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miR-151-5p alleviates corneal allograft rejection by activating
PISK/AKT signaling pathway and balancing Th17/Treg after
corneal transplantation via targeting IL-2Ra
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Background: Worldwide, corneal transplantation (CT) is the most common type of tissue replacement and
the increased rate of corneal graft rejection (CGR) after CT is a critical problem. Corneal endothelium cells
(CECs) are often targets of the immune response mediated by graft-attacking effector T cells. However, the
molecular mechanism underlying CGR remains poorly understood.

Methods: The differentially expressed microRNAs (miRNAs) and mRNA of graft-fail corneas were
measured by transcriptome sequencing (RNA-Seq). real-time quantitative polymerase chain reaction was
used to measure gene expression levels. Western blot and immunofluorescence staining were used to measure
protein expression levels. Kaplan-Meier survival curves were constructed to assess corneal graft survival.
Hematoxylin and eosin staining was used for histopathological examination. CCK-8 and ELISA staining
were used to detect cell viability and inflammatory cytokines levels, respectively. Flow cytometry was used to
detect cell apoptosis and the population of Treg and Th17. Transwell migration and wound-healing assays
were used to measure cell migration.

Results: We identified 453 miRNAs and 4,279 mRNAs aberrant expression in the corneas showing
CGR. The differentially expressed miR-151-5p and its potential target gene [interleukin 2 receptor subunit
alpha (IL-2Ra)] were selected from the RNA-Seq microarrays. The levels of miR-151-5p and IL-2Ra
were respectively downregulated and upregulated in the CGR. The luciferase activity assay suggested that
IL-2Ra is a target of miR-151-5p in 293 T cells. In addition, the miR-151-5p inhibitor, si-IL-2Ra, and
oe-IL-2Ra transfection tests in CECs further confirmed that miR-151-5p downregulation and IL-2Ra
overexpression promoted apoptosis of CECs and inhibited CEC migration, tight junction-related protein
Z0-1 and Claudin-5 expression, and PI3K/AKT signaling pathway activity; however, downregulation of IL-
2Ra abolished the inhibitor effect of miR-151-5p. Similarly, upregulation of miR-151-5p alleviated CGR
via activation of the PI3K/AKT signaling pathway and balancing of Th17/Treg, and upregulation of IL-2Ra
abolished the alleviating effect of miR-151-5p.

Conclusions: Upregulation of miR-151-5p alleviated CGR by activating the PI3K/AKT signaling pathway
and balancing Th17/Treg via targeting of IL-2Ra, which contributes to improving the results of CT.
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Introduction

Worldwide, approximately 216.6 million individuals have
moderate or severe vision impairment, and 4.5 million
have moderate to severe vision impairment secondary
to loss of corneal clarity (1). Corneal transplantation
(CT), which is the most frequently performed transplant
worldwide, restores visual function when there is severe
visual impairment caused by a corneal disease. However,
the immune rejection-induced graft failure is a critical issue
for CT (2). The CT rejection rate is reported to range
from 10% to 30% (3,4). Moreover, in high-risk recipients
rejection rates are up to 50% (4,5). Corticosteroids are the
commonly used treatment for acute rejection but can cause
adverse effects (6,7). Thus, improving our understanding
of the molecular basis of corneal graft rejection (CGR) is
important for its prevention or treatment.

CGR can occur in three cell layers of the cornea
(epithelium, stroma, or endothelium), and endothelial
rejection is the most prevalent vision-threatening form (8).
Corneal endothelium cells (CECs) are often the targets of
the immune response mediated by graft-attacking effector
T cells (9). When the number of CECs decreases beyond
a certain threshold, the graft fails by decreasing corneal
graft transparency (10,11). The balance of regulatory T
cell-T helper 17 cells (Treg-Th17) is important in immune
homeostasis and the ratio plays a vital role in promoting
allogeneic corneal graft survival in mice (12). Treg cells
have been shown to attenuate CGR by modulating immune
responses, and a shift toward the stabilization of Treg
populations can promote CEC survival (13). Disturbance of
the Treg-Th17 axis is one of the key points in CEC death
following CGR. However, whether CGR leads to CEC
death remains largely unknown.

The phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (AKT) signaling pathway is involved in a wide
range of biological processes, including immune responses,
by modulating the Treg/Th17 ratio (14,15). In tissue
transplantation, one of the most important factors in the
rejection response is dysregulation of PI3K/AKT. Recent
research suggested that PI3K/AKT signaling pathway
activation prolonged long-term kidney allograft survival
via carbamylated erythropoietin (14). Notably, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis has shown that the differentially expressed miRNAs
(DEMs) crucially enriched pathway are related to PI3K/
AKT signaling pathway in allograft corneas versus isograft

corneas (16), while another study indicated that PI3K/AKT
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signaling pathway activation promoted CECs proliferation
and wound healing (17,18), suggesting that activation of
the PI3K/AKT signaling pathway would promote CEC
survival. Additionally, the PI3K/AKT signaling pathway
has been implicated in many biological processes, including
cell cycle, migration, proliferation and apoptosis (19,20).
However, how the PI3K/AKT signaling pathway functions
in CGR remains unclear.

MicroRNAs (miRNAs) are a single-stranded and small
non-coding RNA sequences that silence gene expression
posttranscriptionally by binding to the 3' untranslated
regions of target mRNAs (21). It is notable that miRNAs
have a significant effect on the rejection response after tissue
transplantation (22,23). For example, miR-155-5p and miR-
181a-5p may be useful biomarkers of the rejection response
in kidney transplantation (24,25). miR-122 ameliorates
corneal allograft rejection through downregulation of
cytoplasmic polyadenylation element-binding protein-1
expression (26). Although previous studies identified many
aberrantly expressed miRNAs in CGR (16), the network of
miRNA and mRNA in CGR is still unclear. In particular,
the molecular functions of miR-151-5p and its potential
target gene, interleukin 2 receptor subunit alpha (IL-2Ra),
require further research.

This study aimed to establish the miRNA and mRNA
expression profiles of the corneal tissues from failed and
donor corneal grafts using transcriptome sequencing assay,
with the goal of characterizing the pathogenesis of rejection
responses in CT. We present the following article in
accordance with the ARRIVE reporting checklist (available
at https://dx.doi.org/10.21037/atm-21-2054).

Methods
Animals and CT

Adult female Sprague-Dawley rats, weighing 220-250 g
without eye disease, were obtained from Hunan
SJA Laboratory Animal Co., Ltd. (Certificate no.
43004700043639, China). All rats were housed individually
with light-dark (12:12) cycles at 22 °C with 50% humidity,
and received ad libitum food and water. Experiments
were performed under a project license (No. YLS2020-
18) granted by the Animal Experimental Ethical
Inspection of the Affiliated Calmette Hospital of Kunming
Medical University, in compliance with the management
requirements of the Animal Management Association of
the Affiliated Calmette Hospital of Kunming Medical
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University for the care and use of animals. The right eye
was used in the model, and the left eye was untouched to
prevent any effects on the postoperative food intake of the
rats. A protocol was prepared before the study without
registration.

The rat model of allogenic penetrating keratoplasty with
donation after cardiac death was established according to
the previously described technique (27). The eyelid sutures
were cut 24 h after the operation, and then observed and
photographed under a stereomicroscope (Olympus, Tokyo,
Japan). The rats were randomly assigned to four groups: the
sham group, CGR group, miR-151 mim group (treatment
of the CGR rats with agomiR-151-5p was as described
previously (26). In brief, the operated right eye had agomiR-
151-5p (5 nmol) applied 4 times daily for 30 days, and miR-
151 mim + oe-IL-2Ra group [treatment of the CGR rats
with agomiR-151-5p and IL-2Ra overexpression lentiviral
vector (oe-IL-2Ra, Guangzhou RiboBio Biotechnology
Co., Ltd., Guangzhou, China)]. The survival of the grafts in
the each group (15 rats each group) was observed daily for
30 days post-treatment. Successful modeling criteria were:
no graft wound dehiscence, anterior chamber infection,
intraocular infection and other complications occurring
within 3 days after operation. Animals with infection,
hyphema, and cataract or other surgical complications were
excluded from this study. Observations were made daily for
the first week after operation. The opacity index, edema
index and neovascularization index of the corneal graft were
recorded and scored according to the Larkin DF standard
(Table S1). The sum of the three scores was the rejection
index (RI), and corneal rejection was defined as RI >6
according to a previous study (28).

For transcriptome sequencing (RNA-Seq) analysis, the
rats were humanely killed under anesthesia 14 days after
operation (RI >6), then the rejected corneal allografts (n=36)
were collected and total RNA was extracted for RNA-Seq
analysis. Donor corneal grafts (n=36) were used as controls
to compare the relative expression level of RNA in the
corneal grafts of the rejection group. RNA-Seq analysis was
performed by Hangzhou Lianchuan Biotechnology Co.,
Ltd. (Hangzhou, China).

