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Summary

We performed an in-vitro study testing the chemosensitivity of peritoneal cancer cell lines (SW620, HCT116, MKN45, 23,132/
87, OAW42) to various cytostatic drug regimens. A duplex drug, characterized by reversible linking of the antimetabolites 2'-
deoxy-5-fluorouridine (5-FdU) and 3’-C-ethynylcytidine (ECyd), was compared to oxaliplatin or to cisplatin plus doxorubicin.
The experiments were designed to reflect the conditions of intraperitoneal chemotherapy. CASY® (Cell Analysis System)
technology was used to compare the impact of incubation temperature/duration and drug concentration on the viability of the
cancer cell lines versus normal human dermal fibroblasts. Two incubation scenarios were explored: (i) hyperthermic intraperi-
toneal chemotherapy (HIPEC) with 1 h of incubation at 42 °C, and (ii) pressurized intraperitoneal aerosol chemotherapy (PIPAC)
with several successive incubations at 37 °C. Under HIPEC conditions, oxaliplatin induced a potent temperature-dependent
growth inhibition of colon cancer cells not seen with the duplex drug. Under PIPAC conditions, the duplex drug achieved the
same growth inhibition at a fraction of the dose level required with oxaliplatin. Gastric and ovarian cancer cells were more
sensitive to cisplatin plus doxorubicin than to the duplex drug under PIPAC conditions. The duplex drug suggests itself, notably
in cases of platinum resistance, as an alternative or addition to intraperitoneal chemotherapies when platinum-based PIPAC
technology is used. Using it with HIPEC technology is not recommended. Higher doses of the duplex drug will enhance growth
inhibition, albeit at the cost of a severely reduced difference in chemosensitivity between tumor and normal cells. Our findings
provide orientation for PIPAC-based personalized intraperitoneal chemotherapy.
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Introduction

Peritoneal metastasis is a relatively common pattern of tumor
dissemination, has a dismal prognosis, and remains a medical
challenge yet to be mastered [1]. The standard treatment in this
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situation is palliative intravenous chemotherapy, and this con-
cept is indeed supported by high-evidence comparative studies
in various cancer types. Few randomized controlled trials have,
however, considered peritoneal metastasis as an inclusion or
exclusion criterion, and even fewer have defined its regression
as a main outcome criterion. What little data is available sug-
gests that ‘specialty palliative care’ might be less effective, at
least in cases of colorectal cancer, when applied to peritoneal
than to parenchymatous (e.g. liver or lung) metastases [2].
Intraperitoneal chemotherapy has been suggested as an al-
ternative or additional treatment of peritoneal metastasis, mak-
ing it possible to vastly increase the intraperitoneal drug con-
centrations, the therapeutic ratio of local to systemic dose, and
hence the overall chemotherapeutic efficacy [3]. Few of to-
day’s approved anticancer drugs are suitable for application
sequential to, or simultaneous with, systemic chemotherapy of
peritoneal metastasis. Combinations that have been used
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include 5-FU plus folic acid plus irinotecan [4], 5-FU plus
folic acid plus oxaliplatin [5], or 5-FU plus folic acid plus
oxaliplatin plus irinotecan [6]. In metastatic gastric cancer,
different combinations with 5-FU and platinum have been
used in assessing standard chemotherapy versus best support-
ive care, one example being epirubicin plus cisplatin plus 5-
FU [7]. The standard treatment of ovarian cancer is
cytoreductive surgery followed by systemic chemotherapy
with paclitaxed and carboplatin [8—11].

In selected patients with peritoneal metastasis, an approach
that combines complete cytoreductive surgery and ‘hyperther-
mic intraperitoneal chemotherapy’ (HIPEC) has recently been
incorporated in the standard of care [12]. The strategy of
HIPEC is based on preclinical investigations into the cytotoxic
activities of cisplatin and other antitumor drugs both in human
cell lines and in animal models [13—19]. It was shown that,
through various mechanisms, hyperthermia increased the ef-
fectiveness of these drugs. For example, intraperitoneal che-
motherapy at 42 °C was found to increase the cell penetration
depths and cytotoxic activities (and hence the antitumor po-
tential) of oxaliplatin, doxorubicin [20], mitomycin C,
irinocetan [21], and cisplatin [22].

