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PURPOSE. Although stem cell activity represents a crucial feature in corneal and ocular
surface homeostasis, other cells populating this region and the neighboring zones might
participate and influence local microenvironment. Mast cells, the long-lived and tissue-
sited immune cells, have been previously reported in corneoscleral specimens. Herein,
mast cells were investigated in corneoscleral tissues and related to microenvironment
protein expression.

METHODS. Twenty-six (14 male/12 female; older than 60 years) human corneoscleral
specimens were sectioned for light and fluorescent immunostaining (CD45, p63, Ck-
3/7/12/19, tryptase/AA1, and chymase/CC1). Corneal, limbal, and conjunctival squares
were produced for molecular and biochemical analysis. Statistical comparisons were
carried out by ANOVA.

RESULTS. Toluidine blue staining identified metachromatic intact or degranulated mast
cells in the area below the palisades’ Vogt (Ck-3/12-positive epithelium and underneath
p63 immunoreactivity). Tryptase immunoreactivity was observed close to palisades’ Vogt,
whereas no specific signal was detected for chymase. Tryptase/AA1 transcripts were
quantified in limbal and conjunctival RNA extracts, whereas no specific amplification
was detected in corneal ones. Few mediators were overexpressed in limbal extracts
with respect to corneal (Neural cell adhesion molecule (NCAM), Intercellular adhesion
molecule 3 (ICAM3), Brain-derived Neurotrophic factor (BDNF), and neurotrophin 3
(NT3); P< 0.00083) and conjunctival (NCAM, ICAM3, and NT3; P< 0.05) protein extracts.
A trend to an increase was observed for Nerve Growth Factor (NGF) in limbal extracts
(P > 0.05).

CONCLUSIONS. The specific observation of tryptase phenotype and the interesting protein
signature of microenvironment (adhesion molecules, growth factors, and neurotrophins),
known to partake mast cell behavior, at least in other areas, would provide additional
information to better understand this crucial zone in the framework of ocular surface
healthiness.
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The corneoscleral limbus is a crucial region of the ocular
surface housing stem cells/progenitors for continuous

self-renewal of corneal cells throughout the lifetime.1–6 Any
kind of insult at the stem cell niches can affect significantly
homeostasis and healthiness of the ocular surface, triggering
defect of reepithelization or even failures in the follow-up of
routine surgery.7–10 Several in vitro and ex vivo approaches
have been developed so far for counteracting and/or treat-
ing stem cell deficiency to increase the outcome of surgery
in case of limbal defects.8,11–14 Corneoscleral limbus is also
characterized by intensive innervation and vascularization of
this microenvironment that is highly populated by structural

and immune cells engaging critical dealings with stem cells.8

Altogether, an incessant cell-to-mediator crosstalk sustains
local homeostasis and drives a proper healing to protect
stem cell activity when required.15 Of interest, few old and
recent studies highlighted the distribution of mast cells in
normal corneoscleral tissues.16–18 Mast cells are long-living
cells of the innate immune system, residing strategically in
tissue exposed to the external environment and interacting
with the surrounding tissue microenvironment.19 Besides
the pivotal role in type I and IV (delayed) hypersensitivity,
most mast cell activities are still largely unknown. Mast cells
work as sentinels (gatekeepers) encompassing active tasks
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in (innate) immunity, angiogenesis, wound healing, cancer,
fibrosis, and other inflammatory/degenerative routes.19–22

The concept around mast cell activity has been improved
in the past decade with the observation that these cells
respond to both immunoglobulin E (IgE)–dependent and
IgE-independent stimuli, sustaining the homeostatic activi-
ties and justifying their presence in the nervous system.23–25

In line with the recent findings and progress in personalized
medicine, corneoscleral mast cells require further investiga-
tion.

Herein, we sought to localize and characterize phenotyp-
ically the mast cells in corneoscleral limbus as well as ascer-
tain the protein signature of this peculiar microenvironment.

MATERIALS AND METHODS

Human Specimens

The study encompasses an overall 2015–2017 period.
Human corneoscleral tissues were obtained from a small
group of specimens not suitable for transplantation (n = 26;
60- to 77-year-old donors; Biology and Pathology of the Eye,
Prague, Czech Republic). All procedures for corneoscleral
tissue handling followed the standards of the Ethics Commit-
tees of the General Teaching Hospital and the First Faculty
of Medicine of Charles University, Prague, Czech Repub-
lic. Overall, experimental procedures were performed in
accordance with the Association for Research in Vision and
Ophthalmology guidelines and adherent to the tenets of the
Declaration of Helsinki concerning human subject contribu-
tion.

