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Summary

Tolerogenic dendritic cells (DCs) play a critical role in the induction of regu-
latory T cells (Tregs), which in turn suppress effector T cell responses. We have
previously shown the induction of DCs from human and mouse monocytic
cell lines, mouse splenocytes and human peripheral blood monocytes by a
novel apolipoprotein E (ApoE)-derived self-peptide termed Ep1.B. We also
showed that this C-terminal region 239–252 peptide of ApoE has strong anti-
atherogenic activity and reduces neointimal hyperplasia after vascular
surgery in rats and wild-type as well as ApoE-deficient mice. In this study, we
explored the phenotype of DC subset induced by Ep1.B from monocytic cell
lines and from the bone marrow-derived cells. We found Ep1.B treatment
induced cells that showed characteristics of plasmacytoid dendritic cells
(pDC). We explored in-vitro and in-vivo effects of Ep1.B-induced DCs on
antigen-specific T cell responses. Upon in-vivo injection of these cells with
antigen, the subsequent ex-vivo antigen-specific proliferation of lymph node
cells and splenocytes from recipient mice was greatly reduced. Our results
suggest that Ep1.B-induced pDCs promote the generation of Treg cells, and
these cells contribute to the induction of peripheral tolerance in adaptive
immunity and potentially contribute its anti-atherogenic activity.
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Introduction

The immune system has been implicated in the pathogen-
esis of atherosclerosis [1,2]. Antigen-presenting cells (APC)
and T cells are among the many components of the
immune system that are involved in the induction, progres-
sion and modulation of atherosclerosis [1,2]. Dendritic cells
(DCs) have been particularly implicated in atherosclerosis
as professional APC that activate naive T cells [3–5]. These
key bone marrow-derived cells can usually be identified by a
unique morphology, which includes long dendritic-like
processes. They can both up- and down-regulate immune
responses and have considerable immunostimulatory
capacity, both in innate and adaptive immunity. The typical
function of DCs is to activate and regulate the adaptive
immune system and induce immune tolerance [6]. These
cells take up antigens by phagocytosis and process and
present them to the adaptive immune system, priming naive

T cells. Therefore, DCs have a significant role in determin-
ing the type of immune response that occurs in vivo [3].

It is difficult to track the distinct origin of DC subsets or
closely follow their maturation process, partly because there
is not one unique surface marker that every subset of DC
expresses [6]. There is a wide variety of DC subpopulations,
each of which expresses different markers, has different
functions and is found in different tissues in the body.
Although at least five major DC subsets have been charac-
terized in mice, it is widely accepted that there are two main
functional subsets of DCs: conventional dendritic cells
(cDCs) and plasmacytoid dendritic cells (pDCs) [7]. cDCs
reside in the peripheral tissues, where they can take up anti-
gens and become licensed to travel to the peripheral lym-
phoid organs where they present the processed antigen on
their surface to T cells, thereby eliciting a potent immune
response [8]. In mice, these cells usually express surface
markers such as CD11c, CD4 or CD8α and CD11b. pDCs
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are also capable of antigen presentation; however, they pri-
marily produce vast amounts of type 1 interferon (IFN) in
the event of a viral infection [9–11]. These cells can usually
be distinguished by surface expression of CD11c, B220 and
Ly6C [12,13]. A murine pDC antigen (mPDCA) is also
found on the surface of pDCs [14]. Dendritic cells in
general can be identified by surface markers common to
most subtypes. CD80 and CD86 are co-stimulatory mol-
ecules necessary for activation of naive T cells [15]. Recent
studies have shown that monocytes and DCs share a
common precursor that originates in the bone marrow.
Each cell type stems from the macrophage-DC progenitor,
which can then differentiate into a strictly DC precur-
sor – the common-DC progenitor (CDP) – that can then
give rise to both cDCs and pDCs [6].

