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Background: Neovascularization and inflammatory response are two essential
features of corneal allograft rejection. Here, we investigated the impact of
Piperlongumine (PL) on alleviating corneal allograft rejection, primarily
focusing on pathological angiogenesis and inflammation.

Methods: A murine corneal allograft transplantation model was utilized to
investigate the role of PL in preventing corneal allograft rejection. PL (10 mg/kg)
or vehicle was intraperitoneally injected daily into BALB/c recipients from day
-3to day 14. The clinical signs of the corneal grafts were monitored for 30 days.
Corneal neovascularization and inflammatory cell infiltration were detected by
immunofluorescence staining and immunohistochemistry. The proportion of
CD4" T cells and macrophages in the draining lymph nodes (DLNs) was
examined by flow cytometry. In vitro, HUVECs were cultured under hypoxia
or incubated with TNF-a to mimic the hypoxic and inflammatory
microenvironment favoring neovascularization in corneal allograft rejection.
Multiple angiogenic processes including proliferation, migration, invasion and
tube formation of HUVECs in hypoxia with or without PL treatment were
routinely evaluated. The influence of PL treatment on TNF-oa-induced pro-
inflammation in HUVECs was investigated by real-time PCR and ELISA.

Results: /n vivo, PL treatment effectively attenuated corneal allograft rejection,
paralleled by coincident suppression of neovascularization and alleviation of
inflammatory response. In vitro, PL distinctively inhibited hypoxia-induced
angiogenic processes in HUVECs. Two key players in hypoxia-induced
angiogenesis, HIF-1la and VEGF-A were significantly suppressed by PL
treatment. Also, TNF-oa-induced pro-inflammation in HUVECs was hampered
by PL treatment, along with a pronounced reduction in ICAM-1, VCAM-1,
CCL2, and CXCL5 expression.
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Conclusions: The current study demonstrated that PL could exhibit both anti-
angiogenic and anti-inflammatory effects in preventing corneal allograft
rejection, highlighting the potential therapeutic applications of PL in clinical

strategy.
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1 Introduction

Corneal transplantation is a crucial means of visual
rehabilitation, while the loss of corneal immune privilege
accompanied by allograft rejection remains to be the major
barrier to the success of transplantation (1). The “immune
privilege” can be disrupted by corneal neovascularization
(CoNV), including both hemangiogenesis and lymphangiogenesis,
which is predominantly driven by inflammation and hypoxia (2).
One of the most important functions of CoNV is believed to be
structural components of the corneal immune reflex arc (3, 4).
Specifically, serving as an afferent arm, lymph vessels assist the
transport of antigen-presenting cells (APCs) and antigenic materials
to the regional lymph nodes and promote antigen presentation at
this site. Subsequently, activated T cells and inflammatory
mediators are recruited and attacked the graft through efferent
blood vessels, and consequently mediate an inflammatory response
that eventually cause corneal allograft rejection (5, 6). CoNV and
inflammation are two interplaying key factors determining the
progression of corneal allograft rejection. Inflammation is widely
recognized as an inducer for CoNV, in turn, CoNV can act as an
amplifier of inflammation. Illustratively, inflammatory stimuli can
not only drive the angiogenic response, but also induce vascular
endothelial cells to express adhesion molecules and secret
chemokines, resulting in recruitment of leukocytes and
exacerbation of the inflammation (7-9).

Piperlongumine (PL) is a biologically active alkaloid isolated
from the long pepper (Piper longum) that has various
pharmacological properties, including anti-tumoral, anti-
depressant, anti-diabetic, anti-atherosclerotic and neuroprotective
properties (10, 11). The inhibition of PL on tumor angiogenesis has
been confirmed by an alginate-encapsulated tumor cell assay in a
previous study''. Its effectiveness in inhibiting inflammation has
been proven by research focusing on immune-mediated
inflammatory diseases, like asthma or rheumatoid arthritis (12,
13). However, the application of PL in the transplantation field,
especially its role in corneal allograft rejection, is entirely unknown.
Whether PL could modulate CoNV and inflammation during the
process of corneal allograft rejection remains to be elucidated.
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The aim of the current study was to investigate the potential
of PL treatment for corneal allograft rejection. The therapeutic
effects of PL were first evaluated in the murine corneal allograft
transplantation model in terms of suppressing corneal
neovascularization and inhibiting the inflammatory response.
Moreover, human umbilical vein endothelial cells (HUVECs)
were cultured under hypoxic and TNF-o stimulation conditions,
to mimic the hypoxic and inflammatory microenvironment in
corneal allograft rejection. The impact of PL treatment on
inhibiting angiogenesis and pro-inflammation mediated by
vascular endothelial cells in corneal allograft rejection and the
underlying mechanisms were further investigated.

