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Abstract

Beyond their historical role as the effector cells in allergic disorders, mast cells have been 

implicated in regulating both innate and adaptive immune responses. Possessing considerable 

functional plasticity, mast cells are abundant at mucosal surfaces, where the host and external 

environments interface. The purpose of this study was to evaluate the contribution of mast cells to 

allograft rejection at the ocular surface. Using a well-characterized murine model of corneal 

transplantation, we report that mast cells promote allosensitization. Our data show mast cell 

frequencies and activation are increased following transplantation. We demonstrate that mast cell 

inhibition (a) limits the infiltration of inflammatory cells and APC maturation at the graft site; (b) 

reduces allosensitization and the generation of Th1 cells in draining lymphoid tissues; (c) 

decreases graft infiltration of alloimmune-inflammatory cells; and (d) prolongs allograft survival. 

Our data demonstrate a novel function of mast cells in promoting allosensitization at the ocular 

surface.
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1 | INTRODUCTION

The transplantation of tissues or organs from one individual to another is often the single 

viable treatment in end-stage organ dysfunction. Rapid development of new surgical 

techniques and immunosuppressives have both enhanced and prolonged the lives of millions 

of individuals over recent decades. Yet the major limitation of allogeneic transplantation, 
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immune rejection, remains constant.1 The rejection of solid organ allografts involves a 

complex sequence of events orchestrated by both the innate and adaptive immune systems.
2,3 The trauma and tissue injury that are associated with surgery provoke an initial innate 

response, with increased infiltration of inflammatory cells (including dendritic cells [DCs] 

and macrophages), and a concomitant release of pro-inflammatory cytokines. Antigen-

presenting cells (APCs) migrate from the graft site to the recipient’s draining lymphoid 

organs, where they elicit an adaptive immune response by presenting donor antigens to naïve 

host T cells, resulting in the generation of graft-attacking type 1 T-helper (Th1) cells.4 

Although much has been established regarding the cellular and molecular interactions that 

drive immune rejection, the induction of alloimmunity at the ocular surface has not been 

fully defined.

Mast cells are important effector cells of the immune system that are particularly abundant at 

mucosal surfaces.5 The critical role of mast cells in mediating pro-inflammatory responses 

to allergens and multicellular parasites is well recognized, but mast cells have been 

implicated in a much wider spectrum of inflammatory disorders including atherosclerosis, 

arthritis, and cancer.5–8 Recently, the capacity of mast cells to respond rapidly to 

environmental signals and modulate the adaptive immune response has attracted attention.
5,9–12 Given the presence of mast cells at mucosal surfaces, and the array of grafts that 

involve these tissues (eg, cornea, lung, and intestine), it is remarkable that the contribution of 

mast cells to the induction of alloimmunity is not yet well established.

In this study, we conducted a series of experiments to determine how mast cells impact the 

generation of the alloimmune response. We investigated the function of mast cells using a 

well-characterized murine model of corneal transplantation.13–15 In this model of ocular 

alloimmunity, approximately half of the grafts are rejected within 3 weeks of 

transplantation, while the remaining half survive indefinitely. In comparison with other 

transplant models, this system permits the continuous evaluation of the alloimmune response 

(through the assessment of graft opacity) without necessitating host sacrifice.

Our data demonstrate that mast cell inhibition limits allosensitization in a murine model of 

transplantation. We clearly show that mast cell inhibition leads to decreased maturation of 

APCs and reduced generation of Th1 cells. Furthermore, mast cell inhibition attenuates graft 

infiltration of alloimmune-inflammatory cells, with an attendant delay in transplant 

rejection.

2 | MATERIALS AND METHODS

2.1 | Animals

Six- to eight-week-old male wild type BALB/c and C57BL/6 mice were purchased from 

Charles River Laboratories (Wilmington, MA). The mice were housed in the Schepens Eye 

Research Institute animal vivarium and treated according to the guidelines set forth by the 

Association for Research in Vision and Ophthalmology. All animal experiments were 

reviewed and approved by the Institutional Animal Care and Use Committee.
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2.2 | Orthotopic corneal transplantation

Orthotopic corneal transplantation was performed as previously described.16 Briefly, host 

beds were prepared by trephining a 1.5-mm site in the central cornea. In allogeneic 

transplantation, central 2.0-mm-diameter corneal grafts were excised by trephination from 

C57BL/6 mice and transplanted onto prepared BALB/c host beds with eight interrupted 11–

0 nylon sutures (AB-0550S; MANI, Tochigi, Japan). In syngeneic transplantation, central 

2.0-mm-diameter corneal grafts were excised by trephination from BALB/c mice and 

transplanted onto prepared BALB/c host beds with eight interrupted 11–0 nylon sutures. 

