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ABSTRACT

Aims Atherosclerosis is a chronic disease of the vessel wall, characterized by the
buildup of plaques consisting of lipids and inflammatory cells. We have previously
shown that CD8+ T-cells, which make up an important part of the inflammatory
component of the lesions, confer a protective effect on atherosclerosis. The objective
of this study was to boost the protective function of CD8+ T-cells in atherosclerosis via
vaccination against ApoB100, the main protein component of the cholesterol-carrier
LDL.

Methods and Results Prediction of ApoB100-derived MHC-I binding peptides re-
vealed several peptides that could induce strong CD8+ T-cell responses in vivo. The
QSFDLSVK peptide was effective at inducing immune responses in a dendritic cell
vaccination study and therefore selected to be encapsulated in liposomes containing
the lipids DOPC and DOTAP. LDLr9/9 mice were fed a Western-type diet for 10 weeks to
induce atherosclerosis, and vaccinated with the liposomal formulation containing the
peptide followed by two boost injections with the peptide adjuvanted with poly(I:C)
and an anti-CD40 antibody. Unexpectedly, the treatment affected neither plaque
burden nor stability. Plaque macrophage content and serum cholesterol levels were
unaffected as well. Ten weeks following vaccination, we were unable to measure
any antigen-specific immunity towards our peptide. Since OVA-specific CD8+ T-cell
responses were readily detected using the SIINFEKL peptide in the same prime-boost
strategy in a subsequent experiment, we conclude that the QSFDLSVK peptide could
not be efficiently cross-presented, and thus failed to induce CD8+ T-cell responses.
Interestingly, we did observe an increase in weight upon vaccination against the
QSFDLSVK peptide.

Conclusion In short, a pro-inflammatory vaccination against the ApoB100-derived
peptide QSFDLSVK formulated in DOPC/DOTAP liposomes does not affect atheroscle-
rosis development in LDLr9/9 mice, suggesting that using different antigens to boost
CD8+ T-cell responses may be more relevant for the treatment of atherosclerosis.
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1. Introduction

Cardiovascular diseases are among the leading causes of morbidity and mortality
worldwide [1]. Atherosclerosis, the main underlying pathological process that drives
cardiovascular disease, is characterized by lipid accumulation in the form of low-
density lipoprotein (LDL) as well as chronic inflammation within the vessel wall of
medium- and large-sized arteries [2]. Currently, patients are mainly treated with statins,
drugs that lower the LDL cholesterol levels in blood. However, statins reduce the risk
of a cardiovascular event by only 20-25% [3], emphasizing the need for additional
therapeutic strategies. Targeting the immune component of atherosclerosis might be
an interesting option to pursue, as a recent large clinical trial has demonstrated that
modulating inflammatory responses via blockade of IL-1β improves cardiovascular
outcome [4]. Among the inflammatory cell-buildup within the atherosclerotic plaque,
CD8+ T-cells are abundant and comprise up to 50% of all lymphocytes in advanced
human plaques [5, 6]. CD8+ T-cells have been reported to show both pro- and anti-
atherogenic properties, depending on their inflammatory status and interactions with
other cell types within the atherosclerotic lesion [7].

We have previously shown a protective role for CD8+ T-cells in the advanced stages of
atherosclerotic lesion development, by limiting lesional macrophage content and CD4+
T-cell responses via FasL-induced cell death [8]. Moreover, we reported that activation
of CD8+ T-cells specifically in the lesion microenvironment decreases inflammatory
cytokine production through upregulation of the ectonucleotidase CD39 [9]. There-
fore, increasing the number of CD8+ T-cells in the atherosclerotic lesion, for instance
through vaccination, may be a potential strategy to stabilize atherosclerotic plaques.
Although the antigens that drive the adaptive immune response in atherosclerosis are
still a matter of debate [10], there is a strong body of evidence suggesting a role for
LDL- and ApoB100-derived peptides. Several studies have shown that antibodies di-
rect against ApoB100 are generated in both atherosclerotic patients and mouse mod-
els [11–14]. Moreover, T-cells from human atherosclerotic lesions can recognize oxi-
dized LDL [15], whereas blocking T-cells from recognizing ApoB100 (the primary pro-
tein in LDL) reduces atherosclerosis formation in mice [16].

Previous work has demonstrated an atheroprotective effect of multiple immunizations
with the ApoB100-derived p210 peptide conjugated to cationic bovine serum albumin
and using Alum as an adjuvant [17], which was mediated by CD8+ T-cells [18]. Interest-
ingly, Alum preferentially primes a type 2 immune response [19] and has not been de-
scribed as a potent inducer of cytotoxic CD8+ T-cells. Here, we aimed to raise the num-
ber of atheroprotective CD8+ T-cells using a cationic liposomal formulation specifically
designed to induce protective CD8+ T-cell responses in a murine model of atherosclero-
sis. Liposomes are a promising antigen-delivery system to use in vivo, as they enhance
the uptake of the encapsulated antigen in dendritic cells (DCs) [20]. Furthermore, by al-
tering the physicochemical properties of the liposomes, the ensuing immune response
can be skewed in the desired direction [21]. For instance, cationic liposomes are known
to induce strong CD8+ T-cell responses [22], possibly due to their ability to facilitate en-
dosomal escape [23], resulting in increased presentation of their peptide load on ma-
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jor histocompatibility complex class I (MHC-I) molecules. Encouraging results using
cationic liposomes for inducing CD8+ T-cells in cancer treatment have been reported
previously [24–27], which is why we opted to use DOPC:DOTAP liposomes in our study.
We show that vaccination with an ApoB100-derived peptide encapsulated in these li-
posomes, unexpectedly, does not affect the atherosclerotic burden in LDLr9/9 mice.

