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General Introduction
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I.1. Selective tumour targeting and imaging:
background

1.1.1. General

The development of cancers involves a complex growth cascade of various cell
types, both genetically and phenotypically. The expansion of clonal cell populations
that are characterized by a proliferation and survival difference over normal cells
defines the evolution of cancer in the body. The change of normal cells into malignant
ones is due to the accumulation of several genetic changes that influence cell cycle
control; oncogenes such as cyclin DI, tumour suppressor genes such as the
retinoblastoma gene, and/or inactivation of p53 gene and DNA repair (e.g. [1, 2] and
reviews [3, 4]). A catalogue of specific chromosome aberrations to correlate with
some particular tumour types is presently becoming available.

Because of the acquired genetic instability, tumours may become both genetically and
phenotypically more heterogeneous during evolution (see e.g. [5]). A considerable
variety in cellular architecture is by definition related to intra-tumoural functional
differences (such as degree of hypoxia, acidity). This heterogeneity changes
continuously in area and time during phases of tumour growth (e.g. [6]). It could for
example translate into cell populations with different metastatic capacity and
resistance to treatment,

On the other hand, in the absence of angiogenesis, most tumours would not grow
beyond 1-2 mm?* (7, 8]. Induction of angiogenesis is mediated by changes in the
balance of positive and negative regulatory molecules released by tumour cells and
also host cells (e.g. [9]). The initial events are local degradation of the basement
membrane and endothelial cell invasion of the surrounding stroma in the direction of
the angiogenic signalling. This migration step is followed by endothelial cell
proliferation, and subsequently a three-dimensional organization to form vascular
tubes. The quality and functionality of these newly formed tumoural vessels is
different from the normal tissue vessels. This includes differences in cellular
composition, growth regulation and permeability, but also geometrical distribution as
the most obvious charactenistics [10-12). To quote the author of a review: ...
malignant tumours induce a veritable Medusa's head of vessels supplying the

growing core of malignant cells”.
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For many tumours a mixture of viable cells is present close to these irregular vascular
structures, with necrotic cells beyond an adequate oxygen gradient from the blood
vessels, and cells in sub-optimal condition in-between. As such the vascular system
dictates the distribution of viable dividing cells, potentially viable cells, and dying

necrotic cells (see Figure L1).

Anoxic Necrotic Cells

Chronically Hypoxic
Viable Cells

_ Cells

Figure L1: Cartoon indicating the stringent relationship between the presence as
well as the functional quality of blood vessels and the oxygenation status of tumour cells, with
related development of hypoxia, anoxia and cell death (redrawn from Vaupel et al).

Solid tumours thus reveal chronic hypoxic areas that are heterogeneously distributed
within well-perfused areas, and which can reside even within a distance of about 120
pm from a vessel with sufficient blood flow. Of at least equal importance is, due to
temporally closing and opening of blood vessels, the presence of cells that are thus
acutely hypoxic, eventually up to several hours.

The strategy of the presently available ‘conventional’ cancer therapies (with the
exception of surgery), such as radio- and chemotherapy, is related in a major way (o
the increased proliferation rate of the malignant cells as compared with their normal
counterpart. These treatment modalities, although effective for a broad range of
tumours, have however been shown not to be cancer cell selective. Regarding
radiotherapy, it is the locally surrounding normal tissue structures that limits the total
dose to the tumour. With chemotherapy the drug dose limitation is dictated by the

rapidly dividing stem cells of the gastrointestinal epithelium and bone marrow, or by
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organ-specific toxicity related to drug accumulation and metabolism (e.g. liver
toxicity with 5-fluorouracyl anti-cancer treatment).

Of equal importance is the increased expression of multi-drug resistance genes, that is
metabolic adaptation to inactivate drugs (e.g. review [13]). Recent insights into
tumour biology reveal an increasingly complex picture of cell and molecular
processes that interplay with their micro-environment. Various strategies are under
investigation to exploit the differences between the malignant and the normal cells at
the molecular level (such as p53 status, tumor suppressor genes, signal transduction
pathways) as well as differences in the tissue physiology (e.g. oxygenation status).
Furthermore, the possibility to use these differential characteristics may show certain
advantages for treatment [ 14, 15]).

These intermingling yet complex characteristics of tumour growth, parallel vascular
expansion and measurements of hypoxia are related to the present thesis and are
explained in detail in the next sections. A concise outline of the investigations is given

just after the references to this introduction (on pages 55-57).
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The improvement of methods and technologies in laboratory and clinical cancer
practice has allowed researchers 10 again tackle observations that were made and
questions that were posed in the first half of the 20® century and to assess in depth
several anti-cancer treatment modalities based selectively on tumour micro-
environment charactenistics.

To recount in brief, some major questions relate to

(1) the pathway of blood vessel recruitment and expansion that allows further
tumour growth,

(2) the distinct differences in structural morphology and functionality of tumour
vessels as compared with normal tissue blood vessels,

(3) the relationship between the aberrant intra-tumoural vessels and the
heterogencous condition of tumour oxygenation and cellular metabolism,

(4) hypoxia as a potential target for adjuvant therapy in individualized anti-cancer
strategies,

(5) the appreciation of these tumour micro-environmental pathways using
molecular immunohistochemistry and the introduction of non-invasive

imaging techniques.
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1.1.2. Tumour vascular status

I.1.2.a. General

The development of blood vessels from an existing vascular network, defined as
angiogenesis, plays an important role in embryonic life and physiological repair
processes. Angiogenesis is also a major part in the development of various diseases
such as diabetic retinopathy, but more so during growth of neoplastic tissue.
Otherwise, in fully developed normal tissues and organs, vascular expansion is
unnecessary and therefore endothelial cells divide rarely [16]. The biology of
angiogenesis still remains incompletely understood. A variety of methods have
contributed to our current understanding of angiogenesis and allowed the
identification of several factors that control its regulation (reviewed by [17-19]).
Among the vascular mediators are the well known polypeptides acidic and basic
fibroblast growth factor, the family of vascular endothelial growth factors, angiostatin
and endostatin, as well as angiogenic cytokines. Expression of some of these
angiogenic growth factors is mediated by the transcription factor hypoxia inducible
factor 1, a heterodimer in which the alpha subunit is unstable in the presence of
oxygen [20]. The release of diffusible angiogenic factors, i.e. the switch to an
angiogenic phenotype [9, 21-23], stimulates endothelial migration and proliferation
with the subsequent growth of capillary tubes in vive. Vascular maturation, namely
the recruitment of pericytes or smooth muscle cells, is the final process in the blood
vessel development, yet to a major extent absent in malignancies. Again, this final
vessel remodelling that should result in a mature and functionally stable capillary, has
become an area of additional research [24].
To acquire the trigger for the angiogenic process, oncogenes and tumour-suppressor
genes in conjunction with the development of hypoxia play an important role next to
cell-cell and cell-matrix interactions, involving members of the integrin family as for
example o,P1 (e.g. [25-27]). Finally also macrophages, recruited through the tumour
cells’ production of chemotactic factors, seem involved with the initial part of the
angiogenic process.
This formation of new blood vessels seems, together with branching, crucial for the
growth and persistence of primary solid tumours and for the initiation and survival of

their eventual metastasis at distant sites [28, 29]. Support for this important
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observation has been offered in the seventies/eighties by various research teams using
different in vivo tumour models and techniques, such as with tumours implanted on
the chorioallantoic membrane of the chicken egg. in the rabbit eye (cornea or anterior
chamber) or in transgenic mice (subcutancous, or orthotopic for example in the
pancreatic islets). Also in human tumours, both (a) the pre-vascular phase that defines
poor or no angiogenic activity with inherent very slow or no tumour growth and (b)
the neo-vascularization phase duning which rapid tumour growth and increased
probability of metastasis are evident, has been documented, for example with in situ
carcinoma of the cervix [30] or with cutaneous melanoma [31],

The fact that the vascular network of tumours is known to differ from that in
normal tissues (see for instance the elegant work of Konerding er al. [11] and
references therein, and [32]) highlights the potential therapeutic benefit that should be
obtainable from such an anti-cancer treatment approach. Tumour blood vessels are
more tortuous, show arterio-venous anastomoses and blunt ends; tumours have
vascular plexuses with vessels having “capillary wall® structure with however a wide
diameter and large inter-capillary distances (Figure 1.2, illustrating some of these

features in for example a colon carcinoma).

Figure 1.2: Scanning electron microscopy of a corrosion cast of the vascular structure
of a colon carcinoma: arrow-heads indicate blunt ends; the variability in diameter is marked
by stars and arrows (reproduced from [11]; with permission, Springer, Berlin)

Growing capillaries are furthermore characterized by fragmented basement

membranes and therefore they are leaky [33, 34]. Additionally, the assessment of
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endothelial cell proliferation in various experimental and human tumours
demonstrated a large difference in proliferation as compared with endothelium in
adult normal tissue vessels [16, 35, 36]. The potential doubling time is less than a
week for tumour blood vessels, but months or even years for normal tissue vessel
expansion; Denekamp and Hobson [16, 37] showed a huge increase in labelling index
of endothelial cells in tumour vessels.

Conceptually, the blood vessel-based approaches should be applicable to numerous, if
not all, types of solid tumours because they rely on vascular expansion for continuous
growth. Yet, it should be kept in mind that there is not a ‘tumour-type-specific’
structural vascular system, either in the morphological and functional aspect
(discussed by e.g. [11]). Neither is there a standard endothelial labelling index, not
within a single type of tumour, nor within tumours of different histology; and neither
does a correlation exist between the proliferation index of the capillary endothelium

and the growth rate of the tumours [35].

A) NORMAL TISSUE B) TUMOUR
BLOOD VESSEL BLOOD VESSEL

angiogenesis ASC
inhibition VASCULAR TARGETING

Figure L.3: This cartoon (partly based on [38]) illustrates the broader hypothetical
vasculariry-directed strategy in anti-cancer treaiment. Lefi pari: inhibition of angiogenesis at
the level of (1) extracellular matrix digestion, (2) endothelial cell migration and proliferation,
and (3) capillary tube formation. Right part: direct endothelial cell damage in established
tumour vasculature.

The impact and the conditions of the angiogenesis process during solid tumour
growth have given rise to a major interest in these tumour vessels to serve as a direct
target. This idea has been elaborated by the respective pioneers to propose anti-
angiogenesis [29] and vascular targeting [37), as illustrated in Figure 1.3. An arrest
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of vessel growth or a deliberate and permanent occlusion of existing tumour vessels,
respectively, will induce tumour growth arrest and an avalanche of tumour cell death.

1.1.2.b. Anti-angiogenesis modalities

The rapid intra-tumoural endothelial proliferation however, that has never
been identified in any unstimulated mature normal vessel, has obviously triggered
various anti-angiogenic strategies (reviewed by [ 18, 39, 40)).
Some of the more promising agents for clinical testing are :

a) naturally occurring  inhibitors  of  angiogenesis, e.g.
thrombospondin, endostatin, angiostatin, bactericidal/permeability-
increasing protein;

b) neutralizing angiogenic peptides, or those binding their receptors,
e.g. antibodies to fibroblast growth factor (FGF) or vascular
endothelial growth factor (VEGF), suramin;

¢) agents that interfere with the extracellular matrix, e.g. matrix
metalloprotease inhibitors;

d) anti-adhesion molecules, e.g. anti-integrin o,
or cytokines, e.g. interleukin 12, tumor necrosis factor alpha
(TNFa):

¢) specific inhibitors of endothelial cell proliferation and migration,
e.g. the fumagillin analogue TNP-470, thalidomide.

Various natural inhibitors, such as the multimodular protein thrombospondin-1, were
shown to turn off the angiogenic activity when over-expressed and to reduce tumour
growth (e.g. [41]). The administration of the more potent endogenous vessel growth
inhibitors angiostatin and endostatin not only suppressed the growth of the primary
tumours but also their metastases, as shown with xenografted human tumours in mice
[42-44]. Other compounds with angiogenesis inhibitory characteristics (interfering at
different levels of blood vessel formation) have been synthesized during the last
decade. For example, SU5416, sclectively binding tyrosine kinase receptors (blocks
the phosphorylation of Flk-1 induced by VEGF) was shown 1o specifically inhibit
sprouting through endothelial cell apoptosis and to influence growth of various
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tumour types (e.g. [45, 46]). The use of anti-VEGF antibodies (Avastin) or inhibitors
of FGF-2 expression and activity has been demonstrated to substantially impair
angiogenesis and reduce the tumour growth rate (47, 48]. Saturation of the integrin
o fs-receptor with the use of the monoclonal antibody (Vitaxin) inhibits angiogenesis
by inducing endothelial cell apoptosis [49]. Novel inhibitors, displaying a
simultaneous interference with several steps of the blood vessel formation (such as the
recently developed peptide Anginex), or endogenous proteins with strong anti-
angiogenic activity at dose levels without the occurrence of systemic toxicity, are
currently under investigation [50, 51].

The well-known TNP-470 (AGM1470), a synthetic derivative of fumagillin, strongly
interferes with endothelial cell growth and inhibits vessel expansion. This occurs
seemingly through the inactivation of type 2 methionine aminopeptidase activity [52,
53], and inhibition of cyclin-dependent kinases [54]. Others demonstrated the
cytostatic activity of TNP-470 to be related with a specific late G, cell cycle arrest
|55, 56). In vitro daa showed inhibition of both proliferation and migration of
endothelial cells; and in vivo activity was appreciated as significant growth delay in
several tumour types [57-60]. Importantly, not only did TNP-470 inhibit growth of the
primary tumour but also to some extent metastasis development [61, 62].

To resume, based on these in vive studies it became obvious (i) that angiogenesis
inhibitors can be very active as a selective anti-tumour agent, (ii) that their use
eventually may result in sustained tumour growth inhibition (characterized by a
balance between proliferation and apoptosis of tumour cells), if a continuous drug
presence can be obtained, (iii) that anti-angiogenic compounds seemingly do not
induce drug resistance, as registered during repeated treatment [63-65].

Accepting that continuous tumour growth inherently requires additional blood vessel
formation, it is of interest to evaluate the efficacy of an angiogenesis inhibitor at
various defined tumour sizes. This aspect has been assessed in the present thesis

research.

Based on the fact that a relatively high rate of endothelial cell division exists in
the tumour and that several chemotherapeutics act on cycling cells only (interference
with DNA replication), it may be appropriate to consider an anti-angiogenic action of
such drugs. Effects on tumour blood flow have been described by Murray and
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colleagues, when melphalan was used in the treatment of a mouse sarcoma [66]. An
anti-angiogenic cffect was observed duning the treatment of mouse Lewis lung
carcinoma or L1210 leukemia with cyclophosphamide, applied as a repeat-dosing
schedule without interruption: an efficacy that was further improved through the
combination with TNP-470 [67]. Similarly, Klement and colleagues demonstrated the
capacity of ‘metronomic’ drug dosing with xenografted human neuroblastoma and
low-dose vinblastine [68].

The pre-clinical studies indicated that most of these anti-angiogenic compounds
are active at doses not associated with treatment-limiting side-effects in the healthy
tissues, as is most often the case with classical chemotherapeutic drugs. This fact,
together with the selectivity towards tumour endothelium has emerged into their
testing in phase I-1I clinical studies (see review [69]). The variable success that has
been obtained so far is likely related to the much broader vanation, and sometimes a
low level, of the angiogenesis status in human tumours as compared with the rodent
tumours [70]. Also the large variability of the process (both molecular and
morphological) within tumours of the same type, and the fact that in phase-1-11 large
tumours inherently are evaluated, may add to the lack of overall benefits from anti-
angiogenic treatments. However, their main clinical future, certainly as a single
agent, will probably not lie in massive tumour cell kill and regression, but rather in
preventing expansion of small-sized tumours and eventually inhibiting the metastasis
formation. Combination treatments involving angiogenesis inhibitors and for example
radiotherapy or vascular targeting agents should be at the forefront. To some extent,
this aspect is part of the present thesis research.

I.1.2.c. Vascular targeting modalities

In contrast with the anti-angiogenesis strategies that aim to arrest new vessel
growth, the vascular targeting concept in its ‘pure definition’ consists attacking the
existing intra-tumoural neovasculature. Given the existence of an aberrant and
immature vascular system in tumours, it is obvious to introduce strategies that take

advantage of these aberrations (some examples are lined-up in Table La) .
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Table 1. a
Vascular targeting :
e.g. - compounds such as tubulin interfering agents (combretastatin A-4,
ZD6126, ...)
- hyperthermia
- photodynamic therapy
Encapsulated drug delivery :
e.g. - cylotoxic drug-containing (Stealth™) liposomes
Receptor-based gene therapy :
eg. - o [ integrin
- Flk-1

The aberrant morphology, and likely also the altered functionality of the tumour
vessels, render them more susceptible to the vascular targeting agents. The endothelial
cells are directly accessible to the circulating vascular targeting agents. Since several
thousands of tumour cells rely on a single capillary for their oxygen and nutrient
supply, even a limited damage and reduction of the vascular structures will result in
an avalanche of tumour cell death.

From the late seventies onwards, the at-that-time-period novel anti-cancer
therapy, hyperthermia that aims to deliver localized heat, was shown to affect tumours
by damaging differentially newly formed vessels as opposed to normal vessels [71].
This tumour vessel damage may be appreciated by endothelial cell lethality, increased
vascular permeability and reduced blood flow. Although a therapeutic window could
be set forward, at least for some tumour locations, the broad use of hyperthermia was
and still is hampered in clinical practice by the lack of methods to administer and
monitor deep heat without critical normal tissue damage.

In parallel with hyperthermia, the activation of a systemically administered non-
toxic compound by visible light to release cell-killing activated oxygen species,
termed photodynamic therapy (PDT), was investigated for its anti-tumour activity.
Similar to hyperthermia, endothelial cell damage (separate from direct tumour cell

kill) with subsequent vessel permeability changes as well as blood flow alterations,
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were documented in various tumour models (see e.g. |72, 73]). Various cellular
targets for photodynamic activity have been described, with disruption of
mitochondrial integrity as the most important one [74]. In the broad context of tumour
vascular targeting, it is of interest to mention the impact of nitric oxide inhibition in
the PDT-induced vessel damage and subsequent anti-tumour efficacy [75). Until now,
the use of PDT remains restricted to the external treatment of superficial tumours or
as an intra-operative therapy of tumour remnants after tumour resection (e.g. [75]).
Pre-clinical research in PDT is ongoing to broaden the therapeutic potential based on
an improved differential efficacy towards the tumour versus the normal tissues at risk,
with the use of more selective and potent photosensitizers [76, 77).

More recently, “chemotherapy” has been discussed as being active againsi
tumours by affecting the intra-tumoural vasculature to some extent. More evidence of
a combined direct but also indirect (vascular damage-mediated) tumour cell kill from
the use of cytotoxic drugs was presented by the Auckland-New Zealand research team
[78]. They documented the vessel damaging capacity of vinblastine and colchicine in
a mouse colon adenocarcinoma, by describing the rapidly induced extensive
haemorrhagic necrosis that is the consequence of acute blood vessel collapse.
Reductions in blood flow of rodent tumours from the administration of vinca alkaloids
and flavone acetic acid (FAA) have been confirmed in parallel studies (e.g. [79, 80]).
Regarding colchicine, already as early as the thirties, vessel-mediated anti-tumour
activities were strongly suggested (not really ‘proven’) in various rodent tumour
models (nicely reviewed by Ludford [81]). These clear-cut experiments demonstrated
a highly similar vascular damage-mediated anti-tumour activity to the one observed in
more recent experiments with FAA and TNF-a [82]. Specifically, the publication of
the latter group, that involved a rodent subcutaneous colon adenocarcinoma and the
intramuscular EMT-6/Ak mammary carcinoma, did add conclusive information about
the involvement of reduced blood flow and vessel perfusion, respectively 15 minutes
or 3 hours after a single FAA injection [83]. Seemingly, activity may be dependent on
tumour type (tumour site?) in that study, because the poorly vascularized EMT-6/Ak
spheroids implanted in the peritoneal space were in that study shown to be much less
responsive.

Notwithstanding the various promising in vivo rodent tumour investigations,

these compounds were not at all equally successful in clinical trials [84, 85|, and
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analogues with an improved therapeutic ratio were searched for (e.g. [85]). Regarding
FAA for example, a structural analogue 5,6-dimethylxanthenone 4-acetic acid
(DMXAA) has been synthesized, with increased anti-tumour activity in rodent tumour
models [86, 87]. The activity of the acetic acid compounds seems, apart from
involved immunomodulation, mediated mainly by TNF-o [82, 88]. With the use of
DMXAA (as opposed 1o FAA), TNFa seems however differentially expressed in
favour of tumour tissues as compared with normal tissues [88, 89]. Separate from any
possible pharmacokinetic explanation, activity was shown for most if not all
experimental tumours at drug dosages that were very near the maximum tolerable
dose (MTD) for the tumour-host systems under investigation. Regarding the taxoids,
research has demonstrated inhibition of endothelial cell motility during tumour-
induced angiogenesis through microtubule stabilization and induction of apoptosis,
which was observed independent from cytotoxic tumour cell activity. (e.g. [90]).
However, apart from the potent anti-cancer properties, these drugs also exhibit
treatment-limiting side effects. Novel, second-generation compounds are being

developed (e.g. [91]).

Separate, but within the same time-frame as the DMXAA studies, tubulin-
binding compounds of the combretastatin family, isolated from the Combretum
caffrum tree [92], have been introduced and tested for activity [93-95]. Combrelastatin
is a compound with two phenyl rings linked by a two-carbon bridge. The cis-form of
combretastatin A-4 (see Figure 1.4) was found most potent in vitro and was
synthesized for further pre-clinical research, after being phosphated to enable better
water solubility and improved in vive administration. Anti-mitotic activity was found

with various tumour cell lines, such as P388 leukemia, colon and lung cancer [94, 95].
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Figure L.4: compound structure.

The combretastatin A-4 shows a structural similarity to colchicines [94, 96], but
possesses a higher affinity for the binding site on tubulin and causes a catastrophic
microtubule disruption [92]. Colchicine affects proliferating endothelial cells in
growing capillaries and shuts down the blood flow in experimental tumours, but only
at systemic toxic doses. Several in vitro studies showing different characteristics of
combretastatin A-4 phosphate (combreAp) are published. Damaging effects from
combreAp are seen only in proliferating endothelial cells and not in the quiescent
population [97]; condensation of tubulin and rounding-up of the endothelial cells are
documented [98]. Another important morphological change induced by the drug
includes reorganization of the actin skeleton and the formation of actin stress fibres
[99].

The in vivo plasma half-life of combreAp is of the order of 4-9 minutes; but the de-
phosphorylated active combretastatin A-4 shows two plasma half-lives, with an initial
one of about 15 minutes and a terminal one of 1-2 hours up to 9.4 hours [100]. A
single intraperitoneal (i.p.) injected combreAp dose of 1/10™ to 1/4™ of the MTD
(being about 1.000 mg/kg in mice) resulted in an carly and major blood vessel damage
in small mouse tumours, reflected by decreased blood flow and perfusion as well as
haemorrhagic necrosis typical for a vascular mode of action of the drug (e.g. [97, 101,
102]). The blood flow rate of a subcutaneous (s.c.) transplanted P22 carcinosarcoma

rat tumour was reduced to a nearly undetectable level in less than 6 hours following
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the injection of 30 mg/kg combreAp i.p. [103]. With a window chamber study using
the rat P22 tumour model, vascular shutdown and reduced red blood cell velocity
were observed even as rapid as 10-20 minutes after the combreAp injection [97, 98].
Much less and only very transient blood flow reductions were seen in normal tissues
and organs of rats [103]. The mean oxygen partial pressure was largely reduced
throughout the tumour, as measured in C3H mammary carcinoma of mice following
the drug administration [101].

Some potential mechanisms to explain the acute tumour blood flow and oxygenation
reduction have recently been put forward. Indirect and direct evidence for the nitric
oxide synthase (NOS) pathway to be involved in the combreAp anti-tumour activity
has been deduced from increased efficacy of the drug when NOS inhibition is
introduced (104, 105]. The very rapid (10-20 minutes) changes in the proliferating
endothelial cells' arca and form [98] add strength to the acute increase in vascular
resistance and blood flow decrease. The increase in vessel wall permeability may
further add, through increased interstitial pressure, to the changes of these functional
vascular parameters. From 30 minutes post-treatment, an increased number of non-
functioning blood vessels was recorded following the combination with a NOS
inhibitor as compared with combreAp alone, an effect which seemed additive only;
the combreAp on its own induced a severe reduction over vehicle or NOS inhibitor.
Such a result involving the NO pathway correlates with the observation of stronger
anti-tumour activity from PDT (also vascular targeting, cfr supra) when NOS is
inhibited [106].

Separate from the pre-clinical research involving locally growing solid tumour
models, a few rodent tumour studies also demonstrated a strong anti-metastatic action
from combreAp. Using a Lewis lung carcinoma model; very few lung metastases
were seen after a fractionated drug injection as compared with untreated mice [107].
Grosios and colleagues observed combreAp-induced necrosis in metastatic deposits of
an orthotopically growing human colon tumour in mice [108].

Not only with syngeneic rodent tumours, but also with xenograft models were such
strong anti-vascular effects measured after combreAp treatments. This has for
example been illustrated in a non-Hodgkin lymphoma xenografted to severe
combined immune-defecient (SCID) mice [109]. Both single and fractionated
combreAp injections (always to the same total drug dose) resulted in substantial

growth delay as well as increased survival ime. Yet, the total combreAp dose used in
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this tumour model was the MTD, making a straight comparison with other rodent
studies difficult.

Several other novel compounds with tubulin-interfering activity have been entered
into pre-clinical research. A combreAp derivative, the serine prodrug AC-7700
(cleaved by aminopeptidase to the active form) has been shown in vive to exert very
significant activity against several rodent tumours as well as a human colon
adenocarcinoma [110, 111]. Similar to the combreAp mechanism of anti-tumoural
action, a reduction of endothelial cell proliferation and blood flow with subsequent
hemorrhagic necrosis were demonstrated sclectively in tumour tissue. The more
recent developments are towards e.g. the oral administration of vascular targeting
compounds (for example BTO-956), displaying potentially stronger anti-tumour
activity as combreAp and obviously without the induction of systemic toxicity [112].

Since the vascular targeting compounds have been shown to tackle by
definition the developed vessel structures in the tumour and to induce vessel
shutdown with subsequent tumour cell kill through starvation (see cartoon Figure 1.5),
it is of great interest (o investigate their activity in large sized tumours. All published
data concern small tumours (most often less than 0.5 cm?). Larger tumours however
inherently have more established immature vasculature than small ones, and the anti-
tumour efficacy of the drugs could be stronger. As these compounds are aimed at
killing indirectly the hypoxic tumour cells (resistant to classical therapy), a
broadening of the therapeutic benefit may be expected. This evaluation is a major
theme of the present thesis research.
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Figure L.5: This threefold-cartoon relates the underlying mechanism of the combreAp
to our hypothesis: larger tumours contain more established (post-angiogenic, ill-formed)
blood vessels, thus offering more targets for the activity of the combreAp and thus a sironger
anti-tumour effect.

All of the in vivo pre-clinical combreAp studies, as well as with other vascular
targeting agents (such as DMXAA and AC-7700) thus clearly demonstrate massive
necrosis, yet leaving a small but viable rim of tumour cells at the periphery. From this
peripheral tissue, the tumour continued growth if left untreated. Therefore it is
obviously necessary to combine the vascular targeting treatment with a conventional
cancer therapy in an optimal time-sequence.

Various combination treatment approaches have been and still are being tested with
several rodent tumour models, aiming to broaden the therapeutic window. The
combination of vascular targeting with ionising radiations, with several types of
chemotherapeutic drugs, and with hyperthermia, were shown in those studies to
increase anti-tumour efficacy of vascular targeting to different extents. Indeed, a
larger reduction in clonogenic KHT sarcoma tumor cell survival has been published

by Li and colleagues, when combreAp was combined with a single dose irradiation
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[113-115]. A similar improved anti-tumour result has been obtained when DMXAA
was combined with irradiation [116]. Importantly, although until now only evaluated
using the acute irradiation response in rodent skin (desquamation incidence) as the
endpoint, one report indicates the absence of enhanced epidermal irradiation reaction
when combreAp was added shortly after the single dose irradiation [115]). Other
studies involving a rat glioma model or mouse mammary carcinoma, combined the
combreAp administration with hyperthermia and indicated an enhancement of the
heat-induced damage in the combination experiments [117, 118). Combining §-
fluorouracyl (5-FU) or cis-platinum injections with the combreAp treatment resulted
in a significantly larger growth delay as compared with either agent alone (119, 120].

The potential of an increased anti-tumoural effect from the combination of combreAp
with irradiation or anti-angiogenesis is part of the present thesis research,

I.1.3. Tumour oxygenation status

I.1.3.a. General

Molecular oxygen is an essential requirement for the oxidative
phosphorylation that provides the cellular energy in the form of adenosine
triphosphate in tissues. To make this provision possible in normal tissues, the macro-
and microvascular branching is in perfect balance thus assuring the necessary supply
of oxygen.
Solid tumours outgrow their blood supply, consequently the vasculature is unable to
meet the demands, and inherently hypoxic and anoxic areas develop.
The emergence of a hypoxia status in solid tumours is majorly the result of (1) the
reduced oxygen-binding capacity of hemoglobin, (2) an aberrant oxygen consumption
gradient, (3) an oxygen diffusion limitation (chronic), resulting from the increasing
distance between blood flow and tumour cells (likely related to some extent to the
interstitial fluid pressure increases), (4) intermittent perfusion-limiting vessel lumen
changes, defined as acute hypoxia and (5) a sluggish blood flow as the result of poorly
organized vasculature. The morphological, structural and functional deficiencics of
the intratumoural microcirculation thus provide an aberrant micro-environmental

condition regarding cellular responses and treatment efficacy (Figure 1.6).
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Figure L6: Overview of major parameters that may be influenced by reduced
oxygenation status (based on Figure 8 in [121]).

1.1.3.b. Impact on treatment efficacy

In the last 10-15 years, a remarkable progress has been made in the
understanding of intrinsic  cellular  properties that determine radio- and
chemoresistance. Some of these have been set forward as major characteristics: such
as inherent radiation sensitivity [122, 123], multidrug resistance [124] and gene
amplification [125]. Realizing their importance, researchers have in parallel focussed
on the biochemical and physiological heterogeneity within tumours. These are aspects
that not only highlight the differential condition between tumour and normal tissues,
but moreover critically define the cells’ reaction to treatment. Some of these micro-
environmental conditions are the oxygenation status (see infra for further descrniption
in relation to treatment and imaging), the extracellular pH and glucose metabolism.

