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CHAPTER 1

INTRODUCTION AND AIMS OF THE THESIS

Chapler 1

ISOLATED LThID PERFUSION
The technique of isolated limb perf\Jsion (ILP), was fust described by Creech el al. in 1958
for the treatment of a patient with multiple in-transit lllctastasised melanoma who refhsed

amputation.! A complete response and thus limb salvage was achieved using melphalan in an extracorporeal circulation system. The procedure involved cannulation of the major vessels of the
diseased limb in combination with the use of a toumiquet and a heart-lung machine. TIlls treatment
is based on the advantage of a leakage free regional perfusion system achieving high local dmg
concentrations without systemic contamination. Moreover, at the end of a perfusion a wash-out
procedure is perfonllcd preventing systemic exposure of toxic drugs. After the first perfusion with
melphalan, different combinations of cytostatic dlllgS have been used in lLP with various response
rates. With melphalan response rates around 50% were achieved accompanied by mild regional
toxicity.2-4 Therefore, this dmg has been used for many years as a single dlllg treatment reaching
local dlllg concentrations 15-20 times higher than after systemic treatment. s
Besides application of different cytostatic agents, various strategies have been developed to
improve response rates including hyperthemlia, multiple perfusions and the introduction of
biological response modifiers in combination with melphalan. Lejeune and Lie:nard pioneered the
use of tumour necrosis factor alpha (TNF) and interferon gamma (IFN) in combination with
melphalan and reached 80-100% complete response rates.6~8 These excellent results in patients with
in-transit metastasised melanoma were confinned by several other authors. 9 -11
ILP with melphalan was also used for patients with locally advanced extremity soft tissue
sarcoma, however, with marginal responses. Perfusions with other cytostatics were accompanied
with high morbidity compared to perfusions with meiphatan. 12 In a multi-center study Eggennont el
al. demonstrated high response rates when TNF and IFN were used in combination with melphalan

for this category of patients. 13 ,14 With the combination therapy tumour shrinkage occurred often
which made irresectable hlmours resectable and limb salvage was achieved in about 80% of
patients. These significant therapeutic improvements have recently resulted in the approval of TNF
by the European Medicine Evaluation Agency (EMEA) for advanced sarcomas."

ANIMAL ILP MODELS
Because of the positive results obtained with ILP in humans with solid tumours of the
extremities, animal models were developed to elucidate mechanisms of action, and explore ways to
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fmiher improve efficacy. Several authors used ILP models in dogs for phannacokinetic shldies
using melphalan, doxorubicin or cisplatin. t6-IB In our laboratory the technique of ILP in rats
Oliginally described by Benckhuijsen ef at. 19 was modified by Manusallla ef at.20 Rapidly growing,

spontaneously metastasising soft tissue sarcomas (BN-17S) were used in Brown Norway rats for
ILP. Moreover, in WAG-Rij rats a similar model was developed using a ROS-l ostcosarcoma. 21 In
both syngeneic models small fragments of hun our tissue (3-5 lllm) were implanted in the hind limb
of rats and perfusiolls were perfol)ned when these tumours were around 10-15 mm in diameter.
This hllnour diameter was reached approximately 10 days after implantation. (Figure 1)

..

d
Figure 1. Schematic representation oj an isolated limb perjusioll settillg ill the rat: a) BN-175 soft tissue
sarcoma or ROS-J osteosarcoma, b) perjusion reSerl'Oil~ c) ro/{erpump, d) a.\),genatioll ajthe perfusate,
e) tourniquet.
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Before perfusion rats were anesthetized and heparinized. The femoral artery and vein were
cannulated and connected to an oxygenation reservoir and a roller pUlup. The perfusate consisted of

Haemaccel and drugs were added as a bolus in this perfusate solution. Collaterals were occluded
with a tOlll1liquet and perfusion time started when the tourniquet was tightened. To keep the hind
limb at a constant temperature a wanll water mattress was appHed. After a 30 min perfusion a washout procedure was perfonned and vessels were ligated. Tumour responses and limb toxicity was
daily measured after perfusion.

PREVIOUS RESULTS

Responses after ILP in these rat models closely resemble observations in patients where
TNF alone did not results in an antitulllour response 20-22 and perfusions with melphalan are only
marginally active in soft tissue sarcoma.!2+23 The combination of melphalan and TNF, however,
results in very high response rates in these rat models just as in soft tissue sarcoma patients. 13,!4,24,25
Early endothelial damage, elythrostasis and platelet aggregation were observed in tumour
vessels after perfusions with TNF and melphalan,26 which is also in line with observation in
patients. 27 -29 These effects are possibly induced by the selective destruction of the tumour
associated vascular bed by TNF which was previously demonstrated to lead to haemorrhagic
necrosis in other ill vivo models. 3D ,3! Tills vascular destruction was confinned in angiographic and
NMR studies in patients. 32 ,33 Manusama et al. demonstrated that the TNF-based antitumour effect
in tills ILP model is neutrophil dependent, since in neutropenic animals no antitumour responses
were observed. 34 Other findings with this pre-clinical model were the lack of improved antitumour
effects when IFN was added to the TNF/melphalan perfusions. 35 Despite synergistic antitumour
effects of TNF and IFN in several other tumour models tltis could not be demonstrated in tltis ILP
model as well as in patients. 36
Several other groups used similar ILP models in rats to study drug kinetics of
melphalan. 37,38 \Vu el al. used a rat ILP model to study the effectiveness of different flow rates and
perfusate solutions on perfusions with melphalan aione. 39 Addition of TNF in combination with
melphalan in a fibrosarcoma model in rats demonstrated synergistic antitumour effects similar as in
our model,24 Recently, Walchenbach et al. used a DS rat sarcoma model in which a tumour growth
delay was demonstrated using hyperJactacidaemia in hyperthennic ILP. 40
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AIMS OF THE THESIS
We used our rat isolated limb perfusion models with tumours that differ in histology and
tumour vascular bed density to identify ways to further improve efficacy, to elucidate mechanisms
that are responsible for the TNF-based antitul110ur responses, and to test new methodologies such as
gene therapy.

Prerequisites
In Chapter 2 we studied several prerequisites for an effective ILP using TNF and melphalan
in BN-175 sarcoma-bearing rats. Both hypoxia and hyperthennia are known to potentiate
antitumour activity of melphalan and TNF in vitro and were compared to oxygenated and
nonnothenllic perfusions not only for antitumour responses but also for their local toxicity.41--44
Moreover, perfusion duration and optimal TNF concentration were detenllined in order to optimise
perfusion protocols. Since these items have never been studied in a direct comparative fashion in
the clinic they are addressed in our rat ILP model.

Tumour drug uptake
Several mechanism of TNF have been poshllated to cause synergism with cytostatics like
mclphalan. It has been demonstrated that TNF increases penneability of hun our vasculature45 -46 and
decreases interstitial pressure in hU110ur tissue. 41 Both these mechanisms could increase leakage of
melphalan in tumour tissue and explain the observed synergy betwcen TNF and melphalan. To
demonstrate this hypothesis we analysed melphalan concentrations in tumour and limb tissue after
melphalan ILPs with and without the addition ofTNF in Chapter 3.

Doxorubicin combined with TNF
Melphalan is used in the majority of isolated perfusions for the treatment of melanoma and
sarcoma, although other agents might be successful as well. The anthracycline doxorubicin has
shown anti tumour activity in clinical perfusion settings for the treatment of high-grade or nonresectable soft tissue sarcomas. 12Ag Moreover, Pfeiffer et al. srudied pharmacokinetics and tissue
toxicity in an experimental ILP model using single and double perfusions with doxorubicin. 17 ,49 In

Chapter 4 doxombicin was used in combination with TNF in soft tissue- and osteosarcoma-bearing
rats to examine whether doxorubicin can be a good altemative for melphalan in TNF-based ILPs.
Moreover, possible in vitro and in vivo mechanisms by which TNF potentiates the alltitUI1l0Ur
activity of doxorubicin were studied.

11

Chapter 1

TNF-mutant
Despite the successful use ofTNF in a leakage-free ILP setting, systemic use is limited by
severe systemic toxicity.50 TNF mutants were developed to reduce this toxicicity and expand the
applicability of TNF for other use than extremity perfusions. TNF-SAM2, is such a lllutant that
demonstrated to have both a two-fold higher cytotoxic activity in vitro and up to 20-fold lower
acute toxicity in a murine model, compared to cOllventional TNF,51-53 In Chapter 5 antitumour
effects of TNF-SAM2 were studied in our ILP model in combination with melphalan and
doxombicin. Clinical and histopathological responses were compared to those with conventional
TNF.

Role of NO-inhibition
The inducible fonn of nitric oxide synthase (iNOS) is demonstrated in high concentrations

in tUlllOur cells. 54-55 The production of nitric oxide (NO) by iNOS is important to maintain the
vascular tone of tumour vessels. Inhibition of NOS was demonstrated to reduce tumour blood flow
and thereby reduce oxygen and nutrients to reach hlmour cells. 56 To study the potential antitumonr
effect a NO-inhibitor (L-NAME) subcapsular renal tumours were treated systemically with LNAME in Chapter 6. Moreover, the effect of L-NAME was studied in our ILP model alone and in
combination with melphalan and TNF.
New methodology: gene therapy
Gene therapy is a new field in anticancer therapies using genetic materials introduced in
cells by a variety of techniques with the ultimate goal of selective killing tumour cells. A major
concern in gene therapy is the transfer of genes to organs other than the hllllom, especially organs
with a rapid cell hIm-over. Therefore, tumour-specific gene delivery must be achieved which can be
reached by tissue-specific administration of viral vectors. 57 Chapter 7 describes, the efficiency and
hUTIour-specificity of adenovims-mcdiatcd gene transfer using ILP as an administration method.
Adenoviral vectors carrying the luciferase marker gene were used to Shldy luciferasc expression
after ILP which was compared to other administration routes such as systemic, regional and
intratumoural injections. Moreover, adenoviral vectors canying the LacZ marker gene were used to
detemline the intratumourallocalisation oftransfected cells after both ILP and IT administration.
Cytokine gene delivery
Several strategies for gene therapy in cancer treatment can be obtained using genes to
correct a defect or aberrant expression of a control gene, to stimulate antitulllour immunity, to
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activate a transduced prodrug gene or to protect 110nnal cells from damage by antitumour agents.
Cytokine gene therapy to stimulate anti tumour inullunity is described in Chapter 8 using the
recombinant ll.-3P gene. This gene has previollsly demonstrated tumour growth retardation after
multiple intrahlllloural injections in L42 lung tumours jn rats. 58 Antitumour activity of the IL-3P
gene after ILP was studied using BN-175 and ROS-l sarcoma-bearing rats and was compared to
intratumoural injections.
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Chapter 2
SUMMARY
An isolated limb perfusion (ILP) model using soft tissue sarcoma-bearing rats was used to
study prerequisites for an effective ILP) such as oxygenation of the perfusatc, temperature of the
limb, duration of the perfusion and concentration of hUllOur necrosis factor alpha (TNF).
Combination of 50 fIg TNF and 40 flg melphalan demonstrated synergistic activity leading to a
partial and complete response rate of71%. In comparison to oxygenated ILP, hypoxia was shown to
enhance activity of melphalan alone and TNF alone but not of their combined use. Shorter
perfusion times decreased responses. At a temperature of 24-26°C, anti-tumour effects were lost,
whereas temperatures of 38-39°C or 42-43°C resulted in higher response rates. However, at 4243°C, local toxicity impaired limb function dramatically. Synergy between TNF and melphalan was
lost at a dose ofTNF below 10 flg in 5 ml perfusate.
\Vc conclude that the combination ofTNF and melphalan has strong synergistic anti-tumour
effects in our model, just as in the clinical setting. Hypoxia enhanced activity of melphalan and
TNF alone but not the efficacy of their combined usc. For an optimal ll..P, minimal perfusion time
of 30 min and minimal temperature of 38°C was mandatory. Moreover, the dose of TNF could be
lowered to 10 fIg per 5 ml perfusate, which might allow the use ofTNF in less leakage-free or less
inert perfusion settings.

INTRODUCTION
Isolated limb perfusion (ILP) is considered the method of choice for the treatment of
patients with multiple ill-transit melanoma metastases confined to an extremity,' Melphalan has
been the standard dmg for this regional treatment because of low regional toxicity.2 ILPs with
melphalan or other cytostatic dmgs has also been used in the treatment of patients with extremity
soft tissue sarcomas, although with little success. 3,4 Therefore, Lienard et al. pioneered the
application of high~dose tumour necrosis factor alpha (TNF) and interferon gamma with melphalan,
which was reported to result in very high complete response rates in melanoma patients. s The
impact of using TNF in this setting has been greatest, however, in the treatment of patients with
inesectable extremity soft tissue sarcomas, as response rates and limb salvage rates of more than
80% have been reported in large series of patients destined for amputation of the limb. 6•7 The
selective destnIction of tumour vasculature, resulting in haemonhagic necrosis of the tumour, has
been shown in angiographic and histopathological studies. 6,s
Yet many questions regarding mechanisms or conditional requirements by which ILP with
TNF and melphalan are mediated, are not solved. Therefore, a tumour model with a highly
aggressive
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soft tissue sarcoma in BN rats was developed in our laboratory to

Prerequisites for effective ILP
address these questions. 9 Response after ll..P with melphalan and TNF in tills model correspond
well to what is observed in sarcoma patients in tenns of synergy between TNF and melphalan,
response rate, and histopathological observatiolls. 9,10 This rat model could therefore serve as a
credible model to shldy mechanisms and detennine ways to optimize ll..P efficacy for the cHnical
setting. Here we address requirements for an effective ll..P setting, such as temperature of the
perfusate and limb, duration of the perfusion, oxygenation of the perfusate and concentration of

TNF.

MATERIAL AND METHODS
Animals

Male inbred BN rats, weighing 250-300 g, obtained from Harlan-CPB (Austerlitz, the
Netherlands) were used for isolated limb perfusions. Rats were fed a standard laboratory diet ad
libitum (Hope Fanus Woerden, the Netherlands) and were housed under standard conditions. The
experimental protocols adhered to the rules outlined in the IIDutch Animal Experimentation Act"

(1977) and the published "Guidelines on the protection of Experimental Animals" by the council of
the

B.c. (1986). The protocol was approved by the committee on Animal Research of the Erasmus

University Rotterdam, the Netherlands.

Melphalan
Melphalan (Alkeran, 50 mg per vial, Wellcome, Beckeuham, United Kingdom) was diluted
in 10 ml solvent. Further dilutions were made in 0.9% sodium chloride to give a concentration of

I flg/fll. A volume of 40 fll

(~

40 f'g) was added to the perfusiou circuit.

Tumour necrosis factor alpha

Recombinant human TNF (rHuTNF) was provided by Boehringer (Ingelheim, Gennany)
having a specific activity of 5.8 x 107 U/mg as detennined in the murine L-M cell assay (Kramer

and Carver, 1986). Endotoxin levels were < 1.25 endotoxin units (EU) per mg protein. TNF
concentrations used were 2, 10 and 50 ~g in 5 ml perfusate.

Isolated limb perfusion (ILP) model
The perfusion technique was perfomlCd as desctibed previously.9 Briefly, small fragments

(3-5 nun) of the rapidly growing and metastasizing BN-175 soft tissue sarcoma were implanted
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subcutaneously into the right hind limb. Perfusion was perfonned at a tumour diameter of 13 nun ±
3 mIl1 at least 7 days after implantation. Animals were anaesthetized with Hypnolln (Janssen
Phal1naceutica, Tilburg, the Netherlands) and 50 IU of heparin were injected intravenously to

prevent coagulation. To keep the rat's hind limb at a constant temperature, a warm water mattress
was applied. Temperature was measured with a temperature probe on the skin covering the

tUlllOur

and was varied between room temperature (24-26°C), 'mild' hyperthennia (38-39°C) and 'tnte'
hyperihennia (42-43°C). The femoral artery and vein were call1lulated with silastic tubing (0.012
inch inner diameter (!D), 0.025 inch outer diameter (OD); 0.025 inch !D, 0.047 inch OD

respectively, Dow Coming, Michigan, USA). Col1aterals were occluded by a groin tourniquet, and
isolation time started when the toumiquet was tightened. An oxygenation reservoir and a roller
pump were included into the circuit. The perfusion solution was 5 ml Haemaccel (Behring Phalllla,
Amsterdam, the Netherlands) and the haemoglobin (FIb) content of the perfusate \vas 0.9 mmolli.
Melphalan and TNF were added as boluses to the oxygenation reservoir. A rollcr pump (Watson
Marlow,

Fa~nouth,

UK; type 505 U) recirculated the perfusate at a flow rate of 2.4 mllmin. A

washout with 5 ml oxygenated Haemaccel was performed at the end of the perfusion. Subsequent
tumour growth after perfusion was daily recorded by caliper measurement. Tumour volume was
calculated as 0.4(A2B), where A is the minimal tumour diameter and B the diameter perpendicular
toA.
Assessment ofTNF concentrations in perfusate

During ILP samples for detennination of TNF concentrations were collected from the
oxygen reservoir at 0.5, 5, 15 and 30 min. Samples were centrifuged and an aliquot of the
slipematant was used for analysis. Enzyme-linked immunosorbent assay (ELISA) for rHuTNF was
performed as described by Engelbelis et al. 11 In short, a 96-well Illulluno-Maxisorp plate was coated
with I11mine anti-human TNF monoclonal antibody (mAb) 61E71. A standard titration curve was
obtained by making serial dilutions of a known sample of rHuTNF in nonnal rat serum. Standards
and samples were added to the wells and, after washing, the plates were incubated with a polyclonal
rabbit antihuman TNF antisenllll, followed by addition of an enzymc-Iabelled anti-rabbit reagent
and enzyme reaction. The detection limit for human TNF is 20 pglm1.
Assessment of melphalan concentrations in perfusate

During ILP, samples for detennination of melphalan concentrations were collected from the
oxygen reservoir at 0.5, 5, 15 and 30 minutes. Melphalan was measured by gas chromatographymass spectrometry (GC-MS).12 P-[Bis(2-chloroethyl)amino)-phenylacetic acid methyl ester was
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used as an intemal standard. Samples were extracted over trifunctional CIS silica columns. After
elution with methanol and evaporation, the compounds were derivatized with trifluoroacetic
anhydride and diazo methane in ether. The stable derivates were separated on a methyl phenyl
sitoxane GC capi1lmy column and measured selectively by single ion monitoring GC-MS in the
positive EI mode.
Assessment of tumonr response
The classification of tumour response was: progressive disease (PD)

=

increase of tumour

volume (> 25 %) within 5 days; no change (NC) = tumour volume equal to volume during perfusion
(in a range of -25 % and + 25 %); partial remission (PR) = decrease of tumour volume (-25 and -90
%); complete remission (CR) = hanoUl' volume 0-10% of volume during perfusion or skin necrosis.
Assessment of limb function
Limb function was a 'clinical' observation in which the rat's ability to walk and stand on the
perfused limb was scored 5 days after ILP. On this scale a severe impaired function (grade 0) means
that the rat drags its hindlimb without any function; a slightly impaired function (grade 1) means the
rat does not use its hindlimb in a usnalmatter, but stands on it when rising; an intact function of the
hindlimb (grade 2) means a nonnal walking pattent.
Statistical analysis
Mann-Whitney U-test was used to compare tumour volumes in different animal groups and
to compare different tumour responses in different groups. Calculations were performed on a
personal computer using Graph PadPrism and SPSS for Windows 95.

RESULTS

Synergy between TNF and melphalan
In the present study comprising experiments in 167 rats, the efficacy of ILP with TNF and
melphalan as reported previously was confinned (Figure 1).9 Synergy was demonstrated for the
combination of 50 Ilg TNF and 40 Ilg melphalan. At five days after ILP a significant difference was
observed in mean tumour volume as compared to sham perfusions (p<O.OOI), TNF perfusions alone
(p<0.001) and melphalan perfusion alone (p<0.001). No significant difference was found between
all other groups.
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Figure 1. Growth curves of BN-175 sarcoma after 50 fig TNF (A; 11=11), 40 pg melphalan (V; 11=13),
TNF pIlls melphalan (_; 11=28) and sham isolated limb per/usioll (tI; 11=12). Mean (± S.E.M) of tumour
volumes are shown.

OxygenationlbYlloxia

Differences in tumour response in oxygenated versus hypoxic pcrfusions are summarized in
Table 1. Sham oxygenated and hypoxic perfusions resulted in progressive disease in all animals. In

oxygenated TNF perfusions, progressive disease occurred in all animals as well; however,
significant anti-tumour effect was observed in hypoxic perfusions with TNF in comparison with
TNF alone (1'<0.001). Hypoxia also significantly increased the anti-hlOlOur response after ILP with
melphalan

(p~0.03)

as compared to oxygenated perfusions with melphalan alone. Oxygenated ILP

with melphalan and TNF resulted in an overall response rate of 71%. No further improvement of
this effect was demonstrated in hypoxic perfusions with the combination of melphalan and TNF. In
all hypoxic perfusions, no additional limb toxicity was observed as compared with oxygenated
perfusions (data not shown).

TNF and melphalan concentrations during perfusion
Phannacokinetic studies of TNF and melphalan in the perfusate were perfomled, which
shows a minimal decrease during perfusion of TNF concentrations, indicating a leakage-free
perfusion system and a continuous exposure of the vasculature of high levels of TNF (Figure 2).
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Melphalan concentrations, on the other hand, decreased dramatically in the first minutes of ILP,
indicating rapid uptake by the tissues afthe limb (Figure 2).

Table 1. liwlOur responses ofBN-175 sarcoma after isolated limb perjilsioll with or without hypoxia.

Tumour
Response

Sham+
Sham hypoxia

TNF+
TNF

Mel

Mel+
hypoxia

Mel+TNF

MeI+TNF
+hypoxia

n~13

n~1O

n~28

n~18

2

2

7

6

3

3

3

9

17

4

71

72

n~12

n~IO

n~l1

hypoxia
11=11

12

10

11

3

3

NC

2

10

PR

5

CR

1

PD

Response
Rate (%)

-

-

-

55

-

30

Perfusiol1s were perfonned with 50 Ilg TNF and 40 pg melphalan under constant temperature (38-39°C) for
30 min.
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~
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Figure 2. COllcen/ratioll (ug IIlll) oJTNF (II ; 11=5) and melphalan (M .. 1/=5) ill the peliusate as a fUllctioll
of time ill rats, During isolated limb pe1fils/oll 50 pg TNF with 40 pg melphalan was added to 5 1111
perfusate as a bolus.
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Table 2. Tumour responses of BN-175 sarcoma after isolated limb perfusioll with different temperature
conditions.

TUIIlOUl'

Response

i\Jelphalan+TNF
24-26°C

I\IcIphalan+TNF
38-39°C

l\Jclphalan+TNF
42-43°C

n=12

n~28

n~10

PD

6

2

NC

6

6

PR

3

7

CR

17

3

-

71

100

0/12 (0%)

6128 (21 %)

8/10 (80%)

Response
rate (%)
Grade 0
Limb fUllction

Perfusions were perfonned with 50 ~tg TNF and 40 j..lg melphalan with oxygenation for 30 min.