‘Pressurized intraperitoneal aerosol chemotherapy’
(PIPAC) has been developed as a more minimally invasive
alternative to HIPEC [23]. It is based on a drug delivery meth-
od in which the cytotoxic drugs are applied in the form of an
aerosol (using a nebulizer) straight into the abdominal cavity
under pressure at 37 °C. In this way, PIPAC might in some
situations result in better drug effectiveness than HIPEC [24].

Any outcomes of intraperitoneal chemotherapy, whether
applied under HIPEC or under PIPAC conditions, critically
depend on the cytotoxic potential of the chemotherapeutic
agents used. Our strategy is to attempt maximizing the antitu-
mor effect of single cytostatic drugs by linking them in a
chemically reversible fashion. No previous studies on record
have dealt with the potential of linked cytostatic drugs for
intraperitoneal chemotherapy. We prepared the ground for
such investigations by reversibly linking, via a natural phos-
phodiester bond, the standard antimetabolite 2’-deoxy-5-
fluorouridine (5-FdU) and the antimetabolite 3°-C-
ethynylcytidine (ECyd) [25]. The resultant duplex drug
(5FdU-ECyd) both induces strong growth inhibition in a wide
variety of tumor cell lines and was shown, using cell lines of
gastric adenocarcinoma as an example, to greatly improve the
effectiveness of treatment as compared to widely used cyto-
static drug combinations [26]. Also, the viability of both
platinum-sensitive and platinum-resistant ovarian cancer cells
was demonstrated to decline rapidly and in a dose-dependent
fashion when exposed to the SFAU-ECyd duplex drug [27].

Thus we aimed to evaluate how favorably this duplex
drug would compare to clinically established drugs with
regard to its cytotoxicity exerted in vitro on five different
cancer cell lines. To address this question, we designed a
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study that would also include oxaliplatin used on two
colon cancer cell lines (SW620, HCT 116) and cisplatin
plus doxorubicin used in combination on two gastric can-
cer cell lines (MKN-45, 23,132/87) and one ovarian can-
cer cell line (OAW42). Another goal was to assess the
respective temperature dependence of cell growth inhibi-
tion and the differences in chemosensitivity between hu-
man cancer cell lines and non-malignant cells.

Materials and methods
Chemical substances

The following drugs and solutions were acquired for this
study: oxaliplatin (Eloxatin® 200 mg; Sanovi-Aventis,
Frankfurt, Germany); cisplatin (Cisplatin Teva® 100 mg;
Teva, Ulm, Germany); and doxorubicin hydrochloride
(DOXO-cell® 150 mg; Cell Pharm, Bad Vilbel, Germany).
The duplex drug was synthesized as described previously by
our study group [25]. Peritoneal dialysis solution (Physioneal
40 Clear-Flex® Glucose; Baxter, Lessines, Belgium) was in-
cluded for controls. Oxaliplatin and cisplatin were stored as
original solutions in a dark place at room temperature, the
doxorubicin solution in a dark refrigerator at +4 °C, and stock
solutions of the duplex drug at —20 °C. Mixed Physioneal
solutions were aliquoted and stored at —20 °C. The stock con-
centrations were oxaliplatin 5 mg/ml, cisplatin 1 mg/ml, doxo-
rubicin 2 mg/ml, and duplex drug 1 mg/ml. Required volumes
were calculated in pl and pipetted to 45 ml of the appropriate
complete cell culture medium. For combinations, two drugs
were added in a constant ratio.

