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Abstract

Purpose—To investigate the effect of the Rho-kinase inhibitor, Y27632, on pig corneal 

endothelial cell (pCEC) culture, and on inflammation and immune regulation of the responses of 

human cells to pCECs.

Methods—pCECs were cultured with/without Y27632 to assess cell proliferation and in vitro 

wound healing assay. The level of MCP-1 and VEGF in pCECs stimulated with human TNF-α 
were measured. Proliferation of human PBMCs stimulated with pCECs, and cytokine production 

in human T cells, and monocyte migration after stimulation were investigated.

Results—Y27632 promoted pCEC proliferation, prevented pCEC death, and enhanced in vitro 

wound healing. After stimulation, there were significantly lower levels of MCP-1 and VEGF 

measured in pCECs cultured with Y27632, and significantly reduced human PBMC proliferation, 

cytokine production, and monocyte migration.

Conclusions—The application of the Rho-kinase inhibitor will be beneficial when culturing 

pCECs, and may provide a novel therapy to reduce inflammation after corneal 

xenotransplantation.
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INTRODUCTION

Corneal endothelial cells (CECs) are essential for the maintenance of corneal transparency. 

Human (h) CECs do not proliferate sufficiently in vivo 1. Conventional penetrating 

keratoplasty for corneal endothelial dysfunction is rapidly being replaced by newer forms of 

selective endothelial keratoplasty 2, which provide improved visual outcome, higher graft 

survival rate, and fewer post-operative complications 3, 4. Since hCECs have been shown to 

possess proliferative capacity in vitro 5, the replacement of corneal endothelium with 

cultured hCECs might provide a major advance in the treatment of corneal blindness 6–9. 

However, (i) primary culture of hCECs is difficult, and a change in the morphology to a 

fibroblastic-like state cannot always be prevented, (ii) the proliferative capacity of hCECs 

from older donors is questionable 10, 11, (iii) there is the potential for immunological 

rejection and/or non-immunological CEC damage, particularly in high-risk patients (highly-

sensitized to donor HLA, or with an inflamed/vascularized corneal bed), and (iv) the 

worldwide need for donor corneas far exceeds supply 12.

The pig (p) might provide an alternative source 12–15. The immune-privileged environment 

of the cornea may provide a corneal xenograft with some degree of protection 13, and 

encouraging results of wild-type pig-to-nonhuman primate corneal xenotransplantation 

suggest that pig corneas may provide an acceptable alternative to deceased human corneas 

for clinical transplantation 16–18. Furthermore, human humoral and cellular immune 

responses to corneas from genetically-engineered pigs are significantly reduced compared to 

those to wild-type pig corneas 19. However, pCECs also do not regenerate in vivo 20, but do 

proliferate in vitro 11. Cultured pCECs may be an alternative for replacing damaged corneal 

endothelium 11.

A Rho-kinase inhibitor has been widely used for several types of cell culture, including 

rabbit 21, monkey 22, and human 23 CECs, and human embryonic and induced pluripotent 

stem cells 24, but there have been no reports on its effect on pCECs. The inhibition of the 

Rho/Rho kinase signaling pathway by a specific Rho kinase inhibitor, Y27632, can 

significantly promote cell adhesion and proliferation, and prevent apoptosis during in vitro 
CEC culture 25, indicating its potential for CEC culture. Y27632 enhanced corneal 

endothelial wound healing in vivo in rabbit and monkey models in which the corneal 

endothelium was partially damaged 25. Furthermore, the administration of a Rho kinase 

inhibitor to the eye has been considered as a treatment for Fuchs’ endothelial dystrophy 26 

and glaucoma 27, 28.

Increased Rho/Rho-kinase activity has been demonstrated in inflammatory diseases 29–31, 

and the expression and function of the Rho/Rho-kinase signal pathway are up-regulated by 

inflammatory stimuli in vascular endothelial cells, coronary vascular smooth muscle cells, 

mesangial cells, and monocytes 29, 32–39.

To our knowledge, however, the role of Rho kinase in inflammation has not been 

investigated in CECs. We speculated that, as well as promoting CEC proliferation in in vitro 
culture, Rho kinase inhibition could have an anti-inflammatory effect on CECs after 

stimulation. The aim of the present study was to investigate in vitro the effect of Y27632 on 
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(i) pCEC culture with regard to cell adhesion, proliferation, and cell viability, and (ii) the 

modulation of inflammation and the human immune response to pCECs.

MATERIALS AND METHODS

Sources of pig corneas

Corneas were excised from 2 to 6 month-old wild-type pigs (Wally Whippo, Enon Vally, 

PA). All animal care procedures were in accordance with the Principles of Laboratory 
Animal Care formulated by the National Society for Medical Research and the Guide for the 
Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal 

Resources and published by the National Institutes of Health (NIH publication No. 86-23, 

revised 1985).

Sources of human blood and peripheral blood mononuclear cells

Human blood was obtained from 4 healthy human volunteers (including all ABO blood 

types). Participants gave informed consent per the guidelines of the Institutional Review 

Board of the University of Pittsburgh. Human peripheral blood mononuclear cells (PBMCs) 

were isolated from buffy coats obtained from human donors (Institute for Transfusion 

Medicine, Pittsburgh, PA), as previously described 19.

