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Tumor vascularization is an important control point in cancer progression and its
inhibition is a promising approach to cancer therapy. Stromal-derived fac{@BF-1o. or
CXCL12) is a chemoattractant for lymphocytes, hematopoietic progenitsramd vascular
endothelial cells. SDFelbinds to the CXCR#eceptor on cell surfaces and to heparan sulfate in
cell membranes and the extracellular matrix. We hypothesized that&i3an important
mediator of tumor vasculogenesis, recruiting bone marrow-derived endothegjahpor cells
to tumors. We evaluated the role of SDHi the adhesion of bone marrow-derived lineage-
negative cells (Lin  BMC) to the murine Lewis lung adenocarcinoma (LIsGb8one), botim
vitro andin vivo. LLCaB lung and liver metastases expressed significantly elevatdd td
SDF-1o compared to normal tissue from naive controls and primary tumors. &B¥pfession
inversely correlated with tumor size, implicating involvement in early tutegelopment. SDF-
1o was detected on ~30% of blood vessels in primary and metastatic tumors by double
immunocytochemistry staining and on endothelial cells within primary cultdrdissociated
LLCaB tumors (DTC). Lin~ BMC enriched for S¢eKit™ (LSK) cells, including endothelial

progenitors and CXCR4ells, were used for subsequent adhesion studies. LSK cells



preferentially adhereih vitro to DTC, compared to other target cell types. Pre-incubation with
anti-CXCR4 antibody or the CXCR4 antagonist AMD3100 decreased adhesion of ILSKycel
50%. Biolocalization of adoptively-transferre@GFP-Lin - BMC in tumor-bearing wild-type
mice was evaluated by gPCR for #gfptransgene. A significantly greater number of Lin
BMC localized to metastases 2-3 days after intravenous injection thanderddjaalthy tissue,
normal organs, or primary tumors. Control CXCIEGFP-dermal fibroblasts showed
significantly less tumor localization. One-week post-injection, Lin Bl still detected in
every metastasis, suggesting that BMC were retained and/or had espliddtese data support
the hypothesis that the biolocalization of circulating Lin - BMC to tumors ks 18Bnediated.

We have also put forth the novel proposal that SRBrbmotes early tumor vasculogenesis as a
tumor endothelium-associated adhesion molecule for circulating CXOR4 BMC. These
findings may aid our understanding of the mechanism of tumor vascularization anddgheotles

tumor-targeted therapy.
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CHAPTER I: INTRODUCTION

Cancer is a disease in which cells undengcontrolled proliferationleading tanvasion
into adjacent tissues anaetastasito other organs in the body via the circulatory system (1-3;3).
In the 1970’s Dr. Judah Folkman pioneered the idea that angiogenesis was an important point
the control of cancer progression and that its inhibition would be a valuable new approach in
cancer therapy (4;5). This is now a widely accepted theory and there has beeerablesfocus
on designing therapies that could potentially target developing blood vesselse B&gpitcant
advances in cancer research, the mechanism by which tumor cells megastdsacquire
angiogenic phenotypes is not fully understood. Although there has been substantias pnogres
the field of cancer treatment and improvement in survival and quality of life for gateats,
cancer can remain a devastating diagnosis. Hence, it is important to enhance otandidgrs
about the important mediators involved in the process of tumor vascularization and growth that

may aid in the design of superior therapy.

General Properties of Tumors

All cancers arise gradually as the cells are unable to correct mutdiadresise. These
errors could be due to several factors including, but not limited to, exposure to ¢dhemica
carcinogens, ionizing radiation, viral or bacterial infection, genetic muatthormonal
imbalance, immune-system dysfunction, and/or hereditary factors. Such famitirdead to
mutations in tumor suppressor genes, proto-oncogenes and DNA repair genes atitk callse
to undergo uncontrolled cell division and lose their capacity for apoptosis and senescence
Tumorous cell clusters rely on the diffusion of oxygen and other essential rautoiegtowth;

this process is inadequate once tumors become 12msize (4;5). The growth of these



micro-tumors is restored if they undergo angiogenesifrmation of new vasculatur@hus,
tumor vascularization constitutes an important control point in cancer progresdida a
inhibition has been suggested to be a valuable approach to cancer therapy.

Many groups have reported that tumor blood vessels are morphologically and
physiologically heterogeneous; with abnormal arterio-venous architecteglar diameter and
aberrant branching (6;7). Tumor blood vessels are devoid of a complete basemernagmbr
smooth muscle cells, and pericytes, and are leaky. This abnormal vasditactne is
thought to be responsible for the high intra-tumor pressure, erratic blood shunting, and hypox
present in tumors (7). Several hypoxia-induced genes and proteins that arsegkpres
upregulated in tumors have also been identified.

Most tumors are hypoxic in nature (7-9). Tumors rapidly outgrow their blood supply,
creating regions where the oxygen concentration is significantly loweirihieealthy tissues.
Hypoxia is likely a result of the uncontrolled cell proliferation, creatingyhadr cell density, and
thus taxing the local oxygen supply. Hypoxic zones within tumors are usuallymesista
radiotherapy and chemotherapy and can ultimately contribute to rexei{f€8). Hypoxia and
hypoxia-regulating proteins have been demonstrated to be associated with pragmnssis (10-
12), making it a determining factor of cancer progression and therapeutic ee§p@nt3;14) .

Hypoxia-induced factor (HIF) is a dimer @fandp subunits, each of which has three
isoforms. HIF-1 is the best studied among these. In normoxic conditions the enpyyhe pr
hydroxylase (PH) is active and causes hydroxylation of HIFAlcomponent of E3 ubiquitin
ligase complex binds the hydroxylated HI&-dnd earmarks it for degradation. In contrast, under

hypoxic conditions PH is inactive, which leads to the accumulation of kIF4iis leads to the



dimerization of HIF-B with HIF-1o and the active dimer binds to the hypoxia-response element
(DNA binding site) resulting in the transcription and synthesis of downstreanmngr(ig

HIF-1 is reported to be over expressed in numerous human tumors (7;15) and is
recognized as an important regulator of tumor proliferation. Its expressioarinéls several
downstream signaling pathways that affect cell proliferation, survivatragition, matrix
physiology, and angiogenesis. Vascular endothelial growth factor (\/BE@6&inal-derived
factor (SDF-1), matrix metalloproteinase (MMP), insulin growth fadt®eF{2), and tumor
growth factor (TGF) are among the well-studied target genes ol tikd influence
angiogenesis, anaerobic metabolism, vasodilatation, respiration, erythrapaksaisoptosis.
These events ultimately lead to malignant progression and increased tunessagmess
(Review in (7).

Hypoxia is the most potent stimulator of VEGF, which is a well studied growtbr fiaxct
tumor biology (8). VEGF is an important regulator of blood vessel growth and peritye ainitl
is upregulated in many human and experimental tumors. Many anti-VEGF ancE& -V
receptor (VEGFR) monoclonal antibodies and small-molecule inhibitors aneicatl
development for use as cancer therapeutic agents (16). VEGF in turn inducgs¢ksier of
SDF-1o (14;17); SDF-#& and its receptor CXCR4, have been implicated in tumor angiogenesis
and organ-specific metastasis. Low oxygen tension also regulates angisp@idiG-1 and
ANG-2) and their receptor (Tie-2), which have wide-ranging effects on tangogenesis,
inflammation, and vascular extravasation of cells. Although the role of angiogaretumor
angiogenesis is controversial, ANG-2 is reported to be pro-angiogenic andLAd\NBeught to
be a stabilizing factor for tumor vasculature (18;19). ANG-1 has also been datexhsirbind

integrins, which are strongly implicated in cancer progression. IntegBihis expressed mainly



on vascular endothelial cells and is upregulated along with fibronectin in tumor ndat@sc
IntegrinsavPB3 andavp5 are involved in angiogenesis, and are expressed in malignancies such as
melanomas, gliomas, and breast, prostate, and colon cancers (16). VEGp@ud algo

directly influence the expression of integrins on endothelial cells (20)exjression of certain
ephrins by endothelial cells is also influenced by hypoxia (21-23). It hasshee/n that HIF-@
plays an important role in vascular remodeling during tumor vascularization thaotiggtion

of ephrin A1 on endothelial cells (21). The receptors for ephrins (Eph receptors) bave be
correlated with the growth of solid tumors. Eph receptors have been shown to be ogsezkpre
in a wide range of cancers including melanoma, breast, prostate, pancesatic, gnd
esophageal and colon cancer as well as hematopoietic tumors (24). Er¢28cind its
carbohydrate ligands (Sialyl Lewis-a, and Sialyl Lewis-x) have alen bkeown to be induced

by hypoxia. Expression of Sialyl Lewis-a/x is reported to be elevatedgdoypoxia-induced
cancer progression in locally advanced cancers (26;27). Thus, hypoxia costsigatBcantly

to the invasive, metastatic and angiogenic phenotypes of aggressive cancers.

Tumor Vascularization

It is generally accepted that there are two main processes by whidilawel vessels are
created in tumors: 1) angiogenesis and 2) vasculogenesis. Several reseaechkethe opinion
that the two processes occur either concomitantly or sequentially (28;28ul&taco-option and
vasculogenic mimicry have also been suggested to give rise to tumor vasculature (30).

Tumor Angiogenesis

Angiogenesis is defined as the physiological process involving the fomudtieew

blood vessels from pre-existing vessels (19;31-33). It is a normal procesryoai growth



and development, wound healing, and the menstrual cycle. As aforementioned, it is how wel
established that tumors require angiogenesis to grow and metastasizmtasgsites in the
body (5). The basic process involved in angiogenesis is proliferation of exatingted

vascular endothelial cells (VEC) culminating in the formation of tube-likesires for blood

flow.

Tumors secrete angiogenic factors that activate VEC in the blood viesadjacent
tissue. The activated VEC proliferate and release proteases and otimegnahich modify the
basement membrane and extracellular matrix (ECM). Integrins on tlaeeaswif VEC interact
with their respective ligands in the ECM, which leads to their assisted antlosiaéenigration
towards the tumor-derived chemotactic signal. Additional enzymes, such as matri
metalloproteinase, remodel the surrounding ECM for the “sprouting” vessel. THepilege
blood vessels roll up to form tube-like structures and finally the individual conduits téonec
form blood vessel loops. These blood vessels are stabilized by smooth muscle cg)l®(SM
pericytes, and the blood flow begins (34).

Many proteins like acidic and basic fibroblast growth factors (aFGF, hFGF
transforming growth factor (TGP}, hepatocyte growth factor (HGF), VEGF, angiogenin,
angiopoietins, interleukin-8 (IL-8), SDFRalintegrins, selectins, and ephrins have been
implicated as positive regulators of angiogenesis in tumors (35-37). ptaeas are produced
by various cell types including fibroblasts, endothelial cells, tumor cellspamdme cells in the
microenvironment, and cause proliferation and recruitment of VEC from adjacent b&saisve
towards neo-vasculature in tumors (38).

The major signaling pathway in tumor angiogenesis is thought to involve VEGFsand it

receptors. Suppression of tumor growth and angiogenesis have been demolisticeky loy



blocking VEGF and VEGFR?2 in approaches including an anti-VEGF antibody (AVgstin
VEGFR2 mutant, anti-VEGFR2 antibodies, small molecule inhibitors of VEGPpt@csrosine
kinase (RTK), and soluble VEGF receptors (39-41).

The CXC chemokine family consists of ligands and receptors that interactiacpr
pro-angiogenic and angiostatic effects (42). Activation of the chemodaeptor CXCR2 by
pro-angiogenic ligands or triggering of CXCR4 by ligand CXCL12/SDF-1 haxs teported to
promote angiogenesis. Blocking the function of CXCR2 by specific antibodies hasHzeen
to inhibit pancreatic cancer cell-induced angiogenesis (43). In contrgagement of CXCR3
by angiostatic chemokines has been demonstrated to inhibit vascularization.

Inhibitor of differentiation-1 (Id-1) gene has been demonstrated to confiegeng:
property like migration and capillary-like tube/cord formation on fully diffeegati human
umbilical vein endothelial cells (HUVEC). In the in vivo experiments in iscbdimb injury
model, Id1-overexpressing HUVEC increased capillary density and impronkdélvage
compared to control HUVEC. Thus Id-1 has been shown to contribute to therapeutic
angiogenesis (44). Id-1 has also been reported to regulate angiogeeglk the
transcriptional repression of thrombospondin-1, a potent inhibitor of angiogéfsis

Several investigators have demonstrated that sprouting angiogenesisiig toorid also
be negatively regulated to restrict tumor growth by using naturally egangiostatic agents
like thrombospondin-1, prolactin, platelet factor-4, interfespmterferony inducible protein-
10, angiostatin, endostatin, tumstatin, etc. Although the receptors for several of thesetn
proteins have been indentified, their mode of action is not clearly understood (Revidd®gd i
47). Sprouting angiogenesis in tumors remains an attractive point of control in tumor

progression.



Tumor Vasculogenesis

Vasculogenesis is defined as the process by which the primary vasculaknetwor
(primitive plexus) is created by hematopoietic stem cells (HSC) and ehdbpinegenitor cells
(EPC) in the developing embryo. The process is initiated by the formation of bimodsis
containing precursors called hemangioblasts. The fusion of these blood islandh&mmmary
capillary plexus and their elongation leads to generation of blood vessels. The rolenaftglost-
vasculogenesis has been recently recognized and is a topic of much debate.

Asahara’s group was the first to isolate endothelial progenitor cells (iedChone
marrow (BM) and demonstrate the mobilization and contribution of EPC to neo-vastidar
in an ischemic injury model (48;49). This initiated the exploration of the involvement of BM
derived EPC in tumor vascularization via post-natal vasculogenesis. When tai pag
started in 2006, there were 3 out of a total of 9 reports that demonstrated the incorporation of
BM-EPC in developing vasculature. Tumor-localization of EPC was shown to bet@deoya
VEGFR-1/2 and Selectins (50-52). Since then many investigators have iegplicat
importance of hypoxia-induced proteins in localization of BMC to tumors (Table 1). &fresre
conflicting reports about the contribution of BM-derived EPC to tumor vasculanzaily
12/28 (43%) reports have demonstrated BMC-mediated vasculogenesis, (Tabkdd)tion,
the mechanism by which BM-derived cells might be mobilized from bone marrowiteelcrand
retained in tumors is not clearly understood. Recently Nel@h demonstrated that BM-derived
cells contributed to tumor vascularization in early tumors, but as tumors prabtiesse cells
were gradually replaced by tissue-derived EC (53). Other reports mtledtthe BM-derived
EPC acted as the angiogenic switch and were responsible for the advancemerd-of

metastases (28;54). Nevertheless, several other reports have indidaaéttiangh bone



Table 1: Literature Summary of the Contribution of Bone marrow-derived Endothelial

Progenitor Cells in Tumor Vasculogenesis



YEAR AUTHOR REF  TUMOR RESULTS BMC in EPC in
tumors tumor BV
2001 Lyden (50) B6RV2, LLC Anti-VEGFR1 and VEGFR2 antibodies ablated tumor grow! + +
2003 Vajkoczy (51) C6 Selectins and PSGL-1-mediated localization of embryBRIE + +
TS/IA, N202.1A,
2003 De Palma (55) B15/BL, BM-EPC not detected in tumor vasculature + -
LLC/3LL
; Namalwa . ; ’ ’

g ? _

2003 Capillo (56) Granta 510 EPC were mobilized in tumor bearing mice 7
2004 Gothert (57) LLC, B6RV2 BMC did not contribute to tumor endothelium —/+ =
2004 Li (52) TMA 1202 BMC-mediated vascularlzatlpn in poorly differentiated o o

adenocarcinoma
ey EPC and pericytes stabilized tumor vasculature but did nc P
ot Bagley (58) MDA-MB-231 initiate vasculogenesis + :
2005 Jodele (59) SK-N-BE MMP9-mediated recruitment of BMC to tumors + ?
2005 Patil (60) LLC LSK localized to tumors did not incorporate into tumor BV + —
2006 Santarelli (61) RT-2 GFPCD34'FIk1" cells incorporated into tumor vasculature + +
2006 Aghi (62) KR158, GL261 SDF-In-mediated localization of EPC to glioma + +
2006 Li (63) N202, LLC a4B1-mediated homing to Lin~ cells to tumor vasculature + +
2006 Emerson (64) B16F10 VEGF and PIGF mediated vasculogenesis + +
B6RV2, LLC, . .
2007 Nolan (53) B16F0, PyMT BM-EPC recruited to the periphery of tumors + +
. Anti-Eselectin antibody the number of LSK cells in tumor ”
2008 Tabatabai (65) SMA-560 e + ;
BM-EPC recruited to micro-metastases and acted as angioc
2008 Gao @) LS, AT switch for tumor progression + +
2008 Mabhler (66) hNB, MPNST Decrease in BM-EPC in HSV-treated tumors + ?
2008 Suriano (67) TG1-1 BM-EPC detected in tumors in presence of estrogen + ?
2008 Purhonen (68) B16F10 VEGFRZ cells not mobilized from BM in presence of tumor + —
MT1A2, TG1-1, s .
2008 Ahn (69) B16FL, LLC BMC infiltrating tumors were not EPC + —
2008 Reddy (70) Ewings Sarcoma SDF-1 stimulated migration of CD34o functional vessels + —
2008 Du (71) Glioblastoma HIF1 recruited BMC to tumors + ?
HCT1116, . L . .
2009 Chan (72)  SU.86.86, HT29, PHD2-mediated infiltration of BM-derived CD11bnd CD4% " "
cells
RKO
2009 Wickersheim (73) LILe, [, BMC recruitment in poorly differentiated tumors + +
TRAMP C1 Y

2009 Folkins (74) Cc6 VEGF and SDF-1 dependent localization of BMC + ?
2009 Murakami (75) 3LL Chemotherapy increased circulating EPC + ?
2009 Madlambayan (76) LL%,ZBlgL‘I:an- CD31" BM-derived cells in tumor-associated vasculature + +
2010 Kioi an U251, USTMG Inhibition of HIF-1 and SDF-1/CXCR4 prevented influx of o o

CD11B BMC and post irradiation tumor vascularization

BMC (Bone Marrow Cells), EPC (Endothelial Progenitor Cells), BV (Blood Vessels); B6RV2 lymphoma , C6 glioma, MCA/120 fibrosarcoma,B16F1 murine melanoma, TS/A
mammary carcinoma, N202.1A mammary carcinoma, B15/BL melanoma, LLC/3LL Lewis lung carcinoma, Namalwa, Granta 519, B6RV2 Lymphoma, RT-2 Rat glioblastoma,
KR158 astrocytoma, GL261 glioma,N202 breast carcinoma, B16F10 murine melanoma, PyMT spontaneous tumor, SMA-560 glioma, hNB Human neuroblastoma, MPNST
Malignant peripheral nerve sheath tumor, TG1-1 mammary tumor, B16F10 murine melanoma, MT1A2 mammary carcinoma, SK-N-BE Human neuroblastoma, TMA 1202
human prostate adenocarcinoma, Pan-O2 pancreatic, EL4 lymphoma, U251 and U87MG glioblastoma; PHD2 prolyl hydroxylases
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marrow-derived cells localized to tumors they did not contribute to tumor vaseulaable 1).

Overall, based on current literature, the detection of EPC in tumor blood vesgels ran
from < 1% to ~33% of tumor vasculature (51;61;73;78). This disagreement is thought to be due
to the lack of universal consensus for EPC phenotype. Tumor type, and the stage amddbcati
tumor have also been suggested to contribute to this debate (Reviewed in (54;79;80).
Nonetheless, several growth factors, chemokines, protein receptors, [moa@assignaling
pathways have been demonstrated to be instrumental in mobilizing EPC intdiocincaitel
mediated their tumor-localization. In particular, key modulators of argegjs such as
VEGF/VEGFR, SDF-1/CXCR4, selectin/selectin ligands and hypoxia-regglatoteins have
been implicated in tumor vasculogenesis.

Inhibitor of differentiation-1 (Id-1) is thought to be important in modulating theable
EPC in tumor development. Id-1 is reported to be a repressor of thrombospondin, regulator of
ECM remodeling, angiogenesis and vasculogenesis (81). It was recenttgdepat angiogenic
defects in Id mutant mice inhibited the growth of tumor xenografts (82). Indudbleucleic
interference (RNAi)-mediated suppression of Id-1 in BM was reporteditceehe level of
circulating EPC (ckivEGFRZCD11b) and impair the formation of pulmonary macro-
metastases (28).

Despite the controversy, bone marrow-derived cells and post-natal vascsleggpear
to be important in certain aspects of tumor growth and progression of theatietiisease.

Vascular Co-Option

Co-opt vascularization is thought to occur when tumor cells localize to a well-
vascularized host organ and progress by co-opting with the host blood vessel. Heace, thes

tumors develop as blood vessel-dependent tumors as opposed to initiating tumor angiogenesis
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(46;83). Vascular co-option was first observed in C6 glioma in rat brains, whdtewsnaas

were well vascularized and the vasculature displayed characteristiocentdl brain vessels.
Vascular co-option has now been reported in several tumor types like murirselluegv
carcinoma and ovarian cancer, human melanoma and Kaposi Sarcoma (46). The vessel that
initially supported tumor growth later regressed in the glioma model. Thithwaght to be due

to VEC apoptosis. Finally, the expression of Angiopoietin-2 and VEGF-mediatezbangsis

at the periphery of tumor mass was demonstrated to rescue tumor growth (46;89E@hti-
therapies, that target developing tumor vasculature, are believed to inhibittroatafaessels

in the process of vessel co-option.

Vascular Mimicry

Vascular mimicry is defined as the formation of fluid-channels lined with teeits
without the participation of VEC, BMC and independent of vascularization (6;46;84). This is
also referred to as ‘pseudo-vasculogenesis’ (6;46;84). This has been obseevedah s
aggressive tumors like melanoma, ovarian, prostatic and breast carcinomas (6;48t4)ghA
the detailed mechanism of vascular mimicry is not known, it was suggested thalt spec
microenvironments caused tumor cells to dedifferentiate into a pluripotent embphenictype
and transdifferentiate into an endothelial cell-like phenotype. These tunohae# been shown

to express endothelial cell markers like CD34, CD105 and VE-Cadherin (85).

Anti-angiogenic Strategies

As discussed earlier, tumor vascularization is a critical point of contrahiart
proliferation and numerous clinically translatable anti-angiogenic tresrdipat target specific

steps in tumor vascularization are under investigation. Anti-angiogenic tefragd great
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therapeutic potential for several reasons: 1) easy accessibilitye@hgpy, 3) low toxicity, 4)
tumor cells drug resistance surmountability, and 5) applicability to aavidg of tumors
(47,86;87).

One possibility for vascular targeting is the use of antibodies and immunotoxiiis
tumor endothelial cells (TEC). Tumor endothelium is more easily accessitalegeting
antibodies than tumor antigens, which require antibody extravasation. However, thechpgr
constrained by the incomplete knowledge of antigens specific to TEC. Nonetkelessl small
molecules and monoclonal antibodies that target various steps involved in tumor \zecuar
Some of these therapeutic inhibitors include epidermal growth factor inhibitettsx{@ab,
Erlotinib), anti-HER-2 antibody (Herceptin), receptor tyrosine kinase inhil(&usitinib,
Sorafenib, Axitinib, Pazopanib, Lapatinib), TNFnhibitors (Lenaliomide, Thalidomide) and
inhibitors of VEGF/VEGFR (Bevacizumab, Aflibercept, Cediranib, Apatinib) baiag
currently tested in combination with radiotherapy and/or chemotherapy in IRradsecal trials
for different types of cancers. Tumors can also be targeted by the locatemiyintroduction
of genetically modified cells that specifically localize to tumors and conlyngdease anti-
angiogenic factors. Ladt al. were the first to report the implantation and survival of systemically
injected endothelial cells (EC) within mouse gliomas in 1994 (31). Later, in a molise 4T
mammary tumor model Zweibet al.intravenously administrated EC that were genetically
modified for recombinant human IL-2. These EC were reported to incorporate ido tum
vasculature and significantly reduced the metastatic burden (88;89). Thus, thgesetmilly
modified EC was an attractive potential treatment strategy forediglg therapeutic agents to
tumors. This approach has not been vigorously pursued in part because of the set backs in

clinical gene therapy and limited availability of syngeneic human endtbells.
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Bone marrow-derived hematopoietic stem cells (HSC) or endothelial prezursor
progenitor cells (EPC) may offer an alternate option for tumor targeting gemegtherapy
(87;90). Weiet al. systemically injected embryonic EPC that were transfected witlc@esui
construct to convert the prodrug 5-fluorocytosine (5-FC) to its active forooSafliracil (5-FU)
into mice with tumors. They saw an improvement in survival in the mice that alsceck8e~C
fusion protein, the substrate for the suicide gene (78). Thus, understanding the mebkianism
which EPC localize to tumors and contribute to tumor vascularization could be expboite
control vasculogenesis by arresting tumor growth, and 2) use genyetnealified autologus

EPC as a therapeutic Trojan horse(91).

Endothelial Cells

The innermost layer of all blood and lymphatic vessels consists of a sirgi@tay
specialized squamous epithelial cells called endothelial cells (EC]{9y.are typically flat,
with a cobblestone morphology, and their long axes are oriented parallel tcetttediof blood
flow. The tight junctions and gap junctions help EC cells form epithelial sheeteshatt the
extravasation of fluid, proteins, and cells from vasculature. Yamashita suradnaratecular
markers that distinguished the murine vascular (i.e. arterial and venous) giciim
endothelial cells (93). This group also showed that all EC differentiate fsormon
progenitors. VEGF is thought to guide the differentiation of VEGHR@agenitors into CD31
VE-Cadheriri endothelial cells. VEGF is also implicated in the maturation of ephifBiB4
venous EC. On the other hand, Notch signaling in the presence of VEGH, Ta&€hano-
chemical stimuli like shear stress and high oxygen concentration in aoteodlwere reported

to be responsible for the differentiation of arterial EC. CXCR4 and ephrinB2 we & the
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markers shown to be expressed by arterial EC. VEGF-C and angiopoietins havepostd to
be important for the generation of lymphatic EC (PfaXVE1"VEGFR3) (93).

Vascular Endothelial Cells

Vascular endothelial cells (VEC) line the lumen of all blood vessels inrthdatory
system and are quiescent under normal physiological conditions. They function ienaac
of the selective barrier between circulating molecules and tissue, thigmiasodilatation and
vasoconstriction, and in inflammation and angiogenesis. This heterogeneitytiorfuaciue to
the variation in morphology and protein expression in VEC in different organs and vascular
beds. Additionally, this disparity is suggested to be due to cellular functionwlikent uptake,
waste removal, blood pressure regulation and neighboring cells arising undetquigai and
pathological conditions (92). Small molecules, water, and soluble proteins are ti@thsjoooss
the endothelium by pinocytosis, while VEC in organs such as kidney and brain have
fenestrations to perform functions like filtration and transportation of largexamels (92). The
anti-coagulants and anti-thrombogenic substancesydikéVillebrandfactor (VWF also called
coagulating factor VIII), produced by VEC maintain a non-thrombogenic bagateekn
platelets and sub-endothelial tissue (92). Damage to the endothelium caudessieeofero-
thrombic agents that result in platelet aggregation and clot formation. Bloothfiagculature
is modulated by secretion of vasoconstrictors (endothelin, angiotensin, etc.) aditbt@s
(nitric oxide, prostacyclin, etc.). Inmune responses are controlled by fiagula interaction of
lymphocytes with cell adhesion molecules on VEC. Several cytokines, chemokiedsukihs
(IL-6, IL-8), and cell adhesion molecules (integrins, ICAM-1, ICAM-2, M@A_-selectin, E-
selectin, etc) have been established as important immune-modulators. $ichiaseal reported

that VEC uptake Ulex europaeus lectin 1(UEA-1) and acetylated low depsipydiein (Ac-
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LDL) (94-96). Finally, when endothelium is damaged in response to tissue injuryiroy deo-
vascularization, as in embryonic development, menstruation, and tumor growth, the@ctivat
VEC enable and participate in formation of new blood vessels. Several unique grateins
been shown to be expressed by VIB®@ivo and inex vivocultures. Some markers that are
routinely used to identify VEC are listed in Table 2 (97).

Circulating Endothelial Cells

Circulating endothelial cells (CEC) were first detected in 1970 in bloodrsrhased on
their morphology from patients with vascular injury. On average, 99% of EC aszguieand
very few (=5 cells / mL) are detected in healthy individuals (98-100). Althouginélcbanism
by which VEC detach from blood vessels is poorly understood, it is thought to be megliated b
neutrophil attack, cytokines, and proteases activated by vascular injury. Teugenerally
agreed that the number of CEC is correlated with the degree of endothelia($gtir00). Cell
adhesion proteins such as cadherins, integrins, and their ligands are also thoughidivée
in this process. Although there is a lack of consensus on phenotypic identification,éCEC ar
suggested to express VWF, CD146, and VE-Cadherin in the absence of CD45, CD14, and
CD133. Similar to vascular endothelial cells, CEC uptake Ulex europaeus leddA-1(Land
acetylated low-density lipoprotein (Ac-LDL).

Elevated numbers of CEC have been described in patients diagnosed with several
different types of cancers. In this scenario it is not clear whether @&E€inaply markers of
altered vascular integrity or actually contribute to neoplastic pragre@iReviewed by (99). In
addition to VEC shed from activated tumor vessels, the increase in CEC could alsibiieett
to bone marrow-derived circulating endothelial progenitors (CEP) diffatergiinto CEC. It is

suggested that CEC can be distinguished from CEP, by the expression CD133/§psitaiti
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Table 2: Endothelial Cell Specific Markers

Cell Surface Cluster of
Marker Differentiation
(CD)
Endoglin CD105
E-selectin CD62E
PECAM-1 CD31
P-selectin CD62P
VCAM CD106
VE-Cadherin CD144
VEGFR1 -
VEGFR2 CD309

VWF

Cells that Express the
Markers

EC, fibroblasts, and SMC
Activated EC
EC, and certain tumors
EC, platelets
EC
EC
EC, Hematopoietic cells
EC, EPC
EC, megakaryocytes
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cell marker) on CEP (101). However, there is a need for further analysiged and

functionally tested CEC/CEP to identify specific markers recogninidigidual cell types.

Endothelial Progenitor Cells

Endothelial progenitor cells (EPC) are a sub-population of BM-derived cellsabhathe
potential to differentiate into mature EC and contribute to the process of re-eratiatitein
and neo-vascularization (Figure 1) (48;63;64;83;90;102-110). These cells ha\eepknarch
interest since they were proposed to have the potential for treating humanndisease and to
be a possible target to restrict tumor vascularization. However, there haveoodecting
reports about the accurate identity, characteristics, and function of ER@& mdjority of EPC
are thought to reside in bone marrow in close association with HSC and BM stadisarl his
association is hypothesized to provide the optimal environment for survival and growth of
progenitor cells. Several cell surface proteins on HSC have been identified as potakers to
define progenitor cells that have the capability to differentiate into ECe $bthese proteins
have been reported to be expressed by other cell populations (Table 3). The EPC andeHSC ha
been suggested to arise from common precursor as they share common mark&34ike C
CD133, and CD117 (Table 4). In addition, defining the identity of EPC is further comgllmate
the presence of circulating endothelial progenitors and circulating exidotells.

