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Stellingen 
behorende bij het proefschrift 

'Aspects of lymphocyte activation in human atherosclerosis' 

1. Bij het ontstaan van maagzweren bestaat er een direct verband tussen infectie met de 
bacterie, Helicobacter pylori en het optreden van maagzweren. Tot dusverre zijn er 
geen overtuigende aanwijzingen voor een dergelijk oorzakelijk verband tussen infectie 
met de bacterie Chlamydia pneumoniae en vorming van atherosclerotische lesies. (dit 
proefschrift - Hst 2). Derhalve lijkt het gebruik van antibiotica voor het behandelen van 
hart- en vaatziekten ietwat voorbarig. 

2. Naast het type infectieuze microorganisme, lijkt toch vooral het aantal infecties met 
microorganismen waaraan een individu is blootgesteld een belangrijk risico-factor voor 
het optreden van atherosclerotische lesies. 

3. Het gebruik van muizen-modellen met experimenteel geïnduceerde athérosclérose is 
niet geschikt voor de bestudering van klinisch symptomatische plaques bij mensen, 
omdat muizen geen zogenaamde plaques 'at risk' ontwikkelen. 

4. 'Wat de mens in verwarring brengt zijn geen feiten, maar de dogmatische meningen 
over de feiten' (Epictetus; dit proefschrift - Hst. 5). 

5. De aanwezigheid van Thl-(IFN-Y producerende) cellen in atherosclerotische lesies zou 
vooral het resultaat kunnen zijn van de expressie van specifieke adhesie-moleculen en 
chemokines in dergelijke lesies en hoeft niet samen te hangen met de aanwezigheid van 
locale antigenen, welke na T cel activatie ook een dergelijk fenotype kunnen induceren. 

6. Het molecuul CD40L lijkt in atherosclerotische lesies veel beperkter (specifieker) tot 
expressie te komen dan voorheen werd aangenomen, namelijk slechts op bloedplaatjes 
en geactiveerde T cellen. Derhalve lijkt de rol van CD40-CD40L signalering in 
atherosclerotische lesies vooral afhankelijk van de activatie van T cellen. 

7. De beste remedie voor het verminderen van hart- en vaatziekten is in het algemeen niet 
het gebruik van cholesterol verlagende medicijnen, of grote hoeveelheden light-
producten, maar een gedisciplineerd eetpatroon, waarbij rode wijn als gunstige 
aanvulling kan worden beschouwd. 

8. Voetballen is simpel, maar het moeilijkste wat er is, is simpel voetballen 
(J. Cruijff). 

9. De NS zet bussen in ?! (Slogan Nederlandse Spoorwegen). 

10. Vaak wordt een leek toch bleek van een lekenpraatje. 

11. Van alle stellingen is Naarden Vesting toch de mooiste. 
Mischa Houtkamp 
8 februari 2002 
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Chapter 1 

1.1 Why study atherosclerosis? 

Atherosclerotic lesions (plaques) are characterized by the accumulation of lipids 
within the arterial wall. The lesions occur principally in large and middle-sized elastic 
and muscular arteries and may lead to ischemia of the heart, brain and other organ 
systems, which eventually may result in infarction. Such complications often relate to 
rupture or erosion of the atherosclerotic lesion and consequently thrombus formation.1 

An understanding of factors contributing to atherogenesis and plaque complications is 
needed, considering the fact that cardiovascular disease continues to be the principal 
cause of death in the United States, Europe, and much of Asia.23 

Several risk factors have been identified, contributing to the formation of 
atherosclerotic lesions and consequently plaque complications. These include 
hypercholesterolemia, diabetes, smoking, obesity, and hypertension, of which in 
particular high plasma levels of low density lipoprotein (LDL) cholesterol, is 
considered as a principal risk factor.4 In addition, the plaque morphology is an 
important denominator for the occurrence of plaque complications. As such, lipid-rich 
plaques are considered as unstable (rupture prone), whereas fibrous (collagen-rich) 
plaques as stable.5 

Although the process of atherosclerosis has been considered by many to consist 
largely of the accumulation of lipids within the arterial wall, nowadays, it is recognized 
that atherosclerotic plaques show features reminiscent of chronic inflammation, such as 
inflammatory infiltrates, cellular proliferation, neovascularization, and fibrosis. As 
such, atherosclerosis can be considered as a chronic inflammatory process.6 From this 
point of view, questions arise to the nature of the (specific) inflammatory immune 
responses involved as well as to triggers and initiators of such responses. We have 
addressed this issue by focusing on the involvement of both cellular and humoral 
immune responses in atherosclerotic lesions, directed by T and B lymphocytes, 
respectively. 
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1.2 Involvement of immune responses in atherosclerosis 

An overview is provided of some aspects of the involvement of immune cells in 
atherosclerotic plaques, in order to put our studies in proper perspective. 

In atherosclerotic disease there are indications for the involvement of both innate 
and adaptive immune responses.7 Innate immunity is characterized by rapid, but non
specific immune responses with the lack to generate memory. This phylogenetic old 
immune response is programmed to eradicate microorganisms and is represented by 
macrophages and natural killer cells. A wide range of innate immune mechanisms are 
operative, including phagocytosis. Phagocytosis of microorganisms occurs via 
scavenger receptors, which recognize diverse conserved molecular structures on the cell 
surface of microorganisms and other cells, including (modified) lipids.8 In the context of 
atherosclerosis, unregulated uptake of modified lipids (in particular oxLDL) by 
scavenger receptors expressed by macrophages, leads to the formation of foam cells. 
This can ultimately lead to the formation of atheroma and eventually unstable 
atherosclerotic lesions. Due to this ability the expression and regulation of scavenger 
receptors have been extensively studied over the past decade. 

Adaptive immunity is characterized by antigen specific immune responses and 
the ability to generate memory against specific antigens, and are represented by 
T (cellular immunity) and B lymphocytes (humoral immunity). The presence of both 
macrophages and T cells in the intima of atherosclerotic lesions suggests that cell 
mediated immune responses might occur. In addition, the presence of these cells in 
combination with numerous B cells/plasma cells in the adventitia of advanced 
atherosclerotic plaques suggests that also humoral immune responses are operative at 
late stages of atherosclerosis. 

In the following section the presence and functional implications of different 
immune competent cells, relevant to atherosclerotic plaque development and/or 
complications, will be discussed. 

Immune competent cells in atherosclerotic plaques 

Monocytes/Macrophages 

Smooth muscle cells have long been considered the major cell type contributing 
to the formation of atherosclerotic plaques, as described by Ross & Glomset.9 However, 
this hypothesis has been modified in the mid 80's, when it appeared that in addition to 
smooth muscle cells substantial numbers of inflammatory cells, in particular 
monocytes/macrophages were present, identified by the immunohistochemical 
expression of CD 14 (monocytes) and CD68 (macrophages).10 

In both the earliest type of atherosclerosis, the so-called fatty streak," as well as 
in more advanced stages of atherosclerotic lesion development, substantial numbers of 
monocytes/ macrophages are found.10 Interestingly, there appears a distinct correlation 
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between the presence macrophages, lipid accumulation and plaque instability.5 In 
addition, the observation that macrophages are present at regions underlying thrombus 
formation,1213 suggests a causal relationship with acute coronary syndromes. 

Recruitment and accumulation of monocytes to arterial intima 

The recruitment of monocytes to the intima covers several stages, including 
adhesion and migration over the luminal endothelium and subsequent accumulation and 
differentiation into macrophages. Several mechanisms influence these different stages, 
which ultimately result in the accumulation of macrophages in the intimai area. For 
example, injured endothelium, caused by hypercholesterolemia and/or shear stress, 
induces elevated expression of adhesion molecules on luminal endothelial cells, like 
E-selectin, ICAM-1 and VCAM-1,1417 promoting the adherence of leukocytes, 
expressing the ligands of these adhesion molecules. As a result monocytes as well as 
other leukocytes are recruited into the 'injured' arterial vessel wall. In addition, in the 
last decade several chemotactic and growth/differentiation factors have been identified 
for monocytes/macrophages, influencing their migration to and accumulation in the 
arterial intima. Especially the chemotactic cytokine MCP-1 appears of considerable 
importance for monocyte accumulation in plaques. Immunohistochemical investigations 
showed that MCP-1 is expressed by a wide variety of cells in human atherosclerotic 
lesions, including endothelial cells, smooth muscle cells and macrophages, of which 
macrophages appear to be the major source,1819 creating a possible positive feedback 
loop. 

The functional importance of the recruitment and subsequent accumulation of 
monocytes/macrophages in the arterial wall for the atherosclerotic process has been 
demonstrated in several mouse models with experimentally induced atherosclerosis. 
For instance, apoEA mice or those fed a high fat diet, with a deficiency for the adhesion 
molecules ICAM-1 and/or P-selectin, demonstrated reduced atherosclerosis.20-21 The 
significance of MCP-1 was demonstrated in LDL-R'mice defective for MCP-122 and 
apoE"'- mice defective for its corresponding receptor CCR-2,23 which both appeared 
relatively protected from atherosclerotic development. In addition, defective 
differentiation of monocytes into macrophages, as occurs in LDL-R and apoE"'- mice 
being heterozygous24 or deficient25 for macrophage-colony stimulating factor, 
respectively, resulted in less atherosclerotic development. 

(Modified) lipoproteins, phagocytosis and foam cell formation 

The atherosclerotic lesion is characterized by the presence of lipids, recruited by 
LDL particles containing cholesterol. Within the arterial wall LDL particles are 
oxidized by macrophages by the production of reactive oxygen species, in conjunction 
with extracellular matrix components.26-27 Recruited monocytes differentiate in the 
subendothelial space of the intima into macrophages and phagocytose oxidatively 
modified (acetylated/oxidized) lipids.28-29 

Unlike the uptake of native LDL mediated by the LDL-receptor, which is 
downregulated by accumulation of intracellular LDL,30 phagocytosis of oxidatively 



General introduction 

modified LDL particles by macrophages occurs via scavenger receptors, which are not 
downregulated by the intracellular lipid concentration.31 The consequence of the 
unregulated uptake of modified lipids in atherosclerotic lesions is the formation of foam 
cells and plaque destabilizing atheroma.32 These considerations rationalize why much 
investigation has been focused on the role and regulation of scavenger receptors in 
atherosclerotic development in the last decade. 

Scavenger receptors are a family of molecules with several members that are 
multifunctional and may mediate cell adhesion as well as uptake of oxidized 
lipoproteins and microorganisms, as summarized in Table 1." Scavenger receptor 
classes A and B, which specifically recognize oxidatively modified LDL, are highly 
expressed by macrophage-derived foam cells and smooth muscle cells in human 
atherosclerotic plaques.34-36 The detrimental role of these scavenger receptors in 
atherogenesis has been demonstrated in several mouse models with experimentally 
induced atherosclerosis. ApoE-'and LDL-R: mice lacking functional scavenger 
receptor class-A demonstrated distinct reduction of atherosclerotic lesion 
development.37-38 Also apoEmiice, deficient for the class B scavenger receptor CD36, 
showed significant reduction of atherosclerotic lesions.39 

Apart from the induction of foam cells, oxidatively modified LDL has several 
detrimental effects during atherosclerosis, which appears to depend on the extent of 
oxidation. For example, minimally and moderately modified LDL induce the production 
of proinflammatory cytokines, expression of adhesion molecules, are chemoattractive 
for T cells and monocytes, and inhibit migration of tissue macrophages.4041 In contrast, 
fully oxidized LDL is toxic for diverse cell types in the atherosclerotic lesion.42 This 
might lead to dysfunctioning of endothelial cells by apoptosis,43 propagation of 
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Table I. Scavenger receptor expression and their proposed ligands. (adapted from Terpstra et al. 

Class Name Expression Ligands 

Class A SR-AI 

SR-AII 

SR-AIII 

Tissue macrophages; foam cells; 
Kupffer cells 

acetylated LDL; oxidized LDL; AGE-
modified proteins; maleylated bovine 
serum albumin; LPS; LTA; whole bacteria; 
poly 1, poly G 

MARCO Macrophages in the marginal zone 
of the spleen and lymph nodes 

acetylated LDL; LPS; whole bacteria 

Class B SR-BI/CLA-1 

SR-BI1 

Monocytes/macrophages; adrenal 
glands 

HDL; LDL; VLDL; modified LDL; 
anionic phospholipids; apoptotic cells 

CD36 Monocytes/macrophages; platelets; 
adipocytes 

HDL; LDL; VLDL; modified LDL; 
anionic phospholipids; fatty acids 

Croquemort Drosophilia apoptotic cells 

Drosphilia SR-C Drosphilia acetylated LDL 

Class D CD68/macrosialin Tissue macrophages oxidized LDL; phosphatidylserine 
liposomes 

Class E LOX-1 

SREC 

Vascular endothelial cells; 
monocytes/macrophages 

oxidized LDL; carrageenan; poly 1 

Class F 

LOX-1 

SREC Vascular endothelial cells acetylated LDL; oxidized LDL 
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atheroma formation by apoptosis of macrophages and T cells4445 and weakening of the 
fibrous cap by apoptosis of plaque stabilizing smooth muscle cells.46 

Functional implications 

Lipid accumulation by macrophages appears detrimental for the atherosclerotic 
process. Next to the formation of foam cells and generation of atheroma, phagocytosis 
of (oxidatively) modified lipids by macrophages appears to be associated with a 
secretory profile in favor of tissue destruction. This appears to relate to the production 
of proteolytic enzymes, called matrix metalloproteinases (MMPs), which can digest the 
plaque stabilizing fibrous cap constituents, such as collagen.47 In this respect it should 
be noticed that tissue inhibitors of MMPs (TIMPs) counteract the activity of MMPs.48 

It is therefore of particular interest that MMP-3 (stromelysin-3), which digests TIMPs, 
is present in advanced human lesions, but absent in early lesions. This suggests a netto 
effect in favor of tissue destruction by MMPs over TIMP activity in advanced 
atherosclerotic lesions.49 The observation that cleaved collagen products, generated by 
proteolytic enzymatic activity, colocalized with the proteolytic enzymes MMP-1 and 
MMP-13 in advanced atherosclerotic lesions, also supports an overall netto destructive 
effect of MMPs over TIMPs.50 Most abundant synthesis and extracellular localization 
of MMPs has been found at sites with macrophage foam cells in human atherosclerotic 
plaques.51 Studies in hypercholesterolemic rabbits also showed a relationship between 
lipid uptake and MMP activity. It was demonstrated in this animal model that foam 
cells produced MMPs whereas alveolar macrophages did not.52 These observations 
provide an important link between inflammation (macrophages-foam cells), tissue 
degradation (MMPs) and lipid metabolism (oxLDL). 

Lesional macrophages also promote the atherosclerotic process by their ability to 
induce increased production of proinflammatory cytokines (IL-1, TNF-oc), and tissue 
factor,32 which could result in tissue injury and thrombosis. In addition, macrophages 
can enhance the recruitment of inflammatory cells by chemokines (IL-8, MCP-1)6 and 
can activate (T) cell mediated immune responses by the expression of MHC class II and 
accessory cytokines (IL-12),53 as will be discussed later. Most of the above described 
actions depend on direct cell-to-cell contact between macrophages and plaque resident 
cells, such as endothelial cells, smooth muscle cells and T cells. In particular, the 
surface markers CD40 and CD40L appear to play an important role in such ' 
interactions. Several in vitro studies, showed that CD40-CD40L interactions are 
involved in the production of MMPs,54-55 chemokines,56 proinflammatory cytokines57 

and tissue factor.58 CD40 is expressed by predominantly monocytes/macrophages, but 
also on activated endothelium and smooth muscle cells, whereas CD40L is expressed 
by activated T cells only,59-60 although other studies claimed that it was also expressed 
by monocytes and smooth muscle cells.61-62 

In contrast to their detrimental effects, macrophages could stabilize 
atherosclerotic plaques, by promoting smooth muscle cell growth and fibrosis.63 In 
addition, plaque macrophages express the anti-inflammatory cytokine IL-10, and could 
thereby reduce the detrimental action(s) of proinflammatory (Thl) cytokines and 
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prevent cells from excessive cell death due to its anti-apoptotic properties.5364 The 
strong anti-inflammatory activity of IL-10 in vivo was demonstrated in C57BL/6 mice 
with experimentally induced atherosclerosis. It appeared that these IL-10 deficient mice 
developed increased atherosclerotic lesions compared to the wild-type (control) mice, 
whereas exogenous administration of IL-10 reduced atherosclerotic lesion development. 
In addition, IL-10 deficient mice contained more unstable plaques, exemplified by 
increased numbers of T lymphocytes and less collagen content.65-66 

Mast Cells 

In the last few years mast cells have gained renewed interest, since their 
identification in the early seventies67"69 and appear to be present in scarce numbers in 
early atherosclerotic lesions, but are increased in advanced atherosclerotic lesions in 
both intima and adventitial0-71 

Functional implications 

Mast cells can be important mediators in the pathogenesis of atherosclerosis by 
their ability to secrete proteolytic enzymes and the activation of pro-enzyme forms of 
MMPs, moderated by chymase and tryptase.7072 Although they are found in relatively 
low numbers in the intima in comparison to other inflammatory cells, it is of interest 
that degranulated mast cells, indicative for recent activation, are found in plaque 
vulnerable regions and often in association with plaque rupture.7073 75 Furthermore, in 
the adventitia near to the border with the media, substantial numbers of mast cells often 
are connected to nerve fibers.76 Although the functional significance of this observation 
is rather speculative, the authors suggest that nerve fibers could trigger mast cell 
degranulation, leading to arterial spasms. 

Dendritic Cells 

Dendritic cells have been identified by the expression of the cell surface 
molecules CD 1(a) and S-100 and are occasionally found in arteries without features of 
atherosclerosis.77-78 However, they are increased in advanced stages of atherosclerosis, 
albeit still in scarce numbers.77-79 They are found in particular in association with other 
inflammatory infiltrates in both intima and adventitia of atherosclerotic plaques, 
composed of lymphocytes and macrophages.80"82 

Functional implications 

The exact role of dendritic cells in atherosclerosis is not clear, although it has 
been speculated by Bobryshev et alm that they are either involved in local T cell 
activation in the atherosclerotic lesion or migrate to local draining lymph nodes, near 
the adventitia, where they present plaque associated antigens to lymphocytes. 

Although immunohistochemical studies revealed that CD la expression was 
exclusively associated with vascular dendritic cells,77-78 a recent study demonstrated that 
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CD la, as well as CDlb-d, is expressed by foam cell, as shown by both 
.mmunohistochemistry and FACS analysis.-' This novel observation is of particular 
interest m relation to recent investigations, which have identified a novel mechanism for 
antigen presentation m which T cells recognize specific lipids and glycolipids m the 
context of non-MHC-encoded CD1 molecules.- Both foreign microbial or synthetic 
lipids and glycolipids are presented to CD 1-restricted cells. In addition, it has been 
suggested that CD 1-restricted T cells not only respond to exogenous lipids, but may 
also recognize endogenous self-lipids.«* Considering the abundance of potential lipid 
antigens within atherosclerotic lesions, together with the strong expression of CD1 
protein on both dendritic cells and foam cells, Melian etaL" have suggested that lipid 
antigen presentation by CD 1 proteins could contribute to the activation of T cells 
within atherosclerotic plaques. This suggestion was further supported by the 
observation that CDl(a) positive monocyte-denved foam cells generated in vitro were 
able to present lipid antigens to CD 1-restricted cells. 

T Lymphocytes 

T cells are found in early and late stages of atherosclerosis, and are identified by 
the selective immunohistochemical expression of CD3.10 When present they are 
frequently found m aggregates composed of both T cells and macrophages often m 
association with (modified) lipid-rich plaques. ">•— Alike macrophages, T cells are 
found m complicated plaques at sites of plaque rupture12 and frequently show an 
activated memory phenotype (CD45RO+).w The presence and persistence of T cells in 
aterosclerotic plaques at sites of lesion growth and rupture suggests that they could 
play an important role in atherosclerotic plaque development and complications 

1 he control of T cell migration, depends on the combined actions of various 
adhesion molecules as well as a vast array of chemotactic cytokines (chemokmes) and 
their receptors.'- In addition to the chemokmes IL-8 and MCP-1, which attract both 
monocytes and T lymphocytes» recent investigation showed that the IFN-v inducible 
chemokmes IP-10, Mig and I-TAC are strongly expressed in atherosclerotic lesions by 
T H S t y P ' S ' m C l u d m g m a c r oP h ages, smooth muscle cells as well as endothelial 
ce s. This is of interest, since these chemokmes specifically attract memory T(hl) 
cells, expressing the chemokine receptor CXCR3« In concordance with the strong 
expression of these IFN-y inducible chemokmes, the majority of plaque T cells express 
the corresponding receptor CXCR3.94 

Functional implications 

Resting T cells are functionally inert, whereas activated T cells can modulate 
immune responses. As such, activated (CD4^) T helper cells can produce cytokines 
(e.g. IFN-Y, IL-4) and mediate direct cell-to-cell contact, resulting in the activation of 
cell mediated and/or humoral immune responses,- whereas activated cytotoxic (CD8+) 
1 cells are programmed to kill (virally infected) cells by lysis 97 
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In the context of atherosclerosis activated CD4+ and CD8+ T cells are considered 
to be of importance by their ability to secrete IFN-y. In vitro studies demonstrated that 
IFN-y can initiate and enhance macrophage activity,63 downregulate collagen synthesis 
by smooth muscle cells,98 stimulate expression of MHC class II molecules on 
macrophages and smooth muscle cells" and induce adhesion molecules on endothelial 
cells.100 These actions result in reduced expression of plaque stabilizing extracellular 
matrix components and enhancement of cell immune responses, which are all 
potentially proatherogenic effects. On the other hand, in vitro IFN-y downregulates 
scavenger receptor class-A expression on macrophages,101 and blocks smooth muscle 
cell proliferation,102 which are all anti-atherogenic effects. Recent studies in 
hypercholesterolemic (apoE"/_) mice revealed that IFN-y plays a detrimental role in vivo, 
modulating both local (plaque environment) and systemic (serum) effects. ApoE'", 
IFN-y-R'~ mice showed substantial reduction in atherosclerotic lesion size and increase 
of plaque stabilizing collagen. In addition to these local effects, these double knockout 
mice had a marked increase of atheroprotective phospholipid particles.103 Exogenous 
administration of IFN-y to apoE_/" mice resulted in a 15% reduction of serum choleste
rol. Nonetheless, the plaques showed increased expression of MHC class II and T cells, 
compared to the untreated apoE~'~mice.104 

Also expression of activation markers on activated CD4+ T cells are considered 
of pivotal importance for atherosclerotic plaque development. In particular the 
expression of the activation marker CD40L on T cells is considered to be of 
importance, since ligation of CD40L with its counter receptor CD40, induces diverse 
plaque destabilizing mediators, as described earlier. Recent studies in apoE"'" and 
LDL-R'mice underlined the significance of the CD40-CD40L pathway in vivo, by 
showing that administration of anti-CD40L antibody resulted in reduced and more 
stable lesions, in both initial and advanced stages of atherosclerotic plaque 
development.105,106 

T cells in atherosclerotic plaques show features of activation 

T cells are activated by antigen presenting cells, such as macrophages and 
dendritic cells. This is mediated via the interaction between major histocompatibility 
complex (MHC) class I or II molecules on antigen presenting cells and T cell receptors 
(TCR) on T cells with concomitant presentation of antigen. Also accessory adhesion 
molecules and cytokines are involved.107108 In the case of naive and resting memory 
(CD45RA+) T cells, also costimulatory molecules (B-7, CD28) are needed to activate 
the T cell, whereas activated memory (CD45RO+) T cells require MHC-TCR 
interaction only109 

Since atherosclerotic plaque T cells are often found in close association with 
MHC-class IF macrophages, expressing the costimulatory molecule B-7,110 local 
antigen-dependent T cell activation might occur.87 This is supported by the observation 
that the majority of T cells in atherosclerotic human plaques are of the activated 
memory phenotype (CD45RO+) and express the late activation markers HLA-DR and 
VLA-4.12-91 However, only a small number of T cells in human atherosclerotic plaques 
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show signs of (very) recent antigen activation, exemplified by relatively low expression 
or absence of IL-2-receptor, as determined by immunohistochemistry.87-111-114 The 
observation of activated (memory) T cells in atherosclerotic plaques appears to 
correlate with the detection of cytokines, that reflect antigen-dependent T cell 
activation. It was shown that IFN-y is the predominant T cell derived cytokine in 
atherosclerotic plaques, whereas IL-4 and IL-5 were either scarce or absent, as 
determined with immunohistochemical techniques and reverse transcriptase-poly chain 
reaction (RT-PCR).53113115 The presence of IFN-y but relative absence of IL-4 is typical 
for Thl cells, which are associated with cell mediated inflammatory responses and 
autoimmune diseases."6 

The observation that T cells in atherosclerotic plaques show features of 
activation, suggest that they might be locally activated by antigen(s). Several candidate 
antigens have been proposed that can trigger T cell activation in atherosclerotic lesions. 
There is increasing evidence that a direct link may exist between lipid accumulation and 
activation of T cells, possibly by autoimmune responses to derivatives of modified 
lipoproteins.97-Il7-"9 However, thusfar only one study reported that T cells derived from 
advanced human plaques are activated, exemplified by proliferation, when exposed to 
oxidatively modified lipoproteins.120 However, at the same time it has been shown that 
(mildly) oxidized lipoproteins are toxic, inducing apoptosis of T cells and suppression 
of their proliferative state.121122 Apart from (putative) activation by oxidatively 
modified lipoproteins, T cells were found to be responsive to heat shock protein 65 in 
rabbits.123 This autologous protein exhibits sequence similarities and immunological 
cross-reactions with related proteins of microorganisms such as Chlamydia 
pneumoniae.m The latter is a common airway pathogen that has also been linked to 
atherosclerosis on the basis of seroepidemiological, immunocytochemistry, molecular 
biology and tissue culture studies.125126 In addition, experimental studies in rabbits and 
apoE"/- mice showed that infection with C. pneumoniae accelerated the atherosclerotic 
process.127,128 

Upon antigen-dependent activation T cells proliferate and expand, thereafter 
representing a significant proportion of all T cells in atherosclerotic lesions.96 The 
repeated cell divisions of activated T cells leads to the formation of a population of T 
cells (clone) with identical TCR. Consequently, the identification of a T cell clone 
implies the expansion of cells, usually due to antigen-specific activation. Thusfar, no 
evidence was obtained for such clonal expansions of T cells derived from advanced 
human atherosclerotic plaques, by analyzing the variability of the TCR repertoire.129-131 

In contrast, T cells derived from early atherosclerotic lesions of apoE-'-mice, including 
fatty streaks and fibrofatty plaques, showed restricted usage of variable domains of the 
TCR in the lesions.132 As such, in contrast to the situation in humans, this provides 
evidence for a clonal T cell expansion in atherosclerotic lesions of hypercholesterolemic 
mice. 
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Evidence for recent T cell activation in the peripheral blood of patients with 

unstable angina 

Stimulation of inflammatory cells is not limited to the microenvironment of the 
plaque, but also involves circulating cell populations. Patients with unstable angina 
showed increased frequency of lymphocyte and monocyte activation in the peripheral 
blood, which together with elevated levels of acute-phase proteins, appear to be 
predictive for the clinical outcome.133134 It appeared that a subpopulation of activated 
T cells derived from such patients was clonally expanded135-136 and displayed the 
unusual phenotype CD4+CD28nu", known to produce high concentrations of IFN-y.137 

In addition, it was shown that T cells isolated from the blood of patients with unstable 
angina were responsive to both infectious antigens (C. pneumoniae) and atherosclerotic 
plaque antigens (oxLDL).136 Furthermore, in this study it was shown that the number of 
T cells responsive to oxLDL were increased in patients with unstable angina in 
comparison to patients with chronic stable angina, whereas the T cell responses against 
C. pneumoniae were not different in both patient groups. 

