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1. Cancer 
 
1.1 Introduction 

Cancer is a disease involving abnormal cell growth with the potential to invade or spread to 

other parts of the body. The predisposing factors, types, and respective incidences of cancer 

vary in different geographical regions, but, in most countries, almost everyone does, directly 

or indirectly, come into contact with it. Many are fighting cancer as we speak and almost 

everyone has lost someone dear to this devastating disease. The C-word is one of the most 

feared to be heard in the doctor’s office, depriving patients of hope and giving rise to despair. 

Notwithstanding that some cancers can be successfully treated in their early stages, for many 

others there is still no definite cure. The goal of this doctoral research was to contribute to 

the search for a successful treatment strategy. As long as mankind is not successful in 

preventing cancer from developing, focus should lie on improvements of treatment and care 

for those who have been diagnosed with cancer. 

 

Cancer is among the leading causes of human death worldwide, and approximately 38.4% of 

all men and women will be diagnosed with cancer at some point during their lifetime.1 

According to the World Health Organization, it is expected that annual human cancer cases 

will rise from 14 million in 2012 to 22 million by 2030. Also in dogs, cancer has been identified 

as the most common cause of death in the UK.2 As such, human and veterinary scientists and 

researchers are stimulated to constantly evolve and improve treatment strategies. 

A major goal of cancer research is to understand how to prevent the mechanisms that underlie 

the ability of cancers to progress. To identify possible targets, a thorough understanding of 

the biology of cancer is mandatory. 
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In 2000, Hanahan and Weinburg3 proposed that all cancers share 6 common traits or 

“hallmarks” that govern the transformation of normal cells to malignant cells (Fig 1). These 6 

distinctive and complementary capabilities enable tumour growth and metastatic 

dissemination and provide a solid foundation for understanding the biology of cancer. The 

next paragraph gives a detailed description of those 6 hallmarks of cancer.  

 

1.2 The hallmarks of cancer3 

1. Sustaining proliferative signalling. Typically, normal cells require growth signals before 

they can move from a quiescent state into an active proliferative state. Normal tissues 

carefully control the production and release of growth factors, ensuring homeostasis of 

cell number. It is hypothesized that tumour cells may either generate their own growth 

signals, hereby minimizing a dependency on surrounding normal tissue to produce growth 

factors, or acquire the ability to instruct their (normal) neighbouring cells to release 

Figure 1: Acquired capabilities of cancer. 

The six hallmark capabilities acquired by most, if not all cancers.3  
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copious amounts of growth factors.4,5 In doing so, the tumour cells become master of their 

own destiny. 

2. Evading growth suppressors. Homeostasis in normal tissues is maintained by the 

production and presence of both extracellular and intracellular antiproliferative 

compounds. Extracellular signals are processed by the tumour suppressor retinoblastoma-

associated protein (RBp), whereas tumour protein 53 (TP53) receives signals from 

intracellular stress and abnormality sensors that function within the cell’s operating 

systems.6 TP53 can then either call a halt to further cell-cycle progression until these 

conditions have been normalized or initiate a process that will result in apoptosis. 

Together, the two tumour suppressors RBp and TP53 operate as the royal guard of the 

cellular regulatory circuit. Disruption of either the RBp or the TP53 pathway renders cells 

insensitive to the antigrowth factors that operate along these pathways, thus permitting 

persistent cell proliferation.  

3. Resisting cell death. The concept that apoptosis serves as a natural barrier to cancer 

development was first raised in 1972 by Kerr and colleagues,7 and was later established in 

further research.8-10 Apoptosis, an evolutionary conserved form of cell suicide, is regulated 

by growth suppressors and accomplished by a family of proteases called ‘caspases’. 

Tumour cells can circumvent apoptosis by a variety of strategies. Most common is the loss 

of the TP53 tumour suppressor function, which implies that all signals evoked by 

abnormalities, e.g., DNA damage, hypoxia, or oncogene expression, which are funnelled 

via TP53 to the apoptotic cascade, are fruitless at provoking apoptosis.11 Other strategies 

include the increase of anti-apoptotic regulators or survival signals, or the downregulation 

of pro-apoptotic factors. 
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4. Replicative immortality. Cells in normal tissue have a finite replicative capacity. Once such 

cell populations have progressed through a limited number of successive cell growth-and-

division cycles, they stop dividing and enter into a nonproliferative but viable state – a 

process termed ‘senescence’.12 Each cell division cycle causes progressive erosion of the 

telomeres, the DNA segments that protect the ends of the chromosomes, and eventually 

leads to senescence and apoptosis of the cell. However, sporadically cells emerge from a 

population and exhibit unlimited replicative potential. This transition has been termed 

immortalization, and the telomeres are centrally involved in the capability for unlimited 

proliferation.13 Telomerase, the specialized DNA polymerase that adds telomere 

segments, counters the progressive telomere erosion. Telomerase is almost absent in 

normal cells, but expressed in significant levels of immortalized cells.13  

5. Inducing angiogenesis. The growth of new blood vessels (neoangiogenesis) is transient 

and carefully regulated during physiological processes such as wound healing and female 

reproductive cycling. Once a tissue is formed, normal vasculature becomes largely 

quiescent. However, during tumour development, the ‘angiogenic switch’ is activated, 

causing the normally quiescent vasculature to sprout new vessels.14 Tumours appear to 

activate the angiogenic switch by changing the balance of angiogenesis inducers (e.g., 

vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), angiopoietin-1 

and 2 (Ang-1 and Ang-2), and interleukin-8 (IL-8)) and countervailing inhibitors (e.g., 

thrombospondin-1) (Table 1).14,15  
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Table 1. Stimulators and inhibitors of angiogenesis and their role in the formation of blood vessels 

Factor Action Biological function 

Angiopoietin-1 (Ang-1) Stimulator      EC apoptosis 

EC sprouting 

Vessel stabilization 

Angiopoietin-2 (Ang-2)a Stimulator      EC proliferation 

     EC migration 

EC sprouting only in the presence 

of VEGF 

Angiopoietin-2 (Ang-2)a Inhibitor      EC apoptosis 

Vessel destabilization 

Angiostatin Inhibitor       EC proliferation 

      EC migration 

      EC apoptosis 

      Tube formation 

Fibroblast growth factor (FGF) Stimulator       Plasminogen activator 

      EC proliferation 

      EC migration 

      EC apoptosis 

Angiogenesis in vivo  

Interleukin-8 (IL-8) Stimulator       EC proliferation 

      EC migration 

      EC apoptosis 

Platelet derived growth factor 

(PDGF) 

Stimulator       SMC and pericyte proliferation 

      VEGF 

 Vessel stabilization  

Thrombospondin-1 Inhibitor       EC migration 

      EC apoptosis 

Vascular endothelial growth 

factor (VEGF) 

Stimulator       Permeability 

      Plasminogen activator 

      EC proliferation 

      EC migration 

      EC apoptosis 

 Angiogenesis in vivo 
a Can exert opposite effects, depending on the dose and environmental conditions 
Abbreviations: EC, endothelial cell; SMC, smooth muscle cell  
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6. Activating invasion and metastasis. Metastases are responsible for 90% of human cancer 

deaths,16 making this hallmark the deadliest quality of cancer. The multistep process of 

invasion and metastasis has been schematized as a sequence of discrete steps, often 

termed the ‘invasion-metastasis cascade’.17 The elimination of adhesion molecules (e.g., 

vascular endothelial (VE)-cadherin) that keep the cells ‘glued’ together represents a key 

step in the ability of tumour cells to separate from the primary tumour. In addition, VEGF, 

produced by the tumour cells or surrounding stromal tissue, locally increases vascular 

permeability, resulting in leaky blood vessels that can easily be penetrated by neoplastic 

cells.18 After intravasation and transit to distant tissues, extravasation is followed by the 

growth of micrometastatic lesions and finally colonization of the tissue.  

In 2011, Hanahan and Weinberg re-evaluated and expanded their assessment and added two 

more hallmarks to the original six, incorporating ‘reprogramming of energy metabolism’ and 

‘evading immune destruction’.19 Despite their popularity, the hallmarks are subject to some 

criticism. Sonnenschein and Soto argued that cancer is a tissue-level disease and the cellular-

level hallmarks are misleading.20 Additionally, Lazebnik pointed out that five of the hallmarks 

were also characteristic of benign tumours, and the only hallmark of malignant disease was 

its ability to invade and metastasize.21 Nevertheless, studying also general processes 

underlying the hallmarks of tumours, benign and malignant, helps us to understand the origin 

and development of cancers. 
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1.3  Tumour stroma 

Solid tumours are composed of two interdependent departments: the malignant cells and 

their stroma.22 Tumour stroma is composed of many diverse elements, which have been 

grouped in four categories: blood vessels and inflammatory cells, which represent only a small 

fraction of the stroma, and connective tissue and a fibrin-gel matrix, the major components 

of the stromal content. Tumour stroma is largely a product of the host and is induced as a 

result of tumour cell-host interactions (Figure 2).23,24 

Figure 2: Cellular and architectural changes in the tumour microenvironment. a: Healthy tissue. Stromal 

cells promote tissue integrity by providing growth factors and structural support. Blood endothelial cells 

(BECs) and pericytes maintain vessel integrity, and lymphatic vessels drain interstitial fluid. Fibroblasts 

constantly remodel the extracellular matrix (ECM) to cope with mechanical stress within connective tissue.  

b: Neoplastic transformation. Formation of aberrant vasculature characterized by leaky blood vessels, 

increased interstitial pressure and inadequate drainage by lymphatic vessels. Recruitment of mesenchymal 

stem cells (MSCs), activation of cancer-associated fibroblasts (CAFs) and a marked accumulation of ECM. 

Chemokines and cytokines in the tumour microenvironment attract activated T cells and myeloid cells to the 

tumour lesion, but the tortuous blood vessels and dense ECM often hinder their access to the tumour 

(abbreviations; LEC, lymphatic endothelial cell).24   
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All solid tumours require stroma for nutritional support, although the amount and the 

composition of this stroma does vary greatly between different tumour types. For instance, in 

breast carcinomas, stroma can account for up to 90% of the total tumour mass, whereas 

melanomas possess only minimal stroma.22 Hodgkin’s disease is characterized by few 

malignant cells surrounded by inflammatory stromal cells,25 whereas some breast carcinomas 

rather provoke stromal elastic tissue along with collagen.23 

As the tumour stroma provides a lifeline that is necessary for tumour maintenance and 

growth, there lies a unique opportunity to arrest and suppress tumour promotion and 

progression by concentrating on the tumour stroma rather than on the tumour cells 

themselves.23 The importance of new blood vessel formation has rightly led to an emphasis 

on tumour neoangiogenesis. The ability of tumours to induce angiogenesis provides 

researchers with a novel target in their battle against cancer and has led to the development 

of vascular targeting agents (VTAs), aimed at the newly formed, immature vasculature. 
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1.4 Neovascularisation of tumours 

1.4.1  Introduction 

All cells, normal and tumoural, require adequate supply of oxygen and nutrients and effective 

means to remove wastes in order for metabolic processes to occur and survival to be 

maintained.  

During development, the vasculature is established both by vasculogenesis and angiogenesis. 

Vasculogenesis is the process that takes place in the embryo which results in a primary 

vascular network (Fig 3).26 After this primary vascular plexus is formed, further blood vessels 

are generated by sprouting of new vessels from the pre-existing ones in the process of 

angiogenesis. Those new vessels are then remodelled into a functional adult circulatory 

system containing arteries, veins, and capillaries.27 When new vessels have been formed, 

smooth muscle cells and pericytes are recruited to cover the young vessels and a basement 

membrane is laid down, resulting in maturation, stabilisation, and quiescence.28 Endothelial 

cells (ECs) in adult vasculature are among the most quiescent cells of the body.29 Physiological 

angiogenesis occurs in all cyclic organs (e.g., during the ovarian cycle,30 seasonal testicular 

chances in several mammalian species31), during exercise and training,32 during repair 

processes such as wound healing,22 and in diseases such as obesity33 and asthma.34 Under 

normal circumstances, angiogenesis is a highly ordered process under tight regulation. It 

requires quiescent ECs in a monolayer to divide and spread the vascular network only to the 

extent demanded by the growing tissues.18 Tumour cells, on the other hand, can induce their 

own blood supply derived from the pre-existing vasculature in a process that mimics normal 

angiogenesis, mediated through the action of many molecules. But mechanistically, the 

mediation of blood vessel growth in tumours is similar to that of physiological angiogenesis, 

i.e., low oxygen tension induces neovascularisation to satisfy metabolic demands.35 
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1.4.2 Mechanism of neoangiogenesis 

The tumour grows until the inner regions become hypoxic. Typically, this occurs when the 

tumour grows beyond a diameter of 1 to 2 mm.14,36 At this point, the angiogenic switch is 

activated, and hypoxia-inducible factor 1 (HIF-1) is a major mediator of the response to 

Figure 3: The creation of blood vessels by vasculogenesis. A,B: In the embryo, free angioblasts in 

the mesoderm assemble into a tube-like structure. C: The angioblasts differentiate into endothelial 

cells. D: The tube-like structure is remodelled, pericytes are recruited and a basement membrane is 

laid down, resulting in a mature and quiescent vessel.26 
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hypoxia. It is a transcriptional factor that activates the expression of hypoxia response genes 

of angiogenic factors such as VEGF, FGF, Ang-1 and -2, and IL-8 (Table 1).37,38 

Vascular endothelial growth factor is the best-characterized angiogenic factor. Most human 

and animal tissues express continuous low levels of VEGF. High levels, however, are produced 

in tissues where angiogenesis is required such as in foetal tissue, the placenta, and in a vast 

majority of tumours.39 In addition to producing VEGF themselves, tumours may induce the 

production of VEGF by their surrounding stromal tissue, such as stromal fibroblasts and 

keratinocytes.5 Fibroblast growth factor was first isolated by Folkman and colleagues in 1971 

and was initially called tumour angiogenesis factor.40 Subsequent research revealed that FGF 

and VEGF join forces in stimulating angiogenesis.41 Fibroblast growth factor impedes tumour 

growth at a later time point after tumour induction than VEFG. Therefore, it has been 

speculated that, whereas VEGF acts to initiate tumour angiogenesis, FGF is important for its 

maintenance. The angiopoietins (Ang-1 and -2) are also reported to play a major role in 

angiogenesis.18 Angiopoietin-1 stimulates sprout formation, whereas Ang-2 destabilizes blood 

vessels. In the presence of VEGF, Ang-2-induced destabilization of angiogenic sprouts renders 

them flexible and more responsive to VEGF-mediated growth.42 A growth factor that has 

attracted much attention in tumour neovascularisation is interleukine-8 (IL-8).43 Originally 

classified as a neutrophil chemoattractant with inflammatory activity, research has identified 

IL-8 as a potent angiogenic factor that can induce EC chemotaxis and proliferation. Interleukin-

8 is reported to play a role in tumour progression in several types of cancer.43,44 Interleukine-

8 expression in tumour tissue has been shown to be significantly higher than in corresponding 

non-tumoural tissue, and a clinical study in humans with non-small-cell lung cancer revealed 

that quantification of IL-8 mRNA expression in tumour tissue could even be used as a 
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prognostic indicator. High IL-8 mRNA expression was associated with advanced disease, 

distant lymph node metastasis, shorter patient survival, and early postoperative relapse.43 

Contrary to initial reports claiming that most tumours, especially metastases, originate in an 

environment devoid of blood vessels, many tumours start growing around existing vessels and 

hence do not need to induce angiogenesis to survive45 until they grow beyond a diameter of 

1 to 2 mm.14,36 

For new blood vessel sprouts to form, pericytes, also called peri-endothelial cells, rouget cells, 

or mural cells,46 must first detach themselves from the branching vessel.47,48 Endothelial cell 

basement membrane and extracellular matrix are then degraded and remodelled by specific 

proteases such as matrix metalloproteinases, and a new matrix, synthesized by stromal cells, 

is then laid down. This new matrix, coupled with growth factors, fosters the migration and 

proliferation of ECs. After sufficient EC division has occurred, ECs arrest in a monolayer and 

form a tube-like structure.49,50 Subsequently, pericytes are recruited to the surface of the 

endothelium, and the basement membrane is deposited only after EC – pericyte association 

has occurred.51 Blood flow is then established in the new vessel (Fig 4).18  

During physiological angiogenesis, maturation results in stable, quiescent, and optimally 

functional vessels. However, during tumoural angiogenesis, the vessels remain in a continuous 

dynamic state of growth, regression, and remodelling.52 Although immature vessels are 

capable of supporting tumour growth, they are disordered and leaky and poorly conduct 

nutrients and erythrocytes into the tumour mass.53 
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Contrary to normal ECs, whose cytoskeleton consists mainly of actin filaments, tumour ECs 

are highly dependent on a tubulin cytoskeleton for their motility, invasion, attachment, 

alignment, and proliferation.54 Many of the tumoural vessels lack functional pericytes, are 

dilated and convoluted, and are exceptionally permeant due to the presence of fenestrae, 

transcellular holes and lack of a complete basement membrane (Fig 5).55  

 

Figure 4: The process of angiogenesis. a: Pre-existing blood vessel. b: Pericytes (green) detach, the vessel 

dilates, and the basement membrane is degraded. c: Endothelial cells (ECs) (red) migrate into the 

perivascular space towards angiogenic stimuli. d: ECs proliferate, presumably guided by pericytes. e: ECs 

adhere and create a lumen, accompanied by pericyte attachment and basement membrane formation. 

Finally, vessel sprouts will fuse with other sprouts, a process chaperoned by tissue macrophages.36,49,50 
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 1.4.3 Anti-vascular therapy 

For many years, cancer therapies were targeted directly at the tumour cells, but their 

limitations have become evident.56 Since the majority of solid tumours depends on a vascular 

supply in order to grow and metastasize, vascular targeting represents a promising therapy. 

Vascular targeting agents are either anti-angiogenic, preventing tumour neovascularisation, 

or vascular disrupting, destroying already established tumour neovasculature.14,57-59 Anti-

angiogenic agents (AAAs) prevent formation of new blood vessels, but they do not prevent 

continued delivery of critical nutrients and growth factors to tumour cells through already 

existing tumour vasculature.60 In contrast to AAAs, vascular disrupting agents (VDAs) destroy 

the tumour neovasculature and thereby effectively prevent further inflow of factors that 

stimulate tumour growth and survival. Both agents are currently in clinical trial in human 

cancer patients, but there are strong arguments to think that VDAs are the most promising 

anti-cancer drugs. Although AAAs prevent the growth of new blood vessels, they do not 

prevent the continued delivery of critical nutrients and growth factors to tumour cells through 

Figure 5: Contrast between normal and tumour vasculature. A scanning electron microscopic imaging of rat 

vascular casts showing normal microvasculature (A) with organized arrangement of arterioles, capillaries, 

and venules, versus a tumour microvasculature (B), with disorganized, convoluted blood vessels where 

arterioles, capillaries, and venules are not identifiable as such.54 

A B 



General introduction 

 33 

existing tumour vasculature. Potentially, the tumour develops alternative angiogenic stimuli, 

resulting in emergence of therapy resistance.60  

There are several advantages of vascular targeting. First, the physical difference between 

mature and immature vasculature ensures high specificity of VDAs, resulting in little to no side 

effects typical for anti-cancer therapy. Second, ECs are genetically stable, preventing them 

from acquiring resistance resulting from gene mutations. Last, ECs are easily accessible to 

therapeutic agents such as VDAs.57 

A number of VDAs have been discovered, of which combretastatin A4-phosphate (CA4P) is the 

best known. The immediate and selective effects of CA4P on tumour vasculature have been 

demonstrated in both in vitro and in vivo studies in rodent cancer models61-67 and in human 

cancer patients.65,68,69 In contrast, research on the administration of CA4P to dogs for 

oncologic purposes is still lacking while the potential of CA4P in veterinary oncology certainly 

warrants exploration as also pet dogs with cancer would likely be candidates for CA4P 

treatment. An indirect advantage of exploration of anti-cancer treatment strategies in dogs is 

that they are uniquely suited as an animal model for human disease. Pet dogs inhabit the same 

environment and are exposed to the same toxins as humans (e.g., cigarette smoke, unhealthy 

nutrition). Spontaneous diseases occur in dogs, often with striking similarities to human 

diseases (e.g., epilepsy, diabetes, blindness and cancer) and clinical manifestation, disease 

progression, and the treatment strategies are often comparable. Additionally, a dog breed can 

be regarded as a subpopulation with little genetic diversity, which will facilitate loci-

identification of breed-specific heritable diseases.70-73 When it comes to cancer, research in 

dogs with natural tumours is extremely valuable as an intermediate step between preclinical 

and clinical cancer research.74 
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2. Dogs as cancer modelsa 

2.1  Introduction 

In cancer research, rodent cancer models are a standard research tool. However, translation 

of cancer research data from rodent to man is far from optimal, hence it is recommended that 

the efficacy of novel cancer drugs is confirmed in higher animal species before human trials 

are initiated. Pet dogs with spontaneous cancer are the perfect candidates in every respect. 

Dogs share with humans a similar histologic, biologic, and genetic cancer background which is 

significantly closer than the relationship between rodent and man. Furthermore, the 

development and interaction between tumour, host and tumour microenvironment is 

comparable to those in humans. There are corresponding diagnostic and treatment options 

available for dogs and humans, while the progression of cancer in dogs is fast enough to obtain 

results within a reasonable period of time. Lastly, pet dogs have a broader access to clinical 

trials than humans, enabling extensive research opportunities. Of course, the dog also 

benefits from participation in clinical studies, since these studies offer an additional treatment 

option and thus have an additional chance of being cured. 

 

2.2  Rodent cancer models 

Mouse cancer models are a standard research tool for cancer in human cancer patients and 

offer a well-known platform to perform basic tests to evaluate the toxicity, potency, and 

therapeutic efficacy of antitumoural drugs.75 Their popularity is due to the various facilities 

available for research in mice.  

 

 

a Adapted from: Abma E, Cicchelero L, de Rooster H, Daminet S, Sanders N. Pet dog cancer models in search of 

novel therapeutic alternatives. Vlaams Diergeneeskundig Tijdschrift 2016; 85, 167-170. 
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For example, many research tools are accessible for mice; the inbred mouse strains offer high 

standardization of experiment design as well as the ability to grow tumours from cancer cells 

derived from mice of the same strain. Furthermore, mice are easy to house as they do not 

require much space, food, or maintenance. However, the translation of cancer research from 

mouse to man is far from optimal. Only one-third of highly cited animal research enters into 

clinical trials.76,77 Despite successful pre-clinical testing in rodent models, 85% of early clinical 

trials for novel drugs fail. The largest proportion of these failures occurs in trials for cancer 

drugs.78 

It was postulated that most of the cancer vaccine trials in humans have failed due to elevated 

levels of circulating immunosuppressive cytokines and various immunological checkpoints in 

humans that may not be present in rodents.79 Furthermore, it is true that human and mouse 

immune systems differ in the properties of both innate and adaptive immunity. These include 

discrepancies in leukocyte subsets, Toll-like receptors, Fc-receptors, immunoglobulin subsets, 

some B cell and T cell signalling pathway components, gd T cells, cytokines and cytokine 

receptors, Th1/Th2 differentiation, stimulatory molecule expression and function, antigen-

presenting function of ECs as well as in chemokine and chemokine receptor expression.80 

Moreover, in most of the rodent models, tumours are either artificially induced through 

administration of chemicals or through inoculation of a great number of cultured cancer cells, 

whereas tumour formation in humans is a long and complex process. Inbred rodents are not 

fully immune competent and therefore the complexity of spontaneously arising tumours in 

humans cannot be approximated with these models. Indeed, due to inherent differences in 

cancer development between rodent cancer models and human patients, rodent models fail 

to faithfully mirror the extremely complex process of human carcinogenesis.77 Consequently, 

rodent models result in a very low predictive power for antitumoural treatment efficacy in 
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humans.81-83 This leads to poorly efficient and expensive human phase I trials, prompting the 

need for an alternative intermediate animal model for human oncology patients. It is 

therefore recommended that therapeutic agents should be further evaluated in higher animal 

species after initial evaluation and positive results in rodents.75 

 

2.3  Pet dogs as cancer models 

Since 1976, diverse clinical trials have been conducted in dogs with spontaneous cancer and 

complemented the information obtained from more traditional research tools as murine 

cancer models and human clinical trials.84 Canine clinical trials have enabled researchers to 

collect information that would otherwise have been difficult or impossible to gather in either 

mice or humans alone.70 There are obvious biological, practical, and regulatory arguments for 

the use of spontaneous tumours in pet dogs as intermediate model in human cancer research. 

 

2.3.1 Biological Arguments 

From a biological point of view, canine trials offer many advantages for human cancer 

research. Not only do dogs develop tumours in a syngeneic environment and in the presence 

of an intact immune system, they also share a similar histologic, biologic, and genetic cancer 

background significantly closer than the relationship between mouse and man.85 In more 

detail, since cancer in dogs occurs naturally, a similar development and interaction between 

tumour, host, and tumour microenvironment as in humans is evident.70 For example, the 

spectrum of canine cancer is as diverse as in human patients and its initiation and progression 

are influenced by similar factors including age, nutrition, sex, reproductive status, and 

environmental exposures.86-88 Histological analogy was found to be present in melanoma, 

non-Hodgkin lymphoma, leukaemia, osteosarcoma, soft tissue sarcomas, and prostate, 
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mammary, lung, head and neck, and bladder carcinomas.70 Moreover, the intratumoural (cell-

to-cell) heterogeneity in these cancers result in the same deadly features of human cancers 

(including acquired resistance to therapy, recurrence, and metastasis). Likewise, responses to 

treatment in dogs are analogous to men.70 Furthermore, genetic molecular alterations that 

drive cancers in dogs and humans are nearly identical.70,85 This is especially true for lymphoma, 

osteosarcoma, melanoma, glioma and soft tissue sarcoma.70,89,90 These findings were possible 

through advances in technology and the release of a high-quality sequence covering 99% of 

the canine genome enabling the application of the same high-throughput methodologies in 

dogs that are used to examine human cancer.85 Although it has been argued that dog 

populations are more inbred than men, it has been demonstrated that the genetic diversity in 

both populations for a certain tumour type are similar.81 

 

2.3.2 Practical arguments 

From a practical point of view, similar diagnosis and treatment options are available for dogs 

and humans. Indeed, adequate body size allows surgical interventions, medical imaging and 

tissue/blood sampling much like in human patients.83,89 The scientific climate today is very 

favourable for canine clinical trials with rapidly increasing species-specific research tools83,89,91 

and veterinary infrastructure that meets the standards of good clinical practice.91 Trials in pet 

dogs also prove to be time-efficient. Some tumour types (e.g., osteosarcoma and brain 

tumours) occur much more in dogs than in humans. The higher the occurrence of certain 

tumour types, the more patients with these tumour types can be recruited for clinical trials 

and the faster this will lead to results. Furthermore, progression of cancer in companion 

animals is, on the one hand, fast enough to obtain results within a reasonable period of time 

and, on the other hand, slow enough to collect all required measurements.83,89 Since overall 
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survival is the golden standard in evaluation of immunotherapeutic trials, the compressed 

course of cancer progression in pet dogs allows an effective and timely assessment of new 

cancer therapies.70,92 Indeed, whereas the assessment of disease-free interval or survival in 

human clinical trials usually takes several years, getting similar information from clinical trials 

in dogs generally takes much less time, just a few months in some cases.93 These factors 

increase the feasibility of conducting clinical trials with sufficient statistical power.89,90 

Moreover, the associated costs are lower than in human clinical trials.89,92 

The benefit of trials in pet dogs is not limited to cancer-bearing human patients. For the time 

being, the treatment options in veterinary oncology are limited. Pet dog owners seek the best 

possible care and are open to participation in clinical trials. Their contribution to the 

development of veterinary and human medicine is generally considered as positive. For these 

reasons, compliance with treatment, control visits and autopsy are exceptional.89 

 

2.3.3 Regulatory arguments 

From a regulatory point of view, pet dogs have a broader access to clinical trials than humans. 

In human medicine, access to clinical trials is restricted to those refractory to standard 

treatment options. In veterinary medicine, this is not the case and any patient can participate 

as long as this is based on an informed owners’ consent and approved by an ethical and 

deontological committee. This allows for evaluation of new therapeutic approaches in early 

stages of disease and in the setting of minimal residual disease after, for example, surgery or 

chemotherapy.89 Research translation can be facilitated through collaboration between 

veterinary and human medicine and thus expensive phase I trials in humans optimized or even 

avoided. As a result, the present scientific and public climate is very favourable for 

implementing clinical trials with dogs as treatment models for humans. 
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2.4 Current Experience 

Close collaboration between veterinary and human clinical trials has led in the past to the 

development of a vaccine comprising of an adenoviral vector targeted to dendritic cells,94 

novel limb-sparing techniques in patients with osteosarcoma  and inhaled cytokine 

immunotherapy approaches in treatment of human patients with pulmonary metastases,70 

and a DNA vaccine for melanoma in dogs (OnceptÒ).93  

Not only can pet dogs with spontaneous tumours aid in the development of new cancer 

therapeutics, they can also contribute to the study of environmental risk factors, as well as 

cancer biology, cancer progression, and identification of cancer-associated genes.70 

 

2.5 Future prospects 

Future clinical studies in pet dogs are facilitated thanks to the completion of the canine 

genome, development of reagents for immunologic tests and flow cytometry and consortia 

such as LUPA (a European initiative taking advantage of the canine genome architecture for 

unravelling complex disorders in both human and dog), the US National Cancer Institute’s 

Center for Cancer Research’s Comparative Oncology Program, Zoobiquity’s integrated and 

interdisciplinary approach to physical and behavioural health, and the Comparative Oncology 

Trials Consortium.  
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3. The vascular disrupting agent combretastatin A4-phosphate 

Combretastatin A4-phosphate is the synthetic, water soluble, phosphorylated analogue of 

Combretastatin A4 (CA4), first derived from the bark of the African willow tree Combretum 

caffrum (Fig 6) in the late ‘80s.95  

It exerts its anti-vascular activity by binding to 

microtubules. Microtubules are hollow tubes with a 

diameter of around 25 nm, consisting of a- and b-

tubulin heterodimers (Fig 7), which are in 

continuous assembly/disassembly, alternating 

between growth and shrinkage, also termed 

‘dynamic instability’.96 Microtubules play a critical 

role in a wide variety of eukaryotic cellular functions, 

including chromosome separation in mitosis, 

transportation of intracellular materials and the 

maintenance of the position of organelles.96 

During mitosis, the microtubule is the crucial molecule for the separation of chromosomes. 

The disruption of microtubule dynamics can 

induce cell cycle arrest in the M phase by 

formation of abnormal mitotic spindles, 

activating the mitotic spindle assembly 

checkpoint.97 Failure to proceed through the 

cell cycle then triggers the apoptotic signal 

pathway.96,98 A large number of chemically 

diverse compounds are able to bind tubulin or 

Figure 7: polymerization of microtubules. 

Heterodimers of a- and b-tubulin assemble to form a 

microtubule.99 

Figure 6: Combretum caffrum.67 
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microtubules and inhibit proliferation by acting on the mitotic spindle. These compounds are 

termed microtubule interfering agents (MIAs). There exists a large number of MIAs able to 

bind at various sites on the tubulin and at different positions within the microtubule.96 They 

can be classified into three major categories based on their respective binding domain, 

including the ‘vinca alkaloid’ domain, the ‘colchicine’ domain, and the ‘paclitaxel’ domain (Fig 

8).99 The vinca alkaloids and colchicine binding sites are located near the ends of the 

microtubule and promote disassembly, or microtubule destabilization, whereas the paclitaxel 

domain is located on the microtubule lattice and promotes assembly, or microtubule 

stabilization (Table 2).100,101 Although binding at the respective sites exerts opposite effects 

on the microtubules, both stabilization and destabilization suppress the dynamic instability, 

leading to disruption of the microtubule function and ultimately resulting in apoptosis.96 

  

Figure 8: The three disrupting compounds and their corresponding domain on the microtubules;  

a) vinca alkaloid domain, b) colchicine domain, c) paclitaxel domain.99 
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Table 2. A non-exhaustive list of well-known microtubule inhibiting agents, their binding domain on 

microtubules, and their clinical properties in human cancer patients 

Binding domain Related drugs Therapeutic use Toxicities 

Vinca domain Vinblastine (Velban) 

 

Hodgkin’s lymphoma 

Testis carcinoma 

Breast carcinoma 

Neutropenia, 

Nausea and vomiting 

Neurotoxicity 

 Vincristine (Oncovin) Breast carcinoma 

Non-Hodgkin’s 

lymphoma 

Leukaemia 

Neurotoxicity 

Alopecia 

 Venorelbine (Navelbine) Solid tumours 

Non-small-cell lung 

cancer 

Lymphoma 

Neutropenia, 

Nausea and vomiting 

Neurotoxicity 

Colchicine domain Colchicine  Non-neoplastic disease 

(e.g., gout) 

High toxicity for multiple 

organs 

 Combretastatins (CA4P, 

CA1P, ZD6126) 

Trials in progress for 

solid tumours 

Nausea 

Neurotoxicity 

Paclitaxel domain Paclitaxel (Taxol) Ovarian cancer 

Breast cancer 

Non-small-cell lung 

cancer 

Melanoma 

Neutropenia 

Thrombocytopenia 

Nausea, vomiting 

Alopecia 

Neurotoxicity 

 Docetaxel (Taxotere) Ovarian cancer 

Prostate cancer 

Breast cancer 

Non-small-cell lung 

cancer 

Neutropenia 

Nausea, vomiting 

Alopecia 

Neurotoxicity 

Fatigue 

 

In high doses, MIAs are usually lethal to cancer cells, which have a higher mitosis frequency 

than normal cells. However, because microtubules are also involved in a large number of other 

cellular functions (e.g., chemotaxis, intracellular transport, transmission of receptor signalling, 

adequate nerve conduction, etc), MIAs may also affect non-malignant cells both in function 

and during mitosis. This leads to a number of toxic side effects and a low therapeutic index for 
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most MIAs.96,102 The merit of MIAs, however, is their effect on a second target: tumoural blood 

vessels, which requires a much lower dose. Contrary to mature ECs, whose cytoskeleton 

mostly consists of actine filaments, tumour vascular ECs are supported by a tubulin 

cytoskeleton54 and rely on the tubulin for maintenance of their shape.103 The tubulin 

depolymerization leads to reversible shape changes in the immature ECs, which results in cell 

detachment with vascular collapse and vessel congestion.104 Ultimately, tumour cells are no 

longer supplied with oxygen and nutrients and the extended hypoxia leads to central 

ischaemic necrosis of the tumour.105  

Structurally, CA4 is a bicyclic analogue of colchicine, consisting of two substituted benzene 

rings linked by a saturated, hydroxy-substituted two-carbon bridge (Fig 9). It binds to the 

colchicine domain, hereby inhibiting the microtubule polymerization. Its anti-vascular activity 

is a promising feature that has already been explored in several rodent tumour models, in 

human cancer patients, but not yet in veterinary medicine. 

