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We previously demonstrated that the dendritic cell (DC)-targeting nasal double DNA adjuvant system,
which consists of a DNA plasmid expressing Flt3 ligand (pFL) and CpG oligodeoxynucleotide 1826
(CpG ODN), elicits specific immune responses to various antigens in the mucosal and systemic compart-
ments. Here, we investigated, using phosphorylcholine (PC)-conjugated keyhole limpet hemocyanin (PC-
KLH) as an antigen, whether the nasal double DNA adjuvant system induces protective immunity to
atherosclerosis in apolipoprotein E-deficient (ApoE KO) mice. Further, we assessed the molecular and cel-
lular mechanisms in the induction of anti-PC-specific immune responses. Nasal immunization with PC-
KLH plus pFL and CpG ODN enhanced induction of PC-specific IgM in plasma, peritoneal fluids, and nasal
washes when compared with mice administered PC-KLH alone. Of importance, these antibodies exhibited
highly specific binding to the PC molecule, and dose-dependent binding to anti-T15 idiotype (AB1-2).
Twelve weeks after the last immunization, the nasal double DNA adjuvant system with PC-KLH resulted
in a reduction of atherogenesis in the aortic arch of ApoE KO mice. Therefore, we next assessed immuno-
cytological mechanism to induce these antibodies. The nasal double DNA adjuvant system with PC-KLH
resulted not only in significantly increased frequencies of CD11c+ DCs in the spleen, peritoneal cavity
(PEC), and nasopharyngeal-associated lymphoid tissues (NALT), but also significantly increased expres-
sion of a proliferation-inducing ligand and B-cell-activating factor by CD11c+ DCs. In addition, the double
DNA adjuvant system induced significantly increased numbers of B-1 B cells in the spleen, PEC, and NALT,
and increased expression of transmembrane activator and calcium modulator and cyclophilin ligand
interactor on CD5+ B220+ (B-1a) B cells. These findings demonstrated that the nasal double DNA adjuvant
system with PC-KLH resulted in the induction of T15-like antibodies in the mucosal and systemic lym-
phoid tissues through interaction between DCs and B-1a B cells, and inhibited the progression of
atherogenesis.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Atherosclerosis constitutes a significant health impairment,
given that atherosclerosis is a risk factor for cardiovascular disease,
a leading cause of mortality and dysfunction worldwide. [1].
Atherosclerosis is a severe chronic disease characterized by inflam-
mation of the arterial walls, which develops from the accumulation
of low-density lipoprotein (LDL) and dying cells in the arterial
inner membrane [2]. It is well-known that the uptake of oxidized
LDL (OxLDL) by foamy macrophages results in fatty streak integra-
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tion or vascular smooth cell proliferation, ultimately leading to
arterial thrombosis [3]. Phosphorylcholine (PC) is the main compo-
nent of LDL and OxLDL, and is known as an oxidation-specific epi-
tope [4] that exhibits strong proinflammatory and atherosclerotic
effects [5]. Epidemiological studies have demonstrated that natural
immunoglobulin M (IgM) antibodies against PC derived from B-1 B
cells [6] confer protection against cardiovascular disease [7]. On
the other hand, low levels of anti-PC IgM antibodies have been
shown to be associated with increased risk for cardiovascular dis-
ease [8,9]. In addition, the murine T15 idiotype, one kind of anti-PC
IgM antibody, is involved in the decrease of atherosclerosis lesion
formation through binding to pneumococcal antigens and OxLDL
[10,11]. The atheroprotective effect of the T15 idiotype is due pri-
marily to the blockade of OxLDL uptake by macrophages [5]. In
previous work, we reported that nasal immunization of mice with
the combination of PC-conjugated keyhole limpet hemocyanin
(PC-KLH) and a plasmid encoding the Flt3 ligand cDNA (pFL)
(which serves as an adjuvant) elicits PC-specific IgM and IgA anti-
body responses in plasma and bronchoalveolar lavage fluid. Fur-
thermore, anti-PC antibodies reacted with anti-T15 idiotype
antibody (AB1-2) in a dose-dependent manner, attenuating Strep-
tococcus pneumoniae colonization of the lower and upper respira-
tory tracts of mouse [12].

B-1 B cells in the peritoneal and pleural cavity of mice differ
from conventional B cells, exhibiting distinct surface phenotypes.
B-1 B cells are known to constitutively and mainly secrete primar-
ily T cell-independent IgM antibodies [13,14]; B-1 B cells are stim-
ulated by direct recognition of B cell-activating molecules, such as
the B cell activation factor of the TNF family (BAFF; also known as
tumor necrosis factor ligand superfamily member 13B) and a
proliferation-inducing ligand (APRIL), ligands that are derived from
dendritic cells (DCs) [15]. It has been shown that transmembrane
activator and calcium-modulator and cyclophilin ligand interactor
(TACI) and B cell maturation antigen (BCMA) on B cells are com-
mon receptors for BAFF and APRIL, such that TACI and BCMA con-
tribute to B cell survival and maintenance [16,17], while also
enhancing class switching recombination by B cells via the classi-
cal NFjB pathway [18]. It also has been reported that the overex-
pression of APRIL in apolipoprotein E-deficient (ApoE KO) mice
results in the accumulation of peritoneal B-1a B cells and the
induction of serum OxLDL-specific IgM antibodies [19]. Further-
more, BAFF-overexpression also increases the levels of plasma
anti-OxLDL IgM antibodies [20] and contributes (through TACI
activation) to anti-inflammatory effects in advanced atheroscle-
rotic lesions [21]. Therefore, the interactions between APRIL/BAFF
and TACI/BCMA are thought to be important for the differentiation
of IgM+ B cells into plasma cells, which provides a significant con-
tribution to atheroprotection [22,23].