B Lymphocytes and Immunoglobulins (antibodies) 

B cells and plasma cells are virtually absent in the intima of atherosclerotic 
plaques of humans87 and apoEA mice138, whereas they can be found in substantial 
numbers in the adventitia of aortas with advanced atherosclerotic disease.139 In contrast, 
immunoglobulins (IgG, IgM), are frequently found in the intima of atherosclerotic 
lesions.140142 In addition, immunoglobulins directed against modified LDL can be 
detected in the serum of atherosclerotic patients, often correlating with disease 
progression.143144 The presence of immunoglobulins directed against atherosclerotic 
plaque components (oxLDL), suggests that B cell activation occurs, since 
immunoglobulins are the products of activated B cells/plasma cells. Since B cells and 
plasma cells are absent in the atherosclerotic plaque it is likely that they are activated in 
local (draining) lymph nodes,96 although it has also been suggested that adventitial 
lymphoid aggregates might serve such a function.1 139 

Functional implications 

In the atherosclerotic plaque complexes of immunoglobulins and (ox)LDL could 
result in the uptake of (ox)LDL by macrophages, thereby enhancing the formation of 
foam cells.145 In addition, such complexes can induce MMP-1 secretion by plaque 
macrophages.146 

These considerations, based on in vitro data, suggest that immunoglobulins could 
be detrimental in the plaque environment. However, several in vivo studies in both 
hypercholesterolemic rabbits and LDL-R'" and apoE'" mice have shown that 
immunization with oxidatively modified LDL (MDA-LDL) reduced lesion formation 
(see Table 2). A recent study demonstrated that this reduction correlated with elevated 
IgG antibodies against oxLDL epitopes.147. As such, it seems that the overall effect of 
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immunoglobulins directed against atherosclerotic plaque derived antigens is anti
atherogenic in hypercholesterolemic animals. 

Role of lymphocytes in hypercholesterolemic animals in vivo 

In addition to above described data, several other investigations have questioned 
the role of lymphocytes in the atherosclerotic process in vivo in animals with 
experimentally induced atherosclerosis, by generating partially or completely immune 
deficient animals. As such, it was shown that in apoE- RAG-1- mice, being deficient 
tor both T and B cells, the extent of atherosclerotic lesions was 40% reduced l48 

ApoE - RAG-2-- mice, however, did not show reduced atherosclerosis, compared with 
the control apoE- httermates - whereas, immune compromised mice showed similar or 
even aggravated early lesion formation.- In another study it was shown that sevenly 
immune deficient (SCID) apoE- mice, injected with CD4^ T cells showed more severe 
lesions than untreated mice.151 

The involvement of lymphocytes in the atherosclerotic process has also been 
questioned by the use of immune modulatory therapies in hypercholesterolemic an.mals 
Results of such therapies are summarized in Table 2. In general, immune modulation 
appears to inhibit atherosclerotic lesion development and thus might be potentially 
useful for the treatment of rapidly progressive atherosclerosis in hypercholesterolemic 
mice and rabbits. However, these protocols are likely not suitable for the prevention of 

20 slowly progressive atherosclerosis as occurs in humans. Apart from the difference in 

progression of atherosclerotic lesions in time, the plaque morphology is different 
between humans and mice.- Furthermore, it should be emphasized that the immune 
system in mice and rabbits is different from that of humans. For instance the 
polarization of T lymphocytes into Thl and Th2 phenotypes is less pronounced in 
humans, which appears to be important for immune modulation of the atherosclerotic 
process in hypercholesterolemic mice."" As such, the data generated in 
hypercholesterolemic mice and rabbits should be extrapolated with great care to human 
atherosclerotic disease. 
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1.3 Scope of this thesis 

The evolution of atherosclerotic lesions involves interactions between several cell 
types, including endothelial cells, smooth muscle cells, macrophages and lymphocytes. 
The contribution of endothelial cells, macrophages, and smooth muscle cells to lesion 
development has been well documented and can be considered part of a chronic 
inflammatory process. However, the role of T and B lymphocytes in this process has 
been less well characterized and is still puzzling. Upon activation T and B cells can 
initiate cell mediated and humoral immune responses. In the context of atherosclerosis, 
cell mediated immune responses are generally considered to be detrimental for plaque 
stability, whereas the influence of humoral immune responses are largely unknown. In 
this thesis we addressed aspects which are involved in the activation of T cells (cell 
mediated immunity) and B cells (humoral immunity). 

In Chapter 2 it was studied whether the infectious agent Chlamydia 
pneumoniae, could be among the antigen(s) triggering (local) T cell activation in 
plaques of patients with symptomatic atherosclerotic disease. In addition to infectious 
agents, several in vitro studies have shown that oxLDL is immunogenic for both cell 
mediated and humoral immune responses. In Chapter 3 we investigated the spatial 
distribution of oxidized phosphatidylcholines, one of the products generated during 
LDL oxidation, in advanced atherosclerotic aortic lesions in relation to inflammatory 
cells in both the intima and adventitia. 

21 

Table 2. Effect of immune modulatory therapies on lesion growth and proposed mechanism(s) in 
hypercholesterolemic mice and rabbits. 

Genetic Effects on Proposed mechanism/ observed 

Modulation/therapy background lesion area changes Reference 

Anti-CD4()L Ab LDL-R"''" i Impaired CD40 signalling 106 

Anti-CD40L Ab ApoE"" I Impaired CD40 signalling 105 

Immunization (MDA)LDL ApoE"'" I Activation humoral immunity, 
increased anti-oxLDL Abs 

147 

Neonatal oxLDL tolerance ApoE"" I Activation humoral immunity 152 

lg treatment ApoE I Unknown 153 

Immunization (MDA)LDL LDL-R"'" 
(rabbit) 

i Increased anti-oxLDL Abs 154 

Immunization (ox)LDL Rabbit I LDL induced immunity 155 

Immunization (MDA)LDL LDL-R"'" i Activation cellular immunity 156 

Injection of exogenous IL-12 ApoE Î Increased anti-oxLDL Abs, 
increased cell mediated immunity 

157 

Injection of exogenous IFN-y ApoE"" T Increased MHC class IT cells, 
increased T cells 

104 

Anti-IL-10Ab C57/BL6 Î Defective anti-inflammatory 
activity 

65,66 

Pentoxifylline ApoE"" 4 Inhibited differentiation of Thl 
cells 

158 
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Recent investigation has provided evidence that T cells can also be activated via 
a non-antigen dependent pathway, mediated by cytokine interleukin-15.162 In Chapter 4 
we investigated the in situ expression of IL-15 in relation to the atherosclerotic plaque 
morphology, cellular composition and activation of T cells. In addition, the 
responsiveness of plaque derived T cell lines to IL-15 was tested. 

Upon (antigen/non-antigen dependent) activation T cells can produce IFN-y, 
which is considered to have important modulatory functions for the atherosclerotic 
plaque environment. Preliminary experiments raised doubts concerning the use of 
immunohistochemistry to visualize this cytokine in arterial tissue specimens. To this 
end, in Chapter 5 we evaluated the reliability and consistency of this frequently applied 
technique for the detection of IFN-y in tissues containing abundant activated 
T(hl) cells. 

Activation of (T) cell mediated immune responses results in the production of 
mediators with plaque destabilizing potential(s). Ligation of IL-15 and CD40 with their 
concomitant receptors CD40L and IL-15R complex appear to be intimately involved in 
the production of such mediators. This rationalizes to get a better understanding of their 
expression and regulation on plaque resident cells, such as macrophages and smooth 
muscle cells. In Chapter 6 the in vitro expression of IL-15, IL-15Ra and CD40 was 
investigated on monocytes and smooth muscle cells in the presence or absence of 
proinflammatory agents, present in atherosclerotic lesions (oxLDL, IFN-y). 

Humoral immune responses are associated with atherosclerotic disease, as 
22 exemplified by the existence of anti-oxLDL immunoglobulins in both plaque tissue and 

serum. In Chapter 7 it has been outlined whether adventitial lymphoid infiltrates could 
be (alternative) sites for the local generation of atherosclerosis associated 
immunoglobulins. 

Chapter 8 summarizes the generated data and main conclusions. 
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Abstract 

Objective. Atherosclerotic lesions are characterized by an immune mediated 
chronic inflammation. Seroepidemiological studies support a relationship between 
atherosclerotic disease and infection with C. pneumoniae; an association further 
endorsed by immunocytochemical and DNA directed studies. However, the question 
arises whether C. pneumoniae acts as a causal antigen, or is merely a bystander. For 
this reason we have analyzed the T lymphocyte population of carotid atherosclerotic 
plaques of symptomatic patients for their response against C. pneumoniae. 

Methods. T cell lines were generated from carotid endarterectomy tissues 
obtained from eight patients with symptomatic disease. The response of these T cell 
lines against C. pneumoniae elementary bodies was analyzed by 3H-thymidine 
incoiporation. T cell clones were generated by limiting dilution from the cell lines of 
three patients and tested for antigen specificity in the same manner. Furthermore, 
cytokine profiles (Thl/Th0/Th2) were established by measuring the production of 
IFN-y and IL-4. 

Results. Of the eight T cell lines five responded to C. pneumoniae. Eighteen of 
69 CD4-positive clones, generated from three patients with a positive T cell lines 
response, responded to C. pneumoniae also. The majority (17/18, 96%) of these clones 
showed a Thl cytokine profile. 

Conclusions. These results show that in a subpopulation of symptomatic 
34 patients C. pneumoniae can activate T cells within atherosclerotic plaques suggesting 

that a C. pneumoniae enhanced proinflammatory Thl response contributes to plaque 
destabilization in these patients. 



C.pneumoniae in atherosclerosis 

Introduction 

An accumulating body of data obtained through studies in seroepidemiology, 
immunocytochemistry, molecular biology and tissue culture shows an association 
between C. pneumoniae and atherosclerotic vascular disease.1- Experimental studies in 
a rabbit model have shown that infection with C. pneumoniae accelerates 
atherosclerosis, whereas this process was prevented by treatment with azithromycin In 
patients however, preliminary antibiotic trials have shown contradictory results, 
albeit that the discrepancies may relate to the fact that different patient cohorts had been 
included " Despite the fact that C. pneumoniae can be detected in human plaques, it is 
presently not known whether the microorganism is causally involved in atherosclerosis, 

or merely acts as a bystander.12'13 

The potential role of C. pneumoniae infections in atherosclerosis is relevant since 
atherosclerotic plaques contain large numbers of macrophages and activated 
T lymphocytes, accepted to reflect a cellular immune response, and because plaque 
inflammation is responsible for the production of cytokines and tissue degrading 
enzymes which may enhance the risk of plaque rupture.1415 However, as yet little is 
known concerning the candidate antigens responsible for local T cell activation. The 
observations alluded to above raise the possibility that C. pneumoniae could be one ot 
the antigens involved. Identification of C. pneumoniae specific T cells m plaques of 
patients is one approach that provides direct evidence for a link between the presence of 
C pneumoniae in plaques and plaque inflammation. Such an association could support 
a direct specific antibiotic approach of atherosclerotic patients. We have therefore 
analyzed the T cell population present in human atherosclerotic plaques for its antigenic 
specificity against C. pneumoniae antigens. Moreover, we tested the cytokine secretion 
profile of C pneumoniae responsive T cell clones derived from plaques, since 
particular cytokines, such as interferon gamma (IFN-y), are believed to play a role m 
the process of plaque destabilization that precedes plaque rupture. 

Material and Methods 

The study was approved by the local ethical committee; all patients gave informed consent. 

Tissue samples 

Human carotid endarterectomy specimens were collected at surgery from eight 
consecutive patients (mean age: 67.4 ± 6.7 years), all of whom were treated for 
symptomatic carotid artery disease, and on that basis considered to have vulnerable 
(unstable) plaques. From the same patients heparinized blood was collected as a source 
for autologous antigen presenting cells. All patients had anti-chlamydial antibodies in 
their serum (IgG and/or IgA) (data not shown). A representative part of the tissue was 
frozen immediately in liquid nitrogen for immunohistochemical evaluation. The 
remaining tissue was used for the isolation of T cell lines. 

35 



Chapter 2 

Immunohistochemistry 

The presence of T cells, T cell subsets and C. pneumoniae in the tissue speci
mens was analyzed by immunohistochemistry. Cryostat sections (5-pm) were stained 
with antibodies against CD3 (Leu-4, Becton & Dickinson, San Jose, CA, USA), 
CD4 (Leu-3, Becton & Dickinson), CD8 (DAKO T8, DAKO A/S, Glostrup, Den
mark), CD68 (DAKO) and C. pneumoniae (clone RR402, Washington Research 
Foundation, Seattle, USA). For all immunostains a streptavidin biotin complex 
technique was used, as previously described.16 For evaluation of the anti-C. 
pneumoniae immunostaining, cultured mononuclear cells infected with C. pneumoniae 
were used as positive controls. 

Chlamydia pneumoniae elementary bodies 

Propagation of C. pneumoniae (strain TW-183, Washington Research Founda
tion) was carried out essentially as described previously'7 Briefly, C. pneumoniae was 
propagated in 6-well microliter plates. One-day-old monolayers of HEp2 cells 
(American Type Culture Collection (ATCC), Rockville MD, CCL 23) were inoculated 
by centrifugation at 4800xg for 1 hour at 25°C using a MOI between 0.75 and 1.0 and 
incubated for 72 hours in Optimem medium (Life Technologies) supplemented with 
10% fetal calf serum, antibiotics, and 1 pg/mL cycloheximide.18 Chlamydial elementary 

35 bodies were purified by centrifugation through a layer of 35% sodium diatrizoate, 
washed in PBS, and stored aliquoted at -80°C. Because these C. pneumoniae 
preparations also contain protein fractions derived from the host cells (HEp-2), these 
proteins were separately isolated from HEp-2 cells by the same procedure, but without 
inoculation of the HEp-2 cells with C. pneumoniae, and used in the proliferation assays 
as control antigens. 

Antigen presenting cells 

Peripheral blood mononuclear cells were isolated form the blood of each patient 
by gradient centrifugation using Ficoll-paque (Pharmacia Biotech, Uppsala, Sweden). 
Cells were frozen and stored in liquid nitrogen until further use. 

Generation of T cell lines 

Primary T cell cultures (from here on designated as T cell lines) were generated 
as described previously, with only minor modifications.'9 Briefly, endarterectomy 
specimens were extensively washed in PBS to remove adhered blood cells. Visible 
thrombi were carefully removed. The remaining atherosclerotic tissue fragments were 
minced, washed and put in 24 well plates (Costar, Cambridge, MA). The fragments 
were cultured in T cell medium, consisting of Iscove's modification of Dulbecco's 
medium (IMDM, Life Technologies, Breda, The Netherlands) supplemented with 
10% heat inactivated pooled human serum, antibiotics (penicillin/streptomycin, Life 
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Technologies) and 10 U/mL rIL-2 (Eurocetus, Amsterdam, The Netherlands) for 7-10 
days, resulting in spontaneous migration of T cells from the plaque tissue into the 
culture medium. The T cells obtained were further expanded by stimulation with 10 |ig/ 
mL phytohemagglutinin (PHA) and irradiated feeder cells (a mixture of peripheral 
blood mononuclear cells from two buffycoats (CLB, Amsterdam, the Netherlands), and 
10% JY cells) in T cell medium. Cultures were refreshed every 2-3 days with T cell 
medium. 

Generation of C. pneumoniae specific T cell clones 

T cell clones were generated from the T cell lines of three patients (numbers 2, 3 
and 5). Ten days after stimulation with feeder cells and PHA, T cells (from the primary 
cultures) were incubated with C. pneumoniae elementary bodies and autologous, 
irradiated PBMCs in T cell medium. After 5 days rIL-2 was added, leading to a 
selective outgrowth of T cells responsive with C. pneumoniae. The resulting T cell lines 
were cloned by limiting dilution (0.3 cells/well) in T cell medium, supplemented with 
PHA, IL-2 and feeder cells. Clones obtained were further investigated for phenotype, 
antigen specificity and cytokine production. 

Antigen specificity 

Ten days after the last stimulation with PHA, IL-2 and feeder cells, the 3 7 

specificity of the T cell lines or clones was analyzed by incubating 1.1 O5 T cells and 
1.10s autologous irradiated peripheral blood mononuclear cells for 4 days in T cell 
medium in either the presence or absence of C. pneumoniae elementary bodies or 
control antigen in 96 well round-bottom culture plates (Costar). The MHC dependency 
of positive responses was always tested using antibodies against HLA-DR (B8.11.2).20 

In case a positive response was not HLA-DR restricted, further inhibition studies with 
anti-HLA-DP (B21/7), HLA-DQ (SPV L3) and HLA-ABC (W6/32, ATCC) were 
performed. All combinations were analyzed as triplicates. Positive controls (10 (ig/mL 
PHA) and negative controls (irradiated antigen presenting cells only) were always 
included. During the last 16 h of the culture 0.3 LtCi 3H-thymidine was present per well. 
Cultures were harvested and incorporated radioactivity was measured by liquid 
scintillation counting. The results are expressed as mean counts per minute (cpm). The 
stimulation index (SI) was calculated as the mean cpm of cultures in the presence of 
antigen divided by the mean cpm of parallel cultures without antigen. Differences 
between experimental conditions of the T cells were analyzed by ANOVA with 
Bonferom correction. P<0.05 was considered statistically significant. 

Tcell lines. A positive and specific response was defined as a significantly 
increased proliferation in the presence of C. pneumoniae elementary bodies, whilst 
antibodies against MHC (class I or II) antigens inhibited this proliferation and no 
response was observed with control antigens. Cell lines were only regarded non resp-
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onding when the T cell lines showed not only a lack of response to C. pneumoniae 
elementary bodies but in addition a proliferative response with mitogen PHA, a positive 
control for the viability of the cell line. 

Tcell clones. A positive and specific response was defined as a proliferative 
(significant increased) response with a SI of 3 or more with C. pneumoniae elementary 
bodies, a lack of response with control antigens, and in which proliferation could be 
inhibited with anti-MHC class I or II antibodies. 

Phenotype analysis 

The phenotype of the T cell lines and clones was determined by FACS analysis, 
using an indirect staining protocol. T cells were incubated with appropriate dilutions of 
anti-CD4 (Leu-3, Becton & Dickinson), anti-CD8 (Dakopatts, Glostrup, Denmark), or 
TCR-Sl (T cell Sciences, Cambridge, MA, USA), followed by phyco-erythrin 
conjugated rabbit anti-mouse immunoglobulins. Fluorescence was analyzed on a FACS 
Calibur (Becton & Dickinson). 

Cytokine profile analysis 

Cytokine production of all CD4 positive T cell clones was analyzed after 
stimulation of 1.10s T cells with immobilized anti-CD3 monoclonal antibody (OKT-3 
(ATCC), 1 ug/mL) and soluble PMA (1 ng/mL, Sigma Chemical Co, St Louis, USA) 
in a total volume of 200 |iL/well in a 96 well flat-bottom plate (Costar). After 24 hours, 
supernatants were harvested and stored at -80°C until tested by ELISA for IL-4, and 
IFN-y. ELISA kits (Pelikine Compact) were obtained from the CLB. T cell clones that 
produced IFN-y but no IL-4 (<10 pg/mL) or T cell clones with an IFN-y/IL-4 ratio >20 
were considered Thl type, T cell clones with an IFN-y ratio between 20.0 and 0.4 were 
defined as ThO type, and T cell clones that produced IL-4 but no IFN-y (<10 pg/mL) or 
with an IFN-y/IL-4 ratio <0.4 were defined as Th2-like.21 

Results 

Immunohistochemical analysis showed that all lesions contained an inflammatory 
infiltrate of T cells (CD4 and CD8-positive cells) and macrophages (CD68-positive). 
All intimai plaques contained mononuclear cells with positive staining for C. 
pneumoniae, albeit that marked differences in the number of immunopositive cells 
occurred between different specimens. 

T cell lines were obtained from each of the eight patients. All cell lines were 
mixtures of CD4 and CD8-positive lymphocytes. The percentage of the CD4-positive 
cells in these lines was in the range of 60-90 %. TCR-yô-positive cells were not 
observed. 
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T cell responsiveness with C. pneumoniae 

The results of the proliferation assays of the obtained cell lines are summarized 
in Figure 1. Five of eight cell lines (patients 2, 3, 5, 6 and 7) showed a significantly 
increased proliferation after incubation with C. pneumoniae. With the use of anti 
HLA-DR antibodies the proliferation could be inhibited in patient 2, 3, 5 and 7, 
showing that the response in these lines was HLA-DR restricted. One T cell line (pt. 6) 
showed increased proliferation which could be inhibited with anti-HLA-ABC, but not 
with HLA-DR, DP or DQ antibodies. None of the T cell lines responded to the control 
antigens. 

Fig 2 
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Figure 1. The response (stimulation index±SD) of carotid atherosclerotic plaque derived 
T cell lines upon incubation with C. pneumoniae and the inhibiting anti-HLA-DR antibody. 
*, P<0.05; **, PO.005. 
Figure 2. Representative examples of 'H-thymidine incorporation experiments of two 
different T cell lines, one non-responsive (patient 1) and one responsive (patient 2) for C. 
pneumoniae. [3H] -thymidine incorporation is shown in relation to different dilutions of the 
elementary bodies, and in comparison with the positive control PHA (10 ug/mL). 
*, JP<0.05; **, F<0.005. 
Figure 3. The stimulation index of T cell clones from three different patients (2, 3 and 5) 
upon stimulation with C. pneumoniae. The horizontal line indicates a stimulation index of 3. 
Figure 4. Representative example of a 1H-thymidine incorporation experiment with a T cell 
clone (patient 5), performed with different concentrations of elementary bodies and anti-HLA-
DR antibodies. *, P<0.005 compared to T cells cultured without elementary bodies; 
**, PO.005 compared to T cell cultured with C. pneumoniae elementary bodies (1/100) only. 
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The C. pneumoniae induced T cell proliferation was dose-dependent In Fitrare 2 
representattve examples of the effect of increasing C. pneumoniae e L n e „ X l ë 

T°srrc:,rymid,ne ,nco,pora"M ̂  ̂ —^ -—" 
F r 7 a" P»"«* «-e T cell responses of peripheral blood lymphocytes was tested 

Ô s e ^ d STo^„ ,; ,n2 , S
8

( P ,• 5 a " d 8 ! T * " * " r e S p 0 n S e * * C " » - - « / w a f 

T cell clones were generated from patients 2, 3 and 5 (see Table 1 ) A total of 87 

a"nd n ^ f™"r n d **" a M l y Z e d M0S* * " e s » « e CD4-posi.ive 22fl 36 

F "me 3 An be rn", P a " e m 2 ' ' ° f r ° m P a " e m 3 ' m d <™ f r o m P"«™ 5; see 
riguie J). All these were CD4-positive. 

A representative example of the results obtained with one T cell clone is 
H ustrated m Figure 4, where the dose-response kinetics and MHC restrictionare 
shown. A s.gn.ficanfly increased proliferation already could be observed S c 
pneumoniae elementary bodies at a dilution of 1/6250 (SI=28), whereas a maximal 
response was reached using a dilution of approximately 1/250 SI=488 m response 
was HLA-DR restricted, since antibodies against HLA-DR almost completely nhib, d 
C. pneumoniae induced proliferation. Y m n i D l t e d 

4 f ) Table 1. Cytokine profiles of C. pneumoniae resnorwivP .«n^i-v A 

Nr. of clones gi>3 

T h l Th2 ThO Thl Th2 
CD4+ SI>3 ThO 

Panent 2 ~2 7 0 ~ 

Patients 36 10 1 9 0 J " J 
Patient 5 11 1 n , „ ' 

J° t a l 6 9 18 ' 17 o' 12 37 2 
•All C. pneumoniae responsive T cell clones were CD4-positive 

Cytokine profile analysis 

The cytokine secretion profiles of all CD4-posittve clones were determined 
rrespective of whether they were responsive or non-responsive to C. pnZoZaè 

bo H ] TM ^ ^ ^ ^9 4 %) o f C Pneumoniae responsive T cell clone 7si>3) 
showed a Th 1 cytokme profile, except for one clone which represented a T h i Z 
Among the non-responsive clones (SK3), the majority (73%)PalSO showed a Thl 
cytokme secretion pattern, 12 (23%) were classified as ThO and 2 (4%) as Th2. 

Discussion 

w.thJ. 1" 8 ^ ShOWS t H a t C Pneumoniae responsive T lymphocytes can be detected 
within the inflammatory infiltrate of atherosclerotic plaques. Five of eight 
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endarterectomy specimens from the carotid artery of patients treated for symptomatic 
disease showed a specific response upon incubation with C. pneumoniae elementary 
bodies. Four cell lines were HLA-DR restricted, one was HLA-ABC restricted. 
Our results obtained with T cell lines generated from isolated plaque T cells are in 
accordance with those recently published by Mosorin et al.22 These authors were able 
to generate C. pneumoniae specific T cell lines form carotid atherosclerotic plaques 
from 7 of 17 patients. However, there are important differences in the culture methods 
used. Mosorin et al.22 expanded their T cell lines by stimulation with C. pneumoniae 
elementary bodies, which resulted in selective expansion of C. pneumoniae specific 
T cells within these lines. We did not perform such a "positive" selection step before 
testing our T cell lines for C. pneumoniae responsiveness. Despite this difference in 
expanding the cell lines, our observations and those from Mosorin et al.22 are basically 
the same. All in all, these findings strongly suggest that C. pneumoniae contributes to 
the process of symptomatic atherosclerotic disease; at the same time, the fact that not 
all T cell lines show a C. pneumoniae specific response, indicate that additional 
candidate antigens have to be taken into account. 

