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Abstract

Purpose Corneal neovascularization (CrNV) arises from many causes including corneal inflammatory, infectious, or trau-
matic insult, and frequently leads to impaired vision. This study seeks to determine the role of B-cell leukemia/lymphoma 10
(BCL-10) in the development of experimental CrNV.

Methods Corneas from BCL-10 knockout (KO) mice and wild-type (WT) mice were burned by sodium hydroxide (NaOH)
to create the CrNV model and neovascular formation in the corneas was assessed 2 weeks later. Intracorneal macrophage
accumulation and the expression of angiogenic factors were quantified by flow cytometric analysis (FCM) and real-time
PCR, respectively.

Results The amount of CtNV was determined 2 weeks after alkali burn. Compared to WT mice, the amount of CrNV in
BCL-10 KO mice was significantly decreased. FCM revealed that F4/80-positive macrophages were markedly decreased in
BCL-10 KO mice compared with WT mice. Reverse transcription PCR showed that the mRNA expression levels of
intracorneal vascular endothelial growth factor-A (VEGF-A), basic fibroblast growth factor (bFGF) and monocyte che-
motactic protein 1 were reduced in BCL-10 KO mice compared with WT mice.

Conclusion BCL-10 KO mice exhibited reduced alkali-induced CrNV by suppressing intracorneal macrophage infiltration,
which subsequently led to decreased VEGF-A and bFGF expression, suggesting that BCL-10 may become a potential
clinical intervening target of CrNV.

Introduction cause a profound decline in vision leading to scar formation,

lipid deposition, and immune rejection of corneal grafts [2].

The cornea is a transparent tissue without vessels under
physiological conditions and serves as a mechanical barrier
and the anterior refractive surface of the eye [1]. Corneal
neovascularization (CrNV) is a serious condition that can
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Given the simple structure of the cornea, which lacks
appendages (e.g., glands) and pre-existing blood vessels,
the accessibility of the tissue, and the availability of a bat-
tery of clinical tests that can be adapted in animal models,
the cornea has been used as an ideal in vivo model for
neovascularization research over 50 years [3]. CtrNV occurs
when the balance between angiogenic and antiangiogenic
factors is tipped toward angiogenic molecules [1]. It
represents a major public health concern and is a common
pathway to blindness worldwide due to diseases such as
trachoma and onchocerciasis, and in the US, 4% of the
population has CrNV [4, 5]. Therefore, effective prevention
of CrNV is important in corneal injury to restore vision [6].

B-cell lymphocytic leukemia/lymphoma 10 (BCL-10) is
widely expressed in the cytoplasm of normal lymphoid
tissues, with the expression level depending on the devel-
opmental stage of lymphocytes [7]. For cell activation,
BCL-10 can directly bind to the paracaspase Maltl to
assemble signalosomes that control the context-specific
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activation of IKK and NF-«xB and regulate the JNK and p38
MAP kinase pathways [8—12]. A recent report revealed that
BCL-10-containing signalosomes can play a critical role in
natural killer (NK) cell activation [13]. It was also found
that, in BCL-10 KO mice, the absence of BCL-10 leads
primarily to a reduction of peripheral NK T-cell numbers
[14]. This seems to indicate that BCL-10 has an important
role in peripheral NK T-cell persistence. Recently, NK cells
have been ascribed functions in cytokine and proangiogenic
factor secretion in humans and mice [15-17], such as vas-
cular endothelial growth factor (VEGF), placental growth
factor (PIGF), and interleukin-8, and can significantly
enhance the growth of transplanted tumors due to their
angiogenic activity [18].

It has been reported that BCL-10 plays a critical role in
angiogenesis in several types of cancer and other diseases
through activation of NK cells [19, 20]. However, the
precise mechanisms by which BCL-10 induces inflamma-
tory angiogenesis, especially in the eye, remain unclear. To
further address the roles of BCL-10 signaling in experi-
mental CrNV, we used BCL-10 knockout (KO) mice and
wild-type (WT) mice to create an experimental CrNV
model using sodium hydroxide (NaOH) and examined the
roles of BCL-10 in the processes of angiogenesis in vivo.
Inflammatory cells, such as macrophages and neutrophils,
infiltrating in the corneas and associated angiogenic factors
in CrNV were determined and compared. Herein, we pro-
vide definitive evidence of promoting angiogenesis role of
BCL-10 in experimental CrNV model. Our data also sug-
gested the potential of BCL-10 targeting therapy to inter-
vene CrNV in clinical settings and topical application of
BCL-10 inhibitor as an adjunctive reagent to reduce NK cell
intracorneal infiltration, proangiogenic factor secretion and
thereby reduce or prevent CrNV.