After surgery, tarsorrhaphy was performed to keep the eye closed for 3 days following 

transplantation. The tarsorrhaphy was positioned medially, thereby preventing spontaneous 

eye opening but permitting manual separation of the eyelids and the application of drops. 

Sutures were removed 7 days posttransplantation.

2.3 | Evaluation of graft survival

Transplanted corneas were examined weekly in a blinded fashion for 6 weeks (or until 

sacrificed for analyses) using a slit-lamp microscope (n = 10 mice/group). A standardized 

opacity grading system was used.17 Grafts with opacity scores of >2 (ie, a level of opacity 

that obscures recognition of iris details) for at least two consecutive weeks at postoperative 

week 2 and onward were considered as immune-rejected. Eyes that underwent 

complications during or after surgery including intraoperative hemorrhage, cataract, 

infection, or synechia as well as grafts that became opaque in the first 2 weeks after 

transplantation (and never became clear) were excluded from the analysis.

2.4 | Mast cell inhibitor administration

Three microliter of 2% cromolyn sodium (Sigma-Aldrich, St. Louis, MO) eye drops were 

administered topically to transplanted eyes at five time points on the day of transplantation 

(which were −3, −1, 0, 1, and 3 hours postoperatively). Furthermore, eye drops were 

administered 3×/day for up to 3 days postoperatively. Vehicle-treated mice were 

administered phosphate-buffered saline (PBS) eye drops.

2.5 | Digestion of ocular surface tissue and lymph node cell preparation

Single cell suspensions were prepared from ocular surface tissues (corneas and conjunctivae) 

and ipsilateral draining submandibular lymph nodes as previously described.18 In brief, 

ocular surface tissues were digested in RPMI media (Lonza, Walkersville, MD) containing 4 

mg/mL collagenase type IV (Sigma-Aldrich, St. Louis, MO) and 2 mg/mL DNase I (Roche, 

Basel, Switzerland) for 60 min at 37°C, and then filtered through a 70-μm cell strainer. 

Draining lymph nodes (DLNs) in the cervical region were collected and single cell 

suspensions were prepared as previously described.19

2.6 | Flow cytometry

Single cell suspensions were surface stained with fluorochrome-conjugated anti c-Kit (2B8), 

anti- FcεR1 (MAR-1), anti-CD11b (M1/70), anti-CD11c (N418), anti-MHCII 

(M5/114.15.2), anti-IAd (39–10-8), anti-IAb (KH74), anti-CD45 (30-F11), anti-CD3 (145–

2C11), anti-CD4 (RM4–4) antibodies to evaluate c-Kit+ FcεR1+mast cells, CD11b+ myeloid 
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immune cells, CD11c+ APCs, CD45+ total inflammatory cells, and CD3+CD4+T cells. 

Surface staining was performed by incubating cells with monoclonal antibodies or 

appropriate isotype controls for 30 minutes on ice in the dark. Thereafter, cells were washed 

twice using phosphate-buffered saline (PBS). Stained cells were subsequently suspended in 

PBS and analyzed using a LSR II flow cytometer (BD Biosciences, San Jose, CA) and 

Summit v4.3 software (Beckman Coulter, Indianapolis, IN) as described previously.19,20 

Doublet discrimination was performed by gating concurrently on FSCarea versus FSCheight. 

Antibodies and matched isotypes were purchased from Biolegend, San Diego, CA.

For intracellular evaluation of IFN-γ in Th1 cells, lymph node single cells were stimulated 

with phorbol 12-myristate 13-acetate (PMA; 20 ng/ml; Sigma-Aldrich) and ionomycin 

(1μg/mL; Sigma-Aldrich) for 4 hours in the presence of Golgistop (0.1 μL/100 μL media; 

BD Bioscience) at 37°C, as described previously.21 Intracellular staining was performed in 

order to evaluate the expression of IFN-γ in Th1 cells, Foxp3 in CD4+CD25+ cells (Tregs), 

and TNF-α in mast cells. Cells were washed twice with PBS following cell surface staining 

and resuspended in Fixation/Permeabilization Solution (eBioscience) for 60 minutes at 4°C. 

Fixed and permeabilized cells were then washed with Perm/Wash Buffer (eBioscience) and 

stained with fluorochrome conjugated anti-IFN-γ (XMG1.2), anti-Foxp3 (FJK-16 s, 

eBioscience), or anti-TNF-α (MP6-XT22) antibodies for 45 minutes on ice. Rat IgG2b, κ, 

Rat IgG2a k, Rat IgG1, κ, and Armenian Hamster IgG isotype controls were used. 

