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Synopsis

The role of the microenvironment during the initiation and progression of malignancy is
appreciated to be of critical importance for improved molecular diagnostics and therapeutics. The
tumor microenvironment is the product of a crosstalk between different cells types. Critical
elements in the microenvironment include tumor associated fibroblasts, which provide an essential
communication network via secretion of growth factors and chemokines, inducing an altered
extracellular matrix (ECM), thereby providing additional oncogenic signals that enhance cancer-
cell proliferation and invasion. Active contribution of tumor-associated stromal cells to cancer
progression has been recognized. Stromal elements consist of the ECM, fibroblasts of various
phenotypes, and a scaffold composed of immune and inflammatory cells, blood and lymph
vessels, and nerves. This review will focus on therapeutic targets in the microenvironment related
to tumor endothelium, tumor associated fibroblasts and the extracellular matrix.
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Tumor microenvironment

The role of the microenvironment during the initiation and progression of malignancy is
appreciated to be of critical importance for improved molecular diagnostics and
therapeutics(1). The tumor microenvironment is the product of a crosstalk between different
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cells types. For instance, in epithelial tumors these cells include the invasive carcinoma and
its stromal elements. Critical elements in the microenvironment include tumor associated
fibroblasts, which provide an essential communication network via secretion of growth
factors and chemokines, inducing an altered extracellular matrix (ECM), thereby providing
additional oncogenic signals that enhance cancer-cell proliferation and invasion. Active
contribution of tumor-associated stromal cells to cancer progression has been recognized(1).
Stromal elements consist of the ECM, fibroblasts of various phenotypes, and a scaffold
composed of immune and inflammatory cells, blood and lymph vessels, and nerves. This
review will focus on therapeutic targets in the microenvironment related to tumor
endothelium, tumor associated fibroblasts and the extracellular matrix, while the immune
targets will be covered in the immunotherapy article in this issue.

Angiogenesis is necessary for tumor growth

The initial evidence that angiogenesis is necessary for tumor growth came from studies
transplanting cancer cells into the avascular corneas of rabbits(2). In these studies, tumors
did not grow in rabbit corneas before sprouting vessels were able to grow to connect to the
tumor. Additionally, inhibiting blood vessel formation prevented tumor growth beyond 0.4
mm(2). Similar studies found that tumors placed in chicken embryo chorioallantoic
membranes shrank during the first 3 days after placement(3). However, new vessel
formation was seen to form from existing vessels after the tumors were placed. When these
new vessels connected to the tumor, tumor growth continued. These studies not only
identified a significant role of vessel formation in tumor progression, but they identified that
tumors elicited the growth of vessels from existing vessels. This suggested that tumors
released diffusible factors that initiate angiogenesis to continue and maintain their growth.

There are four known strategies by which tumors can augment their blood supply. They can
stimulate angiogenesis; utilize existing vessels directly; induce vasculogenesis; or form
vasculogenic networks without vascular cells. The secretion of pro-angiogenic factors and
inhibition of anti-angiogenic factors induce vascular sprouting from pre-existing capillaries
and venules, which constitutes the process of angiogenesis. This is the most common way
tumors gain access to the vasculature. Tumors may also utilize existing vessels by growing
alongside them, as is the case in astrocytomas(4). The strategy of vasculogenesis involves
the formation of blood vessels from bone marrow precursors. This differs markedly from
angiogenesis in that the sources of the cells that make up the vessels are from the bone
marrow and not from pre-existing vessels. However, many of the soluble mediators that
initiate vasculogenesis, notably VEGF, parallel those found in angiogenesis(5). Lastly,
tumors themselves can form lumens which can be used to transport blood, but lack
endothelial cells or other vascular components(6, 7). Multiple strategies may be in play in a
particular tumor, depending on their tumor type or stage. In this review we will focus on the
major pathways of angiogenesis as its contribution has been applicable to therapeutic
intervention.

Growth factors/receptor tyrosine kinases

Vascular Endothelial Growth Factor Family

An essential mediator of angiogenesis is the vascular endothelial growth factor (VEGF)
family, which consists of five family members of secreted proteins (VEGFA, VEGFB,
VEGFC, VEGFD, VEGFE, and platelet derived growth factor (PDGF)(8), that bind and
activate three receptor tyrosine kinases (VEGFR-1, -2 and -3). VEGFA promotes endothelial
cell migration, proliferation, vascular permeability, and tube formation. VEGFB was
identified as an endothelial cell growth factor expressed in skeletal muscle and heart(9),
however its role as an angiogenesis factor is not clearly defined. VEGFC and VEGFD play
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critical roles in lymphangiogenesis, and their expression has been correlated with the
development of lymph node metastases(10). Placental growth factor (PGF) promotes the
survival of endothelial cells and regulates the activity of VEGF signaling(11).