Corneal cell cultures

pCECs were cultured, as previously described 11. pCECs between passage 2 to 4 were used 

in all experiments. Subconfluent pCECs were activated by recombinant pIFN-γ (50ng/mL, 

R&D system, Minneapolis, MN) or hTNF-α (50ng/mL, Serotec, Raleigh, NC) for adequate 

periods depending on the objectives of the study. Supernatants obtained from pCECs culture 

with/without Y27632 (Sigma-Aldrich, St. Louis, MO) 6 hours after hTNF-α stimulation 

were collected for quantification of monocyte chemotactic protein-1 (MCP-1), and 

monocyte migration assay.

Cell count assay

Cell count assays were carried out, as previously described 11. Briefly, pCECs were seeded 

at 5,000 cells in 12-well tissue culture plates (BD Biosciences, San Jose, CA) and cultured 

for 15d +/− 10μM Y27632. On each day the mean of triplicate results was expressed as a 

proliferation curve.

Apoptosis assay

In order to determine the effect of Y27632 on pCEC viability, apoptotic/necrotic cells were 

detected by flow cytometry using Annexin V apoptosis detection kit I (BD), as previously 

described 11.

In vitro wound distance measuring

pCECs were seeded in 6-well tissue culture plates +/− 10μM Y27632 and cultured until 

100% confluent. A linear defect was made in the confluent CECs with a plastic pipette tip 

(Fisher Scientific, Waltham, MA). pCECs in suspension were washed off with PBS 
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(Invitrogen, Carlsbad, CA), and the culture was continued in medium +/− 10μM Y27632. 

The wound defect, i.e., the distance between the cells at one edge of the linear defect and 

those at the opposite edge was measured under the microscope (Nikon, Elgin, IL) using 

SPOT software 5.1 (SPOT Imaging Solution, Sterling Heights, MI) after 0, 8, 16, and 24h of 

incubation. The mean of triplicate results was used for analysis.

Bromodeoxyuridine (BrdU) staining

pCECs were cultured with or without 10μM Y27632 until confluent in a 6-well tissue 

culture plate. A linear defect in the confluent CECs was created with a plastic pipette tip. 

CECs in suspension were washed off with PBS, and maintained for 2h +/− 10μM Y27632. 

pCECs were incubated for a further 16h with 10μM BrdU and then stained with anti-BrdU 

antibody using a BrdU IHC kit (Abcam, Cambridge, MA), according to the manufacturer’s 

instructions. After fixation with 70% ethanol (Pharmco, Brookfield, CT), the samples were 

incubated with quenching solution, denaturing solution, and blocking buffer (Abcam). The 

samples were stained with anti-BrdU antibody (sheep-derived polyclonal, IgG isotype, 

Abcam) for 1h at room temperature, and counter-stained with hematoxylin. BrdU-positive 

and negative cells were manually counted in several areas, and the percentage of BrdU-

positive cells was compared.

Real-time polymerase chain reaction (PCR)

Total RNA was extracted from non-activated and hTNF-α-activated cultured pCECs +/− 

Y27632 using Trizol (Invitrogen), and mRNA was reverse-transcribed into cDNA using a 

cDNA reverse transcription kit (Applied Biosystems, Foster, CA), as previously 

described 19. cDNA samples were amplified by real-time PCR using Applied Biosystems 

7500 (Life Technologies, Grand Island, NY), as previously described 40.

The mRNA level of MCP-1 and vascular endothelial growth factor (VEGF) were quantified 

in triplicate using SYBR Green (Life Technology), real-time PCR under the following 

conditions: denaturation at 60°C for 1min, followed by 40 PCR cycles, each cycle consisting 

of 95°C for 15s, 60°C for 1min. The PCR primers sequences used were as follows:-

pMCP-1: Sense 5′- CTC CCA CAC CGA AGC TTG AA -3′; Antisense 5′- TAA 

TTG CAT CTG GCT GGG CA -3′,

pVEGF: Sense 5′- CTT GCC TTG CTG CTC TAC CT -3′; Antisense 5′- GTC CAC 

CAG GGT CTC GAT TG -3′,

pGAPDH: Sense 5′- CGA TGG TGA AGG TCG GAG TG -3′; Antisense 5′- TGC 

CGT GGG TGG AAT CAT AC -3′.

pMCP-1 and pVCAM-1 mRNA expressions were calculated with pGAPDH as an internal 

control, and the relative results were expressed as 2−ΔCt.

Quantification of pMCP-1 protein

Supernatants obtained from pCECs culture with/without Y27632 after hTNF-α stimulation 

were collected to measure the concentration of pMCP-1 protein by an enzyme-linked 

immunosorbent assay (ELISA) (Kingfisher Biotech, St. Paul, MN) according to the 
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manufacturer’s protocol. All samples were tested in triplicate and standard curves were 

generated for calculating the concentration in each assay.

Monocyte migration assay

The pMCP-1 secreted by activated pCECs attracts human monocytes. The number of 

migrated monocytes was assessed using a 96-well monocyte cell migration assay (EMD 

Millipore, San Diego, CA) based on the Boyen-chamber principle. Human monocytes were 

isolated from PBMCs, using monocyte isolation kit II (Miltenyl Biotec, Auburn, CA) as 

previously described 41. Supernatants obtained from pCECs culture with/without Y27632 

after hTNF-α stimulation were collected, and used in the monocytes migration assay. 