Cell culture

All cell culture solutions were obtained from the same source
(Life Technologies/Gibco; Darmstadt, Germany). The
platinum-sensitive [28, 29] ovarian cancer cells (OAW42)
and the non-malignant cells (natural human dermal fibro-
blasts) were placed in humidified incubators for culture in
150-cm? culture flasks (Falcon, Corning, New York, USA)
with DMEM (Dulbecco’s Modified Eagle Medium) plus
GlutaMax-I (4.5 g/l D-glucose) containing 10% FBS (fetal
bovine serum), penicillin G 100 U/ml, streptomycin 100 pg/
ml, and 5% CO, at 37 °C. Both gastric cell lines (MKN45,
23,132/87) and one of both colon cancer cell lines (SW620)
were seeded and maintained in RPMI 1640 plus GlutaMax™.-
I culture medium supplemented with 10% FBS, penicillin G
100 U/ml, and streptomycin 100 pg/ml. The other colon can-
cer cells (HCT116) were placed in humidified incubators for
culture in McCoy’s 5a plus GlutaMax-I culture medium con-
taining 10% FBS, penicillin G 100 U/ml, streptomycin
100 pg/ml, and 5% CO, at 42 °C or 37 °C (considering that
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SW620 and HCT116 were tested under both HIPEC and
PIPAC conditions).

In-vitro drug treatment

The cell lines were seeded in 24-well culture plates (Falcon,
Corning, New York, USA) and started at 90-100% conflu-
ence. Drug concentrations for the tests were selected based
on the dosages used clinically with the HIPEC approach (see
Table 1). Thus oxaliplatin was used at 300 mg/m? and cisplat-
in plus doxorubicin at 75 + 15 mg per m* body surface area.
The latter was determined with the Dubois formula whenever
body height and weight were known [30]. The clinical data
resulted in mean dose levels of oxaliplatin 93.7 pg/ml and
cisplatin 24 pg/ml + doxorubicin 5 pg/ml for in-vitro testing.

Figure 1 illustrates the results of a preliminary test run in
which the two colon cancer cell lines (SW620 and HCT 116)
were exposed to various drug concentrations at 42 °C or 37 °C
for just 60 min. The cells were then washed with PBS and
incubated with culture medium in the absence of drugs at
37 °C for 7 days. To determine viability, control cells were
allowed to grow in the presence of Physioneal or PBS instead
of a drug for the same amount of time.

Figures 2, 3, 4, 5 and 6 illustrate the results for all cell lines
(cancer and non-malignant) exposed to the clinically
established drugs regimens and to the experimental duplex
drug at appropriate concentrations. All of these experiments
were performed at 37 °C with an incubation period of 7 days,
the culture medium being replaced with new drugs every
2 days. On days 0, 2, 4 and 7, the cells were washed once
with 1 ml of PBS, followed by trypsinization with 250 pl of
trypsin-EDTA 0.05%. Trypsinization was stopped by adding
750 ul of complete medium. The cell suspension was trans-
ferred to a 1-ml polyethylene vial and was allowed to shake in
an overhead rotator at low speed until cell counting; 100 pl of

the suspension were diluted with 10 ml of CASYton (Schérfe
System, Reutlingen, Germany) for analysis with the automat-
ed cell counter (see next paragraph).

Cell counting

A CASY® Model TT cell counter and analyzer system
(Schérfe System) was employed to determine the number
and viability of tumor cells in the 24-well culture plates. The
system was operated in 3 x 400 pl mode, meaning that 400 pl
of the diluted (1:100 in CASYton; Schirfe System) cell sus-
pension were drawn through the aperture and the mean of
three measurements was stored. The effect of the drugs was
evaluated as percentage of cell growth observed on each day
of cell counting compared to the initial concentration (100%).
Different software programs optimized for specific cell lines
were used to determine cell parameters. Spreadsheet software
(Excel 2010) was used for statistical analysis, with the data
presented as mean values + standard deviations. All experi-
ments were performed in triplicate.

Results

We employed the various cancer cell lines (two colon, two
gastric, one ovarian) as a two-dimensional cell culture model
to mimic peritoneal metastasis from primary tumors in the
gastrointestinal cavity. Of the two colon cancer cells lines
we used, the first (SW620) is derived from sites of lymph-
node involvement, thus being a suitable model for metastatic
cancer, while the second (HCT116) is one of the cancer cell
lines representing different histological grades of colon can-
cer. The ovarian cancer cell line (OAW42), established from
ascites of a patient with ovarian cystadenocarcinoma, is
known to produce extracellular matrix and to show a defined

