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Background: Cluster of differentiation 4 positive (CD4
+) T cells play an important role in corneal graft 

rejection, especially the dynamic balance between regulatory T cells and helper T cells. This study aims to 
explore the upstream and downstream regulatory mechanisms of Th17 cell differentiation-mediated corneal 
allograft rejection. 
Methods: By establishing rat corneal allograft transplantation model, transcriptome analysis was carried 
out to screen the differentially expressed genes related to T helper 17 (Th17) cell differentiation, and then 
cell experiments were used to verify the effect of miR-673-5p/Janus Kinase 2 (JAK2) signal on naïve CD4

+ 
T cell differentiation and the proliferation, migration, and tube formation ability of human umbilical vein 
endothelial cells (HUVECs). Finally, the role of miR-673-5p/JAK2 signal in corneal allograft rejection was 
verified by animal model in vivo. 
Results: The results showed that JAK2/STAT3 signaling activation-mediated Th17 cell differentiation was 
significantly up-regulated during corneal allograft rejection, and miR-673-5p expression was down-regulated after 
corneal allograft rejection. Low expression of miR-673-5p promoted Th17 cell differentiation by up-regulating 
JAK2, and then promoted placental growth factor (PLGF)mediated corneal neovascularization (CNV). 
Conclusions: The results of this study suggested that low expression of miR-673-5p is a promoter of 
corneal allograft rejection. Overexpression of miR-673-5p can improve the survival rate of corneal allografts 
by inhibiting the differentiation and maturation of Th17 cells mediated by JAK2/STAT3 signaling.
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Introduction

A variety of corneal diseases, such as keratitis, corneal 
degeneration, corneal chemical injury, may lead to corneal 
blindness, and decrease of personal labor force, thus 
leading to substantial mental trauma for patients as well 
as considerable family and social problems. At present, 
corneal transplantation is the only way to restore vision in 

patients with corneal blindness (1). However, graft rejection 
following transplantation results in many endothelial 
cells, which maintains corneal transparency. Even under 
conditions of local and systemic immunosuppressive 
treatment, the failure rate of corneal transplantation may 
still exceed 50% (2), resulting in poor vision correction and 
even blindness again.
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Cellular immunity plays an important role in allograft 
rejection. As an immune cell, Cluster of differentiation 
4 positive (CD4

+) T cells can independently mediate 
corneal allograft rejection (3,4), and the down-regulation 
of CD4

+ T cell immunity is related to the improvement of 
corneal graft survival (5). As a subtype of activated CD4

+ 
T cells, T helper 17 (Th17) cells specifically express the 
transcription factor retinoic acid-receptor (RAR)-related 
orphan receptor-γt (RORγt), and are reported to mediate 
corneal allograft rejection by secreting pro-inflammatory 
cytokine interleukin 17 (IL-17) (6-8). According to previous 
studies, Janus Kinase 2/ Signal Transducer and Activator of 
Transcription 3 (JAK2/STAT3) signaling and the activity 
of STAT3 play important roles in Th17 differentiation  
(9-11). An experimental study has shown that IL-1β 
mediated by NOD-like receptor family pyrin domain 
containing 3 (NLRP3) inflammasome promotes Th17 
differentiation through STAT3 phosphorylation, thus 
aggravating mice corneal allograft rejection (12). In 
addition, numerous studies have shown that microRNAs 
(miRNAs) are widely involved in the regulation of Th17 cell 
differentiation (13-16). Previous studies have also revealed 
that miRNAs participate in the progress of corneal allograft 
rejection (17,18). However, reports of a direct relationship 
between miRNA and corneal transplantation rejection are 
limited.

Corneal neovascularization (CNV) is considered to be 
an important risk factor for allograft rejection following 
corneal transplantation (19,20). The avascular nature of 
cornea is attributed to the balance between angiogenic 
factors and antiangiogenic factors. However, under 
pathological conditions, this homeostasis may be disturbed 
and lead to CNV (21,22). Placental growth factor (PLGF) 
is a member of vascular endothelial growth factor (VEGF) 
family, and its expression is related to pathological 
angiogenesis and inflammation (23). Studies have shown 
that PLGF promotes the development of CNV, and its 
derivative peptide ZY-1 can inhibit PLGF-induced CNV 
(24,25). In addition, a previous study has shown that PLGF 
can be selectively secreted by Th17 cells and promote 
angiogenesis, and can also activate STAT3 to promote Th17 
cell differentiation, which can interfere with the vascular 
endothelial cells of helper T cells (26). Therefore, PLGF 
is a kind of “angio-lymphokine” that links autoimmunity 
with angiogenesis. Although, whether Th17 cells promote 
neovascularization by secreting PLGF following corneal 
transplantation needs to be further investigated.

The present study aims to explore the role of miRNAs 

in Th17 cell activation mediated corneal allograft rejection, 
and to elucidate the molecular mechanism of promoting 
Th17 cell differentiation and PLGF-mediated CNV 
via JAK2/STAT3 signaling. By establishing a rat model 
of allogenic penetrating keratoplasty and transcriptome 
sequencing, miR-673-5p was confirmed to regulate Th17 
cell differentiation by targeting JAK2, thus regulating 
the proliferation, migration, and angiogenesis of vascular 
endothelial cells mediated by PLGF, which was secreted 
by Th17 cells. Low expression of mir-673-5p was found 
to promote the development of corneal allograft rejection, 
while overexpression of miR-673-5p could inhibit Th17 
differentiation and CNV-mediated corneal allograft 
rejection, and improve graft survival rate. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at https://dx.doi.org/10.21037/atm-21-
2051).

