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Abbreviations

ALL Acute Lymphatic Leukaemia 
AML Acute Myelocytic Leukaemia 
tBoc tertButoxycarbonyl- 
CLL Chronic Lymphatic Leukaemia 
CML Chronic Myelocytic Leukaemia 
CV Coefficient of variation 
DiSC Differential staining cytotoxicity 
DMSO Dimethyl sulphoxide 
EDC 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride 
FDA Fluorescein diacetate 
GSH Glutathione 
GST Glutathione-S-transferase 
FMCA Fluorometric microculture cytotoxicity assay 
HOBt 1-Hydroxybenzotriazole 
HPLC High performance liquid chromatography 
IC50 Concentration resulting in 50 % survival 
J1 melphalanyl-p-L-fluorophenylalanine ethyl ester (HCl) 
J3 L-Prolyl-melphalanyl-p-L-fluorophenylalanine ethyl ester (HCl) 
MDS Myelodysplastic syndrome 
MTD Maximum Tolerated Dose 
MTT [3-4,5-dimethylthiaxol-2-yl]-2,5-diphenyltetrazolium bromide 
NCI National Cancer Institute 
NHL Non-Hodgkin’s lymphoma 
NMR Nuclear Magnetic Resonance 
NSCLC Non-small cell lung cancer 
PBMC Peripheral blood mononuclear cells 
PBS Phosphate buffered saline 
PTC Peptichemio 
PyBOP [Benzotriazol-1-yloxy]tripyrrolidinophosphonium 

hexafluorophosphate 
P2 L-Prolyl-m-L-sarcolysyl-p-L-fluorophenylalanine ethyl ester (HCl) 
SCLC Small cell lung cancer 
SI Survival Index 
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1 Introduction

During the First World War, sulphur mustard was observed to cause 
leucopoenia, bone marrow aplasia, dissolution of lymphoid tissues and 
ulcerations in the GI-tract. These findings, which suggested that the (lethal) 
effect targets rapidly dividing cells, raised the idea that there could be a 
pharmacological implementation in diseases characterized by uncontrolled 
cell proliferation, e.g. leukaemia. 

The first clinical trial was presented in 1931. Sulphur mustard solution 
was applied topically onto, or injected directly into tumours in humans [1]. 
The procedure was subsequently abandoned due to the high toxicity in the 
patients, but the attempts to cure cancer with compounds of this type 
continued, and in 1942 nitrogen mustards were successfully used in clinical 
trials. The encouraging results were published in a review article by Gilman 
and Philips after the war [2]. This work is often considered as the beginning 
of modern cancer chemotherapy. 

Since those early works in the chemotherapeutic field, hundreds of 
compounds have been developed and used clinically. Most of these target 
cellular nucleic acids; by direct reaction (alkylating agents, platinum 
compounds), by synthesis inhibition (topoisomerase inhibitors, anti-
metabolites) or by interruption of the cellular machinery for separating the 
DNA-copies in mitosis (taxanes, vinca-alkaloids). Consequently, anti-cancer 
drugs often display high activity against proliferating cells or tissues with a 
large proportion of dividing cells. Unfortunately, most tumours have 
proportions of dividing cells similar to what is found in renewing normal 
tissues like the gastrointestinal mucosa, bone marrow, hair follicles and germ 
cells, contributing to a narrow therapeutic index for most of these 
compounds. However, correlation between the intrinsic sensitivity to 
chemotherapeutic agents and proliferation in various tumour types is often 
poor, suggesting additional aspects of mechanistic action and selectivity for 
these drugs [3]. During the recent years, much attention on this topic has 
been focused on the molecular mechanisms resulting in chemotherapy 
induced apoptotic cell death. Most cytotoxic drugs have been found to 
induce apoptosis, and cellular resistance may result from a genetic 
(mechanistic) inability to initiate this process [4].  
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In addition to chemotherapy, surgery and radiotherapy are cornerstones in 
the treatment of malignant diseases. Each of these three modalities is 
associated with specific risks and benefits, and therefore modern cancer 
treatment often uses combinations aiming at concentrating the cytoreductive 
properties while diluting the unwanted (i.e. normal cell toxicity and risk 
factors). In contrast to surgery and radiotherapy, which can be considered as 
local and regional therapies respectively, chemotherapy is mostly systemic, 
offering a treatment that potentially reaches metastatic cells even if their 
existence or foci are unknown. The systemic treatment is, of course, also 
associated with more extensive toxicity and thus there is an urgent need for 
chemotherapeutics with higher selectivity for malignant cells. During the last 
decade, resulting from expanded knowledge in tumour biology, several new 
and target-specific approaches have been presented. With few exceptions, 
however, early clinical trials with these compounds are discouraging, 
suggesting that the expanding knowledge might not easily translate into new 
substantially better anti-cancer drugs [5]. 

The alkylating agents have played an important role in the development 
of cancer chemotherapy, and today nine different compounds of this class 
are marketed in Sweden [6]. These can be further divided into five sub-
classes: the nitrogen mustard derivatives (cyclophosphamide, chlorambucil, 
melphalan, and ifosfamide), alkylsulfonates (busulfan), aziridines (thio-
TEPA), nitrosoureas (lomustine), and triazenes (temozolomide and 
dacarbazine).  

This thesis focus on alkylating peptides related to melphalan, a classical 
drug derived from nitrogen mustard and the natural amino acid L-
phenylalanine. The interest in this type of compounds is based on from 
previous experience with Peptichemio, an old Italian chemotherapy cocktail 
comprising six small peptides with covalently linked m-L-sarcolysin (an 
isomer of melphalan). 

1.1 Melphalan

1.1.1 History

Encouraged by the preceding two decades’ successful development of 
tumour- or leukaemia-inhibiting agents the British scientists Bergel and 
Stock, in the early fifties, began a work with cyto-active amino acid and their 
peptide derivatives. Bergel and Stock believed, based on recent results with 
serine-, phenylalanine- and alanine derivatives, that certain natural amino 
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acids or peptides might, when modified by appropriate groups, show 
antitumour activity, possibly by interaction with cellular constituents in such 
a manner as to interfere specifically with the nucleic acid or protein 
metabolism of malignant cells [7]. The first in a long series of publications 
focused on derivatives of phenylalanine, and inspired by the systematic work 
by Ross on aryl-bis-(2-chloroethyl)amines [8] the D, L, and DL-form of p-
bis(2-chloroethyl)aminophenylalanine were synthesised. Subsequent testing 
of the compounds yielded high activity of the L-form in a Walker rat 
carcinoma model, but only slight activity of the D-form [9, 10], suggesting 
that the natural absolute configuration yielded a product with higher ability 
to interact with natural cellular processes such as protein synthesis (or as 
later suggested active transport through amino acid transporters, see below). 
The lead compound p-L-bis(2-chloroethyl)aminophenylalanine was later 
named “Melphalan”, the name being derived from mustard-L-phenylalanine 
[11]. Some Russian scientists, working independently of Bergel and Stock, 
had already produced the DL-compound in 1953. Their results, which 
showed remarkable activity against certain tumours, especially sarcomas, 
were presented during a conference in Kiev during the summer of 1954 [12].
This racemic compound, initially named “Sarcolysine” by the Russians, has 
most often been referred to as “Merphalan” (r for racemic). Table 1 below 
summarises the different nitrogen mustard derivatives of phenylalanine and 
their common names. 
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Table 1 Structures and names of some different mustard substituted phenylalanines.

Structure Chemical name Name used in 

this thesis 

Other common 

names

p-bis(2-chloroethyl)-
amino-L-phenylalanine 

Melphalan L-Phenylalanine 
mustard, L-PAM, 
NSC-8806

p-bis(2-chloroethyl)-
amino-D-phenylalanine 

Medphalan D-PAM,  
D-Sarcolysine, 
NSC-35051

p-bis(2-chloroethyl)-
amino-DL-phenylalanine

Merphalan DL-PAM, 
Sarcolysine, 
NSC-14210

m-bis(2-chloroethyl)-
amino-L-phenylalanine 

m-L-Sarcolysin Meta-PAM, 
Meta-L-sarcolysin 
NSC-67781

o-bis(2-chloroethyl)-
amino-L-phenylalanine 

o-L-Sarcolysin Ortho-PAM, 
Ortho-L-Sarcolysin. 

The racemic compound merphalan was used clinically in Eastern Europe for 
a period of time, but never reached the same international use as the 
optically pure enantiomer melphalan. The reasons for this are unclear, but 
may relate to the early in vivo observations by Bergel and Stock [9, 10]. 
These findings of higher chemotherapeutic activity of melphalan compared 
to medphalan were later confirmed by others (including Russian scientists 
[13]). However, one of the most comprehensive efforts to compare the in
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vivo activity of alkylating agents was conducted at the US Cancer 
Chemotherapy National Service Center (published in 1965). The series of 
experiments covered in vivo toxicity and anti-tumour activity in rats and 
mice for twenty reference compounds (including melphalan and merphalan), 
thirty-nine other bis(2-chloroethyl)amino-derivatives, twenty aziridines and 
thirty-five methanesulfonates [14]. A clear tendency for increased cytotoxic 
activity (LD10) for L-forms of phenylalanine mustards (o-, m- and p-
substituted respectively) compared to D-forms (Table 14 in [14]) was found. 
The calculated therapeutic indices (LD10/ED90) did however, surprisingly, 
not at all convincingly favour the L-enantiomer. Of the twenty tested 
“standard alkylating agents”, melphalan yielded the best theraputic index in 
eleven of fifty-six different in vivo tumour models, and merphalan in nine 
(Table 33A in [14]). Notable however is the apparent low activity of 
merphalan when administered intravenously, especially in the case of ascites 
tumours. Considering the substitution pattern of the phenylalanine, the 
ortho-substituted compounds had a tendency of higher cytotoxic activity 
(LD10) than the meta-substituted compounds, which in turn were more toxic 
than the para compounds. Cytotoxic potential presented as LD10 in test 
animals was again not easily translated into clinical potential since m-L-
sarcolysin and melphalan in most cases presented similar therapeutic indices. 
However, similar to merphalan, m-L-sarcolysin never reached widespread 
clinical use in its pure form. 

