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Purposk. In this study, we aimed to assess whether the expression pattern of galectins is
altered in Pseudomonas aeruginosa-infected and chemically burned mouse corneas.

MEetHOoDS. Galectin (Gal) fingerprinting of normal, P aeruginosa-infected, and silver nitrate-
cauterized corneas was performed by Western blotting, immunofluorescence staining, and
qRT-PCR.

Resurts. In normal corneas, Gal-1 was distributed mainly in the stroma, Gal-3 was localized
mainly in epithelium, and Gal-7, -8, and -9 were detected in both corneal epithelium and
stroma. Expression levels of the five galectins were drastically altered under pathological
conditions. In both infected and cauterized corneas, overall Gal-3 expression was
downregulated, whereas overall Gal-8 and -9 were upregulated. Changes in the expression
level of Gal-7, -8, and -9 were distinct in the epithelium of infected and cauterized corneas.
Expression of these three galectins was upregulated in corneal epithelium of infected corneas
but not in cauterized corneas. Consistent with the changes in protein expression: (1) Gal-7, -8,
and -9 mRNA expression was upregulated in cauterized corneas, and (2) Gal-3 mRNA was
downregulated and Gal-9 mRNA expression was upregulated in infected corneas.

Concrusions. Our data demonstrate differential regulation of various members of the galectin
family in the course of corneal infection and neovascularization. The emerging functionality
of the sugar code of cell surface receptors via endogenous galectins reflect to the pertinent
roles of the five tested galectins in the diseases of cornea.
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Galectins (Gal) are a family of animal lectins that bind -
galactosides.!'? Galectins are present both inside and
outside cells and function both intracellularly and extracellu-
larly.>#4 Functions of galectins include, but are not limited to,
immune regulation, host-pathogen interactions, angiogenesis,
re-epithelialization of wounds, and fibrosis. Galectins are
expressed in the cells of the innate and adaptive immune
system® and can have anti- or proinflammatory roles depend-
ing on the stage of infection and the degree of inflamma-
tion.®” Galectins can also function as pattern-recognition
receptors either to facilitate or to inhibit attachment/invasion
of pathogens, such as virus, bacteria, protista, and fungi.>
More recently, galectins have been shown to modulate
angiogenic responses. Gal-1, -3, and -8 are proangiogenic®-!!
while Gal-9 is antiangiogenic.'? Studies aimed at characteriza-
tion of the role of galectins in wound healing have shown that
several members of galectin family, including Gal-2, -3, -4, and
-7, promote re-epithelialization of wounds.!? In addition, it has
been demonstrated that experimentally induced fibrosis is
dependent on Gal-3 in a variety of tissues including lung,
heart, and liver. Specifically, in the context of cornea, Gal-3 has
been shown to play a key role in maintaining ocular surface
barrier function through carbohydrate-dependent interactions
with cell surface mucins.'? It has also been demonstrated that

Gal-3 and -7, but not Gal-1, promote corneal epithelial cell
migration and re-epithelialization of corneal wounds.!> Studies
from our laboratory have also shown that corneal neovascu-
larization is much reduced in Gal-3 knockout mice and that
Gal-3 modulates VEGF-mediated angiogenesis by binding via
its carbohydrate recognition domain (CRD) to N-glycans of
VEGFR-2 and ovf3 integrin, and subsequently activating the
signaling pathways that promote the growth of new blood
vessels.1?

Gal-3 of corneal epithelial cells binds to lipopolysaccharide
(LPS) of Pseudomonas aeruginosa to facilitate P aeruginosa
adhesion.'® In addition, exogenous application of Gal-1 has
been shown to suppress both P aeruginosa- and herpes
simplex virus (HSV)-induced corneal immunopathology by
shifting the balance between effector T cells and regulatory T
cells.'7'8 Both Gal-1 and -9 are thought to contribute to the
immunosuppressive intraocular microenvironment and under-
lying immune privilege of the eye. Despite intensified interest
in the functions of galectins, the galectin expression signature
has thus far not been assessed in the context of the normal and
diseased corneas. In an effort to fill this gap, the current study
was designed to delineate the galectin expression pattern of
normal, P aeruginosa—infected, and chemically cauterized
corneas.
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METHODS

Selection of Galectins

Although it is generally stated there are 15 members of galectin
family, the actual number of authentic members of galectin
family in mammalian tissues is smaller. Gal-5 has been found
only in rat and is almost identical to the C-terminal CRD of rat
Gal-9.12% Gal-6 is only found in mouse and is almost identical
to mouse Gal-4.?! Gal-10 and -12 have relatively weak affinity
for galactose-containing sugars. In fact, Gal-10 prefers man-
nose.??-24 The name Gal-11 has been given to a galectin-related
interfiber protein (GRIFIN), which is found in the lens. It too
does not have carbohydrate-binding activity.?> Interestingly,
galectin nomenclature has omitted no. 13 and Gal-14 and -15
are found only in ovine and goat. Thus, for the analysis galectin
signature relevant to human tissues, one should include Gal-1
to 4, and 7 to 9. However, Gal-2 and -4 are either not present or
present only in trace amounts in normal or diseased corneas
(Cao and Panjwani, unpublished). Therefore, of relevance to
the cornea are Gal-1, -3, -7, -8, and -9. In this study, we assessed
the expression pattern of these five galectins in normal,
infected, and chemically burned eyes.

