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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). 
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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 
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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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