1.1.2 Mechanism of action and cellular resistance 

The nitrogen mustard (i.e. bis(2-chloroethyl)amino) derivatives exert their 
cytotoxic action through covalent interaction with intracellular nucleophiles, 
especially DNA, as a result of the spontaneous formation of reactive cyclic 
aziridinium ion intermediates (figure 1). Difunctional agents, able to 
crosslink a DNA strand within a double helix (intrastrand), between two 
strands (interstrand) or between DNA and proteins, are more active than 
monofunctional agents. Cross-linking of DNA is probably the most 
important factor for the cytotoxic effect [15, 16], resulting in inhibitory 
effects on DNA replication and transcription, which subsequently leads to 
cell death. The reactivity of the nuclophilic sites in DNA relates to electronic 
and steric properties, as well as to the involvement in hydrogen bonds within 
the DNA double helix. Detailed studies have suggested that the N-7 position 
of guanine is the most susceptible site for alkylation [17]. The principal 
mechanistic events are outlined in the figure below. 
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Figure 1 Suggested pathway of DNA alkylation by nitrogen mustards. Structure to 
the right shows cross-linking of two guanine moieties in the DNA-structure (at the 
N-7 position).

Active transport of melphalan into cells by at least two different pathways 
has been demonstrated. At low concentrations the uptake is primarily 
mediated through the ASC-like amino acid system that also transport 
alanine, serine and cysteine, while the amino acid transport system L (which 
normally carries leucine and other neutral amino acids across the membrane) 
is predominant at high melphalan concentrations [18]. A differential 
expression of these two systems has been demonstrated for murine 
leukemias in comparison to hematopoietic precursor cells, implicating for 
the design of more selective alkylating agents [19]. 

The effect of alkylating agents is regulated or modified by the rate of 
(mustard) hydrolysis or plasma protein binding, for example, at the cellular 
level by cellular uptake and extrusion, levels of intracellular thiols (like 
glutathione) and enzymes (like GST:s), but also by changes in the capacity 
of DNA repair enzymes to remove alkylated bases and other alkylation 
induced DNA damages. All of these factors have been proposed to 
contribute to melphalan resistance in experimental systems, but their clinical 
significance and relative importance need clarification [18, 20, 21]. Repair of 
interstrand crosslinks has recently been shown to be a relevant mechanism 
for the clinically observed melphalan resistance in CLL and multiple 
myeloma [22]. 
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1.1.3 Stability and pharmacokinetics 

In aqueous solution, melphalan stability, like that of other alkylating agents, 
is low due to the spontaneous formation of reactive intermediates (i.e. the 
aziridinium ion). The half-life of melphalan in a physiological buffer at 37°C 
is only approximately 1.5 hours, but the stability in solution is influenced by 
factors such as pH, temperature, chloride ion and protein content (plasma 
proteins) of the solvent [23-25]. Due to this low stability the alkylating 
agents are, for clinical intentions, distributed as solids and dissolved in 
appropriate vehicles immediately before administration to the patient. 

The pharmacokinetics of intravenous melphalan have been extensively 
studied in humans [18, 23, 26]. Following injection, drug plasma 
concentration declined rapidly in a biexponential manner with distribution 
phase and elimination phase half-lives of approximately 10 and 75 minutes, 
respectively [26]. Similar circulating half-lives were seen with orally and 
intravenously administered melphalan [18]. However, oral absorption of 
melphalan is highly variable, with bio-availabilities ranging from 30 to 
100% [23], despite no significant first-pass effect [18, 23]. Plasma protein 
binding is high (60-90%), albumin being the major binding protein. Mean 
plasma concentration in myeloma patients given iv melphalan at 20 mg/m2

was 9.1 (±6.2) µM [26]. Melphalan is eliminated from plasma primarily by 
chemical hydrolysis to the mono- and bishydroxy derivatives [26]. After 
injection of radiolabelled melphalan, radioactivity is excreted both in urine 
and faeces [23]. 

1.1.4 Clinical aspects 

Melphalan has shown significant activity in several human malignancies, 
although its current clinical use primarily is in the treatment of multiple 
myeloma. However, intravenous melphalan has single-agent activity in a 
variety of solid tumours and has good activity alone or combined with other 
drugs or with radiation in high-dose bone marrow transplant regimens for 
breast cancer, ovarian cancer, testicular cancer and multiple myeloma [18, 
23]. Recent studies suggest a continuous role for melphalan as part of high 
dose combination therapy in advanced solid tumour malignancies [27, 28]. 

Treatment also results in short-term side effects, and suppression of 
normal hematopoeisis (leukopenia and thrombocytopenia) is dose-limiting 
unless high-dose treatment is combined with subsequent bone-marrow 
transplantation. High-dose treatment is normally accompanied with 
mucositis, diarrhoea, alopecia, nausea and vomiting [18]. For many 
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chemotherapeutics, especially alkylating agents and topoisomerase 
inhibitors, the long-term risk of secondary malignancies following genetic 
damage, is well recognized. The most frequent secondary malignancy is 
AML, typically occurring after 5-7 years, and preceded by a pre-leukaemic 
period of MDS, often in association with abberrations in chromosome 5 and 
7. Secondary solid neoplasms appears much less frequently. Reports 
estimate a total cumulative incidence of leukaemias from a few percentages 
to over 10% among long term survivors treated with alkylators, but the 
relative risk reported in different studies is highly variable [20, 29]. The 
incidence probably depends not only on the particular agent and the 
(cumulative) dose, but also on the dosing schedule, long-term and 
maintenance therapy, additional radiation therapy and patient characteristics 
including primary diagnosis and age [30]. A recent study shows that the 
combination of melphalan and total body irradiation (TBI) is not more 
carcinogenic than cyclophosphamide/TBI for transplant conditioning [31]. 

1.1.5 Chemical modifications of melphalan: prodrugs and 
codrugs 

Immediately after the first publication on melphalan (p-L-bis(2-
chloroethyl)amino-phenylalanine) almost fifty years ago, investigators began 
attempting to improve the therapeutic index and thus provide a greater 
margin of clinical safety during treatment with the drug. The chemical 
structure of melphalan invites to modification of both the N- and C-termini 
as well as incorporation into peptides. According to Elson [32], “Blocking of 
the free COOH groups of melphalan or its peptides by esterification does not 
reduce the biological activity. In contrast, blocking of the free NH2-group by 
formylation or acetylation causes considerable reduction in activity, though 
there is no corresponding decrease in the chemical reaction of the mustard 
group”, which is consistent with the preliminary findings reported by Bergel 
and Stock in 1960 [11]. It should be noted that despite reduced potency the 
N-formylated derivatives retained their therapeutic index [11]. 

Bergel and Stock made use of theoretical expectations for producing 
compounds with high cytotoxic effect and high tumour selectivity to 
synthesise a series of melphalan containing oligopeptides, the activities of 
which, however, were similar to that of melphalan itself [11]. 
Simultaneously, a similar research strategy was pursued by some Russian 
scientists using the racemic compound merphalan [33]. Some of these 
compounds, e.g. Asalin (N-acetyl-p-DL-bis(2-chloroethyl)amino-
phenylalanyl-valine ethyl ester), reached the clinic [33]. 
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Like for the parent compound, melphalan, the absolute configuration of 
the amino acid moieties in dipeptides has proven to be of great importance. 
For Asaphan (N-acetyl-meXphalanyl-phenylalanine ethyl ester) and Asamet 
(N-acetyl-meXphalanyl-methionine ethyl ester) the LL-derivatives were 
significantly more active than DL and LD isomers, whereas the DD and LD

isomers of Asalin (N-acetyl-meXphalanyl-valine ethyl ester) were more 
active than the LL and DL form [13]. Whether rational and logical biological 
explanations for these preliminary findings exist is unclear. 

Melphalan has also been incorporated into natural peptides, e.g. peptide 
hormones, in attempts to target specific tissues. For example, Janáky and co-
workers studied oligopeptide derivatives of luteinizing hormone-release 
hormone (LH-RH), which were covalently conjugated to melphalan and 
other chemotherapeutic drugs [34, 35]. The rationale was to synthesize 
compounds with dual effects, one from the hormone analogue and one from 
the cytotoxic unit. The products showed variable affinity for the LH-RH 
receptor, and were cytotoxic to human prostate and breast cancer cell lines 
[34, 35]. One of the peptides is shown in table 2. 

Degradation of extracellular matrix by collagenases, enabling tumour cell 
metastasis was the primary target for Timár and co-workers when 
synthesizing a melphalan containing hexapeptide. The product (table 2) was 
shown to be a substrate for collagenase, resulting in cleaved products with 
higher potency [36]. 

Prolidase is a cytosolic exopeptidase located in the cytoplasm, cleaving di 
and tripeptides with C-terminal proline or hydroxyproline. Because prolidase 
had been described as over-expressed in some neoplastic tissues Bielawska 
and co-workers synthesised melphalan derivatives of which one (table 2) 
was found to be a good prolidase substrate [37], suggesting its use as a 
chemotherapeutic prodrug. 

Prodrug activating enzymes can be targeted to human tumours by using 
tumour-associated monoclonal antibodies prior to administration of the pro-
drug. This approach, anti-body directed enzyme prodrug therapy (ADEPT), 
has been investigated for several “standard” chemotherapeutics, including 
melphalan [38]. An enzyme of non-human or non-mammalian origin is 
linked to a tumour-specific antibody, which upon administration creates a 
local activating environment in the vicinity of the tumour cells. Using this 
approach, Kerr and co-workers designed a cephalosporin carbamate 
derivative of melphalan [39], susceptible to the action of betalactamases. 
This prodrug (table 2) was activated in an immunologically specific manner 
by a recombinant fusion protein targeting melanotransferrin antigen on 
melanomas both in vitro and in vivo [39]. 

Co-drugs of melphalan and the anti-inflammatory agents dexamethasone 
or prednisone, were synthesised using an esterification reaction by Pai and 
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co-workers. Preliminary investigations showed that the esters (one example 
in table 2) were readily hydrolysed to their components and show 
comparable in vitro activity to the parent drugs [40]. 

The melphalan prodrug of last example does not specifically target 
tumour cells, and is not even intended to do so. Deverre and Loiseau and co-
workers designed a fatty diglyceride derivative (1,3-dipalmitoyl-2-
(melphalanyl)glycerol, table 2) to be a lymphotropic agent for the treatment 
of lymphatic filiariosis [41, 42]. Preliminary evaluation in vitro and in vivo
tests in rodents appeared promising. 
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Table 2 Examples of designed melphalan derivatives. 