Tumour hypoxia and anoxia play a significant role in determining the
curability of most cancers for all treatment options available in overall-oncology

clinics at the present time.
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Regarding the hypoxia-related radiation-resistance aspect, Gray and colleagues
demonstrated already in 1953 the important role of tissue oxygen concentrations prior
to and during the irradiation [126]. Lower pO; values relate 1o a reduced relative
radiation-sensitivity, and thus inherently to a lesser cell kill. Hypoxic cells are 2-3
times more resistant to ionising radiation than their well-oxygenated counterpart
[127). The absence of oxygen allows for instance a more adequate repair of the free
radicals in critical molecular cell structures such as DNA, which results in a higher
incidence of cell survival. During the last 15 years, sufficient data have been
accumulated to underline the importance of the tumour oxygenation status. Tumour
oxygenation status has been shown to be an independent prognostic factor for
radiotherapy outcome (local control and discase-free survival) of for example
advanced cervix cancer [128-130] or head and neck cancer [131, 132]. Stadler and
colleagues introduced the description of *hypoxic sub-volume' in their head and neck
squamous cell carcinoma study, a parameter they consider of great radiobiological
value and which takes into account the total number of hypoxic cells [132], Yet,
compared with the available data describing e.g. median pO;, the hypoxic subvolume
factor merely confirms the known correlation with treatment outcome and discase
progression. Furthermore, the combination of hypoxic status and hemoglobin
concentration showed a positive relation with treatment outcome for cancer of the
uterine cervix [133].

But hypoxia is also influencing the response of tumours to chemotherapy; since most
chemo-drugs target dividing cells, their activity is much reduced and even absent
because cells do poorly or not proliferate in a continuous hypoxic environment [134],
Moreover, drug delivery into hypoxic areas is hindered by the inherent (causal
relationship) ill-formed and non-functional intra-tumoural vascularity. Obviously, the
efficiency of radio- and chemotherapy is also influenced by several other biological
factors: such as the distribution of cells within their cell cycle, the mitotic activity and
the pH value (all parameters with potential impact prior during treatment).

The existence of a straight relationship between the severity of hypoxia and the
reduced success of surgical treatment has been demonstrated with for example
advanced cervical cancer [135].
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I.1.3.c. Relation with tumour expansion

Furthermore, evidence has been gathered on the contribution of hypoxia to
malignant progression, e.g. by influencing signal transduction pathways and the
regulation of various genes such as hypoxic inducible factor (HIF) -1a, erythropoietin
(EPO) and p53 (e.g. review [136]). Graeber er al indicated that the hypoxic condition
does provide a selective pressure in tumours for the development of apoptosis-
deficient more malignant variants [137]. Various proto-oncogenes have been shown to
be up-regulated by hypoxia [138]. Increased invasiveness and metastatic potential, to
a major extent a result of loss in apoptotic ability and the switch to a pro-angiogenic
phenotype, are being documented both in pre-clinical tumour models as well as with
patient studies [139-142],

1.1.3.d. Measuring hypoxia

The presence of tissue-areas with a low oxygen status is, though not unique (as
for example with the ischemic heart), a major characteristic property of solid
mammalian malignancies beyond an early phase of their growth (e.g. [143, 144]).
The premise that hypoxia influences to a large extent the outcome of many cancer
treatment modalities introduced the necessity to measure these hypoxic cell
populations with retained viability. One of the initial approaches involved the use of
radiosensitizer adducts such as misonidazole to mark the hypoxic cells (reviewed e.g.
by Chapman [145]). These results, and those obtained with other methodologies such
as oxygen electrode techniques, showed both in experimental and in human tumours
that tissue oxygenation is quite heterogeneous within the tumour volume. Areas with
high pO;, comparable with normal tissue, as well as areas with severe hypoxia can be
found; the latter being the result of an imbalance between the supply and the
consumption of oxygen. The fraction of pO; values < 5§ mm Hg measured in
metastatic lesions is higher as compared with the hypoxic status of the related primary
lesion (e.g. illustrated by Vaupel er al. [146]).

The fact whether the degree of hypoxia rises with increasing tumour size is (o some
extent still a matter of dispute, at least for some types of malignancies. For example,
in breast cancer, no such relationship was found by Vaupel er al. in their small-scaled

patient study [143]. Yet, this ‘controversial aspect’ could result from inter-tumour
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variability (not the same tumours being followed-up during growth) or from
insufficient representative intra-tumoural oxygen lension measurements for the
tumours at various phases of growth. It has been pointed out by Fyles and colleagues
that at least 5 micro-clectrode tracks and a sufficient number of measurements per
track may be necessary to minimize the variation within tumours compared with the
heterogeneity between different tumours [130]. The data of Vaupel er al. [143], as
well as those from Nordsmark and Overgaard [147), contrast the more extensive
breast cancer patient investigation of Runkel er al. [148] which shows a clear-cut
association between tumour size (stage T1-T2 versus T3-T4) and oxygen partial
pressure: larger tumours present with an increased hypoxia level, The presence of an
association between the hypoxic condition and the size of the tumour has also been
pointed at by Zhao and colleagues using the rat Dunning prostate R3327-HI
adenacarcinoma; their data showed higher pO; values in small tumours as opposed to
large ones [149]. One important consideration: tumour size has definitively been
shown to be highly significantly related to disease-free survival (e.g. [ 130, 150-152]).
All these investigations highlight the necessity to incorporate tumour volume in the
analysis of therapy results, and point to the potential impact of the inherent
differences in hypoxic fraction on treatment choice and outcome.

It thus is very important to develop reliable methods for measuring the oxygen level
in tumours. Entire meetings have been dedicated to discussions on the methodologies
to measure hypoxia and the relation of such measurements with the efficacy of
various therapies (e.g. [153, 154)). Well-defined and established assays will provide
patient prognosis and identification of patients whose tumours would be most likely to
respond positively to treatment strategies targeted at hypoxic cells. These hypoxia

measurements are routinely divided into invasive and non-invasive approaches.

L.1.3.d.1. Invasive hypoxia measurements

One of the first clinical applicable attempts to measure tumour oxygenation
status in situ used polarographic oxygen electrodes (Eppendorf, Hamburg, Germany),
optimised to reduce measurement bias from tissue oxygen consumption at the probe
tip [155]. The evaluation of the apparatus, its validation in patients and the
reproducibility have initially been reported by Kallinowski and colleagues [156].
Since more than a decade, this methodology, be it invasive and necessitating optimal

calibration and multiple intra-tumoural positioning, has proven relatively successful
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for estimating the oxygenation status in several tumour types and tumour locations in
humans. More importantly, these electrode-based oxygenation measurements to some
extent allowed the prognosis of tumour treatment responsiveness, both in terms of
loco-regional tumour control as overall patient survival,

Recently a newly invented fibre-optic monitor “OxyLite” (Oxford company, Oxford,
United Kingdom) has been introduced in pre-clinical in vivo research. Light pulses
carried by an optical fibre induce fluorescent pulses of a luminophor incorporated into
a silicone rubber polymer at the probe tip. The lifetime of the fluorescent pulse is
inversely proportional to the oxygen tension at the tip. A continuous read-out of pO;
can thus be obtained. Without doubt, at least two important advantages over the
Eppendorf micro-electrode system have been defined. The luminescence-based probes
do not consume oxygen, allowing real-time evaluation of pO, changes at the same
inta-tumoural position, and they provide accurate oxygenation values well below a
pO; of 5§ mm Hg (true radiobiologic hypoxia). This instrument therefore carries a
larger clinical potential. Correlation with other hypoxia measurements, for example
with pimonidazole hypoxic cell labelling and with Eppendorf electrode measurements
have been made in syngencic rodent and xenografted human tumours (e.g. [157,
158]). Bearing in mind that the two micro-probe devices can not be considered
exclusive on their own, results show that the fibre-optic instrument allows regions
with pO; values less than 5 mm Hg to be more accurately defined.

Other methodologies to estimate the hypoxic condition in tumours are the
biopsy-based immuno-histochemistry staining using bioreductive probes with their
respective  antibodies, such as  pimonidazole, 7-4"-2-nitroimidazole-1-butyl-
therophyline (NITP) and fluorinated ctanidazole [159-161]. These 2-nitroimidazoles
are  metabolised as  one-electron  reduction by intracellular nitroreductases;
subsequently the nitro-radical is further reduced in oxygen-depleted environment and
identification of hypoxic cells through the bound metabolites can proceed with the
appropriate antibody. Various pre-clinical and clinical data-sets and peer-reviewed
publications support presently the utility of these staining procedures.

Further refinement to stain the biopsies and surgical resection matenals, frozen or
paraffinized, is ongoing. A recent retrospective cancer patient study combined vessel-
endothehial cell staining with a diffusion limited fraction (DLF) measurement

(translating chronic hypoxia at a fixed distance of 120 pm) to estimate treatment
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outcome, thus aiming to avoid the necessity to inject a bioreductive stain [162]. The
DLF measurements seemed to correlate to some extent with the pimonidazole stained
areas in relation to the blood vessels, but the methodology needs further elaboration,
Begg and colleagues demonstrated with an in vive rodent tumour the potential to use
deoxyuridine labelling as a marker of perfusion-limited acute hypoxia [163]. Triple
staining for hypoxia simultancously with vessel quantity and functionality has been
under investigation in pre-clinical laboratory research using xenotransplanted human
tumours [164]. These data also indicated chronic hypoxia through NITP staining at
increasing distance from blood vessels (stained with 9F1), with not all vessels being
perfused (Hoechst dye uptake). The use of intrinsic markers, such as the hypoxia
inducible factors (HIF-1at and 2a), or the glucose transporters (Glut-1 and Glut-3) and
carbonic anhydrase IX (CA-IX) both under transcriptional control of hypoxia, is also
under investigation both pre-clinical as with patient studies involving for example
head and neck squamous cell carcinoma and cervical carcinoma (e.g. [165-167)).
These results show potential for their application as ‘surrogate’ markers of hypoxia,
specifically because a significant correlation seems for example present between the
mean vessel density plus the amount of necrosis and the CA-IX expression (peri-
necrotic staining). The fact however that overlap between the different staining
procedures (including pimonidazole) is not always seen, partly related 1o e.g.
differentiation between acute versus chronic hypoxia, highlights the need to continue
comparative investigation using various tumour types and sites of growth. All these
studies, for which the techniques appear feasible on their own, definitely point at the
broad intra- and inter-tumoural heterogeneity of perfusion and diffusion in relation

with oxygenation status, which seems independent of tumour type, size or location,

Such a heterogenous situation (as for example reflected in the pO,
measurements) necessitates a correct characterisation of the descriptive parameters,
biological and statistical, as clearly discussed by Thews and Vaupel [168], and the
application of complementary methodologies. Of equal importance is to perform
repeated measurements, at best of the ‘undisturbed’ whole twumour rather than only
very small pans. The literature offers discussion on how many biopsies or micro-
electrode tracks are necessary to allow a representative evaluation of hypoxia for each
individual tumour. Regarding biopsies, at least 3-4 would be needed, whereas S tracks
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would be a necessary number to minimize the influence of variation within tumours
compared with heterogeneity between different tumours (e.g. [130, 169]). These
factors, specifically in view of repetition during treatment, together with the fact that
deep-seated tumours or those near critical structures cannot be assessed, introduce the

strong need of non-invasive methodologies.

1.1.3.d.2. Non-invasive hypoxia measurements

Several possibilities involving imaging techniques have been introduced and
tested for estimating parameters of the tumour micro-environment in a non-invasive
way, specifically related with positron emission tomography (PET) and single-photon
emission computed tomography (SPECT), computed tomography (CT) and magnetic
resonance imaging (MRI).

For example, '*F-fluoromisonidazole (FMISO) and more recently 'F-

fluoroerythro-nitroimidazole (FETNIM) and ""F.labeled nitroimidazol-acetamide
derivative (EF3) or '"F-2-fluoro-2-deoxyglucose (FDG) PET are becoming
established clinical imaging techniques to measure respectively tumour hypoxia and
glucose metabolism (e.g. [170-173]). These techniques, based on capturing
annihilation photons from positron-emitting tracers, thus provide information on the
metabolic activity and functional capacity of tumours as a whole as well as regions of
interest, with additionally the possibility to quantify changes in time. FDG PET
measurements of the glucose metabolism, translated as standard uptake value,
demonstrated the differential between tumour and normal tissues and indicated the
prognostic value of this approach (e.g. [174]).
The use of FMISO and '*'l-iodoazomycinarabinoside (IAZA) enable an indirect
(tracer uptake inversely proportional to intracellular oxygen concentration) estimate of
tumour oxygenation (e.g. [175-177]). Among these tracers, FMISO has been most
extensively studied. The method allows to image approximately the whole tumour and
at the same time to estimate the heterogeneity within the individual umour, as
indicated in a study concerning various types of malignancies [176]. Despite these
encouraging results, sub-optimal imaging properties have limited the routine use of
FMISO in clinical practice. Research is ongoing to further evaluate and validate the
existing azomycin-nucleoside markers, to test novel hypoxic cell-specific chelates,
and to define the optimal timing of image-acquisition of maximal hypoxia signalling
(see e.g. [170, 178]).
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Using contrast-based CT, the oxygenation condition of tumours can be appreciated
indirectly through the measurement of perfusion. This quantitative approach has been
demonstrated elegantly by Hermans and colleagues in head and neck squamous cell
carcinoma; a positive correlation between perfusion rate and local control after
radiotherapy was found [179].

Tumour oxygenation measurements, on the other hand, have also been performed by
using fluorine '*F magnetic resonance imaging (MRI) spectroscopy; they allowed the
evaluation of dynamic changes from baseline oxygenation status when applying
different hyperoxic gasses (e.g. [149, 180, 181]). Other MRI spectroscopy methods
involve phosphorus *IP and proton 'H (see e.g. review [182]) which measure tumour
parameters that relate to oxygenation, such as pH, lactate or high energy phosphates
(ATP), with some results found to correlate relatively with Eppendorf electrode and
fraction of radiobiological hypoxia evaluations in the same tumour model [ 183, 184].
The classical MRI provides the detection and delineation of tumours in the body
[185]. The method is based on differences in signal intensity between tumours and
normal tissues related to the water content. Spatial information is obtained by changes
in magnetic field gradients at specific times during and after radiofrequency pulses.
MRI enables the use of each point (voxel) in each individual tumour as its own
control, thus providing a longitudinal statistically powerful test of the effects from
treatments. Contrast enhancement techniques have been entered to image the tumour
physiology and micro-environment, such as blood flow and hypoxia, more efficiently.
For example, evaluation of the rate of uptake of gadolinium-diethylenetriaminepenta-
acetic acid (Gd-DTPA) is extensively used to estimate tumour perfusion [186). In a
proof-of-principle evaluation involving locally advanced uterine cervix carcinoma, the
use of dynamic contrast enhanced MRI has been indicated to correlate relatively well
with the Eppendorf electrode measurements [187].

Blood oxygen level dependent (BOLD) functional MR1 is, compared to dynamic MRI
methods, an interesting non-invasive approach because no exogenous contrast agent is
necessary. The BOLD effect uses hemoglobulin as intrinsic contrast agent:
oxyhemoglobin has no magnetic properties, while deoxyhemoglobin is paramagnetic.
So, deoxyhemoglobin causes magnetic susceptibility effects that lower T,*-weighted
image intensity; improving blood oxygenation therefore results in T;*-weighted
image intensity increases. It has been extensively applied for the non-invasive

monitoring of cerebral activity upon exercise or external stimuli (e.g. [188-190]).
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Changes in the ratio oxy- to deoxyhemoglobin are translated into signal intensity
changes, and indicate changes in blood and tissue oxygenation.

Evidence that BOLD contrast in tumours is sensitive to changes in oxygen saturation
of blood caused by oxygenation treatment was demonstrated first by Karczmar and
colleagues with a rat mammary adenocarcinoma [191). During inhalation of 100 %
oxygen or carbogen , large and reproducible changes in T,*-weighted images
occurred. The likely explanation of these changes was that increased oxygen delivery
decreases blood deoxyhemoglobin, resulting in an increase in signal intensity on T>*-
weighted images. Increases in blood flow, oxyhemoglobin saturation and tissue pO;
are expected to be greatest in tumour regions where oxygen delivery was previously
inadequate to satisfy demand. The T,* changes during hyperoxic breathing were small
in surrounding muscle, providing support for the fact that oxygen-enriched gas is not
expected to significantly increase the oxy- to deoxyhemoglobin ratio in normal
tissues, Through literature screening it is evident that these signal intensity changes,
from the application of a hyperoxic gas, differ among tumour types (e.g. [182, 192,
193]). This observation was not only true for pre-clinical tumour evaluation, but in a
similar way when tumours in patients were evaluated with the MRI [194, 195]. The
methodologies altogether indicate potential predictive power in cancer therapy; they
allow us to estimate the level of hypoxia and its change during and after a specific
single or combined therapy (e.g. [194]).

The introduction of functional MRI in tumour imaging, using gradient echo
sequences, thus offered a major benefit; yet, due to the pulse sequence design, only
one slice through the tumour is measured.

The final part of the present thesis research is aimed to test the feasibility of applying
gradient echo functional MRI with an echoplanar imaging (EPI) sequence to evaluate

the oxygenation condition of the tumours in total using multiple slices.

I.1.3.e. Hypoxia-related treatment

The hypoxic condition can be exploited or, on the other hand, can be reduced
to advance additional anti-cancer treatments. Various options (see Table L. b) can be
offered to use the presence of hypoxia and anoxia for the benefit of cancer treatment

and improved outcome.
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Table L. b

Hypoxia-selective ‘bioreductive’ drugs :
e.g. - nitroimidazoles, such as misonidazole and nimorazole
- tirapazamine
- AQ4N
Hypoxia-based gene delivery :
e.g. - transfection of tumour cells with the HRE-CDase gene

N/ anox 1] AC protein (ransi :
e.g. - anaerobe bacteria, such as non-pathogenic Clostridium, with
incorporated CDase or TNFa
Reduction of hypoxia:

e.g. - erythropoietin
- hyperoxic gasses, such as hyperbaric oxygen and carbogen

The principle of using radiosentizing agents, such as misonidazole and etanidazole, is
that they mimic the effects of oxygen at the tume of irradiation thereby enlarging the
DNA damage. Although proven efficient as sensitizers in laboratory tumour models,
their clinical application showed a very limited benefit because of unacceptable side-
effects. Nimorazole, a drug of the same family, but showing little systemic toxicity,
has been used more successfully in a randomised phase-111 study [196].

Extensively investigated in pre-clinical settings, are the class of hypoxia-activated
(bioreductive) prodrugs (see review [197, 198]). Such compounds require a metabolic
reduction (optimal at low oxygen levels in the tumour) to produce the cytotoxic
agents. Two novel compounds, tirapazamine (SR4233) [199], which currently is
evaluated in clinical trials (e.g. [200, 201]) and alkylaminoanthraguinone N-oxide
(AQ4N) [202] show great potential to increase cancer treatment efficacy. With
tirapazamine for example, the combination with either fractionated irradiation, or with

cisplatin, or the ‘triplet’-combination resulted in an increased growth delay [203-205].
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With AQ4N, reduced to AQ4 that intercalates within DNA, an important
enhancement of chemo- and radiation-induced cell kill has been shown with rodent
tumours [206].

Recently, experiments have demonstrated several possibilities to use the
hypoxic environment for the transfer of therapeutic proteins selectively to the tumour.
One of these strategies involved the combination of a *hypoxia responsive element
(HRE)' with the suicide gene cytosine deaminase (CDase), to transfect tumour cells
for a strictly on-site therapeutic activity [207]. Intra-tumoural cytotoxicity, through
the conversion of the systemically delivered prodrug 5-fluorocytosine (5-FC) to the
chemotherapeutic 5-fluorouracil (5-FU) by the CDase, only occurred with cells in the
hypoxic condition. These data provided a first proof-of-principle of the possibility to
control the regulation of prodrug activation in a hypoxia-selective way. On the basis
of vascular endothelhial growth factor (VEGF) expression under hypoxia, Shibata and
colleagues developed a cytomegalovirus-driven hypoxia-responsive vector which may
allow for improved tumour-selective therapeutic gene expression [208].

In parallel, a bacteria-based methodology to transfer therapeutic proteins has
been investigated [209-211). This idea has found its roots in the pioneering work of at
least two rescarch teams in the fifties-sixties, using non-engineered apathogenic
Clostridium species [212, 213] and later research using combinations with
chemotherapy [214]. The use of anaerobic clostridia is based on the presence of areas
in tumours that lack oxygen, thus allowing the proliferation of these bacteria
exclusively intra-tumoural. This was not only shown for Clostridium butyricum [215]
and Clostridium saccharoperbutylacetonicum [210] and very recently for Clostridium
novyi-NT [216], but is also well documented for Bifidobacterium longum [217).

The data from our research group (Experimental Radiobiology and Bacteriology,
K.U.Leuven) indicated absence of a major immune response as well as absence of any
toxicity. Although spores (metabolically inactive) were detected in normal organs of
tumour-bearing rats, no germination occurred and the spores disappeared from all
organs within a few weeks. Using the C. novyi-NT strain, devoid of toxin genes, Dang
and colleagues still recorded mortality in their mouse experiments, which they assume
to be related to the tumour lysis syndrome [216]. The application of an appropriate
antibiotic eradicates all bacteria from the rat body (part of this thesis).
Non-pathogenic recombinant clostridia may thus be used as highly tumour-

selective factories to locally produce an anti-tumoural component. There is no need
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for insertion of the gene coding for the therapeutic protein into the tumour cell
genome, and therefore problems involving genomic instability and insufTicient
transduction efficiency are avoided. This has been demonstrated for Clostridium
acetoburylicum DSM792 recombinant for either the cytokine tumor necrosis factor
alpha gene (TNFa) [218]or the suicide CDase gene (part of this thesis: [219]). With
both TNFa and 5-FU, severe normal tissue toxicity is present when given
systemically at doses that cause tumour cell death. The bacterial transfer system
circumvents this problem, and, together with the pleiotropic anti-tumour effect of
TNFa (against tumour cells and vasculature) and the bystander effect of 5-FU [220],
thus offers great potential in anti-cancer treatment combinations. Very recently,
another group presented an in vive investigation on the use of Clostridium sporogenes
recombinant for CDase in combination with the prodrug 5-FC [221]. These data
illustrated the sufficient production of 5-FU through the bacteria-based enzyme-
prodrug system to induce a significant growth delay. The levels that have been
obtained with this system thus should be sufficient to obtain improvement of
irradiation treatments. The potential to find increased radiation efficacy from the 5-FU
presence has been indicated through a theoretical modelling of necessary 5-FU
concentrations [222]. The deduction and calculation, based on 5-FU literature data,
indicates radio-sensitization factors between [.1-1.2 when bacteria-CDase-based
conversion efficiency is as low as 1-3 %. The combination with radiotherapy could
improve anti-cancer results, next to the temporal control of therapeutic protein
expression through radiation-inducible promoters, as claborated by Nuyts and
colleagues at our research units [223, 224].

The combination of the anaerobe bacteria-based therapeutic gene transfer with
vascular targeting, based on the hypothesis to provide an intra-tumoural environment
that increases the proliferation of the recombinant bacteria, has been evaluated by us
using combreAp (this thesis research). Dang and colleagues more recently combined
the non-recombinant Clostridium novyi-NT with mitomycin C and dolastatin, and
showed a stronger ‘bacterial’ activity against two different tumour types as compared
with either agent alone [216).

More bacterial species are presently being evaluated for the use as selective anti-
cancer probes, either as such or as recombinant for a specific therapeutic protein (see

brief review [225]). Also stronger promoters such as the glutamine-synthetase gene
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from C. beijerinckii could advance the expression and secretion of the inserted

therapeutic proteins [226].

Finally, agents that reduce the hypoxic status have been considered to improve

the tumour responses to radiotherapy. The alteration of oxygen delivery to the tumour
tissue has been assessed already in the eighties, including methods such as blood
transfusion or perfluorochemicals administration (e.g. [227, 228]). Using the
perfluorocarbon Fluosol-DA, the oxygen-carying capacity of the blood could be
increased  several fold. Radiosensitization with  the administration of
perfluorochemicals has been documented (see e.g. review [229]).
Hemoglobin concentration is well known as a prognostic factor for local control in
e.g. radiotherapy of uterine cervix cancer [230, 231] as well as head and neck
carcinoma patients [232, 233]; low levels (<12-13 g/dl) are positively correlated with
poor local control and overall survival in these and other tumour types.
Erythropoietin (EPO) is up-regulated in response to hypoxia, and stimulates red blood
cell production in the bone marrow, with consequently an improved oxygenation. This
has led to the introduction of recombinant EPO administrations to anaemic cancer
patients, data showing some beneficial effects (e.g. [234, 235]).

Another equally important strategy (0 improve tumour tissue oxygenation is

the application of hyperoxic gasses (see also section [./.3.d.2. on non-invasive
imaging). The use of hyperbaric oxygen breathing has initially shown some benefit in
experimental rodent tumours and patients with head and neck cancer [236, 237]; yet,
no confirmation followed [238]. Hyperbaric oxygen was abandoned because of severe
side-effects that occured in some clinical trials (e.g. [239]) and it was time-
consuming, and also because apparently more appropnate hypoxic cell sensitizers
were being introduced.
A more recently tested approach combines the breathing of a mixture of oxygen and
carbon dioxide (classical carbogen = 95% O; + 5% CO:) in combination with the
administration of nicotinamide [240]. Its introduction along with radiotherapy was
specifically based on the hypothesis that carbogen and nicotinamide would target the
chronic and the acute hypoxia respectively to increase tumour cell radiosensitivity
(e.g. [241, 242]). The use of thesc agents simultancously has subsequently been
shown to increase the radiation damaging effect in a vanety of rodent tumour models
[154, 243-246].
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Based on that demonstrated pre-clinical therapeutic advantage, the concept was
thercafter introduced in the clinic (e.g. [247-250]). An increased oxygenation of
tumours from the use of carbogen breathing with nicotinamide has been demonstrated
in patients. The strategy of this "Accelerated Radiotherapy with CarbOgen breathing
and Nicotinamide” (ARCON) is logical and thoroughly described [154): briefly,
introducing a shorter overall radiation treatment time counteracts the rapid
proliferation of the twmour cells, whilst the carbogen-nicotinamide application
sensitises the hypoxic tumour cells. Very promising results have been obtained in
several, however, non-randomized clinical studies using this combination in
conjunction with accelerated irradiation: treatment of stage Ts-Ty squamous cell
carcinoma (SCC) tumours of the larynx [248, 251], and patients presenting with large
bulky tumours of the hypopharynx and oropharynx [251] as well as bladder
carcinoma [250]. These positive findings however were not confirmed by a phase 11
study of the EORTC that involved head and neck SCC tumours of various
localizations and late stages [252]. Neither did the EORTC study involving non small
cell lung cancer [253], nor the EORTC trial with glioblastoma multiforme patients
[254], indicate a benefit from the use of ARCON. The selection of tumour type, but
certainly also the localization, has to be rigid to allow further clinical improvements
(cfr. supra; and [251]). Pre-treatment measurements of the tumour oxygenation status
and response to modulators, specifically in a non-invasive manner, may further help
10 sort the ‘ideal’ patients for ARCON-based treatment (cfr. supra: part 1.1.3.d.2.) as

well as for other hypoxia-related combination therapies.

I.1.4. Background-based conclusion

The studies reviewed in the present introductory notes do provide important
information about the intra-tumoural angiogenesis, established tumour vascularity,
and related treatment options (anti-angiogenesis and vascular targeting). They invite
us to broaden research and application in pre-clinical laboratory models to further
advance novel anti-cancer strategies.

Hypoxia-selective cancer therapy has been, based on molecular knowledge
and tools, broadened from the use of specific cytotoxins 1o the application of gene
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therapy and related methods. The best ways to continue the search for improvement
appear to include agents that increase hypoxia or combinations with irradiation and
anti-angiogenesis.

Generalizations about intra-tumoural oxygenation based on tumour size,
tumour stage, or any other stratification, are not possible. Therefore the need to
encompass the whole tumour volume when investigating the hypoxic status of an
individual tumour, rather than a few biopsies or a single slice, is a stringent necessity.
Nevertheless, complementary evaluations of hypoxia remain a priority as well in
laboratory animal as clinical cancer research to define the most optimal therapy for

climinating tumours.
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1.2. Outline of the principal investigations

As may be obvious from the foregoing introductory notes, information on the
tumour micro-environment, and its changes during tumour growth, has accumulated
during the last 10-15 years.

Separate from the established anti-cancer treatments that directly target the

tumour cells, therapy has been broadened to additional strategies related o aspects of
the tumour micro-environment. Among the latter are those that utilize compounds that
interfere with the angiogenesis process and those that are selectively directed at the
hypoxic tumour cells. Novel therapies have been elaborated during the last decade.
Among these are the ‘clinical potential® vascular targeting drugs (such as flavonoid
derivatives and tubulin-binders), either as a single agent, or more promisingly, as an
adjuvant to other treatments.
Also virus- and liposome-based gene therapy, targeting either tumour-specific
antigens (e.g. EGFr or c-kitr) or micro-environmental conditions (e.g. glucose
deprivation), has become a promising anti-cancer development. Alternatively,
engineered non-pathogenic bacteria are being investigated as a delivery system for
therapeutic proteins, such as the cytokine TNFa and the suicide protein CDase, to the
solid tumour. Among these bacteria are non-pathogenic obligatory anaerobic
clostridia, shown to selectively localize and proliferate in severely hypoxic and
necrotic tumour areas.

In parallel, the need for a non-invasive visualisation of the metabolic and
proliferative quality of the tumour micro-environment, including deep-seated and
critically positioned malignancies, has evolved in the exploration of various imaging
techniques (such as CT, PET, MRI). Using these scanners to evaluate, not only the
morphology, but more importantly the functional quality of tumours before, during
and after treatment, may allow the selection and guidance of an optimised therapy.

The objectives of the present pre-clinical in vivo investigations involved the
use of tumour vascularity and hypoxic/anoxic status for the benefit of selective
therapy and for non-invasive diagnosis. The basis for the various hypotheses and
related questions is presented in a diagram (Figure 1.7)
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conditions regarding the studies of the present thesis research.

Hypothesis and questions that have been addressed specifically:

- It is hypothesized that the efficacy of blood vessel-related treatments

may depend on the tumour volume at the time of application.

We therefore studied

a) the effect of anti-angiogenesis using TNP-470 in rhabdomyosarcoma
tumours of different sizes;

b) the potential of vascular targeting using combretastatin A-4
phosphate (combreAp) to exert activity in tumours of different sizes;

with two related questions: (1) is it possible to evaluate the acute vessel

damage in a clinical applicable setting (radiological angiography)?; and

(i1) what would be the outcome of combreAp repeat-treatment in relation

to tumour size?