Medium containing exogenous pMCP-1 (100ng/ml) (Abcam) was used as a positive control. 

Cultured supernatants or control medium were added to the lower chamber, and isolated 

human monocytes (100,000/well) were placed in the upper chamber, which contained a 

polycarbonate membrane with a 5μM pore size. After 3 hours of incubation, the cells that 

had migrated to the lower chamber were collected, and labelled with Calcein-AM. The 

Calcein-AM-labelled migrated monocytes were measured using a fluorescence plate reader 

(1420 Multilabel Counter, PerkinElmer, Waltham, MA) at an excitation wavelength of 

485nm and an emission wavelength of 535nm.

Intracellular cytokine staining

Two hundred microliters of human whole blood was incubated with Golgistop (BD), 

10ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, St. Louis, MO), and 

1μg/ml Ionomycin (Sigma-Aldrich) for 3h at 37°C +/− several concentration of Y27632. 

After washing with the lysing buffer (BD) followed by PBS, live/dead staining was carried 

out using a live/dead fixable staining kit (Invitrogen), according to the manufacturer’s 

instructions. Surface staining was carried out using anti-human CD3 (BD, clone SP34-2), 

CD4 (BD, clone L200), and CD8 (BD, clone RPA-T8) antibodies, as previously 

described 19. Intracellular cytokine staining was carried out using a Cytofix/Cytoperm plus 

Fixation/Permeabilization Kit (BD), according to the manufacturer’s instructions. Briefly, 

samples were fixed and permeabilized with Cytofix/Cytoperm buffer for 20min at 4°C. Cells 

were washed with Perm/wash buffer. Intracellular cytokines were stained with anti-human 

IFN-γ (BD, clone 4S.B3), and TNF-α (iCyt, clone MAb11) antibodies. Surface and 

intracellular cytokine expression was detected by BD™ LSR II flow cytometer (BD). Data 

was analyzed using FlowJo software (Treestar Inc. Ashland, OR).

Rho/Rho kinase activity

Rho activity was measured using an active Rho pull-down assay kit (Thermo Scientific, 

Waltham, MA), according to the manufacturer’s instructions. Briefly, human PBMCs were 

incubated with 10μg/ml PHA +/− Y27632. The cells were homogenized in ice-cold lysis 

buffer (Thermo Scientific), centrifuged, then the supernatant was collected and it was 

incubated for 1h at 4°C with rhotekin agarose (Thermo Scientific) to precipitate 

guanosine-5′-triphosphate (GTP)-bound Rho. Precipitated samples were washed and eluted 

with sample buffer for Western blot. They were analyzed by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot using monoclonal 

antibody against RhoA at a dilution of 1:670 for the primary (rabbit IgG anti-Rho antibody, 
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Thermo Scientific) and 1:500 for the secondary antibody (stabilized peroxidase conjugated 

goat anti-rabbit antibody, Thermo Scientific). Myosin phosphatase target subunit 1-

phosphorylation (p-MYPT1) was used as a surrogate marker for Rho-kinase activity. It was 

used at a dilution of 1:500 for the primary (goat polyclonal IgG anti p-MYPT1 [Thr 853], 

Santa Cruz, Dallas, Tx) and 1:4000 for the secondary (Donkey anti-goat IgG-HRP, Santa 

Cruz) antibody.

As a control, β-actin was used at a dilution of 1:500 for the primary (Mouse monoclonal 

IgG, Santa Cruz) and 1:4000 for the secondary (Santa Cruz) antibody.

Determination of nuclear factor-kappa B (NF-κB) p65 phosphorylation in pCECs

Phosphorylation of NF-κB p65 at serine 536 in pCECs after activation was investigated by 

flow cytometry as previously described 42. Briefly, pCECs were harvested 5 minutes after 

stimulation with hTNF-α, fixed, permeabilized, and incubated successively with anti-

phospho NF-κB p65 antibody (Cell Signaling, Danvers, MA), followed by staining with 

phycoerythrin-conjugated anti-rabbit IgG antibody (Cell Signaling). Rabbit IgG antibody 

(isotype) (Cell Signaling) was used as a negative control.

Human PBMC stimulation assay

hPBMCs were isolated for the Rho/Rho kinase activity assessment and stimulation assay. 

Isolated PBMCs were used as responders, and co-cultured with 10μg/ml 

phytohaemagglutinin (PHA) (Roche, Basel, Switzerland) or irradiated (2,800cGy) pCECs as 

stimulators (at responder-stimulator ratios of 10:1) +/− several concentrations of Y27632. 

pCECs as stimulators were activated with 50μg/ml pIFN-γ for 48h prior to use. hPBMCs 

were cultured with PHA for 3 days or activated pCECs for 6 days at 37°C in 5% CO2. The 

mean of triplicate results of cell proliferation was expressed as 3H-thymidine incorporation, 

as previously described 19.

