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1. Immunomodulatory treatments for atherosclerosis

Cardiovascular diseases (CVD) remain a major concern for global health, as they con-
tribute to 31% of all deaths worldwide [1]. The main underlying pathogenic process
that drives CVD is atherosclerosis, a chronic inflammatory process that results in the
buildup of cholesterol-rich plaques within the arteries [2]. As lipids are such an impor-
tant driving force behind the disease process, current therapeutic interventions focus
on the lowering of the plasma cholesterol levels via the use of statins [3] or by inhibiting
protein convertase subtilisin/kexin type 9 (PCSK9) [4]. However, treatment with these
lipid-lowering drugs is not effective in all patients [5], and even in patients that achieve
low cholesterol levels, cardiovascular events still occur [6]. This illustrates that there
is a need for innovative treatments that improve cardiovascular outcomes. Recently,
there has been increased interest in targeting the immune component of atherosclero-
sis. The REMOVAL (REducing with MetfOrmin Vascular Adverse Lesions) trial assessed
the potential beneficial effect of treatment with metformin, an anti-diabetic drug, on
cardiovascular outcomes in patients with type 1 diabetes [7]. Metformin not only can
help restore blood glucose levels via activation of AMP-activated protein kinase, but
also inhibits nuclear factor κB-mediated inflammatory signaling [8]. Treatment with
metformin reduced the maximal common carotid artery intima-media thickness [7],
a measure for atherosclerotic plaque size, suggesting that targeting the immune sys-
tem may be of use in cardiovascular risk management. Indeed, observational studies
have shown that in psoriatic arthritis patients, treatment with monoclonal antibod-
ies that block the function of the inflammatory cytokine TNF-α reduces the develop-
ment of carotid atherosclerotic plaques [9]. There is also a reduced incidence of car-
diovascular events in rheumatoid arthritis patients treated with TNF-α-blocking med-
ication [10]. However, blocking the function of TNF-α in cardiovascular patients us-
ing either etanercept in the RENEWAL (Randomized Etanercept Worldwide Evaluation)
trial [11], or infliximab in the ATTACH (anti-TNF Therapy Against Congestive Heart Fail-
ure) trial [12], did not improve and even adversely affected heart failure. This could
indicate that specifically targeted treatments as compared with generalized immune
suppression may be needed to increase the effectiveness of anti-inflammatory thera-
pies for the treatment of CVD. Alternatively, this could suggest that anti-inflammatory
treatments are only beneficial in a certain subset of patients. In agreement with this, the
outcome of the CIRT trial (Cardiovascular Inflammation Reduction Trial) suggests that
the effectiveness of anti-inflammatory treatment differs based on the inflammation lev-
els of each patient [13], which therefore may be an important inclusion criterion to con-
sider in similar studies. Besides the blocking of TNF-α, there is the currently ongoing
ASSAIL-MI trial (ASSessing the Effect of Anti-IL-6 Treatment in Myocardial Infarction),
which investigates the effect of blocking the inflammatory cytokine IL-6 as a potential
treatment strategy for atherosclerosis. In addition, the CANTOS (Canakinumab Anti-
inflammatory Thrombosis Outcome Study) trial studied the effect of treating patients
who previously experienced a myocardial infarction with a monoclonal antibody that
blocks the function of the inflammatory cytokine IL-1β, on top of state-of-the art lipid
treatment. This resulted in a significantly lower rate of recurrent cardiovascular events
compared to placebo treatment, although treatment was also associated with a higher
incidence of fatal infection, due to generalized suppression of the immune system [14].
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This study shows that there is potential in inhibiting the immune system in atheroscle-
rosis, but emphasizes the need for specifically targeted treatments in order to prevent
adverse effects related to immune suppression.

CD8+ T-cells can exert their effector functions in an antigen-specific manner, as they
release their cytotoxic molecules upon stimulation of their T-cell receptor (TCR) by
binding to an MHC-I molecule that presents their cognate antigen. Because of the
highly specific nature of this interaction, targeting these cells is of particular interest for
modulating the immune system in atherosclerosis, while preventing non-specific im-
mune inhibition. As CD4+ T-cells have already been studied extensively in the context
of atherosclerosis [15–17], some progress towards utilizing or targeting CD4+ T-cells
for the treatment of atherosclerosis has been made [18–20], demonstrating proof-of-
concept for the use of T-cell therapy in this disease. However, research into the role
of CD8+ T-cells in atherosclerosis has lagged behind, and much less is known about
their contribution to the pathogenesis of atherosclerosis and particularly how these
cells function within the lesion microenvironment. Therefore, it is unclear if they can
be targeted for the treatment of atherosclerosis.

In this thesis, we aimed to (1) determine the phenotype and function of CD8+ T-cells in
atherosclerotic lesions and (2) assess whether therapeutic targeting of CD8+ T-cells can
provide a means of modulating the inflammatory responses in atherosclerosis.

2. CD8+ T-cells exert a protective function in advanced
atherosclerotic lesions

Experimental studies have provided conflicting evidence regarding the role of CD8+ T-
cells in atherosclerosis development. As reviewed in Chapter 2, the presence of CD8+
T-cells in atherosclerotic lesions has been established in both beginning and advanced
human atherosclerotic plaques [21, 22]. Early studies using genetic knockout mouse
models provide contrasting data regarding the role of CD8+ T-cells in the pathogene-
sis of this disease, suggesting either a limited function [23, 24] or an atheroprotective
one [25]. More recent studies have suggested both pro- and anti-atherogenic func-
tions for CD8+ T-cells, depending on what subset is studied and what stage of the le-
sions is evaluated. For instance, pro-inflammatory cytokine-producing CD8+ T-cells
aggravate lesion development in the initial stages of atherosclerosis development due
to increased monopoiesis [26]. This effect is most likely mediated via the inflammatory
functions of TNF-α and granzyme B, as the adoptive transfer of IFN-γ-deficient CD8+
T-cells does not affect atherosclerosis development compared to transfer of wild-type
CD8+ T-cells, suggesting that the role of CD8+ T-cell derived IFN-γ in the pathogenesis
of atherosclerosis is limited. Regarding atheroprotective roles for CD8+ T-cell subsets,
immunization of apoE9/9 mice with an LDL-derived peptide was shown to induce pro-
tective CD8+ T-cell responses, by inducing cytolytic activity towards antigen-presenting
cells (APCs) [27, 28]. Adoptive transfer of CD8+CD25+ regulatory T-cells into apoE9/9

mice resulted in reduced lesion development, via inhibition of pro-inflammatory CD4+
and CD8+ T-cell responses [29]. Moreover, a subset of Qa1-restricted regulatory CD8+
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T-cells has been described to reduce atherosclerotic lesion development in apoE9/9

mice via inhibition of T follicular helper cell function, reducing the formation of ger-
minal centers and immunoglobulin production [30].

We also discussed the published work regarding CD8+ T-cell function in human
atherosclerosis in this chapter. Increased CD8+ T-cell numbers in the blood are
associated with the incidence of coronary events [31]. Later work has shown that this
appears to hold true for the number of activated CD8+ T-cells in particular [32, 33]. In
contrast, regulatory CD8+ T-cells were shown to exert anti-atherogenic functions in
human patients [34], again stressing the need to differentiate between distinct CD8+
T-cell subsets in order to understand their role in atherogenesis.

