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The present study evaluated the treatment efficacy of the vascular disrupting agents CA4P

and OXi4503 in an orthotopically transplanted human renal cell carcinoma xenograft

model (Caki-1). Experiments used vascular casting, vessel density assessments as well as

tumour necrosis measurements to evaluate the efficacy of these agents. After treatment

with either agent, assessment of the vascular casts showed an almost total eradication

of tumour blood vessels. Histological evidence further supported this observation, showing

extensive central tumour necrosis with only a small viable rim of tumour cells remaining at

the periphery. These results suggest that vascular disrupting agents CA4P and OXi4503 may

have utility in the treatment of renal cell carcinoma, an encouraging result given that cur-

rent conventional therapies have been currently largely unsuccessful in managing this

disease.

� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Renal cell carcinoma (RCC) is the most common malignancy

of the kidney in adults and accounts for about 3% of all adult

malignancies.1 Unless detected at an early stage, at a time

when it is a respectable neoplasm, RCC has a very unfavor-

able treatment outcome to conventional measures.2 Unfortu-

nately, RCC is characterised by a lack of early warning signs,

resulting in a high proportion of patients already presenting

with metastases at initial diagnosis.2 As a consequence,

RCC remains fatal in nearly 80% of its patients.2–4 Recent his-

topathological studies of RCC have revealed it to be a highly

vascularised neoplasm, with abundant angiogenesis and
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abnormal blood vessel development.5,6 One possible approach

to improve treatment outcome might be the implementation

of vascular targeting strategies.7,8

Vascular targeting therapies specifically target and exploit

tumour vasculature abnormalities,8–10 either though the

inhibition of the development of new tumour vasculature

(anti-angiogenic agents)11 or through the destruction of the

existing tumour vasculature (vascular disrupting agents).12

One class of vascular disrupting agents (VDAs) and the focus

of the present study are the small molecule tubulin binding

agents. These agents act by disorganising the microtubules

within endothelial cells; specifically they bind to the b-tubulin

sub-units, preventing the formation of microtubules.13–15
.
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After treatment with such agents, an increase in vascular per-

meability is observed.14 This observation is thought to be the

result of newly formed daughter endothelial cells rounding-

up as a consequence of cytoskeletal alterations.14–16 The

rounding of the endothelial cells results in an increased endo-

thelial cell separation, followed by their detachment from the

vascular wall. This detachment leads to a collapse of the vas-

cular wall and results in obstruction of tumour blood flow.7,10

Ultimately, the reduction in blood flow leads to tumour cell

death through oxygen and nutrient deprivation as well as

an obstruction for metabolic waste egress. Previous studies

have reported that tumour cell death occurs within hours of

agent delivery, resulting in extensive tumour necrosis by

24 h post treatment.7

A number of agents exhibiting these characteristics have

been identified and after extensive preclinical testing, lead

agents have begun to enter clinical trials.17,18 Two promising

agents under investigation are CA4P7,10,19 and OXi4503.20–22

The present study examined the treatment efficacy of these

agents in a human RCC xenograft model (Caki-1).

2. Materials and Methods

2.1. Animal and tumour models

Female nude mice (NCR, nu/nu), age 6–8 weeks were main-

tained under specific-pathogen-free conditions (University

of Florida Health Science Center) with food and water sup-

plied ad libitum. Animals were inoculated with 2 · 106 tumour

cells (suspended in 20 ll 0.9% saline) either orthotopically in

the left kidney (injected through the skin) or intra muscularly

(IM) in the left hind limb. Once the tumours reached a size

�200 mm3, experiments were initiated. All research was gov-

erned by the principles of the Guide for the Care and Use of

Laboratory Animals and approved by the University of Florida

Institutional Animal Care and Use Committee (IACUC).

