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Outline 

Vision is dependent on proper function of several ocular structures. Damage to one 

of these tissues may lead to blindness and thus may have a drastic effect on human 

functioning. To protect this fragile organ from harmful (side) effects caused by 

inflammatory and immune responses, the eye is equipped with various 

immunosuppressive mechanisms. The eye is therefore regarded as an immune privileged 

site. The immune privileged status of the eye is obtained by the 

absence of lymphatic drainage, the presence of a blood-eye barrier and the intrinsic 

expression of several immune modulating factors, including cytokines, neuropeptides and 

Fas ligand. 

optic nerve F. 
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Figure 1 The eye and an enlargement depicting the position of the retinal pigment epithelium (RPE). 

In the retina the blood eye barrier is formed by the retinal pigment epithelium 

(RPE), a cell layer situated between the rods and cones of the retina and the vascularized 

choroid. Figure 1 provides a diagram of the eye to assist with the identification of the RPE 

and its position in the eye. The RPE may be involved in vision threatening diseases like 

intraocular inflammation (uveitis) and proliferative vitreoretinopathy, a complication of 

retinal detachment. Cytokines are thought to play a role in the pathogenesis of these 

diseases and the RPE cells may be a source of these cytokines. The regulation of 
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cytokine secretion and the expression of a cytokine antagonist by RPE cells, in vitro, was 

investigated in the studies described in this thesis. Chapter 2 gives an overview of the 

cytokines produced by RPE cells and the effects of cytokines on these cells. 

Besides 'anti-inflammatory' cytokines, RPE cells are able to produce a variety of 

'pro-inflammatory' cytokines, possibly needed to initiate immune responses against 

invading micro-organisms. Polarized secretion of cytokines by RPE cells may be an 

important mechanism for maintenance of the immunosuppressive milieu inside the eye, 

the regulation of inflammatory reactions and to limit damage to the neuroretina. The 

vectorial secretion of the 'pro-inflammatory' cytokine interleukin (IL-) 6 and chemokine IL-8 

by stimulated human RPE cells, is described in chapter 3. It is shown that monolayers of 

RPE cells, cultured on transwell filters, displayed similar features as the RPE in situ. Using 

the same culture system (with a RPE cell monolayer on filters), it was investigated 

whether 'pro-inflammatory' and 'anti-inflammatory' cytokines followed different secretion 

patterns. Transforming growth factor (TGF-) ß2 was chosen as a model 'anti-inflammatory' 

cytokine. TGF-ß2 is present in vitreous fluid that fills the posterior part of the eye and it 

appears to be essential for the maintenance of ocular immune privilege. RPE cells have 

been suggested as a source of intraocular TGF-ß2. Monocyte chemotactic protein 

(MCP-) 1 was chosen as a model 'pro-inflammatory' cytokine. This factor is a potent 

chemoattractant of monocytes. Chapter 4 describes the vectorial secretion of TGF-ß2 and 

MCP-1. 

In age-related macular degeneration and other eye diseases, choroidal 

neovascularization may occur. A number of studies have indicated that RPE cells play a 

crucial role in this process. The polarized secretion by RPE cells of vascular endothelial 

growth factor (VEGF), a cytokine involved in neovascularization, is reported in chapter 5. 

This chapter also describes the expression of VEGF receptors (e.g. KDR, flt-4 and flt-1) in 

situ on RPE surrounding tissues. 

The immunosuppressive milieu in the eye is maintained in part by a number of 'anti

inflammatory' cytokines. Moreover, the natural antagonist of IL-1a and IL-1 ß, named IL-1 
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Outline 

receptor antagonist (IL-1ra), has been found in various ocular tissues. Chapter 6 

describes the expression of the secreted and intracellular forms of IL-1ra by different 

human RPE cell lines. The expression of a new splice variant of intracellular IL-1ra and its 

cDNA sequence is also reported. 

Finally, chapter 7 provides a summary of the research described in this thesis, as 

well as ideas for further research in the field of RPE cells and cytokines. 
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RPE cells and cytokines 

1 INTRODUCTION 

The retinal pigment epithelium (RPE) is a monolayer of cells situated between the 

neuroretina and the choroid. It is of neuro-ectodermal origin and therefore the RPE is 

considered to be part of the retina. RPE cells have important functions in maintaining 

homeostasis of the outer retina. These functions include regulating the transport of 

nutrients to the photoreceptors, phagocytosing old rod outer segments and absorbing 

stray light. Furthermore, the monolayer of RPE cells is part of the blood eye barrier and 

limits access of blood components to the retina1. Recently it was found that FasL 

expression on RPE cells may play an important role in the control of subretinal 

neovascularization2. In addition, the RPE cells are thought to play an important role in 

immune responses and may help in maintaining immune privilege within the eye. 

In vivo, the RPE cells display a polarized morphology with apical microvilli in 

between the rods and the cones and with infoldings at the basal side. The RPE cells are 

connected to each other by tight junctions and as a result the RPE cell (mono)layer is 

impermeable. The tight junctions are situated at the apical side of the lateral membrane of 

the cells. Expression of some cell markers at the apical membrane, like ATPase, further 

demonstrate that the RPE cells are polarized3. RPE cells can be cultured relatively easily 

and recently it was found that RPE cells in vitro also display many in vivo characteristics 

including tight junction formation and a polarized morphology4"7. 

RPE cells have been implied to be involved in various pathological conditions. Age-

related macular degeneration is characterized by the accumulation of membranous debris 

on both sides of the RPE, whereby intracellular material accumulates inside the RPE cells 

and dysfunction of the cells occurs8. Proliferative vitreoretinopathy (PVR) is a complication 

of retinal detachment. The hallmark of PVR is the formation of contractile epiretinal 

membranes (in which RPE cells are present). The contraction and the resulting distortion 

of the membranes appear to be dependent on RPE-matrix interactions9. Retinitis 

pigmentosa is a heterogeneous group of inherited diseases that causes degeneration of 

the photoreceptor layer followed by alterations in the RPE10. Furthermore, in uveoretinitis 

RPE cells are suggested to play a role by producing cytokines and by antigen 

presentation to T lymphocytes11'12. 
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During the last decade it has become clear, mainly from in vitro studies, that RPE 

cells play an important role in immune responses by expression of MHC, adhesion 

molecules and cytokines. This review will focus on cytokine production by RPE cells and 

the effects of cytokines on RPE cells. 

2 CYTOKINES PRODUCED BY RPE CELLS IN VITRO 

2.1 Interleukin 1 and its antagonist 

Interleukin (IL) 1 was first called lymphocyte activating factor (LAF), a product of 

monocytes capable of stimulating T cell proliferation. IL-1 is regarded as a 'proximal' 

mediator in immune responses and it is now clear that IL-1 is one of the most potent 

multifunctional cell activators stimulating immune celis and other cell types13. Most of 

these effects lead to activation of the immune system or stimulation of inflammatory 

responses and thus IL-1 is called a pro-inflammatory cytokine. There are two forms of 

IL-1, namely IL-1a and IL-1ß. These molecules have similar biological activities and use 

the same receptors expressed on a variety of cells. IL-1a remains cell associated and acts 

during cell-cell contact while IL-1ß is a soluble mediator. The inactive cytoplasmic IL-1ß 

precursor is cleaved to the active extracellular form by a cysteine protease called IL-1 ß 

converting enzyme (ICE). 

In human RPE cells, IL-1ß gene expression could not be found under basal 

conditions1415, but mRNA became readily apparent after stimulation with IL-1 a15, IL-1ß14, 

TNFa14 or after cross-linking of CD48 on the RPE cell16. Stimulation with endotoxin did not 

lead to expression of the IL-1 ß gene in the study reported by Planck15 but Jaffe14 reported 

increased IL-1ß mRNA levels after exposure to lipopolysaccharide (LPS). The IL-1ß 

protein was not detected in RPE cell conditioned medium either without or with 

stimulation1415. In cell lysates Planck ef a/.15 found small amounts of IL-1ß protein, but this 

protein could have been the pro-IL-1 which may also be detected in their assay system. 
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Under basal conditions RPE cells have not been found to express IL-1cc. After 

stimulation with IL-1, TNFa or LPS, expression of IL-1a mRNA was induced14. IL-1cc 

protein could not be detected in RPE conditioned culture medium or in cell lysates under 

basal conditions. After stimulation with IL-1ß, IL-1 a protein could be detected in cell 

lysates14. 

IL-1 activity can be blocked by its natural occurring antagonist, the IL-1 receptor 

antagonist (IL-1ra). IL-1ra binds to the IL-1 receptor with similar affinities as do both IL-1 

molecules but without evoking intracellular signal transduction. Two variants have been 

described of IL-1ra: a secreted form and an intracellular form. The secreted form (slL-1ra), 

first found as a product of monocytes17, but now known to be expressed by a wide variety 

of cells, contains a signal sequence for secretion. The intracellular form (iclL-1ra), which is 

found in various epithelial cell types, lacks this signal sequence and thus remains in the 

cytoplasm of the cells. By differential splicing, two variants of iclL-1ra are produced: 

iclL-1ral and iclL-1 rail, the latter having a glycine rich insertion of 21 amino acids in the 

N-terminus of the protein. Both iclL-1ra proteins have similar IL-1 inhibiting capacities18. 

Recently, an additional splice variant of the iclL-1ra has been characterized (iclL-1ralll)19, 

leading to a protein of only 27 amino acids of which the function remains to be identified. 

Moreover, the function of the iclL-1ra itself is not clear. It has been suggested that iclL-1ra 

may modulate intracellular IL-1cc signalling since the intracellular precursor form of IL-1oc is 

active20. iclL-1ra may also function by binding to the IL-1 receptors before they are 

presented on the cell surface. Finally, iclL-1ra may act extracellularly after its release as a 

result of cell damage21 or, as it has recently been shown for airway epithelial cells, after 

active secretion22. 

Expression of slL-1ra mRNA by human RPE cells could not be detected under 

basal conditions by Jaffe et a/.14, but could be detected in 13 out of 15 cell lines under 

basal conditions by Holtkamp ef a/.19. This difference could be explained by the low 

expression of slL-1ra and a difference in sensitivity of the used methods. In both studies, 

upregulation of slL-1ra gene expression was found after stimulation with IL-1 ß, TNFa or 

PMA. iclL-1ral mRNA was expressed under basal conditions and upregulated after 

stimulation with IL-1ß, TNFa and PMA. Furthermore, iclL-1ra type II and type III were also 

detected in human RPE cells19. The mRNA levels of both iclL-1 rail and iclL-1ralll were not 

17 



Chapter 2  

influenced by stimulation with IL-1ß or PMA. The third splice variant of the intracellular 

ll_-1ra was first detected in RPE cells19. Although IL-1ra protein could be detected in RPE 

cell lysates, it could only be found in supematants of some RPE cell lines14,19. Interestingly, 

the IL-1ra protein produced by human RPE cells thus remains mainly in the intracellular 

compartment, the same compartment as where the IL-1 protein is present. Together, 

these studies suggest that IL-1 produced by the RPE cells may play a minor role in 

inflammatory processes in the posterior segment of the eye. 

2.2 interleukin 6 

IL-6 is a cytokine produced both by cells of the immune system and other cells, like 

monocytes/macrophages, T cells, B cells, endothelial cells, epithelial cells and 

fibroblasts23,24. IL-6 acts on a variety of cells with many different effects. IL-6 expression is 

readily induced by viral infections, LPS and a variety of cytokines like IL-1, TNF and 

GM-CSF, however cells of different origin respond differently to these factors. Thus, IL-6 is 

a pleiotropic cytokine exerting multiple biological effects on different types of target cells. 

In vitro, IL-6 stimulates macrophage and T cell differentiation and activation of B cells and 

T cells. Although IL-6 and IL-1 have overlapping activities and in some cells IL-1 can 

induce IL-6 expression, the similarity of their actions can not be fully explained by the 

ability of IL-1 to induce IL-6 production25,26. A synergism between IL-6 and IL-1 is often 

observed. 

IL-6 is secreted by human RPE cells in vitro after stimulation with IL-1a or IL-1 ß, 

but not under basal conditions27. TNFa also induced production of IL-6 although IL-1 ß is a 

more potent inducer of IL-6 than TNFa28. Stimulation of RPE cells with LPS alone did not 

lead to expression of IL-628,29, but in combination with IFN-y did result in its production28. 

Kuppner et al. reported that TGF-ß could enhance IL-6 production by human RPE cells 

and that TGF-ß and IL-1ß act in synergy to enhance IL-6 production30. Production of IL-6 

after stimulation with each of these cytokines was dose and time dependent, both at 

protein and mRNA level28"30. RPE cells cultured on transwell filters secreted IL-6 

preferentially at their basal side after stimulation with IL-1ß6. The abundant production of 
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IL-6 and its pleiotropic action suggest an important role for IL-6 produced by RPE cells in 

immune processes in the retina. The polarized secretion of IL-6 by the RPE cells, towards 

the choroidal side, however, may be a mechanism to limit damage to the neurosensory 

retina. 

2.3 Interleukin 8 

Chemokines can be divided into four subfamilies based on the position of two 

cysteines, which are adjacent (CC chemokines), separated by one amino acid (CXC 

chemokines), three amino acids (CX3C chemokines) or on the presence of only one 

cysteine (C chemokines)31. IL-8 belongs to the CXC family and has strong chemotactic 

and activating properties for neutrophils32. In addition, IL-8 has been shown to induce 

surface expression of adhesion molecules and may also play an important role in 

neovascularization33. Immune cells, like monocytes and tissue macrophages, as well as 

non-immune cells, like endothelial cells and fibroblasts, produce IL-8 after appropriate 

stimulation. 

Expression of the IL-8 gene by human RPE cells in vitro has been reported after 

stimulation with IL-1ß, TNFa and LPS34. Stimulation with IL-1 ß was more potent than 

stimulation with TNFa or LPS. Moreover, stimulation with LPS led to delayed IL-8 

expression being elevated 24 hours after stimulation while expression of IL-8 was already 

observed 1 hour after stimulation with IL-1 ß or TNFa. IL-8 mRNA expression after IL-1 ß 

stimulation could be enhanced by TGF-ß, but this effect could not be found at high 

concentrations of IL-1 ß or on protein production30. In contrast, both IL-6 mRNA expression 

and protein production could be enhanced by co-stimulation with TGF-ß after IL-1 ß 

stimulation. These observations indicate that expression of IL-6 and IL-8 in human RPE 

cells is regulated by different transcriptional and translational mechanisms30. RPE cells 

also produce IL-8 in response to IL-736, a cytokine initially isolated from bone marrow cells, 

but now known to be produced by keratinocytes, fibroblasts and peripheral blood 

mononuclear cells36. Furthermore, IL-1 ß and TNFa induced IL-8 production by RPE cells 

can be potentiated by co-stimulation with IL-735. 
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Human RPE cells in vitro could also be stimulated to produce IL-8 with conditioned 

medium of stimulated T lymphocytes37. This stimulation was dose dependent and could be 

inhibited by preincubating the supernatants with antibodies against TNF, IFN-y or both. 

Preincubation with IL-1 antibodies (mixture of anti-IL-1a and anti-IL-1ß) did not lead to 

inhibition of IL-8 production. Despite the fact that antibodies against IFN-y could inhibit the 

IL-8 production to a high extent, stimulating RPE cells with IFN-y did not induce IL-8 

production37. RPE cells incubated with conditioned medium of stimulated monocytes also 

expressed IL-8 mRNA38. This expression was biphasic with peaks at 2 hours and 24 

hours. Antibodies against IL-1ß or TNFa but not IL1-a could inhibit the IL-8 expression for 

30%. Furthermore, the combination of these three antibodies could inhibit the mRNA 

expression of IL-8 for 96%. The same observations were made for the protein secretion 

and thus it was suggested that IL-1 ß and TNFa attribute the most to the stimulatory effect 

of monocyte stimulated conditioned medium on RPE cells38. Immunohistochemistry of 

stimulated RPE cells using antibodies against IL-8 did not show cell associated staining 

and measurement of IL-8 protein in cell lysate by ELISA was negative, indicating high 

secretion efficiency of IL-839. 

Using RPE cells grown on transwell filters, it has been shown that these cells 

secrete IL-8 in a polarized manner mainly at their basal side (representing the choroidal 

side of the RPE). In situ this may prevent the neutrophils from migrating across the RPE 

and protect the neuroretina from potential damaging bystander effects. 

2.4 Interleukin 15 

The recently characterized cytokine IL-15 shares biologic effects with IL-2 including 

the induction of growth and differentiation of T and B cells, NK cells and monocytes40. 

IL-15 exerts its effects via a receptor complex, which consists of an unique IL-15 receptor 

a subunit and two subunits (ß and y) of the IL-2 receptor41. In contrast to IL-2, which is 

expressed mainly by T lymphocytes, IL-15 is produced by a variety of cells. 

Human fetal RPE cells have been shown to express mRNA for IL-1542. This 

expression was be enhanced by stimulation with IFN-y or TNFa. Furthermore, all subunits 
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of the IL-15 receptor (IL-15Ra, IL-2Rß and IL-2Ry) were expressed by the RPE cells. 

These results suggest that IL-15 may have autocrine or paracrine effects on RPE cells. 

2.5 Monocyte chemotactic protein 1 

Monocyte chemotactic protein 1 (MCP-1), a member of the CC chemokine family, is 

primarily chemotactic for monocytes and lymphocytes43,44. MCP-1 is produced by 

monocytes and non-immune cells like epithelial cells, endothelial cells and fibroblasts45. 

MCP-1 is constitutively expressed by RPE cells and this could be dose dependently 

upregulated after stimulation with IL-1ß, TNFa and, to a lesser extent, LPS46. Stimulation 

of RPE cells with conditioned medium of stimulated T lymphocytes also resulted in 

upregulated expression of MCP-1 mRNA followed by upregulated MCP-1 protein 

production37. This enhanced production of MCP-1 could be partially inhibited by antibodies 

against TNF or IFN-y or both. Furthermore, IFN-y enhanced the constitutive MCP-1 

production as well as the IL-1ß or TNF upregulated MCP-1 production by RPE cells37. 

Recently, also IL-7 has been shown to be able to induce MCP-1 production by human 

RPE cells35. Like IL-8, MCP-1 was secreted by human RPE cells in a polarized fashion 

towards the choroidal side47. 

2.6 Other chemokines 

GROoc, originally described as a melanoma growth stimulatory factor activity 

(MGSA)48, was shown to activate neutrophils and is now recognized to be a member of 

the CXC chemokine family45. Two additional GRO gene products (GROß and GROy) have 

been identified which have high sequence homology with GROa and similar neutrophil 

activating properties49. The three GRO molecules are produced by monocytes and 

neutrophils as well as by non-immune cells (endothelial cells, epithelial cells and 

fibroblasts). 

Expression and production of GRO in human RPE cells under basal conditions in 
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vitro was not detectable. However, treatment with IL-1 ß or TNFa readily upregulated gene 

expression and protein production of these chemokines50,51. 

RANTES was first identified as a product of activated T cells. It is a CC chemokine 

and acts on monocytes, eosinophils, basophils and memory T lymphocytes, but not on 

neutrophils45. It is also produced by platelets45 and recently recognized to be secreted by 

human RPE cells52. RANTES was secreted by unstimulated human RPE cells, which was 

considerably upregulated in response to stimulation with IL-1 ß, TNFa and IFN-y53. 

Furthermore, IFN-y potentiated the effect of TNFa stimulation, but not the effect of the 

IL-1 ß stimulation. IL-4 downregulated the TNFa stimulated RANTES production53. 

2.7 Tumor necrosis factor a 

Tumor necrosis factor a (TNFa) is a potent pro-inflammatory cytokine with a variety 

of biological effects and plays a key role in the initiation of immune responses54. TNF is 

mainly produced by activated monocytes and macrophages, but other immune cells can 

also produce this cytokine. 

Only two articles described TNFa expression or production by RPE cells. One 

study reported that TNFa gene expression by human RPE cells55 was found after 

stimulation with IL-1 ß and PMA55. The other study described low constitutive TNFa 

production by rat RPE cells derived from three different rat strains56. This TNFa production 

could be upregulated after stimulation with the combination of IFN-y and LPS. The extent 

of TNF secretion by the different RPE cells correlated with the susceptibility to 

experimental uveitis of the rat strains of which the RPE cells were isolated. 
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Table 1 Cytokine secretion and production by RPE cells. 

Cytokine MRNA Protein Polarized 

secretion 

Reference Cytokine 

constitutive after induction constitutive after induction 

Polarized 

secretion 

Reference 

IL-1a - + - + ND 14 

IL-1ß - + - - ND 14,15,16,38 

SIL-1ra -/+ + -/+ -/+ ND 14,19 

IcIL-Ira + + î + + ND 14,19 

IL-6 - + - + + 6,27,28,29,30,38 

IL-8 -/+ + î + + t + 6,30,34,35,37,38,39 

IL-15 + + î ND ND ND 42 

MCP-1 + + î + + t + 35,37,39,46,47 

GRO a,ß j - + - + ND 50,51 

RANTES + + t + + î ND 52,53 

TN Fa - + + + T ND 55,56 

- not present, + present, -/+ conflicting result in different studies, ND no data available, î induction. 