Characteristics of Endothelial Progenitor Cells

The putative cell surface markers for EPC from multiple studies are shdovaible 5
(Adapted from (105). Several research groups have analyzed the phenotypic@xpifessi
endothelial cell specific markers on viable CDa#d CD34FGFR cells collected from BM,

umbilical cord blood (UCB), and cytokine mobilized peripheral blood (PB) from human donors.
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The CD34 FGFRT cell were reported to co-express the primitive hematopoietic cell antige
AC133/CD133 (aka Prominin-1 or PROM-1) and like the EC (1) grew slowly in cu{@)re,
were stimulated by fibroblast growth factor-2 (FGF-2) and VEGF, (82 gae to cells that
express von Willebrand factor (vWF) and VE-Cadherin and (4) incorporated seetgha-
density lipoprotein (Ac-LDL). This cell population was also reported to expi@sspEcific
proteins like CD34, FGFR, CD38, VE-Cadherin, ckit, CD31, VEGFR2, and CD133. Thus, it
was concluded that the CDF4SFR population contained ECP (111). Human CD&dlls

from different hematopoietic sources have been reported to express CD133 and VEGBR2. The
cells when incubated with VEGF and FGF-2 on collagen were shown to differemtioate
CD133" VEGFR2mature EC (112). CD13%ells isolated from PB and cultured in VEGF and
stem cell growth factor were also reported to express the markers foelB&u€D31, CD34,
VE-Cadherin, VEGFR2, Tie-2 and VWF (113). It has also been demonstrated thikt-the B
derived EPC were CD133CD34, VEGFRZ and VE-Cadherin~ . EPC isolated from PB lost
CD133 and gradually differentiated into mature EC in culture. A small sub-fraction of
mononuclear cells of PB-derived EPC became CD133D34, VEGFRZ, CD14 ™, VE-
Cadherin , and eNOS  after 4-7 days in culture. These cells, within sevesinnadture,
acquired a mature EC phenotype: CD133~, CD3/EFGRZ, CD14 , VE-CadherineNOS,
and VWF (48;49;83;102-104;106;114). Similar to progenitor cells from bone marrow and
peripheral blood, tissue resident progenitor cells are also thought to be ablerémtiiffe to EC
(104). The most widely accepted phenotype used to define the human EPC appears to be
CD34'CD133VEGFRZ. These markers are used to characterize the early functional human

angioblast and EPC. However, CDBD133VEGFRZ cells isolated from human PB and UCB



Figure 1: Endothelial Progenitor Cells are a Subpopulation of the Bone Maow

Cells not Committed to any Specific Lineage (Lin BMC) (Adapted fronf48;115)
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Table 3: Endothelial Progenitor Markers Shared by Cells of other Lineages

CD Number
CD11b

CD13

CD14

CD31

CD34

CD38

CD45

CD62L

CD105

CD117
CD133
CD144
CD146
CD309
CD331

Common name and
Synonyms
Integrinay, Mac-1, CR3

Alanine aminopeptidase

LPS-R, Mo2
PECAM-1, GPlla

Mucosialin

Cyclic ADP ribose hydrolase

Protein tyrosine phosphatas:
receptor type, C

L-selectin,

Endoglin

SCF-receptor, c-kit
Prominin-1, AC133
VE-Cadherin
MUC18, P1H12
VEGFRZ2, Flk-1
FGFR1, Flt-2
Scal, Ly6A/E, Ly6D

Expression

Monocytes, granulocytes,
macrophages, NK- cells

Epithelial cells, macrophages,
granulocytes, synaptic membranes
from the CNS

Macrophages, monocytes

Platelets, monocytes, granulocytes,
B-cell

Hematopoietic progenitor cells,
capillary endothelial cells, bone
marrow stromal, mast cells

Activated T-cells, Plasma cell, NK-
cells

All hematopoietic cells except
erythrocytes and plasma cells

B-cells, T-cells, monocytes,
neutrophils, eosinophils, NK- cells,
bone marrow myeloid cells

Endothelial cell, bone marrow cell
subset

Progenitor cells
Stem cell subset
Endothelial cell
Endothelial cell
Endothelial cell

HSC, liver sinusoid cells
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Table 4: Classification of Human Hematopoietic Stem Cells (HSC), Endogiial Progenitor
Cells (EPC), and Circulating Endothelial Cells (CEC) Based on Souae of Origin and

Protein Markers

Cell type Source of origin Phenotypic marker
HSC Bone marrow CD34, CD133, CD117
EPC Bone marrow, peripheral blood,

CD34, CD133, CD117, VEGFR2,

umbilical cord blood, parenchym: )
VE-Cadherin, FGFR

and tissue specific EPC
CEP Bone marrow CD31, CD34, CD133, VEGFR2, VE-
Cadherin, CXCR4, CD146, VWF
CEC Mature Endothelium CD34, VEGFR2, VE-Cadherin,
CD146, vVWF
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did not differentiate into E@ vitro (Reviewed in (105). Thus, the debate about EPC identity is
far from over.

Currently human EPC are being isolated using 3 general approaches: 1) Bleripher
mononuclear cells (MNC) cultured on fibronectin-coated tissue culture pla@B32j cells
cultured on fibronectin, reportedly giving rise to CD3EGFRZ endothelial progenitor cells,
and 3) MNC cultured in the colony forming unit-Hill (CFU-Hill) and endotheliaboglforming
cell (ECFC) assays. Although the CFU-Hill cells had characteristjpepties and protein
expression similar to EC, they neither formed capillaries nor proliteeteensivelyn vitro.

The ECFC, on the other hand, have been shown to express antigens similar to endothelium and
formed capillariesn vitro andin vivo (Reviewed in (105;116-118).

The bone marrow is comprised of the lineage-committed cells and the lineaggenega
pluripotent stem / progenitor cells. The lineage-committed cells inclutigenaood cells like
erythrocytes, monocytes, macrophages, dendritic cells, natural killeratl B- and T-cells.
Studies in mouse models have shown that endothelial progenitors are a subset of the lineage
negative BMC (Lin~ BMC) (49). It is also reported that Lin_ @Hltl" express the stem cell
marker Sca-1 and have endothelial properties (53;119). Additionally, bone marrgedderi
Lin~ ScalcKit™ (LSK) are a good source of EPC (119) and have been reported to possess
therapeutic potential for angiogenesis (80;115;120). The expression of CD133 on mouse EPC
has not been absolutely confirmed, but like human EPC they have been shown to he CD34
VEGFRZ, and CD45 (Figure 1 and Table 5). The murine EPC also express CD31 (PECAM)
and von Willebrand Factor (VWF), and have the capacity to uptake Ac-LDL or bind lectins.
Some of these properties are shared by HSC, CEP, and CEC. The expressions of WElGFR2 a

VE-Cadherin have been recommended to be more specific for murine EPC (48;104;105;118).
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Table 5: Surface Immunophenotype of Endothelial Progenitor Cells (Adaed from 105)

Human Mouse
Cell surface Markers Number of Cell surface Markers Number of
reports reports
CD34 14 VEGFRZ 5
CD133 8 cKit* =
VEGFRZ 6 Lin- BMC* 5
CD45 4 Scat 2
CD31 2 CD34 2
CcD14 2 CcD13 2
CD45~ 2 CD45~ 0
Other markers Other markers

CD11b, CD62L%, FGFR1, CD146,

_ _ CD133, CXCR4, VE-Cadherifi
VE-Cadheriny, CD3
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Overall, Lin~ ScatKit" cells constitute a very minuscule proportion of total bone
marrow cells. Their percentage in BM has been reported to range from 0.1 - 3% type
mice (121-124). Bone marrow-derived Lin  cells from healthy C57BI/6 nece rgported to
contain 5%, 23% and 5% of SdatKit" and ScalcKit" cells respectively (125;126). Similarly,
Koike et al.also reported that 4% of Lin° bone marrow cells were double-positive foargtal
cKit (120). Friedlander demonstrated that Lin BMC expressed Scal (4% @i,
VEGFR2 (2%), CD31 (81%) and Tie-1 (1%). They also showed that the Lin° BMC cell
participated in neo-vascularization by incorporating into the developing blood veasaouse
cornea assay (63;108;110). Ikehatal.described the differentiation of Lin - BMC into EPC.
Lin® BMC when cultured in presence of granulocyte colony stimulatingr fg@CSF) and
monocyte colony stimulating factor (MCSF) had elevated numbers ofGId5
ScalCD45 , CD3ICD45 or CD14&D45 cells. When these cultured Lin~ cells were
intravenously injected into ischemic hind limbs of mice, the number of intramuscpibaroas
in the ischemic leg increased substantially (120). The expression of CXCR4 o toari
BMC has also been reported and the presence of CXCR4 has been demonstrated torcause thei
migration in response to SDF-1127).

Mobilization of Endothelial Progenitor Cells

Current literature indicates that coronary artery bypass surgery, rdigcafarction,
burn injuries, hypoxia, exercise, and cancerous pathology lead to an increase! atirog
endothelial progenitors in man (83;102;103;114). Involvement of EPC is thought to be essential
for regeneration and repair of injured tissue and for vasculogenesis in tum8&;188;128).
EPC recruitment to the sites of neoangiogenesis is triggered by thesedr@vailability of

angiogenic growth factors and chemokines like VEGF, angiopoietin, and @DE-i& thought
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that early infiltrating EPC recruit additional EPC by secretings¥EHGF, G-CSF and GM-

CSF (48). Furthermore, it has been shown that tumor-derived VEGF and PIGF, ahty possi
angiopoietin, activate matrix metalloproteinase-9 (MMP-9) within the boneomarr
microenvironment. This results in the cleavage of membrane-bound kit-ligand (@keedite

factor or SCF) from BM stromal cells. The increased level of solublegatdl within the BM
promoted the mobilization of stem and progenitors, including EPC and HSC. The mobil@ed EP
and HSC translocated from the osteoblastic zone to the vascular zone, where tfeegtpoh!
differentiated and were launched into the peripheral circulation (80;129;130). Suaekahes

like IL-2, IL-3, IL-6, IL-8, IL-1B, erythropoietin, and stem cell factor (SCF) have been

implicated in the mobilization of HSC and the increase in circulating EPC (98)83;

Recent evidence suggests that hypoxic environments, such as in tumors, regulate t
angiogenic properties of BM-derived vascular progenitors. As mentioned eaxjpeession of
VEGF is regulated by hypoxia. Recently, the hypoxia-responding integrnessivewn to be
involved in regulating the expression of SDidnd recruiting CXCR4EPC to ischemic tissue
(131). Hordijket al. described that in response to SDftliere was a loss of VE-Cadherin-
mediated endothelial cell-cell adhesion. This loss of cell-cell adhesioconaglered to be
responsible for the increased permeability of BM endothelium and for the mobilizdthuman
CD34 cells from bone marrow (132)n vitro, transmigration of CD34cells across the human
umbilical cord vascular endothelial cells (HUVEC) and the bone marrow endotiedlial
(BMEC) monolayer in response to all CXC, CC and CX3C chemokines, exceptdyifasl also
been reported. The maximum effect was observed in response tooSDE3). The CD32
circulating hematopoietic progenitor cells have been shown to express CXCR4 and are

chemoattracted to SDFxX110;134;135). Additionallyin vitro assays have demonstrated an



27

additive effect of VEGF on SDFedmediated trans-endothelial migration of CD@4ogenitor
cells (134). In conclusion, VEGF and SDé&-dppear to be most critical in mobilization of
hematopoietic stem cells and endothelial progenitovéro andin vivo.

Endothelial Progenitor Cells and Tumor Neo-vascularization

Lyden published the first report in 2001 indicating that EPC localized to new blood
vessels in tumors. They reported that Id-mutant mice had significantly ¥&@FRZ bone
marrow-derived circulating endothelial progenitor cells. Additionally, garad to the wild-type
mice, the tumor growth was demonstrated to be severely impaired in thesait-mige. They
concluded that VEGF-responsive BM-derived precursors were necessary for tignogeaesis
and growth (50;53;136). Since then several conflicting reports, that either refutgzborted
the theory of tumor vasculogenesis, have been published.

There have been a few reports that indicated that BM-derived cells localizeddrs,
but that these cells were not EPC and that they did not incorporate into the vas¢Udilerd)
(56;57;60;68-70;137). Shinde-Padtl al.injected the Indium oxide-labeled Lin~ StKit*

BMC mice with heterotopic Lewis lung tumor. Biolocalization of EPC wasctiksdeby
radioactivity. Most cells were detected in liver at both 24- and 72-hoursrpestion. Less than
2.5% of the injected cells localized to tumors. Immunohistological analysisleevinat most
EPC detected in tumors were located perivascularly (60). Purkeb@émdid not observe an
increase in BM-derived circulating VEGFReells in the presence of tumor. VEGFREMC

were used as EPC in these experiments. Most BM-derived cells in tumorsnweragain
observed in the perivascular space (68). Another group suggested that tumor inflké&ting
derived cells were predominantly CDI1ED11b is integrin alpha M and is routinely used as a

marker for the macrophages-monocyte lineage. These C#&llb were demonstrated as a
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major source of MMP-9, which remodeled the ECM and assisted in the sprouting of blood
vessels. Genetic ablation of MMP-9 was shown to significantly decrease guonvth and
vascularization (69). In a separate account, SBads reported to stimulate the migration of
CD34 BMC in vivo. Although these cells were recruited to tumors, they were found in close
proximity of functional blood vessels and supporting pericytes (70).

In contrast, there are about eleven reports that have shown the incorporation nfdEPC |
developing tumor vasculature and their significant contribution to the process obgasmsis.
Vajkocky et al. transplante@x vivecultured embryonic EPC (eEPC) into tumor-bearing athymic
mice. They observed approximately 43% of the injected eEPC to be arrestedrs. tOfithese
tumor-localized cells, approximately 55% eEPC were observed to have sates/anto the
tumor interstitium and nearly 33% contributed to the functional tumor blood vessels. This
homing of eEPC was shown to be mediated by selectins and PSGL-1 (one of the égands f
selectins, Table 7); and blocking these receptor-ligand interactions retiedsoihting of eEPC
by 77% (51). Santareléit al. observed that 12% of CDMEGFRZ cells in tumors were
derived from BM. They also found these cells to be incorporated into the blood vessels,
contributing 4.2% to tumor vasculature (61). Another group demonstrated that ingfjrin
mediated the homing to human CD2hd murine Lin~ BMC to tumor vasculature (63).
Emersoret al.implicated VEGF and PIGF in mediating vasculogenesis. They reported that the
recruitment of EPC to tumors was mediated by VEGFRL1, but blocking VEGFR2 preb&ie
mediated vessel formation (64). Kaplan also reported a similar observabeyvet, they
suggest that BM-derived VEGFR{ells created the ‘pre-metastatic niche’ that enabled the
establishment of tumor cells in specific organs. VEGHBRC later infiltrated into the

developing tumor and contributed to vascularization. Thus, blocking both VEGFR1 and
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VEGFR2 has been proposed to be important to prevent the BMC-mediated contribution to the
development and vascularization of metastases (138).

As tumors grow, the core is devoid of blood supply and becomes necrotic. The actively
developing tumor vasculature is described to be at the periphery of the tumors. Several
investigators have shown that EPC were preferentially recruited to te pemphery (53;63).

This was shown to be mediated by elevated expressiofpafligand at the periphery (139).
Additionally, higher numbers of BM-derived cells have been shown to be recruited to poorly
differentiated tumors (52;73). Although, it was initially thought that EPClatetitumor
vasculature rather than initiate vasculogenesis (28), newer reportstaatggesise. It was
recently described that tumor-localized EPC matured into endothelial melis@rporated into
tumor vessels, and that this contribution of BM-derived EPC to tumor vasculature wad ddut
tumor progressed. Supporting this theory, selective ablation of EPC showed a sulokiaytial
in tumor growth (140). Moreover, BM-EPC recruited to micro-metastaseslieen suggested
to act as the ‘angiogenic switch’ for tumor progression (28). This report sedgeat EPC
contributed in the early phase of tumor development and were instrumental iromibBtumor
vascularization.

In conclusion, a significant amount of research has been carried out to understand the
mechanism of post-natal vasculogenesis in tumors, but much of the information remains
controversial. Two reasons for the disagreement concerning vasculogenesigrgaren
inconsistency in the phenotype of endothelial progenitors and the type, stage, and location of

tumors under investigation.
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Endothelial Cell Adhesion Molecules

The cell adhesion molecules (CAM) are cell surface proteins that are idvolgell-cell
and cell-ECM interactions. They are composed of an intracellular domainteraicts with the
cytoskeleton, a transmembrane domain, and an extracellular domain that binds to Tigagds
are broadly classified into calcium-independent (Integrin and Immunoglolpler &amily) and
calcium-dependent (Cadherin and Selectins) CAMs. Endothelial cells tadiuesion
molecules, such as integrins and cadherins to attach themselves to each other arad¢oildre
ECM, and selectins to arrest circulating leukocytes.

Integrins

Integrins are a group cell-surface heterodimeric proteins, composethdfl subunits
that interact with the ECM and play important role in signal transduction. In manifa and
8 B subunits have been characterized; these subunits combine to generate 24 unique integrins
(141).Endothelial cells express a subset of integrins including vitronectin receptf8sgnd
avp5), fibronectin receptorsidpl, a5p1), collagen receptorsalfl, a2f1), laminin receptors
(x3B1, a6p1, anda6p4), and osteopontin recepta9fil). Reports from several laboratories have
shown that genetic ablation or blocking of certain integrin subunits resulted itickefec
vasculature development, embryonic lethality, and reduced tumor angisgét®sewed in
(33;141-144). Integrinavp3, avp5, anda4pl have been implicated in tumor growth,
vascularization, and metastass®veral integrin-targeted therapeutic agents are currently in
clinical trials for cancer therapy (16;143).

Immunoglobulin Super Family (IgSF)

The immunoglobulin super family (IgSF) is a large family of proteins that isvaddh

numerous functions including ligand recognition, binding, and adhesion. Members of this family
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primarily involved in adhesion are ICAM-1 (intracellular cell adhesion nubdegka CD54),
VCAM-1 (vascular cell adhesion molecule aka CD106), PECAM-1 (Platelet-enidbtedl
adhesion molecule aka CD31), and NCAM (neural cell adhesion molecule aka CD56). Both
ICAM-1 and VCAM-1 have been shown to be upregulated in EC in response to. &hdFiL-1
(145). VCAM-1, on endothelial cells, is reported to be a ligand for integrin VLA-4 (vexy la
antigen-4 on4p1). The overexpression of VCAM-1 has been associated with oncogenesis,
tumor angiogenesis, and metastasis in gastric carcinoma (146). PEQAKID31 is expressed
by EC and is routinely used as a marker for endothelial cells.

Cadherin

Cadherins mediate calcium-dependent interactions between neighborgd@dédrent
members of the cadherin family are found in different organs. E-cadherins are fourtdehatpi
tissue, N-cadherins are found in neurons, and P-cadherins are found in the placenta. VE-
Cadherin is expressed on EC and is believed to provide the mechanical barrier to inter
endothelial leakage. VE-Cadherin was reported to be expressed on non-endothssimayicel
and on blood conduits made of tumor cells implicated in vascular mimicry (85). Reguens re
have revealed that BM-derived EPC participating in tumor vasculamzatipressed VE-
Cadherin (28;53) and has been suggested to be a superior marker for identifyingdePC.
Additionally, there are few studies implicating VE-cadherin as a possiglet far inhibiting
angiogenesis in tumors, although mostly in combination with other chemo- and angjesmgjio
therapy (147).

Selectins

Selectins are a group of calcium-dependent type | single-chaimiantsrane proteins.

There are three selectins based on the cell type in which they are predbnexargssed: E-
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selectin (endothelial cells), L-selectin (leukocytes), and P-selgtételets and endothelial
cells). All selectins consist of an N-terminal lectin-like domain, an epidegrowth factor like
domain, six consensus repeats, a single transmembrane domain, and a short cytdptaami
Selectins bind sialylated and fucosylated oligosaccharides such ad 8wigix (sLe-x); these
sugar moieties make up the terminal components of glycans attached to ghiospant
glycolipids (148;149).

L-selectin and Tumor Biology

L-selectin also known as CD62L, leukocyte adhesion molecule (LAM-1), |ettiesgon
molecule (LECAM-1), is expressed by leukocytes, and is responsible for leukadirtking.
Several activating factors including GM-CSF, interfesonk-8, adrenalin, and shear stress
influence L-selectin expression. Soluble L-selectin (sL-selectim@pisrted to be functionally
active and thought to be involved in obstructing the adhesion of leukocytes to endothelium (149).
L-selectin and sL-selectin have been reported to be elevated in severadiselsling
meningeal leukemia and lymphoma (149;150). Furthermore, L-selectin has alsepm@ézdrto
be involved in metastasis of tumor cell (151).

Some ligands that bind L-selectin include GlyCAM-1, MadCAM-1, CD34, PSGL-1,
Sialyl Lewis-x and sulfated molecules like 6-sulfo-sLe-x, heparin, andtglds. Some of these
ligands have been found to be expressed on certain tumor cells and implicated itasiatice
process (151).

P-selectin and Tumor Biology

Platelets and endothelial cells express P-selectin (CD62P, LECANMis3gonstitutively
expressed im-granules in platelets and Weibel-Palade bodies in endothelial cells. Histami

thrombin, activated complement, and certain viruses lead to the rapid mobilizatiseletCEn
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to the cell surface, and cytokines like IL-4, IL-13, and oncostatin M cause an @picagui P-
selectin mRNA and protein synthesis. Some of the ligands that bind P-selectin P8iGdel,
sLe-x, heparin, and sulfatides. In two independent studies, Borsig and Garcia degtbtisita
metastasis of colon cancer cells was mediated by binding of sulfatidetoarcancer cells to P-
selectin on endothelium. In the presence of sulfatase or heparin the meastdic was
significantly reduced (151;152).
E-selectin

E-selectin (CD62E, LECAM-2) is a well-studied endothelial leukocyte adhe
molecule (ELAM) that is selectively expressed on activated endotheliungdoflammatory
responses and during tumor development. E-selectin is usually absent fromenedttigelium
(34;145;149;153-155). It has a molecular weight of 64 kDa, but has detected between 107-115
kDa by western blotting. This disparity in molecular weight is most likelytdwariable
glycosylation of E-selectin. It was reported to be transiently expressediothelial cells in
response to TNk IL-1B, NF«B, and activator protein. E-selectin mRNA has been reported to
have a short half-life of 2 hours (156). The synthesized protein was shown to be directly
delivered to plasma membrane (157). In response t@ leehtment, E-selectin was detected on
cell surface of human umbilical vein endothelial cells as early as 30 minutesy ppgakdours,
and subsequently declined to basal levels by 24 hours (158). Surface E-selenttyis sl
endocytosed and degraded by lysosomes. A VEGF-mediated induction of Eisetecti
endothelial cells has also been reported (159). In addition, Tabatadalemonstrated that
upregulation of E-selectin in tumors was mediated by VEGF (65). E-selestheba reported

to bind to several glycoproteins and glycolipids. Some of the E-selectin ligandeateSialyl
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Lewis- a (sLe-a), E-selectin ligand (ESL-1), Leukosialin/CD43, CD44, LAlVIP-selectin
glycoprotein (PSGL-1) and even L-selectin (Table 6).

E-selectin and tumor biology

The contribution of E-selectin to tumor growth and metastasis was recognizaxdiy
the 1990’s. In an early experiment, murine endothelial cells (EC) expré&ssialgctin were co-
transplanted with tumor cells that expressed sLe-x and sLe-a. It was dextenhitat the initial
adhesion of tumor cells and EC was mediated by the interaction of E-selectin on @ndothel
and sLe-x and sLe-a on tumor cells. These results indicated that the interaatimotells
and EC was highly dependent on the interaction of the cell adhesion molecule mékgating
adhesion of cancer cells to EC. Blocking sLe-x and sLe-a remarkably cetander growth and
angiogenesis (32). In a separate report, E-selectin mRNA was shown to be indheddmngs
of B16 tumor bearing wild-type mice. E-selectin expression was signiffaaatuced in B16
tumors in p384 mice, suggesting that expression of E-selectin was mediated by p38a (160;161).
Other studies, similar to the ones mentioned above, have suggested the involvemetedire-s
in adhesion and growth of metastatic tumor cells.

E-selectin and Metastasis

There is strong evidence for the involvement of E-selectin in tumor development.
However, the precise relationship between E-selectin expression, cell adhesmmintvasion,
and metastasis remains unclear. Several metastatic tumors ismatdtliman subjects with
cancers of the colon, prostrate, breast, pancreases, and lung were reportedgsduaxgrenal
ligands of E-selectin and adhered to an endothelial cell monolayer expressterti. It is
believed that tumor cells might harness and exploit the selectin-depenadrinmse,

commonly used by leukocytes, for metastasis (162). The efficiency of &useteediated
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Table 6: E-selectin Ligands

Common Name Cell Type

Cutaneous

lymphocyte antigen  T-cells, endothelial cells, B cells, NK ,

G (modification of DC, Langerhans cells in the skin
PSGL-1)
L Endothelial cell fibroblast, neutrophil,
=Sl =selzen pene colon carcinoma, lymphoma,
Lysosomal-associate Keratinocytes, Melanocytes, Microglial
LAMP-1 :
membrane protein cells, Platelets
EC, Pericytes, T-cells, follicular
Basigin dendritic cells, Mesenchymal stem cell,
Keratinocytes,
sLe-x Sialyl Lewis x Tumor cells
PSGL-1 PresiEel WBC, EC
glycoprotein ligand-1
Basophils, B-cells, DC, Enterocytes,
. . : Macrophage, Mast cells, Microglial
LaulesElin StElepInel cells, Mast Cells, Neutrophils,
Osteoblast, Platelets, T-cells, HSC
Adipocytes, Astrocytes, Basophils, B-
cells, Chondrocytes, DC, EC,
Phagocytic Enterocytes, Eosinophils, Fibroblasts,
HCELL Glycoprotein 1 Keratinocytes, Mast cells, Macrophage,
(pgp 1) and HCAM  Melanocytes, Monocytes, Osteoblasts,
Osteoclasts, Schwann cells, T-cells,
Thyrocytes,
Basophils, DC, Eosinophils,
: Keratinocytes, Macrophages,
EEElEE Megakaryocytes, Monocytes,
Neutrophils
VIM-2 CEREEE Myeloid cells, Monocytes

Dodecasaccharide



36

binding of colon carcinoma cells to endothelial cells has been demonstrated toeorntélat
their metastatic potential. It was thus proposed that soluble forms of Erségsnd, LAMP-1
and leukosialin (CD43), would be useful therapeutic agent to prevent metastasesl¢/aBdE
levels of E-selectin have been often reported on blood vessels close to or within tumor
metastasis. This notion that E-selectin on activated endothelium fadilitanor cell seeding
was validated by Uotani’s report. They observed an elevation in E-selectin snditer partial
hepatectomy. They observed an increase in the incidences of liver metastasaswaneells
were injected after hepatectomy. Furthermore, a significant deareagetastatic burden was
reported in the presence of E-selectin neutralizing antibodies. This expeconéinined the role
of E-selectin in establishing metastases in their model (164). étsigntravenously
administered the Sialy Lewis-a expressing B16 tumor cells mixed vaily [S2wis-a-mimicking
antagonizing peptide or unrelated peptide into healthy mice or E-séleciie. They observed
that colonization of tumor cells was blocked by the antagonizing peptide in wédiice and
was completely abolished in E-selectin knockout mice (165;165). Another group ofgat@sti
showed that the metastatic process in the lung was almost completely edbiaghe
genetically manipulated mice that lacked the expression of E-selegiardtess of sLe-x/a
expression on tumor cells (165-168). Consequently, Thairah proposed that the interaction of
tumor cells, via the carbohydrate determinant, and E-selectin constitutep@nmaint step in the
metastatic process, and that carbohydrate antigen mimetic could pbtdéatiated for anti-
adhesive tumor therapeutics (165;168;169). Our laboratory has obtained similar results
supporting the function of E-selectin in colonization and growth of Lewis lung tumor cells
Besides contributing to tumor cell metastasis, E-selectin appears to be chwoluenor

vascularization (170;171) (Verbanac laboratory, manuscript in preparation).
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E-selectin and Tumor Vascularization

There are over seven hundred reports on the subject of ‘E-selectin and Ganodrin
a PubMed search, but less than a handful of these have fully explored the role ofikigelect
tumor vascularization. Nonetheless, E-selectin expression in tumor endotheingorized to
be important and soluble E-selectin is thought to be an important angiogenic grathEa
selectin expression was reported to be elevated in proliferating EC in blools$ vesse
hemangiomas. It was concluded that E-selectin was instrumental in amggtgaend a plausible
marker for proliferating endothelium (172). Compared to benign mucosa, $le E-selectin
expression in tumor-associated vessels in gastric carcinomas wdsaapdre 34% higher. In
addition, E-selectin positive vessels were more frequently observed in rdabmgete densely
vascularized and this overexpression of E-selectin was shown not to be assotiated wi
inflammatory infiltrate (173). These studies suggest that E-selegiression is in all
probability elevated in tumors that acquire actively proliferatingwasare. Our laboratory has
observed expression of E-selectin on tumor-derived EC. Additionally, resultsnfrovo
biolocalization studies showed a 70% decrease in adhesion of adoptively-teahgéecular
endothelial cells to tumor endothelium in the presence of E-selectin blocking antiy@dy
(Verbanac laboratory, manuscript in preparation). These reports suggesséhettifr might be
involved in tumor vascularization.

Soluble E-selectin

Circulating soluble E-selectin (sE-selectin) is thought to be releasatzipmatic
degradation or due to shedding from damaged endothelial cells. It is constleeseMidence of
endothelial activation. Similar to patients with inflammatory conditions eséctn has been

reported to be elevated in serum and plasma of patients with breast, ovarraimtgashal
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cancers as well as multiple myelomas compared to healthy controls (162;174eVéb of
circulating E-selectin has been correlated with the severity of cedacers (176;177) and is
suggested to have a role in pathogenesis and prognosis of cancer patients (178;179).

Selectin Ligands in Tumor Biology and Metastasis

The ligands that bind E-selectin are listed in Table 6. Some of these glyauphatee
also been shown to bind L- and P-selectin, and have been implicated in tumor biology. Tumor
cells, in particular carcinoma and leukemic cells have been reported tosesipees structures
in abundance. Carcinoma cells are also enriched with sLe-a structure, whiehsismer of sLe-
X. This supports the hypothesis that blood-borne disseminated tumor cells usedie- sel
carbohydrate interaction to adhere to endothelial cells at metastegi¢1s30).

Lysosomal-associated membrane protein (LAMP-1, CD107a) is expressed on the
luminal side of the lysosomal membrane of most normal cells. It is gly¢tedylath N- and O-
linked carbohydrate chains. Sialyl Lewis-x (sLe-X) is most abundantlgmires N-glycans of
LAMP-1 and constitutes 12% of the total terminal structure; LAMP-1 contaousdrl2 N-
glycans. In comparison to LAMP-1, sialophorin (Leukosialin, gpL115, CD43) is a major
sialoglycoprotein on the surface of human T cells, monocytes, granulocytes, saite B
pluripotent hematopoietic stem cells and bone marrow derived-Lin"cBatdlcells. Sialyl
Lewis-x is present in O-glycans on CD43 and constitutes 1% of total terminalisgrbat
leukosialin contains about 80 O-glycans. Thus, despite the differential gigttosydn LAMP-
1 and CD43, both bind E-selectin with equal affinity and have been proposed as potential
inhibitors for E-selectin-mediated adhesion (163).

Elevated expression of LAMP-1 and sLe-x has been reported on colon carcinoma cells

with high metastatic potential compared to carcinoma cells that are poetdgtatic (180-182).
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LAMP-1 was also shown to be important for the adhesion of human ovarian cancer cells to the
extracellular matrix (183). Expression of LAMP-1 was demonstrated in huraEmoma,
fibrosarcoma, and colon-adenocarcinoma cells. The authors strongly proposed tRe aasl
family of adhesive glycoproteins that participated in the complex procégshof invasion and
metastasis (184). Similarly, CD43 has been shown to be important in the growth of melanoma
tumors. A significant retardation in the growth of B16F10 melanomas and development of
metastatic foci was observed in CD4thice compared with wild-type control mice (185). Other
E-selectin ligands, PSGL-1 and ESL-1, have been reported to be expressed on huntan prosta
tumor cells and in prostate tumor cells in bone metastases (186).

