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This study investigated the regulatory function of CD8þ cells in T helper-17 (Th17) cell-mediated corneal epithelial

barrier disruption that develops in amurine desiccating stress (DS)model that resembles Sjögren syndrome. CD8þ cell

depletion promoted generation of interleukin-17A (IL-17A)-producing CD4þ T cells via activation of dendritic cells

in both the ocular surface and draining cervical lymph nodes in C57BL/6 mice subjected to DS. T-cell-deficient

nude recipient mice receiving adoptively transferred CD4þ T cells from CD8þ cell-depleted donors exposed to DS

displayed increased CD4þ T-cell infiltration and elevated IL-17A and CC-chemokine attractant ligand 20 levels in the

ocular surface, which was associated with greater corneal barrier disruption. Enhanced DS-specific corneal barrier

disruption in CD8-depleted donor mice correlated with a Th17-mediated expression of matrix metalloproteinases

(MMP-3andMMP-9) in the recipient corneal epithelium.Co-transferofCD8þCD103þ regulatoryTcellsdidnot affect the

ability of DS-specific pathogenic CD4þ T cells to infiltrate and cause ocular surface disease in the nude recipients,

showing that CD8þ cells regulate the efferent armof DS-induced immune response. In summary, CD8þ regulatory cells

suppress generation of a pathogenic Th17 response that has a pivotal role in DS-induced disruption of corneal barrier

function.

INTRODUCTION

Inflammation mediated by CD4þ T cells has a prominent role
in many immunologic disorders. T helper-1 (Th1), Th2, and
Th17 populations may each be involved in inflammatory
processes, reflecting distinct modes of T-cell recruitment, and
divergent mechanisms of inflammatory tissue damage.1,2

Native immune/inflammatory processes are constrained by
active cellular quiescence and immunologic tolerance, which
offers potential therapeutic approach for enduring control of
inflammatory disease. Several regulatory T cells (Tregs)
subtypes have been described within each of the two main
subcategories, CD4þ Treg and CD8þ Treg.3,4 Several subsets
of inhibitory CD8þ Treg have been identified, some of which
may have immunotherapeutic values. Evidence has accumu-
lated that specialized CD8þ Treg have the potential to suppress
host injurious responses that develop in autoimmune disorders,
such as rheumatoid arthritis, systemic lupus erythematosus,
and multiple sclerosis.4–7

The Th17 lineage has been found be distinct from traditional
Th1 and Th2 lineages. Interleukin-17A (IL-17A)-producing
Th17 cells have been identified as a key effector in a variety of
human and experimental autoimmune diseases, including
Sjögren syndrome (SS), multiple sclerosis, rheumatoid arthritis,
systemic lupus erythematosus, and psoriasis.8,9

Keratoconjunctivitis sicca (KCS) in SS is a severe and
potentially sight-threatening ocular surface epithelial disease.
The pathogenesis of KCS in our mouse model of SS is a
multifactorial process that includes activation of stress path-
ways in the ocular surface epithelia by the hyperosmolar tear
film and cytokines produced by resident intraepithelial
lymphocytes and infiltrating Th1 and Th17 cells.10–13 In this
model, we previously demonstrated that desiccating stress
(DS)-activated CD4þ T cells when adoptively transferred to
naive T-cell-deficient nude mice, were sufficient to elicit
autoimmune lacrimal KCS with features resembling human SS,
suggesting that CD4þ T cells make a prominent contribution
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to mucosal and glandular inflammation and tissue damage in
SS.14 We have previously demonstrated a suppressive function
of CD4þCD25þ Foxp3þ Treg in CD4þ T-cell-mediated KCS
using this model;14 however, the contribution of CD8þ Treg in
this DSmodel has not been investigated. CD8þ cells have been
found to reside in the epithelium and stroma of normal human
and mouse conjunctiva, and a significant decrease in CD8þ

cells with concomitant increase in CD4/CD8 ratio in the
conjunctiva has been observed in human KCS and in our
experimental KCS model.15–18

Herein, we show for the first time that a subset of CD8þ

Tregs can significantly mitigate Th17-mediated disease in our
SS model. CD8þ cell depletion augmented pathogenic Th17
cell generation, and consequently worsened IL-17A-induced
disruption of corneal barrier function.

RESULTS

The effect of DS on CD8þ population

We have previously observed a significant decrease in CD8þ

cells with a concomitant increase in CD4/CD8 ratio in the
conjunctiva in our DS model of SS.15 A significant increase in
the number of CD8þ lymphocytes was noted in the draining
cervical lymph nodes (CLNs) after DS by flow cytometry
(Figure 1a).

CD8þCD122þ and CD8þCD103þ T cells are recently
identified Treg populations that can suppress CD4þ T-cell
proliferation.19–23 Rare CD8þCD122þ Tregs were noted in
the ocular surface and CLN, and no obvious change was found
in the number of CD8þCD122þ cells in CLN after DS by flow
cytometry analysis (Figures 1b and c). By contrast, 61.3±3.8%
of CD8þ lymphocytes in CLN were noted to co-express
CD103, and the number of these CD8þCD103þ cells
significantly increased after DS (Figures 1d–g).

The number of CD8þCD103þ cells also increased on the
ocular surface after DS (Figures 1e–g). We have previously
surveyed the conjunctiva regarding the presence of intra-
epithelial lymphocytes24 and we have found that there is no
increase in the percentage of total CD3þ cells duringDS.24 This
evidence suggests that CD8þCD103þ cells may be one of the
cell populations regulating the autoimmune inflammation that
develops in this model.

