
Stem Cell Research 15 (2015) 643–654

Contents lists available at ScienceDirect

Stem Cell Research

j ourna l homepage: www.e lsev ie r .com/ locate /scr

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Short-term uvb-irradiation leads to putative limbal stem cell damage and
niche cell-mediated upregulation of macrophage recruiting cytokines☆
Maria Notara ⁎, Refaian N., Braun G., Steven P., Bock F., Cursiefen C.
Dept. of Ophthalmology, University of Cologne.
Abbreviations:UVB, Ultraviolet irradiation B; HLE, Hum
Human Limbal fibroblasts; BHLE, UVB irradiatedHuman Li
irradiated Human Limbal Epithelial cells; LEC, Lymmphat
Bloor vessel Endothelial Cells; CFE, Colony Forming Efficie
☆ Support: EU COST BM1302 (MN, FB, CC); DFG FO

Foundation Cologne (MN).
⁎ Corresponding author at: Dept. of Ophthalmology, U

Straße 62, 50937, Cologne, Germany.
E-mail address: maria.notara@uk-koeln.de (M. Notara

http://dx.doi.org/10.1016/j.scr.2015.10.008
1873-5061/© 2015 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 July 2015
Accepted 16 October 2015
Available online 19 October 2015

Keywords:
Limbal stem cells
Limbal niche
Ultraviolet B irradiation
Corneal angiogenesis
Angiogenesis proteins
Pro-inflammatory cytokines
Ultraviolet light B (UVB)-irradiation is linked to various ocular pathologies such as limbal stem cell defects in pte-
rygium. Despite the large circumstantial evidence linking UVB irradiation and limbal epithelial stem cell damage,
the precise molecular responses of limbal stem cells to UVB irradiation are unclear. Here the effect of UVB
irradiation on the putative stem cell phenotype, limbal niche cells and the subsequent effects on corneal
(lymph)angiogenic privilege were investigated. Primary human limbal epithelial stem cells and fibroblasts
were irradiated with 0.02 J/cm2 of UVB, a low dose corresponding to 3 min of solar irradiation. UVB irradiation
caused significant reduction of limbal epithelial and limbal fibroblast proliferation for 24 h, but apoptosis of
limbal epithelial stem cells only. Moreover, UVB induced stem-like character loss of limbal epithelial cells, as
their colony forming efficiency and putative stem cell marker expression significantly decreased. Interestingly,
limbal epithelial cells co-culturedwith UVB-irradiated limbal fibroblasts also exhibited loss of stem cell character
and decrease of colony forming efficiency. Conditioned media from limbal epithelial cells inhibited lymphatic
endothelial cell proliferation and tube network complexity; however this effect diminished following UVB irra-
diation. In contrast, pro-inflammatory and macrophage-recruiting cytokines such as TNFα, IFNγ and MCP1
were significantly upregulated following cell irradiation of limbal fibroblasts. These data demonstrate the key
role of the limbal stem cell niche in response to UVB and subsequent (lymph)angiogenic and inflammatory
events. These data suggest that the known pro(lymph)angiogenic effect of UVB irradiation in pterygium is not
linked to a direct up-regulation of pro-angiogenic cytokines, but rather to indirect macrophage-recruiting cyto-
kines being upregulated after UVB irradiation.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

UV radiation (UVR) is damaging for the eye resulting to a reduction
or even loss of vision. The cornea is particularly susceptible to UVR due
to its natural transparency and its shape which is contributing to a pe-
ripheral light focusing effect, affecting the nasal limbuswhere UV irradi-
ation is 20-fold strongest (Coroneo et al., 1991;Maloof et al., 1994). This
is the most frequent site for the onset of pterygium, a non-cancerous
growth of the cornea, usually bilateral, which is occupying the corneal
equator. The pterygium disrupts the limbal barrier which separates
the cornea from the conjunctiva and centripetally invades the cornea
surface. It is characterised by squamous hyperplasia and goblet cell
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hyperplasia. In advanced cases, the visual axis may be covered by
vascularised opaque tissue thus leading to discomfort, deterioration of
vision or even blindness (Bradley et al., 2010).

As such dramatic phenotype change occurs in the limbus and its
adjacent tissues, alterations in the limbal stem cell niche and its res-
ident limbal epithelial stem cells (LESC) must also occur. LESCs play a
key role in the maintenance of cornea transparency and homeostasis
by replenishing its outermost layer, the epithelium (Notara et al.,
2010a). If these stem cells become depleted by injury or disease,
the neighbouring conjunctival epithelium infringes onto the corneal
surface causing vascularisation, persistent epithelial breakdown, se-
vere pain and blindness (Notara & Daniels, 2008). Although a LESC-
specific marker remains elusive, the expression of certain proteins,
including P63α, ABCG2, and cytokeratin 15 and more recently ABCB5
(Ksander et al., 2014) have been recognised as putative stem cell
markers for these cells (Notara & Daniels, 2008). High levels of putative
stem cell marker expression combined with high colony forming effi-
ciency (CFE) (Barrandon & Green, 1987) are indicative of the stem cell
phenotype.

There is strong evidence that pterygium pathogenesis is linked to
UVR-induced damage of limbal epithelial stem cells (Chui et al., 2011;
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Di Girolamo et al., 2003) and matrix metalloproteinase activation
(MMPs) (Dushku & Reid, 1994; Dushku et al., 2001). However, the di-
rect involvement of LESC in the onset and development of the condition
or the particular effect of chronic UVR to the phenotype of these stem
cells is not fully understood. It is logical to suggest that since stem
cells are long cycling and live throughoutmost of the lifetime of an indi-
vidual, they can accumulate UV related damage which can lead to be-
nign or even malignant growths. P53 activation has been observed in
pterygium and recurrent pterygium specimens, thus suggesting direct
DNA damage and activation of the DNA repair mechanism (Cimpean
et al., 2013). At the same time, UV damage on LESC niche accessory
cells such as limbalfibroblastsmay adversely affect the stem cell pheno-
type and functionality, but again is poorly understood. Overall, the
(photo)-ageing of the LESC niche, features both a change in the physical
size and appearance of the putative stem cell niche structures located at
the palisades of Vogt (which become limited to the light-protected, lid-
covered parts of the superior and inferior limbus) as well as a decline in
the proliferative efficiency of the LESCs and has been linked to UVR
(Notara et al., 2013). In this light, better understanding of the effects
of UVB irradiation on the limbal niche and its resident LESCs can lead
to improved therapeutic options.