2 Materials and methods

2.1 Allogeneic murine corneal
transplantation model

All animal experimental procedures were approved by the
Animal Care and Use Committee of Eye & ENT Hospital
(Shanghai, China), were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Allogeneic and syngeneic murine corneal
transplantation model were constructed as previously
described by our laboratory (14). Mice receiving allogeneic
transplantation were randomized and divided into vehicle-
treated mice and PL-treated mice. PL-treated mice received
the PL solutions (10 mg/kg/d), and vehicle-treated mice
received equal amounts of the vehicle (PBS containing DMSO
with 0.1% final DMSO concentration). From three days before
corneal transplantation to the 14th day after transplantation, the
two groups of mice were intraperitoneally injected with PL or
vehicle solutions every day. Corneal grafts were observed under a
slit lamp microscope for 30 days. The degree of corneal opacity
and neovascularization were evaluated in compliance with a
standardized scoring system to assess opacity (range, 0-5+) and
neovascularization score (range, 0-8+) (15). The opacity scoring
system (range, 0-5+) was illustrated as follows: 0 = clear graft; 1
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+ = minimal non-stromal opacity with clear observation of the
pupil margin and iris vessels; 2+ = minimal stromal opacity with
observation of the pupil margin and iris vessels; 3+ = moderate
stromal opacity with observation of the pupil margin only; 4+ =
intense stromal opacity with observation of a portion of the pupil
margin; 5+ = maximum stromal opacity with total obscuration
of the anterior chamber. Grafts with corneal opacity score of
more than 2 were defined as rejection. Graft survival rates were
plotted as Kaplan-Meier curves.

2.2 Immunofluorescence staining
and morphometric analysis

of hemangiogenesis and
lymphangiogenesis in
flat-mounted corneas

The eyeballs from the two groups were harvested on the
14th day after surgery. Corneas were dissected and flattened
with four radial incisions. After being fixed with 4%
paraformaldehyde for 30 min, the samples were
permeabilized with 0.3% Triton X-100 at room temperature
for 30 min and blocked with 3% donkey serum for 1 h.
Thereafter the corneas were stained overnight at 4°C with
goat anti-mouse CD31 antibody (1;100, AF3628, R&D
Systems) and rabbit anti-mouse LYVE-1 antibody (1;100,
ab33682, Abcam). After three rinses in PBS, anti-CD31
antibody and anti-LYVE-1 antibody were detected with anti-
goat IgG Alexa Fluor 488 (A-11055, Invitrogen Antibodies)
and FITC-conjugated anti-rabbit IgG (1;1000, SA00003-2,
Proteintech), respectively. Nuclei were visualized using DAPI
staining. Images of the flat-mount stained corneas were
captured with a confocal microscope (Leica Microsystems,
Germany) and morphometric analysis was performed using
the Image] software. The area of corneal neovascularization
(CD31 positive for hemangiogenesis and LYVE-1 positive for
lymphangiogenesis) was quantified and normalized to the total
corneal area.