Our analysis of cloned T lymphocytes generated from the T cell lines of three 
patients who presented a positive response, showed a marked variation regarding 
frequency and specificity. The frequency of C. pneumoniae responsive clones was 
30% in two patients, whereas from one patient only one responsive clone was obtained, 
although with a much higher SI. At the present stage it remains unknown which 
antigenic structures of the microorganisms are recognized, since C. pneumoniae 41 
elementary bodies were used to stimulate the lines and clones. For instance, it could be 
that some of these clones recognize heat-shock proteins (HSP), in particular HSP60 
which is produced by C. pneumoniae in large quantities, but known also to show a high 
degree of sequence homology with human HSP60 as it occurs in atherosclerotic 
plaques.2324 Moreover, one may anticipate also that other antigens within the plaque, 
other than C. pneumoniae, can be involved. For example, Stemme et al.25 generated 
T cell lines from carotid endarterectomy specimens which responded to oxidized low 
density proteins. 

Once subpopulations of T lymphocytes have shown to be capable of recognizing 
C. pneumoniae antigens, it is of major importance to get informed about the patterns of 
cytokine secretion of these cells. It is presently well appreciated that T lymphocytes 
have their own programmed cytokine secretion profile.26 On this basis T lymphocytes 
are categorized as Thl cells (secreting high levels of IFN-y and IL-2, but no IL-4), 
Th2 cells (producing high levels of IL-4, but no IFN-y) and ThO cells (not showing 
such a polarized cytokine secretion pattern and capable of producing both IL-4 and 
IFN-y). Thl cells are the principal effector cells of cell mediated immune responses 
against intracellular microorganisms. We found that almost all (17/18, 94%) C. 
pneumoniae specific T cell clones showed a Thl cytokine profile. This observation is 
of particular interest, since clinically "stable" plaques were shown to contain only 
20% Thl-positive T cell clones.19 The clinical relevance of the present findings can be 
exemplified by pointing out that IFN-y may modulate plaque composition by inhibiting 
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the proliferation of smooth muscle cells as well as their connective tissue (collagen) 
synthesis; features contributing to the development of a vulnerable atherosclerotic 
plaque.14 

Recent clinical studies have shown that the peripheral blood of patients with 
symptomatic coronary artery disease contain increased numbers of C. pneumoniae 
responsive T cells.27 In our series of eight patients C. pneumoniae T cell responsiveness 
m the peripheral blood was positive in only two patients, one of whom also exhibited 
T cell responsiveness of mtraplaque T cells. Hence, these findings contrast markedly 
with the results obtained from the analysis of the mtraplaque T cells. It appears that the 
lack of responsiveness m peripheral blood does not rule out a C. pneumoniae reactive 
T cell response m the plaque and that the reverse is not true either: patient 8 showed a 
strong response m the peripheral blood T lymphocytes, but no significant increase could 
be observed with plaque-derived T cells. This indicates that testing the peripheral T cell 
response against C. pneumoniae cannot be used as a reliable method to evaluate the 
existence of a C. pneumoniae induced intraplaque immune response. 

Furthermore it appeared that the mere presence of C. pneumoniae antigens in 
plaques, as detected with immunohistochemical stains, is not necessarily associated 
with the presence of antigen specific T cells, since the immunohistochemical presence 
of C. pneumoniae was observed in all eight atherectomy specimens, whereas 
C. pneumoniae responsive T cell lines were only obtained from five patients. 

In conclusion, the combined findings of C. pneumoniae responsive plaque 
42 T lymphocytes, immunohistochemicallly detectable C. pneumoniae antigens m plaques 

and serologic evidence for a past infection with C. pneumoniae m a subpopulation of 
patients, strongly suggest that C. pneumoniae could act as a trigger for inflammation in 
plaques m these individuals. Moreover, the fact that virtually all C pneumoniae 
respons.ve T cells are of the Thl subtype, programmed to secrete large amounts of 
IFN-yupon stimulation, a cytokine with strong tissue remodeling capacities could 
relate to the onset of plaque complications m these patients. However, the fact that not 
all patients showed intraplaque T cell responsiveness for C. pneumoniae once more 
illustrates that add.tional factors have to be taken into consideration, and raises 
questions as to the effectiveness of the administration of antibiotics in a general 
population of atherosclerotically diseased patients. 
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Abstract 

Atherosclerosis is associated with both cellular and humoral immune responses. 
Oxidation specific epitopes generated in the plaque or adventitia could trigger or sustain 
these immune responses. We investigated the presence of such epitopes in human aortas 
in relation to inflammatory cells. Human aortic plaques («=13) were immunohisto-
chemically stained with antibodies against oxidized phospatidylcholines (oxPC), 
apolipoprotein-B (apoB), macrophages, T cells, B cells and immunoglobulines (IgG 
and IgM). Aortas without atherosclerosis (n=3) and reactive lymph nodes (w=7) served 
as reference material. Intimai plaques contained macrophages/foam cells and T cells, 
whereas the adventitial infiltrates contained in addition many B cells and IgG-positive 
plasma cells. OxPC was found in the vicinity of apoB in all intimai plaques but also 
occurred in large adventitial inflammatory aggregates where it showed colocalization 
with lymphocytes. OxPC was scarce or absent in non-atherosclerotic intima and 
adventitia and in lymphoid tissue. The strict colocalization of oxPC with inflammatory 
cells in the intimai plaque and adventitial infiltrates could indicate that these oxidative 
specific epitopes may serve to sustain/propagate these processes and could in addition 
serve as antigens in both cellular (intima/adventitia) and humoral (adventitia) immune 
responses. 

46 



OxPC in aortic atherosclerosis 

Introduction 

It is presently widely acknowledged that atherosclerotic plaques contain an 
immune mediated inflammatory process with a distinct relationship with lipid 
infiltration in the intima.1 Oxidative modification of low density lipoproteins (LDL) is 
considered essential in this process. One of the earliest events of LDL modification by 
oxidation is the peroxidation of phosphatidylcholines (PC) and subsequent hydrolysis of 
these oxidatively modified PCs.2 Several PC derivatives formed during peroxidation 
have been identified. When hydroperoxides are cleaved the PCs that remain, containing 
a short chain aldehyde group or a short chain carboxyl group, may act as cytotoxic 
products,3 and may exhibit a platelet-activating propensity.4 Hydrolysis of PCs, during 
LDL oxidation, mediated by the platelet-activating factor acetylhydrolase,5 generates 
lysophosphatidylcholine (lysoPC) and oxidized fatty acids. In particular lysoPC is 
known to induce and propagate inflammatory processes, such as monocyte and T cell 
Chemotaxis,6,7 induction of adhesion molecules and various growth factors.8'9 In fact, 
the process of oxidative modification of LDL generates products with a distinct pro
inflammatory effect, but it also sets the scene for both T cell- and humoral mediated 
immune responses.1(W3 

Most data alluded to above have been obtained in vitro, using biochemical and/or 
cell culture techniques, but the question remains to what extent these processes are 
traceable in human atherosclerotic plaques. Recently, Häkkinen and coworkers14 

demonstrated immunohistochemically that acetylhydrolase was present in lipid-rich 47 
plaques and appeared expressed by macrophages, thus providing in situ evidence for 
oxidative modification of LDL by macrophages. We are particularly interested in these 
phenomena since the intimai lesions in atherosclerosis contain a T cell mediated im
mune response, whereas the adventitial inflammatory infiltrates that occur in advanced 
plaques contain an inflammation of different nature, suggesting a humoral immune 
response. 

Given the widely accepted notion that oxidative modification of LDL plays an 
essential role in the genesis of intimai lesions and given the potential of oxPC to set the 
scene for both cellular- and humoral immune responses, we have studied the presence 
of oxPC and inflammatory cells (macrophages, L cells, B cells) in both intima and 
adventitia in advanced atherosclerosis of the abdominal aorta, using 
immunohistochemical techniques. 

Material and Methods 

Human tissue samples 

This study is based on aortic wall specimens obtained at surgery from 13 patients 
with severe atherosclerotic aortic disease (abdominal aneurysms) (12 men and 
1 woman; mean age±SD: 68±6 years; range 61 to 84 years). Informed consent of the 
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patients was obtained prior to surgery and the study was approved by the local ethical 
comnrittee of the Academic Medical Center. Full thicknessTiopsies i l u d i n g t e 
mtima, media and adventitia were formalin-fixed and subsequently paraffin-embedded 
Sections were cut at 6 p.m and stained with hematoxyhn-eosm to evaluate the presence 
of mtimal and adventitial inflammation in the aortic wall, and an elastic van Gie on 
stain to assess the structural composition of the arterial media. Three normal aortas 
without atherosclerotic disease were collected at autopsy and served as reference 

Lymph nodes (n=7) with reactive follicular hyperplasia were derived from 
different body compartments at autopsy and served as control tissues. These included 
lymph nodes from lung hüus (penbronchial) and para-aortic lymph nodes. 

Immunohistochemistry 

The paraffin blocks were serially sectioned at 6-am thickness. The sections were 

( Ä B :T/ThlSt0Chrr USmg m0USe m 0 n o C " b o d i e s against oxPC 
iwT ^ f " / P l a s m a c e ^ C D 7 9 a , 1:50; DAKO, Glostrup, Denmark) plasma 

ceHs (IgG/igM, 1:10000; DAKO), follicular dendritic cells/B cells (CD21 1^0 
DAKO) and macrophages (CD68, 1:100, PG-M1; DAKO). Rabbit polyclonal a'ntisera 

^7^^TT^y(?^ 1:5000; FltZgerald' MA USA>> T - t ( c u j , I.2UU, DAKO) and endothelial cells (vWf, 1:200- DAKO) 
4 8 The monoclonal antibody directed against oxPC (clone FOHla/DLH3) was 

P " ^ 
previously The antibody reacts with oxidized LDL, but not with native acetvlated or 
maondialdehyde-treated LDL, and cross-reacts with oxid.zed high dens t y * ^ 1 
Antigenic products were produced only when PC was oxidized, whereas other Imid 
failed to react to the antibody. P 

Prior to the immunostaining with the antibodies anti-vWf, anti-CD21 anti-CD3 
anti-IgM and anti-IgG the sections were pretreated with pepsin, whereas se tions ™ 
pretreated with citrate (pH 6.0) in case of the antibodies anti-CD79a, and anti-CD68 

oJTco^r:ry-16 Section:were ieft untreated m case °f « ^ » ™ ' 
oxPC. Control sections were incubated according to the same technique, but with 
repfacement of the primary antibody by a specific monoclonal reagent of simüar 

The primary antibody was applied to the sections, followed by incubation with 
C o n j u g a t e d goat anti-mouse or biotin-conjugated goat anti-rabbit and 
streptavidm-biotin- horseradish peroxidase complex (SABC/HRP- all DAKO 

L°wn?o -' rXldao " f y"" W3S ViSUallZ6d With e i ther diaminobenzidine (DAB 
co„I TV,'ethyl C a r b a Z ° l e ( A E C ' r ed )- S e c t l o n s w e r e * * or only faintly 
counterstamed with hematoxylin. y 
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Results 

Elastic van Gieson and hematoxylin-eosin stainings revealed that all abdominal 
aneurysms showed prominent atherosclerosis of the intima with extensive inflammatory 
infiltrates (Figure la). Three of the 13 atherosclerotic aortas showed an almost intact 
media and in these instances the adventitial layer contained only dispersed solitary 
inflammatory cells. Ten of the 13 atherosclerotic aortas showed moderate to severe 
medial thinning or disruption, accompanied by adventitial inflammatory infiltrates 
which varied from scattered mononuclear cell infiltrates of less than 50 cells each (n=6) 
to larger nodular aggregates with neovascularization (n=4), of which three showed 
formation of follicular structures with germinal centers. 

Immunolocalization of inflammatory cells and oxPC in atherosclerotic 
aortas 

Intima. All atherosclerotic aortas contained extensive atherosclerotic intimai 
lesions with distinct atheroma formation. In these lesions CD68-positive macrophages 
were present as focal aggregates of variable size within the superficial layers and 
shoulder regions and bordering upon the atheroma where macrophages mostly 
presented as foam cells (Figure lb). CD3-positive cells were detected predominantly 
near macrophages in the superficial layers and shoulder regions (Figure lc). In all 
atherosclerotic intimas distinct anti-oxPC cytoplasmic staining was found in 49 
macrophages/foam cells and of collagen fibers in the proximity of the atheroma 
(Figure Id). In the intima and adventitia of normal vessels inflammatory cells were 
virtually absent and there was no staining with anti-oxPC (Figure If). 

Media. The 10 cases with severe attenuation of the media contained infiltrates of 
lymphocytes (angiocentric) and macrophages (angiocentric and diffusely spread 
throughout the media), accompanied by microvessels. There was no oxPC staining 
observed in the media. 

Adventitia. All 10 aortas with moderate to severe medial thinning contained 
lymphoid cells composed of CD79a-positive plasma cells and CD3-positive T cells. 
The 4 cases in which the adventitial lymphoid aggregates were organized in nodular 
structures (Figure 2a), the cellular infiltrates also contained CD79a B cells (Figure 2b), 
albeit intermingled with CD21 -positive follicular dendritic cells. T cells and 
macrophages were encountered in the nodular center and in the parafollicular region in 
close association with microvessels. Most plasma cells showed cytoplasmic IgG 
staining, whereas only a few were IgM-positive. 

In all 10 aortas the adventitial inflammatory infiltrates were distinctly stained 
with anti-oxPC, found as a membrane-associated staining in the peripheral regions of 
adventitial nodular aggregates. The adventitia outside the inflammatory infiltrates was 
always oxPC-negative (Figure 2c). 

Anti-oxPC staining of the lymph nodes was always negative (Figure 2d). 
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Figure 1. 
a, Cross section through part of an atherosclerotic aortic aneurysm, showing a detail of the 
intimai plaque, (b-e). Immunostained serial sections of the intimai plaque. 
b, Prominent immunostaining with anti-CD68 of macrophages with foam cell morphology. 
c, Detail of shoulder of cap (rectangle panel b), showing colocalization between macrophages 
and T cells. Anti-CD68 (blue)/anti-CD3 (red) immunoenzyme doublestain. 
d, Strong oxPC immunostaining in association with collagen fibers in the superficial cap 
layer and cytoplasmic staining in a number of foam cells. 
e, Extracellular apoB colocalized in the same regions that contain oxPC. Anti-apoB 
immunostain. 
f, Cross section through normal aortic vessel showing complete absence of oxPC. Anti-oxPC 
immunostain. fc. fibrous cap; A, atheroma; i, intima; m, media. Bars= 0 1 mm (a b d e and 
f) and 0.05 mm (c). 
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Colocalization of oxPC and apoB 

To determine whether immunoreactive oxPC derivatives were associated with 
native LDL, adjacent serial sections were stained also with an anti-apoB antibody. In 
the intima extensive apoB staining was found extracellularly in the fibrous cap and to a 
large extent colocalizing with areas containing oxPC-positive macrophages (Figure le). 
In the media and adventitia of atherosclerotic vessels apoB staining was always 
negative, also in areas that stained positive for oxPC. 

Discussion 

In this study we have shown that anti-oxPC is present in both intima and 
adventitia of aortas with advanced atherosclerosis. In the intima macrophages, in 
particular those exhibiting foam cell transformation, showed distinct cytoplasmic 
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Figure 2. 
a, Overview of a cross section of an atherosclerotic aneurysm, showing cholesterol christals in 
the plaque (A) and extensive inflammatory infiltrate in the adventitia (adv). 
Hematoxylin-eosin stain, b and c show further magnifications of the adventitial infiltrate. 
b, Anti-CD79a shows that the majority of cells are B cells and plasma cells. 
c, OxPC is found in association with the infiltrate, but not in other regions of the adventitia. 
Anti-oxPC immunostain. 
d, Cross section through lymph node, showing complete absence of oxPC. Anti-oxPC 
immunostain. Bars = 0.5 mm (a) and 0.25 mm (b, c and d). 
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staining for oxPC; in the adventitia oxPC was found associated with lymphoid 
infiltrates, composed of mainly B cells/plasma cells and occasional follicular dendritic 
cells, and presented as a membrane-associated staining. 

The association between oxPC and inflammatory cells in early atherosclerotic 
lesions within the intima has been described previously, using immunohistochemical 
techniques.17 Biochemical analysis, moreover, has revealed that oxPC represents the 
major component of the total phospholipid peroxides recovered from mature human 
atherosclerotic plaques.18 The present work documents colocalization of oxPC with 
apoB, thus supporting the concept that oxPC in the intimai lesions is derived from 
invaded LDL particles and thus provides additional support for the concept that oxPC 
plays a role in sustaining the inflammatory response in advanced stages of 
atherosclerosis. The colocalization between oxPC and macrophages, moreover, 
suggests that local generation of lysophosphatidylcholines could occur by hydrolysis of 
oxPC by macrophage-derived acetylhydrolase; a phenomenon which then could result 
in local T cell activation.19-20 

It is of major interest that oxPC was found also associated with inflammatory 
infiltrates in the adventitia, particularly in those with formation of follicular structures. 
It also appeared that in these sites oxPC was not associated with LDL, because of the 
negative apoB staining. Adventitial aggregates, composed of B cells, are potentially 
capable of generating humoral immune responses, once organized as follicles with 
germinal centers.16 The finding that oxidative epitopes occur in the adventitia could 

52 indicate that humoral immune responses are generated against oxPC. The fact that 
(organized) follicles in lymph nodes were oxPC-negative, could indicate that the 
observed oxPC positivity is unique for lymphoid aggregates associated with severe 
intimai atherosclerosis. A potential explanation for the presence of oxPC in the 
adventitia, without detectable apoB, could be that products generated during oxidative 
stress in the intimai plaque, have been actively or passively transported to the adventitia 
as previously proposed.21 Another option could be, of course, that the apoB fragment 
itself has been modified to an extent that it no longer can be detected with the antibody 
used. 

At the same time, the possibility should be considered that ex-vivo oxidation 
could have occurred, since there is per definition a time lapse between retrieval of tissue 
samples and fixation. However, we used surgical instead of autopsy material and the 
time lapse therefore was very short (several minutes only). Moreover, control lymphoid 
tissues (obtained at autopsy) were always negative. 

In conclusion, the local presence of oxPC in both intima and adventitia in the 
presence of immunocompetent cells, can be instrumental in propagating and/or 
sustaining a smouldering inflammatory process and may contribute to both cellular and 
humoral immune responses. 
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Abstract 

T cell activation in atherosclerotic plaques is thought to be initiated by plaque-
denved ant.gens, such as oxidized LDL (oxLDL). An alternative pathway of T cell 
activation, independent of antigen stimulation, mediated by the cytokine interleukin 
(IL)-15, was recently described. We investigated IL-15 expression in atherosclerotic 
plaques m relation to plaque morphology, inflammatory cells, T cell activation and 
oxidation-specific epitopes, by use of immunohistochemistry. In situ hybridization was 
used to evaluate IL-15 mRNA expression. We also studied the proliferative response of 
plaque-derived T cell lines to IL-15 in vitro, using [3H]thymidine incorporation 
Fresh-frozen specimens were classified as fibrous („=9), fibrolipid (*=8) and lipid-rich 
(n-14) plaques; normal vessels («=4) served as reference. Expression of IL-15 mRNA 
and protein was found almost solely in fibrolipid and lipid-rich plaques, associated with 
oxLDL-positive macrophages. Sequential immunostains revealed distinct colocalization 
between IL-15 and CD40L-positive T cells. Moreover, plaque-derived T cell lines were 
h.ghly responsive to IL-15. Hence, IL-15 could provide a pathway for antigen-
independent T cell activation. 
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Introduction 

It is currently appreciated that chronic inflammatory cell-mediated immune 
responses are involved in the pathogenesis of atherosclerosis.13 Activated macrophages 
and T lymphocytes are present in human atherosclerotic lesions at all stages of 
development from precursor lesions (fatty streaks) to advanced lipid-rich 
atherosclerotic plaques.1-4 In the latter situation, inflammatory cells are often found 
preferentially at sites that are vulnerable to rupture.5 In the atherosclerotic plaque, 
T cells reside in a microenvironment suitable for antigen-specific stimulation 
exemplified by the presence of HLA-DR-positive macrophages,5 expressing ' 
costimulatory molecules (B7-1/B7-2).6 Indeed, it is currently widely acknowledged that 
antigen-dependent T cell activation in atherosclerotic plaques occurs, a notion 
supported by observations that in humans, plaque-derived T cells respond to oxLDL,7 

Chlamydia pneumoniae antigens, and heat-shock protein 60.810 

An alternative pathway of T cell activation independent of antigen presentation 
was recently described, mediated by the cytokine interleukin (IL)-15.» IL-15 is a 
cytokine that shares many similarities in biological function with IL-2, but without 
sharing sequence homology.12 It interacts with a heterotrimenc receptor that consists of 
the ß- and y-subunits of the IL-2 receptor and its own unique «-chain (designated 
IL-15Ra).1314 

Important effector functions of IL-15 are the ability to induce proliferation of 
mature T cells, generation of cytotoxic L cells, and stimulation of cytokine 5 7 
production.15 At optimal concentrations, IL-15 induces expression of the activation 
molecules CD69 and CD40L on T cells.16-18 Furthermore, IL-15 acts as a 
chemoattractant for L cells,'» inhibits apoptosis of T cells,20 and induces monocytes to 
secrete proinflammatory and chemotactic cytokines.2123 The functional importance of 
IL-15 in chronic inflammatory disorders is endorsed by recent studies, which showed 
that administration of soluble IL-15Ra chain antagonist or IL-15 mutant/FcY2a protein 
abrogated collagen-induced arthritis and delayed-type hypersensitivity in mice 24-25 In 
the context of chronic inflammatory disorders, macrophages may act as a major source 
of IL-15 protein.26 This implies that IL-15 could also be expressed in advanced 
atherosclerotic plaques, because macrophages are often abundantly present in these 
lesions. We investigated the expression of IL-15 in relation to the atherosclerotic 
process. Because IL-15 expression is controlled at the levels of transcription 
translation, and intracellular trafficking,27 we studied both IL-15 mRNA and'the protein 
expression m atherosclerotic plaques in relation to plaque morphology, cellular 
composition, T cell activation and oxidation-specific epitopes, by use of 
immunohistochemical techniques and in situ hybridization. In'addition, we studied the 
in vitro proliferative responsive to recombinant IL-15 of isolated T cell lines derived 
from atherosclerotic plaques. 
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Material and Methods 

Human tissue samples 

Arterial wall specimens containing atherosclerotic plaques were obtained from 
28 patients (5 women, 23 men; age±SD: 67±10 years, range 45 to 85 years), and 
harvested from the coronary arteries (8 plaques from 5 different patients), carotid 
arteries (n=9; 9 patients) and aorta («=14; 14 patients). Normal vessels (1 aorta, 
3 coronary arteries; 4 patients), without atherosclerotic disease, were used as reference 
material. The aortic and carotid arteries were obtained at surgeiy, whereas coronary 
arteries were collected at autopsy (postmortem interval <12 hours). 

Biopsies of inflamed rheumatoid synovium served as positive control for the 
detection of IL-15 with both immunohistochemistry and in situ hybridization."-28 

Informed consent of the patients was obtained before surgery, and the study was 
approved by the local ethical committee of the Academic Medical Center. 

Full-thickness biopsies of the vessels were rapidly frozen in liquid nitrogen. 
Morphological classification of atherosclerotic plaques was performed with the use of 
6-um sections stained with hematoxylin-eosin or elastic van Gieson. Each section was 
screened for its ratio of fibrous cap thickness versus lipid core. The plaques were 
classified as either lipid-rich, fibrolipid or fibrous. Accordingly, lipid-rich plaques 
contain a large atheroma and a thin or virtually absent fibrous cap. In fibrous plaques, 
fibrocellular or fibrosclerotic tissue is the predominant component. In fibrolipid 
plaques, the cap/lipid core ratio is between 25% and 75%.29 Adjacent sections were 
mounted for immunohistochemistry and in situ hybridization. 

Immunohistochemistry 

Immunohistochemical single staining was performed using a standard 
streptavidin-biotin complex method. Serial sections of frozen tissue biopsies were cut at 
6 um, fixed in acetone, and blocked for endogenous peroxidase activity by 0.3% H O / 
0.1 % sodium azide. Sections were incubated with mouse monoclonal antibodies 
directed against IL-15 (clone Ml 12, Genzyme), T cells (CD3, clone Leu-4, Becton-
Dickinson), macrophages (CD68, clone EBM-11, DAKO), a-smooth muscle actin 
(clone 1 A4, DAKO), malondialdehyde-modified LDL (clone 12E7, Biodesign Interna
tional), and CD40L (clone Trap-1, a kind gift of Prof Dr R. Kroczek,30 Robert Koch-
Institute, Berlin, Germany). Rabbit polyclonal antibodies against vWf (DAKO) were 
used to detect endothelial cells. The primary antibody was applied to the sections in 
appropriate optimal predetermined dilution followed by incubation with biotin-
conjugated goat anti-mouse (GAM-BIO) or goat anti-rabbit (GAR-BIO) 
immunoglobulins and streptavidin-biotin-horseradish peroxidase complex (all from 
DAKO). In the case of the T cell activation marker CD40L tyramide signal 
amplification was used (NEN, Life Science Products) according to the instructions of 
the manufacturer. In this instance endogenous peroxidase was blocked with glucose 
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oxidase (Sigma). Peroxidase activity was visualized by 3-amino-9-ethyl carbazole 
(AEC). Sections were counterstained with hematoxylin. Control sections were 
incubated according to the same technique, but with the substitution of the primary 
antibody by irrelevant monoclonal reagents of similar isotype and immunoglobulin 
concentration. 

In a number of cases the following immunoenzyme double stainings were 
performed: IL-15/CD68, IL-15/CD3, IL-15/1A4, and IL-15/vWf. The combination of 
1 unlabeled monoclonal antibody with 1 fluorescein isothiocyanate (FITC)- or 
digoxigenin (DIG)-conjugated monoclonal antibody was used in the case of IL-15/ 
CD68 (DIG) and IL-15/CD3 (FITC), whereas the immunoenzyme double staining 
protocol based on differences of the host or isotype of the primary antibody 
immunoglobulins was used in the case of IL-15 (mouse)/vWf (rabbit) and IL-15 
(IgGiyi A4 (IgG2a), respectively31 Peroxidase activity was detected with AEC, 
whereas alkaline phosphatase activity was detected with either fast blue BB or nitro 
blue-tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP, DAKO). 

In serial sections, anti-CD40L and anti-CD3-positive cells in the intimai plaque 
were enumerated by light microscopy. The percentage of activated T cells (CD40L7 
CD3+ cells) was calculated for each specimen. 

RNA in situ hybridization 

In situ hybridization was performed as described by Woodroofe and Cuzner,32
 5 9 

with some minor modifications on all normal vessels («=4), and a number of 
atherosclerotic plaques, including lipid-rich (n=6), fibrolipid («=5) and fibrous plaques 
(«=3). Frozen specimens of vessels were serially sectioned at 10 jim, fixed at 50°C for 
10 minutes, defatted with chloroform for 5 minutes, and finally fixed in freshly made 
4% paraformaldehyde in PBS (4% PFA/PBS) for 20 minutes. Before hybridization, 
sections were incubated for 10 minutes with 2x SSC at 70°C, subsequently treated with 
0.001% pepsine (Sigma P7000) for 20 minutes at 37°C, dipped in 0.1% glycerin/PBS 
and postfixed with 4% PFA/PBS. 