Materials and methods
Reagents and antibodies

Alexa Fluor 488 donkey anti-rat IgG (H+L) and Alexa
Fluor 594 goat anti-rabbit IgG (H+L) were purchased from
Invitrogen Life Technologies (Carlsbad, CA). Rat anti-
mouse CD31 (MEC13.3) monoclonal antibody (mAb), rat
anti-mouse-Ly-6G (551495) mAbs, and rat anti-mouse
CD49b Abs were purchased from BD PharMingen (San
Diego, CA). Goat anti-mouse CD206 (AF2535) polyclonal
antibody was obtained from R&D Systems (Minneapolis,
MI). Rat anti-mouse F4/80 (clone A3-1) mAbs was
acquired from Serotec (Oxford, UK). Rabbit anti-mouse
VEGF-A monoclonal antibody (ab52917) was acquired
from Abcam (Cambridge, UK). Rabbit anti-mouse bFGF
monoclonal antibody (bs-0217R) and rabbit anti-mouse

NKI.1 (bs-4682R) polyclonal antibody were acquired from
Bioss, Inc. (Woburn, MA). FITC-labeled hamster anti-
mouse CD11c Abs (130-102-798) was acquired from Mil-
tenyi Biotec (Bergisch Gladbach, Germany). Goat anti-
Vimentin polyclonal antibody (sc-7558) was acquired from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). FITC-
conjugated anti-mouse KRT monoclonal antibody (172085-
FITC-100 pl) and FITC-conjugated rat anti-mouse CDS83
(C2435-05E3-100 pg) monoclonal antibody were purchased
from United States Biological (Salem, MA). PE-conjugated
swine anti-rat IgG, FITC-conjugated swine anti-rat IgG
mAb, FITC-conjugated donkey anti-goat IgG mAb and PE-
conjugated donkey anti-rabbit IgG mAb were purchased
from Pierce (Rockford, IL).

Data reporting

Sample sizes were determined on the basis of similarly
conducted studies [21-24]. Mice were randomly assigned
into groups matched for sex and age. The investigators were
blinded to allocation during experiments and outcome
assessment for all the behavioral assays. Each experiment in
this study was performed three times.

Animals

All animal experiments were approved by the Guideline for
the Care and Use of Laboratory Animals on the Chinese
Medical Academy and the Soochow University Animal
Care Committee and were performed in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Male BCL-10~'" mice backcrossed onto a
FVB background and male WT FVB mice weighing 20 to
25 g were used in this study and were kept in our animal
facility under specific pathogen-free conditions. A 12-h day/
12-h night cycle was maintained during the entire course of
the study. Animals were kept in groups of 5 and fed regular
lab chow and water ad libitum.

Alkali-induced corneal injury model

Mice were anesthetized with an i.p. injection of 1.8% (v/v)
Avertin at a dose of 0.20 ml/10 g body weight. A 2-mm disc
of filter paper saturated with 1N NaOH was placed onto the
left cornea of each mouse for 40s, followed by rinsing
extensively with 10 ml of PBS. The corneal epithelia were
removed using a corneal knife in a rotary motion parallel to
the limbus by gently scraping over the corneal surface
without injuring the underlying corneal stroma [21]. Ery-
thromycin ophthalmic ointment was instilled immediately
following epithelial denudation. At the indicated time inter-
vals (days 0, 2, 4, and 7), mice were killed and the corneas
were removed from experimented eyes. These corneas were
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placed immediately into RNALate (Qiagen) and kept at —86
°C until total RNA extraction. In another series of experi-
ments, mice were killed at the indicated time points (days 2,
4, and 14) after alkali burned and their left eyes were entirely
removed from each animal. These eyes were fixed in 4%
paraformaldehyde for immunofluorescence analysis or cor-
neal whole mount fluorescence histochemistry. In some
experiments, recombinant mouse BCL-10 or anti-mouse
BCL-10 Abs was dissolved in 0.2% sodium hyaluronate
(Sigma-Aldrich) at 10 pg/ml. Then 5pl of BCL-10, anti-
mouse BCL-10 Abs preparation or vehicle was applied
topically to the alkali burned eye three times per day for
7 days. Each experiment was repeated at least three times.

