




 

 
 
 
 
 
 
 
 
 
 
 
 

“Humankind has not woven the web of life. 

We are but one thread within it. 

Whatever we do to the web, we do to ourselves. 

All things are bound together. 

All things connect.” 

 

Chief Seattle, 1854 
  

To my patients
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Abbreviations  

4HC  
5Fu 
ADP 
ALP 
ASCO 
ATP 
BL 
CA125  
CHS 828     
       
CI                    
Cis  
CR 
CRC 1´ 
CRC liver 
CRC pc 
CRF 
CSC 
CT 
DiSC 
DLT 
Dmax 

DNA 
Dox 
Dtax 
ECOG   
EDCC 
EGFR 
FDA 
FEC 
FIGO   
FMCA 
GCP 
HER-2 
HIPEC 
IPC 

4-hydroperoxycyclophosphamide 
5-fluorouracil 
Adenosine diphosphate 
Alkaline phosphatase 
American Society of Clinical Oncology 
Adenosine triphosphate 
Borderline tumour 
Tumour antigen CA-125 
N-(6-(4-chlorophenoxy)hexyl)-N´-cyano-N´´-4-
pyridylguanidine 
Combination index 
Cisplatin 
Complete remission 
Colorectal cancer, primary 
Colorectal cancer metastatic to liver 
Peritoneal carcinomatosis of colorectal origin 
Case Report Form 
Cancer stem cell 
Computed tomography 
Differential staining cytotoxicity assay 
Dose limiting toxicity 
The most active single agent 
Deoxyribonucleic acid 
Doxorubicin 
Docetaxel 
Eastern Cooperative Oncology Group  
Empirically derived cut-off concentration 
Epidermal growth factor receptor 
Fluorescein diacetate 
5-fluorouracil-epirubicin-cyclophosphamide 
International Federation of Gynecology and Obstetrics 
Fluorometric Microculture Cytotoxicity Assay 
Good Clinical Practice 
Human epidermal growth factor receptor 2 
Hyperthermic intraperitoneal chemotherapy 
Intraperitoneal chemotherapy 
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i.v. 
KRAS  
MitC 
MTD 
NAD 
Nampt 
ND 
NHL                  
PAD 
PARP 
PC                  
pCR 
PD 
P-gp 
PK 
p.o. 
PR 
RNA 
RPTD 
SEM 
SI 
SSPC 
TKI 
Topo 
WHO 
                         

Intravenous 
v-Ki–ras2 Kirsten rat sarcoma viral oncogene homolog 
Mitomycin C  
Maximum tolerated dose 
Nicotinamide adenine dinucleotide 
Nicotinamide phosphoribosyl transferase 
Not done 
Non-Hodgkin lymphoma 
Pathological Anatomical Diagnosis 
Poly (ADP-ribose) polymerase 
Peritoneal carcinomatosis 
Pathological complete remission 
Progressive disease 
P-glycoprotein 
Pharmacokinetics 
Per oral 
Partial remission 
Ribonucleic acid 
Recommended phase II dose 
Standard error of mean 
Survival index 
Serous surface papillary carcinoma 
Tyrosine kinase inhibitor 
Topotecan 
World Health Organization 
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Introduction 

Chemotherapy of malignant tumours  
During World War II, the cytotoxic effect of nitrogen mustard on lymphoid 
tissues was detected, leading to the first documented treatment of a patient 
with lymphoma [1]. Today, many different treatment modalities exist against 
malignant disease, such as surgery, radiotherapy, chemotherapy, hormonal 
therapy, immunological therapy and molecular targeted therapies. In many 
cancer forms in advanced stages, e.g. non-small cell lung cancer, pancreatic 
cancer and prostate cancer, chemotherapy may have a palliative effect or just 
a modest influence on survival. In other cancer types, e.g. breast cancer, 
ovarian cancer, small cell lung cancer and colorectal cancer, the survival 
may be considerably improved by chemotherapy. However, some malignan-
cies, e.g. some leukemias and lymphomas, choriocarcinoma and germ cell 
tumours, can be cured by chemotherapy even in advanced stages [2].  

Conventional cancer chemotherapeutic agents may be classified in differ-
ent ways. Some classifications are based on their molecular structure, but 
most commonly they are classified according to their mechanisms of action. 
However, some of these drugs have several mechanisms of action, and may 
consequently be included in several different classes of drugs, and for some 
of them, the exact mechanisms of action are not known. A classification 
according to the mechanism of action of cytotoxic drugs approved for mar-
keting in Sweden in 2000 is shown in Table 1 [3]. This table includes 44 
substances of which one is no longer marketed in Sweden (miltefosine).  

Today, the number of cytotoxic substances has more than doubled, with 
approximately one hundred substances marketed in Sweden today. Apart 
from classical cytotoxic agents, a great expansion has occurred for new 
classes of molecularly targeted drugs, such as monoclonal antibodies and 
protein kinase inhibitors. In addition, different hormonal therapies (hor-
mones, antihormones), immunostimulating agents and immunosuppressive 
agents are also being used in cancer therapy. 
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Table 1. Cytotoxic drugs approved for marketing in Sweden in 2000 according to 
generic names and principal mechanism of action [3].                      

Alkylators and alkylator-like drugs 
Cycklophosphamide 
Ifosfamide 
Chlorambucil 
Melphalan 
Epirubicin 
Busulfan 
Thiotepa 
Mitoxantrone 
Lomustine 
Cisplatin 
Carboplatin 
Mitomycin C 
Dacarbazine 
Temozolomide 
Altretamine 
Oxaliplatin 

Topoisomerase inhibitors 
Etoposide 
Teniposide 
Topotecan 
Doxorubicin 
Daunorubicin 
Idarubicin 
Amsacrine 
Actinomycin D 
Irinotecan 

Antimetabolites 
Methotrexate 
Mercaptopurine 
Thioguanine 
Cladribine 
Fludarabine 
Cytarabine 
Fluorouracil 
Gemcitabine 
Hydroxycarbamide 

Microtubule interacting agents 
Vincristine 
Vinblastine 
Vindesin 
Vinorelbine 
Paclitaxel 
Docetaxel 
Estramustine 

DNA interaction 
Bleomycin 

Amino acid depletion 
Asparaginase 

Membrane perturbation 
Miltefosine 

 

 
The mechanisms of action of the different groups of conventional cancer 

chemotherapeutic agents are considered to be as follows [4]:  
Anthracyclines such as doxorubicin, epirubicin and daunorubicin act by 

intercalating between DNA strands in cells, by inhibiting topoisomerase II 
activity and DNA synthesis and by causing chromatin structure rearrange-
ments.  

The taxanes paclitaxel and docetaxel bind to cellular microtubules and 
block their depolymerization, resulting in cell cycle arrest at mitosis and the 
subsequent induction of apoptosis.  
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The topoisomerase I inhibitors consist of the camptothecin family of 
drugs, including irinotecan and topotecan, and act by stabilizing a complex 
between the enzyme topoisomerase I and DNA, preventing DNA religation 
and inducing irreversible double-strand breaks and subsequent cell death via 
apoptosis.  

Epipodophyllotoxins, e.g. etoposide, comprise the major group of topoi-
somerase II inhibitors that interact with the topoisomerase II alpha and beta 
isoforms causing DNA breaks, which results in the induction of apoptosis.  

Nucleoside analogues are antimetabolites structurally similar to endoge-
nous cellular nucleosides (purines and pyrimidines) and compete with en-
dogenous nucleotides to inhibit a variety of cellular processes, including 
DNA replication. 5-Fluorouracil (5Fu) is incorporated into both RNA and 
DNA and binds to the enzyme thymidylate synthase and inhibits its activity,  
resulting in a reduction in both DNA replication and cell cycle progression.  

Alkylating agents, e.g. cyclophosphamide and cisplatin, form covalent 
bonds with DNA and disrupt DNA synthesis and replication.  

Vinca alkaloids such as vincristine and vinorelbine are a family of micro-
tubule-targeting agents that bind beta-tubulin and stimulate the depolymeri-
zation of microtubules, blocking cell cycle progression, resulting in growth 
arrest and cell death by the induction of apoptosis. 

Chemotherapy resistance 
There are many different factors that contribute to anticancer drug resistance. 
One group includes pharmacological and physiological factors such as drug 
metabolism and excretion and other host and tumour dependent factors that 
determine drug concentration and distribution in tumour tissue [5]. Another 
important group includes cell- or tissue specific pharmacodynamic resistance 
pathways. Some of these are p53 status, the activity of DNA repair path-
ways, reduced sensitivity to apoptosis, alterations of drug target molecules, 
tumour tissue pH, hypoxia and proportion of non-proliferating cells [6]. Ad-
ditional mechanisms for resistance are drug efflux pumps such as P-
glycoprotein (P-gp), conferring resistance to a large number of unrelated 
compounds (‘multidrug resistance’) and different factors influencing drug 
biotransformation and/or inactivation [6]. Resistance to the new tyrosine 
kinase targeted therapies may also involve target gene and protein changes 
such as mutations, amplifications, deletions, overexpression, structural modi-
fications and activation of alternative signalling pathways [7]. 