Methods

Establishment of an allogenic penetrating keratoplasty rat 
model and transcriptome sequencing analysis

Adult female Sprague-Dawley rats, weighing 220–250 g  
without eye disease were obtained from Hunan SJA 
Laboratory Animal Co., Ltd. (Certificate number 
43004700043639, China). All rats were housed individually 
with a 12 h light/dark cycle at 22 ℃ with 50% humidity 
and received ad libitum access to food and water. All animal 
experimental protocols were approved by the Animal 
Experimental Ethical Inspection of the Affiliated Calmette 
Hospital of Kunming Medical University (Approval No. 
YLS2020-18), and the animals were handled according to 
the management requirements of the Animal Management 
Association of the Affiliated Calmette Hospital of Kunming 
Medical University. A protocol was prepared before the 
study without registration. The right eye was taken as the 
operation eye, and the left normal eye was reserved, which 
did not affect the postoperative food intake of rats.

The rat model of allogenic penetrating keratoplasty 
with donation after cardiac death (DCD) was established as 
previously described (27). The eyelid sutures were cut 24 h 
postoperatively, and were then observed and photographed 
under a stereomicroscope (Olympus, Tokyo, Japan). 
Successful modeling criteria: no graft wound dehiscence, 
anterior chamber infection, intraocular infection, or other 
complications occurred within 3 days postoperatively. 
Observation was made once a day within 1 week after 
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surgery, and every other day after this initial 1-week period. 
The opacity, edema, and neovascularization indexes of the 
corneal graft were recorded and scored according to Larkin 
DF standard (Table 1). The sum of the three scores was the 
rejection index (RI), and corneal rejection was defined when 
RI ≥6, according to previous research (28).

For transcriptome sequencing (RNA-Seq) analysis, rats 
were executed with anesthesia at 21 days postoperatively  
(RI ≥6). Rejected corneal allografts (n=36) were then 
collected and total RNA was extracted for RNA-Seq 
analysis. Donor corneal grafts (n=36) were used as a control 
to determine the relative expression level of RNA in the 
corneal graft of the rejection group. RNA-Seq analysis was 
performed by Hangzhou Lianchuan Biotechnology Co., 
Ltd. (Hangzhou, China).

To further study the effect and mechanism of miR-
673-5p in vivo, 5 nmol of miR-673-5p mimics or JAK2 
overexpression lentiviral vector (oe-JAK2, Guangzhou 
RiboBio Biotechnology Co., Ltd., Guangzhou, China) in 
sterile phosphate buffer (PBS) were applied as topical eye 
drops to the rats 24 h after corneal transplantation surgery 
for the first time, and then 4 times daily until the RI of rat 
in rejection control group (used sterile PBS as eye drops) all 
reached 6. The treatment of rat was performed according to 
previous study (17).

Histopathological evaluation and immunohistochemical 
staining

Corneal grafts were collected from each group 21 days 
after surgery, fixed in 4% paraformaldehyde, embedded in 
paraffin, and sliced into 5 μm-thick sections. Subsequently, 
the sections were stained using a hematoxylin and eosin 

(H&E) staining kit (Solaria, China) to observe the corneal 
histomorphology changes and inflammatory cell infiltration. 
Immunohistochemical staining of corneal grafts was 
performed to observe the expression of VEGF and PLGF 
in corneal grafts using the primary antibodies against 
VEGF (1:100, Abcam, UK) or PLGF (1:100, Abcam, UK). 
The histological changes of the brain were observed under 
a microscope (OLYMPUS, Japan).

Cell culture and treatment

Naïve CD4
+ T cells from the spleens of 6–8-week-old 

Sprague-Dawley rats were isolated and purified using the 
magnetic microbead T cell isolation method, according to 
a previous study (29), and were then cultured in complete 
Roswell Park Memorial Institute 1640 (RPMI-1640) 
medium. To polarize the Th17 cells, the naïve CD4

+ T 
cells were treated by exogenous cytokines and antibodies, 
according to a previous report (12).

To investigate the influence of miR-673-5p expression 
on Th17 cell differentiation, miR-673-5p mimics and 
miR-673-5p inhibitor were purchased from Guangzhou 
RiboBio Biotechnology Co., Ltd. (Guangzhou, China), and 
transfected into naïve CD4

+ T cells with Lipofectamine® 
2000 transfection reagent (Invitrogen, Thermo Fisher 
Scientific, Inc., USA) according to the manufacturer’s 
instructions. Additionally, to further study whether miR-
673-5p regulates Th17 cell differentiation via JAK2/STAT3 
signaling, the inhibitor of JAK2/STAT3, AG490 (10 μM, 
MCE, China) was used to treat naïve CD4

+ T cells to inhibit 
the activation of JAK2/STAT3 signaling.