 

 

 

  

Figure 9: Chemical structures of the microtubule polymerization inhibitors colchicine and 

combretastatin A4.146 
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4. Combretastatin A4-phosphate and its potential in veterinary oncologyb 

 
4.1 Introduction 

Vascular disrupting agents induce selective regression of atypical tumour blood neovessels.106 

Combretastatin A4-phosphate represents the lead VDA product candidate as it demonstrated 

considerable antitumour activity at doses that are well tolerated.107 It was the first compound 

of combretastatin analogues applied in clinical conditions. It is a microtubule-destabilizing 

agent and exerts its anti-vascular effect presumably by taking advantage of the relative 

instability of tumour neovasculature and its supporting structures.108 Immediately after 

systemic administration, a rapid collapse and regression of tumour vessels is induced, leading 

to ischemic necrosis of tumour cells.109 Combretastatin A4-phosphate, also known as 

fosbretabulin, has recently been found to be safe and effective (US FDA-approved) as an anti-

cancer treatment for thyroid cancers in human patients. Currently, CA4P is undergoing Phase 

II and III clinical trials to evaluate the safety and efficacy in human cancer patients when used 

in combination with chemotherapy or radiation therapy.110-113 Despite early promising results 

among human cancer patients, the potentials of CA4P or VDAs as an anti-cancer strategy in 

veterinary medicine remains virtually unrecognized. 

Although preliminary studies on the administration of CA4P to dogs have been carried out, 

these studies were not for oncologic purpose.114,115 Dose-escalation studies in experimental 

Beagles have been carried out by the manufacturer (OXiGENE, Watertown, MA, USA) 

(unpublished results) and CA4P seems to be well tolerated at the dosages that will be used for 

anti-cancer therapy. 

 

b Adapted from: Abma E, Daminet S, Smets P, Ni Y, de Rooster H. Combretastatin A4-phosphate and its potential 

in veterinary oncology: a review. Veterinary and Comparative Oncology 2017; 15, 184-193. 
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4.2 Tumour vascular supply, a therapeutic target 

Until recently, cancer therapy has been designed to directly target the proliferation and 

survival of cancer cells. However, the insight that vasculature plays a critical role in the survival 

and continued growth of solid tumour masses has led to the development of novel strategies 

in human cancer therapy.66 

When tumour foci reach a threshold diameter of approximately 1-2 mm, further proliferation 

depends on the development of new vessels to maintain oxygen and nutrient delivery.14,36 

This vascular network in tumours is pivotal for the survival of tumour cells; artificial induction 

of ischemia results in extensive tumour cell death.116-118 As the tumour further increases in 

size, local excess of tumour-induced angiogenic factors (e.g., FGF, VEGF and matrix 

metalloproteinases) will promote a strong angiogenic response.14 Quiescent vasculature in 

the vicinity of the tumour becomes activated and starts to grow new capillaries and vessels.36 

 

Denekamp (1982)30 was the first to suggest that differences between mature and immature 

vasculature might offer a therapeutic window in cancer patients since the tumour vascular 

supply is typically immature.36 Tumour neovasculature differs from vasculature associated 

with normal tissues in several respects. It is characterized by constant remodelling, by 

increased permeability, and by the absence of peri-endothelial cell recruitment and 

innervation.57,105 Immature vessels are poorly encased with smooth muscle cells and may have 

a discontinuous EC lining with an abnormal basement membrane.119 The vessels are often 

thin-walled, tortuous, and fragile with inconsistent diameters and uneven shapes. Typically, 

abnormal bulges, blind ends, and arteriolar-venous shunts are present.36,120 These 

irregularities lead to localized impaired blood flow, which results in micro-regional hypoxia.120 
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Hypoxia in turn, results in overexpression of angiogenic factors.36,66,121 The average 

proliferation rate of tumour ECs is 50-fold higher than that of normal vasculature.119 

In newly formed ECs, microtubules play a key role in maintaining the shape and attachment.36 

In contrast, quiescent ECs have an extensive developed actin cytoskeleton, which maintains 

the cell shape.64 

 

In 1991, Denekamp and Hill framed the concept of vascular targeting as a treatment modality 

for oncologic patients.122 Since VTAs exhibit specificity for the tumour vasculature, they will 

not share the side effects observed after conventional cancer therapy.57 Moreover, ECs are 

easily accessible to drugs and represent a particularly attractive target because, unlike tumour 

cells, they are more genomically stable, which prevents them from acquiring treatment 

resistance resulting from gene mutations. 

Vascular targeting agents are either anti-angiogenic, preventing the growth of the tumour 

neovascularisation, or vascular disrupting, destroying the already established tumour 

neovasculature.14,57-59  

 

4.3 Non-invasive imaging of anti-vascular effects  

Currently, the gold standard to assess the efficacy of VDAs on tumour vasculature is the 

immunohistochemical determination of the microvessel density (MVD) in surgical biopsies.123 

However, the invasive nature of this technique has left researchers and clinicians demanding 

non-invasive yet accurate alternatives. Ultrasound (US) appears to be an assessment modality 

that meets the requirements as it is a non-invasive, widely available and real-time 

alternative.124 Additionally, US allows quantification of the number and spacing of blood 

vessels and measures blood flow in a functionally relevant way.55 
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Power Doppler US (PDUS) has gained attention as an additional colour flow imaging 

technique. It displays the strength of the Doppler signal in colour, rather than the speed and 

direction information, by using the amplitude of a Doppler shift to detect moving matter.125 

Noise is assigned a uniform colour that remains constant while flow is shown as a contrasting 

colour. This allows use of higher colour gain settings and improves the sensitivity without 

compromising image quality. As a result, PDUS has 3-5 times the sensitivity of conventional 

colour Doppler for the detection of flow.125,126 Additionally, PDUS is relatively angle-

independent, more individual vessels can be visualized and appears to be a more sensitive 

and specific method for measuring low-velocity tumour blood flow than traditional colour 

Doppler US.123 Although the sensitivity of the technique is certainly dependent on both vessel 

calibre as well as flow rate, studies have demonstrated Doppler detection of flow through 

tumour vessels as small as 10-20 µm.127,128 

Another technique that is currently receiving attention as a non-invasive alternative for 

perfusion assessment, is contrast-enhanced US (CEUS). The addition of a contrast agent gives 

a new dimension to conventional US, and allows real-time imaging of perfusion up to a 

microvascular level.129 The CEUS contrast agent SonoVueTM consists of sulfur hexafluoride-

filled MBs in a phospholipid shell. Sulfur hexafluoride is a poorly soluble, inert gas that does 

not undergo metabolism and is eliminated in expired air, whereas the shell components are 

filtered by the kidneys and eliminated by the liver (Correas et al, 2001)129. The mean bubble 

diameter is 2.5 µm and the bubbles remain strictly intravascular without any interstitial 

component (O’Brien and Seiler, 2015)130. At low acoustic power, alternating expansion and 

contraction of the MBs result in a vibration, generating harmonic echoes. The harmonic signal 

produced by the MBs is greater than that of the surrounding tissue, making CEUS a very 

sensitive imaging technique, and well suited for the evaluation of blood flow in functional 
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vessels. Additionally, CEUS is not contraindicated for patients with renal and hepatic failure 

because of the pulmonary elimination of the contrast agent.129  

 

4.4 Combretastatin A4-phosphate, a potent and highly selective vascular disrupting 

agent 

A number of tubulin-binding VDAs have been introduced, among which CA4P is the best 

known. It is the synthetic, water soluble, phosphorylated analogue of CA4, originally derived 

from the bark of the African willow Combretum caffrum.95  

Like all MIAs, CA4P appears to have a direct tumour cytotoxic effect by damaging mitotic 

spindles, leading to metaphase arrest and induction of apoptosis.131  

Additionally, CA4P also targets the tumour vascular network, indirectly leading to ischaemic 

death of tumour cells. Although the mechanism of the selective collapse of the tumour vessel 

network is not yet fully elucidated, some evidence suggests several mechanisms of action 

leading to EC death. The main hypothesis is that the effect of CA4P is due to morphological 

and functional changes in tumour ECs through the disruption of their cytoskeleton.57,108 

Following rapid passive intracellular uptake and dephosphorylation of the prodrug CA4P,132 

the active drug CA4 binds reversibly to tubulin at the colchicine-binding site leading to tubulin 

depolymerisation and inhibition of its dynamic instability.95 This results in disruption of the 

microtubule function and, in immature proliferating ECs, a rapid reorganization of the actine 

cytoskeleton. This leads to EC contraction and rounding-up of the EC shape, increased vascular 

permeability and finally cellular detachment. The augmented interstitial fluid pressure results 

in collapse of the immature vessels and increased blood viscosity and decreased blood velocity 

lead to stasis and rouleaux formation.63,133,134 In contrast, the highly developed actin 

cytoskeleton of normal, quiescent ECs does not undergo reorganization despite tubulin 
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depolymerisation, hereby preventing cell contraction and destruction.64,135 The apparent 

selectivity reflects the differences in composition and regulation of cytoskeletal systems 

between activated and quiescent ECs. Additionally, the support of peri-endothelial cells (i.e. 

smooth muscle cells, pericytes, and myofibroblasts) in normal, quiescent vessels renders ECs 

more resistant to CA4P treatment.105,135  

Another emerging hypothesis is that CA4P induces rapid EC death by disruption of VE-cadherin 

signaling.105 Vascular endothelial cadherin is  an endothelial adhesion molecule which is 

localized exclusively at cell-cell contact regions of endothelium and is crucial for EC integrity 

and survival. Research demonstrated VE-cadherin disengagement in in vitro tumour ECs 

incubated with CA4P, resulting in anchorage loss, impairing survival signals and ultimately 

leading to cell death.105,135 This disengagement was not evident in normal ECs incubated with 

CA4P, neither in  tumour ECs that had been cocultured with peri-endothelial cells nor in 

tumour ECs that had been co-treated with VE-cadherin stabilizing genes.105,135 Loss of cell-cell 

contact results in the exposure of the already abnormal basement membrane, which in turn 

can result in the induction of coagulation cascade with subsequent thrombus formation.136  

The immediate and selective effects of CA4P on tumour vascular supply have been 

demonstrated in both in vitro and in vivo studies in rodent cancer models61-67 and in human 

cancer patients.65,68,69 Vascular shutdown occurs within 1 hour after CA4P administration in 

rats with induced subcutaneous cancer xenografts61,62 as well as in human cancer patients.68 

At 4-6 hours after administration, the reduction in tumour blood flow is maximal for all 

tumours tested in both rodents and humans and, depending on the dose, is sustained for 12-

24 hours.61-63,65,69 Within 6 hours of CA4P administration, induced subcutaneous 

carcinosarcomas in rats showed a 100-fold reduction in tumour blood perfusion at the centre 

of the tumours, assessed by uptake of radiolabeled iodoantipyrine, while blood flow to the 
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heart, kidneys, and small intestines was not significantly reduced.63 After 24 h of CA4P 

administration, 90-99% of the treated tumour cells in rodents were killed.62,65,107 Its short half-

life of about 10-27 minutes and its reversible method of action ensure that CA4P 

administration induces only minimal side effects.137-139 

 

4.5 Adverse events of CA4P administration in experimental animal models 

As a promising adjuvant anti-cancer therapy for human patients, CA4P has been entered into 

several single and multiple administration dose-escalation and toxicity studies in rodent 

models.61-65,107,140-143 In these species CA4P is consistently administrated through 

intraperitoneal injection in single or consecutive doses. The estimated single-dose maximum 

tolerated dose (MTD) of CA4P in rodents is 1000 mg/kg.61,107 The anti-vascular effects of CA4P 

are achieved at a single dose about one tenth of the MTD.61 In contrast, most other tubulin-

binding VDA, i.e., the taxols and the vinca alkaloids, are known to effectively disrupt the 

established tumour neovasculature of murine adenocarcinoma and subcutaneous human 

colon cancer xenografts in rodent cancer models, but most are effective only at doses 

approaching the MTD and with evidence of significant morbidity.144,145 

Doses ranging from 10 mg/kg to 100 mg/kg have been tested extensively as single and 

repeated administration and in both nontumour-bearing and tumour-bearing rodents.61-

65,107,140-143 Only few adverse reactions have been reported in these species. 

In nontumour-bearing mice, a significant increase in the haematocrit (Hct) and hemoglobine 

concentration (Hb) was observed within 1 to 2 hours after CA4P administration.143 The plateau 

level was independent of the CA4P dose, but time to recovery was correlated with treatment 

dose. 
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Not surprisingly, the adverse event profile of CA4P includes events of hypertension, 

arrhythmia, and/or QTc elongation.63,142,143 The mean arterial blood pressure (MABP) 

increased in rats with an average of 30% (with peaks up to 60%) above the baseline level63,142 

and in mice on average 15% above baseline level.143 Whereas the magnitude of the peak effect 

of CA4P on the MABP was reported to be dose-dependent in rats,142 no correlation was found 

between dosage and change in MABP in mice.143 However, higher CA4P doses delayed the 

return to baseline values.143 

 

In dogs, CA4P administration has not yet been studied for oncologic purposes, but CA4P was 

tested in dogs as a possible therapy to regress retinal neovascularisation114 and it was also 

given to dogs to aid in the development of an assay for the determination of CA4P in 

plasma.115 According to the manufacturer’s (OXiGENE) guidelines, 100 mg m-2 is the single-

dose MTD of CA4P in dogs (results unpublished). In the experimental dogs with retinal 

neovascularisation lesions, CA4P was administered daily for 5 consecutive days through 

intravenous (IV) infusion at a dose of 32 mg m-2.114 Low-grade vomiting and loss of appetite 

were the only systemic side effects reported. However, it is not clear if other adverse events, 

such as hypertension, were monitored. In the experimental study of Wang et al. CA4P was 

administered to healthy dogs through IV infusion either as a single-dose of 21, 64, or 191 mg 

m-2 for 7 consecutive days.115 It is regrettable that that study did not at all mention the 

presence or absence of CA4P-related side effects; especially because the highest single-dose 

administration surpassed the MTD. 

 

  



General introduction 

 52 

4.6 Adverse events and proposed therapeutic dosage of CA4P in human cancer patients 

Multiple dose-escalation and toxicity studies have been performed in human patients with 

various types of cancer.68,69,139,146-148 In human cancer patients, CA4P is always administered 

through IV infusion. 

Combretastatin A4-phosphate has been administered as a 10-minute infusion in both single 

and consecutive doses, ranging from 5 mg m-2 to 114 mg m-2. A variety of phase I trials 

demonstrated that single as well as consecutive doses up to 50 mg m-2 are well tolerated by 

the majority of human cancer patients.68,69,146,147 Adverse events that have been observed are 

typically mild to moderate in intensity. Severe or serious adverse events have only been 

reported in cancer patients who received dose levels at or above 50 mg m-2. Adverse events 

are graded using the Common Terminology Criteria for Adverse Events (CTCAE)149. These 

grades range from 1 to 5; grade 1 standing for mild symptoms, whereas a grade 5 adverse 

event results in death.  In order of occurrence, the most common adverse events are listed 

below (Table 3). 
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     Abbreviations: CTCAE, Common terminology criteria for adverse events; CA4P, Combretastatin A4-phosphate 

  

Table 3. The most common adverse events and their CTCAE grade in three unrelated Phase I dose-escalation studies of CA4P in 

106 human cancer patients69,146,147 (CTCAE grades: 1=Mild, 2=Moderate, 3=Severe, 4=Life-threatening, and 5=Fatal) 

Dose level  

(CA4P) 

5-39 mg m-2 

n = 27 

40-51 mg m-2 

n = 23 

52-67 mg m-2 

n = 24 

68-114 mg m-2 

n = 32 

TOTAL 

n = 106 

CTCAE149 grade 1-2 3-4 1-2 3-4 1-2 3-4 1-2 3-4  

Nausea / vomiting 4 0 1 0 22 0 13 2 42 

Tumour Pain 1 0 4 0 9 3 4 3 24 

Tachycardia 0 0 5 0 4 0 10 0 19 

Headache 1 0 1 0 12 0 4 0 18 

Hypertension 1 0 2 0 4 0 6 0 13 

Abdominal pain 0 0 2 4 2 0 5 0 13 

Lymphocytosis 0 0 2 1 6 0 2 0 11 

Fatigue 1 0 0 1 4 0 2 0 8 

Bradycardia 0 0 1 0 2 0 5 0 8 

QTc prolongation 0 0 0 0 7 0 0 0 7 

Hemoglobin 1 0 2 0 1 0 3 0 7 

Pruritus 1 0 0 0 3 0 2 0 6 

Sensory neuropathy 1 0 0 0 1 0 4 0 5 

Dyspnae 0 0 0 0 0 1 1 2 4 

Motor neuropathy 0 0 0 0 1 0 0 1 2 

Ataxia 0 0 0 0 0 0 1 1 2 

Neutropenia 0 0 0 0 0 0 0 0 0 

Thrombocytopenia 0 0 0 0 0 0 0 0 0 
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4.6.1 Nausea and vomiting 

Nausea and vomiting account for the majority of adverse events. These side effects are mild 

to moderate, occurring mostly at dose levels above 52 mg m-2.147 The onset of the nausea and 

vomiting can be expected as early as during the 10-min infusion while the complaints will 

abate within 6-8 h. It is suggested that nausea and vomiting are attributable to circulatory 

changes within the small vessels in the gastro-intestinal (GI) tract.146 Significant increases in 

vascular resistance for all normal tissues, including the GI tract, after CA4P administration 

have been demonstrated; however, blood flow was maintained at baseline levels.63 This 

suggests that the vasoconstriction is balanced by an increase in tissue perfusion pressure, thus 

preventing any decrease in blood flow. 

Nausea and vomiting are easily controlled by antiemetics; routine prophylaxis with a standard 

anti-emetic, e.g., metoclopramide, could become part of the treatment protocol for patients 

receiving CA4P.146 

 

4.6.2 Tumour pain 

A vexing side effect of CA4P in human cancer patients is infusion-associated pain at sites of 

tumour masses. This event seems to be dose-related with risk of unacceptable pain at doses 

above 52 mg m-2.69,110,146,147 Median time of onset is about 40 minutes to 1 hour from the start 

of the CA4P infusion, reaching crescendo 1-2 h after onset and finally abating within 6-8 h.69,147 

The underlying mechanism of pain induction is not yet elucidated; however, the anti-vascular 

basis of microtubule-binding agents suggests that pain may be directly related to the reduced 

tumour blood flow.69 The intensity of induced tumour pain shortly after the infusion of CA4P 

substantiates this perturbation in tumour blood flow.146 Another possible factor evoking 

tumour pain is acute swelling of the tumour, caused by alteration in EC permeability after 
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CA4P. Enlargement of tumour masses was noted in several patients within hours of receiving 

CA4P.147 

Sufficient pain management can be achieved by oral or parental narcotics.69,146,147 However, 

pre-emptive analgesia does not prevent the occurrence or the severity of post-infusion 

pain.69,146 

 

4.6.3 Cardiovascular toxicity 

In human patients, the average increase in MABP is about 15-20% above baseline level. The 

increase is observed within 1 h after IV CA4P at all concentrations tested, it peaks 40-45 min 

later and subsequently resolves within 2-6 h.139,146,147 Doses above 40 mg m-2 lead to a 

significant increase of the systolic blood pressure, defined as SABP > 140 mmHg.150 The 

elevated blood pressure coincides with a significant decrease in cardiac output and heart 

rate.68 No significant difference was noted in stroke volume, indicating that the increase in 

blood pressure and concurrent decrease in heart rate were compensatory responses to an 

increase in peripheral resistance caused by CA4P.63 Although, the potential mechanism behind 

CA4P-induced hypertension is poorly understood, it is believed that tubulin depolymerisation 

is responsible for this transient elevation of blood pressure.151 Microtubules help resist 

constriction of smooth muscle cells and thus their depolymerisation will make mature vessels 

more sensitive to vasoconstriction and, consequently, hypertension.142,151 

The use of antihypertensive medication has been shown to control the blood pressure effects 

of CA4P. Calcium channel blockers (e.g., diltiazem) and vasodilators (e.g., nitroglycerin) are 

effective, but beta-blockers (e.g., metoprolol) are not.142,143 Routine prophylaxis with a 

calcium channel blocker should be part of the protocol in high-risk patients such as the elderly 

cancer patient.139,147,151 In case prophylactic treatment with a calcium-channel blocker is not 
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sufficient, breakthrough hypertension may be effectively treated by additional administration 

of sublingual nitroglycerin.142 

 

4.6.4 Neurologic toxicity 

A range of central nervous system toxicity has been observed only in human cancer 

patients.69,147 These effects vary in incidence and severity, with a wide range of 

manifestations, from headache to ataxia. Mild neurosensory effects such as paresthesia are 

not uncommon, occurring near the end of the 10-min infusion, but are short-lived and not 

cumulative in nature.69,147 Mild to moderate neuromotor toxicity has been reported in very 

few human cancer patients, taking the form of lower extremity weakness or cerebellar 

ataxia.69 Neuromotor toxicity tends to occur more than 6 h after dosing and generally resolves 

by the next morning, but this may take as long as a week. The aetiology through which tubulin-

binding agents cause neurologic toxicity is still unclear.69,152 Interestingly, all patients showing 

neuromotor toxicity received prior platinum therapy.69 Cisplatin is known to damage normal 

endothelium and may therefore predispose patients receiving CA4P to greater side effects.152 

The occurrence of a headache seems to be limited to higher doses and is mostly mild, delayed 

in onset to more than 6 h after CA4P infusion and resolving by the following morning.69 Pain 

management is generally not necessary due to the mild nature of the headache, but can be 

achieved by oral narcotics if indicated.69 
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4.7 Contraindications 

Notwithstanding the selectivity of CA4P, contraindications for administration do exist. The 

most important contraindications for CA4P administration are the presence of non-tumour-

related neovascularisation, uncontrolled hypertension, and prior therapy with vascular 

damaging agents (e.g., platinum-based chemotherapy). 

The target of CA4P is proliferating endothelium and quiescent vasculature will not be 

damaged thanks to this selectivity.147 Endothelial cells are amongst the longest-lived cells 

outside cells of the nervous system and vasculature is typically quiescent in mature tissue.36 

The female reproductive tract with cycling ovaries and placental growth during pregnancy is 

an exception to it.153 Similarly, immature vessels are also present during physiological repair 

processes such as wound healing.18 Multiple disorders also require neovascularisation.153 For 

instance, neovascularisation and constant remodelling of the adipose tissue vascular network 

takes place during obesity,33 and increased airway vascularity is observed in asthma patients.34 

As CA4P targets proliferating endothelium, also non-neoplastic vascular proliferation will be 

attacked after CA4P administration, causing irreversible ischemia to these normal 

tissues.134,147 The presence of non-tumour-related neovascularisation should, therefore, be 

considered a contraindication to treatment with CA4P. 

Prior platinum-based chemotherapy predisposes human patients receiving CA4P to greater 

neuromotor side effects and might therefore be considered a relative contraindication to 

treatment with CA4P.69,152 

Also uncontrolled hypertension, defined as blood pressure consistently greater than 140/100 

mmHg and 150/95 mmHg in human patients150 and dogs154 respectively, should be considered 

a contraindication for CA4P administration.139 Pre-existing hypertension in rats makes them 

more susceptible to CA4P-associated hypertension and increased cardiac strain.151 
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4.8 Clinical relevance and therapeutic potential of CA4P in veterinary oncology 

Up until now, CA4P has only been investigated as a potential anti-cancer therapy in human 

oncology. Its potential in veterinary medicine remains to be explored, but in the authors’ 

opinion further investigation is certainly warranted. Various cancers in companion animals do 

not respond to the traditional anti-cancer approaches. In addition, an increasing number of 

owners consent to advanced cancer therapy in their beloved pet. 

 

Combretastatin A4-phosphate displays multiple characteristics that make this drug very 

appealing as anti-cancer therapy. It is highly selective for neovasculature, causing tumour 

vascular shutdown within one hour of administration, at a dose that is one tenth of the 

MTD.61,62,107 Its short half-life and reversible method of action ensure that CA4P 

administration induces only transient side effects.137-139  Most striking in CA4P administration 

is the absence of traditional cytotoxic side effects common to conventional chemotherapeutic 

strategies in both human and veterinary patients; i.e., myelosuppression, stomatitis, and 

alopecia, which distinguishes CA4P from the commonly used vinca alkaloids and 

colchicine.57,69,139,147,148 Combretastatin A4-phosphate preferentially causes the destruction of 

large areas of the interior of solid tumours and shows excellent activity against large bulky 

disease that is typically resistant to most conventional anti-cancer therapies.155 Moreover, the 

targeting of non-malignant, genetically stable, somatic cells may circumvent problems of 

acquired drug resistance.156 

 

By selectively destroying the immature vasculature, CA4P has the potential to induce tumour 

necrosis.61,65,67,107 An unfortunate consequence of the selectivity of CA4P, however, is that 

tumour cells in the rim of the tumour, nutritionally supported by normal vasculature of 



General introduction 

 59 

adjacent normal tissue, survive the vascular disrupting treatment and can act as a source of 

tumour regrowth if no adjuvant therapy is installed.61,66,67  

Notwithstanding the fact that studies have not been carried out for oncologic purposes, CA4P 

seems to be well-tolerated in dogs at the alleged therapeutic dose.114,115 Neither study 

describes serious CA4P-related side effects nor CA4P-related deaths. The plasma area under 

the curve and maximum concentration values of CA4P appear to be relatively dose-

proportional and do not change significantly with repeated dosing.115 Therefore, it seems safe 

to assume that CA4P administration will lead to predictable dose-related side effects, if 

applicable. 

 

4.9 Conclusion 

Cancer patients are often debilitated and a palliative approach to cancer is certainly more 

commonplace in companion animals than it is in humans.157 Ideally, the antitumour therapy 

must be tumouricidal with manageable side effects to normal cells.158 The potential of CA4P 

to selectively occlude or destroy proliferating ECs while leaving normal, quiescent blood 

vessels relatively unaffected, results in an anti-cancer drug with relatively few side effects.107 

The side effects caused by the administration of CA4P in human patients are generally mild 

and can be either treated or prevented.69,146,147 The side-effect profile is devoid of the more 

severe reactions commonly encountered with conventional chemotherapeutic approaches. 

There are no documented studies on the use of CA4P in therapeutic doses in veterinary 

patients; therefore, the knowledge on potential side effects in companion animals is greatly 

lacking. In the authors’ opinion, however, there are no arguments to think that the mechanism 

of action of CA4P, and consequently the potential side effects, would be very species-specific. 

Further research should include dose-escalation studies of CA4P in dogs, monitoring all 
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possible side effects in both healthy and diseased dogs. In a next step, efficacy studies need 

to establish the optimal therapeutic dose in dogs with various types of cancer. 

 

5. Combretastatin A4-phosphate in combination therapy 

5.1  Introduction 

The selectivity of CA4P for tumour vasculature is both its greatest asset, causing extensive 

central tumour necrosis while ensuring the absence of the traditional side effects, as well as 

its downside, for the peripheral tumour cells maintained by the (mature) blood vessels of the 

surrounding healthy tissue will survive the VDA exposure, leaving a thin layer of viable cells at 

the tumour rim.57,63,66,159 Regrowth occurs rapidly and involves not only proliferation of the 

cancer cells themselves but also of novel neovascularisation.57 This may quickly lead to tumour 

relapse if no complementary therapy should be installed.63,66 This phenomenon indicates the 

deficiency of VDA monotherapy and the necessity of combination therapy.67,111-113,160-167 To 

date, CA4P has been combined with conventional therapy in various combinational strategies 

(Table 4).  

An innovative combination protocol proposes to follow the administration of CA4P with 

targeted radiotherapy with the radionuclide iodine-131 (131I) conjugated to the necrosis avid 

compound (NAC) hypericin.67 
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Table 4. Preclinical combination trials with combretastatin A4-phosphate (CA4P) 

Compounds Animal 

model 

Tumor model Safety Efficacy Ref 

CA4P +        

131I-Hyp 

Rats, 

Rabbits 

Rhabdomyosarcoma, 

fibrosarcoma,          

VX2 tumours 

Well tolerated,                      

no treatment-related deaths 

Long term high retention of  131I-

hypericine in tumour necrosis 

67, 164, 

166, 201, 

207 

CA4P + 

hyperthermia 

Rats Malignant Glioma Mild diarrhea,                       

no treatment-related deaths 

Profound antitumour response in 

combination therapy  

141, 161 

CA4P + EBRT Mice Mammary carcinoma, 

KHT sarcoma 

Desquamation,                     

no CA4P-related deaths 

CA4P enhanced radiation 

response in both tumour types 

160 

CA4P + RIT Mice Colonic 

adenocarcinoma 

Slight weight loss,                 

no CA4P-related deaths 

Complete cure in 83% of mice for 

> 9 months 

162 

CA4P + 

carboplatin 

Human Various solid tumours Neutropenia, 

thrombocytopenia,      

overall well tolerated 

38% showed stable disease,    

62% showed progressive disease 

202 

CA4P + RIT Human Gastrointestinal 

carcinoma 

Neutropenia, ataxia,     

tumor pain,                    

overall well tolerated 

30% showed stable disease,   

70% showed progressive disease 

203 

CA4P + 

carboplatin + 

paclitaxel 

Human Various solid tumours Tumour pain, hypertension, 

overall well tolerated 

22% showed partial response 163 

CA4P + EBRT Human Various solid tumours Ataxia, hypertension,   

overall well tolerated 

39% showed partial response       

50% showed stable disease 

112 

CA4P + 

Bevacizumab 

Human Various solid tumours Hypertension,                  

overall well tolerated 

60% showed stable disease               

27% showed progressive disease 

205 

Thyroidectomy 

+ CA4P 

Human Anaplastic thyroid 

cancer 

Overall well tolerated Reduction in risk of death 35%  206 

CA4P + 

paclitaxel + 

carboplatin 

Human Anaplastic thyroid 

cancer 

Neutropenia,                 

overall well tolerated 

No statistically significant 

improvement in overall survival 

113 
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CA4P + 

paclitaxel + 

carboplatin 

Human Ovarian cancer Neutropenia, hypertension, 

overall well tolerated 

13.5% showed partial response 204 

CA4P + 

doxorubicin 

Mice Murine melanoma, 

human mammary 

adenocarcinoma 

Well tolerated                       

no CA4P-related deaths 

Enhanced tumour inhibition and 

increased lifespan  

165 

CA4P + 

paclitaxel + 

carboplatin + 

bevacizumab 

Human NSCLC Neutropenia, hypertension, 

overall well tolerated 

50% showed partial response           

25% showed stable disease  

111  

Abbreviations: CA4P, combretastatin A4-phosphate; 131I, Iodine-131; hyp, hypericin; EBRT, external beam 

radiation therapy; RIT, radioimmunotherapy; NSCLC, non-small cell lung cancer. 

 

 

5.2 Iodine-131 

5.2.1 Natural iodine and iodide 

Iodine is a naturally occurring element necessary for human and animal growth and metabolic 

function. It plays a central role in the thyroid physiology, being both a constituent of thyroid 

hormone and a regulator of thyroid gland function.168 

Ingested iodine is converted to iodide before absorption and consequently, plasma iodide is 

rapidly absorbed by the thyroid. Other organs that concentrate iodide include the salivary 

glands, gastric mucosa, choroid plexus, mammary glands, and the placenta. Excretion occurs 

mainly through the kidneys.168 

 

5.2.2 Radioactive decay of 131I 

131I is a radionuclide and the unstable radioactive isotope of iodine. The radionuclide will 

undergo radioactive decay by emitting the excess nuclear energy. 131I decays with a half-life 

of 8.02 days. About 10% of the radioactive decay is in the form of gamma (g) radiation. The 
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gamma-rays are pure energy (approximately 364 keV) and carry no charge. Because of their 

ability to penetrate flesh, bone, and even lead shields, g-rays can be used as an imaging agent 

to identify the decaying radionuclide by means of single photon emission CT, giving them a 

diagnostic property (Box 1).169-171  

 

 

 

Box 1: Single Photon Emission Computed Tomography 

Single photon emission computed tomography, or SPECT, is an imaging technique which uses single 

photons for image creation.169 It requires intravenous injection of a radionuclide and, by detection of 

the emitted g-rays, a functional image is created. SPECT is the 3D version of the 2D gamma camera 

technology (Fig 10), by using one or more gamma camera heads which rotate around the patient, 

hereby avoiding superposition of active and non-active layers. Traditional gamma cameras consist of 

a collimator, which defines the direction of the g-rays and blocks the rays that are not going in the 

desired direction, a scintillation crystal, which converts the high-energy g-rays into lower-energy light 

photons, photomultiplier tubes, which amplify the light signal and creates an electrical signal that can 

be measured by the computer and converted into an image. 

