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ABSTRACT OF DISSERTATION

TUMOR-ASSOCIATED NEOVASCULARIZATION:

INNATE IMMUNITY AND THERAPEUTIC INTERVENTION

Tumor growth and metastasis are dependent on the development of a tumor- 

associated blood supply. Abrogation of this vascular network would result in tumor 

stasis. Conventional cancer therapy has traditionally targeted neoplastic cells directly, 

however, since the recognition of this critical vascular component, research efforts have 

incorporated a significant focus on the pathogenesis of tumor-associated vascular 

development. It has been established that this process is dependent on the intricate 

balance between pro- and anti-angiogenic factors in the tumor microenvironment and a 

significant number of these factors have since been identified. The mechanisms which 

ultimately control or shift the balance of these factors, recognized as the angiogenic 

switch, have been extensively studied yet remain to be clearly elucidated. Further 

understanding of these mechanisms is critical to the future development of diagnostic 

assays for early detection of cancer as well as for both preventative and therapeutic 

intervention strategies. Preventative therapy would inhibit initiation of the angiogenic 

switch while intervention strategies could shift the environment back to an anti- 

angiogenic state or inhibit the effects of the pro-angiogenic factors.
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Studies presented here sought to further understand the role of endogenous 

angiogenic factors in the physiological tumor-bearing state, more specifically focusing on 

the anti-angiogenic effects of type I and II interferons. To evaluate these potential 

effects, intradermal tumors were induced in type I and II interferon receptor knock out 

(IFN-R -/-) mice with transplanted syngeneic methylcholanthrene-induced sarcoma cells. 

Tumor growth rates and tumor microvessel density (MVD) in both type I and II IFN-R -/- 

mice exceeded those of wild type (wt) mice, thus supporting an endogenous anti- 

angiogenic role of type I and II interferons. Characterization of tumor infiltrating 

leukocytes revealed increased numbers of dendritic cells (DCs) in tumors from IFN-R-/- 

mice suggesting these interferons may elicit their antivascular effects, at least in part, by 

inhibiting DC differentiation or recruitment to the tumor microenvironment. Initial 

experiments evaluating circulating endothelial progenitor cells (CEPs) demonstrated a 

decrease in CEPs in IFNR-/- mice over the course of tumor development suggesting these 

interferons may also elicit antivascular effects by inhibiting recruitment of progenitor 

cells to the tumor microenvironment.

Additional studies consisted of clinical trials in canines with spontaneously 

occurring soft tissue sarcoma. The first of the two studies sought to determine if 

intravenous gene therapy utilizing plasmid DNA encoding the anti-angiogenic, collagen- 

derived protein endostatin complexed with cationic liposomes (Cationic Liposome-DNA 

Complex - CLDC) could induce anti-angiogenic and anti-tumor effects. Dogs enrolled in 

the study were treated with either endostatin encoded or irrelevant DNA. Serial tumor 

biopsies were obtained to evaluate tumor MVD, transgene expression, and infiltrative
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leukocytes while patients were monitored clinically for tumor responses. Ultimately, > 

50% of dogs in each group 1) demonstrated a significant decrease in tumor MVD at one 

or more time points over the course of treatment and 2 ) had an objective tumor response 

or stable disease. Additionally, transgene expression was not detected in tumor tissue 

from endostatin treated dogs. These results suggested that intravenous infusions of 

CLDCs may elicit antiangiogenic and antitumor effects in a gene independent manner.

The second clinical trial sought to determine the antiangiogenic and antitumor 

effects of intradermal xenovaccination with recombinant human vascular endothelial 

growth factor (rhVEGF). Nine dogs were immunized over a 16-week period. Effects of 

immunization on the induction of anti-canine and anti-human VEGF antibodies, 

circulating plasma VEGF levels, tumor MVD, and tumor growth were assessed. The 

vaccine was well tolerated by all dogs and resulted in the induction of both anti-human 

and anti-canine VEGF antibodies in dogs which remained in the study long enough to 

receive five or more vaccinations (n=4). Of these four dogs, 3 had a decrease in 

circulating VEGF and a >50% reduction in tumor volume, while 2 dogs had a decrease in 

tumor MVD. Results of this pilot study suggest that multiple immunizations with 

xenogeneic VEGF in dogs may be a safe and effective therapy for inhibition of tumor 

growth and angiogenesis.

Debra Allison Kamstock 
Department of Microbiology Immunology and Pathology

Colorado State University 
Fort Collins, Colorado 80523 

Summer 2007
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INTRODUCTION

Cancer and its dependence on neovascularization

Cancer is the second leading cause of human deaths in the United States preceded 

only by heart disease. In dogs, it is the leading cause of both morbidity and mortality. 

Cancer can be defined as a group of diseases which is characterized by uncontrolled 

growth and spread of abnormal cells. Both the “growth” and “spread” of these 

abnormal cells are critically dependent on a tumor-associated vascular network. 1,2 It 

is this vasculature which provides the neoplastic cells and their environment with the 

necessary oxygen and nutrients, allows for removal of metabolic wastes, and provides 

an avenue by which neoplastic cells can enter the circulation and travel to distant sites 

(metastasis) .3,4 While the field of tumor-associated neovascularization (more 

commonly referred to as tumor angiogenesis which will be discussed below) 

predominantly focuses on the production of new blood vessels, it should be noted that 

“vasculature” encompasses both lymphatics and blood vessels. It is the blood vessels 

which carry the necessary oxygen and nutrients to the tumor site, however, it is 

important to recognize that both blood vessels and lymphatics can and do provide 

routes for metastasis.

1
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Mechanisms o f tumor-associated neovascularization

Most commonly, the literature refers to the newly developed, tumor-induced blood 

supply as “tumor angiogenesis”. Angiogenesis however more specifically and 

accurately refers to the sprouting of new capillaries from a pre-existing vascular
c o

network. ' The development of a tumor-associated blood supply can develop by one 

of two mechanisms or, more likely, a combination thereof. One, as indicated, is 

angiogenesis, while the second is vasculogenesis, the formation of new vessels from 

bone marrow derived endothelial progenitor cells.9' 12 Vasculogenesis is thus the 

initial mechanism by which our vasculature forms during embryologic development 

and, at times, is further subclassified into natal or post-natal vasculogenesis. 13 It is 

important to be cognizant of the existence of both mechanisms however, to maintain 

consistency with the literature and for ease of comprehensiveness of this dissertation, 

the bulk of the work within will refer, in general, to angiogenesis unless specifically 

speaking of recruited endothelial progenitor cells associated with post-natal 

vasculogenesis.

Regulation o f tumor angiogenesis

Tumor-induced angiogenesis is a multistep process of marked complexity involving, 

at the foundation, components of, and interactions between, the neoplastic cells, the 

tumor microenvironment, endothelial cells of nearby vessels, bone marrow-derived 

endothelial progenitor cells (hemangioblasts), and, as has been recognized more

2
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recently, cells from the host immune system.4,6,11,14 Angiogenic factors, receptors, 

and stimuli regulating angiogenesis have been, and continue to be identified while the 

mechanisms by which these elements interact and induce their effects remain to be 

clearly elucidated.8,15' 19

The current paradigm for the induction of angiogenesis relates to the “angiogenic 

switch” which refers to the point in time at which the intricate balance between pro- 

and anti-angiogenic factors falls in favor of the pro-angiogenic molecules.20-22 At this 

point, angiogenesis is initiated and the tumor is said to have assumed an angiogenic 

phenotype. What, however, is at the core of initiating this switch? At present, a 

primary recognized stimulus is hypoxia. 24 26 Central areas of avascular tumors will 

become hypoxic and undergo necrosis as the distance from the peritumoral blood 

vessels exceeds the area limits for diffusion of necessary oxygen and nutrients. It is 

accepted that this hypoxic environment initiates the upregulation of hypoxia inducible 

factor-1 alpha (H IF-la ) .27'30 H IF-la functions as a transcription factor for vascular 

endothelial growth factor (VEGF) where it binds to the hypoxia response element 

(HRE) in the promoter region of vegf.31'33 VEGF was one of the first recognized pro- 

angiogenic factors and remains at the forefront of angiogenesis regulation.34-36 Thus, 

VEGF is a hypoxia-induced factor secreted by neoplastic cells which serves as both a 

critical initiator and regulator of the angiogenic process.

While VEGF has been determined to be a multi-functional protein, which will be 

discussed in more detail below, the earliest stages of angiogenesis are reported to be

3
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VEGF-induced vasodilatation and increased vascular permeability of pre-existing 

capillaries, or post-capillary venules.21,37,38 This allows for extravasation of plasma 

proteins which provide a foundation for activated endothelial cells to migrate. Of note 

is the earlier identification of vascular permeability factor (VPF) which was later 

determined to be the same protein as VEGF.39-44 Hence, VEGF in the literature is 

sometimes denoted VEGF/VPF. Following these initial steps, VEGF functions as 

both an endothelial cell mitogen and chemotactic factor, eliciting its effects through 

endothelial cell tyrosine kinase receptor activity (predominantly through VEGF 

receptor 2 [VEGF-R2], and to a lesser degree VEGF receptor 1[VEGF-R1]) inducing 

both proliferation and migration of endothelial cells respectively.45,46 Other factors 

(i.e. fibroblast growth factors [FGFs], platelet derived growth factor [PDGF], 

epidermal growth factor [EGF]) capable of eliciting similar functions do exist, yet 

VEGF remains at the forefront of tumor angiogenesis.7,36

Following and simultaneous to these initial steps, numerous other factors and 

receptors function in continued degradation of the extracellular matrix, tube 

formation, recruitment of pericytes, and vascular remodeling including Angiopoietin 

1 and 2 (ANG-1, ANG-2) which interact with endothelial cell specific tyrosine kinase 

receptor TIE-2.37,47,48 More specifically ANG-1 is involved in vascular stabilization 

where ANG-2 inhibits this stabilization and promotes continued vascular 

remodeling.7 With regard to vasculogenesis, ANG-1, VEGF, and placental growth 

factor (P1GF) along with stromal derived growth factor (SDF-1) and granulocytic- 

monocytic colony stimulating factor (GM-CSF), also induce mobilization of the

4
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bone-marrow derived endothelial progenitor cells which are then recruited to the site 

of angiogenesis and incorporated into the newly developing vasculature. n ’49’50

Other methods contributing to tumor angiogenesis have also been recognized which 

include vasculogenic mimicry, the formation of vascular-like networks by the tumor 

cells themselves which have been shown to express endothelium associated genes.51' 

54 Similarly and more recently, tumor associated macrophages, dendritic cells, and 

CD45+ leukocytes have also been shown to take on an endothelial cell phenotype and 

be incorporated into the developing tumor associated vasculature.55' 59

Relevance o f mechanistic elucidation o f tumor-associated neovascularization

While the work within does not, and in no way could, address all of the angiogenic 

factors, receptors, and mechanisms discussed above, it is important to demonstrate 

and relay the networking and cascade of processes involved in angiogenesis as any 

step or combination of steps could be exploited as a therapeutic target. Additionally, 

it reveals the investigatory progress of dissecting and deciphering the process of 

tumor angiogenesis which has provided us with our current understanding and 

demonstrates the significance of ongoing research in this area. Recognition and 

comprehension of these mechanisms is also paramount for initiating therapies specific 

for the tumor vasculature so as not to deleteriously disrupt normal physiological 

angiogenesis necessary for conditions such as wound healing, pregnancy, normal 

reproductive tissue function, and development of collateral circulation.

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The process of angiogenesis is the same in physiological and pathological conditions 

however, in normal physiological processes new vessels form under a tightly 

regulated balance of pro- and anti-angiogenic factors resulting in rapidly maturing 

vessels, stabilization, and quiescence. In contrast, tumor associated vessels develop 

in an environment of angiogenic factor chaos where the appropriate balance between 

the pro- and anti-angiogenic factors have been lost.60 This vasculature fails to 

stabilize or become quiescent, undergoes constant growth, and is further characterized 

by disorganization with lack of definitive venules, arterioles, and capillaries. 

Additionally, vessels are irregularly shaped, tortuous, dilated, can have dead ends, 

may be patent or latent, and are frequently leaky and hemorrhagic with poorly 

associated pericytes.61 These features however allow the tumor vasculature to be 

distinguished from normal vascular networks. In addition to these morphologically 

distinct characteristics, phenotypical differences in tumor-associated endothelial cells 

when compared to normal endothelium have also been identified.62 Recognition of 

these distinct differences between normal and tumor vasculature assists in providing 

potential targets for tumor directed anti-angiogenic therapies.

Therapeutic intervention

Conventional cancer therapy has traditionally targeted the neoplastic cells directly, 

employing methods such as chemotherapy and radiation therapy. Anti-cancer 

vaccine strategies with the goal of inducing an immune response against tumor

6
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associated antigens have also been and remain to be extensively explored yet again 

focus on direct tumor cell targeting. With the advent of tumor angiogenesis and 

recognition of its paramount role in tumor growth and metastasis, research in cancer 

therapy has sharply shifted to focus on this tumor-associated vasculature as an 

indirect means of inducing neoplastic cell death and / or inhibiting growth and 

mestastasis.63,64

As the mechanisms and factors involved in the angiogenic process continue to be 

unveiled, potential targets for anti-angiogenic therapy grow proportionately. Methods 

by which these targets can be exploited are many. At the foundation of angiogenesis, 

as discussed, is the “angiogenic switch”. Thus, the fundamental concept behind most 

therapies is to control this switch in the tumor microenvironment. This can be 

achieved by either increasing the concentration of anti-angiogenic factors or their 

effects, decreasing the pro-angiogenic factors or their effects, or a combination 

thereof. Other therapies which exploit the tumor associated vasculature may target 

the endothelial cells directly ablating any existing vasculature and have been termed 

vascular targeting agents (VTAs) .65 Some therapies, however, seem to induce both 

destruction of existing vasculature and inhibition of a developing vasculature thus a 

clear distinction between these two theoretical mechanisms may not always exist.

Clinical trials discussed within broach both methods of antiangiogenic therapy. The 

objective of one study was to increase the concentration of the antiangiogenic factor 

endostatin, via gene therapy, as well as to elicit production of the antiangiogenic

7
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cytokines, interferons (IFN) a/(3 and y, via initiation of the innate immune response 

by cationic liposome DNA complexes (CLDCs). Conversely, the objective of the 

second study sought to inhibit the effects of the pro-angiogenic factor VEGF via 

induction of an anti-VEGF humoral response.

Innate immunity and tumor angiogenesis

Innate immunity is recognized as the first line of host defense in response to the 

presence of a pathogen. Components of the innate immune response include 

epithelial barriers, phagocytic cells (i.e. macrophages, dendritic cells, neutrophils) NK 

cells, and circulating plasma proteins of the complement system. Toll like receptors 

(TLRs) have also been recognized as a critical component of innate immunity.66 

TLRs are membrane proteins expressed on cells of the innate immune response 

including macrophages, dendritic cells, neutrophils, NK cells, mucosal epithelial cells 

and endothelial cells. These receptors recognize a variety of microbe-derived 

molecules (more specifically referred to as pathogen associated molecular patterns, 

PAMPS) which stimulate the innate immune response against the respective 

microbe.67'70 Activation of these receptors initiates a signaling cascade ultimately 

resulting in the expression of numerous genes including cytokines, adhesion 

molecules, and microbicidal proteins necessary in the innate immune response.71,72 

While TLRs are not directly addressed in the work within, they are introduced with 

regard to their ability to induce a potent innate immune response which, as will be

8
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discussed, may elicit antitumor and antiangiogenic activity. Thus, TLRs ultimately 

can be exploited as a means for cancer therapy.

While the innate immune system is classically recognized for its immediate function 

in protecting the host from infection, activation of innate immunity results in various 

biological processes through the production, secretion, and networking of numerous 

cytokines and chemokines which ultimately can drive the adaptive immune response. 

Involved in these various biological processes are regulators of angiogenesis.73 Of 

note, and relevant to the work within, is the production of the potent antiangiogenic 

cytokines interleukin-12 (IL-12), IFNy, and IFNa upon activation of the innate 

immune response.74,75 IFNy is secreted by activated natural killer (NK) cells of the 

innate immune response. IL-12 is an antiangiogenic protein secreted by both 

activated macrophages and dendritic cells and is an upstream regulator of IFNy as it 

can drive a Thl response as well as further potentiate NK cell activation and enhance 

IFNy production. IFNa is secreted by all cells and, in addition to its direct 

antiangiogenic effects, is another potent activator of NK cells further inducing 

production of IFNs a  and y. An additional discussion of the type I (IFNa/P) and 

type II (IFNy) interferons is provided below.

Interferons and tumor angiogenesis

Interferons (IFNs) consist of a family of pleotrophic cytokines which were first 

recognized for their antiviral properties and hence were termed “interferons” for their
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ability to interfere with viral replication.76'79 Since that time, recognized roles of 

IFNs have expanded to include antiproliferative, immunomodulatory, and more 

recently antiangiogenic properties.80'82 The IFN family consists of two main classes, 

type I and type II, where type I IFNs consist of numerous proteins with similar 

structural homology and include IFNs- a  and (3, frequently denoted IFNcx/p. IFNa is 

further subdivided into 13 different subtypes produced from variable mRNA
0 1

splicing. Of note is that all type I interferons bind to and elicit their effects through

a common cell-surface receptor, typel IFN receptor (IFNa/p-R) which is expressed 

on virtually all cell types.84 Conversely, the type II IFN consists only of IFNy which 

binds to and elicits its effect through the cell-surface type II IFN receptor (IFNy-R) 

expressed predominantly on macrophages, monocytes, B-cells, and endothelial
O C

cells. It should also be noted that while type I IFNs are typically produced and 

secreted by all cell types (especially those with associated viral infection) type II IFN 

is predominantly produced and secreted by activated natural killer (NK) cells of the 

innate immune response, NKT-cells, and in larger amounts by effector T-cells 

following induction of the adaptive immune response.79 While it has been established 

that IFNs mediate various biological activities via their ability to induce the 

expression of hundreds of genes, type I interferons are well recognized for their 

potent activation of NK cells and upregulation of MHC-I molecules while IFNy is a 

potent activator of macrophages and upreguates expression of both MHC-I and 

MHC-II molecules.86,87 Significant work elucidating the signal transduction 

pathways through which these effects are elicited has also been pursued.88,89

10
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Since the recognition of the antiangiogenic properties of interferons, applications of 

these cytokines for anti-cancer therapy have been extensively explored. 

Investigations have pursued these molecules for use as single agents and in 

combination therapies and have successfully demonstrated both antitumor and 

antiangiogenic effects.90"94 At the onset of the work presented within, reported 

mechanisms of these interferon-associated antitumor effects included inhibition of 

tumor cell growth, activation of innate immunity of NK cells and macrophages 

against tumor cells, induction of tumor-specific CTL response, and inhibition of 

tumor angiogenesis. What had not been clearly addressed, however, was the 

endogenous role of interferons in vivo at physiological versus supraphysiological 

levels for suppression of tumor angiogenesis and tumor progression. The question 

remained as to whether or not these interferons could or did function naturally in 

antitumor host immunity or was it that their effects were only significant and 

recognized when iatrogenically increased. Utilizing an interferon receptor knock out 

mouse model, work within sought to address this question. Similar and simultaneous 

research was occurring in other labs globally and, since the onset of this work, reports 

revealing similar findings to ours have been reported.95,96

Cationic lipososme DNA complexes (CLDC) and tumor angiogenesis

Over the last 8-10 years the use of cationic liposome-DNA complexes for intravenous 

gene delivery has gained significant attention as a potential alternative to systemic 

viral gene therapy. It has introduced a powerful systemic gene therapy approach

11
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which has proven useful in many in vivo applications.97 While some forms of viral 

gene therapy have been recognized to be extremely efficient, obstacles which may 

preclude treatment include the development of a host immune response to the viral 

vector itself as has been seen with adenovirus-mediated gene delivery.98

The advent of CLDCs appeared to provide an alternative means of gene delivery in 

cancer therapy, however, it has become increasingly evident that even complexes 

formed with noncoding plasmids can elicit an anti-tumor response. Regardless of 

transgene expression, CLDCs injected systemically or locally have been shown to 

elicit potent pro-inflammatory activities resulting in the release of cytokines, 

inflammatory cell recruitment, and activation of NK cells consistent with an innate 

immune response.74,99,100 More specifically, increased cytokines consisted of IL-12, 

IFNy and IFNa and were noted to correlate with antitumor activity.74’100' 102 

Antitumor responses in the face of CLDC treatment has been reported with and 

without specific DNA encoded plasmids while reports of enhanced antitumor activity

  1 DO 1 DO
and antiangiogenesis with plasmid encoded DNA has also been reported. ’ As 

has been previously discussed, IL-12, IFNa, and IFNy all posses antiangiogenic 

properties and thus may be responsible, at least in part, for the antitumor effects. In 

addition to the potent immunostimulation of innate immunity, CLDC have also 

demonstrated an affinity for tumor endothelium and thus may also elicit direct, as 

well as indirect, effects on the tumor vasculature. 104

12
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This brief review of cationic liposome DNA complexes (CLDC) has been introduced 

as CLDCs are a component of treatment in both clinical trials presented within.

