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Abstract Immune reactivity in the retina can be critically important in inflammation and

infections, but regulation of this response is essential. The retinal pigment epithelial (RPE),

a unique retinal cell, displays a number of essential functions to support the health of the

retina. In this review, we highlight how the RPE cell plays a pivotal role in immune

defense. The RPE cell orchestrates both innate and adaptive immunity since it expresses

TLRs, complement components, MHC class I and II molecules, and serves as an antigen

presenting cell. Moreover, both of these immune responses result in the production of a

plethora of cytokines, mainly proinflammatory. In order to counteract these inflammatory

factors and silence unwanted immune reactivity, the RPE cell also generates suppressive

molecules. Recently, chronic immune reactivity has been implicated in a number of retinal

diseases, such as age-related macular degeneration (AMD). Current evidence suggests that

the generation of excessive retinal inflammation may be the consequence of a loss of RPE

immunosuppressive factors. Herein, we summarize the varied interactions of the RPE cell

with the immune response and highlight how the RPE cell survives and participates in this

dynamic environment.
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Introduction

The retina is a highly specialized tissue that serves a central role in the visual cycle.

Damage to any of the intricate structures of the retina can lead to visual impairment and

blindness. There are approximately 6 million people in the United States diagnosed with
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retinal diseases. Although retinopathies consist of a diverse group of disorders, immunity

can often be a part of the pathogenesis in many of these diseases. For example, ocular

infectious diseases and autoimmune disorders clearly have an immune component. More

recently, immune reactivity has been implicated in retinal diseases, such as AMD, diabetic

retinopathy, and retinitis pigmentosa (RP) [1, 2]. In fact, compelling evidence now sug-

gests that inflammatory responses may be an underlying factor in the initiation and pro-

gression of these retinal diseases.

Recent discoveries have highlighted the important role of the immune response in the

eye and our understanding about suppressive factors that regulate immunity in the ocular

microenvironment. New information about innate immunity and the involvement of

complement, TLRs, cytokines, and the RPE cell in regulating immune-mediated inflam-

mation offers exciting new avenues for intervention. This report will begin with a brief

overview of an inimitable cell in the retina, the RPE cell. How this cell participates in both

innate and adaptive immune responses within the retina as well as its new role as an

immunosuppressive factor in the eye will be reviewed. Finally, an animal model of a virus-

triggered retinal degenerative disease that recapitulates key elements of human retinal

degenerative diseases will be discussed.

The RPE cell

The retinal pigment epithelium consists of a single layer of cells of neural ectoderm origin

which lie between the photoreceptors of the neural retina and the blood-rich choroid. Along

with the photoreceptor layer, the RPE is an indispensable component of the visual process.

Physiologically, the RPE cell displays a number of essential functions to support the neural

retina. These vitally important cells phagocytize the shed discs from the photoreceptor outer

segments, transport nutrients from the choroid into the retina and transport waste in the

reverse direction. This cell also absorbs light and provides adhesive properties for the retina

[3]. Immunologically, the RPE cell plays a pivotal role in immune responses. The RPE cell

expresses Toll-like receptors, complement components, Fc-gamma receptors, responds to

IFN-c treatment and up-regulates the expression of both MHC Class I and II molecules, and

serves as a resident APC in the retina [4–8]. In addition, this cell is a rich source of cytokines,

chemokines, and growth factors that may contribute to or limit a variety of pathologic

processes [9–12]. Finally, the RPE cell serves as a primary site for retinal damage or

alterations that may have important consequences resulting in ocular pathology. For

example, inherited retinal degenerative diseases can be associated with mutations of RPE

cellular genes [13, 14]. Also, AMD and diabetic retinopathy can be associated with early

damage and atrophy of the RPE cell [15, 16]. In addition, numerous in vivo and in vitro

studies have identified this cell as an ideal target for infectious agents, such as cytomega-

lovirus in CMV retinitis, Toxoplasma gondii in ocular Toxoplasmosis, and more recently,

coronavirus in experimental coronavirus retinopathy [9, 17–20]. Despite the upsurge of

interest in the RPE cell and its critically important role in retinal health and disease, the exact

mechanisms of how the RPE cell participates in regulation remain largely unclear.

