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Abstract

The permeability of cultured endothelial monolayers is higher than the permeability of 

endothelium in vivo. Co-culture with astrocytes can induce a tight, blood-brain-barrier phenotype 

in aortic endothelium in vitro. We hypothesised that dendritic cells, which reside in the intima of 

non-cerebral arteries and have features in common with astrocytes, may also reduce the 

permeability of cultured aortic endothelium. The permeability of porcine aortic endothelial 

monolayers was reduced by non-contact co-culture with dendritic cells (but not with the peripheral 

blood monocytes from which they were derived) and by dendritic cell conditioned medium, 

indicating a soluble mediator. The reduction in permeability was similar to that obtained by co-

culture with astrocytes; however, dendritic cells did not up-regulate P-glycoprotein and there was 

no synergy with the effect of chronic shear stress on permeability, contrary to observations with 

astrocytes. Endothelial permeability was reduced by sphingosine-1-phosphate, which mediates the 

barrier-tightening effect of platelets, but inhibitors of sphingosine-1-phosphate receptors did not 

block the effect of dendritic cells. Rates of endothelial mitosis and apoptosis were also unaffected 

by co-culture. Hence dendritic cells reduce permeability by different mechanisms from those 

mediating barrier-tightening effects of astrocytes and platelets, although factors mediating the 

permeability-lowering effects of chronic shear stress may be involved. We speculate that dendritic 

cells influence endothelial permeability in vivo.
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Introduction

Vascular endothelium provides a significant barrier to the transport of water and solutes 

between blood and tissue. Elevated endothelial permeability is implicated in the 

pathogenesis of a number of diseases and in particular appears to play a key role in the 

development of atherosclerosis35. Transendothelial transport is often studied in vitro but the 

permeability of endothelium under these conditions is substantially higher than in vivo2. 

One factor which may contribute to this discrepancy is that endothelial cells are usually 

cultured in the absence of supporting cell types. It is well established that co-culture with 
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glial cells such as astrocytes can lower the permeability of cerebral endothelial monolayers 

and induce other properties in them that are characteristic of the blood-brain barrier 

(BBB)1,14,25. In vivo, astrocytes underlie the cerebral endothelium and project processes that 

closely appose it. The effect of astrocytes is useful for studying BBB permeability in vitro 
but, perhaps more importantly, also has implications for the control and breakdown of the 

BBB in vivo.

We draw attention to the demonstration by Stanness et al.31 that co-culture with astrocytes 

induces BBB features, including lowered permeability, in aortic endothelium. (Interestingly, 

the effect was not observed with venous endothelium.) It is plausible, therefore, that 

companion cells may control barrier function in non-cerebral vasculature. We hypothesised 

that the permeability of arterial endothelium is controlled by vascular-associated dendritic 

cells (VDC). These cells are abundantly present in the sub-endothelial space of normal, non-

atherosclerotic aortic intima4,15,19, and they project processes that closely appose the 

endothelium4. Dendritic cells can be derived from glial cells32 and share structural 

homology with them - for instance, they express the astrocyte marker S1003. VDC are not 

found in the intima of veins19.

Recent evidence suggests that aortic VDC derive from peripheral blood monocytes15. Here 

we demonstrate that dendritic cells differentiated from peripheral blood monocytes lower the 

permeability of porcine aortic endothelial cells (PAEC) in vitro. We further show that the 

effects of dendritic cells on PAEC and the pathways involved in tightening the barrier are 

different from those occurring with astrocytes and platelets.

Materials and Methods

Cell isolation and culture

Pig aortic endothelial cells (PAEC) were isolated as previously described5,33. Briefly, 

thoracic aortas of Landrace Cross pigs (age 4-6 months, weight approx. 80 kg), were 

obtained after slaughter (Fresh Tissue Supplies, East Sussex) and stored for 24 h in Hank’s 

balanced salt solution containing penicillin (200 U.ml−1), streptomycin (200 μg.ml−1), 

amphotericin (5 μg.ml−1) and gentamycin (100 μg.ml−1). They were trimmed of fat and 

connective tissue, and intercostal arteries were ligated. The proximal end of the vessel was 

cannulated and the vessel flushed with phosphate buffered saline (PBS). The distal end of 

the vessel was clamped and the aorta filled with 0.2 mg.ml−1 type II collagenase. After 

incubation at 37°C for 10 minutes, aortas were massaged gently to loosen endothelial cells 

and the collagenase solution was collected and centrifuged at 1,000 rpm for 10 minutes. 