VEGF and tumor-associated neovascularization

As previously mentioned, VEGF is a multifunctional protein at the forefront of both 

initiation and regulation of tumor angiogenesis recognized predominantly for its role 

as and endothelial cell mitogen and chemotactic factor.46’105' 109 Functions of VEGF 

however extend far beyond that of its direct effects on endothelial cells. As some of 

the work within focuses on inhibiting VEGF and its biologic activity and, as all of the 

work in one way or another involves some component of immunity, I will briefly 

introduce other identified biological roles of VEGF and how, in addition to the 

induction of angiogenesis, it may also play a critical role in immune escape by the 

tumor.

Vascular endothelial growth factor (VEGF) is actually a family of factors consisting 

of VEGF A-E, placental growth factor (P1GF) and a recently identified tissue specific 

endothelial growth factor, endocrine gland-derived vascular endothelial growth factor 

(EF-VEGF) .37’43’110,111 Mediation of angiogenesis is primarily through the effects of 

VEGF-A which further consists of at least 5 different isoforms formed via alternative 

exon splicing of the 8 exons which compose the vegf-a gene. 112 The more common 

isoforms consist of 121, 145, 165, 189, and 206 amino acids and are termed VEGF121, 

VEGF145, VEGFi65, VEGF,89, VEGF206 respectively. An additional isoform,

13
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VEGF 165b, has also been identified and actually functions as an endogenous inhibitor 

of VEGF by binding to VEGF receptor 2 (VEGF-R2) without the induction of 

tyrosine kinase (TK) phosphorylation and thus absence of signaling pathway
i

induction and downstream effects. These splice variants are distinguished by their 

heparin and heparin-sulfate binding ability where the heparin binding domains are 

encoded for in exons 6 and 7. Isoforms that encode exon 6 (145,189,206) are tightly 

bound to the cell surface whereas those which lack exon 6 are diffusible (165, 121).114 

VEGF 165 is the predominant isoform, is the most potent angiogenic stimulator, and 

can bind to both heparin and the extracellular matrix. When “VEGF” is discussed in 

the literature, it more specifically refers to VEGF-A and, moreover, implies VEGF165 

unless otherwise indicated.

While VEGF-A predominantly functions in mediating angiogenesis, VEGF-C and D 

play a predominant role in lymphangiogenesis. For completeness, VEGF-B is less 

well understood but, like VEGF-A appears to regulate endothelial cell function while 

VEGF-E is structurally similar to VEGF-A also acting as potent stimulator of 

angiogenesis. 115 VEGF family members elicit their effects through respective 

tyrosine kinase receptors and subsequent activation of signaling cascades. Four 

VEGF receptors, VEGFR-1 (Fltl), VEGFR-2 (Flkl/KDR), VEGFR-3 (Flt4), and 

Neuropilin -1 and 2 (NRP 1,2), have been identified. VEGF 165 and P1GF bind to 

NRP1,2 however this receptor does not have a tyrosine kinase domain and signaling 

pathway via NRPs remains unclear. 116,117 VEGFR-3 is primarily expressed on 

lymphatic endothelium and is specific for VEGF C and D . 118 VEGFR-2 is the

14
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primary mediating receptor of VEGF signaling, binds all VEGF family members 

except VEGF B, and this receptor ligand interaction can initiate a number of signaling 

cascades including the mitogen activated protein kinase (MAPK) pathway, 

phosphotidyl inositol 3’ kinase (PI3-K) pathway, protein kinase C (PKC) pathway 

and focal adhesion kinase (FAK) pathway, resulting in various outcomes including 

cell proliferation, migration, survival, and increase gene expression.45 VEGF-R1 is 

also involved in angiogenesis, is specific for VEGF A, B, and P1GF, however 

demonstrates decreased TK activity when compared to VEGFR-2. 119’120

As previously mentioned, VEGF was originally identified as an endothelial specific 

growth factor with inductive and regulatory functions for angiogenesis and vascular 

permeability. It plays an essential role in the normal physiology of embryologic 

development, wound healing, and the adult reproductive system however also plays a 

role in various disease states where it can promote negative host effects, (i.e. promote 

disease). Of relevance in this work is the association of VEGF and cancer.41 VEGF 

is secreted by neoplastic cells as well as by stromal cells of the surrounding tumor 

environment. One method by which VEGF promotes angiogenesis is via its anti- 

apoptotic paracrine effect on endothelial cells (EC) .121’122 VEGF-mediated EC 

survival is achieved via its ability to upregulate expression of survivin, an 

antiapoptotic protein. 123 More recently it has been identified that VEGF also elicits 

autocrine effects acting as a survival factor for the tumor cells themselves protecting 

them from stresses such as hypoxia, chemotherapy, and radiotherapy.124' 126
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Although counterintuitive, VEGF has also been described as eliciting both pro- 

inflammatory as well as immunosuppressive function. VEGF can induce the 

expression of EC adhesion molecules ICAM-1, VCAM-1, and E-selectin which assist 

in leukocyte margination, rolling, adhesion, and extravasation in inflammatory

i onresponses. While this feature may be desirable and beneficial in wound repair and 

inflammation (i.e. in response to a pathogen), the presence of infiltrating leukocytes 

(contrary to previous understanding) may actually be deleterious to the host and 

promote tumorigenesis. Additionally, VEGF can upregulate the expression of MCP- 

1 functioning as a monocytic chemotactic factor. 128 Again, this may be beneficial 

under normal physiological condition but undesirable in neoplasia as tumor 

associated macrophages have been shown to promote angiogenesis and tumorigenesis 

by various mechanisms including increased secretion of VEGF, production of MMPs, 

and even via incorporation into the vasculature taking on an endothelial cell 

phenotype as previously discussed.58,129

For these reasons and more, VEGF has been recognized as a negative prognostic 

indicator with regard to tumorigenesis. More recently, VEGF has been found to 

suppress dendritic cell function by inhibiting maturation. 130' 132 Inhibition of 

maturation results in loss of antigen presenting capabilities, the prime function of 

these cells, by inhibiting expression of necessary co-stimulatory molecules. It has 

been recognized that VEGF elicits these effects via suppressing DC associated NF-k(3 

activation, (a primary nuclear transcription factor) . 130,133 Similar VEGF-mediated 

effects on hematopoietic progenitor cells (HPC) have also been identified resulting in
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altered or retarded development of multiple cell lineages thus resulting in defective 

immune induction (perhaps a VEGF mediated mechanism of tumor escape) . 134 

Similar to macrophages, VEGF has also been implicated in co-opting DCs directly 

into the vasculature taking on an endothelial cell phenotype.55,56 VEGF has also been 

associated with T-cell suppression as well as induction of T-cell anergy. 135 Although 

not clearly elucidated in the literature, this may be an indirect effect of the inhibition 

of DC maturation as T-cell activation is dependent on mature and activated dendritic 

cells or other antigen presenting cells (APCs).

Thus, at present, functional roles of VEGF extend far beyond those elicited directly 

on and limited to endothelial cells and in general VEGF could be characterized as a 

mitogenic, chemotactic, pro-angigogenic, pro-inflammatory, and immunosuppressive 

factor while also promoting tumorigenesis and metastasis in neoplasia. As VEGF 

functions in both physiological and pathological conditions, its activities are both 

desirable and undesirable. Continued understanding of VEGF activities and 

elucidation of the molecular mechanisms by which they occur will provide the 

foundation to further develop intervention strategies to manipulate and direct these 

effects in a manner of increased desirability to the host.

Dissertation research

The goal of this research was to further elucidate tumor angiogenesis regulation by 

the innate immune response and endogenous angiogenic factors in physiologic tumor-
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bearing states as well as to explore potential anti-angiogenic therapeutic strategies in 

an animal model with spontaneous tumor development.

Controlled studies focused on the effects of endogenous type I and II interferons 

(cytokines produced upon activation of the innate immune response) on tumor 

angiogenesis under physiological tumor-bearing conditions. We hypothesized that 

endogenous type I and II interferons function as antiangiogenic factors inhibiting 

tumor angiogenesis in the tumor environment. Interferon receptor knock out mice 

were inoculated intradermally with syngeneic methylcholanthrene-induced sarcoma 

cells for tumor induction. Post-innoculation, tumor growth rates were monitored 

clinically and serial tail bleeds were performed to assess the presence of circulating 

endothelial progenitor cells by fluorescence activated cell sorting (FACS). At 

sacrifice, tumor tissues were obtained for evaluation of microvessel density and tumor 

infiltrating leukocytes via immunohistochemistry and FACS respectively while blood 

collection was pursued to evaluate circulating VEGF and bFGF levels by enzyme 

linked immunosorbent assay (ELISA).

Clinical trials investigated tumor angiogenesis intervention strategies in dogs with de 

novo soft tissue sarcoma. The first of the two studies sought to evaluate the 

antiangiogenic and antitumor effects of intravenous gene therapy utilizing plasmid 

DNA encoded for the antiangiogenic protein endostatin complexed to cationic 

liposomes, thus forming a cationic liposome DNA complex (CLDC). An irrelevant 

DNA plasmid liposome complex was utilized as a control. We hypothesized 1) that
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intratumoral gene expression of endostatin would inhibit tumor angiogenesis and 

elicit antitumor activity and 2 ) that activation of the innate immune response 

subsequent to CLDC administration would also elicit antiagniogenic and antitumor 

effects. Tumor responses were monitored clinically over the course of treatment. 

Tumor biopsies were obtained at various time points and at the end of treatment to 

evaluate MVD and tumor infiltrating leukocytes via immunohistochemistry and to 

assess endostatin gene expression by reverse transcriptase polymerase chain reaction 

(RT-PCR). Plasma and serum samples were obtained prior to and over the course of 

treatment to evaluate circulating concentrations of VEGF and bFGF by ELISA. To 

further explore the mechanisms of the noted antitumor and antiangiogenic effects in 

vivo, in vitro cell survival assays, exposing endothelial cells to various concentrations 

of CLDC, were also pursued.

The second clinical trial explored the antiangiogenic and antitumor effects of 

xenogeneic vaccination with recombinant human VEGF (rhVEGF) in tumor-bearing 

dogs. We hypothesized 1) that xenovaccination with rhVEGF in canines would 

induce an anti-huVEGF humoral response, 2) that anti-huVEGF antibodies would 

cross-react with canine VEGF and thus overcome immune tolerance, and 3) that 

induction of these antibodies would elicit both antiangiogenic and antitumor activity 

via VEGF neutralization. Tumor responses were monitored clinically over the course 

of treatment. Tumor biopsies were obtained to evaluate tumor MVD, VEGF 

expression, IgG deposition, and infiltrating leukocytes by immunohistochemistry.
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Antibodies against human and canine VEGF as well as circulating VEGF 

concentrations were measured in plasma via ELISA.

Details of the above work, results, and conclusions are provided within.
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CHAPTER 1

LIPOSOME-DNA COMPLEXES INFUSED INTRAVENOUSLY INHIBIT 

TUMOR VASCULAR PRODUCTION AND ELICIT ANTITUMOR 

ACTIVITY IN DOGS WITH SOFT TISSUE SARCOMA

ABSTRACT

Intravenous gene delivery using liposome-DNA complexes (LDC) has previously 

been shown to elicit anti tumor activity, but only in rodent tumor models. This study 

was conducted to determine whether intravenous infusions of LDC could target gene 

expression to cutaneous tumor tissues in a large animal spontaneous tumor model and 

whether repeated treatments had an effect on tumor growth or angiogenesis. A total 

of 13 dogs with cutaneous soft tissue sarcomas were enrolled in the study and were 

randomized to receive a series of 6 weekly infusions of LDC containing either canine 

endostatin DNA or DNA encoding an irrelevant gene (luciferase). Serial tumor 

biopsies were obtained to assess transgene expression, tumor microvessel density 

(MVD), and intratumoral leukocyte inflammatory responses. We found that 

intravenous infusion of LDC did not result in detectable gene expression in cutaneous 

tumor tissues. However, two of 13 treated dogs had objective tumor responses and
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eight dogs had stable disease during the treatment period. In addition, a significant 

decrease in tumor MVD was noted in eight of 12 treated dogs at one or more time 

point over the course of treatment. These results suggest that intravenous infusions of 

LDC may elicit nonspecific antitumor activity and inhibit tumor angiogenesis.

BACKGROUND

Inhibition of tumor angiogenesis continues to hold great promise as an approach to 

controlling tumor growth [1-7]. Moreover, several recent clinical trials investigating 

angiogenesis inhibitors such as VEGF antagonists have shown promising results in 

patients [8-12]. A variety of different angiogenic inhibitors, including synthetic 

molecules and endogenous antiangiogenic substances, have been described, including 

endostatin [3,13,14]. However, early clinical trials of recombinant endostatin failed 

to demonstrate convincing antitumor activity, although the compound was well 

tolerated [15,16]. The lack of endostatin activity in the early trials was attributed in 

part to the inability to produce sustainable systemic levels in the bloodstream 

[3,5,14].

Systemic gene delivery offers an alternative to repeated administration of protein 

drugs. For example, use of systemic gene delivery to express endostatin or other 

angiogenesis inhibitors to control tumor growth has been reported previously in 

mouse models [17-33]. However, potential hurdles to applying systemic gene 

therapy in humans include achieving efficient in vivo transfection, attaining durable
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in vivo gene expression, and administering the gene delivery vectors repeatedly 

[2,17,23]. The use of nonviral gene delivery systems, based principally on liposome- 

plasmid DNA-based systems, may help address some of these problems, particularly 

the issue of repeated gene delivery. Use of cationic liposome-DNA complexes (LDC) 

for inhibition of tumor angiogenesis has the added potential advantage that the 

complexes have been shown to preferentially target the angiogenic endothelium in 

tumor tissues in vivo, an effect that may be enhanced by preinjection of protamine 

[34,35]. Thus, it may be possible to express antiangiogenic genes directly in 

angiogenic blood vessels of tumors by intravenous administration of LDC. The LDC 

themselves have also been shown to elicit strong activation of innate immunity and 

release of several potent antiangiogenic cytokines, including IL-12, IFN-y, and IFN-a 

[36-38]. Thus, use of LDC for delivery of angiogenesis-inhibiting genes may inhibit 

tumor angiogenesis by eliciting both gene-specific and gene nonspecific effects.

A key question in the gene therapy field is whether intravenous infusion of LDC 

could target gene delivery and expression directly to tumor tissues in extrapulmonary 

sites such as tumors in cutaneous tissues. If successful, such an approach would have 

considerable appeal for targeting of metastatic tumors not accessible to direct 

injection. Therefore, we designed a study in a large animal tumor model to determine 

whether intravenous infusions of LDC could generate transgene expression in 

cutaneous tumor tissues and also inhibit tumor angiogenesis. Pet dogs with large, 

spontaneous soft tissue sarcomas were utilized in this study, as this tumor in dogs is 

refractory to most conventional therapies other than surgical excision and is also
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amenable to repeatable tumor biopsies [39-41]. The study was designed in part to 

compare tumor responses in dogs infused with canine endostatin DNA to dogs treated 

with control (luciferase) DNA to determine whether endostatin gene delivery was 

effective in inhibiting tumor angiogenesis. The control luciferase vector was included 

to account for the potential nonspecific antiangiogenic and antitumor effects of the 

LDC vector itself [36,37]. The dose of LDC delivered to dogs in this study was based 

on results of a prior Phase I trial of intravenous gene delivery in dogs with lung tumor 

metastases [42]. The study end points were gene expression in tumor tissues, the 

effects of LDC infusion on tumor angiogenesis, and the effects o f LDC infusion on 

intratumoral inflammatory responses. The effects of treatment on clinical parameters 

and circulating levels of VEGF and basic FGF (bFGF) were also assessed.

We found that intravenous infusion of LDC did not result in detectable levels of 

transgene expression in any tumor tissues, even using a very sensitive detection assay 

for gene expression. However, we did find that intravenous infusions of LDC 

resulted in significant inhibition of tumor angiogenesis in more than half of the 

treated dogs and also elicited a strong infiltrate of CD8+ T cells in some tumors. 

These effects were independent of the gene delivered, indicative of a nonspecific 

vector effect. Our results therefore suggest that intravenous delivery using the current 

LDC formulations may not be effective for systemic gene delivery to tumors, but the 

LDC infusion may inhibit tumor angiogenesis and elicit antitumor immunity in a gene 

nonspecific fashion.
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MATERIALS AND METHODS

Plasmid constructs and assessment o f in vitro expression

The pMB517 canine endostatin expression vector was prepared by cloning the canine 

endostatin cDNA into a previously described pMB75.6 plasmid expression vector. 

The pMB75.6 expression vector utilized the CMV immediate-early promoter 

enhancer region, a synthetic intron (pGL3) immediately upstream of the start site, an 

SV40 early poly(A) site, and the kanamycin resistance gene, as described 

previously.43 The cDNA for canine endostatin was synthesized (Operon Inc., 

Huntsville, AL) based on published sequence data and sequence information provided 

by Entremed Inc. (Rockville, MD). The canine endostatin cDNA was also linked to 

the human Ig secretory signal to facilitate secretion of the endostatin gene product. 

The luciferase cDNA was kindly provided by R Debs (California Pacific Research 

Institute) and was also cloned into the pMB75.6 expression vector to produce the 

pMB408 vector. Expression of the canine endostatin gene construct was assessed by 

transfecting a canine melanoma cell line with the plasmid pMB517 construct or with 

an irrelevant plasmid (pMB408), using lipofection. Immunohistochemistry was 

performed using a polyclonal rabbit antiserum raised against canine endostatin 

(Cytimmune Sciences, Rockville, MD) to demonstrate endostatin expression in the 

canine cell line. Briefly, fixed cells were incubated with appropriately diluted primary 

antibody for 20 min at room temperature, washed, incubated with biotinylated anti-
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rabbit antisera (Jackson ImmunoResearch, West Grove, PA), then washed and 

incubated with HRP-conjugated streptavidin (Jackson ImmunoResearch), then 

washed and incubated with diaminobenzidine (DAB) substrate (Sigma-Aldrich, 

StLouis, MO), then briefly counterstained with hematoxylin and coverslipped. 

Controls included use of nonimmune rabbit Ig and immunostaining of nontransfected 

cells and cells transfected with irrelevant plasmid DNA. Immunostained cells were 

photographed using an Olympus microscope.

Secretion of endostatin was assessed by commercial ELISA assay (Cytimmune). 

Briefly, cells in six-well plates were transfected by lipofection, then rinsed and 

cultured for an additional 24h. Supernatants were collected and assayed for endostatin 

production using a commercial canine endostatin-specific ELISA (Cytimmune), 

according to the manufacturer’s directions. Supernatants from mock-transfected cells 

were used as controls. Endostatin concentrations were determined by comparison to a 

standard curve generated with recombinant canine endostatin (Cytimmune). The 

biological activity of the secreted canine endostatin construct was also assessed using 

an endothelial cell migration inhibition assay. Briefly, nontransformed murine 

capillary endothelial cells (CD3 cells, kindly provided by Clement Diglio, 

WayneState University) were grown to confluence in 150mm tissue culture dishes 

(Coming). Then, using a sharp blade, a scratch was made through the center of the 

culture to produce a sharply demarcated zone denuded of viable cells. The plates were 

washed to remove detached cells, then supernatants from transiently transfected 

canine melanoma cells were added at a 1:1 dilution to the CD3 cells, which were then 

cultured for an additional 24h. Then, the cells were fixed in methanol and
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counterstained with hematoxylin. Using a dissecting microscope, the number of 

endothelial cells that had migrated into the denuded zone of the plate were counted in 

10-20 high-power fields per plate to determine the mean number of migrating cells. 