Cellular resistance may be inherent, present in tumour cells at diagnosis, 
or acquired, developing during tumour evolution and treatment [8]. There 
are different molecular mechanisms for resistance for different types of 
drugs. Thus, for platinum drugs decreased uptake or increased efflux of the 
drug into the tumour cell, drug inactivation, activation of DNA repair 
mechanisms, and avoidance of apoptosis have been described [9]. For tax-
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anes corresponding mechanisms are alterations of the tubulin target and 
microtubules, altered signalling pathways of cell cycle and apoptosis, and 
overexpression of multidrug efflux pumps such as the P-gp [10].  

Current chemotherapy recommendations are generally based on empirical 
knowledge and results from randomized clinical trials using standardized 
regimens in large patient cohorts. However, these recommendations may not 
always be optimal for the individual patient. In the clinic, chemotherapy is 
often given by a ‘trial and error’ principle: if the first treatment did not suc-
ceed, another one is tried. This approach, however, has obvious drawbacks. 
The tumour may grow during ineffective treatment, the patient may develop 
side effects diminishing the tolerance for the next treatment, or drug resis-
tance may develop. Because of this, attempts are made to individualize can-
cer therapy, for example using in vitro chemosensitivity testing [11]. 

Combination chemotherapy, drug interactions and scheduling         
The improvement of the results of cancer chemotherapy during the last dec-
ades is partly due to the development of new agents and partly due to the 
increased administration of drug combinations [12] but also of other factors 
such as improved supportive care. Most chemotherapy regimens used today 
are combinations of several active agents and the following principles are 
commonly used for the development of new regimens: only agents effective 
for the disease treated should be used, each at its maximum dose tolerated in 
the combination, each agent should have a different mechanism of action 
and spectrum of toxicity, and drug combinations should be administered in 
shortest interval possible based on recovery of normal tissue [13].  

The superior results achieved by combination chemotherapy compared to 
the use of single agents can be explained in several ways. Clones resistant to 
single agents are often present at diagnosis, even in clinically responsive 
tumours. Tumours that are initially sensitive often rapidly acquire resistance 
to single agents, either due to selection of a pre-existing resistant clone of 
cells, or an increased mutation rate. Combination chemotherapy provides a 
broader range of coverage of initially resistant clones, and synergistic inter-
actions between the component drugs may enhance the efficacy of the treat-
ment or allow decreasing the dosage to avoid toxicity while maintaining the 
efficacy [14] and slow down the development of resistance [15]. In addition, 
combining agents with non-overlapping toxicity may make it easier to main-
tain a higher dose intensity in order to obtain maximal cell kill. 

Individual drugs may influence the effects of each other due to interac-
tions. These may be due to either pharmacokinetic effects (absorption, dis-
tribution, metabolism, excretion) or pharmacodynamic effects (due to inter-
action at the drug target). Pharmacodynamic interactions may be studied 
using in vitro chemosensitivity assays [16]. Interaction is defined as the ef-
fect of a combination that differs from that expected from the individual 
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dose-response curves of the individual component drugs. Zero (additive) 
interaction is generally considered to be analogous to a combination of a 
drug with itself [17]. Interactions between drugs may be classified as an-
tagonistic, additive or synergistic. Synergism is generally defined as an ef-
fect more than additive, and antagonism as an effect less than additive [18]. 

Drug scheduling and the route of administration may influence the clini-
cal effect and the toxicity profile, and interactions between component drugs 
in a drug combination may also be schedule and dose dependent [19, 20].   

Peritoneal carcinomatosis  
Peritoneal carcinomatosis (PC) is in most cases associated with advanced 
tumours arising from the gastrointestinal tract or ovaries. A specific type of 
peritoneal cancer, pseudomyxoma peritonei, is considered to originate from 
a primary tumour in the appendix. There are also rare types of primary peri-
toneal cancer, such as peritoneal mesothelioma and primary serous surface 
papillary carcinoma (SSPC) of the peritoneum. 

Peritoneal carcinomatosis has previously been considered to be an incur-
able form of malignant disease, and the intention of treatment has been pal-
liative. However, results from several studies have shown that aggressive 
surgery aimed at removal of all macroscopic tumour, followed by intraperi-
toneal chemotherapy (IPC), may produce prolonged long-term survival and 
even cure [21-26]. 

The most recent development in the management of PC is the intraopera-
tive use of hyperthermic intraperitoneal chemotherapy (HIPEC) based on in 
vitro findings of an increase in the efficacy of chemotherapy on tumour cells 
by increasing the temperature of the drug solution to approximately 42°C 
[26-28].  

The individual therapeutic impact of cytoreductive surgery and IPC, re-
spectively, has not been fully clarified for all PC tumour types [29]. How-
ever, at least in ovarian cancer, IPC adds benefit to cytoreductive surgery 
and systemic chemotherapy, as indicated by randomized trials [30, 31]. The 
selection of drugs for IPC has mostly been based on extrapolation from the 
effects of systemic administration, pharmacodynamics properties, hyper-
thermic enhancement, technical feasibility, pharmacokinetics and tolerance 
[30, 32-34].  

Ovarian cancer  
Ovarian cancer is the ninth leading type of female cancer in Sweden, ac-
counting for about 3% of all cases [35]. The peak incidence is at 60-64 years 
of age. The number of new cases in Sweden was 740 year 2009 [35]. The 
estimated number of new cases worldwide was 225.000 year 2008, and the 
estimated number of deaths was 140.000 worldwide 2008 [36].  Ovarian 
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cancer is the most lethal of all gynaecological malignancies, with an overall 
five-year survival rate of 48% [37].   

Ovarian cancer is staged surgically according to International Federation 
of Gynecology and Obstetrics (FIGO) staging system [38]. About two thirds 
of the patients are diagnosed in advanced stages of disease (stage III-IV) 
with tumour spread in the abdominal cavity or other parts of the body [37]. 

Approximately 90% of ovarian cancer is of epithelial type, and these tu-
mours have generally been considered to arise from ovarian surface epithe-
lium. Epithelial ovarian cancer is divided into the following major subtypes: 
seropapillary (serous), mucinous, endometrioid and clear cell cancer [39]. 
The serous type is the most common type, accounting for approximately 70-
80% of cases, while the endometrioid, mucinous, clear cell and mixed types 
account for about 10-15%, 3-5%, 5-10% and 5%, respectively [40].  

The most commonly used grading systems are the FIGO and WHO sys-
tems containing 3 grades, but also a 2-tier grading system for serous cancer 
has been proposed [41]. Clear cell carcinoma is considered to be a high-
grade carcinoma by definition. More recently, a new system for classifica-
tion of epithelial ovarian cancer has been proposed, based on morphologic 
and molecular genetic studies, and consisting of two groups designated Type 
I and Type II [42]. 

In advanced ovarian cancer, surgical tumour reduction followed by sys-
temic chemotherapy is the treatment of choice [43]. Combination of pacli-
taxel and carboplatin is the current gold standard treatment regardless of 
histologic subtype. Although first line treatment is effective in most patients, 
the disease will relapse in a majority of patients. In this situation, chemo-
therapy is generally less effective but the patient may respond to repeated 
platinum based treatment and also a number of other drugs show some activ-
ity [44]. Different prognostic factors for ovarian cancer have been reported. 
In early stages (stage I-II) age, substage, grade, cytology, DNA ploidy and 
pre-treatment CA125 level have been considered to be prognostic factors 
[45, 46], and among those considered to be important in advanced stages 
(stage III-IV) are age, performance status, tumour histology and residual 
tumour volume after cytoreductive surgery [47, 48]. 

In vitro prediction of response to cytotoxic drugs 
Chemosensitivity testing in vitro implies determination of the cytotoxic ef-
fect of anticancer drugs [49]. Sensitive, specific, and accurate methods to 
assay drug sensitivity are needed to screen new therapeutic agents, to iden-
tify patterns of sensitivity and cross-resistance for different tumour types, to 
identify genomic and proteomic profiles associated with sensitivity, to corre-
late in vitro response with clinical outcomes for a particular agent and to 
tailor chemotherapy regimens to individual patients [11].   
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Identifying which tumour types and what subtypes (e.g., based on histo-
pathology, differentiation status or growth rate) within each tumour category 
that might respond to an agent is essential, and by identifying inactive drugs, 
individual patients can be spared ‘standard chemotherapy’ and the associated 
toxicity. If the patient’s tumour is unresponsive to therapy, the oncologist 
may be able to offer alternative or experimental treatments earlier, when the 
tumour burden is less heavy and the drug therapy may have a better chance 
of succeeding.  