2.8 Transforming growth factor-ß 

Transforming growth factor-ß (TGF-ß), originally described as a factor that induced 

phenotypic transformation of fibroblast-like cells, appears to play a central role in 

embryonic development, tumorigenesis, woundhealing and fibrosis. It is a pleiotropic 

factor that can stimulate or inhibit the proliferation and differentiation of various cells. 

TGF-ß also plays an important role in immunoregulation. It possesses both inflammatory 

and immunosuppressive properties, presumably depending on its local concentration57,58. 

The inflammatory properties of TGF-ß include Chemotaxis and activation of monocytes57,58. 

The immunosuppressive properties include inhibition of T and B cell proliferation59,60, 

inhibition of granulocyte adherence to endothelial cells61, deactivation of macrophages62 

and downregulation of MHC class II antigen expression63,64. Moreover, TGF-ß appears to 

be pivotal in the induction of deviated immune responses in the eye65. It has been 

detected in the vitreous and its concentration was reduced during ocular inflammation66. 

TGF-ß can be synthezised by many different cells and is secreted in a latent 
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complex that needs to be activated to be biologically active67. There are five isoforms of 

TGF-ß, however, only three (TGF-ß1, TGF-ß2 and TGF-ß3) have been described in men 

and other mammals58. 

RPE cells are able to produce TGF-ß1 and TGF-ß2 of which the TGF-ß2 isoform is 

the predominant form68,69; TGF-ß3 expression was not found. TGF-ß2 was constitutively 

produced by RPE cells. The production of this cytokine was further upregulated by 

photocoagulation70 or in response to monocyte conditioned medium38. Jaffe et al38 

observed that after stimulation with monocyte conditioned medium the mRNA level of 

TGF-ß2 was not upregulated, however, the amount of protein in the supernatant was 

increased, apparently by a post-transcriptional mechanism. Addition of antibodies against 

IL-1cc, IL-1ß and TNFa to the conditioned medium abrogated the increase in TGF-ß38. Our 

own study on TGF-ß2 production by human RPE cells showed no upregulation after 

treatment with IL-1ß or TNFa47. This discrepancy may be attributed to the synergistic 

effects of cytokines in the monocyte conditioned medium or the presence of other factors. 

2.9 Fibroblast growth factor 

Five forms of fibroblast growth factor (FGF) have been described, all of which 

induce proliferation and differentiation of several mesoderm and neuroectoderm derived 

cells, like endothelial cells, fibroblasts, epithelial cells and smooth muscle cells71. In 

addition to growth promoting activity, FGF has also been shown to be chemotactic for 

endothelial cells and fibroblasts. In vivo, FGF is capable of inducing angiogenesis and it is 

suggested that FGF may be involved in woundhealing. 

Multiple forms of FGF have been demonstrated to be expressed in RPE cells, like 

acidic FGF (aFGF)72, basic FGF (bFGF or FGF-2)73"75, FGF-176, and FGF-577, of which only 

FGF-5 possesses an amino-terminal signal sequence and is released via the classic 

secretory pathway78. Steady state mRNA expression for aFGF, bFGF and FGF-5 mRNA is 

downregulated upon increasing culture density7279. Furthermore, steady state mRNA for 

bFGF expression was increased under hypoxic culture conditions80. Increased expression 

of bFGF was detected after stimulation with brain derived neurotrophic factor (BDNF), 
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ciliary neurotrophic factor and IL-181. Except expressing FGF mRNA, RPE cells also 

express the receptor for bFGF and it is thus suggested that RPE cell derived bFGF may 

act as a paracrine factor or as an autocrine factor73. 

Exogenous bFGF stimulated RPE cells to produce FGF-1 and promoted prolonged 

RPE cell survival. This suggests that FGF may have an autocrine trophic role76. 

Furthermore, bFGF production by RPE cells was induced after stress81. It has been 

hypothetized that bFGF produced by the RPE cells may also be a paracrine factor 

important for prolonged survival of photoreceptors. ARPE-19 cells, modified (by 

transfection) to overexpress FGF-5, however, released FGF-5 predominantly into the 

basolateral media, which do not represent the side where the photoreceptors are situated 

in situ12. 

2.10 Insulin-like growth factor 

Two types of insulin-like growth factor are known (IGF-1 and IGF-2), which have 

mitogenic, metabolic and growth stimulating effects on many cell types83. IGF-1 and IGF-2 

bind to specific receptors (type I and II) and are thought to have autocrine or paracrine 

activity84. In addition, binding proteins for IGF are identified, which have no sequence 

homology with the receptors. Six of these binding proteins (IGFBPs) have been cloned 

and characterized (IGFBP-1 to IGFBP-6)85. 

IGF receptors and binding proteins have been identified on bovine and on monkey 

RPE cells8688. More recently human RPE cells have been shown to express mRNA for 

IGF-1 and the IGF receptors type I and type II89. Moreover, human RPE cells have been 

shown to produce two different IGFBP forms90 (although mRNA expression of only one 

form (IGFBP-2) could be detected by others91) and human RPE cells have been shown to 

produce IGF-I and IGF-II protein91, underlining the autocrine hypothesis. Furthermore, IGF 

may play a role in the photoreceptor - RPE cell interaction based on the presence of both 

IGF-1 and IGFBP in the interphotoreceptor matrix and in the supernatant of cultured RPE 

cells87. 
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2.11 Other growth factors 

Vascular endothelial growth factor (VEGF) is a factor that induces vascular 

permeability and angiogenesis92 and is thought to have a role in inflammatory responses. 

In diabetic retinas, one of the observed VEGF producing cells were the RPE cells93, which 

have been reported earlier to produce VEGF in vitro and in situ9*. VEGF also acts as a 

survival factor for newly formed vessels95. VEGF production by RPE cells could be 

induced by high glucose concentration 96 or progesterone stimulation97 and was enhanced 

by stimulation with IGF-198. Furthermore, human RPE cells secreted VEGF in a polarized 

manner towards the basal side99. In hypoxic conditions the secretion increased to the 

basal side only. Immunohistochemistry of human and monkey eyes revealed expression 

of the VEGF receptors KDR and flt-4 at the side of the choriocapillaris endothelium facing 

the RPE. Thus, the RPE cells secreted VEGF towards the side where its receptors were 

located, suggesting a paracrine role of VEGF. 

Another growth factor produced by RPE cells was platelet derived growth factor 

(PDGF)100"103, a heat stable polypeptide that plays an important role in woundhealing. 

Expression of PDGF was enhanced by treatment of RPE cells by IL-1ß in combination 

with TGF-ß103. RPE cells also expressed the PBGF receptors and therefore it is suggested 

that PDGF is an autocrine growth stimulator in RPE cells102. 

2.12 Colony stimulating factors 

Although granulocyte-macrophage colony stimulating factor (GM-CSF) plays a role 

in haematopoietic responses it also enhances host responses to infections 104. GM-CSF 

enhances the survival, maturation and activation of immune cells like macrophages, 

neutrophils and eosinophils. A variety of cells is able to produce GM-CSF, such as 

fibroblasts, endothelial cells and macrophages. RPE cells have also been shown to 

express GM-CSF mRNA and secrete the protein after IL-1 stimulation15. 

Another colony stimulating factor (M-CSF), which mainly stimulates the 

macrophages is also produced by RPE cells. Constitutive M-CSF mRNA expression and 

protein production was upregulated after treatment with IL-1 and TNF105. Moreover, the 
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M-CSF production was enhanced after stimulation with conditioned medium of stimulated 

monocytes38. 

Table 2 Growth factor production by RPE cells. 

Growth 

factor 

mRNA Protein Polarized 

secretion 

Reference Growth 

factor Constitutive after induction constitutive after induction 

Polarized 

secretion 

Reference 

TGF-ß + + -» + + t + 38,47,68,69,70,80 

BFGF + + Î + + T ND 38,72,73,74,75,76, 

77,79,80,81,82 

IGF + ND + ND ND 87,88,89,90,91 

VEGF + + t + + t ND 93,94,96,97,98,99 

PDGF + ND + ND ND 100,101,102,103 

GM-CSF -/+ + -/+ + ND 15 

M-CSF + + î + + T ND 38,105 

• not present, + present, -/+ conflicting result in different studies, ND no data available,! induction, -» no 
change after treatment. 

2.13 Neurotrophic factors 

Neurotrophic factors, including nerve growth factor (NGF), brain-derived growth 

factor (BDGF) and neurotrophin-3 (NT-3) are important in neuronal cell survival and may 

also play a role in immune reactions. Human RPE cells have been shown to express 

mRNA for NGF, brain-derived growth factor (BDNF) and neurotrophin-3 (NT-3) under 

basal conditions in w'fro106. The mRNA expression levels of these neurotrophic factors 

were enhanced after stimulation with IL-1, TNF or PMA. Furthermore, constitutive 

secretion of NGF protein increased after stimulation of the human RPE cells106. Rat RPE 

cells also secreted NGF when stimulated with IFN-y in combination with LPS107. 
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3 CYTOKINE RECEPTOR EXPRESSION AND SIGNAL TRANSDUCTION IN RPE 

CELLS 

From the observations that RPE cells produce a variety of important immunological 

mediators in response to cytokines it is to be expected that RPE cells have receptors for 

(a subset of) these factors. Few studies, however, have shown that cytokine receptors are 

expressed on RPE cells and most of these describe only mRNA expression of the 

receptors. Little information is available at the moment about the presence of receptors on 

the cell surface. 

Expression of the receptors for bFGF, PDGF and IGF (type I and II) on human RPE 

cells in vitro has been detected7391102. The mRNA's for the same receptors have also been 

shown to be expressed by RPE cells in a study by Kociok et a/108. In this report, mRNA for 

the receptors FGFR-1, EGF-R, TGFß-R3, PDGF-Ra, PDGF-Rß, TNF-R p55, TNF-R p75, 

IGF1-R, IGF2-R, VEGF-R1 (or FLT-1), VEGF-R2 (or FLK-1), VEGF-R3 or FLK-4, IL-6R, 

IL-1R, SCF-R, p75(NGF-R), CNTF-R, gp130 and LIF-R was detected by RT-PCR108. The 

detection of mRNA expression of both TNF receptors is in contradiction with another study 

which described only the expression of the p55 TNFR by RPE cells109. The latter study 

also reported the expression of IL-1R, IL-2R (the a subunit only), IL-6R and IFN-yR. In 

human fetal RPE cells the transcripts for all three components of the IL-15 receptor (e.g. 

IL-15R0C, IL-2Rß and IL-2Ry) were detected42. 

Recent studies have investigated signal transduction pathways in RPE cells after 

cytokine stimulation. TNFa induced expression of ICAM-1 (via the p55 TNFR) on human 

RPE cells has been shown to involve activation of the protein kinase C (PKC) pathway 

followed by activation of the PKA pathway110. It has also been shown that TNFa, IL-1ß or 

the combination of TNFa, IL-1ß and IFN-y induced the expression of ICAM-1 in human 

RPE cells through an NF-kappaB dependent transduction pathway111. This finding adds to 

the idea that TNFa binds to the p55 TNFR on RPE cells, stimulates the PKC and PKA 

second messenger pathway and induces NF-kappaB which in turn triggers gene 

expression and protein secretion of various immunological relevant products. Recently, 

the IFN-y signalling pathway has been characterized in human RPE cells112. This study 
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showed that IFN-y action involved the transcription factors IFN regulatory factor (IRF-1), 

IFN consensus sequence binding protein (ICSBP) and tyrosine-phosphorylated STAT-1112. 

4 EFFECTS OF CYTOKINES ON RPE CELLS 

4.1 Cytokine production 

The effect of cytokines on the expression of cytokines on either mRNA or protein 

level by RPE cells, has been discussed extensively above. It is of note that of a number of 

cytokines (including IL-1, IL-6, IL-15, TNF, TGF, FGF, IGF, VEGF, PDGF) both the 

protein, as well as the receptor is expressed by RPE cells. This implies that autocrine or 

paracrine effects may be mediated by these cytokines. In situ hybridization may be used 

to determine whether the cytokine itself and its receptor are expressed by the same cell or 

whether there are subpopulations of RPE cells producing only the cytokine or the 

receptor. It has been reported in various studies that heterogeneity exists between 

different RPE cell cultures, and also within RPE cell cultures6'14'19113'114. 

4.2 Nitric oxide production 

Nitric oxide (NO), a gas with a half-life of only a few seconds, has diverse 

physiological functions including the relaxation of blood vessels, signal transduction, 

macrophage and neutrophil mediated cytotoxicity115116. The wide range of activities of NO 

has been attributed to the existence of different isoforms of the enzyme nitric oxide 

synthase (NOS)117. The different forms of NOS, which synthesize NO from L-arginine, 

differ in their tissue distribution, calcium dependency and in the regulation of their 

expression117. The constitutively produced isoform, cNOS, is involved in neurotransmission 

and blood vessel relaxation115. The inducible form of NOS, iNOS, a product of another 

gene, is synthesized after endotoxin or cytokine stimulation and appears to have 
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antimicrobial activity116. 

Bovine RPE cells have been shown to produce NO after stimulation with TNFa or 

LPS118. The synthesis of NO was apparent 12 hours after stimulation and lasted 96 hours. 

The level of iNOS mRNA in bovine RPE after stimulation could be partially inhibited by 

FGF-1 or FGF-2119. Furthermore, bovine RPE cells have been shown to produce NO after 

LPS plus IFN-y stimulation120. The level of nitrite produced by bovine RPE cells after 

stimulation with LPS plus IFN-y was increased by the addition of TGF-ß1, but addition of 

aFGF or bFGF inhibited the nitrite release120. Mouse RPE cells have also been shown to 

produce iNOS and NO after LPS and IFN-y stimulation, and this was inhibited by adding 

TGF-ß121. Furthermore, human RPE cells have been shown to produce NO after 

stimulation with IFN-y and IL-1ß or after stimulation with IFN-y, IL-1B and TNFa122'123. The 

NOS mRNA expression in human RPE cells after stimulation with the mixture of cytokines 

(IFN-y, IL-1ß and TNFa) could be inhibited for 75% by TGF-ß123. 

Using RPE cells isolated from TGF-B1 knock out mice it was demonstrated that 

endogenous TGF-ß1 directly inhibits NO production124. RPE cells from TGF-ß1 deficient 

mice produced 40% more NO than RPE cells from wild type mice124, in contrast, NO 

synthesis by RPE cells from TNFa knock out mice was reduced as compared to RPE from 

wild type mice indicating partial dependence on endogenous TNFa125. 

NO synthesis and iNOS expression have also been studied in rat RPE cells treated 

with the cytokines IFN-y and TNFa126. Both NO and iNOS were enhanced by LPS and this 

was dose dependent. RPE cells have also been shown to express iNOS and produce high 

amounts of NO when co-cultured with activated lymphocytes126. The latter observation 

may suggest that the RPE cell, by secreting the cytolytic NO in response to contact with 

an activated lymphocyte, may play a role in the maintenance of the immunosuppressive 

milieu within the eye. 

4.3 MHC class II expression 

MHC class II antigens have been shown to be expressed on human RPE cells of 

patients with retinitis pigmentosa127,128, uveitis129 and uveoretinitis130. The MHC class II 
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antigen expression on RPE cells derived from retinitis pigmentosa patients was 

upregulated after IFN-y stimulation128. Cultured normal human RPE cells have also been 

shown to be able to express MHC class II antigens after stimulation by IFN-gamma131133 or 

conditioned medium from stimulated lymphocytes133. 

The IFN-y induced expression of MHC class II antigens could be inhibited by both 

TGF-ß1 or TGF-ß2134. This inhibitory effect was enhanced by pre-treatment of calphostin 

suggesting a role for PKC in TGF-ß modulation of MHC class II expression. Inhibition of 

IFN-y induced MHC class II expression by human RPE cells could be obtained by IL-10 

pre-incubation or co-incubation135. 

IFN-y treated rat RPE cells have also been shown to express MHC class II 

antigens, present antigen and induce proliferation of T cells136. Recently, it has been found 

that IFN-y stimulated RPE cells were capable of presenting microbial superantigen via 

HLA DR to T lymphocytes137. Furthermore, RPE cells, pre-incubated with inhibitors of 

trypsin and prostaglandin E2, have been shown to be able to function as antigen 

presenting cells138. 

4.4 Adhesion molecule expression 

Intercellular adhesion molecule-1 (ICAM-1, also called CD54) is a cell surface 

molecule that mediates adherence of leukocytes through binding of the integrin 

lymphocyte function-related antigen-1 (LFA-1, also called CD11a/CD18) and Mac139140. 

ICAM-1 expression, first identified on vascular endothelium, appears to regulate the 

binding of leukocytes to endothelium and to regulate extravascular leukocyte trafficking by 

virtue of its presence on various cell types141,142. In vitro ICAM expression is upregulated 

after stimulation with endotoxin or inflammatory cytokines like IL-1 or IFN-y141. In various 

inflammatory diseases (including uveitis), a secreted form of ICAM-1 (slCAM-1) was 

reported to be elevated in serum143146. 

ICAM-1 expression has been found on freshly isolated and cultured human RPE 

cells and was upregulated after treatment with IL-1, IFN-y or TNF110'147"160. Moreover, 

unstimulated human RPE cells secreted sICAM151. The constitutive secretion of sICAM 
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was also enhanced after stimulation with IL-1, TNF or IFN-y. 

mRNA expression of other adhesion molecules, including ELAM-1, PECAM-1 and 

VCAM has been shown in some human RPE cell lines148. The number of RPE cell lines 

expressing these genes increased after stimulation with IL-1 ß, TNFa or IFN-y. FACS 

analysis of RPE cells, however, did not show surface expression of ELAM-1 or PECAM-1 

(without or with stimulation with IL-1 ß, TNFa or IFN-y). VCAM protein expression was 

detectable after cytokine stimulation only148. 

4.5 Leukocyte adhesion and transmigration 

Lymphocyte function-related antigen 1 (LFA-1), expressed on B and 

T lymphocytes, monocytes and neutrophils is the ligand for ICAM-1. Binding of LFA-1 to 

ICAM-1 enables these cells to migrate across vascular endothelial cells. As mentioned 

above, RPE cells express ICAM-1 constitutively and after stimulation with pro

inflammatory cytokines. This implies that lymphocytes might be able to adhere to RPE 

cells. Binding of activated lymphocytes to normal and stimulated human RPE cells has 

indeed been shown149 and appeared predominantly ICAM-1 dependent. The remaining 

ICAM independent component was neither dependent on MHC class II nor CD2 

involvement149. 

Adhesion of unactivated rat T cells to unstimulated rat RPE cells was also 

ICAM-1/LFA-1 independent152. Stimulation of rat RPE cells with IFN-y did not increase the 

adhesiveness of normal lymphocytes. However, activated lymphocytes did show 

enhanced adhesion to rat RPE cells, which was partially blocked by antibodies to LFA-1 or 

ICAM-1. This suggests that the interaction between ICAM-1 and LFA-1 may play a role in 

lymphocyte migration after lymphocyte activation152. 

Migration of untreated peripheral lymph node (PLN) cells through RPE monolayers 

has been detected after stimulation with IFN-y, but not without stimulation153. After 

cross-linking CD3, by antibodies, migration of the PLN cells was enhanced. Even higher 

levels of migration were detected using CD4+ antigen-specific T cell lines153. In another 

study it was found that migration of a CD4+ antigen-specific T cell line across untreated rat 
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RPE cells could be inhibited by antibodies against ICAM or LFA-1, but not by antibodies 

against VLA-4154. The latter observation may not be surprising since VCAM-1, the ligand of 

VLA-4, is not expressed on unstimulated RPE cells. The migration of the T cells through a 

stimulated rat RPE cell layer could be inhibited by antibodies against ICAM-1, LFA-1, 

VCAM-1 or VLA-4154. Blocking both ICAM-1 and VCAM-1 resulted in an additive effect. 

Table 3 Effects of cytokines on RPE cells. 

Effect Triggering cytokine(s) 

Cytokine production IL-lcc, IL-1ß, IL-7, TNFa, IFN-y, TGF-ß 

NO production IL-1P, TNFa, IFN-y, TGF-ß* 

MHC class II expression IFN-y, TGF-ß 

Adhesion molecule 

expression 

IL-1ß, IFN-Y, TNFa 

Leukocyte adhesion IFN-y 

' opposing effects in different studies. 

4.6 Blood retina barrier integrity 

As mentioned earlier, RPE cells can be cultured on a filter (transwell filter) and 

obtain barrier properties and a polarized morphology4,6. In this model system it has been 

shown that IFN-y in combination with LPS induced a decrease in trans epithelial 

resistance (TER), indicative for the integrity of the tight junctions between the RPE cells 

and thus the barrier properties of the monolayer7. This decrease was enhanced by TNFa. 

