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Figure 1 Immune cell subsets during the onset and progression of atherosclerosis. 
Low density lipoprotein (LDL) migrates into the vessel wall where it is oxidized (oxLDL) 
(1).Macrophages phagocytose oxLDL and differentiate into foam cells (2). Other immune 
cells are attracted to the site of inflammation. Antigen-presenting cells, such as dendritic 
cells, phagocytose oxLDL (3), and subsequently migrate to the secondary lymphoid organs 
(4). Here, oxLDL epitopes are presented via MHC class II molecules to T helper cells which 
in turn get activated (5) and clonally expanded (6). Skewing to T helper cell subsets is 
dependent on the microenvironment.Th1 cells are known to be atherogenic via the 
production of IFNγ, while IL-5 (produced by Th2 cells) and IL-10 (produced by regulatory T 
cells) are atheroprotective. The role of IL-4 and IL-17 in this process remains inconclusive. 
There is an imbalance between pro- and anti-inflammatory T cells during atherosclerosis 
development. Next, activated T cells migrate to the plaque (7). B cells can play both an 
atherogenic as well as an atheroprotective role via the production of immunoglobulins 
(8). IgG (produced by B2 cells) binds oxLDL and thereby facilitates the uptake of oxLDL 
by macrophages. In contrast, when IgM (produced by B1 cells) binds oxLDL the uptake is 
inhibited and clearance is promoted. Regulatory B cells play an atheroprotective role via 
the production of IL-10 (9). Neutrophils play an atherogenic role, both during the onset 
as well as during the destabilization of the advanced plaque, mainly by NETosis which 
destabilizes the plaque, which may lead to atherothrombosis (10).

Introduction
Cardiovascular disease (CVD) is the main cause of death worldwide.1 CVD in-
cludes many diseases, including stroke, myocardial infarction, heart fail-
ure, heart rhythm disorders and congenital heart disease.1 The main under-
lying pathology of many CVDs is atherosclerosis. Atherosclerosis is charac-
terized by the development of an atherosclerotic plaque, or lesion, in the 
arterial wall. Ultimately, atherosclerosis development can lead to athero-
thrombosis, which in turn can lead to cardiac arrest, pulmonary embolism 
or stroke and eventually death. 

The onset of atherosclerosis development starts already in adoles-
cents.2-4 While atherosclerosis gradually develops in many people, sever-
al risk factors are known that enhance the risk for atherosclerosis devel-
opment. Some are modifiable and mostly lifestyle related, such as smok-
ing, excessive alcohol use and diet, while other risk factors are unmodifi-
able, such as age and genetic predisposition. Development of atheroscle-
rosis generally starts with a disbalance in serum cholesterol levels, main-
ly an increase in low density lipoprotein (LDL). While LDL is atherogenic, 
high density lipoprotein (HDL) is inversely associated with atherosclero-
sis development, likely due to extraction of cholesterol from tissues and 
transport to the liver where it is excreted.5-7 LDL accumulates in the sub-
endothelial space in the vessel wall, at sites of endothelial dysfunction 
and flow perturbation, where it undergoes oxidation. Currently, the main 
treatment to prevent acute cardiovascular syndromes aims at lowering 
cholesterol levels, in addition to lifestyle modifications, anti-thrombot-
ic drugs and blood pressure lowering drugs. Although atherosclerosis de-
velopment is indeed primarily lipid-driven, the immune system plays a 
critical role during the onset and progression of atherosclerotic plaques. 
Therefore, atherosclerosis is currently seen as a chronic inflammatory 
disease. While treatment with lipid-lowering drugs is, at least partly, suc-
cessful, recurrent cardiovascular events remain a high risk for CVD pa-
tients,8 showing a need for additional treatment. In addition, elucidation 
of the role of the immune system during atherosclerosis development and 
in the plaque micro-environment is essential for development of new di-
agnostic tools and treatments for CVD. 



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches10 Chapter 1  General introduction 11

monocytes secrete high quantities of pro-inflammatory cytokines and che-
mokines and infiltrate inflamed tissues. They express higher levels of che-
mokine receptors compared to the other subsets.18,19 Non-classical mono-
cytes produce lower levels of pro-inflammatory cytokines and chemo-
kines compared to classical monocytes20 and, in circulation, they promote 
neutrophil adhesion to the vessel wall via TNFα secretion.21,22 Intermediate 
monocytes are considered to be ‘inflammatory’, as is illustrated by the in-
crease in intermediate monocytes in patients with systemic infections.23,24 
A large proportion of studies investigating atherosclerosis is performed 
using mouse models. In mice, two main subsets in monocytes are identi-
fied based on Ly6C expression, Ly6Chi inflammatory monocytes, and Ly6Cint 
patrolling monocytes. Ly6Chi monocytes correspond to classical/interme-
diate monocytes in human, while Ly6Cint monocytes correspond to non-
classical monocytes. 

Hypercholesterolemia results in an increase in circulating monocyte 
levels and their activation status.25,26 During the onset of atherosclero-
sis, monocytes are attracted to the subendothelial space in response to 
endothelial dysfunction and upon infiltration in the arterial wall, these 
monocytes differentiate into macrophages. As mentioned before, mac-
rophages play a critical role during the onset of atherosclerosis by phago-
cytosis of lipids. Indeed, the absence of macrophages in apoE-/- mice with 
an M-CSF mutation results in a decrease in atherosclerosis development.27 
Furthermore, selective knockout of monocytes and macrophages in 
CD11b-diphtheria toxin receptor transgenic mice showed decreased ath-
erosclerosis development.28Activation of the inflammasome via choles-
terol crystals or oxLDL leads to inflammasome formation and subsequent 
cell death via pyroptosis which is a highly inflammatory process and re-
sults in further activation of the innate immune system. Inflammasome 
activation is necessary for the production and release of pro-inflammato-
ry cytokines interleukin (IL)-1β and IL-18, that play an important role dur-
ing atherosclerosis development.29

Like monocytes, macrophages can be divided into multiple subsets. 
Non-differentiated or naïve M0-macrophages can differentiate into mul-
tiple subsets dependent on the microenvironment. Despite the existence 
of more subsets, and the high plasticity and ability of macrophages to re-
polarize, the main subsets are M1-like and M2-like macrophages, which can 
be discriminated via gene signatures and protein expression.30 In general, 

Immune cell subsets in atherosclerosis

The immune system plays an important role in atherosclerosis. Upon ac-
cumulation of oxidized LDL (oxLDL) in the vessel wall, oxLDL is taken up via 
scavenger receptors by macrophages,9 after which these macrophages dif-
ferentiate into lipid laden foam cells9,10contributing to inflammation in the 
vessel wall. Besides LDL and oxLDL, cholesterol crystals can accumulate in 
macrophages, resulting in inflammasome activation11,12which can further 
enhance inflammation. In addition to macrophages, neutrophils migrate to 
the lesion site in an early stage. Upon activation, neutrophils induce expres-
sion of adhesion molecules, adding to the endothelial dysfunction, and re-
lease myeloperoxidase (MPO), which facilitates reactive oxygen species for-
mation and contributes to the oxidation of LDL13. While the innate immune 
system plays an important role in the early stages of plaque development, 
during atherosclerosis progression the adaptive immune system is also in-
volved. T cells accumulate in the plaque, of which some clones recognize 
oxLDL-specific epitopes,14,15 contributing to the inflammatory response. 
The role of T cells in atherosclerosis development is complex, with some 
subsets playing an atherogenic role while others are atheroprotective. The 
same is true for B cells, B1 cells generally are atheroprotective via the pro-
duction of autoantibodies against oxidized LDL, while other B cell subsets 
promote atherosclerosis development.

The section below describes the role of monocytes and macrophages, 
neutrophils, T cells and B cells in atherosclerosis. While other immune 
cells, including but not limited to dendritic cells, NK cells, and mast cells 
also influence atherosclerosis development, the role of these cells will not 
be discussed in this thesis. 

Monocytes and macrophages

As mentioned in the previous section, monocytes play a critical role in ath-
erosclerosis development. In human, three major subsets are identified 
based on CD14 and CD16 expression. Classical monocytes (CD14+) are the 
largest group, followed by non-classical monocytes (CD14dimCD16+) and in-
termediate monocytes (CD14+CD16+).16 Classical monocytes are mainly in-
volved in phagocytosis, a process in which large (pathogenic) particles or 
apoptotic cells are ingested and degraded internally.17 These particles or 
dead cells are recognized by amongst others scavenger receptors. Classical 
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Neutrophils for example accumulate in the vessel wall in Ldlr-/- mice on 
a Western-type diet.41 It has been shown that neutrophil depletion using 
a Ly6G antibody in apoE-/- mice significantly decreased plaque size after 4 
weeks of treatment, but not in established plaques after 16 and 52 weeks 
of plaque development.37 Furthermore, neutrophils induce recruitment 
of monocytes to inflamed areas, such as via the release of the cathelici-
din LL37, or the murine homolog Cramp. Furthermore, binding of LL37 to 
RNA or DNA, including self-DNA released by for example NETosis, results in 
increased type-I interferon (IFN) responses,42,43 resulting in an enhanced 
inflammatory response. Indeed, Cramp-/- apoE-/- mice displayed a reduced 
plaque size with low macrophage numbers as compared to apoE-/- mice.44

T cells

T cells develop from the common lymphoid progenitors in the bone mar-
row, after which they migrate to the thymus where they mature. During 
maturation in the thymus, T cells start to express a T cell receptor (TCR) that 
recognizes short peptides presented via a major histocompatibility com-
plex (MHC) molecule.45 Thereafter, T cells undergo selection by epithelial 
cells expressing high numbers of MHC-I and MHC-II molecules.46 T cells that 
bind strongly to the MHC molecules undergo apoptosis, since they are high-
ly likely to be self-reactive. T cells that do not respond at all undergo de-
layed apoptosis,46,47 while T cells that moderately respond receive survival 
signals. After maturation and selection, naïve T cells express a unique T cell 
receptor and leave the thymus to migrate into circulation. 

Upon recognition of an antigen via the MHC–TCR interaction, which is 
the first signal of T cell activation, T cells require a second signal for full 
activation via so-called co-stimulatory molecules of which many belong 
to the B7 superfamily.48 The third signal of T cell activation, via cytokines 
secreted by antigen-presenting cells (APC), results in full activation and 
skewing of T cells. Besides co-stimulatory molecules, co-inhibitory mol-
ecules are expressed on T cells and APCs. These co-inhibitory molecules 
function in a similar manner as co-stimulatory molecules however damp-
en T cell activation.49 The expression of both co-stimulatory and co-inhib-
itory molecules regulates T cell activation. The role of some of these co-
stimulatory and co-inhibitory pathways in atherosclerosis development is 
displayed in table I. In general, inhibition of co-stimulatory and activation 
of co-inhibitory pathways are protective for atherosclerosis development.  

M2-like macrophages are considered anti-inflammatory, while M1-like 
macrophages are pro-inflammatory. M1 macrophages play a significant 
role in plaque progression,31 via secretion of high levels of pro-inflamma-
tory cytokines and by maintaining chronic inflammation. Furthermore, 
M1 macrophages are the pre-dominant macrophage subtype in murine as 
well as human lesions and are associated with progressing plaques, while 
M2-like macrophages are associated with atherosclerotic plaque regres-
sion, most likely via promoting macrophage plaque egression and resolv-
ing inflammation.32,33 

Neutrophils

Neutrophils are the most abundant type of leukocytes in human blood. 
They are the first responders upon an infection, and have short life-spans 
of approximately 5 days. Neutrophils contain granules, which can be re-
leased upon activation, containing proteolytic enzymes such as myeloper-
oxidase (MPO), neutrophil elastase, ROS and anti-microbial peptides. Release 
of some of these granules already occurs upon endothelial binding and en-
trance of extravascular tissue. Neutrophils can eventually undergo apopto-
sis upon activation, which is tightly regulated to prevent tissue damage.34 
A unique form of cell death specific for neutrophils is NETosis, via the for-
mation of neutrophil extracellular traps (NETs). NETosis can be induced by 
several stimuli such as pathogens, cytokines, microcrystals, antibodies and 
immune complexes.35 Induction of NETosis is dependent on NADPH oxidase 
activation and subsequent ROS formation. Upon activation, chromatin de-
condensation occurs and this is accompanied by a disturbance in the plas-
ma membrane ultimately resulting in the formation of a NET, which cap-
tures pathogens. However, in contrast to apoptosis, NETosis leads to an in-
creased inflammatory response and can lead to tissue damage. In human, 
neutrophils can be identified by surface markers CD16, CD66b and CD15. In 
mice, Ly6G can be used to identify neutrophils. 

Similar to monocytes, hyperlipidemia causes an increase in circulating 
neutrophil levels.36,37 Neutrophils are known to contribute during later 
stages of atherosclerosis, notably in plaque destabilization and athero-
thrombosis, as is illustrated by several studies in human plaques show-
ing that neutrophils are present in unstable rupture-prone plaques, but 
not in stable plaques.38-40 However, more recently the role of neutrophils 
in the early stages of atherosclerosis development has gained interest. 
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IFNγ expressing CD8+CD28+ T cells,72 and another study showed that CD8+ 
T cells control monopoiesis and decreased circulating monocyte levels, 
thereby contributing to plaque macrophage burden.73 Furthermore, CD8+ 
T cells promote the development of vulnerable plaques by inducing apop-
tosis of macrophages, endothelial and smooth muscle cells, andvia secre-
tion of perforin and granzyme B leading to necrotic core formation.74 On 
the other hand, several studies have shown atheroprotective effects of 
CD8+ T cell subsets. For example, immunization with an apoB100 peptide 
resulted in an expansion of CD8+ T cells and a reduction of plaque develop-
ment.75 Furthermore, regulatory CD8+CD25+ T cells reduce atherosclerosis 
development in apoE-/- mice.76 These data show that different CD8+ T cell 
subsets may play opposing roles in atherosclerosis development. 

CD4+ T helper cells

CD4+ T helper cells, as the name indicates, ‘help’ activate CD8+ T cells and/or 
B cells during an inflammatory response. They recognize antigens present-
ed via major histocompatibility complex (MHC)-II molecules, which are ex-
pressed on APCs, but can be upregulated on other cells upon stimulation. 
Upon recognition of their antigen and subsequent activation, naïve CD4+ T 
cells, also named Th0 cells, undergo clonal expansion and differentiate into 
effector T cell subtypes. Dependent on the microenvironment, mainly con-
trolled by the cytokines secreted by APCs, these naïve T cells differentiate 
into Th1, Th2, Th9, Th17, Th22 or regulatory T cells. Th1, Th2, Th17 and reg-
ulatory T cells and their role in atherosclerosis development are described 
further below and summarized in Table II. 

Th1 cells Differentiation of Th0 cells into Th1 cells is mainly induced by 
IFNγ and IL-12.77-79 Th1 cells are characterized by expression of transcrip-
tion factor T-bet, and they are the main producers of IFNγ.80 Th1 cells play 
an essential role in the defense against intracellular pathogens including 
viruses and intracellular bacteria. Dysregulation of Th1 cells has been as-
sociated with several autoimmune diseases, such as rheumatoid arthri-
tis81 and systemic lupus erythematosus.82 In atherosclerosis, Th1 cells have 
been found to play a pro-atherogenic role. A study using T-bet deficient 
Ldlr-/- mice showed that atherosclerosis development was significantly re-
duced in these mice compared to Ldlr-/- mice.83 Moreover, multiple stud-
ies have shown a pro-atherogenic role for the Th1 hallmark cytokine IFNγ.

Table 1 Co-stimulatory and co-inhibitory molecules and their role in atherosclerosis.

Co-stimulatory pathways Refs

CD40–CD40L Inhibition results in decrease in atherosclerosis 
development and more stable plaques.

[50-53]

OX40–OX40L Inhibition results in decreased atherosclerosis 
development and regression of plaques. 

[54-56]

CD28–CD80/CD86 CD28 is constitutively expressed on T cells on most T cells, 
and absence of CD28 leads to anergic T cells. CD80/CD86 
deficiency reduces atherosclerosis development. CTLA4 
shares the same ligands as CD28.

[57]

CD27–CD70 The CD27-CD70 pathway is essential for B cell proliferation 
and Ig synthesis. Stimulation of CD70 is atheroprotective, 
CD70 deficiency leads to increased plaque formation.

[58, 59]

CD30–CD30L Inhibition results in reduced atherosclerosis development. [60]

Co-inhibitory pathways

PD-1–PD-L1/PD-L2 Knockout of PD-1 or PD-L1/PD-L2 results in decreased 
atherosclerosis development.

[61-63]

CTLA4–CD80/CD86 CTLA4 blockade enhances atherosclerosis development. 
Overexpression of CTLA4 decreased atherosclerosis 
development. 

[64-66]

BTLA–HVEM Stimulation of BTLA protected against atherosclerosis. [67]

T cells can be divided into two main subsets, the CD4+ T helper cells (Th), 
and CD8+ cytotoxic T cells (Tc), which can be divided into several subsets. 

CD8+ cytotoxic T cells

CD8+ T cells recognize antigen presented via major histocompatibility com-
plex (MHC)-I molecules, which are expressed on all nucleated cells. Cells 
usually present cytosolic self-antigen in MHC-I molecules, which does not 
induce an immune response. However, upon infection, pathogen-specific 
antigen is presented, which is recognized by CD8+ T cells. Upon recognition 
of an antigen, and a secondary stimulatory signal, CD8+ T cells kill the tar-
get cell expressing the recognized antigen via the release of perforin and 
granzymes, binding of Fas ligand to Fas receptor on the target cell and via 
production of cytokines. 

The role of CD8+ T cells in atherosclerosis is controversial, as both pro- 
as well as anti-atherogenic effects have been described. The presence of 
CD8+ T cells in the human plaque has first been shown in the late 1980’s 
by immunostaining,68,69 which has during the years been confirmed with 
additional techniques, such as single cell RNA sequencing.70,71 It has been 
shown that hypercholesterolemia in apoE-/- mice increased the number of 
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in IFNγ was observed, suggesting that a decreased Th1 response was in part 
responsible for the reduction in atherosclerosis.102 Other studies show that 
IL-17 blockade via an IL-17 antibody did not affect plaque formation in either 
Ldlr-/- or apoE-/- mice.103 Furthermore, studies using IL-17 or IL-17R knockout 
mice display conflicting results. Two studies using apoE-/-IL-17-/- mice show 
a decrease in atherosclerosis development by reducing the amount of infil-
trated macrophages in the plaque and aorta,104,105 while other studies show 
no effect or even an increase in atherosclerosis development.106,107 

Regulatory T cells Regulatory T cells (Tregs) are a subset of CD4+ T cells 
specialized in the suppression of the immune response, thereby mediat-
ing inflammation and ensuring self-tolerance. Tregs exert their immuno-
suppressive function via secretion of anti-inflammatory cytokines such as 
IL-10, IL-35 and TGF-β, but also via direct suppression of activated lympho-
cytes via binding of co-inhibitory molecules. Tregs are characterized by 
their expression of transcription factor forkhead box P3 (Foxp3). Th cells 
differentiate into Tregs under the influence of IL-2 and TGF-β.108-110 Tregs 
play a protective role in atherosclerosis due to their immunosuppressive 
function. Deletion of Tregs via knockout of co-stimulatory factors CD80 
and CD86, both necessary for Treg development, resulted in an increase in 
atherosclerosis development.111 Later, more Treg specific studies have been 
performed confirming these findings, both vaccination against Foxp3, and 
elimination of Foxp3+ Tregs aggravated atherosclerosis development.112,113 
Administration of IL-2/anti-IL-2 complexes potently induced Tregs and 
thereby suppressed atherosclerosis development.114

While T helper cell differentiation is dependent on the micro-environ-
ment, T helper cell differentiation is not final, and T helper cells show 
plasticity. For example, during inflammatory conditions, such as athero-
sclerosis Tregs can lose Foxp3 expression and become pro-inflammato-
ry Th cells.115 Indeed, ApoB100 specific T cells have been shown to be able 
to switch their phenotype to either a mixed phenotype, or re-differenti-
ate into another subset completely.116 Tregs and Th17 cells are most prone 
to change their phenotype in the atherosclerotic plaque, during which 
Tregs lose their immunosuppressive function. This plasticity makes re-
search into the role of T cells during atherosclerosis development, and po-
tential therapeutic T cell targets more difficult. 

ApoE-/-IFNγR-/- mice develop substantially less atherosclerotic plaque com-
pared to apoE-/- mice.84 Furthermore, administration of exogenous IFNγ en-
hances atherosclerosis in apoE-/- mice,85 confirming the atherogenic role of 
IFNγ in atherosclerosis.

Th2 cells IL-4 is the main driver of differentiation of Th0 cells into Th2 
cells.86,87 Th2 cells express transcription factor GATA3,88 and participate in 
the defense against extracellular parasites and are also involved in aller-
gic reactions after encountering an allergen. Amongst other cytokines, Th2 
cells are characterized by their IL-4, IL-5 and IL-13 production, cytokines 
that contribute to eosinophil activation and promote antibody production 
by B cells.89 In contrast to Th1 cells, the role of Th2 cells in atherosclerosis 
is inconclusive. IL-4 counteracts the production of IFNγ,90 which would be 
beneficial in the case of atherosclerosis development. However, IL-4 defi-
ciency decreased plaque development in Ldlr-/- mice,91 although another 
study failed to show any effects of either administration of IL-4 or IL-4 de-
ficiency on atherosclerosis development in apoE-/- mice.92 IL-13 deficiency 
in Ldlr-/- mice enhanced atherosclerosis, while IL-13 administration in mice 
with established lesions favorably altered plaque composition by induction 
of M2 macrophages.93 IL-5 produced by Th2 cells stimulates B1 cells and sub-
sequent oxLDL-specific IgM production.94 In human, it has been shown that 
high circulating numbers of Th2 cells is associated with a decreased mean 
common carotid intima-media thickness and a reduced risk of acute myo-
cardial infarction in women.95 These data show that the role of Th2 cells in 
atherosclerosis is still inconclusive, and likely dependent on specific cyto-
kine secretion. 

 
Th17 cells The cytokines transforming growth factor (TGF)-β and IL-6 
drive differentiation of Th0 cells to Th17 cells,96 which then start to express 
transcription factor RORC (Rorγt in mice).97 Th17 cells are characterized by 
their production of IL-17 and, like Th2 cells, Th17 cells play a role in pro-
tection from extracellular pathogens. Like Th1 cells, dysregulation of Th17 
cells is associated with autoimmunity.98-100 The role of Th17 cells, and IL-17, 
in atherosclerosis is controversial. Blockade of IL-17 by administration of an 
IL-17 blocking antibody in apoE-/- mice resulted in a decrease in atheroscle-
rosis development.101,102 However, an increase in IL-4 levels and a decrease 
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cytokines produced by T cells, influences class-switching. Th2 cells are po-
tent inducers of IgG1 and IgE class-switching, while Th1 cells induce a IgG2 
response.121-123 MZ B cells are mainly involved in T cell-independent respons-
es, during which they quickly produce large amounts of IgM.124-126 As their 
name implies, MZ cells can mostly be found in the marginal zone of the 
spleen. 

B1 cells The B1 cell comprises a small B cell subset that spontaneously 
produces IgM, mostly directed at self-antigen.127 Like MZ cells, B1 cells can 
quickly produce IgM in a T cell independent manner.125,126 Since B1 cells are 
involved in T cell independent and innate-like immune responses, they are 
sometimes considered as part of the innate immune system instead of the 
adaptive immune system. B1 cells are the most abundant B cell population 
in the peritoneum and pleural cavities, and are present in low amounts in 
the spleen and bone marrow.127 B1 cells are mainly developed during fetal 
development, de novo development of B1 cells during adulthood is restrict-
ed.128,129 B1 cells are maintained by ‘self-renewal’. 

B cells are known to play a dual role in atherosclerosis, depending on 
their subset. Depletion of B cells results in a decrease in atherosclerosis 
development,130 indicating an atherogenic role for B cells. However, adop-
tive transfer of MZ B cells131 and B1 cells132 is shown to be atheroprotective. 
Indeed, depletion of B2 cells, but not B1 cells resulted in a decrease in ath-
erosclerosis development,133 confirming an atherogenic role for B2 cells. 
The main reason B1 cells have an atheroprotective function is via the pro-
duction of natural IgM antibodies against for example oxLDL. OxLDL IgM 
is atheroprotective by blocking uptake of oxLDL by macrophages, and by 
facilitating the clearance of apoptotic cells, thereby decreasing athero-
sclerotic plaque formation.134-139 

Regulatory B cells Furthermore, recently the role of anti-inflammatory 
regulatory B cells (Bregs) has gained interest.140 Bregs can arise from multi-
ple B cell subsets at different stages of B cell development, suggesting that 
the micro-environment influences Breg development rather than specific 
lineage factors.141 There are multiple ways via which Bregs exert their an-
ti-inflammatory function, such as via secretion of anti-inflammatory cy-
tokines IL-10142 and IL-35,143 or via surface proteins such as immune check-
point inhibitor PD-L1,144 Fas ligand145 or ectoenzyme CD73.146 Indeed, there 

Table 2 Summary of Th subsets

T helper  
cell subtype

Cytokines driving 
differentiation

Role in immune defense Production of 
cytokines

Th1 IFNγ, IL-12 Intracellular pathogens, viruses, 
intracellular bacteria

IFNγ

Th2 IL-4, IL-2 Extracellular pathogens, parasites IL-4, IL-5, IL-13

Th17 TGF-β, IL-6 Extracellular pathogens, fungi IL-17A, IL-17F, IL-
21, IL-22

Treg TGF-β, IL-2 Anti-inflammatory IL-10, IL-35, TGF-β

B cells

B cells are mainly known for their function in antibody secretion. Antibodies 
consist of two identical fragment antigen binding (Fab) domains and a frag-
ment crystallizable (Fc) domain connected via a hinge region.117 The Fab do-
mains are specific for each antibody and are created via somatic DNA rear-
rangement leading to a vast amount of different antibodies that can be pro-
duced.118 Based on the Fc domain, 5 antibody isotypes can be identified, im-
munoglobulin (Ig)A, IgD, IgE, IgG and IgM. IgD, IgE and IgG exist as mono-
mers, while IgA forms a dimer and IgM forms a pentamer complex. Binding 
of an antibody to an antigen can block the function of the antigen, while 
the antigen is also opsonized for uptake by immune cells via Fc receptors.119 
Besides antibody production, B cells also function as antigen presenting 
cells via MHC-II molecules120 and are able to produce pro- and anti-inflam-
matory cytokines. B cells can be categorized into subpopulations of which 
B1 cells, B2 cells and regulatory B cells are described below. 

B2 cells After development from progenitor cells in the bone marrow, 
immature B2 cells, expressing surface IgM, mature in circulation and sec-
ondary lymphoid organs, such as the spleen and lymph nodes. These im-
mature or transitional B cells differentiate further into marginal zone (MZ) 
or follicular (FO) B cells. FO B cells are the largest B cell subset and are char-
acterized through IgD expression and populate the B cell follicles in the 
spleen or lymph nodes. Upon encountering an antigen and T cell help via 
co-stimulatory receptors and/or cytokines, FO B cells either differentiate 
into short-lived plasma cells, or enter the germinal center. In the germi-
nal center, these cells proliferate and differentiate into memory B cells or 
long-lived plasma cells. B cells undergo class-switching under the influence 
of T follicular helper (Tfh) cells. The micro-environment, involving mainly 
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Immunomodulation of human atherosclerosis

The effects of immunosuppression on (recurrent) cardiovascular events 
have recently been studied in human. Several clinical trials were performed 
in CVD patients, or patients at risk for CVD. 

IL-1β has been shown to be an important pro-inflammatory mediator 
during atherosclerosis development. Inhibition of IL-1β or the inflamma-
some, which upon activation results in IL-1β release, decreases atheroscle-
rosis development in mice.153,154 Furthermore, IL-1β activates other cells, 
among which smooth muscle cells, to produce IL-6.155 The CANTOS trial has 
shown for the first time that immunosuppression, in this case using the 
anti-IL-1β monoclonal antibody canakinumab, reduces the risk for recur-
rent cardiovascular events in patients with high hsCRP levels.156

It was hypothesized by the investigators of the CANTOS trial, that re-
duction of hsCRP and/or IL-6 play critical roles in the effectiveness of im-
munosuppression in the prevention of recurrent cardiovascular events. 
Further analysis of the CANTOS trial showed that patients treated with 
canakinumab, with reduced levels of IL-6, had a reduced risk for major ad-
verse cardiovascular events of 32%, and a 52% reduced risk for cardiovas-
cular mortality.157 The same was observed for hsCRP: when canakinum-
ab treatment lowered hsCRP below 2 mg/L, cardiovascular mortality risk 
was reduced by 31%.158 Furthermore, hsCRP levels are predictive of risk of 
myocardial infarction159 and hsCRP levels >3 mg/L were associated with 
incidence of major adverse cardiovascular events (MACE) in patients who 
underwent coronary angiography for acute coronary syndrome or stable 
angina pectoris.160 However, inhibition of IL-1β resulted in an increase in 
fatal infections,156 showing that the balance of immune activation and im-
munosuppression has to be carefully navigated. 

Other successful trials are the LoDoCo trials in which colchicine treat-
ment was given. Administration of colchicine to either patients who had 
a myocardial infarction within 30 days prior to admission to the study,161 
or in patients with chronic coronary disease162,163 showed a decrease in 
cardiovascular death, MI, stroke or urgent hospitalization compared to 
the placebo group. Colchicine has a broad immunosuppressive function, 
which mainly acts on the innate immune system. It suppresses neutro-
phil adhesion and recruitment and inhibits the NLRP3 inflammasome in 
macrophages.164

are studies that show that Bregs reduce atherosclerosis development.147 In 
other studies no effect of Bregs on plaque size was observed,148-149 however, 
a reduction in total circulating leukocytes, inflammatory monocytes and 
CD4 T cell activation was observed, with an increase in IL-10+ CD4+ T cells, 
all atheroprotective effects.149 It should be noted that all these studies in-
vestigated IL-10+ Bregs, the role of Bregs that function via surface proteins 
has not been widely investigated in atherosclerosis yet. Recently, TIM-1 was 
found to be a marker for Bregs,150,151 and it has been shown that mice with a 
deficiency in TIM-1 signalling, show an increase in atherosclerosis develop-
ment compared to wild type mice.152 

Figure 2 Summary of immune cell effects in atherosclerosis. M2 macrophages, 
B1 cells, CD8+CD25+ T cells and regulatory T and B cells play atheroprotective roles 
during the progression of atherosclerosis. The role of Th2 cells and Th17 cells remains 
inconclusive, with some studies showing a protective effect, while others show an 
atherogenic effect. M1 macrophages, B2 cells, CD8+ T cells, Th1 cells and neutrophils play 
atherogenic roles during atherosclerosis development and progression. Supporting 
references are included in the body text.
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broadly immunosuppressive and display adverse events related to gener-
al immune suppression. This thesis describes research investigating novel 
immunology-based strategies to modulate pathways relevant for athero-
sclerosis in both human and mice, and studies to identify and validate po-
tential biomarkers and assays for monitoring of atherosclerosis-targeted 
immunotherapy in future clinical trials. The thesis comprises two parts: 
1 Identification of potential biomarkers of atherosclerotic disease, 

and analytical development of target engagement assays for future 
atherosclerosis-targeted immunomodulatory drugs; 

2 Clinical and preclinical testing of immunomodulatory compounds, 
with a potential value for atherosclerosis prevention or treatment.

Part I: Identification of potential atherosclerosis related biomarkers 
and development of assays for use in clinical trials.

In Chapter 2 we have investigated the effects of two risk factors of athero-
sclerosis development, ageing and smoking, on the human immune sys-
tem. Five groups of volunteers were included in this study: young healthy 
volunteers (18-25 year of age), elderly healthy volunteers (>60 years), young 
smokers (18-25 years), heavy smokers (>45 years) and patients with stable 
coronary artery disease (>60 years). We analyzed circulating immune cell 
numbers by flow cytometry, tested monocyte and T cell responses using 
whole blood stimulation assays, and performed proteomics to assess the 
levels of circulating pro-inflammatory proteins in these groups. In Chapter 3  
we aimed to develop suitable models driving neutrophil activation. As is 
mentioned above, neutrophils play a role during the onset of atheroscle-
rosis, but are also implied in plaque destabilization. Therefore, drugs tar-
geting neutrophils could beuseful in prevention of cardiovascular events 
via plaque-stabilization. Since neutrophils are not inan activated state in 
healthy volunteers, stimulation of neutrophils is required for evaluation of 
the immunomodulatory effects of neutrophil-targeted drugs. Intravenous 
(i.v.) administration of LPS in healthy volunteers is an established method to 
induce short-term inflammation. The in vivo effect of intravenous LPS ad-
ministration on neutrophils was evaluated in healthy volunteers and com-
pared with the effects of in vitro activation, in LPS-challenged whole blood 
cultures from healthy donors. Chapters 4 and 5 describe whole blood-
based assays, often used during clinical trials to evaluate drug activity. In 
Chapter 4 the development of a whole blood NLRP3 inflammasome assay is 

While IL-6 and hsCRP levels were not measured in the LoDoCo trials, it is 
possible that colchicine also reduces IL-1β levels, and subsequently IL-6, 
via its inhibitory effect on the inflammasome. A study investigating the ef-
fect of the IL-6 inhibitor ziltivekimab in patients with high atherosclerot-
ic risk (moderate to severe chronic kidney disease and hsCRP levels >2 mg/
ml), showed decreased hsCRP levels compared to placebo.165 In addition, a 
pilot study using hydroxychloroquine in hospitalized MI patients showed a 
significant reduction in IL-6 plasma levels compared to placebo, although 
no effect on hsCRP was found.56,166 Both studies did not investigate the ef-
fect on cardiovascular outcomes, although currently studies investigating 
the effects on cardiovascular endpoints are ongoing.

Low dose methotrexate is a successful treatment for RA, however low 
dose methotrexate administration in patients with previous MI or multi-
vessel coronary disease and type-2 diabetes or metabolic syndrome (CIRT 
trial) did not prevent recurrent cardiovascular events or reduce hsCRP or 
pro-inflammatory cytokine levels.167 However, patients enrolled in the 
CIRT trial did not have elevated hsCRP levels, in contrast to the CANTOS 
trial. In addition, treatment with the MAPK inhibitor losmapimod did not 
prevent cardiovascular death, MI or severe recurrent ischemia.168,169 While 
an initial decrease in hsCRP was seen after 72h of losmapimod treatment, 
this decrease did not last during the treatment time.169 

These trials show that immunomodulation, in addition to current reg-
ular treatments, is a viable strategy to prevent recurrent cardiovascular 
events in patients with established atherosclerosis and increased inflam-
mation markers. Trials are ongoing to further elucidate which type of 
immunomodulation is the most beneficial for atherosclerosis patients. It 
should be noted that no preventive clinical studies have been performed 
investigating the effect of immunomodulation on primary cardiovascu-
lar events. 

Thesis outline
The immune system plays a critical role during the onset and progression 
of atherosclerosis. The first clinical trials evaluating the effects of immu-
nomodulatory drugs on atherosclerosis show promising results. However, 
further research is warranted to elucidate the optimal strategy to inhibit 
atherosclerosis development and prevent cardiovascular events caused by 
atherosclerosis. The immunomodulatory drugs currently researched are 



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches24 Chapter 1  General introduction 25

staining, and by measuring cytokine release. Chapter 8 describes a clini-
cal trial in which the immunosuppressive effect of the OX40L blocking an-
tibody amlitelimab was evaluated on vaccination responses to a neo-anti-
gen (keyhole limpet hemocyanin, KLH) and a recall antigen (tetanus toxoid). 
As has been shown before, blockade of the OX40-OX40L pathway signifi-
cantly reduces atherosclerosis development.54,56 Therefore, OX40L block-
ade in human could be a useful tool to prevent (recurrent) cardiovascular 
events. In Chapter 9 we investigated the effect of stimulation of immune 
checkpoint PD-1 using an agonizing antibody on atherosclerosis develop-
ment in Ldlr-/- mice. Inhibition of co-inhibitory pathway PD-1 has shown 
to aggravate atherosclerosis development, while inhibition of co-stimula-
tory pathways decreases atherosclerosis. Therefore, it was hypothesized 
that stimulation of the PD-1/PD-L1 pathway would decrease atherosclero-
sis development. 

Finally, the results reported in this thesis are summarized and dis-
cussed in Chapter 10, in the context of current knowledge and future 
perspectives. 

described. As mentioned above, the inflammasome plays an important role 
during the development of atherosclerosis. Inhibition of IL-1β successful-
ly prevented recurrent cardiovascular events in cardiovascular disease pa-
tients.156 Future inflammasome-targeted drugs may benefit from the avail-
ability of a solid target engagement assay, which can guide early phase clini-
cal pharmacology studies for such compounds. Chapter 5 also describes the 
development of whole blood assays. In this chapter, the effect of the age-
ing of whole blood samples on immune responsivity is investigated. Whole 
blood samples were stimulated with LPS to activate monocytes, or PMA and 
ionomycin or SEB to activate lymphocytes, and the time window between 
blood collection and incubation start was varied up to 24 hours. Insights 
into the effects of sample ageing on assay performance are critical when 
implementing the assay in future studies to monitor drug activity.

Part II: Immunomodulation of atherosclerosis

Chapter 6 describes a clinical trial in which healthy subjects were vacci-
nated with the pneumococcal vaccine Prevenar-13 or placebo, to study the 
effects on circulating antibodies to oxLDL. In mice, immunization with 
Streptococcus pneumoniae resulted in an increase in circulating oxLDL-spe-
cific IgM levels and a subsequent decrease in atherosclerosis development, 
explained by molecular mimicry between oxLDL and phosphorylcholine.170 
We evaluated the clinical translation of this concept. Healthy volunteers 
were randomized to receive 0, 1, 2 or 3 vaccinations with Prevenar-13, and 
oxLDL and PC antibody levels and serum lipids were assessed from baseline 
up until 68 weeks after first dose. In Chapter 7 we investigated immuno-
suppression by hydroxychloroquine (HCQ)in vitro and ex vivo. HCQ is a broad 
immunosuppressive drug, commonly used for treatment of multiple auto-
immune diseases. HCQ is currently being evaluated in a clinical study for 
its effect on recurrent cardiovascular events.171 However, the compound’s 
exact mechanisms of action and the dose-response relationship are poorly 
understood. We performed immune response assays using immune cells 
from healthy volunteers who received oral doses of HCQ (ex vivo drug ac-
tivity), or HCQ was added directly to the PBMC cultures (in vitro drug activ-
ity). We studied the effect of HCQ on endosomal TLR stimulation of PBMCs 
with TLR3, 7 and 9 ligands, by measuring the IFNα and IL-6 production to 
assess effects on both IRF and NFκB pathways. Furthermore, the effect on T 
and B cell activation and proliferation was assessed using Cell Trace Violet 
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Abstract
Currently immunomodulatory compounds are under investigation for use 
in patients with cardiovascular disease, caused by atherosclerosis. These 
trials, using recurrent cardiovascular events as endpoint, require enroll-
ment of large patient groups. We investigated the effect of key risk fac-
tors for atherosclerosis development, ageing and smoking, on the immune 
system, with the objective to identify biomarkers differentiating between 
human populations, and potentially serving as endpoints for future phase 
1B trials with immunomodulatory compounds.

Blood was collected from young healthy volunteers (aged 18-25 years, 
n=30), young smokers (18-25 years, n=20), elderly healthy volunteers (>60 
years, n=20), heavy smokers (>45 years, 15 packyears, n=11) and patients 
with stable coronary artery disease (CAD) (>60 years, n=27). Circulating im-
mune cell subsets were characterized by flow cytometry, and collected 
plasma was evaluated by proteomics (Olink). 

Clear ageing effects were observed, mostly illustrated by a lower level 
in CD8+ and naïve CD4+ and CD8+ T cells, with an increase in CD4+ and CD8+ 
effector memory T cells in elderly healthy volunteers compared to young 
healthy volunteers. Heavy smokers showed a more inflammatory cellu-
lar phenotype, especially a shift in Th1/Th2 ratio: higher Th1 and lower 
Th2 percentages compared to young healthy volunteers. A significant de-
crease in circulating atheroprotective oxLDL-specific IgM was found in 
patients with CAD compared to young healthy volunteers. Elevated pro-
inflammatory and chemotactic proteins TREM1 and CCL11 were observed 
in elderly volunteers compared to young volunteers. In addition, heavy 
smokers had an increase in pro-inflammatory cytokine IL-6 and lysosom-
al protein LAMP3. These data show that ageing and smoking are associ-
ated with an inflammatory immunophenotype, and that heavy smokers 
or aged individuals may serve as potential populations for future clinical 
trials investigating immunomodulatory drugs targeted for cardiovascu-
lar disease. 

Figure 8 Summary of the main differences caused by ageing, smoking and CAD.

Graphical abstract

Effects of aging, smoking and cad on the immune systeM,  
compared to young healthy volunteers

Figure is created using biorender.com.
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ulatory drug. Early phase clinical trials for an initial assessment of the 
safety, pharmacokinetics and pharmacodynamics of novel therapeutic 
drug candidates are however commonly conducted in relatively small 
groups of healthy volunteers. Evaluation of drug activity in healthy vol-
unteers can be challenging, especially for immunomodulatory drugs, 
as generally, immune activation is lacking in healthy subjects. For such 
drugs, early single or multiple ascending dose programs in healthy volun-
teers are commonly enriched with ex vivo cell stimulation assays or in vivo 
immune challenges to evaluate drug effects. Alternatively, early inclusion 
of a small group of subjects with differentiating immune endpoints or pa-
tients can be considered: in a phase 1B setting, the effect of one or a few 
drug doses on specific immune endpoints could provide insight into the 
dose-activity relationship. 

Because of the immunological basis underlying the pathophysiology of 
atherosclerosis, and the potential value of well-characterized populations 
with an altered immune system/response for early phase clinical phar-
macology trials, we characterized immune system parameters in small 
groups of volunteers, stratified for age, smoking behavior, and disease. 
We investigated the effect of ageing and smoking, known risk factors for 
atherosclerosis development, on circulating immune cell phenotype, im-
mune cell functionality, and circulating inflammatory protein levels. We 
included young healthy volunteers (aged 18–25 years), elderly healthy vol-
unteers (>60 years), young smokers (18–25 years), and heavy smokers (>45 
years) in the study, and also enrolled stable coronary artery disease (CAD) 
patients (>60 years) as reference population. We aimed to identify im-
mune endpoints that clearly differentiated between volunteer groups, so 
that ultimately these populations could serve as ‘disease model’ to run 
small phase 1B studies with immunomodulators under development for 
cardiovascular disease, thereby circumventing the use of patients with 
CAD in these trials due to possibly interfering medication use by these 
patients.