Finally, we suggest in this review chapter that targeting the right subset of CD8+ T-
cells, for instance via vaccination, might be of therapeutic value for the treatment of
atherosclerosis. Indeed, boosting CD8+ T-cell responses can induce increased lysis of
APCs and reduce atherosclerotic plaque formation [24, 26]. Moreover, boosting the
function of the regulatory CD8+ T-cell responses may prove to be an effective strat-
egy, as these cells have been shown to limit atherosclerosis development [26]. However,
several challenges remain to be met before CD8+ T-cell vaccination can be successfully
employed in atherosclerosis. First of all, antigens have to be identified against which
the CD8+ T-cell response can be directed. LDL-derived proteins are potential candi-
date antigens, as previous studies have shown the induction of T-cell responses towards
ApoB100 epitopes [27, 28, 35]. Secondly, it is important to identify the optimal adjuvant,
as these immune-boosting compounds can affect atherosclerosis development [36]. Fi-
nally, it is of the utmost importance to avoid inducing the pro-atherogenic CD8+ T-cell
subsets discussed above.

Of the papers reviewed in Chapter 2, most of the experimental studies have focused
mainly on initial lesion development, whereas from a clinical point of view, it is more
relevant to study advanced and/or unstable lesions. Patients usually experience symp-
toms related to severe stenosis (such as chest pain and shortness of breath) when le-
sions are advanced, and seek medical advice at this stage of the disease. Thus, from a
drug development perspective, it is most valuable to understand the function of CD8+
T-cells in the progressed stages of atherosclerosis, as this is when pharmacological in-
tervention is possible.

In Chapter 3 we set out to investigate how CD8+ T-cells affect the stability and com-
position of advanced atherosclerotic lesions. First, we investigated whether there was
any significant correlation between the percentage of CD8+ T-cells present in human
atherosclerotic lesions and other immune cells that are known to be involved in athero-
genesis. Interestingly, we observed a significant negative correlation between CD8+ T-
cell and macrophage percentages in human endarterectomy samples. This relationship
could be indicative of a regulatory effect of CD8+ T-cells on macrophages. In order to
study this further, we depleted CD8+ T-cells in the advanced stages of lesion develop-
ment in LDLr9/9 mice. The mice were fed a Western-type diet (WTD) for 10 weeks in
order for lesions to establish and were kept on the WTD for another 6 weeks, during
which they received injections of a monoclonal antibody to deplete CD8+ T-cells, or an
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isotype control antibody. We found that this treatment did not result in any differences
in lesion size between the two groups. However, the absence of CD8+ T-cells did re-
sult in an increase in macrophage content in the lesions, which is in agreement with
the association we found between these two cell types in the human lesions. Moreover,
depletion of CD8+ T-cells resulted in a reduced lesion stability, as the collagen content
of the lesions was decreased, whereas the necrotic areas were increased. When investi-
gating the T-cell compartment within the lesions, we observed a striking increase in the
percentage of inflammatory CD4+ T helper 1 (Th1) cells associated with a decrease in
percentage of Th2 cells upon CD8 depletion. Of note, this increase was only observed
locally within the lesions and not at other sites in the body. Together, these results indi-
cate that CD8+ T-cells exert a protective effect in advanced atherosclerosis by reducing
macrophage and Th1 cell content (Fig. 1). This is in agreement with previously pub-
lished studies, demonstrating that antigen-specific CD8+ cells can reduce atheroscle-
rosis by mounting a cytolytic response against APCs [37].

Figure 1: Schematic overview of the effects of CD8+ T-cell depletion on the advanced stages of atheroscle-
rosis. CD8+ T-cell depletion increases plaque macrophage and Th1 cell content and reduces plaque stability.
From van Duijn et al. Cardiovasc Res. 2019 Mar 15;115(4):729-738.

Indeed, we suggest a role for Fas-Fas ligand (FasL)-mediated cell death in establishing
these atheroprotective effects. We found an increased expression of FasL on CD8+ T-
cells in the lesion microenvironment, which is known to induce apoptosis of activated
CD4+ T-cells [38], and Th1 cells specifically are known to have a high susceptibility to
FasL-induced cell death [39, 40]. Moreover, lipid-loaded macrophages are vulnerable
to Fas-FasL-mediated cell death as well [41]. Neutralizing the function of FasL in vivo
using a monoclonal antibody resulted in a similar skewing of CD4+ T-cell subsets in
favor of Th1 cells, as well as an increased lesional macrophage content. Thus, the pro-
tective and lesion-stabilizing effect of CD8+ T-cells in advanced atherosclerosis is at
least in part mediated via FasL-induced apoptosis of Th1 cells and macrophages. This
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protective effect of CD8+ T-cells may be exploited therapeutically, by boosting CD8+
T-cell function in the advanced stages of atherosclerosis, which should result in lesion
stabilization.

3. CD8+ T-cells modulate the immune environment locally
within the lesion via several distinct mechanisms

In Chapter 3 we observed that the function of CD8+ T-cells within the lesion microenvi-
ronment differs from that in the secondary lymphoid organs. As the atherosclerotic mi-
croenvironment contains many lipid-derived and inflammatory stimuli, this may affect
the CD8+ T-cell phenotype specifically at this site. In Chapter 4 we set out to investigate
how the lesion microenvironment affects CD8+ T-cell function. We demonstrated that
CD8+ T-cells derived from aortic lesions of apoE9/9 mice show a dysfunctional pheno-
type, characterized by impaired cytokine production, when compared to their coun-
terparts in the spleen. This phenotype was associated with an increased expression of
the ectonucleotidase CD39. This enzyme is involved in the conversion of extracellu-
lar ATP, a danger-associated molecular pattern that has been linked to atherosclerosis
development [42], into the immunomodulatory compound adenosine [43]. Adenosine
produced by CD8+CD39+ T-cells has previously been shown to reduce cytokine pro-
duction by other T-cells [44]. Indeed, we showed that pharmacological inhibition of
CD39 is able to partly reverse the dysfunctional CD8+ T-cell phenotype that was ob-
served in the lesions of the apoE9/9 mice. Mechanistically, we showed that TCR signal-
ing induces expression of CD39 in the lesions. Transplantation of OT.1 bone marrow
(which gives rise to CD8+ T-cells unable to recognize any atherosclerosis-specific anti-
gen) into LDLr9/9 recipient mice resulted in a marked reduction in CD39-expression
on lesion-derived CD8+ T-cells compared to transfer of wild-type bone marrow. These
results indicate that it is the antigen-specific stimulation of CD8+ T-cells in the lesion
environment that drives the unique phenotype observed at this location (Fig. 2). In
agreement with this, recent work by others has shown that TCR activation induces reac-
tive oxygen species that activate signaling cascades resulting in increased CD39 expres-
sion [44], and that TCR signaling specifically drives CD39 expression on CD8+ T-cells in
the tumor microenvironment as well [45, 46]. Importantly, we confirmed that in human
atherosclerosis there is also a strong microenvironment-specific upregulation of CD39
on CD8+ T-cells in the plaques compared to matched blood samples. Thus, the results
we observed in our mouse models may be translated to a clinical setting, and boost-
ing CD39+CD8+ T-cell function could be an interesting approach for the treatment of
atherosclerosis.