CD8þ cell depletion promoted activation of ocular surface
DCs during DS

Antigen-captured dendritic cells (DCs) at the ocular surface
migrate to the CLN to present antigens to T cells. To evaluate
the effect of CD8þ cell depletion on DC activation, we
performed flow cytometry analysis of freshly isolated cells from
the ocular surface and CLN in mice with and without CD8þ

cell depletion during DS. We found a significant or progressive
decrease in the number of CD11cþ and CD11bþ cells in the
ocular surface, accompanied by a progressive increase in the
number of these cells in the CLN after exposure to DS. Dual
label of these cells with antibody to the murine human
leukocyte antigen-class 2 antigen, IAIE, showed that therewas a
parallel change inDC activation (Figure 2a), indicating that DS

promoted activation and migration of DCs from the ocular
surface.

Both local and systemic CD8þ cell depletion increased the
number and activation of DCs in the ocular surface, while they
had no effect in the number and activation of DCs in the
draining CLN after DS1 (Figure 2a). Immunohistochemical
staining of CD11cþ cells in the conjunctiva confirmed the flow
cytometry results, showing a significantly increased number of
CD11cþ cells in the CD8þ cell-depleted group compared with
the isotype control group after 1 day of DS (DS1; Figures 2b
and c). These findings indicate that CD8þ cell depletion
promoted the accumulation and activation of DCs in the ocular
surface after DS1. After DS5, the number of activated DCs
decreased in the ocular surface and increased in the draining
CLN (Figure 2a), indicating that CD8þ cell depletion
promoted the migration of DCs from the ocular surface to
the regional node at this stage.

CD8þ cell depletion promoted Th17 cell generation
during DS

In our murine model of SS, we previously demonstrated that
DS generated Th1 and Th17 cells pathogenic CD4þ T cells
that are capable of adoptively transferring dry eye disease to
T-cell-deficient nude mice.11,12,14,25 Immunohistochemical
staining of CD4þ cells in the ocular surface showed that
the number of CD4þ cells in the conjunctiva significantly
increased in the systemic CD8-depleted group compared with
the isotype control group after DS5 (Figure 2e). No CD4þ

T-cell infiltration was found in the cornea of non-stressed (NS),
DS5 and the isotype antibody-treated controls; however, CD4þ

T-cell infiltration was noted in the corneas of DS5 mice
systemically treated with the anti-CD8 antibody (Figure 2e).
We found that systemic CD8þ cell depletion significantly
increased the number of CD4þ T cells in the draining CLN
after DS5, as determined by flow cytometry (Figure 2f). Local
depletion of CD8þ cells yielded a similar increase in the
number of CD4þ T cells in the ocular surface and draining
CLN as systemic CD8þ cell depletion (data not shown). Using
absolute cell counts (total splenocytes) normalized by the
number of spleens, we observed that there was no difference in
the total number of starting cells among all groups (NS:
8.95±2.04; DS5: 7.47±1.50; isotype control: 7.53±1.66 and
systemic anti-CD8: 8.27±1.52� 107 total cells) but the
recovery of CD4þ cells was higher in the CD8-depleted
group (NS: 6.08±2.17; DS5: 5.60±0.83; isotype control:
6.07±2.04 and systemic anti-CD8: 10.22±3.8� 106 isolated
CD4þ T cells, P¼ 0.03 between IC treated and systemic CD8
treated). Taking together, these findings suggest that CD8
neutralization enhanced the generation of autoreactiveCD4þ T
cells following DS.

The absence of obvious differences in DC activation and
CD4þ T-cell generation between the local (subconjunctival
injection) and systemic CD8þ cell antibody depletion groups
prompted evaluation of the efficiency of CD8þ cell depletion.
Flow cytometric analysis of freshly isolatedCLN cells fromCD8
or isotype antibody-treated mice showed that both local and
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systemic injection of anti-CD8 effectively depleted CD8aþ

(isotype control: 23.13±6.23%; local anti-CD8: 0.70±0.26%;
systemic anti-CD8: 0.82±0.29% ) and CD8bþ cells (isotype
control: 26.97±4.06%; local anti-CD8: 1.1±0.14%; systemic
anti-CD8: 0.92±0.33%).No significant differencewas found in
the efficiency of CD8þ cell depletion between the local and
systemic antibody-treated groups (P40.05), suggesting that in
addition to local effect, subconjunctival injected anti-CD8
antibody drained to CLN and produced an effect similar to
systemically injected antibody.

We found increased production of IL-17A in both ocular
surface cells and CD4þ T cells, whereas decreased production
of interferon-g (IFN-g) was noted in the ocular surface cells and
decreased expression of IL-13 was noted in the CD4þ T-cell
population by ELISPOT (Figure 3a) in theCD8-depleted group
when compared to IC treated group. Furthermore, real-time
PCRperformed on isolatedCD4þ Tcells confirmed expression

of the Th signature cytokines and their respective transcription
factors (Th17: IL-17A and RORgT; Th1: IFN-g and T-bet; Th2
cytokine, IL-13 andGATA-3) thatwas observed byELISPOT in
mice after DS5 with and without systemic CD8þ cell depletion
(Figure 3b). These findings suggest that CD8þ cell depletion
exerted the most prominent effect on the generation of
pathogenic Th17 cells during DS.