After this pretreatment the sections were air-dried and hybridized with FITC-
labeled oligonucleotides, encoding for IL-15 and including 5'-CTGCACTGAAAC-
AGCCCAAAATGAAGACAT-3'; 5'-GCAACTGGGGTGAACATCACTTTCCG-
TATA-3,' and 5'-CTCCAGTTCCTCACATTCTTTGCATCCAGA-3' (Amersham 
Pharmacia), used as an equimolar probe-mix. As negative control probe, a FITC-
labeled synthetic oligonucleotide (5'-GGCGACGCGCCGTATTTATAATTCATTATG-
3') was used (Amersham Pharmacia), as described previously.33 A FITC-labeled oligo-
dT probe was used as positive control to determine the presence and spatial distribution 
of (total) mRNA in the lesions. Hybridization was carried out overnight at 37°C with 4 
ng/|iL of IL-15 probe-mix, 4 ng/|iL of control-probe, and 1 ng/|jL of oligo-dT probe in 
hybridization buffer containing 25% deionized formamide, 2x Denhardt's solution, 
2x SSC, 10% dextran sulfate, 0.1 mg/mL single-strand herring sperm DNA, and 0.1 
mg/mL tRNA. After hybridization the slides were washed twice for 15 minutes in 
lx SSC at 37°C. Subsequently, the slides were incubated with alkaline 
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phosphatase-conjugated sheep anti-FITC antibody (Sh-a-FITC-AP- Boehrineer 
Mannheim) for 2 hours in 1 % BSA at room temperature and washed twice for 5 
minutes with TBS. Alkaline phosphatase activity was visualized with NBT/BCIP 
substrate system (DAKO). The sections were counterstamed with methyl green and 
aqueously mounted. Negative controls included treatment of sections with RNase 
(0.1 mg/mL) for 30 minutes at 37°C after the pepsine treatment or omission of 
oligonucleotides in the hybridization-mix. 

T cell proliferation assay 

• T f I ' j i n e ^ e r e § e n e r a t e d f r o m endartectomy tissue of 2 patients, as described 
previous y . T cell lines were cultured for 3 days in Iscove's modification of Dulbecco's 
medium (Life Technologies) supplemented with 10% heat-inactivated pooled human 
serum and antibiotics (penicillin/streptomycin, Life Technologies) with or without 
recombinant (r) IL-15 (1, 5, and 10 ng/mL; Strathmann Biotech GmbH) in 96-well 
round-bottom culture plates (Costar) at a concentration of 1 105 cells/well 
Phytohemagglutinin (10 ug/mL) was used as positive control. Anti-IL-15 blocking 
antibody (0.05 and 0.2 ng/mL; mAb 247, B&D) was added to investigate the specificity 
or the response. ° v j 

All combinations were analyzed as triplicates. During the last 16 hours of 
culture, 0.3 jiCi [3H]thymidine was present per well. Cultures were harvested with an 

60 automatic harvester, and incorporated radioactivity was measured by liquid scintillation 
counting and expressed as mean counts per minute. Differences between experimental 
conditions of the T cell lines were analyzed by ANOVA with Bonferroni correction A 
value ot P<0.05 was considered statistically significant. 

Results 

Vessels selected as normal showed diffuse intimai thickening, as anticipated but 
no atherosclerotic disease (Figure 1 ). On the basis of hematoxylin-eosin- and elastic 
van Gieson stained sections, a total of 31 atherosclerotic plaques were categorized as 
e.ther hpid-nch («=14; Figure 3A), fibrolipid (*=8), or fibrous («=9; Figure 2A) 

The presence of plaque inflammation was investigated with the use of anti-CD68 
and ant,-CD3 antibodies. In all lipid-rich plaques, the fibrous cap was heavily 
infiltrated with both types of inflammatory cells. In all fibrolipid plaques inflammatory 
infiUrates were also present, either as diffuse infiltrates throughout the cap or as 
multifocal infiltrates in otherwise fibrous tissue. In fibrous lesions, macrophages and 
T cells were either scarce or present in a small cluster associated with a small more 
deeply located atheroma. 
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Immunohistochemical analysis of IL-15 in atherosclerotic vessels 

In normal vessels (n=4) and fibrous plaques (M=9), immunoreactive IL-15 was 
virtually absent (Figures IB and 2B). In lipid-rich («=14) and fibrolipid («=8) plaques, 
strong immunoreactive IL-15 was detected, colocalizing with the majority of CD68-
positive macrophages (Figures 3B and 3C). This was confirmed with immunoenzyme 
double staining, showing that IL-15 expression on macrophages was membrane-
associated (Figure 3F), whereas no IL-15 expression was observed on smooth muscle 
cells, endothelial cells (Figures 3G and 3H), or T cells (Figure 4A). IL-15-positive 
macrophages had an elongated morphology in the superficial parts of the cap or were 
present as lipid-laden cells in the deeper parts of the fibrous cap. Macrophages around 
the lipid core, often loaded with ceroid pigment, and all large foam cells, however, were 
IL-15-negative (Figure 3B). Comparison of IL-15 and CD68 staining on serial sections 
of each plaque revealed that the vast majority of the macrophages showed distinct anti-
IL-15 staining. 

Figure 1. A, Cross section through coronary artery with diffuse intimai thickening. Elastic 
van Gieson stain, a indicates adventitia; m, media; i, intima. 
B, Detail of the intimai thickening of the boxed area in A, immunostained for IL-15. There is 
complete absence of immunostaining. Nuclei counterstained in blue with hematoxylin. 
Bars=l mm (A) and 0.1 mm (B). 
Figure 2. A, Cross section through coronary artery with a large eccentric atherosclerotic 
plaque, composed of fibrosclerotic tissue. Elastic van Gieson stain. 
B, Detail of boxed area in A, showing complete absence of IL-15 protein expression. Anti-IL-
15 immunostain, nuclei counterstained with hematoxylin in blue. Abbreviations and scales as 
in Figure 1. 
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OxLDL immunostaming was found in all fibrolipid and lipid-rich plaques and 
always colocahzed with IL-15-positive cells (Figures 3B and 3E). CD3-positive T cells 
were frequently encountered in substantial numbers in both lipid-rich and fibrolipid 
plaques, in particular in those regions containing clusters of IL-15-positive 
macrophages (Figure 4A). In normal vessels and fibrous plaques, conversely, both 
oxLDL and CD3-positive T cells were only scarce or absent, similar to the scarcity of 
IL-15-positive macrophages in these lesions (see above). The percentage of CD40L-
positive/CD3-positive cells in IL-15-positive regions of all examined lesions was 
26.1±11.0%. Only T cells were found to be CD40L-positive (Figures 4A and 4B). 

IL-15 mRNA expression in atherosclerotic lesions 

In situ hybridization with FITC-labeled IL-15-probe mix, comprising 3x30-bp 
oligonucleotides, revealed a positive cytoplasmic staining signal in all lipid-rich («=6) 
and fibrolipid (n=5) plaques (Figures 5B and 5C). Similar staining patterns were 
obtained with each individual oligonucleotide of the IL-15 probe mix (data not shown) 
The positive mRNA signal colocahzed with inflammatory cells, apart from the 
population of foam cells in continuity with the lipid core. Staining of adjacent sections 
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3B, Prominent cellular immunostaining with anti-IL-15. Yellow material adjacent to the 
atheroma (arrow) represents ceroid pigment. 
C, Anti-CD68 staining shows closely packed macrophages. 
D, Negative staining with IgG isotype control. Only ceroid pigment is visible. 
E, Anti-oxLDL immunostaining shows positivity in the same area as IL-15 and CD68. 
F, Colocalization of IL-15 with macrophages (»luminal site). Anti-IL-15 (red)/anti-CD68 
(blue) immunoenzyme double stain. IL-15 appears membrane-associated. 
G and H, IL-15 does not colocalize with luminal endothelium (G) or microvascular 
endothelium in the media (H). Anti-IL-15 (red)/anti-vWf (blue) immunoenzyme double stain 
Bars-1 mm (A), 0.1 mm (B through E), and 0.02 mm (F through H). 
Figure 4. 

Detail of the cap of a lipid-rich aortic atherosclerotic plaque with luminal site on top 
A, Immunoenzyme double stain between anti-IL-15 (blue) and anti-CD3 (red) showing 
colocalization between T cells and IL-15-positive macrophages. 
B, Adjacent section stained with anti-CD40L shows immunoreactivity of a subpopulation of 
T cells indicating activation. Nuclei stained with hematoxylin. Bar=0.1 mm. 
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with CD68 showed colocalization between the IL-15 raRNA signal and CD68-positive 
macrophages (Figures 5A and 5B). 

In fibrous plaques (n=3) and normal vessels (n=4), in contrast, IL-15 mRNA 
expression was almost completely absent (data not shown), a finding similar to that 
observed with immunostaining. Positive controls (oligo-dT-FITC) were always 
positive, indicating mRNA expression in all vessels. Negative controls (FITC-labeled 
control probe, RNAse pretreatment) were always negative (Figure 5D). 

Proliferative response of plaque-derived T cell lines to IL-15 

Addition ofrIL-15 to atherosclerotic plaque-derived T cell lines resulted in a significant 
dose-dependent increase of proliferation. This proliferative response was inhibited in a 
dose-dependent manner by anti-IL-15 antibody, demonstrating the specificity of the 
response. The results of a representative experiment are illustrated in Figure 6. 
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Figure 5. Detail of fibrous cap of a lipid-rich aortic plaque with luminal site on top A 
through D are serial sections of the same plaque area. A, CD68 (red) single immunostaim 
nucler faintly stained with hematoxylin. B, IL-15 mRNA expression (dark blue) in cytoplasm 
of macrophages, colocalizing with CD68-positive macrophages, as shown in A In situ 
hybridization with FITC-labeled IL-15 probe mix, counterstained with methyl green C 
Higher magnification of B showing IL-15 mRNA expression. D, Negative staining of the 
same area as in panel C with FITC-labeled control probe. Only remnants of ceroid pigment 
(brownish granules) are visible. Bars=0.1 mm (A, B) and 0.05 mm (C, D). 
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Figure 6. [3H]thymidine incorporation 
expressed as counts per minute (CPM) by 
Tcell line on stimulation with rIL-15. 
Addition of rIL-15 resulted in a significant 
dose-dependent increase of proliferation, 
which was significantly inhibited by the 
addition of increasing concentrations of 
anti-IL-15 antibody. **P<0.005 vs 
untreated T cells (0 ng/mL rIL-15); 
**P<0.005 vs activated T cells only 
(without anti-IL-15 mAb). 
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Discussion 

This study reveals that high levels of IL-15 mRNA and its protein are expressed 
by the majority of macrophages in both lrpid-rich and fibrolipid plaques but that there 
is hardly any IL-15 expression in fibrous plaques and normal vessels. Immunoenzyme 
double staining showed that IL-15 expression is present on the cell membrane of 
macrophages, whereas T cells, arterial and microvascular endothelial cells, and smooth 
muscle cells were IL-15-negative. In both fibrolipid and lipid-rich plaques, activated 
(CD40L+) T cells were found in close association with IL-15-positive macrophages. 
Immunoreactive oxLDL was found exclusively in these plaques and always 
colocalizing with IL-15 expression. In addition, it was shown in vitro that T cell lines, 
derived from atherosclerotic plaques were highly responsive to IL-15. The strong 
expression of IL-15 protein by macrophages in atherosclerotic lesions is of particular 
interest, given the functional potentials of IL-15. In vitro studies have shown that IL-15 
is capable of activating T cells by inducing proliferation," synthesis of cytokines 
(interferon [IFN]-y),15 and expression of adhesion molecules (CD69, CD40L).1617 

Furthermore, IL-15 inhibits apoptosis of T cells.20 

Currently, T cells in atherosclerotic plaques are considered to play a role as an 
effector cell on direct cell contact with macrophages and concomitant presentation of 
antigens.3 On such interaction, T cells are activated and produce mediators, such as 
IFN-y, resulting in the activation of macrophages and possible destabilization of 
unstable plaques by decreasing the synthesis of collagen fibrils.34 In addition, activated 
T cells induce the production of macrophage-derived mediators with plaque-
destabilizing properties, such as tumor necrosis factor-a and matrix 
metalloproteinases,35 via ligation with the surface molecules CD40L and CD69.36-37 

The present study reveals that IL-15 could be highly instrumental in this context, 
because it is capable of activating memory T cells, prolonging their survival,38 and 
inducing IFN-y synthesis.15 It is of particular interest that activation of T cells by IL-15 
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is dependent on direct cell-cell contact but independent of specific antigenic 
stimulation.37 Because the majority of plaque T cells are of the memory phenotype,5 

known to be responsive to IL-15, one could speculate that IL-15 expression in 
atherosclerotic plaques contributes to local T cell activation and survival. The present 
study supports this hypothesis by the observations that T cells are abundant near or 
adjacent to IL-15-positive macrophages, and show significant expression of the IL-15-
inducible T cell activation marker CD40L.16-18 Luminal and microvascular endothelium 
in atherosclerotic plaques appeared to be negative for IL-15 with both 
immunohistochemistry and in situ hybridization. This contrasts with a previous study 
that showed that in vitro, endothelium expressed both IL-15 mRNA and intracellular^, 
IL-15 protein, as was determined with reverse transcription-polymerase chain reaction' 
and fluorescence-activated cell sorter analysis. On activation, endothelial cells also 
expressed IL-15 protein on the cell membrane.4041 These in vitro data were confirmed 
in vivo with immunohistochemistry, showing that microvessels in rheumatoid synovia 
wereIL-15-positive.40 

Because luminal endothelium and microvascular endothelium in atherosclerotic 
plaques are considered to be activated, exemplified by the expression of adhesion 
molecules,4243 one could speculate that endothelial cells in atherosclerotic plaques are 
IL-15-positive. Staining for IL-15 was never observed, however, with 
immunohistochemistry. The observed discrepancy in IL-15 staining between 
microvessels in rheumatoid synovium and atherosclerotic plaques might be due to 

66 differences that exist between the anti-IL-15 antibodies used as well as differences in 
the activation state of endothelium in the respective tissues. 

It is of additional interest that IL-15-positive macrophages and oxLDL show 
distinct colocalization. It is known that modified lipoproteins may induce the synthesis 
of several (pro)mflammatory cytokines, including IL-8, monocyte chemotactic protein-
1, and IL-12,44^6 and therefore, one could hypothesize that oxLDL is involved in the 
upregulation of IL-15 in atherosclerotic lesions. If so, the high levels of IL-15 
expression and its sustained effects on T cell activation and survival could provide an 
additional explanation why the effects of inflammation are most prominent in lipid-rich 
plaques. 

Our observations suggest that antigen-independent T cell activation in 
atherosclerotic plaques can occur, which may expand horizons as to the mechanisms 
involved in the genesis of plaque complications. 
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Abstract 

Immunohistochemistry is a widely accepted tool to investigate the presence and 
immunolocalization of cytokines in tissue sections at the protein level. We have tested 
the specificity and reproducibility of IFN-y-immunohistochemistry on tissue sections 
with a large panel of anti-IFN-y antibodies. Thirteen different commercially available 
anti-IFN-y antibodies, including seven advertised and/or regularly applied for 
immunohistochemistry/cytochemistry, were tested using a three-step streptavidin-biotin-
peroxidase technique and a two-step immunofluorescence (FACS) analysis. 
Immunoenzyme double staining was used to identify the IFN-y-positive cells. Serial 
cryostat sections were used of human reactive hyperplastic tonsils, rheumatoid 
synovium, and inflammatory abdominal aortic aneuiysms, known to possess a promi
nent Thl-type immune response. In vitro phorbol myristate acetate/ionomycin-
stimulated T cells served as positive control; unstimulated cells served as negative 
control. Cultured T cells were used adhered to glass-slides (immunocytochemistry), in 
suspension (FACS), or snap-frozen and sectioned (immunohistochemistry). 
Immunocytochemistry and FACS analysis on stimulated cultured T cells showed 
positive staining results with 12 of 13 anti-IFN-y antibodies. However, 
immunohistochemistry of sectioned stimulated T cells was negative with all. 
Unstimulated cells were consistently negative. IFN-y-immunohistochemical single- and 
double staining analysis of the tissue sections showed huge variations in staining 

72 patterns, including positivity for smooth muscle cells (w=8), endothelial cells (n=4), 
extracellular matrix (M=4) and CD138-positive plasma cells («=12). Specific staining 
of T cells, as the sole positive staining, was not achieved with any of the 13 antibodies. 
IFN-y-immunohistochemistry appears unreliable because of lack of specificity to stain 
T cells in situ. In fact, depending on the type of anti-IFN-y antibody used, a variety of 
different cell constituents were nonspecifically stained. Consequently, data based on 
IFN-y-immunohistochemistry must be interpreted with great caution. 
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Introduction 

Interferon-gamma (IFN-y) is a 34-50 kD cytokine exclusively produced by 
T cells and natural killer cells,1 which plays a key regulatory role in specific immunity. 
For this reason, IFN-y has been widely investigated in immunological research. In 
addition to in vitro studies, many investigators also attempted to demonstrate IFN-y 
protein immunohistochemically in healthy and diseased tissues. For example, studies 
have been undertaken to localize IFN-y in rheumatoid arthritis,2"4 atherosclerosis56 and 
inflammatory bowel disease.7 Cytokine immunohistochemistry is frequently used in 
combination with molecular biological techniques such as in situ hybridization (ISH) 
and polymerase chain reaction (RT-PCR) to gain insight into the biological role of 
cytokines in diseased tissues. However, our own immunohistochemical experiences with 
several anti-IFN-y antibodies have raised doubts concerning the specificity and the 
consistency of the staining results obtained. This provides the background for the 
present study, in which we verified the specificity of anti-IFN-y immunohistochemical 
staining using a panel of commercially available poly- and monoclonal antibodies. 

Material and Methods 

Human tissue samples 7~ 

Tonsils with hyperplastic reactive changes (w=3, age 3-6 years), inflammatory 
abdominal aortic aneurysms (IAAA) (w=2, age 60 and 75 years), and synovial tissue 
specimens from knee joint with rheumatoid arthritis (RA-synovium) (n=3, age 62-77 
years) were obtained at surgery. These tissue samples were used as positive controls for 
IFN-y staining, based on the expression of IFN-ymRNA as detected with RT-PCR.^10 

Moreover, IFN-y protein was detected with immunohistochemistry in tonsil and RA 
synovium,3-4"13 and ELISA in IAAA.14 Non-atherosclerotic vessel segments («=4, age 
10-14 years) were used as controls. All tissue samples were snap frozen in liquid 
nitrogen and stored at -80°C. Six-|im cryostat serial sections were cut, and stored at 
-80°C. 

Cell specimens 

Cultured T-cell lines from human aortic atherosclerotic plaques were prepared as 
previously described.15 Cells were cultured (5xl06/mL) in Iscove's modification of 
Dulbecco's medium (IMDM, Gibco BRL Life Technologies, Paisley, Scotland) 
supplemented with 10% pooled human serum in the presence or absence of 10 ng/mL 
phorbol-12-myristate-13-acetate (PMA) (Sigma, St Louis, MO) and 100 ng îonomycin 
(Calbiochem, La Jolla, CA) in 25 cm2 culture flasks. Monensin (Sigma) was added 
(2.88 uM/mL in dimethyl sulfoxide) to prevent active cytokine excretion, thus resulting 
in intracellular accumulation of IFN-y. After 4 hours the cell suspensions were washed 
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three times with PBS without protein additives and divided into three fractions. The 
first fraction was adhered overnight at 4°C on BioRad adhesion slides (Hercules, CA); 
2x1 O4 cells per spot. After brief washing with PBS, these cell specimens were stored in 
PBS at 4°C and used for immunocytochemistry within 2 days. The second fraction was 
concentrated in an Eppendorf tube in 100 |iL PBS (2x10s cells), mixed gently with 
100 ul Tissue-Tek OCT compound (Sakura, Zoeterwoude, The Netherlands) and snap-
frozen in liquid nitrogen. Six-um cryostat sections were cut and handled as described 
for tissue cryostat sections. The remaining cells were used for FACS analysis. 

Immunostaining reagents 
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We employed 13 anti-human anti-IFN-y poly- and monoclonal antibodies, as 
listed in Table 1. As indicated in Table 1, seven anti-IFN-y antibodies were advertised 
and/or regularly applied for immunohistochemistry/-histochemistry. Other primary 
antibodies used in this study are listed in Table 2. 

Biotinylated goat anti-mouse Ig (GAM/BIO), biotinylated goat anti-rabbit Ig 
(GAR/BIO), alkaline phosphatase-conjugated goat anti-rabbit Ig (GAR/AP), normal 
mouse serum (NMS), normal goat serum (NGS), normal swine serum (NSS), AP-
conjugated streptavidin (streptavidin/AP), streptavidin-biotin complex with HRP 
(SABC/HRP), rabbit anti-fluorescein (rabbit anti-FITC), and endogenous biotin 
blocking kit were from DAKO (Glostrup, Denmark). Phycoerythrin (PE)-conjugated 
GAM, PE-conjugated GAR, biotinylated goat anti-mouse IgG2a (GAM-IgG2a/bio), 
and HRP-conjugated goat anti-mouse IgGl (GAM-IgGl/HRP) were from Southern 

[üble 1. Anti-human [FN-v antibodies used in this study. 

Type ol Final cone. IHC ICC application. 
('lone species Dilution ILigmli Source and code" Indicated application references 

Rabbil 1:2000 0 5 Serotec AHP253 HL1SA. IHC Tesied b\ Serotec 

B-BI Mouse IgGl 1:100 10 Serolee MCA748 N. FACS, ELISA 

257IS. II Mouse !gG2a 1:100 5 RD Syst MAB285 V WH. ELISA. IHC Tested by RD Systems 

Goat 1.200 0 5 RD Syst AF285 \ ELISA, WB 

MMHG-1 Mouse IgGl 1:250 4 Accurate AHC4432 N, WB, IP. IHC ELISA Unreferenced 

35B10G6 Mouse IgGl 1 500 i Biosource AHC4432 IHC. ELISA I Inreferenced 

25 - : ? i i Mouse IgGl 1:3 2.5 Becion-Dickinson 340440 FACS 

45-15 Mouse IgGl 1:100 1 IQ Products 1 OOP FACS 

Rabbil i'iii.ooo > Genzyme IP-500' WB, IHC K t Haynes et a/.19 

1121 Mouse lgG2a 1:20(1 5 Genzyme 1598-00' N, ELISA, IHC Camoglio et at. 

Smeets ei at 

4 S B3 Mouse IgCi 1 1:20 5 Pharmingen 18901A N.FACS 

MD-2 e IgG 1 1.100 5 Van der Meide et ai" V ELISA Hoelakkei et at 

Dolhain et al1' 

Thepen et al.23 

van Hoffen et ul'' 

Smeets cl al.4 

Mouse IgGl 1.20 5 HyCult Biotech HM2003 N 

'Scroiec (Pooie, UK); RD Systems (Abington, UK); Accurate (Westbury, NY); Biosource (Nivelles, Belgium); Becton-Dickinson (San Jose. 
C'A): [Q Products (Groningen, The Netherlands); Genzyme (sec RI) Systems); Pharmingen i-^cc Becton-Dickinson); HyCult Biotech (l. den. 

The The Netherlands). 
l,ELISA. enzyme-linked immunosorbent assaj. 11 IC. immunohistochemistrj !(. C , immunocytochemistry; FACS, fluorescence actuated cell 
sorter; WB Western blotting; IP. immunoprecipitation; N. neutralization, 
'Currently not available 
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Biotechnology Associates (Birmingham, AL). Biotinylated and PE-conjugated swine 
anti-goat Ig (SAG) were from BioSource (Nivelles, Belgium). Rabbit anti-
phycoerythrin (rabbit anti-PE) was from Biogenesis (Poole, UK), ß-galactosidase-
conjugated streptavidin (streptavidin/GAL) was from Boehringer/Roche (Mannheim, 
Germany). PowerVision-AP-conjugated goat anti-rabbit Ig (PowerVision-GAR/AP) 
was from ImmunoVision Technologies (Daly City, CA). 3-Amino-9-ethylcarbazole 
(AEC), naphthol-AS-MX-phosphate, Fast blue BB (cat. no. 3378), and saponin (cat. 
no. 7900) were from Sigma. 

Table 2. Other primary antibodies used in this study 

Antibody/clone 
Type of 
species Source CD Dilution Incubation Staining 

MMHGR-I. Rabbit Novus Molecular (San 

Diego, CA) 
- 1:500 o.n., 4°C IFN-y receptor 

Leu 4/SK1, FITC-conj Mouse IgGl Becton-Dickinson 3 1:200 60 min, RT T cells 

Leu 5b'S5.2. FITC-conj Mouse IgG2a Becton-Dickinson 2 1:50 60 min, RT T cells, natural killer cell 

subset 

Leu 19/MY31,PE-conj Mouse IgGl Becton-Dickinson 56 1:20 60 min, RT Natural killer cells 

Syndecan-1.'B-B4, FITC- Mouse IgG 1 IQ Products 138 1:200 60 mm, RT B cells, plasma cells 

conj 

CD68, EBM11/biotin-conj Mouse IgGl DAKO ! l 68 1:200 60 min. RT Macrophages 

von Willebrand factor Rabbit DAKO - 1:10.000 60 min, RT Endothelial cells 

1A4 Mouse IgG2a DAKO - 1:200 60 min, RT a-actin, smooth muscle 

cells 

HLA-DR, DP, DQ, 

CR3/43 

Mouse IgG 1 DAKO - 1:1000 60min,RT Major histocompatibility 

complex class 11 

Control IgGl, DAK-GO 1 Mouse IgG 1 DAKO - Isotype control 

Control IgG2a Mouse IgG2a DAKO - Tsotype control 
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Immunocytochemistry and immunohistochemistry 

Cell specimens and cryostat tissue sections were fixed in either acetone (10 min, 
4°C) or 4% paraformaldehyde (PFA) in PBS (5 min, room temperature). When PFA-
fixation was used, 0.1% saponin was added for membrane permeabilization16'17 to all 
incubation steps. Endogenous peroxidase activity was blocked with 0.1% sodium azide 
+ 0.3% peroxide in 50 mM Tris-HCl-buffered saline, pH 7.8 (TBS) (20 min, room 
temperature).18 Endogenous biotin was blocked with subsequent incubations of 0.1% 
avidin and 0.01% D-biotin from the DAKO endogenous biotin blocking kit (twice for 
15 min at RT). Primary antibodies and antibody-enzyme conjugates were diluted in 
TBS+1% bovine serum albumin (BSA). Single-immunostaining consisted of overnight 
incubation at 4°C with the selected primary anti-IFN-y antibodies (Table 1) and 
standard SABC/HRP detection. HRP activity was visualized with AEC (0.5 mg/mL) 
and peroxide (0.01%) in acetate buffer (pH 5.2, 50 mM). 