Biomicroscopic examination

Eyes were examined under a surgical microsystem (Original
magnifications, 25x, Leica MZ16, Wetzlar, Germany)
14 days after alkali injury by two independent observers
with no prior knowledge of the experimental procedures, as
described previously [21-24].

A double-color immunofluorescence analysis

A double-color immunofluorescence analysis was per-
formed to detect intracorneal infiltrating NK cells. Briefly,
the fixed cryosections (8 pm thick) were incubated with
PBS containing 10% normal donkey serum and rabbit
serum to reduce nonspecific reactions. Thereafter, the sec-
tions were incubated with the combinations of rat anti-
CD49b and rabbit anti-NK1.1 Abs overnight at 4 °C. After
being rinsed with PBS, the sections were then incubated
with a combination of Alexa Fluor 488 donkey anti-rat IgG
(1/100) and Alexa Fluor 594 goat anti-rabbit IgG (1/100)
for 60 min at room temperature in the dark. Finally, the
sections were washed with PBS and mounted with VEC-
TASHIELD Mounting medium with DAPI, and immuno-
fluorescence was visualized with a fluorescence microscope
(Olympus, Tokyo, Japan). Images were processed by using
graphics software (Adobe Photoshop, version7.0; Adobe,
Mountain View, CA).

Corneal whole mounts and morphological
determination of neovascularization

The excised corneas from the CrNV assay were rinsed in
PBS and fixed in acetone for 20 min. After washing and
blocking with 2% bovine serum albumin (BSA) in PBS for
1 h, corneas were stained overnight at 4 °C with a rat anti-
mouse CD31 antibody (BD PharMingen). On day 2, CD31
was detected with an Alexa Fluor488-conjugated secondary
donkey anti-rat antibody (Invitrogen). Corneas were moved
to slides, covered with fluorescent mounting medium
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(DAKO) and stored at 4 °C in the dark. Stained whole
mounts were analyzed with a fluorescence microscope
(MZ16; Leica, Wetzlar, Germany). Each whole mount
picture was taken at x25 magnification. The area covered
with neovascular tubes were determined with Image J
software (available at http://rsb.info.nih.gov/ij/index.html),
version 1.62 (National Institutes of Health, Bethesda, MD).
The mean vascularized area of the control whole mounts
was defined as being 100%, vascularized areas were then
related to this value (vessel ratio).

RNA isolation and real-time PCR

Total RNAs were extracted from the corneas using an
RNeasy Mini Kit (Qiagen). The resultant RNA preparations
were further treated with ribonuclease-free deoxyr-
ibonuclease (DNase) I (Life Technologies, Gaithersburg,
MD, USA) to remove genomic DNA. The PCR solution
contained 2 pl cDNA, the specific primer set (0.2 uM final
concentration), and 12.5 pl of SYBR Premix Ex Taq in a
final volume of 25 ul. The sequences of the PCR primer
pairs are listed in Supplementary Table 1 (supplemental
data 2). Quantitative PCR was performed using an iCycler
iQ Multi-Color Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). The PCR parameters involved
initial denaturation at 95 °C for 1 min, followed by 40
cycles of 95 °C for 5 s and 60 °C for 30 s. The relative gene
expression levels were calculated using the 2~2" method,
where Ct represents the threshold cycle, and GAPDH was
used as a reference gene.