2.2. Treatment protocol

Tumour-bearing mice were randomly allocated to various

experimental groups. Both CA4P and OXi4503 (OXiGENE, Wal-

tham, MA 02451, United States of America) were prepared in

saline and administered by intra-peritoneal injection

(0.01 ml/g body weight) at doses of 100 mg/kg and 25 mg/kg,

respectively. For all experiments, tumours were assessed

24 h after treatment; the time of maximum tumour

necrosis.7,23

2.3. Tumour growth experiment

Preliminary tumour growth experiments were carried out to

ascertain the time taken for orthotopically grown Caki-1 tu-

mour to grow to �200 mm3. Mice were killed at various times

after tumour cell inoculations, after which time their kidneys

were removed and their respective tumour volumes assessed.

Tumour volume was determined by fully submersing either

the normal or tumour-bearing kidney in a measuring cylinder

containing PBS. The tumour volume was then recorded as the

difference between the tumour-bearing and normal kidney’s

fluid displacement volume.
Tumours initiated in the hind legs were measured every

day by passing the tumour-bearing leg through a series of

increasing diameter holes in a plastic plate. The smallest

diameter hole the tumour-bearing leg could pass through

was recorded and converted to a tumour volume using the

formula: tumour volume = (1/6)pd3 � 100, were d is the hole

diameter and 100 represents a volume correction factor deter-

mined for mouse leg without a tumour.

2.4. Clonogenic cell survival

Tumour-bearing mice were killed 24 h after treatment. The tu-

mours were removed and dissociated with an enzyme cock-

tail consisting of 0.025% collagenase (Sigma), 0.05% pronase

(Sigma), and 0.04% DNase (Sigma). The cells were then

counted and various dilutions were plated in 60 mm dishes.

After 2 weeks of incubation at 37 �C, colonies of 50 or more

cells were counted and cell survival was calculated. Tumour

surviving fraction was corrected for tumour cell recovery.

2.5. Vascular casting, imaging and quantification

The procedure for casting and imaging as well as the quanti-

fication of the vascular casts, have been previously described

in detail.24 A brief summary of the methods used is given.

2.5.1. Vascular casting
Mice were anesthetised using an intra-peritoneal injection of

ketamine (95 mg/kg) plus xylazine (5 mg/kg). Anaesthesia was

maintained by inhalation of 1% isoflurane and oxygen admin-

istered via facemask. Mice were then infused in the left ven-

tricle of the heart with 3 ml of the casting agent Microfil�

(MV-120, Flow Tech, Inc., P.O. Box 834 Carver, MA 02330-

0834, USA). After infusion, the cadavers were refrigerated

for a 24 h period before kidney removal to allow time for the

cast compound to fully harden.

2.5.2. Vessel imaging
Frozen sections of the microvascular casts were cut at 100 lm

and mounted on ‘Plus’ slides (Fisher Scientific). The sections

were first dried in a series of graded alcohol washes, before

immersing them in methyl salicylate (Sigma) for a 24 h peri-

od. The sections were then imaged at 5· magnification using

a morphometric ‘tiled field mapping’ microscope (Brain Insti-

tute, University of Florida). Each section was imaged by taking

a weighted average from a series of 5 lm slices captured from

top to bottom through the tissue sample. To aid quantifica-

tion, each of the output images was fitted with a calibration

scale.

2.5.3. Vessel size quantification
Images of the microvascular casts were measured using the

chord-length distribution analysis incorporating the trilinear

interpolation marching-cube (TRI-MC) smoothing algo-

rithm.25 Briefly, chord-lengths distributions were defined by

the intersection of imaginary computer generated straight

lines within the object’s boundaries. The distance along each

individual chord-length as it passes from one object boundary

to the next was recorded. By repeating this process millions of

times, a distribution of vessel sizes was generated.



Fig. 1 – Clonogenic cell survival of Caki-1 tumour cells grown

IM or orthotopically in the kidney 24 h following treatment

with CA4P or OXi4503. Data represent the median of 4–5

tumours (line), 25–75% (box).
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2.5.4. Vascular density measurements
Vascular density measurements were made on the vascular

casts using the Chalkley counting technique, where vascular

density was recorded as the number of vessels per unit area.24

For each tumour, the mean vessel density was determined

based on a minimum of 10 random fields per section and 3

sections per tumour.

