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ABSTRACT

Neuroblastoma is a malignant solid tumor of childhood with a poor prognosis. The growth of
solid tumors has been shown to be dependent on new blood vessel formation, 1.e. angiogenesis.
Several steps in the metastatic process have also been found to be angiogenesis-dependent.
Neuroblastomas grow quickly, are highly vascularized, and metastasize early, and hence inhibition
of angiogenesis — angiostatic therapy — may be indicated in this disease. In order to investigate
the effects of angiostatic agents in this disease, a new animal experimental model for human
neuroblastoma was developed. Three angiostatic agents were tested in the model: TNP-470, the
synthetic analogue of fumagillin, given subcutaneously, and the endogenous steroid 2-
methoxyestradiol and its derivative 2-propynylestradiol, given orally. TNP-470 administration
resulted in a significant reduction of the tumor growth rate and microvascular counts, and of the
fraction of viable tumor cells, compared to controls. The fraction of apoptotic tumor cells increased
threefold, while that of proliferative cells remained unaltered. This can explain the reduced net
growth. Treatment with the angiostatic and chemotherapeutic steroids 2-methoxyestradiol and 2-
propynylestradiol yielded similar results. However, the mechanism of action of these steroids was
bimodal; the effect occurring both through inhibition of tumor angiogenesis and through induction
of tumor cell apoptosis. It was shown for the first time that inhibition of angiogenesis regardless
of agent induces striking chromaffin differentiation, observed as increased expression of insulin-
like growth factor II gene, tyrosine hydroxylase, and chromogranin A, and increased formation of
cellular processes. It is suggested that inhibition of angiogenesis induces metabolic stress, resulting
in chromaffin differentiation and apoptosis. Such agonal differentiation may be the link between
angiostatic therapy and tumor cell apoptosis. Angiostatic agents administered as single therapy
have an objective tumoristatic effect in our neuroblastoma model. Angiostatic treatment of

neuroblastoma is a new and promising treatment modality that merits clinical investigation.
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Abbreviations

BS-1 Bandeiraea Simplicifolia agglutinin
bFGF basic fibroblast growth factor
CgA chromogranin A
HVA homovanil lic acid
IGF2 insulin-like growth factor 11 gene
2ME, 2-methoxyestradiol
NSE neuron-specific enolase
2PE, 2-propynylestradiol
TH tyrosine hydroxylase
VEGF vascular endothelial growth factor
VMA vanillyl mandelic acid
INTRODUCTION
Background
New blood vessel formation — angiogenesis — occurs physiologically during placentation,

embryonic and fetal growth, corpus luteum formation, and rebuilding of the endometrium after
menstruation. Angiogenesis is also the hallmark of wound healing. In a healthy adult, however,
angiogenesis is a rare event and vascular endothelial cells generally exhibit a slow turnover. Almost
three decades ago clinical observations and experimental studies led to the suggestion that tumor
growth, just like the growth of any other tissue, is dependent on angiogenesis (1). Hence, a tumor
does not rely on invasion of pre-existing vessels for expansion of the tumor cell population, but
triggers the surrounding tissue to form new blood vessels to converge upon the tumor. There is
now substantial evidence that tumor growth and metastasis are angiogenesis-dependent (for

reviews, see refs. 2-10).

Angiogenesis is a tightly controlled and complex process involving several factors on the
molecular and cellular levels, with both stimulating and inhibiting steps. As yet, no simple wiring
diagram for the process can be made. Once initiated, however, angiogenesis is characterized by a
rapid and efficient cascade of events involving factors such as endothelial cell proliferation and
migration, dissolution of vascular basal membranes, increased vascular permeability, and
degradation of the extracellular matrix. The process by which malignant cells acquire their
angiogenic phenotype and stimulate angiogenesis is now being unravelled (4, 7). Tumor
angiogenesis is controlled both by genetic and by physiological events (11). As tumor cells
progress toward tumorigenicity, they acquire the ability to induce angiogenesis as a result of the
activation of oncogenes — which often stimulate the secretion of angiogenesis stimulators — and
imactivation of tumor suppressor genes, which frequently leads to a decrease in the production of

inhibitors of angiogenesis. Also, the tumor progression itself can lead to an increase in circulating



levels of activators, e.g. induction of VEGF by hypoxia (12). This angiogenesis cascade, although

complex, is also well conserved from the evolutionary aspect.

Neuroblastoma is the most common extracranial malignant solid tumor of childhood. It arises
from the sympathetic nervous system (13). The prognosis in infants and children with
neuroblastoma is dependent on the age of the child and the clinical stage of the tumor at diagnosis,
younger patients with small tumors having the best prognosis (14). In spite of aggressive
therapeutic protocols involving high-dose chemotherapy and total body irradiation, followed by
bone marrow transplantation, the overall survival of patients with advanced disease (i.e. stages III
and IV) remains poor (15). Clinically, there is a need for more effective treatment modalities. The
invasive, metastatic, and hypervascular nature of these tumors may be one of the key obstacles to
the cure of this disease (Fig. 1). Hence, it is likely that neuroblastomas elaborate angiogenic

peptides and thus would respond to angiostatic treatment.

Angiostatic drugs in neuroblastoma

Inhibitors of angiogenesis are now being identified at an increasingly rapid rate (16, 17). Hitherto,
at least 13 angiostatic agents of different structure and with different modes of action have entered
clinical trials (Tables I and II). Angiogenesis inhibitors currently undergoing phase I, II and III
clinical trials represent the first generation of angiostatic agents. This means that not only will it
take time until the efficacy — and side effects — of these inhibitors are known, but it will also take
even longer until the next generation of angiostatic agents, .g. angiostatin (18) and endostatin (19),
have completed clinical trials. Angiostatin and endostatin have been shown to induce tumor
regression and tumor dormancy without drug resistance in several experimental models (20, 21).
In clinical practice, however, angiostatic agents will perhaps be administered in combination with
other therapies, since effects synergistic with those both of cytotoxic agents and of radiotherapy
have been observed experimentally (22, 23). These observations suggest that therapy targeting both
endothelial cells and tumor cells is more effective than therapy directed against tumor cells alone.
Also, two or more angiogenesis inhibitors may be combined to obtain a tumor response. Again,
such potential treatment will require several clinical investigations to be optimized. In conclusion,

inhibition of angiogenesis is a new treatment modality in cancer, and merits a thorough evaluation.

An anticipated side effect of angiogenesis inhibition in pediatric patients is impairment of organ
development and growth. Hopefully, angiostatic agents which specifically inhibit tumor-induced
angiogenesis and not physiological angiogenesis will be developed. There are promising candidate
target molecules that may be expressed only in tumor-induced blood vessels (24-26). In this

perspective, however, most treatment modalities today impair growth, and certain chemotherapy



Fig. 1. Human neuroblastoma xenotransplanted to nude rat. Microvascular corrosion cast at
scanning electron microscopy. Overview of the tumor capsule. None of these vessels existed
before the tumor, all are newly formed and a visual impression of extensive angiogenesis is
obtained. The casts are made by resin infusion through the thoracic aorta. The tumor
microcirculation consists of sinusoidal tumor vessels, 10-80 um in diameter, exhibiting extensive
anastomoses. There are comparatively few true arteriovenous capillaries, 4-10 pm in diameter.
Bar=500 um.



Table I. Selected angiogenesis inhibitors and approaches under study.