In contrast, an NO donor increased the TER, whereas an NOS inhibitor had no effect. This 

suggests that NO is involved in the maintenance of tight junctions. 

Although many animal studies showed that intravitreal injection of cytokines caused 

a breakdown of the blood retina barrier, these studies did not address the question 

whether this the result of an alteration of the tight junction integrity of RPE cells 155"158 

33 



Chapter 2 

5 CONCLUDING REMARKS 

From the studies described in this review, it is clear that RPE cells produce a wide 

variety of cytokines and that cytokines have profound effects on RPE cells. Cytokines 

produced by RPE cells may play an important role in the homeostasis of the retina and in 

inflammatory responses by the activation of resident cells and attraction and activation of 

inflammatory cells. Current knowledge of the effect of cytokines on RPE cells and cytokine 

production by RPE cells has been obtained mainly by in vitro studies. Whether RPE cells 

in vivo respond in a similar manner is largely unknown. Using in situ hybridization or 

immunohistochemical analysis of ocular material obtained from patients or animals, the 

role of RPE cells as cytokine producers and target cells can be studied in situ. Animal 

studies may also reveal whether cytokines or cytokine antagonists targetted of the RPE 

are beneficial for treatment of inflammatory or immune responses in the posterior segment 

of the eye. Further studies should also be focussed on cytokine receptor expression by 

RPE cells. Although a number of studies have been performed on mRNA expression of 

cytokine receptors by RPE cells, little data is available at the moment on membrane 

expression. 

It is suggested that cytokines produced by RPE cells may have autocrine or 

paracrine activity. Since the RPE cell layer is impermeable, the direction of cytokine 

secretion and the localization of cytokine receptors are important for the ultimate effect of 

the secreted cytokines. Therefore, it is important to investigate not only whether cytokines 

are secreted by RPE cells in a polarized manner under different conditions, but also to 

determine at which cell membrane (apical or basolateral) cytokine receptors are located. 

Further studies may lead to a better understanding of the role of RPE cells as cytokine 

producers and cytokine targets and may eventually provide new prospects for the 

treatment of diseases involving the RPE. 
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Polarized secretion of IL-6 and IL-8 by RPE cells 

SUMMARY 

A number of cell types situated along interfaces of various tissues and organs such 

as the peritoneum and the intestine have been shown to secrete inflammatory cytokines in 

a polarized fashion. Retinal pigment epithelial cells (RPE) are positioned at the interface 

between the vascularized choroid and the avascular retina, forming part of the blood retina 

barrier. These cells are potent producers of inflammatory cytokines and are therefore 

considered to play an important role in the pathogenesis of ocular inflammation. Whether 

cytokine secretion by these cells also follows a vectorial pattern is not yet known and was 

therefore the subject of this study. Monolayers of human RPE cells (primary cultures and 

the ARPE-19 cell line) cultured on transwell filters were stimulated to produce IL-6 and 

IL-8 by adding IL-1 ß (100 U/ml) to either the upper or the lower compartment. After 

stimulation, the human RPE cell lines showed polarized secretion of IL-6 and IL-8 towards 

the basal side irrespective of the side of stimulation. The ARPE-19 cell line also secreted 

IL-6 and IL-8 in a polarized fashion towards the basal side after basal stimulation; 

polarized secretion was, however, not apparent after apical stimulation. The observation 

that human RPE cells secrete IL-6 and IL-8 in a polarized fashion towards the choroid 

may represent a mechanism to prevent damage to the adjacent fragile retinal tissue. 

INTRODUCTION 

The retinal pigment epithelium (RPE), strategically located between the 

photoreceptor layer and the vascularized choroid, plays an important role in maintaining 

the homeostasis in the outer retina. It regulates the transport of nutrients to the 

photoreceptors, phagocytoses old rod outer segments and absorbs stray light. As part of 

the blood-retina barrier, i.e. the outer blood-retina barrier1, the RPE cell monolayer limits 

the access of blood components to the retina. In addition to these functions, the RPE is 

thought to play an important role in immune responses. This is suggested by the ability of 

RPE cells to express cytokines2, HLA class II antigens3,4, adhesion molecules56 and FasL7. 

In vitro, RPE cells have been shown to produce IL-189, IL-610"13, IL-81314, MCP-115, 

47 



Chapter 3  

GM-CSF9 and TGF-ß216 when simulated with IL-1ß, which is a pro-inflammatory cytokine 

produced early in the immune response17, or other cytokines. 

The eye is an immune privileged site where, in view of it's essential function and 

fragility, immunological processes must be strictly regulated. Although leucocyte 

recruitment is essential for host defense to clear infectious agents, a vigorous 

inflammatory response can lead to local damage of host tissues and even to impaired 

organ function. One way to achieve the immune privileged status is by the intraocular 

production of immunosuppressive or anti-inflammatory cytokines, such as TGF-ß218,19. 

Furthermore, the eye is separated from the rest of the body by the blood-retina barrier 

forming a physical barrier for immune cells. Another mechanism by which the RPE could 

contribute to such a highly regulated immune response could be the secretion of 

(pro-)inflammatory cytokines preferentially in the direction of the choroid, thereby reducing 

the potential damage of the neurosensory retina during inflammation. Although numerous 

investigators have shown that cultured RPE cells can readily be induced to secrete pro

inflammatory cytokines28'15, a possible polarized production of these factors has not been 

reported and therefore was the subject of our study. As a model we investigated the 

secretion of two different cytokines, IL-6 and IL-8. IL-8 is a chemoattractant for neutrophils 

and stimulates diapedesis of T cells20. Recent reports show polarized secretion of IL-8 by 

human intestinal2122 and human mesothelium23 cells. IL-6 is an important pro-inflammatory 

cytokine known to be involved in intra-ocular inflammation2426. Polarized secretion of IL-6 

has been reported for mouse uterine epithelial cells27. 

Polarized secretion of the inflammatory cytokines IL-6 and IL-8 was investigated 

with monolayers of human RPE cells on transwell filters. RPE cells were stimulated at the 

apical or the basal side with IL-1B and the secretion of IL-6 and IL-8 was measured. The 

data presented in this paper show that RPE cells are indeed capable of polarized 

secretion of cytokines after stimulation with IL-1ß. Furthermore, we show that the 

ARPE-19 cell line reacts differently as compared to the primary cultures of RPE cells. 
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METHODS 

RPE cell cultures 

Human donor eyes (age of the donors: 12-23 years) obtained from the eye bank 

were used as a source of primary RPE cells. These RPE cells (further designated as 'RPE 

cell lines') were isolated within 24 hours post mortem28. After removal of the cornea (for 

transplantation) and the anterior segment, the optic nerve was cut and vitreous and neural 

retina were washed out of the eye cup with Hank's Balanced Salt Solution (HBSS, 

Gibco BRL, Breda, The Netherlands), allowing trypsin dissociation of the RPE cells by two 

subsequent incubations at 37°C. The first incubation was performed with 0.025% trypsin 

and 0.01% ethylene diamine tetraacetic acid (EDTA) in Puck's saline solution (Gibco BRL) 

for 15 minutes, and the second incubation with 0.25% trypsin and 0.1% EDTA in Puck's 

saline solution for 45 minutes. Cells obtained from the second incubation were plated in 

24-well plates (Costar, Cambridge, MA, USA) at 105 cells/well in Iscoves Modified 

Dulbecco's Medium (IMDM, Gibco BRL) supplemented with 20% Fetal Calf Serum (FCS, 

Gibco BRL), penicillin (100 U/ml, Gibco BRL) and streptomycin (100 ug/ml, Gibco BRL). 

Non-adherent cells were removed after two days by washing and refreshing the culture 

medium. At confluency, cells were detached by trypsin treatment and passed to culture 

flasks at approximately 410" cells/cm2. For stimulation experiments RPE cells were used 

between the second and eigth passage. 

To investigate whether the RPE cell cultures were not contaminated with for 

instance fibroblasts, the cell lines were analyzed morphologically and by 

Jmmunohistochemistry. Phase contrast microscopy revealed pigmentation of the RPE cells 

during the first few passages and the cells displayed characteristic epithelial morphology 

throughout the culture. For immunohistochemistry the cells were cultured on tissue 

chamber slides (Lab-tek, Nunc Inc. Naperville, IL, USA) and stained with either antibodies 

specific to cytokeratin 8/18 (CAM 5:2, Becton-Dickinson, San Jose, CA, USA) or specific 

to a glucose transporter protein (a-GLUT-1 stains barrier epithelium in the eye, a kind gift 

from L. Andersson, University of Uppsala, Uppsalsa, Sweden)2930. Both antibodies react 

with RPE cells and not with fibroblasts. As a negative control an antibody against a 
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irrelevant bacterial protein was used (Mouse negative control immunoglobulins, Dako). 

The cultures tested revealed positive staining of all cells with anti cytokeratin 8/18 and 

a-GLUT-1, indicating that the RPE cells were not contaminated with other cell types. This 

indicates that in agreement with earlier studies 28 the isolation procedure whereby vitreous 

and neural retina are removed from the eye, followed by a dissociation of the RPE cells 

with trypsin, is an efficient procedure to obtain pure RPE cells. 

The ARPE-19 cell line31 (a kind gift from Professor L.M. Hjelmeland, University of 

California, Davis, USA) was grown in Dulbecco's Modified Essential Medium and F12 

(DMEM/F12; 1:1; Gibco BRL) supplemented with 10% FCS and penicillin (100 U/ml) and 

streptomycin (100 ug/ml). All cells were cultured at 37°C and 5% C02. Medium was 

changed twice a week. 

RPE cell monolayers on transwell filters 

RPE cells were cultured on transwell filters (Costar, Cambridge, MA, USA, 12 mm 

diameter, 0.4 urn pore size) according to the method of Dunn et a/.31 with minor 

modifications. Briefly, filters were coated with 160 ul of a 1:40 dilution of Matrigel 

(Collaborative Biomedical Products, Bedford, USA) in medium and air dried overnight. 

Earlier experiments with Laminin coated or non coated filters showed multi-layering of the 

RPE cells (data not shown). The RPE cell lines as well as ARPE-19 cells were seeded at 

1.6 105 cells/cm2 in a volume of 200 ul/filter, in the appropriate medium supplemented 

with 1% FCS. In the lower compartment 1000 pi medium was added thereby levelling the 

height of the liquid levels to prevent hydrostatic pressure. Trans epithelial resistance 

(TER) was measured once a week using an Endohm chamber and an ohmmeter (World 

Precision Instruments, Sarasota, USA). TER measurements were corrected for 

background by subtracting the value of a matrigel coated filter without cells. Filters with 

RPE monolayers were used for experiments 19 days after plating and when the TER was 

at least 20 Ohm cm2. 
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Microscopy of RPE cell monolayers on transwell filters 

The possible formation of multi-layers of RPE cells was checked by light 

microscopy of cryostat sections of the filters. The filters were washed with PBS, frozen in 

liquid N2, embedded in Tissue-Tek (Miles Inc., Elkhart, IN, USA), cut in 10 urn thick 

sections, fixed in acetone during 5 minutes and air dried. The sections were stained with 

haematoxylin for 1 minute followed by staining with eosin for 1 minutes. Under the 

conditions employed we did not observe the formation of multiple layers of RPE cells. 

The integrity of the RPE cell monolayers was further analyzed by electron 

microscopy (EM) and immunohistochemistry. For scanning EM filters were washed with 

HBSS, after which the cells were fixed in a 0.08 M cacodylate-buffered solution containing 

1% glutaraldehyde and 1.25% paraformaldehyde (pH 7.3). After fixation for several days, 

he filters were dehydrated with ethanol, critical-point dried with C02 as the intermediate, 

and coated with a few nanometres of platinum. The filters were inspected and 

nicrographed with a Philips SEM 505 scanning electron microscope (Philips Industries, 

iindhoven, The Netherlands) with a secondary emission detector. 

For transmission EM filters were postfixed in Os04, dehydrated in a graded series 

if ethanol, and embedded in epon. Ultrathin sections were cut, stained with uranyl acetate 

3nd lead citrate, and inspected and photographed in a Philips EM 400 electron 

nicroscope (Philips Industries) equipped with an EDAX PV 9800 system and an ultrathin 

/indow detector (EDAX PV 9760/53). 

The formation of tight junctions was determined by immunofluorescence. Filters 

•ere washed with PBS and fixed with 5% paraformaldehyde, washed again with PBS, 

ermeabilized by incubation with 0.2% triton X-100 for 15 minutes, blocked with normal 

;oat serum and incubated for 1 hour with rabbit antibodies specific to the occludin 

ssociated protein ZO-1 (Zymed Laboratories Inc, San Francisco, CA, USA). After 

ubsequent washing with PBS filters were incubated for 1 hour in the dark with 

RITC-conjugated swine anti-rabbit immunoglobulins (Dako), rinsed in PBS and observed 

vith a fluorescence microscope (Leica, Rijswijk, The Netherlands). 

51 



Chapter 3 

Barrier properties of RPE cell monolayers on transwell filters 

The barrier properties of the RPE cell monolayers were tested by investigating 

whether IL-8 could pass the RPE cell monolayer. Recombinant human IL-8 (1 ug/ml, 

Medgenix Diagnostics S.A., Fleurus, Belgium) was added in either the upper or lower 

compartment and the medium of the opposite compartment was collected and assayed for 

the presence of IL-8 (see below) at different time points. 

Stimulation of the RPE cell monolayers 

To induce cytokine (IL-6 and IL-8) secretion, the RPE cell monolayers were 

stimulated with 100 U/ml IL-1ß. This concentration has been found to strongly stimulate 

RPE cells to secrete IL-6 and IL-8, as shown by others1114 and ourselves (data not 

shown). Nineteen days after seeding and when the culture had reached a TER of at least 

20 Ohmcm2, the RPE cell monolayers were washed with HBSS and cultured for an 

additional 24 hours under serum free conditions. At this time approximately 2105 cells 

were present on the filters. The filters were washed and medium containing 0.1% FCS 

was added. Cells were then stimulated with 100 U/ml IL-1& (specific activity: 109 U/mg; 

Genzyme, Cambridge, MA, USA) in the upper compartment (apical side) or in the lower 

compartment (basal side). At different time points, the medium of both the upper and 

lower compartment was collected, snap frozen, and stored at -20°C until assay. 

Measurement of IL-6 and IL-8 was performed using a commercially available 

ELISA. The IL-6 ELISA was a sandwich ELISA with a detection limit of 2 pg/ml (Pelikine 

Compact human IL-6 ELISA, CLB, The Netherlands). The IL-8 ELISA was a sandwich 

ELISA with a detection limit of 0.5 pg/ml (ScreeningLine, Medgenix Diagnostics S.A., 

Fleurus, Belgium). 

Statistical analysis 

Statistical testing was performed after log transformation of the data and analysis of 

homogeneity of variance was performed according to the Bonferroni method (SPSS 
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software, SPSS Inc.,USA). Difference between direction of cytokine secretion, time and 

experiment were tested by the ANOVA method. To test for a significant difference 

between direction of cytokine secretion at the different time points, the Newmann-Keuls 

test was used (SPSS). Differences were considered significant at P < 0.05. 

RESULTS 

Barrier properties of RPE cell monolayers on transwell filters 

After seeding, the ARPE-19 cell and the RPE cell line monolayers showed a 

gradual increase in the TER whereby a maximal TER was reached after approximately 14 

days. Maximal TER for the ARPE-19 cells was 29.2 ± 6.8 Ohm cm2 (mean ± sd) and for 

the RPE cell lines this was 26.5 ± 5.3 Ohm cm2. All the TERs given are net TERs; the TER 

of coated filters without cells was subtracted from the TER of the filters with cells. The 

TER of the coated filters without cells was 14.4 ±1.5 Ohm cm2. 

Figure 1 Light micrograph of a section of an ARPE-19 cell monolayer on filter after 
haematoxylin/eosinophil staining (550X). 
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Figure 2 Scaning electron mocrograph of an ARPE-19 cell monolayer on filter. A: Filter with a 
pre-confluent culture of ARPE-19 cells, arrow indicates pores of the filter. B: confluently overgrown filter 
with ARPE-19 cells. Barr = 50 um. 
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To study the morphology of the cultured cells filters with ARPE-19 cells as well as 

RPE cell lines were subjected to light and electron microscopy. Light microscopy of filter 

sections revealed a confluent monolayer without evidence of multilayering of the culture 

(Figure 1). Scanning EM of filters which were not yet confluently overgrown with cells 

(indicated by low TER values), showed the uncovered filter surface with its characteristic 

pores (Figure 2 A). However when the filters were confluently overgrown by RPE cells 

these pores could no longer be observed (Figure 2 B). 

Transmission EM of the filters suggested the presence of a junctional complex 

(Figure 3). Transmission EM also revealed microvilli at the RPE membranes at the side of 

the upper compartment (Figure 3). This and the observation that the tight junctions are 

situated at the apical side of the lateral membrane (data not shown) indicate that the 

upper compartment represents the apical side of the monolayer and the lower 

compartment represents the basal side (choroidal side) of the RPE cell monolayer. 

Figure 3 Transmission electron micrograph of a section af an ARPE-19 cell monolayer on filter. 
Arrow indicates tight junction complex. Bar = 0.2 urn. 
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Figure 4 Fluorescence micrograph of an ARPE-19 cell monolayer on filter stained with 
ZO-1 antibody (500X). 

Immunofluorescence staining of the cell layers for the occludin associated protein 

ZO-1 indicated the presence of tight junctions around every cell (Figure 4). The fact that 

the ZO-1 staining was only seen in one plane of the filters also supported the observation 

that multilayering of the cells had not occurred. The experiments described above were 

repeated using RPE cell line monolayers and revealed similar results (data not shown). 

Together, this strongly suggests that the RPE cells grew in a monolayer with barrier 

properties very similar to the in vivo situation. 

To assess the barrier properties for proteins we measured diffusion of IL-8 across 

the cell covered filters. Diffusion of exogenous IL-8 was very low, less than 20% of the 

exogenous IL-8 added to the lower compartment and less than 15% of the exogenous 

IL-8 added to the upper compartment could be detected at the opposite side of the RPE 

cell monolayer after 8 hours (Figure 5). This indicates that IL-8 secreted in the medium at 

one side of the filter will not significantly contribute to the amount detected on the other 

side of the RPE monolayer. 
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Figure 5 Diffusion of IL-8 
through an RPE cell monolayer on 
transwell filter. In the upper or 
lower compartment of the RPE 
monolayer, 1 ug/ml of recombinant 
IL-8, was added. At different time 
points the amount of IL-8 was 
measured in the opposite 
compartment. Data are expressed 
as the mean of two filters and 
plotted as percentage of the added 
amount of IL-8. »IL-8 added to the 
upper compartment, o IL-8 added 
to the lower compartment. 

Polarized IL-6 and IL-8 secretion by the human ARPE-19 cell monolayer 

Analysis of the IL-6 and IL-8 production by the ARPE-19 cell line was investigated 

after IL-1 stimulation. A slight secretion of IL-6 and IL-8 at both apical and basal side was 

found at 48 hours with ARPE-19 monolayers (n=10) that were not stimulated with IL-1ß 

(Figure 6 and 7); 5 pg IL-6 and 2 pg IL-8 at the apical side and 2 pg IL-6 and 3 pg IL-8 at 

the basal side per filter. 

Secretion of IL-6 was markedly induced by IL-1 ß stimulation (Figure 6). Apical 

stimulation revealed maximal secretion of IL-6 at 48 hours and was 2091 ± 415 pg in the 

upper compartment and 1718 ± 436 pg in the lower compartment per filter. Basal 

stimulation also revealed maximal secretion at 48 hours and was 678 ± 111 pg in the 

upper compartment and 1929 ± 420 pg in the lower compartment per filter. Statistical 

analysis revealed a significant difference between the apical and the basal secretion of 

IL-6 after basal stimulation. The basal secretion was higher and thus the polarized 

secretion of IL-6 after basal stimulation of the ARPE-19 cells was directed towards the 

basal side. After apical stimulation no statistical difference between the apical and basal 

secretion of IL-6 could be detected. 

IL-8 secretion after apical stimulation was maximal after 48 hours; 7650 ± 1030 pg 

in to the upper compartment and 6130 ± 1529 pg in the lower compartment respectively 

(Figure 7). When stimulated from the basal side IL-8 secretion was again maximal after 48 

hours and was 2336 ± 502 pg in the upper compartment and 5567 ± 1323 pg in the lower 

compartment respectively. Statistical analysis revealed that the ARPE-19 cells secreted 
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IL-8 in a polarized fashion and that this polarized secretion after basal stimulation was 

directed towards the basal side. 