2.5.5. Viable rim assessment
Tumours were removed and fixed in 10% alcohol formalin for

24 h before sectioning. Paraffin sections were taken from the

center of each tumour, stained using hematoxylin and eosin

(H&E) and imaged on a morphometric microscope at 5· mag-

nification using a tile field mapping technique.

2.5.6. Statistical analysis
The results were analysed using ANOVA in combination with

Scheffe’s post hoc procedure, and expressed as mean ± stan-

dard deviation. Differences were considered statistically sig-

nificant at P < 0.05.

3. Results

Initial experiments established the impact of VDA treat-

ment on tumour cell kill in IM or orthotopically grown

Caki-1 tumours using the clonogenic cell survival assay.

The response to CA4P (100 mg/kg) and OXi4503 (25 mg/kg)

was assessed 24 h after drug exposure. These doses were

chosen since they were shown to result in similar levels

of tumour cell kill irrespective of the site of tumour growth

(Fig. 1).

In subsequent studies the vascular casting technique was

applied to visualise the vasculature in both normal kidney

and renal cell carcinoma growing in the kidney before and

after VDA treatment. Fig. 2a and e shows the vascular cast

and histology of the cortex of a normal mouse kidney. Closer

examination of the vascular cast shows that the casting med-
Fig. 2 – Images of silicon based vascular casts and histology: (a, b

the mouse kidney; (e, f) Caki-1 growing in the cortex of the mou

Caki-1 growing in the cortex of the mouse kidney 24 h after tre
ium employed was able to penetrate into the smallest of cap-

illaries and reveal the internal structures of the individual

glomeruli. The growth of RCC Caki-1 in the kidney is illus-

trated in Fig. 2b. The impact of treatment with either CA4P

(100 mg/kg) or OXi4503 (25 mg/kg) on tumour vasculature is

illustrated in Fig. 2c and d. The region of vascular destruction

with its almost total elimination is readily apparent (Fig. 2c

and d). The corresponding histology (Fig. 2g and h) is consis-

tent with these observations revealing only a small viable rim

of tumour tissue at the periphery after treatment with either

agent.

To quantify the casting images, the chord-length distribu-

tion technique was used.24 This analysis examined areas of

normal kidney cortex, kidney cortex containing an untreated

Caki-1 malignancy, and kidney cortex containing treated

Caki-1 malignancies. Fig. 3 shows the results of this chord-

length distribution analysis. The tumours from untreated
) normal kidney cortex; (c, d) Caki-1 growing in the cortex of

se kidney 24 h after treatment with CA4P (100 mg/kg); (g, h)

atment with OXi4503 (25 mg/kg).



Fig. 3 – Vessel diameter distribution curves in normal kidney cortex, kidney implanted Caki-1 tumours and Caki-1 tumours in

untreated mice (a) or in animals 24 h after treatment with either CA4P (100 mg/kg) or OXi4503 (25 mg/kg) (b).

Fig. 4 – Vascular densities determined by Chalkley counting

for both normal kidney cortex, untreated Caki-1 tumours

and at the periphery of the tumours 24 h after treatment

with either CA4P (100 mg/kg) or OXi4503 (25 mg/kg). Data

represent the mean of 3–6 tumours (line), 25–75% (box) and

10–90 % (error bars); * statistically significant from normal

kidney (P < 0.05), + statistically significant from control

tumour (P < 0.05).
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mice show a significant increase in the number of larger pat-

ent tumour blood vessels over that seen in the normal kid-

ney tissue (Fig. 3a). In contrast, the profiles from tumours

derived from mice treated with either CA4P (100 mg/kg) or

OXi4503 (25 mg/kg) are very similar, indeed almost identical

to those obtained from normal cortex without a tumour

(Fig. 3b).