P. aeruginosa Infection

A P aeruginosa cytotoxic strain 6077 was used to infect the
right eyes of wild-type C57BL/6 mice (Jackson Laboratory, Bar
Harbor, ME, USA). All animal procedures were approved by the
Institutional Animal Care and Use Committee and were
conducted in compliance with the ARVO Statements for the
Use of Animals in Ophthalmic and Visual Research. Central
corneas of anesthetized mice were scarified with three parallel
1-mm incisions using a 26-G needle, and a 5-ul drop of bacterial
suspension (1 to 2 X 10° colony forming units) was applied to
the eye. Corneas were harvested on days 2 and 8 post
inoculation for Western blot analysis, immunofluorescence
staining, or qRT-PCR. Three or more corneas were pooled and
considered one biological replica. At least three biological
replicas were used for each condition.

Silver Nitrate Cautery

Mice were anesthetized and a silver nitrate applicator (end
diameter of 2.5 mm, coated with 75% silver nitrate and 25%
potassium nitrate; Grafco, Memphis, TN, USA) was applied on
the central cornea of the right eye of each animal for 5 seconds
under a surgical microscope. The area of acute chemical burn
was 4.89 mm?2. The corneas were rinsed with PBS, and
ophthalmic antibiotic ointment (Alcon, Fort Worth, TX, USA)
was topically applied to the operated eyes to prevent infection.
Corneas were harvested on day 7 postsurgery for Western blot
analysis, immunofluorescence staining, or qRT-PCR.

Corneal Whole-Mount Immunofluorescence
Staining

The enucleated mouse eyes were fixed with 4% paraformal-
dehyde/PBS for 30 minutes at 4°C. The corneas were excised
under a stereoscopic microscope and three to four radial cuts
were made in the cornea by a blade. After washing with PBS
three times (5 minutes each time), the corneas were fixed
with iced methanol for 20 minutes at 25°C, washed again with
PBS once and 0.3% Triton X-100/PBS twice, and placed
individually in wells of a U-shaped 96-well plate and blocked
with 5% BSA/0.3% Triton X-100/PBS for 30 minutes at 25°C.
To quantitate the extent of angiogenesis, corneas were
incubated overnight at 4°C with an Alexa Fluor 488-
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conjugated anti-mouse CD31 antibody (clone MEC13.3;
1:100 dilution; BioLegend, San Diego, CA, USA) in 5% BSA/
0.3% Triton X-100/PBS. Tissues were washed with 0.3% Triton
X-100/PBS three times, flattened, and mounted with a
VECTASHIELD mounting medium (Vector Laboratories, Bur-
lingame, CA, USA), and evaluated by the EVOS FL cell imaging
system (Invitrogen, Waltham, MA, USA) using a X2 objective.
The CD31" blood vessel area of each cornea was quantified by
ImageJ software (http://imagej.nih.gov/ij/; provided in the
public domain by the National Institutes of Health, Bethesda,
MD, USA) and presented as a percentage of the total corneal
area outlined by the border of the outermost vessel of the
limbal arcade.

Western Blot Analysis

Protein extracts of normal, infected, and chemically burned
corneas were prepared in a radioimmunoprecipitation (RIPA)
buffer supplemented with a protease inhibitor cocktail (cOm-
plete tablets; Roche Applied Science, Mannheim, Germany) and
2% SDS. Tissue lysates of whole corneas as well as isolated corneal
epithelium and stroma were prepared. To separate epithelial
sheets from the underlying stroma, corneas were incubated with
20 mM EDTA in Ca*" and Mg?*-free PBS (37°C, 20 minutes), and
epithelial sheets were removed with forceps under a dissecting
microscope. Since the center of P aeruginosa-infected and
AgNO;-cauterized corneas had little epithelium, only the
peripheral epithelial sheets were collected for analyses. For
preparation of tissue lysates, whole corneas, epithelial sheets, and
denuded stromal tissues from three to four corneas were pooled
and considered one biological replica. Aliquots of lysates
containing 30 pg of proteins were subjected to electrophoresis
in 4% to 15% SDS-PAGE gels (Bio-Rad, Hercules, CA, USA). Protein
blots of the gels were blocked with Odyssey blocking buffer
(OBB; Li-Cor Biosciences, Lincoln, NE, USA) and incubated with
goat anti-Gal-1 (1:1000; R&D Systems, Minneapolis, MN, USA) and
rabbit anti-Gal-8 (1:750; Novus Biologicals, Littleton, CO, USA)
primary antibodies in OBB (4°C, overnight). The secondary
antibodies used were anti-goat IgG IRDye 800CW and anti-rabbit
IgG IRDye G680LT (Li-Cor) diluted in OBB (1:10,000, 25°C, 45
minutes). Blots were then scanned with the Odyssey Infrared
Imaging System using Image Studio v2.0 software (Li-Cor). After
image acquisition, the blots were stripped using the NewBlot
nitrocellulose stripping buffer (Li-Cor) and reprobed using rabbit
anti-Gal-7 (1:10,000; Bethyl Lab, Montgomery, TX, USA) and rat
anti-Gal-9 (clone 108A2, 1:1,000; BioLegend) antibodies over-
night at 4°C. The secondary antibodies used were anti-rat IgG
IRDye 800CW and anti-rabbit 1gG IRDye 680LT (Li-Cor). After
image acquisition, the blots were stripped again and reprobed
with rat anti-Gal-3 (mAb M3/38; 1:5000) and mouse anti-B-actin
(clone AC-15, 1:10,000; Santa Cruz Biotechnology, Dallas, TX,
USA) as primary antibodies, and anti-rat IgG IRDye 800CW (Li-
Cor) and antimouse IgG IRDye 680LT (Li-Cor) as secondary
antibodies. Relative band intensity was quantified by Image
Studio v2.0 software (Li-Cor). For total corneal extracts, data were
normalized to P-actin expression. However, when corneal
epithelium and stromal tissue were analyzed separately, as
expected due to low-cell density, f-actin signal was relatively
weak in the extracts of normal corneal stroma, which confound-
ed accurate quantification of data based on actin normalization.
Therefore, for isolated corneal epithelium and stromal tissues,
quantification was based on the intensities without normalization
to B-actin.