Table 3. Tumour responses of BN-175 sarcoma after isolated limb per/usioll with variable pel/usioll ames.
l\'lelphalall+TNF
10 min
n=11

l\IcIphalan+TNF
20 min

IHclphalun+TNF
30 min

n~10

n~28

PD

3

1

2

NC

3

3

6

PR

5

3

3

3

17

60

71

Tumour

Response

eR

Response
rate (%)

45

Pcrfusions \vere performed with 50 Ilg TNF and 40 jlg Melphalan under constant temperature (38-39°C)
and with oxygenation.
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Hyperthennia
Standard perfusions with TNF and melphalan were perfonned with 'mild' hyperthennia (3839°C). At day five after perfusion, rats perfused at room tcmperahlre (24-26°C) show almost no
anti-hllnOlll' cffects versus the high response ratcs seen with 'mild' and 'true' hype11hennic
conditions (both p<O.OOI). Quality of response (percentage of CR) was not further increased by
'true' hype11hennia in comparison with 'mild' hyperthennia, whereas toxicity to the nonnal tissues
was significantly enhanced leading to increased grade 0 function of the limb (=severe impaimlcnt)
in this group (Table 2).
Perfusion time
A gradual and almost complete loss of efficacy was obscrved when perfusion timc was

reduced fi.-om 30 min to 10 min. Table 3 demonstrates the effect of different perfusion times on
tumour response of TNF and melphalan. Response rates decreased from 71% to 45% (p<O.005).
Moreover, complete responses decreased from 17 out of28 animals at 30 min to 0 out of 11 animals
at 10 min.

Table 4. Tumour responses of BN-175 sarcoma after isolated limb pelfusioll with variable TNF
cOllcentmtions.
Z,'gTNF+
40 Jig melphalan
n=10

10 Ilg TNF +
40 Ilg melphalan
n=1O

50 ,'g TNF +
40 Jig melphalan

PD

3

1

2

NC

6

2

6

PR

1

3

3

4

17

70

71

Tumour
Response

CR

Response
rate (%)

10

n=28

Pcrfusions were perfonned under constant temperature (38-39°C), with oxygenation and for 30 minutes.
TNF and melphalan doses are total doses added to 5 ml perfusate as a bolus.
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1\iinimally required TNF dose
Standard perfusions were performed with 50

~{g

TNF in 5 ml perfusate on rats that weighed

approximately 250 g. A de-escalation Shldy demonstrated similar overall response rates of >70%

at 10 )lg (=40 )lg/kg) and 50 fIg TNF (=200 )lg/kg) (Table 4). A small (but not significant) drop in
complete responses was observed at 10 )lg TNF. At 2 )lg TNF (=8 flg/kg) no synergy with
melphalan was observed, this anti-tumour response differed significantly with 10 fIg (p=0.01) and
50 J..lg (p<O.OOl), No complete remissions, and only one partial response, were observed, which
COITcsponds to what is usually observed after an ILP with melphalan alonc. These findings indicate
that the dose of TNF can be reduced fiyc- to tenfold without effecting response rates, which might
facilitate the use ofTNF in less leakage-free settings or at sites morc responsive to the toxic effect

ofTNF.

DISCUSSION
The nOll-llmnunogenic BN-175 soft tissue sarcoma model in BN rats has previously been
shown to be an adequate model to address questions for the clinical situation as response pattel11s to
TNF, melphalan and their combination. 9 Moreover, histopathologic observations closely resemble
observations in patients. 8,lo,13 TNF alone is not active l4, melphalan is only marginally active ill soft
tissue sarcoma/,4 whereas the combination results in very high response rates in this rat model just
as in melanoma patients5,15 or soft tissue sarcoma patients.6 •7 Here we report on 167 ILPs to
detennine ways to optimize ILP efficacy for the clinical setting. Wu et al. previously demonstrated
that high flow rate and protein-free perfusate lllay enhance the effcctiveness ofILP with melphalan
alone in nude rats. 16 The requirements for a successful ILP such as oxygenation of the perfusate,
temperature of the limb, duration of the perfusion, and concentration of TNF are addressed in this
study. Regarding the factors shldied here, results are in line with clinical observations, although
these elements have never been shldied in a direct comparative fashion in the c1inic.
Hypoxia can increase the sensitivity of tUlllour cells to chemotherapeutic agents since it can

cause dividing cells to halt their progression through the cell cycle, by allowing them to progress to
and then remain in a G I-like susceptible state. n Since Thompson et al. published results of hypoxic
ILP, the question whether the much more expensive oxygenated ILPs using a heart-lung machine
are really necessary for the treatment of patients with multiple melanoma metastases remains
unanswered." We observed that hypoxia enhanced the effects of TNF alone. Similarly hypoxia
enhanced effects of melphalan alone, in line with Skarsgards el al. who reported increased
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cytotoxicity of melphalan with hypoxia both in vitro and in ViVO. 19 Part of the enhancement of the
anti-hnllour effects by hypoxia could be mediated by the reperfusion injuIY associated with hypoxic
perfusions and absent during oxygenated perfusions. This reperfusion injmy apparently would have
a preferential effect on the tumour as no impainnent of limb function, as a measure of local toxicity,
is observed in hypoxic perfusions. Hypoxia did not further increase the efficacy of the combination
of TNF and melphalan. Presumably the potential enhancing effect was overshadowed by the
synergism of the combination of TNF and melphalan, which again seems to be the central and
crucial phenomenon. For the clinical situation it remains an interesting questions whether the use of
the oxygenator can be abandoned without causing an increase in regional toxicity as has been
observed in the hypoxic setting in our model.
The application of hyperthennia in ILP is advocated since it has been shown that the in vivo
dmg uptake by in-transit metastases is higher at 39.SoC than at 37°C

20

and that hyperthennia

enhance anti-hunour effects of melphalan dramatically in vitro. 21 ,n Hyperthennia also enhances
anti-tumour effects ofTNF, as was demonstrated jn different tumour models in vitro and in viVO. 23-25
\Ve observed that the results in our animal model nm parallel to the observations in the clinic. Only
perfusions at 'mild' or 'tme' hyperthennia resulted in a synergistic anti-tumour response of TNF
and melphalan, whereas after ILP at 24-26°C all anti-tumour effects were lost. Hyperthennia not
only demonstrated to potentiate anti-hnl1our responses in our animal model, but also increased
regional toxicity dramatically when temperahnes were above 42°C, which is in line with our
clinical experience. 26
There are no clinical or preclinical shldies that compare different perfusion times in ILP.
Traditionally a perfusion time of one hour has been adopted for ILPs in patients with melphalan
based on phannacokinetic pattems that request a duration of at least 30 min. The phannacokinetic
profile of melphalan in the perfusate in our model showed a similar rapid decrease in melphalan
concentrations as was previously demonstrated by others. 27,28 We therefore did not Shldy perfusions
longer than 30 min and were more interested if identical results could be obtained after shorter
perfusions. It was shown that 30 min is optimal and that lesser efficacy was observed after ILPs of
20 or 10 min. This is probably due to the fact that exposure times over 20 min are needed to get the
vascular occlusive and destructive effects ofTNF, needed for adequate tumour responses.
TNF is the crucial element in the observed synergy with melphalan. Low-dose TNF has a
proliferative effect on angiogenesis, whereas higher doses can cause destruction of newly fonned
blood vessels." This destruction of blood vessels may lead to thrombocyte aggregation,
erythrostasis and haemorragic necrosis found in hUllours after treatment with TNF. 8,J3,30,31 In clinical
ILP treatment schedules TNF is used in high doses (4 mg for a lower extremity) to induce the above
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described effects. Tllis dose is 10- to 50-fold higher than the maximum tolerated dose after
intravenously administration in cancer patients,J2 It was shown that increasing TNF administration
did not result in higher response rates but induced regional toxicity to the perfused limb,l5 It will
obviously add to the safety of the procedure if one can reduce the dose of TNF, while retaining its
anti-tumour effects. Phannacokinetic observations of TNF in the perfusate in this animal model are

similar to the clinical sihmtion, in which TNF concentrations remain stable during perfusions. 33
Since there is a plateau in TNF levels well above saturation and thus well above tlu'cshold level,
lower TNF concentrations seems to point to a reasonable action. However, it is not easy to perform

a dose de-escalation study in the clinical setting because of the Jarge number of patients needed for
such a study. The only pUblication from Hill et al. in which TNF was used in about five-to sixfold
lower concentrations, demonstrated similar high response rates for soft tissue tumors.34 With a deescalation study we demonstrated the minimally required TNF dose in our rat model to obtain
synergy with melphalan to be 10 fIg

(~40

).lglkg).

Since recombinant human TNF (rHuTNF) inl11ice binds only to the p55 receptor and not to
the p75 receptor its activity and toxicity is 5-10 times less than murine TNF (MuTNF).3S Also in
rats, rHuTNF is at least 5 times more toxic than MuTNF as we established that an intravenous dose
of 40 ).lg MuTNF is lethal in rats," whereas doses of 200 ).lg HuTNF arc not lethal (own
observations). Tills phenomenon can be explained if we assume that the same receptor binding
pattem in rats and mice exists and that activity and toxicity of rHuTNF would be 5-10 times less in
rats as well. Therefore, 40 flg/kg rHuTNF in the rat corresponds roughly with 4-8 flg/kg rHu1NF in
the human setting and thus indicates that the dose of TNF currently used in the clinical setting
(approximately 50 flg/kg). may well be reduced five- to tenfold while retaitling synergy. Our
experiments show that further reduction leads to the complete loss of TNF activity and thus to
complete loss of synergy with melphalan. These findings might be of clinical relevance in more
than one way. First, it suggests that the very high doses used presently in the clinical setting may
well be reduced while retaining efficacy, but even more importantly tllls observation increases the
chances that TNF may become applicable in other settings such as isolated hepatic perfusions.37-l O
These settings are clearly less ideal, due to local toxicity, than the setting of the 'inert' limb
perfusion.
In conclusion, our ILP rat model demonstrates strong synergistic anti~tllmour effects when

TNF is combined with melphalan. We identified as basic requirements for an effective ILP a
duration of 30 min and temperature of above 38°C, while hyperthennia above 42°C resulted in
unacceptable damage to the nonnal tissues. Hypoxia was shown to enhance activity of melphalan
and TNF alone but did not further improve results of their combined use. The minimally required
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dose ofTNF to induce synergy with melphalan was 10 fig

(~40

flg/kg). These findings may serve as

important guidelines for further developments in ILP in the clinical setting.
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SUMMARY
Several possible mechanisms for the synergistic antitumour effects between tUIllOur necrosis
factor alpha (TNF) and melphalan after isolated limb perfusion (ILP) have been presented. We found
a significant sixfold increase in melphalan tumour tissue concentration after ILP when TNF was added
to the perfusate, which provides a straightforward explanation for the observed synergism between
melphalan and TNF in ILP.

INTRODUCTION
With isolated limb perfilsions (ILP) high dmg concentrations can be achieved in the vascnlature
of a limb with no or negligible leakage into the systemic circulation. With the addition of high dose
tumour necrosis factor alpha (TNF) to melphalan high response rates were demonstrated in patients
with melanoma and inesectable soft tissue sarcomas,l-3 Similarly, in rat sarcoma models synergy has
been demonstrated between melphalan and TNF.4,S
The exact mechanisms for synergistic anti-tumour effects between melphalan and TNF,
however, are not clear. Several possible mechanisms have been suggested such as selective destmction
ofhllllOur vasculature, which is accompanied by thrombus fonnation and haemorrhagic necrosis of the
tUIllOur. 6,7 This process is accompanied by an inflammatory response that seems to be leukocyte
dependent. s-lo Moreover, TNF increases the penneability of tumour vasculature ll ,t2 and has been
repOlied to lower interstitial pressure in the tumour,13 which could both increase leakage of melphalan
in tumour tissue and explain the observed synergy.
To demonstrate tlus hypothesis we analysed melphalan concentrations in tumour and limb
tissue after melphalan isolated limb perfusiollS with and without the addition ofTNF.

i'lIATERIAL AND METHODS
Chemicals
Melphalan (Alkeran, Wellcome, Beckcnham, UK) was diluted in 0.9% sodium chloride and
stored at -20 oe. Recombinant human TNF alpha was provided by Boehringer (Ingelheim, Gennany),
with specific activity of 5.S x 107 U/mg and endotoxin levels < 1.25 endotoxin units (Ell) per mg
protein and stored at -SO°c, During perfilsion 40 fIg melphalan with or withont 50 fIg TNF were added
to the perforate as boluses.
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Animal tumour model and perfusion setting
Male inbred BN rats, weighing 250-300 g, obtained from Harlan-CPB (Austerlitz, the
Netherlands) were used. The perfusion technique was perfonned as described previously.4 Briefly,
small tumour fragments of the non-immunogenic BN-175 soft tissue sarcoma were implanted in the
right hind limb. ILP was perfonlled at a tumour diameter of 13 mm ± 3 nun at least 7 days after
implantation. Animals received 50 IU ofheparill and the hind limb was kept at a constant temperature
of 38-39°C. The femoral artery and vein were cannulated and collaterals were occluded by a groin
toumiquet. An oxygenation reservoir was included into the circuit and melphalan and 1NF were added
as boluses herein. A roller pump recirculated the perfusate at a flow rate of2.4 ml/min for 30 min. A
washout with 5 ml oxygenated I-Iaemaccel was perfomled at the end ofthe perfusion. The committee
on Animal Research of the Erasmus University Rotterdam, the Netherlands, approved the experimental
protocol. Tumour growth after perfusion was daily recorded by calliper measurement Tumour volume
was calculated as 0.4(A2B), where A is the minimal tumour diameter and B the diameter perpendicular
to A. Tumour volumes were compared five days after perfusion.

Assessment of melpbalan concentrations in tissue
Immediately after ILP the perfused tumour and hind limb tissues were excised, homogenised

in 2 ml acetonitrile (pRO 200 homogenizer, Pro Scientific, CT, USA), centrifuged at 2500g and stored
at -80°C, Melphalan was measured by gas chromatography-mass spectrometry (GC-MS), as described
previously.14 P-[Bis(2-chloroethyl)alllino ]-phenylacetic acid methyl ester was used as an intemal
standard. Samples were extracted over triflltlctional CI8 silica columns_ After elution with methanol
and evaporation, the compounds were derivatised with tritluoroacetic anhydride and diazolllethane ill
ether. The stable derivatives were separated on a methyl phenyl siloxane GC capillary colunm and
measured selectively by single ion monitoring GC-MS in the positive EI mode_

Statistical analysis
Mann-Whitney U-test was used to compare tumour volumes in different animal groups and to
compare melphalan concentrations in different groups.

RESULTS
TUlllour response after ILP
Mean tumour volumes were compared to demonstrate the efficacy of ILP with TNF and

melphalan. Four groups of rats were perfused with sham (n~lO), TNF alone (IFlO), melphalan alone
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(n~10)

and the combination ofTNF and melphalan

(n~IO).

A syncrgistic anti-tumour response was

observed with the combination of melphalan and 1NF as demonstrated before (Figure 1).4,s A
significant decrease iUlllean tumour volume after perfusions with the combination of melphalan and
TNF was observed (p<O.OO 1). whereas in all other perfusions tumour volume increased.
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Tissue concentrations of melphalan
Figure 2 demonstrates a sixfold increased melphalan concentration found in tumour tissue after
perfusion with the combination of TNF and melphalan (n=6) in comparison ,vith perfhsions with

melphalan alone

(IF6)(p~O.OI).

TNF had no effect on skin and muscle tissue since melphalan

conccntrations after ILP were comparable with or without the addition ofTNF.

DISCUSSION
In the present Shldy we demonstrate an increased accumulation of melphalan in tumour tissue
after ILP with the combination of melphalan and TNF as compared to melphalan alone. The increased
melphalan accumulation could not be demonstrated in skin and muscle tissue, suggesting that TNF has
no effect on nonnal tissue. The increased melphalan concentration in hnnour tissue con'elates very well
with the observed hnnour response.
The observed responses in tItis rat soft tissue sarcoma model are comparable to patients, where
,s
TNF or melphalan alone is not or only marginally active. .'6 The combination ofTNF and melphalan,
however, results in high response rates. I·) Addition ofTNF seems crucial in the observed synergy with
melphalan and several mechanisms could be responsible for this. A direct effect ofTNF on the antitumour activity of melphalan on BN-175 tumour cells was previously mled out ill vitro.4
Fajardo et al. previously demonstrated that

low~dose

TNF has a proliferative effect on

angiogenesis, whereas higher doses can cause destl11ction of newly fonned blood vessels.17 It has been
demonstrated that tlus destruction of blood vessels is the result of apoptosis and detachment of

angiogenic endothelial cells" which may lead to thrombocyte aggregation, erythrostasis and
haemorrhagic necrosis. 6•1•9,'9
Whereas previous studies focus on hunour regression resulting from TNF-mediatcd destmction
ofthe vasculahlrc we show that augmented melphalan concentrations in hlmour tissue after ll.P with
TNF corrclates very well with tumour response and provides an elegant and straight forward
explanation for the observed responses. Similarly, dmg accumulation in hllnour tissue has been shown
after systemic pre-treatment with TNF in mice treated with liposomal doxorubicin. 20,21 An explanation
for this phenomenon can be the increased vascular penneability or decreased interstitial pressure that
was demonstrated after admllustration ofTNF."- 13 Alexander et al. demonstrated an increased capillary

leakage during isolated hepatic perfusions (!HP) and an increased uptake ofI-131 albumin in tumour
tissue compared to liver tissue. 22 However, addition ofTNF did not affect melphalan concentrations
in hunour tissue after IHP. Several reasons for this discrepancy are possible such as concentration of
TNF used, sampling method and duration of perfusion. Another reason can be the difference in
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hU110urvasculature, since colorectalmetastases are usually hypovascular and largely necrotic, whereas
soft tissue sarcoma are usually hypervascular.
In conclusion, we hypothesise that increased tumour concentration of melphalan could very

well be the main mechanism by which TNF enhances the antitul110ur response. This finding is not only
important for further TNF-based limb perfusiol1s using melphalan Of other cytostatic agents, hut also
for other perfusions settings such as isolated liver,22,13 lung24 or kidney perfusions. 25
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SUMMARY
\Ve have previously shown that isolated limb perfusion (ILP) in sarcoma-bearing rats results

in high response rates when melphalan is used in combination with TNF. This is in line with
observations in patients. Here we show that ILP with doxombicin in combination with TNF has
comparable effects in two different rat sarcoma tumour models. The addition of TNF exhibits a
synergistic 3ntitU1l10ur effect, resulting in regression afthe tumour in 54% and 100% of the cases for
the BN-175 fibrosarcoma and the ROS-l osteosarcoma respectively. The combination is shown to be
mandatory for optimal tumour response. The effect of high dose TNF 011 the activity of cytotoxic agents
in ILP is still unclear. We investigated possible modes by which TNF could modulate the activity of
doxol1lbicin. In both tumour models increased accumulation of doxombicin in tumour tissue was found:
3.I-fold in the BN-175 and 1.8-fold in the ROS-l sarcoma after [LP with doxombicin combined with
TNF in comparison with an ILP with doxol1lbicin alone. This increase in local dl1lg concentration may
explain the synergistic anti tumour responses after ILP with the combination. In vitro TNF fails to
augment dl1lg uptake in tumour cells or to increase cytotoxicity of the drug. These findings make it
unlikely that TNF directly modulates the activity of doxorubicin ill vivo. As TNF by itself has no or
only minimal effect on tumour growth, an increase in local concentrations of chemotherapeutic dnrgs
might well be the main mechanism for the synergistic anti tumour effects.

INTRODUCTION
Low concentrations at the tumour site and dose limiting systemic toxicity are COlmnon causes
for failure of solid tumour treatment with anti-tumour agents. As cytotoxic drugs typically exhibit a
steep dose response-curve, increasing local concentration should favour tumour response. In isolated
limb perfusiolls local dl1lg concentrations are increased while systemic exposure to the drugs is
minimal. [n isolated limb perfhsions (ILP) melphalan is used IllOst cOlllmonly, but also other agents (e.g
doxol1lbicin and cispiatin) arc applied with varying success in perfusion of limb or organ (e.g lung).1-5
Tumour necrosis factor alpha (TNF), a cytokine with known antitumour activity, can 110t be used
systemically in dosages high enough to obtain a hUTIour response. 6,7 However, in ILP with 1NF hllTIOurS
are exposed to concentrations of up to 50 times higher than those reached after systemic administration
ofthe maximum tolerated dose (MTD), without major side effects. 8 Previously it was demonstrated that
the addition of TNF to melphalan in ILP could improve response rates in patients with multiple
melanoma in transit metastasises or inesectable soft tissue extremity sarcomas. 9-14 hI both patient
groups very high response rates of above 85% have been reported, with a limb salvage rate of more than
85%. hI Europe TNF was recently approved and registered for clinical use in patients for the treatment
oflocally advanced extremity soft tissue sarcomas by ILP with TNF aud melphalan. Comparable results
have been reported by us for ILP with the combination ofTNF and melphalan in soft tissue sarcoma
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and osteosarcoma-bearing rats. IS . 17 ILP with TNF alone or melphalan alone at concentrations used in
the clinical setting had negligible antitumour effects, whereas the combination showed strong
synergistic antitu1110nr efficacy.
TNF may potentiate the effects of chemotherapy in ILP in various ways. TNF has a broad
spectrum of activities, which range from enhancement of proliferation to direct cytotoxicity 011 hUl10ur
celis, activation of inflammation and effects on endothelium. 7,18 The tumour associated vasculature
(TAV) responds to TNF with rounding of the endothelial cells resulting in increased gaps, allowing
easy passage of soluble materials and even cells. 19 .21 Moreover, intravenous injection ofTNF in human
melanoma xenograft-bearing mice resulted in significant reduction of the interstitial fluid pressure (IFP)
of the hUl1ours. 22 This phenomenon could increase localization of cytotoxic dmgs in the tumour
interstitium and explain improved tumour response. Secondly, clinical and experimental results
demonstrating massive destmctioll of the endothelial cells, which has also been shO\vn ill vitro and on
angiograms in patients after ILP, suggest that the TAVis the pIimary target for TNF and therefore that
destntction ofthe endothelial lining might be responsible for the antihul10ur response. 18.2),24 Tilis process
is accompanied by inflammatory responses and seemed to be dependent on infiltrating leukocytes. 25
Coagulative and haemolThagic necrosis and destmction of the endotheliallitling was also seen when
TNF was used as a single agent in ILP, however without sigllificallt effect on tumour growth in rats.
This indicates that the direct TNF effect is most likely playing a minor role in the anti-tumour
capacity.15,26
Although itl the majority ofthe perfhsions, especially for the treatment of melanoma, melphalan
is used, also other agents nlight be successful. Anthracyclines are among the most active agents against
solid hUllOurS and doxombicin is the most widely used agent of this class. 27,28 Moreover, doxorubicin
is the agent of choice for the treatment of sarcoma, and has shown good anti-tumour activity in clinical
and experimental perfusion settings for the treatment of lung metastasises, and could therefore be a
suitable cytotoxic agent for ILP in sarcoma-bearing patients. 1.5
In this study we undeliook isolated limb perfnsions with doxontbicin and TNF in soft tissue
sarcoma- and osteosarcoma-bearing rats to examine the effect ofTNF on the antitulllour activity of
doxorubicitl and secondly an attempt was made to unravel possible mechanisms by which TNF
potentiates the antihlmollr activity of doxorubicin.
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MATERIAL AND METHODS

Chemicals

Human recombinant Tumour Necrosis Factor alpha (specific activity 5xl01 IU/mg) was kindly
provided by Dr G. Adolf (Bender Wien GmbH, Wien, Austria) and stored at a concentration of 2
mg!mL at -80°C. Endotoxin levels (LAL) were below 0.624 EU/mg. Doxombicin (AdriablastinaG) was

purchased from Fanllitalia Carlo Erba (Bmsseis, Belgium).
Animals and tumour model
Male inbred BN rats were used for the soft tissue sarcoma model (BN-175) and WAG/RlJ rats
for the osteosarcoma model (ROS-I). Rats were obtained from Harlan-CPB (Austerlitz, the
Netherlands) and weighing 250-300 g. Small fragments (3 mm) of the syngeneic BN-175 or ROS-I
sarcoma were implanted subcutaneously in the right hindleg as previously described. 15,16 Tumour
growth was recorded by calliper measurements and tumour volume ca1culated using the fonnula

O.4(A'XB) (where B represents the largest diameter and A the diameter pel]Jendicular to B). All animal

studies were done in accordance with protocols approve by the Animal Care Committee of the Erasmus
University Rotterdam, the Netherlands.
The classification oftumour response was: progressive disease (PD). increase oftumour volume
(> 25 %) within 5 days; no change (NC), tumour volume equal to volume during perfusion in a range
of -25 % and + 25 %; partial remission (PR), decrease of tumour volume between R25% and R90 %;
complete remission (CR), tumour volume less than 10% of initial volume.
Isolated limb perfusion protocol

Rats were perfused according to the isolated limb perfusion technique originally described by
Benckhuijsen el al./ 9 and adapted for the rat by Manusama el al. ls Briefly, the femoral at1ery and vein
of anaesthetized rats were cannulated with silastic tubing. Collaterals were occluded by a groin
toumiquet and perfusion started when the toumiquet was tightened. The extracorporeai circuit included
an oxygenation reservoir and a roller pump (Watson Marlow, Falmouth, UK). The perfusion was
perfonned with 5 mL Haemaceel (Behring Pham]a, Amsterdam, Netherlands) and TNF (50 Ilg) andlor
doxombicin (400 Ilg BN-175, and 200 Ilg ROS-I) were added as boluses to the oxygenation reservoir.