These experiments indicate that the ARPE-19 cell line is capable of secreting both 

IL-6 and IL-8 in a polarized fashion towards the basal side. This is evident after stimulation 

from the basal side but was not apparent after apical stimulation. 

time (hr) 

time (hr) 

Figure 6 Secretion of IL-6 by the ARPE-19 
cell line after stimulation with IL-1ß from the apical 
side (A) or the basal side (B). ARPE-19 cells were 
seeded on transwell filters at a concentration of 
1.6-105 cells/cm2 and cultured for at least 19 days 
in DMEM/F12 supplemented with 1% FCS. Filters 
were used when the net TER was at least 20 
Ohmcm2. Before stimulation monolayers were 
cultured for 24 h in serum free medium. Filters 
were stimulated from either the upper or lower 
compartment with IL-1U at a final concentration of 
100 U/ml. Data are expressed as absolute 
amounts of IL-6 per filter. The data are expressed 
as the means of 10 filters ± SEM. Statistical 
analysis of the log transformed data revealed a 
significant difference between the upper and the 
lower secretion after basal stimulation when 
tested by ANOVA method (*) and a significant 
difference at the indicated time points (+) by 
Newman-Keuls method (P < 0.05). Measured in 
the upper • and lower D compartment after IL-1ß 
stimulation, measured in the upper • and o lower 
compartment without IL-1 ß stimulation. 
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Figure 7 Secretion of IL-8 by the ARPE-19 
cell line after stimulation with IL-1 ß. from the apical 
side (A) or the basal side (B). ARPE-19 cells were 
seeded on transwell filters at a concentration of 
1.610s cells/cm2 and cultured for at least 19 days in 
DMEM/F12 supplemented with 1% FCS. Filters 
were used when the net TER was at least 20 
Ohmcm2. Before stimulation monolayers were 
cultured for 24 h in serum free medium. Filters were 
stimulated from either the upper or lower 
compartment with IL-1 ß at a final concentration of 
100 U/ml. Data are expressed as absolute amounts 
of IL-8 per filter. The data are expressed as the 
means of 10 filters ± SEM. Statistical analysis of the 
log transformed data revealed a significant 
difference between the upper and the lower 
secretion after apical and basal stimulation when 
tested by ANOVA method (*) and a significant 
difference at the indicated time points (+) by 
Newman-Keuls method (P < 0.05). Measured in the 
upper • and lower D compartment after IL-1 ß 
stimulation, measured in the upper • and o lower 
compartment without IL-1 ß stimulation. 
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Polarized IL-6 and IL-8 secretion by human RPE cell line monolayers 

Further experiments to investigate the polarized secretion of cytokines was 

performed using RPE cell monolayers from three different donors (two filters per time point 

per donor) (Figure 8 and 9). Levels of IL-6 and IL-8 produced by these RPE cells without 

stimulation were low, 3-153 pg IL-6 and <0.4-106 pg IL-8 at the apical side and 44-182 pg 

IL-6 and <0.8-123 pg IL-8 at the basal side per filter. 

The amount of IL-6 and IL-8 secreted by RPE cell lines markedly increased after 

stimulation with IL-1 ß, but varied considerably between the RPE monolayers of the three 

different donors (Figure 8 and 9) and ranged from 500 pg to 8000 pg IL-6 and from 

1500 pg to 18000 pg IL-8 per filter. 

IL-6 was secreted by RPE cell lines preferentially towards the basal side, 

independent of the side of stimulation (Figure 8). The difference between apical and basal 

directed secretion became apparent 24 hours after stimulation with IL-1ß. The difference 

between apical and basal secretion of IL-6 was statistically significant when all donors 

were accounted for. For donor I and donor III this difference was significant both after 

apical and basal stimulation (Figure 8). 

IL-8 secretion by the RPE cell lines was also directed towards the basal 

compartment, independent of the side of stimulation, and also became apparent after at 

least 24 hours following stimulation of the cells with IL-1 ß (Figure 9). Donor III showed 

significant polarized secretion of IL-8 both after apical and basal stimulation with IL-1 ß, 

donor I however showed polarized secretion of IL-8 after basal stimulation. When all 

donors where accounted for, statistical analysis showed a significant difference between 

the apical and basal secretion of IL-8 after both apical and basal stimulation. 
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Figure 8 Secretion of IL-6 by three donor RPE cell cultures (I, II, III) after stimulation with IL-1ß form the apical 
side (A) or the basal side (B). RPE cell lines were seeded on transwell filters at a concentration of 1.6-1 fj5 cells/cm2 and 
cultured for at least 19 days in IMDM supplemented with 1% FCS were used when net TER was at least 20 Ohmcm2 . 
Before stimulation monolayers were cultured for 24 h in serum free medium. Filters were stimulated from either the 
upper or lower compartment with IL-1 ß at a final concentration of 100 U/ml. Data are expressed as absolute amounts of 
IL-6 per filter. The data are expressed as the mean of two filters. Statistical analysis of the log transformed data 
revealed a significant difference between the upper and the lower secretion after both apical and basal stimulation when 
all donors are accounted for and individual donors as indicated (*) when tested by ANOVA method. Measured in the 
upper • and lower o compartment after IL-1 ß stimulation, measured in the upper • and D lower compartment without 
IL-1 ß stimulation. 

I II III 

Figure 9 Secretion of IL-8 by three donor RPE cell cultures (I, II, 111) after stimulation with IL-1 ß form the apical 
side (A) or the basal side (B). RPE cell lines were seeded on transwell filters at a concentration of 1.6-105 cells/cm2 and 
cultured for at least 19 days in IMDM supplemented with 1% FCS and were used when net TER was at least 20 
Ohm-cm2. Before stimulation monolayers were cultured for 24 h in serum free medium. Filters were stimulated from either 
the upper or lower compartment with IL-1 ß at a final concentration of 100 U/ml. Data are expressed as absolute amounts 
of IL-8 per filter. The data are expressed as the mean of two filters. Statistical analysis of the log transformed data 
revealed a significant difference between the upper and the lower secretion after both apical and basal stimulation when 
all donors are accounted for and individual donors as indicated (*) when tested by ANOVA method. Measured in the 
upper • and lower o compartment after IL-1ß stimulation, measured in the upper • and D lower compartment without 
IL-1ß stimulation. 
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DISCUSSION 

Although various groups have shown that RPE cells are an important source of 

cytokines in the posterior segment of the eye, this is, as far as we know, the first report 

demonstrating polarized production of cytokines by RPE cells. In this study we show that 

human RPE cells secrete IL-6 and IL-8 in a polarized fashion, following stimulation with 

IL-1 ß. IL-1ß was used as a stimulus since this is a cytokine produced early in the 

inflammatory response and has been shown to optimally stimulate RPE cells to produce 

IL-61013 and IL-813,14 at concentrations comparable to the concentration used in this study. 

Whether the levels of IL-1 ß used are physiological is not known. Analysis of vitreous 

samples in uveitis or proliferative diabetic retinopathy revealed levels of IL-1 up to 

30 pg/ml32 which is approximately 6 fold lower than the concentrations we used to 

stimulate RPE cells in vitro. Diffusion of IL-1 into the vitreous may however have resulted 

in a reduction of the initial local concentration present at the RPE cell layer. Whether other 

stimuli than IL-1 also result in polarized cytokine secretion is the subject of further studies. 

Polarized cytokine secretion was observed in primary cultures of RPE cells 

obtained from three different donors and was also studied in the immortalized ARPE-19 

cell line. This latter cell line has been extensively investigated by others, is highly 

differentiated and has been shown to have specific polar properties such as formation of 

tight junctions, formation of apical microvilli and the presence of Na7K+-ATPase at the 

apical membrane3133. Only one other spontaneously immortalized human RPE cell line 

has been studied extensively and has less well defined cytoskeletal properties34. 

The polarized secretion of IL-6 and IL-8 by the RPE cell lines was directed towards 

the basal side. The ARPE-19 cell line also revealed basal directed polarized secretion 

after basal stimulation, whereas this was not observed after apical stimulation. The reason 

for the observed difference between the ARPE-19 cell line and the primary RPE cultures 

is not clear at the present time, but emphasizes the importance of using primary cultures 

for these experiments. 

To investigate the barrier properties of the cells on the porous filter support, TER 

measurements were performed. The background values can differ compared to 

background values reported by other authors due to different medium components and 
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distance between the electrodes. This possibly explains the higher TERs found by 

others35. On the other hand, our TER values are similar to TERs measured by others 

using the same ARPE-19 cell line, when these latter values were corrected for the 

background3133. Treatment of RPE cell monolayers with 0.5 mM EDTA for 15 minutes to 

detach the RPE cells resulted in a drop of TER values to background levels (data not 

shown). This indicates that the TER measured was only due to the resistance of the RPE 

cell monolayer on filter and was also not caused by a possible accumulation up of 

extracelluar matrix. 

The presence of an intact barrier was also investigated in diffusion experiments 

after the addition of IL-8 to either the upper and lower compartment. In view of the 

diffusion that occurred (less then 20% in 8 hours), the measured polarized secretion of 

cytokines would even be an underestimation of the true polarized secretion. 

RPE cells are capable of secreting extracelluar matrix proteins which will, due to 

refreshing of the medium, mainly be deposited between the RPE cell monolayer and the 

filter. It is possible that secreted cytokines stick to extracelluar matrix proteins suggesting 

that not all basal secreted cytokine will be measured. This will also result in an 

underestimation of the polarized secretion of cytokine towards the basal side of the RPE 

cell lines and may explain the fact that polarized secretion could only be seen with the 

ARPE-19 cells under certain conditions. Further experiments are needed to address this 

issue. 

Recent reports have shown that human mesothelial cells and human intestinal cells 

secrete IL-8 in a polarized fashion to attract neutrophils21'23. The polarized secretion of IL-8 

created a chemotactic gradient and facilitated neutrophils to migrate across the cell layer. 

It has also been shown that the migration over the monolayer of mesothelial cells could be 

blocked by monoclonal antibodies against IL-8, indicating that IL-8 is responsible for the 

migration of neutrophils across the cell monolayer to the compartment with the highest 

IL-8 levels23. In our experiments we found a preferential secretion of IL-8 towards the 

basal side of the RPE cell monolayers. This will attract neutrophils from the choroidal 

vessels to the RPE but may prevent the neutrophils from crossing the RPE barrier (due to 

a lower concentration of IL-8 at the opposite side of the RPE). Thus in case of an ongoing 

immune reaction polarized secretion of IL-8 attracts neutrophils but could prevent them 

from migrating into the eye. 
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Taken together our experiments do suggest that the polarized production of 

inflammatory cytokines by RPE cells towards the choroid may be a mechanism to prevent 

damage to the vulnerable neurosensory retina. 
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Secretion pattern of MCP-1 and TGF-ß2 

ABSTRACT 

Retinal pigment epithelial (RPE) cells, situated between the neurosensory retina 

and the vascularized choroid, form part of the blood-eye barrier and are important for 

homeostasis of the outer retina. These cells are able to produce a variety of cytokines 

which may play a role in the maintenance of the immunosuppressive milieu inside the eye 

and in intraocular inflammatory responses. In the present study, we investigated whether 

RPE cells secreted the anti-inflammatory cytokine transforming growth factor-ß2 (TGF-ß2) 

and the pro-inflammatory cytokine monocyte chemotactic protein-1 (MCP-1) in a polarized 

manner. Monolayers of human donor RPE cells were cultured on transwell filters. 

Secretion of TGF-ß2 and MCP-1 at either the apical or basal side of the RPE cell 

monolayers, that were not treated or stimulated with IL-1 ß (200 U/ml), was analyzed by 

ELISA. All three cell lines examined had a different TGF-ß2 secretion pattern. In two of the 

three donor RPE cell lines tested, TGF-B2 secretion was polarized, but not in the same 

direction. TGF-ß2 secretion was not upregulated by stimulation with IL-1 ß. In contrast, 

IL-1ß strongly induced MCP-1 secretion preferentially into the basal compartment of all 

RPE monolayers tested. These data indicate that human RPE cells are able to secrete 

TGF-ß2 and MCP-1 in a polarized fashion. Our results suggest that MCP-1 can be 

secreted by RPE cells in the direction of choroidal vessels during inflammatory responses 

in the posterior part of the eye which may limit damage to the neurosensory retina. 

INTRODUCTION 

The eye is an immune privileged site where immunological processes are highly 

regulated. Retinal pigment epithelial (RPE) cells appear to play a pivotal role in the 

maintenance of this immune privileged status. RPE cells are situated between the 

vascular bed of the eye and the neurosensory retina and form part of the blood-eye 

barrier, which prevents access of blood cells and plasma proteins. Furthermore, RPE cells 

constitutively express Fas ligand (FasL)1, which may induce apoptosis of extravasated 

activated T cells. Moreover, RPE cells are able to produce the anti-inflammatory cytokines 
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transforming growth factor ß (TGF-ß)2, mainly the ß2-isoform3, and interleukin 1 receptor 

antagonist (IL-1ra)4'5, which may contribute to the immunosuppressive milieu inside the 

eye. 

RPE cells may also play a role in intraocular inflammation. In response to IL-1 and 

other pro-inflammatory cytokines, RPE cells express MHC class II6, adhesion molecules78 

and a variety of cytokines, including IL-149, IL-610"12, IL-813, monocyte chemotactic protein-1 

(MCP-1)14 and granulocyte-macrophage colony stimulating factor (GM-CSF)9. 

Recently, we reported that monolayers of RPE cells, cultured on transwell filters, 

secrete the pro-inflammatory cytokines IL-6 and IL-8 predominantly into the basal 

compartment15. We hypothesized that polarized secretion in the direction of the 

choriocapillaris may represent a mechanism to reduce damage of the neurosensory retina 

during inflammation. 

In the present study we investigated whether RPE cells secrete both 

immunosuppressive and pro-inflammatory cytokines in a polarized manner. As a model 

we investigated the secretion of TGF-ß2 and MCP-1. TGF-ß2 possesses a variety of 

anti-inflammatory activities, including inhibition of B- and T-cell proliferation16,17, inhibition 

of granulocyte adherence to endothelial cells18, deactivation of macrophages19 and 

down-regulation of MHC class II antigen expression on human cells (including RPE 

cells)20"22. Moreover, TGF-ß appears to be pivotal in the induction of deviated immune 

responses in the eye23. MCP-1 is a member of the C-C family of chemokines and is a 

potent chemoattractant for monocytes, activated T cells, basophils and NK cells24"27. 

MCP-1 is also an activator of monocytes and induces oxidative burst and cytokine 

release2829. Furthermore, MCP-1 has been implied to play a role in inflammation of the 

posterior part of the eye3031. The data shown in the present study indicate that RPE cells 

are capable of secreting TGF-ß2 and MCP-1 in a polarized manner. 
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METHODS 

RPE cell cultures 

Human donor eyes (age of the donors 9-35 years) obtained from the eye bank 

were used as a source of primary RPE cells. These RPE cells were isolated within 24 

hours post mortem. Isolation and characterisation of the RPE cells was preformed as 

described earlier15. In short, after removal of the cornea (for transplantation) and the 

anterior segment, the optic nerve was cut and vitreous plus neural retina were washed out 

of the eye cup. RPE cells were removed from the sclera by trypsin dissociation and plated 

in 24 well plates (Costar, Cambridge, MA, USA) at 105 cells/well in Iscove's modified 

Dulbecco's medium (IMDM; Gibco BRL, Breda, The Netherlands) supplemented with 

20% fetal calf serum (FCS; Gibco BRL), penicillin 100 U/ml (Gibco BRL) and streptomycin 

100 ug/ml (Gibco BRL). Non-adherent cells were removed after 2 days by refreshment of 

the medium. At confluency, cells were passed to culture flasks at 4x104 cells/cm2. 

Cells between passages 3 and 8 were used. Morphological examination and 

immunohistochemical staining using an antibody against cytokeratin 8/18 (CAM 5:2; 

Becton Dickinson, San Jose, CA, USA) revealed that the cultured RPE cells were not 

contaminated with other cell types. 

Monolayers of RPE cells on transwell filters. 

RPE cell monolayers were generated by culturing the cells on transwell filters 

(Costar; 12 mm diameter, 0.4 urn pore size) as described earlier1S. The filters were coated 

with 160 ul of a 1:40 dilution of Matrigel in medium and air dried over night. The RPE cells 

were seeded on the filters at a concentration of 1.6x105 cell/cm2 in IMDM medium 

supplemented with 1% normal human serum (NHS; CLB, Amsterdam, The Netherlands). 

Medium was changed twice a week. The filters were used 19 days after seeding and 

when the transepithelial resistance (TER) reached 30 Qcm2. TER was measured using an 

Endohm chamber and an ohmmeter (World Precision Instruments, Sarasota, USA). At this 

time approximately 210' cells were present on the filters. 
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The integrity of the monolayer was determined by light microscopic examination of 

(a) haematoxylin-eosin stained sections of filters and (b) immunofluorescent stained filters 

using an antibody against ZO-1, a tight junction associated protein, as previously 

described15. 

Stimulation of the RPE cells 

To determine whether RPE cells produced sufficient amounts of TGF-B2 for 

transwell experiments, RPE cells were cultured in 24-well plates until confluency 

(approximately 3x105 cells/well). The RPE cells were either not treated or stimulated with 

200 U/ml IL-1ß (specific activity 109 U/mg; Genzyme, Cambridge, MA, USA) or 200 U/ml 

TNFa (specific activity 108U/mg; Boehringer Mannheim, Almere, The Netherlands) in 

IMDM supplemented with 0.1% FCS for 48 hours. High responder RPE cell lines 

(producing > 150 pg/ml) were used for transwell filters experiments. 

RPE cell monolayers on transwell filters were cultured for 24 hours in IMDM 

supplemented with 0.1% NHS before stimulation. RPE cell monolayers were not treated or 

stimulated with 200 U/ml IL-1 ß in the upper compartment (apical side of the RPE cells) or 

in the lower compartment (basal side of the RPE cells). At the time points 24, 48, and 

72 hour after stimulation the medium was isolated and snap frozen until assay. 

Cytokine assays 

Measurement of TGF-ß2 and MCP-1 was performed using commercially available 

ELISAs. The TGF-ß2 assay was a sandwich ELISA with a detection limit of 5 pg/ml 

(R&D Systems, Abingdon, UK). Using this ELISA only mature TGF-ß2 could be measured. 

Latent TGF-ß2 can be converted into the mature form by heat activation. To determine the 

total (mature plus latent) TGF-ß2 concentration of the supernatants, the samples were 

diluted (minimal 1:2) with PBS supplemented with 0.5% bovine serum albumin (BSA; 

Gibco BRL) and 0.012% human serum albumin (HSA; CLB) and incubated at 80°C for 

8 minutes. The concentration of mature TGF-B2 was determined using samples that were 

not heat activated. The MCP-1 assay was also a sandwich ELISA (Pharmingen, 

San Diego, CA, USA) with a detection limit of 25 pg/ml. 
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Statistical analysis 

Statistical analysis was performed after log transformation of the data. Difference 

between cytokine levels measured in the upper or lower compartment and time was tested 

by the ANOVA method (SPSS software; SPSS Inc., USA). Differences were considered 

significant at P<0.05. 

RESULTS 

TGF-B2 production by RPE cells 

In view of the relative small number of cells and large culture volume used for 

transwell filter experiments, first experiments were carried out to detect high TGF-B2 

producing cell lines. Five RPE cell lines, cultured in 24-well plates, were either not 

stimulated or stimulated for 48 hours with IL-1ß or TNFa to determine TGF-ß2 production. 

All cell lines secreted TGF-B2 constitutively (Figurel). The amount of TGF-E2 produced by 

the cell lines 372, 364 and 605 was sufficient for transwell filter experiments, the other two 

were excluded for further studies. Treatment with IL-1E or TNFa did not or only 

moderately upregulate TGF-B2 secretion by RPE cells (Figurel). Other stimuli, including 

IL-1ß in combination with TNFa, 4-phorbol-12 myristate-13 acetate or increased 

concentrations of glucose did not affect TGF-ß2 secretion (data not shown). 

Table 1 TGF-B2 production by human RPE cells cultured in 24 well plates'. 

Mature TGF-B2 (pg/ml) Total TGF-B2 (pg/ml) 

Unstimulated 101.2 ±29.5 333.3 ±23.9 

IL-1ß stimulated 180.9 ±44.5 445.6 ± 42.2 

TNFa Stimulated 145.6 ±24.1 479.3 ±48.4 

Data represent mean ± s.e.m. of a representative experiment performed in 
quadruplicate using one RPE cell line. 
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372 364 209 
RPE cell line 

288 605 

Figure 1 TGF-ß2 production 
by human donor RPE cell lines that 
were not treated or stimulated with 
IL-m or TNFa for 48 hours. RPE 
cells were seeded in 24-well plates 
and cultured until confluency in 
IMDM supplemented with 20% FCS. 
Before stimulation the RPE cells 
were cultured for 24 h in IMDM with 
0.1% FCS. Cells were stimulated 
with IL-1ß (200 U/ml) or TNFa 
(200U/ml) in 1 ml IMDM with 0.1% 
FCS for 48 h. The total TGF-ß2 
content (mature and latent) was 
determined by ELISA. Data are 
expressed as the mean of two or four 
wells ± s.e.m.. 