Immunofluorescence Staining

For immunofluorescence staining, frozen sections of the eyes
were fixed with iced acetone (10 minutes, 25°C), blocked
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with Image-iT FX signal enhancer (30 minutes, 25°C;
Invitrogen), and immunostained using primary antibodies
(1:100 dilution; same sources of the antibodies were used as
indicated in the Western blot section) and Alexa Fluor 488-
conjugated anti-rat, Alexa Fluor 568-conjugated anti-rabbit, or
Alexa Fluor 488-conjugated anti-goat secondary antibodies
(1:300 dilution in 5% BSA/PBS, 1 hour, 25°C; Invitrogen).
Negative controls with no applied primary antibody were also
used. Fluorescence images were acquired by Lieca TCS SPE
imaging system (Leica, Buffalo Grove, IL, USA).

Quantitative RT-PCR

Total RNA was extracted from normal, infected and chemically
burned mouse corneas using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). At least four corneas were pooled and
considered one biological replica. Four biological replicas (V=
4) were used. The quality and yield of each RNA preparation
was determined using the Agilent BioAnalyzer 2100 with RNA
Pico Lab-Chips (Agilent, Santa Clara, CA, USA). Quantitative RT-
PCR was performed using Mx3000P or Mx4000 thermal
cyclers (Stratagene, Santa Clara, CA, USA). Complementary
DNA was synthesized from 100 ng total RNA using the High-
Capacity cDNA Reverse Transcriptase Kit (Invitrogen). Poly-
merase chain reaction amplification was performed in tripli-
cate using gene-specific primers for B-actin, Gal-1, -3, -7, -8, and
-9 (nvitrogen) and a master mix (Tagman Gene Expression
Master Mix; Invitrogen). Assay IDs for B-actin, Gal-1, -2, -3, 4,
-7, -8, and -9 are Mm 00607939, Mm00839408, Mm00840285,
MmO00802901, MmO01179060, Mm00456135, Mm01332239,
and Mm00495295, respectively. For amplification, after an
initial denaturation step (95°C for 10 minutes), the reactions
were subjected to 40 cycles involving denaturation (95°C for
15 seconds), and annealing plus extension (60°C for 1 minute).
A threshold cycle value (C) was calculated from each
amplification plot. Quantification data of each gene were
normalized to the expression of B-actin. Relative gene
expression was calculated with the AACT method. A value of
1.0 was given to the expression of each gene in the control
cornea and the expression values for all other samples were
calculated as a change in expression level with respect to the
control cornea.

RESULTS

Animal Models

The two mouse models used in the current study represent
two different categories of inflammation: pathogen-induced
inflammation and sterile inflammation, which is elicited by
self-danger/damage signals. As expected, significant opacity
was detected in the corneas of both infected and cauterized
eyes (Fig. 1A). In infected eyes, blood vessels were seen,
particularly in the limbal area, in the corneas of day 8 post-
infection (pi) group (N=32) but not in the corneas of day 2 pi
group (N = 27). To visualize blood vessels in cauterized (day
7, N =27) and infected eyes (day 8 pi), corneal flat mounts
were stained with anti-CD31 antibody and the neovascular-
ized areas were quantified. The extent of corneal neovascu-
larization was similar in the cauterized and the infected eyes
(Fig. 1B).