2.3 Immunohistochemistry

On day 14 after surgery, all samples were immediately fixed
with 4% PFA, embedded in paraffin, and sectioned serially.
Paraffin-embedded sections were deparaffinized and
rehydrated, and then subjected to heat-mediated antigen
retrieval. Subsequently, the sections were incubated with
rabbit anti-mouse CD4 antibody (1:100, ab183685, Abcam),
rabbit anti-mouse CD8 antibody (1:100, ab4055, Abcam),
and rabbit anti-mouse F4/80 antibody (1:100, ab111101,
Abcam) at 4°C overnight. Upon incubation with HRP-
conjugated secondary antibodies, proteins were visualized
using diaminobenzidine chromogen (DAB).
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2.4 Western blot analysis

Protein lysates from the corneal allograft tissues and cell
lysates were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to PVDF
membranes. Following blockage of nonspecific binding sites
with 5% skimmed milk, the membranes were incubated
overnight at 4°C with primary antibody anti-HIF-1a (1:500,
#36169, Cell Signaling Technology). HRP-conjugated goat anti-
rabbit IgG (1:1000, #7074, Cell Signaling Technology) was used
as a secondary antibody in standard ECL analysis (Thermo
Fisher Scientific, USA). B-Actin served as a loading control to
ensure an equal amount of protein loaded.

2.5 Quantitative real-time PCR

Total RNA from murine corneas was isolated using the RNA
simple Total RNA Kit (TTANGEN, China), and first-stranded
cDNA was synthesized by the FastQuant RT Kit (TTANGEN,
China) according to the manufacturer’s protocol. Quantitative
real-time PCR (qRT-PCR) was performed using the QuantiNova
SYBR Green PCR Kit (Qiagen, Germany), and the expressions of
genes were normalized to the GAPDH expression. The primer
sequences used in the experiment were summarized in Table 1.

2.6 Flow cytometry analysis

On day 14 post-surgery, single-cell suspension was prepared
from draining submandibular and cervical lymph nodes. The
expression of CD4" T cells and macrophages in the peripheral
lymph nodes were analyzed using flow cytometry. Upon
resuspension in binding buffer at a density of 2 x 107 cells/ml, the
cells were then stained with APC-CY7 conjugated anti-mouse
CD45 (#561037, BD Biosciences), AF700 conjugated anti-mouse
CD3 (#557984, BD Biosciences) and FITC conjugated anti-mouse
CD4 (#561831, BD Biosciences) to label the surface markers of
CD4" T cells. The surface markers of macrophages were detected
by APC-conjugated anti-mouse CD11B (#561039, BD Biosciences)
and PE-conjugated anti-mouse F4/80 (#565410, BD Biosciences).

2.7 Cell culture

Human Umbilical Vein Endothelial Cells (HUVECs) were
cultured in a humidified atmosphere containing 5% CO2 at 37°C
in Endothelial Growth Medium-2 (EGM2, Lonza, Switzerland).
For hypoxia induction, cells were incubated in a hypoxia
chamber with a mixture of 1% O2, 5% CO2, and 94% N2. For
TNF-ou stimulation, 10 ng/ml of recombinant human TNF-o
(BD Biosciences, USA) was added into the HUVECs medium.
Piperlongumine (Sigma-Aldrich, USA) was dissolved in
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TABLE 1 Primers used for real time-PCR.