Controls included cells cultured with nontransfected CHO supernatants and with 

supernatants from CHO cells transfected with irrelevant plasmid DNA.

DNA and liposome preparation

Plasmid DNA was propagated in Escherichia coli and isolated by alkaline lysis, 

followed by column chromatography, as reported previously [44]. The endotoxin 

content of the DNA was determined by LAL assay (Biowhittaker,Walkersville,MD) 

and was found to be less than 0.25EU/mgDNA. The stock DNA solution (prepared in 

a lOmM solution of Tris-HCl (2-amino-2-hydroxymethyl-l,3-propanediolhydro- 

chloride), pH 8.0 at 5.0 mg/ml, was diluted to 0.625 mg/ml with 5% w/v dextrose 

(D5W). Liposomes were prepared by dissolving cholesterol (Sigma ChemicalCo., St 

Louis, MO) and the cationic lipid DOTIM (octadecenolyoxy{ethyl-2-heptadecenyl-3 

hydroxyethyl}imidazolinium chloride) in chloroform (EM Sciences, Gibbstown, NJ) 

at equimolar concentrations in a 3-1 round-bottom flask. The clear solution was 

rotated on a Buchi rotovapor R-134 at 301C for 30 min and hydrated in 5% w/v 

dextrose (McGraw, Irvine, CA) to produce a nominal concentration of 40 mM. The 

liposome dispersion was extruded through successive filters (0.4, 0.2, 0.1, and 0.05 

mm) to obtain a vesicle size of approximately lOOnm as measured by a Nicomp C- 

370 particle sizer. Immediately prior to infusion, CLDC were prepared by first 

dissolving liposomes in 5% dextrose in water at a concentration of 100|il liposomes
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per 1ml of 5% dextrose solution, as described previously [45]. Next, the plasmid 

DNA was added to the liposome solution at a final concentration of 100(lg DNA/ml 

solution and complexes were formed by gentle pipetting. The LDC were infused 

intravenously within 15 min of preparation.

Preparation o f BODIPY-labeled LDC

Fluorescently labeled cationic liposomes were prepared by addition of BODIPY- 

labeled cholesteryl (MolecularProbes, Eugene, OR) to the unlabeled cholesterol and 

DOTIM at the time the liposomes wfere prepared. The BODIPY-labeled cholesterol 

was added to unlabeled cholesterol at a 1:5M ratio and the labeled and unlabeled 

cholesterol was added at a 1:1M ratio with DOTIM, then dried down. The labeled 

liposomes were rehydrated as described above, then used to prepare LDC, which 

were infused intravenously as for unlabeled LDC.

Trial design

Pet dogs with biopsy-confirmed cutaneous soft tissue sarcomas were eligible for entry 

into the study. These studies were approved by the Institutional Animal Care and Use 

Committees at the National Jewish Medical and Research Center and at Colorado 

State University. Dogs with concurrent medical diseases or those receiving 

concurrent immunosuppressive therapy or prior radiation therapy to the tumor site 

were excluded from entry. Dogs were randomized by block randomization scheme
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(Research Randomizer) to receive treatment with either canine endostatin DNA or 

with irrelevant (luciferase) DNA. Investigators administering the treatment were 

blinded as to treatment groups. Dogs were treated once weekly with an intravenous 

infusion of LDC prepared with either endostatin or luciferase plasmid DNA. A total 

of six treatments were administered over the course of 6 weeks. The tumor was then 

surgically removed 3 days after the last treatment and analyzed by routine histology 

and immunohistochemistry.

Treatment and monitoring

Prior to treatment, all dogs had an indwelling intravenous catheter placed in either the 

cephalic vein or the medial saphenous vein, without sedation. Using a syringe pump 

(Harvard Apparatus, Holliston, MA), the LDC solution was infused as a continuous 

rate infusion over a 90-min period. Each dose of LDC consisted of 20|j.g/kg body 

weight of plasmid DNA. This dose of LDC and rate of infusion was selected based on 

preclinical studies of intravenous LDC infusion and gene expression in rabbits (D 

Liggitt, unpublished data) and on the results of a phase I study completed previously 

in pet dogs with lung tumor metastases [42]. Thus, for a typical 25 kg dog receiving 

a 20|ig/kg dose of plasmid DNA, the total DNA dose delivered was 500 jig and the 

infusion rate was 55fil/min. For the first 24h after the first infusion, dogs were kept 

under observation in the hospital and body temperature and respirations were 

monitored every 2h. For subsequent treatments, dogs were monitored for the first 4— 

6 h post-infusion, then returned home with their owners.
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Routine complete blood counts and serum biochemistry analysis were performed 

before treatment, 24h after the first treatment, and again on weeks 1, 4, and 6 of the 

study. Tumor measurements in three dimensions were obtained using calipers at each 

treatment and the tumor volume was calculated. Tumor responses were classified as 

partial response if tumor volume decreased by >50% from pretreatment 

measurements and complete response if the tumor regressed completely and was no 

longer detectable. Stable disease was defined as tumor volume that did not increase or 

decrease by >50% from starting values, whereas progressive disease was defined as 

tumor volume that increased >50% from starting values.

Tumor biopsy and assessment o f tumor microvessel density and inflammation 
scores

Tumor biopsies were obtained under local anesthesia by wedge biopsy immediately 

prior to the first treatment, at 24h after the first treatment, at 7 days after the first 

treatment, and on week 6 of the study. Portions of the biopsy were flash-frozen for 

RNA analysis (see below) while the remainder of tumor tissue was embedded in 

Tissue-Tek OCT compound (TedPella Inc., Redding, CA) and snap-frozen in 

isopentane. Tissues were cryosectioned to a thickness of 4|im and adhered to 

positively charged glass slides. For identification of tumor microvessels and 

angiogenic endothelium, a mAb specific for human CD 146 (clone P1H12, Chemicon, 

Temecula, CA) that cross reacts with dog endothelium was utilized [46]. After 

fixation in acetone and blocking nonspecific binding, tissues were incubated first with
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the primary antibody, followed by donkey anti-mouse IgG antiserum (Jackson 

ImmunoResearch), then with streptavidin-HRP and AEC substrate (Vector 

Laboratories, Burlingame, CA), followed by hemtoxylin counterstain. Negative 

controls included incubation with irrelevant mAb and omission of the primary 

antibodies. Staining of normal canine splenic tissue was utilized for positive control 

for microvessel density (MVD) and inflammation assays.

For quantitation of tumor MVD, four photomicrographs at 10X magnification were 

obtained by digital camera (Leica Microscope equipped with digital camera with 

SPOT Advanced Imaging software). Utilizing Adobe Photoshop and Reindeer 

Graphics Quantitative Analysis Plug-ins (Asheville, NC), the photomicrographs were 

converted to binary images and the number of pixels per section was determined 

digitally. MVD values for each tumor biopsy were calculated based on the average 

number of vessels for the four 10X fields.

Pre- and post-treatment tumor biopsies were also immunostained for detection of 

tumor-infiltrating leukocytes (TIL). Monoclonal antibodies specific for canine CD4 

(clone YKIX 302.9, Serotec, Oxford, UK), canine CD8 (clone YCATE 55.9, 

Serotec), and canine C D llb  (clone CA16.3E10, Serotec) were utilized for these 

studies. Appropriately diluted antibodies were incubated with acetone fixed sections 

as described above, along with appropriate negative controls. The degree of leukocyte 

infiltration was assessed by examining at least 10 random high-power (40X) fields 

per slide. Semi-quantitative scores of the degree of leukocyte infiltration were
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assigned based on the following system: 0 = no leukocytes found; 1 = 1-5 cells/high- 

power field (hpf); 2 = 6-10 cells/hpf, 3 = 11-15 cells/hpf; and 4>15 cells/hpf.

Quantitative RT-PCR assay for transgene and cytokine gene expression in tumor 
tissues*

Quantitative RT-PCR was utilized to detect transgene expression in tumor tissues, as 

previously described [43]. Tumor biopsies were obtained pretreatment and again 24h 

after the first LDC infusion and were then snapfrozen in isopentane in dry ice and 

stored at -80°C prior to analysis. After thawing, tumor biopsies were immersed in 

RNA storage solution (RNA Later, Invitrogen,Carlsbad, CA) and then pulverized 

using disposable tissue homogenizers. The RNA was then extracted, reverse 

transcribed to cDNA, treated with DNAse, and amplified using a set of primers 

specific for a synthetic intron (pgl) incorporated between the promoter and the start 

site of the gene expression vector pMB75.6 used in these experiments [43]. The 

primer and probe combinations were those described previously and spanned the 

5'UTR region of the expression vector. This strategy allowed amplification of the 

synthetic intron sequence from vector-encoded mRNA and avoided contamination 

with endogenous transcripts. This assay was found to be sensitive to one copy of 

template DNA when template DNA was added to control tissue homogenates (data 

not shown). Quantitation of mRNA transcripts was performed on an ABI Prism 7000 

cycle sequencer and the level of mRNA expression was indexed to mRNA levels of a 

housekeeping gene (GAPDH). *This work was performed by research associate Lisa 

Coro.
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Measurement o f plasma VEGF and bFGF concentrations

Plasma was collected from each dog prior to treatment, at 8, 12, and 24h after the first 

treatment, and then again at weeks 1, 2, and 6 of treatment. Plasma was stored frozen 

at -80°C prior to analysis. Plasma VEGF and bFGF concentrations were determined 

utilizing commercial ELISA assays (R&D Systems, Minneapolis, MN), according to 

the manufacturer’s directions. Both of these assays have been previously validated for 

use in detecting canine VEGF and canine bFGF [47-49],

Endothelial cell toxicity assay

Nontransformed mouse capillary endothelial cells (a gift of C. Diglio, Wayne State 

University) were used to assess endothelial toxicity of LDC. Endothelial cells were 

plated at a density of 5xl04 cells/well in 96-well plates in complete medium 

(minimum essential medium {InvitrogenCorp., Grand Island, NY}), supplemented 

with 10% fetal bovine serum (Sigma, St Louis, MO), penicillin streptomycin,L- 

glutamine, essential amino acids, and nonessential amino acids (Gibco, Grand Island, 

NY)). Cells in quadruplicate wells were incubated with serial dilutions of LDC 

prepared with noncoding plasmid DNA, at the same concentration as used for in vivo 

infusions. After addition of LDC, the cells were incubated for 24h and then cell 

viability was determined by MTT assay. Briefly, cells were incubated with MTT 

solution (Sigma) for 2h, lysed with acidified isopropanol, then the optical density
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determined by optical scanner (MultiscanAscent; Thermo Labsystems, Franklin, 

MA). Cell survival was calculated by determining the mean OD 570nm for 

quadruplicate wells.

Tumor inhibition assay

The ability of LDC to elicit cytokines capable of inhibiting fibrosarcoma tumor cell 

growth in vitro was assessed using spleen supernatants from mice injected 

intravenously with LDC prepared with noncoding DNA. Briefly, supernatants were 

prepared by overnight culture of spleen cells obtained from LDC-injected mice (four 

mice per group) 3h after intravenous injection of LDC, at a dose of 10|ig DNA per 

mouse or untreated control mice. Supernatants were collected and stored frozen at 

-80°C prior to assay. Murine fibrosarcoma cells (MCA 2.1; derived in our laboratory 

by methylcholanthrene induced carcinogenesis in the skin of mice) were cultured in 

96-well plates at a density of 5xl03/well and incubated with serial dilutions of 

supernatants from spleen cells of control or LDC-injected mice to assess their effects 

on tumor cell viability and proliferation. After 24h of incubation of quadruplicate 

wells with serial dilutions of spleen cell supernatants, the number of viable cells in 

each well was determined by MTT assay as described above.

Statistical analysis

Statistical differences in tumor microvessel densities were assessed using one way 

analysis of variance (ANOVA) to compare pre-treatment tumor MVD to tumor MVD
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at other time points. Differences in inflammatory pre- and post-treatment 

inflammatory infiltrates in tumor tissues were assessed by unpaired t-test. 

Comparison of differences in tumor cell viability and endothelial cell viability 

following treatment with spleen cell supernatants or LDC, respectively, was made by 

paired t-test.

RESULTS

In vitro expression o f canine endostatin cDNA *

To assess expression of canine endostatin by the pMB5176 vector, cell lines were 

transfected with plasmid DNA and expression was quantitated by canine endostatin 

ELISA and by immunohistochemistry. Production of secreted endostatin was detected 

in supernatants of cells transfected with the canine endostatin construct, but not in 

supernatants from cells transfected with irrelevant DNA (Figure la). Canine 

endostatin activity was also detected by immunohistochemistry in transfected canine 

melanoma cells (data not shown). Production of biologically active endostatin by 

transfected cells was demonstrated by inhibition of endothelial cell migration (Figure 

lb). Therefore, the pMB517 construct produced and secreted biologically active 

canine endostatin following transfection of canine cell lines. T h is  data was acquired 

by the primary investigator Dr. Steve Dow.
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Figure 1. Secretion of canine endostatin by transfected cells and demonstration of 
biological activity, (a) To assess the ability of the pMB571 vector to produce and secrete canine 
endostatin, canine melanoma cells in triplicate wells were transfected in vitro using lipofection. 
Controls included nontransfected cells and cells transfected with a luciferase plasmid. At 24h 
after transfection, supernatants were collected and assayed for the presence of canine endostatin 
protein by specific ELISA (Cytimmune). Cells transfected with pMB517 vector produced 
substantial amounts of endostatin. (b) The biological activity of the secreted endostatin was 
assessed using an endothelial migration assay as described in materials and methods. 
Supernatants from canine melanoma cells transfected with the canine endostatin construct 
(pMB571) or a luciferase control plasmid by lipofection were collected 24 h post-transfection 
and diluted 1:1 with medium and the effects on endothelial migration were assessed. Incubation 
with supernatants from pMB517-transfected cells resulted in significant (P<0.05) inhibition of 
endothelialcell migration, compared to control supernatants. Similar results were obtained in one 
additional experiment.

Treatment responses and tumor responses following treatment with LDC encoding 
endostatin or luciferase DNA

Dogs enrolled in this study all had cutaneous soft tissue sarcomas where they were 

accessible for measurement and biopsy. A total of 13 dogs were enrolled in the study 

and received at least one infusion of LDC (Table 1). One dog (number 13; Table 1) 

was withdrawn shortly after entering the study due to progressive tumor growth, 

while the rest of the dogs received the full course of six treatments. Seven dogs were 

treated with LDC containing the endostatin gene and six received infusions 

Of LDC containing the luciferase gene. All dogs tolerated the LDC infusions well. 

Most dogs developed fever within 6h of beginning the infusion, and most dogs also
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developed transient lymphopenia for the first 24h following treatment, consistent with 

what has been reported previously (data not shown) [42]. Significant changes in 

other hematologic or biochemical parameters were not observed during the course of 

the study in any treated dogs (data not shown). For the 13 dogs treated in the study, 

objective tumor responses were observed in two animals: one dog experienced 

complete tumor regression, one dog had partial tumor regression, while eight dogs 

had stable disease and three dogs experienced progressive tumor growth during the 

course of the 6-week study.

Table 1. Clinically observed tumor responses and effects on microvessel density in dogs 
with soft tissue sarcoma treated with intravenous infusion of LDC

Dog Treatment Clinical Response MVD
1 ES SD Decreased
2 ES SD Decreased
3 ES SD Decreased
4 ES SD Decreased
5 ES PD Decreased
6 ES SD Unchanged
7 ES SD Increased
8 Lucif CR Decreased
9 Lucif PD Decreased
10 Lucif SD Unchanged
11 Lucif SD Decreased
12 Lucif PR Unchanged
13 Lucif PD NA

Clinical data for 13 dogs with soft tissue sarcoma enrolled in a clinical study of intravenous 
LDC gene delivery. Of the 13 dogs enrolled, seven dogs were treated with LDC containing 
canine endostatin plasmid DNA (ES) and six dogs were treated with LDC containing 
luciferase DNA (lucif). Tumor responses were classified as CR (complete regression of all 
visible tumor), PR (partial regression; >50% decrease in overall tumor volume), SD (stable 
disease, no increase or decrease in tumor volume >50%), and PD (progressive disease, >50% 
increase in tumor volume). Tumor microvessel density (MVD) was considered decreased if 
the MVD was decreased significantly (P<0.05) at one or more time points over the course of 
treatment compared to pretreatment MVD, or increased if the MVD increased significantly 
over the course of treatment compared to pretreatment MVD. The tumor MVD was 
considered unchanged if no significant differences in MVD were noted. NA = not available 
for analysis.
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Effects on tumor MVD following LDC infusion

Tumor biopsies were processed by immunohistochemistry for assessment of tumor 

MVD, using the P1H12 antibody. An example of tumor MVD changes in pre- and 

post-treatment tumor biopsies is illustrated in Figure 2, as is the conversion of the 

initial digital images into binary images for quantitation of MVD. The values for 

tumor MVD were determined from pre-treatment biopsies and from biopsies taken 7 

days after the first infusion of LDC and again at day 42 of the study (Figure 3 and 

Table 1). It should be noted that although there was a moderate range of starting 

MVD values between tumors in different dogs, within a given dog the tumor MVD 

values were relatively consistent from biopsy to biopsy, suggesting that sample 

biopsy site variability was not a major factor in the MVD analysis. Some biopsy 

samples however were inadequate, or not available, for MVD analysis due to tissue 

necrosis, increased presence of surrounding tissue with lack of sufficient tumor tissue, 

or due to complete remission (dog 8). MVD at these time points was thus not 

represented as reflected in Figure 3.

When MVD values for pretreatment biopsies were compared to those during and at 

the end of treatment, we found that tumor MVD decreased significantly at one or 

more time points in eight of the 12 treated dogs. Of these eight dogs, two dogs 

initially experienced a significant decrease in tumor MVD at day 7 of the study, but 

by day 42 the tumor MVD had increased again to values that were not statistically 

different from pretreatment values. Additionally, two of these dogs experienced a 

significant decrease in tumor MVD at day 7 however either lacked a sufficient biopsy
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sample to determine MVD at day 42 (dog 5) or had no tumor tissue to biopsy due to 

complete remission (dog 8). Overall, three dogs had no significant change in tumor 

MVD over the course of treatment, while one dog developed a significant increase in 

tumor MVD at the end of the study. When tumor MVD responses were compared 

between treatment groups, there was no statistically significant difference between 

response rates in dogs treated with endostatin DNA and dogs treated with luciferase 

DNA.
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Figure 2. Assessment of tumor MVD by immunohistochemistry and digital analysis

Tumor biopsies were obtained from a dog prior to treatment and again after six infusions of LDC 
encoding the canine endostatin gene. Cryosectioned tissues were then immunostained with the 
P1H12 antibody for quantitation of MVD, as described in Materials and methods. Multiple low- 
power fields from each biopsy were digitally photographed and the images converted to binary 
images (Reindeer Graphics) for quantitation of MVD. Pre-treatment tumor biopsies demonstrating 
tumor microvessels by light microscopy (vessels are red, panel a) and again after the image was 
converted to a binary image for quantitation (vessels are black; panel c) as shown. In panel b (and 
binary image in panel d), post-treatment biopsies demonstrated a significant reduction in tumor 
MVD.
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Figure 3. Tumor angiogenic responses to intravenous infusions of endostatin or 
luciferease LDC
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Serial tumor biopsies were obtained from 12dogs that each received a series of six infusions of 
LDC containing either canine endostatin plasmid DNA (ES group) or luciferase plasmid DNA 
(Lucif group). Tumor biopsies were obtained before treatment, at day 7 after the first treatment, 
and on day 42 after six treatments had been administered. The tumor biopsies were cryosectioned 
and immunostained for identification of tumor microvessels by immunohistochemistry and tumor 
MVD was quantitated for each biopsy as described in materials and methods, and the mean (± s.e.) 
MVD for each biopsy was plotted. (ES group) Assessment of tumor MVD in seven dogs treated 
with six infusions of LDC encoding the canine endostatin cDNA. (Lucif group) Assessment of 
tumor MVD in five dogs treated with six infusions of LDC encoding luciferase DNA (*P< 0.05, 
for mean MVD value, compared to pretreatment MVD). In some dogs not all biopsy samples were 
adequate to appropriately assess MVD, thus those time points are not represented above (dogs 5, 
7, 8, 10).
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Assessment o f transgene expression in tumor tissues following in vivo gene delivery

Transgene expression was assessed in pretreatment and 24h post-treatment tumor 

biopsies from study dogs. For this analysis, a sensitive RT-PCR assay was utilized, 

based on the unique design of the expression plasmid. In vitro plasmid add-back 

studies revealed that the assay used was sensitive down to the level of approximately 

10 gene copies (data not shown). When 24h post-treatment tumor biopsies were 

analyzed from the treated dogs, transgene expression was not detected in any of the 

samples analyzed. The failure to detect transgene expression was not, however, due to 

RNA degradation, as GAPDH mRNA was detectable in all the samples. Serum from 

several dogs obtained at 8 or 24 h after their first LDC infusion was also evaluated by 

endostatin ELISA for the presence of circulating canine endostatin activity, but in no 

case was endostatin detected (data not shown). Based on these results, it appeared 

therefore that intravenous infusion of LDC was not an effective means of generating 

transgene expression in tumor tissues of dogs with established tumors. It is still 

possible, however, that low levels of transgene expression may have occurred in 

normal tissues such as the lung. However, given that tumor inhibition by endostatin 

generally requires exposure to high doses in vivo, the amount theoretically produced 

in the lungs and released into circulation is unlikely to have been biologically relevant 

[14,15]. *This data was acquired by research associate Lisa Coro.
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Localization o f labeled LDC in tumor tissues

To determine whether the LDC were in fact delivered to the tumors, LDC labeled 

with the fluorescent dye BODEPY were infused in one dog and tumor biopsies were 

obtained pretreatment and again 120 min post-infusion. When the tumor tissues were 

examined by fluorescence microscopy, we observed numerous cells containing 

BODIPY +LDC within the tumor tissues (Figure 4). The location of the labeled LDC 

suggested that they were present in or adjacent to blood vessels, although this could 

not be confirmed by dual labeling studies. Thus, intravenous infusion of LDC resulted 

in delivery o f the complexes to tumor tissues. *This data was acquired by the primary 

investigator Dr. Steve Dow.