Expression Pattern of Galectins in P. aeruginosa—

Infected Corneas

To determine the galectin expression levels in normal and
infected corneas, tissue lysates of whole corneas collected on
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days 2 and 8 pi (30 pg) were subjected to electrophoresis.
Protein blots were probed with specific antibodies for B-actin
and Gal-1, -3, -7, -8, and -9. Fold-change values relative to -
actin expression of various galectins on days 2 and 8 pi are
shown in Figure 2. Expression level of Gal-1, -3, and -7 were
significantly decreased compared with normal mouse corneas
on days 2 (percent reduction: Gal-1 and -3: 70%; Gal-7: 35%)
and 8 pi (percent reduction: Gal-1: 37%; Gal3: 55%; Gal-7:
32%). In contrast, expression of Gal-8 and -9 was upregulated
compared to normal mouse corneas on day 2 (percent
increase: Gal-8: 21%; Gal-9: 78%) and day 8 pi (percent
increase: Gal-8: 270%; Gal-9: 420%). Prior to use, each
antibody was tested for specificity against recombinant
human Gal-1, -3, -7, and -8 by Western blot analysis.
Antibodies against Gal-1, -3, -7, and -8 did not cross-react
with any other human galectins tested. The anti-mouse Gal-9
antibody does not cross-react to human Gal-9,2°-28 so the
specificity of the antibody was not tested.

Immunofluorescence Localization of Galectins in
Control and Infected Corneas

To investigate galectin expression pattern at the tissue level,
frozen sections of normal and infected corneas were immuno-
stained with antigalectin antibodies. In normal corneas, Gal-1
immunoreactivity was mainly detected in corneal stroma,
immunoreactivity of Gal-3 was detected mainly in corneal
epithelium (Fig. 3), and immunoreactivity of Gal-7, -8, and -9
was detected in both epithelium and stroma (Fig. 3). In P
aeruginosa-infected corneas, immunoreactivity of Gal-3, -7, -8,
and -9 was detected in stroma as well as epithelium, whereas
Gal-1 immunoreactivity was detected mainly in corneal stroma
(Fig. 3, Table). No staining was detected in control tissue
sections incubated with secondary antibodies alone (Fig. 3).

Analysis of Galectin Expression in Epithelium and
Stroma of Normal and Infected Corneas by
Western Blot

To further analyze the galectin expression in different layers
of corneas, corneal epithelium and stroma were separated by
incubation in 20 mM EDTA for 20 minutes. Protein lysates (30
ng) from corneal epithelium and stroma collected on day 8 pi
were subjected to electrophoresis. Protein blots were probed
with specific antibodies for B-actin and Gal-1, -3, -7, -8, and -9.
On day 8 pi, Gal-3 expression was markedly downregulated
(percent reduction: 58%), whereas Gal-1, -7, -8, and -9 were
upregulated in epithelium of infected corneas compared with
that of control corneas (fold increase: Gal-1: 10-fold; Gal-7:
2.6-fold; Gal-8: 1.6-fold; Gal-9: 2.6-fold; Fig. 4Bi). In contrast,
all five galectins were upregulated in the stroma of the
infected corneas (fold increase: Gal-1: 1.8-fold; Gal-3: 1.3-fold;
Gal-7: 2.9-fold; Gal-8: 3.0-fold; Gal-9: 6.4-fold; Fig. 4Bii). Of
note, although, in the immunofluorescence staining, Gal-1
was not detected in epithelium on day 8 pi (Fig. 3), Western
blot analysis revealed that the lectin is upregulated in the
epithelium of day 8 pi corneas. We reason that, in the
immunofluorescence staining study, the robust immunoreac-
tivity of Gal-1 in corneal stroma outshines the immunoreac-
tivity of Gal-1 in corneal epithelium.

Galectin mRNA Expression Pattern in Control and
P. aeruginosa-infected Corneas
As determined by qRT-PCR, mRNA expression levels of

galectins mRNA were ranked as Gal-3 > Gal-7 > Gal-8 > Gal-
1 > Gal9 in normal corneas; Gal-3 > Gal-7 > Gal-1 > Gal-8 >
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A

(111) :

Ficure 1. Photomicrographs of infected and cauterized mouse eyes. (A) Corneas of C57BL/6 mice were infected with P aeruginosa or cauterized
by treatment with AgNO;. Photomicrographs shown are representative of infected corneas collected on day 2 pi (i, ii; N=27) and day 8 pi (iii, iv; N
=32), and cauterized corneas collected on day 7 (v, vi; N =27). (Bi, ii) Representative immunofluorescence images of AgNOj-cauterized (day 7 post
cauterization) and infected (day 8 pi) corneas stained with anti-CD31. Blood vasculatures were quantified as described in the Methods.

Investigative Ophthalmology & Visual Science
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Ficure 2. Detection of galectins in normal and infected corneas by
‘Western blotting. Lysates of whole corneas containing 30 pg of protein
were subjected to electrophoresis in 4% to 15% SDS-PAGE gels. Protein
blots of the gels were probed using antibodies as descried in Methods.
(A) Representative immunoblots. (B) Relative band intensity was
quantified by ImageStudio. Expression value of each galectin was
normalized to P-actin, a value of 1.0 was given to the expression of
each galectin in the normal cornea and the expression values of
galectins in the infected corneas were calculated as fold changes with
respect to the control cornea. Three to four corneas were pooled and
considered one biological replica. N = 4. Data are plotted as mean *
SEM and analyzed using one-way ANOVA. *P < 0.05, **P < 0.01, **P <
0.001 versus control. ***P < 0.001 versus day 2 pi.