Control rats (sham) were perfused with Haemaccel alone. The concentration ofTNF was adapted from
previous animal studies and doxorubicin concentrations were chosen which had 110 local toxicity and
induced maximally stable disease after single perfusion, IS Perfusion was maintained for 30 min at a
flow rate of 2.4 mL/min. During the perfusion the hindleg ofthe rat was kept at a temperature of38-
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39°C with a warnl water mattress. A washout with 2 ml oxygenated Haemaccel was performed at the
end of the perfusion. Perfusion was perfonned at a tumour diameter of 12-15 nun, which is around 7
or 10 days after implantation for BN-175 and ROS-I respectively.
In vitro as.sessment of antitumolll' activity
BN-175 soft tissue sarcoma cells or ROS-I osteosarcoma cells were added in 100 fll aliquots

to 96-well plates at a final concentration of 104 cells per well and allowed to grow as a monolayer in
DMEM supplemented with 10% FCS. Doxorubicin andlor TNF were diluted in DMEM supplemented
with 10% FCS, added to the wells and allowed to incubate for three days. The range of final drugs in
the wells was 0.0005 - 100 flg/mL for doxorubicin and 0 - 10 IIg/mL for TNF. A total of 5 to 6 separate

assays were perfonncd in ttiplicate and the percentage of growth inhibition calculated according to the
formula: percentage oftumour cell growth ~ (test well/control well) X 100%. Percentage of tumour cell
cytotoxicity was measured using the sulphorhodamine B assay.3D
In vitro assessment of doxorubicin uptake in tumour cells

To detennine if the observed antituIllour response after ILP and cytotoxicity in vitro correlated
with cellular uptake of doxombicin, cells were exposed to doxombicin with and without TNF and
intracellular doxontbicin levels detennined by flowcytometry as previously described.3! Briefly, BN175 soft tissue sarcoma cells or ROS-I osteosarcoma cells were added in 500 fll aliquots to 24-well
plates at a final concentration of5xl04 cells per well and allowed to grow as a monolayer in nMEM
supplemented with 10% FCS. Doxorubicin and TNF were diluted in DMEM supplemented with 10%
FCS and added to the wells, after which cells were incubated for 0, 10, 30, 60, and 120 min. The final

dmg concentration in the wells was 0, 0.1, 1.0 and 10 J1g/mL for both doxombicin and TNF. Thereafter
monolayers were treated with trypsin-EDTA for 2 min and the cell suspensions were washed two times
in complete medium and resuspended in PBS. Cellular uptake was measured on a Becton Dickinson
FACScan using CeH Quest software on Apple Macintosh computer. Excitation was set at 488 nm and
emission at 530 nm. Fluorescence was corrected for cell size using the forward scatter (FSC) with the
fonnula corrected fluorescence (FLcor) ~ fluorescence at 530 run (FL530) / FSC - FL530, / FSC,
(FL530, and FSC, are fluorescence and forward scatter with no dmg added to the cells).
Assessment of doxorubicin accumulation in tumour and concentration in perfusate during ILP

To detenuine the influence of TNF on doxombicin accumulation in tumours during ILP,
tumours (and muscle) were surgically removed after ILP and total doxorubicin content detennined as
previously described. 32 As the ILP included a thorough washout there is no intravascular doxombicin
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present. Briefly, after incubation in acidified isopropanol (0.075 N HCl in 90% isopropanol) for 24 h
at 4°C, the tumours were homogenized (pR0200 homogenizer with 10 nml generator, Pro Scientific,
CT, USA), centrifuged for 30 min at 2500 'pm and supematants harvested. Samples were measured ill

a Hitachi F4500 fluorescence spectrometer (excitation 472 11m and emission 590 nm) and compared
with a standard curve prepared with known concentrations of doxombicin diluted in acidified
isopropanol. Measurements were repeated after addition of an internal doxombicin standard. Detection
limit for doxorubicin in tissue was 0.1 jlg per gram tissue.
For perfusate measurements samples were drawn from the perfusion vial at 0.5, 5,15 and 30
min after ILP was started. Samples were centrifuged for 30 min at 2500 Ipm and supernatant measured
for doxombicin content as described above. Cell pellets were incubated in acidified isopropanol and
doxo11lbicin content detellllilled as described above.
Statistical analysis

The ill vivo and ill vitro results were evaluated for statistical significance using the Maml
Whitney U test with SPSS for windows. III vitro data was analysed by curve fitting using GraphPad
Prism. P values below 0.05 were considered statistically significant.

RESULTS
In vivo tumour response to doxorubicill and TNF

To evaluate the anti tumour activity of doxorubicin when combined with TNF in an isolated
limb perfusion setting, soft tissue sarcoma and osteosarcoma-bearing rats were perfused with the agents
combined or alone. Figure 1 shmvs the tumour responses of soft tissue sarcoma (BN-175) in rats after
ILP. Perfusioll with buffer or TNF alolle resulted in progressive disease in all animals. Although ILP
with doxombicin (400

~,g)

alolle resulted in a slight inhibition of the BN-175 tumour growth when

compared with the sham control, none of the rats showed a tumour response (Table 1). ILP with 400
j..lg doxombicin combined with 50 j..lg 1NF resulted in increased antitulllour activity with a response rate
of 54% (PR and CR combined) (p< 0.01 compared with doxombicin alolle).
III osteosarcoma (ROS-l )-bearillg rats ILP with buffer or doxorubicin (200 ~,g) alone had no
significant effect on tumour growth (Figure 2). ILP with TNF alone resulted in significant inhibition
OftUlllOur growth as compared with the sham perfhsion and a response rate of33% was obselVed (Table
2). ILP with 200

~g

doxombicin combined with 50

~'g

TNF fmiher increased the antitumour response

with a respollse rate of 100% (PR and CR combined) (p <0.05 compared with TNF alolle).
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Figure 1. Growth clines ofsubcutaneous implanted soft t;sslle sarcoma BN-175 after isolated limb perfusioll
with medium alolle (l1li), 50 Jig TNF (A), 400 fig doxorubicill (V), or combination ofTNF and doxorubicill (II),
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Figure 2. Growth curves o/subcutaneolls implanted osteosarcoma ROS-J after isolated limb perfusion with
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Table 1. Tumour response ofBN-175 after isolated limb perfusion with doxorubicill and TNF five days after
treatment.

TNF+
Tumour
Response

PD

Sham

TNF

Doxorubicin

Doxorubicin

11=12

n~101

n~1O

n=13

12

10

6

2

4

4

NC

PR

6

CR

1

Response

rate (%)

-

-

Perfusions were perfomled with 50 f-tg TNF and 400

-

~Ig

54

doxorubicin under constant temperature (38-39°C) for

30 min.

Table 2. Tumour response of ROS-J after isolated limb perfllsioll with doxorubicill Gild TNF five days after
trealment.

TNF+
Sham
n=8

TNF

Doxorubicin

Doxorubicin

n=11

n=8

n~1O

8

3

2

NC

3

6

PR

1

6

CR

2

4

Tumour

Response

PD

Response
rate (%)

-

33

-

100

Perfusions ,,,ere pcrfonned with 50 Jig 1NF and 200 Jig doxorubicin under constant temperature (38-39°C) for
30 min.
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In vitro assessment of antitullloul' activity of doxorubicin and TNF
The ill vivo experiments clearly demonstrate pronounced improvement of tumour response
when doxombicin was used in combination with TNF .111 vitro experiments were performed to further
study the nature oftlus interaction. Exposure of soft tissue sarcoma BN-175 or osteosarcoma ROS-l
tumour cells to doxombicin resulted in a response curve with an IC50 of 0.1 and 2.0 ~lglml respectively
(Figure 3). No significant cellular toxicity could be observed when BN-175 cells were exposed to TNF
alone, however a dose depended growth reduction was observed when ROS-l cell were exposed to TNF
with a maximum reduction of38% at to ~,glml. Addition ofTNF to doxombicin did not significantly
alter the lC50 of doxombicin in the BN-175 cell cultures, indicating that addition ofTNF ill vitro did
not influence the sensitivity ofthe cells to doxombicin significantly. On ROS-l cells only an additive
effect ofTNF and doxombicin was observed. The curve only slufied downwards and not to a lower
doxombicin concentration, wluch indicates that the drugs do not influence each other but have separate
effects.
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Figure 3. III vitro growth oj (A) the BN-175 and (B) ROS-J tumour cells as JUllction oj the do;rorubicin
concelltration in combination with 0 pg (tI), 0.1 pg (A), 1.0 pg (V) or 10 Jig TNF perllll (16). The mean oj 5
to 6 individual e.\perimellts pelformed ill triplicate is shown ± SEAL

In vitro uptake of doxorubicin in tumour cells
Figure 4 shows that increased intracellular concentrations of doxombicin are observed in both
cell types when cells were incubated with increasing concentrations of doxombicin. A 10-fold higher
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doxombicin concentration in culture supernatant (ranging from 1.0 to 10 ~tglmL) resulted in 4.5-fold
and 3.9-fold augmented cellular uptake for BN-175 aud ROS-l respectively (1' < 0.01 and p < 0.05).
Addition however ofTNF to the culture mediulll did not influence intracellular doxombicin content
significantly for all the TNF concentrations tested, or even a slight but not significant reduction in
uptake was noticed with increasing concentrations ofTNF (Figure 5).
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Doxorubicin accuIllulation in solid tumour after ILP
Possibly the observed beneficial effect of TNF ill vivo could be explained by an increased
extravasation of dOxolllbicin into the tumour interstitium, resulting in a higher local concentration and
accordingly in an improved antitU1l101lf activity. Therefore, concentrations of doxorubicin in tUlllOur

and surrounded tissue after ILP were detennined. Figure 6 shows that measurable amounts of
doxorubicinlocalized both in BN-175 and ROS-I tumours after ILP, whieh correlates with an observed

decline of the dmg concentration in the perfusate (data not shown). Moreover, addition ofTNF to the
perfusate resulted in significantly enhanced accumulation of doxombicin in both these tumours, 3.l-fold

in the BN-175 and 1.8-fold in the ROS-l sarcoma, when compared with ILP with doxombicin alone.
Addition ofTNF had no significant effect on doxombicin accumulation in muscle of the leg (p > 0.4).
Strikingly a significant discrepancy in dmg levels was observed between BN-175 and ROS-J tumours.

51

Chap/er4
A

P < 0.03
35

!l
~

.~
00
~

~
ge

0

15
10
5

noTNF
B

5

TNF

P < 0.05

!l
~

·E

on

~

~

0

g{l

noTNF

TNF

Figure 6. Accumulation ofdoxorubicill ill (a) soft tissue sarcoma BN-175 or (b) osteosarcoma ROS-J ill vivo
duri1lg isolated pelfusion. Rats were perfused with doxorubicill (400 Jig BN-175 alld 200 Jig ROS-I) with 50
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DISCUSSION
In the present study we demonstrate that isolated limb perfusion in sarcoma-bearing rats with

doxombicin in combination with TNF results in high response rates in two different tumour models.
These findings are in close agreement with our previous work using melphalan. 15 ,16 Secondly, it is
demonstrated for the first time that TNF enhances intratumoural accumulation of doxorubicin, which
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is an attractive explanation for the augmented tumour response in TNF-based ILP. We speculate that
TNF increases interstitial dmg levels in the tumour as intravascular doxombicin is washed out at the
end of the ILP procedure and intracellular uptake of doxorubicin is not affected by TNF as was shown
ill vitro. Doxorubicin has been shown to be the most effective dmg in treatment of sarcomas and
therefore put fonvard as the dmg of choice in the treatment of these malignancies. n .28 Here we
demonstrate that perfhsion with doxorubicin alone is not or only partial effective, which however is also
observed when melphalan is used as a single agent in the perfusion setting.
A striking observation is the augmentation of the doxombicin-induccd anti-tumour response by
TNF ill vivo, which has also been shown for melphalan and TNF in these tumour models. ls ,16 Strong
tumour responses were observed in both models after ILP with the combination therapy, which cannot
be explained by just adding up the responses after ILP with the single agents. An important observation
is that chemotherapy by itself is not or pat1ially effective as shown here and by others.2 Secondly, it was
previously shown in our rat tumour model as well as in the clinic that ILP with TNF alone had no effect
on tumour growth although massive haemorrhagic necrosis and pathology was observed. ,s.26,33 These
observations indicate that other mechanisms have to be identified to explain the interaction between
TNF and chemotherapy.
Several specific activities ofTNF could potentiate the antitumour activity of chemotherapy.
It has been postulated that the increased tumour response observed after ILP with melphalan and TNF

is due to destruction of the TAV, resulting in haemorrhagic necrosis, platelet aggregation and
erythrostasis.1 8,26 Moreover, recently is has been shown that perfusion with melphalan in combination
with TNF and IFN resulted in apoptosis of endothelial cells of the TAV." Also inflammatory events
such as granulocyte infiltration were suggested to playa role. 25 .2 6These findings led to the speculation
that destruction of the TAVis the mechanism by which TNF potcntiates cytotoxic agents. Watanabe
et al. demonstrated toxic effects of TNF on newly formed tumour vasculature in mice resulting in
haemorrhage, congestion and blood circulation blockage. 18 Others suggested that TNF induced
thrombus fomlation played an important role. 35 However, these effects are also observed after perfusion
with TNF alone. 26
Recent studies show that perfusion of melanoma-beating patients with melphalan in
combination with TNF and IFN results in detachment and apoptosis of endothelial cells ofthe uUll0ur.3-1
Moreover, the vitro experiments demonstrated an important role for TNF and IFN mediated down
modulation of the aYB3 function, which is speculated to play an prominent role in the ill vivo
observations. These finding would argue in favour for a TNF mediated destruction of the vasculature.
The il1 vitro observations also demonstrated the necessity of IFN for the induction of endothelial
apoptosis. In our model, as wel1 as in various c1inical trails, on the other hand it has bcen shown that
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tumour responses are only slightly improved by the addition ofIFN. Il ,14 This would argue against an
imp0l1ant role for TNF mediated destmction afthe TAY in the tumour response, or on the other hand

it indicates that endogenous produced IFN is of major importance.
A consistent finding in our two models is the augmented accumulation of doxombicin in tumour
tissue when TNF is added to the perfusate. In both models this increase could very well explain the
improved efficacy. On the other hand, may increase the uptake of doxombicin by the tumour cells.
However, intracellular concentration of doxombicill ill vitro was not enhanced when TNF was added
ill vitro. Moreover, TNF did not seem to affect the ill vitro cytotoxic activity of doxombicin

significantly. In contradiction to these findings, synergy between TNF and doxombicin ill vitro has
been shown in previous studies depending on sensitivity of the cells to TNF, presence of multi-drug
resistance or order ofexposure. 36-39 This effect has also been shown without an increased intracellular
accumulation ofdoxorubicin. 40 Others demonstrated that exposure oftumour cells to TNF resulted in
a reduced sensitivity ofthese cells to doxorubicin." It is suggested that arrest of the cells in the G 110
phase by TNF tums them insensitive to doxombicin, which is a celt cycle dependent cytotoxic agent.
In our study we did not obsen'e such phenomenon when the tumour cells were exposed to doxorubicin
and TNF. These observations suggest that ill vivo TNF has an indirect effect on the anti-hllllour activity
of doxol1lbicin. Therefore, we postulate that TNF augments the accumulation of doxol11hicin in the
hunour by increasing the leakiness of the tumour associated vasculature (TAV), and by doing so
increases the local dmg level. Previously an increased leakiness of the TAV as well as a reduction of
the interstitial fluid pressure in tumour has been shown by others after systemic administration of
TNF. 19-22 Moreover, increased dmg accumulation in tumour has previously been shown after systemic
treatment with TNF when a Iiposomal doxombicin preparation was injected:u Preliminary results fi-om
a clinical phase I-II trail with doxorubicin and TNF in hyperthennic ILP demonstrated comparable
favourable outcome as is obtained with Melphalan and TNF:u
From our study we propose that the observed augmentation of the antitumour activity of
dox0111bicin by TNF is mainly due to an increased accumulation of doxorubicin in the tumour during
ILP as is shown in both models. A direct effect of TNF on the sensitivity of the tumour cells to
doxorubicin was nlled out by ill vitro examinations.
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Chapter 5

SUMMARY
An isolated limb perfusion model (ILP) using soft tissue sarcoma bearing rats (BN-175) was
used to study antitumour activity of a hunaur necrosis factor alpha mutant (TNF-SAM2) in
combination with melphalan and doxorubicin. On a TNF sensitive cell line (WEHI) we

demonstrated that the concentration ofTNF-SAM2 used in the perfusions was similar as in previous
studies with recombinant human TNF (rHuTNF). Progressive disease was demonstrated in all
animals after perfusions with sham or 50 ~g TNF-SAM2. ILP with 40 fIg melphalan or 400 ~g
doxorubicin resulted both in no change of hllllOllf volume or progressive disease five days after

perfusion. A synergistic anti-tumour effect was demonstrated lIsing the combination of 50 Jlg TNFSAM2 with 40 ~g melphalan, leading to a partial and complete response rates of 76%. The
combination of 50 Ilg TNF-SAM2 and 400 ~g doxombicin was synergistic as well as with a 70%
response rate, Histopathologically tIus response consisted of hemorrhagic necrosis of the
coagulative type, which is comparable to what has been demonstrated with rHuTNF.
In conclusion, TNF-SA1vf2 has similar anti-tumour activity in combination with melphalan
or doxol1lbicin as rHuTNF in sarcoma-bearing rats. Because of its potential decreased toxicity it is
eligible to be tested in clinical isolated limb perfusion settings.

INTRODUCTION

From experimental and clinical studies it appears that high local human recombinant tumour
necrosis factor alpha (rHuTNF) concentrations is an important detenninant of response. However,
the use of rHuTNF systemically is limited by severe systemic toxicity. In a leakage free isolated
limb perfusion (ILP) setting high concentrations of rHuTNF can be obtained without systemic
toxicity and the use of rHuTNF in this setting in combination with melphalan is now well
established. l Not only in patients with 'in transit' metastasized mclanoma2.3 but also with advanced
soft tissue sarcoma high response rates are observed with this treatment,4.S For the treatment of
locally advanced extremity soft tissue sarcomas rHuTNF has recently been approved by the EMEA
in Europe.
In our laboratory we developed a soft tissue as well as an osteosarcoma bearing rat tumour
models with response rates and histopathological characteristics similar to patients after ILP with
rHuTNF and melphalan.6-9 Recently, we also demonstrated that ILP with doxombicin in

combination with rHuTNF results in a synergistic antitulllour response in both tumour models. lO The
observations with doxorubicin have been similar to what is seen with rHuTNF in combination with
melphalan.
Although high doses of rHuTNF can be used with success in a leakage-free ILP-setting, its

use systemically is limited by severe systemic toxicity that has prevented the use of effective doses
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in patients." Moreover, perfusion of vital organs such as

liver,12-15

lung J6

Of

kidney l7 are limited by

toxicity of the perfused organ.
Therefore, TNF mutants have been developed to reduce toxic side effects and make it
applicable for other use than

ILP,IS-26

One such mutant, TNF-SAM2, has increased N-tenninal

basicity and has been shown to have both a two-fold higher cytotoxic activity in vitro and up to 20fold lower acute toxicity in a murine model, compared to conventional TNF ,19,27 The present study
is to determine whether the antitumour effects of TNF-SAM2 in vitro and in our preclinical ILP
models in the rat in combination with melphalan and doxombicin demonstrate similar efficacy in as
has been obSClved with rHuTNF. If similar efficacy is observed TNF-SAM2 may be considered to
be tested in the clinical setting to determine its toxic profile which if reduced in comparison to
rHuTNF would make the agent eligible to be tested for efficacy in a number of clinical settings.

MATERIAL AND METHODS
Animals
Male inbred BN rats, weighing 250-300 g, obtained fi·om Harlan-CPB (Austerlitz, the
Netherlands) were used. The rats were fed a standard laboratOlY diet ad libitum (Hope Fanns
\Voerden, the Netherlands) and \vere housed under standard conditions. The experimental protocols
adhered to the mles outlined in the "Dutch Animal Experinlentation Act" (1977) and the published
"Guidelines on the protection of Experimental Animals" by the council of the B.C. (1986). The
protocol was approved by the committee on Animal Research of the Erasmus University Rotterdam,
the Netherlands.
Agents
TNF-SAM2 was provided by Prof. Soma having a specific activity of 5.7 x \0' U/mg as
detel1nined in the L929 cells assay. I' Endotoxin levels were < 1.25 endotoxin units (EU) per mg
protein. rHuTNF was provided by Boehringer (Ingelheim, Gemlany) having a specific activity of
5.8 x \0 7 U/mg as determined in the murine L-M cell assay (28). Endotoxin levels were < 1.25
endotoxin units (EU) per mg protein. Melphalan (Alkeran0, 50 mg per vial, Wellcome, Beckenham,
United Kingdom) was diluted in 10 ml diluent solvent. Futiher dilutions were made in 0.9% NaCI
to give a volume of 0.2 ml in the perfusion circuit. Doxombicin (Adriblastina0, 50 mg/2S ml,
Fannitalia Carlo Erba, Bmssels, Belgium) was used. No fmiher dilutions were made and 200

~tl

doxorubicin was added to the perfusate as a bolus.
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Cytotoxic assay ofTNF and TNF-SAM2 in vitro
rRuTNF and TNF-SAM21evels were detemuned using the WEill 164 bioassay. WERT cells

were allowed to grow as a monolayer in Dulbecco's modified Eagle's medium containing 5 % FCS
and 0.3 mmoVI glutamic acid in a 96 well plate. Cells were exposed to TNF and TNF-SAM2
concentrations for three days and washes two titnes. Viable cells were stained using the MIT stain
assay and tumour growth was calculated using the fonnula: tumour growth

=

(growth exposed

cellslcontrol growth) x 100 %.
Isolated Limb Perfusion Model (ILP)

The model and perfusion technique we lIsed has been published previously,6 Briefly, the
non-immunogenic BN-17S sarcoma was used implanted subcutaneously into the right hind limb just
above the ankle. Perfusion was perfonned at a tumour diameter of 13 mm ± 3

mIll

at least 7 days

after implantation. Subsequent tumour growth was daily recorded by caliper measurement. Tumour
volume was calculated as 0.4(A2B), where A represents the smallest diameter and B the diameter

perpendicular to A.
During perfusion animals were anaesthetized with Hypnonn·

(Janssen Pharnlaceutica,

Tilburg, the Netherlands) and 50 iu of heparin were injected intravenously to prevent coagulation in
the collateral circulation and in the perfusion circuit. To keep the rat's hind limb at a constant
temperature of 38-39°C, a warm water mattress was applied. The femoral artery and vein were

cannulated with silastic tubing (0.012 inch !D, 0.025 ineh OD; 0.025 inch !D, 0.047 inch OD
respectively, DO\v Coming, Michigan, USA). Collaterals were occluded by a groin tourniquet and
isolation time started when the toumiquet was tightened. An oxygenation reselvoir filled with 5 ml
Haemaccel (Behring Phanna, Amsterdam, the Netherlands) and a roller pump were included into
the circuit. Dlllgs were added as boluses to the oxygenation reservoir. A roller pump (Watson

Marlow, Falmouth, UK; type 505 U) recirculated the perfusate at a flow rate of 2.4 mil min. A
washout with 2 tnl oxygenated Haemaccel was performed at the end of the perfusion.
Assessment of tumour response
The classification of tumour response was: progressive disease (PD)
volume (> 25 %) within 4 days; no change (NC)

=

=

increase of tumour

tumour volume equal to volume during perfusion

(in a range of -25 % and + 25 %); paliial remission (PR)

~

decrease of tumour volume (-25 and

-90%); complete remission (CR) = tumour volume 0-10% of volume during perfusion or necrosis.
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Histology

The histopathological techniques and changes observed in hUllOurs was assessed after
perfusions as described earHer. 8 Briefly, tumours were excised with a tim of skin whereas the
muscle layer fonned the deep resection margin, fixed in 4% fonnaldehyde solution and embedded
in paraffin. Histological sections were hematoxylin-eosin stained. Tumour samples were taken after
2 hours, 2 days and 5 days after perfusion.