Western Blot

Total ERK1/ERK2 and pERKI/ERK?2 protein expression
levels in WT mouse and BCL-10 mouse corneas were
evaluated by western blot. The eyes were enucleated, and
the corneal samples and other cell samples were placed in
a 150 ml lysis buffer (20 mM imidazole HCI1, 10 mM KClI,
1 mM MgCl,, 10mM EGTA, 1% Triton, 10 mM NaF, 1
mM sodium molybdate, 1 mM EDTA, pH 6.8), supple-
mented with a protease inhibitor cocktail (Boehringer
Mannheim, Indianapolis, IN) and were sonicated. The
lysate was centrifuged at 12,000 rpm for 15 min at 4 °C.
Samples (20 pg/each lane) were boiled for 5 min and
separated by SDS-polyacrylamide gel electrophoresis
under denaturing conditions and electroblotted to a poly-
vinylidene difluoride membrane (Bio-Rad, Hercules, CA).
The membranes were blocked with PBS/5% non-fat dry
milk for nonspecific binding and incubated with antibodies
as follows: anti-ERK1/ERK2 (BD PharMingen, San
Diego, CA), anti-pERKI1/ERK2 (BD PharMingen, San
Diego, CA). Immunoblot assays were then washed and
incubated with a horseradish peroxidase-labeled secondary
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Fig. 1 A double-color immunofluorescence analysis of CD49b- and
NKI1.1-positive NK cells in the injured corneas of wild-type and BCL-
10 KO mice. Representative results from three independent

Ab (Amersham Pharmacia, Piscataway, NJ). The blot was
visualized with enhanced chemiluminescence (ECL Plus;
Amersham Pharmacia) according to the manufacturer’s
instructions.

Flow cytometrical analysis of intracorneal
macrophages, neutrophils, fibroblasts, epithelial
cells and dendritic cells

Mononuclear cells were isolated from corneas according
to the procedure described previously with some mod-
ifications [25]. Briefly, at day 4 after the alkali injury,
corneas were removed, teased away with scissors, and
were incubated at 37°C for 30 min with constant shaking
in the presence of 0.5 mg/ml collagenase type D (Roche
Diagnostics, Mannheim, Germany). Cell suspensions
were then passed over a nylon filter with 100 um pore size.
The resultant cells were stained with rat anti-mouse F4/80,
rat anti-mouse-Ly-6G, goat anti-Vimentin, FITC-
conjugated anti-mouse KRT, FITC-conjugated rat anti-
mouse CD83, rabbit anti-mouse VEGF-A, rabbit anti-
mouse bFGF, followed by staining with FITC-conjugated
swine anti-rat IgG, or FITC-conjugated donkey anti-goat
IgG and PE-conjugated donkey anti-rabbit IgG mAb.
Together with the samples stained with non-immunized
rat IgG, goat IgG or rabbit IgG mAb as isotype controls,
respectively.

In addition, in order to further examine the polarization
of activated intracorneal macrophages after alkali injury in
WT and BCL-10 KO mice, cells from the cornea samples

CD49b

experiments using immunofluorescence analysis. Original magnifica-
tion, x400. Scale bar, 100 pm

were double stained with rat anti-mouse F4/80 and hamster
anti-mouse CD11c for identification of M1 macrophages or
rat anti-mouse F4/80 and goat anti-mouse CD206 for
identification of M2 macrophages [26], followed by staining
with PE-conjugated swine anti-rat IgG mAb or FITC-
conjugated donkey anti-goat IgG mAb. The samples stained
with non-immunized rat IgG mAb or goat IgG mAb were
used as an isotype control. Data were acquired using a BD
FACS Aria and were analyzed with FlowJo software (Tree
Star, Ashland, OR).

Statistical analysis

All statistical analysis was performed on the SPSS
18.0 software (SPSS, Chicago, IL, USA). The means and
SEM were calculated for all parameters determined in the
study. Sample sizes were determined on the basis of simi-
larly conducted studies [21-25]. Data were analyzed sta-
tistically using one-way analysis of variance, or two-tailed
Student’s ¢-test where appropriate. For #-test, equal variances
between the groups were checked. A value of P < 0.05 was
considered statistically significant.

Results
NK cell infiltration in the injured corneas

It has been reported that BCL-10 is necessary for NK cell
proliferation and activation [27]. Therefore, BCL-10 gene
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Fig. 2 The effects of BCL-10 on Alkali injury-induced CrNV. a
Macroscopic appearance of mouse eyes and microscopic appearance
of whole-corneal flat mounts of wild-type mouse, BCL-10 KO mouse,
BCL-10 treated and anti-mouse BCL-10 antibody treated mouse eyes
2 weeks after alkali injury. Whole-corneal tissues were immunostained
with anti-CD31 antibody and detected with an Alexa Fluor488-
conjugated secondary donkey anti-rat antibody, Images show

KO may affect NK cell number and biological function.
Thus, in the present study, we first examined NK cell
infiltration in the injured corneas of WT and BCL-10 KO
mice. We observed that CD49b/NK1.1-positive NK cells
infiltrated in the injured corneas in WT mice. However,
compared to WT mice (15.1 + 4.4/mm?), the number of NK
cells infiltrating in the injured corneas was reduced (4.4 +
2.7/mm2) in BCL-10 KO mice (P <0.05, Fig. 1). These
observations indicated that BCL-10 gene KO markedly
inhibited NK cell proliferation and migration.