Cells were re-suspended in Dulbecco’s modified eagles medium (DMEM) supplemented 

with fetal calf serum (10% v/v), newborn calf serum (10% v/v), l-glutamine (5 mM) and 

endothelial cell growth factor (5 μg.ml−1), and plated into flasks coated with 1% gelatin. 

Medium was replaced every 2-3 days. Dil-labeled acetyl-LDL is taken up by 99.8% of the 

cells, indicating essentially pure endothelial monolayers, when using these culture methods; 

<1 in 104 cells stains with anti-smooth muscle actin33.

Astrocytes of the DI TNC1 cell line, derived from neonatal Sprague-Dawley rats26, were 

seeded into flasks and cultured in astrocyte complete growth medium (ATCC) supplemented 
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with foetal bovine serum (FBS; 10% v/v) and penicillin-streptomycin (100 U.ml−1) until 

80-90% confluent, when they were sub-cultured by exposure to trypsin-EDTA 

(0.1%:0.02%). At passage 6-9 they were seeded in stages into 12-well plates at 1.5 x 104 

cells.cm−2.

Dendritic cells were derived from peripheral blood mononuclear cells (PBMC) isolated from 

porcine blood (Fresh Tissue Supplies, East Sussex) by density gradient centrifugation. The 

blood, anti-coagulated with heparin (14.3 USP units/ml), was diluted 2-fold in Earle’s 

balanced salt solution (EBSS) and layered onto Ficoll-Paque PLUS (GE Healthcare) at room 

temperature. PBMC were collected following centrifugation at 400 g for 40 minutes and 

washed twice in excess EBSS, with centrifugation at 100 g for 10 minutes between each 

wash. They were re-suspended in RPMI-1640 supplemented with 10% FBS, 5 mM L-

glutamine and 100 U.ml−1 penicillin-streptomycin, and seeded onto 12-well Transwell 

plates coated with 50 μg.ml−1 fibronectin. Non-adherent cells were removed after 3 h by 

washing with medium. Porcine interleukin-4 (IL-4; 10 ng.ml−1) and granulocyte-

macrophage colony stimulating factor (GM-CSF; 20 ng.ml−1) obtained from ProSpec 

(Rehovot, Israel) were added to the medium to promote differentiation into monocyte-

derived dendritic cells (MoDC); half the medium was replaced every 2-3 days. Cytokines 

were omitted in control (monocyte) cultures.

All cells were cultured at 37°C and 5% CO2 in a humidified incubator.

Detection of monocyte and dendritic cell markers

Monocytes were seeded onto Transwell inserts (polyester, 0.4 μm pore size, 12 mm 

diameter) and cultured in serum-supplemented RPMI with or without IL-4 and GM-CSF. 

After 6-7 days, the cells were fixed on the insert in ice-cold methanol for 15 minutes and 

permeabilised with 0.1% Triton X-100 for 5 minutes before blocking for 1 h with 10% goat 

serum. They were then incubated overnight at 4°C with either anti-S100 (B32.1; Abcam) or 

anti-CD163 (JPZ01; R&D systems) primary antibodies (omitted in controls), and then for 1 

h with either FITC-labelled goat anti-mouse antibody or TRITC-labelled rabbit anti-goat 

diluted antibody respectively (Abcam). Nuclei were stained by incubation with DRAQ5 

(Cell Signaling Technology). All staining steps described here and in subsequent sections 

were carried out at room temperature unless otherwise stated and were preceded by several 

washes with PBS.

Transwell insert membranes were mounted in Vectashield® (Vector Labs) and imaged with 

a Leica SP5 confocal microscope; excitation wavelengths and emission bandwidths were 

488 and 510-530 nm for FITC, 561 and 570-590 nm for TRITC, and 633 and 670-700 nm 

for DRAQ5. Mean pixel intensities were calculated for regions of interest in images obtained 

at constant laser power and detector gain, and were corrected by subtraction of the mean 

pixel intensity from cells treated with only the secondary antibody.