UV-induced changes in the cornea are largely mediated by the up-
regulation of pro-inflammatory cytokines such as interleukin (IL)1
(Corsini et al., 1997), IL6 (Di Girolamo et al., 2002), IL8 (Di Girolamo
et al., 2002) and tumour necrosis factor alpha (TNFα) (Kennedy et al.,
1997)which correlate to the increased inflammatory cell infiltrate asso-
ciated to the condition. Also increased are growth factors including vas-
cular endothelial growth factor (VEGF) (Fukuhara et al., 2013; Lee et al.,
2001), platelet derived growth factor (PDGF) (Kria et al., 1996),
transforming growth factor beta (TGFβ) and matrix metalloproteinases
(MMP) (Dushku et al., 2001; Di Girolamo et al., 2005; Li et al., 2001), es-
pecially MMP1. VEGFC, the master regulator of lymphangiogenesis
(Cursiefen et al., 2006), and its receptor VEGFR3 are also up-regulated
in pterygium specimen (Fukuhara et al., 2013). This increase correlates
to the higher density of lymphatic network associated with pterygium
recurrence and staging (Ling et al., 2012a; Ling et al., 2012b).

In this current study,we use an in vitro approach to explain the effect
of UVB in the phenotype and functionality of human limbal epithelial
cells and their accessory limbal fibroblasts as well as their paracrine
signaling regulating inflammation and (lymph)angiogenesis.

2. Materials and methods:

2.1. Culturing of 3T3 mouse fibroblasts

A 3 T3mouse fibroblast cell line, a gift from the lab of professor Nischt
(department of dermatology, Uniklinik Köln, Cologne, Germany) were
cultured inDulbecco'sModified EagleMedium(DMEM, life technologies)
supplemented with 10% Fetal Bovine Serum (Gibco) and 1% penicillin/
streptomycin/amphotericin (life technologies). Culture medium was
refreshed three times per week and the cells were sub-cultured upon
reaching 60–70% confluence at a ratio of 1:10. The cultures were kept at
37 °C and 5% CO2 in air. To be used as a feeder layer for the culture of
corneal epithelial cells, the 3 T3 cells were treated in culture medium
containing 6 μg/ml mitomycin C (Sigma) for 3 h.

2.2. Ethics statement:

Research consented human cadaveric corneoscleral rims and buttons,
a surplus of surgery, were used for cell isolation according to the declara-
tion of Helsinki.

2.3. Primary human limbal epithelial cell harvesting and maintenance

Human limbal epithelial (HLE) cells were cultured in medium con-
taining DMEM F12 (1:1) (Life Technologies) with added 10% Fetal
Bovine Serum, 1% penicillin/streptomycin/amphotericin (Life Technolo-
gies), 5 μg/ml human recombinant insulin (Sigma), 0.1 nMcholera toxin
B (Sigma), 0.05 mM hydrocortisone (Sigma) and 10 ng/ml epidermal
growth factor (Life Technologies). Culture medium was refreshed
three times a week. HLE cells were isolated from research consented
corneas supplied by the Lion's Cornea Bank (University of Cologne,
Cologne). Whole corneo-scleral buttons or limbal rims were immersed
in a 1.2 U/ml dispase II solution (Sigma) for 2 h at 37 °C or overnight
at 4 °C. After the enzymatic treatment, the tissue segments were trans-
ferred into a 10 cmpetri dish. The epithelial cells were gently scraped by
using a feathered scalpel and aiming at the limbal border to achieve an
enriched LESC/progenitor population. The cells were collected using
5 ml epithelial culture medium and then placed into a T-25 tissue
culture flask (Nunc) containing a feeder layer of growth arrested 3 T3 fi-
broblasts at a cell density of 2.4x104 cells/cm2. The cultureswere kept at
37 °C and 5% CO2 in air. Epithelial colonies were observed after 3–5 days.

2.4. Isolation and culture of human limbal fibroblasts

After isolating epithelial cells for culture, as described before (Lee
et al., 2001; Kria et al., 1996), the scleral and corneal part of the rims
were cut off to leave approximately 1 mm on either side of the limbus.
Subsequently, the tissue was further dissected in to smaller fragments.
These pieces were allowed to adhere, epithelial side down, on to
10 cm petri dishes. The explants were subsequently cultured in
DMEM (Invitrogen) plus 10% FBS and 1% penicillin–streptomycin
(Invitrogen) until fibroblasts emerged. The cells were sub-cultured
after approximately 2–3 weeks. The cells were passaged at a ratio of
1:2 and the medium was changed 3 times per week.

2.5. Serum-free epithelial-fibroblast co-culture model

Limbal fibroblast and limbal epithelial cells were cultured in a 3 to 1
ratio at 4 × 103/cm2 and 1.2 × 104 cells/cm2 respectively, as reported
before (Notara et al., 2010b). The cultures were grown in the corneal
epithelium medium described before omitting the serum. Due to the
difference in the time of establishing the primary respective cultures,
limbal epithelial and limbal fibroblast cells from different donors were
used.

2.6. Maintenance of human lymphatic and blood endothelial cells

Primary human dermal lymphatic endothelial cells (LEC) and blood
endothelial cells (BEC) where purchased from PromoCell and were
maintained in supplemented ECGM MV2 culture medium according to
the manufacturer's instructions. The cells were passaged once reaching
80% confluence by using a Trypsin/EDTA (0.04%/0.03%) solution for
2 min followed by a trypsin neutralizing solution (0.05% Trypsin Inhib-
itor in 0.1% BSA), both by Promocell. The cells were used until passage 8.

2.7. UVB-irradiation of cells and collection of conditioned medium

Limbal epithelial and limbal fibroblasts were plated in 2 × 10 cm
Petri dishes per type, one to be subjected to UVB irradiation (from this
point referred to as BHLE and BHLF respectively) and the other one to
be used as a control. To avoid the use of feeder cells, HLE cells were ex-
panded as described in the sections above and were separated from
their feeder 3 T3 cells using differential trypsinisation. Subsequently,
theywere plated in a commercially available serum-free corneal epithe-
lial culture media which does not require the use of feeders, CNT-50
(CellnTech), while the HLF cells were placed in their normal culture
media (DMEM supplemented with 10%FBS and 1% pen-strep). The cul-
tures were left to reach approximately 90% confluence. Prior to irradia-
tion, the culture media was replaced with PBS. A Vilber Lourmat,
Bio-Sun. UV irradiator set at 265 nm was used to irradiate the cultures
at 20 mJ/cm2 (the equivalent of UVB received during 3 min of sun
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exposure) as previously reported (Di Girolamo et al., 2002). The PBS
was replaced with their respective culture medium and the cultures
were left for 24 h to settle. Then, cells were plated in 6 well plates at a
seeding density of 105 cells per well. One day later, the culture medi-
umwas replaced withMV2 basal endothelial mediumwith added 2%
FBS (basal medium BM). The produced conditioned media were col-
lected after 24 h, centrifuged at 1500G to clarify from dead cells and
debris, aliquoted and stored at −80 °C for a maximum of 2 months
before use.