Based on the hypothesis that the tumour rim (not affected by combreAp
treatment because of the presence of peripheral mature host vasculature)
consists of well-oxygenated tumour cells, can a benefit be obtained from
combining combreAp vascular targeting with ionising radiation?
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Based on the hypothesis that tumours, regrowing after the initial
combreAp treatment, will be characterized by blood vessel expansion,
we added the anti-angiogenesis TNP-470 treatment at a pre-selected
timing to evaluate the potential benefit?

With the knowledge that combreAp induces a major proportion of
necrosis, irrespective of the tumour volume at treatment, would its
combination with an anacrobe bacteria-based transfer of a therapeutic
gene selectively improve the tumour colonisation and the expression of
these proteins?

Considering the potential of magnetic resonance imaging in cancer
screening, we aimed to evaluate a non-invasive fast functional MR-
methodology (with an echo planar imaging sequence) for the assessment
of tumour oxygenation. This should enable tumours to be selected which
might be preferentially responsive to the above mentioned treatment
options,
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Summary

Potential anti-cancer therapy with the fumagillin analog TNP-470 was investigated in the
present project using subcutancously growing rhabdomyosarcomas in rats. Specifically,
influences of different tumor sizes at the start of treatment as well as dose/schedules were
evaluated. The results show a significant (p<0.01) reduction of the growth rate, even for
relatively large-sized (> 7 cm?®) tumors, when 50 mg/kg TNP-470 was used every other day
for up to 3 or 5 injections. With 30 mg/kg TNP-470 injections, effects were seen only with
tumors measuring less than 7 cm®. The histologic examinations demonstrate an increase in
necrosis, both in the centre and in the peripheral part of TNP-470-treated tumors.

Overall, both tumor volume and drug dose determine treatment outcome with the rat rhabdo-
myosarcoma. The results suggest that angiogenesis inhibitors could represent a valid
component in the treatment of progressive tumor growth,
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IL1.1. Introduction

To support cell survival and growth, a tumor relies on neovascularization and
thus on endothelial cell proliferation [1]. The consequent effect of angiogenesis on
tumor growth and the establishment of metastases is well documented. During the last
two decades much attention has focused on the development of anti-angiogenic
compounds. One such inhibitor of angiogenesis is the fumagillin analog TNP-470
(AGM-1470). The compound has shown in vivo anti-angiogenic effect in various
tumor models (e.g. [2-5]) and is currently in phase V11 clinical trials for the treatment
of a variety of solid wmors. Although the full mechanism of the anti-angiogenic
activity has not yet been clarified, important inhibition of proliferation and migration
of endothelial cells and of capillary tube formation has been observed (e.g. [6,7]).

The present report describes the anti-tumor effect of TNP-470 on the
syngeneic rhabdomyosarcoma in rats. This poorly differentiated tumor has been
induced following irradiation [8]. Our study specifically focuses on the relation
between dosing/scheduling of TNP-470 and the size of the tumor at the start of the
treatments. Tumor growth delay and histological appearance as well as the profile of
the major side effects was assessed.

I1.1.2. Materials and methods

Male WAG/Rij rats, aged 12-14 weeks and weighing about 280 g were bred in
our conventional animal housing facility. The rats had free access to water and food
during the total experimental period. The syngeneic rat rhabdomyosarcoma was
implanted subcutaneously (s.c.) in the lower flank of anaesthetised animals using
tumor pieces of about 1 mm’. This experimental tumor model has been firmly
established in radiobiology research and described thoroughly in a vast number of
publications (e.g. [8-11]). Briefly, the rhabdomyosarcoma originated in the jaw
musculature of inbred WAG/Rij rats that received total body irradiations, From this
irradiation-induced tumor, a cell line was established using the classical procedures,
giving reproducibly growing tumors in WAG/Rij rats.

The TNP-470 was received from Takeda Chemical Industries (Japan). For
cach experiment, the TNP-470 solution was freshly prepared in 10% ethanol and 5%
arabic gum in saline. Control rats were treated with the vehicle only. Volumes for
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injection varied between 1 and 1.5 ml (depending on the drug concentration and
animal weight). Animals were injected s.c. in the neck region distant from the tumor.
Several TNP-470 administration schedules and dosages were evaluated. Either 30
mg/kg or 50 mg/kg were given 3 or 5 times, with 2 day intervals between the
successive injections. In the case of the 30 mg/kg dose, the effect of a single TNP-470
treatment was also evaluated.

Treatments started when tumors reached the predetermined volume, which
were either < 3 em’, 3-7 cm” and >7 cm® and referred to as small, medium or large,
respectively. Measurements of the tumor volumes were regularly performed with a
calliper. The volume (V) was calculated according to the standard procedure for
ellipsoid growth : V = (ax b x ¢) x /6 (a = length ; b = width ; ¢ = thickness) expressed in cm’.

To enable an easy display of the anti-tumor effect, the curves representing the
measurements of TNP-470 treated tumors were normalised with respect to the control
(vehicle only treatment) tumors  Starting volumes of the various TNP-470 groups
thus superimpose the control growth curve at the equivalent volume. This is indicated
in all graphs by an arrow. Student’s t-test was used for comparison of the tumor
growth curves.

The histological characteristics of TNP-470 treated rhabdomyosarcomas were
examined and compared with tumor sections of vehicle only treated rats. The pieces
were selected from both the center and the periphery of the tumor separately, They
were fixed in Bouin followed by a 10% formalin solution and processed using the
routine histologic techniques. Hematoxylin-cosin and periodic acid stained sections
were evaluated by light microscopy.

The experimental procedures were approved by the “University of Leuven (KUL)

Animal Care and Use Committee™ in compliance with European Guidelines.
1L 1.3, Results

The effect of TNP-470 on the growth of the s.c. transplanted
rhabdomyosarcoma was evaluated at different tumor starting sizes and drug doses.
The small (< 3 em®), medium (3 - 7 em?) and large (> 7 cm?) sized tumors showed
different responses, with TNP-470 either slowing or even inhibiting tumor

progression.
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With small tumors the effect of the 5x50 mg/kg TNP-470 treatments was significantly
more prominent than for the 5x30 mg/kg dosing (Figure 11.1.1A). However, the
growth delay was similar for both treatments with the medium sized tumors (Figure
IL1.1B). The growth inhibitory effect of the $x50 mg/kg treatment was also
demonstrated with rats bearing tumors larger than 7 cm’ (Figure I1.1.2A),
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Figure IL1.1. Growth of vehicle (controls) and of TNP-470 treated tumors. Drug injections
were every other day. Normalisation of the siarting volumes of the latter with respect 1o
control growth curve is done, as explained in Materials and Methods. Panels A and C
represent the results for small (< 3 cm’) tumors. Panels B and D represent the results for
medium ( 3-7 em’) tumors. Vertical bars represent standard errors and the p-values are
calculated using the Student’s 1 test.

The effect on tumor growth from 3x30 mg/kg was comparable to the delay
measured with the 5x30 mg/kg TNP-470 administrations (see above). These results
for both small and medium sized tumors are displayed in Figures I1.1.1C and 1D and
are to be compared with the data in Figures I1.1.1A and 1B. The growth inhibitory
effect of 3x30mg/kg drug was not significant when tumors larger than 7cm’ were
treated (Figure I1.1.2B).
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Figure 11.1.2. Growth of vehicle (controls) and of TNP-470 ireated tumors larger than 7
em’. Drug injections were every other day. Normalisation of the starting volumes as
explained in 'Materials and methods’; Vertical bars represent standard errors and the p-
values are calculated using the Student’s t test.

On histologic examination, the non-treated rhabdomyosarcomas are very
cellular. They consist of spindle cells, surrounding somewhat dilated vascular spaces.
The cells show obvious atypia ; mitoses are numerous. Necrosis is sparsely present in
the periphery of the tumors, but is more pronounced in the centre. With increase in
tumor volume, necrotic arcas become relatively larger, especially in the central part of
very large tumors. After treatment with the repeated doses of TNP-470, necrosis is
much more prominent in the medium and large tumors in the central as well as in the
peripheral areas. This is illustrated in Figure 11.1.3 for a TNP-470 treatment of
3x30mg/kg only, and is representative for the other schedules. In the small tumors,
this effect is also present, but less pronounced. In some of the very large tumors
(about 15 ¢m?) little or no effect of TNP-470 treatment on the extension of necrosis is

seen. The diameter of the blood vessels is not altered by the TNP-470 administration.

20
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Figure I1.1.3. Representative light microscopy image of rhabdomyosarcoma treated with
TNP-470 (3x30mg/kg i.p. injections). Large necrotic areas are intermingled with remaining
areas of viable tumor cells. Magnification x 360.

In a final set of experiments we studied the use of a single TNP-470 treatment
of 30 mg/kg. As can be deduced from Figure IL.1.1C and 1D, a clear-cut reduction of
tumor growth was already obtained with this single TNP-470 treatment for rat
rhabdomyosarcomas with volumes smaller than 7em”,

However, with most of these TNP-470 treatments also toxicities were
observed. Overall, these were more severe with the 5x50 mg/kg than with the 5x30
mg/kg dosage and consisted of severe local skin damage at the site of the s.c. injection
and of body weight loss. The loss in body weight occurred from 2 days after the first
injection, and was between 10 and 30% for both dosages, being progressive
throughout the observation period. Lowering the total TNP-470 doses to 3x30 mg/kg
did not fully resolve the problem of both skin and body weight effects. However, most
of the animals started to recover their loss in body weight before the end of the
follow-up period. The vehicle-treated tumor-bearing rats always showed an increase

in body weight of 4-7% for the same time period as the TNP-470 series. The skin
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damage was a local ulceration present during the series of s.c. injections in all drug

expriments, with healing thereafter.

11.1.4. Discussion

Inhibition of tumor angiogenesis has been recognized as a potential adjuvant
in the anticancer treatment arsenal. The fumagillin analog TNP-470 (AGM-1470) has
retained special attention because of its strong inhibition of proliferation and
migration of endothelial cells in tumor systems. This endotheliostatic effect was
reflected in various laboratory in vivo biological models by a reduced growth rate of
the primary tumor or a decreased formation of metastasis (e.g. [2-4, 6,7,12]).

So far, however, data on the effect of TNP-470 are only available for very
small primary tumors (less than | ¢m’). The present report deals with several series of
experiments on the s.c. rat thabdomyosarcoma with volumes between 1 and 10 cm” at
the start of the TNP-470 treatments.

Our results demonstrate that TNP-470 is also an active modulator of
rhabdomyosarcoma growth, even for relatively large-sized tumors. Indeed, with all
the drug-fractionation schedules tested, a substantial reduction or inhibition of growth
was seen.  The overall examination of the stained tumor slices revealed the major
enlargement (factor 4-5 at least) of necrotic areas in TNP-470 as compared with
vehicle-treated medium and large sized tumors. There is ample literature information
on the effect of TNP-470 on the endothelium and the inhibition of angiogenesis (e.g.
[6.7]). These observations might explain the presence of a decreased growth rate and
enlarged necrosis seen in the present rhabdomyosarcomas treated with TNP-470.
Interestingly, even a single TNP-470 dose of 30 mg/kg slowed the tumor growth. The
latter effect is important to quote, as it is measured in rats with a firmly developed
tumor load.

The reductions in growth capacity that were observed in the rat
rhabdomyosarcoma  following TNP-470 treatments seem consistent  with  the
hypothesis that rapidly proliferating tumors are more angiogenesis-dependent [13].
Cell kinetic measurements with the rhabdomyosarcoma indeed showed a short cell
cycle time of about 20 hours [9]. Also, from our tumor growth curve for rats injected

with the vehicle only, a volume doubling time of 4-6 days can be deduced. These
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rapid tumor growth characteristics could partly explain the TNP-470 effect on the
evolution of s.c. implanted tumors whatever the size at the start of treatment.

A recently published clinical phase I study also cited the effectiveness of TNP-
470 with relatively large tumors as demonstrated in our study. Repeated TNP-470
administration affected in some patients the pulmonary cervix carcinoma metastases
with a volume of about 14 cm’ [14]. It is likely that such a promising therapeutic
approach will encourage the discovery of more potent and/or less toxic tumor
vasculature targeted compounds.
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Summary

Tumour-specific vascularisation may be therapeutically approached in two different
ways: by anti-angiogenic treatments specifically directed to dividing and migrating
endothelial cells, or by agents that target principally the inadequate and ill-structured tumour
vasculature. Combretastatin A-4 phosphate (combreAp), a recently synthesized prodrug
(OXIGENE, Lund, Sweden), is a vascular targeting agent of the latter kind.

We evaluated the effect of a single intraperitoneal combreAp injection on the growth
of rhabdomyosarcomas syngeneic in WAG/Rij rats. Different tumour volume groups, ranging
between 0.1 and 27 cm?, were selected to assess the relationship between the size at treatment
time and the response to combreAp. A double combreAp treatment (2 x 25 mg/kg) was
investigated within the same overall aim: relation between growth delay and tumour size.

Our results show that the systemic administration of combreAp induces a clear-cut
differential growth delay in the solid rat rhabdomyosarcomas: with large tumours (2 7 cm?),
an 18-fold stronger effect was measured than with smaller tumours (< 3 c¢cm?). This is the
inverse of the volume-response seen with the conventional therapeutic approaches
(radiotherapy, chemotherapy or surgery). These combreAp anti-tumour responses were
observed without treatment limiting systemic toxicity in the rats. With clinical digial
subtraction angiography, using microsurgical cannulation of a major tumour draining vessel,
and with histopathology, we demonstrate that growth delay is related to an early (within 3-6
hours) and extensive break-down of tumour blood vessels. The experiments involving a
second injection also indicate a volume dependent effectivity of combreAp in reducing the
regrowth rate of small or large rhabdomyosarcomas.

This significant differential volume-response obtained with ‘selective’ vascular
targeting, stronger in larger tumours than smaller ones, suggests the potential of broadening
the therapeutic window.
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11.2.1. Introduction

Maintenance and improvement of vasculature is critical for the continued
growth of solid tumours. These blood vessels represent therefore a target for potential
new anti-cancer therapies [for reviews, see e.g. 1-6). Definitive damage will lead to an
avalanche of ischaemic tumour cell death and necrosis. As a consequence, inhibition
of angiogenesis and more recently specific vascular targeting are being extensively
investigated [7-10].

Angiogenesis inhibition in solid tumours is defined as the prevention of new
blood vessel formation from the existing vascular bed |1, 7, 8, 11]. The actions of
these drugs thus primarily consist of inhibiting growth and migration of the
endothelial cell. Subsequent to such anti-angiogenic treatment, tumour growth that is
critically dependent on angiogenesis will be prevented.

Vascular targeting treatments, on the contrary, are based on the fact that
predominantly the already acquired tumour vasculature is selectively attacked [1, 12,
13]. This type of therapy takes advantage of the weaknesses of established tumour
endothelial cells and their supporting structures and induces collapse, thrombosis
and/or hemorrhage. Obviously, depending on the agent and the dose intensity selected
for this treatment, the proliferating endothelial cells of newly growing blood vessels
might serve as an additional target.

Selectively targeting the acquired tumour blood vessels may constitute a
potential tool, complementing traditional anticancer therapy that is majorly directed
against the malignant cells themselves. Occlusion or collapse of the tumour vessels
inherently leads to ischaemic or hemorrhagic necrosis. The acute reduction of tumour
vasculature will initiate an immense loss of tumour cells because of nutrient
deprivation, and might thus result in stabilization or reduction of growth. This has
been demonstrated with hyperthermic treatment [14, 15], with flavone acetic acid
injections[13, 16], with tumour necrosis factor-a [13, 17] and with an anti-tumour
endothelial cell immunotoxin [18, 19]. Another vascular targeting approach, involving
tubulin-binding agents, recently gained increasing attention. As such, colchicine,
vinblastine and dolostatin have been tested for their effect on tumour growth through
anti-vascular activity [12, 20, 21]. Of particular interest is the novel compound
combretastatin A-4, derived from the South African tree Combretum caffrum (22, 23).
The more soluble phosphated prodrug showed the potential to induce a similar extent
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of vascular shutdown and necrosis, but without the severe side-effects of the parent
compound [24-26]. These studies, as well as all other vascular targeting investigations
have, however, been restricted to only small-sized mouse tumours. They therefore
lack potentially useful information on the relation between tumour size and the
effectiveness of a selective vascular targeting compound.

The present study assessed the in vivo anti-tumour effect by vascular targeting
with combretastatin A-4 phosphate prodrug (combreAp) in a broad range of tumour
volumes, using the syngeneic WAG/RI) rat rhabdomyosarcoma model. This tumour
grows subcutaneously (s.c.) in the flank region to much larger sizes than have been
described in the literature for mouse models. Such a growth capacity up to several
tens of em? favours clinical relevance, as many cancer patients present with already
large tumour masses. In addition, we have tested a clinical imaging technique
consisting of digital subtraction angiography for its applicability to evaluate the anti-
vasculature and anti-tumour effects of combreAp in our rat tumour model.

The overall goal of our research was to determine the relation between tumour
volume and the vascular/anti-tumour effect of combreAp. Our investigations covered
(i) the extent of the anti-tumour activity in terms of growth delay, (ii) histo-
pathological examinations, and (iii) the visualisation of the effect of combreAp on
tumour vasculature with digital subtraction angiography. Using the latter two
methods, we also focussed on the time-relation between the combreAp injection and
the sequence of the major events involved in the development of tumour damage and
eventual regrowth. Finally, a double combreAp treatment was evaluated for its
additional tumour growth delay and the presence of a related size dependent

phenomenon.

11.2.2. Materials and methods

Tumour model

The in vive tumour system used in the present project is a highly-reproducible
experimental syngeneic rhabdomyosarcoma in WAG/Rij rats [27]. Briefly, the tumour
cell line has been derived from a radiation-induced tumour in the jaw musculature of
inbred WAG-Rij rats. Alternate subcutaneous (s.c.) tumour cell inoculation and
tumour piece transplantation are routinely used in our laboratory to maintain

qualitatively the characteristics of the rhabdomyosarcoma. The tumour shows a
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regular growth pattern without the development of metastases, and has the property of
subcutaneous growth up 10 40-50 cm? in the flank region of rats without causing any
obvious disturbance of the animals” health. Indeed, no anacmia, weight loss or change
in physical behaviour was recorded during the time of this growth. This allowed us to
investigate the effectiveness of combreAp in a large range of tumour sizes. It was,
however, decided to sacrifice rats bearing tumours larger than 40 cm? (or less if
adequate information is obtained earlier during growth) at any time during the follow-
up period. For the present experiments we transplanted tumour pieces of about 1| mm?
s.c. into the lower flank of adult rats (260 to 300 g). This technique avoids spread of
growth along the injection track, which often occurred after s.c. inoculation of 1-3 x
10° wmour cells, and allows adequate and reproducible tumour volume

measurements.

Preparation of the vascular targeting compound solution

The combretastatin A-4 prodrug (OXiGENE Inc., Lund, Sweden) was
dissolved in 0.9% saline immediately before use. The solution was injected
intraperitoneally (i.p.) in a volume of 0.5 ml. The control rats received an i.p. injection
of 0.5 ml 0.9% saline only.

Growth delay measurements

Three orthogonal diameters were measured with a caliper and used to calculate
the volume of the tumour with the formula : a x b x ¢ x W6 = volume, expressed in
our study as cm®. Correction for skin thickness of 1 mm was applied at all the
measured diameters. To evaluate the relationship between tumour size and the
combreAp administration, 5 different tumour volume ranges were selected prior to
any treatment. These ranges were < 1 cm?, 1-3 cm?, 3-7 cm?, 7-14 cm? and > 14 ¢cm?,

referred to in our study as “very small”, “small”, “medium™, “large” and “very large”,

respectively.

Histopathology examination.

After removal of the tumour from the animals, at selected time-intervals after
the combreAp injection, transsections were made of pre-determined tumour size
ranges. Either the whole segment (for small tumours) or half of the segment (medium
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to very large tumours) was fixed in 10% formaldehyde solution. Care was taken to
enable the evaluation of both the central and peripheral tumour area in the same slice.
Following paraffin embedding, 10 pm sections were stained with the haematoxylin-
cosin combination. All sections were screened independently, generally using a X100
and a X400 magnification, by the principal investigator and the histopathologist. The
latter was blinded to the treatment protocol.

Microsurgical cannulation of the tumours for digital subtraction angiography
Spontancously breathing anaesthetised rats (Fentanyl - Dehydroperidole
mixture 0.4 ml/100 g, i.p.) were placed in dorsal decubitus and pinned to a cork
operation table. Through transcutaneal and transsuperficial fascia midline incision, the
encapsulated tumour was exposed. The wound was retracted, and the tumour vascular
pedicle was dissected under microsurgical viewing. The major feeding artery and vein
were followed by proceeding proximally up to the confluence site with the iliac artery
and iliac vein, respectively. Because the pedicle of the exposed tumour often appeared
kinked and occasionally compressed by vascular sheet bands, the sheet and the
adventitia of the vein were trimmed. Following the cannulation, a flush with 0,2 cc
pure heparin was made and the syringe with contrast medium was attached to allow
injection during imaging. An occlusive microvascular clamp was applied proximally
to prevent possible backflow of contrast medium into the blood circulation. At the end
of the angiographic recording, the cannula was withdrawn and the operation wound
was closed with 4/0 Prolene running suture. Only the large and very large tumours
were investigated in this way since the smaller ones had a narrow vascular pedicle

that made cannulation impossible.
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Digital subtraction angiography technique

Following micro-dissection and cannulation of the major tumour draining
blood vessel, angiography of the tumour was initiated. For this purpose, 1 ml of
ioxaglate meglumine/ioxaglate sodium (Hexabrix) 200 mg Vml, a water soluble low
osmolar ionic contrast agent, was injected. The animals remained anaesthetised to
obtain recordings without movement artifacts. Pulse mode X-ray image acquisition
was done at a fixed voltage of 70 kV with a Siemens Polytron apparatus, using a
constant image intensifier field. Scanning of the tumour vascularity was performed at
3 frames per second during the injection. The images were stored and digital
subtraction of the body-background was performed to improve the analytical quality.
Selected images were printed on Agfa films. The tumour vasculature images were
offered for interpretation to two independent radiologists blinded to the study plan.
Number and size (numenical grading), location (peripheral; central) and gross
morphology (regular or irregular) of the blood vessels were the parameters used to

evaluate the anti-vasculature effects of combreAp.

Statistics

The results presented in the growth delay graphs are means with standard error
of the mean. Differences between groups were evaluated with Multiple Regression
Analysis.

General aspects

The overall number of tumours used to assess growth delays, tissue changes
and vascularity amounts to a total of about 320, including repeat experiments. The
research protocol was in accordance with the Ethical Committee for Animal Care and

Use of the University of Leuven (K.U.L.) and national guidelines.

11.2.3. Results

Systemic toxicity evaluations of a single i.p. combreAp injection clearly
indicated that doses above 50 mg/kg (MTD) resulted in severe weight loss. A
combreAp dose of 100 mg/kg resulted in 25% montality in the rats. It was therefore

decided to use combreAp injections of 25 mg/kg or less in all experiments, as no
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significant signs of general toxicity were observed in both tumour-free and tumour-
bearing rats,

The subcutaneous (s.c.) growth of control tumours, evaluated between 0.1 cm?
and more than 40 cm?, consistently occurred at a volume doubling rate of 2.5-3.5
days. The effect of combreAp on the growth rate of rhabdomyosarcomas was
evaluated with 5 pre-selected tumour volume ranges. Each point of all the growth
curves represents the mean volume (cm?) of at least 20 tumours. Using a single i.p.
injection of 25 mg/kg a distinct volume-dependent anti-tumour effect was seen
(Figure 11.2.1). With tumours referred to as very small to medium (< 7 cm?), growth
delays of at most 5 days were seen (Figure I11.2.1.A, B and C). Tumours with a volume
at injection larger than 7 cm?® responded well to the treatment, with growth delays
between 9 and 18 days (Figure 11.2.1.D and E). The slowing of tumour growth was
already measurable at 2 days after treatment. For the very large tumours, not only a
stabilisation in size but even a regression of tumour volume was detected (Figure
11.2.1.E). Palpation of the control and treated tumours revealed, for all the changes in
volume, a consistently firm tumour mass that was later confirmed at transsection. To
enable a precise quantification of the growth delay relative 1o the treatment starting
volume, it was decided to interpolate the measured growth delay at 1.5 times the
increase in size. The results of these calculations are summarised in Table I1.2.1. The
two extremes in the present study, i.e. no growth delay for very small tumours versus
a mean of 17.6 days delay with the very large tumours, clearly demonstrate the size-
dependency of the combreAp effectiveness with this rhabdomyosarcoma tumour
model.
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Table IL.2.1. Rat rhabdomyosarcoma and combretastatin A-4 phosphate (25 mg/kg i.p.)

Pre-determined Time lapse for volume  Relative growth Statistical
volume groups (cm?) change (days)™ delay (days)™ significance for
growth changes'’
control  CombreAp

Very large (> 14) 34 21.0 17.6 p < 0.0001
Large (7-14) 26 12.1 95 p < 0.0001
Medium (3-7) 2.5 7.0 45 p < 0.002
Small (1-3) 24 48 24 p = 0.0044
Very small (< 1) 29 29 0 .

{a) Time (days) necessary for tumours o increase 1.5 x in volume;

(b) Time difference (days) between combreAp-treated and control tumours to increase | S x in size,
ic) Significance level of the change in tumour growth between combreAp-treated and control tumours estimated
from the full growth curves (see Figures | and 2) using Multiple Regression Analysis

When the single i.p. dose of combreAp was reduced to 10 mg/kg, a smaller
reduction in the growth rate was observed, still with a more marked effect at the larger

tumour volumes (data not shown). With large-sized rhabdomyosarcomas, 5 days

delay in growth was measured, as compared with 9.5 days when 25 mg/kg was used

with this tumour size. With medium sized tumours (3-7 cm?), 1.5 days growth delay
was obtained after injection of 10 mg/kg combreAp instead of 4.5 days as observed

with 25 mg/kg drug.
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Figure IL.2.1. Growth of rhabdomyosarcomas implanied s.c. in the flank of WAG/Rij rars :
control tumours (closed symbol, broken line) and combreAp-treated tumours (open symbol,
full line). The different panels display the results with the very small tumours (1.A), small
(1.B), medium (1.C), large (1.D) and very large (1.E) tumours. The combreAp dosage was 25
mg/kg given as a single i.p. injection. Vertical bars represent the standard error of the mean
(S.EM.).

The digital subtraction angiographic images of control tumour-bearing rats
showed the relatively rich vascularity of the large sized rhabdomyosarcomas (Figure
11.2.2.A). Vascularisation was always more intense in the periphery than in the centre
of the tumour, the latter being partially necrotic (see histopathological screening). The

majority of the blood vessels in these control tumours were large and showed a
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regular morphology. A striking effect of the treatment with 25 mg/kg combreAp on

the tumour vascularity was imaged.

Figure I1.2.2. Angiographic images (with digital subtraction of the body-background) of
large sized rhabdomyosarcomas growing s.c. in the flank of WAG/Rij rats. They were
randomly selected and representative for the imaging of tumour vascularity in control and
combreAp treatment condition. A, Control, non-treated, tumour showing the wealth of
‘abnormal’ blood vessels. B, Image obtained at 6 hours after the combreAp treatment (25
mg/kg). A decrease in size and in number of the blood vessels was observed. C, Angiographic
screening of tumours at 3 days after the combreAp injection revealed very poor vascularity,
present only in the peripheral area. The remaining vessels had a reduced diameter and
showed an irregular morphology. D, At 10 days after combreAp treatment, characteristic
Jeatures of newly-formed vessel-morphology were seen. Compared with the images obtained
at the 3 days time-interval, an increase in number of blood vessels was present.

At 3 hours after drug administration, a slightly reduced number of vessels was
seen in the periphery and towards the center. These blood vessels showed an irregular
shape as well as a reduction in diameter. At 6 hours a clear decrease in number and
size of blood vessels was observed and they were found to be irregular (Figure
[1.2.2.B). At both time-intervals, a back-pressure was present during the injection of

the contrast medium. Screening the thabdomyosarcomas at | day after the combreAp
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treatment revealed similar pictures as those at 6 hours. Blood vessels were, however,
now present only in the peripheral area. The images obtained at 3 days after drug
injection showed that vascularity was absent in the major part of the tumour and that
few vessels remained at the periphery (Figure 11.2.2.C). They had an irregular
morphology and reduced diameter.

The histopathological examination of control rhabdomyosarcomas showed for
all sizes a majorly cellular tumour with numerous actively dividing cells (Figure
11.2.3.A and B). Blood vessels were rather abundant and randomly located, showing a
normal morphology. Sections of medium to very large control tumours (> 3cm?)
revealed areas of necrosis dispersed in the centre as well as in the periphery. The
blood vessels adjacent to these necrotic tumour parts were dilated. After injection of a
single dose of 25 mg/kg combreAp, the picture promptly changed. Apart from the
blood vessels present in the periphery of the tumour, dilatation and congestion were
observable at 3h post-injection of combreAp. Moreover, several small foci of fresh
necrosis were present in the potentially viable parts of the tumours. After 6 h, the
necrotic foci were larger and started to merge. After | day, the whole tumour showed
extensive necrosis, except for a very narrow rim of potentially viable tumour cells.
The blood vessels that were present in the peripheral im showed no abnormalities.
Just beneath this rim, small hemorrhagic zones were seen. Vessel wall interruption
and endothelial cell damage were present in the necrotic area. At 2 and 3 days after
combreAp injection, the rim of potentially viable tumour was even thinner and the
hemorrhagic/necrotic area practically occupied the whole tumour volume (Figure
11.2.3.C and D): at this time interval, no bleeding was present when the tumours were
transsected. Analysis of the rhabdomyosarcoma tumours with volumes less than 3 cm’
indicated that the combreAp-induced effects were quantitatively less than those
described for the larger tumours: the ratio of induced necrosis to the viable looking
arcas was less than with the larger rhabdomyosarcomas. The time-scale for presenting
any vascular damage with subsequent necrosis was however again the same as

described in detail above.
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Figure IL2.3. Vascular targeting effect with combreAp in rat rhabdomyosarcomas.
Photographs are representative of the tissue changes in large tumours, as observed at day 2-3
(panels C and D) and at day 10-11 (panels E and F) following a single i.p. injection of 25
mg/kg combreAp. The pannels A and B are microscopic images of control ( no combreAp )
tumours. The paraffin embedded tumour tissue slices are stained with hematoxilin/eosin.
Magnifications are x 10 (panels A, C and E) or x 100 (panels B, D and F).

The strong anti-tumour effects observed in the large and very large tumours,
after the single combreAp injections and with three different techniques, were
however not permanent. Subsequent to the period of reduced growth rate, a renewed
increase in size was measured in these tumours, at a rate similar to the tumour growth

observed in the control groups (Figure 11.2.1.A and B). This regrowth is also clearly
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blood vessels and their endothelial cells, with more specifically the inhibition of
tubulin polymerisation. Apoptotic death has been demonstrated in vitro with normal
human umbilical vein endothelium [29]. More details about the action mechanisms of
combreAp specifically in tumour blood vessels remain to be unravelled, and further
discussion of this aspect is beyond the scope of the present paper.

