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ABSTRACT

Cancer has become a prevalent disease that is the second leading cause of death in
the United States. Various cancers have been identified as either over or unessiegpr
a sugar binding protein: galectth The target of this research is noestigatecancerous
evens that are impacted by galeecBrand mediate these events through the use of a
multivalent binding partner to galect This binding partneis lactose functionalized
PAMAM dendrimers.

Apoptosis has been reported as another phenomenon that galespacts. By
using a reporter assay, viability, cytotoxicity and apoptosis were observed for cancer cell
line A549 in the presence of exogenously addddajin3 and/or lactose functionalized
dendrimers. It was found that exogenous galegtmdglycodendrimers did not have
any significant impact on these cell viability tests. Therefore, glycodendrimers can be
used to probe multivalent effects withouteét of toxicity.

Metastasis was investigated through a modiftedtro scratch assay. By
monitoring the migration of cancer celiswas found that exogenously addgalectin3
retarded cell migration. Wheaglycodendrimers wericluded, migration wapartially
restored. Thisevealed the implications of exogenous gale8tiegardingthe metastatic
potential of carcinomadVhen the implications of the domains of gale@inere
investigated, it was found that the truncated galeXtontaining only the carbohydrate
recognition domain (CRD) was unable to replicate the same effects observed in full
length galectir8. Immunofluorescence microscopy was used to locate the multivalent
binding partner and galectin the assay. While endocytosis of gale&iwas
observed, no colocalization with the multivalent binding partnerakasrved
intracellularly, supporting the hypothesis of an extracellular interaction mediating the
results Multivalent interactions between glycodendrimers and gak&ctmpacted
cellular migration.

Angiogenesis revealed that exogenous galetimducedheovascularization.
Glycodendrimers impacted galecBimediated angiogenesis. Glycodendrimers alone
could elicit effects either enhancing or negating angiogenkegsisnding on the dendrimer
generationFluorescent tags revealed glycodendrimer accumulation on or inside the cells
and galectir3 on the surface of cell groups.

Overall, hesestudiesshow that gycodendrimers can interact multivalently and
affect cellular processes.
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CHAPTER ONE

DENDRIMERS IMPACT GALECTIN3 MEDIATED CANCER CELL
MIGRATION IN VITRO

Introduction

The fields of biochemistry and supramolecular chemistry do not seem to be fields
of overlapping research. But the truth is that a lot of important biochemistry would also
fall under the category of supramolecular chemistry. In recent years, the linesrbetwe
many different disciplines has become blurred as we continue to collaborate in an attempt
to attain a better understanding of important science. This has led to exciting

developments that begin to encompass more and more of the big picture.

Supramoleular chemistry

Since itsnamingin the 1980s the field of supramolecular chemistry has gathered
a wide variety of research under its braolietipline ofstudy. Simplyput, this field is
defined as the study and design of {wowalent chemistry on mudarger complexes.
While many chemistries, such as gdlesst complexes, hydrogels, signalosomes and
drug delivery systems may fall into this field, at the core, this field combines many
branches of research under the terms of understanding intermoldtades! eThese
investigated effects can be any combination ofoawvalent interactions such as
hydrogen bondinghehydrophobic effect, metabn complexationyan deWaals

interactions and others. In fact, theseresting norcovalent factors that contribute to
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supramolecular interactions have been reported toghdy dependent on Van der Waals
forces, which was previously thought to be mostly-nontributing.

Much early research in this field came from the discovery of hydrogen bonds in
DNA and later led to an understanding that enabled synthetic complex systems such as
crown ethers thatdsted cations of varying valencies to form stable compduNtise
recent research has evolved to more sophistication in the design of complexes that
perform a desired action such as-ss$embly. Some wedttudied examples of self
assembly come from natur®@ne example is the Tobacco Mosaic Virus which forms
from a selfassembly of a large number of subunits into a helical structure to protect the
RNA strand contained withfnBy studying natural systems, scientists have learned many
of the valuable properties and techniques atatular recognition necessary to design,
initiate and afford a sefissembling system. By understanding the equilibrium,
thermodynamics, cooperativity and efficiency in the-asfembling systems, greater and

more complex systems have been designed.

Biological Interest

Biology has always been at the forefront of supramolecular systemsjassic
example of this is the process of protein folding. R@stslationally, a primary sequence
of a protein must undergo proper folding in order to obtaidasgned function.
Sometimes withthe use of a chaperopeotein secondary structure is formed from
hydrogen bonds, and then tertiary structure is formed from othecowaient

interactions such as ionic interactionsppstacking and hydrophobic eftsc Although
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many proteins are folded with the udechaperone proteins, tistepwise contributiorof
non-covalent interactions stays the s&me

Even thougtour understanding of protein folding is far from complete, there is
enough understanding to design synthetic peptaed foldamers, for specific
functions. Through careful selection of the framework, foldamers have been designed to
bind their targeeven with energies rivaling the native affinified/ith current
understanding and prediction of roavalent interactions, larger and more complex
foldamers have been designed and synthesized for specific functions successfully. It has
been hypothesized that these complexes can be designegtéat aumber of
conformations and functions with increased understanding and prediction of the
interactions creatédResearchers used these techniques to design foldamers such as a
mi xed U/ b p e p-tell lgmphoméesdra larped RedLY witB ten times
greater affinity than the natural pepfide

Research like this has continued to pradowre compounds that are
Abi omi met i c . idto dnticoaguiation pgan in @ sirslar way with the natural
polysaccharide heparin. By forming smaller polysaccharide fragments, it was found that
anticoagulation could be controlled. This has furtedrtode novosynthesis of complex
glycans that are now pharmaceutically available and have been optimized to elicit the
greatest nomwovalent interaction for thrombo&ig his complex polysaccharide scaffold
has been investigated in many different diseases for uses such as infectie@rsacdnc
inflammation. Research within this sphere of glycomics led teraalarial drug

erythropoietinwhich stimulated red blood cell productfo®ther research like this
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investigated wound healing and fibronectin which is known to promote cell migration
and adhesion. Using peptide fragments of fibronectin and by a single amino acid
substitution, the grqucould control inhibition or promotion of wound healing in
different model%

Often within biological supramolecular interactions, multivalency is a utilized
property. In general, any liganteceptor interaction is necovalent in nature. In order to
attain morebiologically relevant interactions, often nature utilizes multiple binding
interactionsFor example, whennainfluenzavirus attaches to an epithelial cell, it must
bind to terminalsialic acid groups on the cell surfateiltivalentlyvia hemagglutinin
trimers on the viral capsitl Mimicking viral glycan recognition has become a strategy to
combat viruses such as HIV and EBéla

Some modes of multivalendlgat are investigated here are statistical effects,
chelation, receptor clustering and crosslinking, but these described properties are not all
encompassing. When there are multiple ligands available to bind a receptor, there is a
statistical increase ithe amount of time the receptor stays bound. If a ligand unbinds,
there is a close ligand to take its plaBgre1A)*2 The strengtlof the interaction is not
increased but the unbound time is decreased. Chelating is an entropic argument, when a
binding interaction takes place, there is an entropic penalty. But if a bivalent ligand binds
a bivalent receptor, the entropic cost is lowantif a bivalent receptor binds two
monovalent ligands. Therefore, the overall interaction is more favorable than the
counterpartKigure1B)'°. Receptor clustering is a biological effect where a multivalent

ligand brings multiple receptors in closer proximity to each offigu¢e1C)'3. This can
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lead to an activated signal, such as where two receptors are required for the activated
complex, or a weak signal can be intensified. Another majoratrgdanultivalency in
biological systems can be the ability to crosslink and form higher order aggregates
(Figure1D)'*. These crosslinking effects can be eittvith neighboring cells, with other

receptors on the same cell or binding the surrounding factors such as the ECM.

A...B Cm
o‘?o ﬁvvs. .

D @ ..

® H..

Figurel. Modes of multivalency. Statistical binding effects (A), chelating effect (B),
receptor clustering (Cand crosginking (D).

Further investigations into multivalent design have shown that linker length
between ligands directly impacts the strength of the multivalent interaction. In work done
by the Whitesides group, they reported an increase ingbkeehergy of the bivalent
interaction as the linker was lengthened until an optimum binding energy was reached,

after that point, increasing the length of the linker decreased the strength of the
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interactiort>. Multivalent interactions can be synergistic, additive or negative in
cooperativity®. Generally, multivalent interactions are of greater functional affinity
(avidity) than the monovalent interactiénAn increase in the understanding of
multivalent interactions and improvedsign of multivalent systems has shown these
tools being used to influence a variety of targets such as cancer, fertility and immune
responses.

This chapter will describe the role of gale€siin cancer processes and the
impact of multivalently designed scaffolds to interact with these processes. Our
investigatios have taken us to explore the contributions of multivalency in cancer

processes such as toxicity, apoptosis, angiogenesis and metastasis.

Galectin3

Galectin3 i galaatosiile binding protein in the galectin famdf/which 15
have been identified in humans. They are all characterized by a conserved carbohydrate
recognition domain (CRD) and have been categorized into three subgroups. The largest
subgroup is prototype galectins which contain a single CRD. The sgomumnglis tandem
repeats which consist of two CRDs connected by a linker domain. The final group only
contains galecti and is named the chimera galectin because of its single CRD and
unigue Nterminal domain which is disorderédBecause of its unique characteristics
within the family, galectir8 has become the most studied of the galectins. Galgdin
essential for early development and organogenesis but it has also been reported to be

important forcancer progressiofi?. Theoncogenic and tumor suppressive activities of
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galectin3 appear to be dictly dependent on itellular localizatiorand these
localizations are not inclusive; galecnprovides different functionsn different cancers
(Figure2, Tablel). For example, there is evidence that cytoplasmic gat8dicis as an
antiapoptotic factor by preventing mitochondrial damage or cytochrome c rFélease
Galectin3 can also mimic the function of&ell lymphoma 2 (BeR) and bind to Bek-
associated death promot&AD) and Bct2 homologous killer (BAK) which when
localized to the mitochondria, promote the release of cytochrome ¢ and progress
apoptosi&. But when localized to the nucleus, gale@inan promote apoptosis through

transcription regulatiot.

Circulating Cytoplasm

. Promoting Inhibiting
Assisting in cell growth Apoptosis

dissemination

and tumor Promoting

cell survival cell cycle
ECM Regulating
adhesion - transcription

\/ alectin- _/
Endothelial Promoting
adhesion mRNA splicing
Promoting

Inhibiting
Apoptosis

Angiogenesis
Immune
suppression

Intercellular Nucleus

Figure2. Relative cellulardcations of galecti3 and the cancerous processexlulated
Adapted from referenéé



Cancer Location Reference
Adenocarcinoma of the Nucleus Vladoiu, M., et al.
endometrium

Melanoma Nucleus Vladoiu, M., et al.
Thyroid carcinoma Nucleus Vladoiu, M., et al.
Colorectal adenoma and Cytoplasm Vladoiu, M., et al.
carcinoma

Follicular and papillary thyroid Cytoplasm Vladoiu, M., et al.
carcinoma

Adenocarcinoma of the Cytoplasm Vladoiu, M., et al.
endometrium

Melanoma Cytoplasm Vladoiu, M., et al.
Thyroid carcinoma Cytoplasm Vladoiu, M., et al.
Squamous cell carcinoma of the | Cytoplasm Vladoiu, M., et al.

tongue

Colorectal adenocarcinoma

Mitochondria

Vladoiu, M., et al.

Breast adenocarcinoma

Endosome

Vladoiu, M., et al.

Colorectal adenocarcinoma

Plasma Membrane

Vladoiu, M., et al.

Renal cell carcinoma

mRNA expression

Dong, R., et al.

Thyroid Carcinoma

Extracellular

Dong, R., et al.

Hepatocellular carcinoma

Extracellular/ mRNA expression

Dong, R., et al.

Prostate cancer

Extracellular/ decreased
cytoplasm and nucleus

Dong, R., et al.

Pancreatic carcinoma

Extracellular/ tissue expression

Dong, R., et al.

Colorectal cancer

Extracellular

Dong, R., et al.

Breast cancer

Extracellular/tissue expression/
mRNA expression

Dong, R., et al.

Bladder cancer

Extracellular/ tissue expression

Dong, R., et al.

Gastric cancer

Extracellular

Dong, R., et al.

Lymphoma

Extracellular

Dong, R., et al.

Tablel. Locations of galecti in various cancers. Adapted from refereft€s

Galectin3 can also affect a wider range of processes because of its ability to
oligomerize through its NMerminal domain. When found outside the cell, gale8thas
been reported to form higher order multimers, up to pentdt@&tss function is

dependent on the CRD and theddminal domain in coordinatiéh Galectin3 does not
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contain an export sequence, so its excretion to the extracellular region must be through a
non-classical secretion mechaniSirOnce in the extracellular space, there are a great
number of glycosylated extracellular ligands available for interacfiofisese
interactions can lead to lattice formation and redistribution of glycoconjugates on the cell
surfacé®?® This can lead to either signaling enhancement, protecting receptors from
being activated or prevention of endocytdsidMany d these glycoreceptors for galectin
3 are involved in cell adhesion such as laminin, fibronectin, and other extracellular matrix
component¥. There also is indication of an endocytosis/ exocytosis baltanc
extracellular galectiB levels. In macrophage like cells, endocytosis occurred rapidly,
within 5-10 minutes and was dependent on the CRD atefiNinal domain and could be
blocked by lactosg.

Higher affinity ligands for galectd® have been reported such as Thomsen
Friedenreich (TF) antigen which is revealed on aberrantly glycosylated Mucin 1 receptor
on the surface of cancer cells. This interaction has reported an equilidbissociation
constant (I§) of 47 pM from galectirB to TF antige?f. Other galectif8 ligand
interactions have been described withs@K61 + 2uM to lactose, 67 uM to N
Acetyllactosamin®. But some of the highest affinity ligands for gale@iare either
natural or designed multivalent interactiofea example, in one review, a
polylactosamine chain was the best reported ligfa@ther experimentsave revealed

that pectinderived polysaccharides had dissociation constarsofiiup to 49 nM*.
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Apoptosis

Early in the development of cancer, a neoplastic tumor must gain the ability to
bypass encoded cell suicide called apoptosis. Apoptosikighly regulated and
complex process that can be activated by many different mechanisms. Apoptosis is
characterized by a coordinated and systematic dismantling of the cell, without
inflammation, and eventual phagocytosis by macrophages. DNA mutatybolsnes
and death receptors can activate apoptosis through extrinsic and intrinsic pithways
These pathways lead to the initiation of the caspase cascade which activates specific
proteases to begin the process of apoptosis: condensing DNA, protein crosslinking and
forming apoptotic bodié& A common trait of cancer cells tgass apoptosis is through
|l oss of the p53 pr othegunarwdhiiacnh ohfa st hbee egne ntoenme
functions as a DNA damage sensor and can turn on intrinsic apoptosis at signs of DNA
damag@’. Up or down regulating different players can have great impacts on the cascade
of apoptosis within a cell.

Multivalency has become an active area of research in regard tatiacfiv
apoptosis in cancer cells. Of particular interest isTtRE-related apoptosismducing
ligand (TRAIL) which is highly selective against cancer cells but has few side impacts.
This ligand activates Death Receptor (DR) 4 and 5 which induces caspaséeelat
apoptosis. Different scaffolds such as potato virus x have been tagged with up to 490
TRAIL monomers. Due the flexibility of the virus, this complex has been shown to be
between 310 times more effective than the TRAIL monomer iriraditro modef8. A

multivalently modified protein proved to be an effective agonist against the death
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receptors, up to 2 fold more effective than the TRAIL monéfnédditional apoptosis
inducing techniques have included a complex polymeric system of an amphipathic
dendron that carries multiple functional units. There is a long hydrophobic chain that can
insert into the cell membrane, and the researarerswvestigating linking this region to
different toxic compounds. The dendron also contains many lysine residues which
present a high concentration of cationic charges to the plasma membrane. This dendron is
presented in an inactivated form, but upopasure to slightly acidic conditions such as
would be present in a tumor microenvironment, the aggregates will disperse and become
active®,

Galectin3 has been reportedly involved in apoptosis, especially in the context of
immune suppression. Galectdrcan bind to CD98 on the surface otélls which is
involved in the regulation of apoptoSisThere are also reports that ovgression of
galectin3 can protect breast cancer cells from drug induced apoptosis by improving cell
adhesion propertiés The multimeric properties of galectthhave been noted to make it
more efficient than galectih at signaling apoptosis in T céfls

Since galectifB reportedly enhanced cancer cell survival after exposure to
apoptotic factorsiAykac and coworkerd e si gned gol d rwlodexriar t i cl e
to target galecti3 for delivery of methotrexate to a tumeéidure3). This would
improve delivery of hgrophobic methotrexate and increase selective toxicity for cancer
cells®. Chang and coworkergportedanoterdesignof glyco-nanofibers that self
assembled around siRNA coupled with doxorubicin to create a complex that was

membrane penetrating. Enhanced targeting of doxorubicin and silencing RNA to cancer
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cells was demonstrated over normal cells. The loadeleased due to high glutathione
content in cancer cells which reacted to the ferrocenium in the cationic ferroeenium
modified lactose derivativé
More elaborately designed supramolecular complexes have been reported recently to

combat these issues of apoptosis and toxicity in cancef°cells

MTX
MTX

\W Au M\/\
Methotrexate [\/] TX

Galectin-3 \/\/‘ MITX
Lactose “

B-cyclodextrin

MTX

Figure3. Drug delivery scaffold for methotrexate (MTX target to lectins such as
galectin3 which have a higher local concentration around tunfatapted from
reference 41.
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Metastasis

When a tumor has more fully developed, another devastating process is
metastasis. Tumor cells begin to dissemiffiaen the primary tumor, inhibiting the
signals for anoikis as it becomes detached from the ECM and intercellular contacts. The
tumor cells will invade a nearby circulatory system and, in that system, maintain tight
intercellular contacts for survival. Thémere will be extravasation into a new tissue
environment where the secondary tumor will begin coloniztion

Galectin3 is known to play parts in many of these steps of the metastatic
cascad®. From early on, it was known that galeeBmediated celtell adhesion
through glycoconjugaté$ There are several reports of gale@ihinding to mucin 1
extracellularly and activating Epidermal Growth Factor Receptor (EGFR) in human
epithelial cancer ceft& This has been reported to activate Extracellular SiBegulated
Kinase 1/2 ERK 1/2) which leads to cell migratitt® And this signaling was
dependent on the multivalent properties of gale8tisignaling was diminished when
collagenase was used to cleave theihinal domaiff. Galectin3 can also play a role
in the binding interactions necessary for migration. When bounddadNerin, this aa
lead to destabilization of the intercellular interactions leading to fewer interactions
preventing migratiott. Galectin3 can also bind to cell surface integrins and cluster
them, activating their endocytosis and further destabilizing@M contact®. It
appears that not only does galeiassist in signaling cell migration, but it assists in
destabilizing the interactions that keep the cell bdortdat location within the

extracellular matrix. In fact, the oligomerization potential has become so vital to the
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metastatic activity of galectif, that there have been attempts to use the CRD of
galectin3 as a therapeutic since it no longer can auemultivalently?,

Matrix Metalloproteases (MMP) contribute an important role in the extracellular
modulation of metastasis by galee8nlt was shown that MMR/-9 can cleave galectin
3 within the Nterminal domain, inhibiting its ability to oligomerize. Interestingly, when
this happens, the affinity of the CRD for ligands increases up tdalat>* It was
reported that MMP7 also cleaves galecty and MMR7 abrogated galect mediated
migration in a wound healing ass@iyable2)®°.