2.8. FACS analysis

Antibody labeling of single cell suspensions was performed in PBS
with added 2% FBS, and 10 mMHEPES for 20 min against appropriately
matched-isotype controls. Cell apoptosis was assessed by using a fluo-
rescein isothiocyanate (FITC)-conjugated Annexin 5 system according
to the manufacturer's instructions (Biolegend). The stained cells were
re-suspended in 600ul PBS, 2% FCS, 10 mM HEPES, and 4 ul 7AAD (to
detect dead cells, biolegend) and passed through a 40-um mesh before
analysis in a FACS Calibur (Becton Dickinson biosciences). Data process-
ing was performed using FlowJo (Tree Star). These experiments were
carried out with cells from 3 different donors.

2.9. Immunocytochemistry of cells

Eight-well permanox chambered slides (labtek, Nunc)were used for
immunocytochemistry of cultured cells. The cells were washed three
times with PBS, fixed for 10 min at room temperature in 4% (wt/vol)
paraformaldehyde and in case of not performing the staining immedi-
ately they were treated with 20% (wt/vol) sucrose before storage at
−20 °C.The samples were blocked for 1 h in PBS supplemented with
5% goat serum (Sigma) and 0.5% Triton X (Sigma) followed by the pri-
mary antibody (cytokeratin (K)15 antibody from Santa Cruz (clone
LHK15, catalogue number sc-47,697), rabbit polyclonal integrin beta 1
antibody from Abcam (catalogue number ab183666), mouse monoclo-
nal antibody for cytokeratin (K)3 from Millipore (clone AE5, catalogue
number CBL218) and rabbit polyclonal antibody for p63α fromnewEn-
gland biolabs (catalogue number 4892S) or blocking reagent only (neg-
ative control) overnight at 4 °C. Subsequently, the cells were incubated
with their respective secondary antibody (goat anti-rabbit alexa 488,
goat anti mouse alexa 647, both from Life Technologies), washed and
counterstained with DAPI. All incubations apart from the primary anti-
body incubation were performed at room temperature, and each step
was intermittent with 3 × 5 minute rinses with PBS containing 0.1%
tween-20 (Sigma). Negative controls were treated in the same way ex-
cept omitting the primary antibody step. All stainings were repeated
with cells from at least 3 different donors.

2.10. Colony forming efficiency assay

For the colony forming efficiency (CFE) assay (Notara et al., 2013;
Notara et al., 2010b), 3 T3 fibroblasts were used as a feeder layer. The
cells were treatedwithmitomycin C as above and plated at a cell densi-
ty of 4.8 x 105 cells in each well of a six well plate and were allowed to
attach overnight. HLEwere seeded at a cell density of 1000 cells perwell
of the six well plate. The cultures were fixed with cold methanol for
20 min at−20 °C at day 12. Subsequently, the cells were stained with
a solution of 1% rhodamine B (Sigma) and 1% Toluidine Blue (Gurr)
for 30 min at 37 °C. Finally, the plates were photographed and Image J
software was used to count the number of colonies that measured
greater than 2mmdiameter. The percentage of colony forming efficien-
cy was calculated by using the equation:

CFE %ð Þ ¼ Number of coloniesN2mm
Number of cells seeded

� 100
The experiments were carried out with cells from three different do-
nors (n = 6).

2.11. Cell metabolic activity

Cell metabolic activity was assessed using the alamar blue assay
(Thermo Scientific). Limbal epithelial cells and limbal fibroblasts were
cultured in 10 cm petri dishes and were UVB-irradiated as described
in the section above. Then, 24 h after the UVB irradiation, the cells
were plated in 96 well plates at a cell density of 5x103 cells per well in
a minimum of 5 replicates. The alamar blue assay was carried out the
following day.

For the LEC and BEC cells, these too were plated in 96 well plates at
cell density of 5000 cells/well andwere left to settle overnight. Then, the
endothelial culture medium was replaced with the various CM and the
cells were left for another 24 h before carrying out the alamar blue
assay.

To perform the assay, the cultures were incubated for 1 h in
150 μl/well alamar blue reagent diluted 10 times in PBS (with
n = 5 at minimum). Cell-free wells with added alamar blue reagent
were used as blanks. After incubation, the plates were analysed in an
Epoch plate reader (Biotech) in absorbance mode at 570 nm and
600 nm and the percentage of reduction of the alamar blue reagent
was calculated as suggested in the manufacturer's instructions. These
experiments were repeated with cells from at least 6 different donors.

2.12. Scratch wound assay

Scratch wound assays were carried out, as described previously
(Ling et al., 2012a). Briefly, LEC or BEC were plated to complete conflu-
ence in a 96 well plate, serum-starved for 2 h and scratch-wounded
using a 10 μl pipette tip (n = 5). Then, the cells were treated with the
various CM (produced as described in a previous section). Here too, as
a control, LEC or BEC CM was used respectively (spent medium). The
wounds were photographed at 0, 2 and 6 h for BEC and 0, 8 and 16 h
for LEC to accommodate for the slower wound closure rate of the latter.
The wound surface areas at each time-point were measured using
Image J software. The data of each replicate were presented as a per-
centage of healed wound area compared to the original wound area at
0 h. The experiments were repeated at least 5 times with different CM.

2.13. Tube formation assay

The tube formation assays were performed on Matrigel® (Corning)
in μ-Slide angiogenesis assay (Ibidi) according to themanufacturer's in-
structions. BEC or LEC were seeded at a cell density of 1x104/well in
complete endothelial cellmedium. Onehour later the cells fully adhered
on the Matrigel® and the full medium was replaced with the superna-
tants and control media (n = 5). The formed tube networks formed
were photographed after 16 h using a Zeiss Primo Vert inverted micro-
scope fitted with an AxioCam ERc5s camera. The number of branches,
loops and branching points were quantified using the Lymphatic Vessel
Analysis Protocol (LVAP) plugin (Roberts, 2011) in Image J (Yam &
Kwok, 2014) software.