Structure Target/mechanism Reference 

PyroGlu-His-Trp-Ser-Tyr-D-Lys(D-
Mel)-Leu-Arg-Pro-Gly-NH2

LH-RH receptor [34, 35] 

H-Pro-Gln-Glu-Gly-Ile-Mel-Gly-OEt Collagenase [36] 

Prolidase [37] 

ADAPT;
Melanotransferrin

targeting antibodies 
with betalactamase 

[39] 

Co-drug of melphalan 
and prednisone 

[40] 

Lymphotropic prodrug 
for the treatment of 
lymphatic filiariosis 

[41, 42] 
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1.2 m-L-Sarcolysin and its conjugates 

1.2.1 Peptichemio 

During the sixties Istituto Sieroterapico Milanese (ISM), an Italian non-
commercial governmental organisation, under the supervision of professor 
DeBarbieri, synthesized a few hundred small peptides based on m-L-
sarcolysin [43]. A peptide cocktail containing the six most interesting 
compounds was marketed as a mixture under the name Peptichemio (PTC).  
DeBarbieri and his co-workers at ISM decided to work with m-L-sarcolysin 
instead of melphalan since it appeared to have higher activity on different 
species of experimental tumours, e.g. sarcomas. Stereochemical properties 
showed to be very important for the activity, which was considerably 
decreased or even extinguished by the addition of D-isomers [43].  

After successful preclinical testing PTC entered clinical trials in the 
beginning of the seventies. During the mid eighties the production of PTC 
was abruptly stopped due to a change in focus and policy of the Institute 
(Lewensohn, R. personal communication). The effects of Peptichemio has 
been commented on in over one hundred scientific papers, of which at least 
thirty-one may be considered as clinical studies. Some of these were single-
agent clinical trials from which the activity of the compound could be 
evaluated without interference of other concomitantly added 
chemotherapeutic agents. 

1.2.1.1 Single agent studies of PTC 

In a preliminary report of the activity in paediatric oncology, 32 children 
with different types of tumours were treated with Peptichemio. The efficacy 
was considered excellent in rhabdomyosarcoma and embryonal sarcoma, and 
encouraging in neuroblastoma, Wilms tumour and histiocytosis X. Side and 
toxic effects were minimal, prompting further studies of PTC activity in 
these diagnoses [44]. Similar results were obtained by Otten and Maurus, 

“The main idea was that of synthesizing molecules 
simultaneously endowed with a remarkable cytotoxic activity, due 
to an alkylating group present in same, and a selective carrier 
function towards special cells or structures, possibly neoplastic” 

Professor Augusto de Barbieri, Milan 1972 
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who treated various advanced and disseminated tumours in children. With 
the schedule that was used, toxicity was mild and PTC proved active in 
advanced neuroblastoma. In patients with bone metastases, PTC had a 
prompt analgesic effect that seemed to occur independently of any anti-
tumour action [45]. Two subsequent studies confirmed a very high response 
rate (92 and 88%, respectively) in previously untreated children with 
advanced neuroblastoma (n=18 and 80, respectively) including some 
complete responses (13.7 % in the second study), although the duration of 
response appeared short [46, 47]. Studies in children with neuroblastoma 
resistant to first line treatment, or at relapse, showed tumour regression in 
approximately one third of the patients following standard dose (n=39, [48]) 
or high dose (n=28, [49]) PTC treatment. Toxicity was considered tolerable 
[48, 49]. Chronic use of PTC was limited by two major factors: profound 
long-lasting thrombocytopenia and severe phlebosclerosis [46]. 

In 1976 fifteen patients suffering from bladder neoplasia, which was 
judged to be beyond surgery or radiotherapy, were treated topically by 
instillation of drug solution directly in the bladder. Complete local response 
was obtained in 13% of the cases and partial response in 53% [50]. 

Three studies document the activity of singe agent PTC in breast cancer, 
even in patients resistant to other alkylating agents. A phase II trial of PTC 
was conducted on 56 patients with advanced breast cancer, resistant to 
treatment with cyclophosphamide. The overall response rate was 32%, with 
one complete remission, seven partial remissions, and ten instances of 
improved disease status. Soft tissue and bone lesions were the primary sites 
of response. Major toxicities were myelosuppression (affecting 
predominantly the platelets) and sclerosing phlebitis [51]. A direct 
comparison of the therapeutic efficacy of PTC and melphalan was performed 
in a prospective randomized study in 56 breast cancer patients with a 
previous history of combination chemotherapy (including 
cyclophosphamide) [52]. There were no objective responses in the 
melphalan group, but the disease stabilized in four patients (14%). In the 
Peptichemio group seven patients (25%) achieved a partial remission, one 
patient (3%) achieved less than partial remission and three patients (11%) 
had stable disease. The major toxicity of both drugs was myelosuppression, 
which was cumulative. The authors concluded that PTC was an active agent 
in previously treated patients with metastatic breast cancer, while melphalan 
was considered ineffective [52]. Similar results were obtained by Fornasiero 
and co-workers from the evaluation of 32 advanced breast cancer patients, 
with a previous history of extensive treatment (again including 
cyclophosphamide). The overall response rate was 18% (one complete 
remission and four partial remissions). The major side effects were 
cumulative myelotoxicity, phlebitis, mild nausea, and vomiting. A 
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posttreatment heparin infusion was used to prevent phlebitis [53]. The 
duration of response induced by PTC in advanced breast cancer was 3-4 
months [51-53]. 

Seven complete remissions and three partial remissions were observed 
when forty-seven previously treated patients (median three drugs per patient, 
including alkylating agents) with histological diagnosis of epithelial cancer 
of the ovary were treated with PTC. The median duration of response was 16 
months. The most frequent side effects were phlebosclerosis and 
myelosuppression, especially in heavily pretreated patients. Most of the 
responders were in the "small tumour" category (<2 cm) [54]. 

Single-agent activity of PTC in alkylator-resistant patients has also been 
demonstrated in a trial of patients with plasmacell neoplasms, of which 
seventeen (ten with multiple myeloma and seven with extramedullary 
plasmacytoma, EMP) could be fully evaluated. Six of 17 patients (35%) 
responded: three EMP patients had a complete remission and three multiple 
myeloma patients had an objective response greater than 50%. The median 
duration of response was 8.5 months. The most frequent toxic effects were 
phlebosclerosis, which occurred in all the patients, and myelosuppression, 
which was severe in only one case. Authors concluded that PTC was an 
active drug in patients with plasmacell neoplasms even for patients resistant 
to alkylating agents [55]. 

1.2.1.2 Combination chemotherapy 

In addition to the single–agent studies discussed above numerous 
investigations have been conducted on the efficacy of PTC as part of 
combination chemotherapy. These studies cover different diseases as well as 
the combination with several different types of standard chemotherapeutic 
agents and the specific contribution of PTC might thus be hard to evaluate. 
Results from some of the studies are summarised below; 

In sixty-six patients with Non-Hodgkin’s lymphoma, the 
combination of PTC, vincristine and 6-methylprednisolone resulted 
in 55-57% remissions with a mean duration of 13-16 months. The 
authors proposed that the protocol offered a major contribution to 
the chemotherapy of NHL [56]. 
Scarabelli and co-workers evaluated the efficacy of intermittent 
pelvic arterial infusion of PTC, doxorubicin, and cisplatin in twenty-
one female patients with cancer of the cervix. The schedule of intra-
arterial chemotherapy employed was very effective with 100% 
objective responses in previously untreated patients, and with 69% 
in patients with recurrent disease [57]. 
The MiNA protocol (vincristine, cyclophosphamide, melphalan, 
Peptichemio, and prednisone) was employed in the treatment of 
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CLL, yielding 35% complete and 35% partial responses among 20 
patients with advanced B-cell CLL. Nine out of twelve patients 
previously treated with chlorambucil/prednisolone responded to 
treatment [58]. 
PTC combination chemotherapy has also been evaluated in multiple 
myeloma, most often with steroids (e.g. prednisolone) and 
vincristine. The treatment was effective in these patients, and 
advantages compared to traditional melphalan/prednisolone 
treatment were shown for late stage disease [59, 60] and for patients 
previously treated with alkylating agents [59, 61]. When the 
treatment was employed as first line therapy, and in early stages of 
the disease, the duration of response was shorter for the PTC 
combination [60] or resulted in a higher frequency of side effects 
[62] than traditional treatment. 

1.2.1.3 The components of PTC 

In the development process of Peptichemio it became clear that different 
tumours responded differently to different peptides, even if the tumours were 
clinically related. The investigators, who were concerned about this issue, 
considered the predictability of clinical chemotherapeutic activity solely 
based on in vitro studies to be low. Thus, it was considered expedient, at 
least from a practical preliminary viewpoint, to prepare and study a mixture 
of some of the more active and structurally diverse peptides [43]. The 
preclinical efficacy of the resulting peptide mixture was impressive enough 
to encourage the investigators to proceed with this cocktail (i.e. 
Peptichemio), the constituents of which are given below. 

Table 3 Components of Peptichemio

Peptide* Composition** 

P1 L-Ser-L-pFPhe-L-mSL-OEt 
P2 L-Pro-L-mSL-L-pFPhe-OEt
P3 L-pFPhe-L-mSL-L-Asn-OEt
P4 L-mSL-L-Arg(NO2)-L-Nval-OEt
P5 L-pFPhe-Gly-L-m-SL-L-Nval-OEt 
P6 L-mSL-L-Arg-L-Lys-L-mSL-L-His-OMe

*Constituent peptides of PTC were designated P1-P6 by Lewensohn and co-workers 

[63]. The tripeptide P2 had previously also been referred to as “PSF”. 

**L-mSL = m-L-Sarcolysin



16

The pharmacokinetics of PTC in vivo and the individual peptides in vitro 
was studied by Ehrsson and co-workers [64]. Infusion of PTC resulted in a 
very rapid release of m-L-sarcolysin, which subsequently was eliminated 
with a half-life of 1.7 h. The stability of the individual peptides in blood in 
vitro was low with degradation half–lives ranging from 1.1 (P2) to 21.2 (P4) 
minutes [64]. 