Innate immune responses in the retina

Toll-like receptors, TLRs, are a family of evolutionary conserved innate immune recog-

nition molecules that sense molecular patterns associated with microbial pathogens. TLR

154 Immunol Res (2010) 47:153–161



recognition of these specific microbial patterns leads to a signal transduction cascade that

generates a rapid and robust inflammatory response marked by cellular activation and the

production of a variety of cytokines, including proinflammatory cytokines, cytokines that

promote T cell differentiation, type 1 interferons, and chemokines. The TLR molecules,

which serve as the first line of defense, are now thought to be present on numerous cell

types within the body [21]. Just recently, these sentinel molecules were described on the

RPE cell. It is not surprising that the RPE cell is endowed with many of the TLRs, since it

is strategically situated and can provide a rapid defense system for the retina [22]. Using

real time PCR analysis of TLR gene expression, we described the presence of TLR1

through 7, 9, and 10 on human RPE cells. Interestingly, TLR3, an important TLR for

defense against virus infection, is highly expressed on these cells. TLR3 recognizes a

dsRNA motif, an intermediate product of virus replication or Poly I:C, an analog of

dsRNA. When we analyzed signaling through TLR3, it was discovered that the RPE cells

secreted several proinflammatory cytokines, chemokines, and adhesion molecules,

including, IL-6, IL-8, MCP-1, and sICAM-1. One of the cytokines that was highly

expressed by RPE cells was IFN-b. It is well known that the IFNs are involved in

numerous immune interactions and induction of type 1 IFN gene expression is an essential

component of innate immunity [21]. Additionally, IFN-b is a potent anti-viral cytokine as

well as an immunoregulatory and anti-proliferative cytokine [23]. Nevertheless, its role in

the retina had not yet been described. Additional kinetic studies revealed that IFN-b levels

continued to increase over a 48-h period and this continuous IFN-b production by RPE

cells was associated with the up-regulation of IRF7 gene expression, a known positive

feedback molecule for IFN-b production [24]. Since IFN-b is a potent immunosuppressive

cytokine that is effective in treating patients with MS, we have continued to explore this

property of IFN-b in the retina. These findings enhance the cytokine repertoire of RPE cells

and underscore that this cell produces not only inflammatory cytokines important for

immune responses but also immunosuppressive cytokines that serve to down-regulate

immune reactivity within the posterior segment, a vital mechanism for protecting retinal

tissue from excessive or unwanted damage.

Interest in TLR molecules in the retina has continued at a rapid pace, and recent work

has demonstrated a potential involvement of TLRs in a variety of retinal diseases. For

example, TLR polymorphisms have been associated with AMD [25, 26]. Investigations on

the utility of siRNA treatment for AMD identified that siRNA was signaling through

TLR3. This signaling process results in the inhibition of VEGF expression [27]. Future

experiments are needed to better define the role of TLRs in human ocular diseases and to

offer additional strategies to limit or boost TLR function with the hope of generating new

therapies.

Adaptive immune responses in the retina

Perhaps, one of the most productive research areas during the last couple of decades has

been devoted to antigen presentation and the factors that define this central component of

adaptive immunity. Our laboratories provided the initial description of how the RPE cell

functions as an APC [4–6, 28]. First, we noted that when retinal tissue from patients with

uveitis, RP, or sympathetic ophthalmia were evaluated, the RPE cell expressed MHC class

I and II molecules and the infiltrating T cells contained IL-2 and IFN-c. Next, our early in

vitro studies demonstrated that IFN-c treatment up-regulated both class I and class II

molecules on RPE cells and hence equipped this cell to participate as a resident APC in the

Immunol Res (2010) 47:153–161 155



retina. Both retinal and non-retinal (BCG) antigens can be processed and presented by the

RPE cell [5]. These findings were an essential first step leading to further investigations

underscoring the important role of the RPE cell in inflammatory, infectious, and degen-

erative processes. In order to further elucidate fundamental mechanisms of disease

progression, we choose an animal model. Experimental autoimmune uveitis, EAU, is a T

cell-mediated disease that mimics human uveitis. Using this model system, we showed that

anti-MHC class II antibody treatment delayed the onset of EAU and diminished the

severity of disease [29]. Furthermore, this treatment down-regulated expression of MHC

class II molecules on RPE cells and limited infiltration of inflammatory cells into the

retina. Over the years, EAU has continued to serve as an excellent model in which to

delineate the various components of retinal inflammation and to explore addition therapies

that may modify this disease process.