Co-culture of endothelial cells with dendritic cells, monocytes or astrocytes

Transwell filter inserts pre-coated with 50 μg.ml−1 fibronectin were placed in wells that 

already contained MoDC, PBMC or astrocytes adhered to the well base. The filters were 

seeded in stages over 30 minutes with PAEC (105 cells.cm−2) at passage 2. For co-cultures 
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with MoDC and PBMC, the PAEC were cultured in serum-supplemented RPMI-1640, 

which additionally contained cytokines for MoDC. Half the lower-compartment medium and 

all the upper-compartment medium was replaced every 2-3 days. For astrocytes, the PAEC 

were cultured in serum-supplemented ATCC and medium was replaced in both the lower 

and upper compartment every 2-3 days. The ratio of MoDC or PBMC to endothelial cells 

was typically 1:10, whilst astrocytes were confluent.

In some experiments PAEC seeded onto Transwells (as above, without co-culture) were 

treated with MoDC-conditioned medium. Two wells of a 12-well plate seeded with MoDC 

were used to provide conditioned media for one Transwell lower compartment. Half of the 

MoDC-conditioned medium was removed every 24 h and transferred to the PAEC. This 

volume was then replaced with fresh cytokine-supplemented media. Control wells were 

treated with cytokine-supplemented RPMI-1640 every 24 h.

In some experiments MoDC-PAEC co-cultures were exposed to chronic shear stress (CSS) 

from 24 h after seeding the PAEC, as previously described33. Six-well plates containing the 

Transwell filters were placed on the platform of an orbital shaker (POS-300, Grant 

Instruments) housed in the incubator. The orbit of the platform was circular with a radius of 

5 mm and a rotation rate set to 150 rpm; this movement induced a swirling motion of the 

medium over the cells. The endothelial monolayers were exposed to shear stress (mean level 

of ~2 dyne.cm−2 - see reference 33) in this way for 5 days before permeability was 

measured. (MoDC on the bottom of the well were at a greater depth from the free surface 

and were partially shielded from the effects of the swirl by the Transwell filter; nevertheless, 

we cannot exclude the possibility that they also experienced a significant shear).

Measurement of endothelial monolayer permeability

Rhodamine-labelled albumin was used as a tracer. It was labelled and purified as previously 

described33. Sulforhodamine B acid chloride was dissolved in acetone and added to 20 times 

its own weight of fatty acid-free bovine serum albumin (fraction V) at 2% wt/vol in 0.33 

mol/L carbonate buffer, pH 9, at 4°C. The conjugate was purified of free dye by gel filtration 

(Sephadex G-25, GE Healthcare), frozen drop-wise in liquid nitrogen, freeze-dried and 

stored at −20°C. Prior to use the conjugate was reconstituted in buffer and purified of any 

remaining free dye by mixing for 1 h with neutralised activated charcoal (0.35g/g of 

protein). Charcoal was removed by centrifugation (twice at 3,000 rpm for 30 minutes) 

followed by filtration through a 0.2μm filter.

The fraction of free dye remaining was assessed by ultrafiltration of the conjugate through a 

centrifugal filter with a 10 kDa molecular weight cut-off at 3,000 rpm for 30 minutes, and 

the endotoxin content of the conjugate was determined using the limulus amebocyte lysate 

assay, as previously described33. More than 99.9% of the dye was bound to albumin and the 

endotoxin content of the conjugate was <0.015 EU/ml.

The permeability of PAEC monolayers was assessed as previously described33. Trace 

quantities (1 mg.ml−1) of rhodamine-labelled albumin were added to the upper compartment 

of the Transwell. Samples were taken from the bottom compartment after 60 minutes and 

tracer fluorescence in them was measured using a fluorimeter (Jenway; Model 6285) with 
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excitation and emission wavelengths of 570 and 600 nm respectively. The concentration of 

rhodamine albumin in each sample was determined from a standard curve.

