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 Introduction

In addition to its indispensable role in the visual 
system, immunologically the RPE cell is a piv-
otal retinal cell that participates in the ocular 
immunity. Recent discoveries have highlighted 
the importance of this cell in regulating health 
and disease and our understanding about immu-
nity in the ocular microenvironment has grown 
exponentially in the last several years. The RPE 
cell orchestrates both innate and adaptive immu-
nity and contains a plethora of factors to regulate 
the immune response [1]. Compelling evidence 
now suggests that immune activation of the RPE 
cell may have far reaching effects in retinal infec-
tions, autoimmunity and retinal degenerations, 
i.e. age related macular degeneration (AMD) and 
diabetic retinopathy. As we review the varied 
ways in which the RPE cell influences ocular 
immunity, we will highlight possible mecha-
nisms to explain how these responses impact 
vision.

 RPE Cell: Role in Ocular Innate 
Immunity

The immune system is composed of two major 
recognition systems: innate immunity and adap-
tive immunity. Innate immunity is considered the 
immediate immune response to an insult or 
pathogen, is nonspecific and does not confer 
long-lasting protective immunity. Nevertheless, it 
often determines the fate of the adaptive immune 
response. Once engaged, innate immunity can 
activate a series of immune components: such as, 
microbial sensors (Toll-like receptors (TLRs), 
NOD-like receptors, NLR, RIG-1 like helicases), 
certain critical cell types, cytokines, chemokines 
as well as a group of complement components; 
all directed to assist the host with eliminating the 
current insult (Table 6.1).

Over the last several decades, tremendous 
progress has taken place in the field of immunol-
ogy. Many of these advances have enhanced our 
understanding of how the immune response 
impacts human health and disease and have 
uncovered novel therapeutic approaches to treat 
many human disorders [2]. In this chapter, we will 
not attempt to identify all of the new immunologic 
developments that have been reported. Rather, we 
have chosen to highlight a few discoveries that 
have relevance within the retina that better inform 
about mechanisms of ocular diseases and poten-
tial treatment strategies. Current reviews will be 
included in areas not covered in detail.
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 Components of Innate Immunity

 Toll-Like Receptors
TLRs are a family of evolutionary conserved innate 
immune recognition molecules that sense molecu-
lar patterns associated with microbial pathogens. 
TLR recognition of these 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 pro-inflammatory cyto-
kines, cytokines that promote T cell differentiation, 
type 1 interferons and chemokines. Since their dis-
covery in 1980, the TLR molecules have been 
described in numerous cell types throughout the 
body [3]. Currently, the human TLR family com-
prises ten TLRs and each is distinguished by their 
ligand specificity [3]. Also, each TLR has a unique 

location and expression pattern within the cell. For 
example, TLR3, 7 and 9 are located manly within 
the cellular endosome while the remaining TLRs 
(TLR2, 4, 5, 6) are found on the cell membrane. 
Overall, TLRs located on the cell membrane recog-
nize bacterial products (i.e. TLR4 recognizes bac-
terial lipid A from Gram negative bacteria) while 
the intracellular TLRs detect viral or bacterial 
nucleic acids (i.e. TLR3 interacts with dsRNA 
formed during virus replication).

These sentinel molecules were originally 
described on the RPE cell well over 10 years ago 
[4]. It is not surprising that the RPE cell is 
endowed with many of the TLRs, since it is stra-
tegically situated and can provide a rapid defense 
system for the retina [4]. Analysis of TLR gene 
expression identified the presence of TLR1 
through 7, 9 and 10 on human RPE cells. 
Interestingly, TLR3, a vital TLR for defense 
against virus infection, is the most highly 
expressed TLR on the RPE cell. TLR3 recog-
nizes a dsRNA motif, an intermediate product of 
virus replication or an analog of dsRNA, 
polyinosinic:polycytidylic acid (Poly I:C). 
Analysis of signaling through TLR3 revealed that 
the RPE cell secreted several pro-inflammatory 
mediators, including, IL-6, IL- 8 (CXCL8), MCP-
1, ICAM-1, CXCL9, CXCL10 and VEGF [5]. 
These molecules provide signals for immune and 
retinal resident cells to activate and initiate 
inflammatory pathways. An important immuno-
suppressive cytokine, that is selectively upregu-
lated by TLR3, is IFN-β. This cytokine and its 
unique interaction with the RPE cell will be dis-
cussed later.