Gal-9 on day 2 pi corneas; and Gal-3 > Gal-1 > Gal-7 > Gal-8 >
Gal9 in day 8 pi corneas. Fold changes relative to B-actin
expression of various galectins on days 2 and 8 pi is shown in
Figure 5. Statistically significant differences were observed in
relative gene expression levels of various galectins between
normal and infected corneas on days 2 and 8 pi. Gal-1 mRNA
expression levels increased 10-fold by days 2 and 8 pi, while
Gal-3 and Gal-8 showed a 50% decrease by day 2 pi and a 75%
decrease by day 8 in the infected corneas compared with the
control cornea. Gal-7 mRNA expression increased by 2-fold on
day 2 pi but restored to normal levels by day 8 pi. Gal-9 mRNA
expression increased at both time points by 2.5- and 1.5-fold,
respectively. Thus, consistent with changes in protein expres-
sion, Gal-3 mRNA was downregulated and Gal-9 mRNA
expression was upregulated in infected corneas (Figs. 2 and
5). However, changes in protein expression level of Gal-1, -7,
and -8 did not reflect changes in corresponding mRNA
expression level. For example, compared with normal corneas,
infected corneas exhibited: (1) increased Gal-1 mRNA but
reduced Gal-1 protein expression on both days 2 and 8 pi, (2)
decreased Gal-7 protein expression, but increased Gal-7 mRNA
expression on day 2 pi, and (3) increased Gal-8 protein
expression but reduced Gal-8 mRNA on day 8 pi. These results
were reproducible in four independent preparations of corneal
protein extracts and mRNA.
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Expression Pattern of Galectins in Chemically
Burned Mouse Corneas:
Western Blot Analysis

Analysis of the lysates of whole corneas revealed that
compared with normal corneas, in chemically injured corneas,
Gal-1 expression did not change, Gal-3 expression was
significantly reduced (percent reduction: 60%) and the
expression of Gal-7, -8, and -9 was significantly increased (fold
increase: Gal-7: 8.2-fold; Gal-8: 11-fold; Gal-9: 5-fold; Fig. 6).
Thus, in both infected and cauterized corneas, Gal-3 expres-
sion was downregulated, whereas Gal-8 and -9 were upregu-
lated (Figs. 2 and 6). Changes in the expression level of Gal-1
and -7 were distinct in infected and cauterized corneas.
Expression of these two galectins were downregulated in
infected corneas but was either upregulated (Gal-7) or did not
change (Gal-1) in cauterized corneas.

Immunofluorescence Localization of Galectins in
Chemically Burned Corneas

Similar to infected corneas, robust immunoreactivity of all five
galectins was detected in corneal stroma of the cauterized eyes
(Fig. 7). Four different cauterized eyes were used and the
immunofluorescence staining of all galectins tested in this
study showed consistent results.

Analysis of Galectin Expression in Epithelium and
Stroma of Normal and Chemically Burned Corneas
by Western Blot

For this study, corneal epithelium and stroma of normal and
cauterized (day 7) corneas were separated, lysed with lysis
buffer, and subjected to Western blotting. Compared with
control corneas, in epithelium of cauterized corneas, Gal-1
expression was upregulated (percent increase: Gal-1: 223%),
whereas Gal-3 expression was markedly downregulated
(percent reduction: 96%), and there was no change in Gal-7,
-8, and -9 expression (Fig. 8Bi). In the stroma of cauterized
corneas, expression of these five galectins was upregulated
(fold increase: Gal-1: 1.9-fold; Gal-3: 3.0-fold; Gal-7: 5.1-fold;
Gal-8: 2.4-fold; Gal-9: 1.4-fold; Fig. 8Bii).

Galectin mRNA Expression Pattern in Chemically
Burned Mouse Corneas

As determined by qRT-PCR using RNA preparations of whole
corneas, mRNA expression levels of galectins were ranked as
Gal-3 > Gal-7 > Gal-8 > Gal-1 > Gal-9 in normal corneas and
Gal-1 > Gal-7 > Gal-3 > Gal-8 > Gal-9 in cauterized corneas.
Messenger RNA expression levels of Gal-1, -3, -7, -8, and -9 were
all increased on day 7 post cauterization compared with
normal mouse cornea (Fig. 9; fold increase: Gal-1: 41-fold; Gal-
3: 1.85-fold; Gal-7: 34-fold; Gal-8: 1.82-fold; Gal-9: 16-fold).
Thus, consistent with changes detected by Western blot
analysis, Gal-7, -8, and -9 mRNA expression was upregulated
in cauterized corneas. However, changes in the protein
expression of Gal-1 and -3 did not reflect changes in
corresponding mRNA expression level. Compared with normal
corneas, cauterized corneas expressed decreased Gal-3 pro-
tein, but increased Gal-3 mRNA. While Gal-1 protein expres-
sion level was similar in both normal and cauterized corneas,
Gal-1 mRNA expression was higher in cauterized corneas. The
extent of change in the expression level of mRNA transcripts
and the respective proteins may not be identical for a variety of
reasons, such as variation in the RNA and protein turnover
rates and stability as well as variations in the translational ratio
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Ficure 3. Immunofluorescence localization of galectins in normal and infected mouse corneas. Frozen tissue sections of normal and infected eyes
were immunostained using antibodies against Gal-1, -3, -7, -8, and -9, and Alexa fluor 488-conjugated anti-goat (for Gal-1, green), Alexa fluor 488-
conjugated anti-rat (for Gal-3 and -9, green) and Alexa fluor 568-conjugated anti-rabbit (for Gal-7 and Gal-8, red), followed by counterstaining with
DAPI (blue). No immunoreactivity was detected in corneas, which were treated the same way as the experimental group except that the step
involving incubation with the primary antibody was omitted (negative control). Tissue sections of the corneas stained with hematoxylin and eosin
(H&E) are shown in the bottom panel. N > 4 for each galectin. White dash lines outline the border between corneal epithelium and stroma. Note
that in normal corneas, Gal-1 is expressed mainly in corneal stroma, Gal-3 is expressed mainly in corneal epithelium, and Gal-7, -8, and -9 are present
in both epithelium and stroma, and in P aeruginosa-infected corneas, immunoreactivity of Gal-3, -7, -8 and -9 is detected in both corneal epithelium
and stroma, whereas Gal-1 is localized mainly in corneal stroma. Scale bar in immunofluorescence images: 50 pm. Scale bar in H&E staining images:
100 pm.