The glycosyl residues, like sLe-x and sLe-a, on the terminals of glycoprtiairsnd
selectins are most likely responsible for mediating the adhesion of tunstocattivated EC,
platelets, and ECM. The synthesis of these sialylated glycosyl resatpeses specialized
enzymes — glycosyltransferases. Thus, several investigators hratiexpthe expression of
specific glycosyltransferases in different metastatic candisr cRecently it was demonstrated
that fucosyltransferase-3, -6, and/or -7 were important in synthesis dfl%eig-x and ESL-1
on metastatic prostate cancer cells (162). Thus, selectin ligands, sgkycibisyl residues, and
glycosyltransferases play a very important role in tumor biology and metastas

Pharmacological Targeting of Selectin

Currently no clinical trials investigating selectin or selectngeting agents are being
conducted. However, theoretically anti-E-selectin, anti-PSGL-1, soluble RSGLand
glycosylation inhibitors like 4-fluoro-N-acetyl-glucosamine (4-Fi&#\c) are thought to be
promising candidates. Antibodies against E-selectin or PSGL-1 are hygethasblock the

interaction between tumor cells and endothelial cells. Similarly, solublé-RBuld quench
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PSGL-1 on tumor cells, leukocytes, and platelets and prevent them from binding te@dctivat
endothelium. Glycosylation inhibitors like 4-F-GIcNAc have been shown to be incomgbantie
glycan structures and truncated their branching and elongation on PSGLy freneenting
synthesis of sLe-x or sLe-a by fucosyltransferases. The above-menticsethgakgeting
strategies have been applied with some success in treating diseapsetii&sis and offer

attractive modes of interventions in cancer therapy (162).

Vascular Endothelial Growth Factor and Receptor Family

The vascular endothelial growth factor (VEGF) family consists d6V#, VEGF-B,
VEGF-C, VEGF-D, VEGF-E (viral), and placental growth factor (PIG@9)187). The term
VEGF, by convention refers solely to VEGF-A, which is the predominant vasndaithelial
growth factor. VEGF family members bind to four receptors with high affinfhree of these
receptors belong to the receptor tyrosine kinase (RTK) family: VEGHKRS:I(ke tyrosine
kinase-1/ Flt-1), VEGFR2 (murine homologues of kinase insert domain-contascgtor
(KDR) / fetal liver kinase (Flk-1)) and VEGFR3 (Flt-4). Neuropilin is therth receptor for the
VEGF family. These receptors have seven extracellular immunoglobulin homologyndamnd
two intracellular tyrosine kinase domains in their cytoplasmic tail regiorGFViBitiates a
cascade of events upon binding with their receptors: receptor dimerization and auto
phosphorylation of tyrosine domains followed by activation of numerous downstream proteins
including phospholipase @protein (40;40;62;188-192).

Vascular Endothelial Growth Factor-A

VEGF-A or VEGF was first characterized as a vascular permediaitityr (VPF) in

1983. Sengeet al.reported that VPF / VEGF promoted extravasation of proteins from tumor-
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associated blood vessels, and appeared to affect vessel permeability. Ndirtypés, including
macrophages, lung epithelial cells, kidney epithelial cells, folliculas aelihe pituitary, corpus
luteum cells, aortic smooth muscle cells and a numerous tumor cells and tumors, pieaikce V
Other functions of VEGF include anti-apoptosis modulation (159), lymphangiogensisneanm
suppression, stimulation and recruitment of endothelial and hematopoietic preelisor
vasculogenesis, and regulation of hematopoietic stem cell survival (40).

VEGEF is one of the key regulators of tumor growth and metastases. It [Hyadpgcific
mitogen for vascular endothelial cells. Besides hypoxia, mutant ras, mutant g3 tum
suppressor, erbB-2/Her2, activated EGFR, lagreabl are associated with VEGF upregulation in
tumors. VEGF mRNA was reported to be weakly expressed by naive'CBIB% The amount
of VEGF released was substantially increased by incubating cells watmlgination of
cytokines IL-3, GM-CSF, and G-CSF (129). Although hypoxia is thought to be predominantly
responsible for the expression of VEGF, it can be produced in tumor cells under normoxic
conditions. This could explain elevated levels of VEGF at the tumor periphery, whiell is
vascularized and not devoid of oxygen (8;78). Stimulation of VEGERd VEGFR?2
endothelial cells by VEGF leads to their survival, proliferation, and increasbilityn More
recently, an important role for VEGF has emerged in mobilization of endotheliahgarge
from the bone marrow to distant sites of neo-vascularization (Table 1) (50;64;107).

VEGF has been strongly implicated in the progression of cancerous tumors (383l Seve
researchers have reported an increase in the systemic levels of VEG€&rendifypes of tumors
and cancers, namely glioma, neuroblastoma, colorectal, ovarian, breast, and pavster.
Elevation of VEGF in plasma in adult mice has been shown to mobilize VEGHR@lating

endothelial progenitors. Monoclonal antibodies against VEGFR2 have a suppreesitveref
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solid tumor growth in mice (190). Thus, VEGF and VEGFR?2 are potential directstardbe
suppression of pathological angiogenesis. Avastin / Bevacizumab, anti-WEBG&dy was the
first anti-angiogenic drug approved by the US Food and Drugs Administrati@x) (6bthe
treatment of metastatic colorectal cancer. It is now used for theneeiadf breast cancer and
non-small cell lung carcinoma and is being evaluated in clinical trials Yeraaifferent types
of cancers.

Vascular Endothelial Growth Factor-B

VEGF-B is expressed in heart, skeletal muscle, and brown fat in adults amabhas t
isoforms, VEGF-Bsy and VEGF-Bgs. The carboxy-terminal of VEGF4B; has a heparin-
binding domain whereas VEGF#lacks the ability to bind to heparin. VEGF-B specifically
binds to the soluble and membrane-bound forms of VEGFR1. Although VEGF-B is not critical
in development, it might be important in inflammatory angiogenesis as demahslyatxuced
synovial angiogenesis in the arthritis model (Reviewed by (41). VEG&sBeen detected in
several types of tumors; however, its role in tumor biology remains elusivee(Rel/by (193).

Vascular Endothelial Growth Factor-C and -D

VEGF-C is expressed prominently in heart, placenta, muscle, ovary, and sestihet
lower levels of VEGF-C are expressed in brain, liver and thymus. Post priteadytiration of
VEGF-C generates multiple forms, which bind and activate VEGFR3 receptorfulijhe
processed form of VEGF-C can also bind and activate VEGFR2 receptor. VEGsGpla
important role in lymphatic development. Deletiorvegfcin mice is reported to lead to the
complete absence of lymph vessels and embryonic lethality, but did not affect the blood

vasculature development (Reviewed by (41).
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VEGF-D is structurally similar to VEGF-C, and is strongly expressed irt,Heag,
skeletal muscle, colon, and small intestine. It is an activating ligand foBG&R2 and
VEGFRS3, but it does not bind to VEGFR1. VEGF-D is also a known mitogen for endothelial
cells. It has been shown to induce tumor angiogenesis through VEGFR2 and tumor
lymphangiogenesis through VEGFR3. VEGF-D is also reported to promote metasta
dissemination of tumor cells via the lymphatics. Elevated levels of VEGF-Diesmredetected
in gastric tumors compared to healthy gastric mucosa (Reviewed by (41¢gsErprof VEGF-C
and VEGF-D have been reported to correlate with lymph node metastasis and prognosis of
patients with colorectal carcinoma (194). VEGF-D and VEGFR-3 are imgidicatpromoting
nodal metastasis in human invasive lobular breast cancer (195).

Placental Growth Factor

Placental growth factor (PIGF) is expressed in placenta, heart, and luanggs cMl types
express PIGF, including EC, SMC, fibroblasts, leukocytes, BM progenitors, caatigtay,
epithelial, and tumor cells. It has four isoforms (PIGF1-4) in humans, of whighiPt@F2 has a
homologue in mice. It binds to VEGFR1, but not VEGFRZ2. It also binds to both neuropilin
receptors. PIGF is upregulated in pathological conditions by various stikeutylpoxia, nitric
oxide, interleukins, TNé&, VEGF, and TGE etc. It serves several functions, including
stimulation of vessel growth, as well as growth, migration, and survival of IBE. fimulates
angiogenesis by recruiting various cells that express VEGF, sSPIFGF-2, PDGF-B, MMP,
etc. It displaces VEGF from VEGFR1,; the liberated VEGF then actividie&d~R2 and
enhances VEGF-mediated angiogenesis (Reviewed by (41;193).

PIGF is considered to be a prognostic marker for cancer. It is reportedigmifieantly

elevated in NSCLC, gastric, colorectal, and breast cancer. It is alsatstrelith lymph node
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metastasis, tumor stage, and mortality in several types of cateeatdtl plasma PIGF levels
have also been correlated with tumor grade and survival in renal cell carcifantieermore,
PIGF was reported to be elevated in patients undergoing anti-VEGF thaechpsas thought to
be responsible for drug resistance. Neutralizing anti-PIGF was repoitdukit growth and
metastases of tumor by inhibiting tumor angiogenesis, lymphangioganesistratumor
macrophage recruitment (Review by (86;193).

Vascular Endothelial Growth Factor Receptor 1 (VEGFR1)

An important feature of VEGFR-1 is that, unlike other VEGFR genes, it expitesses
types of mMRNA, one for a full-length receptor and another for a soluble shoihtatks
transmembrane and intracellular domains known as soluble VEGFR-1 (sFlt-bindey-
affinity of VEGFR-1 for VEGF-A is higher than that of VEGFR-2, but the kirexdevity of
VEGFR-1 is weaker than that of VEGFR-2 (196). VEGFERdice die by embryonic day 9
(E8.5-9) due to excess EC and disorganized vasculature. However, mice exphessiBGEFR1
extracellular and transmembrane domains but lacking the tyrosine kinase dunaaillular
domains of VEGFRL1 are viable and have functional vasculature. This suggests tiRVEG
acts as a negative regulator of angiogenesis during embryogenesis (18&8)eksse50% of
mice with homozygous deletion for both the intracellular and transmembranendadreaat
E8.5-9 due to disorganization of blood vessels. Thus, membrane-bound form of VEGFR1
appears to regulate vascular development by trapping VEGF for the apjgropgialation of
VEGF signaling in vascular endothelial cells during early embryogene3is $88, 583}.

VEGFRL1 is expressed by endothelial cells, monocytes, macrophages, hematopoietic
cells, and pericytes express. VEGFR1 homodimerizes and binds VEGF, VEGESE-V, and

PIGF. VEGFR1 has also been shown to dimerize with VEGFR2. Although, the tyrasase ki
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activity of VEGFRL1 is weak and the downstream signaling pathway is poorlystoolerthe
tyrosine kinase activity is thought to be important in hematopoietic cell migrati@sponse to
VEGF and PIGF (Reviewed by (41).

An increase in VEGFR1 is reported in several different cancers. Its eppress
associated with poor prognosis, metastasis, and recurrence in breast and (ISE)LRecently,
VEGFRT BM-derived cells were implicated in formation of the pre-metastatiwenilt was also
demonstrated that blocking VEGFRL1 significantly reduced the metastatien (138). Thus,
VEGFR1 appears to be important in tumor development.

Vascular Endothelial Growth Factor Receptor 2 (VEGFR?2)

Endothelial cells and endothelial progenitors predominantly express VEGFRAddt bi
VEGEF, -C, -D and -E, however VEGF is the main ligand for VEGFR2. The mitmgeni
angiogenic and permeabilizing effects of VEGF are mediated via VEGKR@ssed on
vascular, and lymphatic endothelium and has been strongly implicated in amgisgemd
vasculogenesis. The key role of VEGFR2 in developmental angiogenesis and hematigpoiesi
indicated by the failure to form blood islands and develop vasculature in VEGRR2 (40).

VEGFR2 gene encodes only one message for the full-length recept&@7cam®o
acids. Within the cell, VEGFR2 protein is produced as a 150 kDa protein without significant
glycosylation. This molecule is further glycosylated to a mature 230 kDa fornxpreksed on
the cell surface. VEGF induces auto-phosphorylation of the 230 kDa molecule only.

In tumor cells, HIF-i is stabilized which induces hypoxia-responsive genes such as
VEGF. VEGF binds to VEGFR2 on VEC and via phospholipase C - protein kinase C - mitogen
activated protein kinase (PiPKC-MAPK) pathway resulting in DNA synthesis, increased

permeability, and cells survival. This leads to endothelial cell proliéeraind tubular
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formation (191). Significant inhibition of tumor growth, angiogenesis and vasculogénesis
tumors by administration of anti-VEGFR2 antibody has been reported by sgwenas

(193:197).

Chemokines and Chemokine Receptors

Chemokines are structurally related, small (8-14 kDa) signaling puiges that bind
and activate the seven trans-membrane G-protein coupled receptors. Bonedeainred cells,
endothelial, smooth muscle, stromal, and epithelial cells secrete chemokireaokihes are
important in leukocyte movement. The inducible chemokines recruit leukocytes in eegpons
pathophysiological conditions, whereas the constitutively expressed chematanavolved in
basal leukocyte trafficking and maintenance of lymphoid organ architecture (198-201)
Chemokines can be divided into four subgroups: CXC, CC, CX(3)C, and C chemokines, where
C represents cysteine residues and X represents any other amino acid.

The CXC chemokinesi(group) have two cysteine residues separated by a non-conserved
amino acid (X) and are important in maintaining the delicate balance in angsig (42). There
are 17 different CXC chemokines known in the mammalian system. CXC chemokingsrere f
subdivided into Glutamic acid-Leucine-Arginine (ELR)-positive and ELR-megahemokines
(Table 7). The ELRCXC chemokines bind to chemokine receptors CXCR1 and CXCR2, are
strong attractants for neutrophils, and are pro-anagiogenic. In contrasgIbRostCXC
chemokines bind to receptor CXCR3, chemoattract lymphocytes, and are angiostatice.
The only exception is the pro-angiogenic ELR CXC chemokine stromal ceddléactor-1

(CXCL12/SDF-1), which binds to receptors CXCR4 and CXCR7 (43). Similar to other membe



Table 7: CXC Chemokines and Chemokine Receptors

Chemokine Receptor

CXCR2

CXCR4
CXCR7

CXCR3

CXCR3B
CXCR5

Chemokine

CXCL1/ Grow
CXCL2 / Grof
CXCL3/ Groy
CXCL5/ ENA-78
CXCL6 / GCP-2
CXCL7 I NAP-2
CXCL8/ IL-8

CXCL12 / SDF-1

CXCL9 / Mig
CXCL10/ IP-10
CXCL11/ITAC

CXCL4 | PF-4
CXCL13/BCA

Function

Angiogenic

Angiogenic

Angiostatic

Angiostatic
Angiostatic
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of the ELR ™ CXC subgroup, SDle-attracts lymphocytes. In addition, it directs the migration of
hematopoietic stem cells and the formation of blood vessels. It is sugtgebtedssential in

tumor angiogenesis and vasculogenesis. Chemokine receptors CXCR2, 3 and 4 have been
reported to be expressed on endothelial cells (42) and are considered as impmitdators of
tumor vascularization and metastasis (43;202-206).

CXCR2 and Ligands

CXCR2 (IL8-beta receptor or IL8Rb, IL8R1) is one of the seven known members of the
CXC chemokine receptor group. ELBhemokines, such as CXCL1,2,3/GR(P;y,
CXCL5/ENA-78, CXCL6/GCP-2, CXCL7/NAP-2, and CXCLS8/IL-8 bind specifically to
CXCR2. It is predominantly expressed by neutrophils. However, it has also bedadlatec
some endothelial and tumor cells (42). CXCR2 is shown to be responsible for mediating t
migration of neutrophils to sites of inflammation. Knockout studies in mice sugge€tXar2
controlled the positioning of oligodendrocyte precursors in developing spinal cord &tyngrre
their migration (43). Anti-CXCR2 antibodies were found to block CXCL8-induced dtbess
assembly and endothelial cell migration. The signaling pathways regbla@{CR?2 are
essential in angiogenesis. CXCR2 has also been found to regulate anggigenes(207).

The important role of CXCR2 in tumor growth and angiogenesis has been known for a
few years (207-211). ELRCXC chemokine-mediated angiogenesis is inhibited in both
CXCRZ' mice and in mice homozygous for CXCR2 in the presence of CXCR2 neutralizing
antibody. CXCR2 neutralizing antibody was also reported to reduce pancréaigpeenatant-
mediated neo-vascularization. A decrease in the tumor-associatedearegs and metastatic

potential has been demonstrated in murine tumor model for lung cancer in CX@Rﬂ)ared
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to wild-type mice. Taken together, these studies ascertain that CXQiR2resceptor responsible
for the angiogenic activity of the ECRCXC chemokines (201).

Strieteret al. were the first to report that CXCR2 was the putative receptor for
chemokine-induced angiogenesis involving EIGXC chemokines. They identified CXCR2 on
human micro vascular endothelial cells (HMVEC) at the protein and RNA level. ci&vesof
HMVEC in response to the ELRCXC chemokines was also established; anti-CXCR2
neutralizing polyclonal antibody was shown to inhibit this chemotaxis (203). Our lahohais
investigated the expression of CXCR2 on primary cultures of murine cardiadarasc
endothelial cells (VEC). In contrast to the above mentioned report, we did not@¥@ER?2
MRNA or protein in these cultured VEC. Nonetheless, CXCR2 was detected in the emchothel
of some blood vessels in Lewis lung tumors and bone marrow-derived neutrophils. Prglimina
results indicate that neutrophils might be crucial for establishing a pestaist niche
(Verbanac laboratory, unpublished data). Thus, CXCR2 might be involved in vascuariaati
tumors and possibly in facilitating tumor cell metastases.

Stromal-Derived Factor (SDF-1n) and Receptor CXCR4

Three isoforms of SDF-1 have been identified: SRFSDF-3, and SDF-%, arising
from alternate splicing of a single gene. Among these, SDEEXCL12) is the most well
studied isoform. SDF+lis constitutively expressed in various organs including bone, lung, liver,
brain, thymus, and lymph nodes (212). It is mainly produced by stromal cells, such as
osteoblasts, fibroblasts, and endothelial cells in the bone marrow (2122140 andin vivo
SDF-1o is shown to be chemotactic for lymphocytes, monocytes, bone marrow derived CD34

cells, but not neutrophils (135;216). It also plays an important role in development. Mice with
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targeted disruption of thedf-1o gene die perinatally due to defects in B-cell and myeloid
progenitors and defective cardiac septa.

CXCRA4, also called fusin, is an alpha-chemokine receptor specific for S0OF
expressed by peripheral mononuclear cells, monocytes, T-cells, B-cdiihelmal cells,
neurons, astrocytes, tumor cells and a variety of stem cells including ceameretls (217).
CXCR4" mice die perinatally where as CXCR4nice are viable, fertile, and have normal
vascularization, hematopoiesis and cerebral development (214). Besides the weltdiecod
CXCR4 as a co-factor for human immunodeficiency virus infection of T lympr®¢1e3),
CXCL12/SDF-L interaction with CXCR4 plays a prominent role in tumorigenesis (206;219-
222).

Recently, there have been several reports suggesting that hematoplsetiocc&-cells
harbor intracellular CXCR4. Several investigators have reported the consiitrtacellular
expression of CXCR4. Additionally, CXCR4 has been shown to be internalized on binding to its
ligand SDF-1 (223). Kollet reported that human CO8CR4~ BMC had intracellular
reserves of CXCRA4 that could be rapidly mobilized to the cell surface in the ggederytokine
cocktail (SCF, FLT3-L, IL-6, IL-3, and G-CSF) or in serum-starved conditiasitro (223). The
intracellular localization of CXCR4 has also been demonstrated in human trophabth3ts
cells (224). This has been hypothesized to be a mechanism to prevent the activaxi@irdf C
stem cells that predominantly reside in the bone marrow, which is a rich reeb&GDE- 1
(225;226). CXCRA4 is also an important co-receptor in HIV infection. Thus, the predominant
intracellular expression of CXCR4 is considered to be a natural adaptation tot piesie

infection (218).
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SDFE-1g and CXCR4 in Stem Cell Homing and Mobilization

Various research groups evaluating the mechanism of hematopoietic itetionststem
cells homing to the bone marrow post sub-lethal radiation) have indicated thabSildydd a
crucial role in this phenomenon (223;227;228). SlbMas been reported to chemoattract
HUVEC and CD34 human hematopoietic progenitor cell, and mediate trans-endothelial
migration of HSAn vitro andin vivo (134;135). Thus, SDFelis important for mobilization of
HSC, EPC, and differentiated EC.

SDF-Zn upregulation in HUVEC in response to VEGF and bFGF has been demonstrated
by RT-PCR, western blot analysis, and flow cytometry. It was sughsie VEGF- and bFGF-
mediated autocrine signaling regulated the morphologic and angiogenicti@opeSDF- i
and CXCR4 in EC (229). Gurtnet al.reported the expression of SDk-kas regulated by
HIF-1a in HUVEC. They have also made known timativo expression of SDFelis directly
proportional to reduced oxygen tension. They observed that secretedhSDRUIVEC culture
medium increased by seven to nine folds when cell culture was maintained at 1% texgyen
for 6 to 12 hours (109;131).

SDE-1g Expression in Tumor and Other Tissue

There is growing evidence that SDE-4nd its receptors are crucial in the growth and
metastasis of tumors (13;205;217). It remains inconclusive whether &BFafhgiogenic or
angiostatic because it has been reported to attenuate the angiotjeityjcclELR™ CXC
chemokines, bFGF, or VEGF {585, 378}, but Waei@l. demonstrated a link between SDét-1
and CXCR4-mediated pathways and angiogenesis modulation. Angiogeneseparésd to be
stimulated by two separate pathways involving differential activation ditl€¢/ERK and

PI3K/AKT pathways, which resulted in differential secretion IL-6, an@ lland TIMP-2 and
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VEGF in LNCaP and PC3 prostate cancer cell lines, respectively. Thisregamediated
angiogenesis was inhibited due to the expression of angiostatin (endotheligeaegie
inhibitor) when CXCR4 was knocked down in tumor cells. Stimulation by Sbsufppressed
angiostatin expression and enabled angiogenesis (230). Subsequently, it wasrdeddhat
CXCR4-mediated expression of glyolytic enzyme phophoglycerate kinagekil JRand
angiostatin lead to a reduction in angiogenesis when $D#a% low. In contrast, in the
presence of high concentrations of SDF-1, VEGF, IL-6 and IL-8 induced angicg€i8dy.
Thus, the interaction of SDFeland CXCR-4 is critical in angiogenic modulation in context of
tumorigenesis.

Aghi et al.reported that SDFelwas expressed by the vasculogenic glioma cells but not
by nonvasculogenic glioma cells, and was responsible for attracting elfalqifegenitors to
tumors. In addition they demonstrated that blocking CXCR4 reduced the homing aneriang-t
engraftment of vascular progenitors by 80% in vasculogenic tumors (62).

SDF-1o has been linked to organ-specific metastasis of some tumor-types expressing
CXCR4 and/or CXCR7 (204;212;232-236). The organ-specific pattern of breast and ng&elanom
metastasis has been correlated with the expression of chemokine receptatsgr€KCR4,
CCR7, and CCR10, on tumor cells {77, 114}. Furthermore, the SDfeldiated invasion of
human basal carcinoma cells was reported to be influenced by the upregulatidnxof ma
metalloproteinase MMP-13 (72). MMP have been suggested to play an important role in the
invasion process because their proteolytic activities assist in degradatienextracellular
matrix and basement membranes. Thus, SBhkak been implicated in tumor vascularization

and metastatic dissemination of tumor cells.
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Endothelial Cell Surface-Associated SDF-d

Peledet al. were the first to demonstrate the constitutive expression of SofR-1
vascular endothelium in bone marrow. Usimgitro andin vivo assays, they showed that
murine hematopoietic progenitors (CDEBMC) established efficient rolling on P-seleétand
E-selectii EC, but developed firm adhesion on EC surfaces only in the presence of
immobilized-SDF-& on EC. Additionally, in the absence of selectins, S@ptbmoted VLA-
4-mediated, G protein-dependent tethering, and VCAM-mediated adhesion undeloshear f
(227). Their results revealed that SDé&dctivated lymphocyte function-associated antigen-1
(LFA-1), VLA-4 and VLA-5 on immature CD34BMC (238).

Most chemokines, including SDFe1bind to heparan sulfates (HS) in the extracellular
matrix and on the cell surface (239-242). HS are a family of sulfatedsglganoglycans
(GAG). The chemokine concentration gradient in tissue is important for dmattnigration of
cells and is believed to be controlled by GAGs (239). GAGs are covalentiexdtto core
proteins on all animal cells and ECM. The binding of SDRelHS is reported to involve the
amino acids lysine at positions 24 and 27 and arginine at position 41; the HS-binding sites are
distinct from those required for CXCR4. The binding affinity of SFdr HS has been
calculated and is reported to range from 39-93 nM (243;244) compared to 1.67 nM for CXCR4
(243). The association of SDF:With HS is shown to prevent its inactivation by the serine
protease CD26/DPP IV, which selectively removes the N-terminal dipdptitieSDF-11 (244-
247). The constitutive expression of SDé-dssociated with heparan sulfate in cutaneous
capillary endothelium was reported to trigger specific arrest of KaposoiBarassociated
herpes virus-infected cells and dictated the preferential localizationpolsk&arcoma in the

skin under physiologic shear flow (248).
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Ceradiniet al. detected a significant increase in endothelial cell surface-bound &DF-1
hypoxic cell cultures by flow cytometry. They reported that greater nunob&@XCR4 EPC
adhered to HUVEC pre-conditioned in hypoxic condition compared to HUVEC monolayers
cultured under normoxic conditions. This effect was abolished by antibody-mediat&dd® of
SDF-1n and CXCR4 interaction. In additioim, vivo results demonstrated that CXCR4
progenitor cell localization to regenerating tissue was dependent on the hyplndaed SDF-d
gradient (109;131).

Similarly, it is likely that extracellular matrix-associatud endothelial cell-associated
SDF-In not only acts as an important chemotactic factor in recruiting EPC to tumoisdut a
mediates the adhesion, retention, and incorporation of bone marrow-derived cells intcothe tum
vasculature, thereby contributing to tumor vasculogenesis.

CXCR4 Expression in Tumors

Several investigators have reported the involvement of CXCR4 and & Defaction
in cancer progression (Reviewed by (217). This receptor-ligand interactiondmashmsvn to
promote angiogenesis and organ-specific migration of tumor cells in margrgdiie breast
(249), (250), lung (233;251), ovarian (252), renal (13), and prostate (230) cancer,
neuroblastomas (253) and glioblastomas (62). CXCR4 has also been strongly edphicat
growth of several neuroectodermal tumors and small cell lung carcinoma\{ReMby (254).

Muller et al. showed that the human breast cancer cell line MDA-MB-231 expressed
CXCR4 and migrated in response to SDE-They demonstrated that these cells migrated in
response to protein extracts from lung, liver, bone marrow, lymph nodes, skin, and muscle. This
chemotaxis was significantly inhibited by anti-CXCR4 antibody in the lung, Inee marrow,

and lymph node protein extracts (212). Their results reinforced Paget’s thésegdfand soil”
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and indicated the important function of SDé&-dnd CXCR4 in determining the metastatic
destination of tumor cells (255).

Hypoxia is an important mechanism that alters the metastatic behaviorarfdeisin
vivo. It is reported to favor metastasis by up-regulating CXCR4 on tumor cetlsevigypoxia-
inducible factor-& (HIF-1a) (256;257). Hypoxic conditions in the tumor mass promotes
transcription and translation of HlFelwhereas under physiological conditions, the tumor
suppressor protein von Hippel-Lindau negatively regulates CXCR4 expression hyatiegraf
HIF-1a (258). A recent report by Marécletlal. showed that CXCR4 expression in pancreatic
tumors had a positive correlation with Hik-I'hey proposed that CXCR4 was a valuable
prognostic factor and therapeutic target in pancreatic cancer. This Eadg@orted the
overexpression of CXCR4 in endometrial cancer. In a separate study, HEC1A human
endometrial cancer cells were reported to be able to generate diiffiesastases in nude mice.
The number and size of these metastases was demonstrated to be dranesticadly oy
simultaneous treatment with neutralizing anti-CXCR4 antibody (259). Another ggpaped a
significant reduction in the growth of both colon and pancreatic tumors in mice thiaeec
intra-peritoneal injections of anti-CXCR4 antibody. Administration of anti-@4@ntibody
lead to a significant reduction in capillary density but did not affect the &sipreof VEGF in
tumors (215). Similarly, Aghet al.reported that in the presence of AMD3100 (CXCR4
antagonist) the number of bone marrow-derived cells contributing to tumor endothekum wa
significantly reduced. Thus, the interaction between CXCR4 and Sfaslbeen established to
be important for tumor angiogenesis and metastasis, and interrupting thist@msaciuld be a

valuable anti-cancer therapy.
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A Second SDFE-#& Receptor: CXCR7

CXCR7/RDC1 was subsequently identified in 2005 and 2006 as a novel receptor for
SDF-In and CXCL11/I-TAC (260-262). CXCR7 has been reported to be expressed on malignant
cell types and fetal liver cells. High levels of CXCR7 mRNA weredetkin healthy murine
tissues: heart, lung, brain, kidney, testes, ovary, and 14 day-old fetus; thymueahddi
relatively lower expression.

Similar to the CXCR# mice, mice with a homozygous deletion of CXCR7 died at birth
with ventricular septal defects and semilunar heart valve malformation {36i& r@port also
confirmed that the principal chemokine ligand for CXCR7 was S@Mat SDF-14 did not
induce signaling through CXCR7; CXCR7 formed a functional heterodimer witbRZxand
enhanced SDFetinduced signaling (263). Unlike many other chemokine receptors, ligand
activation of CXCR?7 did not cause calcium mobilization or cell migration. Theactten of
SDF-1o with CXCRY7 resulted in a proliferative effect, in contrast to CXCR4, which neztlia
chemotaxis (260).

Recently, Wangpt al. (235) showed that CXCR7 expression was correlated with tumor
aggressiveness in prostate cancer. CD44 and cadherin-11 were reported todse@xpre
downstream of CXCR7, and were suggested to contribute to the invasiveness of panstate
cells. CXCR7 was also demonstrated to regulate the expression of pro-angiagemsIL-8
and VEGF, which are known modulators of tumor angiogenesis.

Burnset al. (260) reported that more CXCR7-transfected MDA-MB-435S breast cancer
cells adhered to HUVEC cultures stimulated by TiN&Ad IL-13. In addition, when HUVEC
were stimulated with TN-and IL-18, an increase in the expression of CXCR7 was observed.

Based on these experiments they concluded that although the expression of CXCR@ran any
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cell type was sufficient to promote some cell-cell interactions, CXCRiession on both
activated HUVEC and tumor cells concomitantly produced maximal adharevite. They
also reported that the administration of a CXCR7 antagonist resulted ireagkeor tumor
growth in immunodeficient and syngeneic mice engrafted with human B lymphomay hurga
carcinoma, or mouse lung carcinoma. Each of these tumors was shown to ex/Z&s& Thus,
they proposed that CXCR7 was a viable target for development of novel canapethiies.

Miao et al. (236) demonstrated the expression of CXCR7 on breast and lung tumor cell
lines 4T1 and LLC, respectively. Furthermore, they reported that tumortgveagtimpaired
when CXCR7 was knocked down in these tumor cells. Interestingly, they also obgswidid s
expression of CXCR7 on tumor-associated blood vessels, but not on normal vasculajure. The
also reported that CXCR7 promoted the growth of breast and lung tumors and enhanced lung
metastasis. Thus, suggesting that CXCR7 was important in promoting tumor developinent a
progression (236). This premise was consistent with the clinical observatidgtinet
expression of CXCR7 was linked to early and metastatic recurrence in patabstgge | non-

small cell lung cancer (234).

Synopsis of Introduction

Tumors arise due to genetic and epigenetic changes that lead to transfoendt
uncontrolled proliferation of cells. These tumor cell clusters rely on diffusionygfeoxand
nutrients for expansion; these become limiting factors as tumors reach 2a3eteils in size.