CD8þ cell depletion worsened pathogenic Th17-mediated
corneal barrier disruption

To investigate the effects of CD8þ cell depletion on generation
of pathogenic Th17 cells, we compared corneal and conjunctiva
disease severity following CD4þ T-cell adoptive transfer into
T-cell-deficient nude recipient mice. We found that adop-
tive transfer of CD4þ T cells from CD8þ cell-depleted DS5
donor mice increased CD4þ T-cell infiltration in the reci-
pient conjunctiva compared with the isotype control group

Figure 1 The effects of desiccating stress (DS) on CD8þ cell population. (a) Mean ±s.d. of flow cytometry analysis of CD8þ lymphocytes in
draining cervical lymph nodes (CLN) in non-stressed (NS) controls and after DS for 1 (DS1) or 5 (DS5) days. Experiments were performed two
times with at least four mice per group per experiment; **Indicates Po0.01 comparison. (b) Mean ±s.d. of flow cytometry analysis of CD8þCD122þ

lymphocytes in draining CLN in NS, DS1, and DS5 groups. Experiments performed two times with at least four mice per group per experiment.
(c) Representative dot plots of an experiment showing cells isolated from CLN dual stained for CD8 and CD122. Lymphocytes were gated
based on characteristic light-scatter properties, single lymphocytes were gated based on forward scatter height vs. forward scatter area (FSC-A) and
live–dead exclusion by propidium iodide. Numbers in the quadrants indicate the percentage of cells. (d) Mean ±s.d. of flow cytometry analysis
of CD8aþCD103þ lymphocytes in draining CLN in NS, DS1 and DS5 groups. Experiments were performed two times with at least four mice per
group per experiment. *Indicates Po0.05 comparison; **indicates Po0.01 comparison. (e) Mean ±s.d. of flow cytometry analysis of CD8aþ

CD103þ T cells in the ocular surface of NS, DS1, and DS5 groups. Experiments were performed two times with two to three mice per group
per experiment. (f) Representative dot plots of an experiment showing cells isolated from CLN dual stained for CD8 and CD103 in NS, DS1,
and DS5 groups. Lymphocytes were gated based on characteristic light-scatter properties, single lymphocytes were gated based on forward
scatter height vs. FSC-A and live–dead exclusion by propidium iodide. Numbers in the quadrants indicate the percentage of cells. (g) Representative dot
plots of an experiment showing cells isolated from the conjunctiva and stained for CD3, CD8, and CD103. Lymphocytes were gated based on
characteristic light-scatter properties, single lymphocytes were gated based on forward scatter height vs. FSC-A and live–dead cell discrimination
was obtained by propidium iodide staining. CD8 and CD103-positive cells were gated from CD3-positive cells. Numbers in the quadrants indicate
the percentage of cells. Experiments were repeated two times with two to three mice per group per experiment.
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Figure 2 The effects of CD8þ cell depletion on dendritic cell (DC) activation. (a) Representative flow cytometry dot plot analysis of dual CD11cþ IAIEþ

and dual CD11bþ IAIEþ cells in the draining cervical lymph node (CLN) in non-stressed (NS) controls and after desiccating stress (DS) for 1 (DS1)
or 5 (DS5) days and mice that received systemic (S) injection of anti-CD8 (aCD8) antibody or isotype control (IC) antibody after DS5 treatment.
CD11c and CD11b cells were gated based on characteristic light-scatter properties, single cells were gated based on forward scatter height vs. forward
scatter area and live–dead cell discrimination was obtained by propidium iodide staining. Numbers in the quadrants indicate the percentage of
cells. Experiments were performed two times with at least four mice per group per experiment. (b) Mean ±s.d. of flow cytometry analysis of
single-cell suspensions isolated from the ocular surface (OS) or CLN stained for CD11cþ , CD11bþ or dual stained with the major histocompatibility
complex (MHC) II marker, IAIE in NS, DS1, DS5 and mice that received either S or topical (T) injections of anti-CD8 (aCD8) antibody or IC antibody
after DS1 or DS5 treatment. Experiments were performed two times with at least four mice per group per experiment. *Po0.05; **Po0.01, ***Po0.001.
(c) Representative images of immunohistochemical CD11cþ staining in the conjunctiva of C57BL/6 mice that received S injection of anti-CD8
(aCD8) antibody or IC antibody after DS1 or DS5 treatment. (d) Bar graph showing mean ±s.d. the number of CD11cþ cells in the conjunctiva of
C57BL/6 mice that received S injection of anti-CD8 (aCD8) antibody or IC antibody after DS1 or DS5 treatment. *Po0.05; **Po0.01. Experiments
were performed two times with at least two to three mice per group per experiment. (e) Representative images of immunohistochemical CD4þ

staining in the cornea and conjunctiva of C57BL/6 mice that received systemic injection of aCD8 antibody or IC antibody after DS1or DS5 treatment.
(f) Mean±s.d. of flow cytometry analysis of CD4þ cells in draining cervical lymph nodes in NS, DS1, DS5, and DS1/5 mice that received either
systemic injection of anti-CD8 (aCD8) antibody or IC antibody. Lymphocytes were gated based on characteristic light-scatter properties, single cells
were gated based on forward scatter height vs. forward scatter area and live–dead cell discrimination was obtained by propidium iodide staining.
Experiments were performed two times with at least four mice per group per experiment. *Po0.05; ***Po0.001.
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(Figures 4a and b). Reduced CD4þ T-cell infiltration was
noted in corneas of the recipients receiving CD4þ T cells from
isotype control antibody-treated DS5 donor mice (2/5 mice);
however, widespread CD4þ T infiltration was noted in corneas
of all recipients of CD4þ T cells from DS5 donor mice with
CD8þ cell depletion (5/5 mice; Figure 4b).

To further confirm the role of CD8þ cell depletion
on generation of Th17 cells, we evaluated IL-17A and
CC-chemokine attractant ligand 20 (CCL20) gene expression
in the recipient corneal epithelia and conjunctiva as Th17
committed cells produce IL-17A and CCL20, among other
mediators.26,27 Our results show that CD8þ cell depletion
significantly increased levels of IL-17A (cornea and conjunc-
tiva) and CCL20 mRNA transcripts (cornea; Figures 4c–f).

