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Abstract. Dolastatin 10, a marine natural product peptide, 
is now known to act as a vascular disrupting agent (VDA). 
These VDA properties were not known when other aspects 
of its promising pre-clinical profile led to initial unsuccessful 
clinical trials. Auristatin PYE, a synthetic analogue of dolas-
tatin 10, has demonstrated improved activity in preliminary in 
vivo studies. However, as with other VDAs, tumour eradication 
was incomplete due to the maintenance of functional vascu-
lature supporting the viable tumour at the periphery of the 
tumour xenograft, meaning that once the VDA effect subsides, 
the tumour regrows. One possible strategy for removing this 
peripheral tumour involves combining VDA therapy with 
another anticancer drug with a different mechanism of action. 
Here, we evaluated the effect of combining auristatin PYE 
with cisplatin in an HCT-116 human colon adenocarcinoma 
xenograft model. The effects on the growth of subcutaneously 
implanted HCT-116 xenografts in mice following intraperito-
neal administration of a single dose of 4 mgkg-1 cisplatin and 
intravenous administration of 1 mgkg-1 auristatin PYE were 
evaluated compared to the effect of each agent administered 
alone. The effects on the functional tumour vasculature were 
also assessed. Statistically significant potentiation (p<0.01) 
was noted with a 465% growth delay for the combination 
group compared to the control, and 142 and 310% growth 
delays for the cisplatin and auristatin PYE groups, respectively. 
Shutdown of tumour vasculature in the combination group 
was similar to that observed with auristatin PYE on its own. 
Auristatin PYE demonstrated synergistic antitumour effects 
when combined with cisplatin, suggesting that a combination 

chemotherapy regimen would be the most effective strategy 
when applying this new anticancer drug.

Introduction

Targeting established tumour vasculature is a very attractive 
therapeutic strategy for several reasons (1): the chances of drug 
resistance are less in the genetically more stable endothelial 
cells than in the tumour cells (2), and drug delivery is unlikely 
to be compromised. Since the tumour endothelium is readily 
accessible, shutdown as well as loss of vasculature would have 
the knock-on effect of starving the nutrient supply, ultimately 
killing the tumour cells supported (1). Among the different 
types of vascular disrupting agents (VDAs), to date, small 
molecule VDAs have progressed the furthest in terms of clin-
ical development. These can be subgrouped as agents which 
bind to tubulin and result in the depolymerisation of microtu-
bules, leading to the disruption of the endothelial cytoskeleton 
with the ultimate shutdown of blood flow, and the flavinoids, 
whose mechanism of action is still unclear. Agents which have 
progressed to early clinical trials include the tubulin-binders 
combretastatin A4 phosphate, combretastatin A1 diphosphate, 
ZD6126, ABT-751, and the flavone-like DMXAA (3-7).

The majority of the tubulin-binding small molecule VDAs 
are derived from natural products. One which has demonstrated 
considerable potency as a disruptor of tubulin polymerisation 
is dolastatin 10, a peptide originally isolated from the Indian 
Ocean sea hare Dolabella auricularia (8-11). In both in vitro 
and in vivo pre-clinical studies, dolastatin 10 has demonstrated 
potent activity against a range of lymphomas, leukaemias and 
solid tumours (11-13).

Despite these promising pre-clinical results, dolastatin 10 
failed to demonstrate any significant clinical activity in 
Phase II  clinical trials (where the protocols were designed 
without knowledge of the potent VDA activity) in non-small 
cell lung, prostate, melanoma, colorectal, ovarian, breast 
and pancreatobiliary tumours (11,14-20). In addition to these 
results, issues with supply based on a multistep chemical 
synthesis and lack of water solubility led to the development 
of analogues (21-23) such as TZT-1027 (auristatin PE), which 
is currently in Phase II clinical trials (24).
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Another synthetic analogue of dolastatin 10 is auristatin 
PYE, which differs from auristatin PE in a structural 
modification from a phenyl to a pyridine (Fig. 1). Following 
promising preliminary in vitro screening results (25), we 
carried out more extensive studies (26), which confirmed 
the activity of the compound through microtubule disruption 
and its action as a VDA. We also demonstrated that it was 
more potent than dolastatin 10 in a couple of in vivo human 
colon xenograft models, thus suggesting that auristatin 
PYE has good potential as an anticancer drug (26). As with 
other VDAs, we observed the maintenance of functional 
vasculature supporting viable tumour at the periphery of the 
tumour xenografts following treatment. This is a problem 
as once the VDA effect is removed, the tumour is capable 
of regrowth. One of the strategies to remove this peripheral 
tumour is to combine VDA therapy with a standard cytotoxic 
agent (1,27,28). Thus, we pursued this approach in the present 
study by evaluating the effect of a combination therapy with 
auristatin PYE and the standard cytotoxic agent cisplatin in a 
human colon adenocarcinoma model.