Gene name

GAPDH

IL-1B

IL-1ot

TNF-o

IL-17

IFN-y

VEGEF-A

VEGEF-C

MMP-2

MMP-9

GAPDH

VEGF-A

VEGEF-C

MMP-2

MMP-9

Hif-1o

ICAM-1

VCAM-1

CCL2
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Species

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Human

Human

Human

Human

Human

Human

Human

Human

Human

Orientation

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse
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Primer sequence (5’ - 3')
AATGGATTTGGACGCATTGGT
TTTGCACTGGTACGTGTTGAT
TGAAGTTGACGGACCCCAAA
TGATGTGCTGCTGGGAGATT
TGCCATTGACCATCTCTCTCTG
TGGCAACTCCTTCAGCAACACG
AATGGCCTCCCTCTCATCAGT
GCTACAGGCTTGTCACTCGAATT
GCTCCAGAAGGCCCTCAG ACT
CCAGCTTTCCCTCCGCATTGA
CGGCACAGTCATTGAAAGCCTA
AGGGCTGCTTTAACTCTGGT
CAGCTATTGCCGTCCGATTGAGA
TGCTGGCTTTGGTGAGGTTTGAT
AGCTGAGGTTTTTCTCTTGTGATTTAA
TGATCACAGTGAGCTTTACCAATTG
ATGCCATCCCTGATAACCTG
CCCAGCCAGTCTGATTTGAT
TCTTCTGGCGTGTGAGTTTCC
CGGTTGAAGCAAAGAAGGAGC
GCACCGTCAAGGCTGAGAAC
TGGTGGTGAAGACGCCAGT
AGGGCAGAATCATCACGAAGT
AGGGTCTCGATTGGATGGCA
GGCTGGCAACATAACAGAGAA
CCCCACATCTATACACACCTCC
TGGCAAGTACGGCTTCTGTC
TTCTTGTCGCGGTCGTAGTC
TGCGCTACCACCTCGAACTT
GATGCCATTGACGTCGTCCT
GAACGTCGAAAAGAAAAGTCTCG
CCTTATCAAGATGCGAACTCACA
GAACCAGAGCCAGGAGACAC
TCCCTTTTTGGGCCTGTTGT
CAAATCCTTGATACTGCTCATC
TTGACTTCTTGCTCACAGC
CAGCGACATGCAATCAATGC
GTGGTCCATGGAATCCTGAA

(Continued)
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TABLE 1 Continued

Gene name Species Orientation Primer sequence (5’ - 3')
forward AGCTGCGTTGCGTTTGTTTAC
CXCL5 Human
reverse TGGCGAACACTTGCAGATTAC

dimethylsulfoxide (DMSO, Sigma-Aldrich, USA) before usage. 2.11 Tube formation assay

The culture medium was replaced every 1-2 days, and cells at 85-

90% confluence were passaged at a ratio of 1:2 confluence. Tube formation assay was applied to detect the ability of
endothelial cells to generate vessels. Briefly, a 96-well plate
coated with 50 ul Matrigel (BD Biosciences, USA) was

2.8 CCK-8 analysis incubated in a cell incubator for 1 hour. Then, HUVECs were

seeded into the Matrigel-coated wells in triplicate, and cultured

Cell Counting Kit-8 (CCK-8; Dojindo, Japan) was used to at 37°C for 12 hours. Next, an inverted phase contrast

detect cell viability. Briefly, HUVECs and HCECs were seeded into microscope (Zeiss, Germany) was used to observe the

96-well plates (5.0x10” cells/well) in quintuplicate, and allowed to formation of tubes. The number of tubes and their length were
adhere for 4 h. After the required treatments, HUVECs and quantified using Image J analyzer.

HCECs were added with CCK-8 reagent (10ul/well) and
incubated at 37°C for an additional 2 h. The optical density
(OD) at 450 nm was measured using an automatic microplate 2.12 ELISA
reader (BioTek, USA). Three identical replicates were performed.
The expressions of pro-inflammatory chemokines (CCL2
and CXCL5) in the supernatant containing the HUVECs lysates

2.9 Wound-healing assay were measured using ELISA kits from R&D Systems (DCP00

and DY254) following the manufacturer’s instruction. The levels

A two-well silicone culture insert (Ibidi, Germany) with a of adhesion molecules (ICAM-1 and VCAM-1) were evaluated

defined cell-free gap, suitable for migration assays, was used as a with ELISA kits from Abcam (ab174445 and ab100661). Protein

migration barrier. The two-well silicone culture insert was then concentrations were calculated from the standard curves and
placed in the middle of the plate. Subsequently, cells at a density of were expressed as pg/ml.

5 x 10°/ml were seeded onto the culture plate 70uL per well and
allowed to proliferate to 100% confluence under standard
laboratory conditions. After attachment, the silicone insert was 2.13 Statistical ana[ysis
removed, leaving a 500pum cell-free gap. Culture medium with

different treatments was added respectively. Finally, an inverted Data are presented as Mean + SEM of three independent
microscope (Zeiss, Germany) was equipped to capture the experiments. Statistical differences between control and
migration distance of HUVECs to the cell-free zone during 12h. experimental groups were determined by unpaired two-tailed
ImageJ software was used to measure the areas of the wound. Student’s t-test. Comparisons among multiple groups were

analyzed by one-way ANOVA with Bonferroni corrections.
Overall survival analyses of corneal allografts were performed