Antibodies and matched isotypes and were purchased from Biolegend, San Diego, CA, or as 

indicated. Cells were washed and suspended in PBS for flow cytometry analysis using a 

LSR II flow cytometer (BD Biosciences) and Summit v4.3 software (Beckman Coulter Life 

Sciences, Indianapolis, IN), as previously described.20,22

2.7 | Cell sorting

T cells (CD90.2+ cells) and APCs (CD90.2− cells) from the lymph nodes of graft recipients, 

donors, and naive mice were isolated by magnetic sorting using CD90.2+ sorting kits as per 

the manufacturer’s protocol (Miltenyi Biotec, Auburn, CA).

2.8 | Direct and indirect allosensitization assays

Purified T cells (CD90.2+ magnetically-sorted) from allografted BALB/c mice (2 weeks 

following transplantation of C57BL/6 corneas) were incubated with donor C57BL/6 APCs 

(CD90.2−magnetically sorted splenocytes) for 48 hours in order to quantify frequencies of 

directly allosensitized T cells, or with syngeneic BALB/c APCs pulsed with sonicated donor 

antigen (2×107 C57BL/6 APCs/mL) to enumerate frequencies of indirectly allosensitized T 

cells. Total numbers of IFN-γ-secreting T cells were quantified using 96 well plates 

(Whatman Polyfiltronics, Rockland, MA) coated with 4 μg/mL primary anti-IFN-γ antibody 

(AN-18; BD Pharmingen, San Jose, CA) by ELISPOT as previously described.23,24 

Frequencies of allosensitized Th1 cells (CD4+IFN-γ+) were evaluated by flow cytometry as 

described above.

2.9 | β-hexosaminidase assay

The levels of β-hexosaminidase enzyme were estimated using a β-n-acetylglucosaminidase 

assay kit (Sigma-Aldrich), which is based on the hydrolysis of 4-Nitrophenyl N-acetyl-β-D-
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glucosaminide (NP-GlcNAc).25 Briefly, to evaluate mast cell activation, ocular surface 

tissues (cornea and conjunctiva) were lysed using 0.1% Triton X-100 (Sigma-Aldrich) for 20 

minutes on ice. After centrifugation, supernatants were harvested and incubated with 0.1 

mg/mL NP-GlcNAc (substrate) for 30 minutes at 37°C. Following this, the enzyme-substrate 

reaction was stopped with 5 mg/mL sodium carbonate. Absorbance was measured at 405 nm 

using a SpectraMax Plus 384 Microplate Reader (Molecular Devices, CA, USA). β-

hexosaminidase levels were evaluated using the formula: Units/mL = (A405sample − 

A405blank) × 0.05 × 0.3 × DF/A405standard × time × volume of sample in mL.

2.10 | Statistical analysis

Unpaired two-tailed Student’s t tests were used to compare means between two groups, and 

one-way ANOVA was used for the comparison of multiple groups. The significance level 

was set at P < .05. Kaplan-Meier analysis was adopted to construct survival curves, and the 

log-rank test was used to compare the rates of corneal graft survival. Results are presented as 

the mean ± standard error of mean of three independent experiments. In vivo evaluations of 

graft opacity were performed in a masked fashion. Samples sizes were estimated on the 

basis of previous experimental studies on corneal transplantation.16,23,26

3 | RESULTS

3.1 | Mast cell frequencies and activation increase following transplantation

To investigate whether mast cell activation occurs during transplantation, we harvested 

corneal and conjunctival tissues at 6 hours posttransplantation, and stained single cell 

suspensions with fluorochrome-conjugated CD45, c-Kit, and FCεR1 monoclonal antibodies. 

Flow cytometry data were gated on CD45+ cells, and the frequencies of c-Kit+FCεR1+ mast 

cells were evaluated (Figure 1A). These data demonstrate a 68% increase in the frequencies 

of mast cells in the ocular surface tissues of allograft recipients relative to naïve mice (P 
< .006). Mast cell activation was evaluated by two methods: levels of β-hexosaminidase and 

expression of TNFα. β-hexosaminidase is highly abundant in mast cell granules, and is 

widely used as a marker of mast cell activation.27 Corneal and conjunctival cell lysates 

analyzed by β-hexosaminidase assay demonstrated a significantly greater increase in β-

hexosaminidase levels in graft recipients compared to naïve controls (P < .01; Figure 1B). 

Ocular surface mast cells from transplant recipients exhibited a two-fold increase in TNFα 
expression relative to naïve mice (P < .004; Figure 1C), with higher frequencies of TNFα-

expressing cells detected in the cornea (P < .05; Figure 1D). These results suggest that the 

frequency and activation of mast cells are upregulated following transplantation.