Apolipoprotein E (ApoE) is involved primarily in lipid
and cholesterol transport and metabolism, and is
expressed in many different tissues. We have suggested that
ApoE is a possible therapeutic and drug target for athero-
sclerosis [16]. We have also shown that a C-terminal
ApoE-derived peptide, Ep1.B (ApoE239–252), displays anti-
atherogenic activity. It reduces neointimal hyperplasia after
vascular surgery in rats and mice. When given during early
plaque progression in ApoE-deficient mice, Ep1.B injec-
tions also prevented plaque growth [17]. The mechanism
involved in this anti-atherogenic activity has not been elu-
cidated. We found previously that when Ep1.B peptide is
incubated with mouse monocytic cell line PU5-1·8 or
splenic cells it induces DC-like morphology and surface
marker expression that are hallmarks of a DC pheno-
type [18]. Therefore, Ep1.B may be involved in the
immunomodulation of atherosclerosis through the
induction of DCs. A conflicting role for pDCs has been
shown previously in the development and regulation of
atherosclerosis [19–21].

We hypothesized that Ep1.B induces differentiation of
murine monocytes and bone marrow cells into a specific
subset of DCs, and that these cells produce distinct effector
cytokines needed for immune regulation and T cell activa-
tion. For these studies we used 4–7-week-old non-obese
diabetic (NOD) mice. These mice usually develop type 1
diabetes (T1D) after 16 weeks of age. Upon immunization
with PS3 peptide, a subset of CD4+ T cells from NOD mice
proliferate extensively in response to PS3 mimotope of
BDC2·5 T cells [22,23]. The use of NOD mice with the PS3
autoantigenic mimotope provides a model system to eluci-
date the functional role of Ep1.B -induced pDC in modu-
lating antigen-specific T cell responses. In the present study,
we explored the maturation of an immature dendritic cell
line DC2·4 and of bone marrow-derived cells by Ep1.B and
functionally characterize these cells. We also found intra-
peritoneal administration of Ep1.B rapidly increased the
CD11c+ DCs. We conclude that Ep1.B induces a distinct
subset of DCs that exhibit characteristics similar to pDCs
and are functionally tolerogenic.

Materials and methods

Reagents

The Ep1.B (TQQIRLQAEIFQAR) and PS3 mimotope
(SRLGLWVRME) peptide for BDC2·5 T cells were synthe-
sized, purified and characterized in our laboratory, as
described previously [18,22,23]. The identity of the
peptides was confirmed by mass spectrometry [18]. Ep1.B
was dissolved in 10% glucose and the PS3 mimotope was
reconstituted in saline and was passed through a 0·45 μm
filter for sterilization.

Fluorescein isothiocyanate (FITC)-labelled anti-mouse
CD80, CD86, Ly6C, CD11c and IFN-α were used for flow
cytometry (BD Pharmingen, San Diego, CA, USA;
eBioscience, San Diego, CA, USA; PBL InterferonSource,
Piscataway, NJ, USA). We also used allophycocyanin-
conjugated mPDCA (Miltenyi Biotec, San Diego, CA, USA),
CD11c and CD25 as well as R-phycoerythrin (PE)-
conjugated B220, CD11b, CD80, CD86 and forkhead box
protein 3 (FoxP3). Peridinin chlorophyll protein complex
(PerCP)-labelled CD11b was also used. Various
fluorochrome-conjugated isotype control antibodies were
used for each marker.

Cell cultures

The immature dendritic cell line DC2·4, derived from
C57BL/6 mice [24], was obtained from Dr Kenneth Rock
(University of Massachusetts). DC2·4 cells were cultured in
10% RPMI medium containing 100 U/ml penicillin,
100 μg/ml streptomycin (Invitrogen, Carlsbad, CA, USA),
5 × 10−5 M 2-mercaptoethanol (ME) and 10% heat-
inactivated fetal bovine serum (FBS) (HyClone, Fremont,
CA, USA). Ep1.B (100 μg/ml) was added to the culture at
time of plating. The primary bone marrow cells harvested
from the tibias and femurs of NOD mice were also cultured
in 10% RPMI with 10 ng/ml granulocyte–macrophage-
colony stimulating factor (GM-CSF). Ep1.B (100 μg/ml)
was added to the culture on day 3 and medium was changed
every 3 days, replenishing GM-CSF and 10% RPMI only.

Mice and immunizations

Wild-type female NOD mice aged between 4 and 7 weeks
were bred at the University of Western Ontario (London,
ON, Canada). All mice were housed under the specific
pathogen-free animal facility at the University of Western
Ontario and were used in accordance with institutional
guidelines.

