1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Atherosclerosis. Author manuscript; available in PMC 2018 December 01.

Published in final edited form as:
Atherosclerosis. 2017 December ; 267: 90-98. doi:10.1016/j.atherosclerosis.2017.10.003.

Ex vivo culture of human atherosclerotic plagues: A model to
study immune cells in atherogenesis

Anna Lebedeval, Daria Vorobyeval, Murad Vagidal, Oxana Ivanoval, Eugeny Felker?,
Wendy Fitzgerald?, Natalya Danilova2, Vladimir Gontarenko?, Alexander Shpektorl, Elena
Vasilieval”*, and Leonid Margolis?

1L aboratory of Atherothrombosis, Moscow State University of Medicine and Dentistry, Moscow,
Russia

2Section on Intercellular Interactions, Eunice Kennedy Shriver National Institute of Child Health
and Human Development, National Institutes of Health, Bethesda, Maryland, USA

3Department of Clinical Pathology, Lomonosov Moscow State University, Moscow, Russia

“Department of Vascular Surgery, A.V. Vishnevsky Institute of Surgery, Moscow, Russia

Abstract

Background and aims—The mechanisms that drive atherosclerotic plaque progression and
destabilization in humans remain largely unknown. Laboratory models are needed to study these
mechanisms under controlled conditions. The aim of this study was to establish a new ex vivo
model of human atherosclerotic plaques that preserves the main cell types in plaques and the
extracellular components in the context of native cytoarchitecture.

Methods—Atherosclerotic plaques from carotid arteries of 28 patients undergoing carotid
endarterectomy were dissected and cultured. At various time-points, samples were collected and
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analysed histologically. After enzymatic digestion, single cells were analysed with flow cytometry.
Moreover, tissue cytokine production was evaluated.

Results—We optimised the plaque dissection protocol by cutting plaques into circular segments
that we cultured on collagen rafts at the medium-air interface, thus keeping them well oxygenated.
With this technique, the relative presence of T and B lymphocytes did not change significantly
during culture, and the sizes of lymphocyte subsets remained stable after day 4 of culture.
Macrophages, smooth muscle cells, and fibroblasts with collagen fibres, as well as both T and B
lymphocyte subsets and CD16 natural killer cells, remained largely preserved for 19 days of
culture, with a continuous production of inflammatory cytokines and chemokines.

Conclusions—Our new model of ex vivo human atherosclerotic plaques, which preserves the
main subsets of immune cells in the context of tissue cytoarchitecture, may be used to investigate
important aspects of atherogenesis, in particular, the functions of immune cells under controlled
laboratory conditions.
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Introduction

Atherosclerosis and its cardiac and cerebral complications are the leading causes of death
from cardiovascular diseases. For a long time, accumulation of modified lipoproteins within
the arterial wall was considered to be the main cause of atherosclerotic disease [1]. More
recently, however, cells of various types, such as smooth muscle cells, macrophages, and T
cells, have been found to play an important role in atherosclerotic plaque formation [2].
Moreover, a currently accepted theory of atherogenesis emphasizes the role of immune
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system activation caused by oxidized lipoproteins, which activate endothelial cells (as do
other foreign agents within the vascular wall) [3,4]. It is thought that immune cells are
attracted by chemokines, which are produced by activated endothelial cells, and migrate into
the subendothelium, where they proliferate, leading to atherosclerotic plaque progression
[2,5-7].

The role of immune cells in the growth of plaques has been confirmed in experimental
models on immunodeficient mice, as well as from the presence of autologous antibodies
against oxidized low density lipoproteins in atherosclerotic plaques [8,9]. In our earlier
work, we demonstrated T lymphocyte activation in human atherosclerotic plaques in
comparison with the blood of the same patients [10], thus providing further evidence for the
involvement of the immune system in atherogenesis.

Despite plentiful evidence for the critical role of the immune system in atherosclerosis,
many important aspects of this phenomenon remain unknown. The lack of this knowledge is
in part due to limitations on access to human atherosclerotic plaques /n vivo, while animal
models are often not adequate because of differences in structures of arterial walls [11,12].
In vitro laboratory-controlled systems are required for the study of atherosclerotic plaque
formation and rupture. Several such models with cells of only one or two types cultured
together have been suggested [13,14]; however, none of them faithfully reproduces the
whole range of intercellular interactions within human atherosclerotic plaques [15,16].