The first experiments to evaluate the drug sensitivity of tumour cells from 
patients were made by Black and Spear in 1954 [50]. Various improvements 
in chemosensitivity testing in vitro have been made since then, and today 
numerous assays are available [51, 52]. They can be divided into two main 
groups, cell proliferation (or clonogenic) assays and total cell kill assays [49]. 

The Fluorometric Microculture Cytotoxicity assay (FMCA)  
The semi-automated fluorometric microculture cytotoxicity assay (FMCA) 
has been developed and used for individualized drug selection in patients 
and in new drug development [53, 54]. It is a short-term in vitro drug sensi-
tivity assay based on the concept of total cell kill in the whole tumour cell 
population. It is easier to perform and less time consuming than the clono-
genic assay, but requires a fairly pure tumour cell population, as it cannot 
distinguish between normal and malignant cells.  

The measurement of cell death is based on membrane disintegration, a 
late and irreversible step in the cell death process, and measurement of fluo-
rescence generated by cellular hydrolysis of fluorescein diacetate (FDA) to 
fluorescein by viable cells after 72 h culture in microtiter plates [49]. FDA is 
a lipid-soluble molecule which readily penetrates cell membranes, and viable 
cells contain cytosolic esterases which cleave the dye to non-lipid-soluble 
fluorescein, which is concentrated in cells with an intact membrane.  

The FMCA is simple and rapid and seems to report clinically relevant cy-
totoxic drug sensitivity data. The technical success rate in solid tumours is 
about 70% and in haematological malignancies about 85%. The intra- and 
inter-assay variations have been estimated to be less than 5% and less than 
10-15%, respectively [55, 56]. Earlier reports of the capability of the cell 
death end-point to identify general disease-specific activity patterns of a 
diverse spectrum of drugs were confirmed using the FMCA [54, 57]. A good 
correlation has been shown to the Differential staining (DiSC) assay [58]. 

New drug development 
Recent progress in tumour cell biology has formed the basis for development 
of new cancer drugs. A step forward has been the development of ‘targeted 
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drugs’ that interfere with the cellular signal pathways considered to provide 
the phenotypic characteristics of cancer cells [59]. Several such drugs are 
already approved and in routine clinical use. Although such ‘targeted drugs’ 
have provided a break-through in the treatment of some cancer types, treat-
ment progress in the major cancer diagnoses has been limited and there is 
still need for mechanistically new drugs for cancer therapy [60].  

New cancer drugs should optimally be based on drug targets that are pref-
erentially expressed in cancer cells compared with normal cells. In this re-
spect, recent efforts have tried to target signal transducing cell-surface recep-
tor tyrosine kinases [59, 60]. A more general abnormality of most tumour 
cells is the altered tumour cell metabolism known as the ‘Warburg phe-
nomenon’, characterized by increased glycolysis producing excess lactate 
also under aerobic conditions [61, 62]. This phenomenon may be advanta-
geous to the tumour cell but could also be exploited therapeutically by de-
velopment of drugs inhibiting glycolysis [62].  

Another approach for drug targeting in cancer, taking advantage of the 
metabolic properties of tumour cells, is to deplete the cells from nicotina-
mide adenine dinucleotide (NAD) [63]. NAD is an important co-factor in the 
oxidative phosphorylation chain, as well as a substrate for enzymes involved 
in genomic stability, apoptosis, cell signalling, stress tolerance and metabo-
lism [63-65]. NAD depletion leads to lowered ATP levels and inhibition of 
poly (ADP-ribose) polymerases (PARPs) that are involved in DNA repair 
[63, 66-68].  Since tumour cells have increased PARP activation, high ATP 
demands and inefficient ATP production through the Warburg effect, tumour 
cells would be expected to be more sensitive than normal cells to inhibition 
of NAD synthesis [63]. Thus, NAD synthesis inhibitors could provide an 
advantageous therapeutic ratio as cancer drugs, as supported by preclinical 
data [63, 68-70].  

NAD depleting drugs represent a new class of anticancer agents. Two 
NAD depleting drugs have so far reached the early clinical phase of devel-
opment as cancer drugs. These are FK866 and CHS 828 (now under devel-
opment as the prodrug GMX1777 for intravenous, i.v., administration [71]), 
which are both inhibitors of nicotinamide phosphoribosyl transferase 
(Nampt), a catalyst of the crucial step in the synthesis of NAD from nicoti-
namide [64, 72-74].  

NAD depleting drugs also seem to be suitable for combination with can-
cer therapy producing DNA damage, e.g. alkylating drugs and radiotherapy 
[66, 73-76]. Especially when considering new trials in which NAD depleting 
drugs are to be combined with other cancer drugs or radiotherapy, it is im-
portant to have knowledge on the adverse effects profile to avoid serious 
overlapping toxicity.  
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Aims of the thesis 

 To assess the chemosensitivity in vitro of tumour cells from patients 
with different tumour types to the established drug combination FEC 
(5-fluorouracil-epirubicin-cyclophosphamide) and to its component 
drugs, and based on these data to analyse the types of interactions in 
the combination. 
 

 To assess the chemosensitivity in vitro of tumour cells for different 
drugs in various tumour types with peritoneal spreading, to provide a 
basis for improvements in the choice of drugs in intraperitoneal 
chemotherapy.  

 
 To investigate the chemosensitivity of tumour cells from ovarian 

cancer in vitro in relation to tumour and clinical characteristics and 
response, to provide a basis for improved and individualized drug 
selection.  

 
 To perform a phase I trial of the NAD depleting drug CHS 828 em-

ploying a new once weekly dosing schedule. 
 

 



 20 

Materials and Methods 

Patients, patient tumour samples and treatments 

Paper I 
Tumour samples from patients with different types of lymphohaematological 
(n=109) or solid tumours (n=134) were obtained at routine treatment or di-
agnostic workups at the Department of Clinical Pharmacology, Uppsala 
University Hospital between 1993 and 1995, and analysed for sensitivity to 
the drug combination FEC and its component drugs as a part of other drug 
sensitivity testing.  

Paper II 
Tumour samples from 103 patients with peritoneal carcinomatosis of gastro-
intestinal origin were analysed for drug sensitivity at the Department of 
Clinical Pharmacology, Uppsala University Hospital between 1993 and 
2006. Samples from patients with primary (n=20) or liver-metastatic (n=8) 
colon cancer and ovarian cancer (n=120) were included for comparison with 
the PC samples. In addition, samples from patients with renal cell carcinoma 
(n=22) and non-Hodgkin lymphomas (N=64) were included as drug resistant 
and drug sensitive reference tumour types, respectively.  

Paper III 
Ovarian cancer tumour samples analysed for drug sensitivity at the Depart-
ment of Clinical Pharmacology, Uppsala University Hospital, between 
March 1992 and March 2001 were included in this study. The initial histopa-
thological slides at diagnosis were then reviewed and the diagnoses were 
revised by a specialist in gynaecological pathology. After this review, sam-
ples from tumours that were not considered to be consistent with epithelial 
ovarian cancer, borderline tumour (BL) or primary peritoneal cancer were 
excluded, leaving for further analyses 125 samples from 112 patients. Two 
samples were obtained from each of 13 patients. 

Papers I-III 
All sampling for the in vitro analyses was approved by the research ethical 
committee of the Uppsala University Hospital. 
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Paper IV 
This was a prospective single centre open label non-comparative phase I 
clinical trial of the NAD depleting drug CHS 828 (Leo Pharma, Ballerup, 
Denmark) performed at Uppsala University Hospital from 2000 to 2001. The 
primary objective was to determine the recommended phase II dose (RPTD) 
employing an oral (p.o.) once weekly dosing. Secondary objectives were to 
assess tumour responses and pharmacokinetics (PK) under fasting and non-
fasting conditions. The study was approved by the Medical Products Agency 
in Sweden and by the Uppsala University ethics committee. All patients 
gave a written informed consent to study participation. The study was per-
formed in accordance with Good Clinical Practice (GCP) and the Declara-
tion of Helsinki.  

 

Clinical and histopathological data and assessment of clinical outcome 

Papers I and II 
Histopathological data were extracted from the referral from the clinician to 
the FMCA analysis. 

Paper III 
Relevant clinical data (age at diagnosis, FIGO stage, tumour grade, cell type, 
extent of surgical debulking, type of primary chemotherapy and subsequent 
therapies, clinical responses to chemotherapy and tumour marker results) 
were extracted from patient records and entered into a database together with 
the results from the FMCA. For judgment of the response to each treatment 
lineage, the combined final response evaluation was used, based on clinical, 
surgical and/or radiological response and tumour marker results.  