Recently, using transplanted tumours in mice, several laboratories have shown
that a single administration of combreAp induced a vascular shutdown as soon as 6 to
12 h after injection, with subsequently the formation of hemorrhagic necrosis [24-26,
30). To our knowledge, all of these reported in vive data involve the treatment of very
small rodent tumour models. It is obviously important to screen, when possible, the
activity of such a compound in larger tumours of any type. In radio- and
chemotherapy it is firmly documented that a differential anti-tumour effectivity exists,

and this for different reasons, with respect to tumour size at treatment time.

Our investigations, using the established rat rhabdomyosarcoma cancer model,
are intriguing in that they illustrate the dramatic change in growth pattern from
combreAp relative to the tumour volume at the time of treatment. With the very small
and small rhabdomyosarcomas, respectively no or a borderline significant growth
delay was measured. This result is similar to the published very small mouse tumour
data , wherewith also no growth delay was seen at a systemically non-toxic combreAp
dose 25, 26, 30]. However, as the rhabdomyosarcoma tumour volume at the time of
the combreAp injection was larger (>> 3 cm?), the growth delay became more
important. For instance, the difference in delay with the rhabdomyosarcoma between
the small (1-3 cm?) to very small (< | ¢m?®) and the very large (> 14 cm®) tumours is
respectively 8- and 17-fold. With the latter tumour size, even a significant shrinkage
was measured rapidly after the combreAp injection (see Figure I11.2.2.B). This
‘inverse’ volume-response relation (compared with e.g. radio- or chemotherapy) could
be expected, if one accepts that the corollary presence of newly acquired blood
vessels increases with the size of the tumour. This implies at first glance that larger
tumours may have proportionately more ill-formed and eventually combreAp
sensitive vasculature than small tumours, that initially have their nutrient supply
through the peripheral and the co-opted host vasculature [6, 31]. A further and strong
impairment of the already inadequate blood supply due to combreAp activity will
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consequently stop tumour growth and may lead to tumour growth retardation, as is
clearly demonstrated in the present study specifically with the tumours larger than 7
cm®.

Digital subtraction angiography was performed with an iodinated contrast-
medium and with image analysis, available as a standard in neuroradiology and
interventional radiology, to evaluate the overall blood vessel changes. The applied
intra-operative technique avoids the dilution of the contrast medium in the total body
circulation, which occurred when we used injections in the tail vein. The angiographic
images obtained at 3 h afier the combreAp injections already showed effects on the
tumour vascularity. At later time-intervals (up to 3 days) reduction in vessel diameter,
changes in morphology and extensive loss of blood vessels within the tumour were
obvious. The histopathologic microscopy observations of tumour slices were in
agreement with these findings, with the first signs of vascular damage (dilation and
congestion) being clearly detectable at 3 h post-injection. At 6 h after the combreAp
treatment, evidence of damage of blood vessels and endothelium was detectable with
the microscopic analysis. An obvious deduction from the combination of the two
clinico-analytical approaches is the relation between the ‘disappearance’ of blood
vessels and the increase in necrosis, both phenomena clearly present | day after the
combreAp treatment. The early presence of tissue changes was histopathologically
also observed in the smaller rhabdomyosarcomas, similar to the reports on small
mouse tumour models which documented acute vascularity changes and blood flow
reductions [12, 24, 26]. Such an acute manifestation of necrosis has separately been
reported with experiments involving mouse tumours treated with flavone acetic acid
(FAA) [20]. A strong reduction in tumour blood flow, indicative for vessel damage,
was measured within 4-6 hours after the FAA administration [16, 21, 33]. The overall
pattern of the combreAp-induced necrosis, being preceded by vascular defects, also
resembles the anti-tumour effects observed with tumour necrosis factor-a. Both
Baguley and colleagues [20] and Mahadevany et al. [33] discussed the tumour
necrosis factor-a involvement when analysing the anti-tumour effects of FAA as
measured in their biological systems. Anyhow, the straightforward relation between
the severity of vascular shutdown and the anti-tumour effect seems obvious. Indeed, a
significant growth delay was only obtained following a temporary clamping of tumour
blood supply for 12-14 hours, whereas 1-2 hours occlusion induced little tumour
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vessels and the increase in necrosis, both phenomena clearly present | day after the
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growth changes [34). It seems clear that the suppression of rhabdomyosarcoma
tumour growth by combreAp is majorly the result of a selective targeting of the
acquired tumour neo-vasculature. This is consistent with the fact that the absolute
tumour volume, and inherently the absolute number of tumour cells depending on
these established ill-formed blood vessels for their survival, seems to be an important
parameter determining the growth delay after treatment. Also, larger tumours
inherently may have more newly formed blood vessels which can be abberant in
structure and functionality and thus more vulnerable for such agents. A correlation
between small and large rhabdomyosarcomas and their vasculature may be indirectly
deducible from the comparison of our results obtained with anti-angiogenesis
treatment in the same tumour model [36] and the present combreAp data. With the use
of TNP-470, a fumagillin analogue and specific angiogenesis inhibitor, growth delays
were more pronounced in tumours smaller than 7 cm’. This opposes, with regard to
tumour volume, to the effect seen with the combreAp administration. Both these
observations taken together may demonstrate the differential aspect of tumour size-
related vascular quality ( and quantity).

It could also be hypothesized that the combreAp finds activation through
hypoxia, present to a much greater extent in large tumours as compared with those
smaller than 3 cm?. It may be worthy to think about this possibility, since we earlier
showed with the same tumour model that only tumours larger than 4-5 cm?, having a
sufficient amount of severe hypoxia / necrosis, could be colonised with anaerobic
bacteria [32). The possibility for such an inter-related activation will be investigated.

Finally, some direct cytotoxic effect of combreAp towards the tumour cell
population, as indicated in the recent literature for some wmour cell types [25, 30,
35], may have to be taken into account in our in vive rhabdomyosarcoma studies.

The present data describing the influence of tumour size on the outcome of
vascular targeting treatment, may be compared with only a few other studies.
Indications for a similar size-response relationship have to our knowledge only been
suggested for hyperthermia and for FAA treatments [15, 16]. In some of these
experiments, the effect of treatment was also less with very small tumours as
compared with relatively larger ones. However, the use of these agents at their
respective anti-cancer effectivity was hampered by severe side-effects. The absence of
obvious systemic toxicity related to the combreAp dosage and injection site, used in

our investigations, are therefore an additional advantage. The rats maintained normal
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activity, with no evidence of bleeding, diarrhea, or skin lesions at the twmour
transplantation or injection site. The absence of normal tissue injury in parallel with
strong tumour cell kill has been quoted by other research groups using various mouse
tumour models [24-26, 30].

In view of the absence of systemic side-effects, the overall research with
combreAp encourages the use of such tumour vessel targeting drugs as a novel cancer
treatment modality, specifically for large tumours. With the present rthadomyosarcoma
tumour model, a clear-cut measurable ‘inverse’ tumour volume versus response
relation with combreAp injection is demonstrated. Also the double combreAp
treatment indicates this positive volume-dependent growth delay effect. The data
furthermore demonstrate that even tumours smaller than 3 cm? can be significantly
inhibited in growth with an appropriately scheduled repeat injection of combreAp.
This is at first surprising as well as promising since traditional anti-cancer therapies,
such as radiotherapy and chemotherapy, are less effective on large solid tumours than
on small ones [37, 38].

It is obvious that, since a single combreAp treatment is not curative on its own,
a combined strategy with e.g. radiotherapy and/or chemotherapeutic drugs will be
necessary to improve tumour control. Pilot experiments involving the mouse CaNT
tumour model, with either irradiation or with cis-Platinum in combination with
combreAp, provide a positive indication [30].

Corroborating the results described herein with the rhabdomyosarcoma tumour
model, it is conceivable that patients who present with large inoperable solid tumours
or who relapse after other treatments, may benefit from a vasculature targeting
treatment. At present phase | trials with combreAp treatments are ongoing in Europe
and the USA, of which the results are eagerly awaited.
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Summary

Interference with the tumor blood vessels through anti-angiogenesis or vascular
targeting can suppress tumor growth. Vascular targeting of solid tumors, using tubulin
compromizing agents, seems a promising and selective novel treatment. We aimed to evaluate
the potential (hypothesis-based) benefit from combinations of vascular targeting with
combretastatin A-4 phosphate (combreAp) and either ionizing radiation or anti-angiogenesis.

Rhabdomyosarcoma tumor pieces were inplanted subcutaneously (s.c.) in the flank
region of syngeneic adult WAG/Rij rats. Tumors were grown until different sizes, between
small (< 3 cm?) and large (7-14 cm?), and stratified for the different treatment groups.
CombreAp was injected intraperitoneally; injections of TNP-470 were s.c. in the neck area.
Localized single dose (8 Gy) irradiations of tumors were done under Nembutal anesthesia,
always | day prior a single combreAp (25 mg/kg) injection. The TNP-470 treatment (3 times
30 mg/kg in | week) started | day after a double (8 days interval between both) combreAp
administration. Tumor responses were evaluated by the growth delay assay and statistical
significancy of tumor growth changes was computed.

Large tumors responded better to combreAp treatment than did the smaller ones.
Combining irradiation with combreAp resulted in a tumor size-dependent growth delay. With
small and medium tumor volumes, a similar response was measured after the combination
treatment when compared with irradiation only. Large umors however showed a strong (at
least additive) increase of the growth delay with the combined therapy. The difference in
tumor growth between the two treatment groups was very significant (p < 0.0001),

When TNP-470 was combined with combreAp, no significant lengthening of the growth
delay was present, irrespective of the tumor size.

The current data show a significant advantage from the combination of combreAp
with irradiation in rhabdomyosarcomas having a large size (7-14 cm?) at treatment. Such a
benefit in tumor response was not observed with the smaller tumors, seemingly because
irradiation as such was very effective. No significant gain in growth delay was observed when
TNP-470 was added to the combreAp treatment. This presumebly reflex only little
angiogenesis during the first week of rhabdomyosarcoma regrowth after the combreAp

treatment.
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I11.1.1. Introduction

Tumors require blood vessels for nutrient and oxygen supply to maintain their
viability. In the first time-stage of growth, this demand is anticipated by the
cooptation of host vasculature. To continue tumoral expansion, the formation of
additional blood supply is a prerequisite [ 1, 2]. The presence of these morphologically
and functionally abnormal blood vessels makes vascular targeting an attractive
approach in anti-cancer treatment [reviewed by e.g. 3, 4]. Tubulin binding agents
were identified to exert anti-vascular activity in solid tumors, though not without
some morbidity [5, 6]. Recent experiments involving the combretastatin A-4 family,
compounds that interfere with the tubulin polymerisation, provided evidence for in
vivo anti-tumor effectivity at systemically non-toxic doses [e.g. 7, 8]. It is at this point
relevant to state that the magnitude of effectiveness of the combretastatin A-4
phosphate (combreAp) can be related to the tumor size. Tumor size has been
discussed to be an important determinant in the tumor response to a specific treatment
le.g. 9, 10]. Using specifically combreAp, an ‘inverse’ volume-response relation (with
respect to radio- or chemotherapy) has been demonstrated with a single injection, at
least in the rat rhabdomyosarcoma tumor model [11). Longer growth delays were
measured with large tumors (> 7 cm?) as compared with those that measured less than
3 cm? at the start of the treatment. Notwithstanding a major necrosis induction, this
vascular targeting treatment did not result in a complete tumor response [e.g. 7, 11].
To find an improvement of the anti-tumor response, we now examined the effect from
combinations of combreAp with two basically and mechanistically different treatment
modalities.

The first series of experiments combined combreAp vascular targeting with
ionizing radiation for treatment of rat rhabdomyosarcomas. We hypothesized to obtain
a (supra-)additive anti-tumor response with the combined direct (irradiation) and
indirect (combreAp) cytotoxic effect. It was assumed that the proliferating tumor
cells, predominantly present in the peripheral host vessel-irrigated region of the
tumor, should be most vulnerable for ionizing radiation. The combreAp on the other
hand should induce, as the result of collapse of the post-angiogenesis intra-tumoral
vascularity, a cascade of indirect tumor cell death including the killing of hypoxic,
radioresistant cells. Based on this hypothesis, we further assumed to obtain an
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important advantage with tumors having large sizes and inherently more hypoxic
areas at the start of the combination treatment.

In the second part of the investigations we assumed that the tumor regrowth
following the combreAp treatment would be parallelled by a renewed angiogenesis.
Blocking the latter process would than result in a further arrest of tumor growth.
Indeed the more established anti-angiogenesis compounds, including the synthetic
fumagillin analogue TNP-470, were demonstrated to interfere to a variable degree
with tumor growth [reviewed by e.g. 12, 13]. TNP-470 was therefore in the present
study given in conjunction with the combreAp treatment. Again we incorporated the
question of tumor size-dependent effectiveness of this combination strategy. The
selection of TNP-470 was related to our previous experience with this compound in
the rat rhabdomyosarcoma tumor model [14].

In general, the data presented thus aimed to demonstrate an improvement of
the combreAp vascular targeting treatment from the combination with either ionizing
radiation or TNP-470 anti-angiogenesis and to eventually relate the results with the

tumor volume.

111.1.2. Materials and methods

In vivo tumor model

Male adult WAG/Ri) rats, weighing at least 270 g, were used for all the
present experiments. The animals were housed 4 per cage and had food and water ad
libitum, The syngeneic rhabdomyosarcoma, at its origin an X-ray induced jaw muscle
tumor [15], was implanted subcutaneously (s.c.) in the lower flank of lightly ether
anesthetized animals. Pieces of about 1 mm?® were used in the sequential series for at
most 10-12 passages, whereafter transplantation was restarted from the frozen cell-
stocks.

Treatment was initiated when tumours reached the predetermined size: either
1-3 em?, 3-7 cm?® or 7-14 ¢m?; these sizes are referred to respectively as small,
medium and large.
After the start of any treatment, rats were weighed regularly and the mean body
weights were compared with those for the appropnate single agent controls including

a batch of untreated tumor-bearing rats.
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All experimental conditions have been approved by the ethical committee of
the University of Leuven, in compliance with the national guidelines on animal
rescarch.

Drug treatment

The vascular targeting compound combretastatin A-4 phosphate (combreAp)
was obtained from OXiGENE, Lund, Sweden, and stored at 4 °C. Immediately prior
intraperitoneal (i.p.) injection, it was dissolved in 0.9 % saline. A dose of 25 mg/kg
was used, a selection based on our previous toxicity evaluation [11].

The angiogenesis inhibitor TNP-470, synthesized by Takeda Chemical
Industries, Japan, was kept at -20 °C, and solutions were freshly prepared before use
in 10 % cthanol/5 % arabic gum in saline. Injections of 30 mg/kg each were s.c. in the
neck area of the rats: the dosage was based on previous TNP-470 experience in
WAG/Rij rats [14].

Radiation treatment

Local tumor irradiation, with the remainder of the body adequately shielded,
was done with a linear accelerator (Saturne 42, General Electrics) using a 18 megavolt
beam and a dose-rate of 3 Gy/min. Dosimetry was performed in treatment condition.
A perspex tissue-equivalent plate of 2.5 c¢m thickness was placed above the tumors,
To allow a correct positioning of the tumor, rats were anesthetized with sodium
pentobarbital (Nembutal, 0.1 mlI/100g body weight).

Treatment protocols and response evaluation
(1) CombreAp plus ionizing radiation:

CombreAp was given as a single i.p. injection (25 mg/kg) and combined with
a single radiation dose of 8 Gy, given 1 day prior the combreAp.

(2) CombreAp plus TNP-470:

For the different pre-selected tumor sizes, combreAp was injected i.p. (25
mg/kg) 2 times (days 0 and 8). The TNP-470 (30 mg/kg) was given s.c. 3 times
during 7 days, starting one day after the second combreAp injection (days 9, 12 and
15).

The response of rat rhabdomyosarcoma to the various treatments was evaluated by the
classical tumor growth assay. Using calipers, tumors were measured 2-3 times per



100 Chapter lIL]

week, and volumes were calculated as [(a x b x ¢) x ®/6] where a, b and ¢ are
orthogonal dimensions. Tumor growth delay time was derived from the mean growth
curves.

Computed analysis to differentiate between the treatment groups was
performed using ‘Generalized Linear Models'based on the asymptotic chi-squared
distribution of the likelihood ratio statistics. Values of p < 0.05 were considered as

significant difference.

I11.1.3.Results

Most of the combination experiments indicated the absence of a body weight
reduction when compared with the use of either agent alone. Only in the series
combining the double combreAp (2x 25 mg/kg i.p.) and the triple TNP-470 (3x 30
mg/kg s.c.) at most a body weight loss of 10-15 % was recorded. This reduction lasted

for about 2-3 weeks in some animals, before recovery in body weight was measured.

(1) CombreAp plus ionizing radiation effect:

Figure 1IL1.1 (A, B and C) illustrates the growth pattern of rat rhabdomyo-
sarcoma treated with combreAp alone (25 mg/kg), single dose irradiation (8 Gy) alone
and combreAp combined with irradiation, including the growth in untreated
condition. The treatments were evaluated in tumors with the various pre-selected
volumes ranging between 1 and 14 cm?®, and these experiments were carried out two

times independently.
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Figure II1.1.1. CombreAp plus ionizing radiation; Growth curves for rat rhabdomyosarcoma
in the three different treatment series: (A ) small, (B) medium, or (C) large tumors at the start
of treatments. CombreAp = | x 25 mg/kg, given i.p.; RT = 8 Gy single dose. Combination:
Irradiation at 1 day prior combreAp. All values represent the mean + S.EM.

These data demonstrate a clear-cut size-dependent strenghtening of the growth
delay as compared with radiotherapy alone. With small tumors (1 =3 cm?) at the start
of the treatment, no increase in growth delay was seen with this combination (Figure
IL1.1.A). The medium and the large tumors on the contrary showed respectively a
weak (3 days) or strong (10 days) enlargement of the growth delay (Figure I111.1.1.B
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and 1.C respectively). The resulting growth delays and related significancy levels are
summarized in Table IIL1.1.A for each tumor size and treatment,

Table 11.1.1. Growth delays with rat rhabdomyosarcomas for the various pre-selected tumor
volumes and the different treatments

A)  Singe dose irradiation (8 Gy) and combreAp (I x25mg/kg) e,
Volume (cm’) SD irrad. + combreAp SD irrad. alone combreAp alone

small (1-3) 13.5 days (N.S.)* 13 days 5 days
medium (3-7) I8 days (N.S.)* 1S days 6 days
large (7-14) 22 days (< 0.0001)* 12 days 8 days
B)  combreAp (2 x 25 mg/kg) and TNP-470 anti-angiogenesis (3x 0mghg)
Volume (em?) combreAp + TNP-470 combreAp alone TNP-470 alone
small (1-3) B days (NS.)** 5 days 6 days
medium (3-7) 9 days (0.047)* 7 days 6 days
large (7-14) 15 days (N.S.)** 13 days 8 days

Crowth delays were derived at the vl of the time necessary 1o each 8 x the strting volurme (small nemors), 4 x the starting volume
(medhurn wumon) and 3 x the strming volume (lge wmons) for the sesed pamons mie the Bme © rach the same volame in ool
condion

Significancy of difference in growth dekey for the combened westment: * versse SD imad lone (AL or ** verses comieeAp akone (B)

NS notsignificant

(2) CombreAp plus TNP-470 effect:

Rats bearing s.c. rhabdomyosarcoma tumors were treated twice with a

combreAp dose of 25 mg/kg. The time interval between the two injections was 8
days, a selection based on our previous studies with rat rhabdomyosarcoma. The
TNP-470 was injected s.c. three times in 7 days, with the first injection of 30 mg/kg at
1 day after the second combreAp administration. Experiments were carried out in
duplicate. The results of these tumor size-related experiments are displayed in Figure
IL1.2 (A: small, B: medium and C: large tumors).
The application of the TNP-470 after the combreAp introduced only a minor, non-
significantly, additional growth delay of 2 days, compared with that seen for
combreAp alone. This additional growth delay was independent of the tumor size at
the start of the treatment (see Table II1.1.1.B for details).
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Figure IIL1.2. CombreAp plus TNP-470; Growth pattern of rar rhabdomyosarcoma for
either control condition and for the various treaiment series. Results are presented for (A)
small, (B) medium, and (C) large tumors at the start of treatmenis. TNP-470 = 3 x 30 mg/kg
in I week, given s.c.: CombreAp = 2 x 25 mg/kg in 8 days, given i.p.Combination: TNP-470
treatment siarted | day after the second combreAp injection. All values represent the mean *
SEM.
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111.1.4 Discussion

The introduction of anti-angiogenesis in the eighties , and more recently of
vascular targeting, provided new ways to attack solid tumor growth and its spread in
the body. Their mode of action involves a selective interference with blood vessel
constituents, and subsequently a cascade of tumor cell death.

In the perspectives of vascular targeting, modalities such as targeting tissue
factors, blocking antibodies to angiogenic factors or endothelium-related gene therapy
are being tested [16-18]. Separately, the use of vascular targeting with tubulin
compromising compounds carries a substantial promise [19, 20]. Specifically with
combreAp, a single injection of a non-toxic dose resulted in an extremely rapid and
extensive collapse of tumor vasculature. This effect and the resulting indirect anti-
tumor response have been demonstrated with several rodent tumor models [7, 8].
Whereas these detailed studies involved only small tumors (<< 3 cm?), we
demonstrated at least with a rat rhabdomyosarcoma tumor model that the extent of
growth delay depended on the size of the tumor at the time of combreAp injections:
i.e. the larger the tumor (>> 3 cm?), the firmer the response [11]. In comparison with
the standard radio- or chemotherapy, this clearly is a reverse size-dependent
responsiveness. It is therefore in our opinion important to introduce when possible the
volume-response relation into studies; moreover so since patients often present with
tumors much bigger than 2-3 cm?.

On the other hand, and for two decades already, anti-angiogenesis has also
been the topic of extensive anti-cancer research. The effectivity within the wide range
of angiogenesis inhibitors under investigation may be categonized between ‘some
growth retardation’ and tumor ‘dormancy’. Also with TNP-470, a fumagillin analog
that inhibits proliferation and migration of endothelial cells and consequently unables
new vessel formation, in vive activity has been demonstrated with a battery of tumor
models. Our carlier investigations in rat rhabdomyosarcoma with TNP-470 also
showed twmor growth retardation, with the effectivity depending on the
schedule/dosing used as well as the tumor volume at the start of the treatment [14].

Both these two different modes of vasculature-directed treatments, since not

curative on their own, have been combined in a few studies with tumor cell cytotoxic
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agents, e.g. cis-Platinum, Cyclophosphamide, Taxol or ionizing radiation, and this
with vanable success (8, 21-23].

The present in vivo investigations, using a rat rhabdomyosarcoma tumor
model, examined the effect from combining combreAp cither with ionizing radiation
or with TNP-470 anti-angiogenic treatment.

(1) lonizing radiation plus combreAp:

The idea to apply irradiation before the combreAp treatment was to avoid a
reduced radiation damage due to radioresistence from an enlarged hypoxic tumor cell
population. CombreAp indeed introduces necrosis, a process that is preceeded as well
as parallelled by hypoxia, as evidenced in rat rhabdomyosarcoma and other tumor
models [24, 25]. The selection of 8 Gy was based on the clinical use of such a fraction
size, as demonstrated for the relief of pain from skeletal metastases [e.g. 26, 27). Our
results with combreAp (25 mg/kg) given 1 day after the single irradiation demonstrate
a tumor size-dependent additional growth delay when compared with radiotherapy
given alone.The effectivity of the combined treatment was much more beneficial, at
least additive, in tumors larger than 7 cm? versus those that were smaller at treatment
time, thus confirming our hypothesis. This differential overall response seen between
large and small tumors seems related to the stronger impact of the combreAp
treatment, and conversely, related to a lesser radiation effect because of the presence
of many more hypoxic cells in large tumors. The existence of severe hypoxia in large
tumors has been indicated previously in the rat rhabdomyosarcoma in a direct way
using the hypoxic marker NITP and indirectly with the degree of anaerobic bacterial
colonization with apathogenic Clostridium [28]. On the other hand, the lack of a
positive change in growth delay in small tumors may be explained as the result of the
very efficient tumor cell killing from the irradiation as such. The induction of
combreAp related vessel damage would thus not substantially add (measurable in a
growth delay assay) to the tumor cell killing from irradiation. Our data differ from the
results obtained with the mouse adenocarcinoma CaNT tumor model by Chaplin et al,
demonstrating a clear-cut gain in growth delay from combining irradiation with
combreAp [8]. In contrast however with our study, a fractionated irradiation schedule
was used in combination with a double combreAp injection. This difference may,
besides the fact that also carbogen breathing was concomittantly applied, offer some
explanation for the discrepancy. In addition, and of at least equal impornance, the
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overall response to such a combined treatment will be related to the different
characteristics of each type of tumor cell: this means the sensitivity to irradiation with
at the same time the possibility of radiation-damaged cells to tolerate a prolonged
hypoxia condition as likely introduced by the combreAp treatment. The differential
effectivity will obviously also depend on the amount and the inherent quality of the
acquired tumor vessels in the various in vivo models. The in vivo/in vitro mouse KHT
sarcoma experiments from Li er al [29] also show evidence of enhanced tumor cell
kill when combreAp is combined with single dose irradiation, but the results are not
translated into growth delays and therefore unable a direct comparison with our data.

Whether this tumor-type independent improved response incorporates a
broadening of the therapeutic window remains a question. Based on the available
information in the literature about the combreAp activity and selectivity, combined
treatment limiting normal tissue reactions are not to be expected; the clinically
oriented question however deserves an answer with appropriate normal tissue in vivo
models.

(2) CombreAp plus TNP-470;

We aimed to identify in rat rhabdomyosarcoma the possiblility of an improved
response from combining combreAp with TNP-470, based on their distinctively
different vessel-related action mechanisms. We hypothesized that the use of TNP-470
after the combreAp injections, specifically during the time of tumor regrowth, may
result in increased tumor cell kill through the inhibition of the renewal of vascularity.
Proof of principle of anti-angiogenic activity being the major mechanism of TNP-470
anti-tumor activity has been discussed by several research groups [e.g. 30).
Underlying our reasoning is the fact that rat rhabdomyosarcoma regrowth was clearly
parallelled by angiogenesis, as evidenced with digital subtraction angiography [11].

The present experiment results obtained with the combreAp plus TNP-470
combination show no statistically significant strengthening of the growth delay in rat
rhabdomyosarcoma as compared with the effect from combreAp alone. Independent
of tumor size, about 2 days of absolute extra growth delay was measured (see Table 1-
B). The easy explanation for the very small effect from the TNP-470 may be found in
the possibility that not many new blood vessels were being formed at the time of the
TNP-470 application. This would obviously result in less vascular related anti-tumor
effects. Should we on the other hand think of a reduced accessibility of the TNP-470



Combretastatin A-4 phosphate combined with irradiation or anti-angiogencsis 107

which was injected after the combreAp? Possibly, but we hypothesized that majorly
the acquired intra-tumor vasculature will be severely damaged by combreAp, leaving
host vessels at the periphery of the tumor intact. This has been indicated in the rat
rhabdomyosarcoma using digital subtraction angiography and standard histopathology
techniques [11]. Since vessel sprouting only can occur from these intact vessels in the
tumor periphery, TNP-470 should not find any obstruction to reach its target and
should thus do the job.

In conclusion, the present data and those from other groups [8. 29)
demonstrate a potential benefit from combining ionizing radiation with combreAp
treatments, but at the same time illustrate a tumor size and -type dependent
effectivity. Our results also indicate no significant improvement from the use of a
TNP-470 treatment given after the combreAp injection.

The fact that the mechanisms of combreAp activity are not yet fully
understood, necessitates more experiment data involving different sequences,
treatment  duration/fractionation/dosing as  well as  immunohistochemical

measurements related to endothelial cell growth factors and hypoxia.
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Summary

Previous studies have demonstrated the feasibility of using apathogenic clostridia as a
promising strategy for hypoxia-specific tumour targeting. The present study shows that the
use of the vascular targeting compound combretastatin A-4 phosphate could significantly
(p<0.001) increase the number of Clostridium vegetative cells in rat rhabdomyosarcomas with
sizes between 0.2 cm® and 3 cm®. Furthermore, this study showed that administration of
metronidazole for a 9-day period was sufficient to eliminate systemically administered
Clostridium from the tumour. Moreover, previous Clostridium spore administration did not

effect tumour colonisation, regardless of the immune response status of the host.
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11L.2.A.1. Introduction

The potential use of gene therapy as an oncologic treatment modality has been
extensively addressed. Most viral and non-viral transfer systems developed so far are
however hampered in their use due to the lack of tumour specificity and low
transduction efficiencies [1]. An innovative approach for tumour specific delivery of
therapeutic proteins is to use bacterial vector systems [2, 3, 4]. Infections with
anaerobic bacteria can spontancously occur in rodent as well as in human tumours (S,
6]. Tumours can also be infected by systemic injections of spores of anaerobic
bacteria, as shown both in rodent tumours [7] and in cancer patients in clinical trials
[8].This is explained by the fact that rodent [e.g. 9] and most human [e.g. 10] solid
tumours have size-related hypoxic/necrotic regions. Hypoxic conditions are normally
absent in healthy tissues and necrosis is never detected [10].

Recombinant DNA techniques and specific transformation protocols are
available to engineer Clostridium to express and secrete proteins that have a potential
antitumoral effect [11, 12]. Administration of such recombinant Clostridium to a
tumour-bearing organism may thus likely result in a tumour-specific effect.

Using the rhabdomyosarcoma rat tumour model we have previously quantified
the specific colonisation of tumours with volumes larger than 3 cm’ following
systemic administration of clostridial spores. Tumours with smaller size were
inefficiently colonised. Spores did not germinate in normal tissues [2].

Experiments were now set up in order to improve the colonisation capacity of
this bacterial-based vector system in much smaller tumours (<3 cm’). Such tumours
inherently have less hypoxia and little or no necrosis. It was previously shown in
several rodent tumour models that combretastatin A-4 phosphate (combreAp),
injected at systemically non-toxic doses, induced a severe vascular shutdown within
3-6 hours resultting in the development of extensive necrosis at 1-3 days [e.g. 13, 14],
Based on this knowledge, administration of Clostridium spores was combined with
combreAp administration and the effect on increase in bacterial colonisation was
analysed.