For immunizations, Ep1.B and PS3 mimotope
(SRLGLWVRME) peptide for BDC2·5 T cells in NOD mice
[22] were emulsified with equal volumes of incomplete
Freund’s adjuvant (IFA). Each mouse received either 100 μg
Ep1.B, 100 μg PS3 or 100 μg Ep1.B + 100 μg PS3 either as
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100 μl emulsion intraperitoneally (i.p.) or 50 μl emulsion in
the footpad under anaesthesia. Spleen and popliteal lymph
nodes were collected 10 days later. Ep1.B peptide was dis-
solved in 10% glucose in water for all these studies.

Bone marrow, lymph node, spleen and peritoneal
cell preparations

Mice were euthanized humanely and their tibias and femurs
extracted aseptically. Bone marrow was harvested according
to Matheu et al. [25]. Cells were pooled within each group
to make a cell suspension and then passed through a 40-μm
nylon cell strainer. Erythrocytes were lysed using 4 ml
ammonium–chloride–potassium (ACK) buffer [0·15 M
NH4Cl, 1·0 mM Na2ethylenediamine tetraacetic acid
(EDTA), pH 7·3] for 2 min. Cells were counted and then
cultured in 10% RPMI and 10 ng/ml GM-CSF for 7 days.
Ep1.B was added on day 3 and cells were harvested on day
7. Spleens and popliteal lymph nodes (LN) were extracted
and also passed through a 40-μm screen. Erythrocytes were
lysed using 4 ml of ACK buffer for 2 min and cells were
counted and resuspended in 10% RPMI. To analyse perito-
neal cells, mice were injected i.p. with 100 μg of Ep1.B in
100 μl of 10% glucose in 4-week-old NOD mice. The
control mice were injected with 100 μl of 10% glucose
alone. Anaesthetized mice were injected i.p. with 3 ml of
prewarmed 10% RPMI medium. Mice were killed and cells
were harvested, washed and stained as for CD11c expression
by fluorescence activated cell sorter (FACS) analysis, as
descried below.

Flow cytometry

For intracellular staining, cells were treated with 5 μg/ml
brefeldin A for 4 h to block the secretion of newly synthe-
sized cytokines. After incubation, cells were washed with
phosphate-buffered saline (PBS) and then resuspended in
PBS + 2% bovine serum albumin (BSA) (Roche, Stanford,
CA, USA). Cells were then incubated with Fc receptor
blocking antibody (anti-CD16/CD32) to prevent non-
specific binding. For surface staining, cells were incubated
with fluorochrome-conjugated monoclonal antibodies
(mAbs) at a 1:100 or 1:50 dilution and incubated for
30 min. Cells were washed, resuspended in PBS for immedi-
ate analysis or fixed in 2% paraformaldehyde (PFA) and
then washed for intracellular staining. Antibodies to intrac-
ellular proteins were added at a 1:50 dilution in 0·5%
saponin and incubated for 1 h; cells were then harvested
and data were acquired using a FACSCalibur (BD
Biosciences, San Jose, CA, USA) at the London Regional
Flow Cytometry Facility at the Robarts Research Institute
(London, ON, Canada) and analysed using BD CellQuest
Pro software.

Proliferation assay

Four groups of 4–6-week-old female NOD mice were immu-
nized as above and after 10 days mice were killed and their
spleens and popliteal lymph nodes were pooled and 2 × 105

cells were incubated with either medium alone (10% RPMI),
5 μg/ml concanavalin A (ConA; Sigma-Aldrich, St Louis,
MO, USA), 50 μg/ml Ep1.B, 50 μg/ml PS3 or 50 μg/ml
Ep1.B + 50 μg/ml PS3 in a 96-well plate. Cells were incubated
at 37°C for 72 h, supernatants were collected and 1 μCi/well
[3H]-thymidine was added for another 18 h. The cells were
then harvested (Tomtec, Hamden, CT, USA) and radioactiv-
ity was measured using a 1450 MicroBeta liquid scintillation
counter (Wallac, Waltham, MA, USA).