RPE cell-associated cytokines and immunoregulation

The concept that natural regulatory mechanisms exist in the ocular microenvironment to

restrain immune-mediated inflammation and exaggerated immune reactivity is not new.

Over 60 years ago, Sir Peter Medawar, the Nobel laureate and pioneer of transplantation

immunology, identified the concept of immune privilege in the brain, the eye, and the

pregnant uterus [30]. In the anterior chamber of the eye, he eloquently demonstrated that

transplanted skin allografts survived without being rejected. He attributed the survival to

immunologic ignorance. Today, we recognize that ocular immune privilege extends to the

retina as well and is operational due to an extensive array of regulatory mechanisms acting

in concert to prevent immunologic inflammation and maintain tissue integrity. Some of

these mechanisms include, the unique anatomic features of the blood-retinal barrier, a lack

of lymphatic drainage pathways, immunomodulatory cytokines, and regulatory T cells.

This section will identify how the RPE cell survives and participates in this dynamic

environment.

One of the major functions of the RPE cell in regulating immunity is the production of

cytokines. Many of the cytokines produced, such as IL-6, IL-8, and MCP-1 are mainly

proinflammatory. Nevertheless, the eye has also evolved suppressive mechanisms to down-

regulate the immune response. For example, the RPE cell participates by releasing a

variety of suppressive factors, including TGF-b, IL-11, and IFN-b, and hence, the immune

response can be silenced. These three molecules will be addressed briefly [10, 24].

TGF-b

TGF-b is a multifunctional cytokine that regulates a variety of cellular functions including

cell growth, immune reactions, differentiation, and extracellular matrix synthesis and

remodeling. A number of studies have identified that TGF-b plays an active role as an

immunosuppressive factor in the eye [31]. For example, investigators have shown that

TGF-b contributes to ocular immune privilege by down-regulating APC function as well as

inhibiting selected T-cell functions. Moreover, TGF-b is associated with retinal disorders

such as retinal detachments, proliferative vitreoretinopathy, and choroidal neovasculari-

zation. We have investigated the nature and mechanism of TGF-b production by human

RPE cells. These studies have revealed that the RPE cell is a major source of TGF-b in the

retina and TGF-b itself can activate RPE cells to produce VEGF, PDGF, and heme oxy-

genase [10, 11, 32].

156 Immunol Res (2010) 47:153–161



IL-11

The second immunosuppressive cytokine is IL-11. IL-11, a 19-kDa secreted protein, is a

pleiotrophic cytokine with anti-inflammatory, cytoprotective, and hematopoietic actions

[33]. We recently demonstrated the production of IL-11 by human RPE cells [34]. These

cells do not constitutively produce IL-11. However, treatment with TGF-b, IL-1, and

TNF-a results in the up-regulation of IL-11 gene expression and protein production.

Moreover, we observed that IFN-c significantly inhibits IL-11 expression in human RPE

cells. This is the first description of IL-11 in ocular tissues and will require additional

studies to explore the potential role of this immunosuppressive cytokine in retinal diseases.

IFN-b

Although the IFNs were originally identified as potent anti-viral molecules, we now rec-

ognize that their influence extends to a diverse array of functions, including immunoreg-

ulatory and anti-proliferative. We hypothesize that IFN-b produced by RPE cells primarily

through TLR 3 signaling and secondarily by autostimulation (IRF7) is a major regulator

limiting immunopathologic damage in the retina [23].