Published in vitro studies on the individual oligopeptides of PTC showed 
that L-prolyl-m-L-sarcolysyl-p-L-fluorophenylalanine ethyl ester (P2) 
possessed higher activity than the other five oligopeptides. In fact, it was 
several-fold more toxic to human melanoma cells than was m-L-sarcolysin 
alone when tested in clonogenic [65] as well as non-clonogenic [63] 
cytotoxicity assays. This was, at least partly, explained by increased DNA 
cross-linking after P2 exposure [65]. Further in vitro studies of the peptides 
confirmed the higher cytotoxic effect of P2 compared to both the other 
oligopeptides in PTC and to the alkylating amino acid derivatives m-L-
sarcolysin and melphalan. In addition, P2 was found to be more active 
against slow growing cell lines, less affected by intracellular GSH levels, 
demonstrated low levels of cross-resistance with standard drugs and showed 
a positive in vitro therapeutic index [66].  

1.2.2 Ambamustine (PTT.119) 

Professor Augusto De Barbieri continued the work with m-L-sarcolysin 
containing peptides aiming to find the optimal compound with two 
chemotherapeutically active centres, one alkylating and one antimetabolic 
[67]. The resulting compound was a tripeptide called PTT.119 (p-L-
fluorophenylalanine-m-L-sarcolysyl-L-methionine ethyl ester, later named 
Ambamustine), which showed good preclinical activity as well as evidence 
for the active uptake in cells via at least two natural amino acid transport 
pathways [68, 69]. It was hypothesised that the methionine residue in 
PTT.119 increased cellular delivery and targeted cancer cells that were 
dependent on this amino acid for growth [68].  

The preclinical efficacy of PTT.119 in mouse models (transplantable 
L1210 leukaemia and virally induced leukaemia) was clearly impressive 
[67]. Clinically the drug appeared useful in some tumours e.g. non-
Hodgkin’s lymphoma [70], but with no or only modest activity in others, e.g. 
pre-treated small-cell lung cancer [71]. Similar to the case with Peptichemio, 
pharmacokinetic studies showed very short half-life of the intact peptide in
vivo releasing m-L-sarcolysin, which subsequently was eliminated with a 
half-life of 77 min [72]. The development of Ambamustin, however, was 
later abandoned due to demonstrated toxicity in clinical trials (professor G. 
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Bekesi, personal communication), but the investigators continued with the 
concept and later developed MF-13 (see below). 

1.2.3 MF-13

Of more than 100 newly synthesised di- and tripeptides with a variety of 
amino acids connected to m-L-sarcolysin, the tripeptide MF-13 (L-prolyl-m-
L-sarcolysyl-L-norvaline ethyl ester) was selected as a lead candidate. This 
tripeptide was shown to trigger apoptosis in a panel of cancer cell lines, but 
was not toxic to human peripheral blood lymphocytes at the same 
concentrations [73]. In addition, the activity shown in preliminary xenograft 
models in mice appeared promising [74], prompting further in vivo studies 
with MF-13.  

1.3 Other examples of peptide based anticancer 
prodrugs

An increased expression of various hydrolytic enzymes like peptidases, 
esterases and proteases has been described in several types of human 
malignancies, especially those characterized by fast-growing and aggressive 
phenotypes [75]. These enzymes include, for example, the cathepsins, matrix 
metalloproteinases and plasminogen activators. High expression may be 
related to metastatic potential as a result of degradation of basement 
membranes and extracellular matrix in addition to activation of enzymes, 
growth factors, and other proteases as part of the metastatic cascade [75]. 
Such enzyme expression may provide a target for selective chemotherapy, 
which has been demonstrated with specific enzyme inhibitors as well as 
prodrugs designed for targeting or tumour-specific activation. For example, 
Trouet and co-workers synthesized a series of amino acid and peptide 
derivatives of daunorubicin (DNR) to serve as prodrugs activated by 
lysosomal proteases inside or in the close vicinity of tumour cells [76]. The 
most active compound was indeed more effective than the parent DNR in a 
subcutaneously inoculated L1210 model in mice, but not when the tumour 
cells were inoculated intravenously [77]. In an attempt to target cells with 
high expression of plasminogen activators, Chakravarty, Carl and co-
workers showed that peptide conjugates could increase the in vitro
selectivity. This was demonstrated using three different cytotoxic agents; the 
antimetabolite acivicin, the alkylator phenylenediamine mustard [78] and the 
anthracyclin doxorubicin [79]. The increased selectivity was however also 
related to decreased activity, and the doxorubicin conjugate was less active 
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than doxorubicin itself in vivo. The authors speculate that the bulky 
anthracyclin moiety might prevent effective plasmin-catalysed conversion in
vivo [79]. The elegant approach of specific proteolysis targeted prodrugs 
may also be exemplified by the work of Denmeade et al, in which 
heptapeptide conjugates of doxorubicin [80], 5-fluorodeoxyuridine [81] and 
thapsigargin [82] were studied. These derivatives were targeted to activation 
by the serine prostate-specific antigen (PSA). 
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2 Aims of the Investigation 

There is an urgent need for more effective and selective chemotherapeutics, 
which despite increasing knowledge in tumour biology appears difficult to 
meet. Molecular target directed approaches have yet to prove their full 
potential, and old chemotherapeutic drugs such as alkylating agents still, 
almost fifty years after the introduction, have a place in modern cancer 
chemotherapy although associated with specific disadvantages, which more 
or less may be considered as consequences of poor selectivity.  

The peptides of Peptichemio carry the meta-isomer of L-phenylalanine
mustard, m-L-sarcolysin, which never reached the same level of clinical use 
as the para-isomer, melphalan. Despite this, the clinical history of PTC is 
interesting, showing significant activity in several human malignancies, 
alone or as part of combination chemotherapy, and also in patients 
previously treated with alkylating agents. In particular, our attention has 
been directed to one of the peptides, P2, which presented with high cross-
linking activity and high cytotoxic activity in vitro.

The specific aims of this thesis were: 

to synthesize the melphalan containing analogue of P2, and similar 
small peptides  

to carry out in vitro characterisation of the cytotoxic activity of these 
compounds for evaluating how factors such as potency and 
selectivity might be related to the structure 

to elucidate possible mechanisms for improved antitumour activity 
of P2 (and the melphalan peptides) in comparison to that of 
melphalan and to evaluate whether these mechanisms might be 
implemented as tumour-targeting factors 

to conduct preliminary animal studies for examining whether these 
factors are relevant in the in vivo situation 
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3 Methods used 

3.1 General
The methods used throughout this thesis are established and previously 
evaluated for the study of cytotoxic agents. The end-points are in general 
representing late effects resulting from damage of the primary target, which 
presumably is DNA similar to the case with other alkylating agents. The 
details of DNA-damage and apoptosis triggering pathways have not been 
examined to this point, and thus provide a high priority subject for further 
studies. Established human tumour cell lines (section 3.2) as well as primary 
cultures of human tumour cells (section 3.2) have been used to study the 
pharmacological effects in a variety of in vitro assays (section 3.3-3.6 and 
3.8) as well as in vivo (section 3.9). Specific details for running the 
experiments are not presented in this thesis, but rather, are given in paper I to 
V as indicated below. In particular one cell line, U-937 GTB [83], has been 
used as a tumour model in several assays (paper I and III). This cell line was 
established in the mid seventies from a male patient with histiocytic 
lymphoma. The use of U-937 in these assays is not intended to represent 
future clinical potential of J1 and related peptides in lymphoma, but rather 
because all the assays have been validated with this cell line. Furthermore, 
properties of U-937 (well characterized, single cell suspension, good in vitro
proliferation) make it easy to work with. 

3.2 Human tumour cells 
Large-scale systematic anti-cancer drug screening has been carried out at the 
US National Cancer Institute (NCI) since 1955, initially in murine in vivo
leukaemia models [84]. Due to specific limitations of the in vivo model, a 
rationally designed “disease-oriented” panel consisting of more than 60 
different human tumour cell lines representing the major forms of human 
tumours, was set up in 1989. Growth inhibition and cytotoxic activity were 
detected by a semiautomated non-clonogenic in vitro assay. Activity patterns 
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in the cell-line panel revealed high correlations for compounds with similar 
modes of action [85, 86], thus suggesting its use in the preliminary 
classification of mechanistic action of new substances. New technology has 
made the 60-cell line screen an even more powerful tool, the characterisation 
and relative expression of specific molecular targets on proteomic and 
genomic level has changed the disease-oriented concept into a more 
molecular-targeted approach [84].  

It has previously been shown that mechanistic classification may be 
obtained with a smaller panel of only ten cell lines of different origin, and 
representing defined types of cytotoxic drug resistance [87]. Cells from this 
cell line panel (table 4) were used throughout this study, and molecular 
target characterisation using modern proteomic and genomic technologies 
are currently underway.

Table 4 The cell line panel [87].

Parental

cell line 

Subline(s) Origin Selecting 

agent

Proposed resistance 

mechanism 

CCRF-CEM CEM/VM-1 Leukaemia Teniposide TopoII-associated 
NCI-H69 H69/AR SCLC Doxorubicin MRP 
RPMI8226/S 8226/Dox40

8226/LR5
Myeloma Doxorubicin

Melphalan
Pgp
GSH

U-937 GTB U-937 Vcr Lymphoma Vincristin Tubulin-associated 
ACHN - Renal  Primary resistant 

SCLC: small cell lung cancer, TopoII: topoisomerase II, Pgp: p-glycoprotein 170, 
GSH: glutathione 

In contrast to established cell lines, primary cultures of human tumour cells 
have received relatively little attention, especially in the context of 
screening. This might be explained by limited access to tumour material, 
large inter-individual differences, and ethical considerations; but in fact 
several studies suggest such applications. Fresh tumour biopsy specimens 
have been shown sensitive to most standard agents, and able to discriminate 
non-toxic compounds, and to detect active compounds that previously scored 
negative in one of NCI:s mouse leukaemia screening models [88]. Results 
from the FMCA assay (see below) performed on primary cultures from 
different tumours correlate well with tumour type-specific activity of 
standard and investigational anticancer drugs [89], and primary cultures of 
human tumour cells in the screening situation have been suggested to be a 
better predictor of clinical activity than are established cell lines [90]. 
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3.3 Fluorometric Microculture Cytotoxicity Assay 
The Fluorometric Microculture Cytotoxicity Assay (FMCA) was originally 
developed as a method for semi-automated determination of cytotoxicity and 
cellular proliferation in human tumour cell lines [91], but the clinical 
potential for predicting leukaemia treatment outcome was soon 
acknowledged [92, 93]. The validity of the method was also demonstrated in 
solid tumour specimens [94, 95]. Results of different drugs tested with the 
FMCA method on primary human tumour cultures correlated with the 
clinical activity profile of that particular drug [89, 96], suggesting its use in 
“ex-vivo phase 2 trials”. The sensitivity and specificity of FMCA and similar 
in vitro methods used, in relation to clinical outcome, was 0.9 and 0.7 
respectively [97, 98]. As described previously, preliminary mechanistic 
classification of new cytotoxic compounds may be obtained with the use of a 
human tumour cell line panel [87]. 