Statistical analysis
Mann Whitney U test was used to compare tumour volumes in different animal groups and
to compare different tumour responses in different groups. Calculations were perfonued on a
personal computer using GraphPad Prism and SPSS for Windows 95.

RESULTS

In vitro results

To compare the specific activity of rHuTNF with TNF-SAM2 under controlled
circumstances, ill vitro cellular toxicity was examined using the TNF sensitive 'VERI 164 (clone
13) cell line. Figure I shows the ill vitro dose/response curves of the \VERI cell line, demonstrating
similar in vitro toxicity ofTNF-SAM2 against \VEHI cells as compared to conventional TNF.
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Figure 1. Dose-response curves oj JVEH1164 cells to rHIITNF (~ alld TNF-SAkf2 (A) as determined lIsing
the A-fIT stain assay.
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In vivo results ofTNF-SAl\tI2, melphalan and doxorubicin.
Previously, synergy between rHuTNF and melphalan has been shown by us in ILP in BN
rats.' In Figure 2 results are shown after ILP with the combination of 50 ~g TNF-SAM2 and 40 fIg
melphalan, which are in close agreement with results found with rHuTNF and melphalan (dotted
line). At five days after ll..P a significantly decreased tumour growth ,vas observed as compared to
sham perfusions (1'<0.001), TNF-SAM2 perfusions alone (1'<0.001) and melphalan perlhsion alone
UFO.OO I). No significant difference was found between all other groups.
ILP using dOxolllbicin and rHuTNF demonstrated that similar results can be obtained as

compared with melphalan when 400 ~{g doxombicin is used, to I-Iere we demonstrate likewise
synergy between doxombicin in combination with the mutant TNF-SAM2 (Figure 3). A
significantly decreased tUlllour growth was observed as compared to sham perfusions (p<O.OOOl),
TNF-SAM2 perfusions alone

(p~O.OOO I)

and doxombicin perfusion alone (p~O.02).
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Figure 2. Growth C/Ul'es of BN-175 sarcoma after sham (16; 11=10), 50 Jig TNF-SAAI2 (A; 11=9), 40 Jig
melpltalan (.; 11=10) alld TNF-SAAI2 pillS melpltalall isolated limb per/lisioll (Y,o 1l=29). Tlte dotted line is
lite growtlt Clll1'e of 50 Jig rHuTHF in combination witlt 40 Jig melphalan. Mean (± SEAl) Dflumollr voillmes
are SltOWII.
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Figure 3. Growth clIn'es oj BN-175 sarcoma after sham (11f; 11=10), 50 lI.g TNF-SAAa (A; 11=9), 400/lg
do;rorubicill (-#; 11=10) and TNF·SAAf2 pIlls doxorubicill isolated limb perfusioll (Y,o 1/=10). TIle dOlled
line is the growth eliI've of 50 Jig rlTuTHF ill combination with 400 jig doxorubicin. AkaJ/ (± SEM) of
tumour volumes are shoWII.

Table 1. Tumour response oj BN-J75 after isolated limb perfusion

Tumour
Response

PD

TNF-SAM2
+i\IcI
Doxorubicin

TNF-SAM2
+Dox

Sham

TNF-SAM2

.i\IclphaJan

n~10

n~9

n~1O

n~29

11=10

n~1O

10

9

2

3

7

1

8

4

3

2

NC
PR

9

6

CR

13

1

Response

Rale (%)

-

-

-

Perfusions were performed with 50 fIg TNF-SAM2, 40
constant temperature (38-39°C) for 30 min.

76

~tg

-

70

melphalan and 400 Fg doxontbicin under

65

Chapter 5

Figure 4A+B.
Hematoxylin and eosin (HE) stained tU1110ur sections two days after ILP with A) Iwemacell (control) shows
viable fUII/ol/teells and B) the combination oj 50 JIg TNF-SAA12 and 40 pg melphalan shows flie aspect of
hemorrhagic necrosis.
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Tumour responses were dctcnnincd five days after perfusion and summarized in Table 1 for
melphalan and doxo11lbicin. Perfnsions with sham or TNF-SAM2 alone resulted in progressive
disease in all animals. ll..P with melphalan or doxorubicin alone resulted both in no change or
progressive disease. Addition of 1NF-SA1vI2 to melphalan or doxombicin resulted in an overall
response rate of respectively 76% and 70%. These responses were statistically significant different
from perfusions with sham (p<O.OOOI), TNF (p<O.OOI), melphalan (p<O.OOI) or doxorubicin alone
(p<O.OOI).

Histological observations
Sham treated rats showed individual cell necrosis, both of the coagulative type. Over 80% of
the hlmour consisted of apparently vital tumour cells two days after perfusion (Figure 4a). Slices of
hlll10urS treated with melphalan or TNF -SAM2 showed apparently vital tumour cells over 80% of
the cut surface of the tumour sections (data not shown). Slices of tumours treated with the
combination of melphalan and TNF-SAM2 showed 80-90% necrosis with the aspect of
haemorrhagic necrosis two days after perfusion (Figure 4b). Cell debris, oedema, thrombi and
mononuclear inflammatory cells were observed in these hnnours. The results two days after
perfusion were in comparison with observations made with rHuTNF and melphalan. 8 Observations
two hours and five days after perfusion (data not shown) were also similar as in previolls studies
with rHuTNF.

DISCUSSION

The pleiotropic cytokine tumour necrosis factor alpha (TNF) is not only an imp0l1ant
mediator of host defense in infections, it has also direct cytotoxic activity on some cell1ines in vitro
(20). Moreover, TNF can induce haemorrhagic necrosis in experimental tumours in animal models

most likely due to effects on the tumour neovasculature. However, its use appeared limited in phase
I and II trials due to several toxic side effects. Hypotension has been the major dose-limiting
toxicity observed in tdais involving systemic administration ofhull1an recombinant TNF (rHuTNF).
Because of the inherent toxicity it is impossible to administer rHuTNF at a dose that has antihlmour
effects in humans. However, isolated limb perfusion (ll.,P) allows administration of high dosages of
rHuTNF without major side effects and has resulted in high response rates as part of a
multimodality therapy for melanomas 2,3 and soft tissue sarcomas. of•S During these perfusions
systemic monitoring is important because hypotension is a significant complication due to
unexpected leakage. Since rHuTNF can only be used in the isolated perfusion setting, TNF-mutants
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were developed to reduce the systemic toxicity ,vithout loosing antituIllour activity.

Series of TNF-mutants were shown to have retained the antitumour effects of rHuTNF but
caused much less tDxicity,IS.25 TNF-SAM2 is such a mutant, that has been developed by Soma et
al,19,27

and its reduced systemic toxicity was demonstrated in a canine lllode1. 29 Moreover, an

(unexpected) increase in tumour-cytotoxicity on several different tumours ;11 vitro was demonstrated
,,,hen compared to conventional TNF,30
In the present study we demonstrated synergy between TNF-SAM2 and melphalan in
sarcoma bearing rats after ILP. Moreover, synergistic antitumour activity was shown after ILP with

TNF-SAM2 combined with doxombicin. These results arc similar to those obtained with
conventional TNF in combination with these cytostatic dmgs as published previollsly.6,9,iO Complete
and pat1ial response rates of 76% were achieved with TNF-SAM2 and melphalan five days after
perfusion. The combination of TNF-SAM2 and doxorubicin resulted in 70% partial and complete
responses. Histopathologically the response consisted of individual cell necrosis with the aspect of
haemonhagic necrosis. These observations are similar to the results found both in rats 8 and humans
after ILP.31,32
A direct cytotoxic effect on the endothelial cells, as well as polymorphonuclear cell
infiltrations might be responsible for the antihul10ur effect of TNF in these hUllOurS. 33 The
potentiation of the TNF-SAM2 antitumour effect by doxorubicin and melphalan is thought to work
through a dual targeting system. TNF has its antitumour effect by effecting the tumour vasculature,
while doxombicin and/or melphalan have direct cytotoxic activity. Hyperthennia, used in these
perfusions might further potentiate the antihullollr effects of both TNF-SAM2 3-1 and melphalan. 35
Most likely the mutant used in this study has full anti tumour activity as compared to
rHuTNF. In the event of unexpected massive leakage during ILP it is obvious that the reduced
toxicity ofTNF-SAM2 can make ILP a safer procedure when used in combination with cytostatic
drugs. More importantly with the demonstrated antitumour effects in tumour models that have
yielded virtually identical observation as those observed in patients treated by rHuTNF-based ILPs
for soft tissue sarcomas or melanomas, it may open the possibility to test TNF-SAM2 in other
clinical settings because of its potential inherent reduced toxic profile. Thus it becomes an
interesting agent to be tested in the regional treatment moda1ities for liver metastases such as
isolated hepatic perfusion as well as repeated hepatic artery infusion. Furthennore this mutant will
make the administration ofTNF applicable in other regional perfusions which are not leakage free
(e.g. pelvis or abdomen). Moreover, it would allow the evaluation of repeated low dose treatments
which have been shown to enhance significantly the homing of doxorubicin-long circulation
liposomes to the tumour site and enhance intratumoural doxombicin concentration and thus yield
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important tumour responses not obtained without the systemic administration of TNF (ten Hagen,
unpublished observation).
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SUMMARY
NO is an important molecule in regulating tumour blood flow and stimulating tumour
angiogenesis. Inhibition of NO synthase might induce an antitumour effect by limiting nutrients and
oxygen to reach hUllOur tissue by reducing blood flow and inhibiting neovascularisatiol1. Wag-Rij
rats bearing a subcapsular CC531 adenocarcinoma in both kidneys were used for L-NAME
systemic treatment and tumour weight was compared with controls ten days after treatment. ILP
was performed on BN-175 soft tissue sarcoma-bearing rats using L-NAME alone or in combination
with TNF and melphalan. Tumour volumes and responses \vere measured daily and compared to
control treatment. Systemic treatment with L-NAME inhibited growth of subrenal CC531
adenocarcinoma significantly but was accompanied by impaired renal function. Reduced tumour
growth was observed when L-NAME was used alone in ILP. In combination with TNF or
melphalan L-NAME increased response rates significantly compared to perfllsiolls without LNAME (0 to 64% and 0 to 63% respectively). An additional antitumour effect was demonstrated
when L-NAME was added to the synergistic combination of melphalan and TNF (responses
increased from 70 to 100%).
In conclusion, systemic inhibition of NO synthase inhibits tumour growth, however is
accompanied by systemic toxicity. A synergistic anti tumour effect ofL-NA!vIE in combination with
melphalan and/or TNF is observed in rats using ILP. These results might improve future clinical
regional perfusion strategies for patients with advanced soft tissue sarcoma in which response rates
are cunently around 70% using TNF and melphalan.

INTRODUCTION
Nitric oxide (NO) is a multi-fllnctionalmessenger moleculc derived fl:om the amino acid, Largininc, in a reaction catalysed by NO synthase (NOS). There are three isofonns of NOS: the

calcium-dependent endothelial (eNOS) and neuronal (nNOS) and the calcium-independent
inducible

(iNOS~NOS2).

High levels of NOS activity are present in several tumour cell lines as

well as in human cancer. i ,2 An important function of NO is to maintain or increase tumour blood
flow via dilatation of arteriolar vessels in some tumours. 3 Tilis effect on tumour vasculature by NO
enables vital nutrients and oxygen to reach hunour cells and can result in a promoted hun our growth
in hUllour cells that constantly released NO. 4 Moreover, recent studies demonstrated another
impoliant effect of NO in stimulating tumour angiogenesis. 5' 7 Inhibition of NO synthase might
inhibit hUllOur neovascularisation and in this way reduce tumour growth.
Several authors demonstrated a selectively reduced hunour blood flow in rodents treated
with NO inhibitors, sllch as L_NAME. 8.1Q OlUcevic and Lala demonstrated a concentration
dependent antitumour effect of L-NAME in adenocarcinoma-bearing mice." With other NOR
inllibitors used as a single agent antitumour effects have been demonstrated as wel1.
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in tumour blood flow leads to hypoxia in tumourtissue and might thus be a llseful strategy in
antitumour therapy in combination with other agents. For alkylating agents such as melphalan and
for cytokines such as tUIllOur necrosis factor alpha (TNF) it has been demonstrated that hypoxia can
potentiate the cytotoxic effects. 13 ,14
To shldy the potential antitumour effects of systemic administration of L-NAME we used a
renal subcapsular hlmour model, using a coloncarcinoma in WAG/Rij rats. Secondly, we examined
whether addition of L-NAME to melphalan andlor TNF in an isolated limb perfusion (ILP) model
could further improve response rates. For this we used a well established perfusion model
developed in our laboratory which is based on the successful treatment of patients with in-transit
metastasis from malignant me1anoma IS -17 and ilTesectable or locally advanced soft tissue
sarcoma. IS,I9 For the last group of patients TNF has recently been approved by the EMEA
(European Medicine Evaluation Agency) in the ILP setting in combination with melphalan. 2o In our
ILP model strong synergistic antitumour effects were previously demonstrated when TNF was used
in combination with two different chemotherapeutics (melphalan or doxombicin).14,21,22 The
synergistic antihlmour effects were accompanied by higher intrahlIlloural melphalan concentrations
after perfusion with TNF compared to perfusions with melphalan alone?3 The observed effects in
rats cOlTesponded well to ILP in patients in tenns of response rate and histopatholigical
observations. 21 ,24 Therefore, this rat model is applied to study usefulness of additional agents in ILP
to improve response rates or find synergy between agents which allow lower dosages of toxic
agents like TNF.

i'lIATERIAL AND METHODS
Animals
Male inbred BN and Wag/Rij rats, weighing 250-300 g, obtained from Harlan-CPB
(Austerlitz, the Netherlands) were used. The rats were. fed a standard laboratory diet ad libitum
(Hope Fanns, Woerden, the Netherlands) and were housed under standard conditions. The
experimental protocols adhered to the mles outlined in the Dutch Animal Experimentation Act
(1977) and the published 'Guidelines on the protection of Experimental Animals' by the council of
the B.C. (1986). The protocol was approved by the committee on Animal Research of the Erasmus
University Rotterdam, the Netherlands.

73

Chapter 6

Drugs
Melphalan (AIkeran, 50 mg per vial, \Vellcome, Bcckenham, United Kingdom) was diluted
in 10 ml diluent solvent. Further dilutions were made in 0.9% NaCI to give a volume of 0.2 1111 in
the perfusion circuit

(~40~g).

Recombinant human TNF alpha (TNF) was provided by Boehringer

(Illgellieim, Gennany) having a specific activity of 5.8 x 107 U/mg as detcnnined in the murine L-M
cell assay.25 Endotoxin levels were < 1.25 endotoxin units (EU) per mg protein. Nw-nitro-L-arginine
methyl ester (L-NAlVlE)(lO g per vial, Sigma, the Netherlands) was dissolved in 0.9% NaCI and
administered intraperitoneal at a concentration of 80 mglkg or it was dissolved in Haemaccel and
added to the perfusate to provide a concentration of2 mglml.
Western Blot Analysis for detection of inducible Nitric Oxide Synthesis (iNOS).
Protein extracts were prepared frol11 tissue pieces cmshed under liquid nitrogen and

homogenised on ice in RIPA buffer [50 mM Tris-HCI, 150 mM NaCI, I%Triton X-IOO, 1%
deoxycholate, and 0.1% SDS] containing I mM DTT, 0.1 mM PMSF and 10 mgll aprotinin.
Supematant was prepared by centrifugation at 120,000 g for 10 min, and protein concentrations
were dctennined with the Coomassie Plus Pratien Reagent (Pierce, IL). One-dimensional \Vestem
blot analysis was carried ont, for detection of iNOS. 26 Briefly, sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in the Biorad minigel system with
7% polyacrylamide gel using 300

~{g

of soluble protein extracts, Electrophoresed proteines were

transfered to a PVDF membrane (Millipore Corp., MA) and unspecific binding was blocked by
incubation of the membrane in TBST [10 mM Tris, 150 mM NaCI, and 0.05% Tween 20] plus 2%
BSA for Ih at room temperahuc. The membranes were probed with a polyclonal rabbit anti-rat
iNOS antibody (N-20, Santa Cmz Biotecllllology inc.,CA), diluted I :40.000 in TBST. iNOS
antibody was detected using a secondary mouse antibody to rabbit which was alkaline phosphatase
labelled (Sigma). Colour development was perfonned using the alkaline phosphate substrate
nitroblue tetrazolium (NET) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) in AF-buffer until
colour was fully developed (Boehringer Mannheim, Mannheim, FRG).
Renal sub-capsular tnmou.' model

Renal sub-capsular tumour model was established in male rats of the inbred WAG-Rij strain
introducing 8 mg of solid CC531 coloncarcinoma under the capsule of both kidneys under
microscopic vision, according to a previously described method?7 Treatment was started one day
after implantation by intraperitoneal injection of 80 mglkg L-NAME (wice daily. Control rats were
treated with a phosphate-buffered saline (PBS) solution. After 10 days of treatment rats were
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sacrificed and kidney tumours weighed. Both groups consisted of eight rats and all animals were
evaluable. \Vith respect to systemic toxicity ofL-NAME, body weights of the rats \vere measured 4
and 10 days after treatment and creatinine and urea levels were detennined at sacrifice.

Isolated Limb Perfusion model
The technique we used has been published previollsly.2J Briefly, a spontaneous,
nonimmullogenic BN-175 sarcoma was used and implanted subcutaneously in the right hind limb in
BN rats. 28 Perfusion was perfomled at a tumour diameter of 13 111111 ± 3 mm at least 7 days after
implantation. Animals were anaesthetised with Hypnonn (Janssen Phannaceutica, Tilburg, the
Netherlands) and 50 IU of heparin were injected intravenously to prevent coagUlation in the
perfusion circllit. A wan11 water mattress was applied to maintain a constant temperature of 3839°C in the hind limb during perfusion. The femoral artery and vein ,vere calUlUlatcd with silastic
tubing (0.012 inch ID, 0.025 inch OD; 0.025 inch ID, 0.047 inch OD respectively, Dow Coming,
Michigan, USA). Collaterals were occluded by a groin toumiquet and isolation time started when
the toumiquet was tightened. An oxygenation reservoir and a roller pump were included into the
circuit. The perfusion conlllCnced with 5 ml Haemaccel (Behring Phanna, Amsterdam, the
Netherlands) and the haemoglobin (FIb) content of the perfusate was 0.9 nunolll. L-NAME was
dissolved in the perfusate, melphalan and TNF were added as boluses to the oxygenation reservoir.
~

Aroller pump (type 505 U; Watson Marlow, Falmouth, UK) recirculated the perfusate at a flow rate

~204 mIl

min. A washout with 2 ml oxygenated Haemaccel was perfoll11ed at the end of the
perfusion. In the rat collateral circulation via the intemal iliac artery to the leg is so extensive that it

allows ligation of the femoral vessels without detrimental effects. After ligation of the femoral
artery back-flow from the femoral vein was seen in all rats inlllediately after release of the
toumiquet.
Subsequent tumour growth was daily recorded by caliper measurement. Tumour volume
was calculated as 004 (A2 B), where B represents the longest diameter and A the diameter
perpendicular to B.
Assessment of tumour response
The classification of tumour response was: progressive disease (PD)

=

increase of hllHOur

volume (> 25%) within 4 days; no change (NC) = tumour volume equal to volume during perfusion
(in a range of -25% and + 25%); partial remission (PR) = decrease oftumour volume (-25 and
-90%); complete remission (CR) = tumour volume 0-10% of volume during perfusion or necrosis.

75

Chapter 6

Statistical analysis
Mann Whitney U test was used to compare tumour volumes in different animal groups and

to compare different tumour responses in different groups. Calculations were perfonned on a
personal computer using GraphPad Prism and SPSS for Windows 95.

RESULTS
iNOS western blot
\Vestem blot analysis oftUlllOur extracts demonstrated distinct iNOS bands at approximately Mr
125.000-138.000." iNOS was demonstrated in tumour tissue but not in muscle tissue (Figure I).
The results suggest that iNOS is more abundant in tumour tissue than in lloffilalmuscle tissue in the

rat and suggest an important role for iNOS in tumour tissue.
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Renal

sub~capsular

tumour model

Systemic treatment with L-NAME resulted in a statistically significant growth inhibition of CC531
colon carcinoma, growing under de capsules of kidneys compared to untreated rats (p <

0.005)(Figure 2). Ten days after treatment body weight of rats were statistically not significantly
different between both groups (-13.0 ± 5.4 g after L-NAME treatment versus -5.5 ± 3.1 g after sham
treatment). At day 10 after intraperitoneal administration creatinine and urea levels were

statistically significantly different from the control group (creatinine 28.5 ± 4.3 versus 68.5 ± 8.5
[.moUI (1'<0.005) and urea 5.6

± 0.4 versus 8.1 ± 1.3 I1I1nolll (p<0.05) in the L-NAME and control

group respectively). This increase in urea and creatinine levels indicate a decrease in renal function
that might be the results of impaired renal blood flow.
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Figure 2. Tumour weight (mean I S.E.1I1.) of rellal subcapsular CC531 adenocarcinoma after tell days
treatmellt with sham (0;11=8) or 80 mglkg L-NAME illfraperitolleal injection (11;11=8).

Tumour response after isolated limb perfusions with L-NAIHE, TNF audIo)' melphalan

We studied the possible benificial role of L-NAME on tumour response in ILP. Synergy
between melphalan and TNF in ILP was previously demonstrated in our laboratory and could be
confirmed in this study for which we used 10 rats in each study group (Table 1).14,21 Sham perfusion
did not inhibit hUllour growth and progressive disease was observed in all rats. Perfusions with LNAME as a single agent, however, resulted in tumour growth anTest after five days in 4 out of 11
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rats which was statistically significant different from sham ILP (p=O.02), resulting in a growth
delay as is shown in figure 3A.
ILP with TNF alone resulted in progressive disease in all animals, similar as in sham
perfused rats. Addition ofL-NAME to TNF improved tumour responses from 0 to 64% which was
significantly differcnct fi·om TNF alone (p<O.OOI) (figure 3A).
After perfiJsion with melphalan tumour growth was arrested in 8 out of 10 animals (no
change) and progressive

tUlllOur

growth was observed in 2 Qut of 10 animals. Melphalan in

combination with L-NAME showed a 63 % partial and complete response rate, which was
statistically significant different frolllll1elphalan alonc

(p~O.OOl)

(figure 3B).