Materials and Methods
Subjects
In total 108 male subjects were enrolled between April 2019 and March 
2020 (Figure 1). The study took place at the Centre of Human Drug Research 
in Leiden, the Netherlands. The study was approved by the Independent 

Introduction
The main underlying cause of cardiovascular disease (CVD) is atherosclerosis. 
Atherosclerosis development starts with formation of oxidized low-densi-
ty lipoprotein (oxLDL). OxLDL is taken up by macrophages which differenti-
ate into foam cells in the vessel wall, leading to inflammation. During this 
process other immune cells are attracted to the area and eventually an ath-
erosclerotic plaque is formed.1 The role of the immune system in this pro-
cess is complex. A vast number of immune cell subsets play an atherogen-
ic role, such as macrophages,2 Th1 cells3 and B2 cells.4 Other immune cell 
populations are thought to be atheroprotective, generally by suppressing 
the immune system. Examples are regulatory T cells via the production of 
anti-inflammatory cytokines such as IL-105, but also B1 cells that produce 
the anti-atherogenic oxLDL-specific IgM.6 Binding of oxLDL-specific IgM to 
oxLDL leads to a decreased uptake by macrophages and an enhanced clear-
ance by the liver.7 The balance between pro- and anti-atherogenic cells and 
cytokines released by these cells is lost during atherosclerosis development. 

Currently, patients that are diagnosed with CVD caused by atheroscle-
rosis are generally treated with cholesterol-lowering drugs, beta block-
ers and/or anti-coagulants. While this is a successful treatment leading 
to a reduction in circulating LDL cholesterol, a large proportion of CVD pa-
tients remain at high risk for recurring cardiovascular events. Therefore, 
immunomodulation has recently gained interest as a potential therapy 
for atherosclerosis. In the CANTOS trial treatment with the anti-IL-1β anti-
body canakinumab results in fewer cardiovascular events in patients with 
high plasma CRP levels and previous myocardial infarction, compared to 
placebo.8 Furthermore, a study investigating the effect of low-dose colchi-
cine (LoDoCo trial) on recurrent cardiovascular events, showed that col-
chicine treatment significantly reduces the risk of cardiovascular events.9 
However, treatment of patients with low-dose methotrexate (CIRT trial) 
did not show an effect on myocardial infarction, stroke or cardiovascular 
death.10 Between these studies however, inclusion criteria differed, as pa-
tients in the CIRT and LoDoCo trials had either type 2 diabetes or meta-
bolic syndrome in addition to previous myocardial infarction, while pa-
tients in the CANTOS trial had enhanced hsCRP levels in addition to previ-
ous myocardial infarction. 

The aforementioned trials required large study groups and a long fol-
low-up time to assess the functionality of the investigated immunomod-



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches40 Chapter 2 Effect of smoking and aging on the immune system 41

B cell isolation and stimulation
B cells were isolated directly from whole blood with the Easysep Direct B 
cell isolation kit using the RoboSep (Stemcell, Vancouver, Canada). Purity 
was assessed by flow cytometry using CD45-PE (clone: HI30) and CD19-APC 
(clone: HIB19) antibodies, and was >90% for all samples. B cells were stim-
ulated with CpG class B (ODN2006, Invivogen, Toulouse, France) or PBS for 
24 hours. After 24 hours expression of activation markers CD69, CD80 and 
CD86 were measured by flow cytometry, using CD69-AF700 (clone: FN50), 
CD80-PE (clone: 2D10) and CD86-APC (clone: BU63). All antibodies were from 
Biolegend (San Diego, CA, USA). 

Whole blood stimulation and cytokine 
measurement 
Heparinized whole blood was stimulated with 2ng/ml lipopolysaccharide 
(LPS O111:B4, Sigma-Aldrich) for 6 hours or PMA and ionomycin (both Sigma-
Aldrich) + Brefeldin A (Thermo Fisher) for 4 hours at 37°C and 5% CO2. PMA 
and ionomycin stimulated samples were used for intracellular cytokine 
staining. LPS stimulated samples were centrifuged and supernatant was 
collected. Cytokines in supernatant were measured using the LegendPlex 
virus response panel (Biolegend) according to manufacturer’s manual. 

Flow cytometry
Red blood cell lysis was performed on whole blood samples using RBC 
lysis buffer (Thermo Fisher Scientific). Leukocytes were stained with flu-
orochrome labeled antibodies as indicated in supplementary table I. 
Intracellular staining was performed after fixation and permeabilization 
with IC fixation buffer and permeabilization buffer (both Thermo Fisher 
Scientific). Samples were measured on a MACSQuant 16 analyzer (Miltenyi 
Biotec, Bergisch-Gladbach, Germany) and analyzed using Flowlogic soft-
ware (Inivai, Mentone, Australia). 

Immunoglobulin ELISAS
K2EDTA plasma antibody levels to PC-BSA and CuSO4-oxidized LDL (oxLDL) 
were measured by chemiluminescent ELISA as reported previously.11 In 
brief, PC-BSA (Biosearch Technologies) and oxLDL were coated at 5µg/ml in 
PBS/EDTA. IgM antibodies were measured at a dilution of 1:500 and IgG an-
tibodies at 1:1000.

Ethics Committee of the Foundation “Evaluation of Ethics in Biomedical 
Research” (Stichting Beoordeling Ethiek Biomedisch Onderzoek), Assen, 
the Netherlands and Declaration of Helsinki principles were followed. The 
study is registered in the Dutch Trial Register (Nederlands Trial Register 
(NTR)) under number NL7754.All subjects signed an informed consent form 
prior to any study-related activity.

Five groups of subjects were included: young healthy volunteers (YH) 
aged between 18 and 25, elderly healthy volunteers (EH) aged >60 years, 
young smokers (YS) aged 18-25 years, smoking 8 cigarettes/day for at least 
6 months, heavy smokers (HS) aged >45 years smoking at least 15 pack years 
and stable coronary artery disease patients (CAD) aged >60 years. The CAD 
group was considered stable after undergoing a revascularization proce-
dure and being without recurrent events for at least 1 year. Subjects were 
not allowed to take any medication, except for the CAD group. Subjects 
underwent a general medical screening prior to inclusion in the study 
and standard chemistry and hematology tests were performed at clinical 
chemistry lab of the Leiden University Medical Center. BMI was restricted 
between 18 and 28 inclusive. Subjects for the YH, EH and YS groups were ex-
cluded if the following risk factors for CAD were present: high cholesterol, 
smoking, diabetes, hypertension or familial risk. Subjects for the YH and EH 
groups were considered healthy when no abnormalities were found in the 
urinalysis, hematology and chemistry lab tests, including liver enzymes, 
kidney function markers, cardiovascular markers (cholesterol, triglycer-
ides, lipoprotein A, NTproBNP), CRP and coagulation markers. Furthermore, 
no abnormalities in the physical examination, including blood pres-
sure and electrocardiogram and in the medical history were found.  

PBMC isolation and cryopreservation
PBMCs were isolated using Cell Preparation Tubes (Becton Dickinson, 
Frankin Lakes, NJ, USA), according to manufacturer’s protocol. In short, 
tubes are centrifuged at 1800xg for 30 minutes after which the PBMCs 
were removed. PBMCs were washed twice using PBS (pH 7.2, Gibco, Thermo 
Fisher Scientific, Waltham, MA, USA). PBMCs were dissolved in heat inacti-
vated fetal bovine serum (Gibco, Thermo Fisher Scientific), containing 10% 
DMSO (Sigma-Aldrich, Deisenhofen, Germany). PBMCs were frozen using a 
CoolCell at -80°C, prior to storage in liquid nitrogen. 
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method of Ward’s minimum variance on Euclidian dissimilarities matrix 
based on data in original scale. Hierarchical cluster analysis was conduct-
ed using functions {R package} in Rstudio (Boston, MA, USA) for clustering 
and visualization of its results in forms of a heatmap are hclust {stat} and 
pheatmap {pheatmap} respectively.

Results
In total, 108 subjects were included in the study as shown in Figure 1 and 
Table I (subject demographics). The main exclusion factor for elderly healthy 
volunteers was an increased cholesterol level (reference range <5.00 mmol 
cholesterol/L and <3.00 mmol LDL cholesterol/L) or hypertension (systolic 
>140 mmHg and/or diastolic >90 mmHg in supine position after 5 minutes 
rest). Twelve of the 27 coronary artery disease patients were smokers. 26 
of 27 were taking medication related to CVD, 24/27 used NSAIDs, 21/27 used 
statins, 8/27 used beta blockers, 4/27 used calcium blockers, 4/27 used an-
giotensin II blockers and 2/27 used diuretics.

Elevated total leukocyte and neutrophil 
numbers in aged volunteers, additionally 
enhanced by smoking
First, we compared the absolute numbers of circulating leukocytes and its 
subsets between the groups. In heavy smokers, the total number of leuko-
cytes was significantly higher compared to all other groups (8.3 × 109/L ± 
1.6 for HS, vs 5.4 ± 1.3 × 109/L for YH, 6.4 ± 1.4 × 109/L for EH, 6.1 ± 1.6 × 109/L 
for YS, 6.1 ± 1.5 × 109/L for CAD) (Figure 2A). The number of lymphocytes was 
lower in the CAD group compared to young healthy volunteers and heavy 
smokers (1.6 ± 0.3 × 109/L for CAD, vs 1.89 ± 0.47 × 109/L for YH and 2.1 ± 0.5 
× 109/L for HS), while the numbers were significantly lower in the elderly 
healthy group (1.6 ± 0.5 × 109/L) compared to the heavy smokers (Figure 2B). 
The number of neutrophils was significantly higher in elderly healthy sub-
jects compared to young healthy subjects (4.1 ± 1.3 × 109/L for EH, vs 3.0 ± 1.1 
× 109/L for YH) (Figure 2C), and even higher in the heavy smoker group (5.3 
± 1.6 × 109/L). Furthermore, neutrophil numbers were significantly higher 
in the heavy smokers compared to the CAD group (3.8 ± 1.4 × 109/L). No dif-
ferences were observed in numbers of circulating monocytes (Figure 2D). 

oxLDL IgM B cell ELISpot
IgM B cell ELISpots were performed on thawed PBMCs, using the IgM 
ELISpot Basic kit (Mabtech, Stockholm, Sweden). PBMCs were stimulated 
with R848 and IL-2 for 3 days to stimulate antibody production. ELISpot 
plates (Multiscreen IP filter plate, PVDF membrane, Sigma-Aldrich) were 
coated with 15µg/ml oxLDL (Thermo Fisher Scientific) or anti-IgM an-
tibody. PBMCs were incubated in the coated ELISpot plates at 200.000 
(oxLDL) or 12.500 cells/well (anti-IgM) for 24 hours in X-Vivo15 medium 
(Lonza, Ambiose, France) with 1% penicillin and streptomycin (Thermo 
Fisher Scientific). Plates were developed using detection antibodies from 
the kit and developed using NCIB/NBT substrate (Mabtech). Spots were 
counted using the Bioreader 6000-E β (Biosys, Karben, Germany). Samples 
were tested in triplicate. Mean oxLDL spots/total IgM spot count were 
calculated. 

Proteomics
92 proteins were measured in multiplex in K2EDTA plasma by Olink (Uppsala, 
Sweden) using the pre-designed immune response panel. Protein levels 
were measured using oligonucleotide labeled antibodies. When 2 antibod-
ies were in proximity, the DNA sequence was enhanced by real time PCR. 
The results were expressed on a log2 scale as normalized protein expres-
sion (NPX). 

Statistical analysis
The means of all groups were compared to each other, and pairwise dif-
ferences were calculated using one-way ANOVA (with Dunnett’s multiple 
testing adjustment) or Kruskal-Wallis test (Dunn’s multiple testing adjust-
ment) when normality assumption failed. P values ≤0.05 obtained from 
above tests were considered statistically significant. Data are expressed 
as arithmetic mean ± standard deviation. Analysis and visualization were 
done using Graphpad Prism version 9.2.0 (Graphpad Sofware, San Diego, 
CA, USA). 

Proteomics data were analyzed using one-way ANOVA (with Tukey’s 
multiple testing adjustment for multiple groups) and corrected for multi-
ple testing using Benjamini-Hochberg procedure using SPSS (IBM, Armonk, 
NY, USA). Hierarchical cluster analysis was performed using agglomeration 
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CD45ro+) cell levels were elevated in heavy smokers compared to young 
volunteers (22.3 ± 8.9% for CAD vs. 12.1 ± 6.8% for YH and 10.8 ± 5.8% for YS, 
CD8: 8.6 ± 7.9% for CAD vs. 3.7 ± 3.4% for YH and 3.3 ± 2.7% for YS) (Figure 4B+C).

Upon focusing on the Th subsets, we observed that heavy smokers had 
a larger Th1 (CXCR3+ CCR6-) fraction (45.4 ± 7.1% for HS vs 30.8 ± 12.8% for YH), 
and a smaller Th2 (CXCR3- CCR6-) fraction of CD4+ T cells (32.7 ± 5.9% for HS 
vs 45.4 ± 11.4% for YH) (Figure 5A). No differences were observed in the reg-
ulatory T cell subset (Figure S2).

To evaluate the functionality of CD4+ T cells in the different popula-
tions, whole blood was stimulated with PMA and ionomycin for 4 hours 
in the presence of brefeldin A for intracellular cytokine staining in T cells 
(Figure 5B). Corresponding to the elevated Th1 cells, more IFNγ producing 
CD4+ cells were observed in heavy smokers compared to all other groups 
(9.7 ± 9.1% for HS vs. 3.7 ± 3.8% for YH, 2.7 ± 3.4% for EH, 3.4 ± 4.0% for YS and 
2.9 ± 4.1% for CAD). Although Th17 (CXCR3- CCR6+) cell percentages were un-
altered in heavy smokers (Figure 5A), we observed an elevated percentage 
of IL-17 producing CD4+ T cells in this group, compared to young healthy 
volunteers (10.2 ± 9.2% for HS vs. 5.7 ± 3.0% for YH). 

Accumulation of CD57+ and CD28null T cells in the blood has been de-
scribed upon ageing.12,13 Indeed, we found increased CD57+ cells with-
in the CD8+ T cells of elderly healthy and patients with CAD, compared 
to young healthy volunteers (29.3 ± 15.5% for EH; 27.5 ± 13.9% for CADvs. 
16.0 ± 13.8% for YH) (Figure 5C). Similarly, we observed a trend (p=0.06) to-
wards increased CD28null cells in the CD8+ T cell population in patients with 
CAD (28.0 ± 19.7%) compared to young healthy volunteers (18.5.0 ± 15.6%). 
Although we did not observe any significant differences in CD57+ cells 
within the CD4+ T cell compartment, we found elevated levels of CD28null 
cells in CD4+ T cells of elderly healthy compared to young healthy volun-
teers (5.3 ± 6.7% for EH vs. 1.3 ± 1.4% for YH). The percentage of CD57+ and 
CD28null CD4+ T cells in patients with CAD remained unaltered. 

Patients with CAD have lower levels of circulating IgM 
Next, we investigated humoral immunity, starting with circulating B cell 
subsets. No differences were observed in naive, CD19+ CD27+ CD43+ B1 cells, 
non-class-switched or class-switched B cells for any group compared to 
the healthy young volunteers (Figure S3). The percentage of transitional 
B cells was significantly lower in aged volunteers (4.0 ± 2.2% for EH), young 

Lower levels of CD16+ monocytes and plasmacytoid 
dendritic cells in smoking volunteers
Upon flow cytometry analysis of the myeloid cells, a lower percentage of 
non-classical (CD14-CD16+) monocytes was seen in the heavy smoker and 
young smoker groups, compared to young healthy volunteers (0.9 ± 0.5% for 
HS, 1.5 ± 0.9% for YS compared to 2.7 ± 2.0% for YH). Classical (CD14+CD16-) and 
intermediate (CD14+CD16+) monocytes did not differ between the groups 
(Figure S1A). The percentage of plasmacytoid DCs (HLA-DR+ CD14- CD123+) was 
significantly lower in heavy smokers compared to elderly healthy volun-
teers and young smokers (0.15 ± 0.08% for HS vs. 0.36 ± 0.16% for YS and 0.33 
± 0.19% for YH, Figure 2D). 

To investigate the functionality of (mainly) myeloid cells, whole blood 
was stimulated with TLR4 ligand LPS, after which cytokine release was 
measured in the supernatant. A significant decrease in TNFα release was 
found in elderly healthy volunteers and patients with CAD compared to 
young healthy (Figure 3B, see Table S2 for mean and SD). GM-CSF was signif-
icantly decreased in the young smokers and CAD patient groups compared 
to young healthy volunteers. The interleukins IL-8, IL-6 and IL-10 were sig-
nificantly decreased in the CAD group compared to young healthy volun-
teers. No differences were observed in IL-1β release (Figure S1B). 

Reduced naïve T cell levels in elderly healthy 
volunteers, while smokers have an elevated 
relative pro-inflammatory Th1 fraction 
Circulating levels of T cell subsets were assessed using flow cytometry. CD3+ 
T cells as percentage of CD45 were lower in aged volunteers (25.3 ± 12.1% for 
EH, vs 38.1 ± 15.1% for YH) (Figure 4A). This difference can be attributed to a 
strong decrease in CD8+ cytotoxic T cells (4.1 ± 2.8% for EH, vs 11 ± 5.6% for YH), 
which was also observed in the heavy smoker and CAD patient groups (6.1 
± 4.1% for HS, 5.1 ± 4.1% for CAD). Furthermore, the CD4/CD8 ratio, calculat-
ed using percentages of CD3+ cells, was increased in the elderly healthy and 
CAD patient groups (5.7 ± 4.1 for EH, 4.6 ± 2.4 for CAD vs. 2.7 ± 1.0 for YH, 2.5 
± 1.0 for YS and 3.3 ± 1.8 for CAD). As expected, the relative number of naive 
cells (CCR7+ CD45ro-) in both the CD4+ and CD8+ T cell populations decreas-
es significantly with age, while the percentage of memory cells increas-
es (Figure 4B+C). Interestingly, both CD4+ and CD8+ central memory (CCR7+ 
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Elevated TREM1 and CCL11 plasma levels in elderly 
(smoking) subjects and patients with CAD
Plasma samples were analyzed for inflammatory proteins using the Olink 
immune response panel (Figure 7). A significantly elevated level of trigger-
ing receptor expressed on myeloid cells 1 (TREM1), C-C motif chemokine li-
gand 11 (CCL11) and leukocyte immunoglobulin like receptor B4 (LILRB4) was 
seen in plasma of elderly healthy volunteers compared to young healthy 
volunteers. In heavy smokers the elevation of TREM1 and CCL11 was more 
profound, and also significantly elevated levels of IL-6 and lysosomal asso-
ciated membrane protein 3 (LAMP3) were found. Patients with CAD show a 
similar profile to elderly healthy volunteers. When clustering all data using 
Ward’s hierarchical clustering, two clusters were found, consisting of sam-
ples from all subject groups (Figure 7B). This shows that the protein profiles 
do not clearly differentiate the groups from each other. 

Discussion
Immunomodulation has shown to be a valuable therapeutic approach in 
atherosclerosis in animal studies.14 Recently, clinical trials with immuno-
modulatory drugs have been performed in cardiovascular patient popula-
tions. In the CANTOS and LoDoCo trials8,9 a significant reduction in cardio-
vascular risk was observed, while low dose methotrexate (CIRT) did not re-
veal a therapeutic effect.10 Since using recurrent cardiovascular events as 
endpoint requires large patient groups, clinical evaluation of immunomod-
ulatory investigational drugs for atherosclerosis could benefit from rela-
tively small phase 1B studies, in well-characterized populations carrying 
cardiovascular risk factors (ageing, smoking). We conducted an observa-
tional study evaluating the effects of age, smoking and cardiovascular dis-
ease on a broad set of immune endpoints. We aimed to identify immune 
markers differentiating populations with cardiovascular risk factors from 
young healthy volunteers, thereby identifying the most optimal popula-
tion to be used as ‘disease model’ for future phase 1B studies with immu-
nomodulatory drugs. 

First, we assessed the effects of ageing on circulating immune cell pop-
ulations. A hallmark of immunosenescence is decreased lymphopoiesis 

smokers (3.9 ± 2.2% for YS) and heavy smokers (3.2 ± 1.7% for HS) compared 
to young healthy volunteers (6.9 ± 4.8%). No significant differences were 
found for CD5+ CD1dhi regulatory B cells (Figure 6A). 

Next, we measured circulating immunoglobulin levels. We observed a 
significantly lower concentration of total serum IgM in the CAD patient 
group (0.63 ± 0.24 g/L) compared to young healthy volunteers (1.07 ± 0.40 
g/L), young smokers (1.01 ± 0.43 g/L) and heavy smokers (1.07 ± 0.53 g/L) 
(Figure 6B). No differences were found for total IgG serum concentrations 
(Figure 6B). We also measured oxLDL-specific immunoglobulins, as these 
immunoglobulins can play both anti- (IgM) as well as pro-atherogenic 
(IgG) roles. The level of oxLDL-specific IgM was significantly lower in the 
CAD patient group compared to both young healthy volunteers and young 
smokers (6146 ± 4336 RLU for CAD vs. 13828 ± 7620 RLU for YH and 12636 ± 
8349 RLU for YS), while no differences were observed in oxLDL-specific 
IgG values (Figure 6C). Since phosphorylcholine (PC) is a specific epitope 
of oxLDL, PC-specific antibodies were measured as well. In elderly healthy 
volunteers, a lower level of PC-specific IgM was found (8176 ± 5114 RLU for 
EH vs. 13281 ± 5512 RLU for YH), while the PC-specific IgG signal was elevat-
ed (34925 ± 7138 RLU for EH vs. 29502 ± 6281 RLU for YH) (Figure 6D). The 
lowered PC-IgM was also observed in patients with CAD (7696 ± 4908 RLU). 

To assess the number of oxLDL-IgM secreting B cells present in PBMCs, 
PBMCs were stimulated with R848 (TLR7/8 agonist) and IL-2 for 2 days to 
activate memory B cells, after which the number of IgM and oxLDL-spe-
cific IgM secreting B cells was measured using ELISpot. The percentage 
of oxLDL-specific IgM secreting B cells of total IgM secreting B cells is 
shown in Figure 6E. Although the circulating levels of oxLDL-IgM are de-
creased in the patients with CAD, the number of oxLDL-specific IgM se-
creting B cells is not.

To assess the activation capacity of B cells, B cells were stimulated with 
CpG class B for 24 hours, and activation was measured by CD69, CD80 and 
CD86 expression using flow cytometry. No differences were observed be-
tween groups for the expression of CD69 and CD86 (Figure S3). Expression 
of the co-stimulation marker CD80 was significantly increased on B cells 
in the CAD patient group, compared to young healthy volunteers and 
young smokers (18.59 ± 6.15% for CAD vs. 12.16 ± 8.88% for YH and 11.59 ± 
6.91% for YS) (Figure 6F). 



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches48 Chapter 2 Effect of smoking and aging on the immune system 49

medication use. Statins are known to have an immunosuppressive ef-
fect30, supporting its use in graft versus host disease,31 multiple sclero-
sis,32 and heart transplant patients.33 However, it has also been shown 
that statins do not affect cytokine production by monocytes after LPS 
stimulation.34 

Finally, we compared the study groups for circulating inflammatory 
markers by proteomics. A significant increase in plasma TREM1 and CCL11 
was found in elderly volunteers compared to the young healthy group. 
TREM1 is an enhancer of pro-inflammatory innate immune responses and 
plays an important role during infection. Increased TREM1 levels have 
been found in Alzheimer’s disease,35 Parkinson’s disease36 and sepsis,37 but 
to our knowledge this is the first time an increase in plasma TREM1 levels 
is found in ageing. CCL11 (eotaxin) plasma levels have been found to posi-
tively correlate to the score of coronary artery stenosis.38 In both heavy 
smokers and patients with CAD the increase in TREM1 and CCL11 was also 
found, indicating that an increase in these proteins may be potential risk 
factors for atherosclerosis development. Both groups had increased IL-6 
plasma levels as well, IL-6 being one of the hallmarks of inflammaging and 
influenced by smoking.39,40 Increased plasma IL-6 levels correlates with 
risk for CAD,41-43 furthermore treatment of patients with high atheroscle-
rotic risk with ziltivekimab, a human monoclonal antibody against IL-6, 
resulted in a reduction of inflammation biomarkers relevant to athero-
sclerosis.44 LAMP3 clearly distinguished the heavy smoker group from the 
other groups. LAMP3 is mainly expressed in mature dendritic cells, most-
ly in the lysosomes. Little is known about the role of LAMP3 in disease, 
although an association between LAMP3 expression andserum auto-anti-
bodies in Sjögren’s syndrome was found.45

There are several limitations to this study. TLR4, through which LPS 
primarily signals, is not solely expressed on myeloid cells,46 so we cannot 
exclude the possibility that non-myeloid cells may have contributed to the 
observed cytokine responses. Furthermore, differences in whole blood 
composition between the groups could attribute to the observed differenc-
es in cytokine production between the groups. Another limitation of this 
study is the small sample size, and the relatively high analytical variation of 
several endpoints. While clear immunological differences were found be-
tween study groups, smaller differences could have remained unnoticed. 
However, it was the specific aim of this study to identify differentiating 

and accumulation of senescent cells.15,16 Indeed, we observed significant-
ly reduced total lymphocyte numbers, total CD3+ T cells and CD8+ T cells 
in aged populations. Furthermore, we observed an increase in senescent 
CD4+CD28null cells in elderly healthy volunteers and elevated CD8+CD57+ 
T cells in both elderly healthy volunteers and stable CAD patients, com-
pared to young individuals. Previous studies have shown that a high fre-
quency of senescent CD28null and CD57+ T cells in peripheral blood and/
or atherosclerotic plaques strongly associate with hyperglycemia, acute 
cardiovascular events and mortality.17-19 Interestingly, statin treatment 
has been shown to reduce elevated senescent CD4+CD28null cells,17 which 
might attribute to unaltered CD4+CD28null levels in statin treated CAD pa-
tients compared to young healthy, whereas levels in elderly healthy in-
creased. Whether statin treatment might have reduced the frequency of 
CD8+ CD57+ T cells in the CAD patient group, remains to be elucidated. 

Besides ageing, smoking is an important risk factor for atherosclero-
sis development as well.20An increase in central memory T cells was ob-
served in the heavy smoker group, which has been described previous-
ly, where the amount of CD45ro+ T cells was strongly correlated to the 
amount of pack years.21 In addition, an increase in the Th1 fraction was 
seen in this population, with a corresponding increase in IFNγ produc-
ing T cells. 

The elderly healthy group resembled the CAD group quite well, with 
the exception of B cell effects, and myeloid cell function after LPS stim-
ulation. A lower level of oxLDL-specific IgM was found in patients with 
CAD compared to young healthy volunteers, as was also shown previous-
ly.22,23 OxLDL IgM plays an atheroprotective role, it facilitates the clearance 
of apoptotic cells,7,24 while preventing foam cell formation by blocking 
oxLDL uptake by macrophages,25 and possesses antithrombotic proper-
ties.26 Furthermore, oxLDL IgM has an inverse relation to human intima 
media carotid artery thickness.27 A reduced level of PC-specific IgM was 
also found in the patients with CAD and elderly healthy volunteers, con-
sistent with a decline of these type of IgM with age, which are considered 
atheroprotective.28,29

Myeloid cell functionality was evaluated by performance of whole 
blood LPS challenges. Overall, cytokine release was significantly reduced 
in the CAD group compared to young healthy volunteers. This decrease 
in cytokine production in the stable CAD group could be attributed to 
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immune endpoints at sample sizes resembling future phase 1B studies, 
which are commonly conducted at relatively low volunteer numbers. 
To summarize the study outcomes, we have visualized the main impact 
of aging, smoking and CAD on myeloid, T and B cell subsets/functional-
ity, and on circulating immune markers (Figure 8). To conclude, signifi-
cant effects of ageing and smoking on the immune system could be iden-
tified at relatively low group sizes of 11-30 subjects per group.Based on our 
data, both the aged and heavy smoking but otherwise healthy population, 
could be valuable for evaluation of the effects of future immunomodula-
tory drugs targeting atherosclerosis instead of patients with CAD, where 
the elderly healthy group corresponds most with the CAD patient group. 

Table 1 Demographics 

Group Young  
Healthy 
(n=30)

Elderly 
Healthy 
(n=20)

Young  
Smoker 
(n=20)

Heavy  
Smoker 
(n=11)

Coronary 
Artery 
Disease 
patients 
(n=27)

P value

age, years, median  
(Q25–Q75)

22
(19–22.3)

70.5a,b,c
(67–77.5)

22
(21–23.8)

55a,b
(48–68)

69.5a,b,c
(66–73.3)

<0.0001

BMI, kg/m2, median  
(Q25–Q75)

22.5
(20.6–23.3)

24.6 a,b
(22.8–25.4)

21.7
(20.7–23.8)

25.2 a,b
(22.8–27.2)

24.8 a,b
(23.5–26.4)

<0.0001

diastolic bp (supine)  
mmHg, mean, ± SD

69.9
± 4.8

81.4
± 8.9 a,b

72.4
± 6.7

83.1
± 5.5 a,b

80.7
± 9.3 a,b

<0.0001

systolic bp (supine)  
mmHg, mean, ± SD

118 
± 9.2

133.4
± 15a

122
± 10.3

127.6
± 11.4

131.8
± 17.6a

0.0002

cholesterol,  
mmol/L,  mean, ± SD

3.84
± 0.54

4.53
± 0.43a,b

3.88
± 0.57

5.19
± 0.97a,b

4.22
± 0.98c

<0.0001

LDL, mmol/L,  
mean, ± SD

2.19
± 0.36

2.60
± 0.37b

2.10
± 0.37

3.17
± 0.95a,b

2.30
± 0.93c

0.0002

HDL, mmol/L,  
mean, ± SD

1.29
± 0.21

1.46
± 0.28

1.40
± 0.32

1.32
± 0.28

1.50
± 0.33

0.1249

triglycerides, 
mmol/L, mean, ± SD

0.78
± 0.32

1.04
± 0.26c

0.83
± 0.30

1.55
± 1.06a,b

1.03
± 0.50c

0.0003

Apolipoprotein A, 
g/L,  
mean, ± SD

1.32
± 0.17

1.44
± 0.21

1.33
± 0.21

1.37
± 0.22

1.49
± 0.25a

0.03

NTproBNP,  
mean, ± SD

26.52
± 17.16

94.38
± 87.96a,b

29.40
± 22.59

48.96
± 43.53

175.5
± 182.6a,b,c

<0.0001

a=significantly different to YH. b=significantly different to YS, c= significantly different to HS 
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Figure 2 Effect of ageing and smoking on absolute circulating leukocytes. Amount 
of leukocytes (A), lymphocytes (B), neutrophils (C), monocytes (D) in circulation as 
measured by sysmex. LLON=lower limit of normal, ULON=upper limit of normal. Mean 
± SD are shown. LLON=lower limit of normal. ULON=upper limit of normal. YH=young 
healthy, EH=elderly healthy, YS=young smoker, HS=heavy smoker, CAD=coronary 
artery disease patient. Open circles in the CAD group represent smokers. Statistics was 
performed using one-way ANOVA with Dunnett’s post hoc test, means were compared to 
the YH group. P values ≤0.05 are considered significant. * p≤0.05, ** p≤0.005, *** p≤0.001, 
**** p≤ 0.0001.

Figure 1 CONSORT flowchart.

a b

c d
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Figure 4 Effect of ageing and smoking on T cells and memory subsets. Percentage 
of CD3+, CD4+ and CD8+ T cells of total CD45+ leukocytes was measured by flow cytometry 
(A). Naïve (CCR7+ CD45ro-) and memory subsets (central memory: CCR7+ CD45ro+, 
effector memory: CCR7- CD45ro+) were quantified for CD4+ T cells (B) as well as CD8+ T 
cells (C). YH=young healthy, EH=elderly healthy, YS=young smoker, HS=heavy smoker, 
CAD=coronary artery disease patient. Open circles in the CAD group represent smokers. 
Statistics was performed using one-way ANOVA with Dunnett’s post hoc test, means 
were compared to the YH group. P values ≤0.05 are considered significant. * p≤0.05, ** 
p≤0.005, *** p≤0.001, **** p≤ 0.0001. 

 
 
 

 
 
 

Figure 3 Effect of ageing and smoking on myeloid cells. Percentage of non-classical 
monocytes (CD14- CD16+) and plasmacytoid dendritic cells (HLA-DR+, CD19-, CD14-, CD123+) 
in whole blood as assessed by flow cytometry (A). Whole blood was stimulated with 2 
ng/ml LPS and cytokine release was measured using LegendPlex (B). YH=young healthy, 
EH=elderly healthy, YS=young smoker, HS=heavy smoker, CAD=coronary artery disease 
patient. Open circles in the CAD group represent smokers. Statistics was performed 
using one-way ANOVA with Dunnett’s post hoc test, means were compared to the YH 
group. P values ≤0.05 are considered significant. * p≤0.05, ** p≤0.005, *** p≤0.001,  
**** p≤ 0.0001. 
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Figure 6 Effect of ageing and smoking on B cells. Number of CD24hi CD38hi and CD1dhi 
CD5+ regulatory B cells, evaluated by flow cytometry (A). Total IgM and IgG as assessed at 
the clinical chemistry lab at LUMC (B). oxLDL specific IgM and IgG as well as PC IgM and 
IgG as assessed by ELISA (C). oxLDL secreting B cells were measured using ELISpot after 
3 days of stimulation with R848 and IL-2 and are expressed as percentage of total IgM 
secreting B cells (D). CD80 expression was measured by flow cytometry on isolated B 
cells after 24 hours of stimulation with CpG B (E). YH=young healthy, EH=elderly healthy, 
YS=young smoker, HS=heavy smoker, CAD=coronary artery disease patient. Open circles 
in the CAD group represent the smokers. Statistics was performed using one-way ANOVA 
with Dunnett’s post hoc test or Kruskall-Wallis test with Dunn’s post hoc test, means 
were compared to the YH group. P values ≤0.05 are considered significant. * p≤0.05, ** 
p≤0.005, *** p≤0.001, **** p≤ 0.0001.

Figure 5 Effect of ageing and smoking on Th subsets and T cell senescence. 
Percentage of Th1 (CXCR3+ CCR6-), Th2 (CXCR3- CCR6-) and Th17 (CXCR3- CCR6+) cells were 
measured by flow cytometry (A). Cytokine production in CD4+ T cells was measured after 
stimulation with PMA + ionomycin in the presence of BrefA, using flow cytometry (B). 
Both CD4+ as well as CD8+ T cells were assessed for senescence markers CD57 (positive) 
and CD28 (negative) (C). YH=young healthy, EH=elderly healthy, YS=young smoker, 
HS=heavy smoker, CAD=coronary artery disease patient. Open circles in the CAD group 
represent smokers. Statistics was performed using one-way ANOVA with Dunnett’s post 
hoc test, means were compared to the YH group.P values ≤0.05 are considered significant. 
* p≤0.05, ** p≤0.005, *** p≤0.001, **** p≤ 0.0001. 
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Figure 7 Effect of ageing and smoking on levels of circulating inflammatory 
proteins. Volcano plots of proteomics (A), EH vs YH, HS vs YH and CAD vs YH. Horizontal 
line depicts significance, data points depicted in orange show increased serum 
expression. Heatmap of agglomerative hierarchical clustering using Ward’s method 
of proteomics data (B). YH (n=19), EH (n=19), YS (n=19), HS (n=11), CAD (n=20). YH=young 
healthy, EH=elderly healthy, YS=young smoker, HS=heavy smoker, CAD=coronary artery 
disease patient.

a

b

All mentioned supplementary figures and tables in this chapter can be found on 
the corresponding website by scanning this QR code.
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Abstract
Neutrophils are an emerging target for therapeutical intervention in both 
autoimmune diseases as well as cancer. However, evaluating investigation-
al compounds in healthy humans remains challenging, since this popula-
tion lacks constitutive neutrophil activation. Induction of neutrophil acti-
vation via intravenous administration of lipopolysaccharides (LPS) can be a 
potent strategy to overcome this challenge. Furthermore, LPS stimulation 
can be performed ex vivo during clinical trials, and in vitro for pre-clinical 
analysis. Therefore, we aimed to provide a time course of the neutrophil 
response after in vivo LPS administration using samples from human endo-
toxemia clinical studies and compared this to in vitro LPS stimulated whole 
blood cultures. We performed shotgun proteomics on in vivo stimulated 
neutrophils, and measured neutrophil activation by flow cytometry using 
CD11b, CD62L, CD63 and CD64 as activation markers and elastase, MPO and 
LL37 levels as degranulation markers. The numbers of neutrophils rapidly 
increased after LPS administration, while monocyte and lymphocyte num-
bers significantly decreased. In line, we found significant increases in neu-
trophil activation and degranulation markers both in vitro as well as in vivo, 
which all returned to baseline within 24 hours. Degranulation proteins rap-
idly increase after LPS administration (1 hour after exposure) in vivo, while 
higher concentrations of LPS were necessary in vitro. Lastly, shotgun pro-
teomics revealed little but significant differences in the neutrophil pro-
teome after in vivo LPS administration, pointing to degranulation after LPS 
stimulation. In general, neutrophils show similar activation in vitro and in 
vivo. Both, the in vitro whole blood LPS stimulation assay and the human 
endotoxemia model, could be valuable tools for evaluation of the effects of 
future drugs modulating neutrophil responses during preclinical and clin-
ical development. 

Graphical abstract

Figure is created using biorender.com.
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neutrophil numbers in the circulation12,13 and shifts the neutrophil pop-
ulation towards CD16dim (banded) neutrophils and CD62Llow (hyperseg-
mented) neutrophils, besides the CD16highCD62Lhigh neutrophils found in 
homeostasis.14 CD62L (L-selectin) is an adhesion molecule that is quick-
ly downregulated by activated neutrophils via ectodomain shedding.15 
CD11b (integrin alpha M), a constitutively expressed adhesion molecule 
on myeloid cells,16,17 is another marker for neutrophil activation, known 
to be upregulated by for instance LPS exposure.18,19 As such, the human en-
dotoxemia model may be a useful tool to study the pharmacodynamic ef-
fects of novel drugs on neutrophils in an early stage of drug development. 
However, a clear overview of the effects of in vivo LPS exposure on neutro-
phils is currently lacking.

Additionally, LPS stimulation of whole blood ex vivo during clinical tri-
als or of isolated neutrophils in vitro in pre-clinical analysis are important 
approaches to be explored to assess drug effects on neutrophils. To be able 
to compare in vivo LPS effects with in vitro LPS effects on neutrophils, we 
aimed to provide a time course of the neutrophil response after in vivo 
LPS administration and compared this to the effects of LPS stimulation on 
neutrophil activation status in vitro. We used samples from a clinical trial 
using the human endotoxemia model and performed in vitro whole blood 
stimulations using different concentrations of LPS. In the endotoxemia 
samples, we performed shotgun proteomics to identify changes in the 
neutrophil proteome. Furthermore, we assessed neutrophil activation by 
flow cytometry using CD11b, CD62L, CD63 and CD64 as activation markers 
and measured neutrophil degranulation by measuring myeloperoxidase 
(MPO), elastase and LL37 levels.

Materials and Methods
Human samples
For the in vivo LPS challenge response evaluation, samples from 2 clini-
cal trials were used. Both studies were conducted after obtaining writ-
ten informed consent in accordance with Good Clinical Practice guide-
lines and the Declaration of Helsinki. In one study, healthy male volun-
teers received LPS intravenously at a dosage of 2 ng/kg, in a study regis-
tered under ToetsingOnline number NL65264.056.18 and under ISRCTN 
number 13923422.20 In the other study, healthy male and female volunteers 

Introduction
Neutrophils are the first responders upon infection. They are profession-
al phagocytes, with short life-spans of multiple days.1 Neutrophils carry 
granules, which can be released upon activation and contain proteolytic 
enzymes including neutrophil elastase and myeloperoxidase (MPO), reac-
tive oxygen species, and anti-microbial peptides such as LL37. To prevent 
tissue damage by excessive neutrophil activity, apoptosis of neutrophils is 
tightly regulated.2 Besides their role in acute responses against pathogens, 
neutrophil activation has been found to contribute to several auto-immune 
diseases, amongst others rheumatoid arthritis3 and systemic lupus erythe-
matosus,4 by inducing tissue damage via production of cytokines and che-
mokines and via the formation of NETs.5 In atherosclerosis, neutrophils are 
involved in the onset of disease, mainly by accumulating in the vessel wall 
and attracting monocytes to the lesion site.6 They also play a role in desta-
bilization of the atherosclerotic plaque and atherothrombosis, as is illus-
trated bythe presence of neutrophils in unstable plaques.7-9 Besides their 
role in auto-immune diseases, neutrophils have recently been implicated 
to play a role in cancer development and progression.10 They can have both 
protumoural and antitumoural effects, indicating that a balance in neutro-
phil activation is required for homeostasis.10 Because of their role in auto-
immune diseases and in cancer progression, neutrophils have emerged as 
potential therapeutic target.11 Inhibition of neutrophil activity can be ac-
complished at several levels, for example by blocking neutrophil migra-
tion or activation and thereby interfering with neutrophil accumulation at 
the site of inflammation. Furthermore, interference of neutrophil-specific 
cell death via neutrophil extracellular traps (NETosis), and blocking of neu-
trophil-specific proteins can be used to inhibit neutrophil activity.11 Indeed, 
several drugs are in clinical development, such as a CXCR2 antagonist, a neu-
trophil elastase inhibitor and NETosis inhibitors.11

For novel drug candidates targeting neutrophils, specific (pre)clinical 
tests are required. Evaluation of the pharmacological activity of neutro-
phil-targeted investigational compounds in healthy humans is however 
challenging since this population does not have constitutive neutrophil 
activation. Induction of neutrophil activation via intravenous adminis-
tration of lipopolysaccharides (LPS) can be a potent strategy to be able to 
test drug candidates. LPS activates neutrophils in vivo, leads to increasing 
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Neutrophil isolation
Neutrophils were isolated directly from whole blood by negative selec-
tion using the EasySep™ direct human neutrophil isolation kit (Stemcell, 
Vancouver, Canada) according to user’s manual. After isolation, the neutro-
phils were pelleted and snap frozen in liquid nitrogen until analysis.

