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he human eye is approximately 1 inch in diameter and is

composed of a remarkable array of cells, many of which are
found nowhere else in the body. The neurons of the retina
process signals through the optic nerve at a rate equivalent to
over 1 billion bits of computer data per second.’ The eye is an
extension of the brain, and like the brain, its oxygen and energy
requirements are staggering. Since both organs have limited
regenerative properties, inflammation of either the brain or eye
can have devastating consequences for the survival of the host.
Thus, both organs go to extraordinary lengths to reduce
immune-mediated inflammation—a phenomenon known as
“immune privilege.”

One of the first demonstrations of immune privilege was
reported over 150 years ago by the Dutch ophthalmologist van
Dooremaal.” In an attempt to induce experimental cataracts, van
Dooremaal placed a variety of foreign objects into the eyes of
experimental animals and, among other things, noted that mouse
skin transplanted into the anterior chamber of the dog eye
enjoyed a prolonged survival. Further evidence that the eye
offered a fertile ground for transplants came with the first report
of a successful human corneal transplant in 1905.% This occurred
even before the mammalian immune system had been charac-
terized, and anti-rejection drugs were only a distant reality that
did not come into use until the first successful heart and renal
transplants in the 1960s. It was not until 1948 that the unique
immunologic properties of the eye were fully appreciated by the
preeminent immunologist Sir Peter Medawar, who observed that
rabbit skin allografts enjoyed significantly extended survival in
the anterior chamber (AC) of allogeneic rabbit hosts.* Recogniz-
ing the profound significance of this finding, Medawar coined
the term “immune privilege” to indicate that the eye was
exempt from the laws of transplantation immunology.4 The
initial explanation for immune privilege in the AC was based on
the apparent absence of patent lymph vessels draining the
interior of the eye, a condition that was believed to prevent
foreign antigens expressed in the skin allografts transplanted into
the AC from reaching regional lymph nodes and arousing an
immune response. However, studies published decades later
revealed that the AC did indeed express lymphatic drainage.” But
the lymph vessels draining the AC are significantly reduced
compared to other body regions—a condition that has been
termed “pzluci-lymphatics.”6

‘WHAT ARE THE MECHANISMS OF IMMUNE PRIVILEGE?

Immune privilege is the product of multiple anatomical,
physiological, and immunoregulatory processes that restrict
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the induction and expression of immune-mediated inflamma-
tion.”® These include (1) the unique anatomical properties of
the eye, (2) immunosuppressive and anti-inflammatory mole-
cules residing in ocular fluids and decorating cells lining the
interior of the eye, and (3) regulatory T cells that suppress the
induction and expression of immune-mediated inflammation.
Many of the blood vessels in the anterior segment of the eye are
nonfenestrated and as a result they limit the extravasation of
macromolecules and leukocytes from the blood vessels into the
AC.>' As mentioned earlier, it was originally believed that the
AC lacked lymph vessels, which prevented the movement of
antigens and antigen-presenting cells from the interior of the
eye to the regional lymph nodes.

Although major histocompatibility complex (MHC) mole-
cules are displayed on the surface of most nucleated cells in the
body, they are either conspicuously absent or weakly expressed
on cells in the eye that possess little or no regenerative
properties such as the corneal endothelium and the neural
retina.''™'* MHC class I molecules display viral epitopes and
serve as “docking stations” for CD8" cytotoxic T lymphocytes
(CTLs) that kill virus-infected cells. Thus, the absence of MHC
class I molecules renders corneal endothelial and retinal cells
invisible to the destructive effects of virus-specific CTLs.
Although this condition protects corneal endothelial cells and
the neural retina from CTL-mediated injury, it creates a
potential “immunologic blind spot” for viral infections. The
strategy of silencing the expression of MHC class I molecules is
also employed by other tissues and organs that cannot tolerate
misguided CTLs. For example, the villous trophoblast in
humans protects the allogeneic fetus from attack by allospecific
CTLs and is crucial for maintaining immune privilege at the
maternal-fetal interface.”

The aqueous humor that occupies the AC is a cocktail of
immunosuppressive and anti-inflammatory molecules that
dampen immune-mediated inflammation within the eye and
also promote the generation of T regulatory cells (Tregs) that
suppress T cell activity in the eycm‘16 The cells lining the AC
are decorated with cell membrane-bound molecules such as
FasL, PD-L1, and tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) that either induce apoptosis or
suppress the activation of immune cells entering the eye.'”"°

Antigens entering the AC, either by direct injection or
sloughed from the corneal endothelium during penetrating
keratoplasty, induce an alteration of the conventional immune
response termed anterior chamber-associated immune devia-
tion (ACAID).?! ACAID is characterized as a deviation from the
prototypic immune response to one in which T cell-mediated
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immunity, namely, delayed-type hypersensitivity (DTH), is
actively suppressed while antibody responses, especially non-
complement fixing antibodies, are preserved. Interestingly,
ACAID is closely associated with corneal allograft survival, and
maneuvers that prevent the induction of ACAID (e.g.,
splenectomy) invariably lead to immune rejection of corneal
allografts.zz'24

‘WHAT Is THE RaisoN D’ETRE OF IMMUNE PRIVILEGE?