5-(and 6)-carboxyfluorescein diacetate succinimidyl ester-mixed lymphocyte reaction 
(CFSE-MLR)

CFSE-MLR was performed as previously described 43. CFSE-labeled hPBMCs were 

cultured with PHA or activated pCECs for 6 days +/− several concentrations of Y27632. 

Cells were stained with anti-human CD3, CD4 and CD8 mAbs. Flow cytometry analysis 

was performed 43.

Statistical methods

The statistical significance of differences was determined by Student’s t or nonparametric 

tests with Dunnett post-test, as appropriate, using GraphPad Prism version 4 (GraphPad 

Software, San Diego, CA). Values are presented as mean ± SD. Differences were considered 

to be significant at p<0.05.
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RESULTS

Y27632 enhanced cell proliferation and inhibited apoptosis/necrosis of pCECs in culture

When pCECs were observed visually at several time-points (16, 24, 40, and 64h) under the 

microscope, Y27632 increased initial attachment of pCECs to the plates, increased pCEC 

proliferation, and maintained polygonal-shaped morphology (Figure 1A). These results were 

confirmed by cell count assay, which showed significantly higher (x2-3) cell numbers 

compared to control (Figure 1B). The cell densities were 1,100/mm2 without Y27632 and 

2,373/mm2 with Y27632 at day 15. These results indicated that Y27632 improved culture 

and promoted in vitro proliferation of pCECs, as it does for CECs from rabbits and 

monkeys 21, 22. When the Annexin V/7AAD staining was used to detect apoptosis/cell death 

by flow cytometry (Figure 1C), a significantly lower percentage of apoptosis was found in 

pCECs in the presence of Y27632 compared to control (p<0.05) (Figure 1D).

Y27632 accelerated wound healing of pCECs during culture

To determine the role of Y27632 in pCEC wound healing, a linear defect was created in 

confluent pCECs with a sterile pipette tip. pCECs were then cultured +/− 10μM Y27632. 

The defect was measured at several time-points (0, 8, 16, and 24h) (Figure 2A). Compared 

to controls, the defect was significantly reduced in the Y27632-treated group at all time-

points (87% vs. 72%, 59% vs. 41%, 42% vs. 23%, respectively; as a ratio of the initial width 

of the defect, p<0.01) (Figure 2B). To confirm that the enhanced pCEC wound healing was 

not associated with pCECs spreading in the region of the defect rather than from pCEC 

proliferation, BrdU staining was carried out (Figure 2C, D). When a defect was created in 

confluent cells, the cells became positive for BrdU, especially in the region of the defect 

(Figure 2C). In the presence of Y27632, a significantly higher % of BrdU-positive cells were 

found in the region of the defect compared to the control group (p<0.01) (Figure 2D). Once 

the pCECs became confluent, proliferation stopped and nearly all of the cells became 

negative for BrdU. There was no significant difference in the number of BrdU-positive cells 

between the control and Y27632-treated groups (data not shown). These results indicated 

that Y27632 promoted pCEC wound healing by promoting cell proliferation.

The effect of Y27632 on reducing inflammatory response to stimulated pCECs

TNF-α is a potent inflammatory mediator, which increases monocyte chemotactic protein-1 

(MCP-1) (which induces macrophage infiltration) and vascular endothelial growth factor 

(VEGF) (which stimulates angiogenesis) leading to neovascularization in the cornea during 

inflammation 44. Since these molecules have an essential role in corneal graft 

rejection 13, 45, 46, suppression of them is important in preventing rejection. It is likely that 

these two molecules are produced by both host (e.g., corneal stroma) and donor (e.g., 

transplanted graft) cells following endothelial cell transplantation. Therefore, it would be 

important to investigate MCP-1 and VEGF in pCECs following stimulation. There were 

significant increases in both MCP-1 and VEGF in pCECs after stimulation with hTNF-α in 

a dose- and time-dependent manner (data not shown). However, compared to controls, 

culture with 10μM Y27632 significantly reduced both MCP-1 and VEGF mRNA expression 

in pCECs 6h after activation (43% and 37% reduction, respectively, p<0.05) (Figure 3A). 

These results indicated that Y27632 might reduce the inflammatory response induced by 
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hTNF-α in pCECs. In addition to mRNA, MCP-1 protein concentration in the pCECs 

culture supernatant was also significantly decreased with Y27632 in the absence and 

presence of hTNF-α stimulation (Figure 3B). The higher concentration of Y27632 did not 

further suppress the MCP-1 protein concentration. In order to confirm whether secreted 

MCP-1 from pCECs could attract human monocytes, a monocyte migration assay was 

performed. Correlating with the lower level of pMCP-1, the migrated monocytes were 

significantly decreased (by more than >50%) when monocytes were incubated with culture 

medium obtained from activated pCECs in the presence of Y27632 compared to that in the 

absence of Y27632 (Figure 3C).

Y27632 did not inhibit the phosphorylation of NF-κB p65 in pCECs

To investigate the suppressive mechanism of MCP expression by Y27632, phosphorylation 

of NF-κB p65 in pCECs after stimulation with hTNF-α was measured by flow cytometry 

(Figure 4). Although there was no detectable phosphorylation of NF-κB p65 in nonactivated 

cells with/without Y27632, phosphorylation of NF-κB p65 were increased after stimulation 

with hTNF-α (Figure 4A). However, Y27632 did not significantly inhibit the 

phosphorylation of NF-κB p65 in pCECs after stimulation with hTNF-α compared to 

control pCECs without Y27632 (Figure 4B).