We have previously shown that IL-17A has a pathogenic
role in the corneal disease that develops in an experimental
murine model of SS.13 To confirm the effect of CD8þ cell
depletion on generation of Th17 cells capable of causing corneal

epithelia disease, we evaluated corneal barrier function
in the CD4þ adoptive transfer recipients. As seen in
Figures 4g and h, mice that received CD4þ T cells from
CD8-deficient mice showed greater corneal barrier disruption
function than recipients of isotype control-treated mice.

To determine if CD8þ cell depletion augments the IL-17A-
mediated matrix metalloproteinase (MMP) production, we
evaluated expression of MMP-3 and MMP-9 in the corneal
epithelia of adoptive transfer recipients. We found significantly
increased immunoreactivity to MMP-3 and MMP-9 in the
recipients of CD4þ T cells from CD8þ cell-depleted donors
(Figures 4i–k). Both in situ zymography in corneal cryo-
sections and real-time PCR further confirmed the results of
immunostaining as there was increased gelatinase activity and
increased expression of MMP-3 and MMP-9 mRNA trans-
cripts in the corneal epithelia of the CD8þ cell-depleted
recipient group compared with recipients of the isotype
control-treated group (Figures 4i–n).

Figure 3 The effects of CD8þ cell depletion on CD4þ T population. (a) Results of ELISPOTs to detect interleukin-17A (IL-17A), interferon-g (IFN-g),
and IL-13-producing cells isolated from the ocular surface (OS) and CD4þ T cells isolated from spleen and cervical lymph nodes (CLNs) of
C57BL/6 before (non-stressed, NS) or after DS5 in mice that received systemic injection of aCD8 antibody or isotype control (IC) antibody after
desiccating stress for 5 (DS5) treatment. Experiments were performed two times with five mice per group per experiment. (b) Gene expression analysis
showing copies of IL-17A, IFN-g, IL-13, RORgT, T-bet, andGATA-3 transcripts in theCD4þ Tcells isolated fromspleen and cervical lymph node (CLN) of
C57BL/6 before (NS) or after DS5 in mice that received systemic injection of aCD8 antibody or IC. *Po0.05; **Po0.01; ***Po0.001. Experiments were
performed three times with three to four mice per group per experiment.
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Co-transfer of CD8þCD103þ Treg did not suppressed the
Th17 pathogenic response in the ocular surface

The integrin CD103 (aE/b7) is widely expressed on intrae-
pithelial CD8þ T cells.28 In the conjunctiva, we also found

CD8þ cells co-express CD103 (Figure 1). To investigate the
role of CD8þCD103þ Treg in regulating migration of
pathogenic Th17 cells generated in mice exposed to DS,
CD8þCD103þ Tregs were co-adoptively transferred with
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Figure 5 CD8þCD103þ isolation using magnetic beads and co-adoptive transfer results. (a) Unfractionated (UNF) splenocytes were stained for
CD8 (white histogram) and showed B15% CD8þ T cells (isotype control antibody, shaded histogram). (b) About 50% of CD8aþ T cells are also
CD103þ . (c) Histogram showing successful separation of CD8þ (white histogram) and CD8 negative cells (shaded histogram). (d) In all, 55.5% of
isolatedCD8þ cells co-expressCD103marker. (e)CD8þ Tcellswere further isolatedbasedon theexpressionofCD103:CD103þ expression increased
to 78.8% in the positive population, whereas the negative population had just 2.43% of double positive cells. (f) Bar graph showing the number of CD4þ

T cells in the conjunctiva of nude mouse adoptive transfer recipients of CD4þ T cells. Nude mouse recipients were divided into four groups in
this experiment: (1) non-stressed (NS) that received CD4þ T cells from NS B6 mice; (2) DS10 that received CD4þ T cells from DS10 B6 mice;
(3)DS10þCD8þCD103þ Tregmice that receivedCD4þ Tcells fromDS10B6miceandCD8þCD103þ (2� 106); and (4)DS10þCD8þCD103� mice
that receivedCD4þ Tcells fromDS10B6mice andCD8þCD103� (2� 106). Experimentswere performed twicewith at least two to threemice per group
per experiment. *Po0.05.