Controls consisted of replacing the primary antibody with a non-immune mouse 
antibody of identical subclass (DAKO). Specific IgG concentration and Ig isotype/ 
subclass were matched with the specific primary antibody from the original single-
staining experiment. 
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Immunoenzyme multiple staining of tissue sections 

A double-staining procedure based on a multistep technique20 was applied for 
comparison of IFN-y immunostaining with different cellular markers. The staining 
procedure consisted of the following subsequent incubation steps: NGS (1: 10, 15 min) 
IFN-y antibody (clones MMHG-1 1:100, MD-2 1:50 or rabbit antibody Genzyme IP-
500 1:5000, all over night at 4°C), GAM/BIO (1:200, 30 min) or GAR/BIO (1:400, 30 
min), SABC/HRP (1:100, 30 min), and NMS (1:10, 15 min). For the goat anti-IFN-y 
antibody the first part of the double staining consisted of NSS (1:10, 15 min), IFN-y 
goat antibody (1:100, overnight at 4°C), SAG/biotin (1:100, 30 min), SABC/HRP 
(1:100, 30 min), and NGS (1:10, 15 min). Then, a panel of directly conjugated primary 
antibodies was applied: FITC-conjugated anti-CD3, CD2, CD 138, biotinylated anti-
CD68,21 and PE-conjugated CD56 (60 min) (Table 2). For the FITC- and 
PE-conjugated antibodies, further steps were as follows: rabbit anti-FITC (1: 1000, 
15 min), or rabbit anti-PE (1:200, 15 min) and PowerVision-GAR/AP (undiluted, 
30 min). The biotinylated antibody was followed by streptavidin/AP ( 1:100, 30 min). 
The enzymatic activities of AP and HRP were visualized in blue (Fast blue BB) and red 
(AEC), respectively.20 

Two triple immunoenzyme stainings using ß-galactosidase (turquoise), AP (red), 
and HRP (brown) as marker enzymes, and blue nuclear counterstain,20 were performed 
to monitor the major cell types present in the tissue specimens. The first consisted of 

76 anti-a-actin (mouse IgG2a) and anti-CD68 (mouse IgG 1 ), combined with FITC-
conjugated anti-CD3, in a multistep staining procedure. Anti-a-actin and anti-CD68 
were incubated in a cocktail, followed by GAM-IgG2a/biotin (1:50), GAM-IgGl/HRP 
(1:50) in a cocktail (30 min) and streptavidin/GAL (1:40, 30 min). After a blocking 
step with normal mouse serum (1:10, 15 min), incubation was performed with FITC-
conjugated anti-CD3, rabbit anti-FITC (1:1000, 15 min), and GAR/AP (1:20, 30 min). 
Smooth muscle cells, macrophages, and T cells were immunostained in turquoise, 
brown, and red, respectively. The second consisted of anti-a-actin (mouse IgG2a), 
anti-CD68 (mouse IgGl), and anti-von Willebrand factor (rabbit) in one cocktail, 
followed by GAM-IgG2a/BIO (1:50), GAM-IgGl/HRP (1:50), GAR/AP (1:20) in 
cocktail (30 min), and streptavidin/GAL (1:40, 30 min). Smooth muscle cells, 
macrophages and endothelial cells were immunostained in turquoise, brown and red, 
respectively. 

FACS analysis 

All 13 anti-IFN-y antibodies were applied for indirect intracellular FACS 
staining. In vitro PMA/ionomycin-stimulated T cells were fixed with 1% PFA in PBS 
(10 min, 4°C) and treated with 0.1% saponin for permeabilization.16 Final 
concentrations of the primary antibodies diluted in PBS with 0.1% saponin and 1% 
BSA (60 min, 4°C) were similar as mentioned for immunohistochemistry/cytochemistry 
in Table 1. Depending on the primary antibody, PE-conjugated GAM, GAR, or SAG 
(all 1:200) was used as second step reagent (30 min, 4°C). Fluorescence of 104 cells 
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was analyzed on a FACS Calibur (Becton Dickinson, Richmond, CA). 

Leakage of IFN-y from tissue sections 

From the frozen stimulated and unstimulated cultured T cells, 20 6-um sections 
were cut and mounted on organosilane-coated slides. Either unfixed, acetone-fixed 
(10 min 4°C, air-dried) or PFA-fixed (5 min, room temperature, briefly washed three 
times with TBS) sections were encircled with a wax pen and covered with 100 \xL TBS 
for 30 min. Fifty-|J,L samples were taken from the buffer covering the tissue sections 
and subjected to IFN-y ELISA. A Pelikine IFN-y kit was used, following the 
instructions as supplied by the manufacturer (CLB, Amsterdam, The Netherlands). 

Results 

IFN-y staining characteristics with cultured T cells 

Stimulated intact T cells on adhesion slides showed a distinct signal in the 
majority of the cells with 12 of 13 anti-IFN-y antibodies (Figure 3E). Unstimulated 
cells were negative or occasionally weakly positive (Figure 3B). Stimulated T cells 
showed a much stronger staining intensity after PFA-fixation (Figure 3E) than after 
acetone-fixation (Figure 3D). These immunocytochemical staining results were 77 
completely confirmed by FACS-analysis (Table 3). 

An interesting observation was that IFN-y immunohistochemistry was 
consistently negative after cryosectioning of stimulated T cells, (Table 3, Figure 3F), 
even after raising the primary antibody concentration to 50 (J.g/mL. This result was 
found after both acetone- and PFA-fixation. 

To test the possible leakage of IFN-y from either unfixed, acetone-, or PFA-fixed 
cultured T cell sections, buffer covering the specimens was subjected to ELISA. 
Buffers covering unfixed sections from stimulated T cells-contained IFN-y protein at 
14.4-49.3 pg/mL («=4) and concentrations below detection limit (±10 pg/mL) for the 
unstimulated cells. After acetone- or PFA fixation, only values close to or below 
detection limit were found. Performance of this leakage test with the other tissue speci
mens failed because IFN-y values with unfixed sections were too low. 

IFN-y staining characteristics with tissue sections 

Comparison of the IFN-y-single staining with triple immunostainings marking the 
major cellular components in tonsil, RA-synovium, and IAAA indicated positive 
IFN-y-staining of various tissue components with a preference for smooth muscle cells 
(«=8), endothelial cells («=4), extracellular matrix («=4), macrophages (n=l), and 
nerve bundles (n=2). Considering only those IFN-y antibodies that were advertised and/ 
or regularly applied for immunohistochemistry (n=l, Table 1), there was no consistent 
staining pattern either. The positive cell types included smooth muscle cells («=4), 
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Figure 1. Acetone-fixed cryostat serial sections from an inflammatory abdominal aortic 
aneurysm segment, showing a detail of the adventitia. A muscular vessel is surrounded by 
inflammatory cells and fibrotic tissue. 
(A), Overview of major cell types. Immunoenzyme triple staining was performed with 
anti-a-actin marking smooth muscle cells in turquoise (ß-galactosidase), CD68 marking 
macrophages in brown (HRP) and anti-CD3 marking T cells in red (AP). Nuclear 
counterstain in blue with hematoxylin. Anti-IFN-y clone/source: (B); 45-15, (IQ Products); 
(C) 25718.11 (RD Systems); (D) MMHG-1 (Accurate, Westbury, NY); (E) MD-2; (F) 
25723.11; (Becton-Dickinson, San Jose, CA); (G) H21, (Genzyme); (H) B-Bl, (Serotec); 
(I) A section incubated with mouse IgGl control antibody. (J), Staining pattern of anti-IFN-y 
receptor antibody, clone MMHGR-1. 
Media of a non-atherosclerotic normal aortic specimen. (K) Immunostaining with anti-IFN-y, 
clone MD-2. Note the intense staining of medial smooth muscle cells. (L), Immunostaining 
with anti-IFN-y-receptor is completely negative. Bar=100 pm. 
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endothelial cells (n=3), extracellular matrix (ra=2), macrophages (w=T), and nerve 
bundles (n=\). Moreover, distinct expression of IFN-y with T cells was not observed. 
Remarkably, a strong IFN-y smooth muscle cell positivity was also found in the media 
of non-atherosclerotic and non-inflamed aortic segments (Figure IK). Apart from these 
various cellular constituents a distinct, consistently positive cell population was 
observed with 12 out of 13 antibodies. This characteristic cell population was found 
exclusively positive without additional staining of other cellular elements with three 
anti-IFN-y antibodies: clones MMHG-1, 35B10G6, and RD Systems goat antibody 
(Table 3). These positive cells were found in relatively low amounts in tonsil and IAAA 
but were abundant in the RA-synovium (Figures 2B-2D). Negative control experiments 
did not show any staining (Figures II and 2A). Typical results of anti-IFN-y 
immunohistochemistry of all three tissues are summarized in Table 3 and illustrated in 
Figures 1A-1H and Figures 2B-2D. 

Comparison of acetone and PFA as fixatives before IFN-y immunostaining 
showed similar results with respect to localization and staining intensity. Raising the 
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Figure 2. 
Acetone-fixed cryostat serial 
sections from a synovium of a 
rheumatoid arthritis patient. 
(A), Section incubated with 
mouse IgGl control antibody. 
Anti-IFN-y clone/source. 
(B) B-Bl, (Serotec). 
(C)MMHG-l, (Accurate). 
(D) 35B10G6, (Biosource); 
nuclear counterstain in blue 
with hematoxylin. 
Bar=100 urn. 

Figure 3. 
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•S PMA/ionomycin-stimulated 
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cultured T-cells immuno-
stained with anti-IFN-y, clone 
MMGH-1 (Accurate). 
(A, D) IFN-y immunocyto-
chemistry on acetone-fixed 
intact T-cells. 
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after acetone-fixation in D 
compared with PFA/saponin 
immunocytochemistry in E, 
and completely negative 
immunostaining after cryostat 
sectioning of stimulated 
cultured T cells in F. 
Bar=20 um. 

Figure 4. Detail of a 
synovium with rheumatoid 
arthritis in four adjacent 
acetone-fixed cryostat 
sections, showing a focal area 
with inflammatory cells. (A) 
TFN-y immuno-single 
staining using antibody 
MMHG-1 (Accurate), nuclear 
counterstained in blue with 
hematoxylin. 
Immunohistochemical double 
stainings marking IFN-y, 
clone MMHG-1 in red (HRP) 
and either CD3 marking T-
cells (B), CD68 marking 
macrophages (C), or anti-
syndecan-1, CD138 marking 
plasma cells (D) in blue (AP). 
(D) Red and blue reaction 
products merged to purple 
indicating colocalization, 
whereas in B and C no 
colocalization is observed. 
(B-D) Weak nuclear 
counterstaining with methyl 
green. Bar=50 |im. 
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Figure 5. PMA/ionomycin in vitro-stimulated (B) and unstimulated (A) PFA prefixed, frozen 
and cryosectioned cultured T-cells, immunostained with anti-IFN-y, clone MMGH-1 
(Accurate). Cells are counterstained in blue with hematoxylin. Note the characteristic IFN-y 
staining as a perinuclear Golgi spot in the stimulated T-cells (B), whereas unstimulated T-
cells in A are completely negative. Bar=20 um. 
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antibody concentration (clones MMHG-1, MD-2, Genzyme rabbit antibody, and RD 
Systems goat antibody) up to 50 ug/mL, revealed over-stained images with intensely 
positive cells as described above. 

To investigate the possible binding of IFN-y to its concomitant receptor, tissue 
localization of IFN-y immunostaining was compared with IFN-y receptor staining in 
serial sections. In RA-synovium, IAAA and tonsil, the anti-IFN-y receptor antibody 
showed distinct positive staining of endothelial cells, macrophages, and weak staining 
of smooth muscle cells (Figure IT), which could only partly be colocalized with the 
anti-IFN-y staining (Figures 1B-1H). Moreover, medial smooth muscle cells in non-
atherosclerotic aortas were IFN-y receptor negative (Figure IL), which contrasted with 
the strong IFN-y-positivity (Figure IK). 

Cellular specificity of anti-IFN-y antibodies 

To reveal the characteristic cell type, showing positive staining with almost all 
anti-IFN-y antibodies, clones MMHG-1, MD-2, Genzyme rabbit antibody, and RD 
Systems goat antibody, were subjected to immunoenzyme double-staining experiments 
with cellular markers on the RA synovium and tonsil cryostat sections. It appeared that 
T cells (CD2, CD3), natural killer cells (CD56), and macrophages (CD68) did not 
colocalize with the IFN-y-positive cell population (Table 3). However, a subpopulation 
of approximately 5% of all CD138-positive plasma cells colocalized with 

82 IFN-y-positive cells, observed as a purple mixed-color in the cytoplasm 
(Figures 4A-4D). 

Discussion 

In the present study we have compared the immunohistochemical applicability of 
13 different anti-IFN-y antibodies on cryostat tissue sections. IFN-y-immunohisto-
chemical single- and double-staining analysis of the tissue sections showed a large 
variation in staining patterns, but positive staining of T-lymphocytes was never 
observed. In this context, it should be emphasized that not all 13 IFN-y-antibodies used 
in this study were originally developed and tested for an immunohistochemical 
application. This also could explain the highly variable immunohistochemical staining 
patterns (Figures 1A-H), despite the fact that the antibodies were capable of detecting 
IFN-y in cultured and in vitro-stimulated intact T cells (Table 3). For example, anti-
IFN-y clone MD-2 was first described for ELISA application by van der Meide et al.22 

and only much later was applied for immunohistochemical purposes. ' ' The latter 
application is subsequently cited by other investigators and has led to the use of this 
antibody on tissue sections.31323'24 

We also verified the immunoreactivity of the anti-IFN-y antibodies, on intact 
PMA/ ionomycin-stimulated T cells, known to contain substantial amounts of IFN-y. 
Intact in vzYro-stimulated T cells showed a typical intracellular IFN-y staining pattern 
(Figure 3E) similar to the findings by others.16-17'25-26 In addition, 12 of 13 anti-IFN-y 
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antibodies subjected to FACS-analysis showed positive staining with in vzYro-stimulated 
T cells, whereas unstimulated cells were negative. These experiments reveal that 12 out 
of 13 anti-IFN-y antibodies have the potential to recognize IFN-y in vz'/ro-stimulated 
intact T cells. In contrast to these intact in Wrro-stimulated T cells, IFN-y-immunohisto-
chemistry performed on cryosections prepared from these cells gave negative results 
(Figure 3F). Given the fact that these in vitro PMA/ionomycin-stimulated T cells 
contain higher levels of IFN-y protein than activated T cells in vivo,27 it may be not 
surprising that IFN-y-immunostaining of T cells in tissue sections of I AAA, RA 
synovium, and tonsil was negative. 

The present experiments show that there is a clear discrepancy between the 
results obtained with cultured intact T cells and those with cryosectioned T cells. 
Apparently, immunocytochemical staining of intact T cells is not a reliable model 
system for testing the immunohistochemical applicability of IFN-y-antibodies on 
cryostat tissue sections, as has been suggested in the literature.12 '3 It is remarkable that 
in the majority of papers the observed IFN-y positivity simply was assumed to represent 
T cells. Confirmation by double staining was performed only by Dolhain et al.,13 who 
showed CD3/IFN-ycolocalization in RA-synovium samples. In this study we could not 
reproduce those results, even in the same type of tissue. Attempting to demonstrate the 
colocalization of IFN-y in T cells, we performed double staining with both CD2 and 
CD3. Double staining with CD2 was also performed because CD2 is not 
downregulated after T-cell activation,28 in contrast to CD3.29 Furthermore, we have 

84 been able to detect IFN-y/CD3 colocalization in in vfrro-stimulated T cells (not shown). 
We have no explanation for the different results in our study compared to that of 
Dolhain et al. ' ' 

The obvious difference between in v/fro-stimulated intact T cells and cryostat 
tissue sections prepared from these cells is the presence of an outer membrane. 
Therefore, it appears attractive to hypothesize that intact T cells retain IFN-y more 
effectively during the fixation procedure, either with acetone or PFA, than a sectioned 
cell. Possibly IFN-y protein is lost from the cryosectioned T cells during the fixation 
procedure due to extraction of the antigen30 or due to poor fixation. Arguments in favor 
of this leakage-hypothesis are the observations that (a) IFN-y is detectable by ELISA in 
the buffer covering the unfixed in v/Yro-stimulated T cell cryostat sections. However, 
after fixation of the T cell cryostat sections with either acetone or PFA, almost no 
IFN-y is detectable in the overlying buffer, whereas the immunohistochemical 
visualization of IFN-y in cryosectioned stimulated T cells was completely negative also 
(Figure 3F). (b) Acetone fixation of intact T cells, which completely dissolves the fatty 
membrane structures, shows a near-negative IFN-y staining result (Figure 3D), whereas 
the same cells were intensely positive after PFA-fixation (Figure 3E). 

IFN-y immunohistochemistry on cryostat tissue sections from tonsil, RA 
synovium, and IAAA revealed highly variable staining patterns with different 
antibodies. A variety of cellular constituents were positive, with a high preference for 
smooth muscle cells. Apart from staining of various cellular constituents, 12 of 13 anti-
IFN-y antibodies revealed staining of CD138-positive plasma cell subset (Figure 4) but 
not of T cells. Non-T-cell positivity with anti-IFN-y antibodies has been reported 
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previously and is considered a result of receptor-bound IFN-y.13 Indeed, some of the 
IFN-y staining patterns resemble the IFN-y-receptor staining pattern (Figure 1 J). 
However, there are indirect arguments that certainly not all non-T-cell IFN-y positivity 
can be explained as receptor bound: (a) In case of the non-atherosclerotic aortas, 
without any morphological sign of inflammation, the medial smooth muscle cells 
showed massive IFN-y-positivity, whereas the IFN-y-receptor was negative (Figures 1L 
and IK), (b) When non-T-cell IFN-y staining in non-atherosclerotic aortas was caused 
indeed by receptor bound IFN-y, this would have induced major histocompatibility 
complex Class II expression (HLA-DR, DP, DQ). However, this was not observed. 
This absence of HLA-DR, DP, and DQ positivity in non-atherosclerotic aortas also 
excludes the possibility that IFN-y-receptor staining is perhaps missed because IFN-y 
blocks the antibody binding site. 

Considering the IFN-y-positivity of plasma cells, some investigators claimed 
expression of trace amounts of IFN-y by B lymphocytes under in vitro conditions.3132 

In our opinion, these findings cannot be matched with the abundant and strong IFN-y 
staining of the plasma cell subpopulation as observed in all three tissues studied. 
Therefore, apart from the non-T-cell staining of various cellular constituents, also the 
plasma cell IFN-y-positivity was considered as a staining artifact. This artifactual 
staining might be caused by the formation of conditional epitopes33 or redistribution of 
small molecular weight antigens,30 both of which may occur during the fixation proce
dure. 

The nonspecific positive staining of the plasma cell subpopulation was shown not 
to be unique for anti-IFN-y antibodies. Using, for example, anti-IL-2 or anti-IL-4 
antibodies, known to be secreted by T cells upon activation, we also observed a strong 
positivity in RA-synovium of the same plasma cell population that was found positive 
with anti-IFN-y antibodies, whereas positive T cells were not observed. Non-T-cell 
IFN-y-staining may be the basis for conflicting immunohistochemical staining results 
when different anti-IFN-y antibodies were applied to similar tissue specimens. For 
example, Andersson et al. '2 reported in chronic recurrent tonsillitis a few IFN-y-
positive cells using clone DIK-1, whereas Hoefakker et al. ' ' reported massive IFN-y-
positivity with clone MD-2 in the same tissue. Moreover, the application of extremely 
high concentrations of IFN-y antibody (MD-2, 45-100 |ag/mL)23-24 for immunostaining 
of cryostat sections may introduce staining artifacts. Not only may the IFN-y-antibodies 
themselves play a role but also the application of different tissue fixatives before the 
IFN-y-staining procedure may have an effect on the final staining result. For example, 
acetone-fixation was employed by Smeets et al.,3 Hoefakker et a/.," Dolhain et al.,13 

and Thepen et al.,23 whereas PFA-fixation and saponin-treatment was used by Ulfgren 
et al.,2 Smeets et al.,4 and Andersson et al.12 In our hands, a comparison of these two 
popular fixatives showed a dramatic loss of IFN-y-staining after acetone-fixation of 
intact T cells (Figures 3D and 3E), confirming the use of PFA-fixation as indicated by 
Andersson et al.u However, in considering the non-T cell IFN-y-staining of tissue 
sections after either acetone- or PFA-fixation, there was no difference regarding 
localization and intensity. This observation is an other indication that the non-T cell 
staining in tissue sections after acetone-fixation, has a nonspecific basis. The present 
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description of nonspecific IFN-y immunohistochemical staining shows analogy with the 
false-positive staining of anti-RAP-5 antibody detecting the ras oncogene product p21 
as reported by Samowitz et al.34 and Gutheil et al?5 Although these investigators 
employed immunoprecipitation and Western blotting as contra-evidence, they finally 
proved that the initial RAP-5 immunohistochemical positivity could be recognized as 
completely nonspecific. Furthermore, Kaino etal?b described the cross-reactivity of 
anti-rat CD45RA antibody with glucagon-producing islet a-cells in formalin-fixed and 
paraffin-embedded rat pancreatic tissue. 

We consider further testing of the anti-IFN-y antibody specificity using 
absorption with IFN-y antigen not to be useful. In our opinion and that of others,37 an 
absorption control does not prove the specificity of an antibody for its antigen in a fixed 
tissue section. For example, anti-IFN-y clone MD-2 was subjected successfully to such 
an absorption experiment," but our present data clearly show this antibody as not to be 
specific for tissue IFN-y-staining (Table 3; Figure IL). 

Future perspectives for IFN-y-immunostaining? 

At the request of one of the reviewers and after discussions at the latest Congress 
of Histochemistry and Cytochemistry, we tested the option of prefixation by perfusion 
or immersion in PFA before freezing. This method has been applied for example by Van 
Noorden and Polak,38 Van Noorden,39 and Larsson,40 and is especially recommended for 

gg detection of small peptides and hormones. However, among the vast majority of reports 
applying acetone or PFA postfixation of cryosections, we could find only one report 
using prefixation for the detection of IFN-y.41 Our pilot experiment showed that PFA 
prefixation of/« v/?ro-stimulated T cells indeed retains and preserves IFN-y after 
freezing and sectioning (Figures 5A and 5B), in contrast to PFA postfixation (Figure 
3F). Apparently, PFA postfixation of a cryosection is too slow42 and cannot prevent 
leaking of IFN-y from cryosections. However, PFA prefixation of a closed cell allows a 
firm fixation of IFN-y, thus preventing leakage even from tissue sections. Thus far, 
however, we have not been able to demonstrate IFN-y immunohistochemically in a few 
PFA prefixed and 20% sucrose freeze-protected tissue blocks tested. Nevertheless, it 
could be that PFA prefixation is the key to successful immunohistochemical 
visualization of IFN-y and perhaps of other cytokines. Moreover, we suspect that 
missing the IFN-y-staining of activated T cells in cryosections from PFA prefixed tissue 
blocks, in contrast to prefixed in vitro-stimulated T cells, may be a sensitivity problem 
of current detection systems even when tyramide amplification is used. 

Conclusion 

Using the present panel of anti-IFN-y antibodies, specific staining of activated 
T cells (Thl type) in tissue sections is not observed with generally applied staining 
procedures, a phenomenon most likely due to either the lack of sensitivity, and/or to 
leakage of IFN-y from the sections. On the basis of the present findings, we conclude 
that IFN-y immunostaining of cryostat tissue sections may result in significant staining 
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artifacts. As a consequence, IFN-y immunostaining results on cryostat tissue sections 
should be interpreted with great caution. The performance of double staining is highly 
recommended, at least for the distinction between "true" IFN-y positivity and 
nonspecific staining. 
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Abstract 

Direct cell contact between T cells and smooth muscle cells (SMCs) and/or 
macrophages can result in the production of mediators with plaque destabilizing 
potentials. Both CD40 and IL-15 signaling can induce the production of such media
tors. In the present study we analyzed the expression of CD40, IL-15 and IL-15Ra on 
monocytes and SMCs in vitro by flow cytometry at time of isolation (T=0), and after 
culture with or without supplements (IFN-y, nLDL/oxLDL). Monocytes expressed both 
intracellular and membrane-associated expression of IL-15, CD40 and IL-15Ra at the 
time of isolation. Exposure of rIFN-y resulted in an increase of membrane-associated 
expression of CD40, IL-15 and IL-15Ra. Exposure to n-LDL or oxLDL resulted in an 
increase of membrane-associated CD40 expression, but decrease of IL-15Ra; IL-15 
was virtually unaffected. These data suggest that oxLDL not only modulates 
inflammatory processes by the induction of macrophage derived cytokines (e.g. IL-8, 
IL-12, MCP-! ), but also affects these processes by upregulation of surface molecules, 
such as CD40. SMCs cultured without supplements showed both IL-15 and IL-15Ra 
expression, but absence of CD40. Exposure to rIFN-y resulted in de novo CD40 
expression, whereas IL-15 and IL-15Ra expression was unaffected. This could 
implicate that in addition to monocytes/macrophages, SMCs are involved in the 
activation of T cells by the (constitutive) expression of IL-15, albeit that we were 
unable to discriminate between membrane-associated and intracellular expression. 
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Introduction 

In atherosclerotic lesions in humans both immune (monocytes/macrophages, 
T cells) and non-immune cells (smooth muscle cells; SMCs) can be found.1,2 Direct cell 
contact between T cells and SMCs and/or macrophages can result in the production of 
mediators with plaque destabilizing potentials, such as matrix metalloproteinases 
(MMPs) and proinflammatory cytokines. In vitro studies suggest that CD40-CD40L 
(CD 154) interactions could play a pivotal role in the induction of such mediators.3-8 

Indeed, immunohistochemical studies of atherosclerotic lesions have shown that CD40 
is expressed by monocytes/macrophages, whereas CD40L is expressed by T cells.9"11 

To this end it is noteworthy that initially CD40 and CD40L were found to be expressed 
also by non-immune cells, such as SMCs and endothelial cells,12 whilst more recent 
studies were unable to confirm the expression of CD40L on such non-immune 
cells.9'11-13 

In addition to CD40 signaling, the recently identified cytokine interleukin-
15 (IL-15),14 upon ligation with its heterotrimeric receptor complex IL-15R, composed 
of the heterotrimer IL-2Rßy-chains and its own unique high affinity a-chain 
(IL-15Ra),15 also could induce the production of MMPs16 and proinflammatory 
cytokines by macrophages.17"19 In addition, IL-15 can activate (memory) T cells in the 
absence of antigenic presentation.20 Therefore, it is of interest that immunohisto
chemical analysis revealed IL-15 expression in atherosclerotic lesions by monocytes/ 
macrophages only.11 To our knowledge, the expression of the individual components of 
the IL-15R complex have not been studied in atherosclerotic plaques in situ thus far. 
However, it has been shown that immune- (monocytes, T cells) and several non
immune cells (activated endothelial cells) express IL-15R.21 In addition, these cells 
appeared to be responsive to IL-15. 