Finally, images of the vascular casts were used to deter-

mine the vascular density at the tumour periphery after treat-

ment with either agent. These data were compared with our

previous published results24 which examined the vascular

density within normal kidney cortex and untreated Caki-1 tu-

mours grown within the cortex of nude mice. The results

showed that while the vascular density within this viable

rim is less than that of the normal tissue, it was still signifi-

cantly greater than that found in the tumours of untreated

mice (Fig. 4).
4. Discussion

The unsatisfactory management of renal cell carcinoma (RCC)

with conventional anti-cancer therapies warrants the use of

novel approaches to augment treatment response.26 Previous

studies have shown that RCC is a highly vascularised neo-

plasm containing vessel abnormalities common to many so-

lid tumours.6,24 Hence, vascular targeting therapies have

been considered for treating this malignancy. The current

study examined the use of two tubulin binding VDAs in a hu-

man renal cell carcinoma model grown orthotopically in nude

mice.

VDAs like CA4P have been studied extensively in a variety

of pre-clinical settings.7,8 Their action is directed at the ac-

tively dividing endothelial cells, a cell population which is

known to be considerably higher in tumours than normal tis-

sue.27 VDAs damage the established vasculature of solid tu-

mours resulting in blood flow shut-down and subsequent

tumour cell death due to induced ischemia. Initial experi-

ments studied this effect in Caki-1 tumours grown either

orthotopically or through IM (Fig. 1). Doses of 100 mg/kg

(CA4P) and 25 mg/kg (OXi4503) were chosen, respectively, be-

cause previous studies had indicated that such doses resulted

in maximal inductions of tumour necrosis and similar anti-

tumour effects.23,28 The relative difference in potency of the

two agents has been attributed to OXi4503 being metabolised

to a more reactive species than CA4P, though the exact mech-

anisms involved remain to be elucidated.29 The results of the

present studies showed that the efficacy of these agents, as

determined by clonogenic cell survival, was independent of

the site of tumour implantation. This result is not surprising

since both agents are specifically targeting the tumour vascu-

lar and therefore should not be dependent on the site of tu-

mour growth.

To evaluate the effects of these agents on tumour vascula-

ture, a vascular casting technique was used. Mice were trea-

ted with CA4P (100 mg/kg) and OXi4503 (25 mg/kg) and

vessel casts were made 24 h later (Fig. 2a–d). In parallel, these

anti-vascular effects were also examined by means of histol-

ogy (Fig. 2e–h). The results obtained with both these

end-points were complimentary; i.e. together they clearly

illustrated the loss of tumour vasculature and induction of

wide scale necrosis in the central regions of the tumour, with
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only a small viable rim of tumour cells remaining at the tu-

mour periphery.

Examination of the tumour necrosis data (Fig. 2g–h)

clearly shows that after treatment with these agents, a rim

of viable tumour cells remains at the periphery of the tu-

mour. It has been suggested that the viable rim arises be-

cause cells located at the periphery of the tumour acquire

their nutritional support from blood vessels in the surround-

ing normal tissue.23 However, the results of the vascular

density studies indicated a lower vascular density at the tu-

mour periphery after treatment with either agent than com-

pared to the surrounding normal tissue. This observation

may be the results of invading tumour cells increasing the

inter vascular spacing between normal blood vessels located

within this region. If true this would suggest that the viable

rim of tumour cells seen after treatment may contain some

normal blood vessels.

The effect of VDA treatment on the tumour blood vessel

network was further evaluated using the previously described

‘chord-length distribution technique’.24 Profiles of vessel size

with respect to their frequency of occurrence were generated

for each of the experimental groups. Images of the vascular

cast taken after treatment appear to show only traces of tu-

mour vasculature at the periphery of the tumour. For this rea-

son, the region of interest used for these investigations

included some of the surrounding normal kidney vasculature.