Only corneoscleral specimens not suitable for transplan-
tation and showing intact epithelium (from cornea to limbus
and conjunctiva) as well as stored for fewer than 4 days
in Optisol/Epilife medium (Bausch & Lomb, Rochester, NY,
USA) were selected for the study. Specimens were cut in
squares and quickly frozen in Optic Cutting Temperature
(OCT) compound (TissueTek; Leica, Heidelberg, Germany)
or snap-frozen. All specimens were sent by courier to
the laboratory, according to the triple packaging/shipping
procedure.

Reagents

Unless specified below, sterile RNAse-free plasticware
and molecular/analytical-grade reagents were from Starlab
(Ahrensburg, Germany), ICN (Costa Mesa, CA, USA), SERVA
(Weidelberg, Germany), Sigma-Aldrich (Milan, Italy), and
Euroclone (Milan, Italy) unless otherwise specified in the
text. Ultrapure RNAse-free MilliQ-Grade water was provided
daily (Direct Q5 apparatus; Millipore, Vimodrone, Milan,
Italy) for biochemical studies and for molecular analy-
sis as Diethyl pyrocarbonate (DEPC)-treated and autoclave
aliquots.

Light and Fluorescent Microscopy

OCT-embedded corneoscleral specimens were cut in 5-
μm serial sections (CM3050 cryostat; Leica Microsystems,
Rijswijk, Netherlands), placed onto glass slides (BDH, Milan,
Italy), quickly air-dried, and stored until specific staining.
Sections were postfixed in cold 0.05% buffered formalde-
hyde and used as reported below. Sections from paraffin-
embedded specimens were used for basal histology after

dewaxing and rehydrating steps (downscaling Et-OH steps
until water and buffered saline).

Basal Histology. Sections were stained/counter
stained with 1% toluidine blue in 1% saline (TB), hema-
toxylin and eosin (HE), or cresyl violet (all from Bio-Optica,
Milan, Italy), and digital images were produced with a direct
E400 Eclipse light microscope (Nikon, Tokyo, Japan).

Immunohistochemistry and Immunofluores-
cence. Antigen retrieval (0.05% trypsin-EDTA solution, 2
minutes) and avidin-blocking/permeabilizing (1% BSA and
0.5% Triton X100 in PBS, 5 minutes) steps were performed
before probing with specific monoclonal/polyclonal anti-
bodies (Table 1). The Avidin-Biotin Complex technique
(Vectastain Elite kit; ABC-HRP Kit; Vector Laboratories,
Burlingame, CA, USA) coupled to 3,3′-Diaminobenzidine
(DAB) (Dako, Carpinteria, CA) developing was used for
immunohistochemistry. Hematoxylin (Bio-Optica) counter-
staining was used to better visualize the positive brown
cells. Specifically, for primary antibodies developed in
mouse, a mouse-on-mouse biotinylated anti-mouse Ig
kit (MOM; Vector Laboratories) was used to discrimi-
nate immunoreactivity. The secondary Cy2 (green)–Cy3
(red)–Cy5 (blue) conjugated species-specific antibodies
(1:150–1:300; donkey; Jackson ImmunoResearch, Europe
Ltd, Suffolk, UK) were used for immunofluorescent labeling.
Depending on the double-fluorophore mixture, nuclear
counterstaining was performed with propidium iodide (PI;
Molecular Probes, Eugene, OR, USA) or 4′,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich, St. Louis, MO, USA).
Confocal high-resolution acquisitions were carried out on
an inverted E2000U Eclipse microscope equipped with
benchtop laser system and digital image C1 software
(Nikon). Channel series were performed using the negative
controls (omission of primary antibodies) to reduce not
specific signals. Epifluorescence acquisitions were also
carried out with a direct Ni E200 Eclipse microscope
equipped with NIS Elements Image software (Nikon), with
the following objectives: ×10/dry 0.75 dic m/n2, ×20/0.45
NA, ×40/0.60 NA, and finally ×60/1.4 oil/immersion. To
provide quantitative results, positive cells were evaluated
by direct counting in the limbal area (700 × 500 μm per
section; n = 3 per sample). Representative digital images
were assembled by Adobe Photoshop 7.0 software (Abacus
Concepts, Irvine, CA, USA) and no changes with respect to
original acquisitions were carried during panel assembling.

Tissue Microdissection and Biomolecular Analysis

Specific microdissection was performed to provide portions
suitable for 30-μm radial or tangential cross-sectioning.
Briefly, corneoscleral specimens were dissected into three
portions: four limbal, four corneal, and four conjunctival
squares, all belonging to the same corneoscleral speci-
men. Cutting activity was carried out under a dissecting
stereomicroscope (SMZ645; Nikon) equipped with cold-light
optic fibers (PL2000 photonic; Axon, Vienna, Austria), under
the supervision of an expert pathologist. Limbal zone was
defined by the end of the Bowman’s layer, at the level
of vascularized connective tissue. Peripheral cornea was
defined 2 mm from limbal landmark, characterized by the
avascular cornea. Each of these three portions was cut into
cubes of approximately 1 × 1.5 × 2.5 mm by a scalpel, and
pooled samples (four squares for specimen) were directly
extracted in lysis buffer (mirVana PARIS RNA and Native
Protein Purification kit; ThermoFisher Scientific, Waltham,
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TABLE 1. Antibodies and Primers