2. Materials & Methods

2.1. Materials

The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) were purchased from Avanti Polar Lipids
(Alabaster, Alabama, USA) and Vivaspin 2 centrifuge membrane concentrators were
purchased from Sartorius Stedim Biotech GmbH (Göttingen, Germany). The ApoB100-
derived peptides (LSIQNYHVF, VMWLMDSFI, VTYLMALI, STNVYSNL, VPYAFKSL,
SAINNEHNI, ANILNSEEL, TNLKYSPL, QSFDLSVK and TTKQSFDL) were synthesized
by GenScript (Piscataway, New Jersey, USA). SIINFEKL was purchased from Tebu-bio
(Heerhugowaard, the Netherlands) Poly(I:C) was purchased from Invivogen (Toulouse,
France) and monoclonal anti-CD40 antibody (rat IgG2a clone FGK4.5) was obtained
from BioXcell (Hanover, New Hampshire, USA).

2.2. Liposome preparation

Empty or peptide-containing cationic liposomes (DOTAP:DOPC, 1:1 molar ratio) were
produced by making use of the thin film dehydration-rehydration method as previously
described [28]. Briefly, DOTAP and DOPC were mixed in a 1:1 molar ratio to reach a fi-
nal concentration of 10 mg lipids in 1 mL chloroform. A lipid film was formed by rotary
evaporation. The lipid film was hydrated in the presence of glass beads with a 2 mL
solution of 0.04% NH4OH for non-loaded (empty) liposomes or with a 2 mL of a solu-
tion of 0.04% NH4OH containing 500µg QSFDLSVK for the loaded liposomes. The lipo-
somal dispersion was snap-frozen and freeze-dried in a Christ alpha 1–2 freeze-dryer
(Osterode, Germany) overnight. After freeze-drying overnight, the lipid cake was re-
hydrated with 10 mM phosphate buffer, pH 7.4 (PB), in three consecutive steps: twice
250µL was added followed by vortexing and 30 min equilibration after each addition,
and as a third step the remaining 500µL was added, followed by 1 h equilibration. The
liposomes were next sized using high-pressure extrusion at room temperature with a
LIPEX Extruder (Northern Lipids Inc., Canada). To obtain monodisperse liposomes,
the liposome mixture was passed four times through a 400 nm-pore and a 200 nm-pore
sized membrane (Nuclepore, Millipore, Kent, UK). The liposomes were purified and
concentrated using Vivaspin 2 centrifugation concentrators (PES membrane, molecu-
lar weight cut-off 300 kDa) which were centrifuged at 1500 RPM and 4 ◦C for 5–6 hours
until the suspension was concentrated five-fold. The filtrate containing the free pep-
tide was removed and the concentrated liposomes were washed with 1 mL PB and again
centrifuged until the volume was concentrated five-fold.



7

157

2.3. Liposome characterization

The Z-average diameter and polydispersity index (PDI) of the liposomes were mea-
sured by dynamic light scattering (DLS). Zeta-potential was determined by using laser
Doppler electrophoresis, both using a NanoZS Zetasizer (Malvern Ltd., Malvern, UK).
Samples were diluted 100-fold in PB to a total volume of 1 mL. Peptide encapsulation
efficiency was measured using reversed-phase ultra-pressure liquid chromatography
(UPLC) on a Waters ACQUITY UPLC (Waters, MA, USA). 5µL of the sample was injected
into a 1.7µm BEH C18 column (2.1×50mm, Waters). The column temperature was set
to 40 ◦C and the sample temperature set to 4 ◦C. The mobile phases were Milli-Q water
with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA (solvent B). For detection, the
mobile phases were applied in a linear gradient from 5% to 95% solvent B over 6 min at
a flow rate of 0.370 mLmin−1. Peptides were detected by absorbance at 214 nm using
an ACQUITY UPLC TUV detector (Waters).

2.4. Animals

LDLr9/9 mice and C57Bl/6 mice were purchased from Jackson Laboratory (Bar Harbor,
Maine, USA) and bred in-house. Animals were kept under standard laboratory con-
ditions; food and water were provided ad libitum. All animal work was performed in
compliance with the Directive 2010/63/EU of the European Parliament and the Dutch
government guidelines. Experiments were approved by the Ethics Committee for Ani-
mal Experiments of Leiden University.

2.5. Bone marrow-derived dendritic cells (BMDCs)

Bone marrow was isolated from the tibias and femurs of C57BL/6 mice. A single-cell
suspension of bone marrow cells was obtained by using a 70µm cell strainer (Greiner
Bio-One B.V., Alphen aan den Rijn, NL). The cells were cultured in IMDM (Lonza,
Breda, NL) supplemented with 2 mM L-glutamine, 8% (v/v) FCS, 100 U mL−1 peni-
cillin/streptomycin (Lonza), and 50µM β-mercaptoethanol (Sigma, Zwijndrecht, NL)
at 37 ◦C and 5% CO2 in 95 mm Petri dishes with 20 ngmL−1 GM-CSF (Immunotools,
Friesoythe, Germany) for 10 days.