In Chapter 5, we revisited lesion-localized CD8+ T-cell responses, focusing on deter-
mining which CD8+ T-cell subsets are present within the plaque microenvironment.
Upon activation of CD8+ T-cells, cytokines released by APCs can drive the differenti-
ation of the CD8+ T-cells into various subsets, which are characterized by distinct cy-
tokine release profiles [47]. We observed that in the lesion microenvironment, there
is a reduction in the content of IFN-γ-producing Tc1 cells, but a large increase in the
percentage of Tc17 cells. To investigate how these cells affect atherosclerosis develop-
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Figure 2: Schematic overview of the lesion-localized induction of CD39 on CD8+ T-cells, and how this
in turn affects the inflammatory status. TCR signaling induces CD39 expression on CD8+ T-cells. The
CD39+CD8+ T-cells convert pro-inflammatory ATP into anti-inflammatory adenosine, which in turn is able
to reduce cytokine production by different CD8+ T-cell subsets. From van Duijn et al. Atherosclerosis. 2019
Jun;285:71-78

ment, we performed an adoptive transfer of Tc17 cells or undifferentiated Tc0 cells into
CD8-deficient LDLr9/9 mice. Whereas Tc0 cells differentiated into a Tc1 phenotype
upon injection, as evident from their increased IFN-γ production and T-bet expres-
sion, Tc17 cells demonstrated lower levels of IFN-γ production compared to the Tc0
cells and retained their ability to produce IL-17A. This shows that both of these subsets
show plasticity in vivo in response to the inflammatory stimuli present in atheroscle-
rotic mice [37, 48]. Adoptive transfer of Tc17 cells resulted in smaller atherosclerotic le-
sion size compared to the transfer of Tc0 cells. Moreover, there was a decrease in plaque
macrophage content as well as a reduction in inflammatory CD4+ Th1 cells in the aor-
tas of the Tc17-treated mice (Fig. 3). As the Tc17 cells produced more IL-17 but fewer
IFN-γ compared to the Tc0 cells, the atheroprotective function of Tc17 cells can be as-
cribed to either or both of these phenotypical differences. Nonetheless, these findings
show that different Tc subsets are present in atherosclerotic lesions, and suggest that
skewing the CD8+ T-cell phenotype towards a less atherogenic subset, such as the Tc17
subset, may provide a novel therapeutic avenue for the treatment of atherosclerosis.
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Figure 3: Schematic overview of how the adoptive transfer of Tc0 and Tc17 cells affects atherosclerosis
development in CD89/9LDLr9/9 mice. CD8+ T-cells were polarized towards a Tc0 or Tc17 phenotype and
injected once weekly into CD89/9LDLr9/9 mice fed a WTD for 6 weeks. Transfer of Tc17 cells resulted in
smaller lesions associated with a reduced Th1 cell and macrophage content. From van Duijn et al. Tc17 CD8+
T-cells accumulate in murine atherosclerotic lesions and modulate local inflammatory responses (submitted
manuscript).

4. CD8+ T-cell directed vaccination in atherosclerosis

As we determined that CD8+ T-cells can exert anti-atherogenic functions under certain
conditions, we looked into ways in which we could harness the atheroprotective
functions of CD8+ T-cells, while inhibiting their pro-inflammatory functions, as a
potential treatment strategy for atherosclerosis. An interesting strategy to induce
antigen-specific CD8+ T-cell responses is via vaccination. In Chapter 6, we reviewed
how to design a particle-based vaccine in order to skew the immune response towards
the desired direction. As pathogens have different dimensions and shapes, they stim-
ulate the immune system in a specific way, inducing different immunological effects.
Similarly, in this review, we focused on how the physicochemical characteristics of
size, shape, and rigidity of the particulate antigen delivery system affects the biodis-
tribution, cellular uptake, antigen presentation and the resulting immune response in
murine models. Regarding the induction of CD8+ T-cell responses, we reviewed studies
reporting that small particles in the nano-size range are easily transported from the site
of injection to the lymphatic system [49]. Moreover, we discussed that small nanopar-
ticles are taken up efficiently by APCs and localize rapidly into late endosomes [50],
which subsequently fuse with the lysosomes from where the nanoparticles escape via
the phagosome-to-cytosol pathway, resulting in higher MHC class I presentation [51].
Furthermore, we reviewed studies revealing that smaller sized nanoparticles are more
effective than larger particles in inducing CD8+ T-cell responses, and this effect is
most pronounced when these small particles are (nearly) spherical, probably due to
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enhanced uptake of spherical particles [52, 53].

Using the knowledge we obtained regarding particulate vaccine design, we set out to
induce atheroprotective CD8+ T-cell responses via liposomal vaccination in Chapter 7.
Liposomes are spherical vesicles composed of one or multiple bilayers of phospho-
lipids which enclose an aquatic core. Liposomes are an efficient delivery system for
antigens, as they enhance antigen uptake by APCs and initiate immune activation
within these cells. Positively charged (cationic) liposomes below 200 nm in size
were previously shown to induce strong antigen-specific CD8+ T-cell responses in a
cancer mouse model [54]. However, we were unable to induce antigen-specific CD8+
T-cell responses in LDLr9/9 mice by vaccinating against the ApoB100-derived peptide
QSFDLSVK using cationic DOPC:DOTAP liposomes. Consequently, no effects of this
treatment on atherosclerosis development were observed. This failure to induce im-
munogenicity was not due to the formulation, as we showed that vaccination using the
exact same liposomes encapsulating the model peptide SIINFEKL was able to induce
antigen-specific CD8+ T-cell responses in LDLr9/9 mice. Moreover, using dendritic
cell vaccination in which the QSFDLSVK peptide was loaded directly onto the DCs, we
were able to induce antigen-specific CD8+ T-cell responses. Thus, immune responses
can be directed against this peptide sequence in LDLr9/9 mice. Most likely, there were
issues with the stability of the peptide during the cross-presentation process in vivo,
by which the antigen comes into contact with the acidic environment and proteases
in the lysosomes before it gains access to the cytosol. As we have shown compelling
data in this thesis supporting a protective role for CD8+ T-cells via antigen-specific
mechanisms, we believe further exploration into activating these cells could be of great
value for atherosclerosis research.

5. Perspectives

In recent years, great progress has been made with regard to the research into im-
munotherapy of atherosclerosis. The aforementioned CANTOS trial [14] has already
shown that targeting the inflammatory component of atherosclerosis can reduce the
number of cardiovascular events, although adverse effects occur due to the general im-
mune suppression. As CD8+ T-cells are a part of the adaptive immune response, and
therefore function in an antigen-specific manner, they could prove to be interesting
tools for targeting the immune system in atherosclerosis in a more specific manner,
reducing the occurrence of adverse effects such as the ones observed in the CANTOS
trial. In this thesis, the contribution of CD8+ T-cells to the pathogenesis of atheroscle-
rosis has been studied, and several mechanisms through which CD8+ T-cells exert pro-
tective functions have been identified. We hope these findings will prove to be useful
starting points for developing therapeutic interventions in atherosclerosis.