Immunofluorescence
Target Dilution Host Specificity Source

Ck3 1:100 Mouse Corneal marker Dako
Ck12 1:100 Mouse Corneal/limbal marker Dako
Ck7 1:100 Mouse Limbal/conjunctival

marker
Dako

Ck19 1:100 Mouse Conjunctival marker Dako
CD45 1:200 Mouse Pan-leukocytes Santa Cruz
Tryptase/AA1 1:100 Mouse Mast cell marker Santa Cruz
Chymase/CC1 1:100 Mouse Mast cell marker Santa Cruz
cKit/CD117 1:50 Goat Mast cell marker R&D Systems
FcεRI 1:70 Sheep High-affinity IgE receptor R&D Systems
Western Blotting
Target Dilution Host Code Expected Band Source

NCAM1 1:1000 Mouse ab-230724 100–45 kDa Abcam
ICAM3 1:1000 Rabbit CD50/sc-656269 90–132 kDa Santa Cruz
BDNF 1:700 Rabbit N-20/sc-546 15–30 kDa* Santa Cruz
NT3 1:1500 Mouse sc-80250 35 kDa Santa Cruz
NGF 1:700 Rabbit H-20/sc-548 15–30 kDa* Santa Cruz
Molecular Analysis
Target Accession Sequence (Left Primer) Tm/Amplicon

Hu tryptase (AA1) BC028059.1 Gatcatcgtgcacccaca 60°C/185 bps
Hu chymase1 BC103975.1 Agagctgaagctggggagat 60°C/100 bps
Hu GAPDH BC013310 Gaaggggtcattgatggcaac 63°C/100 bps
Hu H3 NM005324 Gtctgcaggctggcatagaag 61°C/100 bps
Hu 18S NR003286 Ggagagggagcctgagaaac 60°C/100 bps
cKit/CD117 KT326922 Ttcttaccaggtggcaaagg 60°C/100 bps
FcεRI NM002001 Ctgaagcctttcctggttct 60°C/100 bps

Amplification profile: hot start activation (95°C/15 minutes); 39 cycles: denaturation at 94°C/10 seconds, annealing at 58°C/15 seconds,
extension at 72°C/10 seconds; melting curve recording 55°C to 95°C with one fluorescence reading every 0.5°C; further extension 75°C/5
minutes.

* Both precursor and mature form can be detectable under 4% to 12% SDS-PAGE separation.

MA, USA). Subsequently, two-thirds of the extract was used
for the biochemical analysis and one-third of the extract was
devoted to the molecular analysis. Opening quantification
analysis was carried out for protein (3-μL extracts) and total
RNA (1.5-μL extracts; A280 program; limit as >1.8 ratio)
by using a spectrophotometer for small volumes (A1000
Nanodrop; Celbio, Milan, Italy).

Total Protein Analysis, Chip-Based Protein Array,
and Related Validations

For chip-based hybridization, a total of 21 samples (7 for
each subgroup) were loaded in customized G-series glass
slides (14 identical subarrays per slide, with 60 biomark-
ers; Ray-Biotech, Norcross, CA, USA). Briefly, normalized
protein extracts (350 ng/mL for array well) were processed
according to a previously reported procedure.26 Spin-dried
slides were acquired in a GenePix 4400 Microarray plat-
form (Molecular Devices LLC, Sunnyvale, Silicon-Valley, CA).
Normalized fluorescent intensity (FI) data were calculated
by the GenePix Pro 6.0 software (Axon Instruments; Molec-
ular Devices). Interassay normalization was guaranteed by
the presence of multiple internal controls for each subarray.
The minimum sensitivity ranged between 3.8 and 56 pg/mL.
Fold changes from array analysis were validated by Western
blotting (NCAM, ICAM3, and NT3; Table 1) and ELISA (NGF
and BDNF). For Western Blotting (WB) analysis, normalized
protein extracts (30 μg) were preheated in loading buffer
(75°C/5 min), electrophoresed under reducing conditions

(4%–12% precast resolving SDS-PAGE gels; 130 V/frontline;
MiniProtean3 apparatus; Bio-Rad Laboratories Inc, Hercules,
CA), transferred to membranes (0.22 μmHybond; GE Health-
care, Buckinghamshire, UK; 13 V/45 min; semidry Trans-
Blotting apparatus; Bio-Rad), and finally stained with the
high-sensible Pierce reversible protein stain kit for nitrocel-
lulose membranes (ThermoFisher Scientific). Samples show-
ing an overexpression of bands specific for albumin, IgGs,
and/or fibronectin were treated with the bead-based deple-
tion kit (GE Healthcare) before loading. Immunoblots were
probed according to a standard procedure, and develop-
ing was performed by horseradish peroxidase–conjugated
antibodies and chemiluminescent substrate (ThermoFisher
Scientific). For NGF and BDNF, ELISA was performed
according to manufacturer’s instructions (DY256 for NGF
and DY248 for BDNF; duo-set ELISA kits; R&D Systems,
Minneapolis, Minnesota, USA).