Paper IV 
Toxicity and efficacy data were extracted from patient records and docu-
mented in the CRF. Toxicity was assessed according to the National Cancer 
Institute Common Toxicity Criteria. In the case of measurable disease, this 
was to be evaluated by imaging every 3rd cycle according to WHO response 
criteria. 

Tumour sampling and cell preparation (papers I, II and III) 
Tumour sampling by surgery, ultrasound guided biopsy or therapeutic re-
moval of ascites or pleural fluid was mostly part of the routine diagnostic or 
treatment procedures, but was done exclusively for the in vitro analysis in 
some cases. All sampling for the in vitro analysis was approved by the re-
search ethical committee of the Uppsala University Hospital.  

Tumour cells from solid tumour tissue were prepared by mincing the tis-
sue to < 2 mm3 pieces followed by digestion in collagenase as described 
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[58]. Tumour cells from ascites and pleural fluid were collected by centrifu-
gation at 300g for 5 min and the crude cell fraction was then purified on 
Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) gradients [55]. Leukemic 
samples were obtained from peripheral blood or bone marrow and were col-
lected in heparin tubes. Mononuclear cells were isolated by 1.077 g/ml Fi-
coll-Paque (Pharmacia, Uppsala, Sweden) density gradient centrifugation 
[56].  

Cytotoxic drugs and preparation of experimental plates (papers I, II and III) 
The drug concentrations used have been derived empirically to produce a 
clinically relevant spectrum of drug activity in various tumour types [54]. 
These drug specific cut-off concentrations are denoted empirically derived 
cut off concentrations (EDCC) [77, 78]. These correspond fairly well to the 
maximal plasma concentrations achievable in patients, whereas the total 
drug exposure is mostly higher in vitro than in vivo [79]. Due to shortage of 
tumour cells, all tumour samples were not investigated for all drugs in papers 
II and III.  

Experimental 96-well microtiter plates (Nunc, Roskilde, Denmark) were 
prepared with a total of 20 µl/well of drug solution at 10 (single drugs) or 30 
(combination) times the desired final concentration with a programmable 
pipetting robot (ProPette; Perkin Elmer, Norwalk, Connecticut). The plates 
were stored frozen at -70  C for up to two months until further use.  

FMCA procedure 
On day one, 180 l/well of the tumour cell preparation (50-100,000 and 10 
to 30,000 cells/well for samples of haematological and solid tumours, re-
spectively) were seeded in triplicate into V-shaped 96 well microtiter plates 
(Nunc, Roskilde, Denmark), prepared in advance with cytotoxic drugs as 
described above. Six blank wells received only culture medium and six wells 
with cells but without drugs served as controls. Under these culture condi-
tions, the tumour cells are in suspension as single cells or small cell clusters. 

The culture plates were then incubated at 37°C in humidified atmosphere 
containing 95% air and 5% CO2. After 72 h the plates were centrifuged 
(200g, 5 min), the medium was removed and the cells washed once in phos-
phate buffered saline, followed by addition of 100 l/well of a physiological 
buffer containing 10 g/ml FDA. After incubation for 30 - 45 min at 37°C, 
the fluorescence from each well was read in a Fluoroscan 2 (Labsystems 
OY, Helsinki, Finland). 

Quality control and quantification of results 
Quality criteria for a successful assay included >70% tumour cells in the cell 
preparation prior to incubation and/or at the assay day, as checked by micro-
scopic inspection of stained cytocentrifuge slide preparations, a fluorescence 
signal in control cultures of  >5 x mean blank values and a coefficient of 



 23

variation in control cultures of  <30%. The results obtained by the indicator 
FDA are presented as survival index (SI) defined as the fluorescence of the 
test expressed as a percentage of control cultures, with blank values sub-
tracted.  

In Paper I, the survival fractions used in the model calculations (see be-
low) were SI values divided by 100. SI of  < 50% was used to define activity 
for a drug or the drug combination and sample sensitivity. The response rate 
was defined as the fraction of sensitive samples. Tumour samples with SI 
values for the most active single drug in the  > 50 - < 80% range were arbi-
trarily defined as intermediately sensitive and those with SI values > 80% as 
resistant.  

Drug interactions in the combination were tested according to the multi-
plicative concept [14] with the procedure and terminology used by Sondak et 
al [16]. In the additive model the survival fraction of the combination is ex-
pected to be equal to the product of the survival fractions of its constituents. 
In the Dmax model the combination is expected to produce a survival fraction 
not below that of the most active single agent (an effect not greater than for 
the most active single agent alone). Observed effects for a combination be-
tween these two models would represent sub-additive effects, observed SI 
values for the combination above Dmax would indicate true antagonism 
whereas survival fractions below those predicted by the additive model 
would indicate synergy [14].  

For in vitro – in vivo comparisons at the individual patient level (paper 
III), the in vitro sensitivity was defined according to the sensitivity of the 
best drug tested that was actually given to the patient. If not all drugs given 
to the patient were tested, the sample was excluded from this analysis. Tu-
mour samples with an SI value < median in the group of samples analysed 
were defined as sensitive, and those with an SI value > median as resistant in 
vitro. Post-test probabilities of response were calculated using Bayes´rule. 

Statistical analysis 
In Paper I, statistical calculations were made in Statview (Abacus concepts, 
Berkeley, CA) for Macintosh. The additive and Dmax models for studying 
drug interactions were compared with the non-parametric sign test.  

In Paper II, to analyse cross-resistance between selected drugs the Spear-
man rank correlation coefficient was determined. The slope of the regression 
line was calculated with the least squares method. For the comparison of SI 
values between different tumour types, statistical inferences were calculated 
using the non-parametric Kruskal-Wallis test and, for pairwise comparisons 
between tumour types, post hoc Mann-Whitney test, with Bonferroni correc-
tion for multiple testing. The statistics software used was GraphPad Prism 
version 4.00 for Windows (GraphPad Software, San Diego, CA, USA). 

In Paper III, for the comparison of SI values between different histologic 
subtypes, statistical inferences were calculated using the non-parametric 
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Kruskal-Wallis test and, for pairwise comparisons between tumour types, 
Mann-Whitney test, with Bonferroni correction for multiple testing. For 
analysis of correlations (‘cross-resistance’) between SI values for selected 
drugs the Spearman rank correlation coefficient was calculated. For com-
parison between in vitro sensitivity and clinical response 2x2 contingency 
tables were constructed and statistical significance was calculated with 
Fisher´s exact test. The statistics software used was GraphPad Prism version 
4.00 for Windows (GraphPad Software, San Diego, CA, USA). 

In Paper IV, descriptive statistics only was used. 
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Results and Discussion 

Paper I.  
A total of 243 patient samples, 134 from solid and 109 from lympho-
haematological tumours, were tested in vitro for the FEC combination and 
for its single drug components, 5-fluorouracil, epirubicin and cyclophos-
phamide, using the FMCA.  

Using a cell survival of < 50% as a limit for drug activity and sample sen-
sitivity, the overall response rates for the most active single drug (Dmax) and 
for the combination were 56 and 64%, respectively. The relative response 
rates for the different tumour types were similar to the response rates known 
from clinical experience. When judging the activity both by using Dmax and 
the combination principles, 86% of all samples showed concordance between 
these methods. For samples being sensitive to at least one single drug, 95% 
were also sensitive to the combination, whereas for samples with insignificant 
Dmax effect, only 2% were sensitive to the combination. Consequently, the 
effect of the combination was generally well predicted from the Dmax effect.  

In the samples showing response to the most active single agent, mostly 
only subadditive interactions were observed. The samples resistant to the 
most active single agent showed high fractions of synergistic and antagonistic 
interactions, but they did not affect the judgment of the activity for the com-
bination. However, for tumour samples being intermediately sensitive to sin-
gle drugs, with cell survival in the range >50 - <80%, synergistic and additive 
interactions resulted in 45% of the samples being converted to responders on 
the combination (Table 2). Thus, the superior antitumor effect of drug combi-
nations compared with single drugs may, in most cases, be due to the higher 
chance of selecting an active agent, but for intermediately sensitive tumours, 
additional interaction effects of a combination may be of clinical significance.  