Figure 4 The effects of pathogenic T helper-17 (Th17) cells stimulated by CD8þ cell depletion on corneal disease. (a) Bar graph showing the number
of CD4þ T cells in the conjunctiva of nude mouse adoptive transfer recipients of CD4þ T cells from non-stressed (NS) controls, desiccating stress
for 5 (DS5) donor days or DS5 donor mice subjected to systemic injection of anti-CD8 (aCD8) antibody or isotype control (IC) antibody. Experiments
were performed two times with at least two to three mice per group per experiment. (b) Representative images of CD4þ immunohistochemical
staining in the cornea and conjunctiva (CJ) of T-cell-deficient (nude) recipient mice following adoptive transfer of CD4þ T cells from DS5 donor mice
who received anti-CD8 or isotype antibody after DS5 treatment. (c, d) Gene expression analysis showing copies of interleukin-17A (IL-17A) (c) and
CC-chemokine attractant ligand 20 (CCL20) mRNA (d) transcripts in recipient corneal epithelia. Experiments were performed three times with
three to four mice per group per experiment. (e, f) Gene expression analysis showing copies of IL-17A (e) and CCL20 mRNA (f) transcripts in
recipient conjunctiva. Experiments were performed three times with three to four mice per group per experiment. (g) Representative images of
Oregon-green-dextran (OGD) corneal staining in the adoptive transfer recipients of CD4þ T cells obtained from DS5 donor mice, which received
anti-CD8 or isotype antibody. Experiments were performed three times with five mice per group per experiment (total of 30 eyes per group).
(h) Mean±s.d. of OGD staining intensity in corneas of nude mouse adoptive transfer recipients. Experiments were performed three times with at least
five mice per group per experiment. (i) Laser scanning immunofluorescent confocal microscopy of cornea stained for matrix metalloproteinases
(MMP)-3 and MMP-9 and in situ zymography (in situ Z) in the adoptive transfer recipients of CD4þ T cells isolated from donor mice who received
systemic injection of anti-CD8 (aCD8) or isotype control (IC) antibody during 5 days of desiccating stress (DS5). Experiments were performed
two times with two to three mice per group per experiment. (j–l) Bar graphs showing mean±s.d. of fluorescence intensity measured in the
corneal epithelium of adoptive transfer recipients for MMP-3 (j), MMP-9 (k), and in situ Z (l). Experiments were performed two times with two to three
mice per group per experiment. (m, n) Gene expression analysis showing copies of MMP-3 (m) and MMP-9 (n) mRNA transcripts in cornea
epithelia of adoptive transfer recipients. Experiments were performed two times with two to three mice per group per experiment. NS, nude mice
that received CD4þ T cells from NS donor mice; DS5, nude mice that received CD4þ T cells from 5 days of DS donor mice; DS5þ aCD8 and DS5þ IC,
nude mice that received CD4þ T cells from DS5 donor mice that received systemic injection anti-CD8 (aCD8) antibody or IC antibody
*Po0.05; **Po0.01; ***Po0.001.
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CD4þ T cells from mice subjected to DS10 to nude recipients.
Efficiency of isolation was confirmed by flow cytometry
(Figures 5a–e). We found that intraperitoneally (i.p.)
injected CD8þCD103þ Tregs homed to the conjunctiva
(data not shown) but did not regulate the number of CD4þ

T cells infiltrating the ocular surface (Figure 5f) nor conjunc-
tival goblet cell density (data not shown). These findings
suggest that CD8þCD103þ Treg can suppress the generation
of pathogenic Th17 cells of this murine SS model before
priming by suppressing DC activation but not by blocking the
efferent arm of the immune response.

DISCUSSION

This study demonstrated the suppressive effects of CD8þ Treg
on Th17 cell-mediated corneal epithelial barrier disruption in
our DS model resembling SS. A compensatory increase in
CD8þ cells consisting primarily of CD8þCD103þ Tregs was
noted in the draining nodes over the 5-day exposure to DS.
CD8þ cell depletion promoted the generation of IL-17A-
producingCD4þ T cells via activation ofDCs inmice subjected
to DS. T-cell-deficient nude recipient mice receiving adoptive
transfer of CD4þ T cells from CD8þ cell-depleted donors
exposed to DS displayed increased CD4þ T-cell infiltration
and enhanced DS-specific Th17-mediated corneal barrier
disruption. Co-transfer of CD8þCD103þ regulatory T cells
had no effect on the ability of DS-specific pathogenic CD4þ

T cells to infiltrate and cause ocular surface disease in the nude
recipients.

A progressive increase in CD8þ lymphocytes was noted in
the draining CLNs in mice subjected to DS. Our findings
suggest that these CD8þ cells function to regulate the initiation
of the autoimmune keratoconjunctivitis that develops in this
model. In fact, a compensatory Treg response has been noted
during the progression of disease in other autoimmunemodels.
For instance, CD4þ Tregs accumulate to a higher frequency
within the CNS of mice with experimental autoimmune
encephalomyelitis.29 Therefore, based on this finding, we
hypothesized that the increase in CD8 cells in the CLN is an
immunoregulatory response to the DS-induced ocular surface
autoimmunity.

In this study, we found that depletion of CD8þ regulatory
cells stimulated DC activation and homing during immuno-
pathogenesis of this DS-induced SSmodel. Systemic CD8þ cell
depletion promoted resident ocular surface DC recruitment
and activation at an early stage (day 1) of DS treatment, while it
enhancedmigration of ocular surface DCs at a late stage (day 5)
of DS treatment. It is well known that activated DCs have a
fundamental role in coordinating the innate and adaptive
immune response by capturing antigen within the peripheral
tissues and migrating to the regional lymph nodes via afferent
lymphatic vessels where they present antigens to naive T cells in
the context of the necessary costimulatory molecules. This
evidence suggests that CD8þ cell depletion promoted gen-
eration ofCD4þ Tcells via activation ofDCs. To investigate the
definitive role of intraepithelial CD8þ cells in activation of
DCs, we also performed subconjunctival injection of anti-CD8

in this study; however, to our surprise, subconjunctivally
injected anti-CD8 antibody almost completely depleted the
CD8þ cells in the draining CLN, similar to systemic CD8
antibody-depleted group. This suggests that subconjunctivally
injected anti-CD8 antibody gained access to the draining CLN
where it effectively depleted CD8þ Tregs and promoted
generation of CD4þ effector T cells.