2.6. Cell preparation and flow cytometry

Mice were sacrificed by injection of a lethal dose of ketamine (40 mgmL−1), sedazine
(8 mgml−1) and atropine (0.1 mgml−1) and blood, spleens, heart lymph nodes (hLN),
inguinal lymph nodes (iLN), and aortas were harvested after in situ perfusion with
phosphate-buffered saline (PBS, pH 7.4, Lonza). White blood cells were obtained
by lysing the blood twice for 2 min with lysis buffer (0.15 M NH4Cl, 1 mM KHCO3,
0.1 mM Na2EDTA; pH 7.3). Single-cell suspensions of spleens and LNs were obtained
by using a 70µm cell strainer (Greiner Bio-One). Splenocytes were lysed for 1 min
with lysis buffer to obtain white blood cells. For peptide restimulations, approximately
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1×106 cells were plated out in 96-well U-bottom plates (Greiner Bio-One) in RPMI
1640 Medium (Lonza, Basel, Switzerland) supplemented with fetal bovine serum (10%,
Greiner Bio-One), L-glutamine (2%, Lonza), penicillin/streptomycin (1%, Lonza),
sodium pyruvate (1%, Sigma-Aldrich) and β-mercaptoethanol (60µM, Sigma-Aldrich)
at 37 ◦C and 5% CO2. Cells were incubated for 5 hours in the presence of 3µgmL−1

Brefeldin A (ThermoFisher Scientific, MA, USA) and 10µm, 5µM, 1µM or 10 nM of
the ApoB100-derived peptides. Cells were stained with the appropriate antibodies for
flow cytometric analysis. For intracellular staining, cells were fixed and permeabilized
by using an intracellular staining kit (BD bioscience) according to the manufacturer’s
protocol. Flow cytometry analyses were performed on a Beckman Coulter Cytoflex S
and FlowJo software (Treestar).

2.7. Dendritic cell vaccination studies

BMDCs were cultured as described above and stimulated overnight with 100 ngmL−1

of LPS and 50µM of the ApoB100-derived peptides LSIQNYHVF, VMWLMDSFI, VTYL-
MALI, STNVYSNL, VPYAFKSL, SAINNEHNI, ANILNSEEL, TNLKYSPL, QSFDLSVK and
TTKQSFDL. The next day, 18 LDLr9/9 mice were injected i.v. with 1E6 DCs loaded with
a combination of the different peptides (n = 12), LPS-treated DCs (n = 3) or PBS (n = 3)
or the ovalbumin-derived SIINFEKL peptide as controls. After one week, the immune
response was boosted by intraperitoneal (i.p.) injection with 200µg of the peptides,
50µg anti-CD40 antibody, and 50µg poly(I:C) in PBS. One week after the boost injec-
tions, mice were sacrificed by cervical dislocation and spleens were removed for flow
cytometric analysis.

2.8. Atherosclerosis studies

LDLr9/9 mice of between 10 and 13 weeks of age were randomized into 4 groups of
10 mice each, based on age, weight, and plasma cholesterol levels. At the start of the
experiment, the mice were immunized intravenously (i.v.) with either 100µL PBS, 3.5
nanomole of free QSFDLSVK peptide in PBS, 0.9 mg DOPC:DOTAP liposomes, or 3.5
nanomole QSFDLSVK peptide encapsulated in 0.9 mg DOPC:DOTAP liposomes. From
the moment of immunization, mice were fed a Western-type diet (WTD) containing
15% cocoa butter, 10% maize starch, 20% casein, 40.5% sucrose, 0.25% cholesterol
and 5.95% cellulose (Special Diet Services, Witham, Essex, UK) for 10 weeks to induce
atherosclerotic lesion formation. One week and four weeks after the start of the experi-
ment, the PBS and empty liposome-treated mice received a boost injection with 50µg
poly(I:C) and 50µg anti-CD40 antibody, while the free peptide and peptide liposome-
treated mice were boosted with 200µg QSFDLSVK peptide, 50µg poly(I:C) and 50µg
anti-CD40 antibody in 200µL PBS via i.p. injection. In weeks 3 and 6, 100µL blood was
obtained via venipuncture of the tail vein for the determination of plasma cholesterol
levels. After 10 weeks, mice were sacrificed and organs were harvested as described
above. Total cholesterol levels were assessed using an enzymatic colorimetric assay
(Roche Diagnostics, Almere, The Netherlands).
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2.9. Liposomal vaccination studies

LDLr9/9 mice that were 10 weeks of age were divided into two groups of three mice
each. At the start of the experiment, the mice were immunized i.v. with either 3.5
nanomole QSFDLSVK peptide or SIINFEKL peptide encapsulated in DOPC:DOTAP li-
posomes. One week after the initial vaccination, the mice received a boost injection
with 50µg poly(I:C), 50µg anti-CD40 antibody, and 200µg QSFDLSVK or SIINFEKL via
i.p. injection. One week after the boost vaccination, mice were sacrificed via cervical
dislocation and spleens were harvested.

