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Abstract

Galectin expression patterns: Although members of the galectin family of

carbohydrate-binding proteins are thought to play a role in the immune response
and regulation of allograft survival, little is known about the galectin expression
signature in diseased corneas. In this study, we compare the galectin expression
pattern in normal, chemically injured, Pseudomonas aeruginosa-infected, and

allograft rejected or accepted mouse corneas.

In normal corneas, galectins-1, -3, -7, -8 and -9 were expressed in normal
corneas. Galectin-1 was distributed mainly in the stroma, galectin-3 was localized
mainly in epithelium, and galectins-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 galectin-3 expression was downregulated, whereas overall galectins-8
and -9 were upregulated. Changes in the expression level of galectins-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: (i) galectins-7, -8 and -9 mRNA expression was upregulated in
cauterized corneas and (ii) galectin-3 mRNA was downregulated and galectin-9

MRNA expression was upregulated in infected corneas.

Although in both accepted and rejected grafts, expression levels of the five
galectins were upregulated compared to normal corneas, there were distinct

differences in the expression levels of galectins-8 and -9 between accepted and



rejected grafts, as both Western blot and immunofluorescence staining revealed
galectin-8 is upregulated, whereas galectin-9 is downregulated in rejected grafts
compared to accepted grafts.

Our data demonstrate differential regulation of various members of the
galectin family in the course of corneal infection, neovascularization and allograft
acceptance/rejection. 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.

Role of galectin-8 in lymphangiogenesis: Lymphangiogenesis is associated with

diverse pathological conditions including metastatic dissemination, graft rejection,
type 2 diabetes, obesity, hypertension, lymphedema and glaucoma. Despite
recent studies have demonstrated that the members of the galectin family play a
critical role in hemangiogenesis, the role of galectins in lymphangiogenesis has
not been elucidated. In vitro studies have shown that galectin-8 binds podoplanin
and that the lectin promotes haptotaxis of lymphatic endothelial cells (LECs).
However, the evidence that galectin-8 exerts its biological functions through
podoplanin is lacking.

Here, we demonstrate for the first time that a carbohydrate-binding protein,
galectin-8, is a potent lymphangiogenic factor. Galectin-8 was markedly
upregulated in inflamed human and mouse corneas, and inhibitors of galectin-8
reduced inflammatory lymphangiogenesis. In corneal micropocket assays and 3D

sprouting assays, galectin-8 promoted lymphangiogenesis in a carbohydrate-



dependent manner. Galectin-8 was identified as a key mediator of integrin-
dependent crosstalk between VEGF-C (vascular endothelial growth factor-C) and
podoplanin lymphangiogenic pathways. Galectin-8 inhibitors reduced VEGF-C-
induced lymphangiogenesis. Conversely, exogenous galectin-8 markedly
enhanced VEGF-C-induced lymphangiogenesis in a carbohydrate-dependent
manner. Knockdown of podoplanin attenuated not only galectin-8 but also VEGF-
C-mediated LEC sprouting. Also, in corneal micropocket assays, VEGF-C-
induced lymphangiogenesis was significantly reduced in the galectin-8”- and
podoplanin’- mice; likewise, galectin-8-induced lymphangiogenesis was reduced
in podoplanin”- mice. Interestingly, knockdown of VEGFR-3 did not affect
galectin-8-mediated LEC sprouting. Instead, inhibiting integrins a181 and a5p1
curtailed both galectin-8- and VEGF-C-mediated LEC sprouting. Additionally,
podoplanin  knockdown in LECs interfered with integrin activation.
Immunoprecipitation assays further confirmed galectin-8-dependent interactions
between podoplanin and integrins a5 and 1. In summary, this study has
uncovered a unique lymphangiogenic pathway in which galectin-8-mediated

interactions between podoplanin and integrins a131/a5B1 play a key role.
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Introduction

1.1 Lymphatic system and diseases.

The human body has two major circulatory systems: the blood and lymphatic
systems. The adult lymphatic system comprises the lymphatic vessels and
lymphoid organs such as lymph nodes and mucosal-associated lymphoid tissue
(MALT) (tonsils, Peyer's patches, and lymphoid tissues associated to the
bronchial and nasal system). Unlike blood vascular system that has been
intensively studied, until recently, lymphatic system was considered less
important, invisible, and thus largely neglected by scientists and clinicians. Only
in recent years, subsequent to the identification of lymphatic-specific markers, it
is becoming increasingly clear that lymphatic system does not just serve as
passive conduits for interstitial fluid and cells, but is actively involved in the
pathogenesis of numerous diseases.

The lymphatic system has three major functions: (1) preservation of fluid
balance by restoring interstitial fluid to the cardiovascular system; (2) a nutritional
function, as lacteal lymphatic vessels inside the intestinal villi in the digestive
tract absorb and transport fat-soluble vitamins and dietary fat; (3) an important
part of immune surveillance by carrying antigen presenting cells to prime Band T
cells in the lymph nodes. Considering the importance of lymphatic system for
normal body functions, it is not surprising that defects of the lymphatic system
are implicated in several human diseases including, but are not limited to,

lymphedema, tumor metastasis, cardiovascular diseases (myocardial infarction,



hypercholesterolemia, and hypertension), inflammation and immunity, obesity,

glaucoma, dry eye disease, and allergic eye disease.

Lymphedema. Lymphatic vascular insufficiency due to developmental lymphatic

vascular abnormalities, injury, obstruction or infection results in the accumulation
of interstitial fluid and protein in affected tissues—a situation known as
lymphedema. Primary or inherited lymphedema syndromes are characterized by
gene mutations in VEGFR-3, FOXC2, PTPN11, GATA2, GJC2, SOX18, CCBET1,
VEGF-C, etc."? The estimated prevalence of primary lymphedema is 1.15 in
100,000 persons under the age of 20.2 In children, the two main causes are
Milroy disease and lymphedema distichiasis.

However, secondary or acquired lymphedema syndromes are the most
prevalent form of lymphedema. In tropical countries, more than 120 million
people suffer lymphedema due to lymphatic filariasis, commonly known as
elephantiasis, which is caused by infection with the mosquito-borne parasites
Wuchereria bancrofti (which accounts for ~90% of the cases), Brugia malayi

(which  causes most of the rest of the «cases), and B. timori

(http://www.who.int/mediacentre/factsheets/fs102/en/). Treatment with drugs
targeting the microfilariae (larval offspring) has been the main approach to treat
this disease.

In contrast to the abundance of filariasis-mediated secondary lymphedema
in tropical areas, the leading cause of secondary lymphedema in the

industrialized world is axillary lymph node excision and radiotherapy that



damages the lymphatic system after breast cancer surgery. About 25% of the
patients after receiving the treatment suffer from the secondary lymphedema.5®
Unfortunately, there is no cure currently and treatment for the early-stage
lymphedema is still based mainly on conservative therapies such as manual
drainage, massage, compression garments, and dietary modification (i.e., limiting

the consumption of long-chain fatty acids).

Tumor metastasis. Tumor metastases are a leading cause of cancer-related

deaths. Lymphatic vessels provide a route for tumor cells to metastasize.
Lymphangiogenesis around primary tumors is strongly correlated with lymph
node and distant metastases;’® however, intratumoral lymphatic vessels have
been considered poorly functional due to high intratumoral pressure.'®"
Regardless, lymphangiogenesis occurs not only within or around primary tumors,
but also in draining lymph nodes (also known as sentinel lymph node
lymphangiogenesis).'?'* The sentinel lymph node lymphangiogenesis occurs
“before” tumor metastasis and has been shown to facilitate tumor metastasis by
creating a niche for tumor cells.'®

Lymphatic vessels are not just conduits for tumor cells to metastasize.
Accumulating evidence indicates that lymphatic vessels actively interact with
tumor cells. Activated lymphatic endothelial cells secrete CCL21 and CXCL12
(stromal-derived factor-1) cytokines to promote tumor cells that express the
cognate receptors CCR7 (receptor for CCL21) and CXCR4 (receptor for CXCL12)

to migrate toward the lymphatic vessels.'®-'% Disrupting the cytokine—cytokine



receptor axis in conjunction with anti-lymphangiogenesis therapies may have

great potential for the development of clinical anti-metastasis therapy.

Cardiovascular diseases. Cardiovascular disease is a class of diseases that

involve the heart or blood vessels. Common cardiovascular diseases include
ischemic heart disease or coronary artery disease (e.g. heart attack, or
myocardial infarction), cerebrovascular disease (e.g. stroke), disease of the aorta
and arteries (e.g. peripheral vascular disease), congenital heart disease,
rheumatic heart disease, cardiomyopathies, cardiac arrhythmias, etc.
Pathogenesis of cardiovascular diseases varies, many of which (the first three
conditions) involve a process called atherosclerosis. Atherosclerosis is an
inflammatory process affecting the artery walls in which fatty material, cholesterol
and inflammatory cells are accumulated. In 2008, out of the 17.3 million
cardiovascular deaths, atherosclerosis-related cardiovascular diseases are
responsible for over 75% of the deaths; heart attacks account for 7.3 million
deaths and strokes account for 6.2 million deaths.?® There are many risk factors
for the development of atherosclerosis, including hypertension, alcohol use,
unhealthy diet, diabetes, raised blood lipids (hypercholesterolemia), obesity,
genetic disposition and aging. Decreasing the changeable risk factors (life style,
diet, blood pressure, blood sugar, blood lipids/lipoproteins, etc.) is estimated to
prevent ~90% of cardiovascular diseases.?’

The emerging concept of the role of lymphatic vessels in cardiovascular

diseases is that lymphatic vessels regulate lipoprotein metabolism and play a key



role in resolving atherosclerosis. Atherosclerosis is thought to be initiated by
accumulation of cholesterol in and around macrophages in vessel walls by low-
density lipoprotein (LDL) that delivers cholesterol in an unregulated manner.
Removal of cholesterol, which is largely stored in macrophages, from the vessel
walls is a key step to regress atherosclerosis.??> Removal of cholesterol from
peripheral tissues back to the liver, or reverse cholesterol transport, is a multi-
step process involving high-density lipoproteins (HDLs). In 2013, Martel and
colleagues® identified that lymphatic vessels mediate the reverse cholesterol
transport by transporting the unesterified cholesterol- and phospholipid-loaded
discoidal HDLs in lymph. (The discoidal HDLs are converted from the small, lipid-
poor apoA1-containing preB-HDLs in the interstitial fluid via ABCA1 and ABCG1
transporters of peripheral cells). In human samples, lymphatic vessels are
observed within the intima of advanced atherosclerotic plaques.?* In mouse
models of atherosclerosis, disrupting the lymphatic vessels impairs reverse
cholesterol  transport, elevates plasma cholesterol and promotes
atherogenesis.?325 Collectively, these studies highlight the importance of
lymphatic vessels in the process of atherosclerosis.

Lymphatic vessels have also been demonstrated to play a vital role in
regulating hypertension, another risk factor for cardiovascular diseases. The link
between high-salt intake and increased blood pressure has been well-
established.?%2” Other than changing lifestyle (e.g. reducing salt intake), many
medications target the renin—angiotensin—aldosterone system (RAAS), a

hormone system that regulates blood pressure and fluid balance. Over-activated



RAAS results in reduced renal Na* excretion, extracellular volume expansion,
augmented blood flow, increased systemic vascular resistance, and ultimately
hypertension.?® While this concept is well-accepted, the Titze group proposed an
alternative thinking about the regulation of salt retention.?®3° They observed that
salt is primarily stored in the skin interstitum by non-osmotical binding to
glycosaminoglycans.?’ The salt storage is dynamic and tightly regulated by
monocyte phagocyitc system cells/macrophages and subcutaneous lymphatic
vessels.?%30 Compared to low-salt diet, high-salt diet markedly increases
subcutaneous lymphangiogenesis, as the increased interstitial tonicity activates
TonEBP (tonicity-responsive enhancer binding protein) of macrophages to
generate and secrete more VEGF-C subcutaneously. Depleting the
subcutaneous macrophages or blockade of VEGF-C results in faulty salt
clearance from skin and salt-sensitive hypertension.3?3% They also found that
hypertensive patients exhibit high levels of Na* in the skin as determined by %°Na
magnetic resonance imaging.3* These results suggest that patients with salt-
sensitive hypertension may have defective subcutaneous lymphatic vessels
and/or macrophages, which may be novel therapeutic targets for hypertension
treatment.

In @ mouse model of myocardial infarction by permanent ligation of the left
descending artery, the ischemic injury markedly increases lymphangiogenesis in
the heart.® In addition, promoting lymphangiogenesis by administration of
recombinant VEGF-C(C156S), which is specific for VEGFR-3 but no other

VEGFRs, markedly improves cardiac function post myocardial infarction.3®



Therefore, increasing lymphangiogenesis in the injured/ischemic heart may be a

novel approach to treat myocardial infarction in clinic in the future.

Inflammation and immunity. Inflammation is the normal biological response of

tissues to harmful stimuli such as injury, infection, or tumors. Although it is well
known that the blood vasculature is an important regulator of the inflammatory
process, the role of the lymphatic network in this process is becoming better
understood. Upon initiation of inflammation, the lymphatic system is activated
and robust lymphangiogenesis occurs not only at peripheral tissues but also
inside lymph nodes in response to inflammatory stimuli.®®¢ In addition, lymphatic
vessels as well as blood vessels undergo extensive remodeling during
inflammation (e.g. graft rejection, diabetes, asthma, pulmonary disease,
rheumatoid arthritis, and inflammatory bowel disease). In recent years, several
lines of evidence suggest that inflammation-associated lymphangiogenesis is not
just an endpoint phenotype of inflammation, but rather a dynamic and context-
dependent reaction that can change the natural course of the inflammatory
process and/or tissue repair.37-38

In general, activated immune cells such as dendritic cells and
macrophages generate high levels of prolymphangiogenic factors to promote
lymphangiogenesis. The resulting lymphatic vessels produce chemokines (e.g.
CCL21) to attract immune cells (e.g. CCR7" cells), have enhanced flow of lymph
that contains soluble antigens, and facilitate migration of activated antigen-

presenting cells. These antigen presenting cells migrate toward lymph nodes



where they prime T and B cells. The primed T and B cells undergo clonal
expansion and migrate back to the sites of inflammation via blood vessels.3”
Therapeutic modulation of inflammatory lymphangiogenesis should be
intervened based on the context of inflammation. On the one hand, inhibiting
inflammatory lymphangiogenesis helps resolve the pathological conditions in
transplantation rejection, diabetes (streptozotocin-induced type |l diabetes),
herpes simplex virus-1-induced keratitis, etc.3®*2 On the other hand, blocking
lymphangiogenesis aggravates inflammation in inflammatory bowel diseases,
sterile inflammation mediated by lipopolysaccharide and lipoteichoic acid, chronic
airway inflammation, and rheumatoid arthritis;*>4¢ therefore, promoting

lymphangiogenesis should be introduced in these conditions.

Obesity. Patients with end-stage, pronounced, non-pitting lymphedema are often
non-responsive to conservative treatment because of fibrosis and accumulation
of adipose tissue, or so-called “wet fat’. Therefore, circumferential suction-
assisted lipectomy (liposuction) is now the most commonly performed excisional
procedure for the treatment of lymphedema, as it is a less invasive method of
removing subcutaneous fat and is associated with fewer complications.47-49
Adipose tissue accumulation in mouse models of lymphatic vascular
dysfunction has been reported. A Chy mouse mutant characterized by the
accumulation of chylous ascites into the abdomen and swelling of the limbs, is a
naturally occurring mouse model of primary lymphedema due to heterozygous

inactivating mutations in VEGFR-3, and resembles Milroy’s disease (a primary



human lymphedema).®® The Chy mice have defective lymphatic vessels, and
display dermal thickening and adipose tissue accumulation in the edematous
subcutaneous adipose layer.’® While the mechanism of adipose tissue
accumulation due to lymphatic vascular dysfunction was not determined in Chy
mice, insights into a potential mechanism were recently discovered in mice
haploinsufficient for Prox1,5" a gene encoding a homeobox transcription factor
crucial for the specification of lymphatic endothelial cell fate.>> Although many
Prox1*- mice die soon after birth, the surviving Prox1*- mice appear grossly
normal but have subtle defects in lymphatic endothelial integrity and lymphatic
vessel patterning. As the mice aged, they become progressively obese.5' Notably,
the extent of fat deposition correlates with increased leakage of lymph into the
surrounding tissues. In conjunction with in vitro assays, the authors concluded
that adult onset obesity in the Prox7*- mice is directly related to the adipogenic
effects of the Ilymph.5'53 Although the factors in the lymph that cause
adipogenesis have not been identified, a recent study that analyzed gene
expression pattern in human adipose-derived stem cells demonstrated that
lymphedema-associated adipose-derived stem cells have stronger adipogenic
differentiation potential but lower angiogenic capacity compared to control
adipose-derived stem cells from patients undergoing cosmetic procedures.%*
Taken together, impaired lymphatic vessel functions may cause fat accumulation
and obesity.

Interestingly, serum levels of prolymphangiogenic factors VEGF-C and -D

are elevated in overweight and in obese human subjects.>>%” In mouse models,



blockade of VEGF-C and -D by soluble VEGFR-3 reduces obesity-associated
adipose tissue inflammation; however, body weight of the obese mice is not
affected.5® Clearly, our understandings of the role of lymphatic vessels in the
process of obesity are still in the infancy. Further studies are needed in order to

treat obesity by manipulating the growth of lymphatic vessels.

Glaucoma. Glaucoma is the second leading cause of blindness, affecting over 60
million adults worldwide.®®6% More than 3 million Americans age 40 and older,
about 2% of this population, have glaucoma. Glaucoma is estimated to account
for $US2.9 billion of direct medical costs among US adults annually.8" Currently,
treatment for glaucoma is designed to lower intraocular pressure (IOP), as this is
the only modifiable factor that has been shown to slow the progression of
glaucoma. IOP is determined by the balance between aqueous production and
aqueous outflow. Aqueous drainage through the trabecular meshwork (located at
the junction of the cornea/sclera and the iris) and Schlemm’s canal (i.e. the
conventional outflow pathway) accounts for a large portion of aqueous
outflow.6263 The inner wall of Schlemm’s canal is the final barrier for aqueous
humor to cross before returning to systemic circulation. Yet, the vascular identity
of endothelial lining of Schlemm’s canal has not been determined, as the
endothelial cells of Schlemm’s canal possess characteristics of both blood and
lymphatic vessels.?* In recent years, several studies have reinforced the concept
that the endothelium of Schlemm’s canal is blood vessel-like endothelium during
embryonic development and transdifferentiates to blood-filled lymphatic vessel-

like endothelium postnatally.®5-6% Of note, endothelial cells of inner wall and outer
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wall of Schlemm'’s canal are not the same. Anatomically, aqueous humor crosses
the inner wall endothelial cells which are anchored to a fairly deformable
substrate (the juxatacanalicular tissue) producing a basal-to-apical pressure
gradient, whereas outer wall endothelial cells reside on the relatively inextensible
sclera and experience a pressure gradient in the opposite (apical-to-basal)
direction. In terms of cellular markers, endothelium of inner wall, but not outer
wall, expresses VEGFR-3.95 The differential expression of VEGFR-3 may
partially explain the different response to prolymphangiogenic factors. On the one
hand, suture placement-induced corneal inflammatory response dose not induce
sprouting of endothelium of Schlemm’s canal;®® on the other hand, intraocular
injection of VEGF-C induces an enlargement of Schlemm’s canal and a reduction
of IOP. (Note that injection of mouse albumin also causes a reduction of IOP
despite the effect is less pronounced than VEGF-C treatment).58

In addition to Schlemm'’s canal, it is implied that lymphatic vessels in the
anterior chamber may also involve in regulating aqueous drainage. Eyes from
mice with induced deletion of Tie2 (Tie2-cKO) or both angiopoietin 1 and 2
(AT1A2-cKO) lack both limbal lymphatic vessels and Schlemm’s canal, whereas
limbal blood vessels are present.®® As the high IOP observed in A1A2 cKO mice
is more severe than that of other models with an abnormal Schlemm’s canal,
Thomson and colleagues hypothesize that “lymphatic vessels are essential for
maintaining aqueous humor flow through the uveoscleral route”.®® The exact role
of lymphatic vessels in the anterior chamber during the pathogenesis of

glaucoma has not been fully understood. However, considering one of the
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functions of lymphatic vessels is to maintain fluid balance, it is reasonable to
assume that aqueous drainage through lymphatic vessel-like Schlemm’s canal
and/or (limbal) lymphatic vessels plays a key role in maintaining 10P, and

malfunction of the drainage system in the eye may cause glaucoma.

Dry eye disease. Dry eye disease is a common ocular disorder, affecting 10% to

20% of the adult population.”® Dry eye disease is defined as “a multifactorial
disease of the tears and ocular surface that results in symptoms of discomfort,
visual disturbance, and tear film instability with potential damage to the ocular
surface. It is accompanied by increased osmolarity of the tear film and
inflammation of the ocular surface”.”® Current expenditures for treating dry eye
disease surpass $2 billion dollars annually, and because it often affects visual
function in working adults, it leads to lost productivity by impacting job
performance. The pathogenesis of dry eye disease is not well-characterized;
however, ocular surface inflammation is a key feature of dry eye disease, and
clinical signs and symptoms are relieved by anti-inflammatory agents such as
methylprednisolone and cyclosporine.

In dry eye disease, inflammatory cells (NK cells, T cells, macrophages, etc.)
are infiltrated to ocular surface and pro-inflammatory cytokines (IL-1, IL-6, IFN-y
and IL-17) are also increased.”!7?2 Among the inflammatory cells, Th1 and Th17
cells have been shown to be responsible for the pathogenic effect in dry eye
disease by producing proinflammatory cytokines, chemokines, matrix

metalloproteinase, cell adhesion molecules and pro-lymphangiogenic factors
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such as VEGF-C, -D and IL-17.7® Interestingly, lymphangiogenesis without
accompanying angiogenesis has been observed in a mouse model of dry eye
disease.”® Alleviating inflammation by methylprednisolone and IL-1Ra also
reduces corneal lymphangiogenesis.” These findings suggest that in addition to
anti-inflammatory therapy, anti-lymphangiogenic therapy could be a new

therapeutic option for dry eye diseases.