In this study, we found the CD8þ cell population contains
regulatory cells that have a pivotal role in suppressing
generation of pathogenic Th17 cells in our DS model. This
is a major finding because mechanisms that control CD4þ

T-cell-mediated tissue damage are a significant factor in
averting and resolving chronic inflammatory diseases. Several
lines of evidence support the claim that CD8þ Tregs dampen
the SS-like disease in our model: (1) CD8þ cell depletion
during DS promoted generation of pathogenic CD4þ T cells
with increased IL-17A expression in both the ocular surface and
draining CLN of donor mice; (2) adoptive transfer of CD4þ T
cells from CD8þ cell-depleted DS-treated donors increased
ocular surface infiltration with CD4þ T cells that manifested
increased IL-17A and CCL20 production; (3) abundant CD4þ

T cells infiltrated the corneal epithelia and central stroma in
both the donor and recipient mice in the CD8þ cell-depleted
group in our current study. These pathogenic CD4þ T cells
appear to have a Th17 phenotype. It has been demonstrated
that Th17 differed from Th1 by exhibiting a stronger affinity
for the cornea of inflamed eyes, and after adoptive transfer,
Th17 polarized CD4 cells were found to abundantly
invade the corneal stroma and epithelia in the recipient eyes,
whereas Th1 polarized CD4 cells not;8 and (4) enhanced
pathogenicity of CD4þ T cells derived from CD8þ cell-
depleted mice was associated with increased levels of IL-17A
in both donor and recipient mice. IL-17A has been
shown to stimulate production of IL-1, tumor necrosis factor
alpha, IL-6, IL-8 and MMPs by epithelial cells and fibro-
blasts.30–32 We have previously shown that IL-17A contributes
to the development of epithelial corneal in our DS model13 via
increasedMMP-9 production and activation. MMP-9 has been
found to have a central role in DS-induced corneal barrier
disruption, as MMP-9-deficient mice were resistant to barrier
disruption in DS.33,34 We have also reported that IL-17
neutralization during DS decreased the expression of MMP-9
and MMP-3 and improved corneal barrier function.13 In our
current study, we found that increased IL-17A production in
donor CD4þ T cells resulted in greater corneal barrier
disruption and increased MMP-3 and MMP-9 expression
in the recipient corneal epithelia, further supporting the link
between CD8þ Treg suppression of pathogenic Th17 cells in
this SS model.

Multiple CD8þ Treg subtypes are now recognized as
essential regulators of the immune system that prevent
autoimmunity through secretion of multiple cytokines and
subsequent inhibition of effector lymphocyte function.4–7

According to their origin, CD8þ Treg subsets have been
grouped into natural and inducible Tregs. Natural Tregs are
generated and mature within the thymus and are characterized
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by the expression of either human leukocyte antigen-G or
CD122 and CD28.35 The mechanism of suppression is cell
contact independent and mediated by soluble factors, such as
soluble human leukocyte antigen-G or IL-10.35 In contrast to
naturally occurring Tregs, inducible Tregs are generated from
naive cells in the periphery after encounter with antigens,
presented by DCs that have an activation status distinct from
those DCs that promote Th cell differentiation.36 The
mechanism of suppression of T effector cells by inducible
Tregs is by cell–cell contact and/or release of soluble factors.36

CD8þCD122þ T cells are a recently identified natural Treg
that appear to have a function in immune homeostasis, because
activated T cells expand without restraint and cause lethal
disorders in mice in their absence.19 In our current study, rare
CD8þCD122þ T cells were noted in CLN and ocular surface,
and no obvious change was found in the number of CD8þ

CD122þ Tregs in CLN after DS, suggesting that CD8þ

CD122þ Treg may not contribute to the regulation of
autoimmune inflammation in this model.

Thus far, the effects of CD8þCD103þ Treg on suppressing
autoimmune Th17 biased disease have not been established. In
our study, CD8þCD103þ Tregs were noted in the mouse
ocular surface, and i.p. injected CD8þCD103þ Treg homed to
the conjunctiva. More than 60% of CD8þ lymphocytes in the
CLNwere found to co-express CD103, and the number of these
CD8þCD103þ Tregs significantly increased after DS. Co-
adoptive transfer of CD8þCD103þ Tregs failed to prevent
accumulation of adoptively transfer CD4þ T cells infiltrating
the ocular surface suggesting that CD8þ T cells regulates
generation of pathogenic CD4þ T cells in the afferent arm
but not migration of cells to the ocular surface. CD103 is the
integrin aE that forms the heterodimer aEb7 molecule
with b7 integrin and it has been identified as a marker for
intraepithelial lymphocytes in a number of mucosal sites.28

Recently, CD8þCD103þ T cells have also been reported to
exert regulatory activity on CD4þ T-cell proliferation in a
cell–cell contact-dependent manner.21–23,35 That alloreactive
CD8þCD103þ Tregs are inducible and generated at the
effector site of an immune response was suggested by data
indicating that CD8þ T cells responding to donor alloantigens
presented by DCs within draining lymph nodes rapidly
upregulated CD103 expression, and subsequently migrated
into the transplanted graft.37 The findings of this study suggest
that the activated DCs in ocular surface in response to DS
migrate to CLN and consequently promote generation of
CD8þCD103þ Treg. To develop novel immunomodulatory
therapies for SS, it may be valuable to further investigate the
mechanisms by which CD8þCD103þ Treg suppress genera-
tion of Th17 effector cells in response to DS in this murine SS
model.

In summary, the CD8þ cell population contains regu-
latory cell subsets that suppress generation of the pathogenic
Th17 response that has a pivotal role in DS-induced disrup-
tion of mucosal barrier function. This study provides new
insight into the pathogenesis of Th17 biased autoimmune
diseases.

METHODS

Mice. This research protocol was approved by the Baylor College of
Medicine Center for Comparative Medicine, and it conformed to the
standards in the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic and Vision
Research.
Female C57BL/6 (C57BL/6NTac, B6) and B6.Cg/NTac-Foxn1nu

NE9 (nude) were purchased from Taconic (Germantown, NY). Mice
were used at 6 to 10 weeks of age.

Murine DS model. DS was created in B6 mice by subcutaneous
injection of scopolamine hydrobromide (0.5mg/0.2ml; Sigma-
Aldrich, St Louis, MO), q.i.d. (0800, 1200, 1400, and 1700 hours) and
exposure to an air draft and o35% ambient humidity for 1, 5, or 10
consecutive days (DS1, DS5, and DS10, respectively).12–14 A group of
femalemice that did not receive any treatment to induce dry eye served
as a NS controls.

