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PURPOSE. Severing corneal nerves during orthotopic corneal transplantation elicits the
elaboration of the neuropeptide substance P (SP), which induces the generation of
CD11c+ contrasuppressor (CS) cells. CS cells disable T regulatory cells (Tregs) that are
induced when antigens enter the anterior chamber (AC), either by direct injection or by
orthotopic corneal transplantation. This study examined the crucial cell surface molecules
on Tregs that are adversely affected by CS cells that are generated by severing corneal
nerves.

METHODS. CS cells were induced by producing shallow 2.0-mm circular incisions in the
corneal epithelium in BALB/c mice. CD8+ Tregs were generated by injecting ovalbu-
min into the AC. The effects of CS cells and SP on the expression and function of two
cell surface molecules (CD103 and the receptor of interferon-γ ) that are crucial for the
induction and function of CD8+ Tregs were analyzed.

RESULTS. SP converted CD11c+, but not CD11c− , dendritic cells (DCs) to CS cells. Severing
corneal nerves resulted in a 66% reduction in the expression of CD103 on CD8+ AC-
associated immune deviation (ACAID) Tregs, and a 50% reduction in the interferon-γ
receptor (IFN-γR). These effects could be mimicked in vitro by coculturing CS cells with
CD8+ ACAID Tregs.

CONCLUSIONS. The elaboration of SP in response to corneal nerve ablation converts CD11c+

DCs to CS cells. CS cells disable CD8+ ACAID Tregs by downregulating two crucial cell
surface molecules, CD103 and IFN-γR, by an SP-dependent pathway. Blocking this path-
way may provide a means of restoring ocular immune privilege in corneas subjected to
corneal nerve injury.

Keywords: anterior chamber, contrasuppressor cells, immune privilege, substance P,
Tregs

Ocular immune privilege prevents immune-mediated
injury to tissues that have little or no regenerative

properties. Immune privilege is the sum total of multiple
anatomic, physiological, and regulatory processes that block
the induction and expression of both innate and adap-
tive immune responses in the eye.1 The aqueous humor
is a cocktail of soluble factors that promote immune privi-
lege by dampening inflammatory responses and suppress-
ing T cell-activity within the eye.2–6 The cells lining the
eye are decorated with molecules, such as FasL, PD-
L1, and tumor-necrosis factor-related apoptosis-inducing
ligand, that either induce apoptosis or suppress activation
of cells of the adaptive and innate immune systems.7–10

Dynamic regulatory processes also preserve immune priv-
ilege within the eye. Antigens entering the anterior chamber
(AC) elicit the generation of T regulatory cells (Tregs) that
suppress T cell–mediated immunity and promote corneal
allograft survival.11,12 This dynamic systemic immunoregula-
tory phenomenon has been termed AC-associated immune
deviation (ACAID) and occurs after antigens, such as viral
peptides, soluble proteins, tumor antigens, or alloantigens,

enter the AC.1,13 ACAID is associated with corneal allo-
graft survival. Mice bearing long-standing corneal allografts
display an antigen-specific suppression of T cell–mediated
alloimmune responses that closely resembles the ACAID
phenotype.14,15 Moreover, maneuvers that abolish ACAID
(e.g., splenectomy or anti-IFN-γ antibody treatment) invari-
ably lead to the immune rejection of corneal allografts.16,17

Immune privilege is not absolute and is terminated under
a variety of conditions. In rare circumstances, penetrating
injuries to the eye can elicit a condition called sympathetic
ophthalmia (SO) in which trauma to one eye elicits inflam-
mation in the opposite “sympathizing” eye. This curious
phenomenon was recognized by the ancient Greeks and was
even discussed by Hippocrates.18 SO remains poorly under-
stood but current thinking posits that trauma to the eye,
especially penetrating injuries, causes a release of uveal and
retina antigens that elicit an inflammatory reaction in both
eyes.18

