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Abstract

Th17 cells are critical effectors mediating the ocular surface autoimmunity in dry eye disease 

(DED). Increased IFN-γ has also been implicated in DED; however, it remains unclear to what 

extent Th1 cells contribute to DED pathogenesis. In this study, we investigated the cellular source 

of IFN-γ and assessed its contribution to corneal epitheliopathy in DED mice. We discovered a 

significant FigA+IFN-γ+ Th17/1 population and determined that these cells are derived from Th17 

precursors. Adoptive transfer of Th17/1, but not Th1, cells confers the disease to naïve recipients 

as effectively as Th17 cells alone. DED-induced IL-12 and IL-23 are required for in vivo transition 

of pathogenic Th17 cells to IFN-γ-producers. Furthermore, using IFN-γ-deficient Th17 cells, we 

demonstrate the disease amplifying role of Th17-derived IFN-γ in DED pathogenesis. These 

results clearly demonstrate that Th17 cells mediate ocular surface autoimmunity through both 

IL-17A and IFN-γ.

INTRODUCTION

Dry eye disease (DED)3 is one of the most common ocular disorders for which patients seek 

care. Recent studies have demonstrated that ocular surface autoimmunity is the major 

underlying mechanism for DED. Increased levels of IL-17A and IFN-γ have been 

consistently observed in both clinical (1, 2, 3) and experimental DED (4, 5), suggesting that 

possibly both Th1 and Th17 cell responses are involved in DED pathogenesis. Furthermore, 

our group and others have demonstrated that Th17 cells are the principal effectors actively 

mediating DED, evidenced by (i) the presence of a prominent Th17 response in DED ocular 

surface and draining lymphoid tissues (4, 5, 6), (ii) specific resistance of Th17 cells, but not 

Th1 cells, to regulatory T cell (Treg) suppression (7), (iii) maintenance of disease chronicity 

by memory Th17 cells (8), and (iv) significant disease amelioration after neutralization of 

IL-17A (5, 7, 9).
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Nevertheless, in spite of the dominant role of Th17 cells and their signature cytokine IL-17A 

in DED immunoinflammation, it has been shown that subconjunctival injection of 

exogenous IFN-γ to DED mice increases corneal epithelial apoptosis, while the corneal 

epithelium in IFN-γ KO mice is resistant to apoptosis (10), indicating a strong association of 

corneal epitheliopathy and increased IFN-γ in DED. Recently, we have shown that NK cells 

are the major source of IFN-γ during the innate immunity-dominant early acute DED stage, 

and depletion of NK cells or neutralization of IFN-γ in the early stage of DED reduces 

disease severity (11). However, these IFN-γ-producing NK cells gradually diminish after the 

initial stress (11), and hence cannot be the major producers for the abundant IFN-γ in late 

acute DED. The exact cellular source of the persisting IFN-γ and their role in DED 

pathogenesis thus remains to be determined.

In this study, for the first time, we examined the pathogenicity of multiple in vivo 

spontaneously developed T helper cell populations which secret IL-17A (Th17), IFN-γ 
(Th1), or both (Th17/1) in DED, and demonstrated that similar to Th17, Th17/1, but not 

Th1, cells are potently DED pathogenic. Furthermore, Th17 can convert to Th17/1 in vivo 

facilitated through IL-12 and IL-23 signaling, and such Th17-derived IFN-γ enhances ocular 

surface autoimmune response and thus amplifies DED severity.

MATERIALS AND METHODS

Animals

Female 6- to 8-week old wild-type (WT) C57BL/6 mice (Charles River Laboratories), 

B6.Rag1 knock out (KO) mice, and B6.IFN-γ KO mice (The Jackson Laboratory) were used 

for this study. All animal experiments were approved by the Schepens Eye Research 

Institute Animal Care and Use Committee, and adhered to the Association for Research in 

Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision 

Research.