  

Figure 10: Gamma Camera. The gamma 

camera consists of a collimator, a scintillation 

crystal, photomultiplier tubes (PMT) and a 

computer (Wells et al, 2016).171 
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The other 90% of radiation is in the form of beta (b) radiation. The b-rays have a mean soft 

tissue penetration 2 mm (range 0.9-5 mm depending on the type of material or tissue) and 

their mean energy is approximately 182 keV.172 When a b-ray passes through the body, its 

energy is absorbed by the tissue it encounters. The molecular structure of this tissue is broken 

up and the tissue destroyed, giving therapeutic properties to the b-rays.170,173 

5.2.3 Radionuclide therapy with 131I 

Radionuclide therapy may be defined as an ‘internal’ radiation therapy that uses radionuclides 

to achieve a transfer of radiation energy to a pathological target tissue, contrary to the more 

commonly used ‘external’ radiotherapy (external beam radiation therapy).174 During 

radionuclide therapy, also called targeted tumour radiotherapy (TTR) , a low and continuous 

dose rate of radiation is directed to its target by a vehicle, which exhibits a more or less specific 

binding to the target tissue.175 On account of its predilection for the thyroid gland, 131I is most 

often deployed for the treatment of thyroid cancer; however, conjugated to appropriate 

carrier molecules, it can be directed at a multitude of cancers exhibiting the proper target.174 

 

Carrier molecules include antibodies (radioimmunotherapy), peptides and proteins, 

oestrogen receptor ligands, and DNA directed agents (e.g., nucleosides).175 

Most importantly, the carrier molecule should selectively bind to the target tissue with little 

to no incorporation in normal tissues. This will allow the radionuclide to deposit all energy in 

the tumour cells while sparing healthy tissue. 
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131I is a popular radionuclide when it comes to TTR. Its favourable therapeutic properties have 

become clear over the last 70 years,176 and 131I therapy has proven to be a safe and effective 

method in the treatment of human and veterinary patients with differentiated thyroid 

carcinoma.177,178 

Acute and long-term side effects of general 131I therapy are mild and serious acute 

complications are extremely rare.179,180 Common acute side effects include nausea and 

vomiting, and sialadenitis. Intermediate and long-term side effects are mostly due to radiation 

damage of the salivary glands;180 the post-therapeutic risk of other neoplasms is slightly 

increased for breast and bladder cancer.179,181 
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5.3 Hypericin 

5.3.1 Background 

Hypericin is a naturally occurring polycyclic aromatic 

naphthodianthrone present in plants of the Hypericum 

genus. Originally, it was isolated from St. John’s Wort 

(Fig 11) and exploited for the photodynamic therapy of 

cancer.182,183 Besides antiviral184 and antidepressant182 

properties, necrosis avidity has been attributed to this 

multifunctional compound.185-187 It appears that 

hypericin has a peculiar affinity for necrotic tissues, 

independent of its photosensitivity, and has thus been labelled a NAC. Hypericin can be used 

as a specific marker for non-invasive targeting and visualisation of tissue necrosis in numerous 

disorders, including acute myocardial infarction identification, tissue viability evaluation, and 

assessment of therapeutic response to treatment.186,188-193 The use of hypericin has not been 

described in veterinary medicine, and information on the safety and tolerance of hypericin in 

dogs is currently lacking. In humans, hypericin has a plasma elimination half-life of about 33 

hours.182,184 Following IV administration, main tissue distribution of hypericin includes the 

liver, kidneys, spleen, lungs, heart, and intestines.166,182,194,195 However, the situation changes 

in the presence of nonviable tissues, such as necrotic and irreversibly damaged ischemic 

tissues. After IV injection, 18-fold higher concentrations of 123I-hyp were found in infarcted 

rabbit myocardium compared to normal surrounding tissues, indicating an extraordinary high 

target to non-target ratio.188 In 2014, Qi and colleagues demonstrated a necrosis to liver ratio 

up to 40 in dogs with hepatic radiofrequency ablation-induced coagulative necrosis.195 

 

Figure 11: St. John’s Wort (Hypericum 

perforatum).197 
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5.3.2 Necrosis avidity of hypericin 

Despite multiple investigations exploiting the necrosis avidity of hypericin, the underlying 

mechanism of this affinity has not been fully elucidated, and a non-specific mechanism of 

‘trapping’ in necrotic areas due to lipoprotein binding has been suggested.196 In 2008, Van De 

Putte and co-workers attempted to unravel the mystery by means of fluoromicroscopic 

analysis of a colocalization study.187 During this study, a labelled hypericin-lipoprotein 

complex was traced in a VDA-treated tumour with geographically scattered tumour necrosis 

and viable tumour regions. This resulted in a rapid and outstanding accumulation of hypericin 

in tumour necrosis, which was not demonstrated for the lipoprotein, indicating that the 

necrosis affinity of hypericin is not the result of a ‘trapping’ mechanism, but rather advocate 

a compound-specific mechanism. The affinity for necrosis is independent of the cell type and 

type of injury, but is specific for necrotic cells and not apoptotic cells (Box 2).188 

During the cellular disintegration of necrosis, hypericin may specifically associate to degraded 

proteins, peptides, or phospholipids that are exposed to the exterior environment when the 

cell membrane is damaged.164,187 However, the molecular nature of the constituents present 

in the necrotic space to which hypericin tightly binds is presently unknown.193 In 2011, 

Marysael and colleagues postulated that in rodent tumour models, a 24 h interval between 

VDA treatment and hypericin allowed for a partial normalization of tumour vascularisation 

and thus provides better accessibility to hypericin.192 Additionally, it is to be expected that 

after 24 h of VDA administration, a more mature necrotic environment exists, consisting of 

different components, as opposed to freshly formed necrosis. Necrotic debris is eventually 

removed by immune cells and phagocytosis and presumably, hypericin is removed together 

with the debris, leading to a clearance of hypericin from necrotic tissue after several 

days.67,193,195,197 
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Box 2. Apoptosis versus necrosis 

Apoptosis, also called programmed cell death or cell suicide, is a vital component of normal cell 

turnover. It occurs normally during development and aging and as a homeostatic mechanism such as 

in immune reactions or when cells or DNA are damaged by disease or toxic agents.8,198 

During apoptosis, the cell shrinks and chromatin condensates (microscopically visible as pyknosis). 

The nucleus fragmentates (karyorrhexis) and cell fragments are separated in apoptotic bodies 

(budding). The integrity of the organelles is maintained inside the apoptotic bodies, enclosed within 

an intact plasma membrane. The bodies are eventually phagocytosed and degraded. 

There is no inflammatory reaction during apoptosis, because cellular constituents are not released into 

the surrounding tissue, the bodies are quickly phagocytosed, and the engulfing cells do not release 

inflammatory cytokines.198 

 

Necrosis is considered to be a toxic process which is not programmed. In contrast to apoptosis, necrotic 

cell death is typically associated with a loss of membrane integrity and inflammation.199 

A necrotic cell will swell and form cytoplasmic vacuoles. Organelle membranes disrupt and lysosomes 

rupture, eventually leading to disruption of the cell membrane. The loss of cell membrane integrity 

results in the release of cytoplasmic contents into the surrounding tissue. This sends chemotactic 

signals which leads to recruitment of inflammatory cells (Fig 12). 

 

 

 

 

Fig 12: Apoptosis versus necrosis. During 

apoptosis, cell membrane integrity is preserved, 

and intact organelles remain inside the apoptotic 

bodies.  

During necrosis the cell membrane ruptures and 

organelles and inflammatory contents are released 

into surrounding tissue.200 
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The affinity of hypericin for necrosis can be exploited in a combination strategy with CA4P. If 

used as a carrier molecule, hypericin could transport compounds to the surviving tumour 

periphery to locally treat the remaining cancer cells. One compound that seems especially 

suited to this task is the radionuclide 131I. Hypericin can be easily and efficiently labelled with 

131I by the iodogen coating method (Fig 13). 

 

This method takes less than 30 min, with high labelling yield (generally greater than 99.5%) 

and the resulting 131I-hyp can be used directly in vivo without further purification 

steps.67,164,166,195,201 

 

5.4 Current experience 

Multiple preclinical and clinical studies on various solid tumours in both rodent tumour 

models and human cancer patients have demonstrated that therapy with a VDA inevitably 

Figure 13: Iodogen coating method. Radioiodination of hypericin is achieved by using iodogen as oxidizing 

agent to form 131I-hyp (adapted from Li et al, 2013).166 
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leaves layers of viable cells in the periphery, resulting in unavoidable tumour relapse.61,66,67 

Many researchers have studied the combination of a VDA with preceding or subsequent 

adjuvant therapy such as chemotherapy, radio(immuno)therapy, surgery, or antiangiogenic 

therapy.111-113,160-163,165,202-207 The ultimate goal of combination strategies is to eradicate all 

tumour cells, leading to complete cancer cure. Preliminary results of combination therapy 

with CA4P are promising and trigger further exploration. The combination of CA4P with 131I-

hyp was first suggested in 2011 by Ni and his team.67 In this strategy, the first step is CA4P 

administration to cause tumour vessel shutdown and ischemic necrosis of the tumour centre. 

After 24 h, 131I-hyp is injected. The affinity of hypericin for necrosis ensures accumulation of 

131I-hyp in the necrotic tumour centre, carrying the radionuclide close to the viable tumour 

rim. The b-rays of the decaying 131I will irradiate the remaining tumour cells for as long as the 

hypericin remains in the necrotic tissue, which can be several days (Fig 14).193 This 

combination was explored in several rodent tumour models, yielding good results (Table 

5).67,164,166,201,207  Although the necrosis affinity of 131I-hyp in dogs with necrosis has been 

evaluated by Qi and colleagues,195 the adverse events, effective half-life, or dose rate were 

not assessed. 

There is a remarkable advantage to this strategy. By targeting two non-malignant 

components, namely the neovascularisation and the necrosis, the tumour type, its biologic 

behaviour, and stage of metastasis become less important. This more universal approach is 

rather unique. Considering these properties, CA4P therapy with tumour necrosis targeting 

could be a potentially powerful therapy in veterinary, but also in human medicine. 
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Table 5. Preclinical combination trials with combretastatin A4-phosphate (CA4P) and radioiodinated hypericin  

Compounds Animal 

model 

Tumor model Dose of 

CA4P 

Safety Efficacy Ref 

 CA4P +        

131I-Hyp 

Rats Implanted 

rhabdomyosarcoma 

10 mg/kg Good tolerance  

no CA4P-related deaths 

Tumour volume decrease  

Survival time increase 

67 

CA4P + 123I  

and 131I-Hyp 

Rats Allograft 

rhabdomyosarcoma 

10 mg/kg Good tolerance  

no CA4P-related deaths 

Intense accumulation of 

123I- and 131I-hypericine in 

tumour necrosis 

164 

CA4P +        

131I-Hyp 

Rats Induced 

fibrosarcoma 

10 mg/kg Good tolerance  

no CA4P-related deaths 

Intense accumulation of 

123I- and 131I-hypericine in 

tumour necrosis 

166 

CA4P +  

131I-Hyp 

Rats Induced 

fibrosarcoma 

10 mg/kg Good tolerance  

no CA4P-related deaths 

Long term high retention 

of 131I-hypericine in 

tumour necrosis 

201 

CA4P +  

131I-Hyp 

Rabbits  Implanted VX2 

tumours 

10 mg/kg Good tolerance  

no CA4P-related deaths 

Long term high retention 

of 131I-hypericine in 

tumour necrosis 

207 

Abbreviations: CA4P, combretastatin A4-phosphate; 131I, Iodine-131; hyp, hypericin 

  

CA4P 131I-hyp 

 

 

Figure 14: Illustration of the combined treatment with CA4P and 131I-hyp. First, the solid tumour is treated with CA4P. 

Tumour vessel disruption causes massive necrosis in the tumour centre, while leaving the peripheral rim intact. After 

24 h, 131I-hyp is injected, which accumulates in the intratumoural necrosis which borders the viable rim. b-radiation 

leads to necrosis of the remaining tumour cells, ultimately resulting in necrosis of the entire tumour (adapted from 

Cona et al, 2013).167 
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6. Conclusion 

Solid tumours can grow and flourish owing to their stroma that provides the vascular supply 

required for nourishment, gas exchange, and waste disposal. The importance of angiogenesis 

is well recognized and tumour vessels have become the main target of an array of treatment 

strategies. The anti-vascular activity of CA4P is a promising feature that has already been 

explored in several rodent tumour models and even in human cancer patients but has been 

waiting for clinical investigation in veterinary medicine. There are no documented studies on 

the use of CA4P in therapeutic doses in veterinary patients. Research on natural tumour 

bearing dogs as an intermediate step between preclinical and clinical anti-cancer research is 

valuable. Not only can pet dogs with spontaneous tumours aid in the development of new 

cancer therapeutics, they can also contribute to studies of environmental risk factors, as well 

as cancer biology, cancer progression, and identification of cancer-associated genes. 

The specificity of CA4P necessitates combination therapy, as monotherapy inevitably leaves a 

rim of viable tumour cells at the tumour periphery intact. 131I is a popular compound when it 

comes to TTR and hypericin has been shown to have high affinity for necrotic tissues. The 

conjoined compound 131I-hyp thus qualifies as subsequent treatment after CA4P 

administration. Preclinical results with this combination strategy have been promising and 

invite further clinical research on this combination. By treating pet dogs with spontaneous 

tumours, a foundation is laid for further research of this combination strategy in human 

cancer patients, as pet dogs bridge the gap between the pre-clinical murine models and 

clinical research in human subjects.  
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Tumour vascular disrupting agents (VDAs) were introduced in the 1990’s when it became clear 

that specifically tumour vasculature can be targeted, leading to rapid vascular shutdown, 

resulting in tumour cell death. Combretastatin A4-phosphate (CA4P) is a tubulin-binding VDA 

that displays potent and selective toxicity to tumour vasculature. After CA4P-monotherapy in 

preclinical models, regrowth of the remaining viable tumour rim, which receives oxygen from 

surrounding normal tissue vasculature, is observed. Therefore, a combination of CA4P with 

targeted tumour radiotherapy with radio-iodinated hypericin (131I-hyp) has been investigated. 

Although the preliminary results in rodent tumour-models were encouraging, knowledge 

about this promising combination in larger animal species was lacking. Therefore, the general 

aim of this work was to explore the safety of both compounds in healthy dogs and the efficacy 

of CA4P in cancer-bearing pet dogs.  

The specific aims of this doctoral thesis were three-fold:  

The first aim was to assess the tolerability and the side effects of CA4P-administration by 

means of a dose-escalation study in healthy dogs (Chapter 1).  

 

The second aim was to assess the toxicity and efficacy of the recommended CA4P dose in 

cancer-bearing dogs (Chapter 2). We also determined whether non-invasive medical imaging 

modalities such as power Doppler ultrasound and contrast-enhanced ultrasound are reliable 

alternatives for tissue biopsies (Chapter 3).    

 

The third aim was to assess the tolerance and biodistribution of 131I-hyp in healthy dogs 

(Chapter 4).  
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Abstract 

Combretastatin A4-Phosphate is a vascular disrupting agent revealing promising results in 

cancer treatments for humans. The aim of this study was to investigate the safety and adverse 

events of CA4P in healthy dogs as a prerequisite to application of CA4P in dogs with cancer.  

Ten healthy dogs were included. The effects of escalating doses of CA4P on physical, 

haematological and biochemical parameters, systolic arterial blood pressure, 

electrocardiogram, echocardiographic variables and general wellbeing were characterized. 

Three different doses were tested: 50 mg m-2, 75 mg m-2, and 100 mg m-2.  

At all three CA4P doses, nausea, abdominal discomfort as well as diarrhea were observed for 

several hours following administration. Likewise, a low-grade neutropenia was observed in all 

dogs. Doses of 75 and 100 mg m-2 additionally induced vomiting and elevation of serum 

cardiac troponine I levels. At 100 mg m-2, low-grade hypertension and high-grade 

neurotoxicity was also observed.  

In healthy dogs, doses up to 75 mg m-2 seem to be well tolerated. The severity of the 

neurotoxicity observed at 100 mg m-2, although transient, does not invite to use this dose in 

canine oncology patients.   

 

Introduction 

The concepts behind antitumour therapeutics evolved from the conventional direct attack of 

the proliferating cells to windows of opportunities that rather influence the tumour 

environment. Greater understanding of the mechanisms by which tumours grow has led to 

the identification of more selective oncology targets, such as the blood vessel support network 

of the tumour.208,209 Blood flow inside the tumour is fundamental to guarantee adequate 

oxygen and nutrient delivery for continued growth.14,36 Destruction of the existing tumour 
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vasculature is a promising treatment modality in oncology patients with solid tumours.122 

Vascular disrupting agents produce a rapid shutdown of tumour blood vessels by physical 

obstruction of their lumen and the resulting ischemia can lead to extensive cell death within 

tumours.107 Combretastatin A4-Phosphate represents the lead-candidate VDA that recently 

(2016) became US FDA-approved in a treatment protocol for ovarian cancer in human patients 

and is currently evaluated in various Phase II and III clinical trials in combination with 

chemotherapy or radiation therapy.110-113  

Because VDA exhibit high specificity for immature tumour vasculature, they should not share 

the side effects observed after conventional cancer therapy i.e., myelosuppression, stomatitis 

and alopecia.63,69,134,139,146-148 In human cancer patients, 52 mg m-2 is the lowest dose at which 

tumour blood flow reduction is observed. Adverse events (AE) observed after CA4P 

administration are typically mild to moderate, with nausea and vomiting seen most 

commonly.69,146,147 Other AE encountered sporadically in human patients are tumour pain, 

cardiovascular toxicity (hypertension), and neurotoxicity. In 2007, Kador and colleagues 

investigated IV administration of 32 mg m-2 CA4P in dogs as a possible therapy to regress 

retinal neovascularisation, and reported low-grade vomiting and loss of appetite as the only 

systemic side effects.114 Administration of CA4P to dogs has not yet been studied for oncologic 

purposes;210 however, the potential of CA4P in veterinary oncology warrants exploration as 

also pet dogs with cancer would be candidates for CA4P-treatment. 

This research evaluates the IV administration of escalating doses of CA4P in healthy dogs. The 

aim of this study was to assess the safety, tolerability, and the possible side effects of CA4P in 

healthy dogs, and the results will serve as a guide to establish an acceptable dose to be tested 

for efficacy in canine patients with solid cancer.  
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Materials and methods 

Preparation of sterile CA4P solutions 

Lyophilized CA4P (GMP quality) with a purity of > 99% was purchased from Selleck Chemicals 

LLC (Houston, Texas, USA) and approval of the Belgian Federal Agency for Medicines and 

Health Products (FAMHP) for the use of CA4P was obtained (approval no. 0002588).  

The drug was accurately weighed and reconstituted in sterile phosphate buffered saline (PBS) 

(Thermo Fisher Scientific, Erembodegem, Belgium) under sterile conditions in a biological 

safety cabinet. A stock solution of CA4P was prepared and diluted to a final concentration of 

50, 75 or 100 mg m2 CA4P in 10 mL PBS, based on the body surface area (BSA) of every dog.  

 

Experimental design 

Ten healthy Beagles with a mean body weight of 12.5 kg (± 5.5 kg) and 7.75 years old (± 0.75 

years) were enrolled into this study (Table 1). The protocol adhered to the European 

Communities Council Directive (86/609/EEC) and was approved by the local research ethical 

committee of the Faculty of Veterinary Medicine (Merelbeke, Belgium) (approval no. 

2014/162). Adequate measures were taken to minimize pain and discomfort. Dogs were 

deemed healthy if no relevant abnormalities were found in a pre-treatment screening. This 

consisted of a physical and standard neurological examination, and a complete 

echocardiographic examination with additional pulsed-wave tissue Doppler imaging (PW-TDI), 

non-invasive Doppler measurements of the systolic arterial blood pressure (SABP) and 

electrocardiogram (ECG). Blood sample analysis included a complete blood count (CBC), 

serum biochemistry and cardiac troponine I (cTnI). Three-way radiographs of the thorax and 

an US concluded the pre-treatment screening.  



Chapter 1: A dose-escalation study of combretastatin A4-phosphate in healthy dogs 
 

 86 

The dose-escalation strategy was modelled in a 2 + 2 clinical trial design.211 An IV catheter was 

inserted in the cephalic vein and the dogs were randomly divided into 5 groups. Each group 

received an IV infusion of dissolved CA4P (50 mg m-2, 75 mg m-2 or 100 mg m-2). 

Combretastatin A4-Phosphate was administered over a time span of 30 minutes using a 

volumetric pump in all groups but one, in which CA4P was administered over a time span of 

120 minutes. Two dogs (dogs no. 7 & 8) received prophylactic anti-emetic treatment with 

maropitant (2 mg kg-1 as oral tablets) 6h before CA4P administration, and anti-diarrheic 

treatment with loperamide (0.08 mg kg-1 as oral tablets) 6h before and 2h after CA4P 

administration. Physical and standard neurological examinations were performed hourly the 

first 6h after injection, every 2h the next 18h, followed by once daily examinations for 10 days. 

Blood samples were collected for CBC and biochemistry profile at 1, 3 and 14 days after CA4P 

administration. 

 

To assess cardiovascular toxicity, blood pressure measurements were made using the Doppler 

method (Parks Medical Electronics Inc, Aloha, OR). Measurements were performed according 

to the American College of Veterinary Internal Medicine (ACVIM) consensus on blood pressure 

measurement154 and were started 4 days in advance of CA4P administration to correctly 

recognize drug-induced hypertension and to establish a baseline SABP for every dog. After 

CA4P administration, SABP measurements were made every 15 minutes for the first hour, 

every hour during the next 5h, every 2h during the next 18h, and every 12h for the next 10 

days.  

During drug administration, ECG was monitored continuously using a standard 10-lead ECG. 

For a period of 5h following administration, 3-lead ECG monitoring was performed using a 

Holter ECG-recording device (Novacor Vista, Novacor UK Ltd., Southern Cross Ind Est, London 
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Road, Swanley, Kent BR8 8EE). QT intervals, corrected for changes in heart rate (HR) with the 

Van de Water formula,212 were measured and ventricular arrhythmias were determined. 

Blood samples for cTnI measurement were taken at 24h, and at 2 and 4 weeks after 

administration; and conventional echocardiography with additional PW-TDI was repeated 24h 

after administration of CA4P.   

Adverse events were recorded and graded using the Veterinary Cooperative Oncology Group 

- Common Terminology Criteria for Adverse Events (VCOG-CTCAE).213  

 

Results 

The doses of CA4P studied and the allocation of dogs per dose level are listed in Table 1.  

	

Table 1. Dog characteristics and allocation of dogs per dose level of 

Combretastatin A4-Phosphate (CA4P) 

Dog no. Sex 
Age 

(years) 

Body weight 

(kg) 

CA4P Dose 

(mg m-2) 

Infusion 

time (min) 

1 MN 7.5 15.5 50 30  

2 MN 7.5 13.0 50 30  

3 FN 8.0 6.5 75 30  

4 FN 8.0 8.5 75 30  

5 FN 8.5 7.2 100 30  

6 MN 7.0 16.0 100 30  

7 MN 7.5 18.0 75 30  

8 MN 7.5 14.5 75 30  

9 FN 7.0 12.5 100 120 

10 MN 7.0 17.5 100 120 

Abbreviations:	MN,	Male	neutered;	FN,	Female	neutered	
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Abridgement of dose levels as a result of dose limiting toxicities (DLT) did not occur until the 

level of 100 mg m-2 was reached. Subsequent re-investigation of the lower dose level (75 mg 

m-2) was pursued. Preventive administration of anti-emetic and anti-diarrheic drugs was 

successfully implemented in this group. To determine whether administration of CA4P over a 

longer time span diminished or eliminated the occurrence of side effects, 100 mg m-2 CA4P 

was administered over a time span of 120 minutes in one group; however, this did not result 

in either elimination or diminution of the side effects. Table 2 lists all AEs that were 

presumably drug-related. 

	

Table 2. Number of dogs per dose level that exhibited CA4P-related adverse events 

CA4P 

Dose level 

50 mg m-2  

(n=2) 

75 mg m-2 

(n=4) 

100 mg m-2 

(n=4) 

CTCAE grade 1-2 3-4 1-2 3-4 1-2 3-4 

Neutropenia 2  4  4  

Hypertension     4  

Anorexia   2  4  

Diarrhea 2  2  4  

Nausea 2  4  4  

Vomiting   2  4  

Ataxia      3 

Motor 

neuropathy 
     3 

cTnI elevation   2  4  

Abbreviations:	CA4P,	Combretastatin	A4-phosphate;	CTCAE,	Common	terminology	criteria	for	adverse	

events;	cTnI,	Cardiac	troponine	I		
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Hematologic Toxicity 

Transient neutropenia (neutrophil count lower than 2950 μL-1) was the only hematologic 

toxicity observed, irrespective of the CA4P dose level. Neutropenia commenced 3 days after 

injection of CA4P and resolved spontaneously within 14 days after injection. Grade 1 

neutropenia occurred at dose levels of 50, 75 and also at 100 mg m-2 when administered over 

120 minutes, whereas grade 2 neutropenia was observed when 100 mg m-2 was administered 

over 30 minutes. 

 

Gastro-Intestinal Toxicity 

Across all doses and in all individuals, anorexia, diarrhea, nausea, and loss of appetite were 

observed, commencing 1-2h after the start of injection and resolving spontaneously after 3-

4h. The severity of anorexia, nausea and diarrhea appeared to be dose-dependent (grade 1 at 

dose levels of 50 and 75 mg m-2, grade 2 at a dose level of 100 mg m-2). Vomiting (grade 1) 

was only observed at dose levels of 75 and 100 mg m-2. Preventive medical treatment with 

anti-emetic and anti-diarrheic drugs resulted in the absence of these AE, whereas reduction 

of the infusion rate of CA4P did not.  

 

Cardiovascular toxicity 

All cardiac examinations were performed by a board-certified cardiologist. Table 3 lists all 

cardiovascular AE that were observed.  

Concerning the SABP, at dose levels of 50 and 75 mg m-2 there was no significant increase 

compared to the baseline SABP throughout the infusion and a period of 24h post injection 

(PI). However, at a dose of 100 mg m-2 all dogs developed significant hypertension (SABP > 
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150 mmHg). The increase over baseline varied from 30 to 50%, commenced 2h after 

administration and returned to baseline values within 24h.  

ECG recordings showed a mean baseline HR of 111 beats per minute (BPM) (range: 80-200 

BPM) with 9 dogs displaying a physiologic respiratory sinus arrhythmia and one dog with a 

sinus tachycardia of 200 BPM. During CA4P administration, no significant changes in HR were 

seen. The HR in the dog with baseline sinus tachycardia decreased from 200 BPM to 160 BPM 

at the start and 80 BPM (with respiratory sinus arrhythmia) at the end of injection. One dog 

with a baseline HR of 80 BPM (with respiratory sinus arrhythmia) showed sinus bradycardia 

during the injection (60 BPM during the first minute and 40 BPM at the end of CA4P 

administration). No significant changes were observed in the QTc-interval during 

administration when compared to baseline values. Three of 10 dogs had a baseline QTc > 250 

ms. All had less than 10% change of their QTc during injection, except for one dog, that had 

an 11% increase in QTc.  

Overall mean HR during Holter recordings was 104 BPM (range: 42-208 BPM) and recordings 

were unremarkable in 6 dogs.  Four dogs showed an abnormally high number of ventricular 

ectopic beats during monitoring. Three of these dogs showed phases of accelerated 

idioventricular rhythm and one dog showed 2 episodes of ventricular tachycardia. No other 

significant arrhythmias were observed. 

Significantly increased serum cTnI concentrations were noted in 6 cases. At baseline, serum 

cTnI was below the upper limit of 0.06 ng mL-1 in all dogs. At dose levels of 75 and 100 mg m-

2, almost all dogs developed a mild elevation, irrespective of the CA4P infusion rate. Serum 

cTnI levels returned to baseline levels in all dogs within 4 weeks.  
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Echocardiographic examination after CA4P administration revealed no significant changes in 

cardiac dimensions, nor in systolic or diastolic functional parameters including PW-TDI, 

compared to baseline examinations.  



 

      

 

Table 3. CA4P-related cardiovascular toxicities 

Dog 
no 

Dose 

(mg m-2) 
SABP 

(mmHg) 

HR 

(bpm) 

QTc-interval 

(ms) 
VEB 

AIVR 
phases 

cTnI level 

(ng mL-1) 

  
 

base 

 

max % increase base mean % decrease 
 

base 

 

mean % increase   
 

base 

 

24h after 
injection 

1 50 130 140 8 200 120 40 225 226 0 0 0 0.04 0.01 

2 50 130 150 15 120 110 8 243 250 3 6 0 0.05 0.04 

3 75 120 130 8 80 100 -25 263 251.5 -4 0 0 0.03 0.17 

4 75 125 145 16 120 100 17 246 273.5 11 0 0 0.02 0.03 

5 100 140 200 43 80 80 0 234 237 1 65 0 0.03 0.40 

6 100 120 180 50 108 90 17 254 239 -6 3795 344 0.02 4.30 

7 75 130 150 15 100 80 20 232 239.5 3 478 15 0.02 0.16 

8 75 130 145 12 110 110 0 240 239 0 2 0 0.03 0.02 

9 100 120 180 50 80 50 38 251 241 4 8 0 0.02 0.19 

10 100 150 195 30 110 75 32 242 246 2 556 25 0.01 1.94 

Abbreviations: CA4P, Combretastatin A4-phosphate; SABP, Systolic arterial blood pressure; HR, Heart rate; VEB, Ventricular ectopic beats; AIVR, Accelerated 

idioventricular rhythm; cTnI, Cardiac troponine I 
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Neurotoxicity 

Three cases of grade 3 ataxia and motor neuron toxicity of the hind limbs occurred at dose 

level 100 mg m-2. Dog no. 6 developed ataxia and lower motor neuron (LMN) toxicity 24h PI. 

A complete neurological examination performed by a board-certified neurologist revealed a 

bilaterally slightly crouched pelvic limb stance and gait with decreased ability to extend the 

stifle joints, mild ataxia and bilaterally absent patellar reflexes. Over the following 3 days, the 

ataxia did improve but the dog then mainly showed signs of a bilateral femoral neuropathy, 

presenting as difficulties in rising and supporting weight on the pelvic limbs, with complete 

inability to extend the stifle joints. Over the next 11 days stifle extension and weight support 

improved markedly. However, patellar reflexes remained absent for another 12 weeks. Dogs 

no. 9 and 10 developed marked upper motor neuron (UMN) paraparesis and ataxia 20-24 h 

PI. Neurological signs remained stable for the following 24h, after which dog no. 10 showed 

decreased patellar reflexes. After 3 days, both dogs ameliorated to a grade 2 ataxia but the 

patellar reflexes were now absent bilaterally in dog no. 10. Patellar reflexes recovered after 4 

weeks. In dogs no. 6 and 10, a lumbar puncture was carried out, serum creatine kinase 

measured, and electromyography (EMG) of the affected limbs and magnetic resonance 

imaging (MRI) of the entire thoracic and lumbar spinal cord were performed, revealing no 

abnormalities.  

 

Discussion 

This is the first report of the administration of CA4P in healthy dogs to identify possible AE at 

escalating doses. So far, the optimal dose in canine cancer patients has not yet been 

determined, but according to the manufacturer’s (OXiGENE) guidelines, 100 mg m-2 is the 

single-dose MTD of CA4P in healthy dogs (results unpublished). However, the results obtained 
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in this study suggest that 75 mg m-2 is more likely to be the MTD in dogs. At 100 mg m-2, several 

high-grade DLT occurred which, although transient, are unacceptable in a clinical setting.  

In this study, we initially opted for an infusion schedule of 30 minutes for practical reasons. 

Infusing over 30 minutes avoided a high drug peak plasma concentration of CA4P and 

continuous ECG monitoring was tolerated in the minimally restraint dogs. Dowlatti and 

colleagues found no demonstrable difference in the toxicity profile of a 10- or a 60-min CA4P-

infusion schedule in human oncology patients.146 Likewise, the results of our research did not 

demonstrate definite advantages of a longer infusion schedule in healthy dogs.  

 

Low-grade nausea and diarrhea developed in all individuals and at all CA4P doses, vomiting 

only at dose levels higher than 50 mg m-2. Gastrointestinal signs are often-observed AE in 

CA4P-treated human cancer patients as well, especially at dose levels over 52 mg m-2.69,146,147 

Nausea, vomiting and diarrhea induced by CA4P may be attributable to circulatory changes 

within the small vessels due to increases in vascular resistance in the GI tract, alterations in 

intestinal enzyme balance, or via efferent nervous stimulation of the chemoreceptor trigger 

zone.146,214-216 The most effective anti-emetics for chemotherapy-induced nausea and 

vomiting in human patients are the neurokinin-1 receptor antagonists.215,216 In dogs, 

neurokinin-1receptor antagonists such as maropitant have also been demonstrated to have 

superior activity for prevention and treatment of acute chemotherapy-induced nausea and 

vomiting.217-219 In this study, the combination of this prophylactic anti-emetic and anti-

diarrheic treatment proved to be effective in preventing the GI AE in both dogs.  