2.10 Transwell invasion assay using the Kaplan-Meier method (Log-rank test). The statistical
analyses were performed using the SPSS 20.0 software, and the
Cell migration assay was performed in a 24-well Transwell P-value < 0.05 was considered statistically significant.

chamber (8.0 um pore size, Corning, USA) pre-coated with

matrigel. HUVECs (1x10%/ml) suspended in 200 ul DMEM

(Hyclone, USA) were added to the upper compartment. In 3 Results

addition, 600 ul EGM-2 with the required treatment was

added to the bottom chamber. Following incubation at 37°C 3.1 PL improved corneal graft survival in
for 24 h, non-migrating cells were removed from the upper murine model

surface by gentle scrubbing. Migrating cells attached to the lower

membrane were fixed with 4% paraformaldehyde and stained A murine model of allogeneic corneal transplantation was
with 0.1% crystal violet (Aladdin, China). Data are expressed as constructed by transplanting corneal grafts from C57BL/6 mice to
an average number of cells per field that migrated through pores. BALB/c mice. PL (10 mg/kg) or an equal volume of vehicle was
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intraperitoneally injected daily into allogenic BALB/c recipient from
day -3 to day 14 (Figure 1A). To determine whether PL could
prolong allograft survival, the corneal opacity and angiogenesis were
compared between vehicle-treated mice and PL-treated mice.
Vehicle-treated mice exhibited conspicuous corneal edema and
stromal opacity, with neovessels growing from the limbus
towards the graft at postoperative day 30. In contrast, the corneal
grafts of PL-treated mice mostly maintained transparent or mildly
turbid (Figure 1B). Compared to the vehicle-treated mice, PL
treatment was capable of suppressing the degree of corneal
neovascularization. Such suppressive effect became significant
since day 24 post-transplantation till the end point of the
observation (Figure 1C, P<0.05). Likewise, PL-treated mice had
lower graft opacity scores than vehicle-treated mice; as presented in
Figure 1D, a more significant reduction in the graft opacity score
was observed with the prolongation of PL treatment time.
Additionally, Kaplan-Meier survival curves showed that PL
treatment could achieve almost 60% 30-day graft survival (mean
survival time [MST] of 25.80 + 1.93 days), which was significantly
higher than 30-day graft survival rate of nearly 20% (MST of 17.20
+ 2.47 days) in vehicle-treated mice (Figure 1E).

3.2 PL suppressed CoNV in murine
corneal allograft transplantation model

To determine whether PL treatment could ameliorate corneal
neovascularization, corneas from vehicle-treated and PL-treated
mice were dissected, and the area invaded by blood vessels (BV's)
and lymphatic vessels (LVs) was quantified by fluorescent
staining. As shown in Figure 2A, the radial growth of blood
vessels that invaded the corneal grafts can be found in all four
quadrants of the corneas of vehicle-treated mice. In contrast, the
corneas of PL-treated mice presented significant amelioration on
corneal neovascularization, shown as a substantially decreased
percentage of area covered by new BVs and LVs, which only
existed in host corneal beds (Figures 2A-C, P < 0.001 for BVs, P <
0.01 for LVs). Consistently, PL treatment markedly decreased the
mRNA levels of pro-angiogenic factors, including VEGF-A
(Figure 2D, P < 0.05), VEGF-C (Figure 2E, P < 0.01), MMP-2
(Figure 2F, P < 0.05) and MMP-9 (Figure 2G, P < 0.01), compared
with vehicle-treated mice. Among these, VEGF-C could regulate
both angiogenesis and lymphangiogenesis.