Here, we describe a new ex vivo model of human atherosclerotic plaques, which preserves
the main cell types of plaques /in vivo, together with the general tissue cytoarchitecture. We
think that this model may prove useful for investigation of immune cell function in
atherogenesis and for development of novel therapeutic approaches to atherosclerosis
treatment.

Materials and methods

Patients

For a detailed description of the Materials and methods see Supplementary Data.

We collected atherosclerotic plaques from carotid arteries of 28 patients with peripheral
artery disease, undergoing carotid endarterectomy because of extended atherosclerosis (19
men and 9 women; mean age + standard deviation = 65.4 + 8.5 years). The degree of carotid
artery stenosis varied from 65% to 90% (median 90.0%, interquartile range (IQR) 73.8% to
90.0%). Ten patients suffered from transient ischemic attack or stroke within 5 years before
surgery, and more than half of all plaque specimens (60.7%) were ruptured, as determined
from macroscopic evaluation. All patients’ characteristics are presented in Supplementary
Tablel.

This protocol was approved by the A.l. Yevdokimov Moscow State University of Medicine
and Dentistry Ethics Committee. All the participants provided written informed consent.
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Tissue processing

Histology

Our work was based on the pioneer work of Dr. Hoffman [17,18], who developed the
technique of histoculture that makes possible maintenance of blocks of mammalian tissues
for weeks at the air-liquid interface.

According to the protocol, surgical atherosclerotic plaque samples were dissected and
divided into three parts: one part of the material was fixed in 4% formaldehyde (Pierce,
Thermo Fisher Scientific, Waltham, MA, USA, cat. 28908) and embedded in paraffin for
histological examination, the second part was digested with an enzymatic cocktail into a
single-cell suspension for flow cytometry. The third part was dissected, placed on a wetted
collagen sponge raft (Pfizer, New York, NY, USA, cat. 0315-08) at the medium-air
interface, and cultured. After one day of culture, and then every 3" day, culture medium was
collected and replaced with fresh medium. Every 3™ day, several tissue blocks were
analysed histologically and by means of flow cytometry.

Histology, histochemistry, and immunohistochemistry were performed according to standard
techniques. We focused on several cell types that could not be properly isolated from
plaques by enzymatic treatment and thus were not analysed with flow cytometry. In
particular, we assessed fibroblasts and collagen tissue, macrophages, and smooth muscle
cells, using Masson’s Trichrome staining (Agilent Technologies, Santa Clara, CA, USA, cat.
AR17392-2), antibodies against CD68 (clone KP1, Agilent Technologies) and a-smooth
muscle actin (a-SMA) (clone 1A4, Agilent Technologies), respectively.

We analysed the concentration of 34 cytokines and chemokines in culture medium from
plaque explants using an original multiplex bead array assay developed by us. Briefly,
samples were serially diluted in assay buffer; 50 uL of each sample was added to the well
with 50 pL of bead mixture and incubated overnight at 4°C in 96-well flat bottom plates.
The plates were washed twice with 200 L of assay buffer. The beads were then resuspended
in 50 uL of assay buffer containing biotinylated polyclonal antibodies against the measured
proteins for 1 hour at RT. The plates were washed twice with PBS, the beads were
resuspended in 50 pL per well of assay buffer with streptavidin-PE at 16 pg/mL (Molecular
Probes, Thermo Fisher Scientific, cat. S866). The plates were read on a Luminex-100
platform and analysed with the Bioplex Manager software (Bio-Rad, Hercules, CA, USA).