 

Most appealing for CA4P administration in human clinical trials is the absence of traditional 

cytotoxic side effects common to conventional chemotherapeutic strategies, i.e., 
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myelosuppression, stomatitis and alopecia.57,61,69,139,146-148 Indeed, drug-related anemia, 

lymphocytopenia or thrombocytopenia was not observed; however, a transient low-grade 

neutropenia did occur. This finding was not unexpected since it has previously been described 

in human patients that neutropenia can be observed when administering MIAs such as 

CA4P.220 In vitro studies have demonstrated that CA4P is non-toxic to neutrophil 

granulocytes,221 so the observed neutropenia does not seem to result from 

immunosuppression. Studies revealed that CA4P may induce neutrophil adhesion and 

migration through the EC monolayer due to cellular adhesion molecule CAM expression and 

increased levels of neutrophil-recruiting cytokines.222,223 A significant response of these 

cytokines was demonstrated in both tumour- and non-tumour-bearing mice treated with 

CA4P, suggesting non-tumour-specific recruitment of neutrophils.221,223 This could explain the 

mild and transient neutropenia seen in our (non-tumour-bearing) dogs.  

 

Signs of cardiovascular toxicity after infusion of CA4P observed in this study are similar to 

those reported in human medicine, including transient hypertension, increased serum cTnI 

concentration and electrocardiographic changes.224 The exact mechanisms of CA4P-related 

cardiovascular toxicity remain to be elucidated, but some hypotheses have been suggested.224 

A clinically significant increase in SABP developed only in the 4 dogs receiving a dose of 100 

mg m-2. Compared to what has been described in human cancer patients,146,147 the increase 

over baseline at this dose was notably higher and the onset and return to baseline were rather 

delayed. Although the increase was substantial, all dogs remained asymptomatic, intervention 

was not indicated, and SABP returned to baseline value within 24h. A CA4P-related increase 

in systemic vascular resistance has been suggested to explain the transient hypertension, 
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since CA4P may cause vasoconstriction not only in tumours, but also in non-tumour vascular 

beds.63,146   

Substantial increases in serum cTnI levels were observed in 6 dogs; 5 of them also had 

increased SABP. This increase in cTnI is therefore likely to be linked to hypertension, as shown 

in rats.225 Another mechanism suggested in humans is vasospasm of normal coronary arteries 

after infusion of CA4P, leading to transient myocardial ischemia.146,224 Recently, it has been 

shown by Tochinai and colleagues that CA4P may cause myocardial lesions in healthy rats, due 

to dysfunction of the myocardial microcirculation and possibly a direct toxic effect on 

cardiomyocytes.226 Cardiac cTnI was not measured in the latter study, but if similar cardiac 

injury would occur in dogs, it could explain the observed increase in cTnI. Possible cardiac 

injury in the current study seems to be transient because follow-up of the serum cTnI 

concentrations showed normalization within 4 weeks after CA4P administration. 

The increase in cTnI did not seem to correlate to significant structural nor functional 

echocardiographic changes in this study. Although cases of myocardial stunning have been 

described, reports of echocardiographic myocardial dysfunction after CA4P administration are 

rare in humans.227 

As for electrocardiographic changes in the CA4P-treated dogs, QTc prolongation did not seem 

to be clinically relevant. Similarly, CA4P administration can cause an increase in QTc-interval 

in humans that is statistically significant; however, this increase is often clinically irrelevant.148 

A remarkable finding in this study is the presence of a significant number of ventricular ectopic 

beats in 4 dogs, 3 of which received 100 mg m-2 and one which received 75 mg m-2. These 

ventricular arrhythmias were considered “benign” and consisted mostly of single ventricular 

premature contractions and accelerated idioventricular rhythms, although couplets and 

triplets were also present, and one dog had 2 runs of ventricular tachycardia. Interestingly, 
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the 2 highest cTnI concentrations were observed in the dogs with the highest number of 

ventricular ectopic beats. In humans, it has been proposed that CA4P-related QTc 

prolongation may exceptionally predispose to ventricular arrhythmia’s (Cooney et al., 

2004).148 Since no significant QTc prolongation was witnessed, other mechanisms are likely to 

contribute to the observed arrhythmias. 

 

A vexing and often dose-limiting AE of the use of MIAs is the high rate of neuropathy induced 

by these compounds.102 Chemotherapy-induced peripheral neuropathy is dose-cumulative 

and more frequently occurs in patients with pre-existing neuropathy, usually manifesting itself 

as a painful and debilitating peripheral axonal neuropathy consisting of paraesthesia, paresis, 

and ataxia, often accompanied with diminished or absent deep tendon reflexes.228-230 The 

preferential toxicity of MIAs for the nervous system is not understood at a mechanistic level 

but can be partially explained both by the relative abundance of tubulin in neurons, and the 

importance of an intact, functional microtubule cytoskeleton for adequate nerve conduction. 

Chemotherapy-induced peripheral neuropathy caused by MIAs is usually reversible after 

discontinuation of treatment and in general symptoms resolve within 3 to 4 months.230 

Three completed dose-escalation studies in human cancer patients reported a range of 

neurological effects with neuromotor toxicity mostly taking the form of lower extremity 

weakness or ataxia.69,146,147 These AE were transient, reversible and generally mild at lower 

doses, becoming more severe at higher doses. Interestingly, all these patients received prior 

platinum therapy,69 which is also known to induce peripheral neurotoxicity to various 

degrees.230  

The bilateral loss of patellar reflexes after CA4P administration has never been documented 

in human CA4P-treated cancer patients and was a surprising and unexpected finding. A 
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possible explanation for these clinical signs is the similarity between combretastatins and 

colchicine. Combretastatins are structurally related to colchicine and interact with tubulin at 

or near the colchicine binding site.231 In human patients, the long-term use of colchicine has 

been found to induce both myelopathy and neuropathy,232,233 and one case report of a woman 

treated with colchicine describes the absence of deep tendon reflexes in the legs.233 However, 

the absence of abnormalities in the cerebrospinal fluid, the EMG and the MRI-images in the 

dogs makes the existence of a neuro- or myelopathy less likely. More research is necessary to 

explain these clinical signs. 

 

Conclusion 

This study is the first clinical trial conducted with escalating doses of the vascular targeting 

agent CA4P in healthy dogs. Although the data acquired in this study must be viewed with 

caution because of the small number of animals studied and because this study did not 

include a control or placebo group, the data do suggest that in healthy dogs, CA4P is well 

tolerated at doses up to 75 mg m-2. Keeping in mind that 52 mg m-2 is the lowest dose at 

which changes in parameters associated with tumour blood flow reduction are seen in 

human cancer patients, and on the basis of the toxicity criteria found in this research, the 

dose recommended for treating canine cancer patients would be 52-75 mg m-2. The efficacy 

of this dose in canine cancer patients should be the subject of subsequent research. Based 

on the results of the current study it is advisable to perform screening for cardiovascular 

disease prior to administration of CA4P as well as to perform follow-up after treatment, 

using blood pressure measurement, cTnI concentration, ECG monitoring and possibly 

echocardiography. Preventive treatment for GI side effects is recommended. 
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Abstract 

Combretastatin A4-phosphate (CA4P) is an anti-tumour vascular targeting agent which 

selectively blocks tumour blood flow. Research on CA4P in rodent tumour models is extensive; 

however, knowledge of its effect on spontaneous cancer is scarce. This study was conducted 

in canine patients with spontaneous solid tumours. The goal was to assess the toxicity and 

efficacy of CA4P in various spontaneous tumour types.  

Eight dogs with spontaneous tumours were enrolled and treated with a single dose of 75 mg 

m-2 IV CA4P. The dogs were screened and monitored before and after injection. Pre- and post-

treatment tumour blood flow was analysed in vivo by PDUS and CEUS. Vessel destruction and 

tumour necrosis were evaluated by histopathology. Clinically relevant toxicity was limited to 

one case of temporary tetraparesis; other AEs were mild. Significant cardiovascular changes 

were mostly confined to changes in HR and cTnI levels. Macroscopic tumour size reduction 

was evident in 2 dogs. Based on PDUS and CEUS, CA4P induced a significant decrease in 

vascular index and tumour blood flow. Post-treatment, histopathology revealed a significant 

increase of necrotic tumoural tissue and a significant reduction in MVD in tumoural tissue.  

Anti-vascular and necrotizing effects of CA4P were documented in a variety of canine 

spontaneous cancers with only minimal side effects. This is the first study reporting the 

administration of CA4P to canine cancer patients with in vivo and ex vivo assessment, and a 

first step toward implementing CA4P in combination therapies in veterinary oncology 

patients.  

 

The use of CA4P in canine patients was approved and registered by the Belgian Federal 

Agency for Medicines and Health Products (FAMHP) (approval number 0002588, registration 

number 6518 ID 2 F12). 
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Introduction 

Tumour blood vessels, which are physiologically different from mature vasculature, are a 

promising pharmacological target in anti-cancer strategies.209 They can be specifically 

targeted in 2 different ways: AAAs inhibit the formation of new tumour blood vessels, whereas 

VDAs destroy existing tumour vasculature.120,208 Fundamental differences between the 

vascular network of tumours and those of normal tissues allow VDAs to selectively reduce 

tumour vascularisation.61-63,107,138,139,146 Compared with direct cell-killing anti-cancer 

approaches, anti-vascular strategies have the potential to be much more efficacious and of 

much broader anti-cancer spectrum, because of the crucial role of blood supply in the survival, 

growth and spread of all solid tumours.234 

Combretastatin A4-phosphate, a leading small-molecule VDA, targets the established tumour 

vascular network via tubulin binding, inducing vessel occlusion and shutdown of circulation, 

resulting in ischemic necrosis.63 In rodent models, vascular shutdown has been observed 

within 1h after injection.61,107 CA4P-induced AE in healthy dogs and human cancer patients 

are reported to be typically mild and transient, with nausea and vomiting seen most 

commonly, followed by tumour pain, neurotoxicity, and hypertension.69,146,147,163,235 

The vascular targeting effects of CA4P have been extensively studied in rodent tumour models 

and, when combined with other treatments such as anti-angiogenic therapy, chemotherapy 

or radiotherapy, CA4P showed promising results in preclinical studies.67,236,237 Administration 

of CA4P to canine cancer patients has not yet been studied, but in vitro studies demonstrated 

the susceptibility of canine tumour tissue-derived ECs.135 The potential of CA4P does warrant 

exploration in veterinary oncology; especially pet dogs with cancer, who do not respond to 

conventional anti-cancer drugs, would be candidates for CA4P treatment.210 
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The objective of this study was to investigate the safety, tolerability and potential AEs of CA4P 

in canine cancer patients with a variety of spontaneous superficial solid tumours and to study 

the tumour anti-vascular and necrosis-inducing effect of a single dose of CA4P.  

 

Materials and Methods  

Patient selection 

The study protocol adhered to the European Communities Council Directive (2010/63/EU).  

Approval was obtained from the local research Ethical Committee (approval no. EC2015/143 

and EC2016/66) of the Faculties of Veterinary Medicine and Bioscience Engineering of Ghent 

University, Belgium and from the Deontological Committee of the Federal Public Service of 

Health, Food Chain Safety and Environment, Belgium. Written informed consent was obtained 

from all patient owners before entry into the study. Dogs with solid tumours presented to the 

Small Animal Department of the Faculty of Veterinary Medicine, Ghent University (Merelbeke, 

Belgium) that were either refractory to or in which the owner declined standard treatment, 

were eligible.  

Dogs had to have a tumour suitable for US examination. Dogs were excluded if they were in 

oestrus, pregnant, or lactating; if they had endocrine diseases (e.g., diabetes, Cushing’s or 

Addison’s disease), inadequate hepatic (serum levels of alanine aminotransferase (ALT) 

exceeding the upper limit of normal (ULN; 125U L-1) by 3 times, alkaline phosphatase (ALP) 

exceeding the ULN (23U L-1) by 3 times, or albumine <22g L-1), renal (serum creatinine levels 

>140µmol L-1, or potassium >5.8mmol L-1), bone marrow (grade 2 hypocellular (25-50% 

reduction from normal cellularity for age), Hct <30%, or platelet (PLT) levels <148,000 µL-1), or 

cardiovascular function (SABP >160mmHg, serum cTnI levels >0.12ng mL-1, congenital heart 

disease, degenerative valvular disease, cardiac arrythmias, or dilated cardiomyopathy), or if 
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they had serious infection, wounds, or surgery as recent as 4w before presentation. All dogs 

were staged according to WHO guidelines.238 

The patients were submitted to various procedures in a standardized order (Figure 1).  

 

Pre-treatment screening and tumour assessment 

Upon enrolment, all patient owners were asked to fill in a quality of life (QOL) 

questionnaire.239 Pre-treatment screening consisted of a thorough physical examination, a 

neurological examination (by a board-certified veterinary neurologist), and a complete 

echocardiographic examination (by a board-certified veterinary cardiologist), including PW-

TDI, non-invasive Doppler measurements of SABP and a 6-lead ECG. Blood analysis included a 

CBC (IDEXX Catalyst Dxâ, IDEXX Laboratories, Hoofddorp, The Netherlands), serum 

biochemistry (IDEXX Procyte Dxâ, IDEXX Laboratories, Hoofddorp, The Netherlands) and cTnI 

(I-Statâ, Abbott Axsym System, Abbott AG, Baar, Switzerland). Screening for metastatic 

disease was accomplished by thoracic radiographs, computed tomography (CT), or abdominal 

US, depending on the primary tumour type. Pre-treatment tumour dimensions (length, width, 

and height) were determined with calliper measurements and/or CT scan, and expressed as 

Figure 1: Timeline of subsequent procedures before and after intravenous administration of combretastatin 

A4-phosphate to a canine cancer patient. 



Chapter 2: Combretastatin A4-phosphate reduces tumour vascularisation in canine cancer 
 

 105 

cm-3. This was followed by histopathologic identification of the tumour, obtained by analysis 

of at least 2 4-6mm punch biopsies after patient sedation by IV injection of dexmedetomedine 

(Dexdomitorâ, Orion Corporation, Espoo, Finland) at 5 μg kg-1, combined with butorphanol 

(Dolorexâ, MSD, Brussels, Belgium) at 0.2 mg kg-1. Obtained tissue samples were fixed in 

formalin, embedded in paraffin, and sectioned at 4 µm. Two sections were stained for 

histopathologic evaluation with haematoxylin and eosin (HE). For evaluation of the MVD, 2 

additional sections were stained for ECs using anti-von Willebrand Factor (vWF; Agilent, Santa 

Clara, CA95051, USA). Histological assessment of all biopsies was performed under a Leica 

light microscope (Leica DMLBÒ, Leica Microsystems, Wetzlar, Germany) by a board-certified 

veterinary pathologist, blinded to patient identification and tumour treatment status. 

B-mode US with a linear 12–5 MHz or 17-5 MHz transducer (Philips, iU22 xMATRIX, Philips 

Medical Systems, Bothell, WA, USA) was carried out to assess the shape, delineation, and 

internal echogenicity of the tumour. Tumour perfusion was evaluated by means of PDUS and 

CEUS. To obtain the power Doppler images, a linear 12-5 MHz transducer was used. To 

perform the CEUS, a microbubble (MB) contrast agent (Sonovueâ, Bracco, Milan, Italy) was 

injected IV as a bolus (0.04 mL kg-1) immediately followed by a 2.5 mL flush of sterile saline 

(Mini-Plasco NaCl 0.9%, Braun, Diegem, Belgium). Images were acquired using a linear 12-5 

MHz probe. All imaging procedures were evaluated by a board-eligible resident in medical 

imaging. 
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Preparation of sterile CA4P solutions 

Lyophilized CA4P (GMP quality) with a purity of >99% was purchased from Selleck Chemicals 

LLC (Houston, Texas, USA), and stored under light exclusion at a temperature of -20˚C. For the 

preparation of every personalized solution, the drug was accurately weighed (Mettler Toledo 

XS 204; readability 0.1 mg) and reconstituted in a sterile PBS (Thermo Fisher Scientific, 

Erembodegem, Belgium) solution. Subsequently, the required volume of CA4P solution 

(corresponding with a drug dose of 75 mg m-2, based on the BSA of the patient) was pipetted 

and transferred to sterile amber vials. Finally, PBS was added until a final volume of 10 mL was 

reached. All CA4P solutions were prepared in a biological safety cabinet and were 

administered within 30 min of preparation.  

 

Treatment and post-treatment assessment 

Before treatment, all dogs received prophylactic anti-diarrheic treatment with loperamide 

(0.08 mg kg-1 as oral tablets) and anti-emetic treatment with maropitant (2 mg kg-1 as a 

subcutaneous injection) 6 and 2h prior to CA4P administration, respectively. CA4P was then 

administered as an IV infusion over a time span of 30 min using a volumetric pump.  

During infusion, PDUS was repeated at the same location as the pre-treatment scan at 10, 20, 

and 30 min. Power Doppler US was further repeated at 24 and 72h PI and CEUS was performed 

at 72h PI. 

Cardiovascular evaluations consisted of repeated non-invasive SABP Doppler measurements 

at 2, 4, 6, 8, 10, 14, and 24h PI, and repeated 6-lead ECGs at 2, 4, and 6h PI. QT-intervals were 

measured and corrected for changes in HR with the Van de Water formula,212 and the ECGs 

were screened for arrhythmias. A complete echocardiographic examination with PW-TDI was 

performed 24h PI.  
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Local and systemic AEs were evaluated by means of a physical examination and a neurological 

examination 24, 48, 72, and 96h PI. Any AE was recorded and graded using the VCOG – 

CTCAE.213 The physical examination included a careful examination of the tumoural and peri-

tumoural area for signs of inflammation, secretions, and/or necrosis and pain assessment by 

means of the Glasgow Composite Measure Pain Scale – short form (GCMPS-SF), grading from 

0 to 24, with 0/24 being pain free and analgesic intervention deemed necessary at level 6/24 

and upwards.240  

Blood analyses, including CBC, serum biochemistry, and cTnI, were carried out 24 and 72h PI. 

After sedation, 2 4-6 mm punch biopsies were taken 72h PI, after all other assessments were 

completed.  

Further follow-up took place 14d PI and thereafter once a month for a maximum of 6m or 

until the dog was euthanized. The owners were asked to fill in the QOL evaluation, and a 

physical examination of the patient, macroscopic tumour assessment, and blood analysis were 

performed at each occasion.   

 

Statistical analysis 

Except for the histological data, all data were analysed with nonparametric paired tests using 

R (version 3.4.1). The Wilcoxon signed rank test and Friedman’s test (package stats, version 

3.3.1) were used for comparing paired samples across 2 or more time points respectively. The 

Mack Skilling’s test was used as replicated measures variant of the Friedman’s test accounting 

for multiple replicates per sample in the CEU data (package asbio, version 1.5). Post hoc 

analysis of Friedman’s tests was performed using Wilcoxon signed rank tests and all p-values 

were corrected using the Holm-Bonferroni method (package stats, version 3.3.1). Statistical 

significance was determined at p £ 0.05. 



Chapter 2: Combretastatin A4-phosphate reduces tumour vascularisation in canine cancer 
 

 108 

The necrosis and blood vessel density data were analyzed using generalized linear mixed 

models to account for variability of individual patients and biopsies using random effects. The 

package lme4 (version 1.1) was used in R (version 3.4.1). Given evidence of overdispersion, 

negative binomial generalized linear mixed models were fitted with the number of blood 

vessels or the necrosis surface as an outcome, treatment as a fixed effect, along with a random 

intercept and random slope to allow for differences in treatment effect between individual 

patients and control for correlation among replicated measurements. An offset was added to 

control the reference area of tumor tissue assessed in each counting frame. 

RESULTS 

Patient characteristics 

Between June 2016 and September 2017, 13 patients were presented as potential candidates 

for the study, of which 8 were enrolled. Reasons for exclusion included: patient unsuitable for 

treatment due to another medical condition (n=1), no neoplastic process detectable in the 

biopsies (n=1), premature decease (n=1), and patient owner withdrawal of initial consent 

(n=1). Baseline characteristics of participating patients are summarized in Table 4.  

The study cohort of 8 dogs consisted of 4 males and 4 females, belonging to 6 different breeds. 

Five dogs had a mesenchymal tumour (dogs 2, 3, 4, 6, 8), 2 an epithelial tumour (dogs 1 and 

7), and one a round-cell tumour (dog 5). One dog (dog 8) had metastases to distant sites. 

Conventional anti-cancer therapies (such as chemotherapy or radiation therapy) were not 

given within one month prior to CA4P-treatment, except in dog 4 in which chemotherapy 

(Toceranib, 3.25 mg kg-1 every other day) was discontinued 24h prior to CA4P-treatment, and 

dog 8, which was on corticosteroid therapy (1 mg kg-1 daily) from 3 w prior to CA4P-treatment, 

and was continued during the course of CA4P-treatment.  
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Complete data sets (i.e., all of the parameters at all of the follow-up points) were not obtained 

for dog 4 because the patient was euthanized 14d after the start of the CA4P treatment.  

 

Follow up of physical examination 

All CA4P-related AEs encountered in this study were limited to acute events that resolved 

within 24h PI (Table 5), with the exception of the neurologic AEs. Grade 1 and 2 ataxia and 

LMN toxicity were observed in 4 patients (dogs 1, 2, 3, and 5), mainly presenting as a bilateral 

Table 4. Signalment, tumour type, tumour localization, and tumour size in dogs with spontaneous cancer 

treated with combretastatin A4-phosphate 

Dog 

 

Breed 

 

Sex 

 

Age 

(years) 

Tumour type 

 

Tumour localization 

 

Tumour size 

(cm3) 

Observation 

period (days) 

1 Mixed breed F 7.5 Adenocarcinoma Mammary gland 30.2 92 

2 
American 

Staffordshire 
Mn 14.1 Soft tissue sarcoma Carpus 252.7 152 

3 
Golden 

Retriever 
Mn 10.7 Chondrosarcoma Elbow 339.6 74 

4 Münsterlander Fn 4.8 Soft tissue sarcoma Perineal 897.0 14 

5 
American 

Staffordshire 
Mn 10.0 Mast cell tumour Carpus 112.5 183 

6 Whippet Fn 7.8 Soft tissue sarcoma Carpus 0.6 183 

7 Mixed breed F 8.4 Adenocarcinoma Mammary gland 0.7 137 

8 
Bernese 

mountain dog 
Mn 7.5 Histiocytic Sarcoma Facial  25.0 141 

Mean (SD)   8.8 (2.8)     

Median  

(range) 

    

71.4  

(0.6 – 897.0) 

139  

(14 - 183) 

Abbreviations: F, Female; Fn, Female neutered; M, Male; Mn, Male neutered; SD, Standard deviation 
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femoral neuropathy or bilateral spinal cord lesion at the level of L4-L5(-L6), commencing 24-

48h PI, abating after 1w, and resolving within 1.5w PI. 

Neurological abnormalities in these dogs included 

difficulties rising and supporting weight on the pelvic 

limbs and an ataxic gait with bilaterally absent patellar 

reflexes (Fig 2). One patient developed a grade 4 

neuropathy (dog 8), which started 24h PI as hind limb 

ataxia. Patellar reflexes were diminished 24h PI and 

completely absent 48h PI; by then, the ataxia did 

progress into tetraparesis. At 72h PI, an EMG of the 

affected limbs and MRI of the thoracic and lumbar 

spinal cord were performed and cerebrospinal fluid was 

collected via lumbar puncture. No abnormalities were 

detected. Slight improvement of the neurologic signs was noticeable as of 96h PI, although 

complete clinical recovery took over 2m. Other clinical AE observed included anorexia, 

nausea, diarrhoea, and tumour pain. Gastro-intestinal signs occurred in all patients and 

consisted predominantly of anorexia and nausea. Two patients (dog 2 and 3) developed mild 

diarrhoea. All GI signs began within 4h PI, reached a peak at 6h PI and abated by 8h PI. Pain at 

the site of the tumour, at a level requiring analgesics, was observed in 4 patients (dogs 2, 3, 5 

and 8). In all but one dog (dog 8), tumour pain became apparent within 24h PI and completely 

resolved by 72h PI. In dog 8, pain occurred within 6h PI but subsided within 24h. In all patients, 

the pain was responsive to narcotic analgesics. Four owners reported improved QOL: the dogs 

exhibited a happier and more energetic behaviour within 2w following the CA4P 

administration (dogs 2, 3, 5, and 8). Although dog 8 remained slightly ataxic and patellar 

Figure 2: Bilateral femoral neuropathy 

developed 24 hours after intravenous 

administration of combretastatin A4-

phosphate (dog 1). The dog had difficulty 

rising and supporting weight on the 

pelvic limbs and had an ataxic gait with 

bilaterally absent patellar reflexes. 

Clinical signs abated after 1 week and 

resolved within 1.5 weeks. 
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reflexes remained absent, the owner reported that this did not disturb the dog and, in fact, 

he seemed happier and content in general, displaying a renewed interest in his food. 

 

Unfortunately, improved QOL was temporary and QOL started to decrease in all 4 dogs within 

one month of treatment up until the dogs were euthanized. The owners of dogs 1, 4, 6, and 7 

did not note any changes in QOL following CA4P-treatment and the QOL remained stable for 

the duration of the study, or until the dog was euthanized (dog 4). 

  

Table 5. Number of dogs with cancer developing drug-related adverse events after 
intravenous combretastatin A4-phosphate treatment (75mg m-2) 

CTCAE	GRADE	 1-2	 3-4	

Anaemia	(dog	n°)	 4	(2,	4,	5,	8)	 -	

Anorexia	(dog	n°)	 8	(1	,2,	3,	4,	5,	6,	7,	8)	 -	

Ataxia	(dog	n°)	 4	(1,	2,	3,	5)	 1	(8)	

cTnI	elevation	(dog	n°)	 6	(1,	3,	5,	6,	7,	8)	 -	

Diarrhoea	(dog	n°)	 2	(2,	3)	 -	

Hypertension	(dog	n°)	 2	(4,	5)	 -	

Lymphopenia	(dog	n°)	 4	(3,	5,	6,	8)	 -	

Motor	neuropathy	(dog	n°)	 4	(1,	2,	3,	5)	 1	(8)	

Nausea	(dog	n°)	 8	(1,	2,	3,	4,	5,	6,	7,	8)	 -	

Neutropenia	(dog	n°)	 6	(1,	2,	3,	5,	6,	7)	 -	

Thrombocytopenia	(dog	n°)	 4	(5,	6,	7,	8)	 -	

Tumor	pain	(dog	n°)	 4	(2,	3,	5,	8)	 -	

Vomiting	(dog	n°)	 -	 -	

Abbreviations:	CTCAE,	Common	terminology	criteria	for	adverse	events;	cTnI,	Cardiac	troponine	I		
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Follow up of complete blood count and biochemistry 

Within 24h PI, a slight but significant increase in neutrophil levels over the ULN (>11,640 µL-1) 

was noticed (p=0.0313); however, this changed to grade I neutropenia (<1,500 µL-1) at 72h PI 

(p=0.0313). Other significant changes included a grade 1 lymphopenia (<1,000 µL-1) 

(p=0.0156) within 24h PI and a grade 1 thrombocytopenia (<100,000 µL-1) after 72h PI 

(p=0.0156). All values restored to baseline within 2w PI. At the pre-treatment screening, 2 

dogs (dogs 5 and 8) had ALP serum concentration slightly above the ULN (>730U L-1). The ALP 

serum concentration increased significantly in all dogs following CA4P-treatment (p=0.0156), 

and by 2w PI, ALP concentration exceeded the ULN by 3 times in dogs 5 and 8. By 6w PI, ALP 

levels had normalized in these dogs. Two dogs (dogs 2 and 4) had a pre-treatment Hct below 

the lower limit of normal (LLN; 37.3%) of 35.7% and 25.5%, respectively. In dog 2, Hct further 

decreased until 6w PI and then remained stable at 26.2% for the duration of the study, while 

in dog 4, Hct remained stable at 25.0% until the dog was euthanized. Additionally, dogs 5 and 

8 developed slight anaemia (Hct of 35.8 and 32.2%, respectively) within 24h PI, which 

remained stable for the duration of the study.  

 

Follow up of cardiovascular examination 

The results of the most important cardiovascular parameters are summarized in Table 6. 

Before treatment, no significant abnormalities in cardiovascular function were detected. After 

treatment, cardiovascular AEs were mostly confined to changes in HR and cTnI levels. Three 

dogs (dogs 3, 4, and 6) developed bradycardia (HR <70 bpm) and 2 dogs (dogs 2 and 8) became 

tachycardic (HR ≥150 bpm) within 2-4h PI. Heart rates normalized in all dogs within 24h PI. 

Post-injection serum cTnI concentrations were significantly increased compared to baseline 
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in all but 2 dogs (dogs 2 and 4) (p=0.036). Serum cTnI levels returned to baseline levels in all 

dogs within 2w.   

Other cardiovascular changes that did not reach statistical significance included a mild 

increase in QTc interval within 2-6h after CA4P administration, and a slight, transient increase 

in SABP, 4-6h PI. The hypertension was not associated with clinical signs and SABP returned 

to baseline value within 8h PI.   

There were no significant differences in echocardiographic parameters before and after CA4P 

injection.  

 

 

Table 6. Cardiovascular parameters in dogs with cancer treated with intravenous combretastatin A4-

phosphate (75mg m-2) 

Dog n° SABP (mmHg) HR (bpm) cTnI level (ng mL-1) QTc (msec) 

 BI PI BI PI BI PI BI PI 

1  150 160 180 70 0.11 0.15d 220 260 

2  130 120 90 150c 0.08 0.08 250 250 

3  130 140 90 60b 0.05 1.77d 250 260 

4  150 190a 70 50b 0.04 0.04 230 260 

5  150 160 130 80 0.05 0.95d 230 260 

6  150 175a 120 50b 0.08 0.46d 220 220 

7  140 145 180 90 0.11 0.22d 260 240 

8  150 155 90 170c 0.07 0.39d 230 230 

Abbreviations: BI, before injection; PI, post injection; SABP, systolic arterial blood pressure; HR, heart rate; cTnI, 

cardiac troponine I, QTc, corrected QT interval  

a post-injection increase in SABP above the ACVIM guidelines cut-off of 160mmHg 

b post-injection decrease in HR below normal (considered bradycardia, <70 bpm) 

c post-injections increase in HR above normal (considered tachycardia, ≥150 bpm) 

d post-injection increase in cTnI above normal 
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Assessment of tumour vascularity by power Doppler ultrasound and tumour blood flow by 

contrast-enhanced ultrasound 

Both PDUS and CEUS demonstrated a marked variation in the baseline (pre-CA4P) tumour 

perfusion parameters. The mesenchymal tumours were less well vascularized at baseline than 

the epithelial tumours or the round-cell tumour.  

After 10 min of CA4P infusion, PDUS demonstrated a significant decrease in vascularity index 

(VI) compared to the pre-treatment VI (p=0.0391), and the VI continued to further decrease 

until 72h PI (Figure 3).  

 

 

 

The post-treatment CEUS, performed 24h after CA4P administration, revealed a difference in 

flow pattern of the tumour centre compared to the baseline situation in all tumour types. In 

Figure 3: Tumour vascularity index as measured by power Doppler ultrasound before intravenous 

combretastatin A4-phosphate treatment (base), and at 10, 20, 30 minutes, and 24, 72 hours after 

treatment. A transient decrease in tumour vascularity index is clearly noticeable in all dogs.  
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all dogs, a significant decrease in tumour blood volume and a significant slower blood flow 

velocity were present after CA4P administration (p=0.0012 and 0.0055, respectively); 

additionally, the residence time of the blood in the tumour was significantly increased 

(p=0.0012). Interestingly, similar statistically significant changes in the flow pattern could not 

be found at the tumour periphery.  

 

Follow up of macroscopic tumour size 

Four tumours remained stable in size (dogs 1, 5, 6 and 7) after CA4P administration and 

throughout the course of the study (Table 7).  Of 2 originally fast-growing tumours, one 

remained stable in size for 2w PI, and then 

resumed growing (dog 8) whereas the other 

continued growing at the same rate despite 

CA4P administration (dog 4). The tumours in 

the 2 remaining dogs (dogs 2 and 3) visibly 

decreased in size after CA4P administration 

and shrunk to 15 and 12% of their original size, 

respectively, within 21d PI (Fig 4). However, 

after 30d, both tumours started to increase in 

size again, surpassing their original size by 193 

and 379%, respectively, at 60d PI.  

 

There was no apparent relationship between initial tumour size at baseline and tumour 

treatment response. Of the 2 smallest tumours (dog 7, tumour size 0.18 cm-3 and dog 6, 

tumour size 0.6 cm-3), one was one of the best responding (dog 7) and the other was one of 

Table 7. Macroscopic tumour size at baseline until 60d 

after intravenous combretastatin A4-phosphate 

administration (75mg m-2) in dogs with cancer  

Dog n° 

 

Tumour size 

(cm3) 

 base 24h 72h 14d 30d 60d 

1 15 21 10 10 10 10 

2 252 229 126 39 55 488 

3 340 340 321 40 580 1287 

4* 897 897 958 1001 - - 

5 112 90 105 123 90 100 

6 0.6 0.8 0.5 0.4 0.5 0.5 

7 0.2 0.2 0.2 0.3 0.2 0.2 

8 25 25 25 25 30 40 

* patient euthanized 14d after the CA4P-treatment 
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the least responding (dog 6). Similarly, neither tumour age, nor tumour growth rate, nor pre-

existing presence of necrosis could be correlated to the extent of treatment response. 