3.3 PL alleviated inflammatory response
in murine corneal allograft
transplantation model

On day 14 after transplantation, the DLN of recipients were

collected, CD4" T cells and macrophages were sorted by flow
cytometry. The result showed that PL treatment significantly
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decreased the percentage of CD4" T cells (Figure 3A, 60.10 +
1.56% vs. 70.70 £ 1.01%, P < 0.01) and macrophages (Figure 3B,
0.22 + 0.05% vs. 1.84 + 0.03%, P < 0.001). The in vivo efficacy of
PL in reducing inflammatory cell infiltration in corneal tissue
was further evaluated by immunohistochemistry. A high density
of infiltrated neutrophils, macrophages, and CD4" cells within
the stromal layer of allografts were observed in vehicle-treated
mice. However, PL treatment dramatically inhibited the local
infiltration of these inflammatory cells mentioned above, as
presented in Figure 3C. In parallel, the mRNA levels of major
inflammatory factors, including IL-2 (P < 0.001), IFN-y (P <
0.05), IL-17A (P < 0.05), TNF-0 (P < 0.01) and IL-1B (P < 0.05)
in PL-treated mice were significantly downregulated compared
with vehicle-treated mice (Figure 3D).

3.4 PL exhibited anti-angiogenic capacity
in HUVECs under hypoxic conditions

One key pathological feature of cornea allograft rejection is
angiogenesis, prominently triggered by hypoxia in other ocular
surface disorders. To validate whether there is a hypoxic
condition in corneal allograft rejection, we examined the
expression of Hif-1a, a generally accepted evaluation indicator
for hypoxia. Our result revealed that the protein expression level
of HIF-1o. was substantially raised in allogeneic mice when
compared to syngeneic mice (Figure 4A, P < 0.001). To mimic
the hypoxic environment during corneal allograft rejection, a
cellular hypoxia model was established in HUVECs and was
then used to investigate the role of PL on angiogenesis under
hypoxic conditions in vitro. At first, a CCK-8 assay was
performed to identify the optimal concentration for PL
treatment in vitro. It was found that under hypoxic conditions,
5 uM of PL treatment could significantly inhibit the proliferation
of HUVECs by 21%, and such inhibitory effect enlarged as the
concentration of PL increased (Figure 4B). Thus, 5 uM of PL
treatment was chosen during the following experiments unless
otherwise specified. The migration and invasion of HUVECs in
response to hypoxia were evaluated by the wound healing and
transwell invasion assay. These results revealed that both the
migration rate and invasion capacity of HUVECs treated with
PL were significantly reduced compared with HUVECs treated
with vehicle (Figures 4C, D, F, G, P < 0.001). A pronounced
inhibition of the tube formation by PL treatment was noted
(Figure 4E), as indicated by a decrease in the tube length and
tube number (Figure 4H, both P < 0.05).

Intriguingly, we found that the expression of HIF-la, a
critical pro-angiogenic molecule in response to hypoxic
stimulation, also clearly differed between PL-treated and
vehicle-treated cells in protein level (Figures 4I, J, P < 0.01).
This may provide one potential mechanism to explain the anti-
angiogenic effect of PL under hypoxia. Nevertheless, it should be
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noted that the level of HIF-1o gene did not change following PL
treatment (Figure 4L). As a major contributor to angiogenesis,
VEGF-A expression was decreased to a similar extent by PL
treatment both in mRNA (Figure 4M, P < 0.01) and protein
(Figure 4K, P < 0.05) levels. Other angiogenic factors such as
VEGEF-C (Figure 4N, P < 0.05), MMP-2 (Figure 4N, P < 0.01),
and MMP-9 (Figure 4N, P < 0.001) were also downregulated in
mRNA level.

Frontiers in Immunology

PL suppressed corneal allograft rejection in a murine model. (A) A schematic diagram depicts the experimental design for the evaluation of the
therapeutic effect of PL in the murine corneal allograft transplantation model. Allogeneic BALB/C host in PL-treated group were injected
intraperitoneally with PL solutions (10 mg/kg/d) from day 3 before surgery till day 14 after surgery, whereas mice in vehicle-treated group were
treated with an equal volume of sterile saline. Mice in two groups were observed daily for 30 days after surgery. (B) Representative slit-lamp
images of corneal grafts from two groups on postoperative day 30. (C) Neovascularization score of corneal grafts from two groups were
analyzed by serial observation (n = 10/group). (D) Opacity score of corneal grafts from two groups were analyzed by serial observation (n = 10/
group). (E) Kaplan-Meier survival curve of corneal grafts from two groups were analyzed by serial observation (n = 10/group). The data are
presented as mean + SEM. *P < 0.05, **P < 0.01. Panel (A) from BioRender.