DED induction

DED was induced in mice as previously described (9). In brief, mice were placed in a 

controlled-environment chamber with a relative humidity below 20%, airflow of 15 L/min 

and a constant temperature of 21 to 23°C for 14 consecutive days. Thereafter, mice were 

transferred to the standard non-desiccated vivarium, where mice were maintained for an 

additional 4 months. Corneal epithelial disease was evaluated using fluorescein (Sigma-

Aldrich) staining and scored using the National Eye Institute grading system (NEI, 

Bethesda, MD).

Histology

The whole eye ball was excised and fixed in 10% formalin for fixation. After dehydration, 

the specimens were embedded in methacrylate, cross-sectioned, and stained with 

hematoxylin and eosin. The morphology of the cornea and the conjunctiva was observed 

under a microscope (Nikon Eclipse E800) with a 40× objective.
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Flow cytometry analysis

Conjunctivae tissues were first digested in RPMI (Invitrogen) with 2mg/ml DNase and 

2mg/ml Collagenase (Roche) at 37°C. The following antibodies (Abs) were used for flow 

cytometry analysis: FITC-conjugated anti-CD3, FITC-conjugated anti-CD4, PerCP-Cy5.5- 

or APC-conjugated anti-IFN-γ (BioLegend), and PE-Cy7- or PE-conjugated anti- IL-17A 

(eBioscience). For intracellular IL-17A staining, cells were stimulated with 50 ng/mL 

phorbol 12-myristate 13-acetate and 500 ng/mL ionomycin (Sigma-Aldrich) for 6 hours at 

37°C and 5% CO2 in the presence of GolgiStop™ (4 μl per 6 mL cell culture, BD 

Biosciences) to inhibit cytokine secretion. Stained cells were examined with an LSR II flow 

cytometer (BD Biosciences), and the results were analyzed using FlowJo software (Tree 

Star).

T cell adoptive transfer

Draining lymph node cells from DED mice were harvested and their CD4+ T cells were 

enriched via negative selection with CD4+ T cell isolation kit (Miltenyi Biotec Inc.). 

Thereafter, Th17 (IL-17A+IFN-γ−), Th17/1 (IL-17A+IFN-γ+), and Th1 (IL-17A−IFN-γ+) 

subsets were further sorted using IL-17A and IFN-γ cytokine secretion assay kits (Miltenyi 

Biotec Inc.) and a BD FACSAria™ sorter (BD Biosciences). Each of these subsets (2 × 104 

cells) was subsequently injected intravenously into naïve B6.Rag1 KO mice, which were 

then placed in the CEC for 5 days. In the Ab treatment studies, sorted Th17 cells were 

injected intravenously into naïve B6.Rag1 KO mice, which were then placed in the CEC for 

5 days. These recipient mice were injected intraperitoneally with 200 μg of anti-IL-12 (R & 

D Systems), 100 μg of anti-IL-23R (R & D Systems), 100 μg of anti-IL-12p40 Abs (R & D 

Systems), or 100 μg of isotype IgG (R & D Systems) one day before and one day after the 

cell transfer. Disease severity was evaluated using corneal fluorescein staining (CFS) 

described above.

Real-time PCR

Conjunctivae from mice were harvested, frozen in TRIzol® Reagent (Invitrogen Corp) and 

stored at −80°C until use. Total RNA was isolated with an RNeasy® Micro kit (Qiagen) 

according to the manufacturer’s recommendations and reverse transcribed using a 

SuperScript™ III kit (Invitrogen Corp). Real-time PCR was performed using TaqMan® 

Universal PCR Master Mix and predesigned primers for IFN-γ (Mm01168134_m1) and 

GAPDH (Mm99999915_g1) (Applied Biosystems) in a LightCycler® 480 II System (Roche 

Applied Science). The GAPDH gene was used as an endogenous control for each reaction. 

The results of quantitative PCR were analyzed by the comparative CT method in which the 

target change = 2−ΔΔCT. The results were normalized by the CT value of GAPDH, and the 

mean CT of relative mRNA level in the control IgG group was used as the calibrator.