TNF and melphalan have a synergistic antitumour effect and is highly effective with a 70%
pat1ial and complete response rate. Addition of L-NAME to the combination of TNF and
melphalan, however, could further improve tumour responses to 100% five days after treatment but
this was not statistically significant UFO.3) (figure 3C). After perfusion with TNF and melphalan
recurrent tumour growth was demonstrated in all animals after a mean of9±2 days. When L-NAME
was added to the perforate one animal did not show tumour growth 50 days after ILP, whereas
recurrent hanom growth occurred in 9 out of 10 animals after a mean of 20±? days (data not
shown). The observed response rate was therefore not only more pronounced but the antitumour
effect extended for a longer period after perfusion.

Table 1. Responses jive days after isolated limb pel!usioJ/s with or without L-NAAIE.

Tumour
Response

PD

Sham+
ShaUl LNAME

TNF

TNF+
LNAME

n~10

n~ll

n=1O

n=11

1\Iel
FlO

10

7

10

3
1

4

NC

1\Iel+
1\Iel+TNF
LNAME 1\lel+TNF +LNAME
n~t6

n~1O

2

1

1

8

5

3

n~1O

PR

6

5

t

3

eR

t

5

6

7

63

70

100

Response
rate (%)

-

-

-

64

-

30 Min perfusions were performed with 50 ~tg TNF, 40 ~Ig melphalan and/or 10 rng L-NAME at 38-39°C.
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DISCUSSION
The results of the present study show a statistically significant reduced tumour growth after
intraperitoneal administration of the nitric oxide (NO) inhibitor L-NA1v1E in tumour bearing rats.
The growth inhibition of L-NAl\1E in the renal sub-capsular assay, may be partially due to a
decrease in renal blood flow, Kassab et al. previously demonstrated a decreased renal blood flow
after administration of NO inhibitors which is confinned in our study by elevated creatinine and
urea Jevels.30 Therefore conclusions conceming antitul110ur effect of NO inhibitors from the data
obtained in de renal sub-capsular assay can not be drawn, but these data strongly suggest a growth
inhibitOlY effect on the hllnour by NO inhibitors.
In the experiments in which L-NAME was used in an isolated perfusion setting in sarcol11a-
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bearing rats a decreased tumour growth was demonstrated when L-NAME was used alone.
Moreover, strong synergy was observed when L-NAME was used in combination with either TNF
(response rates improved from 0% to 64%) or melphalan (response rates improved from 0 to 63%).
Even in the setting of the strongly synergistic combination of melphalan and TNF (response rates:
70%) the addition ofL-NAlvIE enhanced response rates to 100%. Moreovcr, when L-NAME was
added to the perfusion hll110ur growth recurrences occurred at approximately 20 days after ILP,
whereas tumours recur after a mean of9 days after ILP with TNF and melphalan alone.
The antihlmour effects of L-NAME in the highly vascularized BN-175 soft tissue sarcoma
found in this shldy are similar to previously demonstrated effects of NO inhibitors in mice. 11 ,12 The
fimction of NO inhibition in tumour biology however, is not clear since NO has a multif.1ctorial role
in the vascular, nervous and umnune system and is demonstrated in many different cells lines and
tissues. High concentrations of NO synthase (NOS) are present in different tumour cell lines, where
the enzyme activity correlates with the tumour grade. 2 ,29 We demonstrated iNOS to be present in the
BN-17S soft tissue sarcoma and not in the surrounding muscle tissue using a westem blott analysis.
Jenkins' et al. found that a promotion of tumour growth in tumour cells that constantly produce NO. 4
Recently others demonstrated that iNOS activity was higher in metastazising head and neck cancer
tissue compared to 110n11al tissue suggesting an important role for NO in tumour biology.7
One mechanism of NO is to increase or maintain tumour blood flow and therefore supply
nutrients and oxygen to the (mUollr.)1 In studies in which rodents werc treated with NO inhibitors a
selectively reduced tumour blood flow was demonstrated. 8,9 This decreased flow is initiated by a
decreased central tumour perfilsion in some tUlllOUfS IO or a decreased peripheral perfusion in
others.) Localisation of NOS is cell and hunour dependent and as a result the response to NO
inhibitor is likely to be heterogeneous and tumour dependent. Horsman et al. did not find a decrease
in oxygenation status of tumours treated with NO inhibitors despite a significantly reduced tumour
blood flOW.32 HO\vever, Wood et al. demonstrated that reduced flow by a NO inhibitor decreased
the energy status of several murine tumours, whereas the Honnal skin was unaffected. Morcover,
they found evidence for an increase in hUllOur sensitivity to a level sufficient to enhance the
efficacy of cytostatic agents.)) In vivo shldies have shO\vn that reduction of hUllonr blood flow with
agents such as hydralazine can enhance the hnllouricidal effect of melphalan. In vitro studies on
human tumour cells also demonstrated a potentiation of melphalan cytotoxicity by both hypoxia and
acidic pH. 13 \Ve previously demonstrated promotion of TNF as well as melphalan antitumour
effects with hypoxia in soft tissue sarcoma bearing rats in ILP .14 The enhanced antihlll10ur effect of
L-NAME with Melphalan and/or TNF as we desclibe in this study might thus be explained by
hypoxia that is induced by the reduced tUlllOur blood flow.
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More recently an important role of NO in tumour angiogenesis was snggested. 5 ,6 Gallo et at,

demonstrated that inhibition of NO by L-NAlvlE in squamous cell carcinoma transplanted in the
rabbit cornea decreased hUllour-induced angiogcllSis. 7 Since BN-175 is a highly vascularized and
fast growing hUllOur, inhibition of neovascularisatioll in this tumour might well be a good
explanation for the significant tumour responses and later re-growth after perfusion with L-NAME
in combination with melphalan and TNF.

Leukocyte-endothelial interactions in hunonr vessels is a major limitation of immune
therapy or host immune response against tumours. NO has a possible role in down-regulating these
actions and inhibition of NO was demonstrated to increase leukocyte rolling and adhesion to the
vessel wall in tumours significantly.34 Lejeune et al. found an enhanced tumour-infiltrating
lymphocyte proliferation in rat colon adenocarcinoma when NO production was inhibited with LNAME.35 Previous work in our laboratoty and by others demonstrated that TNF induced anti tumour
effect might be leukocyte dependent. 34,36,37 Increased leukocyte-endothelial interactions induced by
L-NAME might therefore be another reason for the additional antitumour effect of L-NAtVIE to
1NF. Meyer et al. suggested that the vascular effects they observed in tumours treated with LNAME was not only due to leukocyte adhesion but also by the development of micro thrombi
resulting from platelet aggregatioll. lO Since platelet aggregation is an important event in the TNF
antitumour response as well, tilis mechallism might be another reason for the enhanced effect of LNAME with TNF."·38
In conclusion we demonstrate that L-NM1E leads to a reduction in tumour growth both
after systcnlic administration as well as in ILP against a non-immunogenic soft tissue sarcoma in
the rat. The observed high response rates with the addition of L-NAME to melphalan and TNF are
promising for the use ofL-NAt\1E in the clinical setting. Since the dose limiting toxic effect ofTNF
in cancer therapy is mainly hypotension induced by NO production in endothelial cells, systemic LNAME may favourably alter this toxicity which can result in a lligher maximum tolerated doses. 39 ,4o
Tilis might open therapeutical options for TNF cancer treatment in other settings than in ILP.
Optimisation of NOS inhibitor concentrations and kinetics will be necessary to fully exploit this
potential therapy.
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SUMMARY
Tumour-specificity of therapeutic gene expression can be accomplished by adjustment of the

route of vector delivery. The potential of isolated limb perfusion (ILP) for efficient and tumourspecific adenoviral-mediated gene transfer was evaluated in sarcoma-bearing rats. Luciferase
activity was detennined in the tumour and several other organs after ILP with lxl09 iu recombinant

adenovirus canying the luciferase marker gene and compared to systemic administration (SYS),
regional infusion (REG) or intratumoural injection (IT). Localisation studies using adenoviral
vectors canying the LacZ gene were perfoffilcd to evaluate the illtrahunourallocation of transfected
cells after both ILP and IT. Gene delivery via ILP or IT administration resulted in an efficient
intratuIlloural gene transfer with a significantly higher lUean luciferase activity compared to REG
and SYS administration. Luciferase gene expression in extratumoural organs lying either outside or
within the isolated circuit was minimal after ILP. Localization studies demonstrated that IT
transfection was confined to tUlllour cells lying along the needle tract, whereas after ILP gene
transfer was found in viable tumour cells as well as in the tumour-associated vasculature. In
conclusion, lLP can accomplish efficient and tumour-specific marker gene transfer and might be
lIsed to target suicide or cytokinc-encoding genes in anti-cancer gene therapy.

INTRODUCTION
Recent advances inl110lecular engineeling have enabled gene therapy to become a promising
therapeutic entity for an ever increasing number of clinical applications. Among the potentially
applicable viral and nOll-viral vector systems, that are considered cmciaI for the transfer of
therapeutic genes into target cells, recombinant retrovimses and adenovimses have been most
widely used in both pre-clinical studies and clinical trials.! Virus-mediated gene transfer can be
accomplished by either e.\' vivo or ill vivo approaches. The ex vivo strategy involves the hanresting
of the target cells that are, subsequently, genetically modified in vitro, after which they are
reimplanted into the patient. The ill vivo approach involves the direct transfection of target cells
with recombinant vimses with transgene in vivo by either systemic, regional or tissue-specific
administration. 2
Although gene therapy has originally been developed for cOlTeetion of genetic deficicncies
of inherited disorders of metabolism, current interest is mainly focussing on its potential therapeutic
role for cardiovascular disease and cancer. Among the various approaches of cancer gene therapy,
which include genetic marking, cancer vaccination, inhibition of oncogene expression, restoration
of tumour suppressor genes and the use of suicide genes, the last strategy may be one of the most
successful therapeutic strategies of anti-cancer gene transfer to date. The suicide gene strategy aims
at the induction of dmg sensitivity by introducing genes such as the herpes simplex thymidine
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kinase (H"SV-TK) gene into the hun our cells, whose expression initiates the fonnation of prodmg
metabolising enzymes. HSV-TK converts Ganciclovir into phospholyrated metabolites that act as
chain tenninators during DNA synthesis and, in this way, cause selective cell death. 3,4
A major concem in the enzyme/prodmg approach is the transfer of suicide genes to organs
other than the tumour, especially organs with a rapid cell hUll-over. The risk of infecting cell types
other than target cells is negligible in strategies involving the ex vivo suicide gene transfer. 5,6
However, apart from a possible role in cancer vaccination, ex vivo gene transfer is clearly not
applicable in anti-cancer gene therapy. III vivo gene delivery, on the other hand, should be targeted
to tUIllOur cells to avoid complications due to leakage of genes to other cells in the body. TUlllourspecific ill vivo gene delivery can, among others, be achieved by tissue-specific administration of
viral vectors to tumour cells. 2
In surgical oncology trials, isolated limb perfusion (ILP) is successfully used for

administration of chemotherapeutics and cytokilles to locally advanced soft tissue extremity
sarcomas and in-transit melanoma metastases. 7- IO ILP involves the recirculation of high dmg
concentrations within a vascularly isolated extremity resulting in minimal exposure of tIus dmg to
organs lying outside the closed circuit.
In the present study, the efficiency and tumour-specificity of adenovints-mediated gene
transfer using ILP was evaluated in an established sarcoma-bearing rat model. ll -!3 \Ve quantified the
activity of a marker gene in limb sarcomas after ILP with adenoviral vectors carrying the luciferase
marker gene. The illtratumoural luciferase gene expression was compared to the luciferase activity
in other organs either in- or outside the isolated vascular circuit. The efficiency and tumourspecificity ofILP-mediated gene transfer was compared to other delivery routes, including SYS and
REG infusion and IT injection. Moreover, adenoviral vectors calTying the LacZ marker gene were
used to detelll1ine the intratumoural localisation of transfected cells after both ILP and IT
admilustration.

MATERIAL AND METHODS

Adelloviral Vectors
All adenoviral vectors used in this study were derived from human adenovims type 5 and
were deleted for the EI region in which the transgenes were cloned. The E3 region was retained in
all vectors. The cytomegalovims promoter (eMV) and adena viral major late promoter (MLP) were
used to drive the LacZ and luciferase (Lue) marker genes, respectively. The constmctioll and
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production of IG.Ad.MLP.Luc and IG.Ad.CMV.LacZ recombinant adcl10viruscs is desctibed in
detail elsewhere. 13,14 Briefly, recombinant adenoviraI vectors were plaque purified twicc, propagated

on 293 or PER.C6 cells, purified by CsCI density centrifugatiou, dialysed and stored in buffer
containing 13 lllM Na,HPO, (pH 7.4), 140 lllM NaCI, 0.9 lllM CaCI" 0.5 lllM MgCl, and 5% (m/v)
sucrose at

-soGe.

The virus titers (infectious units (iu)/1111) were detenllined by end-point

cytopathogenic effect cePE) titrations using 911 cells:~ All recombinant adcnoviral vectors were
produced at IntroGene, Leiden, the Netherlands.

Animals

Inbred male Brown Norway rats, weighing 200-300 grams, were obtained from Harlan
(Zeist, The Netherlands). Animals were kept at standard laboratory conditions and were fed a
standard laboratOly diet (Hope Fanus, Woerden, The Netherlands). The experimental protocols
adhered to the mles described in the 'Dutch Animal Experimentation Act' and the 'Guidelines on
the Protection of Experimental Animals' by the Council of the European Community. Pdor to
initiation of the experiments the protocols were approved by the 'conmtittce of animal research' of
the Erasmus University in Rotterdam and the University of Lei den, The Netherlands.
Tumour model
The spontaneous BN-175 sarcoma was implanted in the flank of donors and passaged
serially. BN-175 is a non-immunogenic, rapidly growing and metastasising tumour with a tumour
doubling time of approximately 5 days. IS For the present study, slllall tumour fragments were
subcutaneously implanted into the right hind limb just above the ankle. All surgical interventions
were perfol1ned at a hunour diameter betwecn 5 and 10 mm at lcast 7 days after implantation.
Administration techniques
All

surgical

procedures

were

perfonned

under

Hypnol1n

anaesthesia

(Janssen

Phannacentica, Tilburg, The Netherlands). For ILP the technique described by Manusama et al. was
used. ll Briefly, the femoral vessels were approached .through an incision parallel to the inguinal
ligament after systemic heparin administration (50 IU). Subsequently, the femoral artery and vein
were cannulated with silastic tubing (0.30 111111 inner diameter, 0.64 111111 outer diameter; 0.64 nun
inner diameter, 1.19 mm outer diameter, respectively, Dow Coming, Michigan, USA). CoHaterals
were temporarily occluded by the application of a toumiquet around the groin. Perfusion was
perfol111ed with recombinant adenoviral vectors (lx109 iu IG.Ad.MLP.Luc or Ixl09 iu
IG.Ad.CMV.LacZ) added as a bolus in 5 ml Haemaccel (Behring Phanna, Amsterdam, the
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Netherlands). An oxygenation reservoir and a roller pump were included in the isolated circuit. The
perfusate was circulated at a flow specd of 2 mllmin for a time period ranging from 5 till 30
minutes. Following ILP, the isolated circuit was perfused with haemaccel for another 5 minutes to
wash out the non-bound vimscs. During ILP and wash out the rat hind leg was kept at a constant
temperature of 38-39°C with a wan11 water mattress applied around the leg. After wash out, the
isolated circuit was discontinued and, after tuhe removal, the femoral vessels were ligated. Previous
experiments have shO\vn that the collateral circulation to the leg is so extensive that ligation of the
femoral vessels can be perfonned without detrimental effects. Ii
For IT injection the same amount of recombinant adenoviral vectors (lxl09 ill
IG.Ad.MLP.Luc or IxlO' iu IG.Ad.CMV.LacZ) was injected into the ccntre of the BN-175 tumour
using a 25 gauge needle. Leakage of virus was minimised by tamponade of the injection site with a
cotton tip. For SYS administration adenoviral vectors (lxl09 iu IG.Ad.MLP.Luc) were injected into
the penile vein using a 25 gauge needle followed by tamponade to prevent vims and blood leakage.
For REG administration a silastic tube (0.30 mm inner diameter, 0.64 mm outer diameter) was
implanted into the femoral artery. Recombinant adenovimses (lxl09 iu IG.Ad.MLP.Luc), dissolved
in I ml of haemaccel, were infused through the implanted tube, followed by 1 ml of haemaccel to
wash out the adenoviral vectors from the silastic tube. Also in these animals the femoral art elY was
ligated after tube removal.
Luciferase Assay
Two days after administration of Ad.:rvILP .Lue the experimental animals were sacrificed and
tumour and quadriceps muscle, lying \vithin the isolated circuit, were removed. In addition, liver,
spleen, heart, lung, kidney, intestine, gonads and aorta, all lying outside the isolated limb, were
harvested for luciferase activity measurement. Cross contamination of the tissue samples \vas
avoided by cleaning the operation equipment thoroughly with 1% SOS, H20 and ethanol between
dissection of each sample. Removed tissues were \veighed, frozen in liquid N2 and stored at -20°C.
Later, samples were thawed in 2 ml ice cold lysis buffer (8 111M MgCI" I mM EDTA, I mMDTT,
I % Triton X-IOO and 15% Glycerol in PBS) and homogenised. Lysed cells were collected and
centrifuged (14000 rpm for 7 min) at 2_6°C to remove cell debris. Luciferase activity present in 20
ft! lysate was detennined by addition of 100 fll of Luciferase-Assay Reagent (promega, Madison,
WI, USA). After 10 see preincubation the produced light was measured for 30 sec in a Lumat
LB9501 luminometer (Berthold, \ViIdbad, Gennany). Protein concentrations of different tissues
were detennined using the Biorad Protein Assay kit and luciferase activity was hereafter calculated
as relatively light units per mg protein.
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f3-Galactosidase histochemistry
Two days after either ll..P or intratul110ural injection the expetimental animals that were
exposed to Ad.CMV.LacZ were sacrificed and the tumour was dissected. Tumour tissues were fixed
ill icc-cold 2% parafOtnlaldehyde/O.25% glutaraldehyde solution for 1 hour. After incubation the
tissues were washed with PBS and freshly prepared X-gal staining solution (Boehringer) was added
for 1 day. Hereafter, the tissue was washed again with PBS and fixed in 10% buffered fonnalin
solution (40 g NaH,PO" 81.5 g Na,H,PO, and I lit 100% fonnalin in IO lit demi H,O).
Subsequently, histological slices were prepared for qualitative analysis.
Statistical Analysis
The Mann-Whitney U test was used to statistically compare luciferase activity in the various
organs after different routes of administration (ILP, IT, SYS and REG).

RESULTS

Optimal duration of ILP using recombinant adclloviral vectors
To determine optimal duration of ILP for maximal gene transfer into tumour tissue
Iuciferasc activity was detemrincd and statistically compared after 5, 15 or 30 min perfusion with
IxlO' iu IG.Ad.MLP.Luc.
8000
6000
4000
2000

o
Perfusion time
Figure 1. }.1eall luciferase activity (:1: SEAL) in BN-175 tumO/lrs 48 II after adenovirus-mediated gene
transfer using ILP. Limbs were pelfused with lxIO 9 ill /G.Ad.MLP.Luc for 5 mill (11=6), 15 mill (11=6) or 15
min (n=6).
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As is shown in Figure 1 luciferase activity in hltllOUr tissue increased with longer perfusion
times. However, increments illluciferase gene expression demonstrated a tendency to decrease with
longer perfbsion time. Luciferase activity in tumour tissue after 30 min ILP did not increase
statistically significant in comparison with 15 min (p=1.0), therefore 15 min was used for further
experiments. Systemic leakage of adenoviral vectors to other organs did not increase with longer
perfusions, indicating a rather leakage free perfusion system (data not shown).

Efficiency of gene transfcr in tumour tissue using different administration methods
The efficiency of luciferasc gene transfer in tumours after 15 min perfusion with Ixl09 iu
IG.Ad.:MLP .Lue in an isolated limb was compared with SYS, REG and IT administration with the
same amount of recombinant adenovims (Figure 2). Both ILP and IT injections resulted in a
significantly higher mean intratullloural luciferase activity when compared to SYS administration
(both 1'<0.005) and REG infnsion (both 1'<0.005). IT injection resulted in higher gene expression in
hUllour tissue in comparison with ILP but the difference was statistically not significant (p=0.7). In
the IT group, a larger standard etTOr of the mean (SEM) was observed when compared to the other
routes of administration, indicating a large variance in gene transfer between the different injections
of adenoviral vectors in the tumour.
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Figure 2. EfIicacy of gene trallsfer ill BN-i75 tumours after admillistration of lxlO') ill IG.Ad.MLP.LllC
using isolated limb perfusion (lLP, n=6), intraltlmollral injection (iT, 11=6), regional administration (REG,
1/=6) or systemic administration (SYS, 1/=6). Aleall lllci/erase activity (:1: SEM) 48 II after lLP and 11'
administration is statistically significantly different [rom SYS (both p<O.005) and REG administration (both
1'<0.005).
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Systemic leakage of adcnoviral vectors
Luciferase activity after ILP was measured in variolls organs outside and inside the isolated

circuit during perfusion with lxl09 iu IG.Ad.MLP.Luc. The analysed organs included aorta, heart,
lungs, liver, spleen, kidney, intestine, gonads and in addition, the quadriceps muscle of the right
hind limb, located within the perfused circuit. Figure 3 shows negligible lucifcrase activity in
organs outside the isolated circuit. Luciferase gene expression fluctuated arollnd detection level
(100 RLU/mg protein), indicating that the isolated limb perfusion is leakage free. Mean Inciferasc

activity in the tumour was significantly higher (p<O.005) when compared to its activity in
quadriceps muscles suggesting a preference for tumour cell transfection.

Organ distribution after isolated limb perfilsion
Figure 3. Organ specificity of gene delil'eJ)' 48 h after lLP using hlO? iu JG.Ad.AILP.Luc (n=6). l\/ean
/uciferase acNl'ity (I SEllf) is statistically significantly higher ill tU1110llr tissue as compared to all other
organs ill- or outside the isolated circuit (p<O.005).

Intratulllourallocation of transfectcd marker genes after ILP and IT
Twelve animals underwent either ILP or IT administration with Ixl09 iu IG.Ad.CMV.LacZ
and were sacrificed after 48 hours. Tumours were harvested and histological slides were prepared
with staining for l3-galactosidase. In these slides LacZ-positive cells were identified and qualified
for cell type and location within the

tUlllOur.

After IT LacZ-positive cells were found along the

needle tract, without staining tumour cells in other parts of the tumour (Figure 4a). After ILP LacZ
expression was observed around hunour associated vessels (Figure 4b). Moreover, in different areas
of the hll110Ur LacZ positive cells were found with a preferential location in the (viable) rim of the
tUIllOur (Figure 4c).
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A

B

c

Figure 4. Adenovirus-mediated LacZ gene transfer to BN-175 soft tisslie sarcoma in rats. Blue staining
represents cells actively e.\1Jressillg fogal 48 11 after treatment with 1x109 ill IG.Ad.CMV.LacZ. After
intratlllJ/ollral injection blue staining was only found aroulld the needle tract and JlO! ill other parts oj the
tumour (4A). After isolated limb perfusioll gene transfer was demonstrated in various parIs of the tumour
including tllllwur-associaled vessels (4B) and ill the l'iab{~ tumour cells in the rim afthe tumollr (4C).
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DISCUSSION
In order to compete with the conventional therapeutics anti-cancer gene therapy should be
both effective and safc. 2 The first requirement implies the use of either viral or non-viral vector
systems that guarantee efficient gene transfer in addition to the application of promoters that offer
appropriate expression of the desired genes.