Cell culture and transfection

The CEC cell line B4G12 was purchased from the Beijing
Beina Chuanglian Biotechnology Research Institute
(Beijing, China) and cultured in DMEM containing
10% fetal bovine serum (FBS) and 50 U/mL penicillin
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and streptomycin antibiotics at 37 °C and 5% CO, in an
incubator. The B4G12 cells was cultured with 50 ng/mL
insulin-like growth factor 1 (IGF-1; MedChemExpress,
Monmouth Junction, NJ) for 60 min. The siRNA of IL-2Ra
(si-IL-2Ra; sense: 5'-CGTAAATACACAACACACACAC
TCT-3"), pcDNA, and IL-2Ra overexpression plasmid (oe-
IL-2Ra) (GenePharma, Shanghai, China) were transfected
into B4G12 cells. The miR-151-5p mimics, inhibitors and
corresponding negative control were synthesized from
Ribobio (Guangzhou, China), and finally transfected with
Lipofectamine 2000 reagent (Invitrogen, CA, USA). The
efficiency of transfection was detected after 48 h using real-
time quantitative PCR (RT-qPCR).

Histological evaluation

After anesthesia, recipient corneas from three rats per group
were harvested and embedded in paraffin on day 14 post-
grafting. The samples were fixed with 10% formalin and
normally embedded in paraffin, which was sliced at 5 pm
for hematoxylin and eosin staining.

Immunofluorescent assay

B4G12 cells were triple washed with prewarmed phosphate-
buffered saline (PBS) and fixed in 4% paraformaldehyde at
room temperature for 20 min. B4G12 cells were blocked
with 5% bovine serum albumin in PBS for 1 h at room
temperature and then incubated with primary antibody (rabbit
anti-mouse Claudin-5, 1:50, and rabbit anti-mouse ZO-1,
1:100, Abcam, MA, USA) at 4 °C overnight. Cells were
washed three times with PBS and incubated with secondary
antibody (goat anti-rabbit IgG, 1:100, Abcam, USA) at room
temperature in the dark for 1 h. The cell nucleus was stained
using DAPI. The slide was sealed and observed with Nikon
Eclipse 80i microscope (Nikon, Tokyo, Japan).

Allograft assessment of graft survival

All grafts were examined every other day for 30 days, using
a slit-lamp biomicroscope. To exclude primary graft failure,
grafts with RI scores >6 at 1 week after transplantation were
excluded, including infection, hyphema, and cataract or
other surgical complications.

RNA extraction and RT-gPCR
Total RNA was isolated from the corneal tissues and B4G12
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cells using Trizol Reagent (Invitrogen) following the
manufacturer’s instructions. The first-strand cDNA of the
total RNA was synthesized according to the instructions
of the First-Strand cDNA Synthesis kit (BioTeke, Beijing,
China). RT-qPCR was subsequently performed using the
2x Plus SYBR real-time PCR mixture (BioTeke) following
the manufacturer’s instructions. The RT-qPCR experiments
were carried out in the QuantStudioTM 5 system (Thermo
Scientific, DE, USA) under the following thermocycling
conditions: pre-denaturation at 94 °C for 2 min, 40 cycles
at 94 °C for 15 s, and annealing at 60 °C for 30 s. After
each reaction, a melting curve analysis was conducted to
ensure consistency and specificity of the amplified product.
Relative expression levels were calculated by the 2%
method (29) and normalized to the internal reference genes
GAPDH (mRNA) and U6 (miRNA). The primers are listed
in Table S2.

Cell viability assay

B4G12 cell viability was determined using the Cell
Counting Kit-8 (CCK-8, Dojindo Molecular Technologies,
MD, USA). Briefly, cells were seeded in 96-well plates in
5% CO, at 37 °C, 10 uL. CCK-8 solution was added to
each well and the plates were cultivated for 1 h. Finally,
changes of absorbance were determined at 450 nm utilizing
a microplate spectrophotometer (BioTeke).

Detection of cell apoptosis

Apoptosis was measured by an Annexin V combined
fluorescein isothiocyanate/propidine iodide (FITC/PI;
Solarbio, Beijing, China) flow cytometry analysis. Briefly,
B4G12 cells were collected using cold PBS and then cultured
with 10 pl. Annexin-V-FITC/PI (1:1) in the dark for 15 min.
Flow cytometry analysis was carried out in a FACS Verse
flow cytometer (Becton Dickinson Biosciences, NJ, USA)
and Flow]Jo software (version 10; Treestar, OR, USA).