ELISA

For protein extraction, draining lymph nodes were harvested and stored in cold sterile PBS 

containing protease inhibitors (Sigma-Aldrich) at −80°C until used. The samples were 

homogenized on ice and centrifuged. The supernatant was assayed using commercial ELISA 

kits for levels of the total protein (Thermo Scientific), IL-12, and IL-23 (eBioscience).
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Statistical analyses

Mann-Whitney Test was used with the software Prism 5, and differences were considered 

significant at p < 0.05.

RESULTS

Presence of IL-17A+ IFN-γ+ T helper cells (Th17/1) in severe DED

Acute and chronic DED was induced using our well-established murine models, and disease 

severity peaked at acute Day 14 (Fig. 1A). The ocular surface showed characteristic change 

in corneal epithelial thickness and decreased numbers and atrophy of conjunctival goblet 

cells at Day 14 (Fig. 1B). We further investigated IFN-γ single producer (Th1), IL-17A 

single producer (Th17), and IL-17A and IFN-γ producer (Th17/1) at multiple time points by 

flow cytometry (Fig. 1C). In the eye-draining lymph nodes (DLN), Th17 cells occurred 

during the initial disease induction phase and continuously increased as the disease 

exacerbated. Following the emergence of Th17 cells, we observed double-positive Th17/1 

cells as the disease severity exacerbated. When the disease entered a chronic stage (~4 

months) the Th17 frequency decreased, but still persisted at high levels. These Th17 cells 

have been previously identified as memory Th17 cells which principally mediate the 

chronicity of DED (9). During this stage when DED is characterized as persisting low-grade 

inflammation on the ocular surface (9), the Th17/1 frequency diminished (Fig. 1D). When 

these chronic DED mice were re-challenged with desiccating stress, Th17/1 cells increased 

again, along with exacerbated disease (Supplemental Fig. 1). The same kinetic patterns of 

Th17 and Th17/1 cells were observed at the inflamed ocular surface (conjunctiva) (Fig. 1E). 

In contrast, Th1 cell frequencies remained unchanged throughout the course of DED (Fig. 

1C).

Th17/1 cells isolated from DED are capable of inducing ocular surface inflammation

The pathogenicity of Th17 cells in DED has been demonstrated previously by blocking 

IL-17A in vivo (5, 7, 9). In the present study, we adoptively transferred Th subsets from 

DED mice into T cell-deficient naïve Rag1 KO mice to determine their function. Th1, Th17, 

and Th17/1 cells were isolated (Supplemental Fig. 2) at day 14 after the development of 

severe DED, and were then intravenously transferred to Rag1 KO recipients, which were 

subsequently challenged with desiccating environmental stress for 5 days. Rag1 KO mice 

without adoptive transfer served as controls and showed no disease after 5 days of 

desiccating stress (mean disease score = 1.38 out of 15 points), confirming the central role of 

T cells in inducing corneal epitheliopathy in DED (Fig. 2A, 2B). Similarly, mice adoptively 

transferred with single-positive Th1 cells developed no disease as well. In contrast, both 

Th17 and Th17/1 recipients exhibited significantly higher disease scores than control or Th1 

recipients. There were no significant differences in the disease severity between Th17 and 

Th17/1 recipients (Fig. 2A, 2B). We also found increased T cell infiltration in the 

conjunctivae of Th17 and Th17/1 recipients, but not in the control or Th1 recipients (Fig. 

2C). No T cells were detected in the DLN as well in Th1 recipients (Supplemental Fig. 3), 

suggesting that Th1 cells isolated from DED were not disease-specific effectors and unable 

to migrate to target tissues.
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Pathogenic Th17 cells are plastic and convert into IFN-γ producers via support of IL-12 
and IL-23

In vitro polarized Th17 cells have been shown to give rise to IFN-γ-producing cells after 

adoptive transfer in a murine model of colitis (12, 13). To investigate whether in vivo 

spontaneously generated pathogenic Th17 cells from DED have the similar plastic capacity 

developing into IL-17A+IFN-γ+ double-positive Th17/1 cells, we adoptively transferred 

IL-17A+ single-positive Th17 cells to Rag1 KO mice and induced DED. After 5 days we 

analyzed the draining lymph nodes for IFN-γ-producing T cells by flow cytometry. We 

found that ~50% of Th17 cells converted into IL-17A/IFN-γ double producers (Th17/1) 

after being adoptively transferred to the Rag1 KO mice (Fig. 3A, upper panel, and Fig. 3B). 