FOf

the safety of anti-cancer gene therapy tissue

specificity of gene expression is essential since expression of transfected genes in organs other than
tumour tissue may cause potentially dangerous complications. Tissue-specificity may be
accomplished at the level of gene transfer by vector targeting which necessitates the usc of ligands
or antibodies that can be conjugated to both viral and non-viral vector systems. 2 Ligands are capable
of targeting a vector system to specific (tumour) cell types by interaction with receptors that are
exclusively present

011

the surface of these target cells. Various ligands have been used for vector

targeting to tumour cells including folate, asialoorosoll1ucoid and epidel1nal growth factor allowing
for tumour-specific gene deJivelY in ovarian cancer, hepatocellular carcinoma and lung cancer
respectively.16,17 Apart from targeted vector delivery, tumour-specific gene expression can be
achieved with the use of tumour-specific promoters, such as carcinoembryollic antigen (CEA) and
human surfactant protein A, that are only activated in tumour cells containing these substances in
their nucleus. 18,19
The most widely applied gene transfer vectors, derived from either retroviruses or
adenoviruses as ,veIl as standard promoters do not generate tumour-specific gene expression. In the
present study, systemic administration of adenoviral vectors canying the luci [erase marker gene did
not result in significant tumour tissue expression, as was expected. Recent experiments in our
laboratory using another promoter driving the luciferase gene (CMV) in other animals (WaglRij rats
beating a ROS-l osteosarcoma in the hindlimb) demonstrated a predominant expression of
luciferase in liver tissue (van der Kaaden, unpublished observation). Also in these expetiments there
was no preferential gene uptake in tumour tisslle. This obsen1ation confinns recommendations of
other authors that advise against the use of systemically administered
clinical trials unless tissue-specific vector systems are includcd.

anti~cancer

gene therapy for

2

Apart from systemic delivery recombinant vimses can be administered by a catheter into the
hllnour vasculature. Regional infusion of a target organ has previously been explored for lung20,
liveI'll and brain 22 and demonstrated effective viral-mediated gene transfer. In the present study, we
observed a slight, but not significant, increase in luciferase gene expression in hll110ur tissue after
regional infusion when compared to systemic administration. Gene transfer of adenoviral vectors
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after intraarterial infusion was remarkably ineffective and not superior to systemic intravenous
administration.
Theoretically, the simplest route of tumour-specific gene delivery is clearly local
administration of vectors into tumours by direct injection which is successfully performed in the
case of subcutaneous malignancies 23 and brain gtiomas24 , the later with the help of stereotactic
guidance. The present experiments demonstrated IT injection of adenoviral vectors to result in an
efficient transfer of lllciferase genes to tumour cells. However, localisation studies demonstrated
that the distribution of LacZ-positive tumour cells after intratumoural injection was confined to the
injection site in the tumour (needle tract staining).
With the ILP technique an extremity can be exposed to high drug concentrations for various
periods of time, which may result in a higher tissue uptake as has been demonstrated for
meiphalan. 25 ,26 Morcover, the ILP technique allows for a wash-out procedure to remove non-bound
drugs and hereby minimise systemic contamination after recirculation. In previous studies using
TNF and melphalan we have demonstrated an almost leakage free isolated system in the hind limb
of the rat.13 Since tius sarcoma bearing rat model excellently mimics the clilucal situation it can be
used as a pre-clinical model for phannacokinetic studies and antitulllour responses. In the present
study, ILP of adenoviral vectors carrying the luciferase marker gene resulted in a significantly
higher luciferase activity in the tumour than after systemic or regional administration, indicating an
efficient gene transfer using tIils technique. Moreover, gene delivery using ILP showed LacZ gene
transfer around tumour-associated vessels and in the viable rim of the tumour compared to
expression only around the needle tract as seen after IT administration.
Efficacy of adenoviral-mediated gene delivery has previously been demonstrated in other
isolated perfusion settings including isolated liver perfusion and isolated lung perfusion. 27,28 In these
studies no tumour was included in the isolated circuit so it is unknown whether there is preferential
transfection of tUlllOur cells in relation to other cell types lying within the perfused circuit. The
current quantitative analysis of luciferase activity in the perfused limb clearly demonstrates a
significantly higher uptake of luciferase genes by tumour cells compared to muscle tissue.
Moreover, ILP prevents systemic leakage of marker genes since luciferase activities in organs lying
outside the isolated circuit were minimal.
The concept of using ILP for tumour-specific gene transfer has recently been explored by
Milas et al. who in analogy to our findings demonstrated efficient gene delivery in tumour tissue via
an isolated limb perfusion model in the rat lIsing an adenovims Ad.LacZ. 29 Systemic leakage was,
however, not directly quantified by measuring marker gene activity as in the present study but with
the help of radioactive-labelled red blood cells. Moreover, the efficiency and tumour-specificity of

95

Chapter 7
adenoviral-mediated gene delivery via rLP were not quantitatively compared to other methods of
administration.
In conclusion, our results indicate that in sarcoma-bearing rats delivery of adenoviral vectors

via ILP is efficient, reproducible and, above all, safe. Consequently, ILP might be useful for
efficient and tUlllour-specific delivery of recombinant adenoviruses canying various therapeutic
gene constructs, including genes encoding for cytokines, angiogenesis inhibitors and suicide genes
to enhance tumour control. Pre-clinical shldies are presently conducted to explore these possibilities
in limb and organ perfusion settings that lllay ultimately prove beneficial to cancer patients.
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Chapter 8
SUMMARY
Cytokine gene transfer using (multiple) intratullloural injections can induce tumour
regression in several animal models, but this administration technique limits the use for human gene
therapy. In the present studies we describe tumour growth inhibition of established limb sarcomas
after a single isolated limb perfusion (ILP) with recombinant adenoviral vectors harbouring the rat
IL-3fl gene (IG.Ad.CMV.rIL-3fl). In contrast, a single intratumoural it*ction or intravenous
administration did not effect tumour growth. Dose fInding studies demonstrated a dose dependent
response with a loss of antitumour effect below lxl09 iu IG.Ad.CMV.rIL-3p. Pcrfusions with
adenoviral vectors bearing a weaker promoter (MLP promoter) driving the rIL-3fl gene did not
result in antitumour responses, suggesting that the rIL-3p mediated anti tumour effect depends on
the amount of rIL-3fl protein expressed by the infected cells. Fmihennore, it was shown by direct
comparison that lLP with IG.Ad.CMV.rIL-3fl in the ROS-l osteosarcoma model is at least as
efficient as the established therapy with the combination of TNFa and melphalan. Treatment with
IG.Ad.CMV.rIL-3p induced a transient dose dependent leucocytosis accompanied with an increase
in peripheral blood levels of his taminc.
These rcsults demonstrate that ILP with recombinant adcnoviral vectors can-ying the IL-3P
transgene inhibits tumour growth in rats and suggest that cytokine gcne therapy using this
administration tcchnique might be beneficial for clinical cancer treatment.

INTRODUCTION
Gene therapy using cytokines has been proposed as a promising new approach in antitumour
therapy, because of the observed impressive tumour responses in experimental animals. I-3 Genc
transfer has traditionally relied upon genetic modification of cells ill vitro, but introduction of genes
directly ill vivo could eliminate the nced to const111ct celliincs from each patient and could thcrefore
reduce treatment time. Moreover, direct itt vivo transfection of established tumours with cytokine
genes may induce immune responses against a broader array of tumour antigens than itmnunization
with ill vitro-cultured tumour cells. 4 Several studies have shown that itnplantation of tumour cells
genetically engineered to produce cytokines evoked tumour specific immunity, as evidenced by
rejection of subsequcntly injected parcntal tumour cells. Such effects have been observed with
transduced tumour cells expressitlg IL_l,5 IL_2,6 IL-3/ IL_4,8 IL-7,9 IL-12,1O interferon-y,ll GMCSF 12 and TNF. 13 Less infonnation is present of antitumour responses in established tumours by
direct transfection with adenoviral vectors harbouring cytokines. However, recently significant
antihllTIour responses have been described with IL_la,14 IL_2,15,16 IL_1217 and TNF. 18 With
adenoviruses harbouring the rat interleukin-3p (rIL-3p) transgene antitumour effects wcre described
as well after multiple direct intratutlloural injections in hlmour bearing rats.
100
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previously demonstrated an important role of IL-3 gene expression

011 hll110ur

response in

combination with ilTadiation in a fibrosarcoma model,19

IL-3 is a hematopoietic growth factor that has a wide range of target cells, including
hemopoietic stem cells and multiple types of hemopoietic progenitor cells of every lineage.

20

Activated T lymphocytes are the major natural source of ll.-3 which can functionally activate
mahuc blood cells including monocytes, basophils and eosinophils which is suggestive for a role of
IL-3 in the inflallllllatOlY response. 21 -23
IL-3 was initially purified from medium of cultured WEID-3 mouse cells. 24 Esandi ef at.
described the presence of two different mRNA isofollllS of rat IL-3 of which IL-3P mRNA is more
abundantly present (> 90 %) than the rat IL-3a mRNA and rat IL-3P is the predominant if not
exclusive variant protein present in white blood cells ill vivo?S For the action of IL-3 a strong
species specificity has been fOlllld,26 therefore the study ofIL-3 activity requires iu vitro and iu vivo
models where the appropriate homology between target tissue and cytokine is respected. IL-3 exe11s
its biologic activities through binding to a specific high-affinity receptor on the cell surface.
\Vhether this IL-3 receptor is present on tumour cells is unknown, but its presence was
demonstrated on vascular endothelium 27,28 Intravascular delivery ofIL-3 could therefore generate a
specific antitulllour effect on the tUl110ur vasculature which might not be present using direct
intrahlmoural injections.
With isolated limb perfusion (ILP) first described by Creech e/ al. high regional drug
concentrations with minimal leakage and concomitant systemic toxicity can be achieved. 29 In
il1'esectable sarcoma and 'in transit' metastasized melanoma it has been shown that ILP with the
combination of tumour necrosis factor alpha (TNF), interferon gamma (IFN) and melphalan results
in high response rates. 30 -33 Several studies perfonned in rats bearing non-immunogenic aggressively
growing hind limb soft tissue sarcomas or osteosarcomas showed a similar histological and overall
antitulllour response with the combination of TNF and melphalan as in patients. 34 -38 Using this
animal model we recently demonstrated that ILP with adenoviral vectors harbouring the luciferase
or LacZ gene leads to effective hallour transfection without systemic contamination. 39
The objective of tllls Shldy was to explore the antitumour effect of a recombinant adenoviral
vector carrying the IL-3 transgene on two different rat tumours (ROS-l osteosarcoma and BN-175
sarcoma) using different treatment modalities. Moreover, different promoters driving the rIL-3P
gene were compared and IL-3P gene therapy was compared with the established and highly
effective combination therapy with TNF and melphalan.
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MATERIAL AND METHODS

Recombinant adenoviral vectors
The adenoviral vectors used in this Shlcly are all derived from human adenovims type 5 and
arc deleted for the El-gCllC in which the transgenes are cloned, thereby rendering it replication
defective. The E3 region is retained in all vectors. The cytomegalovims promoter (CMV) and

adenoviral major late promoter (MLP) were used to drive the rat interleukin-311 transgene (rIL-3p).

Ad.RR was used as a control adclloviral vector and does not contain a trallsgene but only the CMV
promoter. The constmction and production ofIG.Ad.CMV.rIL-3p, IG.Ad.MLP.rIL-311 and Ad.RR
recombinant adenoviral vectors, is described in detail elscwhere. 25,4o,41 Briefly, the recombinant
adenoviral vectors were plaque purified twice, propagated on 293 or PER.C6 cells42 purified by
CsCI density centrifugation, dialysed and stored in buffer containing 13 mM Na,HP04 (PH 7.4),
140 mM NaCI, 0.9 mM CaCI" 0.5 MgCI, and 5% (m/v) sucrose at -80°C. The vims titers
(infectious units (iu)/ml) were detennined by end-point cytopathogenic effect (CPE) titrations using

911 cells. 43 All recombinant adenoviral vcctors were produced at IntroGene.
Drugs
Melphalan

(Alkeran®,

L-phenyl-alanine-mustard.hydrochloride

50

mg

per

vial,

GlaxoWellcome, UK) was diluted in 10 ml dilution buffer. Recombinant human TNFa (2 mglml)
was obtained from Boehringer Ingelheim (Gennany). Both dmgs were added to the perfusion
medium as a single bolus in the oxygenation chamber (dose: 50 fIg TNFa, 40 fIg melphalan).
Tumour models

The ROS-I osteosarcoma originated spontaneously in the tibia of a WaglRij rat" The

rapidly growing BN-175 sarcoma originated as a spontaneous tumour in the retroperitoneal region
of a BN rat. 45 Cells from both tumours were maintained in tissue culture and new tumours were
produced by inoculation in the flank. The ROS-I has a tumour doubling time of 5 days, the BN-175
sarcoma is a rapidly growing tumour and has a tumour doubling time of 2 days. Using the
immunisation challenge method of Prehn and Main the BN-175 sarcoma was found to be

nOll-

immunogenic. 46
Animals
For the studies male WaglRij and Brown Norway (BN) inbred rats (weight 220-270 g) were
used (Harlan, Zeist, The Netherlands). The rats were fed a standard laboratory diet delivered by
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Hope Fanns (Woerden, The Netherlands) and kept under standard laboratory conditions of light and
accommodation. The experimental protocols adhered to the mles laid down in the 'Dutch Animal
Experimentation Act' and the 'Guidelines on the protection of Experimental Animals' published by
the council of the EC. The protocols were approved by the 'Committee on Animal Research' of the
University of Leideu, The Netherlands.

Experimental procedures
Fragments (3x3x3 nilll) of ROS-l or BN-175 tUlllOurS were implanted subcutaneously just
above the ankle in the right hind leg ofWaglRij or BN rats, respectively. When the tumour reached
a diameter between 7 and 10 nIDI, a direct intratul110ural injection (IT) was given or a 15 minutes

ILP was pcrfonued as described previously by Manusama et al. 34 Briefly, animals were
anaesthetized with Hypnoml (Jansen Phannaceutica, Tilburg, The Netherlands) and 50 IU of
heparin were injected intravenously. To keep the rat's hind limb at a constant temperature of38-39
°C a wann water mattress was applied. The femoral artery and vein were cannulated with silastic
tubing. Collaterals were occluded by a groin toumiquet and isolation of the circulation of the hind
limb started when the tourniquet was tightened. An oxygenation reservoir and a roller pump
(\Vatson Marlow, Falmouth, UK; type 505U) were included in the circuit. The perfusion was
perfonned by using a perfusion volume of 5 ml Haemaccel (Behring Phanna, Amsterdam, The
Netherlands) and a flow of 2.4 mllmin. The perfusion time stat1ed when the vector/drug was added
as a bolus to the Haemaccel present in the oxygenation reservoir. After 15 minutes the perfusion
was ended and a washout was performed with 5 ml ofHaemaccel. After the procedure, the cannulas
were removed and the femoral vessels of the perfused limb were ligated. The blood supply in the
perfused leg is restored in the animals by extensive collateral circulation.
Tumour growth was measured by calliper measurement in two dimensions. The hUllour
volume was calculated using the fonnula: 4hxIIx(0.5xDavg

i, in which Davg is the mean of the two

diameters measured.
Determination of leucocyte and histamine concentration in blood
For detennination of leucocyte concentration rats were anaesthetised by using ethrane. Ten
ftl blood was collected from the rat tail in chilled K,.EDTA cups and was mixed with 90 fll of Turk
solution. The mixture was pipetted in a BUrkel' chamber and the amount of leucocytes were
counted. For detennination of histamine concentrations blood was centrifuged at 1250 rpm at 4 °C
and plasma collected and frozen until analysed. The histamine concentration was detennined by
using a histamine EIA kit (lmmunotech).
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Statistical analysis
The growth curves were subject to analysis of variance on the log of the tumour volume
searching for effects of treatment and of time after treatment. All available data were used for the
calculations. To evaluate differences between individual treatments the Scheffe a posteriori tcst was
employed. P values below 0.05 were considered significant.

RESULTS
Antitnmonr activity oflG.Ad.CMV.rIL-3~ on ROS-l ostcosarcoma
To investigate the effect of ILP on tumour growth, ROS-l tumour bearing rats underwent a
sham ILP (mock perfusion without addition of adenoviral vector or drugs to the perfusion medium).
Tumour growth of sham treated tumours was compared with tumour growth of tumours that were
untreated (Figure IA).
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Figure lA. Growth curves ofROS-l hind limb osteosarcomas fallowing treatment with sham ILP (IIJI, 11=6),
ILP with lx10 9 ill Ad.RR (til, 1/=4), in/rall/moural i1ljection (11) with }xJ(1 ill Ad.RR (0, 1/=4) and untreated
(0, Jl=8). Data are expressed as tumour volume (111m3) against days after treatmeJ/t and represent average
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104

IL-3/3 genelherap),

Sham perfusion resulted in a small delay of tumour growth, which has been observed before
by other investigators and is characteristic for

ROS~ 1

tumours after ILP (Eggennont, unpublished

observation). Statistical analysis of sham ILP and untreated groups showed no statistically
significant difference in tumour growth of both groups. The effect oftreatmcnt on ROS-l tumour
cells with control adenoviral vector without a transgcnc was studied by administration of 1x 109

ill

AdS.RR. No effect on the tumour growth was observed when ROS-l tumours were treated via ILP
or direct intratllllloural injection (IT)(Figure IA).

Antitumour activity of IL-3 was compared between direct IT injection and ILP by
administration of Ixl09 ill IG.Ad.CMV.rIL-3p. Figure IB shows that IT administration did not
result in an antihmlOur response since tumour growth was similar to non-treated tUlllOurS. With i.v.
administration of the same dose adenoviral vectors no responses on hnTIour growth were seen as
well (data not shown). However, ILP with IxlO' iu IG.Ad.CMV.rIL-3p resulted in a statistically
significant (p<O.05) hllHOur growth inhibition in all animals when compared to sham ILP treated
tumours (Figure I B).
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Nine ROS-l tumour bearing rats were treated with IxlO' iu IG.Ad.CMV.rIL-3p. Two rats showed a
complete remission and two tumours showed complete remission until day 9, after that the tumours
slowly stalied to grow. 'Five animals showed 110 change of tumour size until day 10 after treatment,
after that the tumours started to grow out. In conclusion, IG.Ad.CMV.rIL-3P results in a significant
antitumour response after ILP, which can not be demonstrated after intratumoural administration.
AutUllmOUI' activity ofIG.Ad.CMV.rIL-3P on BN-175 soft-tissue sarcoma
Isolated limb perfusion with lxlO' iu IG.Ad.CMV.rIL-3p

011

a second rat tumour (BN-175

soft tissue sarcoma) resulted in a 89 % tumour response rate 15 days after perfusion. One rat
showed progressive disease of the BN-175 tumour, two rats showed no change of tumour size and 6
rats showed a delayed tumour growth. Again no effect on tumour growth was demonstrated after IT
administration orthe same viral vector dose (Figure 2).
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Statistical analysis of the growth cnrves demonstrated a statistically significant (p<0.05)
delay in tnlllonr gro\\1h after ILP with IG.Ad.CMV.rIL-3p when compared to sham perfusions.
There was no statistical significant difference between untreated, sham ILP and IT
IG.Ad.CMV.rIL-3p treatment groups. Thus, ill BN-175 tumours rIL-3p gene therapy can only
induce a significant antitul110ur response ,,,hen administered via ILP.

Antitulllour effect ofIG.Ad,CMV,rIL-3p after ILP: dose finding
In both models lxl0 9 ill is shown to result in significant anti-tumour responses. Reduction

of the dose of viral vectors resulted in a likewise decrease in

hUllOur

response. No statistically

significant antitUlllour effect was observed in ROS-I tUlllours after ll..P with concentrations of

IxlO' iu and IxlO' iu IG.Ad.CMV.rIL-3p (Figure 3A). Similar results were obtained with the BN175 tumour model (Figure 3B). It is concluded that the optimal dose of IG.Ad.CMV.rIL-3P for ILP
tested so far is IxlO' iu both for ROS-I and BN-175 tumours.
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Effect of different promoters driving the rIL-3J3 gene on 31ltitumour response
Esandi et al. have demonstrated that cell lysates of 293 adenoproducer cells infected with
IG.Ad.CMV.rIL-3p produced approximately to times more rlL-3p protein thau cells iufected with

recombinant adclloviral vector in which the rIL-3J) gene is driven by the MLP promoter
(IG.Ad.MLP.rIL_3p).14 To detennine the impOJlance of high IL-3P production per infected cell,
isolated limb periiIsions ofROS-l tumours were perfonned using Ixl09 iu IG.Ad.MLP.rlL-3fl and
compared with the Ixl09 iu IG.Ad.CMV.rIL-3fl ILP treated ROS-I tumours (Figure 4). No

antitumour response was observed ,,,ith the weaker MLP promoter driving the rIL-3fl gene. The
CMV promoter itself is not cytostatic since it has been shown that treatment with control vims
containing the eMV promoter did not evoke an alltitumour response (Figure tA). High production
of rIL-3J3 in tumour cells driven by the CMV promoter seems therefore necessary to induce an
antihmlOur response after ILP.
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Comparison

ofIG.Ad.CMV.rIL-3~

with the combination ofTNF and melphalan

Manusama et al. previously demonstrated a significant antitumour response with the
combination of melphalan and TNF in ROS-l osteosarcoma bearing rats after ILP. 35 To compare

this clinically established treatment with the IG.Ad.CMV.rIL-3p gene delivery therapy, ROS-l
tumours were treated with the combination of 50

~lg

TNF and 40 J-lg melphalan and compared rIL-

3p transgene perfusions. Figure 5 shows that ILP with

lG.Ad.CMV.rIL-3~

resulted in an

antitumour response similar to combination therapy with TNF and melphalan.
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Effect of IG.Ad.CMV.rIl-3p treatment on tbe blood lencocyte concentrations
In vivo experiments in rhesus l11011keys47 and mice48 have shown that IL-3 stimulates the
blood cell production from immature, multipotent progenitor cells. In particular, the amount of
leucocytes increased after IL-3 administration, with a major increase of histamine containing

basophils. To investigate the effect oflL-3p on leucocytes, blood samples were drawn from ROS-l
tumour bearing rats treated with 109 iu IG.Ad.CMV.rlL3p via ILP, direct intratumoural injection
(IT) or intravenous injection (IV, via penile vein). As a control, blood was sampled from nonhllllour bealing WagIRij rats and ROS-l hllllour bearing rats that were untreated or sham ILP
treated. As is shown in figure 6 treatment with IG.Ad.CMV.rIL-3p resu1ted in a transient increase

of leucocytes after ILP, IT and IV administration. Leucocytes increased from 14200 ± 2365
110
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leucoytes/mmJ to a maximum of approximately 95000 leucocytes/mm J 7 days after administration.
At day 21 basal level was reached iu all situations (data not shown). Leucocytosis was caused by
expression of IL-3 transgene since untreated or sham ILP treated

tUlllOur

bearing animals did not

show leucocytosis. Leucocytosis was accompanied with an increase in body temperature of
approximately 2 °C and by redness of ears, footpads and scrotum of the animals (data not shown).
Treatment with IG.Ad.CMV.rlL-3j3 leads to a transient leucocytosis independent of the route of
administration of the recombinant adenoviral vector.
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Figure 6. EYfect a/treatment with 1:d0 ill IG.Ad.CMV.r1L-3ft 011 blood leucocyte COllcelltratioll, ROS-J
osteosarcoma bearing rats were treated with j};Jrf iuIG.Ad.CMV.rIL-3pwhich was administered via ILP
(II, 11=3). direct IT injection (.I!, 11=3) or i. v. injection (.1, 1/=3). Olher fUll/our bearing animals were sham
ILP treated (0, n=3) 01' untreated (II, n=3). NOll tU11Iour bearing animals were lIsed as controls (a 11=3).