Why is the eye designed to harbor an “immunologic blind
spot”? Three explanations come to mind. The first explanation
suggests that by limiting inflammation, immune privilege
permits the unfettered transmission of light images from the
external environment to the retina and thus preserves vision. A
second explanation posits that the corneal endothelium and
elements of the neural retina are amitotic and cannot
regenerate. Unrestrained inflammation of these tissues would
be blinding. When my mentor Wayne Streilein and I first
described ACAID 35 years ago, we proposed that the selective
downregulation of DTH by ACAID was an adaptation to silence
immune-mediated inflammation that was notorious for pro-
ducing ischemic necrosis and extensive damage to innocent
bystander cells.?” In the eye, such unrestrained inflammation
would have blinding consequences. For example, immunogen-
ic mouse tumor cells that fail to induce ACAID elicit robust
DTH responses that rid the eye of these tumors but culminate
in ischemic necrosis and complete atrophy of the affected
eye—a condition termed phthisis bulbi.®

Herpes simplex virus (HSV) keratitis provides a compelling
example of why in certain circumstances it is beneficial to
terminate immune privilege. Studies of HSV Kkeratitis in mice
have shown that viral replication is not the direct cause of
corneal diseases; instead, corneal tissue injury and blindness
are largely due to the immune response to the viral antigens in
the cornea. Elegant studies by Metcalf in the mid-1960s
showed that HSV corneal infections in athymic nude mice,
which cannot develop normal T cell immunity, resolve and
leave the cornea clear.?” Thus, the blinding effects of HSV viral
infections of the cornea are T cell-dependent. However, the
preservation of vision in T lymphocyte-deficient nude mice
comes at a heavy cost, as these mice die from viral encephalitis.
Thus, a compromise between the eye and the immune
apparatus exists in which microorganisms confronting the
eye are perceived by the immune apparatus and a decision is
made as to whether they represent a threat to survival or if
they are harmless.

One of the possible cues for sounding an alarm to terminate
immune privilege and activate a robust immune response is
transmitted by pathogen-associated molecular patterns
(PAMPs) that are expressed on bacteria and viruses and are
recognized by Toll-like receptors (TLRs), which are expressed
on cells of the innate immune system such as macrophages and
dendritic cells. Engagement of TLRs sets the innate immune
system into motion and also activates the adaptive immune
apparatus, which ultimately rids the eye of the pathogen.
However, robust antimicrobial adaptive immune responses can
produce extensive collateral injury to cells in the cornea. In
addition to microbial elements, endogenous, host-derived
molecules such as the neuropeptide substance P (SP) can
terminate immune privilege (discussed later).

EveEN Bunp Mice Can TerL Day From NiGHT

We have previously proposed that immune privilege was
primarily designed to preserve vision by extinguishing
inflammation within the eye.®® However, immune privilege
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may have an equally important role in preserving circadian
rhythm. An ever-growing body of evidence indicates that
circadian rhythm affects almost every aspect of human biology
and even influences our microbiome.?®*>' Disruptions of
circadian rhythms have been linked to numerous maladies
including inflammation, obesity, depression, bipolar disorder,
and seasonal affective disorder. It is well recognized that the
eye plays a key role in maintaining circadian rhythm, which is
coordinated by a master clock located in the suprachiasmatic
nuclei (SCN) within the hypothalamus.52 The eyes are the only
known light input pathway to the SCN and for photoentrain-
ment.>? Although the image-forming rods and cones affect
photoentrainment, they are not required for maintaining
normal circadian rhythms. That is, mice that are homozygous
for the retinal degeneration gene (rd/rd) lack a functional
repertoire of rods and cones and are completely blind, yet have
normal circadian responses to light.>> The preservation of
photoentrainment in rd/rd mice is due to a subpopulation of
retinal ganglion cells (RGCs) that are not affected by the rd/rd
mutation and express melanopsin, a non-image-forming
photopigment that supports normal circadian rhythm.54'56
However, enucleating the eyes of rd/rd mice removes the RGCs
and abolishes circadian responses.>®> Thus, preserving the
integrity of retinal rods, cones, and RGCs is crucial not only for
vision but also for preserving circadian rhythm.

It is noteworthy that ACAID protects the eye from
experimental ocular inflammatory diseases. For example, AC
injection of retinal S antigen induces ACAID, mitigates
inflammation of the retina (i.e., experimental autoimmune
uveitis), and preserves the retinas in mice.>” Investigations by
Ferguson and coworkers found that exposure to light was
required for the induction of ACAID.**?° Mice maintained in
the dark and ostensibly denied normal photoentrainment
resisted the induction of ACAID. Could it be that the
requirement of light for the induction of ACAID is an
adaptation for protecting retinal elements from immune-
mediated injury and is an essential element for preserving
circadian rhythm (which also requires light exposure)?

CORNEAL ALLOGRAFTS ARE BENEFICIARIES OF IMMUNE
PRIVILEGE

Corneal transplantation is the oldest, most common, and
arguably the most successful form of solid tissue transplanta-
tion. Zirm performed the first successful human corneal
transplant over a century ago, at a time when anti-rejection
drugs were not even contemplated and almost a half-century
before the discovery of transplantation antigens.®> In the
ensuing 100 years, corneal transplants have emerged as the
most common and arguably the most successful form of solid
tissue transplantation. In uncomplicated first-time settings, over
90% of corneal transplants will succeed even in the absence of
human leukocyte antigen (HLA) histocompatibility matching
and without the use of systemic anti-rejection drugs.®