Y27632 inhibited inflammatory cytokine production by human T cells

T cells are the predominant cells in corneal graft rejection, and produce inflammatory 

cytokines, e.g., IFN-γ and TNF-α 47. To investigate the effect of Y27632 on the inhibition 

of inflammatory cytokines produced by T cells, human whole blood was stimulated with 

PMA in the presence of ionomycin +/− Y27632. Production of inflammatory cytokines was 

assessed by intracellular cytokine staining. In the presence of Y27632, there were significant 

dose-dependent decreases in IFN-γ and TNF-α secretion in CD4+ (Figure 5A) and CD8+ 

(Figure 5B) T cells compared to controls (10μM p<0.05; 50μM p<0.01).

Y27632 suppressed T cell proliferation

To determine whether the Rho/Rho kinase pathway stimulates T cell proliferation and its 

inhibition can suppress the human cellular immune response, we first tested an active Rho 

pull-down assay and western blot with p-MYPT1 antibody. MYPT1 is downstream of the 

Rho pathway and it is phosphorylated by the Rho kinase. Stimulation of hPBMCs by PHA 

increased activation of the Rho/Rho kinase cascade (confirmed by an increase in the 

intensity of both active RhoA and p-MYPT1 [Figure 6A]). In the presence of Y27632, the 

intensity of p-MYPT1 was decreased (Figure 6A), cell proliferation after stimulation with 

PHA was significantly reduced in a dose-dependent manner (10 and 50μM Y27632, p<0.01) 

(Figure 6B). Y27632 significantly attenuated cell proliferation when hPBMCs were co-

cultured with pCECs in a dose-dependent manner (10μM p<0.05; 50μM p<0.01) (Figure 

6C). Y27632 had no effect on baseline proliferation or viability of cells, confirmed by 

Annexin V/7AAD staining (data not shown). To further investigate the proliferative T cell 

subsets, CFSE-MLR was performed (Figure 6D). After co-culture with either pCECs or 

PHA, proliferation of both CD3+CD4+ T cell (Figure 6D, E) and CD3+CD8+ T cell (Figure 

6D, F) was significantly reduced by Y27632 in a dose-dependent manner. These results 
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indicated that the Rho kinase pathway plays a role in the T cell immune response and that its 

inhibition suppresses this response.

DISCUSSION

hCECs are considered to be nonproliferative in vivo because they are arrested in the G1-

phase of the cell cycle 5. Several factors are involved in anti-proliferative mechanisms 5, 48, 

including (i) the presence of transforming growth factor- β2 in the aqueous humor that 

suppresses S phase entry, possibly involving its effect on p27Kip1 and prostaglandin E2, (ii) 

inhibition of cell-cell contact, possibly mediated by the cyclin-dependent kinase inhibitor 

p27Kip1, (iii) deficiency or absence of positive growth factor stimulation, and (iv) age-

related increased expression of G1-phase inhibitors (cyclin-dependent kinase inhibitor 

p21Cip1, and p16INK4a) that leads the cells to stress-induced premature senescence. In 

contrast, hCECs can be cultured and grown successfully in vitro, indicating that they retain 

proliferative capacity.

The replacement of damaged corneal endothelium with cultured hCECs has been considered 

as an alternative method for treatment of corneal blindness 3, 9, 25. Several studies in animal 

models have demonstrated the possibility of transplanting them as a cellular sheet with a 

carrier 8 or by injecting CECs directly into the anterior chamber 25. However, difficulties in 

primary hCEC culture have been reported with a change in the morphology to a fibroblastic-

like phenotype 23 and less proliferative capacity, especially in hCECs from older 

donors 10, 11.

The Rho kinase pathway is involved in regulating the actin cytoskeleton, cell migration, 

apoptosis, and proliferation 49–51. In addition, Rho GTPases play a critical role in 

suppressing cell-cycle progression 49, 51. Several studies have demonstrated that inhibition 

of Rho/Rho kinase signaling by the specific Rho kinase inhibitor, Y27632, promotes CEC 

proliferation and wound healing in vitro 22 and in vivo 25, 52, 53. Furthermore, dissociation-

induced apoptosis of CECs could be inhibited 22. Okumura et al. demonstrated the 

molecular mechanism of Y27632 on cell proliferation using monkey CECs. Y27632 

facilitates degradation of p27Kip1 (negative G1 regulator) and promotes the expression of 

cyclin D (positive G1 regulator) via phosphatidylinositol 3-kinase signaling 54. Both 

activities are required for G1/S progression, resulting in promoting CEC proliferation.

Further studies showed that modulation of cell adhesion by the Rho kinase inhibitor 

enhances CEC engraftment in a primate model of endothelial dysfunction 21. In contrast, 

Pipparelli et al. recently reported that Y27632 had no effect on the proliferative capacity of 

hCECs although it increased cell adhesion and enhanced wound healing ex vivo and in vitro
23. This suggests that the action of the inhibitor is related to activation of the cell cycle in 

terms of induction of proliferation; this might be different in humans from animal models. 