Cell migration assay

Cell migration assay was performed using a transwell system
(Millipore, MA, USA). In brief, B4G12 cells in DMEM
medium without FBS were plated in the upper chamber,
while the lower chamber was filled with DMEM medium
containing 10% FBS. After incubation at 37 °C for 24 h,
non-migrated cells in the upper chamber were removed,
and migrated cells in the lower chamber surface were
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treated with 4% paraformaldehyde and with 0.1% crystal
violet at room temperature for 15 min. Each chamber was
photographed using the Lionheart"™ FX automated live
cell imager and the number of migrated cells was counted
in three random fields using a light microscope (Olympus,

Tokyo, Japan).

Wound-bealing assay

Cells were seeded in 6-well plates (90-95% confluent) and
cultured for 48 h until they reached full confluence. The
confluent monolayers were scratched with 200-pL pipette
tips, and then the cells were cultured in DMEM medium
without FBS for 24 h. The cultures were observed using
microscopy at 0 and 24 h and photographed using the
Lionheart™ FX automated live cell imager (Bio'Teke).

Western blot assay

The proteins of corneal tissues and B4G12 cells were
extracted and determined according to standard protocols
of protein extraction and bicinchoninic acid protein assay
kits respectively (Pierce Biotechnology, USA). The total
protein in the supernatant (30 pg/well) was separated by
SDS-PAGE (10%) and then transferred to a polyvinylidene
difluoride membrane and blocked with 5% skimmed milk.
Subsequently, membranes were incubated with primary
antibodies (all obtained from Abcam, USA): IL-2Ra (1:200;
no. ab231441), p-PI3K (1:1,000; no. ab182651), PI3K
(1:2,000; no. ab154598), p-AKT (1:1,000; no. ab38449),
AKT (1:5,000; no. ab8805), ZO-1 (1:1,000; no. ab276131),
Claudin-5 (1:5,000; no. ab172968) and B-Actin (1:5,000; no.
ab8226) overnight at 4 °C. After washing three times with
TBST, the membranes were incubated with goat alkaline
phosphatase-labeled anti-rabbit antibody (1:1,000, Cell
Signaling Technology, USA). The immunoreactive bands
were visualized using an enhanced chemiluminescence
reagent (Beyotime, Beijing, China). The blots were semi-
quantified by image ] software 1.47.

Dual-luciferase rveporter assays

We constructed reporter vectors that included wild-
type and mutant type binding sites of IL-2Ra sequences,
named as WT-IL-2Ra and MUT-IL-2Ra, respectively,
and cotransfected this vectors with miR-151-5p mimics,
inhibitors and corresponding negative control into 293T
cells (Bank of Type Culture Collection of the Chinese
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Academy of Sciences). At 48 h after transfection, the dual-
luciferase reporter assay system (Promega) was used to
detected luciferase activity following the manufacturer’s
protocol.

Enzyme-linked immunosorbent assay (ELISA)

The collection and storage of aqueous humor samples were
performed as previously described (30). The B4G12 cell-
free culture supernatant was collected after treatment,
according to the instruction manual of the ELISA kit
(Abcam, USA). The level of inflammatory cytokines (IL-
1, IL-2, IL-6, TNF-a, and INF-y) was measured using a
micro plate spectrophotometer (BioTek Instruments, USA)
at 450 nm optical density.

Th17 and Treg populations

Peripheral blood mononuclear cells (PBMCs) from
three rats randomly selected from each group were
separated using lymphocyte separation liquid (Multi
Sciences, Hangzhou, China) following the manufacturer’s
instructions. Th17 (CD47/IL-17%) and Treg (CD25%/
FOXP3") populations were determined by flow cytometry
in a FACS Verse flow cytometer (BD Biosciences) using
FlowJo-10.0 software (Treestar, USA).

Statistical analysis

All data were analyzed via Graphpad 7.0 (USA) and
expressed as mean + standard deviation (SD). Corneal graft
survival is presented by Kaplan-Meier survival curves. Multi-
group comparisons were performed using one-way analysis
of variance followed by Dunett’s test. Comparisons between
groups were performed using the least significant difference
test. P<0.05 was considered statistically significant.