Effects of BCL-10 on alkali injury-induced CrNV

Macroscopic examination demonstrated that alkali injury
effectively increased the vascular areas in corneas to a
greater extent in WT mice than in BCL-10 KO mice (Ori-
ginal magnifications, x25). Corneal whole mount staining
using anti-CD31 antibodies further revealed that the CD31-
positive areas in BCL-10 KO mice (59 + 8.4%) were fewer
compared with WT mice (51 +5.8%, P =0.048; Fig. 2).
However, when topically administrated with BCL-10 pro-
tein to the alkali-injured corneas of BCL-10 KO mice, the
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representative whole-corneal flat mounts. CD31-vessels in the entire
cornea were traced manually and were expressed as total pixels. Ori-
ginal magnifications, x25. b Proportions of CrNV areas of whole
cornea tissue were determined from the corneas obtained from wild-
type, BCL-10 KO, BCL-10 treated and anti-mouse BCL-10 antibody
treated mice 2 weeks after injury. Each value represents mean + SEM
(n = 5-8 animals). *P < 0.05 compared with wild-type mice

depression effect on CrNV was abrogated. These observa-
tions indicated that BCL-10 is involved in alkali-induced
CrNV (Fig. 2).

Reduced angiogenic factor expression in BCL-10 KO
mice after alkali injury

Angiogenic factors are necessary for neovascularization in
various situations. Hence, the mRNA expression of the
angiogenic factors, VEGF-A, bFGF and monocyte
chemotactic protein 1 (MCP-1), in corneas after alkali
injury was determined. The mRNA expression of VEGF-
A, bFGF and MCP-1 was less augmented in BCL-10 KO
mice (VEGF-A: 0.76 +0.19, bFGF: 0.81 +0.11, MCP-1:
0.71 £0.14) than in WT mice (VEGF-A: 1.00+0.05,
P =0.042; bFGF: 1.00 +0.05, P =0.047; MCP-1: 1.00 +
0.05, P=0.045) in the early phase after alkali injury
(Fig. 3a). These observations indicated that BCL-10 regu-
lated the increased expression of VEGF-A, bFGF, and
MCP-1. When BCL-10 was depleted, the increased
expression of angiogenic factors was inhibited and angio-
genesis was then suppressed.
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Fig. 3 Real-time PCR analysis of angiogenic gene expression and
western blot analysis of protein expression of total ERK1/ERK?2 and
phosphorylated ERK1/ERK? in the injured corneas of wild-type mice
and BCL-10 KO mice. a Ratios of VEGF-A, bFGF and MCP-1 to
GAPDH of alkali-injured wild-type mice (open bars), BCL-10 KO
mice (black bars) were determined by real-time PCR at the indicated
time intervals after alkali injury. Each value represents mean + SEM
(n =5-8 animals). *P <0.05 compared with wild-type mice versus

MAPK activation promotes endothelial migration, pro-
liferation as an integral component of the VEGF signaling
pathway. To determine whether BCL-10 affects cell
migration and proliferation through the activation of
MAPK, intracorneal total ERK1/ERK2 and pERKI1/ERK?2
expression were examined. pERK1/ERK?2 expression was
markedly reduced in BCL-10 KO mice compared with WT
mice (Fig. 3b, c¢). These results suggest that BCL-10 indu-
ces ERKI/ERK2 phosphorylation via VEGF expression,
and the detection of pERK1/ERK2 confirmed that MAPK
activation in cells was dependent on VEGF expression,
which was attributed to BCL-10 regulation (Fig. 3b, c).