Shotgun proteomics
Samples were mixed with loading buffer and loaded on an 8 % pre-cast 
RunBlue gel (Expedeon), and run at 100 V for 5 min. Large gel spots with un-
separated proteins were stained with InstantBlue (Expedeon) and excised 
in one gel slice and destained using 70% 50 mM NH4HCO3 and 30% acetoni-
trile. Reduction was performed using 10 mM dithiotreitol dissolved in 50 
mM NH4HCO3 for 30 min at 55˚C. Next, the samples were alkylated using 55 
mM chloroacetamide in 50 mM NH4HCO3 for 30 min at room temperature. 
Subsequently, samples were washed for 10 min with 50 mM NH4HCO3 and 
for 15 min with 100% acetonitrile. Protein digestion was performed by addi-
tion of sequencing-grade modified trypsin (Promega; 25 µL of 10 ng/mL in 
50 mM NH4HCO3) and overnight incubation at 37˚C. Peptides were extract-
ed using 5% formic acid in water followed by a second elution with 5% for-
mic acid in 75% acetonitrile. Samples were dried in a SpeedVac centrifuge 
and dissolved in 20 µL 5% formic acid in water for analysis with LC-MS/MS.

The samples were analyzed on a nanoLC-MS/MS consisting of an 
Ultimate 3000 LC system (Thermo Fisher Scientific, USA) interfaced with 
a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific). Peptide 
mixtures were loaded onto a 5 mm × 300 µm i.d. C18 PepMAP100 trap-
ping column with water with 0.1% formic acid at 20 µL/min. After load-
ing and washing for 3 min, peptides were eluted onto a 15 cm × 75 µm i.d. 
C18 PepMAP100 nanocolumn (Thermo Fisher Scientific). A mobile phase 
gradient at a flow rate of 300 nL/min and with a total run time 120 min 
was used: 2% − 40% of solvent B in 87 min; 40% − 80% B in 1 min; 80% B 
during 1 min, and back to 2% B. Solvent A was 100:0 water/acetonitrile 
(v/v) with 0.1% formic acid, and solvent B was 0:100 water/acetonitrile 
(v/v) with 0.1% formic acid. In the nanospray source a stainless-steel emit-
ter (Thermo Fisher Scientific) was used at a spray voltage of 2 kV with no 
sheath or auxiliary gas flow. The ion transfer tube temperature was 250 
°C. Spectra were acquired in data-dependent mode with a survey scan at 

received i.v. LPS at 1 ng/kg. For both studies purified lipopolysaccharide 
prepared from Escherichia coli, 113:H10:K negative (U.S. Standard Reference 
Endotoxin), manufactured by List Biological Laboratories (Campbell, 
CA, USA) was used. Subjects were hydrated with glucose/saline (2.5% glu-
cose/0.45% sodium chloride) from 2 hours prior to LPS administration 
until 6 hours afterwards. For the in vitro LPS whole blood challenges, blood 
from healthy male and female donors was collected by venipuncture after 
obtaining written informed consent in accordance with Good Clinical 
Practice guidelines and the Declaration of Helsinki. Neutrophil activation 
was analyzed by flow cytometry in CTAD anti-coagulated blood. For elas-
tase, MPO and LL37 measurements, sodium heparin plasma samples were 
used. For proteomic analysis, blood was collected into K2EDTA tubes (Becton 
Dickinson). The demographics of the subjects are summarized in Table I. 

Whole blood stimulation
Whole blood was incubated with 2 ng/mL, 10 ng/mL or 100 µg/mL LPS 
(from E.coli O111:B4, Sigma-Aldrich, Deisenhofen, Germany) for 1 hour at 
37°C 5% CO2.

Flow Cytometry
Whole blood was incubated with RBC lysis buffer (Thermo Fisher Scientific, 
Waltham, MA, USA) for 10 minutes to lyse red blood cells. Next, the cells were 
washed once with phosphate buffered saline (PBS, Gibco, Thermo Fisher 
Scientific) and stained with fluorochrome labeled antibodies for 30 min-
utes on ice (see supplemental table I for a list of antibodies used and Figure 
S1 for the gating strategy). After staining, the cells were washed and mea-
sured on a MACSQuant 16 analyzer (Miltenyi Biotec, Bergisch Gladbach, 
Germany). Flow cytometry data was analyzed using Flowlogic software 
(Inivai, Melbourne, Australia). 

ELISAS
Elastase, myeloperoxidase (MPO) and LL37 were measured by ELISA ac-
cording to the user’s manuals. Elastase and LL37 ELISAS were obtained 
from Hycult Biotech (Uden, the Netherlands), MPO ELISA from Bio-Techne 
(Abingdon, UK). ELISAS were read on a Varioskan LUX reader and analyzed 
using the SkanIt software (both Thermo Fisher Scientific). 
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administration, total circulating leukocyte numbers significantly increased 
to 10.48*109/L compared to 5.10*109/L at baseline (Figure 1A). This is main-
ly caused by a 3.6-fold increase in circulating neutrophils, which peaked 
at 8 hours after LPS dosing (9.03*109/L compared to 2.51*109/L at baseline, 
Figure 1B). In contrast to neutrophils, monocytes almost completely disap-
peared 1.75h after LPS administration (0.07*109/L compared to 0.46*109/L 
at baseline) which normalized again at 6h after LPS administration 
(0.68*109/L, Figure 1C). The number of circulating lymphocytes also signif-
icantly dropped upon LPS administration, with the lowest point reached at 
3 hours (0.56*109/L, compared to 1.90*109/L at baseline, Figure 1D). All these 
effects on circulating leukocyte numbers normalized at 24 hours after LPS 
administration, although the lymphocyte numbers remained slightly re-
duced compared to baseline. As is known from literature,14,21,22 circulat-
ing neutrophils mainly display a phenotype with decreased expression of 
CD16 or CD62L after LPS administration. Indeed, the percentage of CD62Ldim 
and CD16dim neutrophils was increased after LPS administration compared 
to baseline (Figure 1E). This increase in CD62Ldim and CD16dim neutrophils 
was significant at 3h and 6h post LPS administration, while the increase of 
CD16dim neutrophils was also significant at 9 hours (Figure 1F). 

LPS stimulation activates neutrophils
For the in vitro studies, whole blood of 6 healthy volunteers was stimulat-
ed with 2 ng/mL, 10 ng/mL or 100 µg/mL LPS or left unstimulated for 1 
hour. Afterwards, flow cytometry was performed to measure expression of 
CD11b, CD62L, CD63 and CD64. Representative histograms of in vitro stim-
ulated neutrophils are shown in Figure 2A. Expression of CD11b on neu-
trophils dose-dependently increased after LPS stimulation (Figure 2B). 
Unstimulated neutrophils had an CD11b MFI of 32.0 ± 5.5, increasing to 63.0 
± 13.0 after stimulation with 2 ng/mL LPS. This increase was even stronger 
after stimulation with 10 ng/mL and 100 µg/mL (80.0 ± 10.2 and 116.4 ± 14.3, 
respectively). In contrast to CD11b, CD62L expression decreased after LPS 
stimulation. The MFI of CD62L on unstimulated neutrophils was 29.1 ± 5.3, 
which significantly decreased to 3.8 ± 2.1, 4.7 ± 3.5, and 4.0 ± 2.0 after stim-
ulation with LPS at 2 ng/mL, 10 ng/mL, and 100 µg/mL LPS, respectively. 
Expression of CD63 only significantly changed after LPS stimulation at 100 
µg/mL (0.73 ± 0.44 for 100 µg/mL vs. 0.17 ± 0.06 for unstimulated), although 
the MFI values remained relatively low compared to the other markers. 

m/z 300 − 1650 at a resolution of 70 000 followed by MS/MS fragmentation 
of the top 10 precursor ions at a resolution of 17 500. Singly charged ions 
were excluded from MS/MS experiments and fragmented precursor ions 
were dynamically excluded for 20 s.

PEAKS Studio version Xpro (Bioinformatics Solutions, Inc., Waterloo, 
Canada) software was used to search the MS data against the from UniProt 
human reference proteome (downloaded 13 July 2021). Search parameters: 
trypsin digestion with up to 2 missed cleavages; fixed modification carb-
amidomethylation of cysteine; variable modification oxidation of methi-
onine; precursor mass tolerance of 20 ppm; fragment mass tolerance of 
0.02 Da. The false discovery rate was set at 0.1% on the peptide level. Label 
free quantitation of the different groups was performed with the PEAKS 
Q module.

Statistical analysis
For in vitro data, the means of all groups were compared to each other, and 
pairwise differences were calculated using one-way ANOVA (with Dunnett’s 
multiple testing adjustment). P values ≤0.05 obtained from above test were 
considered statistically significant. Data are expressed as arithmetic mean 
± standard deviation. Clinical data were tested using the 1-way repeated-
measures analysis of variance (with Dunnett’s multiple testing adjust-
ment), where post-dose time points were compared with baseline). P val-
ues ≤0.05 obtained from above test were considered statistically signifi-
cant. Data are expressed as arithmetic mean ± standard deviation. For pro-
teomics data, volcano plots were made in which 3 hour post-dose samples 
were compared to the baseline samples. All analysis and visualization were 
done using Graphpad Prism version 9.2.0 (Graphpad Sofware, San Diego, 
CA, USA). 

Results
In vivo LPS administration increases circulating 
leukocyte and neutrophil numbers, while 
monocytes and lymphocytes decrease
Twelve subjects were dosed with 1 ng/kg LPS. Blood samples were taken 
15 minutes before dosing, and at 0.5, 1.75, 3, 6, 9, 24 and 48 hours after 
LPS administration for assessment of leukocyte differentiation. After LPS 



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches70 Chapter 3 Effect of LPS on neutrophils in vitro and in vivo 71

levels were less variable between subjects and peaked later than the other 
granule proteins, at 10 hours after LPS administration (108 ± 16 ng/mL at 
10h vs. 57 ± 12 ng/mL at baseline). 

Differential expressed proteins after in vivo LPS 
administration
To assess the impact of LPS on the neutrophil proteome, neutrophils were 
isolated and analyzed using shotgun proteomics before and 3 hours after 
in vivo LPS administration (2 ng/kg, n=4, Figure 4A). After LPS administra-
tion, only 4 proteins showed increased expression compared to baseline, 
while 22 proteins were decreased (Figure 4B). A table of all differentially ex-
pressed proteins is shown in Figure 4C, with the most significantly differ-
entially expressed proteins listed first in the table. The proteins that are in-
creased (14-3-3 protein gamma, protein transport protein SEC31a, beta-ac-
tin like protein 2 and 40S ribosomal protein SA) all play a role in regulation 
of the immune response23,24 and intracellular protein synthesis and trans-
portation. Of the decreased proteins (22 in total), 5 are normally stored in 
neutrophil granules. This decrease can therefore be attributed to degranu-
lation of the cells upon activation. The other proteins are part of the cyto-
skeleton (keratins), play a part in the cell metabolism, are involved in sig-
naling pathway modulation or are cytoplasmic proteins. It should be noted 
that keratins are notorious contaminants in proteomics and we cannot rule 
out that these differences stem from contamination. 

Discussion
First, we aimed to provide a time course of neutrophil activation after in 
vivo LPS administration. A decline in lymphocytes and monocytes was seen 
in blood after i.v. LPS administration, while the number of neutrophils, and 
thereby the number of total leukocytes strongly increased. This is in line 
with literature.12,25-27 As shown before,14,21,22 the neutrophils mainly display a 
CD16dim (banded) and CD62Ldim (hypersegmented) phenotype, in contrast to 
homeostasis where neutrophils are mainly of a CD16hiCD62Lhi phenotype. 
For the cause of this decrease in CD62L expression, it is impossible to distin-
guish between activation and subsequent shedding of CD62L, or influx of 
CD62Ldim neutrophils. The peak of neutrophil counts and the lowest expres-
sion of CD62L in vivo coincide at 6 hours after LPS administration (Figure 

CD64 expression increased significantly after LPS stimulation at 10 ng/mL 
and 100 µg/mL (4.2 ± 1.2 for 10 ng/mL and 5.2 ± 1.3 for 100 µg/mL vs 2.5 ± 0.4 
for unstimulated). 

The same flow cytometric analysis was performed on whole blood col-
lected before (-15 min) and after (0.5, 3, 6, 9, 24h) i.v. administration of LPS 
(1 ng/kg) to 12 healthy volunteers. Representative histograms are shown 
in Figure 2C. Similarly to the in vitro stimulation experiment, CD11b ex-
pression significantly increased after LPS administration, peaking at 3 
hours (MFI of 22.3 ± 11.6 at 3h vs. 10.9 ± 6.2 at baseline). The decrease in 
CD62L expression was also found in vivo, with the lowest expression found 
at 6h (27.61 ± 6.38) and 9h (27.60 ± 3.59) after LPS administration (baseline: 
40.21 ± 12.18). Although only minor LPS effects were found on expression 
of CD63 and CD64 in vivo, these differences were significant at 3 hours post 
LPS administration (Figure 2D).

LPS stimulation induces the release of neutrophil 
granule proteins
In addition to surface activation markers on neutrophils, neutrophil activa-
tion was measured by determining the protein excretion of MPO, elastase 
and LL37 via degranulation in plasma both after in vitro as well as in vivo LPS 
stimulation. Elastase levels were significantly increased after in vitro LPS ac-
tivation at 2 ng/mL for one hour (2292 ± 827 ng/mL for 2 ng/mL vs. 892 ± 663 
ng/mL for unstimulated whole blood) (Figure 3A). Elastase levels were fur-
ther increased with increasing levels of LPS, 2558 ± 863 ng/mL for 10 ng/mL 
and 5833 ± 687 ng/mL for 100 µg/mL. Interestingly, levels of myeloperoxi-
dase (MPO) and LL37 were only increased after stimulation with 100 µg/mL 
LPS (2737 ± 761 ng/mL for 100 µg/mL LPS vs. 439 ± 254 ng/mL for unstimu-
lated and 65.6 ± 14.2 for 100 µg/mL LPS vs. 42.3 ± 8.1 ng/mL for unstimulated 
respectively). These effects are calcium-dependent, since LPS stimulation 
at 100 µg/mL in K2EDTA anti-coagulated blood did not result in a strong in-
crease in elastase, MPO or LL37 (Figure S2). 

After in vivo LPS stimulation (2 ng/kg, 10 subjects), elastase levels were 
significantly increased compared to baseline, peaking at 6 hours (841 ± 
1234 ng/mL at 6h vs. 98 ± 23 ng/mL at baseline, Figure 3B), despite a high 
variation between subjects. MPO levels were also highly variable between 
subjects, but again a significant increase was observed compared to base-
line, peaking at 3h (109 ± 55 ng/mL at 3h vs. 22 ± 11 ng/mL at baseline). LL37 
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for neutrophil activation is higher in in vitro experiments. While in vivo a 
dose of 1 or 2 ng/kg of LPS drove significant neutrophil responses, corre-
sponding to <0.05 ng of LPS per mL of blood depending on the size/weight 
of the volunteer, in vitro higher concentrations (ranging from 2 ng/mL to 
100 µg/mL) were necessary to measure effects. This discrepancy in re-
quired trigger concentration can be explained by the fact that in whole 
blood cultures only direct effects of LPS on leukocytes are studied, while 
in vivo other factors play a role, such as general inflammation of the en-
dothelium of the vessel wall.36,37 Another factor complicating comparison 
of in vitro and in vivo results is the above discussed effect that as soon as 
neutrophils get activated, they will adhere to the vessel wall and thereby 
will not be analyzed after blood draw. This could also explain the relative-
ly limited increase in neutrophil activation markers, for instance CD11b, 
upon in vivo LPS exposure. While in vitro more LPS was needed to activate 
neutrophils, the LPS-driven expression of activation markers CD62L and 
CD11b was much more pronounced compared to in vivo. In contrast to ac-
tivation markers, granule protein plasma levels are clearly increased upon 
in vivo LPS stimulation in line with the in vitro data. Interestingly, the base-
line levels of elastase and MPO in the in vivo study were lower than the un-
stimulated control in the in vitro experiments. This would mean that an 
hour of whole blood incubation already triggers a low level of degranu-
lation although this effect was not seen for LL37. Furthermore, MPO and 
LL37 levels were only significantly increased at the highest LPS concen-
trations, indicating that low levels of LPS alone is not sufficient to induce 
high level degranulation, and that additional activation triggers are need-
ed to activate neutrophil degranulation in vivo, such as interaction with 
the endothelium. 

In general, in vitro and in vivo activation of neutrophils by LPS were 
quite comparable when looking at activation markers and granule pro-
teins. Although the minimal LPS concentration required to drive neutro-
phil responses, and the neutrophil response sizes, differed upon in vivo 
and ex vivo LPS exposure, the nature of the observed responses were well 
comparable between the in vivo and in vitro challenge models. Based on 
these data, both the in vitro whole blood LPS stimulation assay and the 
human endotoxemia model could be valuable tools for evaluation of the 
effects of future drugs modulating neutrophil responses, both during 
preclinical and clinical development. 

S4), indicating that this decrease in CD62L expression is likely due to influx 
of neutrophils from the bone marrow. Besides CD62L, CD11b was investi-
gated as a marker of activation on neutrophils.18,19 A rapid increase in CD11b 
expression was observed peaking at 4 hours after LPS administration. Also, 
the expression of CD63 and CD64 were significantly increased after in vivo 
LPS exposure, peaking at 4 hours, although this increase was only moder-
ate. CD63, also known as lysosome-associated membrane protein (LAMP3), 
is part of the tetraspanin family. In neutrophils CD63 is expressed on mem-
branes of primary granules, controlling granule sorting of proteins such as 
neutrophil elastase.28,29 Therefore, increased cell surface expression can be 
used as a marker of neutrophil degranulation.30 It has been shown in vitro 
that aging neutrophils increase the surface expression of CD63, and sur-
face CD63 expression was restricted to the apoptotic neutrophil popula-
tion.31 CD64 (Fcγ receptor I) is not constitutively expressed on neutrophils, 
but can be induced upon stimulation. CD64 expression on neutrophils is a 
marker for sepsis,32,33 and a trial in which healthy volunteers received 2 ng/
kg LPS showed an increase in CD64 neutrophil expression upon endotox-
emia.34 Coinciding with the expression of CD63 and CD64, azurophilic gran-
ule proteins MPO, elastase and LL3735 were rapidly increased after LPS ad-
ministration. Interestingly, at the level of the neutrophil proteome, little 
but significant differences were observed in protein expression at 3 hours 
after LPS administration compared to baseline. These differences point to 
neutrophil degranulation. However, changes in protein expression were 
not as prominent as expected for the massive neutrophil activation and 
degranulation indicated by the experiments discussed above. In this con-
text, it is important to note that activation markers such as receptors are al-
ready contained in the granules. Upon cell activation, they are transported 
to the cell membrane, and the exact cellular location does not impact the 
total neutrophil proteome. Additionally, activation of neutrophil receptor 
relocalization leads to enhanced adhesion of neutrophils on the blood ves-
sel and subsequent degranulation. These neutrophils are not present and 
analyzable in blood samples. As shown previously by de Kleijn et al., signif-
icant changes in the transcriptome of neutrophils were found in human 
experimental endotoxemia, mostly due to neutrophil activation by inflam-
matory cytokines.27

When comparing the in vivo and in vitro LPS-driven neutrophil respons-
es, some differences can be observed. First of all, the dose of LPS required 
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Figure 1 Circulating leukocyte levels after in vivo LPS administration. 
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Blood was collected before (-15 min) and after (0.5, 1.75, 3, 6, 9, 24, 48h) LPS administration (1 ng/kg, 
n=12). The number of leukocytes (A), neutrophils (B), monocytes (C) and lymphocytes (D) was determined 
by hematocytometry. Total neutrophils were analyzed for CD16 and CD62L expression (E), where an 
increase in CD62Ldim and CD16dim neutrophils was found (F). Mean and SD are shown. Statistics was 
performed using 1-way repeated-measures analysis of variance with Dunnett’s post hoc test, where 
post-dose time points were compared to t=0h. * p≤0.05, ** p≤0.005, *** p≤0.001, **** p≤ 0.0001. 

Table 1 Demographics of the different studies.

Study Age, years
Median

(Q25–Q75)

Gender
(% male)

Ethnicity
(% white)

BMI kg/m2
median

(Q25–Q75)

In vivo, 1 ng/kg (n=12)
25.0

(23.0–30.75)
91.7 91.7

25.05
(21.15–26.23)

In vivo, 2 ng/kg (n=10)
25.0

(23.0–32.5)
100 50

24.75
(21.43–25.65)

In vitro, flow cytometry exp (n=6)
37.5

(30.5–40.75)
16.7 83.3 N/A

In vitro, granule protein exp (n=6)
25.0

(22.75–42.50)
50 100 N/A
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Figure 3 Granule protein measurements. Whole blood of 6 subjects (3 male, 3 female, 
median age 25 years) was stimulated with 2 ng/mL, 10 ng/mL, 100 µg/mL or PBS control 
(Unstim) for 1 hour in 2 separate experiments. Supernatants were collected and elastase, 
MPO and LL37 levels were determined by ELISA (A). Samples before (-1h) and after (1h, 2h, 
3h, 4h, 6h, 10h and 24h) LPS administration (2 ng/kg, n=10) were assayed for elastase, MPO 
and LL37 levels by ELISA (B). Statistics for panel A was performed using one-way ANOVA 
with Dunnett’s post hoc test, statistics for panel B was performed using 1-way repeated-
measures analysis of variance with Dunnett’s post hoc test, where post dose time points 
were compared to t=-1h. * p≤0.05, ** p≤0.005, *** p≤0.001, **** p≤ 0.0001.

a

b

Figure 2 Neutrophil activation markers CD11b, CD62L, CD63 and CD64. Whole blood 
of 6 subjects (1 male, 5 female, median age 37.5 years, 2 separate experiments) was 
stimulated with 2 ng/mL, 10 ng/mL, 100 µg/mL or no LPS for 1 hour. CD11b, CD62L, CD63, 
CD64 expression on neutrophils was measured by flow cytometry. Representative 
histograms of 1 subject are shown (A). MFI is shown in panel (B). CD11b, CD62L, CD63, CD64 
expression on neutrophils of 12 subjects receiving 1 ng/kg LPS was measured by flow 
cytometry at -1h prior to dosing up until 24 hours LPS administration. Representative 
histograms of 1 subject are shown (C), mean with SD is shown in (D). Statistics for panel B 
was performed using one-way ANOVA with Dunnett’s post hoc test, statistics for panel D 
was performed using 1-way repeated-measures analysis of variance with Dunnett’s post 
hoc test, where post dose time points were compared to t=-1h. * p≤0.05, ** p≤0.005, *** 
p≤0.001, **** p≤ 0.0001.
a

c

b

d
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Supplemental material

Table S1 Flow cytometry antibody list. 

Marker Fluorochrome Clone Supplier

CD11b VioBlue REA713 Miltenyi

CD14 FITC REA599 Miltenyi

CD16 BV605 3G8 Biolegend

CD45 VioGreen REA747 Miltenyi

CD62L PE REA615 Miltenyi

CD63 APC REA1055 Miltenyi

CD64 PerCP-Vio700 REA978 Miltenyi

CD66b PE-Vio770 REA306 Miltenyi

PE=Phycoerythrin, BV=Brilliant Violet, FITC=Fluorescein isothiocyanate, APC=allophycocyanin, 
PerCP=Peridinin-Chlorophyll-Protein 

Figure 4 Proteomics of neutrophils before and after in vivo LPS stimulation.  
Blood was drawn from subjects receiving 2 ng/kg LPS (n=4), before and 3 hours after 
LPS administration, and neutrophils were isolated. Shotgun proteomics was performed 
with these isolated neutrophils (A). Differentially expressed proteins are visualized 
in a volcano plot (B). A table with all significantly increased and decreased proteins in 
included in (C). Panel A was made using biorender.com. 

a

b

c
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Figure S2 LPS stimulation in K2EDTA whole blood. K2EDTA anticoagulated whole blood 
was stimulated with 100 µg/ml LPS or PBS control for 1 hour. Supernatant was assayed for 
elastase, MPO and LL37 (n=3 for elastase and LL37, n=2 for MPO). 

 

Figure S3 CD62L and CD16 expression on neutrophils, in vitro. CD16 and CD62L 
expression on unstimulated (left) and 100µg/mL LPS stimulated neutrophils (right). 

CD16dim
%P:0,53

CD62L+CD16+
%P:97,35

CD62Ldim
%P:1,37

0

1

-1

1e 1

1e 2

1e 3

C
D

62
L

0 1-1 11e 21e 31e
CD16

CD16dim
%P:19,70

CD62L+CD16+
%P:74,62

CD62Ldim
%P:3,40

0

1

-1

1e 1

1e 2

1e 3

C
D

62
L

0 1-1 11e 21e 31e
CD16

Figure S1 Gating strategy neutrophil activation markers. First all cells are gated 
in the FSC-A/SSC-A plot, excluding debris. Then singlets are gated in the FSC-A/FSC-H, 
followed by CD45+ PI- live cells. Then granulocytes are gated in the FSC-A/SSC-A plot, 
followed by neutrophils, gated as CD16+CD66b+. From the neutrophil gate expression of 
CD62L, CD63, CD64 and CD11b is measured. 



Chapter 3 Effect of LPS on neutrophils in vitro and in vivo 83Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches82

Figure S4 Neutrophil kinetics in vivo. The neutrophil count (red), CD11b MFI (black) and 
CD62L MFI (blue) over time after LPS administration. 
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Abstract
Processing of pro-interleukin (IL)-1β and IL-18 is regulated by multiprotein 
complexes, known as inflammasomes. Inflammasome activation results in 
generation of bioactive IL-1β and IL-18, which can exert potent pro-inflam-
matory effects. Our aim was to develop a whole blood-based assay to study 
the inflammasome in vitro and that also can be used as an assay in clini-
cal studies. We show whole blood is a suitable milieu to study inflamma-
some activation in primary human monocytes. We demonstrated that un-
processed human blood cells can be stimulated to activate the inflamma-
some by the addition of adenosine 5’-triphosphate (ATP) within a narrow 
timeframe following lipopolysaccharide (LPS) priming. Stimulation with 
LPS resulted in IL-1β release; however, addition of ATP is necessary for “full-
blown” inflammasome stimulation resulting in high IL-1β and IL-18 release. 
Intracellular cytokine staining demonstrated monocytes are the major 
producers of IL-1β in human whole blood cultures, and this was associat-
ed with activation of caspase-1/4/5, as detected by a fluorescently labelled 
caspase-1/4/5 probe. By applying caspase inhibitors, we show that both the 
canonical inflammasome pathway (via caspase-1) as well as the non-canoni-
cal inflammasome pathway (via caspases-4 and 5) can be studied using this 
whole blood-based model.

Graphical abstract

Figure is created using biorender.com.
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as pharmacodynamic readout in (pre)clinical pharmacology studies. We 
previously described the application of caspase-1 inhibitors for inflamma-
some assays in human whole blood.23 Other research groups commonly 
use peripheral blood mononuclear cell (PBMC)-based models or differenti-
ated macrophages when investigating (modulation of) inflammasome ac-
tivity.24–27 The secretion of pro-inflammatory cytokines in whole blood in 
conditions where inflammasome activation is expected has been investi-
gated in the past28–30 and large differences in variables such as assay ma-
trices, inflammasome triggers, readouts and incubation durations have 
been reported.

In this study, we thoroughly evaluated the kinetics of inflammasome 
activation in whole blood, we explored the dynamics of inflammasome 
stimulation by parallel cytokines, we investigated the potential occur-
rence of cell death or factors inhibiting inflammasome activity, and we 
identified by flow cytometry the cell types that are accountable for IL-1β 
production. We validated our whole blood-based model by application of 
specific caspase inhibitors, differentiating between the canonical path-
way (caspase-1) and the non-canonical pathway (caspase-4/5).

Materials and methods
Blood collection
Venous blood was collected from healthy volunteers into sodium-hepa-
rin tubes (Becton Dickinson, San Jose, CA, USA) after obtaining written in-
formed consent in accordance with relevant guidelines and regulations. 
The protocol was approved by the Medical Ethical committee of Leiden 
University Medical Center.

Ex vivo whole blood culture & stimulation
Cell cultures were performed in an endotoxin-free manner. The blood was 
stimulated 1:1 volume with either vehicle (CTRL), 2 ng/ml LPS (Escherichia 
coli serotype 0111:B4) or in combination of LPS with ATP (5mM) in duplicate. 
LPS and ATP were both obtained from Sigma-Aldrich (St Louis, MO, USA). All 
stimulants were diluted in RPMI 1640 (Gibco, Life technologies) and sam-
ples were incubated at 37°C, 5% CO2 for 4, 8, 12 and 24h with LPS or LPS+ATP 
where the ATP was added for the last 30 min of the incubation time. Baseline 
sample (CTRL 0h) without stimulation 1:1 volume in RPMI 1640 was also 

Introduction
Inflammasomes are large multimolecular complexes controlling the acti-
vation of caspase-1,1in response to bacterial and damage-associated stimu-
li.2,3 One of the most studied inflammasome members is nucleotide bind-
ing and oligomerization domain and leucine rich-repeat-containing pyrin 
domain containing 3 (NLRP3).4 The NLRP3 complex formation by sequential 
triggers is known as a canonical pathway of inflammasome activation. The 
first stimulus initiates nuclear factor-κB (NF-κB) activity by Toll-like recep-
tor (TLR) signaling, thereby inducing IL1B and IL18 mRNA synthesis5 and li-
censing the expression of the NLRP3 inflammasome.6 The second stimulus 
(for example ATP, potassium efflux, release of mitochondrial DNA, lysosom-
al damage) leads to the oligomerization and formation of the NLRP3 pro-
tein complex, resulting in caspase-1 activation and consequently release 
of mature IL-1β and IL-18.7–9 A so-called ‘non-canonical’ pathway has been 
identified,10 comprising caspase-11 in mice and caspase-4/5 in humans,11–13 
which may produce IL-1β but not IL-18 after a single stimulus. The inflam-
masome activation is also regulated by caspase-8 that participate as a mod-
ulator of canonical NLRP3 signaling14 or as a trigger of non-canonical IL-1β 
processing.15

Mature IL-1β is involved in upregulation of adhesion molecules, induc-
tion of chemokines and infiltration of immune cells into tissues.1 IL-1β–
induced pro-inflammatory responses activate host defense during infec-
tion while IL-18 drives interferon-gamma (IFNγ) expression in T cells and 
NK cells.16 Upregulation of IL-1β expression is observed in multiple disor-
ders including Alzheimer’s disease, diabetes mellitus, atherosclerosis and 
hypertension17–19 whereas elevated levels of circulating IL-18 have been re-
ported for patients with heart disease16 and a role for IL-18 has been sug-
gested in various autoimmune diseases.16,20,21 Given the effector functions 
of IL-1β and IL-18 and their reported enhanced expression in various path-
ological conditions, the inhibition of NLRP3 activation or its products may 
offer a valuable therapeutic approach. The early clinical testing of such 
agents is hindered by the fact that although IL-18 is constitutively present 
in plasma,22 NLRP3 activity and IL-1β levels are only increased after stimu-
lation, so assessment of inflammasome inhibition in healthy volunteers 
is not straightforward. However, NLRP3 inflammasome activity can be in-
duced ex vivo in primary human cells, and such models can be employed 
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instructions. Intracellular IL-1β and ASC staining were done in the presence 
of a protein transport inhibitor cocktail containing both brefeldin A and 
monensin (eBioscience). The samples were fixed and permeabilized with 
fixation buffer (BioLegend) and intracellular permeabilization wash buf-
fer (Biolegend), respectively. Blocking was done with Human TruStain FcX 
(Fc Receptor Blocking Solution) (Biolegend) and then samples were stained 
with 5 µl IL-1β-PE antibody (clone CRM56, eBioscience) and 1 µl ASC (TMS1)-
AF647 (MBL International) for 30 min at 4°C in the dark. Matched isotype 
controls were used from Biolegend, eBioscience and MBL International. 
FLICA, FAM-YVAD-FMK, (Immunochemistry technologies) staining was done 
after red blood cell lysis and surface staining for CD14 was done with anti-
CD14-APC (clone M5E2, Becton Dickinson) according to manufacturer’s in-
structions. The cells were analyzed on a MACSQuant Analyzer 10 flow cy-
tometer (Miltenyi Biotec). Data was analyzed using FlowJo software ver-
sion 10 (FlowJo LLC). Representative dot plots of gating strategy for assess-
ment of IL-1β expression in monocytes and neutrophils (S1 Fig panel A), for 
monocyte phenotype determination (S1 Fig panel B) and for evaluation of 
IL-1β+ cells among monocytes and dendritic cells (S1 Fig panel C).

Statistical analysis
Data are presented as mean value ± standard error of the mean (SEM). 
Differences in IL-1β release and expression were analyzed by two-way 
ANOVA and mixed effects model using Tukey’s test for multiple compari-
sons, respectively. Differences in monocyte marker expression at differ-
ent time-points were analyzed by mixed effects analysis with Dunnett’s 
multiple comparison test. Differences was considered significant if p<0.05. 
For statistical analysis GraphPad Prism version 8.00 software for Windows 
(GraphPad Software, La Jolla, CA, USA) was used.

Results
IL-1β and IL-18 release in whole blood
To compare NLRP3 inflammasome activation of minimally processed whole 
blood, samples were incubated for 4, 8, 12 and 24h, with LPS (full incubation 
duration), or LPS (full incubation duration) plus ATP (LPS+ATP; final 30 min  
of the incubation time). After 4h of incubation with LPS an increase in IL-1β 
was seen, which was accentuated upon addition of ATP for the final 30 min 

processed. NLRP3 inhibition and caspase inhibition was performed with 1h 
pre-incubation with MCC950 (5 µM), Ac-LEVD-cho and Ac-YVAD-cmk for the 
indicated concentrations prior to inflammasome stimulation with LPS for 
3.5h and ATP for an additional 30 min more. MCC950 is a potent and selec-
tive inhibitor of NLRP3 (Invivogen), Ac-LEVD-cho inhibits caspase-4 and 5  
(Enzo Lifesciences) and Ac-YVAD-cmk targets caspase 1, 4 and 5 (Sigma-Al-
drich). Following incubation, the supernatants of whole blood cultures 
were collected after centrifugation 2000g for 20 min. Obtained superna-
tants were frozen on dry ice for 15 min and stored at -80°C for later cyto-
kine analysis. The cells were further processed for flow cytometry analysis.

Pro-inflammatory cytokines analysis
IL-1β levels from blood culture supernatants were determined by the Meso 
Scale Discovery platform (human proinflammatory V-Plex plus Kit, MSD,) or 
Quantikine ELISA (R&D Systems) as indicated in the figure legends. The su-
pernatant levels of tumor necrosis factor alpha (TNFα), IL-6 and IL-8 were 
determined with the Human Proinflammatory 4-Plex II Ultra-sensitive Kit 
(Meso Scale Discovery, MSD). IL-18 was measured by ELISA (MBL) or MSD, as 
indicated in figure legend. IL-18BPa and IL-1sRII levels were determined by 
ELISA (R&D Systems). ASC/PYCARD was measured by ELISA (Aviva Systems 
Biology). All measurements were performed according to manufacturer’s 
instructions.

Flow cytometry
Following stimulation, 100 µl whole blood sample of each condition (CTRL, 
LPS, LPS+ATP) was used for flow cytometry. Red blood cells were lysed using 
2 ml RBC lysis buffer (Biolegend), incubated at room temperature for 10 min, 
followed by centrifugation at 350g for 5 min. The samples were washed 
twice in FACS buffer (PBS + 0.5% BSA) and stained with 5 µl of the follow-
ing antibodies anti-CD3-FITC (clone OKT3), anti-CD14-FITC (clone M5E2), an-
ti-CD20-FITC (clone 1412), anti-CD15-PE/Cy7 (clone W6D3), anti-CD16-APC/Cy7 
(clone 3G8), anti-CD45-pacific blue (clone HI30) (all from Biolegend), anti-
CD20-APC (clone 2H7, eBioscience), 1 µl anti-CD56-APC (clone CMSSB, eBiosci-
ence), 1 µl anti-HLA-DR-PerCy5.5 (clone G46-6, Becton Dickinson), CD123-PE 
(clone 9F5, BD) and 1 µl CD11c-FITC (clone B-ly6, BD) by incubation for 30 min 
at 4°C in the dark. To check for cell viability an APC Annexin V Apoptosis 
Detection Kit with PI (Biolegend) was used following manufacturer’s 
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cell surface markers used for characterization of monocytes, neutrophils 
and dendritic cells as explained in materials and methods. The pattern of 
IL-1β induction in CD14+ monocytes resembles the release of IL-1β in whole 
blood over a period of 24h, with statistically significant increase of IL-1β in 
LPS and LPS+ATP compared to unstimulated control at 4 and 8h (Fig 2A), in-
dicating that monocytes are a major contributor to the responses in whole 
blood to LPS and LPS+ATP. Flow cytometry evaluation of IL-1β expression in 
CD15+CD16+ neutrophils showed that inflammasome activating condition 
(LPS+ATP) did not induce significant IL-1β compared to control or LPS stimu-
lated whole blood samples (Fig 2B), while myeloid dendritic cells to a minor 
extend contribute to IL-1β processing in whole blood assay (S4 Fig).

NLRP3 inflammasome involvement in IL-1β generation
To elucidate the role of NLRP3 the cells were stained with apoptosis-associ-
ated speck-like protein containing a caspase recruitment domain (ASC) to-
gether with markers for characterization of monocytes and neutrophils. At 
4h after stimulation the monocytic cell population showed slight increase 
of ASC expression in LPS+ATP stimulated cells compared to control with fur-
ther increase at 8h (Fig 3A). A different profile of ASC expression was ob-
served for the neutrophils, with high levels at 8h in both control as well as 
LPS or LPS+ATP stimulated samples (Fig 3B). And for both population at 24h 
there were almost none detectable levels (Fig 3A and 3B). Additionally, re-
lease of ASC into the supernatant was also tested with detectable levels in 
stimulated conditions at 8h (3000 pg/ml) and further up-regulated 4-fold at 
24h (12000 pg/ml) (Fig 3C). To further investigate the involvement of NLRP3 
the well-known inhibitor MCC950 was applied only at the 4h condition, 
where a significant inhibitory effect of 65% was observed for the release of 
IL-1β (S5A Fig) and 90% for the release of ASC/PYCARD (S5B Fig) compared to 
the LPS+ATP condition.

Monocytes display phenotype shift upon 
inflammasome activation in whole blood cultures
Human blood monocytes can be classified into three distinct populations, 
classical CD14+CD16− monocytes, intermediate CD14+CD16+ and non-classical 
CD14dimCD16+ monocytes.31 Each class contributes to the inflammatory re-
sponse in different manners due to differences in expression of TLRs and 
cytokine/chemokine responses.32 Flow cytometry analysis in basal, not 

of the incubation period in six donors (Fig 1A). Similar pattern of produc-
tion was observed for IL-18 in one donor (S2 Fig). Substantial levels of TNFα 
and IL-6 was detected upon the addition of ATP following LPS priming at 
12h, while IL-8 did not result in substantial changes to secretion with the 
addition of ATP. Elevated levels of TNFα and IL-6 were observed at 12h incu-
bation, thus it is unlikely that these two cytokines are involved in release 
of IL-1β and IL-18 in the supernatant (S2 Fig). After 24h of incubation the re-
lease of IL-1β and IL-18 was generally lower after addition of ATP compared 
to earlier time points (Fig 1A).

The fact that ATP-induced IL-1β and IL-18 release peaked after 4h of LPS 
priming and decreased upon extended priming suggests that either a loss 
of specific cell populations occur, or some inhibiting factors may be rap-
idly up-regulated to counter the responses induced by LPS+ATP. To explore 
if the loss of specific cell populations might explain the decrease of IL-1β 
and IL-18 secretion, cell viability was assessed by measuring the number 
of monocytes and neutrophils in cultures as well as by annexin V/PI stain-
ing. The number of viable monocytes in whole blood cultures was slightly 
decreased at 4 and 8h for stimulated samples while it decreased at the end 
of incubation period for control as well as stimulated samples (Fig 1B). At 
4 and 8h a decrease of the neutrophil population is observed for the stim-
ulated conditions but not the control, while this population is restored at 
24h (Fig 1C). Even though both monocytes and neutrophils cell numbers 
decreased during stimulation no statistically significant differences were 
observed. Furthermore, the staining with annexin V showed that still 75–
100% of the monocytes and neutrophils were viable during the 24h exper-
imental procedures (Fig 1D and 1E).

To test the second hypothesis whether inhibiting factors may damp-
en the whole blood responses induced by LPS+ATP, soluble IL-1 receptor II 
(IL-1sRII) and IL-18 binding protein a (IL-18BPa) levels were measured in su-
pernatants of whole blood cultures, and none of these negative regula-
tors exhibited changes coinciding with observed IL-1β and IL-18 respons-
es, (S3 Fig).

Monocytes are a major source of IL-1β
IL-1β is a potent pro-inflammatory cytokine produced by cells of the in-
nate immune system. The IL-1β production in innate immune cells in 
whole blood was performed by co-staining for intracellular IL-1β and for 
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donors (S9A, S9B and S9C Fig). The fact that both inhibitors inhibited IL-1β 
and IL-18 release after inflammasome stimulation indicates that both cas-
pase-1 and caspase-4 play a role in the processing of these cytokines. The 
effect of both inhibitors on TNFα and IL-6 release after LPS and LPS+ATP 
was measured as a control (S9D Fig), and here no effect of the inhibitors 
was observed.