In Chapter 3, we have shown a protective function for CD8+ T-cells that was at least in
part mediated via the increased expression of FasL on these cells. Activation-induced
cell death, such as that induced by Fas/FasL signaling, is one of the main mechanisms
used by the immune system to prevent autoimmunity, through controlling T-cell re-
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sponses [55]. In mouse models, immunotherapies using genetic modulation of FasL
were shown to reduce autoimmune diseases [56, 57], providing proof-of-concept for
targeting the Fas/FasL-axis in atherosclerosis. Unfortunately, the administration of ag-
onistic Fas antibodies or recombinant FasL results in severe hepatotoxicity and even
death of animal models [58], eliminating the use of this strategy for the treatment of
atherosclerosis. Alternatively, bispecific antibodies consisting of an agonistic Fas an-
tibody hybridized to a second antibody directed against a different target antigen on
the same cell were shown to be effective in inducing apoptosis of the target cells, while
reducing non-specific adverse effects [59]. Potentially, this strategy could be employed
to eliminate the atherogenic Th1 cells from the lesions. Alternatively, FasL-expressing
CD8+ T-cells could be employed as a therapy. Adoptive transfer of T-cells retrovirally
transduced to overexpress FasL resulted in effective killing of prostate cancer cells in
mice [60], suggesting it could be interesting to transduce patient-derived CD8+ T-cells
in a similar fashion ex vivo and subsequently transfer them back. It must be noted that
none of the methods discussed above target the immune system in an antigen-specific
manner, and thus a risk of generalized immune suppression remains a concern with
these methods. In order to avoid this, one could consider the use of chimeric antigen
receptor (CAR) T-cell therapy. These cells are constructed from T-cells isolated from
the patient, which are genetically modified to express a CAR construct, which allows
a cell to bind a certain target cell surface antigen via a single-chain variable fragment
domain. This domain is linked to intracellular signaling molecules that are usually as-
sociated with T-cell receptor signaling, which induce T-cell activation upon binding of
the antigen. Thus, a CAR T-cell can recognize antigens irrespective of MHC-I presen-
tation but instead needs to bind a structure expressed on the target cell membrane.
Upon recognition of this structure, CAR T-cells mediate their cytotoxic effect via the
release of the cytotoxic perforin and granzymes, the release of cytokines, and via the
Fas-FasL axis [61]. Thus, employing these T-cells in atherosclerosis would enable FasL-
mediated killing of target cells in an antigen-specific fashion. For instance, once could
design CAR T-cells that target scavenger receptor A-I, which is overexpressed on plaque
macrophages, in order to kill these pro-atherogenic cells [62].

In Chapter 4, we describe that lesion-localized CD8+ T-cells express high levels of
CD39, which results in local modulation of inflammatory responses. As we and others
have shown that TCR signaling is required to induce CD39 expression [44], it could be of
interest to increase the number of CD39-expressing immunomodulatory CD8+ T-cells
via TCR signaling. Vaccination would provide an excellent method to upregulate CD39
expression, as this specifically activates CD8+ T-cells in an antigen-specific manner.
In Chapter 7 we set out to test this hypothesis in an atherosclerotic mouse model.
However, our liposomal vaccination method did not induce any antigen-specific CD8+
T-cell responses toward the ApoB100-derived peptide. Therefore, we will have to
be improve our strategy, using a more effective combination of peptide antigen and
delivery system that is able to induce strong immune responses. It could be of interest
to look into what antigens are naturally presented upon MHC-I molecules within
the atherosclerotic lesions in murine models and human patients by the use of mass
spectrometry [63]. This will provide an overview of what peptide fragments of which
proteins are presented to CD8+ T-cells in an atherosclerotic context and may thus lead
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to the identification of a relevant antigen to boost atheroprotective CD8+ T-cell func-
tions in both preclinical and clinical studies. Once a suitable antigen is identified, it is
important to assess if vaccination can indeed boost CD39- and FasL-expression levels
on CD8+ T-cells, reduce inflammatory CD4+ T-cell responses, and induce cytolytic
responses towards APCs. If this is found to be the case, there remains a need for studies
exploring the potential of vaccination to treat atherosclerosis in humans, as most
studies on vaccination in this disease have been performed in murine models [64].
Humans express different variants of the MHC-I molecules than mice, termed human
leukocyte antigens (HLA), which have different binding affinities compared to their
murine counterparts. Transgenic mouse lines that express HLA class I molecules have
been developed [65], which may prove useful for investigating the translational value
of a vaccination strategy. Finally, as we observed the increase in CD39 only in the
lesional microenvironment, the effect of inducing CD39-expressing cells systemically
will have to be studied. Possibly, most of the antigen-specific cells home towards the
atherosclerotic sites, as this is where their cognate antigen is expressed, but one must
be cautious of potential adverse effects.

As shown in Chapter 5, the skewing of CD8+ T-cells towards different Tc subsets can af-
fect the development of atherosclerotic lesions in a murine model. We report a protec-
tive effect of IL-17A-producing Tc17 cells compared to IFN-γ-producing Tc1 cells. Of
note, treatment with a blocking antibody against IL-17A in psoriatic arthritis patients
resulted in the occurrence of six major adverse cardiovascular events in the treated
group, whereas no such events occurred in placebo-controlled patients [66]. Similarly,
trials testing anti-IL-17A antibodies in ankylosing spondylitis resulted in three major
adverse cardiovascular events in the treated group versus none in the controls [67]. Al-
though these outcomes were not statistically significant, they could indicate that block-
ing the function of IL-17 may prove detrimental for the prevention of cardiovascular
events, agreeing with the protective role we described for Tc17 cells. Conversely, ad-
ministration of IL-17A may be beneficial against atherosclerosis development, although
systemic administration may result in unwanted adverse effects. Therefore, adoptive
transfer of IL-17A-producing CD8+ T-cells, specifically targeted to the atherosclerotic
lesions, may be preferable. Specific accumulation in the lesion may be enhanced by
using CD8+ T-cells that recognize antigens presented in the plaque. For instance, in the
field of cancer research, adoptive transfer of ex vivo activated tumor-reactive CD8+ T-
cells skewed towards a Tc1 or Tc17 phenotype reduced melanoma growth [68]. Further-
more, adoptive transfer of antigen-specific OT.1 CD8+ T-cells skewed towards the Tc17
phenotype controlled tumor-growth in early and late-stage melanoma in OVA tumor-
bearing mice [69]. These experimental studies demonstrate the potential of combining
adoptive T-cell transfer therapy with the skewing of those T-cells towards the desired
phenotype ex vivo. Interestingly, ex vivo stimulation of cells under Tc17-polarizing con-
ditions with a small-molecule RORγ-agonist was shown to potentiate the anti-tumor
activity of both CAR-expressing human T-cells and tumor-specific CD8+ T-cells [70],
demonstrating that this approach could work in a clinical setting as well. Therefore, we
suggest it is of interest to look into adoptive transfer of CD8+ T-cells skewed towards the
Tc17 phenotype ex vivo for the treatment of atherosclerosis, which allows for specific
delivery of IL-17 to the atherosclerotic lesions.
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Collectively, this research suggests there is potential to target CD8+ T-cells in order to
modulate the immune response in atherosclerosis. However, in doing so, one must
be very careful to induce only the atheroprotective functions of the CD8+ T-cells and
monitor if no adverse effects are induced simultaneously. Moreover, much of the data
demonstrating a protective role for CD8+ T-cells has been collected in murine models,
although we show that at least some of this can be translated to human atherosclerosis
as well. Before an effective CD8+ T-cell-based therapy can be developed, more research
is required to confirm the atheroprotective function of this subset in human atheroscle-
rotic lesions.

6. Conclusion

In summary, the research described in this thesis has shed new light on the pheno-
type and function of CD8+ T-cells in atherosclerosis, demonstrating lesion-localized
atheroprotective functions. This implies that antigen-specific stimulation of CD8+ T-
cell responses may have therapeutic potential. Great progress is currently being made
towards developing antigen-specific T-cell therapies in numerous diseases. Moreover,
immune-based therapies in general currently receive increasing attention for the treat-
ment of atherosclerosis. Therefore, it is not a question of if, but rather of when effective
immune-based treatment of cardiovascular diseases will be within our reach.