Materials and methods

Compounds. Auristatin PYE was provided by one of the inves-
tigators (G.R.P.) and was initially dissolved in DMSO (Sigma, 
Poole, UK) and diluted to the appropriate concentration using 
sterile physiological saline for in vivo studies (10% DMSO). 
Cisplatin (Sigma) was dissolved in sterile physiological saline. 
Compounds were administered as single doses at a 0.1 ml 
injection volume per 10 g of body weight, with auristatin PYE 
administered intravenously and cisplatin intraperitoneally. 

Animals. Male Balb/c immunodeficient nude mice (Harlan, 
Loughborough, UK) aged 6-8 weeks were used. Mice received 
Harlan 2018 diet (Harlan) and water ad libitum. Mice were kept 
in cages in an air-conditioned room with regular alternating 
cycles of light and darkness. All animal procedures were carried 
out under a project licence issued by the UK Home Office, and 
UKCCCR guidelines (29) were followed throughout.

Tumour system. HCT-116, a human colon adenocarcinoma 
cell line (LGC Promochem, Middlesex, UK), was used in 
the study. Tumours were excised from a donor animal, placed 
in sterile physiological saline containing antibiotics, and cut 
into small fragments of ~2 mm3. Under brief general inhala-
tion anaesthesia, fragments were implanted in the left and/or 
right abdominal flank of each mouse using a trocar. Once the 
tumours could accurately be measured using callipers (mean 
tumour volume of ~32 mm3), the mice were allocated into 
groups of 11 (8 mice for chemotherapy studies, 3 for vascular 
shutdown study) by restricted randomisation to keep group 
mean tumour size variation to a minimum.

Chemotherapy studies. Compounds were administered by 
single injection, with the day of therapy designated as day 0. 
Both compounds were administered at doses below their previ-
ously established maximum tolerated doses (MTDs), namely 
2 mgkg-1 for auristatin PYE and 10 mgkg-1 for cisplatin (27,28). 
Therefore, auristatin PYE was administered at 1 mgkg-1 and 
cisplatin at 4 mgkg-1. For the combination protocol group, 

auristatin PYE was administered 20 min following cisplatin 
based on previous combination studies with VDAs (27,28). 
The control group remained untreated. The effects of therapy 
were assessed as previously described (28). Briefly, daily 
2-dimensional caliper measurements of the tumours were 
taken, with volumes calculated using the formula: (a2 x b)/2, 
where a is the smaller and b the larger diameter of the tumour. 
Tumour volume was then normalised to the respective volume 
on day 0, and semi-log plots of relative tumour volume vs. 
time were made. Mann-Whitney U tests were performed to 
determine the statistical significance of any differences in 
growth rate (based on tumour volume doubling time) between 
control and treated groups, and between the two compounds.

Vascular shutdown. In order to assess the effects of treatment 
with auristatin PYE alone or in combination with cisplatin on 
the functional vasculature of the HCT-116 tumours, groups of 
tumour-bearing mice (n=3) were set up as described above. 
Once tumours had reached a volume of ~150 mm3, to ensure 
that an established tumour vascular network was in place, 
mice were treated with the same regimens as those used for the 
chemotherapy studies above. Hoechst 33342 (bisbenzimide; 
Sigma) was used to assess the functional tumour vasculature 
(30,31). Previously, it was shown that 6-h post-treatment is the 
optimum time at which to demonstrate vascular shutdown with 
auristatin PYE (26). Thus, this was the time period used here. 
Hoechst 33342 was dissolved in sterile saline and injected 
intravenously by the tail vein at 40 mgkg-1. One minute after 
injection, the mice were sacrificed by cervical dislocation, and 
the tumours were carefully and rapidly excised. The tumour 
from each mouse was wrapped in aluminium foil and imme-
diately immersed in liquid nitrogen and stored at -80˚C until 
ready for ultracryotomy. 

Frozen sections (10 µm) were obtained at ~100-µm 
intervals through the tumour. Five random fields from each 
of five random sections were examined for each tumour under 
UV illumination using a Leica DMRB microscope, with 
images captured digitally through a JVC 3-CCD camera and 
processed using AcQuis software (Synoptics, Cambridge, 
UK). The functional vasculature was assessed by placing a 
22x16 grid over the captured digital image and counting the 
number of points on the grid which overlaid the fluorescently 
stained cells. Comparisons were made between the percentage 
of vasculature in the control and treated tumours. 

Results

Chemotherapy studies. For all of the treatments administered, 
observed toxicity was negligible within the parameters laid 

Figure 1. Structure of auristatin PYE.
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out within the UKCCCR guidelines (29). Auristatin PYE 
demonstrated a statistically significant tumour growth delay 
when administered alone, while no significant delay was noted 

for cisplatin administered at 4 mgkg-1. In combining the two 
agents, the growth delay was highly significant, with almost a 
doubling of the delay noted for auristatin PYE alone, and was 
much greater than would be expected from the summation of 
the growth delays of the two agents administered separately. 
This suggests that the effects observed were synergistic rather 
than just additive (Fig. 2 and Table I). The combination did 
not result in any significant weight loss compared to the agents 
administered alone. 