RNA Extraction, cDNA Synthesis, and Real-Time
PCR

Total RNA was extracted from lysates according to the
MirvanaParis procedure and rehydrated in 13-μL fresh
DEPC-treated and autoclaved MilliQ water. A further RNase-
Free DNaseI (2 U/μL; Turbo DNAse; Ambion-Thermo, Fisher
Scientific, Waltham, MA, USA) treatment was performed
before quantitation and assessment of purity. cDNAs were
synthesized from 1 μg total RNA (ImProm-II Reverse Tran-
scription System; Promega Corp., Madison, WI, USA) in a



Mast Cells and Human Corneoscleral Limbus IOVS | March 2020 | Vol. 61 | No. 3 | Article 43 | 4

FIGURE 1. (A–C) Characterization of corneoscleral section and tissue extracts. Representative digital acquisitions defining the limbal zone
between cornea and conjunctiva: (A) HE overview of a cross-sectional longitudinal tissue sample (×10/objective) and (B) Ck12-blue (cornea-
limbus marker) immunoreactivity over a red nuclear staining (PI; ×40/objective). Scale bar are shown in the panels. (C) Amplicons specific
for referring (18S) and target (Ck3, Ck7, and Ck12) genes amplified in corneal, limbal, and conjunctival extracts and separated in 2.5%
agarose gel.

96-well thermocycler (PeqLab Biotechnologie GmbH, Erlan-
gen, Germany) and amplified using the SYBR Green PCR
core reagent kit (Applied Biosystems, Foster City, CA) in
an eco48 real-time PCR system (Illumina, MA, USA). Pair
primers and amplification protocols are shown in Table 1.
Single melting curves were verified (Supplementary Fig. S1).
Samples were amplified in duplicate and in parallel with
negative controls (without template or with total RNA as
template). Real cycle numbers (Cq) were recorded from the
program (Eco Real-Time PCR System Software v5.0; Illu-
mina), normalized for referring genes run in parallel (nCq
= Cqtarget – Cqreferring) and used for calculating related fold
changes (expression ratios expressed as log2-scale from
normalized target versus referring gene; REST analysis).

Statistical Analysis

At the beginning, nonparametric Kolmogorov-Smirnov and
Shapiro-Wilk tests were carried out for satisfying the Gaus-
sian distribution (GraphPad Prism 5.0; GraphPad Software,
Inc., San Diego, CA, USA). For chip array analysis, the
specific FI averages (mean ± SD as produced by the
Axon Instruments software) were calculated from repli-
cates (two spots) of not-pooled samples, normalized by
subtracting the background signal. Data were provided in an
Excel (Microsoft, Redmond, WA, USA) format. The relation-
ship between differentially expressed candidates for each
subgroup was calculated by Student’s t-test comparisons and
Bonferroni’s correction for 60 targets (StatView II Software;
StatView, Barkley, CA, USA). Both two fold-changes (either
decrease or increase) and P values ≤0.00083 (as per 0.05/60
spots/biomarkers tested) were considered cutoffs, whereas
P≤ 0.05 was considered a significant level among subgroups
for ELISA.

RESULTS

An overview of the corneoscleral limbal zone (HE-stained
sections) is displayed in Figure 1A. As shown, the typi-
cal distribution of the epithelial region alongside the
corneoscleral limbal zone is depicted (×10). Figure 1B
shows cross-sectional images of the limbal region immunos-
tained for Ck12 (cy5/blue) over an intense nuclear counter-
staining (PI/red) (×40). As molecular and biochemical analy-
ses were carried out after tissue microdissection, a molecular
validation of correct regions by using the cytokeratin expres-
sion was carried out at the molecular level. Merely, PCR
products amplified from each tissue extract were resolved in
agarose gel (Fig. 1C). The related melting curves are reported
in Supplementary Figure S1.