Agent Company or Institution Clinical trial ~ Refs.
Angiostatin EntreMed Bristol-Myers Squibb ~ —-

Batimastat (BB94) British Biotechnology Phase 11 73
Carboxyamidotriazole National Cancer Institute Phase II 74
CM101 Carbomed and Zeneca Phase I 75
Endostatin EntreMed Bristol-Myers Squibb —

Interferon o Various centers Phase IIT 76
Interleukin-12 Hoffman — La Roche Phase II 77
Linomide Pharmacia & Upjohn Phase I 78
Marimastat British Biotechnology Phase III 73
2-Methoxyestradiol EntreMed —

Platelet factor 4 RepliGen Phase II 19
Soluble FL.T-1 VEGF receptor Merck Research Laboratories —

SU5416 Sugen Phase I 80
Suramin Various centers Phase II 81
Tecogalan (DS-4152) Daiichi Pharmaceuticals Phase 1 82
Thalidomide EntreMed and Celgene Phase II 83
TNP-470 Takeda Phase 111 84
Vitaxin "IXSYS —

Except for refs. (75, 80), and (81), complete citations are given in refs. (2-4, 10), and (85). For the latest
update, visit http://cancernet.nci.nih.gov/ (for clinical trials in USA) or hup:/ftelescan.nkinl/ (for clinical
trials in Europe).

regimens even have serious long-term side effects such as cardiotoxicity and induction of
secondary malignancies (27). A specific property of angiostatic therapy is that the agent has to be
administered for a long period of time, presumably years, since its effect is cytostatic and not
cytotoxic (28). There is a risk that dormant micrometastases (18, 29) may start to grow if
angiogenesis inhibition is withdrawn too early. Other possible side effects of angiostatic treatment
could be impairment of wound healing and interference with the female reproductive system (30).
In short, angiostatic agents are likely to exhibit less systemic toxicity than chemotherapy. Their
effects on growth, wound healing and reproduction will be dependent on their specificity for tumor

angiogenesis.



Table II. Some angiogenesis inhibitors classified by their proposed mechanism of action.

Mechanisms of action

Agents

Activate the immune system

Block the production or export of angiogenesis
stimulators (bFGF, VEGF)

Stimulate the formation of angiogenesis inhibitors

Block the binding or prevent oligomerization of
receptors of angiogenesis stimulators

Inhibit degradation of the endothelial cell
basement membrane

Inhibit endothelial cell proliferation

Induce apoptosis of endothelial cells

Inhibit endothelial cell migration

CM101

Interferon o

Interleukin-12

Platelet factor 4

Suramin

SU5416

Thrombospondin

VEGEF receptor antagonists

Angiostatic steroids plus heparin
Cartlage-derived inhibitor
Metalloproteinase inhibitors
(Batimastat, Marimastat)
2-methoxyestradiol

Angiostatin

Carboxyamidotriazole

Endostatin

Inhibitors of o, B, integrins (Vitaxin)

Interferon o
2-methoxyestradiol
Tecogalan
Thrombospondin
TNP-470

16-kD prolactin fragment

2-methoxyestradiol

Angiostatic steroids plus heparin
Carboxyamidotriazole
Interferon o

2-methoxyestradiol

Linomide

Platelet factor 4

Suramin

TNP-470

Constructed from refs. (2, 3, 10, 16), and (85). References for each compound can be found there. This list
is not all inclusive and, of course, does not include many potent angiostatic agents whose mechanism is not
yet known. Many agents target more than one compound of the angiogenic process.



Potential advantages of angiostatic therapy over chemotherapy are:
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Angiostatic therapy generally has low toxicity. It is directed mainly at proliferating capillary
endothelial cells and does not cause bone marrow suppression, drug-induced enteritis or
hair loss in patients, as shown for platelet factor 4 and TNP-470, for example (31).
Angiostatin and endostatin have not shown any toxicity in animal models (18, 19).

The development of drug resistance is less likely to occur, and has not yet been observed
experimentally (2, 4, 8). This is because the target cells are normal, untransformed
endothelial cells, in contrast to tumor cells, which are genetically unstable. Drug resistance
does not appear to be a problem even with long-term therapy, either in animals (21) or in
humans (10).

Solid tumors have barriers to drug delivery (e.g. high interstitial pressure), and many
tumors resist full penetration by anticancer drugs (32). The endothelial cells are by
definition exposed to the circulation — in contrast to most tumor cells — and hence drug
delivery is likely to be successful. Angiostatic agents do not have to cross the blood-brain
barrier, for example.

Once new capillary loops converge toward a small in situ carcinoma or a microscopic
metastasis, the tumor cells become bathed in additional survival factors and growth factors,
not only from the circulating blood (perfusion effect) but also from vascular endothelial
cells themselves (paracrine effects) (10). The paracrine effect of tumor vascularization
results from endothelial-derived growth factors and cytokines which stimulate growth and
migration of tumor cells; thus inhibition of angiogenesis would reduce this growth
stimulus.

The metabolism of 10* tumor cells depends on a single capillary loop (33). Regardless of
the error inherent in such calculations, they reveal an amplification factor that may operate
during angiostatic therapy; that is, even a limited reduction of the number of tumor vessels
will affect a large number of tumor cells (10). This snowball effect has nicely been
demonstrated by tumor infarction in mice by antibody-directed targeting of tissue factor to

tumor vasculature (24, 26).

In conclusion, angiostatic therapy has at least five theoretical advantages over chemotherapy,

advantages which still need to be further evaluated from a clinical perspective.



Table III. Angiogenic peptides

Peptide molecular weight in kD
Acidic fibroblast growth factor 16.4
Angiogenin 14.1
Angiopoietin-1 70
Basic fibroblast growth factor 18
Granulocyte colony-stimulating factor 17
Hepatocyte growth factor 92
Interleukin-8 40
Leptin 16
Neuropeptide Y 4.6
Placental growth factor 25
Platelet-derived endothelial cell growth factor 45
Proliferin 35
Transforming growth factor o 5.5
Transforming growth factor § 25
Tumor necrosis factor o 17
Vascular endothelial growth factor 45

Except for angiopoietin-1 (86), leptin (87, 88) and neuropeptide Y (72), complete citations are given in refs.
(2) and (4).

Other potential clinical applications

In addition to inhibition of angiogenesis, two other clinical applications of angiogenesis research to
oncology have emerged namely, monitoring of disease activity by analysis of circulating
angiogenic peptides, and prediction of an outcome by performing tumor microvascular counts. To
date, at least 16 angiogenic peptides (Table ITT) and most of  their endothelial cell receptors have
been sequenced and cloned. Apart from these angiogenic peptides, there are also agents of low
molecular weight with angiogenic activity. Of the peptides, bFGF and VEGF are the most well

studied and are found in a variety of different types of human tumors (34, 35).

The concentration of the angiogenic peptide bFGF in the urine has been found to be frequently
elevated in patients with a spectrum of different tumors (36). The urine levels of bFGF correlated
to tumnor stage and prognosis in children with Wilms” tumor (37). Urine bFGF was also elevated
at the time of diagnosis and decreased with treatment in childhood acute lymphoblastic leukemia
(38). The latter phenomenon suggests that leukemias induce angiogenesis in the bone marrow and

should be regarded as a solid tumor that can progress for a long time before leukemic cells



become shed to the peripheral blood. Leukemia could therefore also be a candidate for treatment
with angiostatic drugs. As yet there are no reports on expression of angiogenic peptides in body
fluids in neuroblastoma. However, we are presently investigating the question of whether serum

Jevels of VEGF or bFGF correlate to tumor stage and prognosis in neuroblastoma.

Tumor angiogenesis can be quantified by counting the number of microvessels per surface area in
paraffin sections from the resected primary tumor after immunostaining with a suitable endothelial
cell marker. Roughly two hundred such investigations have been published, and in most of them a
significant correlation was found between a high microvascular count and metastatic disease with a
poor prognosis (see refs. 5 and 39 for a review). In the only published report on neuroblastoma
(40), the microvascular count correlated with metastatic disease, amplification of the oncogene
MYCN, and a poor outcome. Since tumor growth is dependent on angiogenesis, it is reasonable to
assume that aggressive tumors will exhibit higher microvascular counts than more slowly

growing, late-metastasizing tumors.