2.10. Histological analysis

All hearts were embedded in optimal cutting temperature (O.C.T.) compound (Sakura,
Alphen aan den Rijn, The Netherlands) and sectioned horizontally to the aortic axis and
towards the aortic arch. Upon identification of the aortic root, defined by the trivalve
leaflets, consecutive 10µm sections were collected. Analysis of lesion size was per-
formed on aortic root lesions stained with Oil-Red O and hematoxylin (Sigma-Aldrich).
Corresponding sections were stained with Sirius Red (Sigma-Aldrich) to determine col-
lagen content. Plaque macrophages were stained immunohistochemically by using a
rat-anti-mouse monocytes/macrophages antibody (MOMA, 1:1000, AbD Serotec) as a
primary antibody, biotinylated rabbit anti-rat IgG (1:100; Vector) as a secondary anti-
body, and Vectastain ABC horseradish peroxidase in combination with ImmPACT Nova
Red for visualization (Vector). The average plaque size (in µm2) was calculated from
5 sequential sections. For all other stainings, three subsequent sections displaying the
highest plaque content per mouse were analyzed. All microscopic analyses were per-
formed on a Leica DM-RE microscope using Leica QWin software and were blinded for
independent analysis. The percentages of collagen and macrophages in the atheroscle-
rotic lesions were determined by dividing the area in µm2 stained positive for collagen
or MOMA-2 by the total lesion surface area and calculated as a percentage.

2.11. Statistical analysis

Data are presented as individual values or as mean ± SEM, the number of animals in
each group is stated in the text. Data were tested for normal distribution and analyzed
using a one-way ANOVA or two-way ANOVA, as appropriate. Statistical analysis was
performed using Prism (GraphPad). Probability values of p < 0.05 were considered sig-
nificant.
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3. Results

3.1. Identification of peptide candidates to induce ApoB100-specific
CD8+ T-cells

We set out to investigate which peptides derived from the ApoB100 protein would be
likely bind strongly to the murine MHC-I molecules and thus show potential for CD8+
T-cell activation, using the Immune Epitope Database Analysis Resource (IEDB). We
restricted our predictions to the H2-Kb and H2-Db alloantigens, as these are expressed
in mice on a C57Bl/6 background. The IEDB T Cell Epitope Prediction Tool [29]
uses a combination of the artificial neuronal network (ANN) [30], stabilized matrix
method (SSM) and Scoring Matrices derived from Combinatorial Peptide Libraries
(Comblib_Sidney2008) [31] to predict which peptides in a given sequence can bind
strongly to MHC-I molecules. Peptide length was set to octamers for H2-Kb and to
nanomers for H2-Db to ensure optimal binding [32]. We selected 8 peptide sequences
for synthesis that showed high predicted binding scores in which we included both
H2-Kb- and H2-Db-binding peptides throughout all regions of the ApoB100 protein
(Table 1). Furthermore, the P210-derived peptides QSFDLSVK and TTKQSFDL, which
were described to be recognized by CD8+ T-cells in atherosclerotic mice [18], were
synthesized as well (Table 1).

To evaluate whether these peptides are able to induce antigen-specific CD8+ T-cell
responses in an atherosclerotic mouse model, we performed a DC vaccination study.
Bone-marrow-derived DCs were activated with LPS and pulsed with the peptides and
subsequently injected into LDLr9/9 mice. One week later, the mice were boosted with
200µg of each of the peptides, 50µg anti-CD40 antibody and 50µg poly(I:C). One week
after the boost injections, splenocytes were obtained and restimulated with the pep-
tides in the presence of Brefeldin A. We observed significant dose-dependent increases
in IFN-γ production by CD8+ T-cells from vaccinated mice stimulated with the pep-
tides QSFDLSVK, TNLKYSPL, VTYLMALI, LSIQNYHVF, and STNVYSNL compared to the
effect of these peptides on CD8+ T-cells derived from mice treated with LPS-stimulated
DCs (Fig. 1). Based on these results, we identified TNLKYSPL and QSFDLSVK as the best
peptide candidates for further studies, as they are able to induce the highest antigen-
specific CD8+ T-cell responses in our mouse model. When considering the physico-
chemical properties of the peptides, QSFDLSVK was the best candidate for encapsu-
lation in liposomes. We were unable to dissolve TNLKYSPL in a range of solvents, in-
cluding water, methanol, chloroform and acetonitrile, which hampered the possibility
to further study this peptide in a liposomal vaccination setting. QSFDLSVK, however, is
water-soluble and therefore easier to work with.

3.2. Preparation of liposomes

Cationic DOPC:DOTAP liposomes, empty or loaded with the QSFDLSVK (Abbreviated
to QSF) peptide, were prepared using the film dehydration-rehydration method. The
resulting empty and loaded liposomes had a very similar size (146 vs. 147 nm, respec-
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Table 1: ApoB100-derived peptides selected from the epitope binding prediction.