Cytokine analysis

Culture supernatants were stored at −20°C until analysis.
Each supernatant was tested for interleukin (IL)-10 and
interferon (IFN)-γ by enzyme-linked immunosorbent assay
(ELISA) using paired antibodies and standards (BD
Biosciences). Data were acquired and analysed using a Bio-
Rad Benchmark Microplate Reader and Manager (Bio-Rad
Laboratories, Mississauga, ON, Canada). The amount of
each cytokine was determined using a cytokine-specific
standard curve.

Adoptive transfer

Bone marrow cells were extracted from NOD mice as
described above and cultured in 10% RPMI and 10 ng/ml
GM-CSF. On day 3, 100 μg/ml Ep1.B was added. On day 8,
cells were collected from both treated and control cultures,
washed and incubated with 100 μg/ml PS3 for 4 h at 37°C.
Cells were washed and injected intravenously at 3 × 106 cells
per NOD mouse through the tail vein. After 6 days, spleens
were collected, pooled and single-cell suspensions were pre-
pared as described above. Cells were plated in a 96-well plate
with 50 μg/ml of PS3 mimotope. Cells were incubated at
37°C for 72 h, supernatants were collected and 1 μCi/well
[3H]-thymidine was added for another 18 h. The cells were
then harvested (Tomtec) and radioactivity was measured
using a 1450 MicroBeta liquid scintillation counter (Wallac).

Statistical analysis

The data were analysed using the unpaired Student’s t-test
with Microsoft Excel Software or Tukey’s post-hoc analysis
and P-values of < 0·05 were considered significant.

Results

Ep1.B induces the generation of pDCs cells in vitro

The immature dendritic cell line DC2·4 from C57BL/6 mice
was tested in vitro for maturation with Ep1.B. Ep1.B peptide
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was always dissolved in 10% glucose for all studies. Cells
were cultured with 100 μg/ml Ep1.B or medium alone for
72 h and then stained for FACS analysis. A significant
increase in CD80 and CD86 surface markers was found
after treatment with Ep1.B; a modest increase in CD11c was
also observed (Fig. 1a). However, no difference was seen in
mPDCA and dendritic cell receptor for endocytosis 205
(DEC205) markers between Ep1.B and medium alone. In
analysing double-stained cells, a large increase was seen in

CD11c+B220+, Ly6C+B220+ and CD11b+CD11c+cells follow-
ing treatment with Ep1.B (Fig. 1b).

To test the effect of Ep1.B on primary undifferentiated
cells, pooled bone marrow cells from NOD mice were incu-
bated with GM-CSF in a 24-well plate. After 72 h, Ep1.B
was added to half the wells and on day 7 cells were stained
and analysed by FACS. In response to treatment with Ep1.B,
a significant increase in CD11b+Ly6C+ cells was seen com-
pared to cells treated with GM-CSF alone (Fig. 2a).
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Fig. 1. Ep1.B induces changes in the dendritic cell surface marker expression in the dendritic cell (DC)2·4 cell line. DC2·4 cells (1 × 106) were

incubated with 10% RPMI medium alone or with 100 μg/ml Ep1.B for 72 h in a six-well plate. Ep1.B peptide was always dissolved in 10% glucose

for all studies before adding to the medium. Following incubation cells were harvested, stained for surface markers and analysed using a fluorescence

activated cell sorter (FACS); 10 000 events were collected. (a) Histograms are shown for CD80, CD86, CD11c, murine plasmacytoid DC antigen

(mPDCA) and DC receptor for endocytosis 205 (DEC205). (b) DC2·4 cells were double-stained after Ep1.B treatment and analysed for the surface

expression of various markers, including CD11b, CD11c, B220 and Ly6C.