The FMCA is based on the measurement of fluorescence generated from 
the hydrolysis of fluorescein diacetate in cells with intact plasma 
membranes, cultivated and exposed to drugs in 96-well microtiter plates. 
The fluorescence is linearly related to the number of living cells, and results 
from the FMCA method have been shown to correlate with those of 
previously established in vitro cytotoxicity assays such as the MTT and 
DiSC [92, 95]. 

Results from the FMCA are presented as SI (Survival Index, fluorescence 
signal in present of control), and as IC50 (drug concentration giving a signal 
of 50 % compared to control). The IC50-values from the cell line panel was 
further used to calculate resistance factors (RF, IC50 in subline / IC50 in 
parental line [87]) for the defined resistance mechanisms in the panel as well 
as a “delta” pattern of logIC50-values in the whole panel [86, 87], which 
allows mechanistic classifications. 

3.4 Cytostar assay (paper I and III) 
Cytostar-T scintillating microplates are 96-well cell culture plates that have a 
clear polystyrene base into which scintillants have been incorporated. When 
labelled compound is absorbed into the intracellular compartment of the 
cells adherent to the bottom of the wells, the radioisotope is brought into 
proximity with the scintillant and thereby generates a detectable signal. Free 
radio-labelled compound in the supernatant is unable to stimulate the 
scintillant [99, 100]. Originally, assays for high-volume mRNA in situ 
hybridization [100] and thymidine incorporation [99] was described. 
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The effects of various cytotoxic drugs on protein- and DNA-synthesis in 
U-937 lymphoma cells have been described by Liminga and co-workers 
[101] using 14C-labelled leucine and thymidine as substrates, respectively. 
The method offers a real-time kinetic analysis of cellular response, and is 
used, as described in paper I and III, to study and compare the effects of 
melphalan, m-L-sarcolysin, the dipeptide J1, and the tripeptides J3 and P2 

3.5 Cytosensor assay (paper I and III) 
Cells normally acidify their environment by excreting acidic by-products of 
cellular metabolism. Physiological changes resulting from certain stimuli can 
also result in changes of the intracellular pH, which appear as 
complementary changes in extracellular pH as protons are transported across 
the membrane. In many cases the resulting change in environmental pH is 
large enough for detection by a sensitive detector, which provides the basis 
for the Cytosensor® silicon microphysiometer (Molecular Devices Inc., 
Sunnyvale, CA), originally developed as a screening tool in receptor biology 
[102]. The Cytosensor, which provides continuous on-line measurement of 
the metabolic response to the compounds of interest, contains two four-
channel workstations, allowing eight separate test conditions to be run in 
parallel.
   The Cytosensor microphysiometer method has been used for the study of 
cytotoxic drug effects in U-937 cells previously [103, 104]. Decreased 
acidification rate measured by the Cytosensor correlates well with reduced 
viability as judged by microscopic evaluation of May-Grünewald-Giemsa 
stained cell preparations [104]. The method is used, as described in paper I 
and III, to study and compare the effects of melphalan, m-L-sarcolysin, the 
dipeptide J1, and the tripeptides J3 and P2.

3.6 Assays of apoptosis (paper I and III) 
Apoptosis involve many biochemical (i.e. caspase activation), morphological 
(i.e. nuclear fragmentation) as well as physiological (i.e. altered 
mitochondrial potential and consumption of ATP) events that are 
coordinated in time and space within living cells. The exact pattern depends 
upon the particular cell type and stimulus. In vitro apoptotic processes may 
be studied in numerous ways, e.g. by using: biochemical endpoints (such as 
caspase activation and DNA fragmentation), cell physiological endpoints 
(such as change in mitochondrial function), and/or morphological endpoints 
(such as nuclear fragmentation and condensation). 
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In paper I the Microculture Kinetic (MiCK) assay of apoptosis was used 
for morphological monitoring in cell-suspension. The MiCK assay measures 
changes in cell suspension optical density resulting from cell proliferation as 
well as apoptotic changes in cell morphology, that is. membrane blebbing 
and chromatin condensation, as previously described by Kravtsov and co-
workers [105-107]. Control cultures of proliferating cells show a steady 
increase in optical density vs time, whereas apoptotic cultures show a steep 
increase followed by a plateau (corresponding to cellular morphology in 
different phases of apoptosis). Necrotic cultures, on the contrary, display a 
decrease in absorbance as cells disintegrate. The results of the method has 
been demonstrated to correlate with morphological and cytochemical 
parameters of apoptosis in several cell systems, both established cell lines 
(including U-937) and in primary cultures of human tumour cells, as well as 
for a wide range of cytotoxic drugs representing different mechanistic 
classes [105-107]. The MiCK assay results, presented in paper I, were also 
confirmed by microscopical examination of May-Grünwald-Giemsa stained 
cell preparations. 

In paper III the preliminary evaluation of the mode of cell death was 
performed with more classical methods, that is, analysis of mitochondrial 
membrane potential (MitoTracker Red fluorescence microscopy) and nuclear 
morphology (Hoechst 33342 fluorescence microscopy). The results were 
largely confirmed with MiCK experiments and a colorimetric caspase-3 
assay analysed in parallel (unpublished data).   

3.7 Chemical synthesis (paper II, III and IV) 
The chemical synthesis in this thesis follows standard procedures in solution 
phase peptide chemistry. The dipeptide coupling reactions were originally 
performed with PyBOP ([Benzotriazol-1-yloxy]tripyrrolidinophosphonium 
hexafluorophosphate) as the coupling reagent in dichloromethane. This 
method was however not successful in the coupling of a N-terminal proline 
residue as in compound J3, so for this reaction EDC (1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride) was used as a coupling 
reagent. Due to higher yields, EDC was subsequently used for all dipeptides 
and analogues. Reactions were in general monitored by thin layer 
chromatography and the crude products purified by flash chromatography on 
silica and/or recrystallisation in organic solvents. Characterisation of the 
compounds was performed with NMR-spectroscopy and elemental analysis 
or high-resolution mass spectrometry (HR-MS). 
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3.8 Intracellular concentrations (paper IV) 
The intracellular concentrations and kinetics of compound J1 were studied 
with the chromatography method developed for the PTC peptides previously 
[64], using HPLC analytical separation and fluorometric detection of the 
autofluorescent melphalan and J1 respectively. 

3.9 The hollow fiber tumour model (paper III and V) 
Preliminary in vivo testing, and screening, of new anticancer drugs have 
traditionally been done in different rodent models (e.g., virally induced or 
murine transplantable tumours or human tumour xenografts in immuno-
deficient animals). These methods are accompanied with certain limitations, 
such as high costs and long assay times, complicating their use. In the 
beginning of the nineties a new rodent model was developed at the US 
National Cancer Institute (NCI) to be used as an initial in vivo assay before 
evaluating a new compound in traditional xenograft models [108]. The 
model is based on the culture of tumour cells inside semipermeable 
polyvinylidene fluoride hollow fibers that can be implanted on animals and 
retrieved again to measure the density of living cells quantitatively. The 
hollow fiber model is now routinely used at the NCI as an initial in vivo 
assay in nude mice, using cell lines from the NCI cell line panel. Recently, 
however, use of immunocompetent animals has been shown to be feasible 
and, furthermore, that also primary cultures of human tumour cells from 
patients can be used in the fibers [109]. Subcutaneous implantation of fibers 
in rodents provides a robust and resistant model that reports modest 
sensitivity to several standard cytotoxic drugs [108, 110]. Results are 
presented as net growth of tumour cells over the five days subcutaneous 
implantation; hence the endpoint might vary from –100 % (total cell kill), to 
0 % (no growth, “stable disease”) to several 100 % (active proliferation 
inside the fiber, depending on tumour cell type). In addition to reduction of 
implanted tumour cells, which is the primary endpoint, the hollow fiber 
model also allows pharmacokinetic monitoring as well as determination of 
host animal toxicity during the experiment [110]. 

3.10 Statistical analysis 
In general, values are presented as means ±S.E.M. When experiments were 
performed using duplicates or triplicates (e.g., each drug concentrations in 
FMCA analysis), a mean value was calculated and considered as one 
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separate observation. Single comparisons were performed by unpaired or 
paired Student’s t-test, and multiple comparisons by ANOVA in GraphPad 
Prism (version 3.02, Graphpad Software inc.). All calculations on IC50-
values obtained from analysis of logConcentration-effect curves (i.e. FMCA 
results) were performed on the logaritmic value (i.e., logIC50).
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4 Results and Discussion 

4.1 Aspects of mustard stability (unpublished results) 
Melphalan has a well documented low stability in aqueous solutions, with an 
expected half-life at pH 7.4 around 2 hours [24]. The stability of melphalan 
is dependent, however, on pH and ion strength (especially chloride ion 
concentration) as well as presence of plasma proteins [23, 25]. Throughout 
the studies discussed in this thesis “time in aqueous solution were always 
kept minimal to limit the influence of mustard hydrolysis”. In practical 
terms, this precaution refers to a rapid freezing (-70°C) of freshly prepared 
drug solutions in freezing ampoules or microtiter-plates. Experiments started 
within a maximum of 30 minutes after the drug was removed from the 
freezer and thawed at room temperature or in the hand. There were no 
indications that this handling affected the end results, and differences 
between replicates of experiments were minor. In addition, an investigating 
experiment was designed to estimate the activity half-life of the compounds 
in complete cell culture medium at 37°C similar to previous investigations 
[111]. Briefly, in pre-made microtiter plates with serially diluted drugs, 
warm complete RPMI-1640 medium was added (90 µl/well), and the plates 
were incubated at 37°C for 0, 2.5 or 5 hours followed by addition, to each 
well, of 20,000 U-937 cells in 90 µl cell medium. Subsequently the standard 
FMCA-protocol was used. The results are presented in figure 2 below 
showing modest and similar decrease in activity of the test substances, 
indicating that differences detected in the pharmacological experiments 
might not be attributed to differences in solution stability of the test 
compounds. The “activity half-life” thus depends on mustard hydrolysis (see 
figure 1) and peptide hydrolysis. 
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Figure 2 Bio-assay estimation of test-compound stability in complete RPMI-1640 
medium (37°C). 