Meanwhile, the other group of naïve Rag1 KO mice receiving Th17 cells was housed in the 

normal environment without DED induction. After 5 days, a milder ocular surface 

epitheliopathy was developed (Fig. 3C) along with only ~20% Th17 cells becoming IFN-γ-

producing cells (Fig. 3A, lower panel, and Fig. 3B). In addition, a substantial part of 

transferred Th17 cells lost the expression of IL-17A in both with DS (~30%) and without 

DS (~65%) groups, suggesting that subpopulations of purified DED-Th17 cells might have 

different capacity for stable IL-17A expression and additional IFN-γ acquisition. We further 

examined IL-12 and IL-23 cytokine levels in the draining lymph nodes. DED-induced 

recipients exhibited a significant 2-fold up-regulation of both IL-12 and IL-23 mRNA than 

those without subject to desiccating stress (Fig. 3D). Protein levels of these two cytokines in 

DED-induced recipients were also consistently increased (Fig. 3E).

IL-12 and IL-23 are required for Th17 conversion to IFN-γ-producers

We next delineated whether the DED-induced IL-12 and IL-23 are responsible for the 

acquisition of IFN-γ in DED-pathogenic Th17 cells. It has been reported that both IL-12 

and IL-23 are essential for enhanced IFN-γ production by in vitro-polarized Th17 cells (12, 

14, 15), and Th17 cells from IL-23p19-deficient IL-17A reporter mice completely lack 

IL-17A/IFN-γ double-positive or IFN-γ single-positive cells (16). To determine the roles of 

IL-12 and IL-23 in IFN-γ secretion in in vivo induced, disease-specific Th17 cells, we 

isolated Th17 cells from DED mice and adoptively transferred them into Rag1 KO mice. 

The recipient mice were challenged with desiccating environmental stress for 5 days and 

treated with anti-IL12, anti-IL23R, anti-IL12p40 Abs, or control IgG one day before and one 

day after the transfer of Th17 cells. All three Ab treatments led to a substantial reduction of 

IFN-γ+ T cells, especially IL-17A+IFN-γ+ T cells. Anti-IL23R and anti-IL12p40 treatments 

resulted in the most significant reduction of IL-17A+IFN-γ+ T cells (Fig. 4A). 

Correspondingly, the development of ocular surface inflammation was significantly delayed 

and disease severity was dramatically decreased in all treated groups (Fig. 4B). Furthermore, 

diminished disease correlated with significantly lower ocular surface IFN-γ levels in Ab-

treated Th17 recipients (Fig. 4C).

IFN-γ secreted by Th17 cells contributes to DED severity

Th17 plasticity plays important functions in autoimmune disease pathogenesis, and has even 

been considered indispensable for efficient disease induction in several forms of 

autoimmunity (13, 16). To examine whether Th17-derived IFN-γ is required for the 
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development of DED, we induced DED in IFN-γ KO mice and then isolated their Th17 

cells. Th17 cells from IFN-γ KO DED showed comparable expression levels of IL-17A as 

Th17 cells from WT DED (Fig. 5A). Subsequently, these cells were adoptively transferred to 

Rag1 KO mice. Compared to recipients of WT DED Th17 cells, those receiving IFN-γ KO 

DED Th17 cells developed significantly milder disease (Fig. 5B, 5C). Correspondingly, T 

cells recovered from draining lymph nodes of IFN-γ KO Th17 recipients showed no IFN-γ 
expression (Fig. 5D). These data demonstrated that Th17 plasticity with the capability of 

producing IFN-γ is required for their enhanced pathogenicity in DED.