We recently discovered that application of a corneal trans-
plant to one eye caused a steep increase in the incidence of
immune rejection of subsequent corneal allografts placed
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into the opposite eye—even corneal allografts from donors
that were genetically different from the donors of the first
transplant.19 Further analysis revealed that simply severing
the corneal nerves in one eye produced a similar effect and
robbed the opposite eye of its immune privilege, and led to
a dramatic increase in the incidence and tempo of immune
rejection of corneal allografts placed into the opposite eye.
This sympathetic loss of immune privilege (SLIP) is remi-
niscent of SO but is distinctly different in the sense that
SLIP is not antigen-specific and is not related to the release
of ocular antigens. SLIP not only affects corneal allograft
survival but it also prevents the induction of ACAID in the
opposite eye that was not subjected to nerve injury.20 The
underlying mechanisms responsible for SLIP are associated
with the generation of antigen nonspecific CD11c+ contra-
suppressor (CS) cells that disable Tregs that are induced
either by orthotopic corneal allografts or by AC injection
of antigens (i.e., ACAID).21 The present study explored the
mechanisms utilized by SLIP CS cells to disable ACAID Tregs.

MATERIALS AND METHODS

Animals

BALB/c (H-2d) mice were purchased from the University of
Texas Southwestern Mouse Breeding Facility. All mice were
maintained in a pathogen-free environment and were cared
for in accordance with the guidelines of the Institutional
Animal Care and Use Committee of the University of Texas
Southwestern Medical Center and the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

Induction of ACAID

ACAID was induced as described previously using microin-
jection of antigen into the AC of the eye.22 A Hamilton auto-
matic dispensing apparatus was used to inject 6 μL of the
16.67 mg/mL ovalbumin (OVA) (Sigma-Aldrich, St. Louis,
MO, USA) in PBS (100 μg of OVA) into the AC. Seven days
after the AC injection, animals were immunized subcuta-
neously (SC) with 200 μg of OVA in an equal volume of
Complete Freud’s Adjuvant (CFA; Sigma-Aldrich). Ears were
challenged 7 days after SC immunization by injecting OVA
(400 μg in 20 μL of PBS). The opposite ear was injected
with 20 μL of PBS as a negative control. Ear swelling was
measured 24 hours later to assess the delayed-type hyper-
sensitivity (DTH) response to OVA.

Isolation of ACAID CD8+ Tregs

Magnetic microbeads conjugated with anti-CD8 (Ly-2)
monoclonal antibody were used to isolate CD8+ Tregs from
spleen cells of BALB/c mice 3 to 4 days following AC injec-
tion of OVA. The cell suspension was then loaded on to a
MACS Column (Miltenyi Biotec; Santa Barbara, CA), which
was placed in a magnetic field of the MACS separator. The
magnetically labeled CD8+ Tregs were retained within the
column and the unlabeled cells removed. The column was
removed from the magnetic field, and the retained CD8+

cells were eluted as the positively selected cell fraction. We
have previously found that this enrichment technique yields
>95% CD8+ T cells.20

Antibodies and Flow Cytometry

CD8+ ACAID Tregs were interrogated for their cell surface
expression of the IFN-γ receptor and the CD103 molecule.
The antibodies used for these flow cytometric analyses
were PE-CD 103, PE-IFN-γ receptor, FITC-CD8, and 7- AAD
(BD Biosciences, San Jose, CA, USA), and isotype control
monoclonal antibodies. All flow cytometric analyses were
performed on an Attune NxT acoustic focusing cytometer
(Applied Biosystems; Life Technologies, Grand Island, NY,
USA). The data from the flow cytometer were analyzed using
FlowJo version 10 software (Tree Star, Ashland, OR, USA).

DTH Assay

DTH was measured using a conventional ear-swelling
assay.22 An eliciting dose of 400 μg of OVA (Sigma-Aldrich) in
20 μL of Hanks’ balanced salt solution (HBSS) was injected
into the SC tissue of the right ear. The left ear served as a
negative control and was injected with 20 μL HBSS without
cells. Results were expressed as antigen-specific ear-swelling
response = (experimental ear 24 hour measurement – exper-
imental ear 0 hour measurement) – (negative control ear 24
hour measurement – negative ear 0 hour measurement).