To preferentially induce antigen-specific antibody responses in
various mucosal and systemic lymphoid tissues, mucosal vaccines
require appropriate adjuvants [24,25]. In this regard, we have
demonstrated that pFL as a nasal adjuvant preferentially expands
CD8+ DCs and subsequently induces antigen-specific mucosal
immune responses mediated by IL-4, eliciting the production of
CD4+ T cells when mice are nasally immunized with a combination
of ovalbumin (OVA) or bacterial antigen and pFL [26,27]. Further-
more, we have shown that nasal immunization with pFL combined
with a CpG oligodeoxynucleotide (CpG ODN), as a double DNA
adjuvant system, enhances mucosal and systemic immune
responses to OVA [28], pneumococcal surface protein A [29], influ-
enza virus hemagglutinin [30], and FimA of Porphyromonas gingi-
valis [31,32], via effects that are mediated by activation of DCs. In
a recent study, we showed that nasal administration of FimA, a
major subunit protein of Porphyromonas gingivalis fimbriae, in
combination with pFL and CpG ODN effectively decreases Porphy-
romonas gingivalis infection in the respiratory tract; this efficacy
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is mediated through increased numbers of CD8+ and CD11b+ DCs
and a balanced Th1- and Th2-type cytokine response in the muco-
sal tissues [33].

In the present study, we investigated whether the nasal double
DNA adjuvant system, when combined with PC-KLH, induced anti-
PC antibody responses, resulting in the protection of ApoE KO mice
from atherosclerosis. Furthermore, we assessed the cellular and
molecular interactions between DCs and B cells.
2. Materials and methods

2.1. Animals

Female ApoE-deficient spontaneously hyperlipidemic (C.KOR/
StmSlc-Apoeshl; ApoE KO) mice (8 weeks-old) on the BALB/c back-
ground were used for immunization. Animals were maintained at
five per cage in horizontal laminar flow cabinets and were pro-
vided sterile food and water as part of a specific pathogen-free
facility at Osaka Dental University. All animal experiments were
conducted according to the guidelines provided by the ‘‘Guide for
the Care and Use of Animals” of the Osaka Dental University, and
were approved by the Committee on the Ethics of Animal Experi-
ments of the Osaka Dental University (Approval Nos. 20–02009
and 20–02011).

2.2. Nasal immunization and sample collection schedule

Mice were immunized by the nasal route four times, at weekly
intervals, with 10 mL of phosphate-buffered saline (PBS) containing
50 lg of PC-KLH (Biosearch, Petaluma, CA, USA) plus 50 lg of pFL
and 10 lg of CpG ODN as double DNA adjuvant. As controls, mice
were immunized nasally with 10 lL of PBS containing 50 lg of PC-
KLH alone or double DNA adjuvant alone (50 lg of pFL and 10 lg of
CpG ODN). All mice were immunized nasally under intraperitoneal
anesthesia with hydrochloric acid medetomidine (0.3 mg/kg),
midazolam (4 mg/kg), and butorphanol tartrate (5 mg/kg). Plasma,
peritoneal fluids (PFs), and nasal washes (NWs) samples were col-
lected 7 days after the last nasal immunization (Fig. 1) [26,33].
NWs were obtained by instillation of 1 mL of PBS three times into
the posterior opening of the nasopharynx with a 30-gauge hypo-
dermic needle [33].

2.3. Immune responses to PC

To assess PC-specific antibody levels in plasma, PFs, and NWs,
each sample (each group, N = 20) was subjected to ELISA as
described previously [12,26]. Briefly, 96-well microtest assay
plates (BD BioSciences, Irvine, CA, USA) were coated with 5 lg/
mL of PC-conjugated bovine serum albumin (PC-BSA) (Biosearch)
in PBS. After blocking with 1% BSA in PBS, 2-fold serial dilutions
of samples were added to each well. Following incubation of the
plates overnight at 4 �C, horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgM, IgG, or IgA antibodies (Southern
Biotechnology Associates, Inc, Birmingham, AL) was added to the
wells. The color reaction was developed for 15 min at room tem-
perature using 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic
acid). End point titer were expressed as the reciprocal log2 of the
last dilution that gave an OD at 415 nm of 0.1 greater than
background.

2.4. Enumeration of PC-specific antibody-forming cells (AFCs)

Mononuclear cells from the spleen and nasopharyngeal-
associated lymphoid tissue (NALT) (each group, N = 20) were iso-
lated aseptically by a mechanical dissociation method using gentle



Fig. 1. Experimental schedule for nasal vaccination and for various assays. ApoE KO mice (8 weeks old, female) were immunized nasally, four times at weekly intervals,
with PC-KLH (50 lg) alone, pFL (50 lg) and CpG ODN (10 lg) as double DNA adjuvant alone or PC-KLH (50 lg) plus pFL (50 lg) and CpG ODN (10 lg). Seven days after the last
immunization, samples were harvested and the various assays and analyses were performed. Twelve weeks after the final nasal immunization, histological andmorphometric
analysis was performed.
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teasing through stainless steel screens [26], and mononuclear cells
from the peritoneal cavity (PEC) were extracted by perfusion as
described previously [34]. The mononuclear cells were subjected
to an enzyme-linked immunospot (ELISPOT) assay to determine
the numbers of PC-specific antibody-forming cells (AFCs). Briefly,
96-well nitrocellulose plates (Millipore, Bedford, MA, USA) were
coated with 100 lL/well of PC-BSA in PBS (5 lg/mL). The numbers
of PC-specific AFCs were counted with the aid of a stereomicro-
scope as described previously [26].