Discussion
Altered inflammasome activity has been implicated in multiple diseases in-
cluding pseudogout, asbestosis, Alzheimer’s, cancer, atherosclerosis, and 
type 2 diabetes mellitus.19,27,37 In order to set up an easy and robust assay 
for inflammasome research, we explored the use of ex vivo whole blood 
cultures as a tool to study inflammasome activation resembling the in vivo 
circumstances as much as possible. The isolation of PBMCs or other cells, 
such as macrophages from peripheral blood, may induce unwanted side 
effects such as a higher level of apoptosis in isolated PBMCs compared to 
whole blood.38 Moreover, in whole blood cultures the influence of sample 
handling-related cell activation is minimal, so this is the most natural mi-
lieu to study cytokine production in vitro.39

First, we optimized our conditions by evaluating the optimal time-
frame for inflammasome activation. After priming human whole blood 
with LPS for periods up to 24h, subsequent co-stimulation with ATP did 
not result in increased secretion of IL-1β and IL-18 as compared to shorter 
LPS incubations (4 and 8h). Evaluation of the secretion of potential inhib-
itory mechanisms such as IL-1sRII and IL-18BPa did not demonstrate any 
related kinetic patterns associated with limited time-frame of increased 
IL-1β production, suggesting these are not critical factors in the down-
regulation of IL-1β. To further investigate what underlies IL-1β and IL-18 
decrease at 24h, we studied the effect of LPS priming and ATP pulse ap-
plication on viability of monocytes and neutrophils. Although the num-
ber of CD14+ monocytes declined for certain conditions, yet the viability 
of cells is not significantly affected as measured by staining for annexin 
V/PI. Similar results were obtained for CD15+CD16+ neutrophils indicating 
that cell death is not a reason for reduction of IL-1β. Preserved cell viability 
in our experimental setting is based on use of low LPS and ATP concentra-
tions (2 ng/mL LPS + 5 mM ATP) as compared to studies that routinely have 

manipulated whole blood confirmed the existence of all three monocytic 
subsets with distribution similar to previous reports (S6 Fig).33 Treatment 
with LPS or LPS+ATP did not induce prominent changes in CD14 and CD16 
expression in all three subsets after 4h compared to control (Fig 4). 
At 8h the only change observed was of the CD14+CD16− cell phenotype signif-
icantly decreased in both stimulated conditions (LPS and LPS+ATP) but not in 
the control (Fig 4A). And two subsets of the monocytes changed after 24h, 
namely the number of CD14+CD16− cells (Fig 4A) declined, which was accom-
panied by the increase of CD14+CD16+ cells (Fig 4B) at the same time-point 
(see also S7 Fig). The number of CD14dimCD16+ cells was unaltered during 
the 24h experimental period. Intracellular staining for IL-1β in two donors 
demonstrated that CD14+CD16− are predominant source of IL-1β within the 
monocytic subsets (S8 Fig).

IL-1β and IL-18 release is inhibited by caspase inhibitors
Upon confirmation that monocytes produce IL-1β, caspase-1/4/5 activi-
ty was investigated in this cell population using FAM-YVAD-FMK, a fluores-
cent probe that binds active caspase-1/4/5, referred to here as FLICA. CD14+ 
monocytes were analyzed by flow cytometry after whole blood stimulation 
with LPS or LPS+ATP. After stimulation for 4h, LPS induced 12% ± 2% FLICA+ 
monocytes, while LPS+ATP treatment induced 31% ± 15% FLICA+ monocytes 
(Fig 5B). In a separate experiment, stimulation for 1h showed only FLICA pos-
itive monocytes after LPS+ATP exposure (Fig 5A). These data demonstrate 
clearly caspase activation by monocytes in whole blood cultures and indi-
cates that caspase-1 is not constitutively active in monocytes.

To confirm that in our whole blood cultures the intracellular IL-1β 
cleavage occurs as result of caspase activation after inflammasome as-
sembly, we performed a whole blood experiment with caspase inhibitors 
Ac-YVAD-cmk and Ac-LEVD-cho. Whole blood was incubated for 1h with 4,  
20 or 100 µM Ac-YVAD-cmk (preferential caspase-1 recognition site) or Ac-
LEVD-cho (preferential caspase-4 recognition site) prior to inflamma-
some stimulation.34 Following incubation with the caspase inhibitors, 
cultures were stimulated with LPS+ATP in order to specifically activate 
caspase-1.35,36 Both inhibitors inhibited IL-1β release after LPS+ATP stimu-
lation (Fig 6A) and IL-18 release after LPS+ATP stimulation (Fig 6B), showing 
caspases-1 and 4/5 were activated after stimulation in whole blood. These 
results were consistent in five additional blood cultures from healthy 
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confirmed the existence and distribution of all three monocytic sub-
sets are in line with previously reports.51 Short (4h) incubations do not 
appear to induce major loss or gain of expression of monocyte markers 
CD14 and CD16, irrespectively of experimental condition. Similar observa-
tion with LPS stimulation for 4h was reported by others.52 However, pro-
longed exposure to experimental conditions up to 24h induced a drop in 
the number of classical CD14+CD16− monocytes and an increase of inter-
mediate CD14+CD16+ cells. This re-distribution of the monocytic subsets 
suggest that the classical monocytes shift their phenotype towards the 
intermediate phenotype, because it is rather unlikely that the reduction 
in the number of classical and the increase of intermediate monocytes 
are events related to the cell death of the former and proliferation of the 
latter subset. The reduction of IL-1β at 24h coincidences with the phe-
notypical shift observed at the same time-point implying that this cy-
tokine might be involved in the appearance of higher number of inter-
mediate CD16+ monocytes, since it has been reported that IL-1β induces 
CD16 expression in macrophages.53 This intermediate subset is acquiring 
a more phagocytic phenotype due to the expression of CD1654 and has a 
different cytokine profile compared to classical and non-classical mono-
cytes.31,55 Differences between monocytic cells were also observed with 
respect to the synthesis of IL-1β in this study. The pattern of IL-1β intra-
cellular staining was very similar in tested donors and revealed that the 
classical monocytes are the predominant subset that synthesize most of 
IL-1β. Intermediate monocytes also contribute to the total IL-1β while the 
non-classical monocytes produce less IL-1β compared to the other mono-
cyte subsets. Consistent with previous reports, we observed that the IL-1β 
production by monocyte subsets is LPS induced and augmented by ATP.56,57

To show that caspases are activated and necessary for IL-1β and IL-18 
cleavage in our whole blood model, we performed experiments using Ac-
YVAD-cmk and Ac-LEVD-cho. Unfortunately no specific caspase inhibi-
tors are available, Ac-YVAD-cmk preferentially inhibits caspase-1 but also 
inhibits caspases 4 and 5,58 whereas Ac-LEVD-cho preferentially inhibits 
caspase-4, but also caspases 1 and 5.34 Both inhibitors inhibited IL-1β after 
LPS stimulation to a similar extent, however Ac-YVAD-cmk inhibits IL-1β 
and IL-18 release more strongly after LPS+ATP stimulation (Fig 6). Another 
interesting finding is that IL-1β is released after stimulation with LPS alone 
(Fig 1), whereas IL-18 needs a secondary ATP trigger to be released (S2 Fig). 

used higher concentrations (1–2 µg/mL LPS + 1–5 mM ATP).40, 41 This is in ac-
cordance with previously reported cell viability in similar settings.40, 42, 43 

Taken together, priming cells with LPS for 24h and incubating with ATP 
for 30 min results in diminished IL-1β and IL-18 induction indicating that 
a negative feedback mechanism is mainly responsible for the observed 
time-response courses in our model. This is also in line with the growing 
paradigm for negative feedback initiated by LPS signaling patterns in gen-
eral.44–46 In addition, a recent study of Gurung et al. has identified IL-10 as 
a soluble secreted factor that acts as a negative feedback loop to dampen 
NLRP3 inflammasome activation.47

It is well acknowledged that monocytes are major source of IL-1β in cir-
culation although recently it has been shown that neutrophils also con-
tribute to the total pool of circulating IL-1β.48 Our data indeed suggests 
that the majority of IL-1β is produced by monocytes and neutrophils. 
Detectable intracellular MFI levels of IL-1β in neutrophils irrespective of 
stimulation suggests that even a minimal manipulation of whole blood 
might trigger neutrophil activation, followed by increase of intracellu-
lar IL-1β levels or that neutrophils are constitutively loaded with IL-1β. 
Inflammasome activation in whole blood was confirmed by FLICA stain-
ing but evaluation of the level of inflammasome activation in monocytes 
vs. neutrophils remains to be investigated. With direct cellular staining 
of ASC and quantification of ASC levels in supernatant we were able to 
detect levels of speck formation and thereby verify the involvement of 
NLRP3 in the generation of IL-1β. Consistent with the findings by Stehlik 
et al.49 we also show that ASC enhances IL-1β secretion in culture superna-
tant at low concentration observed for the monocytes at 4 and 8h while 
having a suppressing function at high concentration shown at 24h secret-
ed in the supernatant.

Inflammatory ligands to TLRs often induce signaling events that re-
sult in changes of the expression of cell-characteristic surface markers 
and induction of different phenotype in blood cells and monocytes are 
not an exemption of this pattern.33,50 It is acknowledged that the mono-
cytes are composed of three cell subsets based on the expression of CD14 
and CD16: classical CD14+CD16−, intermediate CD14+CD16+, and non-classi-
cal CD14dimCD16+ monocytes.33 Each of these subsets possesses distinct bi-
ological functions and different responses to inflammation.31,32 Flow cy-
tometry assessment of monocytic populations presented in our study 
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Recently it was shown that LPS activates the non-canonical pathway act-
ing via caspase-4/5 without the need of a secondary trigger.59 Vigano et al. 
show that the internalization of LPS via CD14/TLR4 activates a one-step in-
flammasome activation via syk and a Ca2

+ flux, that results in the process-
ing and release of IL-1β via caspase-4/5.42 The involvement of the non-ca-
nonical inflammasome pathway explains both why IL-1β is released after 
LPS stimulation as well as why Ac-LEVD-cho is a less potent IL-1β and IL-18 
inhibitor after LPS+ATP stimulation.

Several studies have shown benefits of stimulation of whole blood cul-
ture over purified cells for in vitro analysis of immune cell function in-
cluding inflammasome response.60,61

In the present study, we show that the ex vivo whole blood stimulation 
is a simple and robust model for inflammasome activation, with detection 
of NLRP3 inflammasome signaling, caspase activation followed by IL-1β 
expression and secretion in human whole blood with minimal manipu-
lation. This assay enables timely identification of possible overt inflam-
masome activation by novel therapeutics in human subjects prior appli-
cation in first-in-human studies. Furthermore, this test by mimicking the 
physiological milieu to great extend is a reliable platform to study novel 
drugs that aim to suppress the inflammasome activation in pathological 
conditions characterized by profound production of IL-1β.

Fig 1 Inflammasome activation in whole blood cultures. (A) IL-1β dynamics and 
kinetics after inflammasome activation with LPS or LPS+ATP in six donors. **p<0.008 
analyzed by two-way ANOVA with Tukey’s multiple comparison test. (B, C) Cellular 
viability upon inflammasome activation in whole blood cultures. Cell percentage change 
over the course of 24h stimulation period compared to baseline (CTRL 0h) of monocytes 
(B) or neutrophils (C). (D, E) Cell viability stained with Annexin V/PI showing percentage of 
live cells for monocytes (D) and neutrophils (E). no significant differences between CTRL 
and LPS or LPS+ATP analyzed by mixed effects analysis with Tukey’s multiple comparison 
test. Data are expressed as mean value ± standard error of the mean (SEM) of each 
stimulation condition, n=6; striped line represents baseline values at CTRL 0h. 
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Fig 2 IL-1β expression in monocytes and neutrophils in whole blood. Mean 
fluorescence intensity (MFI) value ± SEM of IL-1β expression for each stimulation 
conditions (CTRL: open bars, LPS: grey bars, LPS+ATP: black bars) after 4, 8 and 24h in  
(A) CD14+ monocytes, (B) CD15+CD16+ neutrophils. n=6. *p<0.05 and **p<0.008 analyzed  
by mixed effects analysis with Tukey’s multiple comparison test. 
 
 
 
 
 
 
 
 
 
 

Fig 3 ASC detection in whole blood. Percentage ASC expression for each stimulation 
conditions (CTRL: open bars, LPS: grey bars, LPS+ATP: black bars) after 4, 8 and 24h in 
CD14+ monocytic population (A) and CD15+CD16+ neutrophil population (B). (C) ASC/PYCARD 
detection in plasma upon inflammasome activation with LPS or LPS+ATP. Data are 
expressed as mean value ± SEM of each stimulation condition, n=2 (A,B) and n=6 (C).

a b

A b c

Fig 4 Monocytes phenotypically change during stimulation over time. 
Percentage expression of CD14+CD16− monocytes (A), CD14+CD16+ monocytes (B) and 
CD14dimCD16⁺ monocytes (C). Data are expressed as mean value ± SEM of each stimulation 
condition, n=6. **p<0.005 and ***p<0.0001 analyzed by mixed effects analysis with 
Dunnett’s multiple comparison test. 
 
 
 
 
 
 
 
 
 

Fig 5 Caspase activation in whole blood assay. FAM-YVAD-FMK (FLICA) binding to active 
caspase-1 in monocytes after 1h (A) and 3h stimulation (B). Data are expressed as % of 
FLICA+ cells in whole blood, n=4 (A) and n=3 (B).
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Fig 6 The effect of caspase-1 and caspase-4 inhibition on IL-1β and IL-18 secretion. 
Caspase inhibition of IL-1β release upon LPS+ATP (A) stimulation. Caspase inhibition 
of IL-18 release upon LPS+ATP stimulation (B). Data are expressed as mean ± % CV of 
duplicates from three independent experiments.

A b

All mentioned supplementary figures and tables in this chapter can be found on 
the corresponding website by scanning this QR code.
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Abstract
Human whole blood cultures are widely used for the investigation of phys-
iological pathways and drug effects in vitro. Detailed information on the 
effect of “sample aging” (the time span between blood collection and ex-
perimental start) on the experimental outcome is not readily available in 
the public domain. We studied the effect of sample aging on the ability of 
immune cells to respond to cell-specific immune triggers (LPS, PMA/iono-
mycin, and SEB). Sample aging at room temperature profoundly inhibit-
ed the LPS-induced monocytic cytokine release in minimally diluted whole 
blood cultures. The reduction ranged from 20–50% after 30 minutes to  
80–100% after 10 hours and differed between cytokines (IL-1β, IL-2, IL-6, 
IFNγ, and TNFα). Sample storage at 4°C or 37 ° C even worsened this. PMA/
ionomycin- and SEB-induced cytokine release, both mainly T cell-driven, 
were also reduced by sample aging but to a lesser extent (20–50% after 24 
hours). Intracellular cytokine staining revealed that the number of LPS-
responding cells was not impacted by sample aging and reduced LPS re-
sponsivity could also not be explained by apoptosis or downregulated TLR4 
expression. Thus, we speculate that sample aging induces an inhibitory 
pathway downstream from TLR4 in monocytes. These results underline 
the importance of quick sample handling when investigating innate im-
mune responses in whole blood, especially for monocyte responses.
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blood cells, limiting interference of aggregating red blood cells.4 However, 
in addition, such chemicals may induce undesired cellular activation: PHA, 
for example, is known to stimulate T-cell proliferation.12 An experimental 
setup without the addition of cell preserving chemicals is preferred when 
studying the natural behavior and effect of blood cells. 

A limited number of studies describe the effects of whole blood stor-
age on cellular responses. Unfortunately, these studies only focus on the 
effects on a specific cell population or cellular response, with contradic-
tory results. The temperature at which the blood is stored may affect the 
functionality of monocytes, with low temperature storage (4°C for 24 
hours) preferred over room temperature.13 Another study demonstrated 
that when stored at room temperature, the number of cytokine-produc-
ing monocytes remains relatively stable, whereas interferon (IFN)γ- and 
IL-2-producing T cells declined during storage.14

We aimed to provide a comprehensive overview of the effect of sample 
aging on cell viability and stress and cellular reactivity to exogenous im-
mune triggers. We investigated cell responsiveness by quantification of 
secreted cytokines, and we looked at the percentage of responsive cells 
for particular cell subsets (T-cells and monocytes) by means of the flow 
cytometric detection of intracellular cytokines. To obtain insight into 
cell-specific or pathway-specific effects of sample aging, we used immune 
triggers activating different immune cell subsets. T-cells were stimulat-
ed by simultaneous incubation with phorbol 12-myristate 13-acetate (PMA) 
and ionomycin and by staphylococcal enterotoxin B (SEB). PMA plus iono-
mycin induces a general T-cell activation via protein kinase C (PKC) and 
nuclear factor of activated T-cell (NFAT) signaling. Superantigen SEB acti-
vates up to 20% of all T-cells via the T-cell receptor β chain.15 Monocyte ac-
tivation was induced by lipopolysaccharide (LPS), a Toll-like receptor (TLR) 
4 ligand.

Materials and methods
Blood collection
Blood was collected from healthy volunteers by venipuncture into sodium 
heparin-coated vacutainers or cell preparation tubes (CPT) containing so-
dium heparin (Becton Dickinson, NJ, USA) after written informed consent 
was obtained in accordance with Good Clinical Practice guidelines and the 
Declaration of Helsinki.

Introduction
Primary human immune cells are widely used for the investigation of phys-
iological pathways and drug effects in vitro. Primary cells are often used for 
research on chronic diseases and for testing new therapies for a wide range 
of diseases. Such experiments are frequently performed on isolated leuko-
cytes, mostly peripheral blood mononuclear cells (PBMCs). Cryopreserved 
PBMCs can be analyzed batchwise, so that samples collected at multiple 
clinical sites can be analyzed at one central laboratory. Alternatively, in vitro 
experiments can be conducted on whole blood samples, with the obvious 
benefit that this better resembles in vivo conditions.1 Sample handling is 
minimal for in vitro experiments on whole blood samples: the only variable 
to control is the time span between blood collection and the start of the 
experiment. Although most publicly available literature on whole blood-
based experiments does not specify this time span, it is evident that the 
“sample age” may vary substantially between and within experiments, de-
pending on the clinical unit, the laboratory, and the donor population in-
volved. Limited information is available on the effect of the sample age on 
the outcome of whole blood-based experiments. This is remarkable since 
a direct relationship between sample age and cell functionality (i.e., cell 
viability and cell responsiveness to immune triggers) could be expected. 
In PBMC cultures, apoptosis occurs spontaneously after prolonged sample 
storage.2,3 In whole blood samples, blood settling causes red blood cell and 
platelet aggregation and alters cell function.4 Another potential problem 
in whole blood cultures is the short lifespan of neutrophils.5 These cells 
survive for less than 24 hours in the bloodstream and are prone to under-
go apoptosis under suboptimal environmental conditions. Apoptotic neu-
trophils may have secondary effects on other leukocyte subsets in a whole 
blood based experiment. To overcome these problems, efforts have been 
made to preserve whole blood samples for longer periods of time. For ex-
ample, cryopreservation of the whole blood has been shown to be feasi-
ble for experiments assessing Epstein-Barr virus (EBV) transformation, 
lymphocyte proliferation, and DNA extraction.6–8 Freezing of fixed whole 
blood may also be appropriate for immunophenotyping.9 However, gran-
ulocytes do not stay viable during the freezing process impacting the re-
sponses of other cell types.10,11 The addition of phytohaemagglutinin (PHA) 
during sample storage avoided the apoptosis of lymphocytes,2 and the ad-
dition of the polymer Ficoll to the whole blood prevented settling of red 
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were stimulated with LPS, SEB, and PMA/ionomycin. Sample aging strongly 
reduced LPS-induced IFNγ, IL-1β, IL-6, and TNFα release (Figure 1a). A delay 
in the start of the incubation of only 0.5 hour already resulted in a loss of 
30–50% of the cytokine profound (Figure 1b). After 0.5 hour, hardly any ef-
fect of sample aging was observed. Maximal aging of 10 hours resulted in a 
loss of 25–60% of the cytokine response (IFNγ, IL-6, and TNFα). In contrast to 
LPS responses, sample storage at 4°C better preserved PMA/ionomycin in-
duced cytokine release compared to storage at room temperature. SEB re-
sponses were highly variable between subjects, but no strong indications 
were found for a time-dependent reduction in cell responses (Figure 1c). 
Cytokine release in unstimulated samples remained low (<50 pg/mL) for 
all sample ages investigated (data not shown). Sample aging did not induce 
the release of the anti-inflammatory cytokine IL-10 (all responses < 25 pg/
mL, data not shown). Given the large temperature-dependent effect on LPS-
driven responses, sample storages at 37°C and at room temperature were 
compared in a separate experiment (Figure 1d). The whole blood was stim-
ulated with LPS immediately after blood collection and after 2, 10, and 24 
hours of storage. Sample storage at 37°C resulted in an even more rapid de-
crease in IL-6 and TNFα production compared to room temperature.

Sample aging does not affect cell viability, 
mitochondrial function, or TLR4 expression
Since LPS stimulation results in a mainly monocyte-driven response, and 
SEB and PMA/ionomycin are mainly T-cell stimuli, we hypothesized that 
monocytes are more prone to undergo cell death due to sample aging. 
However, absolute counts of CD3+ T-cells, CD14+ monocytes and granulo-
cytes (as gated in FSC/SSC scatter plot) did not decrease with prolonged 
sample storage (Figure 2A). Also no increase in number of dead cells was 
observed, as measured by propidium iodide staining (data not shown). To 
check whether sample aging rendered the cells apoptotic, annexin V stain-
ings were performed (Figure 2B). For all tested conditions, the percentage 
of annexin V positive cells remained below 5%, demonstrating that nei-
ther monocytes nor T-cells are in a more apoptotic state at the beginning 
of the culture experiments after prolonged sample aging. Next, the effect 
of sample aging on cell functionality was investigated by measurement of 
the mitochondrial membrane potential (MMP), a marker for cellular stress 
(Figure 2C). Also based on MMP, no effect of sample aging was detected that 

Whole blood incubations
Whole blood was simulated for 3 or 24 hours with LPS (2 ng/mL), SEB (100 
ng/mL), or PMA/ionomycin (150 ng/mL and 7.5 µg/mL, resp.). All reagents 
were obtained from Sigma-Aldrich (Deisenhofen, Germany). For intracel-
lular staining, brefeldin A (Thermo Fisher Scientific) was added to the cul-
tures. Cultures were incubated at 37°C and 5% CO2.

PBMC isolation and incubations
PBMCs were collected from CPT samples and washed twice with PBS. 
PBMCs were counted using the MACSQuant 10 analyzer and resuspended 
at 1 × 106 cells/mL in RPMI1640 supplemented with 10% FBS. PBMCs were 
stimulated with 2 ng/mL LPS for 24 hours.

Mitochondrial function
Mitochondrial membrane potential (MMP) was assessed in whole blood cul-
tures after red blood cell lysis with RBC lysis buffer. Leukocytes were in-
cubated with 0.5 µM JC-1 (Mitoprobe kit, Thermo Fisher Scientific) for 15 
minutes. CCCP (10 µM) was used as a positive control. MMP was assessed in 
monocytes and T-cells with a MACSQuant 10 analyzer (Miltenyi Biotec). 
Mitochondrial function was expressed as the mitochondrial membrane po-
tential, calculated as follows:                                                                                            16

Cytokine measurements
IFNγ, TNFα, IL-1β, and IL-6 from whole blood culture supernatants were mea-
sured using the V-plex inflammatory panel-I kit from Meso Scale Discovery 
(Rockville, MD, USA). IL-2 and IL-10 were measured by ELISA (Thermo Fisher 
Scientific).

Results
Sample aging results in a rapid decline of LPS-
driven responses, whereas PMA- and SEB-driven 
are less affected
Whole blood was collected and stored at room temperature or at 4°C until 
incubation experiments were started (immediately after blood collection 
and 0.5, 1, 2, 4, and 10 hours after blood collection). Whole blood cultures 
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release). Interestingly, the effect on LPS-induced TNFα release was oppo-
site between both setting: whereas sample aging reduced TNFα release in 
whole blood (Figures 1 and 4), it strongly enhanced TNFα release in PBMCs 
(Figure 5).

Discussion and conclusions
Human whole blood cultures are widely used for investigation of physio-
logical pathways and drug effects in vitro. Detailed information on the ef-
fect of ‘sample aging’ (the time span between blood collection and exper-
imental start) on the experimental outcome is not readily available in the 
public domain. This is an important knowledge gap, especially since whole 
blood-based pharmacodynamic assays have become increasingly impor-
tant for the guidance of first-in-human clinical pharmacology studies with 
investigational medicinal products. Whole blood challenges are common-
ly applied to study the effect of immunomodulatory compounds on innate 
immune responses, such as ex vivo LPS and PHA stimulations.17-19 No strict 
protocols or criteria apply for such whole blood cultures, and a main fac-
tor that potentially confounds experimental outcome is the ‘sample age’, 
the time span between blood collection and start of the experiment. To 
provide more insight into the effect of sample aging on innate immune re-
sponses induced ex vivo, we stimulated whole blood samples with cell-spe-
cific immune triggers (LPS, PMA/ionomycin, SEB). We studied the effect of 
sample aging on the ability of immune cells to respond to these triggers. 
Whole blood was minimally diluted (9% dilution) to resemble in vivo condi-
tions as close as possible.

Sample aging at room temperature, but also at 4°C or 37°C, profound-
ly inhibited LPS-induced cytokine release. At room temperature, the re-
duction ranged from 20-50% after 30 minutes to 80-100% after 10 hours, 
with the strongest reductions observed for IFNγand the smallest reduc-
tion for IL-6. An LPS-driven cytokine response in whole blood samples is 
mainly monocyte-derived.20 PMA/ionomycin- and SEB-induced cytokine 
release, both mainly T-cell-driven, were also reduced by sample aging but 
to a lesser extent (20-50% after 24 hours). Apparently, in a whole blood set-
ting monocytes are more affected by sample aging than T-cells. PMA/ion-
omycin stimulation of whole blood drives a T-cell response, but also di-
rectly activates monocytes. For example, monocytes produce IL-2 upon 
PMA/ionomycin stimulation.21 We observed IL-6 and TNFα production by 

could explain the significant reductions in LPS-induced cytokine respons-
es. Finally, it was investigated whether the impaired LPS responses in aged 
blood samples could be explained by a reduced recognition of the trig-
ger. However, sample aging did not significantly affect TLR4 expression on 
monocytes (Figure 2D).

Sample aging does not affect the number of 
responding cells
To explore whether the impaired LPS response after sample aging could 
be explained by a reduction in responding number of cells, additional ex-
periments were conducted, but now with intracellular cytokine produc-
tion as endpoint. Whole blood cultures were started directly after blood 
collection, and with a delay of 1 and 4 hours and storage at room tempera-
ture. After LPS stimulation, the percentage of cytokine-producing mono-
cytes was high: approximately 80% produced IL-6, and 95% produced TNFα 
(Figure 3A). T-cells and monocytes remained negative for IFNγ staining 
after LPS stimulation (data not shown).In response to PMA/ionomycin, ap-
proximately 45% of the T-cells produced IL-2 and IFNγ, 30% produced IL-6, 
and 65% produced TNFα (Figure 3b). Monocytes responded to PMA/iono-
mycin as well: approximately 10% produced IL-6, and 20% produced TNFα. 
Importantly, sample aging did not affect the number of monocytes or 
T-cells responding to LPS or PMA/ionomycin (Figure 3A and 3b).

The addition of culture medium does not 
preserve the whole blood response 
To assess whether the addition of culture medium prevents the sample ag-
ing-dependent loss of cellular responsiveness to LPS, RPMI1640 was added 
to the whole blood samples directly after blood collection (Figure 4). The 
addition of RPMI to the blood cultures did not result in preservation of cell 
responsiveness: LPS-induced cytokine responses were affected to the same 
extend by sample aging in the absence and presence of RPMI. To test wheth-
er the sample aging effect could relate to influences of dying granulocytes 
or granulocyte products, an experiment was performed with PBMCs. Cells 
were stimulated with 2ng/ml LPS directly after PBMC isolation (t=0h) or 
after up to 6 hours of aging (Figure 5). The sample aging effect on LPS re-
sponsiveness was comparable between the PBMC experiment (Figure 5) and 
earlier whole blood experiments (Figures 1 and 4) concerning IL-6 (mild re-
duction in cytokine release) and IL-1β (significant reduction in cytokine 
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All the cytokine release experiments described in this manuscript were 
performed with incubation durations of 24 hours. This time span is suffi-
ciently long to not only allow primary LPS-driven responses, but also sec-
ondary leukocyte responses initiated by LPS-induced factors, or even by fac-
tors induced by sample aging. One potentially relevant factor driving sec-
ondary responses are granulocyte-related products. For example, granulo-
cyte contamination in PBMC cultures reduced T-cell responses to PHA and 
fMLP.26 Granulocytes are known to have a short lifespan and to be sensitive 
to sample handling. Spontaneous activation of granulocytes occurs after 
6-8 hours after venipuncture.26 In our experiments, no apoptosis of granu-
locytes was observed in the first 10 hours after sample collection (data not 
shown). Since we did not assess the level of granulocyte activation, it is 
theoretically possible that this may have had an effect on the immune re-
sponses in our whole blood cultures. However, we showed that sample ag-
ing-dependent alterations in some LPS-induced cytokine responses were 
not only observed in whole blood, but also in PBMC cultures, suggesting 
that granulocyte-derived factors alone do not explain the observed effects 
of sample aging.

Significant levels of IFNγ were released upon LPS, SEB and PMA/iono-
mycin stimulation in whole blood cultures. However, intracellular stain-
ing showed that LPS stimulation did not induce IFNγ production in either 
monocytes or T-cells. There are different potential explanations for this 
observation. Possibly, a different cell type accounted for the IFNγ produc-
tion after LPS stimulation, for example NK cells and B cells are known to 
produce IFNγ upon induction of innate immune responses.27 Alternative-
ly, LPS-induced IFNγ release may have been secondary to a primary LPS-
driven effect, and the incubation time for the intracellular cytokine ex-
periments was too short to allow such a secondary response. Further in-
vestigation into this observation falls beyond the scope of this paper. 

These results underline the importance of the use of fresh samples 
when investigating innate immune responses in whole blood. Given the 
ever increasing application of whole blood challenge tests as pharmaco-
dynamic readout measure in early phase clinical pharmacology trials, a 
better understanding of the conditions affecting the outcome of such 
tests is critical. We demonstrated that sample aging primarily affects 
monocyte responses, and that this cannot be explained at the level of cell 
viability or ligand recognition.

monocytes after PMA/ionomycin stimulation. Therefore, the slight re-
duction in IL-6 and TNFα in aged whole blood samples stimulated with 
PMA/ionomycin is probably explained by a lower responsiveness of the 
monocyte fraction, and not of the T-cell fraction.

Previous reports on the effect of sample aging show that monocyte re-
sponses do not diminish after prolonged sample storage.13,14 Schultz et al. 
concluded that prolonged sample storage resulted in a decreased lympho-
cyte response, without affecting monocyte responsiveness.14 However, 
these conclusions were based on intracellular cytokine staining only.In 
our experiments, intracellular cytokine staining also showed that the 
number of LPS-responding cells was not impacted by sample aging, so the 
reduced responsiveness to LPS could not be explained by fewer cells re-
sponding to the trigger. In previous experiments, whole blood cultures 
were diluted with culture medium providing nutrients for the cells,14,22 
which may preserve cell responsiveness during prolonged periods of sam-
ple storage. Therefore, we repeated our experiment with RPMI1640 cul-
ture medium added to the aging samples, but this did not prevent or re-
duce sample aging-dependent decreases in cytokine production.

Since monocytes can die via an apoptotic process in the absence of spe-
cific activation stimuli,23,24 we investigated whether reduced LPS respon-
siveness could be explained by cell death or cellular stress. However, we 
did not find any indication for a sample aging-dependent reduction in 
number of viable immune cells, elevated apoptotic cells, or altered mi-
tochondrial membrane potential. This is in line with literature report-
ing that apoptosis in whole blood cultures only develops after at least 24 
hours of sample storage.3 Since uptake of apoptotic cell fragments may 
suppress the cytokine production by macrophages,25 the conclusion that 
reduced cytokine responses in our experiments do not coincide with cell 
death or cellular stress is informative, and suggests that other physiolog-
ical mechanisms may explain the observed effects of sample aging. We 
also demonstrated that reduced cytokine release in aging samples did 
not correlate with downregulated TLR4 expression, or with an enhanced 
IL-10 production (data not shown). Thus, we speculate that sample aging 
induces an inhibitory pathway downstream from TLR4 in monocytes. 
Alternatively, changes in the expression of cytokine receptors on mono-
cytes may have caused autocrine consumption of cytokines, but this was 
not investigated.
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Figure 1 Cytokine release in whole blood culture supernatants (as % of the response 
at t=0, average plus SD). Whole blood of 3 donors was stimulated for 24 hours with LPS 
(A), PMA/ionomycin (B) or SEB (C). Whole blood of 5 donors was stimulated for 24 hours 
with LPS (D). The x-axis indicates the sample age (time span between blood collection and 
start incubation). Blood was stored at room temperature (continuous line), 4°C (dashed 
line panel A/B/C), or 37°C (dashed line panel D).

Figure 2 Cell viability (cell counts, annexin V, MMP) and TLR4 expression in whole 
blood cultures (average plus SD). In whole blood cultures of 6 donors, absolute cell 
counts (T-cell, monocyte and granulocytenumbers; (A), apoptosis (annexin V-positive 
monocytes; (B), mitochondrial function (MMP for T-cells and monocytes; (C) and TLR4 
expression (TLR4-positive monocytes; (D) were quantified. The x-axis indicates the 
sample age (time span between blood collection and start incubation). Blood was stored 
at room temperature (continuous lines) or 4°C (dashed lines).

a

b

dc
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Figure 3 Cytokine-producing cells in whole blood cultures (average plus SD). Whole 
blood of 5 donors was stimulated for 3 hours with LPS (A) or PMA/ionomycin (B) in the 
presence of brefeldin A to block cytokine secretion. The percentage positive cells for 
intracellular cytokines was quantified for T-cells (continuous lines) and monocytes 
(dashed lines). The x-axis indicates the sample age (time span between blood collection 
and start incubation). Blood was stored at room temperature. T-cells and monocytes 
remained negative for IFNγ staining after LPS stimulation.

a

b

Figure 4 Cytokine release in whole blood culture supernatants; RPMI effect (as 
% of the response at t=0, average plus SD). Whole blood of 3 donors was stimulated 
for 24 hours with LPS in the absence of RPMI (A), or diluted 1:1 with RPMI during aging 
(B). The x-axis indicates the sample age (time span between blood collection and start 
incubation). Blood was stored at room temperature.

a

b
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Figure 5 Cytokine release in PBMC culture supernatants (as % of the response at t=0, 
average plus SD). Isolated PBMCs of 2 donors were stimulated for 24 hours with 2 ng/
ml LPS directly after isolation or after aging up to 6 hours in RPMI + 10% FBS. The x-axis 
indicates the sample age (time span between PBMC isolation and start incubation). Cells 
were stored at room temperature. For IFNγ most samples remained below LLOQ. 
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Abstract 
In mice vaccination with Streptococcus pneumoniae results in an increase in 
anti-oxLDL IgM antibodies due to mimicry of anti-phosphorylcholine (pres-
ent in the cell wall of S. pneumoniae) and anti-oxLDL IgM. In this study we 
investigated the human translation of this molecular mimicry by vacci-
nation against S. pneumoniae using the Prevenar-13 vaccine. Twenty-four 
healthy male volunteers were vaccinated with Prevenar-13, either 3 times, 
2 times or once in a double blind, placebo controlled, randomized single 
center clinical study. Anti-pneumococal wall, oxLDL and phosphorylcho-
line antibody levels were measured at a fixed serum dilution, as well as cir-
culating lipid levels in the course of 68 weeks. A significant increase in anti-
oxLDL IgG and IgM is seen in the group receiving two doses 6 months apart 
compared to placebo. However, these differences were not observed in the 
groups receiving a single dose, two dosages 1 month apart, or three dosag-
es. This study shows that vaccination with Prevenar-13 does not result in ro-
bust anti-oxLDL IgM levels in humans. Further research would be required 
to test alternative pneumococcal-based vaccines, vaccination regimens or 
study populations, such as cardiovascular disease patients. 

Graphical abstract 

Figure is created using biorender.com.
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Autoantibodies against PC are also found in man, where low levels of PC-
IgM autoantibodies correlate with a higher incidence of cardiovascular dis-
ease.22-25 Moreover, pneumococcal-specific IgG and oxLDL-specific antibody 
titers correlated significantly in subjects who had received pneumococcal 
vaccination,26 although there are also reports of an absent effect of pneu-
mococcal vaccination on oxLDL-specific IgM levels.27 

The present proof-of-concept study investigated the human trans-
lation of the observed effects of pneumococcal immunization in mice. 
Healthy human volunteers were vaccinated with a 13-valent conjugated 
pneumococcal vaccine (Prevenar-13®), and the induction of PC- and oxLDL-
specific antibodies was measured. 

Materials and Methods
This was a double-blind, randomized, placebo controlled, parallel, single 
center study with twenty-four healthy males between 18 and 45 years of 
age. The study was performed at the Centre for Human Drug Research in 
Leiden, The Netherlands. Participants were recruited via advertisements 
and social media. Participants were assessed to be generally healthy based 
on a complete medical screening and had no previous exposure to the 
13-valent pneumococcal vaccine. All participants gave written informed 
consent prior to any study-related activity. The study was approved by the 
Ethics Committee of the Leiden University Medical Centre (LUMC) and dec-
laration of Helsinki principles were followed. The study is registered in the 
Dutch Trial Registry (Nederlands Trial Register, NTR) under study number 
NTR5643 and took place for all participants simultaneously between March 
2016 and October 2017. This study was funded by the European Union, call 
FP7-HEALTH-2013-INNOVATION, project ID 603131.

Vaccination schedule
The 13-valent conjugated pneumococcal vaccine (Prevenar-13®) used in this 
study was from a single batch (batch no. MU7958). The presence of residual 
PC in the vaccine preparation was confirmed by ELISA using the PC-specific 
mAb IgM E06. Placebo consisted of 0.9% NaCl solution. Since there are clear 
visual differences between these vaccinations, three physicians were un-
blinded for administration of the vaccine. These physicians were not oth-
erwise involved in the study. Vaccinations took place at 3 time points: at 

Introduction
Oxidized LDL (oxLDL) particles play a key role in the etiology of atheroscle-
rosis.1 In the vessel wall, oxLDL is recognized and phagocytosed by macro-
phages primarily via scavenger receptors leading to foam cell formation.2 
Macrophage foam cells are hall mark cells of atherosclerotic lesions and 
participate in the inflammatory responses that mediate smooth muscle 
cell migration and proliferation and extracellular matrix production, and 
thereby stimulate atherosclerotic plaque progression. 

Several mouse studies showed that IgM antibodies against oxLDL are 
atheroprotective.3,4 IgM antibodies against oxidized particles facilitate 
the clearance of apoptotic cells, thereby promoting the resolution of in-
flammation.5,6 Additionally, these antibodies neutralize the proinflam-
matory effects of oxidized phospholipids.7,8 Inhibition of scavenger re-
ceptor-mediated oxLDL uptake by macrophages prevents the formation 
of foam cells and subsequent progression of atherosclerotic plaque for-
mation.3,9 In clinical studies, oxLDL-specific IgM has been reported to be 
a protective factor for atherosclerosis development, correlating with car-
diovascular disease incidence and clinical outcome.10-13

In contrast to IgM, the role of oxLDL-specific IgG in atherosclerosis is 
thought to be atherogenic. OxLDL-IgG complexes have been shown to in-
duce survival of plaque-resident monocytes14 and secretion of proathero-
genic cytokines by mast cells.15 Clinical studies showed a correlation be-
tween oxLDL-IgG antibodies and acute coronary syndrome, suggesting an 
untoward role of this antibody in plaque destabilization.16 In human, ox-
LDL-specific IgG antibody titers correlated inversely to the oxLDL serum 
concentration17 and, in mouse, serum cholesterol levels,18 which suggests 
that oxLDL-specific IgG facilitates phagocytosis of oxLDL by macrophages.

Mouse experiments showed that certain IgM clones binding oxLDL bind 
phosphorylcholine (PC) of oxidized – but not unoxidized – phospholipids.3,19 
Importantly, Binder et al. showed in Ldlr knockout mice that vaccination 
against Streptococcus Pneumoniae using pneumoccocal extracts induced 
high titers of oxLDL-specific IgM, subsequently leading to a decrease in 
atherosclerotic lesions.19 This effect was explained by the fact that PC is 
present as part of the capsular polysaccharide of S. Pneumoniae. Moreover, 
immunization with PC conjugated to carrier proteins also induced oxLDL-
IgM and decreased the extent of atherosclerosis in ApoE knockout mice.20,21
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variables were analyzed with a mixed model analysis of variance with fixed 
factors treatment group, time and the interaction of treatment group and 
time as fixed factor and subject as random factor. Primary endpoints (pre-
venar-specific Ig levels, oxLDL-specific Ig levels and PC-specific Ig levels) 
were compared between treatment groups for the 0-4 week window, the 
4-28 week window, and the 28-68 week window. As a secondary endpoint, 
lipid levels in circulation were measured. Estimated differences were cal-
culated between the groups. A positive value indicates a higher estimated 
value for the active group, a negative value indicates a lower value for the 
active group. The analysis was performed in SAS v9.4 (SAS Institute, Cary, 
NC, USA).

Results
Twenty-four healthy volunteers were included in the study, baseline char-
acteristics can be found in table 1. One subject withdrew consent after two 
weeks for non-study related reasons (Figure 1). This subject was random-
ized to the active-active-placebo treatment arm and was not replaced.

anti-Prevenar antibodies
Prevenar-specific IgG was significantly increased in all subjects who re-
ceived any active treatment compared to placebo treated subjects, see table 
II and figure 2A. Prevenar-specific IgM was significantly increased in subject 
who received any active treatment up to 28 weeks, however after 68 weeks 
only subjects receiving three active doses had a significantly increased IgM 
level compared to placebo.

anti-oxLDL and anti-PC antibodies
No difference was observed in PC-specific IgG levels compared to place-
bo, for any of the active treatment groups. Similarly, no difference was ob-
served for PC-specific IgM levels between active treatment groups and pla-
cebo, with the exception of IgM levels being higher in the APA group com-
pared to PPP during the study period(ED: 9409.7, 95% CI: 3227.5 - 15591.9, 
P=0.005) (figure 3). There were no differences in oxLDL-specific IgG and 
IgM antibodies between active and placebo treated subjects up to 28 weeks. 
However, at 68 weeks, subjects who received an active treatment at base-
line and after 28 weeks (APA) had an increased oxLDL-specific IgG level 

baseline, at 4 weeks and at 28 weeks. Subjects were randomized in a con-
secutive order based on eligibility. The randomization code was generated 
using SAS v9.4 for Windows (SAS Institute Inc., Cary, NC, USA) by an indepen-
dent statistician. The randomization code was only made available for data 
analysis after study completion. There were five different treatment arms, 
as displayed in figure 1. In the mouse study 3 immunizations were enough 
for oxLDL-specific IgM induction. In the mouse study proteinase treated  
S. Pneumoniae extracts were used. In this design, the power to detect differ-
ences between placebo and active treatment arms was optimized between 
baseline and at the 28 week time point (PP vs. AA vs. AP, n=8 per group).