Interest in the retinal TLRs 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 polymor-
phisms have been associated with AMD [6, 7]. 
Investigations exploring the utility of siRNA 
treatment for AMD, identified that siRNA sig-
naled through TLR3 [8, 9]. This signaling pro-
cess results in the inhibition of vascular 
endothelial growth factor (VEGF) expression. 
These studies suggest a mechanism by which 
siRNA molecules can inhibit neovascularization 
in AMD.  Also, the critical importance of the 

Table 6.1 RPE cell participation in innate immunity

RPE cell 
component Immune responses generated
Immune sensors 
(TLRs, NOD-like 
receptors)

–  Cytokine/chemokine 
production

– Pro-inflammatory responses
–  TLR3 leads to photoreceptor 

and RPE modulation
– VEGF production
– Cell death or protection

Cytokines –  IL-6, IL-1β—inflammatory 
activity

–  IFN-β, IL-11, TGF-β—
immunosuppressive activity

–  IL-6, MCP-1— 
influence angiogenesis

Chemokines –  CXCL9, CXCL10—Attract T 
and NK cells

– CXCL8—Attracts neutrophils
–  MCP-1—Attracts monocytes, 

dendritic cells and memory T 
cells

Growth factor 
production

–  VEGF—Induces 
neovascularization

– PDGF
Complement 
components

–  CD46, CD55, CD59—
Downregulates complement 
activation

–  C3a and C5a receptors—
Induces inflammation

–  Associated with alterations in 
AMD and other dystrophies
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TLRs is underscored by recent investigations 
evaluating deficiencies in TLR.  In a mouse 
model of diabetic retinopathy it was reported 
that a deficiency in TLR7 inhibits inflammation 
and this lack of TLR7 results in an attenuation of 
diabetic retinopathy [10].

Several investigators have identified that acti-
vation of TLR3 within RPE cells is associated 
with RPE cell damage that may contribute to 
retinal degenerations in AMD and other retinal 
disorders [11, 12]. Klettner and associates found 
that TLR3 activation in RPE cells results in cell 
death partly mediated by JNK [13, 14]. 
Alternatively, studies have also demonstrated a 
protective role for TLR3 signaling. Patel and 
associates have shown that TLR3 signaling 
through a STAT3 dependent mechanism pro-
tects RPE cells from oxidative stress [15, 16]. 
Taken together, these studies illustrate the major 
position of the RPE in innate immunity and 
stress the plethora of responses TLR signaling 
affects. Future experiments are needed to better 
define the role of TLRs in human ocular dis-
eases and to pinpoint additional strategies that 
limit or boost their function [12].

 Cytokines
Cytokines are potent, low molecular-weight pro-
tein cell regulators often produced transiently 
and locally by many cell types. Following their 
initial discovery nearly 60 years ago, the cytokine 
definition has grown to include their multiple 
effects as pleiotropic proteins whose biological 
properties support key roles in hematopoiesis, 
immunity, infectious disease, tumorigenesis, 
homeostasis, cellular development and growth. 
Thus, because of their varied participatory roles, 
we recognize these molecules as powerful agents 
that control many aspects of health and disease 
and as potential therapeutic tools for variety of 
immune based disorders. Immunologically, cyto-
kines have emerged as mediators that bridge 
innate and adaptive immunity, as molecules that 
participate in both inflammatory and anti- 
inflammatory activities and as regulators that 
influence numerous diseases.

The body is filled with cells that produce cyto-
kines and each cell is strategically designed and 

ready to generate a cytokine signature when 
needed. Within the retina, the RPE cell serves as 
a rich source of cytokines. Many of the cytokines 
produced, such as, IL-6, IL-8, MCP-1, CXCL9 
and CXCL10 are pro-inflammatory and will be 
highlighted here. The immunosuppressive cyto-
kines produced by the RPE cell will be discussed 
in the immunoregulation section.

In the early and mid 1980s, IL-6 was first 
described as a lymphocyte stimulating factor that 
activated T cells and differentiated B cells. Now 
some 40  years later, we appreciate that IL-6 
exerts its effects on a broad variety of responses 
ranging from acute and chronic inflammation to 
vascular disease and because of these multiple 
activities, this cytokine is now considered a pri-
mary target for clinical intervention [17].