Figure 4 Localization of fluorescently labeled LDC in tumor tissues. To determine 
whether LDC were taken up by tumor tissues following intravenous infusion, LDC were 
prepared using BODIPY-labeled liposomes and infused intravenously into a dog with soft 
tissue sarcoma, as described in materials and methods. A pretreatment tumor biopsy was 
obtained, the labeled LDC were then infused over 90 and 60 min later, a second tumor 
biopsy was obtained. Tissues were frozen, then cryosectioned and examined by 
fluorescence microscopy. Several cells with BODIPY+ material are visualized in the post­
infusion biopsy sample.
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Infiltration o f leukocytes in tumor tissues following LDC infusion

To assess the response of TIL to LDC infusion, pretreatment and day 42 tumor 

biopsies were immunostained for quantitation of numbers of CD4+ and CD8+ T cells 

and C D llb+ macrophages in tumor tissues (Figure 5 a). The numbers of CD4+ T 

cells and C D llb+  macrophages were not significantly different in tumor tissues 

following LDC treatment when compared to pretreatment values. However, four dogs 

developed an increase in CD8+ T cells in tumor tissues following treatment, whereas 

CD8+ T cells were not observed in any tumor biopsies obtained prior to the start of 

treatment. In one treated dog, there was a dramatic increase in infiltrating CD8+ T 

cells following treatment (Figure 5b and c). Thus, infusion of LDC appeared to 

trigger an influx of CD8+ T cells into tumor tissues in some dogs, although the 

functional status of T cells was not assessed in this study.
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Figure 5. Leukocyte inflammatory responses in tumors before and after LDC infusion
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Pre-treatment and post-treatment (day 42) biopsy samples were available from 9 of the 12 
dogs with soft tissue sarcoma after six treatments with LDC. Specimens were cryosectioned 
and immunostained with mAbs specific for canine CD4, CD8, or CD lib, as described in 
materials and methods. A total of 10 random high-power (40X) fields of each slide were then 
examined microscopically to determine the degree of leukocyte infiltration. Tumor infiltrate 
scores were assigned based on a scale of 0-4, where a score of 0 was equivalent to 0 
infiltrating leukocytes, 1 was equivalent to 1-5 infiltrating cells, 2 was equivalent to 6-10 
infiltrating cells, 3 was equivalent to 11-15 infiltrating cells, and 4 was equivalent to >15 
infiltrating cells, as described in materials and methods, (a) Mean (+ s.e.) infiltrate scores for 
pre- and post-treatment tumor biopsies were plotted for CD4+ T cells, CD8+ T cells, and 
macrophages. Statistical analysis of infiltrate scores did not reveal significant differences 
between pre- and post-treatment biopsies, although the difference in CD8+ T cell infiltrates 
approached significance (P = 0.08). (b, c) Marked infiltration of CD8+ T cells (red staining; 
20X) into tumor tissues (c) was observed in one dog following six infusions of LDC encoding 
the endostatin gene, whereas pretreatment tumor biopsies (b) did not contain CD8+ T cells. 
Inset shows higher power view (40X) of the T-cell infiltrate.

LDC elicit endothelial cell cytotoxicity

The preceding results suggested that most of the effects observed in the study (tumor 

regression or tumor stasis, decrease in MVD, infiltration of CD8 T cells) are likely to 

have been elicited by the vector itself. These nonspecific vector-induced effects could
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have included direct endothelial cell toxicity by LDC or inhibition of tumor growth 

by cytokines elicited by the immune stimulatory effects of LDC [36,50]. To assess 

direct effects of LDC on endothelial cells, primary cultures of mouse endothelial cells 

were used, as normal canine endothelial cell lines were not available. LDC are known 

to be toxic to other cells in vitro, but their effects on endothelial cells have not been 

reported previously. We found that endothelial cells were in fact quite sensitive to 

killing by LDC. For example, incubation of endothelial cells with doses of LDC as 

low as 0.25|xg/ml elicited substantial killing (Figure 6 a). Thus, it is possible that 

inhibition of tumor angiogenesis by LDC infusions may have been mediated in part 

by direct endothelial cell killing, particularly in dogs where significant inhibition of 

angiogenesis was observed as early as 7 days following the first LDC infusion 

(Figure 3). In support of this theory, LDC could be localized in tumor tissues within 2 

h of infusion (Figure 4).

Infusion o f LDC triggers release o f cytokines with tumor inhibitory activity

Two dogs in this study experienced significant tumor regression and eight dogs 

experienced lack of tumor growth over the 6 -week treatment period. Although 

angiogenesis inhibition might account for some of this effect, we also observed that 

tumor responses did not always correlate with changes in MVD. For example, one 

dog with a partial tumor response and one dog with stable disease at the end of the 

study had no significant change in MVD. Thus, it was possible that immunological 

mechanisms might also account in part for the antitumor activity observed. For
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example, previous studies in mice have shown that LDC injected intravenously 

trigger potent release of cytokines with antitumor activity, including IL-12, IFN-y, 

IFN-a, and TNF [36,37,50]. Studies in mice have also demonstrated that a large 

portion of the infused complexes localize to the spleen, where they are taken up by 

macrophages and induce immune activation [34]. Thus, cytokine production by the 

spleen in response to LDC infusion could trigger immune responses capable of 

suppressing tumor growth at distant sites. To address this question, we determined 

whether cytokines released from spleen tissues in mice following intravenous 

injection of LDC could also inhibit tumor growth in vitro. For these studies, a murine 

fibrosarcoma cell line (similar to the tumor type studied in dogs in this study) was 

used to assess antitumor responses. Addition of supernatants from spleens of LDC- 

injected mice, but not supernatants from control spleens, inhibited fibrosarcoma cell 

growth in vitro (Figure 6b). These results therefore suggest that LDC-triggered 

systemic release of cytokines with antitumor activity would be capable of inhibiting 

tumor cell growth in vivo. In fact, such antitumor activity of LDC has been 

demonstrated previously in several different tumor models in mice [36, 50].
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Figure 6. Effects of LDC on endothelial cell survival and on release of tumor inhibitory 
cytokines by spleen cells
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Studies were performed to assess gene nonspecific effects of LDC on endothelial cell 
survival and on release of tumor inhibitory cytokines, (a) Normal mouse capillary endothelial 
cells were plated in quadruplicate wells and were incubated with serially diluted LDC 
(formulated with noncoding plasmid DNA) in complete medium for 24 h, and then cell 
viability was determined by MTT assay, as described in materials and methods. The mean (+ 
s.d.) optical density reading for each dilution of LDC (expressed as DNA content) was 
plotted. Similar results were obtained in two additional experiments, (b) Mice (n = 5 per 
group) were injected intravenously with LDC (equivalent to 10 pg DNA per mouse), then the 
spleens were collected 6 h later and cultured for 18 h in complete medium and supernatants 
collected and frozen. Supernatants from spleens from untreated control mice were processed 
similarly. The supernatants were then diluted 1:1 and incubated with murine fibrosarcoma 
cells (MCA 2.1) in quadruplicate wells for 24 h, and then viability determined by MTT assay 
as described in materials and methods. The mean optical density (±s.d.) for tumor cells 
treated with LDC-elicited or control spleen supernatants were then plotted. Similar results 
was obtained in one additional experiment (*P< 0.01).

Response o f plasma VEGF and bFGF concentrations to LDC infusion

To determine whether infusions of LDC might have inhibited tumor angiogenesis by 

decreasing circulating concentrations of key proangiogenic cytokines, VEGF and 

bFGF concentrations in plasma were quantitated before, during, and after LDC 

infusions, using cross-reactive ELISA assays (see materials and methods). Significant 

changes in the concentrations of VEGF or bFGF were not observed in plasma
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samples collected during treatment, as compared to pretreatment plasma VEGF or 

bFGF concentrations (data not shown). Thus, any effects of LDC infusion on tumor 

angiogenesis were most likely not due to suppression of circulating concentration of 

key proangiogenic cytokines.

DISCUSSION

This study was designed primarily to address two questions. Firstly, could 

intravenous infusions of LDC in a large animal spontaneous tumor model lead to 

transfection of cutaneous tumors. And secondly, could infusion of LDC inhibit tumor 

angiogenesis in large, well established tumors. The answer to the first question 

appears to be no, in that we were unable to detect transgene expression in cutaneous 

tumor tissues following intravenous infusion of LDC. However, several caveats may 

apply. First, it may be that soft tissue sarcomas are more difficult to transfect than 

other tumor types, although it is likely that the major target for transfection by this 

route is probably the endothelium and not the tumor itself. Also, the LDC used for 

this study were optimized for pulmonary delivery of genes, and it may be that 

additional modifications of the LDC (e.g. addition of PEG groups to the liposome 

surface) might improve gene delivery to tumor tissues following intravenous delivery. 

More efficient tumor transfection might also be achieved if higher doses of the LDC 

were administered. However, doses much above the dose used in the current study
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(20jig DNA per kg body weight) would be likely to elicit toxicity, as was found in a 

previous study in dogs [42].

Intravenous delivery of LDC appeared to inhibit tumor angiogenesis in some of the 

dogs in this study. The effect was, however, independent of the transgene delivered, 

inasmuch as there were no significant differences between dogs treated with 

endostatin or luciferase DNA. Admittedly, with the small sample size evaluated in 

this study, it is impossible to exclude the possibility that endostatin gene delivery may 

have actually been more effective than infusion of an irrelevant plasmid. Additionally 

arguing against an endostatin specific effect was the fact that transgene expression in 

the tumors was not observed and that increased circulating concentrations of 

endostatin were not detected.

The antitumor effects observed in this study, therefore, appeared to be largely 

transgene independent and were most likely induced by the LDC themselves. There is 

ample precedent for noncoding LDC (empty vector) eliciting antitumor activity [36, 

38, 50]. In addition, the ability of noncoding LDC to inhibit angiogenesis has also 

been demonstrated previously in mouse tumor models [21, 24, 51]. However, in the 

studies conducted in mice, the doses of LDC that were administered were much 

higher (up to 200 times more DNA per kg body weight) than the doses used in dogs 

in this study. Therefore, it is noteworthy that the effects observed in this study 

occurred at a very low dose of LDC, and in large animals with large, established 

spontaneous tumors. The slow infusion of LDC used for these studies was also an
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important difference between this study and studies typically conducted in mice. 

Large animals did not tolerate bolus infusions of LDC, and slow infusions also 

resulted in much more efficient gene delivery systemically (D Liggitt, unpublished 

data).

Although a placebo-treated control group was not included in this phase I study, 

clinically it is recognized that spontaneous regressions of soft tissue sarcomas in dogs 

are extremely rare [39], Thus, the fact that eight animals experienced stabilization of 

their tumor growth and two had tumor regression suggests that a treatment effect was 

induced by repeated infusions of the LDC. The effects of LDC infusion on tumor 

growth and tumor angiogenesis could have been mediated by a combination of 

factors, including direct endothelial cell injury by LDC, release of cytokines with 

antiangiogenic and antitumor properties, and recruitment of inflammatory cells into 

tumor tissues. For example, we observed that changes in tumor angiogenesis did not 

always correlate with tumor responses, as four of 9 dogs with stable disease or 

decreased tumor size had a decrease in MVD at the end of treatment, whereas MVD 

was unchanged or increased in the other five dogs. This finding suggested that a 

combination of antiangiogenic and direct antitumor effects was elicited by infusion of 

the LDC. For example, infiltration of CD8+ T cells was observed in tumor tissues of 

some dogs in this study following infusion of LDC. Thus, deposition of LDC in the 

tumor may have recruited CD8+ T cells into the tumor tissues, or triggered activation 

of local dendritic cells with subsequent stimulation of cytotoxic T cells, as has been 

reported previously [38].
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Results from this study additionally suggest that LDC infusion did not have an effect 

on circulating VEGF and bFGF concentrations as no significant changes in these 

parameters were observed over the course of treatment when compared to pre­

treatment levels. These results are drawn on the foundation that the levels obtained 

prior to treatment represent a control or untreated group yet it is recognized that these 

levels are obtained only at a single time point. It is additionally recognized that these 

conclusions could be strengthened with the inclusion of a placebo-treated group 

assuming the placebo-treated group also maintained constant VEGF and bFGF levels 

throughout treatment.

In summary, the studies reported here indicate that infusion of LDC appears to elicit 

substantial antitumor and antiangiogenic activity, probably mediated by the immune 

stimulatory properties of the LDC. Further investigations of intravenous LDC 

infusion, alone or combined with radiation therapy or chemo therapy for tumor 

treatment, are warranted. For example, our preliminary observations suggest 

enhancement of tumor responses when dogs with advanced lung metastases were 

treated with LDC plus chemotherapy (R Elmslie, unpublished data). In addition, 

recent reports indicate that activation of innate immunity by administration of CpG 

oligonucleotides, which elicit immune responses very similar to those elicited by 

LDC, markedly enhances tumor sensitivity to radiation therapy [52, 54],
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CHAPTER 2

REGULATION OF TUMOR-ASSOCIATED VASCULAR PRODUCTION BY 

ENDOGENOUS TYPE I AND II INTERFERONS

ABSTRACT

The objective of this work was to explore the effects of endogenous type I and II 

interferons (IFN) on tumor angiogenesis under physiological tumor-bearing 

conditions. We hypothesized that type I and II IFNs function in tumor surveillance as 

endogenous anti-angiogenic factors inhibiting tumor-associated vascular production 

and hence tumor growth. Interferon receptor knock out (IFNR-/-) mice were 

inoculated intradermally with syngeneic methylcholanthrene-induced sarcoma cells 

for tumor induction. Post-inoculation, tumor growth rates were monitored clinically 

and serial tail bleeds were performed to assess the presence of circulating endothelial 

progenitor cells (CEPs) by fluorescence activated cell sorting (FACS). At sacrifice, 

tumor microvessel density (MVD) and tumor infiltrating leukocytes (TIL) were 

determined via immunohistochemistry (IHC) and FACS respectively while blood 

collection was pursued to evaluate circulating VEGF levels by enzyme linked 

immunosorbent assay (ELISA). Tumor growth rates as well as tumor MVD in both
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type I and IIIFNR-/- mice exceeded that of wild-type (wt) mice supporting the role of 

endogenous type I and IIIFN in tumor immunity, at least in part, by inhibiting tumor- 

associated vascularization. Decreasing numbers of CEPs were noted in IFNR-/- mice 

as compared to wt mice suggesting a more specific role for these cytokines in the 

inhibition of vasculogenesis by impeding recruitment of CEPs to the tumor 

microenvironment. While no significant differences in numbers of tumor infiltrating 

macrophages, neutrophils, or NK cells were noted, an increased number of infiltrative 

dendritic cells (DCs) was present in the tumors of IFNR-/- mice suggesting an 

additional role of these cytokines in suppression of DC recruitment and or 

differentiation. No difference in circulating VEGF levels was identified.

INTRODUCTION

Progressive growth and metastasis of solid tumors is dependent on the development 

of a tumor-associated blood supply. 1,2 This blood supply can occur by angiogenesis, 

the sprouting of new capillaries from pre-existing vessels, or vasculogenesis, the 

recruitment of endothelial progenitor cells from the bone marrow, or likely a

T ftcombination of both. ' Regardless of the method, the induction of this vascular 

supply is dependent on the initiation of the angiogenic switch which itself depends on 

the shift in the balance of angiogenic regulatory molecules toward angiogenic

• 9  12activators. ' Tumors in the avascular state, aggregates of neoplastic cells measuring
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no more than 2 mm in diameter (microtumors), remain dormant and thus do not 

induce disease. While the presence of these microtumors frequently exist in the 

antemortem state, they go undetected until postmortem examination as they are 

subclinical. 13,14 The questions behind the mechanisms which allow some tumors to 

remain in an avascular, dormant, non-lethal state, while other become vascularized 

and thus induce disease remain to be answered. It is well accepted that the induction 

of this vascular network is dependent on the balance between pro- and anti- 

angiogenic factors in the tumor micro-environment. Additionally, it has been 

recognized that neoplastic cells can and do secrete pro-angiogenic factors such as 

vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), 

interleukin-8  (IL-8 ), and platelet derived growth factor (PDGF) .10,15 What perhaps is 

less clear, are the natural host defenses which exist in the tumor-bearing state and, 

more specifically as it pertains to this work, what natural endogenous anti-angiogenic 

armory does the host posses to combat the tumor-associated angiogenic activators 

thus preventing induction of tumor vascularization.

Previous studies in our lab and by others have demonstrated a role of innate immunity 

in antitumor and antiangiogenic activity. 16' 18 Additionally, antitumor effects have 

been noted following CLDC administration, as demonstrated in chapter one, and 

CLDCs have been shown to induce potent innate immune responses thus further 

supporting the association of innate immunity and antitumor activity. 16,19'23 

Moreover, cytokines associated with innate immunity such as IL-12, type I IFNs 

(IFNoc/p) and type IIIFN (IFNy) have been implicated and have been shown to elicit

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



antitumor effects and to inhibit angiogenesis via many mechanisms including 

downregulation of proangiogenic molecules such as VEGF, bFGF, matrix 

metalloproteinase-9 (MMP-9), and IL-8 .16’17,24-31

Thus, type I and II interferons are known inhibitors of angiogenesis but have been 

recognized as such either in vitro or at supraphysiological levels in vivo. The study 

within sought to assess the potential role of endogenous interferons (that is at normal 

physiological levels without the presence of IFN inducers or exogenous interferon 

administration) in tumor surveillance in an in vivo model. Evaluation of this 

proposed biological activity was achieved by comparing tumor growth in IFNR-/- 

mice (which are unable to respond to endogenous interferons) to tumor growth in 

wild-type mice after intradermal inoculation with syngeneic methylcholanthrene- 

induced neoplastic mesynchymal cells. As these interferons are known angiogenic 

inhibitors, we hypothesized that they would elicit antitumor effects by inhibiting 

tumor-associated vascularization under physiological conditions. To further elucidate 

the mechanism by which these effects might occur, we additionally evaluated the 

presence of circulating endothelial progenitor cells, tumor infiltrating leukocytes, and 

circulating levels of VEGF.