Antibody measurements
K2EDTA plasma antibody levels to Prevenar, PC-BSA, and CuSO4-oxidized 
LDL (oxLDL) were measured by chemiluminescent ELISA as reported previ-
ously.28 In brief, Prevenar (Pfizer) was coated at 1:5000, PC-BSA (Biosearch 
Technologies) and oxLDL at 5 ug/ml in PBS/EDTA. IgM antibodies were mea-
sured at a dilution of 1:500 and IgG antbodies at 1:1000. Binding of IgG sub-
classes to Prevenar was measured at a dilution of 1:100 and to PC-BSA at 
1:100 for IgG3 and IgG4, and 1:500 for IgG2. Serum levels of total choles-
terol, low density lipoprotein (LDL), high density lipoprotein (HDL) and tri-
glycerides were measured by the chemistry lab of the Leiden University 
Medical Center on the Cobas P800 analyzer (Hoffmann-La Roche, Basel, 
Switzerland).

Power calculation
In man, the median anti-oxLDL IgG levels in the healthy, unvaccinated pop-
ulation is around 50 U/l, with an interquartile range of around 25-75 U/l.26 
Anticipating an immune response minimally resulting in a 5-fold rise in 
IgG and IgM antibody levels, and based on an inter-subject variability of 
50% in basal IgG and IgM levels,19,24,26 a sample size of 4-8 subjects per group 
(dependent on the contrast) will be sufficient to meet the study objectives. 
This was a conservative approach considering in the magnitude of the ox-
LDL-specific IgM response observed in the murine model.19

Statistical analysis
Data are presented as mean ± standard deviation (SD). In case of non-nor-
mal distribution, parameters were log-transformed. Repeatedly measured 
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oxLDL-specific IgG serum levels.17 Binder et al.19showed S. Pneumoniae im-
munization in mice induced a much stronger oxLDL-specific IgM response 
than an oxLDL-specific IgG response (100.000 vs 10.000 RLU/100ms). The 
current clinical data are at odds with this observation, though the observed 
anti-oxLDL responses in the APA group may indicate that the timing of vac-
cination could be important. 

Previous studies have investigated the 23-valent polysaccharide pneu-
mococcal vaccine as a means to elicit oxLDL-specific antibodies in man, 
with conflicting results.26,27,29 One study reported that after vaccination 
with the 23-valent vaccine, an increased oxLDL-specific IgG antibody titer 
was observed compared to healthy, unvaccinated individuals (248 U/l vs. 
55 U/l). An effect of vaccination on IgM was not reported. In the other 
two studies, no association between vaccination status and oxLDL-specif-
ic antibodies was observed. There are, however, key differences between 
these studies and the present study. First, patients in all three referenced 
studies only got a single vaccination, whereas in the present study, up to 3 
vaccinations were given. Second, there is a major difference between the 
23-valent polysaccharide vaccine that was used in these studies and the 
13-valent polysaccharide conjugate vaccine that was used in the present 
study. The latter is constituted of cell wall polysaccharides that have been 
conjugated to a protein. The 13-valent vaccine is thereby considered to 
be more powerful in eliciting an antibody response against Streptococcus 
pneumoniae.30,31 These data were the basis for the selection of the 13-valent 
vaccine for the current clinical study. 

Although the sample size per group was relatively small in the cur-
rent study (n=4 for treatment groups, n=8 for placebo), the study was suf-
ficiently powered to detect Prevenar-13-induced rises in IgM titers, had 
these occurred as in the murine experiments.19

The induction of anti-pneumococcal wall saccharide antibodies dem-
onstrates that the 13-valent vaccine was effective for its intended use. 
However, the vaccine did not elicit a robust oxLDL-specific IgM response, 
as observed in mouse experiments. One explanation for the poor induc-
tion of oxLDL-specific antibody responses by Prevenar 13 may be that the 
murine immune response is poorly translatable to humans. Human and 
mice have numerous discrepancies in their innate and adaptive immune 
systems, such as cytokine receptor and costimulatory molecule expres-
sion and function.32,33 Moreover, murine studies are commonly performed 

compared to subjects receiving 3 placebo injections (PPP) with an estimat-
ed difference (ED) of 9913 (95% CI: 3141 - 16686; p=0.007). As shown in figure 
2B difference between these groups was also observed for oxLDL-specific 
IgM levels (ED: 12235, 95% CI: 4179 - 20290; p=0.005).

Lipids
The levels of total cholesterol (A), LDL (B), HDL (C) and triglycerides (D) of all 
groups during the study are depicted in Figure 3. No significant differenc-
es were found between treatment groups, with the exception of subjects 
receiving a single active treatment at the beginning of the study (APP) had 
a significant higher triglyceride level compared to placebo (PPP) (ED: 7.9%, 
95%CI 18 % - 171%; p=0.009).

Discussion
The present study evaluated the effect of a 13-valent conjugate pneumo-
coccal vaccine on the induction of anti-oxLDL and anti-PC antibodies and 
cholesterol levels in humans. Several vaccination regimens were tested, 
where subjects received either 1, 2 or 3 doses of Prevenar-13 over a period 
of 28 weeks compared to placebo. Despite the induction of an adequate 
anti-Prevenar 13 antibody response, there was no evident induction of ei-
ther PC-specific or oxLDL-specific antibodies. Prevenar-13 immunization in-
duced a significant IgG2 response when subject were immunized at least 
twice, while levels of IgG3 and IgG4 were not altered (Figure S1). In one ac-
tive treatment group a statistically significant difference in PC-specific and 
oxLDL-specific antibody levels was observed compared to placebo. This oc-
curred in the group receiving two doses of the vaccine at the start of the 
study and after 28 weeks (APA). A significant increase in PC-specific IgM and 
oxLDL-specific IgM and IgG was observed at 68 weeks. Interestingly, we 
observed a significant increase in PC-specific IgG3 for the group receiving 
two vaccinations 4 weeks apart (AAP) compared to placebo (PPP) (Figure S1 
panel B). Elevated oxLDL-specific IgM is believed to be atheroprotective,10-13 
but the role of oxLDL-specific IgG levels is not fully elucidated. Laczik et 
al.16 show that increased oxLDL-specific IgG levels correlate with acute cor-
onary syndrome, while immunization with oxLDL, resulting in an increase 
in oxLDL-specific IgG, resulted in decreased plaque development in sever-
al mouse models.18 Furthermore, oxLDL levels are inversely correlated with 
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in inbred strains, with limited genetic variability between mice. This, 
and the fact that mice are kept in a more sterile environment, results in 
a smaller immune diversity compared to man.34 On the other hand, the 
mild but significant induction of oxLDL-specific antibody responses in 
one active treatment group (APA) does support further clinical investiga-
tion of mimicry between pneumococcal vaccination and oxLDL.

In summary, vaccination of humans with Prevenar-13 did not signifi-
cantly increase PC-specific antibodies and oxLDL-specific antibodies nor 
resulted in significant changes in plasma lipids. Nevertheless, subgroup 
analyses suggested an induction of PC-specific and oxLDL-specific IgM and 
IgG in individuals receiving two doses 6 months apart. Future research 
should investigate alternative pneumococcal vaccines (driving more sig-
nificant anti-PC antibody responses), vaccination regimens, or study pop-
ulations to confirm or refute the hypothesis that molecular mimicry un-
derlying pneumococcal-driven anti-oxLDL responses as observed in mice 
occur in man.

Table 1 Baseline characteristics

N=24

Age (years) 28.5 ±8.5

Gender male (%) 100

Ethnicity Caucasian (%) 100

Height (cm) 180.5 ±5.3

Weight (kg) 75.0 ±11.0

BMI (kg/m2) 23.0 ±3.2

Heart rate (min⁻1) 58.5 ±9.0

Systolic blood pressure (mmHg) 123 ±9.3

Diastolic blood pressure (mmHg) 75.1 ±6.7

Table 2 Estimated differences for prevenar-specific IgG and IgM levels

IgG IgM

ED CI95 P value ED CI95 P value

0-4 weeks  
(A vs P)

19187.8 14098.7 
-24276.9

<.0001 13128.5 5356.9 
-20900.1

0.0020

4-28 weeks 
(AP vs PP)

16656.9 11626.7 
-21687.1

<.0001 5480.2 1143.1–
9817.3

0.0158 

4-28 weeks 
(AA vs PP)

17155.5 12449.3 
-21861.7

<.0001 9272.0 4568.5 
-13975.5

0.0005

28-68 weeks 
(AAA vs PPP)

22733.6 17512.7 
-27954.5

<.0001 8189.1 1407.0 
-14971.1

0.0209

28-68 weeks 
(AAP vs PPP)

18439.7 12869.1 
-24010.2

<.0001 10320.1 -23.1 
-20663.3

0.0505

28-68 weeks 
(APA vs PPP)

25805.3 19200.6 
-32409.9

<.0001 987.0 -6717.0–
8691.0

0.7903

28-68 weeks 
(APP vs PPP)

17116.7 11720.9 
-22512.5

<.0001 2233.9 -4392.3–
8860.1

0.4862

ED=estimated difference, A=active, P=placebo
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Figure 2 Anti-prevenar (quantified by antibodies against pneumococcal wall 
saccharide) (A), anti-phosphorylcholine (B) and anti-oxLDL responses (C) Mean + SD.  
N=4 per group, n=3 for AAP group and n=8 for PPP group. RLU/100ms: relative light 
units/100ms ‘A’: active treatment, ‘P’: placebo treatment. Dotted lines indicate 
vaccination times (baseline, 4 weeks, 28 weeks). Statistical analysis using a mixed model 
analysis of variance with fixed factors: treatment group and time, and the interaction of 
treatment group and subject as random factor.

a

b

c

Figure 1 Study flowchart.
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Figure 3 Cholesterol, LDL, HDL and triglycerides plasma levels (mean + SD). N=4 
per group, n=3 for AAP group and n=8 for PPP group. ‘A’: active treatment, ‘P’: placebo 
treatment. Dotted lines indicate vaccinations (baseline, 4 weeks, 28 weeks). Statistical 
analysis using a mixed model analysis of variance with fixed factors: treatment group 
and time, and the interaction of treatment group and subject as random factor.

c d

a b

All mentioned supplementary figures and tables in this chapter can be found on 
the corresponding website by scanning this QR code.
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Abstract
Based on its wide range of immunosuppressive properties, hydroxychlo-
roquine (HCQ) is used for the treatment of several autoimmune diseases. 
Limited literature is available on the relationship between HCQ concentra-
tion and its immunosuppressive effect. To gain insight in this relationship 
we performed in vitro experiments in human PBMCs and explored the ef-
fect of HCQ on T and B cell proliferation and Toll like receptor (TLR)3/TLR7/
TLR9/RIG-I-induced cytokine production. In a placebo-controlled clinical 
study these same endpoints were evaluated in healthy volunteers that were 
treated with a cumulative dose of 2400 mg HCQ over 5 days. In vitro, HCQ in-
hibited TLR responses with IC50s >100 ng/mL and reaching 100% inhibition. 
In the clinical study, maximal HCQ plasma concentrations ranged from 75 
to 200 ng/mL. No ex vivo HCQ effects were found on RIG-I-mediated cyto-
kine release, but there was significant suppression of TLR7 responses and 
mild suppression of TLR3 and TLR9 responses. Moreover, HCQ treatment 
did not affect B cell and T cell proliferation. These investigations show that 
HCQ has clear immunosuppressive effects on human PBMCs, but the effec-
tive concentrations exceed the circulating HCQ concentrations under con-
ventional clinical use. Of note, based on HCQ’s physico-chemical proper-
ties, tissue drug concentrations may be higher, potentially resulting in sig-
nificant local immunosuppression.

This trial is registered in the International Clinical Trials Registry 
Platform (ICTRP) under study number NL8726

Chapter 7 HCQ suppresses the immune system in vitro but has limited effects in vivo
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stimulation, but not after TLR7/8 stimulation.13 Moreover, influenza an-
tibody titers after vaccination in Sjögren’s syndrome patients receiving 
HCQ were lower compared to HCQ naïve patients.15 Unfortunately, little ad-
ditional literature is available on the in vivo immunomodulatory effects of 
HCQ and comparing it to in vitro experiments. 

We aimed to assess and quantify the immunomodulatory effects of HCQ 
on primary human immune cells, both in vitro and ex vivo in a randomized 
clinical trial. We assessed the effect of HCQ on cytokine production after 
endosomal TLR stimulation in isolated PBMCs and on T and B cell prolifer-
ation (in vitro as well as ex vivo). In the clinical trial, healthy subjects were 
dosed with HCQ in the standard dosing regimen for moderate-to-severe 
COVID-19 that was advised in the Netherlands when the study was con-
ceived. In the study design, we accounted for a potential age effect on the 
study outcomes, since general immunocompetence and drug metabolism 
has been reported to be age-dependent.19,20 Here we present the outcomes 
of the in vitro experiment and the randomized clinical trial. 

Methods 
In vitro experiments
Blood was collected by venipuncture using Sodium Heparin vacutainer 
tubes or Cell Preparation Tubes (CPT, Becton Dickinson, Franklin Lakes, 
NJ, USA) from healthy volunteers after written informed consent, in ac-
cordance with Good Clinical Practice guidelines and the Declaration of 
Helsinki. Blood was used for the evaluation of the in vitro immunomodu-
latory activity of hydroxychloroquine (10 - 10,000 ng/mL, Sigma-Aldrich, 
Deisenhofen, Germany). All experiments were started within one hour 
after blood withdrawal, and incubations were performed in duplicate. 
Hydroxychloroquine and stimulant were added simultaneously. Per exper-
iment, blood of 6 donors was used.

Clinical study
We conducted a single-blind, randomized, placebo-controlled multiple 
dose study in forty healthy male volunteers, comprising twenty young (18-
30 years) and twenty elderly (65-75 years) subjects. The study was conduct-
ed at the Centre for Human Drug Research in Leiden, The Netherlands, 
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Introduction 
Hydroxychloroquine (HCQ) is a broad immunosuppressive drug, initially 
developed as an anti-malarial drug. However, due to its anti-inflammato-
ry properties, HCQ is now widely used in the treatment of autoimmune 
diseases such as rheumatoid arthritis (RA),1 systemic lupus erythematosus 
(SLE)2 and Sjögren’s syndrome.3 The use of HCQ in other diseases has been 
under investigation, a pilot trial investigating the use of HCQ in patients 
after myocardial infarction showed a decrease in plasma IL-6 levels com-
pared to placebo, and a larger trial studying the effect on recurrent cardio-
vascular events is currently ongoing.4 Furthermore, HCQ was under inves-
tigation for use in moderate to severe COVID-19 patients during the COVID-
19 pandemic.5

The exact mechanisms behind HCQs immunosuppressive functions re-
main unclear. HCQ accumulates in the lysosomes and inhibits lysosomal 
function by autophagosome fusion with lysosomes,6 thereby inhibiting 
antigen presentation.7,8 In addition, HCQ inhibits pro-inflammatory cyto-
kine production by myeloid cells, possibly via the inhibition of endosom-
al Toll-like receptor (TLR) signalling.9 It has been shown that HCQ treat-
ment is associated with decreased interferon (IFN)α serum levels in SLE 
patients.10 Furthermore, several studies investigating the effect of HCQ on 
peripheral blood mononuclear cells (PBMCs) or cell lines show that HCQ 
treatment reduces phorbol 12-myristate 13-acetate (PMA) and ionomycin 
or lipopolysaccharide induced cytokine production.11-13

Besides effects on the innate immune system, HCQ affects the adaptive 
immune response as well. It has been shown that HCQ inhibits differen-
tiation of class-switched memory B cells into plasmablasts and thereby 
decreases IgG production in response to TLR9 stimulation or inoculation 
with inactivated virus.14,15 HCQ inhibits T cell activation as well, via the in-
hibition of T cell receptor induced calcium mobilization and dysregula-
tion of mitochondrial superoxide production.16-18

However, the concentrations used in such in vitro experiments study-
ing the immunomodulatory effects of HCQ largely exceeded obtainable 
clinical concentrations in patients. A study in cutaneous lupus erythe-
matosus patients receiving HCQ in clinical doses showed that higher HCQ 
blood levels corresponded with lower ex vivo IFNα responses after TLR9 
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2400 mg. This reflected the standard dosing regimen for moderate-to-se-
vere COVID-19 patients in the Netherlands when the study was conceived 
(total dose between 2000 and 3800 mg). 

Pharmacokinetic evaluation
For pharmacokinetic (PK) assessments, blood was collected in 3 mL Vac-
utainer® K2EDTA tubes (Becton Dickinson) on study day 0 (baseline and 3 
hours post-dosing), and day 1, 4 and 9 (3 hours post-dosing). Hydroxychloro-
quine plasma concentrations were measured by Ardena Bioanalytical Lab-
oratory (Assen, the Netherlands) using a validated LC-MS/MS method. The 
lower limit of quantification (LLOQ) of the analysis was 5 ng/mL.

Whole blood stimulation
Whole blood was stimulated with 10 µg/mL phytohemagglutinin (PHA, 
Sigma-Aldrich) for 6 hours and 24 hours. After 6 hours, activation markers 
on T-cells were measured using CD69-APC (clone: REA824), CD71-FITC (clone: 
REA902), CD154-VioBlue (REA238) and CD25-PE (clone: 3G10), CD3-VioGreen 
(REA613), CD4-APC-Vio770 (REA623) and CD8-PE-Vio770 (REA734) antibod-
ies and propidium iodide as viability dye (all Miltenyi Biotec, Bergisch-
Gladbach, Germany) using a MACSQuant 16 analyzer (Miltenyi Biotec). 
After 24 hours, culture supernatants were collected for cytokine analysis. 

PBMC isolation and TLR stimulation 
PBMCs were isolated from CPT after centrifugation at 1800 x g for 30 min-
utes, and washed 2x using phosphate buffered saline (PBS, pH 7.2, Gibco, 
Thermo Fisher, Waltham, MA, USA). PBMCs were stimulated with endosom-
al TLR ligands PolyI:C (TLR3, 50 µg/mL), imiquimod (TLR7, 1 µg/mL), CpG 
class A (TLR9, oligodeoxynucleotides [ODN] 2.5 µM) and PolyI:C/lyovec (RIG-
I, 1 µg/mL; all Invivogen, Toulouse, France). Supernatants were collected 
after 24 hours for cytokine quantification. 

Proliferation assay
PBMCs were stained with 2.5µM cell trace violet (CTV, Thermo Fisher) ac-
cording to user’s manual. T cells were stimulated with 5 µg/mL phytohe-
magglutinin (PHA), and B cells with a monoclonal CD40 antibody (5 µg/mL; 
clone: G28.5, BioXCell) and CpG class B (2.5 µM; ODN Invivogen). After 5 days 
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between June and September 2020, during the COVID-19 pandemic. All 
subjects in the clinical trial gave written informed consent according to 
Declaration of Helsinki recommendations, prior to any study-related ac-
tivity. The study was approved by the Independent Ethics Committee of 
the Foundation ‘Evaluation of Ethics in Biomedical Research’ (Stichting 
Beoordeling Ethiek Biomedisch Onderzoek, Assen, The Netherlands) and 
registered in the Toetsingonline Registry (study number NL73816.056.20), 
and in the International Clinical Trials Registry Platform (NL8726).

Volunteer selection
To avoid sex-related inter-individual variability in immune responses, only 
male subjects were included.21 Subjects were included if they were overtly 
healthy. The health status of subjects was assessed by medical screening, in-
cluding medical history, physical examination, vital signs measurements, 
12-lead electrocardiography (ECG), urine analysis, drug screen and safety 
chemistry, coagulation, and hematology blood sampling. BMI of study par-
ticipants had to be between 18 and 32 kg/m2. Subjects with a known hyper-
sensitivity reaction to chloroquine, HCQ or other 4-aminoquinolines, ab-
normalities in the resting ECG (including QTcF-interval >450ms), evidence 
of any active or chronic disease or condition (including long QT syndrome, 
retinal disease, G6PD deficiency, autoimmune diseases, diabetes mellitus 
type I or II, psychiatric disorders) or a positive SARS-CoV-2 PCR test were ex-
cluded from study participation. Use of concomitant medication was not 
permitted during the study, and 14 days (or 5 half-lives) prior to the study 
drug administration, except for paracetamol.

Study design
Subjects were randomized to receive either hydroxychloroquine sulphate 
(plaquenil®) or placebo tablets, in a 1:1 ratio. Tablets were dispensed by the 
pharmacy, according to a randomization list generated by a study-indepen-
dent statistician. Plaquenil® and placebo tablets were packaged in the same 
way but the tablets were not indistinguishable, study drug administration 
was therefore performed by dedicated unblinded personnel not involved 
in any other study tasks. Subjects received HCQ or placebo by a loading dose 
of 400 mg twice daily (t=0h and t=12h) followed by a 400 mg once daily 
dose regimen (t=24h, t=48h, t=72h, and t=96h), giving a cumulative dose of 
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All calculations were performed using SAS for windows V9.4 (SAS Institute, 
Inc., Cary, NC, USA).

Results
Hydroxychloroquine suppressed endosomal  
TLR-induced IFNα and IL-6 release in vitro 
PBMCs were stimulated with endosomal TLR ligands in the presence of a 
dose range of HCQ for 24 hours, and supernatants were analyzed for IRF-
mediated IFNα and for NFκB-mediated IL-6 secretion. PBMCs were stim-
ulated with different endosomal TLR ligands: poly I:C (TLR3), imiquimod 
(TLR7), CpG class A (TLR9) and poly I:C lyovec (RIG-I). HCQ dose-dependently 
inhibited endosomal TLR-induced IFNα and IL-6 secretion (Figure 1). Poly 
I:C-induced IFNα and IL-6 release was strongly suppressed at 10.000 ng/
mL (IFNα: -83.9%, IL-6: -96.6%, IC50 IL-6=637.2 ng/mL). Imiquimod (IMQ)-
induced cytokine release was completely suppressed at the highest con-
centration (IFNα: -96.3%, IL-6: -96.3%, IC50 IFNα: 695.8 ng/mL, IL-6: 237.9 
ng/mL). The same was observed for stimulation with CpG class A, IFNα was 
suppressed by 99.6% with an IC50 of 145.3 ng/mL, and IL-6 was suppressed 
by 96.4%, with an IC50 of 86.9 ng/mL. The RIG-I response to poly I:C/lyovec 
was less affected by HCQ, while IFNα release was suppressed by 66.1% at 
10,000 ng/mL HCQ, IL-6 release was not significantly altered. 

HCQ inhibited B cell proliferation but not T cell 
proliferation in vitro
PBMCs were stimulated with phytohaemagglutinin (PHA) or monoclonal 
anti-CD40 with CpG-B to induce T cell and B cell proliferation respectively, 
in the presence of a dose range of HCQ. No effect of HCQ was seen on T cell 
proliferation (Figure 2A). Also, no effects were observed on T cell activation 
markers after PHA stimulation for 6 hours (Figure S1). At HCQ concentra-
tions >100 ng/mL, a decrease in B cell proliferation was observed, with an 
IC50 of 1138 ng/mL (Figure 2B).

Clinical study
Demographics and safety

Of the 40 enrolled and randomized healthy subjects, 20 received a cumula-
tive dose of 2400 mg HCQ in 5 days and 20 received placebo (Figure 3). The 
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of stimulation PBMCs were stained using, CD4-PE (clone: OKT4), CD8-APC 
(clone: HIT8a), CD19-PE (clone: HIB19, all Biolegend, San Diego, CA, USA) and 
fixable viability dye eFluor780 (Thermo Fisher) and proliferation was quan-
tified by flow cytometry, using the MACSQuant 16 analyzer. 

Flow cytometry
Circulating leukocyte subsets were analyzed using flow cytometry. Red 
blood cell lysis was performed on sodium heparinized blood using RBC 
lysis buffer (Thermo Fisher Scientific). After washing with PBS (pH 7.2), leu-
kocytes were incubated with fluorochrome-labeled antibodies for 30 min-
utes on ice. After a final washing step, leukocytes were measured on a 
MACSQuant 16 analyzer (Miltenyi Biotec). See supplemental table I for a 
full list of antibodies used.

Cytokine measurements 
IFNγand IL-2 were quantified using the Vplex-2 kit (Meso Scale Discovery). 
IFNα and IL-6 were quantified using the pan-specific IFNα ELISApro HRP kit 
and the IL-6 ELISApro HRP kit (both Mabtech, Nacka Strand, Sweden). 

Statistical analysis
In vitro data are reported as mean ± standard deviation (SD). The IC50 was 
calculated using a inhibitory sigmoid Emax function where applicable. 
Analyses were performed using Graphpad Prism version 6.05 (Graphpad, 
San Diego, CA, USA). 

Repeatedly measured pharmacodynamic data were evaluated with a 
mixed model analysis of variance with fixed factors treatment, age group, 
time, treatment by time, age group by time, treatment by age group and 
treatment by age group by time and a random factor subject and the aver-
age pre-value as covariate. If needed, variables were log transformed be-
fore analysis. Contrasts between the placebo and HCQ treatment groups 
were calculated per endpoint. In addition, a potential age-specific HCQ ef-
fect was evaluated by comparing the 18-30 years with the 65-75 years age 
group. For the contrasts, an estimate of the difference (back-transformed 
in percentage for log transformed parameters), a 95% confidence inter-
val (in percentage for log-transformed parameters), Least Square Means 
(geometric means for log transformed parameters), and the p-value were 
calculated. A p-value ≤ 0.05 was considered to be statistically significant. 
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(pDCs, HLA-DR+CD14-CD16-CD123+) no differences were found between treat-
ment groups. Also, between both age groups, no evident HCQ effects were 
observed (Table S3). 

In vivo hydroxychloroquine suppressed IFNα secretion following 
TLR7 stimulation, but not after TLR3, TLR9 or RIG-I-like receptor 
stimulation

To study the effects of HCQ on TLR/RIG-I-mediated IRF activation, PBMCs 
were stimulated with different endosomal TLR ligands: poly I:C (TLR3), im-
iquimod (TLR7), CpG class A (TLR9) and poly I:C lyovec (RIG-I). Overall, no 
HCQ effect was observed on IFNα responses (Figure 5), except for a signifi-
cant suppression of IMQ-driven IFNα production (inhibition of -48.2%, CI95 
-72.1%– -4.0%, p=0.038). Poly I:C-driven IFNα release also appeared to be sup-
pressed by HCQ, but not significantly (inhibition -34.2%, CI95 -57.7% - 7.5%, 
p=0.091). No differences in HCQ effect on IFNα responses were observed be-
tween the young and elderly population (Figure S3). 

In vivo hydroxychloroquine significantly suppressed IL-6 secretion 
after TLR7 stimulation, but not following TLR3, TLR9 or RIG-I-like 
receptor stimulation 

Activation of NFκB signaling via endosomal TLR and RIG-I-like ligands was 
assessed by measuring downstream IL-6 production (Figure 6). HCQ signif-
icantly suppressed IMQ-driven IL-6 production (inhibition of -71.3%, CI95 
-84.7%– -46.1%, p=0.0005). No significant HCQ effects were observed on IL-6 
production driven by CpG A (TLR9) and poly I:C (TLR3) stimulations (inhi-
bition of -35.9%, CI95 -60. 3%– 3.6%, p=0.068 and -37.7%, CI95 -62.6% - 3.7%, 
p=0.067, respectively). No differences in HCQ effect on IL-6 responses were 
observed between the young and elderly population (Figure S3).

In vivo hydroxychloroquine did not alter T cell activation

To further investigate the potential immunomodulatory effect of HCQ on 
T cell activation, whole blood samples were incubated with PHA, which is 
known to induce a general T cell response.23 HCQ treatment did not mod-
ulate expression of T cell activation markers (CD25, CD69, CD71, CD154) fol-
lowing PHA-stimulation (Figure S3). In addition, PHA-induced secretion of 
IL-2 and IFNγwas assessed, no apparent differences were observed between 
HCQ and placebo (Figure S4). 
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different age groups (18–30 and 65–75 years) were of equal size. Baseline 
characteristics are described in Table 1. All subjects completed their study 
treatment. One subject in the 65–75 years group erroneously took an addi-
tional 400 mg dose of HCQ on study day 2, after which the subject received 
400 mg doses (once daily) for two consecutive days to not exceed the cu-
mulative dose of 2400 mg.

Treatment-emergent adverse events were transient, of mild severity 
and did not lead to study discontinuation. Adverse events were report-
ed more often by subjects in the active treatment arm (50%) compared to 
placebo (35%). Gastrointestinal complaints (20%) and dizziness (15%) were 
the most frequently reported adverse events in the active group. There 
were no findings of clinical concern following assessments of urinalysis, 
hematology and chemistry laboratory tests, vital signs, physical exami-
nation and ECGs.22 

Pharmacokinetics

Mean HCQ concentration time profiles in plasma are depicted in Figure 4A. 
Individual concentration profiles have been published previously.22 There 
were no significant differences in HCQ exposures between age groups (Fig-
ure 4B). Mean concentrations measured 27 hours after starting the treat-
ment course (day 1, 121.0 ± 40.54 ng/mL) were in a similar range to those mea-
sured on the last day of the treatment course (day 4, 109.2 ± 35.59 ng/mL). 

Pharmacodynamics
Hydroxychloroquine did not affect circulating immune cells

The effects of HCQ on different circulating cell populations, both abso-
lute as relative, were evaluated using flow cytometry. No apparent effects 
were seen on absolute values of total leukocytes, lymphocytes, monocytes 
or neutrophils (Table S2), as well as CD14+ monocytes, CD19+ B cells, CD3+ 
T cells, CD4+ T cells and CD8+ T cells (Table S3). Furthermore, no effects 
were seen on relative T cell populations (CD3+) in general, nor on subpop-
ulations of T helper cells (CD4+), cytotoxic T cells (CD8+), and regulatory T 
cells (CD4+CD25+CD127-). Similarly, no apparent treatment effects were ob-
served in natural killer cells (CD56+), B cells (CD19+) and subpopulations of 
regulatory (CD5+CD1dhi), transitional (CD24hiCD38hi) and antibody secreting 
B cells (CD27+CD38+). Moreover, also in classical (CD14+), non-classical (CD16+) 
and intermediate (CD14+CD16+) monocytes and plasmacytoid dendritic cells 
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HCQ did not affect T cell activation in vitro. Although a dose-dependent in-
hibition of T cell proliferation by chloroquine following stimulation with 
anti-CD3/CD28 has been described,31-33 we did not see any inhibitory effect 
of HCQ on T cell proliferation or expression of activation markers in our in 
vitro experiments. This may be explained by the fact that a different and 
more potent stimulus was used in this study (PHA), which might be more 
difficult to suppress. For B cell proliferation, on the other hand, a dose-de-
pendent HCQ-mediated inhibition was observed in vitro, confirming pre-
vious research.34 Although the HCQ-mediated inhibition was not as strong 
as the inhibition of cytokine production (IC50 of 1138 ng/mL for B cell pro-
liferation vs 145-696 ng/mL for cytokine production), at concentrations > 
100 ng/mL a clear HCQ-mediated decrease in B cell proliferation was found. 

While HCQ had strong immunosuppressive effects in vitro, especially 
at high concentrations, less pronounced ex vivo effects of the compound 
were observed in our clinical study. Compared to placebo, 5-day HCQ 
treatment did not significantly suppress B cell proliferation or ex vivo TLR-
driven IFNα and IL-6 secretion in PBMC cultures, except for a suppressive 
effect on TLR7-driven responses.The most likely explanation for this dis-
crepancy between in vitro and ex vivo is that there was insufficient drug 
exposure at the evaluated HCQ dose and regimen in the clinical study. By 
using a 5-day dose regimen of HCQ (the recommended off-label dose for 
COVID-19 at the time of study conduct), an average maximum plasma con-
centration of 121 ng/mL was reached. This concentration is considerably 
lower than plasma levels found in RA patients receiving HCQ treatment 
of 200 mg daily for a longer time period, which ranges from 200–500 ng/
mL.35⁻37 Peak exposures of 100-150 ng/mL from the clinical study trans-
late into a maximal inhibitory effect of 20 to 50% in most cellular assays. 
In combination with the observed variability of the endpoints, such ef-
fects remain easily undetected. However, whole blood concentrations are 
expected to be approximately 2-to-7-fold higher than plasma concentra-
tions due to intracellular uptake in blood components,38-40 which would 
make the concentrations more in range with the in vitro experiments. 
Also, due to the large volume of distribution,39 and the high HCQ tissue 
concentrations as compared to plasma,41,42 immunosuppressive effects in 
specific tissues may be significant. Moreover, HCQ has a gradual onset of 
action for HCQ, and is biologically active even after drug discontinuation.8 
This would mean that the five-day treatment that was used in the cur-
rent study is insufficient to detect ex vivo drug effects. Other studies, for 

Hydroxychloroquine did not alter ex vivo B and T cell proliferation 
after in vivo administration

Proliferative capability of B cells was assessed by stimulating PBMCs ex vivo 
with anti-CD40 mAb + CpG B ODN, a known stimulus for human B cell acti-
vation.24 Following stimulation of PBMCs, the percentage of proliferative 
B cells in the HCQ-treated group was similar to that of the placebo group 
(70.47% at day 4 for placebo, 70.03% for HCQ) (Figure 7). In addition, PBMCs 
were stimulated with PHA to induce T helper cells (CD4+) and cytotoxic T 
cells (CD8+) proliferation. Proliferation of both CD4+ and CD8+ cells was com-
parable between the HCQ- and placebo-treated group (>95% for both groups 
for all time points for CD4, >92% for both groups for all time points for CD8). 
No differences were observed for B and T cell proliferation in the separate 
age groups (Figure S5). 

Discussion
Although HCQ is widely used for the treatment of autoimmune diseases, 
the exact mechanism behind its immunomodulatory properties remains 
unclear. In this study we therefore aimed to quantify the immunosuppres-
sive effect of HCQ by studying the endosomal TLR response and lymphocyte 
proliferation and activation both in in vitro experiments and in vivo in a ran-
domized placebo-controlled trial in healthy volunteers. 

In our in vitro experiments, HCQ dose-dependently inhibited TLR3-, 7- 
and 9-driven IL-6 and IFNα production, with profound effects at concen-
trations >100 ng/mL. These findings are in line with literature on TLR sig-
naling modulation by chloroquine. 9,25 Limited data are available on the 
immunomodulatory effect of HCQ/chloroquine on RIG-I signaling.26 RIG-I 
functions as a cytosolic sensor of nucleic acids, inducing a type I IFN re-
sponse after activation. HCQ inhibited the IFN responses in THP-1 cells 
transfected with RIG-I ligands,27 but this effect was not confirmed in cul-
tures of human bronchial smooth muscle and epithelial cells.28,29 This is 
in line with the observations in the current study, which shows that HCQ 
only mildly modulated RIG-I-mediated IFNα production in PBMCs, with-
out affecting IL-6 release. Our results suggest that HCQ has a profound ef-
fect on endo-lysosomal TLR functioning in vitro but affects the cytosol-
ic RIG-I-mediated pathway to a lesser degree. This could be explained by 
HCQ’s excessive affinity to the lysosomal intracellular compartment (ex-
pected to be 56,000-fold higher than cytosol).30
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example investigating HCQ effect in HIV patients,43 showed a discrepancy 
between plasma levels and drug efficacy. 

The widespread use of hydroxychloroquine following the onset of the 
COVID-19 pandemic was the reason to initiate our experiments. The ini-
tial off-label use of HCQ was primarily based on studies that assessed in 
vitro antiviral activity against SARS-CoV-2.44 However, there is also a long-
standing hypothesis that the immunomodulatory properties of chlo-
roquine and HCQ could dampen immunopathology caused by viral in-
fections such as influenza, Severe Acute Respiratory Syndrome (SARS), 
Middle East Respiratory Syndrome (MERS) and COVID-19 by suppressing 
the host immune response.45-47 Use of HCQ in COVID-19 patients did not 
show evident favorable effects for clinical endpoints such as mortality 
and mechanical ventilation for both prophylaxis and treatment.48 Our 
study provides mechanistic insight in the immuno-modulatory effects 
of a HCQ dosing regimen that was used to treat COVID-19. We found that 
a 5-day treatment course of HCQ did not have extensive immuno-modu-
latory effect in healthy individuals. HCQ treatment only significantly in-
hibited TLR7 responses. In theory, inhibition of the TLR7-mediated innate 
response to viral agents may be disadvantageous during the initial stag-
es of viral infection.49,50 However, recent COVID-19 trials did not show an 
effect of HCQ treatment on disease incidence, and long-term HCQ use in 
rheumatoid arthritis is not associated with higher incidence of upper re-
spiratory tract infections.51,52

In conclusion, we showed extensive and profound immunomodulation 
by HCQ in vitro, however in a clinical study in healthy volunteers, the over-
all immunomodulatory effects of a 5-day HCQ treatment regimen of 2400 
mg were limited. The pharmacological activity of HCQ in autoimmunity 
remains to be studied in greater detail, based on the assays as presented 
in our studies and at a therapeutic dose and regimen relevant for the con-
dition of interest.

Table 1 Baseline characteristics.

Hydroxychloroquine Placebo

Age group  
18–30 yrs (n=10)

Age group  
65–75 yrs (n=10)

Age group  
18–30 yrs (n=10)

Age group  
65– 75 yrs (n=10)

Age, median (range) 23 (20–26) 68 (65–70) 23 (18–25) 68 (65–71) 

BMI, mean (SD) 21.8 (1.5) 25.8 (2.0) 24.4 (1.9) 24.2 (3.0)

Race or ethnicity,*n (%)
White
Other 

10 (100)
0 (0)

10 (100)
0 (0)

10 (100)
0 (0)

10 (100)
0 (0)

 *Self-reported race or ethnicity of subjects. BMI=body mass index; SD=standard deviation.
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Figure 2 HCQ dose-dependently inhibited B cell, but not T cell proliferation in vitro. 
PBMCs from 6 healthy donors were stained with CTV and stimulated for 5 days with 5µg/
ml PHA for T cell proliferation (A), or 5 µg/mL anti-CD40 mAb + 2.5 µM CpG B for B cell 
proliferation (B). Proliferation was measured by flow cytometry. The mean ± SD of the 
change from baseline are shown. The IC50 was calculated using a four-parameter non-
linear regression fit where applicable.
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Figure 1 HCQ dose-dependently inhibited endosomal TLR induced IFNα and IL-6 
release in vitro. PBMCs were stimulated with 50 µg/mL PolyI:C (TLR3), 1 µg/mL IMQ 
(TLR7), 2.5 µM CpG-A (TLR9) or 1 µg/mL Poly I:C/lyovec (RIG-I) for 24 hours in the presence 
of a dose range of HCQ. IFNα and IL-6 release were measured by ELISA. The mean ± SD of 
the change from baseline of 6 subjects is shown. The IC50 was calculated using a four-
parameter non-linear regression fit where applicable. 
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Figure 4 Pharmacokinetic profile of HCQ. Mean and standard deviation of hydro xy-
chloroquine plasma concentrations for HCQ treatment group (A), and split for young and 
elderly volunteers (B). Dotted vertical lines indicate timing of HCQ dosing (0, 12, 24, 48, 
72, 96 hrs).
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Figure 3 Trial flow chart (CONSORT diagram). 

 * Drug concentrations were only analyzed in the active treatment group. 
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Figure 6 In vivo HCQ inhibited IMQ-induced IL-6 release, but not TLR3, TLR9 and RIG-
I. PBMCs were stimulated with 50 µg/mL Poly I:C (TLR3), 1 µg/mL IMQ (TLR7), 2.5µM CpG 
A (TLR9) or 1 µg/mL poly I:C/lyovec (RIG-I) at 0, 12, 24, 48, 72 and 92 hours after primary 
HCQ dosing. IFNα release was measured by ELISA. Data is shown as mean + SD as one-
sided error bars. Dotted vertical lines indicate HCQ dosing times.
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Figure 5 In vivo HCQ inhibited IMQ-induced IFNα release, but not TLR3, TLR9 and RIG-
I. PBMCs were stimulated with 50 µg/mL Poly I:C (TLR3), 1 µg/mL IMQ (TLR7), 2.5µM CpG 
A (TLR9) or 1 µg/mL poly I:C/lyovec (RIG-I) at 0, 12, 24, 48, 72 and 92 hours after primary 
HCQ dosing. IFNα release was measured by ELISA. Data is shown as mean + SD as one-
sided error bars. Dotted vertical lines indicate HCQ dosing times.
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Figure 7 In vivo HCQ did not affect T and B cell proliferation. PBMCs were stained 
with CTV and stimulated for 5 days with 5µg/ml PHA for T cell proliferation (A), or 5 µg/
mL anti-CD40 mAb + 2.5 µM CpG B for B cell proliferation (B). Proliferation was measured 
by flow cytometry. The mean ± SD are shown. Dotted vertical lines indicate HCQ dosing 
times.
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All mentioned supplementary figures and tables in this chapter can be found on 
the corresponding website by scanning this QR code.
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Abstract
The safety, tolerability, immunogenicity and pharmacokinetic (PK) pro-
file of an anti-OX40L monoclonal antibody (KY1005) were evaluated. 
Pharmacodynamic (PD) effects were explored using keyhole limpet haemo-
cyanin (KLH) and tetanus toxoid (TT) immunizations.

Sixty-four healthy male subjects (26.5±6.0 years) were randomized to 
single doses of 0.006, 0.018, 0.05mg/kg or multiple doses of 0.15, 0.45, 
1.35, 4, 12mg/kg KY1005 or placebo (6:2). Serum KY1005 concentrations 
were measured. Antibody responses upon KLH and TT immunizations  
and skin response upon intradermal KLH administration were performed. 
PD data was analysed using repeated measures ANCOVAs and post-hoc ex-
posure-response modelling.

No serious adverse events occurred and all adverse events were tempo-
rary and of mild or moderate severity. A non-linear increase in mean serum 
KY1005 concentrations was observed (median tmax ~4 hours, geometric 
mean t½ ~24 days). Cutaneous blood perfusion (estimated difference (ED) 
-13.4 arbitrary unit (AU), 95% CI -23.0 AU– -3.8 AU) and erythema quantified 
as average redness (ED -0.23 AU, 95% CI -0.35 AU– -0.11 AU) decreased after 
KY1005 treatment at doses of 0.45mg/kg and above. Exposure-response 
analysis displayed a statistically significant treatment effect on anti-KLH 
antibody titres (IgG Emax -0.58 AU, 95% CI -1.10 AU– -0.06 AU) and skin re-
sponse (erythema Emax -0.20 AU, 95% CI -0.29 AU– -0.11 AU).