In the eye, numerous cells generate IL-6. 
The RPE cell produces high levels of IL-6 in 
response to several stimuli, such as, infectious 
agents, other cytokines (IL-1 β, TNF-α and 
IFNs) and TLR ligation [18, 19]. As we have 
witnessed elsewhere in the body, the release of 
IL-6 by the RPE cell may be an important com-
ponent of a chronic as well as acute inflamma-
tory response in the retina. Based on the 
analysis of systemic diseases several studies 
have implicated the persistent production of IL-
6 as a cytokine involved with the onset and 
development of autoimmunity [20, 21]. In order 
to better understand pathogenic mechanisms in 
autoimmune retinopathy (AIR), we evaluated 
the presence of cytokine markers in AIR 
patients. Recently, our laboratory identified the 
increased presence of IL-6 and CXCL9 in AIR 
patient sera and show that these elevated levels 
correlate with augmented disease severity. 
These studies provide evidence that IL-6 and 
CXCL9 may participate in AIR pathology [22]. 
A previous study using flow cytometric immu-
nophenotyping to analyze this same cohort of 
patients noted that B-lymphocyte anomalies 
were described in AIR patient plasma compared 
to normal and uveitic patient samples [23]. 
Both of these observations hint that the immune 
response may play a role AIR.  Nevertheless, 
additional investigations are needed to unravel 
the involvement of the immune response in this 
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rare disease with the hope that more definitive 
guidelines for diagnosis and treatment strategy 
will be developed.

Chemokines are a superfamily of small diffus-
ible protein molecules (8–14  kDa) secreted by 
various cell types in response to inflammatory, 
infectious and autoimmune disease signals [24]. 
Chemokines participate in inflammation by regu-
lating neutrophil, macrophage and lymphocyte 
trafficking to the pathologic site. The presence of 
chemokine expression in the retina has been asso-
ciated with a number of retinal disorders. 
Numerous studies have revealed that within the 
retina, the RPE cell provides high levels of IL-8, 
MCP-1 and CXCL9 and CXCL10. IL-8, often 
identified as one of the early inflammatory media-
tors following injury, is a potent chemoattractant 
and activator of neutrophils. In addition, IL-8 pro-
motes the migration and proliferation of endothe-
lial cells and possesses strong angiogenic 
properties within the eye. Another chemokine that 
directs monocytes, memory T cells and dendritic 
cells to an inflammatory site and is associated with 
neovascularization, is CCL2 (MCP-1). Like IL-8, 
this chemokine has also been implicated in num-
ber of disorders within the retina. Not long ago, 
Chan and colleagues demonstrated in an animal 
model that CCL2 was associated with AMD. The 
authors show that mice deficient in CCL2 develop 
a retinal disease that mimics human AMD [25].

As a result of extensive work examining the 
immunoregulatory role of the IFN molecules in 
the immune response, a group of chemokines 
was discovered. CXCL9 and CXCL10 are inter-
feron inducible chemokines that interact with 
their receptor, CXCR3, on the surface of T cells 
and NK cells resulting in the migration and acti-
vation of these cells into inflamed sites. Following 
the first description of these two chemokines by 
Detrick et al., in a degenerative disease, experi-
mental coronavirus retinopathy (ECOR), Nawaz 
and collaborators also detected both CXCL9 and 
CXCL10 on retinal endothelial cells in human 
diabetic retinopathy [26, 27]. Additional chemo-
kine signaling studies were reported in a rodent 
model of degeneration by Rutar and associates. 
These investigators found that CXCL10 was 
present in this model system and was responsible 

for the chemokine mediated inflammation 
observed [28, 29].

Chronic inflammation and exaggerated VEGF 
production are important hallmarks of choroidal 
neovascularization in AMD and other vitreoreti-
nal disorders. Moreover, the RPE is a key patho-
logic site in this disease. Reports from several 
investigators have shown in vitro that stimulation 
of RPE cells with cytokines, such as, IL-1β, 
TNF-α and IFN-γ results in the production of 
high levels of VEGF [30, 31]. This example 
emphasizes the potent influence of immune acti-
vated RPE cells and the detrimental consequence 
of this upregulation of inflammatory cytokines. 
Based on such findings, strategies to block VEGF 
production have been developed and anti-VEGF 
is now considered standard care for AMD. For a 
more detailed description of VEGF treatment and 
AMD, we refer the reader to [32].

This is an exciting time in cytokine biology. 
As a result of these new discoveries, it is antici-
pated that continued research will further our 
understanding and offer new options for thera-
peutic interventions.