Table 1 Patient characteristics

and drug dosage for Patient Age (yrs) Height (cm) Weight (kg) BMI (kg/m?) Physioneal Oxaliplatin dose
intraperitoneal anticancer therapy solution (1) (ng/ml)
using HIPEC technology with
oxaliplatin 1 52 168 95 33.7 5.5 102.5
2 29 185 108 31.6 5.7 108.9
3 74 169 65 22.8 5.5 87.5
4 59 176 150 48.4 6.0 107.1
5 65 159 49 19.4 5.0 75.0
6 45 162 83 31.6 6.0 81.4
7 50 172 93 314 6.0 88.6
8 60 174 100 33.0 5.0 107.5
9 64 166 61 22.1 - 85.0
Mean: 55 170 89 304 5.6 93.7
SD: 13 8 30 8.6 04 12.8
Max: 74 185 150 48.4 6.0 108.9
Min: 29 159 49 19.4 5.0 75.0
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Fig. 1 Inhibition of cell growth using a 60-min drug incubation protocol.
Human colon cancer cell lines (SW620, HCT116) were incubated with
duplex 90 pg/ml (— A —) or oxaliplatin 90 pg/ml (—e@—) at 37 °C
(a, ¢) or 42 °C (b, d) for 1 h, followed by incubation in culture medium

chemosensitivity pattern, thus being very helpful in studying
the biology of human ovarian cancer.

The results described below provide orientation as to the cy-
totoxic potential of the duplex drug here investigated (SFdU-
ECyd) for intraperitoneal chemotherapy. To determine the influ-
ence of temperature, we performed a preliminary test run in
which the colon cancer cells (SW620 and HCT116) were, as
an example, incubated under both PIPAC (37 °C) and HIPEC
(42 °C) conditions. In clinical practice, the dose range of
hyperthermically applied oxaliplatin is 85-109 mg/ml.
Accordingly, we performed separate experiments incubating
both colon cancer cell lines with oxaliplatin 90 pg/ml or SFdU-
ECyd 90 pg/ml at 37 °C or 42 °C for just 60 min. Each exper-
iment was followed by washing the drug out and cultivating the
cell line at 37 °C for another 7 days. Cell growth was determined
using CASY® technology, which is a method widely used in
numerous cytotoxicity studies [31, 32] and in monitoring cell
cultivation.

Duplex drug compared to Oxaliplatin under HIPEC
(42 °C) versus PIPAC (37 °C) conditions

The 60-min drug incubation protocol, with the colon cancer
cell lines exposed to the duplex drug or to oxaliplatin, led to
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without a drug for 7 days. Physioneal (====== ) and PBS ( ) controls
without a drug were also used for incubation at 37 °C and 42 °C over
7 days

numbers of viable SW620 and HCT116 cells in a range of 90—
120% (compared to 100% initially) when applied at 37 °C
(Fig. 1a, ¢). Thus the dosages of 90 pg/ml, used for both the
duplex drug and for oxaliplatin, yiclded stagnating levels of cell
growth without any notable reductions. The PBS control
showed around 180% of cell growth on day 2 and around
130% by day 7, and a similar pattern was seen with the
Physioneal control. The HCT116 cells turned out to be slightly
more sensitive to both drugs than the SW620 cells. The proto-
col applied at 42 °C, by contrast, yielded growth reductions of
both cancer cell lines to around 10% with oxaliplatin only (Fig.
1b, d). The duplex drug was associated with stagnating growth
characterized by viable colon cells in the range of 90-110%,
comparable to the values seen at 37 °C. The PBS control did
not inhibit SW620 cell growth, while the Physioneal control
did reveal a small degree of temperature-related inhibition,
characterized by only a slight increase in the number of viable
cells (Fig. 1b). HT116 cell growth, by contrast, stagnated at
around 110% with both PBS and Physioneal at 42 °C (Fig. 1d).