EXPERIMENTAL DESIGN AND RESULTS

Animal experimental model

To investigate the effects of angiostatic treatment in neuroblastoma, we developed a new animal
experimental model (41). In planning the animal model, the following criteria were established: 1)
The cell line to be used for xenotransplantation should be human, stable in culture and well
charcterized. 2) The cell line should form exponentially growing tumors after subcutaneous
injection, since a rapidly growing tumor is likely to be angiogenesis-dependent. 3) The model
should yield reproducible results, and should not metastasize. The lack of metastasis has the
advantage that it permits simple measurements of the total tumor burden, without applying

invasive or imaging techniques.

Cells from the poorly differentiated, adrenergic human neuroblastoma cell line SH-SYS5Y (42, 43)
were used as tumor xenografts in both nude rats (WAG rnu/rnu) (41, 44, 45) and nude mice
(NMRI nu/nu) (46). A suspension of SH-SYSY cells has been reported to induce exponentially
growing solid tumors when injected subcutaneously in nude rats without the tumor cells losing
their neuronal phenotype (47). The cell line is stable in culture and well characterized both
morphologically and functionally. It lacks amplification of the oncogene MYCN (48) as most

neuroblastomas do. The neuroblastomal nature of the cultured cells and of the tumors was



determined by immunohistochemistry for specific neuronal markers, i.e. NSE and chromogranin

A and B, and transmission electron microscopy (41).

Nude rats were chosen initially because their size is suitable for perfusion fixation and vascular
casting, frequent blood sampling, urine sampling, and surgery (41, 44, 45)). Nude rats are athymic
and T-lymphocyte deficient. They do not develop cell-mediated immunity during their first three
months of life, which means that they cannot reject xenotransplants (49, 50). When we had only a
limited amount of expensive agents, we switched to nude mice (46), since their body weight is one
tenth of that of the nude rat. The nude mouse is similar to the nude rat regarding its T-lymphocyte
deficiency and has been widely used for xenotransplantation of human cancers (51, 52). We chose
the nude mouse strain NMRI nu/nu since we found it had a shorter time to tumor take and less
variation in tumor growth than the other strains tested (i.e. C57BL/6J, BALB/cABom-nu, and
FOX CHASE SCID).

At transplantation, 20 to 30 million tumor cells in a volume of 0.2 to 0.3 ml were injected
subcutaneously in the hindleg of the rat or mouse. To ensure tumor take and to minimize variation
in tumor take and size, the number of viable tumor cells at transplantation was determined by

Trypan Blue exclusion in hemocytometer counts. The concentration of cells at transplantation was
100 x 10° cells/ml and at this concentration the cells retained a high viability for four hours, then

rapidly declined. Other cell lines may be more resistant to storage and transport, but in practice, the
harvesting of cells and injection of animals must be meticulously planned and accomplished as
possible. With these precautions, the tumor take was high, 80-100% in both rats and mice (41, 44-
46).

Injection of 40 million cells did not result in a higher take rate (41). A larger volume than 0.4 ml
increased the risk of leakage from the injection site and formation of multiple tumors (41).
Technically it was found important to tent the skin before injecting, to ensure that the cells were
deposited subcutaneously and not intramuscularly or intradermally. This procedure is equally
important when injecting drugs subcutaneously. There were no differences in tumor take or
growth between animals injected in one hind leg and those injected in both (41). Also, serum
samples from 17 tumor-bearing animals were tested on bovine capillary endothelial cells in vitro.
The sera had no effect on proliferation of the endothelial cells (Michael OReilly, personal
communication) (41). This implies that the neuroblastoma tumors do not produce or induce
angiogenic stimulators or angiogenic inhibitors in concentrations that will affect a distant tumor in

the same animal.
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Fig. 2. Calculated tumor volume versus real tumor volume at autopsy in 112 tumors. After
perfusion fixation the tumors were dissected out, and their volume recorded, as described by Elias
and Hyde (50). Tumors used in the calculation for the constant were those where the dissection
was optimal, i.e. the tumor capsule was intact after dissection. Tumor volume was calculated by
length x width’> x 0.44, and the measurements were made with a caliper under halothane
anesthesia.

Tumor volume was calculated as length x width® x 0.44. The tumor length was measured along
the long axis of the tumor, and the width perpendicular to the long axis. The measurements were
made with a caliper every other day under halothane anesthesia. We were unable to make accurate
measurements without anesthesia. Several algorithms have been proposed for calculating volumes
of subcutaneously grafted tumors (53). The constant 0.44 was deduced from our data comprising
112 tumors (Fig. 2), and may be specific for our xenotransplant model only. The tumor height
was also measured, but in our hands was not as reproducible and reliable as the tumor length and
width. The true tumor volume was recorded at autopsy by the immersion method (54): A
container with water was placed on a balance and the weight was recorded. The tumor was then
immersed in the water by a thin thread so that it was fully covered and did not touch the bottom of
the container. The new weight in grams, minus the weight of the container and water, equals the

volume of the tumor in cubic centimeters.

No distant metastases were found in our model (41). At autopsy, samples were also taken for
immunohistological detection of metastatic disease in lymph nodes, liver, lungs, and bone marrow
showing no microscopic evidence of neuroblastoma growth (41). Also, in six rats no metastatic
growth was observed 60 days after removal of the primary tumor. To our surprise, intravenous
injection of 60 million cells in five animals did not result in disseminated metastatic growth after a

50-day observation period.
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Perfusion fixation

The microcirculation is designed for exchange of nutrients, oxygen, and catabolites between’ the
blood and the cells. It is essentially a network of tubes distributed in three dimensions throughout
the tissues. In other words, the best way to fix the tissue would be to use the vascular system for
transportation of the fixative. Such perfusion fixation is a comparatively simple method, and since
most cells lie close to a vessel (within 200 pum), almost instantaneous fixation is achieved. This is
advantageous, since delayed fixation can damage epitopes. At immersion fixation the fixative has
to penetrate the tissue through diffusion, which is slower and less efficient. We were not only
interested in achieving optimally fixed tissues, however, but also in quantifying tumor vessels. We
therefore monitored the intraarterial pressure through a cannula inserted in the femoral artery
during perfusion fixation. The pressure was kept between 100 and 140 mm Hg, thereby ensuring

reproducibility and avoiding overdistension of vessels as well as incomplete perfusion.

Stereological quantification

There are different ways of quantifying tumor angiogenesis. Thus the methodology varies between
studies, which makes it difficult to compare the vascular densities reported. Most investigators
quantify structures stained with an endothelial marker. In human cancers, the vast majority of cells
lining blood vessels express the endothelial markers factor VIII related antigen (von Willebrand
factor), CD31 (PECAM; platelet-endothelial cell adhesion molecule), and CD34 (39). In animal
models, however, the newly formed tumor blood vessels derive from the host animal even when
the engrafted tumor cells are human. Pilot experiments showed that we could not use antibodies
raised against human endothelial epitopes in our model. This meant that other methods for

highlighting blood vessels in sections had to be considered. Rat and mouse endothelial cells
express, on their surface o-D-galactosyl residues that can be detected by lectin histochemistry with

the lectin BS-1 (55). Another approach for visualizing tumor blood vessels in an experimental
setting is vascular perfusion as described above. Vascular perfusion makes blood vessels appear
as punched-out holes in sections. To check the validity of this approach, BS-1 staining of
endothelial cells was also performed in 20 tumors. There was no difference in quantification
between perfused vessels and BS-1 stained vessels, indicating that all blood vessels were
quantified in practice (Fig. 3) (45). Also, the methods confirmed the results of each other, in that
the cells bordering holes in sections showed staining for BS-1, and BS-1-stained structures were
perfused (45). In our studies stereological quantification of vascular parameters was performed on

perfused vessels throughout.