Because chemokines and adhesion molecules orchestrate immune cell migration into

the retina during an immune response, we evaluated the effect of IFN-b on these mole-

cules. The chemokine, CXCL9 (MIG), is an IFN-c inducible chemokine that attracts

T cells and NK cells to the site of inflammation. Both cell types contain the receptor,

CXCR3, on their surface. Several studies have identified these molecules as key compo-

nents of host responses in autoimmune diseases, cancer, and virus infections. We have also

shown that CXCL9 and CXCL10 are highly expressed within the retina and, as we discuss

in another section, may modulate innate immune responses in experimental coronavirus

retinopathy [12].

Recently in a series of in vitro studies, we demonstrated that cytokine activation of RPE

cells resulted in the production of CXCL9, CXCL10, and CXCL11 as well as sICAM-1.

However, pretreatment of RPE cells with IFN-b resulted in the inhibition of sICAM-1

production and the elimination of CXCL9 production. This treatment did not alter

CXCL10 or CXCL11 production. Furthermore, anti-IFN-b antibody blocked the inhibitory

action of IFN-b. Real-time PCR analysis revealed that IFN-b treatment inhibited the gene

expression of ICAM-1 and CXCL9. These results indicate a critical role for RPE-cell-

derived IFN-b that inhibits CXCL9 and ICAM-1 expression in the retina and suggest that

this inhibition is an immuno-suppressive mechanism that protects the retina from excessive

inflammation and damage [23].

Retinal diseases

Many investigators are now exploring the various ways in which the immune response

participates in retinal pathology. Our analysis of pathogenic processes in retinal diseases

has also incorporated studies on RPE65 in inherited retinopathies, an animal model of a

virus-triggered retinal disease and translational research studies related to retinal vas-

culitis and autoimmune retinopathy [35, 36]. We will discuss the first two studies in this

report.
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RPE65

Initial studies were performed to characterize the human RPE cell by developing murine

monoclonal antibodies to identify epitopes that were unique to the RPE cell [37]. One

unique epitope from 1,000 clones was identified that only reacted with RPE cells. This

epitope was evolutionarily conserved, reacting with a variety of species and was termed

RPE65 [13, 37, 38]. Investigators from a variety of laboratories have utilized this infor-

mation to identify the role of RPE65 in human retinal disease. RPE65 is required for the

production of a retina-specific form of vitamin A. Mutations in RPE65 gene have been

identified in a retinal degeneration called Leber congenital amaurosis, and recently, RPE65

gene therapy was used successfully in three patients with this disease [27, 39].

Experimental coronavirus retinopathy [23]

Experimental coronavirus retinopathy (ECOR) is an animal model system that we gen-

erated in the 1990s to demonstrate that a virus could trigger a progressive retinal degen-

erative disease. Studies during the past 19 years have identified that this retinal

degenerative disease is composed of three basic components; a virus component, a genetic

component, and an immunologic component [40, 41]. In our system, we selected a natu-

rally occurring neurotrophic strain (JHM) of a mouse hepatitis virus.

Initial studies in the ECOR system showed that inoculation of this JHM strain into the

vitreous or anterior chamber of BALB/c mice resulted in retinal tissue damage [40, 41].

Infectious virus could be detected within the retina between 1 and 6 days post inoculation

(PI), reaching a peak level of 104.5 pfu/ml at day 3 [42]. Virus antigen was also identified

within the retina between day 2 and 6 PI [40]. Virus antigen was first detected within the

RPE cell and the ciliary body epithelial cell at day 2. After day 7, infectious virus and viral

antigen could not be detected. However, in situ hybridization studies identified that the

viral RNA persisted within the retina until 60 days PI [43]. Anti-virus neutralizing anti-

bodies were first noted at day 7 PI and coincided with the disappearance of infectious virus

and viral antigen.

After virus inoculation, two distinct patterns of retinal pathology were noted [40]. The

early phase of the disease, day 1–8, was characterized by retinal vasculitis and perivas-

culitis. The late phase of the disease, after day 10, was characterized by retinal degener-

ative changes. The retinal layers revealed disorganization with large areas of outer and

inner segment loss. In addition, the RPE cells were morphologically abnormal with focal

RPE cell swelling, proliferation, and RPE cell atrophy. Analysis of retinal cell function

also revealed dramatic changes [44, 45]. There was a significant decrease or complete loss

of electroretinogram (ERG) patterns and the disappearance of an important transport

protein in the retina, the interphotoreceptor retinoid-binding protein (IRBP). It is worth

noting that these distinctive ocular pathologies have been described in human retinal

degenerative diseases [35].