However, there are several important differences between the in vitro drug 
exposure and the clinical treatment situation, and extrapolations from the 
present and similar results to the clinical situation should be made carefully. 
For most drugs, the drug exposure is usually considerably higher in vitro than 
in the patients, which could mask important interactions in vivo. Furthermore, 
each drug and combination was only tested at one concentration due to the 
limited availability of tumour cells, which precludes a more thorough drug 
interaction analysis using isobolograms. Finally, the possible significance in 
the clinic of drug scheduling and cell cycle specific effects is lost in vitro.  
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Table 2. Relationship between the cytotoxic activity of the FEC combination and its 
most active single component.a 

Dmax FEC 
SI < 50% 
n      (%) 

FEC 
SI > 50% 
n    (%) 

Total n 

SI < 50% 
50% < SI < 80% 
SI > 80% 
Total n 

130  (95) 
  26  (45) 
    1    (2) 
157 

  7    (5) 
32  (55) 
47  (98) 
86 

137 
  58 
  48 
243 

a The table shows the frequencies of the indicated SI categories for the most active single drug 
(Dmax) and the corresponding distribution for the FEC combination for the same set of sam-
ples. The number of samples in each category is shown with the percentage of samples in 
each Dmax category within parentheses. 
Abbreviations: Dmax – activity of the most active single agent; FEC – 
5Fu+epirubicin+cyclophosphamide; SI – survival index. 

Interaction analyses according to the Multiplicative (fractional product) 
method depend on the assumption on an exponential concentration-response 
relationship for each drug, and this method is not valid for drugs with linear 
or sigmoid dose-response curves [17]. In addition, combination effects may 
differ between effect levels and drug ratios. The isobole method is based on 
dose-effect analysis and is a generally valid method for analysing interac-
tions between agents irrespective of their mechanisms of action or the nature 
of their dose-response relations [80]. The term ‘synergy’ may erroneously be 
applied if the data are not properly analysed by isobologram and combina-
tion index (CI) methods using a larger range of concentrations [17, 80]. 

Short-term in vitro drug sensitivity assays have raised the possibility of 
predicting clinical outcome and selecting optimal components for chemo-
therapeutic protocols for individual patients. Drug combinations are often 
used to circumvent the emergence of drug resistance, enhance drug efficacy, 
and reduce toxicity. Although the majority of patients are treated with drug 
combinations, the assays have, so far, mostly tested single agents. Unde-
tected interactions between drugs could constitute a source of false predic-
tions in these assays. Thus, the issue of drug interactions among the drugs of 
a combination is also of importance for the application of these assays as 
well as in new drug and chemotherapy development.  

To conclude, testing of the single component drugs separately seems suf-
ficient in most cases, but for tumour types with intermediate drug sensitivity 
in vitro and in the clinic, such as breast and ovarian carcinoma, testing of 
combinations may improve the performance of the tests by identifying pos-
sible advantageous drug interactions. 
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Paper II.  
The cytotoxic effects of seven drugs used for intraperitoneal chemotherapy 
were investigated in vitro, using the FMCA, in tumour cells from 131 pa-
tients with gastrointestinal tumours, and of these, 103 patients had peritoneal 
carcinomatosis of different origins. In addition, 120 samples from ovarian 
cancer patients were included for comparison with the tumours of gastroin-
testinal origin.  

There were significant differences in sensitivity for some of the drugs 
tested between the different tumour types of the peritoneal carcinomatosis 
entity, most pronounced for cisplatin, irinotecan and doxorubicin. Ox-
aliplatin showed a sensitivity profile similar to that of cisplatin, with a possi-
ble exception for ovarian cancer. Mitomycin-C and 5-Fu showed limited 
activity for most tumour types at the concentrations tested (Fig 1).  

For the gastro-intestinal tumours, cisplatin showed high cross-resistance 
with oxaliplatin but modest cross-resistance with doxorubicin and irinotecan. 
Cross-resistance between the non-platinum drugs was modest or low. No 
significant cross-resistance was shown between irinotecan and doxorubicin. 

The concentration-effect relationships for melphalan and irinotecan in in-
dividual samples showed great variability, from steep to absent, indicating a 
pronounced inter-individual variability in tumour cell sensitivity to increas-
ing drug concentrations (Fig 2). Thus, the highest concentrations tested pro-
duced a spectrum ranging from considerable to very low cytotoxicity. 

There are conceptual similarities between intraperitoneal chemotherapy 
and the FMCA. In the FMCA, single cells or cell clusters are exposed to 
drugs in a manner mimicking the IPC procedure. The ranges of the drug 
concentrations used are similar in both situations for the drugs investigated 
in this study. However, there are also obvious differences between these two 
situations. The drug exposure time is considerably longer in the FMCA. 
Furthermore, the FMCA does not mimic HIPEC in that the ambient tempera-
ture used is 37°C. 

The FMCA has been shown to reflect the mechanistic properties and the 
clinical activity of cytotoxic drugs at the tumour type level, and to predict 
the efficacy of cytotoxic drugs at the individual patient level in leukaemia, 
non-Hodgkin lymphoma, ovarian cancer and breast cancer [54, 81-83]. In 
accordance with this, the resistant and sensitive drug activity profiles of the 
tumour samples from renal cell cancer and non-Hodgkin lymphomas, re-
spectively, provide external validity to the data and support the notion of 
clinical relevance. 
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Figure 1. Cell survival, as a percentage of unexposed control (mean + SEM), for 
different tumour types at empirically derived cut-off concentrations of the drugs 
indicated. For statistical inferences (renal cell carcinoma and non-Hodgkin lym-
phoma not included), peritoneal carcinomatosis of colorectal origin (CRC pc) was 
used as a reference throughout. The bars with asterisks denote the tumour types that 
were significantly less (A, B, C) or more (D) sensitive than CRC pc. *p<0.05, 
**p<0.01, ***p<0.001 (after Bonferroni correction). ND, not done.                                                      
Abbreviations: CRC 1´ - Colorectal cancer, primary; CRC liver – Colorectal cancer 
metastatic to liver; CRC pc – Peritoneal carcinomatosis of colorectal origin; Pseu-
domyx – Pseudomyxoma peritonei; Appendix – Peritoneal carcinomatosis of appen-
diceal origin; Mesothel – Mesothelioma; Ovca – Ovarian cancer; Kidney – Renal 
cell carcinoma; NHL – Non-Hodgkin lymphoma. 
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Figure 2. Concentration–cell survival relationships for melphalan (A) and irinotecan 
(B) for the concentration range 0.01–50µg/ml. Tumour samples included (abbrevia-
tions as in Figure 1) were from Ovca ( ; n = 7), CRC pc ( ; n = 1) and Mesothel ( ; 
n = 3) for melphalan and CRC pc ( ; n = 5) and Ovca ( ; n = 3) for irinotecan. 

 
The selection of drugs for IPC has most often been based on local experi-
ence, technical feasibility, pharmacokinetic and tolerance. Based on our re-
sults, the optimal use of intraperitoneal chemotherapy would also require 
consideration of the general differences in drug sensitivity between different 
tumour types, as well as different individual drug sensitivity profiles and 
concentration-effect relationships for the tumours being treated. Conse-
quently, the highly specialized centres providing IPC should consider includ-
ing in vitro drug sensitivity testing for the selection of drugs for IPC, at least 
in situations with several empirically equivalent alternatives. 

0.01 0.1 1 10 100
0

20

40

60

80

100

120

A

CRC pc
Mesothel
Mesothel
Ovca
Ovca
Ovca
Ovca
Ovca
Ovca
Ovca

Melphalan concentration (ug/ml)

%
 c

el
l s

ur
vi

va
l

0.01 0.1 1 10 100
0

20

40

60

80

100

120
B

CRC pc
CRC pc
CRC pc
CRC pc
CRC pc
Ovca
Ovca
Ovca

Irinotecan concentration (ug/ml)

%
 c

el
l s

ur
vi

va
l



 30 

Paper III 
Clinical, histopathological and sampling variables were unevenly distributed, 
as expected from this heterogeneous patient population, but allowed for as-
sessment of differences in drug sensitivity in various tumour sample subsets.  

There were significant differences for sensitivity in vitro between differ-
ent grades of differentiation. Low-grade/borderline tumours were more resis-
tant to cisplatin (Cis), 4-hydroperoxycyclophosphamide (4HC), topotecan 
(Topo) and mitomycin-C (MitC) compared with high or medium grade tu-
mours (Fig 3). Also among the subgroup of seropapillary tumours, platinum 
sensitivity seemed inversely related to degree of differentiation (Fig 4). 
These observations are consistent with the clinical behaviour of these tu-
mours. 

There were also significant differences for sensitivity in vitro between dif-
ferent histologic subtypes (Fig 4). Seropapillary and clear cell tumours were 
the most sensitive subgroups in vitro for most of the drugs analysed. Muci-
nous tumours were significantly more resistant than seropapillary tumours 
for Cis, doxorubicin (Dox), 5-fluorouracil (5Fu) and MitC. Endometrioid 
tumours were significantly more resistant to Dox compared to seropapillary 
tumours. These results are partly in line with previous observations of sig-
nificant differences in chemosensitivity in vitro between different histologic 
subtypes [84]. 