However, in Pipparelli’s study, hCECs from older donors (mean age 73y) were used, 

whereas experimental animals are generally younger and correspond to younger donors 

(e.g., most models used 3–5y-old primates, equivalent to a human age of 5–20y) 25. In 

contrast, Okumura et al., recently showed that Rho-kinase inhibitor enhanced hCECs 

proliferation, although no information was provided regarding the human CEC donor’s 
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age 54. Cultivated hCECs from older donors have lower proliferative ability, a senescent cell 

phenotype, and transformed cell morphology, suggesting less functional ability than those 

derived from younger donors 10, 11, 55. This is associated with a significant increase with age 

of two cyclin kinase inhibitors, p21Cip1 and p16INK4, which are important negative 

regulators for the G1-phase of the cell cycle 56. Although hCECs from young subjects are 

ideal for in vitro expansion and to provide CECs for transplantation, it will be difficult to 

obtain sufficient young human corneas to provide the CECs required 12.

In the present study, we confirmed that Y27632 is beneficial for pCEC culture as it enhances 

cell proliferation and maintains a polygonal morphology phenotype, which is crucial for 

function. Moreover, Y27632 can significantly accelerate healing of a linear defect in 

confluent cells. Like CECs from monkeys and humans, pCECs do not proliferate in vivo, but 

regain their proliferative capacity during in vitro culture. However, once they are confluent, 

they stop proliferating and become BrdU-negative even in the presence of Y27632. This 

suggests that Y27632 is unlikely to result in uncontrolled CEC proliferation.

When a defective area of CECs was present, the CECs in the vicinity of the defect (but not 

those distant from the defect) began to divide and close the defect. This suggests that, if 

cultured CECs are transplanted, they might also proliferate in vivo (particularly if in the 

presence of a Rho kinase inhibitor) and replace the cell loss 26 associated with mechanical 

and/or immunological injury following the transplantation procedure. Therefore, CECs 

treated with a Rho kinase inhibitor and/or the topical application of a Rho kinase inhibitor 

might reduce the annual rate of loss of hCEC density. Following penetrating keratoplasty, 

the loss of CECs over 5 years is reported to be 4.2%, whereas the loss that occurs with age 

in a healthy cornea is only around 0.6% 2, 57. The significant post-transplantation reduction 

in CEC density (<500 cells/mm2) leads to loss of function, resulting in corneal swelling and 

opacification.

We previously reported that (i) young pCECs (<2 months-old), which are approximately 

equivalent to a 3–5 years-old human, had a similar proliferative capacity to young hCECs 

(<39 years), (ii) pCECs showed less cell death during culture compared to hCECs 11, and 

(iii) genetic-modification did not affect the proliferative capacity and cell viability of pCECs 

suggesting a beneficial effect of using pCECs, especially genetically-engineered pCECs, for 

corneal transplantation. The advantages include (i) the greater availability of corneas from 

young pigs 11, and (ii) the reduced human immune response to genetically-engineered 

pCECs 19. Further studies are required to investigate the expression pattern of function-

related proteins, e.g., ZO-1 and Na+/K+-ATPase, in pCECs cultured with a Rho kinase 

inhibitor.

The Rho/Rho kinase signal pathway plays an important role in inflammation, immune 

regulation, and VEGF-induced angiogenesis 37, 58–62. Increased Rho kinase activity has 

been implicated in endothelial dysfunction and vascular inflammation in cardiovascular and 

pulmonary diseases and cancer 59, 61. In the present study, we found that Y27632 had 

beneficial anti-inflammatory and immunomodulatory functions. MCP-1 recruits monocytes, 

memory T cells, and dendritic cells to an inflamed area that can mediate graft rejection. 

VEGF stimulates angiogenesis in the cornea, which is usually avascular. Macrophage/
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monocyte infiltration and neovascularization are both important signs of corneal graft 

rejection 13. It has been shown that several inflammatory cytokines (e.g., TNF-α, 

interleukin-1β), growth factors (e.g., GM-CSF) and chemokines (e.g., MCP-1) are 

significantly elevated in the aqueous humor of patients with corneal rejection 63 or even in 

corneas with chronic inflammation 64. Kvanta et al., demonstrated that MCP-1 and VEGF 

have a role in the development of inflammation-associated corneal angiogenesis 65, 

suggesting that preventing these molecules would be necessary for long term corneal graft 

survival. Furthermore, using a pig-to-monkey corneal xenotransplantation model, an 

increase in TNF-α was detected in the aqueous humor of rejected xenografts in monkeys 16. 

After stimulation with inflammatory cytokines, Y27632 significantly decreased the level of 

the MCP-1 and VEGF in pCECs, as well as monocytes migration, suggesting that it may 

help to reduce inflammation and neovascularization, thus promoting graft survival. 

Moreover, it suppressed the T cell response to pCECs and reduced inflammatory cytokine 

production, suggesting an effect in reducing the T cell immune response. Although the 

mechanisms of these effects have yet to be elucidated, several reports have discussed 

potential mechanisms 37, 38.