Allele Sequence Length Peptide Method Percentile

Start End rank

H-2-Db 3070 3078 9 SAINNEHNI ann/smm/
comblib_
sidney2008

0.1

H-2-Kb 1631 1638 8 TNLKYSPL ann/smm 0.15
H-2-Kb 384 391 8 VTYLMALI ann/smm 0.15
H-2-Kb 1332 1339 8 STNVYSNL ann/smm 0.15
H-2-Kb 4254 4261 8 VPYAFKSL ann/smm/

comblib_
sidney2008

0.2

H-2-Db 571 579 9 ANILNSEEL ann/smm/
comblib_
sidney2008

0.3

H-2-Db 4436 4444 9 LSIQNYHVF ann/smm/
comblib_
sidney2008

0.3

H-2-Db 4103 4111 9 VMWLMDSFI ann/smm/
comblib_
sidney2008

0.6

H-2-Kb 3131 3138 8 TTKQSFDL ann/smm 11.5
H-2-Kb 3134 3141 8 QSFDLSVK ann/smm 19.5
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Figure 1: Dendritic cell vaccination with ApoB100-derived peptides in LDLr9/9 mice identifies two peptide
candidates that induce cytokine production in CD8+ T-cells upon restimulation. Splenocytes were isolated
from the vaccinated mice and 1×106 cells were stimulated with the indicated concentrations of peptides in
the presence of Brefeldin A for 5 hours. Subsequently, cells were stained and analyzed by flow cytometry.
Percentages of CD8+ T-cells that are positive for IFN-γ are plotted for each tested peptide. Two-way ANOVA
shows a significant difference between the DC control group and QSF∗∗∗, TNL∗∗∗, VTY∗∗∗, LSI∗∗∗, and
STN∗. Mean ± SEM, n = 3 per group,∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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Table 3: Physicochemical properties of liposomal formulations. Data are averages ± SD of four indepen-
dent batches. Zave is the Z-average particle diameter, PDI is the polydispersity index.

Zave (nm) PDI Zeta potential (mV) QSF loading
efficiency (%)

Empty 147 ± 6 0.15 ± 0.01 30.7 ± 0.7 -
QSF-loaded 146 ± 6 0.16 ± 0.01 31.2 ± 3.6 13.2 ± 5.1

tively), PDI (0.15 vs. 0.16, respectively) and zeta potential (30.7 vs. 31.2 mV, respec-
tively). The peptide loading efficiency was on average 13% (Table 3).

3.3. Vaccination using DOPC:DOTAP liposomes with encapsulated
ApoB100-derived peptides does not affect atherosclerosis devel-
opment

To investigate the effect of our liposomal formulation containing the QSF peptide on
atherosclerosis development, LDLr9/9 mice were fed a WTD and immunized i.v. with ei-
ther 100µL PBS, 3.5 nanomole of free QSF peptide in 100µLl PBS, 0.9 mg DOPC:DOTAP
liposomes in 100µL PBS, or 3.5 nanomole QSFDLSVK peptide encapsulated in 0.9 mg
DOPC:DOTAP liposomes in 100µL PBS. The mice were boosted twice with 50µg anti-
CD40 antibody, 50µg poly(I:C) and 200µg of the peptide. Ten weeks after the start of the
treatment, the mice were sacrificed and immunological responses as well as atheroscle-
rotic lesion formation were assessed. The atherosclerotic lesion size was assessed in
the aortic root lesions using Oil-Red-O staining. No significant differences were ob-
served in lesion size between the different treatment arms (Fig. 2A). Moreover, analysis
of collagen content in the lesions, a measure for the stability of the plaques, revealed no
significant differences (Fig. 2B). Finally, we stained the aortic root lesions for MOMA2
using immunohistochemistry, which visualizes the monocyte and macrophage con-
tent in the plaques, and observed no differences between the groups (Fig. 2C). As ex-
pected, all mice gained weight during the experiment due to their consumption of a
WTD. However, the QSF liposome treated mice showed a significantly stronger gain in
weight compared to the control-treated mice, resulting in an average weight of 34 vs. 31
grams at the end of the experiment, respectively (Fig. 3A). These differences were not
associated with increases in cholesterol levels, as these were found not to differ in the
plasma throughout the experiment (Fig. 3B) or in the serum at the end of the experi-
ment (Fig. 3C).

As we did not observe changes in plaque size or composition as a result of vaccina-
tion, we next evaluated the immunological effects of our vaccination. We only observed
limited, non-significant increased percentages of CD8+ T-cells in blood (64% vs 61%,
p = 0.42), iLN (47% vs 45%. p = 0.55), hLN (46% vs. 41%, p = 0.38) and spleens (38% vs.
36% p = 0.54) in the QSF liposome-treated group compared to PBS controls (Fig. 4A).
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Figure 2: No differences in plaque size or composition in the aortic root lesions of LDLr9/9 mice on a WTD
vaccinated with PBS, empty liposomes, QSF peptide or QSF liposomes. (A) Quantification of lesion size in
the aortic root by Oil-Red-O staining and representative pictures from each group. (B) Quantification of col-
lagen content by Sirius Red staining in the aortic roots of LDLr9/9 mice and representative pictures from each
group. (C) Macrophage quantification in the aortic roots of the LDLr9/9 mice by MOMA-2 staining and rep-
resentative images of MOMA-2 staining. Data points represent individual values, lines denote mean ± SEM,
n = 10 per group, significance was determined by one-way ANOVA and Bonferroni’s multiple comparisons
tests.