DISCUSSION

The current study shows that in addition to the well-known pathogenic cytokine IL-17A, 

IFN-γ derived from Th17 cells also amply contributes to ocular surface epitheliopathy and 

autoimmune inflammation in DED. Previously, we have reported that activated NK cells are 

the major source of IFN-γ during the early acute phase of DED; however, it has remained 

unclear whether a Th1 response contributes to DED progression via its secreted IFN-γ as 

well. Here, we investigated the pathogenicity of different T helper subsets in DED and found 

that Th1 cells isolated from DED cannot induce disease due to their inability to migrate to 

the ocular surface. In contrast, both IL-17A+ single-positive Th17 cells and IL-17A+IFN-γ+ 

double-positive Th17/1 cells migrate to the ocular surface where they contribute to DED 

pathology. Further, the conversion of Th17 cells to Th17/1 cells requires 

microenvironmental IL-12 and IL-23, and the IFN-γ produced by Th17 cells is essential and 

indispensable for the severe ocular surface immune response, suggesting that Th17 cells 

drive DED via both IL-17A and IFN-γ.

In the past several years, the critical role of IL-17A+ T helper cells in ocular surface 

autoimmunity in DED has been reported (5, 7, 8). On the other hand, although increased 

IFN-γ has been consistently reported in DED (1, 3, 4, 5), its precise role in DED 

immunopathogenesis has remained incompletely understood. The major hurdle lay in the 

cellular source of IFN-γ during disease progression since NK and Th1 cell numbers are not 

significantly increased in DED (4, 6, 11). Recently, the classic notion that diverse T helper 

cell subsets are terminally differentiated has been revised; due to their plasticity Th17 cells 

can acquire IFN-γ expression in vitro (12). In agreement with previous reports (4, 5, 8), our 

current study found persistently increased Th17 but not Th1 cells in both DED ocular 

surface and draining lymph nodes. For the first time, we discovered IL-17A+IFN-γ+ double-

positive Th17/1 cells emerging from Th17 cells upon disease induction. Our data suggest 

that plastic Th17 cells serve as a major source of IFN-γ during DED progression and 

demonstrate that increased IFN-γ expression is part of the pathogenic Th17 response in 

severe DED, and thus reconcile existing data on the role of IFN-γ in DED (1, 3, 4, 5). When 

the disease enters its chronic stage characterized by persistent, low-grade inflammation, 

double-positive Th17/1 cells diminish and memory Th17 cells represent the predominant 

pathogenic effectors (8). However, upon re-challenge with desiccating environmental stress, 

Th17/1 cells increase again in these chronic DED and correlate with exacerbated disease 

(Supplemental Fig. 1). Similarly, in a bacterial infection model, vaccination-induced 

memory Th17 cells became Th1-like cells after infection with the bacteria (17). In vivo 

transfer of pathogenic Th17 cells proves their ability to secrete IFN-γ and induce immune 
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damages in the target tissues, suggesting that the critical pathogenic role of Th17 in ocular 

surface autoimmunity correlates with both IL-17A and IFN-γ. Th17/1 cells, upon adoptive 

transfer, are able to infiltrate the ocular surface and induce DED comparable to Th17 cells. 

In contrast, adoptive transfer of Th1 cells into immunodeficient mice showed no ocular 

infiltration of T cells nor induced DED, demonstrating that these single-positive Th1 cells 

cannot specifically migrate to the ocular surface to induce DED. Migration of Th17, and 

most likely also Th17/1cells to the ocular surface is mediated through their expression of 

CCR6 (6, 18) and the enriched CCL20 environment at the ocular surface in DED (6).

We also found that the in vivo conversion of DED-Th17 cells to IFN-γ-producing cells was 

associated with the increased microenvironmental IL-12 and IL-23 levels. It has been 

reported that in vitro treatment of polarized Th17 cells with IL-12 or IL-23 promotes their 

IFN-γ secretion (12, 19), which is dependent on the transcription factors STAT4 and T-bet 

(12). In contrast to existing studies on in vitro-generated non-specific Th17 cells (12, 13, 14, 

15), we adoptively transferred disease-specific Th17 cells into naïve recipients, and then 

evaluated the effect of IL-12 and IL-23 blockade on their acquisition of IFN-γ. DED-Th17 

recipients treated with anti-IL-12, anti-IL-23R, or anti-IL12p40 exhibited a significantly less 

disease along with decreased frequencies of either IL-17A+IFN-γ+ or IL-17A−IFN-γ+ T 

cells, as well as decreased IFN-γ levels at the ocular surface. These findings demonstrate 

that both IL-12 and IL-23 are essential to Th17 plasticity and pathogenicity in vivo.