Allergic eye disease. Allergic eye disease is an inflammatory disease in ocular

surface and is driven by Th2, mast cells and eosinophils.”®’” In a mouse model
of allergic eye disease which is induced by ovalbumin, corneas of allergic mice
express higher amounts of prolymphangiogenic factors such as VEGF-C and -
D.”® Similar to dry eye disease, the allergic corneas have increased
lymphangiogenesis  without ~ accompanying  angiogenesis.”® Inhibiting
lymphangiogenesis in the mouse model by a small molecule inhibitor, Axitinib,
which inhibits VEGFR-1, -2 and -3, markedly improves the clinical signs of
allergic eye disease.”® Thus far, there is only one study regarding the
involvement of lymphangiogenesis in the allergic eye disease. Clearly, more
studies are needed to be done to understand the role of lymphatic vessels in the

allergic eye disease.

1.2 Key molecules that regulate lymphangiogenesis.

VEGF-C and VEGFR-3. Signaling axis of VEGF-C-VEGFR-3 is one of the

important pathways for physiological and pathological lymphangiogenesis. In
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human, mutations that inactivate VEGFR-3 and VEGF-C cause primary
lymphedema (primary congenital lymphedema/Noone-Milroy lymphedema and
Milroy-like disease).! Genetic manipulations of the pathway in mice also highlight
the relevance of VEGF-C and VEGFR-3 in lymphangiogenesis. VEGF-C is
required for embryonic lymphangiogenesis, VEGF-C”- mice are embryonic lethal,
and VEGFC*- mice are not embryonic lethal but suffer from lymphedema.’”® Chy
mice have heterozygous inactivating mutations in VEGFR-3, and resemble
Milroy’s disease (a primary human lymphedema).®® Mice with overexpression of
VEGFR-3-1g (extracellular domain of VEGFR-3 fused to the Fc domain of
immunoglobulin 'y chain) that neutralizes VEGF-C/D and inhibits dermal
lymphatic vasculature when expressed in epidermis under the keratin-14 (K14)
promoter, display features of human lymphedema®® and have been wildly used to
study pathological lymphangiogenesis. Thus, evidence from both human
diseases and mouse models indicates that VEGF-C-VEGFR-3 signaling axis is
vital for lymphangiogenesis.

Of note, VEGFR-3 is required for developmental angiogenesis®' but it
becomes restricted to lymphatic endothelial cells when development progress.8?
In adults, VEGFR-3 expression is very low or undetectable in most blood vessels,
but detectable in high endothelial venules, fenestrated capillaries, inner wall cells
of Schlemm’s canal, capillaries of normal breast tissue, capillaries of
neuroendocrine organs chronic wounds, some tumor-associated blood vessels,
and VEGF-C-induced newly formed blood vessels.?583-87 QOther than endothelial

cells, nonvascular VEGFR-3 is also found to be expressed in corneal epithelial
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cells,®  macrophages,®®8 lipopolysaccharide  (LPS)-treated  (M1-like)
macrophages,®® corneal but not skin dendritic cells,®" conjunctival
monocytes/macrophages (CD45*CD11b*CD3-Gr-1-),%? etc.

Interestingly, while LPS-treated macrophages display M1 phenotype and
IL-4-treated macrophages display M2 phenotype, VEGF-C-treated macrophages
display a hybrid M1-M2 phenotype and the effect is abolished by an anti-VEGFR-
3 neutralizing Ab in vitro and in vivo. These findings indicate VEGF-C/VEGFR-3
signaling axis regulates macrophage plasticity and activation.®® In addition, the
VEGF-C/VEGFR-3 axis in macrophages is important for bacterial antigen
clearance and restricts endotoxin shock triggered by TLR-mediated
inflammation.®3% Therefore, VEGF-C/VEGFR-3 signaling axis is crucial not only
for regulating the process of lymphangiogenesis, but also for shaping the proper

immune responses.

VEGEF-A and VEGFR-2. In addition to VEGFR-3, VEGFR-2 is also expressed in

lymphatic endothelial cells (LECs). Results from the genetic ablation of VEGFR-2
expression in lymphatic vessels (Lyve-1wtcre;\/egfr2fiox/flox mice) demonstrate that
VEGFR-2 promotes the expansions of the lymphatic network and may not be
involved in lymphatic drainage.®® In addition, activatihng VEGFR-2 by
overexpressing VEGF165 and VEGF-E (a viral-derived VEGF that only activates
VEGFR-2) promotes lymphatic vessel enlargement but very little sprouting.®®¢ On
the other hand, VEGF-A-VEGFR-2 signaling can indirectly contribute to

lymphangiogenesis by recruiting VEGF-C/D-secreting macrophages to sites of
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inflammation,®”-°° which explains VEGF-A-induced lymphangiogenesis in vivo in
other studies.'2100.101  Therefore, the “direct” effect of VEGF-A-VEGFR-2
signaling on lymphangiogenesis may be less important than VEGF-C-VEGFR-3

signaling.

Integrins. The integrin family of cell adhesion receptors mediates the anchoring
of cells to the extracellular matrix proteins and some members of the integrin
family can interact with certain growth factors.’®? The integrin family exists as
heterodimers of unique a and B subunits; mammals express 18 a and 8
subunits forming 24 distinct af integrin dimers.

LECs express integrins a1pB1, a2B1, a3p1, a4p1, a5B1, a6p1, avB3, avps,
and a9B1.7% Among these integrins, integrin a9B1 is crucial in developmental
lymphangiogenesis; mice lacking integrin a9, which only pairs with integrin 31,
die postnatally due to defective lymphatic valve development.'%4195 |n addition,
defective integrin a9 due to missense mutation (G404S) has been linked to
severe fetal chylothorax,'® an accumulation of lymph in the pleural cavity due to
disruption or obstruction of the thoracic duct. Other than the extracellular matrix
ligands (e.g. tenascin-C, the EDA domain of fibronectin and osteopontin), integrin
a9B1 also interacts with several growth factors such as VEGF-A, -C, -D, nerve
growth factor, brain-derived neurotrophic factor and neurotrophin-3.105.107-109
Blocking integrin a9B1 by a neutralizing antibody has been shown to inhibit

VEGF-C/D-mediated lymphangiogenesis and VEGF-A-mediated angiogenesis in
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vitro.'97.1% However, the anti-lymphangiogenic effect of the anti-integrin a9p1
blocking antibody has yet to be determined in vivo.

While integrin a9B1 is crucial for developmental lymphangiogenesis,
integrins a1B1, a2B1, a4B1, a5B81 have been shown to play a role in pathological
lymphangiogenesis. Blockade of integrins a1f1 and a2B1 using antibodies
reduces inflammatory lymphangiogenesis in cornea and skin.'%.11% |ntegrin a431
is expressed in tumor associated lymphatic vessels and intra-nodal lymphatic
vessels in pre-metastatic lymph nodes.'>'"" Treatment with anti-integrin a4p1
blocking antibodies decreases lymphangiogenesis and lymph node metastasis.'®
In addition, functional blocking of integrin a5B1 by neutralizing antibodies or
small-molecule inhibitors curtails lymphangiogenesis in mouse models of suture-
induced corneal inflammation, corneal graft rejection and lung
inflammation.#'.112.113 Together, among the integrins expressed in LECs, integrins

al1p1, a2p1, a4p1, a5B1 and a9B1 are considered pro-lymphangiogenic integrins.

Podoplanin. Podoplanin (PDPN) is a 36- to 43-kDa transmembrane glycoprotein.
It is expressed by LECs but not blood ECs and promotes blood-lymph
separation. Mice lacking PDPN have leaky lymphatic vessels and congenital
lymphedema.’'4115 |n vitro studies have shown that PDPN expression in LECs is
required for lymphatic capillary tube formation in matrigel as well as VEGF-A-
induced cell migration in the scratch wound assays.''®17 That the extracellular
domain of PDPN plays a critical role in lymphangiogenesis has been

demonstrated by studies showing that PDPN-Fc and the functional blocking
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antibody against extracellular domain of PDPN (PMab-1) inhibit LEC migration
and tube formation in vitro and suppress lymphangiogenesis but not
hemangiogenesis in inflamed mouse corneas in vivo.'811® The extracellular
domain of PDPN is heavily glycosylated, and O-glycosylation as well as
sialylation are critical for PDPN-mediated blood-lymph separation and platelet
aggregation.115.120-122 |n addition, it is known that sialylated O-glycans protect
PDPN from metalloprotineases (MMP)-2/9-mediated proteolytic degradation.'??
While PDPN has been wildly used as a LEC marker, PDPN is also
expressed in other types of cells including kidney podocytes, alveolar type | cells,
mature osteoblasts, fibroblastic reticular cells of lymphoid organs, thymic
epithelial cells, Th17 cells, inflammatory macrophages (thioglycollate-elicited
peritoneal macrophages, LPS-stimulated macrophages, TNF-a-stimulated
macrophages, TLR2 ligand-stimulated macrophages), skin keratinocytes upon
injury, choroid plexus epithelial cells, retinal pigment epithelial cells, activated
astrocytes (glial fibrillary acidic protein-positive astrocytes), trabecular meshwork

cells, some types of tumor cells, etc.123-128

Prox-1. Prox1 is a transcriptional factor that plays a key role in determining the
LEC fate specification. The expression of Prox1 in LEC progenitors in the
embryonic cardinal veins is the initial step in the formation of the lymphatic
vasculature.’® Prox1 is required for developmental lymphangiogenesis, as
embryos of Prox1 KO mice are devoid of lymphatic vessels.”® In addition,

conditional downregulation of Prox1 during development or adulthood is sufficient
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to reprogram LECs into blood ECs.'3' Conversely, ectopic overexpression of
Prox1 in the differentiated blood ECs is sufficient to induce the lymphatic
phenotype; lymphatic vessel-associated genes (e.g. PDPN and VEGFR-3) are
upregulated, while blood vessel-associated genes (e.g. ICAM-1, MCP-1,
neuropilin-1, thrombomodulin, uPAR) are downregulated.'®? Together, these
findings indicate that Prox1 is the master transcriptional factor that is required
and sufficient to initiate and maintain the LEC identity.

Although Prox1 is considered the molecular marker to distinguish between
LECs and blood ECs, it is also expressed in other types of non-vascular cells. In
the eye, “green eyes” are one of the obvious features in the Prox7-EGFP reporter
mice, '3 as Prox1 is robustly expressed in the developing lens and is required for
lens cells (fiber cells) to polarize and elongate.’* In the retina, Prox1 is primarily
expressed in the inner nuclear layer and the immunoreactivity of Prox1 is
detected in Muller cells, horizontal cells, some bipolar cells (PKC-a* cells), some
amacrine cells (paralbumin* cells and most calbindin (CB)* cells) and some cells
in the ganglion cell layer (some CB- cells and some calretinin (CR)" cells)."35136 |n
the central nervous system, Prox1 expression leads to differentiation of neural
progenitor cells and initiation of neurogenesis.'®” In the liver and pancreas, Prox1
null embryos display smaller liver and pancreas due to failed hepatocyte
migration and pancreatic precursor cell differentiation, respectively.’®” In addition,
Prox1 expression is altered in several different cancers, and it plays a role in

tumor progression, metastasis and stemness of cancer stem cells.3”
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1.3 Galectins: classification and functions.

Galectins are a family of animal lectins which bind B-galactosides.313° Galectins
are present both inside and outside cells and function both intracellularly and
extracellularly.’%141 They share a common structural fold and at least one
conserved carbohydrate recognition domain (CRD) comprising about 130 amino
acids. A total of 15 galectins have now been found in mammals and have been
classified into three major groups: (1) the prototypical galectins including
galectins-1, -2, -5, -7, -10, -11, -13, -14 and -15, which contain a single CRD and
can form homodimers; (2) the unique chimera-type galectin-3, which is
characterized by having a single CRD and an amino-terminal domain that
contributes to self-association; and (3) the tandem-repeat galectins including
galectins-4, -6, -8, -9 and -12, which contain two CRDs separated by a linker
peptide. 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. Galectin-5 has been found only in rat and is almost identical to the C-
terminal CRD of rat galectin-9.'4%143 Galectin-6 is only found in mouse and is
almost identical to mouse galectin-4.'#* Galectins-10 and -12 have relatively
weak affinity for galactose-containing sugars. In fact, galectin-10 prefers
mannose.'14 The name galectin-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 galectins-14 and -15 are found only in ovine and goat. Thus, for the

analysis of galectin signature relevant to human tissues, one should include
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galectins-1 to 4, and 7 to 9. However, galectins-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 galectins-1, -3, -7, -8 and
-9.

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'9 and can have anti- or pro-inflammatory roles depending on the stage
of infection and the degree of inflammation.’®%1%" 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.'#®'52 More recently,
galectins have been shown to modulate angiogenic responses. Previous studies
have shown that galectins-1, -3, -8 and -9 are involved in modulating
angiogenesis. Galectins-1 and -3 activate VEGFR-2,'53-1% Galectin-8 promotes
angiogenesis in a CD166-dependent manner,’ and galectin-9 inhibits
angiogenesis by an unknown mechanism.'®® In addition to their direct effect on
endothelial cells, Galectins-1, -3 and -8 also activate platelets to release
VEGF."® Studies aimed at characterization of the role of galectins in wound
healing have shown that several members of galectin family, including galectins-
2, -3, -4 and -7, promote re-epithelialization of wounds.'® In addition, it has been
demonstrated that experimentally-induced fibrosis is dependent on galectin-3 in a
variety of tissues including lung, heart and liver. Specifically, in the context of

cornea, galectin-3 has been shown to play a key role in maintaining ocular
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surface barrier function through carbohydrate-dependent interactions with cell
surface mucins.'®! It has also been demonstrated that galectins-3 and -7, but not
galectin-1, promote corneal epithelial cell migration and re-epithelialization of
corneal wounds.'®? Studies from our laboratory have also shown that corneal
neovascularization is much reduced in galectin-3 knockout mice and that
galectin-3 modulates VEGF-mediated angiogenesis by binding via its
carbohydrate recognition domain (CRD) to N-glycans of VEGFR-2 and av[33
integrin, and subsequently activating the signaling pathways that promote the

growth of new blood vessels.'>®

1.4 Galectin-8: expression pattern.

Galectin-8 is also known as prostate carcinoma tumor antigen 1 (PCTA-1) and
Po66-carbohydrate binding protein. The human galectin-8 has seven different
isoforms; three isoforms belong to the tandem-repeat galectin group and the
others belong to the prototype group. The predominant isoform is galectin-8
isoform b (NP_963837) which comprises 317 amino acids (~35 kDa). Galectin-8
isoform a (NP_963839) has 359 amino acids with a longer linker peptide and is
susceptible to thrombin cleavage.'®® Galectin-8 was first isolated from rat liver
cDNA expression library in 1995.164 Galectin-8 mRNA is highly expressed in lung
and to a lower extent in liver, kidney, spleen, cardiac muscle, spleen and hind
limb muscle. Lower levels of expression were detected in brain, and almost no
expression was found in whole rat embryos.'®* In pathological conditions, it is

reported that in a mouse model of lung cancers, immunoreactivity of galectin-8 is
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absent in extracellular matrix of primary tumors, whereas a robust
immunoreactivity is detected in the extracellular matrix of lymph node metastasis
and distant metastasis.’® In addition, compared to healthy subjects, serum
galectin-8 is also markedly increased in patients with colorectal and breast
cancers; patients with metastatic colorectal cancer also has much higher
concentration of serum galectin-8.1% The cellular sources of galectin-8 can be
endothelial cells,’®” platelets/megakaryocytes,6816% epithelial cells,'®'"" and B
cells/plasma cells (galectin-8 expression is higher in B220'°*CD138" cells).'? We
also observed that galectin-8 is expressed in several different types of cells
including RAW264.7 cells (mouse monocytes/macrophages), HaCaT cells
(human keratinocyte), primary human corneal epithelial cells, primary human
stromal fibrocytes, and mouse CD4" spleen T cells. Interestingly, it was found
that the mRNA expression level does not reflect the protein expression level in
endothelial cells and B cells/plasma cells.72173

As mentioned above, galectins are present both inside and outside
cells.’0141 Intracellular localization of galectin-8 is in the cytosol and nucleus.
Extracellular galectin-8 is found at plasma membrane and in extracellular matrix,
presumably due to the unconventional secretion pathway.'”417  Although the
regulation of galectin secretion is not well-understood, inflammatory stimuli such
as LPS promote secretion of galectin-8 isoform b,'”® and activation of caspase-1

is linked to secretion of galectins-1 and -3.8°

1.5 Galectin-8: binding partners.
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Galectin-8 has two CRDs, which possess different binding specificity to glycans.
The best glycan ligands for galectin-8 N-terminal CRD (N-CRD) are a2,3-
sialylated and 3’ sulfated B-galactosides.3>'®" Dissociation constant (Kd) of
galectin-8 N-CRD to NeuAca2-3Lac (3’-sialyl lactose) is 50 nM, which is 100-fold
higher than the Kd of N-CRD to lactose as determined by a fluorescence
polarization assay.®? Residues Arg*, GIn*” and Arg® of the N-CRD are
indispensable for the strong binding of Gal-8N to sialylated and sulfated
glycans.32182.183 Using a Lec2 Chinese hamster ovary (CHO) cell mutant which
has almost no sialylated glycoconjugates, it was demonstrated that sialylation of
cell surface proteins/lipids is required for galectin-8 N-CRD to bind to cell
surface.'® In addition, unlike the bi-CRD galectin-8, galectin-8 N-CRD strongly
binds to Lec1 CHO cell mutant, which has no complex or hybrid N-glycans,
suggesting that galectin-8 N-CRD binds well to glycans that are not N-linked,
such as GM3 glycolipid and sialylated O-glycans.' Considering that the bi-CRD
galectin-8 binds well to complex/hybrid N-glycans, that the galectin-8 N-CRD has
little affinity to complex/hybrid N-glycans, and that galectin-8 C-CRD binds better
to non-sialylated cells (Lec2) than to CHO parental cells, the Stanley group'®
concluded that galectin-8 C-CRD may be responsible for the high affinity of intact
galectin-8 to complex N-glycans through the bivalent cooperation whereas N-
CRD provides binding to sialylated glycans. Taken together, the two CRDs of
galectin-8 have very distinct glycan-binding specificity, and they act together to

exert the biological functions of the intact bi-CRD galectin-8.
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Galectin-8 binds to glycans of several glycoproteins, including integrins
(a1B1, a3B1, a5B1, a6B1, avB1, aMB2, but not a2B1, a4B1 or 3),'85-188 CD44,18°
CD166,"" fibronectin,'® MMP-9,'87.1%1 CD45R (B220, in B cells), CD45RA (in
naive cells), CD45R0O (in activated/memory T cells),'®! etc. In vitro studies have
shown that galectin-8, but not galectins-1, -2, -3 and -7, binds PDPN and that the
lectin promotes adhesion and haptotaxis of LECs.'®2 However, the direct
evidence that galectin-8 exerts its biological functions through PDPN is lacking.
In fact, Cueini and Detmar'®? speculated that contribution of the interaction of
galectin-8 with PDPN in the modulation of LEC migration and adhesion is most
likely minor. Also, based on the findings that unglycosylated ectodomain of
PDPN-Fc was more effective in inhibiting the functions of human LECs in vitro
than the extensively glycosylated form of PDPN-Fc, it has been suggested that
the interactions with PDPN ligands on the surface of LECs do not depend on
PDPN glycosylation.'”® To date, the biological relevance of carbohydrate-
dependent galectin-8/PDPN interactions is still elusive and more direct studies

involving the use of galectin-8 KO and PDPN KO mice have not been reported.

1.6 Galectin-8: role in angiogenesis.

Galectin-8 promotes angiogenesis in vitro and in vivo.'” Recombinant galectin-8
promotes tube formation and cell migration of blood endothelial cells (bovine
aortic endothelial cells and human microvascular endothelial cells). In addition,
recombinant galectin-8 promotes angiogenesis in vivo in a matrigel plug assay.

Conversely, galectin-8 knockdown reduces tube formation in vitro.%”
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Mechanistically, it was demonstrated that CD166 is important for galectin-8-
mediated angiogenesis in vitro."s” Furthermore, recombinant galectin-8 stimulate
endothelial cells to secrete pro-inflammatory cytokines such as IL-6, monocyte
chemotactic protein (MCP-1), growth related oncogene-alpha (GRO-alpha,
CXCL1), granulocyte macrophage colony-stimulating factor (GM-CSF) and CCL5
(RANTES),'” all of which are linked directly or indirectly to promoting
angiogenesis. While galectin-8 can directly act on endothelial cells to promote
angiogenesis, it has been shown that galectin-8 can indirectly promote
angiogenesis by stimulating platelets to release proangiogenic factors such as
VEGF-A, EGF, bFGF, epithelial-neutrophil activating peptide (ENA-78), etc.'° In
addition, considering that galectin-8 catalyzes the processing of pro-MMP-9 to
MMP-9'87 and that MMP-9 plays a key role in stimulating angiogenesis,'®”1% it is
reasonable to speculate that galectin-8 can also promote angiogenesis in a
MMP-9-dependent manner. Taken together, galectin-8 has pleiotropic effects in

regulating the process of angiogenesis.

1.7 Objectives of the dissertation.

The aims of this dissertation are (1) to assess galectin expression patterns in
diseased corneas and (2) to determine which galectin directly promotes
lymphangiogenesis. For Aim 1, our study using three different mouse models of
corneal inflammations (P. aeruginosa infection, chemical injury and corneal
transplantation), revealed distinct expression patterns of galectins-1, -3, -7, -8
and -9 in the inflamed mouse corneas. For Aim 2, using multiple approaches

involving the use of galectin-8 mutants lacking carbohydrate-binding activity,
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knockout mice, specific sugar inhibitors of galectins, and siRNA knockdown of
key players of lymphangiogenesis, | establish a critical role of galectin-8 and
carbohydrate-mediated recognition in the process of lymphangiogenesis.
Additionally, considering that galectin-8 is not expressed in embryonic stages,
that galectin-8 KO mice do not exhibit overt defects, that galectin-8 is
upregulated in inflammatory conditions as we demonstrated in this study, and
that galectin-8 is crucial for regulating pathological lymphangiogenesis,
manipulating the activity of galectin-8 is potentially a great approach to treat

diseases related to excessive lymphangiogenesis and/or lymphatic defects.
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Materials and Methods

2.1 Expression and purification of recombinant galectins.
Recombinant human galectins were expressed and purified as descried
previously.32183.194-197 Expected vyields for each galectin: galectin-1, ~10 mg/L;

galectin-3, ~20 mg/L; galectin-7, ~70 mg/L; galectin-8-GST, ~3 mg/L.