We further investigated the efficiency by which Clostridium could be removed
from a tumour-bearing organism following antibiotic treatment. This safety aspect is
of much importance in case adverse effects should occur. Finally, the extent of the



116 Chapter I11.2

host immune response and the possible hindrance on colonisation capacity of the

tumour with Clostridium after a first application was evaluated.
111.2.A.2. Materials and methods
Bacterial strain, tumour model and colonisation experiments

Clostridium sporogenes used in this study was isolated in our laboratory and
identified following 1658 rRNA sequence determination, This strain was cultivated in
an anaerobic incubator (Forma Scientific, model 1024) with palladium as a catalyst on
trypticase-soy-agar medium (BioMérieux) enriched with 5% defribinated horse blood
for 10 days at 37°C. Spores were collected from the agar plates as described [2].

Male WAG/Rij rats with subcutaneously (s.c.) transplanted syngeneic
rhabdomyosarcomas were used as in vive model [2]. The test tumours were divided
into groups of predetermined volume: < 1 cm?, 1-3 cm” and > 3 em?, depending on the
type of experiments. Before and during the follow-up period, the rats were given food
and water ad libitum in a conventional housing facility. When tumours reached the
predetermined volume, 10" spores were systemically administered to the rats and

colonisation was analysed as described [2].
Vascular targeting compound

Freshly prepared solutions of combretastatin A-4 phosphate (CombreAp;
OXiGENE, Lund, Sweden) were given ip. as a 0.5 ml saline solution in a
concentration of 25 mgkg', 4 h after Clostridium administration. This allowed the
distribution of the bacteria throughout the vascular network and, specifically, in the
tumours, prior to any possible tumour blood vessel damage. A number of tumour-

bearing rats received a sham-injection of saline only.
Metronidazole treatment and subsequent tumour colonisation
To test the effect of antibiotic therapy, metronidazole (Flagyl®) dissolved in

saline was injected intraperitoneally (i.p.) at 200mgkg™' twice a day for up to 9 days,

starting at day 5 following spore administration. Control animals received the same
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volume of saline. Six hours after the last injection, bacterial colonisation was
determined [2]. Each experiment was repeated three times, each time with a minimum
of 3 to 5 animals per point.

The possibility of Clostridium to colonise tumours in animals that had been
treated with metronidazole to eradicate previously administered clostridia was
investigated. Non-tumour bearing rats were therefore injected systemically with 10°
spores. To control the distribution of bacteria in the body, liver and spleen were
removed from randomly selected rats at day 5 following injection and analysed for the
presence of Clostridium spores (ref. 2 for technique). All other animals were after
spore injection treated with metronidazole according to the optimal schedule and time
(see ‘Results’). Five weeks after the antibiotic treatment, tumours were implanted s.c.
in the flank of the treated animals. When the tumours reached a volume of at least 4
em’, clostridial spores were systemically injected and five days later, colonisation was
evaluated. A control group of tumour-bearing WAG/RIj rats, which did not receive
pretreatment with clostridial spores and metronidazole, were injected only once with a
suspension of 10* spores. Tumour specimen were microscopically inspected at the
time of removal. Quantification of Clostridium-specific antibodies was assessed using
an ELISA-assay (Eurogenetics, Tessenderlo, Belgium). WAG/Rij rats with and
without tumour, not previously injected with Clostridium were used as a negative
control. During the course of the experiments body temperature and weight was

followed.
ELISA assay

Blood samples were taken from each rat and the amount of Clostridium-
specific antibodies in serum was estimated using an enzyme immunoassay. Therefore,
clostridial cell lysates were generated by sonication, and 150 pl of 100-fold dilutions
of the protein extracts were used to coat the solid phase in a 96-well microtitre plate.
Following overnight incubation at 4°C, plates were washed three times with
phosphate-buffered saline (PBS). For signal detection, 125 pl of the isolated rat
antisera used as primary antibodies were diluted 172000 in PBS containing 7.5% BSA,
incubated for 45 min. at 37°C. 125 pl of horse radish peroxidase conjugated rabbit
anti-rat immunoglobulins (1/1000) was taken as secondary antibodies (Dakopatts). It
was subsequently added to the appropriate wells and incubated for 45 min. at 37°C.
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After each antibody incubation step, blots were washed five times with PBS + 0.1%
Tween-80. For detection, 100ul substrate was added to each well. The reaction was
stopped after 20 min. by adding 50 pl of 2N H;SO4 and the colour change in the
plates was read at 450 nm. A standard curve was prepared by serially diluting a pool
of maximal responders in PBS containing 7.5% bovine serum albumin, and ranged
from 1 to 1000 arbitrary units/ml. Samples and controls were added in duplicate to the

appropriate wells.

II1.2.A.3. Results
(1) Improvement of clostridial tumour colonisation

In a first series of experiments, rats bearing tumours with volumes larger than
3 cm® were injected systemically with 10° Clostridium spores. The tumours were
resected 4-5 days after the injection and dilutions of the tumour homogenates were
prepared in saline. The analysis of bacterial growth in these larger tumours revealed
the presence of at least 107 colony forming units (cfu) per g of tumour tissue (Figure

1, left panels).
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Figure 1. The number of colony forming units (cfu) measured in large (> 3 cm’) (left
panels) and small (0.2-3 ecm’) tumours (right panels). Bars represent mean + SE. The
difference between colonisation “large" and colonisation “small” is very significant
(p<0.0001).

In a second series, 10° Clostridium spores were injected in rats bearing tumours
measuring between 0.2 and 3 cm?. In contrast to the larger tumours, the number of
vegetative cells in these tumours was significantly lower (p<0.0001) (Figure 1, right
panels) and varied between 0 cfu and 10” cfu per g tissue, with exceptionally a tumour
containing 10° cfu per g tissue. When these small tumours were classified in volumes
between | and 3 cm® and volumes less than 1 cm?, the differences in colonisation
were even more striking (Figure 2, left panels). In the very small tumours (< | cm?),
on average about 10°* cfu of Clostridium per g tissue were detected.
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In parallel with these investigations, rats bearing rhabdomyosarcomas of
closely matched sizes were treated with a single i.p. injection of combreAp at 4 h after
administration of the Clostridium spores. This resulted in a strongly improved
colonisation (Figure 2, right panels), Particularly, tumours smaller than 1 cm?
contained in most instances 10%107 cfu per g tissue. The bacterial colonisation of
combreAp-treated tumours of 1-3 cm?® or < 1 cm? was significantly higher than the
colonisation of sham-treated tumours of a similar size (with p < 0.001 and p < 0.0001
respectively).

Gross examination of excised sham-treated small tumours always revealed a
firm, viable and well-vascularised tissue at transsection. Histopathological
examination demonstrated few, scattered foci of necrosis only in some tumours of 1-3
cm’, whereas this was not observed in tumours < lem'. In tumours treated with
combreAp alone, a large core of necrosis with a rim of viable tumour tissue was
observed at 4-5 days post-injection (the standard time-interval for colonisation
measurements). When Clostridium spores were injected 4 h prior to the combreAp
treatment, most of the tumours became soft on palpation during the follow-up period.
When transsected for the colonisation study, these tumours showed some degree of
liquid necrosis. Also in these tumours, viable tissue was a rim surrounding the

necrotic centre,
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Figure 2. The number of cfu measured in rhabdomyosarcomas with volumes between
! and 3 cm’ (A) and with volumes less than | cm’ (B) for sham-treated (left panels)
and combreAp-treated (right panels) rats. Colonisation is significantly higher in the
combreAp-treated tumours (p < 0.001 and p < 0.0001, respectively). Bars represent
mean * SE.

(2) Removal of Clostridium from the tumour by antibiotic treatment

Experiments were designed to determine the effectiveness of an antibiotic
treatment specific for anaerobes in order to stop tumour colonisation, if desired. After
treatment with metronidazole, a decreasing number of cfu was measured in the

tumour as a function of treatment duration. In these treated animals, the number of
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cells before and after heating was not significantly different (data not shown), which
means that all the vegetative cells were killed. After 9 days no bacterial growth nor
presence of spores was detected in the tumours of metronidazole treated animals
(Figure 3). During this period, colonisation in tumours of animals that were not
treated with antibiotics remained high. These results clearly indicate that

metronidazole eradicates Clostridium.

10 /7] Controls
Metronidazole

(=]
I O I e

LDQ“ No of ‘l°5fridia
(vegetative « spe. o)

Sdays 7 days 9 days
Treatment duration

Figure 3. Effect on the number of colony forming units (cfu) in tumours after 5, 7 or 9
days of treatment with metronidazole. The number of bacteria with and without
metronidazole treatment are indicated. After treatment with metronidazole, a
decreasing number of cfu was measured in the tumour.

(3) Analysis of the occurrence of Clostridium-specific antibodies and effect on
tumour colonisation

An ELISA assay was developed 1o quantify the amount of Clostridium-

specific antibodies in serum of rats that were previously injected with Clostridium
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spores and treated with metronidazole before re-injection. A comparison was made
both with animals receiving Clostridium spores only once and with animals that were
not treated at all. To obtain a sensitive assay, optimum concentrations of primary
serum antibody, HRP labeled second antibody and antigen were determined. A
maximum discrimination between the points in the standard curve could thus be
obtained. After a single injection of Clostridium spores, an immune response was
induced but only a small amount of Clostridium-specific antibodies could be detected
(< 50 AU). The majority (8/12) of animals that were injected twice with Clostridium
spores could be labeled as ‘non-responders’: the amount of Clostridium-specific
antibodies was not different compared to the animals that received only one injection
of the spore suspension. In the other animals of this experimental group (4/12), an
increase (up to tenfold) of Clostridium-specific antibodies in the serum could be
demonstrated. Interestingly, regardless of the immune response status, tumour
colonisation did occur to the same extent in animals that were previously injected with
a clostridial spore suspension compared to animals that were not treated before.
Again, spores as well as vegetative cells were present in the tumour as concluded
from the difference in c.f.u. before and after heat treatment and confirmed by
microscopical evaluation of the tumour suspensions. During the course of the

experiments, no change in body temperatures or body weights could be detected.
I11.2.A 4. Discussion

It is a well established phenomenon that certain species of Clostridium can
selectively colonise hypoxic/necrotic regions of solid tumours [2, 3]. It intrinsically
means that if a recombinant Clostridium 1s administered to a tumour-bearing subject
for therapeutic purposes, the metabolically active cells that produce the therapeutic
proteins will be present only in the solid tumour. In addition to this tumour selectivity,
a major advantage of using an anaerobic bacterial vector system is the fact that the
therapeutic gene has not to be transduced into the genome of the tumour cell. Eventual
problems herewith associated such as a low transduction efficiency or the risk of
insertional mutagenesis can be avoided, since the anti-cancer gene will be expressed
and secreted from the bactenia.

However, one of the disadvantages of such type of vector system so far was
that only larger tumours (>3 cm’) could become colonised with Clostridium. The
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latter finding would hamper the overall advantage of the proposed Clostridium tumour
targeting system being of low value when considering both small tumours or tumours
not containing severe hypoxic/necrotic regions. The present investigations
demonstrated that a significant improvement of tumour colonisation in very small
tumours (<3 cm’) could be obtained when the rats were injected with combreAp after
the administration of clostridial spores. The results of the histopathological analysis as
well as the gross appearance at the transsection of the tumour indicated the strong
relationship between the increased presence of Clostridium and the level of necrosis
induced by the combreAp.

Important considerations using ‘classical’ gene therapy vectors should be
made regarding the safety issues. The concern that viral vectors could recombine with
endogenous viruses remains. If the therapeutic gene would have unexpected major
side-effects, the recombinant virus can not be removed from the body and gene
expression can not be stopped. Furthermore, viruses are classified as hazardous agents
class 2 in the European list of infectious agents. In contrast, the apathogenic bacteria
used in our approach are classified as hazardous agents class | and sensitive to
antibiotics. Moreover, as demonstrated in our studies, complete removal of vegetative
Clostridium cells, even from the tumour tissue, could be achieved after 9 days with
metronidazole, a standard antibiotic for anacrobic infection,. Metronidazole and other
electron-affinity drugs have also been used as hypoxic radiosensitizers in cancer
treatment, which suggests that these compounds have the ability to reach the hypoxic,
badly perfused tumour areas [15]. This indicates that their anti-bacterial effectivity is
not hindered by the absence of an adequate intratumoral vascular network.

Another important factor to be taken into consideration is an eventually
induced host immune response after a single or repeated administration of Closrridium
and its consequences on tumour colonisation. The results indicated the absence of
such an induced immune response in most rats. Moreover, even in those animals that
showed a tenfold increase in Clostridium-specific antibodies in the serum following a
second bacterial administration, colonisation of tumours was not affected. This is of
great importance, since it implies that long-term production of the therapeutic proteins
from the engineered Clostridium is possible in tumours.

Taken together, these findings illustrate the advantages of a vascular targeting
approach for use in Clostridium-guided tumour targeting systems. Furthermore, this

combined anti-cancer approach may also incorporate radiation therapy. Combining
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combreAp with single dose irradiation irradiation seems to result in an increased

tumour-cell kill, as indicated by at least three research teams (Li er al. [16], Chaplin er
al. [17) and Landuyt er al. [18]) using rodent tumours. These strategies may be
exploited to improve both the selectivity to target the solid tumours, and the
subsequent production of the therapeutic protein into the extracellular

microenvironment of these tumours,
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Summary

Anacrobic bacteria selectively proliferate in and colonize the hypoxic/necrotic
regions of solid tumors. As a consequence, recombinant apathogenic clostridia can be used as
a selective vector system in an enzyme/prodrug approach for the treatment of cancer. To test
this hypothesis, the Escherichia coli cytosine deaminase coding sequence was fused in-frame
to the clostridial clostripain promoter and signal sequence and cloned in the pKNT19 shuttle
plasmid to transform Clostridium acetobutylicum.

Significant levels of functional cytosine deaminase were detected in lysates and
supernatants of the recombinant clostridia as measured by thin layer chromatography analysis,
More importantly, for the first time the in vivo applicability of recombinant Clostridium as a
tumor specific vector for the local secretion of cytosine deaminase in the tumor was
demonstrated by the administration of the engineered Clostridium 10 WAG/RIj rats bearing
subcutancously implanted syngeneic rhabdomyosarcomas. Four days after the recombinant
bacteria were injected, enzyme activity was detected in the tumors but not in normal tissues.

These results demonstrate the potential use of recombinant C. acetobutylicum as a

tumor-specific delivery system for the transfer of therapeutic genes to solid tumors.
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111.2.B.1. Introduction

Despite the improvement of conventional radio- and chemotherapy, lengthy
survival rates and prognosis remain poor for many cancer patients. This led to a strong
interest in the investigation of anti-cancer protocols based on gene therapy. Herein,
the use of suicide genes has been put forward to create artificial differences in
sensitivity between normal and malignant cells, with specifically the CDase/S-FC
suicide gene/prodrug system being well investigated. The major hurdle, however,
remains the tumor-specific transfer of the gene encoding the therapeutic protein.

A fundamental difference between normal and tumor tissue is the presence of
extensive hypoxia, responsible for e.g. resistance to radiotherapy and chemotherapy.
Hypoxia can however also be appreciated as an opportunity for tumor selective
therapy [1]. Apathogenic clostridia have been proven to selectively proliferate in the
hypoxic/necrotic regions of solid tumors and the potential use of Clostridium as an
anti-tumor agent has been indicated earlier in clinical studies. With the current
availability of recombinant DNA technology for clostridia and the possibility to
transform Clostridium, the use of these strictly anaerobic bacteria has attracted
renewed interest. As such, recombinant apathogenic clostridia may be used as a
selective vector system in an enzyme/prodrug approach for the treatment of cancer.

In the present report, we describe the development of recombinant C. acetobutylicum
strains secreting high amounts of cytosine deaminase (CDase) in medium. The E. coli
CDase was therefore placed under transcriptional control of the C. histolyticum
clostripain promotor, preceded by the clostripain signal sequence, and cloned in a
stable E. coli-Clostridium shuttle vector. We also document the expression and
secretion of functional enzyme at the tumor site, when recombinant clostridia were
administered to rhabdomyosarcoma-bearing WAG/Rij rats. The use of vascular
targeting treatment with Combretastatin A-4 phosphate in combination with the

suicide gene transfer system enabled a dose intensification of CDase activity.
I11.2.B.2. Materials and methods
Bacterial strains, plasmids, DNA manipulations and transformation procedures

C. acetobutylicum DSM792 and N14082 were cultivated in 2xYT medium or
RCM (supplemented with erythromycin when needed) at 37°C in an anaerobic
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cabinet, Transformation procedures and DNA manipulations were carried out
essentially as described’. The E. coli/C. acetobutylicum shuttle plasmid pKNT19 was
used as a cloning vector. The E. coli CDase gene (codA) was present on the pSD112
plasmid, kindly provided by S. Danielsen. The clostripain regulatory sequence was
available on C160-23, a gift from Weisheimer Malz (Andernach, Germany).

Plasmid construction

Mutations were carried out using the ‘Altered Sites™ in vitro Mutagenesis kit’
(Promega). An EcoRl site (oligonucleotide 5'-
ATTATCCTTGGATTGAATTCCTGGA-TTTGCATA-3") was introduced four
codons upstream of the signal sequence cleavage site of the clostripain regulatory
sequence. The resulting 1.04 kb HindIII/EcoRI1 fragment was cloned in pBluescript,
leading to pBsclosEcoRI. A Scal site was introduced two codons downstream of the
GTG initiation  codon  of  the codA-cDNA  with  oligo 5'-
GCGTTATTCGACACAGTACTCCTCCACATGC-3". pBsclosEcoRI was digested
with EcoRl, treated with Klenow polymerase, digested with BamHI and treated with
alkaline phosphatase prior to in-frame fusion with the 1.5 kb Scal/BamHI fragment
containing the codA-cDNA. Finally, the closcodA-fragment was isolated by
HindlIl/BamHI1 digestion and inserted into the BamHI/HindIll digested pKNTI19

shuttle vector.

Detection and activity measurement of cytosine deaminase in vitro

Detection of CDase was performed using Western blot analysis with mAb
16D8F2". For quantification of CDase activity, bacteria were sampled at various
stages of growth. To 45 pl of Tris.HCI (pH 7.5) buffered lysates and supernatants, 5-
FC (15mM) was added and the solution was incubated for 24 h at 37 °C. Five pl
aliquots of the samples and 5-FC/5-FU controls were then applied to tle plates (Silica
gel 60 Fyg, Merck) that were developed in 86% butanol in water. Sections of the
plates that contained the 5-FU UV-absorbing spots (254 nm) were cut out and 5-FU
was extracted with methanol. The extract was dried in a vacuum centrifuge (Hetovac)
and the residue was resuspended in 50 pl of methanol. A 10 pl aliquot was then added
o 190 pl HClI 0.1 M and the concentration of 5-FU was assayed
spectrophotometnically at ODjesnm. This approach made quantitative monitoring of
CDase activity possible without the need of radioactive substrates. Before incubation
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with 5-FC, the pH of the buffered reaction mixture was controlled and proven to be
pH 7.2-7.4, for all samples taken at different stages during growth.

In vivo studies

WAG/RIj rats with subcutancously implanted rhabdomyosarcomas of 6 to 20
cm’ were used. Recombinant C. acetobutylicum DSM792 and NI4082 spores were
administered intratumorally. Injection of C. acetobutylicum having no or the empty
vector, was used as a control. Four to five days following injection, tumors and
normal tssues excised and grinded to look microscopically for the presence of
Clostridium vegetative cells following Gram-staining. CDase activity in tumors was
measured following homogenisation of the tumor (~350 mg) in 450 ul of PBS
containing | pgml” aprotinin, 30 pgml’” phenylmethylsulfonyl fluoride and § mM
EDTA. Following incubation for 24 hours at 37 °C with 15 mM 5-FC, 50 pl aliquots
were taken, quenched in methanol and applied on Silicagel 60 Fjqy sheets that were
developed in 86% butanol/water. After drying, 5-FU spots were visualized under

short-wave UV illumination.

I11.2.B.3. Results and discussion

(1) In vitro analysis of recombinant CDase activity in Clostridium

The recombinant constructs in E. coli were quality-controlled by DNA
sequence analysis and Western blotting. pKNT19closcodA was subsequently
electroporated into C. acetobutylicum DSM792 and NI4082. After Western blotting of
proteins present in supernatants and lysates of early-logarithmic growth phase
recombinant Clostridium cultures, mAb 16D8F2 strongly reacted with a protein of
about 52 kDa, which corresponds to E. coli CDase. No CDase could be detected in
supernatants or lysates of plasmid-free C. acetobutylicum cultures, or in cultures
carrying the empty pKNT19 plasmid alone. The functionality of the clostripain
regulatory sequences preceding the CDase coding sequence was herewith evidenced,
not only for its expression but also for the secretion of this large protein by
Clostridium. Our results parallel the observation that shuttle vectors based on the
replicon of the Bacillus plasmid pIM13 showed structural and segregational stability.
We previously demonstrated this with the E. coli-C. acetobutylicum pKNT19 and
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pIMPI1 shuttle vectors, developed for the secretion of the anti-tumor and
radiosensitizing agent tumor necrosis factor alpha (TNFa). Significant amounts of
biologically active TNFa were measured in both lysates and supernatants of
recombinant clostridia [2].

Because of the potential importance of CDase and 5-FC/5-FU conversion in
antitumor therapy, we focused on the expression and secretion of CDase by
Clostridium at various stages of growth. Maximum enzyme activity in lysates (1084.5
+ 189.5 pmol 5-FC converted to 5-FU min" ml™" cell lysate) was obtained as the
bacteria reached the stationary growth phase (ODgoonm~1.5) (Fig. 1A). This activity
level was maintained within the follow-up period of 20 hours (data not shown). In
supernatants of recombinant C. acetobutylicum NI4082, the CDase activity reached a
maximum (701.9 £ 104.3 pmol 5-FC converted into 5-FU min” mlI”' supernatants) at
the carly-logarithmic growth phase at ODgponm~1.2 (Fig. 1B). Subsequently, CDase
activity decreased. This might be a consequence of the acidification of the culture
medium resulting in denaturation of CDase. Experiments with the recombinant C.
acetobutylicun DSM792 strain resulted in similar CDase activity patterns in both
lysates and supernatants (data not shown). When high levels of active CDase could be
delivered at the tumor site, this would result in significant amounts of 5-FU in the
tumor, which could lead to wmor control by 5-FU without systemic toxicity.
Interestingly, it has been reported that 5-FU at the tumor site does not return rapidly
into the systemic circulation, offering the opportunity for the therapeutic agent to

exert locally its antineoplastic effects [3].
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Figure 1. CDase activity in lysates (A) and supernatant (B) of C. acetobutylicum NI4082
transformed with pKNT19closcodA as a function of growth stage (). Samples were taken at
various time points during growth (t; — ts) and applied 1o thin layer chromatography plates
(left panel). The amount of 5-FU on the corresponding tlc plates was quantified as described
in the "Materials and Methods' section and the CDase activity ( x) was calculated as pmol 5-
FU produced min'ml’ cell culture (right panel).

(2) Detection of functional cytosine deaminase in vivo

The results of the in vive observations are summarised in Table 1. Gram-
staining revealed the presence of vegetative Clostridium cells in tumor specimen, but
not in samples of liver or spleen. CDase activity was present only in tumors injected
with recombinant bacteria. As expected, no functional enzyme was present in tumors
injected with plasmid-free bacteria, in tumors treated with bacieria carrying the empty
plasmid or in the normal tissues (liver, spleen) that were investigated. Animals,
concomitantly treated with CombreAp, showed higher incidence of CDase positive
tumours (100% versus 58%). Moreover, the level of active CDase in these tumor
specimens was considerably higher (mean conversion efficiency of 5-FC o 5-FU

~11%) as compared to tumours not treated with CombreAp (mean conversion
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efficiency of 5-FC to 5-FU ~3%). We already showed that targeting the tumor
vasculature in rhabdomyosarcoma bearing WAG/Rij rats using CombreAp resulted in
extensive necrosis, observed already at 4 days post-injection [4]. The present results
with recombinant clostridia confirmed the hypothesis that combining the
administration of clostridia with CombreAp treatment should result in an increased
therapeutic dose intensity. This should obviously also be expected in combinations
with other strategies that induce tumor necrosis, such as radiotherapy or
chemotherapy. The engineered Clostridium strains can thus be considered as in situ
‘cell factories’, that produce and secrete anti-tumor therapeutics specifically at the
tumor site, restricting activity to the tumor being targeted. As a consequence, this
strategy holds promise for circumventing the limited therapeutic window of 5-FU

treatment,

Table 1. Overview of the in vivo experiments with clostridia recombinant for CDase

Strain Tissue CombreAp" Presence” Incidence (%) CDase
Cdase level
NI40B2/pKNT 19closcod A tumor - yes 10/18 (55) B
liver - no 0/5 (0) NA‘
spleen - no /5 (0) NA
NI4082/pKNT19 tumor - No 0/6(0) NA
DSM792/pKNT 19¢loscod A tumor . yes 9/9 (100) e
liver . no NA
spleen + no gi :g; NA
DSM792/pKNT19¢closcodA  tumor - yes 4/6 (66) .
liver - no 0/3(0) NA
spleen - no 0/3(0) NA
DSM792/pKNT19 tumor + no /4 (0) NA
tumor - no o6 (0) NA

* single i.p. administration, 25 mg kg’

* presence of CDase was evaluated using tlc-analysis, measuring conversion of 5-FC to 5-FU
© +, low; ++, moderate-high

“ NA : not applicable
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To show that the conversion of 5-FC to 5-FU was a consequence of the CDase
present in the tumor and was not due to the metabolic activity of the Clostridium
during the incubation, metronidazole (50 pg mi™') was added to rhabdomyosarcoma
tumor homogenates prior to the incubation to kill all bacteria. No difference in the 5-
FC/5-FU conversion pattern was observed whether or not metronidazole was added.
Moreover, CDase activity was also detected when only supernatants of tumor
homogenates were incubated with 5-FC. Conversion efficiencies of 5-FC to 5-FU
after incubation with supernatants were similar as obtained after incubation with the
whole tumor homogenates. Taken together, this clearly indicates that the CDase
activity, recovered from the intratumoral tissue, originates from active enzyme that is
secreted by metabolically active recombinant clostridia during the in vivo colonization
of the tumor.

Separated from its anti-neoplastic effects, 5-FU also sensitizes tumor cells to
irradiation, and significant improvements in tumor response can therefore be
anticipated when the approach described in the present manuscript would be
combined with radiotherapy. We recently showed that sufficient 5-FU should be
available if the conversion efficiency from 5-FC is 1-3%, enabling sensitization
enhancement ratios of 1.1 to 1.2 with daily 2 Gy fractioned radiotherapy [5]. Based on
the obtained conversion efficiencies both in vitro and in vivo using the plasmids
discussed above, it is reasonable to expect that clinically significant radiosensitizing
effects can be achieved using the recombinant clostridia.

Besides its exquisite tumor selectivity, the application of the clostridial
delivery vehicle is very safe. It elicits only a minor host immune response and the
clostridial cells can be removed from the body at any time by the administration of
metronidazole.

Overall, the present in vivo/in vitro investigations provide strong evidence for
the potential use of apathogenic clostridia, genetically engineered to express cylosine

deaminase in anticancer therapy.
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Summary

Purpose: To reduce functional MRI susceptibility distortion at the air/tissue interphase in
animal experiments .

Materials and Methods: We investigated the applicability of a body-adaptable flexible mold
consisting of a fast setting alginate. This technique was implemented for subcutancous
growing tumors in rats and for the brains of monkeys.

Results: The T,*-weighted GE-EPI data obtained with body-adapted mold showed a reduction
of susceptibility artefacts and improved image quality. With both rat tumor and monkey brain,
an optimized match with the anatomical T1 images was possible.

Conclusion: The present mold methodology is a rapid, easy and inexpensive way to reduce
magnetic susceptibility during animal GE-EPIL.
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IV.1.1. Introduction

Functional MRI techniques that are based on the paramagnetic properties of
oxygen, i.c. the blood oxygen level dependent (BOLD) endogenous contrast, rely on
T,* effects [e.g. 1,2]. Gradient-echo, echo planar imaging (GE-EPI) acquisitions are
implemented to achieve high temporal resolution and optimal visualization of the
BOLD effect within the whole organ/body.

In our research groups, we have 2 major applications for the BOLD effect: (i)
investigations in rats with subcutancously growing tumors, aiming to non-invasively
define the tumors that may respond to hypoxia modulators; and (ii) the study of the
brain function, performed in monkeys. These GE-EPI studies highlighted a well
known difficulty: signal loss and image distortions due to magnetic field
inhomogeneity specifically at the air/tissue interface. Magnetic susceptibility
distortion could be reduced after shimming, but the results remained unsatisfactory in
the pilot experiments.

The present study reports a practical procedure that involves a body-adapted alginate
mold. This mold was tested first in the GE-EPI acquisitions for rat tumors and later on

in imaging monkey brains, with the results showing improved image quality.

1V.1.2. Materials and methods

One set of experiments was performed with male adult WAG/Rij rats,
weighting 280-300 g. Rhabdomyosarcoma tumors were implanted subcutaneously at
the lower flank region as 1 mm? pieces and had grown to a size of 3-14 cm? at the
time of the present functional MRI study. To avoid movement, the rats were
anesthetized with 0.1 ml/100 g Nembutal® injected intraperitoneally a few minutes
prior the imaging. They were positioned supine within a home made cylindrical
resonator coil of 14 ¢cm diameter.

A separate investigation involved the use of Macaque monkeys. The brains were
imaged in awake animals, positioned supine in the magnet. They were specifically
trained to behave and feel at ease and thus allowing an adequate imaging.
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Functional MRI

Imaging was performed using a whole body 1.5 T MR scanner (Magnetom
Vision, Siemens; Erlangen, Germany), without and with the body-adapted mold.
The imaging session started with the acquisition of a scout sequence in 3 directions,
followed by a multi-angle projection (MAP) shim and the functional MRI acquisition
with a series of single shot T,*-weighted GE-EPI images (TE 39 ms).

Anatomical images were obtained using T,-weighted spin echo measurements.

Susceptibility-reduction procedure
Rat study

The anaesthetized animals were placed supine in a flexible plastic recipient, to
allow a correct mold application and an easy insertion in the cylindrical coil. A mold
of about 1,5 cm thickness was applied securely around the tumors and the major part
of the body up to the claviculae. The mold material consisted of a fast setting alginate
powder Xantalgin® Select (Bayer Dental, Leverkusen, Germany), which after mixing
with tepid water became a viscous mass that stiffened gently in less than 2 minutes.
The mold remained flexible and did not interfere with the breathing capacity of the

animals. The mold could be removed rapidly from the body without any difficulty.

Monkey study
The initially viscous mold was positioned on the upper part of the head and allowed to

stiffen before the insertion of the animal into the magnet.

Data evaluation

Images of the tumor-bearing rat and of the monkey brain without and with
mold, obtained after careful shimming, were printed together with the anatomical
images. Quality and global confidence was appreciated on images with the mold not
being visible.