The potential functional implications of the above considerations are 
emphasized by the observation that inhibition or blocking of either the CD40 or the 
IL-15 signaling pathway in experimentally induced chronic inflammatory (autoimmune) 
disorders resulted in partial or complete recoveiy from disease.22"25 Since atherosclerosis 
can be considered a chronic inflammatory disease26 and knowing that both CD40 and 
IL-15 are strongly expressed in atherosclerotic lesions, one could speculate that both 
signaling pathways are involved in the inflammatory responses associated with 
atherosclerotic disease. Indeed, recent studies showed that inhibition of the CD40-
CD40L signaling pathway resulted in more stable plaques, which contained less 
inflammatory cells and more collagen fibrils.27-28 These data provide the background to 
study the expression of both CD40 as well as IL-15 and its receptor on immune and 
(monocytes) non-immune (SMC) cells in vitro, and the effects of the proinflammatory 
cytokine IFN-y and (modified) lipoproteins (on monocytes only). 
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Material and Methods 

Cell cultures 

Monocytes were isolated from buffycoats (CLB, Amsterdam, The Netherlands) 
by density gradient centrifugation with lymphoprep-Ficoll (Nycomed Pharma, Oslo, 
Norway) and Percoll (Pharmacia, New Jersey, USA). Obtained monocytes were washed 
twice and cultured in 6 well-plates (Costar, NY, USA) at 2-3.106 cells/well in Iscoves 
modification of Dulbecco's medium (IMDM, Gibco BRL Life Technologies) 
supplemented with 10% heat-inactivated fetal bovine serum (Integra) and antibiotics 
(100 IU/mL penicillin and 100 Ug/mL streptomycin, Gibco BRL) and 1 mM 
L-glutamine. Monocytes were cultured for 24 or 48 hours in absence or presence of 
(modified) lipoproteins (10, 50 Ug/mL) or recombinant IFN-y (100 U/mL; a kind gift of 
P. van der Meide). 

Vascular SMCs were isolated from carotid endarterectomy specimens (n=3) by 
the expiant outgrowth technique. Cells were cultured in Dulbecco's modification of 
Eagle's medium (DMEM; Gibco BRL, Life Technologies, Breda, The Netherlands) 
supplemented with 10% heat-inactivated fetal bovine serum (Integra, Zaandam, The 
Netherlands), 10% human serum (Biowhittacker, Amsterdam, The Netherlands), 
antibiotics (100 IU/mL penicillin and 100 Ug/mL streptomycin, Gibco BRL), 1 mM 

94 L-glutamine and 0.5 ng/mL of human epidermal growth factor (EGF) (Strathmann 
Biotech GMBH, Hamburg, Germany) and 5 ng/mL of human basic-fibroblast growth 
factor (bFGF) (Strathmann Biotech GMBH). 

In the final passage growth factors (EGF and bFGF) were omitted from the 
culture medium. Subconfluent monolayers of vascular SMCs were cultured for 24 or 
72 hours with or without recombinant(r) IFN-y (100 U/mL). Second or third passage 
vascular SMCs were used for all experiments. 

Preparation and modification of lipoproteins 

Low density lipoproteins ( 1.019 to 1.063 g/mL) were prepared from human 
plasma collected in tubes (Vacutainer tubes, BD) by sequential ultra-centrifugation in 
the presence of 0.3 mM disodium EDTA. Obtained lipoproteins were dialyzed against 
PBS and stored at 4°C until use, within 2-3 weeks. OxLDL was prepared by oxidation 
of LDL in the presence of 10 uM CuS04for 16 hours at 37°C. Protein content was 
determined by the method of Lowry29 and lipid peroxidation content was determined by 
thiobarbituric acid reactive substances (TBARS) and expressed as malondialdehyde 
(MDA) equivalents.30 Native LDL preparations had MDA equivalents lower than 2, 
whereas oxLDL had MDA equivalents higher than 25 (range 25-50). 
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Flow cytometry (FACS) 

Monocytes were harvested by gentle rinsing and remaining adherent cells were 
treated with 10 mM EDTA. Adherent vascular SMCs were harvested by (gentle) 
scraping with a rubber policeman. We wanted to discriminate between membrane-
bound and intracellular expression. To this end, for intracellular staining, monocytes 
were prefixed in 1% paraformaldehyde and permeabilized with 0.1% saponin prior to 
the incubation with antibodies. Otherwise cells were not prefixed or permeabilized. 
Monocytes and SMCs were incubated with 10% normal human serum (CLB) and 
subsequently immunostained with primary mouse antibodies directed against monocytes 
(CD 14; DAKO, Glostrup, Denmark), macrophages (CD68, clone EBM-11, DAKO), 
a-smooth muscle actin (clone 1 A4, DAKO), CD40 (clone M3, Genzyme, Abingdon, 
UK), HLA-DR (Becton Dickinson, San Jose, CA, USA), and IL-15 (clone mAb247, 
RD, Abingdon, UK) and polyclonal rabbit antibodies against the IL-15Roc-chain (clone 
HO-107, Santa Cruz, USA). 

Cells stained with primary antibodies were subsequently incubated with 
phycoerythrin (PE) conjugated goat anti-mouse immunoglobulins (GAM-PE; SBA, 
Birmingham, AL, USA) or fluorescein isothiocyanate (FITC) conjugated swine anti-
rabbit immunogloblins (SwAR-FITC; DAKO, Glostrup, Denmark) for FACS analysis. 
Labeled cells (10.103) were analyzed with a FACS calibur (Becton-Dickinson, 
Immunocytometry Systems). WinMDI software was used to analyze FACS data and the 
expression of IL-15(R), differentiation and activation markers were presented as the 95 
difference in mean fluorescence intensity (MFI) between the primary antibody and 
control antibody (GAM-PE or SwAR-FITC). 

Results 

Monocytes 

Freshly isolated monocytes were CD14-positive, but CD68-negative. Upon 
culture, CD 14 expression decreased, whereas CD68 increased, showing differentiation 
of monocytes into macrophages (data not shown). At the time of isolation the 
monocytes showed both intracellular and membrane-associated expression of IL-15, 
CD40 and IL-15Ra, although the absolute levels differed per donor. Upon culture, 
membrane-associated IL-15 and IL-15Ra expression remained the same, in contrast to 
CD40 expression, which appeared to be slightly upregulated after 48 hours (Figure 1 ). 

Exposure of monocytes to rIFN-y for 24 or 48 hours resulted in an increase of 
membrane-associated expression of CD40, IL-15 and IL-15Ra (Table 1, Figure 1). 
Exposure of monocytes for 48 hours to nLDL or oxLDL at highest concentrations 
(50 (lg/mL) resulted in 5 out 6 experiments in a two-fold increase of membrane-
associated CD40 expression, but slight decrease of IL-15Ra expression; IL-15 was 
virtually unaffected (Table 1, Figure 1). The upregulation of CD40 expression was 
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also observed at lower lipoprotein concentrations (10 (ig/mL of nLDL/oxLDL), but 
was less distinct compared to higher concentrations (Ratio's between the MFI of 
stimulated and unstimulated monocytes was 1.9, 1.4 and 1.5 for oxLDL and 1.2 and 
1.4 for nLDL, respectively). As such, it appears that incubation of monocytes with 
nLDL or oxLDL resulted in a dose-dependent increase of CD40. Culturing of 
monocytes at highest concentrations of oxLDL resulted also in distinct morphological 
changes, such as clustering of cells in large aggregates, and occurrence of solitary 
spindle shaped cells, some of which showing lipid accumulation. 

Vascular smooth muscle cells 

Vascular SMCs cultured without supplements showed both IL-15 and IL-15Ra 
expression, but absence of CD40 (Figure 2). Exposure to rlFN-yfor 72 hours resulted 

96 

Figure 1. Membrane-associated expression, presented as mean fluorescence intensity, of IL-
15, IL-15Ra and CD40 on monocytes at time of isolation (T=0; open histograms) and grown 
in medium (open histograms) or incubated with IFN-y (100 U/mL) or oxLDL (50 ug/mL,) 

(dashed histograms), respectively, for 48 
Fig.l 

IL-15 

T=0 

IL-15 Ret CD40 

LLki 
1=48 hrs, +/- IFN-y T=48 hrs, +/- IFN-y T=48 hrs, +/- IFN-y 

T=48 hrs, +/- OxLDL T=48 hrs, +/- OxLDL T=48 hrs, +/- OxLDL 

W ^ A , Bask,—V^.. 

Fluorescence 

Fig. 2 

Lfr"*i. L A , L A 

Fluorescence 

hours. Control matched antibodies (GAM-
PE, SwARFITC) are shown as closed 
histograms. IFN-y upregulates IL-15(Roc) 
and CD40, whereas oxLDL upregulates 
CD40 expression only. Representative 
examples of three experiments. 
Figure 2. Mean fluorescence intensity of 
1A4 (SMA), IL-15, IL-15RCX, CD40 and 
HLA-DR on vascular SMCs grown in 
medium (open histograms) or incubated 
with IFN-y (100 U/mL) (dashed 
histograms), respectively, for 72 hours. 
Control matched antibodies (GAM-PE, 
SwAR-FITC) are shown as closed 
histograms. IFN-y induces de novo CD40 
and HLA-DR expression, whereas 
constitutive IL-15 and IL-15Ra expression 
are virtually unaffected. The strong smooth 
muscle actin (SMA) staining implies that 
(part of) the cells are permeabilized, since it 
is an intracellularly expressed protein. As 
such, no distinction can made between 
intracellular and membrane-associated 
expression of the presented markers. 
Representative examples of three 
experiments. 
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M (+ IFN-y) M (+ nLDL) M (+ oxLDL) 

Marker Exp 24 h 48 h 24 h 48 h 24 h 48 h 

IL-15 

IL-15RCC 

CD40 

A 
B 
C 

A 
B 
C 

A 
B 
C 

0.9 
1.1 
1.8 

0.7 
1.1 
1.5 

1.1 
4.5 
4.0 

1.6 
1.2 
2.6 

1.5 
1.3 
2.6 

1.9 
4.2 
5.7 

1.4 

0.9 

0.6 

0.7 

0.9 

0.7 

1.2 
1.5 
1.1 

0.7 
1.2 
0.6 

1.2 
0.6 
0.3 

1.0 
1.9 
1.9 

1.3 
0.9 
1.0 

0.2 

0.2 

1.0 

1.4 
1.3 
1.2 

0.4 

1.1 

0.9 

0.2 
0.5 
0.6 

1.7 
2.1 
2.1 

Table 1. Relative membrane-associated 
expression of IL-15, IL-15Roc and CD40 
on stimulated monocytes (n=3) cultured 
for 24 or 48 hours in medium (M) with 
supplements (IFN-y 100 U/ml; nLDL, 
ox-LDL 50 pg/mL). Data are presented 
as the ratio between the mean 
fluorescence intensity (MFI) of 
stimulated and unstimulated monocytes 
(cultured in medium only). This ratio is 
shown for each individual experiment 
(Exp) under the specified condition. 
Table 2. Relative expression of IL-15, 
IL-15RCX, CD40 and HLA-DR on 
stimulated vascular SMCs (n=3) cultured 
for 24 hours and 72 hours in medium 
(M) with IFN-y (100 U/mL). Data are 
presented as the ratio between the mean 
fluorescence intensity (MFI) of IFN-y 
stimulated SMCs and unstimulated 
SMCs (medium only). This ratio is 
shown for each individual experiment 
(Exp). 

M (+ IFN-y) 

Marker Exp 24 h 72 h 

IL-15 

lL-15Ra 

CD40* 

HLA-DR* 

D 
E 
F 

D 
E 
F 

D 
E 
F 

D 
F. 
F 

1.0 
1.0 
1.0 

1.0 

1.0 

1.0 

1.0 
1.0 
1.0 

1.0 
1.1 
1.0 

1.2 
1.0 

1.1 
0.9 
1.0 

1.2 
1.7 
3.9 

2.0 

3.4 

12.6 
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*SMCs cultured in medium only were negative. For 
calculation of the ratio of these markers, the MFI of 
unstimulated SMCs was considered 1.0 

in de novo CD40 expression, whereas expression of IL-15 and IL-15Roc was virtually 

unaffected (Table 2, Figure 2). De novo CD40 expression was not observed after 24 

hours of stimulation. Recombinant IFN-y used in the experiment appeared to be 

functionally active because it induced H L A - D R expression in vascular SMCs. 

Discussion 

We have shown that freshly isolated monocytes constitutively express IL-15, 

IL-15ROC and CD40, both intracellularly, as well as membrane-bound. The membrane-
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associated expression appeared upregulated by exposure to IFN-y, in concert with other 
studies.3132 

A novel observation that stems from our study is that (modified) lipoproteins 
induce upregulation of membrane-associated CD40 expression and down-regulation of 
IL-15R0C on monocytes; IL-15 expression appeared virtually unaffected. The 
observation that CD40 expression on monocytes is upregulated after short exposure to 
(modified) lipoproteins is of interest, since CD40 ligation induces monocytes/macro
phages to secrete mediators with plaque destabilizing properties or thrombogenic 
potentials, such as MMPs and tissue factor.3 These data suggest that oxLDL not only 
modulates inflammatory processes by the induction of macrophage derived cytokines 
(e.g. IL-8, IL-12, MCP-1),3335 but also affects these processes by the upregulation of 
surface molecules, such as CD40. 

It is of interest that membrane-associated IL-15 on monocytes was increased by 
IFN-y, but not by short exposure to nLDL or oxLDL. We have shown previously that 
activated (CD40L~) T cells often colocalize with IL-15 positive macrophages." Since 
activated T cells can produce IFN-y,3637 it is tempting to speculate that these cells are 
instrumental in upregulating IL-15 expression of monocytes/macrophages. In contrast 
the expression of IL-15R.0C was decreased by exposure to nLDL or oxLDL. This raises 
questions as to the functional implications of the distinct colocalization between oxLDL 
and IL-15, obtained with immunohistochemical methods in atherosclerotic lesions." 

It is important to note that monocytes were stimulated with (modified) 
98 lipoproteins for relatively short time intervals. Since atherosclerosis is a slowly 

progressive disease with gradual accumulation of lipoproteins in the lesion, it will also 
be important to study the long-term effects of lipoproteins on IL-15(R) and CD40 
expression on monocytes. 

The present study also reveals that unstimulated SMCs show constitutive 
expression of IL-15 and its receptor IL-15RCC, but not of CD40. Prolonged stimulation 
with rIFN-y resulted in de novo expression of CD40 and HLA-DR as reported 
previously,13M whereas the constitutive expression of IL-15 and IL-15Ra remained 
virtually unaffected. This latter observation is new and could implicate that in addition 
to monocytes/macrophages, SMCs are involved in the activation of T cells by the 
(constitutive) expression of IL-15. 

Since SMCs were harvested by scraping, no distinction could be made between 
membrane-associated and cytoplasmic expression. Because both IL-15 and CD40 exert 
their function by direct cell-to-cell contact,12-39 it will be important to investigate 
whether IL-15 and/or CD40 are expressed on the cell membrane of SMCs and whether 
other cytokines also can (up)regulate their expression. In this respect it is of interest 
that a recent study demonstrated that dermal fibroblasts also showed constitutive 
cytoplasmic IL-15 expression, but no membrane-associated expression. However, upon 
stimulation with TNF-cx, but not IFN-y, de novo membrane-associated IL-15 
expression was detected.40 Additional studies could be performed to see whether similar 
mechanisms also apply to SMCs. 
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Chapter 7 

Abstract 

Advanced atherosclerotic lesions often contain adventitial lymphoid infiltrates, 
which occasionally contain nodular aggregates resembling lymphoid follicles. The 
structural organization suggests that local maturation of B cells may take place at these 
sites, as described for the mucosa-associated lymphoid tissue (MALT). This concept 
was evaluated by studying the micro-anatomy and cellular composition of adventitial 
infiltrates associated with advanced atherosclerosis of the aorta. Sections of 22 
atherosclerotic aortas were stained immunohistochemically for cellular markers 
characteristic for lymphoid follicles, such as HECA-452-positive endothelial cells, 
CD20-positive B cells, CD21-positive follicular dendritic cells and CD68-positive 
macrophages. Ki-67 was used as a proliferation marker. The TUNEL technique was 
used to study the presence of apoptotic cells. Specimens containing MALT served as 
comparison and positive controls. Seven of the 22 atherosclerotic aortas contained 
adventitial infiltrates resembling lymphoid follicles. The organized nodular centres were 
composed of CD45RA' B cells, follicular dendritic cells (CD2L), a few T lymphocytes 
(CD3+) and "tingible body" macrophages (CD68+). A large number of cells were 
Ki-67-positive; apoptotic bodies were numerous and phagocytosed by macrophages. 
The parafollicular area contained CD45RO-positive T cells and HECA-452-positive 
vessels. Vessels elsewhere were always HECA-452-negative. Specimens with MALT 
showed similar features. This study reveals a close resemblance between adventitial 

104 lymphoid infiltrates in advanced atherosclerotic aortic disease and MALT, suggesting 
local generation of a humoral immune response, likely to be initiated by antigens 
released during a process of longstanding tissue injury and inflammation as part of 
advanced atherosclerosis. 
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Introduction 

Atherosclerosis has many features of a chronic inflammatory disease, in which 
both cell mediated and humoral immune responses participate.12 

In the initial stages inflammatory infiltrates composed of macrophages, T cells, 
dendritic cells and mast cells are predominantly located in the intima.3 6 B cells and 
plasma cells, on the other hand, are encountered only occasionally in the intimai 
plaque.4 In chronic advanced stages of atherosclerosis, however, inflammatory 
infiltrates are often present in the adventitia adjacent to plaques; a phenomenon which 
increases with the severity of atherosclerotic plaque formation.7 Immunohistochemical 
studies of such infiltrates have revealed the presence of IgG-positive plasma cells and 
B cells, sometimes organized in nodular aggregates.8~10 

The lymphoid follicle-like organization is reminiscent of similar de novo 
lymphoid aggregates which develop in a variety of (auto)immune-mediated 
inflammatory diseases, such as rheumatoid arthritis or Hashimoto's thyroiditis." '3 

In each of these circumstances, there is a strong resemblance to mucosa-associated 
lymphoid tissue (MALT),14 known in the gut as GALT,15 which is also characterized by 
aggregates of non-encapsulated lymphoid tissue with follicular differentiation and 
formation of germinal centres. The functional characteristics of the latter have been 
studied thoroughly and are shown to represent sites where B cell selection and 
maturation take place in response to locally delivered antigens.I6~18 In addition, recent 
studies have shown that similar processes occur in germinal centre-like structures in the 
synovial membrane of patients with rheumatoid arthritis19 and in the salivary glands of 
patients with Sjogren's syndrome.20 Based on these considerations, the hypothesis has 
been introduced that structures resembling germinal centres associated with advanced 
atherosclerosis could represent sites for local generation of humoral immune responses, 
initiated by antigens released during the process of atherogenesis, albeit that the 
literature data to this end are as yet inconclusive.21 

To evaluate this concept we performed a systematic analysis of the adventitial 
infiltrates associated with advanced aortic plaques and compared their micro-anatomy 
and cellular composition with those of the GALT of the intestinal mucosa. For this 
purpose we used immunohistochemical stains with antibodies against endothelial cells, 
specialized endothelium of high endothelial venules (HEVs), B cells, T cells, dendritic 
cells, follicular dendritic cells, macrophages, plasma cells and proliferating cells. In 
addition, we used the DNA terminal deoxynucleotidyl transferase end-labeling 
(TUNEL) technique to investigate the occurrence of apoptosis, which is a significant 
feature of antigen-driven B-cell maturation in the germinal centre of secondary 
lymphoid follicles.17 
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Materials and Methods 

Patients 

This study is based on arterial wall specimens obtained at surgery from 22 
patients with severe atherosclerotic aortic disease (17 men and 5 women; age ± SD: 
68 ± 10 years; age range 43-85 years). Informed consent of the patients was obtained 
prior to surgery and the study was approved by the Local Ethical Committee. 

Tissue sampling 

Full thickness biopsies including the intima, media and adventitia were formalin-
fixed, and subsequently paraffin-embedded. Sections were cut at 6 um and stained with 
hematoxylin and eosin to evaluate the presence of intimai and adventitial inflammation 
in the aortic wall, and elastic van Gieson to assess the structural composition of the 
arterial media. Two normal aortas without atherosclerotic disease were collected at 
autopsy and served as reference with respect to the "normal" number of inflammatory 
cells present in the adventitia. 

Surgical specimens of the appendix and ileum containing prominent GALT 
served as reference to compare the micro-anatomy and cellular characteristics of 

106 adventitial vascular lymphoid tissue. 

Immunohistochemistry 

Immunohistochemical single staining was performed using a streptavidin-biotin 
complex method.22 The relevant details of the antibodies used are listed in Table 1. 
Serial sections were deparaffinized and rehydrated and endogenous peroxidase activity 
was blocked by methanol/H20, 

Depending on the antigen to be detected, the tissue sections were either pretreated 
with 0.25% pepsin in 10 mM HCl for 15 minutes at 37°C, or underwent heat-induced 
antigen retrieval with citrate buffer (10 mM, pH6.0) for 15 min at 100°C + cool 
down,23 or were left untreated. The primary antibody was applied to the sections in 
appropriate predetermined (optimal) dilution followed by incubation with biotin-
conjugated goat anti-mouse or biotin-conjugated goat anti-rabbit immunoglobulins and 
streptavidin-biotin horseradish peroxidase complex (SABC/HRP) (all from Dako A/S, 
Glostrup, Denmark). Peroxidase activity was visualized by 3-amino-9-ethyl carbazole. 
The sections were counterstained with hematoxylin. Control sections were incubated 
according to the same technique, but with replacement of the primary antibody by 
irrelevant monoclonal reagents of similar isotype. 

In a selected number of cases, additional double immunostaining was performed, 
based on differences of the host of the primary antibody immunoglobulins. The 
following antibody combinations, incubated as mixtures, were selected: HECA-452/ 
vWf and HECA-452/CD3. HECA-452 was detected with biotin-conjugated goat anti-
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mouse followed by incubation with SABC/HRP, whereas vWf and CD3 were detected 
with goat anti-rabbit alkaline phosphatase. Host specific second-step antibody-enzyme 
conjugates were obtained from Southern Biotechnology Associates (Birmingham, AL, 
USA). Alkaline phosphatase activity was first visualized with nitroblue tetrazolium/4-
bromo-3-chloro-2-indolyl phosphate (blue) (Dako), followed by peroxidase activity 
with diaminobenzidine (brown). All double immunostained sections were counterstained 
with methyl green. 

DNA terminal deoxynucleotidyl transferase end-labeling (TUNEL) 

All biopsies were subjected to the TUNEL technique and pretreated with 3% 
EDTA (Merck, Darmstadt, Germany) at pH 7.2 for 1 or 2 h to exclude non-specific 
labeling of matrix vesicles.24 The TUNEL technique was performed as described by 
Garvieli et al.25 with minor modifications. After deparaffinization, tissue sections were 
treated with proteinase K (20 |ig/ml) (Boehringer Mannheim, Germany) for 5 min at 
room temperature. Subsequently, the sections were pre-incubated for 5 min with 
TdT-buffer, containing 30 mM Tris, 140 mM sodium cacodylate, and 1 mM CoCl2, 
followed by 1 h incubation at 37°C with labeling mix, containing TdT-buffer, 
digoxigenin(DIG)-ll-dUTP (0.02 nmol/ul), and terminal transferase (TdT) (0.1 U/ul) 
(Boehringer Mannheim), pH 6.6. Incorporated DIG-11-dUTP was detected by 
incubating the sections with sheep anti-DIG alkaline phosphatase (Boehringer 
Mannheim). Alkaline phosphatase enzyme activity was visualized by Fast Red (Dako). 
Sections were faintly counterstained with haematoxylin. Negative controls included 
omission of TdT from the labeling mixture. 

In some instances, double stains were performed by combining the TUNEL 
technique with anti-CD68 immunohistochemistry. Intestine containing GALT served as 
comparison and positive control for the detection of apoptotic cells. 
Table 1. Antibodies used in the present study 

Host isotype/ 
Antibody, clone subclass Specificity Pretreatment Reference/source 

HECA-452 Rat; IgM High endothelial venules Pepsin (27) 

vWf Rabbit Endothelial cells Pepsin Dako 

CD21JF8 Mouse; IgG 1 Follicular dendritic cells, 
mature B cells 

Pepsin Dako 

pCD3 Rabbit Pan-T cell Pepsin Dako 

CD45RO, UCHL Mouse; IgG2a Memory T cell - Dako 

CD45RA, L48 Mouse; IgG 1 Naive T lymphocytes, 
other leukocytes 

Citrate (pH 6.0) B&D 

Ki-67 Rabbit Proliferation marker Citrate (pH 6.0) Dako 

CD79a, JCB117 Mouse; IgGl B cells/plasma cells Citrate (pH 6.0) Dako 

CD68,PG-M1 Mouse; IgG3 Macrophages Citrate (pH 6.0) Dako 

CD20, L26 Mouse; IgG2a Pan-B cell - Dako 

S-100 Rabbit Dendritic cells - Dako 

IgG Rabbit IgG-positive plasma 
cells 

Pepsin Dako 

IgM Rabbit IgM-positive plasma 
cells 

Pepsin Dako 

Dako (Olostrup, Denmark); B&D, Becton & Dickinson (San Jose, California, USA). 

107 



Chapter 7 

108 

i 

B 

—- D 

Figure 1. (A), Overview of an atherosclerotic aorta with an organized nodular cellular 
infiltrate in the adventitia (arrow) stained with haematoxylin and eosin. i=intima; m=medial 
remnants; a=adventitia. Bar=0.5 mm. (B-F) Serial sections showing detail of the adventitial 
inflammatory infiltrate immunostained with a panel of monoclonal antibodies. (B), CD20 
staining shows B cells present throughout the infiltrate; the nodular centre is found most 
intensely positive. (C), CD21 staining shows a dendritic network of cytoplasmic extensions, 
which is characteristic of follicular dendritic cells in germinal centres. (D), Ki-67 shows large 
numbers of proliferating cells in the nodular centre of the infiltrate. (E), CD79a shows a 
corona of B cells and plasma cells around the nodular centre. (F), CD45RA shows that the 
cells forming the corona are B lymphocytes. B cells in the centre are also stained. 
Bars=0.1 mm (B-F); 0.05 mm (inset, C) 
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Results 

Histological analysis revealed that all surgical specimens of atherosclerotic 
aortas («=22) contained inflammatory cells in the adventitia. The prevalence of 
adventitial inflammatory infiltrates correlated with the extent of intimai plaque 
formation. In the two non-atherosclerotic aortas, adventitial inflammatory cells were 
seen only occasionally. Eight of 22 (36%) atherosclerotic aortas which had an almost 
intact media showed small aggregates associated with locally present vasa vasorum. 
The remaining atherosclerotic aortas (14 of 22; 64%) contained dense nodular and 
diffuse inflammatory infiltrates in the adventitia, adjacent to intimai plaques. In these 
cases, the pre-existing media was markedly attenuated and showed areas of complete 
loss of elastin lamellae. Seven of these 14 specimens showed follicular organization 
with germinal centres, surrounded by closely packed parafollicular mononuclear cells, 
in association with microvessels (Figure 1 A). 