of mRNA per protein among different cell types of the conditions, expression levels and distribution of various
infiltrated infected and cauterized corneas.?-34 galectins are drastically altered. In normal corneas, Gal-3 is
mainly localized in epithelium, Gal-7, -8, and -9 are distributed
in corneal epithelium and stroma, and Gal-1 is localized mainly
in corneal stroma. All five galectins are highly upregulated in
We demonstrated here that Gal-1, -3, -7, -8, and -9, are the insulted corneal stroma, whereas Gal-3 expression is
expressed in normal mouse cornea, and under pathological markedly downregulated in insulted corneal epithelium.

Di1scuUssION
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TaBLE. Galectin Staining Patterns of Normal, P aeruginosa-Infected and Chemically Burned Mouse Corneas
Normal P. aeruginosa-1infected Chemically Burned

Galectin Epithelium Stroma Epithelium Stroma Epithelium Stroma
Gal-1 — + —/+* ++ —/+ ++
Gal-3 ++ —/+ + ++ + ++
Gal-7 + + + ++ + ++
Gal-8 + + + ++ + ++
Gal9 + —/+ + ++ + ++

—, negative; —/+, trace; +, moderate; ++, intense.

* No Gal-1 immunoreactivity was detected in the epithelium of 3/6 day 2 P aeruginosa-infected corneas and 9/12 day 8 P aeruginosa-infected
corneas. In 3/6 day 2 infected corneas and in 3/12 day 8 infected corneas, positive Gal-1 immunoreactivity was detected in some regions of

epithelium.

Source of galectins in the insulted corneal stroma can be
infiltrating immune cells,?” injured epithelium, activated tissue-
resident macrophages, and endothelial cells of new blood
vessels.

In our earlier study using paraffin-embedded tissue sections
developed with diaminobenzidine, Gal-7 was detected mainly
in corneal epithelium.36 However, in the current study, both by
Western blotting and immunofluorescence staining using
frozen sections, Gal-7 was detected in both normal corneal
stroma and epithelium. We have tested the specificity of the
antibodies, and the anti-Gal-7 antibody that we used in this
study has no cross-reactivity against Gal-1, -3, -8, and -9. In
addition, no immunoreactivity was detected if the antibody
was preincubated with recombinant Gal-7 prior to use (data
not shown). Thus, we are able to place a high level of
confidence in our observation that Gal-7 is expressed in
corneal stroma, in addition to corneal epithelium. In this
respect, it is known that Gal-7, which was originally
considered a marker for epithelial cells, is also expressed in
the mesenchymal stroma of the E11.5 undifferentiated genital
ridge?” and decidualized stroma of very late secretory phase
endometria.’® As for the source of Gal-7 we detected in the
corneal stroma, it is possible that the lectin is secreted by
corneal epithelial cells and deposited in the corneal stroma.

In this study, we used two different mouse models
representing sterile and nonsterile inflammation. Antigen
presenting cells recognize both pathogen-associated molecular
patterns (PAMPs) from microbes (nonsterile inflammation,
stranger model)® and damage-associated molecular patterns
(DAMPs) from stressed, damaged and/or dying self-cells in the
local tissue (sterile inflammation, danger modeD).#*° Both
PAMPs and DAMPs induce inflammation by some shared
receptors such as toll-like receptor 4 and receptor for advanced
glycation end products (RAGE), as well as by distinct
mechanisms. In this respect, a recent study has demonstrated
that microRNA expression induced by DAMPs and PAMPs has a
distinct signature; expression of miR-34c and miR-214 is
increased in cells stimulated with DAMP, but not PAMP#!
Galectins are considered DAMPs and receptors for PAMPs. %2