Isolation of CS Cells

We have previously reported that 2.0-mm circular incisions
of the corneal epithelium induce the generation of CS cells
that express the CD11c surface marker.20 Corneas of BALB/c
mice were trephined as described previously, and CD11c+

spleen cells were isolated 4 days later using a Miltenyl Biotec
(Santa Barbara, CA) pan dendritic cell (DC) isolation kit.20

The CD11c+ cells from trephined mice and untreated mice
were used for detecting regulatory cell activity in vitro.20

Neuropeptide Receptor Antagonists

The receptor of substance P (SP), NK1-R, was blocked in
vitro with Spantide II (Sigma-Aldrich).19,20 The melanocortin
receptor 4 receptor antagonist, HS014 (Bachem, Torrance,
CA, USA), was used to block α-melanocyte stimulating
hormone (α-MSH) receptors.23,24

Transwell Coculture Assays

CS cells and CD8+ Tregs were cultured in Transwell culture
plates (Millipore; St. Louis, MO). CS cells were placed in the
top chamber (1 × 106 cells), and 1 × 106 CD8+ Tregs were
placed in the bottom chamber. A semipermeable membrane
separates the two chambers and permits free movement of
macromolecules between chambers but prevents both cell
populations from entering the other chamber. Cells were
cultured for 20 hours at 37°C, washed in HBSS, and the CD8+

Treg cell suspensions were examined by flow cytometry for
CD103 expression.

Statistical Analyses

Results for DTH assays and flow cytometry analyses were
evaluated by the Student’s t-test. Results are expressed as
mean ± SEM. P values in all experiments were considered
to be statistically significant if the P values were <0.05.
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FIGURE 1. SP convers CD11c+ DCs to CS cells. CD11c+ and CD11c−
spleen cells were isolated from naive BALB/c mice and incubated in
either HBSS or SP (1.0 pg/mL) for 1 hour prior to IV injection into
BALB/c mice. One day later OVA was injected into the AC of mice
who were immunized SC with OVA 7 days later. DTH responses were
assessed 10 days after SC immunization. There were five mice per
group. This experiment was performed twice with similar results.
Results are expressed as mean ± SEM.

RESULTS

SP Converts CD11c+ DCs to CS Cells

Previous studies revealed that the severing corneal nerves
that occurs during penetrating keratoplasty to one eye
induces a steep upregulation in the neuropeptide SP in the
anterior segment of both eyes, and leads to a commensurate
increase in the expression of the SP receptor NK1-R.19

Moreover, in vitro treatment of naive CD11c+ DCs with
SP endows these cells with CS activity.21 We wished to
determine if the SP effect on CS cell activity was restricted
to CD11c+ DCs or if other DCs not expressing the CD11c
marker would also be converted to CS cells. Accordingly,
splenic CD11c+ and CD11c− DCs were isolated and enriched
using a Miltenyl Biotech pan DC isolation kit. Both cell
populations were incubated for 1 hour in HBSS alone or
HBSS containing 1.0 pg/mL of SP. Cells were washed in
HBSS and injected intravenously (IV) (1 × 106 cells/mouse)
into naive mice. One day later, OVA was injected into the
AC, and mice were immunized SC with OVA emulsified in
CFA 7 days after AC injection.

Ear swelling responses were measured 10 days after SC
immunization. As expected, ACAID was not induced in mice
that had received SP-conditioned CD11c+ DCs indicating
that these cells blocked either the induction or the suppres-
sive activity of Tregs (Fig. 1). By contrast, the induction
and expression of ACAID was unaffected in recipients of
either CD11c− cells conditioned in vitro with SP, or mice that
received CD11c+ DCs that were treated with HBSS before
adoptive transfer.