We analyzed the expression of CD62L and CD44 on these CD8+ T-cells, to determine
if these cells were naïve (CD62L+CD449), effector memory (TEM, CD62L9CD44+), or
central memory (TCM, CD62L+CD44+) cells. We observed no significant differences,
but in the blood there appeared to be a small decrease in the percentage of TCM cells
(40% vs. 48%, p = 0.29) and a small increase in the percentage of TEM cells (35% vs. 29%
p = 0.48) in the QSF liposome treated group compared to PBS controls (Fig. 4B). Sim-
ilarly, no differences were observed in the expression of the proliferation-associated
transcription factor Ki-67 in these CD8+ T-cells. Analysis of the transcription factors
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Figure 3: QSF liposome vaccinated mice show a significant increase in weight at the end of the experiment,
but no differences in cholesterol levels. (A) Body weights of the LDLr9/9 mice over time during the vaccina-
tion experiment, WTD feeding and vaccination were initiated at time point 0. (B) Plasma cholesterol levels
in the LDLr9/9 mice at baseline, week 3 and week 6. (C) Serum cholesterol levels in the LDLr9/9 mice at the
time of sacrifice. Mean ± SEM, n = 10 per group, significance was determined by either a one-way or two-way
ANOVA and Bonferroni’s multiple comparisons tests, as appropriate. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

associated with different CD8+ T-cell subsets (T-bet, GATA3, RORγt, and FoxP3) were
also not found to differ between the groups (data not shown). Apart from the effects of
the treatment on the CD8+ T-cells, we also analyzed other immune cell subsets. We ob-
served no differences in the number of inflammatory (Ly6Chi) and patrolling (Ly6Clo)
monocytes in the blood (Fig. 4C).

We previously reported that CD8+ T-cells may affect the number of macrophages and
CD4+ T-cells in the lesion, whereas such differences were not observed systemically.
However, when analyzing the aortic lesions in this study, we observed no difference
in the presence of CD11b+ APCs (Fig. 4D), nor in the expression levels of T-bet and
GATA3 (data not shown), or in the ratio between Th1 and Th2 cells within the CD4+
T-cell compartment (Fig. 4E).

Although we found no significant difference in the bulk CD8+ T-cell population, vacci-
nation might have induced changes in the number of antigen-specific CD8+ T-cells.
This was analyzed by stimulating splenocytes with the QSF peptide, after which cy-
tokine production was measured using flow cytometry. However, we observed no dif-
ferences in IFN-γ production (Fig. 4F), TNF-α production, nor IL-10 production (data
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not shown) between the different groups or between the stimulated samples and non-
peptide treated controls.

3.4. DOPC:DOTAP liposomes are able to induce antigen-specific
CD8+ T-cell responses towards the SIINFEKL peptide, but not the
QSFDLSVK peptide in LDLr9/9 mice

As we observed no differences in both atherosclerotic lesion formation and immuno-
logical responses upon vaccination with the QSF peptide, we set out to determine
whether or not there was any immune response induced using our vaccination strategy.
We vaccinated LDLr9/9 - mice with 3.5 nanomole of the QSF peptide in the liposomes
described above or with 3.5 nanomole of the model antigen SIINFEKL, derived from
ovalbumin (abbreviated as OVA peptide), in the same liposomes as a positive control.
The injected liposomes were similar in size (146 vs. 143 nm, respectively), PDI (0.14
vs. 0.14, respectively) and zeta-potential (29.4 vs. 30.2 mV, respectively). The peptide
loading efficiencies were 7.8% for QSF and 9.6% for the OVA peptide (Table 5). One
week after the boost vaccination with 50µg anti-CD40 antibody, 50µg poly(I:C) and
200µg of the respective peptides, the mice were sacrificed and the splenocytes were
restimulated with a range of different concentrations of the peptides. Interestingly,
we observed antigen-specific CD8+ T-cell responses towards the OVA peptide in the
OVA-vaccinated group upon restimulation. Flow cytometry revealed an increase from
0.2% to 10.9% in IFN-γ+CD8+ T-cells (Fig. 5A) and from 0.1% to 1.5% in TNF-α+CD8+
T-cells (Fig. 5B) upon restimulation with the lowest concentration (10 nM) of the
peptide. However, no significant increases in either IFN-γ or TNF-α production
were observed upon restimulation with the QSF peptide in the QSF-vaccinated group
(Fig. 5A, B). So, whereas the liposomal formulation containing OVA peptide is effective
in inducing CD8+ T-cell-mediated antigen-specific responses in LDLr9/9 mice, the QSF
peptide in the same liposomes lacks immunogenicity in our model.

Table 5: Physicochemical properties of liposomal formulations containing the QSF peptide or OVA pep-
tide. Data are averages ± SD of n = 3 measurements. Zave is the Z-average particle diameter, PDI is the
polydispersity index.