To investigate whether the RPE cells secreted TGF-ß2 in the mature or in the 

biological non-active (latent) form, supernatants were tested with or without heat 

activation. With heat activation the total amount of TGF-ß2 (mature + latent) is measured 

and without heat activation only the mature form of TGF-B2 is measured (see methods). In 

supernatants of unstimulated cells, approximately one-third of the produced amount of 

TGF-B2 was of the mature form (101 pg/ml TGF-ß2 before and 333 pg/ml TGF-ß2 after 

heat activation, Table 1.). The ratio mature/total TGF-B2 was not changed by treatment 

with either IL-1ß or TNFa. 

TGF-B2 and MCP-1 secretion by RPE cell monolayers on transwell filter 

To investigate the direction of TGF-ß2 and MCP-1 secretion by RPE cell 

monolayers, three donor RPE cell lines were cultured on transwell filters. The TER of the 

RPE cell monolayers was 33.9±0.9, 32.3±1.1, and 32.9±1.2 Qcm2 (mean ± s.e.m., for the 

cell cultures with number 605, 372 and 364 respectively) after correction for the resistance 

of a filter without cells. Light microscopy of sections of the filters with RPE cells stained 

with haematoxylin-eosin showed a monolayer of cells, similar to our previous study15. 

Immunofluorescent staining of the RPE cell monolayers on filter with the antibody against 

ZO-1 revealed tight junctions around every cell, indicating that the RPE cell layer had 

obtained barrier properties15. 
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Different TGF-ß2 secretion patterns were found for each of the three cell lines 

(Figure 2). Cell line 372 secreted similar amounts of TGF-S2 into the apical and basal 

compartment (Figure 2A). Cell line 605 secreted approximately 2 times more TGF-B2 into 

the apical compartment than into the basal compartment. In contrast, cell line 364 

secreted TGF-ß2 in a highly polarized manner into the basal compartment. At 72 hours 

approximately 9 times more TGF-B2 was found at the basal side than at the apical side of 

the RPE cell layer(158 vs 18 pg/filter). As expected, stimulation with IL-1 ß at either the 

basal or apical side did not markedly upregulate the secretion of TGF-B2 by the three RPE 

cell lines (Figure 2B and 2C). Strikingly, basal TGF-B2 secretion by the cell lines 372 and 

605 appeared to be transiently inhibited by the IL-1 ß treatment (at t=48 h). 

372 364 605 

A-'" 

• 
.,./{ 

• ._-*-'' 

——-V" ——-V" 

Figure 2 Secretion of TGF-U2 by three donor RPE cell lines (372, 364, 605) into the basal 
compartment (segmented line) and into the apical compartment (continuous line) without stimulation (A) 
or after stimulation with IL-1ß from the apical (B) or basal (C) side. RPE cells were seeded on transwell 
filter at a concentration of 1.6x105 cell/cm2 and cultured for at least 19 days in IMDM with 1% NHS and 
had a TER > 30 Qcm2. Filters were stimulated with 200 U/ml IL-1Ü in IMDM with 0.1% NHS. Data are 
expressed as absolute amounts of TGF-U2 per filter and are the mean of three or five filters ± s.e.m.. 
Statistical significant differences between upper and the lower compartment are indicated (*). 
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Figure 3 Secretion of MCP-1 by three donor RPE cell lines (372, 364, 605) into the basal 
compartment (segmented line) and into the apical compartment (continuous line) without stimulation (A) 
or after stimulation with IL-1B from the apical (B) or basal (C) side. RPE cells were seeded on transwell 
filter at a concentration of 1.6x105 cell/cm2 and cultured for at least 19 days in IMDM with 1% NHS and 
had a TER > 30 Qcm2. Filters were stimulated with 200 U/ml IL-1B in IMDM with 0 1% NHS Data are 
expressed as absolute amounts of MCP-1 per filter and are the mean of three or five filters ± s e m 
Statistical significant differences between upper and the lower compartment are indicated (*) 

Two of the three RPE cell monolayers also secreted MCP-1 constitutively in a 

polarized manner. The level of MCP-1 varied between 1.6 ± 0.4 (mean ± s.e.m.) and 

2 ± 0.1 ng/filter in the upper compartment, and 1.8 ± 0.6 and 4.6 ± 0.1 ng/filter in the lower 

compartment of unstimulated RPE cells (Figure 3A). In contrast to TGF-ß2 secretion, the 

secretion of MCP-1 in both the upper and lower compartment of all RPE cell monolayers 

examined was markedly increased (in total approximately 25 times) by IL-1ß stimulation 

(Figure 3). The amounts of MCP-1 detected in the lower compartments were significantly 

higher then the amounts found in the upper compartments. This indicates that MCP-1 is 

secreted by the RPE cells in a polarized manner, at the basal side. No difference was 

detected in MCP-1 levels between stimulation with IL-1B either in the upper or lower 
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compartment of the RPE cell monolayers. 

Thus, despite some heterogeneity in TGF-ß2 secretion, IL-1ß induced MCP-1 

secretion mainly into the basal compartment, in all RPE cell lines tested. 

DISCUSSION 

Retinal pigment epithelial (RPE) cells are able to produce a variety of cytokines and 

thus may contribute to the regulation of immune responses in the posterior segment of the 

human eye. In a previous study, we have shown that RPE cells secrete the pro

inflammatory cytokines IL-6 and IL-8 in a polarized fashion at the basal side, which 

represents the side of the choriocapillaris. We hypothesized that this may be a mechanism 

to limit damage to the neurosensory retina during inflammatory processes15. In the present 

study, we showed that MCP-1 was also secreted preferentially into the basal 

compartment. Moreover, we showed that the anti-inflammatory cytokine TGF-ß2 was 

secreted in a polarized manner, but that the direction of secretion varied between the RPE 

cell donors. 

One of the three RPE cell lines tested for polarized secretion did not show any 

difference in the amount of TGF-ß2 secreted into the apical or basal compartment. The 

other two RPE cell lines showed polarized secretion of TGF-B2, but strikingly the secretion 

was directed into the apical compartment for one cell line and into the basal compartment 

for the other cell line. Thus no clear pattern for the direction of TGF-ß2 secretion could be 

observed. Variability in the direction of TGF-ß2 secretion caused by diffusion of proteins 

across the monolayer of cells can not be excluded. Earlier experiments whereby we 

analyzed diffusion of IL-8 across the RPE cell monolayers revealed less than 20% 

diffusion over a time period of 8 hours15. Heterogeneity between RPE cell lines obtained 

from different donors has been described for the production of other cytokines, including 

IL-1ra4'5 and IL-6 and IL-815. Furthermore, differences between RPE cell lines have also 

been described for growth rate32 and phenotypic appearance33. It has been suggested that 

RPE cells are a source of TGF-ß2 in vitreous fluid, which fills the posterior part of the eye. 

In regard to the heterogeneity of RPE cells of different donors, it is of interest that a 

considerable variation (from 230 to 5060 pg/ml) was found in TGF-B2 levels in vitreous 

77 



Chapter 4  

fluid of sixteen eye bank eyes34. 

TGF-ß2 secretion was not upregulated in response to IL-1ß or TNFa, at 

concentrations known to induce secretion of other cytokines by RPE cells. Others found 

increased levels of TGF-ß2 in supernatants of RPE cells after photocoagulation 

treatment35 or in response to monocyte conditioned medium36. In the latter study it was 

reported that monocyte conditioned medium did not alter TGF-ß2 mRNA expression, but 

increased the protein level by a post-transcriptional mechanism. Interestingly, addition of 

antibodies against IL-1a, IL-1 ß and TNFa to the monocyte conditioned medium blocked 

this effect36. The discrepancy between these results and those presented here may be 

attributed to the other factors present in the monocyte conditioned medium that act in 

combination or in synergy with IL-1 ß or TNFa. It has been shown that IFN-y potentiated 

the IL-1ß or TNFa induced MCP-1 production by RPE cells37. The amounts of TGF-B2 

secreted by human RPE cells described in the present study are comparable to the 

amounts detected by others who studied RPE cells in vitro35,36. Due to the low level of 

TGF-ß2 (50 to 100 pg per 4105 cells) secreted by some RPE cell lines and the relatively 

low number of RPE cells at confluency on transwell filter, only three of the five 

donor-derived RPE cell lines were suitable for filter experiments. This observation further 

underlines the heterogeneity found between various RPE cell lines. 

Secretion of MCP-1 by RPE cells has been thoroughly studied by Einer and 

co-workers14,37"41. Recently, they found that the majority of MCP-1 produced by RPE cells 

was secreted and that only a small amount (approximately 4%) of the total MCP-1 

remained cell associated40. Furthermore, it was shown that MCP-1 secreted by RPE cells 

was bioactive and that antibodies directed against MCP-1 strongly inhibited monocyte 

Chemotaxis elicited by supernatants of RPE cells40. Our results add to these studies and 

clearly show that RPE cells stimulated with IL-1ß secrete MCP-1 in a polarized manner at 

their basal side. A similar secretion pattern of MCP-1 was shown by others who studied rat 

alveolar epithelial cells42. Our findings imply that during an inflammatory response in the 

posterior part of the eye, monocytes and other MCP-1 responsive cells will be attracted 

from choroidal vessels, rather than from retinal blood vessels. Moreover, due to a lower 

concentration of MCP-1 at the retinal side, cells may be prevented from crossing the RPE 

barrier. Thus, polarized secretion of MCP-1 by RPE cells may limit damage to the 
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neurosensory retina. 

Taken together, our results show that RPE cells are capable of secreting TGF-B2 

and MCP-1 in a polarized manner. Consistent with our previous study, IL-1 ß induced 

secretion of the pro-inflammatory cytokine MCP-1 mainly into the basal compartment of all 

RPE cell monolayers tested. This may represent a mechanism to prevent damage to the 

fragile retinal tissue. 
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Polarized secretion of VEGF by RPE cells 

ABSTRACT 

The retinal pigment epithelium (RPE) maintains the choriocapillaris (CC) in the 

normal eye and is involved in the pathogenesis of choroidal neovascularization in age-

related macular degeneration.Vascular endothelial growth factor-A (VEGF) is produced by 

differentiated human RPE cells in vitro and in vivo and may be involved in paracrine 

signalling between the RPE and the CC. We investigated whether there is a polarized 

secretion of VEGF by RPE cells in vitro. Also, the localization of VEGF receptors in the 

human retina was investigated. We observed that highly differentiated human RPE cells, 

cultured on transwell filters in normoxic conditions, produced 2- to 7-fold more VEGF 

towards their basolateral side as compared to the apical side. In hypoxic conditions, 

VEGF-A secretion increased to the basal side only, resulting in a 3- to 10-fold higher 

basolateral secretion. By immunohistochemistry in 30 human eyes and in two cynomolgus 

monkey eyes, KDR (VEGFR-2) and flt-4 (VEGFR-3) were preferentially localized at the 

side of the CC endothelium facing the RPE cell layer, while flt-1 (VEGFR-1) was found on 

the inner CC and on other choroidal vessels. Our results indicate that RPE secretes VEGF 

towards its basal side where its receptor KDR is located on the adjacent CC endothelium, 

suggesting a role of VEGF in a paracrine relation, possibly in cooperation with flt-4 and its 

ligand. This can explain the known trophic function of the RPE in the maintenance of the 

CC and its fenestrated permeable phenotype, and points to a role of VEGF in normal eye 

functioning. Upregulated basolateral VEGF secretion by RPE in hypoxia or loss of polarity 

of VEGF production may play a role in the pathogenesis of choroidal neovascularization. 

INTRODUCTION 

The retinal pigment epithelium (RPE) has important functions in both the normal 

eye as in pathological conditions. Experimental evidence indicates that the RPE is 

involved in the pathogenesis of choroidal neovascularization (CNV) which occurs in the 

course of various eye conditions like age-related macular degeneration (AMD) 14. In 

normal healthy conditions, the RPE appears to have a positive survival effect in the 
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maintenance of the highly vascularized, highly permeable fenestrated choriocapillaris (CC) 

on its outer basal aspect, while the photoreceptor layer internal to it is completely 

avascular. The anatomy of the choroidal vasculature and the preferential localization of 

the CC fenestrations on the side of the RPE also suggest a modulating role of the RPE on 

the CC. In addition, clinical observations in AMD and experimental animal studies show 

that absence of the RPE can cause secondary atrophy of the choriocapillaris1'2,3. 

On the other hand, in the course of CNV, RPE cells are observed to encapsulate 

the new vessels, with their basal side towards the endothelial cells, which coincides with 

the arrest of further vascular growth4. These morphological observations in vivo suggest 

that the RPE can have a function in controlling CNV. 

Based on these observations it seems that the RPE has a dual role in its 

interactions with the CC, but how the integrity of the RPE/CC microunit is regulated in 

healthy conditions, how the photoreceptor layer remains avascular, and why pathological 

changes in the RPE layer either lead to choroidal atrophy or to an angiogenic response 

from the choroid is essentially unknown. It is likely, however, that mediator molecules play 

an essential role in these intercellular interactions. 

Such interactions have previously been investigated in cell cultures of the 

constituent cells, but from these studies conflicting results have emerged. While some 

authors were able to demonstrate that RPE cells in vitro produce an inhibitor of endothelial 

proliferation5, others found mitogenic activity for endothelium in RPE conditioned culture 

medium6. 

We hypothesize that a polarized secretion of growth/inhibitory factors may explain 

these apparently conflicting in vivo and in vitro observations. Growth factors produced by 

RPE in vitro include platelet-derived growth factor-BB, transforming growth factor-ß and 

vascular endothelial growth factor-A (VEGF)7. VEGF, a vascular permeability and 

angiogenesis factor, is a good candidate for a role in maintaining the CC. VEGF has been 

shown to increase vascular permeability in skin and muscle partly by inducing a 

fenestrated endothelial phenotype8. Furthermore, it can act as a vascular survival factor in 

vivo9. In a co-culture experiment of RPE and CC endothelium in vitro, RPE-derived VEGF 

was shown to stimulate tube formation of the underlying endothelial cells10. 

The aim of the present study was to evaluate the polarity of VEGF secretion by 
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cultured human RPE cells, and to investigate the localization of VEGF receptors in situ in 

human and monkey eye tissue sections. 

MATERIALS AND METHODS 

RPE cell cultures 

Four human donor eyes (age of the donors: 9, 15, 17 and 24 years), obtained from 

the comeabank, Amsterdam, The Netherlands, were used as a source of primary RPE 

cells. The RPE cells (further designated as 'RPE cell lines') were isolated within 24 hours 

post mortem11. RPE cells were isolated as described by Holtkamp er a/.11 In short, the 

cornea, the anterior segment, the optic nerve, vitreous and neural retina were removed 

from the eye and the RPE cells were dissociated from the eye with trypsin by two 

subsequent incubations at 37°C. Cells obtained from the second incubation were plated in 

24-well plates (Costar, Cambridge, MA, USA) at 105 cells/well in Iscoves Modified 

Dulbecco's Medium (IMDM, Gibco BRL) supplemented with 20 % Fetal Calf Serum (FCS, 

Gibco BRL), penicillin (100 U/ml, Gibco BRL) and streptomycin (100 mg/ml, Gibco BRL). 

Non-adherent cells were removed after two days by washing and refreshing the culture 

medium. At confluence, cells were detached by trypsin treatment and passed to culture 

flasks at approximately 4104 cells/ cm2. For the present experiments, RPE cells were used 

between the sixth and the eleventh passage. To investigate whether the RPE cell lines 

were not contaminated during the isolation procedure the cells were analysed 

morphologically and by immunohistochemistry. 

For immunohistochemistry, cells were cultured on tissue chamber slides (Lab-tek, 

Nunc Inc. Naperville, IL, USA), and stained with antibodies specific to cytokeratin 8/18 

(CAM 5:2, Beckton-Dickinson, San Jose, CA, USA) or specific to glucose transporter-1 

protein (a kind gift from L. Andersson, University of Uppsala, Uppsala, Sweden). As a 

negative control an antibody against an non-human bacterial protein was used (Mouse 

negative control immunoglobulins, DAKO). 

All cells were cultured at 37°C and at 5% C02. Medium was changed twice a week. 
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RPE cell monolayers on transwell filters 

RPE cells were cultured on transwell filters (Costar, Cambridge, MA, USA, 12 mm 

diameter, 0.4 mm pore size) according to the method of Holtkamp et a/.11. Briefly, filters 

were coated with 160 ul of a 1:40 dilution of Matrigel (Collaborative Biomedical Products, 

Bedford, USA) in medium and air dried overnight. The RPE cell lines were seeded as 

1.6 x 105 cells/cm2 in a volume of 200 ul/filter, in IMDM supplemented with 1% NHS (CLB, 

Amsterdam, The Netherlands). In the lower compartment, 1000 [x\ medium was added 

thereby levelling the height of the liquid levels to prevent hydrostatic pressure. After 

2 days IMDM/1%NHS was added to a final volume of 750 |il in the upper compartment 

and 1500 \x\ in the lower compartment. 

Trans epithelial resistance (TER) was measured once a week using an Endohm 

chamber and an ohmmeter (World Precision Instruments, Sarasota, USA). TER 

measurements were corrected for background by subtracting the TER value of a matrigel 

coated filter without cells. Filters with RPE monolayers were used for experiments 

approximately 3 weeks after plating. 

Microscopy of RPE cell monolayers on transwell filters 

The possible formation of multi-layers of RPE cells was checked by light 

microscopy on sections of the filters. The filters were washed with PBS, frozen in liquid N2, 

embedded in Tissue-Tek (Miles Inc., Elkhart, IN, USA), cut in 10 urn thick sections, fixed in 

acetone during 5 minutes and air dried. The sections were stained with haematoxylin for 

10 minutes followed by staining with eosin for 1 minute. 

The presence of tight junctions was determined by immunofluorescence 

microscopy. Filters were washed with phosphate buffered saline (PBS, pH 7.4) and fixed 

with 4 % paraformaldehyde, washed again with PBS, permeabilized by incubation with 

0.2% triton X-100 for 15 minutes, blocked with 5% normal goat serum (Jackson Lab, USA) 

and incubated with polyclonal antibodies against the tight junction associated protein ZO-1 

(Zymed Laboratories Inc, San Francisco, CA98540, USA, 1:200) for 1 hour. After washing 
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with PBS, filters were incubated for 1 hour with FITC-conjugated swine anti-rabbit 

immunoglobulins (Nordic, The Netherlands, 1:100), washed again in PBS and sealed with 

vectashield before being observed in a fluorescence microscope (Leica). 

As described previously,11 the integrity of the RPE cell monolayers was analyzed by 

electron microscopy (EM). For scanning EM, filters were washed with Hanks buffered salt 

solution, after which the cells were fixed in a 80 mmol/L cacodylate-buffered solution 

containing 1% glutaraldehyde and 1.25% paraformaldehyde (pH 7.3). After fixation for 

several days, the filters were dehydrated with ethanol, critical-point dried with C02 as the 

intermediate, and coated with a few nanometres of platinum. The filters were inspected 

and micrographed with a Philips SEM 505 scanning electron microscope (Philips 

Industries, Eindhoven, The Netherlands) with a secondary emission detector. 

For transmission EM, filters were postfixed in Os04, dehydrated in a graded series 

of ethanol, and embedded in Epon. Ultrathin sections were cut, stained with uranyl acetate 

and lead citrate, and inspected and photographed in a Philips EM 400 electron 

microscope (Philips Industries) equipped with an EDAX PV9800 system and an ultrathin 

window detector (EDAX PV9760/53). 

VEGF secretion of RPE cell monolayers on transwell filters 

Experiments were performed with 12 transwell filters with confluent RPE cells from 

each donor. Medium was removed from the 48 filters and replaced with fresh medium 

containing 1% NHS just before the experiments. The filters were incubated in normal 

growth conditions (24 filters, 37°C, 20% 02, 5% C02, moist environment) or in hypoxic 

conditions (24 filters, 37°C, 1% 02, 5% C02, moist environment) for 24 hours (24 filters) or 

48 hours (24 filters). Thus, each of the four conditions investigated was tested in triplicate. 

After 24 hours or 48 hours medium of both the upper and lower compartment was 

collected, snap frozen, and stored at -20 °C until further analysis. 

Levels of VEGF production of the RPE cells towards the basal or the apical side 

were assayed by ELISA (R&D systems, Abingdon, UK), according to the manufacturer's 

description. Each sample of medium was tested in triplicate. 
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Statistical analysis 

For statistical data analysis, the Independent Samples t-test was used after 

investigation of equality of variances using Levene's test for equality of variances (SPSS 

Software, SPSS Inc., USA). 

Human and primate tissue samples 

Eyes from 30 persons with no known eye disease were obtained from the 

Corneabank Amsterdam, The Netherlands, within 5-15 hours after death. Furthermore, 

fresh normal eyes from two Cynomolgus monkeys (Macaca fascicularis) were kindly 

provided by the University of Nijmegen, The Netherlands. All animal experiments in this 

study were performed in accordance with the ARVO Resolution on the Use of Animals in 

Ophthalmic and Vision Research. Samples of the posterior segment were dissected. All 

tissues were snap-frozen and stored at -70°C. 