To determine whether low expression of miR-673-5p-
induced Th17 cell differentiation promoted angiogenesis, 

Table 1 Criteria of rejection after corneal transplantation 

Score Graft opacity Graft edema Graft neovascularization

0 Transparent without turbidity No edema No CNV

1 Slightly turbid Corneal stroma was slightly edematous 
and thickened

CNV around implantation bed

2 Opacity increased, but the iris texture was 
still visible

Diffuse corneal stromal edema Neovascularization reaches the peripheral 
part of the graft

3 Opacification was further aggravated, but 
the pupil was still visible

Diffuse stromal edema accompanied by 
epithelial microcystic edema

Neovascularization in the middle and 
peripheral part of the graft

4 Completely cloudy, the anterior chamber 
cannot be seen

Bullous keratopathy Neovascularization covered the corneal 
graft

CNV, corneal neovascularization.
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human umbilical vein endothelial cells (HUVECs) 
purchased from BeNa Culture Collection (BNCC, China) 
were cultured in a 24-well plate with complete Dulbecco’s 
Modified Eagle Medium (DMEM) medium containing 
10% fetal bovine serum (FBS) and 1% (v/v) penicillin/
streptomycin. Next, the HUVECs were treated with the 
culture medium (CM) from each group of CD4

+ T cells 
(200 μL of supernatant after centrifugation at 3,000 ×g 
for 3 min). In addition, PLGF-1 derived peptide, ZY-1 
(“CVSLLRCTGCCAAAN AHCVPV”, commercially 
synthesized by Wuhan Bioyeargene Biotechnology Co., 
Ltd., Wuhan, China) was used to inhibit PLGF-1 binding 
to vascular endothelial growth factor receptor 1 (VEGFR-1) 
at a dosage of 2.5 mM.

Flow cytometry

Peripheral blood and aqueous humor were collected from 
three rats per group 21 d after corneal transplantation 
surgery, and mononuclear cells were separated using 
Ficoll-Paque gradient centrifugation according to the 
manufacturer’s instructions (Tianjin Haoyang Biological 
Manufacture Co., Ltd., Tianjin, China). The percentage 
of Th17 cells in peripheral blood, aqueous humor, and 
cultured CD4+ T cells was detected by flow cytometry 
using antibodies against CD4, CD25, and RORγt (Abcam, 
UK), which was performed using the FACS Verse flow 
cytometer (Becton Dickinson Biosciences, Franklin 
Lakes, NJ, USA) and analyzed using FlowJo v10 (FlowJo, 
Ashland, USA). 

ELISA assay

Concentrations of IL-17 and PLGF in rat peripheral blood 
and aqueous humor 21 d after corneal transplantation 
surgery, and in the CM of CD4+ T cells, were measured by 
enzyme-linked immunosorbent assay (ELISA) using a rat 
IL-17 and rat PLGF ELISA Kit (Shanghai Enzyme-linked 
Biotechnology Co., Ltd., Shanghai, China).

Dual luciferase reporter assay 

The binding sites between miR-673-5p and JAK2 were 
predicted with TargetScan v7.2, (ULR: http://www.
targetscan.org/vert_72/). Luciferase vectors containing the 
3' untranslated regions (3'UTR) of rat JAK2 with the miR-
673-5p binding sites and mutant miR-673-5p binding sites 
were purchased from Shanghai GenePharma Co., Ltd. 

Subsequently, the vectors were co-transfected with miR-
673-5p mimics into 293T cells using the Lipofectamine® 
2000 transfection reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.; USA). After 48 h, the luciferase reporter 
activity was determined using a Dual-Luciferase® Reporter 
Assay System (Promega Corporation, USA).

Real-time fluorescent quantitative PCR (RT-qPCR)

The total RNA of corneal grafts was extracted with TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.; USA). 
Next, the expression of miRNA and mRNA was measured 
by RT-qPCR performed on triplicate samples with ABI 
7500 Real-Time PCR System (Applied Biosystems; Thermo 
Fisher Scientific, Inc.; USA). The relative expressions of 
mRNA and miRNA were presented as fold changes with the 
2−∆∆CT method, and GAPDH and U6 were used to normalize 
the mRNA and miRNA levels, respectively. The primer 
sequences used were as follows: rat GAPDH, forward: 
5'-CCTCGTCTCATAGACAAGATGGT-3' and reverse: 
5'-GGGTAGAGTCATACTGGAACATG-3'; rat U6, 
forward: 5'-GGTCCAGTTTTTTTTTTTTTTTCCA-3' 
and reverse: 5'-AACGCTTCACGAATTTGCGT-3'; rat 
JAK2, forward: 5'-CACCAACATTACAGAGGCATAATA-3' 
and reverse: 5'-GAACGACGAAGCTTCTTTCTGAG-3'; 
rat miR-673-5p, forward: 5'-CACAGCTCCGGTCCT-3' and 
reverse: 5'-GGTCCAGTTTTTTTTTTTTTTTCCA-3'.

Western blotting

The protein expression levels in corneal grafts 21 d after 
corneal transplantation surgery and cultured CD4+ T cells 
were measured by western blot assays using the primary 
antibodies against IL-17, JAK2, p-JAK2, STAT3, p-STAT3, 
vascular endothelial growth factor A (VEGFA), and PLGF 
at a dilution of 1:1,000 (Abcam, UK). Anti-GAPDH was 
used as the loading control, and the grayscale value analysis 
was performed using Image J software (version 1.52a; 
National Institutes of Health). 