For further propagation and progression, tumors must undergo an ‘angiogenic switcielop de
tumor vasculature. Thus, inhibition to tumor vascularization is an important controlrpoint

tumor development and cancer progression. Several hypoxia-induced growth factors
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chemokines, and cell adhesion molecules have been shown to participate in tumonasoge
that is mediated by activated mature endothelial cells. In addition, thgrewing evidence that
some of these proteins are important in mediating tumor vasculogenesis byinwphitid
chemoattracting the bone marrow-derived endothelial progenitor to tumansiabuterived
factor (SDF-1v) is one of the well characterized hypoxia-induced, secreted proangiogenic
chemokines. Several cell types, including endothelial cells, produce &[BtAdilar to other
chemokines, secreted SDE-finds to proteglycans in the extracellular matrix and on cell
surfaces. In addition, SDFedmediated chemoattraction of CXCRdndothelial cells and
hematopoietic stem celis vitro and to hypoxic regions in ischemic injuriesvivo has been
demonstrated. SDFelis elevated in certain tumors, implicated in organ-specific metastasis of
tumor cells, and involved in angiogenesis.

The literature in the field has thus led us to propose a specific role for &DRumMor
vasculogenesis. These data are consistent with the proposal that tumor-derivaidderoed
factor-lo. (SDF-1n) binds to tumor endothelium and extracellular matrix and recruits and

mediates the adhesion of circulating bone marrow-derived CX@Rdbthelial progenitors.

DISSERTATION HYPOTHESIS AND SYNOPSIS OF EXPERIMENTS
We hypothesize that stromal derived factarriediates tumor vasculogenesis, recruiting
bone marrow-derived endothelial progenitor cells to tumors.
LLCaB, a subclone of the murine Lewis lung adenocarcioma tumor ce{Lli&l), was
used in this study. First, we evaluated the development of LLCaB subcutaneausand
metastases in syngeneic immunocompetent C57BI/6 mice. Subsequently, subcutaheous a

metastatic tumor tissue samples from experimental mice and headtg ssmples from naive
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control mice were analyzed for the expression of SBBE+id E-selectin. The expression of
cognate receptor/ligands for SDk-4nd E-selectin and endothelial progenitor markers were
evaluated on Lin® BMC. The use of Lin - BMCifovitro andin vivo experiments was a
practical alternative to endothelial progenitor cell purification. Defibedblasts were used as a
control cell type in botlm vitro andin vivo experiments. Nextn vitro adhesion assays were
conducted to evaluate the role of SDirahd E-selectin in mediating adhesion of Lin® BMC
with tumor-derived cells.

In the initialin vivo experiments, biolocalization of vascular endothelial cells (VEC),
isolated fromEGFP-transgenic mice, in tumor-bearing mice was evaluated by microscopy.
AlthoughEGFP-VEC were specifically detected in metastatic lesions, quantization 6f VE
homing was compromised by tissue autofluorescence and artifactual flumestris
prompted the development and standardization of a gPCR assay to detect tissiesBOGCH 2
transgenic cells. Finally, the biolocalization of systemically admi@d€GFP-Lin - BMC and
EGFP-dermal fibroblasts, 3 days after cell injection, in subcutaneous and rietasteors, and
other organs was evaluated by gPCR. Subsequently, long-term (7-daypnedé BIGFP-Lin
BMC in metastatic lesions was also assessed.

These data frorm vitro andin vivo experiments lead to the development of a model

suggestive of several functions that SDFAlight be involved in tumor biology.



CHAPTER II: MATERIALS AND METHODS

Vascular endothelial cells (VEC) were isolated from neonatal C57Bl/6thate
constitutively expressed the enhanced green fluorescent pieiP) transgene (C57Bl/6-
Tg(ACTbEGFP)10sb/J, #003291 and/or C57BL/6-Tg(UBC-GFP)30Scha/J, # 004353, The
Jackson Laboratory). Strain #003291 is a heterozygous-bright, homozygous-lethaih&train;
hemizygous mice used in this study were obtained by breeding transgenimiceigith
C57BI/6 wild-type females (#664, The Jackson Laboratory, Bar Harbor, MEn 80@#4353 is
maintained as a homozygous strain. The above menti&@E#-transgenic mice strains were
also used for harvesting bone marrow and purifying the lineage-negative booe welts
(EGFPLin  BMC). Two to six month-old wild-type C57BL/6 mice were used apiggts of
syngeneic tumor cells ar€lGFP-VEC andEGFP-Lin BMC. All mice strains were originally
purchased from Jackson Laboratory and maintained in an in-house breeding colbny. Eas

Carolina University Animal Use and Care Committee approved all animal studie

Isolation and Culture of Cell from Murine Tissue

Cardiac Vascular Endothelial Cells (VEC)

VEC were isolated from 2-5 day-old mouse pups (5-30 per preparation) and maintained
in culture for 2-3 weeks as described (Figure 2A; (94)). A minimum of 5 pups weréouse
each preparation. The pups were euthanized using Isoflurane (Webster YAetSterding,
MA), sterilized by a quick rinse in 70% ethanol, and followed by opening the chest @adity
removing the hearts using curved forceps. The hearts were placed in a 35rhdisiPet

containing Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM, Invitrogen,
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Carlsbad, CA) at room temperature (RT). The hearts were minced witliedisggosable
scalpel with a no. 10 stainless steel blade. The tissue was then incubated in 0.1%Z2DNase
mg/mL Collagenase (Sigma, St. Louis, MO) in DMEM-F12 media containing S#oct
serum (FCS) at 37°C in 5% carbon dioxide ¢Cfor 1 hour (3 mL DNase-Collagenase per 5-10
pups). The digested tissue was diluted in DMEM-F12 and collected in a 15 mL tube. Cell
suspension was vortexed; the larger undigested tissue chunks were allowed wthettle t
bottom of the tube and were removed using a sterile plastic transfer pipettell$ e the
remaining supernatant were pelleted by centrifugation at 300 x g for 10 minttescelllpellet
was resuspended at 2 mL per 5 hearts in 38% Sterile Isotonic Percoll. Steaked Percoll
was a 90% Percoll (Pharmacia, Piscataway, NJ) solution in Hanks Buffet&bkslon
(HBSS, Gibco, Carlsbad, CA). The cells were pelleted by centrifugatB®0at g for 20
minute at 25°C. The pellet containing the enriched VEC was resuspended in 5 mLediC m
plated in a 35 mm tissue culture dish and incubated at 37°C for 1 hour. The VEC media
consisted of DMEM-F12 high glucose (Gibco) with 2.438 g/L sodium bicarbonate (pH 7.0,
320+£5 mOsm/L) supplemented with 5% FCS (Invitrogen)ud/nL endothelial cell growth
supplement (Sigma), 2 U/mL heparin (Sigma), 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma), 1 mM sodium pyruvate, insnéfetran-
selenium (25ug/mL, 25ug/mL, 25 ng/mL; ITS, Sigma). The final pH was adjusted to 7.0 and
osmolarity to 3205 mOsm/L. Non-adherent cells were gently rinsed off ugilagtéc transfer
pipette and transferred to gelatin-coated 6-well plates.

Cells from 5 hearts were plated per well. Next Day, the media was chimganmove
the non-adherent red blood cells. Three to five days later, cells were puyiBetebtive

trypsinization with 0.25% trypsin-0.05% ethylenediaminetetraacetc(&JiDA, Invitrogen)
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after rinsing with Dulbecco’s phosphate buffered saline (DPBS) withoutinal@&") and
magnesium (Mg). Cells were observed under the microscope, and at the first sign of
detachment, cells were washed off the plate and re-plated in gelatid-ptatts or flasks. Cells
were subsequently passaged when cultures reached 80% confluency. VEC wereddrpande
culture for up to 3 weeks.

VEC were routinely isolated from C57BI/6-Tg(ACEGFP)10sb/J (Homozygous
Actb-EGFP) transgenic mice as the homozygous AEBFP mice are not viable. Nonetheless,
the VEC isolated from both strains fluoresce with comparable brightngssdf2B).

Bone Marrow Cells (BMC)

Mice were euthanized by overdose of Isofluorane followed by cervical disloc The
femur and tibia from the hind limbs were removed and attached muscle tissuameasd from
the bones using clean gauze. The bones were placed in a 35 mm Petri dish containing 1X HBSS
(without C&* and Md") containing 0.1% Bovine Serum Albumin (BSA, Sigma) or Iscoves
media (Gibco). The pH and osmolarilty of 1X HBSS and Iscoves were adjusted ol P05
mOsm/L respectively. The ends of the bones were cut off. Using a 22-25 gaugeameketid cc
syringe, the marrow from the bones were flushed with Iscoves or 1X HBE®.\ift BSA
(HBSS/BSA). The cell suspension was triturated using a transfer ppéiteatkk tissue chunks.
The suspension was then centrifuged at 300 x g at 10°C for 10 minute. The bone marrow cell
(BMC) pellet was resuspended in Iscoves or HBSS/BSA. RBCs were lyseslfon 1© minutes
using freshly prepared RBC lysis buffer [155 mM ammonium chloride,Q)rand 12 mM
sodium bicarbonate (NaHGY). The volume was increased to 50 mL and the cell suspension
was then passed though disposabl@mylon cell strainer (BD Falcon, Franklin Lakes, NJ) to

remove pieces of bones and debris. The cells suspension was centrifuged at 300 x g for 10
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Figure 2: Isolation of Murine Cardiac Vascular Endothelial Cell

A) Protocol for isolating micro vascular endothelial cells from hearts of moosaies.

B) Histogram comparing the green fluorescence intensity of VEC iddiate C57BI/6,
hemizygous ActeGFP, and homozygous AcHGFP-transgenic mice. Although, the
homozygous ActBGFP mice have twice the number effptransgene copies compared to the
hemizygous ActBGFP, the green fluorescent intensity was comparable in VEC isolated from

both strains of mice.
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minutes at 10°C and cell count was done using 1% acetic acid and Trypan Blue (Gibco
Invitrogen) on a hemocytometer.

Bone Marrow-derived Lineage-negative Cells (Lin__BMC)

The lineage-positive cells were immunomagnetically depleted froBNt& with
Dynabeads (Dynal Biotech, Oslo, Norway). Biotinylated anti-mouse anébedére added to the
BMC suspension in 1X HBSS containing 0.1% BSA and incubated on a rotator for 30-45 minutes
at 4°C. Two microliters of each pre-diluted antibody, namely anti-CD3 (clon2@44%), anti-
CDS8, anti-CD11b (clone M1/70), anti-CD45R/B220 (clone RA3-6B2), anti-Gr-1 (clone RB6
8C5), and anti-Ly-76 (clone TER-119) (Biotin Mouse Lineage Panel, BD Biossgnuere
added per 2 x FBMC. After centrifugation of the labeled cells, the cell pellet vessispended
at 1 x 10 cells per mL. Streptavidin-coated Dynabeads (DYNAL CelletidBiotin Binder,
Dynal Biotech) were added to the cell suspension at a ratio of eight beadd pad the cell
suspension was incubated on a rotator for 45-60 minutes at 4°C. This cell-bead suspension was
placed on a Dynal Magnetic Particle Concentrator (Dynal Biotech, Oslo, Mpfoveb minutes
to allow the cells coated with antibody and magnetic beads to bind to the magnet. The
supernatant containing the Lin - BMC were collected and washed with HBS G7@fre 3).
Flow cytometric analysis of the enriched cells stained with biotinyliateage panel antibodies
and streptavidin-Fluorescein isothiocyanate ($AVE) or SAv-PhycoerythrinRE) confirmed
the purity of the cell population. The Lin BMC were ~95% free of lineage-dtednsells. The
Lin- BMC were used fan vitro andin vivo assays.

Dermal Fibroblasts

Fibroblasts were isolated from the dermis of 1-2 day-old mouse pup skin as tsciigma

represented in Figure 4 (method adapted from (264). 1-3 day old pups were euthanized using



Figure 3: Protocol for Enriching Lineage-negative Bone Marrow Cells
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Isofluorane, sterilized with 70% ethanol, and the dorsal and ventral trunk skins wiseglexc
Skins were incubated dermal side down in sterile 35 mm Petri dishes and incubatedcbséernig
4°C in 0.25% trypsin (Invitrogen). The epidermis was peeled off the dermis andld$csing
two angled fine tip forceps. The epidermis was translucent white and the desiightarown

to black in color. The dermal pieces were minced using sterile scissorscabdted at 37°C in 5
mL 0.1% Collagenase Type | (Worthington Biochemical, Freehood, NJ) per 3-5 skins. The
dissociated dermis solution was diluted approximately 1:10 by increasing the vtolStenL

with Dulbecco’s Modified Eagles Medium (DMEM) containing high glucose (4500 g/
glucose). This cell suspension was then filtered though sterile gauze andigedtaf 200 x g

for 7 minutes. The supernatant was carefully aspirated and the cell palletsuapended in
DMEM containing 5% FCS and incubated in a humidified incubator with 5%af@7°C. The
next day, non-adherent cells and debris were removed and fresh media was added to the ce
culture. Cells were detached from culture using 0.25% trypsin-0.05% EDTA ardjpdsshen
cultures reached 80% confluency. The dermal fibroblasts were kept in coltarenbiximum of

10 days.

Dissociated Lewis Lung Subcutaneous Tumor Cell Culture

The protocol for culturing dissociated LLCaB subcutaneous tumor was adaphedur
laboratory’s previously established protocol to isolate endothelial cattsHtonan tumors (265).
Briefly, subcutaneous tumors were surgically removed and rinsed in cold PPBSQ, 320+5
mOsm/L). Tumor tissue was then transferred into 20 mL of 10 mM EDTA in DPBS in 50 mL
tubesand incubated on ice for 30 minutes. Next, the tumor tissue was minced using a scalpel and
each 12 gm of tumor tissue was incubated in 15 mL of 0.1% DNase (Sigma) / 2 mg/mL

Collagenase Il (Sigma) in DMEM containing high glucose in 50 mL tubes.



Figure 4: Protocol for Isolating Dermal Fibroblasts from Mouse Neonates
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Tumor tissue was placed on a rotating shaker (150-200 rpm) for 1.5-2 hours at 37°C. The
dissociated tumor tissue was then diluted 10 times in DMEM-high glucose and thessuspe
was filtered through 7(@m disposable cell strainers. The filtered cells were centrifugddCak g
for 10 minutes at 10°C. The cell pellet was resuspended in VEC media and cells weeel cul
gelatin-coated flask. Cultures were rinsed to remove tissue debris and noegnadals and
fresh media was added the next day. Cultures were passaged when celts8é%¢che

confluency; 0.25% trypsin-0.05% EDTA was used to detach cells from culture flasks.

Culture of Established Cell Lines

Lewis Lung Carcinoma Cells (LLCaB)

LLCaB is a subclone derived from a bone metastasis in a C57BL/6 mouse laearing
subcutaneous Lewis Lung Carcinoma (LLC1, ATCC #CRL-1642), and was provided to our
laboratory by Dr. C. J. Kovacs and Mark Evans of the Department of Radiation Biology and
Oncology at East Carolina University, Greenville, NC. LLCaB werticed in DMEM
containing high glucose (4500 mg/L D-glucose), sodium bicarbonate (3.7 mg/L) with &% fe
calf serum in a humidified incubator at 37°C with 5%,COhe LLCaB culture medium was set
to 320+5 mOsm/L and pH of 7.0. When the cell culture approached 80% confluency they wer
rinsed with DPBS, incubated with 5Q00f 0.25% trypsin for 2-5 minutes and collected using
DMEM. The cell suspension was split 1:6-1:12 and placed in new flasks.

Brain Endothelioma Cells (bEnd.3)

The mouse brain endothelioma cell line (bEnd.3) express proteins that areaibecifi
expressed by activated endothelial cells found in ischemic tissue and tumor. Triidi8, e

line was purchased from ATCC (#CRL-2299) to use as a surrogate for tumaedenidothelial
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cells. The bEnd.3 cells were cultured in DMEM containing high glucose (4500 mglucDse),

low sodium bicarbonate (1.5 mg/L) and 10% fetal calf serum, in a humidified incubator at 37°C
with 5% CQ. The bEnd.3 culture medium was set to 3205 mOsm/L and had a pH of 7.0.
When the cell culture approached 80% confluency they were rinsed with DPBisatedt with

500l of 0.25% trypsin - 0.05% ETDA for 2-5 minutes and collected using DMEM.

3T3-L1 Pre-Adipocyte Cells

The 3T3-L1 (ATCC# CL-173) pre-adipocyte cell line was a gift from the &boy of
Philip Pekala in the Department of Biochemistry and Molecular Biologwystt Earolina
University. These cells were cultured in the recommended DMEM containing lbigisg (4500
mg/L D-glucose), low sodium bicarbonate (1.5 mg/L) and 10% newborn calf serum @ewitro
Carlsbad, CA) in a humidified incubator at 37°C with 5%,CIle 3T3-L1 culture medium was
set to 320+5 mOsm/L and a pH 7.0. These cells are a sub-strain from 3T3 celismissralbino
mice, which undergo a pre-adipose to adipose like conversion as they progressapatya r

dividing to a confluent and contact-inhibited state.

Development of Lewis Lung Adenocarcinoma Tumors

Subcutaneous Tumors

Hair on the right flank of the C57BI/6 mice was removed by shaving and applicdti
Nair Hair Removet at least two days prior to injecting tumor cells. LLCaB cells were kade
using 0.25% trypsin-0.01% EDTA and placed in DMEM for injection. C57BI/6 mice were
injected subcutaneously (s.c.) in the right flank with 5 %X11GCaB cells in 10Qul. Tumors
became palpable in 7-10 days. Tumor growth was documented by measuring tumsingize

digital calipers. Tumor volume was calculated as (width x width x length) /



73

Pulmonary and Hepatic Tumors

Lung and liver metastases were induced in C57BI/6 mice using a previosstipdd
method (4). Briefly, subcutaneous tumors were developed as described above. The subcutaneous
tumors were surgically removed when they reached a volume of 1560Mite were closely
monitored for weight loss and lethargy for two-three weeks following tumarwaim During
this period the tumor cells that had seeded in the lung and liver developed into secondary
pulmonary and/or hepatic tumors. The weight and diameter of each macrosgopsdal lung
and liver metastases was noted. Metastatic tumor volumes were tegldalssuming spherical
shape) by (#r®) / 3 where r = radius. Tissue harvested were either flash frozen in liquidenitrog
or embedded in Tissue TRIOCT (Optimum Cutting Temperature) compound (VWR Scientific
Products, Suwannee, GA) and frozen using dry-ice and acetone (Sigma).

Hematoxylin and Eosin (H&E) Staining of Tissue Sections

Frozen cryostat sections were fixed by immersing slides in acetod@ foinutes then
rinsed with distilled water. Slides were serially dipped in Harris’ hexyéih (Sigma) for 1
minute, 3-10 quick dips in acid alcohol (1% hydrochloric acid in 70% ethanol), ammonium wate
(0.2% ammonium hydroxide in distilled water) for 1 minute, Eosin Y for 30 seconds with
intermittent rinses in water (twice for 2 minutes each). Stock Eosin was@ddpadissolving 1
gm Eosin (Sigma) in 20 mL distilled water and 80 mL 95% Ethanol. Working Eosin solutions
was prepared by combining 1 part stock Eosin with 3 parts 80% Ethanol; 0.5 mL adetiasic
added to 100 mL of working solution before use. The sections were dehydrated byigeguent
minute changes in 95% ethanol (twice) and 100% ethanol (twice) to remove easesst&n
and finally in xylene. Coverslips were mounted on slides using Perfh@itisher Scientific,

Pittsburg, PA).
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Analysis of RNA Expression

RNA Isolation

Ribonucleic acid (RNA) was isolated from cell pellets or frozen tissuzrspas.
Trizol® (Invitrogen) was added to pulverized tissue or cell pellets (1 ml / 2 sellp. After
incubation at RT for 5 minutes, chloroform was added and the suspension was thoroughly mixed
by inversion. The tubes were centrifuged at 12,000 rpm for 15 minutes at 4°C. The aqueous
layer was transferred into another tube and equal volume of 100% Isopropanol (Bagma)
added. These tubes were mixed and incubated at -20°C overnight to precipitate RNA. RNA wa
pelleted by centrifugation at 12,000 rpm for 15 minutes at 4°C. The RNA pellets msa&é ri
with 75% ethanol, allowed to air dry and resuspended in nuclease-free water (Ambien, Fost
City, CA). RNA concentration was measured spectrophotometrically. Thentcatans of all
RNA samples were adjusted to 1 mg/mL.

cDNA Preparation

Complementary DNA (cDNA) was prepared usinggbRNA as previously described

(266). Five microliters of RNA (fug/ul) was incubated with 0.pg of oligo (dT) primer at 65°C
for 7 minutes and chilled on ice before adding auR@action mixture containing 50 mM Tris-
HCI (pH 8.3), 75 mM KCI, 3 mM MgG| 10 mM DTT, 0.5 mM dNTP, 5 units of cloned
placenta RNase inhibitor and 200 units of Maloney Murine Leukemia Virus Reverse
Transcriptase (MLV-RT). For very dilute RNA samples a maximum volume ofyll RBIA was
used. All reagents were purchased from Gibco-Invitrogen. Samples weret@tctdyal hour at
37°C, followed by heating at 95°C for 5 minutes. cDNA samples were diluted 1:5 with wate

prior to freezing. All cDNA samples were stored at -20°C.
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Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Reverse transcriptase PCR Gene Expression Assays (Applied Biosystater City,
CA) were used to evaluate the expression analysis of VEGF (Mm00437308_m1)aSDF-1
(Mm00457276_m1), VEGFR2 (Mm00440111_m1), and CXCR4 (Mm01292123 ml). Beta-2-
microglobulin (Mm00437762_m1) was used as the endogenous control. These are proprietary
assays, detected with a FAM/MGB-labeled probe. 5 microliters of cDB#\used as the
template in a 2%l total reaction mixture containing 1X TagMabniversal Master Mix,
nuclease free water and primer-probe. PCR was carried out under stamfiagdaondition: 2
minutes at 50°C, 10 minutes at 95°C followed by 40 cycles of 15 seconds at 95°C and 1tminute a

60°C in Applied Biosystems 7000 Thermocycler (Applied Biosystems, Inc).

Analysis of Protein Expression

Tissue Homogenization and Protein Quantitation

Protein samples were prepared by sonication of pulverized frozen tissue $1 DPB
containing the tissue-culture approved Protease Inhibitor Cocktail (Sagrd&).05% Triton X
(Sigma) (2 mL / gram of tissue). Protein concentrations were detefmnsgg the Pierce Micro
BCA Protein Assay (Thermo Scientific, Rockford, IL). Lysates (ddutel00), and standards
(provided in the kit) were added to reagents on a 96-well flat-bottomed plate and idagate
according to manufacturers instructions. Plates were read at 562 nm on a $ihétoiti-
Mode Microplate Reader (BioTek, Winoski, VT) and concentrations determined based on
standard curve (polynomial equation).

Quantitation of Chemokines by Enzyme-Linked Immunosorbant Assay (ELSA)

Concentration of chemokine SDle-1h tissue homogenates was determined using
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Quantikin€ ELISA kits (R&D Systems, Minneapolis, MN). Undiluted protein samples frdin ce
and tissue lysates, and serum were assayed for §@Kkptession. The amount of SDE-h

each sample was calculated based on the standard curve (polynomial equati@actiaasay.
SDF-In concentrations (pg/mL) in tissue homogenates were normalized to the protein
concentration (mg/mL) of each sample; thus, the results are reported aami¢pg)y SDF-&

per milligram (mg) of protein.

Flow cytometric Analysis of Cell Surface and Intracellular Protens

Flow cytometry was used to measure the cell surface and total (ilfeacend cell
surface) expression of specific proteins on cultured cell and bone marrow-detisedlte
adherent cell cultures were harvested using 0.25% trypsin-0.05% EDTA. Cell andmngsrcent
viability was calculated using Trypan blue exclusion assay. Cells wasieaed with 1% bovine
serum albumin (BSA, Sigma) and 0.05% sodium azide (Sigma) in DPBS (DPB&B6&8&)/ 1
x 10° cells per 1Qd DPBS/BSA/Azide were aliquoted in 5 mL polystyrene tubes and primary
labeled antibodies were added.. To measure both intra- and extracellular protegsiex the
cells were fixed using 0.5% paraformaldehyde and permeabilized using 0.5%ngaq@mio
addition of antibodies. Cells were washed with 4 mL DPBS/Azide, centrifug$iDat g for 10
minutes. Cell pellets were fixed using 3d®f 1% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) while vortexing. Cells were vortexed and incubalid far 15 minutes.
Specific antibodies for flowcytometry from BD Pharmingen were usedigtper 1 x 18cells
included PECAM-1 / CD31 (clone MEC13.3), CD34 (clone RAM34), VCAM-1 / CD106 (clone
MVCAM.A), LAMP-1/ 107a (clone 1D4B), E-selectin / CD62E (clone 10E9.6), CXCR4 /

CD184 (clone 2B11), cKit/ CD117 (clone 2B8), Sca-1 (clone E13-161.7), VEGFR2 (clone
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Avaslail), and CD43 (clone S7). Specific antibodies purchased from R&D Systems included
CXCR2 (clone Fab2164), and E-selectin (MAB575 and MAB5751).

Immunofluorescent Staining of Cell Cultures and Tissue Sections

For immunofluorescent studies, tissue was surgically removed post eutlaanthBizzen
in Tissue-TEK OCT compound using dry ice and acetone. Slides with tissue sectipnsf(irO
subcutaneous tumor and hepatic tissue and 16¥l#r lung tissue) were prepared on a cryostat
and stored in covered slide boxes at -70°C. Slides were brought to RT and fixed with cold
acetone (-20°C) for 20 minutes. Individual sections were encircled using adPh¥trogen)
prior to rinsing twice in DPBS (320£5 mOsm/L, pH 7.0).

For E-selectin and CD31 staining, the sections were then blocked for 1 hour ahRT wit
blocking buffer: DPBS (320+5 mOsm/L, pH 7.0) containing 3% BSA (Sigma) and 10% goat
serum (Sigma). Purified primary rat anti-mouse antibodies diluted 1:25 indololffer were
added to each section (100/ section), and incubated overnight in a humidified chamber at 4°C.
Slides were rinsed twice with DPBS, and incubated with diluted 1:300 biotinyladecugti-rat
secondary antibody (BD Pharmingen) for 30 minutes at RT. The slidesinszd with DPBS
twice and incubated with diluted 1:300 StreptaviBia{BD Pharmingen) for 30 minutes at RT.
Slides were rinsed in DPBS twice before mounting coverslips. Specifiagyrentibodies used
were rat anti-mouse anti-E-selectin (clone 10E9.6, IgG2a), rat anti-raatiSeD31 (clone
MEC13.3, IgG2a), and isotype control (clone R35-95, IgG2a).

For CD31 and SDFeldouble staining, the sections were rinsed twice with 1X Tris-
Borate-Saline (TBS) and blocked with 10% horse serum in TBS for 1 hour at RT. Equadtam
(2 ug / mL) of both primary antibodies (anti-CD31 and anti-SDd&}-and both isotype-matched

control antibodies were diluted 1:25 in the blocking buffer; Ql0fas added to each section and
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slides were incubated overnight in a humidified chamber at 4°C. The slidesnsecttwice
with 1X TBS and incubated with 1:400 diluted cocktail of both secondary antibodies for 30
minute at RT. The slides were finally rinsed in 1X TBS twice before mountirgysigps.
Specific primary antibodies used were polyclonal goat anti-mouse antit&Qifone C-19,
Santa Cruz), polyclonal isotype control (Santa Cruz), rat anti-mouse anti-Clo8& MEC13.3,
BD Pharmingen) and isotype control (BD Pharmingen). The secondégdias were
purchased from Jackson ImmunoResearch Laboratories Inc (West GroveEHaheled
donkey anti-goat anBITC-labeled goat anti-mouse.

Aqua-Poly Mount (Polysciences, Inc., Warrington, PA) was used to mount coverslips
tissue sections on all slides. The slides were observed on Olympus LPS-220 pu©BXb
epifluorescence microscopes with a Texas Red afdll@ filter. SPOT™ (SPOT Imaging
Solutions, Sterling Heights, MI) or DP Controller (Olympus) softwaragwsed to collect

photographs from respective microscopes.

In Vitro Functional Assays

Cell Adhesion Assay

Confluent monolayers of primary VEC and dissociated-tumor cell (DTC) csiltveee
established in gelatin-coated 12- or 24-well plates. Confluent cultures of bEnd.3, 3T®iL1, a
LLCaB were established in uncoated 12 or 24-well plates. Cells were plataubalts
concentrations in duplicate and allowed to grow for 3-4 days. An empty plate wassused
control for non-specific adhesion BIGFPLin BMC. Media was aspirated from all adherent
cell cultures and 5 x £0 1 x 16 EGFP-Lin~ BMC were added to each well and incubated for

30-45 minutes at RT. Non-adherent cells were removed by aspirating media bising a
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Eppendorf pipettor. Each well was gently rinsed with 2 mL of complete mediunmctor ea
respective cell type and careful aspirated. This process was kpdatess for each well.
Finally, 500ul 1X HBSS (containing Gd and Md¢* was added to each well and the plates were
observed on an inverted phase contrast fluorescent microscope under bright lignraxsdént
lamp. Images were collected using SP®imaging software. Next, the cells were harvested by
trypsinization and fixed in 1% paraformaldehyde. The cell suspensions were atagneing a
hemocytometer on Olympus BX5 epifluorescent microscope and by flow cytofb8yil,
Becton Dickenson, Franklin Lakes, NJ).

6- or 12-well plates were used to evaluate the adhesion of Lin "cBtA{LSK) cells to
different cell types and in presence of different blocking agents. Cakspoeled from 3-6
wells and split into 3 tubes; tube 1 was used for no staining control, cells in tube 2 were
incubated with isotype control antibody, and cells in tube 3 were incubated withcadfRE
(Phycoerythrin, 488 nm-FL2) and anti-ckA&fPC (Allophycocyanin, 633 nm-FL4) antibodies.
Each tube was analyzed on the BD LSR Il and1iI events were processed to collect 500-
10,000 fluorescerEGFPLin  BMC. ThePE-APCdouble-labeled green-fluorescent cells were
evaluated by three-color flow cytometry to estimate the percentage ahduwtber of adhered
LSK cells. In each experiment, Lin- BMC were stained with anti-B&adnd anti-cKitAPCto
evaluate the preparatory SéeKit™ (SK) population.

Cell Adhesion Blocking Assay

The adhesion dEGFP-Lin  BMC was blocked using AMD3100, anti-CXCR4 (clone
247506, R&D Systems) and/or anti-E-selectin antibodies (clone MAB5751, R & D System
For blocking CXCR4EGFP-Lin  BMC were incubated in media containing AMD3100 at final

concentration of 1, 0.1, 0.01 or 0.00M or blocking antibody: anti-CXCR4 antibody or isotype
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control antibody at 12.5 or 2/mL before adding to DTC, LLCaB, or bEnd.3 confluent cell
cultures. For blocking E-selectin, the confluent cell cultures were incubatedmi-E-selectin
antibody 12.5 or 2g/mL prior to addition oEGFP-Lin  BMC. As stated above, non-adherent
cells were aspirated, cell cultures were gently rinsed, harvestegpintzation, fixed with

paraformaldehyde, and enumerated manually on a hemocytometer and by dm&tcyt

In Vivo Biolocalization of EGFP-Transgenic Cells

EGFP-VEC Biolocalization in Metastatic Tumor Model

Metastases in lung and liver tissues of C57BI/6 mice were induced as desarliezd e
At this time, mice with metastases (n= 6) 2 X EGFP-VEC were systemically administered
via tail-vein or caudal artery. As control, healthy mice injected with 2>EBFP-VEC (n=5).
Mice were sacrificed 24-72 hours after injection.