8

191

References

[1] E. J. Benjamin, M. J. Blaha, S. E. Chiuve, M. Cushman, S. R. Das, R. Deo, S. D. d.
Ferranti, J. Floyd, M. Fornage, C. Gillespie, C. R. Isasi, M. C. Jiménez, L. C. Jor-
dan, S. E. Judd, D. Lackland, J. H. Lichtman, L. Lisabeth, S. Liu, C. T. Longenecker,
R. H. Mackey, K. Matsushita, D. Mozaffarian, M. E. Mussolino, K. Nasir, R. W. Neu-
mar, L. Palaniappan, D. K. Pandey, R. R. Thiagarajan, M. J. Reeves, M. Ritchey, C. J.
Rodriguez, G. A. Roth, W. D. Rosamond, C. Sasson, A. Towfighi, C. W. Tsao, M. B.
Turner, S. S. Virani, J. H. Voeks, J. Z. Willey, J. T. Wilkins, J. H. Wu, H. M. Alger, S. S.
Wong, and P. Muntner, Heart disease and stroke statistics - 2017 update: A report
from the american heart association, Circulation 135, e146 (2017).

[2] G. K. Hansson and A. Hermansson, The immune system in atherosclerosis, Nat Im-
munol 12, 204 (2011).

[3] C. Stancu and A. Sima, Statins: mechanism of action and effects, J Cell Mol Med 5,
378 (2001).

[4] R. M. Stoekenbroek, M. L. Hartgers, R. Rutte, D. D. de Wijer, E. S. G. Stroes, and
G. K. Hovingh, PCSK9 inhibitors in clinical practice: Delivering on the promise?
Atherosclerosis 270, 205 (2018).

[5] S. Lee and C. P. Cannon, Combination lipid-lowering therapies for the prevention
of recurrent cardiovascular events, Curr Cardiol Rep 20, 55 (2018).

[6] R. P. Giugliano, T. R. Pedersen, J. G. Park, G. M. De Ferrari, Z. A. Gaciong,
R. Ceska, K. Toth, I. Gouni-Berthold, J. Lopez-Miranda, F. Schiele, F. Mach, B. R.
Ott, E. Kanevsky, A. L. Pineda, R. Somaratne, S. M. Wasserman, A. C. Keech, P. S.
Sever, and M. S. Sabatine, Clinical efficacy and safety of achieving very low LDL-
cholesterol concentrations with the PCSK9 inhibitor evolocumab: a prespecified sec-
ondary analysis of the fourier trial, Lancet 390, 1962 (2017).

[7] J. R. Petrie, N. Chaturvedi, I. Ford, M. Brouwers, N. Greenlaw, T. Tillin, I. Hramiak,
A. D. Hughes, A. J. Jenkins, B. E. K. Klein, R. Klein, T. C. Ooi, P. Rossing, C. D. A.
Stehouwer, N. Sattar, and H. M. Colhoun, Cardiovascular and metabolic effects of
metformin in patients with type 1 diabetes (removal): a double-blind, randomised,
placebo-controlled trial, Lancet Diabetes Endocrinol 5, 597 (2017).

[8] G. Rena and C. Lang Chim, Repurposing metformin for cardiovascular disease, Cir-
culation 137, 422 (2018).

[9] M. N. Di Minno, S. Iervolino, R. Peluso, R. Scarpa, and G. Di Minno, Carotid
intima-media thickness in psoriatic arthritis: differences between tumor necrosis
factor-alpha blockers and traditional disease-modifying antirheumatic drugs, Ar-
terioscler Thromb Vasc Biol 31, 705 (2011).

[10] L. T. Jacobsson, C. Turesson, A. Gulfe, M. C. Kapetanovic, I. F. Petersson, T. Saxne,
and P. Geborek, Treatment with tumor necrosis factor blockers is associated with a
lower incidence of first cardiovascular events in patients with rheumatoid arthritis,
J Rheumatol 32, 1213 (2005).

http://dx.doi.org/ doi:10.1161/CIR.0000000000000485
http://dx.doi.org/10.1038/ni.2001
http://dx.doi.org/10.1038/ni.2001
http://dx.doi.org/ 10.1016/j.atherosclerosis.2017.11.027
http://dx.doi.org/10.1007/s11886-018-0997-4
http://dx.doi.org/ 10.1016/s0140-6736(17)32290-0
http://dx.doi.org/10.1016/s2213-8587(17)30194-8
http://dx.doi.org/ 10.1161/CIRCULATIONAHA.117.031735
http://dx.doi.org/ 10.1161/CIRCULATIONAHA.117.031735
http://dx.doi.org/ 10.1161/atvbaha.110.214585
http://dx.doi.org/ 10.1161/atvbaha.110.214585


8

192

[11] A. P. Coletta, A. L. Clark, P. Banarjee, and J. G. F. Cleland, Clinical trials update:
Renewal (renaissance and recover) and attach, European Journal of Heart Failure
4, 559 (2002).

[12] E. S. Chung, M. Packer, K. H. Lo, A. A. Fasanmade, and J. T. Willerson, Randomized,
double-blind, placebo-controlled, pilot trial of infliximab, a chimeric monoclonal
antibody to tumor necrosis factor-alpha, in patients with moderate-to-severe heart
failure: results of the anti-tnf therapy against congestive heart failure (attach) trial,
Circulation 107, 3133 (2003).

[13] P. M. Ridker, B. M. Everett, A. Pradhan, J. G. MacFadyen, D. H. Solomon, E. Zaharris,
V. Mam, A. Hasan, Y. Rosenberg, E. Iturriaga, M. Gupta, M. Tsigoulis, S. Verma,
M. Clearfield, P. Libby, S. Z. Goldhaber, R. Seagle, C. Ofori, M. Saklayen, S. Butman,
N. Singh, M. Le May, O. Bertrand, J. Johnston, N. P. Paynter, and R. J. Glynn, Low-
dose methotrexate for the prevention of atherosclerotic events, New England Journal
of Medicine 380, 752 (2018).

[14] P. M. Ridker, B. M. Everett, T. Thuren, J. G. MacFadyen, W. H. Chang, C. Ballan-
tyne, F. Fonseca, J. Nicolau, W. Koenig, S. D. Anker, J. J. Kastelein, J. H. Cornel,
P. Pais, D. Pella, J. Genest, R. Cifkova, A. Lorenzatti, T. Forster, Z. Kobalava, L. Vida-
Simiti, M. Flather, H. Shimokawa, H. Ogawa, M. Dellborg, P. R. Rossi, R. P. Tro-
quay, P. Libby, and R. J. Glynn, Antiinflammatory therapy with canakinumab for
atherosclerotic disease, New England Journal of Medicine 377, 1119 (2017).

[15] C. Grönberg, J. Nilsson, and M. Wigren, Recent advances on CD4+ T cells in
atherosclerosis and its implications for therapy, European Journal of Pharmacol-
ogy 816, 58 (2017).

[16] Z. Mallat, S. Taleb, H. Ait-Oufella, and A. Tedgui, The role of adaptive T cell immu-
nity in atherosclerosis, Journal of lipid research 50, S364 (2009).