Many of the factors contributing to the immune privilege in
the AC are also responsible for the remarkable success of
corneal transplants and include (1) the absence of lymph
vessels draining the corneal graft bed, (2) the induction of Treg
cells that suppress antigen-specific immune effector responses,
and (3) the selective silencing and purging of immune
elements at the graft-host interface.17*3 All three of these
conditions must be present for the long-term success of
corneal transplants. Corneal allograft survival is jeopardized in
conditions in which peripheral lymph vessels invade the
corneal graft bed, which invariably culminates in the immune
rejection of corneal allografts.“’43 A compelling body of
evidence in rodent models of penetrating keratoplasty
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indicates that corneal allograft survival relies heavily on the
generation of CD4"CD25" Tregs that actively suppress immune
responses directed at the foreign histocompatibility antigens
expressed on corneal t1‘zlnsplzlnts.44‘46 Rodent studies have
also revealed the importance of apoptosis-inducing ligands
FasL and PD-L1 that are expressed on the corneal epithelium
and endothelium and serve to silence immune lymphocytes at
the graft-host interface.'®*7 Corneal grafts failing to express
either functional FasL or PD-L1 invariably undergo immune
rejection. Although immune privilege did not evolve with
ophthalmologic surgeons in mind, corneal transplants are
nonetheless the beneficiaries of immune privilege.

The absence of lymph and blood vessels in the corneal graft
bed has long been recognized as an important factor for the
success of corneal transplants in both humans and experimen-
tal animals. Although it was long believed that the presence of
blood vessels in the graft bed facilitated the egression of
histocompatibility antigens expressed on the corneal trans-
plant to the immune apparatus, animal studies have provided
compelling evidence that the lymph vessels that accompany
blood vessels are the primary conduit for delivering antigens
and host antigen-presenting cells to regional lymph nodes.
Selectively blocking lymph vessels while preserving blood
vessels in the corneal graft bed has a profound effect in
preventing immune rejection of corneal allografts and confirms
that the blood vessels do not play a significant role in
promoting corneal graft rejection. 850

Preexisting diseases such as HSV Kkeratitis and atopic
dermatitis are also important risk factors for the immune
rejection of corneal transplants.40 Mouse models of penetrating
keratoplasty have shown that the presence of either allergic
asthma or allergic conjunctivitis produces a steep increase in
the incidence and tempo of corneal allograft rejection.”'™>?
The Th2 cytokine IL4 that is elaborated in the course of either
allergic conjunctivitis or allergic asthma was found to disable
Tregs that are normally induced by orthotopic corneal
allografts.54 Thus, the abrogation of immune privilege of
corneal allografts that occurs in allergic diseases is a systemic,
rather than a local, effect that uncouples the suppressive
function of corneal allograft-induced Tregs.

The highest incidence of rejection occurs in patients who
have received two or more corneal transplants.’® The
incidence of rejection soars to 80% in patients receiving a
third tmnsplant.56 On first blush, one might conclude that the
skyrocketing incidence of rejection in hosts receiving two or
more corneal transplants was the result of immunologic
sensitization by the foreign histocompatibility antigens on the
previous corneal transplants. However, in the United States,
HLA matching is not routinely performed, and corneal donor
buttons are selected based on the quality of the graft
endothelium with little regard for the histocompatibility
genotype of the donor. Thus, the likelihood of encountering
the same array of alloantigens on second and third transplants
would seem remote. The availability of a mouse model of
penetrating keratoplasty paved the way for prospective studies
to explore this issue in a prospective setting.

SympATHETIC LOss oF IMMUNE PriviLeGe (SLIP)

We used a well-characterized mouse model of penetrating
keratoplasty to test the hypothesis that a first corneal
transplant abolishes the immune privilege for subsequent
grafts, even those from genetically different donors. The
C57BL/6 inbred mouse strain differs from the BALB/c mouse
strain at all known histocompatibility gene loci, and thus
transplants exchanged between these two mouse strains mimic
the condition that typically occurs in human penetrating
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keratoplasty. In this mouse model, approximately 50% of the
C57BL/6 corneal allografts undergo immune rejection in naive
BALB/c hosts. In patients, a 90% acceptance rate is the usual
outcome for first-time, uncomplicated corneal transplants, yet
the acceptance rate is 50% for mice. It should be noted that
human keratoplasty patients are routinely treated with topical
corticosteroids while mouse studies do not employ steroids.
However, when topically applied steroids are used in mouse
penetrating keratoplasty studies, acceptance is well above 90%
and thus recapitulates the human counterpart (Niederkorn et
al., unpublished data, 2019).