Small-scale expression screening: One colony of transformed E. coli was picked

and placed into a test tube each containing 5 ml of LB media into the 50 ml
culture test tube containing the appropriate antibiotic indicated below for each
individual galectin. For each experiment, 5 to 8 individual colonies were picked.
The culture was incubated overnight at 37°C in the rotating incubator (This is a
regular incubator in which orbital shaker has been placed) and then 0.5 ml of the
overnight culture was diluted into 5 ml of fresh pre-warmed LB media with
antibiotic. (Make certain that the tubes are filled less than 25% to ensure
adequate aeration). The liquid cultures were grown until the absorbance at 600
nm (OD600) reaches 0.6 - 0.8 with vigorous agitation at 37°C. LB was used as
the blank. (It could take 1 to 3 hours for the growth to reach this absorbance and
the time required for the cells to grow to the correct density depends on strain
and will vary for each fusion protein). Once the OD600 was correct, 4.0 ml of the
culture cells were removed and exchanged the medium to 50% glycerol/LB
medium for long-term storage. The 1 ml of the remaining culture was separated
in to 2 parts: one was left untreated and the other was induced with IPTG (Sigma,

concentration was descried in the protocols of different galectins expression).
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After 3 to 4 hour incubation, cell cultures were centrifuged at 5,000 rpm for 10
min and the supernatants were discarded. The pellets were dissolved in lysis
buffer (10 mM Tri-Cl, pH 7.2, 300 mM NaCl). Take 30 pl of the suspension, add 6
ul of 6X sample buffer, and boil for 5 to 10 min. The protein lysates were then

subjected to electrophoresis in SDS-PAGE gels.

RBC agglutination assay: 25 ul of type A was added to 1 ml of 0.3% BSA/PBS

(with Ca?* and Mg?*) and centrifuged at 2,000x g for 1 min. The supernatant was
discarded. This step was repeated for 3 more times. The RBC pellets were then
resuspended in 1 ml 0.3% BSA/PBS. Galectin solution (40 pl of different
concentrations of galectins ranging from 8 to 32 ug/ml) was mixed with the RBC
suspension (10 pl). The mixture was placed in a glass slide. Agglutination of RBC

indicates that the galectins are functional.

Preparation of lactosyl-sepharose beads. The beads were prepared as described

before.’®® Sepharose 4B beads (100 ml, Sigma, 4B200) were washed with 100
ml of 0.5 M Na2COs three times. The beads were filtered over a Buchner funnel.
The drained beads was resuspended in 100 ml of 0.5 M Na2CQOs, and 10 ml of
divinyl sulfone (Sigma) were slowly added. The mixture was stirred gently at
25°C for 70 min, filtered over a Buchner funnel, and washed five times with 100
ml of 0.5 M Na2COs. The drained beads were then resuspended in 100 ml of
10% lactose in 0.5 M Na2COs. The mixture was gently stirred for 15 hr at 25°C.

The mixture was filtered and washed three times with 100 ml of 0.5 M Na2COs3,
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once with 100 ml of distilled water, and finally three times with 100 ml of 0.05 M
phosphate buffer (pH 7.0). For long-term storage, the beads were resuspended
in 100 ml of 0.05 M phosphoate buffer (pH 7.0) supplemented with 0.02% NaNs

and storage at 4°C.

Galectin-1 expression and purification: human galectin-1 cDNA was cloned into

Ncol/Hind Il cut pQE-60 (Qiagen, eliminating 6-his tag sequence residing
between Ncol and Hind Ill), transformed into TG1 competent cells and plated
onto LB agar containing ampicillin (50 pg/ml). Small-scale expression screening
was performed to select the clones with the highest protein expression. For large
scale expression, 100 ul of bacterial stock was spread on LB agar containing
ampicillin (50 pg/ml) and incubated at 37°C overnight (no more than 16 hr).
Three loopfuls of bacteria were inoculated into 100 ml of LB solution in | litre flask
containing ampicillin (50 pg/ml) and were cultured for 2 hours at 37°C with
vigorous orbital shaking. At the end of culture, the 100 ml culture was diluted with
1 L of LB solution containing ampicillin (50 pg/ml) and was incubated at 37°C
with vigorous orbital shaking until the OD600 is about 0.6. IPTG was added to
the culture at final concentration of 1 mM. After 4 hr of induction at 37°C, cells
were harvested by centrifugation at 3,000 rpm for 30 min at 4°C, supernatants
were discarded and the pellets were washed once with cold PBS. The pellets
were resuspended in 50 ml of ice-cold lysis buffer (20 mM Tris, pH 7.4, 2 mM
EDTA, 150 mM NaCl, 4 mM B-mercaptoethanol and 1 mM PMSF). The resultant

suspension was sonicated at 40% output, 30 sec (pulse module: 4 sec on and 2

30



sec off) per cycle and paused for 1 min. This procedure was repeated 5 more
times (6 cycles in total). The cell lysate was centrifuged at 18,000 rpm at 4°C for
20 min. The supernatant was collected, passed through 0.45 um filters (Millipore)
using a 50 ml syringe, mixed with 3 ml (packed volume) of lactosyl-Sepharose
beads, and rotated at 4°C for 1 hr. The beads-suspension was transferred into a
column and settled down. The column was washed with 30 ml of Tris/EDTA/NaCl
buffer (TEN buffer: 20 mM Tris, pH7.4, 2 mM EDTA, 150 mM NaCl and 4 mM f3-
mercaptoethanol) with 0.2 mM PMSF, and again with 10 ml of PBS with 0.2 mM
PMSF and 4 mM (-mercaptoethanol. The bound galectin-1 proteins were eluted
with 0.1 M lactose in PBS with 0.2 mM PMSF and 4 mM -mercaptoethanol into
1-ml fractions. Fractions which contained proteins (measured by Bradford
method) were collected and combined. The proteins containing 0.1 M lactose
were dialyzed against 500 ml of PBS with 2% glycerol and 4 mM 3-
mercaptoethanol three times at 4°C. The protein concentration was determined
by Bradford method and the activity was assessed by RBC agglutination assay.

Proteins were stored as small-amount aliquots at -80°C freezer.

Galectin-3 expression and purification: human galectin-3 cDNA was cloned into

Ncol/Hind lll cut pKK233-2, transformed into BL21 Star (DE3) competent cells
and plated onto LB agar containing ampicillin (50 pg/ml). The colony that
expressed the highest galectin-3 in small-scale expression screening was used
for large scale expression. One hundred pl of bacterial stock was spread on LB

agar containing ampicillin (50 pg/ml) and incubated at 37°C overnight (no more
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than 16 hr). Three loopfuls of bacteria were inoculated into 100 ml of LB solution
containing ampicillin (50 pg/ml) and were cultured for 2 hours at 37°C with
vigorous orbital shaking. At the end of culture, the 100 ml culture was diluted with
1 L of LB solution containing ampicillin (50 pg/ml) and was incubated at 37°C
with vigorous orbital shaking until the OD600 is around 0.8 to 1. IPTG was added
to the culture at final concentration of 0.1 mM. After 3 hr of induction at 37°C,
cells were harvest by centrifuging at 3,000 rpm for 30 min at 4°C, supernatants
were discarded and the pellets were washed once with cold PBS. The pellets
were resuspended in 80 ml of ice-cold PBS with 2 mM EDTA and 4 mM 3-
mercaptoethanol. The resultant suspension was sonicated at 40% output, 1 min
(pulse module: 4 sec on and 2 sec off) per cycle and paused for 3 min. This
procedure was repeated 6 more times (7 cycles in total). The cell lysate was
centrifuged at 18,000 rpom at 4°C for 20 min. The supernatant was collected,
passed through 0.45 pm filters, mixed with 4 ml (packed volume) of lactosyl-
Sepharose beads, and rotated at 4°C for 1 hr to overnight. At the end of
incubation, the beads-suspension was centrifuged at 1,000 rpm for 2min,
supernatants were removed, beads were resuspended in 10 ml PBS and
transferred into a column. The column was washed with 50 ml of PBS with with 2
mM EDTA and 4 mM B-mercaptoethanol. The bound galectin-3 proteins were
eluted with 150 mM lactose in PBS with with 2 mM EDTA and 4 mM -
mercaptoethanol into 1-ml fractions. Fractions which contained proteins
(measured by Bradford method) were collected and combined. The proteins

containing 150 mM lactose were dialyzed against 500 ml of PBS with 10%
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glycerol three times at 4°C. The protein concentration was determined by
Bradford method and the activity was assessed by RBC agglutination assay.

Proteins were stored as small-amount aliquots at -80°C freezer.

Galectin-7 expression and purification: human galectin-7 cDNA was cloned into

Ncol/Hind Il cut pQE-60 (Qiagen, eliminating 6-His tag sequence residing
between Ncol and Hind lll), transformed M15[pREP4] competent cells (Qiagen)
and plated onto LB agar containing ampicillin (50 pg/ml) and kanamycin (30
pug/ml).The colony that expressed the highest galectin-7 in small-scale
expression was used for large scale expression. One hundred pl of bacterial
stock was spread on LB agar containing ampicillin (50 ug/ml) and kanamycin (30
pg/ml) and incubated at 37°C overnight (no more than 16 hr). Three loopfuls of
bacteria were inoculated into 100 ml of LB solution containing ampicillin (50
pMg/ml) and kanamycin (30 pg/ml) and were cultured for 2 hours at 37°C with
vigorous orbital shaking. At the end of culture, the 100 ml culture was diluted with
1 L of LB solution containing ampicillin (50 pg/ml) and kanamycin (30 ug/ml) and
was incubated at 37°C with vigorous orbital shaking until the OD600 is around
0.6. IPTG was added to the culture at final concentration of 0.5 mM. After 4 hr of
induction at 37°C, cells were harvest by centrifuging at 7,000 rpm for 20 min at
4°C, supernatants were discarded and the pellets were washed once with cold
PBS. The pellets were resuspended in ice-cold lysis buffer (20 mM Tris, pH 8.0,
5 mM EDTA, 1 mM DTT, 10 ug/ml aprotinin and leupeptine, 1 mM PMSF, 10 mM

L-cystein) and lysozyme was added and mixed at 1 mg/ml. After incubation on
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ice for 30 min, the suspension was sonicated at 40% output, 30 sec (pulse
module: 4 sec on and 2 sec off) per cycle x 4 cycles with 1 min intervals. The
lysates were kept on ice all times during the procedure. The cell lysate was
centrifuged at 18,000 rpom at 4°C for 20 min. The supernatant was collected,
passed through 0.45 um filters, mixed with 2.5 ml (packed volume) of lactosyl-
Sepharose beads, and rotated at 4°C for 1 hr. The beads-suspension was
transferred into a column and settled down. The column was washed with 30 ml
of 50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.2 mM PMSF and 1 mM
DTT, then washed with 10 ml of PBS with 0.2 mM PMSF and 1 mM DTT. The
bound galectin-7 proteins were eluted with 250 mM lactose in PBS with 0.2 mM
PMSF and 1 mM DTT into 1-ml fractions. Fractions which contained proteins
(measured by Bradford method) were collected and combined. The proteins
containing 250 mM lactose were dialyzed against 500 ml of PBS with 5% glycerol
three times at 4°C. The protein concentration was determined by Bradford
method and the activity was assessed by RBC agglutination assay. Proteins
were stored as small-amount aliquots at -80°C freezer.

Gal-8 expression and purification: for expression and purification of galectin-8

tagged with glutathione S-transferase (GST) (GST-galectin-8), human galectin-8
cDNA was cloned into Sall-Notl cut pGEX-4T-3 expression plasmid (Pharmacia
Biotech) that provides the sequence of GST in the 5’ end, transformed competent
cells and plated onto LB agar containing ampicillin (100 pg/ml). The colony that
expressed the highest GST-galectin-8 in small-scale expression was used for

large scale expression. One hundred pl of bacterial stock was spread on LB agar

34



containing ampicillin (100 pug/ml) and incubated at 37°C overnight (no more than
16 hr). Three loopfuls of bacteria were inoculated into 100 ml of LB solution
containing ampicillin (100 ug/ml) and were cultured for 2 hours at 37°C with
vigorous orbital shaking. At the end of culture, the 100 ml culture was diluted with
1 L of LB solution containing ampicillin (100 ug/ml) and was incubated at 37°C
with vigorous orbital shaking until the OD600 is around 0.8. IPTG was added to
the culture at final concentration of 0.2 mM. After 4 hr of induction at 37°C, cells
were harvest by centrifuging at 5,000 rpm for 10 min at 4°C, supernatants were
discarded and the pellets were washed once with cold PBS. The pellets were
resuspended in 20 ml of ice-cold PBS with lysozyme (5 mg/ml) and 2 tablets of
complete protease inhibitor cocktail. After incubation on ice for 30 min, the
suspension was sonicated at 40% output, 30 sec (pulse module: 4 sec on and 2
sec off) per cycle x 3 cycles with 1 min intervals. Two hundred ul of Triton X-100
was added to the lysates and incubated on ice for 30 min. The lysates were kept
on ice all times during the procedure. The cell lysate was centrifuged at 18,000
rpm at 4°C for 10 min. The supernatant was collected, passed through 0.45 ym
filters, mixed with 3 ml (packed volume) of lactosyl-Sepharose beads, and
rotated at 4°C for 1 hr. The beads-suspension was transferred into a column and
settled down. The column was washed with 90 ml of PBS with 4 mM B-
mercaptoethanol and 0.2 mM PMSF. The bound GST-galectin-8 proteins were
eluted with 100 mM lactose in PBS with 4 mM B-mercaptoethanol and 0.2 mM
PMSF into 1-ml fractions. Fractions which contained proteins (measured by

Bradford method) were collected and combined. The proteins containing 100 mM

35



lactose were dialyzed against 1 L of PBS with 5% glycerol and 4 mM -
mercaptoethanol three times at 4°C. The protein concentration was determined
by Bradford method and the activity was assessed by RBC agglutination assay.
Proteins were stored as small-amount aliquots at -80°C freezer.

For expression and purification of galectin-8 and Gal-8N tagged with
thioredoxin (Trx) (Trx-galectin-8 and Trx-Gal-8N), human galectin-8 and Gal-8N
constructs in BL21 (DE3) Star competent cells were plated onto LB agar
containing ampicillin (50 pg/ml). The colony that expressed the highest Trx-
galectin-8/Gal-8N in small-scale expression was used for large scale expression.
One hundred pl of bacterial stock was spread on LB agar containing ampicillin
(50 pg/ml) and incubated at 37°C overnight (no more than 16 hr). Three loopfuls
of bacteria were inoculated into 100 ml of LB solution containing ampicillin (50
Mg/ml) and were cultured for 2 hours at 37°C with vigorous orbital shaking. At the
end of culture, the 100 ml culture was diluted with 1 L of LB solution containing
ampicillin (50 pg/ml) and was incubated at 37°C with vigorous orbital shaking
until the OD600 is around 0.8. IPTG was added to the culture at final
concentration of 1 mM. After 4 hr of induction at 37°C, cells were harvest by
centrifuging at 5,000 rpm for 15 min at 4°C, supernatants were discarded and the
pellets were washed once with cold PBS. The pellets were resuspended in 80 ml
of ice-cold PBS with 2 mM EDTA and 4 mM B-mercaptoethanol. The resultant
suspension was sonicated at 40% output, 1 min (pulse module: 4 sec on and 2
sec off) per cycle and paused for 3 min. This procedure was repeated 9 more

times (10 cycles in total). The cell lysate was centrifuged at 12,000 rpm at 4°C for
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30 min. The supernatant was collected, passed through 0.45 pm filters, mixed
with 4 ml (packed volume) of lactosyl-Sepharose beads, and rotated at 4°C for 1
hr to overnight. At the end of incubation, the beads-suspension was centrifuged
at 1,000 rpm for 2min, supernatants were removed, beads were resuspended in
10 ml PBS with 2 mM EDTA and 4 mM -mercaptoethanol and transferred into a
column. The column was washed with 50 ml of PBS with with 2 mM EDTA and 4
mM B-mercaptoethanol. The bound galectin-8/Gal-8N proteins were eluted with
150 mM lactose in PBS with with 2 mM EDTA and 4 mM -mercaptoethanol into
1-ml fractions. Fractions which contained proteins (measured by Bradford
method) were collected and combined. The proteins containing 150 mM lactose
were dialyzed against 1 L of PBS with 5% glycerol three times at 4°C. The
protein concentration was determined by Bradford method and the activity was
assessed by RBC agglutination assay. Proteins were stored as small-amount
aliquots at -80°C freezer.

Tag-free recombinant galectin-8 (35.8 kDa, the predominant isoform of
galectin-8, also called galectin-8 isoform b) was used in this study except that
GST-galectin-8 was used in affinity precipitation assays. To remove GST tag
from GST-galectin-8, the fusion protein was incubated with human thrombin
(Sigma, 2 U of thrombin per 1 mg of fusion protein) at 25°C for 1 hr, followed by
incubation with p-Aminobenzamidine-agarose (Sigma) to remove the added
thrombin. To remove Trx tag from Trx-galectin-8, the fusion protein was
incubated with enterokinase (BioLabs, 6.4 ng per 1 mg of fusion protein) at 4°C

overnight, followed by incubation with trypsin inhibitor agarose to remove the
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added enterokinase. Endotoxin was removed by Detoxi-Gel endotoxin removing
gel (Thermo Scientific) and endotoxin levels were detected by ToxinSensor
chromogenic LAL endotoxin assay kit (Genscript). Endotoxin levels of all

recombinant galectins used in this study were <0.1 EU/pg.

2.2 Quantitative RT-PCR.

Total RNA was extracted from normal, infected and chemically burned mouse
corneas using the RNeasy Mini Kit (Qiagen, Valencia, CA). At least 4 corneas
were pooled and considered one biological replica. Four biological replicas (N=4)
were used. The quality and yield of each RNA preparation was determined using
the Agilent BioAnalyzer 2100 with RNA Pico Lab-Chips. For normal corneas,
expected yield is 0.5 to 1 pg; for inflamed corneas, expected yield is 2 to 5 ug.
Quantitative RT-PCR was performed using Mx3000P or Mx4000 thermal cyclers
(Stratagene, Santa Clara, CA). cDNA was synthesized from 100 ng total RNA
using the High-Capacity cDNA Reverse Transcriptase Kit (Invitrogen). PCR
amplification was performed in triplicate using gene-specific primers for B-actin,
Gal-1, -3, -7, -8 and -9 (Invitrogen) 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

38



value (Ct) was calculated from each amplification plot. Quantification data of each
gene were normalized to the expression of [3-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.

2.3 Immunofluorescence staining.

For immunofluorescence staining, frozen sections of the eyes were fixed with
iced acetone (10 min, 25°C), blocked with Image-iT FX signal enhancer (30 min,
25°C, Invitrogen), and immunostained using primary antibodies (1:100 dilution in
5% BSA/PBS, overnight; 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 hr, 25°C, Invitrogen).
Negative controls with no applied primary antibody were also used. Fluorescence

images were acquired by Lieca TCS SPE imaging system (Leica).

2.4 Corneal mouse micropocket lymphangiogenesis assay.

The corneal micropocket lymphangiogenesis assay was performed as described
previously using implants containing a test agent, hydron, and sucralfate.!9%.200
Poly-HEMA polymer (120 mg) was dissolved in 1 ml of absolute ethanol and

incubated overnight with vortexing to make 12% stock. Sucralfate (6 mg) was
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mixed with test agents in PBS, and the volume was reduced to 10 pl with
centrifugal vacuum. The resultant pellets were mixed with 10 ul of 12% poly-
HEMA and spread onto a mesh (15x15 squares, 300 ym nitrex nylon). Test
agents included full-length galectin-8 (40 — 320 ng/pellet) and VEGF-C (160
ng/pellet). Implants containing poly-HEMA and sucralfate alone served as
negative controls. The mice were anesthetized by intraperitoneal injection of a
cocktail of ketamine (90 -120 mg/kg) and xylazine (10 mg/kg). The eyes were
topically anesthetized with proparacaine and were gently proptosed with forceps.
Using a corneal blade and a stereoscope, intrastromal linear keratotomy was
performed about 2 mm from the limbus. Using a von Graefe knife (Miltex), a
pocket was extended towards the limbus, and the pellet was maneuvered into
the pocket. The wound was coated with a veterinary ophthalmic ointment (Akorn)
to prevent infection. Mouse corneas were harvested 7 days after pellet
implantation, fixed in 4% paraformaldehyde/PBS (1 hour at 4°C), washed with
PBS, and fixed again in iced acetone (15 min at -20°C). To quantitate the extent
of lymphangiogenesis in Prox1-EGFP reporter mice, flat mounts of the dissected
corneas were evaluated by fluorescence microscopy. Fluorescent images were
acquired by EVOS FL cell imaging system (Invitrogen), and vessel areas were
calculated using the formula 2°0: vessel area = pellet distance x vessel length x
clock hours x 0.2 1. To quantitate the extent of lymphangiogenesis in WT and
PDPN-deficient mice, corneas were stained with eFluor 570-anti-mouse LYVE-1
(clone ALY7, eBioScience, and 1:75) in 10% goat serum/0.2% Triton X-100/PBS

overnight, 4°C. After several washes with 0.2% Triton X-100/PBS, the corneas
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were flattened and mounted with VECTASHIELD mounting medium (Vector
Laboratories) and evaluated by fluorescence microscopy. In some experiments,
for comparison purposes, corneas were stained with Alexa Fluor® 488-anti-

mouse CD31 (clone MEC13.3, 1:100, BioLegend) to visualize blood vessels.