Implications for the subsequent tests

All subsequent in-vitro tests were conducted at 37 °C, since (i) no
temperature-related increases of cytotoxicity were seen with the
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Fig.2 Growth inhibition of human colon cancer cell lines (a) SW620 and

(b) HCT116. Incubation at 37 °C was carried on over 7 days, using

duplex 2 pg/ml (— A—), duplex 1 pg/ml (—H—), oxaliplatin

16 pg/ml (—4—), oxaliplatin 32 pg/ml (—@—), or PBS control

( )

duplex drug here under study at 42 °C and (ii) hyperthermia
cannot be effectively utilized under PIPAC conditions. In the
ensuing tests, the various cell lines were incubated with doses
in the range of 0.32-32 pg/ml to compare the duplex drug,

cell growth ( % of control )
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Fig. 3 Growth inhibition of non-malignant cells (normal human dermal
fibroblasts). Incubation at 37 °C was carried on over 7 days, using duplex
2 pg/ml (— A —), duplex drug 1 pg/ml (—m—), oxaliplatin 32 ng/
ml (—@—), or PBS control (: )

oxaliplatin, and the cisplatin-plus-doxorubicin combination for
their cytotoxic activities at 37 °C. Lower dosages were used than
in the foregoing experiments, since the incubation period at
37 °C was now 7 days, and the drug was replaced anew every
second day, whereas in the aforementioned setting involving the
42 °C environment, the drug was removed from the medium
after just 60 min.

Cell sensitivities to the duplex drug versus
the standard drugs

With oxaliplatin 1 to 8 pg/ml, stagnating growth patterns of the
colon cancer cell lines were found over 7 days of incubation (data
not shown). SW620 growth decreased to 25% at 16 pg/ml and
dropped sharply to <5% at 32 pg/ml (Fig. 2a). HCT116 growth
decreased even with oxaliplatin 8 pg/ml to around 75% (data not
shown) but did not fall below around 40% even at the maximum
dose of 32 pg/ml (Fig. 2b). Thus the SW620 cells were more
sensitive to oxaliplatin than the HCT116 cells. No such dose-
dependent differences were seen with the duplex drug: 1 or 2 pg/
ml would reduce SW620 and HCT116 growth to almost 20%.
Duplex 2 pg/ml was slightly more effective than oxaliplatin
32 ug/ml on HCT116 cells, while the sensitivity of SW620 cells
was inversely proportional at these dose levels, with oxaliplatin
being more cytotoxic than the duplex drug. On balance, there-
fore, the duplex drug inhibited the growth of colon cancer cell
lines to a similar degree as oxaliplatin at one-fifteenth of the dose
level.

Colon cancer cell lines are considerably more sensitive to the
duplex drug than to oxaliplatin at 37 °C when an extended incu-
bation period is used and the drug is replaced repeatedly. For
example, a one-off addition of the duplex drug at 90 pg/ml
inhibited the growth of both colon cell lines only marginally at
37 °C with 1 h of incubation (see Fig. 1a, ¢), whereas adding the
duplex drug three times at only 1 mg/ml (days 0, 2, 4) reduced
this growth to 15-20% over 7 days of incubation. (Replacing the
drug at the same concentration actually increases the concentra-
tion per viable cell, as dead cells and debris are removed every
time the medium is replaced; only the reduced number of viable
cells will be present when the new drug dose is added.) Not so
with oxaliplatin, where 32 pg/ml added three times (days 0, 2, 4)
at 37 °C over the 7 days of incubation yielded very much the
same growth inhibition as the one-off 90 pg/ml variant with
incubation at 42 °C for 1 h (see Fig. 1b, d). Thus, unlike the
duplex drug, oxaliplatin did not benefit from extended incubation
at lower doses with repeated replacement.

With a view to the clinical application of a cytostatic drug, one
goal to keep in mind is that tumor cells should respond more
sensitively than normal cells. For this reason, we also tested the
duplex drug and oxaliplatin for their respective effects on a non-
malignant cell line (normal human dermal fibroblasts) versus the
colon cancer cell lines (Fig. 3). Incubation of the non-malignant
cells with the duplex drug at 1 or 2 pg/ml caused their growth to
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Fig. 4 Growth inhibition of human gastric cancer cell lines (a) MKN45
and (b) 23,132/87, and ovarian cancer cell line (¢) OAW42. Incubation at
37 °C was carried on over 7 days, using duplex 2 pg/ml (— A—),
duplex 1 pg/ml (—m—), cisplatin 2.0 pg/ml + doxorubicin 1.2 pg/ml