Antibody depletion of CD8þ cells in B6 mice. Eight groups of B6
mice were evaluated: DS1/DS5 mice that received systemic (i.p.; S)
injections of anti-CD8a antibody (500 mg per dose, 1mg/ml, cloneYTS
169.4; DS1þ S-aCD8 and DS5þ S-aCD8, respectively) or rat-IgG
isotype control (500 mg per dose, 1mg/ml, Sigma-Aldrich; DS1þ S-IC
andDS5þ S-IC, respectively); andDS1/DS5mice that received topical
(subconjunctival; T) injections of anti-CD8 antibody (50 mg per dose,
2.5mg/ml, clone YTS 169.4; DS1þT-aCD8 and DS5þT-aCD8,
respectively) or rat-IgG isotype control (50 mg per dose, 2.5mg/ml,
Sigma-Aldrich; DS1þT-IC and DS5þT-IC, respectively). Mice
received a total of three injections at days –4, –2, and 0 when subjected
to DS for 1 day and a total of four injections at days –4, –2, 0, and þ 2
when subjected to DS for 5 days.

Isolation of murine CD4þ T cells and adoptive transfer. Superior
CLN and spleens from donor mice were collected and meshed gently
between two frosted end glass slides, as previously described.14

Untouched CD4þ cells were isolated using magnetic beads according
to the manufacturer’s instructions (MACS system; Miltenyi Biotec,
Bergisch Gladbach, Germany). The cells were analyzed by flow
cytometry and were found to be 490% pure (data not shown). One
donor-equivalent of cells were transferred i.p. to T-cell-deficient nude
mice (approximately 5� 106 CD4þ T cells). The adoptive transfer
recipients were killed after 72 h. In some experiments, eyes were
collected for histology, were evaluated for corneal permeability while
in others cornea and conjunctiva were processed for RNA analysis.
Nude mouse recipients were divided into four groups: (1) NS that
received CD4þ T cells from NS B6 mice; (2) DS5 that received CD4þ

T cells fromDS5 B6mice; (3) DS5þ aCD8 that received CD4þ T cells
fromDS5þ S- aCD8 B6mice and (4) DS5þ IC that received CD4þ T
cells from DS5þ S-IC B6 mice.

Isolation and reconstitution of murine CD8þCD103þ Treg.
To investigate the role of CD8þCD103þ Treg in generation of
pathogenic CD4þ T cells during DS, CD8þCD103þ Treg were
simultaneously co-adoptively transferred with CD4þ T cells isolated
from B6 mice subjected to DS10.
CD8þ T cells were isolated from splenocytes and superficial CLN

using anti-CD8 antibody-conjugated magnetic microbeads and
columns according to the manufacturer’s protocol (MACS system).
CD8þ cells were then incubated with anti-CD103-antigen-presenting
cell (APC) antibody (clone 2E7, Biolegend, SanDiego, CA) followed by
an incubation with APC-conjugated beads (MACS system). Flow
cytometry was used to confirm CD8 isolation and effective separation
of cells into CD8þCD103þ and CD8þCD103– populations
(Figure 5).
Nude mouse recipients were divided into four groups in this

experiment: (1) NS that received CD4þ T cells from NS B6 mice; (2)
DS10 that received CD4þ T cells from DS10 B6 mice; (3) DS10þ
CD8þCD103þ Treg mice that received CD4þ T cells from DS10 B6
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mice and CD8þCD103þ (2� 106); (4) DS10þCD8þCD103� mice
that received CD4þ T cells from DS10 B6 mice and CD8þCD103�

(2� 106). CD4þ T cells were isolated as above described, and 2� 106

cells suspended in 100 ml of sterile phosphate-buffered saline were
injected (i.p.) into nude recipient mice. Eyes were collected for
histology 72 h after the adoptive transfer (n¼ 5 samples).

Histology and immunohistochemistry. Eyes and anexae from each
group (n¼ 5) were excised, embedded in optimal cutting temperature
compound (VWR, Suwanee, GA), and flash frozen in liquid nitrogen.
Sagittal 8 mm sections were cut with a cryostat (HM 500; Micron,
Waldorf, Germany) and placed on glass slides that were stored at
� 80 1C.
Immunohistochemistry was performed to detect and count the

cells in the conjunctiva that stained positively for CD4 (clone H129.9,
10 mg/ml, BDPharmingen, SanDiego, CA) andCD11c (cloneHL3CN,
10 mg/ml, BD Pharmingen). Cryosections were stained with the above-
mentioned primary antibodies and appropriate biotinylated secondary
antibodies (BD Pharmingen; Jackson Immune Laboratories, West
Grove, PA) andVectastain EliteABCusingNovaRed reagents (Vector,
Burlingame, CA). Secondary antibody alone and appropriate anti-
mouse isotype (BD Pharmingen) controls were also performed. Three
sections from each animal were examined and photographed with a
microscope equipped with a digital camera (Eclipse E400 with a
DS-Fi1; Nikon, Melville, NY). Positively stained cells were counted in
the conjunctiva using image analysis software (NIS Elements Software,
version 3.0; Nikon) software.

Isolation of murine ocular surface cells. The eyes and lids of mice
were excised, pooled, and incubated in 10ml of 5mg/ml of Dispase II
(Roche Molecular Biochemicals, Indianapolis, IN) as previously
described.24 Collected cells were used either for flow cytometry or
ELISPOT.