2.5 Mouse model of suture-induced inflammatory corneal
lymphangiogenesis.

The mouse model of suture-induced lymphangiogenesis was used as previously
described??":292, In brief, two 11-0 sutures were placed intrastromally about 2 mm
from the limbus at the 12 and 6 o’clock positions in the Prox1-EGFP reporter
mice. After surgery, a veterinary ophthalmic ointment was applied to prevent
infection. Sutures were left in place for 7 days. To assess the effect of galectin
inhibitors on suture-induced lymphangiogenesis, 10 pyL of vehicle (PBS), TDG
(200 mM in PBS), or Gal-8N (15 pg in PBS) were subconjunctivally injected on
post-surgery days 0, 2, 4 and 6 using a 32 gauge needle with a 10 pL syringe
(Hamilton). On day 7 post-surgery, mouse corneas were harvested and
processed for staining with anti-LYVE-1 as described above. The areas of

lymphatic vessels covering the whole corneas were calculated.

2.6 Knockdown with siRNA.
ON-TARGET plus human VEGFR-3 and Nrp2 siRNA SMART pool was
purchased from Dharmacon/GE Healthcare. Oligonucleotide siRNA duplexes

targeting PDPN and AllStars Negative control siRNA were purchased from
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Qiagen. Of the four provided siRNA targeting PDPN, Hs_PDPN_1 and Hs_T1A-
2_7 siRNA were able to knock down PDPN and were designated as PDPN
siRNA1 and siRNA4, respectively. The transfection of siRNA in primary LECs
(Lonza) was carried out with the Lipofectamine 2000 reagent (Invitrogen). Briefly,
3 uL of Lipofectamine 2000 in 250 pL of Opti-MEM medium (Invitrogen) and 3 pL
of siRNA (20 uM) in 250 pL of Opti-MEM medium were incubated separately for
5 min at 25°C, and the two mixtures were combined and incubated for an
additional 20 min to form Lipofectamine 2000-siRNA complexes. At the end of
the incubation period, serum-free Opti-MEM (1.5 ml) was added to each well of a
6-well plate and 500 uL aliquots of Lipofectamine 2000-siRNA complex were
added to each well. Final concentration of siRNA was 30 nM. After 3 hr
incubation, media were replaced with complete EGM-2MV medium (Lonza). The
same procedure was repeated on the next day and knockdown efficiency was

assessed by Western blot after 48 hr transfection.

2.7 Lymphatic endothelial cell (LEC) sprouting assay.

LEC spheroids were generated by seeding primary LECs at passage 4 or 5 in

each well of 384-well hanging-drop plates (3D Biomatrix) in complete EGM-2 MV
medium containing 0.25% methyl cellulose according to the manufacturer’s
instructions (750 cells/well). (It is critical to use LECs with lower passage
numbers, specifically no more than passage 5, because the sprouting response
is decreased as passage number increased). After 18 hours, LEC spheroids

were collected, resuspended in serum-free EBM-2 basal medium, and mixed with
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freshly-prepared collagen solution (PureCol collagen, Advanced BioMatrix, 2.2
mg/ml in M199 medium, pH adjusted to 7.4 with NaHCO3 and NaOH). Aliquots of
the LEC spheroid/collagen mixture (250 ul/well of 48-well plate) were incubated
in the presence or absence of varying concentrations of various test agents in 50
ul PBS for 24 hr. At the end of the incubation period, spheroids were stained with
Calcein AM (Invitrogen, 1 ug/mL, 37°C, and 30 min). Fluorescent images were
acquired using the EVOS FL cell imaging system, pixels were inverted for better
visualization and cumulative length of each sprout was calculated. Results were
expressed as fold change compared to corresponding controls. Of note, sprout
lengths vary from passages to passages. Test agents used included
thiodigalactoside (10 to 50 mM, Carbosynth), 3’-sialyl lactose (0.2 to 10 mM,
Carbosynth), 6’-sialyl lactose (2 to 10 mM, Carbosynth), LY294002 (20 uM,
Abcam), U0126 (20 pM, Abcam), PD0325901 (1 uM, Selleckchem), anti-integrin
a9 functional grade antibody (clone Y9A2, 15 ug/ml, Biolegend), anti-integrin
avp3 functional grade antibody (clone 23C6, 15 pg/ml, eBioscience), anti-integrin
a5 (clone NKI-SAM-1, 15 ug/ml, eBioScience), anti-integrin 5 functional grade
antibody (clone KN52, 15 pg/ml, eBioScience), mouse IgG isotype control
functional grade antibody (15 pug/ml, eBioscience), Obtustatin (a blocking peptide
targeting integrin a1B1, 2 uM, R&D Systems), and BIO1211 (a blocking peptide

targeting integrin a4p1, 10 yM, R&D Systems).

2.8 Affinity precipitation assay.
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Five mg of plant lectins (Vector Labs) and galectins were conjugated to 330 mg
of Pierce® NHS-activated agarose dry resin in accordance with the
manufacturer’s instructions (Thermo Scientific). The agarose gels were stored at
4°C. AT this temperatire, agarose-conjugated lectins are good for 1 to 2 years.
Primary LECs (Lonza) were lysed in Triton lysis buffer (20 mM Tris-HCI, pH 7.4;
150 mM NaCl; 0.5% Triton X-100 with protease inhibitor cocktail). LEC lysates
(250 pg in 500 pL lysis buffer supplemented with 10 mM MgCl2) were incubated
with 40 pL (50% slurry) of agarose-conjugated lectins (4°C, overnight). Beads
were pelleted by centrifugation at 3000 rpm for 1 min. Non-specific binding
proteins were removed by washing the beads with Triton lysis buffer once and
PBS twice. Supernatants were discarded; bound proteins were eluted by boiling
the beads with 20 yL of 2x Laemmli sample buffer for 7 min, and examined by

Western blotting.

2.9 Western blot analysis.
Materials.
» Triton lysis buffer, 2X, Boston BioProducts (Cat. No. BP-117X). Dilute with
distilled water.
* Tris-Glycine-SDS running buffer, 10X, Boston BioProducts (Cat. No. BP-
150). Dilute with distilled water.
» Transfer buffer, 10X, Boston BioProducts (Cat. No. BP-190). Dilute with

distilled water and methanol (final concentration, 10%).
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» Trans-Blot SD Semi-dry electrophoretic transfer cell, Bio-Rad (Cat. No.
170-3984). Transfer condition: 16 V, 30 min.

*  Amersham® Protran® 0.2 ym nitrocellulose membrane, GE Healthcare
(Cat. No. 10600001).

» PerfectWestern® containers, GenHunter (Cat. No. B-101).

* Laemmli (SDS-sample) buffer, reducing, 6X, Boston Bioproducts (Cat. No.
BP-111R).

* Blocking buffer: Odyssey’s blocking buffer (Li-Cor). Dilute to 0.5X with

0.1% Tween-20/PBS.

Procedures: Primary LECs were lysed with Triton lysis buffer supplemented with
protease inhibitor cocktail and Phos-STOP phosphatase inhibitor cocktail
(Roche), and subjected to electrophoresis in 4 - 15% SDS-PAGE gels (Bio-Rad).
Protein blots of the gels were blocked with 0.5%x Odyssey® blocking buffer (OBB,
Li-COR). For AKT and ERK signaling, blots were incubated with primary
antibodies (rabbit anti-ERK1/2, 1:7,500 dilution in 0.5x OBB, Cell Signaling
Technology; mouse anti-phospho-ERK1/2, Thr202/Tyr204, 1:2,000 dilution in
0.5x OBB, Cell Signaling Technology; mouse anti-AKT1/2/3, 1:2,000 dilution in
0.5x OBB, Cell Signaling Technology; rabbit anti-phospho-AKT, Ser473, 1:1,500
dilution in 0.5x OBB, Cell Signaling Technology) in 5 ml of 0.5x OBB overnight at
4°C. After washing with 0.5% Tween-20/PBS three times, the blots were
incubated with appropriate secondary antibodies (donkey anti-rabbit IRDye

680LT and anti-mouse IRDye 800CW, Li-Cor) diluted in 5 ml of 0.5x OBB for 45
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min at 25°C. The blots were scanned by an Odyssey® Infrared Imaging System
using Image Studio v2.0 software (Li-COR). For integrin signaling, blots were
incubated with primary antibodies (rabbit anti-phospho-integrin 1, Tyr783, 1:750
dilution in 0.5x OBB, Abcam; rabbit anti-phospho-integrin 1, Thr788/789, 1:750
dilution in 0.5%x OBB, Invitrogen; goat anti-integrin 81, N-20, 1:1,000, Santa Cruz
Biotechnology; mouse anti-FAK, clone 77, 1:2,000 dilution in 0.5x OBB, BD
Bioscience; anti-phospho-FAK, Tyr397, 1:2,000 dilution in 0.5x OBB, Invitrogen)
in 5 ml of 0.5%x OBB overnight at 4°C. After washing with 0.5% Tween-20/PBS
three times, the blots were incubated with appropriate secondary antibodies for
45 min at 25°C. The blots were scanned by an Odyssey® Infrared Imaging
System using Image Studio v2.0 software (Li-COR).

After scanning, the blots were stripped with NewBlot Nitrocellulose
stripping buffer (25°C, 10 min, Li-Cor) and were reprobed with primary antibodies
(rabbit anti-VEGFR-3, clone C-20, 1:500 dilution in 0.5x OBB, Santa Cruz
Biotechnology; rat anti-human PDPN, 1:2,000 dilution in 0.5x OBB, BioLegend;
mouse anti-GAPDH, clone 6C5, 1:10,000 dilution in 0.5x OBB, Santa Cruz
Biotechnology; mouse anti-B-actin, clone AC-15, 1:10,000 dilution in 0.5%x OBB,
Santa Cruz Biotechnology) in 5 ml 0.5x OBB overnight at 4°C. The blots were
developed using appropriate secondary antibodies (goat anti-rabbit IRDye
800CW,; anti-rat IRDye 800CW; anti-mouse IRDye 680LT, 1:10,000 dilution in 5
ml of 0.5x OBB, Li-Cor) for 45 min at 25°C. Signals were detected by Odyssey®

Infrared Imaging System.
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2.10 LEC chemotaxis assay.

Transwell (6.5 mm) with 8 ym-pore polycarbonate membrane inserts (Corning)
were used in the migration assay. Both sides of the insert membranes were
coated with fibronectin from human plasma (10 pg/ml, Sigma, F0895) (37°C,
overnight). LECs were serum-starved in serum-free EBM-2 medium overnight,
detached with StemPro® Accutase® cell dissociation reagent, and resuspended
in 0.5% FBS/EBM-2 medium (3x10° cells/ml). Aliquots of LEC suspension (200
uL of 3x10° cells/ml) were added to the upper chamber. The bottom chamber
was filled with 600 pL of 1% FBS/EBM-2 in the presence or absence of VEGF-C
(100 ng/ml) or galectin-8, and the plates were incubated at 37°C for 2 hours.
Inserts were fixed in absolute methanol (6 min, 25°C) and stained with Giemsa
stain (40 min, 25°C, Sigma) per manufacturer’s instructions. Membranes were
wiped free of cells on the upper surface and mounted with Permount mounting
medium (Fisher) on glass slides. The number of migrating cells in each condition
was counted in 4 random fields at 10x magnification, averaged, and normalized

to control condition to generate percent-change in migration activity.

2.11 LEC haptotaxis assay.
Transwell (6.5 mm) with 8 pm-pore polycarbonate membrane inserts (Corning)
were used in the migration assay. The lower-side of the insert membranes were

coated with 400 pL of fibronectin (10 yg/ml, Sigma) or galectin-8 (0.5 uM) (37°C,

overnight), and then the inserts were blocked with 0.1% BSA in PBS, 37°C, 3 hr.
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LECs were serum-starved in serum-free EBM-2 medium overnight, detached
with StemPro® Accutase® cell dissociation reagent, and resuspended in serum-
free EBM-2 medium (2x10° cells/ml). Aliquots of LEC suspension (200 pL of
2x10° cells/ml) were added to the upper chamber. The bottom chamber was
filled with 600 pL of serum-free EBM-2 and the plates were incubated at 37°C for
2 hours. Inserts were fixed in absolute methanol (6 min, 25°C) and stained with
Giemsa stain (40 min, 25°C, Sigma) as described in “LEC chemotaxis assay”. In
some experiments, the cells were incubated in the presence of isotype control Ab
(10 pg/ml, eBioScience) or the anti-PDPN functional blocking Ab (10 pg/ml,
eBioScience). No LECs attached to BSA-coated membranes, and therefore this

group was not included in the graphs.

2.12 Immunoprecipitation assay.

To determine the association among PDPN, galectin-8 and integrins, co-
immunoprecipitation kit from Pierce was used (Cat. No. 26149). Briefly, mouse
isotype antibody (15 pg, Santa Cruz Biotechnology) and anti-PDPN (15 pg, clone
E-1, Santa Cruz Biotechnology) were immobilized onto AminoLink Plus coupling
resin (Pierce) provided by the kit by sodium cyanoborohydride according to
manufacturer’s instructions. Primary LECs were serum-starved overnight and
treated with galectin-8 (0.2 uM) for 15 min at 37°C. After treatment, cells were
lysed with IP lysis/wash buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-
40, 5% glycerol; pH 7.4) supplemented with protease inhibitor cocktails (Roche).

After centrifugation (10 min, 13,000 rpm), supernatants (500 pg protein lysates)
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were pre-cleared by incubation for 1 hr with Pierce control agarose resin
provided by the kit at 4°C. The clarified samples were incubated with the Ab-
conjugated agarose resins overnight at 4°C. Immunoprecipitates were washed
three times with |IP lysis/wash buffer provided by the kit and once with
conditioning buffer provided by the kit (Pierce). The bound proteins were eluted
with 50 pl of low pH elution buffer provided by the kit, neutralized with 3 pl of Tris-
HCI (pH 9.0), and analyzed alongside with inputs by Western blotting using anti-
integrin a1 (1:1,000 dilution in 0.5x OBB, Abcam), anti-integrin a5 (clone H-104,
1:1,000 dilution in 0.5x OBB, Santa Cruz Biotechnology), anti-integrin 1 (clone
N-20, 1:1,000 dilution in 0.5x OBB, Santa Cruz Biotechnology), anti-PDPN, anti-
galectin-8 (clone NBP1-66520, 1:1,000 dilution in 0.5x OBB, Novus Biologicals)

and anti-GAPDH as describe above.

2.13 Glycosidase treatment.

To determine whether treatment with neuraminidase inhibits VEGFR-3 and
PDPN interaction with galectin-8, primary LECs (3x 10° cells) were lifted with
StemPro® Accutase® cell dissociation reagent, resuspended in 100 yL of PBS
with 200 units of a2-3 neuraminidase (BioLabs), or 100 pyL of G7 reaction buffer
containing 2,000 units of peptide-N-glycosidase F (BioLabs) and 3 U of DNase |
(Fisher). The reaction mixtures were incubated at 37°C for 1 hr. Cell lysates were
then subjected to affinity precipitation using galectin-8-conjugated agarose beads
and bound proteins were analyzed by Western blot analysis using anti-VEGFR-3,

anti-PDPN, anti-integrin a5, and anti-integrin 31.
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2.14 Mice.

Lymphatic-specific Prox7-EGFP reporter mice (FVB background)'3® were
purchased from Mutant Mouse Regional Resource Centers, FVB/NCrl mice were
purchased from Charles River Laboratories, and C57BL/6 mice were purchased
from Jackson Laboratory. Mice with inducible deletion of PDPN (Pdpn;CagCre)
and wild-type littermates (Pdpn”#;CagCre) in mixed background (C57BL/6 and
129/Sv) were generated as previously described?®® (Fig. 1). PDPN deletion was
accomplished by administering tamoxifen orally (20 pg each day) from P1 to PG6.
After weaning, the mice were orally administered 1 mg tamoxifen weekly. The
Lgals8 KO mouse strain used for this study was created from embryonic stem
cell clone (14305A-F8), obtained from the KOMP Repository (www.komp.org)
and generated by Regeneron Pharmaceuticals, Inc?%4. Details of the primer
sequences and predicted PCR products are available at the Velocigene website

(www.velocigene.com/komp/detail/14305). The Lgals8 KO mice have no obvious

defects in lymphatic vessel development examined by gross morphological
analysis. The galectin-8 null status of the KO mice is confirmed by Western

blotting (Fig. 2).

2.15 X-gal staining.
As the Lgals8 deletion was achieved by LacZ (bacterial B-galactosidase, 3-gal)
reporter gene replacement of Chromosome 13 from 12,440,786 (deletion start) to

12,459,212 (deletion end), expression of LacZ (3-gal) reflects the activity of the
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promoter of galectin-8. To detect B-gal activity, we used an X-gal (substrate for (3-
gal) staining kit according to the manufacturer’s instructions (Invivogen). Briefly,
whole-mount tissues or frozen sections were fixed with 0.5% glutaraldehyde/PBS
for 10 min, washed with PBS 3 times, and incubated the tissues or frozen
sections in PBS-based staining solution (6 mM potassium ferricyanide, 6 mM
potassium ferrocyanide, 2 mM MgCl2, 0.02% Igepal, 0.01% sodium deoxycholate,
1 mg/ml X-Gal solution) for hours at room temperature. After extensive washes
with PBS, the frozen sections were mounted with ProLong Gold anti-fade
mounting medium (Invitrogen) and evaluated by the EVOS XL core imaging

system.
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Figure 1
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Figure 1 (cont.)

WT

PDPN KO

Figure 1. Generation of Pdpn floxed and globally inducible Pdpn-deficient
mice, and confirmation of Pdpn null status in corneas. (A) Gene targeting
strategy for generating mice with a Pdpn allele flanked by loxP sites (Pdpn).
Exon 2 of Pdpn was flanked by loxP sites. (B) Breeding strategy to develop
tamoxifen tamoxifen-inducible global PDPN-deficient mice, Pdpn”;CagCre mice,
by crossing Pdpn” mice with tamoxifen-inducible Cre-recominase transgenic
mice (CAG-Cre-ER™ Tg) under control of a ubiquitous fusion promoter, CMV-
early enhancer element/chicken B-actin. (C and D) frozen sections were fixed
with iced acetone for 10 min at room temperature, washed with 1% Tween-
20/PBS (PBST) twice, blocked with Image-iT signal enhancer (Invitrogen) for 30
min at room temperature, washed with PBST once, stained with Alexa Fluor 488-
conjugated anti-PDPN (1:100, BioLegend) and eFlour 570-conjugated anti-
LYVE-1 (1:50, eBioScience) antibodies for 1.5 hr at RT, washed with PBST three
times and washed with PBS once. Slides were mounted with ProLong Gold
antifade reagent with DAPI and fluorescent images were captured by Leica SPE
confocal microscopy. PDPN expression in lymphatic vessels in limbus area was
not detectable after tamoxifen treatment. In addition, in the PDPN KO mice,
staining pattern of PDPN was patched in basal epithelium around limbus area (C),
but was homogenously undetectable in central corneal epithelium (D). Arrow:
lymphatic vessel. Epi: epithelium; Str: stroma.
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Figure 2
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Figure 2. Galectin-8 knockout construct and confirmation of galectin-8 null
status of the knockout mice. (A) Lgals8 deletion was achieved by bacterial
LacZ replacement of Chromosome 13 12,440,786 (deletion start) to 12,459,212
(deletion end). The whole coding region was deleted. Mice were genotype
confirmed via PCR by the KOMP Repository. LacZ: B-galactosidase coding
sequence from the E. coli lacZ gene; neo”: coding sequence for neomycin;
hUbCpro: promoter from the human ubiquitin C gene; p(A): polyadenylation
signal; BacVec: large BAC-based targeting vector; red triangle: loxP site. (B)
Equal amounts of liver tissue lysates (500 ug) from the WT and galectin-8 KO
mice were incubated with lactosyl Sepharose beads at 4°C overnight. Unbound
proteins were removed, the bound proteins were eluted with 20 yL of 2x Laemmli
sample buffer, and subjected to Western blotting by anti-galectin-8 and anti-
galectin-3.
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Results
3.1 Galectin expression pattern in control and inflamed corneas.

Pseudomonas aeruginosa infection in mouse corneas. To determine the galectin

expression levels in normal and P. aeruginosa-infected corneas, tissue lysates of
whole corneas collected on day 2 and day 8 post-infection (pi) (30ug) were
subjected to electrophoresis. Protein blots were probed with specific antibodies
for B-actin and galectins-1, -3, -7, -8, and -9. Fold-change values relative to 3-
actin expression of various galectins on day 2 and day 8 pi are shown in Fig. 3.
Expression level of galectins-1, -3 and -7 were significantly decreased compared
to normal mouse corneas on day 2 (% reduction: galectins-1 and -3: 70%;
galectin-7: 35%) and day 8 pi (% reduction: galectin-1: 37%; galectin-3: 55%;
galectin-7: 32%). In contrast, expression of galectins-8 and -9 was upregulated
compared to normal mouse corneas on day 2 (% increase: galectin-8: 21%;
galectin-9: 78%) and day 8 pi (% increase: galectin-8: 270%; galectin-9: 420%).
Prior to use, each antibody was tested for specificity against recombinant human
galectins-1, -3, -7 and -8 by Western blot analysis. Antibodies against galectins-1,
-3, -7 and -8 did not cross-react with any other human galectins tested. The anti-
mouse galectin-9 Ab does not cross-react to human galectin-9,205297 so the

specificity of the Ab was not tested.

To investigate galectin expression pattern at the tissue level, frozen
sections of normal and infected corneas were immunostained with anti-galectin
antibodies. In normal corneas, galectin-1 immunoreactivity was mainly detected

in corneal stroma, immunoreactivity of galectin-3 was detected mainly in corneal
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epithelium (Fig. 4), and immunoreactivity of galectins-7, -8 and -9 was detected
in both epithelium and stroma (Fig. 4). In P. aeruginosa-infected corneas,
immunoreactivity of galectins-3, -7, -8 and -9 was detected in stroma as well as
epithelium, whereas galectin-1 immunoreactivity was detected mainly in corneal

stroma (Fig. 4). No staining was detected in control tissue sections.