The definition of vascular density varies in different studies from the number of vessels, over

stained endothelial cell area, to total vessel area — including the lumen — per section area. Also,
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Fig. 3. Above. A restricted field of
vision of a tumor section with
perfused and BS-1 stained vessels.
Below. The same field with an
unbiased counting frame. In addition
to vessels completely inside the
frame one counts all vessels with
anything inside the frame, vessels
marked with an asterisk, provided
they do not in any way touch or
intersect the full drawn exclusion
edges or their extensions. Light
microscopy. Bar=100 um.

the area subjected to quantification varies from the entire tumor area, over the tumor hot spot, to
random. Moreover, counting of vessels is dependent on the endothelial marker used, the
magnification used, and the expericnce of the investigator, and there is also inter- and intraobserver
variability (39). In order to reduce this variability, we tried to reduce observer bias and standardize
the counting procedure as much as possible. In addition, to obtain further information on the
length of the vessels and their volumetric and surface density, as well as on the vessel area, vessel
boundary length, and vessel diameter, we applied an unbiased sterological method for

quantification of vascular parameters (45, 46):

Sections from each perfused tumor were coded before quantification. Structures were counted at x
400, a magnification at which individual capillaries can be discriminated. The microscope was
equipped with an eyepiece grid of 10 X 10 squares (250 x 250 um) (Fig. 3). The grid was placed

at random at the upper left-hand corner of each tumor section and systematically advanced every 1
to 3 mm (depending on the tumor size) in both directions by use of the goniometer stage. Thus,

areas for quantification were sampled independently of the observer and were evenly distributed

13



over the entire tumor cross-section. Morphological parameters from 15 to 40 grids were quantified
in each tumor. To adjust for the presence of hemorrhages and cellular debris, the presencé or
absence of viable tissue in the uppermost square to the far right of each grid was noted and used in
the calculation of vascular parameters. This value was also used as an unbiased estimator of the
fraction of viable tumor tissue. The procedures used were reviewed by Weibel (56) and
Gundersen et al. (57). We initially considered using computer assisted image analysis, but were
concerned about the implementation of the programs and their ability to discriminate vascular
structures from artifacts. We found that the applied methodology was simple, reproducible, fast

and efficient. It can also easily be reproduced by other investigators.

Chromaffin differentiation

Differentiation and apoptosis (programmed cell death) of neuroblastoma cells are of particular
interest, since neuroblastoma is one of the few human cancers that may regress spontaneously, i.e.
the stage IV-S group of tumors and a significant proportion of the tumors identified via infant
mass screening (58). The morphology of spontaneous regression in neuroblastoma has not been
satisfactorily investigated, but histologically calcifications (59), apoptotic areas, and differentiation
have been regarded as good prognostic signs (60, 61). Neuroblastoma cells, such as the SH-
SYSY cell line, can be induced to differentiate in vitro by, for example, phorbol esters and retinoic
acid derivatives (48). Differentiation in cultured cells as well as in clinical neuroblastomas involves
a reduced growth rate, expression of neuroendocrine differentiation markers such as IGF2, TH,
and CgA, and development of cellular processes with endocrine features and neuropil (48, 62, 63).
This neuronal to neuroendocrine differentiation is referred to as chromaffin differentiation. (The
word chromaffin comes from the Greek chroma, color, and the Latin affinis, having affinity for;
cells staining strongly with chromium salts.) Neuroblastoma differentiation and apoptosis are

therefore important regarding both prognostication and new treatment strategies.

CgA is an acidic monomeric protein which is co-stored and co-released by exocytosis from
catecholamine storage vesicles in neural, neuroendocrine, and endocrine cells (64). During the
characterization of our animal model, we found that small tumors, also had areas of hemorrhage
and cellular debris. We therefore sought for a marker that would reflect the viable tumor cell
population by being produced in and secreted by the tumor cells. We found that the plasma
concentrations of CgA were directly proportional to the tumor burden and rose in parallel with
tumor growth (44). This was in contrast to the clinically used neuroblastoma markers NSE and
pancreastatin in plasma, and HVA, VMA, and dopamine in urine. Although plasma NSE and
urinary HVA were elevated in tumor-bearing animals, only plasma CgA correlated with the tumor
burden (44). This makes CgA a promising biochemical marker for neuroblastomas. The

properties of CgA as a tumor marker need to be further evaluated in a clinical setting, however.
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Fig. 4. Structure of fumagillin and its synthetic derivative, TNP-470.

Angiostatic drugs and treatment

The first angiostatic agent used in our studies was TNP-470 (Takeda Neoplastic Product, also
known as angiogenesis modulator, AGM-1470). TNP-470 (65) was a kind gift of Takeda
Chemical Industries Ltd., Osaka, Japan. It is an analogue of the epoxide fumagillin, a naturally
secreted antibiotic of the fungus Aspergillus fumigatus (Fig. 4). TNP-470 is 50 times as potent as
the naturally occurring substance fumagillin. TNP-470 inhibits endothelial cell proliferation and
migration at ~10 pg/ml, far below (around 3 logs lower) its cytotoxic concentrations (41, 65, 66).
The effect of TNP-470 on tumor growth has been studied in a variety of experimental tumors (66).
Phase I-III clinical trials of TNP-470 are now in progress, mainly in the USA (Table 2). In these
trials the drug is given intravenously for 1 to 4 hours every 2-3 days. Its dose-limiting symptoms

of toxicity are reversible confusion, headache, and ataxia.

One group of animals was treated with TNP-470, and the other group served as a control. The
effects were evaluated by measurements of tumor volume and analysis by transmission electron
microscopy, scanning electron microscopy of microvascular casts, quantitative light microscopy,
and immunohistochemistry (41, 45). We reported for the first time a tumoristatic effect of an
angiogenesis inhibitor on human neuroblastoma. Not only a significantly reduced tumor growth
rate, but also a reduced microvascular density and a reduction of the fraction of viable tumor cells,
was observed in the TNP-470 treated animals (41, 45). Our results were confirmed in a recent
study by Nagabuchi et al. (67), who showed that TNP-470 improved animal survival, and reduced
tumor growth of primary and metastatic murine neuroblastoma. The plasma concentrations of
TNP-470 do not reach cytotoxic levels, and thus we were able to document a tumoristatic effect of
a single agent that did not act on the tumor cells directly but on growth-stimulated endothelial cells
(41, 45).

When we analyzed the mechanisms underlying the tumor growth reduction induced by TNP-470

(45), we found that the apoptotic fraction of tumor cells increased more than threefold. In contrast,
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the mean vascular diameter and the mean tumor cell proliferative index were unaffected. When
differentiation markers were added to the protocol, it was seen that TNP-470-treated tumors
exhibited striking chromaffin differentiation of neuroblastoma cells, observed as increased
expression of IGF2, TH, and CgA, and increased formation of cellular processes. Statistical
analysis revealed an inverse correlation between differentiation and angiogenesis. Morphological
analysis revealed a gradient from proliferating over differentiating to apoptotic neuroblastoma cells
with increasing distance from the feeding blood vessels. We suggest that by inhibiting
angiogenesis, TNP-470 induces metabolic stress, resulting in chromaffin differentiation and
apoptosis of neuroblastoma cells. This particular differentiation, designated agonal differentiation

seems to be the link between angiostatic therapy and tumor cell apoptosis.