 Complement
The complement system, a complex and sophis-
ticated network of various proteins, regulators 
and receptors, is an integral component of innate 
and adaptive immunity. Over the years there has 
been a rebirth of interest related to the comple-
ment system. The complement system in the 
immune privileged-eye plays a critical role in 
retinal hemostasis by providing the retina neuro-
protection. This dynamic proteolytic cascade is 
tightly regulated and constantly monitors inflam-
mation via its complement regulatory proteins 
while continuing to eliminate invading patho-
gens [32].

The RPE cell manufactures and possess on its 
cell surface many of the complement compo-
nents. For example, both C3a and C5a receptors 
are expressed on the RPE membrane. When C5a 
interacts with the RPE C5a receptor,  TLR4 is 
activated to produce pro-inflammatory cytokines, 
such as IL-1β, IL-6, IL-8, MCP-1 and GM-CSF 
[33, 34]. In this way the complement system 
drives inflammation in the retina.
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Alternatively, as mentioned above, the com-
plement system also has designed ways to down- 
regulate its activity through three major membrane 
complement regulatory proteins, CD46, CD55 
and CD59. CD46 and CD55 act early in the com-
plement cascade to inhibit C3 and C5 convertase. 
CD59 acts later in complement pathway to block 
C9 and the membrane attack complex, MAC. All 
three of these regulatory proteins are found on the 
RPE cell [35]. Pro- inflammatory cytokines, for 
example, IL1β and TNF-α, amplify the expres-
sion of CD46 and CD59 and thus may provide 
protection to the RPE cell from complement-
mediated cytolysis. Thus, the RPE cell is respon-
sible for maintaining a delicate balance between 
initiating inflammation and suppressing comple-
ment-medicated inflammation.

Based on a number of eloquent studies, there 
is significant evidence that altered regulation of 
the complement system may be associated with 
AMD and Stargardt’s disease [36, 37]. These 
exciting reports identified a strong genetic com-
ponent that links complement regulatory protein 
polymorphisms and MAC formation. During the 
course of AMD, both MAC and C5a have been 
described to accumulate in drusen and in RPE 
[34, 35]. These studies add to our current under-
standing that chronic inflammation and dysregu-
lation of complement regulatory proteins promote 
inflammation and thus contribute to a retinal 
degenerative process. Another RPE associated 
factor, Apolipoprotein E (APoE) has been shown 
to participate in lipid metabolism and neurode-
generation. Complement activation induces 
ApoE accumulation in RPE cell and ApoE is 
commonly detected in the RPE and drusen com-
ponent in AMD [38].

 RRPE Cell: A Sentinel Cell and Innate 
Immunity
Since the RPE cell is endowed with many of the 
components of the innate immune response, it 
can serve as a first responder to infectious insults. 
When one reviews the literature on examples of 
retinal infections, it becomes apparent that the 
varied infectious agents used the RPE cell as a 
refuge. This is true for systemic cytomegalovirus 
infection, cytomegalovirus retinopathy, corona-

virus in experimental coronavirus retinopathy 
(ECOR), HIV in AIDS, and ocular infections 
associated with mycobacterium tuberculi and 
Toxoplasma gondii [39–43]. As discussed above, 
the RPE cell provides the first line of defense and 
is posed to eliminate the pathogen with its multi-
ple TLR molecules, interactions with immune 
cells and production of soluble mediators [5]. 
However, for many infectious agents, activation 
of the adaptive immune response is required.

 RPE Cell and Microglia Interactions
Microglia are resident macrophage cells in the 
brain and retina. These cells participate in a num-
ber of immunologic activities, such as, the pro-
duction of both pro- and anti-inflammatory 
cytokines and molecules. Microglia cells are 
therefore important immunoregulatory cells that 
are capable of rapidly responding to a variety of 
warning signals. Numerous studies have identi-
fied that microglia activation in the brain is asso-
ciated with a variety of neurodegenerative and 
neuroinflammatory diseases. Not surprisingly, 
these cells in the retina, are also activated in reti-
nal degenerative and inflammatory conditions.

Thus, both the RPE cell and the retinal microg-
lia cells are capable of participating in inflamma-
tory and degenerative processes. Within the retina, 
studies have shown that the RPE cells and the 
microglia may interact, and cross talk with one 
another, especially through the production of 
cytokines [15]. As we have seen, the RPE cells are 
activated by TLR3 stimulation and produce a 
variety of potent cytokines [5]. Klettner and asso-
ciates showed that supernatant fluids from TLR3 
activated RPE cells can up-regulate microglia 
cells to produce IL-1β, IL-6 and Cox-2. These 
studies provide evidence that RPE cells may act 
as an inflammatory signal for microglia cells.