Limbal Region Is Populated by AA1
Immunoreactive Mast Cells

TB staining revealed the presence of magenta-purple mast
cells in a zone depicted from the limbal region contain-
ing radially oriented fibrovascular ridges (palisades of Vogt)
(×20; Fig. 2A) and in a region composed of stromal invagi-
nations (× 20; Fig. 2B). A granule-rich and round-shaped
Mast Cell (MC) is shown in Figure 2C (×40). Immunohis-
tochemistry was used to stain AA1-positive mast cells, as
shown in Figure 2D and Figure 2E (brown-DAB labeled;
cresyl violet counterstaining; ×40). Insets in Figure 2D
and Figure 2E are control isotype staining (×40; no specific
primary antibody). Of interest, AA1 immunolabeled cells
were found either degranulated (×40; Fig. 2F) or intact
(×40; Fig. 2G). Some mast cells were observed in close asso-
ciation to Vogt palisades (intense red nuclear staining; PI)
(×20; Fig. 2H).
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FIGURE 2. (A–G) Immunohistochemical localization of mast cells at limbal zone. Representative digital acquisitions for basal histology
(A–E) and immunofluorescent staining (F–H) highlighting the presence of mast cells. (A–C) Low (A, B; ×20) and high (C; ×40) optic field
acquisitions from acidic (pH 3) 0.1% toluidine blue–stained sections. Note the presence of “purple-granule” stained mast cells in the limbal
segment. (D, E) AA1 immunoreactive cells (brown-dark DAB staining) over a cresyl blue nuclear counterstaining. Note the presence of highly
conserved secretory granules in stained cells (D; ×40) and particularly a localization close to dense blue counterstained palisades of Vogt
(high nuclear affinity to cresyl violet) (E; ×40). The inset in the panel shows an internal control section from the serial section (absence of
first antibody). (F, G) Representative immunofluorescent acquisitions showing AA1 (cy3/green) positive cells (×40). Note the presence of
some partially degranulated mast cells (F) and mast cells with highly conserved (G) secretory granules. (H) A single MC localized in close
proximity to dense nuclear palisades.

AA1, cKit Proteins, and Related Transcripts Are
Expressed in the Limbal Region

Several AA1 (tryptase)–positive cells were observed at the
corneoscleral limbal junction (×20; Fig. 3A) as well as
at the basal epithelial membrane (×40; Ck12 [blue] stain-
ing; Fig. 3B). A clear coexpression of AA1 (tryptase)/CC1
(chymase) immunoreactivity was not observed (data not
shown). Double staining for AA1 and cKit is shown
in Figure 3C. Almost 4% out of total 12% CD45-positive
pan-leucocyte cells were AA1 immunoreactive, as a result
of counting positive cells per optic field (×20; Fig. 3D). The
expression of cKit, tryptase (AA1), chymase (CC1), and FcεRI
transcripts in corneal, limbal, and conjunctival sextracts is
shown in Figure 3E. H3 referring gene was used to normal-
ize the amplifications and provide densitometric analysis
specific for AA1 and cKit (Fig. 3F and Fig. 3G, respectively).
Relative Expression tool software (REST) analysis from these
specific real-time amplifications highlighted the increase

of AA1 transcripts in limbal (+1.50 2log expression ratio)
and more consistently in conjunctival (+2.70 2log expression
ratio) RNA extracts, with respect to corneal extracts used as
control (arbitrary unit).With respect to CC1, unchanged tran-
script expression was detected in limbal (+0.30 2log expres-
sion ratio) and conjunctival (+1.07 2log expression ratio) RNA
extracts, as compared with corneal extracts used as control
(arbitrary unit).

Limbal Protein Signature Highlights a Selective
NCAM1 and ICAM3 as well as BDNF and NT3
Expression

The array chip technology was used to identify different
protein expression among limbus, cornea, and conjunc-
tiva (Supplementary Fig. S2A). Volcano plots, representative
images of chip membranes, and the array map with the right
position of the selected adhesion molecules, cytokines, and
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FIGURE 3. (A–E) Characterization of mast cells at the limbal zone. (A, B) Double staining of AA1 (cy2/green) and Ck12 (cy5/blue) over a red
nuclear counterstaining (PI; ×20/objective) and a particular AA1-positive cell close to niches (cy2/green; B). Ck12 stains part of the initial
superficial limbal epithelial cells and extend over the corneal epithelium. White arrows point at AA1-positive cells. (C, D) Representative
double-staining (merge) acquisition respectively for AA1 (cy2/green)–cKit (cy5/blue) and CD45 (cy2/green)–AA1 (cy3/red) over a nuclear
counterstaining (DAPI/blue). Single staining is also shown close to the merge, as provided by the Nis software (Nikon). (E, G) Amplicons
specific for cKit, AA1, CC1, FcεRI, and H3 are shown with respect to corneal, limbal, and conjunctival extracts. The related densitometric
analysis specific for AA1 and cKit is shown in panels F and G, respectively.

growth factors involved in inflammation and tissue remodel-
ing are shown in Supplementary Figures S2B–G. The results
of protein array analysis are reported in Table 2, includ-
ing fold changes and P values. A significant upregulation
of NCAM1 (aliases NCAM/CD56) and ICAM3 was detected in
limbal protein extracts by array chip, as compared to corneal
and conjunctival ones (P < 0.00083; respectively Fig. 4A
and Fig. 4B). In addition, BDNF showed a significant
increase in limbal extracts with respect to corneal ones (P <

