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ABSTRACT: Oncolytic immunotherapies represent a new
promising strategy in the treatment of cancer. In our efforts to
develop oncolytic peptides, we identified a series of chemically
modified 9-mer cationic peptides that were highly effective
against both drug-resistant and drug-sensitive cancer cells and
with lower toxicity toward normal cells. Among these peptides,
LTX-315 displayed superior anticancer activity and was
selected as a lead candidate. This peptide showed relative
high plasma protein binding abilities and a human plasma half-
life of 160 min, resulting in formation of nontoxic metabolites.
In addition, the lead candidate demonstrated relatively low ability to inhibit CYP450 enzymes. Collectively these data indicated
that this peptide has potential to be developed as a new anticancer agent for intratumoral administration and is currently being
evaluated in a phase I/IIa study.

■ INTRODUCTION
Modern cancer therapy has experienced a shift from systemic
treatment using cytotoxic chemotherapeutics to therapies
targeting the immune system.1 Cancer immunotherapies either
stimulate specific components of the immune system or
counteract signals produced by cancer cells that suppress
immune responses. Combinations of these complementary
immunotherapy treatments are expected to be an integral part
of future cancer treatment delivering significant clinical benefit.
An alternative approach to stimulate the immune system is

the use of oncolytic immunotherapies. Oncolytic viruses have
emerged as a new and promising strategy with significant
clinical responses in cancer patients,2 and very recently the
oncolytic virus Imlygic (talimogene laherparepvec)3 was
approved by the U.S. Food and Drug Administration for the
treatment of patients with unresectable melanoma. Oncolytic
peptides offer yet a new therapeutic modality,4 and their
membranolytic mode of action includes the release of danger-
associated molecular pattern molecules (DAMPs)5 and tumor
antigens from cancer cells, resulting in regression of solid
tumors and systemic tumor specific immune responses.6,7

Consequently, the development of oncolytic peptides into
novel anticancer therapeutics has emerged as a promising
immunotherapeutic strategy.8 Toward this end, peptide 5
(LTX-315,7 Table 1) has undergone a phase I study designed

to evaluate safety profile and determine a recommended dose,
where main safety issues below MTD were mostly local adverse
events and flushing.9 Peptide 5 is currently tested in clinical
phase I/IIa studies, as a potential first-in-class oncolytic
peptide.10

Peptide 5 is the culmination of our efforts over a number of
years into the design of novel and more optimized
antimicrobial and anticancer peptides, coined by our interest
in the host defense peptide (HDP) bovine lactoferricin
(LFcinB).11−13 HDPs have been found in a wide variety of
species as part of the organisms’ defense system against
pathogens,14,15 and it is not uncommon for these cationic
peptides, including LFcinB and derivatives,16−20 to also
demonstrate cytotoxic activity against cancer cells at concen-
trations that are not toxic to normal cells.21−23 Their biological
activity is often ascribed to peptide−membrane interactions in
addition to possible intracellular targets.24−32 Negatively
charged constituents on bacterial cell surfaces and a higher
abundance of anionic constituents on the outer leaflet of cancer
cell membranes compared to normal cell membranes33 have
been implied to explain the peptide−membrane interactions.
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In addition to inherently being rich in basic amino acids (Lys
and Arg), cationic antimicrobial and anticancer peptides have a
high content of hydrophobic residues (Trp, Phe, Leu, and Ile).
Upon interaction with negatively charged membranes the
formation of amphipathic structures with separated cationic and
hydrophobic regions has been described.34−37 It has also
recently been shown that short amphipathic antimicrobial
peptides can be constructed using noncoded lipophilic amino
acids,38 and use of β2,2-amino acids has yielded antimicrobial
and anticancer peptides and peptidomimetics.39−42

We have found that the nature, size, and positioning of
aromatic amino acids are critical for activity and that a high net
positive charge and the size of the cationic sector also strongly
influence the activity.35,43−45 This has enabled the de novo
design of 9-mer cationic peptides where counterproductive
structural elements have been deleted, enabling further

optimization of features identified as important for anticancer
activity. An array of cationic 9-mer peptides that consist of five
cationic residues, two or three tryptophan residues, and one or
two bulky and lipophilic unnatural amino acids (see Figures 1
and 2) were evaluated for their cytotoxic activity. Five peptides
were chosen as a lead series and were tested against a wider
range of cancer cell lines, including drug-resistant cell lines. On
the basis of these data, peptide 5 was chosen as a lead candidate
for preclinical and clinical studies.