To continue the fight to inhibit metastasis, designs with multivalency have shown
promise. A study reported that Lamis32, an ECM component involved in cell
motility, could be modied by N-acetylglucosaminyltransferase to display N
acetylglucosamine. Further developments revealed that gaBectinld not bind to these
residues and therefore could not support cell interactions through integrins that led to
migratior?®. Sy nt h e s i 4actosyi clusters inhibitedethe formation of lung
metastases in miee

A few naturally derived products have been used to inhibit gal8cfins tastatic
potential. The Raz group investigated a modified citrus pectin and found that there was a
reduction in the metastatic and angiogdsebavior of breast cancer céfisThere has
been extensive work done to design a higher affinity ligand for gal@&imd therefore,
interfere with its cancerous functions. Once such example was designed to-be a TF
antigen galectin3 binding mimetic. A synthetic disaccharidmino acid conjugati®r

galectin3 was designed and found to decrease lung metastasesringraft modéf.
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Designed higher affinity ligands have the potential to impact metastasis in the transport
phase of cancer cells through a circulatory system. Modified BSAghjtioligands was
reported with high affinity for galectiB, the complex with 21 glycans reported a binding
enhancement of 100 foftl A highly exotic system was designed bearing cyclodextrins
functionalized with lactosides similar to beads on a string. Thesassdimbled
pseudopolyrotaxanes elicited significant effects in a galdctirediated hemagluttination
assay with Tcells. They reported an aggregation dependence on the concentration of
lactosides and the number of beads (cyclodextrins) on the iy ¢4)°°. These
examples further demonstrate the task at hand to combat metastases. Thisohigihdy
process has many links that are being targeted for therapeutics as our understanding is

further expanded.

LIQ/\J/\__’\‘/\

\

-cyclodextrin

Lactoside

\/ Polyviologen Chain

Figure4.Selfassembl|l i ng supramol ecul ar compl ex
cyclodextrin on a polyviologechaininhibited galectifl mediated agglutination.
Adapted from reference 57.
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Angiogenesis

The process of angiogenesis, or blood vessel formation, can be activated by
external signals and therefore makes it a mostly extracellularly initiated process. Thes
signaling molecules, usually cytokines, can be released for either paracrine or autocrine
signaling. These cytokines can illicit processes such as endothelial cell migration,
tubulogenesis, remodeling of the cell surface, and cell proliferation. Sotrei|aar
cytokines such as Interlukéh(IL-6) and Granulocyteolony stimulating factor (€&CSF)
which are known to induce migration in endothelial cells have been reported to be
secreted from endothelial cells through a gale8tmediated process. In patlar,
interaction of galecti#8 with cellsurface glycoprotein CD146, also called mucin 18,
promotes cytokine relead@eExogenousull-lengthgalectin3 at concentration®und in
cancer patients was sufficient to induce secretion of these cytokines and others involved
in intercellular interactiorfé. The expression of specific cytokines ICAMintegrin
Ubs, E-selectin and VCAML increased heterotypic cellular adhesion, migration and
tubulogenesf&. Thisinteraction of galecti8 with the cell surface of endothelial cells is
dependenon its carbohydrate binding ability, as this activity is inhibited when a
competitive disaccharide is add&drhe Raz groupeported enhanced migration of
endothelial cells when galectBwascleaved at Ff by MMPs-2/-9%3, When galectir8
was cleaved by these proteases in the presence of breast cancer cells, migration and

morphogeaesis of the endothelial cells was enhandable?2)



FORM OF GALECTIN-3 | PATHWAY IMPACTED | EFFECT

Metastasis Inhibits galectin-3

mediated migration

Pyg—laso Metastasis Inhibits galectin-3
mediated migration

Metastasis Inhibits galectin-3
mediated migration

Angiogenesis Increases migration
and interaction with
endothelial cells
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LOCATION OF
GALECTIN-3

Extracellular

Extracellular

Extracellular

Extracellular, total cell
lysates, nuclear
fraction

EXPERIMENTAL
METHOD

Wound healing
in T84

Wound healing
in T84

Wound healing
in T84

Chemotaxis and
capillary
formation assay

REFERENCE

Puthenedam, M., et al.

Puthenedam, M., et al.

Puthenedam, M., et al.

Nangia-Makker, P., et al.

Table2. Table of truncated versions of galeefirand their impact ooancerous

processes®?

There is much more reported work describing the impact of galeatim

angiogenesis. Researchers reported that galeetieased by cancer cells can promote

H-Ras signalin@nd the MitogefActivated Protein Kinase (MAPK)/ Extracellular

signatRegulated Kinases (ERK) pathway which leads to cell proliferation and

migratiorf*.

The Yu group reported tube formation of endothelial cells in media from another

batch of galectit8 treated endothelial cells. When this conditioned media was added to

the endothelial cells, significantly greater capillary formation was observesiwal

mitigated by the addition of lactose or the antibodies of cytokines such as itiégth

Further reports showed increased tube formation as a result of Vascular Endothelial

Growth Receptor 1/2 (VEGFR1/2) activation. When endothelial cells were incubated
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with either galectiril or galectir3, enhanced tube formation was reported. When the
endothelial cells were incubated with both galedtiand galectit8, greater tube forming
activity was observéd Early reports by thRanjwanigroup showed that galecthwas
a mediator of a VEGF and basic Fibroblasv¥éth Factor (bFGF) angiogenic response.
They reported this activity was mediated through the interaction of gaBeutith these
factorsandtheNy| ycans preskB8twbnchntagsed &l uster
and activation of focal adhesiomkse which is involved in cellular adhesion and
spreadinéf. This correlation between galecnand VEGF mediated angiogenesis has
revealed a clear reason for this interaction. Tkglydosylated extracellular domain of
VEGFR2 bindgyalectin3 and has been reported to increase its cell surface reféntion
Angiogenesis is normally a heavily regulated process that coordinates and mitigates
signals. When VEGFR2 is activated by VE®@Fthis leads to endocytosis and
redistribution of VEGFR2 on the cell surfd8eBy retaining VEGFR2 orhe cell
surface, this can lead to heightened signal8tglicupand coworkerseported
endothelial cell surface interactions with gale@iwhich revealed NG2, a proteoglycan
found to be involved in the coordination between endothelial cells and psricyiey
reported a cell surface clompared-3glainectsitnng
activated complex enhanced motility and morphology of the endothelidPcaits
additional pathway was recently reportadsaresult of extracellular galectih Galectin
3 can be secreted by cancer cells in hypoxic conditions. When g&8estis bound to
endothelial cells, Jagged (JAG1)/Notch signaling was activated and led to angiogenic

sprouting®.
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Galectin3 was also reportedly rapidly endocytosed and targeted to either be
recycled or destined to lysosomes for degradati@ndothelial cells. Endocytosis was
dependent on the CRD but destination to the lysosomes was dependent dartheil
domain of galectif8’*. This reveals that not only does gale&ioontribute to surface
interactions, but there is alscethspect of uptake that could impact angiogenesis.
In vitro studies have shown that galeeBmediated angiogenesis can be inhibited

with lactose treatment. Some small molecules have been designed to diminish the effect
of galectin3 on angiogenesis. Argll molecular weight inhibitol33DFTG,has shown

promise revealing a 4of 68nM to galectin3 6 s ‘CIR @&dothelial sprouting studies,
this molecué inhibited galecti¥8 mediated VEGF migratiomn vivo studies revealed
reduced corneal angiogenésdifkesearchers reported a few selectivebpualéated
heparin derivatives as inhibitors for galeedinin an endothelial tube formation assay, all
of the heprin derivatives inhibited galecti® mediated tube formation, and some were
able to reduce tube formation beyond the cofftrol

Other, more elaborate designs have been investigated. The Caporali group
reported the assembly of carbon nanotubes to safely deliver microRNAs into cells. This
delivery was enhanced by functionalizing the nanotubesangtitionic polymer which
increased the binding of the microRNAs. In a tube formation assay, this supramolecular
complex decreased tube formation of endothelial Cellhiese reports show promise as
we begin to further elucidate the pathways and processes activated by cancer cells in the

angiogenic cascade.
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PAMAM Dendrimers

Armed with these important prior reports, further investigatiogadéctin3
mediated apoptosis, toxicity, metastasis and angiogenesis is the goal of the research
reported in this thesis. Because of the oligomeric properties of gakaimultivalent
scaffold was selected with the ability to functionalize the endpgrouith lactose. Poly
amidoamine (PAMAM) dendrimers have repeating amidoamine branches, and the
number of branches doubles with each increasing generation. Generations 2, 3, 4 and 6
(G2, G3, G4, G6) were selected for these studiggie5). The terminal amine of the
branch is functionalized with lactoside endgroups via a thiourea linkage. A G2 is
functionalized on average with 12 lactosides, a G3 witladtosides, a G4 with 45
lactosides, and a G6 with 100 lactosides per dendrimer. While a G2 dendrimer is more
circular and amorphous, the larger G4 and G6 are more akin to a globular sphere.
Lactoside functionalization increases the aqueous solubilityeadi¢éndrimers, making
them easy to use in a physiological buffer. The sizes of these dendrimers are analogous to
other biomolecules, making them generally4mmmunogenié®. Branches bearing
lactosides are quite flexible and able to accommodate different steric requirements in a
tumor environmenit. Therefore, carbohydrate functionalized PAMAM dendrimers are

good tools to study the multivalent aspects of gal8dim cancer processes.
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Conclusion

The research presented here will first be directed toward assessing the utility of
the dendrimers in cellular systems. The toxicity of the dendrimers will be assessed to
determine whether they induce necrotic effects. Next, the dendrimers will be tetsted wi
and without exogenous galect¥to determine if apoptotic effects are induced. Uptake
assays will be utilized to determine the localization and potential interactions of the
dendrimers. These results together reveal that the glycodendrimers ard tookéiu
investigating further cellular effects without detrimental side effects.

Next, galectin3 mediated migration and angiogenesis will be assessed with the
glycodendrimers. These results will show the impact of multivalency on these cancerous
processes and will show the utility of lactose functionalized dendrimers as tools to further
probe multivalent biological processes, especially in the context of cancer progression.

Multivalent interactions can be applied to many processes, and the underggtandi
of multivalency can lead to the development of new systems that intercept biological
processes, especially when the processes are extracellularly mediated. Extended
glycosylation of cellular networks shows the importance of understanding the

mechanismsf glycosylation, the interactions, and the signals that are initiated from it.
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CHAPTER TWO

THE TOXICITY, UPTAKE, AND IMPACT ON GALECTIN-3 MEDIATED

APOPTOSIS OF LACTOSE FUNCTIONALIZED DENDRIMERS
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Introduction

Many biological processes are mediated by glyleatin interactions and induce
signal transduction. One of the first such discoveries by Nowell, P.C. (1960) showed that
lectins from red kidney beans could induce mitosignmphocyte$?. Since thenmany
studies heae reportedon the vast influence of celurface carbohydrates and their
receptor®. Although mosbf these carbohydrateceptor interaans are relatively
weak, many heavily influemdiological processesuch as glycan mediated cell
attachment and endocytosis of a Viftf& To enhancehe selectivity and specificity of
theseweak carbohydratenediatednteractions, multivalency isommonly invokedf.

Since the entropic cost of binding is paigthe first ligand eceptor interaction in a
multivalent system, each subsequent interaction benefits enthalp@adirall,
multivalencyincreaesthe binding avidityof the systerit.

To investigate a multivalent system, a hyperbranched polftmetionalizedwith
lactosdes was utilized?. Polyamidoaming (PAMAM) dendrimers are hyperbranched
polymers with repeating amidoamine uréteanating from a central cof€able3).

When theaminoendgroups are functionalized with lactoga a thiourea linkage, the
dendrimers present a multivalent ligand sy$téth

Another attractive feature of PAMAM dendrimers is their potential utility in drug
delivery. The ability to presertherapeuticenultivalently to a target can increase the
efficacy of the druff. Many novel drugs are plagued with physical limitations such as

low specificity, low solubility, high system rejeati and side effects. Dendrimers and
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other nanoparticles can be designed so as to release cargo at a specffi®target
Dendrimers present many ways of attaching drugs either covalently -@omalently,
for examppe, through sequestering the drug on the interior of the dendfiordoy
designing a functionalized drug with a cleavable bond via a specific faienditic
display of a therapeut&gentcanalsomitigateits low solubility. Drug resistance is a
large problem especially in tlaatimicrobialindustry, and the raltivalent presentation of
therapeuticganalterthe development of bacterial resistafice

Of particular imporance for the research described in this chafgiterdecreased
cellularorganization of tumors can be used to specifically target cancerous cells.
Dendrimers can beguite large, and because of ttheydo not as readilpenetrate
healthy tissuesThedeceased cellular junctions and unorganized vasculafuxenors
allows for large dendrimers to penetrate this spaceffect known as the enhanced
permeation and retention (EPR) efféé. The ERP effect could lead fewer side
effects from nonspecific delivef§

The receptor target chosen for our research is gal@cHuman @lectin3 is a26
k Da pr ot egalactoside birtdingadonfain that plays roleprioacesses including
embryogenesis, heart disease, inflammation, and tumor psagrésAll galectins
contain a highly conserved carbohydrate binding domain. Unlike the other galectins in
this family, galectin3 possesses a naarbohydratédinding N-terminal domain that has
bee described as collagdike®’. The N-terminaldomain allows galecti to

oligomerize which allows its receptor furioh to be multivaler®f. When galectis8 and
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lactose functionalized dendrimassociatea host of multivalent crodsking
interactions and consequmsare enablet}%6:92%4,

The investigationslescribed in this chaptare to give greater understanding of
the efficacy of dendrimers as drug delivery systamd their abilityto probe multivalent
interactionswith galectin3. Toxi city can be defined as a su
necrosis in a cell. Acute toxicity is the ability of a substance to break up the cell
membrane and cause an undirected, proinflammatory resuitityas an important trait
to examine in therapeutics research because toxicity paired witkpeaific interactions
are highly undesirable characteristics. If a substance has been designed to induce specific
interactions, toxicity is an offarget effet that must be mitigated.

Uptake in a cellular system represents the ability of a substance to be
endocytosed. These results would indicate if a substance has the ability to penetrate the
cell and induce intracellular interactions. When designing adddtir therapeutics,
different concessions must be made depending on if the substance stays in the
extracellular space or is endocytosed.

Inducing apoptosis in cancer cells represents the gold standard for cancer
therapeutics. Apoptosis is highly reg@dtand antinflammatory; activating this process
in cancer cells is a difficult task since many cancers have deleted or altered expression of
apoptosis regulating proteins.

To understand the potential interactions of a substance, the toxicity, uptdke, an
apoptotic potential of the compounds of interest must be assessed. Galsdétimolved

in many cancer process€s? °” and the results reported in this chapter afford a greater
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understanding of the properties of tHgcgdendrimers that are used to study gale8tin

mediated cancer processes.

Results

Toxicity Studies Using Lactose Functionalized Dendrimers

Lactose functionalized dendrimers are designed to present binding ligands to
galectin3 and induce effecthrough this multivalent carbohydrateceptor interaction.
Glycodendrimers are emerging as important tools for the study of gaBeetediated
cancer processebo uselactose functionalized dendrimezfectively in celtbased
assaysfirst theirtoxicity had to be determined.the multivalent glycopolymers are
toxic, then the information garnered from studies of cellular processes will be
considerably different than results obtained using nontoxic polymers.

