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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 
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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 

28 



RPE cells and cytokines 

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 
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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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