Corneal Nerve Ablation Results in
Downregulation of CD103 on ACAID Tregs

CD103 is a marker that is expressed on CD4+ CD25+ Tregs
and CD8+ ACAID Tregs.25-29 Keino et al.26 performed DNA

microarray analysis on 12,000 genes expressed in CD8+

ACAID Tregs and found an 85-fold increase in the expres-
sion of CD103. Moreover, these investigators found that
ACAID could not be induced in CD103 knockout mice,
thereby confirming the key role of CD103 in ocular immune
privilege. Accordingly, we entertained the hypothesis that
corneal nerve ablation adversely affected the expression of
CD103 on ACAID Tregs. To test this, the corneas of mice
were subjected to shallow circular incisions produced by
trephining one eye. One day later, mice received AC injec-
tions of OVA introduced into the opposite eye. CD8+ Tregs
were isolated 4, 9, or 15 days later and were interrogated
for CD103 expression by flow cytometry using a gating
procedure described previously30 and shown schematically
in Figure 2. Trephining resulted in a 66% reduction in CD103
expression on CD8+ cells on day 4 (P = 0.00009), and a
20% reduction (P > 0.05) on day 9 following AC injection
of OVA (Figs. 3A, 3B, 3D, 3E). However, CD103 expression
on splenic CD8+ Tregs returned to normal levels by day 14
(Figs. 3C, 3F). To establish a link between the downreg-
ulation of CD103 on CD8+ Tregs and CS cells, we cocul-
tured CD11c+ CS cells from trephined donor mice with CD8+

Tregs isolated from mice with ACAID and assessed CD103
expression on the ACAID Tregs 20 hours later. We found that
CD103 expression on CD8+ Tregs cocultured with CS cells
was reduced by over 30% (Figs. 4A, 4B).

We have previously shown that CS cells produce SP, and
that in vivo blockade of the SP receptor NK1-R prevents
the loss of immune privilege by corneal nerve ablation.19

Accordingly, we tested the hypothesis that SP produced
by CS cells downregulates CD103 expression on ACAID
Tregs. To test this, CD8+ ACAID Tregs were isolated from
the spleens of mice 4 days following AC injection of OVA
and were incubated for 20 hours in either normal culture
medium or culture medium containing SP (0.01 pg/mL/1 ×
106 cells). Cells were washed and examined by flow cytome-
try for CD103 expression. CD103 expression was reduced by
approximately 75% in CD8+ Tregs exposed to SP compared
with untreated cells (Figs. 4C, 4D).

These results suggested that CS cells induced by trephin-
ing the cornea were directly responsible for the downreg-
ulation of CD103 on ACAID Tregs. This hypothesis was
tested in vitro by coculturing CD11c+ cells from trephined
donors with ACAID Tregs in the presence or absence of
Spantide II, an SP receptor (NK1-R) antagonist. For compar-
ison, CD11c− cells from trephined donors were similarly
tested in vitro. The results indicated that CD11c− cells
from trephined donors had no effect on CD103 expres-
sion on CD8+ ACAID Tregs, either in the presence or
absence of Spantide II (Fig. 4E). By contrast, CD11c+ cells
from trephined donors downregulated CD103 expression on
ACAID Tregs. Moreover, addition of Spantide II significantly
relieved the downregulation of CD103 expression on ACAID
Tregs, even though CD103 expression was not completely
restored to the levels found in ACAID Tregs cocultured
with CD11c− spleen cells. To confirm that the restoration
of CD103 expression by the NK1-R, the antagonist Span-
tide II was specific for the SP receptor (NK1-R), additional
experiments evaluated the effect of blocking the receptor for
an unrelated neuropeptide, α-MSH, using the melanocortin
receptor (MC4R) antagonist HS014. Blockade of the MC4R
failed to affect the expression of CD103 on CD8+ Tregs
cocultured with CD11c+ CS cells, thereby confirming that
SP was responsible for the modulation of CD103 on CD8+

ACAID Tregs (Fig. 4E).
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FIGURE 2. Flow cytometry gating strategy for dual staining CD8 and CD103 on T cells from ACAID mice. (A) Live cells were distinguished
from dead cells based on forward scatter (FSC) versus side scatter (SSC). Surface markers CD8 (FITC) and CD103 (PE) or CD8 and CD119
(PE) were dual stained, and the results were depicted as cells that expressed CD103 or CD119 for Fluorescence-activated cell sorting (FACS)
profile figures. (B) In subsequent figures the results represented in bar graphs are expressed as “mean fluorescence intensity” and represent
the intensity of staining for either CD103 or CD119. FACS profile figures represent the mean number of cells staining for either CD103 or
CD119 and are labeled as “counts.”