Flow cytometry

To isolate T cells from atherosclerotic plaques with minimal stripping off of cell surface
markers, we digested plaques with an enzymatic cocktail according to our previously
developed method with minor changes [10]. Briefly, blocks of cultured plaques were
weighed and then cut into cubes with 2-mm sides. Tissues were digested by an enzymatic
mixture: RPMI 1640 Advanced (Gibco, Thermo Fisher Scientific, cat. 12633012) with
collagenase XI from Clostridium histolyticum at 1.25 mg/ml (Sigma-Aldrich, Saint-Loius,
MS, USA, cat. C9697) and desoxyribonuclease I at 0.2 mg/ml (Sigma-Aldrich, cat. D5319).
Isolated cells were stained with monoclonal antibodies against clusters of differentiation
(CD) 45 (PE-Cy7, eBioscience, cat. 25-0459), CD3 (PerCP-Cy5.5, eBioscience, Thermo
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Fisher Scientific, cat. 45-0037), CD19 (PE, eBioscience, cat. 12-0199), CD4 (APC-eFluor
780, eBioscience, cat. 47-0048), CD8a. (eFluor 450, eBioscience, cat. 25-0087), and CD16
(FITC, eBioscience, cat. 11-0168). We estimated the number of cells per 100 mg of tissue
using AccuCheck Counting Beads (Thermo Fisher Scientific, cat. PCB100). Flow cytometry
was performed on BD FACS Canto Il and FACS Aria Il (Becton Dickinson Biosciences, San
Jose, CA, USA). Data were acquired with Diva 6 and 8 and analysed with FlowJo 9.4 and 10
(Tree Star, Ashland, OR, USA). A flowchart of experiments is provided in Supplementary
Fig.2.

Statistical analyses

Results

The data obtained in the present study were not normally distributed, according to the
Shapiro-Wilk test, and are presented as medians and IQR. Since distributions were not
normal, for comparison of two independent groups we used the Mann-Whitney rank test,
and for dependent groups we used the Wilcoxon matched pair test, Friedman ANOVA, and
Kendall test. To assess between-group effects, we used a multiple comparisons rank test. For
the age distribution, we made the assumption of its normality. Statistical analysis was
performed with Statistica 10.0 (Statsoft, Tulsa, OK, USA) and SPSS Statistics 21.0 (IBM,
Armonk, NY, USA). Values of p <0.05 were considered statistically significant.

Histology of ex vivo plaques

Initially, we separated atherosclerotic plaques from normal artery tissue and dissected them
into ~2-mm cubic blocks for culture, similarly to what was successfully used earlier to
culture various human tissues ex vivo [17,19]. However, analysis of stained histological
sections showed that the viability of cultured tissue blocks of this size decreased over 8-12
days, and cultured blocks contained only ~20 live cells per 100 mg of tissue (Supplementary
Fig.3).

We thought that the tissues might be damaged during dissection into small blocks.
Therefore, to diminish tissue injury during preparation, we modified our protocol and
instead of dissecting into small blocks, we sliced tissue into ring-shaped 2-mm thick
segments, and with a diameter depending of the carotid artery size (Fig. 1). To verify tissue
viability, every 3 day several dissected segments were analysed histologically and by
means of flow cytometry.

Analysis of histological sections showed that the dissection of plaques into large circular
segments significantly increased cell survival: tissues were preserved for 19 days. For
histological evaluation, tissue segments were stained with hematoxylin and eosin, Masson’s
Trichrome, anti-CD68, and anti-a-SMA antibodies and their morphology was assessed as
described in Materials and methods. We found that these plague segments retained their
gross morphology and appeared viable for more than 19 days of culture. In particular, the
integrity of the endothelium and internal elastic membrane, which are most sensitive to the
culture conditions, were preserved over 19 days of culture without a significant increase in
the necrotic core area (Fig. 2).
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Furthermore, in 6 plaques, we quantified areas reacting with aniline blue, anti-CD68, and
anti-a-SMA at days 0, 4, 7, and 19 (Fig. 3). We identified macrophages, fibroblasts, and
smooth muscle cells, along with the endothelium, until day 19 of culture. We found no
statistically significant changes (0 >0.05) in the fraction of these cells during the entire
culture period (Table 1).

Flow cytometry of plagque cells

In plaque samples from 16 donors, we assessed tissue viability using flow cytometry by
analysing immune cells extracted from plaque tissue. We compared flow cytometry results at
day 0 with those at days 4, 7, and 19. Towards this goal, we digested plaque segments with
an enzymatic cocktail containing collagenase XI and desoxyribonuclease I, washed isolated
cells, and stained them with live/dead staining and monoclonal antibodies against CD45,
CD3, CD19, CD4, CD8, and CD16. Two plaques were excluded from the analysis because
of a low cellularity at day O (lower than 500 live cells per 100 mg of tissue).