Results from these studies demonstrate that, when compared to wt mice, IFNR-/- 

mice have an increased tumor growth rate, an increased tumor MVD, decreased 

circulating endothelial progenitor cells, and an increased infiltrate of tumor-associated 

dendritic cells. These findings support the role of endogenous type I and II
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interferons in natural tumor surveillance by inhibiting tumor-associated vascular 

production which, more specifically may be, at least in part, by inhibiting the 

recruitment of circulating endothelial progenitor cells to the tumor microenvironment 

and by inhibiting recruitment and / or differentiation of dendritic cells.

MATERIALS AND METHODS

IFNR-/- mice

The original knock out strain (A 129 mice) lacking a functional interferon receptor 

(homozygous for receptor mutations interfering with and inhibiting signal 

transduction) originated in the lab of Michael Aguet at the Swiss Institute for 

Experimental Cancer Research.32 For the experiments within, wild-type interferon 

receptor (129S6/SvEv) mice were obtained from Taconic (Germantown, NY), 

IFNyR-/- mice derived on a pure 129 SvEv genetic background (129-Ifhgr""^) were 

obtained from The Jackson Laboratory (Bar Harbor, Maine), and breeding pairs of 

IFNoc/(3R-/- mice were obtained from the National Jewish Medical and Research 

Center and the University of Colorado Denver Health Science Center, Denver CO. 

All mice were free of specific pathogens, housed according to ACUC requirements at 

a maximum of 5 mice per cage and fed autoclaved pellets and water ad libitum. For 

all experiments, mice were age matched ranging from 8 to 12 weeks old, and
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consisted of 5 mice from each respective genetic variant per group. All procedures 

were approved by the Animal Care and Use Committee at Colorado State University.

Tumor cell line and in vitro conditions

The MCA 2.1.1 cell line utilized in these experiments was originally established by 

chemotoxic intradermal injection of the carcinogen 3- methylcholanthrine (MCA) 

diluted in peanut oil into interferon receptor wild-type 129 mice. MCA induced 

tumors were then harvested from these mice, neoplastic cells were purified, cultured, 

harvested, and stored in liquid nitrogen. For use in the following experiments, frozen 

cells were retrieved by quick thaw in a 37° water bath, followed by routine culturing 

techniques including an initial wash in 15mls of minimum essential medium (MEM), 

centrifugation, and resuspension, two times followed by plating initially in a T-25 

Falcon flask (BD Bioscience, San Jose CA) with complete medium (MEM 

(Invitrogen Corp., Grand Island, NY) supplemented with 10% fetal bovine serum 

(FBS, Sigma, St Louis, MO), penicillin-streptomycin, L-glutamine, essential amino 

acids, and nonessential amino acids (Gibco, Grand Island, NY) and incubated in 6 % 

C02 at 37°C. Cells were maintained in a monolayer, split appropriately as needed, 

and ultimately transferred to T-75 flasks.
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Tumor induction

For in vivo injections, tumor cells in exponential growth phase were washed in lx 

PBS followed by a brief treatment with .2% trypsin and harvested by routine culture 

techniques. Cell counts for appropriate suspension concentration and viability were 

obtained via hematocytometer and trypan blue. Cells were suspended at lX106/100ul 

of sterile lx  PBS and inoculated at a volume of lOOul (lX106cells) intradermally in a 

clipped area over the right iliac crest region of anesthetized mice. Mice were 

anesthetized with an intraperitoneal injection of 200ul of 2.5% Avertin in sterile lx 

PBS.

Monitoring

Following inoculation of MCA 2.1.1 cells, inoculation sites were monitored every 

two to three days for tumor growth. Upon initial detection of a tumor mass, size was 

measured in three dimensions with calipers every two to three days and mice were 

sacrificed when tumor size measured ~1.5cm in diameter.

Blood collection

Prior to inoculation and over the course of tumor development, whole blood (6 -8 ggt / 

mouse) was collected via tail vein once weekly for analysis of CEPs. Due to minimal 

sample size, blood for each genetic variant of mouse was pooled allowing for an 

increased volume and resulting in one test sample for each group of mice (wt, tumor-
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bearing wt, IFNoc/pR-/-, and IFNyR-/- respectively). At sacrifice, plasma was 

collected via cardiac stick to assess circulating VEGF levels. Following collection, 

samples for CEPs were processed immediately while plasma was stored at -80°C.

Assessment o f MVD

At sacrifice, tumors were harvested en toto and divided into thirds for MVD analysis, 

TIL analysis, and storage in -80 °C. For MVD analysis, sections were embedded in 

Tissue-Tek OCT compound (TedPella Inc., Redding, CA) and snap frozen in either 

isopentane or liquid nitrogen. Tissues were cryosectioned to a thickness of 4pm and 

adhered to positively charged glass slides. For identification of endothelial cells 

associated with tumor microvasculature, a monoclonal antibody specific for murine 

CD31/Platelet Endothelial Cell Adhesion Molecule (PECAM) (BD PharMingen, 

SanDiego, CA) was utilized. After fixation in acetone and blocking nonspecific 

binding, tissues were incubated first with the primary antibody, followed by 

biotinylated donkey anti-rat IgG antiserum (Jackson ImmunoResearch, West Grove, 

PA), then with streptavidin-HRP and AEC substrate (Vector Laboratories, 

Burlingame, CA), followed by hematoxylin counterstain. Negative controls included 

incubation with irrelevant mAb and omission of the primary antibodies. Staining of 

normal murine splenic tissue was utilized for positive control.

For quantitation of tumor MVD, five photomicrographs at 20X magnification were 

obtained by digital camera (Leica Microscope equipped with digital camera with
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SPOT Advanced Imaging software). Utilizing Adobe Photoshop and Reindeer 

Graphics Quantitative Analysis Plug-ins (Asheville, NC), the photomicrographs were 

converted to binary images and the number of microvessels per section was 

determined digitally. MVD values for each tumor biopsy were calculated based on 

the average number of vessels (quantitated as pixels) for the five 20X fields identified 

for each individual mouse.

Assessment o f tumor infiltrating leukocytes

At sacrifice, 1/3 of the tumor was harvested for tissue digestion to characterize and 

quantitate tumor infiltrating leukocytes by FACS analysis. First, tissue was minced 

in a Petri dish containing a small volume of collagenase solution after which it was 

transferred to a 15ml conical tube containing 3-4ml of collagenase solution. Conical 

tubes were incubated in a 37°C waterbath for ~60minutes and mixed vigorously every 

15minutes during incubation. Specimens were next trituated 3-4 times using an 

18guage needle and 3cc syringe in the 15ml conical which was then filled with 

lxPBS and centrifuged in the Thermo IEC centrifuge for 5 minutes at 1200 RPM. 

Supernatant was discarded and the sample was resuspended in 1ml of lxPBS 

followed by the addition of 10ml NH4CI for 5 minutes. Samples were then serially 

filtered through a 70um and 40um strainer into a 50ml conical and a final wash 

performed with lxPBS. Supernatant was discarded and cells resuspended in 500ul of 

complete tumor medium with 10% FBS and kept on ice.
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Following preparation, samples were appropriately distributed to respective wells in a 

96-well round bottom plate along with individual cell suspensions of splenocytes to 

determine compensation values and unstained cell samples to determine forward and 

side scatter. Following centrifugation, lOul of FACS Block was added to each well. 

Following blocking, samples were incubated for 25 minutes at 4°C with 50ul of 

respective primary antibody at 1:200 which were purchased from either BD 

PharMingen (San Diego, CA) or eBiosciences (San Diego, CA). Antibodies utilized 

included, in 5-color panels: anti-CD4 (flouresceine isothicynate (FITC)), anti-CD8 

(allophycocyanin (APC)), anti-B220 (APC-Cy7), anti-CD25 (PE), anti-CD62c 

(PeCy5), and, anti-CDllb (PeCy5), anti-CDllc (APC), anti-GRl (PeCy7), anti- 

MHCII (PE), and biotinylated NKG2D. All splenocytes were treated with 

biotinylated CD8 at 1:400 followed by respective streptavidin conjugated fluorescent 

antibodies at 1:400 including Fite, PE, APC, PeCy5, PeCy7, and APC-Cy7. For the 

majority o f experiments, following the final wash cells were fixed in 1% 

paraformaldyhyde for 30 minutes at 4°C, washed once, resuspended in FACS buffer, 

and stored at 4°C until analyzed. Cells were analyzed via flow cytometry using a 

Cyan MLE cytometer (Dako-cytomation, Fr Collins, CO) for multi-color channel 

analysis. Macrophages were defined as C D llb+/MHCH+ cells, DCs as 

C D llb+/C D llc+ cells, granulocytes by C D llb+/GR-l+/MHCIF cells and natural 

killer cell (NK) as CD1 lb+/CDl lc+. Gates were set on viable unstained splenocytes 

designed to include all viable cell populations. lxlO6 events were collected per 

sample and the percentage of each respective cell population determined. 

Experimental and control groups consisted of five animas each.
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Assessment o f circulating endothelial progenitor cells

Circulating endothelial progenitor cells (CEPs) were assessed by immunostaining and 

flow cytometry. Following blood collection as previously described, samples were 

centrifuged in 14mls of heparinized hanks balanced salt solution (hep-HBSS). 

Supernatant was aspirated off and the pellet resuspended in 1ml of HBSS and 14mls 

of NH4CL lysing solution and incubated for 10 minutes. Samples were then 

recentrifuged, supernatant discarded, and washed again in HBSS followed by 

centrifugation and resuspension in appropriate volume of tissue culture media.

Following preparation, samples were appropriately distributed to respective wells in a 

96-well round bottom plate along with individual cell suspensions of cultured murine 

endothelial cells and murine splenocytes to determine forward and side scatter and 

compensation values respectively. Cultured murine endothelial cells were also 

utilized as positive controls for each panel and for isotype control antibodies. Isotype 

controls were run at concentrations consistent with the primary antibody for which it 

was being run and consisted of antibodies purchased from BD PharMingen or 

eBiosciences including IgG2a,K (PE or FITC), IgGl,K (PE, FITC, or biotinylated), 

and IgG2a (biotinylated). Primary antibodies used for flow cytometric analysis were 

also purchased from either BD PharMingen or eBiosciences and included, in various 

combinations: anti-CD34 (fluorescence isothicynate (FITC); clone RAM34), anti-Flk- 

1 (PE; clone A vasl2al), anti-AC133 (biotin; clone 13A-4) anti-CD144 (biotin), anti-
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C D llb  (PeCy5; clone M l), anti-CD31 (FITC; clone Mec 13.3), anti-CD146 (PE; 

clone P1H12), and anti-Tie2 (biot; clone TEK4). The immunostaining protocol was 

pursued as described above and again, splenocytes were treated with biotinylated- 

CD8 at 1:400 followed by respective streptavidin conjugated fluorescent antibodies at 

1:500 including Fite, PE, Alexa647, PeCy5, and PeCy7. Circulating endothelial 

progenitor cells were defined as CD133 (AC133)+/ VEGFR-2 (Flk-1)+ cells.33' 35 

Gates were set on unstained cultured murine endothelial cells to include all viable cell 

populations and 1X 105 events were collected per sample and the percentage of each 

respective cell population determined. As samples were pooled, one value for each 

treatment group (genetic variant of mouse) per respective time point was obtained.

Assessment o f circulating VEGF

Plasma was collected from mice via cardiac stick at sacrifice and stored frozen at 

-80°C prior to analysis. All samples were then run simultaneously utilizing a 

commercially available VEGF ELISA kit (R&D Systems, Minneapolis, MN) 

according to manufacturer’s directions.

Statistical analysis

Statistical differences between more than two treatment groups were performed using 

one way analysis of variance (ANOVA), followed by Tukey’s multiple means 

comparison test. Comparisons between two groups were determined by impaired
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nonparametric analysis utilizing the Mann Whitney test. Analysis was carried out 

using GraphPad Prism software (SanDiego, CA). For all analysis, p  values < 0.05 

were considered statistically significant.

RESULTS

Tumor progression occurs more rapidly in IFNR-/- mice

As shown in Figure 1, tumor development occurred more rapidly in the INFR-/- mice 

where tumor growth in the IFNa/(3R-/- mice exceeded that of both IFNyR-/- and wt 

mice. Palpable tumors were detected at approximately 10 days post-inoculation in all 

groups while notable differences in tumor size between groups were identified by day 

20 to 23. Error bars represent standard error of the mean (SEM) for tumor size within 

each group of mice for the respective time point. Survival curves were not generated 

as mice were sacrificed when tumor size attained a diameter of ~ 1.5 cm. All mice at 

time of sacrifice appeared clinically healthy, were ambulatory, and in good body 

condition. No evidence of metastatic disease was identified grossly in any mice.
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Figure 1. Tumor growth rate in IFNR-/- and wt mice following intradermal inoculation with 
1X106 MCA2.1.1 cells. Enhance tumor development was noted in IFNR-/- mice as compared to wt 
mice. The most dramatic difference was noted in the rate of tumor growth in IFNa/pR-/- mice which 
also exceeded that of yR-/- mice. * denotes a significant (p < 0.05) difference when compared to wt 
mice as determined by ANOVA. This experiment was repeated two additional times, each yielding 
similar results.

Increased tumor MVD in IFNR-/- mice

As demonstrated in Figure 2, a higher MVD was identified in tumors which 

developed in the IFNR-/- mice as compared to tumors in the wild type mice, while, 

similar to growth rate, MVD in the IFNa/pR-/- mice exceeded that in both the 

IFNyR-/- and wt mice. Error bars represent the SEM between each of the 5 mice per 

group where the MVD value for each individual mouse was obtain by calculating the 

average number of vessels from five random 2 0 x fields as described in materials and 

methods. Figure 3 demonstrates immunoreactivity of tumor microvasculature to 

CD31/PECAM in each of the respective groups of mice. Although calculated MVD 

values were higher in tumors of the IFNR-/- mice, differences between the tumors in
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IFNR-/- mice and wt mice were not statistically significant with ANOVA analysis. 

The lack of statistical significance may, in part, be due to the low number of subjects 

per group.

500
L_0 A
g  400-
3z
S  300- 
(0 
(0

■ >  200 -

c<s
1  100-

wt
Genetic variant of mouse

Figure. 2 Tumor microvessel density analysis between genetic variants of mice. Tumor 
MVD was determined by analysis of immunohistochemically stained cryosections with anti- 
CD31/PECAM monoclonal antibody (see Fig 3). Error bars represent the SEM between each of 
the 5 mice per group where the MVD value for each individual mouse was obtain by calculating 
the average number of vessels from five random 20x fields. MVD in tumors which developed 
in the IFNR-/- mice exceeded MVD in the tumors from wt mice where the highest tumor MVD 
was noted in the IFNoc/|3R-/- mice. Statistically significant differences were not present by one­
way analysis of variance (ANOVA) with parametric multiple comparison (Tukey) post-test. 
This lack of statistical significance may be due, in part, to the low numbers of subjects per 
group. MVD was determined in the two additional repeated experiments and similar results 
were obtained.
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Figure. 3 Three photomicrographs at 20x magnification representative of CD31 
immunoreactivity in tumor cryosections from wt, IFNyR-/-, and IFNoc/pR-/- mice 
inoculated with MCA2.1.1 sarcoma cell line for MVD analysis. As is reflected in the 
calculated data presented in figure 2, tumors from IFNR-/- mice demonstrate an increased 
number of vessels when compared to the tumor from the wt mouse while vessel density in the 
a/pR-/- mouse also appears to be slightly increased as compared to the tumor from and 
IFNyR-/- mouse. Again, while calculated values were different, they were not considered 
statistically significant.

Tumor infiltrating leukocytes

Assessment of tumor infiltrating leukocytes (TIL) including macrophages, 

neutrophils, natural killer (NK) cells and dendritic cells (DCs) was performed by flow 

cytometry as described in materials and methods. C D llb+ cells (expressed on 

macrophages, granulocytes, as well as subsets of NK cells, and DCs) represented the 

largest percentage of infiltrating leukocytes in tumors from all groups. No significant
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differences in infiltrating macrophages (C D llb+/MHCII+), neutrophils 

(C D llb+/G Rl+), or NK cells (NKG2D+) were identified between groups (Figure 4a). 

When comparing tumor infiltrating DCs (C D llb+/C D llc+) from each of the 

respective IFNR-/- mice to tumors of wt mice, a statistically significant increase was 

noted in tumors from IFNR-/- mice (Figure 4b). The overall percentage (y-axis) of 

infiltrative NK cells (NKG2D+), and DCs (C D llb+/C D llc+) is remarkably less than 

that of infiltrating macrophages and neutrophils in tumors from all mice.
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Figure 4. Tumor Infiltrating Leukocytes: No significant differences in infiltrating
macrophages or granulocytes were present between tumors of IFNR-/- and wt mice (a). 
Dendritic cell (DC) infiltrates in tumors of IFNR-/- mice however were significantly greater 
than that of tumors in wt mice as statistically determined with the one-tailed Mann-Whitney 
test (b). * denotes p  < 0.05. This experiment was performed successfully and to completion 
one time.
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As another means to demonstrate the difference in the percentage of tumor infiltrating 

DCs between the IFNR-/- mice and wt mice, figure 5 provides two individual 

scatterplots from flow cytometric analysis. Immunostaining for CD l ib  and C D llc  

expression is represented on the x and y axes respectively. Double positive cells in 

the upper right hand quadrant represent DCs and the percentage of positive cells is 

indicated. “A” represents tumor-associated DC infiltrates from an IFNyR-/- mouse 

while “B” reflects tumor-associated DC infiltrates from a wt mouse.
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Figure 5. Flow cytometric data of TILs: The two scatter plots demonstrate the
intratumoral population of DCs, represented as double positive (DP) cells (CD1 lb+/CDl lc*) 
in the upper right hand quadrant (R17), from an IFNyR-/- mouse (a) and a wt mouse (b) 
respectively. The percentage of positive cells, as determined by flow cytometery, is 
indicated in quadrant R17. Anti-CDl lb (Pe-Cy5) immunoreactivity is represented on the x- 
axis while anti-CD 1 lc (APC) immunoreacctivity is represented on the y-axis.
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Circulating endothelial progenitor cells (CEPs)

Assessment of CEPs was performed via immunostaining and flow cytometery as 

described in materials and methods. Again, blood was collected via tail vein prior to 

inoculation and once weekly during tumor development. Due to limited blood 

volumes physiologically attainable per individual mouse, blood samples from mice 

within each group were pooled resulting in one value for each genetic variant of 

mouse (wt, IFNyR-/-, IFNa/pR-/-) per respective time point. Evaluation of CEPs 

from non-tumor bearing wild type mice as an additional control were also included in 

these experiments. CEPs were identified as cells which co-expressed VEGFR-2 

(Flk-1) and CD 133 (AC 133). CEPs prior to inoculation (baseline levels) were slightly 

higher in IFNR-/- mice however, over the course of tumor development, circulating 

endothelial progenitor cells progressively decreased in the IFNR-/- mice as compared 

to tumor-bearing wt mice and were ultimately lower than wt mice at days 14 and 21 

post-inoculation (Fig. 6). The percentage of CEPs as determined by flow cytometry 

and indicated on the y-axis ranged from ~0.025 - 0.225%. The normal percentage of

• • 1 C  I Q

circulating endothelial progenitor cells in humans is reported to be ~.01%.
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Figure 6. Circulating endothelial progenitor cells (CEPs) pre-inoculation and during 
tumor development: CEPs were identified as VEGFR-2+/CD133+ cells by flow cytometery 
and percentages determined for 1x10s collected events. Due to limited sample size per 
individual mouse, blood samples within each group were pooled thus resulting in analysis of 
one sample per group (wild type non-tumor bearing (wt-NT), wild type (wt), IFNyR-/- (gR-/-), 
and IFNoc/pR-/- (abR-/-) per time point. Prior to inoculation, baseline values of CEPs were 
slightly increased in IFNR-/- mice as compared to wt mice while over the course of tumor 
progression, CEPs decreased in IFNR-/- to levels lower than that in wt mice. This experiment 
was performed successfully and to completion one time.