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 min. Protein lysates (30 ug) from corneal epithelium and stroma collected on
day 8 pi were subjected to electrophoresis (Fig. 5A). Protein blots were probed
with specific antibodies for 3-actin and galectins-1, -3, -7, -8, and -9. On day 8 pi,
galectin-3 expression was markedly downregulated (% reduction: 58%), whereas
galectins-1, -7, -8 and -9 were upregulated in epithelium of infected corneas
compared to that of control corneas (fold increase: galectin-1: 10 fold; galectin-7:
2.6 fold; galectin-8: 1.6 fold; galectin-9: 2.6 fold) (Fig. 5Bi). In contrast, all five
galectins were upregulated in the stroma of the infected corneas (fold increase:
galectin-1: 1.8 fold; galectin-3: 1.3 fold; galectin-7: 2.9 fold; galectin-8: 3.0 fold;
galectin-9: 6.4 fold) (Fig. 5Bii). Of note, although, in the immunofluorescence
staining, galectin-1 was not detected in epithelium on day 8 pi (Fig. 4), Western
blot analysis revealed that the lectin is upregulated in the epithelium of day 8 pi
corneas. We reason that, in the IHC study, the robust immunoreactivity of
galectin-1 in corneal stroma outshines the immunoreactivity of galectin-1 in

corneal epithelium.
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As determined by qRT-PCR, mRNA expression levels of galectins mRNA
were ranked as galectin-3 > galectin-7 > galectin-8 > galectin-1 > galectin-9 in
normal corneas; galectin-3 > galectin-7 > galectin-1 > galectin-8 > galectin-9 on
day 2 pi corneas; and galectin-3 > galectin-1 > galectin-7 > galectin-8 > galectin-
9 in day 8 pi corneas. Fold changes relative to (-actin expression of various
galectins on day 2 and day 8 pi is shown in Fig. 6. Statistically significant
differences were observed in relative gene expression levels of various galectins
between normal and infected corneas on day 2 and day 8 pi. Galectin-1 mRNA
expression levels increased 10-fold by day 2 and day 8 pi while galectin-3 and
galectin-8 showed a 50% decrease by day 2 pi and a 75% decrease by day 8 in
the infected corneas compared to the control cornea. Galectin-7 mRNA
expression increased by 2-fold on day 2 pi but restored to normal levels by day 8
pi. Galectin-9 mRNA expression increased at both time points by 2.5- and 1.5-
fold, respectively. Thus, consistent with changes in protein expression, galectin-3
MRNA was downregulated and galectin-9 mRNA expression was upregulated in
infected corneas (Fig. 3 and 6). However, changes in protein expression level of
galectins-1, -7, and -8 did not reflect changes in corresponding MmRNA
expression level. For example, compared to normal corneas, infected corneas
exhibited: (i) increased galectin-1 mRNA but reduced galectin-1 protein
expression on both day 2 and 8 pi, (ii) decreased galectin-7 protein expression,
but increased galectin-7 mRNA expression on day 2 pi, and (iii) increased

galectin-8 protein expression but reduced galectin-8 mRNA on day 8 pi. These
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results were reproducible in four independent preparations of corneal protein

extracts and mRNA.

Silver nitrate (AgNO3) cautery in mouse corneas. To determine the galectin

expression levels in chemically injured corneas, tissue lysates of whole corneas
collected on day 7 post injury (30ug) were subjected to electrophoresis. Analysis
of the lysates of whole corneas revealed that compared to normal corneas, in
chemically injured corneas, galectin-1 expression did not change, galectin-3
expression was significantly reduced (% reduction: 60%) and the expression of
galectins-7, -8 and -9 was significantly increased (fold increase: galectin-7: 8.2
fold; galectin-8: 11 fold; galectin-9: 5 fold) (Fig. 7). Thus in both infected and
cauterized corneas, galectin-3 expression was downregulated, whereas
galectins-8 and -9 were upregulated (Fig. 3 and 7). Changes in the expression
level of galectins-1 and -7 were distinct in infected and cauterized corneas.
Expression of these two galectins were downregulated in infected corneas but
was either upregulated (galectin-7) or did not change (galectin-1) in cauterized

corneas.

Similar to infected corneas, robust immunoreactivity of all five galectins
was detected in corneal stroma of the cauterized eyes (Fig. 8). Four different
cauterized eyes were used and the immunofluorescence staining of all galectins

tested in this study showed consistent results.

To further analyze the galectin expression in different layers of corneas,
corneal epithelium and stroma of normal and cauterized (day 7) corneas were
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separated, lysed with lysis buffer, and subjected to Western blotting (Fig. 9A).
Compared to control corneas, in epithelium of cauterized corneas, galectin-1
expression was upregulated (% increase: galectin-1: 223%), whereas galectin-3
expression was markedly downregulated (% reduction: 96%), and there was no
change in galectins-7, -8 and -9 expression (Fig. 9Bi). In the stroma of
cauterized corneas, expression of these five galectins was upregulated (fold
increase: galectin-1: 1.9 fold; galectin-3: 3.0 fold; galectin-7: 5.1 fold; galectin-8:

2.4 fold; galectin-9: 1.4 fold) (Fig. 9Bii).

As determined by qRT-PCR using RNA preparations of whole corneas,
MmRNA expression levels of galectins were ranked as galectin-3 > galectin-7 >
galectin-8 > galectin-1 > galectin-9 in normal corneas and galectin-1 > galectin-7
> galectin-3 > galectin-8 > galectin-9 in cauterized corneas. Messenger RNA
expression levels of galectins-1, -3, -7, -8 and -9 were all increased on day 7
post-cauterization compared to normal mouse cornea (Fig. 10; fold increase:
galectin-1: 41 fold; galectin-3: 1.85 fold; galectin-7: 34 fold; galectin-8: 1.82 fold;
galectin-9: 16 fold). Thus, consistent with changes detected by Western blot
analysis, galectins-7, -8, and -9 mRNA expression was upregulated in cauterized
corneas. However, changes in the protein expression of galectins-1 and -3 did
not reflect changes in corresponding mRNA expression level. Compared to
normal corneas, cauterized corneas expressed decreased galectin-3 protein, but
increased galectin-3 mRNA. While galectin-1 protein expression level was similar
in both normal and cauterized corneas, galectin-1 mRNA expression was higher

in cauterized corneas. The extent of change in the expression level of mMRNA
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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 of mMRNA per protein among different

cell types of the infiltrated infected and cauterized corneas.?08-213

Mouse corneal allografts. To determine the galectin expression levels in corneal

allografts, tissue lysates of whole corneas of accepted and rejected corneal
allografts were collected on postoperative week 4, and analyzed separately. As a
control, corneal discs marked with a 2 mm trephine and excised from normal
C57BL/6 mice were mixed at a 1:1 ratio with corneas from normal BALB/c mice
without the central corneal regions. Fold-change values relative to [(3-actin
expression of various galectins are shown in Fig. 11A. Expression levels of all
five galectins in both rejected and accepted corneal allografts were significantly
increased compared to controls. There were distinct differences in the expression
levels of galectins-8 and -9 between accepted and rejected grafts, as galectin-8
expression level in rejected corneal allografts was markedly higher (26.8-fold)
than in accepted (9.0-fold) corneal allografts (Fig. 11B). Conversely, galectin-9
expression level in rejected corneal allografts was substantially lower (2.5-fold)
compared to the accepted (11.5-fold) corneal allografts (Fig. 11B). Expression
levels of galectins-1, -3 and -7 exhibited no significant differences between
rejected and accepted corneal allografts (Fig. 11B).

To investigate galectin expression pattern at the tissue level, frozen

sections from normal corneas and corneas with accepted and rejected allografts
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on postoperative week 4 (N=3 each) were immunostained with anti-galectin
antibodies. In normal corneas, galectin-1 was mainly expressed in corneal
stroma; galectin-3 was mainly expressed in corneal epithelium, and galectins-7, -
8 and -9 were expressed in both corneal stroma and epithelium (Fig. 12).
Galectin-9 immunoreactivity in the normal corneal stroma was visible but at a
much reduced intensity compared to that in the normal epithelium. In both
rejected and accepted allografts, immunoreactivity of all five lectins was stronger
compared to control. In addition, consistent with the results of the Western blot
analysis, compared to the accepted grafts, there was increased galectin-8
immunoreactivity and decreased galectin-9 immunoreactivity in the rejected
grafts. In addition, galectin-3 immunoreactivity in donor stroma was stronger in
rejected grafts, whereas galectin-9 immunoreactivity in recipient stroma was

stronger in accepted grafts (Fig. 12).

Galectin-8 expression in_inflamed human corneas. In corneas of patients with

graft failure and bacterial keratitis, numerous inflammatory cells were detected in
the stroma as highlighted by periodic acid Schiff (PAS) staining (Fig. 13). Normal
corneas expressed little galectin-8 (Fig. 13). In contrast, robust galectin-8
immunoreactivity was detected in corneas of patients with graft failure and
bacterial keratitis (Fig. 13). No immunoreactivity was detected in the control
human corneas which were treated the same way as the experimental group

except that the step involving incubation with the primary antibody was omitted.
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Cellular sources of galectin-8 in mouse corneas. To determine the expression

pattern of galectin-8 in normal and inflamed mouse corneas, two different murine
models of corneal inflammation were used. In mouse corneas treated with either
thermal cautery or AgNOs cautery, intense galectin-8 immunoreactivity was
detected in the stromal matrix (colocalization of type | collagen), whereas in
untreated control corneas, galectin-8 expression was minimal (Fig. 14). In some
areas, particularly in the anterior stroma region, galectin-8 and type | collagen
immunoreactivity colocalized (Fig. 14). In addition, strong galectin-8
immunoreactivity was detected in lymphatic vessels (CD314MLYVE-1*), whereas
weak immunoreactivity of galectin-8 was observed in blood vessels
(CD31*LYVE-1") (Fig. 14). Consistent with our previous results,?'* trabecular
meshwork also exhibited strong galectin-8 immunoreactivity (Fig. 14).

As for cellular source of galectin-8 in inflamed mouse corneas, galectin-8
immunoreactivity was detected in neutrophils (Ly6G*CD11b*), macrophages as
well as a subset of dendritic cells (F4/80"CD11b*) and CD4* T cells (CD4*CD45")
(Fig. 15). Interestingly, some F4/80" cells in the posterior corneal stroma were
negative for galectin-8 immunoreactivity (Fig. 15), suggesting that either a subset
of F4/80* cells express galectin-8, or the cells need to be activated to express
galectin-8. While it is reasonable to suggest that cells stained positively may be
the possible source of the lectin, we note that paracrine actions of galectins have
been reported. In this respect, galectins secreted by one cell type may bind to the

glycan receptors on the adjacent cells. Therefore, the cells that exhibit
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immunoreactivity with galectin-8 may not necessarily be the cells that produce
the lectin.

As galectin-8 knockout was achieved by replacing /gals8 with a bacterial
reporter gene LacZ, which encodes bacterial B-galactosidase (B-gal), LacZ
expression is under the control of the galectin-8 promoter and can be used to
determine the tissue distribution and cellular sources of galectin-8. | first
employed histochemical staining to localize LacZ expression in the galectin-8 KO
mice. The substrate, 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal), is
hydrolyzed by B-gal to generate galactose and soluble indoxyl molecules, which
in turn are oxidized to insoluble indigo. The deep blue color generated by the
hydrolysis of X-gal by 3-gal was localized in corneal epithelium layer of untreated
galectin-8 KO mice (Fig. 16B), indicating corneal epithelium is the major source
of galectin-8 in control (untreated) corneas. In cauterized mouse corneas of
galectin-8 KO mice, reporter protein 3-gal activity was detected in both epithelium
and stroma (Fig. 16C), indicating both corneal epithelial cells and stromal cells
contribute to the upregulation of galectin-8 in injured mouse corneas. No X-gal
precipitate was detected in the WT mouse corneas which were treated the same
way as the KO mouse corneas (Fig. 16A).

To further determine the cellular sources of galectin-8, mouse corneas of
galectin-8 KO mice were immunostained with anti-bacterial (3-gal and other
antibodies against immune cell markers. (B-gal* cells represent galectin-8-
expressing cells). Similar to the immunofluorescence results in Fig. 15, some but

not all immune cells expressed galectin-8, as some leukocytic (CD45") cells and
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myeloid (CD11b") cells were negative for the reporter protein 3-gal (Fig. 17). Of
note, in the corneal epithelial layer, robust immunoreactivity of reporter protein -
gal was detected (Fig. 17), whereas weaker immunoreactivity of galectin-8 was
observed using the anti-galectin-8 Ab from Novus Biologicals (Fig. 15). Such
discrepancy may be explained by the epitope recognized by the anti-galectin-8
antibody (Novus Biologicals), which was raised against a synthesized peptide
corresponding to amino acid 61-110 of the protein. The epitope is within the
carbohydrate-binding groove of galectin-8 N-CRD, so it may be masked in the
corneal epithelial layer. Accordingly, | used another anti-galectin-8 Ab (clone H-
80, Santa Cruz Biotech) that recognizes the linker region of galectin-8 to perform
the immunofluorescence staining. Consistent with the immunoreactivity of (3-gal,
robust galectin-8 immunoreactivity was observed in corneal epithelium (Fig. 18).
In addition, strong galectin-8 immunoreactivity was shown in inflamed mouse
stroma (Fig. 18) as observed in immunostaining using the anti-galectin-8 Ab from

Novus Biologicals.
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Figure 3.
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Figure 3. Analysis of galectin expression of normal and P. aeruginosa-
infected corneas by Western blotting. Lysates of whole corneas containing 30
Mg 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 [3-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.
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Figure 4.
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Figure 4. Imnmunofluorescence localization of galectins in normal and P.
aeruginosa-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
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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 1 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 Im. Scale bar in H&E staining images: 100 pym.
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Figure 5.
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Figure 5. Galectin expression in corneal epithelium and stroma in normal
and P. aeruginosa-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 Ig 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. Although equal amounts of lysates were used, the
intensity of B-actin in normal cornel stroma is less than other conditions.
Therefore, the galectin expression is not normalized to -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 t-test. **P < 0.01, ***P < 0.001 versus control.
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Figure 6.
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Figure 6. Analysis of mMRNA expression levels of galectins in normal and P.
aeruginosa-infected corneas by gRT-PCR. Complementary DNA was
synthesized 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 [3-actin,
galectins-1, -3, -7, -8, and -9 and a Tagman master mix according to the
manufacturer’s instructions. A threshold cycle value (Ct) was calculated from
each amplification plot. Quantification data of each gene were normalized to the
expression of (-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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Figure 7.
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Figure 7. Analysis of galectin expression of normal and cauterized mouse
corneas by Western blot. (A) Lysates of whole corneas were used to assess
galectins-1, -3, -7, -8, and, -9 protein expression on day 7 post cauterization by
Western blot analysis as described in Methods. (A) Representative immunoblots.
(B) Relative band intensity was quantified by ImageStudio. Expression value of
each galectin was normalized to (-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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Figure 8.
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Figure 8. Immunofluorescence localization of galectins in normal and
cauterized mouse corneas. Immunofluorescence localization of galectins in
normal and cauterized mouse corneas. Frozen sections of normal and cauterized
corneas (day 7) were stained with antibodies against galectins-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, galectin-1 is detected
mainly in the stroma, whereas galectins-3, -7, -8, and -9 are detected in both
corneal epithelium and stroma. N = 4 for each galectin. Bar in
immunofluorescence images: 50 um. Bar in H&E staining images: 100 pym.

71



Figure 9.
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Figure 9. Galectin expression in corneal epithelium and stroma in normal
and cauterized mouse eyes on day 7 post injury. 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 t-test. *P < 0.05, **P < 0.01, ***P < 0.001 versus
control.
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Figure 10.
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Figure 10. Analysis of mMRNA expression levels of galectins in normal and
cauterized mouse corneas by qRT-PCR. Messenger RNA expression levels
were analyzed for galectins-1, -3, -7, -8, and -9 by RT-gPCR 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 -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 t-test. *P < 0.05, **P < 0.01, ***P < 0.001 versus control.
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Figure 11.
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Figure 11. Analysis of galectin expression of normal mouse corneas and
mouse corneas with rejected and accepted allografts by Western blot.
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 anti-galectin antibodies as described in Materials and Methods. A,
Representative immunoblots. B, Relative band intensity was quantified by Image
Studio. Expression value of each galectin was normalized to (-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 rejected and accepted allografts were
calculated as fold changes with respect to the cornea treated as control. Four or
more corneas were pooled and considered 1 biological replica; N = 4. Data are
plotted as mean + SEM and analyzed using Student t test. *P < 0.05, **P < 0.01,
***P < 0.001.
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Figure 12.
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Figure 12. Immunofluorescence localization of galectins in normal mouse
corneas and mouse corneas with rejected and accepted allografts. Frozen
tissue sections were immunostained using antibodies against galectins-1, 3, 7, 8,
and 9, and Alexa fluor 488—conjugated anti-goat (for galectin-1, green), Alexa
fluor 488—conjugated anti-rat (for galectins-3 and 9, green) and Alexa fluor 568—
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conjugated anti-rabbit (for galectins-7 and 8, red), followed by counterstaining
with DAPI (blue). White arrows indicate the interface between the donor (D) and
recipient (R). Immunostaining processing and exposure time of images in
rejected and accepted allografts were the same. Note that in normal corneas,
galectin-1 is expressed mainly in the corneal stroma, galectin-3 is expressed
mainly in the corneal epithelium, and galectins-7, 8 and 9 are present in both
epithelium and stroma. In both the rejected and accepted allografts, immune-
reactivity of the 5 lectins is detected in both corneal epithelium and stroma. No
immunoreactivity was detected in the corneas treated as controls that were
treated the same way as the experimental group except that isotype control IgG
was used as primary antibody or the step involving incubation with the primary
antibody was omitted; N = 3 for each galectin. Bar = 50 ym.
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Figure 13.
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Figure 13. Immunohistochemical localization of galectin-8 in normal and
inflamed human corneas. Normal human corneas and corneal buttons removed
at keratoplasty from patients with corneal graft failure and bacterial keratitis were
analyzed for galectin-8 immunoreactivity in paraffin sections. Brown color
indicates positive immunostaining. Periodic acid-Schiff stained corneas from the
corresponding cases are shown in the upper panel. Compared with the normal
corneas, markedly greater galectin-8 immunoreactivity was detected in the
corneal stroma of patients with graft failure and bacterial keratitis. In this study, 4
normal corneas and corneal buttons from 6 patients with graft failure, 4 patients
with bacterial keratitis and 2 patients with Acanthamoeba keratitis were examined
with reproducible results. Epi: epithelium; LV: lymphatic vessel; SC: endothelium
of Schlemm’s canal; Str: stroma; TM: trabecular meshwork. Bar: 400 pym.
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Figure 14.
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Figure 14. Immunofluorescence localization of galecin-8 in extracellular
matrix and blood/lymphatic vessels in mouse corneas. (A) Mouse corneas
subjected to alkaline burn were allowed to heal in vivo for 2 weeks and were then
analyzed for galectin-8 (green) and type | collagen (red) immunoreactivity.
Immunoreactivity of galectin-8 colocalizes with collagen |, especially in the
anterior corneas. (B) Frozen sections of normal mouse corneas were analyzed
for galectin-8 (green), CD31 (cyan) and LYVE-1 (red) immunoreactivity.
Immunoreactivity of galectin-8 are detected in lymphatic vessels, endothelium of
Schlemm’s canal, and trabecular meshwork. (C) Frozen sections of mouse
rejected allografts were analyzed for galectin-8 (green), CD31 (cyan) and LYVE-
1 (red) immunoreactivity. Immunoreactivity of galectin-8 is detected in both
lymphatic vessels and blood vessels in the inflamed mouse cornea. Bar: 10 um.
BV: blood vessel, CB: ciliary body, Epi: epithelium; LV: lymphatic vessel; SC:
endothelium of Schlemm’s canal; Str: stroma; TM: trabecular meshwork.
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Figure 15.
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Figure 15. Immunofluorescence localization of galecin-8 in infiltrated
immune cells in inflamed mouse corneas. (A-D) Frozen sections of thermal
cauterized mouse corneas on postoperative day 1 (a) and rejected mouse
corneal allografts on postoperative week 4 (B-D) were fixed in 4%
paraformaldehyde/PBS, permeabilized with 0.3% Triton X-100/PBS, stained with
anti-galectin-8 and biotinylated anti-Ly6G, followed by incubation with Alexa Fluor
488-labeled F4/80 (green), Alexa Fluor 488-labeled CD4 (green), Alexa Fluor
647-labeled CD11b (cyan), Alexa Flour 647-labeld CD45 (cyan), Alexa Fluor
488-labeled streptavidin (green) and Alexa Fluor 568-labeled anti-rabbit IgG (red).
Nuclei were counterstained with DAPI (blue). Macrophages and a subset of
dendritic cells were stained positively with anti-F4/80 and anti-CD11b, and most
of the F4/80* cells were CD11b%™ (A, B); neutrophils were stained positively with
anti-Ly6G and anti-CD11b (C); CD4* T cells were stained positively with anti-
CD4 and anti-CD45 (D). The white asterisk indicates a F4/80* but galectin-8- cell
(A). Bar: 10 ym. Epi: epithelium.
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Figure 16.
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Figure 16. X-gal staining in control and cauterized mouse corneas of
galectin-8 KO mice. Frozen sections of normal mouse corneas of WT (A),
untreated mouse corneas of galectin-8 KO mice (B), and AgNO3-cauterized
mouse corneas of galectin-8 KO mice (C) were fixed with glutaraldehyde,
washed with PBS, and stained for B-gal activity using X-gal as described in the
Method. Note that deep blue color (X-gal precipitate) is observed in corneal
epithelium of untreated and cauterized corneas of galectin-8 KO mice, whereas
X-gal precipitate is only observed in corneal stroma of cauterized corneas. Epi:
epithelium; Str: stroma.
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Figure 17.
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Figure 17. Immunofluorescence localization of bacterial B-galactosidase in
cauterized mouse corneas of galectin-8 KO mice. (A-C) Frozen sections of
AgNOs-cauterized corneas of galectin-8 KO mice on postoperative day 7 were
fixed in 4% paraformaldehyde/PBS, permeabilized with 0.3% Triton X-100/PBS,
stained with anti-B-gal (red), anti-CD45 (green), anti-F4/80 (green), anti-CD11b
(blue), anti-CD31 (blue) and anti-LYVE-1 (green). Nuclei were counterstained
with DAPI (blue) in A. Note that immunoreactivity of 3-gal (representing galectin-
8" cells) are detected in epithelial layers (A to C), CD45" cells (A), F4/80*CD11b*
cells, blood vessels (C), lymphatic vessels (C), endothelium of Schlemm’s canal
(C) and trabecular meshwork (C). However, some CD45* cells (A) and some
F4/80*CD11b* cells (B) are B-gal. Epi: epithelium; BV: blood vessels; LV:
lymphatic vessels.
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Figure 18.
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Figure 18. Immunolocalization of galectin-8 using anti-galectin-8 (clone H-
80) antibody. Frozen sections of untreated control, AgNOs-cauterized (day 7)
and P. aeruginosa-infected (day 8) mouse corneas were fixed with acetone,
blocked with Image-iT FX signal enhancer, and stained with anti-galectin-8 (clone
H-80, red), anti-CD31 (green) and anti-CD11b (cyan), followed by
counterstaining with DAPI (blue). Immunostaining processing and exposure time
of the images were the same. Note that immunoreactivity of galectin-8 localizes
in both epithelium and stroma, and is much stronger in AgNOs-cauterized and
infected mouse corneas compared to untreated control corneas.
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3.2 Galectin-8 promotes lymphangiogenesis in a carbohydrate-dependent
manner.