Thetoxicity was measured using a fluoresteiability dye. Three cell lines were
investigated: A549 human lung carcinoma cells-Di% human prostate carcinonaad
HT-1080 human fibrosarcoma cells. These cell lines were selected for their robustness
and endogenous expression of gale8tin orcer from greatest to least: D145, A549,
then HT-1080. Each cell line was incubated in high concentrations of each generation of
lactose functionalizedendrimers (G2, G3,G&fG6) and Cel |l toxE dye t
in the presence of DNA. Fluorescence weorded at 2 and 24 hours. The results were
averaged from six replicates of each experiment. The concentration of lactose
functionalized dendrimer in the assay was at least 20 and up to 400 times greater than

used in anyf the assays used for understagdcellular aggregation, migration, or
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angiogenesisThese concentrations were selected so that the concentration of lactose was
equivalent in each assay, even when a different generation of dendrimer was used with
different numbers of lactosides per framuek. Even at these high concentrations, there
was no significant dendrimer toxicity reported in any of the cell lines telSigdré6).

Other researchers have reporntgtbtoxicity in human epithelial colorectal
adenocarcinoma celé concentrations above 700 pfdr cationic or unfunctionalized
G2 dendrimersand cytotoxicityat all concentrations for G3 and G4 cationic or
unfunctionalized dendrimets These researchers also re@significant decrease in
cytotoxicity when the surface of the dendrimers was functionalized with lauroyl or PEG
chains. They hypothesized that tHecrease in toxicitwasdue to theeducedevel of
positive charg®nthe surface ofthe lauroyl and PE®unctionalized dendrimenzlative
to the unfunctionalized dendrimers with amino termiie conclude that this same type
of shielding effect imbserved when PAMAM dendrimers are functionalized with

lactosdes.
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Figure6. Toxicity assayisingDU145, HT1080 and A549 cells. Toxicity was compared

to untreated cell§ A v i a b | eanddosiccontral telis)Blue bars are measured after 2
hours and red bars are measurements after 24 hours of incubation. Error bars
demonstrate thstandard deviation of 6 replicates

Toxicity was assessed using two additional tests on A549 cells using all four
generations of lactose functionalized glycadigmers (G2, G3, G4, and G6). A viability
test was used in which a substrate is only able to enter viable cells; once the substrate is
intercellular, proteases are able to cleave and activate a fluorescent tag. Thus, the
fluorescence emission is proportadio the number of living cells in the sample. A

toxicity test was also performed in which the substrate is only able to be cleaved and
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activated by proteases released from a dead cell. lonomycin was used as the toxic control
in the toxicity test, and SD®as used as the control for neiable cells in the viability
test. These two tests represent a more complete picture of the toxicity profile on the
cancer cells. Lactose functionalized dendrimers had no impact on cellular viability or

toxicity comparedd the viable cell controld~{gure7).
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Figure7. Viability (a) and Toxicity (b) of A549 cells afterfour incubation with PBS
(viable control) Jactose functionalizedendrimers (G2, G354, G6), or control
compounds as a measure of relative fluorescent @nitst bars represent standard
deviation fom up to six replicates.

The same tests were also conducted with exogenously added galecassess

whether the interaction between the glycodendrimers and gaBictipacts the cellular
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viability. Results of the live cell fluorescence assay dbsdrabove indicate a slight
decrease in cellular viability when the cells were incubated with gai@etimd
dendrimers for five hourg=(gure8A). The derease in viability is comparable for
galectin3 and for ceadditions of glycodendrimer and galee8nindicating that the
slight reduction in cellular viability is caused by gale@imather than by galectin
3/glycodendrimer aggregatdsigure8A). No significant toxicity was observed in the
dead cell fluorescence assay when cells were incubated with gé@lestohdendrimers
compared to the viable cootr(Figure8B).

Other reports have shown that gale@inan be involved in the toxicity or
viability of cells through extracellular interactions. It was recently reported, for example,
that the secretioaf galectin3 by surrounding cells contributes to renal failure and
kidney disease in patients receiving chemotherapy. Inhibiting gal@¢hrough the use
of modified citrus pectin (MCP) afforded a reduction of tissue damage in mouse
models®. Our results dre show that galecti® does not have a significant adverse effect
on cancer cellular viability. The difference between our results and the prior published
results is most likely attributable to the differences between studies at the cellular level

and the systems (murine) level.
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Figure8. Viability (A) and Toxicity B) of A549 cells after incubation for 5 hours with
control compounds or galect$ (6.6 puM) andglycodendrimers (G2, G3, G4, G6).

Results reported as relative fluorescent ulitsor bars represent standard deviation from
six replicate experiments.
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Cellular Uptake of lactose functionalized dendrimers

As noted above, glycodendrimers do not exhibiid effects in the three cancer
cell lines that were tested. In addition to toxicity, the location of the dendrimers needed to
be determined to rationalize their potential effects and interactions with the cells. This is
especially important because gdie€3 has both intracellular and extracellular roles in
cancer progressiéh®t Multivalent binding partners for galectBare envisioned to be
usetll for studies of both extracellular and intracellular functions of the protein, but if
cellular uptake of the glycodendrimers is not observed, then modifications will need to be
made for studies of intracellular galee8tf>

Quantitative and qualitative observations of the celluléakgoflactose
functionalized PAMAM dendrimers (G2, G34GG6) into A549 adenocarcinorhaman
alveolar basal epithelial cells was monitotsihga glycosidieC6 hydrozone linked
Alexafluor 647 tag during confocal microscopy and FACS flow cell cytometry

experiments.

Glycodendrimer| Mw Lactose | Hydrodynamic
generation (kDa) | endgroups| diameter (nm)
G2 7.7 12 -
G3 14.1 24 2.000.4
G4 32.7 57 6.221.1
G6 91.6 130 10.62.2

Table3. Characteristics of lactose functionalized PAMAM dendrimers. Weighted mass
averags (Mw) weredetermined by MALDITOF. Effective diameters for
glycodendrimers were determined by DLS at ItiVbin PBS. G2 glycodendrimer signal
wastoo small for reliable cumulants data fit.
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Quantitative studieusingflow cytometry show concerdtion and timedependent
resultsand cemonstrate enhanced uptakég(re9A, B). Uptake of all four generations
of lactose functionalized dendrimers was observed. Uptake of lactose functionalized G2
dendrimer was comparable to uptake of the monomeric dg&atisteally significant
increase in uptake was obseavfer the lactose functionalized G3 dendrimer relative to
monomeric dye. Although significant uptake of lactose functionalized G4 and G6
dendrimers was observed, the monomeric dye and the smaller glycodensdriene
more efficiently taken up by the cells. This alludes swaet spot for glycodendrimer
uptake centered around the 20 nmhydrodynamic radius of th&3 glycodendrimer
(Table3), which suggests that the mechanism of uptake relies on an optimum
glycodendrimer size. Higher generation dendrimers may be too large to efficiently
permeate the cell while small dendrimers may not be reliably rdtaine

There is some suggestion that small polymeric nanoparticles (ritjGuch as
the glycodendrimers described here, are brought into the cell via pinocytosis (i.e. fluid
endocytosis) or receptor mediated endocyt&si@ualitative observations through
confocal microscopy yield critical information on the final resting place of these
dendrimergFigure9C). Co-localization of the Alexafluor 647 fluorescent sigimath a
lysosomal GFP stain hadcreased intensity at 24 hours compare8 twurswhich
suggests that over time, cellular uptake and intracellular trafficking targets lysosomal
disposalThe observation ohe lactose functionalized dendrimers in the lysosome at 24
hours supports the hypothesis of uptake mechanisms such as pinocytosis or receptor

mediated endocytosfs.
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Figure9. Cellular uptake of laose functionalized PAMAM dendrimers by A549 cells is
dependent on concentration, exposure time, and dendrimer generation. Uptake of
dendrimers at 5 houré&j and 22 hoursR) of incubation for a series of dendrimer
generations at 0.4M and 1.0nM. (C) Confocal microscopy images of A549 cells at
comparable time points, where grearagentaandwhite coloring represent the
lysosome, glycodendrimer and-tmxalized signal respectivel§cale bar is 10 pum.

Apoptosis Assays Using Glycodendrimers

Lactoe functionalized dendri mer slactoade e beer
binding proteinsgch as galecti3. In the beginning of this investigation, it was

determined that toxicity is not a mode of actibhereforesignding effects may be a
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mechanim by whichthese dendrimers can impact cellular systems. One suth wel
documented signaling mechanisrinduction of apoptosis. Extrinsic signals are well
documented in inducing apoptosis in human cell Hitfea reported example is that of
the many receptors of the tumor necrosis factor (TNF) family, which initiate signaling
through the clusteringf receptors that bind a respective signaling ligand. This further
transduces a signal to the cytoplasmic domain, where activation occurs in a-di&kecade
fashion to the point of forming the deatiducing signaling complex (DISC) which
activates procaspa 8, making apoptosis irreversitile

Galectin3 has been reported to be involved in apoptosis in many different cell
systemsGalectin3 can be proor antiapoptotic depending on its localization within the
tumor environmenf®. Intracellularly, it has been regied that galecti8 generally is &
antiapoptotic factor, and there are many functions within the cell that cytoplasmic
galectin3 can affect. For example, galee8rcan interact with the mitochondria and
decrease mitochondrial damage and reduce retdasgochrome c to the cytoplasm,
which may be enhanced by its association withB&1. Extracellular galectifB is
largely preapoptoti¢®®. The Razresearclgroupproposed an inverse correlation between
intracellular galectir8 and the ability of extracellular galectito induce apoptosi&.
Additionally, extracellular galectifB can provide a defense against drug thelppy
interacting with Na+/K+ ATPase, which can act as anapniptotic transporter. In
addition, galectifB activates Ryp, which is a toxic molecule pump in can cell$°7:108

In colon cancer cells, extracellular galee3invas protective against apoptosis by
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clustering TNF receptors and thereby blocking their internalization and atimgrtheir
signaling effect®®.

Exogenous galecti3 alonehas also been reported to indag®ptosis through
extracellular signaling mechanisms in various epithelial cells as welcalisi®®109.119 ¢
has been reported that high concentrations of extracellular gade(&ih0 uM) induce
apoptosis in various humanckll line$?1% In colorectal adenocarcinoma, exoges
galectin3 was reported to induce apoptosis but was inhibited when integrins were
sialylated'®. We tested thenduction of apoptosis in A54&ells in the presence of high
concentrations of galecti® to determine its ability to influenaell signaling

transduction and therefore abrogate that signal with lactostidnalized dendrimers.
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Figurel10. Apoptosiswasreported for A549 cells in the presence of control compounds
SDS, lonomycin, Staurosporine or lactose functionalized dendrimers and galectin
buffer PBS after 5 hours of incubati¢h). Apoptosis for cells treated with
glycodendrimers, or control corapnds (B). Units are in relative luminescent units for
apoptosis. Error bars represent standard deviation from six replicate experiments.

Lactose functionalized dendrimers were incubated with A549, esltsapoptosis
wasmeasuredNo significant deviatn from cells with PBS (viable control) was

observed when glycodendrimers were addediuie10B).
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Galectin3 was exogenously added to adhered A549 cells and allowed to incubate
for 5 hours Apoptosis vasmeasured using luminogenic substance that is activated
when cleaved by caspase 3/7 which are-Wwetiwn players in the apoptotic cascae.
significant difference was observed between gale&@md the PBS contr¢Viable
control), and significantly less apoptosis occurred tftarthe staurosporinpositive

control Figurel0A).
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Figurell. Induction of apoptosis in A549 cells after incubation for 5 hours with galectin
3, staurosporine, or galecthand staurosporine.

To determine iexogenous galect plays a role in the efficacy of staurosporine
to induce apoptosis, apoptosis was compared for samples containing exogenously added

galectin3, staurosporine, or both togethBrgure11). While staurosporine alone showed
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increased apoptosis after 5 hours of incubation, adding gakeutith the staurosporine
significantly increased that induction of apoptosis even though galeatone did not
significantly impact apoptosi$igurel0A). There are reports that galecBrcan
interfere with drug treatments, and gale@ihas lecome a target for investigating drug
resistance. While many reports show decreased cell death as a result of-g2liéetii!
113 our results show increased drug induced apoptosis because of galécpotential
hypothesis is that galecti®iis undergoing the receptor clusteringj\aty that has already
been reported by us and otféf$:14 This could indicate that staurosporine actiisty

increased upon receptor exposure, which can be revealed by galestieptor

clustering.

Acridine orange and ethidium bromide cellular investigations by confocal microscopy

Staining withacridine orange and ethidium bromi#e€D/EB) was conductedbt
visually confirm theresults of theapoptosiexperiment. A549 cells were adhered to glass
slides overnight and then incubated with control ardaempounds for five hours. The
samples were stained with AO/ERd visualized on a confocal microscope.blacells
displayed green staining throughout the cell, with relatively homogenous fluorescence.
Necrotic cells displayed red ethidium bromine staining on their nucleus due to plasma
membrane degradation. Apoptotic cells were stained green but with gunctat
fluorescence in the nucleus due to condensation of DNA and blebbing.

Initially, to validate the procedure and identify phenotypes, controls of viability

using SDS, staurosporine, and gale&iwere collectedThe results of these controls
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appropriatelydisplayed necrosis and apoptostgyre12C, D), and the cells with
galectin3 or PBS had a healthy appeararfeigre12A, B). Theseresultshighlight the
main staining and morphological differences used to characterize the cells in this

experiment.



Figurel2 Confocal microcopy images of A549 after 5 hours of incubation with: (A)
Galectin3 control conditions, (B) cells under healthy conditions, (C) necrosis control
SDS 0.01% conditions, (D) apoptosis control conditions 100 uM staurosporine. All
samples were stained with 1Q@/mL acridine orange (green) and ethidium bromide
(red). Scale bar is 50 pm.

Cells in the presence gélectin-3 and one of the dendrimers Gz3, G4, or G6

all appeared to have similar phenotypic distributions. Allestag cell healthvere
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observedegardless of dendrimgeneratior(Figure13). This agrees with previous
results of toxicity and apoptosis where theas no increase in toxicity or apoptosis
reported when exogenous galeedinvas added with the lactose functionalized
dendrimers. Therefore, it can be concluded that adding gaketil lactose
functionalized dendrimers does not increase apoptosis dtevermal cellular

homeostatic processes.
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Figurel3. Confo@l microscopy images of A549 cell incubated for 5 hours with galectin
3 and G2 (A), GZB), G4(C) or G6(D) lactose functionalized dendrimers. All samples
were stained with 10Qg/mL acridine orange (green) and ethidium bromide (red). Scale
bar is 50 pum.

To visualize dendrimer interaction in these trends, G2 and G6 lactose
functionalized dendrimers were also functionalized with Alexa Fluor Blidrescence

was found both closely around the @elld in the intercellular spacEigure14A, Figure
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15A). Penetration by the dendrimers appeared to be more intense using the lactose
functionalized G2 dendrimer than the G6 glycodendrirreyure14 vs. Figurelb),
which would support the theory i a fAsweet
dendrimer size. When cell viability is compromised, uptake of the dendrimers is
increasedKRigurel4, cells with the most EB stain show the mo&).GVhile not precise
enough to correlate dendrimer localization with cell viability, these results do further
confirm the interaction of lactose functionalized dendrimers with cancer cells. Uptake of
the dendrimers appears to remain constant regardledsetiier galectit8 is

exogenously added or not (comp&igurel4 andFigurel5to Figure9).

G2-AF647 Ethidium Bromide Acridine Orange Composite

Figurel4. A549 cells after 5 hours ofénbation with G2AF647 and galecti3. Cells
stained with AO/EB and visualized by confocal microscopy. Scale bar 50 pm.
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G6-AF647 Ethidium Bromide Acridine Orange Composite

Figurel5. A549 cells stained with AO/EB after 5 hours incubation withkAF&47 and
galectin3. Scale bar 5m.

Discussion

Functionalized® AMAM dendrimers are attractive substrates for drug delivery
and biological applications because of their commercial availability, ease of
functionalization and size selectivify?11>11% Multiple end groups for functionalization
create the availability for multiple compounds attached to one dendvidieh can
utilize multivalencyas well as targeting and release stratéf@sOur systenuses a
multivalent probe to elucidate biological functionsfbgictionalizing PAMAM
dendrimers with lactose, a known binding partner for gak&fif’11! The utility of tre
glycodendrimersn assays to discern and mediate cellular procetgs=nds othe
uptake and tacity of the compoundsEven at concentrations gfycodendrimes much
higher than would be expected to be used inldled assayso toxic effectsvere
observedEven after incubation for 24 hoyrsignificant toxicity was not observed in

A549 cells Figure6).
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Further investigation of lactose functionalized dendrimer characteristics led to
guestions about its localizatioDetails such as cellular location were determined by
uptake assaysinfunctionalized AF64Wwasreadilytakenup by A549 cells and
glycodendrimergunctionalized with AF64verealso takerup wellby the cells.
Visualization by confocal microscopy revedlaccumulation itysosomal compartments
in as little as 5 hour§.he results demonstrated a size dependency in dendrimer uptake,
with the smallest dendrimers (G2 and G3) revealing more fluorescence within the cells
than the higher generation dendrimesgl @nd G6)Even the largegilycodendrimer
studied, G6wastakenup by the cellsExtended incubation revealed higher fluorescent
accumulation in the celWwhich could indicate recycling to the cell surface or slower
uptake mechanisms involve@lathrinmediated uptake mechanisms are most commonly
reported, but clathrin independent uptake has also been reported for egtéctin
Galectin3 has been noted for its ability to mediatelocytosis of extracellular
glycosylated proteirf§118119 Researchers have reported a mechanism that includes
monomeric galecti8 binding to proteins such as CD44 dmdntegrins which further
recruit glycosphingolipids for ehohydrate binding and galectBoligomerization. This
eventually leads to a mechanistic bending of the membrane to create a clathrin
independent carri€¥®. The endogenous presence of galedtin A549 cells could enable
dendrimer uptake via this mechanism. Extracellular gal&ctsalso reported to play
pivotal roles in clathrin idependent endocytosis of CD59 and MH@k{or
histocompatibility complex clas3'®. It is hypottesized thatiptake of receptors can be

tipped to favor or inhibit uptake dependiog extracellular galectin concentratidhdhe
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variationin microenvironment concentrations and receptor glycosylation could very
likely explain the many different effects, and sometimes counteracting effects, that
galectins have in different cell lines. Variation of higleder galectin lattices could
explainwhy apoptosis is induced ind@ells but not in the A549 lung cancer cell line
studied here.