  

Histopathologic follow up of tumour necrosis and microvessel density 

At baseline, the mesenchymal tumours demonstrated a lower MVD than the epithelial 

tumours and the round-cell tumour. Compared to the biopsies at enrollment, a statistically 

significant reduction in MVD was observed in the 72h PI biopsies (p=0.003) (Figure 5). 

 

 

The CA4P-treatment resulted in a significant increase in necrosis of tumoural tissue in the 72h 

Most tumours demonstrated a heterogeneous response where areas of mitotic cells 

alternated with areas of necrotic cells. Large areas of tumour tissue showed complete cellular 

degeneration, with only few viable cells remaining. These viable cells were arranged 

Figure 4: Macroscopic tumour size 

reduction after intravenous 

combretastatin A4-phosphate 

treatment in a dog with an 

appendicular soft tissue sarcoma (dog 

2). A: Before treatment, B: 14 days 

after treatment, and C: 21 days after 

treatment. 

Figure 5: Microvessel density counting on a histopathological section of the central part of a soft tissue sarcoma 

(dog 6). A: Before CA4P treatment, B: 72 hours after CA4P treatment. There is a marked decrease in microvessel 

density (Anti-von Willebrand factor; scale bar = 100 µm). 
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concentrically around patent blood vessels whereas tumour vessels that were blocked, were 

surrounded by necrotic tumour cells (Figure 6). The ECs of the affected tumour blood vessels 

showed karyorhexis and karyolysis, while the vascular muscle cells displayed a loss of cellular 

detail. A whispy pink appearance was present due to denaturation of proteins. Several of the 

blocked vessels contained thrombi, causing complete vascular occlusion.  

 

 

Discussion 

To the authors’ knowledge, this is the first report describing the administration of a single 

dose of CA4P in dogs with spontaneous cancer. Although not all tumours responded to the 

same extent, CA4P-treatment resulted in an overall significant decrease in tumour 

vascularisation and a significant increase of tumour necrosis, suggesting that 75 mg m-2 can 

be considered as an effective therapeutic dose. In accordance with the dose of 52-75 mg m-2 

recommended in our previous toxicity study in healthy dogs,235 the results of the present 

Figure 6: Histopathological section of the central part of a soft tissue sarcoma, 72 hours after intravenous 

combretastatin A4-phosphate administration (dog 2). A: Very heterogeneous response with areas of viable 

tumour cells (asterisk), surrounding patent blood vessels (arrowheads), dispersed in large areas of necrotic 

cells (star), surrounding blocked tumour vessels (arrows). B: Viable cells are arranged concentrically around 

patent blood vessels (arrowhead), while affected tumour vessels (arrows) are surrounded by necrotic tumour 

cells (Haematoxylin and eosin; scale bar = 100 µm). 
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study suggest that 75 mg m-2 is reasonably well tolerated by dogs with spontaneous cancer. 

Apart from one case of severe (but temporary) neurotoxicity, AEs were generally mild and 

transient and comparable to the side effects described in healthy dogs.235 

 

Neurotoxicity after administration of tubulin-binding agents has been reported in both human 

cancer patients and in healthy dogs; even so, its aetiology is still unclear.69,146,163,235 Further 

diagnostic work-up in the most severely affected dog failed to identify the underlying cause. 

In a human study, it was suggested that premedication with a corticosteroid could prevent 

ataxia evoked by CA4P-treatment.203 Interestingly, the only dog in the current study that was 

on corticosteroid therapy prior to CA4P (dog 8) did develop grade 4 neurological signs. The 

pathway of the CA4P-induced neurotoxicity and the search for effective preventive measures 

both trigger further research. 

 

Mild neutropenia, thrombocytopenia, lymphopenia, and anaemia were observed in several 

CA4P-treated dogs but were not considered clinically meaningful. Both neutropenia and 

thrombocytopenia have been described in (pre)clinical research163,203,221,235 and, although 

CA4P-related, do not appear to result from myelosuppression.222,223,241 Lymphopenia and 

anaemia following CA4P administration have also been described in human cancer 

patients.146,147,163 A recent in vitro study demonstrated that CA4P stimulates erythrocytes to 

enter suicidal death or eryptosis.242 It should therefore be taken into consideration that, in 

oncology patients with eryptosis-inducing clinical conditions (such as dehydration, chronic 

kidney disease, or diabetes), therapeutic doses of CA4P could possibly induce clinically 

relevant anaemia. The anaemia observed in the canine cancer patients might also represent 

a paraneoplastic syndrome rather than being CA4P related, a hypothesis supported by the 
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finding that the Hct was the only parameter which did not correct itself for the duration of 

this study.  

Gastro-intestinal effects, also often observed in human patients after CA4P-treatment, may 

be attributable to CA4P-induced increases in vascular resistance in the GI tract, alterations in 

intestinal enzyme balance, or to efferent nervous stimulation of the chemoreceptor trigger 

zone.69,146,147,214-216 In both human and canine patients, neurokinin-1receptor antagonists 

have been demonstrated to have superior activity for the prevention and treatment of 

chemotherapy induced nausea and vomiting.215,216 Premedication with the neurokinin-1 

receptor antagonist maropitant did not prevent nausea; however, vomiting was effectively 

controlled. Potentially, higher doses of maropitant might also prevent the CA4P-induced 

nausea. 

Although objective pain assessment in animals is difficult and prone to subjectivity of the 

evaluator, a valid, reliable and statistically useful measure scale is a helpful tool.240 Aided by 

the GCMPS-SF, pain at tumour site was noted in half of the dogs. Tumour pain is frequently 

described in clinical trials with CA4P in human patients.69,146,147,163,203 Although the underlying 

mechanism is not elucidated, it has been hypothesized to be a consequence of the reduced 

blood flow in the centre of the tumour and resulting ischemia, as the onset of tumour pain 

coincides with a swelling of the tumour caused by alteration in EC permeability.147 Therefore, 

the occurrence of tumour pain following the administration of CA4P might be considered as 

indication of biological and clinical activity.136 Our finding that the VI was significantly reduced 

in 3 of the 4 dogs with tumour pain, and that the presence of tumour pain seemed to correlate 

with histological evidence of tumour response/necrosis in these dogs, supports that 

hypothesis.  
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A change in HR was the most common CA4P-induced cardiovascular side effect occurring in 5 

of 8 dogs. While 3 dogs maintained a stable HR, 2 patients developed tachycardia and 3 

bradycardia, of which 2 had concurrent clinical hypertension. An increase in SABP after CA4P 

administration has been described in humans,146-148,163 dogs,235 rats,63,142,225,243 and mice.143 

CA4P causes vasoconstriction not only in tumours, but also in non-tumour vascular beds.63,146 

This CA4P-related increase in total peripheral resistance has been suggested to explain the 

transient changes in HR and SABP. 

Serum cTnI is a sensitive marker of myocardial injury, even an ischemic episode as short as 3 

min leads to increases in serum cTnI levels.244 In dogs, cTnI concentrations have been found 

to rise within hours after a cardiac insult, peaking at 10-16h and remain elevated for 7-10d.245 

Substantial increases in serum cTnI concentrations were observed in 6 of 8 dogs, of which only 

one dog had concurrent hypertension; the increase in cTnI is therefore unlikely to be linked 

to hypertension. Additionally, in this study, the increase in cTnI was not paralleled by any 

structural or functional echocardiographic changes. However, Tochinai and colleagues 

recently demonstrated by electrocardiography and histopathologic examination that CA4P 

may cause myocardial lesions in healthy rats, due to dysfunction of the myocardial 

microcirculation and possibly a direct toxic effect on cardiomyocytes,226 undiscernible by ECG. 

A second plausible explanation for the elevated serum cTnI levels suggested in humans is 

vasospasm of coronary arteries after CA4P administration, leading to transient myocardial 

ischemia.146,224 Cardiac injury in this study appears to be transient, since follow-up of the 

serum cTnI concentration showed a return to baseline levels within 2w PI.  

Although the CA4P-treatment did not result in clinically relevant cardiovascular toxicity in any 

canine cancer patient included in this study, careful identification of baseline cardiovascular 
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risk factors before CA4P-treatment remains advisable. Furthermore, cTnI measurement 

appears to be more sensitive than ECG to monitor for possible myocardial injury.  

 

CA4P-treatment only had little effect on the macroscopic tumour growth rate of the canine 

cancers. Despite extensive necrosis in several tumours, further growth was not efficiently 

prohibited. This finding is not unexpected; it has been attributed to rapid tumour regrowth 

from the rim of viable cells surviving at the tumour periphery.107 Therefore, the action of the 

drug cannot be judged by monitoring tumour volume or size according to RECIST 1.1,246 and 

repeated tumour perfusion measurements and histologic evaluations are mandatory to more 

accurately assess tumour response to CA4P-treatment.247  

 

The perfusion characteristics of all the canine tumours underwent significant changes after 

CA4P-treatment. The data demonstrated a significant decrease in the rate of perfusion mainly 

of the tumour centre, while blood flow at the periphery was consistently barely affected. This 

is in agreement with previous research,61,63,133,159 and might be exploitable in the delivery of a 

subsequent administered anti-cancer treatment, targeted at the viable tumour cells in the 

peripheral rim.67 Destruction of the microvessels and resulting necrosis was confirmed by 

histopathologic assessment of the sections, which to date remains the gold standard to 

evaluate tumour necrosis.248 Indeed, the pattern of tumour cell necrosis typically arranged 

around obstructed or destructed vessels confirms the primary effect of CA4P to be damage to 

the tumour microvascular ECs.  

 

Although the overall treatment response to CA4P was significant, there was a great variability 

in microvessel and macroscopic clinical response between the different tumour types. Recent 
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studies have demonstrated a positive correlation between vessel permeability and 

susceptibility to CA4P.247 Vessel permeability can vary greatly between tumours or even within 

tumours; one effect of this variable vessel permeability is the heterogeneity of response 

within the tumour.69,146,147 Some areas of tumour show complete filling of constricted blood 

vessels, whereas others show a total absence of blood supply. This heterogeneous response 

to a single dose of CA4P was also evident in the current study, and has been noted 

previously.63,247,249 The susceptibility of canine tumour types to CA4P should be the subject of 

future research. Pre-treatment screening of tumours to assess vessel permeability, e.g., with 

the use of macromolecular contrast agents247 or by histologic determination of vessel pericyte 

coverage250,251 has been hypothesized to predict treatment response and aid in patient 

selection.  

In previous studies in rodent models, large solid tumours seemed to be more affected by 

CA4P-treatment than small tumours.249,252 Interestingly, we did not establish any association 

between tumour size and treatment response in dogs bearing spontaneous tumours. It should 

be kept in mind that in the rodent models, tumours are either artificially induced or inoculated 

and, therefore, lack the complexity of spontaneously arising tumours.253 Consequently, rodent 

models result in a very low predictive power for treatment response in spontaneous 

tumours.83 This emphasizes the importance of research on natural tumour bearing animals as 

an intermediate step between preclinical and clinical anti-cancer research. 

 

Limitations 

This study did not include a control or placebo group, it was nonrandomized, open-label, and 

nonblinded. Additionally, a small number of patients and variety of tumour types and stages 

were assessed. Despite these limitations, the data do suggest that CA4P, at 75 mg m-2, exerts 
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a significant anti-tumour effect in a variety of canine solid tumours, and support the further 

integration of this class of agent in veterinary anti-cancer treatment strategies.  

 

Conclusion 

A single dose of CA4P decreased tumour vascularisation and induced necrosis in a variety of 

spontaneous superficial solid tumours in dogs; however, not all tumours responded to the 

same degree. Except for one case of severe neurological signs, the AEs were mild and 

transient and considered acceptable to the majority of dog owners. If implemented in 

veterinary medicine as an anti-cancer treatment strategy, preventive treatment for GI signs, 

repeated neurologic exams and screening of certain cardiovascular parameters are 

recommended. 
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Abstract  

Combretastatin A4-phosphate (CA4P) is an anti-vascular agent which selectively shuts down 

blood supply in tumours, resulting in extensive tumour necrosis. The aim of this study was to 

assess in vivo, non-invasive US techniques for the early evaluation of tumour perfusion 

following CA4P treatment of spontaneous tumours.  

Eight dogs that bore spontaneous tumours were enrolled and were subsequently treated with 

a single dose of intravenous CA4P. Perfusion of tumours was evaluated by PDUS pre-

treatment (0 h), during the injection (10 min, 20 min, 30 min) and after CA4P infusion (24 and 

72 h). Vascularity index of the tumour tissue was quantitatively analysed, and accuracy was 

verified by correlation analysis with the results of immunohistochemical evaluation of MVD. 

Central and peripheral perfusion was evaluated by CEUS pre-treatment and at 72 h post-

treatment.  

Post-treatment, PDUS demonstrated a significant decrease in VI within 10 min of CA4P 

infusion. CEUS parameters demonstrated a significant decrease in blood velocity and volume 

in the central aspect of the tumour. Histology revealed a 4.4-fold reduction (p<0.001, 95% CI 

[2.2,9.4]) in MVD and a 4.1-fold increase (p=0.003, 95% CI [1.4,11.8]) in necrotic tumour tissue. 

A strong correlation between PDUS results and immunohistochemical results was found 

(Pearson R2=0.957, p<0.001). Furthermore, the findings of PDUS were supported by the 

objective results of the CEUS analyses.  

These data suggest a role for US in real-time, non-invasive monitoring of tumour vascular 

response as an early indicator of CA4P treatment efficacy.  
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Introduction 

Tumour vasculature is crucial for survival, growth, and spread of tumours and is a promising 

pharmacological target in anti-cancer strategies.209,234 Vascular targeting exploits the 

morphological differences between tumour and normal vasculature.61-63,107,138,139,146 Whereas 

antiangiogenic agents (AAA) prevent formation of new blood vessels, vascular disrupting 

agents (VDA) destroy the tumour neovasculature.120,208  

Combretastatin A4-phosphate (CA4P) is the best known VDA. It depolymerizes the 

microtubules of immature vessel endothelial cells, inducing vessel occlusion and resulting in 

shutdown of tumour perfusion within an hour of administration.63,254,255 This drug has been 

subjected to a range of combined-therapy trials, including surgery, anti-angiogenic therapy, 

chemotherapy, and radiotherapy.67,113,163,205,206,236,237,256 Considering the success of anti-

vascular therapies and their future prospects, efficient screening methods of treatment 

response are highly sought-after.  

The gold standard to assess the therapeutic effect of anti-vascular therapy on tumour 

vascularisation is immunohistochemical determination of MVD (maximal number of blood 

vessels per unit area of section) in pre- and post-treatment surgical biopsies.123 Given the 

invasive nature of sequential biopsies and the repeated need for anaesthesia, 

immunohistochemical MVD assessment has limited utility in a clinical setting. Thus, there is a 

clinical interest in non-invasive yet accurate imaging techniques that allow serial assessment 

of tumour perfusion in situ, enabling visualization of therapy response.  

Current non-invasive imaging modalities to effectively evaluate the vascular response to CA4P 

and other VDA’s in rodents, rabbits, and may include dynamic contrast-enhanced magnetic 

resonance imaging (DCE-MRI),65,69,257-260 diffusion-weighted imaging,257,261 perfusion CT,262 

positron emission tomography (PET),68 bioluminescence imaging (BLI),258,260,263,264 
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photoacoustic imaging (PAI),265,266 and dynamic contrast-enhanced (DyCE) fluorescent 

imaging.267 Recently, CEUS assessment in tumour-bearing mice was added to this 

list.124,258,268,269 Power Doppler US has been used to assess vascularity in a range of animal and 

human tumours123,270-273 and for detection of blood flow changes following anti-vascular 

treatment.263,274-276 It was recently found to be a reliable technique for the in vivo assessment 

of tumour angiogenesis,271 but it has not yet been evaluated if this modality can be used as a 

reliable, non-invasive alternative to biopsies to asses CA4P treatment response. Considering 

that CA4P has been shown to reduce tumour blood flow within the first hour of therapy, well 

before vessels can regress, PDUS might provide a more veracious assessment of early 

response than immunohistochemistry.  

In this study, we performed PDUS to assess the VI before, during, and after a single dose of IV 

CA4P in a variety of spontaneous superficial solid tumours in dogs. Additionally, we used CEUS 

to quantitatively evaluate the intratumoural perfusion, both in the central and peripheral 

regions of the tumours. To verify the accuracy of PDUS, a correlation analysis was performed 

on the PDUS results and the results of conventional MVD determined by 

immunohistochemistry, at 72h post-treatment.  

The aim of this work was to conduct a proof-of-principle study to assess the feasibility of 

using PDUS and CEUS as methods for assessing early tumour vascular inhibition by CA4P in 

clinical studies involving spontaneous, superficial solid tumours.  
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Materials and methods  

Dogs 

Dogs with histopathologically confirmed, superficial and well-defined solid tumours, suitable 

for US examination, were enrolled. Specifications on patient selection have been described 

elsewhere.275 

Approval was obtained from the local research Ethical Committee (approval no. EC2015/143 

and EC2016/66) of the Faculty of Veterinary Medicine of Ghent University, Belgium and from 

the Deontological Committee of the Federal Public Service of Health, Food Chain Safety and 

Environment, Belgium. The study protocol adhered to the guidelines and regulations of the 

European Communities Council Directive (86/609/EEC) / principles of laboratory animal care 

(NIH publication No. 85-23, revised 1985). Written informed consent was obtained from all 

patient owners before entry into the study. The use of CA4P in canine patients was approved 

(approval number 0002588) by the Belgian Federal Agency for Medicines and Health Products 

(FAMHP). 

 

Histologic tumour assessment 

Pre-treatment tumour assessment consisted first of histopathological necrosis assessment 

and immunohistochemical MVD evaluation. A preliminary PDUS determined the imaging 

plane with maximum tumour perfusion and subsequently, after patient sedation, at least dual 

6 mm punch biopsies were taken in this region. Further evaluation by medical imaging was 

then postponed for a minimum of two weeks, to preclude any influence (i.e., presence of air 

or suture material in the tumour) caused by the biopsy taking. 72 h following the CA4P-

treatment and after all other assessments were completed, 6 mm punch biopsies were taken 

in the vicinity of the pre-treatment biopsies. 
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Preparation and administration of sterile CA4P solutions 

Lyophilized CA4P (GMP quality) with a purity of > 99% was purchased from Selleck Chemicals 

LLC (Houston, Texas, USA), and stored under light exclusion at a temperature of -20˚C. For the 

preparation of every personalized solution, the drug was accurately weighed (Mettler Toledo 

XS 204; readability 0.1 mg) and reconstituted in a sterile PBS (Thermo Fisher Scientific, 

Erembodegem, Belgium) solution. Subsequently, the required volume of CA4P solution was 

pipetted and transferred to sterile amber vials. Finally, PBS was added until a final volume of 

10 mL was reached. All CA4P solutions were prepared in a biological safety cabinet and were 

administered within 30 min of preparation as an IV infusion at a dose of 75 mg m-2,235 over a 

time span of 30 min using a volumetric pump.  

 

Power Doppler ultrasound imaging 

To obtain the PDUS images, a linear 12-5 MHz transducer was used on a dedicated US machine 

(Philips, iU22 xMATRIX, Philips Medical Systems, Bothell, WA, USA), operated at a Doppler 

gain of 76%, low persistence, pulse repetition frequency 500 Hz, and wall filter 47 Hz. The 

depth and position of the focus (single focus) were adapted based on the size of the tumour. 

The settings were standardized and repeated at each imaging session. The plane with 

maximum vascular signals was found by slowly moving the probe over the tumour, both in 

longitudinal and transverse orientation. The colour window was reduced in size to just cover 

the tumour to improve the colour sensitivity and frame rate. Stable vascular images and 

movies were captured and stored for quantitative analyses and the scan plane was 

documented to enable future scanning at the identical location. During the CA4P infusion, 

PDUS was performed at the identical tumour location at 10, 20 and 30 min. The PDUS 

examinations were repeated at 24 and 72 h PI at matched locations. At a later occasion, the 
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captured images were retrieved and the boundary of the tumour was manually delineated on 

the computer with the use of the software FijiÒ.277 The density of the vascular signals within 

the demarcated tumour was then calculated and expressed as the VI (the number of vessels 

in demarcated tumour to total area of demarcated tumour) by a researcher blinded to patient 

identification and tumour treatment status.  

 

Contrast-enhanced ultrasound imaging 

To perform the CEUS, a microbubble (MB) contrast agent (Sonovueâ, Bracco, Milan, Italy), 

consisting of lipid-stabilized MBs with a sulphur hexafluoride gas core, was injected IV as a 

bolus (0.04 mL kg-1) immediately followed by a 2.5 mL flush of sterile saline (Mini-Plasco NaCl 

0.9%, Braun, Diegem, Belgium). Images were acquired using a linear 12-5 MHz probe. Machine 

settings were standardized: gain optimized to start with a nearly black baseline image 

(suppression background signal), dynamic range 50, mechanical index 0.09, and persistence 

off. The depth and position of the focus (single focus) were adapted based on the size of the 

tumour. During pre-treatment scanning, the scan plane was recorded for future assessment. 

All dogs received three injections of contrast media. Based on pre-existing knowledge, the 

second and third injection results were used since they resulted in more consistent 

enhancement than the first injection.278 Between injections, the output power was adjusted 

to maximum with continued imaging of the tumour until background echogenicity was similar 

to pre-injection levels, indicating destruction of most residual contrast bubbles. In our 

experience, complete wash-out of the MBs was accomplished within 120 s, therefore the time 

frame for data collection was set at 0-120 s.  

After CA4P infusion, CEUS was repeated at a matched tumour location at 72 h PI. All CEUS 

studies were digitally registered as movie clips (10 frames/sec) for two min after bolus 
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injection. Clips were then exported to an offline computer, where they were randomized and 

anonymized. Subsequently, the clips were analysed using integrated dedicated specialized 

computer software (VueBoxâ, Bracco Suisse, Geneva, Switzerland) for objective quantitative 

analysis. Per study, three tumour regions of interest (ROI) (whole tumour, tumour periphery, 

and tumour centre) were drawn manually on the CEUS image (Figure 10). The first ROI 

encompassed the entire tumour. Second, the analysis ROI of the tumour periphery was drawn 

to outline the outer one-third radius of the tumour. Finally, the analysis ROI of the tumour 

centre was manually drawn inside the two-thirds radius of the tumour. Subsequently, mean 

pixel intensities and time-intensity curves were created for each ROI. The curves were then 

analysed for perfusion parameters representing blood volume and blood velocity.  

 

Histopathological analysis and immunohistochemistry 

The tumour tissue samples were fixed in a 10% buffered formalin solution, embedded in 

paraffin, and sectioned at 4 µm. Per biopsy, four sections were cut at different depth within 

the biopsy to acquire technical replicate sections. Two sections with a 12 µm interstice were 

stained with HE for the histopathological evaluation of necrosis. For evaluation of the MVD, 

two sections with a 12 µm interstice were with the EC marker vWF. Deparaffinized and 

hydrated sections underwent pre-treatment by 15 min incubation with Proteinase K S300402-

2 (Agilent, Santa Clara, CA95051, USA) and subsequently by 5 min incubation with H2O2 

solution to block the endogenous peroxidase activity. After rinsing, the sections were 

incubated with the primary antibody, i.e., polyclonal rabbit-anti human vWF antibody A0082 

(Agilent, Santa Clara, CA95051, USA) applied at 1:1600 dilution for 30 min at room 

temperature. Subsequently, horse-radish peroxidase was linked to the primary antibodies 

using Envision Link Rabbit kit K401111-2 (Agilent, Santa Clara, CA95051, USA). Sections were 
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then rinsed, incubated with 3,3’-diaminobenzidine (DAB) solution to generate an insoluble 

coloured product, and counterstained with Haematoxylin.  

Histological assessment of all stained biopsies was performed with the use of a Leica light 

microscope (Leica DMLBÒ, Leica Microsystems, Germany). Slides were first scanned at low 

power (x20) to identify tumoural tissue. Five fields within tumoural tissue per section were 

then selected randomly as counting frame at higher power (x100). Density measures were 

obtained by overlaying a grid on the counting frame and quantifying the crossing points that 

hit the area of interest, with the use of the Fiji Ò software. In every HE-stained section, the 

relative amount of necrotic tumour tissue was expressed as the ratio of necrotic tumour tissue 

to the total tumour area. The averages of the five ratios were then calculated for each tumour 

biopsy. Microvessel counts were calculated in every vWF-stained section, based on the total 

number of vWF-positive structures within the tumour area and expressed as the MVD (ratio 

of tumour blood vessels mm-2 of tumour tissue). The averages of the five MVDs were then 

calculated for each tumour biopsy. Only uninterrupted round vWF-positive structures 

containing a lumen were counted as microvessels. Larger vessels with thick muscular walls 

and vessels with a lumen greater than approximately eight red blood cells were excluded, as 

suggested by Bosari and colleagues.279 All measurements were performed blinded to patient 

identification and tumour treatment status. To facilitate recognition of vWF-positive 

structures, a H-DAB filter was applied within the FiJiÒ software. Figure 7 shows a 

representative case of MVD counting.  
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Statistical analysis 

The statistical analyses were performed as described previously.275 Except for the histological 

data, all data were analysed with nonparametric paired tests due to the non-normal 

distribution of the data using R (version 3.4.1). The Wilcoxon signed rank test and Friedman’s 

test (package stats, version 3.3.1) were used for comparing paired samples across two or more 

time points respectively. The Mack-Skilling’s test was used as replicated measures variant of 

the Friedman’s test accounting for multiple replicates per sample in the CEUS data (package 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: A representative slide of 

microvessel density counting in a 

mammary gland adenocarcinoma 

(dog 7) before treatment with CA4P, 

before (A) and after (B) application 

of an H-DAB filter  

(Anti-von Willebrand Factor.  

Scale bar = 100 µm). 
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asbio, version 1.5). Post hoc analysis of Friedman’s tests was performed using Wilcoxon signed 

rank tests and all p-values were corrected using the Holm-Bonferroni method (package stats, 

version 3.3.1). A two-sided p-value of £ 0.05 was considered to indicate statistical significance. 

The histological data, i.e., necrosis and blood vessel density data, were analysed using 

generalized linear mixed models to account for variability of individual patients and biopsies 

using random effects. The package lme4 (version 1.1) was used in R (version 3.4.1). Given 

evidence of overdispersion, negative binomial generalized linear mixed models were fitted 

with the number of blood vessels or the necrosis surface as an outcome, treatment as a fixed 

effect, along with a random intercept and random slope to allow for differences in treatment 

effect between individual patients and control for correlation among replicated 

measurements. An offset was added to control the reference area of tumour tissue assessed 

in each counting frame. 

The Pearson correlation coefficient was calculated and evaluated for statistical significance 

(package stats, version 3.3.1) to examine the correlation between PDUS and the MVD, and 

between the individual CEUS parameters and the MVD.  

 

RESULTS 

Patient characteristics 

Eight dogs entered the study. Baseline characteristics of participating patients are summarized 

in Table 8 and are further described elsewhere.275 The study cohort consisted of four males 

and four females, belonging to six different breeds, and included five mesenchymal tumours, 

two epithelial tumours, and one round-cell tumour.  
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Table 8. Signalment and tumour type of the dogs treated with combretastatin A4-phosphate 

Dog n° Signalment (breed, sex, age, weight) Tumour type, localization, size 

1 Mixed breed, F, 7.5y, 13kg Adenocarcinoma, mammary gland, 30.2 cm3 

2 American Staffordshire, Mn, 14.1y, 36kg Soft tissue sarcoma, right carpus, 252.7 cm3  

3 Golden Retriever, Mn, 10.7y, 31kg Chondrosarcoma, left elbow, 339.6 cm3 

4 Münsterlander, Fn, 4.8y, 21kg Soft tissue sarcoma, perineal, 897.2 cm3 

5 American Staffordshire, Mn, 10.0y, 38kg Mast cell tumour, left carpus, 112.5 cm3 

6 Whippet, Fn, 7.8y, 13kg Soft tissue sarcoma, right carpus, 0.6 cm3  

7 Mixed breed, F, 8.4y, 12kg Adenocarcinoma, mammary gland, 0.7 cm3 

8 Bernese mountain dog, Mn, 7.5y, 38kg Histiocytic sarcoma, facial, 25.0 cm3 

   Abbreviations: F, Female; Fn, Female neutered; M, Male; Mn, Male neutered; y: age in years 



 

  

 
 

Table 9. Vascularity index and CEUS parameters in vivo, and the relative amount of necrotic tumoural tissue and microvessel density ex vivo, pre-treatment and 72 hours after 

intravenous CA4P administration (75mg m-2) in dogs with cancer  

 PDUS CEUS Histology 

Dog 
n°, 

tumour 
type 

Vascularity Index (Vessels tumour area-1) CEUS Parameters (Central tumour in vivo) 

Necrotic tumoural 
tissue 

(Necrosis tumour 
area-1) 

Microvessel 
density 

(Vessels tumour 
area-1) 

 (In vivo) PE (au) WiAUC (au) TTP (s) RT (s) mTT (s) (Ex vivo) (Ex vivo) 

 base 
10 
min 

20 
min 

30 
min 

24h 72h Base 72 h Base 72 h Base 72 h Base 72 h Base 72 h base 72h base 72h 

1, C 0.48 0.37 0.23 0.14 0.10 0.04 3536 229 11553 2618 15.22 50.29 8.84 15.98 52.92 110.78 0.015 0.110 0.54 0.03 

2, S 0.17 0.11 0.09 0.09 0.04 0.07 3247 1021 15600 8340 18.38 31.82 7.87 14.74 30.09 64.05 0.001 0.215 0.21 0.06 

3, S 0.15 0.12 0.06 0.03 0.03 0.03 14 1 91 3 16.89 18.00 7.66 11.22 6.60 51.96 0.012 0.853 0.09 0.02 

4, S 0.04 0.04 0.03 0.01 0.02 0.01 1357 610 4933 2760 14.27 16.53 5.90 7.34 32.37 50.06 0.013 0.023 0.03 0.02 

5, M 0.26 0.23 0.16 0.20 0.20 0.24 2535 363 19967 1657 20.08 31.15 3.58 17.51 31.79 60.17 0.009 0.014 0.27 0.24 

6, S 0.23 0.20 0.21 0.19 0.16 0.20 2170 2757 12940 25567 24.13 23.73 9.46 10.06 34.99 36.12 0.180 0.110 0.22 0.19 

7, C 0.30 0.28 0.23 0.18 0.09 0.04 5407 3953 24967 20033 22.05 20.09 11.95 8.17 49.37 48.55 0.027 0.613 0.29 0.02 

8, S 0.19 0.17 0.13 0.12 0.10 0.05 396 68 1374 185 19.40 38.21 3.52 9.18 5.250 61.41 0.158 0.404 0.20 0.06 

 
Abbreviations: CEUS, Contrast-enhanced ultrasound; CA4P, Combretastatin A4-phosphate; PDUS, Power Doppler ultrasound; PE, Peak enhancement; AU, Arbitrary unit; WiAUC, Wash-in area-under-curve; TTP, Time 
to peak; RT, Rise time; mTT, Mean transit time; C, Carcinoma; S, Sarcoma; M, Mast cell tumour. 
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Tumour vascularity as assessed by power Doppler ultrasound 

Pre-treatment (pre-CA4P), there appeared to be a marked variability in the tumour perfusion 

as evaluated by PDUS (Table 9). The sarcomas were less well vascularized pre-treatment than 

the carcinomas and the mast cell tumour. After 10 min of CA4P infusion, an overall significant 

decrease in VI was measured (p=0.039) (Fig 8). Although not every VI continued to decrease 

to the same extent, and three VIs even demonstrated a slight increase between 24 and 72 h 

PI, overall the decrease in VI remained significant until 72 h PI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Tumour vascularization as measured 

by power Doppler ultrasound of a mammary 

gland adenocarcinoma (dog 1). A: Before 

intravenous CA4P treatment, B: 24h after 

treatment, C: 72h after treatment at matched 

locations. A decrease in central tumour 

vascularization is clearly noticeable  

(Scale bar = 3 cm). 
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Quantitative analysis of contrast-enhanced ultrasound 

Tumour perfusion parameters assessed by CEUS also revealed the sarcomas to be less well 

vascularized pre-treatment than the carcinomas and the mast cell tumour (Table 9). A 

difference in blood flow parameters of the tumour centre was evident in all tumour types 

after CA4P administration (Figure 9, 10, and 11).  

Overall, a significant decrease in tumour blood volume [characterized by the peak 

enhancement (PE) (p=0.001) and wash-in area under the curve (WiAUC) (p=0.001)] was 

observed after CA4P administration. Furthermore, a significantly slower blood flow velocity 

[characterized by the time to peak (TTP) (p=0.003) and rise time (RT) (p=0.006)] were present. 

Figure 9: Tumour evaluation after CA4P treatment using contrast-enhanced ultrasound (CEUS) of a mammary 

gland adenocarcinoma at a matched location (dog 1). The left side of the image corresponds to the CEUS image 

of the tumour, the right side to the B-mode ultrasound. A: before intravenous CA4P treatment, B: 72 h after 

treatment. There is a large diffuse uptake of microbubble contrast throughout the entire tumour before 

treatment. In contrast, 72 h after treatment, uptake of microbubble contrast has greatly diminished in the 

central tumour, indicating a decrease in central tumour vascularization (Scale bar = 3 cm). 
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Additionally, a significant increase (p=0.019) of the residence time of blood in the tumour 

[characterized by the mean transit time (mTT)] was noted. Interestingly, blood flow 

parameters at the tumour periphery did not significantly alter after treatment in any of the 

dogs.  