To see whether this phenomenon was a general pattern of angiostatic therapy in neuroblastoma, we
decided to study other angiostatic drugs than TNP-470. Interest fell on the endogenous estrogen
metabolite 2ME,, which inhibits angiogenesis and suppresses murine tumor growth (68, 69).
Unlike the angiostatic steroids of corticoid structure (70), 2ME, does not require co-administration
of heparin or sulphated cyclodextrins for activity (68). Further, this metabolite had been shown to
inhibit the growth of proliferating cancer cells (71). The mechanism for the bimodal and
antimitotic activity of 2ME, is not fully known, several pathways such as the interaction with
tubulin, the induction of pS3, and the impairment and imbalance of cell cycle kinases, have been

reported as plausible (68, 69, 71).

During collaboration with EntreMed Inc. (Rockville, MD, USA), we received from them 2ME,
and a new synthetic analogue 2PE,, which has similar properties (Fig. 5). Because of the limited
amounts of drugs available, the neuroblastoma cells were this time xenotransplanted to nude mice

(46). Both drugs were given orally and potently suppressed neuroblastoma growth without signs

CH;0H CH3;0H
HO HO
2-Methoxyestradiol 2-Propynylestradiol

Fig. 5. Structure of 2ME, and its derivative, 2PE,.
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Table IV. A summary of the effects of 2 weeks of treatment with TNP-470, 2ME,, and 2PE, on
angiogenesis, tumor dynamics and differentiation. TNP-470: 10 mg/kg subcutaneously every
other day, nude rats. 2ME,: 75 mg/kg orally twice a day, nude mice. 2PE,: 75 mg/kg orally twice
a day, nude mice.

Angiostatic agent: TNP-470 2ME, 2PE,
Tumor volume - 66% - 68% - 74%
Viable tissue -33% unchanged -31%
Angiogenesis * - 36% -46% - 44%
Proliferative cells unchanged unchanged unchanged
Apoptotic cells +219% +225% +283%
IGF?2 expression + 88% + 140% + 124%
TH-positive cells + 96% +139% + 196%

* Length of vessels per tumor volume (45, 46).

of toxicity. By: stereological quantification of tumor angiogenesis and tumor cell dynamics we
demonstrated that both steroids exert their tumoristatic effect by inhibiting tumor angiogenesis and
inducing tumor cell apoptosis. Hence, the action of these steroids is bimodal: both angiostatic and
chemotherapeutic. These two steroids are of particular interest since they are active when
administered orally. A striking chromaffin differentiation was also observed in the 2ME,- and
2PE,-treated tumors. Statistical analysis again revealed an inverse correlation of tumor
angiogenesis to chromaffin differentiation and apoptosis. In view of their oral availability and
potent antitumor effects, the angiostatic and chemotherapeutic steroids 2ME, and 2PE, are new

candidates for clinical trials.

A summary of the effects of TNP-470, 2ME,, and 2PE, on angiogenesis, tumor dynamics, and

differentiation in neuroblastoma is given in Table IV.

CONCLUSIONS

» The animal experimental model is relevant and yields reproducible results (41, 44-46).

¢ The xenografted tumors grow exponentially and invasively in the host, retain their neuroblast
phenotype, but does not metastasize (41, 44-46).

¢ Plasma levels of CgA are directly proportional to the tumor burden in neuroblastoma (44).

¢ Quantification of the fraction of viable tumor cells in treated tumors, can reveal that a

tumoristatic effect is even better than an effect on measured tumor volume (45, 46).
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Even small tumors display areas of necrosis, hemorrhages, and apoptosis (45, 46).
Stereological quantification of vascular parameters can be performed on perfused vessels,
appearing as punched-out holes in sections (45, 46).

Treatment with 10 mg/kg of TNP-470 every other day results in a reduced growth rate and a
T/C quotient (mean volume of treated tumors / mean volume of control tumors) of 0.34 after
12 days in nude rats (41).

A TNP-470 dosage of 20 or 30 mg/kg results in a rapid loss of body weight by more than 25%
in nude rats (41).

TNP-470-treatment reduces angiogenesis. The tumor cell apoptotic fraction increases more than
threefold, while the fraction of viable tumor cells is decreased. The mean vascular diameter and
the mean tumor cell proliferative index are unaffected (45).

Treatment with 75 mg/kg of 2ME, or 2PE,, twice a day, results in a reduced growth rate and a
T/C quotient of 0.32 and 0.28 respectively after 14 days in nude mice (46).

2ME, and 2PE, are active when administered orally and whithout signs of toxicity (46).

2PE, -treatment reduces the fraction of viable tumor cells (46).

2ME, and 2PE, have a dual action, that is they exert their tumoristatic effect by inhibiting tumor
angiogenesis and inducing tumor cell apoptosis. The mean vascular diameter and the mean
tumor cell proliferative index are unaffected (46).

Apoptosis is increased between twofold and fourfold in a dose-dependent manner, by 2ME,-
treatment (46).

2ME, and 2PE, induce apoptosis of neuroblastoma cells in vitro (46).

Neither TNP-470, 2ME,, nor 2PE, has an effect on chromaffin differentiation of neuroblastoma
cells in vitro (45, 46).

Treated tumors (ie. TNP-470, 2ME,, 2PE,) display a sleeve-like arrangement of
neuroblastoma cells surrounding a central vessel, forming perivascular cuffs some 10-15 cell
layers thick (41, 45, 46).

A pattern with a sudden cellular differentiation at an approximate distance of 100 um from the
central vessel followed by apoptosis in the cuff periphery is evident in tumors treated with
angiostatic agents (45, 46).

Tumor angiogenesis is invertely correlated to chromaffin differentiation and apoptosis (45, 46).
Inhibition of angiogenesis induces chromaffin differentiation and apoptosis in neuroblastoma.
Such agonal differentiation may be the link between angiostatic therapy and tumor cell
apoptosis (45, 46).

Angiostatic agents administered as single therapy have an objective tumoristatic effect in our

neuroblastoma model (41, 45, 46).



FUTURE PERSPECTIVES

There have been speculations as to the future clinical value of angiostatic agents in pediatric
oncology (3). Hopefully our studies may provide an impetus to clinical trials of angiogenesis
inhibitors at least in high-risk neuroblastoma patients who do not respond to conventional
treatment. Today there are two ongoing clinical trials, one at the Memorial Sloan-Kettering Cancer
Center, New York (NY, USA) and one at the Dana-Farber Cancer Institute, Boston (MA, USA):
a phase I study of TNP-470 in patients with recurrent or refractory pediatric solid tumors,
lymphomas, and acute leukemias. As yet there are no data on efficacy and side effects, but
angiostatic agents have taken the step from experimental studies to clinical trials also in children

with cancer.

New angiostatic agents are being developed. Among these the endogenous angiogenesis inhibitors
are of particular interest, since they are a part of the normal regulation of vascular growth, and may
have fewer side effects than exogenous ones. One endogenous inhibitor, angiostatin (18), is an
internal fragment of plasminogen. Another, endostatin (19), is a cleavage fragment of collagen
XVIII, and a third one, vasculostatin, is being characterized (Yuen Shing, personal
communication). Preliminary in vitro and in vivo data indicate that the relaxed form of
antithrombin IIT and an internal osteonectin fragment also are potent endogenous inhibitors of
angiogenesis (Judah Folkman, personal communication). Clinically, it has been known that some
patients exhibit growth of metastases within a few months after removal of a primary tumor. This
phenomenon led to the discovery of angiostatin in mice. However, whether patients with advanced
primary tumors without detectable metastases elaborate endogenous inhibitors of angiogenesis is
not known. It has been speculated that angiogenesis is regulated by more than twenty endogenous
protein fragments, in analogy with blood coagulation (7). One way to investigate this would be by
testing serum and urine samples from patients with advanced but localized tumors on endothelial

cell cultures. We are currently undertaking such an investigation.