These initial studies have been expanded to 
investigate the cross-talk between RPE and 
microglia. Jo and associated demonstrated that 
interaction between these cells determines the 
integrity of the outer blood-retinal barrier in 
murine diabetic retinopathy [44]. This interaction 
was mediated by the presence of IL-6 and the 
production of TNF-α by the microglia cells. In a 
rat model of photo oxidative damage, which has 

6 The RPE Cell and the Immune System



106

similarities with AMD, IL-1β produced by 
microglia was associated with increased expres-
sion of the chemokines, CCL2, CXCL1 and 
CXCL10 in the RPE cell. The authors stress the 
potential importance of these chemokines in 
AMD. Using the human ARPE-19 in vitro, it was 
demonstrated that activation of microglia cells 
triggered inflammasome activation in RPE cells 
with resultant lysosomal destabilization [45]. In 
summary, these exciting studies substantiate sig-
nificant immunologic collaboration between the 
RPE cell and the microglia cell within the retina. 
Moreover, these studies highlight the need for 
continued studies exploring the relationship 
between these cells and their potential role in a 
variety of retinal disorders.

 RPE Cell Participation 
in Immunoregulation

Inflammation in the retina is a critical response of 
the host to retinal insults and is outlined in 
Fig.  6.1. Regulation of the immune system is 
clearly an important area of research. In fact, stud-
ies identifying how tumor cells escape immune 
destruction by the PD-L1 pathway has led to 
exciting novel cancer treatment strategies. The 
concept of regulatory mechanisms in the ocular 
microenvironment that restrain immune- mediated 
inflammation is not new. Over 70 years ago, Sir 
Peter Medawar identified the concept of immune 
privilege in the brain, eye and the pregnant uterus 
[46]. Today, we know that immune privilege 
extends to the anterior chamber as well as the 
retina where an array of regulatory mechanisms 
act in concert to prevent immunologic inflamma-
tion and maintain tissue integrity [47, 48]. Some 
of these mechanisms include the presence of a 
blood-retinal barrier, a lack of lymphatic drain-
age, the presence of immunosuppressive cyto-
kines and regulatory T cells. Controlling 
unnecessary inflammation is not an immunologi-
cally inert activity but rather a very active process 
that allows the eye to escape the damage associ-
ated with a full blown inflammatory response. 
Today, we recognize that the RPE cell is a major 
player in this dynamic regulatory pathway.

The eye has evolved suppressive mechanisms to 
down-regulate the immuneresponse and one way in 
which this RPE cell participates to control unwanted 
activation is by producing cytokines. An outline of 
the immune-protective role of the RPE cell is seen 
in Figs.  6.2, 6.3, and 6.4. The RPE cell releases 
three suppressive factors including TGF-β, IL-11 
and IFN-β. One of these molecules highly expressed 
in the RPE cell is IFN-β [5, 6]. It is well known that 
the IFNs are involved in numerous immune reac-
tions and induction of type 1 IFN gene expression is 
an essential part of innate immunity [4]. Since the 
RPE cell continuously expresses high levels of IFN-
β through IRF-7 up-regulation, our  laboratory 
explored ways in which this molecule may function 
in the retinal microenvironment (Fig. 6.2). In vitro 
experiments and in  vivo studies show that IFN-β 
acts as an immunosuppressive cytokine to block 
immune reactivity and thus protect the retinal tissue 
from excessive damage and visual loss [6]. IFN-β 
provides this protection in two ways. IFN-β can 
down-regulate CXCL9 and the adhesion molecule, 
ICAM-1. The net effect of this activity would be a 
“tightening” of the blood retinal barrier and 
decreased ocular inflammation [49].

IL-11 is another interesting member of the IL- 
6 family of cytokines and is produced in elevated 
levels by the RPE cell [50]. This pleiotropic cyto-
kine has anti-inflammatory and cytoprotective 
actions [51]. Under normal conditions the RPE 
cell does not produce IL-11, however, following 
treatment with TGF-β, IL-1β or TNF-α, an up- 
regulation of gene expression and protein pro-
duction of IL-11 is observed (Fig. 6.3). Therefore, 
during inflammation, IL-11 is produced by the 
RPE cell and then participates by limiting inflam-
mation and providing cytoprotection to the RPE 
and other retinal cells [52].