Immunohistochemistry 

Air-dried cryo-sections (10 urn) were fixed in cold acetone for 10 minutes and post-

fixed for 2 minutes with Zamboni fixative (2% paraformaldehyde in a saturated picric acid 

solution) and stained by an indirect immunoperoxidase procedure. In order to reduce non

specific staining, sections were pre-incubated in 10% normal goat serum (Jacksons 

Immuno Research Laboratories, West Grove, USA, catnr 005-000-121) in PBS for 

15 minutes and then incubated overnight at 4°C with the following antibodies: anti

endothelial MoAb PAL-E (1:1000), anti-VEGF receptor KDR, anti-VEGF receptor flt-1 

(both a kind gift of Dr. H.A. Weich, Department of Gene Expression, GBF, 38124 

Braunschweig, Germany, 1:200), and anti-VEGF receptor flt-4 (raised at the Haartman 

Institute, University of Helsinki, Helsinki, Finland; 1:400). Sections were washed and 

incubated with subsequent compounds of a sensitive avidin-biotin based Histostain plus 

kit (Zymed 85-9043) according to the manufacturer's instructions. Sections were washed 

again and staining was performed using 3-amino-9-ethyl carbazole (AEC) containing 
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0.01% H202
12. The reaction was terminated by rinsing the sections with H20. Counter 

staining was performed with haematoxylin. Sections were washed and mounted in 

glycerol/glycerine (Sigma, GG-1). In control sections the first antibodies were omitted. 

All sections were examined by two independent observers in a masked fashion. 

Microvascular staining was graded as follows: no staining (-), weak staining (+/-), or 

evident staining (+). 

RESULTS 

Characterization of RPE cultures on transwell filters 

After seeding on transwell filters (12 filters for each donor), the human retinal 

pigment epithelial (RPE) cell monolayers (passage between 6 and 11) showed a gradual 

increase in trans epithelial resistance (TER). The TER of the matrigel-coated filters without 

cells was 15 Ohm cm2. Maximal net TER was reached after approximately 3 weeks. The 

TER of the 4 RPE cell lines ranged from 30 +/- 1.2 to 100 +/- 4.3 Ohm cm2, but showed 

little variation within each cell line (Figure 1). 
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Figure 1 Trans epithelial 
resistance (TER, Qcm2 +/-
standard deviation ) of RPE cells 
of the four donors A, B, C and D, 
cultured on transwell filters for 
three weeks (Each bar represents 
12 filters). 
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Figure 2 Characterization of RPE monolayers cultured on transwell filter for three weeks. Light 
microscopy of RPE cell monolayer (donor B), stained with hematoxylin-eosin (Figure 2A); 
electron microscopy of the apical side of the RPE cell monolayer (Figure 2B). Note the presence of apical 
microvilli and between the cells a structure (indicated by arrows) suggesting the presence of a tight 
junction; immunofluorescence microscopy of RPE cell monolayers of donor B (low TER: 35 Ocm2) 
(Figure 2C) and donor D (high TER: 100 Dem2) (Figure 2D) stained for tight junction associated protein 
ZO-1. Note staining forZO-1 at the intercellular junctions. 
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The integrity of the RPE monolayers was verified by light microscopical 

examination of cross-sections of the filters (Figure 2A). Transmission electron 

microscopical studies revealed a monolayer of cells with microvilli and tight junctions at 

the side of the upper compartment of the transwell system (Figure 2B), and deposition of 

basement membrane material between the lower side of the cells and the filter, indicating 

that the upper compartment represents the apical ('retinal') side of the RPE monolayer 

and the lower compartment the basal ('choroidal') side. The presence of tight junctional 

complexes was suggested by immunofluorescence staining of the cell layers for the tight 

junction associated protein ZO-1. ZO-1 was present at one level around every cell, both in 

the cell lines with low (35 Ohm cm2, Figure 2C) and high TER (100 Ohm cm2, Figure 2D). 

Staining for ZO-1 also showed that the density of cells on the filters was similar for all four 

RPE cell lines (approximately 106 cells/well). Taken together, these results indicated that 

the cultured RPE cells are very similar to differentiated resting RPE in vivo. 

VEGF production by RPE cell lines in normoxic and hypoxic culture conditions 

The RPE cell lines produced vascular endothelial growth factor-A (VEGF) under 

normal culture circumstances (20% 02, 5% C02). The total production of VEGF varied 

between the different RPE cell lines, ranging from 1056 +/- 64 to 7410 +/- 456 pg/ filter 

(106 cells) (24 h incubation) (Figure 3). Interestingly, the TER values of the four RPE cell 

lines correlated with the total VEGF production (compare Figure 1 and 3). 
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Figure 3 Total 
VEGF secreted (basal 
and apical side 
together, +/-SE of 
mean) in 24 hours by 
RPE cells of the four 
donors A, B, C, D 
cultured on transwell 
filters for 3 weeks 
(each bar represents 
three filters). 
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Figure 4 Differential VEGF secretion (+/- standard error of mean) towards the apical 
and basal side of transwell filters by RPE cell monolayers of the four donors A, B, C, and D 
in normal (37°C, 20% 02, 5% C02, moist environment) and in hypoxic conditions (37°C, 1% 
02, 5% C02 l moist environment) in 24 hours (each bar represents three filters). Note that 
VEGF secretion is higher to the basal side than to the apical side (statistically significant for 
all conditions, p<0.05). In hypoxic conditions, VEGF secretion is higher, mainly to the basal 
side (statistical significance indicated by: *= p<0.05 and **=p<0.01). 

VEGF secretion in all filters examined was highly polarized. This was statistically 

significant for each donor, both in hypoxic and in normoxic conditions and at both time 

points (p<0.05). In normoxic conditions, a 2- to 7-fold higher accumulation of VEGF was 

found at the basal side of the cells compared to the apical side at both time points 

(Figure 4). When RPE monolayers were kept in hypoxic conditions (1% 02, 5% C02), 

VEGF production increased between 1.3 and 1.5-fold to the basal side but much less to 

the apical side. At 24 hours, this basal increase (and consequently higher polarization) 

was statistically significant for donors B, C and D (p<0.05, Figure 4). As a consequence, in 

hypoxic conditions the amount of VEGF secreted towards the basal side was 3 to 10 times 

higher than the amount secreted to the apical side. 
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Localisation of VEGF receptors KDR, flt-1 and flt-4 in the human and monkey eye 

Retina and choroid of 30 human donor eyes and two monkey eyes were stained 

with antibodies against VEGF receptors flt-1 (VEGFR-1), KDR (VEGFR-2) and flt-4 

(VEGFR-3) and with a marker for fenestrated endothelium, PAL-E. Staining with the 

antibody against PAL-E strongly outlined the endothelial cells of the choriocapillaris as 

well as the endothelial cells of the other choroidal vessels in both the human donor eyes 

and the monkey eyes (Figure 5A). Staining of the sections with antibodies against the 

VEGF receptor KDR and flt-4 showed a particular staining pattern of the choriocapillaris in 

both human and monkey eyes (Figure 5C and 5D). 
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Figure 5 Immunoperoxidase staining of frozen tissue sections of human choroid with 
monoclonal antibody PAL-E, recognizing fenestrated endothelium (Figure 5A), and antibodies 
recognizing VEGFR-1 (flt-1) (Figure 5B), VEGFR-2 (KDR) (Figure 5C), and VEGFR-3 (flt-4) 
(Figure 5D). Note the intense staining of the entire choriocapillaris and other choroidal vessels for 
PAL-E (Figure 5A), in contrast to the localized staining of the choriocapillaris at the side of the RPE 
cell layer for VEGFR-2 (KDR) (Figure 5C) and VEGFR-3 (flt-4) (Figure 5D). VEGFR-1 (flt-1) 
staining can be observed in the inner CC and in a large vessel in the choroid (Figure 5B). Staining 
of vascular structures indicated by arrows. 
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Only on the side of the choriocapillaris endothelium which faces the RPE, a 

granular staining for KDR and flt-4 was observed. On the scleral side of the 

choriocapillaris and in the larger choroidal vessels only sporadic staining for KDR and flt-4 

was seen (Figure 5C, 5D). The microvasculature of adjacent retina was negative. The 

staining for flt-4 in the choriocapillaris was even more pronounced than that for KDR. In 

contrast, staining with anti-flt-1 antibodies showed, in addition to marked staining of the 

inner CC, weak staining in the other choroidal vessels (Figure 5B), and also staining of 

the entire retinal microvasculature in a pattern suggestive of expression of this receptor by 

both endothelial cells and pericytes (results not shown). 

DISCUSSION 

This study indicates that tight monolayers of cultured human retinal pigment 

epithelial cells (RPE) preferentially secrete vascular endothelial growth factor-A (VEGF) to 

their basal (choroidal) side. Furthermore, in human and monkey tissue sections of the eye 

the VEGF receptors KDR and flt-4 were found to be specifically located at the retinal side 

of the choriocapillaris endothelium facing the RPE, while flt-1 had a more widespread 

distribution. These findings suggest that VEGF is involved in a paracrine relation between 

the choriocapillaris and RPE and this may help to explain the well known role of the RPE 

in maintaining the survival and fenestrated morphology of the choriocapillaris. 

Furthermore, these findings may have important implications for understanding the 

pathogenesis of choroidal neovascularization (CNV). 

Several authors have previously demonstrated that cultured human RPE cells 

produce VEGF, among other growth factors 7'1318. In fact, VEGF was found to be 

responsible for most, if not all, mitogenic activity for endothelial cells in RPE conditioned 

medium6. In vivo, RPE can dedifferentiate and act as multipotent cells in ocular wound 

healing and proliferative vitreoretinopathy. Therefore, one may argue that human RPE in 

vitro produce VEGF as a result of the specific culture conditions, which may induce an 

'injury-type' phenotype of cells, comparable to those observed in vivo in wound healing 

and other pathological conditions. However, several in vivo studies indicate that also in the 

resting normal eye1,6,17,18, VEGF is produced constitutively by RPE, suggesting a 
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physiological role of the growth factor in the eye. Furthermore, of our four different RPE 

cell lines those with a higher TER produced higher amounts of VEGF. This may indicate 

that a higher degree of differentiation of RPE cells in vitro, as reflected by a higher TER19, 

leads to a higher production of VEGF. In these tight RPE monolayers with the highest 

TER, VEGF secretion was also most polarized, with up to 10 times more VEGF produced 

to the basal side as compared to the apical side. Previous in vitro studies have found that 

RPE cells secrete between 0.6 and 70 ng VEGF per 106 cells6,20. This correlates well with 

our results, as the concentrations of VEGF found in the RPE conditioned medium ranged 

from 0.2 ng/ml on the apical side to 11 ng/ml on the basal side in hypoxic conditions. 

These concentrations of VEGF are in the biologically active range as observed in 

experiments with cultured endothelium2123. From such experiments, VEGF has emerged 

as an important permeability and angiogenesis factor21"23. In vitro, VEGF is mitogenic for 

endothelial cells and stimulates their migration. When injected in vivo in muscle or skin, it 

rapidly induces endothelial fenestrations in the continuous endothelium of these tissues8. 

In other conditions, like in the developing retina, VEGF has been shown to act as a 

survival factor for endothelium9. 

The relation between the choriocapillaris and the RPE has long been a matter of 

attention of both clinicians and basal scientists. Anatomically, the choroidal vascular 

plexus is modelled towards the RPE, as if drawn to it by some mysterious force. 

Furthermore, the choriocapillaris endothelial cells have fenestrations only on their side 

facing the RPE. It is also clear from clinical observations that the choriocapillaris will 

disappear after loss of the RPE in geographic age related macular degeneration (AMD) 

and in other conditions24,25. Animal models also demonstrate that RPE loss leads to 

choriocapillaris atrophy, preceded by loss of the endothelial fenestrations2,26. All these 

data suggest a strong modulating influence of the RPE on the choriocapillaris. 

It has previously been suggested that VEGF may be involved in this respect, based 

on the observed production of VEGF by cultured RPE. Furthermore, in a co-culture 

experiment, VEGF derived from RPE monolayers induced capillary tube formation of 

underlying endothelial cells in a type I collagen gel3. These studies did not specify the 

degree of differentiation of the RPE cells or the direction of secretion of VEGF, however. 

In fact, these results were confusing, because, when VEGF would be secreted by RPE 

towards the retina in vivo, this would be expected to induce retinal neovascularization. 
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Such neovascularization was demonstrated recently in a transgenic mouse model with 

constitutive VEGF production by photoreceptor cells27. However, in the normal eye, the 

outer retina is of course completely avascular. The data presented in this study suggest 

that the constitutive secretion of VEGF by RPE in vivo may well be highly polarized and be 

restricted towards the basal choroidal side. 

Our observations suggest that VEGF is involved in a physiological paracrine 

relation between the RPE and the choriocapillaris. The observed specific localization of 

the VEGFR-2, KDR, at the inner choriocapillaris, which is facing the basal side of the RPE 

cells, further supports this notion as expression of VEGFR-2 by these cells would allow 

paracrine signalling by VEGF-A. In contrast, immunohistochemical staining for the 

VEGFR-1, flt-1, was also found in other vessels of the choroid and retina, in a pattern 

suggestive of both endothelial and pericyte staining. It has been proposed that these two 

VEGF receptors (KDR and flt-1 ) mediate different functions of VEGF-A28. Therefore, 

differential expression of the receptors in tissues may allow to regulate VEGF-A activity. A 

third member of the VEGF receptor family, flt-4, uses other gene products, VEGF-C and 

VEGF-D, as ligands, while its affinity for VEGF-A is negligible29,30. Our finding that flt-4 is 

present in the same vessel segments of the choriocapillaris that contain KDR suggests 

that cooperativity may occur between different types of VEGF molecules. It is unknown 

however, whether RPE cells indeed produce VEGF-C or VEGF-D. 

In the light of the known effects of VEGF on endothelial cells in vivo and in vitro, 

VEGF may well be very important in both the trophic influence of RPE on the 

choriocapillaris, as well as in inducing its highly permeable phenotype, reflected by the 

abundant fenestrations located on the RPE side of the choriocapillaris31. Recently, Roberts 

and Palade8 and Esser ef aP found that VEGF is able to induce endothelial fenestrations, 

both in vivo and in vitro. Likewise, secretion of VEGF by RPE cells to the basal side could 

induce the fenestrations of the choriocapillaris. It has to be resolved whether the secretion 

of VEGF-A is sufficient or that VEGF-A and VEGF-C or other factors cooperate in this 

effect. A recent study indicates that such a cooperation exists in endothelial proliferation 

and tube formation in vitro23. Moreover, the VEGF receptors KDR and flt-4 are mainly 

localized on the RPE side of the choriocapillaris providing a selectively responsive area of 

the existing blood vessels. By such a paracrine mechanism VEGF secreted by the RPE 

cells may also act as a trophic factor on the choriocapillaris. 
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These findings may also have important implications for the understanding of the 

pathogenesis of choroidal neovascularization as occurs in age-related macular 

degeneration (AMD). Choriocapillaris atrophy and an increased thickness of Bruch's 

membrane and relative impermeability to water-soluble compounds, like VEGF, have been 

reported in aging and AMD3435. One may speculate that the latter changes in Bruch's 

membrane may not only lead to CC atrophy resulting from insufficient amounts of VEGF 

reaching the choroid, but may lead on the other hand to accumulation of VEGF on the 

basal side of the RPE, as has indeed been observed in AMD in immunohistochemical 

studies36. Here, VEGF may reach a critical concentration and induce CNV under the RPE. 

This mechanism may be further enhanced by local hypoxia, as we observed upregulated 

basolateral production of VEGF by RPE cells in hypoxic conditions. In fact, a relative outer 

retinal hypoxia has been suggested to occur in AMD as a result of CC atrophy and 

thickening of Bruch's membrane34,36. In other situations with CNV, defects in the RPE 

monolayer could lead to misdirection of secreted VEGF and subsequent classical 

subretinal neovascularization. 
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Expression of IL-1ra by RPE cells 

SUMMARY 

The eye is considered an immunologically privileged organ and is separated from 

the rest of the body by blood-ocular barriers. Part of the blood-retina barrier consists of the 

retinal pigment epithelium (RPE). In addition to the physical barrier the monolayer of RPE 

cells forms, these cells contribute to ocular immune privilege by producing 

anti-inflammatory molecules that down-regulate potential damaging immune reactions. In 

this study the mRNA expression of interleukin-1 receptor antagonist (IL-1ra) by RPE cells 

was studied in 15 donor derived cell lines. Expression of both the intracellular and 

secreted IL-1ra was detected in unstimulated and IL-1 ß or phorbol 12-myristate 

13-acetate-exposed RPE. Analysis of IL-1ra protein in RPE cell lysates and cell culture 

supernatants indicated that these cells produce mainly intracellular IL-1ra. No correlation 

between IL-1ra expression levels and the IL-1ra gene polymorphism could be detected. In 

addition to the two known intracellular IL-1ra variants (intracellular IL-1ra type I and type II) 

evidence is provided for the expression of a hitherto unknown splice variant of the IL-1ra 

mRNA by RPE cells. Expression was not confined to RPE cells and could also be 

detected in cultured human fibroblasts and macrophages. This variant, which we have 

tentatively named intracellular IL-1ra type III, encodes a C-terminally truncated protein of 

only 27 amino acids. 

INTRODUCTION 

The immune privileged nature of the human eye requires a strict regulation of 

immune reactions to prevent damage to the adjacent fragile neural tissue and to maintain 

transparency of the optic media. Immune privilege is obtained through various 

mechanisms like the absence of lymphatic drainage, the constitutive or induced 

expression of several immune modulating factors and the presence of a physical barrier 

between the eye and the blood1. Part of the blood-eye barrier is formed by the retinal 

pigment epithelium (RPE) cell layer, strategically situated between the photoreceptors and 

the choriocapillaris. RPE cells further contribute to the unique microenvironment of the 
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posterior part of the eye by producing various cytokines like TGF-ß22 and Fas ligand3. The 

pro-inflammatory cytokine IL-1 is one of the most potent multifunctional cell activators4 and 

is also a strong stimulator of RPE cells5"8. In reaction to IL-1 ß RPE cells are known to 

produce high levels of immunomodulatory molecules5"15. To maintain retinal-tissue integrity 

during ocular inflammation the stimulation of RPE cells by IL-1 ß should therefore be 

precisely regulated and requires tight physiological control. One of the mechanisms to 

modulate the effects of IL-1 is via its naturally occurring antagonist the IL-1 receptor 

antagonist (IL-1ra). IL-1ra binds to the IL-1 receptors with similar affinities as do IL-1 a and 

IL-1ß, but without evoking intracellular signal transduction. Two variants of IL-1ra have 

been described, namely secreted IL-1ra (slL-1ra) and intracellular IL-1ra (iclL-1ra). 

Secreted IL-1ra contains an N-terminally located signal sequence for secretion and was 

found as a secretory product of monocytes16,17, but is now known to be expressed by a 

variety of cell types. iclL-1ra lacks the signal sequence and is found mainly in the 

cytoplasm of epithelial cells18, including ocular tissues such as cornea1920 and RPE cells5. 

Although the function of iclL-1ra is not fully elucidated it is suggested that it inhibits IL-1 

signalling either by release during tissue damage or by binding to the IL-1 receptor before 

presentation on the cell surface21. Furthermore, IL-1ra has been shown to alter IL-1 

induced gene expression by influencing messenger RNA stability of several cytokines22. 

The gene structure of IL-1ra is relatively complex. There are four so-called common 

exons (used by both the slL-1ra and iclL-1ra) and two distinct first exons. The signal 

sequence for slL-1ra is encoded by sequences immediately upstream of the first common 

exon (actually forming one exon). The first common exon contains a splice acceptor site 

within the coding region. This splice site is used to produce the intracellular form of which 

the first exon is separated from the common exons by a first intron, with an approximate 

size of 9.6 kb. More recently a splice variant of the iclL-1 ra has been described (iclL-1ra 

type II), which contains an additional exon situated within the first intron23. 

In addition to the heterogeneity of the IL-1ra mRNA, the IL-1ra gene has been 

shown to be polymorphic24. The second intron contains an 86 bp tandem repeat which 

occurs in different copy numbers. This repeat contains two consensus transcription 

silencer elements and has been shown to affect IL-1ra expression levels in monocytes25. 

Although RPE cells have been shown to constitutively express iclL-1ra type I518, the 

possible expression of iclL-1ra type II and slL-1ra has not been reported, and was 
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therefore the subject of the present study. We demonstrate that RPE cells are capable of 

expressing slL-1ra and both types of iclL-1ra. In addition, a new splice variant of IL-1ra 

(iclL-1ra type III) was identified in RPE cells. This splice variant is predicted to give rise to 

a C-terminally truncated peptide of 27 amino acids. 