Also clinically, mucinous tumours were generally platinum resistant and 
seropapillary tumours more platinum sensitive, at least initially. For the 
seropapillary and mucinous tumours, the in vitro findings were in line with 
clinical experience. On the other hand, clear cell tumours are generally not 
considered to be very platinum sensitive clinically.  

Most drugs showed a fairly similar pattern of sensitivity between the dif-
ferent subtypes, except for Dtax, showing an inverse pattern of sensitivity 
compared to the other drugs (Fig 4). This implicates that for some subtypes, 
notably the mucinous, inclusion of a taxane drug might be more important 
than for other subtypes. However, to our knowledge clinical data supporting 
this notion are lacking. 

The activities of all the drugs tested, except Dtax, showed a significant 
and quite strong positive correlation with Cis activity indicating cross-
resistance that should be considered when selecting drugs for combination 
treatment. The activity of Cis did not significantly correlate with that of 
Dtax, on the other hand. Thus, combining Cis and Dtax could provide a 
broader spectrum of anti-tumour activity. This is in line with previous find-
ings [85] and with the fact that the combination of a platinum and a taxane 
has shown the best response rates in clinical trials and is the standard pri-
mary chemotherapy for ovarian cancer today. 
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Figure 3.  Survival index (median – band in box; 25th and 75th percentiles – bottom 
and top of box; range – between ends of whiskers) in solid samples of different 
grades at empirically derived cut-off concentrations of the drugs indicated. Data for 
5Fu are not shown. For some drugs and subgroups, there were less than 5 observa-
tions. These are: 4HC medium grade (4) and Topo medium grade (2).                    
Abbreviations: High gr – high grade; Med gr – medium grade; Low gr/BL – low 
grade/borderline. 

 
For the reasonably homogeneous group of seropapillary high-grade tumours, 
untreated solid samples tended to be slightly more drug sensitive compared 
with treated solid samples. These data should be interpreted with caution due 
to the problem of patient selection by treatment, but provide some support 
for the notion of acquired cellular drug resistance from chemotherapy [86]. 
    In five patients, two tumour samples were obtained at the same occasion, 
and these samples showed almost identical Cis SI values in both samples. 
This indicates that concurrent tumour subclones with varying drug sensitiv-
ity may not be common in ovarian cancer. For six patients the two samples 
were obtained at different occasions, and these showed larger differences 
between Cis SI values, but the second sample could be either more or less 
sensitive compared with the first one. This observation may indicate devel-
opment of tumour subclones over time and/or by treatment, which could 
make conclusions on the drug sensitivity based on prior tumour samples 
hazardous.   
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Figure 4. Survival index (mean+SEM) in different histologic subtypes at empiri-
cally derived cut-off concentrations of the drugs indicated. For the seropapillary 
subtype (Ser) data are also presented according to histologic grade.  
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SI values for different clinical response categories were analysed in the 

largest homogeneous subgroup of seropapillary high- or medium-grade solid 
tumour samples. Median SI values for responders (CR and PR) were lower 
than those for non-responders (SD and PD) for several drugs, which indi-
cates a correlation between drug activity in vitro with that in the patient in 
ovarian cancer. However, there was a considerable overlap of SI values be-
tween the response categories. This pattern suggests that the clinical re-
sponse is also influenced by other tumour and patient related factors.  

Different factors that are known to affect clinical outcome are for exam-
ple patient age, tumour stage, tumour grade, histologic type, presence of 
ascites, and residual disease after primary cytoreduction [45-48, 87, 88]. In 
addition, treatment lineage, platinum free interval and combination vs single 
drug therapy have been shown to have an impact on response to treatment 
[89, 90]. Many of these factors are not reflected in an in vitro assay like the 
FMCA, which means that in vitro–in vivo correlations in individual patients 
will never be perfect. 

A problem when comparing in vitro chemosensitivity to clinical response 
in individual patients was the heterogeneity of the patient population. In the 
heterogeneous, crude, mix of solid and fluid samples from untreated and 
treated patients (n=47) with various characteristics, sensitivity and specific-
ity of the test were low, i.e. 76 and 42%, respectively, and the distribution 
was not statistically significant (Table 3A). Not unexpectedly, this method of 
comparison did not perform very well in this mix of sample and tumour 
types, since optimal performance of an in vitro assay is based on comparison 
of ‘like with like’.  

In the ‘crude limited’ analysis, the analysis was limited to solid samples 
only. Using this method the sensitivity and specificity of the test results ob-
tained were clearly better, 83% and 55%, respectively, and statistically sig-
nificant (Table 3B). Finally, in the ‘refined limited’ analysis, the analysis 
was restricted to the most homogeneous subgroup of patients in terms of 
histopathology, i.e. to those with solid samples of seropapillary high-
/medium-grade tumours, in order to more compare ‘like with like’. This 
reduced the number of evaluable patients to 18 but provided high sensitivity 
and specificity of 100 and 83%, respectively, and a statistically significant 
distribution (Table 3C). This could give support to the notion that different 
subtypes may represent separate diseases, and should be analysed separately. 
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Table 3. In vitro sensitivity vs clinical response. See text for method details. Num-
bers relate to the number of patients in each category. Abbreviations: Clinical Re-
sponse, CR or PR; Clinical No Response, SD or PD.  

 

A. Crude Classical Method 

FMCA/clin 
response 

Clinical Re-
sponse 

Clinical No 
Response 

Sum 

Test Sensitive 16 15 31 

Test Resistant 5 11 16 

Sum 21 26 Total 47 

Sensitivity 76%, specificity 42%, p = 0.23 

B. Crude Limited Method 

FMCA/clin 
response 

Clinical      
Response 

Clinical No    
Response 

Sum 

Test Sensitive 15 5 20 

Test Resistant 3 6 9 

Sum 18 11 Total 29 

Sensitivity 83%, specificity 55%, p = 0.048 

C. Refined Limited Method 

FMCA/clin 
response 

Clinical             
Response 

Clinical No    
Response 

Sum 

Test Sensitive 12 1 13 

Test Resistant 0 5 5 

Sum 12 6 18 

Sensitivity 100%, specificity 83% , p = 0.0007  
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When using this kind of a test in the clinic, also pre-test probabilities of 
response should be taken to account in the interpretation of the test results. 
This can be exemplified by interpreting the results in relation to treatment 
lineage. The clinical response rates of chemotherapy in the different lineages 
for all patients in our material were as follows: primary treatment 72%, first 
relapse 32%, second relapse 14%, third relapse 4% and fourth or later line-
age relapse 0%. Using the results from the Fisher´s test for solid samples, 
this gives the following post-test probabilities for response when the test 
result is ‘sensitive’ vs ‘resistant’: primary treatment 83% vs 44%, first re-
lapse 47% vs 13%, second relapse 23% vs 5%, third relapse 7% vs 1%, and 
fourth or later relapse 0% irrespective of test result.  

When analysing the serous aggressive tumours in a similar way, the post-
test probabilities for response were even higher when the test result was 
‘sensitive’, and zero when the test result was ‘resistant’, regardless of line-
age. However, the analysis of serous aggressive tumours only was based on 
a limited number of observations. 

Considering the post-test probabilities of response for the different line-
ages in all patients, it seems that for primary chemotherapy, due to the high 
pre-test probability of response, there still is a moderate chance of response 
even when the test is ‘resistant‘. On the other hand, in the late line relapses 
the post-test probability of response is still quite low, even if the test result is 
‘sensitive’.  

The response rate for primary chemotherapy is also dependent of the ex-
tent of surgical cytoreduction, with an excellent response rate for platinum-
taxane chemotherapy for patients with maximal surgical cytoreduction , and 
a significantly poorer response rate for those with >10 mm residual tumour 
nodules after surgery [88]. It seems that the situations in which an in vitro 
test would be most useful for patients with ovarian cancer would be in pa-
tients with non-optimal cytoreduction receiving primary chemotherapy, and 
in patients receiving chemotherapy for the first or the second relapse, when 
there still is a reasonable chance of getting a response.  

Several previous studies have been performed to compare in vitro chemo-
sensitivity and/or resistance and clinical outcomes in ovarian cancer [91-
108]. In seven of these studies no association was found between assay re-
sults and the main clinical endpoints. In eleven of these studies, significant 
associations were found between assay results and various types of short- or 
long term clinical endpoints.  

Part of our material of ovarian cancer samples was published earlier, as a 
part of a previous study by Csoka et al [82], with a comparison between in 
vitro sensitivity and clinical outcome in 45 patients, based on mixed pro-
spective and retrospective comparisons of solid and fluid samples and differ-
ent histologic subtypes and grades. The sensitivity and specificity were low, 
and it was suggested that the high number of false positive analysis results 
could at least partly be due to the heterogeneity of the material. Dividing 
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samples in more homogeneous subgroups to be analysed separately was 
suggested. 