Circulating VEGF

No significant differences in circulating plasma VEGF levels at time of sacrifice were 

identified between groups.
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DISCUSSION

Antitumor and antiangiogenic effects of type I and II interferons (IFNa/p and IFNy 

respectively) have been reported previously and more specifically, mechanisms by 

which these cytokines elicit their effects have also been demonstrated.17,28'31 

Observation of these findings however have typically been either in vitro or by 

induction of supraphysiological interferon levels in vivo either indirectly with 

interferon inducers or directly by administration of exogenous interferons. The 

studies presented here sought to and, by enhanced tumor development observed in 

IFNR-/- mice, have demonstrated a role for endogenous interferons (interferons at 

normal physiological, unmanipulated levels) in natural tumor surveillance.. 

Utilization of genetically modified IFNa/pR-/- or IFNyR-/- mice abrogates normal 

interferon ligand activity thus resulting in effects which would occur in the absence of 

type I or II interferons respectively. Thus, enhanced tumor growth in the IFNR-/- 

mice suggests the presence of interferons would prevent such activity, as seen in wt 

mice, and supports the role of interferons in the defense against tumor development.

To further explore and demonstrate possible mechanisms by which endogenous 

interferons elicit this antitumor activity, and as they are known inhibitors of 

angiogenesis, tumor microvessel density (MVD) of all tumors was evaluated. The 

identification of an increased tumor MVD in IFNR-/- mice, and to a greater extent in 

the IFNa/pR-/- mice, as compared to tumors of wt mice supports a natural role of 

these interferons in preventing tumor-associated vascular production. The
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dependency of tumor growth on a vascular supply is well accepted thus, it is possible 

that the increased MVD identified in the IFNR-/- mice correlates with the observed 

increase in tumor growth rate. It is noted however that there is disparity between the 

tumor growth rates in IFNoc/(3R-/- and IFNyR-/- mice when compared to the 

correlative difference in MVD. More specifically, the tumor growth rate in 

IFNa/(3R-/- mice is remarkably greater than that in IFNyR-/- mice when compared to 

the difference in MVD between the two knock out strains. This discrepancy suggests 

that inhibition of tumor growth by enodogenous interferons is likely due, only in part, 

to their antiangiogenic / antivascular effects. Interferons were first identified for their 

role in “interfering” with viral replication and were determined to elicit potent 

antiproliferative activity. Thus, endogenous interferons may additionally inhibit 

tumor growth by directly inhibiting proliferative activity of the neoplastic cells 

themselves. While host cells of R-/- mice lack functional interferon receptors, the 

tumor cells, which were derived in wt mice, can express these receptors and thus can 

respond to or be affected by ligand activity.

Additional experiments assessed the presence of tumor infiltrating leukocytes (TIL) 

between groups of mice. The increased presence of dendritic cells identified in 

tumors of the IFNR-/- mice suggests a role of endogenous interferons in either 1) 

inhibiting DC recruitment to the tumor site and / or 2) inhibiting DC maturation. 

What, however, is the potential relevance of tumor associated DCs and how would 

this interferon-associated DC regulation play a role in tumor immunity? Recent 

literature has suggested that rather than functioning in a host-favored immune
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response, DCs in the tumor microenvironment may actually be redirected / 

reprogrammed to take on an endothelial cell phenotype and be incorporated into the
IQ

tumor vasculature. This theory would lend additional support to the increased MVD 

seen in the IFNR-/- mice which also demonstrated an increased number of tumor 

associated DCs. Additionally, it has been suggested that the redirection/ 

reprogramming of DCs is regulated in part by VEGF.40"42 VEGF is secreted by both 

tumor cells and cells of the tumor microenvironment and to a large part by tumor 

infiltrative macrophages (macs).40,43,44 Infiltrative macrophages represented the 

highest percentage leukocyte in all tumors. IFNa inhibits VEGF expression, 

however, as macs of IFNa/pR-/- mice can not respond to IFNa, secretion of VEGF 

would be uncontrolled and possibly constitutive. This constant VEGF secretion may 

further potentiate the redirecting of DCs to an endothelial cell phenotype and may 

provide an additional rationale for the increased tumor MVD in IFNot/pR-/- mice as 

compared to IFNyR-/- mice (which maintain ability to respond to the IFNa ligand). 

To lend additional support to this theory, intratumoral levels of VEGF could be 

analyzed where increased VEGF would be anticipated in tumors of IFNa/pR-/- mice 

as compared to tumors from IFNyR-/- mice.

Lastly, circulating endothelial progenitor cells which are mobilized from the bone 

marrow, recruited to the tumor microenvironment, and incorporated in the tumor 

microvasculature in a process known as vasculogenesis were also analyzed over the 

course of tumor development.5,6,8,38 While tumor growth rate and MVD of INFR-/- 

mice were increased, the numbers of CEPs over the course of tumor development
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decreased. This indirect association between MVD and CEPs however may suggest 

that CEPs were recruited to the tumor microenvironment contributing to an increased 

vascular network and simultaneously resulting in a decreased number of endothelial 

progenitor cells in circulation. This finding thus suggests that endogenous interferons 

may also demonstrate anti-vasculogenic effects by inhibiting recruitment of CEPs to 

the tumor microenvironment, an observation which, to the author’s knowledge, has 

not yet been reported or suggested in the literature. Factors including stromal derived 

growth factor -  1 (SDF-1), angiopoietin-1 (Ang-1), GM-CSF, and VEGF have been 

describe in involvement of bone-marrow derived endothelial progenitor cell 

mobilization and recruitment however interferons have not been implicated.45-48 As 

previously describe, IFNa may play a role indirectly by inhibiting expression of 

VEGF thus decreasing EPC mobilization and recruitment however, if this was the 

mechanism, one would expect to see 1) and increased circulating level of VEGF in 

IFNa(3R-/- mice and would expect a lower number of CEPs in EFNa/pR-/- mice as 

compared to IFNyR-/- mice neither of which were observed. Thus, this suggests that 

interferons inhibit recruitment of CEPs to the tumor microenvironment by 

mechanisms not yet determined.

Circulating VEGF levels at time of sacrifice were analyzed yet no difference between 

mice was identified. It was anticipated that IFNa/pR-/- mice would demonstrate 

higher levels of circulating VEGF as IFNa inhibits VEGF expression as previously 

discussed but this was not noted. While circulating VEGF levels were analyzed, 

intratumoral VEGF levels, which may have varied between groups, were not. It
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should be recognized again, however, that tumors in all mice were wt tumors 

expressing IFN receptors and able to respond to host interferons. Thus, if the primary 

source of VEGF production was by the neoplastic cells themselves rather than host 

derived cells, the production level relative to effects of endogenous interferons would 

be equivalent.

In summary, these studies support our hypothesis that endogenous type I and II 

interferons play a role in host tumor surveillance. This hypothesis is most strongly 

supported by the observed tumor growth rate where tumors in IFNoc/pR-/- mice grew 

at a statistically significant increased rate when compared to that of wt mice. The 

tumor growth rate of IFNyR-/- mice was also increased however was not statistically 

significant suggesting type I interferons (IFNot/P) have a more significant role in host 

tumor surveillance than that of IFNy. These studies also suggest that these interferons 

elicit their anti-tumor effects, at least in part, by inhibiting the production of the 

tumor- associated vascular supply. Calculated, yet not statistically significant, 

differences in MVD support this theory however additional experiments with larger 

numbers per group should be pursued for further support. Lastly, these studies also 

suggest that mechanisms by which these interferons regulate the tumor blood supply 

include the inhibition of DC recruitment and / or differentiation as well as the 

inhibition of CEP recruitment to the tumor microenvironment, consistent with an anti- 

vasculogenic role of type I and II interferons. Continued investigation with repeated 

experiments and increased numbers per group would assist in further substantiating 

these findings.
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CHAPTER 3

ANTITUMOR AND ANTIANGIOGENIC EFFECTS OF IMMUNIZATION 

WITH XENOGENIC VASCULAR ENDOTHELIAL GROWTH FACTOR 

IN DOGS WITH SOFT TISSUE SARCOMA

ABSTRACT

This study was designed to investigate the antitumor and antiangiogenic effects of 

immunization with recombinant human vascular endothelial growth factor (rhVEGF) 

in a large animal spontaneous tumor model. Nine dogs with naturally occurring soft 

tissue sarcoma were vaccinated intradermally with xenogeneic rhVEGF for a course 

of six vaccinations over a sixteen week period. The effects of vaccination on 

induction of antibodies to human and canine VEGF, circulating VEGF 

concentrations, tumor microvessel density (MVD), and tumor growth were assessed. 

Three out of 4 dogs that received 5 or more vaccinations had a significant increase in 

anti-human and anti-canine VEGF antibodies, while significant decreases in 

circulating plasma VEGF concentrations were also noted. Tumor MVD was 

significantly decreased in two dogs at one or more time points during treatment. 

Three of the 9 enrolled dogs (33%) had partial tumor regression at completion of the 

study, while the remaining 6 dogs demonstrated progressive tumor growth.
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Immunization with xenogeneic rhVEGF was well-tolerated by all dogs and resulted 

in induction of humoral responses against both human and canine VEGF in animals 

receiving multiple immunizations. Vaccination was also associated with reduction in 

circulating VEGF concentrations and inhibition of tumor angiogenesis and tumor 

growth in some animals. Based on these results obtained in a large animal, 

spontaneous tumor model, it appears that xenogeneic vaccination against VEGF may 

be a useful and safe therapy for inhibition of tumor growth and angiogenesis.

INTRODUCTION

Tumor-associated neovascularization is critical for progressive tumor growth as well 

as metastasis. One of the key regulatory factors involved in this process is vascular 

endothlelial growth factor (VEGF) as demonstrated in numerous studies.1'3 For this 

reason, strategies to abrogate the biologic effects of VEGF have become a primary 

focus in attempts to inhibit tumor angiogenesis.4'9 Various approaches have been 

developed or are currently undergoing further investigation including the use of 

mAbs to neutralize VEGF or block its receptors, the use of soluble VEGF receptors, 

and the use o f small molecule inhibitors of VEGF receptor kinase activity.7’11 

Notably, inhibition of tumor angiogenesis with a synthetic VEGF mAb has been 

shown to elicit a significant increase in survival in humans with colon carcinoma 

treated concurrently with chemotherapy.12’13
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Active vaccination against pro-angiogenic factors or their receptors is an alternative 

approach to therapeutic inhibition of angiogenesis.14'21 For example, it was found 

that immunization against xenogeneic VEGF via plasmid-DNA could elicit cross­

reactive antibodies which neutralized endogenous VEGF resulting in inhibition of 

both tumor growth and angiogenesis in a mouse model.22 Similarly, in several 

different studies, immunization against the VEGF receptor was also found to inhibit 

tumor angiogenesis in rodent models.15’23'26 Vaccination against other pro-angiogenic 

growth factors, such as basic fibroblast growth factor (bFGF), resulted in inhibition of 

tumor angiogenesis as well.27 In yet a third approach, immunization with xenogeneic 

endothelial cells, or more recently with autologous endothelial cells, again 

demonstrated therapeutic inhibition of angiogenesis.28'30 The appeal of such 

approaches is the ability to achieve sustained suppression of VEGF or VEGF receptor 

signaling without the necessity for long-term drug administration.17 However, this 

approach also holds some risk, inasmuch as sustained neutralization of endogenous 

VEGF may also elicit deleterious side-effects, such as coagulopathy or interference 

with wound healing.9

Therefore, to more fully assess the potential effectiveness and safety of VEGF 

vaccination as a viable option for treatment in humans, we conducted a pilot study of 

xenogeneic VEGF vaccination for inhibition of angiogenesis in dogs with cancer. 

Dogs spontaneously develop a number of cancers that resemble their counterparts in 

humans.31,32 Additionally, as dogs are a large and highly outbred species, 

immunological studies in dogs are likely to reflect more accurately responses in
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humans. For this study, we chose dogs with cutaneous soft tissue sarcoma (STS), 

which is a relatively slow growing and locally invasive tumor which is accessible to 

repeated biopsy.31

The study was designed to determine whether immunization against a xenogeneic 

form of VEGF could elicit therapeutic anti-VEGF responses. To accomplish this, 

dogs were immunized against recombinant human VEGF 165 (rhVEGF) which differs

'jo
from canine VEGF (caVEGF) at seven amino acids yielding 95.2% homology. 

While the use of xenogeneic immunotherapy to target angiogenic regulators has been

oo oo i nexplored, most studies have relied on DNA vaccine approaches. ’ ’ Immunization 

with xenogeneic VEGF protein, as demonstrated here, has not been reported. 

Additionally, this study employs the use of a novel liposome-DNA adjuvant which 

has previously been shown to elicit effective immunization against protein antigens in 

m ice.34’35

In this study of 9 dogs with soft tissue sarcoma, we found that immunization with 

rhVEGF was able to elicit significant anti-human VEGF (anti-huVEGF) antibody 

responses in dogs with STS. Moreover, dogs with high anti-huVEGF antibody levels 

experienced significant declines in their circulating plasma VEGF concentrations 

which, in some cases, were associated with reduction in tumor size and tumor 

microvessel density (MVD). High levels of anti-huVEGF antibodies were also 

associated with modest but detectable anti-caVEGF antibody responses in some dogs. 

None of the dogs in this study experienced adverse effects such as delayed wound
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healing which might be associated with sustained decreases in endogenous VEGF 

concentrations. We conclude from these results that immunization against 

xenogeneic VEGF may be a safe and effective treatment option for the induction of 

antitumor and antiangiogenic activity in some patients with cancer.

MATERIALS AND METHODS

Study design

Client-owned dogs of any age, breed, or gender with spontaneous, initial or recurring, 

histologically-confirmed, cutaneous soft tissue sarcomas measuring < 125cm3 at the 

time of diagnosis were eligible for entry into the study. Soft tissue sarcomas of any 

subtype and of any grade were considered eligible for the study. Tumor volume was 

determined as the product of 3 tumor measurements (length, width, height). Any dog 

previously treated with radiation therapy or angiogenesis inhibitors and any dog 

currently receiving corticosteroids or chemotherapy was excluded from entry into the 

study. Dogs with concurrent disease or evidence of metastatic disease were also 

excluded from the study. These studies were approved by the Institutional Animal 

Care and Use Committee at Colorado State University. The study was designed to 

include a series of 6 immunizations administered over a course of 16 weeks. Animals 

were enrolled and treated at the Colorado State University Veterinary Teaching 

Hospital (Ft. Collins, CO) or at the Veterinary Referral Center of Colorado 

(Englewood, CO).
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Preparation o f VEGF vaccine

The vaccine was prepared using rhVEGFi65, which was manufactured by R&D 

Systems and provided by the NCI Reagent Repository. The liposome-DNA 

complexes used as the vaccine adjuvant were prepared as described previously.34 

Briefly, liposomes were prepared by dissolving the cationic lipid DOTIM 

(octadecenolyoxy{ethyl-2-heptadecenyl-3 hydroxyethyl} imidazolinium chloride; 

Sigma-Aldrich Chemical Co., St. Louis, MO) and cholesterol (Avanti Polar Lipids, 

Alabaster, AL) in chloroform and adding equimolar concentrations to round bottom 

15 ml glass tubes. The solution was then dried overnight in a vacuum dessicator to a 

thin film and the lipids were rehydrated in 5% dextrose in water at 50°C for 50 

minutes, followed by extrusion through a series of lpm, 0.45|im, and 0.20pm filters 

to form the final liposomes. To form the liposome-DNA complexes, non-coding 

plasmid DNA (prepared by Valentis Corp, Burlingame, CA) was added to liposomes 

in solution (lOOpl liposomes per ml D5W) with gentle pipetting at a final 

concentration of lOOflg DNA per ml of liposome solution. The vaccine was then 

prepared by adding rhVEGF directly to the liposome-DNA solution at room 

temperature. Dogs were immunized within 15 minutes of preparing the VEGF 

vaccine.
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Treatment and monitoring schedule

A series of six immunizations with rhVEGFi65 and liposome-DNA complex adjuvant 

were administered intradermally to dogs once every other week for 3 immunizations 

and then once every 4 weeks for 3 additional immunizations. For the initial 

immunizations, dogs received 50|ig rhVEGF in 600|il liposome-DNA adjuvant 

(administered in two different sites over the lateral thorax). Subsequent 

immunizations consisted of 25|lg rhVEGF in 300|il liposome-DNA adjuvant 

administered in one site over the lateral thorax. Dogs enrolled in the study were 

monitored for adverse effects by physical examination at the time of each 

immunization. Complete blood counts and serum biochemical profiles were 

evaluated prior to starting the study and again at week 6 and week 16. The vaccine 

site was evaluated at each repeat immunization to assess injection site responses. In 

addition, dogs were carefully evaluated clinically for evidence of coagulopathy 

(hemorrhage, petechiation) and delayed wound healing at tumor biopsy sites (see 

below).

Tumor volume was determined using calipers to measure tumor dimensions prior to 

treatment and at each vaccination. Tumor responses were classified as partial 

response if tumor volume decreased by > 50% from pretreatment measurements and 

complete response if the tumor was no longer detectable. Stable disease was defined 

as tumor volume that did not increase or decrease by > 50% from starting values, 

whereas progressive disease was defined as tumor volume that increased > 50% from
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starting values. For any dog that demonstrated progressive tumor growth, the trial 

was terminated, the patient was removed from the study, and alternative therapy was 

implemented.

Assessment o f anti-VEGF antibody responses

Plasma and serum samples were obtained from each patient prior to treatment and 

immediately prior to vaccination at each of the 6 treatments and stored at -80°C. 

Plasma concentrations of anti-huVEGF antibodies were determined by enzyme linked 

immunosorbent assay (ELISA). The anti-huVEGF antibody ELISA was prepared by 

coating Immunolon-3 flat bottom plates (Dynatech Laboratories, Chantilly, VA) with 

50ul of 5ug/ml rhVEGF (R&D Systems, Minneapolis, MN) in 50mM 

carbonate/bicarbonate buffer at a pH of 9.6 incubated overnight at 4°C. Wells were 

blocked with 200ul of a 5% solution of nonfat dried milk in phosphate buffered saline 

(PBS) and incubated at 37°C for 60 minutes. Plasma samples were pre-diluted 

1:1,000 in buffer (PBS with 1% BSA), added at lOOul per well, and incubated at 

room temperature for 90 minutes. After washing, plates were incubated with 

biotinylated-SP-conjugated rabbit anti-dog IgG (Jackson ImmunoResearch, West 

Grove, PA) at 1:40,000 in buffer (lOOul/well) and incubated for 60 minutes at room 

temperature. After washing, streptavidin-horseradish peroxidase conjugate (Jackson 

ImmunoResearch) at 1:2000 diluted in PBS was added (lOOul/well) for 30 minutes at 

room temperature. Following a final wash, wells were developed with 3,3',5,5'- 

tetramethylbenzadine (TMB) liquid substrate system (Sigma, St. Louis, MO), the
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reaction stopped with 1M hydrochloric acid, and optical density determined 

colorometrically at a 405nm wavelength by ELISA plate reader (Thermo 

LabSystems, Franklin, MA).

Plasma concentrations of anti-caVEGF antibodies were determined following the 

same protocol as described above however with the substitution of 50ul of 5ug/ml of 

recombinant canine VEGF (rcaVEGF) (R&D Systems) for rhVEGF as the coating 

(detection) reagent. Additionally, mouse anti-canine VEGF antibody (R&D Systems) 

at .5ug/ml incubated with biotinylated-donkey anti-mouse IgG (Jackson 

ImmunoResearch) at 1:20,000 as secondary antibody was utilized for assay 

validation.

Measurement o f plasma VEGF concentrations

Plasma VEGF concentrations in dogs were determined using a human VEFG ELISA 

kit (R&D Systems) in accordance with the manufacturer’s directions. Validation of 

this kit for the detection of canine VEGF has been previously documented.36-38

Tumor biopsy and assessment of tumor microvessel density, VEGF expression, and 
IgG deposition.