Uptake into the lysosome has been reported to induce apoptosis in an intrinsic
mannet?’. This occurs through tharocess ofysosomamembrangermeabilization
(LMP) in which the contents of the lysosome, including proteases and hydrolases such as
cathepsins, are leaked into the cytosol. Even though these hydrolases act in low pH
environments, some such as cathefsia cysteine protease, can last for hours in the
cytosolic environment. There is also evidence of cytosolic acidification, which can
further perpetuate the activity of the leaked hydrolases. Even though the mechanism of
the LMP is poorly understood, inmgeral, the proton pump is blocked which inhibits
degradation of the lysosomal contents. Some of these contents, sutduagkL -
leucine methyl ester (LeuLeuOMe&an polymerize and act as a detergent to degrade the
lysosomal membrané. In fact, the apoptosis inducing control staurosporine acts
similarly to the mechanism with LeuLeuOMe. It has been reported that exposure of
staurosporine to human foreskin fibroblasts leads to cathepsin D accumulakien in t
cytosol, which brings about the release of cytochrome ¢ from the mitochondria, activating
caspas® and caspas® and further perpetuating the apoptotic castZadé galectin3

assists in the uptake of staurosporine, this would explain why our results show an
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increase in activated caspe®®hich is part of the apoptosis indicator in our experiment
(Figurell).

Our results have shown that galeedimnd/or lactose functionalized dendrimers
do not induce apoptosis in A549 cellaur@esults, and otherbave shown that
extracellular galecti8 and lactose functionalized dendrimers are endocytb&et %

One likelyexplanation fothelack of apoptosis our experiments ithat no LMP
occurs,and therefor@o induction of signaling and apoptossstriggered. It may also be
that the interaction of gatén-3 with the dendrimers is unable to impact such a highly
regulated mechanism as apoptosis.

Reports have shown that extracellular gale8tran protect cells from apoptosis
inducing drugs. In cells treated with doxorubicin, adding exogenous gabgadrtially
rescued cell viabilit}®. Our results display that exogenous gale8timrther elevates
apoptosis in A549 cells in the presence of staurosporine, an apapthger. An
explanation could be that extracellular gale@itends to cluster large extracellular
receptors, such as aberrantly glycosylated mutit'4 This reveals other smaller
receptors that can be involved in processes such as homotypic aggregation or
endocytosis.

Confirmation by AO/EB staining did not reveal induction of apoptosis in A549
cells due to exogenously added gale&iand/or lactose functionalized dendrimers even
though exogenous galectihhas been reported to influence many cancerous activities

such as angiogenesis, migration and aggredatide:
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Conclusions

Galectin3 canmultimerize and engage in multivalent behaypresentinga
favorable receptor fdactose functionalizedendrimersThe resultseported hereould
furtherrevealopportunities fodrug design of systems that utilize this type of cellular
uptake in coordination with the expected extracellular interactidmeslactose
functionalized glycodendrimers were demonstrated to bemaa and norapoptosis
inducing. Without the threat of these Rdasirable effects, these dendrimers could be
further functionalized with endgroups such as targeting receptors or fluorescent probes to
study signal colocalization or to understand therapeutic effects. There ariad afiyr
biological multivalent interactions, especially in diseases, and glycodendrimers are

emerging as important systems to probe and discern these biological interactions.

Experimental Procedures

Toxicity Assay

Whole media was poured off cells atalvered in 0.25% Trypsin, 0.02EDTA
solution and incubated forHO minutes. Cells were gently aspirated using a disposable
pipette, collected in a L falcon tube and centrifuged for 5 minutes @@ rpm.
Trypsin/EDTA solution was poured off and thellgelletwasresuspended inrhL

whole media. 18 L ¢ e | | wastranksferred tmsterileibeand diluted with 9@ L

mediaand mixed. 1 L o f this solution whuseandr ansf err e
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combinedwith1@ L Tr yparmr LBlod d/dyddol@tionomas placed on a
hemocytometerand cells were counted to determine total cell count. From this count the
cells were diluted to a 200,000 cells/mL solution with whole media. Two solutions of
controls were made from this cell solution: togantrol and viable control. The viable
control contained cell solution with Celltox dye at a ratio of 1:#H00hole mediaToxic
control contained cell solution, lysis buffer in 1:25, Celltox dye at 1:500. A media control
was made with whole media a@e@lltox dye at 1:1000. Dendrimer solutions were
concentrated to B1g/mL in whole media. Into a 96 well plate, the solutions were
aliguoted with six replicates. Total volume in each well wasgl Q0. For each of
dendrimer wells, 58 L o f d e n drwascembinedwithd@ L of vi abl e c«
G2: 47478 pM, G3: 23043 uM, 12448 uM, G6: 2620 uM; in A549 cell assay: G2: 4748
UM, G3: 2304 UM, G4: 1245 uM, G6: 262 uM. For the toxic control wellss30 t o x i ¢
control solution was combined with 0L o f medmoTheeviable control wells: 50
eL viabl e (1560 Celltos dye with 20000 cells/mapd50e L o f whol e
media. Media control wells: 16d0L medi a contr ol solution. Pl
to protect dye from light and placedanincubatorat 37 °C, 5 % C& At 2 and 24 houts
the plate was removed from the incubator and fluorescence was recorded using a

fluorescent plate reader.

Materials
General reagents were purchased from Acros and Sigma Aldrich Chemical

Companies. PAMAM dendriers were purchased from Dendritech. Alexafluor 647
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hydrazide and cell staining reagents were obtained from ThermoFisher Sci€htfic.

Apotox-Glo Triplex Assaywas purchased from Promega.

Cell Culture

Threeimmortalized cancer cell lines were selecteddnalysis based on their
robustness and expression of gale@tibU 145 (ATCC: HTB-81E) prostate
carcinomas were cultured in media consisting of Dulbecco's modified Eagle's medium
(DMEM: Gibco, 61100) with 1.8/L NaHCQ and supplemented with MEM vitamin
(Gibco, 11126), Penn/strep (Gibco, 15140), NEAA (Gibco, 11140), EAA (Gibco, 11130)
and 10% v/v fetal bovine serum (FBS). 4080 (ATCC: CCL—121E) fibrosarcomas
were cultured in media consisting of Dulbecco’'s modified&Eagiedium (DMEM:
Gibco, 61100) with 1.8/L NaHCG and supplemented with MEM vitamin (Gibco,
11126), Penn/strep (Gibco, 15140), NEAA (Gibco, 11140), EAA (Gibco, 11130) and 5%
v/v fetal bovine serum (FBSA549 (ATCC® CCL-185E) lung carcinomas were cultea
in F-12K Medium (Kaighn's Modification of Ham's 2 Medium) (ATCC® 30—2004§)
supplemented witRPenn/strep (Gibco, 15148hd 10% v/v fetal bovine serum (FBS).
Cells were cultured in a humidified incubator with 5%2@0d 37°C. Before

confluency, cellsvere subcultured usin@25% (w/v) Trypsin0.53 mM EDTA.

General procedure for the synthesis of Alexafluor 647 functionalized glycodendrimers

Lactose functionalized PAMAM dendrimers were synthesized as previously

describe. Glycodendrimers, each generation obtained as a white soliddgsmdved
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to forma 2 mg/mLsolutionin filtered Milli-Q water. NalQ (2 equiv. per
glycodendrimer) was introduced and allowed to stir for 2 h. Subsequent addition of the
Alexafluor 647 hydrazide (1 edy. perglycodendrimer) was performed by introducing
analiquot from a 2 mg/mL aqueous solution under-lgt conditions and allowed to
react for 45 min. Purification was accomplished by dialysis (1000 MWG{, I3 90

minutes each), and confirmed by TLC.

FACS flow cell cytometry

AB49 cells were seeded and incubated for 24 hours. Cells were treated with
Alexafluor 647 functionalized glycodendrimers and incubated for 5 and 22 hours at a
final concentration of 0.iiM and 1.0mM. Culture medium was removed, and cells were

washed witiPBS and harvested with trypsin. Cellular uptake was recorded a§iAg¢S

instrument

Confocal Microscopy

A549 cells were seeded in a glass bottom petri dish and cultured overnight with
CellLight reagents targeting lysosomal or early endosomal GFPdciast. Cells were
treated with Alexafluor 647 functionalized glycodendrimers and incubated for 5 and 24
hours at a final concentration of G and 1.0mM. The nucleus was stained with
Hoechst 33342 for 30 minutes and rinsed with PBS to remove resaiupboents. Cells

were imaged and analyzed usangonfocal microscope.
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Apoptosis Assay

A549 cells were lifted and counted using a beywometer. Cells were added to
wells of a 96 well plate so each well contained 9,000 cells. The plate was placed in a
humidified incubatoat 37°C, 5%C0O, and >80% humidityo allow cells to adhere
overnight. The next day, test compounds and vehicle dentere added for a final
volumeof 10 L per well . A viability control was
control was provided by ionomycin at a final concentration ofsl®@and the control
for apoptosis was staurosporine at a final concentrafid®e M. Test compound s
galectin3 at a final concentration of 6.689M, | act ose functionali ze
224.3,142.04, 61.15, and 2148¥1, for G2, G3, G4, and GéespectivelyCells were
incubated for 5 hourat 37°C, 5% C@and >80% humily, as pethema nuf act ur er 6 s
instructions for the Apotoxslo Triplex Assay20e L of Vi ability/ Cytot
containing both GFAFC Substrate and bBAF-R110 were added to each well. The
plate was further incubated for 80 mamd fluorescence as measured at 480605m
for viability and 48%,/520:m for cytotoxicity using a Biotek hybrid 1 plate reader. 100
elL of -Gla3/preagentwas added to all welladthe plate wadriefly shaken.
Incubation for 30 nni was carried out at room temperature protected from, lagtat

luminescence was then measured on the plate reader.

Acridine Orange/ Ethidium Bromide

A549 cells weresuspendetb 50,000 cells/mLThe 8 well plate was seeded with

300puL of suspended cefiolution (15,000 cells per well) and allowed to adhere and
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incubate at 37C and 5% C®@overnight.For all experiments containing galecBna 5
hour incubatiorwas usedCompounds, media and/or dendrimers and gal&ctuere
added to the wells for a fihmolume of 300 pL per wel30 uL dendrimers in milkiQ
wateror control compound®0uL galectin3 in PBS, 18QL whole media)After the 5
hour incubatiorperiodat 37°C and 5% CQ the media in the wells was removéatlells
weregently washed with PBStained with 2@QL of the 21 AO/EB solution and the
wells themselves were removed from the glass bottothr op of ProLongE
Antifade Mountant with DAPI was placed in the center of each slide area and a coverslip
wasplaced on top. The sample wa®tected from light and imaged immediately using a
Zeiss LSM 510 Meta microscope with a 20x objective and filters set for acridine orange
and ethidium bromidé? Acridine orange: Egitation:488nm, Emission range: 52942
nm and Ethidium Bromide: Ex 51#n, Emissions range: 6@®2nm. Acridine orange
(AO) and ethidium bromidéEB) were prepared in mit) water to a concentration of
100pg/mL separately and combined into 4 kolution. The AZEB solution was
protected from light at all times and stored 4C4for no longer than a week.
Additionally, a set of control compoundwluding; ionomycin 10uM in 0.001%
DMSO, staurosporine 1Q@M, and SDS 0.01% were prepared in r@liwater and
stored at £C for use in initial control experiments. Staurosporine and 0.01% SDS were

run in extra wells whenever possible as additioonatmols.
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CHAPTER THREE
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3 MEDIATED CANCER CELL MIGRATIONIN VITRO
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Introduction

Galectin3 i s a @dlactosiele binding ledtin that is upregulaiedhany
canceré. Galectin3 can be found in the nucleus, cyt
Galectin3 is necessary for many homeostatic cellular processes, but the roles of-galectin
3 in transformed cells are not wellderstood. The localization of galecténcan
potentially indicate if it is involved in oncogenic or tumour suppressive proéésses
example, intracellular galecti® has antapoptotic effects when localized in the cytosol
buthas preapoptotic effects inside the nuclétidVhen localized at the cell surface,
galectin3 can be involved in many cancer processes such as immune suppression, matrix
adhesion, celtell adhesion, endocytosis and exocytdsis)or metastasis and
angiogenesfs46:61.123.124|ntracellularly, galectif8 can be involved in cell growth,
apoptosis, transcription regulation, angiogenesiscander cell adhesiéh'?®

Galectin3 binds to betaalactosides with relatively weakonovalent affinity?;
multivalent proteircarbohydrate interactions are required for galegtmediate cellular
recognition process&S. Galectin3 contains two different domains; the highly conserved
domain among the 15 known mammalian galegtiissa galactosideinding
carbohydrate recognition domain (CRE) Unlike all other galectins, in addition to the
CRD,galectinr3 al so contains an intri#esmnalal 'y di s
domain with a repeating sequence of proline, glycine, alanine and tyr8sifee N

terminal domain is believed to be critical for protein multimerization and also for
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signalling mechanisms which are belietedestow galecti#3 with many of its unique
characteristic$:53.92

Through a noftlassical secretion mechanism, gale®&ican be found at the
cell 6s surface. Thi s -termioal domainanditisthoughte penden
that this excretion occurs through the use of exostfh&ghen in the extracellular
space, there ageveraglycosylated surface proteins available as potential binding
partners for galecti3'®°% Some notable examples arecBdherin, whib is involved in
cell-cell adhesion, and mucin 1, a heavily glycosylated transmembrane protein that
becomes aberrantly glycosylated with terminal galactosides on canc&¥¢élis

Within the tumour microenvironment, galec8ris present at high extracellular
concentrations (in themicromolar range), allowing for protein aggregation to induce
cellular crosslinking?*31133 Galectin3 mediated cellular crosslinking directly influences
the homotypic aggregation of cancer cells in suspefisiol has also been shown to be
an important step in the metastatic cast@drior work in our lab and others has shown
that exogenously added galee@inncreases homotypic aggegipn of suspended cancer
cellgt 93114

Monovalent proteircabohydrate interactions are generally weak. Many lectins
rely on multivalency to increase their overall binding avidity by decreasing the entropic
cost and increasing the enthalpic contributidh Here, we propose to use a multivalent
polymer scaffold functionalized with lactosidedn@estigate the impacts of multivalency

on cellular migration.
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Poly amidoamine (PAMAM) dendrimers are symmetrically branched polymers
with end groups that can be functionalized with carbohydrates, such as lactose, through a
variety of linkage$¥*. Increasing generatioms this dendrimer double the number of
amino enegroups available for functionalization. Our lab has successfully functionalized
and characterized generations 2, 3, 4 and 6 (G2, G3, G4 and G6) lactose functionalized
dendrimer®. Theglycodendrimers used in the studies reported here were foatitied
with an average of 15, 20, 45 and 100 lactosides, respgdtiigure16). PAMAM
dendrimers have been highly investigated as of late, due to their utility in drug delivery
systems. These dendrimers present multiple modiégaof attachment, have low
toxicity, and have good solubility. Because of their manygrodps targetd delivery

can be probe?a,lls,lle,ls_s
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Here, lactose functionalized G2, G3, G4, arttdRAMAM dendrimers were used
to investigate galecti® mediated chemotaxis using two cancer cell lines. A modified
vitro scratch assay was used to investigate the migratory potential of these cancér cells.
migration trend was identified based on the effects of exogenously added e@lactin
glycodendrimersThe role of galecti8 in the metastatic cascade is not wellenstood,
and our ability to attenuate migration using glycodendrimers enables us to advance our
understanding of the role of carbohydrgtetein interactions in directing cancer cellular

migration.

Results

Galectin3 has been implicated in many carmus pathways®. One of the most
devastating diagnostically is metastassa multistep process in which tumor cells
migrae to a distant site and form a secondary td#dn order to metastasize, a tumor
has to break the celhatrix interactions and invade a nearby circulatory system, usually
by increasing its celtell adhesions. Extracellularly, galectiB can impact ceitell
adhesion and cethatrix interaction®138

Here, a scratch assay was used to assesmpacts of galecti8 and
glycodendrimers on cancer cell migration. Two cancer cell lines were selected for this
investigation based on their relative endogenous production of gaBed@id145
prostate cancerell lines produce comparativelygh levels of galectird3, whileHT1080
fiborosarcoma cells produce low amouafsgjalectin3°313® Endogenous galectd

indicates an increasing likelihood of existing gale@&imediated processes, and the
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impacts of excesgalectin3 were therefore hypothesized to be more prominent in DU145

cells and less impactful in HT1080 cells.