To test the effect of a first corneal transplant on the fate of
subsequent corneal grafts, we transplanted corneas from C3H
donors onto the right eyes of BALB/c mice. Sixty days later,
C57BL/6 corneal allografts were transplanted to the left eyes of
the mice that were previously grafted with C3H corneas on the
opposite eyes. C57BL/6 and C3H mice differ at all known
histocompatibility gene loci and thus do not share any
histocompatibility antigens that could “cross-immunize” the
BALB/c mice that had previously received C3H corneal
allografts. First-time C57BL/6 corneal allografts consistently
underwent rejection in approximately 50% of the naive BALB/c
hosts; however, BALB/c hosts that received C3H corneal
allografts in the right eye rejected 100% of the C57BL/6
corneal allografts placed into the left eyes.”” This is sharply
different from the 50% incidence of rejection of the C57BL/6
corneal allografts that is routinely observed in first-time BALB/c
recipients. The likelihood that this dramatic increase in the
incidence of rejection was the result of immune sensitization
and represents a recall response is remote since the BALB/c,
C57BL/6, and C3H mouse strains do not share any histocom-
patibility antigens and thus the possibility of “cross immuni-
zation” is obviated. To confirm this in a more stringent setting,
BALB/c corneas were transplanted to the right eyes of
syngeneic BALB/c mice. Since the BALB/c mouse strain has
been subjected to inbreeding for over a half-century, the
histocompatibility genotype is homogeneous and thus these
grafts are not recognized by the BALB/c hosts as foreign and
are termed “syngeneic.” Sixty days after receiving BALB/c
syngeneic corneal grafts in the right eyes, the same mice
received C57BL/6 corneal allografts transplanted into the
opposite eye. Over 90% of the C57BL/6 corneal allografts
underwent rejection in hosts that harbored long-standing clear
syngeneic BALB/c corneal grafts in their opposite eyes.”” These
results reveal two important insights. First, the transplantation
procedure and not the presence of foreign histocompatibility
antigens abolishes immune privilege for a second transplant.
Second, the loss of immune privilege extends to the opposite
unmanipulated eye. This SLIP is reminiscent of a previously
described condition called sympathetic ophthalmia (SO) that
sometimes occurs in patients who have experienced penetrat-
ing injuries to one eye and subsequently experience inflam-
mation in the opposite “sympathizing” eye.’® SO was
recognized by ancient Greeks and was mentioned by Hippo-
crates in his writings.>® SO is still poorly understood, but it is
widely believed that trauma to one eye causes the release of
retinal antigens that elicit a systemic immune response that
affects both eyes, including the opposite eye that was not
injured. However, unlike SO, SLIP is not the result of
sensitization by antigens expressed on the corneal transplant.
We would later learn that SLIP was antigen nonspecific and
was the result of a disabling of Tregs that are necessary for
corneal allograft survival 00!

What is it about penetrating keratoplasty that denies
immune privilege to subsequent corneal transplants? Two
explanations come to mind. The first is the widely recognized
observation that suturing the cornea induces an intense
ingrowth of lymph vessels and virtually guarantees that corneal
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FiGure 1.

Dissipation of corneal nerves 24 hours after trephining the mouse cornea. (A) Corneal nerves in untreated BALB/c mouse eye were

stained with anti-p tubulin III antibody (greern). (B) Dissipation of corneal nerves 24 hours after placing a shallow circular incision in the corneal

epithelium using a 2.0-mm trephine.

grafts placed into a vascularized graft bed will undergo immune
rejection.“‘&so’62 Although it seemed unlikely that suturing one
eye would affect lymph vessel growth in the opposite eye, we
tested this hypothesis nonetheless. As anticipated, suturing the
right eyes of BALB/c mice induced luxuriant corneal vascular-
ization in that eye, but had no effect on the fate of C57BL/6
corneal allografts placed into the left eye.”” This left the
surgical incision step of penetrating keratoplasty as the most
logical explanation for SLIP. Accordingly, we used a 2.0-mm
surgical trephine to make shallow circular incisions in the
cornea epithelium of the right eye and placed a C57BL/6
corneal allograft in the left eye. In multiple experiments we
observed that 90% to 100% of the corneal allografts transplant-
ed under these conditions underwent immune rejection.
What was it about the shallow corneal incisions that
abrogated immune privilege in both eyes? One of the
remarkable features of the cornea is its dense innervation. It
has been estimated that the density of cornea nerves is 300
times greater than that of the skin.> We entertained the
hypothesis that it is the severing of corneal nerves that
abolishes immune privilege in both eyes. We found that
circular incisions produced a rapid dissipation of corneal
nerves (Fig. 1) while “X”-shaped incisions had only a minor
effect on the corneal nerves. Moreover, “X”-shaped incisions in
one eye had no effect on corneal allograft survival in the
opposite eye, while circular incisions led to >90% rejection of
corneal allografts placed into the opposite eye.”’
Neuropeptides are known to have a profound effect on
immune privilege in the AC."> About this time we became
aware of the elegant studies from Lucas and coworkers,’* who
found that laser retinal burns to one eye prevented the
induction of ACAID in the opposite eye and that the
neuropeptide SP was involved in the loss of immune privilege.
Accordingly, we interrogated the anterior segments of both
eyes following circular corneal incisions and found a steep
upregulation of SP in both eyes. Further investigation revealed
that blocking the SP receptor (NK1-R) at the time of trephining
the corneas prevented SLIP. That is, mice subjected to
trephining in one eye and simultaneously treated with Spantide
II, an antagonist of NK1-R, displayed the typical 50% incidence
of rejection that is known to occur in mice receiving a first
corneal transplant.”” Interestingly, treatment with Spantide II
did not enhance immune privilege for first-time corneal

allograft recipients not subjected to trephining of the opposite
eye. That is, corneal transplants underwent rejection in 50% of
the naive mice treated with Spantide II. Thus, SP released
following nerve injury affects immune privilege for future
corneal allografts but does not jeopardize the fate of a first-time
corneal transplant. Just as a train ticket allows one to ride a
train the first time, the punched ticket does not permit
additional train rides. Tregs are analogous to the train ticket,
and the release of SP is analogous to the punch in the ticket
that denies repurposing of the Tregs.