As a result the two tumour vessel profiles shown in Fig. 3a dif-

fer in that the one containing the surrounding normal kidney

vasculature has a high number of small vessels. However, at

larger vessel sizes the tumour vasculature begins to dominate

and consequently there is little difference between the two

curves (Fig. 3a). After treatment with the VDAs (Fig. 3b) the

shapes of the distribution curves (at greater than 15 lm) were

closely aligned with the profile of vessels obtained in scans of

the normal kidney cortex. This result would suggest that the

larger, tumour-associated blood vessels were eradicated, a

theory that is supported by Fig. 2c and d, which show the

destruction of the tumour vascular after treatment. Although

it has been noted that tumour vasculature can be re-estab-

lished from the surviving viable rim of tumour tissue,7 recent

studies in the KHT sarcoma model have shown that the newly

formed tumour blood vessel network remains susceptible to

subsequent VDA treatment.28

In conclusion, the results of the vascular casting and

necrosis data presented in this study have demonstrated

the efficacy of CA4P and OXi4503 treatment in a model of

RCC, a promising result given the current failure to manage

this malignancy in the clinic by conventional means. Both

agents appear effective at inducing responses in the Caki-1

model, though OXi4503 does so at �4-fold lower doses.

Whether this will translate into a greater therapeutic gain will

not be resolved until comparable normal tissue toxicity

assessments are made. Still, the remnants of viable tumour

tissue surviving either VDA likely means that both agents will

have their greatest utility in the clinic when combined with

conventional anti-cancer treatment modalities.

Conflict of interest statement

For all authors ‘none declared’.
Acknowledgements

This work was supported by USPHS Grant CA-89655. The

authors gratefully acknowledge the Optical Microscopy Facil-

ity, Evelyn F. and William L. McKnight Brain Institute of the

University of Florida, Gainesville, Florida, in the performance

of these studies. The authors also thank Dr. W. Bolch and Dr.

R. LeVeen for their assistance and support. Both CA4P and

OXi4503 were provided by OXiGENE, Waltham, MA 02451,

USA.
R E F E R E N C E S
1. Jemal A, Murray T, Ward E, et al. Cancer statistics, 2005. CA–
Cancer J Clin 2005;55:10–30.

2. Delahunt B, Kittelson JM, McCredie MR, Reeve AE, Stewart JH,
Bilous AM. Prognostic importance of tumour size for localized
conventional (clear cell) renal cell carcinoma: assessment of
TNM T1 and T2 tumour categories and comparison with other
prognostic parameters. Cancer 2002;94:658–64.

3. Lau WK, Cheville JC, Blute ML, Weaver AL, Zincke H.
Prognostic features of pathologic stage T1 renal cell
carcinoma after radical nephrectomy. Urology 2002;59:532–7.

4. Tsui KH, Shvarts O, Smith RB, Figlin R, de Kernion JB,
Belldegrun A. Renal cell carcinoma: prognostic significance of
incidentally detected tumours. J Urol 2000;163:426–30.

5. Drevs J, Loser R, Rattel B, Esser N. Antiangiogenic potency of
FK866/K22.175, a new inhibitor of intracellular NAD
biosynthesis, in murine renal cell carcinoma. Anticancer Res
2003;23:4853–8.

6. Bugajski A, Nowogrodzka-Zagorska M, Lenko J, Miodonski AJ.
Angiomorphology of the human renal clear cell carcinoma. A
light and scanning electron microscopic study. Virchows Arch.
A Pathol. Anat. Histopathol. 1989;415:103–13.

7. Siemann DW, Chaplin DJ, Horsman MR. Vascular-targeting
therapies for treatment of malignant disease. Cancer
2004;100:2491–9.

8. Thorpe PE. Vascular targeting agents as cancer therapeutics.
Clin. Cancer Res. 2004;10:415–27.

9. Denekamp J. Vascular attack as a therapeutic strategy for
cancer. Cancer Metast Rev 1990;9:267–82.

10. Tozer GM, Kanthou C, Baguley BC. Disrupting tumour blood
vessels. Nat Rev Cancer 2005;5:423–35.

11. Folkman J. Tumour angiogensis: role in regulation of tumour
growth. Symp Soc Dev Biol 1974;30:43–52.

12. Denekamp J. Vascular endothelium as the vulnerable element
in tumours. Acta Radiol Oncol 1984;23:217–25.

13. Grosios K, Holwell SE, McGown AT, Pettit GR, Bibby MC. In vivo
and in vitro evaluation of combretastatin A-4 and its sodium
phosphate prodrug. Br J Cancer 1999;81:1318–27.