Normally avascular cornea has been extensively used as the in vivo model to
investigate the molecular mechanism of hemangiogenesis and to examine the
efficacy of the inhibitors and activators of hemangiogenesis.'%2% |n recent years,
cornea has also proven to be an invaluable in vivo model for defining general
mechanisms of lymphangiogenesis. To determine whether galectin-8 promotes
lymphangiogenesis, | used the mouse corneal micropocket assay. The vessel
area, representing the extent of lymphangiogenesis, was calculated one week
after galectin-8 pellets were implanted in the mouse corneas. In the
concentration range tested (40-320 ng), the extent of lymphangiogenesis
increased in a dose-dependent manner (Fig. 19).

To better characterize the role of galectin-8 in the regulation of
lymphangiogenesis, an in vitro three-dimensional sprouting assay using LEC
spheroids was used. Galectin-8, but not galectins-1, -3 or -7, promoted LEC
sprouting (Fig. 20A). The stimulatory effect of galectin-8 on LEC sprouting was
concentration-dependent (Fig. 20B). Next, | tested whether the stimulatory effect
of galectin-8 on LEC sprouting was carbohydrate-dependent. First, galectin-8-
induced LEC sprouting was almost completely inhibited by thiodigalactoside
(TDG, 20 mM), a pan inhibitor of galectins, whereas sucrose (20 mM), a non-
inhibiting disaccharide for galectins, had no effect (Fig. 20C). Similar to other
galectin-mediated cellular response?'®, a sigmoidal dose response with a delay

preceding the rise in response (ultrasensitive response) with a Hill coefficient (nH)
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greater than 1 was observed in my study (Fig. 20D). The nH of galectin-8-
induced LEC sprouting was 3.7, indicating a positively cooperative effect of
galectin-8-induced LEC sprouting (Fig. 20D). Secondly, unlike wild type galectin-
8, a galectin-8 mutant, Gal-8Q47A, which has lost its ability to bind a2,3-
sialylated glycans32'83, did not promote lymphangiogenesis (Fig. 21A). Thirdly,
3'-sialyllactose (3’-SL, 10 mM), which binds N-CRD but not C-CRD of galectin-82,
inhibited galectin-8-induced LEC sprouting by 90%, whereas 6’-SL, which does
not bind galectin-8, had no effect (Fig. 21B). The half maximal inhibitory
concentration (ICs0) of 3’-SL for galectin-8 was 1.25 mM; the inhibitory constant
(Ki) of 3-SL was 1.67 mM; nH was more than 1, indicating a positively
cooperative inhibition (Fig. 22). These data establish that the stimulatory effect of
galectin-8 on lymphangiogenesis is carbohydrate-dependent and that N-CRD of
galectin-8 plays a critical role in the process of galectin-8-induced
lymphangiogenesis.

Next, | tested whether N-CRD can serve as a dominant negative inhibitor
of galectin-8. Most galectins form either dimers or oligomers on ligand encounter.
Isolated CRDs, which retain their carbohydrate binding ability but are unable to
dimerize or oligomerize and cross-link cell surface receptors, may compete with
the carbohydrate-binding ability of the endogenous galectins and, hence, act as a
dominant-negative inhibitor'%5216.217 Pyblished studies have shown that isolated
CRDs of galectin-8 retain the carbohydrate binding activity but manifest impaired
biological activity32218, suggesting that the biological function of the lectin is

dependent on cooperative interactions of the two CRDs. As described before, N-
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CRD of galectin-8 (Gal-8N) is unique among galectins in exhibiting a very high
affinity for a2,3-sialyl glycans. To determine whether the prolymphangiogenic
property of galectin-8 is dependent on the cooperative action of both CRDs, |
tested whether N-CRD is able to promote lymphangiogenesis. Unlike full-length
galectin-8, Gal-8N failed to induce LEC sprouting (Fig. 23A). Moreover, Gal-8N
effectively inhibited galectin-8-induced lymphangiogenesis in a dose-dependent
manner (Fig. 23B). ICso of Gal-8N was 1.98 uM; Ki was 0.81 yM; nH was more
than 1, indicating a positively cooperative inhibition (Fig. 24). These results
suggest that Gal-8N serves as a dominant negative inhibitor of galectin-8 and
that a2,3-sialyl glycans recognized by Gal-8N as well as cooperative action of
both CRDs are required for galectin-8-induced lymphangiogenesis.

AKT and ERK1/2 are essential to lymphangiogenesis.?'%220 |, therefore,
tested the activation of AKT and ERK1/2 pathways by galectin-8. In addition, |
tested the effect of inhibitors of PI3K and MEK, the upstream signaling molecules
of AKT and ERK1/2 pathways, on Gal-8-induced LEC sprouting. To test the
effect of Gal-8 on AKT and ERK1/2 activation, primary LECs were serum starved
and incubated either with 0.5 yM Gal-8 for 0 to 60 minutes or with 0 to 0.5 pM
Gal-8 for 30 minutes. At the end of the incubation period, the whole cell lysates
were electrophoresed and the protein blots of the gels were probed with
phospho-specific antibodies directed against S473 of AKT and T202/Y204 of
ERK. Gal-8 induced phosphorylation of AKT and ERK1/2 in time- and dose-
dependent manner (Fig. 25A), suggesting that Gal-8 interacts with cell surface

proteins to activate AKT and ERK1/2 in LECs. To determine the role of these
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pathways on Gal-8-induced lymphangiogenesis, LEC spheroids were stimulated
with Gal-8 (0.75 pM) in the presence or absence of PI3K inhibitor (LY294002, 20
puM) and two different MEK inhibitors (U0126, 20 uM; PD0325901, 1 uM). After
overnight treatment with Gal-8, accumulated sprout lengths were quantified. All
three inhibitors markedly inhibited Gal-8-induced LEC sprouting (Fig. 25B),
indicating that PI3K-AKT and MEK-ERK signaling axes play a crucial role in Gal-
8-induced LEC sprouting. As expected, VEGF-C-induced sprouting was also

inhibited by PI3K and MEK inhibitors (Fig. 25C, positive control).
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Figure 19.
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Figure 19. Galectin-8 promotes lymphangiogenesis in vivo in a micropocket
assay. Sustained-release polymer pellets containing various doses of galectin-8
were implanted in the corneas of Prox1-EGFP reporter mice. One week after
surgery, the vessel area was calculated. Data are expressed as mean + SEM (A).
A representative fluorescence image of a cornea implanted with galectin-8 pellet
(160 ng/pellet) is shown in panel B. White asterisk indicates pellet. Bar = 400 ym.
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Figure 20.
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Figure 20. Galectin-8 promotes lymphangiogenesis in vitro in a dose-
dependent manner. LEC spheroids were incubated with media containing
various test agents. After 24 hours, the cumulative length of the sprouts was
quantified. (A) Galectin-8, but not galectin-1, -3 or -7, promotes LEC sprouting.
Concentrations of VEGF-C and galectins are 50 ng/ml and 0.75 pM, respectively.
(B) Galectin-8 promotes lymphangiogenesis in a dose- and carbohydrate-
dependent manner. Galectin-8-induced LEC sprouting is abolished by TDG (an
inhibiting carbohydrate), but not sucrose (a non-competing carbohydrate). TDG
and sucrose: 20 mM. A value of 1.0 was assigned to the sprout length of
galectin-8 (0.75 pM)-treated cells. Data are expressed as mean + SEM and
analyzed with one-way ANOVA. ***P<0.001 vs control. ##P<0.001 vs Gal-8 (0.75
MM). TDG: thiodigalactoside. (C and D) Galectin-8 stimulates LEC sprouting in a
positively cooperative manner. (C) Dose-response of galectin-8-mediated LEC
sprouting. Open circles indicate actual data points. LEC sprouting activity of
galectin-8 at 0.75 yM is 100%. ECso of galectin-8-mediated LEC sprouting is 0.52
MM and Hill's coefficient (nH) is 3.7. (D) Theoretical curves of different nH (red
broken lines, nH=1 to 5) were simulated and the blue line indicates galectin-8-
mediated LEC sprouting based on experimental results. The results are plotted in
Origin 9.1 (C) and R programing language (D).
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Figure 21.
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Figure 21. Galectin-8 promotes lymphangiogenesis in vitro by recognition
of sialylated glycans. LEC spheroids were incubated with media containing
various test agents. After 24 hours, the cumulative length of the sprouts was
quantified. (A) A galectin-8 mutant, Gal-8Q47A, which has lost its ability to bind
to a2,3-sialylated glycans, does not promote LEC sprouting at lower
concentrations. The prolymphangiogenic effect of Gal-8Q47A is only observed at
5 uM. (B) 3’-SL, but not 6’-SL, inhibits galectin-8-induced LEC sprouting. A value
of 1.0 was assigned to the sprout length of galectin-8 (0.75 uM)-treated cells.
Data are expressed as mean + SEM and analyzed with one-way ANOVA (A) and
Student’s t test (B). ***P<0.001 vs control. SL: sialyl lactose.
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Figure 22.
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Figure 22. Kinetic characteristics of inhibitory effect of 3’-SL on galectin-8-
mediated LEC sprouting. (A and B) Inhibitory effect of 3-SL on galectin-8-
mediated LEC sprouting at 0.75 yM. (A) Open circles indicate the actual data
points. ICso of the inhibitory effect of 3'-SL is 1.25 mM. nH of 3’-SL is 3.38. Ki of

3-SL is 1.67 mM. (Ki = &). (B) Theoretical curves of different nH (red
1+[A]/EC50

broken lines, nH=1 to 5) were simulated and the blue lines indicate the inhibitory
curves of 3’-SL based on the experimental results. (C) Inhibitory effect of 3’-SL
on galectin-8-mediated LEC sprouting at varying concentrations is simulated.
The results are plotted in Origin 9.1 (A), R programing language (B) and
MATLAB2013 (C).
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Figure 23.
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Figure 23. Gal-8N inhibits galectin-8-mediated LEC sprouting. LEC
spheroids were incubated with media containing various test agents. After 24
hours, the cumulative length of the sprouts was quantified. (A) Gal-8N does not
promote LEC sprouting. (B) Gal-8N inhibits galectin-8-induced sprouting in a
dose-dependent manner. A value of 1.0 was assigned to the sprout length of
galectin-8 (0.75 pM)-treated cells. Data are expressed as mean + SEM and
analyzed with one-way ANOVA (A) and Student’s t test (B). ***P<0.001 vs control.
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Figure 24.

A
100+
754
= C
=
&
2 501
]
.E 20
254 80
70
o y y ,
0 2 4 6 - 80
Gal-8N (uM =
B (M) & 50
2
o
‘8_ E 40
30

80

60

40
]

0s Gal-8 (uM)

Inhibition (%)

Gal-8N (M)

20
I

L] L] I

Gal-8N (M)

Figure 24. Kinetic characteristics of inhibitory effect of Gal-8N on galectin-
8-mediated LEC sprouting. (A and B) Inhibitory effect of Gal-8N on galectin-8-
mediated LEC sprouting at 0.75 uM. Open circles indicate the actual data points.
ICs0 of the inhibitory effect of Gal-8N is 1.98 uM. nH of Gal-8N is 3.85. Ki of Gal-

8N is 0.86 uM. (Ki = &). (B) Theoretical curves of different nH (red broken
1+[A]/EC50

lines, nH=1 to 5) were simulated and the blue lines indicate the inhibitory curves
of Gal-8N based on the experimental results. (C) Inhibitory effect of Gal-8N on
galectin-8-mediated LEC sprouting at varying concentrations is simulated. The
results are plotted in Origin 9.1 (A), R programing language (B) and
MATLAB2013 (C).
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Figure 25.
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Figure 25. Galectin-8 promotes lymphangiogenesis through AKT and ERK
signaling pathways. (A and B) Galectin-8 treatment activates AKT and ERK
pathways. Primary LECs were treated with galectin-8 prior to lysis. Samples were
separated by SDS-PAGE and analyzed by Western blot with phospho-specific
antibodies directed against S473 of AKT and T202/Y204 of ERK. (A) LECs were
incubated with galectin-8 (0.5 uM) for 0 — 60 minutes prior to lysis. (B) LECs were
incubated with varying concentrations of Gal-8 for 30 minutes prior to lysis. (C
and D) Inhibitors of PI3K and MEK inhibit galectin-8-induced LEC sprouting. (C)
LEC spheroids were stimulated with galectin-8 (0.75 pM) in the presence or
absence of PI3K inhibitor (LY294002, 20 uyM) and two different MEK inhibitors
(U0126, 20 uM; PD0325901, 1 uM). (D) LEC spheroids were stimulated with
VEGF-C (50 ng/ml) in the presence or absence of the PI3K inhibitor and MEK
inhibitors. Accumulated sprout lengths were quantified. A value of 1.0 was
assigned to the sprout length of galectin-8 treated cells. Data are expressed as
mean * SEM and analyzed with one-way ANOVA. ***P<0.001 vs control.
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3.3 Galectin-8 modulates VEGF-C-induced lymphangiogenesis

To gain mechanistic insight on galectin-8-mediated lymphangiogenesis, first |
tested whether the lectin influences the function of a well-known
lymphangiogenic molecule, VEGF-C. Here, | tested the effect of exogenous
galectin-8 on VEGF-C-induced LEC sprouting. Galectin-8, but not galectin-1, -3
and -7, markedly enhanced VEGF-C-induced LEC sprouting (Fig. 26A).
Synergistic effect of galectin-8 on VEGF-C-induced LEC sprouting was dose-
dependent. At 0.75 uM of galectin-8, VEGF-C-induced LEC sprouting was 5
times higher than that seen by VEGF-C alone or galectin-8 alone (Fig. 26B),
indicating that galectin-8 has a synergistic effect on VEGF-C-induced LEC
sprouting. To determine whether galectin-8 also enhances VEGF-C-induced
lymphangiogenesis in vivo, two separate pellets (VEGF-C and galectin-8) were
implanted in close proximity to one another, in the corneas of Prox1-EGFP
reporter mice. In the in vivo micropocket assays also, galectin-8 augmented
VEGF-C-induced lymphangiogenesis (Fig. 27).

Next, | tested whether VEGF-C-induced lymphangiogenesis is dependent on
galectin-8. In this study, LEC spheroids were stimulated with VEGF-C in the
presence or absence of three different galectin inhibitors. VEGF-C-induced LEC
sprouting was inhibited by TDG (a pan inhibitor of galectins, Fig. 28A), 3’-sialyl
lactose (the high affinity ligand of the N-CRD of galectin-8, Fig. 28B), and by Gal-
8N (the dominant negative inhibitor of galectin-8, Fig. 28C). These data establish
the critical role of galectin-8-dependent carbohydrate—mediated recognition in

VEGF-C-induced lymphangiogenesis.

97



Figure 26.
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Figure 26. Galectin-8 potentiates VEGF-C-induced lymphangiogenesis in
vitro. (A) Galectin-8, but not galectin-1, -3 or -7, has a synergistic effect on
VEGF-C-induced LEC sprouting. The LEC spheroids were treated with VEGF-C
(50 ng/ml) in the presence or absence of galectin-1, -3, -7 or -8. Accumulated
sprout lengths were quantified by Imaged. Representative fluorescent images are
shown in the right panel. (B) Synergistic effect of galectin-8 on VEGF-C-induced
LEC sprouting is dose-dependent. The LEC spheroids were treated with VEGF-C
(50 ng/ml) in the presence or absence of varying concentrations of galectin-8. A
value of 1.0 was assigned to the sprout length of VEGF-C treated cells. The
values for all other groups are expressed as a change in the sprout length with
respect to VEGF-C-treated LEC spheroids. Data are expressed as mean + SEM
and analyzed with one-way ANOVA. ***P<0.001 vs control (A) or VEGF-C (B);
#P<0.05 vs VEGF-C (A); ##P<0.001 vs VEGF-C (A).
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Figure 27.
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Figure 27. Galectin-8 potentiates VEGF-C-induced lymphangiogenesis in
vivo. Two separate pellets, one containing VEGF-C and the other galectin-8,
were implanted in the corneas of Prox1-EGFP reporter mice. One week after
surgery, the vessel area in the left panel was calculated as described in the text.
Representative fluorescent images are shown in the right panel. Black asterisk:
control pellet; red asterisk: VEGF-C pellet; blue asterisk: galectin-8 pellet. Data
are plotted as mean + SEM and analyzed using one-way ANOVA. ***P< 0.001.
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Figure 28.
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Figure 28. Galectin-8 inhibitors attenuates VEGF-C-induced LEC sprouting.
LEC spheroids were stimulated with VEGF-C (50 ng/ml) in the presence or
absence of varying concentrations of TDG (A), 3’-SL (B) or Gal-8N (C). After 24
hr, accumulated sprout lengths were quantified. A value of 1.0 was assigned to
the sprout length of VEGF-C treated LEC spheroids. The values for inhibitor
treated groups are expressed as a change in the sprout length with respect to
VEGF-C (50 ng/ml) treated LEC spheroids. Representative images of sprouts
from corresponding experiments are shown in the lower panels (D, E, F). Data
are plotted as mean + SEM and analyzed using Student’s t test. *P<0.05,
**P<0.01, ***P<0.001 vs VEGF-C. 3’-SL, 3’-sialyllactose.
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3.4 Galectin-8 deficiency ameliorates inflammatory lymphangiogenesis.

To test the role of galectin-8 in postnatal lymphangiogenesis in vivo, we
performed mouse corneal micropocket assays and induced inflammatory
lymphangiogenesis in wild type (WT) and galectin-8 knockout (KO) mice. For
micropocket assays, pellets containing 160 ng of VEGF-C were implanted into
mouse corneas and, one week after surgery, the vessel area representing the
extent of lymphangiogenesis was calculated. In WT mice, VEGF-C induced
robust growth of lymphatic vessels (Fig. 29). The extent of vessel formation
mediated by VEGF-C was significantly reduced in galectin-8 KO mice as
compared with WT mice (Fig. 29). Similarly, the extent of inflammatory
lymphangiogenesis induced by suture placement (Fig. 30) and AgNOs cautery
(Fig. 31) in the cornea was reduced in galectin-8 KO mice as compared with WT

mice.
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Figure 29.
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Figure  29. Galectin-8  deficiency attenuates VEGF-C-induced
lymphangiogenesis in vivo. VEGF-C-induced hemangiogenesis and
lymphangiogenesis. VEGF-C pellets (160 ng) were implanted into wild type (WT,
N=10) (B) and galectin-8 KO (N=10) (C) mice. After 7 day post implantation, the
corneal flat mounts were stained with anti-CD31 and anti-LYVE-1 to visualize
blood and lymphatic vessels, respectively. Blood vessel and lymphatic vessel
areas were quantified (A). Representative fluorescence images from each group
are shown in the bottom panels (B, C). Data are plotted as mean + SEM and
analyzed using Student’s t test. *P<0.05 vs WT.
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Figure 30.
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Figure 30. Galectin-8 deficiency attenuates suture-induced
lymphangiogenesis in vivo. Sutures were placed 2 mm above the limbal vessel
in the corneas of WT (N=5) (B) and galectin-8 KO (N=10) (C) mice. After 7 day
post surgery, the corneal flat mounts were stained with anti-CD31 and anti-
LYVE-1 to visualize blood and lymphatic vessels, respectively. Blood vessel and
lymphatic vessel areas were quantified (A). Representative fluorescence images
from each group are shown in the bottom panels (B, C). Data are plotted as
mean + SEM and analyzed using Student’s t test. *P<0.05 vs WT.

103



Figure 31.
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Figure 31. Galectin-8 deficiency  attenuates cautery-induced

lymphangiogenesis in vivo. Silver nitrate cautery was introduced in the center
of the corneas of the galectin-8** and galectin-8- mice. At the end of the
treatment period (day 7), blood and lymphatic vessel areas were quantified (A, B).
Representative images of WT (C) and galectin-8 KO (D) are shown. Anti-CD31:
green; anti-LYVE-1: red. Data are plotted as mean + SEM and analyzed using
Student’s t test. *P<0.05.
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3.5 VEGF-C binding receptors play little role on galectin-8-induced
lymphangiogenesis.