TNF-α is a potent stimulant of several inflammatory signals, including NF-κB 31, mitogen-

activated protein kinase (MAPK) and the Rho/Rho kinase pathway 37. Y27632 inhibits 

TNF-α-induced MCP-1 expression, secretion, and function through inhibition of Rho-kinase 

and p38MAPK activity in mesangial cells 37. Rho kinase inhibitors also ameliorate TNF-α-

mediated monocyte migration to mesangial cells 37. MAPK signaling pathways have been 

recognized as crucial mediators of the Rho/Rho kinase signaling pathway, and also play an 

important role in regulating MCP-1 gene expression in various cell types 66. Y27632 

attenuates activation of NF-κB, a central regulator of cellular gene regulation, in response to 

proinflammatory stimuli 38. The MCP-1 promoter contains NF-κB binding sites. Therefore, 

NF-κB inhibition by Rho kinase inhibition may result in decreased NF-κB binding to the 

MCP-1 promoter, leading to reduced expression of the MCP-1 gene 38. However, we 

demonstrated that Y27632 did not inhibit the phosphorylation of NF-κB p65 in pCECs after 

stimulation with hTNF-α suggesting another mechanism, such as through MAPK signaling 

pathways, might be involved in reducing pCECs activation.

Small GTPase is an important regulator involved in a number of intracellular signaling 

pathways. It is one of the key components in antigen, costimulatory, cytokine, and 

chemokine receptors, actin stress fiber formation, cell proliferation, and transcriptional 

regulation to regulate the immune response 58, 67–69. Increasing evidence indicates that an 

important role of Rho/Rho kinase signaling is to regulate immune and inflammatory 

responses 70–72. A Rho kinase inhibitor prolonged cardiac allograft survival in mice 58, 73. 

Inhibition by fasudil suppressed the increase in Rho kinase activity in allografts, the 

accumulation of inflammatory cells into the allograft, inflammatory cytokines, and the 

development of cardiac allograft vasculopathy 70.

The present in vitro study and previous accumulated reports suggest that the Rho/Rho kinase 

pathway may be a new target for prevention of the inflammatory and immune responses 

following corneal transplantation. Interestingly it has been shown that Y27632 has varying 

effects depending on cell types and possibly on the species. It has been demonstrated that 
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Y27632 suppresses epithelial cell proliferation 74, while in contrast increases corneal 

endothelial cell proliferation in humans 54. The clinical use of fasudil has already been 

approved in Japan and China for prevention and treatment of cerebral vasospasm following 

surgery for subarachnoid hemorrhage, and has been used in over 124,000 patients in 

Japan 59. In addition, Y39983, another Rho kinase inhibitor, eye drops have been developed 

for the treatment of glaucoma (reducing intraocular pressure) 75, and are currently 

undergoing clinical trials 28, 59. Corticosteroids have been widely used for the prevention 

and treatment of corneal graft rejection. However, corticosteroid-related complications, e.g., 

an increase in intraocular pressure (glaucoma) may be problematic. The effect of Rho kinase 

inhibition in reducing intraocular pressure suggests a further advantage of its use after 

corneal transplantation, possibly in combination with corticosteroids.

In conclusion, Y27632 yields significant improvements in many aspects, thereby enhancing 

cultured pCEC-based therapy (e.g., pCEC transplantation with/without a carrier). Local 

administration of the specific inhibitor Y27632 or fasudil may provide a new pre- and post-

operative therapeutic modality for corneal xenotransplantation (Figure 7).
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Figure 1. Enhanced cell proliferation and Inhibition of apoptosis/necrosis of pCECs in the 
presence of the Rho kinase inhibitor Y27632
(A) Representative figures of cultured pCECs after being seeded on the plate with/without 

Rho kinase inhibitor. pCECs were cultured +/− 10μM Y27632, and observed at several time-

points (16, 24, 40, and 64h) under the microscope. Compared to control cells, pCECs 

cultured with Y27632 enhanced initial attachment to the plates, proliferation, and 

maintained a polygonal-shaped phenotype for 64h. (B) The proliferative capacity of pCECs 

+/− 10μM Y27632 was compared by direct cell counting for 15 days. Cell numbers were 

significantly higher at all time-points (2-fold on days 3, 6, 9, 15, and 3-fold on day 12, 

*p<0.05, **p<0.01). Data are expressed as mean ± SD (n=3). (C) Representative figures of 

Annexin V/7AAD staining of pCECs (after 70–80% confluence) with/without 10μM 

Y27632. Annexin V-negative/7AAD-negative cells were identified as live cells. Annexin V-

positive/7AAD-negative cells were identified as apoptotic, whereas Annexin V-positive/

7AAD-positive cells were identified as necrotic or dead. (D) During culture, there were 

significantly lower percentages of apoptosis (*p<0.05) and dead cells (*p<0.05) in pCECs in 

the presence of 10μM Y27632 compared to control. Data expressed as the mean ± SD (n=3).
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Figure 2. Enhanced proliferation resulted in accelerated healing of cultured pCECs with Y27632 
in vitro
(A) Representative figures of in vitro healing in pCECs +/− 10μM Y27632. A linear defect 

was created with a pipette tip in confluent pCECs. The healing process was observed at 

several time-points (0, 8, 16, and 24h) under the microscope. Compared to control, pCECs 

cultured with Y27632 demonstrated accelerated healing. (B) The defect was significantly 

reduced in the Y27632 group at all time-points (87% vs. 72%, 59% vs. 41%, 42% vs. 23%, 

respectively, as a ratio of the width of the initial defect, *p<0.01). Data expressed as mean ± 