[17] K. Tse, H. Tse, J. Sidney, A. Sette, and K. Ley, T cells in atherosclerosis, Int Immunol
25, 615 (2013).

[18] J. Bullenkamp, S. Dinkla, J. C. Kaski, and I. E. Dumitriu, Targeting T cells to treat
atherosclerosis: odyssey from bench to bedside, European Heart Journal - Cardio-
vascular Pharmacotherapy 2, 194 (2016).

[19] N. Benne, J. van Duijn, F. Lozano Vigario, R. J. T. Leboux, P. van Veelen, J. Kuiper,
W. Jiskoot, and B. Slutter, Anionic 1,2-distearoyl-sn-glycero-3-phosphoglycerol
(dspg) liposomes induce antigen-specific regulatory T cells and prevent atheroscle-
rosis in mice, J Control Release 291, 135 (2018).

[20] D. F. Ketelhuth, A. Gistera, D. K. Johansson, and G. K. Hansson, T cell-based thera-
pies for atherosclerosis, Curr Pharm Des 19, 5850 (2013).

[21] J. Gewaltig, M. Kummer, C. Koella, G. Cathomas, and B. C. Biedermann, Require-
ments for CD8 T-cell migration into the human arterial wall, Hum Pathol 39, 1756
(2008).

http://dx.doi.org/ 10.1016/S1388-9842(02)00121-6
http://dx.doi.org/ 10.1016/S1388-9842(02)00121-6
http://dx.doi.org/10.1161/01.Cir.0000077913.60364.D2
http://dx.doi.org/10.1056/NEJMoa1809798
http://dx.doi.org/10.1056/NEJMoa1809798
http://dx.doi.org/ 10.1056/NEJMoa1707914
http://dx.doi.org/https://doi.org/10.1016/j.ejphar.2017.04.029
http://dx.doi.org/https://doi.org/10.1016/j.ejphar.2017.04.029
http://dx.doi.org/10.1194/jlr.R800092-JLR200
http://dx.doi.org/ 10.1093/intimm/dxt043
http://dx.doi.org/ 10.1093/intimm/dxt043
http://dx.doi.org/ 10.1093/ehjcvp/pvw001
http://dx.doi.org/ 10.1093/ehjcvp/pvw001
http://dx.doi.org/10.1016/j.jconrel.2018.10.028
http://dx.doi.org/10.2174/1381612811319330003
http://dx.doi.org/ 10.1016/j.humpath.2008.04.018
http://dx.doi.org/ 10.1016/j.humpath.2008.04.018


8

193

[22] R. A. van Dijk, A. J. F. Duinisveld, A. F. Schaapherder, A. Mulder-Stapel, J. F. Ham-
ming, J. Kuiper, O. J. de Boer, A. C. van der Wal, F. D. Kolodgie, R. Virmani, and
J. H. N. Lindeman, A change in inflammatory footprint precedes plaque instabil-
ity: A systematic evaluation of cellular aspects of the adaptive immune response in
human atherosclerosis, Journal of the American Heart Association: Cardiovascular
and Cerebrovascular Disease 4, e001403 (2015).

[23] D. Kolbus, I. Ljungcrantz, I. Soderberg, R. Alm, H. Bjorkbacka, J. Nilsson, and G. N.
Fredrikson, TAP1-deficiency does not alter atherosclerosis development in apoE9/9

mice, PLoS One 7, e33932 (2012).

[24] R. Elhage, P. Gourdy, L. Brouchet, J. Jawien, M.-J. Fouque, C. Fiévet, X. Huc, Y. Bar-
reira, J. C. Couloumiers, J.-F. Arnal, and F. Bayard, Deleting TCRαβ(+) or CD4(+)
T lymphocytes leads to opposite effects on site-specific atherosclerosis in female
apolipoprotein E-deficient mice, The American Journal of Pathology 165, 2013
(2004).

[25] A. I. Fyfe, J. H. Qiao, and A. J. Lusis, Immune-deficient mice develop typical
atherosclerotic fatty streaks when fed an atherogenic diet, J Clin Invest 94, 2516
(1994).

[26] C. Cochain, M. Koch, S. M. Chaudhari, M. Busch, J. Pelisek, L. Boon, and A. Zer-
necke, CD8+ T cells regulate monopoiesis and circulating Ly6C-high monocyte lev-
els in atherosclerosis in mice, Circ Res 117, 244 (2015).

[27] P. C. Dimayuga, X. Zhao, J. Yano, W. M. Lio, J. Zhou, P. M. Mihailovic, B. Cercek, P. K.
Shah, and K. Y. Chyu, Identification of ApoB-100 peptide-specific CD8+ T cells in
atherosclerosis, J Am Heart Assoc 6, e005318 (2017).

[28] K.-Y. Chyu, X. Zhao, P. C. Dimayuga, J. Zhou, X. Li, J. Yano, W. M. Lio, L. F. Chan,
J. Kirzner, P. Trinidad, B. Cercek, and P. K. Shah, CD8+ T cells mediate the athero-
protective effect of immunization with an ApoB-100 peptide, PLoS ONE 7, e30780
(2012).

[29] J. Zhou, P. C. Dimayuga, X. Zhao, J. Yano, W. M. Lio, P. Trinidad, T. Honjo, B. Cercek,
P. K. Shah, and K.-Y. Chyu, CD8+CD25+ T cells reduce atherosclerosis in apoE9/9

mice, Biochemical and Biophysical Research Communications 443, 864 (2014).

[30] M. Clement, K. Guedj, F. Andreata, M. Morvan, L. Bey, J. Khallou-Laschet, A.-T. Gas-
ton, S. Delbosc, J.-M. Alsac, P. Bruneval, C. Deschildre, M. Le Borgne, Y. Castier, H.-
J. Kim, H. Cantor, J.-B. Michel, G. Caligiuri, and A. Nicoletti, Control of the T follic-
ular helper–germinal center B-cell axis by cd8(+) regulatory T cells limits atheroscle-
rosis and tertiary lymphoid organ development, Circulation 131, 560 (2015).

[31] D. Kolbus, I. Ljungcrantz, L. Andersson, B. Hedblad, G. N. Fredrikson, H. Bjork-
backa, and J. Nilsson, Association between CD8+ T-cell subsets and cardiovascular
disease, J Intern Med 274, 41 (2013).

[32] J. Podolec, L. Niewiara, D. Skiba, M. Siedlinski, J. Baran, M. Komar, B. Guzik,
A. Kablak-Ziembicka, G. Kopec, T. Guzik, K. Bartus, W. Plazak, and K. Zmudka,

http://dx.doi.org/ 10.1161/JAHA.114.001403
http://dx.doi.org/ 10.1161/JAHA.114.001403
http://dx.doi.org/ 10.1371/journal.pone.0033932
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1618721/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1618721/
http://dx.doi.org/10.1172/jci117622
http://dx.doi.org/10.1172/jci117622
http://dx.doi.org/ 10.1161/circresaha.117.304611
http://dx.doi.org/10.1161/jaha.116.005318
http://dx.doi.org/ 10.1371/journal.pone.0030780
http://dx.doi.org/ 10.1371/journal.pone.0030780
http://dx.doi.org/ http://dx.doi.org/10.1016/j.bbrc.2013.12.057
http://circ.ahajournals.org/content/131/6/560.abstract
http://dx.doi.org/10.1111/joim.12038


8

194

Higher levels of circulating naïve CD8+CD45RA+ cells are associated with lower ex-
tent of coronary atherosclerosis and vascular dysfunction, International Journal of
Cardiology 259, 26.