Furthermore, adoptive transfer of DED-Th17 cells from IFN-γ KO mice to T cell-deficient 

recipients causes DED corneal epitheliopathy. Although in the recipients, there are other 

IFN-γ-producing cells than T cells, such as NK cells, they do not develop DED without T 

cells transfer (Fig. 2), and thus the disease observed is due to the pathogenic roles of the 

transferred IFN-γ KO Th17 cells. However, the damage is less severe than that caused by 

WT DED-Th17 cells, demonstrating an important contribution of Th17-derived IFN-γ to 

DED pathogenesis. It has been reported that Th17 plasticity is indispensable for 

development of experimental autoimmune encephalomyelitis (EAE) (16), colitis (13), and 

diabetes (19). In contrast, one study has shown that stable Th17 cells, which are derived 

from IL-12 KO mice, are capable of inducing the same severe EAE as plastic Th17 cells 

(20). Our results demonstrate that Th17 plasticity enhances Th17 pathogenicity and is 

required for a severe ocular surface immunoinflammation. Therefore, the specific roles of 

Th17-derived IFN-γ and IL-17A in autoimmunity may be disease and context dependent.

In summary, our data demonstrate an important role of IFN-γ-secreting Th17 cells, but not 

conventional Th1 cells, in amplifying ocular surface autoimmunity. Thus, we reveal a 

previously undefined mechanism of Th17-derived IFN-γ in DED, highlighting the 

importance of blocking both Th17-dervied IL-17A and IFN-γ in designing clinical strategies 

that target DED. Because IFN-γ secretion by Th17 cells in DED is driven by IL-12 and 

IL-23, blocking IL-12p40 (shared subunit of IL-12 and IL-23) may prove to be an effective 

strategy to reduce Th17 cell pathogenicity in DED, the most common ocular pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased IFN-γ+Th17 cells (Th17/1) in severe dry eye disease (DED)
Frequencies of Th1, Th17, and Th17/1 cells were examined by flow cytometry throughout 

the course of DED (normal, acute, and chronic stages). (A) DED severity was evaluated by 

corneal fluorescein staining scores at different stages (n = 20 eyes per time point). *, p < 

0.05 as compared to Day 0. (B) Pathological changes of corneal (upper panel) and 

conjunctival epithelium (lower panel) in different stages of DED. Ocular surface in DED is 

characterized by change in epithelial thickness in the cornea, and loss of goblet cells 

(marked as G) in the conjunctiva. (C) Representative flow cytometry plots show cell 

frequencies gated on CD4+ cells. (D) Kinetic changes of Th17 (blue line) and Th17/1 (red 

line) cells in eye-draining lymph nodes (DLN) during the course of disease are summarized 

as mean±SEM from one representative experiment out of three performed (n = 4 mice per 

time point per group). (E) Kinetic changes of the Th17 (blue line) and Th17/1 (red line) cells 

in conjunctivae (CONJ) are summarized as mean±SEM from all three experiments with 4–6 

eye tissues pooled together as one flow cytometry sample (n = 4 samples per time point per 

group). *, p < 0.05 as compared to Day 0.
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Figure 2. Both Th17 and Th17/1, but not Th1 cells isolated from DED are pathogenic
Severe DED was induced for 14 days in wild-type mice, and then Th1, Th17, and Th17/1 

cells were isolated from draining lymph nodes. 1 × 104 cells from each subset were 

intravenously injected into Rag1 KO mice. Immediately after the adoptive transfer, these 

Rag1 KO mice were subject to desiccating stress for 5 days. AT, adoptive transfer. (A) 