Regulation of VEGF family genes expression is under the control of stresses such as
hypoxia, acidity and hypoglycemia, which stimulate transcription and increase mMRNA
stability, resulting in increased protein expression. Under normoxic conditions, prolyl
residues in hypoxia inducible factors (HIF) proteins are hydroxylated by prolyl hydroxylase
in a reaction that uses molecular oxygen. Hydroxylation of HIF proteins targets them for
ubiquitin-mediated proteolysis. Decreased oxygen concentration reduces the efficiency of
this process: HIF proteins are stabilized and become available to bind to hypoxia-response
elements in the promoters of target genes, thereby activating transcription(12).

VEGF proteins bind to receptor tyrosine kinases: VEGF receptor-1, -2 and -3 (VEGFR-1,
-2, -3)(13), which mediate cell signaling resulting in the biologic effects of VEGF.
VEGFR-1 (Flt-1) binds three of the VEGF family ligands, VEGF-A, VEGF-B and PGF.
Activation of VEGFR-1 results in hematopoiesis, embryonic vessel development,
macrophage chemotaxis and recruitment of endothelial progenitor cells to tumor blood
vessels from the bone marrow(14). VEGFR-2 (FIk-1/KDR) is the central mediator of
VEGF-stimulated tumor angiogenesis and is essential in embryonic vascular development.
When VEGF binds to VEGFR-2, the receptor is phosphorylated and activates downstream
signaling molecules including protein kinase C, phospholipase C, MAP kinase, Raf, PI3K
and FAK pathways, resulting in endothelial cell migration, proliferation, tube formation, and
anti-apoptosis(15). VEGFR-3 binds VEGF-C and -D and is involved in the formation of
lymphatics in tumors and normal tissue(16).

A humanized version of a monoclonal antibody to VEGFA, bevacizumab (Avastin;
Genentech), became the first Food and Drug Administration (FDA)—-approved
antiangiogenic drug in the United States in 2004(10). It was approved as a first-line
treatment agent for metastatic colorectal cancer, in combination with 5-fluorouracil(17) and
was later approved for treatment of metastatic non—-squamous-cell lung cancer, breast
cancer, and glioblastoma multiforme(18).

Additional FDA-approved drugs that block VEGF signaling are sunitinib and sorafenib,
both receptor tyrosine kinase inhibitors that are administered orally. In addition to blocking
VEGEFR signaling, sorafenib, also blocks PDGFRB, FLT3, and KIT signaling(19).
Similarly, sunitinib blocks signaling from VEGFR1-3, PDGFRA, PDGFRB, FLT3, and
RET(19). Sorafenib has been approved for unresectable hepatocellular carcinoma and
advanced renal cell carcinoma, whereas sunitinib has been approved for metastatic renal cell
carcinoma, gastrointestinal stromal tumors (10) and neuroendocrine tumors(20).

TGF-B is a paracrine polypeptide with three homologous forms (TGFB1, TGFB2, and
TGFp3). TGF-B is produced in latent form as a zymogen, and after secretion a latency
associated peptide is proteolytically cleaved to release active TGF-B. Active TGF- binds to
constitutively active type 2 receptors (TGFBR2) to activate type 1 receptors (TGFBR1) in a
heteromeric complex that controls transcription through the action of a family of SMAD
proteins (21). TGF-f is a proangiogenic agent despite the fact that, in vitro, TGF- causes
apoptosis and growth arrest of endothelial cells. This paradoxical behavior may be explained
by the fact that TGF-p activates the secretion of fibroblast growth factor 2, which acts to
stimulate the expression of VEGF. VEGF in turn acts in an autocrine manner through its
receptor VEGFR2 to activate the MAPK pathway. However, TGF-B will reverse the
protective action of VEGF, promoting apoptosis, which occurs in the pruning process, to
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form the final vascular network(22). Therapeutic approaches for targeting TGF-f signaling
include antagonism of TGF-f ligand binding to the heteromeric receptor complex with
isoform-selective antibodies, such as lerdelimumab (TGF-,) and metelimumab (TGF-f4) or
the pan-neutralizing antibody GC-1008, and intracellular inhibition of the type | TGF-§3
receptor kinase with small-molecule inhibitors, such as LY550410, SB-505124 or
SD-208(23).

Fibroblast Growth Factor

Notch

Fibroblast growth factors (FGFs) maintain endothelial cell function. FGF1 and FGF2
promote endothelial cell proliferation and migration and stimulate angiogenesis(24). FGFs
produce their biological effects by binding to transmembrane tyrosine kinase receptors,
FGFR1 through FGFR4(25). FGFR can activate PLC-y thereby stimulating production of
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). This, in turn, releases
intracellular calcium and activates Ca?*-dependent PKCs. The activation of the PI3K-Akt
cell survival pathway is one of the important biological responses induced by FGF2 in
endothelial cells(26).

There are several inhibitors of FGF signaling that are undergoing clinical trials. FP-1039
(FGFRL1:Fc) is a soluble fusion protein consisting of the extracellular domain of human
fibroblast growth factor receptor 1c (FGFR1) linked to the Fc portion of human 1gGL1.
FP-1039 prevents FGFR1 ligands from binding to any of their related receptors within the
family of seven FGF receptors, and may mediate both anti-tumor and antiangiogenic effects.
E-3810 and TKI258 are dual VEGFR and FGFR tyrosine kinase inhibitors in clinical
trial(24).