Decreased macrophage infiltration in the injured
corneas in BCL-10 KO mice

We previously observed that F4/80-positive macrophages
infiltrated into the corneas following an alkali burn, and
reached a peak level two to four days after injury in WT

BCL-10 KO mice. b Representative results determined by western blot
from three independent experiments are shown here. ¢ Ratios of total
ERK1/ERK2 and pERK1/ ERK2 to GAPDH protein bands of wild-
type mice (open bars) and BCL-10 KO mice (black bars) were
determined as described in the Methods section. All values represent
mean + SEM (n = 5-8 animals). *P <0.05 compared with wild-type
mice

mice [25]. In the present study, we found that F4/80-posi-
tive cell infiltration into the corneas of BCL-10 KO mice
(4.2% + 0.4%) was less than that in WT mice (6.3% +
0.5%; P =0.045; Fig. 4). These observations indicated that
BCL-10 influenced the macrophage infiltration into the
corneas.

According to previous reports [28, 29], macrophages can
be activated and polarize into two types of M1 macrophages
and M2 macrophages. In order to examine how BCL-10 is
involved in CrNV by impacting on intracorneal macrophage
infiltration and activation, the types of intracorneal macro-
phages were examined using FCM. There were approxi-
mately 35.5 +2.4(%) M1 macrophages and nearly 3.5 + 0.5
(%) M2 macrophages in the alkali injury corneas of WT
mice, while in BCL-10 KO mice, the proportion of M1
macrophages was decreased to nearly 27.5 + 3.2(%). There
was no statistical difference in the proportion of intracorneal
M2 macrophages between WT mice and BCL-10 KO
mice. This suggested that BCL-10 mainly promoted M1

SPRINGER NATURE



1226

G. Liu et al.

A 103

Fig. 4 F4/80-positive cell
numbers in corneas after alkali
injury. Corneal tissues were
obtained 4 days after injury from 102
wild-type mice or BCL-10 KO
mice and the tissues from 7 to 8
mice were combined and were
subjected to analysis using a
flow cytometer after being
immunostained with anti-mouse
F4/80 antibody. Isotype IgG
derived from the same species of
the test antibody was used as
negative control. Representative
results from three to four tests of
intracorneal infiltration of F4/80-
positive cells from either wild- B
type mice or BCL-10 KO mice
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macrophage activation and infiltration into the alkali-injured
corneas (Fig. 5).

VEGF-A and bFGF expression in intracorneal
macrophages, neutrophils, fibroblasts, dendritic
cells and epithelial cells after alkali injury

Given the fact that macrophages, neutrophils, fibroblasts,
dendritic cells and epithelial cells are the important cells
for secretion of VEGF and bFGF [30-32], we next
examined the effects of BCL-10 on VEGF and bFGF
secretion or expression of the intracorneal macrophages,
neutrophils, fibroblasts, dendritic cells and epithelial cells.
F4/80-positive macrophages accumulated to a lower extent
in the corneas of BCL-10 KO mice than WT mice after the
injury. Consistently, the number of VEGF-positive and
bFGF-positive macrophages was markedly depressed in
BCL-10 mice compared with WT mice (Fig. 5). Thus,
BCL-10 may have an important role on regulating VEGF
and bFGF secretion of F4/80-positive macrophages. How-
ever, there was no statistical significance in the number of
VEGF-positive and bFGF-positive neutrophils, fibroblasts,
dendritic cells and epithelial cells in the alkali injury cor-
neas between BCL-10 KO mice and WT mice, suggesting
that BCL-10 has no significant effects on VEGF and bFGF
expression of neutrophils, fibroblasts, dendritic cells and
epithelial cells (supplemental data 1).
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Discussion

BCL-10 has been identified as a novel signal which acti-
vates NF-xB, JNK, and p38 upon activation of NK-cell
receptor triggering and segregates the signals for cytokine
production from NK-cell proliferation and killing [27].
Gross et al. [13] found that BCL-10 is not only required for
the activation of NK cells via agonistic antibodies directed
against specific activation of NK-cell receptors, but also for
direct NK-cell activation via PMA/Iono signal. Moreover,
cytokines, which produced by NK cell, are also regulated by
the BCL-10 signal [33]. Although poor long-term cytokine
producers, NK cells have recently been shown to rapidly
(2—4 h) release substantial levels of cytokines [34]. It is
possible that the secretion of cytokines, such as IFN-y,
TNF-a, and GM-CSF to resist viral infections, and VEGF-
A, bFGF, and PIGF to promote angiogenesis, may be
impaired in the absence of BCL-10 signaling in NK cells
[35].