IV.1.3. Results

Rat study
Images of the rats that were acquired without the use of any covening mold

showed major susceptibility artefacts. These problems are demonstrated by
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representative images from sagittal sections of two different rats at the level of the
wmor (Fig. 1B and 2A). The folded upper surface and the edgy tumor massa, as well
as loss of wmor/body volume, are visible. Without the alginate mold, mapping the
GE-EPI data to the T)-weighted anatomical MR images (see for example in Fig. I1B
versus 1A) was very difficult, as was also the identification of the location of the
tumor. Classical MAP shimming resulted in a minor amelioration of the image
quality.

With the use of the body-adapted mold and after applying MAP shimming, GE-EPI
image improvement was obvious: easily appreciated were the flattening of the base of
the sagittal image and an increase in the body diameter parallel with the phase
encoded dorso-ventral direction (Fig. 1C and 2B). The T;*-weighted images of the
rats with the mold more closely resembled the whole body volume and to some extent
the anatomy obtained with the T,-weighted spin echo scanning (Fig.1D and 2C). It
became possible to un-ambigously locate the tumor and to describe the shape of the

lesion.
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Figure 1: Panel A is the sagittal T; anatomical image of a rat at the level of the tumor (see
arrow). without the mold, illustrating the reproducible positioning (comparison with panels
B, C and D) and the much lesser effect of the mold on T-weighted imaging (A versus D)
Sagittal GE-EPI Ty*-weighted images, (B) without and (C) with the alginate mold; the tumor
location and its volume presented in panel C correlate with the anatomical image shown in

panel D
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Figure 2: Sagittal GE-EPI T;* images of the rat body at the level of the tumor (see arrow),
(A) without and (B) with the body-adapted mold (same slice position through tumor). The T ;-
" t‘l_x"):fr'(f analomi :‘IJ’ image Is ruf:‘.’jr'[! for comparison (C). In the presence fl,f the m;-i’.}'_ Hrr_'
obvious artifacts from susceptibility variations are reduced (panel B) and the image allows
analysis of the whole tumor volume. The asterix indicates the stomach for further clarification

of the reproducible positioning during imaging without and with the alginate mold
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Monkey study

The use of a 2 c¢m thick mold always resulted in an improved brain
delineation, as can be appreciated from the example in figure 3. A transverse GE-EPI
image through the brain of a monkey, prior to the use of the mold, is shown in figure
3A. From the comparison with the anatomical image taken at the same level of the
brain (Fig. 3C), an important deviation along the phase encoded direction is obvious.
Following the positioning of the flexible mold matenial, an almost perfect match of

the contour of the brain has been obtained (Fig. 3B)

A

Figure 3: (A) GE-EPI transversal section obtained without and (B) GE-EPI transversal
section at the same location as (A), with bodv-adapted mold applied on the superior part of
the monkey cranium. (C) Transversal T\-weighed section depicting the anatomy and ropology
of the monkey brain (same location as A). The brain contour has been delineated with Adobe
Photoshop software in panel C. and was then pasted onto (A) and (B). It is seen that
especially along the phase encoded direction, 1.e. from front to back in this animal study

distortions are much reduced
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IV.1.4. Discussion

One of the shortcomings with GE sequences for in vive whole body functional
MRI, with BOLD endogenous contrast, is the major geometric distortion and
susceptibility artifacts related to the air/tissue interface.
The present data describe a practical and inexpensive method by which this important
source of distortion and susceptibility can be reduced. The body-adapted alginate
mold increases the accuracy to delineate regions of intensity changes and the
quantification of these changes. This technique has been successfully used in a larger
series of investigations which evaluated modulation of tumor oxygenation [3]. The
application of this type of mold also improves the image quality and the delineation of
the anatomical structures to be investigated, such as indicated with the monkey brain,
A dedicated BOLD and MION functional MRI study using the mold material, more
broadly demonstrates the necessity to obtain high quality images to assess motion-
related brain function in monkeys [4).
In summary, the impact of the susceptibility-reducing mold procedure as seen with the
rodent tumor model as well as with the monkey brain analysis is obvious. It is a rapid
and easy technique that introduces an objective decrease of magnetic susceptibility, a

result that will contribute to the basic research in functional imaging.
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Summary

To evaluate the feasibility of functional magnetic resonance imaging (fMRI) at 1.5
Tesla, exploiting ‘blood oxygenation level-dependent’ (BOLD) contrast, for detecting
changes in whole tumour oxygenation induced by carbogen (5 % CO; + 95 % O) inhalation
of the host.

Adult WAG/Rij rats with rhabdomyosarcomas growing subcutaneously in the lower
flank, were imaged when tumours reached sizes between | cm?® and 11 cm?® (n=12). Air and
carbogen were alternatively supplied at 2 Vmin using a snouth mask. Imaging was done on a
1.5 T MR scanner using a T,* weighted GE-EPI sequence. Analysis of the whole tumour EPI
images was based on statistical parametric maps; voxels with and without signal intensity
changes (SIC) were recorded. Significance thresholds were set at p < 0.05, corrected for
multiple comparisons.

In continuous air breathing condition, 3/12 tumours showed significant negative SIC
and | tumour had a clearcut positive SIC. The remaining tumours showed very little or no
change, When switching to carbogen breathing, the SIC were significantly positive in 10/12
tumours, Negative SIC were present in 4 tumours, of which three were simultancously
characterised by positive SIC. The overall analysis indicated that 6 of the 12 tumours could
be considered as strong positive responders to carbogen.

Our research demonstrates the applicability of fMRI GE-EPI at 1.5 T to study ole
tumour oxygenation non-invasively. The observed negative SIC during air condition may
reflect the presence of transient hypoxia during these measurements, Selection of tumours on
the basis of their individual response to carbogen is possible, indicating a role of such non-

invasive measurements for using tailor-made treatments.
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1V.2.1. Introduction

The inappropriate vascular remodeling and the related hypoxia are critical
issues for survival and certainly growth of tumours,as well as for the presence of
radio- and chemotherapy resistance; tumours with high oxygenation status on average
responded more favourably than those that were poorly oxygenated [e.g. 1-3]. This
knowledge has led to the introduction and evaluation of agents that may have the
potential to promote the oxygenation status of the tumour. Agents such as carbogen (5
% CO; + 95 % O,) and nicotinamide have been shown to selectively improve tumour
oxygenation, both with rodent and human tumours [4-6]. Subsequently, the
combination of such agents specifically with radiotherapy demonstrated the potential
benefit of positive tumour oxygenation changes [7-10].

Research has in parallel also focussed on the measurement of hypoxia levels in
tumours, using a battery of different techniques [11-15]. A drawback is their
invasiveness and the absence of whole tumour information. Although improving the
understanding of the physiology and biology of different tumour types, such
techniques on their own do not meet the requirements to enable fi. non-invasive
repeated oxygenation measurements, before and during treatments, in relatively short
time. They neither allow the assessment of anatomically difficult and deep seated
tumours. The availability of a non-invasive total body imaging technique could thus
positively guide oxygenation modulating treatments that aim to improve tumour
control and patient survival.

One potential candidate principle, extensively used in functional MRI to assess
brain activity triggered with external stimuli, involves the endogenous blood
oxygenation level-dependent (BOLD) contrast [16-18]. The BOLD contrast relates to
the endogenous change of paramagnetic deoxyhemoglobine that is translated in
variation of MR signals. The method thus likely offers a non-invasive and clinically
applicable tool to detect changes in tumour oxygenation from different treatments
without the need to inject contrast agents, nor to disturb the tumour
microenvironment. Tumour oxygenation data were therefrom collected using fMRI
applying a gradient-recalled echo (GRE) technique, specifically in function of
responses to various gas breathing [19-22]). Two important limitations remain. The
measurements have been performed with single slice techniques and they often
involved magnetic field strenghts above 4 T, exept some limited experience with both
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animal and patient pilot studies [23-26]; extrapolation of these results to lower field
strength systems is not straightforward,

The major objective of our investigation was to evaluate the application of
BOLD contrast fMRI at a clinical whole body 1.5 T using a fast EPI sequence, as a
non-invasive lool to determine changes in tumour oxygenation from carbogen
breathing of the host. The relationship between carbogen responses and tumour
volume was also adressed. Finally, the question was raised whether the proposed

analysis allowed for clearcut selection of carbogen responsive tumours.
1V.2.2, Materials and methods

In vivo tumour model

Male adult WAG/Rij rats, with a body weight of about 270 g, were implanted
subcutaneously (s.c.) in the lower flank region with a | mm’ piece of syngeneic
rhabdomyosarcoma (R1 tumour). At the time of the fMRI study their volume was
estimated using a calliper, correcting for the thickness of the skin. The experiments

were planned o incorporate various tumour sizes ranging between 0.1 and 14 cm?.

Animal preparation for imaging

The rats were anaesthetised with 0.1 ml/100 g Nembutal® (SANOfi, Brussels,
Belgium) injected intraperitoneally a few minutes prior to imaging. To reduce
susceplibility artefacts, the animals were placed supine in a flexible plastic recipient,
and a mould of about 1.5 ¢m thickness was applied around the tumours and the major
part of the body. This mould consists of the fast setting alginate powder Xantalgin®
(Bayer Dental, Leverkusen, Germany), remaining flexible and not interfering with the
breathing capacity of the animals; it could be removed rapidly from the body without
difficulty [27]).

Throughout the measurements, the animals were breathing air or carbogen
(95% O,, 5% CO,) at a flow rate of 2 I/min through a small snout mask.

These animal-based experiments were in agreement with the Ethical
Committee for Animal Care and Use of the K.U.Leuven (Belgium) and the national

guidelines.
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Imaging technique

The fMRI studies were performed on a whole body 1.5 Tesla MR scanner
(Magnetom Vision, Siemens, Erlangen, Germany), equipped with a gradient system
achieving 25 mT/m in 300 us. A home made cylindrical coil of 14 cm diameter was
used as antenna.
The imaging sessions consisted of the acquisition of scout images, followed by
shimming and fMRI acquisitions. For the fMRI acquisitions, series of sagittal T,*
weighted echo planar imaging (EPI) images were acquired through the entire animal.
The parameters for the single shot T;* weighted EPI sequence used were: TE 39 ms,
echo spacing 0.8 ms, band width 1950 Hz/pixel, field of view 288 x 384 mm, matrix
96 x 128, slice thickness 3 mm, interslice gap 1 mm.
Two series, each consisting of 120 measurements of 16 slices and each lasting 8 min,
were obtained sequentially. During the first series air was continuously delivered,
while during the second series air and carbogen were delivered alternatively (i.e. one

min of air / five min of carbogen / two min of air).

Data analysis

The images were transferred to a work station (Silicon Graphics), corrected for
motion and spacially smoothed by convoluting the data using a Gaussian imput
function with a full-width at %2 maximum. Statistical parametric maps (SPM) were
computed using SPM96 [28,29]. The evaluation of the T;* images was always done
with reference to the mean baseline signal intensity (obtained for air condition during
the first min of the imaging) of every individual tumour screening. The different
conditions were modeled with a box car function convolved with the hemodynamic
response function implemented as a delayed Gaussian function [30] in the context of
the general linear model, as employed by SPM96. Global changes were adjusted for
by proportional scaling, and low-frequency confounding effects were removed by an
appropriate high pass filter. Specific effects were tested by applying appropriate linear
contrasts to the parameter estimates for each condition, resulting in a t statistic for
cach voxel. These statistics constitute an SPM. Significance thresholds were set at p <
0.05, corrected for multiple comparisons.

Using a mouse-controlled cursor, the borders of the wmours were manually
traced on the T,* weighed EPI images by the same experienced radiologist (R.H.).
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The number of voxels within the defined tumour volumes was counted, and a MR
determined tumour volume was calculated by multiplying the number of voxels with
their dimensions (3 x 3 x 4 mm); the MR determined tumour volume was compared
with the calliper-method using linear regression.

Voxels showing a statistically significant increase or decrease in signal
intensity during air breathing were counted. The relative degree of signal intensity
changes (SIC) during air condition, compared to the baseline signal intensity, was
calculated for each of the voxels showing changes above the significance threshold.
By summing up all the negative SIC and separately all the positive SIC, two areas-
under-the-curves (AUC's) were calculated; these AUC's were normalized by dividing
them by the total number of voxels within the MR defined tumour volume.

The same type of analysis was applied for the EP1 images obtained during the
intermittent carbogen breathing condition. These analyses also were performed for all
tumours.

The results obtained during the air or the carbogen breathing condition were
compared using a paired non-parametric statistical test (Wilcoxon's signed rank test);
p-values <0.05 were considered significant.

IV.2.3. Results

The comparison of the tumour sizes (n = 12), as either obtained from the T,*
weighted images or with the calliper, is shown in Figure 1. The MR determined
volumes of the 12 rat rhabdomyosarcomas under investigation ranged from 1.62 to
10.37 ¢cm?. Using the calliper method, the volume of the tumours measured just before
the fMRI study ranged from 0.9 to 8.9 cm®. An optimal linear fit was obtained
between both methods of measuring volume by using the following function: MR
volume = 0.8451 x caliper volume + 0.3982 (R = 0.84). The MR defined tumour
volumes were used throughout the further analysis of all fMRI images. Figure 2
displays a representative image of the rat tumour signal intensity evaluation, both
during air breathing (Figure 2A) and during the carbogen breathing condition (Figure
2B).
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Figure 1. Comparison of the tumour sizes, determined either with the delineation at
the T;* weighted images (indicated as MR volume) or with the calliper approach.
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Tumour location s.c.at the lower flank

Figure 2. BOLD fMRI with EPI 39: example of carbogen-induced (B) signal intensin
enhancement versus air breathing condition (A) within a random selected medium

sized rat rhabdomvyosarcoma

Table 1 gives an overview of the absolute number of voxels that showed
positive, negative or zero signal intensity changes (SIC) either during the continuous
air breathing condition or during the switch to carbogen. Figure 3, A and B,
summarizes the voxel-based measurements (percentages deduced from the absolute
values presented in Table 1). During the prolonged air breathing, voxels with negative
SIC were present in some tumours (Figure 3 A), clearly seen in 6 of the 12 tumours
about or less than 10 % of the total voxel number in 4 tumours, 27 % and 43 % in 2
other tumours (Table 1). The number of voxels that remained without SIC dominated
the picture for the vanous tumours. In companson with the results dunng air
breathing, a significantly (p = 0.022) lower percentage of voxels showing zero SIC

was found during the carbogen breathing (Figure 3 B). This was parallelled by a non
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significant (p = 0.907) decrease in voxels with negative SIC, and by a highly
significant (p = 0.002) increase in percentage of voxels with a positive SIC. In 4
tumours for which voxels with negative SIC were recorded during air breathing (< 7
% - 43 %), no negative SIC were observed during the carbogen condition (Table 1). A
negative change of signal intensity of 22 % and 56 % was observed in 2 tumours, and
5-9 % in 2 others, when the rats breathed carbogen (Table 1). For those tumours that
were responsive to carbogen, the change in the EPI T;* signal intensity was very
rapid, most often reaching the highest value within | minute after the switch from air

to carbogen (data not shown).

Table 1. Tumour responses during air or carbogen breathing of the rats; analysis on
the basis of voxel numbers (T,* weighted images)

AIR condition  CARBOGEN condition
(responding voxels) (responding voxels)
MR Total | negative zero positive negative zero positive
volume | number of ;
(em’) | voxels ';

1.62 45 0 45 0o 0 14
18 50 0 50 0 I 32 7
252 70 0 67 3 I 45 24
317 88 9 78 1P 2 84 2
36 101 " 89 1o 87 2
an 120 51 69 o 2 89 29
497 138 37 101 o 0 106 2
68 189 0 189 0o | @ 147 0
742 206 0 206 o 0 190 6
7.9 222 16 206 o 112 109
8.42 234 5 198 o0 204 30
1037 | 288 17 271 o s 212 7

1751 146 1569 0T 1338 336
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Figure 3. Box-and-whisker plot, for (A) air condition and (B) carbogen condition,
representing the percentage of voxels with or without signal intensity changes (SIC), and
related to the MR volumes of the tumours investigated. Mean (+) and median (horizontal bar
in the box), as well as the 25/75 percentiles (lower and upper edges of the box) are indicated.
Comparing the carbogen with the air condition, statistical evaluation revealed a highly
significant increase in number of voxels with positive SIC (p=0.0024), a lesser but significant
(p=0.022) decrease in number of voxels with zero SIC, and a non-significant vet clear
decrease of the number of voxels with negative SIC.

Figure 4 (A and B) shows the variation in AUC for SIC, present for air
breathing and, although to a lesser extent, also for carbogen breathing conditions. No
correlation was apparent between the AUC for SIC and the various tumour volumes

that were analysed.
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Figure 4. Display of AUC for the normalized SIC in the responding voxels, for either
air (A) or carbogen (B) breathing condition, in relation to the individual MR tumour
volumes;

graph A: The heterogenous character of the intratumoral SIC during the prolonged
air condition, evaluated with respect 1o the base line signal intensirty (average of first
imaging minute), is reflected in positive (dark bars) and negative (clear bars) SIC:;

graph B: The relative homogenous positive change in signal intensity (dark bars)
during carbogen breathing can be deduced for all tumours, exept 3 with also or only
negative (clear bars) SIC. This observation obviously relates to the baseline signal
intensity, but has increased power when comparison is done with the imaging results
for prolonged air condition.

Overall, in comparison with the air breathing condition (Figure 4 A), a much
larger AUC for the positive signal changes is found during the carbogen breathing
(Figure 4 B). As also can be read from Figure 3 B, in 3 tumours a clearcut AUC of
negative SIC is present. With these three tumours (sizes at imaging = 1.8 cm?; 3.6 cm?
and 6.8 cm? respectively), the benefit of using carbogen to improve the oxygenation
status is nihil.

Figure S displays, only for the carbogen breathing condition, the percentage of
voxels showing positive SIC compared with the AUC for degree of positive SIC
within the responding voxels for the remaining 9 tumours individually (main aim of
our investigation). The product of the reponding voxels and their respective AUC,
calculated for each tumour separately, indicates that only 6 of the 12 tumours were
very significant (p<<0.05) responsive to the carbogen application (insent Figure 5,

relative unit for response).
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Figure 5. Overview of the data for only positive intratumoral SIC induced with
carbogen breathing of the rats, in relation with tumour size (the 3 tumours with which
strong negative SIC were observed during carbogen, see Figure 3 B, have been
omitted). Both AUC (clear bars) and voxel number (dark bars) are plotted.

The ‘insert graph' represents the product of both results of the analysis, and allows to
depict the rhabdomyosarcomas that showed a highly significant response (6/12
tumours in the present study condition) to carbogen inhalation of the host.

I1V.2.4. Discussion

In choosing a MR scanning technique for fMRI, spatial resolution, acquisition
speed (i.e. temporal resolution) and signal-to-noise ratio (SNR) play an important
role. Optimizing one factor will be at the cost of the other two. Echo planar imaging
allows rapid acquisition of a single slice. Repeated measurements of the same slice

require a time interval of at least 2s. In the present study, however, this time window
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was used for the measurement of adjacent slices. Disadvantages of the technique are
the relatively low spatial resolution and the sensitivity to susceptibility artefacts. The
large acquisition band width needed for the rapid sampling results in a poor SNR.
Susceptibility artefacts are caused by field inhomogeneity at air/tissue interfaces,
gradient non-linearity and chemical shift. Using a body-adapted mould, significant
improvement of image quality has been obtained by decreasing the magnetic
susceptibilily at the air/body interface boundary of an animal [27]. However, this
correction is not perfect, and may explain the non-optimal correlation (R=0.84)
between the tumour volumes determined by the calliper method with those measured
on the MRI GE-EPI-images, with the former being the most secure volume approach,
The low SNR is compensated by repeated measurements and analysis using statistical
methods.

Studies on fMRI of tumours published until now used single slice GRE
sequences at high field strength [e.g. 19-21]. The in-plane spatial resolution and SNR
during these experiments is better than what can be obtained with the GE -EPI
technique that we describe. Applying the GRE technique, however, we could not
visualize an effect of carbogen inhalation as attempted in at least 5 tumour bearing

rats, wheras GE-EPI images did show a response in all the tumours that were analysed

An obvious limitation of GRE images is that the single section may not be
representative for the entire tumour. EPI sequences allow however to examine the
entire body/tumour in a multi-slice fashion, and may therefore provide a more
comprehensive evaluation of the tumour response to carbogen breathing, The limited
spatial resolution of GE-EPI introduces a problem of signal averaging within each
voxel, and thus a very detailed mapping of tumour oxygenation is not feasible, which
counterbalances somewhat the gain of temporal resolution obtainable with this
imaging procedure. However, every technique used to estimate tumour oxygenation
suffers to some extent from the problem of signal averaging; furthermore, none of the
thus far applied methodologies, including microelectrode measurements, allows
evaluation of the entire tumour.

During the application of the body-adapted mould and the subsequent BOLD
contrast fMRI , the animals were immobilised with an anaesthetic. Possible subtle
effects of the Nembutal® anaethesia on the effectivity of carbogen breathing and
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consequently also on the oxygenation of the s.c. growing rhabdomyosarcomas can not
be excluded. However, no straightforward agreement on such a bias can be deduced
from the literature involving s.c. tumour models. Some blood flow reducing or
hypoxia inducing effect from this anaesthetic has been reported, but it was
insignificant or not at all different from the s.c. tumour condition during physical
restraint without any sedation [31-33). Moreover, all of these published data involved
tumours much smaller than 1 em?®. With our study, the s.c. rhabdomyosarcomas were
much larger at the time of the imaging; and thus inherent to the natural process of
hypoxia development during tumour growth, any slight additional hypoxia from the
use of the pentobarbital likely will become proportionately of lesser influence
anyway. The moulding should not affect the tumour oxygenation condition since it
remains flexible, thus allowing the normal breathing of the animals.

The present fMRI data for rat rhabdomyosarcoma show that when carbogen
was administered to the rats bearing the rhabdomyosarcoma, a rapid change (less than
| minute to reach the maximum) in T;* weighted signal intensity was observed in
most tumours, independent of the tumor size (graphical pixel-by-pixel data-analysis
not shown). With BOLD contrast GE-EPI fMRI, increases in T,* weighted signal
intensity are related to decreases in deoxyhemoglobin, and therefore indicative for
improved oxygenation in the tissue under investigation. Inversely, decreases in T,*
weighted signal intensity are related to increases in deoxyhemoglobin and thus likely
reflective for tissue hypoxia induction. Other research teams investigated oxygenation
changes under different gass breathing conditions in a variety of tumor systems [19-
21]. The carbogen-induced changes of tumour oxygenation published for these other
tumor types with different techniques were, when present, also recorded rapid in time
and to a significant extent.

The second observation in our study was the large intertumour variability as
well as an important intratumour difference in SIC when the rats breathed carbogen.
Separate from the major presence of tumour parts with zero changes, in most tumours
positive signal intensity changes were observed (indicating improved oxygenation).
However, also negative changes in intensity (indicating reduced oxygenation) were
seen both in separate as well as in the same tumours. This was true when analyzing
both the number of responding voxels, and the changes of the signal intensity within
these voxels (AUC).
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The proportion of voxels with zero SIC (see Table 1) should be interpreted as
the simultaneous presence of oxygenated tumour parts and areas of necrosis,
proportionately depending on the tumour size at measurement. A correlation between
the at random distribution/extent of necrosis and the tumour volume in rat
rhabdomyosarcomas has been indicated previously by histopathological evaluation of
hematoxylin-eosin stained sections of tumours of the present size-range investigated
[34]. On the other hand, sufficient hemoglobin saturation with oxygen at the time of
imaging could also explain the absence of a carbogen effect in some tumour parts.
This information correlates with the heterogeneous response to carbogen breathing
seen in our MRI studies (present work) and the GRE-MRI studies of others [e.g. 20-
22]. Already in this perspective of heterogeneity, the possibility to analyse the whole
tumour in a short time is an attractive and necessary feature to quantitate the variable
effects of oxygenation modifying compounds,

The increases in signal intensity observed with MR spectroscopic imaging of
s.c. R3230AC rat mammary adenocarcinomas (volumes of about 0.5 cm?®) have been
discussed as the result of improved blood oxygen concentration and oxygen diffusion
[35]. Such relationships may likely explain the carbogen-induced positive changes in
Tz* weighted BOLD contrast images as measured in the present investigation with
s.c. rat thabdomyosarcomas. Also other studies illustrate that the amelioration of
tumour oxygenation is highly related to the blood pO; increases. With near infrared
spectroscopy, van der Sanden and colleagues demonstrated a clearcut improvement of
the oxyhemoglobin concentration in tumour blood, when the mice breathed carbogen
at any CO; content between | % and 5 % [36). These measurements were performed
on a xenografted human glioma, when tumour size was on average 0.5 cm?’
Obviously, the balance between the rate of oxygen consumption of tumour and
stromal cells and the oxygen diffusion during carbogen application will impact on the
overall analysis outcome. The latter will therefore and in the first place depend on the
tumour type, inplantation site, and its changing general morphology as well as quality
of vascularity during growth.

Furthermore, yet not really surprising, carbogen also induced prominent
negative signal intensity changes in 3 rhabdomyosarcomas, independent of tumour
size. In at least three studies involving GRE-MRI of different tumours, researchers
demonstrated a transient decrease in signal intensity or no response during carbogen
breathing [21,23,37). Also with MRS, such negative as well as positive SIC from
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carbogen inhalation compared to air breathing (control condition) have been seen[19].
These observations strenghten the biological reality of this phenomenon. This
heterogeneity within a single tumour was attributed by Al Hallag and colleagues to an
intratumoral ‘steal effect’ [19]. They suggested that this could be due to redistribution
of blood flow within the tumours. In a patient study, the steal effect seemed the most
obvious explanation for the reduced GRE-MRI signal during the carbogen breathing
as observed in two different tumour types [23]. To our opinion, it could be the result
of the intratumoral change in balance between the vasodilating effect from the CO;
partner and the vasoconstriction effect from the O, partner in the carbogen. It should
be noted that the breathing of 100 % oxygen either had no effect on the oxy- to
deoxyhemoglobin ratio, or reduced the oxyhemoglobin concentration in the tumour
blood circulation as the result of vasoconstriction, as indicated through two different
studies [36,38]. These ‘seemingly conflicting” phenomena may well be the result of a
similar physiological response from the intratumoral vasculature, partly controlled to
a thusfar unknown extent of the microvessel maturity and configuration.

Finally, also with the prolonged air-only condition heterogeneity was
appreciated, with tumours showing some positivity in SIC and others with definite
evidence of negative SIC. The presence of voxels with negative signal intensity
during 8 minutes of air breathing (identical box car function analysis as with the
carbogen response analysis), as seen strongly in 3 rhabdomyosarcoma tumours and
slightly in 3 others, could indicate the occurence of areas with acute-type transient
tumour hypoxia at the time of the MRI multislice measurements. This type of hypoxia
is a relatively well-known physiological behavior that is the result of sequential
opening and closure of tumour microregional vessels [39,40]. These intermittent
changes of the oxygenation status in tumours may thus relate to a transient reduction
in erythrocyte flux, with subsegently alterations in oxygen diffusion and consumption
rate [see for discussion e.g. 41,42]. The time course of transient changes in blood flow
within a rat mammary adenocarcinoma has been documented using Fourier analysis,
and shown to be much stronger present in the tumour as compared with muscle [43].

The overall scenery indicates the appropriateness of imaging the whole tumour
for the translation of oxygenation changes. Other methods appreciated until now as
‘standard’ (such as Eppendorf pO; microelectrode or biopsy-related hypoxia
immunohistochemistry) enable a certain yet limited level of knowledge about the

oxygenation condition in tumours, and only however for those that can be reached.
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The fMRI data obtained with GE-EPI and presented here-in, being non-invasive and
short in time, should permit the study of tumour oxygenation also during the treatment
phase. Several recent small-scaled clinical studies, using either microelectrode pO;
measurements or perfusion MRI, reported the importance to evaluate tumour
characteristics before and during the course of radiochemo- or radiation-only therapy
[e.g. 44-46].

Our initial results with the rat rhabdomyosarcoma tumour model provide good
evidence for the feasibility to image tumour oxygenation using the BOLD fMRI with
GE-EPI operating at 1.5 Tesla. Significant inter- and intratumoral heterogeneity in
changes in T,*, reflecting changes in intratumoral oxygenation status from the
carbogen breathing, were observed. The imaging and analysis methodology enabled
the selection of tumours that reacted favourably (or the opposite) to the carbogen
breathing of the hosts. The fMRI methodology also allowed to indicate the
spontaneous presence of transient hypoxia, as evidenced by the analysis of
intratumoral signal intensity fluctuations that occurred during continuous (8 minutes)
air breathing of the rats. The proposed total body fMRI methodology involving a
clinical applicable magnetic field strength and fast whole tumour screening should

help to select for differential oxygen-improvement related treatments.
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V.1. Introductory notes

Expanded vascularization is a prerequisite for continued growth of solid tumours. This
important biological event seems mainly regulated through the ‘parallel’ development of
hypoxia, in combination with oncogenic transformation and cell survival selection. Both
experimental laboratory and clinical evidence have been supplied for the existence of these
tumour characteristics, globally referred to as a highly specific micro-environment. Many
published data point at the influence of these characteristics on classical therapy and their
association with increased malignancy, metastasis and ultimately prognosis. These include the
development of bio-reductive compounds, selective drug-delivery systems, both vessel- and
hypoxia-specific gene therapy systems, and anti-angiogenesis and vascular targeting. In
parallel, becoming aware of this potential for therapy, researchers aimed to identify the intra-
tumoural vessel network and oxygenation status using biopsy- or microprobe-based

technologies and non-invasive nuclear medicine or radiology imaging.

The broad background of these important tumour micro-environment aspects is
presented in Chapter L1, and sets the scene of the present thesis research.

The investigations were guided by several working hypotheses and questions in
relation to the tumour micro-environment (see Chapter 1.2). Briefly, they related to

(i) Anti-angiogenesis and vascular targeting are two different approaches, for which

the efficacy in general and more specifically the impact of tumour volume was

investigated;

- (ii) Since these treatments on their own were not expected to eradicate the whole
tumour, whatever its size, vascular targeting was combined with radiotherapy or with
anti-angiogenesis;

- (i) The poor intra-tumoural oxygenation condition was previously exploited (by our
research group) to establish an anacrobe bacteria-based therapeutic protein transfer
system. Tumour volume-related quality and safety of this selective transfer system,
and specifically the further improvement of colonization and protein expression from
the combination with vascular targeting, were evaluated:

- (iii1) Finally, based on the potential to modulate the intra-tumoural hypoxic condition,
a fast and whole body functional MR imaging methodology was investigated for its

feasibility to select tumours for a specific oxygenation treatment.
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Assessment of the hypotheses and questions (Chapter IL1 to Chapter 1V.2), and
eventual inter-comparison of the various tumour micro-environment-related research, was
done with the rat rhabdomyosarcoma (R1). This tumour originated in the jaw musculature of
inbred WAG/RIj rats that received a total body irradiation, and has been established in vitro
and in vivo (subcutancous implantation) for radiobiological investigations since three decades
[1, 2]. Cell kinetic measurements showed a cell cycle duration of about 20 hours, and
correspondingly a volume doubling time of 3-5 days [3]. The rhabdomyosarcoma tumour

consists of spindle cells, showing atypia and numerous mitoses (see Figure V.1).