Zave (nm) PDI Zeta potential (mV) QSF loading
efficiency (%)

OVA-loaded 143.3 ± 4.6 0.137 ± 0.02 30.2 ± 1.2 9.6
QSF-loaded 145.9 ± 7.7 0.138 ± 0.003 29.4 ± 0.15 7.8

4. Discussion

Previous studies have identified T-cell responses and autoantibodies against (oxidized
forms of) LDL and its main protein constituent, ApoB100, in both humans and animal



7

167

Figure 4: Flow cytometric analysis of CD8+ T-cell responses in LDLr9/9 mice on a WTD vaccinated with
PBS, empty liposomes, QSF peptide or QSF liposomes. (A) Percentage of CD8+ T-cells in the blood, hLN,
iLN, and spleens of the LDLr9/9 mice at the time of sacrifice. (B) Flow cytometric analysis of percentages
of naïve CD449CD62L+, TEM CD62L9CD44+, and TCM CD62L+CD44+ CD8+ T-cells in the blood of the
LDLr9/9 mice at the time of sacrifice. (C) Percentages of Ly6Chi and Ly6Clo monocytes in the blood at the
time of sacrifice. Monocytes were gated as viable, NK1.19Ly6G9CD11b+ cells. (D-E) Flow cytometry analysis
of the percentage of CD11b+ cells in the aorta (D) and the ratio between the percentages of aortic CD4+ T-
cells expressing T-bet and GATA3 at sacrifice (E). (F) CD8+IFN-γ+ T-cells in the splenocytes derived from the
LDLr9/9 mice at sacrifice, stimulated for 5 hours in the presence or absence of 10µm QSFDLSVK peptide and
Brefeldin A. Data points represent individual values, lines denote mean ± SEM, n = 10 per group, significance
was determined by one-way or two-way ANOVA and Bonferroni’s multiple comparisons tests, as appropriate.
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
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Figure 5: Liposomal vaccination against the QSFDLSVK peptide does not induce antigen-specific CD8+
T-cell responses in LDLr9/9 mice. Splenocytes were isolated from the mice that were vaccinated with either
QSF or OVA peptide and 1×106 cells were restimulated with the indicated concentrations of the correspond-
ing peptide in the presence of Brefeldin A for 5 hours. Subsequently, cells were stained and analyzed by flow
cytometry. Percentages of CD8+ T-cells that are positive for IFN-γ (A) and TNF-α (B) are plotted for both
groups of mice. Mean ± SEM, n = 3 per group.

models of atherosclerosis [11–13, 15]. As protective roles for CD8+ T-cells in atheroscle-
rosis have been demonstrated previously [8, 17], we aimed to specifically boost antigen-
specific CD8+ T-cells, to induce an atheroprotective immune response that will result in
cytolytic activity towards plaque-resident cells that present parts of this protein on their
MHC-I molecules. However, we were unable to detect any antigen-specific CD8+ T-
cell responses using our liposomal vaccination strategy targeted towards the ApoB100-
derived QSFDLSVK peptide. Of note, this peptide could be recognized by CD8+ T-cells
using a different vaccination strategy. As no differences were observed in immune re-
sponses in the peptide-liposome treated groups compared to the controls, it is not sur-
prising that no differences were observed in atherosclerotic lesion size, plaque stability
or plaque macrophage content at the end of the experiment.

There are several possible explanations as to why our vaccination was unsuccessful.
Firstly, the choice of the antigen is obviously crucial for the efficacy of a vaccine.
From our peptide predictions and DC vaccination study, we identified QSFDLSVK as
a likely peptide candidate against which CD8+ T-cells can mount a response. This is
in agreement with previous publications, as vaccination with the ApoB100-derived
peptide p210, which contains the QSF sequence, was previously shown to induce CD8+
T-cell responses and reduce atherosclerosis development in apoE9/9 mice [17]. Indeed,
immunization of apoE9/9 mice with p210 increased the number of CD8+ T-cells
that recognize the peptide sequence QSFDLSVK, which exerted increased cytolytic
activity towards APCs [18]. Moreover, vaccination of mice against the ApoB100-derived
peptides P2 and P45 induced CD8+FoxP3+ regulatory CD8+ T-cells, which protect
against atherosclerosis development via increased IL-10 production [33], confirming
that CD8+ T-cells are able to mount an immune response against ApoB100-derived
peptides. We have successfully encapsulated the QSF peptide in liposomal particles
consisting of DOPC and DOTAP, which were approximately 150 nm in size. Positively
charged carriers of this size have been shown to be preferentially taken up by DCs
and to elicit a significant CD8+ T-cell response [25, 34–36]. In our LDLr9/9 model,
we observed no antigen-specific immunity towards the QSF peptide at the end of the
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atherosclerosis experiment. However, we did observe antigen-specific CD8+ T-cell
responses in the DC vaccination experiment. This shows that there are CD8+ T-cells
that are able to react towards the QSF peptide in our mouse model. This discrepancy
in immunological responses between the DC vaccination study and the liposomal
vaccination study suggests that the failing of our vaccination strategy is likely not
caused by the choice of a non-functional peptide epitope.

Secondly, the efficacy of a vaccine depends on the choice of the antigen delivery system.
We observed that our liposomal delivery system is capable of inducing CD8+ T-cell re-
sponses towards the model peptide SIINFEKL after two weeks, but vaccination with the
QSF peptide in these liposomes did not result in any detectable antigen-specific CD8+
T-cell responses even one-week after the boost injection. Thus, this indicates a problem
with the liposomal delivery of the QSF peptide specifically, rather than a general inca-
pability of peptide-loaded DOPC:DOTAP liposomes to induce a CD8+ T-cell response.