Several studies have shown that NK cells are linked to
angiogenesis during tissue repair. Mice deficient in NK cells
showed defective myocardial repair, and gene
expression profiling and immunohistochemistry indicated a
role for NK cells [36]. Furthermore, NK cells in non-small
cell lung carcinoma patients with squamous cell
carcinoma produced substantially higher levels of VEGF-A
and PIGF compared to those with adenocarcinomas [37].
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Fig. 5 FCM analysis of M1 and A
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Therefore, we hypothesized that NK cell activation and
proliferation regulated by BCL-10 signaling have a role in
CrNV. Thus, we investigated the role of BCL-10 in
experimental CrNV using BCL-10 KO and WT mice. Here
we demonstrate that BCL-10 KO leads to decreased CtNV
in vivo. The effect of BCL-10 on CrNV was associated with
reduced intracorneal VEGF-A, bFGF, and MCP-1 mRNA
expression.

The process of angiogenesis is associated with the bal-
ance between proangiogenic and antiangiogenic molecule
expressions under physiologic conditions. However, when
this balance is disrupted, neovascularization may occur
under pathological conditions [38]. To the best of our
knowledge, angiogenic factors, such as VEGF-A and bFGF
play pivotal roles in stimulating blood vessel formation
[39]. These factors are secreted by various cells, including
macrophages and neutrophils [40]. VEGF-A is the most
widely studied ligand of the VEGF family, and it plays an
important role in the formation of CNV by several
mechanisms [41, 42], including the release of matrix
metalloproteinases [43], endothelial cell survival [44], CEC
migration and proliferation [45—47], and increased perme-
ability [48, 49]. Of note, the family of VEGF-related
molecules contains other members, such as VEGEF-B,
VEGF-C, and VEGF-D [50]. VEGF-B is prominently
expressed in the cardiac myocytes, in skeletal muscle and

Wild type BCL-10 KO Wild type BCL-10 KO

smooth muscle cells of large vessels [51, 52]. VEGF-C
expression is prominent in the mesenchyme, around the
developing metanephrons and in the jugular area, in regions
where the lymphatic vessels are developing in association
with venous sac-like structures [53]. VEGF-B, VEGF-C,
and VEGF-D, unlike VEGF-A, are potent inducers of
lymph angiogenesis [54]. In the present study, we mainly
determined the mRNA expression of VEGF-A, bFGF, and
MCP-1 in mouse corneas after alkali injury. We found that
the expression of VEGF-A, bFGF, and MCP-1 in the cor-
neas of BCL-10 KO mice was significantly downregulated.
These findings indicated that BCL-10 may be involved in
the process of CrNV by skewing the balance toward the
proangiogenic state, and subsequently enhancing CrNV [55,
56].

Several lines of evidence indicate that macrophages can
be proangiogenic by producing angiogenic factors in
ocular neovascularization [57-61]. Lee H et al. reported that
NK cells had the ability to recruit macrophages to lesion
sites by the secretion of a serious of chemokines [62]. In our
study, we also examined the intracorneal MCP-I mRNA
expression in BCL-10 KO and WT mice. Interestingly, our
real-time PCR results indicated that the intracorneal
mRNA expression of MCP-1 was decreased in BCL-10 KO
mice. MCP-1 is a critical chemokine and has the
ability to recruit macrophages into pathological tissues.
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Hence, we hypothesized that BCL-10 signaling may affect
CrNV by inducing macrophage recruitment. Consistent
with our hypothesis, we found that the level of intracorneal
F4/80-positive macrophage/monocyte infiltration in BCL-
10 KO mice was less than that in WT mice. This suggested
that BCL-10 signaling has a role in experimental CrNV,
partly by influencing the intracorneal macrophage
infiltration.