Scratch Assay with DU145 amglycodendrimers with and without excess gale&in

A scratch assay was designed to investigate the efféattoe functionalized
dendrimers and exogenous gale@&ion the migration of DU145 cells, which are
prostate carcinom&¥. These cells exhibit the highest concentration of endogenously
produced galecti3®? for the two cell lines tested. A scratch in the cell poputatias
created using a two well insetb{di). The extent of migration into the scratch was
recorded every 4 hours for 16 hours total. Cell migration into the scratch at each
subsequent timepoint was normalized to thefte# area at the initial time pdiand
graphed. The assays were performed in both the presence and absence of exogenously
added galectH3. It wasanticipatedhat there might be enough endogenous gakctn
interact with the lactose functionalized dendrimers and have an impact on migration
when using DU145 celld$However, in the presencelattose functionalize®2, G3, G4
andG6 dendrimersthere was nampact on the migration rate of DU145 cells compared

to the galectirB buffer control, PBSKigurel7?).
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Figurel7. Migration ofDU145 cells in the presence of PBS (green) or lactose
functionalized dendrimers. G2 (red), G3 (pink), G4 (orange), or G6 (purple).

When galectir3 was added exogenously to the scratch, the migration of the cells
was decreased, if not haltdeigure 18, blug. When each generation laictose
functionalizeddendrimer was added to the scratch in the presence of excess ¢alectin
G2 and G3 dendrimers, comparatively smaller and mor@phousn shape, exhibited a
migration trend similar to the PBS standard at the end of 16 (leigiee 18, red for G2;
Figurel8, pink for G3). Although migration was initially retarded in the presence of G2
and G3, by 16 hours the cellular migration was fully restored in the presence of small

glycodendrimers. When the scratch containddo&G6lactose functionalizedendrimer
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with exogenously added galectythe scratch closure was not as slow as the gafgctin
control or as fast as the PBS contfeig{ure 18, orange for G4Figurel8, purple for G6).
One likely explanation for the observed effect is as follows: as lactose functionalized
dendrimers are addeithey present a competitive binding partner for galegtihat can
bind up some of the galectt This would decrease the extent of-@&ll crosslinking
mediated by galecti3. This seems likely since galecBns often proposed to
oligomerize andnducecrosslinking??6 The large glycodendrimers G4 and G6 bind
more galectirB than the smaller glycodendrim&swhich may explain the observed

differences in migration for small and large generatienddimers.
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Figurel8. DU-145 prostate carcinoma cell migration into the scratch in the presence of,
PBS (green triangles), exogenous gale8tiblue squares) and each generation of lactose
functionalized dendrimer: Gactose functionalized dendrimer with exogenous gal&tin
(red circles), G3 dendrimer and exogenous gal&{pink circles), G4 dendrimer and
exogenous galectil (orange circles), G6 dendrimer and exogenous galgdcfarple
circles). The assay wasirdior 16 hours, and scratch area was recorded by image
acquisition every four hours and normalized to the open scratch area at 0 hours.

Immunofluorescence in the Scratch Assay of DUddlts

Extracellular galecti#B can interact with many different calllhesion molecules
(CAMs), leading to the ability to improve cell junctions and to greater attachment to the
extracellular matrix (ECM}Y. These properties can directly impact the metastatic
cascad¥. In endothelial cells, extracellular galeeBrcan be rapig endocytosed and

would then be destined for either recycling to the plasma membrane or targeted to
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lysosome&-142 Insight into whicthprocessem cancer cellular migratioare significantly
affected by galecti#3 was gained by observing the localiaa of galectin3 during the
scratch assay.

To visualize the localization of galect8) immunofluorescence was performed.
Alexa Fluor 488 conjugated galecttnantibody was added at 4 or 12 hours in the scratch
assay, and the scratch was fixed amalinted after 1 hour of incubation. The samples
were visualized using a Zeiss LSM 510 scanning confocal microscope. When excess
galectin3 was added to the scratch, a smooth weblikegpattern of the intercellular
area was clearly visiblé-{gure19A, B). Also observed was the presence of small,
spotted features indicating aggregates of gal&tWhen PBS was added to the scratch,
very faint fluorescence was observed, indicating the presence of endogenous-8alectin

with DU145 cells (as expecteBigure19C, D).
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Figurel9. Scratch Assay labelling galecthwith anttgalectin3-Alexa Fluor 488. A)
DU145 cells after 4 hoarof migration with exogenously added gale&irB) DU145
cells after 12 hours of migration with exogenously added gal8ct) Cells after 4
hours of migration with only endogenous gale@&irD) Cells after 12 hours of migration
with only endogenousagectin3 . Scale bar 50 &m

When lactose functionalized G6 glycodendrimer was added along with exogenous
galectin3, webbing and widespread sppiogt was still observed=gure20A). Although

slightly less pronounced, the same spots along the cells were observed for lactose
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functionalized G2 dendrimers, indicating that in both cases gaigéetggregates are
detectablavith the cellgFigure21B). The intercellular webbintike feaure was

observed for both the large (G6) and the small (G2) glycodendrimers

Immundluorescence with inhibition of endocytosis

To determine whether the galeeBrfglycodendrimer aggregates were
endocytosed or were externally bound to the plasma membrane, incubation with the
fluorescentlylabeled galecti8 antibodywas carried out at ke 37 °C Figure20A, C)
and at 4 °C (to inhibendocytosis of the antibodlfigure20B, D). First, galectir3 was
added to DU145 scratched cells and incubated at 37 °C for 4 hours, as in the beginning of
the scratch assay described above. The reagents were then removed, and the antibody
solution was added. Immediately, the cells were placeide in the dark at 4 °C for 1
hour. After 1 hour, the antibody solution was removed, and the cells were fixed and
mounted as previously described. The subsequent images showed smooth webbing
features on the intercellular spdoe all samplesSignificantly lessgreen spotsvere
observedn/on the cells (between the webbingsjhe sampleat4 °Cthan in the
samples aB7 °C (comparé&igure20C to Figure20D).

Scratches in the presence of both G6 lactose functionalized dendrimer and
galectin3 showed many green spots that must correspond te@atipn of galectid
uponincubationat 37 °C Figure20A). This would support other reports that gale@&in
self-associates into oligoméf<® When this sample was compared to a sample where the

antibody binding was conducted at 4 °C, there appeared to be fewer spotted features, but
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webbingwas still observed in the sample that was incubated at 4°C (when endocytosis
was blocked, compai€igure20A to Figure20B). These results indicate that gale€dims
likely being rapidly endocytosed during this experimenta@sdreveals that endocytosis

still readilyoccurs even when large dendrimers, sucB@&gsare present in the assay.
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Galectin-3
G6

Galectin-3

Figure20. Scratch Assay with antibody incubation at 4 °C or 37 °C. A) DU145 cells after
migration for 4 hours with excess galeefirand G6 lactose functionalized dendrimer

with antibody bindingat 37 °C. B) Cells after 4 hour migration with galeiand G6
dendrimer with antibody incubation at 4 °C. C) 4 hours of cell migration with
exogenously added galectinand antibody incubation at 37 °C. D) DU145 cells after 4
hours of migration with ecessgalecth8 and anti body binding

at
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Immunofluorescence with fluorescently labeltggcodendrimers

To understand the localization of glycodendrimers during the migration assay,
lactose functionalized G2 and G6 dendrimers vienetionalizd with Alexa Fluor 647
in a 11 labeling ratio. The inserts were removed, and fluorescently labeled dendrimers
were incubated in the scratch with exogenously added gakechifier incubation for 4
hours, galecti¥8 antibody binding was condted at 37 °C and at 4 °C to compare
localization of the dendrimers and galeedimvhen endocytosis was allowed (37 °C) or
inhibited (4 °C). Antibody incubation at 4 °C again revealed gak&ctimming the
exterior of the cell but fewer aggregates préséthin the cell (compar€igure21A to B
andFigure21C to D). Fluorescently labeled G2 whsthbound to the cell and localized
inside tre cell at37 °Cand at4 °C(Figure21A and B. Antibody incubation at 37 °C
revealed rimming ofhe cells by galecti3, uptake ofalectin3, andlactose
functionalized G2nside the cellHowever significantcolocalization othefluorescently
labeledG2 dendrimer and galecti#3 within the cell was not aerved Figure21B).
Fluorescently labeled Gfisoappeared to be spotted over the samisvever,at 37 °C
there again appeared to be little colocalizatiomvbeth G6 and galecti® (Figure21D).
This suggests that, if glycodendrimer/gale@iaggegates enter the cell concomitantly,
then their association does not appear to be sustained intracellularly. Thus, the use of
glycodendrimers to nucleate formation of gale@iaggregates for mediation of cellular
processes may be impactful at the ceiface while intercellular processes may not be

affected by galecti3/glycodendrimer association.
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Scratch Assay with HT1080 and dendrimers with and without excess galectin

A different cancer cell line waasoexamined to observe the effect of dendnim
and galectir3 on cell migration: HT1080 human fibrosarcoma cells. Since this cell line
migrated much more quickly than the previous one, the assay was adjusted to be
monitored every two hours for 12 hours. As reported using DU145 cells, adding
exogenas galectin3 to the scratch resulted in significantly decreased migration into the
scratch Figure22, blue ling. Adding an identical amount of theffer (PBS) resulted in
rapid scratch closure during the-bdur assay. When Q4dctose functionalized
dendrimer was added alone to the scratch, the resulting migration was between that of the
galectin3 control and PBSHigure23). The otheglycodendrimers alone were unable to
significantly impacthe migration rate Figure23). The different effect of a G4
glycodendrimer on cellular migration was an unexpected result. Since all the other results
show similar effects from all generations of the dendrimers, the réastins outlier
result is uncleasWheneachglycodendrimers \asadded in the presence of excess
galectin3, migration into the scratch was greater than with gal&ctitone but was not

as rapid as with PBS alofieigure22).
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Galectin-3 Alexa Fluor 647 Composite
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G2
4\\
G2
37°
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Figure2l. Scratch Assay after 4 hours incubation with excess gal@cimd AF647
labelled dendrimer. A) DU145 cells with @647 and galect#3 antibody incubated at
4°C. B) DU145 cells with GAF647 and galecth3 antibody incubated at 37°C. C)
DU145 cells withG6-AF647 and galecti3 antibody incubated at 4°C. D) DU145 cells
with G6-AF647 and galecti3 antibody incubated at 37°C. Scale bar 50 pm.
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Of the two cell lines reported here, HT1080 cells produce the least endogenous
galectin3. Thus, excess galectBwas not expected to have the dramatic impact on
migration trends that was observed. HT1080 cells likely rely less on gateetiated
cellular processes for binding, but the results here suggest that galeatinbecome a
major component of the migratigmocess even for cells such as HT1080 cells that lack
significant amounts of endogenous gale&irMoreover, lactose functionalized
dendrimers can significantly impact this gale@imediated migration even for cells
such as HT1080s cell$here are diinct differences between HT1080 and DU145 cells.
The time necessary to complete this wound healing experiment differs significantly.
While the HT1080 cell scratch is completely closed by 12 hours, DU145 cells required
16 hours for complete migration intiee scratch. This could indicate that different
pathways are predominantly responsible for the cellular mechanisms of migration in the
two cell lines. Even though G2 and G3 glycodendrimers were more effective at restoring
migration in DU145s, those samencentrations were not as effective at restoring
migration in HT1080s. Since G2 and G3 glycodendrimers should be providing the same
action in both experiments, i.e. binding up gale&tiit may be that the impact of
galectin3 binding is less dramatic ohd migration response of HT1080 cells. Because of
different pathways contributing to migration and lower endogenous levels of gaeittin
seems likely that galecti8 is not as involved in the migration of HT1080 cells. Thus,
when glycodendrimers are@etl, effectively sequestering galeefinthere must be other
migration mechanisms that compensate for the loss of extracellular g&datin

HT1080 cells.
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Figure22. HT1080 human fibrosarcoma cells migration rate in the pcesehPBS
(green triangles), exogenous gale@i(blue squares), and each generation of lactose
functionalized dendrimers: G2 dendrimers with exogenous gatg¢tied circles), G3
dendrimer and exogenous gale€3iipink circles), G4 dendrimer with exogais
galectin3 (orange circles), G6 dendrimer and exogenous gai@dpurple circles).
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Figure23. Migration of HT1080 cells in the presence of PBS (green), galddtatue) or
lactose functionalized dendrimers: G2 (red),(@i8k), G4 (orange), or G6 (purple).

Comparison of scratch assay results for full length gal&céind the carbohydrate
recognition domain (CRD)sing DU145 cells

The different domains of galectBhare known to exhibit different
effectg®6379143 T he CRD of -gpladtosides, and the disorderesN b
terminal domain of galecti8 contains the function of sedissociation. Our next
investigation was to deteine if the Nterminal domain had an impact on the observed
migration result. The CRD construct was successfully expressed, verified through SDS
PAGE and concentrated in the same manner as thiefgilh protein. The CRD
construct was added to DU145 schegs and compared to scratches in the presence of the

full-length protein. The CRD construct was unable to impact the migration of DU145s in
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the same manner &dl-length galectir3 (Figure24). The CRD migration trend had no
significant variation from the migration of cells in the presence of PBS. When lactose
functionalized G6 dendrimer was added with the CRD in the scratch, no significant
change wasbserved from the PBS contréls reported previously, cells incubated with
lactose functionalized G6 dendrimer in the presence ofdntith galectir3 showed a
significantly different migration trend than cells incubated in PB§ure24).

These results show that thet&rminal domain was essentfal the arrested
cellular migration arising from addition of galecBnThus, theself-associatingd\-
terminaldomain on the fullength protein impacted cancer cell migration significantly
and reproducibly.

In addition, experiments were performed to determine the multivalent effect of
glycodendrimers in this assay. When monomeric lactose was addeskaithnous
galectin3, 3 times the concentration of lactose on a G2 glycodendrimer was required to
have the same effect on migration that G2 glycodendrimers demonskiateck25: red
line). These results show that in this biological assay, multivalency is more effective at

impacting galectifB mediated cellular migration than the monomeric interaction.
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Figure24. Migration of DU-145 cells into the scratch area over 16 hours. With
exogenously added galectin(blue squares), exogenous gale@tiand G6 lactose
functionalized dendrimer (purple circles), PBS (green diamonds), the CRD (brown
triangles), and the CRD with G6 lactosm¢tionalized dendrimer (yellow triangles).
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Figure25. Migration of DU145 cells with exogenously added gale8tiand increasing
concentrations of monomeric lactose. Lactose concentrations were equivalent to G2
scratchexperiments.
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Discussion

Cancermprogressions highly dependent on the metastatic potential of the
cancerous celté*. This motility results from decreasedllematrix interactions and
varying celtcell homotypic and heterotypic interactiétsin a metastatic tumor, the
cells must break the interactions with the basement membrane and vathirthending
cells and avoid anoikis as a result. A cascade of events leads to migration of these cells
away from the primary tumdt. After intravasation into a circulatory system, homotypic
aggregation is vital to the survival of the tumor ¢éliIMany of thehighly controlled
processes involved imetastasis&pend on the characteristics of the tumor
microenvironment including extracellular galee8t138 The tumor microenvironment is
dynamic and varggreatly between cancers, and there exist many irregularly
glycosylated receptors to interact with gale@ff. Interaction with these receptors can
bring about transmembrane signaling and clustering of the receptors, leading to exposure
of other membrane receptdtdUnderstanding treeinteractionghat are taking place at
the cell membrane is vital to understanding the mechanisms involved in tumor metastasis.
Previous work has shown that homotypic aggregation of cancer cells can be
attenuaed by exogenous galectthand lactose functionalized PAMANEndrimers®,
Exogenously added galecthinduces homotypic aggregation in a cancer cell
suspension. A lactose functionalized G2 PAMAM dendrimbibits galectin3 mediated
homotypic cellular aggregation. A lactose functionalized G6 dendrimer, on the other

hand, induces cellular aggregatian
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The impactful properties of these materials were again demonstratedim this
vitro scratch assay. This modifi@uvitro scratch assagpimicssome of then vivo
effects observed in chemota¥ It was found that at micromolar concentrations,
exogenously added galectinslowed cancer cell migration into the scratchathcell
linestested. When a multivalent ligandadfold was introduced alone to the scratch, in
the form of lactose functionalized glycodendrimers, there was no significant impact on
migration. Glycodendrimers with exogenously added gal&;ton the other hand,
showed improved migration as compare@xogenous galectid alone. By supplying a
competitive binding partner for galect®) significantly faster migration was observed
than when galecti3 was present without the glycodendriméiisese results show that
the glycodendrimers are an effectivelpe to interact with galectia and impact cellular
migration. These glycodendrimers are more effective than the corresponding monovalent
lactoside ligand, and galectiis only an effective interactor in cellular migration when
the full, intact proteins present. These results indicate that the glycodendrimers interact
efficiently with galectin3 and thereby mitigate the effect of gale@ion cellular
migration.