CONTRASUPPRESSOR CELLS MEDIATE SLIP

SLIP is not restricted to corneal transplantation, but is
extended to the AC and specifically affects the induction and
expression of ACAID. A series of investigations showed that
maneuvers that induced SLIP such as corneal nerve ablation,
injection of SP, or keratoplasty prevented the induction of
ACAID %01 Remarkably, a single bolus intravenous injection of
as little as 0.1 pg SP prevented the induction of ACAID.

SP is clearly a pivotal player in the abolition of immune
privilege in at least two other models of immune tolerance. As
mentioned earlier, retinal laser burns to one eye prevent the
induction of ACAID in the opposite eye by a SP-dependent
mechanism.* Likewise, 180° circumferential corneal incisions
to one eye prevent the induction of mucosal tolerance to OVA
antigen applied topically to the opposite eye.65 This abrogation
of mucosal tolerance is SP dependent and can be blocked by
topical application of a SP receptor antagonist.(’S

The SP receptor NK1-R is expressed on a wide variety of
cells including antigen-presenting dendritic cells (DCs).° In
searching for the NK1-R" cells that might contribute to SLIP,
CD11c"™ DCs caught our attention based on their strategic
location in the region immediately juxtaposed to where
trephine incisions are made prior to orthotopic transplanta-
tion. Moreover, previous findings indicated that DCs stimulated
via the NKI-R inhibit IL-10 production and promote the
generation of Th1l immune responses—two conditions associ-
ated with loss of ocular immune privilege.66

In vivo experiments revealed that CD11c' cells isolated
from mice subjected to corneal nerve ablation (i.e., “trephin-
ing”) and adoptively transferred to naive recipients prevented
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Severing corneal nerves leads to the generation of contrasuppressor cells that disable T regulatory cells. (A) MHC class IIH- DCs reside in

the corneal epithelial layer in the limbus. (B) Orthotopic corneal allografts are transplanted in close proximity to CD11ct DCs in the limbus. (C)
Ablating corneal nerves with a trephine leads to the release of substance P that converts resident CD11¢* DCs to CD11c™ CS cells that elaborate

additional SP, which disables CD4'CD25" Tregs.

the induction of ACAID.%° Moreover, the CD11c" cells
expressed “contrasuppressor cell” activity that blocked the
suppressive properties of ACAID Tregs in vivo. Further analysis
revealed that severing corneal nerves elicits the release of SP in
the immediate location where CD11c* DCs reside and at the
site where the corneal allograft is placed. In vitro exposure to
SP converts naive CD11lc" cells to antigen nonspecific
contrasuppressor (CS) cells that block the induction of ACAID
and also disable ACAID Tregs.60 Additional experiments
confirmed that ocular surface CD11c¢" cells were the precur-
sors for SLIP CS cells. We have previously shown that
subconjunctival injection of liposomes loaded with clodronate
depletes CD11b" DC, CD11c’ DC, and Iba" macrophages at
the ocular surface.” Using this approach, ocular surface
CD11c" cells were depleted prior to corneal nerve ablation.
Although corneal nerve ablation normally prevents the
induction of ACAID, depletion of ocular surface CD11c¢™ DC
prevented the development of SLIP and allowed the develop-
ment of ACAID and the normal generation of Tregs.(’1
Collectively these results confirmed that CD11c™ CS cells
are the underlying cell population that mediates SLIP (Fig. 2).
That is, CD11c" isolated from mice subjected to trephining
were shown to disable Tregs in vivo. Moreover, in vitro
conditioning of naive CD11c" cells with SP converts them to
CS cells that block Tregs in third-party hosts. Depletion of
ocular surface CD11c* cells prior to corneal nerve ablation
prevents the generation of CS cells and allows the full
expression of Treg activity and restores immune privilege.

TaE EYE SEEs EYE To EYE WITH THE IMMUNE
SYSTEM

It might seem counterintuitive that the eye would have such
an elaborate system of checks and balances to silence
immune-mediated inflammation, yet injury to one eye
terminates immune privilege in both eyes. If immune
privilege is intended to protect the eye from the ravages of
inflammation, what is the benefit of ablating immune
privilege in an unperturbed eye (i.e., the opposite eye)? We
propose that termination of ocular immune privilege is an

adaptation to protect the eye from life-threatening infections.
The eye and the immune system establish a compromise in
which either noninfectious agents and nominal antigens
confronting the eye are ignored by the immune system or
they elicit a suppression of the immune response that ensures
that inflammation will not be invoked. In making the decision
as to whether a foreign entity represents a threat, the immune
system perceives “danger signals” that lead to termination of
immune privilege. Danger signals occur in different forms.
Corneal nerve injury, alkali burns to the ocular surface, or
infectious agents stimulate the release of SP that leads to the
generation of CS cells and the termination of immune
privilege. Alkali burns to the cornea in one eye prevent the
induction of immune tolerance in the opposite eye by a SP-
dependent process.65 Two of the major causes of infectious
keratitis and blindness, HSV and Pseudomonas aeruginosa,
are associated with the elaboration of SP during corneal
infections.®®7! SP serves as a “danger signal” in both HSV
keratitis and Pseudomonas keratitis and allows the full
expression of antimicrobial immunity even if the cost is
blindness. In the absence of an immune response these
infections can produce a fatal outcome. We propose that the
immune system anticipates that an infection in one eye will
eventually occur in the opposite eye and thus the full array of
immune responses are unleashed to rid the eye of the life-
threatening infectious agent.