Some studies showed that macrophages can be activated
and polarize into several different types, such as dividing
into M1 and M2 [63, 64]. M1 macrophages are pro-
inflammatory cells, while M2 macrophages are anti-
inflammatory cells. In order to precisely elucidate the
BCL-10 effects on intracorneal macrophage migration and
activation, CD11c positive M1 and CD206-positive M2
macrophage infiltration was also evaluated using FCM. We
found that, in BCL-10 KO mice, the number of intracorneal
M1 macrophages was significantly reduced, while the
number of M2 macrophages was not changed, indicating
that BCL-10 enhances inflammatory factors secretion may
through promoting pro-inflammatory cells, such as MI
macrophages, migration into lesions. These findings suggest
that BCL-10 has the ability to facilitate M1 macrophage
migration and activation and promote macrophage
secretion of angiogenic cytokines, such as VEGF and
bFGF and subsequently enhances experimental corneal
neovascularization.

Several lines of evidence indicate that neutrophils,
fibroblasts, dendritic cells and epithelial cells as well as
macrophages form prominent parts of inflammatory
response and have important roles on angiogenesis. These
cells contribute to the extent of CNV by acting as an
additional source of VEGF-A and bFGF [30-32]. In order
to determine whether BCL-10 has effect on CrNV through
influencing VEGF and bFGF expression of above cells, we
also detected and compared VEGF-A and bFGF expression
in intracorneal neutrophils, fibroblasts, dendritic cells and
epithelial cells between WT mice and BCL-10 KO mice.
Actually, there was no statistical significance on the number
of intracorneal VEGF-A-positive and bFGF-positive neu-
trophils, fibroblasts, dendritic cells and epithelial cells
between WT and BCL-10 KO mice. These experiments
indicated that BCL-10 influenced the CtNV development
by macrophages rather than by neutrophils, fibroblasts,
dendritic cells or epithelial cells.

The ERK signaling cascade is a central MAPK pathway
that plays a role in the regulation of various cellular pro-
cesses such as proliferation, differentiation, development,
learning and survival [65]. Activation of MAP kinase is a
known VEGF-A downstream signaling event [66]. Several
lines of evidence indicate that the pathway is involved in the
process of neovascularization [67, 68]. Thus, in our present
study, we also analyzed the effect of BCL-10 on the
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phosphorylation of MAP kinases, ERK1 (p44) and ERK2
(p42) by western blot analysis. We found that BCL-10
could stimulate the phosphorylation of intracorneal ERK1/
ERK?2 after alkali injury. The results indicate that BCL-10
can promote CrNV through facilitating phosphorylation of
ERKI1/ERK2.

In our present study, we found that BCL-10 is involved
in the process of neovascularization in experimental alkali-
induced CrNV model. Our results suggest that BCL-10
signaling enhances CrNV. Furthermore, VEGF-A and
bFGF, the most important proangiogenic factors in angio-
genesis, were reduced in BCL-10 KO mice compared to
WT mice. Furthermore, the level of intracorneal macro-
phages infiltration was less in BCL-10 KO mice than in WT
mice. Taken together, these findings suggest that BCL-10
can promote CrNV by activating NK cells and inducing the
proliferation of NK cells. Since NK cell activation and
proliferation was deteriorated in BCL-10 KO mice, pro-
angiogenesis efficacy via induction of VEGF-A and bFGF
secretion and the promotion of macrophage infiltration was
subsequently depressed.

The BCL-10 KO mice exhibit remarkably attenuated
alkali-induced CrNV, indicating the crucial involvement of
BCL-10 in neovascularization. Corneal neovascularization
is one of the leading causes of blindness worldwide. Gross
and colleagues reported that BCL-10 is capable of pro-
moting NK cell activation and thereby promoting NK cells
proangiogenic factors secretion [13]. Bruno et al. observed
that NK cells have been shown to possess proangiogenic
property in non-small cell lung cancer [37], to remodel
maternal vasculature in early pregnancy [69], and to induce
angiogenesis by promoting enhanced VEGF expression by
macrophages in the cornea micro pocket assays [62].
Considered that the BCL-10 signaling can regulate proan-
giogenic activities of NK cells, it is tempting to conclude
that the signaling has a crucial role in CrNV. In this respect,
blockade of BCL-10 may be effective for clinical treatment
and/or prevention of CrNV. Further studies of the physio-
logical regulation of BCL-10 may thus be useful for future
treatments for persistent CrNV that are found in clinical
settings.

Summary
What was known before

* Corneal Neovascularization, B-cell leukemia/lymphoma
10

What this study adds

* The effects and mechanism of B-cell leukemia/lym-
phoma 10 on Corneal Neovascularization
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