In this study, we used a peptide consisting of 8 amino acids, the minimal length re-
quired to induce a CD8+ T-cell response. For a DC vaccination strategy, the use of min-
imal peptides is favorable, as they can be loaded directly onto the MHC-I molecules
without the need for processing. However, minimal peptides induce lower immune re-
sponses in vivo compared to longer peptides [37]. In this study, we opted for the shorter
peptide in combination with an anti-CD40 antibody to bypass CD4+ T-cell help [38].
However, this may have negatively affected the processing of the peptide and the ensu-
ing immune responses. Indeed, previous work has shown that synthetic long peptides
(SLPs), peptides which include flanking residues around the epitope of interest, offer
superiority over the use of minimal peptides containing only the epitope recognized by
the CD8+ T-cell receptor [39, 40]. It has been suggested that a minimal peptide in the
absence of a continuous danger signal, may induce T-cell tolerance towards this anti-
gen [41]. However, as we delivered the peptide in a liposomal formulation, a danger
signal should have been present, as the liposomes themselves act as immunostimula-
tors [42]. APCs loaded with minimal peptides are less efficient in sustaining antigen
presentation over longer periods of time compared to SLPs [43], which may have con-
tributed to the negative results observed here. Alternatively, there could have been a
problem in one of the steps of the cross-presentation process, by which the antigen
gains access to the cytosol. Possibly, the acidity of the endosomes in which the lipo-
somes are taken up may affect the stability of the QSF peptide more than that of the
OVA peptide. Alternatively, the QSF peptide may have been more susceptible to degra-
dation by enzymes present within the endosomes. For instance, cathepsins are known
to preferentially cleave after small hydrophobic or basic amino acid residues [44], and
could, therefore, cleave after the L and V residues. Cathepsin S may be able to cleave
after the D and S residues [45]. Moreover, cathepsin B would be able to cleave off the ter-
minal lysine residue by its exopeptidase activity [46]. Thus, the QSF peptide may have
been degraded in the endosomes, preventing presentation upon MHC-I molecules. An
alternative explanation could lie in the affinity of the peptides for binding to MHC-I. Ac-
cording to the IEDB database, SIINFEKL binds to MHC-I with an IC50 in the nanomolar
range, whereas this is in the micromolar range for the QSF peptide. Thus, perhaps there
is limited endosomal escape by both peptides, but as SIINFEKL binds stronger to the
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MHC-I molecules, this peptide is still able to induce immunity, whereas the QSF pep-
tide cannot. In the DC vaccination study, the peptide was freshly dissolved and loaded
onto the DCs on the day of injection, thus endosomal processing played no role in this
study.

Alternatively, the peptide stability may already have been negatively affected before the
administration in vivo. The liposomal formulation process can take up to eight days be-
tween the dissolution of the peptide and the injection of the liposomes, during which
the peptide may have become less stable. After the liposomal formulation process, the
QSF peptide was successfully detected using UPLC, albeit at a low encapsulation effi-
ciency. From this, it can be concluded that at least some of the QSF peptide is within the
liposomes in the original form, although it cannot be excluded that some of the origi-
nal peptide had undergone chemical modifications that were not detected by the UPLC
method.

Interestingly, we observed a significant increase in weight in the QSF liposome treated
mice compared to the PBS controls. The induction of immunity towards ApoB100 could
be expected to reduce plasma cholesterol levels [47] and therefore reduce the weight
of the mice. However, we found no differences in plasma cholesterol levels between
the different treatment groups and as we did not observe any immunological effects
demonstrating the effectiveness of our vaccine, it is unlikely that there would be effects
on ApoB100 levels. Blast analysis revealed that the QSFDLSVK sequence is aligned for
87% to sequences encoding LPS binding protein (LBP) and dual oxidase maturation
factor 2 (DUOXA2). LBP is expressed mainly in the liver and aids in the binding of bac-
terial lipopolysaccharide (LPS) to the CD14 receptor [48]. Increased levels of LBP and
the resulting increased inflammatory responses have been linked to increased weight
loss in cancer patients [49]. Therefore, cytotoxic activities against LBP-expressing cells
could be a factor that affects weight gain. However, other studies report a role for LBP
in adipogenesis and weight gain [50, 51]. Finally, a mutation in the DUOXA2 gene, ex-
pressed mainly in endocrine tissue and the liver, results in hypothyroidism [52], which
is known to affect body weight. Thus, the differences in weight observed in this work
could possibly be explained by off-target immunity of our vaccination directed towards
the cells that present epitopes of the aforementioned proteins via MHC-I that share
sequence homology with the peptide against which we vaccinated. Alternatively, our
therapy may have exerted off-target pharmacological effects on other systems that we
did not investigate, which could have caused the observed weight differences.

5. Conclusion

Collectively, our data show that vaccination against the ApoB100-derived peptide
QSFDLSVK formulated in DOPC:DOTAP liposomes did not result in the induction of
CD8+ T-cell responses and did not affect atherosclerosis development in LDLr9/9 mice.
However, DC vaccination using the same peptide did induce antigen-specific CD8+ T-
cells, and vaccination with the same liposomes encapsulating SIINFEKL could induce
OVA-specific CD8+ T-cells. We suggest that our choice of peptide in combination with
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this liposomal formulation is responsible for the lack of immune responses, probably
due to problems occurring during one of the steps of the cross-presentation process.
Further exploration into activating CD8+ T-cells to induce a strong cytolytic response
towards antigen-presenting cells in atherosclerosis using a different peptide antigen in
the form of an SLP may be of great value for atherosclerosis research.
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