3.2 | Topical administration of mast cell inhibitor reduces mast cell frequencies and 
activation at the ocular surface following transplantation

Next, we evaluated the efficacy of a clinically relevant pharmacological inhibitor of mast 

cells (cromolyn sodium) in suppressing mast cell function in our in vivo model of corneal 

transplantation.28 To determine this, we treated mice topically with mast cell inhibitor in the 

perioperative period and examined the frequencies and activation of mast cells. Two 

allogeneic transplant treatment groups were assessed in the experiment—one group was 

treated with mast cell inhibitor eye drops, and the other with vehicle eye drops (phosphate-
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buffered saline [PBS]). Eye drops were administered at 3 and 1 hour prior to transplantation, 

at the time of transplantation, as well as at 1 and 3 hours following transplantation (Figure 

2A). Corneas and conjunctivae were harvested at 6 hours following surgery. Our flow 

cytometry analysis of single cell suspensions revealed that corneal transplantation increased 

the frequencies of mast cells in the ocular surface tissues, yet treatment with topical mast 

cell inhibitor substantially reduced (79%) the frequencies (P < .001; Figure 2B). Mast cell 

activation was also markedly inhibited, as demonstrated by a significant reduction in both 

the levels of β-hexosaminidase (P < .05) and expression of TNFα (P < .01) in the mast cell 

inhibitor-treated group relative to the vehicle-treated group (Figure 2C,D).

3.3 | Mast cell inhibition reduces leukocyte infiltration and suppresses the maturation of 
antigen-presenting cells in graft

To delineate whether mast cell activation contributes to the induction of the allogeneic 

immune response, we administered topical mast cell inhibitor to mice perioperatively 

(Figure 3A), and evaluated leukocyte infiltration and the maturation of APCs resident in the 

graft following transplantation. Mice treated with vehicle eye drops (PBS) served as the 

control group. Corneas were harvested 7 days following transplantation. Frequencies of 

CD45+ leukocytes and CD11b+MHCII+mature APCs were assessed by flow cytometry. Our 

data demonstrate that CD45+ leukocyte infiltration of the cornea was substantially increased 

following transplantation in the vehicle-treated group, but this effect was reduced in the mast 

cell inhibitor-treated group (Figure 3B). Indeed, treatment with mast cell inhibitor resulted in 

a significant 38% decrease in corneal infiltration of CD45+ leukocytes (P < .05). Our data 

show that the frequencies of MHCII+CD11b+ mature APCs were markedly increased 

following transplantation in the vehicle-treated group, but treatment with mast cell inhibitor 

reduced this effect (P < .05) (Figure 3C). Additionally, to evaluate whether mast cell 

inhibitor (2% cromolyn) directly affects the maturation of APCs, we investigated the effect 

of cromolyn sodium on IFNγ-induced MHCII acquisition by bone marrow-derived 

immature DCs (BMDCs) using in vitro assays. Our data demonstrate that IFNγ significantly 

upregulates MHCII expression by BMDCs (MFI: 977 ± 39) relative to unstimulated BMDCs 

(MFI: 107 ± 57). The addition of cromolyn sodium to IFNγ-treated cultures did not 

significantly alter IFNγ-induced MHCII acquisition by BMDCs (MFI: 900 ± 86) (Figure 

S1). These findings suggest that, without directly affecting APCs, inhibition of mast cell 

function results in decreased CD45+ leukocytic infiltration and APC maturation in the 

allograft.

3.4 | Inhibition of mast cells limits activation of host- and donor-derived antigen-
presenting cells and the generation of Th1 cells in lymphoid tissues

To further investigate the extent to which mast cells contribute toward alloimmunity, we 

evaluated the effects of mast cell blockade on the maturation of APCs and generation of 

IFNγ-producing CD4+ T cells (Th1 cells) in the draining lymph nodes (DLNs). Topical 

administration of mast cell inhibitor or vehicle eye drops followed the same treatment 

regimen as described previously (Figure 3A). DLNs were harvested at 14 days following 

transplantation. As both host-and donor-derived APCs contribute to the generation of Th1 

cells,29 we enumerated the frequencies of IAb+ (donor-derived) and IAd+ (recipient) MHC II 

haplotypes by APCs derived from mast cell inhibitor-treated vs vehicle-treated allogeneic 
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graft recipients (Figure 4A). Given the exclusive expression IAb+and IAd+MHC II 

haplotypes by donor (B6) and recipient APCs (BALB/c) respectively, our data demonstrate 

that the frequencies of both IAb+CD11c+ cells (donor APCs) and IAd+CD11c+ cells (host 

APCs) were substantially increased following transplantation in the vehicle-treated group, 

but this effect was abrogated in the mast cell inhibitor-treated group (Figure 4A). 

Specifically, mast cell inhibition decreased the frequencies of host-derived mature APCs by 

almost 50%, with a complete reduction in frequencies of donor-derived mature APCs 

relative to controls (P < .01).