We report here that changes in the expression levels of
three of the five galectins tested (Gal-3, -8, and -9) were similar
in both models. Overall, in both infected and cauterized
corneas, Gal-3 expression was downregulated, whereas Gal-8
and -9 were upregulated. Changes in the expression level of
Gal-1 and -7 were distinct in infected and cauterized corneas
(Figs. 2 and 6). Overall expression of these two galectins was
downregulated in infected corneas but was either upregulated
(Gal-7) or did not change (Gal-1) in cauterized corneas.
Regardless of whether whole corneas were analyzed or corneal
epithelial and stromal layers were analyzed separately, Gal-8
and -9 were upregulated in both infected and cauterized
corneas. Decrease in Gal-3 expression in infected and

cauterized corneas was largely due to the reduced expression
of this lectin in corneal epithelium. Intriguingly, when
epithelial and stromal layers were analyzed separately, Gal-1
and -7 expression was upregulated in both corneal epithelium
and stroma, whereas when whole corneas were analyzed the
expression of both these lectins was downregulated. Such a
discrepancy, however, is readily explicable. Since galectins are
soluble proteins and distributed in the extracellular matrix,
tissue fluid, cell membrane, and cytosol, it is possible that
tissue fluid containing soluble galectins can leach out from
inflamed corneas during incubation with EDTA and/or during
separation of epithelial and stromal tissues. For Gal-1 and -7,
the amounts of these two lectins in tissue fluid may be trace;
therefore, the separation process of the tissue sheets may
concentrate the two lectins.

Gal-1 has been shown to suppress both P aeruginosa- and
HSV-induced corneal immunopathology by shifting the balance
between effector T cells and regulatory T cells, and to inhibit
proinflammatory cytokine production from innate immune
cells.'7-184344 Gal-3 binds to the LPS of P aeruginosa and may
facilitate the invasion when the cornea gets infected.'® Thus, in
contrast to the protective effect of Gal-1 on immunopathology
of Pseudomonas Kkeratitis, it is possible that Gal-3 may
exacerbate the infection. On the other hand, Gal-3 may also
have protective effect due to its ability to accelerate re-
epithelialization of corneal wounds.!> Clearly, additional
studies are needed to delineate the role of Gal-3 in the
pathogenesis of Pseudomonas keratitis.

The role of Gal-7, -8, and -9 in P aeruginosa-mediated
corneal pathogenesis has thus far not been characterized. It has
been reported that neutralizing Gal-9 abrogates the immune
privilege status of the cornea and that local subconjunctival
injections of Gal-9 diminishes the severity of HSV keratitis as
well as the degree of corneal neovascularization in the mouse
animal model.*>%° Considering that Gal-9 deficiency aggravates
several autoimmune diseases®® and that exogenous Gal-9
increases effector T cell apoptosis and promotes regulatory T
cell polarization,”4® it is possible that the upregulation of Gal-
9 in the infected cornea may help dampen the corneal
inflammation during P aeruginosa infection.

As described above, changes in the expression level of Gal-
7, -8, and -9 were distinct in the epithelium of infected and
cauterized corneas. The expression level of the three galectins
was upregulated in infected corneas, but did not change in
cauterized corneas. The significance of this observation is not
clear at this time. However, the three galectins in infected
corneas may function as receptors for PAMPs and the
upregulation may be related to the defense mechanism in
corneal epithelium.

Angiogenesis is an important process during wound
healing. Previous studies have shown that Gal-1, -3, -8, and -9
are involved in modulating angiogenesis. Gal-1 and -3 activate
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FiGure 4. Galectin expression in corneal epithelium and stroma in
normal and infected eyes on day 8 pi. Corneal epithelial and stromal
sheets were separated by incubation in 20 mM EDTA for 20 minutes.
Aliquots of the lysates containing 30 pg of protein were subjected to
electrophoresis in 4% to 15% SDS-PAGE gels. Protein blots of the gels
were probed using antibodies as descried in Methods. (A) Represen-
tative immunoblots. (B) Band intensity was quantified by ImageStudio.
Although equal amounts of lysates were used, the intensity of f-actin in
normal cornel stroma is less than other conditions. Therefore, the
galectin expression is not normalized to B-actin. Instead, a value of 1.0
was given to the expression of each galectin in the normal cornea and
the expression values of galectins in the infected corneas were
calculated as fold changes with respect to the control cornea. Three to
four corneas were pooled and considered one biological replica. N=3.
Data are plotted as mean * SEM and analyzed using Student’s #-test. **P
< 0.01, **P < 0.001 versus control.