Cell proliferation and migration

The proliferation of HUVECs with or without treatment 
by CM of CD4+ T cells was determined by Ki67 staining 
using Ki67 antibody, according to a previous report (30). 
The migration of HUVECs was determined by the cell 
scratch test and transwell assay, according to previous 
studies (30,31).

http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
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Tube forming assay

1×105 HUVECs with or without treatment by CM of CD4+ 
T cells were plated into a 24-well plate coated with the 
growth factor-reduced Matrigel (BD Biosciences, China). 
After 24 h of culturing, the tube formation was observed 
using a bright-field microscope (Olympus, Tokyo, Japan). 
The tube length was quantified using Image J software 
(version 1.52a; National Institutes of Health). 

Statistical analysis

All cell experiments were repeated three times and the data 
were presented as the mean ± standard error of mean (SEM). 
Differences between two or multiple groups were evaluated 
using a two‑tailed Student’s t‑test, one‑way analysis of 
variance (ANOVA), or two‑way ANOVA followed by 
Bonferroni post hoc test. The difference in survival rates 
among the various groups was compared using log-rank 
(Mantel-Cox) test. Statistical analyses were performed using 
GraphPad Prism 7.0 software (GraphPad Software, Inc., 
CA, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Rejection of corneal allograft

Increasing evidence has shown that T cell responses and 
Th17 cells are involved in corneal allograft survival (12,32). 
However, whether the proportion of Th17 cells changes 
after corneal transplantation, as well as its regulatory 
mechanism, still need to be further studied. After corneal 
transplantation, the opacity, edema, and neovascularization 
of the corneal grafts were examined using stereomicroscope 
and scored for 3 weeks. As a result, the rejection rate 
of corneal allograft in the operative group at 21 d 
postoperatively was almost 100%, which showed obvious 
opacity, edema, and neovascularization compared with 
normal cornea (control group, as shown in Figure 1A). 

H&E staining showed that there were a number of 
inflammatory cells, obvious edema, and neovascularization 
observed in the stroma of rejected corneal grafts (Figure 1B). 
Immunohistochemical staining of corneal grafts showed that 
VEGF was expressed to significantly higher level in rejected 
corneal grafts (Figure 1C). In addition, the expressions of 
JAK2 and IL-17 in corneal grafts were up-regulated after 
rejection (Figure 1D-1F). Flow cytometry showed that the 
ratio of Th17 cells in aqueous humor and peripheral blood 

of rats was significantly increased after graft rejection, 
especially in the aqueous humor (Figure 1G). Meanwhile, 
the concentration of IL-17 and PLGF in the aqueous humor 
and peripheral blood was also obviously increased after graft 
rejection (Figure 1H). These results indicate that the up-
regulation of JAK2 and PLGF may be involved in Th17 
cell differentiation and neovascularization-induced corneal 
allograft rejection, however the molecular mechanism 
involved in this progression remains unclear.

Changes in the RNA expression profile

To investigate whether the miRNA and mRNA expression 
profile change when corneal allografts rejection occur, 
miRNA-Seq and mRNA-Seq were performed. As the results 
demonstrate, there was a larger number of mRNAs up- or 
down-regulated in rejected corneal grafts compared with 
normal corneas (Figure 2A). Gene Ontology (GO) enrichment 
statistics showed that part of mRNAs was enriched in the 
inflammatory response, cell migration, and angiogenesis, while 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment showed part of mRNAs are enriched in allograft 
rejection, Th1 and Th2 cell differentiation, and Th17 cell 
differentiation (Figure 2B,2C). Simultaneously, there was also 
numbers of miRNAs differentially expressed in control group 
and rejected corneal graft (Figure 2D), and some miRNAs are 
enriched in protein binding, cytoplasm, and transferase activity 
by GO enrichment, while some miRNAs are also enriched in 
Th17 cell differentiation, Th1 and Th2 cell differentiation, 
and allograft rejection (Figure 2E,2F). 

In order to further study the molecular regulation 
mechanism of Th17 cell differentiation, mRNAs and 
miRNAs enriched on Th17 cell differentiation were further 
analyzed (Figure 2G,2H), and the expression of JAK2 mRNA 
in the corneal allografts of the rejection group was obviously 
increased (Figure 2G), it is worth noting that JAK2 is also 
enriched in the Th17 cell differentiation pathway and JAK/
STAT pathway by KEGG (seen available online https://
cdn.amegroups.cn/static/public/atm-21-2051-01.zip). The 
interaction analysis of mRNA and miRNA enriched in 
the Th17 cell differentiation pathway showed that miR-
673-5p, which exhibited low expression in rejected corneal 
allografts (Figure 2H), could target JAK2 mRNA (Figure 2I).  
Further RT-qPCR experiments showed JAK2 mRNA and 
miR-673-5p were identically differentially expressed in 
rejected corneal allografts compared with normal corneas  
(Figure 2J,2K). These results suggest that low expression 
of miR-673-5p may be a promoter of allograft rejection, 

