LPS (3 pug/ml) plus IL-4 in the presence
of nil, Pam3CSK,, R-848, CpG or GpC for 4 d. (b) CSR to 1gG1 in CFSE-labeled B cells
stimulated with LPS (3 pg/ml) plus IL-4 in the absence or presence of GpC (0.3 pM) or CpG
(0.3 uM; left panels) for 4 d and depiction of the proportion of switched IgG1* cells in B
cells that had completed each cell division (right panels). (c) CSR to different IgG isotypes
or IgA in B cells stimulated with LPS (3 pug/ml) plus appropriate cytokines (as indicated) in
the absence or presence of CpG (0.3 pM) (mean and s.d. of data from three independent
experiments; p values calculated by paired student t test). Data in (a) and (b) are
representative of three independent experiments.
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Figure6.

LPS-induced Aicda expression and IgH germline I4-S-Cy transcription are inhibited by
CpG (real-time gRT-PCR analysis). Levels of mRNA transcripts, as indicated, in B cells
stimulated with LPS plus IL-4, nil, IFN-y or IL-4, IL-5 and TGF-f, as indicated, in the
absence or presence of CpG for 48 h (mean and s.d. of data from triplicate samples). Data
are representative of three independent experiments.
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Figure7.
LPS-induced plasma cell differentiation and secretion of class-switched Ig are inhibited by

CpG in the absence of BCR crosslinking. (a) Formation of B220'°CD138Mi plasma cells in
cultures of B cells stimulated with LPS (1 ug/ml) plus IL-4 in the absence or presence of
CpG (0.3 uM) for 4 d (flow cytometry analysis). (b) Formation of B220!°CD138" plasma
cells in cultures of B cells stimulated with LPS plus IL-4, nil or IL-4, IL-5 and TGF-B, as
indicated, in the absence or presence of CpG for 4 d (flow cytometry analysis). (c) ELISA of
1gG1, 1gG3 or IgA secreted into the supernatant of B cell cultures after stimulation with LPS
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plus IL-4, nil or IL-4, IL-5 and TGF-B, as indicated, in the absence or presence of CpG for 4
d. Data are mean and s.d. from three independent experiments (p values calculated by paired
student t test).

Autoimmunity. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pone et al. Page 23
a +1L-4 b + IFN-y
, Nil CD154 CD154 + CpG Nil CD154  CD154 + CpG
103 | 10"
99.7 | 0.1 975 | 0.2 3
|l ez | o4
102'_‘.‘3 102-_""‘:
10’ i3 Q10
S o2 | oo 23 | 00 S0 02
100 4 e o B e i b BAL U, B 100 4 Bekice Bl B
1P10' 102 10°10* 1P 10" 12103 10*
lgG1—— IgG2a —>
10t
Im?
104
10’
@ 10"
1¢° 10" 107 10°10*
p =0.001 p =0.025 p =0.030 d » p=0.044, p=0.023
3 40 %16 o @ 327 32167 81
27 0w =79 s
T © 30 = 012+ O 24 3 812 6 -
8™ 8 S mcoiss 85 m CD154
+ 8201 0T 8- + ® 16 - =% 8 4 -
-3 . 35 -9%1%4 S W CD154
B 10- o% 4 Q5 81 P .5 2 2 +CpG
2 S S 8- o -
+1L-4 +IL-4 + IFN-=y +1L-4 + IFN-y
Figure 8.

CD154-induced B cell class switching and differentiation into PNAN B cells and plasma
cells are inhibited by CpG in the absence of BCR crosslinking (flow cytometry analysis). (a)
CSR to IgG1 (top panels) and expression of PNA-binding lectins (bottom panels) in B cells
stimulated with CD154 (3 unit/ml) plus IL-4 in the absence or presence of CpG (0.3 uM) for
4 d. (b) CSR to IgG1 (top panels) and expression of PNA-binding lectins (bottom panels) in
B cells stimulated with CD154 (3 unit/ml) plus IFN-y in the absence or presence of CpG for
4 d. (c) CSR to IgG1, IgE or 1gG2a in B cells stimulated with CD154 plus IL-4 or IFN-y in
the absence or presence of CpG for 4 d. Data are mean and s.d. from three independent
experiments (p values calculated by paired student t test). (d) Formation of B220'°CD138Mi
plasma cells in cultures of B cells stimulated with LPS (1 pug/ml) plus IL-4 or IFN-y in the
absence or presence of CpG (0.3 uM) for 4 d. Data are mean and s.d. from three independent
experiments (p values calculated by paired student t test).
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Figure9.
CpG-mediated inhibition of LPS- or CD154-induced CSR requires co-stimulation of B cells