 

 

 

 

 

 

 

Figure 10: Regions of interest were manually drawn on the contrast-enhanced ultrasound (CEUS) image of 

figure 2: Yellow encompasses the entire tumour, green outlines the peripheral one-third radius, and magenta 

contains the centre two-thirds radius of the tumour. C: Before intravenous CA4P treatment, D: 72 h after 

treatment (Scale bar = 3 cm). 
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Histopathological assessment of tumour necrosis and microvessel density 

Pre-treatment and post-CA4P results for all patients are listed in Table 9.  

Areas of necrosis were characterized by loss of tissue architecture, eosinophilic cellular debris, 

pyknosis of nuclei and/or nuclear fragmentation. The estimated overall ratio for necrosis was 

0.08 (95% CI [0.02 to 0.19]) before treatment and 0.33 (95% CI [0.01 to 0.82]) 72 h after 

treatment, corresponding to an overall 4.1-fold increase in necrosis of the tumour after a 

single dose of CA4P (p=0.003, 95% CI [1.39 to 11.81]). Several tumours demonstrated a 

heterogeneous response within one biopsy sample. Areas of necrotic cells were interspersed 

Figure 11: Tumour evaluation after CA4P treatment of a mast cell tumour using contrast-enhanced ultrasound 

(CEUS) of 3 regions of interest (ROI) (dog 5). Time-intensity curves of ROIwhole (yellow), ROIperiphery (green), and 

ROIcentre (magenta). A: Before treatment, B: 72h after treatment. An obvious decrease in tumour vascularization 

is noted by CEUS in all three ROIs but is most prominent in tumour centre (abbreviations; a.u., arbitrary units).  
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with areas of mitotic cells. In some tumours, large areas of the tumour had undergone 

complete cellular degeneration and only a few viable cells remained. These viable cells were 

arranged concentrically around the remaining patent blood vessels. In contrast, vessels that 

were blocked, resulting in complete vascular occlusion, were surrounded by necrotic tumour 

cells. The endothelial cells of these obstructed vessels were fragmented and in several of the 

blocked tumour vessels, thrombi were observed (Fig 12).  

 

 

Figure 12: Histopathological section of the central part of a chondrosarcoma (dog 3), 72h after intravenous 

CA4P administration. The vessel has been obstructed by a thrombus (asterisk) and necrosis of the endothelial 

cell lining (arrowheads) is visible (Haemotoxylin and Eosin. Scale bar = 50 µm).  
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Concerning the MVD, the sarcomas demonstrated a lower MVD pre-treatment than the 

carcinomas and the mast cell tumour, supporting the CEUS and PDUS findings. The number of 

tumour microvessels, identified by the vWF-staining, was observed to have decreased 

significantly 72 h after treatment (Fig 13). The estimated ratio of MVD was 0.22 (95% CI [0.09 

to 0.36]) pre-treatment versus 0.05 (95% CI [0.03 to 0.08]) post-treatment, corresponding to 

a 4.4-fold reduction (p<0.001, 95% CI [2.23 to 9.39]) in tumour microvessels 72 h after a single 

dose of CA4P.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Microvessel density 

counting in a mammary gland 

adenocarcinoma (dog 7), A: Two 

weeks before CA4P treatment, B: 72h 

after CA4P treatment. A decrease in 

microvessel density is clearly 

noticeable  

(Anti-von Willebrand Factor.  

Scale bar = 100 µm). 
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Correlation of ultrasound parameters with (immuno)histopathological findings 

For both the treated and pre-treated dogs, the correlation between PDUS and MVD are 

illustrated in Figure 14. Power Doppler US was highly correlated with the MVD determinations 

on the anti vWF staining (Pearson R2=0.957, p<0.001). There was no significant correlation 

between any of the CEUS parameters and the MVD: PE (R2=0.397, p=0.33), WiAUC (R2=-0.166, 

p=0.695), TTP (R2=-0.217, p=0.605), RT (R2=0.395, p=0.333), and mTT (R2=0.078, p=0.854). 

 

 

Figure 14: Scatter plot revealing the correlation between the power Doppler ultrasound (PDUS) and the 

microvessel density (R2=0.957; p<0.001). The X- and Y-axes are expressed as the ratios between pre- and 

post-CA4P measurements. 
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Discussion 

In this study, PDUS was compared with histopathology and assessed as a technique for the in 

vivo assessment of spontaneous tumour vascular response to CA4P treatment. Additionally, 

the reduction in tumour blood velocity was assessed by means of CEUS. Power Doppler US, 

CEUS and histopathology each revealed vascular shutdown with considerable necrosis within 

a 72 h period post-treatment.  

 

Ideally, clinical monitoring tools should be non-invasive, allowing for serial assessments of the 

same tumour mass without risk for the patient. Currently, the gold standard to assess the 

therapeutic effect of anti-vascular therapy on tumour vascularisation is microscopic 

determination of MVD in pre- and post-treatment histological tissue sections.123 To improve 

blood vessel detection on histological slides, immunohistochemical staining of EC markers is 

performed. However, in addition to tissue biopsy being an invasive monitoring technique, 

early treatment response of anti-vascular agents such as CA4P can be misjudged in post-

treatment biopsies; as several VDAs induce changes in tumour blood perfusion well before 

vessel regression becomes apparent on histopathological tissue sections.123 

The need for non-invasive techniques allowing early evaluation of clinical patients treated 

with fast-acting anti-vascular treatments is evident. To date, non-invasive techniques such as 

DCE-MRI, PET, and near-infrared spectroscopy have been explored to demonstrate changes 

in tumour perfusion and viability in both rodent tumour models and human 

patients.65,159,255,259,280 However, these techniques are not always readily available and they 

are expensive, and some require ionizing radiation (PET) and/or heavy sedation or even 

general anaesthesia of the patient (DCE-MRI, PET). In contrast, US is assumed to be a 

promising angiogenesis assessment modality, as it is a widely available, non-radioactive, real-
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time and cost-effective alternative for above-mentioned techniques.124 Additionally, CEUS is 

also suitable for use in patients with renal and hepatic failure because of the pulmonary 

elimination of the contrast agent.129 

 

Vascular imaging such as US allows quantification of the number and spacing of blood vessels 

and to assess blood flow in a non-invasive and functionally relevant way. Therefore, US has 

the potential to assess the immediate efficacy of anti-vascular therapy.55 Power Doppler US is 

a technique that displays the strength of the amplitude in colour, rather than speed or 

direction information, by using the amplitude of a Doppler shift to detect moving matter.125 

Noise is assigned a uniform colour that remains constant while flow is shown as a contrasting 

colour. As a result, PDUS has three to five times the sensitivity of conventional colour Doppler 

for the detection of flow.125,126 Although the sensitivity of the technique certainly varies with 

both vessel calibre and flow rate, previous studies have demonstrated Doppler detection of 

flow through tumour vessels as small as 10-20 µm.127,128 

 

The results of the PDUS clearly confirmed that CA4P treatment of spontaneous solid tumours 

in dogs resulted in an acute tumour vascular response within 10 min after start of the infusion. 

The statistically significant correlation between intratumoural VI and the gold standard MVD 

at 72h supports the hypothesis that PDUS offers an objective and reliable assessment of the 

tumour vascularity at the time of US scanning in an in vivo and in situ manner.123,271,274,281 

Standardized power Doppler settings and image-processing protocols enable a precise and 

objective evaluation of the VI and make PDUS a convenient and immediately applicable way 

to determine the efficacy of anti-vascular agents in a therapeutic setting.  
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The susceptibility of PDUS to flash artefacts, because of its high motion sensitivity, is one of 

its major limitations. Patient cooperation is necessary to decrease artefacts resulting from 

excessive movement (e.g., panting), as prominent soft-tissue motion may preclude the use of 

PDUS. For human patients, this is not likely to form a problem; veterinary patients may need 

sedation with drugs known not to interfere with vascularisation (i.e., Butorphanol, MSD, 

Brussel, Belgium)282 if highly excited or fearful.  

 

The CEUS contrast agent SonoVueTM consists of sulfur hexafluoride-filled MBs in a 

phospholipid shell.129 The mean diameter of the sulfur hexafluoride-filled MBs is 2.5 µm, 

resulting in a strictly intravascular trajectory of the bubbles without any interstitial 

component.130 At low acoustic power, alternating expansion and contraction of the MBs result 

in a vibration, generating harmonic echoes. The harmonic signal produced by the MBs is 

greater than that of the surrounding tissue, making CEUS a very sensitive imaging technique, 

well suited for the evaluation of blood flow in functional vessels.283  

After CA4P administration, all tumours demonstrated significant changes in the CEUS 

perfusion characteristics. Pre-treatment, CEUS demonstrated a rapid inflow of the MBs into 

the entire tumour, a distinctive feature of malignant tumours,130,284 followed by a slow 

clearance. Post-treatment, the time constant for contrast to reach the tumour (TTP) was 

increased, likely indicating a less aggressive behaviour of the tumour after CA4P treatment. 

Together with a significant drop in tumour blood volume (PE and WiAUC) and increase in 

tumour transit time (RT and mTT), it is possible that CA4P treatment induced a slower tumour 

progression, despite a continued growth of the tumour if no adjuvant therapy is 

administered.285 Of particular interest was that the software for analysis of the CEUS data 

allowed for an easy and objective distinction between the measurements of tumour centre 
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versus periphery, which is important in the determination of drug efficacy and prognosis. 

Results post-CA4P-treatment clearly demonstrated a high susceptibility of the tumour centre 

to necrosis formation while the perfusion of the tumour periphery was consistently poorly 

affected, which is in accordance with previous research.61,63,133,159  

 

Although the CEUS parameters demonstrated significant reduction in perfusion in the tumour 

centre, the correlation between the CEUS parameters and the gold standard MVD failed to 

reach statistical significance. In the study carried out by Zhang and colleagues,124 the CEUS 

parameter maximum intensity (IMAX) was found to be closely correlated with MVD. This 

parameter represents the average US contrast agent concentration of the analysis ROI 

(tumour tissue) relative to that of the reference ROI (healthy tissue) which is assumed to be 

100%. Calculating the IMAX necessitates obtaining images including both tumour tissue and 

healthy tissue in the same image. This is perfectly feasible in rodent tumour models, with 

tumours reaching only several mm’s in diameter. However, in pet animal or human patients 

with spontaneous tumours, which can easily reach several cm’s in diameter, it is not possible 

to obtain images containing both tumoural and healthy tissue. Additionally, for some tumours 

it can be difficult to distinguish healthy tissue from tumour infiltrated tissue, based on US 

alone. Therefore, IMAX is not always a useful parameter in a clinical setting. Notwithstanding 

the fact that the CEUS parameters assessed in the current research were not significantly 

correlated to the MVD results, previous research demonstrated that CEUS provides an 

excellent non-invasive quantitative and qualitative alternative for tissue biopsies, as it has 

proven to be at least as sensitive a method for tumour angiogenesis monitoring as 

histopathology.124,286 In this research, CEUS was not considered a reliable alternative, but 

rather an excellent adjunct to PDUS to assess tumour blood velocity between the different 
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tumour areas before and after CA4P treatment. The necessity for IV administration and the 

availability of the microbubbles and the dedicated software can be considered as drawbacks 

for the use of CEUS. However, the authors are of the opinion that the addition of CEUS to 

PDUS is relevant and beneficial, and the combination of these imaging modalities is an 

attractive and preferable alternative to sequential biopsies for the evaluation of CA4P 

treatment response.  

 

There are some limitations to this clinical trial. Only a small number of patients with a variety 

of tumour types and stages were assessed. Additionally, only dogs with superficial tumours 

were enrolled in this proof-of-concept study because a superficial location made it practical 

and acceptable to obtain a 72 h post-treatment tumour biopsy. Lastly, due to ethical 

regulations, only tumoural tissue was biopsied and imaged by PDUS and CEUS, while healthy 

tissue was not evaluated. Therefore, it cannot be confirmed that the effect of CA4P was truly 

limited to tumoural tissue without healthy tissue being affected at all. 

 

Conclusion 

This research confirms that measurement of the intratumoural VI by means of PDUS is 

correlated highly with the conventional MVD assay and is potentially useful for clinical 

monitoring of CA4P treatment. Assessment of the CEUS parameters support these findings 

and additionally prove primary response location to be the tumour centre. Additionally, our 

results emphasize that dogs with spontaneous cancer offer a novel and relevant model for 

studies of vascular disrupting therapy. Considering the US results of this study, the clinical 

value of this non-invasive modality warrants further exploration and development of this 

technology during assessment of vascular targeting therapies.
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Abstract 

Hypericin is a NAC that can be efficiently labelled with 131I for both diagnostic and therapeutic 

purposes. Before 131I-hyp can be considered as a clinically useful drug in a combination therapy 

for canine cancer patients, evaluation of its toxicity is necessary. The aim of this study was to 

investigate the biodistribution and tolerance of a single dose administration of 131I-hyp. 

Three healthy dogs were included. 131I-hyp at a dose of 0.2 mg/kg and an activity of 185 MBq 

was IV injected. The effects on physical, haematological and biochemical parameters were 

characterized and the biodistribution and elimination pattern, the effective half-life, and dose 

rate were assessed.  

Drug-related AEs were limited to mild GI signs, resolving within 48 h. No significant differences 

were found in blood haematology and serum biochemistry before and after treatment. 

Following administration, highest percentage of injected dose (% ID ± SD) was found in the 

liver (5.5 ± 0.33), the lungs (4.17 ± 0.14), and the heart (3.11 ± 0.78). After 24 h, highest % ID 

was found in colon (4.25 ± 1.45) and liver (3.45 ± 0.60). Clearance from all organs was effective 

within 7 days. Effective half-life was established at 80 h, and the dose rate fell below < 20 

µSv/h at 1 m within one day.   

The current study reveals that single dose treatment with 131I-hyp at the described dose is 

well tolerated by healthy dogs and supports the use of 131I-hyp in a combination therapy for 

canine cancer patients. 

 

Introduction 

Cancer is a perpetual battle, stimulating scientists and researchers to constantly evolve and 

improve treatment strategies. Recent innovative therapies primarily target the local tumour 

environment rather than the proliferating tumoural cells. Popular treatment strategies are 
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aimed at the blood vessel support network of the tumour.208,209 Antivascular agents inhibit 

the process of angiogenesis, consequently prohibiting further tumour growth.121 Vascular 

disrupting agents have a more immediate antitumoural effect by provoking a rapid shutdown 

of tumoural blood vessels through vascular collapse, leading to local ischemia and extensive 

tumoural cell death.107 Peripheral tumour cells nourished by peritumoural blood vessels will, 

however, survive exposure to the VDA, leaving a thin layer of viable tumoural cells, which will 

rapidly multiply.57,63,66,159 An innovative anti-tumoural combination protocol proposes the 

sequential administration of the VDA CA4P, and a radionuclide linked to the NAC hypericin.67 

Hypericin is a small naturally occurring molecule, found in St. Johns’ Wort (Hypericum 

perforatum), with proven safety when used as an oral antidepressant in humans.287 Recently, 

hypericin has also been recognized as a NAC with a strong affinity for necrotic tissues, 

irrespective of the cell type or cause of injury.186-188 Additionally, as hypericin is a polyphenolic 

polycyclic quinone, it can be labelled efficiently with 131I by electrophilic substitution in the 

ortho position of the phenol group.166,288 In the proposed antitumoural combination protocol, 

tumour necrosis caused by CA4P administration is used as a target for 131I-hyp. This 

combination compound will bind to the necrosis and act as TTR that allows a selective delivery 

of curative doses of radiation to malignant sites while causing minimal damage to normal 

tissue.175 Hypothetically, the cells in the tumour rim that survived the effects of the CA4P 

treatment will subsequently be destroyed by the irradiation emitted by the radioisotope.  

The necrosis-avidity of hypericin has been exploited in the light of the development of this 

innovative anti-tumoural combination therapy, and several pilot studies have explored the 

potential use of radioiodinated hypericin (123I-hyp or 131I-hyp) in dual-targeting cancer 

treatment in rodent cancer models.67,166,167,188,190,193,207,289,290 
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Recently, our team evaluated the safety of CA4P in healthy dogs in a dose-escalation study, 

revealing CA4P to be safe and well tolerated at the dose that is considered effective, based on 

human data.235 However, according to the authors, no studies evaluating the safety and 

tolerance of hypericin in dogs exist.  

The purposes of this study, therefore, were to assess the safety of IV 131I-hyp, the potential 

AEs related to the administration of IV 131I-hyp, and the biodistribution and elimination 

pattern of 131I-hyp in healthy dogs. This will allow us to identify the dose-limiting organs as a 

prelude to the administration of the combination protocol of CA4P followed by 131I-hyp to 

canine cancer patients. Additionally, the effective half-life of 131I-hyp was estimated in order 

to determine the organs involved in the distribution and elimination of the compound and the 

time frame of elimination.  

 

Materials and methods 

Preparation of reagents, radiolabelling and administration 

The iodogen coating method was used for radioiodination of hypericin to form 131I-hyp. 2 mg 

hypericin (GMP quality (99% purity), Planta, Austria) was dissolved in 2 ml Dimethyl Sulfoxide 

(DMSO) and mixed with 100 μL 0.5 M phosphate buffer (pH 7.4). Glass vials were coated with 

iodogen by evaporating dichloromethane containing 300 μg mL-1 iodogen under a slight 

stream of nitrogen. The vials were kept in the dark at room temperature. The hypericin 

solution was transferred to the iodogen vials together with 185 MBq of 131I-labelled sodium 

iodide solution (Perkin Elmer N.V., Zaventem, Belgium) and placed at RT for a 15-minute 

reaction. Labelling efficiency was 98,3%, as measured by ascending paper chromatography 

(mobile phase 0.01 M HCL). The resulting 131I-hyp was formulated at a concentration of 37 
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MBq/ml in DMSO/PEG400/PG/water (25:25:25:25). No aggregates or particulates were 

detected in the final solution by visual inspection. 

 

Experimental design 

This animal experiment was conducted after approval of the local research ethical committee 

of the Faculty of Veterinary Medicine (Merelbeke, Belgium) (approval no. 2014/162) and 

adhered to the European Communities Council Directive (86/609/EEC). Three healthy 

neutered female Beagle dogs with a mean body weight of 7.0 kg (± 0.2 kg) and 8 years old 

were enrolled in this study. Health was checked during a preliminary screening, consisting of 

a thorough physical examination, a CBC and serum biochemistry. Potassium-iodide (KI) 

capsules were compounded and administered according to the WHO regulations for human 

patients to block free 131I uptake in the thyroid. On the study day, the dogs were sedated by 

IV injection of dexmedetomedine (Dexdomitorâ, Orion Corporation, Espoo, Finland) at 5 

μg/kg, combined with butorphanol (Dolorexâ, MSD, Brussels, Belgium) at 0.2 mg/kg. 

Anaesthesia was induced with IV injection of propofol (Propovet®, Abbot, Berkshire, United 

Kingdom), administered to effect (4-6 mg/kg). After endotracheal intubation, anaesthesia was 

maintained with isoflurane (Isoflo®, Abbot, Berkshire, United Kingdom) vaporized in 100% 

oxygen using a rebreathing system. A double lumen central venous catheter (Long Term 

Milacath®, 7 Fr x 60 cm, Mila, Erlanger, KY, USA) was placed in the left jugular vein to facilitate 

sequential blood sample collections.  

The 131I-hyp solution was IV injected at a dose of 0.2 mg/kg body weight hyp, with an activity 

of 185 MBq 131I. The catheter was flushed with DMSO to avoid 131I-hyp precipitations. 

Following the administration of 131I-hyp, citric acid was applied to the oral mucosae to 
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stimulate secretion and excretion of saliva to remove residual accumulated free 131I from the 

salivary glands. 

 

Gamma camera imaging and blood sample collections 

The dogs were scanned with a dual head gamma camera system (GCA 7200 A; Toshiba) 

immediately after the administration of 131I-Hyp (day 0) and on day 1, 2, 3, 4, and 7, using a 

high-energy general-purpose collimator. Total body (TB) dorsal and ventral acquisitions were 

simultaneously obtained on a matrix of 512 x 1024. Data were processed and quantified using 

the Hermes (NUD, Sweden) software for TB imaging processing. Regions of interest were 

selected based on previous research on the hypericin distribution pattern,166,182,194,195 and 

manual ROI analysis was used to register the activity in counts in the heart, lungs, liver, 

gallbladder, stomach, left and right kidney, bladder and colon. A geometric mean 

(√countsventral x countsdorsal) to correct for attenuation was calculated from the ventral and 

dorsal images of the different organs. A standard syringe with a known amount of radioactivity 

was scanned simultaneously in order to convert activity registered in the different organs into 

MBq. The total injected amount of activity was corrected for residual activity in the empty 

syringe and the catheter. 

After converting counts to MBq, the uptake of 131I-hyp in these various organs was then 

determined as the % ID over time. 

Blood samples were collected immediately after administration of 131I-hyp, at 1, 4, 6, 14, 24, 

48, 72, 96 h, at 7 and 14 days, and at 6 weeks. These samples were counted for radioactivity 

by using a g scintillation counter (Cobra III, Perkin Elmer). Corrections were made for 

background radiation and physical decay during quantification. Activity in the blood was 
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expressed as KBq/mL and subsequently converted to % ID/mL. The % ID was then calculated 

over the total blood volume (7% of total body weight).  

All pharmacokinetic parameters were first obtained for each individual dog; subsequently, 

mean values and associated SD were calculated. 

 

Physical examination and blood sample analysis 

In every dog, a thorough physical examination was performed hourly the first 6 hours after 

the 131I-hyp administration. This was followed by a daily examination for one week, at 14 days 

and at 6 weeks. Quantity of ionizing radiation emitted by the dogs was measured daily for 5 

days using a radiation monitoring instrument (Radiagem 2000â, Canberra, USA), positioned at 

a distance of 1 m. A CBC and serum biochemistry were repeated at 24 and 72 h, at 7 and 14 

days, and at 6 weeks after 131I-hyp administration. 

 
Results 

Biodistribution and elimination of 131I-hyp 

The % ID registered in different organs at the measured time points are listed in Table 10. 

Immediately PI, the highest percentage of injected dose (% ID ± SD) was found in the liver 

(5.50 ± 0.33). Relatively high uptake was also seen in the lungs (4.17 ± 0.14) and in the heart 

(3.11 ± 0.78), whereas the uptake of 131I-hyp was distinctly less in the gallbladder (1.45 ± 0.01) 

and no discernible radioactivity was measured in the kidneys. Despite the initial absence of 

radioactivity in the stomach and the colon, at 24 h PI, radioactivity in the colon had 

significantly increased (4.25 ± 1.45) and remained stable until 48 h PI (4.32 ± 3.39), whereas 

activity in the stomach increased until 24 h PI (0.90 ± 0.03). No accumulation was registered 

in the thyroid gland. Mean TB effective half-life was established at 80 h (range 77-87 h).  
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Table 10. Distribution of 131I-labelled hypericin in organs and tissues after intravenous administration in healthy 

dogs 

Organ/Tissue Percentage of injected dose (% ID) ± standard deviation (SD)  

 0 h 24 h 48 h 72 h 96 h 7 d 14 d 

Blood* 90.78 ± 12.66 27.67 ± 3.20 16.07 ± 4.92 8.96 ± 2.85 3.86 ± 0.89 1.61 ± 0.80 0.85 ± 1.01 

Heart 3.11 ± 0.78 1.15 ± 0.03 0.77 ± 0.01 0.52 ± 0.00 0.42 ± 0.05 0.20 ± 0.04 0.04 ± 0.07 

Lung 4.17 ± 0.14 2.34 ± 0.04 1.64  ± 0.15 1.16 ± 0.05 0.99  ± 0.16 0.49 ± 0.15 0.11 ± 0.20 

Liver 5.50  ± 0.33 3.45 ± 0.60 2.23 ± 0.46 1.54 ± 0.23  1.28 ± 0.27 0.64 ± 0.22 0.29 ± 0.12 

Gallbladder 1.45 ± 0.01 0.60 ± 0.05 0.36 ± 0.05 0.24 ± 0.05 0.20 ± 0.05 0.10 ± 0.04  0.02± 0.04 

Stomach 0.00 ± 0.00 0.90 ± 0.03 0.73 ± 0.33 0.73 ± 0.27 0.45 ± 0.09 0.32 ± 0.02 0.10 ± 0.06 

Colon 0.00 ± 0.00 4.25 ± 1.45 4.32 ± 3.39 2.30 ± 0.57 1.81 ± 0.33 0.69 ± 0.24 0.00 ± 0.00 

Organ/Tissue Percentage of injected dose (% ID) ± standard deviation (SD)  

 0 h 1 h 4 h 6 h 14 h 24 h 

Blood 90.78 ± 12.66 79.11 ± 17.54 59.92 ± 5.89 49.44 ± 4.96 39.23 ± 0.24 27.67 ± 3.20 

  

Clearance of radioactivity (< 1 % ID) from all organs was effective within 7 days. The blood 

time activity curve was fitted to a two-compartmental model according to the least-squares 

methodology, with calculated mean half-lifes for T1/2α of 1.85 h (SD 1.30 h) and T1/2β of 27.30 

h (SD 3.57 h).  

The mean residence time (MRT) was established at 93.70 h (SD 7.40 h), the mean volume of 

distribution (Vd) at 0.13 L/kg (SD 0.01 L/kg) and mean TB clearance at 0.02 mL/min/kg (SD 

0.003 mL/min/kg). The mean dose rates at a distance of 1 m were 22.50 µSv/h immediately 

PI, and 10.60, 2.17, 0.80 and 0.20 µSv/h at days 1, 2, 3, and 4 PI, respectively. The blood 

clearance of 131I-hyp of dog 1 is illustrated in Figure 15. 
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Clinical signs and blood sample analyses 

Drug-related AE were limited to mild GI signs. Within 6 h PI, all dogs became slightly nauseous 

with appetite loss and 24 h PI all dogs suffered from mild diarrhoea. All GI signs were self-

limiting and resolved within 48 h PI without further treatment. Within 1 h PI all dogs 

developed a pungent odour on their breath. This odour remained for 24 h after which it 

diminished to finally disappear after 48 h. No skin reactions were observed, and all parameters 

of the CBC and the serum biochemistry values remained within normal limits at every time 

point.  

 

 
  

Figure 15: Blood clearance of 131I labelled hypericin in dog 1. Mean clearance follows a two-phase 

exponential decay with t1/2a = 1.85 h and t1/2b = 27.3 h. 
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Discussion 
 

This is the first report of the IV administration of 131I-hyp in dogs without necrosis. This study 

investigated the safety, occurrence of AEs, biodistribution, elimination pattern, effective half-

life and dose rate of 131I-hyp as a prelude to studies of an innovative dual-targeting treatment 

involving CA4P and 131I-hyp in canine cancer patients. Knowledge of these aspects will be 

essential in a clinical setting; therefore, the present study is of particular importance as an 

intermediate step towards future clinical trials. Recently, Qi and colleagues evaluated the 

necrosis affinity of 131I-hyp in dogs;195 however, the authors made no mention of the potential 

AE, effective half-life, or dose rate of 131I-hyp in dogs. The dogs used in the current study did 

not have any form of induced tissue necrosis, i.e., no target for hypericin; therefore, the 

observed radiation will indirectly demonstrate the metabolization route of hypericin, giving 

us a clear insight into the tissue distribution and elimination of hypericin in healthy dogs.  

 

After IV injection, gamma camera images showed that 131I-hyp was rapidly distributed 

throughout the body, with early visualisation of liver and lungs, and to a lesser degree heart. 

Accumulation of 131I-hyp in the GI system was only observed after 24 h. Hypericin is a lipophilic 

compound with a molecular size >500 Da) which is presumably excreted mainly via the 

hepatobiliary pathway and GI tract without being metabolized.288,291-294 Indeed, the 

accumulation of 131I-hyp in the colon and delayed residence in the liver and gallbladder, 

combined with the absence of radioactivity in the kidneys and urinary bladder, support this 

theory. Based on these results, the kidneys, often considered to be one of the dose-limiting 

organs for many other radiotherapeutic agents,174 do not appear to be at risk for acute 

radiation nephropathy with 131I-hyp.  
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No discernible radioactivity was measured in the thyroid gland, the main organ that 

necessitates precaution when treating with 131I-labelled compounds. This study confirms that 

the administration of blocking agents containing ‘cold’ iodine, such as KI capsules, can 

successfully prevent the radioactive iodine uptake at the given dose, averting unwanted 

thyroid gland irradiation.  

Clearance rates of 131I-hyp were comparable for most organs, falling to less than 1 % ID by 7 

days. Blood had a slower 131I-hyp clearance, decreasing to less than 1 % ID only after 14 days. 

Bi-exponential elimination of hypericin from plasma was demonstrated with an average 

elimination half-life of 27.3 h. In agreement with previous research in both rodents and man, 

blood clearance of hypericin is demonstrated to be relatively slow, with an average terminal 

half-life of 26 ± 14 h in humans.167,184,288,291,295 A plausible explanation is the non-specific 

interaction with serum proteins such as low-density lipoprotein and albumin, prolonging the 

circulation time in blood.190,295  

The mean quantity of ionizing radiation emitted by the dogs diminished quickly, falling below 

20 µSv/h at a distance of 1 m within 24 h. In Belgium, dose rates of client-owned dogs must 

be below this statutory standard before returning to the owner.  

 

Regarding the side effects of 131I-hyp, the drug-induced AE in the studied dogs were mild and 

self-limiting. In human patients, oral administration of hypericin can provoke GI signs such as 

nausea, vomiting, and diarrhoea. Other AE caused by hypericin include nervous system 

disorders (e.g., convulsions and hyperesthesia) and cutaneous tissue disorders (e.g., 

photosensitivity, erythema, and skin pain).296 One study describes the IV administration of 

hypericin in human patients to evaluate the safety.297 In that research, an MTD of 0.25 mg/kg 
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was established. As no data is available on the MTD of IV hypericin in dogs, a dose below the 

MTD in humans was administered in this study.  

 

As demonstrated in this study, hypericin is principally excreted through the hepatobiliary 

pathway in dogs. The epithelium in intestinal mucosa is one of the most rapidly renewing 

tissues, making the GI system especially vulnerable to radiation exposure.298 Therefore, 

intestinal toxicity may become the dose-limiting factor when administrating 131I-hyp, as the 

high levels of radioactivity and long residence time in the large intestinal wall may increase 

the risk of radiation-induced gastrointestinal syndrome. The administration of drugs 

stimulating intestinal transit can be considered. In 2013, Cona and co-workers significantly 

minimized the radioactivity in the small intestines by placing a duodenal drainage system in 

rats, hereby preventing radiation overexposure and reducing the risk of radiation induced 

gastrointestinal syndrome.294 However, the feasibility of this procedure in canine oncology 

patients warrants further investigation.  

One study by Kita and colleagues on the acute side effects of 131I in human patients 

demonstrated that the incidence of GI complaints increased significantly in patients dosed 

above 55.5 MBq/kg. 299 Considering that the dogs in this study received only 26 MBq/kg, the 

GI complications were likely not attributed to the 131I but were most likely caused by hypericin.   

The hydrophobic properties of hypericin and the incorporation of an iodine atom in its 

structure may give rise to aggregates and precipitation and consequently impaired safety.295 

To tackle this problem, 131I-hyp was formulated in DMSO/PEG400/PG/water (25:25:25:25). 

Dimethyl sulfoxide was added to the mixture because of its chemical characteristics that 

makes it an excellent solvent for water-insoluble drugs.300-302 However, despite this appealing 

quality, the IV administration of DMSO is not without risk. Main toxic effect of DMSO is its 
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haemolytic property, causing anaemia, haematuria, and haemoglobinuria.302,303 The primary 

metabolites of DMSO are excreted in the urine (dimethyl sulfone) and exhaled (dimethyl 

sulphide), causing the characteristic ‘garlic breath’ which also occurred in our dogs during the 

first 48 hours PI. Early toxicity studies of IV DMSO in dogs determined an LD50 in the order of 

2.5 g/kg,304  that was later adjusted to 1.2 g/kg.300 Our dogs only received 3.1 mg of DMSO per 

dog. Haemolysis did not occur in any dog in this research and also haematuria and 

haemoglobinuria were absent, supporting the theory that this low dose of DMSO as a solvent 

for 131I-hyp is safe in dogs. 

 

A limitation of this study is the small number of animals, that was related to animal welfare 

restrictions, particularly when working with experimental radioactive compounds. However, 

it should be noted that the data obtained in the individual dogs are exceptionally similar; 

therefore, it is the authors opinion that the inclusion of more dogs would most probably not 

provide additional information.  
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Conclusion 

To our knowledge, this is the first study in which the safety aspects (AEs related to the hyp 

and the solvent), the biodistribution, and the elimination of the radioactive compound of IV 

administered 131I-hyp were investigated in healthy dogs.  

The resulting data show that single dose treatment with 131I-hyp, dissolved in DMSO, is well 

tolerated in dogs at a dose of 0.2 mg/kg and an activity of 185 MBq. The current study also 

supports the theory that hypericin is excreted mainly by the hepatobiliary pathway and GI 

tract without being metabolized by the kidneys; therefore, preventive treatment for GI side 

effects is recommended. Blocking agents containing ‘cold’ iodine are effective at protecting 

the thyroid gland and should be implemented. The efficacy of a combination protocol with 

CA4P and 131I-labelled-hypericin in canine cancer patients should be the subject of future 

research.  