Additional experiments were performed to determine if
the downregulation of CD103 on CD8+ACAID Tregs that
was produced by CD11c+ CS cells was contact-dependent.
This hypothesis was based on published reports indicat-
ing that antigen-presenting DCs produce and respond to
SP.31–36 Accordingly, the right eyes of naive BALB/c mice
were trephined, and 4 days later CD11c+ cells were isolated
from spleens and were placed into the top wells of Transwell
culture plates. CD8+ ACAID Tregs were isolated from mice
primed in the AC with OVA 5 days earlier and were placed
either into the top or bottom wells of Transwell culture
plates. CD8+ ACAID Tregs were removed from the both top
and bottom wells 20 hours later and were interrogated by
flow cytometry for CD103 expression. The results suggested
that the previously observed downregulation CD103 expres-
sion by CD11c+ CS cells was contact-dependent because
placing a membrane barrier (i.e., Transwell culture) between
these two cell populations prevented the downregulation of
CD103 on CD8+ ACAID Tregs, whereas CD8+ Tregs in direct
contact with CD11c+ CS expressed significantly less CD103
(Figs. 5A, 5B). These findings support the notion that CS
cells must be in direct contact with CD8+ ACAID Tregs for

the stimulation of SP secretion and the ensuing downregu-
lation of CD103 on CD8+ Tregs. However, we subsequently
learned that many neuropeptides stick to membranes, such
as those used in Transwell culture plates, and that the puta-
tive contact-dependency that we observed might be due to
SP adhering to the Transwell membrane and not reaching
the bottom chamber of the culture plates. This suspicion
was tested by adding SP to the top chamber of Transwell
culture plates that did not contain cells in either chamber.
SP concentrations in the top and bottom chambers were
assessed by ELISA 24 hours later. The results revealed that
the Transwell membrane completely blocked the diffusion
of 1.0 pg/mL of SP into the bottom chamber (Fig. 5C). The
effect of membrane incarceration of SP on downregulation
of CD103 on CD8+ Tregs was confirmed by placing SP into
the top chambers of other Transwell culture plates, and
adding CD8+ Tregs into the bottom chamber. Assessment
of CD103 expression 24 hours later revealed that the previ-
ously observed downregulation of CD103 by SP was blocked
by the Transwell membrane (Fig. 5D). Thus the conclusion
that the downregulation of CD103 by CD11c+ CS cells is
contact-dependent cannot be validated in this model, and
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FIGURE 3. Corneal nerve ablation results in downregulation of CD103 on ACAID Tregs. The right eyes of BALB/c mice were trephined,
and 1 day later ACAID was induced by injecting OVA into the left eyes. CD8+ putative Tregs were isolated from the spleens at 4 (A, D), 9
(B, E), or 14 (C, F) days later and were interrogated by flow cytometry for CD103 expression. (A–C) Y-axis represents mean fluorescence
intensity (MFI) of CD103+ cells. (D, E, F) Y-axis represents “counts” (% of cells that were CD103+). There were five animals per group. These
experiments were performed twice with similar results. Results are expressed as mean ± SEM. P values were calculated based on either (A)
MFI or (B) number of CD8+ CD103+ cells.

we can only speculate as to whether direct contact between
CD11c+ DC and CD8+ Tregs is required for downregulation
of CD103.