The permeability (P) of the monolayer is defined as the rate of transport of solute (Js) across 

unit area of membrane (S) per unit concentration difference across the membrane (ΔC):

P=Js/SΔC

Js was determined from the concentration of rhodamine albumin in the lower compartment 

(CLC; μg.ml−1), the volume of the lower compartment (VLC; ml) and the time after addition 

of tracer to the upper compartment (t; seconds):

Js= CLC . VLC /t

Permeability was derived from Js using the area of the Transwell filter (S) and the 

concentration of rhodamine-labelled albumin in the upper compartment (CUC);

P=Js/S.CUC

The permeability recorded from each treatment group was corrected for the permeability of 

the cell-free filter by subtracting the resistance of the filter from the resistance of the 

monolayers in the same plate. (Resistances were calculated as reciprocals of permeability). 

Since monolayer permeability varies somewhat between PAEC isolations, despite pooling 

cells from several aortas, comparisons between experimental conditions were always made 

using the same batches of cells33. There was similarly a variation in the effect of MoDC 

between batches, and the same precaution was taken in the use of these cells.

Detection of P-glycoprotein expression in endothelial cells

PAEC monolayers on Transwell inserts were fixed and blocked as described for MoDC 

cells, incubated overnight at 4°C with anti-P-glycoprotein (Pgp) antibody (C219; Abcam) 

and then for 1 h with FITC-labelled goat anti-mouse antibody. Primary antibodies were 

omitted in controls. Nuclei were stained and Transwell inserts were imaged and analysed as 

above.

Detection of mitotic or apoptotic endothelial cells

Mitosis rates were assessed by incorporation of 5-bromo-2’deoxyuridine (BrdU) into DNA. 

PAEC were incubated with BrdU labeling reagent (GE Healthcare) for 1 h at 37°C and then 

fixed for 30 minutes in acid-alcohol fixative (5% glacial acetic acid, 5% de-ionised water, 

90% ethanol), rehydrated in PBS and blocked for 15 minutes with 10% goat serum. They 

were then incubated with an anti-BrdU antibody containing a nuclease (GE Healthcare) 

followed by an FITC-labelled goat anti-mouse secondary antibody. Nuclei were stained 

using DRAQ5 and Transwell inserts were imaged as above. The ratio of BrdU-positive 

nuclei to DRAQ5 stained nuclei was determined in at least 10 randomly-selected fields per 

sample, each containing approximately 100 cells.
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Expression of cleaved caspase-3 was used as an indicator of rates of endothelial cell 

apoptosis. PAEC were fixed and blocked as described for MoDC and incubated overnight at 

4°C with anti-cleaved caspase-3 (Asp175) antibody (Cell Signaling Technology) and then 

for 1 h with Alexa-488 goat anti-rabbit antibody. They were counterstained overnight at 4°C 

with an anti-CD31 antibody (clone LC1.4) and then for 1 h with an Alexa-568 goat-anti-

mouse secondary antibody, and Transwell inserts were imaged as described above. The 

percentage of cleaved caspase-3 positive cells was determined in at least 10 randomly-

selected fields per sample, each containing approximately 100 cells.

Statistics

Significance was assessed by Student’s unpaired t-test using a criterion of p<0.05.

Results

Monocytes cultured in the presence of IL-4 and GM-CSF differentiate into dendritic cells

The intensity of immunostaining for S100 was negligible in PBMC incubated in medium 

alone but was clearly detected after incubation in medium with cytokines (Fig 1; mean pixel 

intensity ± SEM of 60±6 vs. 10±2; P=0.03), indicating that exposure to IL-4 and GM-CSF 

causes differentiation of PBMC into MoDCs. The intensity of immunostaining for the 

monocyte/macrophage marker CD163 was halved in PBMC exposed to cytokine-

supplemented medium compared to medium alone (Fig 1; mean pixel intensity of 34±3 vs. 

59±3; P=0.03). 30 cells were analysed in each experimental group (n=3 independent 

experiments).