Results

Integrated analysis of differentially expressed miRNA and
mRNA

To determine the levels of mRNA and miRNA in CGR,
we performed mRNA and miRNA profiling in graft-fail
and graft-successful corneas. In total, 453 miRNA and
5,485 mRNA transcripts were aberrantly expressed in
graft-fail corneas versus graft-successful corneas (Figure 14
and Figure SIA, respectively). Moreover, the heatmaps
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of identified DEMs and differentially expressed mRNAs
(DEGs) are presented in Figure 1B and Figure S1B,
respectively, with some of the DEMs validated in both
graft corneas when we detected 10 randomly selected
DEMs (Figure 1C). Gene ontology (GO) analysis suggested
that the DEMs have crucial roles in regulating integral
components of the membrane and plasma membrane
(Figure 1D), and the DEGs have crucial roles in
angiogenesis (Figure S1C). KEGG pathway enrichment
analysis suggested that the DEMs crucially enriched
pathways were related to cell adhesion molecules and
natural killer cell-mediated cytotoxicity (Figure 1E), and the
DEGs most enriched pathways were related to the PI3K/
AKT signaling pathway and Th17 cell differentiation,
which are important in modulating CGR (Figure S1D).
We were interested in Th17 cell differentiation after CGR.
Hence, Th17 cell differentiation related to the DEMs was
selected, and RT-qPCR was conducted to examine the
expression of the top 10 DEMs. As shown in Figure IF,
4 and 6 DEMs were downregulated and upregulated,
respectively. We focused on miR-151-5p because it is one of
the most differentially expressed DEMs in CGR. MiRNA-
mRNA interaction analysis showed that IL-2Ra and Prkcq
are putative targets of miR-151-5p (Figure 1G), and that
IL-2Ra expression negatively correlated with miR-151-5p
expression (Figure 1H). IL-2Ra is a subunit of IL-2R, which
is specific for IL-2R (31). IL-2Ra reportedly regulates the
Treg/Th17 ratio (32) and is associated with rejection in
tissue transplant patients (33,34). Therefore, we focused on
the miR-151-5p/IL-2Ra axis for detailed research into their
roles in CGR of CT.

Involvement of MiR-151-5p in proliferation and
migration of B4G12 cells

To determine the functions of miR-151-5p in B4G12 cell
proliferation and migration, we silenced miR-151-5p by
using its inhibitors. The expression of miR-151-5p was
effectively knockdown (Figure 2A4). MiR-151-5p knockdown
significantly reduced the vitality of B4G12 cells compared
with the negative control (NC) group (Figure 2B).
Apoptosis of B4G12 cells was significantly elevated after
silencing miR-151-5p (Figure 2C). By contrast, miR-151-
5p knockdown significantly reduced B4G12 cell migration
(Figure 2D,2E). Interestingly, GO and KEGG pathway
analysis found miR-151-5p was also involved in the PI3K/
AKT signaling pathway (35). We further examined the
activation of the PI3K/AK'T signaling pathway, using
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Western blotting. Notably, miR-151-5p knockdown the levels of inflammatory cytokines IL-6, IL-1p, TNF-a,
significantly reduced p-PI3K and p-AKT expressions, and IFN-y (Figure 2G). Importantly, miR-151-5p depletion
but did not affect PI3K and AKT expressions (Figure 2F). dramatically reduced tight junction-related protein ZO-1
Additionally, miR-151-5p knockdown remarkably increased and Claudin-5 expressions (Figure 2H). Furthermore,
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(G) Levels of five inflammation factors evaluated by ELISA assay (n=3). (H) Expression level of protein examined by Western blot (n=3).
(I) Immunofluorescence staining of ZO-1 or Claudin-5 in B4G12 cells (scale bar: 100 pm). **, P<0.01 compared with NC; ***, P<0.001
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immunofluorescence analysis showed that miR-151-5p
knockdown significantly reduced ZO-1 and Claudin-5 in
cell-cell boundaries and cytoplasm, respectively (Figure 2I).
These data indicated that downregulation of miR-151-5p
decreases the proliferation and migration of B4G12 cells
and inhibits the PI3K/AKT signaling pathway.