Effect of Corneal Nerve Ablation on IFN-γ
Receptor Expression on ACAID Tregs

It was previously demonstrated that IFN-γ was needed for
the development of ACAID.37 For CD8+ ACAID Tregs to
suppress DTH responses they must first respond to IFN-γ
through engagement of their IFN-γ receptor, which licenses
them to express suppressive properties.37,38 Thus expression
of both CD103 and the IFN-γ receptor is required for CD8+

ACAID Tregs to suppress DTH responses. With this in mind,
we tested the hypothesis that in addition to downregulat-
ing CD103 on ACAID Tregs, CS cells also downregulate the
expression of the IFN-γ receptor. This was tested by trephin-
ing the right eyes of BALB/c mice 1 day prior to injecting
OVA into the AC of the left eye. CD8+ T cells were isolated
from the spleens of trephined mice and nontrephined mice 4
days later. CD8+ cells were examined by flow cytometry for
their expression of the IFN-γ receptor. The results revealed
that expression of the IFN-γ receptor on CD8+ cells was
reduced by approximately 50% in trephined mice compared
with mice not subjected to trephining (Figs. 6A, 6B). Cocul-

turing CD11c+ CS cells from trephined donors with CD8+

ACAID Tregs for 20 hours resulted in a significant reduction
in the expression of the IFN-γ receptor (Figs. 6C, 6D).

The role of SP in this downregulation of the IFN-γ recep-
tor was then examined in vitro. CD8+ ACAID Tregs were
cultured in the absence or presence of SP (0.01 pg/mL/106

cells) and were assessed for the expression of the IFN-γ
receptor 20 hours later. SP treatment resulted in a 36% reduc-
tion in the expression of the IFN-γ receptor on CD8+ ACAID
Tregs (Figs. 6E, 6F).

DISCUSSION

We have previously reported that severing corneal nerves—
either by shallow circular incisions or by the application of
an orthotopic corneal transplant—abolishes immune privi-
lege and prevents the induction of ACAID in the opposite
eye.20 A similar phenomenon was subsequently reported by
Guzman et al.39 who found that either semicircular corneal
incisions or alkali corneal burns in one eye prevented the
induction of immune tolerance by topical application of
OVA in the opposite eye. Earlier studies by Lucas et al.40