Astrocytes, dendritic cells and DC-conditioned medium but not monocytes reduce 
permeability

Non-contact co-culture of PAEC for 5 days with rat astrocytes produced a significant 

decrease in permeability to rhodamine-labelled albumin, compared to PAEC alone (Fig 2; 

43% reduction; P<0.0001, n=4 independent experiments). The permeability of PAEC 

monolayers was also decreased by non-contact co-culture with MoDC for 5 days, compared 

to PAEC alone (Fig 2; 31% reduction; P=0.0002; n=7). It was also decreased by a 5-day 

exposure to MoDC-conditioned medium, compared to monolayers treated with 

unconditioned cytokine-supplemented medium (Fig 2; 40% reduction; P<0.0001; n=3). 

(There was a tendency for endothelial permeability to increase following exposure to 

unconditioned cytokine-supplemented RPMI, but this did not reach statistical significance 

(P=0.163; n=3)). Endothelial permeability was not affected by co-culture with monocytes 

(Fig 2; P=0.7552; n=7).

P-glycoprotein expression by endothelial cells is increased by co-culture with astrocytes 
but not dendritic cells

Non-contact co-culture of PAEC with rat astrocytes significantly increased the intensity of 

immunostaining for Pgp in the endothelial cells, compared to endothelial cells cultured alone 

(Fig 3; P=0.001, n=3). Non-contact co-culture with MoDC for 5 days did not elicit a change 

in the intensity of immunostaining for Pgp (Fig 3; P=0.254, n=3 independent experiments). 

The intensities obtained for PAEC monocultures were not significantly different from those 
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obtained in the absence of primary antibody (data not shown; n=3), suggesting negligible 

basal expression of Pgp.

Sphingosine-1-phosphate reduces permeability but S1P receptor antagonists do not block 
the permeability-reducing effect of dendritic cells

Pre-treatment of PAEC monolayers with sphingosine-1-phosphate (S1P; Cayman 

Chemicals, MI, USA) for 1 h before the addition of tracer produced a dose-dependent 

reduction in permeability that was abolished by the presence of the S1P-1 and −3 receptor 

dual antagonist, VPC-23019 (1 μM; Avanti Polar Lipids, AL, USA), (Fig 4; P<0.05; n=4 

independent experiments). Pre-treatment with VPC-23019 did not significantly alter 

monolayer permeability in the absence of S1P (Fig 4; P=0.58; n=3). Non-contact co-culture 

of PAEC with MoDC caused a reduction in permeability, as before, which was not 

significantly different in the presence of VPC-23019 (Fig 4; P=0.246; n=3 independent 

experiments). In some experiments, the pre-treatment with VPC-23019 was extended to 4 h 

but this also failed to alter the permeability of control monolayers or co-cultures (data not 

shown; P=0.411; n=2 independent experiments). Similarly, pre-treatment for 1 or 4 h with 

the S1P-1 receptor antagonist W146 (1 μM; Avanti Polar Lipids; AL, USA) did not alter the 

reduction in PAEC permeability caused by MoDC (data not shown; 1 h P=0.411 and 4 h 

P=0.625; n=3 independent experiments).

Rates of proliferation and apoptosis are not altered in confluent endothelial cells co-
cultured with dendritic cells

The percentage of replicating cells in PAEC monolayers co-cultured with MoDC for 5 days 

was not significantly different from that in PAEC monocultures (0.63%±0.1% vs. 0.55%

±0.1%; P=0.613; Fig 5a; n=3 independent samples). Similarly the rate of apoptosis in 

PAECs was not altered by co-culture with MoDC for 5 days (2.73%±0.67% vs. 2.69%

±0.58%; P=0.968; Fig 5b; n=3 independent samples). Inspection of confocal images of the 

CD31 counter-staining in these experiments (3 wells per condition from 3 isolations) 

showed that the PAEC monolayers were confluent whether cultured on their own (Fig 5c; 

image I) or in the presence of MoDC (Fig 5c; image II).

Chronic shear stress does not enhance the barrier-tightening effect of dendritic cells

Exposure of PAEC to CSS by swirling the cell culture plates for 5 days significantly reduced 

their permeability compared to static controls (P=0.001; n=3), as previously reported33. 