Our data show that both the frequencies of CD4+IFNγ+ Th1 cells and expression levels of 

IFNγ (MFI) in the DLNs of the vehicle-treated group increased following transplantation 

relative to the naïve group (Figure 4B). Treatment with mast cell inhibitor resulted in a 

substantial decrease in both the frequencies of Th1 cells (82%) and protein expression (85%) 

of IFNγ compared to controls (P < .001; Figure 4B). Given the critical role of CD4+Foxp3+ 

regulatory T cells (Tregs) in suppressing the Th1 immune response, we evaluated the impact 

of mast cell inhibition on Treg frequencies following transplantation.30 Interestingly, mast 

cell inhibition did not significantly alter either the frequency of CD4+Foxp3+ Tregs or 

expression of Foxp3 (MFI) by Tregs between the groups (Figure 4C). These findings 

strongly suggest that mast cells promote allosensitization without affecting Tregs.

3.5 | Inhibition of mast cell function suppresses both direct and indirect allosensitization

Having observed decreased generation of the Th1 immune response following mast cell 

inhibition, as well as reduced frequencies of both host- and donor-derived APCs, we 

subsequently assessed whether blockade of mast cell activity limits donor APC-mediated 

direct allosensitization or host APC-induced indirect allosensitization. We investigated both: 

(a) direct allosensitization by co-culturing donor APCs (B6) with recipient T cells 

(BALB/c), and (b) indirect allosensitization by co-culturing recipient APCs (BALB/c) 

(pulsed with the lysate of donor splenocytes) with recipient T cells (BALB/c). In the direct 

allosensitization assays, mast cell inhibition resulted in significantly decreased frequencies 

of CD4+IFNγ+ Th1 cells (≈50%) compared to vehicle control (P < .05; Figure 5A left panel, 

P < .01; 5B top panel). Similarly, in the indirect allosensitization assays, significantly 

decreased frequencies of CD4+IFNγ+ Th1 cells were observed in the mast cell inhibitor-

treated group relative to the vehicle-treated group (P < .05; Figure 5A right panel & 5B 

lower panel). These results imply that mast cell inhibition suppresses Th1 immune responses 

by inhibiting both the direct and indirect pathways of allosensitization.

3.6 | Inhibition of mast cell function attenuates infiltration of alloimmune-inflammatory 
cells into the graft

To examine whether mast cell-induced allosensitization leads to an increased infiltration of 

inflammatory cells into the graft, we evaluated the infiltration of CD45+ inflammatory cells, 

CD4+ T cells, and CD11b+ myeloid immune cells. Topical administration of mast cell 

inhibitor or vehicle eye drops followed the same treatment regimen as described previously 

(Figure 3A). Corneas were harvested 14 days following transplantation. Our flow cytometric 

data demonstrate that treatment with mast cell inhibitor reduced the graft infiltration of total 

CD45+ inflammatory cells by 49% relative to controls (P < .01; Figure 6A). Treatment with 
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mast cell inhibitor also resulted in decreased infiltration of CD4+ T cells immune cells (P 
< .01; Figure 6B) and CD11b+ myeloid immune cells (P < .01; Figure 6C) by 41% and 36%, 

respectively relative to controls. Taken together, our results indicate that mast cell inhibition 

suppresses the infiltration of graft-damaging T cells and reduces tissue inflammation at the 

graft site.

3.7 | Inhibition of mast cells prolongs corneal allograft survival

To assess whether mast cell inhibition influences corneal allograft rejection, we evaluated 

graft survival in three treatment groups (n = 10 mice/group): (a) topical administration of 

mast cell inhibitor to allogeneic graft recipients according to treatment regimen described 

previously (Figure 3A); (b) topical administration of vehicle to allogeneic graft recipients 

according to treatment regimen described previously (Figure 3A); (c) untreated syngeneic 

graft recipients. Grafted eyes were examined once weekly using slit lamp microscopy for a 

follow-up period of 6 weeks to monitor graft survival. The mast cell inhibitor-treated 

allogeneic transplantation group demonstrated lower graft opacity scores compared to the 

vehicle-treated allogeneic transplantation group between postoperative weeks 1 and 4. After 

postoperative week 5, graft opacity scores were comparable between mast cell inhibitor-

treated and vehicle-treated groups (Figure 7A,B). Treatment with mast cell inhibitor in the 

allogeneic transplantation group resulted in significantly prolonged graft survival relative to 

controls (Figure 7C). Having established that mast cells contribute to the induction of 

allosensitization at weeks 1 and 2, we investigated whether mast cells continued to promote 

alloimmunity at later time points. Our data show that at 6 weeks, there was no difference in 

either the frequencies of CD4+IFNγ+ Th1 cells or CD4+Foxp3+ Tregs in the DLNs of mast 

cell inhibitor-treated allogeneic graft recipients relative to vehicle-treated controls (Figure 

7D,E). Furthermore, no difference in the expression (MFI) of IFNγ or Foxp3 was observed 

between the groups. Taken together, these results suggest that mast cell inhibition delays 

allosensitization and prolongs graft survival following corneal transplantation.

