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Chapter 6 

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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