found that retinal laser burns (RLB) to one eye prevented
the induction of ACAID in the other eye. RLB also induced a
steep upregulation of the SP receptor (NK1-R) in the anterior
segment of both eyes. These effects could be mimicked by
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FIGURE 4. Trephine-induced CS cells or SP alone downregulates CD103 on ACAID Tregs. CD8+ ACAID Tregs were induced by AC injection
of OVA. Four days later, CD8+ ACAID Tregs were isolated from the spleens and were cocultured for 20 hours with (A,B) CD11c+ and CD11c−
CS cells or (C, D) with SP alone (0.1 pg/mL). (E) CD11c+ CS cells or CD11c+ CS cells in the presence of either Spantide II (36 ug/mL) or
HSO14 (36 ug/mL). CD103 expression on CD8+ T cells was evaluated by flow cytometry 24 hours later. (A,C, E) Y-axis label represents mean
fluorescence intensity (MFI), which is a reflection of the density of CD103 expression. (B, D) Y-axis label represents “counts” or % of cells
that were CD103+. There were five animals per group. Each experiment was performed twice with similar results. Results are expressed as
mean ± SEM. P values were determined based on either MFI (A, C, E) or number of CD103+ cells (B, D).
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FIGURE 5. Is downregulation of CD103 on CD8+ ACAID Tregs contact-dependent? (A, B) CD11c+ cells from trephined donors were cocul-
tured in the top chambers with equal numbers of CD8+ ACAID Tregs, and a separate suspension of CD8+ ACAID Tregs were cultured in the
bottom chamber of the same Transwell culture plate. (A) Y-axis label represents mean fluorescence insensitivity (MFI) for CD103 staining.
(B) Y-axis label represents counts or % of cells that were CD103+. (C) To determine if the Transwell membrane impeded diffusion of SP,
medium containing either 1.0, 5.0, or 10.0 pg of SP was placed into the top chambers of Transwell culture plates, and medium was placed
into the bottom chamber. SP levels were determined by ELISA 24 hours later. According to the manufacturer, the sensitivity of the SP ELISA
kit is 1.0 to 1000.0 pg/mL. ND = not detected. (D) SP (0.1 pg/mL or 0.01 pg/mL) was placed into the top chamber of a Transwell culture
plate, and CD8+ ACAID Tregs were placed into the bottom chamber. Parallel experiments were performed using a culture plate without
a membrane barrier. These experiments were performed twice with similar results. Results are expressed as mean ± SEM. P values for
fluorescence-activated cell sorting (FACS) data were based on either (A) MFI or (B) number of CD103+ cells.
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FIGURE 6. Effect of corneal nerve ablation on IFN-γ receptor expression on CD8+ ACAID Tregs. (A, B) The right eyes of BALB/c mice
were trephined 1 day prior to injecting OVA into the AC of the left eye. CD8+ T cells were isolated from the spleens of trephined mice and
nontrephined mice 4 days later. CD8+ cells were examined by flow cytometry for their expression of the IFN-γ receptor (CD119). (C, D)
CD8+ ACAID Tregs were isolated from the spleens and were cocultured with CD11c+ and CD11c− cells that were isolated from the spleens
of mice 4 days after trephining. Expression of IFN-γ receptor (CD119) on CD8+ ACAID Tregs was assessed by flow cytometry 20 hours later.
(E, F) CD8+ ACAID Tregs were cultured in the absence or presence of SP (0.01 pg/mL/106 cells) and were assessed for the expression of
the IFN-γ receptor 20 hours later. (A,C, E) Y-axis represents mean fluorescence intensity (MFI) of CD119 cells. (B, D, F) Y-axis represents
“counts” (% of cells that were CD119+). These experiments were performed twice with similar results. Results are expressed as mean ±
SEM. P values were based on either MFI (A, C, E) or number of CD8+ CD119+ cells (B, D, F).
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simply injecting SP IV into naive mice, which resulted in the
abrogation of ACAID.20 Thus SP and the NK1-R play pivotal
roles in the abrogation of ACAID in the induction of SLIP.
With this in mind, we directed our attention to the ocular
cells that express the NK1-R. NK1-R is widely distributed
among various bone marrow–derived cells, including DCs
.32,41,42 Stimulation of DCs via their NK1-R inhibits their
production of IL-10 and tilts the immune response toward
a Th1 pathway.32 Moreover, antigen-presenting DCs produce
and respond to SP.31–35 This, along with the observations that
SP and its receptor (NK1-R) are upregulated in the anterior
segment following corneal nerve ablation, and that ocular
surface DCs reside in the precise location were trephining
occurs, led us to suspect that these cells were the precursors
to CS cells induced by corneal nerve ablation. It is note-
worthy that unilateral alkali burns to the cornea of one eye
leads to a steep increase in the number of CD11c+ DCs in
both the ipsilateral and contralateral draining lymph nodes
and prevents the induction of immune tolerance by topical
application of OVA.39 Our current and previous findings indi-
cate that SP released in response to corneal nerve ablation
converts ocular surface CD11c+ DCs to CS cells. However,
CD11c– cells exposed to SP do not display any detectable
CS cell activity. Corneal nerve injury also leads to a transient,
albeit steep, reduction in CD103 expression of CD8+ ACAID
Tregs. In vitro analysis revealed that the downregulation of
CD103 on CD8+ ACAID Tregs could be blocked using an SP
receptor antagonist, Spantide II. Previous in vitro analyses
indicated that CS cells elaborated SP, which downregulated
CD103.21 Here we show that the SP-mediated downregula-
tion of CD103 required the participation of CD11c+ CS cells.

Like CD103, interferon-γ receptor (IFN-γR) expression
on CD8+ ACAID Tregs is required for their capacity to
suppress DTH responses. Our findings indicate that CD11c+