▶
Fig. 2. Treatment of non-obese diabetic (NOD) bone marrow-derived cells with Ep1.B induces up-regulation of dendritic cell (DC) surface

markers. (a) Bone marrow cells (1 × 106 cells/ml) from the tibias and femurs of NOD mice were pooled and plated in a 24-well plate with 10 ng/ml

granulocyte–macrophage colony-stimulating factor (GM-CSF). After 72 h 100 μg/ml Ep1.B was added to half the wells. Ep1.B peptide was always

dissolved in 10% glucose for all studies. The untreated other half served as control. On day 7 cells were stained with various labelled surface marker

antibodies and analysed by fluorescence activated cell sorter (FACS). (b) Bone marrow cells were gated on CD11b+ cells and examined for changes in

surface expression of various markers. (c) After 6 days the bone marrow cells in (a) were cultured overnight with lipopolysaccharide (LPS)

(1 μg/ml). Cells were harvested on day 7 and analysed for cell surface markers specific for plasmacytoid DCs, including CD11c+, murine

plasmacytoid DC antigen (mPDCA)+, B220+, Gr-1+ (Ly-6C and Ly-6G) expression. Cells were gated furthermore for CD11c+ mPDCA+ markers to

determine the level of B220 and Gr-1 expressed specifically by plasmacytoid DCs. (d) CD8α expression in the CD11c+ DCs in the above bone

marrow cultures was determined. This CD11c+CD8α+ subpopulation is recognized as tolerogenic DC.
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However, this is due mainly to an increase in expression of
Ly6C by CD11b cells (Fig. 2a). Also, the expression of
CD11c increased significantly. Importantly, a distinct
increase in CD11c+mPDCA+ cells was also observed. The
data were then gated on CD11b+ cells to show an increase in
CD11b+Ly6C+CD80+ cells and a smaller but noticeable
increase in expression of CD80 and CD86 was also observed
in these cells (Fig. 2b).

Additional studies were performed to induce the genera-
tion of pDCs from bone marrow cells with Ep1.B. Bone
marrow cells from NOD mice were grown in the presence
of GM-CSF and Ep1.B peptide followed by maturation of
DCs by lipopolysaccharide (LPS) (1 μg/ml) overnight on
day 6. Cells were harvested on day 7 and analysed for cell
surface markers specific for pDCs. pDCs are characterized
by CD11c+, mPDCA+, B220+, Gr-1+ (Ly-6C, Ly-6G) expres-
sion. Cells were gated further on CD11c+ and mPDCA+

population to determine the level of B220 and Gr-1
expressed by pDCs (Fig. 2c).

We also determined the induction of CD8α DCs by
Ep1.B peptide. As shown in Fig. 2d, the expression of CD8α
DCs increased following culture of bone marrow cells from
NOD mice with Ep1.B. This increased surface expression of
CD8α could be an indicator of the tolerogenic DC
subpopulation induced by Ep1.B and characterized by
CD11c+CD8α+ expression.

These results indicate collectively that Ep1.B induced the
differentiation of monocytes into pDCs.

Intraperitoneal administration of Ep1.B peptide
increases the expression of CD11c+ cells in vivo

In order to characterize DC expression in vivo in response
to Ep1.B, we analysed CD11c expression in the peritoneal
cavity of NOD mice. CD11c is a typical mouse DC marker
used commonly to identify DCs in vitro and in vivo. Five
min, 2 h and 6 h after i.p. injection of Ep1.B in 10% glucose,
cells were harvested and analysed for CD11c expression by
flow cytometry. We found that in contrast to control, cell
surface expression of CD11c increased dramatically within
5 min of the injection of Ep1.B (Fig. 3) and was still present
at 2 h. By 6 h, the expression of CD11c declined to the back-
ground level.

Ep1.B induces the generation of pDCs and IFN-α
production from splenic cells

It is not clear if heterogeneity in DC phenotype and func-
tion exists in splenic versus monocyte-derived DCs by
Ep1.B. We evaluated the generation of pDCs from the
splenic cells of NOD mice by Ep1.B. As shown in Fig. 4,
Ep1.B efficiently induced the differentiation and IFN-α
production from the NOD splenic cells. This was evident
based upon increased expression of the CD11c+B220+ subset
(Fig. 4a) and larger production of IFN-α, compared to the

medium control (Fig. 4b). These pDCs express low to inter-
mediate levels of CD11c, which is consistent with their
expected phenotype and IFN-α production ability.