0.00083; Figs. 4B, 4C, 4E), whereas NT3 showed a significant
increase in limbal extracts, as compared to both corneal and

conjunctival extracts (P < 0.005; Figs. 4B, 4D). No significant
differences were observed for EGF and NGF, known to exert
both proliferative and survival effects on mast cells and stem
cells. EGF protein expression did not change in all extracts
(cornea: 2170.630 ± 466.030 Integrated Density (IntDen);
limbus: 2388.000 ± 286.160 IntDen; conjunctiva: 2029.630
± 181.070 IntDen). Similarly, NGF levels in corneal (29.22 ±
5.73 pg/mL), limbal (36.19 ± 2.04 pg/mL), and conjunctival
(31.15 ± 2.26 pg/mL) extracts did not change significantly,
although a trend to an increase was observed for limbal
NGF when compared with the other regions. Comprehensive
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FIGURE 4. (A, B) NCAM-1, ICAM-3, BDNF, NT-3, and NGF are differentially expressed in the limbal zone. Adhesion molecules (NCAM1 and
ICAM3; A, C) and growth factor (BDNF-NT3 [B,D, E] and NGF [F]) protein expression in corneal (C), limbal (L), and conjunctival ( J) extracts,
as confirmed by conventional Western blotting analysis on triplicate repeated experiments (C, D). Note the significant increase of NCAM1
and ICAM3 in limbal extracts (with respect to the other tissue extracts; P < 0.05) and BDNF and NT3 in limbal extracts with respect to
corneal ones (P < 0.05). MFI stands for mean fluorescent intensity, as detected by ImageJ software (National Institutes of Health, Bethesda,
MD, USA) on array chip (A, B). BDNF and NGF protein expression (mean ± SEM) quantified by ELISA and expressed as pg/μg total protein
(E, F). ANOVA analysis followed by Bonferroni’s correction. Asterisks (*) in the histograms point at significant differences between subgroups
(P < 0.05).

scanned whole immunoblots are shown in Supplementary
Figures S3A–E. The results of BDNF- and NGF-specific ELISA
are shown respectively in panels Figure 4E and Figure 4F
(data normalized for total protein expression and reported
as pg/μg total protein).

DISCUSSION

By using human corneoscleral specimens, we explored
the presence of mast cells in the limbal region, provid-
ing additional information on their phenotype and the
surrounding microenvironment (protein profiling) with
respect to the nearby corneal and conjunctival zones.

The corneoscleral junction has been extensively stud-
ied for limbal stem cells’ housing and related contribu-
tion to ocular surface homeostasis, whereas little atten-
tion has been devoted to the other cell types populating
this zone and interacting with the microenvironment.6,27,28

In previous studies, limbal mast cells were found mainly
in close association to vessels.16,20,29–31 Mast cell distribu-
tion and heterogeneity were later investigated in inflamed
and allergic conjunctival samples.16,20,29–31 More recently,
the involvement of mast cells in retinal disorders was also
described.31 Consistent evidence indicates that mast cells can
work as innate-immune sentinel “gatekeepers” in several
systems, including central nervous system, gut, skin, and
ocular surface.16,20,29–31 Actually, the presence of mast cells

at the corneoscleral junction deserves further attention, and
consequently, interest has been devoted to better clarify their
potential contribution close to niches.

Therefore, our first attempt was to characterize mast cells
in these specimens according to their mucosal (tryptase)
and connective (chymase, tryptase, and carboxypeptidases)
tissue classification.32,33 Our finding confirms the presence
of round/oval metachromatic cells in corneoscleral tissues
and provides evidence on the presence of tryptase (AA1)
immunoreactive mast cells nearby the palisades of Vogt.
The morphology of these mast cells appeared either intact
(resting) or degranulated (active), suggesting a dynamic
contribution of mast cells close to niches. A comparison
between intact and degranulated mast cells was not carried
out as the degranulation route also might be influenced
by tissue sampling and/or handling.34 In fact, low tempera-
tures, freezing/thawing, and some fixatives (Carnoy’s fixa-
tive, glutaraldehyde, or formaldehyde buffered solutions)
might trigger membrane perturbation as well as induce an
antidromic nervous stimulation or any other microenviron-
ment insult, resulting in alteration of overall membrane
integrity.34,35 The observation of only 30% of AA1-positive
cells out of total CD45-positive cells suggests the pres-
ence of other immune cells populating the limbal junc-
tion.31,36 The specific expression of tryptase (AA1) and
the almost undetectable immunoreactivity for chymase
(CC1) and chymase/tryptase coexpression, confirmed by
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TABLE 2. Protein Array