Analysis of tissue at day 0 revealed a median of 6,286.0, IQR [3,172.1-12,918.9]
lymphocytes per 100 mg of plaque tissue. The absolute numbers and percentages of B
lymphocytes among all lymphocytes at day 0 were significantly lower than those of T
lymphocytes (24.6 [7.8-55.3] cells/100 mg vs. 5,694.1 [2,26.7-11,726.6] cells/100 mg;
0.4% [0.1%-0.5%] vs. 89.6% [84.3%-91.2%], p=0.001). At day 0, among T lymphocytes,
the fraction of CD4+CD8- cells was larger than the fraction of CD4-CD8+ cells (51.6%
[43.8%-58.9%] vs. 39.9% [30.0%-45.1%], p=0.041). The median amount of CD16 NK
cells at day 0 was 58.6 [18.7-360.9] per 100 mg of plaque tissue (Fig. 4). Consecutive flow
cytometry after day 0 was performed in plaques from 8 patients, four of which were cultured
until day 19. We showed that, after a decrease during the first 4 days of culture (n=8, 4,125.8
[2,771.4-6,286.0] cells/100 mg at day 0 vs. 2,619.3 [1,360.8-3,712.2] cells/100 mg at day 4,
p=0.036), the amounts of lymphocytes stabilized and did not change significantly until the
7th day of culture (n=8, 1,249.6 [445.5-3,706.0] cells/100 mg; p=0.161). A similar pattern
was found in T cells, with a stabilization of their amounts after a reduction during the first 4
days of culture (n=8, 3,546.5 [2,194.2-5,694.1] cells/100 mg at day 0 vs. 2,123.4 [1,210.5—
3,280.1] cells/100 mg at day 4, p=0.036 vs. 949.5 [375.1-2,378.3] cells/100 mg at day 7,
£~=0.124). In addition, we found no significant changes in the amounts of B cells during the
first days of culture (n=8, 12.2 [5.3-35.3] cells/100 mg at day 0 vs. 5.6 [3.3-37.2] cells/100
mg at day 4 vs. 7.9 [0.0-11.4] cells/100 mg at day 7, p=0.798). Furthermore, both T and B
cells were also preserved in plaque tissues during 19 days of culture, although their ratio
changed slightly because of the decrease in the number of T lymphocytes (n=4, 7,673.4
[3,789.0-14,813.2] cells/100 mg vs. 2,594.5 [1,926.8-7,569.0] cells/100 mg for T cells, and
25.8 [5.3-57.9] cells/100 mg vs. 31.0 [12.2-91.2] cells/100 mg for B cells). CD16 NK cells
were found at day 19 as well: the median cell count at the last day of culture constituted 44.9
[21.9-233.0] cells/100 mg (Fig. 5). We presume that the initial fall in T cell count may
originate from the intense effect of tissue dissection, while the statistically significant
decrease in the amounts of B cells and CD16 NK cells may not have been revealed because
of the small size of these cell subsets. These changes were followed by a subsequent system
stabilization. This was also evident by the lack of significant changes (p=0.417) in the
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fraction of dead cells, which even at day 19 remained at the level of on average 11.2%
[10.1%-14.69%].

Importantly, the initial drop in T cell count was not accompanied by significant changes in
the fraction of T cells among all lymphocytes (n=8, 89.6% [76.3%-91.2%] at day O vs.
86.2% [81.1%-90.8%] at day 4, p=0.779; vs. 86.0% [77.5%—86.9%] at day 7, p=0.674)
(Fig. 6A). The decrease in T cell numbers during the first days of culture was predominantly
associated with the reduction of the fraction of CD4 T cells (n=7, 58.0% [43.8%—63.6%] at
day 0 vs. 42.0% [31.4%-49.2%] at day 4, p=0.018; vs. 40.8% [21.6%-48.7%] at day 7,
p=0.018), accompanied by a minor rise in the fraction of CD8 T cells (n=7, 36.0% [30.0%-—
47.5%] at day 0 vs. 45.2% [35.3%—-48.6%] at day 4, p=0.063; vs 44.4% [37.9%-55.1%] at
day 7, p=0.018) (Figure 6B). As a result of these changes, the CD4+CD8-/CD4-CD8+ ratio
decreased slightly during culture. As of the 19th day of culture, the fraction of CD4 T cells
was reduced with a concurrent increase in the fraction of CD8 T cells (49.7% [40.2%—
57.6%] vs. 42.3% [27.8%-51.9%] for CD4 T cells, and 43.6% [36.1%-53.8%] vs. 50.8%
[40.9%-61.9%] for CD8 T cells) (Figure 7). Nevertheless, both CD4 and CD8 T cells were
also preserved in culture for at least 19 days.