The host immune response to this virus infection was evaluated by tracking the cellular

infiltrate and identifying the cytokine profile within the retina [46]. The most prominent

infiltrating cell was the macrophage followed by the T cell. CD4 T cells were present at

days 3 and 6, while CD8 T cells were observed at day 6 and 10 PI. On day 4, retinal gene

expression and serum protein expression revealed the presence of IL-6, IFN-c, and TNF-a.

The presence of retinal mRNA for IFN-c was also associated with the up-regulation of

MHC Class I and II molecules within the RPE cell. Interestingly, the RPE cell is also the
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first cell to express new viral antigens during the infection in vivo and is persistently

infected in vitro [47].

The genetic constitution of the host can be a critical factor in determining the outcome

of a virus infection [48]. We therefore evaluated the possible role of host genetics in ECOR

and noted that different strains of mice behave differently after virus infection. Two strains

of mice, BABL/c and CD-1, were extensively studied after coronavirus infection. During

the early phase of the disease (day 1–8), the virus infects and replicates within the retina of

both BALB/c and CD-1 mouse stains [48]. However, on days 10–140, only the BALB/c

mice experience a late phase of the disease which is marked by a retinal degeneration. The

CD-1 mouse does not undergo the retinal degenerative phase, but rather, the retina reverts

to a normal architecture within 20 days.

We next examined very early cytokine and chemokine profiles as a measure of intensity

of immune reactivity in coronavirus-infected mice. These studies identified a distinct

difference in the early innate immune response between the two mouse strains [12]. These

differences are noted in the production of IFN-c, and the two chemokines triggered by

IFN-c, CXCL9, and CXCL10. At day 2 and 3 PI, BALB/c mice have high levels of IFN-c,

CXCL9, and CXCL10 in their sera. At the same time, significantly lower levels of these

molecules are detected in sera from CD-1 mice. Moreover, real-time PCR analysis of

retinas identified that CXCL9 and CXCL10 gene expression is significantly greater in

retinas from BABL/c mice in comparison with CD-1 mice. CXCL9 and CXCL10 interact

with CXCR3 present on activated T cells and NK cells, and they direct the migration of

these cells to specific targets, such as the retina [12]. These studies are truly exciting and

identify possible mechanisms that allow the BALB/c mouse to have a robust immune

response that could trigger an autoimmune component.

In ECOR, the late phase of the disease was associated with the lack of direct evidence

for viral replication within the retina. Inasmuch as viruses are know to trigger an auto-

immune phenomena and some human retinopathies may be associated with autoantibody

formation, we studied the possible production of antiretinal autoantibodies [18]. We found

that the retinal degenerative process in BALB/c mice was associated with the presence of

antiretinal autoantibodies that were directed against the neural retina and the RPE. These

autoantibodies were not found in sera from normal or mock-injected mice. Likewise, none

of the CD-1 mice developed antiretinal autoantibodies. Thus, the mice that failed to

develop antiretinal autoantibodies also failed to develop a retinal degeneration. These

findings suggest a role for autoimmunity in the pathogenesis of ECOR.

Summary: future directions

In this report, we summarize the regulatory actions of the RPE cell in innate and adaptive

immune responses. The RPE cell is a rich source of both proinflammatory and immuno-

suppressive cytokines. Studies exploring the factors that trigger IL-11 and IFN-b pro-

duction in human RPE cells and mechanisms by which these cytokines exert

immunoregulation are in progress. Thus, a better understanding of the immunoregulatory

actions of IL-11 and IFN-b may provide insight into novel therapeutic modalities and

interventive strategies. Moreover, studies are on going to determine whether defects in the

RPE immune suppressive functions are associated with chronic inflammation in retinal

diseases, such as AMD [49].