Localization of EGFP-Lin- BMC and EGFP Dermal Fibroblasts in Subcutaneous

Tumor Model

Mice bearing small subcutaneous tumors (approximately 10%) mene injected with 5
x 10° Lin~ BMC isolated fronEGFP-transgenic mice (n=7). Mice were sacrificed at 72 hours
postEGFP-Lin  BMC injection. Subcutaneous tumors and other major organs were harvested
and embedded in OCT compound (VWR Scientific Product) and frozen using dry-ice and
acetone for tissue analysis. As control groups, subcutaneous tumor bearingreicgected
with either dermal fibroblasts (n=5) or media (n=3) that were isolabed EGFP-transgenic
mice (Figure 6). The OCT-tissue blocks were sectioned and analyzed by qRIERGr@sed in

Figure 8.
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Figure 5: Diagrammatic Representation of the Experimental Design to Evahte the
Biolocalization of EGFP-Lin BMC and Dermal Fibroblasts in the Subcutaneous Tumor

Model
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In vivo Localization of EGFP-Lin BMC and EGFP Dermal Fibroblasts in

Metastatic Tumor Model

Mice with metastatic tumors were injected with injected with 5%Li)” BMC (n=4) or
dermal fibroblast (n=2) isolated froBEGFP-transgenic mice (Figure 7). All experimental
animals were sacrificed at 24-72 hours feGFP-Lin  BMC injection. All samples were stored
and analyzed as stated above. Similarly, 53%EBFP-Lin~ BMC orEGFP-dermal fibroblasts
systemically injected into s.c. tumor bearing mice or mice with thesta¢itadisease. Mice were
euthanizes 24-72 hours or 7 days later. At euthanasia, blood was collected andiotetasta
and all major organs were harvested and processed as described above.

Immunofluorescent Microscopy

EGFRVEC homing was initially determined by visual enumeration of fluoresusis.
Fresh frozen tissue sections were prepared from all OCT-frozen t{4¢€ues for subcutaneous
tumors, livers, hearts, spleens and kidneys and 16w18r lung tissue). All slides were brought
to RT, fixed in cold acetone (-20°C) for 20 minutes and rehydrated in 1X TBS or DPBS.
AquaPolymount was used to mount coverslips on tissue sections. Slides were observed on
Olympus LPS-220 or Olympus BX5 with a wide b&fdC filter to view the tissue-localized
fluorescent EGFP) cells. Images were collected using digital cameras connectecheith t

respective microscope and SP8Tmaging or DP Controller software.



Figure 6: Diagrammatic Representation of the Experimental Design to Evahte the
Biolocalization of EGFP-Lin BMC and Dermal Fibroblasts in the Metastatic Tumor

Model
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Quantitative Real-time Polymerase Chain Reaction to Quantitate Tis®iLocalizedEGF P-

Transgenic Cells

Isolation of Genomic DNA from Tissue

Genomic DNA was extracted from flash frozen or OCT-frozen murine ts=sti®ns by
the Phenol-Chloroform method (26 For the flash frozen tissue samples, an aluminum foil
spatula and a foil pouch with 6 layers was prepared, chilled by immersing in liqoigienit The
frozen tissue was weighed (W1) in its original foil. The tissue was then qaicilgompletely
transferred, to the chilled foil pouch, using the chilled foil spatula. The originavdsiweighed
once more (W2) and tissue weight was calculated (Wt = W1-W2). The pouch waktighdlky
and immersed in liquid Nitrogen for about 30 seconds. The pouch was removed, placed on
bench, and immediately the tissue was pulverized into powder using a hammer. Thegowder
tissue was transferred into a tube containing tissue lysis buffer (3 mL / 58¢LODtissue). For
OCT-frozen tissues 10-50m sections of OCT-tissue block were cut, and using pre-chilled
plastic tongs, the sections were collected in cold polypropylene tubesoRiags and 2 mL
microfuge tubes were placed in the -20°C cryostat unit to pre-chill). The thickneéssimber of
tissue sections varied from tissue to tissue to increaseGR®-signal to background wild-type
(noise) ratio (Figure 8A). For lung and liver specimens 5 prb@ections / tube were routinely
collected. These tubes were capped and stored at -70°C until ready to process. ef@ibes w
brought to RT and sections were rinsed with DPBS to remove OCT, and were digegied usin
Tissue Lysis Buffer (50Ql / tube) for at least 3 hour at 5060 The Tissue Lysis Buffer
contained 100 mM NacCl (Sigma), 10 mM Tris-EDTA (pH 8.0, Sigma), 25 mM EDTAS(pH
0.5% Sodium Dodecyle sulfate (SDS) and Proteinase K (@00L final concentration, Sigma)

in MilliQ water. Tissue slurry was further incubated with RNase-i§r(fa, 25ug/mL final
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concentration) for 1 hour at RT. Equal volume of Phenol-Chloroform-lsoamly Alcohol (25:24:1)
(Sigma) was added to tissue lysate, mixed by inversion (25 X), and cent@fug@d0 x g for

15 minutes to separate the DNA-containing aqueous phase. The top aqueous phaséuliyas ca
transferred to a polypropylene tube, washed with equal volume of Chloroform-lsoknoho/A
(49:1) (Sigma) and centrifuged at 1500 x g for 15 minute to remove phenol. Once again the top
aqueous phase was carefully transferred into fresh polypropylene tube andd3Nbrecipitated
using 0.5 times their volume of 7.5 M ammonium acetate and 2 times the volume of 100%
ethanol. DNA was pelleted by centrifugation at 2000 x g for 20 minutes at 4°C. The DNA
pellet was rinsed once with 70% ethanol, centrifuged at 2000 x g for 5 minutes followied by a
drying for 15 minutes. DNA was resuspended in 1X Tris-EDTA (Sigma) anddnaa5©°C for

15 minutes to dissolve DNA. A rough estimate of DNA concentration was madedyy ¢ae
samples spectrophotometrically on a NanofSropccurate DNA concentrations were

determined with a fluorescence assay using SYBR-green dye (Inwijyag@ch was more

accurate than spectrophotometric determination,¢g)D

SYBR Green Assay for Quantitation of Genomic DNA

SYBR Green based fluorometric assay was the optimal method for quantitatitecof
double-stranded DNA greater than 200 base pairs; the dye intercalatesrb@fivrich helices
(268). DNA concentrations were estimated spectrophotometricallyu&rgy a NanoDrd}) to
determine the dilution factor for the SYBR Green assay. Each 96-wellgals¢éel SYBR Green
assay to quantitate genomic DNA contained a standard curve: 8-10 pointgl (® 9906 ngyl)
and two-fold dilutions of 1 Kb Plus DNA ladder (Invitrogen) in 1X TE. SYBR Green (268) w
diluted 1:1250 in 1X TE (Tris-EDTA, Sigma) and always kept protect from light DN

samples were diluted in 1X TE (based on the spectrophotometric concentratibn$estice
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dilutions approximately fell within the range of the standard curve. All sam@esheated at
50°C for 10 minutes, vortexed for a few seconds in a microfuge to make a homogeneous
solution. Appropriately diluted standards and samples ()0®ere placed in each well of a 96-
well plate and 10@l diluted SYBR Green solution was added to each well with a multi-channel
pipette. Each plate also included a blank sample (1X TE) and a positive controd @eoosnic
DNA, Clonetech). The plates were covered with aluminum foil and incubated at RT for 10
minutes before reading on the automated fluorescent plate reader SynergyltHVidde
Microplate Reader (BioTek, Winooski, VT) at 480/528 excitation/emission waytbken
Fluorescent readings for standard curve dilutions were plotted on the y-aXis;ddientrations
were plotted on the x-axis, and a linear equation from the standard curve was obtaaddrBa
the standard curve, the concentrations of diluted DNA samples were aadcUlaé final
concentrations of DNA from tissue samples were calculated by multiplyitigeldilution

factor.

Agarose Gel Electrophoresis of Genomic DNA

Agarose gel electrophoresis was performed on genomic DNA samplesrimidetDNA
integrity and purity. 1X Tris-Acetate-EDTA (TAE) was used as thetelphoresis buffer;
working buffer was prepared by diluting 10 X TAE in MilliQ water. Agarose g@&-(.2%) was
prepared by dissolving agarose powder (Pel-Freeze DNA Grade) to 1X TAE Hilffielium
bromide (0.5ul, Sigma) was added to agarose gel solution. After cooling the solution to about
60°C, it was poured into a casting tray containing a sample comb and allowed fg abRii.
DNA samples (200 ng DNA per well) were diluted in nuclease-free water atidddauffer
containing glycerol (Gibco), EDTA (Gibco), Bromophenol blue (Sigma), arldri¢yCyanol FF

(Sigma) in MilliQ water. DNA samples were carefully pipetted intchesample well in the gel,
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the lid and power leads were placed on the apparatus, and current was applied. Thanltage
run-time varied depending on the size of the gel: 90 volts for 45 minute for a Gibco Mindgel a
145 volts for 2 hours and 15 minute for a Bio-Rad double gel. The distance that DNA had
migrated in the gel was judged by visually monitoring migration of the trackies; d

Bromophenol blue and xylene cyanol dyes migrate through agarose gelshdy tbagame rates

as double-stranded DNA fragments of 300 and 4000 bp respectively. To examine DNA
migration the gel was placed on an ultraviolet transilluminator. Digitatioginaphs of gels were
obtained using a Kodak DC290 Zoom camera and edited using Adobe Photoshop 7.0 software.

EGFEP Plasmid Standard Curve

pPpEGFP-N3plasmid contains thegfpiransgene, which was used to developBERd-P-
transgenic mice used as donors initheivo adoptive-cell transfer experimentsEGFP-N3was
a gift from Dr. Alexander Murashov (Department of Physiology, East @arblniversity).
DHb5a cells transfected withEGFP-N3using heat-shock technique and cultured on Kanamycin
(10 mg/mL) agar plates. A single colony of successfully transfectedveas picked and
expanded in LB broth. Large-scale purification of plasmid was carried out Qs4@GEN
Plasmid Mega kit (Qiagen, Valencia, CA). The plasmid concentration was measur
spectrophotometrically on the NanoDfogpectrophotometer. The mass of one copy (or
molecule) of the plasmidEGFP-N3was calculated from the following formula:
m = mass of one copy M / Na where
M = the molecular weight (Dalton or gram/mole) of the plasmid (calculated using the
base composition of the plasmid and MW of nucleotides) = 3.69x10
Na = Avogadro’s number = 6.02x¥®copies (or molecules) / mole.

Number of plasmid copies/ microliter = concentration (OBRsg) / m
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Thus, it was calculated that each molecule or copE@FP-N3has a mass of ~5.1
attograms (ag) and 1 ng pEGFP-N3has approximately 1.95 x 3 6opies of th&GFP-gene.
A pEGFP-N3plasmid diluted in genomic DNA from wild-type mice was used to construct
standard curve in each assay.

Quantitative Polymerase Chain Reaction (QPCR)

gPCR was conducted with 100 or 200 ng genomic DNA in duplicate in 20ubr 25
reactions using the TagM&®CR Universal Master Mix (Applied Biosystems) in 96-well format
in the Applied Biosystems 7000 Real-Time PCR System or 384-well format in theed\ppl
Biosystems 7900 Real-Time PCR System. Primer and probe sequence€féFthgansgene
were from The Jackson Laboratories and manufactured by Applied Biosyktenasd primer
5’-ccacatgaagcagcaggactt-3everse primeb’-ggtgcgctcctggacgta-3and prob&FAM-
ttcaagtccgccatgcccgaa-TAMRA he final concentration of primers was 400 nM each and the
probe was 150 nM. Gene Expression Assay Mm00607939_s1 (Applied Biosystems) was used
for assayingg-actin (endogenous control) in separate reactions. This proprietary assay resulted i
a 115 bp amplicon within exon 6, detected with a FAM/MGB-labeled probe. Aproteinin B
(ApoB) was also used as an endogenous control: forward gsircacgtgggctccagcatt-3’
reverse primeb’-tcaccagtcatttctgcctttg-3and probé/ic—ccaatggtcgggcactgctcaa—TAMRA
Primer and probe sequences for ApoB were from The Jackson Laboratories and tonaalifgc
Applied Biosystems. All reactions were 50 cycles using default Applied &ies cycling
conditions (2 minute at 50°C, 10 minute at 95°C, and 50 cycles of 15 seconds denaturation at
95°C and 1 minute annealing and extension at 60°C).

The number oEGFP+ransgene copies in 100 or 200 ng DNA (fre@FP+transgenic

mice or from wild-type mice transplanted with cells fr&&@FPtransgenic mice) was calculated
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from their respective Ct (cycle threshold) using the linear equation ddrom the respective
plasmid standard curveeGFP copy-number per diploid cell was calculated by dividing the
number ofEGFP copies in the DNA sample by the number of cells from which the DNA was
isolated. Each diploid cell from a C57BI/6 male has been reported to yield 6 pgZTRA thus

100 ng DNA= 1.67 x1d diploid cells. The schematic diagram for gPCR assay is represented in
Figure 7B.

Association between Manual Cell Count using Fluorescence Micragoy and gPCR

for Enumeration of EGFP-Transgenic Cells

To compare manual enumeration of tissue-localz@&P-Transgenic Cell$EGFP-
VEC) to the gPCR method, mice bearing small subcutaneous tumors (approxirfatein?)
were injected intra-tumor witEGFP-VEC. Mice were sacrificed after 2 hours and subcutaneous
tumors were harvested. Ten micron thin sections were prepared and iajetfain sections
were examined by fluorescence microscopy or extracted for DNA.

Modification in gPCR

To increase the signal: noise raticegffptransgene: background DNA of the gPCR assay
five 50 um thick tissue sections were collected in multiple tubes and DNA was textias
schematically shown in Figure 7A. This generated multiple DNA sampldsgpee and thus the
gPCR assay was modified for a high throughput 384-well plate format which pdranitte
maximum reaction volume of 20 per well. Next, to increase the amount of DNA being
analyzed in 2@l reactions, dose-response assays were conducted using 100, 200, 400, and 600

nanogram of DNA.
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Statistical Analysis

Data has been reported as average values and standard error means (SEM) from
representative or all experiments. Statistical comparison betweegrowps in an experiment
was performed using unpaired Student’s t-test or Mann Whitney test. Comparisearbet
multiple groups was performed using non-parametric one-way analysisarica(ANOVA)
with post-hoc Dunnett’s test to compare with control samples and two-way AN@\ons.
For statistical tests, it was assumed that the data set was unpairddegwbere applicable),
non-parametric and lacked Gaussian distribution. The outliers were detegietting data set
in box-whiskers plot and by the use of Tukey’s analysis (GraphPad Prism 5.0 sofaNare)
outliers were excluded from data sets. For correlation studies, Pearsbhi$Spearman’s
coefficients were used. Microsoft Office Excel and GraphPad Prism SGdisthsoftware

were used for data analysis.
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Figure 7: Genomic DNA Isolation for gPCR Assay

A) Schematic representation of protocol used to isolate and analyze genomioDédfp
transgene. To increase the sensitivity of the gPCR assay, each tissue bleektwasd and
five 50 micron sections were collected in individual tubes. DNA was extraceutissue
sections in all tubes and analyzed in 384-well gPCR plates.

B) Schematic representation of qPCR assay to detect the tissue-bealopively-transferred

EGFP-transgenic cells
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CHAPTER Ill: RESULTS
A: Description and Characterization of the Murine Lewis lung adenoarcinoma Model
Rationale:

The Lewis lung adenocarcinoma subclone LLCaB was used for developing subcutaneous
(s.c.) tumors and subsequent metastases after surgical removal of s.c.tusyogeneic and
immunocompetent C57BI/6 mice (4). This cell line was chosen because the LLCa tum
developed faster and produced greater number of metastatic lesions complaegubrental
LLC1 line and the LLCC3 subclone (271). The s.c. tumor resection methodology produced
robust metastatic disease and was deemed superior compared to the tail stean imethod
(271). Nonetheless, due to substantial mortality (because of blood loss and amdsitiegithe
surgical procedure) and a wide variation in metastatic disease it was importharacterize the
metastatic tumor model. The aim of this research project was to use this onodeéétstand the
role of the cell adhesion molecule E-selectin and chemokine &Ddrt@mor biology.

This chapter describes the development of LLCaB tumors in a murine model,
optimization of the conditions for development of metastatic disease and aiwdlygirine
tissue for the expression of E-selectin and SRF-1
Results:

Lewis lung Adenocarcinoma Model

LLCaB cells (5 x 18) were injected subcutaneously and were visible as palpable tumors
10-14 days after injection. The average tumor growth curve from 11 separate experim
(n=173 mice) is shown in Figure 8A. Following the protocol developed by Folkmani{darpr
s.c. tumors were surgically removed to promote the development of metastasgsrdge of

72% (30-95%) survived the s.c. tumor removal surgery, with death primarily due themmest
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and blood loss. Of the mice that survived through the end of the experiment (16+6 days after
primary tumor removal) an average of 65% mice had visible metastasglatasia. Factors

that influenced survival/euthanasia of mouse were s.c. tumor volume at resectiomar.c
recurrence and overall health. The majority of the mice at the end of theexqutenad either

both lung and liver metastases or had lung metastases only. A very small geroémigce
developed hepatic tumors only (Figure 8B). The metastatic burden variesebheawimals,

which was evident on macroscopic examination of lungs and livers (Figur@8inetastases
were visible as red lesions in the lungs (Figure 8C 1-3), and white lesidneslivers (Figure 8C
4-5). No such lesions were visible in lung and liver samples from healthy conteo(aata not
shown). The microscopic evaluation of ten-micron tissue sections after hghmagmxd eosin
staining was used to visualize micrometastases. Tissue sections frdmy beattol mice

showed normal lung and liver morphology (Figure 8D, 1 and 4). Hematoxylin-stained nucleus
and eosin-stained cytoplasm were apparent in all cells, and uniformly distrthtweghout the
tissue section. In contrast, in tissue sections with metastases(Bigu2, 3, 5 and 6), tumor

cells and metastatic lesions were stained dark blue-black and adjacent woouginegions
appear to be similar to control tissue sections (Figure 8D).

As expected, metastatic burden was related to the size of the primaryatu@section
and the number of days elapsed after s.c. tumor removal (Figure 9A-B). At eutlmalcasreth
visible lung or liver metastases had significantly larger s.c. tumors cethfiathe mice that had
‘no visible metastases’ (1618+1014 rhws. 1022+814 mfh p<0.05; Figure 9A). The mice that
died during primary tumor removal surgery (n=18, day 0) were not included in thisianaly

Approximately 50% of mice with average s.c. tumor volume of 1500that were

euthanized by 10 days after tumor-removal surgery had significant numbernblef wistastases
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Figure 8: Summary of LLCaB Tumor Growth and Metastasis

A) Average LLCaB subcutaneous tumor growth curve from 11 separate experinr3)(
B) Percentage of mice that developed pulmonary and/or hepatic metastases 1&f@&days
primary tumor removal (n=173, 11 experiments).

C) Representative photographs showing the variation in metastatic burden iis®aehlLiing
metastases are visible as the red lesions (1-3) and liver metastasgparent as the white
lesions (4-6).

D) Photomicrographs showing Hematoxylin and Eosin staining on (1) healthy lungu¢33)
metastases, (4) healthy liver, and (5-6) liver metastases (magaifid@0x). The metastatic
lesions were stained dark blue-black and are distinguishable from the adgatvely
healthier tissue.

SEM = standard error of mean
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(Figure 9B). When mice with s.c. tumor volume of 1500%mrare euthanized 11-20 days after
tumor removal, about 77% of these mice had visible lung and/or liver metastasee @B).
However, mice with tumor volume of approximately 1000 mvere healthy for a longer time-
period and approximately 75% of these mice had macroscopically detectefalstases (Figure
9B). These results suggested that s.c. tumor volume of approximately 1000-130@&sm
optimal for mice to develop metastases but appear disease-free for 10-postag/s. tumor
resection.

At the time of euthanasia, in addition to macroscopic visualization for metdssabns,
all major organs including heart, kidney, spleen, lung, and liver were weighed to estimat
metastatic burden. The weights of lungs from the mice with metastatisdis®re significantly
higher compared to control lungs from healthy mice. In one group (n=11), weigh¢s of th
metastatic lungs were grouped according to number of days lapsed between sectamrand
euthanasia. There was no significant difference in the average s.c. tumoe \dtvneen these
sub-groups. As reported in Figure 9C, metastatic burden, as estimated by ilgimy iwereased
significantly with time. A substantial increase in the weights of spleens finice with
metastatic disease was also observed (data not shown). However, no maétagias were
visible on the spleens and thus the splenomegaly was most likely due to immune response.

These results were consistent with clinical observation. In human patientzgdrethe
primary tumor, the more likely there will be metastases and greatextina of metastatic
disease. Metastases also increased in size with time. It was atst fogt smaller primary
tumors would lead to smaller metastases that would take more time to prodhiedessons.

Our LLCaB tumor model thus mimicked clinically relevant metastaticadise
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Figure 9: Association between Primary Tumor Volume and Metastases Develoent

A) Association between the average s.c. tumor volume (at resection) anthticebasden in
lung and/or liver was evaluated. Mice with s.c. tumors larger than 1560/clame had
macroscopically visible metastases compared to mice with s.c. tdM660 mni at euthanasia
(* p< 0.05 2-tailed Student’s-test).

B) The percentage of mice that developed macroscopically detectableasetagipeared to be
a function of the s.c. tumor volume and the number of days after primary tumor removal.
Metastases were apparent in 50% mice by day 10 (n=37) and 77% mice betweenysl-20 da
(n=48) in mice with average tumor volume of 1500 inamd 21-40 days in mice with tumor
volume of 1000 mrh(n=22).

C) Metastatic burden estimated by measuring the tissue-wet wegghthanasia suggested that
there was a significant increase in weight in metastatic lungs (nefrijaced to healthy lungs
(n=5). In addition, the extent of significantly metastatic burden increasbdnerease in
number of days after primary tumor removal. (Data from one experimprtp*050one-way

ANOVA, Post-hoc Dunnett’s test compared to control)
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E-selectin and SDF-#& Expression in LLCaB Tumors

The aim of this dissertation research was to understand the role of E-seld@DRE 1
in tumor biology. We hypothesized that tumor endothelium expressed E-selectin and,SDF-1
and that the biolocalization and adhesion of bone marrow derived cells to LLCaB tumsrs we
mediated by these factors. The expression of E-selectin and &DFdive control tissues and
in s.c. and metastatic tumors were evaluated.

Specific Uprequlation of E-selectin on the LLCaB Tumor Endothelim

Our laboratory has previously shown that E-selectin was important for tumor gravth a
vascularization (170), Verbanac laboratory, unpublished data). It was also shotwsébectin
was expressed by tlex vivocultured tumor-derived endothelial cells, but not by the endothelial
cells isolated from normal healthy tissue. It was possible that Bisedgpression was simply
being inducedn vitro, after isolation and culture of tumor endothelial cells. To investigate if
this was ann vivo phenomenon, we proceeded to analyze E-selectin expression in LLCaB tumor
sections by immunohistochemistifyen-micron adjacent sections from s.c. tumors, lung and
liver metastases, and healthy control tissues were stained with henmagmd/eosin (H&E) or
immunostained with anti-E-selectin antibody or anti-CD31 antibody (markenfiwthelium).

H&E staining helped in defining metastatic lesions within lung and liver sampl@31-stained
blood vessels were observed in all tissues whereas E-selectin stainingpeifisadly observed
within the tumors. Furthermore, expression of E-selectin was restricted t@tuvalssels
within tumors. This was seen in tissue sections stained with anti-E-selgthie ted staining
pattern, which was similar to CD31 staining in adjacent tissue sections (Figuréhiisotype-

matched control antibody did not show any staining.
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Figure 10: Expression of E-selectin in Healthy Controls, Subcutaneoasid Metastatic
Tumors

Adjacent tissue sections were stained with Hematoxylin and Eosin (H&dype-matched
control antibody, anti-CD31, or anti-E-selectin antibody. H&E staining was ogddritify
tumors and metastatic lesions in tissue sections. The blue staining pattesemeptumors. A
rat anti-mouse CD31 antibody was used to identify blood vessels. Similarlyeridjgsue
sections were incubated with a rat anti-mouse anti E-selectin antP&dgbeled anti-rat
secondary antibody was used to visualize antibody binding to tissue sectietectifs
expression was restricted to blood vessels of tumorous tissue as noticeallsibylarity in
staining pattern to the CD31 expression in adjacent tissue sections. The isdigipedncantrol

antibody did not show any staining. Original magnification 400x, Scale 100micr
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SDE-1o Expression in Murine Tissue

RNA from naive healthy control tissues (n=7), s.c. tumors (n=11), and metgstabe
was assayed by quantitative RT-PCR for the expression of S@Rdlan endogenous control
gene Beta-2-microglobulinrt2M). Expression of2M was highly consistent in all the samples
analyzed (average Ct = 17.72+3%jf-Ir gene transcript was detected in all tissue samples
analyzed. The average Ct valuesddf-lo mRNA in healthy control tissues, s.c. tumors, and
metastases were 2312, 24.8+1 and 24.5+1, respectively. The relative gene@xpetsseen
healthy control tissues, s.c. tumors and metastases was calculaféf'adéalthy lungs from
naive mice were used as ‘calibrator’tissue.

Ct gom(s) - Ctgene (s5=4Ct sample

Ct gom(c) - Clgene (©)=4Ct caiibrator

ACt sample— ACt cajibrator = A4Ct

Fold difference = 244!

The relativesdf-lo mMRNA expression in s.c. tumors and lung metastases was found to be 0.6-
fold and 0.2-fold that of healthy tissue samples (Figure 11A), respectively.

Consistent with previous studies, utilizing ELISA methodology, a substantial&DF-
expression was observed in naive healthy control lung and liver samples (n=12) idkeih
was not significantly different in s.c. tumors (n=59) compared to healthy cossoétsamples
(60+4 pg/mg protein in s.c. tumors vs. 80£66 pg/mg protein in healthy tissue samples; Fig
11B). An overall three-fold increase in SD&irotein levels by ELISA in metastases (n=21)
compared to healthy control samples (233+£38 pg/mg vs. 80166 pgadd001 Figure 11B).

Using the Spearman’s rank correlation test, a significant inverseatanelvas

determined between the tumor volumes of metastatic and s.c. tumors and theit SDF-1
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concentration respectively € -0.552and-0.36 P-value<0.01; Figure 11 C-D). To our
knowledge, this is the first report showing a correlation between tumor size arth3Détein
expression.

Thein situexpression of SDFelin tissue sections from healthy and experimental mice
was evaluated by immunohistochemical analysis. SDF-1 was distributeg #wenighout the
specimen in healthy and tumor tissues (Figure 12A). In the lung and liver tissoassedth
metastatic lesions, SDF-1 was observed to be concentrated within nestastapared to
adjacent tissue (Figure 12A). This complemented our findings from ELISAsa&sthe
increase in SDF+Lin the metastatic tissue samples was due to elevated SDF-1 expression in the
metastatic lesions.

Metastases and s.c. tumor sections were co-incubated with rat anti-mo@e3ihand
goat anti-mouse anti-SDF-1 antibodies. Subsequently, tissue sections wengbadeidavith
donkey anti-raf-ITC and donkey anti-god®E secondary F(aky)fragments to examine the
colocalization of SDF-1 was associated with the tumor endothelium (Figure h2E slides,
co-localization of SDF-1 and CD31 was observed in approximately one-third of tumor
vasculature. No staining was observed with the isotype matched control arstildduse
supported our hypothesis that Lewis lung tumors expressed &BRdlthat SDF-d was
associated with tumor endothelium.

Blood from healthy control mice (n=9), and s.c. tumor-bearing mice (n=21), was
collected from the inferior vena cava or retro-orbital sinus at euthangsil.IBA, serum from
these samples was analyzed for circulating SBAND significant difference was observed in

the levels of circulating SDFedin serum samples from s.c. tumor-bearing (Average tumor
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Figure 11: SDF-Jo. Expression in Subcutaneous and Metastatic Tumors Compared to
Healthy Tissue (RT-PCR and ELISA)

A) RNA from healthy control tissues (n=7), s.c. tumors (n=11) and lung/liveEastases (n=6)
was evaluated fadf-1x gene transcript by RT-PCR. P-vaki@.0001by one-way ANOVA,;
Post-hoc Dunnett’s test compared to healthy tissug*9.000% Average data from four
separate RT-PCR assays

B) Protein homogenates from s.c. tumors (n=59), lung/liver metastases (nd2igadthy
control tissues (n=12) were evaluated for Sfplotein expression by ELISA. SDFk:1
expression in lung/liver metastases was approximately 3-folds higimenainze tissue. P-value
<0.0001by one-way ANOVA,; Post-hoc Dunnett’s test compared to healthy tissue ***
<0.0001, Average data from four separate ELISA assays

B-C) An inverse non-linear/exponential relationship was observed betweetdS6tein
expression in s.c. tumors (B) and in metastases (C) and their respective tumaesvol
Spearman rank correlation valpe -0.36 and-0.55with P-value<0.01 for s.c. tumors and

metastases respectively.
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Figure 12: SDF-Jo. Expression in Subcutaneous and Metastatic Tumor Compared to
Healthy Tissue (Immunohistochemistry)

A) Tissue sections were stained with anti-SDF-1 (orange-yellow). SB&sdetected
throughout healthy lung and liver sections, and in areas adjacent to sectionstastanc
tissue. Metastatic lesion (T) and the edge demarking the lesion and adgstenappeared to be
more concentrated with SDF-1. Due to settings on the microscope, SDF-1 sipipgays to be
yellowish in these photomicrographs.

B) Tissue sections were co-incubated with rat anti-mouse anti-CD31 anchgeabase anti-
SDF-1. Donkey anti-raBiTC and donkey anti-go&®E were used to visualize primary antibody
binding. Co-localization (yellow) of SDF-1 (red) with the endothelial marke3XC{@reen) was
observed in about one-third of the blood vessels in s.c. and metastatic tumors. Remeséntati

13 slides. Original magnification 400x.
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volume = 2865 + 696 mipand healthy mice (Figure 13A). However, it was intriguing to note a
consistently lower amount of circulating SDE-ih serum from female mice compared to male
mice in both healthy and s.c. tumor-bearing mice (Figure 13B). To the best of oue&gewl

this is a novel observation indicating a sex-based difference in circu&DRefo. This

information might be relevant in treating estrogen-dependent malignancies.

Synopsis:

These data have validated that the LLCaB tumor model accurately mincigkeer
progression in humans and was thus a clinically relevant murine model. We have also
demonstrated that E-selectin was specifically upregulated in tumor elalotinereas it was
undetectable in naive tissues from healthy mice. In contrast, tissue s&mplégalthy mice
expressed basal levels of SDé&-SDF-Tn protein levels were significantly increased in the
metastatic tumors, but not in the s.c. tumors. In addition, these data showed @asigimiierse
relationship between SDFelevels and tumor size in both s.c. and metastatic tumors. This novel
information supports the premise that SDFAlight be important in the early stages of tumor
development. In addition, approximately one-fifth of SDF+itumors was observed to be
colocalized with tumor endothelium, and might be important in the adhesion of bone marrow-
derived progenitors to tumors. These events could contribute to vasculogenesis and growth of
tumors. E-selectin may be important in retarding the circulating bone mdmoved cells in
tumors. In addition, it might be involved in strengthening the adhesion of infiltragligwithin

the proliferating tumor endothelium.
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Figure 13: Circulating SDF-1a (ELISA)

A) Serum samples from healthy mice (n=9) and s.c. tumor-bearing mice (nagHssayed for
circulating SDF-& by ELISA. No difference was observed in the circulating SRffetels
between the two groups.