Adoptive transfer of bone marrow-derived
Ep1.B-induced pDCs down-regulate T cell responses
to PS3 mimotope in NOD mice

In order to determine the effect of Ep1.B-induced pDCs in
vivo, we investigated its effect on the autoimmune T cell
response to PS3 (SRLGLWVRME) mimotope of BDC2·5 T
cells in NOD mice [22,23,26]. Bone marrow cells from
NOD mice were collected and incubated with GM-CSF.
After 72 h, half the wells were incubated with Ep1.B and the
other half acted as control. On day 8, all wells were pulsed
with 100 μg/ml PS3 mimotope for 4 h. Cells were washed
and 3 × 106 cells were injected intravenously (i.v.) into
groups of 4-week-old NOD mice. After 6 days, spleens were
collected, pooled within each group and plated with recall
peptides in a proliferation assay. Splenocytes from mice
that received medium alone showed significantly higher
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proliferation when recalled with PS3 mimotope than those
from mice that received Ep1.B-treated cells (Fig. 5; Stu-
dent’s t-test, P = 0·0005). No differences were seen between
spleen cells from mice receiving medium alone or Ep1.B-
treated cells when recalled with Ep1.B. Thus, splenocytes of
recipient mice injected with Ep1.B-treated cells demon-
strate much lower proliferation in response to the challenge
amtigen than control mice injected with untreated cells. As
shown below, this is due probably to the induction of regu-
latory T cells (Treg) cells by Ep1.B-induced DCs.

DCs induced in vivo by Ep1.B immunization
down-regulate T cell response to PS3 mimotope by the
induction of CD4+FoxP3+CD25+ Treg cells

We determined the effect of Ep1.B-induced pDCs on the
proliferation of autoreactive lymphoid cells after immuni-
zation with the autoantigenic mimotope peptide PS3 in
NOD mice [22,26]. Four groups of 6-week-old female NOD
mice were injected in footpads with either IFA alone, 50 μg
Ep1.B/IFA, 50 μg PS3/IFA or 50 μg Ep1.B + 50 μg PS3/IFA.
Ep1.B peptide was always dissolved in 10% glucose for all

studies. After 10 days, popliteal lymph nodes were extracted
and pooled within each group. They were left untreated or
challenged in vitro with 5 μg/ml ConA, 50 μg/ml Ep1.B,
50 μg/ml PS3 and 50 μg/ml Ep1.B + 50 μg/ml PS3 (Fig. 6a).
After 72 h, supernatants were collected and cells from each
treatment were stained for FACS. [3H]-Thymidine was then
added for 18 h to the remaining cultures and cells were har-
vested and proliferation measured using a MicroBeta
counter. Cells incubated with medium alone showed back-
ground levels of proliferation (negative control) and dem-
onstrated a proliferative capacity in response to the
polyspecific mitogen ConA (positive control) in lymph
nodes (Fig. 6a). Ep1.B was non-immunogenic, as no prolif-
eration resulted from restimulation [18]. Interestingly,
lymph node cells from mice injected with PS3 + Ep1.B
demonstrated significantly lowered proliferation in
response to both PS3 and Ep1.B + PS3 as recall peptides
compared to mice injected with PS3 alone (Fig. 6a; Tukey’s
post-hoc test, P < 0·0001, F = 142·8 and P = 0·0057,
F = 9·199, respectively). This suggests that Ep1.B down-
regulated proliferation of antigen-specific lymph node T
cells.
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To identify the cells involved in the inhibition of prolif-
erative response we stained for T cells for the expression of
surface markers and intracellular FoxP3 in cell cultures. The
frequency of CD25+FoxP3+ cells was obtained by first
gating on the CD4+ population. A clear increase in
CD4+FoxP3+CD25+ Treg cells was seen after recall with
Ep1.B + PS3 in all groups except Ep1.B/IFA (Fig. 6b). These

Treg cells are probably responsible for the down-regulation
of the T cell responses.

Supernatants from the above ex-vivo cultures were tested
for the production of cytokines by the antigen-specific T
cells using ELISA. Lymph node cell cultures from mice
injected with PS3 and challenged with PS3 demonstrated a
dramatic increase in IFN-γ production compared to cells
from mice injected with PS3 + Ep1.B and challenged with
PS3 (Fig. 7a; Student’s t-test, P < 0·0001). Supernatants of
cell cultures from mice injected with PS3 + Ep1.B but chal-
lenged with PS3 also showed IFN-γ production, whereas
this cytokine was not detected in cell cultures from mice
injected with PS3 + Ep1.B and recalled with PS3 + Ep1.B.
This further indicates a decrease in T cell proliferation, as
IFN-γ is produced mainly by T cells, and injection or even
challenge with Ep1.B suppresses this T cell response. IL-10
was detected in lymph nodes from each group of immu-
nized mice (Fig. 7b). These results suggest that injection or
incubation with Ep1.B increases the total IL-10 concentra-
tion. We also found that lymph node cells from the Ep1.B-
injected mice demonstrated an increase in IFN-α
production upon in-vitro recall with Ep1.B (Fig. 7c).