 

Supplemental Information 

Approval of the Belgian Federal Agency for Nuclear Control (FANC) and of the Belgian Federal 

Agency for Medicines and Health Products (FAMHP) was obtained (approval no. 6-CMA-

10/11-50-NL and 0002588 respectively). 



 

      



 

      

GENERAL DISCUSSION 
 
 
 
 



 

      



General discussion 

 

 169 

All cells require oxygen and nutrients and are thus located within 100-200 µm of blood vessels, 

the diffusion limit for oxygen.14 Cells that intend to grow beyond this limit must stimulate the 

creation of new blood vessels. Already in 1971, Folkman suggested that the growth of tumours 

and their ability to metastasize are angiogenesis-dependent.40 Therefore, by blocking 

angiogenesis or destroying the neovascularisation, tumour growth would be decelerated. This 

hypothesis was received with great enthusiasm by the research community and soon AAAs 

and VDAs were popping up in a multitude of (pre-)clinical studies. The majority of these 

studies involved rodent cancer models,61-65,107,140-143 but clinical trials were also performed on 

human cancer patients.68,69,139,146-148 At the onset of this PhD, therapeutic administration of a 

VDA to dogs had not yet been described. 

As CA4P-treatment inevitably leaves a viable rim of tumour cells behind, CA4P should not be 

employed as a single agent therapy but should always be incorporated in a combination 

strategy, as suggested earlier.57,63,66,159 One of these combination strategies involves the 

sequential administration of CA4P and 131I-hyp, which was first tested in 2011 on rodent 

cancer models.67 This appeared to be a promising combination, and was further tested on 

various cancer types in rodent models,164,166,207,289 but never in canine or human patients.  

 

Although the translation of cancer research data from dog to man and vice-versa is superior 

to translation from rodent tumour models, it is still recommended that the toxicity of novel 

cancer drugs is assessed in the intended species before patient trials are initiated.75 In 

addition, it should be kept in mind that toxicity data obtained in a dose-escalation study with 

healthy individuals do not always provide an exact prediction of the toxicity in patients, even 

of the same species. It could be hypothesized that, when using targeted cancer drugs, the 

tumour will absorb most of the drug, resulting in a smaller free fraction and hence reduced 
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risks of drug-related AEs in patients. Nevertheless, the tumour-bearing patients appeared to 

be more susceptible to the AEs of CA4P than the healthy dogs. Table 1 (Supplementary 

material) compares the AEs observed after administration of the CA4P in the canine cancer 

patients with those encountered in the experimental dogs at the same doses. As a matter of 

fact, the clinical toxicity profile of CA4P correlated between the patients and the healthy dogs; 

however, the patients demonstrated several AEs at 75 mg m-2 that occurred only at higher 

doses in the experimental dogs. A possible explanation for this observation might be that, 

even if the patient is otherwise healthy, the presence of cancer might make the patient more 

susceptible to drug-related AEs. Alternatively, it could be argued that experimental dogs may 

not be representative for the canine population with cancer, as they are younger and have an 

assured healthy lifestyle. However, the experimental dogs in this research had a mean age of 

7.5 years (SD 0.5) and the patients 8.8 years (SD 2.8). Additionally, all patients were all found 

to be otherwise healthy on the pre-treatment screening.    

 

Evaluation of the vascular changes induced by combretastatin A4-phosphate 

Besides its therapeutic success, drug action of anti-vascular drugs can be monitored by blood 

flow.305 By using imaging modalities that allow real-time assessment, the alacrity of tumour 

vascular response can be demonstrated in a non-invasive manner. Ultrasound offers several 

interesting options such as PDUS and CEUS. With PDUS, vessel perfusion can be assessed by 

determining the VI, while CEUS objectively calculates a variety of perfusion parameters by 

means of a dedicated software. With PDUS, we demonstrated that the response to CA4P 

treatment occurred as early as 10-20 min post-treatment. This is the time span that correlates 

with the time needed for changing the shape of ECs in vitro,306 indicating that the CA4P-

induced tumour vessel collapse is immediate. 
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There was no statistically significant correlation between any of the CEUS parameters and the 

MVD assessment, nor between any of the CEUS parameters and the PDUS results in our canine 

patients. However, more recently, Mori and colleagues did demonstrate a high correlation 

between MVD and the CEUS parameter PE in human breast cancer patients.307 It is uncertain 

why their results are contradictory to ours. Despite these preliminary results, we are of the 

opinion that CEUS assessment of vascular response to CA4P treatment remains useful in a 

clinical setting. Because the microbubbles cannot pass through the vascular endothelial 

interspace, they remain solely intravascular in nature, enabling direct evaluation of the 

vasculature.130 Additionally, CEUS allows measurement of a variety of parameters and their 

assessment with software on an external computer guarantees results that are completely 

objective and system- and user-independent.308 Furthermore, by assigning different ROIs, the 

software enables a distinction between the tumour centre and the tumour periphery. 

A finding that was demonstrated by both PDUS and CEUS, and subsequently confirmed by 

histopathological evaluation, was that, although all tumours responded to the CA4P 

treatment, not all tumours responded in the same degree. 
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Variability of response to CA4P in different tumours 

The overall response of the tumours to CA4P treatment was significant; however, between 

the different tumour types there was a great variability in both the macroscopic clinical 

response and in the microvessel response. This heterogeneous response to a single dose of 

CA4P has been noted previously, and recent studies have demonstrated a positive correlation 

between poor pericyte coverage and susceptibility to CA4P.247,249 An alternative explanation 

for the variability in tumour response that deserves some reflection is the structure-activity 

relationship (SAR) of CA4P.    

  

1. Pericyte coverage and therapeutic success of CA4P   

Pericytes have recently been recognized as an essential stromal component for the 

development and maturation of blood vessels. They are located within the basement 

membrane as distinctively shaped cells with many cytoplasmatic processes that encircle 

arterioles, venules, and capillaries (Fig 1A).48 Compared to normal tissue, however, the 

pericyte investment of tumour blood vessels is clearly aberrant (Fig 1B),250 but the exact cause 

Figure 1: Scanning electron micrograph. A: Showing a blood vessel that is tightly 

enveloped by multiple pericyte processes (arrows). B: Showing a pericyte that is not 

located on the vessel wall and only some processes (arrows) contact endothelial cells 

(Adapted from Baluk, 2005).310 

B A 
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of the abnormal pericyte behaviour in tumours is still unknown.48 This abnormal relationship 

of pericytes with ECs and the partial deficit of pericytes may contribute to an incomplete or 

abnormal basement membrane and vessel leakiness.309,310 Tumours with leaky vessels (i.e., 

poor pericyte coverage) have been found to be more aggressive and have higher metastatic 

potential compared to tumours with good pericyte investment.311-314 As pericytes stabilize and 

normalize tumour vessel morphology and function, leading to maturation and quiescence, it 

stands to reason that tumours with poor pericyte coverage are more susceptible to vascular 

disrupting treatment.310 In 2001, Beauregard and colleagues demonstrated that a positive 

correlation between vessel leakiness in transplanted tumour mouse models and susceptibility 

to CA4P exists.247 This is an exciting train of thought and we hypothesized that this correlation 

might also be demonstrable in spontaneous canine tumours. We therefore analysed the 

tumour vessel peri-endothelial cell coverage of the tumours before treatment and correlated 

this with the tumours’ response to treatment (Fig 2). Additional information on the methods 

used to obtain these results can be found in the supplementary material. Surprisingly, our 

preliminary results demonstrated no significant correlation. Although these findings must be 

interpreted with caution, it has previously been described that transplanted tumours, 

compared to autochthonous tumours, have a relatively lower fraction of peri-endothelial cell 

covered vessels.251 Furthermore, the tumoural vessels of spontaneous tumours in humans are 

often moderately to extensively covered with pericytes, while quiescent vasculature in some 

organs such as the lungs are not.53 Therefore, peri-endothelial cell coverage may not always 

correctly reflect the degree of vessel maturation. Ideally, further preclinical research should 

include a comparison of peri-endothelial cell coverage in an autochthonously induced and 

subsequently transplanted tumour.  
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2. Structure-activity relationship of CA4P and its therapeutic success 

Despite its simple molecular structure, CA4 is one of the most powerful inhibitors of tubulin 

polymerization to date.305 Its chemical structure includes two substituted benzene rings (ring 

A and B), connected by an ethene bridge in the cis-configuration. The presence of a 3,4,5-

trimethoxy-substituted A-ring, a 4-methoxy substituted B-ring, and a double bond in the cis-

                             

            

Figure 2: Microvessel pericyte coverage counting on a histopathological section of A: a 

mammary gland adenocarcinoma (dog 1) and B: a histiocytic sarcoma (dog 8). The left side 

of the image depicts the Anti-von Willebrand factor staining for identification of the 

microvessels, the right side depicts the a-smooth muscle actin staining of the identical slide, 

allowing assessment of microvessel peri-endothelial cell coverage. 

Although the tumour of dog 1 responded very well to vascular disrupting treatment, 

microvessels are extensively covered by peri-endothelial cells. The microvessels of the tumour 

of dog 8 have scarce peri-endothelial cell coverage; however, this tumour responded only 

moderately to treatment (Scale bar = 100 µm).      

A A’ 
’ 

B B’ 
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configuration are crucial for the tubulin binding (Fig 3). Additionally, the SAR plays an 

important role in the CA4P antitumor activity.306 If the active cis- isomer is converted to the 

trans-isomer, the compound becomes inactive.151,305 The reason for this is that in the cis-

configuration, the two phenyl rings are situated at the appropriate location, resulting in an 

effective interaction between the compound and its 

binding site on tubulin.315  The search for chemically more 

stable CA4 analogues, which retain the appropriate 

geometry of the two adjacent rings required for potent 

bioactivity has led to the design and synthesis of 

numerous derivatives of CA4.305,316 The replacement of 

the double bond with a heterocyclic five-membered ring 

yielded a compound that retained both cytotoxic and antitubulin activity in murine tumour 

models: AC-7739.317 Although the advantage of this cis-restricted analogue is obvious, this 

compound has still not progressed to clinical trials. 

The spatial configuration is regularly checked by the manufacturer and the CA4P used in this 

research had a purity of >99%. However, the cis- to trans-isomerisation of CA4P occurs 

relatively easily when it is exposed to ultraviolet (UV) light or heat during storage and 

administration.305,317,318 Although CA4P was stored at 2–8 °C in the dark, removed from cold 

storage only before use, and always transported in amber vials, it cannot be completely ruled 

out that it was not at some point exposed to UV light or higher temperatures, for instance 

during preparation of personalized solutions. Ideally, every personalised solution should be 

submitted to a nuclear magnetic resonance (NMR) spectroscopy screening for the presence 

of trans-isomers before administration. However, this might not be feasible as NMR 

spectrometers are relatively expensive and not readily available in clinical settings.  

Figure 3: Chemical structure of 

combretastatin A4-phosphate. The 

methoxy groups on ring A and ring B, and 

the double bond ethene bridge (C) are 

crucial for its tubulin binding property.306  
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Combretastatin A4-phosphate: clinical applicability, therapeutic success, and concerns 

The ease of administration of CA4P was comparable to the administration of conventional 

chemotherapeutic treatments to canine cancer patients. After placing an IV catheter, CA4P 

can be infused using a volumetric pump over a time span ranging from 10 min to 120 

min.65,69,146,147 The dogs in this research varied greatly in weight, ranging from 12 to 38 kg. In 

an attempt to minimize the amount of interindividual variation in drug exposure, BSA-based 

dosing was adopted instead of dosing per kg of body weight. In the 1950’s, BSA-based dosing 

was introduced to normalize doses of chemotherapeutic agents.319 Body surface area 

correlates linearly with blood volume and levels the variation in metabolic rates of animals 

across a range of weights.  

With regard to the AEs resulting from CA4P administration, the absence of the traditional 

cytotoxic AEs, common to conventional chemotherapeutic treatment57,69,139,146-148 is a definite 

advantage. Most CA4P-induced AEs are acceptable to the majority of dog owners, as they are 

mild and transient. However, owners should be informed of the neurotoxicity of CA4P prior 

to initiating the treatment. Cardiovascular follow-up is recommended, which would require 

the patient to remain at the clinic for 4-6 hours after administration, but the vast majority of 

dog owners will be prepared for that. Overall, CA4P-treatment seems feasible for canine 

cancer patients.  

 

Although the macroscopic tumour size decreased in only two dogs, overall a significant 

reduction in the number of microvessels and an extensive amount of necrosis occurred in the 

tumours. Unfortunately, CA4P treatment had only a limited and temporary effect on the 

tumour growth rate; after an initial decrease, further growth resumed, which is in accordance 

with previous research on CA4P.65,68,108,138,147,223,320 This tumour relapse compromised the 
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initial benefit, and eventually, all patients were euthanized for tumour-related reasons. 

Although CA4P has no future as a monotherapy, our research in dogs disclosed attractable 

features to further study CA4P in combination with other treatment modalities. 

 

Obviously, there are also several concerns considering CA4P administration, a first one being 

the risk to develop tumour lysis syndrome (TLS). During massive tumour cell lysis, large 

amounts of potassium, phosphate, and uric acids are released into the circulation.321 

Deposition of uric acid and calcium-phosphate crystals in the renal tubules can result in acute 

kidney injury and failure, while the rapidly decreasing serum levels of calcium can lead to 

severe hypocalcaemia resulting in muscle cramping, tetany, and cardiac arrhythmias. In 

veterinary oncology, 10 canine cases have been reported, 9 dogs treated for lymphoma and 

one recent case with an hemangiosarcoma.322-325 Nevertheless, all tumours that have a high 

cell proliferation rate, large tumour burden, or a high chemosensitivity are at risk for 

developing TLS.321 As CA4P results in very rapid and extensive tumour necrosis, there is 

certainly an increased risk of TLS. Aggressive IV hydration to improve the renal perfusion and 

glomerular filtration is the cornerstone of preventing TLS in high-risk patients.326 A high urine 

output will minimize the likelihood of uric acid or calcium-phosphate precipitation in the 

tubules. 

Another concern is that the use of CA4P as a single agent is not only unsuccessful as a 

treatment strategy, it might, in fact, be counterproductive. First, it has been demonstrated 

that when chemotherapy or radiation cause massive necrotic death of cancer cells, this 

triggers an inflammatory response that promotes neoangiogenesis and provides surviving 

cancer cells with a surplus of growth factors such as VEGF.327 Overexpression of VEGF can 

drive intense angiogenesis with low pericyte coverage.328 Notably, Xian and colleagues 
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demonstrated in 2006 that vessels with poor pericyte coverage, that are consequently 

hyperpermeable, facilitate metastasis.314 Second, perfusion-limited tumour hypoxia occurs 

when aberrant blood vessels are shut down.329 The hypoxia resulting from VDA- or AAA-

treatment has been found to alter gene expression in tumour cells, directing the tumour 

towards aggressiveness, angiogenesis, and metastasis.37,328,330 Indeed, tumours exhibiting 

extensive hypoxia have been shown to become more aggressive than corresponding tumours 

that are well oxygenized.331 In this research, one dog entered the study with a solitary 

cutaneous grade I mast cell tumour that had been dormant for over one year. However, six 

months after CA4P treatment, the dog developed multiple cutaneous mast cell tumours and 

US demonstrated multiple hypoechoic nodules in the liver and spleen, and severely enlarged 

hepatic and jejunal lymph nodes, highly suggestive of neoplastic infiltration. Although it 

cannot be ruled out that this would also have occurred without CA4P treatment, it is plausible 

that CA4P administration resulted in necrosis-induced inflammation and reoxygenation injury, 

which ultimately caused increased aggressiveness of the cancer and metastases.37,328,330 Last, 

Inai and colleagues demonstrated that, after ECs degenerated due to AAA-treatment, the 

basement membrane and pericytes persisted, providing a ghost-like scaffold for growth of 

new tumour vessels when therapy was stopped.332 The rapid regrowth of tumour vessels 

observed after CA4P therapy supports the hypothesis that the persisting basement membrane 

promoted vascular regrowth.  

 

Administration and clinical applicability of iodine-131 labelled hypericin in dogs 

Due to the surviving cancer cells in the tumour periphery, monotherapy with CA4P inevitably 

has a low success rate. The tumour cells that remain can regrow and will eventually lead to 

tumour relapse, as evidenced in this work. Complementary treatment is mandatory. In this 
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research, 131I-hyp was chosen as subsequent treatment to CA4P administration. The affinity 

for necrosis displayed by hypericin will be exploited by utilizing it as a carrier molecule, 

transporting the conjugated 131I to the necrotic tumour centre, where 131I can irradiate the 

surviving tumour cells. As knowledge on the biodistribution and elimination pattern of 131I-

hyp in healthy dogs was lacking, as was knowledge on its tolerability and toxicity, it was 

essential to first perform a preclinical study on this compound in healthy dogs.  

 

It was of interest that, although the kidneys account for more than 90% of iodide excretion 

from the body, the conjugated molecule 131I-hyp was excreted primarily by the faecal route. 

The kidneys are often considered the dose-limiting organs for radiotherapeutic agents;174 

however, when the radiotracer is conjugated to hypericin, the GI-tract becomes the dose-

limiting organ. To prevent the occurrence of radiation induced gastrointestinal syndrome, 

drugs that protect the GI-tract or stimulate the transit should be considered. Furthermore, it 

should be kept in mind that CA4P likewise elicits GI signs. Out of precautionary considerations, 

preventive treatment for GI AEs in all patients receiving CA4P-131I-hyp combination therapy 

should be provided. The fact that no radioactivity was measured in the kidneys at any time 

point suggests a secure bond between 131I and hypericin. Due to technical issues, the quality 

of the bond was not assessed in our research, but previous studies have demonstrated the 

reliability of the radiolabelling of hypericin.67,164,166,195,201,207,289 Nevertheless, it remains wise 

to protect the thyroid gland; patients should always be pre-treated with potassium-iodide to 

prevent the uptake of any free 131I.  

When administered to dogs with necrosis, 131I-hyp will mostly concentrate in the necrotic 

tissue until cleared by immune cells and phagocytosis,193,195 and only a small fraction will be 

distributed to other organs. The biodistribution of this fraction is quite similar to the 
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biodistribution of 131I-hyp in dogs without necrosis, with liver and gallbladder showing the 

highest uptake of radioactivity, followed by the lungs. In both dogs with and without necrosis, 

clearance of radioactivity from the organs is completed within 5-7 days. 

 

In a clinical situation, the administration of 131I-hyp is not as straightforward as the CA4P-

treatment. First, clinics that intend to practice nuclear (veterinary) medicine should obtain a 

licence that requires specific education, and when working with radiation therapy, all legal 

requirements should be met. This includes a dedicated treatment room and hospitalisation 

room, educated staff, and protective clothing. Second, all excretions (saliva, urine, faeces) 

must be collected and eliminated in specialized containers, and close contact with the dog 

(petting, cuddling) should be kept to a minimum. Last, dogs that are radioactive are not 

allowed to go outside (unless in a dedicated area) or receive visitors until the emitted mean 

quantity of ionizing radiation falls below 20 µSv/h at a distance of 1 m and should remain 

hospitalised during this period. Although in this study this limit was reached within 24 h, the 

single dose of radioactivity was only just high enough to allow reliable diagnostic (non-

therapeutic) imaging. Candidates for CA4P-131I-hyp combination therapy should receive a 

considerably higher dose to ensure successful radiotherapy. It seems obvious that not every 

clinic is suited for the administration of radionuclide therapy. Whereas the administration of 

CA4P does not require any special precaution and could therefore be performed by all 

veterinarians, the CA4P-131I-hyp combination therapy is only possible in specialized clinics. 
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Limitations and concerns 

Although the preliminary results of this PhD are promising, the results should be interpreted 

with caution because of the inclusion of only a limited number of animals in each study, and 

because there was no control or placebo group. When treating cancer patients, inclusion of a 

placebo group is ethically unacceptable. Obviously, it would have been advantageous to 

include a larger number of animals; however, due to strict enrolment requirements, it was 

difficult to find suitable patients. In addition, it would have been interesting to include more 

tumours of each type. This would enable a more reliable assessment of the response to 

treatment according to tumour type.  

To increase the likelihood to obtain ethical approval for our clinical trial in canine cancer 

patients, we refrained from taking tissue biopsies of corresponding healthy tissue, hereby 

forfeiting information on the potential effects of CA4P on this tissue. However, it would have 

been of added value and ethically acceptable to image healthy tissue on top of tumour tissue. 

Unfortunately, this was not considered at the time of the study.  

The strict inclusion of superficially located tumours in this study does not represent a true 

limitation. The therapeutic potential of CA4P is not limited to superficial tumours but includes 

all solid tumours and metastases,69,249 and PDUS is also a reliable imaging modality for the 

assessment of the vascularization of deeper tissues/tumours.333 Therefore, the information 

gathered from this study is equally applicable to deeper located tumours or metastases.  

An important question that has arisen during this research concerns patients with tumours in 

a precarious location. For instance, dog 8 had a tumour located on its face, close to the eye. 

The maximum penetration depth of the b-rays of 131I is 5 mm.173 Pre-treatment screening for 

such patients should include MRI-scanning, to determine if there exists at least 5 mm of space 
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between the tumour and the organ. The administration of CA4P-131I-hyp in a clinical trial 

should then demonstrate if this margin can be considered ‘safe’ or should be expanded.      

It is clear that the administration of 131I-hyp and the CA4P-131I-hyp combination protocol in 

canine cancer patients requires further research. 

 

Future perspectives 

In the continuing search for effective cancer treatments, the combination of VTAs with 

traditional therapy is an emerging model. What is unique and promising about this strategy is 

its independence of tumour type, biologic behaviour, and invasiveness of the tumour, as it is 

directed against the tumour stroma. This allows a universal and virtually depersonalized anti-

cancer approach. In human patients, the use of targeted drugs without sufficient knowledge 

of the molecular context of the target in a particular patient results in poor survival with 

considerable financial waste (Jackson, 2011),334 and the growing discordance between the 

enormous costs and marginal clinical benefit associated with many current anti-cancer 

treatment strategies has led to increasing concerns.335,336 A depersonalized approach such as 

the CA4P-131I-hyp combination protocol will improve the cost-to-benefit ratio, diminishing the 

financial burden for both the health care system and the cancer patient. 

Over the years, numerous studies have been carried out on combination strategies involving 

CA4P and radiation,67,112,160,162,166,195,289,337 anti-angiogenic therapy,205,236 chemotherapy,113,163 

or surgery.206 It is clear that the concept of treating cancer by targeting tumour vascularization 

will continue to develop and new anti-vascular combinations and compounds will be assessed.  

The research in this PhD-thesis has been restricted to canine cancer patients, and to the best 

of the authors’ knowledge, information on the administration of VTAs to cats is still lacking. 

However, anti-cancer treatment in feline cancer patients is on the rise, indicating a need for 
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further research in this area. As the results of canine research may not be extrapolated to 

feline patients, toxicity and efficacy studies in cats (healthy and tumour-bearing) are 

fundamental.   

Further preliminary research on 131I-hyp is mandatory before administration of the CA4P-131I-

hyp combination to canine cancer patients, preferably in the form of a dose-escalation study 

in healthy dogs. Escalating doses of 131I-hyp will provide additional information on potential 

AEs and on the time needed for the radiation, emitted by the dogs, to fall below the legal limit 

of 20 µSv/h at a distance of 1 m.  

A promising future perspective is the use of CA4P derivatives or analogues, such as MN-029 

or AC-7739, which have enhanced chemical stability and/or cytotoxic effect compared to the 

original CA4P.317,338 Novel and auspicious CA4P derivates are the gold biscarbene complexes. 

These compounds retain the vascular disrupting effect but address different cellular and 

protein targets and their anti-metastatic potential exceeds that of CA4P.339 They have also 

been found to be effective in multidrug resistant tumours, while they are well tolerated even 

at high doses.339  

Another very exciting development is the development of a ‘nanoscale delivery system’. In 

2005, Sengupta and colleagues engineered a delivery system, termed a nanocell which is 

comprised of two compartments: a phospholipid envelope coating a nuclear nanoparticle.340 

After being taken up by the tumour, the outer compartment releases an AAA or a VDA, causing 

vascular shutdown. Subsequently, the inner compartment releases a chemotherapeutic 

agent. This focal release results in improved therapeutic efficacy with reduced toxicity. The 

outer compartment allows optimal loading of CA4, while the inner compartment might be 

adjusted to conjugate 131I. This would ensure localized drug action which, especially 

concerning radiation therapy, is particularly interesting.  
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Conclusion 

The research of this thesis has set the first steps towards the evaluation of the combinatory 

treatment of CA4P with 131I-hyp in pet dogs. Both CA4P and 131I-hyp were found to be well-

tolerated in healthy dogs, while CA4P demonstrated both efficacy and tolerability in dogs with 

spontaneous tumours. These preliminary results are exciting, and the next decade should 

prove interesting as continued investigations into this combination strategy in canine cancer 

patients will bring us closer towards making this a mainstream component for the treatment 

and management of cancer in both human and veterinary medicine.  
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SUPPLEMENTARY MATERIAL 

 

Table 1: A comparison of adverse events in healthy dogs and in canine cancer patients after administration of 75 mg m2 

combretastatin A4-phosphate 

 Healthy experimental dogs (n=4) Canine cancer patients (n=8) 

 
Number  

of dogs 
Time span 

Number  

of dogs 
Time span 

Cardiovascular AE     

cTnI elevation 2/4 1 – 14 days 6/8 1 – 14 days 

Hypertension 0  2/8 4 – 8 hours 

Bradycardia 0  3/8 2 – 24 hours 

Tachycardia 0  2/8 2 – 24 hours 

Gastro-intestinal AE     

Anorexia 2/4 1 – 4 hours 8/8 4 – 8 hours 

Diarrhoea 2/4 1 – 4 hours 2/8 4 – 8 hours 

Nausea 4/4 1 – 4 hours 8/8 4 – 8 hours 

Vomiting 2/4 1 – 4 hours 0 4 – 8 hours 

Hematological AE     

Lymphopenia 0/4  4/8 24 hours – 14 days 

Neutropenia 4/4 72 hours – 14 days 6/8 72 hours – 14 days 

Thrombocytopenia 0/4  4/8 72 hours – 14 days 

Neurological AE     

Ataxia 0/4  4/8 24 hours – 10 days 

Lower motor neuron 0/4  4/8 24 hours – 10 days 

Tetraparesis 0/4  1/8 24 hours – 2 months 

Tumor pain 0  4/8 6 – 72 hours 

  Abbreviations: AE, Adverse event; cTnI, Cardiac troponine I 
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Material and methods of peri-endothelial cell identification in spontaneous canine tumours 

 

Tumour models 

Ten spontaneous canine tumours were used in this study; 5 sarcoma’s, 2 carcinoma’s and 1 

mast cell tumour. Of each tumour, 2 6 mm punch biopsies were taken 72 h following CA4P 

administration. The tumour tissue samples were then fixed in a 10% buffered formalin 

solution, embedded in paraffin and 2 consecutive 4 µm sections were cut.  

 

Immunohistochemistry 

Per tumour, 1 section was stained for ECs using anti-von Willebrand factor (vWF, Agilent, 

Santa Clara, CA95051, USA) to identify tumour blood vessels; the consecutive section was 

stained for peri-endothelial cells with anti-a-smooth muscle actin M0851 (SMA, Agilent, Santa 

Clara, CA95051, USA).  Deparaffinized and hydrated sections underwent pre-treatment by 15 

min incubation with Proteinase K S300402-2 (Agilent, Santa Clara, CA95051, USA) and 

subsequently by 5 min incubation with H2O2 solution to block the endogenous peroxidase 

activity. After rinsing, the sections were incubated with the primary antibody. For the vWF 

staining, polyclonal rabbit-anti human vWF antibody A0082 (Agilent, Santa Clara, CA95051, 

USA) was applied at 1:1600 dilution for 30 min at room temperature. Subsequently, horse-

radish peroxidase was linked to the primary antibodies using Envision Link Rabbit kit K401111-

2 (Agilent, Santa Clara, CA95051, USA). Sections were then rinsed, incubated with 3,3’-

diaminobenzidine (DAB) solution to generate an insoluble coloured product, and 

counterstained with Haematoxylin. For the SMA staining, monoclonal mouse-anti-SMA was 

applied at 1:200 dilution for 30 min at room temperature. Subsequently, horse-radish 
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peroxidase was linked to the primary antibodies using Envision Link mouse kit K4001 (Agilent, 

Santa Clara, CA95051, USA). 

 

Histological assessment of all stained biopsies was performed with the use of a Leica light 

microscope (Leica DMLBÒ, Leica Microsystems, Germany). Von-Willebrand factor-stained 

slides were first scanned at low power (x20) to identify tumour blood vessels. Subsequently, 

the consecutive aSMA-stained slides were scanned at low power (x20) to identify the 

corresponding location. Then, both slides were compared at higher power (x100). 
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The use of vascular targeting agents (VTAs) as treatment for cancer was first introduced in the 

1990’s, when tumour vascularisation came into focus as a potential target. The morphologic 

differences between immature tumour vessels and quiescent, mature vessels of healthy tissue 

permit a high specificity, opening doors for drugs with high efficacy and little toxicity. One of 

the best known VTAs is combretastatin A4-phosphate (CA4P), which selectively shuts down 

blood supply in tumours, resulting in extensive tumour necrosis. Combretastatin A4-

phosphate has been included in many (pre-)clinical trials and has been found to be safe and 

effective in human cancer patients. 

While monotherapy with CA4P has been FDA approved for clinical trials on several types of 

cancer, the overall success rate is low, due to surviving cancer cells typically in the periphery 

of the tumour, which are nutritionally supported by mature vasculature of adjacent normal 

tissue. These surviving tumour cells regrow and lead to tumour relapse if no complementary 

treatment is installed. Subsequently, a variety of studies combining CA4P with 131I-hypericin 

have been performed. As a necrosis avid compound, hypericin transports 131I to the necrotic 

areas of the tumour, where 131I can irradiate the remaining tumour cells. This strategy was 

found to be very successful in rodent tumour models and further investigation of this 

combination in larger animal models is certainly warranted. The general aim of this work was 

to explore the safety and efficacy of both compounds (CA4P and 131I-hyp) of this combination 

strategy in cancer-bearing pet dogs. 

In the first chapter, the potential side effects and toxicity of CA4P were assessed in ten healthy 

experimental dogs. In the following chapters (Chapters 2 and 3) CA4P was administered to 

eight dogs with various spontaneous cancers, to assess its efficacy and safety and, 

additionally, non-invasive imaging modalities were evaluated as assessment tools for vessel 
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perfusion after CA4P-administration. In the last chapter, the biodistribution and the tolerance 

of 131I-hyp were investigated in three healthy experimental dogs. 

 

A dose-escalation study of CA4P in healthy dogs 

Because literature on the adverse events (AEs) of CA4P in dogs was inexistent, a dose-

escalation study was needed to determine both a dose deemed safe for canine cancer 

patients, and to assess possible side effects. Escalating doses of CA4P (ranging from 50 to 100 

mg m-2 were infused intravenously in ten healthy beagles over a time-span of 30 or 120 

minutes. All dogs were monitored during and after injection for haematological, biochemical, 

gastro-intestinal (GI), cardiovascular, and neurological toxicity. As seems to be the case in 

human patients, CA4P was generally well tolerated with high-grade AEs only occurring at the 

highest dose level (100 mg m-2). In our dogs, the most common side effects were neutropenia 

and mild GI toxicities (i.e., nausea and diarrhoea), occurring at all dose levels. Additional mild 

GI side effects (i.e., anorexia and vomiting) arose only at higher dose levels (³75 mg m-2), as 

did cardiovascular toxicity (i.e., mild cTnI elevation). Neurologic dose limiting toxicities (i.e., 

severe ataxia and motor neuropathy) and mild hypertension occurred at a dose of 100 mg m-

2, irrespective of infusion time. Based on these results, the dose recommended for treating 

canine cancer patients was 52 - 75 mg m2 

 

Administration of CA4P to canine cancer patients 

To assess the toxicity and efficacy of CA4P in dogs with various spontaneous cancer types, 

eight pet dogs bearing spontaneous tumours were selected and treated IV with 75 mg m-2 

CA4P. All dogs were screened and monitored before, during, and after injection for 

haematological, biochemical, GI, cardiovascular, and neurological toxicity, and quality-of-life 
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(QOL). Pre- and post-treatment tumour vessel perfusion was assessed by power Doppler 

ultrasound (PDUS) and contrast-enhanced ultrasound (CEUS) and additionally, vessel 

destruction and tumour necrosis were evaluated by pre- and post-treatment histopathology 

of tumour tissue. 

 

Although the clinical toxicity profile was similar, the patients demonstrated several AEs at 75 

mg m-2 that only occurred at higher doses in the experimental dogs. One patient developed a 

Grade 4 neuropathy and ataxia which progressed into tetraparesis lasting 2 months. Half of 

the patients developed tumour pain following CA4P administration, which required 

analgesics. All other clinical AEs were low-grade and transient. Four owners reported a 

temporarily improved QOL following the CA4P treatment. 

 

Although macroscopic tumour size reduction was only evident in two tumours, CA4P induced 

a significant decrease in vascularity index (VI) and in tumour vessel perfusion, based on PDUS 

and CEUS. Histopathology revealed 4.4-fold decrease in tumour microvessel density (MVD) 

and a 4.1-fold increase of necrotic tumoural tissue. The overall response of the tumours to 

CA4P treatment was significant; however, between the different tumour types, there was a 

great variability in both the macroscopic clinical response and in the microvessel response. 