Cytokine production by plagues ex vivo

We analysed the concentrations of cytokines and chemokines released by six cultured
plaques and accumulated in the culture medium from day 1 to day 4 and from day 16 to day
19 when the medium was changed. We found that in our system plaques produce substantial
amounts of interleukin (IL)-1a., IL-6, IL-8, IL-16, IL-18, IL-21, IL-22, eotaxin, interferon-
A, granulocyte macrophage colony-stimulating factor (GM-CSF), macrophage-CSF, tumor
necrosis factor (TNF)-a., transforming growth factor (TGF)-f, growth related oncogene
(GRO)-a, interferon gamma-inducible protein-10, monocyte chemoattractant protein-1,
monokine induced by gamma interferon, macrophage inflammatory protein (MIP)-1a,
MIP-1B, and RANTES. In contrast, the concentrations of the other measured cytokines and
chemokines were lower than the detection limit of the Luminex platform for these analytes.

Within the panel of cytokines and chemokines that were detectable in the culture medium,
we found no significant changes during culture in most of the cytokines, except for IL-16
and several cytokines whose concentration decreased, in particular IL-8 (n=6, from 25,698.7
[14,817.3-52,553.3] pg/ml on day 4 to 4,273.1 [2,695.6-6,274.2] pg/ml on day 19), and to a
lesser extent GM-CSF, TNF-a,, and GRO-a.. At the same time, the concentrations of other
cytokines (including eotaxin, TGF-B, and MIP-1p) increased during culture (Supplementary
Table 2).

Discussion

Historically, atherosclerosis was considered as a storage disease induced by accumulation
and further oxidation of lipids within the arterial wall [1]. However, the simple accumulation
of lipids cannot explain the structural complexity of atherosclerotic plaques, which has been
known for a long time: it was first described by R. Virchow [20]. Nowadays it is thought that
the deposition in the vascular wall of a foreign substance, namely modified lipoproteins,
leads to activation of the immune system in an attempt to destroy it [5,21,22]. Therefore,
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innate and adaptive immunity play significant roles in atherogenesis, with both local and
systemic inflammatory processes [5,7,23]. It was also found that different subsets of T
lymphocytes, both in atherosclerotic plaques and in blood, are associated with a risk of
cardiovascular events in patients with coronary artery disease [7,24]. Advanced plaques
contain more dendritic cells and lymphocytes, and in particular more activated oligoclonal T
cells, than stable ones [25-27]. In the present work, we have also shown that atherosclerotic
plagues from human carotid arteries are enriched with lymphocytes, in particular with T
cells [10].

Detailed study of these complex processes requires authentic laboratory models. The first
experimental model developed to study atherosclerotic processes used animals exposed to a
high-lipid diet. In particular, the first model of cholesterol-fed rabbit for atherogenesis
studies was established as early as in 1913 by N. Anitschkow [28]. Later, hyperlipidemic
miniature swine, hamsters, and mice were introduced [12,16].

However, it was discovered that atherosclerotic plaques in these animal models have
different cellular content and lack some intracellular components, such as myeloperoxidase,
in comparison with human plaques, and therefore these experimental models fail faithfully
to reflect important intercellular interactions in human atherosclerotic plaques [12,15,16,29].
Nowadays, experimental studies are often carried out in mice with a considerably smaller
content of CD8* T cells than in humans [11].

A number of /n vitro models have been developed to study atherosclerosis. In particular,
researchers used monocultures of endothelial cells, of smooth muscle cells, and of foam
cells [30-32]. However, because these cells are isolated from their native microenvironment,
the single-cell cultures do not reflect the complexity of intercellular interactions in
atherosclerotic plaques. In attempts to overcome these limitations, co-cultures of endothelial
cells and smooth muscle cells or monocytes have been used [33,34]. Although more
adequate than single-type cell cultures, these co-cultures lack the extracellular components
typical of plaque formation and also do not contain all the cell types present in
atherosclerotic plaques.