The problem with study population heterogeneity was recognized also in 
our material. In order to reduce the influence of confounding factors and to 
improve test performance we suggest that in ovarian carcinoma, in vitro 
assays should be developed, analysed and interpreted separately in different 
subgroups with regard to sample type, tumour burden, histology and treat-
ment lineage, thus comparing ‘like with like’. It should be acknowledged 
that the individual in vitro – in vivo correlations presented here are based on 
limited data and should rather be regarded as explorative and in need of pro-
spective validation. However, the data are in agreement with a number of 
previous reports mentioned above on the performance of cell-based in vitro 
assays for prediction of drug activity, generally based on ‘crude classical’ 
analyses, but also point to the possible usefulness of more sophisticated mul-
tivariate principles for the in vitro – in vivo comparisons.   

In conclusion, different ovarian cancer subgroups exhibit dissimilar che-
motherapeutic drug sensitivity, which might need consideration in treatment 
decisions for this disease. Furthermore, in vitro assessment of ovarian cancer 
tumour cell chemotherapeutic drug sensitivity using a short-term assay based 
on the concept of total cell kill seems to report clinically relevant informa-
tion. If carefully interpreted with consideration of the limitations of in vitro 
testing, and taking other important factors into account, in vitro drug sensi-
tivity information could be useful in efforts to optimize treatment in individ-
ual patients with ovarian cancer. 

Paper IV 
The trial recruited eight heavily pre-treated patients with gastrointestinal or 
ovarian cancer. One patient deteriorated rapidly after inclusion and never 
received study drug. Patients were treated with CHS 828 p.o. at doses of 20, 
40, 60 or 80 mg once weekly for 3 weeks in 4 week cycles. The number of 
cycles administered ranged between one and three. No dose changes were 
made in individual patients. 

A recommended phase II dose (RPTD) could not be defined in accor-
dance to the protocol due to premature trial closure since further develop-
ment of per oral CHS 828 was stopped due to development of a CHS 828 
prodrug for i.v. infusion (GMX1777). However, drug related toxicity was 
observed at 40, 60 and 80 mg. Clinical toxicity was dominated by gastroin-
testinal problems such as nausea, vomiting, constipation, diarrhoea and 
subileus, and there was one case of gastric ulcer. One patient experienced 
grade 2 thrombocytopenia and another patient grade 3 anaemia. There were 
2 cases of grade 4 hyperuricaemia and two cases of grade 3 and 4 hypo-
kalaemia, respectively. The reasons of study withdrawal were progressive 
disease or medical deterioration in four patients, and study drug related ad-
verse events in four patients. 
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No clinical or objective signs of tumour response were observed. The lim-
ited amount of data obtained prohibited clear conclusions on CHS 828 
pharmacokinetics for this schedule. 

Additional five publications reporting adverse effects and efficacy from 
NAD depleting drugs in four early clinical trials were reviewed. These were 
phase I clinical trials including a total of 97 patients with advanced and often 
previously heavily treated malignancies. No objective tumour responses 
were observed in any of the trials. The most common study drug related 
toxicities were grade 3-4 thrombocytopenia and grade 2-4 anaemia. Throm-
bocytopenia was considered to be DLT in all trials. Grade 4 leukopenia was 
observed in one trial with a frequency of 3%. Gastrointestinal toxicity was 
reported with frequencies of up to 37% of cycles for grade 2 and up to 6% 
for grade 3-4. Gastrointestinal toxicities were considered to be a dose limit-
ing toxicity (DLT) in three of four trials. Fatigue and arthralgia/myalgia 
grade 3 were reported in up to 7% of the patients in some trials. Other less 
prominent adverse events reported were mucositis grade 2-3, esophagitis, 
haematuria, gastrointestinal bleeding, melena, hyperglycaemia, hypokalae-
mia, hypoalbuminaemia and elevated alkaline phosphatase (ALP). 

Compared with previous studies, thrombocytopenia was less pronounced 
than previously observed. On the other hand, gastrointestinal toxicities were 
even more pronounced in the present compared with previous studies. These 
observations could be related to the dose or the schedule, or the inclusion of 
patients in our trial with expected poor tolerance to drugs producing gastro-
intestinal toxicity, i.e. patients with advanced gastrointestinal or ovarian 
cancer.  

It is suggested that the deviation in our trial from the tolerance pattern 
previously published relates to the low number of patients included in our 
trial and their baseline characteristics rather than to treatment schedule and 
dosing. There is too limited data to allow for clear-cut conclusions on com-
parisons between CHS 828 and FK866 and between various routes of ad-
ministration and schedules. Still, i.v. compared with oral administration 
seems to be better tolerated with respect to gastrointestinal toxicity, the ad-
verse event profile from oral administration seems to be unrelated to sched-
ule and thrombocytopenia seems to be a class characteristic of these drugs.  

The limited experience of NAD depleting drugs so far indicates that 
thrombocytopenia and gastrointestinal toxicity need to be considered in the 
design of future clinical trials, both when used as single drugs and when 
combined with other drugs or radiotherapy expected to produce therapeutic 
synergy. 
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General discussion and future perspectives 

Tumour heterogeneity and microenvironment 
Tumour heterogeneity within a patient is an important factor in cancer che-
motherapy, and may cause uneven drug distribution in tumour tissue. Clini-
cally, this might explain why a tumour mass in one area responds to chemo-
therapy, whereas a separate site may remain stable or progress. There are 
reports of different drug concentrations in primary and metastatic tumours in 
the same individual [5]. Intra-patient response variations have been shown in 
the in vitro drug response of primary versus metastatic sites from the same 
patient in breast and ovarian cancer [83, 106]. Thus, in vitro test results for 
solid tumours from one site may not be representative for other sites within 
the same patient. 

Due to clonal heterogeneity, many human tumours are histopathologically 
diverse, containing regions of various degrees of differentiation, prolifera-
tion, vascularity, inflammation and/or invasiveness [109]. In addition, during 
the recent years, evidence has accumulated of the existence of a subclass of 
neoplastic cells within tumours, termed cancer stem cells (CSCs), also called 
tumour-initiating cells. They have the ability to self-renew, generate xeno-
grafts reminiscent of the primary tumour they were derived from and are 
chemoresistant [110]. These cells are considered to provide a reservoir of 
cells that can self-renew, maintain the tumour by generating differentiated 
cells (non-stem cells) which make up the bulk of the tumour and may be the 
primary source of recurrence [111]. Even if the majority of the tumour cell 
bulk is sensitive to a treatment, the remaining resistant stem cells may regen-
erate the tumour. In order to increase the solid tumour cure rates, it would be 
important to develop therapies targeted against these cancer stem cells. If 
cancer stem cells are important for the ultimate clinical outcome of cancer 
treatment, in vitro assays based on the concept of total cell kill in the total 
cell population could turn less relevant for long term outcome, unless there is 
a close relationship between drug sensitivity of the stem cells and the cells of 
the tumour bulk. The fact that there is good correspondence between clono-
genic and total cell kill assays indicate that this might be the case and argues 
in favour of a relevance of total cell kill assays also under a stem cell para-
digm. 

A tumour does not only consist of cancer cells. In carcinomas, the neo-
plastic epithelial cells constitute a compartment (the parenchyma) that is 



 39

clearly distinct from the mesenchymal cells forming the supporting tumour-
associated stroma consisting of endothelial cells, pericytes, immune inflam-
matory cells, cancer-associated fibroblasts and other cells [109]. Non-
malignant cells in the “tumour microenvironment” interact with malignant 
cells via complex signalling networks and contribute to the biological quali-
ties acquired during the multistep development of human tumours. To de-
velop more efficient cancer therapies, it may be important to target not only 
the malignant cells, but also the surrounding stromal cells [112].  

It has been claimed that cancer tissue culture in vitro may give an overop-
timistic evaluation of the potency of anticancer drugs, due to the persistence 
of drugs in the medium, the limited metabolism and the diffusion into the 
cancer cell monolayer (or suspension) [5]. In addition, when studying the 
sensitivity of tumour cells in vitro, the complex interactions between tumour 
cells and stroma will be missed. Other models are needed that can also re-
flect the conditions in solid tumours in vivo. Techniques such as tumour 
spheroids and other three-dimensional models may give important informa-
tion on the concentrations and diffusion of drugs in different tumour layers. 
Multicellular spheroids have been used for studying drugs in vitro, for ex-
ample in identification and characterization of new drug compounds of in-
terest in cancer therapy [113].  

Individualization of cancer chemotherapy and “assay-directed” therapy 
Developing approaches to individualize drug treatment as a function of tu-
mour cell sensitivity requires further attention. Individualization of cancer 
chemotherapy with different methods is being investigated, including in 
vitro chemosensitivity testing and ”assay-directed” chemotherapy. Accord-
ing to ASCO Technology Assessment 2004, these assays are not recom-
mended for use outside the clinical trial setting, however [114].  Randomized 
studies were considered necessary to assess the clinical utility of chemosen-
sitivity testing in vitro.  