4 | DISCUSSION

This study advances our knowledge of the contribution of mast cells to allosensitization at 

the ocular surface. Our data demonstrate that the frequencies and activation of mast cells are 

upregulated following corneal transplantation. Furthermore, we show that mast cell 

inhibition: (a) limits the infiltration of inflammatory cells and APC maturation at the graft 

site; (b) suppresses both direct and indirect allosensitization in draining lymphoid tissues; (c) 

reduces graft infiltration of alloimmune-inflammatory cells; and (d) prolongs allograft 

survival.

Beyond their well-characterized role in allergic inflammation, recent evidence has 

implicated mast cells in a wide array of protective and pathological roles.5 Mast cells are 

now recognized as important mediators of innate immunity, triggering the first and fastest 

immune response, with the rapid release of presynthesized cytokines (eg, tumor necrosis 

factor [TNF]-α), and proteases that drive inflammation.31 As an example of the critical role 

played by mast cells in generating the innate immune response, mast cells have been shown 

to contribute to the recruitment of neutrophils to sites of bacterial infection.32 The capacity 
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of mast cells to modulate adaptive immunity has also been established.10 Given the diverse 

functional contributions of mast cells to innate and adaptive immunity, it is unsurprising that 

these cells are relevant to tissue transplantation.31 Previous studies have identified anti-

inflammatory functions of mast cells in murine models of transplantation, yet are 

characterized by a lack of consensus, with some investigators reporting that mast cells 

reduce effector T cell proliferation via an IL-10-mediated mechanism33 and others detailing 

the critical contribution of mast cells toward CD4+CD25+Foxp3+ Treg cell-dependent 

peripheral tolerance.34 Our study advances the current knowledge by demonstrating the role 

of mast cells in promoting allosensitization at the ocular surface.

Increased mast cell frequencies in mucosal tissues have been reported in a number of 

inflammatory disorders, including asthma, and inflammatory bowel disease.35,36 In addition 

to previous studies documenting the distribution of mast cells at the ocular surface37,38 (and 

our own immunofluorescence imaging shown in Figure S2), a study by Yamagami et al has 

reported mast cell infiltration into corneal allografts.39 Our study is consistent with these 

observations, demonstrating significantly higher frequencies of mast cells in the ocular 

surface tissues of transplanted animals relative to naïve controls. Furthermore, we 

demonstrate enhanced mast cell activation in grafted mice compared to naïve controls; with 

heightened expression of TNF-α exhibited, and a greater fold change in β-hexosaminidase 

levels. TNF-α is an important marker of mast cell activation: it exerts significant effects on 

both the innate and adaptive immune systems, and functions in an autocrine manner to 

maintain the survival and activation of mast cells.9,40,41 The β-hexosaminidase assay has 

emerged as a sensitive assay for evaluating mast cell activation.42

APC maturation at the graft site is critical for productive presentation of transplant antigens 

to host T cells.43 However, the factors that regulate APC maturation following 

transplantation have not been fully delineated. Our study demonstrates that, in addition to 

immature APCs, the grafted site contains mast cells. We show that mast cells promote APC 

maturation and the initiation of allosensitization, leading to the generation of Th1 cells in the 

draining lymph nodes. Indeed, we observed elevated secretion of TNF-α by mast cells 

following transplantation, which has been shown to foster APC maturation and promote 

APC-CD4+ T-helper cell interactions.44–46 We propose that treatment with mast cell 

inhibitor altered the local inflammatory milieu and dampened allosensitization, which was 

observed as a decrease in mature APCs and Th1 effector cells in the lymphoid tissues. Since 

graft survival is determined by the balance between the effector and regulatory arms of the 

alloimmune response, we investigated the effect of mast cell inhibition on Tregs.16 

Importantly, our data demonstrate no difference in either Treg frequencies or protein 

expression of Foxp3 at week 2. This observation suggests that mast cells alter the allogeneic 

immune response predominately via the effector, rather than regulatory, arm.

The consequences of diminished allosensitization were observed at the graft site, with 

decreased infiltration of inflammatory cells and prolonged graft survival. Although mast cell 

inhibition resulted in decreased graft opacity from postoperative week 1 until week 4, no 

difference was seen in opacity (or graft survival) after this time. This finding can be 

explained by our analysis of immune cells in the draining lymph nodes at 6 weeks 

posttransplantation, with no difference observed in either the frequencies of Th1 effector 
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cells or protein expression of IFNγ+ in the mast cell inhibitor-treated group compared to 

control. Furthermore, no difference was seen in Treg frequencies or protein expression of 

Foxp3, which is critical for long-term allotolerance. Taken together, these data suggest that 

mast cell inhibition modulates the initial stage of allosensitization, with decreased 

inflammation and prolonged graft survival observed, but does not impact allosensitization at 

later time points.