Figure V.1: Representative image (x100) of paraffin-embedded non-treated rhabdomyosarcoma
tissue; haematoxylin/eosin staining.

More detailed description using histology and digital subtraction angiography can be found in
the description of research results of Chapter IL.1 and I1.2.

V.2. Tumour blood vessel-based treatment efficacy in relation with tumour volume

The first part of the present pre-clinical studies elaborated the activity of anti-
angiogenesis (using the fumagillin analogue TNP-470) and vascular targeting (using the
tubulin-interfering combretastatin A-4 phosphate (combreAp)), specifically investigating

effects in a broad range of tumour sizes.
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Although surely not a general rule for all anti-angiogenic compounds, and although growth
delay was definitely longer with small tumours, a transient growth inhibition after repeat
subcutaneous injections of TNP-470 was present with tumours having a volume even up to 7
c¢m? at treatment start (see Chapter IL1). One plausible explanation of this result may be
offered by the relation between the relatively rapid tumour growth and accompanying
angiogenesis. Most if not all anti-angiogenic compounds show activity against very small
tumours (often very much less than 0.5 cm?) only, a growth period during which additional
blood vessel formation may be more important for these tumour types. This possibility has
however been questioned by Beecken and colleagues, demonstrating about equal effectivity in
both poorly vascularized and highly vascularized human bladder carcinoma cell lines growing
in severe combined immune deficient (SCID) mice [4]. TNP-470 has been shown to be a
strong cytostatic agent with both human and rat endothelial cells [5]. Additionally, TNP-470
showed activity in a broad range of tumour types, both primary lesions and metastasis. The
compound was therefore one of the first to enter a clinical phase I trial, and was in several
phase II-11I trials (e g review [6]) Verv recentlv however the dnge has heen withdoawn fom
clinical application. This likely is the consequence of side effects, narrowing the therapeutic
window. Severe skin reactions at the site of the repeated subcutaneous injections were
observed in our rat study, as was a transient drop in the body weight (10-15 %) at the doses
used.

Obviously, drug activity in relation to the tumour type and the site of growth, including
quality and quantity of angiogenesis as well as the phase of the angiogenic cascade with
which the drug interferes, all need attention when comparing various published data-sets. Yet,
based on the volume aspect in our study and taking into account the relatively short doubling
time of rodent tumours including xenografts as compared with the temporal evolution of
human cancer, the lack of important anti-angiogenic activity in clinical studies is not fully

surprising, as very large tumours are involved in human phase [-11 studies.

Opposed to the results with TNP-470 anti-angiogenesis is the intra-tumoural activity
of the vascular targeting compound combreAp. It is our conviction that a distinction should be
made between newly sprouting vessels and the already established yet immature micro-
circulation, Indeed, not only is proliferation and migration of endothelial cells necessary to
expand vasculanization, but of equal importance is the perfect establishment of the endothelial
cell eytoskeleton for adequate function within the blood vessel wall. This charactenstic

(together with the necessity of support cells such as penicytes) could make the difference in
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response 10 agents that specifically target endothelium, as during tumour growth more vessels
become established and thus dividing endothelial cells are not exclusively the vulnerable
element. Using digital subtraction angiography we were able to visualize the acute and
dramatic reduction in the intra-tumoural vascular network evolving in a short time after
combreAp treatment. The parallel process of necrosis formation in about the total tumour
volume confirmed the idea to kill tumour cells indirectly by cutting off the supply of
proliferation nutrients (see Chapter I1.2). More severe overall intra-tumoural changes from
the use of a single intra-peritoneal combreAp injection were anticipated in our studies
involving large rat rhabdomyosarcoma tumours as compared to small ones. It does however
seem that the effectivity of combreAp differs somewhat among tumour types, with for
example the mouse KHT sarcoma [7] and the WAG/Rij rat rhabdomyosarcoma (present thesis
research) showing more intra-tumoural damage than the mouse C3H mammary carcinoma [8]
or the rat BT4An glioma [9].

Notwithstanding the presence or absence of a difference in morphological outcome, a very
important observation with the WAG/Rij rat rhabdomyosarcoma was a clear-cut ‘inverse’
effectivity of combreAp as compared with the tumour volume-dependent efficacy obtained in

general, as well as with the same tumour model, with radiotherapy (see Figure V.2, A versus

B) or chemotherapy.
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Indeed with larger tumors (>6 cm® a much stronger effect in terms of growth delay was
measured, including some regression shortly after the combreAp treatment (see Chapter I1.2,
Figure 11.2.1), whereas with the very small tumours no significant growth delay was present.
Absence of clear-cut growth delays was also observed with the different rodent tumour
studies published until now (always involving volumes less than 1 cm?). A similar finding of
tumour volume-related increase in combreAp efficacy has been presented by D.W. Siemann
(invited lecture, ESTRO workshop on The Biology of Radiation Oncology, June 2001,
Fulgst, Denmark) using the KHT mouse sarcoma model. In this study, 2-3 logs less cell
survival was measured with tumours of 1.5-2 g than with those of only 0.1-0.5 g following a
single intraperitoneal injection with combreAp. Our results, and likely those with the KHT
sarcoma, strongly suggests a relationship between combreAp activity and the quantity of ill-
formed blood vessels established in the larger tumours as compared with the smaller ones.
The importance of deficient blood vessel maturation during the establishment of a functional
intra-tumoural vascularity has been nicely documented by Benjamin and colleagues [10]and
Morikawa and colleagues [11). These data, demonstrating the control of tumour blood vessel
sprouting and maturation through the complex involvement of pericytes, vascular endothelial
growth factor and angiopoietins, may help to explain the selectivity of vascular targeting with
combreAp and analogues. The information certainly invites further research to exploit the
difference between normal host vasculature and the aberrant tumour vessels, a difference that
may allow improved anti-cancer therapies.

Of equal potential to explain the ‘inverse’ tumour size-related effect could be the growing
imbalance of viable hypoxic tumour cells in regions with ill-formed vasculature, a fraction
that becomes proportionately larger with increase in tumour size, compared with well-
oxygenated cells in regions with mature blood vessels. Adding to this explanation is the fact
that the combreAp activity not only is directed at endothelium, but seemingly also exerts a
cytostatic activity towards tumour cells (12, 13). This has recently been further investigated
and clearly demonstrated by us (Angiogenesis Laboratory, Univ. Hosp. Maastricht) with in
vitro research involving various human tumour cell lines as well as the RI
rhabdomyosarcoma cells [14]. In fact, using the *H-thymidine incorporation assay, the anti-
proliferative activity of combreAp was 20-30 times stronger in the human breast (HsS78T)
and colon carcinoma (LS174T) cell lines as compared with human umbilical vein endothelial
cells. A similar difference of sensitivity was measured in favour of the R1 rhabdomyosarcoma

cells as compared with rat heart endothelial cells in these investigations.
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Though indications for an anti-angiogenic activity were present in some published research
papers on combreAp vascular targeting, we provided direct evidence that such a component
plays a role in the overall anti-tumour activity [14]. Indeed, not only inhibition of endothelial
cell migration (HUVEC) but also reduced sprouting (BCE) was measured after combreAp
application at drug doses that did not interfere with the cell growth (no inhibition of the
proliferative activity). Yet, should this activity be most important, the small-sized
rhabdomyosarcoma tumours would show a significant growth delay, as was observed with the
larger tumours (differential staining of newly formed vessels versus all blood vessels can help
to further clarify this item). This deduction is also based on the TNP-470 results, where
important growth delays were measured for small rhabdomyosarcoma tumours; yet, we
should bear in mind that a different anti-angiogenic pathway is involved (combreAp
interfering  with the tubulin polymerisation, while TNP-470 inhibits methionyl
aminopeptidase-2 activity), and drug-scheduling for both agents was different as well.

Elevated interstitial fluid pressure (IFP) is a known obstacle for the effective drug delivery in
solid tumours. The importance to investigate IFP is further highlighted by a recent publication
from Milosevic and colleagues, which illustrates that IFP may serve as a significant
independent prognostic factor in cervix cancer patients [15]. Part of the research recently
published by Eikesdal and colleagues [16], using the subcutancous implanted BT4An rat
glioma, was to assess whether and how the IFP was affected by combreAp and whether such
information could add to the understanding of the differential efficacy of the drug in large
versus small tumours. Our underlying hypothesis was the occurrence of a strong IFP
reduction by virtue of the fact that combreAp induces intra-tumoural vascular collapse and
vessel number decrease. However, independent of tumour size (range 3-19 em?®), no effect
from a single combreAp treatment on the IFP was measured in this rat glioma tumour model.
This could eventually reflect the following: the combreAp-induced vascular damage,
including vessel permeability changes, could improve diffusion of drug into tumour tissues,
which however is counter-balanced by a ‘renewed’ increase of the IFP from increased vessel
leakage. The lack of IFP changes may be explained on the basis of a lesser efficacy of
combreAp in the rat glioma (see [9]); however, in the referred study only very small tumours
were analysed. At some point of this complex pattern of changes in IFP, it may be of interest
to think of self-trapping of combreAp in larger tumours. An extended presence of low doses
of combreAp could be more endothelial as well as tumour cell cytostatic than a brief exposure
(evidence for the latter can be found through published in vitro results). More extensive

evaluation in different tumour models including eventually rat rhabdomyosarcoma, is for sure
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necessary to enable a conclusion about the impact of IFP changes on the overall tumou
response after combreAp treatments. The importance of such studies is accentuated b
ongoing studies on combinations with chemotherapeutic drugs.
The discovery of several mechanisms firmly associated with the tumour-selective bloo
vessel targeting capacity (in the first place), has evolved into small scale clinical researct
Currently a limited number of phase I-IB clinical studies in the United States and the Unite
Kingdom examine the impact of combreAp on tumour physiology as well as geners
compliance and normal organ function. Reports at scientific meetings have provided som
encouraging data about the tumour-selective vascular-mediated effects for various tumou
types and locations, specifically involving dynamic magnetic resonance imaging of tumou
perfusion (Rustin G. et al, proceedings of the first International Conference on Translations
Research, 2001, Lugano, Switzerland). Very recently, data about these clinical phase I studie
have been published, indicating the potent efficacy of repeated cycles of combreAp in th
treatment of patients with advanced cancer at doses which did not induce limiting acute sid
-effecte 1170 .The pprroaches Lused  dn exalunts .dnmoarr waod wonmme! wtisses coffecd < fsar
combreAp treatments indicate vascularity-related anti-tumour activity at doses that do not
induce systemic toxicity.
Taking into account the substantial efficacy demonstrated in our (and others) pre-clinical
research, as well as the small scale clinical study, and with the necessary caution in mind, the
use of such a vascular targeting agent may be beneficial in the first place to de-bulk large
tumours. Secondly, vascular targeting may help to improve overall outcome when combined
with specifically selected treatment strategies, such as a triple combination using irradiation
and either chemotherapy or a hypoxia-based therapy.
The fact that combreAp induces a strong anti-tumour effect at doses below the MTD,
generated the search for novel agents with stronger anti-tumour activity. One example is the
tubulin-binding agent ZD6126, for which recent data show major selective tumour vascular
damage with subsequent hemorrhagic necrosis in both primary and metastatic mouse tumour
models, using either a single or repeat injections [18, 19]. However, to which extent the
application of this compound results in a broader therapeutic window when compared with
combreAp or AC-7700 remains to be firmly documented.
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V.3. CombreAp vascular targeting combined with different anti-cancer treatments

Following the single combreAp injection, after which only a peripheral viable rim of
cells remained, tumours either continued to grow (small sized ones) or re-grew after a certain
time delay (large rhabdomyosarcomas). This was documented with histological analysis for
large tumours as peripheral thickenings or nodular outgrowths. With the small
rhabdomyosarcomas however, the continuing growth was translated as a broad expansion of
the peripheral viable rim. Treatment with a second combreAp injection of these small or large
tumours at a selected stage of (re)-growth, resulted in an additional growth delay, however
without eradication (see Chapter IL2). The failure to fully destroy the tumour, even after a
double combreAp treatment, requires this vascular targeting treatment to be combined with
other anti-cancer therapies such as radiotherapy.

Since the tumour consists not only of hypoxic tumour cells but at least also of oxygenated
proliferating cells, it is obvious to combine radiotherapy with combreAp. The hypothesis is
that irradiation given first would kill the oxygenated cells, leaving the hypoxic cells to die as
the consequence of vascular targeting induced vessel collapse (see Chapter H1.1.1). Our data
support this elegant idea, as they show an increased growth delay with the rat
rhabdomyosarcoma tumour model. Interestingly, these results demonstrate that again the
additional anti-tumour effect was more pronounced with large tumours than with the small
ones. When combreAp was given before or simultancous with irradiation, no additional
growth delay was observed ; this may be explained on the basis of an increase in the hypoxic
micro-environment and thus a larger radioresistant cell population. Others have published
similar findings (no enhanced efficacy when combreAp was given before irradiation) with for
example a subcutaneous mouse mammary carcinoma [20), Yet, the proposed theory does not
seem to fit the overall response of all wmour types. For example with the mouse KHT
sarcoma tumour model also an enhanced efficacy (reduced tumour cell surviving fraction)
was seen when combreAp was given before or simultaneous with a single irradiation [7, 20).
These opposing data are difficult to explain unless we assume an important interplay from
intermittent acute hypoxia.

When combinations of cytotoxic or cytostatic compounds with ionising radiation are tested
for their efficacy, it is usual to consider the presence of a broader therapeutic window as
compared with either agent given alone. The published data from Murata and colleagues

demonstrate the absence of any increase in radiation-induced acute mouse skin damage



178 Chapter V

following the combination with combreAp [20]. To further evaluate the important issue of
potential increases of radiation-induced normal tissue damage when combreAp is
administered in combination with irradiation, we used a mouse gastro-intestinal model. The
novel non-invasive methodology that was applied in our experiments specifically assesses the
small bowel injury reflected by a reduction of citrulline concentration in plasma, thus offering
an estimate of the intensity of induced functional damage (Lutgens L et al, proceedings
ESTRO meeting, September 2000, Istanbul, Turkey; and [21]). Citrulline is a nitrogen end-
product of glutamine metabolism in small bowel mucosa. Combining a single injection of
combreAp with total body irradiation at doses from 2 Gy up to 12 Gy did not change the
plasma citrulline concentration as compared with the measurements for irradiation only (see

Figure V.3).

Plasma Citrulline concentration
intervention: 100 mg/kg CombreAp

Combretastatine

1
Raq = 0,4746

= o
Raq = 0,6393

. Total Population
o Raq = 0,5123

0 2 M 6 8 10 12 14
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Figure V.3: Data illustrating the lack of a major change in gastro-intestinal damage, measured by the
citrulline concentration in plasma, in mice treated with total body irradiation without (0) or with (1)
combreAp.

Within the limitations of the selected dosing, sequence and time interval as used in the present
investigation, there seems to be a therapeutic gain, specifically when large tumours are
considered for such a combination (Landuyt W er al, proceedings ESTRO workshop on
Biology of Radiation Oncology, June 2001, Fulgsd, Denmark). However, in view of the

recently published data on the endothelial cell-involvement with early occuring irradiation
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effects in normal mouse intestine [22] and accepting that radiation-damaged normal
endothelial cells may become vulnerable for combreAp activity, further research certainly is
necessary to determine the most favourable treatment criteria in such combinations, including
late effect evaluation. Radiation-induced damage to endothelial cells at clinically relevant
doses was demonstrated as early as the 1980’s, and the impact of a vascular component in the
development of late treatment complications in normal tissues co-determines the therapeutic

window.

Our studies combining TNP-470 with combreAp were based on the hypothesis that the
further expansion (observed with small tumours) or the re-growth (with larger tumours) after
the combreAp treatments should be accompanied by renewed angiogenesis (see Chapter
I11.1.2). The fact that no significant additional growth delay has been observed when TNP-
470 was administered during the period of tumour growth could possibly be explained by
cither an insufficient delivery of the anti-angiogenic drug and/or by a too short duration of
TNP-470 application. This contrasts the combination of repeated TNP-470 intraperitoneal
injections with hypericin-based photodynamic therapy (PDT), which resulted in a
significantly longer growth delay of the murine RIF-1 fibrosarcoma tumour when comparing
with the result of either agent alone [23]. Ongoing dedicated studies on differential expression
of genes in tumour versus normal endothelial cells [24] will certainly aid in defining more
efficient combination therapies, for example involving agents interfering with the
extracellular matrix modeling process. For sure, also the combination of vascular targeting
with agents that interfere with endothelial cell growth simultaneously through several

pathways, such as the recently developed anginex [25] deserves further exploration.

Experiments investigating the use of combreAp to further advance the novel anacrobe
bacteria-based therapeutic protein transfer to the tumour micro-environment showed a clear-
cut beneficial outcome (see Chapter IIL2). The introduction of the vascular targeting
compound was based on the finding of an increase in anoxia and necrosis. This condition
should hypothetically favour the Clostridium growth and subsequently the expression of the
transferred therapeutical protein in the tumour micro-environment. A first part of our rescarch
dealt with the evaluation of improving the tumour colonisation with apathogenic anacrobe
clostridia (specifically in tumours less than 3 cm?). These small tumours were poorly or not at

all colonised with bacteria following spore administration only. CombreAp was injected 4
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hours after the systemic administration of Clostridium spores, then yielding a bacterial
colonisation level almost equal to the one observed with large tumours. The difference m
bacterial colonisation between combreAp-treated and non-treated tumours was highly
significant, even for tumours much smaller than | cm? (p < 0.0001). Of equal importance m
those experiments were the results that indicated absence of Clostridium-specific antibodies
in serum of the treated tumour-bearing rats. The lack of induced immune response allows
repeated administration with similar colonization, even if a clinical reason necessitates an
intermittent arrest of the bacterial application,

The second series of investigations was carried out to define, separately from the colonisation,
the potential improvement of the intra-tumoural expression of the stable therapeutic cDNA
construct from the use of a single combreAp treatment. These experiments involved the E
coli-cytosine deaminase (CDase). This enzyme converts the non-toxic prodrug -
Fluorocytosine (5-FC) to the cytotoxic 5-Fluorouracil (5-FU), cloned in-frame with the
clostripain promoter into a E. coli/C. acetobutylicum shuttle vector. The results clearly
indicate stability of the plasmmid as well as expression of CDase in afl the combreAp-treated
tumours. A significantly improved intra-tumoural conversion efficiency of 5-FC to 5-FU was
measured (thin layer chromatography), as compared to tumours not treated with combreAp.
As expected, based on previous research of our group [26]. no proliferating bacteria nor 5-FU
were detectable in normal tissues of the combination-treated tumour-bearing rats. Further
indication for the in vivo anti-tumoural efficacy from this novel combination strategy has been
offered by Liu and colleagues [27]. In their study using a mouse squamous cell carcinoma, a
stronger growth delay was measured with the C. sporogenes CDase-5-FC system as compared
with daily systemic 5-FU injection at MTD for 5 days. Combining a vascular targeting
compound with the bacterial enzyme-prodrug system may, apart from the advantages
presented and discussed in the thesis research (Chapter I11.2), improve the anti-tumour
efficacy of the 5-FU. Grosios and colleagues [28] indeed demonstrated the enhanced anti-
tumour effect in a mouse colon adenocarcinoma from the combination of combreAp with
systemic 5-FU treatment.

Our data and the results of research colleagues from the Stanford University School of
Medicine (USA) taken together demonstrate the potential of the novel anti-cancer strategy.
likely to gain benefit from combination with radiotherapy. Indeed, (i) the chemotherapeutic
compound 5-FU is known to ‘sensitize’ cells for improved ionising radiation efficacy. as
demonstrated in many publications (e.g. review [29]). Furthermore, because 5-FU has a high

diffusion capacity and because continuous infusion is shown to be the most effective delivery
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system, the anaerobe bacteria-based CDase-5-FC treatment strategy with 5-FU production
selectively in the tumour micro-environment should permit a beneficial therapeutic window;
and (ii) the use of a radiation-inducible promotor of the highly conserved SOS-repair system
of E. coli (e.g. recA gene) further enhances the tumour-selectivity of these anaerobe
recombinant bacteria (e.g. [30, 31]). Indeed, this should limit the expression of a therapeutic
protein only within the defined, irradiated, tumour volume and in a time-dependent way. This
procedure should moreover result in reduced or absent normal tissue reactions which are seen
with the classical combination of systemically given 5-FU with radiotherapy.

Other developments in the bacteria-based transfer of therapeutic proteins are offered by the
use of e.g. Bifidobacterium longum [32] or attenuated Salmeonella Typhimurium, engineered
to express CDase in the tumour micro-environment (e.g. [33]). High tumour to normal tissue
ratios were observed in their pre-clinical investigations with mice and large animals, as well
as in our rat study [34]. Our study moreover indicates that an optimal ‘therapeutic bacteria
dose’ can be defined and that the tumour-colonizing recombinant Salmonella (VNP20047)
produced 5-FU selectively in the tumours and not in any normal tissues. These data, together
with published results from combining X-ray irradiation (5-15 Gy single dose) with
attenuated Salmonella (VNP20009), non-recombinant for CDase, thus indicate the potential
gain that may be obtained from the combination of recombinant bacteria and irradiation [35].
Even more so in the attenuated Salmonella setting, the introduction of a radiation-inducible
promoter will advance the spatial control and allow the temporal switch for therapeutic

protein expression.

V.4. Non-invasive imaging of intra-tumoural oxygenation

Hypoxia- and blood vessel-related treatments necessitate a firm knowledge of (i) the
tumour micro-environment, (ii) the potential modulation of these parameters and (iii) the
temporal follow-up of induced changes. The modulation of the intra-tumoural oxygen tension
when applying for example either carbogen breathing or recombinant EPO administration,
does increase the sensitivity of tumour cells to e.g. radiotherapy, but not equally with all
tumours. The end-result of individual tumour screening should therefore enable tailored
therapy combinations, and a reduction of the chances of treatment failure, while also avoiding

unnecessary addition of treatment.
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It is well known that heterogeneity of oxygenation is present in all tumour types. Evidenc
has been provided using for example the Eppendorf polarographic needle electrodes u
measure pO; or antibody-based staining of hypoxic cells in pre-clinical and patient studies
These studies also indicated that unfortunately the heterogeneity was also often strongl’
present within the individual tumours, whatever the type or the site of growth. Thi
heterogeneity has also been observed in the subcutaneous implanted rat rhabdomyosarcom!
using immunohistochemical staining and fibre-optic microprobe pO; measurements (Oxylite
Oxford Optronix,UK). A global and fast picture may allow a more optimal tumou
stratification for such individualized treatment. Functional MRI using the BOLP
methodology provides a complete non-invasive screening with both spatial and tempord
tumour physiology information.

The application of EPI sequences in T;*-weighted functional MRI allows us to examine th
entire tumour and body in a multi-slice way, and thus provides a comprehensive evaluation ¢

responses o external stimuli. However, the optimal balance between spatial and tempord
resoluton remains a delcate iem wnen using e [r7=-welgiied inaging in cri. .)pauai

resolution is reduced by geometric distortion and susceptibility artefacts related to the air-
tissue interface. We demonstrated that a practical and rapid mold technique, using a fast
setting alginate, objectively reduced these problems (see Chapter IV.1). Indeed, improved
Ty*-weighted image quality and delineation of anatomical structures under investigation was
obvious. Separately from the rat tumour study, the objective improvement of image quality
was also seen in the larger-animal study of brain function after external stimuli, a result that
indicates its broader applicability in this radiological analysis.

Subsequently, the results of a separate series of experiments using BOLD fMRI with GE-EPI
(TE39) operating at 1.5 Tesla (see Chapter IV.2), and incorporating the mold technique,
provided good evidence for the feasibility to image tumour oxygenation changes from
carbogen breathing of the host. Changes in intensity of the T2* weighted images were very
rapidly seen after the start of the carbogen breathing. The data indicate that the quantity of
hypoxia modulation was not dependent on the tumour size; inter-, but also intra-tumoural
variability was found. An additional advantage of our method is the possibility to detect
paradoxical responses to carbogen breathing instantaneously within an individual tumour. The
combined analysis of the tumour volume showing intensity changes (voxel number) together
with the change in intensity within the responding voxels allowed the selection of those

tumours that significantly reacted favourably.
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Our functional MR measurements involved a clinical apparatus (1.5 T) and therefore the
present application can be considered feasible in terms of patient translation. The BOLD MR
methodology has very recently been demonstrated to be a valuable tool to study tumour
oxygenation status and modulation in a patient group which involved different tumour types
and sites of growth [36]. Though this was a single slice evaluation using T;*-weighted
gradient-echo imaging on a 1.9 Tesla scanner, the data also indicated inter-tumour variability
of carbogen response even for tumours of the same type and similar location. Some tumours
showed a high signal intensity change, while for others this was very small. Similar
observations were made in pre-clinical rodent tumour models by the same research group as
well as other teams using the gradient-echo single slice MR technique.

Not unimportantly, the recent introduction of stronger magnetic fields (well above 2 T) in
clinical radiology may broaden the applicability of the fast whole body BOLD fMRI. Indeed,
their use should improve resolution (smaller voxel and increased signal-to-noise performance)
and thus the modelling of physiological oxygenation changes.

Since the methodology is completely non-invasive, changes can be evaluated in time. This is
very important, as some recently published small-scale clinical studies using dynamic MRI
indicated the necessity to evaluate tumour micro-environment before and during the course of
treatment.

Temporal information in addition to established parameters of tumour response may, whilst

gaining prediction of the result of the ongoing treatment, ultimately guide treatment.

V.5, Perspectives

Treatment resistance is, apart from intrinsic cellular characteristics, to an important extent due
1o the physiologic and biochemical heterogeneity within tumours. Presently, strong interest in
morphological and functional parameters that define the difference between tumour and
normal tissue vasculature and its relationship with the oxygenation status of tumours evolves
into the use of this information for treatment selection and prognosis evaluation.

Throughout the discussion parts of the present thesis research, the potential benefit from using
the proposed novel approaches in clinical oncology has been indicated. It is at the same time
however realized that several shortcomings still remain to be resolved to optimize such

strategies. Also research about the complementary information on tumour oxygenation and its
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relation with the vascularity, which can be gained by using different invasive and non-
invasive techniques, needs much more in-depth documentation for various tumour types.

The pre-clinical studies demonstrated the disruption of the intra-tumoural blood supply, either
through anti-angiogenesis or vascular targeting methodologies, which significantly resulted in
tumour cell loss. It was clearly shown in the present thesis research that the combreAp
vascular targeting activity was stronger against larger rat rhabdomyosarcoma tumours as
compared with small ones. Although this very interesting aspect (the reverse efficacy as
observed with for example radiotherapy) has been reported to some extent with the mouse
KHT sarcoma model by D.W. Siemann (invited lecture, ESTRO Radiobiology Workshop,
June 2001, Fulgst, Denmark), more information is necessary to explain and to firmly
establish this characteristic with other tumour models. Already, the issue of large tumours
being attractive for the combreAp vascular targeting activity can be deduced to some extent
from the phase | study, data that have been reported very recently [17]. The knowledge about
tumour size involvement in vascular targeting treatment will become even more important
when combination therapies are introduced.

Combining the tubulin-interfering compounds such as combreAp, which are active at doses
below MTD, with radio- or chemotherapy or anti-angiogenesis seems promising. But this
aspect needs more pre-clinical elaboration before such strategies can safely enter clinical
trials. Published results and data offered by the present thesis research indicate an increased
anti-tumour effect with single dose combinations. Based on these results, the combination of
vascular targeting with ionizing radiation, both fractionated and at clinically relevant doses,
can provide a broader therapeutic window but only when the appropriate scheduling is used.
The latter has to delicately take into account the different changes in oxygenation resulting
from both treatments in order to avoid a reduced efficacy of either agent. The fact that such
fractionation combinations can be advantageous towards tumour cell death has been indicated
very recently by a mouse KHT sarcoma study of Siemann and Rojiani [18]. Injecting the
novel vascular targeting compound ZD6126 twice during a 10-fraction radiation treatment,
the authors measured a significantly increased growth delay (with very small tumours at
treatment start) as compared with ionising radiation only. Again, such an improvement may
be tumour type dependent, as it may relate to differences in oxygenation changes during
radiotherapy. Indeed, we did not find a change in the radiation-induced growth delay of the
small rat rhabdomyosarcoma when fractionated radiation treatment was combined with the
vascular targeting combreAp (abstract 354, proceedings ESTRO meeting, Istanbul, September
2000). The increase in local tumour control from the combined combreAp and fractionated
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irradiation had borderline significance in comparison with radiotherapy alone in the C3H
mouse mammary carcinoma study of Murata and colleagues (abstract 353, proceedings
ESTRO meeting, Istanbul, September 2000).

Furthermore the combination of blood vessel targeting modalities with the classical therapies
necessitates the study of normal tissue responses (c¢fr. supra: general discussion). The
involvement of blood vessel damage induced by ionizing radiation has been well recognized
to play a major role in the development of consequential as well as late occurring normal
tissue defects. The recently published data on intestinal crypt damage in mice demonstrate the
involvement of radiation-induced endothelial lesions also in the evolution of this acute dose-
limiting side effect [22]. Absence of an increased radiation-induced acute (e.g. gut) and late
(e.g. lung) normal tissue effect has been suggested by us (¢fr. supra Chapter V) and by
Horsman and colleagues (presentation at ESTRO meeting, Prague, September 2002). Yet,
these studies involved single dose treatments only, as well as a single time interval between
both agents. Therefore, results from experiments including fractionation and prolonged drug
use, including different sequencing, are of major importance for safety and eventual
establishment of the therapeutic window. Of interest in this context are the results published
by Park and colleagues, describing the increased mitogen activated protein kinase-dependent
VEGF expression in glioblastoma cells but also in primary astrocytes and this following
exposure to a radiation dose of 2 Gy [37]. The understanding of gene expression changes that
occur after irradiation, such as VEGF, will further improve the combined use of radiotherapy
with either vascular targeting or anti-angiogenesis or even the triple combination.