The notch signaling pathway involves gene regulation mechanisms that control multiple cell
differentiation processes during embryonic and adult life and is essential for cell-cell
communication. This pathway has been directly linked to tumor angiogenesis and in the
process of activating dormant tumors. VEGFA induces expression of the endothelium-
specific Notch ligand delta-like 4 (DLL4): when DLL4 activates the Notch signaling
pathway in neighboring cells, the effect is to inhibit dorsal sprouting of endothelial tubes.
When expressed in tumor cells DLL4 can activate Notch signaling in host stromal cells,
thereby improving vascular function(27). Inhibition of DLL4-mediated Notch signaling
promotes a hyperproliferative response in endothelial cells, a process that leads to an
increase in angiogenic sprouting and branching. Despite this increase in vascularity, tumors
are poorly perfused, hypoxia increases, and tumor growth is inhibited. Neutralizing anti-DIl4
antibodies have been demonstrated to inhibit tumor growth in vivo(28). These findings point
to the Notch pathway as a potential therapeutic target.

Angiopoiten/Tie receptors

Angiopoietins belong to a family of endothelial cell-specific molecules that play an
important role in endothelial growth, maintenance, and stabilization by binding to Tie
receptors(29). There are four types of angiopoietins: Ang-1, -2, -3 and -4. The Tiel receptor
is highly expressed in angioblasts, embryonic vascular endothelium, and endocardium, and
in adult tissues is expressed in lung capillaries (30). The Tie2 receptor mediates survival
signals for endothelial cells resulting in vessel maturation. Ang-2 is an autocrine antagonist
that induces vascular destabilization, while Ang-1 is an agonist that promotes vessel
stabilization in a paracrine fashion. Ang-2 is implicated in tumor-induced angiogenesis and
progression and is increased during vascular remodeling (31)http://www.ejinme.com/article/
P11S0953620509001393/fulltext-bib16. AMG 386 is an investigational peptide-Fc fusion
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protein that inhibits angiogenesis by preventing the interaction of Ang-1 and Ang-2 with
their receptor, Tie2, and is being studied in clinical trials(32, 33).

Epidermal Growth Factor

The epidermal growth factor (EGF) family consists of eleven members which bind to one of
four epidermal growth factor receptors (EGFR)(34, 35). All of the receptors, except HER3,
contain an intracellular tyrosine kinase domain(36). In xenograft models activation of EGFR
contributes to angiogenesis (37), in addition to cellular proliferation, survival, migration,
adhesion, differentiation, and tumor metastasis(36). The EGFR pathway is more of an
indirect regulator of angiogenesis by upregulating the production of pro-angiogenic factors
such as VEGF. There are three FDA-approved EGFR inhibitors: cetuximab and
panitumumab, which are monoclonal antibodies, and erlotinib, a tyrosine kinase inhibitor
that specifically targets EGFR (10).

Insulin Like Growth Factor Pathway

The insulin-like growth factor pathway plays a major role in cancer cell proliferation,
survival and resistance to anti-cancer therapies in many human tumors(38). Insulin like
growth factor-1 (IGF-1) contributes to the promotion of angiogenesis through increasing
VEGF expression via HIF-1a(39). The two main strategies in development for blocking IGF
signaling as an anti-cancer therapeutic are receptor blockade and tyrosine kinase
inhibition(40). Receptor blockade with the use of monoclonal antibody therapies against the
IGF-1R (such as Figitumumab)(41) are being investigated. Tyrosine kinase inhibition in
general will indiscriminately inhibit the kinase domains of all IGF system receptors. The
exception to this is the NVP-AEW541 and NVP-ADW?742, which has 15-30 fold increased
potency for IGF-1R kinase inhibition compared to IR kinase inhibition in cellular
assays(41).

Calcium signaling

One of the important intracellular pathways stimulated by a variety of angiogenic growth
factors, including VEGF, FGF, and a novel angiogenesis factor secreted frizzled related
protein 2 (SFRP2)(42) is activation of calcium signaling. Calcium signaling is mediated
through transient increases in cytoplasmic free calcium which activates the phosphatase
calcineurin. Activated calcineurin dephosphorylates nuclear factor of activated T-cells
(NFAT), which then translocates from the cytoplasm to the nucleus(43). NFAT plays a
critical role of in mediating angiogenic responses(44, 45). NFAT activation was identified as
a critical component of SFRP2(42, 46) and VEGF-induced angiogenesis and linked to the
induction of cyclooxygenase-2(47). Activation of the Ca2* pathway induces cell
proliferation and inhibits apoptosis in cultured endothelial cells, suggesting a proangiogenic
activity.#1:42 FK506 is a calcineurin inhibitor that blocks NFAT activation, and has been
shown to inhibit angiogenesis in vitro and tumor growth in vivo(42, 46). In pre-clinical
models, a monoclonal antibody to SFRP2 reduced tumor growth in vivo, and inhibited
endothelial and tumor cell NFAT activation in vitro(48).