TGF-β is a potent multifunctional cytokine 
that has been shown to provide immunosuppres-
sive actions in the eye [53]. These studies have 
shown that TGF-β down-regulates APC function 
and inhibits several T cell functions contributing 
to ocular immune privilege. Several investigators 
have also shown that the presence of TGF-β is 
associated with retinal disorders, such as retinal 
detachments, proliferative vitreoretinopathy and 
choroidal neovascularization. As noted above, 
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the RPE cell is a major source of TGF-β. 
Moreover, TGF-β can act upon RPE cell causing 
the release of VEGF, PDGF and hemooxygenase 
[20, 54, 55].

The manner by which RPE cellular receptor 
for complement and PD-L1 regulate the immune 
response have been described and are outlined in 
Fig. 6.4.

Inflammation within the Retina

E selectin ICAM1

Retinal endothelial cells

CXCL9

CXCR3

IL-6, CXCL8
VEGF

MHC I

RPE

IFN-g induced chemokines (CXCL9,10,11) attract T & NK cells to site of
inflammation

MHC II

T

CXCL10 CXCL11

IFN-g

CXCL9

T

T

T

NK

NK

T

Fig. 6.1 Inflammation 
within the retina. IFN-γ 
generated by activated T 
cells induces RPE cells 
to express MHC class I 
and II molecules and to 
produce 
proinflammatory 
cytokines such as IL-6, 
CXCL8 (attract 
neutrophils), CXCL9, 
CXCL10, CXCL11 
(attract T cells). CXCL9 
is also produced by 
retinal vessel endothelial 
cells  

Retinal endothelial cells

IFN-b tightens retinal blood barrier
IFN-b deereases
CXCL9, ICAM1 and
E selectin on
Endothelial cells
Resulting in decreased
leukocyte adhesion &
T cell trafficking to
retina

E selectin ICAM1 CXCL9

CXCL9

CXCR3

RPE

IFN-b inhibits CXCL9 expression and decreases T & NK cell migration

T

CXCL10 CXCL11

TLR3

T

T

T

NK

NK

T

IFN-b

Fig. 6.2 IFN-β inhibits CXCL9 expression and decreases 
T and Natural Killer (NK) cell migration. High levels of 
IFN-β are produced by the RPE cells through the activa-
tion of TLR3 within the RPE cell. IFN−β decreases 

CXCL9, ICAM-1 and E selectin on endothelial cells. This 
results in a dramatic tightening of the retinal-blood bar-
rier. This also results in decreased leukocyte adhesion and 
T cell trafficking into the retina
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 RPE Cell: Role in Ocular Adaptive 
Immunity

Unlike the innate immune response, the adaptive 
response is highly specific, has immunologic 
memory, and can respond rapidly and vigorously 
to a second antigen exposure. The adaptive 
immune response involves antibody-mediated 
and cell–mediated immune responses (Table 6.2). 
Antigen processing and presentation represent 

the hallmark of the adaptive immune response. 
An overview of all the components and their 
interactions during the adaptive immune response 
is not possible here however, early experiments 
establishing the RPE as an APC will be briefly 
mentioned. We direct the reader to the following 
review, [56].

Major Histocompatibility Complex, MHC, 
class I and II molecules, which serve as the rec-
ognition system capable of distinguishing self 

RPE

RPE cellular receptors down-regulate T cells and Complement

Decrease Complement
mediated cytotoxicity Checkpoint

Inhibitors
Suppress
T cells

Complement Inhibitory
Receptors

CD
46

CD
55

CD
59 PD-L1

Activated
T cells

PD-L1

T

T
T

Fig. 6.4 RPE cellular receptors down-regulate T cells 
and Complement. Activated RPE cells express three com-
plement inhibitory receptors. CD46 is a complement reg-
ulatory protein that inactivates C3b and C4b. CD55 is a 
complement decay accelerating factor that indirectly 

blocks MAC formation. CD59 directly blocks MAC for-
mation. Activated RPE cells also express the immune 
checkpoint inhibitor, PD-L1. Interaction of T cells with 
this receptor on the RPE cell results in suppression of T 
cell activity