https://cdn.amegroups.cn/static/public/atm-21-2051-01.zip
https://cdn.amegroups.cn/static/public/atm-21-2051-01.zip
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Figure 1 Th17 cell differentiation and CNV in corneal allograft rejected rats. (A) Representative images of corneal allografts 21 d 
after transplantation and normal corneas; (B) representative images of H&E staining on corneal allografts; the red arrows showed the 
neovascularization in corneal allografts; (C) immunohistochemical staining of corneal allografts by anti-VEGF antibody; (D-F) relative 
expressions of JAK2 and IL-17 in corneal allografts; (G) the ratio of Th17 cells in aqueous humor and peripheral blood of rats at 21 d after 
corneal transplantation; (H) concentrations of IL-17 and PLGF in aqueous humor and peripheral blood. **P<0.01, ***P<0.001, ****P<0.0001 
vs. control group. Cont, control group; Rejection, corneal allograft rejected group; CNV, corneal neovascularization; VEGF, vascular 
endothelial growth factor; PLGF, placental growth factor.

Aqueous humor

CD25+

R
O

R
γ t

+

Peripheral blood

Aqueous 
humor

Peripheral 
blood

Cont
Rejection

****

**

15

12

9

6

3

0

Th
17

 c
el

l r
at

io
, %

Preoperation Postoperation Rejection
Rejection

Rejection

Rejection

Rejection

Rejection Rejection

JAK2

IL-17

GAPDH

Cont

Cont

Cont

Cont

Cont Cont

** **

**
4

3

2

1

0

1.2

0.9

0.6

0.3

0.0

1.2

0.9

0.6

0.3

0.0

50 μm

100 μm 100 μm

50 μm

R
el

at
iv

e 
V

E
G

F 
po

si
tiv

e 
ra

te

R
el

at
iv

e 
ex

pr
es

si
on

 o
f J

A
K

2

R
el

at
iv

e 
ex

pr
es

si
on

 o
f I

L-
17

A B

C

D E F

G

Rejection Rejection Rejection Rejection

Aqueous humor Peripheral blood

Cont Cont Cont Cont

***
*** ***

***
150

120

90

60

30

0

100

80

60

40

20

0

300

250

200

150

100

50

0

18

15

12

9

6

3

0

IL
-1

7,
 p

g/
m

L

P
LG

F,
 p

g/
m

L

P
LG

F,
 p

g/
m

L

IL
-1

7,
 p

g/
m

L

H



Annals of Translational Medicine, Vol 9, No 18 September 2021 Page 7 of 18

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(18):1409 | https://dx.doi.org/10.21037/atm-21-2051

Figure 2 RNA expression profile changes in the cornea after graft rejection. (A) Volcano of differentially expressed mRNAs in the rejection 
group compared with control group; (B) GO enrichment scatterplot of differentially expressed mRNAs; (C) KEGG pathway enrichment 
scatterplot of differentially expressed mRNAs; (D) volcano of differentially expressed miRNAs in the rejection group compared with control 
group; (E) GO enrichment scatterplot of differentially expressed miRNAs; (F) KEGG pathway enrichment scatterplot of differentially 
expressed miRNAs; (G,H) heatmaps of differentially expressed mRNAs and miRNAs enriched on the Th17 cell differentiation pathway; 
(I) miRNAs that were predicted as inhibitors of JAK2 from differentially expressed miRNAs; (J,K) relative expressions of JAK2 mRNA and 
miR-673-5p in rejected corneal allografts were confirmed by qRT-PCR. ****P<0.0001 vs. control group. Cont, control group; Rejection, 
corneal allograft rejected group.
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and miR-673-5p may regulate Th17 cell differentiation by 
targeting JAK2.

miR-673-5p targeted inhibits JAK2 expression and 
regulates Th17 cell differentiation

To study the role miR-673-5p in Th17 cell differentiation, 
whether miR-673-5p can targetedly bind to JAK2 mRNA 
and regulate Th17 cell differentiation was determined. 
As shown in Figure 3A, there is a miR-673-5p binding 
site on the position 202–209 of JAK3'UTR2, and the 
dual  luciferase  reporter  assay revealed that miR-673-
5p could bind to wild type JAK 3'UTR2 (Figure 3B). In 
cultured rat CD4+ T cells, overexpression of miR-673-5p 
inhibited the expression of JAK2 and inhibition of miR-673-
5p promoted JAK2 expression (Figure 3C, the effectiveness 
of the miR-673-5p mimics and inhibitor in transfected 
CD4+ T cells was measured by RT-qPCR and the result was 
shown in Figure S1A). 