Endogenous Angiogenesis Inhibitors

The activities of a variety of endogenous angiogenic inhibitors have been described to
regulate tumor endothelial growth. These include thrombospondin-1(49), angiostatin(50)
and endostatin(51). One of the most extraordinary developments in the discovery of
endogenous inhibitors came again from the Folkman laboratory(50) via a Lewis Lung
Carcinoma mouse model in which lung micrometastases seeded from subcutaneous primary
tumors did not develop further when the tumor was intact, but grew rapidly after the primary
tumor had been surgically removed. It was hypothesized that the primary tumor itself was
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producing a circulating antiangiogenic agent that inhibited blood vessel growth in the lung
micrometastases. After resection of the primary tumor the source of the endogenous
angiogenesis inhibitor was removed and the lung metastases therefore grew rapidly.
O’Reilly and Folkman isolated of a protein they called angiostatin from the urine of mice
with intact primary tumors. Angiostatin is a fragment of plasminogen that occurs normally
in the circulation, and the cleavage of plasminogen to produce angiostatin occurs in the
tumor or itself(50). Purified angiostatin given daily to mice after resection of the primary
tumor completely prevented the development of micrometastases. Angiostatin was
subsequently shown to be active against primary tumors established in mice from inoculated
human tumor cells, and it also inhibits the proliferation of endothelial cells in culture, but
had no effect on tumor cell proliferation. Additional proteolytically activated antiangiogenic
proteins have been isolated, including endostatin derived from collagen XVIII (51).

Tumor Endothelial Markers

A recent strategy to discovery novel angiogenesis targets is to compare differences in gene
expression profiles between tumor and normal endothelium. St Croix isolated endothelial
cells using magnetic bead selection from a human colon cancer and adjacent normal
colon(52). Among the novel genes identified to be overexpressed by tumor endothelium was
TEMBS8. TEMS is the anthrax toxin receptor and preclinical targeting of this receptor in tumor
models have been successful, make this molecule a candidate for future vascular targeting
studies(53). Subsequent studies have used laser capture microdissection of blood vessels
from breast tumors and normal breast tissue(54), or ovarian cancer and normal ovarian
tissue(55), to identify novel targets that are presently under investigation. One target, SFRP2
has been shown to induce angiogenesis(56), and therapeutic targeting with a monoclonal
antibody reduces tumor growth in pre-clinical models(48).

Cell Adhesion to the Extracellular Membrane

Integrins are heterodimer transmembrane receptors for the extracellular matrix composed of
an alpha and beta subunits(57). Integrins bind ligands by recognizing short amino acid
stretches on exposed loops, particularly the arginine-glycine-aspartic acid (RGD) sequence.
Upon ligation integrins mediate signaling events that regulate angiogenesis, cell adhesion,
proliferation, survival, and migration. Pathways that are activated include protein kinase B
(PKB/AKt), integrin-linked kinase, mitogen-activated protein kinase (MAPK), Rac or
nuclear factor kappa B (NF-kB). In inactive vessels, integrins interact with the basal
membrane, thereby maintaining vascular quiescence. During angiogenesis, integrins are
essential for endothelial cell migration, proliferation, and survival. In preclinical studies,
inhibition of integrin function suppresses angiogenesis and tumor growth. Of the 24 known
integrin heterodimers, aVVp3(58) and aVf5(59) were the first vascular integrins targeted to
suppress tumor angiogenesis. Three classes of integrin inhibitors are currently in preclinical
and clinical development: synthetic peptides containing an RGD sequence (cilengitide;
Merck), monoclonal antibodies targeting the extracellular domain of the heterodimer
(Vitaxin; Medimmune), and peptidomimetics (S247; Pfizer), which are orally bioavailable
nonpeptidic molecules mimicking the RGD sequence(60).

Focal Adhesion Kinase (FAK) is a protein that plays a critical role in intracellular processes
of cell spreading, adhesion, motility, survival and cell cycle progression, and has shown to
play a role in tumor angiogenesis(61). Pharmacologic blockade of FAK autophosphorylation
reduces tumor growth in vivo(62) The FAK gene encodes a non-receptor tyrosine kinase
that localizes at contact points of cells with extracellular matrix, and is activated by integrin
(cell surface receptor) signaling. Recently Novartis Inc. developed FAK inhibitors down-
regulation its kinase activity(63). The novel Novartis FAK inhibitor, TAE-226 recently was
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employed in brain cancer and effectively inhibited FAK signaling and caused apoptosis in
these cells (64). Another, ATP-targeting site inhibitor of FAK, Pfizer-PF-573,228 has been
recently described(65).