by CpG with LPS or CD154. (a) Levels of transcripts, as indicated, in B cells stimulated
with CpG plus IL-4 for 0, 4 or 24 h (real-time qRT-PCR analysis). (b, ¢) CSR to IgG1 in
CFSE-labeled B cells stimulated with LPS (3 pg/ml, b) or CD154 (3 unit/ml, c) plus CpG
(0.3 mM) for the period as indicated plus IL4 (flow cytometry analysis). Data are
representative of three independent experiments.
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Figure 10.
Co-stimulation of B cells by LPS and CD154 hampers CSR and plasma cell differentiation

(flow cytometry analysis). (a, b) CSR to 1gG1 (a) and formation of B220'°CD138M plasma
cells (b) in B cell cultures after stimulation with LPS (3 pg/ml), CD154 (3 unit/ml) or both
plus IL-4 for 4 d. Data are representative of three independent experiments.
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Table 1
Antibodies.
Antibody to Type Company Cat. No. Applications

Mouse B220, PE-conjugated Rat mAb  eBioscience 25-0452-83 FCM

Mouse B220, APC-conjugated RatmAb  BD Pharmingen 553092 FCM

Mouse CD138, biotin-conjugated RatmAb  BD Pharmingen 553713 FCM

Mouse Ig Goat pAb  Southern Biotech  1012-01 ELISA
Mouse 1gG Goat pAb  Southern Biotech  1030-01 ELISA
Mouse IgM, FITC-conjugated Rat mAb  BD Pharmingen 553437 FCM

Mouse 1gG1, FITC-conjugated Rat mAb  BD Pharmingen 553443 FCM

Mouse 1gG1, APC-conjugated RatmAb  BD Pharmingen 550874 FCM

Mouse IgG1, biotin-conjugated Goat pAb  Southern Biotech ~ 1070-08 ELISA
Mouse 1gG2a, FITC-conjugated Rat mAb  BD Pharmingen 553390 FCM

Mouse 1gG2b, biotin-conjugated ~ Goat pAb  Southern Biotech  1090-08 FCM

Mouse 1gG3, FITC-conjugated RatmAb  BD Biosciences 553403 FCM

Mouse 1gG3, biotin-conjugated Goat pAb  Southern Biotech ~ 1100-08 ELISA
Mouse IgA, FITC-conjugated RatmAb  BD Pharmingen 559354 FCM

Mouse IgA, biotin-conjugated Goat pAb  Southern Biotech ~ 1040-08 FCM, ELISA
Mouse IgE, PE-conjugated Rat mAb  eBioscience Dec-92 FCM

Page 26

Abbreviations: mAb, monoclonal antibody; pAb, polyclonal antibody; FCM, flow cytometry; ELISA, enzyme-linked immunosorbent assay.
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Oligonucleotide sequences for RT-PCR analysis.

Table 2

Transcript

Forward primer

Reverse primer

Aicda
1y1-Cyl
1p-Cyl
ly2a-Cy2a
Iu-Cy2a
1y3-Cvy3
1u-Cy3
la-Ca
Iu-Ca
CD79%

5- AGAAA GTCAC GCTGG AGACC -3
5- TCGAGAAGCCTGAGGAATGTG -3’
5- CCAGGCACCGCAAATGCC -3

5- GCTGATGTACCTACCTGAGAGA -3

5- ACCTGGGAATGTATGGTTGTGGCTT -3’

5- GAGGTGGCCAGAGGAGCAAGAT -3

5- ACCTGGGAATGTATGGTTGTGGCTT -3

5- CAAGAAGGAGAAGGTGATTCAG -3

5- ACCTGGGAATGTATGGTTGTGGCTT -3

5- TGTTGGAATCTGCAAATGGA -3

5- CTCCTCTTCACCACGTAGCA -3

5- GGATCCAGAGTTCCAGGTCACT -3
5- GGACAGTCACTGAGCTGCTC -3

5- GCTGGGCCAGGTGCTCGAGGTT-¥
5- GCTGGGCCAGGTGTTCGAGGTT -3’
5- AGCCAGGGACCAAGGGATAGAC -3
5- AGCCAGGGACCAAGGGATAGAC -3’
5- GAGCTGGTGGGAGTGTCAGTG -3’
5- GAGCTGGTGGGAGTGTCAGTG -3
5- TAGGCTTTGGGTGATCCTTG -3’
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