In other studies, similar co-cultures were embedded into vascular grafts or collagen and
polyethylene gels to form extracellular matrixes in order to analyse the interaction between
cells and matrix [35,36]. This made it possible to simulate the three-dimensional system and
introduce medium flow to mimic the situation in an /n vivo artery [13,14,37,38]. However,
all these models used only two or three cell types to investigate atherogenesis, without an
effect from different types of lymphocytes, which, as mentioned earlier, are important in the
atherosclerotic process.

Attempts were made to culture solid tissue samples from intact carotid arteries and aortas of
mice [39,40] as well as from intact parts of human internal thoracic and renal arteries
[41,42]. The samples were cut into ring-shaped blocks perpendicular to the vessel lumen,
with thicknesses from 2 to 5 mm. These large blocks of intact sections of arteries survived
for up to 56 days [43].
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These results with intact vessels gave hope that plaque tissues may also be maintained ex
vivo for significant periods, but tissues of animal and human atherosclerotic lesions have
been reported to remain alive for only 4-24 hours [44-46]. Nevertheless, these short-term
cultures were useful for investigating the effects of exogenous T lymphocyte activation on
production of different cytokines and chemakines in atherosclerotic plaques [47-49].
However, to investigate the mechanisms of plaque maturation and of immune cells in this
process, longer-living ex vivo plaque tissues are necessary.

In the present study, we attempted to develop long-term cultures of human atherosclerotic
plaques. Initially, we used a technique that has been described for other tissue cultures
[18,19]: dissecting plaques into 2-mm cubic blocks. However, we found that such blocks
maintained poorly during culture and underwent necrosis.

Instead, we dissected atherosclerotic plaques into circular segments and cultured them on
collagen rafts for better oxygenation of tissue layers [18]. With this protocol, plaques
obtained from human carotid arteries survived in culture for at least 19 days, as determined
from both histological analysis and flow cytometry. To our knowledge, such long-term
cultures of human atherosclerotic plaques, as opposed to intact artery samples, have not been
described before.

Upon histological examination, we found macrophages, fibroblasts, and smooth muscle cells
preserved along with the endothelial cells within 19 days of culture without significant
changes in their numbers. Also, flow cytometry revealed that during 19 days of culture both
T and B lymphocytes, as well as CD16 NK cells, are preserved in the explants of human
plaques. The initial reduction in the numbers of lymphocytes in the first days can probably
be attributed to the cell damage during tissue dissection. Nevertheless, counts of these cells
stabilized with continued culture. Moreover, the relative presence of both T and B
lymphocytes was constant during tissue culture. Within the T cell subsets we noticed a
change in the CD4/CDS8 ratio during culture that was due to a reduction of the CD4* T cell
fraction, accompanied by a minor rise in the CD8* T cell fraction. This shift may be of
interest for further studies, as it may reflect T cell activation that occurs also /n vivo, albeit
more slowly [50]. The results of the present study allow investigators to choose the time
window of the culture at which the experiments may be performed, depending on the
problems that are addressed in this system.

The viability of the plaque cultures was also confirmed from measurements of cytokines that
the tissues release into the culture medium. Most of the cytokines released in significant
quantities at first days of culture continued to be produced in similar quantities during the
entire 19-day period of culture, and their amounts were constant. The fact that some
cytokines continued to be produced and others were not produced at all indicates tight
regulation of cytokine production by the cells in plaques. Variability of cytokine production
and of the relative presence of different cell subsets may be related to the differences in
plaques’ evolution.

Although the system of ex vivo atherosclerotic plaque provides the opportunity to study the
functions of individual plaque cells under controlled laboratory conditions and may provide
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a platform for pre-clinical drug testing, this system has significant limitations: (i) the early
stages of the disease could not be adequately reflected in this model because carotid
endarterectomy is usually performed for advanced obstructive atherosclerotic plaques with a
high degree of stenosis or complications; (ii) a highly complicated plaque structure with
atheromatosis and intraplaque hemorrhage limits the amount of explants derived from one
specimen; (iii) although an almost 3-week period of plaque viability, proven in our system,
is longer than in most other published models of human atherosclerotic plaque culture, it
does not permit study of plaque maturation in real-time. The ability to maintain plaques for
months would provide such an opportunity.