4.2 High in vitro activity of the melphalan containing 
analogues compared to that of m-L-sarcolysin and 
P2 (paper I, II and III) 

The synthesis of compound J1 (L-melphalanyl-p-L-fluorophenylalanine ethyl 
ester, presented in paper II) from Boc-melphalan and p-L-
fluorophenylalanine ethyl ester was easy and predictable using PyBOP as the 
coupling reagent. However, addition of an N-terminal proline residue as in 
the original plan offered more difficulties. In preliminary attempts the 
synthesis of J3 did not succeed with PyBOP, or with the acid chloride or the 
succinimide ester of proline (unpublished data). While struggling with an 
effective synthetic route for J3, its precursor J1 underwent preliminary 
pharmacological characterisation, and surprisingly it was shown that J1 
activity was significantly superior to that of melphalan and P2 (L-prolyl-m-L-
sarcolysyl-p-L-fluorophenylalanine ethyl ester). In addition to being more 
potent in all assays, J1 also appeared to produce this effect more rapidly, 
suggesting that the dipeptide reached the target (presumably nuclear DNA) 
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faster than did P2 and melphalan. These results encouraged us to pursue with 
analogues to J1 to evaluate some of the structural explanations for the 
observed characteristics of the dipeptide. These studies are presented in 
paper II. 

The experimental designs for paper I and III are similar, focusing on the 
potency of J1 (paper I) and J3 (paper III), respectively, in relation to 
melphalan, m-L-sarcolysin (III) and P2 in a variety of in vitro assays. The 
structures are shown in figure 3 below. A potential objection to this design is 
that, because the compounds obviously display different activities as 
measured by the FMCA method, comparing them at “equitoxic” rather than 
“equimolar” concentrations might have been more rewarding. However, the 
studies present an evaluation and comparison of potency in compounds 
having two chloroethyl-groups per molecule and thus exactly the same 
theoretical capacity to interfere with, and damage, nuclear DNA. Although 
different, all assays used measures end points related to inhibition of normal 
behaviour as a consequence of molecular damage, probably at the level of 
DNA.

Figure 3 Structures of melphalan, m-L-sarcolysine, J1, J3, and P2. 
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The cytotoxic activity was assayed with the FMCA method in primary 
cultures of human tumour cells (paper I and III), as well as in the ten human 
tumour cell line panel (see section 3.1; paper II and III). Figure 4 below 
shows the activity (IC50) of the compounds in the cell line panel. 

Figure 4 Cytotoxic activity of melphalan (pooled data from paper II and III), m-L-
Sarcolysin (III), J1 (II), J3 (III) and P2 (II and III) in the ten human tumour cell line 
panel.  

Similar results were obtained with the other methods used. Thus, the 
metabolic activity in U-937 cells, measured by the Cytosensor method, 
decreased more after J1/J3 exposure than for the other compounds, the 
synthesis of DNA and proteins were more effectively inhibited and J1/J3 
induced apoptotic characteristics at concentrations in which the effects of P2 
were modest, and those of melphalan/m-L-sarcolysin totally absent.  

Results clearly indicated that J1 was more potent than melphalan and P2, 
at least in the in vitro assays used (paper I). The same was true for J3, which 
in analogous experiments was more potent than P2, and also than the parent 
monomers melphalan and m-L-sarcolysin (paper III). The latter observation 
is more surprising, considering the close structural similarity between J3 and 
P2, which is indeed reflected by the very high activity pattern correlation 
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coefficient (0.98, paper III). Interestingly, from this point of view, the 
dipeptide J1 seemed more like the tripeptides J3 and P2, in that the 
correlation coefficients were 0.97 and 0.95, respectively, whereas only 0.79 
to melphalan (unpublished calculations). 

4.2.1 Activity of J1 in human lung cancer cell lines 

The cytotoxic activity of J1 was, thus, proven superior to that of melphalan 
in primary cultures of human tumour cells (paper I) as well as different cell 
lines (paper II). The very high activity against the small cell lung cancer cell 
line NCI-H69 (IC50 0.064 µM) was considered of special interest, and 
subsequently the activity of J1 and some standard drugs was determined in 
an additional set of ten lung cancer cell lines using the FMCA. The results 
are presented in table 5. 

Table 5 Activity of J1 and some standard drugs (IC50 µM from FMCA, mean of 
three experiments) in A: five small cell lung cancer cell lines (SCLC) and, B: five 
non-small cell lung cancer cell lines (NSCLC). Unpublished data. 

A

Cell line J1 Melph CisP Dox Docetaxel Topotecan 
U-1285 0.038 2.0 2.9 0.52 <0.10 0.17 
U-1568 1.6 35 23 >184 5.9 115 
U-1690 1.4 12 6.7 2.2 7.8 0.92 
U-1906E 1.2 21 21 0.44 <0.10 <0.075 
U-1906L 0.22 37 12 0.92 <0.10 0.12 

B

Cell line J1 Melph CisP Dox Docetaxel Topotecan 
NCI-H23 7.6 125 12 0.14 1.5 5.8 
U-1752 1.2 39 12 0.42 0.46 28 
NCI-H157 4.0 125 27 0.20 <0.10 4.3 
U-1810 <0.004 <1.0 10 23 <0.10 <0.075 
NCI-H125 9.73 85 7.0 0.048 8.8 236 

Abbreviations: Melph = Melphalan, CisP = Cisplatinum, Dox = Doxorubicin. Most 
cell lines are briefly described in [112], U-1568 in [113], and U-1752 in [114]. 

Clearly the drugs display various activities in these cells and J1, on a molar 
basis, seems to be of similar potency like that of established drugs, and there 
is no obvious pattern of cross resistance. In comparison to melphalan J1, 
again, shows a more than tenfold increase in potency. 
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4.2.2 Activity of J1 in primary human tumour samples, 
determination of therapeutic index in vitro

In addition to those data presented in paper I, additional experiments of J1 
suggest differential toxicity of J1 and melphalan (thereby providing more 
evidence for a different mechanism of increased potency than for just being 
more lipophilic). For example, the activity of J1 has now been assayed with 
a full dose-response in almost one hundred primary human tumour cultures, 
thereby providing data for predictive estimations of resistant and sensitive 
diagnoses (i.e., “ex vivo phase II trial” [89, 96]). The activity of cytotoxic 
drugs in CLL cells vs the activity in healthy lymphocytes (peripheral blood 
mononuclear cells, PBMC) has previously been suggested to provide a 
relevant in vitro therapeutic index. Out of twenty-five tested standard 
chemotheraputic drugs, seventeen (including melphalan) proved more active 
on the malignant phenotype [115]. The activity of J1 has so far been tested in 
fifteen CLL and four PBMC samples, with results indicating a therapeutic 
index in the range of, or better than, melphalan (figure 5). 

 Figure 5 Activity of J1 and melphalan in primary CLL or PBMC cultures 
suggesting an in vitro therapeutic index of 1.9 and 1.4, respectively (unpublished 
data).

4.2.3 Activity of J1 in bovine capillary endothelial cells 

The dose-limiting effect of Peptichemio when used in the clinic was often 
phlebosclerosis of the vessel at the site of infusion [46, 54, 55]. This effect 
could, however, be prevented or reduced by administration of PTC via a 
central venous catheter [49] or by postinfusional heparin [53]. The cytotoxic 
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effects of melphalan, P2 and J1 to growth-stimulated bovine capillary 
endothelial cells (BCE, a kind gift from Åsa Svensson and Kristin Olausson, 
Department of Medical Cell Biology, Uppsala University) have been 
determined with the FMCA method. The results showed that BCE cells were 
considerably more sensitive to J1 (247-fold) and P2 (30-fold) than to 
melphalan (figure 6), thereby offering an explanation for the observed 
phlebosclerosis of PTC on a cell sensitivity basis. However, it should be 
noted that the BCE cells in the FMCA also has been used as a model for 
angiogenesis-inhibiting drugs where, clearly, low IC50-values are considered 
appreciable [116]. 

Figure 6 Cytotoxic activity of melphalan, J1 and P2 against growth-stimulated 
bovine capillary endothelial cells (unpublished data). 

Interestingly there is one possible and attractive hypothesis explaining these 
findings of endothelial toxicity and that is also consistent with results and 
speculations from paper I-IV. The enzyme aminopeptidase N (APN, also 
known as CD13) in a Zn2+ dependent membrane-bound ectopeptidase that 
degrades preferentially proteins and peptides with an N-terminal neutral 
amino acid, and the activity of which has been shown elevated in plasma and 
effusions from cancer patients [117]. Levels of soluble APN correlate with 
tumour load, suggesting that plasma APN partly originates from cells in, or 
related to, the tumour, such as tumour endothelium [117]. In fact, the only 
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vascular structures with detectable APN are tumour blood vessels and other 
types of vessels undergoing angiogenesis, and APN antagonists are 
antiangiogenetic in vivo [118]. Furthermore, the expression of APN in 
primary endothelial cells and tumour xenografts is potently induced by 
hypoxia, angiogenic growth factors, and signals mediating capillary network 
formation [119]. Functional antagonists of APN interfere with tube 
formation but not proliferation of primary vascular endothelial cells, 
suggesting that APN functions in the control of endothelial cell 
morphogenesis [119]. The cytokine induction of APN in endothelial cells is 
regulated by distinct Ras-effector pathways [120]. 