B) Circulating SDF-& was compared in the female (triangle) and male (circle) mice in both

healthy (filled) and s.c. tumor-bearing (open) groups. Data not signibgamto-way ANOVA
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B: The Role of E-selectin and SDF-d in the In Vitro Adhesion of Bone Marrow-derived
Lineage-negative Cells to Tumors
Rationale:

The second aim of this research project was to evaluate the role ofdSidie- E-selectin
as a cell adhesion molecule on tumor-derived cells. It is widely accept&fliRal. acted as a
chemoattractant for CXCR4ndothelial and bone marrow-derived cells. We hypothesized that
SDF-1o was associated with tumor endothelium and acted as a potential cell adhesiartenolec
and circulating bone marrow-derived endothelial progenitors that localized to tcoubls
bound to tumor endothelium-associated Sfatd incorporated into the proliferating blood
vessel, thereby contributing to the growth of tumors. In the previous chaptes, it wa
demonstrated that metastatic tumors had elevated levels of &Bdfripared to naive tissue
samples. In addition, it was illustrated tivasitu SDF-lo co-localized with the tumor
endothelium. In this chapter, usiimgvitro assays, we tested if SDle-nediated the adhesion of
bone marrow-derived cells to tumors. The role of E-selectin in this interaci®alao
evaluated.

The first part of this chapter describes the three cell populations usedsfiwo adhesion
experiments: murine lineage-negative bone marrow cells (Lin BM&yo&ated LLCaB
Tumor Gells (DTC) and control dermal fibroblasts. Because endothelial progefite®) are a
subset of Linn BMC and constitute a tiny proportion of total bone marrow celissehaf Lin
BMC for adhesion experiments was thought to be most practical. DTC were ¢boisevitro
adhesion assays because they represented the heterogeneous cell populationsnrmotemors
accurately than any one cell-line. Resultiofitro assays to evaluate the adhesion of Lin

BMC to monolayers of DTC and other control cell types (LLCaB, bEnd.3, VEC, and 3T3-L1)
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are subsequently presented. LLCaB was used to measure of Lin  BMC tecéllmdrEnd.3
(mouse brain tumor endothelioma) cell line shares properties with activatetiednoof and
was used as a surrogate for tumor endothelial cells. Primary culturesolavashdothelial cell
(VEC) were used as a negative control (resting endothelial cells). &fajpocyte cell line
3T3-L1 was a negative control for non-specific adhesion. In addition, the adhesantrof ¢
dermal fibroblast cells to DTC and bEnd.3 monolayers was also evaluated. Fma#igess the
roles of E-selectin and SDFe1n the binding of Lin® BMC to various cell monolayers, we
attempted to inhibit adhesion by blocking CXCR4 (a receptor for SDlwid E-selectin.
Results:

Isolation and Characterization of Lineage-negative BMC

Bone marrow cells are comprised of lineage-negative (pluripotentarellineage-
committed cells, i.e. cells that are committed to a specific cell lineagfeas erythrocytes,
monocytes, macrophages, dendritic, natural killer, and B- and T-ddlesLin® BMC were
isolated by immunomagnetic depletion of lineage-committed cells from imbaet marrow
(Figure 4) that was harvested from femurs and tibias of wild-type C57BHE&BP-transgenic
(C57BI/6-Tg(ACTHEGFP)10sb/J) mice. The Lin. BMC was found to constitute 3-5% of the
intact BMC and contained only about 5% lineage-committed cells after negatifieation.
Intact BMC and Lin  BMC were assayed for the expression of a variety ahdiamtor ligands
and receptors (Figure 14A).

Lin- BMC that express cKit and Scal (also known as LSK cells) corapres&riched
population of EPC (115;120). Intact BMC were indirectly labeled #iifC-labeled lineage
panel antibodies, anti-cK&PC,and anti-ScaPRE. To quantitate the percentage of LSK cells,

theFITC™ BMC were gated and evaluated for cells positive for both red*jSoad blue (cKit)
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fluorescence. An average of 42+12 % (n=7) and 19+4 % (n=6) Lin BMC expressadaKit
Scal respectively. However, only 3-9% of Lin - BMC expressed both cKit and Scal. As
reported, Lin~ BMC constituted 3-5% of total BMC and Sciéit” (SK) were 3-9% of Lin~
BMC, thus the Lin~ ScadKit™ (LSK) subset was calculated to constitute only about 0.3% of
intact BMC.

The expression of several proteins that defined specific cell populations orandact
Lin- BMC were compared: 1) stem/progenitor cells (cKit and Sca-1), 2e&elessing E-
selectin ligands (Lamp-1 and CD43), 3) cells expressing chemokine redgpit@R4,
CXCR2), 4) cells expressing receptors for vascular endothelial growthd@et6GFR1 and
VEGFR2), and 5) endothelial cells (VCAM, CD31 and CD34) (Figure 14B). LinC Bidre
enriched for cells of endothelial cell lineage and for cells that exqutesgnate
ligands/receptors for E-selectin and CXCR4. Lin - BMC contained signifieaniched
populations of CD31, LAMP1", CXCR4, cKit", and cKitScal cells compared to intact BMC.
Although, only about 10% of Lin~ BMC were VEGFRalmost 35 % of the Lin- BMC
expressed VEGFR1. VEGFRL1 is reported to be closely related to VEGFRamad sommon
and specific ligands, and regulated angiogenesis (9). The LincRita{LSK) cells that
expressed VEGFRhave been reported to be EPC. Our data showed that almost 90% of LSK-
BMC expressed VEGFR2 (Figure 15), suggesting that LSK cells wetemneantly endothelial
progenitors. Moreover, approximately 85% LSK cells were also CXQRdure 15, data from
one experiment). These data indicated that Lin~ BMC were enrichecafbcl§it™ progenitors,

and that LSK-BMC predominantly contained endothelial progenitors, and expresS&iC
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Figure 14: Characterization of Lineage-negative BMC

A) Magnetic depletion of lineage-committed cells from total bone marrde/wak used to
enrich the lineage-negative (Lin ) BMC. After the depletion protocol, appatedy 95% BMC
were Lin - BMC. Lin® BMC were double labeled with anti-oK#®€ and anti-Sca-RE
antibodies. The green box in the dot-plot in the upper right quadrant side shows thellsSK ¢
that is, the ScatKit™ (SK) cells of Lin~ BMC population. Lin~ BMC were also labeled with
PE-conjugated antibodies for E-selectin ligands (LAMP1 and CD43) and &Dé&céptor
(CXCRA4) and analyzed by flow cytometry.

B) Expression of cell surface proteins in intact BMC and Lin  BMC were itenlilbath PE-
conjugated antibodies and analyzed by flow cytometry €0.05 Intact BMC vs. Lin BMC by

2-tailed Student’s t-test ).
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Figure 15: Lin~ ScalcKit™ BMC are highly Enriched for Endothelial Progenitor Cells

Lin® BMC isolated by immunomagnetic depletion of lineage-committed bonewneeitls were
incubated with anti-cKiAPC, anti-ScalPE/FITC, and anti-CD3IFITC, anti-VEGFR2PE or
anti-CXCR4PE and analyzed by three-color flow cytometry. LSK subset was signiffcant

enriched for VEGFR2cells, and expressed CXCRA4.
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Characterization of Cultured Dissociated-LLCaB Tumors

Subcutaneous tumors (average tumor volume 1081+456 average days post cell
injection 23+3) were harvested and dissociated, as described, and adherenucetl.cilbese
adherent cells were designated assDciated Timor Cells (DTC).

Confluent adherent DTC cultures were collected over time in culture usypgii+
EDTA and monitored for the of tumor endothelial cell markers E-selectin and REGYflow
cytometry. Cell surface levels of both E-selectin and VEGFR2 gradualBeised over time,
peaked by day 9-15 of culture, and then declined (Figure 16A). Similar resudteltamed
from all DTC cultures evaluated (n=4).

DTC cultures were analyzed for the expression of SbBylquantitative RT-PCR,;
expression of SDFelgene transcript was compared to the expression of endogenous control
Beta-2 microglobulin #2M). As graphically represented in Figure 16B, SDBiRaks expressed
at moderate levels and the expression of both SDf316, average Ct = 28.7 + 2.99) gftM
(n=16, average Ct = 16.4 £ 1.0) was consistent in all DTC cultures over time. Some of the
samples (n=7) with Gy = 24.2 + 4.7 were excluded from the analysis; highy3dt/as most
likely due sub-optimal quality of RNA and/or cDNA. SDE-Gene transcript was detected at
higher levels in both VEC (n=6; &€Jr.1, = 24.3 £ 5.6, Ghm = 16.7 £ 2.5) and bEnd. 3 (n=5;
Ctspra = 20.5 1.3, Gpwm = 17.7 + 0.6) cultures compared to DTC. Usiffy2method for
calculating relative gene expression, we observed that bEnd.3 and VEC edpiésnd 1X
folds higher levels SDFel compared to calibrator 3T3-L1 cells. Additionally, SDiEFARNA
in DTC was calculated to be 0.01X that in 3T3-L1 cells.

The association of SDFaJprotein with DTC was analyzed by immunohistochemical

staining of DTC cultures in chamber slides. Cell cultures were fixed, irenilath unlabeled
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anti-E-selectin and anti-SDFe:1followed by additions oFITC- or PE-labeled secondary
antibodies. DAPI was used to stain the cell nuclei. Some wells receivedotylya-matched
control antibodies and/or secondary antibodies to test for non-specific stainimgll,Ove
compared to control wells, a substantial staining was observed on DTC with &afieSDd E-
selectin antibodies (Figure 16C). Cells positive for E-selectin were ikelst tumor endothelial
cells. SDF-4 was observed to be associated with numerous E-selectin expressing endothelial
cells, in agreement with our hypothesis.

Isolation and Characterization of Control Cell Type (Dermal Fibroblast)

Fibroblasts were isolated from dorsal and ventral trunk skins of 1-3 day-old mouse pups.
The cell surface and total expression of LAMP1, CD43, and CXCR4 by dermal fitsobias
evaluated by flow cytometry using five separate cell preparatiogsr@=iL7). Only LAMP1 was
detected on the cell surface. More than 70% of dermal fibroblasts appeared tutiaaedular
reserves of LAMP1 and CDA43, as evaluated by total staining of permedlodite. However,
CXCRA4 expression was not detected on the cell surface or within the cells icuhassd
dermal fibroblasts (Figure 17 A and B).

Adhesion Assay and Quantitation of Adhered Cells

Confluent monolayer cultures of 3T3-L1, VEC, bEnd.3, LLCaB and DTC in 24- or 12-
well plates were used for the adhesion assays. Lin~ BMC (0.50x 1< 10) isolated from
adultEGFP-transgenic mice were added to the above mentioned cell cuEGERLin BMC
were used because these cells fluoresced green and could be visualized anatetioyper

fluorescence microscopy and flow cytometry. The non-adherent cellswashed after 30 min.
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Figure 16: Characterization of Dissociated Tumor Cell Culture

A) DTC cultures were analyzed over time for expression of E-selectifBG#R2 by flow
cytometry. The number of cells positive for E-selectin and VEGFR2 increasetture by 9-12
days and then started declining in all DTC cultures tested. Similar resuttisobserved in four
separate experiments.

B) SDF-1n gene transcript expression in DTC from six different tumors was evaluated by
guantitative RT-PCR in duplicate (n=1 for days 2, 5 and 7, and n=3 days 4, 6, 9, 13, and 14).
Beta-2-microglobulin g2M) was used as the endogenous control (QRT-PCR). $DF-1
expression was reasonably consistent over time and between different DUr€scul

C) Representative photomicrographs of DTC cultured in chamber slides thataieee stith
FITC-labeled E-selectin (green) aRé-labeled SDF-d (red) or isotype controls. DAPI (blue),
a nuclear stain, was used to delineate cells. Cells that stained for botlctirselé SDF-d are

yellow. The arrowhead indicated where SDfstaining appears membrane-associated.
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Figure 17: Characterization of Dermal Fibroblasts

A) Representative histogram overlay from flow cytometric analysislb$udace and total
protein expression by murine dermal fibroblasts (n=4). Only LAMP1 wastddten the cell
surface of 46% dermal fibroblasts. 73% dermal fibroblasts had intracellséaves of CD43.
No CXCR4 was detected in these cells.

B) Average percentage of dermal fibroblasts positive for the expressiolh sifréece and total
LAMP1, CD43, and CXCR4 from five separate cell preparations (Average of fiveatepa

assays).
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All plates were observed on an inverted fluorescent microscope and repres@hiatidgraphs
were obtained (Figure 18A). Next, cell monolayers and adherent BMC werethdrussg
trypsin-EDTA andEGFP-Lin BMC were enumerated by manual counting on an upright
fluorescent microscope using a hemocytometer. Additionally, cell suspensomaiso
analyzed by flow cytometry (Figure 18B). These assays were perfornoed tw

During adhesion experiments, a separate tube containing 0k 18 10 EGFPLin~
BMC was set aside as a control (i.e. not added to culture wells) to determacetinacy of the
two methods used to enumerate adherent fluorescent cells. This control tube tedgtieea
same with respect to washes, and centrifugation and enumeration, as all bthétuces. The
manual counting method using fluorescent microscopy, in 3 experiments, ranged from 55-143%
(i.e. control cells that were counted under white light on a phase contrast microscdgaecoul
visualized under fluorescent light). This was most likely because the fluotrdéigbe intensity
on the microscope was set so that the hemocytometer grid could be visualized; thus dimmer
EGFP-cells were not apparent. This problem was exacerbated by the smalfi lsize BMC.
It was not practical to set the light intensity to a setting that enabled zesi@ti of even dim
EGFP cells, because either the grid was not visible or non-specific autofluecesaenon-
EGFP cells in experimental samples would then hinder enumeratieGbP-cells. When the
control tube oEGFP-din  BMC was analyzed by flow cytometry, only 36% (range of 23-51%
in 5 assays) of cells were detected. The low efficiency with the flow efeyrwas apparently
becaus&GFPLin BMC has cells with varying fluorescent intensity and small @zl fn
addition, there was a significant overlap in the fluorescence be@ERLin BMC and the

autofluorescence of the non-fluorescent adherent cells.
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Adhesion of Lin~ BMC and Lin~ ScaTKit" (LSK) BMC

More EGFPLin  BMC adhered to DTC cultures than to other cell types (Figures 18).

Data was evaluated as the total number and percent Lin® BMC that adheradé¢d cells.

The adhesion assays was conducted in either 12-well or 24-well format, andlaldiféergnt,

but proportional, numbers &GFP-Lin BMC were added to all plates. Thus, reporting the data
as the percentage of Lin - BMC adhered was most favorable. Greatest peientageBMC
adhered to DTC cultures compared to other cell types assayed (Figure 18 A and B).

The Lin - BMC contained progenitors of many different cell types. As omettiearlier,
endothelial progenitor cells (EPC) are a subset of Lin BMC that exgphfestbecKit and Scal
(also known as LSK cells). To quantitate the number of adherent LSK cellglithkarvested
from adhesion assays were incubated with anti-&RIE and anti-ScaRE antibodies. Samples
were analyzed by three-color flow cytometry by gating on the ge&fP-Lin  BMC.

Although, significantly fewer Lin- BMC adhered to the surrogate tumor eridbtiel line
(bEnd.3), the average percentage of Sdéit™ (SK) cells that bound to bEnd.3 cells was 2.4-
times higher than the %SK that bound to DTC (data not shown). Additionally, 1.6-tim&s grea
%SK adhered to VEC compared to DTC (data not shown). This suggested that the LSK
population preferentially bound to activated endothelial cells. Because the @radoKit”

(SK) cells in Lin BMC varied between experiments, reporting the déte aercentage of

LSK cells adhered to the total LSK cells in each Lin BMC isolation wasopti The %LSK
cells adhered was a ratio of total LSK cells adhered (%SK x E@RP-Lin BMC adhered per
well) to total LSK cells incubated with adherent monolayers in each W8K(x TotalEGFP-

Lin- BMC added per well). Overall, a significantly higher percentage iéfdubset adhered to

DTC cultures compared to other cell types (Figure 18C).
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Figure 18: Analysis of Adhesion of Lin BMC to Different Cell Types

A) EGFPLin BMC were added to confluent cell cultures (DTC, LLCaB, bEnd.3, VEC and
3T3-L1) or blank plates for about 30 min. The non-adhee@&®P-Lin  BMC were washed and
adhesion was reviewed on fluorescent microscope. Representative photomicrérgraphs
adhesion assay showed that significantly greater numii&BBPLin  BMC adhered to DTC
cultures compared to other cell types.

B) EGFPLlin  BMC, in cell suspensions from adhesion assays, were enumerated mandally
by flow cytometric analysis. A significantly higher percentageinf LBMC adhered to DTC
cultured compared to other cell types. Average data from two separate. assay

C) Percentage of ScaKit" in adhered Lin~ BMC, i.e. LSK cells, were evaluated by three-color
flow cytometry. %LSK cells adhered was calculated as (%SK x E@G&P-Lin  BMC adhered
per well) / (%SK x TotaEGFP-Lin  BMC added per well). By FACS analysis, a significantly
greater %LSK cells was observed to adhere to DTC cultured compared to dthgreselWhen
data was compared based on manual enumeration, no difference was detected thetw
adhesion of LSK cells to DTC, LLCaB and bEnd.3. Average data from two sepaets. ass
P-value< 0.0001by one-way ANOVA; Post-hoc Dunnett’s test comparing adhesion to each

cell-type to adhesion to DTCg <0.05and *** p <0.001
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Role of CXCR4 and E-selectin in Adhesion of Linn BMC and LSK Cells

The role of CXCR4 and SDFulin the adhesion of Lin - BMC and LSK subset to DTC
cultures was evaluated in the presence of two CXCR4-blocking agents: AMD3100 and anti
CXCR4 antibody (Figure 19). AMD3100 (Plerixafor) is a bicyclic compound thatpsafe
antagonist for CXCR4 (272-274).

Lin- BMC were incubated with 0.001, 0.01, 0.1, @1AMD3100 for 15 min prior to
adding these cells to adherent monolayers of different cell cultures. Wiailin BMC
incubated in different concentrations of AMD3100 was evaluated at the end of emchyass
Trypan Blue exclusion assay. AMD3100 did not affect the viability of cellsyabftine above-
mentioned concentrations (data not shown). There was a significant decreasaimibiee of
Lin. BMC and LSK cells that adhered to DTC cultures in the presence oBAMDat all
concentrations tested (Figures 19 A and B). Similarly, a significant cecvess observed in the
adhesion of total number of Lin  BMC and %LSK cells to DTC in the presence oddDR4C
antibody (Ab) at 12.g/ml and anti-E-selectin Ab at 2@/ml (Figures 19 C-F). Overall, there
was maximum decrease of 60, 50, and 30% in the adhesion of the total number of Lin - BMC to
DTC in the presence of AMD3100, anti-CXCR4 Ab, and anti-E-selectin Ab (Figures 19 A, C
and E). The total number of LSK cells that adhered to DTC also decreased in éne@ias
AMD3100, anti-CXCR4, and anti-E-selectin by 40, 50, and 30% respectively (Figure 19 B, D
and F).

Adhesion of Lin - BMC to bEnd.3 cells in the presence of AMD3100 was evaluated.
There was only a modest decrease in adhesion of Lin BMC to bEnd.3 (Figure 20A).
Nonetheless, the percentage of LSK cells that adhered to bEnd.3 in presence of AMD3100

decreased considerably. When this data was extrapolated to calculatalthertdger of LSK
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cells that adhered to bEnd.3, 82% fewer LSK cells had adhered to bEnd.3 monolayers in the
presence of all concentrations of AMD3100 tested (Figure 20B). The binding oBM& and
LSK cells to LLCaB tumor cell monolayers in the presence of AMD3100 was cabipdo
control wells with media only or to isotype-matched antibody (Figure 20 C and D

The adhesion of control cell typeGFP-dermal fibroblasts) with DTC and bEnd.3
monolayers in the absence and presence of AMD3100 was evaluated in 2-3 seysanateA
significant number of dermal fibroblasts adhered to both DTC and bEnd.3 cell cultures, but this
adhesion was relatively less compared to the adhered Lin°® BMC. Furthernsoadhtfgion was
not mediated by the interaction of SDé&-dnd CXCR4 (Figure 21 A and B).
Synopsis:

These data demonstrated that DTC cultures expressed &&@td E-selectin. Thia
vitro adhesion assays suggested that Lin BMC cell preferentially bound tesoktur
dissociated tumor cell. In addition, LSK cells preferentially appearedhtera to cells of
endothelial lineage. This adhesion was mediated by the interaction of CXCRd on Li
BMC/LSK cells and SDF-d associated with the cell monolayers. E-selectin also appeared to be
instrumental in the adhesion of Lin - BMC and LSK cell. To our knowledge, this issthe fir

report showing that SDFelacted as an adhesion moleaul&itro on tumor-derived cells.
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Figure 19: Investigation of Blocking Adhesion of Lin - BMC to Confluent C Cultures
EGFP-Lin  BMC were incubated in increasing concentrations of AMD3100 or media only
before adding to the DTC monolayers. AdhesioBGFP-Lin BMC and LSK cells was
evaluated by flow cytometry.

A) A significant decrease was observed in the % Lin° BMC adhered to DTC inqeede
increasing concentrations of AMD3100 (Average of 3 separate assay$)eRy85 by one-
way ANOVA, Post-hoc Dunnett’s test comparing each treatment to medi@lcop0.05in
individual assays

B) A significant decrease in %LSK subset that adhered to DTC cultures waseibat all
AMD3100 concentrations tested (Average from 2 separate assays). R@&lLéy one-way
ANOVA,; Post-hoc Dunnett’s test comparing each treatment to media cdHm@.05in
individual assays.

C-D) EGFP-Lin° BMC were incubated with media only, isotype-matched Ab (lg) &r ant
CXCR4 Ab only before addition to DTC monolayers. Approximately 50% decreaseasiaadh
of Lin - BMC (C) and % LSK population (D) was observed in the presence of>6@GRLAbD at
12.5ug/mL (Average data from 3 separate experiments). P-«@ll@01 by Students t-test
compared to isotype-matched control antibody.

E-F) DTC cultures were incubated with unlabeled anti-E-selectin Alypisanhatched Ab (lg) or
media only before addition &GFP-Lin  BMC. About 30% inhibition in adhesion of Lin
BMC (E) and LSK cells (F) was observed in the presence af28L anti-E-selectin Ab.
(Average data from 2 separate experiments). P-vau@1 by Students t-test to isotype-

matched control antibody.
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Figure 20: Study of Blocking Adhesion of Lin BMC to bEnd.3 and LLCaB Monolayes

A) EGFP-Lin BMC were incubated with media only or different concentrations of AMD3100
before adding to bEnd.3 monolayers. P-value = ns by one-way ANOVA, Average o2 assa

B) The total number of LSK cells that adhered to bEnd.3 in the presence of AMD3100 dkcrease
up to 80%. P-valug0.001 by one-way ANOVA,; Post-hoc Dunnett’s test comparing each
treatment to media control *<0.0001, Average of 4 assays.

C-D) EGFP-Lin BMC were incubated in media only or different concentrations of AMD3100
were added to LLCaB monolayers. No significant difference was observes adhesion of

Lin- BMC or LSK cells to LLCaB monolayers. P-value = ns by one-way ANOVA
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Figure 21: Evaluation of Dermal Fibroblast Adhesion to DTC and bEnd.3 Monolayers
EGFP-dermal fibroblasts were pretreated with increasing concentraifoli$1D3100 before
incubating with cultured DTC or bEnd. EGFP-dermal fibroblasts adhesion was quantitated by
flow cytometry.

A) AMD3100 treatment did not affect the adhesion of dermal fibroblasts with D@ es
(Average data from 3 assays).

B) No significant difference was observed in the adhesion of dermal fibrobi#stsEnd.3

cells in presence of AMD3100 (Representative data from 2 assays).
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C: Real-time PCR to Determine the Transgene Copy Number and to Quatdite the
Biolocalization of Adoptively-transferred EGFP-Transgenic Cells
Rationale:

The third aim of this project was to evaluateithgivo localization of Lin - BMC in
adoptive transfer experiments in the previously described metastatic nmopias$t,| our
laboratory assessed the biolocalization of adoptively-transferred vasndlathelial cells (VEC)
in this same model. In these experiments, mice with metastatic disedsa@cted witlEGFP-
VEC, euthanized 24-72 hours later, and the harvested pulmonary and hepatic tumors and other
major organs were frozen in OCT. Tissue sections were evaluated bydeiorenicroscopy.
AlthoughEGFP-VEC were specifically observed in metastatic tissue, (Figure 22) tHisana
was severely compromised by tissue autofluorescence and tissuesai@féen fluorescent cell-
like structures were visible in sections from mice that did not receive @R-VEC (data not
shown). This prompted the development of an alternate, objective, and accurate method for
guantitation of tissue-localizéeiGFP-cells.

Quantitative real-time PCR (QPCR) methodology has not been widely utilized to
guantitateegfptransgene-bearing cells in biodistribution studies. A qPCR assay waspbel
to quantitateegfptransgene in the genomic DNA isolated from various tissues in this syngeneic
murine tumor model. The development and standardization of the gPCR methodology is
discussed in this chapter.
Results:

Accurate Quantitation of Genomic DNA

DNA was extracted from tissue as described in the Materials and Metltids sk the

initial gPCR experiments, the amount of DNA used for qPCR was determined
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Figure 22: Biolocalization of Adoptively-transferred EGFP-VEC in Mice with Metastatic
Disease

Tissue sections from control mice (HGFP-VEC), and mice with metastatic disease (+/-
EGFP-VEC) were visualized on a fluorescent microsc&@FP-VEC are visible as a bright
punctuate pattern, specifically in metastatic lungs from mice thatinjected withEGFP-VEC
(Lungs 7, 8 and 9) compared to lungs from healthy mice that rede¢E&VEC (Lungs 4, 5

and 6). NoEGFP-VEC were detected in heart, spleen, or kidney by microscopy.
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spectrophotometrically (Olgy). Beta-actinfg-actin) was used as an endogenous control for
gPCR. Consistently highgractin cycle threshold (Ct) values were observed in both C57BI/6
wild-type andEGFP-transgenic mice with genomic DNA (gDNA) isolated from liver tissue
compared to lung tissue (25.3+ 0.2 vs. 23.6+ 0.2, respectivelypr8000]). Liver samples

from transgenic mice also exhibited higher Ct values foetffpiransgene, corresponding to a
2-fold difference irEGFP copy number between lung and liver. It was hypothesized that gDNA
from liver samples may have a high degree of contamination by proteins or orgapaucois),
undetected by Of3o20ratios(267) , which were comparable for DNA isolated from lung and
liver samples. Thus, a SYBR green-based 96-well assay was used tomketeergDNA
concentrations accurately (268). The concentration of gDNA was calculatstidrathe

standard curve built using serial dilutions of DNA of known concentration. Afterrdjlthie

gDNA, the isolates were analyzed by agarose gel and SYBR Greersflence and results
indicated that the amount of gDNA in liver samples was 27% of that indicated by
spectrophotometric measurement (Figure 23). No significant differereresobserved in lung
DNA concentrations determined by the two methods. The SYBR Green method was thus the
optimal method for gDNA quantitation.

Plasmid Standard Curve for Absolute Quantitation ofEGFP-transgene in

gPCR Assay

In the initial gPCR assays, plasnpBGFPN3 (Figure 24A) dilutions were prepared in
nuclease-free water. However, these standard curves showed significatnbivéetween assays
(Figure 24B). Since a very low amount (picogram-attogram) of plasmid wddardbe
standard curve, the inconsistency was probably due to the plasmid sticking to thegyyye

plastic tube. This was overcome by preparing the plasr&@-N3) dilutions in carrier DNA,
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Figure 23: Comparison between Spectrophotometric Method and SYBR-gea Assay to
Quantitate Genomic DNA Concentration

A) Genomic DNA (250 ng based on @f) from liver (lanes 1-5) and lung (lanes 6-10) tissue of
five different mice shows significant difference in band intensity on agarbddeage 11 shows
the 1 Kb Plus DNA ladder.

B) The concentration of genomic DNA (100 ng based oggg)@om liver and lung were
measured spectrophotometrically (€€ and using the 96-well SYBR-Green assay. Mean
concentration of gDNA by SYBR-green fluorescent assay (Liver = 26.5+1u8ig £

96.6+20.3).
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which was genomic DNA isolated from either lung or liver of C57BI/6 wild-tyjpeenThis,
subsequently, gave standard curves that were consistent between assag28€g When the
plasmid was diluted in carrier DNA from lung or liver, no significant differancamplification
was observed (data not shown).

EGFP-Transgene Copy Number

To understand how thegfpiransgene copy number from experimental samples
correlated to the number of transplanE@FP-cells in biolocalization studies, tlegfp
transgene copy number in the genome of C57BI/6-Tg@@HP)10sb/J mice was determined.
When thepEGFRN3 plasmid was used to construct a standard curve, TagREBR detected
as few as two copies of tlegfptransgene; this assay was repeated with high reproducibility.
gPCR analysis of DNA from hemizygous AEBFP- transgenic mice was subsequently
repeated using 100 ng gDNA template as determined by SYBR GreesgfiNomplification
was observed with gDNA from lungs and livers of C57BIl/6 wild-type mice (negadiveols)
included in each assay. Replicates were consistent, the Ct values and copydaierbenants
did not differ significantly between lung and liver samples (Table 8). QvgENA (100 ng)
from hemizygous mice was found to contain about 33,300 copies of the transgene, which
corresponded to two copies of thgfptransgene per cell. Previously, another group had
determined that thegfptransgene was inserted at a single site in the mouse genome of C57BI/6-

Tg(ACTbEGFP)10sb/J mice by FISH analysist{p://kumikae01.gen-info.osaka-

u.ac.jp/ta/TGFISHresultl.cfilnHowever, transgenic mice often have tandem copies of the

transgene at one insertion site (270). Thus, the hemizygous C57BI/6-Tge&EHN0sb/J

(ActbEGFP) mice have two copies efyfptransgene inserted in tandem. This method compared
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Figure 24: Standardization of Plasmid Standard Curve

A) Plasmid [iEGFP-N3 containing thegfptransgene

B) Representative standard curve from five separate experiments usmglpddstions
prepared in nuclease free water resulted in erratic standard curve

C) Representative standard curve from seven separate experimentsgbgpaituting the
plasmid in carrier DNA (genomic DNA from lung or liver DNA from C57BIl/7 mgusere

consistently reproducible and were used for making standard curves in all subyespsayis.
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Table 8: Two copies oEGFP-transgene per cell calculated from genomic DNA from the

hemizygous mouse strain C57BI/6-Tg(ACTBGFP)10sb/J

AVG
P per cell

ZU1 4.04L T U.11 £ZO.UY T U.11 Z.1
203 2495+0.13 23.48+0.03 2

Lung 205  2531+0.14 23.58£0.09 1.5 182
207 25.09+0.07 23.28+0.09 1.8 o
209 25294012 2337+0.05 1.6
200  2481+001 23.48+0.1 22
202 25114031 235+0.1 1.8

Liver 204  2476+0.16 23.36+0.1 22 1(-)922;
206 25.08+0.07 23.57+0.17 1.8 '
208 25.18+0.16 23.48+0.16 1.7

* Tissue samples from five different transgenic mice
** Average Ct values from duplicate samples assayed in two separate experiments (n=4)
*** EGFP copy number based on average standard curve equation from two assays (y =-3.4x +

40.3)
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favorably with the 2““* gPCR method for determining transgene copy number, especially when
a transgenic animal with a known copy number was unavailable for comparison.

In one series, we analyzed DNA (lung, liver, and VEC) from the A@tP-transgenic
mice along with DNA from the homozygous transgenic C57BI/6Tg(UBC_GFR)Ba/$strain
(UbgEGFP). Usingg-actin as endogenous control and th&2 method, we found that both
strains contained the same number of copies of the transgene (Figure 25). TRHGFBbq
transgenic mice have a single transgene at a single insertion site &l bajpland thus had
two copies per diploid (somatic) cell. Although the homozygous C57BI/6-
Tg(ACTBEGFP)10sb/J (ActEGFP")-transgenic mice die within the first month of birth, we
bred these mice to confirm tlegfpcopy number. gPCR results show that these mice have four
copies of theegfptransgene compared to two copies in hemizygousEGHP-transgenic strain
(Figure 3B). Thus, thegfptransgene copy number in both hemizygous C57BI/6-
Tg(ACTbEGFP)10sb/J and homozygous C57BI/6Tg(UBC_GFP)30/Scha/J mouse strains was
calculated to be two.