Effect of miR-151-5p on IL-2Ra

To determine whether IL-2Ra is the target of miR-151-5p,
we identified that the 3’-UTR region of /L-2Ra has only
one highly conserved miR-151-5p binding site (Figure 34).
Overexpression of miR-151-5p significantly decreased
the luciferase activity of the IL-2Ra-W'T reporter vector,
whereas [L-2Ra-MUT reporter and miR-151-5p mimic
cotransfection failed to affect luciferase activity in 293
T cells (Figure 3B), and downregulation of miR-151-5p
inhibited IL-2Ra expression (Figure 3C). Altogether, these
results proved that miR-151-5p directly targets IL-2Ra.

Mechanism of the effect of IL-2Ra overexpression on
B4G12 cell proliferation and migration

To explore the functions of IL-2Ra in B4G12 cell
proliferation, migration, and the PI3K/AKT signaling
pathway, we overexpressed IL-2Ra by transfected IL-2Ra
overexpression plasmid. The expression of IL-2Ra was
effectively increased, but IGF-1, a PI3K/AKT signaling
pathway activator, did not affect IL-2Ra expression
(Figure 44). Importantly, IL-2Ra overexpression
dramatically inhibited p-PI3K and p-AKT expression,
but IGF-1 abolished the inhibiting effect of IL-2Ra
overexpression (Figure 44). CCK-8 assay suggested that
upregulation of IL-2Ra inhibited cell activity that was
recovered with IGF-1 (Figure 4B). The apoptosis of B4G12
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cells was significantly increased after overexpression of
IL-2Ra, but IGF-1 abolished the promotional effect of
overexpressed IL-2Ra (Figure 4C). By contrast, IL-2Ra
overexpression remarkably reduced B4G12 cell migration,
which was recovered with IGF-1 treatment (Figure 4D,4E).
Importantly, overexpression of IL-2Ra dramatically reduced
Z0-1 and Claudin-5 protein expressions, which were also
recovered with IGF-1 treatment (Figure 4F). Furthermore,
immunofluorescence analysis showed that IL-2Ra
overexpression significantly reduced ZO-1 and Claudin-5
in the cell-cell boundaries and cytoplasm, respectively, but
IGF-1 abolished the inhibiting effect of the overexpression
of IL-2Ra (Figure 4G). Additionally, IL-2Ra overexpression
significantly increased the levels of inflammatory cytokines
IL-6, IL-1B, TNF-a, and IFN-y, which were reduced with
IGF-1 treatment (Figure 4H). Overall, these data indicated
that IL-2Ra plays a critical role in the proliferation and
migration of B4G12 cells by inhibiting the PI3K/AKT
signaling pathway.

Mechanism of the effect of downregulation of miR-151-5p
on B4G12 cells proliferation and migration

Furthermore, the effect of the miR-151-5p/IL-2Ra/PI3K/
AKT axis on the proliferation and migration of B4G12
cells was explored. Firstly, the expression of IL-2Ra was
detected using Western blotting, and the results showed
that downregulation of miR-151-5p increased the level of
IL-2Ra, which was reversed with interference of IL-2Ra
(Figure 5A). Next, we investigated whether miR-151-5p/
IL-2Ra/PI3K/AKT regulated the apoptosis, proliferation
and migration of B4G12 cells. We found that miR-151-5p
downregulation significantly increased B4G12 cell apoptosis
but was reversed with interference of IL-2Ra (Figure 5B).
By contrast, downregulation of miR-151-5p remarkably
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decreased the proliferation and migration of B4G12
cells, which was reversed with interference of IL-2Ra
(Figure 5C-5E). Notably, miR-151-5p downregulation
significantly reduced the expression of p-PI3K and
p-AKT, which was reversed by downregulation of IL-
2Ra (Figure 5F). Importantly, downregulation of miR-
151-5p dramatically reduced ZO-1 and Claudin-5
protein expressions, which were recovered with IL-
2Ra overexpression (Figure 5G). Furthermore,
immunofluorescence analysis showed that miR-151-5p
downregulation significantly reduced ZO-1 and Claudin-5
in the cell-cell boundaries and cytoplasm, respectively, but
downregulation of IL-2Ra abolished the inhibiting effect
of miR-151-5p downregulation (Figure SH). Additionally,
miR-151-5p silencing significantly increased the levels of
inflammatory cytokines IL-6, IL-1B, TNF-0, and IFN-y,
which were reduced with IGF-1 treatment (Figure 5I).
Collectively, the results revealed that miR-151-5p
downregulation exerts inhibitory effect on B4G12 cell
proliferation and migration via inhibition of PI3K/AKT
through upregulation of IL-2Ra.