Swirling of plates containing MoDC seeded on fibronectin caused the MoDC to detach, 

resulting in a loss of their permeability-reducing effect (data not shown). This was 

circumvented by seeding the MoDC onto a gel prepared from bovine collagen solution 

(PureCol; Advanced Biomatrix). Static co-culture of PAEC with MoDC on collagen 

produced a significant reduction in permeability (P<0.0001; Fig 6), as with MoDC cultured 

on fibronectin. The reduction in permeability elicited by MoDC when the PAEC were 

exposed to CSS was significant (P=0.0019). However, the permeability of PAEC monolayers 

exposed to MoDC and CSS was not different from that of monolayers exposed to MoDC 

under static conditions (P=0.876; Fig 6; n=3 independent experiments).

Warboys et al. Page 7

Cell Mol Bioeng. Author manuscript; available in PMC 2021 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Intimal cells with a stellate morphology were first observed in the normal human aorta by 

Krushinsky et al17. Bobryshev and Lord identified a fraction of them as dendritic cells3. 

Wick et al. confirmed the presence of dendritic cells in human vessels and also found them 

in normal rabbit aorta19. More recently, they have been detected in the arterial wall of wild-

type mice15. The latter cells, which have a dendritic morphology and express both CD68 (a 

myeloid cell marker) and CD11c (a pan-dendritic cell marker), were most frequently found 

in the lesser curvature of the aortic arch, a site susceptible to atherosclerosis in apoE −/− 

mice. Pulse labelling with BrdU demonstrated that the intimal cells in these regions derive 

predominantly from recruitment of blood monocytes15.

Using established methods27, we differentiated porcine peripheral blood monocytes (PBMC) 

into dendritic cells in vitro. Dendritic cells derived from porcine PBMC using these methods 

lose expression of monocyte markers such as CD14 but express CD11b/c, CD68 and many 

other surface markers found on dendritic cells22. In the present study, we found that the 

monocyte-derived dendritic cells (MoDC) expressed S100, unlike the monocytes 

themselves, and they lost expression of the monocyte/macrophage marker CD163, as 

expected24. They were cultured in wells containing PAEC on Transwell filter inserts in order 

to establish their influence on the permeability of the endothelial monolayer to rhodamine-

labelled albumin, a stable, relatively inert macromolecular tracer with similar physical, 

chemical, and biological properties to the unlabelled protein34. As a positive control, we 

confirmed that astrocytes decreased permeability in this non-contact co-culture system. The 

dendritic cells also did so, and by a similar fraction (about one third), whereas 

undifferentiated PBMC (and any contaminating cells in this preparation) did not.

There are a number of similarities between astrocytes and dendritic cells. Indeed S100 is an 

astrocyte marker and dendritic cells can be differentiated from glial cells32, as noted above. 

Nevertheless, although the two cell types had similar effects on endothelial permeability, this 

was not because MoDC were inducing a BBB phenotype: monolayers co-cultured with 

astrocytes expressed permeability glycoprotein (Pgp, CD243), an ATP-binding cassette 

transporter characteristic of the BBB9, but monolayers cultured with MoDC cells did not.

Further differences between the effects of astrocytes and dendritic cells are evident from 

their interactions with effects of mechanical forces. Astrocytes act synergistically with 

chronically-applied fluid dynamic shear stress to reduce permeability in vitro30. In the 

present study, we obtained a reduction in PAEC permeability with chronically-applied shear 

stress but did not find synergy with the influence of MoDC: the permeability of PAEC co-

cultured with MoDC was the same regardless of whether the cells were sheared or not. The 

lack of synergy suggests that there are common components to the pathways mediating 

influences of MoDC and shear stress. We have recently shown that CSS reduces the 

permeability of PAEC monolayers via a pathway involving phosphatidylinositol-3-OH 

kinase, nitric oxide and soluble guanylyl cyclase33; however, preliminary data from the 

present study (not shown) indicate that the influence of MoDC is not altered by inhibiting 

nitric oxide synthesis.
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We also investigated whether MoDC reduced mitosis and apoptosis rates in endothelial 

monolayers. Mitosis leads to foci of enhanced endothelial permeability in vivo that may 

account for a significant fraction of total macromolecule entry into the aortic wall8 and we 

have recently shown that endothelial mitosis rates are higher in vitro than in vivo33. 