Administration of KY1005 demonstrated an acceptable safety and tol-
erability profile and PK analyses displayed a non-linear profile of KY1005. 
Despite the observed variability, skin challenge response after KY1005 
treatment indicated pharmacological activity of KY1005. KY1005 shows 
potential as a novel pharmacological treatment in immune mediated 
disorders.

Graphical abstract
 

Figure is created using biorender.com.

amlitelimab (ky1005), an ox40l inhibitor, supresses klh-driven  
immune reponses in healthy volunteers
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S1). In vivo studies in rhesus monkeys with acute Graft versus Host Disease 
showed prolonged median survival time (MST) >100 days when KY1005 was 
co-administered with sirolimus compared to KY1005 monotherapy (MST 
19.5 days), sirolimus monotherapy (MST 14 days) or no prophylaxis (MST 8 
days).29 The synergistic effect of KY1005/sirolimus was possibly induced 
by sustained T regulatory cell reconstitution as well as suppression of T 
effector activity. Based on these experiments, KY1005 could be a treat-
ment modality to inhibit the activation of the immune system as a result 
of high OX40-OX40L expression and consequently restore the homeosta-
sis between proinflammatory T effector and anti-inflammatory T regula-
tory cells in immune mediated diseases.

The aim of this first-in-man study was to evaluate the safety and tol-
erability, immunogenicity and pharmacokinetic (PK) profile of KY1005 
in healthy volunteers. Intramuscular immunizations with a neoantigen 
(keyhole limpet haemocyanin, KLH) and a recall antigen (tetanus toxoid, 
TT) were used to explore pharmacodynamic (PD) effects of KY1005, includ-
ing measurements of serum anti-KLH and anti-TT antibody titres and ob-
jective quantification of skin challenge response following an intrader-
mal KLH administration.

Materials and methods
This was a phase 1, randomized, placebo-controlled, double-blind, single 
(SAD) and multiple ascending dose (MAD) study in sixty-four (64) healthy vol-
unteers performed at the Centre for Human Drug Research (CHDR), Leiden, 
The Netherlands. The Declaration of Helsinki was the principle for trial ex-
ecution. The independent Medical Ethics Committee “Medisch Ethische 
Toetsingscommissie van de Stichting Beoordeling Ethiek Biomedisch 
Onderzoek” (Assen, the Netherlands) approved the study prior to any clin-
ical study activity. All subjects provided written informed consent before 
participation. The trial was registered on ClinicalTrials.gov (NCT03161288).

Subjects
Main inclusion criteria were male gender, 18 to 45 years of age with a body 
mass index between 18 and 30 kg/m2 and previous immunization with TT 
more than 6 months prior to screening and no known previous exposure 
to KLH. Health status was verified by recording a detailed medical history, 

Introduction
The significance of the T cell co-stimulatory molecule OX40 and its ligand 
OX40L in immunoregulation is increasing, especially as therapeutic tar-
gets. OX40 is predominantly expressed on activated memory and regula-
tory cluster of differentiation 4 (CD4+) T cells and in lower levels on activat-
ed CD8+ T cells,1 natural killer cells,2,3 and neutrophils.4 OX40 agonism has 
been shown to result in an increase of the antigen-specific T cell pool5,6 and 
prolonged activation.7 Similar to OX40, the expression of OX40L is upregu-
lated after antigen presentation on various antigen-presenting cells such 
as B cells,8 dendritic cells,9 macrophages10 and specific cell types outside 
the immune system.11–14 Activation of this co-stimulatory OX40-OX40L path-
way may contribute to resistance of T-lymphocytes to regulatory signals.15

OX40-OX40L signalling may be a target for the treatment of auto-im-
mune diseases.16–21 Several animal models confirmed that OX40L is in-
volved in diabetes,22 colitis,23 rheumatoid arthritis,24 uveitis25 and multi-
ple sclerosis.26,27 In human studies, OX40 inhibition using an anti-OX40 
monoclonal antibody has been shown to improve the Eczema Area and 
Severity Index (EASI) score in atopic dermatitis patients with up to 56% re-
duction from baseline EASI score compared to 38% reduction in placebo 
treated subjects.20 Another study showed that although OX40L inhibition 
with an anti-OX40L monoclonal antibody in patients with mild allergic 
asthma had no effect on airway hyperresponsiveness or allergen-induced 
airway responses however total serum immunoglobulin E (IgE) decreased 
16.5% from baseline compared to a 14% increase in placebo treated subjects 
and sputum eosinophils decreased 75% from baseline compared to a 14% 
decrease in placebo treated subjects.28 Blockade of the OX40-OX40L path-
way seems a scientifically plausible approach to modulate persistent in-
flammation caused by autoreactive memory T effector cell populations. 
This blockade may possibly also induce or restore immune tolerance to 
autoantigens (e.g., in autoimmune disease) or alloantigens (e.g., follow-
ing transplants).

KY1005 is a novel non-depleting IgG4 human anti-OX40L monoclonal 
antibody that binds OX40L and thereby prevents persistent inflammation 
by blocking the interaction with OX40. In vitro, KY1005 inhibited inter-
leukin 2 (IL-2), IL-13 and tumour necrosis factor α release in human mixed 
lymphocyte reaction (MLR) tests (Supplementary Materials and Methods 
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previously.30 TT was administered in the marketed formulation of ≥40 IU TT 
(Bilthoven Biologicals, Bilthoven, the Netherlands) in 0.5 mL NaCl 0.9%.31,32 
Twenty-one days after intramuscular KLH administration, all subjects re-
ceived an intradermal KLH administration in the left ventral forearm and 
placebo administration in the right ventral forearm. The formulation of 
0.001 mg subunit KLH in 0.1 mL NaCl 0.9% used for intradermal adminis-
tration was based on a previously conducted trial.30 The interval of twenty-
one days between intramuscular KLH immunization and intradermal KLH 
administration and the interval of 48 hours between baseline and follow up 
skin challenge assessment has been used in previous other studies.30,31,33⁻36 
Prior to, and two days after the intradermal KLH administration, the skin 
challenge response was quantified.

Safety and tolerability
Safety and tolerability were monitored by physical examination, assessment 
of vital signs, laboratory parameters (i.e., full blood count, biochemistry and 
urinalysis) and ECG data from 12-lead and 24-hour holter ECGs at regular in-
tervals. Subjects were monitored continuously for adverse events (AEs).

KY1005 pharmacokinetics and immunogenicity
Serum concentrations of KY1005 for PK profiling and serum concentra-
tions of anti-drug antibodies (ADAs) were measured by Eurofins Pharma 
Bioanalysis Services UK Ltd. (Abingdon, United Kingdom) using validated 
bioanalytical assay methods. The PK samples were analYSed using a lumi-
nescent enzyme-linked immunosorbent assay (ELISA) with a lower limit of 
quantification (LLOQ) of 9.77 ng/mL. ADAs were measured using an electro-
chemiluminescence solid-phase extraction with acid dissociation method. 
In both ADA screening and confirmatory formats, the assay tolerated up to 
100 µg/mL KY1005 at positive control anti-KY1005 antibody concentrations 
of 100 and 250 ng/mL.

OX40 and OX40L expression
OX40 and OX40L expression was measured by CHDR (Leiden, the Netherlands) 
on cell subsets of whole blood samples using flow cytometry. Red blood 
cell lysis was performed on heparinized whole blood using RBC lysis buffer 
(Thermo Fisher, Waltham, Massachusetts, USA). Leukocytes were stained 
with fluorochrome labelled antibodies at 4°C for 30 minutes, see Table S1 

a complete physical examination, vital signs, a 12-lead electrocardiogram 
(ECG) and laboratory testing (including hepatic and renal panels, complete 
blood count, virology and urinalysis). Subjects were excluded in case of any 
disease associated with immune system impairment, or use of prescription 
medication within two weeks prior to enrolment.

Dose selection and regimen
The starting dose of 0.006 mg/kg KY1005 was based on a minimal antici-
pated biological effect level (MABEL) principle using in vitro data obtained 
in human MLR experiments. The maximum dose of 12mg/kg KY1005 was 
based on the maximal effects observed in these experiments and predicted 
exposure equivalent to that at which maximum in vivo inhibition of the IgG 
response to KLH immunization occurred in monkeys. Detailed information 
on dose selection can be found in Supplementary Materials and Methods 
S1. The interval of four weeks between the loading dose and two mainte-
nance doses was based on scaling of the KY1005 half-life (t½) of 23 ± 1 day 
observed in cynomolgus monkeys. Threefold dose increments between co-
horts was based on a 30-fold difference in concentration between the low-
est effects and maximal effects observed in the MLR experiments, a modest 
slope of the dose response and theoretical risks related to OX40L blocking.

Study design and treatments
An overview of the study design is shown in Figure S1. Subjects were en-
rolled into eight cohorts. In each cohort, subjects were randomized to ei-
ther 30 minutes of intravenous administration of KY1005 or placebo (6:2). 
Two subjects per cohort started as a sentinel group and if no safety issues 
arose within 48 hours after dosing, the remaining six subjects were dosed. 
The first three cohorts received single doses of 0.006 mg/kg, 0.018 mg/kg, 
or 0.05 mg/kg KY1005 respectively. The five subsequent cohorts received 
multiple doses starting with an initial loading dose of 0.15 mg/kg, 0.45 mg/
kg, 1.35 mg/kg, 4 mg/kg, or 12 mg/kg KY1005 respectively followed by two 
maintenance doses of 50% of the loading dose, administered at four and 
eight weeks after the initial administration. Intramuscular KLH and TT im-
munizations were performed in the deltoid muscles one week after the 
last (third) KY1005/placebo dose in the MAD cohorts. KLH was administered 
in a formulation of 0.1 mg of subunit KLH (Immucothel®) adsorbed in 0.9 
mg aluminium hydroxide (Alhydrogel®) into 0.5 mL NaCl 0.9% as described 
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Erythema
Erythema quantification was performed with multispectral imaging 
(Antera 3D®, Miravex, Dublin, Ireland) as previously described.30 In short, 
the camera was placed on the target area on the ventral forearms and imag-
es were captured using dedicated software (Antera 3D® software, Miravex, 
Dublin, Ireland). Circular regions of interest at the intradermal injection 
sites were defined and erythema was quantified using the average redness 
and CIELab a* Antera 3D® software modalities expressed as AUs. The aver-
age redness modality displays the distribution of redness using an internal 
software algorithm and the CIELab a* value, which is part of the CIELab 
colour space and expresses colour as a numerical value on a green–red co-
lour scale.37 Illustrations of erythema measured with multispectral imag-
ing are depicted in Figure 1.

Statistics
Detailed statistical procedures used in the current study are provided in 
the Supplementary Materials and Methods S1. Subjects were randomized 
to KY1005 or placebo in a 3:1 ratio. Demographic and baseline variables 
were summarized by treatment. For safety and tolerability endpoints sum-
mary statistics for observed values were calculated for all continuous pa-
rameters. For every KY1005 dose, the peak serum concentration (Cmax), t½, 
area under the curve from zeropoint to the last measurable concentration 
(AUC(0-last)) and clearance (CL) were reported as mean (coefficient of varia-
tion percentage (CV%)) and the time at which Cmax is observed (tmax) was re-
ported as median (range). PD endpoints measured at multiple time points 
post baseline were analysed with a mixed effect repeated measures model. 
Endpoints with one post-dose measurement were analysed with an analy-
sis of covariance (ANCOVA) model. Skin challenge endpoints were analysed 
with ANCOVA with the change from the saline-injected control (right fore-
arm) added as covariate. The general treatment effect and specific contrasts 
were reported with the estimated difference (ED), 95% confidence interval 
(CI) and p-value and graphically as ED, 95% CI and p-value or mean change 
from baseline (CFB), SD and p-value. Negative CFB values for skin challenge 
endpoints were possible due to measurement variability and the dynamic 
nature of the measurements. Non-linear mixed effects analysis of the ex-
posure-response relationship was performed for anti-KLH and anti-TT anti-
body titres and skin challenge endpoints.

for a complete list. After staining, the cells were washed with PBS (Thermo 
Fisher). Samples were measured on a MACSQuant 10 analyser, and analysed 
using MACSQuantify software (both Miltenyi Biotec, Bergisch-Gladbach, 
Germany). See Figure S2 for the gating strategy. OX40 expression was as-
sessed in CD4+ and CD8+ T cells, regulatory T cells and Th17 cells and OX40L 
expression was assessed in CD19+ B cells and CD14+ monocytes in all cohorts. 
In addition, expression of OX40 and OX40L in CD4+ and CD8+ effector mem-
ory and central memory cells was assessed in cohorts 4-8.

Humoral immunity to KLH and TT
The humoral response to intramuscular KLH and TT immunization was 
measured by anti-KLH and anti-TT IgM and IgG blood serum titres twen-
ty-one days after immunization. Serum samples were assessed by quan-
titative ELISA for anti-KLH and anti-TT IgM and IgG levels as previously de-
scribed.30 In KLH-immunized subject blood samples, mean optical densi-
ty (OD) of baseline samples was set to 1.00 and ratios relative to baseline 
were calculated for all subsequent samples. The LLOQ and the upper limit 
of quantification (ULOQ) for anti-KLH IgM and IgG were a baseline correct-
ed OD of 0.060 and 3.900, respectively. The LLOQ and ULOQ for anti TT IgM 
were 10.0 IU/mL and 100 IU/mL, respectively and the LLOQ and ULOQ for 
anti-TT IgG were 0.100 IU/mL and 5.00 IU/mL, respectively.

Cutaneous blood perfusion
Cutaneous blood perfusion quantification was performed with laser 
speckle contrast imaging (LSCI; PeriCam PSI System, Perimed AB, Järfälla, 
Sweden) as previously described.30 In short, assessments were performed 
in a temperature controlled room (22°C) after acclimatization of the sub-
jects. LSCI recordings of the target area on the left and right ventral fore-
arms captured with the use of dedicated software (PimSoft, Perimed AB, 
Järfälla, Sweden). Circular regions of interest at the intradermal injection 
sites were defined and cutaneous blood perfusion (indicated as basal flow) 
was quantitatively assessed and expressed in arbitrary units (AUs). The ho-
mogeneity of cutaneous blood perfusion in the region of interest (indicat-
ed as flare), expressed as values that are +1 standard deviation (SD) from the 
mean basal flow within the region, was also quantitatively assessed and ex-
pressed in AUs. Illustrations of cutaneous blood perfusion measured with 
LSCI are depicted in Figure 1.
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The number of subjects with ADAs increased with increasing KY1005 dose 
in cohorts 1 to 3 (two, two, and five subjects, respectively). In cohorts 4 
to 8, however, the largest number of subjects positive for ADAs (four sub-
jects) was observed at the lowest dose regime (0.15 mg/kg KY1005 cohort), 
with no subjects developing detectable ADAs at the highest dose (12 mg/kg 
KY1005 cohort). There was no correlation between ADAs and any of the PK 
parameters, including CL (data not shown). 

OX40 and OX40L expression
No consistent OX40 and OX40L expression profile trends were observed 
across the groups, although some p-values <0.05 compared to placebo 
were noted (Table S4). The differences compared with placebo in OX40 and 
OX40L expression on a variety of immune cells did not induce any clinical-
ly relevant observations.

Humoral immunity to KLH and TT
Though no statistical significance was reached, KY1005 treatment seemed 
to suppress the anti-KLH IgM and IgG antibody response after intramus-
cular KLH immunization (Figure 3A and B). KY1005 appeared to have a PD 
effect from doses of 0.45 mg/kg and above based on the anti- KLH IgG re-
sponse. The ED between KY1005 and placebo-treated subjects was maxi-
mally -32.4% (95% CI -54.7% - 0.9%, p=0.06) observed for anti-KLH IgG at the 
highest KY1005 dose of 12 mg/kg (Table 3). No consistent effect of KY1005 on 
anti-TT IgM and IgG antibodies was observed (Table 3 and Figure 3C and D). 

Exposure-response modelling of humoral 
immunity to KLH and TT
Given the small sample size, post-hoc KY1005 exposure-response modelling 
was performed. This analysis showed a modest treatment effect of KY1005 
(Akaike’s Information Criteria (AIC)Emax model < AICno-effect model) on 
anti-KLH IgM (Emax -0.22 AU, 95% CI -0.46 AU - 0.02 AU) and IgG antibody 
titres (Emax -0.58 AU, 95% CI -1.10 AU– -0.06 AU), whereas no exposure-re-
sponse was observed on anti-TT IgM and anti-TT IgG antibody titres (Figure 
4A-D), based on the exposure-response model. The 50% of the maximal ef-
fect (EC50) could not be reliably determined for any of the variables, likely 
due to the high variability of the measurements as well as the small sam-
ple size.

Results
Baseline characteristics
The study was conducted between May 2017 and March 2018. Twenty-four 
(24) subjects were enrolled in the SAD part and forty (40) subjects in the MAD 
part of the study. Four (4) subjects did not complete the study: one (1) sub-
ject was withdrawn due to a suspected hypersensitivity reaction consist-
ing of pruritus, swelling of the palate and gums and slurred speech lasting 
approximately 2 hours after the first dose, three (3) subjects withdrew con-
sent for reasons unrelated to the study treatment. Baseline characteristics 
of all treatment groups are presented in Table 1.

Safety and tolerability
No serious AEs (SAEs) occurred during the study. One (1) subject in the MAD 
part of the study (12mg/kg cohort) did not receive the second and third 
KY1005 doses due to a possible hypersensitivity reaction (mild palatal pru-
ritus and swelling and slurred speech) after the first dose. No medication 
was administered based on the mild nature of the AEs and all symptoms 
resolved within two hours. Additional blood chemistry and haematolo-
gy, including complement activation markers and tryptase were all within 
normal ranges. No other AE-related discontinuations occurred during the 
study. The most frequently occurring treatment emergent AE (TEAE) was 
headache (Table S2 and Table S3). All TEAEs were of mild (n=190) or moder-
ate severity (n=16) and self-resolving without sequalae. Treatment did not 
result in any clinically significant changes in any safety laboratory parame-
ters, physical examination, vital signs measures, 12-lead ECG recordings and 
holter ECG recordings (data not shown).

KY1005 pharmacokinetics and immunogenicity
A dose-dependent increase in mean serum concentrations of KY1005 was 
observed after single administrations (cohorts 1-3) and after multiple ad-
ministrations (cohorts 4-8) (Figure 2). KY1005 reached tmax approximately 4 
hours after the start of infusion (median across cohorts from 0.5 - 24h) and 
had a t½ of approximately 24.3 days (mean across cohorts from 7.1 - 43.1 
days with CV% of 15.5% - 51.8%) (Table 2). Overall, single or multiple doses of 
KY1005 as measured by noncompartmental PK analysis appeared to be non-
linear (Table 2). KY1005 clearance remained relatively stable at concentra-
tions >2 mg/mL approximately (data not shown).
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Discussion
In this first-in-human study we showed that KY1005 was safe and well-tol-
erated and we demonstrated proof-of-pharmacology for KY1005 as the drug 
suppressed the KLH-driven neoantigen immune response via OX40-OX40L 
signalling interference, despite the observed variability in the skin chal-
lenge response.

Importantly KY1005 treatment in the current study had an unremark-
able safety and tolerability profile. One hypersensitivity reaction was ob-
served in this study in one subject in the 12 mg/kg group that was possi-
bly related to KY1005. An allergy to KY1005 or any excipients was consid-
ered unlikely, since this was the first KY1005 exposure and subject had 
never received an intravenous administration of any kind. A pseudoaller-
gy might have been the cause of the AEs. This pseudoallergy was classified 
as grade 1, since no medication was administered and the symptoms re-
solved spontaneously within two hours. No other AE-related discontinua-
tions of KY1005 treatment occurred. AEs observed after monoclonal anti-
body administration are usually related to infection and immunomodula-
tion.38 No increase in infection rate after KY1005 treatment was observed 
compared to placebo, possibly explained by the fact that the OX40-OX40L 
pathway is primarily involved in sustaining T cell activation and not in 
the initial stimulation.7

PK analyses displayed a non-linear increase in mean serum concentra-
tions of KY1005. The PK profile of KY1005 displayed non-linear target-me-
diated drug disposition (TMDD)39 as is commonly observed for monoclo-
nal antibodies.40 At low KY1005 concentrations a high CL was observed 
as a large portion of the drug is likely cleared via drug-target binding and 
subsequent degradation of the drug-target complex. Saturation of TMDD 
presumably led to lower observed CL at higher KY1005 doses. The mean 
KY1005 t½ of 24.3 days was similar to the expected predicted mean t½ 
of 26 ± 7 days based on preclinical experiments. ADAs may influence the 
clearance of monoclonal antibodies. We did not find evidence for ADA-
mediated clearance of KY1005, which may reflect no such effect, or an in-
sufficient number of subjects exposed. At approximate concentrations of 
>2 mg/mL KY1005 clearance remained relatively stable which might indi-
cate TMDD saturation and possibly 100% target binding.

Cutaneous blood perfusion
Overall, KY1005 reduced the intradermal KLH-driven increase in cutaneous 
blood perfusion quantified by LSCI basal flow and flare (Table 3 and Figure 
3E and F). Although a clear dose dependence was absent, pharmacological 
KY1005 effects on LSCI basal flow and flare based on suppression of skin 
challenge response were observed at intermediate dose levels of 0.45 mg/
kg (ED -13.4 AU, 95% CI -23.0 AU– -3.8 AU, p<0.01 and ED -7.5 AU, 95% CI -13.2 AU– 
-1.8 AU, p<0.05, respectively), 4 mg/kg (ED -11.0 AU, 95% CI -19.8 AU– -2.3 AU, 
p<0.05 and ED -5.8 AU, 95% CI -10.8 AU– -0.9 AU, p<0.05, respectively) and 12 
mg/kg (ED -5.9 AU, 95% CI -14.4 AU - 2.5 AU, p=0.16 and ED -3.1 AU, 95% CI -7.9 
AU–1.8 AU, p=0.21, respectively) (Figure 3E and F). All groups showed a re-
duced cutaneous blood perfusion response compared to placebo.

Erythema
KY1005 treatment also reduced erythema quantified by multispectral im-
aging as average redness and as CIELab a* (Table 3 and Figure 3G and H). 
Similar to the observations with LSCI multispectral imaging average red-
ness and CIELab a* were decreased in the groups that received KY1005 as 
initial dose of 0.45 mg/kg (ED -0.20 AU, 95% CI -0.32 AU– -0.07 AU, p<0.01 and 
ED -2.1 AU, 95% CI -3.5 AU– -0.8 AU, p<0.01, respectively), 4 mg/kg (ED -0.17 
AU, 95% CI -0.29 AU– -0.05 AU, p<0.01 and ED -2.0 AU, 95% CI -3.4 AU– -0.7 AU, 
p<0.01, respectively) and 12 mg/kg (ED -0.23 AU, 95% CI -0.35 AU– -0.11 AU, 
p<0.001 and ED -2.6 AU, 95% CI -4.0 AU– -1.3 AU, p<0.001, respectively) com-
pared to placebo (Table 3 and Figure 3G and H). 

Exposure-response modelling of skin challenge 
endpoints
Exposure-response modelling showed a treatment effect of KY1005 (AICEmax 

model < AICno-effect model) on LSCI basal flow (Emax -7.09 AU, 95% CI -13.23 AU– -0.96 
AU), LSCI flare (Emax -4.77 AU, 95% CI -8.06 AU– -1.48 AU), multispectral imag-
ing average redness (Emax -0.20 AU, 95% CI -0.29 AU– -0.11 AU) and CIELab 
a* (Emax -2.10 AU, 95% CI -3.05 AU– -1.15 AU) (Figure 4E-H), based on the expo-
sure-response model. The EC50 could not be reliably determined for any of 
the variables, likely due to the high variability of the measurements as well 
as the small sample size.
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volunteers may provide additional insight and improved characterization 
of immune pathways modulated by OX40-OX40L inhibition.

The KLH skin challenge model used in the present study was previous-
ly validated in healthy volunteers using multispectral imaging and LSCI 
similar to the methods used in the current study.30 Various clinical studies 
have demonstrated that KLH is a potent immunostimulatory antigen, pro-
ducing a robust immune response and having an excellent safety profile.45 
Formally, the study was not powered for detection of KY1005 effects on 
the skin challenge response;30 the sample size used is common in first-in-
human trials and the KLH-based pharmacodynamic skin challenge end-
points were exploratory in nature only. Despite being underpowered we 
found that KY1005 suppressed the skin challenge response following in-
tradermal KLH administration as cutaneous blood perfusion and erythe-
ma were lower in KY1005-treated subjects compared to placebo. The half 
maximal inhibitory concentration (IC50) of KY1005 in preclinical in vitro 
experiments was 0.30 nM ± 0.01 nM (mean ± standard error of the mean). 
The KY1005 starting dose of 0.006 mg/kg corresponds to a concentration 
of 1.0 nM and was based on the MABEL principle using in vitro data ob-
tained in human MLR experiments. Substantial decreases in cutaneous 
blood perfusion and erythema as a result of skin challenge response were 
initially observed at a KY1005 dose of 0.45 mg/kg which corresponds to a 
concentration of 75 nM, a 250-fold higher dose compared to the IC50. In 
contrast to KY1005’s effects on anti-KLH antibodies, the effects on the skin 
challenge response were seen to be dose-dependent. Accordingly, expo-
sure-response analyses displayed a treatment effect of KY1005 on all skin 
challenge endpoints (LSCI basal flow and flare and multispectral imaging 
average redness and CIELab a* values).

T cell-dependent immune responses are complex to monitor and to 
modulate. Therefore, a successful translation of the observed PD effects 
of KY1005 (suppression of the KLH-driven responses in healthy volunteers) 
to clinical effects in patients with immune mediated diseases is challeng-
ing. However, the unremarkable safety and tolerability profile of KY1005 
combined with the observed immunomodulatory properties support the 
potential of KY1005 as a novel compound targeting the OX40-OX40L signal-
ling pathway for immune mediated disorders. Based on the data generated 
in the present study, a successful Phase 2a trial of KY1005 has recently been 
completed in patients with atopic dermatitis and a Phase 2b is planned.

Between 25% and 50% of KY1005 treated participants had positive ADA re-
sponses, but this was not associated with unexpected changes in the serum 
PK indicating where present the ADA were non or only weakly neutralis-
ing. The number of subjects with ADAs increased with increasing KY1005 
dose in SAD cohorts. In MAD cohorts however, the largest number of sub-
jects positive for ADAs was observed at the lowest dose regimen (0.15 mg/
kg), with no subjects developing detectable ADAs at the highest dose regi-
men (12 mg/kg). This observation is in keeping with the pattern expected 
with increasing suppression of ADA development at higher doses reaching 
saturation of the target and suppression of antibody response to KY1005.

No statistically significant reduced antibody titres against KLH and TT 
were observed after KY1005 treatment compared to placebo. The lack of 
effect and consistency by dose group most possibly reflects the small sam-
ple size and normal variability observed with respect to the PD markers. 
Despite this the observed data indicated moderate pharmacological ac-
tivity of KY1005 at loading doses of 0.45 mg/kg and above. Importantly, 
combined individual data of all KY1005 serum concentrations plotted 
against anti-KLH IgM and IgG antibody titres revealed a modest treatment 
effect of KY1005. This treatment effect was stronger on anti-KLH IgG com-
pared to IgM possibly explained by the time window of 21 days between 
baseline and post-immunization measurements and class switching be-
tween the isotypes. Our results are translationally confirmed by a pre-
viously published study performed in mice which showed that blockade 
of the OX40-OX40L signalling pathway inhibited T cell-dependent anti-
body production after KLH immunization.41 Based on these results, inhi-
bition of OX40L may possibly interfere with T cell-dependent antibody 
production. Furthermore, maximum effects of KY1005 on anti-KLH an-
tibody titres seem to have been reached based on the concentration-ef-
fect models. The recall antigen response to TT is probably not sufficient-
ly suppressed as memory B cells are able to differentiate to plasma cells 
in the absence of T cells42 and other pathways besides OX40-OX40L can 
still be stimulated. Although it is known that T cell-dependent B cell ac-
tivation requires CD40-CD40L co-stimulatory factors following T cell re-
ceptor-Major Histocompatibility Complex II-peptide binding,43,44 the 
exact mechanism and pathways underlying T cell-dependent B cell acti-
vation and the role of OX40-OX40L signalling remain to be elucidated. Ex 
vivo antigen re-challenges of lymphocytes isolated from KY1005-exposed 



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches182 Chapter 8 OX40L inhibition in human suppresses KLH-driven immune responses 183

Table 2 Summary of pharmacokinetic parameters of KY1005 per dose level. 

Parameter SAD MAD

1st  
KY1005  
dose

0.006 
mg/kg 
(N=6)

0.018 
mg/kg 
(N=6)

0.05 mg/
kg (N=6)

0.15 mg/
kg (N=6)

0.45 mg/
kg (N=6)

1.35 mg/
kg (N=6)

4 mg/kg 
(N=6)

12 mg/kg 
(N=6)

tmax (hr) 0.5 (0.5-
4.0)

4.0 (0.5-
12.0)

2.3 (0.5-
4.0)

0.5 (0.5-
4.0)

4.0 (0.5-
12.0)

2.3 (0.5-
24.0)

2.3 (0.5-
4.5)

4.0 (0.5-
24.0)

Cmax (µg/mL) 0.1 
(16.2%)

0.4 
(40.4%)

1.3 (6.7%) 4.0 
(12.4%)

11.8 
(10.3%)

34.8 
(24.0%)

112.2 
(33.8%)

289.7 
(17.5%)

t½ (days) 7.1 
(33.3%)

13.4 
(41.3%)

12.1 
(18.6%)

20.8 
(26.9%)

23.1 
(26.2%)

23.2 
(44.7%)

20.3 
(17.9%)

22.7 
(21.9%)

AUC(0-last) 
(µg*day/mL)

0.9 
(33.9%)

3.1 
(31.1%)

17.3 
(15.4%)

43.0 
(8.9%)

138.5 
(11.5%)

453.3 
(18.2%)

1263.7 
(30.3%)

3337.7 
(7.5%)

CL  
(mL/min)

0.30 
(33.2%)

0.27 
(58.7%)

0.15 
(15.5%)

0.11 
(19.7%)

0.10 
(19.5%)

0.10 
(26.5%)

0.12 
(25.8%)

0.12 
(19.1%)

2nd  
KY1005  
dose

NA NA NA 0.075 
mg/kg 
(N=6)

0.225 
mg/kg 
(N=5)

0.675 
mg/kg 
(N=6)

2 mg/kg 
(N=6)

6 mg/kg 
(N=5)

tmax  
(hr)

- - - 2.5 (0.5-
12.5)

24.0 (4.6-
24.0)

2.5 (0.5-
24.0)

12.5 (0.5-
24.0)

4.6 (0.5-
24.0)

Cmax  
(µg/mL)

- - - 2.9 
(20.9%)

9.8 
(21.3%)

26.1 
(19.3%)

89.6 
(31.1%)

229.9 
(11.7%)

t½ (days) - - - 27.0 
(51.8%)

30.1 (NA) 25.1 
(18.3%)

23.4 
(32.0%)

24.7 
(15.5%)

AUC(0-last) 
(µg*day/mL)

- - - 41.2 
(12.2%)

157.6 
(12.5%)

380.1 
(18.6%)

1314.5 
(22.4%)

3833.9 
(10.8%)

CL  
(mL/min)

0.11 
(27.9%)

0.08 (NA) 0.10 
(2.2%)

0.09 
(11.6%)

0.11 
(21.4%)

3rd  
KY1005  
dose

NA NA NA 0.075 
mg/kg 
(N=6)

0.225 
mg/kg 
(N=5)

0.675 
mg/kg 
(N=6)

2 mg/kg 
(N=5)

6 mg/kg 
(N=5)

tmax 

(hr)
- - - 4.5 (0.5-

12.5)
4.5 (4.5-

24.0)
4.5 (0.5-

12.5)
24.0 

(24.0-
24.0)

0.5 (0.5-
24.0)

Cmax  
(µg/mL)

- - - 3.0 
(15.7%)

11.5 
(16.6%)

28.8 
(18.3%)

73.8 
(9.9%)

249.6 
(14.4%)

t1/₂ ( 
days)

- - - 27.7 
(20.5%)

28.3 
(24.6%)

43.1 
(24.1%)

41.7 
(25.9%)

24.3 
(17.3%)

AUC(0-last)

(µg*day/mL)
- - - 53.0 

(15.2%)
195.5 
(9.9%)

551.9 
(8.1%)

1674.8 
(10.6%)

4505.2 
(9.7%)

CL  
(mL/min)

0.09 
(20.3%)

0.07 
(21.0%)

0.06 
(13.1%)

0.06 
(22.9%)

0.10 
(35.7%)

Data displayed as mean (coefficient of variation %) and for tmax as median (range). SAD=single 
ascending dose, MAD=multiple ascending dose, Cmax=peak serum concentration, tmax=time at which 
the Cmax is observed, t½=half-life, AUC(0-last)=area under the curve from zeropoint to the last measurable 
concentration, CL=clearance, NA=no regression line could be fitted.

Table 1 Baseline characteristics. 

SAD MAD

KY1005 Placebo KY1005 Placebo

Loading dose 0.006 
mg/kg

0.018 
mg/kg

0.05 
mg/kg

NA 0.15 
mg/kg

0.45 
mg/kg

1.35 
mg/kg

4  
mg/kg

12  
mg/kg

NA

Maintenance 
doses

NA NA NA NA 0.075 
mg/kg

0.225 
mg/kg

0.675 
mg/kg

2  
mg/kg

6  
mg/kg

NA

N=6 N=6 N=6 N=6 N=6 N=6 N=6 N=6 N=6 N=10

DEMOGRPAHICS

Age  
(years)

24.3 
(4.5)

23.8 
(1.5)

25.3 
(3.7)

26.2 
(7.1)

28.0 
(9.2)

23.3 
(3.9)

24.8 
(3.9)

24.7 
(4.1)

34.2 
(6.3)

28.5 
(5.6)

BMI  
(kg/m2)

22.9 
(1.3)

21.7 
(1.5)

23.5 
(2.8)

23.5 
(2.2)

22.9 
(2.2)

23.1 
(3.1)

22.8 
(2.3)

23.1 
(1.8)

24.9 
(3.0)

24.5 
(3.1)

VITAL SIGNS

Systolic blood 
pressure 
(mmHg)

119 (8) 115 
(11)

126 
(11)

121 (16) 118 (3) 120 
(11)

123 
(13)

118 
(11)

127 (7) 122 (9)

Diastolic 
blood pressure 
(mmHg)

72 (5) 68 (8) 77 (6) 68 (12) 72 (9) 75 (10) 68 (9) 70 (13) 78 (8) 72 (13)

Heart rate 
(bpm)

57 (13) 59 (7) 68 (11) 63 (17) 57 (8) 59 (8) 63 (14) 59 (10) 67 (9) 61 (8)

Temperature 
(°C)

36.7 
(0.3)

36.9 
(0.1)

36.8 
(0.6)

36.7 
(0.3)

36.4 
(0.3)

36.9 
(0.2)

36.5 
(0.4)

36.5 
(0.2)

36.6 
(0.5)

36.6 
(0.2)

LABORATORY TESTS

Leucocytes 
(*109/L)

6.61 
(1.05)

6.10 
(1.58)

5.89 
(1.06)

5.94 
(0.96)

5.21 
(1.16)

5.66 
(0.86)

6.75 
(1.52)

6.59 
(1.59)

6.57 
(1.19)

6.05 
(2.42)

Thrombocytes 
(*109/L)

244.5 
(26.4)

279.2 
(68.1)

267.3 
(43.0)

215.3 
(40.1)

254.4 
(69.8)

270.7 
(53.8)

229.2 
(29.6)

216.3 
(53.3)

269.6 
(65.7)

253.2 
(53.7)

ALT  
(IU/L)

18.0 
(5.8)

13.7 
(4.2)

16.5 
(3.6)

16.2 
(7.1)

23.2 
(14.1)

20.2 
(11.7)

31.3 
(20.1)

24.8 
(19.0)

30.3 
(11.7)

22.2 
(7.0)

AST  
(IU/L)

23.2 
(9.1)

20.7 
(5.3)

19.2 
(3.6)

18.2 
(5.1)

22.7 
(6.0)

24.0 
(4.8)

28.5 
(9.4)

25.3 
(8.7)

27.0 
(8.7)

21.2 
(5.8)

Parameters are shown as mean (standard deviation). SAD=single ascending dose, MAD=multiple 
ascending dose, NA=not applicable.
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Figure 1 Illustrations of LSCI basal flow and erythema assessed as average redness 
with multispectral imaging. Images were taken at intradermal KLH injection site 2 days 
after intradermal KLH administration of a subject treated with an initial KY1005 12 mg/kg 
dose (left images) and a subject that received placebo (right images).

Table 3 Summary statistics for pharmacodynamic endpoints. 

Pharmaco-
dynamic  
parameter

KY1005 dose level

0.15 mg/kg 
(N=6)

0.45 mg/kg 
(N=5)

1.35 mg/kg 
(N=6)

4 mg/kg  
(N=5)

12 mg/kg  
(N=5)

Anti-KLH IgM  
(% change)

-0.1%  
(-14.9%–17.4%)

-3.1%  
(-18.3%–14.9%)

-9.2%  
(-22.7%–6.6%)

0.7%  
(-15.1%–19.4%)

-7.1%  
(-21.7%–10.1%)

Anti-KLH IgG  
(% change)

-4.8%
(-34.8%–39.0%)

-23.9%
(-49.0%–13.5%)

-13.9%
(-41.0%–25.7%)

-14.0%
(-42.4%–28.3%)

-32.4%
(-54.7%–0.9%)

Anti-TT IgM  
(% change)

-2.6%
(-18.4%–16.2%)

-3.6%
(-20.0%–16.1%)

-6.7%
(-22.6%–12.5%)

2.7%
(-15.1%–24.1%)

-3.2%
(-20.0%–17.2%)

Anti-TT IgG  
(% change)

13.8%
(-19.6%–61.2%)

11.0%
(-23.2%–60.5%)

3.6%
(-26.1%–45.2%)

2.4%
(-28.6%–46.9%)

4.6%
(-27.0%–49.9%)

LSCI basal 
flow  
(AU)

-3.3
(-11.3–4.7)

-13.4
(-23.0–-3.8)**

-6.2
(-14.2–1.8)

-11.0
(-19.8–-2.3) 

*

-5.9
(-14.4–2.5)

LSCI flare  
(AU)

-2.2
(-6.9–2.4)

-7.5
(-13.2–-1.8)*

-4.5
(-9.0–0.1)

-5.8
(-10.8–-0.9) 

*

-3.1
(-7.9–1.8)

Multispectral 
imaging  
average  
redness (AU)

-0.04
(-0.16–0.09)

-0.20
(-0.32–-0.07)**

-0.11
(-0.23–0.01)

-0.17
(-0.29–-0.05) 

**

-0.23
(-0.35–-0.11) 

***

Multispectral  
imaging 
CIELab  
a* (AU)

-0.7
(-2.1–0.6)

-2.1
(-3.5–-0.8)**

-1.2
(-2.5–0.1)

-2.0
(-3.4–-0.7)**

-2.6
(-4.0–-1.3) 

***

Data displayed as estimated difference (95% confidence interval). AU=arbitrary unit.  
* p<0.05, ** p<0.01, *** p<0.001.
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Figure 3 Anti-KLH IgM (A) and IgG antibody titres (B), anti-TT IgM (C) and IgG 
antibody titres (D) 21 days after KLH immunization, cutaneous blood perfusion by 
LSCI basal flow (E) and LSCI flare (F), erythema by multispectral imaging average 
redness (G) and multispectral imaging CIELab a* (H) 2 days after intradermal 
KLH administration by treatment group. Data are shown as estimated difference 
percentage change (95% confidence interval) for A-D and as mean change from baseline 
(standard deviation) for E-H. ED=estimated difference, AU=arbitrary unit, CFB=change 
from baseline, i.d.=intradermal, KLH=keyhole limpet haemocyanin. P-values are based on 
estimated differences between groups with correction for baseline measurements and 
saline administration. *p<0.05, **p<0.01, ***p<0.001.

a

d

g

B

e

h

c

f

Figure 2 KY1005 serum concentrations (μg/mL). Data displayed on log10 scale as mean 
(standard deviation).

All mentioned supplementary figures and tables in this chapter can be found on 
the corresponding website by scanning this QR code.
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Figure 4 Emax model of KY1005 exposure and anti-KLH IgM (A), anti-KLH IgG 
(B), anti-TT IgM (C), anti-TT IgG (D), LSCI basal flow (E), LSCI flare (F), multispectral 
imaging average redness (G) and multispectral imaging CIELab a* (H). Dots represent 
individual data points. Black squares (error bars) represent mean (standard deviation) 
of observed data per dose level. Black line (grey area) represents model predicted mean 
(90% confidence interval). Data are shown as log10 change from baseline ratios vs. 
KY1005 concentration.a

b

c

D

e

f

g

h
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Abstract
Aim Signaling through the coinhibitory programmed death (PD)-1/PD-L1 
pathway regulates T cell responses and can inhibit ongoing immune respons-
es. Inflammation is a key process in the development of atherosclerosis, the 
underlying cause for the majority of cardiovascular diseases.Dampening the 
excessive immune response that occurs during atherosclerosis progression 
by promoting PD-1/PD-L1 signaling may have a high therapeutic potential to 
limit disease burden. In this study we therefore aimed to assess whether an 
agonistic PD-1 antibody can diminish atherosclerosis development.

Methods and Results LDLr-/- mice were fed a western-type 
diet (WTD) while receiving 100µg of an agonistic PD-1 antibody or control 
vehicle twice a week. Stimulation of the PD-1 pathway delayed the WTD-
induced monocyte increase in the circulation up to 3 weeks and reduced T 
cell activation and proliferation. CD4+ T cell numbers in the atherosclerotic 
plaque were reduced upon PD-1 treatment. More specifically, we observed 
a 23% decrease in atherogenic IFNγ-producing splenic CD4+ T cells and a 20% 
decrease in cytotoxic CD8+ T cells, whereas atheroprotective IL-10 producing 
CD4+ T cells were increased with 47%. Furthermore, we found an increase 
in regulatory B cells, B1 cells and associated atheroprotective circulating 
oxLDL-specific IgM levels in agonistic PD-1-treated mice. This dampened 
immune activation following agonistic PD-1 treatment resulted in reduced 
atherosclerosis development (p<0.05).