2.5. PC-binding inhibition assay

To investigate the precise binding specificity of the anti-PC anti-
bodies induced by nasal immunization with double DNA adjuvant
plus PC-KLH to PC (N = 20), avidity was tested using hapten-free PC
(in the form of phosphorylcholine chloride calcium salt tetrahy-
drate, PC-Cl) (Sigma-Aldrich, St. Louis, MO, USA), acetylcholine
chloride (Ach-Cl) (Sigma-Aldrich), and O-phosphorylethanol-
amine (PE) (Sigma-Aldrich). PC-Cl and Ach-Cl were employed as
potent inhibitors; PE was used as a negative control. Each of these
compounds were pre-incubated with anti-PC antibodies as
described previously [12,35]. Briefly, the concentration of anti-PC
antibodies in the various samples from immunized mice were
adjusted to a constant optical density (O.D. 1.0) by PC-specific
ELISA. Serially diluted samples of 25 lL each subsequently were
incubated with different concentrations of PC-Cl, Ach-Cl, or PE
(again, 25 lL each) overnight at 4 �C, and 50 lL of the mixture then
was added to a plate coated with PC-BSA (5 lg/mL, 100 lL/well).
The plates were incubated with goat alkaline phosphatase (AP) -
conjugated anti-mouse IgM and IgA antibodies (Southern Biotech-
nology Associates) and then were developed with p-nitrophenyl
phosphoric acid disodium salt (PNPP; Invitrogen, Camarillo, CA,
USA). The inhibition of the ability of anti-PC antibodies to bind to
PC was calculated using the following formula: percent antibody
binding = 100 � (OD405 of wells incubated with sample and inhibi-
tors – OD405 of wells incubated without samples) / (OD405 of wells
incubated with sample without inhibitor – OD405 of wells incu-
bated without sample).

2.6. Specific binding to anti-T15 idiotype antibody (AB1-2)

In brief, 96-well microtest assay plates (BD Biosciences) were
coated with 10 lg/mL AB1-2 (GeneTex, Irvine, CA, USA) in
0.05 M NaHCO3/0.05 M Na2CO3 buffer (pH 9.6), and enzyme activ-
ity was subsequently blocked with 1% BSA in Tris-buffered saline
(TBS; pH 7.4). Two-fold serially diluted samples (each group,
N = 10) were added and incubated overnight at 4 �C. After washing
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the plates with PBS, AP-conjugated goat anti-mouse IgM and IgA
antibodies were added to individual wells. The color reaction was
developed for 30 min at room temperature with 100 lL/well of a
PNPP solution containing 1 mM MgCl2 (pH 9.4–9.6).

2.7. Flow cytometry analyses

Aliquots of mononuclear cells (1.0 � 106 cells) isolated from
spleen, PEC, and NALT (each group, N = 10) were preincubated with
anti-mouse CD16/32 monoclonal antibody (TruStain FcX PLUS
antibody, Fc Block; BioLegend, San Diego, USA). For the detection
of BAFF and APRIL expressing DCs, cells were stained with brilliant
violet 421 (BV)-conjugated anti-mouse CD11c monoclonal anti-
body (Clone N418; BioLegend) and phycoerythrin (PE)-labeled
anti-mouse APRIL monoclonal antibody (Clone A3D8; BioLegend),
or PE-labeled anti-mBAFF/BLyS monoclonal antibody (Clone
121808; R&D Systems, Minneapolis, MN, USA). To determine the
frequency of B-1a B cells, mononuclear cells were stained with flu-
orescein isothiocyanate (FITC) conjugated-anti-CD23 monoclonal
antibody (Clone B3B4, BioLegend), BV-conjugated anti-B220 mon-
oclonal antibody (Clone RA3-6B2; BioLegend) and allophycocyanin
(APC)-labeled anti-CD5 monoclonal antibody (Clone 53–7.3; BioLe-
gend). In some experiments, mononuclear cells isolated from var-
ious lymphoid tissues were incubated with anti-CD23 labelled
microbeads (Miltenyi Biotec, Auburn, CA, USA). CD23 negative
population was purified by using AutoMacs Pro Separator system
(Miltenyi Biotec). Subsequently, aliquots of CD23 negative cells
were preincubated with anti-mouse CD16/32 monoclonal anti-
body, and were then stained with BV-conjugated anti-mouse
B220 monoclonal antibody, APC-conjugated anti-mouse CD5 mon-
oclonal antibody, FITC-conjugated anti-mouse BCMA monoclonal
antibody (Clone 161616; R&D Systems) and PE-conjugated anti-
mouse TACI monoclonal antibody (Clone 8F10; BioLegend), or PE-
conjugated anti-mouse BAFF-R monoclonal antibody (Clone
7H22-E16; BioLegend). These samples were added 7-AAD Viability
Staining Solution (BioLegend), and subjected to flow cytometric
analysis (FACSVerse�, BD Biosciences) as described previously
[32]. Data were analyzed using FlowJo software, version 10.6.1
(Tree Star, Ashland, OR, USA).

2.8. Histological and morphometric analysis of atherosclerotic plaque
accumulation

Twelve weeks after the last nasal immunization, mice (age;
23 weeks old, each group, N = 10) were euthanized and hearts were
carefully dissected and removed. Half of the heart, including the
aortic origin, was isolated and embedded in OCT compound
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(Tissue-Tek�, Sakura Finetek, Torrance, CA, USA) in cryomolds and
stored at �80 �C. The aorta samples were processed into serial fro-
zen sections with a Leica CM 1850 Cryostat (Leica Microsystems,
Nussloch, Germany). All cryosections (10 lm thicknesses) were
obtained from the aortic root. Subsequently, staining with
hematoxylin-eosin, and Oil Red-O (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) was performed for visualization of lipid
in plaques, as described previously [36,37]. The stained area was
estimated thereafter using All-in-One microscopy (BZ-9000; KEY-
ENCE Corporation, Tokyo, Japan), and values were analyzed with
Image J 1.52 (NIH, Bethesda, MD, USA).
2.9. Statistical analysis

All mouse groups were compared to control mice via unpaired
Mann-Whitney U tests or unpaired student’s T test using Prism
version 7 (GraphPad Software, Inc., La Jolla, CA, USA). p values
of < 0.05 and 0.01 were considered statistically significant.
3. Results

3.1. PC-specific antibody responses in systemic and mucosal tissues of
mice immunized with PC-KLH plus double DNA adjuvant