Apoptosis also appears to enhance permeability in vitro7. Reductions in mitosis or apoptosis 

would be expected to lower baseline permeability to macromolecules. However, no effect of 

co-culture with MoDC on these rates was observed. Furthermore, CD31 staining did not 

reveal any obvious effect on endothelial cell morphology and the cells were confluent in the 

presence or absence of MoDC.

MoDC-conditioned medium was also effective in reducing the permeability of PAEC 

monolayers, implying the presence of a long-acting soluble mediator. Platelets and platelet-

conditioned medium reduce the permeability of endothelium12, and this effect is mediated at 

least in part by sphingosine-1-phophate (S1P)10,28. We showed here for the first time that 

S1P substantially reduces the permeability of aortic endothelium; to our knowledge these are 

the lowest aortic monolayer permeabilities to albumin yet reported. (Since S1P can increase 

apoptosis11,20, its effect on the transport of larger molecules may be different). The effect of 

S1P was mediated by the S1P-1 and/or S1P-3 receptor. However, the effect of MoDC on 

permeability was not attenuated by an antagonist of these receptors, suggesting the 

involvement of a different mediator. When identified, the mediator might have therapeutic 

value, for example in reducing low density lipoprotein entry into the arterial intima, if the 

permeability-reducing effect that we demonstrated in vitro also occurs in vivo and if it 

applies to the uptake of LDL. (Transendothelial albumin transport may occur through 

smaller pores, and have a lower convective component, than LDL transport). The magnitude 

of the effect was of the same order as the difference in albumin permeability seen between 

atheroprone and atheroprotected sites in vivo29, and it has recently been shown that S1P 

analogues reduce aortic atherosclerosis in mice16.

Although MoDC reduced the permeability of cultured endothelium, they did not bring it to 

the level (c. 10−8 - 10−7 cm.s−1) observed in the aorta in vivo6,29. Soluble mediators released 

by VDC could have greater effects on endothelium in vivo because the cells are closer to the 

endothelium and because the mediator is not diluted by a large volume of fluid, as in vitro. 

VDC may additionally influence endothelium in vivo through the direct cell-cell contacts 

that have been demonstrated in ultrastructural studies4. Influences other than VDC may also 

contribute to the gap between in vivo and conventional in vitro permeabilities. The S1P 

released by platelets is one such factor.

The primary role of dendritic cells is immunosurveillance; they present novel antigens to 

lymphoid tissue. Indeed, Millonig et al.19 coined the term “Vascular Associated Lymphoid 

Tissue” to describe VDC. Cybulsky and co-workers23 recently identified a novel role by 

showing that the majority of foam cells in experimental murine atherosclerosis are derived 

from VDC. Consistent with this, previous studies have demonstrated that the number of 

VDC is greater in atherosclerosis-prone regions than in resistant regions and that it increases 

in naturally-occurring or experimentally-induced disease3,4,19. The results of our study 

demonstrate another novel role of dendritic cells - as modulators of endothelial permeability. 

We speculate that the same effect occurs in vivo and that variation in VDC density may help 
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account for spatial variation in arterial permeability. However, a permeability-reducing 

effect, if it also applies to the larger lipoproteins implicated in the initiation of atherogenesis, 

would suggest an anti-atherogenic role, leading to the expectation of greater numbers of 

VDC in regions protected from atherosclerosis. This apparent discrepancy requires further 

investigation. One possibility is that soluble factors and direct cell-cell contacts mediate 

different types of effect of VDC on endothelium; only the former were investigated here. 

Another is that there are sub-types of VDC (perhaps reflecting different levels of maturation) 

that have different functions and different distributions within the vasculature.

Finally we note that pericytes, like astrocytes, dendritic cells and perhaps smooth muscle 

cells18, are implicated in the control of endothelial permeability13,21. In the last few decades, 

the endothelium has emerged as the controller of vascular homeostasis, with influences on 

circulating cells and on other cells of the vessel wall. The effects reported in this paper, and 

the results noted above, suggest that endothelial properties (including but not restricted to 

permeability) may in turn be under the control of other cells of the vessel wall.
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Figure 1. Monocyte-derived dendritic cells are S100 positive and lose expression of CD163
Immunostaining for the dendritic cell marker S100 was significantly increased in cells 

exposed to IL-4 and GM-CSF (B) compared to exposure to RPMI alone (A; P=0.0303). 