Conclusions Our data show that stimulation of the coinhibitory 
PD-1 pathway inhibits atherosclerosis development by modulation of T- and 
B cell responses. These data support stimulation of coinhibitory pathways 
as a potential therapeutic strategy to combat atherosclerosis. 
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It is however unknown whether stimulation of PD-1 signaling can inhibit 
atherosclerosis. Previous studies have shown that stimulation of coinhib-
itory molecules, such as CTLA-4 and BTLA, suppressed pro-atherogenic T- 
and B cell immunity and decreased atherosclerosis development in ApoE-/- 
and Ldlr-/- mice, respectively.23,24 In addition, Seko et al showed that treat-
ment of C3H/He mice with an agonistic PD-1 antibody protected against vi-
rus-induced myocarditis.25

Together, these findings fuel the hypothesis that stimulation of the 
PD-1 pathway can limit the overactive immune system during atheroscle-
rosis development and thus inhibit plaque progression. Therefore, Ldlr-/-  
mice fed a western-type diet (WTD) were treated with a stimulatory PD-1 
antibody for either 2 or 6 weeks to determine the effects on atherosclero-
sis development and the atherosclerosis-related immune response. 

Methods
Animals
Ldlr-/- mice on a C57Bl/6J background were purchased from Jackson Labo-
ratory (Sacramento, CA, USA) and bred in-house. Animals were kept under 
standard laboratory conditions; food and water were provided ad libitum. 
In order to develop atherosclerotic lesions, female mice (8-12 weeks old) 
were fed a western-type diet (WTD, 0.25% cholesterol, 15% cocoa butter (SDS, 
Essex, UK)) for 2 or 6 weeks. The agonistic PD-1 antibody25 (clone: PIM-2, 100 
µg/mouse), isotype control (Tebu-Bio, Heerhugowaard, The Netherlands) 
or PBS were injected intravenously twice a week in 100µl volumes. Mice 
were randomized over the groups using baseline age, weight and cholester-
ol levels. During the experiments, blood samples were obtained by tail vein 
bleeding. At the end of experiments, mice were anaesthetized by a subcuta-
neous injection of a cocktail containing ketamine (40 mg/ml), atropine (0.1 
mg/ml), and xylazine (8 mg/ml). Mice were bled followed by perfusion with 
phosphate-buffered saline (PBS) through the left cardiac ventricle. Total 
white blood cell count and monocyte content in blood were analyzed using 
an automated XT-2000iV veterinary hematology analyzer (Sysmex Europe 
GMBH, Norderstedt, Germany). All animal work was performed in compli-
ance with the Dutch government guidelines and the Directive 2010/63/
EU of the European Parliament. Experiments were approved by the Ethics 
Committee for Animal Experiments of Leiden University. 
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Introduction
Atherosclerosis is a chronic autoimmune disease characterized by the ac-
cumulation of lipids and immune cells, such as macrophages and pro-ath-
erogenic IFNγ-producing Th1 cells, in the atherosclerotic plaque.1,2 During 
disease progression, immune cells respond to atherosclerosis-specific anti-
gens, such as apoB100, the primary protein in low-density lipoprotein (LDL), 
which are presented via MHC molecules on the surface of antigen-present-
ing cells (APCs). Subsequent activation of immune cells is regulated by a 
network of costimulatory and coinhibitory molecules present on both T 
cells and APCs. The most familiar costimulatory network is the B7/CD28 
family, which has proven to be detrimental for Th1-driven atherosclerosis.3 
In the past two decades, interference in other costimulatory networks, in-
cluding the CD40-CD40L and OX40-OX40L pathways, confirmed its poten-
tial to inhibit experimental atherosclerosis and to target a broad range of 
immune responses involved in this disease process.4,5 Whereas costimula-
tory molecules need to be suppressed to dampen the overactive immune 
system in atherosclerosis, signaling through coinhibitory pathways must 
be promoted. The interaction of programmed death (PD)-1 with PD-L1/2 
forms such a coinhibitory pathway, and can inhibit proliferation, cytokine 
production, cytolytic function, and survival of T cells.6 PD-1 expression is 
not restricted to activated T cells,7,8 but can also be upregulated on B cells 
and certain dendritic cells upon antigen stimulation.8,9 PD-L1 is expressed 
by a large variety of cell types, including T cells, macrophages, dendritic 
cells and endothelial cells.10-12 Previously it has been shown that the PD-1/
PD-L1 pathway is a key regulator of many autoimmune diseases, including 
rheumatoid arthritis,13 multiple sclerosis,14 and cardiac inflammation.15 

In cardiovascular disease patients, altered levels of circulating PD-1 
and PD-L1 expressing cells have been reported.16,17 For example, PD-1 ex-
pression on circulating T cells was decreased compared to healthy con-
trol individuals and concomitantly, decreased PD-L1 expression on APCs 
was reported, which corresponded to increased T cell responses.18 Recent 
proteomics analysis of human atherosclerotic plaques revealed the pres-
ence of PD-1 expressing T cell populations inside the advanced atheroscle-
rotic plaque as well.19 Moreover, PD-1/PD-L1 deficiency aggravates experi-
mental atherosclerosis in LDL receptor deficient (Ldlr-/-) mice,20-22 with in-
creased numbers of pro-atherogenic CD4+ and CD8+ T cells in the plaque. 
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enzyme substrate. T cells were scored manually. The relative amount of col-
lagen and that of macrophages in the lesions is expressed as the percentage 
collagen- or MOMA-2-positive area of the total lesion surface area. Spleens 
were sectioned at a 10 µm thickness and were stained with hematoxylin & 
eosin (Sigma Aldrich) for white pulp quantification and with ORO and he-
matoxylin to analyze lipid content. All morphometric analyses were per-
formed in a blinded fashion on a Leica CTR6000B microscope with mikro-
Cam II 20mp (Bresser) using Leica QWin software (Leica Imaging Systems, 
UK) or ImageJ (FIJI).

Serum measurements
Total cholesterol levels were assessed in serum using an enzymatic colo-
rimetric assay (Roche/Hitachi, Mannheim, Germany). Precipath (Roche/
Hitachi) was used as internal standard. Total serum levels of IgM and oxLDL- 
specific IgM were determined by ELISA as described previously.26

Proliferation assay
Splenocytes were cultured in triplicate in a 96-wells round-bottom plate 
(2 x 105 cells/well) in RPMI1640 + 10% FCS + 100 U/ml streptomycin/peni-
cillin. Cells were stimulated with anti-CD3 and anti-CD28 (2µg/ml) for 48 
hours. Proliferation was measured by addition of 3H-thymidine (0.5 µCi/
well, Amersham Biosciences, the Netherlands) for the last 16 hours. The 
amount of 3H-thymidine incorporation was measured using a liquid scin-
tillation analyzer (Tri-Carb 2900R, Perkin Elmer). Responses are expressed 
as stimulation index (SI): ratio of mean counts per minute of triplicate cul-
tures with stimulation to triplicate cultures without stimulation. 

Statistical analysis
Data are reported as mean ± standard error of mean (SEM). Differences be-
tween groups were calculated using a Student’s t-test, or one way ANOVA 
with Dunnet’s post hoc analysis when 3 groups were compared. When 3 
groups were compared, the control chow group and PD-1 agonist group 
receiving WTD were both compared to the control WTD group. Statistical 
analyses were performed using Graphpad Prism version 8 (Graphpad, San 
Diego, CA, USA). One mouse in the control group did not develop any ath-
erosclerosis and was therefore excluded as an outlier (ROUT method) from 
the data.
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Cell preparation 

Upon sacrifice, K2EDTA anti-coagulated blood, serum, spleens and hearts 
were harvested. Single-cell suspensions of spleens were obtained using a 
70-µm cell strainer (Greiner Bio-one, Kremsmunster, Austria). WBCs were 
obtained by lysing the blood and splenocytes with ACK lysis buffer (0.15 
M NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA, pH 7.3). Hearts were embedded 
in OCT compound (Sakura, Tokyo, Japan) and stored at -80°C until further 
processing. 

Flow cytometry
Cell suspensions were stained using fluorochrome-labeled antibodies. 
A complete antibody list is provided in Table S1. Intracellular cytokine 
staining was performed after stimulation with 50 ng/mL phorbol 12-my-
ristate 13-acetate (PMA) and 200 ng/mL ionomycin (both Sigma-Aldrich, 
Deisenhofen, Germany) for 4 hours in the presence of brefeldin A (Thermo 
Fisher Scientific, Waltham, MA, USA). Samples were fixed and permeabilized 
using the fixation and permeabilization kit (BD Biosciences) prior to intra-
cellular staining. Flow cytometry analyses were performed on a Cytoflex 
S (Beckman Coulter, Brea, CA, USA) or MACSQuant 16 analyzer (Miltenyi 
Biotec, Bergisch Gladbach, Germany) and FlowJo software (Treestar, San 
Carlos, CA, USA) or Flowlogics software (Inivai, Mentone, Australia). 

Immunohistochemistry
To determine plaque size, 10 µm sections of the aortic root were prepared 
and collected. Mean plaque size was calculated using 5 sequential sec-
tions stained with Oil-Red-O (ORO) and hematoxylin (both Sigma Aldrich). 
Intraplaque collagen and necrotic core content were quantified after stain-
ing with Masson’s Trichrome staining kit (Sigma Aldrich) according to 
the manufacturer’s protocol. Corresponding sections on separate slides 
were stained for monocyte/macrophage content with a MOMA-2 antibody 
(1:1000, rat IgG2b, Serotec Ltd.) followed by a goat anti-rat IgG-alkaline 
phosphatase antibody (1:100, Sigma-Aldrich). CD4+ and CD8+ T cells were 
stained using CD4 (RM4-5, 1:90, ThermoFisher) and CD8a (Ly-2, 1:100, eBio-
science) antibodies, and a secondary rabbit anti-rat IgG antibody (BA-4001, 
Vector), followed by the Vectastain ABC kit (PK-4000, Vector). Color devel-
opment was achieved using novaRED peroxidase (Vector laboratories) as 
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Reduced T cell activation and pro-atherogenic IFNγ-
producing T cells upon agonistic PD-1 treatment
Since PD-1 stimulation promoted anti-atherogenic responses in our short-
term experiment, we next investigated the immunomodulatory effect of 
PD-1 stimulation during atherosclerosis development. Ldlr-/- mice were fed 
a WTD for 6 weeks while receiving an agonistic PD-1 antibody or control ve-
hicle (Figure 2A). During the experiment we observed an increase in serum 
cholesterol in PD-1 stimulated mice, while no difference in weight was ob-
served between the groups (Figure 2B). In line with our previous findings 
(Figure 1C), PD-1 stimulated mice show a decrease in circulating monocytes 
(2.4 ± 0.4%) compared to control mice (5.4 ± 0.5%, p=0.001, Figure 2C) after 
3 weeks. At sacrifice, circulating monocyte percentages did not differ any-
more between the groups. No differences in relative monocyte content 
was observed in the spleen after 6 weeks of treatment, except for a signifi-
cant decrease in patrolling monocytes (PD-1: 1.6 ± 0.1% vs. control: 2.2 ± 0.2%, 
p=0.03) (Figure 2D). Again, spleen weight was increased in PD-1 stimulated 
mice, however no differences were found in the relative white pulp con-
tent of the spleen (PD-1: 21.6 ± 1.0% vs. control: 23.4 ± 1.0%) and no excess fat 
depositions were found in spleens of PD-1 agonistic treated mice compared 
to spleens of control mice (Figure S4A). Percentages and absolute values of 
total CD4+ and CD8+ T cells were not affected in the spleen (Figure 3A and 
Figure S4B). Similarly, circulating CD4+ and CD8+ T cells and their activation 
status was unchanged (Figure S5). However, the activation status of splenic 
T cells, as measured by the expression of activation marker CD69, was de-
creased in PD-1 agonist treated mice (PD-1: 23.3 ± 4.6% vs. control: 29.2 ± 5.4%, 
p=0.005) (Figure 3A). Moreover, a significant decrease in pro-atherogenic 
IFNγ-producing cells was seen in both CD4+ and CD8+ populations upon PD-1 
stimulation (CD4+ T cells: PD-1: 5.1 ± 0.9% vs. control: 6.6 ± 1.6% p=0.005; CD8+ 
T cells: PD-1: 4.9 ± 0.8% vs. control: 6.2 ± 1.2% for control, p=0.006) (Figure 
3B, C, Figure S6), whereas a significant increase in atheroprotective CD4+ IL-
10-producing cells was found after PD-1 stimulation (PD-1: 2.8 ± 0.8% vs. con-
trol: 1.9 ± 0.8%, p=0.003). In the lymph nodes draining from the heart, we 
did not observe differences in T cell numbers or activation status (data not 
shown). Locally in the atherosclerotic plaque, a decrease in the number of 
CD4+ T cells after PD-1 stimulation was observed (PD-1: 4.5 ± 0.6 vs. control: 
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Results
PD-1 stimulation promotes anti-atherogenic 
immunity 
To assess the short-term effects of PD-1 stimulation on the immune system, 
Ldlr-/- mice were treated for 2 weeks with a PD-1 agonist or control vehicle 
while receiving a WTD diet. Additionally, a control group was kept on chow 
diet to be able the assess the direct effects of the high cholesterol diet on 
the immune system (Figure 1A). As shown in Figure 1B, cholesterol levels in-
creased upon WTD administration and no differences in body weight were 
observed between the experimental groups. Administration of a WTD sig-
nificantly increased the relative amount of monocytes in peripheral blood 
(chow: 9.6 ± 1.1% vs. WTD: 15.4 ± 1%, p=0.004, Figure 1C), which was less pro-
nounced in the PD-1 stimulated WTD-fed mice (12.4 ± 1.3%). Similar pat-
terns were seen for both the patrolling (Ly6Cint) and inflammatory mono-
cyte (Ly6Chi) subsets, suggesting that agonistic PD-1 treatment did not af-
fect a specific monocyte subset. Absolute total monocyte numbers as mea-
sured by automated hematology analysis revealed a similar trend, albeit 
these data did not reach significance (p=0.15, Figure S1). An additional ex-
periment shows that the relative monocyte effect is PD-1 specific, since 
monocyte levels upon isotype control treatment (Figure S2A) correspond 
to those of the PBS treated mice (Figure 1C). In contrast, the percentage of 
splenic monocytes was increased in PD-1 stimulated mice (3.5 ± 0.3%) com-
pared to control WTD (2.2 ± 0.2%, p=0.004) and control chow (0.6 ± 0.1%, 
Figure 1D). Despite enlarged spleens in mice treated with the PD-1 agonist 
(Figure S3A), we did not observe significant differences in T- or B cell per-
centages compared to the control vehicle treated mice (Figure S3B). As the 
PD-1/PD-L1 pathway inhibits proliferation of activated T cells,6 the prolifer-
ative capacity of splenocytes isolated from either control or PD-1 stimulat-
ed mice was measured after stimulation with anti-CD3/CD28 antibodies. As 
shown in Figure 1E, PD-1 stimulation resulted in a 75% decrease in T cell pro-
liferation compared to the controls (PD-1: 12.0 ± 6.8 S.I. vs. control: 47.8 ± 4.9 
S.I., p=0.0003). PD-1 stimulation did not alter the percentages of CD4+, CD8+ 
or total CD19+ in the periphery (Figure S3C). Interestingly, we did observe 
increased circulating regulatory B cells (Bregs), defined as CD19+CD5+CD1dhi 
cells, upon 2 weeks of PD-1 stimulation (PD-1: 1.0% ± 0.1% vs control WTD: 
0.6% ± 0.1%, p=0.02) (Figure 1F).
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Discussion
Immune checkpoint proteins are extremely potent targets to modulate im-
munity in autoimmune diseases such as cardiovascular disease.23,24,27 In this 
study, we show that stimulation of signaling through the immune check-
point protein PD-1 inhibits atherosclerotic lesion development in WTD-fed 
Ldlr-/- mice despite elevated serum cholesterol levels. This is accompanied 
by a decrease in inflammatory monocytes in peripheral blood in the early 
stages and a decrease in IFNγ-producing T cells, while atheroprotectiveIL-10 
producing T cells, Bregs, B1 cells and oxLDL IgM levels were increased .

Previously, it was shown that absence of PD-1/PD-L1/2 signaling can ag-
gravate atherosclerosis by enhancing T cell proliferation, activation of 
both CD4+ as CD8+ T cells, and more specifically by increasing pro-athero-
genic IFNγ production by T cells.21,22 In line with these findings, we show 
that agonistic PD-1 treatment resulted in a strongly impaired proliferative 
capacity of T cells, with a concomitant shift from Th1-associated IFNγ-
producing CD4+ cells towards anti-inflammatory IL-10 producing CD4+ T 
cells. This was accompanied by a significant decrease in CD4+ T cell num-
bers in the plaque. This is not surprising, as PD-1 signaling is known to 
suppress T cell activation and proliferation.28,29 Reduced IFNγ-producing 
T cells in our agonistic PD-1 treated mice likely contributed to diminished 
atherosclerosis, as administration of exogenous IFNγ to ApoE-/- mice re-
sulted in an increase plaque formation,30 while Ldlr-/-IFNγ-/- mice devel-
oped smaller plaques compared to control.31 In contrast, IL-10 has well-de-
scribed anti-atherogenic properties32 and is often associated with regula-
tory T cells, which can suppress activation and proliferation of immune 
cells during atherosclerosis, including IFNγ-producing CD4+ T cells.33 
Despite our observed reduction in T cell proliferation and IFNγ-producing 
T cells in agonistic PD-1 treated mice, we did not observe a difference in 
the percentage of Foxp3+ CD4+ T cells in the circulation (Figure S5A). That 
PD-1 directly acts on pro-atherogenic T cells without affecting Treg levels, 
was also described by Bu et al. who showed that PD-1 deficiency in Ldlr-/- 
mice did not alter CD4+Foxp3+ T cells.20

Furthermore, we also observed a decrease in IFNγ-producing CD8+ T 
cells, which are considered pro-atherogenic due to their cytotoxic capac-
ity and inflammatory cytokine production.34 This is in line with previ-
ous studies in which PD-1-/-LDLr-/- mice showed an increase in pro-inflam-
matory cytokine expression, including IFNγ by CD8+ T cells, and in which 
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7.0 ± 0.8, p=0.008) (Figure 3D), while the number of CD8+ T cells was relative-
ly low and did not significantly differ between the groups (PD-1: 1.2 ± 0.4 vs. 
control: 0.8 ± 0.2, p=0.61) (Figure S5C).

Increased circulating B1 cells and oxLDL-specific 
IgM in agonistic PD-1 treated mice
As T cells play an important role in B cell activation, and PD-1 is also ex-
pressed on activated B cells, we anticipated PD-1 stimulation may also af-
fect humoral immunity during atherosclerosis development. Although 
total circulating B cells were unaltered after 6 weeks of PD-1 stimulation, 
we did observe a significant increase in B1 cells (PD-1: 6.9 ± 1.4% vs. control: 
5.4 ± 1.7%, p=0.01, Figure 4A). In line with this finding, total serum IgM lev-
els as well as oxLDL-specific IgM levels were increased by PD-1 stimulation 
(Figure 4B). Notably, the levels of oxLDL IgM were inceased to a greater ex-
tent than total IgM, indicating also a relative increase of atheroprotective 
IgM. Total oxLDL-specific IgG were also increased after PD-1 stimulation. 
Similarly to the short-term experiment, an increase of circulating Bregs 
was observed, although not statistically significant (PD-1: 0.34 ± 0.07% vs. 
control: 0.23 ± 0.05%, Figure 4A). 

PD-1 stimulation reduces plaque development in 
the aortic root
Given the immunosuppressive effect of PD-1 stimulation, we investigat-
ed the effect of PD-1 stimulation on atherosclerotic plaque development. 
Ldlr-/- mice treated with an agonistic PD-1 antibody showed a 26.4% small-
er plaque size compared to the control group (PD-1: 2.40 ± 0.25 x 105 µm2 vs. 
control: 3.22 ± 0.25 x 105 µm2, p=0.04) (Figure 5A). Similarly, when plaque 
size was calculated as a percentage of the total lumen area a significant de-
crease was seen in PD-1 stimulated mice (PD-1: 23.0 ± 1.8% vs. control: 30.0 ± 
2.1%, p=0.02). The percentage of collagen in the plaque was similar in both 
groups (PD-1: 27.3 ± 2.2% vs. control: 28.0 ± 1.5%, Figure 5B). Likewise, the ne-
crotic core content of the plaque (PD-1: 14.1 ± 1.9% vs. control: 19.0 ± 2.2%) 
and the macrophage content in the plaque as assessed by MOMA-2 staining 
(PD-1: 30.5 ± 2.8% vs. control: 32.6 ± 2.3%) did not differ between the groups 
(Figure 5C).
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stimulation, we already observed elevated circulating CD5+CD1dhi regula-
tory B cells, which could possibly exert an atheroprotective role by sup-
pressing T cells. Previously, decreased amount of circulating Bregs were 
shown in patients with coronary atherosclerosis compared to healthy con-
trols40 and we showed that adoptive transfer of IL-10+ Bregs in Ldlr-/- mice 
reduced total leukocyte counts, lymphocytes, monocytes and activated T 
cells in circulation.41 Notably, this adoptive transfer of IL-10+ Bregs as well 
as lack of IL-10 producing B cells in Ldlr-/- mice42 did not affect plaque size, 
suggesting our observed increase in Bregs upon PD-1 agonism mainly con-
tributes to reduced inflammation. Finally, we also found elevated levels 
of B1 cells in the circulation after PD-1 stimulation. B1 cells are considered 
atheroprotective via their production of primarily IgM natural antibod-
ies directed at amongst others to oxLDL, which can prevent foam cell for-
mation, and facilitate the clearance of apoptotic cells.43 Corresponding to 
the increase in B1 cells, we observed elevated serum IgM levels and more 
specifically an absolute and relative increase in oxLDL-specific IgM, which 
has been shown to inversely relate to the incidence of CVD.44 

Finally, we would like to address a few findings that warrant further 
research. First of all, our study was performed in female mice. Previous 
studies investigating the PD-1/PD-L1 pathway were performed in either 
male22 or female mice, 21 and in both sexes PD-1 or PD-L1 deficiency aggra-
vated atherosclerosis development. Therefore we do not anticipate sex 
differences upon PD-1 stimulation in our atherosclerosis model, although 
further research would be necessary to confirm this. Moreover, we also 
observed an enlargement of the spleen after PD-1 stimulation, while 
the amount of splenocytes, white pulp content and fat deposits is simi-
lar to those in control mice after 6 weeks of treatment. Previous studies 
using radioactively labeled monoclonal antibodies show that the spleen 
is a preferential site of accumulation for therapeutic antibodies,45 which 
could possibly explain this observation. Finally, despite decreased ath-
erosclerosis, we did observe elevated cholesterol levels in our PD-1 ago-
nist treated mice. This is in contrast to Cochain et al. who found increased 
cholesterol levels upon PD-1 deficiency in Ldlr-/- mice22, while cholesterol 
levels remained unchanged in other studies investigating PD-1/PD-L1 defi-
ciency in atherosclerosis.20,21 It thus remains to be elucidated whether the 
observed effect on serum cholesterol levels in our study is directly related 
to PD-1 agonism or whether this is a secondary effect. Despite the increase 
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PD-1 blockade induced IFNγ production by both CD4+ and CD8+ T cells.21 
Moreover, PD-1 expressing CD8+ T cells from patients with atherosclerosis 
produced more anti-atherogenic IL-10 and less pro-atherogenic cytokines 
(IFNγ, TNFα) compared to PD-1-CD8+ T cells, further supporting a protec-
tive role for PD-1 in T cell-mediated immunity. Interestingly, CD8+ T cells 
can also control monopoiesis and circulating monocyte levels in athero-
sclerosis,35 which may have contributed to our observed reduction in cir-
culating monocytes. The latter can also result from reduced T cell activa-
tion in PD-1 agonist treated mice as it has been shown that activated T cells 
can induce pro-inflammatory cytokine secretion by monocytes.36 Lack of 
this monocyte activation upon PD-1 stimulation possibly prevents influx 
of new monocytes into the circulation. We show this reduction in mono-
cytes is directly associated with PD-1 stimulation, as treatment with an 
isotype control resulted in comparable monocyte levels to PBS treatment. 
Due to limited statistical power in that particular experiment, no con-
crete conclusion can be drawn on atherosclerosis development. Agonistic 
PD-1 treatment was only able to delay WTD-induced monocytosis, as rela-
tive monocyte levels did not differ between control and PD-1 agonist treat-
ed mice after 6 weeks of treatment. Although we have no supportive ev-
idence, the comparable levels of monocytes at sacrifice could be attrib-
uted to enhanced monocyte release from the bone marrow in PD-1 ago-
nist treated mice to compensate for the reduced monocytes in the first 
few weeks of the treatment. As we also observe decreased monocyte lev-
els in the spleen after 3 weeks of treatment, it is also a possibility that 
monocytes from the splenic reservoir37 are suppressed during the initial 
weeks of PD-1 agonist treatment, resulting in reduced circulating mono-
cytes. Notably, we did not observe a difference in macrophage content in 
the plaque, rendering it unlikely that the observed reduction in mono-
cyte levels during the first weeks of the treatment is solely responsible for 
the observed plaque size reduction upon PD-1 agonism. However, a more 
detailed analysis regarding macrophage subsets in the plaque may shed 
more light on the underlying mechanisms involved.

The PD-1/PD-L1/L2 pathway is not only an important negative regulator 
of T cell responses but can also impact B cell immunity.9,38 Although PD-L1 
expressing B cells have been more extensively investigated, PD-1 is also 
upregulated on activated B cells and these PD-1+ B cells have been linked to 
CD4 and CD8 T cell suppression previously.9,38,39 Within 2 weeks upon PD-1 
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in cholesterol levels, we did observe a decrease in atherosclerosis devel-
opment, suggesting that the atheroprotective effects that we observe on 
the immune system upon PD-1 treatment are effective in counteracting 
the increase in serum cholesterol levels. Further research investigating 
the direct effects on PD-1 agonism on cholesterol metabolism may provide 
mechanistic insights in this regard. 

Given the recent advances in immune modulation as treatment for ath-
erosclerosis,46 our data show that PD-1 stimulation is a possible treatment 
to reduce atherosclerosis development. Although our study provides 
novel insights in the role of the PD-1 pathway in atherosclerosis, caution 
is warranted when using this target for treatment. While dampening the 
immune system and thus stimulation of the PD-1/PD-L1 axis is a potential 
pathway to reduce progression of atherosclerosis, activation of the im-
mune system by blockade of the PD-1/PD-L1 pathway has shown promis-
ing results in the treatment of several cancers.47 Indeed, a number of pa-
tients treated with anti-PD-1 or PD-L1 show cardiotoxicity, mostly myocar-
ditis, especially in combination with anti-CTLA4 treatment.48 Although 
more research is needed to enhance our knowledge regarding this am-
bivalence, recently it was reported that melanoma patients receiving an-
ti-PD-1 and anti-CTLA4 treatment did not show a direct effect on athero-
sclerosis after 10 weeks of treatment.49

In conclusion, our data show that stimulation of the co-inhibitory PD-1 
pathway inhibits atherosclerosis development via modulation of the im-
mune response and supports that stimulation of co-inhibitory molecules 
can be a potential therapeutic strategy to limit atherosclerosis.

Figure 1 Short term PD-1 stimulation alters monocyte levels and inhibits T cell 
proliferation. (A) Experimental setup. Ldlr-/- mice were fed a WTD or chow diet for 
2 weeks while receiving an agonistic PD-1 antibody or control vehicle. (B) The weight 
and serum cholesterol levels were assessed before and after treatment. (C) Peripheral 
blood and (D) splenic monocyte percentages were measured by flow cytometry. (E) 
Proliferation of splenocytes after 3 days of stimulation with anti-CD3 and anti-CD28 
measured by [3H]thymidine labeling (n=5/group). (F). Regulatory B cells in peripheral 
bloodwere measured by flow cytometry. Data are displayed as mean ± SEM. Statistics was 
performed using one-way ANOVA, with post-hoc comparison using Dunnett’s multiple 
comparisons test, comparing control chow and PD-1 WTD groups to the control WTD 
group. P values ≤0.05 are considered significant. * p≤0.05, ** p≤0.01, *** p≤0.001.
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Figure 3 PD-1 stimulation promotes an anti-atherogenic T cell phenotype. (A) 
The amount of CD4+ and CD8+ T cells and their expression of CD69 was measured in 
splenocytes by flow cytometry. To measure intracellular cytokines, splenocytes were 
stimulated for 4 hours with PMA/ionomycin and BrefA. (B) Representative dotplots and 
(C) data graphs of intracellular IFNγ and IL-10 within CD4+ and CD8+ T cells are shown. 
(D) CD4+ T cell numbers in the atherosclerotic plaque were manually scored. Scale bars 
indicate 50µm. Mean ± SEM are shown. Statistics was performed using unpaired T-test. P 
values ≤0.05 are considered significant. ** p≤0.01.
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Figure 2 Agonistic PD-1 treatment inhibits WTD-induced increase in circulating 
monocytes. (A) Experimental setup. Ldlr-/- mice were fed a WTD for 6 weeks while 
receiving an agonistic PD-1 antibody (n=15) or control vehicle (n=14). (B) Weight and serum 
cholesterol levels were assessed before, during and after treatment. Total monocytes 
(CD11b+Ly6G-Ly6C+), inflammatory monocytes (CD11b+Ly6G-Ly6Chigh) and patrolling 
monocytes (CD11b+Ly6G-Ly6Cint) were measured by flow cytometry in peripheral blood (C) 
and spleen (D). Mean ± SEM are shown. Statistics was performed using unpaired T-test. P 
values ≤0.05 are considered significant. * p≤0.05, *** p≤0.001, **** p≤ 0.0001.
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Figure 5 PD-1 stimulation inhibits atherosclerosis development. Aortic root plaque size and 
composition was determined using an Oil-Red-O staining and representative images of the stainings 
are shown. Data is shown as total plaque size, and as percentage of total valve area (A). Collagen 
content and necrotic core size were determined using trichrome staining, and are showed as 
percentage of the total plaque (B). Macrophage content was determined using MOMA-2 antibody 
staining, and is shown as total MOMA-2 positive area, as well as the percentage of total plaque (C).  
Scale bars indicate 250µm. Mean ± SEM are shown. Statistics was performed using unpaired T-test.  
P values ≤0.05 are considered significant. * p≤0.05.
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All mentioned supplementary figures and tables in this chapter can be found on 
the corresponding website by scanning this QR code.
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Figure 4 Elevated B1 cells and oxLDL-IgM levels in agonistic PD-1 treated mice. 
Total CD19+ B cells, and B1 cells (CD19+B220lo) and regulatory B cells (CD19+CD5+CD1dhi) 
were measured by flow cytometry in blood (A). Total serum IgM (µg/ml), Cu-oxLDL IgM 
(relative light units (RLU)/100ms) and the Cu-oxLDL IgM/total IgM ratio measured by 
ELISA (B). Mean ± SEM are shown. Statistics was performed using unpaired T-test. P values 
≤0.05 are considered significant. * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤ 0.0001
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on the human immune system was investigated to identify potential cel-
lular subsets that can be used as clinical biomarker. In order to study the 
effects of these risk factors, five groups of volunteers were included in a 
observational clinical trial: young healthy volunteers (18–25 years), elderly 
healthy volunteers (>60 years), young smokers (18–25 years), heavy smok-
ers (>45 years) and patients with stable coronary artery disease (>60 years). 
Immune cell subsets were analyzed by flow cytometry, and circulating pro-
tein levels were measured by ELISA and proteomics. Furthermore, mono-
cyte and T cell responses were analyzed using whole blood stimulation as-
says. Although the groups were rather small (n=30 for YH, n =20 for EH, n=20 
for YS, n=11 for HS and n=27 for CAD), clear differences could be observed be-
tween the groups. Firstly, clear ageing effects were observed, which cor-
roborated with effects of immunosenescence known from literature.4,5 
Senescent CD4+CD28null and CD8+CD57+ T cells were increased in elderly 
healthy volunteers and patients with CAD. Previous studies have shown 
that a high frequency of senescent CD28null and CD57+ T cells in peripher-
al blood and/or atherosclerotic plaques strongly associate with hypergly-
caemia, acute cardiovascular events and mortality.6-8 Secondly, clear smok-
ing effects were observed, as illustrated by an increase in central memory 
T cells and an increase in Th1 cells with corresponding IFNγ producing T 
cells. These effects were also known from literature.9 Interestingly, a sig-
nificantly lower level of circulating oxLDL-specific IgM was found in the 
patients with stable CAD. Furthermore, lower circulating PC-specific IgM 
levels were found in both the CAD patients and healthy elderly volunteers. 
Both these types of antibodies play an atheroprotective role by facilitating 
the clearance of apoptotic cells10,11 and preventing foam cell formation by 
blocking oxLDL uptake by macrophages.12 Lastly, proteomics analysis was 
performed to measure circulating inflammatory markers, showing an in-
crease in plasma TREM1 and CCL11 in elderly volunteers compared to young 
volunteers. Elevated IL-6 plasma levels were found in heavy smokers and 
patients with CAD. It has been shown that increased IL-6 plasma levels cor-
relate with risk for CAD.13-15 Lowering of IL-6 in the CANTOS trial correlated 
with a decrease risk of recurrent cardiovascular events16 and furthermore, 
a clinical trial with IL-6 inhibitor ziltivekimab in patients with high athero-
sclerotic risk is currently ongoing (ZEUS trial), establishing the relevance of 
this cytokine as marker of disease. InChapter 3, the effect of LPS on neutro-
phils was evaluated. Neutrophils have been suggested to play a role during 

Atherosclerosis is a complex chronic disease, in which the immune sys-
tem play a critical role. As is outlined in the introduction (Chapter 1), cells 
of our immune system can be eitheratherogenic or atheroprotective, de-
pending on the specific cell subset investigated. Modulation of the immune 
system during development and progression of atherosclerosis in mouse 
models has been shown to be effective in decreasing plaque size or increas-
ing plaque stability. The first successful clinical trials have been performed, 
where immunomodulation reduced the chance of recurrent cardiovascu-
lar events in cardiovascular disease patients.1,2 The CANTOS trial, using the 
anti-IL-1β antibody canakinumab, showed that canakinumab treatment in 
cardiovascular disease (CVD) patients with high sensitivity (hs)CRP levels 
>2mg/L reduced the risk for recurrent cardiovascular events compared to 
placebo.3 However, these patients also had a higher risk for fatal infections. 
Furthermore, colchicine treatment reduced the risk for recurrent cardio-
vascular events compared to placebo.1,2 Interestingly, while colchicine has 
a broad immunosuppressive function, it also inhibits the inflammasome, 
and thereby IL-1β production, showing that inhibition of the inflamma-
some is a viable method to modulate atherosclerosis. However, given the 
adverse effects found in the CANTOS trial, further research is necessary to 
elucidate the optimal strategy for immunomodulation in atherosclerotic 
disease. Furthermore, assays to study immunomodulatory drug effects in 
clinical trials are necessary to assess efficacy of these drugs. 

The research in this thesis aimed to identify potential endpoints for 
clinical trials related to atherosclerotic disease and related potential drug 
targets, and describes the development of assays to study drug effects in 
clinical trials. Furthermore, novel strategies for immunomodulation of 
atherosclerosis are investigated, both in mice and in human. The research 
performed is also summarized in Figure 1.

I. Identification of potential biomarkers of atherosclerotic disease, 
and analytical development of target engagement assays for future 
atherosclerosis-targeted immunomodulatory drugs

In the first part of this thesis, the focus was to identify potential biomark-
ers that may serve as endpoints for early phase clinical pharmacology stud-
ies and develop assays to test drug functionality that can be used in these 
clinical trials. In Chapter 2 the effect of two risk factors for atherosclerosis 
development, ageing and smoking, and the effect of cardiovascular disease 
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amount of cytokine production after LPS stimulation, while the amount 
of cytokine secreting cells remain stable during sample aging. Cytokine 
production after LPS stimulation can mainly be attributed to monocytes.20 
Sample ageing also resulted in a moderately diminished cytokine produc-
tion after whole blood PMA/ionomycin and SEB stimulation, which is main-
ly T cell driven. Addition of cell culture medium, which restores nutrients 
present in the culture, did not prevent the decline in cytokine production 
with sample ageing. These data together show that standardization of the 
time after blood sampling is important for consistent results during a clin-
ical trial. 

II. Immunomodulation of atherosclerosis

Part II of this thesis focuses on testing of immunomodulatory compounds 
in humans or in Ldlr-/- mice. The four chapters included in this section all 
describe the use of immunomodulatory compounds that could potentially 
be developed or used for additional treatment for atherosclerosis. First, a 
registered vaccine and a drug were tested in humans. In Chapter 6, the ef-
fect of vaccination with the pneumococcal vaccine Prevenar-13 on the cir-
culating levels of oxLDL-specific antibodies was investigated. In mice, vac-
cination with Streptococcus pneumoniae resulted in an increase in athero-
protective oxLDL-specific IgM levels, and a corresponding decrease in ath-
erosclerosis development,21 indicative of a the atheroprotective potential 
for humans as well. However, vaccination with Prevenar-13 in human did 
not result in an increase of oxLDL-specific antibodies. Certain IgM clones 
binding oxLDL also bind phosphorylcholine (PC), present in the cell wall 
of Streptococcus pneumoniae.12,21 The PC content in Prevenar-13 is low, which 
could explain the absence of the desired vaccination effects in humans. 
Potentially, a vaccine developed to elicit a response against PC would be 
successful in increasing circulating oxLDL antibody levels in humans, as it 
does in mice.22 In Chapter 7 research on hydroxychloroquine (HCQ) is de-
scribed. HCQ is a broadly acting immunosuppressive drugs, originally de-
veloped for the treatment of malaria. HCQ is also prescribed for auto-im-
mune diseases such as rheumatoid arthritis and systemic lupus erythema-
tosus. The OXI trial, investigating HCQ for prevention of recurrent cardio-
vascular events in myocardial infarction patients, is currently ongoing.23 
However, the exact working mechanism of HCQ is unknown, and little data 
is available on the translatability of in vitro and in vivo effects. Therefore we 

the onset of atherosclerosis, but they are also implied in plaque destabili-
zation.17-19 Currently, no treatments specifically targeting neutrophils have 
been registered, although this could be a valuable method to prevent car-
diovascular events by stabilizing atherosclerotic plaques. To be able to test 
novel drugs targeting neutrophils in human, stimulation of neutrophils is 
required, since neutrophils are not in an activated state in basal conditions. 
Short-term inflammation can be induced in a human endotoxemia model, 
by intravenous LPS administration. In addition, whole blood in vitro cul-
tures with LPS stimulation can be a useful assay to use in pre-clinical devel-
opment or as target engagement assay in early clinical studies. Neutrophil 
activation by LPS in healthy volunteers was compared between an in vitro 
(whole blood cultures) and an in vivo (human endotoxemia) challenge. 
Activation markers CD11b, CD62L, CD63 and CD64 were measured by flow 
cytometry. The expression of CD11b, CD63 and CD64 was increased after 
exposure to LPS, while CD62L expression decreased, both in vitro as well as 
in vivo. Furthermore, levels of granule proteins myeloperoxidase, neutro-
phil elastase and LL37 were increased after LPS exposure, both in vitro in 
culture supernatant and in vivo in circulation, showing an increase in neu-
trophil degranulation after LPS stimulation. Lastly, little differences were 
found in the proteome of neutrophils after in vivo LPS exposure, which can 
be explained by the fact that neutrophils already have all necessary pro-
teins stored in their granules. In general, activation of neutrophils by LPS 
in vivo and in vitro resulted in similar neutrophil activation. Based on these 
results, in vitro and in vivo LPS challenges can be used in future clinical stud-
ies evaluating neutrophil-targeted investigational compounds. As is illus-
trated by the CANTOS trial, inhibition of IL-1β results in a decrease in re-
current cardiovascular events in CVD patients with hsCRP >2 mg/L.3 Testing 
the effects of inflammasome inhibitors requires in vitro and ex vivo assays 
mimicking the in vivo milieu as much as possible. Therefore we set-up a 
whole blood based assay using lipopolysaccharide (LPS) and ATP as inflam-
masome activators (Chapter 4). We measured the time-frame of IL-1β and 
IL-18 secretion upon stimulation, thereby demonstrated that NLRP3 is ac-
tivated in these settings. We here also show that monocytes and neutro-
phils are the main contributors to the measured IL-1β secretion. To further 
elucidate the optimal conditions for performing whole blood cultures, we 
performed additional experiments, described in Chapter 5. In this chapter 
we show that the age of the whole blood sample has a strong effect on the 
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in CD4+ T cells in the plaque was found upon PD-1 stimulation. PD-1 stimula-
tion resulted in a decrease in IFNγ-producing T cells, while the amount of 
IL-10 producing T cells was increased in the spleen. An increase in regulato-
ry B cells, B1 cells and associated circulating oxLDL-specific IgM levels was 
found as well. Lastly, stimulation of the PD-1 pathway delayed WTD-induced 
monocyte increase in circulation up to 3 weeks. These data show that stim-
ulation of the co-inhibitory PD-1/PD-L1/2 pathway decreases atherosclero-
sis development in mice. Therefore, next to inhibition of co-stimulatory 
pathways, stimulation of co-inhibitory pathways could be potentially use-
ful therapies to treat atherosclerosis in humans. 