Immunohistochemical analysis 

The adventitia of normal (non-atherosclerotic) aorta showed only sparse 
scattered macrophages and T cells. The eight atherosclerotic aortas without medial 
thinning contained solitary cells and small lymphoid cell clusters within the adventitia, 
characterized by the presence of CD79a-positive B cells/plasma cells, CD45RO-
positive T cells, and CD68-positive macrophages. 109 

The 14 atherosclerotic aortic segments with marked medial thinning showed, in 
addition, densely clustered cellular aggregates of varying size composed of plasma cells 
and nodules of B cells surrounded by T cells. 

The organized nodular centres were composed of (CD20-positive) B cells, 
CD21-positive follicular dendritic cells, a few CD3-positive cells, and CD68-positive 
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Figure 2. (A), Detail of adventitial infiltrate subjected to the TUNEL technique. Various 
strongly labeled nuclei, in purple, are present in the nodular center, revealing apoptotic cells; 
the inset shows the apoptotic cells at higher magnification. (B), TUNEL/immunohisto-
chemistry double staining with CD68, showing that apoptotic nuclei (black) are found inside 
tingible body macrophages (brown). Bars=0.1 mm (A); 0.05 mm (B); 0.05 mm (inset, A) 
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"tingible body" macrophages (Figures IB and 1C). In these centres large numbers of 
cells stained with the proliferating cell marker Ki-67 (Figure ID). The number of 
proliferating cells and tingible body macrophages increased with the size of the nodular 
centre. In these instances the nodular centre was surrounded by a corona of CD79a-
positive, CD45RA-positive B cells (Figures IE and IF). 

TUNEL-positive cells, indicative for apoptosis, were readily identified in 
adventitial infiltrates with a follicular arrangement (Figure 2A), but occurred only 
occasionally amidst "non-organized" adventitial lymphoid infiltrates. Tingible body 
macrophages were found to co-localize with apoptotic cell bodies (Figure 2B). 

Prominent HECA-452 immunoreactivity was expressed on endothelial cells of 
small vessels in association with large lymphoid aggregates in the parafollicular regions 
of adventitial nodular lymphoid infiltrates with or without follicular organization; these 
cells showed a plump/swollen morphology, characteristic for HEVs (Figures 3 A and 
3B). HECA-452-positive vessels were always surrounded by T cells (CD3-positive) 
(Figure 3C). In contrast, HECA-452 immunoreactivity was never observed on 
endothelial cells of adventitial microvessels outside large (non)-organized lymphoid 
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Figure 3. Staining pattern of vascular endothelium in the adventitia of atherosclerotic aortas. 
(A B) Anti-vWf/HECA-452 double stain reveals double-stained (brown/blue) endothelium of 
high endothelium venules in parafollicular regions of infiltrates. This contrasts markedly with 
the single-stained (blue) flat endothelium of vessels outside the infiltrates. Details are shown 
in B (C) CD3/HECA-452 double immunostain showing that T lymphocytes (dark blue) are 
the predominant cell type surrounding HECA-452-positive endothelium (brown), in the 
parafollicular region of the infiltrate. Bars=0.1 mm (A, C); 0.05 mm (B). 
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infiltrates, of plaque microvessels, of medial neovessels or of the vasa vasorum of 
normal aortas. IgG-positive plasma cells were found in varying, but substantial 
numbers in association with the parafollicular region of adventitial nodular lymphoid 
infiltrates. Anti-S-100-positive dendritic cells were only rarely found at this site, 
whereas more of these cells were found diffusely distributed throughout the adventitial 
infiltrates. 

Prominent lymphoid follicles in sections of the appendix and ileum (GALT) 
showed striking similarities to the organized nodular lymphoid infiltrates in the 
adventitia, with respect to both their microanatomy and their cellular composition. 
Moreover, the pattern of apoptosis in the germinal centres of GALT was similar to that 
observed in the B-cell centres of adventitial nodular infiltrates. 

Discussion 

The presence of adventitial inflammatory infiltrates in close proximity to intimai 
atherosclerotic plaques has been known for a long time. A relationship between the two 
processes seems obvious, since in normal (non-atherosclerotic) arteries, adventitial 
infiltrates are notably absent, but once atherosclerosis has developed the extent of 
adventitial inflammatory infiltrates increases with the extent and severity of 
atherosclerotic plaque formation.7 In fact, in some instances nodular lymphoid 
aggregates can be found resembling germinal centres.26 Previous immunocytochemical 
studies have revealed that the majority of cells in these infiltrates are B cells rather than ' 11 
T cells.810 Moreover, prominent adventitial infiltrates are often associated with medial 
disruption and contain large numbers of proliferating macrophages, as indicated by 
Ki-67 staining.8 To this extent, the present study confirms previous observations, but 
our present findings provide additional new data to support the concept that acquired 
adventitial lymphoid infiltrates are sites where selection of specific B-cell subsets takes 
place and where humoral immune responses are generated. We have shown that the 
adventitial nodular infiltrates are highly organized structures containing germinal 
centres predominantly composed of B cells and antigen-presenting cells (follicular 
dendritic cells), surrounded by a corona of B cells, and only a few tingible body 
macrophages and T cells. The parafollicular region contains predominantly memory 
T cells, fewer macrophages, and occasional dendritic cells. These observations suggest 
that as in MALT, or in secondary lymphoid follicles associated with (auto)-immune 
diseases, the adventitial infiltrates represent sites where selection and maturation of B 
lymphocytes take place and where high affinity antibodies are raised, presumably 
against locally delivered antigens. 

This concept is further supported by the prominent HECA-452 reactivity of the 
plump endothelial lining of vessels in the adventitial lymphoid aggregates, whereas 
microvessels elsewhere in the adventitia and media, or in the intimai plaque, were 
always HECA-452-negative. This novel observation is of particular interest, since the 
HECA-452 antibody identifies a glycoprotein selectively expressed at the endothelial 
cell surface of specialized high endothelium (HEVs).2728 HEVs are constitutively 
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expressed in lymphoid organs, such as the tonsil, peripheral lymph nodes and MALT, 
but appear also in newly formed extra-lymphoid tissues associated with longstanding 
chronic inflammation.29 HEVs play a crucial role in the selective migration and 
recirculation of naive lymphoid cells by the expression of organ- or tissue-specific 
determinants for recognition by circulating lymphocytes,3031 whereas in longstanding 
(auto)immune-mediated inflammatory diseases, HEVs support the facilitated 
extravasation of lymphocytes.29 As such, it is likely that HEVs are at least in part 
responsible for the generation and persistence of the adventitial lymphoid infiltrates in 
advanced aortic atherosclerosis. 

It thus appears that the cellular conformation of germinal centres of adventitial 
lymphoid follicles provides a suitable micro-environment for antigen-driven maturation 
of B cells. The occurrence of apoptosis provides additional evidence, since this may 
serve as marker for selective B-cell maturation within germinal centres; this notion is 
based on the knowledge that within germinal centres antigens are presented to B cells 
by follicular dendritic cells, which in turn select the population of B cells with the 
highest affinity for the presented antigens, while other B cells with lower affinity die by 
apoptosis.1732 Our observation of relatively large numbers of apoptotic cells associated 
with tingible body macrophages (macrophages phagocytosing apoptotic bodies) 
restricted to the germinal centre of adventitial lymphoid follicles further endorses a 
concept of antigen-driven maturation of B cells.33 

Thus far, the nature of the antigens involved in triggering adventitial humoral 
! ! 2 immune responses is unresolved. Several potential candidate antigens have been 

proposed in the context of advanced atherosclerosis. In the serum of patients with 
atherosclerotic disease, or inside the atherosclerotic vessel wall, antibodies have been 
detected to oxidized lipoproteins,3435 heat shock proteins (HSPs),36-37 microfibril 
associated products,38 and cytomegalovirus.39 In this context, it is of interest that 
adventitial infiltrates are most prominent in atherosclerotic aneurysms of the abdominal 
aorta with a disrupted media, indicating tissue damage with a release of HSPs and 
degraded tissue components.40 Only rarely are such extensive adventitial lymphoid 
infiltrates encountered elsewhere, for example alongside coronary arteries, but if so the 
condition is associated with medial attenuation. Moreover, ceroid pigment, an end-
product of lipid oxidation, can be found regularly in the adventitia of atherosclerotic 
vessels with a disrupted media,41 indicating a spill of plaque-derived lipid-related 
antigens. 

In conclusion, this study adds new information to the potential functional 
significance of adventitial lymphoid follicle-like structures previously documented in 
advanced atherosclerotic disease.810 The close resemblance between adventitial 
lymphoid nodular infiltrates in advanced atherosclerosis and the tissues of MALT, 
signified in particular by prominent HECA-452 immunoreactivity of the endothelial 
cells within the follicles and the occurrence of large numbers of apoptotic cells 
associated with tingible body macrophages, strongly suggests that these sites play a role 
in local generation of a humoral immune response. Given the fact that these acquired 
lymphoid follicular structures occur only in advanced atherosclerotic vascular disease, 
it is likely that the response is initiated by antigens released during the process of 



Advential infiltrates in atherosclerosis 

longstanding atherosclerosis-associated plaque inflammation and concomitant local 
tissue injury. In this context, it is important to state that our observations of secondary 
acquired adventitial lymphoid aggregates should not be confused with the vascular 
associated lymphoid tissue (VALT) described by Wick and co-workers.42 The latter 
consists of accumulations of T cells, macrophages and dendritic cells in the intima of 
non-diseased arteries in children. Our findings document lymphoid follicular structures 
in the adventitia of atherosclerotic diseased arteries, with a potential role in evoking a 
late humoral immune response. Our observations, therefore, provide sufficient 
background to justify further investigations to localize candidate antigens in these 
adventitial germinal centres. 
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Chapter 8 

The studies described in this thesis are primarily focused on aspects involved in 
the activation of lymphocytes in human atherosclerosis. Chapter 1 provides the 
background information and rationale for the studies. 

Seroepidemiological studies support a relationship between atherosclerotic 
disease and infection with Chlamydia (C.) pneumoniae; an association further endorsed 
by immunocytochemical and DNA directed studies. However, the question arised 
whether C. pneumoniae acts as a causal antigen, or is merely a bystander. To this end, 
in Chapter 2 we have analyzed the T lymphocyte population of carotid atherosclerotic 
plaques of symptomatic patients for their response against C. pneumoniae. We found in 
patients with unstable angina that 5 out of 8 T cell lines were responsive to 
C. pneumoniae elementary bodies. In the cloned T cell lines we found that a substantial 
number of clones (up to 30%) were reactive with C. pneumoniae, of which the majority 
(17/18, 96%) showed a Thl-cytokine profile. This observation, in combination with the 
findings of immunohistochemically detectable C. pneumoniae antigens in the plaque 
and serological evidence for a past infection with C. pneumoniae, strongly suggest that 
C. pneumoniae could act as trigger for T cell activation in a subpopulation of patients 
with unstable angina. A recent study showed that peripheral blood derived 
T lymphocytes from patients with unstable angina and chronic stable angina were also 
responsive to C. pneumoniae antigens.' It thus appears that C. pneumoniae could be 
among the antigens that can trigger both local T cell mediated immune responses in the 
plaque and systemic T cell activation in the serum, albeit that this is not necessarily 

11 g associated with acute clinical syndromes. 
Next to C. pneumoniae, other infectious agents have been suggested as being 

involved in atherosclerotic disease, such as cytomegalovirus and Helicobacter pylori ? 
In this respect it is important to note that recent investigations in humans showed that 
the pathogenic burden (the number of infectious pathogens to which an individual has 
been exposed), increased the risk of coronary artery disease.3-5 

In addition to (putative) stimulation by infectious agent(s), such as 
C. pneumoniae, oxidation specific epitopes generated in the plaque or adventitia could 
trigger or sustain T cell mediated and humoral immune responses, based on several 
in vitro studies. We investigated the presence of such epitopes in human aortas in 
relation to inflammatory cells (Chapter 3). We found a strict colocalization between 
plaque T cells and macrophages and oxidized phosphatidylcholine (oxPC), an epitope 
generated during the oxidation of LDL. The fact that apoB colocalized with oxPC 
suggests that this epitope was generated by the oxidation of LDL. These data could 
indicate that oxidation specific epitopes may sustain/propagate inflammatory processes 
and may serve as antigens in cell-mediated immune responses. A recent study revealed 
that immunohistochemical oxPC was much more abundant in atherosclerotic specimens 
of patients with unstable angina pectoris compared to stable angina pectoris.6 Given the 
fact that in vitro oxLDL derivatives can set the scene for cellular immune responses, 
together with the observation that in vivo oxPC often colocalizes with immune 
competent cells, it can be speculated that increased presence of oxPC in symptomatic 
atherosclerotic lesions is associated with increased activation of cellular immune 
responses. 
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Apart from antigen dependent T cell activation, it has recently been shown that 
(memory) T cells can be activated under the direction of TL-15, through a direct cell-
contact-dependent mechanism, in the absence of local antigen recognition or cytokine 
secretion. We investigated IL-15 expression in atherosclerotic plaques in relation to 
plaque morphology, inflammatory cells, T cell activation and oxidation specific 
epitopes (Chapter 4). We found strong IL-15 protein and mRNA expression in lipid-
rich plaques in association with monocytes/ macrophages in a membrane-associated 
manner. OxLDL and IL-15 showed distinct colocalization and substantial number of 
activated (CD40L+)T cells were found in the near vicinity of, or adjacent to IL-15 
positive macrophages. Moreover, plaque derived T cell lines were highly responsive to 
IL-15. Our observations, therefore, suggest that antigen-independent T cell activation 
can occur in atherosclerotic plaques. 

From the studies described in Chapters 2-4 it can be concluded that T cells 
derived from atherosclerotic plaques could be responsive to infectious agents, plaque 
derived antigens (antigen dependent), IL-15 (antigen independent), or all. Although it is 
clear that plaque antigens (oxLDL), and infectious antigens (e.g. C. pneumoniae) can 
trigger T cell activation in vitro, it is still unclear whether this actually occurs in vivo, 
the more so since there is no compelling evidence that T cells in advanced human 
atherosclerotic plaques are clonally expanded, as was determined by TCR 
rearrangement analysis. Furthermore, the numbers of IL-2R positive T cells, indicative 
for recent clonal expansion, is rather low in atherosclerotic plaques. Based on these 
considerations it could be hypothesized that although plaque T cells are of polyclonal 
origin, without strong evidence for clonal expansion, they can be activated by IL-15 in 
a non-antigen, but cell-contact-depdendent mechanism, thereby contributing to the 
process of atherosclerotic plaque development. 

Irrespective whether T cells are activated in an antigen dependent or non-antigen 
dependent manner, it is known that direct cell-to-cell contact between activated T cells 
and smooth muscle cells and/or macrophages can result in the (increased) production of 
mediators with plaque destabilizing potentials, such as MMPs and pro-inflammatory 
cytokines. Ligation of IL-15 and CD40 and their concomitant receptors IL-15R com
plex and CD40L appear to be intimately involved in the production of such mediators 
(Chapters 1 and 4). We analyzed the in vitro expression of CD40, IL-15 and IL-15Ra 
on peripheral blood derived monocytes and endatherectomy derived smooth muscle cells 
(Chapter 6). We observed by flow cytometry constitutive membrane-associated 
expression of CD40, IL-15 and IL-15Ra on monocytes, which was upregulated by 
IFN-y. Exposure to nLDL or oxLDL resulted only in an increase of membrane-
associated CD40. This suggests that oxLDL not only modulates inflammatory 
processes by the induction of macrophage-derived cytokines (e.g. IL-8, IL-12, MCP-1 ), 
but also affects these processes by the upregulation of surface molecules, such as 
CD40. Unstimulated smooth muscle cells showed constitutive expression of IL-15 and 
IL-15R0C, but not of CD40. This could implicate that in addition to monocytes/ 
macrophages, smooth muscle cells are involved in the activation of T cells by the 
(constitutive) expression of IL-15. Because IL-15 exerts its function by direct cell-to-
cell contact, it will be important to determine whether it is expressed as a (functional) 
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membrane-associated molecule on smooth muscle cells. 
Next to cell-contact dependent pathway(s), activated T cells are considered to be 

involved in the atherosclerotic process by secretion of cytokines, in particular that of 
IFN-y. Several in vitro studies have suggested a regulatory role for IFN-y in human 
atherosclerosis. Recent studies in hypercholesterolemic (ApoE"/_) mice have 
demonstrated that IFN-y plays a detrimental role in vivo, modulating both local (plaque 
environment) and systemic processes. It is widely believed that the aberrant expression 
of HLA-DR on smooth muscle cells provides circumstantial evidence for the local 
presence of IFN-y in atherosclerotic plaques.7 Furthermore, the observation that the 
majority of T cells express the chemokine receptor CXCR3, which is specifically 
expressed by Thl cells,8 is another indication that IFN-y could be locally produced in 
atherosclerotic lesions. Indeed, previous studies detected IFN-y protein in situ with 
immunohistochemistry and its corresponding mRNA with RT-PCR in human 
atherosclerotic plaques. In the immunohistochemical studies the IFN-y positive cells 
were assumed to be activated T cells. However, in a pilot study performed at our 
laboratory with a particular anti-IFN-y antibody (clone MD-2), strong staining of 
smooth muscle cells was found, whereas T cells appeared to be negative, as determined 
with immunosingle and double staining. Since T cells and natural killer cells are 
considered as the sole source of IFN-y,9 we tested the specificity and reproducibility of 
IFN-y immunohistochemistry more elaborately on tissue sections containing activated 
Fhl cells, with a large panel of anti-IFN-y antibodies («=13) (Chapter 5). IFN-y 

120 immunohistochemical single- and double staining analysis of the tissue sections 
revealed hugh variations in staining patterns, including smooth muscle cells, endothelial 
cells, extracellular matrix and a small subset of plasma cells. Specific staining of 
T cells, as the sole positive staining, was not achieved with any of the antibodies. The 
inability to stain T cells is likely due to leakage and/or sensitivity problems; intact 
in vitro stimulated T cells, with accumulated intracellular IFN-y, were readily stained, 
whereas these similar activated T cells were negative after cryosectioning. The staining 
of other cell types is likely non-specific and due to staining artifacts. This implies that 
previous studies demonstrating IFN-y with this similar technique in atherosclerotic 
lesions as well as in other tissues, should be interpreted with great caution, since the 
obtained staining signal is likely the result of staining artifacts. Alike IFN-y, other 
(T cellderived) cytokines, such as IL-2 and IL-4, are transiently produced in small 
amounts and secreted in the extracellular environment. Considering these physiological 
similarities, it can be suggested that the problems to detect IFN-y with 
immunohistochemical techniques might be also applicable to such cytokines. In 
addition, this might also (in part) explain why we were unable to detect IL-15 by 
smooth muscle cells in atherosclerotic lesions with immunohistochemistry, whereas we 
could readily detect IL-15 expression with flow cytometry in cultured smooth muscle 
cells. A possible explanation might be that (intracellular) IL-15 leaked out of the tissue 
during processing of cryosections as was demonstrated for IFN-y immunohisto
chemistry. 

Apart from T cell activation, there are indications for B cell activation in 
atherogenesis, as exemplified by the presence of immunoglobulins directed against 
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oxLDL in both serum and atherosclerotic plaque tissue. It is currently believed that 
such anti-oxLDL immunoglobulins are generated in (locally draining) lymph nodes. 
However, advanced atherosclerotic lesions often contain adventitial lymphoid 
infiltrates, which occasionally contain nodular aggregates resembling lymphoid 
follicles. The structural organization suggests that local maturation of B cells may take 
place at these sites, as described for the mucosa-associated lymphoid tissue (MALT) 
We evaluated this concept by studying the microanatomy and cellular composition of 
adventitial infiltrated associated with advanced atherosclerosis of the aorta (Chapter 7), 
We observed a close resemblance between adventitial lymphoid nodular infiltrates in 
advanced atherosclerosis and the tissues of MALT, signified by prominent HECA-452 
immunoreactivity of the endothelial cells within the follicles and the occurrence of large 
numbers of apoptotic cells associated with tingible body macrophages in the germinal 
center. This strongly suggests that these sites play a role in local generation of humoral 
immune response, likely initiated by antigens released during the process of long
standing atherosclerosis-associated plaque inflammation and concomitant local tissue 
injury. 

It is of additional interest that immunoreactive oxPC was found present in 
association with adventitial lymphoid aggregates, some of which with germinal-like 
centres (Chapter 3). Therefore it can be tentatively hypothesized that these infiltrates 
could serve as sites to evoke late humoral immune responses, directed to antigens 
generated in atherosclerotic plaque tissue, such as oxPC. These observations provide 
sufficient background to justify further investigations to localize (other) candidate 121 
antigens in these adventitial follicular centres, the more since there is accumulating 
evidence that immunoglobulins are intimately involved in the atherosclerotic process. 
To address this issue, it will also be important to study the variability of the heavy 
immunoglobulin chains of germinal centre-like B cells, as this could provide additional 
evidence for clonal proliferation and selection of B cells in adventitial germinal-like 
structures. In this respect it is noteworthy that by using above described technique 
features of clonal (B cell) proliferation and selection appeared to be operative in 
follicles without germinal centres in the synovial membrane of patients with rheumatoid 
arthritis.10 
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Samenvatting en conclusies 

De onderzoeken in dit proefschrift gaan over aspecten die betrokken zijn bij de 
activatie van lymfocyten in humane athérosclérose. Hoofdstuk 1 geeft de lezer hiertoe 
relevante achtergrond-informatie en redenen voor de betreffende onderzoeken. 

Sero-epidemiologische onderzoeken suggereren dat er een oorzakelijk verband 
bestaat tussen athérosclérose en infectie met Chlamydia (C.) pneumoniae; deze relatie 
wordt verder gesteund door immunohistochemische and DNA gerichte onderzoeken. De 
vraag blijft echter of C. pneumoniae als oorzakelijke agens of als 'bystander' fungeert. 
Hiertoe hebben we T lymfocyten geïsoleerd uit atherosclerotische lesies van de hals
slagader van patiënten met onstabiele angina en onderzocht op hun (specifieke) 
reactiviteit tegen C. Pneumoniae (Hoofdstuk 2). We vonden dat in deze patiënten 5 van 
de 8 T cel lijnen tegen C. pneumoniae specifieke 'elementary bodies' reageerden. Van 
deze T cel lijnen was 30% van de klonen reactief tegen C. pneumoniae, waarvan het 
overgrote deel (17/18, 96%) een Thl cytokine profiel vertoonde. Deze waarneming, in 
combinatie met immunohistochemische detectie van C. pneumoniae specieke antigenen 
in de lesies en serologische aanwijzingen voor een doorgemaakte infectie met 
C. pneumoniae, maakt het zeer aannemelijk dat C. pneumoniae als activator van 
T cellen fungeert in een subpopulatie van patiënten met onstabiele angina. Een recente 
studie liet zien dat ook T cellen uit het perifere bloed van patiënten met onstabiele 
angina en chronisch stabiele angina reageerden tegen C. pneumoniae specifieke anti
genen. Het lijkt dus dat C. pneumoniae zowel T cel gemedieerde immuun reacties in 123 
atherosclerotische lesies als T cellen in het serum kan activeren, ofschoon deze T cel 
activatie(s) niet noodzakelijkerwijs geassocieerd hoeft te zijn met acute klinische syn
dromen, zoals onstabiele angina. 

Naast C. pneumoniae zijn ook andere infectieuze agentia in verband gebracht 
met athérosclérose, zoals cytomegalovirus en Helicobacter pylori. In dit opzicht is het 
belangrijk dat recente onderzoeken hebben aangetoond dat de zogenaamde 'pathogenic 
burden', d.w.z. het aantal infectieuze pathogenen aan welke een persoon is blootgesteld, 
de kans op hart- en vaatziekten verhoogd. 

Naast mogelijke activatie door infectieuze agentia, zoals C. pneumoniae, wordt 
op basis van in vitro studies verondersteld dat oxidatie specifieke epitopen als activator 
van (T-) cel gemedieerde en humorale immuun reacties kunnen fungeren. We hebben de 
aanwezigheid van dergelijke epitopen in humane aortas in relatie tot ontstekingscellen 
onderzocht (Hoofdstuk 3). We vonden in de intima een duidelijke colocalisatie tussen 
'plaque' T cellen, macrofagen en geoxideerd fosfatidylcholine (ox-PC), een epitoop 
gevormd tijdens de oxidatie van LDL. Het feit dat apoB een duidelijke colocalisatie met 
ox-PC vertoonde, suggereert dat dit epitoop is geassocieerd met ox-LDL. Deze bevin
dingen zouden er op kunnen wijzen dat oxidatie specifieke epitopen ontstekings
processen kunnen onderhouden, en als mogelijke activator van (T-) cel gemedieerde 
immuun responsen kan fungeren. Een recent onderzoek liet zien dat immunohisto-
chemisch aangetoonde ox-PC in grotere mate aanwezig was in atherosclerotische lesies 
van patiënten met onstabiele angina als in patiënten met stabiele angina. Derivaten 



gevormd bij de oxidatie van ox-LDL kunnen cellulaire immuun reacties activeren. Daar 
we hebben aangetoond dat dergelijke derivaten (oxPC) vaak een colocalisatie vertonen 
met immuun competente cellen (macrofagen, T cellen), kan worden gespeculeerd dat 
verhoogde aanwezigheid van ox-PC in symptomatische lesies geassocieerd is met 
verhoogde activiteit van cellulaire immuun reacties. 

Naast antigeen afhankelijke T cel activatie, is aangetoond dat ('memory') 
T cellen kunnen worden geactiveerd door het cytokine IL-15, via een cel contact 
afhankelijk mechanisme, onafhankelijk van antigeen herkenning of cytokine productie. 
We hebben de aanwezigheid van IL-15 onderzocht in atherosclerotische lesies in relatie 
tot plaque morfologie, onstekingscellen, T cel activatie en oxidatie specifieke epitopen 
(Hoofdstuk 4). We vonden sterke expressie van IL-15 mRNA en membraan-geassoci
eerde eiwit in associatie met macrofagen in vet-rijke lesies. Naast een duidelijke 
colocalisatie tussen ox-LDL en IL-15, werden aanzienlijke aantallen geactiveerde 
(CD40L+) T cellen in de directe omgeving van IL-15 positieve macrofagen gevonden. 
Bovendien lieten T cel lijnen, geïsoleerd uit atherosclerotische lesies, een sterke 
activatie onder invloed van IL-15 zien. Deze waanemingen suggereren dat antigeen-
onafhankelijke T cel activatie kan plaats vinden in atherosclerotische plaques. 