Immunol Res (2010) 47:153–161 159



References

1. Nussenblatt RB, Liu B, Li Z. Age-related macular degeneration: an immunologically driven disease.
Curr Opin Investig Drugs. 2009;10:434–42.

2. Ding X, Patel M, Chan CC. Molecular pathology of age-related macular degeneration. Prog Retin Eye
Res. 2009;28:1–18.

3. Bok D. The retinal pigment epithelium: a versatile partner in vision. J Cell Sci Suppl. 1993;17:189–95.
4. Detrick B, Rodrigues M, Chan CC, Tso MO, Hooks JJ. Expression of HLA-DR antigen on retinal

pigment epithelial cells in retinitis pigmentosa. Am J Ophthalmol. 1986;101:584–90.
5. Percopo CM, Hooks JJ, Shinohara T, Caspi R, Detrick B. Cytokine-mediated activation of a neuronal

retinal resident cell provokes antigen presentation. J Immunol. 1990;145:4101–7.
6. Chan CC, Detrick B, Nussenblatt RB, Palestine AG, Fujikawa LS, Hooks JJ. HLA-DR antigens on

retinal pigment epithelial cells from patients with uveitis. Arch Ophthalmol. 1986;104:725–9.
7. Hamel CP, Detrick B, Hooks JJ. Evaluation of Ia expression in rat ocular tissues following inoculation

with interferon-gamma. Exp Eye Res. 1990;50:173–82.
8. Forrester JV, Xu H, Lambe T, Cornall R. Immune privilege or privileged immunity? Mucosal Immunol.

2008;1:372–81.
9. Nagineni CN, Detrick B, Hooks JJ. Toxoplasma gondii infection induces gene expression and secretion

of interleukin 1 (IL-1), IL-6, granulocyte-macrophage colony-stimulating factor, and intercellular
adhesion molecule 1 by human retinal pigment epithelial cells. Infect Immun. 2000;68:407–10.

10. Nagineni CN, Samuel W, Nagineni S, Pardhasaradhi K, Wiggert B, Detrick B, et al. Transforming
growth factor-beta induces expression of vascular endothelial growth factor in human retinal pigment
epithelial cells: involvement of mitogen-activated protein kinases. J Cell Physiol. 2003;197:453–62.

11. Nagineni CN, Kutty V, Detrick B, Hooks JJ. Expression of PDGF and their receptors in human retinal
pigment epithelial cells and fibroblasts: regulation by TGF-beta. J Cell Physiol. 2005;203:35–43.

12. Detrick B, Lee MT, Chin MS, Hooper LC, Chan CC, Hooks JJ. Experimental coronavirus retinopathy
(ECOR): retinal degeneration susceptible mice have an augmented interferon and chemokine (CXCL9,
CXCL10) response early after virus infection. J Neuroimmunol. 2008;193:28–37.

13. Hamel CP, Tsilou E, Pfeffer BA, Hooks JJ, Detrick B, Redmond TM. Molecular cloning and expression
of RPE65, a novel retinal pigment epithelium-specific microsomal protein that is post-transcriptionally
regulated in vitro. J Biol Chem. 1993;268:15751–7.

14. Morimura H, Fishman GA, Grover SA, Fulton AB, Berson EL, Dryja TP. Mutations in the RPE65 gene
in patients with autosomal recessive retinitis pigmentosa or leber congenital amaurosis. Proc Natl Acad
Sci USA. 1998;95:3088–93.

15. Lutty G, Grunwald J, Majji AB, Uyama M, Yoneya S. Changes in choriocapillaris, retinal pigment
epithelium in age-related macular degeneration. Mol Vis. 1999;5:35.

16. Cai J, Nelson KC, Wu M, Sternberg P Jr, Jones DP. Oxidative damage and protection of the RPE. Prog
Retin Eye Res. 2000;19:205–21.

17. Detrick B, Rhame J, Wang Y, Nagineni CN, Hooks JJ. Cytomegalovirus replication in human retinal
pigment epithelial cells. Altered expression of viral early proteins. Invest Ophthalmol Vis Sci. 1996;37:
814–25.