2.14. Protein microarray

CM from all groups was collected as described above and subse-
quently analyzed in a Proteome Profiler Human Angiogenesis Array
(R&D biosciences) according to the manufacturer's instructions. The
arrays were visualized using a ChemiDoc™XRS+ System.

2.15. Elisa

ELISA kits from R&D biosciences were used for protein analysis
according to the manufacturer's instructions. Angiogenin, IGBP-3,
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TNFα, MCP1 and IFNγ were quantified using the respective human
Quantikine® ELISA while VEGFA and VEGFC were analyzed by using
the corresponding human DuoSet®. Each sample was analyzed in trip-
licate. The proteins were quantified in conditioned medium from at
least three donors.

2.16. Statistical analysis

Statistical analysis of resultswas carried out using Prism6.0 software
(GraphPad). One-way Analysis of Variance (ANOVA) with Tuckey's
multiple comparisons test was used. Sets of data producing p b 0.05
were considered statistically significant. As explained in the sections
above the experiments were performed using a minimum of 3 experi-
mental triplicates and repeated at least three times (using cells from
three different donors (primary cells) or with 3 different cell passages
(LEC and BEC cells). All error bars represent standard deviation values.

3. Results

3.1. UVB irradiation induced apoptosis of limbal epithelial cells, but not
limbal fibroblasts

To assess the potential pro-apoptotic effects of UVB on HLE and HLF
cells, the levels of annexinV binding4 h post-irradiationweremeasured
using FACS analysis. The cells were counterstained with 7AAD which is
taken up by dead cells. As depicted in Fig. 1, the UVB irradiated HLE cells
(BHLE) featured an increase in both apoptotic and dead cells (from
10.4 ± 2.1% to 14.4± 2.2% and from 14.8 ± 1.2% to 20.0 ± 2.3% respec-
tively – Fig.1A, upper left and right panels, p b 0.05). In contrast, no
noticeable change occurred in apoptosis and cell death for BHLF cells
(Fig. 1A, lower left and right panels).

3.2. UVB irradiation induced a reduction inmetabolic activity of both limbal
epithelial cells and limbal fibroblasts

To differentiate between this early pro-apoptotic effect and influ-
ences of UVB to the functional properties of the cell populations such
as cell proliferation, cells were plated for all assays 24 h post UVB
Fig. 1. Impact of UVB on viability, apoptosis andmetabolic activity of limbal epithelial cells andfi
UVB irradiation reduced limbal epithelial but not limbal fibroblast viability and apoptosis (as m
their metabolic activity at 24 h after plating which was subsequently leveled with their non-ir
irradiation to ensure that only viable cells are used. 24 h post plating
(48 h after irradiation), both BHLE and BHLF cells exhibited a significant
drop in their metabolic activity (p b 0.001 and p b 0.05 respectively).
48 h post-plating this differencewas no longer observed (Fig. 1 B and C).

3.3. UVB irradiation induced partial loss of putative stem cell markers and a
reduction in the colony forming efficiency of limbal epithelial cells

Together with causing a transient reduction in HLE cell proliferation,
UVB affected their putative stem cell phenotype. Specifically, the colony
forming efficiency of the irradiated BHLE cells significantly declined
compared to the on irradiated HLE (2-fold decrease, p b 0.05, Fig. 2A).
This also applied for colonies with a diameter larger than 2 mm which
are attributed to clones with higher potency (p b 0.05, Fig. 2A). At the
same time, the BHLE cultures featured areas with a differentiated phe-
notype consisting of enlarged squamous cells which did not express
theputative stemcellmarkers integrinβ1 (Fig. 2 E and Fwhere negative
regions are indicated by white arrows), p63a and K15 (Fig. 2 G and
H,white arrows highlight the negative regions). In addition, the BHLE
cultures exhibited an increase in K3-positive cells or cell clusters
which also were also enlarged compared to HLE (Fig. 2 I and J respec-
tively, again white arrows indicate the K3 positive regions).

3.4. UVB irradiation of limbal fibroblasts reduced their ability to inhibit
limbal epithelial cell differentiation in a co-culture

Notably, a similar, differentiated phenotypewasdisplayed in parts of
HLE cultures which were grown in a co-culture with BHLF cells. HLE
cells co-culturedwith HLF cells on the other hand, exhibited high nucle-
ar to cytoplasmic ratio and formed tightly packed colonies (Fig. 2B, col-
ony encircled by red dotted line).When co culturedwith irradiatedHLF,
HLE exhibited a flattened, squamous shape correlating to differentiated
cell morphology (Fig. 2C, differentiated areas emphasized by yellow
arrows).

The cell morphology observations corresponded to colony forming
efficiency and marker expression data. Specifically, HLE cultured on
irradiated HLF featured a significantly lower CFE compared to control
cultures (2-fold decrease, p b 0.001), this also applying for colonies
broblasts. A: FACS analysis of the apoptosismarker Annexin 5 vs the viabilitymarker 7AAD.
easured 4 h after UVB irradiation). B,C: Both UVB treated cell types exhibited a reduction in
radiated counterparts at 48 h. (n = 5, *p b 0.05, ***p b 0001).



Fig.2. UVB irradiation induced loss of putative stem cell markers causing differentiation of limbal epithelial cells. Colony forming efficiency of irradiated limbal epithelial cells was signif-
icantly lower compared to their non irradiated counterparts indicating loss of proliferative potential as a result of ultraviolet B treatment (A). When co-cultured with limbal fibroblasts
cells, limbal epithelial cells cells are small, tightly packed and exhibit coblestonemorphology (B, 24 h) while when in co-culture with irradiated limbal fibroblasts they display a differen-
tiatedphenotype (C, 24h) and a decreased colony forming efficiency (D). Immunocytochemistry of putative stemcellmarker expression including the basalmarker integrinβ1 (E, F, K and
L, alexa488), p63α andK15 (G, H,M andN, alexa488 and alexa647 respectively) and of themature corneal epithelialmarker K3 (I, J andO, P, alexa 647). In irradiated limbal epithelial cells
or in limbal epithelial cells co-culturedwith irradiated limbal fibroblasts, themarkers integrinβ1 (F, L) aswell as p63α andK15 (H, N)were partially lost (areas indicated bywhite arrows)
while areas expressing the differentiationmarker K3 increased (J, P, white arrows highlighted K3-positive regions). For colony fomring efficiency assay: n=6, *p b 0.05, ***p b 0001. Scale
bars correspond to 50 μm.
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with a diameter larger than 2 mm (p b 0.05, Fig. 2D). Here too, more
areas of the cultures were observed where cells were enlarged and pu-
tative stem cell marker expression including integrin β1, p63α and K15
was absent (Fig. 2K-N), while the presence of K3 positive cells increased
(Fig. 2O-P). It is also noted that the localization of integrin β1 in the
serum-free co cultures (Fig. 2 K and L) is more cytoplasmic in contrast
to that of serum-containing cultures, were the protein ismore restricted
to the cellular cortex (Fig. 2 E and F).