In conclusion, we have established an adequate ex vivo model of human atherosclerotic
plaques that can now be used to investigate important aspects of atherogenesis, in particular
the function of immune cells in the context of complex cell—cell interactions within tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A new ex vivo model of human atherosclerotic plaques has been established.
. The cytoarchitecture of the plaques was well preserved for 19 days in culture.
. The major plaque cell types were preserved for the entire culture period.
. Plaque tissue continued to release cytokines and chemokines during culture.
. This model can be used to study complex immunological aspects of

atherogenesis.
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Figure 1.
Preparation of plaque tissue as ring-shaped segments.

(A) Atherosclerotic plaque obtained from carotid endarterectomy. (B) Circular plaque
sections prepared for culture.
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Figure 2.
Histology sections of circular plaque segments.

Histology sections of plaque explants at days (A) 0 and (B) 19 of culture in circular blocks.
At day 19 of culture, plaque tissues preserved their structure and the endothelial layer of the
vessel. A typical example of tissue morphology, out of 16 replicates, is shown.
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Figure 3.
Immune and histochemical staining of plaque explants during culture. Histology staining of

plaque explants at days 0, 4, 7, and 19 with (A) Masson’s Trichrome, (B) anti-CD68
antibodies, and (C) anti-a-SMA antibodies. A typical example of tissue morphology, out of
6 replicates, is shown.
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Figure 4.

Comparison of populations of lymphocytes in atherosclerotic plaques before culture.
Populations of lymphocytes in atherosclerotic plaques at day 0. For lymphocytes, T cells, B
cells, and CD16* NK cells data are shown as absolute cell counts (green); data for CD4* and
CD8™* T cells are shown as percentages of the T lymphocyte population (brown), as
determined from flow cytometry. Medians and IQR for plaques from 14 donors are
presented.
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Figure 5.

Populations of lymphocytes in plaques at day 0 and day 19 of culture. Absolute cell counts

for populations of T cells, B cells, and CD16* NK cells at day 0 (green) and day 19 (brown)
of culture, as determined from flow cytometry. Medians and IQR for plaques from 4 donors
cultured for 19 days are presented.
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Figure 6.
Dynamics of T cell counts during first days of culture.

(A) Changes in T cell absolute counts (green) and percentages (brown) among all
lymphocytes. (B) Changes in CD4* (green) and CD8" (brown) T cell fractions of
lymphocytes between day 0 and day 7 of culture, as determined from flow cytometry.
Medians and IQR for cultured plaques from 8 donors are presented.
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Figure 7.
Subpopulations of lymphocytes in plaques at day 0 and day 19 of culture. The fractions of

CD4+CD8- T cells and CD4-CD8+ T cells at day 0 (green) and day 19 (brown) of culture,
as determined from flow cytometry. Medians and IQR for plaques from 4 donors cultured
for 19 days are presented.
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Table 1
Immuno- and histochemical quantification of plaque cells in culture

Indexed area of cells from the total section area in percentages for populations of a-SMA* smooth muscle
cells, CD68* macrophages, and aniline blue* collagen and fibroblasts at days 0, 4, 7, and 19; indexed quantity
of cells per 1 cm of vessel circumference for H&E endothelial cells at days 0, 4, 7, and 19. Medians and IQR
for plaques from six donors cultured for 19 days are presented.

Cell type/day of culture a-SMA*, aniline blue®, CD68", H&E,
% from total area % from total area % from total area  per 1 Ccri?c(:z vessel
Day 0, Me [IQR] 11.5 [8.8-17.5] 82.9 [74.2-86.8] 11.9 [6.2-13.7] 13.9 [5.3-22.3]
Day 4, Me [IQR] 19.6 [16.4-20.3] 79.4 [72.5-85.1] 4.9[4.6-5.1] 4.3[2.5-9.5]
Day 7, Me [IQR] 11.9 [10.5-14.8] 81.1[71.1-83.3] 8.3[4.3-14.2] 4.6[1.2-11.7]
Day 19, Me [IQR] 15.6 [13.9-17.0] 84.4 [73.9-88.7] 4.1[2.0-5.9] 10.1 [2.9-11.5]
p-level 0.066 0.204 0.133 0.294
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