We first examined whether nasal immunization with PC-KLH
plus double DNA adjuvant enhances PC-specific antibody
responses in systemic and mucosal tissue. Mice administered nasal
PC-KLH plus double DNA adjuvant showed significantly higher
levels of PC-specific IgM antibody titers in plasma, PFs, and NWs
Fig. 2. PC-specific IgM, IgG, and IgA antibody responses in plasma, PFs, and NWs. A
intervals, with PC-KLH (50 lg) plus pFL (50 lg) and CpG ODN (10 lg) (closed column), PC
adjuvant alone (dotted column). Seven days after the last immunization, the levels of ant
specific ELISA method. The values shown are the median and interquartile range (the first
Mann-Whitney U test, *p < 0.05 or **p < 0.01 compared with mice group given PC-KLH alo
dotted line indicates titers of samples from naïve mice.
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as well as anti-PC IgA antibody in NWs when compared with those
in mice administered nasal PC-KLH alone (Fig. 2). In contrast to PC-
KLH plus double DNA adjuvant group, PC-specific IgM in plasma,
PFs, and NWs, and IgA in NWs of mice given nasal PC-KLH or dou-
ble DNA adjuvant alone were essentially the same as those of naïve
mice (horizontal dotted line, Fig. 2). Similarly, PC-specific IgG anti-
body titers in plasma, PFs, and NWs of mice given PC-KLH with or
without double DNA adjuvant were unchanged from the responses
in naïve mice (Fig. 2). To support these findings, mice immunized
nasally with PC-KLH plus double DNA adjuvant displayed high
number of PC-specific IgM AFCs in spleen and PEC, and high num-
bers of PC-specific IgM and IgA AFCs in NALT (Fig. 3). These results
clearly indicated that the nasal application of double DNA adjuvant
with PC-KLH effectively enhanced PC-specific IgM antibody
responses in systemic and mucosal lymphoid tissues and IgA anti-
body responses in mucosal lymphoid tissues. To evaluate the
safety of this nasal vaccine, we monitored the body weight from
the first day of vaccination to 12 weeks after the last vaccination
(Day 105). The body weights of immunized mice nasally with
PC-KLH plus double DNA adjuvant was not seen a significant differ-
ence when compared with that of non-immunized mice given PBS
(Supplementary Figure S1).

3.2. PC-specificity of IgM or IgA antibodies induced by nasal double
DNA adjuvant system

To investigate the functional properties of anti-PC IgM and IgA
antibodies in plasma, PFs, and NWs elicited by nasal immunization
with the double DNA adjuvant system plus PC-KLH, the inhibitory
activities of the binding between each antibody and PC-BSA were
poE KO mice (8 weeks old, female) were immunized nasally, four times at weekly
-KLH (50 lg) alone (open column), pFL (50 lg) and CpG ODN (10 lg) as double DNA
i-PC IgM, IgG, and IgA antibodies in plasma, PFs, and NWs were determined by a PC-
quartile – 1.5 IQR, the 3rd quartile + 1.5 IQR) of 20 mice in each experimental group.
ne or double DNA adjuvant alone. ND means that OD values were not detected. The



Fig. 3. Enumeration of PC-specific IgM, IgG and IgA AFCs in spleen, PEC, and NALT. Each group of ApoE KO mice (8 weeks old, female) was immunized nasally with PC-KLH
plus double DNA adjuvant (closed column), PC-KLH alone (open column) or pFL (50 lg) and CpG ODN (10 lg) as double DNA adjuvant alone (dotted column), once weekly for
four consecutive weeks. Seven days after the final immunization, mononuclear cells were isolated from the spleen, PEC, and NALT, and these cells then were subjected to PC-
specific ELISPOT assay to determine the numbers of PC-specific IgM, IgG, and IgA AFCs. The values shown are the median and interquartile range (the first quartile – 1.5 IQR,
the 3rd quartile + 1.5 IQR) of 20 mice in each experimental group. Mann-Whitney U test, *p < 0.05 or **p < 0.01 when compared with mice immunized with PC-KLH alone or
double DNA adjuvant alone. The dotted line indicates cell counts of samples from naïve mice.
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assessed by using PC-Cl, Ach-Cl, and PE. PC-Cl at concentrations of
10-3 M to 10-1 M showed significant inhibition of the interaction
between IgM antibodies in plasma or PFs and PC-BSA compared
to the effects seen with Ach-Cl and PE (Fig. 4). Furthermore, NWs
IgM antibodies were inhibited significantly at PC-Cl at concentra-
tions of 10-5 M to 10-1 M concentrations (Fig. 4). On the other hand,
both Ach-Cl and PE resulted in significantly smaller inhibitory
effects (Fig. 4). Interestingly, PC-Cl at concentrations of 10-5 M to
10-1 M significantly inhibited binding by IgA antibody in plasma,
PFs, and NWs obtained from mice immunized by nasal vaccination
with PC-KLH plus double DNA adjuvant; these effects with PC-Cl
were dose dependent (Fig. 4) compared to those obtained with
Ach-Cl and PE. Further, when anti-T15 monoclonal antibody
(AB1-2) was added to our samples as the inhibitor, AB1-2 inhibited
anti-PC antibodies to bind to PC at lower concentrations than those
of PC-Cl (Supplementary Figure S2). In contrast, PC-Cl demon-
strated essentially no inhibition of the binding to PC-BSA by
plasma, PFs, and NWs from mice given nasal PC-KLH alone (data
not shown). These findings indicated that the use of double DNA
adjuvant as a mucosal adjuvant elicits anti-PC IgM and IgA anti-
bodies that perceive the PC molecule in both the systemic and
mucosal compartments.
3.3. Binding of systemic and mucosal antibodies to anti-T15 idiotype
monoclonal antibody (AB1-2)