[33] Y. Hwang, H. T. Yu, D. H. Kim, J. Jang, H. Y. Kim, I. Kang, H. C. Kim, S. Park, and
W. W. Lee, Expansion of CD8(+) T cells lacking the IL-6 receptor alpha chain in pa-
tients with coronary artery diseases (CAD), Atherosclerosis 249, 44 (2016).

[34] M. K. Qiu, S. C. Wang, Y. X. Dai, S. Q. Wang, J. M. Ou, and Z. W. Quan, PD-1 and
Tim-3 pathways regulate CD8+ T cells function in atherosclerosis, PLoS One 10,
e0128523 (2015).

[35] C. Pierides, A. Bermudez-Fajardo, G. N. Fredrikson, J. Nilsson, and E. Oviedo-Orta,
Immune responses elicited by ApoB-100-derived peptides in mice, Immunol Res 56,
96 (2013).

[36] J. Khallou-Laschet, E. Tupin, G. Caligiuri, B. Poirier, N. Thieblemont, A. T. Gas-
ton, M. Vandaele, J. Bleton, A. Tchapla, S. V. Kaveri, M. Rudling, and A. Nicoletti,
Atheroprotective effect of adjuvants in apolipoprotein E knockout mice, Atheroscle-
rosis 184, 330 (2006).

[37] K. Y. Chyu, W. M. Lio, P. C. Dimayuga, J. Zhou, X. Zhao, J. Yano, P. Trinidad, T. Honjo,
B. Cercek, and P. K. Shah, Cholesterol lowering modulates T cell function in vivo
and in vitro, PLoS One 9, e92095 (2014).

[38] H. K. Sytwu, R. S. Liblau, and H. O. McDevitt, The roles of Fas/APO-1 (CD95) and
TNF in antigen-induced programmed cell death in T cell receptor transgenic mice,
Immunity 5, 17 (1996).

[39] X. Zhang, T. Brunner, L. Carter, R. W. Dutton, P. Rogers, L. Bradley, T. Sato, J. C. Reed,
D. Green, and S. L. Swain, Unequal death in T helper cell (Th)1 and Th2 effectors:
Th1, but not Th2, effectors undergo rapid Fas/FasL-mediated apoptosis, The Journal
of Experimental Medicine 185, 1837 (1997).

[40] V. N. Ivanov, P. Lopez Bergami, G. Maulit, T. A. Sato, D. Sassoon, and Z. Ronai, FAP-
1 association with Fas (Apo-1) inhibits Fas expression on the cell surface, Mol Cell
Biol 23, 3623 (2003).

[41] P. M. Yao and I. Tabas, Free cholesterol loading of macrophages induces apoptosis
involving the fas pathway, J Biol Chem 275, 23807 (2000).

[42] Y. J. Xu, L. Zheng, Y. W. Hu, and Q. Wang, Pyroptosis and its relationship to
atherosclerosis, Clin Chim Acta 476, 28 (2018).

[43] W. G. Junger, Immune cell regulation by autocrine purinergic signalling, Nat Rev
Immunol 11, 201 (2011).

[44] A. Bai, A. Moss, S. Rothweiler, M. S. Longhi, Y. Wu, W. G. Junger, and S. C. Robson,
Nadh oxidase-dependent CD39 expression by CD8(+) T cells modulates interferon
gamma responses via generation of adenosine, Nat Commun 6, 8819 (2015).

http://dx.doi.org/10.1016/j.ijcard.2018.01.079
http://dx.doi.org/10.1016/j.ijcard.2018.01.079
http://dx.doi.org/ 10.1016/j.atherosclerosis.2016.03.038
http://dx.doi.org/ 10.1371/journal.pone.0128523
http://dx.doi.org/ 10.1371/journal.pone.0128523
http://dx.doi.org/ 10.1007/s12026-013-8383-1
http://dx.doi.org/ 10.1007/s12026-013-8383-1
http://dx.doi.org/10.1016/j.atherosclerosis.2005.04.021
http://dx.doi.org/10.1016/j.atherosclerosis.2005.04.021
http://dx.doi.org/10.1371/journal.pone.0092095
http://dx.doi.org/10.1016/s1074-7613(00)80306-4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2196321/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2196321/
http://dx.doi.org/ 10.1074/jbc.M002087200
http://dx.doi.org/10.1016/j.cca.2017.11.005
http://dx.doi.org/ 10.1038/nri2938
http://dx.doi.org/ 10.1038/nri2938
http://dx.doi.org/10.1038/ncomms9819


8

195

[45] Y. Simoni, E. Becht, M. Fehlings, C. Y. Loh, S.-L. Koo, K. W. W. Teng, J. P. S. Yeong,
R. Nahar, T. Zhang, H. Kared, K. Duan, N. Ang, M. Poidinger, Y. Y. Lee, A. Larbi, A. J.
Khng, E. Tan, C. Fu, R. Mathew, M. Teo, W. T. Lim, C. K. Toh, B.-H. Ong, T. Koh,
A. M. Hillmer, A. Takano, T. K. H. Lim, E. H. Tan, W. Zhai, D. S. W. Tan, I. B. Tan, and
E. W. Newell, Bystander CD8+ T cells are abundant and phenotypically distinct in
human tumour infiltrates, Nature 557, 575 (2018).

[46] T. Duhen, R. Duhen, R. Montler, J. Moses, T. Moudgil, N. F. de Miranda, C. P.
Goodall, T. C. Blair, B. A. Fox, J. E. McDermott, S.-C. Chang, G. Grunkemeier, R. Lei-
dner, R. B. Bell, and A. D. Weinberg, Co-expression of CD39 and CD103 identi-
fies tumor-reactive CD8 T cells in human solid tumors, Nature Communications 9,
2724 (2018).

[47] H. W. Mittrucker, A. Visekruna, and M. Huber, Heterogeneity in the differentiation
and function of CD8(+) T cells, Arch Immunol Ther Exp (Warsz) 62, 449 (2014).

[48] M. Centa, K. E. Prokopec, M. G. Garimella, K. Habir, L. Hofste, J. M. Stark, A. Dah-
dah, C. A. Tibbitt, K. A. Polyzos, A. Gistera, D. K. Johansson, N. N. Maeda, G. K.
Hansson, D. F. J. Ketelhuth, J. M. Coquet, C. J. Binder, M. C. I. Karlsson, and S. Ma-
lin, Acute loss of apolipoprotein E triggers an autoimmune response that accelerates
atherosclerosis, Arterioscler Thromb Vasc Biol 38, e145 (2018).

[49] C. Oussoren, J. Zuidema, D. J. Crommelin, and G. Storm, Lymphatic uptake and
biodistribution of liposomes after subcutaneous injection. II. influence of liposomal
size, lipid compostion and lipid dose, Biochim Biophys Acta 1328, 261 (1997).

[50] J. M. Brewer, K. G. Pollock, L. Tetley, and D. G. Russell, Vesicle size influences the
trafficking, processing, and presentation of antigens in lipid vesicles, J Immunol
173, 6143 (2004).

[51] A. Mant, F. Chinnery, T. Elliott, and A. P. Williams, The pathway of cross-
presentation is influenced by the particle size of phagocytosed antigen, Immunology
136, 163 (2012).

[52] S. Kumar, A. C. Anselmo, A. Banerjee, M. Zakrewsky, and S. Mitragotri, Shape and
size-dependent immune response to antigen-carrying nanoparticles, J Control Re-
lease 220, 141 (2015).