Angiostatic therapy in combination with other treatment modalities is another field of research.
Several reports of synergistic effects have been published, for example by Teicher et al. (22). Our
finding that inhibition of angiogenesis induced chromaffin differentiation in neuroblastoma (45,
46), taken together with fact that neuroblastoma cells can be induced to differentiate in vitro (48),
suggests that angiostatic therapy in combination with retinoic acid might be beneficial. Chromaffin
differentiation also includes increased expression of CgA (45). CgA is normally secreted from
highly vascularized neuroendocrine cells, and CgA and its cleavage fragments have some

biological activity (64). Recently, it was reported that neuropeptide Y, a sympathetic cotransmitter
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and regulatory peptide frequently produced by neuroblastomal cells, exerted angiogenic activity
(72). We are therefore now examining whether CgA or its cleavage fragments may have an

undiscovered angiogenic effect.

Another clinical application of angiogenesis research is monitoring of angiogenic peptides in urine
or blood. These may be used in the future as biochemical markers of tumor angiogenesis. Every
tumor type or even every tumor may have its own angiogenic profile, and by analyzing angiogenic
peptides in body fluids it might be possible to optimize treatment with inhibitors that will have the
best effect on that particular tumor. In our experimental model the neuroblastoma cells secrete
bFGF and VEGF,,. Presently we are investigating the question of whether plasma or urine
concentrations of these two angiogenic peptides correlate to the tumor burden in nude rats.
Preliminary data in neuroblastoma patients show that circulating levels of VEGF, but not of
bFGF, correlate to tumor stage and outcome (E Wassberg et al., in preparation). However, the
reference ranges of angiogenic peptides are based on adults. For this reason we have initiated a

prospective study to obtain a normal reference material for angiogenic peptides (i.e. angiogenin,

bFGF, epithelial growth factor, hepatocyte growth factor, leptin, transforming growth factor f,,

tumor necrosis factor o, and VEGF) in healthy children. According to preliminary data, bFGF

levels are much higher (6-8 times) in healthy young children than in healthy adults (E Skéldenberg
et al,, in preparation). This may indicate an upregulation of angiogenesis during normal growth,
and stresses the importance of having appropriate reference values in children instead of
extrapolating from levels in adults. Monitoring of angiogenic peptides may help the pediatric
oncologist not only to predict a poor prognosis and a probability of metastasis, but also to assess
the disease activity, detect relapses at an early stage (38), and identify cases where angiostatic

agents are indicated.

In summary, the field of angiogenesis research has three important applications for treatment of
patients with neuroblastoma: treatment with angiostatic agents, monitoring of angiogenic peptides
to assess disease activity, and prediction of the outcome on the basis of microvascular counts. The
clinical value of these applications remains to be settled, but the simplicity of the concept and its

powerful therapeutic implications will be the driving forces of these future efforts.

20



ACKNOWLEDGEMENTS

This work was supported by grants from the Swedish Cancer Society, the Children’s Cancer

Foundation of Sweden, HRH Crown Princess Lovisa’s Association for Child Medical Care, the

Swedish Society of Medicine and the National Board of Health and Welfare, the Dagmar Ferb

Memorial Foundation, the Gunnar, Arvid and Elisabeth Nilsson Foundation, and the Faculty of

Medicine at Uppsala University.

—_—

s

haliea

10.

1L

15.

16.
17.

18.

19.

20.

21.

REFERENCES

Folkman J. Tumor angiogenesis: Therapeutic implications. N Engl ] Med 1971; 285:1182-1186.
Folkman J. Tumor angiogenesis. In Mendelsohn J, Howley PM, Israel MA, Liotta LA (eds) The
molecular basis of cancer. WB Saunders Co, Philadelphia, 1995, pp 206-232.

Schweigerer L. Antiangiogenesis as a novel therapeutic concept in pediatric oncology. J Mol Med
1995; 73:497-508.

Folkman J. Clinical applications of research on angiogenesis. N Engl J Med 1995; 333:1757-1763.
Gasparini G, Harris AL. Clinical importance of the determination of tumor angiogenesis in breast
carcinoma: Much more than a new prognostic tool. J Clin Oncol 1995; 13:765-782.

Fox SB, Gatter KC, Harris AL. Tumor angiogenesis. J Pathol 1996; 179:232-237.

Hanahan D, Folkman J. Patterns and emerging mechanisms of the angiogenic switch during
tumorigenesis. Cell 1996; 86:353-364.

Folkman J. New perspectives in clinical oncology from angiogenesis research. Eur J Cancer 1996;
32A:2534-2539.

Wassberg E, Christofferson R. Angiostatic treatment of neuroblastoma. Eur J Cancer 1997; 33:2020-
2023.

Folkman J. Antiangiogenic therapy. In DeVita Jr VT, Hellman S, Rosenberg SA (eds) Cancer:
Principles & practice of oncology (fifth edition). Lippincott-Raven Publishers, Philadelphia, 1997, pp
3075-3085.

D’Amore PA, Shima DT. Tumor angiogenesis: a physiological process or genetically determined?
Cancer Metastasis Rev 1996; 15:205-212.

Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth factor induced by hypoxia may
mediate hypoxia-initiated angiogenesis. Nature 1992; 359:843-845.

. Berthold F. Biology of neuroblastoma. In Pochedly C (ed) Neuroblastora: Tumor Biology and

Therapy. CRC Press, Boca Raton, 1990, pp 1-27.

. Brodeur GM, Castleberry RP. Neuroblastoma. In Pizzo PA, Poplack DG (eds) Principles and practice

of pediatric oncology. JB Lippincott Company, Philadelphia , 1993, pp 739-767.

Brodeur GM, Maris JM, Yamashiro DJ, Hogarty MD, White PS. Biology and genetics of human
neuroblastomas. J Pediatr Hematol Oncol 1997; 19:93-101.

Auerbach W, Auerbach R. Angiogenesis inhibition: a review. Pharmacol Therap 1994; 63:265-311.
Chen C, Parengi S, Tolentino MJ, Folkman J. A strategy to discover circulating angiogenesis
inhibitors generated by human tumors. Cancer Res 1995; 55:4230-4233.

O’Reilly MS, Holmgren L, Shing Y, Chen C, Rosenthal RA, Moses M, Lane WS, Cao Y, Sage EH,
Folkman J. Angiostatin: A novel angiogenesis inhibitor that mediates the suppression of metastases
by a Lewis lung carcinoma. Cell 1994; 79:315-328.

O’Reilly MS, Boechm T, Shing Y, Fukai N, Vasios G, Lane WS, Flynn E, Birkhead JR, Olsen BR,
Folkman J. Endostatin: An endogenous inhibitor of angiogenesis and tumor growth. Cell 1997
88:277-285.

OReilly MS, Holmgren L, Chen C, Folkman J. Angiostatin induces and sustains dormancy of human
primary tumors in mice. Nat Med 1996; 2:689-692.

Boehm T, Folkman J, Browder T, O'Reilly MS. Antiangiogenic therapy of experimental cancer does
not induce acquired drug resistance. Nature 1997; 390:404-407.

21



22.

23.

24.
25.
26.
27.
28.
29.
30.
31

32,
. Denekamp J. Vascular attack as a therapeutic strategy for cancer. Cancer Metastasis Rev 1990; 9:267-

34.

35.

37.

38.

39.

40.

41.
42.

43.

45.

46.

47.

22

Teicher BA, Emi Y, Kakeji Y, Northey D. TNP-470/minocycline/cytotoxic therapy: A systems
approach to cancer therapy. Eur J Cancer 1996; 32A:2461-2466.

Mauceri HJ, Hanna NN, Beckett MA, Gorski DH, Staba M-J, Stellato KA, Bigelow K, Helmann R,
Gately S, Dhanabal M, Soff GA, Sukhatme VP, Kufe DW, Weichselbaum RR. Combined effects of
angiostatin and ionizing radiation in antitumour therapy. Nature 1998; 394:287-291.