Given that the nasal administration of PC-KLH in combination
with the double DNA adjuvant system elicited IgM and IgA anti-
bodies that recognized PC molecules in both the systemic and
mucosal compartments, we next examined the interactions
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between these antibodies and AB1-2, a monoclonal antibody
against the T15 idiotype antibody that is specific for PC molecules.
We found that IgM antibodies in plasma, PFs, and NWs obtained
from mice administered with PC-KLH plus double DNA adjuvant,
specifically bound to AB1-2 in a dose-dependent manner compared
with the binding of IgM antibodies obtained from mice adminis-
tered nasally with PC-KLH alone (Fig. 5). Similarly, IgA antibody
in plasma and NWs, but not in PFs, of mice given PC-KLH with dou-
ble DNA adjuvant displayed dose-dependent interactions with
AB1-2 (Fig. 5). In contrast, essentially no binding of IgG antibodies
was seen in either group of mice (Fig. 5). These results showed that
IgM antibodies in the systemic and mucosal lymphoid tissues and
IgA antibodies in plasma and NWs induced by PC-KLH plus pFL and
CpG ODN are recognized by AB1-2, an anti-T15 idiotype mono-
clonal antibody, suggesting that PC-KLH plus double DNA adjuvant
enhanced the induction of T15-like idiotype antibody in both the
systemic and mucosal compartments.
3.4. APRIL/BAFF expression by CD11c+ DCs of mice administered
nasally with PC-KLH plus double DNA adjuvant

Since our previous studies showed that a combination of pFL
and CpG ODN as a nasal adjuvant preferentially expands CD11c+

DCs in both systemic and mucosal tissues [28,29,32], we initially
assessed the frequencies of CD11c+ DCs in the spleen, PEC, and
NALT by flow cytometric analysis. Our results revealed that immu-
nization with nasal PC-KLH plus double DNA adjuvant significantly
increased the frequencies of CD11c+ DCs in spleen, PEC, and NALT
compared those obtained following immunization with PC-KLH
alone (Fig. 6A).



Fig. 4. Inhibition of binding to hapten-free PC. Seven days after the last immunization, plasma, PFs, and NWs samples were collected from ApoE KO mice administered
nasally with PC-KLH plus double DNA adjuvant. The concentration of samples was adjusted to give an absorbance of 1.0 (OD at 405 nm) according to an ELISA assay using PC-
BSA (5 lg/mL) as the antigen. An aliquot (25 lL) of each sample diluted with 1% BSA was pre-incubated with 25 lL of various concentrations of phosphorylcholine chloride
(PC-Cl; closed circle), acetylcholine chloride (Ach-Cl; closed triangle), or O-phosphorylethanolamine (PE; open circle); the pre-incubated samples then were transferred to
ELISA plate wells coated with PC-BSA. Binding activities of each sample were detected with goat AP-conjugated anti-mouse IgM and IgA antibodies, and binding attenuation
was calculated using the following formula: Percent antibody binding = 100 � (OD405 of wells incubated with sample and inhibitors – OD405 of wells incubated without
sample)/ (OD405 of wells incubated with sample without inhibitors - OD405 of wells incubated without sample). The values shown are the mean ± SE of 20 mice in each
experimental group. Student’s t test, *p < 0.05 or **p < 0.01 compared with PE as an inhibitor, and #p < 0.05 or ##p < 0.01 when compared with Ach-Cl as an inhibitor.
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We next examined the frequencies of APRIL and BAFF molecule
expression based on lymphocyte gating (Supplemetary Figure S4)
by DCs of spleen, PEC, and NALT, given that IgM antibodies are pro-
duced in a T-cell-independent manner [13,14] following direct
stimulation by DC-derived BAFF and APRIL [15]. Increased frequen-
cies of APRIL- and BAFF-expressing DCs were seen in the spleen,
PEC, and NALT of mice nasally administered with PC-KLH and dou-
ble DNA adjuvant compared to those in mice administered nasally
with PC-KLH alone (Fig. 6B and C). Notably, DCs in PEC of mice
administered nasally with PC-KLH plus double DNA adjuvant
revealed more than 10-fold increases in APRIL and BAFF expression
compared to those in mice administered nasally with PC-KLH alone
(Fig. 6B and C). These results suggested that nasal immunization
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with PC-KLH plus double DNA adjuvant induces DC-mediated T
cell-independent B cell activation in both systemic and mucosal
tissues.

3.5. APRIL/BAFF receptor expression by B-1a B cells

Previous studies have reported that the T15 idiotype mono-
clonal antibody is produced primarily by B-1a cells derived from
the PEC of mice [38]. Therefore, we next used flow cytometry to
analyze the frequencies of B-1a B cells in spleen, PEC, and NALT
after nasal immunization with PC-KLH plus a combination of pFL
and CpG ODN. The population of CD5+, CD23- and B220+ (B-1a) B
cells was significantly increased in the spleen, PEC, and NALT of



Fig. 5. Interaction between AB1-2 (anti-T15 idiotypic monolonal antibody) and PC-specific IgM, IgA, and IgG antibodies induced by nasal immunization with PC-KLH
plus double DNA adjuvant. Plasma, PFs, and NWs were collected seven days after the last immunization. To determine the T15 dominance of the PC-specific IgM, IgA, and IgG
antibody responses in the systemic and mucosal compartments, titers in each sample were determined by ELISA methods. The values shown are the mean ± SE of 10 mice in
each experimental group. Student’s t test *p < 0.05 or **p < 0.01 when compared with the mice immunized with PC-KLH alone.
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mice immunized nasally with PC-KLH plus double DNA adjuvant
compared to the populations in mice administered nasally with
PC-KLH alone (Fig. 6D). On the other hand, no significant increase
of CD5- , CD23- and B220+ B cells were seen in these lymphoid tis-
sues. We next assessed the frequencies of TACI-, BAFF-R- or BCMA-
(the receptors for APRIL and BAFF molecules) expressing B-1a B
cells in the spleen, PEC, and NALT. Of interest, the frequencies of
TACI-expressing B-1a B cells were markedly increased in spleen,
PEC, and NALT of mice administered nasally with PC-KLH plus dou-
ble DNA adjuvant (Table 1). In contrast, the expression levels of
BAFF-R and BCMA by B-1a B cells were unchanged in the spleen,
PEC, and NALT of mice given nasal PC-KLH with and without dou-
ble DNA adjuvant (Table 1). These findings indicate that nasal
administration of PC-KLH plus double DNA adjuvant preferentially
elicits increased numbers of TACI-expressing B-1a B cells in the
spleen, PEC, and NALT, most likely by contributing to the induction
of the anti-PC IgM antibodies associated with the atheroprotective
effect.