Immunofluorescence was used to visualize the localization of gabtyn
adding fluoresently labeled galecti3 antibody. Two distinctive features were observed
from the results. First, a smooth webbing pattern of gal&ctin the periphery of the
cells was much more prevalent on scratch samples with exogenously added-8alectin
This indicates thathe galectin3 is bound to the cells and available to interach the

intercellular space. The second feature alaservablespotsthat indicateaggregates of
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galectin3. These features were observed in samples with gaefione and alsahen
lactose functionalized dendrimers were present. When endocytosis of the antibody was
inhibited by incubation at 4 °C, the same webbed feature was observed as at 37 °C, but
the spotting was much less prominent. Thus, our results and other publishtd res
indicate that some galecthis involved at the intercellular space, and some is
undergoing rapid endocytosis and possible recycling back to the cellular tttace

This indicates two fronts on which exogenously added gal8dsrinteracting
and potentially driving thebserved results. The front involving endocytosis could
indicate a signal that endocytosed gale8tis transducing'*4”. We further investigated
this by labelling G2 and G6 glycodendrimerith Alexa Fluor 647 to visualize the
location of the dendrimers in this assay. The results did not support the colocalization of
galectin3 and dendrimers when endocytosed into the cell with either labelled
glycodendrimer. If signal transduction is impatty the addition of galecti® and
glycodendrimers, then intracellular colocalization would be expected. Alternatively,
intercellular galectifB is involved in binding different glycosylated receptors, and the
glycodendrimers appear to mitigate this ratgior??.

Galectin3 domains contribute different roles to the migration results reported
here. When the Xerminal domain is not present, the truncated protein only has the
capability to bind carbohydratesnd no significant effect is seen in the migration
behavior of DU145 cells. This indicates that theétminal domains necessarfor the
retardation of DU145 migratioW/hether this domain only impacts extracellular

processes or also impacts endocytosisainsto be investigated: %
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Conclusions

The results reported hesbow that exogenous galecBrcan impact the
migration of cancer celld/oreover,lactose functionalized dendrimers can significantly
mitigategalectin3 mediatecffects on cellular migratiorin a modified scratch assay,
lactose functionalized dendrimers were shown to restore the geBeatibited
migratory propensity of both DU145 and HT1080 cancer cells. Smaller glycodendrimers
(G2 and G3) were more effectittean larger glycodendrimers (G4 and G6). Fluorescence
micrographs of labeled materials indicate tpaectin3 is localized in the intercellular
spaceand is also readily endocytosed by the cdlke lack of observable colocalization
of the internal gactin-3 and internal glycodendrimers suggests that extracellular
mechanisms rather than internal signal transduction pathways are targeted by
glycodendrimer/galecti3 aggregates. Reduction of cellufaigration is only seen with
the intact protein includig the Nterminal domainthe CRD alone does not alter cellular
migration.By inhibiting the impact of galecti8 with glycodendrimers, it is clear that
multivalency is a potent componentofgale@im s ef f ect on cel |l ul ar
results show thtagalectin3 is pivotally involved in cancer cell migration. In this assay,
galectin3 drives homotypic interactions which anchor cells in their locatMith these
results,it is clearthat cancer cell migration can be mitigatgdcarbohydrate

functiomalized multivalent frameworks such as glycodendrimers that tgadedttin3.
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Experimental Procedures

Cell Culture

Two immortalized cancer cell lines were selected for analysis based on their
robustness and expression of gale@tibU 145 (ATCC: HTB-81E) prostate
carcinomas were cultured in media consisting of Dulbecco's modified Eagle's medium
(DMEM: Gibco, 61100) with 1.8/L NaHCQ and supplemented with MEM vitamin
(Gibco, 11126), Penn/strep (Gibco, 15140), NEAA (Gibco, 11140), EAA (Gibco, 11130
and 10% v/v fetal bovine serum (FBS). 4080 (ATCC: CCL—121E) fibrosarcomas
were cultured in media consisting of Dulbecco’'s modified Eagle's medium (DMEM:
Gibco, 61100) with 1.8/L NaHCG and supplemented with MEM vitamin (Gibco,
11126), Penn/strep (Gibco, 15140), NEAA (Gibco, 11140), EAA (Gibco, 11130) and 5%
v/v fetal bovine serum (FBS). Cells were cultured in a humidified incubator with 5% CO
and 37°C. Before confluency, cells werelstultured usin@.25% (w/v) Trypsin0.53

mM EDTA.

Expressing and purifying galectthhand the CRD

Human galectifB plasmid transformef. colicells were provided by the
Avraham Raz lab. ThE. colicells were cultured to an Q&= 1.2, and galecti3
expression was induced by adding IPTG to a final concentration of 0.1 mM. The protein

was selected out after microfluidization using Glutathione Sepharose 4B slurry in PBS.
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The tether was cleaved using Prescission Protease. The sample was purified faysywashi
and the ligand was removed by dialysis. The purity of the protein was tested using gel
electrophoresis, and the concentration was verified by BCA assay and absorbance at 280

nm3where E” = 6.1 when Ago= E*x C.

Scratch Assay

When plates reachegpproximately80% confluency, complete media was poured
off, andthe plde waswashed with 1X PBS. Plates were covered in 0.25% Trypsin,
0.02% EDTA solution and were incubated fet® minutesat 37°Cto detach cells from
the plate. Cells were gently aspirated using a disposable pipette along with some
complete media, collected inl& mL falcon tube and centrifuged for 5 min at 2000 rpm.
The typsin/EDTA/complete media solution was poured off, and the cell pellet was
resuspended in 1 mL of complete medi a. 10
sterileEppendorftubeand dilt ed wi th 90 €L of media and m
was transferred to anotherstele pendor f tube and combined w
Bl ue. 10 eL of this cell/dye solution was
counted to determine totallceount. Cells were diluted to 700,000 x®b@lls/mL in
complete media. Inside the well of a 24 well plate;veel culture insertlpidi: 80209)
was attached to the bottom of the well. 70
well of a 2well insert and briefly shaken. The plate was then placed inumadified
incubator with 5% C@and 37°C until cells adhered to the plate in a mesanfluent

layer, about 8.2 hours. The plate was removed from the incubator, and inserts were
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gently removed usg sterile tweezers. Each well was gently washed with about 1 mL of
complete media. Galectid was diluted in PBS to 0.5.6 mg/mL. The CRD was diluted
in PBS to 0.6 mg/ mL. The t dDemimergwedreu me i n e
functionalized as prewusly reporte®f. Dendrimers and proteinere aliquoted into
respective wells to a final concentration of: CRD = 0.397 mg/mL, £€8.3yalectin3 =
0.243 mg/ mL, 7.35 &M, G2 = 94 g M, G3 = 56.
Concentrations of monomeric lactose: 1X = 0.848 mM, 2X = 1.696 mM, 3%4mM,
4X = 3.39 mM.Plates were then stored in the incubator and removed every 2 or 4 hours
to take photos of the length of the scratch. Photographs were later stitched together using

GIMP2 or Image¥®, cropped, and the scratch area was quantified ussayakch.

Immunofluorescence Microscopy

To replicate the surface that the cells bind to in the scratch assay, slides were cut
from a TC 24 well plate and then ptaton the bottom of the wells of another 24 well
plate. To this slide, an insert was attached, and cells were added in the same method as
the scratch assay. After the assay had run for either 4 or 12 hours, the wells were rinsed
with whole media and filledvith 250¢L of 1:50 MAb (Alexa Fluor 488 conjugated
galectin3 antibody BioLegend) in whole media and incubated for 1 hour &tCG3dr 4
°C to inhibit endocytosis. The antibody solution was then removed, and the well was
covered with 4%paraformaldehydéor 15 minutes. Finally, the well was covered with
PBST for 3 minutes protected from light. When the PB®as removed, the slides were

mounted to a No 1 glass cover slip with Prolong Gold with DAPI and allowed to cure
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overnight at RT. When cured, the edgvere sealed with clear nail polish and the
samples were stored at 4 °C until they could be visualized by fluorescent microscopy on a

Zeiss 510 inverted confocal microscope.

Alexa Fluor 647 labeled lactose functionalized dendrimer

1mgofAlexaFluo6 47 Hydrazide was dissolved in
make a 2 mg/mL solution. Generations 2 and 6 lactose functionalized dendrimers were
dissolved in Millipore water to make a 2 mg/mL solution. To the dendrimer solution was
added 2 equivof NalOs per dendrimer, and the mixture was stirred at RT for 2 hours.
After 2 hours, Alexa Fluor 647 solution was added at 1 egeivdendrimer and allowed
to react for 30 min at RT. The reaction mixture was then dialyzed against Millipore water
in 1 kDa MWCO dhalysis membrane (Spectrum Laboratories, Inc., 6 Spectra/Por Dialysis
Membrane) with the water replaced every hour to three hours and then left overnight. The
dialyzed mixture was then lyophilized to dryness and reconstituted in PBS to afford a 2
mg/mL soltion. Characterization of labeling was conducted using a/i$Vv
spectrophotometer by measuring the absorbance at 650 nm, and concentration of dye was
calculated using the extinction coefficient of 250,000 dvi* giving a labeled G6

AF647 to dendrimer ta of 1:1.
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CHAPTER FOUR

LACTOSE FUNCTIONALIZED DENDRIMERS INFLUENCE GALECTINS
MEDIATED ANGIOGENESIS

Introduction

Angiogenesis is a highly regulated process that tumors utilize in later stages of
cancer progression. Embryogenesitensively utilizes this process of elongating tubes
and creating appropriate branching of vasculature. Angiogenesis is sometimes turned on
in wound healing, hypoxia and female reproductive cycling, but it is always highly
regulated and only activated farshort period of time. In contrast, the process of
angiogenesis is continually being activated by tuffors
Vasculatue is important to tissues because it supplies necessary oxygen and
nutrients but also serves as a waste clearance route. When a solid tumor has reached a
certain size, usually 1 minthe normal vasculature is no longer sufficient to provide
nutrients for he tumot*®. But there is increasing evidence of angiogenesis playing a part
in cancer progression much earlier than expééted When a so call ed fdan
switcho is flipped, the cancer cells can s
receptors on the surface of endothelial céligifre26A, Figure26B). When this occurs,
the endothelial cells are activated and beg@owvascularization, which includes
proliferation and migratioi® (Figure26C, Figure26D). After formation of the new
capillaries, recruitment and interaction with pet&sycontrol the matrix reassembly and

stabilize the newly formed vasculature. There are some signals that are proangiogenic
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stimulators such as Vascular Endothelial Growth Factor (VEGF) and Basic Fibroblast
Growth Factor (bFGF), and can be sequesterdueiextracellular matrix (ECM) until
liberated by matrix degrading protea¥€esThere are also ardingiogenic signalsush as
Thrombospondifl (TSP1), which need to be outweighed before an angiogenic response
can initiate. Because of the constant stimulation of these endothelial cells by cancer
signals, the resulting vasculature is less refined and regulated than leealtilyelial
activation. This abnormal vasculature allows for enhanced permeability and retention

(EPR) and has become a common target of therapeutic réSearch
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Figure26. The angiogenic cascade. When a tumor reaches approximately it mom

l onger has enough nutrients for survival
tumor sends out prangiogenic signals into the surrounding matrix (A) and epithelium

(B). When these signals bind to their respective angiogenic receptors €¢@)aint

pathways are activated to begin proliferation and migration toward the signal (D).
Proteases are released to degrade the extracellular maattireovascularization brings
blood supply to the tumor (EAdapted from referenéé
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When these pamgiogenic signaling molecules bind to receptors such as Vascular
Endothelial Growth Factor Receptor 2 (VEGFR2), signal transduction turns the
cytoplasmic domain of VEGFR2 into a tyrosine kinase domain which initiates a cascade
of signals leading to endathal cell gene expression, cell proliferation, increased cell
adhesion, cell migration, and actin remodélfngased on this method of signal
transduction, there are some main points of attack for targeted therapies. Some
molecules, such a&flibercept have beenakigned to bind the extracellular domain of
VEGFR2 and inhibit further signal transduction by natural ligands. There are also
tyrosine kinase inhibitors that act to mitigate the kinase and pathway cascade of
VEGFR2. These VEGRF2 targeted drugs have beproaged for treatment and are
effective in combination with chemother&pyOther treatments such Begaptanib
(Macugen}arget circulating VEGHA and bind selectively to the heparin binding
domain, inhibiting the bioactivity of VEGR as a signaling ligarfd

Galectins 1, 3,r@d 8 modulate angiogenesis through interactions with different
cell surface receptors. For example, gale8tinduces endothelial migration through
interaction with the CD166 receptdt Galectin3 has been reported to bind to VEGFR2
and increase surface retention time, which increases cytosolic phosphorylation initiating
the angiogenic cascadeln normal angiogenesis, VEGFR2 is endocytosed to balance the
signal intiation that it provides. Occasionally, particular galectins can have stimulatory
and inhibitory effects that are concentration dependent. Exogenous géleatirhave
pro- or antiangiogenic effects depending on the concentfafidBalectin7 has been

reported to be necessary in the wound healing process through endothelial cell migration
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and proliferation in am vitro model®®. Furthermore, mice with knockexlit galectin7
displayed reduced epithelial healing following woundtgEarly on, it was reported that
chimeric galectif8 can enhance the process of angiogenesis and that the carbohydrate
binding domain is essdat to that activity®’. Further investigations have revealed that
the ability of extracellular galect@ to be cleaved by Matrix metalloproteases (MMPS) is
important to capillary formation. On Matrigel plugs, transédcendothelial cells with
either native or uncleavable galee8mevealed that galect® cleaved at A or H%
produced greater neovascularization than uncleavable gaBétti@alectin3 has also
been rported to be valuable in epithelial repair.

Other investigations have led to the discovery of additional angiogenic pathways
that galectin3 impacts. Under hypoxic conditions, galeedican bind to endothelial cells
and promote JAG1/Notch signaling whiabtivates angiogenes$isThe importance of
galectin3 in capillary formation by endothelial cells hasiéemonstrated by blocking
that formation through the use of antibodies and lattoGalectinl has ato drawn
attention for its part in angiogenesis. Galedtiis similar to galecti8 in that it contains
a carbohydrate binding domain but does not contain the unstructitexchivial domain.
Galectinl is of the class of prototypical galectins contairong binding domain with

the ability to form a homodimeF{gure27D).
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Figure27. Schematic representations @fectin3 (A) and galectinl (B) and their
potential seHassociations as a multimer (C) and a dimer(D).

Researchers found that, in galeetiknockeddown endothelial cells, migration
was completely restored by application of exogenous gal&ttimhey further reported
that application of exogenous galeetirsignificantly increased phosphorylation of Raf,
Mek and Erk. This leads to enhanced Ras signalimpcell proliferatioff. Similar
results have been reported in our own lab revealing that exogenous ghlectin
significantly enhanced capillargfmation in endothelial cef%’

Much of the enhanced angiogenic activity of galectins is dependent upon
extracellular carbohydrate binding and oligomerization. We propose that lactoside
functionalized dendrimers will serve as@npetitive binding partner for galectihthat
will impact the downstream effects of neovascularization observed in gaattediated

capillary formation. Previous reports from our lab have shown the success of lactose
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functionalized PAMAM dendrimerstimpact galectifl induced capillary formatidr.
These experiments represent an important step in understanding and interrupting the

interactions that lead to neovascularization.

Results

Capillary Formation Assay

To asses initiation of angiogenesis, a capillary formation assay was used. Human
Umbilical Vein Endothelial cells (HUVECS) were used as a model to maragmhary
formation A 96 well plate was coated with 4.5 mg/mL Matrigel and allowed to
polymerize at 37 °CCell suspensions were prepared with combinations of gal@¢tio
pHg/mL), glycodendrimers and a challenge media (FC) so the final volume in each
well was 70 pL. Each well contained 50,000 cells and was incubated for 5 hours before
image acquisitionman inverted phase contrast microscope. Images were analyzed using
Image J Angiogenesis Analyzer (NIH) for nodes, junctions and length, to describe the
extent of capillary formationHigure28). Length is the total pixel length of segments,
elements and branches; a node is a pixel with three neighbors; a junction is a group of
nodes. These elements of the captured image contain three particular attributes of
capillary formation the branching fatubes, the connections to tubes, and the total length

of the new tubes.
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Figure28. Representative images of Angiogenesis Analyzer in HUVEC with 10 pg/mL
exogenously added galectd(B) or untreatedA). Yellow tracing indiates a tube, dark
blue circles are nodes and red circle around the nodes are junctions.