3.5. UVB affected the paracrine action of limbal epithelial cells and limbal
fibroblasts on lymphatic and blood endothelial cells

To investigate the effect of soluble mediators produced by HLE,
BHLE, HLF and BHLF their conditioned media was used to treat LEC
and BEC. Their response by means of metabolic activity, wound healing
and tube formation ability were evaluated.

In terms of metabolic activity, it was shown that CM from HLF stim-
ulated LEC more compared to CM from HLE and the LEC own CM (used
as ‘spent’ control) (p b 0.05 and p b 0.01 respectively). CM from BHLF
cells on the other hand induced significantly lower levels of LEC meta-
bolic activity compare to CM from HLF (p b 0.01) and similar to LEC
CM.A reducing trend, however statistically non-significant, was also ob-
served for the CM from BHLE compared to the one from HLE (Fig. 3A).

The metabolic activity observations correlated to the results of the
wound healing assay. In fact, the stimulating effect of CM fromHLF com-
pared to the one fromHLEwas consistent at both the 8 h and 16 h time-
points (p b 0.05 in both cases). At 16 h, the wound closure of LEC
cultured in CM from HLF was significantly higher compared to the CM
from BHLF, HLE and LEC (p b 0.05, and p b 0.01 respectively, Fig. 3B).

A tube formation assay, illustrated in bright-field photos, was car-
ried out to reproduce the ability of LEC cells to form vessels in vitro
while cultured in CM from HLE, BLE, HLF and BLF (Fig. 3C-F). From
these microphotographs it became evident that CM from HLF stimu-
lated the formation of a more complex network compared to other
CM (Fig. 3E). Specifically, CM from HLF induced the formation of
higher branch number, loop number and branching points compared
to CM from both HLE and BHLF (p b 0.01 and p b 0.001, p b 0.5 and
p b 0.01, p b 0.5 and p b 0.01 respectively, Fig. 3G-I).

In contrast to LEC, BEC did not display significantly different levels of
proliferation or wound closure in response to the different CM (Fig. 4 A
and B). Quantification of the assay microphotographs revealed that CM
fromHLF stimulated a higher number of branches and branching points
compared to CM from HLE and BHLF (p b 0.01 and p b 0.05 Fig. 4 G and
I). No significant differences were observed in the number of loops
(Fig. 4H).

3.6. Ultraviolet B irradiation of limbal epithelial cells and limbal fibroblasts
impacts on soluble mediators regulating inflammation and
lymph/hem-angiogenesis

In order to understand the potential effects of the various CMon BEC
and LEC functionality, lymphangiogenic and inflammatory signals were
investigated by using a proteomic approach (a protein array) and ELISA
analyses.

Image of Fig.2


Fig. 3. The promoting paracrine effect of limbal fibroblasts on lymphatic endothelial cells is reversed by UVB. Conditioned media from limbal fibroblasts induced an increase in metabolic
activity (A) and wound healing (B, 24 h, 48 h) of lymphatic endothelial cells while this stimulatory effect diminished with ultraviolet B irradiation. A tube formation assay (C-F depict
brightfield microphotographs of lymphatic endothelial cells cultured in CM from, irradiated limbal epithelial cells, limbal fibroblasts and irradiated limbal fibroblasts respecively) was
used to compare the effect of solublemediators produced byeach group to the complexity of the formedvessel networks. Conditionedmedia from limbalfibroblasts induced a significantly
higher number of branches (G), loops (H) and branching points (I) compared to the ones of limbal epithelial cells and limbal fibroblasts. (for each assay, n = 5, *p b 0.05, **p b 0,01 and
***p b 0001).
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The results from a human angiogenesis protein array are shown
in Fig. 5A with a semi-quantitative densitometry analysis on the re-
spective blots of CM from HLE, BHLE, HLF and BHLF. The data are fur-
ther organised in heat-maps illustrating up-regulations and down-
regulations of protein expression levels as well as the corresponding
relative intensity fold changes (Fig. 5B). Major relative intensity fold
changes (N2-fold) are noted with bold letters. A comparison of CM of
HLE with HLF cells demonstrated a major down-regulation for
endothelin-1 and amphiregulin (37.9 fold and 4 fold respectively).
Smaller changes were observed for IGFB-1, TSP1, TIMP1, CXCL16 and
IL8 (all displaying a lower than 2-fold down-regulation). On the other
hand, MCP1 was highly upregulated in HLF cells (36-fold) while only
small increases were observed for IGFBP-2, uPA and Serpine 1 (1.5, 1.4
and 1.1-fold respectively, Fig. 5B).

The second heat-map features protein level changes in CM of HLE
cells and BHLE cells (Fig. 5C). Endothelin1 and amphiregulin levels in
BHLE CM were reduced by 37.9 and 4.0-fold while IGFBP-1, TSP1,
TIMP1CXCL16 and IL8 were to a lesser extent down-regulated (all by
less than 1.6-fold).MCP1 on the other hand was strongly increased by
36-fold,as IGFB-2, uPA and Serpine 1 only increased by less than
1.5-fold (Fig. 5C).

The third heat-map illustrates protein concentration differences
between CM from HLF and BHLF (Fig. 5D). Here, a substantial decrease
in HLF-secreted amphiregulin, uPA and CXCL16 was noted (20.77,
14.57, 8.28-foldcorrespondingly). Serpine 1, TIMP1 and TSP1 were
rather unchanged (each reduced by 1.26, 1.23, and 1.20-fold). MCP-1
was on the other one increased by 2.16-fold while smaller increases
were observed for IL8, IGFBP-1, IGFBP-2 and endothelin1 (1.54, 1.47,
1.4 and 1.18-fold respectively).

As a complementary to the protein array, ELISA analyses ofmore key
players of angiogenesis were carried out (Fig. 6 A-D). The proteins
angiogenin and IGFBP-3 were selected for further investigation as it
was possible to visually observe differences in the protein array blots
however not possible to assess them reliably with densitometry due
to the increased exposure times required resulting to background.
Also, VEGFA, VEGFC and VEGFD which play a fundamental in hem-
and lymphangiogenesis were not represented in the array. In all groups,
the levels of VEGFD were under the detection range of the assay and
therefore these data are not presented.