3.6. Impact on atherosclerotic plaque accumulation by the
immunization with the nasal double DNA adjuvant plus PC-KLH

It has been reported that the T15 idiotype exerts an atheropro-
tective effect by blocking the uptake of OxLDL by macrophages [5].
Therefore, we next performed histochemical and histomorphome-
tric analyses of the aortic sinus by Oil Red-O and hematoxylin-
eosin staining using ApoE KO mice. Mice were nasally immunized
with PC-KLH plus double DNA adjuvant, and atherosclerotic plaque
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accumulation was assessed 12 weeks after the final immunization.
Significantly less atherosclerotic plaque accumulation observed in
mice nasally administered with PC-KLH plus double DNA adjuvant
than was seen in mice immunized with PC-KLH alone (Fig. 7A).
Thus, the size of atherosclerotic plaques and necrosis core area in
ApoE KO mice immunized with double DNA adjuvant plus PC-
KLH was significantly smaller than those in mice administered
nasally with PC-KLH alone (Fig. 7B and C). These results indicated
that double DNA adjuvant may be an effective nasal adjuvant to
provide prevention of atherosclerosis.
4. Discussion

In this study, we investigated whether a combination of pFL and
CpG as a nasal adjuvant elicits functional PC-specific antibody
responses for the prevention of atherosclerosis. We showed that
nasal immunization of ApoE KO mice with PC-KLH plus double
DNA adjuvant induced atheroprotective T15 idiotype-like antibody
responses through elicitation of CD11c+ DCs and CD5+ B-1 B cells.
To the best of our knowledge, this work is the first study to demon-
strate that nasal vaccination with PC-KLH plus a combination of
pFL and CpG ODN as nasal adjuvants has a potent atheroprotective
function, an effect that is mediated by interactions between APRIL-
and BAFF-expressing DCs and TACI-expressing B-1a B cells. Nasal
vaccination targeting NALT that contains various immunocompe-
tent cells, such as follicular B cells, T cells and DCs is thought to
possess lots of advantages to elicit optimal protective immunity



Fig. 6. Characterization of CD11c+ DCs and CD23- B220+ (B-1) B cells in spleen, PEC, and NALT of ApoE KO mice immunized nasally with PC-KLH plus double DNA
adjuvant. Mice were immunized nasally, once weekly for four consecutive weeks, with PC-KLH plus double DNA adjuvant (n = 10) or PC-KLH alone (n = 10). Seven days after
the last immunization, mononuclear cells from spleen, PEC, and NALT were stained with one of the following: BV-conjugated anti-CD11c monoclonal antibody (A); a
combination of BV-conjugated anti-CD11c monoclonal antibody and PE-labelled anti-APRIL monoclonal antibody (B); a combination of BV-conjugated anti-CD11c
monoclonal antibody and PE-tagged anti-BAFF monoclonal antibody (C); a combination of FITC-conjugated anti-CD23 monoclonal antibody, BV-conjugated anti-B220
monoclonal antibody and APC-labeled anti-CD5 monoclonal antibody (D) were subjected to flow cytometric analysis by FACSVerse�. The values shown are the median and
interquartile range (the first quartile – 1.5 IQR, the 3rd quartile + 1.5 IQR) of 10 mice in each experimental group. Mann-Whitney U test, *p < 0.05 compared with PC-KLH
alone.

Table 1
The frequencies of TACI-, BAFF-R-, or BCMA-expressing B cells in spleen, PEC, and NALT of ApoE KO mice nasally immunized with PC-KLH plus double DNA adjuvant (n = 10) or PC-
KLH alone (n = 10).

Tissue Nasal
DA

Percentage of
CD5+, CD23-, B220+

(B-1a) B cells

Percentage of
CD5-, CD23-, B220+ B cells

TACI BAFF-R BCMA TACI BAFF-R BCMA

NALT +

-

* 16.2
(18.3, 8.8)
10.2
(12.8, 7.3)

11.5
(18.2, 9.3)
11.2
(14.5, 8.6)

11.3
(15.8, 5.8)
11.6
(16.7, 5.3)

1.5
(2.6, 0.7)
1.4
(2.3, 0.7)

1.6
(3.3, 0.7)
1.5
(3.4, 0.5)

1.7
(2.9, 0.7)
1.6
(3.3, 0.3)

PEC +

-

* 38.8
(50.2, 24.5)
23.3
(29.6, 18.8)

16.5
(26.2, 11.7)
15.5
(25.9, 10.8)

4.0
(8.8, 1.8)
3.0
(5.8, 0.9)

4.1
(6.0, 1.8)
4.0
(5.3, 1.2)

1.8
(3.25, 0.6)
1.6
(2.8, 0.5)

1.1
(2.1, 0.4)
0.9
(2.3, 0.2)

Spleen +

-

* 23.4
(29.8, 18.6)
12.9
(15.2, 9.3)

7.5
(11.5, 4.5)
5.1
(10.9, 3.8)

4.5
(8.2, 3.1)
4.4
(7.8, 2.4)

3.2
(4.8, 0.8)
2.8
(4.6, 0.6)

2.0
(3.5, 1.2)
2.1
(3.3, 0.8)

1.6
(2.8, 0.3)
1.5
(3.2, 0.5)

The values shown are the median and interquartile range (the first quartile – 1.5 IQR, the 3rd quartile + 1.5 IQR) of 10 mice in each experimental group. Mann-Whitney U test,
*p < 0.05 when compared with nasal double DNA adjuvant (-) (PC-KLH alone).
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in both mucosal and systemic immune compartments. Further,
nasal delivery avoids the degradation of vaccine antigens caused
by digestive enzymes or acids. In addition, it does not require a
needle and trained medical personnel for delivery and thus causes
less pain. However, mucosal vaccination including nasal vaccine
requires adjuvants to effectively elicit systemic and mucosal
immune responses. Based on these advantages, we hypothesize
that this double DNA adjuvant system with PC-KLH effectively
1123
stimulates NALT DCs as antigen-presenting cells for the induction
of follicular B and T cells in NALT.