Limbus vs. Conjunctiva Limbus vs. Cornea

Targets FC p Value FC p Value

IL-1β 1.34 0.3507 1.21 0.4519
IL-4 1.67 0.2013 1.21 0.4554
IL-6 −1.11 0.4600 −3.18 0.2918
IL-8 1.20 0.3005 1.14 0.3963
IL-10 1.01 0.9773 −1.02 0.9627
IL-11 −1.61 0.5034 −1.94 0.4824
IL-12p40 1.47 0.2023 1.21 0.4952
IL-12p70 1.16 0.7592 1.14 0.7275
IL-21 1.67 0.4431 −1.39 0.5768
TNF-α 1.32 0.0807 1.42 0.0822
TNF-β 1.25 0.3993 −1.22 0.4907
IFN-gamma 1.71 0.3100 1.12 0.7730
Eotaxin 1.17 0.8322 −2.15 0.4496
Eotaxin-2 −1.12 0.7081 −4.72 0.3687
TIMP-1 1.52 0.1779 1.07 0.8310
TIMP-2 1.51 0.5238 1.28 0.6273
TIMP-3 −1.52 0.4901 −6.81 0.2286
TIMP-4 1.48 0.3124 −1.41 0.5638
VCAM-1 1.31 0.6092 −1.08 0.9180
NCAM-1 3.31 0.2030 4.98 0.0146
ICAM-1 −2.57 0.4633 −2.51 0.4176
ICAM-2 −1.38 0.3230 −1.08 0.8508
ICAM-3 1.31 0.5123 2.48 0.0235
Osteopontin 1.80 0.2496 1.26 0.6122
Insulin −1.38 0.5888 −2.02 0.0843
EPO −2.15 0.2689 1.20 0.7516
IL-17 2.02 0.1511 4.51 0.0821
RANTES 1.36 0.5506 −1.11 0.8038
TACE −4.00 0.2842 1.06 0.8204
MIP-1alpha 1.17 0.7004 1.29 0.3923
MIP-1β −1.65 0.4830 −1.29 0.8156
MIP-1delta −1.18 0.7884 −1.00 0.9944
MIP-3alpha −1.71 0.2143 −1.51 0.5588
MIP-3β −1.47 0.4950 −1.32 0.7537
TLR2 1.55 0.4381 −1.03 0.9534
MCP-1 −3.33 0.2908 −1.33 0.4754
IL-13 −1.76 0.5105 −2.74 0.2507
IP-10 1.26 0.4451 −1.02 0.9377
GDNF 2.06 0.0841 1.22 0.4200
BDNF 1.10 0.8272 4.86 0.0022
NT-3 1.41 0.2073 4.17 0.0002
NT-4 −1.04 0.9474 1.20 0.6656
G-CSF 1.72 0.0538 1.48 0.1572
M-CSF 1.25 0.5918 1.15 0.7142
PIGF 1.59 0.4691 −1.09 0.8628
βNGF 1.26 0.5971 1.04 0.8884
VEGF −1.34 0.6389 1.58 0.3444
TGF-β1 1.38 0.6028 −1.04 0.9638
IGF-I −1.04 0.9301 −3.06 0.3342
PDGF-BB 3.54 0.3545 1.13 0.8217
βFGF −1.68 0.2767 −1.20 0.6983
EGF 1.18 0.6587 1.10 0.7048
sTNF-RI 3.20 0.1019 2.07 0.2454
sTNF-RII 1.31 0.5092 1.39 0.4082
VEGF-RI 1.35 0.4139 1.25 0.5605
FAS-L 1.60 0.1323 3.58 0.0825
VEGF-RII 1.88 0.4246 2.45 0.2903
PEDF 1.05 0.7985 1.67 0.1791
β2-MG 1.25 0.1404 1.44 0.1156
Albumin 1.06 0.8038 −1.12 0.4317

Notes: FC, fold changes; pValue, a p<0.0083 was considered significant
according to a pValue of 0.05 and the total number of targets (60). An
increase/decrease in 2 FC was in this test. β2M, beta2 Microglobulin.

Note that bold represents significant fold changes while italic bold high-
lights the significant pValue.

epifluorescent and molecular analysis, would suggest a
“potential” tryptase contribution in the local mast cell–driven
tissue homeostasis and parainflammation.31,36 As shown
elsewhere, tryptase takes part in some physiologic activities
(tissue airway homeostasis, vascular relaxation and contrac-
tion, gastrointestinal smooth muscle activity, intestinal trans-
port, and coagulation pathway) by degrading some compo-
nents of the cellular matrix (merely fibronectin), regulating
cell trafficking and taking part in local homeostasis.37–40,41