Huang X, Molema G, King S, Watkins L, Edgington TS, Thorpe PE. Tumor infarction in mice by
antibody-directed targeting of tissue factor to tumor vasculature. Science 1997; 275:547-550.
Pasqualini R, Koivunen E, Rouslahti E. ov integrins as receptors for tumor targeting by circulating
ligands. Nature Biotech 1997; 15:542-546.

Ran S, Gao B, Duffy S, Watkins L, Rote N, Thorp PE. Infarction of solid Hodgkin’s tumors in mice
by antibody-directed targeting of tissue factor to tumor vasculature. Cancer Res 1998; 58:4646-4653.
Blijham GH. Prevention and treatment of organ toxicity during high-dose chemotherapy: an overview.
Anticancer Drugs 1993; 4:527-533.

Gasparini G, Presta M. Clinical studies with angicgenesis inhibitors: Biological rationale and
challenges for their evaluation. Ann Oncol 1996; 7:441-444.

Holmgren L, O'Reilly MS, Folkman J. Dormancy of micrometastases: Balanced proliferation and
apoptosis in the presence of angiogenesis suppression. Nature Med 1995; 1:149-153.

Klauber N, Rohan RM, Flynn E, D’Amato RJ. Critical components of the female reproductive
pathway are suppressed by the angiogenesis inhibitor AGM-1470. Nature Med 1997; 3:443-446.
Folkman J. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nature Med 1995; 1:27-
31

Jain RK. Barriers to drug delivery in solid tumors. Sci Am 1994; 271:58-65.

282.

Dirix LY, Vermulen PB, Pawinski A, Prové A, Benoy I, De Pooter C, Martin M, Van Oosterom AT.
Elevated levels of the angiogenic cytokines basic fibroblast growth factor and vascular endothelial
growth factor in sera of cancer patients. Br J Cancer 1997; 76:238-243.

Linder C, Linder S, Munck-Wikland E, Strander H. Independent expression of serum vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) in patients with
carcinoma and sarcoma. Anticancer Res 1998; 18:2063-2068.

Nguyen M, Watanabe H, Budson AE, Richie JP, Hayes DF, Folkman J. Elevated levels of an
angiogenic peptide, basic fibroblast growth factor, in the urine of patients with a wide spectrum of
cancers. J Natl Cancer Inst 1994; 86:356-361.

Lin RY, Argenta PA, Sullivan KM, Adzick NS. Diagnostic and prognostic role of basic fibroblast
growth factor in Wilms” tumor patients. Clin Cancer Res 1995; 1:327-331.

Perez-Atayde AR, Sallan SE, Tedrow U, Connors S, Allred E, Folkman J. Spectrum of tumor
angiogenesis in the bone marrow of children with acute lymphoblastic leukemia. Am J Pathol 1997
150:815-821.

Vermeulen PB, Gasparini G, Fox SB, Toi M, Martin L, McCulloch P, Pezzella F. Viale G, Weidner
N, Harris AL, Dirix LY. Quantification of angiogenesis in solid human tumours: an international
consensus on the methodology and criteria of evaluation. Eur J Cancer 1996; 32A:2474-2484.

Meitar D, Crawford SE, Rademaker AW, Cohn SL. Tumor angiogenesis correlates with metastatic
disease, N-myc amplification, and poor outcome in human neuroblastoma. J Clin Oncol 1996;
14:405-414.

Wassberg E, Pdhlman S, Westlin J-E, Christofferson R. The angiogenesis inhibitor TNP-470 reduces
the growth rate of human neuroblastoma in nude rats. Pediatr Res 1997; 41:327-333.

Biedler JL, Helson L, Spengler BA. Morphology and growth, tumorigenicity, and cytogenetics of
human neuroblastoma cells in continuous culture. Cancer Res 1973; 33:2643-2652.

Biedler JL, Roffler-Tarlov S, Schaschner M, Freedman LS. Multiple neurotransmitter synthesis by
human neuroblastoma cell lines and clones. Cancer Res 1978; 38:3751-3757.

Wassberg E, Stridsberg M, Christofferson R. Plasma levels of chromogranin A are directly
proportional to tumour burden in neuroblastoma. J Endocrinol 1996; 151:225-230.

Wassberg E, Hedborg F, Skéldenberg E, Stridsberg M, Christofferson R. Inhibition of angiogenesis
induces chromaffin differentiation and apoptosis in neuroblastoma. Am J Pathol 1999; 154:395-403.
Wassberg E, Sundelsf J, Pribluda VS, Green SJ, Hedborg F, Christofferson R. The antiangiogenic
and chemotherapeutic natural steroid 2-methoxyestradiol and its derivative 2-propynylestradiol are
potent suppressors of neuroblastoma growth when administered orally. Submitted.

Nilsson S, Pédhlman S, Amberg H, Letocha H, Westlin J-E. Characterization and uptake of
radiolabelled meta-iodobenzylguanidine (MIBG) in a human neuroblastoma heterotransplant model in
athymic rats. Acta Oncol 1993; 32:887-891.



48.

49.

50.
51.

52.

53.

54.
55.

56.

57.

58.

59.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71,

72.

73.

74.

Pahlman S, Hoehner JC, Nénberg E, Hedborg F, Fagerstrom S, Gestblom C, Johansson I, Larsson
U, Lavenius E, Ortoft E, Séderholm H. Differentiation and survival influences of growth factors in
human neuroblastoma. Eur J Cancer 1995; 31A:453-458.

Festing MFW. Characteristics of nude rats. In Proceedings of the third international workshop on
nude mice. Gustav Fisher, New York, 1982, pp 41-49.

Hougen HP. The athymic nude rat. APMIS suppl 21 1991; 99:7-39

Fogh J, Fogh JM, Orfeo T. One hundred and twenty-seven cultured human tumor cell lines producing
tumors in nude mice. J Natl Cancer Inst 1977; 59:221-226.

Phillips RA, Jewett MAS, Gallie BL. Growth of human tumors in immune-deficient scid mice and
nude mice. Curr Top Microbiol Immunol 1989; 152:259-263.

Tomayko MM, Reynolds CP. Determination of subcutaneous tumor size in athymic (nude) mice.
Cancer Chemother Pharmacol 1989; 24:148-154.

Elias H, Hyde DM. Elementary stereology. Am J Anat 1980; 159:411-446.

Hayes CE, Goldstein 1J. An alpha-D-galactosyl-binding lectin from Bandeiraea simplicifolia seeds.
Isolation by affinity chromatography and characterization. J Biol Chem 1974; 249:1904-1914.

Weibel ER. Stereological methods. London, Academic Press Inc, 1979.

Gundersen HJG, Bendtsen TF, Korbo L, Marcussen N, Mgller A, Nielsen K, Nyengaard IR,
Pakkenberg B, Sgrensen FB, Vesterby A, West MJ. Some new, simple and efficient stereological
methods and their use in pathological research and diagnosis. APMIS 1988; 96:379-394.

Woods WG, Tuchman M, Robison LL, Bernstein M, Leclerc JM, Brisson LC, Brossard J, Hill G.
Shuster J, Luepker R, Byrne T, Weitzman S, Bunin G, Lemieux B. A population-based study of the
usefulness of screening for neuroblastoma. Lancet 1996; 348:1682-1687.

Joshi VV, Cantor AB, Altshuler G, Larkin EW, Neill JSA, Shuster JJ, Holbrook CT, Hayes FA,
Nitschke R, Duncan MH, Shochat SJ, Talbert J, Smith EI, Castleberry RP. Age-linked prognostic
categorization based on a new histologic grading system of neuroblastomas. Cancer 1992; 69:2197-
2211.