Op basis van de resultaten van de onderzoeken beschreven in de 
Hoofdstukken 2-4 kan worden geconcludeerd dat T cellen afkomstig van 
atherosclerotische plaques reactief kunnen zijn tegen infectieuze agentia dan wel tegen 
van plaque afkomstige antigenen (beide antigeen afhankelijk), of IL-15 (antigeen 

124 onafhankelijk). Hoewel het in vitro bewezen is dat plaque afkomstige antigenen en 
infectieuze antigenen T cellen kunnen activeren, is het onduidelijk of dit ook gebeurd in 
vivo. Dit mede, daar er op basis van 'T cel receptor rearrangement analysis' geen 
overtuigend bewijs is geleverd dat T cellen afkomstig uit gevorderde atherosclerotische 
lesies (antigeen geïnduceerde) clonale celdelingen vertonen. Bovendien is het aantal 
IL-2 receptor positieve T cellen, indicatief voor clonale expansie, relatief laag in 
atherosclerotische lesies. Op basis van deze bevindingen kan de hypothese worden 
geformuleerd dat polyclonale T cellen in atherosclerotische lesies worden geactiveerd 
door locaal aanwezig IL-15 in een antigeen onafhankelijke, maar cel-contact afhanke
lijke manier, en daarmee kunnen bijdragen aan het atherosclerotisch proces. 

Onafhankelijk van het feit of T cellen in atherosclerotische lesies via een antigeen 
afhankelijke dan wel antigeen onafhankelijke manier worden geactiveerd, is het bekend 
dat direct cel contact tussen geactiveerde T cellen en gladde spiercellen en/of 
macrofagen kan resulteren in de productie van mediatoren met plaque destabiliserende 
activiteit, zoals MMPs en pro-inflammatoire cytokines. Ligatie van IL-15 en CD40 met 
hun overeenkomstige receptoren IL-15 receptor complex en CD40L zijn nauw betrok
ken bij de productie van dergelijke mediatoren (Hoofdstukken 1 en 4). We onderzoch
ten de in vitro expressie van CD40, IL-15 en IL-15Roc uit perifeer bloed geïsoleerd 
monocyten en uit atherectomie verkregen gladde spiercellen (Hoofdstuk 6). Met flow 
cytometry (FACS) werd op de monocyten een continue membraan-geassocieerde 
expressie van CD40, IL-15 en IL-15 Ra waargenomen, welke door IFN-ywerd 
verhoogd. Blootstelling aan n-LDL of ox-LDL resulteerde alleen in een verhoging van 
CD40. Dit laatste suggereert dat ox-LDL niet alleen ontstekingsprocessen moduleert 



via de (verhoogde) productie van monocyt/macrofaag afkomstige pro-inflammatoire 
cytokines (b.v. IL-8, IL-12, MCP-1), maar ook door verhoogde expressie van 
membraan-geassocieerde moleculen, zoals CD40. Gekweekte, ongestimuleerde gladde 
spiercellen lieten een continue expressie van IL-15 en IL-15Ra zien, maar niet van 
CD40. Dit zou kunnen betekenen dat naast monocyten/macrofagen, ook gladde spier
cellen betrokken zijn bij de activatie van T cellen als gevolg van (continue) IL-15 
expressie. Omdat IL-15 voor zijn functie afhankelijk is van direct cel contact zal het 
van belang zijn om te bepalen of IL-15 op de (cel)membraan van gladde spiercellen tot 
expressie komt. 

Naast cel contact afhankelijke routes, worden geactiveerde T cellen van belang 
geacht voor het atherosclerotische proces door de uitscheiding van cytokines, en in het 
bijzonder dat van IFN-y. Verscheidene in vitro onderzoeken suggereren dat IFN-y een 
belangrijke regulatoire rol kan spelen bij humane athérosclérose. Recente onderzoeken 
in (ApoE-'-) muizen met experimenteel geinduceerde athérosclérose hebben laten zien 
dat IFN-y in vivo het atherosclerotische proces verergerd, waarbij het zowel lokale 
processen in de lesie als ook systemische processen moduleert. Er wordt in het alge
meen aangenomen dat afwijkende expressie van HLA-DR op gladde spiercellen in 
atherosclerotische plaques een (indirect) bewijs is voor locale expressie van IFN-y 
Bovendien is de waarneming dat de meerderheid van T cellen in atherosclerotische 
lesies de chemokine-receptor CXCR3 tot expressie brengt, eveneens een (indirecte) 
indicatie dat IFN-y locaal in de lesie wordt geproduceerd, daar deze receptor specifiek 
op Thl cellen voorkomt. Directe aanwezigheid van IFN-y in situ is aangetoond op eiwit \ 25 
niveau met immunohistochemie en op mRNA niveau met RT-PCR in humane 
atherosclerotische lesies. In de immunohistochemische studies werden de IFN-y posi
tieve cellen beschouwd als geactiveerde T cellen. Echter, een 'pilot-study' in ons 
laboratorium toonde met immunohistochemische enkel- en dubbel kleuringen met een 
anti-IFN-y antilichaam (kloon MD-2) aan dat T cellen niet, maar gladde spiercellen wel 
sterk positief waren in atherosclerotische lesies. Omdat T cellen en 'natural killer' 
cellen als de enige bron van IFN-y worden beschouwd, was het wenselijk om de 
specifiteit en reproduceerbaarheid van andere anti-IFN-y antilichamen (n=13) voor 
immunohistochemische toepassingen te onderzoeken op weefsels met geactiveerde Thl 
cellen (Hoofdstuk 5). Immunohistochemische enkel- en dubbel kleuringen toonden een 
grote variatie in weefselaankleuring voor IFN-y, waaronder gladde spiercellen, 
endotheel, extracellulaire matrix en een subpopulatie van plasma cellen. Echter, (speci
fieke) aankleuring van T cellen werd met geen enkel van de anti-IFN-y antilichamen 
gevonden. Het feit dat T cellen niet aankleurden is (mogelijk) het gevolg van lekkage 
en/of gevoeligheidsproblemen; intacte in vitro gestimuleerde T cellen, met opgehoopte 
intracellulaire IFN-y, kleurden duidelijk aan, terwijl deze T cellen negatief waren na 
aansnijden als ingevroren weefselcoupe. De aankleuring van de diverse andere cellen is 
waarschijnlijk niet specifiek en het resultaat van (kleurings) artefacten. Dit betekent dat 
de verkregen resultaten uit eerdere onderzoeken waar IFN-y immunohistochemisch 
werd aangetoond in diverse weefsels, waaronder athérosclérose, met grote voorzichtig
heid moeten worden geïnterpreteerd, daar het zeer waarschijnlijk is dat de verkregen 
aankleuringen het resultaat zijn van (kleurings) artefacten. Evenals IFN-y zijn er ook 



diverse andere (T cel afkomstige) cytokines die in kleine hoeveelheden worden uitge
scheiden, en een korte levensduur hebben, zoals IL-2 en IL-4. Op basis van deze 
fysiologische overeenkomsten is het aannemelijk dat de problemen welke werden 
ondervonden bij de immunohistochemisehe detectie van IFN-y ook van toepassing zijn 
op (fysiologisch) vergelijkbare cytokines. Daarnaast kan het zogenaamde lek-probleem 
ook een verklaring zijn waarom IL-15 niet te detecteren viel met immunohistochemie in 
gladde spiercellen in atherosclerotische weefsels, terwijl ditzelfde cytokine een sterke 
aankleuring gaf met flow cytometry in gekweekte gladde spiercellen. Mogelijk dat 
(intracellulair) IL-15 tijdens het snijden van de cryocoupes uit het atherosclerotische 
weefsel lekte, zoals voor IFN-y is aangetoond. 

Naast T cel activatie, zijn er aanwijzingen voor B cel activatie in het 
atherosclerotische proces, wat kan worden afgeleid uit de aanwezigheid van 
immunoglobulines (antilichamen) in zowel het serum als atherosclerotische lesie, welke 
zijn gericht tegen ox-LDL. Het idee bestaat dat dergelijke anti-ox-LDL gerichte 
antilichamen worden gevormd in (lokaal drainerende) lymfknopen. Echter, gevorderde 
atherosclerotische lesies bevatten vaak adventitïele lymfoïde infiltraten, welke soms 
nodulaire morfologie vertonen, gelijkend op follikels in het lymfestelsel. De morfologie 
van dergelijke infiltraten suggereert dat (locale) rijping van B cellen kan plaats vinden, 
zoals bekend is voor mucosa-geassocieerd lymfoïd weefsel (MALT). We hebben dit 
concept geëvalueerd door de micro-anatomie en cellulaire opbouw van adventitïele 
infiltraten te bestuderen, die met gevorderde athérosclérose van de aorta zijn geassoci-

126 eerd (Hoofdstuk 7). We vonden grote overeenkomsten tussen adventitïele lymfoïde 
nodulaire infiltraten in gevorderde athérosclérose en weefsels van het MALT, gespecifi
ceerd door duidelijke immunohistochemische aankleuring van HECA-452 op het 
endotheel in follikels en de aanwezigheid van met 'tingible body' macrofagen geassoci
eerde apoptotische cellen in de kiemcentra. Deze bevindingen zijn zeer suggestief dat 
nodulaire adventitïele lymfoïde infiltraten een rol spelen bij de vorming van humorale 
immuun reacties, mogelijk aangezet en gericht tegen antigenen, welke vrijkomen bij het 
proces van langdurende en atherosclerose-gerelateerde plaque ontsteking en 
bijbehorende weefsel beschadiging. Het is daarnaast interessant dat immunoreactief 
oxPC werd aangetoond in associatie met adventitïele lymfoïde aggregaten, waarvan 
sommige met kiemcentrum-achtige structuur (Hoofdstuk 3). Derhalve kan met enige 
voorzichtigheid de hypothese worden geformuleerd dat dergelijke infiltraten kunnen 
dienen voor de vorming van 'late' humorale immuun reacties, gericht tegen 
atherosclerose-gerelateerde antigenen, zoals oxPC. Deze waarnemingen geven ons 
inziens voldoende 'back-up' voor vervolg-onderzoek naar antigenen welke zijn 
geassocieerd met adventitïele folliculaire centra, mede daar er steeds meer aanwijzingen 
zijn dat Immunoglobulinen nauw betrokken zijn bij het atherosclerotische proces. Om 
dit te onderzoeken is het van belang om de variabiliteit van de zware Immunoglobuline 
keten van B cellen te bepalen, afkomstig uit kiemcentra-achtige structuren in de 
adventitia, daar dit aanvullend bewijs kan vormen voor clonale delingen en selectie van 
B cellen in dergelijke structuren. 



Samenvatting voor niet-ingewijden 

Athérosclérose ("aderverkalking") is een ziekte die zich afspeelt in de wand van 
bloedvaten. Hierbij ontstaan lokale ophopingen van vet, bindweefsel en kalk in de 
binnenbekleding (de intima) van de vaatwand: zogenaamde atherosclerotische plaques. 
De groei van deze plaques begint reeds op jonge leeftijd, en is langzaam progressief, 
vooral onder invloed van riscofactoren zoals roken, hypercholesterolemie, suikerziekte 
en verhoogde bloeddruk. Deze plaques groeien niet in aders, maar alleen in slagaders, 
zoals de grote buikslagader, de kransslagaderen van het hart en ook de slagaders die de 
hersenen van bloedvoorzien. Gevaarlijke complicaties kunnen optreden wanneer een 
van de plaques in een bloedvat scheurt, en zich op de plaats van de scheur een 
bloedstolsel vormt. Hierdoor raakt het bloedvat gedeeltelijk of geheel afgesloten, met 
zuurstoftekort of zelfs weefsel versterf (infarct) in het betreffende orgaan als gevolg. Zo 
ontstaat feitelijk een hartinfarkt (plaque scheur in een van de krans slagaderen), maar 
ook sommige vormen van beroerte (plaque scheur in een van de hals- of hersenvaten). 
Het is belangrijk een beter inzicht te krijgen in de factoren die bijdragen aan de 
ontwikkeling van athérosclérose, daar deze hart- en vaatziekten de belangrijkste doods
oorzaak vormen in de Verenigde Staten, Europa en tegenwoordig ook in toenemende 
mate in grote delen van Azië. 

Inmiddels is bekend geworden dat in atherosclerotische plaques ook ontstekings
reacties optreden. Bovendien is gebleken dat deze ontsteking mede verantwoordelijk is 
voor het scheuren van plaques, en dientengevolge het ontstaan van bijvoorbeeld een 
hartinfarkt. Ontstekingscellen zijn de cellen van het afweersysteem van het lichaam. Zij 
dienen ervoor om lichaamsvreemde produkten, bijvoorbeeld een bacterie of virus, 
onschadelijk te maken. In sommige gevallen richten ontstekingscellen zich tegen (veran
derde) lichaamseigen stoffen: we spreken dan van een overgevoeligheidsreaktie. Hoe de 
ontstekingsreakties in plaques precies verlopen, en met name welke factoren de ontste
king kunnen initiëren is onduidelijk. In mijn promotie onderzoek, van de resultaten in dit 
boek beschreven zijn, heb ik mij gericht op deze vragen. Hierbij is speciaal de aandacht 
gericht op lymfocyten, witte bloedcellen die in staat zijn een "geheugen" op te bouwen 
voor bepaalde schadelijke antigenen, en voorts middels de secretie van bepaalde eiwit
ten, cytokinen, andere ontstekingscellen kunnen aansturen. 

Uit de in dit proefschrift beschreven studies komt naar voren dat T lymfocyten 
geïsoleerd uit atherosclerotische plaques van sommige patiënten (circa de helft van de 
patiënten in onze serie) geactiveerd kunnen worden door componenten van de long-
bacterie Chlamydia pneumoniae. Dit betekent dat infektie met deze bacterie bij deze 
patiënten met een positieve test ontsteking in atherosclerotische plaques teweeg kan 
brengen. Studies waarbij gebruik werd gemaakt van gekleurde weefsel coupes van 
plaques lieten zien dat T cellen vaak gevonden werden in gebieden met geoxideerde 
vetten (ox-LDL), eveneens een stof waarvan bekend is dat het tot ontsteking kan leiden. 
Daarnaast toonden wij aan dat T cellen via het cytokine (signaleringsmolecuul) IL-15 
kunnen worden geactiveerd en dat lymfocyten in weefselcoupes van plaques vaak in de 
nabijheid van IL-15 kunnen worden waargenomen. Een belangrijke bevinding, want 



deze suggereert dat T cellen in plaques ook onafhankelijkheid van antigenen kunnen 
worden geactiveerd. Een dergelijk type ontsteking is ook bij andere ziektebeelden 
waargenomen, zoals reumatoïde arthritis (chronisch reuma). 

Andere voor athérosclérose belangrijke ontstekingsmediatoren die wij onder
zochten waren CD40 en interferon-gamma (IFN-y). Gebruik makend van weefsel
kweken vonden wij dat de expressie van CD40 op makrofagen ("vreetcellen") door 
(geoxideerde) vetten wordt verhoogd. Dit suggereert dat vetten naast activatie van 
T cellen ook via deze route het atherosclerotische proces kunnen beïnvloeden. We 
hebben daarnaast aangetoond dat de methodiek om locale aanwezigheid van het T cel-
cytokine IFN-y in plaques aan te tonen niet betrouwbaar is. Dit zet resultaten van 
eerdere studies waarin met dezelfde methode IFN-y werd aangetoond, en wellicht 
daarmee de rol van IFN-y in atherosclerotische plaques, in een ander daglicht. 

Fen slotte is aangetoond dat in de late fase van het atherosclerotische proces in de 
dieper gelegen lagen van de vaatwand (adventitia) follikelachtige structuren worden 
gevormd. De functie van dergelijke structuren in lymfoïd weefsel is het lichaam te 
beschermen tegen lichaamsvreemde substanties (antigenen). Dit laatste suggereert dat 
zich dergelijke processen ook in de late fase van het atherosclerotisch proces kunnen 
afspelen, alhoewel dit nader onderzocht moet worden. Samenvattend heeft dit promotie 
onderzoek bijgedragen aan het inzicht dat ontsteking in plaques een zeer complex 
gebeuren is; een aantal aspecten daarvan zijn opgehelderd, maar er blijven nog veel 
vragen over. 
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Curriculum Vitae 

De schrijver van dit proefschrift zag voor het eerst het daglicht op 28 december 
1970 te Laren (NH). Hier bracht hij zijn jeugd door en volgde basisonderwijs aan de 
Goede Herder School te Laren. In 1983 ging hij naar het Alberdingk Thijm College te 
Hilversum waar hij het VWO volgde. In deze periode volgde hij in zijn vrije tijd teken
lessen bij Frater Beatus en wisselde hij het voetballen af met waterpolo. Vanaf 1989 
volgde hij de studie Biologie in Utrecht, met als specialisatie medisch-gerichte biologie. 
De afstudeerstage's werden doorlopen bij de afdeling Moleculaire Genetica aan de 
Universiteit van Utrecht olv. Dr M. Koster en de afdeling Immuno-haematologie in het 
huidige UMC te Utrecht olv. Dr G. Boland. Zijn scriptie-onderwerp werd afgelegd bij 
de afdeling reumatologie in het zelfde ziekenhuis olv. Dr J. van Roon. Na afronding van 
de studie Biologie werkte hij eerst 2 maanden als vrijwilliger (nul-aanstelling) bij de 
afdeling Huidpathologie van het AMC te Amsterdam olv. Dr C. Verhagen. Daarna 
werd hij werkzaam als assistent in opleiding (AIO) bij de vakgroep Cardiovasculaire 
Pathologie in het AMC olv. Prof. Dr A.E. Becker en Dr A.C. van der Wal, alwaar het 
hier beschreven werk werd uitgevoerd. Sinds 1 september 2001 is hij werkzaam in 
Utrecht als immunohistochemicus bij het biotechnologie bedrijf Genmab B.V. 
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Ab antibody MALT 
AEC 3-amino-9-ethylcarbazole MCP-1 
AP alkaline phosphatase M-CSF 
ApoB apolipoprotein B 

Apo E apolipoprotein E MDA-LDL 

Apo E"'" genetically deficient for 
apolipoprotein E MHC 

AS atherosclerotic Mig 

B cell Bone marrow derived cell MMPs 

bFGF basic fibroblast growth factor NK-cell 

CD cluster of differentiation nLDL 

CCR CC-chemokine receptor OxLDL 

Cpm counts per minute PC 

CXCR CXC-chemokine receptor PDGF 

EGF epidermal growth factor PHA 

ELISA enzyme-linked immunosorbent RA 
assay RAG 

FACS flourescence activator cell sorter RT-PCR 
FITC fluorescein isothiocyanate 
GALT gut associated lymphoid tissue SCID 

HDL high density lipoprotein 

HEVs high endothelial venules SI 

HRP horseradish peroxidase SMC 

HSP heat shock protein SR 

IAAA inflammatory abdominal aortic Tcell 

aneurysm TCR 

ICAM-I intercellular adhesion molecule-1 TGFß 

IFN-y interferon-gamma T h ( l / 2 ) 

IFN-Y-R" genetically deficient for IFN- TNF-a 

gamma-receptor TIMP 
IgG immunoglobulin G (also IgM) 
IL-1 interleukin-1 (also IL-2, IL4 etc.) TUNEL 

IH immunohistochemistry 
ISH in situ hybridization VALT 

I-TAC IFN-gamma-inducible T cell VCAM-1 

chemoattractant VEGF 

IP-10 IFN-gamma inducible protein VLA 

LDL low density lipoprotein 
LDL-R'- genetically deficient for low 

density lipoprotein-receptor 
LysoPC lysophosphatidylcholine 
LPS lipopolysaccharide 
Mab monoclonal antibody 

mucosa-associated lymphoid tissue 
monocyte chemotactic protein-1 
macrophage-colony stimulating 
factor 

malondialdehyde-low density 
lipoprotein 

major histocompatibility complex 

monokine induced by IFN-gamma 

matrix metalloproteinases 

natural killer cell 

'normal' low density lipoprotein 

oxidized low density lipoprotein 

phosphatidylcholine 

platelet derived growth factor 

phytohemagglutinin 

rheumatoid arthritis 

recombinase activating gene 

reverse transcriptase-poly chain 
reaction 

severe combined 
immunodeficiency 

stimulation index 

smooth muscle cell 

scavenger receptor 

Thymus derived lymphocyte 

T cell receptor 

transforming growth factor-beta 

T helper cell (subset 1 or 2) 

tumor necrosis factor-alfa 

tissue inhibitors of 
metalloproteinases 

TdT mediated dUTP-biotin nick 
end labelling 

vascular associated lymphoid tissue 

vascular cell adhesion molecule-1 

vascular endothelial growth factor 

very late antigen 



Nawoord 

De apotheose van dit proefschrift: het nawoord. Wat hoort hier eigenlijk in thuis: 
persoonlijk denk ik alles wat er (in)direct toe heeft bijgedragen tot de totstandkoming 
van dit proefschrift. Prof. Dr Jan Smits, jij hebt er mede voor gezorgd dat ik uiteindelijk 
toch AIO ben geworden. Bedankt voor de stimulerende gesprekken, etc. Dr Cees de 
Groot. Jij was degene die mij in contact bracht met Dr Pran Das, waar ik twee maanden 
mocht werken. Ik wil Pran bedanken voor het in mij gestelde vertrouwen en zijn typisch 
Indiase (?) humor, (vliegende kippen in een vliegtuig - dat kan alleen in India!?). 

Prof. Dr Anton E. Becker, 5 jaar geleden kwam ik bij jullie binnen en wist niet 
wat me te wachten stond. Het is een cliché, maar de tijd is omgevlogen. Door je enorme 
optimisme en scherpzinnigheid, liet jij mij de zaken ook van een andere kant zien. Je 
stimuleerde mij, vaak doorspekt met scherpe humor. Je zakelijke en resultaat gerichte 
aanpak hebben er voor gezorgd dat niet al te veel werk onafgemaakt is blijven liggen. 

Dr Allard C. van der Wal wil ik graag bedanken voor de dagelijkse begeleiding 
en prettige samenwerking. Je nuchtere en vriendelijke geaardheid, droge humor en grote 
vakkennis, waren voor mij van grote waarde. Ik heb veel van je geleerd. 

De promotiecommissie: Dr M. Kockx, prof. Dr M.M. Levi, prof Dr A.F.M. 
Moorman, Dr J.W.M. Niessen en prof. Dr C.J.F, van Noorden, ben ik zeer erkentelijk 
voor de tijd die zij hebben geïnvesteerd in het beoordelen van dit proefschrift. 

Marsha Schenker, steun en toeverlaat van velen op de CVPath. Het was fijn om 
met je samen te werken. Ik wil je bedanken voor de vanzelfsprekende hulp bij alle zaken 131 
rondom mijn promotie. 

Alle mensen van de CVPath bedankt: Dr Onno de Boer (voor de hulp bij diverse 
kweek- en computer-aangelegenheden), Hanneke Ploegmakers (de coupe-koningin), Dr 
Chris van der Loos (voor de vriendschappelijke samenwerking en overbrengen van je 
immunohistochemische kennis), Peter Teeling ('kweek'-maatje), Peter van Rooij (voor 
je vanzelfsprekende hulp en je pikante mopjes), Elles (nieuwe aanwinst). Dr in spé 
Martijn Meuwissen wil ik bedanken voor de gezelligheid en leuke discussies in de 
laatste fase van mijn verblijf op de CVPath. 

In addition, I would like to thank all the foreign guests for their contribution to 
enrich the CVPath with their cultural background. In this respect I want to mention 
some names: Ben Klein (Canada), Heike Göbel (Germany), Rosa Henriques de Gouveia 
(Portugal), and all (ex) Japanese colleagues. 

Prof. Dr Antoon EM. Moorman en Piet de Boer van de vakgroep Anatomie en 
Embryologie wil ik bedanken voor de hulp bij het leren van in situ hybridisatie en 
interesse in mijn onderzoek. 

Van de Pathologie wil ik diegene bedanken die me (in)direct hebben geholpen, 
waarbij ik een aantal mensen bij naam wil noemen. Wilfried Meun, voor je hulp bij het 
maken en verfraaien van de vele micro's. Mijntje Aarts (NIH-girl) en Richard Bende 
(oranje blouse broeder), voor de vriendschappelijke samenwerking en Cynthia (relax-
punt). Voorts dank ik Marjon voor de hulp bij de PCR, Nike voor het beantwoorden 
van vragen over van alles en nog wat, Bert ('de peetvader'), en Mitja (nu is het jouw 
beurt). 



Voor mijn ontspanning bedank ik de mensen met wie ik vele uren heb versleten in 
Parnassos bij de diverse zang-, toneel- en musical-lessen en uitvoeringen, als ook de 
voetballers van Velox voor de (vaak) gezellige zondagmiddagen in en rond het voetbal
veld. 

Dank ook aan de nieuwe collega's van Genmab voor het hartelijke ontvangst. 
Mijn paranimfen (vader) Jos Spier en (Dr) Duur Aanen dank ik vanaf deze plek 

voor jullie vriendschap. Ik ben er trots op dat ik jullie vriend mag zijn en vind het enorm 
leuk dat jullie me terzijde willen staan bij dit voor mij belangrijke moment. Piet, 
Marijke en Maarten bedank ik voor de interesse in mijn promotie-onderzoek en bijbeho
rende verhalen. 

Naast vrienden, kennissen en aanverwanten, zijn het ook mijn ouders, broer en 
oma geweest die mij altijd hebben gestimuleerd mijn talenten te gebruiken. David, voor 
de nimmer aflatende interesse in mijn werk, broederlijke vriendschap en hulp bij de 
allerlaatste loodjes. Lieve oma, je was altijd geïnteresseerd in wat ik allemaal uitvoerde. 
Uitleg geven over mijn onderzoek wil ik net zoveel en vaak als je wilt horen. Hans en 
Marianne, jullie hebben mij in de periode voor en tijdens mijn promotie altijd enorm 
gesteund door zaken te relativeren en deze vanuit een ander perspectief te bekijken. 
Enorm bedankt hiervoor! De lay-out en opmaak was in goede handen bij David en 
Hans; ik vind het resultaat erg mooi. Drukkerij van Wijland zorgde voor een perfect 
stukje drukwerk. 

Tot slot, Astrid, jouw pad kruiste het mijne. Ik ben je dankbaar voor het vele 
132 geduld dat j e opbracht gedurende deze drukke en zeker niet altij d eenvoudige periode. 

Een dikke knuffel! 

Mischa 
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