Exposure to these cytokines also caused decreased immunostaining for the monocyte/

macrophage marker CD163 (D) compared to cells cultured in RPMI alone (C; P = 0.026). 

All images were taken using the same microscope settings. Representative images from 3 

independent experiments.
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Figure 2. Effect of co-culture and conditioned medium on endothelial monolayer permeability
Non-contact co-culture of confluent endothelial monolayers with rat astrocytes for 5 days 

reduced monolayer permeability to albumin compared to the permeability of monolayers 

cultured alone (P<0.0001, n=4). Non-contact co-culture with monocyte-derived dendritic 

cells (MoDC) for 5 days also reduced permeability (P=0.0002, n=7) but non-contact co-

culture with undifferentiated monocytes was without effect (P = 0.7552; n=7). Exposure of 

monolayers to MoDC-conditioned medium for 5 days reduced permeability compared to 

exposure to cytokine-supplemented medium (P<0.0001, n=3). *P <0.05, **P<0.01, 

***P<0.001.
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Figure 3. P-glycoprotein expression is up-regulated in endothelium co-cultured with astrocytes 
but not with monocyte-derived dendritic cells
The intensity of immunostaining for the blood-brain barrier protein, PgP was significantly 

increased in endothelial monolayers co-cultured with astrocytes for 5 days (A; panel C) 

compared to monolayers cultured alone (A; panel A), represented graphically in B; 

P=0.0010; n=3 independent experiments). P-glycoprotein expression was not significantly 

altered in monolayers co-cultured with MoDC for 5 days (A; panel B) compared to 

monolayers cultured alone (A; panel A), represented graphically in B; P=0.254; n=3 

independent experiments). Values obtained without the primary antibody have been 

subtracted in B. *P <0.05, **P<0.01, ***P<0.001.
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Figure 4. Sphingosine-1-phosphate reduces permeability but S1P receptor inhibition does not 
alter the MoDC-driven reduction in permeability
(A) Pre-treatment with S1P for 1 h produced a dose-dependent reduction in endothelial 

monolayer permeability to albumin that was abrogated by the S1P-1 and -3 receptor 

inhibitor VPC-23019 (1 μM) (n=4 independent experiments). (B) Non-contact co-culture of 

monolayers with MoDC for 5 days significantly reduced endothelial permeability 

(P=0.0254; n=3 independent experiments). Pre-treatment with VPC-23019 (1 μM) for 1 h 

before the addition of tracer did not significantly alter permeability in the presence or 

absence of MoDC (P=0.246). *P <0.05, **P<0.01, ***P<0.001.
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Figure 5. Co-culture with MoDCs does not alter the rate of mitosis or apoptosis in endothelial 
monolayers
(A) Co-culture of endothelial monolayers with MoDC for 5 days did not alter the rate of 

mitosis when compared to endothelial monocultures as assessed by incorporation of BrdU 

into cellular DNA (P = 0.613; n = 3 independent experiments). (B) Co-culture of endothelial 

monolayers with MoDC for 5 days did not alter the rate of apoptosis when compared to 

endothelial monocultures as assessed by the expression of cleaved-caspase 3 (P = 0.968; n = 

3 independent experiments). (C) CD31 staining shows confluent monolayers and no obvious 

difference in endothelial morphology between monocultures (image I) and co-cultures 

(image II).
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Figure 6. Chronic application of shear stress decreases endothelial monolayer permeability but 
does not enhance the effect of MoDCs
Application of shear stress for 5 days (chronic shear stress) significantly reduced monolayer 

permeability compared to static controls (P=0.001). Co-culture of endothelial monolayers 

with MoDC significantly reduced permeability under static conditions (P<0.0001) and with 

CSS (P=0.0019), but permeability did not differ significantly between static and CSS co-

cultures (P = 0.876; n=3 independent experiments). *P <0.05, **P<0.01, ***P<0.001.
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