When galectir3 was added exogenously to an activated cell suspension, more
extended capillary formation was visiblEdure28). Two different concentrations of
galectin3 were assessed for greatest impact on capillary formation, and three different
timepoints were used to determine the time of greatest significaneas Hetermined
that 10 pg/mL of galectid after 5 hours of incubation gave the most reproducible and
most significant results. Quantifying the number of pixels of nodes, junctions and length
of capillary formation produced quantification of results significant mannerKigure
29). Based on these results, it was determined that exogenous galattoncentrations
of 10 ug/mL produced the mosignificant augmentation of capillary formation. This is
in accordance with other published data, which states that 10 pug/mL exogenous-galectin
3 was able to increase capillary formafitti15! Results within our lab have shown that
galectin3 is able to bind up and cluster cell surface receptors in cancer cells, and this

same activity may be a galechmediated effecteen in this capillary formation as&iy
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When extracellular galecti binds to extracellular glycoreceptors and clusters them, this

may expos@ther previously concealed receptors that are involved in angiogenic
signaling. This could support the previously mentioned research where galeatn

bind to VEGFR2 and increase cell surface retention time and therefore increase

signaling”.
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Since additiorof exogenous galecti® augments capillary formation, next we
determined whether the addition of a multivalent binding partner, lactose functionalized
dendrimers, would significantly affect these results. Lactose functionalized dendrimers
were added in caentrations of increasing factors of 10 to HUVECs incubated with 10
pg/mL galectin3. The concentrations of dendrimers that were chosen were at similar
ratios of galectirB/lactose to the ratios that were shown to be effective in the previous
migration exgriment(Chapter 3)

When G2 lactose functionalized dendrimers were added in addition to exogenous
galectin3, lower concentrations of dendrimer appear to assist in gakatiediated
formation of nodes, junctions and tube lendgtlgre30: pink bars). These results show
that G2 lactose functionalized dendrimers augment gal8dtiduced capillary
formation in this assay. Higher concentrations of G2 glycodendrimer (3.2 uM, 38qM)
not elicit the same effects. This might be attributed to lower concentrations of G2
accessing a more monomelike carbohydrate effect while this pathway is not
accessible with higher concentrations of G2 which elicit a more overwhelmingly

multivalenteffect.
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Figure31 Capillaryformation of HUVECs as quantified by extent of nodes, junctions

and length after 5 hours of incubation with G2 lactose functionalized dendrimers. Images
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To determine if lactose functionalized dendrimers were interacting with a
galectin3 mediated process or if they interact with other receptors, the same experiment
was done withoueéxogenously added galecttn When G2 lactose functionalized
dendrimer was added in the smallest concentration, neovascularization was significantly

lower than the control with exogenously added gale®firigure31: light red bars).
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Higher concentrations of G2 (3.2 uM, 32 uM) showed capillary formation that was
significantly greater than the untreated contFagre31: red and dark red bars). This
might be explained by the fact that a small amount of endogenous géésfimesent in
these endothelial cef&!>3 Small concentrations of G2 are not present with high enough
guantities of galecti3 to have any effect on neovascularization and thusethdts show
the capillary formation similar to the untreated control. But when greater concentrations
of G2 are added, their quantities are large enough that they can undergo some level of
crosslinking with the endogenous galeairtherefore mediatingasculature formation.
The two highest concentrations of G2 (3.2 uM, 32 uM) showed significantly greater
nodes, junctions and length than the untreated control. This would appear to agree with
previous results where smaller amounts of G2 mediated vageulatmation when
additional galectirB was addedRigure30). In this experiment with only endogenous
galectin3 to interact with, larger concentrations of G2 are necessary to augment capillary
formation.

G3 lactose functionalized dendrimers were tested in the same manner to assess
their impact on galecti® medated capillary formation. After 5 hours of incubation,
there was a significant increase in nodes, junctions and length of tubes in cells treated

with galectin3 and G3 lactose functionalized dendriméiig(re32: green bars).
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Figure32. Capillary formationof HUVEC in the presence of 10 pg/mL galee8rand

G3 lactose functionalized dendrimers as a percentage of untreated cells after 5 hours of
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t est usioorgectivvg*=p k 0.6332).

G3 lactose functionalized dendrimers also showed interesting results in
augmenting neovascularization when gale8twas added exogenouskigure32).
However, when no additional galecBrwas added and G3 glycodendrimer was added,
capillary formation was not significantly different than the untreated control even at the

highest concentrations testdddgure33: green and dark green bars). Only the lowest
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concentration of G3 showed a slight increase in nodes, junctions and length from the

untreated controlHigure33: light green bars).
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Figure33. Neovascularization of untreated HUVECs with G3 lactose functionalized
dendrimer after five hours aicubation. Results presented with nodes, junctions and
length as a percentage of the untreated control. Images acquired afteruive

incubation with componentslu mber of r ePvhliesvwete determined O 4 .
using an unpairedtt e st u s & comgectide( = k 6.0332).

These results of augmented neovascularization of HUVECS in the presence of
galectin3 and lactose functionalized dendrimers, G2 and G3, may be partially explained

by sterics and size. G2 and G3 are the smallest of theagi@mns of lactose
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functionalized dendrimers that were studied, and they present fewer lactosides per
dendrimer. G2 is functionalized on average with 12 lactosides, and a G3 on average
displays 15 lactosides per dendrimer. These smaller sizes and latiadidgs may
facilitate crosdinking between galecti#® and glycoreceptors which could be useful for
capillary formation The differences in concentrations of G2 and G3 that augment
galectin3 mediated capillary formation maydicatethata highly spedic lactoside and
multivalent displays required for mediating galecti® inducedcapillary formation
Additionally, there are reports of carbohydrates eliciting angiogenic effects on
endothelial cell®41%, These smaller glycodendrimers, G2 and G3, might be able to bind
to these receptors, such as CD44, with theipkdes and exhibit carbohydrate
dependent effects. This could eliait alternativesignaling effect and pathway that could
enhance capillary formation. In untreated cells, a lower concentration wia@Be able
to access these receptors and these pathwdsirger concentration of G8 requiredn
untreated cells because this larger dendrinarid not be expecte be able to
efficiently fit to access these receptors.

In untreated cells, greater concentrations of G3 glycodendrimer may bind more
galedin-3, but since only endogenous gale@irs present, this might not be sufficient to
mediate receptor crodisiking. Therefore, capillary formation is reduced to that of the
untreated control. Because G3 glycodendrimers are larger than G2, they sodie &o
large to fit into the space required to crosslink glycosylated receptots@avio

capillary formatonThese results may also indicate

a

concentration of glycodendri mer -3adhas mor e
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be involved in crosslinking. This argument may indicate G2 as an ideal multivalent
partner to facilitate galectisl mediated crosslinking of glycosylated receptors, such as
integrin Uvb3 and VEGFR2, therefeableto sl i gh
minimally facilitate crosslinking and therefore does not show much impact when
exogenous galectifl is not presefit®’. Other results from our lab have shown that G3 is
the dendrimer most highly taken up into cancer cells, this may indicate higher rates of

endocytosis which could affect capillary formation.
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Figure34. Capillary formatiorof HUVECS in the presence of 10 pg/mL galeediand

G4 lactose functionalized dendrimer after five hours of incubaiomalized to the

results foruntreated cell nodes, junctions and tube leigthh.mb er of r ePl i cat e
values were determined ngian unpairedt e st using Wel chdés corr ec
0.0332).

When G4 lactose functionalized dendrimers were added to HUVECSs incubated
with exogenous galect®, high concentrations of dendrimer reduced capillary formation
(Figure34: dark orange bars). The formation of nodes, junctions and tube length were
similar to untreated cells when high concentrations (9.4 uM) of Gddadunctionalized

dendrimer was added with exogenous galegtio HUVECS.



107

Nodes Junctions
2004 ——— 2000 @ ——
- 1504 - 1504
-2 -2
53 53
= - ok n
g = 100 g £ 100
[ a 3
S s
50 50
0- 0-
> *]
\&w 6@ qu- @h o \@'b & @u g‘?’h o¥
DA U Y
N o
Concentration of G4 Concentration of G4
Length

200

150

100

Percent
of untreated

50

Concentration of G4

Figure35. Capillary formation in untreated HUVECs with G4 lactose functionalized
dendrimer after 5 hours of incubation. Results presentegp@santage of untreated cells
in terms of nodes, junctions and length. Images acquired aftendiveincubation with
components. Numb e r-valoes weredetérmirediusiegsan unpaired@t 4 .
test using Welchdés correction (* = p < 0.
When G4 lactose functionalized dendrimers were incubated with HUVECs over
the course of five hours, there was no significant difference in nodes, junctions and tubes
in the vasculature compared to untreated cEllgufe35: all bars). Since the greatest

concentration of G4 with exogenously added gale@tilecreased neovascularization, it

agrees that when exogenous gale8tis not present, there is not enough galegtin
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present to have an angiogenic impact from G4 dendrimers alone. Therefore, the results do

not show any effect from G4 and endogenous gak&ctin
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Figure36. Capillary formationof HUVECSs in the presence of exogenous galegt{h0

png/mL) with G6 lactose functionalized dendrimer. Results calculated as a percent of
untreated cells in nodes, junctions and length of tubes. Images acquired afteufive
incubation with componentslu mber of r ePwdliecwergeteaminech O 8.
usinganunpairedt est using Welchoés correction (*

When G6 lactose functionalized dendrimers were added to HUVECSs treated with

galectin3, inhibition of capillary formation was also observed in a significant manner
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(Figure36: dark purple bars). The highest concentration of G6 glycodendrimer with

galectin3 reduced capillary formation to that of untreated cells.
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Figure37. Extent of nodes, junctions and length in untreated HUVECSs after 5 hours

incubation with G6 lactose functionalized dendrimer as a percentage of untreated cells.

Number of r ePwhliesveete determined usng dn.unpafrebt using
Wel chdéds correction (* = p < 0.0332).

When G6 was added without exogenous galegtionly the highest concentration
showed decreased node formation from the untreated cdrigalé37: Nodes, dark

purple bar). Even though junctions and
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the untreated control, there is an obvious inverse relationship between addition of higher
concentrations of G6 and capillary formation. Since this relationship was also observed
when galectirB was added exogenously, we can hypothesize that G6 is the most
effective at mediating and decreasing capillary formation in these endothelial cells from
gdectin-3 mediated neovascularization. G6 effectively binds and subverts g&ectin
whether exogenous or endogenously sourced.

These results indicate that the larger G4 and G6 glycodendrimers have a
significantly different effect on capillary formation théhe smaller G2 and G3
glycodendrimers. G4 glycodendrimers on average display 41 lactosides, and a G6 is
functionalized on average with 82 lactosides. This assay is performed such that the
concentration of lactose remains constant across the dendrineeatiy@ms, thus causing
the concentrations of the glycodendrimers to vary across the generations. Therefore, this
difference between observed effects for small and large glycodendrimers is not due to
differences in lactose concentration. One rationalendifferences could be that sterics
are impactful; even though G4 and G6 glycodendrimers have more lactosides per
dendrimer, some lactosides are likely to be displayed in a sterically inaccessible manner.
This would be especially true when multiple gale& proteins are bound to a
glycodendrimer. Inaccessibility of some of the lactosides on the large glycodendrimers
could decrease the effective binding of gale&tim a manner that facilitates crosslinking
between galecti#3 and glycoreceptors. Anothigkely explanation is that the size
difference in the dendrimers plays a critical role even before considering the accessibility

of the lactosides. G2 and G3 glycodendrimers are most similar in molecular weight and
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both have open, amorphous structuresa@d G6 glycodendrimers both are larger, more
spherical macromolecules. These larger glycodendrimers bind geBetiin perhaps
their larger size less effectively supports crosslinking of gal&ctimangiogenic
receptors. This would lead to an effectemd extracellular galecti8 is sequestered by

G4 and G6 dendr i me r3drom ciodslinkingraciivityt i ngo gal ect

Immunofluorescence

To further investigate the impact these exogenous factors have on inducing
capillary formation in the assayubrescent labeling was done. G2 and G6
glycodendrimers were functionalized with AlexaFluor 647 in a 1:20 and 1:2 dye to
dendrimer to dye ratio, respectively. After 4 hours of incubation with dye functionalized
dendrimer and 10 pg/mL galectB) AlexaFluor488 tagged galectiB monoclonal
antibody (Biolegend) at 1:100 in PBS was added and incubated for another hour. Samples
were then fixed with cold methanol for 10 minutes, covered with mountant with DAPI
and imaged on a Zeiss Meta 510 laser confocal ndopes Untreated cells and cells
incubated with exogenous galeeBrwere first analyzed to confirm endogenous and
exogenous detection of galecBn

Both the untreated cells and the cells treated with 10 ug/mL gal®cénealed
fluorescence rimming thedge of cell groupggure38A, B). When exogenous galectin
3 was addedHigure28), it did not appear that there was much fluorescence rimming the
edges of individual cells, as seen in a previous immunofluorescent expe(ftigene

19). While galectin3 was revealed to be covering the surface of the cell groups, the areas
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of budding showed greater fluorescence than other areas of the cell sample. This suggests
that galecti-3 is most important for the sprouting and support of endothelial cell

migration.

Figure38. Immunofluorescence of HUVEC undergoing neovascularization in untreated
(A) or cells treated with 10 pg/mL of galectth(B) after Shours of incubation. Galectin
3 visualized by antgalectin3-AF488. Scale bar 50 pm.

To assess what impact the dendrimers had ooapidlary formatiorresults,
fluorescently tagged G2 and G6 were used. The two lowest concentrations of G2 from
the capllary formationexperiment were used (0.32 uM, 3.2 uM) since with exogenously

added galecth3, there was augmentation of capillary formation.
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Figure39. Fluorescent microscopy of HUVECs undergoing neovascularization in the
presence of 10 pg/mL galectthand AF647 labeled G2 lactose functionalized
dendrimers. 0.32 uM G2 (AB.2 pM G2 (B)and 4.7 uM G6 (C, Dafter five hours of
incubation. Scale bar 50 pm.

Results revealed that G2 tagged dendrimer was taken up intelltioe bound
tightly t o tFigure39%e). Thé mcalzationbfgaleetiB (id not appear
to vary because of the presence of the dendri@empare-igure38B to Figure39A,

B). There was no evidence of colocalization of dendrimer with gai8ctimnce lower

concentrations of G2 augment neovascularization with exogenous gaetsults were
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expected to helplucidate that interaction. The results obtained here did not appear to
support or disprovehe hypothesighat G2 is involved in crosslinking galectinand

glycoreceptors

Figure40. Fluorescent images of HUVEC with 10 pg/méalectin3 and 4.7 uM G6
AF647. Arrows added to show area of colocalizatteeale bar 50 pum.

Fluorescent microscopy was also done to determine the localization of G6 and to
assess how G6 decreased capillary formation with exogenously added galBetsults
showed that G6 is also either taken up by
aggregates. There was some indication of colocalization of G6 with gaddatinonly
present in a few spot&igure40). Localization of galectiB still revealed smooth
fluorescence on the edge of cell groups. If, as discussed above, G6 acts to negate the
effect of galectir3 in this assay by sequesterg@ectin3 into inactive particles, the
glycodendrimer/galecti® aggregates could easily have been washed away and would

not be detected in the micrographs
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Discussion

This capillary formation assay confirmed previous literature that exogenous
galectin3 does significantly augment neovaksization. This may be due to a variety of
factors including receptor binding that releases angiogenic cytékifié® Yu group
found that the primary endothelial receptors bounddgajin3 were CD146/MUC18
through Nglycans, and suppressing expression of this receptor inhibited the release of
the angiogenic cytokin&s Others have reported that gzle-3 binds glycosylated
VEGFR2 and increases cell surface retention. In the presence of activating ligands,
angiogenesis activation is extenffed he results presented here also agree with capillary
formation reported from our lab with galectifr?

When lactose foctionalized G2 dendrimer was added with exogenous gal@ctin
the lowest concentrations augmented galegtmediated capillary formatiofrigure30:
pink bars). This was also observed for ateld higher concentration of lactosides from
G3 with exogenously added galee8r{Figure32: green bars). Fluoresnt results reveal
that G2 is endocytosed into endothelial cells or bound to the cells, and there is no
significant indication of colocalization of galectihwith G2 Figure39A, B). These
results could indicate that G2 and G3 medi
for the enhancement of galecBmediated neovascularizatidfigure41). Previously,
reported uptake results showed that G3 was taken up more by cancer cells than other

dendrimers examined. This endocytosis of G2 and G3 could help to regulate the
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extracellular concentration of galectto an optimal level to augmecapillary

formation

/\‘ Galectin-3

. G2 glycodendrimer

* Glycosylated receptor (VEGFR2)

Endothelial
Cell

Figure4l. Expected interaction of G2 and G3 dendrimers and gai@atiith
glycosylated extracellular receptors involvediimgiogenesis such as VEGFR2.
Extracellular interactions lead to extended angiogenic activation.

Control experiments were conducted to confirm a multivalent lactoside effect
from the dendrimers on the extent of neovascularization. Monomeric lactosddeas a
in concentrations similar to lactose from a G2 (3.2 uM, 32 uM). With exogenously added
galectinr3, capillary formation was augmented in the highest concentration of monomeric
lactose used (3.85 mMIrigure42: grey bars). These results support our findings with
G2 lactose functionalized dendrimeFdgure30). Similar results with monomeric lactose
are expected for processes mediated by specific carbohydrate/protein interactions, but at a
higher concentration to confirm that multivalent enhancermecurs using
glycodendrimers. The monomeric results might also be explained by a carbohydrate

dependent enhancementoafpillary formationn endothelial cells. Researchers have
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reported thaR'-fucosyllactose induces expression of intercellular adhesaeacuie 1
(ICAM-1) and induces release of angiogenic facli@esbFGFandVEGF throughJAK?2
signaling®*. Other reports have shown thattin galactosidéinding soluble 3 binding
protein (LGALS3BP)nhances angiogenesis through a gal&tiependent mechanism
by producing VEGF through PtBAkt pathways®’. These results could point to a
carbohydrate binding mechanism being involved in the gal8omediated angiogenic
process. In the results presented here, this might explain why both the lower
concentration of lactose functionalized G2 dendrimer and the lower concentration of
lactose monomer enhanceabillary formationwvhereas higher conceations in both
cases cause inhibitiofigure30) and Figure42: 50 mM)°L This would also provide a
logical explanation for why G2 without exogenous gale8taugments
neovascularization. A smaller valency of lactosides can still beragfilary formationn

these endthelial cells.
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Figure42. Capillary formation of HUVECs treated with 10 pg/mL galeiand

increasing concentrations of monomeric lactose. Concentrations of lactose similar to
highest concentrations of lactose from GB(re30: red and dark red bars). Images

taken after 5 hours of incubatidd.u mb er of r déqdluesovare dgetermined O 8 .
usinganunpairedt est using Welchoés correction (*

When G4 was added with exogenous gale8tithe highest concentration of G4
showed a decrease in capillary formation similar to the untreated cdfigot€34: dark
orange bars). But this result was not observed when G4 was present with endogenous
galectin3, there was no change from the untreated corfrgli(e35). This result could
be explained by nanoparticle formation of G4 and gal&tihen there are high enough
concentrations of galecti® available.