Tumor biopsies were obtained under local anesthesia by wedge biopsy immediately 

prior to the first treatment, at week 6, and at week 16. Biopsy sites were sutured and 

biopsy specimens were embedded in Tissue-Tek OCT compound (TedPella Inc.,
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Redding, CA), snap frozen in isopentane and dry ice, and stored at -80°C. Tissues 

were cryosectioned to a thickness of 4pm and adhered to positively charged glass 

slides. For identification of tumor microvessels, a mAb specific for human CD146 

(clone P1H12, Chemicon, Temecula, CA) which cross reacts with canine endothelial 

cells was utilized as described previously.36,39 Tissues were fixed in acetone, blocked 

for endogenous peroxidase activity with 3% hydrogen peroxide (H2O2) for 10 

minutes at room temperature and blocked for non-specific binding with 5% normal 

donkey serum. Slides were then incubated with the primary antibody (mouse anti­

human P1H12) for 30 minutes at room temperature and washed in lx  PBS for 10 

minutes prior to a 25 minute incubation with the secondary donkey anti-mouse IgG 

antiserum antibody (Jackson ImmunoResearch). Slides were then treated with 

streptavidin-HRP followed by 3-amino-9-ethylcarbazole (AEC) substrate (Vector 

Laboratories, Burlingame, CA), counterstained with hemtoxylin, air dried, and 

coverslipped with aqueous based crystal mount. Negative controls included 

incubation with irrelevant mAb and omission of the primary antibodies. Normal 

canine spleen was utilized as positive control tissue.

To quantitate tumor MVD, four digital photomicrographs at 10X magnification were 

obtained (Leica Microscope equipped with digital camera in conjunction with SPOT 

Advanced Imaging software), as described previously.36 Adobe Photoshop and 

Reindeer Graphics Quantitative Analysis Plug-ins (Asheville, NC) were utilized to 

convert the photomicrographs to binary images and the number of microvessels per 

section, more specifically analyzed as number of pixies, were determined. The final
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MVD value for each tumor section was calculated as the mean (+ SEM) number of 

vessels for the four 10X fields.

To assess tumor associated VEGF expression, cryosectioned slides were first fixed in 

10% formalin for 5 minutes rather than fixation in acetone. Prior to staining, slides 

were treated in target retrieval solution (Dako, Carpinteria, CA) pH 6.0 at 125°C for 

one minute. Staining was then performed utilizing a Dako autostainer in conjunction 

with Dako reagents (LSAB+ Link System HRP, Dako K0679) according to 

manufacturer’s directions. Goat anti-canine VEGF antibody (R&D Systems) at 1:25 

was utilized as the primary antibody and diaminobenzidine (DAB) was utilized as 

substrate. Following staining, slides were then dehydrated through graded alcohol 

followed by xylene and coverslipped with permanent based mount. All sections were 

subjectively evaluated microscopically to assess the percentage of VEGF-positive 

cells and relative intensity of staining. Sections were assigned a score of 0 to 3 where 

0 represented no detectable immunoreactivity and 3 represented intense and 

generalized imunoreactivity.

For assessment of IgG deposition in tumor tissues, cryosectioned biopsy specimens 

were prepared as described above however with acetone rather than formalin fixation. 

Slides were incubated with peroxidase-conjugated rabbit anti-dog IgG (Jackson 

ImmunoResearch) for 30 minutes at room temperature, followed by incubation with 

AEC substrate for 15 minutes at room temperature. Incubation with irrelevant 

primary antibody (rabbit anti-mouse IgG) and omission of primary antibody were
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used as negative controls while normal canine splenic tissue was utilized as a positive 

control. All sections were subjectively evaluated microscopically and assigned a 

score of 0 to 3 based on overall IgG immunoreactivity and intensity of staining 

similar to that as described above for VEGF immunoreactivity.

Statistical analyses

Paired samples were compared statistically using the Student’s t-test. Comparisons 

between more than two treatment groups or more than two time points were done 

using one way analysis of variance (ANOVA), followed by Tukey’s multiple means 

comparisons test. Analysis was done using GraphPad Prism statistical software (San 

Diego, CA). For all analyses, p  values <0.05 were considered statistically significant.

RESULTS

Effects o f vaccination on anti-VEGF antibody induction

A total of 9 dogs with soft tissue sarcoma were enrolled in the study (Table 1). Of 

these 9 dogs, 4 dogs remained in the study long enough to receive 5 or more 

immunizations, while 5 dogs received 3 or fewer immunizations. Treatment was 

discontinued at various time points in 5 dogs once it had been determined that the
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tumor was growing progressively. For the 4 dogs that received 5 or 6 immunizations, 

antibody concentrations generally increased over time, with 3 of the 4 dogs mounting 

a significant increase in anti-VEGF antibody responses (Figure 1). None of the 5 

dogs receiving 3 or fewer vaccinations mounted a significant anti-VEGF antibody 

response (Table 1). Thus, it appeared that immunization with rhVEGF was capable 

of eliciting anti-VEGF antibody responses, but that multiple immunizations (at least 5 

or more) were required to elicit significant increases. Significant antibody responses 

ranged from four-fold to ten-fold increases in anti-huVEGF antibody when compared 

to pre-treatment values.

Clinical a-huVEGF
Dog Dx/Grade Response Ab Plasma VEGF MVD # of V

1 PN ST/I PR Decreased NC 6
2 PNST/ I PR + Decreased Decreased 6
3 PNST /11 PR - Decreased NC 6
4 PNST / 1 PD + NC Decr/Incr 5
5 PNST 11 PD - Decreased NA 3
6 PNST/R-I1 PD - NC NA 3
7 PNST / II PD NC NA 2
8 Undiff Src / III PD - NC NA 2
9 PNST/R-I PD . . . NC NA 1

Table 1. Clinical responses in 9 dogs immunized with rhVEGF. Nine dogs with soft tissue 
sarcoma were treated with repeated rhVEGF vaccination. Clinical responses were classified as 
partial response (PR; greater than 50% decrease in tumor volume) or progressive disease (PD; 
greater than 50% increase in tumor volume). NC = no change; NA = not available for evaluation. 
a-huVEGF Ab: (+) = a 3-fold increase or greater when comparing antibody levels at the latest 
time point to pre-vaccination antibody levels. Plasma VEGF: Decrease = a statistically
significant decrease in circulating [...] when comparing levels at the latest time point to pre­
vaccination levels. MVD: Decreased or Increased ifp <.05 at one or more time points during 
treatment when compared to pretreatment MVD. # of Vacc. = the # of vaccinations each dog 
received. Dx/Grade: Tumor type (diagnosis) and grade where PNST = peripheral nerve sheath 
tumor, Undiff Src. = undifferentiated sarcoma, I,II, III = grade, and R = recurrence.
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Figure 1. Anti-huVEGF antibody responses following vaccination against 
recombinant human VEGF (rhVEGF) in dogs. Nine dogs with STS were enrolled 
in a study to evaluate the effects of vaccination against xenogeneic (human) VEGF. 
Plasma samples were collected prior to immunization (pre-tx) and at several different 
time points after initial immunization with rhVEGF. Plasma samples were assayed 
via ELISA for detection of anti-huVEGF antibodies as described in materials and 
methods. Anti-huVEGF antibody responses over time were plotted for the 4 dogs that 
received 5 or more immunizations (A-D, which correlates with dogs #1-4 in Table 1 
respectively). A significant increase in anti-huVEGF antibody levels following 
immunization with rhVEGF was noted in 3 of the 4 dogs (panels A, B, & D).In all 
three dogs, elevated levels were detected following the 4th or 5th vaccine, however, 
dog 4 (panel D) additionally had significantly elevated levels after the first 
immunization. * denotes a significant (p < 0.05) increase in anti-huVEGF antibody 
response compared to pre-treatment values, as analyzed by ANOVA. The y-axis is 
provided as absorbance (OD) as the assay was not performed with a commercialized 
kit (see materials and methods) and there was no available antibody on which to 
perform serial dilutions from a known concentration thus precluding generation of a 
standard curve from which to calculate concentrations.
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Effects o f vaccination on circulating plasma VEGF concentrations

We next assessed the effects of VEGF immunization on circulating VEGF 

concentrations utilizing a human VEGF ELISA kit as described in materials and 

methods. A significant decrease in plasma VEGF concentrations was observed at two 

or more time points in 3 of the 4 dogs that received 5 or more VEGF immunizations 

(Figure 2). In the fourth dog, no significant changes in circulating VEGF 

concentrations were noted despite a significant increase in anti-huVEGF antibodies 

(see dog 4 Table 1, Figure 1& 2). In contrast, VEGF concentrations did not decrease 

in 4 of the 5 dogs that received 3 or fewer VEGF immunizations (Table 1). The one 

exception was the dog (dog #5) that was immunized 3 times, where a significant 

decrease in VEGF concentrations was noted (data not shown). Thus, in some dogs, 

repeated immunization with rhVEGF induced a significant anti-huVEGF antibody 

response and was associated with a significant decline in VEGF concentrations (dogs 

1 and 2, Table 1). In two other dogs (dogs 3 and 5, Table 1) there was a significant 

decrease in circulating VEGF despite the lack of a significant anti-huVEGF antibody 

response. These results suggest that in some dogs, VEGF vaccination may have 

induced a decrease in circulating VEGF concentrations by immunological 

mechanisms other than only induction of anti-VEGF antibody responses.
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Figure 2. Effects of vaccination on plasma VEGF concentrations in dogs. Circulating 
VEGF concentrations were measured in dogs prior to vaccination (week 0) and at twice 
weekly intervals following vaccination with rhVEGF. VEGF concentrations were 
determined by VEGF ELISA, utilizing a human VEGF ELISA kit as described in materials 
and methods. In four dogs (A-D) that received more than 5 immunizations, VEGF 
concentrations were plotted over time. Significant decreases in plasma VEGF levels are 
noted in panels A, B, & C (dogs 1, 2, & 3) which correlate with significant increases in anti- 
huVEGF Abs at the completion of immunization in dogs 1 & 2 (Figure 1). There is a 
significant derease in plasma VEGF levels at week 16 when compared to week 4 in dog 4 
(panel D) however this is not a significant decrease when compared to pre-tx levels at week 
0. Changes in VEGF levels do not correlate with changes in anti-huVEGF Ab levels in dogs 
3 & 4 (panels C & D). Rationale for these results is addressed in the discussion. * denotes a 
significant (p < 0.05) decrease in VEGF concentration, compared to pre-treatment (wk 0) 
concentrations, as determined by ANOVA.

Effects o f vaccination on induction o f an anti-canine VEGF antibody response

Next, studies were conducted to determine whether vaccination with rhVEGF 

was capable of eliciting cross-reactive antibodies against endogenous canine VEGF 

(caVEGF). Such a response would be expected if immunization against xenogeneic 

VEGF was capable of breaking tolerance. Plasma samples from each of the four dogs
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that received five or more rhVEGF immunizations were assessed by ELISA for the 

presence of antibodies recognizing caVEGF. We found that anti-caVEGF antibody 

levels demonstrated a statistically significantly increase in 3 of the 4 multiply 

vaccinated dogs that had also mounted strong anti-huVEGF responses (Figures 3 & 

1). However, the antibody responses that were detected against caVEGF were weak 

compared to the responses detected against huVEGF.

B 10

JS  0 5

e  o.9

t  06

p r t- tx  wk12

pr«-tx w kis

pr«-tx wk12

pr*-tx wk16

Figure 3. Detection of anti-caVEFG antibodies in dogs immunized with rhVEGF. Dogs 
were immunized against rhVEGF as described in Figure 1 and plasma was collected for 
analysis of anti-caVEGF antibody responses by ELISA, as described in materials and methods. 
For the 4 dogs (A-D) that received 5 or more VEGF vaccines, anti-caVEGF antibody responses 
were m easured prior to treatment and again at the completion o f the im munization period (week 
12 or week 16). Pre-treatment and post-treatment antibody responses were compared by t-test 
and significant differences (p < 0.05) were denoted by *.
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Effects o f vaccination on tumor MVD

Tumor microvessel density (MVD) was evaluated in biopsy specimens obtained 

pre-treatment, on week 6, and on week 16 of the study from the 4 dogs that received 

multiple VEGF immunizations. Due to the design of the study, tumor biopsies could 

Onot be obtained from the 5 dogs that received 3 or fewer immunizations since they 

did not remain in the study long enough to reach the first biopsy time point. Two of 

the 4 multiply vaccinated dogs demonstrated a significant decrease in tumor MVD at 

one or more time points when compared to pre-treatment MVD (Figures 4 and 5). It 

should be noted however that in one of these dogs, tumor MVD actually increased at 

a later time point, coincident with progressive growth of the tumor (see dog 4 in 

Table 1). In the other 2 dogs, tumor MVD remained relatively constant after VEGF 

immunization was initiated. Thus, it appeared that repeated VEGF immunization was 

capable of inhibiting tumor angiogenesis in some of the multiply vaccinated dogs. 

Due to inadequate tissue sample, MVD analysis at week 6 for dog #1 was not 

attainable.
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Figure 4. Determination of tumor microvessel density by immunohistochemistry.
Two 20x photomicrographs of immunohistochemicaly stained sections from tumor biopsy 
samples obtained at week 0 (pre-vaccination) and week 16 (post-vaccination) from dog #2 
(see Table 1; B in Figures 1-3). Sections were immunostained with a murine mAb specific 
for human CD 146 (Clone P1H12, Chemicon) as described in Methods. Tumor MVD was 
markedly decreased at week 16 (post-vaccination), compared to MVD at week 0 (pre­
vaccination).
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Figure 5. Effects of vaccination on tumor microvessel density in dogs with soft tissue 
sarcomas. Tumor biopsies were obtained from 4 dogs (A-D) before treatment, at 6 weeks, 
and again at 16 weeks after initiation of the VEGF vaccine trial. Tumor microvessel density 
(MVD) was quantitated using CD 146 immunohistochemistry, as described in materials and 
methods. Pre- and post-treatment tumor MVD was compared by ANOVA. Significant 
differences (p < 0.05) are denoted by *. A significant decrease in MVD was noted in dogs 2 
& 4 (B & D respectively) following initiation of rhVEGF vaccination however, in dog 4 (D) 
a significantly increased MVD, coincident with tumor progression, was noted thereafter.

Effects o f vaccination on intratumoral VEGF expression and IgG deposition

We also investigated the possible effects of repeated VEGF vaccination on intra­

tumoral VEGF concentrations. Immunohistochemistry was used to evaluate 

intracellular expression of VEGF by tumor cells and other cells within the tumor from 

pre- and post-vaccination tumor biopsies from 4 dogs that received more than 5 

immunizations. In all 4 cases, we did not note a significant difference in the extent or 

intensity of tumor VEGF staining when pre- and post-vaccination biopsies were
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compared (data not shown). Of note, however, is that immunohistochemical 

expression of VEGF was performed on cryosections as described in materials and 

methods which, to the author’s knowledge, has not been previously described in the 

literature.

Immunohistochemical assessment of IgG complex deposition within the tumor or 

tumor vasculature was also evaluated as deposition has been noted in tumors of mice 

immunized with xenogeneic VEGF previously. We did not find any evidence of a 

vaccine effect when pre- and post-vaccination tumor biopsies were evaluated (data 

not shown). These results suggest that the major effect of immunization on canine 

VEGF probably occurs systemically, rather than within the tumor itself.

Clinical responses in vaccinated dogs

Tumor responses were assessed in all dogs enrolled in the study by repeated 

measurements of tumor volume (Figure 6). A partial tumor response (> 50% 

decrease in tumor volume) was observed in 3 of the 9 enrolled dogs. In the other 6 

dogs, progressive tumor growth was observed and all were disenrolled from the study 

before completing their full series of rhVEGF immunizations. The 3 dogs in which 

tumor regression was noted were also those that received the full course of 6 

immunizations (Table 1). One explanation for these results is that receiving the full 

course of VEGF immunizations was more likely to induce tumor regression.
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However, we cannot exclude the possibility that dogs with inherently less aggressive 

tumors were those that were able to complete the vaccination regime.

Finally, all treated dogs were carefully evaluated for adverse effects associated with 

repeated VEGF immunization. Vaccine site reactions were not observed in any of the 

dogs. Additionally, no clinical evidence of coagulopathies (eg, excessive bleeding 

from venipuncture or biopsy sites) or changes in complete blood counts or serum 

biochemistries were observed (data not shown). We also did not observe any 

interference with wound healing at the tumor biopsy sites in the 4 dogs that had 

repeated tumor biopsies performed. Thus, it appeared, based on this small series of 

dogs, that repeated immunization against xenogeneic VEGF did not elicit serious or 

unanticipated side-effects.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200
-* - D o g  1 
- • - D o g  2 

Dog 3 
— Dog 4 

X* Dog 5 
Dog 6 

-♦ " D o g  7 
— Dog 8 
 Dog 9

180 —

160 -

140 -

« 120
£
3
o  100 
>
k.o
E3I-

40

0 2 4 8 12 16
Time (weeks)

Figure 6. Tumor response in all dogs immunized with rhYEGF. Clinical tumor response 
was determined by measurements of tumor volume at the time of entry into the study (week 0) 
and over the course of vaccination (weeks 2, 4, 8, 12, & 16). Tumor volume at time of entry 
(wk 0) was considered as 100% and changes in tumor volume over time were calculated (and 
plotted) as respective percent increases or decreases. Dogs 1 through 3 demonstrated a partial 
tumor response (>50% decrease in tumor volume) at completion of the study (week 16) while 
dog 1 additionally had close to a complete response (no detectable tumor) with a tumor volume 
of .0125cm3 at week 12. Dog 4 had an initial partial response (wk 4) which was followed by 
progressive disease (>50% increase in tumor volume). Dogs 5 through 9 had progressive 
disease and were subsequently disenrolled. Dog 7 was disenrolled at week 8 due to progressive 
disease however tumor volume was not recorded and thus this time point is not represented on 
the graph above. Dotted lines (dogs 2 & 4) connect time points for which the tumor volume at 
the interposed time point (wk 8 & wk 2 respectively) was not available.

DISCUSSION

This study successfully demonstrates that repeated immunization of dogs with 

recombinant human VEGF, which is highly homologous to canine VEGF, is able to 

induce anti-huVEGF humoral responses. This generation of antibody responses
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against human VEGF was additionally associated with significant reductions in 

circulating VEGF concentrations, induction of antitumor activity, and reduction of 

tumor microvessel density in two of the four dogs where post-immunization biopsies 

were available for analysis. We also observed weak recognition of caVEGF by 

plasma from dogs with significant anti-huVEGF antibody responses. These studies, 

which are the first involving xenogeneic immunization with VEGF protein in a large 

animal spontaneous tumor model, indicate that this approach is technically feasible, 

may inhibit angiogenesis, can stimulate anti-tumor activity, and appears to be a safe 

therapeutic strategy in animals with cancer.

From the study, it was apparent that the generation of anti-VEGF humoral responses 

was critically dependent on the number of immunizations an animal received. Dogs 

that received fewer than 5 immunizations generally failed to produce significant anti- 

huVEGF antibody responses whereas significant antibody responses were observed in 

dogs that received 5 or 6 immunizations (see Figure 1). In 2 of 3 dogs with 

significant anti-huVEGF antibody responses, significant decreases in circulating 

plasma VEGF concentrations were also noted (see Table 1). In contrast, circulating 

VEGF concentrations were significantly reduced in two dogs that did not mount 

statistically significant anti-huVEGF antibody responses. We believe, though it 

cannot be proven from this study alone, that vaccination against VEGF is likely to be 

the primary reason for the decrease in VEGF concentration. We base this belief in 

part on the fact that in a previous study in 13 dogs with the same tumor type 

undergoing nonspecific immunotherapy, we did not observe any significant change in
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circulating VEGF concentration on repeated analyses over a period of 12 weeks 

despite observing antitumor activity.

Examination of tumor MVD in the 4 dogs that received 5 or more vaccinations, 

revealed a significant decrease in one dog (dog 2, Table 1) during and at the end of 

treatment, no change in MVD in 2 dogs, and a decrease in tumor MVD in one dog 

followed by an increase (dog 4, Fig. 4). This late increase in MVD following the 

initial decrease in MVD could possibly be due to tumor-associated production and 

secretion of alternative pro-angiogenic factors, such as bFGF or interleukin-8, 

subsequent to the selective pressure of anti-VEGF antibodies.27

We also evaluated tumor responses clinically by serially measuring tumor volume. 

From analysis of this data (Table 1 & Figure 6), it was apparent that number of 

vaccinations correlated closely with clinical tumor responses. For example, 3 of 4 

dogs that received 5 or more immunizations had objective clinical tumor responses. 