An additional hypothesis that deserves stringent research is the combination of vascular
targeting with bioreductive compounds. The latter may indeed kill tumour cells in transient
hypoxic condition that is induced by the vascular targeting activity. Although normal tissue
toxicity could limit the applicability, as reported by Lash and colleagues [38] when however
DMXAA was combined with various bioreductive drugs, the type of combination remains
attractive and should be examined with the tubulin-interfering systemically less toxic
compounds such as combreAp. Such a treatment may circumvent the reduced efficacy of
classical therapies that is the result of hypoxia-related resistance and changes to a more
malignant phenotype (the latter problems are nicely reviewed by e.g. [39]).

As indicated in the general discussion, several directions to improve the bacteria-based
therapeutic gene transfer need experimental evidence. One of these involves the non-invasive
assessment of the intra-tumoural expression of the transferred active protein. Regarding the

CDase-5-FC strategy, the non-invasive '*F MRS is the most attractive methodology. The
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potential utility has already been demonstrated in other treatment conditions both in vitro and
in vivo; for instance to measure the 5-FU metabolism following the systemic injection of the
chemotherapeutic drug, or to evaluate the conversion of 5-FC to 5-FU by the CDase (e.g. [40-
42]). The parallel evaluation of the 5-FC conversion and the growth changes in tumour
bearing rodents is under investigation by us.

Due to the ongoing development of tumour vessel-based therapies and due to the need for
non-invasive screening of individual tumours before, during and after any therapy, the
refinement of functional and contrast-based dynamic MRI and PET is a pre-requisite in
oncology. Specifically the evaluation of the complementary information that may be gained
on tumour micro-environmental characteristics and their modulation when using different
methods of analysis will enable treatment guidance and reduce the chances of failure. This
could be possible by relating for example the oxygenation and metabolic condition with the
vascular function and with the proliferation characteristics for an individual tumour and for
different tumour types. These aspects have been indicated to some extent in the literature, as
well regarding the lumowr micro-envicanment (e.g. (43-43]) as in refatonship with the MRI
evaluation of vascular targeting effects [46, 47]. The bottom line: a close-to-ideal concept for
the future planning is to further evaluate the efficacy of novel anti-tumour strategies using

stringently documented and complementary non-invasive imaging methodologies.
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Samenvatting

De intense celdelingsactiviteit inherent aan de groei van tumoren noodzaakt een
afdoende en constante beschikbaarheid van voedingsstoffen en zuurstof. Initieel zorgen
gecoopteerde en nabijgelegen vaatstructuren voor deze aanvoer, maar al snel ontstaat een on-
evenwicht met de tumoruitbreiding wat resulteert in hypoxische regio's. Via de productie van
hypoxie-gemedieerde angiogene factoren wordt de ontwikkeling van nieuwe bloedvaten uit
de bestaande vasculatuur geinduceerd. Op deze wijze kunnen tumorcellen overleven en kan
het proces van celproliferatie voortgaan of hervatten. Juist deze verschillende belangrijke
stappen in de vicieuse cirkel van lokale tumorexpansie zijn het aanknopingspunt voor nieuwe
methoden in behandeling en diagnose van vaste tumoren.

Ook het onderzockswerk beschreven in de voorliggende thesis relateerd gebruikt
karakteristicken van de tumorale micro-omgeving voor het testen van gerichte therapie en

diagnose,

In hoofdstuk L1 worden specificke parameters van de tumorale micro-omgeving
gedefinieerd.

In de eerste plaats en voormamelijk in relatie met het gepresenteerde onderzoek, zijn een
aantal aspecten van tumorale vaat-gerichte behandelingen in het kort geschetst. Steunend op
de tot hiertoe gekende actiemechanismen wordt onderscheid gemaakt tussen ‘anti-
angiogenese’ en  ‘vascular targeting’. Produkten met anti-angiogene eigenschappen
verhinderen de vorming van nieuwe bloedvaten, terwijl vascular targeting stoffen selectief de
bestaande, slecht ontwikkelde, intra-tumorale bloedvaten beschadigen en vernietigen.

Naast de enkelvoudige tumorbehandeling met zulk een produki, wordi de potentiéle
verruiming van het therapeutisch venster via een combinatic met een klassicke
behandelingsmethode (bijvoorbeeld radiotherapie) in het kort besproken.

Verder wordt het belang en het evalueren van hypoxie in vaste tumoren uitgelegd in functie
van tumor evolutie en behandeling. Vooral wordt aandacht besteed aan invasieve versus niet-
invasieve methoden om hypoxie in kaart te brengen.

Aansluitend worden de belangrijkste behandelingsmogelijkheden gericht op de intra-tumorale
hypoxie. zoals het toedienen van bioreductieve produkten, bondig voorgesteld. Specifiek
wordt de achtergrond voor het gebruik van anaerobe apathogene clostridia als transfersysteem

van een therapeutisch proteine naar de tumorale micro-omgeving uitgelegd. Tevens wordt de
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mogelijkheid van hypoxie modulatie door gebruik van bijvoorbeeld een zuurstofrijk gas of
een vasodilatator belicht.

Tot slot worden in hoofdstuk L2 de doelstellingen met inhoudelijke hypothesen voor het

thesisonderzoek geschetst.

Hoofdstuk II beschrijft de resultaten van in vive experimenten enerzijds met de
angiogenese-inhibitor TNP-470 en anderzijds met de vascular targeting stof combretastatin A-
4 fosfaat. Ondermeer omwille van het verschil in specifieke actie voor beide bloedvat-gerichte
behandelingen is het zeer belangrijk hun effecten in tumoren van verschillende grootte te
onderzoeken.Voor dit onderzoek werd de syngene WAG/RIj rat rhabdomyosarcoma tumor
(R1 cellijn) gebruikt, waarbij longitudinaal voor de verschillende experimenten een
onderhuidse inplanting van 1 mm? stukje weefsel in de abdominale flank gebeurde. Tumor
volumina variérend tussen 0.1 ¢cm® en meer dan 20 c¢cm® werden beoogd, en als volgt

ingedeeld: <1 ¢m? (zeer klein), 1-3 em? (klein), 3-7 (medium), 7-14 ¢m? (groot) en >14 cm?
(zeer groot).

Een significante groeivertraging (p< 0.01) werd gemeten na het onderhuids toedienen (om de
twee dagen, 5x) van de maximum tolereerbare dosis TNP-470 bij tumoren kleiner dan 7 cm?
(hoofdstuk IL.1). Er was geen verschil in groeivertraging voor de kleine tumoren tegenover
de medium groep. Bij de tumoren groter dan 7 ¢cm® werd een groeivertraging slechis
vastgesteld wanneer de TNP-470 dosering gepaard ging met een ernstige lokale huidlaesie op
de plaats van de onderhuidse inspuiting alsmede systemische toxiciteit onder de vorm van een
blijvend gewichtsverlies van ruim 15 %. Een lagere dosering minder frequent gegeven
(minimale en transiente toxiciteit), induceerde groeivertraging enkel bij rhabdomyosarcoma
tumoren kleiner dan 7 cm?. Rechtstreeks vergelijk met gepubliceerde resultaten en dus met
andere in vivo tumor modellen is niet mogelijk, aangezien deze pre-klinische studies enkel bij
tumoren kleiner dan 1 cm? werden uitgevoerd. TNP-470 bleek evenwel in deze studies zeer
aktief te zijn bij zowel primaire tumoren (syngene en humane xenografts) als bij metastasen,
Ook klinische studies (fase I tot III) toonden belangrijke anti-tumorale effecten door
toedienen van TNP-470. Recent werd het klinisch gebruik van deze angiogenese remmer
echter stopgezet, waarschijnlijk omwille van een ongunstige balans tussen intra-tumorale

activiteit en emnstige nevenwerkingen (cfr. supra onze studie).
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In hoofdstuk IL.2 worden de resultaten beschreven van de in vivo experimenten met het
onderhuids groeiend rat rhabdomyosarcoom na behandeling met de vascular targeting stof
combretastatin A-4 fosfaat (combreAp), een intracellulair tubuline-interfererend molecule,
Het toepassen van vascular targeting als anti-kanker behandeling is op zich een gekende
strategie. Vooral hyperthermie, en ook fotodynamische therapie, zijn niet enkel rechtstreeks
tumor celdodend maar zijn tevens gekenmerkt door het aanbrengen van bloedvatschade
Belangrijke berperkingen van deze modaliteiten zijn (i) dat alleen oppervlakkige tumoren (of
intra-operatief bereikbare tumoren) kunnen worden behandeld, en (ii) het afwezig zijn van
selectieve activiteit in het tumorweefsel. Het gebruik van producten die systemisch worden
toegediend en selectief de tumorvaten beschadigen, zoals combreAp, kunnen cen bredere
toepassing kennen.

Na cen éénmalige intraperitoneale inspuiting van combreAp aan 1/3 MTD is een snelle en
sterke vermindering van het aantal bloedvaten zowel histologisch als angiografisch
gedocumenteerd, Deze emstig  vaatschade werd gevolgd door een uitgebreide
necrosevorming, ongeacht het tumorvolume op het ogenblik van de combreAp inspuiting. De
door combreAp aangebrachte intra-tumorale vaatschade en necrose kan best worden
vergeleken met de resultaten na gebruik van tumor necrosis factor alfa (TNFa). Een
belangrijk verschil evenwel is de afwezigheid van systemische toxiciteit bij een combreAp
dosering met toch een sterk anti-tumoraal effect.

Deze stevige combreAp-geinduceerde schade werd echter niet vertaald in een algemene
groeivertraging of regressie van de behandelde tumoren. Bij zeer kleine en kleine tumoren
(<3 cm?) werd geen significante verandering in de groeisnelheid gemeten; de grotere tumoren
(vooral deze >7 cm?) vertoonden een zeer significante groeivertraging (p=0.001). Deze tumor
volume-afhankelijke resultaten zijn precies het omgekeerde van de resultaten na radio- of
chemotherapie. Bij deze laatste behandelingsmodaliteiten zijn grotere tumoren veel slechter of
nict behandelbaar vergeleken met de kleine, en dit vooral door de ontwikkeling van in-
efficiente vasculatuur en daarmee gepaard gaande hypoxie. Het feit dat grotere tumoren
vatbaarder zijn voor combreAp op basis van een belangrijker aantal slecht gevormde
bloedvaten kan een uitleg zijn voor deze omgekeerde resultaten in vergelijking met radio- en
chemotherapie. Mogelijks zijn in grotere tumoren een grotere proportie tumorcellen
athankelijk van elk intra-tumoraal bloedvat, of zijn veranderingen in interstitiéle druk mede
de oorzaak van deze resultaten. Andere veronderstellingen die de volume-respons relate

mede kunnen verklaren zijn gerelateerd aan een hypoxie-gemedicerde verandering van de
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combreAp activiteit of aan een direct cytostatisch effect van de stof voor de tumorale cellen.
Vergelijkingen met literatuurgegevens betreffende tumor groeivertraging of tumorcontrole na
combreAp behandeling zijn niet evident, want in zowat alle bekende studies werden alleen
zeer kleine tumoren onderzocht.

Het gebruik van een dubbele combreAp toediening (met 1 week interval) resulteerde, zij het
minder duidelijk dan bij de éénmalige toediening, eveneens in een tumorvolume-afhankelijke
effect. Grotere tumoren waren ook hier vatbaarder voor combreAp dan kleinere. Een
bijkomende bevinding was dat kleine tumoren dus ook een groeivertraging vertoonden na een

herhalingsbehandeling met een gelijke dosis combreAp.

Hoofdstuk III toont de resultaten van verschillende reeksen experimenten waarbij
combreAp werd gecombineerd met een andere vorm van anti-kanker behandeling,
Zoals duidelijk is uit de gegevens beschreven in hoofdstuk 11.2, induceert combreAp als
monotherapie niet een algemene necrose en is er dus geen tumor eradicatie. Aan de rand van
de rhabdomyosarcoma tumoren bleven een aantal tumorcellen overleven, en is hergroei vanuit

die regio's dan ook logisch.

De combinatie met ioniserende straling is uiteraard de eerste keuze. Dit houdt verband met de
hypothese dat cellen in de buitenste schil van de wmor voldoende van zuurstof en
voedingsmiddelen zijn voorzien, en dus stralingsgevoelig zijn. De resultaten wijzen op een
duidelijk tumor volume-afhankelijk effect (hoofdstuk IIL1): bij grote tumoren (>7 cm?®) werd
een belangrijke bijkomende groeivertraging gemeten in vergelijking met de vrij effectieve
bestraling alleen. Kleinere tumoren (<3 cm?) vertoonden een niet-significante of afwezige
verandering van de groeisnelheid. In al deze experimenten werd de éénmalige bestraling eerst
gegeven, om intra-tumorale inductie van hypoxie door combreAp (en dus stralingsresistentie)
te vermijden. Het gebruik van combreAp vooraf aan de bestraling, of zelfs gelijktijdig

gegeven, leidde niet tot een verlengde groeivertraging

Tijdens de hergroei van de rhabdomyosarcoma tumoren was er een duidelijke toename van
het aantal bloedvaten (vooral perifeer), zoals in beeld gebracht met de digitale subtractie
angiografie techniek (zie hoofdstuk I1.2). Het verhinderen van deze revascularizatic zou
moeten leiden tot een afremming van de tumorgroei. Op basis van deze hypothese werd | dag
na combreAp de angiogenese remmer TNP-470 gedurende | week driemaal oegediend. Deze
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reeks experimenten (hoofdstuk IIL1) wees op een zeer beperkte bijkomende groeivertraging,
ongeacht het tumor volume bij de start van de behandelingen. Mogelijks is de afwezigheid
van een duidelijk effect het gevolg van een nog t€ geringe hergroei van de vasculatuur bij de

meeste tumoren gedurende de eerste week na de combreAp toediening.

De combinatie van combreAp met een nieuwe recent ontwikkelde anti-kanker strategie, met
name het gebruik van anacrobe apathogene clostridia met selectieve transfer van
therapeutische proteinen naar vaste tumoren, werd eveneens onderzocht (hoofdstuk IT1.2.A
en B). Onder andere binnen onze onderzoeksgroep werd dit bacterieel systeem met
Clostridium op punt gesteld voor transfer van het suicide gen cytosine deaminase (CDase) en
het cytokine tumor necrosis factor (TNF) a. Met deze combinatie werd een verbreding van
het bactericel systeem-gerelateerd therapeutisch venster beoogd op basis van intra-tumorale
kolonisatie verbetering. De hypothese was dat combreAp necrose induceert, ook in zeer
kleine tumoren, waardoor de kolonisatie en potentieel ook de proteine expressie wordt
geoptimaliseerd. Daarnaast werd binnen het kader van therapeutische optimalisatie ook
gekeken naar mogelijke in vive toxische effecten. Het gebruik van combreAp resulteerde in
een uitstekende Clostridium kolonisatie van alle tumoren, ook de zeer kleine, equivalent aan
de kolonisatie gemeten in grote tumoren niet behandeld met combreAp. In een parallelle recks
experimenten werd de afwezigheid van een duidelijke immuunreactie aangetoond: niet-
significante Clostridium-specificke antilichaam concentratie in serum van de proefdieren en
geen stijging van de rectale temperatuur. Tevens werd aangetoond dat, indien nodig, de
clostridia kunnen worden verwijderd met een specifiek antibioticum zoals metronidazole. De
verdere evaluatie van een mogelijke winst door het combineren van combreAp met het
anaerobe bacterie transfer systeem gebeurde door het meten van de intratumorale expressie
van het CDase. Dit enzyme zorgt voor de omzetting van het schimmelwerend 5-
Fluorocytosine (5-FC) tot het cytotoxisch S-Fluorouracyl (5-FU). De combinatic van
combreAp met de clostridia recombinant voor het CDase resulteerde in een stabiele en sterk
verbeterde proteine expressie in alle onderzochte tumoren. De CDase expressie was, zoals
geanticipeerd werd, afwezig in al de onderzochte normale weefsels van de met deze

combinatie therapie behandelde tumordragende proefdieren.

Het is nuttig de resultaten bekomen met de bloedvat gerichte behandelingen, al dan
niet in combinatic met een klassieke anti-kanker therapie, in iedere tumor longitudinaal te

kunnen volgen. Het is eveneens noodzakelijk dat een selectie van tumoren kan gebeuren voor
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cen optimaal gebruik van bijvoorbeeld het anacrobe bacterie-gemedieerde therapeutisch
proteine transfer systeem. Een snelle en degelijke selectic van tumoren die potenticel in
aanmerking kunnen komen voor hypoxie-modulerende stoffen zoals hyperoxische gassen en
vasoactieve produkten is eveneens gewenst. In dit kader is het gebruik van een niet-invasieve
sreening techniek zoals magnetische resonantie beeldvorming (MRI), welke zowel snel als
volledig tumor-omvattend is, zeer belangrijk. In hoofdstuk IV wordt een specifieke
toepassing van MRI, gesteund op “blood oxygen level dependent” (BOLD) endogeen
contrast, voor het evalueren van tumor hypoxie en de modulatie hiervan met carbogeengas
(95 % 0z + 5 % CO;) onderzocht. Dit onderzock gebeurde met een in de klinische radiologie

gebruikt apparaat, een totaal lichaam 1,5 Tesla MRscanner.

Het toepassen van snelle sequenties (hoge temporale resolutie), zoals mogelijk met echo
planar imaging (EPI), resulteert echter in een verlies van spatiale resolutie. De bekomen
suboptimale kwaliteit van de T*gewogen beelden is ook het resultaat van geometrische
distortic ten gevolge van susceptibiliteits-artefacten, zoals die kunnen ontstaan op lucht-
weefsel overgangen, Door gebruik te maken van een soepel blijvend alginaat, dat over het te
evalueren lichaamsdeel werd aangebracht, kon een objectieve verbetering van  de
beeldkwaliteit worden bekomen (hoofdstuk IV.1). Deze gegevens tonen duidelijk de winst
voor functionele MRI (fMRI) door gebruik te maken van zulk een alginaat in zowel

oncologisch als neurologisch onderzoek bij proefdieren.

In een aparte reeks experimenten werd de haalbaarheid en gevoeligheid van de fMRI technick
getest bij WAG/Rij ratten met het onderhuids rhabdomyosarcoom (hoofdstuk IV.2). Met
deze methode werden meerdere sneden gemaakt doorheen het volledige volume van de
individuele tumoren, terwijl de proefdieren of met lucht of met carbogeen werden beademd.
De evaluatie van de voxelintensiteit, als vertaling van de BOLD veranderningen ten gevolge
van carbogeen beademing, was voor alle tumoren mogelijk doorheen het ganse volume. De
lage signaal-ruis ratio werd gecompenseerd door het snelle opeenvolgend herhalen van de
metingen en door analyse van deze metingen met een aangepast statistisch pakket (SPM96).
De T,*gewogen beelden toonden verschillen in intensiteitsveranderingen ten gevolge van
carbogeen, zowel binnen dezelfde tumor als tussen de verschillende tumoren (ook deze met
een vergelijkbaar volume). De verandering in intensiteit was zeer akuul na de start van de
carbogeen beademing, maar echter niet voor alle tumoren even sterk. Tevens had het gebruik

van carbogeen bij enkele tumoren een negatief effect (vermindering in signaalintensiteit), wat
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kan worden toegeschreven aan een ‘stelen van zuurstof’ binnen de tumor of binnen he
omliggende weefsel. Op basis van de gecombineerde metingen van (i) het volume, aanta
voxels, van intensiteitsveranderingen en (ii) de grootte van deze intensiteitsveranderin;
kunnen individuele tumoren met een globaal positief antwoord op carbogeen beademin;
worden uitgezocht. De niet-invasieve fMRI methode blijkt een snelle evaluering van dt

modulatie van hypoxie toe te laten, en dit voor het totale tumorvolume.
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jou samen te werken en van gedachten te wisselen, beste promotor en vriend. Voor alle duidelijkheid:
zeer veel dank voor de exponentiéle steun en voor de steun bij de uiteindelijke realisatic van een van
mijn diepe wensen.

Mijn co-promotor Allan van Oosterom, en evenzeer ook Walter Van den Bogaert, hebben mij
de vrijheid gegeven om mijn onderzoek binnen hun diensten Oncologie en Radiotherapie, op het
laboratorium ‘experimentele Radiobiologie/LEO" efficient uit te voeren. Bedankt voor de kritische
noot bij enkele schnjfstukken, de steun en vooral voor het vertrouwen.

In verband met dit laatste denk ik met plezier. en tegelijk ook met droefheid en bezinming. terug aan de
sublieme kort-op-de-bal begeleiding van wijlen Emmanuel van der Schueren tijdens de eerste jaren
van mijn radiobiologisch laboratoriumwerk. Een bijzondere dank voor het begeleiden van mijn
introductie, via werkbezoeken en wetenschappelijke vergaderingen, n deze boeiende, drukke en
tegelijk vriend-rijke wereld. Zijn inzichten en opsielling hebben zeer zeker bijgedragen tot de
persoonlijke aanpak van mijn huidig onderzoek.

Enthousiasme voor in vivo translationeel onderzoek heb ik zonder twijfel eveneens van Kian Ang en
Albert van der Kogel, de mede-begeleiders van het eerste uur, kunnen opsteken. Beste Kian en Bert,
met bijzonder genoegen denk ik ook rerug aan de vele experimenten op soms ‘ondenkbare!’
ogenblikken van de dag en de nacht. Samen met onder andere Luc Van Uytsel, Jan-Willem Leer,
Johan Menten, Dirk De Ruvsscher, Pierre Scalliet, Georg Stiiben, Monique Ramaekers, Karin
Haustermans, Eric Van Limbergen, Yan Feng, ... werden de radiobiologische modellen ten volle benut
voor het beantwoorden van klinisch relevante vraagstellingen. Technische ondersteuning was er toen
vooral van Herman Govaerts. Eddy Boon, Lut Debecker en Jo Vioeberghs, terwijl de administratie
werd verzorgd door Lea Minnen, Edmée Boyen en collega’s. Germaine Heeren was ook toen altijd te
vinden voor een praatje over de wetenschap heen. Jan Van Dam en Alex Reinders waren steeds
paraat voor de vele dosimetrische aspecten en berekeningen voor onze in vivo opsiellingen.

Though not possible to phrase properly. | am more than grateful to Jack Fowler and late Julie
Denckamp for guidance in the magic of research, for their generous teaching and encouragement.
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Terug naar de recente periode (gedeeltelijk overlappend met de ontwikkeling van het huidige PhD
werk) met een in versneld tempo opgelopen aantal personen die in min of meerdere mate hebben
bijgedragen tot het vergaren van de onderzocksresultaten en de inherente discussie ervan. Zeer veel
dank in de cerste plaats aan alle medewerkers die met mij een publicatie delen, vooral voor hun
interesse in de vraagstelling en/of de daarmee gepaard gaande vlotte aanpak en uitvoering (bovenop
hun dagelijkse praktijk). Beste Bisan Ahmed, het is fijn met jou in het laboratorium te staan, en tevens
een plezier van jouw PhD onderzoek mee te mogen begeleiden. In één adem ook veel dank voor
Arjan Griffioen (Angiogenese groep, AZMaastricht) voor de verschillende, soms onstuimige maar
steeds vruchtbare, besprekingen van resultaten en literatuurgegevens.

De dienst Radiofysica was en is er altijd voor de adequate hulp bij diverse dosimetrie, aanverwante
vragen bij procfopstellingen en bij toestel-problemen tijdens de bestralingsrecksen. Een grote dank
beste Dominique Huyskens, Alex Reijnders, An, Achiel, Jan, Ans, Bianca, Jurgen ....

Zowel de stafleden van Radiotherapie, Radiofysica en niet in het minst alle verplegenden, van harte
dank voor de prima afspraken bij het gebruik van de bestralingsapparatuur,

Beste Emst de Bruijn en collega-onderzockers Hans Wildiers, Laurence Goethals, Wim Wynendacele,
Gunter, Gert, Bant, Ulla, Katleen,..., het is tof met jullie samen te werken. Vooral dank voor de stimuli
en voor de diverse productieve besprekingen.

De pathologie afdeling: bedankt voor de ondersteuning en de glasheldere uitleg bij een klassieke of
cen immunohisto kleuring, beste Joost Van den Oord. Ria Drijkoningen, Eric Verbeken en de
medewerkers,

De stafleden van de diensten Radiotherapie en Oncologie dank ik voor de interesse in mijn onderzoek
en voor de stimulerende gesprekken in de coulissen.

Lieve Van Mellaert, Elke Lammertijn en Jozef Anné waren altijd te vinden voor uitleg en bijschaving
van mijn bacteriologie experimenten. Ook de collega's van de intussen uitgebreide ploeg, met name
Sofie Barbé, Wesley Van Dessel, Tine Schaerlackens, llya Lebeau, Asferd Mengesha, Nick Geukens,
..., van harte dank voor de gezelligheid op het drukke laboratorium en de plezante uitstappen. Beste
Sofie, voor de nuttige babbels, het goede humeur: een grote dank. En goede vrienden Wesley Van
Dessel en Pierre Fiten, bijzonder veel dank voor de ondersteuning bij hard- en software, en niet in het
minst voor de spoed-dienst wanncer een figuur nict wou lukken of de pe uit de bocht ging.

Deze laboratoriumfanaten zijn samen met een nog groter getal Rega-medewerkers (waarvan
sommigen reeds andere oorden kozen) onvergetelijk. Een open deur was en is in dit
onderzocksinstituut  een  feit, een geschikte voedingsbodem voor gesprekken allerlei: van
wetenschappelijke uitleg, over advies bij aanvragen voor onderzoeksfinanciering, tol met humor
doorspekte gedachtenwisseling. Bedankt Ghislain Opdenakker, Jozef Van Damme, Alfons Billiau,
Paul Proost, .... Niet alleen voor een oplossing van ogenschijnlijk kleine dingen/vragen of het lenen
van een bock of het soms voorbereiden van materiaal nodig voor bacterieel onderzoek, maar ook voor
de volleybal-spirit zijn er cen hele hoop Rega-fellows die een warm woord van dank verdienen. zoals
Inge Nelissen, Patrick Matthys, Hubertine Heremans, Patrick Chaltin, René Conings, Josée De Greef,
Lieve Vandenbulcke, Chris Dillen, ...

Met bijzonder genoegen denk ik ook terug aan de Kortere samenwerkingen met de verschillende
cindwerk-studenten: toffe periodes, waarvoor dank beste Chris, Evemie, Filip, Ban, Sofie, Pieter. En
via Evemie Schutyser en Paul De Troch staat, ten minste een stukje, klassicke muziek enkele keren per
jaar op mijn agenda.

Van groot belang is de pnima verzorging van de proefdieren in de loop van de reeksen experimenten
en de ondersteuning bij bijvoorbeeld de kweek of het toedienen van een medicatie. Bedankt beste Knis
Meurrens en. de laatste paar jaar, Filip Mulkens voor de deskundige begeleiding bi)
proefdierproblematick. Bedankt ook Michel, Julien. Ema, Ronny, Joke, René, Wim, Luc, ... voor de
inzet en goede samenwerking. En Michel, met jouw medewerking werden bepaalde resultaten en hun
verwerking op een snellere manier bekomen, waarvoor ontzettend veel dank.

Dat de technische diensten een onmisbaar element zijn voor laboratonia, is in dit proefschnft tussen de
regels te lezen. Steeds kon er worden gerckend op de efficiente en dikwajls snelle afwerking van
procfopstellingen; van harte dank beste René, Omer, Rudy, Herman, Maunice, Gerry, Theo, Ivo, ...
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Ook Jan en Jo, een dikke dank voor de hulp bij onder andere de verhuis en het onderhoud van het kV
toestel.

Waar laboratoria zijn, is de dienst fotografie en reproductie nooit veraf. Bedankt Nathalie, Vital, Rik
en Leo voor de dikwijls met een formule-1 snelheid geleverde dia's, posters, kleurrepro's, ...

De secretariaten van Oncologie en Radiotherapie met An, Greet, Lieve, Brgitte, ..., van Radiofysica
met Edmée Boyen, en van het Rega onderzoeksinstituut met Inge, Dominique, Chantal, waren en zijn
een grote hulp bij het verwerken van een diversiteit van administratieve opdrachten. Eveneens is het
secretariaat van de Faculteit Geneeskunde gekenmerkt door een grote open deur; bedankt voor het
veelvoud aan inlichtingen, beste Joseph Knapen.

De contacten met een aantal leden van de afdeling Radiotherapie van het RTIL Maastricht/Heerlen
zijn steeds viot en gezellig; veel dank voor de leerrijke en dikwijls leuke gedachtenwisselingen beste
Ludy, Dirk, Tom, Francis, Danielle, Janet, ...

Beste Loes Klaasse, van bij mijn eerste stap in dit Unimaas avontuur kon ik op jou rekenen; van harte
dank voor je engagement en de steun. Een dikke dank ook aan Rianne en Francine voor de hulp bij de
administratieve voorbereidingen van mijn proefschrift en verdediging binnen de Faculteit
Geneeskunde en het College van Decanen van de Universiteit Maastricht.

De laboratoriumgroep met Brad, Roland, Marianne, Sherry, Ludy, Dirk, Jan, Ruud, Kim, Chantal,
Carla, Servé: wat mij betreft vormen de pilootexperimenten een goede basis om op verder e bouwen,
Van bouwen gesproken: beste Ruud, op jou kan dat voor alles en nog wat. Allemaal alvast bedankt
voor de soms subtiele steun en de gezamelijke bespreking van laboratoriumresultaten.

Van essentieel belang in wetenschappelijk onderzock was en is voor mij een viotte, eerlijke en brede
omkadering, ook over de grenzen heen. Many researchers thus contributed, each in their own way, to
my training in radiobiology as well as to the ongoing experiments in the early years as well as today. It
has been, and still is, a pleasure to be in your company, whatever (although!) the time or place of the
meeting. Cheers, dear Howard Thames, Jack Fowler, Mike Robbins, John Hopewell, Jaap Haveman,
Wolfgang D6rr, Hans Kummermehr, Jan Wondergem, Adrian Begg, Fiona Stewan, Michael
Baumann, Wolfgang Eicheler, Daniel Zips, Simon Robinson, Mike Horsman, Peter Sminia, ...

Beste Aernout Luttun, An Billiau, Sabine Fevery, Hugo Vankelecom, Chantal Mathieu, Heidi
Jonckheere, Marc Tjwa, Peter de Witte, Bin Chen, Appolinary Kamuhabwa, Gene Basha, ..., bedankt
voor de enthousiaste belangstelling in de loop van mijn onderzoek, de viotte samenwerking en voor,
indien de tijd het toeliet, de gezellige babbels.

Familie en vrienden, dank, niet alleen voor de blijvende interesse in mijn werk, maar niet minder voor
jullie aanwezigheid op die tijdstippen wanneer het nodig was en is.

Stille krachten:

Esther, geduld zal zeker niet ontbreken in jouw woordenbock; Miette, je realistische kijk op de dingen
en tegelijk je rustige geest waren, en zijn meer dan ooit, een belangrijke steun,