drop to around 25-35%. In the same situation, the colon cancer
cell lines had been reduced only slightly more to around 20%
(see Fig. 2). Oxaliplatin, by contrast, only reduced the non-
malignant cells to around 65% but the HCT116 cells to around
40% (see Fig. 2b) and the SW620 cells to <5% when adminis-
tered at 32 pg/ml (see Fig. 2a). Thus, with the duplex drug at 1—
2 pg/ml, only a marginal difference in growth inhibition was
seen between cancer cell lines and non-malignant cells.
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Fig. 5 Growth inhibition of non-malignant cells (normal human dermal
fibroblasts). Incubation at 37 °C was carried on over 7 days, using duplex
2 pg/ml (— A—), duplex 1 pg/ml (—Mm—), cisplatin 2.0 pug/ml+
doxorubicin 1.2 pg/ml (—@—), cisplatin 1.0 pg/ml+ doxorubicin
0.6 pg/ml (—4—), or PBS control ( )
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(—@—), cisplatin 1.0 pg/ml + doxorubicin 0.6 pg/ml (—4¢—), cis-
platin 8.0 pg/ml+ doxorubicin 4.6 pg/ml (=====- ), or PBS control
( )

Like the colon cancer cells, the gastric cancer cell lines
(MKN45, 23,132/87) and the ovarian cancer cell line
(OAW42) differed greatly in sensitivity to the same cytostatic
drugs. The duplex drug, administered at 1 or 2 pg/ml, reduced
MKN45 growth to around 40% or 15%, respectively, over 7 days
of incubation (Fig. 4a). Cisplatin plus doxorubicin eliminated the
growth of these cells almost completely by day 7 (at2.0 + 1.2 pg/
ml) or even by day 4 (at 8.0 +4.6 pg/ml). The 23,132/87 cells,
too, were inhibited by cisplatin plus doxorubicin in a dose-
dependent fashion (Fig. 4b). Slight differences between the gas-
tric cancer cell lines were seen at the same dose levels of cisplatin
plus doxorubicin, with greater sensitivity of the MKN45 than the
23,132/87 cells. Both cell lines were affected less by the duplex
drug, which, at 2.0 pg/ml, inhibited their growth to around 10—
20% by day 7, with slightly greater sensitivity of the 23,132/87
than the MKN45 cells. Thus, compared to cisplatin plus doxo-
rubicin, the duplex drug entailed a reversed sensitivity differential
between both gastric cancer cell lines.

Compared to these gastric cells, the ovarian cancer cell line
(OAW42) was found to be more sensitive to cisplatin plus doxo-
rubicin (Fig. 4c). This combination, applied at 2.0 + 1.2 pg/ml,
reduced OAW42 growth to almost zero by day 4, whereas 2 pg/
ml of the duplex drug only achieved a reduction to around 15%
by day 7. OAW42 showed a sensitivity to cisplatin plus doxoru-
bicin not too different from the non-malignant cell line (Fig. 5).



Invest New Drugs (2019) 37:415-423

421

250 q-mm-mmm e e e,

200 // ————————————————————————————————————

—
©
—
5 e
B0 e
[}
(3]
Y 0
(o) 0 2 4
X
N b
‘.-C_. 260 - m e
3 =]
[) /4”'
S 200 fo-mommmmmmmmemmmnmeooos T e
(o)) ///
— el
@ 150 F-----mmmems P o s S e S S S
(3] e

/1’{\\

days of incubation

Fig. 6 Growth inhibition of MKN45 gastric (— A —) or 23,132/87
gastric (—M—) or OAW42 ovarian cancer cell line (—e@—),
normal human dermal fibroblasts (—4——), or PBS control ( )
over 4 days of incubation at 37 °C with duplex (a) 0.32 pg/ml or (b)
0.50 pg/ml

Compared to the duplex drug administered at 2 pg/ml, which
reduced OAW42 cells to around 35% (Fig. 4c) and non-
malignant cells even to around 25% (Fig. 5) by day 4, cisplatin
plus doxorubicin administered at 2.0 + 1.2 pg/ml achieved cor-
responding reductions to around 5% (non-malignant cells) and
2% (OAW42). Both the non-malignant cells and the ovarian
cancer cell line turned out distinctly more sensitive to cisplatin
plus doxorubicin than the gastric cancer cell lines. For example,
1.0+ 0.6 pg/ml of this combination reduced both MKN45 and
23,132/87 cells to only approximately 75-80% by day 4 (Fig. 4a,
b) while achieving corresponding reductions to around 10%
among both the OAW42 cells (Fig. 4c) and the non-malignant
cells (Fig. 5).