Association between Manual Cell Count and gPCR to Enumerate Tissuestalized

EGFEP-Transgenic Cells

As stated above, using fluorescent microscopy, systemically admidisi@rP-VEC
were visualized in metastases, but were not detected in healthy organs. Hbwgéviessue
autofluorescence often prohibited the analysis of specimens, particularly imskuey tFor the
development of the gPCR assay to quantitate tissue loc&@E®-cells, three control groups:
(1) healthy, (2) metastases-bearing mice not injected&@RP-VEC, and (3) healthy mice

injected withEGFP-VEC, were used along with test group: metastases-bearing micedhject
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Figure 25: EGFP Copy Number in Transgenic Mouse Strains

Egfptransgene copy number in hemizygous C57BI/6-Tg(B&BP)10sb/J (n=4) was
calculated using the plasmid stand curve in gPCR assaysggifeansgene copy number in
homozygous C57BI/6-Tg(AcEBGFP)10sb/J (n=5) and C57BL/6-Tg(UBC-GFP)30Scha/J (Ub-

EGFP) (n=3) were calculated by“2“ methods.
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with EGFP-VEC. EGFP-VEC were manually enumerated by examiningufi®liver sections by
fluorescent microscopy (an average of 21 sections examined/grouglzNeVEC were found
in liver sections from control groups 1 and 2 (healthy and metastases-be@engtinjected
with EGFP-VEC). A few apparenEGFP-VEC were detected in liver sections from a single
mouse in control group 3 (healthy mice injected id@®FP-VEC) (Figure 26 A and B). In
contrast, a significant number BGFP-VEC were detected in metastases-bearing mice injected
with EGFP-VEC (33+7EGFP-VEC/mnt vs. 345 in controlsp<0.001). In order to compare
directly with manual enumeration, liver tissue was scraped from the §deseenumerated
(Figure 26A) and gDNA was extracted and analyzed by gPCR. Replictas @dch assay
were consistent (average Ct standard deviation=0.24). The transgene wasteshdetavers
from control groups. In contraEGFPwas detected in 100% (4/4) of metastatic liver tissue
from mice injected witiEGFP-VEC. A Pearson correlation coefficient of 0.81 indicated a
strong positive correlation between the two methods (275), although the actual nuEBGE&Pof
VEC per section differed (Figure 26C). Quantitative differences werelikelgtdue to a
culmination of things: underestimation by PCR, poor DNA recovery from the slides (& ng
section), and pooling of sections causing dilution of transgene signal.

Due to the low overall number of tumor-localized VEC in the former experiment, intra
tumor {.t.) injection of EGFP-VEC into subcutaneous (s.c.) tumor model was used for further
assay validation. C57BI/6 mice bearing approximately 158 sacn LLCaB tumors were
injectedi.t. with saline (n=4) oEGFP-VEC (n=8). Tumors were harvested 2 hours later and
alternating 1Qum sections were assayed BEGFP-VEC by manual enumeration or gPCR. A
total of 39-77 sections were assayed per tumor. The average values per sectioy 80 pve

segment of tissue (5 sections for g°PCR and 3 intervening sections for micjoseopylotted
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Figure 26: Localization and Enumeration ofEGFP-VEC to Liver Metastases

A) Representative fluorescent microscopy pictures of 10 um liver sectionslfyorormal

animal not injected witEGFP-VEC (n= 5); 2) normal animal injected wiEGFP-VEC (n=5);

3-6) four metastases-bearing animals that recdi@dP-VEC.

B) Manual enumeration &GFP-VEC in liver metastases compared to control group 3 (healthy
mice injected wittEGFP-VEC) suggests that VEC specifically localized to tumor-bearingdiss
C) Correlation of manual enumeration and gPCR. PCR analysis of tissue sectiped mm

a subset of slides from normal mice injected EBFP-VEC and metastases-bearing animals
that receivedEGFP-VEC that were previously enumerated manually. Although DNA recovery
was low, these results correlated strongly GFP-VEC enumeration determined by manual

counting (Pearson correlatipn= 0.81).
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for all tumors in all animals. Alternating 1n s.c. tumor sections were analyzed by fluorescent
microscopy and gPCR as described above. PCR values were converted to the n&GB&¥ of
VEC per section as described in Figure BE&5FP-VEC were detected, by both microscopy and
PCR, in all eight s.c. tumors injected wilGFP-VEC. gPCR quantitation again correlated with
enumeration by manual cell count, both when assayed sections from all tumors wede plot
(positive Pearson correlation @61, Figure 27A) and when averaB&FP-VEC per section per
mouse were compared (strong positive Pearson correlatidn82 Figure 27B). Although 85%

of the sections from saline-injected tumors showed bright green appatdikecagructures by
microscopy, negfpamplification was detected by gPCR in any saline control sample dssaye
This was also true in some sections fla@FP-VEC-injected tumors.

All s.c. tumor sections were further analyzed by optical Z-stacks asmfgcal
microscopy. Confocal microscopy was used to distingd(SkP-VEC from artifactual
fluorescence. Four 100 frareas of s.c. tumor sections, each containing an apparent fluorescent
cell, were randomly selected and corresponding Z-stacks containing ten 1 pathsgatilons
were generated. Average intensities from 4 sections were plotted, stéttiegtissue surface
(confocal Z-stack section #1) through each descending 1 um plane to confockl gestan
#10. The average mean and maximum fluorescent intensities of sections of tunsted injth
EGFP-VEC (n=8) were elevated throughout and were significantly higher thare salntrols
(n=4). The fluorescence intensity of each section as well as foymiOéreas per tumor, each
containing an apparent fluorescent cell, was measured. Blinded analysis shaivtld mean
and maximum fluorescence intensity of sections (data not shown) and celtdittenes (Figure

27C) were significantly higher for tumors injected WG FP-VEC compared to saline-injected
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tumors p<0.005. Fluorescent signals apparent by conventional microscopy (on a single plane
were thus sometimes due to tissue artifactsE@FP-VEC, leading to false positive results.

The biolocalization of adoptively-transferrB6GFP-VEC in the metastatic model was
analyzed by qPCR (Figure 28). Tagfptransgene was specifically detected in significantly
higher quantities in lung and liver compared to other organs from mice with atietdstease
that were injected witEGFP-VEC. This data substantiated our earlier findings using fluorescent
microscopy (Figure 22).

In conclusion, the gPCR assay for digptransgene described here enabled the rapid,
objective, and accurate quantitation of biolocalized transgenic cells and wasstqptre
microscopic examination of histological specimens.

Modification of gPCR Method to Assay Large Number of Samples

To increase the sensitivity of the gPCR assay to deteegfperansgene, five 50m
thick tissue sections were collected in multiple tubes and DNA was exti@&iteire 5A). This
generated several DNA samples per tissue and thus the qPCR assay wasl foodifhigh
throughput 384-well plate format. The qPCR assay efficiently translatedef@gnwvell plate
format where reaction volume was @50 a 384-well format where the reaction volume was 20
ul, using 100 ng DNA as template (Figure 29A and B). Thedtand Cj.acin Were comparable
between assays for the negative control DNA from C57BI/6 mice (Blk 1-3, peSitive control
DNA from Actb EGFP-transgenic mice (AcBGFP 1-3, n=3), and test DNA samples from mice
with metastatic disease injected WiEGFP-VEC (n=12).

To increase the amount of genomic DNA to be assayedh@@®CR reaction a dose-
response experiment was conducted using 100, 200, 400, and 600 ng DNA. Adbfugh

amplification was proportional to increasing amounts of DNA extracted BHGRP-transgenic
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Figure 27: Comparison of Manual Enumeration and gPCR Method to Quantiate Tissue-
Localized EGFP-Transgenic Cells

A) A positive correlation (Pearson correlatijpr 0.61; range 0.2-1.0) was observed between the
two methods i.e. manual enumeration and qPCR for quantitatisGBP-VEC.

B) The overall average values per section per tumor plotted for each animal.wakexe

strongly positive correlation (Pearson correlation coeffigien0.82) between the two methods.
C) Confocal microscopy analysis was used to distingaSRP-VEC from artifactual
fluorescence. The average mean and maximum fluorescent intensitieoofsseictumors

injected withEGFP-VEC (n=8) were elevated throughout the section and were significantly

higher than saline controls (n=4).
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Figure 28: Quantitation by qPCR of Biolocalization of Systemically InjectedeGFP-VEC in
Mice with Metastatic Disease

DNA from lung and liver metastases and other major organs from control grouphyHeik
not injected witlEGFP-VEC, Mice with metastases not injected wEGFP-VEC and healthy
mice injected wittEGFP-VEC), and experimental group (mice with metastases injected with
EGFP-VEC) were analyzed faggfptransgene by gPCR. The specific localizatiok GiFP-

VEC was predominantly detected in the lung metastases.
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mice (Figure 29C, black filled), the amplification efficiency for expental DNA samples did
not increase proportionally when more than 200 ng DNA was used (Figure 29C, opensfriangle
Thus, subsequent gPCR assays were run using 200 ng DNAuUm&rtions in 384-well format
on AB7900.
Synopsis:

These data suggested that the gPCR methodology offered specific, objective, and rapid
guantitation oEGFP-transgenic cells. This gPCR-based quantitation was uncomplicated by
tissue autofluorescence. This method should be readily transferable tmativermodels to

guantitate the biolocalization of transplanted transgenic cells.



162

Figure 29: Modification of gPCR Assay for High-Throughput 384-Well Analysis.

A-B) The two graphs compare the gPCR assays ud Bgaction mix in 96-well (filled circles

and squares) format and the gPCR assays jth @action mix in 384-well format (open circles
and squares) using 100 ng genomic DNA. In the first graph (A) shows the Ct values
corresponding t@g-actin amplification (squares) in negative (Blk 1-3) and positive (BGBP

1-3) control samples. Amplification effptransgene (circles) was not detected in the negative
control samples. The second graph (B) shows the Ct values corresponghactitoandegfp
amplification in DNA from metastatic mice injected wilGFPVEC. The values on the x-axis
represent the identification number for each mouse. The Ct values betweenlla@@20ul
reactions are similar.

C) The gPCR amplification efficiency was compared to the increasingrarabgenomic DNA

in 20ul gPCR reaction. The average fold-changegdfptransgene detection was not
proportional to the amounts of genomic DNA when more than 200 ng DNA from experimental
tissue was used (table of right and open triangles in the graphg@glremplification appeared

more proportional for DNA extracted froBEGFP-transgenic mice (filled box in the graph).
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D: The Role of E-selectin and SDF-d in the Biolocalization ofBone Marrow-Derived Cells
to Tumors
Rationale:

The hypothesis for this research project was that Sb&s%ociated with tumor
endothelium, was an important mediator for biolocalization and adhesion of bone marrow-
derived endothelial progenitors (EPC) to LLCaB tumors. Bone marrow-dermesak-negative
cells (Lin - BMC) which are enriched for EPC (125;126) were selecteélefior vitro adhesion
assay. For thian vivo experiments, dermal fibroblasts (from a non-endothelial lineage) were used
as control cells to evaluate if biodistribution of the systemically admiacsieells was specific
for endothelial progenitors (i.e. Lin - BMC). This chapter describes the bHipédizan of dermal
fibroblasts and Lin® BMC to s.c. and metastatic LLCaB tumors.

Results:

In vivo Biolocalization of Lin~ BMC and Dermal Fibroblast

Thein vivo experiments were conducted as described in the Methods and Materials
sections, and as schematically represented in Figures 5 and 6. Brie#iywith either s.c.
tumors or metastatic disease were systemically injected withBMC or dermal fibroblasts
that were isolated froGFP-transgenic mice. As diagrammatically represented in Figure
8B, 50um-thick sections of the tissue harvested frominh&vo experiments were collected (5
per individual tube) and genomic DNA was extracted, quantified, and used for gPCR. Erom ea
tube, 200 ng of DNA was assayed for gdugpiransgene in duplicate.

The data set was obtained from three separate gPCR assays run in 384-welinpédte
Cycle threshold (Ct) values greater than 37 appeared unreliable and weieraibadetected

in negative controls, and thus were deemed negative. Overall data obtainéd Vroon
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experiments is summarized in box-and-whisker plots in Figures 30-31 A and C, and 32A
(GraphPad Prism 5.0 software). The box-plot rectangle graphically depictatti@i3a
guartiles, the line within the box-plot indicated the median value, and the |-daskéxs”)
extended to the minimum and maximum values in the data set. Box-plots are predgraonm
identify outlier cutoff or fences according to Tukey’s rule; outliers thtmsotied were excluded
from data set prior to analysis. Higher Ct values represented fewer cbpgdptransgene. As
described in the previous chapter, Ct values were translateggiftzansgene numbers based
on the plasmid standard curve in individual plates. It must be noted that PCR amplifcation i
exponential and a difference of one Ct is equal to a 2X difference in gene copy nlinebetal
amount of DNA extracted and the total numbeegfiptransgene detected per tube per tissue
block was calculated and used to derive a single value and repoegiipransgene per
microgram per tissue. These values were used for one-way ANOVA and pd3iHhoett's
analysis for determining statistical difference between groups sswes. For statistical tests, it
was assumed that the data set was unpaired, non-parametric and lacked Gatrdsigiomlis

Subcutaneous Tumor Model

Mice with small s.c. tumors (average tumor volume = 200 + 43)muere injected with
5 x 10 EGFP-Lin~ BMC (n=7) EGFP dermal fibroblasts (n=5), or media (n=3). There was no
significant difference in tha vivotumor growth curves from the three groups (data not shown).
Animals were euthanized 72 hours post injection and s.c. tumors and the other major organs
were frozen in OCT. Each s.c. tumor was frozen in two tissue blocks; one block wastelymple
sectioned for analysis. DNA from an average of eight tubes per tumor fonyeaup was
analyzedEgfptransgene amplification was not observed in any DNA samples from turoors fr

three control mice that were injected with media only (Figure 30 A anBdi)transgene
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amplification in tumor DNA from mice injected with fibroblasts (n=5) wasknead erratic.
None of the tumor DNA samples tested from two of these mice showed ampiifitategfp
transgene and were deemed negative. The remaining three mice in the filgr@olpsiad only
1 or 2 samples that were deemed weakly positive (4/25 tubes, Ct = 38.7- 45.5).

Similarly, theegfpiransgene was not detected in any of the tumor DNA samples from 4
of the 7 mice that were injected with Lin - BMC. Weak and erratic angtidit was observed in
2 mice in this group (DNA from 4/16 samples had detectadpiptransgene amplification Ct =
37.2- 46.9). However, the majority of samples from one tumor in this group had substzptial
transgene amplification (DNA from 7/10 tubes were positive Ct 34.7-36.96; Figure 30&n W
data was averaged for all tumor samples in each group, a higher numberegffati@nsgene
was detected in the group that was injected with Lin - BMC, but this differexscstatistically
insignificant (Figure 30B).

All major organs from the mouse that showed the highest biolocalization of M td3
s.c. tumors were assayed for expression oétfiptransgene (Figure 30C). Whenegitp were
transformed to the total numberexffptransgene parg DNA, substantially higher values were
detected in all of these organs (Figure 30D). Thus, although higher number oIy B
compared to fibroblasts localized to s.c. tumors at 72 hours, the Lin BMC did notrpiafgre

or specifically localize to s.c. tumors.
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Figure 30: Biolocalization of EGFP-Lin  BMC in Subcutaneous Tumor Model

DNA from tissue samples from s.c. tumor-bearing mice that were injectednsdia EGFP
fibroblasts oiEGFPLin BMC were analyzed fagfpiransgene by qPCR.

A) Cycle threshold (Ct) values fegfptransgene amplification for all positive samples from all
mice are plottedegfp-transgene amplification was detected in 1 of 7 tumors from the group that
were injected witiEGFP-Lin  BMC. Noegfpamplification was observed in any tumors from

mice injected with media &GFP-dermal fibroblast. The reported n represents the number of
tubes of DNA positive foegfpamplification / total number of DNA tubes assayed.

B) Theegfptransgene was detected in s.c. tumors in the group of mice injected witBMi@.

C) Ciecrp for all positive samples from the one positive s.c. tumor and other major organs for the
same mouse are plotted. Compared to s.c. tumor, egdperansgene amplification was

observed in the other major organs from the one positive mouse injectdeiGHELin  BMC.

D) Higher amounts aofgfpiransgene per organ were detected in the lungs, livers, hearts, spleens,

and kidneys when compared to the s.c. tumor in the mouse that had tHeGRe&dtin - BMC.



>

5} 409

f=

[

2

& 384

&

8 36

8

5 344

o

<

0

(0]

£ 321

£

Q

ES

O 30 T T T

S N )
N N AV
% % %
N N N
N N N
0&0 \q?\ @O
N & <&
o WV

S.C. Tumor-Bearing Mice Injected with
(Positive Samples / Total Samples)

O

EGFP-transgenic Cells

) 404
o
[
I
3 384
=
g 36 Fokk ok ok ok
= Fkk
S
1Y O ToT
o
<
[%]
o %I
£ 321
=
K
S
3 30— T T T T T
S N N > »
/&Cy \% ~S§V égb (éb c§§9
¢ & @8 &
> \§§ & & <}9 GQ\
& N RS & &
e ¥
O RN & D
% &
A%
Tissues from Mouse Injected with Lin ~ ~BMC

EGFP-Transgene per pg DNA

O

EGFP-Transgene per pg DNA
+/- SEM

+/- SEM
n
<

168

S.C. Tumor-Bearing Mice Injected with

20001

15004

10004

500+
2001

1504
1004
501

EGFP-transgenic Cells

(Mice in each Group)

Tissues from Mouse Injected with Lin

"BMC



169

Metastatic Tumor Model

Mice with metastatic disease were injedtedwith 5 x 10 EGFPLin~ BMC (n=4 mice)
and were euthanized at 48-72 hours post-injection. The biolocalizatie@F®-Lin BMC in
metastatic lung/liver tumors (n=7 metastases), as well as other cagttobdheart, spleen, and
kidney, n=4 mice) were analyzed by gPCR. Two mice with metastatic diseeséjected.v.
with 5 x 16 EGFP dermal fibroblast as controls. These mice were euthanized at 24 hours after
EGFP dermal fibroblast injection due to their moribund condition. The lung/liver with visible
metastases (n=4 metastases) were evaluated for biolocalizaE@F&fdermal fibroblasts by
gPCR.

The control group injected with dermal fibroblasts had a significantly higheamedi
Ctecrp and lower number agfpiransgene per mg of tissue weight compared to mice with
metastatic disease that were injected \Ei@FPLin BMC (Figure 31 A and B). A total of 37
tubes of DNA from 4 metastatic lesions from n = 2 mice and 80 tubes of DNA from 7atietast
lesions from n = 4 mice were evaluated from mice with metastatic disgasted with dermal
fibroblasts oEGFP-Lin  BMC, respectively. In addition, all four mice injected with Lin BMC
had mediarCt=grp in metastases was significantly lower compared to other organs analyzed
(Figure 31C). This translated to the detection of significantly greaterersrolEGFP-Lin
BMC in metastatic lesions compared to lungs/livers with ‘no visible nastast (NVM), hearts
and spleens, but not kidneys (Figure 31 D and E).

Data was also analyzed as tagfptransgene per tissue based on DNA isolated from
individual samples. This analysis indicated that significantly higher numb&GE®-Lin
BMC were detected in metastases compared to dermal fibroblasts and athajibreorgans

(data not shown).
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Figure 31: Biolocalization of EGFP-Lin  BMC in Metastatic Tumor Model

Mice with metastatic disease were injected WBFPLin  BMC orEGFPfibroblasts. DNA
isolated in multiple tubes from tissues blocks containing lung/liver metastasg/liver tissue
with no visible metastases or other organs was analyzedfiotransgene by gPCR.

A) Cycle threshold values (Ct). Significantly lower mediapsgt was observed in mice with
metastases injected wiEGFPLin  BMC (Ct range 27.4-37) compared to mice with metastases
that received dermal fibroblasts (Ct range 27-36.9); lower Ct values iedlicgther amounts of
egfptransgene. n = positive samples / total samples analyzed per group.

B) A significantly higher number @gfptransgene per mg tissue wet-weight was calculated in
metastases from the mice injected vEBFPLin  BMC compared to metastases from mice
injected with dermal fibroblasts.

C) Cycle threshold values (Ct). Mean:&#p for metastatic tissues was significantly lower than
Ctecrp from lung/liver tissues with no visible metastases (NVM, Ct range 28.7-36.8 (@ar
range 30.1-36.4) and spleen (Ct range 36.9-32.1), but not kidney (Ct range 27.6-33.4) in the
group of mice injected with Lin - BMC (3 days after injection). P-valu®G01by one-way
ANOVA,; Post-hoc Dunnett’s test compared to metastasepZ®.0001.

D) Significantly greater number efifptransgene per mg tissue wet-weight were detected in
metastatic tissues compared to adjacent tissues with no visible metéstab® in mice

injected with Lin°® BMC. Two-tailed unpaired Student’s t-tegp<9.01.

E) Compared to metastases, significantly lower amourggfpftransgene parg DNA were
detected in hearts and spleens. P-val0e001 by one-way ANOVA; Post-hoc Dunnett’s test

compared to metastases%0.001.
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The relationship betwedBGFP-Lin~ BMC homing EGFP-Lin~ BMC per metastases per fim
and metastatic tumor volumes (Average metastatic tumor volume = 24 + %5vasmalso
evaluated. Overall, an inverse correlation was apparent between bi@boaliaf EGFPLin
BMC and metastatic tumor volumes by Spearman’s correlatien@.59), however the P-value
for this analysis was not significant.

In a subsequent experiment, a total of 10 metastatic lesions from 4 micevalaetezl
for long-term (7 days po&GFP-Lin BMC administration) retention of Lin BMC in
metastases. DNA from an average of 11 tubes per metastatic lesion ayasldssqPCR for
egfpiransgene. All tubes showed amplificatioregfptransgene with Ct ranging from 23 to
35.5. Overall, twice as mayGFPLin BMC were detected in metastases on day 7 compared
day 3 afteEGFP-Lin  BMC administration; however, this difference was not statisticall
significant (Figure 32). Nonetheless, Lin BMC appeared to be retainettlomgn metastatic
lesions.

Synopsis:

Thesén vivo experiments have demonstrated that a substantial number of Lin BMC
localized to metastatic tumors compared to s.c. tumors and other non-metiasteggcand
organs. In addition, a significantly greater number of CXCR4~ BMC localized to metastatic
tissues compared to CXCR4  dermal fibroblasts. The metastases ekpigrsfieantly elevated
levels of SDF-& compared to s.c. tumors. Thus, the datdlocsuggested that the
biolocalization of Lin  BMC to metastases was most likely due to the itderaé tissue-

derived SDF-& and the CXCR4Lin~ BMC.



173

Figure 32: Long-term Retention of EGFP-Lin BMC in Metastatic Tumors

Mice with metastases were euthanized 3 and 7 days after injeiRgLin BMC. Multiple
tubes of DNA from metastatic lung/liver tissue sections from frozen tissakdvere analyzed
for egfpiransgene by gPCR.

A) Cycle threshold values (Ct). No significant difference in mediaagstvas observed
between the 3-day (Ct range 27.4-37) and 7-day (Ct range 23-35.5) groups. The reported n
indicates positive samples / total samples analyzed per group.

B) EGFP-transgene parg DNA in metastatic lesions was higher on day 7 compared to day 3

after intravenous injection &GFP-Lin  BMC, indicating cell retention and/or replication.
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CHAPTER IV: MODEL

A suggested model for an SDE-fnediated mechanism of tumor biolocalization and
adhesion of bone marrow-derived progenitors is shown in Figure 33. This is based on our
accumulated data in a mouse model and the use of systemically-administepeidedy-
transferred bone marrow-derived EPC as surrogates fovo-mobilized EPC during tumor
vasculogenesis.

In vitro andin vivo experiments have shown that both E-selectin and SDiete
expressed in LLCaB subcutaneous and metastatic tumors. E-selectinegtisedglexpressed in
tumor endothelium, but not in normal healthy tissue. SBRs significantly upregulated in
metastatic tumors compared to normal tissues and orthotopic subcutaneous tumots. SDF-
protein levels in tumors were most likely regulated by hypoxia, necrosis, andspot8®F-d
was not only found dispersed through out the extracellular matrix, but also found to letedsoc
with tumor endothelium suggesting its possible role as a cell adhesion molecutssdbmtion
of SDF-Jn with the ECM and cell membranes was most likely via heparan sulphates.o
adhesion assays demonstrated that BMC and endothelial progenitors (LBcalcKit* BMC)
adhered to the tumor-derived cells, and that their adhesion to tumor-derived sathediated
by the interaction of SDFeland CXCR4. A significantly greater number of LBMC
localized to metastases compared to adjacent healthy tissues and organs aadesauscut
tumors. Thus, it appeared that SDkwtas one of the permissive triggers of tumor

vasculogenesis that regulated the recruitment and adhesion of BMC to tumors.
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Figure 33: SDF-lo-Mediated Mechanism for Tumor Biolocalization and Adhesion of
Lineage-negative BMC

Greater numbers of adoptively-transferred CXQR# BMC localized to LLCaB metastases
(mouse on right), which had significantly elevated levels of SDprttein, compared to
LLCaB subcutaneous tumors (mouse on left) and adjacent healthier tid3bkek: was
associated with the extracellular matrix (ECM) and with tumor endathglEC) and this
adhesion most likely occurred via heparan sulphdtesitro assays demonstrated that the
adhesion of Lin BMC and endothelial progenitor to tumor endothelial cells waseddujahe
interaction of SDF-@ and CXCR4. Together these data suggested in our model that tumor-
derived SDF-i& bound to tumor endothelial cells may recruit and facilitate adhesion of

circulating bone marrow-derived CXCRgrogenitor cells to SDFeitrich tumors.
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CHAPTER V: DISCUSSION

The formation of new blood vessels by angiogenesis and/or vasculogenesis is
predominantly observed in embryonic development, and vascularization in healtisyidult
observed during the menstrual cycle, pregnancy, and wound healing. It wasaryH®@0’s
that it was first demonstrated that tumor growth was angiogenesis-dependentlabrFdlkman
proposed that targeting the developing tumor vasculature would be a valuable itenvent
controlling tumor growth and cancer progression. In addition, it was suggleatespécific
targeting of the tumor vasculature would have advantages such as easpiitcessecificity,
and low toxicity, overcome limitations like drug resistance of tumor cell, angfdieable to a
wide array of tumors. Ladt al. were the first to report the implantation and survival of
systemically injected endothelial cells (EC) within tumors (31). SubsélguZwiebelet al.
reported a significant reduction in metastatic burden by systemic athatiois of EC that were
genetically modified to overexpress the cytotoxic cytokine IL-2 (89). Hitigliaccount opened
the door for potential EC-mediated therapeutic strategies: the use of EG/éw geécific
treatment to tumors. This approach has not been vigorously pursued, due to setbaukalin cli
gene therapy and limited availability of syngeneic endothelial cells. tHwether anti-
angiogenic strategies targeting specific steps in tumor vasculanzetve been established as
important in restricting cancer progression, and are being developed as neachpprin cancer
therapy (4;5).

In 1997, Asahara’s group isolated a unique cell fraction from peripheral blood
mononuclear cells mobilized from bone marrow (BM) that possessed properiies & that of
an embryonic angioblast; these were designated endothelial progenitoEP&)s This group

demonstrated that vitro, EPC proliferated and/or migrated in response to angiogenic growth
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factors and differentiated into mature EC, angivo were mobilized in response to ischemic
injury and contributed to the re-vascularization of ischemic tissue (48;48)led to the
exploration of the role of BM-derived EPC in tumor vascularization (vasculoggn&sihe
advent of this dissertation research, in 2005, EPC-mediated tumor vascularizatonava$
concept with only a handful of reports with inconsistent findings (Table 1). Lgtdainwere the
first to report the recruitment of hematopoietic and circulating endotipesialirsor cells (CEPS)
and their importance in tumor growth. They reported that BMC-mediated tumor vastidar
was driven by vascular endothelial growth factor (VEGF), and that blockingah#ization of
both VEGFRZ CEPs and VEGFR1bone marrow-derived cells was necessary to completely
ablate tumor growth (197). On the contrary, Vajkoczy ¢iaal. reported that P- and E-selectin
and their ligand PSGL-1 mediated the localization and incorporation of embryonic eradiothel
progenitors to tumor vasculature (51). Later, in 2004 &/al. demonstrated that systemically-
injected embryonic EPC that were transfected with a suicide consutiuctimprovement in the
survival of mice that received the substrate for the suicide gene (78).

Early reports suggested that, like the mature endothelial cells, endothegjahjtors
might be important in tumor vascularization and tumor targeting. Thus, understdreling t
mechanism by which EPC contributed to the process of vascularization could help apiheyel
drugs to control vasculogenesis and arrest tumor growth. Additionally, gelyetnicalified EPC
could be developed as a therapeutic Trojan horse to specifically deliver treetapots.

In 2005, we proposed that SDE-Was important in recruitment and adhesion of bone
marrow-derived progenitors to tumors. Since then there have been about 20 heptidsd

demonstrated the tumor-localization of EPC from adult bone marrow and the role ofdaypoxi
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induced proteins. Five of these reports have demonstrated the role otSD&#hor
vasculogenesis.

The metastatic tumor model was characterized in the first part of teestdison. The
LLCaB cell line was suitable for use in immunocompetent C57BI/6 mice andywgsreic to
the host. Additionally, previous vivo experiments in our laboratory showed that the LLCaB
cell line, compared to the parental cell line LLC1 and LLCC3 subclone, developedyrim
tumors more rapidly and produced larger metastases. Subcutaneous (s.c.)deationre/as
used to promote development of metastatic tumor cells seeded in the lungs andltiveugh
lungs appeared to be the predominant site of metastases, liver metastagesquently
observed. This was in agreement with the clinically observation that lung turatastasized to
livers. In addition, we have demonstrated that the primary tumor volumes and the number of
days after surgical excision of s.c. tumors were critical for consdést@iopment of metastases
(Figure 9). These data were in alignment with earlier studies and the cameaptof tumor
development in the human population. The larger primary tumors gave rise to a gredéer num
of metastases, which developed rapidly after primary tumor removal. Instotitieasmaller
primary tumors led to fewer metastases and took a longer time to develop. Odtizahmi
observed similar relationship between the frequency of metastases anchtrg prmor
volumes in 1987 (276;277). Their model was similar to ours, although they used a different and
apparently more aggressive Lewis lung tumor subclone, injected it intramgdolthe hind
limb, and studied the metastatic development without resection of the primargtlinese
data suggested that the LLCaB tumor model was a clinically relevant nuoihel.

The expression of E-selectin and SDiH1 s.c. and metastatic tumors was evaluated by

RT-PCR, ELISA and immunohistochemistry in Chapter 11l A. E-selectis specifically
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expressed on activated endothelium in tumors and absent from healthy contrpktippogting
our and others earlier findings (Figure 10). In contrast to E-selectin,18[PFotein was
detected at basal levels in healthy control lung and liver samples. Thisailusewas in
agreement with other published reports (249;278). Although, no difference in the amounts of
SDF-In protein in s.c. tumors and healthy control samples was observed,)SWwBtdin was
significantly elevated in metastases (Figure 11). In addition, smathers appeared to express
higher amounts of SDFelprotein per milligrams of total protein compared to the larger tumors.
These data might imply that SDIe-Wvas critical in the early phases of tumor development and
was replaced by other growth factors, as the tumor progressed. However, enaromparably
sized tumors were compared, the s.c. tumor had significantly lower expression-aé SDF
protein. This could suggest that the expression of SibWwélk influenced by the physiologic
location of tumors. It was also possible that SFedpression was dependent to the nature of
tumor initiation (growth of tumor cell bolus in s.c. tumors in heterotopic environmesusrer
proliferations of localized single tumor cell to produce metastases in orthetopionment). In
addition, this could be attributed to the difference in the ratio of blood vasculature to aliior ¢
in larger tumors compared to smaller tumors. There are several reportssthasbaciated
elevated levels of SDFelwith the more aggressive and advanced phenotype in glioma (279),
colorectal cancer (280), and pituitary adenoma (281). It must be noted theB id. @a
aggressive adenocarcinoma cell line, and that tumor size must not be confused with tumor
biology/stage. Nevertheless, to our knowledge this is the first report thabdsskrelationship
between tumor size and SDE-firotein expression.