Some tumours responded very well, with large areas of necrosis, while others seemed not to 

respond at all, with hardly any difference in microscopic evaluation between pre- and post-

treatment biopsies. Within the tumours, microvessel response also varied, with some tumours 

demonstrating areas of vascular occlusion and tumour cell necrosis interspersed with large, 

unresponsive areas, while other tumours showed complete response in all areas. 
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Imaging modalities for non-invasive tumour perfusion assessment 

In the quest for in vivo non-invasive ultrasound techniques for the early evaluation of tumour 

perfusion following CA4P administration, PDUS and CEUS were compared to histopathological 

assessment of tumour tissue biopsies before and after CA4P administration. Perfusion of the 

tumours by PDUS was assessed by determining the VI pre-treatment (0 h), during the infusion 

(10, 20, and 30 min), and after administration (24 and 72 h). Central and peripheral perfusion 

of the tumours by CEUS was evaluated pre-treatment and at 72 h after treatment. During 

histopathological assessment of tumour tissue pre-treatment and at 72 h after treatment, the 

MVD was determined. 

 

Power Doppler US was found to be highly correlated with the gold standard of microscopic 

MVD assessment, indicating its potential usefulness in a clinical setting. Although no 

significant correlation was found between the CEUS parameters and microscopic MVD 

assessment, the perfusion characteristics of all tumours underwent significant changes after 

CA4P administration. Furthermore, the CEUS parameters of the tumour centre demonstrated 

a significant reduction in tumour perfusion after CA4P administration, while the perfusion of 

the tumour periphery was consistently insufficiently affected, confirming the necessity of 

subsequent treatment. 

 

Administration of 131I-hyp to healthy dogs 

As a final step, the tolerability, toxicity, and the biodistribution and elimination pattern of 

hypericin conjugated with 131I (131I-hyp) were assessed in healthy dogs. This was achieved by 

evaluating the administration of 131I-hyp to three healthy experimental dogs. A dose of 0.2 mg 

kg-1 hypericin was labelled with 185 MBq 131I and administered intravenously. After injection, 
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the dogs were monitored for haematological and biochemical toxicity at 1, 4, 6, 14, 24, 48, 72, 

and 96 h, at 7 and 14 days, and at 6 weeks. Physical examination was performed hourly the 

first 6 h after administration, daily for 1 week, at 14 days, and at 6 weeks. The biodistribution 

and elimination patterns of 131I-hyp were assessed by means of a dual head gamma camera 

system immediately following administration and on day 1, 2, 3, 4, and 7. Additionally, the 

effective half-life and dose rate were recorded. 

Overall, a single dose was well tolerated and AEs were limited to mild and transient GI signs. 

After IV administration, immediate distribution was mainly to the liver, the lungs, and the 

heart. A redistribution to the colon and stomach was noted after 24 h, and all organs were 

effectively cleared within 7 days. The effective half-life was established at 80 h. In all dogs, the 

emitted radiation fell below the maximum dose rate of 20 µSv h-1 at a distance of 1 m within 

24 h. 

 

Conclusion 

The general aim of this work was to explore the safety and efficacy of both CA4P and 131I-hyp 

in canine cancer patients. Both compounds were found to be safe when administered to 

healthy dogs, and CA4P was found to be both safe and effective when administered to canine 

cancer patients. With this research, a foundation was laid for further investigation of the 

CA4P-131I-hyp combination protocol in canine cancer patients. 
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Het gebruik van vascular targeting agents (VTA’s) als behandeling voor kanker werd voor het 

eerst geïntroduceerd in de jaren negentig, toen werd vastgesteld dat tumorale bloedvaten als 

een potentieel doelwit kunnen fungeren. De morfologische verschillen tussen immature 

tumorale bloedvaten en mature bloedvaten van gezond weefsel maken een hoge specificiteit 

mogelijk, wat heeft geleid tot geneesmiddelen met een hoge doeltreffendheid en een lage 

toxiciteit.  

Een van de bekendste VTA's is combretastatine A4-fosfaat (CA4P), dat selectief bindt op de 

tumorale bloedvaten waardoor de bloedtoevoer naar de tumor wordt afgesloten. Dit 

resulteert in uitgebreide necrose van de centrale tumor. Combretastatine A4-fosfaat werd 

reeds in veel (pre-) klinische onderzoeken onderzocht en is veilig en effectief gebleken bij 

humane kankerpatiënten. 

Alhoewel monotherapie met CA4P door de Amerikaanse Food and Drug Administration (FDA) 

is goedgekeurd voor de behandeling van verschillende soorten kanker, is het uiteindelijke 

slagingspercentage laag. Dit is te wijten aan een overlevende rand van kankercellen in de 

periferie van de tumor, die nutritioneel ondersteund worden door mature bloedvaten van 

aangrenzend gezond weefsel. Deze cellen zullen kankerecidive veroorzaken indien er geen 

aanvullende behandeling wordt ingesteld. Desgevolg werd er een verscheidenheid aan 

onderzoeken uitgevoerd waarbij CA4P werd gecombineerd met conventionele 

kankertherapie, waaronder de combinatie van CA4P met 131I-hypericine. Hypericine is een 

necrosis avid compound (NAC) en transporteert het 131I naar het necrotische centrum van de 

tumor, waar het 131I de resterende tumorcellen kan bestralen en zo vernietigen.  

 

Deze strategie bleek zeer succesvol te zijn in knaagdiertumormodellen en verder onderzoek 

van deze combinatie in grotere diermodellen is zeker gerechtvaardigd. Het algemene doel van 
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dit werk was om de veiligheid en efficaciteit van beide compenten (CA4P en 131I-hyp) van deze 

combinatiestrategie bij honden met spontane tumoren te onderzoeken. 

 

In het eerste hoofdstuk werden de mogelijke bijwerkingen en de toxiciteit van CA4P bij tien 

gezonde proefhonden beoordeeld. In de volgende hoofdstukken (Hoofdstuk 2 en 3) werd 

CA4P toegediend aan acht honden met verschillende spontane tumoren, om de efficaciteit en 

de veiligheid te beoordelen. Daarnaast werden verschillende beeldvormingstechnieken 

geëvalueerd als methode voor de niet-invasieve beoordeling van de bloedvatperfusie na 

CA4P-toediening. In het laatste hoofdstuk werden de biodistributie en de tolerantie van 131I-

hyp onderzocht bij drie gezonde proefhonden. 

 

 

Een dosisescalatie studie van CA4P bij gezonde honden 

Omdat er geen literatuur bestond over de neveneffecten van CA4P bij honden, moest een 

dosisescalatie studie worden uitgevoerd om enerzijds een dosis te bepalen die als veilig kan 

worden beschouwd voor honden met kanker en anderzijds om mogelijke bijwerkingen te 

beoordelen. Escalerende doseringen van CA4P (50, 75 en 100 mg m-2) werden intraveneus 

toegediend aan tien gezonde beagles gedurende 30 of 120 min.  

Elke hond werd intensief opgevolgd gedurende en na de toediening. Er werd gekeken naar 

het bloedbeeld (hematologie en biochemie), en naar gastro-intestinale (GI), cardiovasculaire 

en neurologische bijwerkingen. Over het algemeen werd CA4P door de honden goed 

verdragen; ernstige bijwerkingen traden enkel op na toediening van de hoogste dosering (100 

mg m2). De meest voorkomende bijwerkingen op alle dosisniveaus waren neutropenie en 

milde GI-toxiciteit (misselijkheid en diarree). Bijkomstige milde GI (anorexie en braken) en 
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cardiovasculaire (serum cTnI verhoging) bijwerkingen werden enkel vastgesteld na toediening 

van hogere doseringen (³75 mg m-2). Neurologische dosisbeperkende toxiciteit (ernstige 

ataxie en motorneuropathie) en milde hypertensie traden op na toediening van een dosis van 

100 mg m-2. De infusietijd (30 of 120 min) had geen invloed op het optreden van de 

bijwerkingen. Op basis van deze resultaten was de aanbevolen dosering voor de behandeling 

van honden met kanker 52 - 75 mg m2. 

 

Toediening van CA4P aan honden met spontane tumoren 

De toxiciteit en efficaciteit van CA4P werd beoordeeld bij honden met verschillende types 

spontane tumoren. Acht honden met spontane tumoren werden geselecteerd en IV 

behandeld met 75 mg m-2 CA4P. Alle honden werden tijdens en na de toediening 

gecontroleerd op hematologische, biochemische, GI, cardiovasculaire en neurologische 

bijwerkingen en op hun levenskwaliteit. De bloedvatperfusie van de tumoren werden zowel 

voor als na de toediening beoordeeld met power Doppler echografie (PDUS) en contrast-

enhanced echografie (CEUS) en daarnaast werden bloedvatvernietiging en necrose van 

tumorweefsel beoordeeld door histopathologie voorafgaand aan en na de behandeling. 

 

Alhowel het klinische toxiciteitsprofiel van de honden met tumoren vergelijkbaar was aan dat 

van de gezonde honden, vertoonden de honden met tumoren enkele bijwerkingen die bij de 

gezonde honden alleen bij een hogere dosis voorkwamen. Eén hond ontwikkelde een Graad 

4 neuropathie en ataxie, die snel evolueerde naar een 2-maand durende tetraparese. Na 

toediening van CA4P ontwikkelde de helft van de honden pijn ter hoogte van de tumor. Deze 

pijn was zodanig dat er pijnstillers vereist waren. Alle overige klinische bijwerkingen waren 
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mild en van voorbijgaande aard. Vier eigenaren meldden een tijdelijk verbeterde 

levenskwaliteit na de CA4P-behandeling.  

Alhoewel er slechts in twee tumoren een zichtbare afname van grootte was, werd er met 

PDUS en CEUS na CA4P toediening algemeen een significante afname van de bloedvatperfusie 

en van de vascularizatie index (VI) waargenomen.  

Histopathologie onthulde een 4,4-voudige afname van de microvessel dichtheid (MVD) en een 

4,1-voudige toename van necrotisch tumorweefsel. De algehele respons van de tumoren op 

CA4P-behandeling was significant; echter tussen de verschillende tumortypen bestond er een 

grote variabiliteit in zowel de macroscopische klinische respons als in de respons van de 

bloedvaten. Sommige tumoren reageerden zeer goed met grote gebieden van necrose, terwijl 

er bij anderen nauwelijks enig verschil waarneembar was tussen de microscopische evaluatie 

voor en na de behandeling. Binnenin de tumoren varieerden de bloedvatrespons ook; 

sommige tumoren vertoonden delen met vasculaire occlusie en tumorcelnecrose afgewisseld 

met niet-reagerende gebieden, terwijl andere tumoren een volledige respons vertoonden. 

 

Beeldvormingsmodaliteiten voor niet-invasieve tumorperfusiebeoordeling 

Voor de vroege evaluatie van tumor bloedvatperfusie na CA4P-toediening werden PDUS en 

CEUS als niet-invasieve beeldvormingstechnieken vergeleken met de histopathologische 

beoordeling van tumorweefsel biopsieën voor en na CA4P-toediening. De bloedvatperfusie 

werd beoordeeld door op PDUS de VI te bepalen voor de CA4P behandeling (op 0 uur), tijdens 

de infusie (op 10, 20 en 30 minuten) en na de toediening (24 en 72 uur). De centrale en 

perifere perfusie van de tumoren werd geëvalueerd met CEUS voor de behandeling en 72 uur 

na de toediening. De MVD werd bepaald op histopathologische beoordeling van het 

tumorweefsel voor de behandeling en 72 uur na de toediening. 
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De histopathologische beoordeling van tumorweefsel biopsieën is momenteel de gouden 

standaard. Er werd een sterke correlatie gevonden tussen PDUS en de histopathologie en dit 

impliceert een potentiële bruikbaarheid ervan in een klinische setting. Alhoewel er geen 

significante correlatie werd gevonden tussen de CEUS-parameters en de histopathologie, 

onderging de perfusie van alle tumoren belangrijke veranderingen na toediening van CA4P.  

Daarenboven vertoonden de CEUS-parameters van het centrale gedeelte van de tumor een 

significante daling in perfusie na CA4P toediening, terwijl de perfusie van de periferie van de 

tumor consequent onveranderd bleef. Deze bevinding bevestigt de noodzaak van een 

navolgende behandeling.  

 

Toediening van 131I-hyp aan gezonde honden 

Als laatste werden de tolerantie, de toxiciteit en het biodistributie- en eliminatiepatroon van 

de geconjugeerde verbindingen hypericine en 131I (131I-hyp) beoordeeld bij gezonde honden. 

Dit werd bereikt door de toediening van 131I-hyp aan drie gezonde proefhonden te evalueren. 

Een dosis van 0,2 mg kg-1 hypericine werd gelabeld met 185 MBq 131I en intraveneus 

toegediend. Na toediening werden de honden gecontroleerd op hematologische en 

biochemische toxiciteit na 1, 4, 6, 14, 24, 48, 72 en 96 uur, na 7 en 14 dagen en na 6 weken. 

Lichamelijk onderzoek werd de eerste 6 uur na toediening elk uur uitgevoerd, dan gedurende 

1 week dagelijks, en nog eenmaal na 14 dagen en na 6 weken. Het biodistributie- en 

eliminatiepatroon van 131I-hyp werd beoordeeld onmiddellijk na toediening en op dag 1, 2, 3, 

4 en 7. De beoordeling gebeurde met behulp van een tweekoppig gammacamerasysteem. 

Daarnaast werden ook de effectieve halfwaardetijd en het dosistempo vastgelegd. 
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Een enkele dosis werd algemeen goed verdragen en de bijwerkingen bleven beperkt tot milde 

GI klachten van voorbijgaande aard. Na intraveneuze toediening was er een onmiddellijke 

distributie naar de lever, de longen en het hart. Na 24 uur werd een herverdeling naar de dikke 

darm en maag opgemerkt en binnen 7 dagen waren alle organen geklaard. De effectieve 

halfwaardetijd werd vastgesteld op 80 uur. Binnen 24 uur daalde de uitgezonden straling bij 

alle honden onder de maximale dosis van 20 µSv h-1 op een afstand van 1 meter.  

 

Conclusie 

Het algemene doel van dit onderzoek was om de veiligheid en werkzaamheid van zowel CA4P 

als 131I-hyp te onderzoeken bij honden met spontane tumoren. Beide verbindingen bleken 

veilig te zijn voor toediening aan gezonde honden en CA4P bleek zowel veilig als effectief te 

zijn bij toediening aan honden met kanker. Met dit onderzoek werd een basis gelegd waarop 

verder onderzoek van het CA4P-131I-hyp combinatieprotocol bij honden met kanker mogelijk 

is. 
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After she was born on June 15th, Eline was raised in a small Dutch village in the middle of 

nowhere. As a little girl, she was always outside. She enjoyed playing in the yard, in the fields, 

and in the ditches. She was fascinated by all animals, large and small, and was regularly caught 

trapping insects for exposition in her ‘museum’. It was only natural to become a veterinarian 

and, to achieve this, Eline moved to Ghent, Belgium. During her studies at the faculty of 

veterinary medicine of Ghent University, she fell in love with her now-husband and with 

Belgium. 

In 2011 she graduated with honours as a small animal veterinarian and was offered a position 

in a first- and second-line veterinary clinic in The Netherlands. She enjoyed the work but did 

not quite feel like she was living up to her full potential. So, in 2013, she applied for an 

internship in the small animal department of the faculty of veterinary medicine of Ghent 

University and was accepted. She moved back to Belgium, this time to stay. 

During her internship, she was bitten by the research-microbe and when the opportunity to 

apply for a doctoral research came up in 2014, she jumped at this opportunity. She defended 

the application for the Flemish government with passion and was awarded a research grant. 

Feeling like she had found her calling, she thoroughly enjoyed the ensuing 5 years, obtaining 

the certificate of the Doctoral Training Programme of Life Science and Medicine, publishing 6 

peer-reviewed articles as first author and giving presentations at national and international 

congresses.
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Het is dan eindelijk zover; na 5 prachtige jaren is mijn doctoraat voorbij. Een fantastisch en 

vooruitstrevend project, dat niet mogelijk zou zijn geweest zonder de hulp, steun en het 

vertrouwen van een heleboel mensen! Daarom een hele grote, welgemeende merci aan alle 

mensen die een steentje hebben bijgedragen aan dit mooie eindresultaat!  

 

Eerst en vooral, een hele grote dankuwel aan mijn promotoren Hilde de Rooster, 

Sylvie Daminet en Yicheng om dit doctoraatsproject aan mij toe te vertrouwen.  

Hilde, ik heb me vaak afgevraagd of er voor u misschien meer dan 24u in een dag zaten, want 

ondanks uw klinieken, operaties, lessen en vergaderingen stond u toch altijd klaar om mijn 

artikels na te lezen, talloze vragen te beantwoorden, advies en feedback te geven en om een 

luisterend oor te zijn. Ondanks een aantal heikelpunten tijdens de start van het project (met 

name de onbeschikbaarheid van de producten) bleef u er steevast in geloven en samen zijn 

we er toch maar aan uit geraakt en kon het alsnog van de grond komen. Tijdens het project 

gaf u mij de kans om zelfstandig te werken maar er toch voor mij te zijn wanneer er problemen 

waren. Ook niet-werk gerelateerd was u er voor mij en de vrijheid die u mij heeft gegeven om 

er te zijn voor mijn kinderen is voor mij van onschatbare waarde geweest. Bedankt voor alles!! 

Sylvie, zonder u was dit project niet mogelijk geweest. Dank u wel om tijd vrij te maken voor 

meetings, nalezen van artikels en voor uw altijd-opbouwende feedback. Uw vertrouwen heeft 

mij doen streven naar perfectie in alles wat ik deed.  

I would also like to thank Yicheng for having confidence in my capabilities, for reading and re-

reading manuscripts, for traveling all the way to Merelbeke to attend our meetings, and for 

always believing that I could carry out this research project!  
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En vooral, een heel welgemeende dank u wel aan het VLAIO om mij financieel te 

steunen en mij de kans te geven dit onderzoek uit te voeren om zo te kunnen bijdragen aan 

de strijd tegen kanker. Dank u Ann Joris om het administratief allemaal vlotjes te laten 

verlopen.  

De eerste maanden van mijn doctoraat bracht ik door in ‘de container’ en die maanden 

zullen me altijd bij blijven. Ondanks de Siberische temperaturen in de winter en de tropische 

temperaturen in de zomer zaten we daar met een fantastische groep mensen die me over de 

eerste struikelblokken hebben getrokken. Hilde, Adriaan, Matan, Naussikaa, Marianne, 

Alessandra en Stéphanie, jullie waren hele fijne collega’s en ik wens jullie allemaal nog het 

allerbeste toe!  

Niet lang erna werd de container met de grond gelijk gemaakt (het einde van een 

tijdperk), maar in de plaats kregen we een fantastisch licht en ruim bureau, speciaal voor de 

bursalen! Een speciaal woordje van dank gaat naar mijn fantastische doctoraatscollega’s Lise 

en Sophie. Jullie waren de beste bureaugenootjes die ik me kon wensen tijdens dit avontuur. 

Ik kon steeds op jullie terugvallen voor een luisterend oor, de laatste roddels, een nuchtere 

tweede opinie of hulp met een van mijn hondjes. Samen hebben we lief en leed gedeeld over 

alle aspecten van een doctoraatsonderzoek. Sophie, heel veel succes met het vervolg van je 

studie, hopelijk komt het elastografie onderzoek snel van de grond. En ook heel veel succes 

en vooral heel veel plezier met de bouw van jullie huis. Ik ben alvast heel erg benieuwd en ik 

hoop snel op housewarming te komen! Lise, ook voor jou komt het nu allemaal heel dichtbij. 

Het gaat vast een fenomenaal boekwerk worden, ik heb er alle vertrouwen in! Je bent een 

supermama en doctoreren is maar peanuts vergeleken met het overleven van het eerste 

baby-jaar. Dus dat komt helemaal goed! Virginie, ook al zat je niet de hele dag bij ons op het 

bureau, de 10-uurtjes, de 4-uurtjes en alle uren ertussen waren goed voor gezelligheid en 
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roddels. Ook jou wens ik enorm veel succes met de laatste loodjes van je doctoraat. Chapeau 

om het aan te kunnen met 3 kindjes, organisatie en structuur behoren zeker tot jouw skills!  

Adriaan, part of this research was only possibly thanks to you! All the check-ups on the 

radioactive dogs (at the most impossible hours), taking scans and taking blood, … Thank you 

for all your help! I hope you’ll find a way to finish your PhD; rest assured that I will be in the 

front row at your public defence!  

Ward, oorspronkelijk hadden we u enkel aangesproken over het kleuren van pericyten, 

maar al snel raakte u mee verwikkeld in analyses, berekeningen, artikels en nu bent u 

onderdeel van de jury. Talloze e-mails werden heen-en-weer gestuurd, ontelbaar veel 

kleuringen uitgevoerd en vele spreadsheats met data werden geanalyseerd. Bedankt voor het 

meedenken, voor uw suggesties, advies en hulp (ook niet-onderzoeksgerelateerd) en om te 

willen zetelen in mijn jury! Uw bijdrage heeft dit onderzoek naar een hoger niveau getild!  

Ik zou ook graag iedereen van onze vakgroep bedanken voor alle leuke momenten, 

gezellige babbels en interesse voor mijn onderzoek de laatste 5 jaar. Bieke, bedankt voor alle 

goede zorgen voor de proefhondjes van mijn proeven. Alle mensen van het secretariaat, Saar, 

Kathy, Elke, en Dominique, bedankt om de aanmelding van mijn patiënten altijd in goede 

banen te laten verlopen en bedankt voor de vele gezellige (korte) babbeltjes tussen de klanten 

door. Ilse, bedankt voor het financiële gedeelte van het onderzoek en voor de gezelligheid. 

Keep those nails going!   

Wim Van Den Broeck, ik vind het een hele eer dat u wilt optreden als voorzitter van 

mijn examencommissie. In mijn allereerste jaar diergeneeskunde boezemde u vele studenten 

angst in met het grootste buisvak van het jaar. Ik behoorde niet tot die groep, integendeel, 

weefselleer vond het interessantste vak van het jaar en ondanks het feit dat destijds alles ‘live’ 
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op de overhead projector werd getekend, en de lessen voornamelijk bestonden uit het zo 

deftig mogelijk natekenen en zo snel mogelijk uw verhalen er naast pennen, ging ik met enorm 

veel plezier naar uw les. Ik vind het erg bijzonder dat ik mijn studies in de diergeneeskunde 

met u ben gestart en nu ook zal eindigen.   

Bedankt Tom en Dante van het Belgisch Kankerfonds voor Dieren voor jullie gulle gift 

en voor het nomineren van dit project voor de Warmste Week. Bedankt aan alle leden van 

het VSGK om tijdens de Warmste Week geld in te zamelen voor de CA4P studie op honden 

met kanker.  

Een speciaal woordje dank voor Emmelie. Bij jou kon ik altijd terecht met al mijn vragen 

of problemen en je nam altijd de tijd om te antwoorden of om mee te denken over 

oplossingen. Daarnaast heb je ontelbare aantallen power Doppler en contrast echo’s voor mij 

uitgevoerd. Omdat je zo secuur te werk ging waren de resultaten goed te analyseren en kwam 

er een prachtig artikel uit. Zonder jouw onuitputtelijke inzet en motivatie was dit hele 

onderzoek niet mogelijk geweest! Dank je wel!!  

Laetitia, bedankt om mij te inspireren. Je bent doorheen mijn doctoraat op vele 

vlakken mijn grote voorbeeld geweest. En ook naast mijn doctoraat heb je mij geholpen en 

bijgestaan. Bedankt daarvoor, ik kan me geen fijner jurylid voorstellen dan jij!  

Eva, bedankt voor alle administratie, het bestellen van het jood en om mij (onbedoeld) 

jouw niet-analytisch jood te lenen, voor je hulp en advies bij het verwijderen van radioactief 

materiaal en voor je antwoorden op mijn talloze vragen. Zonder jou was het tweede deel van 

mijn onderzoek niet mogelijk geweest!  

Filip Clompen en Marnix Verdonck, dank je wel voor de technische ondersteuning en 

voor het bewerken van de vele figuren.  
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Voor de vele echocardio’s die gemaakt werden van alle hondjes een dikke merci aan 

Veronique en Pascale. Bedankt voor jullie geduld en om altijd tijd vrij te maken om mijn 

hondjes uitgebreid te scannen!  

Kathelijne, ik ben erg blij dat u in mijn jury wilde zetelen. Uw kennis en uw grondigheid 

hebben de kwaliteit van deze thesis nog verbeterd.  

Bas Van Nimwegen, dank je wel om voor mij naar België te komen en in de jury te 

willen zetelen. Ik ben vereerd dat u deze taak op u hebt willen nemen.  

Ine, dank je wel om altijd klaar te staan om naar mijn patiënten te kijken, mee te 

denken over hun neurologische klachten en voor je wetenschappelijke inbreng in mijn artikels. 

Naast het klinische gedeelde was ook altijd te vinden voor een gezellige babbel (voornamelijk 

over de kindjes) tijdens een broodje of op de kliniek. Jouw passie voor het vak en ook je liefde 

voor de proefhondjes hebben mij altijd geïnspireerd! Ik wens je nog heel veel succes met je 

carrière, je kindjes en met jullie nieuwe huis. 

Ook een hartelijke dankjewel aan Luc om deel uit te willen maken van mijn jury. De 

neurologische symptomen van de hondjes hebben ons veel bezig gehouden, ik kijk er naar uit 

om er samen over te discussiëren op de verdediging. Ook bedankt om mij zo lang te laten 

meelopen op de kliniek, voor sommigen tot vervelens toe vrees ik, maar ik heb er veel geleerd 

en er veel plezier van gehad. Bedankt Ine, Sofie, Michelle, Marios en Dakir om mij op 

sleeptouw te nemen.  

Katrien Vanderperren, dank je wel voor het uitvoeren van de contrast echo’s en de 

power Doppler echo’s en om er altijd voor te zorgen dat ze steeds op dezelfde plaats werden 
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uitgevoerd. Leen Van Brantegem, dank u wel om samen met mij naar alle coupes te kijken en 

me te helpen om de afwijkingen correct te verwoorden. Kaat De Clercq, voor de talloze keren 

dat je voor mij de CA4P oplossing hebt aangemaakt. Filip, bedankt om het 131I-hyp te komen 

aanmaken. Altijd stipt op tijd om de honden onmiddellijk te kunnen inspuiten, wat het 

onderzoek zo betrouwbaar mogelijk heeft gemaakt. Liz, voor het uitvoeren van de cTnI 

analyses en voor jouw hulp bij het internationaal versturen van stalen. 

Tom Hellebuyck, dankzij u verbleef onze veestapel in goede gezondheid en konden we 

zonder zorgen aan onze thesis werken.  

Voor de vele scans van alle honden wil ik graag Kathelijne en Robrecht bedanken. 

Dankzij jullie vlotte bediening van de gamma-camera verliep dit altijd zeer efficiënt. 

Kathelijne, dank u wel voor alle berekeningen en uw eeuwige bereidheid om de resultaten 

met mij te overlopen en te analyseren. Een speciaal woordje dank voor Lise, die mijn honden 

altijd steevast in dromenland wist te krijgen.  

Bedankt aan Tom, Virginie, Tim, Inge, Alix en Carolien om de patiënten voor mij in 

slaap te houden zodat ik biopten kon nemen. En ook aan Peggy, Katrien en alle studenten en 

interns die mijn patiënten in het oog hebben gehouden wanneer ik er niet was.  

Een speciaal bedankje aan mijn internvriendjes: Dominique, Felix, Julie, Lien, Lise, 

Sophie, Steffie en Thomas. Hier is het voor mij allemaal begonnen. Een fantastische groep, 

die mij als nieuwkomer onmiddellijk heeft verwelkomd en aanvaard. Samen hebben we de 

klinieken gerund (buiten de werkuren dan), heldendaden verricht en talloze dierenlevens 

gered. Wat een geweldige tijd hebben we samen doorgemaakt! Nu is iedereen zijn eigen weg 

gegaan, getrouwd, kinderen gekregen, maar ons internship zal iedereen bijblijven. Bedankt 
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voor jullie steun tijdens het schrijven van mijn IWT aanvraag, jullie hebben er altijd in geloofd! 

Hopelijk zien we elkaar allemaal snel terug (misschien wel vandaag?), want ik draag jullie 

allemaal in mijn hart.  

De allergrootste dankjewel gaat natuurlijk naar de baasjes en hun hondjes die hebben 

meegewerkt aan dit onderzoek. Michel met Fjundi, jullie hebben de spits afgebeten. Een 

straffe dame die, ondanks alles, altijd blij was om mij te zien. Sarah met Junior, stoicijns en 

nog altijd een snelle voor zijn leeftijd. Robina met Tiësto, jullie kwamen altijd van ver, maar 

ondanks de lange autoritten was hij altijd bereid tot een dikke knuffel. Sonja met Bieke, het 

dapperste hondje dat ik al ontmoet heb. Aneta avec Maitan, un chien très special, on 

rencontre rarement des chiens comme lui. Desiree met Esprit, zachtaardig en een echte 

prinses. Mandy met Puk, een grote beer met een hart van goud.  

Jullie waren allemaal zo moedig, en het vertrouwen dat jullie mij gegeven hebben heeft enorm 

veel indruk gemaakt op mij. Jullie hebben stuk voor stuk een plekje veroverd in mijn hart en 

ik zal jullie nooit vergeten. Vous étiez si courageux et la confiance que vous m’avez donné m’a 

laissé une forte impression. Vous êtes tous dans mon cœur et je ne vous oublierai jamais.. 

Mes beaux-parents, Muriel, Fabrice, merci de m’avoir accueilli dans vos cœur. Merci 

de m’avoir donné un chez-moi lorsque nous n’avions pas de maison. Merci de vous être occupé 

de moi comme si j’étais votre fille. Et merci de m’avoir toujours soutenu et d’avoir cru en moi. 
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Mam, Pap, wie had dat ooit gedacht: Doktor Eline. Het meisje dat zo graag dierenarts 

wilde worden dat ze zelfs naar België verhuisd is. Jullie hebben het voor mij allemaal mogelijk 

gemaakt. Wetende dat de kans bestond dat ik voorgoed in België zou blijven, hebben jullie 

mij toch laten gaan en mij langs alle kanten gesteund. Dankzij jullie steun, zowel financieel als 

mentaal, sta ik hier vandaag: mijn grootste prestatie ooit! Ik zeg het niet vaak genoeg, maar 

dank je wel voor alles wat jullie voor mij doen! Ik hou van jullie!  

Pierre-Alexandre, mijn allerliefste Schattie, vanaf het eerste jaar diergeneeskunde 

wist ik het al: jij bent mijn alles, mijn soulmate, mijn partner-in-crime. Wat hebben we al veel 

meegemaakt over de jaren: het studentenleven, het VDK, de examens, het afstuderen, onze 

eerste job als dierenarts.. en nu staan we terug samen op hetzelfde punt, bijna op hetzelfde 

moment! Terwijl ik dit typ zit jij tegenover mij, jouw eigen thesis af te werken. En op elk nieuw 

punt van ons leven hou ik steeds een beetje meer van jou! Dank je wel voor je steun, je hulp, 

je onuitputtelijk enthousiasme en kunde. Ik kijk enorm naar jou op, voor mij ben jij de echte 

superman, want jij kan alles. Ook dit, jouw doctoraat. Ik geloof in jou: je gaat het fantastisch 

doen, zonder twijfel!  

Mijn prachtige kinderen, Élodie-Charlotte en Marc-Aurèle. Jullie waren het 

allermooiste wat mij is overkomen tijdens dit doctoraat! Jullie liefde, jullie vreugde, jullie 

enthousiasme en jullie lach, jullie wisten me altijd op te vrolijken als ik in de put zat. Mijn 

zorgen kon ik even vergeten als ik samen met jullie was. Élodie-Charlotte, mijn prachtige 

prinses, je bent nog maar 4 jaar, maar nu al heb je een hart van goud. Marc-Aurèle, mijn 

knappe man, op 1 jaar al een echte hartenbreker, met jouw lach kun je iedereen verleiden. 

Jullie hebben mijn leven nog mooier gemaakt!  
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Kenzo, mijn maatje.. mijn dappere ventje.. de reden waarom ik dit onderzoek wilde 

doen, waarom ik altijd tegen kanker zal willen blijven strijden. Onvoorwaardelijk hield je van 

mij, en ik van jou! Je was er vanaf mijn 1e jaar diergeneeskunde tot en met het laatste jaar. 

Elke blok-periode heb je geduldig uitgezeten (alsook alle lessen van ethologie en etnografie), 

was je geduldig proefkonijn tijdens het orthopedie-practicum en altijd was je blij en tevreden. 

Ik mis je nog elke dag, voor altijd in mijn hart, mijn maatje..  

 

Een heel speciaal dankwoordje gaat naar mijn Opa. Hij kan er helaas niet meer bij zijn, maar 

wat zou hij trots geweest zijn! Zonder dat iemand het doorhad, ik nog het minst van al, was 

hij mijn grote inspiratiebron. Mijn opa, de promovendus. En nu ik, volgend in zijn voetsporen. 

Misschien heeft hij het stiekem altijd wel geweten..    

 

Eline 

27 september 2019 

  



 

  

  



 

  

  



 

  

 