Furthermore, the miR-673-5p inhibitor and mimics 
were transfected into naïve CD4+ T cells, and then the 
Th17 cell ratio and expression of IL-17, PLGF, and JAK2/
STAT3 signaling was measured. The results showed that 
miR-673-5p inhibition promoted Th17 cell differentiation 
and increased the secretion of IL-17 and PLGF, while miR-
673-5p mimics transfection down-regulated the Th17 cell 
ratio and secretion of IL-17 and PLGF (Figure 3D,3E). 
Given that JAK2 is one of the target genes of miR-673-
5p and the JAK2/STAT3 pathway plays important role in 
Th17 cell differentiation, the expression and activation of 
JAK2/STAT3 signaling was detected by western blotting. 
The data revealed that the expression and activation of 
JAK2/STAT3 signaling was promoted by the miR-673-
5p inhibitor, but was inhibited by miR-673-5p mimics  
(Figure 3F-3H).

miR-673-5p inhibition promotes Th17 cell differentiation 
by targeting JAK2

 To further confirm whether miR-673-5p regulates Th17 
cell differentiation by targeting JAK2, the inhibitor of JAK2/
STAT3 signaling, AG490, was used to inhibit the activation 
of JAK2/STAT3. The results showed that inhibition of 
miR-673-5p promoted the differentiation of Th17 cells 
(Figure 4A), the secretion of IL-17 and PLGF (Figure 4B), 
and the activation of JAK2/STAT3 signaling (Figure 4C-4E). 
Meanwhile, AG490 (an inhibitor of JAK2, the inhibition 
effect of JAK2 was verified by western blot assay, seen 

Figure S1B) treatment reduced Th17 cell differentiation 
mediated by miR-673-5p inhibitor transfection, decreased 
the concentrations of IL-17 and PLGF in CM of CD4+ T 
cells induced by miR-673-5p inhibition, and inhibited the 
expression and activation of JAK2/STAT3 promoted by the 
miR-673-5p inhibitor (Figure 4). The above data reveals 
that inhibition of miR-673-5p expression promotes Th17 
cell differentiation by increasing the expression of JAK2 and 
activation of JAK2/STAT3 signaling.

Th17 cell differentiation regulated by miR-673-5p induces 
angiogenesis by secreting PLGF

Since CNV is one of the important causes of corneal 
allograft rejection (20), and PLGF is a kind of “angio-
lymphokine” closely related to pathological angiogenesis, 
which links autoimmunity and angiogenesis (33), whether 
Th17 cell differentiation mediated by miR-673-5p 
inhibition influences the proliferation, migration, and 
tube formation ability of HUVECs was detected. After 
treatment with CM from each group of CD4+ T cells, the 
proliferation, migration, and tube formation of HUVECs 
were promoted by the treatment of untreated CD4+ T cell 
CM, and were further induced by CM from miR-673-
5p-inhibited CD4+ T cells, but were reversed by AG490-
treated CD4+ T cell CM (Figure 5A-5D). This indicates 
that miR-673-5p inhibition can promote angiogenesis 
by inducing Th17 cell differentiation. Furthermore, the 
PLGF-derived peptide, ZY-1, was used to competitively 
inh ib i t  PLGF b ind ing  to  VEGFR.  As  shown in  
Figure 5E-5H, the proliferation, migration, and tube 
formation of HUVECs induced by miR-673-5p-inhibited 
CD4+ T cell CM were reversed by ZY-1 treatment, 
which suggests that PLGF plays important role in CNV 
induced by miR-673-5p inhibition-mediated Th17 cell 
differentiation.

Overexpression of miR-673-5p promotes the survival of 
corneal allografts

Considering that in vitro experiments have shown that 
low expression of miR-673-5p promotes angiogenesis 
by up-regulating JAK2/STAT3-mediated Th17 cell 
differentiation, whether miR-673-5p overexpression 
promotes the survival of transplanted allogeneic corneal 
grafts was detected in our rat model. Mantel-Cox survival 
curve analysis showed a 100% rejection of the rejection 
control group at 20 d following transplantation, and that 

https://cdn.amegroups.cn/static/public/ATM-21-2051-Supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-2051-Supplementary.pdf
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Figure 3 The role of miR-673-5p expression in Th17 cell differentiation. (A) The binding site between miR-673-5p and 3'UTR of JAK2; 
(B) results of dual luciferase report assay; (C) the expression of JAK2 protein of CD4+ T cells under treatments of miR-673-5p inhibitor and 
mimics; (D) the influence of miR-673-5p expression on the Th17 cell ratio in cultured CD4+ T cells; (E) concentrations of IL-17 and PLGF 
in the CM of CD4+ T cells; (F-H) relative expressions of JAK2, p-JAK2, STAT3, and p-STAT3. nsP>0.05, *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 vs. NC group; ###P<0.001, ####P<0.0001 vs. miR-673-5p inhibitor group. NC, negative control; ns, no significance; PLGF, 
placental growth factor.
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treatment with miR-673-5p mimics obviously increased the 
survival rate of corneal allografts (P<0.05 compared with 
rejection control group). Meanwhile, JAK2 overexpression 
reversed the effect of miR-673-5p mimics treatment, 
although there was no statistically difference (Figure 6A, 

there were three JAK2 overexpression vector and the 
effectiveness of oe-JAK2-1, -2, and -3 was verified by RT-
qPCR assay in vitro (seen Figure S1C), then oe-JAK2-1 was 
selected for animal experiment.). In the rejection control 
group, the allografts exhibited pronounced opacity and 