It has not been demonstrated whether J1 is primarily cleaved by 
dipeptidases or may be a substrate for APN, but results from paper IV (see 
section 4.4) do certainly not exclude APN being involved in the activation of 
J1, thus providing a selectivity target for J1 in comparison to melphalan. For 
P2 and J3, however, this appear more unlikely since N-terminal proline 
residue is an exception to this enzyme’s wide substrate tolerability for 
neutral amino acids [121]. 

4.3 Structure activity relationship for melphalan 
containing dipeptides (paper II) 

In paper II the activites of twenty-two compounds were compared on a 
structure-activity basis. The compounds were designed to study the influence 
of hydrophobic properties, different (aliphatic) amino acids, sequence in the 
dipeptide, and N-terminal acetylation. The tested compounds displayed 
various activities in the different cell lines, and the in vitro activity of the 
melphalan-containing dipeptides was shown to depend on amino acid 
composition, the sequence, modifications of the C- and N-termini, but only 
to a minor extent on lipophilicity (figure 7).  
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Figure 7 Structures for SAR analysis and cytotoxic activity in the cell line panel 
(modified from paper II).  Horizontal bars represents mean values. 

The importance of lipophilicity on activity has been demonstrated for several 
classes of drugs [122], including chemotherapeutics [123]. Lipophilicity is 
often quantified as the partition coefficient for a compound between 1-
octanol and water (P or logP). Usually, diffusion across biological 
membranes requires an optimum lipophilicity, logPopt. Furthermore, 
lipophilicity is in many respects an additive property and may as such be 
modulated to design alkylating agents with a given lipophilicity both by 
choosing the appropriate alkylating moiety and a suitable carrier [15]. For 
aromatic nitrogen mustards, however, the reactivity of the compound (i.e. of 
the spontaneously formed electrophilic intermediate) appear more important 
than the lipophilicity [123-125]. There is no significant difference between 
the quantitative structure-activity relationship for antitumour activity and 
toxicity [123]. 
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Niculescu-Duvaz summarizes the requirements for the optimal alkylating 
compound [15]: 

a suitable reactivity (usually low), allowing the drug to reach the 
target in sufficient concentration 
a structure able to achieve a selective transport of the alkylating 
moieties into malignant cells 
a structure that can be activated specifically inside the malignant 
cells in order to release an effective alkylator 

The results presented in paper II do not support lipophilicity as the major 
contributor of increased toxicity for the peptides in comparison to 
melphalan. Only in a selected series of bis-aromatic dipeptides (J1 and 
compound 25-31) could any indications of lipophilic dependence be noted. 

The reactivity of alkylating agents has normally been expressed in terms 
of (a) the rate of the hydrolysis reaction (in aqueous medium, pH 7.4, 37ºC), 
(b) the half-life under the same conditions, or (c) the alkylating activity 
determined in standard tests [15]. Most of the clinically useful alkylating 
derivatives exhibit, under such conditions, a t1/2 in the range of tens of 
minutes to several hours. This observation also seems to apply for the 
compounds studied in this thesis (section 4.1, and unpublished data). All 
derivatives studied in paper II are expected to have similar half-lives of the 
bis(2-chloroethyl)amino-group which is left undisturbed as a single 
substituent at the para-position of phenylalanine, as in melphalan.  

More importantly, the amino acid composition of the dipeptides, as well 
as the sequence (i.e., melphalan in the C- or N-termini) was shown to 
influence the activity, thereby suggesting an active interaction with other 
biomolecules such as membrane transporters and/or enzymes liberating 
reactive molecular entities inside the cells. Acetylation of the free NH2-
group decreased the in vitro activity. Masking the positive charge on the N-
terminal would have been predicted to improve the permeability properties 
of the peptides, thereby increasing the activity. Linear polypeptides are 
potential substrates for various aminopeptidases, and N-terminal 
modification of the peptide structure is commonly employed to design 
aminopeptidase-resistant prodrugs [126]. Previous reports on the in vivo
relevance of such modifications are conflicting, N-acetylation of melphalan 
containing peptides resulted in considerably reduction of activity [11, 32] 
while the same modification in merphalan containing peptides influenced 
toxicity (increase in some models, decrease in others) as well as specificity 
of action in a unpredictable manner [33]. 
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4.4 Generating the hypothesis of tumour selectivity 
(paper IV) 

The results reported in paper II thus present evidence that the alkylating 
dipeptides interacted with biological molecules to exert cytotoxic activity. 
These peptides were again, as in paper I and III, postulated to be substrates 
for membrane transporters and/or hydrolytic enzymes liberating free 
melphalan inside the tumour cells. Indeed scientific literature presents 
evidence for the over-expression of such proteins in malignant phenotypes, 
as for example the dipeptide transporter pepT1 in pancreatic carcinoma cell 
lines [127], unspecific esterases in colon cancer [128] or different proteases 
in solid tumours [75, 129]. Hence, to present and evaluate the hypothesis for 
increased activity and tumour selectivity, as presented in figure 8, appeared 
obvious. 

Figure 8 Schematic presentation of the hypothesis for increased activity and 
tumour selectivity for J1 in comparison to melphalan. 

Interestingly, the oligopeptide transporter pepT1 was recently suggested as a 
relevant target for cancer therapy [130]. Attempts to competitively inhibit 
the (active) transport of J1 using the pepT1 substrate glycyl-sarcosine 
(GlySar) or the dipeptide phenylalanyl-phenylalanine (PhePhe) were 
unsuccessful, however, suggesting a predominantly passive diffusion of J1 
into the cells (figure 9). 
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Figure 9 Dose-response curves for J1 in CCRF-CEM cells (FMCA, mean of two 
experiments). No competitive inhibition from pre-exposure to the PepT1 substrate 
GlySar or the dipeptide PhePhe could be shown (from paper IV). Similar (negative) 
results were obtained with the lymphoma cell line U-937 and renal adenocarcinoma 
cell line ACHN (not shown). 

Despite lack of evidence for active transport the cellular loading of J1 was 
shown to be a very rapid event, resulting in high intracellular concentrations 
of melphalan as a result from peptide hydrolysis. This hydrolysis appeared 
necessary for high cytotoxicity, and could be inhibited by known peptidase 
inhibitors. The intact peptide was clearly less efficient in the alkylation of 
nucleophilic sites of vital cellular molecules such as DNA, probably due to 
steric hindrance. The three-dimensional structure of the DNA double helix 
exposes the phosphodiester groups and the sugar hydroxyls to electrophilic 
attack, while the nucleophilic centers of the purine and pyrimidine bases are 
partially or totally hindered, either by their involvement in Watson-Crick 
hydrogen bonding or by their position in the interior of helix, and the 
superposition of the electrostatic potential associated with the phosphate 
groups and the bases themselves [15]. 

In summary, paper IV clearly demonstrated the principle of rapid and 
efficient intracellular delivery of melphalan after exposure of dipeptides such 
as J1. In light of numerous reports on the hydrolytic activity inside malignant 
cells (discussed briefly from a drug target perspective in section 1.3) this 
principle may provide a basis for tumour selectivity. 
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4.5 Proof of concept: In vivo studies of J1 and J3 
(paper III and V) 

4.5.1 Activity and toxicity of J1 in the rat (unpublished data) 

In a preliminary study the anticancer activity and toxicity of J1 and 
melphalan was compared in vivo using the hollow fiber model in male 
Sprague-Dawley rats. The human tumour cell lines CCRF-CEM and RPMI 
8226 were used as tumour models, and the compounds were administered 
intravenously to the animals at two different doses (0.133 and 1.33 
µmoles/kg as a single dose), approximately 1/50 and 1 /5 of the maximal 
tolerated dose for melphalan in the Sprague-Dawley rat [14]. At the high 
dose level tested, there was a marked and statistically significant decrease in 
CEM tumour cell growth and viability in response to J1 as compared to that 
of both placebo (net growth -15 vs 173%, P<0.05) and melphalan (-26 vs
161%, P<0.05) treated groups (figure 10A). In RPMI 8226 myeloma cell 
containing fibers there were a moderate decrease in net growth for J1 (80%) 
compared to melphalan or placebo treated animals (154 and 108%, 
respectively) differences that did not reach statistical significance with 
ANOVA (Figure 10B). 

Figure 10 Preliminary evaluation of the in vivo anti-tumour activity of J1 (single 
dose of 1.33 µmoles/kg) in comparison to that of melphalan (single dose of 1.33 
µmoles/kg) and placebo treated rats (n=2 animals with 4+4 fibers). 
A: T-cell leukaemia cell line CCRF-CEM, B: Myeloma cell line RPMI 8226/S. The 
results are expressed as net growth and presented as mean values + S.E.M. for 7-8 
fibers in each treatment group

There were no significant signs of toxicity in any animal during the study 
(figure 11). The results indicated that despite an equal dose of alkylating 
capacity J1, but not melphalan, was able to target and decrease net growth of 
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tumour cells implanted subcutaneously in the rat in the total absence of 
toxicity. The experiments show that despite a short expected half-life of J1, 
its stability was high enough to permit distribution in the circulation, and 
passage through the endothelial cells of the vessel to finally reach the site of 
action (i.e. the subcutaneously implanted fiber).  

Figure 11 Preliminary evaluation of acute toxicity of J1 (1.33 µmoles / kg) in 
comparison to that of melphalan (1.33 µmoles / kg) and placebo treated rats (n=2 
animals in each group). A: weight curves, B: WBC, C: Hb, D: Platelets on the day of 
fiber retrieval. 

4.5.2 Activity and toxicity of J1 in the mouse (paper V) 

After obtaining the promising results in rats, a more comprehensive set of 
studies to pinpoint differences in activity and toxicity between J1 and 
melphalan was carried out. These studies, which were partly performed at 
Visionar Biomedical AB, Uppsala, used male NMRI albino mice. To 
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determine a safe and tolerable dose for efficacy studies, the acute toxicity 
following intravenous injection in the mid-tail vein was monitored. This 
procedure led to the conclusion that the highest tested dose (total 25 
µmoles/kg administered as 4 doses during 14 days), was close to this level 
with minor effects on weight gain and significant effects on haematological 
parameters, predominantly white blood cells. Melphalan and J1 appeared  to 
be equitoxic. 