Tumor Activated Fibroblasts

Fibroblasts in the tumor stroma synthesize fibroblast activation protein (FAP), a type Il
transmembrane protein that functions as a serine protease. FAP must be assembled into a
dimer to become an active protease.(66) More than 90% of human epithelial cancers
overexpress FAP including colon, breast, lung and ovarian cancers. Expression of FAP is
highly restricted to cancer associated fibroblasts but its actual function has yet to be fully
identified.(67). This enzyme was reported to cleave gelatin and collagen type | and has
therefore been implicated in ECM remodeling. It is theorized that FAP has the ability to
alter to tumor microenvironment and partially drive angiogenesis as it is overexpressed in
tumors demonstrating increased microvessel density, and is overexpressed in human tumor
microvessels compared to normal vessles(bhati). FAP mRNA is upregulated in endothelial
cells that are undergoing capillary morphogenesis and reorganization. Sibrotuxumab (mAb
F19) is a humanized monoclonal antibody to FAP developed for imaging purposes. It is well
tolerated and localized to tumor cells but proved to have no effect on metastatic colorectal
cancer in phase Il trial(68). When conjugated to maytansinoid, the antibody did show long
lasting tumor inhibition in multiple xenograft models.(69) Several small molecule inhibitors
that block the enzymatic activity of FAP are under development. However, val-
prolineboronic acid (PT-100, talabostat), a selective inhibitor both FAP and DPPIV, failed to
demonstrate any clinical benefit in phase Il trials of metastatic colorectal cancer, NSCLC,
stage 1V melanoma or chronic lymphocytic leukemia(70).

Conclusion

In summary, the tumor microenvironment involves complex biological signaling pathways
with contributions from endothelial cells, tumor associated fibroblasts, and the extra-cellular
matrix contributing to tumor growth. Anti-angiogenic therapy has been shown to increase
survival in human tumors, but further research is needed to inhibit tumors that are not
responsive to, or become resistant to current anti-angiogenic therapy. Further research
targeting tumor associated fibroblasts is needed to validate if this will be a therapeutic
approach for treating cancer.

Reference List

1. Mbeunkui F, Johann DJ Jr. Cancer and the tumor microenvironment: a review of an essential
relationship. Cancer Chemother Pharmacol. 2009; 63:571-82. [PubMed: 19083000]

2. Gimbrone MA Jr, Cotran RS, Leapman SB, Folkman J. Tumor growth and neovascularization: an
experimental model using the rabbit cornea. J Natl Cancer Inst. 1974; 52:413-27. [PubMed:
4816003]

3. Ausprunk DH, Knighton DR, Folkman J. Vascularization of normal and neoplastic tissues grafted to
the chick chorioallantois. Role of host and preexisting graft blood vessels. Am J Pathol. 1975;
79:597-618. [PubMed: 1094838]

4. Vajkoczy P, Farhadi M, Gaumann A, Heidenreich R, Erber R, Wunder A, et al. Microtumor growth
initiates angiogenic sprouting with simultaneous expression of VEGF, VEGF receptor-2, and
angiopoietin-2. J Clin Invest. 2002; 109:777-85. [PubMed: 11901186]

5. Schmidt A, Brixius K, Bloch W. Endothelial precursor cell migration during vasculogenesis. Circ
Res. 2007; 101:125-36. [PubMed: 17641236]

6. Hillen F, Griffioen AW. Tumour vascularization: sprouting angiogenesis and beyond. Cancer
Metastasis Rev. 2007; 26:489-502. [PubMed: 17717633]

Surg Oncol Clin N Am. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samples et al.

Page 8

7. Tang HS, Feng YJ, Yao LQ. Angiogenesis, vasculogenesis, and vasculogenic mimicry in ovarian

cancer. Int J Gynecol Cancer. 2009; 19:605-10. [PubMed: 19509557]

8. Ferrara N. VEGF and the quest for tumour angiogenesis factors. Nat Rev Cancer. 2002; 2:795-803.

[PubMed: 12360282]

9. Olofsson B, Pajusola K, Kaipainen A, von EG, Joukov V, Saksela O, et al. Vascular endothelial

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

growth factor B, a novel growth factor for endothelial cells. Proc Natl Acad Sci U S A. 1996;
93:2576-81. [PubMed: 8637916]

10.

Oklu R, Walker TG, Wicky S, Hesketh R. Angiogenesis and current antiangiogenic strategies for
the treatment of cancer. J Vasc Interv Radiol. 2010; 21:1791-805. [PubMed: 20980167]

Adini A, Kornaga T, Firoozbakht F, Benjamin LE. Placental growth factor is a survival factor for
tumor endothelial cells and macrophages. Cancer Res. 2002; 62:2749-52. [PubMed: 12019148]

Mazzone M, Dettori D, Leite de OR, Loges S, Schmidt T, Jonckx B, et al. Heterozygous
deficiency of PHD2 restores tumor oxygenation and inhibits metastasis via endothelial
normalization. Cell. 2009; 136:839-51. [PubMed: 19217150]

Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat Med. 2003; 9:669—
76. [PubMed: 12778165]

Korpanty G, Smyth E, Sullivan LA, Brekken RA, Carney DN. Antiangiogenic therapy in lung
cancer: focus on vascular endothelial growth factor pathway. Exp Biol Med (Maywood). 2010;
235:3-9. [PubMed: 20404013]

Ferrara N. Vascular endothelial growth factor: basic science and clinical progress. Endocr Rev.
2004; 25:581-611. [PubMed: 15294883]