Blood leucocyte concentratio1l was determined i1l time. Data represent average ± STD.

Effect ofiLP tl'catment witb val'ious doses ofIG.Ad.CMV.I'II-3j3 on blood leucocyte and
histamine concentrations
In order to determine whether the observed leucocytosis was dose dependent, ROS-l
tumour beating rats were perfused with various doses of IG.Ad.CMV.rIL-3f3 and the amount of

III
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leucocytes and blood histamine concentration were measured. No increase in leucocyte
concentration was observed after treatment with 10' iu IG.Ad.CMV.r1L-3p. Higher doses of
IG.Ad.CMV.rIL-3p (10' iu and 10' iu) likewise increased leucocyte concentration (figure 7A).
To study whether histamine containing basophils are involved in the leucocytosis the
amount of histamine ill the blood was analysed. The increase in histamine concentration foHowed
the leucocyte response (figure 7B). Treatment with 10' iu IG.Ad.CMV.rIL-3p did not resulted in a

histamine increase. Peak levels of 6.7 ± 1.7 (56-fold) and 37.2 ± 20.9 (3lO-fold) flM were
demonstrated after treatment with 10' and 10' IG.Ad.CMV.rIL-3p respectively. This demonstrates
a dose dependent relationship between the administered IG.Ad.CMV.rIL-3p and both the leucocyte
and histamine concentration.
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Effect of IL~3 mediated leucocytosis

Oll

tumonr growth

To study whether the observed systemic leucocytosis could play an important role in the antitumour
response ROS-l tumour bearing rats were treated with sham ILP at the tumour-bearing leg after

which leucocytosis was evoked with i.v. administration of 10' iu IG.Ad.CMV.rIL-3/3. Figure 8
demonstrates the tumour growth and leucocyte response curves of sham treated rats with or without
systemic administration of IG.Ad.CMV.rIL-3p vector. No significant difference was measured in
tumour volume between both treatment groups, indicating that li.-3P mediated leucocytosis is not
responsible for the anti tumour effect, but that intrahuuoural expression of li.-3P is responsible for
the obselved antihll110ur effect.
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Figure 8. Effect ofrIL-3jJ mediated leucocytosis all tumour growth ill sham ILP treated ROS-J hilld limb
9
tumollrs. Rats with ROS-J hindlimb osteosarcoma were sham ILP treated after which 1x10 ill
JG,Ad.CMV.r1L-3jJ was administered intravenously (11=3). Tumour growth (0) and leucocyte
COllcelltratiolls (tI) ·were determined in time and compared with (umollr growth (0) and leucocyte
concentrations (II) of sham ILP treated tumours Wit/lOut IG.Ad.CMV.rIL-3jJ administration (11=3), Data
represent average ± STD.

DISCUSSION
In the present study we describe a profound autitumour effect ofIG.Ad.CMV.rIL-31l on two
different tumours when administered using ILP. It is demonstrated that all but one animal with
experimental osteosarcomas and soft tissue sarcomas responded, whereas a direct intratumoural
9

injection with the same amouut ofIG.Ad.CMV.rIL-31l adenoviral vector (Ix 10 ill) did not result in
an antitumour response. Effective gene transfer in tumour tissue using an ILP tumour model was
recently demonstrated using recombinant adenoviral vectors harbouring the luciferase or lacZ
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gene,39,49

Moreover, ILP resulted in diffuse expression of the LacZ gene loc'ated in the

tumour vasculature and viable tumour cells, whereas direct intraturnoural injection resulted in
expression only around the needle tract. 39 The morc homogenous distribution and specific delivery

of recombinant adenoviral vector via the tumour vasculature might be necessary for the observed
anti tumour effect observed in the present study. This phenomenon has recently been demonstrated
by Mizuguchi et al. using TNF gene therapy, where a profound antitumour effect was demonstrated
when it was administered in the artery leading to the

hllllOur

and no effect on tumour growth was

found when the TNF gene was injected intrahnlloural. 18
Previously, Esandi et al. demonstrated an IL-3P mediated antitumour effect in an
established subcutaneous rat tumour model using multiple intratumoural injections of

IG.Ad.CMV.rIL-3fl transfected 'cracked' adenoproducer cells. 14 In the present study, no effect was
found on hUllOurgrowth after a single intratumoural injection of both ROS-l and BN-175 tumours.
This might be due to the fact that Esandi et al. used a slower growing hU110ur (L42 non-small lung
cancer) and that multiple intratumoural injections were neceSS3ty to induce an anti hUll our effect.
Application of multiple intratumoural injections augments the risk of repeated toxicity which could
be reduced with a single treatment using the ILP method.
The observed antitumour effect is caused by rIL-3p since no response was found in

hUllOurS

that were sham perfused or perfused with an adenovirus lacking a therapeutic gene. Moreover,

doses below IxlO' iu IG.Ad.CMV.rIL-3fl resulted in the loss of antituIllour response and
recombinant adenoviral vectors with the weaker MLP promoter driving the rIL-3P gene were not
able to evoke an antitulllour response.
IL-3 exerts its biologic activities through binding to a specific high-affinity receptor to the
cell surface (IL-3R). Expression of the IL-3R was previously thought to be restricted to cells of
haemopoietic origin. However, recently it has been demonstrated that several vascular and
connective tissue-type cells, including human umbilical vein endothelial cells (HUVEC), smooth
muscle cells (SMC) and foreskin fibroblasts (HFF) also express IL-3R suggesting a potentially
much wider role for IL-3 than previously anticipated. 50-52 Korpelainen el al. demonstrated that IL-3
enhances the expression ofG-CSF, IL-6, IL-8, E-selectin and MHC-II in endothelial cells." These
modulators and receptors have been shown to play a role in recruitment of neutrophils to
inflammatory foci and transmigration of the neutrophils across endothelial mono layers. ·Whether or
not this mechanism plays a role in our system (even without the additional IL-3R upregulation by
TNFu) remains to be elucidated. We did however, demonstrate a transient increase in leucocytes
five to ten days after perfusion, which was accompanied by an increase in histamine levels and
body temperahlre. We showed that tumour growth inhibition is not induced by the increase in

liS

ChapterS
leucocytes only, as inhibition in tumour growth could not be induced by systemic administration of
IG.Ad.CMV.r1L-3P, which resulted in comparable leucocytosis. We therefore assume that
transduction ofIG.Ad.CMV.rli.-3p in vital tumour cells and in tumour associated vasculature leads
to local IL-3P production that attracts inflammatory and immune cells to the tumour and induce a

cytotoxic response. 53 ,54
This study demoustrates that isolated limb perfusiou with mouotherapy of IG.Ad.CMV.rIL3p is as efficient as the established combination therapy using TNF and melphalan?S In conclusion,
isolated limb perfusion with recombinant adenoviral vectors carrying the IL-J transgene at doses of
lxl09 iu showed antitumour efficacy and could be of great therapeutical benefit for patients with
osteosarcoma and sarcoma to obtain local tumour control and finally may lead to preservation of
the limb and limb function.
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Successful regional administration of TNF-a and developments towards new opportunities for

systemic application.
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INTRODUCTION
Isolated limb perfusion (ILP) is not any longer restticted to the treatment of multiple illtransit metastasised melanoma, but has now established itself as the new treatment option to
manage limb threatening soft tissue sarcomas as a result of the synergistic combination ofTNF and

melphalan. I -3 The development of animal ILP models provide ways to evaluate efficacy and
mechanisms ofllew dmgs and to introduce new treatment modalities such as gene therapy.

ILP of the extremities was first described by Creech el al. over 40 years ago for a patient
with in transit metastasised melanom8. 4 Isolation of the blood circuit is achieved by cannulation of
the femoral or iliac artcIY and vein followed by the application of a toumiquet around the base of
the limb to compress the remaining collateral vessels. The isolated extremity is connected to an
oxygenated extracorporeal circuit, into ,vhich the cytostatic agent is injected. After perfusion a
thorough rinsing procedure to wash out the drugs is perfOlmed. after which the cannulas arc
removed and the circulation is restored. With ILP 15-20 times higher local dmg concentrations can
be obtained than those reached after systemic administration. s Since an almost leakage-free system
is achieved, chemotherapeutics that would be very toxic or lethal if given systemically can thus be
administered regionally in adequate dosages.
Several dmgs such as melphalan, doxorubicin, actinomycin D, methotrexate or cisplatin
have been used in ILP protocols alone or in combination. Melphalan has been used as the standard
single dmg in the treatment of in-transit metastasised melanoma because of its Imv regional toxicity
and fairly good response rates.6-9 For locally advanced extremity tumours such as soft-tissue
sarcoma, osteosarcoma and carcinoma, results after ILP were modest since only few complete
response rates have been reported.IO- ls Various strategies have been developed to improve responses
including hyperthennia, multiple perfusiol1s and introduction of biological response modifiers.
Lejeune and Lienard were the first to combine melphalan with high dose tumour necrosis factor-a
(TNF) and interferon-y (IFN) for multiple in-transit metastasised melanoma. I6,17 High response rates
were achieved with this combination and several other authors demonstrated similar good
results.1,8·18-22 The success of this treatment was explored to locally advanced soft tissue sarcoma. It
became clear that high complete response rates were feasible. with a limb salvage rate of more than

80%?,3.23 For inesectable osteosarcoma and nonmelanoma skin carcinoma promising results have
recently been reported using TNF in combination with melphalan as well.24,2s
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TNF IN ISOLATED LIMB PERFUSIONS
TNF in vitro

TNF is a hOlllotrimeric complex of 52 kD which is produced by many cell types, but is
mainly secreted by activated monocytes/macrophages. 26,21 Its expression and regulation is affected
by a variety of other cytokines, as interferon-y (IFN-y), interleukines (IL-I, IL-2, IL-12), GM-CSF,
Platelet Aggregating Factor (PAF) as well as TNF itself.27 TNF is directly cytostatic or cytotoxic to
only a few cancer celllines. 28 On other cell types TNF shows a growth inhibitory or even a growth
stimulatory effect. 27,29 The effects of TNF are exerted by binding to two types of receptor, with
molecular weights of 55 kDa (TNF-RI) and 75 kDa (TNF-R2) respectively, which are present on
nearly allmaml11alian cells. 26,3o The number of receptors on the cell does not predict the magnitude
of response to TNF, but up-regulation (IFN-y) and down-regulation (IL-l) ofTNF receptors have
been reported. 29
In vitro, synergism between TNF and a number of cytotoxic agents may be present. 3l \Ve
investigated several cell lines on susceptibility to TNF and certain cytotoxic drugs (e.g, the
alkylating agent melphalan or the topoisomerase-II inhibitor doxombicin). No direct cytotoxic
effects of TNF, nor synergism with melphalan or doxombicin were observed in vitro but only
additive antitumour effects were noted. 32- 34 Cytotoxic effects ofTNF can be enhanced by a number
of other biological response modifiers like IFN-y 35 or IL-l

36,

hyperthermia 31 and ilTadiation. 31 The

mechanism by which TNF exerts its cytotoxic effects are not yet fully understood. The number of
receptors on the tumour cell are probably of less imp0l1ance than the role of oxygen free radicals in
TNF cytotoxicity, and activation of lysosomal enzymes. 27
TNF in vivo

Many animal studies have demonstrated antitumour effects of TNF in vivo, leading to
hemorrhagic necrosis in tUlllOurs,38,39 Systemic application ofTNF in humans however, proved to be
deleterious to patients and in phase III! studies severe toxicity was reported. A variety of side effects
was noted, hypotension being the dose-limiting factor. 40-42 The maximal tolerated dose (MTD)
varied between 200 and 400 Ilg/m', which was only 1150 of the effective dose in murine tumour
models. 4l ,43 Due to these low concentrations of TNF when given systemically, only low response
rates were achieved. Phase II studies revealed a 1-2% response rate after intravenous administration
ofTNF as a single agent or combination therapy with chemotherapeutic dmgs:"~' Addition ofIFNyOI'

IL-2 did not enhance antitumour efficacy but further increased toxicity.41,4s
Because of the severe toxicity after systemic use of TNF in clinical trials, other routes of
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administration were explored to achieve high local concentration of TNF in hUllour tissue.
Intratul110ural injection revealed only slightly better responses than intravenous injection with
similar side effccts. 49-51 Hepatic artcIY infusio1l52 and intraperitonea153 administration of TNF
revealed only modest results.

TNF in isolated limb perfusion
In ILP sufficient concentrations of TNF could be achieved leading to anti tumour effects as

observed in animal models. The tumour vascular bed appears to be the selective target for TNF in
ILP. The effect of TNF OIl tumour vasculature demonstrated to be concentration dependent leading

to vasculotoxic effects at high concentrations, while at low concentrations it may promote DNA
synthesis and angiogenesis. 54 The effects on the tumour associated vasculature after ILP with TNF
were described as early endothelium activation, upregulation of adhesion molecules and invasion of
polymorphonuclear cells, leading to coagulative necrosis with or without hemolThagic necrosis. 55,56
However, examination of melanomas and sarcomas of patients treated with the triple regimen in
ILP did not show differences in expression of adhesion molecules as ICAM-I, E-selectin (ECAMI), VCAM-I or PECAM-I in tumours compared with healthy tissue." Recently, in patients treated
with isolated limb perfusion with TNF, IFN-y and melphalan, detachment and apoptosis of the
integrin avp3 positive endothelial cells was demonstrated in vivo in melanoma metastases,5s again
pointing to the importance of selective dis111ption of tumour associated blood vessels. Tllis was
Ihrther indicated by angiography and NMR studies which clearly showed the disappearance of only
hunonr associated vessels after TNF-based ILP,59-61

ISOLATED LIMB PERFUSION IN ANIMAL MODELS
ILP with chemotherapeutics
Several pharmacokinetic studies have been reported with ILP models in dogs using cisplatin,
doxombicin and melphalan. 62-6S In general, ilistoiogical evaluation showed a modest impact in tenns of
induction of necrosis, indicating the need for further research for better perfusion agents,66 Rat ILP
models were also used for phannocokinetic studies demonstrating optimal tissue penetration of
melphalan when pH was physiologic (between 7.3-7.7), temperature of the perfusate was between 40
to 41°C, and perfusion rate was low. 67 Wu et al. however, demonstrated a higher intratumoural uptake
of melphalan when perfusion rate was lligh in a human melanoma xenograft model. 68 Moreover, it was
demonstrated that the perfusate solution should have low melphalan binding capacity (no albumin) to
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maximise melphalan uptake in tumour tissue. These prerequisites in perfhsate conditions demonstrated
to decrease tumour growth and rat surviva1. 69 Recently, Walgenbach e/ al. demonstrated
hyperlactacidaemia to induce tumour necrosis and subsequently growth delay in hyperthennic
perfusions in aDS-sarcoma mode1. 70 Several animal models are used to study drugkinetics and
antitulllour effects and results obtained from these studies might improve further clinical perfusion
techniques.
TNF-bascd ILP
Since many mechanistic questions concerning TNF-based ILP can only be answered ill
preclinical models, a rat ILP model was developed in our laboratory. The technique described by
Benckhuijsen e/ al. was modified using a rapidly growing, spontaneously metastasising,

nOl1-

immunogenic, grade III fibrosarcoma (BN-175).32,71 This tumour originated spontaneously in the
Brown Norway rat. 72 Moreover, in a wistar-derived WAGlRij rat strain a similar tumour model 33 with
an osteosarcoma ROS-I, which originated spontaneously in the tibia of a \VAGlRij rat, was
developed. 73 Both non-immunogenic and syngeneic tumours grow in fhlly immunocompetent rats, and
the models resemble the clinical situation closely. In both tumour systems highly synergistic
antihllllour effects were observed when TNF is combined with melphalan, resulting in a complete
remission rate of 70_100%.32,33,74 Similar results have been reported by others using 1NF in
combination with melphalan in GF fibrosarcoma-bearing rats. 7S Histopathologically early endothelial
damage and platelet aggregation in hunour vessels are observed after ILP with TNF and melphalan
leading to ischemic (coagulative) necrosis, which is in line with observations in patients. 21 ,56,57,76.71 We
identified as basic requirements for an effective ILP with TNF and melphalan a perfusion duration
of30 min and a minimal temperature of the perfused limb of 38°C, while hyperthennia above 42°C
resulted in unacceptable damage to nonnal tissue. Regional toxicity after hyperthennia in ILP was
previously demonstrated in humans as well. 78 Hypoxia enhanced antitumour activity of melphalan
and TNF alone but did not further improve results of their combined use. However, it was feasible
to perfonn hypoxic perfusions without increasing locoregional toxicity. This makes the application
of hypoxic perfusions a reasonable option. The minimal1y required dose of TNF to induce synergy
with melphalan demonstrated to be IO fIg (~40 flg/kg) in our model, which might indicate that a 10
fold dose reduction ofTNF in the clinical situation may still be effective."
\Ve also perfol1ned ILPs with TNF and doxombicin in solid tumour bearing rats.
Anthracyclines are among the most active agents against solid tumours and doxombicill is the most
widely used agent of this class. 79•81 Moreover, doxombicin is the agent of choice for the treatment of
sarcoma, and has shown tolerability and antitulllour activity in clinical and expetimental perfusion
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settings for the treatment of soft tissue sarcoma and its lung metastases. 82• S4 Previously doxorubicin
has been used in isolated perfusion of the extremities. 12,M It was demonstrated that when comparable
results were obtained this was often at the cost of increased regional toxicity.6,7 In our rat model

both solid tumour models showed progressive disease after perfusion with doxorubicin alone and a 50100% response (pattial and complete) was demonstrated when TNF was added to the perfilsate."

Effect of TNF OIl tuntour vasculature
Synergism of TNF with cytostatic drugs (e.g. melphalan or doxorubicin) is the crucial
element that dctcnnines the success of isolated limb perfusion. 29,)2,33,40 It is probably based

011

dual

targeting, where TNF (and lFN-y) is suggested to be responsible for disruption of the
neovasculahlrc, winle melphalan causes a non-specific necrosis of cancer cells in

ViVO,19,75

hi vivo

antitllmollr effects of the combined treatment of 5·FU and TNF also depend upon the development
of capillaries in tumours. 8S The endothelial cell damage induced by TNF leads to congestion,

hemorrhage and oedema as representatives of an impaired blood

flOW.

39

,56,76

The endothelial

damage, proven by a change in distribution of von Wi1Iebrand factor, occurred already three hours
aftcr onset of TNF-based perfusion. 56 However, also a delayed type of hyperpenneability may be
present, explaining the fact that complete tumour regression frequently requires longer periods after
TNF-based isolated perfusion. 86 Vasculotoxic effects of TNF lead to a significant drop in tumour
interstitial pressure and pCffilcability changes which leads to bettcr penetration of cytotoxic dmgs

into tumourtissue. 8MO \Ve showed an increased doxorubicin uptake in tumour tissue when TNF was
added to the perfllsate.3~ Similarly, a 4-6 fold increase ofintratumouralmelphalan was demonstrated
after TNF-based isolated limb perfusion. These observations may well be the cmcial mechanism
behind the success of TNF in ILP.91 Moreover, vasculotoxic effects lead to endothelial cell
activation, upregulation adhesion molecules and

infiltrate formation

through

influx of

polymOlphonuclears, more specifically granulocytes. Subsequently injury to the endothelial cells
may be the beginning of a cascade of events. 55,92,93 Synergistic or additive anti tumour effect between

TNF and IFN-y were observed earlier, probably based on receptor upregulation, which is also
shown in vitro,94-96 Hmvever, conflicting results have been reported with IFN-y slightly enhancing
antitumour efficacy of TNF in combination with melphalan, whereas toxicity was considerably
increased,97
The observations made in our animal ILP model correspond well with observations made in
the clinic, therefore this model can serve as a tool to investigate different ways to further improve

ILP protocols or explore ne\v anti tumour modalities,
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NEW STRATEGIES IN ISOLATED LIMB PERFUSIONS
Use of TNF llIutauts
Because of the systemic toxicity associated with TNF, less toxic but equally effective
recombinant TNF molecules were sought. In one of these mutants of conventional TNF the Ntenninal amino acid sequences were altered to achieve higher basicity (TNF-SAM2). Various types
of TNF-SAM2, differing in amino acid species and position in the N-tenninus were described. 98
Toxic side effects seemed to be lower with these molecules, whereas TNF-SAMI and TNF-SAM2
revealed a stronger cytotoxic activity than conventional, recombinant human TNF on vmious
murine tumours.99 We demonstrated synergistic antitumour activity with melphalan and doxorubicin
using TNF-SANl2 in our isolated limb perfilsion model. loo Clinical and histopathological responses
were comparable to results obselved with conventional TNF. Other mutants, in which amino acids
were changed (F4236, F4168, F4614), also showed increased anti tumour activity and less lethal
toxicity.IOI.I03 Low inducibility of nitric oxide and prostaglandin E2 correlated with a reduced
hypotensive effect, consequently an increased therapeutically effective dose compared to native
TNF could be given. "4 New TNF analogues as LK 801 and LK 805 confinned that modification of
the parental molecule leads to lower systemic toxicity and comparable anti tumour effect. lOs These
novel mutants are thought to have great potential for clinical application. Not only can they make
perfusion a more safe procedure, but they can also expand the use of TNF in other perfusion
settings which are less leakage free or in organs which are sensitive to the toxic effects ofTNF (e.g.
liver or lung).
Use ofyasculotoxic agents
Nitric oxide (NO) is an important molecule in the maintenance of tumour blood flow by
dilatating arteriolar vessels in tumours and is produced by NO synthase (NOS). ")<5 This effect on
hllllOur

vasculature by NO enables vital nutrients and oxygen to reach tumour cells. High levels of

NOS activity are present in several tumour cell lines as well as in human cancer.I07.103 Recent studies
demonstrated another important effect of NO in stimulating tumour angiogenesis.IWolll Inhibition of
NOS might thus inhibit tumour blood flow and neovascularisation and in this way reduce tumour
growth. Several authors demonstrated a selectively reduced tumour blood flow in rodents treated
with NO inhibitors. 111•m AntitUlllOur effects were also demonstrated with NO-inhibitors used as a
single agent." 4 •115 However, systemic treatment with these NO inhibitors can decrease renal blood
flow and induce hypertension.