RESULTS 

Expression of IL-1ra by RPE cells 

RPE cell lines from 15 different human donors were investigated by reverse 

transcription (RT)-PCR for IL-1ra gene expression. Cultures were assayed for constitutive 

expression and after exposure to IL-1B or PMA, both of which have been shown to be 

potent inducers of the IL-1ra gene21. In all cell lines tested constitutive expression of 

iclL-1ra could be detected using PCR primers 1 and 2 (Figure 1). Stimulation with IL-1 ß 

resulted in a maximal 55-fold increase of iclL-1ra mRNA while PMA stimulation led to a 

maximal 17-fold increase (Figure 2, Table 1). IL-1ra mRNA expression levels were 

normalized by RT-PCR analysis of mRNA levels for a household gene, porphobilinogen 

deaminase (PBGD)26. Remarkable differences between cell lines could be observed. 

While some cell lines reacted more strongly on exposure to IL-1 ß (Table 1, e.g. cell line 

15), others produced highest iclL-1ra mRNA levels after PMA stimulation (Table 1, e.g. 

cell line 2). The number of passages of the RPE cell lines had no influence on the levels of 

cytokine expression (data not shown). 

I s 4 3 2 Figure 1 Schematic representation 
of the human IL-1ra gene. Boxes 
represent the exons. The part of exon 1 
specific for slL-1ra is shown in black. 
The exons specific for the intracellular 
splice variants are id, the first exon of 
iclL1-ra type I; icll, the second exon of 
iclL-1ra type II and the iclll, the third 
exon of the iclL-1ra type III. The lengths 
of the exons and introns are not to 
scale. The position of the PCR primers 
(numbers 1-5) are indicated with arrows 
and the positions of the in-frame stop 
codons are indicated with dots. 

icIL-lral 

icIL-Iralll 
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Table 1 Relative expression and fold increase of expression 
donor RPE cell lines unstimulated or treated with IL-1 ß or PMA. 

of iclL-1ra type I and slL-1ra by 15 

donor* alleles" icIL-

control 

re 

1ra typ 

IL-1 

lative e 

3l 

PMA 

xpression 

s 

Control 

IL-1ra 

IL-1 PMA 

iclL-1ra 

IL-1 

fold increase3 

type I slL-1ra 

PMA IL-1 PMA 

1 A1A2 4.3 24 57 6.4 47.1 198 5.6 13.3 7.4 30.9 
2 A1A2 8.1 10 27 12 14 41 1.2 3.3 1.2 3.4 
3 A1A2 2.6 7.5 15 3.2 4.3 26 2.9 5.8 1.3 8.1 
4 A1A1 5.4 15 23 2.9 39 46 2.8 4.3 13.4 15.8 
5 A1A1 12 15 10 7.8 27 21 1.3 0.8 3.5 2.7 
6 A1A1 10 31 48 4.8 23 44 3.1 4.8 4.8 9.2 
7 A2A3 0.8 12 14 1.9 66 89 15 17.5 34.7 46.8 
8 A1A1 1.7 4.3 5.5 0.5 4.7 1.3 2.5 3.2 9.4 2.6 
9 A1A1 2.5 7 15 2.1 2.5 6.9 2.8 6 1.2 3.3 
10 A1A1 5.1 5 6.8 2.8 0.7 6.9 1 1.3 0.3 2.5 
11 A1A1 1.6 16 11 1.4 29 5.6 10 6.9 20.7 4 
12 A1A2 2.7 11 5.3 4.3 36 6.7 4.1 2 8.4 1.6 

13 A1A2 4.2 5.6 7.8 5.1 19 12 1.3 1.9 3.7 2.4 
14 A1A2 3.2 2.6 1.7 4.9 10 3.1 0.8 0.5 2 0.6 
15 A1A1 1.3 72 16 0.2 67 25.4 55.4 12.3 335 127 

The overall mean ± SEM 
4.7 ± 1.1, respectively and 
the cell. 

of the fold increase for the 
for the slL-1ra 29.5 ± 23.6 

iclL-1ra after IL-1 or PMA stimulation is 6.8 ± 3.8 and 
and 15.3 ± 8.9, respectively. bThe IL-1ra genotype of 

The expression of mRNA coding for the slL-1ra was determined by using a PCR 

primer corresponding to part of the mRNA specific for the signal sequence in combination 

with a primer in exon 4 (PCR primer 2 and 3, Figure 1). Constitutive expression of slL-1ra 

was detected in 13 out of 15 cell lines tested. After stimulation expression of slL-1ra was 

detectable in all RPE cell lines. Again, the effect of IL-1 ß on IL-1ra expression on some 

cell lines was stronger as compared to treatment with PMA (Figure 2). 

In addition to the intracellular IL-1ra as described by Haskill et a/.18 a splice variant 

of icll_-1ra has been identified23 (IL-1ra type II). The mRNA encoding this variant could 

selectively be detected by RT-PCR using a primer situated in the iclL-1 ra type II specific 

exon (PCR primer 4, Figure 1). The expression of iclL-1ra type II specific mRNA was 

tested in two RPE cell lines and could be readily detected in unstimulated and stimulated 

cells. Up-regulation after IL-1 ß or PMA stimulation, as observed for the slL-1ra and 

iclL-1ra type I, was not apparent for the icll_-1ra type II specific mRNA in RPE cells. 

Interestingly, an additional PCR product was observed which migrated slightly above the 

expected product of 443 basepairs (Figure 3). 
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Figure 2 RT-PCR analysis of iclL-1ra type I and slL-1ra expression by human RPE 
cells. Total RNA isolated from unstimulated cells (C) and cells exposed to IL-1ß (I; 100U/ml) 
or PMA (P; 20 ng/ml) for 4 hours, was reverse transcribed followed by PCR amplification of 
iclL-1ra type I (PCR primers 1 and 2, Figure 1), slL-1ra (PCR primers 2 and 3, Figure 1) and 
PBGD (Table 2). PCR products were size-fractionated on agarose gel, blotted and 
hybridized with an IL-1ra or PBGD specific probe. The expression by cell lines of 6 different 
donors are shown (numbers 1-6), as well as a negative (-) and a positive (+) control. Note 
that the exposure time of the Southern blots of the different gene products is not identical. 

icIL-lra type II »->-•* «»»««• rn.--.-i-

Figure 3 RT-PCR analysis of iclL-1ra type II expression. RPE cells from 2 different 
donors (numbers 1 and 2) were analyzed before (C) and after IL-1B (I) or PMA (P) 
stimulation (4 hours) for iclL-1ra type II expression by RT-PCR using primer combination 2 
and 4 (Table 2). The band corresponding to the expected product of the expected length is 
indicated (iclL-1ra type II), the additional amplified product is indicated by an asterisk. 

Identification of a new IL-1ra exon 

To identify the origin of the additional PCR product, both fragments of the iclL-1ra 

type II PCR were cloned and subjected to sequence analysis. The iclL-1ra type II PCR 

product of the expected length appeared to be identical to the sequence as reported by 

Muzio et al23 (data not shown). The longer PCR product also contained the iclL-1ra type II 

specific exon sequence but in addition had an 171 bp insertion, located exactly between 

the splice donor site of iclL-1ra type II specific exon and the splice acceptor site of the 

iclL-1ra common exon 1, corresponding to part of the large intron upstream of the first 
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-GCCCTCCCCATGGCTTTAGCTGACTTGTMG»*G»AGG»CGTOGAGOAGGAOGAGAAGGTGAAGACAATGCTGACTCAAAGGGGGOATT»TAAAACTAATCATCJUl-
M« tAlaLauAlaA>pLauTyxGluGluGlyGlyGlyGlyGlyGlyGluGlyGluAipAanAlaA>pSarLy>GlyGlyLau*** 

Figure 4 Schematic representation of the human iclL-1ra specific exons (id, icll and 
iclll). At the top the genomic sequence of the newly identified iclL-1ra type III exon is 
indicated (uppercase letters) flanked by intron sequences. The consensus exon-intron 
junction AG and GT nucleotides are shown in italic. The polypyrimidine tract is underlined. At 
the bottom the putative translation product is shown for icIL-Ira type III messenger RNA. The 
stop codon in the iclll exon is indicated by asterisks. 

common exon (Figure 1 and 4). The remaining part of the messenger RNA (common 

exons 1 to 4) was identical to iclL-1 ra type I and type II. In the genomic sequence the 171 

nucleotides sequence was flanked by intron-exon junction consensus AG and GT(AAGT) 

nucleotides and was preceded by a polypyrimidine-rich tract (Figure 4, top sequence). 

Remarkably, this new exon contains an in-frame stop codon after eight nucleotides. The 

presence of this stop codon was confirmed by sequencing 4 independent clones and was 

also present in the ll_-1ra gene sequence of the EMBL nucleotide sequence database 

(accession number U65590, unpublished). Translation of this new variant of the IL-1ra 

messenger would lead to a C-terminally truncated peptide of only 27 amino acids. Nine of 

these 27 amino acids are glycine residues, six of which are consecutive (Figure 4, bottom 

sequence). We named this alternatively spliced form of intracellular IL-1ra, iclL-1ra type III 

(Figure 1). Constitutive expression of iclL-1ra type III was not confined to RPE cells, but 

could also be detected in cultured human fibroblasts and macrophages, indicating little cell 

type-specificity (results not shown). 
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Figure 5 Expression 
of IL-1 ra protein by RPE 
cells. Cell lysates and 
concentrated cell culture 
supernatants of cultured 
RPE cells unstimulated 
controls (C) or exposed 
for 24 hours to IL-1E (I) or 
PMA (P) were analyzed 
for IL-1ra protein content 
by ELISA. The results of 
4 different donor RPE cell 
lines are shown (numbers 
1,2, 9 and 15). 

IL-1ra protein expression 

To investigate whether RPE cells are capable of producing IL-1ra protein, cell 

lysates and culture supernatants were assayed by ELISA. In cell lysates of all four RPE 

cell lines tested IL-1ra protein could be detected, ranging from 223 pg to a maximum of 

2.1 ng per 5x106 cells (Figure 5). The induction of the IL-1ra m RNA levels by IL-1ß or 

PMA was not reflected by an apparent increase on the IL-1ra protein level. The IL-1ra 

protein levels in the cell culture supernatants appeared to be low as compared to the 

protein levels in cell lysates, ranging from non detectable to 31 pg per 5x106 cells. 

IL-1ra gene polymorphism and expression 

In view of the variability of IL-1ra expression levels between individual RPE cell 

lines we tested whether expression was correlated with the IL-1ra genotype of the 15 

donor derived RPE cell lines. Eight RPE cell lines were of the A1A1 genotype, six were of 

the A1A2 genotype and one was of the A2A3 genotype (Figure 6). This allele distribution 

is similar to the allele frequency for the Dutch population as reported earlier27. Statistical 

analysis of the IL-1ra mRNA expression of untreated cells or cells exposed to IL-1B or 

111 



Chapter 6  

PMA did not reveal any significant differences between the two groups with genotype 

A1A1 or A1A2 (Table 1). Of the four RPE cell lines analyzed for protein expression the 

two cell lines with the A1A1 genotype appeared to contain less iclL-1ra than the cell lines 

with the A1A2 genotype (Figure 5). 

11 5 8 7 6 13 14 15 4 2 10 9 3 12 1 16 17 18 19 

Figure 6 IL-1ra genotyping of RPE cell lines. Chromosomal DNA of the 15 donor RPE 
cell lines (numbers 1-15) was amplified using PCR primers flanking the 86-bp sequence in the 
intron between common exon 1 and exon 2 (Table 2). In parallel this sequence was amplified 
from individuals with known IL-1 ra genotype (number 16: A2A2, number 17: A1A2, number 18: 
A1A1, number 19: A1A3). PCR products were analyzed by size-fractionation on a agarose gel 
followed by Southern blot hybridization. For the alleles of the deduced genotypes see Table 1. 

DISCUSSION 

In this report we demonstrate that RPE cells express all three variants of IL-1ra 

mRNA and produce iclL-1 ra protein and possibly secrete low levels of IL-1ra. 

Furthermore, a new IL-1ra exon is described which leads to the production of a 

C-terminally truncated protein of only 27 amino acids which is rich in glycine residues. 

The RPE cell layer is an important barrier structure in the posterior segment of the 

human eye and is thought to play a central role in the immunological processes of the 

outer retina. These processes should be precisely regulated to prevent damage to the 

vulnerable neurosensory retinal tissue. RPE cells are armed with a variety of mechanisms 

to maintain retinal homeostasis and to modulate inflammatory reactions. The tight-

junctions between RPE cells form a physical barrier and regulate the access of leukocytes 

to the retina. RPE cells express Fas ligand on their cell surface to locally inhibit activated 

T cells3. More recently, we demonstrated that RPE cells further contribute to a highly 
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regulated ocular immune response by secreting pro-inflammatory cytokines preferentially 

in the direction of the choroid13. Interleukin-1ß is one of the most potent stimulators of RPE 

cells and induces expression of several proinflammatory cytokines and chemokines6'9,28. 

Uveitic models confirm the inflammatory potential of IL-1ß2930 and suggest that strict 

regulation of this mediator is essential for maintaining retinal integrity during ongoing 

inflammatory processes. The regulation of IL-1 signalling is strikingly complex and 

emphasizes the need for precise control of IL-1 activity. IL-1 comprises two mediators, 

IL-1a and IL-1ß and two high-affinity receptors IL-1 Rl and RH. Only IL-1 Rl has 

intracellular signalling activity while IL-1 RH has been proposed to be a 'decoy' receptor 

and to compete with IL-1 Rl for IL-131. The IL-1 Rll receptor occurs as a membrane bound 

form and as a soluble protein. The IL-1ra is a naturally occurring inhibitor of IL-1 that binds 

to the membrane bound IL-1 receptors without agonistic activity, but not to the soluble 

IL-1 Rll32. The IL-1 system is also active in human RPE cells since these cells are known 

to express the IL-1 Rl33, react strongly upon IL-1ß stimulation69'28, produce IL-1514 and 

iclL-1ra5. 

In this paper we extended these observations by analysing the expression of the 

variants of IL-1ra in several human RPE cell lines. Using RT-PCR the expression of the 

iclL-1ra type I and type II could be detected, which was upregulated after exposure to 

IL-1ß or PMA. Alternatively, the increase in IL-1ra mRNA after stimulation could also be 

explained by decreased mRNA degradation. iclL-1ra protein could be readily detected by 

ELISA in RPE cell lysates. Remarkably, the increase of iclL-1ra mRNA after IL-1 ß or PMA 

stimulation was not reflected by an increase of IL-1ra protein. A similar observation was 

reported by Jaffe et a/.5 for stimulated RPE cells. Possibly, translation efficiency is affected 

by stimulation or the increase in IL-1ra mRNA is only transiently and not detected on 

protein level after 24 hours. Binding of iclL-1ra to an intracellular ligand, thereby making 

the protein undetectable for ELISA, could also explain the unchanged protein levels after 

stimulation. iclL-1ra is suggested to modulate intracellular IL-1 a signalling in RPE cells5 

since IL-1 a is active in its intracellular precursor form34. Other possible mechanisms by 

which iclL-1ra affects IL-1 signalling are blocking the IL-1 receptors before presentation on 

the cell surface and release of iclL-1ra during cell damage21. Recently, it has been shown 

that human airway epithelial cells are capable of releasing iclL-1ra in their environment35. 
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Possibly, RPE cells are also capable of secreting their iclL-1ra under certain conditions. 

By differential splicing, two variants of the iclL-1ra protein are produced: iclL-1ra 

type I and type II. The iclL-1ra type II has a glycine-rich insertion of 21 amino acids within 

the N-terminal part of the protein as compared to the type I protein. Both intracellular 

forms of IL-1ra are biologically active and have similar capacity to inhibit IL-1 activity23. Our 

results showed that RPE cells also express the mRNA coding for the secreted variant of 

IL-1ra, which contains an N-terminally located signal sequence. In a report by Jaffe et al.5 

this variant could not be detected by RT-PCR in cultured RPE cells. This discrepancy is 

most likely due to the increased sensitivity of the assay used in this paper; Southern blot 

analysis using labelled probes are more sensitive and specific than ethidium bromide 

staining. 

To determine whether RPE cells are capable of secreting IL-1ra, culture 

supernatants were assayed by ELISA. Only small amounts of IL-1ra were detected in 

these supernatants suggesting that RPE cells mostly produce iclL-1ra. Furthermore, the 

ELISA does not discriminate between intracellular and secreted IL-1ra and we can not 

exclude the possibility that the IL-1ra in the supernatant is derived from leakage of iclL-1ra 

from damaged cells. This implies that the mRNA coding for slL-1ra is not efficiently 

translated by RPE cells. A similar mechanism was suggested for the observation that RPE 

cells expressed the IL-1 ß gene but contained only a small amount14 or no IL-1ß protein5. 

Alternatively, RPE cells which are known to express the IL-1 receptor I5 may efficiently 

bind their slL-1ra or lack the mechanism to secrete slL-1ra. 

Considerable variation in IL-1ra expression levels among RPE cell lines of different 

donors was observed. Similar variations in levels of cytokine expression by RPE cell lines 

have been reported earlier, and may reflect intrinsic variability among donors25,11. We were 

unable to link the expression of the IL-1ra gene to the polymorphism which is known to 

affect expression in monocytes25. Of the four RPE cell lines analyzed for intracellular 

IL-1ra protein the two cell lines homozygous for allele A1 showed a somewhat reduced 

expression of iclL-1ra as compared to the two A1A2 heterozygous cell lines. This 

difference in expression between A1A1 and A1A2 IL-1ra genotypes is in accordance with 

production of IL-1 ra protein by human monocytes related to this IL-1ra gene polymorphism 

in monocytes25. Due to the paucity of different human RPE cell lines and the 

predominance of the IL-1ra A1 allele, small differences in expression between various 
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alleles would remain undetected on the mRNA level. Alternatively, the transcription 

silencing function ascribed to this polymorphic region in monocytes may not be 

operational to the same extent in RPE cells. 

In addition to the three known molecular variants of IL-1ra (slL-1ra, iclL-1ra type I 

and type II), we have identified an additional splice variant which was named intracellular 

interleukin-1 receptor antagonist type III (iclL-1ra type III). This new transcript contains an 

additional 171 bp sequence situated between the iclL-1ra type II specific exon and the 

common exon 1. The presence of consensus splicing signals bordering this sequence and 

its presence in several sequenced RT-PCR products, indicated that this is a functional 

exon. When incorporated into the iclL-1 ra mRNA the in-frame stop codon present in this 

iclL-1ra type III specific exon will lead to C-terminally truncated protein of only 27 amino 

acids. The insertion of an exon containing an in-frame stop codon or leading to a frame-

shift resulting in a stop codon has been described for numerous alternatively spliced 

messenger RNAs, and in some cases was shown to lead to a physical separation of 

functional protein modules3638. Possibly, the glycine-rich sequence which is linked to the 

N-terminus of iclL-1ra type li represents such a module. The stop codon in the iclL-1ra 

type III, as presented in this paper, would then lead to the expression of this module 

without the iclL-1ra protein attached. The iclL-1 ra type III is very unlikely to bind to the IL-1 

receptor as it lacks the C-terminal IL-1ra sequences involved in receptor binding21. Of the 

27 amino acids for which the iclL1-ra type III mRNA encodes, 21 are from the type II 

specific exon which contains 9 glycine residues. Glycine-rich regions have been shown to 

be involved in protein-protein interactions of mainly nucleic acid binding proteins39. 

Possibly, iclL-1ra type II and type III further add to the complexity of the IL-1 system by 

binding to intracellular regulatory proteins. Further research is, however, needed to clarify 

the function of these splice variants. Our analysis indicate that these splice variants can 

also be observed in fibroblasts and macrophages and are thus not unique to the RPE cell. 

The observation that the IL-1ra gene is highly active in RPE cells indicates that IL-1ra 

contributes to the unique microenvironment of the posterior segment of the human eye. 
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MATERIALS AND METHODS 

RPE cell cultures 

Human donor eyes (age of the donors: 12-23 years) obtained from the eye bank 

were used as a source of RPE cells. RPE cells were isolated within 24 hours post mortem, 

as described previously13. Briefly, after removal of the cornea (for transplantation 

purposes), iris and ciliary body, the optic nerve was cut and vitreous and neural retina 

were washed out of the eye cup with Hank's Balanced Salt Solution (HBSS, Gibco BRL, 

Breda, The Netherlands). RPE cells were detached from the eye cup by trypsin 

dissociation. Isolated cells were plated in 24-well plates (Costar, Cambridge, MA, USA) at 

105 cells per well in Iscoves Modified Dulbecco's Medium (IMDM, Gibco BRL) 

supplemented with 20% Fetal Calf Serum (FCS, Gibco BRL), penicillin (100 U/ml, Gibco 

BRL) and streptomycin (100 ug/ml, Gibco BRL). Nonadherent cells were removed after 

two days by washing and refreshing the culture medium. RPE cell lines were analyzed 

morphologically and immunohistochemically to detect possible contamination with other 

cell types13. At confluency, cells were detached by trypsin treatment and seeded in culture 

flasks at approximately 4104 cells/cm2. For stimulation experiments, RPE cells between 

the second and eighth passage were used. IL-1ra expression was determined in both 

unstimulated or stimulated RPE cell cultures. Cells were stimulated with 100 U/ml IL-1ß 

(Genzyme Diagnostics, Cambridge, MA, USA), or 20 ng/ml PMA (Sigma Chemical Co., St 

Louis, MO, USA) for 4 hours (messenger RNA analysis) or 24 hours (protein analysis). 