RPE

TGF-b and IL-11 support Treg formation and decreases activated
T cell migration

CD4

Activated
T cells

T
T

CXCL10 CXCL11
CXCL9

T reg

IL-11

X

TGF-b

TGF-b

T

Fig. 6.3 TGF-β and 
IL-11 support Treg 
formation and decreases 
activated T cell 
migration. When 
activated, the RPE cell 
produces two additional 
anti-inflammatory 
cytokines, TGF-β and 
IL-11. TGF-β stimulate 
CD4+ T cells to 
differentiate into Tregs. 
These cells suppress 
effector T cell activation 
and proliferation. IL-11 
provides protection of 
Tregs
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from non-self, bind peptide antigens, present 
them to appropriate T cells and initiate the first 
step in antigen recognition. Cells armed with 
these molecules are capable of becoming antigen 
presenting cells, APC. Resident APCs can be 
found in various areas throughout the body, 
including the retina. Depending on the cell type, 
these molecules may require activation by IFN-γ. 
Both T cells and NK cells can serve as the source 
of INF-γ.

Since antigen presentation is the central 
component of adaptive immunity, our laborato-
ries explored the expression and function of 
MHC molecules within the retina. When one 
evaluates the normal retina, MHC class I and II 
molecules are not expressed. We noted that 
when retinal tissue obtained from patients with 
uveitis, retinitis pigmentosa or Sympathic 
Ophthalmia were evaluated, the RPE cell 
expressed MHC class I and II molecules and the 
infiltrating T cells contained IL-2 and IFN-γ 
[57–59]. Next, our in vitro studies demonstrated 
that IFN-γ treatment up- regulated both class I 
and class II molecules on normal RPE cells and 
hence equipped the cell to participate as a resi-
dent APC in the retina [60, 61]. In a series of 
in vitro studies we demonstrated that both reti-
nal and non-retinal (BCG) antigens can be pro-

cessed and presented by the activated RPE cell 
[60]. These finding were an essential first step 
underscoring the important role of the RPE cell 
in inflammatory, infectious and degenerative 
disorders. In order to further evaluate the RPE 
cells in  vivo, we explored two animal models 
systems that are described below.

Animal models have been invaluable to assist 
in uncovering fundamental mechanisms of dis-
ease pathogenesis. One of the first animal models 
to explore retinal inflammation was experimental 
autoimmune uveitis, EAU, which is a T cell- 
mediated disease that mimics human uveitis [62]. 
Using this model system, our laboratory tracked 
the expression of the MHC class II molecules on 
RPE cells and recorded the entry of inflammatory 
cells into the retina [63]. Moreover, following the 
administration of anti-MHC class II antibody 
prior to EAU induction, we observed that this 
treatment limited the expression of MHC class II 
molecules on RPE cells, reduced the severity of 
disease and significantly delayed the onset of 
EAU. Collectively, these studies helped to estab-
lish the critical role of the RPE cells in ocular 
autoimmunity and inflammation.

Another animal model system used to clarify 
basic mechanisms involved in retinal degenera-
tions was experimental coronavirus retinopathy 
(ECOR) [1]. This is the first retinal model to 
demonstrate a virus-induced degeneration, viral 
persistence, a genetic predisposition to virus- 
induced tissue damage and a virus triggered auto-
immune response. ECOR is a retinal degenerative 
disease that is composed of three basic compo-
nents; a virus component, a genetic component 
and an immunologic component [64–66]. Our 
early studies showed that inoculation of the neu-
rotrophic JHM strain of mouse hepatitis virus 
(MHV) into the vitreous or anterior chamber of 
BALB/c mice resulted in two distinct patterns of 
retinal pathology. The early phase of the disease, 
day 1–8, was characterized by retinal vasculitis 
and perivasculitis. The late phase of the disease, 
after day 10, was characterized by retinal degen-
erative changes. The retinal layers revealed disor-
ganization with large areas of outer and inner 
segment loss. In addition, the RPE cells were 
morphologically abnormal with foci of RPE cell 

Table 6.2 RPE cell participation in adaptive immunity

RPE cell component Immune responses generated
MHC class I –  Role in antigen 

presentation
– Modulated by IFNs
–  Participation in NK and T 

cell killing
MHC class II and 
costimulatory 
molecules (CD80, 
CD86)

–  Role in antigen 
presentation

– Modulated by IFN-γ
Cytokines – See Table 6.1
RPE cytokine 
receptors

–  Stimulate RPE pro- 
inflammatory and 
immunoregulatory 
cytokines as well as VEGF