It is noteworthy that at least one form of immune privilege
(i.e., ACAID) is not expressed in mice reared in the absence of
light—a condition in which neither vision nor photoentrain-
ment (i.e., circadian rhythm) is present. Under these condi-
tions immune privilege is unnecessary but protecting the
retina from a potentially lethal infection assumes a higher
priority. Is it possible that immune privilege is terminated
under these conditions as an adaptation for reducing the risk of
life-threatening infections?

Acknowledgments

Countless friends and colleagues have profoundly impacted my
career and life during the past 40 years. I thank my graduate
students who inspired me, my postdoctoral fellows who challenged
me, and my technical staff who supported me. I deeply appreciate



Investigative Ophthalmology & Visual Science

Corneal Nerve Ablation and Ocular Immune Privilege

the unwavering support of Research to Prevent Blindness and the
stability provided by 35 years of NIH grant support. My postdoctoral
mentor Wayne Streilein shaped my development as a scientist and as
a person. He taught me that sometimes it is just as important to be
kind as it is to be correct. I am a better person and scientist because
of his mentoring. My chairman Jim McCulley has been a
collaborator, colleague, leader, and most of all a dear friend who
has provided unwavering support throughout my entire career. My
daughter Jennifer and my son Jason and their families have been a
source of love and support through the years. Most of all, my wife
Jean has been my most loyal supporter, best friend, and the love of
my life.

Supported by National Institutes of Health Grants EY007641,
EY030413, and an unrestricted grant from Research to Prevent
Blindness.

Disclosure: J.Y. Niederkorn, Immuneyez, LLC (S)

References

1. Vaughan HG, Schlimmel H. Feasibility of electrocortical visual
prostheses. In: RD, Sterling Bensig EA, Pollack SU, eds. Visual
Prostheses, The Interdisciplinary Dialogue. New York:
Academic Press; 1971:65-79.

2. van Dooremaal JC. Die Entwicklung der in fremden grund
versetzten lebenden geweba [in German]. Albrecht von
Graefes Arch Opbthalmol. 1873;19:358-373.

3. Zirm E. Eine erfolgreiche totale keratoplastik [in German].
Graefes Arch Opbthalmology. 1906;64:580-593.

4. Medawar PB. Immunity to homologous grafted skin. III. 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.

5. Egan RM, Yorkey C, Black R, Loh WK, Stevens JL, Woodward
JG. Peptide-specific T cell clonal expansion in vivo following
immunization in the eye, an immune-privileged site. J
Immunol. 1996;157:2262-2271.

6. Reyes NJ, O’Koren EG, Saban DR. New insights into
mononuclear phagocyte biology from the visual system. Nat
Rev Immunol. 2017;17:322-332.

7. Niederkorn JY. See no evil, hear no evil, do no evil: the lessons
of immune privilege. Nat Immunol. 2006;7:354-359.

8. Niederkorn JY. Anterior chamber-associated immune devia-
tion and its impact on corneal allograft survival. Curr Opin
Organ Transplant. 2006;11:360-365.

9. Bill A. Ocular circulation. In: Moses RA, ed. Adler’s Physiology
of the Eye. St. Louis: C.V. Mosby Co.; 1970:278-296.

10. Bill A. The blood-aqueous barrier. Trans Ophthalmol Soc U K.
1986;105:149-155.

11. Abi-Hanna D, Wakefield D, Watkins S. HLA antigens in ocular
tissues. L. In vivo expression in human eyes. Transplantation.
1988;45:610-613.

12. Lampson LA, Fisher CA. Weak HLA and beta 2-microglobulin
expression of neuronal cell lines can be modulated by
interferon. Proc Natl Acad Sci U S A. 1984;81:6476-6480.

13. Le Bouteiller P. HLA class I chromosomal region, genes, and
products: facts and questions. Crit Rev Immunol. 1994;14:
89-129.

14. Gregerson DS, Dou C. Spontaneous induction of immunoreg-
ulation by an endogenous retinal antigen. Invest Ophthalmol
Vis Sci. 2002;43:2984-2991.

15. Taylor AW. Ocular immunosuppressive microenvironment.
Chem Immunol. 2007;92:71-85.

16. Yoshida M, Kezuka T, Streilein JW. Participation of pigment
epithelium of iris and ciliary body in ocular immune privilege.
2. Generation of TGF-beta-producing regulatory T cells. Invest
Opbthalmol Vis Sci. 2000;41:3862-3870.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

IOVS | October 2019 | Vol. 60 | No. 13 | 4494

Griffith TS, Brunner T, Fletcher SM, Green DR, Ferguson TA.
Fas ligand-induced apoptosis as a mechanism of immune
privilege. Science. 1995;270:1189-1192.

Hori J, Wang M, Miyashita M, et al. B7-H1-induced apoptosis as
a mechanism of immune privilege of corneal allografts. J
Immunol. 2006;177:5928-5935.

Shen L, Jin Y, Freeman GJ, Sharpe AH, Dana MR. The function
of donor versus recipient programmed death-ligand 1 in
corneal allograft survival. J Immunol. 2007;179:3672-3679.

Wang S, Boonman ZE Li HC, et al. Role of TRAIL and IFN-
gamma in CD4+ T cell-dependent tumor rejection in the
anterior chamber of the eye. J Immunol. 2003;171:2789-
2796.