Flow cytometry analysis of murine cells. Single-cell suspensions
of CLN were stained with anti-CD16/32 (BD Pharmingen) at
4 1C for 10min, followed by staining with anti-CD8a-fluorescein
isothiocyanate (FITC; clone 53-6.7; BD Pharmingen) or anti-
CD4-FITC (GK1.5; BD Pharmingen), anti-CD8a-phycoerythrin (PE;
clone 53-6.7; BD Pharmingen), anti-CD122-PE (clone TM-b1;
BD Pharmingen), and anti-CD103-APC (clone 2E7; Biolegend),
anti-CD11c-FITC (clone HL3; BD Pharmingen), anti-CD11b-APC
(clone M1/70; BD Pharmingen) or anti-IAIE-PE (clone 2G9;
BD Pharmingen). Single-cell suspensions isolated from cornea and
conjunctiva were stainedwith anti-CD16/32, followed by stainingwith
anti-CD3-pacific blue (clone 500A2; BD Pharmingen), anti-CD8a-PE
(clone 53-6.7) and anti-CD103-APC (clone 2E7; Biolegend).
Negative controls consisted of splenocytes stained with isotype

antibodies (BD Pharmingen). Cells were resuspended in propidium
iodide and kept on ice until flow cytometry analysis was performed.
A BD LSRII Benchtop cytometer was used and data analyzed using
FlowJo software (TreeStar, Ashland, OR).

Mouse IL-17A, IL-13, and IFN-g ELISPOT. Replicate 50 ml cell sus-
pensions containing 1.0� 106 freshly ocular surface cells and CD4þ

T cells isolated as described above were added to 96-well poly-
vinylidene difluoride plates (Millipore, Billerica, MA), pre-coated with
anti-mouse IL-17A, IL-13, or IFN-g capture antibody (R&D Systems;
Minneapolis, MN), as previously described.24 The positive, red spots
were counted under a dissectingmicroscope (SMZ1500,Melville, NY).
Replicate wells were averaged from two individual experiments.
Results are presented as number of spots/1� 106 cells.

Corneal permeability. Corneal epithelial permeability to Oregon-
green-dextran (70,000 molecular weight; Invitrogen, Eugene, OR) was
assessed in the nude recipient mice (n¼ 10 eyes per 5 mice per group
per experiment in three independent experiments) as previously
described.13 Briefly, 0.5 ml of 50mg/ml Oregon-green-dextran was
instilled onto the ocular surface 1min before killing. Corneas were

rinsed with phosphate-buffered saline and photographed with a high
dynamic and resolution digital camera (CoolsnapHQ2, Photometrics,
Tucson, AZ) attached to a stereoscopic zoom microscope (SMZ 1500;
Nikon) under fluorescence excitation at 470 nm. The severity of
cornealOregon-green-dextran stainingwas graded in digital images by
twomasked observers, usingNIS Elements (version 3.0, Nikon) within
a 2-mm diameter circle placed on the central cornea. The mean
fluorescent intensity measured by the software inside this central zone
was transferred to a database and the results averaged within each
group.

RNA isolation and quantitative PCR. Cornea epithelium from
B6.nude recipient mice was scrapped with a scalpel, conjunctiva was
surgically excised, and CD4þ T cells were isolated as described above.
Six to 12 samples were used in each group. Total RNA was extracted
using a Pico Pure RNA isolation kit (Arcturus, Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions,
quantified by a NanoDrop ND-1000 Spectrophotometer (Thermo
Scientific, Wilmington, DE) and stored at � 80 1C. Samples were
treated with DNase to eliminate genomic DNA contamination,
according to the manufacturer’s instructions (Qiagen, Valencia, CA).
First-strand complementary DNA was synthesized with random
hexamers by M-MuLV reverse transcription (Ready-To-Go
You-Prime First-StrandBeads; GEHealthcare, ArlingtonHeights, NJ),
as previously described.10

Quantitative real-time PCR was performed with specific MGB
probes (Taqman; Applied Biosystems) and PCR master mix (Taqman
Gene Expression Master Mix), in a commercial thermocycling system
(StepOnePlus Real-TimePCRSystem,AppliedBiosystems), according
to the manufacturer’s recommendations. Quantitative real-time PCR
was performed using gene expression assay primers and MGB probes
specific for murine targets IL-17A (Mm00439618), IFN-g
(Mm00801778), IL-13 (Mm99999190), MMP-3 (Mm00440295),
MMP-9 (Mm00442991), CCL20 (Mm00444228), GATA-3
(Mm00484683), RORgT (Mm00441139) and T-bet (Mm00450960).
The copy number of the genes of interest was calculated by

comparing the samples to the gene-specific standard curves, previously
prepared using commercial mouse complementary DNA (Zyagen,
San Diego, CA). Samples and standards were assayed in duplicate.
A non-template control and total RNA without retrotranscription
were included in all the experiments to evaluate PCR and DNA
contamination of the reagents.

MMPs immunofluorescent staining and in situ zymography.
Immunofluorescent staining was performed with polyclonal goat
anti-MMP-3 (2 mg/ml; SC6834; Santa Cruz Biotechnology, Santa Cruz,
CA) or rabbit anti-MMP-9 (5mg/ml, Chemicon-Billerica, MA, USA)
and with appropriate Alexa-Fluor 488-conjugated IgG secondary
antibodies as previously described.38 In situ zymography was per-
formed to localize the gelatinase activity in the corneal epithelia, as
previously described.38

The images were captured with a fluorescence microscope (Eclipse
E400; Nikon) and a attached digital camera (Eclipse E400 with a DS-
F1; Nikon). Fluorescent intensity was measured were analyzed using
the NIS Elements Software (Nikon).

Statistical analysis. One-way analysis of variance with Tukey’s post
hoc testing was used for statistical comparisons using GraphPad Prism
5.0 software (GraphPad Software Incorporation, San Diego, CA).
Pr0.05 was considered statistically significant.
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