Figure 6 illustrates an example of how the sensitivity of cells
clearly depends on the dose of the cytostatic drugs administered.
For instance, the duplex drug applied at 0.32 pg/ml caused the
non-malignant cells to stagnate while reducing the MKN45,
23,132/87, and OAW42 cells to between 60 and 75% by day
4 (Fig. 6a). A dose of 0.5 ng/ml, by comparison, inhibited even
the non-malignant cells to a similar extent as the various gastric
and ovarian cancer cells (Abb. 6b). In other words, this dose
level inhibited the growth of non-malignant cells (reduction to

around 55%) very much like the growth of ovarian cancer cells
(reduction to 55%) and, indeed, more effectively than the
growth of MKN45 gastric cancer cells (reduction to 70%).

Discussion

Current regimens of intraperitoneal chemotherapy lack in both
standardization and predictability, being largely based on data
extrapolated from systemic chemotherapy. After three decades
of extensive research, drugs for intraperitoneal chemotherapy
are today still not chosen in an evidence-based fashion. Hence
there is a pressing need to generate data on chemosensitivity
and chemoresistance in peritoneal metastasis, so that the large
number of HIPEC protocols used in clinical practice can be
standardized [33]. Our in-vitro study contributes such data by
elucidating the chemosensitivity of colorectal, gastric, and
ovarian cancer cell lines to a new candidate for intraperitoneal
use, namely the duplex drug SFAU-ECyd, as compared to stan-
dard antitumor drugs under HIPEC and PIPAC conditions.

Our approach of linking SFdU to ECyd via a natural phos-
phodiester bond to form a duplex drug has a twofold rationale.
For one thing, both the nucleobase SFU and the nucleoside
5FdU have, along with other cytostatic drugs, yielded very
successful results in polychemotherapy regimens for many
years. For another, the high cytotoxic activity which the novel
antimetabolite ECyd is known to exert against a multitude of
diverse tumor cell lines is a good starting point for linking to
SFdU. The resultant duplex drug SFdU-ECyd may be expected
to release during its enzymatic cleavage a mixture of cytotoxic
metabolites that, through various mechanisms, can have addi-
tive or synergistic activity. Hence this duplex drug, which is
monotherapeutically applied on its own, constitutes a prodrug
containing a mixture of various cytotoxic compounds.

Whether during parenteral or oral administration, complex
transport mechanisms are required for the active substance to
reach its destination. Therefore, any potential in-vivo effects can-
not be predicted with complete accuracy from in-vitro data, giv-
en that transport phenomena and distribution pathways are es-
sential to the anticancer effects of cytotoxic drugs. Any drugs
used for intraperitoneal chemotherapy are applied either by
allowing them to circulate inside the peritoneal cavity in a rinsing
solution at 42 °C for just 60 min (HIPEC) or by pre-spraying
under pressure at 37 °C in several treatment cycles (PIPAC). In
this process, effective contact between the drug and the tumor
cells is established. In-vitro systems, too, involve direct contact
between drugs and cells, thus closely reflecting the clinical real-
ity when it comes to evaluating the cytotoxic potential of a drug
in HIPEC- or PIPAC-based intraperitoneal chemotherapy.

This study evaluated the in-vitro cytotoxic activity of the
duplex drug in comparison with oxaliplatin and cisplatin plus
doxorubicin, the two most common choices for intraperitoneal
chemotherapy. A preliminary test run was performed under
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both PIPAC (37 °C) and HIPEC (42 °C) conditions. While
oxaliplatin induced a potent temperature-dependent growth
inhibition of the colon cancer cell lines tested in this run, no
such effect was observed with the duplex drug at 42 °C. The
PBS control demonstrated that hyperthermia alone, while ca-
pable of stagnating the growth of one colon cancer cell line
(HCT116), still failed to reduce this growth. Hence our results
indicate that the duplex drug, rather than suggesting itself as
an alternative to oxaliplatin, is not an option for use with the
HIPEC technique, which takes place at 42 °C for just 60 min.