Experiments withG6 lactose functionalized dendrimers showed similar trends

whether galecti#8 was added exogenously or not. Immunofluorescence showed a few
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spots of colocalizationRjgure40). This could be discrete nanopatrticles of gale8tand
G6. This demonstrates that G6, and to a smaller effect G4, sequester available
extracellular galecti3 (either endogenously sourced or exogenously added) and nucleate
theformat on of aggregates that can be bound to
away in the sample preparation before image acquisiiguie43).

These results reveal that galee3imediatectapillary formationis inhibited by
large lactose functionalized dendrimers with multivalently presented lactosides
Extracellular galecti#¥B entances capillary formation of endothelial cells by localizing on
the budding areas of cell groupings. This could either point to receptor clustering and
signaling, further activation of the endothelial cetissupporting the migrating front of
activated adothelial cells. Glycodendrimers present what appears to be a dual
mechanism for impacting neovascularization. When glycodendrimers are present with
galectin3, there can be a reduction of endothelial cell growth or enhancement depending
on generation ofjlycodendrimer. Because the smaller glycodendrimer can also elicit
enhancements without exogenous gale8tithis points to an independent mechanism
that is not completely dependent on multivalency since these results are not observed in
the other glycodedrimer generations. But small concentrations of smaller
glycodendrimers with galectid further enhances capillary formation indicating that
there is a sweet spot of support that smaller glycodendrimers can provide to galectin
mediated neovascularizatioThis could potentially be through supporting gale8tin
crosslinking of glycosylated angiogenic receptors. When larger generations of

glycodendrimers inhibit galecti® mediated neovascularization, this indicates the
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effectiveness of the glycodendriméosinteract with and prevent the angiogenic effects
of galectin3. These findings can contribute to the work being done to understand

angiogenesis and its implications in cancer development.

Z @ Galectin-3

Endothelial
Cell G6 glycodendrimer
* Glycosylated receptor

Figure43. Anticipated interactionf G6 glycodendrimers with extracellular gale€sin
capillary formation Glycodendrimers can nucleate nanoparticle formation which can
divertgalectin3 from interacting with the glycans on the endothelial tefidng to
decreased activation of ne®ealarizationSchematic is not drawn to scale.

Conclusions

The findings reported here represent a powerful method to investigate the effects
of angiogenesis. Since angiogenesis is usually initiated by extracellular factors,
investigations to impede these factors make a positive contribution to the understanding
of the role of galecti#B in the advancement of angiogenesis. Galetias been named
as a mediator of angiogenesis, even at the initial stages. Therefore, inhibitors of-galectin

3 significantly affect angiogenesis. Multivalent interactions with gal&have been
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shown to be effective in biological contexts. Multivalently presented lactosides interact
with galectin3 and cause different biological outcomes which are particularly important
to cancer research. The results here confirm that gatéctoesaugmentcapillary
formationby enhancing nodes, junctions and length of tube formation. Smaller
dendrimers such as a G2 and G3 show a small enhancenoeapiltzry formationn
galectin3 mediated tube formation assays at relatively low concentrations of
glycodendrimers. Larger dendrimers such as G4 and G6 show inhibition of capillary
formation in galectifB mediated tube formation assays. These results indicate that
galectin3 does interact with these dendrimers in the context of this capillary formation
assay and that a multivalent display of lactosides is effective at interceding in galectin
interactions.

These studies with galectBihave revealed that it is a powerfatlucer of
capillary formation. Although its specific purpose has yet to be determined in these
studiesthis multifunctional protein plays a large role in inducing angiogenic behavior in
HUVECSs. This function of galectid is predicted to be largely extedlular indicating
that the ability of galecth3 to bind carbohydrates in a multivalent fashion is what drives
these resulting functions. From these studies, gal8dtias been revealed as a powerful
target in angiogenic research and further studiesoutate the function of galect®in
larger systems must be asses3edjether, these results present effective tools for further
understanding the process of angiogentsmugh the use of glycodendrimers and

galectin3.
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Experimental Procedures

Cdl culture

Cells were received from (ATCﬁIPCSlOOOlSE) and initially seeded as per
manufacturer ds i nst r(Risher $Sciemifscat 2,500/ 5,@0 ¢ellse at e d
per cnf. Complete Media was comipedof Vascular Cell Basal Medium (ATCQPCS
100030§) supplemented with Endothelial Cell Growth 8BE (ATCC® PCS100-
040§) (Bovine Brain Extract: 0.2% v/v, rhEGF: 5 ng/mLglutamine: 10 mMHeparin
sulfate: 0.75 U/mL, Hydrocortisone hemisuccinate: 1 pg/mL, Fetal Bovine Serum: 2%
v/v, Ascorbic Add: 50 pg/mL)andPenicillin-StreptomycirAmphotericin B Solution
(ATCC® PCSQQE}OOZE) (Penicillin: 10 U/mL, Streptomycin: 10 pg/mL, Amptericin
B: 25 ng/mL).To subculture confluent cells, TrypsiEDTA for Primary Cells (ATCE
PC899900§) was used taft cells, Trypsin Neutralizing Solution (ATCTPCS999
004E) was used to inhibit further trypsinization. Cells were counted using trypan blue
and a hemocytometer.

For use in the microtubule formation assay, F(2¥W was formulateds a
challenge mediag=12K medium was supplied from Fisher scientific and was
supplemented with.1 mg/mLHeparin(Sigma) 0.05 mg/mLECGS(Sigma)and 10%

FBS (Atlanta Biologicals)
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Capillary Formation Assay

Matrigel (Fisher Scientificvas thawed at 4C and diluted to 4.5ng/mL with
PBS. 30 pL diluted Matrigel was plated into each well of a 96 well plate and allowed to
polymerize in a 37C incubator for at least 30 minutes. Cell suspensions were prepared
to add 70 pL to each well. To each well was added 50,000 cells,/a1{§.33 uM)
galectin3 and or lactose functionalized dendrimers in F12K CM with F12K tqulZ0
Each experiment was placed in four well replicatdter the 70 pLcell suspension was
added on solidified Matrigethe plate was incubated for 5 howas37 °C. Images were
collected on an inverted scope with a 4X objective. Images were analyzed for nodes,
junctions and length using Angiogenesis Analyzer in Imhggnificance was

determined using an unpairetite st using Wel chés correction.

Alexa Fluor647 labeled lactose functionalized dendrimer

1 mg of Alexa Fluor 647 Hydrazid&isher Scientificwas di ssol ved i n
Millipore water to make a 2 mg/mL solution. Generations 2 and 6 lactose functionalized
dendrimer® were dissolved in Millipore water to make a 2 mg/mL solution. To the
dendimer solution was added 2 equivalents of Ngv@r dendrimer, and the mixture was
stirred at RT for 2 h. After 2 h, Alexa Fluor 647 solution was added at 1. gxuiv
dendrimer and allowed to react for 30 min at RT. The reaction mixture was then dialyzed
against Millipore water in 1 kDa MWCO dialysis membrane (Spectrum Laboratories,

Inc., 6 Spectra/Por Dialysis Membrane) with the water replaced every hour to three hours

and then left overnight. The dialyzed mixture was then lyophilized to dryness and
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reconsituted in PBS to afford a 2 mg/mL solution. Characterization of labeling was
conducted using a UVis spectrophotometer by measuring the absorbance at 650 nm,
and concentration of dye was calculated using the extinction coefficient of 250,300 cm
M1 giving a labeled Gedyeratio of2:1. A labeling ratio of G2: dye ratio was

determined to be 21:1.

Immunofluorescence Microscopy

To create samples of the capillary formation assay for fluorescent detection, a 15
well p-slide plate (Ibidi81506 was used with 10.6 yL of Matrigel per well at a
concentration of 4.5 mg/mL and allowed to polymerize in the incubator for 30 minutes at
37° C. Alexa Fluor 647 conjugated G2 (0.32, 3.2 uM) and G6 (4.7 uM) were added to
each well with 10 ug/mL galecti in triplicate. After 4 hours of incubatiothe wells
were rinsed and filled with 2L of 1:100MAb (Alexa Fluor 488 conjugated galectdn
antibody,BioLegend)and placed in the incubator for an additional hour. The plate was
removed from the incubatornsed with PBS and covered with cold methanol for 10
minutes. Methanol was removed, the wells were rinsed with PBS and covered with
Prolong Gold with DAP[Invitrogen) and images were acquir@ida Zeiss 510 inverted

confocal microscope.
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CHAPTER FIVE

SUMMARY AND CONCLUSIONS

Carbohydrate interactions are highly relevant to biological systemistherefore
multivalency is a tool often used to study these systems. Multivalent probes have been
reported and used in these chapters. Lactose functionalized PAMAM dendiieeers
valuable tool to probe multivalency in biological systems. Utilizingegations 23, 4
ande6, a variety of properties such as size, three dimensionality, and extent of
functionalization withthebiologically relevant ligand lactoseere assessed for their
impact on galecti¥B mediated cancer cellular processes includingogegesis and
migration These dendrimers interact with oligomeric gale8ti@nddo impact cancerous
processem vitro.

The reported results here show that these glycodendrimers do not elicit toxic
effects on cancerous epithelial cells, nor do theyeiepviability. With and without
exogenously added galectd the glycodendrimers do not induce apoptosis in A549,
lung carcinomas. These resudsmonstratéhe potentiabf these glycodendrimers to
interact with cells multivalentlyhile not elicitingoff-target effects.

Also reported here, exogenous gale@iretards migration of DU145 prostate
carcinomas and HT1080 fibrosarcoma cells. Wiherglycodendrimers are added, a
restored migration rate is observed the cells This indicates that the glgdendrimers
are effectively able to interact with exogenous gale8tand reverse the galectin

induced retardationf migration Further investigations have revealed that endocytosis of
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galectin3 and the glycodendrimers may play a role in the obseaffedts, but it is not
evident that colocalization of the receptor and multivalent ligand occurs intracellularly.
Resultsusing truncated galectiBhave also shown that thetdrminal domain is
necessary for the retardation effects elicited by gak&cfiraken together, these results
show that lactose functionalized dendrimers are an effective interactor with g&lectin
even to the point of mitigating galectthimpacted cellular migratio.hese studies have
also revealed the large impact of extracetlglalectin3 on the coordinated process of
migration. As a protein with implications in many processes and pathways, these results
have determined that in high concentrations, gal&tian modulate cancer chemotaxis
through restricting migration.

The final results presented here investigate the multivalent impact of gaectin
and glycodendrimers in@apillary formationassay. Exogenously added gale@iwas
shown to significantly increase capillary formation in activated human umbilical vein
endthelial cells (HUVECS). Generations 2 and 3 of the glycodendrimers were able to
augment this galectiB mediated neovascularization. Generations 4 and 6 of the
glycodendrimers inhibited galectBimediated capillary formation. Further investigations
showal that glycodendrimers alone were sufficient to impact neovascularization.
Generations 2 and 3 enhanced capillary formation in untreated HUVECs. Generation 6 of
the glycodendrimers inhibited capillary formation in HUVECs and generation 4 had no
impact in untreated HUVECSs. Fluorescent labeling revealed endocytosis or close
association of the glycodendrimers with the HUVECs and rimming of galéetound a

cell group.These studies have revealed that extracellular gal@dtas large implications
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in a higHy regulated process such as angiogenesis. This agrees with other reports that the
multifunctional protein galecti3 can impact another important cancer proceaken
together, these results show that multivalent glycodendrimers can impact even agignali
mediated cellular process such as angiogeti@siagh interaction with oligomeric
galectin3.

The part played by galect® in the mediation of these cancer processes further
implicates it as a valuable target in the progression of caesearchSince many
proteins are highly specific in their function, gale€ipresents a unique and ubiquitous
target for cancer research. Since gale8thmas been implicated in numerous additional
cancerous processes, targeting this protein for future therapesdgerch may present the
ability to inhibit many cancerous pathways through one target.

This thesis describes thesults of a promising multivalent interactor for the
multitude of glycan mediated cellular events, not limited to galectins. Further
invesigations could uncover other extracellularly mediated glycan events that drive other
cellular processes for investigations into immune research, diseases and lagieg.
resultsare likely toinspire multivalent research as a tool agamahyof the heah

problems we are confronted with as a society.
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APPENDIX A

Primary Data

Apoptosis Assay Data

1 2 3 4 5 6 7 8 9 10 11 12
A 400,505
485,520
. 34212 | 113115 | 118352 | 98683 16715 | 44896 | 29495 | 29559 | 25659 400,505
3810 | 114628 | 105744 | 103023 | 66288 | 2243 7009 7618 12300 6224 485,520
c 14617 | 109120 81786 14910 | 42671 | 28401 | 30521 | 26415 400,505
2648 | 100682 | 57980 | 120065 | 69000 | 2191 6896 7662 13924 6464 485,520
5 13942 | 109066 | 115895 | 79118 10910 | 29247 | 21939 | 19102 | 16050 400,505
2645 | 119258 | 58055 | 76938 | 73146 | 2051 6087 8058 12004 | 5438 485,520
E 26561 | 55179 | 82890 | 84846 | 53433 | 8003 15219 | 13147 | 16426 | 12904 400,505
142256 | 82918 | 65575 | 34638 | 2419 5079 1808 11281 | 3186 485,520
- 25920 | 68578 | 80354 | 102394 | 50092 | 7110 13156 | 21312 | 12863 | 10724 400,505
136461 | 53558 | 70302 | 37287 2378 4791 6704 10047 2775 485,520
e 57837 | 78191 | 69769 | 48040 | 7003 12911 | 20931 | 13542 | 10167 400,505
181742 | 55038 | 60934 | 22563 | 2354 4690 6541 10094 | 2605 485,520
400,505
H
485,520
1 2 3 4 5 6 7 8 9 10] 11] 12
A
B SDS G3 gal3 [G4 gal3 |G2gal3 |PBS SDS G3 gal3 (G4 gal3 |G2 Gal3 |PBS
C SDS G3 gal3 [G4 gal3 |G2gal3 |PBS SDS G3 gal3 |G4 gal3 |G2 Gal3 |PBS
D SDS G3 gal3 |G4 gal3 [G2gal3 |PBS SDS G3 gal3 [G4 gal3 |G2 Gal3 |PBS
E lonomyc |Staurosp|G6 gal3 |Gal3 lonomyc |Staurosp|G6 gal3 |Gal3
F lonomyc |Staurosp|G6 gal3 |Gal3 lonomyc |Staurosp|G6 gal3 |Gal3
G lonomyc | Staurosp|G6 gal3 |Gal3 lonomyc |Staurosp|G6 gal3 |Gal3
H

Figure44. Plate reading for A549 cells with added reagents after 5 hours of incubation.
Viability measured at 4Q0505m Toxicity measured at8%x 520m.

1 2 3 4 5 6 7 8 9 10 11 12

A

B 32 442 531 518 551 38 59 38 47 36
C 33 470 364 481 508 41 47 46 48 52
D 98 492 572 440 624 45 53 56 53 68
E 92 517 497 708 63 57 41 54 57
F 108 532 555 633 78 58 47 48 53
G 112 1034 533 398 654 64 51 54 53 60
H

1 2) 3 4 5 6 7 8 9 10 11] 12

SDS G3 gal3 [G4 gal3 |G2gal3 |PBS SDS G3 gal3 |G4 gal3 |G2 Gal3 |PBS
SDS G3 gal3 [G4 gal3 |G2gal3 |PBS SDS G3 gal3 (G4 gal3 |G2 Gal3 |PBS
SDS G3 gal3 [G4 gal3 [G2 gal3 |PBS SDS G3 gal3 (G4 gal3 |G2 Gal3 [PBS

lonomyc |Staurosp|G6 gal3 |Gal3 lonomyc |Staurosp|G6 gal3 |Gal3
lonomyc | Staurosp|G6 gal3 |Gal3 lonomyc |Staurosp|G6 gal3 |Gal3
lonomyc |Staurosp|G6 gal3 |Gal3 lonomyc |Staurosp|G6 gal3 |Gal3

I|O(Mmm|o|O|w|>
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Figure4b5. Plate reading for A549 cells with added reagents after 5 hours of incubation.
Luminescence readings indicative of apoptosis.

Scratch Assay Data

Time (hours): 0 4 8 12 16

Figure46. DU145migration into the scratch over 16 hours with exogenously added
galectin3.



147

Time (hours): 0 4 8 12 16
Figure47. DU145 migration into the scratch over 16 hours with PBS.

Time (hours): 0 4 8 12 16
Figure48. DU145 migration into the scratch wigéixogenous galecti and G2.



148

Time (hours): 0 4 8 12 16
Figure49. DU145 migration into the scratch with galee@irand G3

Figure50. DU145 migration with galecti and G4.
















