Angiogenin ELISA data, as depicted in Fig. 6A, illustrated a significant
difference between HLE and HLF (2.9-fold, p b 0.0001) while BHLF
produced significantly less protein than BHLF (1.43-fold p b 0.01).
In the case of IGFBP-3, shown in Fig. 5F), BHLE featured to have a
small (1.4-fold) but significant (p b 0.0001) down-regulation compared
to HLE. A reduction in BHLF was also noted (p b 0.05). A 2-fold increase
was shown in IGFBP-3 levels of HLF compared to HLE (Fig. 6 B,
p b0.0001). In the case of VEGFA (Fig.6C), BHLE had a (1.6-fold) down-
regulation compared to HLE (p b 0.0001). A reduction in BHLF com-
pared to BHLF was also noted (p b 0.0001). A 2.5-fold increase was
shown in VEGFA levels of HLF compared to HLE (p b 0.0001).

Image of Fig. 3


Fig. 4. The paracrine effects of limbal niche cells on blood endothelial cells remain unchanged after UVB. No significant differences were observed in metabolic activity (A) and wound
healing (B, 24 h, 48 h) of BEC cells cultured in the CM from all cell groups. Microphotographs from a tube formation assay are displayed in panels C-F.BEC were cultured in CM from
HLE, BHLE, HLF and BHLF respecively. CM from HLF induced a significantly higher number of branches (G) and branching points (I) compared to the ones of HLE and BHLF. No change
was observed for the number of loops (H).(n = 5, *p b 0.05and **p b 0,01).
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Similarly, VEGFC levels were down-regulated by 1.8 fold in BHLE
compared to HLE (p b 0.0001, Fig. 6D). A decrease in BHLF protein levels
compared to BHLF only by 1.3-fold was also noted (p b 0.0001). A 2.2-
fold increase was shown in the protein levels of HLF compared to HLE
(p b 0.0001).

To investigate the pro-inflammatory signals in each group, a panel of
cytokines was selected for ELISA analysis; this included MCP1,TNFαand
IFNγ(Fig. 6 E, F, and G respectively).The respective analysis showed that
MCP1 levels in HLE CM were significantly lower compared to HLF
cells (10-fold, p b 0.0001) while they were unchanged for upon HLE
irradiation. Also, BHLF cells produced significantly higher amounts of
the protein compared to the HLF cells (1.9-fold p b 0.0001). IFNγ and
TNFαlevels on the other hand, increased significantly in BHLE compared
to HLE (5.9-fold, p b 0.0001 and 10-fold, p b 0.0001 respectively). No
detectable TNFα levels were found in all other CM.

4. Discussion:

Corneal homeostasis is maintained as a result of an elegant and dy-
namic balance where the epithelium and its residing LESC population
play a central role. Corneal injury or disease can cause a disruption of
LESC function leading to epithelial breakdown and pathologic corneal
neovascularization. In the normally avascular cornea, several anti-
hem- and anti-lymphangiogenic strategies are expressed (Cursiefen
et al., 2006; Bock et al., 2013). A shift in this balance may occur due to
various forms of damage including burns, inflammation, infection or
neoplasia. The elucidation of the mechanisms involved when this equi-
librium is lost may help towards developing more efficient, better
targeted treatments for these conditions.

Here we aimed to understand the molecular events involved in dis-
ruption of cornea homeostasis as a result of UVB irradiation. Although
sun exposure is essential for human health as it aids vitamin D synthe-
sis, extensive exposure, is connected to chronic skin inflammation, skin
ageing and melanoma (Reichrath & Reichrath, 2014). UVB-related
ocular pathologies include cataract, conjunctival melanoma, macular
degeneration (Roberts, 2011; Yam & Kwok, 2014; Sui et al., 2013) and
of course pterygium, a benign tumor of the conjunctiva characterized
by neovascularization, pain, inflammation and vision loss (Sul et al.,
2014). Changes in the histology of the basal epithelium of pterygium
samples indicate that damage of the limbal stem cell compartment
may be critical for the disease onset. These cells start secretion of extra-
cellular matrix remodeling molecules which aid cell invasion and ma-
trix modification linked with the condition (Chui et al., 2011; Dushku
et al., 2001). Here, the direct effects of UVB irradiation on limbal epithe-
lial cells and fibroblasts as well as their subsequent contribution to a
pro(lymph)angiogenic and pro-inflammatory milieu usually linked to
pterygium were evaluated.

To better understand the effects of the UVB to the limbal niche, we
examined both cultured HLE and HLF. HLF are essential components of
the niche microenvironment as they support the stem cells by produc-
ing suitable extracellular matrix and by providing the paracrine signal-
ing cues that are necessary for them to maintain their phenotype and

Image of Fig. 4


Fig. 5. UVB irradiation affects angiogenesis- and inflammation-related proteins produced by limbal epithelial cells and limbal fibroblasts. Protein array semiquantification analysis by
densitometry is displayed in graph A. and in three heatmaps which include the respective relative intsnsity fold change for each protein (B-D) In heatmap B, limbal epithelial cells are
comparedwith limbal fibroblasts, in C limbal epithelial cells are comparedwith irradiated limbal epithelial cells and inD limbal fibroblasts are comparedwith irradiated limbal fibroblasts.
Relative intensity changes higher than 2-fold are noted in bold letters (n = 2).
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remain in quiescent state (Notara et al., 2010b). For theHLF to be able to
provide their supporting role, a physical proximity with the LESCs is
necessary. The cell-cell contact is facilitating the communication effi-
ciency of the two populations (Dziasko et al., 2014).
Fig. 6. UVB treatment changes the pro-angiogenic and pro-inflammatory profile of limbal epith
TNFα (F), and IFNγ (G). Limbalfibroblasts produced significantly higher amounts of Angiogenin
fibroblasts. Moreover, therewas significantly lower levels of IGFBP-3, VEGFA and VEGFC in irrad
epithelial cells produced significantly more TNFα and IFNγ while irradiated limbal fibroblasts
**p b 0,01 and ***p b 0001 and ****p b 0,0001). Four asterisks (****) situated above bars with
the protein concentration was under the detectable levels of the assay.)
From the apoptosis assessment it became obvious that the epithelial
cells were more susceptible to UVB irradiation compared to the fibro-
blasts as irradiated limbal stem cells showed a higher percentage of
dead and apoptotic cells compared to limbal fibroblasts. UVB has been
elial cells and fibroblasts. Angiogenin (A), IGFBP-3 (B), VEGFA (C), VEGFC (D), MCP1 (E),
, IGFBP-3, VEGFA andVEGFC compared to limbal epithelial cells aswell as irradiated limbal
iated limbal epithelial cells compared to their non-irradiated counterpart. Irradiated limbal
exhibited higher levels of MCP1 compared to the non-irradiated ones. (n = 3, *p b 0.05,
out brackets correspond to significance in comparison to the HLF group. (● denotes that