Subsequently, the same strain of animals was used to study the anti-
tumour activity in the hollow fiber model. Three cell lines (the T-cell 
leukaemia CCRF-CEM, the small cell lung cancer NCI-H69, and the renal 
adenocarcinoma ACHN) and two primary cultures of human tumour cells 
(from patients with CLL and patients with ovarian carcinoma) were used as 
tumour models. The activity of J1 was significant in four of the five tested 
systems (p<0.05 from ANOVA with Tukey’s post test), as summarised in 
Table 6. 

Table 6 In vivo anti-tumour effect of melphalan and J1 in the hollow fiber model in 
mice. Results are presented as net growth (± S.E.M.) (n=8 for cell lines and 6 for 
patient cells). Total doses administered were 25 µmoles/kg (four dose schedule for 
cell lines, single dose for patient cells). Adopted from paper V. 

Placebo Melphalan J1 

CCRF-CEM 326 (±48.1) -1.75 (±15.9) -49.5 (±2.83) 
NCI-H69 390 (±31.5) 237 (±34.5) 140 (±20.8) 
ACHN 741 (±42.7) 541 (±45.4) 570 (±25.5) 
CLL 161 (±42.0) 109 (±28.2) 53.8 (±26.9) 
OvCa 48.3 (±12.1) 14.3 (±10.2) -16.4 (±4.2) 

4.5.3 Activity and toxicity of J3 in the mouse (paper III and 
unpublished data) 

In addition to J1, the tripeptide J3 was also subjected to in vivo testing in 
mice. Some of these data are presented in paper III. The acute toxicity of J3 
was monitored at 25 (2 x 12.5) and 50 (4 x 12.5) µmoles/kg during 14 days. 
The lower dose produced effects similar to those previously observed for 
equimolar doses of J1 and melphalan, while the higher dose caused a drastic 
reduction of white blood cells (mean 1.55 x 109/L vs 9.8 x 109 for control 
animals). Upon autopsy, one of the animals showed bleeding in mesentery 
and one had spots of blood coagula in fat tissue surrounding the spleen. 
Thus, the lower dose, 25 µmoles/kg was considered adequate and tolerable 
for efficacy studies. 



42

The anti-tumour activity of J3 in the hollow fiber model in mice was 
assayed with three different tumour cell types, one cell line (the T-cell 
leukemia CCRF-CEM) and two primary cultures of patient tumour cells 
(from patients with CLL and patients with ovarian carcinoma). At the dose 
level and schedule used (single dose of 25 µmoles/kg) treatment with J3 was 
effective (p<0.05 in a t-test vs control) in CCRF-CEM and CLL cells but not 
in ovarian carcinoma (figure 12). 

Figure 12 In vivo anti-tumour effect of melphalan and J3 in the hollow fiber model 
in mice. Results are presented as net growth (± S.E.M.) (n= 6). Drugs were 
administered as a single dose of 25 µmoles/kg. A: T-cell leukemia cell line CCRF-
CEM, B: Primary CLL cells, C: Primary Ovarian carcinoma cells. 
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5 Summary and Conclusions 

The clinical history of the multi-peptide complex Peptichemio is clearly 
interesting, showing significant activity in several human malignancies, 
alone or as part of combination therapy, also in patients previously treated 
with alkylating agents. In particular, our attention has been directed to one of 
the peptides, P2, which has been suggested as the main contributor of PTC 
activity in vitro.

Referring to the aims (section 2, page 19) the results may be summarised as: 

The melphalan containing analogue of P2, (named J3) and similar small 
peptides were successfully synthesised using standard peptide synthetic 
chemistry. 

The substances were investigated for anti-tumour activity in vitro using 
different assays and cell systems. The new compounds compared 
favourably with melphalan, m-L-sarcolysin and P2, considering their 
potency in vitro. Structure activity relationship analysis showed that the 
activity of melphalan dipeptides depended on the amino acid composition, 
sequence and end group modifications, but only to a minor degree on 
lipophilicity. Results suggested that the dipeptides, to exert their full 
cytotoxic activity, had to interact with specific biomolecules such as 
dipeptide transporters or peptidases. 

The increased activity of the peptides may result from more efficient 
(active) transport or enzymatic activation. Although no active transport 
could be demonstrated the influence of peptide hydrolysis was obvious, 
thereby suggesting a rationale for increased activity as well as potential 
tumour selectivity in comparison with melphalan. With respect to this, J1 
might be considered as a tumour-activated prodrug. 

Animal studies confirm that the factors favouring J1 in comparison to 
melphalan are, at least partly, translatable into the in vivo situation, thereby 
yielding a favourable therapeutic index. Thus, further development of such 
oligopeptides for clinical use is considered worthwhile. 
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6 Future outlooks 

The results presented in this study confirm the potential of oligopeptide 
based prodrugs in general, and those carrying alkylators (such as melphalan) 
in particular. An increased expression of various hydrolytic enzymes like 
peptidases, esterases and proteases has been described in several types of 
human malignancies, especially those characterized by fast-growing and 
aggressive phenotypes [75], providing a target for selective chemotherapy.  

Activity of the novel melphalan containing peptides J1 and J3 compares 
favourably with that of melphalan, m-L-Sarcolysin and P2 in vitro. The 
improved activity correlates to hydrolytic activity in tumour cells and, at 
least partly, seems to translate into the in vivo situation when tested with the 
hollow fiber model in mice. The results prompt further evaluation of these 
peptides to determine the clinical potential and relevance of these factors in 
patients. In particular, our efforts in the nearest future will focus on: 

the relative importance of potential target enzymes, e.g. Aminopeptidase 
N and acidic proteases in lysosomes (like the cathepsins) 
lysosomes as the target; previous studies indicate that certain dipeptides 
specifically accumulates in this compartment, which recently has been 
identified as a target organelle for tumour cell killing [131] 
more detailed mechanistic studies, such as DNA-damaging assays and 
further characterisation of the apoptotic response 
pharmacokinetic studies in human blood (ex vivo) and animals (in vivo)
confirmatory in vivo studies in traditional xenograft models 

In spite of the long history of melphalan and a fairly explored area of 
derivatives, in some respects indeed thoroughly investigated previously, we 
strongly feel that certain success factors encourage us to pursue this project 
further:

Impressive clinical history of PTC (section 1.2.1). 
Modest activity of most modern high tech target designed investigational 
substances [5]. 
Emerging (new-born) interest in melphalan, especially in high-dose 
chemotherapy in combination with stem cell support or bone-marrow 
transplants [21]. 
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7 Swedish Summary – Svensk 
sammanfattning

Redan under första världskriget observerade forskare hur patienter 
exponerade för senapsgas uppvisade skador på i huvudsak vävnader med 
hög cellomsättning. Tanken att behandla tumörsjukdomar i framför allt dessa 
vävnader (blod, hud och lymfsystemet) väcktes tidigt och efter ett par 
decennier så kunde ett antal nyutvecklade derivat börja användas i större 
skala. Denna substansklass går under namnet ”alkylerare”, och representeras 
idag av ett tiotal substanser, bland annat melfalan där kvävesenapsgas 
kopplats till den naturligt förekommande aminosyran fenylalanin. Melfalan 
har funnits i klinisk användning i snart femtio år och trots besvärliga 
biverkningar och potentiella risker av behandlingen har substansen ej kunnat 
ersattas av mer moderna och specifika läkemedel. 
Denna avhandling beskriver hur aktiviteten av melfalan kan påverkas genom 
att man kopplar melfalan till ytterligare en aminosyra för att få en dipeptid. 
Det initiala syftet med arbetet var att göra en melfalaninnehållande analog av 
P2, en av sex peptider i en gammal italiensk kemoterapicocktail kallad 
Peptichemio som tidigare uppvisat mycket imponerande egenskaper i 
kliniska studier. Den först syntetiserade dipeptiden J1 visar sig vara mer 
potent än P2 i såväl en uppsättning patientprover som i den välstuderade 
lymfomcellinjen U-937. I den senare studeras också effekten på syntesen av 
makromolekyler, metabola effekter samt apoptoskinetik och resultaten är 
entydiga; J1 är mer potent än både melfalan och P2, och dessutom förefaller 
effekten sätta in snabbare. 
   Orsakerna till detta studeras i de följande delarbetena, dels med olika 
laborativa metoder dels genom att en hel serie olika dipeptider syntetiseras 
och jämförs farmakologiskt. Struktur-aktivitetssamband analyseras och 
slutsatsen blir att substansernas fettlöslighet är av mindre betydelse och att 
det sannolikt är så att dipeptiderna interagerar med andra molekyler i 
cellerna (transportörer eller hydrolytiska enzymer) innan den cytotoxiska 
effekten sätter in. 
   Tripeptiden J3 är helt analog med P2 (från Peptichemio) så när som på 
melfalan har ersatt en annan alkylerande aminosyra, sarkolysin. Trots denna 
till synes betydelselösa förändring är J3 mer potent än P2, och bägge 
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tripeptiderna är i sin tur mer potenta än både melfalan och sarcolysin. De 
fördelaktiga effekterna av J3 gentemot melfalan visas även i en liten 
djurstudie där celler från en patient med kronisk lymfatisk leukemi placerats 
i en liten fiber som sedan opererats in under huden på möss. 
   En rad olika försök påvisar att J1 snabbt tar sig in i cellerna och där 
hydrolyseras till melfalan, och de intracellulära koncentrationerna förefaller 
imponerande höga. Både effekten av J1 och den intracellulära 
ackumuleringen av melfalan kan hämmas med peptidashämmare (ex 
bestatin). Då en rad olika hydrolytiska enzymer beskrivits uttryckta i 
maligna celler diskuteras detta som en möjlig selektivitetsmodell, i enlighet 
med andra exempel i litteraturen. 
   Den avslutande artikeln i avhandlingsarbetet beskriver akut toxicitet och 
antitumoral aktivitet av J1 jämfört med melfalan i en musmodell. De båda 
substanserna förefaller toxicitetsmässigt likvärdiga, men J1 uppvisar högre 
antitumoral aktivitet än melfalan på flera av de studerade tumörcellerna, 
bland annat på primära celler från en patient med äggstockscancer. 
Resultaten betraktas som mycket lovande utifrån att en del av den 
observerade överlägsenheten in vitro uppenbarligen också kan ses in vivo.
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If the facts don't fit the theory, change the facts.  
(attributed to) Albert Einstein 

Facts are meaningless. You could use facts to prove anything that's even 
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Homer Simpson 
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