Figure 4 The role of JAK2/STAT3 in miR-673-5p-regulated Th17 cell differentiation. (A) The Th17 cell ratio in cultured CD4+ T cells; 
(B) concentrations of IL-17 and PLGF in the CM of CD4+ T cells; (C-E) relative expressions of JAK2, p-JAK2, STAT3, and p-STAT3. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. NC group; #P<0.05, ##P<0.01, ####P<0.0001 vs. miR-673-5p inhibitor group. NC, negative 
control; PLGF, placental growth factor; CM, culture medium.
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Figure 5 The role of miR-673-5p inhibition-induced Th17 cell differentiation in angiogenesis. (A,E) Ki67 staining of HUVECs treated by 
CM of CD4+ T cells, scale bars indicate 100 μm; (B,F) cell scratch assays of HUVECs treated by CM of CD4+ T cells (magnification ×100); 
(C,G) transwell assay of HUVECs treated by CM of CD4+ T cells, scale bars indicate 1,000 μm; (D,H) tube formation ability of HUVECs 
treated by CM of CD4+ T cells. BC, HUVECs without CD4+ T cell CM treatment; NC, HUVECs treated by untreated CD4+ T cell CM 
(magnification ×100). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. BC group; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 vs. NC group; @

P<0.05, @@P<0.01, @@@@P<0.0001 vs. miR-673-5p inhibitor group. CM, culture medium; BC, blank control; NC, negative control; HUVEC, 
human umbilical vein endothelial cell; CM, culture medium.
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Figure 6 Effect of miR-673-5p overexpression on the survival of corneal allografts. (A) Survival curve of corneal allografts at 3 weeks 
postoperatively; (B) representative images of corneal allografts 21 d after transplantation and normal corneas; (C) representative images of H&E 
staining on corneal allografts; the red arrows showed the neovascularization in corneal allografts; (D,E) relative expression of JAK2 mRNA and 
miR-673-5p in corneal allografts; (F-H) relative expressions of JAK2, p-JAK2, STAT3, and p-STAT3 in corneal allografts. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001 vs. rejection control group; #P<0.05, ##P<0.01 vs. miR-673-5p mimics group. Rejection, rejection control; Mimics, 
miR-673-5p mimics treatment; oe-JAK2, miR-673-5p mimics treatment and JAK2 overexpression; H&E, hematoxylin and eosin.
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edema, and numerous new vessels grew into the center of 
the grafts on postoperative day 21 (Figure 6B). Treatment 
with miR-673-5p mimics reduced the edema of corneal 
allografts and only small vessels in the graft limbus were 
observed on postoperative day 21, while the degree of graft 
rejection in the JAK2 overexpressed group was higher than 
the miR-673-5p overexpressed group (Figure 6B). H&E 
staining results showed that the overexpression of mir-673-
5p significantly reduced corneal stromal inflammatory cell 
infiltration, corneal edema, and neovascularization, while 
JAK2 overexpression partially reversed this protective effect 
(Figure 6C). Figure 6D,6E showed that the expression of 
JAK2 mRNA and miR-673-5p in corneal allografts was 
exactly regulated by miR-673-5p mimics and oe-JAK2. 
The expression and activation of JAK2/STAT3 signaling 
in corneal allografts was significantly inhibited by miR-
673-5p mimics, but was promoted by JAK2 overexpression  
(Figure 6F-6H).

Furthermore, the ratio of Th17 cells in aqueous 
humor and peripheral blood at 21 d postoperatively was 
determined by flow cytometry. The data showed that 
compared with rejection control group, the Th17 cell ratio 
was decreased by miR-673-5p mimics, but was reversed by 
JAK2 overexpression (Figure 7A). The concentrations of 
IL-17 and PLGF in aqueous humor and peripheral blood 
of different rat groups was consistent with the proportion 
of Th17 cells in each group (Figure 7B). In addition, 
the expression of PLGF and VEGF was examined by 
immunohistochemical staining and western blotting. As 
shown in Figure 7C, the expression of PLGF in corneal 
allografts at 21 d after transplantation was down-regulated 
by miR-673-5p mimics treatment, but was promoted by 
JAK2 overexpression (Figure 7C). Western blotting showed 
that the expressions of PLGF and VEGF were all inhibited 
by miR-673-5p mimics after corneal transplantation 
and were obviously reversed by JAK2 overexpression  
(Figure 7D-7F). These results demonstrate that the 
overexpression of miR-673-5p can promote the survival of 
corneal allografts via inhibition of CNV mediated by JAK2/
STAT3-induced Th17 cell differentiation.

Discussion

Corneal transplantation is the oldest, most common, and 
most successful form of tissue transplantation. At present, 
corneal transplantation is the only effective treatment 
for end-stage blindness. Due to the immune privilege 
of the anterior chamber of the eye (34), the lack of 

lymphatic vessels in the corneal transplantation bed (35), 
the modification of the cell membrane of corneal grafts 
by molecules such as Fas ligand (FasL) and programmed 
death ligand 1 (PD-L1) (36), the incidence of corneal 
transplantation immune rejection is significantly lower 
than that of heart or kidney transplantation, and its success 
rate is higher than that of other organ transplantation. 
However, late rejection is still the main cause of corneal 
transplantation failure (37). Graft rejection leads to 
the loss of corneal endothelial cells and opacity of 
the graft. The failure rate of corneal transplantation 
may still exceed 50%, even under local and systemic 
immunosuppressive treatment (2). In the present study, 
the role of non-coding RNAs (especially miRNAs) in 
allograft rejection after corneal transplantation was 
explored and discussed. As the results shown, loss of 
miR-673-5p expression was determined as a promoter 
of allograft rejection after corneal transplantation. 
The data showed JAK2 was the target gene of miR-
673-5p, and JAK2 was up-regulated in rejected corneal 
grafts. The  study  on  molecular  mechanisms revealed 
that low expression of miR-673-5p promoted Th17 cell 
differentiation by up-regulating the activation of JAK2/
STAT3 signaling, and thus, Th17 cell promoted the 
progress of CNV by secreting PLGF (Figure 8). These 
results indicated miR-673-5p overexpression could inhibit 
Th17 cell differentiation and CNV, and thereby improve 
the survival of corneal allografts.