Discussion

The purpose of this study was to determine the cellular
mechanism of the maturation of DCs by anti-atherogenic
Apo E-derived self-peptide Ep1.B. We have shown previ-
ously that Ep1.B activates the PI3K and mitgogen-activated
protein kinase (MAPK) pathways and induces the differen-
tiation of monocytic PU5-1·8 cells in vitro [18]. We also
showed that Ep1.B down-regulates T cell proliferation in
response to the model antigen chicken ovalbumin [18].
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(a) For proliferation assay, 2 × 105 of pooled lymph node cells were

incubated in vitro in a 96-well plate with medium alone, 5 μg/ml

concanavalin A (Con A), 50 μg/ml Ep1.B, 50 μg/ml PS3 or 50 μg/ml

Ep1.B + 50 μg/ml PS3 peptides for 72 h. [3H]-Thymidine was added

for 18 h and proliferation was measured using a MicroBeta counter.

Results shown are a mean of triplicate wells ± standard deviation. (b)

Cells from immunized mice were analysed for the expression of

surface and intracellular markers. The first column represents cells

cultured with 50 μg/ml PS3 peptide and the second column shows

cells cultured with 50 μg/ml Ep1B + 50 μg/ml PS3 peptides. The

frequency of CD25+FoxP3+ cells was obtained by first gating on the

CD4+ population.
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In this study, we analysed changes in the DC population
using surface markers and by measuring the functional
effects these changes have on T cell proliferation in response
to PS3, an autoantigenic mimotope of diabetogenic NOD
derived BDC2·5 T cells. In-vitro incubation of the immature
dendritic cell line DC2·4 with Ep1.B showed a marked
increase in the expression of CD80 and CD86 co-stimulatory
molecules and a moderate increase in CD11c DC cell surface
markers. This confirmed the effect of Ep1.B on the matura-
tion of monocytes obtained previously with PU5-1·8
monocytic cells [18]. In response to Ep1.B, the Ly6C+B220+

population was increased drastically among DC2·4 cells; this
suggests an increase in pDCs, as Ly6C is a classic pDC surface
marker and such double-positive cells are particularly charac-
terized as pDCs [27]. No differences were seen in DEC205 in
response to Ep1.B, although DC2·4 cells already express
DEC205 at relatively high levels [24]. Similar results were
obtained for mPDCA, which suggests that this cell line
expresses these markers endogenously at high level.

We found that bone marrow cells, when incubated with
GM-CSF and stimulated with Ep1.B for 72 h, showed an
increase in pDC marker Ly6C among CD11b+ cells. In addi-
tion, a distinct increase was seen in CD11c expression, espe-
cially when co-expressed with mPDCA or DEC-205 in
Ep1.B-treated cells. mPDCA is mainly specific to pDCs,
while DEC-205 can be expressed by different types of leuco-
cytes, but is expressed at high levels by some populations of
DCs [28]. Cells when gated on CD11b+ showed that Ep1.B
induces an increase in Ly6C+CD80+ and Ly6C+CD86+ cells.
Fogg et al. [29] also found an increase in CD11bintCD11c+

DCs upon in-vitro stimulation of murine bone marrow cells
with GM-CSF, and we suggest that Ep1.B allows these cells
to mature rapidly into pDCs.