VEGFR-2,'049-51 Gal-8 promotes angiogenesis in a CD166-
dependent manner,!! and Gal-9 inhibits angiogenesis by an
unknown mechanism.!? In addition to their direct effect on
endothelial cells, Gal-1, -3, and -8 also activate platelets to
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FIGURE 5. Analysis of mRNA expression levels of galectins in normal
and infected corneas by qRT-PCR. Complementary DNA was synthe-
sized from 100 ng each of total RNA preparations of normal and
infected corneas using the High-Capacity cDNA Reverse Transcriptase
Kit, and PCR amplification was performed in triplicate using gene-
specific primers for B-actin, Gal-1, -3, -7, -8, and -9 and a Tagman master
mix according to the manufacturer’s instructions. A threshold cycle
value (C)) was calculated from each amplification plot. Quantification
data of each gene were normalized to the expression of B-actin, a value
of 1.0 was given to the expression of each gene in the control cornea
and the expression values for galectins in infected corneas were
calculated as a change in expression level with respect to the control
cornea. At least four corneas were pooled and considered one
biological replica. N = 4 for all galectins. Data are plotted as mean *+
SEM and analyzed using one-way ANOVA. *P < 0.05, **P < 0.01, **P <
0.001 versus control. “P < 0.05 versus day 2 pi.
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Ficure 6. Detection of galectins in normal and cauterized corneas by
Western blotting. (A) Lysates of whole corneas were used to assess Gal-
1, -3, -7, -8, and, -9 protein expression on day 7 post cauterization by
Western blot analysis as described in Methods. (A) Representative
immunoblot. (B) Relative band intensity was quantified by Image-
Studio. Expression value of each galectin was normalized to B-actin, a
value of 1.0 was given to the expression of each galectin in the normal
cornea and the expression values of galectins in the infected corneas
were calculated as fold changes with respect to the control cornea.
Three to four corneas were pooled and considered one biological
replica. N = 3. Data are plotted as mean * SEM of four independent
experiments. *P < 0.05, **P < 0.01, **P < 0.001 versus control.
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Ficure 7. Immunofluorescence localization of galectins in normal and
cauterized mouse corneas. Frozen sections of normal and cauterized
corneas (day 7) were stained with antibodies against Gal-1, -3, -7, -8,
and -9 as described in Figure 3 legend. Mouse corneas stained with
H&E are shown in the bottom panel. Note that in cauterized corneas,
Gal-1 is detected mainly in the stroma, whereas Gal-3, -7, -8, and -9 are
detected in both corneal epithelium and stroma. N > 4 for each
galectin. Bar in immunofluorescence images: 50 pm. Bar in H&E
staining images: 100 pm.

release VEGE>? In this study, Western blot analysis revealed
increased expression of Gal-3, -7, -8, and -9 in the corneal
stroma, the site of neovascularization. As described earlier, Gal-
3 promotes corneal neovascularization. The role of Gal-1, -7, -8,
and -9 in corneal neovascularization has thus far not been
investigated. Further investigations are required to determine
the impact of the pro- and antiangiogenic galectins in the
regulation of corneal neovascularization and to determine
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Ficure 8. Galectin expression in corneal epithelium and stroma of
normal and cauterized eyes on day 7 postcauterization. Corneal
epithelial and stromal sheets were separated by incubation in 20 mM
EDTA for 20 minutes. Aliquots of the lysates containing 30 pg of
protein were subjected to electrophoresis in 4% to 15% SDS-PAGE gels.
Protein blots of the gels were probed using antibodies as descried in
Methods. (A) Representative immunoblots. (B) Band intensity was
quantified by ImageStudio. A value of 1.0 was given to the expression
of each galectin in the normal cornea and the expression values of
galectins in the cauterized corneas were calculated as fold changes
with respect to the control cornea. Three to four corneas were pooled
and considered one biological replica. N = 3. Data are plotted as Mean
* SEM and analyzed using Student’s #-test. *P < 0.05, **P < 0.01, **P <
0.001 versus control.

whether galectins can be targeted to inhibit pathological
angiogenesis.

Fibrosis is another cellular response during wound healing.
The profibrotic role of Gal-3 has been established in heart, liver,
lung, and kidney.>>-5¢ In this study, we found that Gal-3 was
upregulated in the corneal stroma, the site of fibrosis, suggesting
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FiGure 9. Analysis of mRNA expression levels of galectins in normal
and cauterized corneas. Messenger RNA expression levels were
analyzed for Gal-1, -3, -7, -8, and -9 by RT-qPCR on day 7 post
cauterization as described in Figure 5 legend. At least four corneas
were pooled and considered one biological replica. N = 4 for all
galectins. Quantification data of each gene were normalized to the
expression of B-actin. A value of 1.0 was given to the expression of
each gene in the control cornea and the expression values for all other
samples were calculated as a change in expression level with respect to
the control cornea. Data are plotted as mean = SEM and analyzed using
Student’s #test. *P < 0.05, ™P < 0.01, **P < 0.001 versus control.

that Gal-3 may also play a role in promoting corneal fibrosis. In
addition, Gal-1, -3, -7, and -8 have been shown to modulate the
expression and/or function of matrix metalloproteinases,>”-02
which are involved in remodeling cellular matrix in the fibrotic
microenvironment. Therefore, it is possible that Gal-1, -7, and -8
may also be involved in corneal fibrosis.

In conclusion, our study demonstrates the expression and
differential regulation of various members of galectin family in
the course of corneal infection and neovascularization. As
described earlier, there is currently intense interest in
characterizing the function of galectins because so many
important cellular responses such as cell adhesion, migration,
immune response, and angiogenesis are regulated by this class
of lectins. It is our hope that this study will intensify
investigations on characterizing the very important, but
relatively underinvestigated, function of the sugar code of cell
surface receptors via galectins in diseases of the eye.
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