He Y, Rajantie I, Pajusola K, Jeltsch M, Holopainen T, Yla-Herttuala S, et al. Vascular endothelial
cell growth factor receptor 3-mediated activation of lymphatic endothelium is crucial for tumor
cell entry and spread via lymphatic vessels. Cancer Res. 2005; 65:4739-46. [PubMed: 15930292]
Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim W, et al. Bevacizumab
plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N Engl J Med. 2004;
350:2335-42. [PubMed: 15175435]

Grothey A, Galanis E. Targeting angiogenesis: progress with anti-VEGF treatment with large
molecules. Nat Rev Clin Oncol. 2009; 6:507-18. [PubMed: 19636328]

Wilhelm SM, Adnane L, Newell P, Villanueva A, Llovet JM, Lynch M. Preclinical overview of
sorafenib, a multikinase inhibitor that targets both Raf and VEGF and PDGF receptor tyrosine
kinase signaling. Mol Cancer Ther. 2008; 7:3129-40. [PubMed: 18852116]

Raymond E, Dahan L, Raoul JL, Bang YJ, Borbath I, Lombard-Bohas C, et al. Sunitinib malate for
the treatment of pancreatic neuroendocrine tumors. N Engl J Med. 2011; 364:501-13. [PubMed:
21306237]

Barbara NP, Wrana JL, Letarte M. Endoglin is an accessory protein that interacts with the
signaling receptor complex of multiple members of the transforming growth factor-beta
superfamily. J Biol Chem. 1999; 274:584-94. [PubMed: 9872992]

Ferrari G, Cook BD, Terushkin V, Pintucci G, Mignatti P. Transforming growth factor-beta 1
(TGF-betal) induces angiogenesis through vascular endothelial growth factor (VEGF)-mediated
apoptosis. J Cell Physiol. 2009; 219:449-58. [PubMed: 19180561]

Yingling JM, Blanchard KL, Sawyer JS. Development of TGF-beta signalling inhibitors for cancer
therapy. Nat Rev Drug Discov. 2004; 3:1011-22. [PubMed: 15573100]

Murakami M, Elfenbein A, Simons M. Non-canonical fibroblast growth factor signalling in
angiogenesis. Cardiovasc Res. 2008; 78:223-31. [PubMed: 18056763]

Eswarakumar VP, Lax I, Schlessinger J. Cellular signaling by fibroblast growth factor receptors.
Cytokine Growth Factor Rev. 2005; 16:139-49. [PubMed: 15863030]

Partovian C, Simons M. Regulation of protein kinase B/Akt activity and Ser473 phosphorylation
by protein kinase Calpha in endothelial cells. Cell Signal. 2004; 16:951-7. [PubMed: 15157674]
Li JL, Sainson RC, Shi W, Leek R, Harrington LS, Preusser M, et al. Delta-like 4 Notch ligand
regulates tumor angiogenesis, improves tumor vascular function, and promotes tumor growth in
vivo. Cancer Res. 2007; 67:11244-53. [PubMed: 18056450]

Surg Oncol Clin N Am. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samples et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 9

Noguera-Troise |, Daly C, Papadopoulos NJ, Coetzee S, Boland P, Gale NW, et al. Blockade of
DIl4 inhibits tumour growth by promoting non-productive angiogenesis. Nature. 2006; 444:1032—
7. [PubMed: 17183313]

Yancopoulos GD, Klagsbrun M, Folkman J. Vasculogenesis, angiogenesis, and growth factors:
ephrins enter the fray at the border. Cell. 1998; 93:661-4. [PubMed: 9630209]

Korhonen J, Polvi A, Partanen J, Alitalo K. The mouse tie receptor tyrosine kinase gene:
expression during embryonic angiogenesis. Oncogene. 1994; 9:395-403. [PubMed: 7507228]

Thomas M, Augustin HG. The role of the Angiopoietins in vascular morphogenesis. Angiogenesis.
2009; 12:125-37. [PubMed: 19449109]

Herbst RS, Hong D, Chap L, Kurzrock R, Jackson E, Silverman JM, et al. Safety,
pharmacokinetics, and antitumor activity of AMG 386, a selective angiopoietin inhibitor, in adult
patients with advanced solid tumors. J Clin Oncol. 2009; 27:3557-65. [PubMed: 19546406]

Herbst RS, Hong D, Chap L, Kurzrock R, Jackson E, Silverman JM, et al. Safety,
pharmacokinetics, and antitumor activity of AMG 386, a selective angiopoietin inhibitor, in adult
patients with advanced solid tumors. J Clin Oncol. 2009; 27:3557-65. [PubMed: 19546406]

Cook KM, Figg WD. Angiogenesis inhibitors: current strategies and future prospects. CA Cancer J
Clin. 2010; 60:222-43. [PubMed: 20554717]

Cook KM, Figg WD. Angiogenesis inhibitors: current strategies and future prospects. CA Cancer J
Clin. 2010; 60:222-43. [PubMed: 20554717]

Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev Mol Cell Biol.
2001; 2:127-37. [PubMed: 11252954]