18. Hooks JJ, Percopo C, Wang Y, Detrick B. Retina and retinal pigment epithelial cell autoantibodies are
produced during murine coronavirus retinopathy. J Immunol. 1993;151:3381–9.

19. Hooks JJ, Chin MS, Srinivasan K, Momma Y, Hooper LC, Nagineni CN, et al. Human cytomegalovirus
induced cyclooxygenase-2 in human retinal pigment epithelial cells augments viral replication through a
prostaglandin pathway. Microbes Infect. 2006;8:2236–44.

20. Detrick B, Nagineni CN, Grillone LR, Anderson KP, Henry SP, Hooks JJ. Inhibition of human cyto-
megalovirus replication in a human retinal epithelial cell model by antisense oligonucleotides. Invest
Ophthalmol Vis Sci. 2001;42:163–9.

21. Sabroe I, Parker LC, Dower SK, Whyte MK. The role of TLR activation in inflammation. J Pathol.
2008;214:126–35.

22. Kumar MV, Nagineni CN, Chin MS, Hooks JJ, Detrick B. Innate immunity in the retina: toll-like
receptor (TLR) signaling in human retinal pigment epithelial cells. J Neuroimmunol. 2004;153:7–15.

23. Hooks JJ, Moutsopoulos HM, Geis SA, Stahl NI, Decker JL, Notkins AL. Immune interferon in the
circulation of patients with autoimmune disease. N Engl J Med. 1979;301:5–8.

24. Hooks JJ, Nagineni CN, Hooper LC, Hayashi K, Detrick B. IFN-beta provides immuno-protection in
the retina by inhibiting ICAM-1 and CXCL9 in retinal pigment epithelial cells. J Immunol. 2008;180:
3789–96.

25. Edwards AO, Chen D, Fridley BL, James KM, Wu Y, Abecasis G, et al. Toll-like receptor polymor-
phisms and age-related macular degeneration. Invest Ophthalmol Vis Sci. 2008;49:1652–9.

160 Immunol Res (2010) 47:153–161



26. Cho Y, Wang JJ, Chew EY, Ferris FL, Mitchell P, Chan CC, Tuo J. Toll-like receptor polymorphisms
and age-related macular degeneration: replication in three case–control samples. Invest Ophthalmol Vis
Sci. 2009;50:5614–8.

27. Kleinman ME, Yamada K, Takeda A, Chandrasekaran V, Nozaki M, Baffi JZ, et al. Sequence- and
target-independent angiogenesis suppression by siRNA via TLR3. Nature. 2008;452:591–7.

28. Hooks JJ, Chan CC, Detrick B. Identification of the lymphokines, interferon-gamma and interleukin-2,
in inflammatory eye diseases. Invest Ophthalmol Vis Sci. 1988;29:1444–51.

29. Wetzig R, Hooks JJ, Percopo CM, Nussenblatt R, Chan CC, Detrick B. Anti-Ia antibody diminishes
ocular inflammation in experimental autoimmune uveitis. Curr Eye Res. 1988;7:809–18.

30. Medawar PB. Immunity to homologous grafted skin; the fate of skin homografts transplanted to the
brain, to subcutaneous tissue, and to the anterior chamber of the eye. Br J Exp Pathol. 1948;29:58–69.

31. Sugita S. Role of ocular pigment epithelial cells in immune privilege. Arch Immunol Ther Exp (Warsz).
2009;57:263–8.

32. Nagineni CN, Cherukuri KS, Kutty V, Detrick B, Hooks JJ. Interferon-gamma differentially regulates
TGF-beta1 and TGF-beta2 expression in human retinal pigment epithelial cells through JAK-STAT
pathway. J Cell Physiol. 2007;210:192–200.

33. Gurfein BT, Zhang Y, Lopez CB, Argaw AT, Zameer A, Moran TM, et al. IL-11 regulates autoimmune
demyelination. J Immunol. 2009;183:4229–40.

34. Nagineni CN, Kommineni VK, William A, Hooks JJ, Detrick B. IL-11 expression in retinal and corneal
cells is regulated by interferon-gamma. Biochem Biophy Res Com. 2010;391:287–92.