It has been reported that the galectin-glycan lattices increase receptor residency
time by inhibiting endocytosis of glycoprotein receptors from the cell surface, and
this in turn, increases the magnitude or duration of signaling from the cell
surface.??'222 Therefore, in an effort to characterize the mechanism by which
galectin-8 modulates VEGF-C-induced lymphangiogenesis, | first conducted a
study to determine whether the lectin modulates VEGFR-3, the predominant
VEGF-C receptor. This study revealed that VEGFR-3, but not VEGF-C, is a
galectin-8 binding protein (Fig. 32), that galectin-8 clusters VEGFR-3 on cell
surface (Fig. 33), and that galectin-8 retains VEGFR-3 on cell surface (Fig. 34).
However, surprisingly, knockdown of VEGFR-3 had little effect on galectin-8-
induced LEC sprouting (Fig. 35), suggesting that molecules besides VEGFR-3
are involved in galectin-8-induced lymphangiogenesis. Therefore, | sought to
determine whether galectin-8-mediated lymphangiogenesis involves other
receptors for VEGF-C. In this respect, it is known that VEGFR-2, which also
binds VEGF-C, is not involved in VEGF-C-induced sprouting.??32%4 My siRNA
knockdown and/or antibody blocking studies revealed that several other known
receptors of VEGF-C including neuropilin-2 and integrin a9B1225228 are not

possible targets of galectin-8 (Fig. 36 and Fig. 43).
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Figure 32.
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Figure 32. Galectin-8 binds to VEGFR-3 but not VEGF-C or VEGFR-1. (A)
None of the four galectins tested bind VEGF-C or VEGFR-1. Primary LECs were
incubated with agarose beads (control), and galectin-conjugated agarose beads
at 4°C overnight. Unbound proteins were removed and the bound proteins were
eluted with 20 yL of 2x Laemmli sample buffer and examined along with input by
Western blotting. The results are representative of two independent experiments.
(B) VEGFR-3 is a galectin-8 binding protein. LEC lysates were incubated with
galectin-8-conjugated agarose beads in the presence or absence of 100 mM of
lactose (an inhibiting sugar) or sucrose (a non-inhibiting sugar). Bound proteins
were examined along with total cell lysates (input) by Western blot using anti-
VEGFR-3 antibody. LEC lysates incubated with unconjugated beads served as a
negative control. To determine whether VEGFR-3 contains a2,3-sialylated
glycans, preferred ligands of galectin-8, binding of VEGFR-3 to a plant lectin,
MAA II, which binds selectively to a2,3-linked sialic acids was examined. MAA I,
Maakia Amurensis agglutinin 1l. The results are representative of three

independent experiments.
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Figure 33.
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Figure 33. Galectin-8 clusters VEGFR-3 on cell surface. LECs were treated
with or without galectin-8 for 15 min, fixed without permeabilization, stained with
antibodies to anti-VEGFR-3 (green), PDPN (blue) and galectin-8 (red), and
examined by confocal microscopy. Merged images are shown in the top panel.
(A) In control LECs, no obvious colocalization of VEGFR-3, galectin-8 and PDPN.
(B) Exogenous galectin-8 sequesters VEGFR-3 and PDPN. PDPN and VEGFR-3
distribution reorganized and colocalized (white spots in the merged image) at cell
borders after galectin-8 treatment. Scale bar: 7.5 ym.
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Figure 34.
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Figure 34. Galectin-8 retains VEGFR-3 on cell surface. Gal-8 increases cell-
surface residency VEGFR-3. Primary LECs were treated with VEGF-C (50 ng/ml)
or galectin-8 (0.2 uM) for 10 and 30 min. Cells were fixed and stained with anti-
VEGFR-3 antibody. Cell surface expression of VEGFR-3 was analyzed with flow
cytometry and quantified with FlowJo. Data are plotted as Mean + SEM from
three independent experiments and analyzed with Student’s t test. *P<0.05,
***P<0.001 vs VEGF-C treatment. MFI: mean fluorescence intensity.
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Figure 35.
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Figure 35. VEGFR-3 is dispensable for galectin-8-mediated
lymphangiogenesis in vitro. (A and B) LEC spheroids prepared using primary
LECs transfected with control and VEGFR-3 siRNA were treated with galectin-8
(0.75 uM) or VEGF-C (50 ng/ml). After 24 hr, accumulated sprout lengths were
quantified (A). Representative images are shown in the right panel (B). Data are
plotted as mean £+ SEM and analyzed using Student’s t test. (C) Assessment of
VEGFR-3 knockdown efficiency. Cell lysates from control and VEGFR-3
knockdown cells were subjected to SDS-PAGE followed by immunoblotting with
anti-VEGFR-3 and anti-GAPDH. Three independent samples were used in the
control and VEGFR-3 knockdown.
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Figure 36.
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Figure 36. Neuropilin-2 (Nrp2) is dispensable for galectin-8-mediated
lymphangiogenesis in vitro. (A and B) LEC spheroids prepared using primary
LECs transfected with control and Nrp2 siRNA were treated with galectin-8 (0.75
uM) or VEGF-C (50 ng/ml). After 24 hr, accumulated sprout lengths were
quantified (A). Representative images are shown in the right panel (B). Data are
plotted as mean + SEM and analyzed using Student’s t test. (C) Assessment of
Nrp2 knockdown efficiency. Cell lysates from control and Nrp2 knockdown cells
were subjected to SDS-PAGE followed by immunoblotting with anti-Nrp2 and
anti-GAPDH. Three independent samples were used in the control and Nrp2
knockdown.

110



3.6 Galectin-8 and VEGF-C-induced lymphangiogenesis is dependent on
podoplanin.

Next | performed studies to determine whether galectin-8-induced
lymphangiogenesis is dependent on PDPN. PDPN, which is expressed by LECs
but not blood ECs, is thought to play a role in the process of
lymphangiogenesis.''®117 However, the role of Gal-8 in the modulation of PDPN
has thus far not been fully investigated and virtually nothing is known about the
role of PDPN in VEGF-C-induced lymphangiogenesis. Here, | performed studies
to determine whether: (i) PDPN binds galectin-8 in a carbohydrate-dependent
manner, (ii) PDPN knockdown inhibits galectin-8- and/or VEGFC-induced LEC
sprouting and activation of AKT and ERK pathways, and (iii) galectin-8- or VEGF-
C-induced lymphangiogenesis is attenuated in mice with inducible deletion of
PDPN (Pdpn”;CagCre). As determined by the affinity precipitation assay, PDPN
interacted with galectin-8, but not galectin-1, -3 or -7, and the binding of PDPN to
galectin-8 was carbohydrate-dependent (Fig. 37A). Additionally, pulldown
experiments with agarose beads conjugated with the plant lectin MAAII
(specificity: a2,3-sialylated glycans) revealed that PDPN contains a2,3-sialylated
glycans (Fig. 37B). Removal of a2,3-sialylated glycans by treatment with a2-3
neuraminidase abrogated the interaction of PDPN and galectin-8, suggesting that
galectin-8 binds a2,3-sialylated glycans on the O-glycans of PDPN (Fig. 38). To
determine whether PDPN plays a role in Gal-8- and/or VEGF-C-induced
lymphangiogenesis, spheroids prepared using primary LECs transfected with

control or pooled PDPN siRNA were treated with galectin-8 or VEGF-C. The
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expression of PDPN was reduced by 82% in the siRNA transfected LECs (Fig.
39A). PDPN knockdown not only markedly inhibited galectin-8-induced LEC
sprouting, but also substantially reduced VEGF-C-induced LEC sprouting (Fig.
39B). Additionally, PDPN knockdown in LECs substantially reduced galectin-8-
and VEGF-C-induced activation of AKT but not ERK (Fig. 40), suggesting that
PDPN modulates galectin-8- and VEGF-C-induced lymphangiogenesis largely by
activation of AKT pathway.

To determine whether PDPN plays a role in galectin-8- and/or VEGF-C-
induced lymphangiogenesis in vivo, | used mice with tamoxifen-inducible global
deletion of PDPN (Pdpn®;CagCre)?®? to perform the corneal micropocket assays.
As expected, VEGF-C pellets markedly induced both hemangiogenesis and
lymphangiogenesis in  WT mice. The extent of VEGF-C-induced
hemangiogenesis was similar in both WT and PDPN-deficient mice (Fig. 41). In
contrast, VEGF-C-induced lymphangiogenesis was significantly reduced in the
PDPN-deficient mice (Fig. 41). Likewise, galectin-8-induced lymphangiogenesis,
but not hemangiogenesis, was reduced in PDPN-deficient mice (Fig. 42).
Together, the data suggest that PDPN is a key player, not only in galectin-8-

induced lymphangiogenesis but also in VEGF-C-induced lymphangiogenesis.
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Figure 37.
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Figure 37. Galectin-8 binds to PDPN in LECs. PDPN binds to galectin-8, but
not to galectin-1, -3 or -7. (A) LEC lysates were incubated with galectin-8-
Agarose beads in the presence or absence of lactose or sucrose (100 mM), and
with MAAII-conjugated agarose beads. (B) LEC lysates were incubated with
galectin-conjugated to agarose beads. Bound proteins were examined along with
total cell lysates (input) by Western blot using anti-PDPN.
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Figure 38.
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Figure 38. Galectin-8 interacts with the a2,3-sialyl glycans of VEGFR-3,
PDPN and integrins. Primary LECs were incubated with buffer only (control),
a2-3 neuraminidase (a2-3NA) that removes a2,3-sialyl glycans, or peptide-N-
glycosidase F (PNGase F) that removes complex glycans from N-linked
glycoproteins at 37°C for 1 hr. After the incubation, reaction was stopped by
adding 400 pl Triton lysis buffer and the reaction mixture was incubated with
galectin-8 agarose beads at 4°C overnight. Unbound proteins were removed and
the bound proteins were eluted with 20 pL of 2x Laemmli sample buffer and
examined along with input by Western blotting. Note that without complex N-
glycan, VEGFR-3 and integrins do not interact with galectin-8; PDPN without
a2,3 sialyl glycans does not interact with galectin-8. The results are
representative of three independent experiments.
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Figure 39.
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Figure 39. PDPN is required for galectin-8-mediated LEC sprouting. (A and
B) PDPN knockdown inhibits VEGF-C- as well as galectin-8-induced LEC
sprouting. Spheroids prepared using primary LECs transfected with control or
pooled PDPN siRNA were treated with galectin-8 (0.75 uM) or VEGF-C (50
ng/ml). After 24 hr, accumulated sprout lengths were quantified (A).
Representative images of the sprouts are shown in the right panel (B). Data are
plotted as mean + SEM and analyzed using Student’s t test. ***P<0.0001. (C)
PDPN knockdown: primary LECs were transfected with control (mock) or two
siRNA that targeted different regions of PDPN. Knockdown efficiency was
assessed by Western blot using anti-PDPN and anti-GAPDH antibodies.
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Figure 40.
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Figure 40. PDPN knockdown interferes with galectin-8- and VEGF-C-
mediated signal. PDPN knockdown significantly decreases galectin-8-induced
as well as VEGF-C-induced activation of AKT but not ERK. Primary LECs were
transfected with control or PDPN siRNA. The cells were serum-starved and
treated with galectin-8 (0.5 uM) or VEGF-C (50 ng/ml, positive control) for 30 min.
Electrophoresis blots of cell lysates were probed with indicated antibodies (A).
Quantification of fluorescence intensity of Western blots (N=5) is shown in right
panels (B). Data are plotted as mean + SEM and analyzed using Student’s t test
(c,e). *P<0.05 vs corresponding control.
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Figure 41.
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Figure 41. PDPN is required for VEGF-C-induced lymphangiogenesis in
vivo. (A to C) VEGF-C pellets (160 ng) were implanted into wild type (WT) (B)
and PDPN inducible KO (C) mice. After 7 day post implantation, the corneal flat
mounts were stained with anti-CD31 and anti-LYVE-1 to visualize blood and
lymphatic vessels, respectively. Blood vessel and lymphatic vessel areas were
quantified (A). Representative fluorescence images from each group are shown
in the bottom panels (B, C). N=10 for WT and KO mice. Data are plotted as mean
+ SEM and analyzed using Student’s t test. ***<0.001 vs WT. The results are
representative of two independent experiments.

117



Figure 42.
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Figure 42. PDPN is required for galectin-8-induced lymphangiogenesis in
vivo. (A to C) Galectin-8 pellets (160 ng) were implanted into wild type (WT) (B)
and PDPN inducible KO (C) mice. After 7 day post implantation, the corneal flat
mounts were stained with anti-CD31 and anti-LYVE-1 to visualize blood and
lymphatic vessels, respectively. Blood vessel and lymphatic vessel areas were
quantified (A). Representative fluorescence images from each group are shown
in the bottom panels (B, C). N=9 for WT and KO mice. Data are plotted as mean
+ SEM and analyzed using Student’s t test. ***<0.001 vs WT. The results are
representative of two independent experiments.
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3.7 Integrins play a key role in galectin-8-mediated lymphangiogenesis.

In addition to a9B1 integrin, several other integrins including a1p1, a4p31 and
a5B1 are involved in the process of lymphangiogenesis (reviewed in Chen et
al??®) and the interplay between integrin B1 and VEGFR-3 has been
reported.?3023"  Therefore, to  determine  whether  galectin-8-PDPN
lymphangiogenic pathway involves specific integrins, first, LEC spheroids were
treated with galectin-8 or VEGF-C in the presence or absence of blocking
antibodies and peptides against a panel of integrins including anti-integrin a5
(clone NKI-SAM-1), anti-integrin avB3 (clone 23C6), anti-integrin 5 (clone KN52),
Obtustatin (a blocking peptide against integrin a131) and BIO1211 (a blocking
peptide against integrin a4B1). In this study, only blocking of integrins a1B31 (by
Obtustatin) and a5B1 (by the neutralizing antibody) inhibited both VEGF-C- and
galectin-8-induced LEC sprouting (Fig. 43). Secondly, to determine whether
PDPN indirectly regulates the functions of VEGF-C/VEGFR-3 through controlling
the function of integrins a1B1 and a5B1 in galectin-8-dependent manner, |
performed studies to determine whether: (i) PDPN inhibition attenuates matrix
mediated LEC migration, a process in which integrin-mediated cell-matrix
interactions play a key role, (i) PDPN interacts with integrins in a galectin-8-
dependent manner, and (iii) knockdown PDPN impedes integrin-mediated
signaling cascades. In this study, blocking the function of PDPN by antibodies as
well as siRNA knockdown attenuated both fibronectin- and galectin-8- promoted
cell migration (Fig. 44). These data in conjunction with a published study''®

showing that PDPN-Fc inhibits type | collagen-mediated cell migration suggest
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that PDPN is involved not only in galectin-8 but also in fibronectin- and type |
collagen-mediated LEC migration, a process in which integrins are well-known to
play a key role. To assess the galectin-8-dependent interaction between integrins
and PDPN, primary LECs were treated with galectin-8 for 15 minutes, fixed
without permeabilization, stained with anti-integrin 1, PDPN and galectin-8
antibodies, and examined by confocal microscopy. In control cells, incubated with
buffer only, both integrin 1 and PDPN were homogenously distributed all over
the LECs; endogenous galectin-8 was detected all over the cells (Fig. 45) and in
some cell-free areas presumably the extracellular matrix. Since | showed that
galectin-8 was upregulated in inflamed human and mouse corneas, | added the
exogenous galectin-8 to see whether galectin-8 changes the distribution of PDPN
and/or integrin B1 on LECs. Addition of galectin-8 caused dramatic redistribution
and clustering of PDPN and integrin 1 on LEC plasma membrane (Fig. 45). In
addition, galectin-8, but not VEGF-C, treatment retain PDPN on cell surface (Fig.
46). To more directly assess the association between integrins and PDPN,
lysates from untreated or galectin-8-treated LECs were incubated with anti-PDPN
antibody, and immunoprecipitated proteins were examined by Western blotting
using antibodies against integrins 1, a1, a5, galectin-8 and PDPN. In untreated
cell lysates, immunoprecipitation with anti-PDPN co-immunoprecipitated
endogenous galectin-8 and integrin a1B1, indicating that PDPN interacted with
endogenous galectin-8 and the association between PDPN and integrin a1p31

was constitutive (Fig. 47). When cells were treated with exogenous galectin-8,
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there was an increased association between PDPN and integrin a5B1, while the
association between PDPN and integrin a1B1 remained similar (Fig. 47).

Next, to assess the role of PDPN on integrin-mediated signaling, LECs
transfected with control or PDPN pooled siRNA were seeded on collagen I- or
fibronectin-coated wells and allowed to adhere for 15 min at 37°C. Unattached
cells were removed and cell lysates from attached cells on collagen | or
fibronectin were analyzed with Western blotting using phospho-specific integrin
and focal adhesion kinase (FAK) antibodies. Phosphorylation of integrin 1 at
residues Tyr783 and Thr788/789 was reduced in PDPN-knocked down cells
compared to corresponding controls (Fig. 48), suggesting that the activation of
integrin 31 is reduced in the absence of PDPN. Also, phosphorylation of FAK at
the residue Tyr397 was decreased in the PDPN-knocked down cells seeded on
collagen |- but not fibronectin-coated wells (Fig. 48). Additionally,
phosphorylation of ERK at residues Thr202/Tyr204 was markedly reduced in the
PDPN-knocked down cells seeded on both matrix proteins (Fig. 48). Taken
together, these data lead us to conclude that PDPN regulates the functions of
integrin B1 complexes, specifically of integrins a1f1 and a5B1 in LECs, and that

this function is galectin-8 dependent.
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Figure 43.
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Figure 43. Inhibiting integrins a1f1 and a5B1 attenuates both VEGF-C- and
galectin-8-mediated LEC sprouting. a131 and a5B1 inhibition reduces both
VEGF-C- and galectin-8-induced LEC sprouting. LEC spheroids were stimulated
with VEGF-C (50 ng/ml) (A) or galectin-8 (0.75uM) (B) in the presence or
absence of control IgG, functional blocking antibodies (20 pg/ml) and peptides.
The blocking peptides used in the assay were 4 uM of Obtustatin (specific for
integrin a1B1) and 20 uyM of BIO1211 (specific for integrin a4B1). After 24 hr,
accumulated sprout lengths were quantified. A value of 1.0 was assigned to the
sprout length of VEGF-C or galectin-8 treated LEC spheroids. The values for the
inhibitor treated groups are expressed as a change in the sprout length with
respect to VEGF-C or galectin-8 treated LEC spheroids. Data are plotted as
mean + SEM and analyzed using one-way ANOVA. ***P<0.001 vs VEGF-C or
Gal-8; ##P<0.001 vs VEGF-C or Gal-8 + control IgG.
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Figure 44.
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Figure 44. Knockdown and functional blocking of PDPN inhibit fibronectin-
mediated LEC migration. (A) LECs were incubated with or without isotype
control Ab or anti-PDPN Ab (10 ug/ml). (B) LECs were transfected with control
siRNA or PDPN siRNA. The cells were seeded into the upper chamber of
Transwell inserts. The lower-side of the insert membrane was coated with
fibronectin (10 pg/ml) or galectin-8 (0.5 pM). After incubation for 2 hr at 37°C,
LECs that migrated to lower side of the membrane were counted. Results are
expressed as % change where control is set as 100%. Data are plotted as mean
+ SEM and analyzed using one-way ANOVA (A) and Student’s t test (B). *P<0.05,

**P<0.01 vs control IgG (A); ***P<0.001 vs control siRNA (B); #P<0.01 vs control
IgG (A).
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Figure 45
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Figure 45. Galectin-8 treatment clusters PDPN and integrin B1. LECs were
treated with or without galectin-8 for 15 min, fixed without permeabilization,
stained with antibodies to anti-integrin 31 (green), PDPN (red) and galectin-8
(blue), and examined by confocal microscopy. Merged images are shown in the
top panel. (A) In control LECs, no obvious colocalization of integrin 31, galectin-8
and PDPN. Note that galectin-8 also distributes at some cell-free area (arrow). (B)
Exogenous galectin-8 sequesters integrin 31 and PDPN. PDPN and integrin 31
distribution reorganized and colocalized (white spots in the merged image) at cell
borders after galectin-8 treatment. Scale bar: 10 ym.
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Figure 46.
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Figure 46. Galectin-8 treatment retains PDPN on cell surface. Gal-8
increases cell-surface residency PDPN. Primary LECs were treated with VEGF-C
(50 ng/ml) or galectin-8 (0.2 uM) for 10 and 30 min. Cells were fixed and stained
with anti-PDPN antibody. Cell surface expression of PDPN was analyzed with
flow cytometry and quantified with FlowJo. Data are plotted as Mean + SEM from
three independent experiments and analyzed with Student’s t test. *P<0.05,
***P<0.001 vs VEGF-C treatment. MFI: mean fluorescence intensity.
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Figure 47.
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Figure 47. PDPN interacts with integrins in a galectin-8-dependent manner.
Integrins a5 and 31 interact with PDPN in a galectin-8-dependent manner. LECs
were incubated with or without galectin-8 (0.5 uM) for 15 min at 37°C. Total cell
lysates were immunoprecipitated with control antibody and anti-PDPN antibody,
and were processed for Western blotting using antibodies indicated. Fold

changes are normalized to PDPN.
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Figure 48.
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Figure 48. Knockdown of PDPN impedes extracellular matrix-induced
signal. LECs were transfected with control or PDPN pooled siRNA. The cells
were detached 48 hr post-transfection and stimulated with immobilized collagen |
(4 pg/cm?) or fibronectin (2 ug/cm?), or left in suspension for 15 min at 37°C. Cell
lysates were subjected to Western blotting with antibodies indicated in methods.
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3.8 Galectin-8 inhibitors significantly decrease inflammatory
lymphangiogenesis in vivo.