Galli and coworkers42 highlighted the concept that mast
cells can function as immunoregulatory cells, prospecting
the concept of OFF/resting or ON/degranulating functional
configurations. Although increased levels of systemic/local
tryptase are frequently associated with Th2-driven chronic
inflammatory and fibrotic ocular conditions, the presence
of tryptase by itself does not represent an exclusive indica-
tion of anaphylaxis and/or allergy.30,41,43,44 Mast cell survival
inside tissues is guaranteed by several cytokines and growth
factors and particularly by cKit and Stem Cell Factor (SCF).
The results on cKit and SCF demonstrated no significant
changes in limbal expression with respect to the nearby
areas. This result is in line with previous studies suggest-
ing that cKit is not restricted to mast cells.16,20,29–31 Both
IgE-dependent and no IgE-dependent activations drive mast
cell activity and particularly degranulation.16,20,29–31 The
high-affinity IgE receptor (FcεRI) was investigated at both
biochemical and molecular levels. On the contrary, FcεRI
surface receptor was not detected by immunofluorescence
and only weakly expressed by molecular analysis, opening
the question of whether no IgE-dependent mast cell activ-
ity is close to the niches. According to literature, FcεRI is
weakly expressed upon a nonallergic background and works
as an inducible short-term life receptor in cultures exposed
to IgE.45

Mast cells are tissue-sited and long-living cells exert-
ing a prompt early release of preformed mediators and
a quick granule renewal to ensure an exhaustive protec-
tion.31,46 This no IgE-dependent release of mediators can
characterize the microenvironment at the host-environment
interface and can allow a prompt response to tissue
perturbations by activating a selective response, includ-
ing the IgE-dependent one.20,30,33 For this dynamic activ-
ity, mast cells are defined as a “source of nourishment”
for surrounding tissues and tissue-resident strategic actors
in both innate (life-saving host response to bacterial
infections) and adaptive (Th2/IgE-mediated and chronic
Th1/autoimmune reactions) responses.23,24,47 Participation
in parainflammation and likewise inflammaging has been
described recently.30,33,45,48,49 So, mast cell recruitment at
stem cell niches might find an attractive explanation also
in the protective efforts to guarantee physiologic processes
(homeostasis) by means of a no-IgE-dependent route (NGF,
TGFβ1, and SCF).25,31,33,42,45,48,50–56 Our protein array anal-
ysis showed that the limbal protein signature did not
match completely with those of neighboring cornea and
conjunctiva. This differential protein expression, highlight-
ing NCAM1, ICAM3, BDNF, and NT3, might be consistent
with a stem cell–enriched microenvironment.1–3,6 Partic-
ularly, the higher expression of NCAM-ICAM3 (adhesion
molecules) with respect to cornea and conjunctiva (P< 0.05)
and, to a lesser extent, of BDNF-NT3 with respect to cornea
(P < 0.05) and finally the no significant changes in EGF and
NGF with respect to both corneal and conjunctival extracts
would be in line with the growth/survival, homeostatic, and
cell trafficking activities required for regulating this highly
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vascularized and innervated area.44,49,57–59 By the way, we
cannot confirm that these factors represent a unique mast
cell derivation, as epithelial, stromal, immune, and even stem
cells can also release and respond to the above-reported
factors.59

Overall, the interest in the corneoscleral junction has
gradually increased due to continuous corneal regenera-
tion to guarantee ocular surface unit homeostasis, avoid-
ing severe ocular surface impairments (conjunctivalization,
corneal ulcers, and stromal scarring) and the related applica-
tions in surgery.12,28,58,60–65 Altogether, genetic, epigenetic,
and other endogenous states might influence the local
microenvironment and likewise stem cell behavior, trig-
gering the development or even affecting the persistence
and/or exacerbation of severe ocular diseases.62,66 In this
study, we highlight an interesting aspect of mast cells in
supporting stem cell refeeding through a potential no-IgE-
dependent contribution. As reported elsewhere, mast cells
can promote mesenchymal stem cell proliferation/migration
as well as inhibit mesenchymal stem cell differentiation into
myofibroblasts (myoFBs).67 A limit of this study is repre-
sented by the absence of direct “in vitro” data showing
the release of mast cell mediators for stem cell prolifera-
tion/survival. Indeed, the absence of FcεRI expression (the
receptor responsible for the IgE-dependent route) cannot
definitely exclude the presence of a potential IgE-mediated
mast cell response to eventual allergic insults with release
of the Th2 subset (IL4, IL10, TGFβ1, and stat5).45,66,68,69

Overall, the data herein reported focus on a future consid-
eration of the limbal zone in terms of a complex integrated
structural (epithelial cells and fibroblasts) and immune
(mast cells, neutrophils, and lymphocytes) cell compart-
ment sustaining the stem cell niches. Although the surgical
practice represents a successful routine approach, a better
understanding of cell subtypes and microenvironment at
this transition zone might increase the strategies of corneal
epithelial repair and ocular surface homeostasis in the field
of personalized medicine and individualized therapy.14,30,70
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