CS cells downregulated IFN-γR by a process that was SP-
dependent. As mentioned earlier, CD103 and IFN-γ are
crucial for the induction and expression of ACAID Tregs.
CD103 is a cell-adhesion molecule that binds to E-cadherin,
which is expressed on multiple cells including antigen-
presenting cells (APCs).43–45 It is noteworthy that TGF-β2 is
crucial for the generation of ACAID APCs and coincidentally
upregulates the expression of E-cadherin APCs.46 We are
attracted to the hypothesis offered by Keino et al.,26 which
suggests that CD103/E-cadherin interactions are enhanced
by signaling via the T-cell receptor complex.47 This in turn,
would stabilize the CD8+ Tregs and effector T cells at the site
of antigenic challenge in DTH responses. This is consistent
with the finding that expression of CD103 on ACAID Tregs
is required for suppressing the efferent phase of DTH.26 We
have previously shown that CD11c+ CS cells produce SP,21

and here we show that the release of SP by CD11c+ CS cells
downregulates CD103 on CD8+ ACAID Tregs, and disables
their suppressive activity.

We propose that corneal nerve ablation results in the
elaboration of SP and a coincidental upregulation of the
SP receptor (NK1-R) on CD11c+ DCs residing at the site
of injury. SP converts these cells to CS cells, which in
turn induce the downregulation CD103 and the IFN-γR on
splenic CD8+ ACAID Tregs. Thus both CD103 and the IFN-
γR are required for the induction and expression of suppres-
sive activity by CD8+ ACAID Tregs.37,38

We and others have proposed that ACAID protects the eye
from injury inflicted by immune-mediated inflammation. AC
injection of retinal S-antigen induces ACAID and dampens
inflammation directed against retinal antigens in a mouse

model of experimental autoimmune uveitis.48 Ferguson et
al.49,50 reported that exposure to light is required for the
induction of ACAID. Mice reared in the dark cannot develop
ACAID and are presumably unable to maintain normal circa-
dian rhythm. We have proposed that in the absence of light,
ACAID is unnecessary as vision is limited or absent. Like-
wise, photoentrainment is absent in animals residing in the
total absence of light (i.e., troglodytes). We hypothesize that
this leads to a condition in which the retinal elements that
are normally required for photoentrainment are unnecessary
and as a result, so is ACAID. One wonders if the circumven-
tion of ACAD by rearing mice in the dark is because of the
local production of SP.

At first blush, it would seem counterintuitive that condi-
tions that abolish immune privilege in one eye would also
affect the opposite unmanipulated eye. If ocular immune
privilege is designed to shield the eye from immune-
mediated injury, what is the advantage of robbing the oppo-
site eye of this protection? We propose that SLIP is a safe-
guard to defend the host from life-threatening ocular infec-
tions. The dense corneal innervation serves as an early
warning system for detecting the presence of infectious
agents, which in some cases can be lethal. Two of the major
causes of infectious keratitis, Pseudomonas aeruginosa and
herpes simplex virus (HSV), are associated with activation
of SP.51–54 We propose that infectious agents that deliver
potent “danger signals” via cornea nerve stimulation evoke
the release of SP, which in turn leads to the termination
of immune privilege in both eyes. This is consistent with
a recent report indicating that pain signals transmitted via
TRPV1+ sensory nerves in the skin represent danger signals
that activate innate Th17 immune responses in the skin of
the affected area, as well as unaffected adjacent cutaneous
tissues.55 Moreover, the authors proposed that stimulation
of TRPV+ sensory nerves in the skin activates “anticipatory
immunity” that prepares neighboring previously unaffected
tissues against second cutaneous infections with Staphylo-
coccus aureus and Candida albicans.55

CONCLUSIONS

It stands to reason that infection of the ocular surface in
one eye would have a high likelihood to also occur in
the opposite eye. Therefore terminating immune privilege
would lead to the full expression of immunity in both
eyes in anticipation of an imminent infection in the oppo-
site eye, and thereby prevent the development of poten-
tially lethal infections. HSV keratitis provides support for
this hypothesis. Corneal HSV infections in T cell–deficient
nude mice, which lack an adaptive immune response, culmi-
nate in fatal viral encephalitis.56 By contrast, similar corneal
infections in immunocompetent mice induce a robust T-
cell response and cornea inflammation; however, the hosts
survive even though they are blinded by the intense inflam-
matory response. Thus we propose that the termination of
immune privilege that occurs in both eyes due to SLIP is an
adaptation to preserve life, even if the cost is blindness.
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