07

3.5 PL reduced expression of
adhesion molecules and pro-
inflammatory chemokines in
HUVECs upon TNF-a stimulation

In the next setting, we investigated the influence of PL on
inflammation, another essential feature of corneal allograft
rejection. HUVECs were stimulated with recombinant
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T T
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PL suppressed coNV in murine corneal allograft transplantation model. (A) Representative immunofluorescence of corneal flat mounts showing
ingrowth of CD31* blood vessels and LYVE-1* lymphatic vessels from vehicle-treated group and PL-treated group on postoperative day 14

(B, C) Statistical quantification of the area covered by CD31* blood vessels (B) and LYVE-1" lymphatic vessels (C) from two groups on
postoperative day 14 (n = 4/group). scale bar 1 mm. (D-G) The mRNA levels of several pro-angiogenic and pro-lymphangiogenic factors were
determined by qRT-PCR (n = 6/group). Data were normalized to the expression of these genes in untreated BALB/c mice. *P < 0.05, **P < 0.01,

***pP < 0.001

human TNF-a to induce the vascular inflammatory response.
The adhesion molecules including intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1), as well as pro-inflammatory chemokines including
chemokine (C-C motif) ligand 2 (CCL2; MCP-1) and C-X-C
motif chemokine 5 (CXCL5; ENA78), which can facilitate

Frontiers in Immunology

08

leukocyte migration and recruitment, were measured using
quantitative real-time PCR. We found that the mRNA level of
ICAM-1, VCAM-1, CCL2, and CXCL5 substantially increased
upon TNF-a stimulation. However, such elevation was
significantly suppressed by PL treatment (Figures 5A-D).
Consistently, the secretion levels of ICAM-1, VCAM-1,
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PL alleviated inflammatory response in murine corneal allograft transplantation model. (A) Representative flow cytometry plots and

statistical analysis of CD4" T cell frequencies from vehicle-treated group and PL-treated group on postoperative day 14. (n = 10/group).

(B) Representative flow cytometry plots and statistical analysis of CD11B*F4/80* macrophage frequencies from two groups on postoperative
day 14 (n = 10/group). (C) Representative immunohistochemistry of Ly6G* neutrophils, CD4" T cells and CD11B*"F4/80" macrophages in the
cornea from two groups on postoperative day 14 (n = 4/group). scale bar 100 pm. (D) The mRNA levels of inflammatory cytokines were

detected by qRT-PCR (n = 6/group). *P < 0.05, **P < 0.01, ***P < 0.001.

CCL2, and CXCL5 protein were also hindered by PL
treatment (Figure 5E).