Hoehner JC, Hedborg F, Wiklund HJ, Olsen L, Pdhlman S. Cellular death in neuroblastoma: in situ
correlation of apoptosis and bcl-2 expression. Int J Cancer 1995; 62:19-24.

Hoehner JC, Gestblom C, Hedborg F, Sandstedt B, Olsen L, Pahiman S. A developmental model of
neuroblastoma: differentiating stroma-poor tumor’s progress along an extra-adrenal chromaffin
lineage. Lab Invest 1996; 75:659-675.

Hedborg F., Ohlsson R, Sandstedt B, Grimelius L, Hoehner J, Pahlman S. IGF2 expression is a
marker for paraganglionic/SIF cell differentiation in neuroblastoma. Am J Pathol 1995; 146:833-847.
Gestblom C, Hoehner JC, Hedborg F, Sandstedt B, Pihlman S. In vivo spontaneous neuronal to
neuroendocrine lineage conversion in a subset of neuroblastomas. Am J Pathol 1997; 150:107-117.
Hendy GN, Bevan S, Mattei M-G, Mouland AJ. Review: Chromogranin A. Clin Invest Med 1995;
18:47-65.

Ingber D, Fujita T, Kishimoto S, Sudo K, Kanamaru T, Brem H, Folkman J. Synthetic analogues of
fumagillin that inhibit angiogenesis and suppress tumor growth. Nature 1990; 348:555-557.
Castronovo V, Belotti D. TNP-470 (AGM-1470): Mechanism of action and early clinical
development. Eur J Cancer 1996; 32A:2520-2527.

Nagabuchi E, VanderKolk WE, Une Y, Ziegler MM. TNP-470 antiangiogenic therapy for advanced
murine neuroblastoma. J Pediatr Surg 1997; 32:287-293.

Fotsis Fotsis T, Zhang Y, Pepper MS, Adlercrentz H, Montesano R, Nawroth PP, Schweigerer L.
The endogenous oestrogen metabolite 2-methoxyoestradiol inhibits angiogenesis and suppresses
tumour growth. Nature 1994; 368:237-239.

Klauber N, Parengi S, Flynn E, Hamel E, D"Amato R. Inhibition of angiogenesis and breast cancer in
niice by the microtubule inhibitors 2-methoxyestradiol and taxol. Cancer Res 1997; 57:81-86.

Crum R, Szabo S, Folkman J. A new class of steroids inhibits angiogenesis in the presence of heparin
or a heparin fragment. Science 1985; 230:1375-1378.

Pribluda VS, Green SJ. 2-methoxyestradiol: a novel endogenous chemotherapeutic and
antiangiogenic. In Fan T-P, Auerbach R (ed) The New Angiotherapy. In press.

Zukowska-Grojec Z, Karwatowska-Prokopczuk E, Rose W, Rone J, Movafagh S, Ji H, Yeh Y, Chen
WT, Kleinmann HK, Grouzmann E, Grant DS. Neuropeptide Y: a novel angiogenic factor from the
sympathetic nerves and endothelium. Circ Res 1998; 83:187-195.

Wojtowicz-Praga SM, Dickson RB, Hawkins MJ. Matrix metalloproteinase inhibitors. Invest New
Drugs 1997; 15:61-75.

Berlin J, Tutsch KD, Hutson P, Cleary J, Rago RP, Arzoomanian RZ, Alberti D, Feierabend C,
Wilding G. Phase I clinical and pharmacokinetic study of oral carboxyamidotriazole, a signal
transduction inhibitor. J Clin Oncol 1997; 15:781-789.



75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

DeVore RF, Hellerqvist CG, Wakefield GB, Wamil BD, Thurman GB, Minton PA, Sundell HW,
Yan H-P, Carter CE, Wang Y-F, York GE, Zhang M-H, Johnson DH. A phase I study of the
antineovascularization drug CM101. Clin Cancer Res 1997; 3:365-372.

Chang E, Boyd A, Nelson CC, Crowley D, Law T, Keough KM, Folkman J, Ezekowitz RAB, Castle
VP. Successful treatment of infantile hemangiomas with interferon-o-2b. J Pediatr Hematol Oncol
1997; 19:237-244.

Voest EE, Kenyon B, O'Reilly MS, Truitt G, D’Amato RJ, Folkman J. Inhibition of angiogenesis in
vivo by interleukin 12. J Natl Cancer Inst 1995; 87:581-586.

Vukanovic J, Passaniti A, Hirata T, Traystmann RJ, Hartley-Asp B, Isaacs JT. Antiangiogenic effect
of the quinoline-3-carboxamide linomide. Cancer Res 1993; 53:1833-1837.

Kahn J, Ruiz R, Kershmann R, Berger T, MaR, Coleman R, Alford B, Kaplan L. A phase /Il study
of recombinant platelet factor 4 (rPF4) in patients with AIDS related Kaposi’s sarcoma (KS). Proc Am
Soc Clin Oncol 1993; 12:50.

Strawn LM, McMahon G, App H, Schreck R, Kuchler WR, Longhi MP, Hui TH, Tang C, Levitzki
A, Gazit A, Chen I, Keri G, Orfi L, Risau W, Flamme I, Ullrich A, Hirth KP, Shawver LK. Flk-1 as
atarget for tumor growth inhibition. Cancer Res 1996; 56:3540-3545.

Mirza MR, Jakobsen E, Pfeiffer P, Lindeberg-Clasen B, Bergh J, Rose C. Suramin in non-small cell
lung cancer and advanced breast cancer. Two parallel phase II studies. Acta Oncol 1997; 36:171-174.
Eckhardt SG, Burris HA, Eckardt JR, Weiss G, Rodriguez G, Rothenberg M, Rinaldi D, Barrington
R, Kuhn JK, Masuo K, Sudo K, Atsumi R, Oguma T, Higashi L, Fields S, Smetzer L, Von Hoff
DD. A phase I clinical and pharmacokinetic study of the angiogenesis inhibitor, .tecogalan sodium.
Ann Oncol 1996; 7:491-496. .

D"Amato RJ, Loughnan MS, Flynn E, Folkman J. Thalidomide is an inhibitor of angiogenesis. Proc
Natl Acad Sci USA 1994; 91:4082-4085.

Figg WD, Pluda JM, Lush RM, Saville MW, Wyvill K, Reed E, Yarchoan R. The pharmacokinetics
of TNP-470, a new angiogenesis inhibitor. Pharmacotherapy 1997; 17:91-97.

Christofferson R. Angiogeneshdmmare vid avancerad cancer — manga paborjade kliniska provningar
visar lovande resultat. (Angiogenesis inhibitors in advanced cancer: many clinical trials are yielding
promising results.) Lakartidningen 1998; 95:2349-2354. In Swedish.

Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, Ryan TE, Bruno J, Radziejewski
C, Maisonpierre PC, Yancopoulos GD. Isolation of angiopoietin-1, a ligand for the TIE2 receptor, by
secretion-trap expression cloning. Cell 1996; 87:1161-1169.

Sierra-Honigmann MR, Nath AK, Murakami C, Garcia-Cardena G, Papapetropoulos A, Sessa WC,
Madge LA, Schechner JS, Schwabb MB, Polverini PJ, Flores-Riveros JR. Biological action of leptin
as an angiogenic factor. Science 1998; 281:1683-1686.

Bouloumie A, Drexler HC, Lafontan M, Busse R. Leptin, the product of Ob gene, promotes
angiogenesis. Circ Res 1998; 83:1059-1066.

Requests for reprints should be addressed to:  Erik Wassberg

24

Department of Medical Cell Biology
Uppsala University

Biomedical Centre

Box 571

SE-751 23 Uppsala

Sweden

Telephone: +46 18 471 42 69
Fax: +46 18 47141 13

E-mail: erik.wassberg @medcellbiol.uu.se