14. Kanthou C, Tozer GM. The tumour vascular targeting agent
combretastatin A-4-phosphate induces reorganization of the
actin cytoskeleton and early membrane blebbing in human
endothelial cells. Blood 2002;99:2060–9.

15. Tozer GM, Prise VE, Wilson J, et al. Mechanisms associated
with tumour vascular shut-down induced by combretastatin
A-4 phosphate: intravital microscopy and measurement of
vascular permeability. Cancer Res. 2001;61:6413–22.

16. Siemann DW. Therapeutic strategies that selectively target
and disrupt established tumour vasculature. Hematol Oncol
Clin N Am 2004;18:1023–37 [viii].

17. Young SL, Chaplin DJ. Combretastatin A4 phosphate:
background and current clinical status. Expert Opin Invest Drug
2004;13:1171–82.



3078 E U R O P E A N J O U R N A L O F C A N C E R 4 2 ( 2 0 0 6 ) 3 0 7 3 – 3 0 7 8
18. Bilenker JH, Flaherty KT, Rosen M, et al. Phase I trial of
combretastatin a-4 phosphate with carboplatin. Clin Cancer
Res 2005;11:1527–33.

19. Chaplin DJ, Pettit GR, Hill SA. Anti-vascular approaches to
solid tumour therapy: evaluation of combretastatin A4
phosphate. Anticancer Res 1999;19:189–95.

20. Hua J, Sheng Y, Pinney KG, et al. Oxi4503, a novel vascular
targeting agent: effects on blood flow and antitumour activity
in comparison to combretastatin A-4 phosphate. Anticancer
Res 2003;23:1433–40.

21. Kirwan IG, Loadman PM, Swaine DJ, et al. Comparative
preclinical pharmacokinetic and metabolic studies of the
combretastatin prodrugs combretastatin A4 phosphate and
A1 phosphate. Clin Cancer Res 2004;10:1446–53.

22. Shnyder SD, Cooper PA, Pettit GR, Lippert III JW, Bibby MC.
Combretastatin A-1 phosphate potentiates the antitumour
activity of cisplatin in a murine adenocarcinoma model.
Anticancer Res 2003;23:1619–23.

23. Rojiani AM, Rojiani MV. Morphologic manifestations of
vascular-disrupting agents in preclinical models. In:
Siemann DW, editor. Vascular-targeted therapies in
oncology. London: Wiley; 2006. p. 81–94.

24. Salmon HW, Mladinich C, Siemann DW. Evaluations of the
renal cell carcinoma model caki-1 using a silicon based
microvascular casting technique. Technol Cancer Res Treat
2006;5:45–50.

25. Rajon DA, Bolch WE. Marching cube algorithm: review and
trilinear interpolation adaptation for image-based
dosimetric models. Comput Med Imaging Graph
2003;27:411–35.

26. Rathmell WK, Godley PA, Rini BI. Renal cell carcinoma. Curr
Opin Oncol 2005;17:261–7.

27. Denekamp J, Hobson B. Endothelial-cell proliferation in
experimental tumours. Br J Cancer 1982;46:711–20.

28. Salmon HW, Siemann DW. Impact of the second generation
vascular disrupting agent OXi4503 on tumour vascularity. Clin
Cancer Res 2006;12:4090–4.

29. Chaplin DJ, Dougherty G, Siemann DW. Vascular disrupting
agents. In: Abbruzzese JL, Davis DW, Herbst RS, editors.
Antiangiogenic cancer therapy. CRC Press [in press].


	Evaluations of vascular disrupting agents CA4P and OXi4503 in renal cell carcinoma (Caki-1) using a silicon based microvascular casting technique
	Introduction
	Materials and Methods
	Animal and tumour models
	Treatment protocol
	Tumour growth experiment
	Clonogenic cell survival
	Vascular casting, imaging and quantification
	Vascular casting
	Vessel imaging
	Vessel size quantification
	Vascular density measurements
	Viable rim assessment
	Statistical analysis


	Results
	Discussion
	Conflict of interest statement
	Acknowledgements
	References