Substantial levels &fdf-1x gene transcripts were detected in s.c. tumors and metastases,

but these were significantly less thsaf-1o transcripts in healthy tissues. The inconsistency in
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the levels okdf-1n gene transcript and SDFe-protein could be attributed to the fact that
regulation of SDF-& expression occurs primarily at the protein lev@tif-lx mRNA has been
reported to have a long half-life (282;282). The half-life of S@fptbtein in circulation has
been demonstrated to be less than one minute (246), its half-life in tissue is not known.

It has been reported that the association of secreted @il proteoglycans like
heparan sulfate in extracellular matrix protected SRprbtein from degradation by proteases
such as dipeptidyl peptidase IV (246;247). Dipeptidyl peptidase IV (DPFDI2BLis thought to
be important in tumor biology (283;284). Human DPP IV has been shown to be ubiquitously
expressed in epithelial and endothelial cells (285), and certain tumor &8288). It must be
noted that proteolytic enzymes are plentiful in necrotic areas of tumor (283Xhat necrosis
increases with tumor size. Most subcutaneous tumors are considerably largeetidstasas,
contain larger areas of necrosis, and contain greater amounts of cer@asg@sotndeed,
increase in dipeptidyl peptidases Il and IV paralleling the increasedrotthe subcutaneous
tumors in tumor-bearing animals and in blood and solid cancers patients has beed (290).
Additionally, several matrix metalloproteinases (MMP) have also been edportleave SDF-
la, rendering it unable to bind to CXCR4 (291). Elevated levels of MMPs have been askociat
with tumor progression (292) and shown to indirectly modulate vasculogenesis (691193)
increase in necrosis and proteolytic enzymes in large tumors could have pessilibd in the
increased degradation of SDE-firotein, resulting in the reduction of detectable SBfpibtein
in larger tumors. This data is partially supported by the fact that réfatigher amounts ofdf-
la gene transcript were detected in s.c. tumors compared to metastasesogeten,tSDF-d
protein levels in tumors appear to be modulated by proteolytic enzymes, dnddikkelate with

hypoxia and/or necrosis.
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The tumor endothelium is the first point of attachment for circulating enddthelia
progenitors (EPC) and lineage-negative bone marrow cells (Lin - BMC) in out. iBealeating
the differentially expressed/upregulated proteins on activated tumor endgiotieduld be
important to understand the mechanism by which EPC/Lin° BMC adhered and incdrimoate
the tumor vasculature. We hypothesized that S®Rds associated with the tumor-derived
endothelial celin vivo. By indirect immunofluorescent staining method, SFafotein was
observed throughout lung and liver sections from naive control mice. In metassatec
sections, SDF-d protein appeared to be concentrated within the metastatic lesions. In addition,
SDF-1a protein was found to often colocalize with the vasculature in s.c. tumors and mstastase
(Figure 12). The association of SDE-kith endothelial cells and extracellular matrix was most
likely via heparan sulphates, which have been reported to be present on EC surfackland EC
(243). Several investigators have provided evidence that Spfaged an important role in the
reconstitution of bone marrow after sub-lethal radiation. Lamtat. reported that SDFel
adhered to bone marrow endothelium via heparan sulfate, and was critical foeBseto be
localized, arrested, and maintained within the marrow niche (294). E-selestialso shown to
be important for these events. If vasculogenesis was involved in tumor growth, tlugioheye
tumors would most likely need to provide a similar microenvironment for attggitte
progenitor cells or Lin - BMC. Our results indicated that metastasesierene SDF-L, and
that E-selectin and SDFelwvere present on tumor endothelium, thus creating a
microenvironment for Lin- BMC to be recruited, retained, and incorporated into neatascul
Tumor cells, stromal cells, infiltrating cells or activated endothediié could be the
source of secreted SDFeprotein that was associated with tumor endothelium. Quantitative RT-

PCR results suggested that endothelioma cells (surrogate for attiveter endothelial cells)
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expressed higher levels sdf-1x gene transcripts compared to other cell types (3T3-L1
preadipocytes, unstimulated vascular endothelial cells from healthy, iégiizand LLCaB
tumor cells) tested. Overall, these data showed that SDfas& elevated in tumors and it was
associated with the endothelium.

SDF-In has been demonstrated to be a chemoattractant for lymphocytes and human
CD34 progenitorsn vitro andin vivo (295;296). In addition, circulating SDF:has been
implicated as a prognostic marker for cancer progression (231;297-301). Howedet,noé¢
observe any difference in serum SDégrotein between healthy controls and s.c. tumor bearing
mice (Figure 13). This is most likely due to the short half-life of ciroudeSDF-Tn (246). We
did not test for circulating CXCR4ells in naive healthy mice and/or tumor-bearing mice, thus
the putative role of SDFelin mobilizing CXCR4 BMC in our model remains unclear.

Aghi et al.did not observe any increase in circulating CXCBM¥IC in mice implanted
with SDF-In expressing glioma (62;302). In addition, no difference was observed in the plasma
SDF-1u levels from mice implanted with tumors that expressed or did not expressoSDF-1
Similarly, we have demonstrated the lack of increase in circulatinghs8DF-1. in a lung
adenocarcinoma model. It is also possible that there was indeed a transiaseinttemor-
derived SDF-& and circulating CXCR4cells, and the CXCR4ells bound the circulating
SDF-lo. CXCR4 has been reported to be rapidly internalized on binding SMZ28), thus
neither the increase in CXCRdells nor the elevated SDkrlevels were detected. In contrast,
Madlambayaret al. (76) reported more than 2-fold increase in serum S©Bylday 7 post
intramuscular injections of LLC tumor cells; serum SDFaias reported to decrease to basal
levels by day 13 with the tumor still intact. They did not report any paralleladetut change in

circulating CXCR4 BM-derived cells. Since most of our blood samples were collected at least
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15 days after subcutaneous injection of LLCaB tumors, we may have nmnisseglsied serum
levels associated with early phases of tumor development.

One of our novel observations was that SRALserum samples from the female mice
was consistently lower compared to the male mice. This might be due to the tf&D i is a
target for estrogen (303). This novel observation indicating a sex-basedtidistinc(SDF-1.
expression might be relevant in treating estrogen-dependent malignancies

In Chapter Ill B, a series af vitro adhesion assays were conducted to test our
hypothesis that SDFelcould act as a cell-cell adhesion molecule and was instrumental to the
association of CXCR4Lin~ BMC and endothelium in tumors. Before initiating these
experiments, the protocol to isolate Lin  BMC was standardized. Endothelial pyogets
(EPC) have been shown to be a subset of Lin~ "8#1(LSK) population. Our data showed
that LSK cells constituted less than 0.5% of total BMC (Figure 14) and preduainie85%)

contained cells with phenotype consistent with endothelial progenitor cellsni.e Sida’lcKit*

VEGFRZ (Figure 15). This data was consistent with a previously published report (304).
Additionally, we observed that ~80% LSK-BMC expressed CXCRA4, a receptddDfod&
Endothelial progenitor cells (EPC) /LSK cells could have been purified by positive
selection of ScatKit* from Lin~ BMC using antibodies as an alternative method. However, this
would render the LSK cells coated with anti-cKit and anti-Sca-1 antibodmsh would cause
stearic hindrance, interfere with cell-cell adhesion and complicate #rpneiation of results.
This could also alter tha vivo biodistribution of cells. Alternatively, it would be possible to
culture Lin- BMQn vitro with growth factors to promote EPC differentiation. Several groups
have successfully cultured Lin® BMC and have reported the expression of enldmhelia

specific markers on these cells. However, progenitor cell culture is expamsl difficult, there
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is a lack of standardized protocol for culturing Lin BMC, exdivoexpanded cells might not
accurately reflect thim vivo biology of mobilized Lin BMC. It was also possible to use a
chimeric mouse model for studyimgvivo mobilization and biodistribution of bone marrow
derived cells. In the chimeric mouse modbelne marrow in host mice is depleted by radiation,
and reconstituted by transplanting intact bone marrow from a transgenic nrausersiis
model would prove useful for understanding the role of different BM-derived meddes in
tumor development. Often transgenic BMC detected in tumors have been reported todalong t
committed lineag&e. CD116 cells that belonged to the granulocytic lineage (71;76;77) making
it difficult to interpret if progenitor cells localized to tumors prior to déferation or if
differentiated cells from bone marrow were recruited to tumors. In cqrttrasddetection of
systemically injected stem cell populations in tumors ensures the progemetmwtype of tumor-
localized cells.

Because of these concerns, the use of Lin BMC as EPC surrogatestforandin
vivo experiments was considered most practical. Additionally, in order to deve&plbased
vehicle to deliver site-specific therapy, it is important that cellsfead certain basic criteria like
1) simple harvesting procedure, 2) tolerancex@ivoculture, 3) low risk of non-specific
differentiationin vitro, 4) high transfectability, 5) adequatevivo tropism, and 6) inability to
generate a graft versus host immune response. Thus, exploring biolocalizatingerfesy stem
cells in an immunocompetent animal model was essential. We chose to evaluatehtaismne
by which adoptively-transferred syngeneic Lin BMC localized to apimand heterotopic
tumors in a clinically relevant immunocompetent C57BI/6 mouse tumor model.

As discussed earlier, SDF:vas expressed by a variety of cell types within tumors. To

best reproduce the heterogeneous cell population in the tumor microenvironment, watdtsoc
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LLCaB tumors and cultured them vitro. These tumor-derived cell cultures were designated
Dissociated Timor Cells (DTC). Expression of E-selectin and VEGFR2 were used to determine
the percentage of tumor endothelial cells in cultured DTC, which graduallasstepeaked
between 9-15 days in culture, and declined thereafter (Figure 16A). We predidi@lads-

derived VEGF might be responsible for the stimulation and proliferation of tumor endbtheli
cells in DTC cultures. Additionally, the commercial endothelial caivgh supplement in

culture media could be responsible for the increase in endothelial cells. Treteltiecline in
E-selectifi and VEGFR?2 cells was most likely due to the fact that these endothelial cells were
capable of only limitedh vitro growth. The expression of SDk-tjene transcript in all DTC
cultures was found to be constant by RT-PCR (Figure 16B). In addition, by immunséieintre
staining, SDF-i protein was observed to be co-localized with the cell membrane of DTC. In
addition, approximately 35% E-selecti@DF-1u" cells were observed in DTC cultures

indicating that SDF-d bound to tumor-derived endothelial cells (Figure 16C).

Forin vitro adhesion assays, monolayers of DTC, LLCaB (tumor cell line), bEnd.3
(endothelioma cell line), VEC (unstimulated murine cardiac vascular ené@obitedls), and 3T3-
L1 (pre-adipocyte cell line) were incubated wiGFP-Lin - BMC. The number and percentage
of EGFP-Lin BMC that adhered to each cell type was evaluated by manual enumeration on a
fluorescent microscope and by flow cytometry. Results indicated thaBIMC preferentially
adhered to DTC compared to all other monolayer cultures tested (Figure 1&}colmeflow
cytometric evaluation for adhesion of Lin~ Scit™ (LSK) cells revealed that, although
sizeable percentage of LSK cells adhered to naive endothelial and endothellsptaeckrgest
percentage of LSK cells bound to DTC (Figure 17). Blocking E-selectin onddE@es

decreased the number of adhered Lin - BMC and LSK cells by 30%. When CXCRéakas! bl
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on the Lin  BMC by either AMD3100 or anti-CXCR4 antibody, the adhesion of LMC B
decreased by an average of 50%. CXCR4 blocking by AMD3100 and anti-CXCR4 antibody
reduced the adhesion of the LSK population by approximately 30% and 60% respectively
(Figure 18). A significant number of control cell-type, CXCR4  dermal fibrplaldbered to
DTC and bEnd.3 monolayers. However, as expected, this adhesion of CXCR4  dermal
fibroblasts to DTC cultures was not influenced by the presence of AMD3100. These
experiments demonstrated that SDFatted as an adhesion molecule for Lin - BMC and LSK
cells in tumors.

As already mentioned, a significantly high percentage of LSK cells bound to bEnd.3
cells. In the presence of CXCR4 blocking drug AMD3100, there was an 80% decrease in the
number of LSK cells that adhered to bEnd.3 cultures (Figure 19). These data sudge$iSH t
cells preferentially adhered to cells of endothelial lineage. The affébcking CXCR4 on the
adhesion of Lin BMC to unstimulated resting vascular endothelial celisovasaluated.

Thus, no comment can made about preferential adhesion of Lin® BMC and/or LsSti€ cell
activated tumor endothelial cells compared to normal endothelial cells.

The Lin BMC and LSK cell adhesion to DTC was not completely inhibited in presence
of CXCR4 or E-selectin blocking agents for most cell types tested. It mustdd that
blocking would only be as efficient as the percentage of cells expressielgdin and CXCR4.
On average about 45% of cells in DTC cultures expressed E-selectin. Appedyi&t®o of
Lin BMC expressed CXCR4 and ~80% of LSK cells expressed CXCR4. LSK tiopalad in
presence of AMD3100 the adhesion of LSK cells to endothelioma cells decreaséd,by 80
indicating an almost complete inhibition of the interaction between CXCR4 and &Dir-1

addition, CXCR7, a second receptor for SDE-dould be playing a role in adhesion of bone
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marrow-derived cells to tumor-derived cells. Although, AMD3100 has been repotbettit
CXCRY7, it appears to act agonist of CXCR7 {586}. Due to the lack of a commgiavalilable
anti-mouse anti-CXCR7 antibody and/or CXCR7-antagonist, we have not been alaki&bee
the role of CXCRY7 in adhesion of Lin- BMC or LSK to DTC. In addition, it was postibleE-
selectin and SDFelacted together in a complementary fashion. However, we did not
simultaneously block both CXCR4 and E-selectin in the same experiment, pridwitg the
possible stearic hindrance that could interfere in cell-cell adhesioral$tiplausible that other
cell adhesion molecules were involved in the adhesion of Lin- BMC and/or LSintwrg.
Nonetheless, taken together, these data suggested that Lin - BMC had g tenaeinere to
several cell types in tumors, and both SDFahd E-selectin mediated this interaction with DTC.
Finally, in Chapter IV, data fronm vivo studies were reported. Forvivo experiments,
mice transgenic for thegfptransgene were used as donors in adoptive transfer experiments
because: 1) post-harvest biochemical labeling of cells would not be require@h2) bri
fluorescent signals would help in detecting tissue-localized cells, and &ffrgansgene
would be inherited by all progeny cells, thus making long-term studies more ée&sithle early
in vivo experiments, biolocalization of vascular endothelial cells (VEC) isoledetdEGFP-
transgenic mice in wild-type C57BI/6 mice with metastatic diseaseewvaluated by fluorescent
microscopy (Figure 20). AlthoughGFP-VEC were specifically detected in metastases,
evaluation of tissue sections was compromised by tissue autofluorescencifartdadr
fluorescence. This prompted the development of a qPCR method to detgfipttiansgene to
guantitate the tissue-localiz&fGFP-transgenic cells (Figure 20). Overall, this methodology was
accurate, objective and efficient, and detected as low asdfpdransgenes (1 cell) in 200 ng of

genomic DNA (~35,000 cells).
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Earlier studies in our laboratory have shown that adoptively-transferredatasc
endothelial cells (VEC) specifically localized to primary and metiatiamors. This homing of
VEC to tumors was mediated by E-selectin (Storey and Verbanac, unpublisheditats
proposed that Lin - BMC, which were enriched for EPC might localize to tumorsausimgar
mechanism, with SDFelplaying crucial roles in their recruitment and adhesion. Additionally
we sought to test an “irrelevant” cell type (dermal fibroblast) as aatadll to evaluate if
tumor-localization was specific to bone marrow-derived Lin° BMC.

No EGFP-dermal fibroblast were detected in any subcutaneous tumors at 72 hours after
systemic injectionEGFP-Lin  BMC were detected in only 1 of 7 s.c. tumors. However, in this
mouse greater numbers®BGFP-Lin - BMC were detected in normal organs like lung, liver,
heart, spleen, and kidney, compared to the s.c. tumor. Shinde et al. (60) have reported simila
whole body biodistribution results, based on the detection of tissue-localized nadigact
labeled Lin° BMC on a gamma counter. They concluded that stem cells waitedegarlow
levels to subcutaneously implanted LLC in syngeneic animals, but did not contrileatéydo
vasculogenesis. In our study, the low biolocalization of Lin® BMC to s.c. tumors cemloeal
attributed to the fact that cells were injected into the caudal arteeadhsf the caudal vein.
However, this theory could be disputed by the factB@EP-Lin  BMC were detected in other
organs. Additionally, in earlier experime&FP-VEC injected via caudal artery were
successfully detected in s.c. tumors.

In contrast, in the metastatic model a significantly greater numi&BBP-Lin - BMC
localized to metastatic tissues compared to adjacent tissue with no vistblatic lesions and
other normal organs like heart, and spleen. In addition, a significantly greateenof&GFP-

Lin- BMC were detected in metastases compared mice injecteB@mR-dermal fibroblast. In
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this experiment, cells were administered via the caudal vein, and the lanlgshe the first
major organ that cells would encounter. To summarize, it is possible that thetylispaéFP-
Lin- BMC localization to metastases compared to s.c. tumors data iypdugsto the
physiology and anatomy of the circulatory system. It is perhaps mong ikl CXCRZ Lin™
BMC preferentially localize to metastases that expressed highés th@&DF-1i protein, but
not the heterotopically implanted primary tumors with lower S@expression.

Although a significantly high number &GFP-Lin  BMC were detected in metastatic
lesions 48-72 hours after injection, we also detected a substantial nuritasFeiin  BMC in
other major organs that did not have visible metastases, particularly in kiéingy (30 and
31). Detection oEGFP-Lin  BMC in kidney samples could be because kidneys receive about
20% of the total cardiac output (305;306) and are involved in blood clearance function. When
Shindeet al. systemically injected stem cells into tumor-bearing mice, they did tettdeny
cells in the kidneys at 24 hours post-injection but identified about 5% of the injectedtc&
hours post-injection (60), suggesting that the increase of Lin - BMC in kidneysbeodlie to
blood clearance. A time-course study must be conducted to evaluate the noo-sgtedifion of
Lin- BMC in healthy tissue. We are currently analyzing normal orgamstfre experiment
where tissue samples were collected 7 days after administration dBM@.

Bone marrow is one of the tissues that we have not evaluated for localized L& BM
after adoptive transfer. Bone marrow localization of adoptively-trarsfdMC has been
reported in many radiation chimera models, howevereKa. have demonstrated that the
transplanted BMC did not localize to the hematopoietic stem cell niche in berewnmamice

whose bone marrow was not depleted by irradiation (304).
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The calculated total number BGFP-cells detected from all organs analyzed from each
mouse exceeded the numbeE@FP-Lin BMC that was injected. This could be due to the
highly proliferative nature of stem cells. Murine stem cells have been réporbe have a
doubling time that ranges from 12 to 41 hours (307;307-309;309). Thus, in 72 hours the cell
number could multiply at least 2-64 fold. In a subsequent study, just completed, thice wi
metastatic disease were injected ViEBFP-Lin BMC, and tumor-localization of adoptively-
transferred cells was evaluated 7 days later. In this group, the nundggptriinsgenes
DNA detected at 7 day was ~3X greater than that detected by 3 day (F2yufiédnis increase in
number of Lin - BMC at 7 day indicates retained and/or proliferating cells.

While this dissertation was in preparation, Madlambastaal. published a similar report
showing that BM-derived stem and progenitor cells contributed to neovasculoganddisat
“SDF-1a was a permissive trigger for BM recruitment to sites of neovasculanz§76). Their
studies were conducted in a single mouse model with multiple neovascularizatiam(is
retinal injury, Lewis lung carcinoma, and B16 melanomas tumors). Although, this maslel
intriguing, it must be noted that tumor is a systemic disease and could potentia#yce the
BM-mediated ischemic repair and tumor growth in such a dual model system, aadter cr
competing sites. Nonetheless, they illustrated that the greatest®M{Dg was detected in
ischemic retinas, compared to intra-muscular Lewis lung carcinoma andéasamas. This
BMC recruitment was demonstrated to be dependent on site-specific expiEsSDF-1 and
CD133CXCR4 myeloid progenitor cells were reported to directly participate in new blood
vessel formation. The abrogation of BM-derived neo-vascularization in heggerad C and
retinopathy by blocking SDFelactivity with neutralizing antibodies was also demonstrated by

immunohistochemistry. Thus, they concluded that active sites, which expredsed, Siere
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prone to BM involvement and underwent vasculogenesis whereas vascularizatioadiatsan
by a non-BM-derived mechanism in the other sites.

Our results reiterate similar findings. We observed that tumor localizatiLin° BMC
was greater in mice with only metastatic lesions (with high Sfe\els), than in mice bearing
only primary subcutaneous tumors. A greater number of Lin  BMC localizedastatiet
tissues compared to adjacent tissue with no visible metastatic lesion and otredrangams like
heart, spleen, and kidney. Moreover, significantly fewer CXCB@FP-dermal fibroblasts
localized to the metastases. Furthermore, dataifmontro experiments showed that adhesion of
Lin- BMC and endothelial progenitors to the tumor microenvironment was mediated-Ey.SD
Thus, it appears that SDF-inight be a key regulator in facilitating adhesion and retention of
Lin- BMC in metastases.

A 2010 report by Kioket al.demonstrated that irradiation caused a HIF-1-dependent
increase in SDFd.expression, and influx of bone marrow-derived cells in murine glioblastomas
(77). This mechanism was shown to be responsible for tumor recurrence.’T@221bone
marrow-derived cells, also known as Tie2-expressing monocytes (TEM)tvegpeedominantly
detected cells in tumors and tumor vasculature. Endothelial progenitors wereahegd in
tumor vasculogenesis, and there was no difference in tumor recurrence in éne@iEs
VEGFR2-blocking antibody treatment. However, pharmacological imbribdf HIF-1 or SDF-
1a/CXCR4 interaction prevented the influx of bone marrow-derived CDfriji@lomonocytes,
inhibited post-radiation vascularization, and abrogated tumor re-growth. Simnlaret al.
had reported earlier that tumor-infiltrating bone marrow cells wedprsmantly MMP9-
expressing CD1Tband contributed to vasculogenesis. Genetic ablation of MMP-9 reduced

tumor growth and vascularization in B16 melanoma, Lewis lung, and mammanooaac
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models (69). Our data showed the biolocalization of bone marrow-derived celletlkat w
depleted of lineage-committed cells, including CD1dddls. Nonetheless, it is possible that
lineage-negative progenitors could differentiate into CDt&bs and participate in
vasculogenesis in mechanism similar to that described by Kioi and Ahn.

In summary, this research was conducted in a clinically relevant metastatne
model. Quantitative PCR assay was used to objectively enumerate the biodstabut
transgenic cells and it enabled comprehensive analysis of tissue samglilkgts@ion of our
study is the use of dermal fibroblast cells as a control cell type in thio and then vivo
experiments. As fibroblasts are considerably more adherent compared to bave-deived
cells, they acted as a more stringent control. We have also addressed thesteamnanaction
between the bone marrow-derived cells and tumor cells in a seiresitwb assays, which
appears to corroborate wiith vivo data. Nonetheless, interpretation of results fromrtivévo
experiments was limited due to the use of heterogeneous lineage-negative bomeandrr
small sample sizes. In addition, experiments withivo blocking of CXCR4 remain to be
performed. Subsequently, the phenotype of the tumor-localized lineage-n&jvaeeds to
be analyzed. Additionally, evaluation of the incorporation of these adoptivelyamnatsbone
marrow cells into the developing tumor blood vessels will help understand their role in
vascularization, and analysis of proliferation markers would help in evaluaémddng-term

retention potential.



CHAPTER VI: SIGNIFICANCE

The mechanism by which tumor cells colonize, vascularize, and metastasizgemust
understood to aid in the design of effective anti-cancer therapies.doigygbortant to identify
the proteins that might participate in this process. Moreover, evaluatingileesanisms in a
model that mimics clinical scenario is essential. We have shown that the mu@a8 tumor
model recapitulated human cancer development closely. A novel tumor sizcspézifor
SDF-1a has been proposed in this dissertation. If S@kvas important for the development of
vascularized metastases, early intervention to block SDéedld prove to be an effective
therapy in controlling tumor proliferation. In addition, there is a growing lmde@yidence that
bone marrow-derived cells might be recruited to tumors in a SBRddulated manner. Results
from our group and others suggest that SRfeduld be an important trigger for a tumor-
recruited endothelial progenitor-mediated “angiogenic switch”. Inhgpihe tumor localization
of BM-derived cells could be utilized to restrict tumor proliferation and thegegty could be
developed into a cancer-restricting therapy. As with the current antiggamigostrategies found
to be effective clinically to date, strategies to block vasculogenesis Hel&BXCR4 targeting
are almost certain to be used as adjuvant therapy to standard chemotherapy orl loenaqmya
drugs that directly target the tumor cells.

Understanding the phenotype of progenitor cells that preferentially le¢alspecific
tumor types and techniques to efficiently deplete these cells could be useecaseatt
treatments. If CXCR4in~ BMC preferentially localized to SDR+EXxpressing tumors, then
these cells could be used to deliver specific therapy to tumors that areis¢heagcessible. In
addition, the interaction between SDé&ifh certain organs and CXCR#umor cells has been

revealed crucial for organ-specific metastasis in animal modeler@lyrthere are two clinical
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trials evaluating the role of SDR/ICXCRA4 in cancer patients; both these trials are investigating
the role of SDF-&/CXCR4 in the metastatic process. Nonetheless, with the emerging
multifaceted functions of SDFedin tumor biology it appears that inhibition of SD&-dould be
used to not only restrict the metastatic process per se, but to tumor vascutogedesi

angiogenesis.
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CHAPTER VII: APPENDIX: ANIMAL USE APPROVAL LETTERS

Animal Care and Use Committee

East Carolina University

212 Ed Warren Life Sciences Building
EAsT Greenville, NC 27834
CAROLINA 252-744-2436 office » 252-744-2355 fax
UNIVERSITY

November 13, 2007

Kathryn Verbanac, Ph.D.
Department of Surgery

Brody 4S-10 .

ECU Brody School of Medicine

Dear Dr. Verbanac:

Your Animal Use Protocol entitled, "Mice as Bone Marrow Cell Donors," (AUP #T233) was
reviewed by this institution's Animal Care and Use Committee on 11/13/07. The following
action was taken by the Committee:

"Approved as submitted"

A copy is enclosed for your laboratory files. Please be reminded that all animal procedures must
be conducted as described in the approved Animal Use Protocol. Modifications of these
procedures cannot be performed without prior approval of the ACUC. The Animal Welfare Act
and Public Health Service Guidelines require the ACUC to suspend activities not in accordance
with approved procedures and report such activities to the responsible University Official (Vice
Chancellor for Health Sciences or Vice Chancellor for Academic Affairs) and appropriate federal
Agencies.

Sincerely yours,

JULE ol ALY

Robert G. Carroll, Ph.D.
Chairman, Animal Care and Use Committee

RGC/jd

enclosure

East Carolina University is a constituent institution of the University of North Carolina. An Equal Opportunity/Affirmative Action Employer.
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Animal Care and Use Committee
East Carolina University

u u Greenville, NC 27834

E A ST
CAROLINA 252-744-2436 office » 252-744-2355 fax

UNIVERSITY

October 3, 2007

Kathryn Verbanac, Ph.D.
Department of Surgery

Brody 4S-10

ECU Brody School of Medicine

Dear Dr. Verbanac:

Your Animal Use Protocol entitled, "Migration of Endothelial Cells and Progenitors to Murine
Tumors," (AUP #T219a) was reviewed by this institution's Animal Care and Use Committee on
October 3, 2007. The following action was taken by the Committee:

"Approved as submitted"

**Note: Please contact EH&S to perform testing to verify safety of isoflurane via benchtop
method. Please notify us of results when testing has been completed.**

A copy is enclosed for your laboratory files. Please be reminded that all animal procedures must
be conducted as described in the approved Animal Use Protocol. Modifications of these
procedures cannot be performed without prior approval of the ACUC. The Animal Welfare Act
and Public Health Service Guidelines require the ACUC to suspend activities not in accordance
with approved procedures and report such activities to the responsible University Official (Vice
Chancellor for Health Sciences or Vice Chancellor for Academic Affairs) and appropriate federal

Agencies.
Sincerely yours,

WM/Z//

Robert G. Carroll, Ph.D.
Chairman, Animal Care and Use Committee

RGC/id

enclosure

East Carolina University is a constituent institution of the University of North Carolina. An Equal Opportunity/Affirmative Action Employer.
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/ Animal Care and Use Committee
East Carolina University
212 Ed Warren Life Sciences Building
EAST Greenville, NC 278?4
CAROLINA 252-744-2436 office » 252-744-2355 fax
UNIVERSITY
October 8, 2007
Kathryn Verbanac, Ph.D.
Department of Surgery
Brody 4S-10

ECU Brody School of Medicine
Dear Dr. Verbanac:

Your Animal Use Protocol entitled, "Isolation of the Vascular Endothelial Cell," (AUP #T141d)
was reviewed by this institution's Animal Care and Use Committee on October 8, 2007. The
following action was taken by the Committee:

"Approved as submitted"

A copy is enclosed for your laboratory files. Please be reminded that all animal procedures must
be conducted as described in the approved Animal Use Protocol. Modifications of these
procedures cannot be performed without prior approval of the ACUC. The Animal Welfare Act
and Public Health Service Guidelines require the ACUC to suspend activities not in accordance
with approved procedures and report such activities to the responsible University Official (Vice
Chancellor for Health Sciences or Vice Chancellor for Academic Affairs) and appropriate federal
Agencies.

Sincerely yours,

ALl Y

Robert G. Carroll, Ph.D.
Chairman, Animal Care and Use Committee

RGC/jd

enclosure

East Carolina University is a constituent institution of the University of North Carolina. An Equal Opportunity/Affirmative Action Employer.



l\ll | East Carolina Unuversity.

Anlmal Care and
Use Commitee

212 Ed Warren Life
Sciences Building

East Carolina University
Greenville, NC 27834

252-744-2436 office
252-744-2355 fax

June 16, 2010

Kathryn Verbanac, Ph.D.
Department of Surgery

Brody 4S-10

ECU Brody School of Medicine

Dear Dr. Verbanac:

The Amendment to your Animal Use Protocol entitled, “Migration of Endothelial Cells
and Progenitors to Murine Tumors”, (AUP #T219a) was reviewed by this institution's
Animal Care and Use Committee on 6/16/10. The following action was taken by the
Committee:

"Approved as amended”

A copy of the Amendment is enclosed for your laboratory files. Please be reminded
that all animal procedures must be conducted as described in the approved Animal Use
Protocol. Maodifications of these procedures cannot be performed without prior
approval of the ACUC. The Animal Welfare Act and Public Health Service Guidelines
require the ACUC to suspend activities not in accordance with approved procedures
and report such activities to the responsible University Official (Vice Chancellor for
Health Sciences or Vice Chancellor for Academic Affairs) and appropriate federal
Agencies.

Sincerely yours,

ULl Y

Robert G. Carroll, Ph.D.
Chairman, Animal Care and Use Committee

RGC/jd

enclosure
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