In contrast, all 5 dogs that had 3 or fewer vaccinations experienced progressive tumor 

growth. Tumor responses and number of vaccinations however may have also been 

influenced by tumor grade. While entry into this study required a diagnosis of soft 

tissue sarcoma (STS), there was no restriction with regard to tumor grade or 

recurrence. Three of the 4 dogs that received 5 or more immunizations were 

diagnosed with grade I tumors while the fourth dog was diagnosed with a grade II 

STS (Table 1). In contrast, in the 5 dogs that received fewer than 4 vaccinations, due 

to progressive disease, diagnoses included 2 dogs with grade I tumors (one of which
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was recurrent), 2 dogs with grade II tumors (also one of which was recurrent), and 

one dog with a grade III STS (Table 1).

It is also important to note that circulating anti-VEGF antibodies were evaluated in 

plasma rather than in serum. Acquisition of serum requires in vitro coagulation 

however, when blood samples clot, platelets can release substantial amounts of 

VEGF.40'42 This aberrant release of VEGF could potentially react with any serum 

associated anti-VEGF antibodies thereby falsely lowering the anti-VEGF antibody 

concentrations that were detected. This, in fact was found when we initially 

compared VEGF antibody results from paired serum and plasma samples from some 

dogs in the study (data not shown). Therefore, for the studies shown here, plasma 

was used for both antibody and circulating VEGF concentration studies.

One of the endpoints of this study was to assess the ability of the xenogeneic vaccine 

to overcome self-tolerance against endogenous VEGF. Though the vaccine utilized a 

potent vaccine adjuvant and did elicit substantial antibody responses against the 

xenoantigen (huVEGF) in some dogs, there was no direct data from the study that 

strong antibody responses were generated against caVEGF (see Figures 1 and 3). 

This is reflected in the results obtained from direct ELISA where the recognition of 

caVEGF by plasma from multiply-immunized dogs, although statistically significant, 

was very weak when compared to anti-huVEGF antibody responses. However, it is 

possible that anti-canine VEGF antibodies were elicited but that they were no longer 

present in plasma for detection due to complexing with VEGF. For example, in 3 of
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the 4 multiply vaccinated dogs there was a significant reduction in circulating VEGF 

concentrations (Figure 1 and 2) despite lack of marked anti-caVEGF antibodies 

(Figure 3). These results suggest the possibility that cross-reactive antibodies against 

caVEGF were generated, but that they were rapidly eliminated from circulation 

following binding to circulating caVEGF. Differences in antibody affinity or 

specificity for huVEGF versus caVEGF may also help explain the difference in levels 

of anti-huVEGF and anti-caVEGF antibodies detected. For example, antibodies 

elicited against unique determinants on huVEGF not expressed on caVEGF would 

still be detected using the huVEGF ELISA, but would not be detected using the 

caVEGF ELISA. Also, if higher affinity antibodies were elicited against huVEGF 

than against caVEGF after vaccinating dogs with rhVEGF, this would also be 

reflected in the higher antibody concentrations detected using the huVEGF ELISA. 

In support o f the idea that the reduction of circulating VEGF had a functional effect, 

we noted that 3 of the 4 dogs that had a reduction in circulating plasma VEGF 

concentrations also had objective tumor responses (Table 1). The fourth animal with 

reduced circulating VEGF levels however, which did not have a tumor response, did 

not have detectable anti-VEGF antibodies (Table 1).

Another major endpoint of the study was to determine whether neutralization of 

VEGF by vaccination was a safe approach clinically. By evaluating this approach in 

a spontaneous tumor model in dogs, which are very similar physiologically and 

immunologically to humans, we hoped to provide a realistic assessment of potential 

safety in humans. We did not observe obvious adverse effects in this study. In
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particular, we did not observe interference with normal angiogenic processes, such as 

wound healing. More specifically, in dogs that underwent multiple tumor biopsies 

over the course of the study, we did not observe any problems with healing of the 

tumor biopsy sites. In addition, we also did not note obvious clotting disturbances on 

physical examination or following blood collection by venipuncture. Thus, by 

standard clinical criteria we did not observe that vaccination against xenogeneic 

VEGF inhibited processes of normal angiogenesis or clot formation, though these 

were not directly evaluated by laboratory testing. Also, we cannot comment on the 

possible effects of VEGF vaccination on fertility, as all of the female dogs in this 

study were neutered.

One of the major determinants as to whether or not a treatment effect was observed 

appeared to be the number of vaccines that could be administered before progressive 

tumor growth developed. This might reflect primarily the inherent growth rate and/or 

aggressiveness of the tumor, or might reflect how quickly antibody responses could 

be elicited by the vaccine. Thus, anything that could increase the efficiency of 

immunization might improve treatment outcomes. For example, immunization with 

an increased dose of VEGF antigen, vaccination by a different route, or use of an 

alternative adjuvant may elicit greater or more rapid antibody responses. Of note, 

prior to this study, a smaller pilot study of xenogeneic VEGF vaccination in 4 dogs 

immunized with rhVEGFi65 plasmid DNA, delivered by the intramuscular route was 

completed in our lab. Only very weak anti-huVEGF antibody responses and no 

objective tumor responses were observed (Dow, SW; unpublished data). Therefore,
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we predict that the use of conventional plasmid DNA immunization in dogs is 

unlikely to offer any significant improvement over the current immunization protocol. 

Additionally, cellular immune responses to VEGF were not evaluated in this pilot 

study and therefore the role cellular immunity might have played in some of the 

observed responses is unknown. We did however note that there were no obvious 

increases in mononuclear cell infiltration (CD4 and CD8 T-cells) via 

immunohistochemistry in pre- and post-vaccination tumor biopsy specimens (data not 

shown).

Of note, it is recognized, similar to that in chapter 1, that this study does not include a 

placebo-treated group. It is also recognized that inclusion of such a group could 

strengthen and further validate the abovementioned conclusions. Inclusion of such a 

group however would require the absence of treatment in the face of disease thus 

presenting potential ethical concerns. This component thus becomes an inherent 

problem or issue in lieu of clinical trials as demonstrated both here and in the clinical 

trial presented in chapter 1. An additional group which could arguably be 

implemented into this study to strengthen results could be an adjuvant-only treated 

group such that these patients would receive the liposome-DNA adjuvant devoid of 

the rhVEGF protein. This would help to further define what, if any, responses were 

elicited by the adjuvant alone. A third group receiving the rhVEGF protein in an inert 

adjuvant would further round out the study allowing for evaluation of the effects 

elicited by each vaccine component individually as well as in combination.
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In summary, this pilot study demonstrates that repeated vaccination with xenogeneic 

VEGF protein in a liposome-DNA adjuvant is well-tolerated clinically in 9 dogs with 

cutaneous soft tissue sarcoma. Moreover, in animals that received 5 or more 

immunizations, there was induction of strong anti-huVEGF antibody responses. 

Induction of this humoral response was also associated with a significant decrease in 

circulating VEGF concentrations, a reduction in tumor volume, and, in some patients, 

a reduction in tumor MVD. These data, generated in an outbred species, suggest that 

xenogeneic vaccination against pro-angiogenic growth factors has great potential as 

an alternative or adjunctive therapy to controlling tumor growth and angiogenesis.
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CHAPTER 4

DISCCUSION, CONCLUSIONS, FUTURE DIRECTIONS 

General Discussion

Most commonly, the literature refers to the development of a tumor-associated blood 

supply as tumor angiogenesis. Angiogenesis, however, is just one means by which 

this blood supply develops and, as previously discussed, refers specifically to the 

sprouting of new capillaries from a pre-existing vascular network. Vasculogenesis, is 

an additional mechanism by which the tumor associated blood supply develops and 

involves the recruitment of bone-marrow derived endothelial precursor cells. More 

recently, the concept of vascular mimicry, which reflects the actual involvement of 

the neoplastic cells themselves as part of the tumor vasculature, has been introduced 

and the incorporation of leukocytes into the tumor vasculature has now been 

recognized as well. While research in the field of “tumor angiogenesis” has 

catapulted, it appears the appropriate terminology to reflect these respective 

discoveries and mechanisms of tumor-associated blood vessel production has 

somewhat fallen behind.
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It is for these reasons I have entitled this dissertation and, where appropriate, utilized 

“tumor-associated neovascularization” as this terminology reflects the development 

of a new tumor-associated blood supply however is not specific for the exact method 

by which it is occurring. When a specific mechanism is identified or focused upon 

within a specific project, it then seems appropriate to utilize the respective 

terminology as has been applied within the contents of this dissertation.

As indicated in the introduction, it should be reiterated that “vasculature” is not only 

limited to the blood supply but also encompasses lymphatic vessels. Thus, perhaps 

over time when investigations into the area of tumor-associated lymphatics captures 

the interest and passion of the scientific community to the degree in which tumor- 

associated blood vessels have, even more appropriate terminology may evolve to 

include tumor-associated hematologic or lymphatic neovascularization. While none 

of the work within has addressed the lymphatic vasculature, it is recognized that 

lymphatic vessels are lined by endothelial cells which are also regulated by VEGF. 

More specifically, the lymphatic endothelial cells express VEGFR-3 which is specific 

for VEGF C and D (discussed in the introduction). Similar to the blood-associated 

vasculature, the lymphatic vasculature can and does provide a route for tumor 

metastasis. Currently, it seems this is an under-explored area in cancer research 

however this is likely to change in the coming years and decades.

While the work within focuses on neovascularization as it relates to tumor 

progression, the benefits of understanding neovascularization are not just limited to
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cancer. Multiple diseases exist, progress, or are exacerbated by an increased 

vasculature (i.e. cancer, rheumatoid arthritis, vascular retinopathies inducing 

blindness, psoriasis, etc.) however, conversely, multiple diseases exist, progress, or 

are exacerbated by a decreased vasculature (i.e. heart disease, stroke, ulcers, 

infertility, etc.). Thus, uncovering, discovering, and elucidating the mechanisms 

which regulate blood vessel formation in general provides a foundation, not only for 

the treatment and prevention of cancer, but for potential therapeutic and preventative 

applications for a number of diseases which could carry tremendous impact.

Conclusions and Future Directions

As has been stated multiple times throughout the presented work, tumor growth and 

metastasis are dependent on the development of a tumor-associated blood supply. 

The identification of this critical vascular component and its paramount role for the 

existence of cancer (clinical disease) created a new perspective in the method by 

which cancer therapy could be approached. In contrast to conventional / traditional 

cancer therapy which has predominantly focused on direct attack of the tumor cells 

themselves, research has significantly shifted to exploit the tumor-associated blood 

supply in attempts to indirectly affect the neoplastic cells by interrupting, inhibiting, 

or abolishing this vascular network. In order to devise therapies to intervene with and 

prevent the process of tumor-associated neovascularization, the pathogeneses of such 

processes must first be identified. Over the last decade, investigations into both these 

areas have occurred simultaneously with remarkable progress and discovery. In
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2004, the first anti-angiogenic drug bevacizumab (Avastin) a synthetic anti-VEGF 

monoclonal antibody was approved by the FDA for use in patients with colon cancer. 

The development of this drug was dependent on the recognition and discovery of 

VEGF’s role in tumor associated neovascularization and subsequently in 

investigating the effects of VEGF inhibition.

Studies presented here focused on both therapeutic strategies and further elucidation 

of mechanisms involved in tumor-associated vessel development in the normal 

physiological tumor-bearing state. The primary aim presented in chapter one was to 

assess the antitumor and antiangiogenic effects of intravenous gene therapy in dogs 

with spontaneous soft tissue sarcomas utilizing plasmid DNA encoded for the 

antiangiogenic protein endostatin. Antitumor and antiagniogenic effects were 

observed but, ultimately, it was not in response to the endostatin but rather to the 

vehicle by which the plasmid DNA was administered. Results from these studies 

demonstrated that CLDCs (cationic liposome DNA complexes) themselves, result in 

antitumor and antiangiogenic activity regardless of what the associated DNA is 

encoded for. The subsequent question which then developed was by what 

mechanism? As CLDCs induce a potent innate immune response and as cytokines 

associated with innate immunity (i.e. type I and II interferons) have recognized anti­

angiogenic and anti-proliferative properties it was suggested that CLDCs induce these 

antitumor and antiangiogenic effects, in part, through the induction of innate 

immunity. Controlled studies which could be pursued to further address or support 

this theory could evaluate tumor associated CLDC effects in the face of a suppressed
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innate immune response (i.e. depletion of key leukocytes which produce the cytokine 

of interest, treatment with antibodies against the cytokine of interest, or utilization of 

knock out tumors which lack functional receptors to the cytokines of interest). The 

project within did demonstrate direct endothelial cell cytotoxicity by CLDCs in vitro 

thus this is also suggested to be a mechanism by which antitumor and antiangiogenic 

effects were observed in vivo.

As has been indicated in the above study and as has been reported in the literature, 

activation of an innate immune response can result in antitumor activity. It is also 

known that in the normal host, numerous physiological mechanisms for tumor 

surveillance, thus preventing tumor development, exist. These may include 

regulation by p53, a well recognized tumor suppressor gene, which can induce cell 

cycle arrest and allow for gene repair, or if unrepairable can induce apoptosis. Other 

mechanisms involve host immunity where the expression of tumor antigens, if 

recognized as foreign, may induce a host immune response or if tumor cells lack 

MHCI expression they may be susceptible to attack by NK cells. Many natural 

mechanisms against tumor development exist but, for purposes presented here, we 

were interested in exploring natural mechanism associated with tumor 

neovascularization and innate immunity. Controlled studies carried out in IFNR-/- 

mice allowed us to evaluate the effects of endogenous type I and II interferons under 

physiological tumor-bearing conditions. Results from these studies supported a role 

for endogenous interferons in natural tumor surveillance. More specifically, the 

antitumor effects appeared to be, at least in part, due to interferon-associated
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inhibition of the tumor vasculature and additionally, results suggested the method by 

which this occurs may be due in part to inhibition of DC and CEP recruitment to the 

tumor microenvironment.

To validate these findings additional studies are necessary which, at minimum, should 

employ a greater number of mice per treatment group to strengthen results identified 

in future in vivo studies. In the current study, IFNR-/- mice demonstrated decreasing 

numbers of CEPs over the course of tumor development in the face of an increased 

MVD. Thus it is presumed that CEPs decreased due to recruitment from circulation 

to the tumor microenvironment and incorporation into the vasculature 

(vasculogenesis). While this study demonstrated the former (identified CEPs via 

immunostaining and FACS analysis), the latter (demonstration of these cells in the 

tumor microenvironment) is presumed and was not confirmed. FACS analysis of 

tumor digest for endothelial cells via immunostaining with various EC markers was 

carried out however, upon recruitment and incorporation of endothelial progenitor 

cells (EPCs) phenotype changes rapidly. Thus, a more appropriate means by which 

to demonstrate recruitment and incorporation of CEPs to the tumor vasculature may 

be to employ methods by which cells can be fluorescently labeled in the bone marrow 

to allow for tracking to the final destination. These labels would need to target cell 

surface markers constitutively expressed during both immature and mature stages (i.e. 

CD34 and or CD 144) or be independent of surface markers targeting another cellular 

component which would be maintained throughout recruitment and maturation (i.e. 

genetically tagged cells with GFP). Similar techniques could also be employed to
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further evaluate the involvement of leukocytes similar to experiments performed by 

Coukos et al. at the Abramson Family Cancer Research Institute at the University of 

Pennsylvania {The role o f  dendritic cell precursors in tumor vasculogenesis. Brit J. of 

Cancer 2005, 92:1182-87). While many studies exploring the recruitment of 

progenitor cells to the tumor vasculature exist in the literature, the potential role(s) 

endogenous interferons may play in this arena is not reported.

The final study (chapter 3) constituting this body of work, explored the 

antiangiogenic and antitumor effects of xenogeneic vaccination with recombinant 

human VEGF (rhVEGF) in dogs with spontaneously occurring soft tissue sarcoma. 

While immunotherapy targeting either VEGF or its respective receptor VEGFR-2 has 

been explored, this study was novel for two reasons. One, this study was performed 

in a large animal spontaneous tumor model and two, this study employed the use of 

xenogeneic VEGF protein for vaccination. One other known immunotherapy study 

targeting VEGF utilized plasmid DNA encoding xenogeneic VEGF but there are no 

known reports exploring immunotherapy with xenogeneic VEGF protein (Wei, YQ., 

Zhang, W., et al., Immunogene therapy o f tumors with vaccine based on Xenopus 

homologous vascular endothelial growth factor as a model antigen. 

Proc.Natl.Acad.Sci. USA 98:11545-550). The goal of immunotherapy is to induce an 

immune response against the target of interest and in this case, and many cases, 

requires breaking or overcoming immune tolerance.
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Results from this study showed that vaccination with rhVEGF in dogs can induce a 

humoral response and the antibodies produced are specific for and react with both 

human and canine VEGF. Identification of antibody production however is not 

sufficient to determine effective immunotherapy. Effective immunotherapy 

demonstrates the presence of neutralizing antibodies and an associated desired 

clinical effect. Antitumor and antiangiogenic effects were identified in some patients 

in this study and additionally, decreasing levels of circulating VEGF were identified 

in the face of increasing anti-VEGF antibody levels. These findings are supportive for 

and suggestive of neutralizing antibody effects however we were unable to 

demonstrate antibody neutralization in vitro. Endothelial cell proliferation assays 

utilizing plasma from treated dogs were pursued however plasma contains numerous 

growth factors in addition to VEGF. Thus, the absence of growth inhibition does not 

indicate lack of neutralization as these finding may be due to the presence of other 

mitogenic factors. An alternative and perhaps more reliable method to demonstrate 

antibody neutralization in this study or in future studies would be to perform cell 

proliferation assays following IgG purification from serum. These samples could then 

be applied to the proliferation assays of cultured canine endothelial cells in the face of 

varying concentrations of recombinant canine VEGF (rcVEGF).

While the primary focus of this study was to determine if vaccination in dogs with 

xenogeneic VEGF could elicit a humoral response ultimately resulting in antitumor 

and/or antiangiogenic effects, further evaluation to determine the induction of a 

potential cellular response could also be considered. If present, these findings would
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strengthen the argument for implementing such therapies in dogs and would suggest 

similar responses with xenogeneic protein vaccination are possible. Evaluation of a 

cellular response could be pursued by employing lymphoproliferative assays utilizing 

patient PBMCs and rcVEGF. Lastly, in a bigger picture, this study could basically be 

transferred to mice in its entirety utilizing wild type mice with syngeneic wild type 

tumor cells for tumor induction. Vaccination with rhVEGF could be maintained as 

there is marked VEGF homology across all species. Transferring this experiment to 

mice would allow for much more controlled parameters and, in addition to IgG 

purification studies for in vitro neutralization, adoptive transfer studies could also be 

performed. Upon completion of that work, further studies to address different 

question could utilize various knock out stains of mice or various types of tumors. 

The possibilities are endless.

Ultimately, continued discovery in the field of tumor associated neovascularization 

holds great promise in the future of diagnosing, treating, and potentially preventing 

cancer in both human and veterinary patients. It should be recognized however that 

due to the complexities of the pathogenesis of neovascularization and the normal 

physiological compensatory processes (i.e. suppression of one factor may result in 

compensatory promotion / increased production of another factor) anti-angiogenic / 

anti-vasculogenic therapy as a single modality is likely unreasonable. Instead, 

optimal therapies, while including consideration of the patient (age, gender, 

reproductive status, concurrent disease) and tumor type, will likely involve multiple 

therapeutic modalities including those of conventional based cancer therapy in
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conjunction with one or more anti-vascular therapy. Additionally, as has been 

discussed in the introduction but should not go without mention in these final 

comments, is the awareness and concern of potential deleterious or adverse effects in 

the face of angiogenic therapies predominantly as they relate to undesirable effects on 

the normal vasculature. Greatest concerns exist with regard to wound healing and the 

reproductive system where active, new vessel formation is necessary. Otherwise, in 

general, the vasculature is present in a quiescent state and less susceptible to the 

effects of such therapies. Again, consideration of the patient, concurrent diseases and 

tumor type prior to initiating therapy will assist in addressing these concerns.

With the continued quest for research in this field, the concepts of 1) cancer without 

disease and 2) cancer as a chronic, manageable disease are more and more likely to 

become reality.
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