One prospective randomized trial was performed by Cree et al [99], using 
assay directed therapy in ovarian cancer. The primary aim was to determine 
response rate and progression-free survival following chemotherapy in pa-
tients with platinum-resistant recurrent ovarian cancer, treated according to 
an ATP-based tumour chemosensitivity assay in comparison with physi-
cian´s choice. The trial showed a non-significant trend towards improved 
response and progression-free survival in favour of the assay-directed arm 
compared to the control arm; 31.5% of the patients achieved a partial or 
complete response in the physician´s choice group compared with 40.5% in 
the assay-directed group. The median progression-free survival was 93 days 
in the physician´s choice group and 104 days in the assay-directed group 
(intention-to-treat). There was no difference in overall survival, but 41% 
(12/39) of the patients who crossed over from physician´s choice to the as-
say-directed group obtained a response.  
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Interpreting the findings in this study is difficult. All patients had recur-
rent ovarian cancer deemed to be clinically platinum resistant, but the patient 
material in this study was heterogeneous, including all histologies and 
grades, both solid and fluid samples, the patients received both combination 
and single drug therapies, and the tumour load after primary or secondary 
surgery was not stated. It seems also that the proportion of platinum refrac-
tory patients was higher in the assay directed group. The use of combinations 
in the assay directed group was 89% and in the control group 64%. How-
ever, patients entering the physician´s choice arm during the first year did 
significantly worse than those entered in the subsequent years, which was 
interpreted as a “learning effect”, with increased use of combination therapy 
in the physician´s choice arm during the study, due to physicians adopting 
new innovative combinations developed in the assay directed arm.  

The authors concluded that the study may have been underpowered to de-
tect differences at the observed level. However, it should be noticed that the 
response rates in this study were quite high even in the control arm, consid-
ering the population included in the study, which might at least partly be due 
to adoption of new active combinations developed in the assay-directed arm. 
In addition, there seemed to be a “cross-over effect”, with many patients 
responding to assay-directed therapy, which would not be expected in this 
patient population. Thus, although this was a negative study, it provides 
several indications for a benefit from in vitro drug sensitivity testing for the 
optimal selection of chemotherapeutic drugs in individual patients. 

Molecular analyses 
Molecular tests, such as mutation analyses or gene expression profiles have 
been shown to have prognostic and predictive value in many cancer forms. 
Oestrogen receptor and HER-2 testing in breast cancer is routinely per-
formed today.  Also in other cancer types, increasing numbers of molecular 
tests are being investigated. Epidermal growth factor receptor (EGFR) muta-
tion testing in advanced non-small cell lung cancer is recommended, before 
first-line EGFR TKI therapy [115] and metastatic colorectal cancer patients 
with tumour KRAS mutations in codons 12 or 13 do not benefit from anti-
epidermal growth factor receptor therapy or panitumumab [116].  

Molecular analyses such as these may reveal important prognostic or pre-
dictive information. These tests can be used in specific situations, when a 
molecular marker or gene expression pattern is known to be associated with 
better or worse prognosis or resistance or sensitivity to therapy. However, 
cellular mechanisms are complex and several different molecular pathways 
may often be involved in drug resistance and clinical outcome. Therefore, 
cellular chemosensitivity assays may be more useful in some situations, by 
pragmatically analysing the whole cellular system irrespective of which mo-
lecular mechanisms may be involved. 
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Early clinical development of cancer drugs 
Cancer drug development has been shifting from development of cytotoxic 
chemotherapy to that of molecular targeted agents. Different mechanisms of 
action and different toxicity profiles may lead to that traditional oncology 
trial designs are no longer optimal for the development of these agents. Ef-
fective clinical trial design is needed both to filter agents as well as to ad-
vance promising agents rapidly into clinical development. Better preclinical 
models may indicate which tumour types are most sensitive to a specific 
agent, and to define which biomarkers should be used to choose patients 
with high chance of responding into clinical trials. 

Revised phase I and II clinical trial designs have been proposed in order 
to address some of the current challenges of drug development in oncology 
[117]. The maximum tolerated dose (MTD) and associated recommended 
phase II dose (RPTD) are the traditional end points in phase I trials as illus-
trated in the CHS 828 phase I trial. However, molecularly targeted agents 
often have a toxicity profile characterized by low grade, chronic adverse 
effects, and also ‘off-target’ effects, and many of these agents do not have a 
linear dose-effect relationship, and the desired biologic effect may occur at 
doses substantially lower than the RPTD. In addition, the traditional surro-
gate of efficacy, tumour response rate, may not be relevant, as the clinical 
benefit may result from stabilising the disease rather than from tumour   
regression, or may be apparent only in selected subsets of patients. New 
biomarkers such as functional imaging end points, pharmacodynamics 
changes in tissue or surrogate tissue biomarkers may have the potential to 
add value to phase I trials [118]. Tissue based biomarkers may be used to 
confirm that the agent is achieving the desired molecular effect or penetrat-
ing into the tumour.  

In Phase II trials, inclusion of biomarkers is equally applicable as for 
Phase I trials. I addition, molecularly targeted agents are likely to have effi-
cacy in selected populations of patients, and it is therefore desirable to be 
able to evaluate the agent in the population most likely to benefit, making 
enrichment (for a defined biomarker) attractive in the Phase II setting. In the 
absence of robust data supporting enrichment, it is suggested that a strategy 
of unselected enrolment could be used, the outcomes evaluated with bio-
marker data and, if necessary, additional patients with the putative biomarker 
could be included [119, 120].  

In vitro chemosensitivity testing in cell lines is routinely used in the de-
velopment of new drugs. Such testing constitutes an important tool in 
screening of compounds to identify those with potential for development 
into cancer chemotherapy.  

In subsequent drug development, testing in animals is important. In addi-
tion, promising agents may be tested in vitro for different tumour types, to 
gain knowledge if the drug may be more efficient in some tumour types and 
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less efficient in others. It could be fruitful to test patient tumour samples 
before including patients into phase II or even phase I trials, in order to at-
tempt to ‘enrich’ the patient population to be included, so that there will be a 
chance of getting a response. In vitro chemosensitivity testing could also be 
used as a part of prospective randomized trials, together with molecular and 
gene expression analyses. In vitro chemosensitivity testing using patient 
cells could also be used after drug approval. For example, testing combina-
tions for beneficial or harmful interactions may give useful information, and 
may facilitate the development of optimal drug combinations. 

Concerning the phase I study with CHS 828, there were no clinical re-
sponses, and also the other phase I studies with CHS 828 did not show any 
clinical responses. This may of course partly be due to the fact that the pa-
tients were heavily pre-treated, and the chance of response in such a popula-
tion is small. However, before performing phase II trials, additional testing 
of chemosensitivity in vitro in different cancer types should be performed, to 
find out which tumour types may be the most promising for treatment with 
this substance. In addition, tumours overexpressing nicotinamide phosphori-
bosyltransferase (Nampt) may have a better chance of responding to CHS 
828, and might preferably be chosen for further studies. For example, ovar-
ian cancer has been shown to overexpress Nampt, and could be an interest-
ing disease for further studies with this compound [121]. 
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Summary and conclusions 

 The effect of a drug combination in vitro was generally well pre-
dicted from the effect of the best component drug. Testing of single 
drugs seems sufficient in most cases, but testing of combinations 
could improve the performance of the tests by identifying advanta-
geous drug interactions, at least in intermediately sensitive tumour 
types.        

 
 For optimal selection of drugs for intraperitoneal chemotherapy, it is 

suggested to pay attention to the general differences in drug sensitiv-
ity between tumour types, as well as to individual drug sensitivity 
profiles and concentration-effect relationships for the tumours 
treated. 
 

 There were significant differences of drug sensitivity in vitro be-
tween different grades and histologic subtypes of epithelial ovarian 
carcinoma. High and medium grade non-mucinous tumours were 
more sensitive to platinum and to several other drugs than low grade 
and mucinous tumours. Using solid samples, correlation was shown 
between in vitro and in vivo sensitivity at the group and individual 
levels, especially when analysed in a histologically homogeneous 
subgroup. In vitro testing in ovarian cancer could be of value in pa-
tients receiving primary chemotherapy after non-optimal surgery and 
at first or second relapse. 
 

 The experimental drug CHS 828 is a mechanistically new and theo-
retically promising cancer drug inhibiting synthesis of NAD and 
subsequently leading to ATP depletion and cell death. However, in 
the accomplished phase I trials it was shown to produce dose limit-
ing thrombocytopenia and gastrointestinal toxicity but, so far, no 
evidence of substantial anti-tumour efficacy. 
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