4 Discussion

The maintenance of corneal angiogenic privilege and
suppression of ocular surface inflammation are required for
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successful corneal transplantation. Although PL has been
demonstrated to have anti-angiogenic and anti-inflammatory
potentials for tumor and autoimmune disease therapy (16, 17),
no studies have been carried out on its role in transplant
rejection, especially in corneal allograft rejection. The present
study demonstrated, for the first time, the potential of PL as a
novel and potent inhibitor of pathological neovascularization
and inflammation in corneal allograft rejection.
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FIGURE 4
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In alloimmune response, neovascularization including
angiogenesis and lymphangiogenesis, can play pivotal roles in
inducing corneal allograft rejection (3). The newly formed blood
and lymphatic vessels facilitate the transportation of immune
cells and inflammatory mediators, which mediate the process of
rejection (6). The inhibitory effect of PL on neovascularization
has been verified using HUVECs culture under normoxia in
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vitro and the zebrafish embryo model in vivo (11). In the present
study, we further found that PL can regulate HUVECs
angiogenesis process in a hypoxic environment and attenuate
corneal neovascularization in the murine corneal allograft
transplantation model. One of the critical regulators of ocular
neovascularization is HIF-1c, a well-established oxygen sensor,
which is induced under hypoxic conditions and degraded under
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normoxic conditions (18). HIF-10. can regulate angiogenesis by
several mechanisms; one such mechanism is to induce
transcriptional activation of downstream pro-angiogenic
molecules, especially VEGF (19, 20). In this context, we
showed the specific elevation of HIF-1ot expression in corneal
allografts of the murine model, thereby providing the first
demonstration of the hypoxic condition during corneal
allograft rejection. Also, our results indicated that HUVECs in
hypoxia could enhance HIF-1a. expression, with a concomitant
upregulated VEGF-A expression. This increase in HIF-1lo/
VEGEF-A signaling pathway was reversed by PL treatment,
implying that HIF-10/VEGF-A signaling pathway may be one
potential mechanism underlying the inhibitory effect of PL on
corneal neovascularization. Of note, hypoxia-induced HIF-1o
protein expression was inhibited by PL, while no apparent
change in mRNA expression was detected. This finding
suggested that PL may modulate HIF-1o. protein expression in
a post-transcriptional way, although it required further
investigation to understand the in-depth mechanism.
Additionally, we observed that PL inhibited the mRNA level of
several other crucial pro-angiogenic factors, including VEGF-C,
MMP-2, and MMP-9, further supporting the hypothesis that PL
can regulate angiogenesis under hypoxia through HIF-1lo-
dependent transcriptional activation of downstream pro-
angiogenic factors and eventually mitigate allograft rejection.
The inflammatory response is an essential step in allograft
rejection (21). This pathological process involves the generation,
activation, and recruitment of immune cells, releasing a variety of
inflammatory mediators that contribute to tissue damage (22, 23).
Attenuated inflammatory response after PL treatment has
previously been reported. PL pretreatment mitigated
inflammatory cell infiltration in the airway and reduced Th2-
type cytokine expression in ovalbumin-induced asthma and
airway inflammation (12). There was also evidence that PL
exhibited anti-inflammatory effects via inhibiting macrophage
activation in psoriasis-like skin inflammation (24). This study
demonstrated that as major effectors of the inflammatory response
in corneal allograft rejection (25), CD4" T cells and macrophages
in regional lymphoid tissues were inhibited by PL treatment,
suggesting that PL attenuated the inflammatory response by
inhibiting the generation of effector T cells and reducing APCs
emigration to DLNs for antigen presentation. Additionally, a
remarkable reduction in infiltration and inflammatory cytokine
secretion of neutrophils, macrophages, and CD4" T cells, can also
support the anti-inflammatory capacity of PL in murine corneal
allograft transplantation model. CCL2 is the crucial chemokine
that drives the recruitment of monocytes/macrophages and T
lymphocytes, and CXCL5 is a well-known neutrophil
chemoattractant. Both of them can be secreted by vascular
endothelial cells (26). Similarly, ICAM-1 and VCAM-1, the
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adhesion molecules involved in the migration of inflammatory
cells, can also be expressed in vascular endothelial cells (27). Here,
our results revealed that PL suppressed the production of the
aforementioned chemokines and adhesion molecules in TNFo-
stimulated HUVECs. This hinted that PL might affect
inflammation by inhibiting the induction of pro-inflammation
chemokines, and adhesion molecules in vascular endothelial cells.
However, it should also be further investigated whether PL has
direct impacts on diverse immune cell types and those
inflammatory signaling cascades involved.

Summarily, in the hypoxic and inflammatory microenvironment
of the ocular surface in allograft rejection, PL can exhibit anti-
angiogenic and anti-inflammatory capacity, thereby prolonging
corneal allograft survival. PL regulated angiogenesis under hypoxic
conditions and HIF-10/VEGF-A signaling pathway might be one
potential mechanism underlying its inhibitory effect. Furthermore,
PL suppressed the migration and infiltration of inflammatory cells to
the allografts. Meanwhile, it also inhibited the pro-inflammation
chemokine and adhesion molecular secretion of inflammatory
neovascularization contributing to an inflammatory response. This
study shows that PL offers the potential for alleviating rejection and
prolonging corneal allograft survival.
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