As one possible explanation for the distinct temperature-
dependent effect of oxaliplatin, tumor cells might specifically
take its active substance up more efficiently at 42 °C. On the
other hand, uptake of the hydrophilic duplex drug SFdU-ECyd
is clearly encumbered by its polar phosphodiester bond. Also,
while any of the cytostatic single drugs are immediately active,
SFdU-ECyd is an inactive prodrug that requires enzymatic
cleavage to be metabolized into a mixture of cytotoxic metab-
olites. A higher temperature might result in partial inactivation
of the metabolizing enzymes, such that the concentration of
cytotoxic metabolites thus formed may be inadequately low.
Enzymatic metabolization of SFdU-ECyd by phosphodiester-
ase gives rise to a combination of SFdU-5-monophosphate,
ECyd-5-monophosphate, SFdU, and ECyd.

The first phosphorylation of the antimetabolites sets the
stage for their cytotoxic activity and is especially important if
resistance against antimetabolites occurs. For example, we pre-
viously demonstrated in vitro a dose-dependent decline of ovar-
ian cancer cell viability in response to the duplex drug, accom-
panied by formation of DNA double-strand breaks and by ap-
optosis induction. Also, the duplex drug reduced migration of
the ovarian cancer cells, inhibited clonogenic or spheroidal
growth, and influenced cellular pathways, DNA damage re-
sponse, and RNA metabolism [27]. One hour of incubation is
presumably not enough to metabolize SFAU-ECyd in sufficient
amounts, so that protracted incubation is required for SFdU-
ECyd to develop its high cytotoxicity, whereas oxaliplatin can
become active immediately upon its cell uptake.

Compared to the dose level of SFAU-ECyd, around 30 times
more oxaliplatin was required in this study to reduce the growth
of colon cancer cell lines to under 20% at 37 °C. At the same
time, however, this strong effect of the duplex drug also affect-
ed the non-malignant cells (normal human dermal fibroblasts),
leaving just a slight difference in sensitivity between normal
and tumor cells. Oxaliplatin, despite its weaker cytotoxic effect,
had the advantage of inhibiting the growth of non-malignant
cells less than the growth of colon cancer cell lines. It is an
important requirement for any novel cytotoxic drug to have a
greater impact on tumor than on normal cells. Low-dose appli-
cations can make a great difference to cell sensitivity, as exem-
plified by clear-cut differences in sensitivity between normal
and tumor cells being canceled at higher-dose applications of
the same drugs. Overall, the gastric and ovarian cancer cell
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lines, as well as non-malignant normal cells, were clearly more
sensitive to the cisplatin-doxorubicin combination than to the
duplex drug SFdU-ECyd in this study.

Several assumptions may be drawn from the results of the
present in-vitro study. By linking single drugs, novel conjugates
can be obtained that suggest themselves as alternative agents or
supplements whenever intraperitoneal chemotherapy is required
in the common event of platinum resistance. Furthermore, com-
bining SFAU-ECyd with standard antitumor drugs can presum-
ably contribute to intraperitoneal chemotherapy. Thermolabile
drugs are not an option for reducing tumor cell growth if intra-
peritoneal chemotherapy is provided, for example, in a single
session using HIPEC technology at 42 °C. During a multiple-
session approach under PIPAC conditions at 37 °C, advantage
can be taken of the benefits offered by sequential low-dose ad-
ministration of drugs. Cytotoxic efficacy will depend not only on
the cytotoxic potential of specific drugs but also on the dose-
dependent chemosensitivity of specific cells. Testing
chemosensitivity on the basis of cell lines allows the response
to drugs to be assessed in vitro, the ultimate goal being to guide
decision-making for intraperitoneal chemotherapy in patients
with peritoneal metastasis from gastrointestinal primary tumors.
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