In sum, our findings clearly demonstrate the novel contribution of mast cells to 

allosensitization at the ocular surface. Furthermore, our data suggest that mast cell inhibition 

has translational potential as a therapeutic strategy to prolong corneal allograft survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Mast cell frequencies and activation increase following transplantation. Ocular surface 

mucosal tissues (corneas and conjunctivae) were harvested at 6 hours posttransplantation. 

(A) Single cell suspensions were analyzed by flow cytometry. Upper left panel: 

representative dot plots showing the frequencies of CD45+ cells in ocular surface tissues 

harvested from naïve mice, and syngeneic (Syn Tx) and allogeneic (Allo Tx) transplant 

recipients. Upper right panel: bar chart demonstrating the cumulative frequency data of 

ocular surface CD45+ cells in transplant recipients and naïve mice (***P < .001, t test). 

Lower left panel: representative dot plots showing the frequencies of CD45+c-Kit+FCεR1+ 

mast cells at ocular surface tissues (data shown are gated on CD45+ cells). Lower right 

panel: bar chart demonstrating the cumulative data of frequencies of ocular surface c-Kit
+FCεR1+ mast cells in transplant recipients and naïve mice (*P < .006, t test). (B) Bar chart 

depicting the percentage increase in β-hexosaminidase expression in the control group 

(nontransplanted contralateral eyes), syngeneic graft recipients, and allogeneic graft 

recipients (*P < .005, t test). (C) Bar chart showing protein expression (mean fluorescence 

intensity, MFI) of TNF-α by ocular surface mast cells from allogeneic hosts, syngeneic 

hosts, and naïve mice (*P < .0045, t test). (D) Bar chart showing frequencies of TNF-α-

expressing cells in the corneas of allogeneic hosts, syngeneic hosts, and naïve mice (*P 
< .05, t test). Representative data from four independent experiments are shown and each 
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experiment consisted of five animals. Data are represented as mean ± SEM (error bar). One-

way ANOVA was used to compare multiple groups (P < .05). ns = not significant
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FIGURE 2. 
Topical administration of mast cell inhibitor reduces mast cell frequencies and activation at 

the ocular surface following corneal transplantation. (A) Schematic of experimental design 

showing the time points of eye drop administration relative to corneal transplantation and 

tissue harvesting. (B) Representative flow cytometric dot plots (left), and bar chart of 

cumulative data (right), showing frequencies of c-Kit+FCεR1+ mast cells at the ocular 

surface in naïve mice, syngeneic graft recipients (Syn Tx), and vehicle-treated and mast cell 

inhibitor-treated allotransplant recipients (data shown are gated on CD45+ cells). (C) 

Quantitation of percentage increase in β-hexosaminidase levels at ocular surface of indicated 

groups compared to control (nontransplanted contralateral eyes). (D) Bar chart showing 

protein expression (MFI) of TNF-α by ocular surface mast cells in naïve, syngeneic, as well 

as vehicle-treated and mast cell inhibitor-treated allogeneic groups. Representative data from 

four independent experiments are shown and each experiment consisted of 4–6 animals. 

Data are represented as mean ± SEM (error bar). t test, *P < .05, **P < .01, ***P < .001, ns 

= not significant. In addition, means among multiple groups were compared using one-way 

ANOVA (P < .05)
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FIGURE 3. 
Mast cell inhibition reduces leukocytic infiltration and suppresses the maturation of antigen-

presenting cells in graft. (A) Schematic of experiment design showing the time points of eye 

drop administration in allotransplant recipients. After 7 days, corneas were harvested to 

evaluate the frequency of CD45+ leukocytes and mature APCs using flow cytometry. (B) 

Representative flow cytometric dot plots (left) and cumulative bar chart (right) showing total 

frequencies of CD45+ inflammatory cells in the corneas of naïve, vehicle-treated, and mast 

cell inhibitor-treated groups. (C) Representative flow cytometric dot plots (left) and 

cumulative bar chart (right) showing frequencies of CD11b+MHCII+mature APCs in the 

corneas of naïve, vehicle-treated, and mast cell inhibitor-treated groups. Representative data 

from three independent experiments are shown and each experiment consisted of six 

animals. Data are represented as mean ± SEM (error bar) (t test, *P < .01, ***P < .001)
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FIGURE 4. 
Inhibition of mast cells limits APC maturation and Th1 generation in lymphoid tissues. (A) 