Streilein JW, Niederkorn JY. Induction of anterior chamber-
associated immune deviation requires an intact, functional
spleen. J Exp Med. 1981;153:1058-1067.

Niederkorn JY, Mellon J. Anterior chamber-associated immune
deviation promotes corneal allograft survival. Invest Opb-
thalmol Vis Sci. 1996;37:2700-2707.

Plskova J, Duncan L, Holan V, Filipec M, Kraal G, Forrester JV.
The immune response to corneal allograft requires a site-
specific draining lymph node. Transplantation. 2002;73:
210-215.

Yamagami S, Dana MR. The critical role of lymph nodes in
corneal alloimmunization and graft rejection. Invest Opb-
thalmol Vis Sci. 2001;42:1293-1298.

Streilein JW, Niederkorn JY. Characterization of the suppres-
sor cell(s) responsible for anterior chamber-associated im-
mune deviation (ACAID) induced in BALB/c mice by P815
cells. J Immunol. 1985;134:1381-1387.

Knisely TL, Luckenbach MW, Fischer BJ, Niederkorn JY.
Destructive and nondestructive patterns of immune rejection
of syngeneic intraocular tumors. J Immunol. 1987;138:4515-
4523.

Metcalf JE Hamilton DS, Reichert RW. Herpetic keratitis in
athymic (nude) mice. Infect Immun. 1979;26:1164-1171.

Foster RG. Keeping an eye on the time: the Cogan Lecture.
Invest Opbthalmol Vis Sci. 2002;43:1286-1298.

Foster RG. Seeing the light...in a new way. ] Neuroendocrinol.
2004;16:179-180.

Voigt RM, Forsyth CB, Green SJ, Engen PA, Keshavarzian A.
Circadian rhythm and the gut microbiome. Int Rev Neuro-
biol. 2016;131:193-205.

von Schantz M, Provencio I, Foster RG. Recent developments
in circadian photoreception: more than meets the eye. Invest
Opbthalmol Vis Sci. 2000;41:1605-1607.

Yamazaki S, Goto M, Menaker M. No evidence for extraocular
photoreceptors in the circadian system of the Syrian hamster.
J Biol Rbytbms. 1999;14:197-201.

Foster RG, Provencio I, Hudson D, Fiske S, De Grip W,
Menaker M. Circadian photoreception in the retinally
degenerate mouse (rd/rd). J Comp Physiol A. 1991;169:39-
50.

Hankins MW, Peirson SN, Foster RG. Melanopsin: an exciting
photopigment. Trends Neurosci. 2008;31:27-306.

Hughes S, Rodgers J, Hickey D, Foster RG, Peirson SN,
Hankins MW. Characterisation of light responses in the retina
of mice lacking principle components of rod, cone and
melanopsin phototransduction signalling pathways. Sci Rep.
2016;6:28086.

van Diepen HC, Foster RG, Meijer JH. A colourful clock. PLoS
Biol. 2015;13:€1002160.

Mizuno K, Altman NE Clark AE Streilein JW. Histopathologic
analysis of experimental autoimmune uveitis attenuated by
intracameral injection of S-antigen. Curr Eye Res. 1989;8:113-
121.



Investigative Ophthalmology & Visual Science

Corneal Nerve Ablation and Ocular Immune Privilege

38.

39.

40.

41.

42.

43.

44.

45.

406.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ferguson TA, Hayashi JD, Kaplan HJ. Regulation of the
systemic immune response by visible light and the eye.
FASEB J. 1988;2:3017-3021.

Ferguson TA, Mahendra SL, Hooper P, Kaplan HJ. The
wavelength of light governing intraocular immune reactions.
Invest Opbthalmol Vis Sci. 1992;33:1788-1795.

Di Zazzo A, Kheirkhah A, Abud TB, Goyal S, Dana R.
Management of high-risk corneal transplantation. Surv
Opbthalmol. 2017;62:816-827.

Niederkorn JY. High-risk corneal allografts and why they lose
their immune privilege. Curr Opin Allergy Clin Immunol.
2010;10:493-497.

Niederkorn JY. Cornea: window to ocular immunology. Curr
Immunol Rev. 2011;7:328-335.

Niederkorn JY, Larkin DE Immune privilege of corneal
allografts. Ocul Immunol Inflamm. 2010;18:162-171.

Chauhan SK, Saban DR, Lee HK, Dana R. Levels of Foxp3 in
regulatory T cells reflect their functional status in transplan-
tation. J Immunol. 2009;182:148-153.

Cunnusamy K, Chen PW, Niederkorn JY. IL-17A-dependent
CD4+CD25+ regulatory T cells promote immune privilege of
corneal allografts. J Immunol. 2011;186:6737-6745.
Cunnusamy K, Paunicka K, Reyes N, Yang W, Chen PW,
Niederkorn JY. Two different regulatory T cell populations
that promote corneal allograft survival. Invest Ophbthalmol
Vis Sci. 2010;51:6566-6574.

Stuart PM, Griffith TS, Usui N, Pepose J, Yu X, Ferguson TA.
CD95 ligand (FasL)-induced apoptosis is necessary for corneal
allograft survival. J Clin Invest. 1997;99:396-402.

Chen L, Hamrah P, Cursiefen C, et al. Vascular endothelial
growth factor receptor-3 mediates induction of corneal
alloimmunity. Nat Med. 2004;10:813-815.