Vascular shutdown assessment. Clearly the amount of 
functional vasculature (as determined by the incorporation of 
Hoechst 33342 dye into the nuclei of functioning endothelial 
cells) was decreased in the sections from the groups which 
included auristatin PYE in their treatment protocols (Fig. 3). 
This was confirmed by quantitative analysis, where the 
functional vasculature was significantly reduced to a similar 
extent (p<0.01) in both the groups treated with auristatin PYE 
and the combination protocol, compared to the untreated 
control and cisplatin groups (Fig. 4).

Discussion

Vascular disrupting agents have shown much promise pre-
clinically as anticancer therapeutics, and a small number are 

Table I. In vivo evaluation of a combination of auristatin PYE and cisplatin against HCT-116 tumours.

                 Dose (mgkg-1)		  Mean RTV2a (days)	 Growth delay (days)	 Significance
----------------------------------------------------------------------
Auristatin PYE	C isplatin

           -	 -	   3.1	 -	 -
           1	 -	   9.6	   6.7	 p<0.01
           -	 4	   4.4	   1.3	N S
           1	 4	 14.5	 11.5	 p<0.01

aMean tumour volume doubling-time. RTV, relative tumour volume; NS, not significant.

Figure 2. Evaluation of the efficacy of auristatin PYE and cisplatin 
administered either individually at doses below their respective MTDs, 
or in combination (with auristatin PYE administered 20 min after cisplatin 
administration) in an HCT-116 colon adenocarcinoma subcutaneous xenograft 
model. Data points represent the mean ± SD (n=8).

Figure 3. Images of Hoechst 33342-stained functional vascular elements 
in cryosections of HCT-116 tumours treated with either auristatin PYE 
at 1  mgkg-1 (a), cisplatin at 4 mgkg-1 (b), or a combination of cisplatin at 
4  mgkg-1 followed by auristatin PYE (c). Untreated control vasculature is 
seen in (d). In (a), functional vasculature is apparent at the tumour periphery 
(arrow). Samples were taken 6 h following treatment.

Figure 4. Quantitation of functional tumour vasculature 6 h following admin-
istration of auristatin PYE and/or cisplatin. A statistically significant reduction 
in functional tumour vasculature (**p<0.01) was noted in groups containing 
auristatin PYE in their treatment regimen.
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currently being investigated in clinical trials. However, the 
failure of such agents to target the peripheral tumour rim 
means that their efficacy as a single-agent therapeutic strategy 
is in need of improvement (32). One revised strategy involves 
treatment in combination with radiotherapy or a standard 
chemotherapeutic agent that can destroy the remaining tumour 
cells. There have been several pre-clinical studies that demon-
strated improved efficacy (33). This approach has recently 
been reported as having some success in Phase II clinical 
trials using combretastatin A4 phosphate in combination with 
carboplatin and paclitaxel (34).

Auristatin PYE, a synthetic analogue of dolastatin 10, 
offers several advantages over dolastatin 10 that may afford it a 
better chance of success in the clinic. These advantages include 
improved solubility, an easier route to synthesis (25,35), and 
better tolerance when administered in vivo (26). We previously 
demonstrated that auristatin PYE exhibits improved activity 
compared with dolastatin 10 in pre-clinical studies in human 
colon adenocarcinoma xenograft models when administered 
as a single agent. Such activity can be attributed to the tumour 
vasculature-targeting effects of auristatin PYE (26). The key 
aim of this study was to ascertain whether the antivascular 
effects of auristatin PYE could be exploited in combination 
therapy to improve the efficacy of the standard agent cisplatin 
in the HCT-116 colon adenocarcinoma xenograft model.

Significant potentiation of the effect of cisplatin was noted. 
The growth delay for the combined treatment was greater than 
the sum of the growth delays noted for auristatin PYE and 
cisplatin alone. These findings demonstrated that a syner-
gistic, rather than simply an additive, effect was achieved with 
combination therapy. The fact that both drugs were adminis-
tered at doses lower than their MTDs, without any discernible 
toxicity, gives considerable scope for optimising the treatment 
protocol, either by repeat dosing or changing the dose admin-
istered. In addition, altering the sequence and time interval 
between the administration of auristatin PYE and cisplatin 
may be a key factor, which has proved beneficial in combina-
tion therapies (32,36).

While a clear improvement was noted in terms of efficacy 
for the combination drug treatment, evaluation of vascular 
shutdown showed no significant increase in the combination 
group compared to auristatin PYE administered alone. This 
has been previously demonstrated in other VDA combination 
studies (27). Although cisplatin had a negligible effect on the 
vasculature itself, the increased tumour growth delay was due 
to vascular shutdown, leading to cisplatin being retained in 
the tumour for longer periods and thus enabling it to have a 
greater effect on the tumour cells. The consequence of this 
was a prolonged growth delay.

In summary, the therapeutic strategy of administering 
auristatin PYE at a sub-MTD dose in combination with another 
anticancer drug having a different mechanism of action warrants 
further investigation as a way of enhancing the potential of 
auristatin PYE in future human cancer clinical trials.
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