SD (n= 3). (C) Representative figures of BrdU-staining of in vitro wound healing in pCECs 

+/− 10μM Y27632. BrdU stained nuclei of proliferating cells (Black nuclei) and majority of 

the BrdU-positive cells were located near the defect. There were more BrdU-positive cells in 

the area of the defect and a reduced wound width distance was observed in the Y27632-

treated group. (D) The BrdU-positive cells were counted manually in randomly-chosen 

same-sized squares. Y27632 significantly increased the % of BrdU-positive pCECs 

compared to control (*p<0.01). Data expressed as mean ± SD (n=3).
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Figure 3. Suppression of inflammatory chemokines from pCECs
(A) MCP-1 and VEGF mRNA levels in pCECs with/without 10μM Y27632 were measured 

by real-time PCR after hTNF-α activation. Although there were increases in MCP-1 and 

VEGF mRNA in pCECs after activation, Y27632 significantly reduced MCP-1 and VEGF 

mRNA expression after 6h of activation (43% and 37% reduction respectively, *p<0.05, ns = 

not significant, n = 4). (B) MCP-1 protein in the pCEC culture supernatant with/without 

several concentration of Y27632 was measured by ELISA, with/without hTNF-α activation. 

Y27632 significantly suppressed MCP-1 production from pCECs with/without hTNF-α 
activation, however there was no differences in the Y27632 group with different 

concentrations (data was triplicated and from at least 3 independent experiments, *p<0.05). 

(C) MCP-1 secreted from activated pCEC attracts human monocytes through the 5μM sized-

pores. In the presence of Y27632, the migrated monocytes were significantly reduced. 

However there was no difference in the Y27632 group with different concentrations. 

(*p<0.05, n=4)
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Figure 4. Phosphorylation of NF-κB p65 in pCECs after stimulation with hTNF-α
(A) Determination of phosphorylated NF-κB p65 in pCECs by flow cytometry. pCECs were 

cultured with/without Y27632, and then stimulated with hTNF-α for 5 minutes. Black 

dotted lines show staining with isotype control. Shaded areas show staining with anti-

phosphorylation of NF-κB p65 antibody. Data are representative of results of three 

independent experiments. (B) There was no significant difference in relative MFI and % 

phosphorylated NF-κB p65 positive cells between pCECs cultured with/without Y27632. 

Data expressed as the mean ± SD (n=3). (ns = not significant vs. without Y27632)
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Figure 5. Suppression of inflammatory cytokines from human whole blood
Inflammatory cytokines, IFN-γ and TNF-α, were measured by intracellular staining from 

human whole blood after activation with PMA-Ionomycin in the presence or absence of 

Y27632 at several concentrations. In the presence of Y27632, cytokine levels from (A) 
CD4+ and (B) CD8+ T cells were significantly decreased. Data expressed as mean ± SD 

(*p<0.05, **p<0.01, ns = not significant, n=3).
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Figure 6. Y27632 significantly suppresses proliferation of hPBMCs
(A) RhoA (upstream of Rho kinase) was up-regulated in hPBMCs activated by PHA. 

Phosphorylated myosin phosphatase target subunit 1 (p-MYPT1, 130kDa), which is 

downstream of Rho kinase was also up-regulated by PHA stimulation, and dose-dependently 

down-regulated by 10 and 50μM of Y27632. (B) Y27632 significantly reduced proliferation 

of hPBMCs stimulated with PHA after 72h in a dose-dependent manner (*p<0.05, **p<0.01 

vs. PHA alone; n=3). (C) Y27632 significantly reduced proliferation of hPBMC stimulated 

by activated pCECs after 6 days in a dose-dependent manner (*p<0.05, **p<0.01 vs. 

without Y27632; n=3). Results are expressed as 3H-thymidine incorporation (counts per 

minute). (D) Representative figures of CFSE staining of CD3+CD4+ (upper row) and 

CD3+CD8+ (lower row) T cells after co-culture with activated pCECs with/without several 

concentration of Y27632. Proliferating cells decrease in a dose-dependent manner. (E) 
CD3+CD4+ T cell proliferation was significantly suppressed in a dose dependent manner in 

a presence of Y27632, after co-culture with activated pCECs or PHA. (F) CD3+CD8+ T cell 

proliferation was significantly suppressed in a dose dependent manner in a presence of 

Y27632, after co-culture with activated pCECs or PHA. (*p<0.05, **p<0.01, ***p<0.001, 

ns=not significant vs. without Y27632; n=4).
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Figure 7. Potential application of a Rho kinase inhibitor to corneal xenotransplantation
Y27632 enables cultured pCEC-based therapy for (i) in vitro pCEC culture (e.g., enhanced 

pCEC proliferation, reduced apoptosis), (ii) in vivo graft function (e.g., reproliferation of the 

pCECs after transplantation), and (iii) in vivo immune regulation (e.g., prevention of graft 

rejection).
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