II' To reduce tltis systemic toxicity a NO inhibitor (L-NAME) was

used in our ILP model. A decreased hUTIour growth was demonstrated in sarcoma-bearing rats when
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L-NAME was used alone. Moreover, strong synergy was observed when L-NAME was used in
combination with either TNF or melphalan. Even in the setting of the strongly synergistic
combination of melphalan and TNF the addition of L-NAME enhanced response rates and
recurrences were delayed

Of

not observed.

ll7

tUlllOur

These results strongly suggest that L-NANIE or other

NO inhibitors are promising agents in the treatment of cancer and can rather safely be administered
in the leakage ft-ee isolated perfnsion setting. Further pre-clinical and clinical shldies with L-NAME
should optimise concentration and kinetics to exploit this potential anti tumour dmg.
Gene therapy in ILP

Gene therapy has been proposed as a promising llew approach in antitulllour therapy,
because of the observed impressive tumour responses in experimental animals. 1I8 Among the
several potentially applicable viral and non-viral vector systems, recombinant retroviruses and
adenoviruses have been most widely used in cancer treatment. lI9 One major challenge in cancer
gene therapy is to transfect only tumour cells since transfection of other organs may cause
potentially dangerous complications. Tumour-specificity may be accomplished at the level of gene
transfer by vector targeting with the use of ligands, antibodies or the use of specific promoters. liS
However, most widely applied gene transfer vectors as well as standard promoters do not generate
tumour-specific gene expression.
Another way to induce specific gene delivery is specific administration of viral vectors such
as intratumoural injection or regional administration in the artery that give blood supply to the
hllHOur. For lung,I2O livert21 and brain 122 regional infusions have previously been demonstrated
effective in virus-mediated gene transfer. Isolated perfusion settings have also been demonstrated
effective in adenoviral-mediated gene delivelY including isolated liver perfusion 123 and isolated lung
perfusion. 124 Tumours were not included in these isolated circuits and it is therefore unknown
whether hUllOur cells are preferentially transfected in the perfused circuit. In preclinical ILP models
we and others demonstrated effective gene transfer in tumour tissue using recombinant adenoviral
vectors harbouring the luciferase and lacZ marker genc. 125,126 Systemic leakage of luciferase marker
gene after ILP was negligible demonstrating an almost leakage free perfusion system. Moreover,
ILP resulted in a more diffuse expression of the LacZ gene located in the tumour vasculahlre and
viable hunour cells, whereas direct intratumoural injection resulted in expression only around the
needle tract. 126
Endothelial cells are an attractive target for gene therapy because they are intimately
involved in disease processes associated with inflammation and angiogenesis and because
endothelial cells are readily accessible to gene vector therapy. Mizuguchi el al. demonstrated a
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profound antitumour effect when TNF gene therapy was administered in the artery leading to the
tumour. On the other hand no tumour growth was observed when the TNF gene was injected
intratumouraIly.127 We demonstrated a similar lack of antitumour responses with intratumoural
injections using the rat interleukin-3p (rIL-3j3) gene in two different hllllour models. Intravascular
administration using the ILP technique, however, demonstrated a significant growth retardation in
both ROS-l and BN-175 tumOltrS,i28 We assume that transduction of rIL-3p in vital tumour cells
and in hll110ur associated vasculahlre leads to local IL-3P production that attracts inflanmlatory and
imlllune cells to the tumour and induce a cytotoxic response,129,130 IL-3 exerts its biologic activities
through biuding to a specific high-affinity receptor on the cell surface. Whether tIlis IL-3 receptor is
present on hll110ur cells is unknown, but its presence was demonstrated on vascular
endothelium,13],132 hltravascular delivery of IL-3 might therefore generate a specific antitumour
effect on the hll110ur vasculature, ]29,130
ILP might be useful for efficient and tumour-specific delivery of viral and non-viral
therapeutic gene constmcts, including genes encoding for cytokines, angiogenesis inhibitors and
suicide genes to enhance hU110ur controL Moreover, ILP is an interesting screening model to test
efficacy of various approaches in gene therapy. Preclinical shldies are presently conducted to
explore these possibilities in limb and organ perfusion settings, Although much research needs to be
done, the possibility of specific gene targeting with cytokines (e.g. TNF or IL-31ll makes this area
of gene therapy a promising one for fuhlre investigations,

CONCLUSIONS

Isolated limb perfusion is a technique which allows perfusion of high dosages of cytostatic agents
without systemic toxicity, The combination ofTNF and melphalan in ILP has yielded high response
rates in patients with in transit metastasised melanoma and locally advanced soft-tissue sarcoma,
The primary target for TNF is the hllHOur vasculahlre and the interaction with cytostatic agents has
been proven to be of paramount impOliance in the treatment of cancer, Several ILP models have
been developed to study drug kinetics and antitumour mechanisms, hI our ILP models in the rat
different mechanisms of TNF-based antihunour effects were demonstrated and new treatment
options were developed and tested, An extension of the use ofILP as a treatment modality might be
found in the application of less toxic TNF-mutants, the introduction of other vasculotoxic agents
and the use of gene therapy, This hopefully will result in clinical applications in isolated perfusion
protocols in limb or other organs that evenhtally may improve outcome of cancer patients.
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Chapter 10

During

isolated

limb

perfusion

(ILP)

high

intratulllourai

concentrations

of

chemotherapeutics are obtained with low systemic exposure to these dlllgs. ILP is achieved by
isolating the vascular bed of a limb by cannulating the main bloodvessels. Impressive results are
obtained when treating patients with irresectahle soft tissue sarcoma and in transit metastasiscd
melanoma with melphalan in combination with tumour necrosis factor alpha (TNF) using the ILP

technique. These results were the basis of the development of an ILP model in the rat to study
mechanisms and efficacy of established and new treatment modalities.

In Chapter 1 previous results and observations made with this model are described and the
aims of this thesis arc outlined.
In Chapter 2 prerequisites for an effective ILP, such as oxygenation of the perfusate,
temperature of the limb, duration of perfusion and concentration of tumour necrosis factor alpha
(TNF) are studied. The combination of 50 ~g TNF and 40 ~g melphalan demonstrates synergistic
antihullour activity leading to a 71 % partial and complete response rate in BN~ 175 soft tissue
sarcoma-bearing rats. In comparison to oxygenated ILP, hypoxia shows to enhance activity of
melphalan and TNF alone but not of their combined use. Hypoxic perfusions were feasible without
an increase in regional toxicity. Perfusion duration less than 30 min or limb temperatures below 38~
39°C decrease responses. At a temperature of 42~43°C higher response rates are found, but local
toxicity impaired limb function dramatically. Synergy between TNF and melphalan is lost at a dose
ofTNF below 10 ~g inS m! perfusate.
In Chapter 3 a significant increase in melphalan tumour tissue concentration is demonstrated
after ILP when TNF is added to melphalan in the perfusate. Melphalan concentration is not
increased in muscle and skin tissue, which illustrates that TNF works only on the tumour
vasculahlre.
In Chapter 4 doxombicin is used in combination with TNF and demonstrated a synergistic
aIJtitumour effect. In BN-175 soft tissue sarcoma and ROS~ 1 osteosarcoma 54% and 100% response
rates arc reported respectively. In both models an increased accumulation of doxombicin in hllTIour
tissue is found after ILP when TNF is added to doxombicin. III vitro TNF fails to augment dmg
uptake in hunour cells or to increase cytotoxicity of the dmg. These findings make it unlikely that
TNF directly modulates doxol1lbicin activity ill vivo. Increase in doxombicin tissue accumulation
after ILP with TNF seems an important mechanism in the observed synergistic antitumour
response.
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In Chapter 5 synergistic anti tumour activity of a TNF mutant (TNF-SAM2) is demonstrated
in combination with melphalan and doxontbicin in the ILP model using BN-175 soft tissue
sarcoma-bearing rats. Histopathologically the response consisted of hemolThagic necrosis of the
coagulative type, which is comparable to what has been demonstrated with recombinant human
TNF in combination with melphalan.

In Chapter 6 antitumour effects of a nitric oxide (NO) synthase inhibitor (L-NAME) are
investigated.

Systemic

treatment

with

L-NAlvIE

inhibits

growth

of subrenal

CC-531

adenocarcinoma significantly but is accompanied by impaired renal function. Reduced hll110Ur
growth is observed ,,,hen L-NAlvIE alone is used in the ILP model using BN-175 sarcoma-bearing
rats. In combination with TNF or melphalan, L-NAME increases response rates significantly

compared to perfusions without L-NAME (0 to 64% and 0 to 63% respectively). An additional
antitumour effect is demonstrated when L-NAlvIE is added to the synergistic combination of

melphalan and TNF (responses increased from 70 to 100%).
In Chapter 7 gene therapy is introduced in the ILP setting and intratumoural luciferase or
LacZ gene expression is compared with other routes of adenoviral vector delivery. Gene delivelY
using ILP or intratumoural administration results in an efficient gene transfer with a significantly
higher mean intratumoural luciferase activity compared to regional or systemic administration.
Luciferase gene expression in extratullloural organs lying either outside or within the isolated
circuit is minimal after ILP. LacZ expression studies demonstrates that intrahulloural administration
was confined to tumour cells lying along the needle tract, whereas after ILP gene transfer is found
in viable tumour cells as weB as in the tumour-associated vasculature.

In Chapter 8 cytokine gene transfer using the IL-3P gene is studied in the ILP model and
compared with intrahulloural injections and systemic treatment. A dose dependent hunour growth
inhibition is demonstrated after ILP with recombinant adenoviral vectors harbouring the rat IL~3f3
gene (IG.Ad.CMV.rIL-3p). In contrast, a single intratumoural injection or intravenous
administration does not effect tumour growth. Perfusing with a weaker promoter (MLP promoter)
driving the rIL~3f3 gene does not result in antitumour responses, suggesting that the rIL-3P mediated

antitlllllolir effect depends on the amount ofrIL-3p protein expressed by the infected cells. ILP with
IG.Ad.CMV.rIL-3p is at least as efficient as the established therapy with the combination ofTNF
and melphalan.
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Chapter 10
In Chapter 9 the results of tile presented studies are described in a general discussion.
Conclusions made on the basis afthe studies arc:
The used isolated limb perfusion model demonstrates synergistic antitumour effects of TNF
in combination with both melphalan and doxombicin.

Both hypoxia and hyperthennia increase TNF and melphalan antihllTIOUr responses after

ILP.
Increased drug concentration in

tUlllOurS

after TNF-based ILP provides a straightforward

explanation for the observed synergy.
Antitumour effects of the less toxic TNF-mutant (TNF-SAM2) in combination with

melphalan and doxol1lbicin is comparable to recombinant human TNF.
NO-inhibition improves anti tumour responses after ILP using TNF in combination with
melphalan.
The use of adenoviral vectors in ILP results in effective and safe intratumoral gene
expression.
Cytokine gene therapy using the rIL-3p gene inhibits tumour growth after ILP and not after
intratumoural administration.
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HoofdsllIk 10

Met behulp van gCi'soleerde extremiteitsperfusies kunnen in tUllloren hoge concentratics
chemotherapeutica worden bereikt. met tegclijkertijd lage systcmische concentraties. Om dit te
bewerkstelligcll worden de aan- en afvoerende vatcn van cen extrcmiteit gecannuleerd en
aangesioten op een pompsysteem. Hiema ,vardt de extrcmiteit geYsolcerd van de systemische
circulatie door het aanleggen van een tourniquet. Patienten met niet-rescctabele weke delen tumorcn
en Iceaal gemetastaseerde melanomen worden met deze tcchnick behandeld. Zeer goede resultaten
zijn beschreven met melphalan in combinatie met tumor necrosis factor alpha (TNF). Dit heeft
gc1eid tot het ontwikkelen van een dienllodel in ans laboratorium am de mechanismen en effecten
van deze therapie te bestudcren.
In J/oofdsfuk 1 worden de verschillcllde resultaten beschreven die reeds eerder werden
gevonden met dit model in de rat. Tevens worden in dit hoofdstuk de doelste1lingen van dit
proefschrift uitcengezet.
In Hoofi/sfuk 2 ,vorden voorwaarden bestudeerd voor een optimale perfusie zoals oxygenatie
en temperatuur van het perfusaat, duur van de perfusie en TNF concentratie. De combinatie vall 40
J.lg melphalan en 50

~lg

TNF resulteert bij 71% van dc hnnoren in een partiCle ofvolledige respons.

Met zowelmelphalan als TNF wordt er met

niet~geoxygeneerde

perfhsies cen beter antitumor effect

verkregcn dan met geoxygeneerde perfllsies. Na perfusies korter dan 30 minuten of kouder dan
38°C wordt een venninderd antitumor effcct waargcnomen. Komt de temperatuur van het perfllsaat
echter boven 42°C dan !leemt de toxische schade aan de poot van de rat significant toe. Het
synergisme hlssen melphalan en TNF wordt nog gezien bij toediening van 10

~lg

TNF (in 5 ml

perfusaat), lagerc TNF concentraties resulteren echter niet in synergie met melphalan.
In J/oofdsfUk 3 wordt een significant hogere cOllcentratie van melphalan in tumorweefsel
gcvonden wannecr TNF wordt toegevoegd aan de perfusies. In

huid~

en spienveefsel wordt deze

stijging van melphalan concentratic wordt 11iet gevonden, hetgeen suggereert dat TNF vooral een
effect heeft op tumonveefsel en nauwelijks op n01TIlaal weefset. De aangetoonde stijging van
melphalan is een goede verklaring voor de gevondcn synergie tussen melphalan en TNF.
In Hoofdstuk 4 wordt doxorubicine in combinatic met TNF gebmikt, hetgeen ook rcsuIteert
in een synergistisch antitumor effect. Zowel bij BN-175 als bij ROS-l tUllloren wordt
respectievelijk in 54 en 100% een respons waargenomen. In beide tUlllOlmodellen wordt tevens een
verhoogde doxorubicine concentratic in hllllonveefsel gevonden wanneel' TNF aan de perfusie is
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toegevoegd. In vitro heeft TNF geen effect op de doxombicine opname in de cel of op het antitumor
effect. Dit toont aan dat TNF via cen indirect vcrlopend mcchanisme het effect van doxombicine op
tumorweefsel versterkt.
In Hoofilsluk 5 wordt ook synergic in antitumor effect aangctoond tussen een TNFHmutant
(TNF-SAM2) en cytostatic a (melphalan en doxontbicine) in het perfilsiemodel. Het antitumor effect
met deze minder toxische TNF variant is histologisch en 'klinisch' vergelijkbaar met de resultaten
die zijn beschreven met recombinant humaan TNF.
In Hoofds/llk 6 worden antitumor effecten van L-NAME, een stikstofoxyde (NO) synthese
remmer, bestudeerd. Systemische behandeling van CC H53 1 nierkapsel tumorellmet LHNAME toont
een tumorgroei vertraging hetgeen echter gepaard gaat met een venninderde nierfunctie. Met een
gei'soleerde extremiteitsperfusie kan een groeivennindering worden aangetoond in BNH 175 tumoren
in de poot, zonder systemische bijwerkingcn. L-NAME in combinatie met TNF en melphalan
rcsulteert in een versterkt antitumor effect (respolls percentages rcspectievelijk van 0 naar 64 en
61). Oak het effect van de combinatie van TNF en melphalan wordt na toevoeging van L-NAME
verbeterd (van 70 naar 100%).
In Hoofdstuk 7 wordt gentherapie toegepast in het perfusiemodel waarbij intratumorale
expressie van luciferase en LacZ is vergeleken met andere toedieningsvollnen. Zowel na een
gei'soleerde extrcmiteitsperfusie als na illtratumorale toediening is er cen significant betere
genexprcssie dan na systemische of regionale (intraarteriele) toediening. Lekkage van adenovirale
vectoren is na ge'isoieerde extremiteitsperfusie minimaal. Na perfusie wordt een opvallend
hOlllogene verdelillg van het LacZ gen gevonden in vergelijking met intratumorale toediening,
waarbij slechts expressie van LacZ wordt gevonden in het traject van de naald. Tevens wordt na
gei'soleerde extrcmiteitsperfusie expressie van het LacZ gen gevonden in het tumorvaatbed.
In lloofdstuk 8 worden tUllloren behandeld met cytokine gentherapie. Perfusie, systemische
cn intratul110raic toediening worden vergeleken met betrekking tot het antitumor effect. Er wordt
cen dosis afhankelijke reuuning van de tumorgroei aangetoond 11a gei'soieerde perfusie met het rILH

3p gen.

Intrahunorale toediening met dezelfde hoeveelheid vinls daarentegcn heeft geen effect op

de tumorgroei. Perfusies met een zwakkere promotor laten geen rennning van de hlmorgroei zien,
hetgeen suggereeli dat de rlL-3p genexpressie in de tumor, daadwerkelijk verantwoordelijk is voor
de groeiremming. Het antitumor effect 11a gei'solccrde extrcmiteitsperfusie met het rIL-3p gen was
vcrgelijkbaar met perfusie met de combinatie van melphalan en TNF.
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HooJdstuk 10
In Hoofdstuk 9 worden de resultaten van de verschillcnde studies besproken in de algemene
discussie. Conclusies naar aanleiding van dit proefschrifi:
Het ge'isoleerde extrcmiteitsperfusie model in de rat toont synergic in antihuuor effect aan
tussen TNF en de cytostatica melphalan en doxorubicine.
Zowe! hypoxic ais hyperthenllie versterken de antitumor cffccten van TNF en melphalan.
Een verhoogde illtratumorale concentratie van doxombicine en melphalan
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toevoeging

van TNF is cen belangrijk mechanismc in de synergic tussen dezc stoffen.
De antitulllor effecten van het minder toxischc TNF-SAM2 in combinatie met melphalan en
doxorubicine zijn vergelijkbaar met recombinant humaan TNF.
Stikstofoxyde synthese [cnuning door L-NAM:E versterkt de antitumor werking van TNF en
melphalan.
Gentherapie kart veilig en effectiefworden toegepast in een geisoleerde extremiteitsperfusie.
Cytokine gentherapie met het rIL-3p gen renlt de tumor groei na geYsoleerde
extremiteitsperfusie en niet na intratumorale of systemische toediening.
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Vele mensen hebben de afgelopen tijd hun bijdrage geleverd aan de totstandkoming van dit
proefschrift. Ik wil een ieder daarvoor hartelijk bedanken, maar een aantal mensen wil ik in het
bijzonder noemen.
Allereerst mijn ouders, bedankt voor het vertrouwen dat juIlie at op jonge leeftijd aan mij hebben
gegeven. Zonder de motiverende woorden en niet aflatende steun op aIle mogelijke manieren, was
dit proefschrift er nooit gekomell.
Vervolgens Prof.dr. AM.M. Eggennont, beste Lex, in het najaar van 1996 had ik een afspraak met
!nne Borel Rinkes om te praten over een eventueel onderzoek. Vijfminuten nadatjij bij dit gesprek
betrokken makte, had jij ecn promotieonderzoek voor mij bedacht (sorry, lime). De energie
waannee jij dat hebt uitgewerh.-t en de snelheid waanllee je later problemen signaleerde in de
verschillende studies en artikelen, hebben veel indmk op mij gemaakt. Het is een voolTecht om met
je te hebben gewerkt aan dit onderzoek en van nabij jOllw inspirerende werklust te hebben
aanschollwd.
Dr. T.L.M. ten Hagen, beste Timo, jij hield mij en de overige leden vall de 'perfusie-ploeg' altijd
alert om weer een deadline te halcn of een nieuw experiment te bedenken. Jouw kelUus van
microbiologie, proefdieren, statistiek, sofi- en hardware zijn van zeer grote waarde geweest voor het
tot stand komen van dit proefsclllift, waaJvoor dank.
Prof.dr. J. leekel, Prof.dr. D. Valerio en Prof.dr. J. Verweij, ik ben u allen zeer erkentelijk voor de
snelle en kritische beoordeling van het proefschrift.
Eric Manusama en Marc van IJken, paranymfen en mede-perftlsionisten van het eerste tim. \Ve
hebben lIren getafeld tijdens de extremiteits- en 1eVellJerfusies, waarbij we de verschillende
technieken hebben geleerd en geperfectioneerd. De perfusies gaven de gelegenheid om van
gedachten te wisselen over de verschillende studies en andere niet-gerelateerde zaken. JulJie waren
een plezier om mee te werken en een grote stelln de afgelopen weken.
Alex van der Veen en Wilfred Roos, binnenkort oak het vum aan de schenen. De hoofdstukken
waar we samen aan ge\verkt hebben, passen perfect in dit proefschrift cn ik ben dan ook blij dat ik
ze hiervoor heb kunnen gebmiken.
Marieke van der Kaadcn, Bram Bout en Marien de Vries, bedankt voor de plezierige en efficiente
samenwerking in Rijswijk en Leiden, waar de perfusies met adenovirale vectoren konden worden
vcrricht.
Sandra van Tiel en Ann SeYllhaeve, zoals iedere promovendus weet, kan je het nooit aileen en zeker
luet zonder goede analisten. Jullie waren niet aileen altijd bereid om celkweken, perfusies en
concentratiebepaJingen te verrichten, als ik weer eens moest werken in het ziekenhuis, maar oak
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waren jullie altijd bereid om op de meest onwaarschijnlijke tijden de tumoren van de ratten te meten
(in vakanties, feestdagen en weekendcn), dank hiervoor.
Boudewijn van Etten en Mark de Vries, jullie hebben mij niet zozeer tijdens de perfusies bijgestaan
maar wei tijdens het schrijven. Dank vooral voor de hulp bij het 'refHmanagen'; jullie zijn nu
eindelijk van mijn annexaties van de computer verlost.
Peet Nooijcn, bedankt voor het beoordelen van de histologische tumor preparaten.
Gert de Boeck en Prof. dr. E.A. de Bmijn, bedankt voor het metcn van de melphalan concentraties in
de tumoren en het perfusaat.
De medewerkers van het EDC en huidige ECO voor het verzorgen van de ratten, koffie, kranten, cn
labmeetings, maar vooral voor de plczierige samenwel'king.
Dr. KJ.Brouwer, beste Kees, al vroeg in mijn opleiding tot chirurg in het Zuiderziekenhuis, maakte
je mij bewust van het feit dat het verstandig is te promoveren tijdclls de opleiding. Je gafbovclldien
aHe medewerking om een vaste compensatiedag te realiseren voor dit onderzoek, hetgeen er mede
voor heefi gezorgd dat de vaart erin gehoudell werd.
Prof.dr. B.A. Bmining, bedankt voor de toestemming de opleiding te ondcrbreken voor een jaar
onderzoek in het kader van een KWF beurs. Dr. H.J. Bonjer, heste Jaap, de laatste jaren van mijn
opleiding hen jij opleidel' geworden en direct in de hres gesprongen om verk0l1ing van mijn
opleiding aan te vragen, waarvoor dank.
Chirurgen en assistenten uit het Zuiderziekenhuis en Dijkzigt ziekenhuis, bedankt voor de
bercidheid in te springen als ik weer Ilaal' het lab moest en voor de plezierige opleidillgstijd.
SOlluuige Zijll er zelfs in geslaagd mij van de SEH, IC, OK of PC weg te halen om een balletje te
slaan in de wei, waarvoor speciale dank.
Tot slot, lieve Claudia, je wist mij aJtijd op de goede momenten weer te motiveren of juist achter de
computer weg te slepen. Tevens heb je in de periode dat ik aan dit onderzoek bezig was twee
prachtige kinderen op de wereld gezet. Ik ben zeer gelukkig met jou, Laura en Roel.
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CURRICULUM VITAE

De auteur van dit proefschrift werd 31 januaIi 1967 te V1aardingen geboren. Het atheneum-B
diploma werd in 1985 behaald aan het Groen van Prinsterer Lyceum te Vlaardingen. Hetzelfde jaar
begon hij met de studie gcneeskunde aan de Erasmus Ul1iversitcit te Rotterdam. Het doctoraal

examen werd in 1990 behaald en het artsexamen in 1992 (cIIIIIlallde). Tijdens zijn studie deed hij
onderzoek op de afde1ing algemene Heelkunde in het Academisch Ziekenhuis Dijkzigt te
Rotterdam ondcr leiding van Prof.dr. J. Jeekel. Het afstudeeronderzoek werd verricht op de
afdeling Perinatal Research aan de University of Colorado Health Sciences Center te Denver (V.S.)
onder leiding van Prof. F.C. Battaglia.
Van november 1992 tot december 1993 vervulde hij zijn dienstplicht als onderdeelsarts van de 43'
afdeling veldartillerie te Havelte en aIs arts-assistent chirurgie in het militair perifecr team te
Roosendaa1. De opleiding tot algemeen chirurg werd in januari 1994 begonnen in het

Zuiderziekenhuis te Rotterdam (opleider: Dr. KJ. Brouwer). In januari 1997 werd de opleidiug
vervolgd in het Academisch Ziekenhuis Dijkzigt te Rotterdam (opleider: Prof.dr. H.A. Bmining/
Dr. H.J.

BOl~er).

Van april 1997 tot april 1998 onderbrak hij de opleiding voor Mn jaar onderzoek

in het kader van een KWF arts-assistenten beurs, hetgeen de basis vonnde voor dit proefschrift.