Mechanism of effect of upregulation of miR-151-5p on
CGR

Figure 64 shows color photographs at 14 days after CT.
In the CGR group, we observed that opacity and edema
were significantly greater, and new vessels extended to the
graft compared with the Sham group. The agomiR-151-5p
mimics and agomiR-151-5p mimics+oe-IL-2Ra groups of
grafts had notable effects, and new vessels were decreased in
number. Compared with the Sham group, a large number
of inflammatory cells and obvious edema, and lower CEC
numbers were observed in the corneal stroma of the CGR
group (Figure 6B). In the agomiR-151-5p mimics group,
the corneal stroma exhibited fewer inflammatory cells, less
edema, and higher CECs number compared with the CGR
group, but these effects were reversed by overexpression of
IL-2Ra. Kaplan-Meier survival curve analysis showed the
agomiR-151-5p mimics+oe-IL-2Ra and agomiR-151-5p
mimics groups had reduced graft rejection rates compared
with the CGR group (Figure 6C). We found that graft
rejection started the earliest (day 7) in the CGR group, then
the agomiR-151-5p mimics + oe-IL-2Ra group at day 8,
and the agomiR-151-5p mimics group (day 9) was the
last. AgomiR-151-5p and AgomiR-151-5p mimics+oe-IL-
2Ra remarkably prolonged the graft survival time (median
survival time, 18 and 14 days, respectively) compared with
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the CGR group (median survival time, 10 days). These
data suggested that the miR-151-5p/IL-2Ra axis regulates
the survival of the CT. Next, the levels of inflammatory
cytokines IL-2, IL-6, IL-1B, TNF-a, and IFN-y were
determined using ELISA. As shown in Figure 6D,
CGR increased the levels of inflammatory cytokines levels
but this was reversed with AgomiR-151-5p mimics, and
inflammatory cytokine levels were finally recovered with
IL-2Ra overexpression. Because the balance of Th17/Treg
is important for CGR, to further detect immune rejection
the Th17 and Treg populations in the PBMCs of the rats
were measured by flow cytometry. Compared with the
Sham group, the CGR group showed an increased Th17/
Treg ratio, which was recovered with agomiR-151-5p
mimics treatment; the Th17/Treg ratio was finally abolished
with overexpression of IL-2Ra (Figure 6E-6G). These data
suggested that the miR-151-5p/L-2Ra axis alleviates CGR
in rats.

We further measured miR-151-5p and IL-2Ra
expressions in corneas by RT-qPCR and Western
blot, respectively. We noticed that CGR significantly
downregulated miR-151-5p expression in the CT rats
(Figure 74), but it remarkably enhanced the IL-2Ra level
(Figure 7B). Inversely, agomiR-151-5p mimics treatment
effectively upregulated the expression of miR-151-5p in the
CGR rats (Figure 7A), but remarkably reduced the IL-2Ra
level (Figure 7B). Notably, the level of phosphorylated PI3K
and AKT were lowly expressed in the CGR, which was
reversed with upregulation of miR-151-5p, and the p-PI3K
and p-AKT levels were finally abolished by overexpression
of IL-2Ra (Figure 7C). However, the expressions of PI3K
and AKT were not significantly different among the groups.
Additionally, the expressions of ZO-1 and Claudin-5
were remarkably decreased, but were reversed with
upregulation of miR-151-5p, and finally downregulated
with overexpression of IL-2Ra (Figure 7D).

All together, our data showed that upregulation of miR-
151-5p activated the PI3K/AKT signaling pathway through
downregulating IL-2Ra, thus reducing the incidence of
CGR and improving the survival of CT in rats.

Discussion

CT is the only treatment for corneal blindness, but the
immune rejection-induced graft failure is a major hurdle
(2,36). Regulation of the Th17/Treg ratio to prevent
and treat CGR is still an ongoing and important issue in
clinical research (37,38). However, the details of Th17/Treg
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disorder in CGR remain largely unknown. In this study, we
established a rat CGR model and through transcriptome
microarray analysis, we identified 453 DEMs in graft-
rejection corneas. Among these DEMs, we defined the
miR-151-5p/IL-2Ra axis as playing a critical role in the
regulation of Th17/Treg balance and CEC proliferation
and migration.