Flt3 ligand (FL) is known as a hematopoietic growth factor that
has emerged as a potential immunomodulator [39,40]; FL
increases and enhances the DC population and the antigen-
presenting activity [41,42]. We previously demonstrated that nasal
administration of a plasmid expressing the Fl cDNA (pFL) plus
pneumococcal surface protein (PspA) elicited increased numbers



Fig. 7. Atherosclerotic plaques and necrotic core areas in the aortic arch of immunized ApoE KO mice. (A) ApoE KO mice were administered nasally with PC-KLH plus
double DNA adjuvant, double DNA adjuvant alone or PC-KLH alone, four times in consecutive weeks (10 mice per group). Twelve weeks after the final vaccination, the aortic
arches were removed and histomorphometric analysis was performed by the Oil red-O staining (left) and Hematoxylin0eosin staining (right) method. The picture represents
typical aspect of the aortic arches for each group. (B) The plaque formation area (lm2) and (C) necrotic cores area were calculated using the NIH ImageJ application. Data are
expressed as the median and interquartile range (the first quartile – 1.5 IQR, the 3rd quartile + 1.5 IQR) of 10 mice in each experimental group. Mann-Whitney U test, *p < 0.05
compared with PC-KLH alone.
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of DCs and PspA-specific SIgA antibody responses in the naso-oral
cavity [43]. In addition, when CpG ODN, a known TLR9 ligand, was
added to pFL (double adjuvant), we observed potentiation of muco-
sal and systemic immune responses to OVA [28], influenza hemag-
glutinin antigen [30], rFimA [32] and PspA [29,44]; these effects
were mediated by the expansion and activation of CD11+ DCs in
aged mice. Based on these findings, we hypothesized that nasal
immunization with double DNA adjuvant plus PC-KLH would
induce antigen-specific functional antibody responses in the sys-
temic and mucosal compartments of ApoE-deficient mice. Since
it has been shown that PC-KLH-specific antibody titers are well
correlated with atheroprotection [22,23], we optimized nasal
immunization protocol. Our results showed that 4 consecutive
weeks of vaccination with PC-KLH plus double DNA adjuvant
resulted in the maximum immune responses (data not shown).
Indeed, nasal immunization, four times at weekly intervals, with
PC-KLH plus double DNA adjuvant significantly enhanced PC-
specific IgM antibody responses in plasma, PFs, and NWs of ApoE
KO mice when compared to mice administered nasally with PC-
KLH alone (Figs. 2 and 3). Of importance, we confirmed that IgM
antibodies induced in plasma, PFs, and NWs showed high speci-
ficity for the PC molecule (Fig. 4). We previously showed that the
nasal double DNA adjuvant system, when used in combination
with various protein antigens, elicited long-lasting antigen-
specific IgA and IgG antibody immune responses in the mucosal
and systemic compartments [45]. Similarly, the present study
showed that PC-specific IgM antibody titers in plasma and NWs
were maintained at 12 months after the last immunization which
most likely contributed to atheroprotection (Supplementary Fig-
ure S3). Since there were no significant differences on the frequen-
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cies of conventional B cells between mice administrated PC-KLH
plus double DNA adjuvant and those administered PC-KLH alone
(data not shown), we a predict that the conventional B cells may
not involve in the induction of anti-PC IgM and IgA antibody
responses. We are currently testing the potential involvement of
conventional B cells for the induction of anti-PC antibodies by
in vitro B cell-culture system. Natural IgM antibodies against PC
or oxLDL have been shown to confer protection against cardiovas-
cular disease via inhibition of oxLDL uptake by macrophages [7–
10]. Therefore, we next examined the ability of PC-KLH plus double
DNA adjuvant-induced antibodies to inhibit plaque accumulation
on the aortic sinus in ApoE KO mice. Accumulation of plaque on
the aortic sinus in mice administered nasally with PC-KLH plus
double DNA adjuvant was inhibited and decreased compared to
that in mice administered nasal PC-KLH alone (Fig. 7). To our
knowledge, these findings are the first to demonstrate that the
nasal double DNA adjuvant system can contribute to atheroprotec-
tive activities through induction of PC-specific IgM antibodies in
the systemic and mucosal compartments.

It is well-known that the murine plasma T15 idiotype is an anti-
PC IgM antibody and exhibits atheroprotective functions [6,10],
and attenuation of plaque formation in ApoE KO mice [46]. It is
thought that the atheroprotective action of the T15 idiotype is
attributable primarily to blocking the uptake of OxLDL by macro-
phages, inhibiting inflammatory responses, and promoting apop-
totic cell clearance [10]. In contrast, low plasma levels of T15
antibodies caused by lack of IL-5 are known to drive atherosclero-
sis in LDLR�/� mice [47], while decreased T15 antibodies levels in
the aorta have been linked with increased atherosclerotic area in
L-selectin-deficient ApoE�/� mice [48]. We previously also have
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suggested that the T15 idiotype, which suppresses atherogenesis,
is induced not only in the nasal cavity but also in plasma following
nasal immunization with pFL plus PC-KLH [12]. The present study
confirmed that the anti-PC IgM antibodies induced in ApoE KO
mice by nasal immunization with PC-KLH plus double DNA adju-
vant were of the T15 idiotype, as demonstrated using AB1-2, an
anti-T15 idiotype monoclonal antibody. These results further sup-
port our conclusion that nasally administered PC-KLH plus double
DNA adjuvant vaccine elicits atheroprotective IgM antibodies.