Image of &INS id=
Image of Fig. 6


651M. Notara et al. / Stem Cell Research 15 (2015) 643–654
reported to induce apoptosis to both HLE and HLF (Tong et al., 2006;
Xing et al., 2006) although under the current experimental conditions
this was observed only in irradiated limbal epithelial cells. Following ir-
radiation and 24 h after plating, both limbal niche cell types exhibited a
reduced metabolic activity while still recovering from the UVB insult.
However, at 48 h post plating, the alamar blue reduction values for
both cell types reached their control level again. Therefore, 48 h post
plating was selected as the time-point that conditioned media was
collected for analysis and to use in the experiments involving paracrine
effect on LEC and BEC cells.

HLE cells whichwere not UVB irradiated displayed the characteristic
phenotype of small cobblestone-like, tightly packed colonies which co-
expressed the putative LESC markers including P63a (Di Iorio et al.,
2005) and Cytokeratin15 (Meyer-Blazejewska et al., 2010). The expres-
sion of β1 integrin by HLE indicates a basal cell phenotype as its
presence in corneal epithelial cells has been found to be stronger in
the basal layers in vivo and in the smaller tightly packed cells in vitro
(Li et al., 2005). A partial loss of these markers is observed in BHLE
cells, coinciding with enlarging cell morphology, an increase in K3-
positive cell clusters and a significant drop in %CFE including the %CFE
of colonies with a diameter larger than 2 mm. These changes indicate
loss of the putative stem cell phenotype following UVB irradiation.

Remarkably, similar changes in marker localization, colony forming
efficiency values and morphology are observed in the non-UV treated
HLE which are co-cultured with the irradiated limbal fibroblasts
(BHLF). The serum-free co-culture model used here, was previously
shown to promote expansion of HLE displaying an enhanced putative
stem cell like phenotype with an increased colony forming efficiency
(Notara et al., 2010b) compared to the routine method of culture on
growth arrested 3 T3 fibroblast feeders (Rheinwald & Green, 1975;
Detmar et al., 1993). For the first time, it is shown that UVB disrupts
the ability of limbalfibroblasts to facilitate expansion of limbal epithelial
cells in a co-culture whilst successfully maintaining their putative stem
cell phenotype. Increasing evidence suggests that spatial proximity in-
cluding physical contact between subsets of the limbal fibroblasts and
putative stem cells within the niche is essential (Dziasko et al., 2014).
The epithelial-fibroblast crosstalk in the limbal niche is fundamental
as the latter contribute in mechanisms which prevent stem cell
differentiation, such as the BMP/Wnt (Han et al., 2014), TGFβ/BMP
(Joyce & Zieske, 1997; Nakatsu et al., 2013)and Notch (Tsai et al.,
2014; Kulkarni et al., 2010) pathways. A disruption in the function of
HLF, a key cellular component of the limbal microenvironment will be
detrimental for the niche function.

After investigating the direct impact of UVB on limbal epithelial cells
and limbal fibroblasts, secondary effects on their pro(lymph)angiogenic
activitywere assessed. Therefore, conditionedmedia from the cells with
and without UVB irradiation was used in functional assays of lymphatic
and blood endothelial cells and for protein analysis. The aim was to in-
vestigate the synergistic effect of one or more soluble factors produced
by the cells on (lymph)angiogenesis. Conditioned medium from HLF
induced higher levels of LEC proliferation,wound closure and all param-
eters of tube network complexity in a tube formation assay. This effect
was less pronounced for blood vascular endothelium. These data sug-
gest a previously unreported stronger stimulatory effect of limbal fibro-
blasts in favor of lymphangiogenesis compared to hemangiogenesis.
Earlier studies using a co-culture of an immortalized vascular endothe-
lial cell line with limbal fibroblasts also indicated that the later had a
stimulatory effect in tube formation; the opposite was observed in an
older study using rabbit epithelial and fibroblast cells to investigate
vascular endothelial cell proliferation (Eliason & Elliott, 1987). A prote-
omic approach in the form of an angiogenesis array aswell as individual
ELISA analyses were employed to elucidate themechanisms involved in
this response.

The protein analyses data revealed a profile where both pro-
angiogenic and anti-angiogenic signalswere expressed in different levels
by HLE and HLF. Specifically, the pro-angiogenic proteins endothelin 1
and amphiregulin, were strongly down-regulated. Endothelin 1 is
both an angiogenesis (Wu et al., 2014; Zhang et al., 2014) and
lymphangiogenesis (Spinella et al., 2009; Garrafa et al., 2012) pro-
moter while amphiregulin may enhance lymphangiogenesis in skin
(Marino et al., 2013) and hemangiogenesis in normal gut tissue (Shao
et al., 2006)as well as in some cancer models (Fontanini et al., 1998; Ma
et al., 1999). At the same time, MCP1, angiogenin, IGBP-3, VEGFA and
VEGF C were significantly increased in HLF cells. MCP1 is both a pro-
angiogenic chemokine (Hong et al., 2005) and a major inducer of mono-
cyte recruitment (Palframan et al., 2001) while angiogenin is a pro-
angiogenic growth factor found to stimulate both lymph-angiogenesis
and hem-angiogenesis in cancer (Park et al., 2002) and in cornea (Shin
et al., 2000; Kim et al., 1999). IGFBP3 is strongly expressed in superficial
layers of the corneal epithelium (Robertson et al., 2007) and is upregu-
lated in corneal fibroblasts during myofibroblast differentiation in
corneal wound healing (Izumi et al., 2006). VEGFA and VEGFC are also
up-regulated in HLF compared to HLE cells. VEGFC is the master
regulator in cornea lymphangiogenesis; it is normally expressed in cor-
neal epithelium but the ectopically expressed VEGFR3 acts as a ‘sink’
preventing VEGFC action and thus maintaining avascularity (Cursiefen
et al., 2006; Cursiefen et al., 2005; Bock et al., 2008). VEGFA on the
other hand is promoting cornea hem-angiogenesis via VEGFR-2 while
also stimulating lymphangiogenesis (Cursiefen et al., 2004a). Given
these data, with an emphasis to the VEGFA and VEGFC assessment, it
is possible that this protein expression profile is tipping the balance to-
wards a pro-lymphangiogenic and a weaker pro-hem-angiogenic effect
of HLF compared to HLE. This also correlated with the outcome of the
LEC and BEC functional assays. In vivo, since fibroblasts populate the
cornea in low numbers compared to epithelial cells, the HLF pro-
angiogenic effect observed in vitro is not evident. However, in a situa-
tion where the fibroblasts in the stroma become hyper-proliferative,
like in pterygium (Su et al., 2011; Kim et al., 2013; Almeida Junior
et al., 2008), this pro-angiogenic effect from the HLF may contribute
to the neovascularization and recurrence of the condition.