Perrotte P, Matsumoto T, Inoue K, Kuniyasu H, Eve BY, Hicklin DJ, et al. Anti-epidermal growth
factor receptor antibody C225 inhibits angiogenesis in human transitional cell carcinoma growing
orthotopically in nude mice. Clin Cancer Res. 1999; 5:257-65. [PubMed: 10037173]

Baserga R, Peruzzi F, Reiss K. The IGF-1 receptor in cancer biology. Int J Cancer. 2003; 107:873—
7. [PubMed: 14601044]

Fukuda R, Hirota K, Fan F, Jung YD, Ellis LM, Semenza GL. Insulin-like growth factor 1 induces
hypoxia-inducible factor 1-mediated vascular endothelial growth factor expression, which is
dependent on MAP kinase and phosphatidylinositol 3-kinase signaling in colon cancer cells. J Biol
Chem. 2002; 277:38205-11. [PubMed: 12149254]

Weroha SJ, Haluska P. IGF-1 receptor inhibitors in clinical trials--early lessons. J Mammary Gland
Biol Neoplasia. 2008; 13:471-83. [PubMed: 19023648]

Haluska P, Worden F, Olmos D, Yin D, Schteingart D, Batzel GN, et al. Safety, tolerability, and
pharmacokinetics of the anti-IGF-1R monoclonal antibody figitumumab in patients with refractory
adrenocortical carcinoma. Cancer Chemother Pharmacol. 2010; 65:765-73. [PubMed: 19649631]
Courtwright A, Siamakpour-Reihani S, Arbiser JL, Banet N, Hilliard E, Fried L, et al. Secreted
Frizzle-Related Protein 2 Stimulates Angiogenesis via a Calcineurin/NFAT Signaling Pathway.
Cancer Res. 2009

Nilsson LM, Sun ZW, Nilsson J, Nordstrom I, Chen YW, Molkentin JD, et al. Novel blocker of
NFAT activation inhibits IL-6 production in human myometrial arteries and reduces vascular
smooth muscle cell proliferation. Am J Physiol Cell Physiol. 2007; 292:C1167-C1178. [PubMed:
17079331]

Minami T, Horiuchi K, Miura M, Abid MR, Takabe W, Noguchi N, et al. Vascular endothelial
growth factor- and thrombin-induced termination factor, Down syndrome critical region-1,
attenuates endothelial cell proliferation and angiogenesis. J Biol Chem. 2004; 279:50537-54.
[PubMed: 15448146]

Zaichuk TA, Shroff EH, Emmanuel R, Filleur S, Nelius T, Volpert OV. Nuclear factor of activated
T cells balances angiogenesis activation and inhibition. J Exp Med. 2004; 199:1513-22. [PubMed:
15184502]

Siamakpour-Reihani S, Caster J, Bandhu ND, Courtwright A, Hilliard E, Usary J, et al. The Role
of Calcineurin/NFAT in SFRP2 Induced Angiogenesis-A Rationale for Breast Cancer Treatment
with the Calcineurin Inhibitor Tacrolimus. PLoS One. 2011; 6:e20412. [PubMed: 21673995]
Armesilla AL, Lorenzo E, Gomez del AP, Martinez-Martinez S, Alfranca A, Redondo JM.
Vascular endothelial growth factor activates nuclear factor of activated T cells in human

Surg Oncol Clin N Am. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samples et al.

48.

49.

50.

51.

52.

53

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 10

endothelial cells: a role for tissue factor gene expression. Mol Cell Biol. 1999; 19:2032-43.
[PubMed: 10022890]

Fontenot EREMRSSS-RSMPHEBBKDSCPCK-DN. A Novel Monoclonal Antibody to Secreted
Frizzled Related Protein 2 Inhibits Tumor Growth. Molecular Cancer Therapeutics. 2013

Lawler J. Thrombospondin-1 as an endogenous inhibitor of angiogenesis and tumor growth. J Cell
Mol Med. 2002; 6:1-12. [PubMed: 12003665]

O’Reilly MS, Holmgren L, Shing Y, Chen C, Rosenthal RA, Moses M, et al. Angiostatin: a novel
angiogenesis inhibitor that mediates the suppression of metastases by a Lewis lung carcinoma.
Cell. 1994; 79:315-28. [PubMed: 7525077]

O’Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane WS, et al. Endostatin: an endogenous
inhibitor of angiogenesis and tumor growth. Cell. 1997; 88:277-85. [PubMed: 9008168]

St CB, Rago C, Velculescu V, Traverso G, Romans KE, Montgomery E, et al. Genes expressed in
human tumor endothelium. Science. 2000; 289:1197-202. [PubMed: 10947988]

. Nanda A, St CB. Tumor endothelial markers: new targets for cancer therapy. Curr Opin Oncol.