Organ  t ransp lanta t ion  re jec t ion  i s  a  complex 
immunological response involving multiple factors. 
Although its mechanism remains unclear, studies have 
confirmed that immune rejection is highly dependent 
on the directional migration and homing of immune 
cells to lymphoid tissue or inflammatory sites, including 
lymphocytes, macrophages, and natural killer (NK) cells, 
and is regulated by adhesion molecules and chemokines (38).  
Clinical and experimental data has shown that the 
destructive attack of immune cells, especially CD4

+ T 
cells, on the grafts is an important reason for the failure of 
corneal transplantation due to graft rejection (32,39,40). 
After activation, CD4

+ T cells can be divided into four 
subtypes: Th1, Th2, Th17, and regulatory T (Treg) 
cells. Each subtype of CD4

+ T cell produces its own 
specific cytokines and participates in graft inflammation 
and rejection (41). Th17 cells express the transcription 
factor, RORγt, and induce leukocyte infiltration, promote 
chemokine expression, and mediate inflammation in the 
immune response after transplantation by secreting various 
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Figure 7 Effect of miR-673-5p overexpression on Th17 cell differentiation and angiogenesis of corneal allografts. (A) Ratio of Th17 cells 
in aqueous humor and peripheral blood of rats at 21 d after corneal transplantation; (B) concentrations of IL-17 and PLGF in aqueous 
humor and peripheral blood; (C) immunohistochemical staining of corneal allografts by anti-PLGF antibody; (D) relative expression of 
VEGF and PLGF in corneal allografts; (E,F) the visual data maps of relative expression of VEGF and PLGF. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 vs. rejection control group; #P<0.05, ##P<0.01, ###P<0.001 vs. miR-673-5p mimics group. Rejection, rejection control; Mimics, 
miR-673-5p mimics treatment; oe-JAK2, miR-673-5p mimics treatment and JAK2 overexpression; PLGF, placental growth factor; VEGF, 
vascular endothelial growth factor.
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proinflammatory cytokines such as IL-17, IL-21, and IL-
22 (42,43). Treg cells are anti-inflammatory helper T 
cells; the balance of Treg/Th17 plays a significant role in 
corneal allograft rejection (7,10,13). This study confirmed 
that Th17 cell differentiation was up-regulated in aqueous 
humor and peripheral blood at 21 d postoperatively, which 
was induced by miR-673-5p inhibition.

CNV is one of the important causes of allograft 
rejection after corneal transplantation (19,20). Studies 
have shown that Th17 cells are involved in the regulation 
of CNV development, and its characteristic cytokine, IL-
17, is related to the pathogenesis of CNV, in addition to 
promoting an inflammatory response (44,45). However, 
the molecular mechanisms involved in Th17 cell-
mediated CNV remains unclear. Angiogenesis is mainly 
related to the expression of angiogenic factors, especially 
VEGF. As a member of the VEGF family, PLGF was 
reported to be primarily involved in inflammation and 
pathological angiogenesis (23). Previous studies have 
shown that PLGF is also involved in the development 
of CNV (24,25). Interestingly, PLGF can be selectively 
secreted by Th17 cells, which build a crosstalk between 
vascular endothelial cells and helper T cells (26). The 
results of this study revealed that the concentration of 
PLGF in aqueous humor and peripheral blood of rats was 
obviously increased at 21 d after surgery. Furthermore, 
we found that miR-673-5p inhibition-induced Th17 cell 
differentiation could promote the proliferation, migration, 
and tube formation of HUVECs by secreting PLGF, 
which suggested that Th17 cells-induced CNV during 
corneal allograft rejection was closely related to the 

expression of PLGF.
In summary, the present study revealed that the 

expression of miR-673-5p acts as a significant regulator in 
corneal allograft rejection (Figure 8). Low expression of 
miR-673-5p promotes the differentiation of Th17 cells by 
increasing the expression and activation of JAK2/STAT3 
signaling, thus inducing CNV mediated by Th17 cell-
secreted PLGF. This study indicates that the overexpression 
of miR-673-5p may be an effective therapy to improve the 
survival rate of corneal allografts following transplantation. 
However, this study did not discuss the causes of corneal 
allografts rejection (such as the different time of donor 
heart death, vascular and lymphatic hyperplasia of graft 
bed, and post-transplant infection, etc.), and did not 
verify the expression of JAK2, miR-673-5p and Th17 
cells in peripheral blood and aqueous humor of patients 
with corneal allografts rejection. Therefore, there are still 
great limitations in this study, we will further improve the 
research program and make in-depth exploration in the 
follow-up study.
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