In contrast to the case with anti-PC IgM antibodies, there is lim-
ited evidence concerning the atheroprotective effects of PC-specific
IgA antibodies. Instead, it has been suggested that serum anti-PC
IgA may be associated with long-term cardiovascular disease risk
[49]. Thus, PC-specific IgA induced by the nasal double DNA adju-
vant system might have an opposing effect, instead promoting
atherogenesis. Despite this prediction, we showed that IgA anti-
bodies in plasma and NWs that were obtained from mice immu-
nized nasally with PC-KLH plus double DNA adjuvant exhibited
PC specificity and were T15 idiotype antibodies, given that these
antibodies showed dose-dependent binding to the AB1-2 mono-
clonal antibody (Fig. 4). Since nasal administration of PC-KLH plus
double DNA adjuvant induced high levels of anti-PC plasma IgM
and minimal detectable levels of IgA antibodies (Fig. 2), we predict
that anti-PC IgM antibodies play a major role in the prevention of
atherogenesis. These data suggest that anti-PC IgA antibodies may
provide a protective function countering the induction of
atherosclerosis. Experiments to elucidate the precise roles of
anti-PC antibodies in atherogenesis are currently underway in
our laboratory.

To further examine the cellular and molecular mechanisms
employed in the up-regulation of PC-specific immune responses,
we characterized the subsets of DCs in the spleen, PEC, and NALT
of immunized mice. Nasal immunization with PC-KLH plus double
DNA adjuvant elicited higher frequencies of CD11c+ DCs in spleen,
PEC, and NALT in ApoE KO mice compared to those in mice immu-
nized with PC-KLH alone (Fig. 6A). Since the T15 idiotype, PC-
specific IgM antibodies are derived from B-1 B cells [6] by T cell-
independent activation [13,14], we next assessed the expression
levels of BAFF and APRIL [15] in DCs. Of interest, increased frequen-
cies of APRIL- and BAFF-expressing DCs were seen in spleen, PEC, and
NALT of mice immunized with nasally double DNA adjuvant plus PC-
KLH compared to those in mice immunized with PC-KLH alone
(Fig. 6B and C). BAFF-R, TACI, and BCMA are known to be common
receptors for BAFF and APRIL, and expression of these receptors is
required for the survival and maintenance of B cells [16,17] as well
as for augmenting class-switching recombination through the classi-
cal NFjB pathway [18]. We therefore characterized B-1 B cell subsets
and their expression levels of BAFF-R, TACI, and BCMA. Higher num-
bers of CD5+ (B-1a) B cells were seen in spleen, PEC, and NALT of mice
immunized nasally with PC-KLH plus double DNA adjuvant than in
control mice (Fig. 6D). Further, B-1a B cells expressed higher levels
of TACI, but not of BAFF-R and BCMA (Table 1). It has been reported
that APRIL overexpression is associated with significant increases in
both total and anti-OxLDL-specific plasma IgM antibodies, as well
as increased incidences of plaque IgM accumulation, an outcome that
is observed upon increases in the numbers of B-1a lymphocytes [19].
Another laboratory similarly has reported increased levels of plasma
anti-OxLDL IgM antibodies following TACI activation in BAFF trans-
genic ApoE KO mice [20]. Furthermore, since BAFF exerts anti-
inflammatory effects by its interactions with TACI-expressing B-1a
B cells [20,21], BAFF neutralization is thought to aggravate
atherosclerosis [21]. Taken together, these studies support our
hypothesis that increased frequencies of APRIL/BAFF-expressing
DCs and TACI-expressing B-1a B cells contribute to the induction of
T15 idiotype-like antibody responses, thereby reducing atheroscle-
rotic plaque accumulation.
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Previous studies have shown that the anti-PC immune response
is largely IgM, and IgM remains within the vascular system, where
these antibodies appear to help remove OxLDL and to protect mice
from atherosclerosis [5,10]. The titer of IgM antibodies with speci-
ficities to epitopes like malondialdehyde and PC are increased dur-
ing atherogenesis, and these antibodies are associated with
atheroprotective effects [50]. Anti-PC antibodies recognize not only
bacterial PC but also PC moieties present on other molecules of
diverse origins, including self-antigens (such as OxLDL), platelet-
activating factor, and apoptotic cells [24]. Thus, the observed
atheroprotective effects may represent the results of multiple
pathways, including the ability to block the uptake of OxLDL by
macrophages, suppression of inflammatory responses, and promo-
tion of apoptotic cell clearance [5,51]. In this study, significantly
increased levels of plasma anti-PC IgM antibodies were observed
in mice immunized nasally with PC-KLH plus double DNA adju-
vant. Our results suggest that anti-PC IgM antibodies, which bind
to OxLDL, may attenuate the proatherogenic effect of oxidative
agents; thus, immunization with PC-KLH plus double DNA adju-
vant may potentiate atheroprotective effects.

Although it has been shown that B-1a B cells play greater roles
in atheroprotection in murine studies [22,23], the role of B-1 B cells
in the human immune system is poorly understood due to the lack
of a defined human B-1 cell subset. It is a great benefit to develop
the nasal vaccination strategy which stimulates B cells to produce
atheroprotective antibodies in modern worldwide society. In this
regard, our current study could facilitate understanding the cellu-
lar molecular mechanisms of induction of atheroprotective anti-
bodies and subsequent effective nasal vaccine development in
humans.

In summary, we demonstrated that nasal immunization with
PC-KLH plus double DNA adjuvant elicits PC-specific IgM antibody
responses in plasma and PFs of ApoE KO mice; production of these
antibodies is mediated by DC-B-1a B cell interactions. Furthermore,
we showed that PC-specific IgM antibodies are T15 idiotype-like
antibodies, which play an atheroprotective role in ApoE KO mice.
Thus, the double DNA adjuvant system with PC-KLH may be an
effective nasal immunization strategy for reducing atherosclerotic
plaque accumulation in the aortic sinus; this immunization strat-
egy appears to enhance PC-specific immune responses, thereby
preventing atherosclerosis.
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