Ep1.B on its own did not stimulate T cells, but was able
to down-regulate proliferation of T cells to challenge anti-
gens in immunized mice [18]. It is therefore not surprising
that Ep1.B administration alone is not enough to prevent
the development or progression of T1D in NOD mice (our
unpublished results). Our results indicate that a combina-
tion of antigenic peptide and Ep1.B in adjuvant might be a
rational approach for induction of antigen-specific toler-
ance in immunotherapy protocol. In fact, addition of Ep1.B
during immunization sensitizes lymphocytes to be
hyporesponsive to a specific antigen. As a remarkable
example, NOD mice immunized with PS3 mimotope dem-
onstrated considerable proliferation upon recall with PS3
alone. However, mice that were injected with PS3 + Ep1.B
had a much lower recall response to PS3, suggesting that
Ep1.B down-regulated effector and/or pathogenic T cells in
NOD mice. We analysed for cytokine production to exclude
the possibility that the treatment conditions were toxic to
the cells and also to determine any differences in expression
profile of cytokines in the lymph nodes. We found that
lymph node cells from mice immunized with antigen and
Ep1.B in IFA and challenged in vitro with antigen showed
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increased production of IL-10 compared to the control
[18]. This was not due to a non-specific toxic effect of
Ep1.B on T cells, but to the modulation of DC function by
Ep1.B [18]. Immunization and recall with PS3 showed a
much larger production of IFN-γ than either injection with
Ep1.B + PS3 and recalled with PS3 alone. This is further
evidence that Ep1.B down-regulates T cell proliferation, as
IFN-γ is secreted mainly from T cells. The possible role of
pDCs in the down-regulation of atherosclerosis by reducing
T cell proliferation has been reported recently [19]. Kang
et al. [30] found that, upon adoptive transfer of isolated
pDCs from tolerized mice, an increased suppressive capac-
ity of CD4+CD25+ Tregs was observed in vivo, illustrating the
ability of pDCs to provoke changes in Treg cell population.
This is consistent with other studies, where transfer of
pDCs from lymph nodes of tumour-bearing mice activated
Tregs in vivo [31]. A recent study also found that vitamin
D3-induced tolerogenic DCs expanded CD25+FoxP3+ Tregs

from NOD mice [32].
We also stained draining lymph node cells for intracellu-

lar IFN-α and FoxP3 expression and examined for changes
in surface markers to further test whether IFN-α-secreting
pDCs were up-regulated and to determine any changes in
Treg expression. We found a slight increase in IFN-α in
lymph node cells upon injection with Ep1.B. IFN-α is
mainly secreted from plasmacytoid dendritic cells, and
therefore Ep1.B induces an up-regulation of these cells. We
also observed an increase in Ly6C+CD11b+ cells and in each
group after recall with Ep1.B + PS3 compared to PS3 alone.
This again shows an increase in pDCs. Every group demon-
strated an increase in CD4+FoxP3+CD25+ cells after in-vitro
challenge with Ep1.B + PS3, except for the group injected
with Ep1.B/IFA. This could be due to cellular changes
already accounted for by injection of Ep1.B alone, such that
little response is seen after challenge with Ep1.B. These
surface markers characterize Tregs in mice and therefore
in-vitro incubation with Ep1.B induces an increase in pDCs
which will then up-regulate immunosuppressive Tregs.
Bjorck et al. [27] show that a subpopulation of pDCs found
in the bone marrow produces high amounts of IFN-α.
However, when they leave and migrate to peripheral tissues
they secrete far less, which may be consistent with our
results where only a slight increase in IFN-α was observed.
Bjorck et al. [27] also noted that a subpopulation of pDCs
could induce Treg cells, which supports our findings.

In this study, we have demonstrated that incubation with
Ep1.B elicits changes in bone marrow-derived cells and
these cells express surface proteins similar to those found on
pDCs, including CD11c, mPDCA, DEC-205, CD80 and
CD86. This self-peptide also altered cytokine production
such that more IL-10 and IFN-α were secreted in vitro [18].
Ep1.B can induce changes in immature dendritic cells,
monocytes and primary bone marrow cells; however, it
induces the greatest changes in the latter. Based on our
observations in this study, we suggest that in-vivo Ep1.B

rapidly induces pDCs that prevent the development of
pathogenic cells that contribute to atherosclerosis [19,20].
This is particularly the case for the anti-atherogenic activity
of Ep1.B during vascular surgery [17]. Our future studies
will focus upon the potential application of in-vitro-
generated pDCs by Ep1.B to confirm its mechanism of
action in blocking atherosclerosis.
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