Earlier studies have shown that mRNA for IL-1ra was produced optimally by RPE cells 

after 4 hours of stimulation in RPE cells5 while IL-1ra protein was measured after 24 hours 

in various cell types16'18'1925. 

RNA isolation and cDNA synthesis 

Before RNA isolation cells were washed with PBS (37°C). RNA was isolated by a 

single step extraction method using RNAzol (Cinna Biotecx Laboratories Inc., Houston, 

Texas, USA) and dissolved in 10 ul sterile water. For cDNA synthesis, 2 ug of total RNA 
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was incubated with 2.5 ug oligo(dT)12.18 primer and 200 U Superscript RNaseH reverse 

transcriptase (Gibco-BRL, Eggenstein, Germany) according to the manufacturers' 

instructions. After incubation for 1.5 hour at 42°C, the reaction was terminated by heat 

inactivation at 65°C for 5 minutes. 

Table 2 Characteristics of IL-1 ra PCR primers. 

primer sequence (5'-3') 
primer position 

in genomic 
sequence3 

primer position in 
IL-1ra gene 

1 icIL-lral 

2 Common IL-1ra 

3 slL-1ra 

4 iclL-1rall 

5 IRA5 

6 IL-1 ra poly m. s 

7 IL-1ra polym. as 

GAAGACCTCCTGTCCTATG 

GGCATATTGGTGAGGCTGA 

AATGGAAATCTGCAGAGGC 

GACAATGCTGACTCAAAGG 

CTGACTTGTATGAAGAAGGAGGTGG 

CTCAGCAACACTCCTAT 

TCCTGGTCTGCAGGTAA 

16171-16189 exon 1 (iclL-1ra exon) 

30812-30830 

25811-25829 

18290-18308 

18246-18270 

28675-28691 

28898-28914 

exon 4 

exon 1 (slL-1ra part) 

iclL-1rall exon 

iclL-1 rail exon 

intron 2 

intron 2 

The numbers corresponding to the position of the PCR primers were based on the genomic sequence of 
IL-1 ra in the EMBL nucleotide sequence database (accession number U65590, unpublished). 

IL-1ra PCR and Southern blot analysis 

PCR primer pairs for the amplification of slL-1ra, iclL-1 ra and porphobilinogen 

deaminase (PBGD) were designed using the OLIGO Primer Analysis Software (National 

Biosciences Ine, Plymouth, MN, USA) and are shown in Table 2. PCR primer pairs for 

iclL-1ra type II23 and the IL-1ra gene polymorphism24 have been described. 

Oligonucleotides were synthesized by Eurogentec (Seraing, Belgium). PCR products were 

cloned in pGEMTeasy (Promega, Madison, Wl, USA) using standard procedures. For 

PCR amplification, 2 ul cDNA was added to a reaction mixture, consisting of PCR buffer 

(Promega, Madison, Wl USA), 0.5 mM dNTP's, 0.2 pmol of each primer and 1 U Taq DNA 

polymerase (Promega, Madison, Wl, USA) in a volume of 50 ul. After the PCR reaction 

was carried out in a thermocycler (Perkin Elmer Cetus, Norwalk, CT, USA). Part of the 

PCR reaction mixture was electrophorized on a 2% agarose gel and visualized by 
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ethidium bromide staining. To verify the identity of the PCR products, gels were blotted to 

Genescreen-plus membranes (NEN-Du Pont, 's Hertogenbosch, The Netherlands) after 

denaturation in 0.4 N NaOH for 20 min. The filters were incubated in hybridization mixture 

(6xSSC, 5xDenharts', 0.1% SDS, 100 ug/ml sheared and denatured herringsperm DNA) 

at 65°C for 15 minutes. Purified cloned PCR products of IL-1ra and PBGD were used as 

templates for 32P-labelled probes using the multiprime DNA labelling system (Amersham, 

UK). After overnight hybridization, filters were washed in 0.2 X SSC, 0.1% SDS at 65°C for 

10 minutes and exposed to X-ray film at -70°C. 

Cloning and sequence analysis of iclL-1ra type III. 

The PCR products of the iclL-1ra type II PCR (see Table 2 for primer combination) 

were excised from gel, purified and cloned in pGEMTeasy and transformed to 

E.coli JM109. From the lower band one clone and from the upper band, four clones were 

further analyzed by sequencing the complete iclL-1ra type III specific exon. Sequences 

were compared to database entries using the BLAST search tool40. The nucleotide 

sequence data reported in this paper will appear in the EMBL, GenBank and DDBJ 

Nucleotide Sequence Databases under the accession number AJ005835. 

Dotblot analysis 

To quantify IL-1ra expression levels of unstimulated and IL-1ß or PMA treated RPE 

cells, an aliquot of the PCR product was dotblotted on Genescreen-plus membrane and 

hybridized with random-primed labelled probes. After hybridization and washing the 

radioactivity of each dot was determined by scintillation counting. Signals were corrected 

for background and amount of input RNA by determining the RT-PCR signal for the PBGD 

household gene. 

PCR analysis of the lL-1ra gene polymorphism 

Genomic DNA was isolated from RPE cells according to the method described by 

Boom et a/.41. For determining the IL-1ra alleles of the various RPE cell lines the region 
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containing the 86-bp tandem repeat of the IL-1ra gene was amplified by PCR using the 

primer combination as described24 (Table 2). PCR products were separated on 2% 

agarose gels and visualized by ethidium bromide staining. The size of the PCR products, 

indicative for the genotype, was determined using a molecular 100 bp ladder (Gibco-BRL). 

In addition several DNA preparations with known IL-1ra genotypes were analyzed in 

parallel. 

IL-1ra protein 

RPE cell culture supernatants were isolated whereafter the cells were washed three 

times with warm PBS (37°C). Cell lysates were obtained by three cycles of freezing and 

thawing. Supernatants and cell lysates were stored at -20°C until assay. IL-1ra protein 

was measured using a commercially available ELISA consisting of a matched antibody 

pair and recombinant human IL-1ra as a standard (Medgenix Diagnostics, Fleurus, 

Belgium) with a detection limit of 4 pg/ml. The ELISA does not discriminate between 

secreted or intracellular forms of IL-1ra. Cell lysates were tested undiluted, whereas 

supernatants of the stimulated RPE cells were concentrated 25 times using Ultrafree-MC 

centrifugal filter units (Millipore Co., Bedford, MA, USA) with a cutoff of 10 kDa, according 

to the instructions of the manufacturer. 

Statistics 

The difference in IL-1ra expression level of the two groups with different IL-1ra 

polymorphism was tested by the Mann-Whitney test. Differences were considered 

statistically significant when P=0.05. 
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Summary 

This thesis deals with the cytokine production of retinal pigment epithelial (RPE) 

cells. RPE cells are thought to play an important role in immune reactions not only by 

cytokine production, but also by their ability to express MHC class II antigens, adhesion 

molecules and FasL. In chapter 2 an overview is provided of the cytokines produced by 

RPE cells and how this production is regulated. Furthermore, the immunological and 

inflammatory effects of cytokines on RPE cells are addressed. 

The retinal pigment epithelium is strategically situated between the photoreceptors 

and vascularized choroid. This monolayer of RPE cells is part of the blood eye barrier, 

which prevents access of blood cells and plasma proteins. The eye is regarded as an 

immune privileged site where immune reactions are strictly regulated to prevent damage 

to the fragile neural tissue and to maintain transparency of the optic media. The RPE may 

contribute to the maintenance of immune privilege by forming a physical barrier for 

immune cells. In addition to this passive contribution, RPE cells may contribute to such 

highly regulated immune responses by the secretion of anti-inflammatory cytokines, like 

TGF-ß2. Another active contribution could be the secretion of (pro-)inflammatory cytokines 

preferentially in the direction of the choroid, thereby reducing potential damage to the 

neuroretina during inflammation. 

In chapter 3 it is shown that primary donor-derived RPE cells secrete the 

pro-inflammatory cytokines IL-6 and IL-8 in a polarized manner towards the basolateral 

side (which represents the choroidal side) irrespective of the side of stimulation. In 

contrast, the ARPE-19 cell line secreted IL-6 and IL-8 towards the basolateral side only 

after basal stimulation. The reason for the discrepancy between the ARPE-19 cell line and 

the donor-derived cultures is not clear, but may be due to differences in differentiation 

state of the cells. The observed difference emphasizes the importance of using primary 

cultures for these experiments. In chapter 4 it is shown that another pro-inflammatory 

cytokine, MCP-1, was secreted in a similar manner as IL-6 and IL-8, ie in the direction of 

the basolateral/choroidal side. The anti-inflammatory cytokine TGF-ß2 was constitutively 

expressed in relatively low amounts and this was not upregulated after treatment with 

IL-1ß or TNFa (chapter 4). Furthermore, in chapter 4 it is also shown that TGF-ß2 is 

secreted in a polarized manner as well, but the direction of secretion varied between 

different RPE cell donors. The reason for this variation in direction of secretion is not yet 

known. Likewise, heterogeneity between RPE cells for cytokine production, for growth rate 
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and for phenotypic appearance has been described and is subject of further research. It 

has been suggested that the observed heterogeneity is due to donor variation or the result 

of differences in RPE cell phenotype; RPE cells in the vicinity of the pars plana may differ 

from RPE cells near the optic nerve head. Thus, although the direction of TGF-ß2 

secretion by RPE cells varied, the direction of all other (pro-inflammatory) cytokines tested 

was directed towards the choroid. This may be a mechanism to limit damage to the retina. 

An intriguing question is what the effect of polarized cytokine secretion is on the 

migration of immune cells. Two of the investigated cytokines, IL-8 and MCP-1, are 

chemokines and are mainly secreted at the basolateral/choroidal side. In situ, this would 

activate immune cells to migrate (over an increasing gradient of these chemokines) via the 

choriocapillaris up to the RPE layer. What happens thereafter is subject of speculation. 

Due to a higher concentration of chemoattractants at the choroidal side as compared to 

the retinal side, the immune cells may not cross this barrier, providing an additional 

protective mechanism to the eye. The concentration of the chemokines, however, may be 

lower at the choroidal side of the RPE as compared to the side of the photoreceptors, due 

to dilution by plasma. As a result, immune cells (neutrophils or T cells) may migrate across 

the RPE. Furthermore, the RPE cells express various adhesion molecules, which facilitate 

the transmigration of immune cells. In addition, other factors may be produced by the RPE 

cells that enable immune cells to migrate across this layer. Taken together, the effect of 

polarized secretion of chemoattractants by RPE cells on the transmigration of immune 

cells across the RPE cell barrier is not known and needs further research. Experiments 

investigating the migration of immune cells across RPE cell monolayers cultured on 

transwell filters may shed more light on this subject. The culture system as it was used in 

the present studies should be modified for such migration studies, because the pores in 

the transwell filters used are too small to allow cells to migrate through the filter. Moreover, 

RPE cells should be cultured on the other side of the transwell filter to allow the immune 

cells to migrate from the basolateral/choroidal side to the apical/retinal side. Another 

approach to determine the effect of cytokine production by RPE cells is the generation of 

transgenic mice (over)expressing cytokines under control of a RPE cell specific promotor. 

The polarity of VEGF secretion by the RPE cells in vitro and the expression of 

VEGF receptors in situ in the eye where investigated in order to elucidate a paracrine 

relation between the RPE and the choriocapillaris. Chapter 5 describes that VEGF is 
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secreted by RPE cells in a polarized manner at the basal side. The VEGF secretion at the 

basal side, but not at the apical side, was enhanced under hypoxic conditions. The 

expression of the VEGF receptors KDR and flt-4 was predominantly localized on the 

adjacent choriocapillaris. These observations suggest that the RPE plays an important 

role in the maintenance of the highly vascularized and fenestrated choriocapillaris. Further 

research is required to determine the involvement of the RPE and of RPE-derived VEGF 

in disease associated neovascularization. 

RPE cells appear to be highly sensitive for IL-1. In response to this cytokine, RPE 

cells produce other cytokines, nitric oxide and express adhesion molecules (chapter 2). 

IL-1 activity can be inhibited by its natural antagonist IL-1ra, although a 100-fold excess 

over IL-1 is needed to get an inhibitory effect. Chapter 6 is focussed on the expression of 

the interleukin-1 receptor antagonist (IL-1ra) by RPE cells. Human RPE cells express 

mRNA of slL-1ra and of two known splice variants of iclL-1ra (IL-1 ral and IL-1 rail). 

Stimulation with IL-1 ß or PMA enhanced the mRNA levels of slL-1ra and iclL-1 ral, 

whereas iclL-1 rail mRNA levels were not upregulated. IL-1ra protein was mainly found in 

cell lysates, but some RPE cell lines also secreted small amounts of IL-1ra. The function 

of iclL-1ra is not yet known, but it is suggested that it may block the intracellular signalling 

of IL-1a, which is active in its precursor form. lclL-1ra may also be released after cell 

damage or may be secreted under certain conditions as has been shown by airway 

epithelial cells. Knock-out mice may shed light on the role of intracellular IL-1ra in RPE 

cells. Expression of a new splice variant of IL-1ra (IL-1ra type III) and the identification of a 

new exon in the IL-1 ra gene was also described in chapter 6. Due to a stop codon in this 

new exon, this new iclL-1 ra splice variant is coding for a small protein of only 27 amino 

acids. The fact that this protein contains a glycine-rich region, which is also found in 

nucleic acid binding proteins, suggests that it may be involved in transcription regulation. 

Experiments to elucidate the function of this protein in RPE cells may include transfection 

of RPE cells to overexpress the protein. Chapter 6 further describes the IL-1ra 

polymorphism of the RPE cell lines used. Although the number of cell lines examined was 

too small to find significant differences in IL-1ra expression between donors with a 

different IL-1ra polymorphism, a possible correlation was found that cells with the A1A2 
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genotype showed higher iclL-1ra protein production as compared to cells with the A1A1 

genotype. 

Our findings add to the increasing complexity of the IL-1 system, which includes 

two cytokines (IL-1a and IL-1 ß), a converting enzyme for pro-IL-1 ß (ICE), antagonists 

(slL-1ra, iclL-1 ral, iclL-1 rail and icll_-1ralll) and three (soluble) receptors (IL-1R type I, 

IL-1R type II and IL-1 R accessory protein). RPE cells express the mRNA of various 

members of this system, but only IL-1a, slL-1ra and iclL-1ra have been detected at the 

protein level. Further research is needed to disentangle this complex system in RPE cells. 

The results of these studies indicate that RPE cells are involved in the maintenance 

of the immunosuppressive milieu inside the eye. The production of IL-1ra by RPE cells 

may prevent or limit inflammatory responses in the posterior segment of the eye. The 

polarized secretion of pro-inflammatory cytokines by RPE cells may support these 

protective mechanisms. Further research is required to elucidate the complex 

mechanisms involved in regulation of immune responses in the eye. The studies 

described here may provide new starting points for research in this field. 
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Hoofdstuk 7 

Retina pigment epitheel (RPE) cellen zijn een onderdeel van de retina (netvlies) en 

bevinden zich in het oog tussen de fotoreceptoren (de staafjes en kegeltjes) en het 

choroid, waarin zich bloedvaten bevinden. De RPE laag is slechts één cel dik en is 

onderdeel van de bloed-oog-barrière, die de toegang van plasma-eiwitten en cellen uit de 

bloedbaan blokkeert. De RPE cellen dragen zorg voor het transport van voedingsstoffen 

naar de fotoreceptoren. Daarnaast absorberen de RPE cellen strooilicht door middel van 

het pigment dat ze bevatten. RPE cellen vervullen ook een belangrijke rol in de regulatie 

van afweerreacties door de productie van verschillende immunologisch relevante stoffen 

(o.a. cytokinen, MHC klasse II, adhesie moleculen en FasL). Het onderzoek dat in dit 

proefschrift beschreven is, was gericht op de produktie van cytokinen door RPE cellen en 

werd uitgevoerd met gekweekte menselijke RPE cellen. 

Cytokinen zijn signaalstoffen die tijdens een afweerreactie de "communicatie" 

verzorgen tussen cellen van het immuunsysteem en andere cellen. Cellen die met een 

cytokine in contact komen, via een receptor op het celoppervlak, worden geactiveerd om 

een bepaalde functie uit te oefenen. Door uitscheiding van een cytokine op een ontstoken 

plek in het lichaam kunnen cellen van het immuunsysteem bijvoorbeeld worden 

aangetrokken naar de plaats van de ontsteking en daar worden geactiveerd. Bij 

verschillende aandoeningen spelen cytokinen een grote rol en uit diverse studies is 

gebleken dat RPE cellen deze stoffen kunnen maken. In hoofdstuk 2 wordt een overzicht 

gegeven van alle cytokinen die door RPE cellen geproduceerd worden, hoe de productie 

van cytokinen in RPE cellen gereguleerd wordt en welke effecten deze factoren op RPE 

cellen hebben. 

Een te sterke afweerreactie kan tot ongewenste weefselschade leiden. Het oog 

bezit daarom verschillende mechanismen om afweerreacties te reguleren. Zo voorkomt de 

barrière van RPE cellen dat veel ontstekingscellen in de retina komen. Daarnaast worden 

er door RPE cellen "ontstekingsremmende" cytokinen gemaakt. Een mechanisme waarbij 

RPE cellen intraoculaire ontstekingen zouden kunnen reguleren is om cytokinen niet in 

het oog uit te scheiden, maar juist naar buiten, in de richting van het choroid. In 

hoofdstuk 3 wordt aangetoond dat twee "ontstekingsversterkende" cytokinen (IL-6 en 

IL-8) hoofdzakelijk in de richting van het choroid uitgescheiden worden (zogenaamde 

polaire secretie). De secretie van een derde "ontstekingsversterkend" cytokine (MCP-1) 

blijkt ook vooral naar het choroid gericht te zijn (hoofdstuk 4). Tevens blijkt uit het 
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onderzoek dat beschreven is in hoofdstuk 4 dat het "ontstekingsremmende" cytokine 

TGF-ß2 ook polair wordt uitgescheiden, maar dat de richting van secretie verschilt tussen 

de verschillende RPE celkweken die getest werden. 

VEGH is een cytokine dat een belangrijke rol speelt bij bloedvatvorming. VEGF 

wordt door RPE cellen geproduceerd en in hoofdstuk 5 wordt beschreven dat ook dit 

cytokine polair wordt uitgescheiden. In dit hoofdstuk wordt tevens aangetoond dat 

receptoren voor VEGF (KDR en flt-4) zich op de bloedvaten van het choroid bevinden. De 

secretie van VEGF in de richting van deze receptoren suggereert dat de RPE cellaag een 

rol speelt bij het in stand houden van de doorbloeding van het choroid. 

RPE cellen lijken uiterst gevoelig te zijn voor het cytokine IL-1. De werking van IL-1 

kan geblokkeerd worden door een antagonist: IL-1 ra. IL-1 ra kan dus worden beschouwd 

als een "ontstekingsremmend" cytokine. Hoofdstuk 6 beschrijft de expressie van IL-1 ra 

door menselijke RPE cellen. Deze RPE cellen brengen mRNA tot expressie van 

verschillende vormen van IL-1 ra (onder andere slL-1ra en iclL-1ra type I en type II). 

Stimulatie van RPE cellen met IL-1 ß leidt tot verhoogde mRNA expressie van slL-1ra en 

iclL-1ra type I, maar niet van iclL-1ra type II. Slechts een geringe hoeveelheid IL-1 ra wordt 

door de RPE cellen uitgescheiden; het meeste eiwit wordt gevonden binnen in de RPE 

cellen zelf. 

Tezamen geven deze studies aan dat cytokine productie door RPE cellen een 

belangrijke rol speelt bij de regulatie van afweer- en ontstekingsreacties in het oog en 

zodoende schade aan de retina voorkomt. De productie van IL-1 ra zou afweerreacties, die 

door IL-1 veroorzaakt worden, kunnen afremmen of voorkomen. De polaire secretie van 

de "ontstekingsversterkende" cytokinen IL-6, IL-8 en MCP-1 vormt mogelijk een 

additioneel beschermend mechanisme voor het oog. In de toekomst zal verder onderzoek 

uitgevoerd moeten worden om het complexe netwerk van cytokinen en de regulerende rol 

van deze factoren, in het gezonde oog en tijdens oogaandoeningen, op te helderen. Het 

in dit proefschrift beschreven onderzoek zou hiervoor als startpunt kunnen fungeren. 
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