Clinical disease severity was evaluated by corneal fluorescein staining and representative 

images show baseline (Day 0) and 5 days post-AT. (B) DED scores in each group at Day 5 

are summarized as mean±SEM in bar graphs (n = 6–8 eyes per group). *, p < 0.05 as 

compared to No AT or Th1 AT group. (C) Representative flow cytometry dot plots from 

three separate experiments (4–6 eye tissues pooled together for each group) show increased 

infiltration of transferred T cells in the conjunctivae (CONJ) in mice with AT of Th17 and 

Th17/1 cells.
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Figure 3. Th17 cells isolated from DED convert into IFN-γ-secreting cells associated with DED-
induced IL-12 and IL-23
DED-specific Th17 cells were isolated from severe DED (Before AT) and then adoptively 

transferred into Rag1 KO mice which were then subject to desiccating stress (DS) or not 

(non-DS) for 5 days. AT, adoptive transfer. (A) Clinical disease severity was evaluated by 

corneal fluorescein staining and representative images were shown 5 days post-AT. In 

addition, eye-draining lymph nodes of the recipient mice were collected and analyzed for 

IFN-γ and IL-17A expressions by flow cytometry (After AT). The data were summarized as 

mean±SEM for Th17/1 frequency (n = 3 mice) (B) and disease score (n = 6 eyes) (C) from 

one experiment out of two performed. *, p < 0.05. (D) mRNA and (E) protein expressions of 

IL-12 and IL-23 in the draining lymph nodes were quantified by real-time RT-PCR and 

ELISA, respectively. *, p < 0.05. Six eyes from 3 mice in each group were analyzed.
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Figure 4. IL-12 and IL-23 mediate the conversion of Th17 cells into IFN-γ-secreting cells
DED-specific Th17 cells were isolated and adoptively transferred to Rag1 KO mice, which 

were then subject to desiccating stress for 5 days. These mice were injected with anti-IL12, 

anti-IL23R, anti-IL12p40 Abs, or control IgG one day before and one day after the transfer 

of Th17 cells. AT, adoptive transfer. (A) Eye-draining lymph nodes were collected and 

analyzed for IFN-γ-expressing Th17 cells. Representative flow cytometry graphs gated on 

CD4+ are shown on the left, and the IFN-γ+IL-17A− and IFN-γ+IL-17A+ cell frequencies 

are summarized as mean on the right bar graphs. Anti-IL12, anti-IL23R, and anti-IL12p40 

Ab-treated groups exhibited significantly decreased IFN-γ+IL-17A+ cells (24.5±0.8%, 

13.6±6.0%, and 9.0±1.9%, respectively) as compared to control IgG group (41.2±5.9%, p < 

0.05). Furthermore, both anti-IL23R and anti-IL12p40-treated groups showed even lower 

IFN-γ+IL-17A+ cell frequencies than anti-IL12-treated group (p < 0.05). No significant 

differences between anti-IL23R and anti-IL12p40-treated groups. (B) Clinical disease 

severity was evaluated by corneal fluorescein staining with the representative images 

exhibited. (C) IFN-γ mRNA expression in the conjunctivae was quantified by real-time RT-

PCR, and data are shown as relative changes to control IgG-treated mice. *, p < 0.05 as 

compared to control IgG group. n = 6-8 eyes/group.
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Figure 5. IFN-γ KO Th17 cells leads to less severe disease
DED was induced in wild-type (WT) and IFN-γ KO mice, and then Th17 cells were isolated 

and adoptively transferred into Rag1 KO mice, which were then subject to the desiccating 

stress for 5 days. (A) IL-17A expression levels were assessed in Th17 cells from draining 

lymph nodes of WT and IFN-γ KO DED mice using flow cytometry. Sorted WT Th17 and 

IFN-γ KO Th17 cells from DED expressed comparable levels of IL-17A. (B) Representative 

corneal fluorescein staining images of mice receiving WT Th17 cells or IFN-γ KO Th17. 

(C) Mice receiving IFN-γ KO Th17 cells showed significantly reduced disease severity than 

those receiving WT Th17 cells. *, p < 0.05. (D) The expressions of IFN-γ and IL-17A by 

the transferred Th17 cells were analyzed by flow cytometry and representative plots are 

shown. n = 6–8 eyes in each group.
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