Figure 1 Summary of the studies described in this thesis. 

performed in vitro experiments using PBMCs studying the effect of HCQ on 
endosomal TLR-mediated cytokine responses as well as on T and B cell pro-
liferation. We performedthe same assays with PBMCs from healthy volun-
teers who received multiple doses of HCQ. The concentrations where ef-
fects were seen in in vitro experiments were not reached in in vivo plasma 
samples. However, since HCQ accumulates intracellular in the lysosome, it 
could be that local concentrations of HCQ are in fact higher, and that there-
fore HCQ does modulate cellular responses. Lastly, the effect of inhibition 
of the co-stimulatory signal for T cell activation is described in this thesis. 
Chapter 8 describes the first-in-human clinical trial using KY1005 (currently 
named amlitelimab), an OX40L inhibitor. Inhibition of OX40L should result 
in a decrease in T cell activation upon stimulation, which was studied in 
this clinical trial using vaccination with the neo-antigen keyhole limpet he-
mocyanin (KLH) and tetanus toxoid as a recall antigen. KY1005 did not signif-
icantly impact the humoral response to KLH or TT. However, the KLH recall 
response, induced by an intradermal KLH injection 3 weeks after vaccina-
tion, was significantly suppressed in the KY1005-treated groups compared 
to placebo. Currently, no OX40-OX40L inhibitor is on the market, however 
the use of such a drug in patients with cardiovascular disease caused by ath-
erosclerosis would be very interesting to investigate since inhibition of the 
OX40-OX40L pathway in mice significantly reduced plaque size,24 and even 
regression of established atherosclerotic plaques.25 B cells express OX40L 
upon activation, with which they interact with activated T cells. Moreover, 
follicular helper T cells express OX40. These cells are essential for B cell help 
by inducing class-switching of B cells amongst other functions.26 Inhibition 
of the OX40-OX40L pathway prevents class-switching of B cells in mice.27 In 
our clinical trial, we did not observe significant effects of OX40L blockade 
on KLH-specific IgG and IgM responses. However, when looking at the KLH-
specific IgM/IgG ratio at the highest tested dose of KY1005 (12 mg/mL), a po-
tential drug-dependent inhibition of class-switching was observed (IgM/
IgG ratio of 0.34 ± 0.17 for placebo vs 0.56 ± 0.13 for 12 mg/mL KY1005), hint-
ing that inhibition of class-switching also occurs in humans. In Chapter 9 
the effect of inhibition of T cell activation by stimulation of the co-inhib-
itory PD-1 pathway is reported. Ldlr-/- mice were treated with an agonis-
tic PD-1 antibody during administration of a western-type diet (WTD) to in-
duce atherosclerosis development. We showed that stimulation of the PD-1 
pathway decreased atherosclerosis development. Furthermore, a decrease 
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drugs are probably not the most suitable approaches for prevention of 
atherosclerosis development. Inhibition of co-stimulatory pathways or 
stimulation of co-inhibitory pathways are both more specific in the sense 
that they target mainly T cell function. However, suppressing general T 
cell function over longer periods of time probably also increases infec-
tion risk. A highly specific method for atherosclerosis modulation, with 
theoretically limited to no expected adverse effects, would be the induc-
tion of oxLDL-specific IgM. Unfortunately, this could not be achieved with 
Prevenar-13 vaccination in human, although the concept has been shown 
to be successful in mice (Chapter 6). A newly developed vaccine that in-
duces oxLDL-specific IgM production would be beneficial. However, the 
development of such a vaccine will be challenging, since it should main-
ly elicit a IgM response and preferably no IgG response, since oxLDL-spe-
cific IgG is considered atherogenic.30,31 This could possibly be obtained by 
using a vaccine that targets B1 cells and not B2 cells, in a T-cell indepen-
dent manner. Furthermore, inhibition of the OX40-OX40L pathway dur-
ing vaccination to prevent class-switching of B2 cells could also be a way 
to mainly induce a IgM response. It should be investigated if class-switch-
ing does not occur at a later stage upon recognition of the oxLDL antigen 
however. Other ways to induce tolerance during atherosclerosis develop-
ment should also be investigated, for example the induction of regulatory 
T cells that react against oxLDL-specific T and/or B cells would be benefi-
cial to prevent atherosclerosis development or progression. 

Conclusions
Prevention of atherosclerosis progression and destabilization of the plaque 
is necessary to prevent (recurrent) cardiovascular events, for which immu-
nomodulation is a promising strategy. The research described in this thesis 
can add to the development of such a therapy. In part I, potential biomark-
ers and the development of whole blood based assays are described for use 
in future clinical trials using immunomodulatory drugs. These assays and 
biomarkers can help to assess the functionality of these drugs. Part II de-
scribes novel strategies for immunomodulation in atherosclerosis both in 
humans and mice. While currently no immunomodulatory therapies exist 
for atherosclerosis treatment, this will probably become available in the 
not-too-distant future. 

Future perspectives

Treatment of atherosclerosis currently mainly consist of lifestyle changes 
and a regimen lipid-lowering drugs with other drugs such as beta-blockers 
and anti-coagulants. This treatment is successful in preventing recurrent 
cardiovascular events in a subpopulation of CVD patients. However, recur-
rent cardiovascular events remain a high risk for CVD patients.28 For these 
patients at high risk, immunomodulation could be a useful additional ther-
apeutic strategy. To predict which patients are at risk for a recurrent event 
and would benefit from additional treatment, reliable diagnostic biomark-
ers are necessary. Sub-analysis of the CANTOS trial showed that the effica-
cy of canakinumab treatment in reducing secondary cardiovascular events 
was greater in patients where canakinumab treatment reduced hsCRP lev-
els to <2 mg/L compared to patients where hsCRP levels remained >2 mg/L.29 
Furthermore, patients who achieved IL-6 levels below the study median 
had a 52% reduction in cardiovascular mortality while patients receiving 
canakinumab with IL-6 levels above study median had no significant reduc-
tion.16 These data indicate that hsCRP and IL-6 could be biomarkers used as 
an indication for the clinical effectiveness of immunomodulatory therapy. 
However, all patients included in the CANTOS trial had an increased level 
of hsCRP, and not all patients benefited from treatment. In the future, im-
munomodulatory atherosclerosis treatment will become more personal-
ized: patients with a low basal inflammatory state probably do not benefit 
as much as patients with a high basal inflammatory from immunomodu-
latory treatment. A combination of biomarkers, in addition to the known 
markers such as total cholesterol and LDL, could possibly be used to create 
a ‘risk profile’ for CVD patients, and guide subsequent treatment.

While immunomodulation of atherosclerosis is currently mainly fo-
cusing on the prevention of recurrent cardiovascular events, prevention 
of a primary cardiovascular event would of course be ideal. Since athero-
sclerosis is a slowly developing and chronic disease, immunomodulato-
ry therapies would have to be applied over a prolonged period of time. 
Therefore, treatment would have to be highly specific and with minimal 
impact on overall immune function. The two drugs shown to be success-
ful in prevention of recurrent cardiovascular events, canakinumab and 
colchicine, are both broadly immunosuppressive. The same is true for 
hydroxychloroquine, also described in this thesis. For this reason, these 
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Het immuunsysteem in atherosclerose

Zoals hierboven genoemd, begint atherosclerose met een ophoping van 
LDL in de vaatwand. In de vaatwand wordt LDL geoxideerd (oxLDL), en hier-
bij wordt het immuunsysteem geactiveerd. In eerste instantie spelen ma-
crofagen een grote rol. Ze fagocyteren oxLDL en differentiëren hierdoor 
naar pro-inflammatoire schuimcellen.5,6 Naast oxLDL kunnen ook choles-
terolkristallen zich ophopen in macrofagen wat leidt tot activatie van het 
inflammasoom,7,8 een eiwit dat resulteert in productie en uitscheiding van 
het cytokine interleukine(IL)-1β en verdere inflammatie. Naast macrofa-
gen migreren neutrofielen, ook onderdeel van het aangeboren immuun-
systeem, in een vroeg stadium naar de plaque. Na neutrofielactivatie vindt 
er opregulatie van adhesiemoleculen plaats wat dysfunctie van het endo-
theel verergert.9 Tijdens de eerste stadia van de ontwikkeling van atheros-
clerose speelt het aangeboren immuunsysteem een belangrijke rol. In late-
re stadia wordt het verworven immuunsysteem ook geactiveerd. In de pla-
que zijn T-cellen te vinden, die bijvoorbeeld oxLDL-specifieke epitopen her-
kennen.10,11 Daarnaast spelen B-cellen ook een rol bij atherosclerose, onder 
andere door de productie van antilichamen tegen oxLDL. 

Niet alle immuuncellen spelen een atherogene rol tijdens de ontwik-
keling van atherosclerose. Sommige immuuncellen remmen de ontwik-
keling van atherosclerose, voornamelijk door het onderdrukken van de 
immuunrespons. Regulatoire T- en B-cellen bijvoorbeeld, remmen ac-
tivatie van het verworven immuunsysteem, voornamelijk door de uit-
scheiding van het anti-inflammatoire cytokine IL-10. Daarnaast kunnen 
B-cellen atherosclerose remmen door de productie van antilichamen 
tegen oxLDL van het immunoglobuline(Ig)M type. Wanneer oxLDL-IgM 
bindt aan oxLDL, wordt de opname van oxLDL door macrofagen geblok-
keerd en worden de partikels uiteindelijk geklaard door de lever.12-14 In 
tegenstelling tot oxLDL-IgM zorgt oxLDL-specifiek IgG er juist voor dat 
oxLDL sneller wordt opgenomen door macrofagen, en versterkt het daar-
mee de plaque ontwikkeling.15

Immunomodulatie van atherosclerose
Aangezien het immuunsysteem een belangrijke rol speelt in de ontwikke-
ling van atherosclerose, is modulatie van het immuunsysteem een potenti-
eel belangrijke methode om cardiovasculaire events te voorkomen. Recent 

Hart- en vaatziekten zijn wereldwijd de belangrijkste doodsoorzaak.1 Hart- 
en vaatziekten omvatten alle aandoeningen van het hart en het vaatsys-
teem, waaronder onder andere beroertes, hartritmestoornissen, hartfa-
len, aangeboren hartafwijkingen en hartinfarcten vallen. De belangrijk-
ste onderliggende oorzaak voor hart- en vaatziekten is atherosclerose, ook 
wel slagaderverkalking genoemd. Atherosclerose wordt gekenmerkt door 
de vorming van een plaque, voornamelijk bestaande uit lipiden en ontste-
kingscellen, in de vaatwand. Uiteindelijk kan deze plaquevorming leiden 
tot atherotrombose of stenose van het bloedvat wat resulteert in een hart-
infarct, longembolie of beroerte en uiteindelijk tot de dood kan leiden. 

De ontwikkeling van atherosclerose begint al bij jongvolwassenen,2,3 
en ontwikkelt zich langzaam in de meeste mensen. Er zijn diverse risico-
factoren die de ontwikkeling van atherosclerose beïnvloeden. Sommige 
zijn aanpasbaar, zoals levensstijl, waaronder roken en dieet, terwijl ande-
re niet beïnvloedbaar zijn, zoals leeftijd en erfelijke factoren. De ontwik-
keling van atherosclerose begint met een disbalans in cholesterolwaarden 
in het bloed, voornamelijk een verhoging van de hoeveelheid lipoproteï-
nen met een lage dichtheid (low density lipoproteins, LDL). LDL accumu-
leert in de subendotheliale ruimte in de vaatwand op plaatsen waar een 
hoge verstoring in de bloedsomloop is, zoals in de cardiovasculaire bloed-
vaten. Momenteel bestaat de behandeling van atherosclerose, naast chi-
rurgisch ingrijpen bij acute klinische klachten, uit het gebruik van chole-
sterolverlagende middelen. Daarnaast wordt levensstijlverandering ge-
adviseerd en worden anticoagulantia en bloeddrukverlagende middelen 
voorgeschreven. Hoewel atherosclerose primair een ziekte is die wordt 
veroorzaakt door lipiden, speelt het immuunsysteem ook een belangrij-
ke rol tijdens de ontwikkeling van atherosclerose. Daarom wordt ather-
osclerose tegenwoordig ook gezien als een chronische ontstekingsziek-
te. De behandeling met cholesterolverlagende middelen is maar gedeelte-
lijk succesvol, aangezien de kans op terugkerende cardiovasculaire events 
groot blijft.4 Dit benadrukt de noodzaak voor additionele therapieën om 
atherosclerose te behandelen. Bij de ontwikkeling van nieuwe therapeu-
tische strategieën is het essentieel om de rol van het immuunsysteem tij-
dens de ontwikkeling van atherosclerose, en het micromilieu van de pla-
que zelf, te ontrafelen om nieuwe diagnostische tools en behandelingen 
voor atherosclerose te kunnen ontwikkelen. 
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In ouderen was een lager niveau van totaal CD8+ T-cellen en naïeve CD4+ en 
CD8+ T-cellen te zien, met een verhoging in CD4+ en CD8+ effector geheugen-
cellen. Daarnaast werd een verhoogd niveau gevonden van de pro-inflam-
matoire en chemotactische eiwitten TREM1 en CCL11 in ouderen. Het im-
muunsysteem van zware rokers was in het algemeen in een verhoogd ge-
activeerde staat, met verhoogde neutrofiel-aantallen, een hoger percenta-
ge Th1-cellen en interferon (IFN)γ-producerende T-cellen, en minder regu-
latoire B-cellen. Het immuunsysteem van de hartpatiënten leek over het 
algemeen op dat van de gezonde ouderen, waarschijnlijk door het gebruik 
van immunomodulatoire medicatie, zoals statines. Wel was het atheropro-
tectieve oxLDL-specifieke IgM significant verlaagd in patiënten, in vergelij-
king met gezonde jongeren. Deze data laten zien dat in relatief kleine groe-
pen duidelijke immunologische verschillen tussen populaties aan te tonen 
zijn, wat deze populaties (voornamelijk ouderen en zware rokers) poten-
tieel geschikt maakt als ‘modelpopulatie’ in klinische studies, afhankelijk 
van het medicijn dat getest gaat worden. In hoofdstuk 3 wordt onderzoek 
naar het effect van lipopolysacchariden- (LPS) stimulatie op neutrofielen be-
schreven. Neutrofielen spelen een rol in het beginstadium van atheroscle-
rose zoals hierboven beschreven, maar neutrofielen spelen ook een belang-
rijke rol bij de destabilisatie van de plaque.18-20 Om nieuwe medicijnen ge-
richt op neutrofielfunctie te testen in gezonde vrijwilligers, is activatie van 
neutrofielen nodig aangezien neutrofielen in deze populatie onder basale 
omstandigheden niet geactiveerd zijn. Hiervoor kan een intraveneuze toe-
diening van LPS gebruikt worden, die zorgt voor een korte inflammatoire 
respons van enkele uren. In het onderzoek in hoofdstuk 3 wordt beschre-
ven dat deze LPS-toediening zorgt voor activatie van neutrofielen, gemeten 
aan de hand van activatiemarkers met flowcytometrie en de uitscheiding 
van eiwitten uit de granules van neutrofielen in het plasma. Deze metingen 
werden ook uitgevoerd in LPS-gestimuleerde volbloedkweken van gezonde 
vrijwilligers. De effecten van de in vitro stimulatie komen grotendeels over-
een met die van de in vivo stimulatie. Op basis van deze uitkomsten kunnen 
de in vitro en in vivo LPS-stimulaties toegepast worden in toekomstige kli-
nische onderzoeken met nieuwe neutrofiel-gerichte middelen. In hoofd-
stukken 4 en 5 wordt de ontwikkeling van volbloedassays beschreven, wat 
waardevolle assays zijn om te gebruiken in klinische studies om medica-
tie-effecten te meten. In hoofdstuk 4 wordt de ontwikkeling van een vol-
bloed NLRP3 inflammasoom assay beschreven. Zoals eerder al genoemd, 

zijn de eerste klinische studies uitgevoerd in patiënten met hart- en vaat-
ziekten naar het effect van immunomodulatie op terugkerende cardiovas-
culaire events. De eerste klinische studie die effect liet zien is de CANTOS 
(canakinumab antiinflammatory thrombosis outcome study) trial. Tijdens 
deze studie zijn patiënten, die zijn opgenomen voor een hartinfarct en 
met een hsCRP level >2mg/L (een indicatie voor ontsteking), behandeld met 
canakinumab, een antilichaam dat IL-1β blokkeert, of een placebo.16 De stu-
die toonde aan dat de patiënten behandeld met canakinumab minder kans 
hadden op een terugkerend cardiovasculair event. Behandeling met col-
chicine, een breed immunosuppressief middel, resulteerde in een lagere 
kans op een terugkerend cardiovasculair event.17 Helaas liet de CANTOS trial 
ook zien dat patiënten behandeld met canakinumab een hogere kans had-
den op een fatale infectie, wat aangeeft dat de balans tussen immuunacti-
vatie en immuunsuppressie precair is, en dat immunomodulatie voorzich-
tig moet worden toegepast en bij voorkeur specifiek voor atherosclerose. 

Doel van het onderzoek
Het doel van het onderzoek beschreven in dit proefschrift is het ontwik-
kelen van diagnostische handvaten en potentiële biomarkers gericht op de 
identificatie van immunomodulatoire medicijn-effecten in toekomstige 
klinische studies. Daarnaast is er onderzoek verricht naar nieuwe immu-
nomodulatoire strategieën om atherosclerose te remmen, zowel in mui-
zen als in de mens. 

Deel I: Identificatie van potentiële atherosclerose gerelateerde bio-
markers, en ontwikkeling van assays voor gebruik in klinische studies

In Hoofdstuk 2 is een observationele klinische studie beschreven waarin 
het effect van leeftijd en roken, beiden risicofactoren voor hart- en vaat-
ziekten, op het immuunsysteem is onderzocht. In deze studie zijn vijf groe-
pen vrijwilligers geïncludeerd. Dit zijn jonge, gezonde vrijwilligers (18-
25 jaar, n=30), gezonde ouderen (>60 jaar, n=20), jonge rokers (18-25 jaar, 
n=20), zware rokers (>45 jaar, n=11) en patiënten met coronaire hartziek-
ten (>60 jaar, n=27). In deze groepen werden circulerende immuuncellen 
geanalyseerd met flowcytometrie, monocyt- en T-cel responsen na vol-
bloed stimulatie gemeten en proteomics gebruikt om inflammatoire ei-
witten te meten. Ondanks kleine groepsgroottes, waren er duidelijke ef-
fecten te zien van zowel veroudering als roken op het immuunsysteem. 
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daardoor een verlaging van atherosclerose-ontwikkeling.21 Deze toename 
in oxLDL-specifiek IgM komt door de aanwezigheid van PC in de celwand 
van Streptococcus pneumoniae dat moleculaire overeenkomsten vertoont 
met oxLDL. Gezonde vrijwilligers werden gerandomiseerd om 0, 1, 2 of 3 
vaccinaties te krijgen met Prevenar-13, en oxLDL, PC-antilichamen en lipi-
dengehaltes in het serum werden gemeten vanaf baseline tot 68 weken na 
de eerste dosis. Helaas werd er geen effect gevonden van vaccinatie op de 
eerdergenoemde eindpunten. Dit kan liggen aan het feit dat het Prevenar-
13-vaccin bestaat uit specifieke peptiden van Streptococcus pneumoniae in 
tegenstelling tot de immunisatie in muizen, waarbij de volledige bacterie 
gebruikt werd. Hierdoor is mogelijk de hoeveelheid PC, en dus de antili-
chaamrespons, tegen het vaccin lager. Daarnaast kan het zijn dat de situa-
tie in de muis niet vertaalbaar is naar de situatie in de mens. In Hoofdstuk 
7 zijn de effecten van hydroxychloroquine (HCQ) op zowel in vitro als in vivo 
celactivatie bestudeerd. HCQ is een breed immunosuppressief medicijn, 
dat gebruikt wordt voor de behandeling van malaria, en diverse auto-im-
muunziekten. Een klinische studie naar het effect van HCQ op terugkeren-
de cardiovasculaire events is momenteel gaande.22 Het exacte werkingsme-
chanisme van HCQ en de dosisafhankelijkheid van de immunosuppressie-
ve effecten is nog onbekend. In deze studie hebben werden immuunsup-
pressie-assays uitgevoerd met immuuncellen van gezonde vrijwilligers die 
oraal HCQ toegediend kregen, en vergeleken met celkweken met perifeer 
bloed mononucleaire cellen (PBMCs), waarbij HCQ direct aan de cellen toe-
gevoegd werd. Het effect van HCQ op endosomale TLR-stimulatie werd on-
derzocht door PBMCs te stimuleren met TLR3-, -7-, en -9- liganden en ver-
volgens IFNα- en IL-6-productie te meten. Daarnaast zijn de effecten op T- 
en B-celproliferatie gemeten. In de in vitro experimenten werden duidelij-
ke suppressie van zowel TLR-responsen als B-cel-proliferatie gevonden bij 
concentraties >1000ng/mL. Er werd geen effect op T-cel-activatie en proli-
feratie gevonden, wat mogelijk veroorzaakt werd door de gekozen stimu-
lus. Deze was mogelijk te sterk om een medicatie-effect te kunnen meten. 
De concentraties HCQ die gevonden werden in plasma van HCQ-gedoseerde 
proefpersonen, waren lager dan de concentraties waarbij effect te zien was 
in vitro. Hierdoor was er ook weinig immuunsuppressie in de ex vivo cellu-
laire assays. Ondanks dat er geen immuun suppressie te zien was in onze 
gedoseerde proefpersonen, werkt HCQ wel bij de behandeling van auto-im-
muunziekten. Dit komt waarschijnlijk doordat de lokale concentraties HCQ 

speelt het inflammasoom een belangrijke rol tijdens de ontwikkeling van 
atherosclerose, en inhibitie van IL-1β (geproduceerd na inflammasoom ac-
tivatie) was succesvol in het verlagen van de kans op een terugkerend car-
diovasculair event. Voor toekomstige klinische studies gericht op (modula-
tie van) inflammasoom activiteit is een goede assay van belang. In de assay 
beschreven in hoofdstuk 4 wordt volbloed eerst gestimuleerd met LPS, om 
cellen aan te zetten tot inflammasoom-activatie, gevolgd door toevoeging 
van ATP als tweede stimulus om het inflammasoom volledig te activeren. 
We laten zien dat deze assay geschikt is om inflammasoom-activatie, en de 
daaropvolgende IL-1β- en IL-18-productie, te meten terwijl het bloed mini-
maal verdund wordt. Hierdoor is het een geschikte assay voor gebruik tij-
dens klinische studies om medicijneffecten te monitoren. In hoofdstuk 5 
werd de volbloedassay verder gekarakteriseerd. In dit hoofdstuk is geke-
ken naar het effect van veroudering van bloedmonsters op de cytokinepro-
ductie door monocyten en lymfocyten. Volbloed werd gestimuleerd met 
LPS om monocyten te activeren, of PMA + ionomycine of SEB om lymfocy-
ten te activeren. Dit werd gedaan direct na bloedafname tot maximaal 24 
uur na bloedafname. De respons van monocyten verminderde snel gedu-
rende de veroudering, na 30 minuten is de uitscheiding van cytokinen al 
verlaagd met 20–50%, verder dalend tot 80–100% 10 uur na bloedafname. 
De respons van lymfocyten was veel stabieler, de uitscheiding van cytoki-
nen was verlaagd met 20–50% 24 uur na bloedafname. Het toevoegen van 
kweekmedium, en daarmee nutriënten, herstelde het vermogen tot cyto-
kineproductie niet, wat laat zien dat de geobserveerde vermindering waar-
schijnlijk niet door een tekort aan nutriënten kwam. Daarnaast bleef de 
hoeveelheid cellen die cytokinen produceren gelijk, wat duidt op een afna-
me van cytokineproductie en niet het afsterven van cellen. Deze data laten 
zien dat snelle monsterverwerking belangrijk is wanneer monocytrespon-
sen worden gemeten in volbloedkweken. 

Deel II: Immunomodulatie van atherosclerose
In Hoofdstuk 6 wordt een klinische studie beschreven waarin gezonde vrij-
willigers werden gevaccineerd met het pneumokokkenvaccin Prevenar-13 
of een placebo om de effecten van vaccinatie op circulerende antilichamen 
tegen oxLDL en phosphorylcholine (PC) te meten. In muizen is beschre-
ven dat immunisatie van muizen met Streptococcus pneumoniae resulteer-
de in een verhoging van het circulerende oxLDL-specifieke IgM-gehalte en 
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IL-10 produceren. Deze resultaten tonen aan dat stimulatie van het PD-1-
signaal inflammatie remt en daardoor de atherosclerose-ontwikkeling. 

Perspectieven
Momenteel lopen patiënten met hart- en vaatziekten veroorzaakt door 
atherosclerose een groot risico op (terugkerende) cardiovasculaire events. 
Om dit risico te verkleinen zijn nieuwe geneesmiddelen voor atheroscle-
rose nodig. Aangezien het immuunsysteem een belangrijke rol speelt tij-
dens de ontwikkeling van atherosclerose, lijkt immunomodulatie een be-
langrijke stap richting deze nieuwe behandelmethoden. Er zijn enkele kli-
nische studies uitgevoerd waarvan er twee succesvol waren, namelijk het 
gebruik van canakinumab (een IL-1β inhibitor) en colchicine.16,17,28 Beide me-
dicijnen hebben een brede immunosuppressieve werking. Het risico daar-
bij is dat er bijwerkingen zijn. Dit is bijvoorbeeld geïllustreerd in de stu-
die met canakinumab, waarbij het risico op (fatale) infecties groter was in 
vergelijking met placebo.16 Om de kans op bijwerkingen zo klein mogelijk 
te houden is het nodig om medicijnen te hebben die specifiek atheroscle-
rose remmen. Daarnaast zijn niet alle patiënten met hart- en vaatziekten 
hetzelfde: het risico op een terugkerend cardiovasculair event is verschil-
lend tussen patiënten. Zo waren patiënten met een verhoogde waarde van  
hs-CRP meer gebaat bij behandeling met canakinumab dan patiënten met 
lagere ontstekingswaarden.29

Op het moment richten klinische studies zich vooral op het voorko-
men van terugkerende cardiovasculaire events, maar idealiter zou een 
primair cardiovasculair event voorkomen de voorkeur hebben. Hiervoor 
is een behandeling nodig, die specifiek is voor de individuele patiënt en 
zonder (serieuze) bijwerkingen. Het is lastig te voorspellen welke perso-
nen risico lopen op een cardiovasculair event aangezien vrijwel iedereen 
in meer of mindere mate atherosclerose ontwikkelt gedurende zijn/haar 
leven. Het verhogen van oxLDL-specifiek IgM lijkt een ideale methode. 
In diverse muizenstudies is namelijk gebleken dat dit de ontwikkeling 
van atherosclerose remt,21 en ook in de mens is aangetoond dat het niveau 
van oxLDL-IgM omgekeerd correleert met de hoeveelheid atherosclero-
se.30 Vaccinatie zou alleen oxLDL-specifiek IgM moeten verhogen, en niet 
IgG, aangezien oxLDL-specifiek IgG juist atherosclerose-ontwikkeling sti-
muleert via de verhoogde opname van oxLDL door macrofagen. Ook in 
de mens is oxLDL-specifiek IgG gecorreleerd met atherosclerose.31,32 Een 

in de weefsels en intracellulair hoger zijn dan wat we in plasma kunnen 
meten. Hoofdstuk 8 beschrijft een klinische trial waarbij het nieuwe medi-
cijn amlitelimab (KY1005), een antilichaam dat OX40L blokkeert, is getest in 
gezonde vrijwilligers. OX40L wordt tot expressie gebracht op antigeen-pre-
senterende cellen en speelt een rol bij de activatie van T-cellen: het is een 
zogenaamde co-stimulatie-factor die nodig is voor volledige activatie van 
T-cellen via binding aan OX40. Om te testen of amlitelimab zowel klinisch 
veilig is als ook daadwerkelijk immuunsuppressief werkt, werd vaccinatie 
met het neo-antigen keyhole limpet hemocyanin (KLH) toegepast. Ook is 
het effect op een herhaalvaccinatie met tetanus getest. Eerder is in muizen 
aangetoond dat het blokkeren van de OX40-OX40L signalering atheroscle-
rose significant remt.23,24 Blokkeren van OX40L in de mens zou dus ook mo-
gelijk een goede methode zijn om atherosclerose te remmen. De toedie-
ning van amlitelimab leidde alleen tot milde bijwerkingen. Amlitelimab-
behandeling verlaagde de KLH-specifieke IgG-productie, maar niet signifi-
cant. Daarnaast was de respons op een intradermale KLH-injectie na vac-
cinatie significant verlaagd in de vrijwilligers die amlitelimab kregen ten 
opzichte van placebo. Deze resultaten laten zien dat amlitelimab veilig is 
om toe te dienen, en ook in de mens de immuunrespons remt. Hoofdstuk 
9 beschrijft een muizenstudie waarbij het effect van stimulatie van het im-
muuncheckpoint-eiwit PD-1 op atherosclerose ontwikkeling is getest. PD-1 
komt tot expressie op geactiveerde T- en B-cellen en bij binding aan hun 
ligand (PD-L1 of PD-L2) wordt de T- of B-cel geremd, een zogenaamd co-in-
hibitoir signaal. Eerdere studies in muizen hebben aangetoond dat inhibi-
tie van het PD-1 signaal resulteerde in verergering van atherosclerose-ont-
wikkeling, wat leidde tot de hypothese dat stimulatie van het PD-1-signaal 
ontwikkeling van atherosclerose zal remmen.25-27 Voor dit experiment zijn 
Ldlr-/- muizen gebruikt. Deze muizen missen de receptor voor LDL, waar-
door de hoeveelheid cholesterol in het bloed stijgt wanneer deze muizen 
een dieet met een hoog cholesterolgehalte krijgen. Hierdoor ontwikkelen 
deze muizen atherosclerose. Stimulatie van PD-1 met een agonistisch anti-
lichaam resulteerde inderdaad in een verlaging van atherosclerose-ontwik-
keling. Daarnaast zagen we dat de monocytinflux in het bloed, veroorzaakt 
door hoge cholesterolgehaltes, werd vertraagd. Ook was er een verhoging 
van B1-cellen in het bloed met daarbij behorende verhoging van oxLDL-spe-
cifiek IgM en een verlaging van pro-inflammatoir IFNγ producerende 
T-cellen en verhoging van T-cellen die het anti-inflammatoire cytokine 
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behandeling of vaccinatie zou zich dus vooral moeten richten op de B1-
cellen, die verantwoordelijk zijn voor productie van autoantilichamen 
van het IgM-subtype. Een andere methode kan zijn om class-switching 
naar het IgG-subtype te blokkeren tijdens vaccinatie. Dit zou mogelijk 
gedaan kunnen worden met het blokkeren van de OX40-OX40L signale-
ring, OX40 speelt namelijk een belangrijke rol bij class-switching van IgM 
naar IgG. 33 

Conclusies
Het voorkomen van de progressie van atherosclerose en destabilisatie van 
de plaque is nodig om (terugkerende) cardiovasculaire events te voorko-
men. Hiervoor is modulatie van het immuunsysteem een veelbelovende 
methode. Het onderzoek beschreven in dit proefschrift kan bijdragen aan 
de ontwikkeling van een dergelijke therapie. In deel I is de ontwikkeling 
van volbloedassays en potentiële biomarkers beschreven die bij kunnen 
dragen aan toekomstig onderzoek naar immunomodulatoire medicijnen 
in klinische studies. In deel II zijn nieuwe strategieën voor immunomodu-
latie in atherosclerose getest. Op het moment zijn er geen immunomodula-
toire therapieën beschikbaar voor de behandeling van atherosclerose, maar 
deze komen waarschijnlijk beschikbaar in de niet al te verre toekomst. 



235Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches234 list of publications

List of publications

Smit V, de Mol J, Schaftenaar FH, Depuydt MAC, Postel RJ, Smeets D, 
Verheijen FWM, Bogers L, van Duijn J, Verwilligen RAF, Grievink HW, 
Bernabé Kleijn MNA, van Ingen E, de Jong MJM, Goncalves L,  
Peeters JAHM, Smeets HJ, Wezel A, Polansky JK, de Winther MPJ, 
Binder CJ, Tsiantoulas D, Bot I, Kuiper J, Foks AC. Single-cell profiling 
reveals age-associated immunity in atherosclerosis. Cardiovasc Res. 
2023 Jun 30:cvad099. doi: 10.1093/cvr/cvad099. 

den Heijer JM, Cullen VC, Pereira DR, Yavuz Y, de Kam ML, Grievink HW, 
Moerland M, Leymarie N, Khatri K, Sollomoni I, Spitalny L,  
Dungeon L, Hilt DC, Justman C, Lansbury P, Groeneveld GJ.  
A Biomarker Study in Patients with GBA1-Parkinson’s Disease and 
Healthy Controls. Mov Disord. 2023 May;38(5):783-795. doi: 10.1002/
mds.29360.

In ’t Veld AE*, Grievink HW*, van der Plas JL, Eveleens Maarse BC,  
van Kraaij SJW, Woutman TD, Schoonakker M, Klarenbeek NB,  
de Kam ML, Kamerling IMC, Jansen MAA, Moerland M. Immuno-
suppression by hydroxychloroquine: mechanistic proof in in vitro ex-
periments but limited systemic activity in a randomized placebo-con-
trolled clinical pharmacology study. Immunol. Res. 2023 Feb 22:1-11. 
doi: 10.1007/s12026-023-09367-3. *shared authors

Saghari M, Gal P, Grievink HW, Klaassen ES, Itano A, McHale D,  
Moerland M. Impact of oral administration of single strain  
Lactococcus lactis spp. cremoris on immune responses to keyhole 
limpet hemocyanin immunization and gut microbiota: A randomized 
placebo-controlled trial in healthy volunteers. Front Immunol. 2022 
Dec 7;13:1009304. doi: 10.3389/fimmu.2022.1009304.

Grievink HW, Smit V, Huisman BW, Gal P, Yavuz Y, Klerks C, Binder CJ, 
Bot I, Kuiper J, Foks AC, Moerland M. Cardiovascular risk factors: The 
effects of ageing and smoking on the immune system, an observational 
clinical study. Front Immunol. 2022 Sep 15;13:968815. doi: 10.3389/
fimmu.2022.968815.

31 Laczik, R., et al., Assessment of IgG antibodies 
to oxidized LDL in patients with acute coronary 
syndrome. Lupus, 2011. 20(7): p. 730-5.

32 Shoji, T., et al., Inverse relationship between 
circulating oxidized low density lipoprotein (oxLDL) 
and anti-oxLDL antibody levels in healthy subjects. 
Atherosclerosis, 2000. 148(1): p. 171-7.

33 Stüber, E. and W. Strober, The T cell-B cell 
interaction via OX40-OX40L is necessary for the T 
cell-dependent humoral immune response. J Exp 
Med, 1996. 183(3): p. 979-89.



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches236 237List of publications

Jacobse J, Ten Voorde W, Tandon A, Romeijn SG, Grievink HW,  
van der Maaden K, van Esdonk MJ, Moes DJAR, Loeff F, Bloem K,  
de Vries A, Rispens T, Wolbink G, de Kam M, Ziagkos D, Moerland M, 
Jiskoot W, Bouwstra J, Burggraaf J, Schrier L, Rissmann R,  
Ten Cate R. Comprehensive evaluation of microneedle-based 
intradermal adalimumab delivery vs. subcutaneous administration: 
results of a randomized controlled clinical trial. Br J Clin Pharmacol. 
2021 Aug;87(8):3162-3176. doi: 10.1111/bcp.14729.

Grievink HW, Gal P, Ozsvar Kozma M, Klaassen ES, Kuiper J,  
Burggraaf J, Binder CJ, Moerland M. The effect of a 13-valent conjugate 
pneumococcal vaccine on circulating antibodies against oxidized ldl 
and phosphorylcholine in man, a randomized placebo-controlled 
clinical trial. Biology (Basel). 2020 Oct 22;9(11):345. doi: 10.3390/
biology9110345.

Grievink HW, Jirka SMG, Woutman TD, Schoonakker M, Rissmann R, 
Malone KE, Feiss G, Moerland M. Antimicrobial peptide omiganan 
enhances interferon responses to endosomal toll-like receptor ligands 
in human peripheral blood mononuclear cells. Clin Transl Sci. 2020 
Sep;13(5):891-895. doi: 10.1111/cts.12789.

In ‘t Veld AE, Grievink HW, Saghari M, Stuurman FE, de Kam ML, 
de Vries APJ, de Winter BCM, Burggraaf J, Cohen AF, Moerland M. 
Immunomonitoring of tacrolimus in healthy volunteers: The first step 
from pk- to pd-based therapeutic drug monitoring? Int J Mol Sci. 2019 
Sep 23;20(19):4710. doi: 10.3390/ijms20194710.

Grievink HW*, Heuberger JAAC*, Huang F, Chaudhary R, Birkhoff WAJ, 
Tonn GR, Mosesova S, Erickson R, Moerland M, Haddick PCG,  
Scearce-Levie K, Ho C, Groeneveld GJ. Dnl104, a centrally penetrant 
ripk1 inhibitor, inhibits rip1 kinase phosphorylation in a randomized 
phase i ascending dose study in healthy volunteers. Clin Pharmacol 
Ther. 2020 Feb;107(2):406-414. doi: 10.1002/cpt.1615. *shared authors

Tran TAT*, Grievink HW*, Lipinska K, Kluft C, Burggraaf J, Moerland 
M, Tasev D, Malone KE. Whole blood assay as a model for in 

Saghari M, Gal P, Gilbert S, Yateman M, Porter-Brown B, Brennan N, 
Quaratino S, Wilson R, Grievink HW, Klaassen ES, Bergmann KR, 
Burggraaf J, van Doorn MBA, Powell J, Moerland M, Rissmann R.  
OX40L Inhibition Suppresses KLH-driven Immune Responses in 
Healthy Volunteers: A Randomized Controlled Trial Demonstrating 
Proof-of-Pharmacology for KY1005. Clin Pharmacol Ther. 2022 
May;111(5):1121-1132. doi: 10.1002/cpt.2539.

Buters TP, Hameeteman PW, Jansen IME, van Hindevoort FC,  
Ten Voorde W, Grievink HW, Schoonakker M, de Kam ML,  
Gilroy DW, Feiss G, Rissmann R, Jansen MAA, Burggraaf J, Moerland M.  
Clinical, cellular, and molecular effects of corticosteroids on the 
response to intradermal lipopolysaccharide administration in healthy 
volunteers. Clin Pharmacol Ther. 2022 Apr;111(4):964-971. doi: 10.1002/
cpt.2516.

Grievink HW, Smit V, Verwilligen RAF, Bernabe Kleijn MNA, Smeets D, 
Binder CJ, Yagita H, Moerland M, Kuiper J, Bot I, Foks AC  
Stimulation of the pd-1 pathway decreases atherosclerotic lesion 
development in ldlr deficient mice. Front Cardiovasc Med. 2021 Nov 
1;8:740531. doi: 10.3389/fcvm.2021.740531.

Buters TP, Hameeteman PW, Jansen IME, van Hindevoort FC,  
Ten Voorde W, Florencia E, Osse M, de Kam ML, Grievink HW, 
Schoonakker M, Patel AA, Yona S, Gilroy DW, Lubberts E, Damman 
J, Feiss G, Rissmann R, Jansen MAA, Burggraaf J, Moerland M. 
Intradermal lipopolysaccharide challenge as an acute in vivo 
inflammatory model in healthy volunteers. Br J Clin Pharmacol.  
2022 Feb;88(2):680-690. doi: 10.1111/bcp.14999.

den Heijer JM, Kruithof AC, van Amerongen G, de Kam ML,  
Thijssen E, Grievink HW, Moerland M, Walker M, Been K, Skerlj R, 
Justman C, Dudgeon L, Lansbury P, Cullen VC, Hilt DC,  
Groeneveld GJ. A randomized single and multiple ascending 
dose study in healthy volunteers of LTI-291, a centrally penetrant 
glucocerebrosidase activator. Br J Clin Pharmacol. 2021 Sep;87(9):3561-
3573. doi: 10.1111/bcp.14772.



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches238 239curriculum vitae

Curriculum Vitae
Wieke Grievink werd geboren op 31 mei 1986 in Lichtenvoorde. In juni 2003 
behaalde zij haar HAVO-diploma aan het Schaersvoorde in Aalten. In datzelf-
de jaar begon zij aan de studie Biologie & Medisch Laboratoriumonderzoek 
aan het Saxion college in Enschede. Tijdens deze studie deed ze twee stages, 
de eerste aan het Universitair Medisch Centrum Groningen, de tweede aan 
de Wageningen Universiteit bij de afdeling Microbiologie onder begelei-
ding van dr. S. Fuentes en prof. dr. H. Smidt. Deze stage werd afgerond met 
het verslag ‘Isolation and characterization of an unknown Clostridium species 
from the gastro-intestinal tract of a rat’. Na het behalen van haar Bachelortitel 
in 2007 heeft ze op diverse laboratoria als analist gewerkt: in 2008 bij 
Sanquin op het Onderzoek & Ontwikkelingslab, van november 2008 tot 
februari 2013 bij Crossbeta Biosciences in Utrecht (productie van stabie-
le Aβ1-42 oligomeren), en vanaf 2013 tot april 2016 bij Good Biomarker 
Sciences te Leiden, waar ze laboratoriumanalyses uitvoerde voor klinische 
onderzoeken. Vanaf juni 2016 is ze werkzaam bij Centre for Human Drug 
Research (CHDR) als Bioanalytical Scientist. In oktober 2018 is ze begon-
nen als promovenda bij het CHDR onder begeleiding van dr. M. Moerland 
en prof. dr. J. Burggraaf, en de afdeling BioTherapeutics van het Leiden 
Academic Centre for Drug Research onder begeleiding van dr. A.C. Foks, 
dr. I. Bot en prof. dr. J. Kuiper. 

vitro evaluation of inflammasome activation and subsequent 
caspase-mediated interleukin-1 beta release. PLoS One. 2019 Apr 
8;14(4):e0214999. doi: 10.1371/journal.pone.0214999. *shared authors

Grievink HW, Moerland M. Sample aging profoundly reduces monocyte 
responses in human whole blood cultures. J Immunol Res. 2018 Jun 
5;2018:8901485. doi: 10.1155/2018/8901485.

Grievink HW, Luisman T, Moerland M, Kluft C, Malone KE. Comparison 
of three isolation techniques for human peripheral blood mononuclear 
cells: cell recovery and viability, population composition, and cell 
functionality. Biopreserv Biobank. 2016 Oct;14(5):410-415. doi: 10.1089/
bio.2015.0104.

Gerritsen J, Fuentes S, Grievink W, van Niftrik L, Tindall BJ,  
Timmerman HM, Rijkers GT, Smidt H. Characterization of Romboutsia 
ilealis gen. nov., sp. nov., isolated from the gastro-intestinal tract 
of a rat, and proposal for the reclassification of five closely related 
members of the genus Clostridium into the genera Romboutsia 
gen. nov., Intestinibacter gen. nov., Terrisporobacter gen. nov. and 
Asaccharospora gen. nov. Int J Syst Evol Microbiol. 2014 May;64(Pt 5): 
1600-1616. doi: 10.1099/ijs.0.059543-0.



Immunity in atherosclerosis: novel assays, biomarkers and therapeutic approaches240



Immunity in  
atherosclerosis  

novel assays,  
biomarkers 

and therapeutic  
approaches

Wieke Grievink

Im
m

u
n

it
y in

 at
h

er
o

sc
ler

o
sis 

n
o

v
el a

ssays, bio
m

a
r

k
er

s  
a

n
d

 t
h

er
a

peu
t

ic
 a

ppr
o

ac
h

es

wieke 
grievink

380_omslag_04.indd   1380_omslag_04.indd   1 12/09/2023   11:4612/09/2023   11:46