[53] P. L. Mottram, D. Leong, B. Crimeen-Irwin, S. Gloster, S. D. Xiang, J. Meanger,
R. Ghildyal, N. Vardaxis, and M. Plebanski, Type 1 and 2 immunity following vac-
cination is influenced by nanoparticle size: formulation of a model vaccine for res-
piratory syncytial virus, Mol Pharm 4, 73 (2007).

[54] E. M. Varypataki, N. Benne, J. Bouwstra, W. Jiskoot, and F. Ossendorp, Efficient
eradication of established tumors in mice with cationic liposome-based synthetic
long-peptide vaccines, Cancer Immunol Res 5, 222 (2017).

[55] N. Askenasy, E. S. Yolcu, I. Yaniv, and H. Shirwan, Induction of tolerance using Fas
ligand: a double-edged immunomodulator, Blood 105, 1396 (2005).

http://dx.doi.org/ 10.1038/s41586-018-0130-2
http://dx.doi.org/ 10.1038/s41467-018-05072-0
http://dx.doi.org/ 10.1038/s41467-018-05072-0
http://dx.doi.org/ 10.1007/s00005-014-0293-y
http://dx.doi.org/ 10.1161/atvbaha.118.310802
http://dx.doi.org/10.1111/j.1365-2567.2012.03558.x
http://dx.doi.org/10.1111/j.1365-2567.2012.03558.x
http://dx.doi.org/ 10.1016/j.jconrel.2015.09.069
http://dx.doi.org/ 10.1016/j.jconrel.2015.09.069
http://dx.doi.org/10.1021/mp060096p
http://dx.doi.org/10.1158/2326-6066.cir-16-0283
http://dx.doi.org/10.1182/blood-2004-06-2364


8

196

[56] H. Arai, D. Gordon, E. G. Nabel, and G. J. Nabel, Gene transfer of Fas ligand induces
tumor regression in vivo, Proc Natl Acad Sci U S A 94, 13862 (1997).

[57] G. G. Singer and A. K. Abbas, The fas antigen is involved in peripheral but not
thymic deletion of T lymphocytes in T cell receptor transgenic mice, Immunity 1,
365 (1994).

[58] J. Ogasawara, R. Watanabe-Fukunaga, M. Adachi, A. Matsuzawa, T. Kasugai, Y. Ki-
tamura, N. Itoh, T. Suda, and S. Nagata, Lethal effect of the anti-Fas antibody in
mice, Nature 364, 806 (1993).

[59] G. Jung, L. Grosse-Hovest, P. H. Krammer, and H. G. Rammensee, Target cell-
restricted triggering of the CD95 (APO-1/Fas) death receptor with bispecific antibody
fragments, Cancer Res 61, 1846 (2001).

[60] J. C. Symes, C. Siatskas, D. H. Fowler, and J. A. Medin, Retrovirally transduced
murine T lymphocytes expressing FasL mediate effective killing of prostate cancer
cells, Cancer Gene Therapy 16, 439 (2009).

[61] M.-R. Benmebarek, C. H. Karches, B. L. Cadilha, S. Lesch, S. Endres, and S. Kobold,
Killing mechanisms of chimeric antigen receptor (car) T cells, International journal
of molecular sciences 20, 1283 (2019).

[62] G. Sharma, Z. G. She, D. T. Valenta, W. B. Stallcup, and J. W. Smith, Target-
ing of macrophage foam cells in atherosclerotic plaque using oligonucleotide-
functionalized nanoparticles, Nano Life 1, 207 (2010).

[63] L. Bozzacco, H. Yu, H. A. Zebroski, J. Dengjel, H. Deng, S. Mojsov, and R. M. Stein-
man, Mass spectrometry analysis and quantitation of peptides presented on the
MHC II molecules of mouse spleen dendritic cells, J Proteome Res 10, 5016 (2011).

[64] H. Amirfakhryan, Vaccination against atherosclerosis: An overview, Hellenic J Car-
diol (2019), 10.1016/j.hjc.2019.07.003.

[65] N. Harada, S. Fukaya, H. Wada, R. Goto, T. Osada, A. Gomori, K. Ikizawa,
M. Sakuragi, and N. Oda, Generation of a novel HLA class I transgenic mouse model
carrying a knock-in mutation at the beta2-microglobulin locus, J Immunol 198, 516
(2017).

[66] P. J. Mease, I. B. McInnes, B. Kirkham, A. Kavanaugh, P. Rahman, D. van der Heijde,
R. Landewé, P. Nash, L. Pricop, J. Yuan, H. B. Richards, and S. Mpofu, Secukinumab
inhibition of interleukin-17A in patients with psoriatic arthritis, New England Jour-
nal of Medicine 373, 1329 (2015).

[67] D. Baeten, J. Sieper, J. Braun, X. Baraliakos, M. Dougados, P. Emery, A. Deodhar,
B. Porter, R. Martin, M. Andersson, S. Mpofu, and H. B. Richards, Secukinumab, an
interleukin-17A inhibitor, in ankylosing spondylitis, N Engl J Med 373, 2534 (2015).

[68] Y. Yu, H. I. Cho, D. Wang, K. Kaosaard, C. Anasetti, E. Celis, and X. Z. Yu, Adop-
tive transfer of Tc1 or Tc17 cells elicits antitumor immunity against established
melanoma through distinct mechanisms, J Immunol 190, 1873 (2013).

http://dx.doi.org/10.1073/pnas.94.25.13862
http://dx.doi.org/10.1016/1074-7613(94)90067-1
http://dx.doi.org/10.1016/1074-7613(94)90067-1
http://dx.doi.org/ 10.1038/364806a0
http://dx.doi.org/10.1038/cgt.2008.96
http://dx.doi.org/10.3390/ijms20061283
http://dx.doi.org/10.3390/ijms20061283
http://dx.doi.org/10.1142/S1793984410000183
http://dx.doi.org/ 10.1021/pr200503g
http://dx.doi.org/ 10.1016/j.hjc.2019.07.003
http://dx.doi.org/ 10.1016/j.hjc.2019.07.003
http://dx.doi.org/ 10.4049/jimmunol.1502367
http://dx.doi.org/ 10.4049/jimmunol.1502367
http://dx.doi.org/ 10.1056/NEJMoa1412679
http://dx.doi.org/ 10.1056/NEJMoa1412679
http://dx.doi.org/10.1056/NEJMoa1505066
http://dx.doi.org/10.4049/jimmunol.1201989


8

197

[69] L. Garcia-Hernandez Mde, H. Hamada, J. B. Reome, S. K. Misra, M. P. Tighe, and
R. W. Dutton, Adoptive transfer of tumor-specific Tc17 effector T cells controls the
growth of B16 melanoma in mice, J Immunol 184, 4215 (2010).

[70] X. Hu, K. Majchrzak, X. Liu, M. M. Wyatt, C. J. Spooner, J. Moisan, W. Zou, L. L.
Carter, and C. M. Paulos, In vitro priming of adoptively transferred T cells with a
rorgamma agonist confers durable memory and stemness in vivo, Cancer Res 78,
3888 (2018).

http://dx.doi.org/10.4049/jimmunol.0902995
http://dx.doi.org/ 10.1158/0008-5472.Can-17-3973
http://dx.doi.org/ 10.1158/0008-5472.Can-17-3973