To determine whether galectins can be targeted to control lymphangiogenesis,
two in vivo models of lymphangiogenesis were used. After suture placement and
AgNOs cauterization in the corneas of Prox7-EGFP reporter mice to induce
inflammation, the mice were treated with TDG (200 mM, a pan inhibitor of
galectins) or Gal-8N (15 g, the dominant negative inhibitor of galectin-8) by
subconjunctival injections on days 0, 2, 4 and 6 postsurgery. At the end of the
treatment period, lymphatic vessel areas were quantified. Treatment with both
TDG as well as Gal-8N significantly suppressed suture- and cautery-induced
corneal lymphangiogenesis (Fig. 49 and Fig. 50). These data suggest a
promising new mechanism for the modulation of pathological lymphangiogenesis

by targeting galectin-8.
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Figure 49.
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Figure 49. TDG and Gal-8N inhibit suture-induced lymphangiogenesis.
Sutures were placed approximately 2 mm above the limbic vessel in the corneas
of the Prox71-EGFP reporter mice. The animals were treated with TDG (200 mM
in 10 pL, a pan inhibitor of galectins) (A, C), or Gal-8N (15 pg in 10 uL, a
dominant negative inhibitor of galectin-8) (B, D) by local subconjunctival
injections on days 0, 2, 4 and 6 post-surgery. At the end of the treatment period,
lymphatic vessel areas were quantified (A, B). Representative images are shown
in the right panels. Data are plotted as mean + SEM and analyzed using
Student’s t test. The results are representative of two independent experiments.
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Figure 50.
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Figure 50. TDG and Gal-8N inhibit cautery-induced lymphangiogenesis.
Silver nitrate cautery was introduced in the center of the corneas of the Prox1-
EGFP reporter mice. The animals were treated with TDG (200 mM in 10 pL, a
pan inhibitor of galectins) (A, C), or Gal-8N (15 ug in 10 pyL, a dominant negative
inhibitor of galectin-8) (B, D) by local subconjunctival injections on days 0, 2, 4
and 6 post-surgery. At the end of the treatment period, lymphatic vessel areas
were quantified (A, B). Representative images are shown in the right panels.
Data are plotted as mean £ SEM and analyzed using Student’s t test. The results
are representative of two independent experiments.
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Discussion

4.1 Galectins as PAMPs and DAMPs in corneas.

We demonstrated here that galectins-1, -3, -7, -8, and -9, are expressed in
normal mouse cornea, and under pathological conditions, expression levels and
distribution of various galectins are drastically altered. In normal corneas,
galectin-3 is mainly localized in epithelium, galectins-7, -8 and -9 are distributed
in corneal epithelium and stroma, and galectin-1 is localized mainly in corneal
stroma. All five galectins are highly upregulated in the insulted corneal stroma,
whereas galectin-3 expression is markedly downregulated in insulted corneal
epithelium. Source of galectins in the insulted corneal stroma can be infiltrating
immune cells (reviewed in Liu FT et al.),?*? injured epithelium, activated tissue-

resident macrophages, and endothelial cells of new blood vessels.

We used two different mouse models representing sterile and non-sterile
inflammation. Antigen presenting cells recognize both pathogen-associated
molecular patterns (PAMPs) from microbes (non-sterile inflammation, stranger
model)?*? and damage-associated molecular patterns (DAMPSs) from stressed,
damaged and/or dying self-cells in the local tissue (sterile inflammation, danger
model).?** Both PAMPs and DAMPs induce inflammation by some shared
receptors such as toll-like receptors and 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.23% Galectins are considered DAMPs and receptors for PAMPs.236
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We report here that changes in the expression levels of three of the five
galectins tested (galectins-3, -8, and -9) were similar in both models. Overall, in
both infected and cauterized corneas, galectin-3 expression was downregulated,
whereas galectins-8 and -9 were upregulated. Changes in the expression level of
galectins-1 and -7 were distinct in infected and cauterized corneas. Overall
expression of these two galectins was downregulated in infected corneas but
was either upregulated (galectin-7) or did not change (galectin-1) in cauterized
corneas. Regardless of whether whole corneas were analyzed or corneal
epithelial and stromal layers were analyzed separately, galectins-8 and -9 were
upregulated in both infected and cauterized corneas. Decrease in galectin-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, galectins-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 galectins-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.
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Galectin-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 pro-inflammatory cytokine production
from innate immune cells.196:237.23823%  Galectin-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 galectin-1 on immunopathology of
Pseudomonas keratitis, it is possible that galectin-3 may exacerbate the infection.
On the other hand, galectin-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 galectin-3 in the pathogenesis of

Pseudomonas keratitis.

The role of galectins-7, -8 and -9 in P. aeruginosa-mediated corneal
pathogenesis has thus far not been characterized. It has been reported that
neutralizing galectin-9 abrogates the immune privilege status of the cornea and
that local subconjunctival injections of galectin-9 diminishes the severity of HSV
keratitis as well as the degree of corneal neovascularization in the mouse animal
model.?41:242 Considering that galectin-9 deficiency aggravates several
autoimmune diseases?*? and that exogenous galectin-9 increases effector T cell
apoptosis and promotes regulatory T cell polarization,?43244 it is possible that the
upregulation of galectin-9 in the infected cornea may help dampen the corneal

inflammation during P. aeruginosa infection.

As described above, changes in the expression level of galectins-7, -8 and
-9 were distinct in the epithelium of infected and cauterized corneas. The
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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.

4.2 Gal-8N as a dominant negative inhibitor for galectin-8.

Di/multivalent property of galectins allow them to cross-link many cell surface and
extracellular matrix glycoproteins, such as integrins and growth factor receptors,
to regulate signal transduction pathways.?*5248 |n this respect, it is known that
isolated CRDs of galectin-8 retain the carbohydrate binding activity but manifest
impaired biological activity,'®21® suggesting that the biological function of the
lectin requires cooperative interactions of the two CRDs. In my studies, truncated
galectin-8 containing only the N-CRD (Gal-8N) not only failed to induce
lymphangiogenesis, but also effectively inhibited the lymphangiogenesis induced
by full-length galectin-8. This suggests that Gal-8N effectively competes with full-
length galectin-8 and thereby acts as a dominant negative inhibitor of galectin-8.
In this respect, it has been reported that truncated galectin-3 containing a full
CRD but lacking the N-terminal oligomerizing domain also serves as a dominant

negative inhibitor of galectin-3.15%.217

4.3 The interplay among galectin-8, integrins, PDPN and VEGFR-3.
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A major finding of the current study is that galectin-8 modulates VEGF-C
mediated lymphangiogenesis. My studies show that Gal-8N, the dominant-
negative inhibitor of galectin-8, and 3’-SL (a competing disaccharide), but not 6’-
SL (a noncompeting disaccharide) ameliorated VEGF-C-induced Iymph-
angiogenic activity in vitro. Furthermore, in the in vivo corneal micropocket assay,
the extent of lymphangiogenesis induced by VEGF-C was significantly less in
galectin-8 KO mice compared with the WT mice. To our knowledge, this is the
first demonstration of a defect in lymphangiogenic response of galectin-8
knockout mice. Additionally, exogenous galectin-8 markedly enhanced VEGF-C-
induced lymphangiogenesis in a carbohydrate-dependent manner. Together,
these data conclusively establish that galectin-8 significantly influences VEGF-C-
mediated lymphangiogenesis. Of note, the inhibitory effect of Gal-8N on VEGF-
C-induced LEC sprouting is bell-shaped, which is similar to several other anti-
(lymph)angiogenic molecules, such as RGD-mimetic integrin inhibitors,
plasminogen activator-1, bortezomib, TGF-1 and some HMG-CoA reductase
inhibitors.24%250 Not surprisingly, much higher concentration of galectin-8 (0.75
MM), compared to VEGF-C (2.38 nM), was required to produce equivalent LEC
sprouting. This is because generally, the affinity of CRD of galectins towards their
glycan ligands is lower (dissociation constant: ~ yM) compared to typical
protein—protein interaction (dissociation constant: ~ 10 nM).2%! Despite the weak
affinity of their CRD, galectins achieve a stable interaction with their ligands due

to their multivalency that results in overall high avidity.?52253 Therefore, even if
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the affinity of one galectin-8 molecule for one PDPN molecule is weak, the
overall high avidity is able to activate lymphangiogenesis pathway.

My findings that PDPN binds to galectin-8 in a carbohydrate-dependent
manner, that it contains the high affinity glycans of galectin-8 (a2,3-sialylated
glycans), that galectin-8 clusters PDPN on cell surface, and that unlike the
knockdown of VEGFR-3, knockdown of PDPN abrogates galectin-8-induced
lymphangiogenesis suggest that PDPN is a key player in the mechanism of
galectin-8-induced lymphangiogenesis. Another major finding of the current study
is that PDPN plays a critical role in VEGF-C-mediated lymphangiogenesis. Thus
far, VEGF-C- and PDPN-mediated pathways have been independently shown to
promote lymphangiogenesis, but the relationship in the molecular mechanism of
the two pathways has not been demonstrated. My findings that PDPN
knockdown in LECs only attenuated VEGF-C- induced AKT, but not ERK,
phosphorylation, suggest that VEGF-C-induced AKT phosphorylation is PDPN-
dependent. Interestingly, a previous study has shown that VEGF-C induces a
strong AKT activation in LECs but not in blood ECs, whereas VEGF-C induces
strong ERK activation in both cell types.?5* These data lead us to propose that
AKT phosphorylation through PDPN may be essential for VEGF-C signaling in
LECs. On the other hand, my findings that PDPN knockdown attenuates
extracellular matrix protein-mediated activation of integrin pathway including
phosphorylation of integrin 31, AKT and ERK, that integrin a581 binds to PDPN
and galectin-8, and a published report showing that inhibiting integrin a5@31 curbs

VEGF-C-mediated VEGFR-3 activation,?3" collectively suggest that PDPN
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indirectly regulates VEGF-C-mediated signaling pathway by controlling the
function of integrin a5B1, in which case one would expect the attenuation of both
ERK and AKT activation in the PDPN knockdown cells. However, | observed that
VEGF-C-mediated ERK activation is not significantly affected in the PDPN
knockdown cells. | reason that VEGF-C-induced ERK, but not AKT, activation
may be compensated by other integrins such as avp5 when the function of
PDPN/galectin-8—associated integrin a5B1 is inhibited. This notion is supported
by my observation that VEGF-C-, but not galectin-8-, induced LEC sprouting is
inhibited by integrin av5, as well as by a published study showing that VEGF-A-
induced ERK activation is regulated by integrin avp5.2%5 Together, my findings
suggest that a galectin-8-dependent cross-talk among VEGF-C, PDPN, and
integrin pathways plays a critical role in lymphangiogenesis. This is an important
conceptual advance in the understanding of the molecular mechanism of a well-
known VEGF-C lymphangiogenic pathway.

My studies revealed that VEGFR-3 is a galectin-8-binding protein, and
galectin-8 clusters and retains VEGFR-3 on cell surface. Despite this, VEGFR-3
knockdown did not inhibit galectin-8-induced sprouting. This suggests that
although VEGF-C-induced lymphangiogenesis is dependent on extracellular
galectin-8, the lectin has the capacity to promote lymphangiogenesis
independently of VEGFR-3, and VEGFR-3 may be a pseudoreceptor for galectin-
8. | reason that inhibiting galectin-8 attenuates VEGF-C mediated signaling
because the function of integrins a1B1 and a5B1, rather than VEGFR-3, is

inhibited by galectin-8 inhibitors. | propose that galectin-8 has a unique dual-
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faceted mechanism of action to promote lymphangiogenesis where galectin-8-
mediated interactions between lymphangiogeneic integrins, a1p1/a581, and
PDPN, are sufficient to activate the integrins and trigger the process of
lymphangiogenesis without the involvement of VEGFR-3 (Model |, Fig. 51Bi), but
in the presence of VEGFR-3, PDPN-galectin-8-integrin interactions substantially
increase the magnitude of lymphangiogenic pathway by potentiating the VEGF-
C/VEGFR-3 signaling (Model Il, Fig. 51Bii). Accordingly, the resultant glycan-
galectin lattice activates AKT, ERK and FAK to promote lymphangiogenesis.
(Fig. 51C). Model | is supported by current studies showing that (i) VEGFR-3 is
dispensable in galectin-8-mediated lymphangiogenesis, (ii) galectin-8-mediated
lymphangiogenesis is dependent on PDPN and integrins a1fB1/a5p81, and (iii)
galectin-8 treatment increases the interaction of PDPN and integrin 1. This
concept is further supported by published studies showing that (i) mouse
embryonic fibroblasts lacking VEGFRs adhere and migrate on fully processed
VEGF-C and D in an integrin a9B1-dependent manner,??> suggesting that
interaction between integrins with certain ligands can affect cell behavior in the
absence of the growth factors’ cognate receptor, VEGFR-3, (ii) extracellular
matrix-induced LEC sprouting is independent of the intrinsic kinase activity of
VEGFR-3,2% (iii) galectins cross-link cell surface receptors including integrins by
interacting with their glycans,196:214.245247 gnd (iv) galectin-mediated clustering of
cell surface receptors leads to the activation of intracellular
signaling.245:246.248,257.258 \odel Il is supported by my findings that galectin-8

potentiates VEGF-C-induced lymphangiogenesis in vitro and in vivo, that
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galectin-8 inhibitors attenuate VEGF-C-induced lymphangiogenesis in vitro as
well as in vivo, and that galectin-8-induced lymphangiogenesis is reduced by
a1B1 and a5B1 inhibitors. This concept is further reinforced by published studies
showing that: (i) integrins associating with growth factor receptors regulate the
capacity of the integrin/receptor complexes to propagate downstream
signals,332%9260 and (ii) interaction between VEGFR-3 and integrin a5B1 is

increased after VEGF-C stimulation.?3! (Fig. 51A)
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Figure 51.

i i
Ai Few VEGF-C + VEGF-C

141



pAKT, pFAK, (pERK)

\ 4

Lymphangiogenesis

& PDPN

®@ Gal-8
v N-glycan
¥ O-glycan

VEGF- C/ Integnns
VEGFR

Figure 51. Proposed models of galectin-8-mediated lymphangiogenesis. (A)
Interaction of VEGF-C/VEGFR-3 and integrins. (i) In the absence of VEGF-C,
VEGFR-3 receptor is monomer and has few interaction with integrins. (ii) In the
presence of VEGF-C, VEGFR-3 forms a dimer and associates with integrins. (B)
(i) According to Model I, galectin-8 cross-links and clusters integrins a1p1/a5p1
and PDPN on the cell surface. The clustering activates lymphangiogenic
signaling pathways that modulate events such as endothelial cell migration and
sprouting without the involvement of VEGFR-3. This model is supported by
current studies showing that (a) VEGFR-3 is dispensable in galectin-8-mediated
lymph-angiogenesis, (b) galectin-8-mediated lymphangiogenesis is dependent on
PDPN, and integrins a1B1/ a5B1, and (c) galectin-8 treatment increases the
interaction of PDPN and integrin B1. (ii) In the presence of VEGFR-3 (Model II),
PDPN-galectin-8—integrin interactions substantially increase the magnitude of
lymphangiogenic pathway by potentiating the VEGF-C/VEGFR-3 signaling. This
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model is supported by my findings that galectin-8 potentiates VEGF-C-induced
lymphangiogenesis in vitro and in vivo, that galectin-8 inhibitors attenuate VEGF-
C-induced lymphangiogenesis in vitro as well as in vivo, and that Gal-8-induced
lymphangiogenesis is reduced by a1B1 and a5B1 inhibitors. Note that only
extracellular domains of glycoproteins are shown. (C) Galectin-8-mediated lattice
formation promotes lymphangiogenesis via activation of AKT and FAK signaling
pathway. As galectin-8 treatment also activates ERK pathway, the lattice may
indirectly activate ERK pathway.
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Future Directions
5.1 Role of macrophages in galectin-8-mediated lymphangiogenesis.
Macrophages can directly and indirectly contribute to lymphangiogenesis. For
direct mechanism, macrophages acquire LEC phenotype under inflammatory
conditions and integrate into lymphatic vessels.8%:128.261 |n addition, two VEGFR-
3" cells in human blood (a small subpopulation of CD133*VEGFR-3*CD34" cells
and a major subpopulation of CD14*VEGFR-3"CD31*VEGFR-2- monocytes)
have been identified as lymphatic progenitor cells and one or both types of the
circulating progenitors contribute to de novo lymphangiogenesis.89-262.263 For
indirect mechanism, a subpopulation of macrophages was identified as the
source of VEGF-C and thus induce lymphangiogenesis.*5.89264.265

It has been shown that macrophages subsets differentially regulate
angiogenesis and/or lymphangiogenesis. M2 as well as M2-like macrophages,
characterized as anti-inflammatory, are pro-angiogenic and pro-lymphangiogenic
primarily through secreting pro-(lymph)angiogenic factors.?66-26° | PS-polarized
M1-like macrophages acquire LEC phenotype and possibly contribute to de novo
lymphangiogeneis.®® In recent years, myeloid-derived suppressor cells (MDSCs),
an emerging class of CD11b*GR1* immune cells comprising a heterogeneous
population of immature macrophages, granulocytes, and dendritic cells as well as
other myeloid cells at early stages of differentiation,?”® have been shown to
regulate tumor angiogenesis by secreting proangiogenic factors.?”' The impact of
the MDSCs on regulating the process of (de novo) lymphangiogenesis has yet to

be determined.
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My preliminary data demonstrated that (i) macrophage depletion
decreases galectin-8-mediated lymphangiogenesis in vivo (Fig. 52), and (i)
galectin-8 treatment transdifferentiates RAW264.7 cells into LEC-like cells (Fig.
53). These results lead us to hypothesize that galectin-8 may function as a
chemoattractant for monocytes/macrophages and activate monocytes/
macrophages to acquire LEC phenotypes. Clearly, further studies are warranted

to prove this hypothesis and to elaborate the molecular mechanism involved.

5.2 Targeting galectin-8 to treat inflammatory diseases.

Regardless of the mechanisms involved, my findings that the dominant negative
inhibitor of galectin-8 as well as the pan inhibitor of galectin dampen
lymphangiogenesis have broad implications for developing novel therapeutic
strategies for conditions resulting from pathological lymphangiogenesis, such as
tumor metastasis and transplant rejection. Anti-lymphangiogenic agents are also
likely to be very useful for treatment of debilitating diseases of the eye. The
growth of lymphatic vessels is the major reason of corneal graft rejection*'.
Penetrating keratoplasty is the most common form of solid tissue transplantation.
Currently, approximately 40,000 corneal transplantations are performed each
year in the United States. Success rate of penetrating keratoplasty is as high as
90% for uncomplicated first grafts performed in avascular low-risk beds.
However, the rejection rate of the corneal grafts placed in high-risk vascularized

host beds is extremely high (70% to 90%). Thus the development of safe and
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targeted new regimens to inhibit lymphangiogenesis is a priority to promote graft
survival. In this regard, targeting Gal-8 to inhibit lymphangiogenesis may lead to
the development of novel strategies for preventing graft rejection. Anti-
lymphangiogenesis drugs are also likely to be useful for treatment of dry eye
disease. Significant upregulation of prolymphangiogenic factors (e.g. VEGF-C,
VEGF-D, and VEGFR-3) and selective growth of lymphatic vessels without
concurrent growth of blood vessels has been demonstrated in corneas with dry
eye disease?’?. Dry eye disease is an immune-mediated disorder affecting about
5 million Americans. It severely impacts the vision-related quality of life and the
symptoms can be debilitating. The current therapeutic options for dry eye
disease are limited, mostly palliative, and expensive. Again targeting Gal-8 to
inhibit lymphangiogenesis may be of therapeutic value for treatment of dry eye

disease.

Moreover, there is unmet need of developing prolymphangiogenic therapy for
disorders such as lymphedema, which affects approximately 140 million people
worldwide?”3. The disease most frequently occurs after surgical removal of lymph
nodes or radiation therapy, during the treatment of cancer. It is a progressive and
lifelong complication of notably breast cancer for which no curative treatment
exists?74275 Prolymphangiogenic property of galectin-8 may prove to be useful in
this regard. Despite the well-established significance of lymphatics in the
pathogenesis of numerous diseases, little is known about effective anti-

lymphangiogenic agents compared to the abundance of anti-hemangiogenic
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agents that have entered the clinical trials. It is our hope that with time our
findings will lead to the development of strategies to manage the aspects of
lymphangiogenesis for the benefits of patients. In conclusion, my study offers a
new perspective on how glycans of the cell surface receptors can be exploited to

understand and modulate the process of lymphangiogenesis.
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Figure 52.
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Figure 52. Macrophage depletion attenuates galectin-8-mediated
lymphangiogenesis. (A) Depletion of macrophages in vivo was achieved with
dichloromethylene  diphosphonate-liposomes (clodronate liposomes, or
clodrosome, EnCapsula NanoSciences). Systemic macrophage depletion was
achieved by intraperitoneal injection of 200 ul (1 mg) clodrosome and local
macrophage depletion was achieved by subconjunctival injection of 10 ul (50 pg)
clodrosome at 4 days and 24 hours before galectin-8 pellet implantation and then
at every 24 hours after implantation as depicted in A. As a control, empty
liposomes (Encapsome, EnCapsula NanoSciences) were given at the same
schedule. (B) Macrophage depletion after clodrosome injections. One week after
galectin-8 pellet implantation, mouse corneas were harvested and stained with
anti-F4/80 (a macrophage marker) antibody. Representative micrographs are
shown. Black asterisks indicate the galectin-8 pellets. (C) Clodrosome treatment
reduces galectin-8-mediated lymphangiogenesis. Lymphatic vessel areas of
galectin-8-induced lymphangiogenesis in Prox1-EGFP reporter mice were
quantified. Data are plotted as Mean + SEM and analyzed using Student’s t test.

148



Figure 53.
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Figure 53. Galectin-8 transdifferentiates macrophages to lymphatic cell-like
cells. RAW264.7 cells were treated with galectins (0.5 pyM) in serum-free DMEM
medium for 24 hr. (A) Representative cell morphology was shown in (A) at 24 hr
after treatment. Note that galectin-8-treated RAW264.7 cells are flatten; some of
the galectin-1-treated cells display similar morphology as galectin-8-treated cells.
(B) Induced expression of PDPN in galectins-1 and -8 treated cells. After 24 hr-
treatment, cell lysates were collected and subjected to Western blotting with anti-
VEGFR-3, anti-PDPN and anti-GAPDH antibodies. While VEGFR-3 was
detected in control and galectin-treated cells, PDPN was detected only in cells
treated with galectins-1 and -8.
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