After comparing the (lymph)angiogenic effects of HLE and HLF,
UVB-induced changes in their protein expression patterns were also
assessed. As shown by the protein array assessment, followingUVB irra-
diation of HLF cells amphiregulin, uPA (a strong promoter of angiogen-
esis (Oh et al., 2003) the expression of which is linkedwith high risk for
cancer metastasis via lymph-angiogenesis (Zhang et al., 2011; Jiang
et al., 2012; Zhang et al., 2013)) and CXCL16 (a pro-hem and pro-
lymphangiogenic factor (Wente et al., 2008; Buttler et al., 2014))
were strongly down-regulated in BHLF cells. ELISA data showed
that angiogenin, IGBP-3, VEGFA and VEGF C also significantly de-
creased. These results suggest that the pro-angiogenic effect of HLF
cells is reversed after UVB irradiation which corresponds to results
for LEC proliferation, wound healing and tube formation assay and
BEC tube formation assay.

In the case of BHLE on the other hand, a small but significant re-
duction of IGFBP-3, VEGFA and VEGFC occurred in combination with
the decrease of the pro-angiogenic cytokines IGFBP-1 and IGFBP-2
(Giannini et al., 2006; Kluge et al., 1997). TSP1, an inhibitor of corneal
lymph and hem-angiogenesis (Cursiefen et al., 2011; Cursiefen et al.,
2004b) was also increased. These data, in combination with the LEC
and BEC activity assays experiments, suggest that the alterations in
the protein profile of HLE cells after UVB treatment were not sufficient
to induce a significant effect to these cells.

While investigating the impact of UVB treatment on the angiogenic
profile of HLE and HLF cells, changes in the produced inflammatory
andmacrophage-recruiting cytokines were also evaluated. UVB irradia-
tion increased the pro-inflammatory cytokines TNFα and IFNγ by HLE
andMCP1 by HLF. TNFα is a commonly accepted key inflammatory fac-
tor (Michalova & Lim, 2008) contributing to vasodilatation, edema, and
leukocyte recruitment, which are all commonly associated with the
development of cornea neovascularization (Ferrari et al., 2015). IFNγ
on the other hand, has been linked with increased angiogenesis via



Fig. 7. Schematic representation of the effects of Ultraviolet B irradiation on the limbal niche. UVB irradiation affects limbal epithelial cells by reducing their putative stem cell phenotype as
well as increasing their proinflammatory paracrine action.While UVB irradiated limbal fibroblasts reduce their pro-lymphangiogenic effect, they loose their ability to maintain the limbal
epithelial stem cell character and they also contribute to inflammation. As a result, the niche function is dissrupted and the increased proinflammatory milieu causes the infiltration of
immune cells such as macrophages and neutrophils leading to pathologic hem- and lymphangiogenesis.
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induction of VEGF production by macrophages (Lee et al., 2014; Xiong
et al., 1998). It is therefore here demonstrated that by producing these
cytokines both HLE and HLF cells may contribute to the inflammatory
mechanisms taking place in the cornea following UVB irradiation.

Taken together, these observations put forward a double role of the
limbal epithelial cells and fibroblasts subsequent to short term UVB in-
sult. A suggestedmodel for this response is summarized in Fig.7. On one
hand limbal fibroblasts reduce their pro-angiogenic potential by down-
regulating expression of key cytokines such as VEGFA and VEGFC. It
is possible that the limbal cell populations put to use a defensemech-
anism to prevent corneal neovascularization which otherwise could
occur after UVB exposure. At the same time, these cells secrete pro-
inflammatory and macrophage–recruiting cytokines thus helping in tis-
sue repair but also adding to the inflammatory conditions that propagate
(lymph)angiogenesis by promoting infiltration of immune cells popula-
tions producing pro-angiogenic growth factors (Hong et al., 2005;
Cursiefen et al., 2004a). This pro-inflammatory action, in combination
with the decline of the putative stem cell phenotype within the limbal
epithelial population may cause an indirect pro(lymph)angiogenic shift
in the limbus as a result of UVB exposure (Fig.7). Via recruitment ofmac-
rophages, hem- and lymphangiogenesis can be significantly upregulated
(Cursiefen et al., 2006; Bock et al., 2013). Long term UVB exposure could
therefore contribute to inflammation and pathologic neovascularization
both consistent with the progression and recurrence of pterygium. The
long termeffects of UVB are not assessed here and are the subject of a dif-
ferent investigation. This study highlights the changes that short term
UVB treatment induces to the limbal stem cell niche phenotype as
well as the functions of its cellular components in the processes indi-
rectly leading to (lymph)angiogenesis via up-regulation ofmacrophage
recruiting cytokines. Macrophages are well known as indirect key regu-
lators of immune-amplification cascades and indirect amplifiers of hem-
and lymphangiogenesis via producing VEGFA, C and D (Cursiefen et al.,
2005; Cursiefen et al., 2004a). Our results open up new treatment
avenues against pterygium recurrence by targeting macrophage
recruitment-mediated prolymphangiogenesis.

5. Conclusions:

Short-termUVB irradiation induces limbal stemcell niche disruption
both by having a direct effect on the putative stem cell phenotype as
well as by impacting on the ability of the accessory niche cells (limbal
fibroblasts) to support limbal stem cell maintenance. Moreover, while
limbal fibroblasts normally produce soluble mediators that promote
blood and lymphatic endothelial cell activity, this effect is reversed
following UVB irradiation. At the same time, UVB triggers the pro-
duction of pro-inflammatory and macrophage recruiting cytokines
by both limbal epithelial cells and fibroblasts. These data make evi-
dent the quintessential role of limbal epithelial cells and fibroblasts
in the response of the niche to UVB as well as subsequent inflamma-
tory and (lymph)angiogenic events. UVB irradiation causes an indi-
rect pro(lymph)angiogenic milieu via up-regulation of macrophage
recruiting cytokines.
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