Cursiefen C, Chen L, Borges LP, et al. VEGF-A stimulates
lymphangiogenesis and hemangiogenesis in inflammatory
neovascularization via macrophage recruitment. J Clin Invest.
2004;113:1040-1050.

Dietrich T, Bock E Yuen D, et al. Cutting edge: lymphatic
vessels, not blood vessels, primarily mediate immune
rejections after transplantation. J Immunol. 2010:184:535-
539.

Beauregard C, Stevens C, Mayhew E, Niederkorn JY. Cutting
edge: atopy promotes Th2 responses to alloantigens and
increases the incidence and tempo of corneal allograft
rejection. J Immunol. 2005;174:6577-6581.

Flynn TH, Ohbayashi M, Ikeda Y, Ono §J, Larkin DE Effect of
allergic conjunctival inflammation on the allogeneic response
to donor cornea. Invest Opbthalmol Vis Sci. 2007;48:4044-
4049.

Niederkorn JY, Chen PW, Mellon J, Stevens C, Mayhew E.
Allergic airway hyperreactivity increases the risk for corneal
allograft rejection. Am J Transplant. 2009;9:1017-1026.

Reyes NJ, Chen PW, Niederkorn JY. Allergic conjunctivitis
renders CD4(P T cells resistant to t regulatory cells and
exacerbates corneal allograft rejection. Am J Transplant.
2013;13:1181-1192.

The collaborative corneal transplantation studies (CCTS).
Effectiveness of histocompatibility matching in high-risk
corneal transplantation. The Collaborative Corneal Transplan-
tation Studies Research Group. Arch Ophthalmol. 1992;110:
1392-1403.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

60.

67.

68.

69.

70.

71.

IOVS | October 2019 | Vol. 60 | No. 13 | 4495

Coster DJ, Williams KA. The impact of corneal allograft
rejection on the long-term outcome of corneal transplanta-
tion. Am J Opbthalmol. 2005;140:1112-1122.

Paunicka KJ, Mellon J, Robertson D, Petroll M, Brown JR,
Niederkorn JY. Severing corneal nerves in one eye induces
sympathetic loss of immune privilege and promotes rejection
of future corneal allografts placed in either eye. Am J
Transplant. 2015;15:1490-1501.

Castiblanco CP, Adelman RA. Sympathetic ophthalmia.
Graefes Arch Clin Exp Opbthalmol. 2009;247:289-302.

Albert DM, Diaz-Rohena R. A historical review of sympathetic
ophthalmia and its epidemiology. Surv Opbthalmol. 1989;34:
1-14.

Mo ], Neelam S, Mellon J, Brown JR, Niederkorn JY. Effect of
corneal nerve ablation on immune tolerance induced by
corneal allografts, oral immunization, or anterior chamber
injection of antigens. Invest Opbthalmol Vis Sci. 2017;58:
137-148.

Neelam S, Mellon J, Wilkerson A, Niederkorn JY. Induction of
contrasuppressor cells and loss of immune privilege pro-
duced by corneal nerve ablation. Invest Opbthalmol Vis Sci.
2018;59:4738-4747.

Cursiefen C, Rummelt C, Junemann A, et al. Absence of blood
and lymphatic vessels in the developing human cornea.
Cornea. 2006;25:722-726.

Rozsa AJ, Beuerman RW. Density and organization of free
nerve endings in the corneal epithelium of the rabbit. Pain.
1982;14:105-120.

Lucas K, Karamichos D, Mathew R, Zieske JD, Stein-Streilein J.
Retinal laser burn-induced neuropathy leads to substance P-
dependent loss of ocular immune privilege. J Immunol. 2012;
189:1237-1242.

Guzman M, Miglio MS, Zgajnar NR, et al. The mucosal surfaces
of both eyes are immunologically linked by a neurogenic
inflammatory reflex involving TRPV1 and substance P.
Mucosal Immunol. 2018;11:1441-1453.

Janelsins BM, Sumpter TL, Tkacheva OA, et al. Neurokinin-1
receptor agonists bias therapeutic dendritic cells to induce
type 1 immunity by licensing host dendritic cells to produce
IL-12. Blood. 2013;121:2923-2933.

Schaumburg CS, Siemasko KE De Paiva CS, et al. Ocular
surface APCs are necessary for autoreactive T cell-mediated
experimental autoimmune lacrimal keratoconjunctivitis. J
Immunol. 2011;187:3653-3662.

Foldenauer ME, McClellan SA, Barrett RP, Zhang Y, Hazlett LD.
Substance P affects growth factors in Pseudomonas aerugi-
nosa-infected mouse cornea. Cornea. 2012;31:1176-1188.
Hazlett LD, McClellan SA, Barrett RP, Liu J, Zhang Y, Lighvani
S. Spantide I decreases type I cytokines, enhances IL-10, and
reduces corneal perforation in susceptible mice after Pseu-
domonas aeruginosa infection. Invest Ophthalmol Vis Sci.
2007;48:797-807.

McClellan SA, Zhang Y, Barrett RP, Hazlett LD. Substance P
promotes susceptibility to Pse*udomonas aeruginosa keratitis
in resistant mice: anti-inflammatory mediators downregulat-
ed. Invest Ophthalmol Vis Sci. 2008;49:1502-1511.

Twardy BS, Channappanavar R, Suvas S. Substance P in the
corneal stroma regulates the severity of herpetic stromal keratitis
lesions. Invest Opbthalmol Vis Sci. 2011;52:8604-8613.



	f01
	f02