35. Chin MS, Caruso RC, Detrick B, Hooks JJ. Autoantibodies to p75/LEDGF, a cell survival factor, found
in patients with atypical retinal degeneration. J Autoimmun. 2006;27:17–27.

36. Lee MT, Hooper LC, Kump L, Hayashi K, Nussenblatt R, Hooks JJ, et al. Interferon-beta and adhesion
molecules (E-selectin and s-intracellular adhesion molecule-1) are detected in sera from patients with
retinal vasculitis and are induced in retinal vascular endothelial cells by Toll-like receptor 3 signalling.
Clin Exp Immunol. 2007;147:71–80.

37. Hooks JJ, Detrick B, Percopo C, Hamel C, Siraganian RP. Development and characterization of
monoclonal antibodies directed against the retinal pigment epithelial cell. Invest Ophthalmol Vis Sci.
1989;30:2106–13.

38. Hamel CP, Tsilou E, Harris E, Pfeffer BA, Hooks JJ, Detrick B, et al. A developmentally regulated
microsomal protein specific for the pigment epithelium of the vertebrate retina. J Neurosci Res. 1993;
34:414–25.

39. Bainbridge JW, Smith AJ, Barker SS, Robbie S, Henderson R, Balaggan K, et al. Effect of gene therapy
on visual function in Leber’s congenital amaurosis. N Engl J Med. 2008;358:2231–9.

40. Robbins SG, Hamel CP, Detrick B, Hooks JJ. Murine coronavirus induces an acute and long-lasting
disease of the retina. Lab Invest. 1990;62:417–26.

41. Robbins SG, Detrick B, Hooks JJ. Ocular tropisms of murine coronavirus (strain JHM) after inoculation
by various routes. Invest Ophthalmol Vis Sci. 1991;32:1883–93.

42. Wang Y, Detrick B, Yu ZX, Zhang J, Chesky L, Hooks JJ. The role of apoptosis within the retina of
coronavirus-infected mice. Invest Ophthalmol Vis Sci. 2000;41:3011–8.

43. Komurasaki Y, Nagineni CN, Wang Y, Hooks JJ. Virus RNA persists within the retina in coronavirus-
induced retinopathy. Virology. 1996;222:446–50.

44. Robbins SG, Wiggert B, Kutty G, Chader GJ, Detrick B, Hooks JJ. Redistribution and reduction of
interphotoreceptor retinoid-binding protein during ocular coronavirus infection. Invest Ophthalmol Vis
Sci. 1992;33:60–7.

45. Vinores SA, Wang Y, Vinores MA, Derevjanik NL, Shi A, Klein DA, et al. Blood-retinal barrier
breakdown in experimental coronavirus retinopathy: association with viral antigen, inflammation, and
VEGF in sensitive and resistant strains. J Neuroimmunol. 2001;119:175–82.

46. Hooks JJ, Wang Y, Detrick B. The critical role of IFN-gamma in experimental coronavirus retinopathy.
Invest Ophthalmol Vis Sci. 2003;44:3402–8.

47. Wang Y, Detrick B, Hooks JJ. Coronavirus (JHM) replication within the retina: analysis of cell tropism
in mouse retinal cell cultures. Virology. 1993;193:124–37.

48. Wang Y, Burnier M, Detrick B, Hooks JJ. Genetic predisposition to coronavirus-induced retinal disease.
Invest Ophthalmol Vis Sci. 1996;37:250–4.

49. Nussenblatt RB, Ferris F 3rd. Age-related macular degeneration and the immune response: implications
for therapy. Am J Ophthalmol. 2007;144:618–26.

Immunol Res (2010) 47:153–161 161


	Immune regulation in the retina
	Abstract
	Introduction
	The RPE cell
	Innate immune responses in the retina
	Adaptive immune responses in the retina
	RPE cell-associated cytokines and immunoregulation
	TGF- beta 
	IL-11
	IFN- beta 

	Retinal diseases
	RPE65
	Experimental coronavirus retinopathy [23]

	Summary: future directions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