Complement – See Table 6.1
PD-L1 (programed 
death ligand)

– Tolerance

– Regulation of T cells

6 The RPE Cell and the Immune System



110

swelling, proliferation and cell atrophy [67, 68]. 
During this infection, we also noted that the RPE 
cell was the first cell infected by the virus [64, 65, 
69, 70]. This was not unexpected since the RPE 
cell serves as an excellent reservoir for numerous 
pathogens. Analysis of retinal gene expression 
and protein expression identified the early up- 
regulation of cytokines and chemokines, includ-
ing, IL-6, TNF-α, IFNs, CXCL9, CXCL10 and 
ICAM-1 [26, 71]. The presence of IFN-γ was 
also detected in the serum and served as the ratio-
nal for the enhanced expression of MHC class I 
and II molecules on the RPE cell.

The genetic constitution of the host can be a 
critical factor in determining the outcome of a 
viral infection and this was also observed in 
ECOR [72]. The susceptible strain of mice, 
BALB/c, were not the only rodent strain exam-
ined. CD-1 mice were extensively studied after 
coronavirus infection. During the early phase of 
the disease (day 1–8) both strains of mice showed 
that the virus infected and replicated within the 
retina and this was associated with a typical reti-
nal vasculitis. However, on day 10–140, only the 
BALB/c mice experienced the late phase of the 
disease marked by retinal degeneration. In con-
trast, in the resistant strain, CD-1 mice, the retina 
reverted to a normal architecture. We have identi-
fied two key differences between the mouse 
strains that contributed to this retinal degenera-
tion. First, a distinct difference in the intensity of 
the innate immune response was observed in 
these mice that developed a retinopathy com-
pared to the mice without late retinal disease. At 
day 2 and 3 the BALB/c mice had extremely high 
levels of IFN-γ, CXCL9 and CXCL10 which was 
measured by retinal gene expression. These same 
elevated levels of cytokines were found in the 
serum [26]. When CXCL9 and CXCL10 interact 
with its receptor, CXCR3 on T cells and NK 
cells, immune cells migrate to specific targets, in 
this case to the retina. The second distinct differ-
ence was the observation that the retinal degen-
erative process in BALB/c mice was associated 
with the presence of antiretinal autoantibodies. 
These antibodies were directed against the neural 
retina and the RPE cell. In contrast, these autoan-
tibodies were not detected in the sera from  normal 

or mock injected BALB/c mice. Likewise, none 
of the CD-1 mice developed antiretinal antibod-
ies [66]. These mice also produced significantly 
lower levels of CXCL9 and CXCL10. Therefore, 
the mice that failed to develop antiretinal anti-
bodies also failed to develop a retinal degenera-
tion. These findings suggest a role for 
autoimmunity in the pathogenesis of ECOR and 
illustrate how a robust innate immune response 
may contribute to a heightened adaptive immune 
response that leads to a retinal degeneration. This 
model recapitulates key elements of human reti-
nal degenerative diseases and serves as a tem-
plate for exploring basic mechanisms of this 
degenerative process.

 Immunologic Tools That Translate 
into RPE Discoveries

Development of new powerful technologies to 
support translational studies in human immunol-
ogy have led to significant findings in basic and 
clinical immunology as well as in visual science. 
We initially investigated the RPE cell by develop-
ing monoclonal antibodies to identify epitopes 
that were unique to the RPE cell [73]. One evolu-
tionally conserved epitope that we identified that 
was specific only  to RPE cells was termed, 
RPE65 [73, 74]. This molecule has subsequently 
been the subject of active genetic research. 
Mutations in the RPE65 gene have been identi-
fied in Leber’s Congenital Amaurosis. Recently, 
RPE65 adenoviral vector expressing RPE65 
cDNA was used successfully in 12 pediatric 
patients with this disease [75, 76].

 Future Directions and Clinical 
Applications

In summary, the RPE cell plays a pivotal role in 
retina immunity. The RPE cell orchestrates both 
innate and adaptive immunity and possesses mol-
ecules that can limit these responses. The regula-
tion of immunity and hemostasis within the retina 
through cytokine production, TLR activation, 
complement regulators and APC properties are all 
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key elements in the RPE cell’s inventory. 
Continuing investigations of these immune related 
components, their complex regulatory networks 
and their various antagonists will allow even more 
discoveries and provide additional clues to inform 
about mechanisms that can lead to future treat-
ments for many human retinal diseases.
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