The miRNAs are reported to play important roles in
cellular processes (39,40), exerting their activity via different
mechanisms, including modulation of gene expression,
post-transcriptional regulation and targeting mRNAs and

© Annals of Translational Medicine. All rights reserved.

inducing their translational repression or deadenylation
and degradation (40). Notably, accumulating evidence
shows that miRNAs modulate the Th17/Treg ratio and
also cell proliferation and migration (41-45). Here we
found there was reduced miR-151-5p expression and an
elevated Th17/Treg ratio in CGR rats, and that agomiR-
151-5p treatment decreased the Th17/Treg ratio. miR-151-
5p downregulation reduced B4G12 cell proliferation and
migration iz vitro. The PI3K/AKT signaling pathway plays
pivotal roles in balancing the Th17/Treg ratio and in cell
proliferation and migration (14,15,18). Interestingly, both
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CGR and downregulation of miR-151-5p inhibited the
PI3K/AKT signaling pathway. Aberrant activation and/or
inhibition of the PI3K/AKT signaling pathway is implicated
in corneal and other tissue transplantation failures (14,16).
Here, we showed that activation of the PI3K/AKT signaling
pathway increased B4G12 cell proliferation and migration,
and alleviated immune rejection-induced CEC loss by
downregulating miR-151-5p, suggesting that the miR-151-
Sp-medicated PI3K/AKT signaling pathway is critical for
immune rejection-induced graft failure.

In this study, we found that IL-2Ra is a target of miR-
151-5p; overexpression of 1L-2Ra reduced B4G12 cell
proliferation and migration, and IL-2Ra knockdown
alleviated the decrease in cell proliferation and migration
by miR-151-5p downregulation. It is well known that
IL-2R is mainly expressed in the T cells that modulate
tolerance and immunity functions (46,47). Interestingly,
previous studies have shown that IL-2R is also expressed
in non-T cells, including cervical cancer cells, ECs,
vascular smooth muscle cells, and other cells (48-52). IL-
2R upregulation causes inflammation, but inhibition or
activity knockdown of IL-2R attenuates inflammation-
induced cell injury, suggesting that IL-2R play an important
role in the regulation of cell proliferation and migration.
IL-2R has been suggested as a marker of acute rejection
after organ transplantation, because it is significantly
higher in rejection (53). Both IL-2 and IL-2R signaling
play an important role in regulating both tolerance and
immunity (48). Enhanced allograft survival via blockade
of IL-2R (54,55) may provide a new perspective for
the treatment of allogeneic responses in patients after
transplantation. IL-2Ra was regulated by miR-151-5p in
CGR to modulate the PI3K/AKT signaling pathway, which
primes the immune rejection of CT, suggesting that IL-
2Ra is a suppressor of the PI3K/AKT signaling pathway
in vivo in response to CGR. Human PMSC transplantation
changes the ratio of Th17/Treg cells by the PI3K/Akt
signaling pathway in premature ovarian failure (56),
activation of which promotes CEC proliferation (17). A
recent study reported that carbamylated erythropoietin
regulates immune responses and promotes long-term
kidney allograft survival through activation of PI3K/AKT
signaling (14). In our study, activation of the PI3K/AKT
signaling pathway increased B4G12 cell proliferation and
migration. However, PI3K/AKT signaling was inhibited
after CGR but was recovered with miR-151-5p mimics
treatment. These observations indicated that miR-151-5p
mediated IL-2Ra expression, which inhibited the PI3K/
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AKT signaling pathway cascade to immune rejection and
CEC loss. Thus, targeting the miR-151-5p/IL-2Ra axis is a
novel strategy for clinical intervention of CGR.

The corneal endothelium is a single layer of hexagonal
cells that maintain corneal transparency and thickness
through barrier and pump functions (57). Higher
expression of tight junction protein is maintained at cell
junctions (58). In this study, we demonstrated that miR-
151-5p downregulation and CGR reduced tight junction
protein expression, which were respectively reversed with
overexpression of IL-2Ra and miR-151-5p. Previous
studies have demonstrated that activation of the PI3K/
AKT signaling pathway increases tight junction protein
expression (59,60). Our data support the idea that miR-
1269/1L-2Ra axis-mediated PI3K/AKT signaling pathway
activation in CGR plays an important role in the regulation
of corneal endothelium function.

In conclusion, miR-151-5p downregulation inhibited
CEC proliferation and migration and promoted immune
rejection through inhibition of the PI3K/AKT signaling
pathway by upregulating IL-2Ra in rats. Our study
provides experimental evidence that supports the miR-151-
Sp/IL-2Ra axis as a novel strategy for clinical intervention
of CGR.
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