Representative flow cytometric dot plots (left) and cumulative bar chart (right) of fold 

change in the frequencies of donor-derived MHCII IAb+ (upper panel) and host-derived 

MHCII IAd+ (lower panel) APCs in the draining lymph nodes of naïve mice, and vehicle-

treated and mast cell inhibitor-treated allograft recipients at 2 weeks posttransplantation. (B) 

Representative flow cytometric dot plots (left) and cumulative bar chart of fold change in the 

frequencies of IFNγ+CD4+ Th1 cells in the draining lymph nodes (right) of naïve, vehicle-

treated, and mast cell inhibitor-treated groups at 2 weeks posttransplantation. (C) 

Representative flow cytometric dot plots (left) and cumulative bar chart showing protein 

expression (MFI) of Foxp3 by Tregs (right) in the draining lymph nodes of naïve, vehicle-

treated, and mast cell inhibitor-treated groups at 2 weeks posttransplantation. Representative 

data from three independent experiments are shown and each experiment consisted of five 

animals. Data are represented as mean ± SEM (error bar). t test, *P < .05, **P < .01, ***P 
< .001, ns = not significant
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FIGURE 5. 
Inhibition of mast cell function suppresses both direct and indirect allosensitization. In vitro 

studies were conducted to further evaluate the effect of mast cell inhibition on direct versus 

indirect allosensitization. Specifically, direct allosensitization was assessed by co-culturing 

donor APCs (B6) with recipient T cells (BALB/c) purified from either vehicle- or mast cell 

inhibitor-treated groups. Indirect allosensitization was evaluated by co-culturing recipient 

APCs (BALB/c) (pulsed with the lysate of donor splenocytes) with recipient T cells 

(BALB/c) from the indicated groups. (A) Bar chart quantitating the number of IFNγ+ cells 

using ELISPOT assay. (B) Representative flow cytometry dot plots (left) and cumulative bar 

charts (right) showing the frequencies of Th1 cells (gated on CD3+ cells) in vehicle- vs. mast 

cell inhibitor-treated groups. t test, *P < .05, **P < .01
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FIGURE 6. 
Inhibition of mast cell function reduces the infiltration of alloimmune-inflammatory cells 

into the graft. (A) Representative flow cytometric dot plots (left) and cumulative bar chart 

(right) showing frequencies of CD45+ inflammatory cells in the corneas of naïve, vehicle-

treated, and mast cell inhibitor-treated groups at 2 weeks posttransplantation. (B) 

Representative flow cytometric dot plots (left) and cumulative bar chart (right) showing 

frequencies of CD4+ T cells in the corneas of naïve, vehicle-treated, and mast cell inhibitor-

treated allograft recipients at 2 weeks posttransplantation. (C) Representative flow 

cytometric dot plots (left) and cumulative bar chart (right) showing frequencies of CD11b+ 

myeloid immune cells in the corneas of naïve, vehicle-treated, and mast cell inhibitor-treated 

groups at 2 weeks posttransplantation. Representative data from three independent 

experiments are shown and each experiment consisted of five animals. Data are represented 

as mean ± SEM (error bar). t test, *P < .05, ***P < .001
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FIGURE 7. 
Inhibition of mast cells prolongs corneal allograft survival. (A) Representative slit lamp 

biomicroscope photographs of a normal murine cornea, corneal allograft on the day of 

transplant surgery, and at 2, 4, and 6 weeks postoperative surgery in vehicle-treated 

allogeneic group and the mast cell inhibitor-treated allogeneic group. (B) Line diagram 

showing corneal graft opacity scores of the vehicle-treated allogeneic group and the mast 

cell inhibitor-treated allogeneic group. (C) Kaplan-Meier graft survival curves for the 

syngeneic group, the vehicle-treated allogeneic group and the mast cell inhibitor-treated 

allogeneic group (n = 10 in each group; log-rank test; *P < .015, **P < .03, ***P < .05). (D) 

Representative flow cytometric dot plots showing frequencies and expression levels (MFI) of 

IFNγ in CD4+ T cells (left panel). Cumulative bar chart showing fold change in the 
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frequencies of IFNγ+CD4+ Th1 cells in the draining lymph nodes of naïve, vehicle-treated, 

and mast cell inhibitor-treated groups at 6 weeks posttransplantation (right panel). (E) 

Representative flow cytometric dot plots showing frequencies of CD4+Foxp3+ Tregs (left 

panel). Bar chart showing protein expression (MFI) of Foxp3 by Tregs in the draining lymph 

nodes of naïve, vehicle-treated, and mast cell inhibitor-treated groups at 6 weeks 

posttransplantation (right panel). Representative data from two independent experiments are 

shown and each experiment consisted of 10 animals. Data are represented as mean ± SEM 

(error bar). t test, ns =not significant
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