2004; 16:44-9. [PubMed: 14685092]

Bhati R, Patterson C, Livasy CA, Fan C, Ketelsen D, Hu Z, et al. Molecular characterization of
human breast tumor vascular cells. Am J Pathol. 2008; 172:1381-90. [PubMed: 18403594]

Buckanovich RJ, Sasaroli D, O’brien-Jenkins A, Botbyl J, Hammond R, Katsaros D, et al. Tumor
vascular proteins as biomarkers in ovarian cancer. J Clin Oncol. 2007; 25:852—-61. [PubMed:
17327606]

Courtwright A, Siamakpour-Reihani S, Arbiser JL, Banet N, Hilliard E, Fried L, et al. Secreted
Frizzle-Related Protein 2 Stimulates Angiogenesis via a Calcineurin/NFAT Signaling Pathway.
Cancer Res. 2009

Stupp R, Ruegg C. Integrin inhibitors reaching the clinic. J Clin Oncol. 2007; 25:1637-8.
[PubMed: 17470853]

Brooks PC, Montgomery AM, Rosenfeld M, Reisfeld RA, Hu T, Klier G, et al. Integrin alpha v
beta 3 antagonists promote tumor regression by inducing apoptosis of angiogenic blood vessels.
Cell. 1994; 79:1157-64. [PubMed: 7528107]

Friedlander M, Brooks PC, Shaffer RW, Kincaid CM, Varner JA, Cheresh DA. Definition of two
angiogenic pathways by distinct alpha v integrins. Science. 1995; 270:1500-2. [PubMed:
7491498]

Alghisi GC, Ruegg C. Vascular integrins in tumor angiogenesis: mediators and therapeutic targets.
Endothelium. 2006; 13:113-35. [PubMed: 16728329]

Golubovskaya VM, Cance W. Focal adhesion kinase and p53 signal transduction pathways in
cancer. Front Biosci. 2010; 15:901-12.

Golubovskaya VM, Huang G, Ho B, Yemma M, Morrison CD, Lee J, et al. Pharmacologic
Blockade of FAK Autophosphorylation Decreases Human Glioblastoma Tumor Growth and
Synergizes with Temozolomide. Mol Cancer Ther. 2013; 12:162-72. [PubMed: 23243059]

Choi HS, Wang Z, Richmond W, He X, Yang K, Jiang T, et al. Design and synthesis of 7H-
pyrrolo[2,3-d]pyrimidines as focal adhesion kinase inhibitors. Part 2 Bioorg Med Chem Lett.
2006; 16:2689-92.

Shi Q, Hjelmeland AB, Keir ST, Song L, Wickman S, Jackson D, et al. A novel low-molecular
weight inhibitor of focal adhesion kinase, TAE226, inhibits glioma growth. Mol Carcinog. 2007;
46:488-96. [PubMed: 17219439]

Slack-Davis JK, Martin KH, Tilghman RW, lwanicki M, Ung EJ, Autry C, et al. Cellular
characterization of a novel focal adhesion kinase inhibitor. J Biol Chem. 2007; 282:14845-52.
[PubMed: 17395594]

Huang Y, Simms AE, Mazur A, Wang S, Leon NR, Jones B, et al. Fibroblast activation protein-
alpha promotes tumor growth and invasion of breast cancer cells through non-enzymatic functions.
Clin Exp Metastasis. 2011; 28:567-79. [PubMed: 21604185]

Lai D, Ma L, Wang F. Fibroblast activation protein regulates tumor-associated fibroblasts and
epithelial ovarian cancer cells. Int J Oncol. 2012; 41:541-50. [PubMed: 22614695]

Surg Oncol Clin N Am. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samples et al. Page 11

68. Hofheinz RD, al-Batran SE, Hartmann F, Hartung G, Jager D, Renner C, et al. Stromal antigen
targeting by a humanised monoclonal antibody: an early phase Il trial of sibrotuzumab in patients
with metastatic colorectal cancer. Onkologie. 2003; 26:44-8. [PubMed: 12624517]

69. Liu R, Li H, Liu L, Yu J, Ren X. Fibroblast activation protein: A potential therapeutic target in
cancer. Cancer Biol Ther. 2012; 13:123-9. [PubMed: 22236832]

70. Brennen WN, Isaacs JT, Denmeade SR. Rationale behind targeting fibroblast activation protein-
expressing carcinoma-associated fibroblasts as a novel chemotherapeutic strategy. Mol Cancer
Ther. 2012; 11:257-66. [PubMed: 22323494]

Surg Oncol Clin N Am. Author manuscript; available in PMC 2014 October 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Samples et al.

Page 12

Key points

The role of the microenvironment during the initiation and progression of
malignancy is appreciated to be of critical importance for improved molecular
diagnostics and therapeutics.

The tumor microenvironment is the product of a crosstalk between different
cells types. Critical elements in the microenvironment include tumor associated
fibroblasts, which provide an essential communication network via secretion of
growth factors and chemokines, inducing an altered extracellular matrix (ECM),
thereby providing additional oncogenic signals that enhance cancer-cell
proliferation and invasion.

Therapeutic targeting of angiogenesis factors, tumor associated fibroblasts, and
cell adhesion molecules compose are an active area of clinical trial investigation
to determine efficacy of these approaches.

Some angiogenesis inhibitors are FDA approved for cancer, yet further research
is needed to improve efficacy in resistant tumors.

Clinical trials targeting integrins and tumor activated fibroblasts are being
conducted.
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