■ RESULTS AND DISCUSSION

The design of peptide 5 was a result of our systematic SAR
studies on cationic anticancer peptides. Through these studies,
we landed on cationic 9-mer peptides based on (KKWW)2K-
NH2 (peptide 1), which has a net positive charge of +6 at
physiological pH. Peptide 1 is modeled as an α-helical

Table 1. Sequences of 9-mers and Initial Screening Data

IC50 ± SD (μM)b

compd sequencea MRC-5 A20 AT84

1 Lys-Lys-Trp-Trp-Lys-Lys-Trp-Trp-Lys-NH2 >357c 37.3 ± 1.5 31.0 ± 1.0
2 Lys-Lys-Dip-Trp-Lys-Lys-Trp-Trp-Lys-NH2 488 ± 52 51.7 ± 6.5 36.7 ± 9.5
3 Lys-Lys-Trp-Dip-Lys-Lys-Trp-Trp-Lys-NH2 287 ± 52 25.7 ± 0.6 24.7 ± 2.3
4 Lys-Lys-Trp-Trp-Lys-Lys-Dip-Trp-Lys-NH2 102 ± 7.6 12.3 ± 1.5 25.3 ± 4.2
57 Lys-Lys-Trp-Trp-Lys-Lys-Trp-Dip-Lys-NH2 34.3 ± 2.3 8.3 ± 1.2 11.0 ± 0
6 Lys-Lys-Trp-Dip-Lys-Lys-Trp-Dip-Lys-NH2 80.0 ± 7.0 12.0 ± 0 15.0 ± 1.0
7 Lys-Lys-Trp-Bip-Lys-Lys-Trp-Trp-Lys-NH2 174 ± 22 18.7 ± 1.5 27.3 ± 5.1
8 Lys-Lys-Trp-1-Nal-Lys-Lys-Trp-Trp-Lys-NH2 238 ± 69 24.0 ± 1.0 26.3 ± 7.1
9 Lys-Lys-Trp-2-Nal-Lys-Lys-Trp-Trp-Lys-NH2 257 ± 20 26.0 ± 1.7 29.3 ± 7.8
10 Lys-Lys-Trp-9-Ath-Lys-Lys-Trp-Trp-Lys-NH2 40.0 ± 1.7 9.3 ± 1.2 11.0 ± 1.0
11 Lys-Lys-Bip-Trp-Lys-Lys-Trp-Trp-Lys-NH2 151 ± 16 13.0 ± 1.0 17.7 ± 3.1
12 Lys-Lys-Bip-Trp-Lys-Lys-Trp-Trp-Lys-NH2 87.0 ± 15.1 8.3 ± 1.5 11.3 ± 1.2
13 Orn-Orn-Trp-Dip-Orn-Orn-Trp-Trp-Orn-NH2 323 ± 33 21.7 ± 2.5 23.0 ± 3.6
14 Dab-Dab-Trp-Dip-Dab-Dab-Trp-Trp-Dab-NH2 97.7 ± 5.1 8.3 ± 0.6 14.3 ± 1.2
15 Dap-Dap-Trp-Dip-Dap-Dap-Trp-Trp-Dap-NH2 516 ± 5.2 67.7 ± 13.2 154 ± 29
16 Arg-Arg-Trp-Dip-Arg-Arg-Trp-Trp-Arg-NH2 76.0 ± 9.5 6.7 ± 1.2 11.3 ± 2.1
17 lys-lys-Trp-Dip-lys-lys-Trp-Trp-lys-NH2 >347c 134 ± 13 113 ± 10
186 Trp-Lys-Lys-Trp-Dip-Lys-Lys-Trp-Lys-NH2 122 ± 16 16.0 ± 3.0 21.0 ± 1.7

aAmino acids with small first letters are of (R)-configuration. Structures of unnatural amino acids are shown in Figure 2. bInhibitory concentration
killing 50% of the cells (IC50). Data from three or more independent measurements are presented as mean ± SD. cIC50 above maximum
concentration tested.

Figure 1. Structural representations of (A) an idealized helical wheel projection of peptide 1 with Lys residues in blue and Trp residues in gray
(generated using Helical Wheel Projections, version Id: wheel.pl,v 1.4) and (B) secondary structure model of peptide 5 (generated using PyMOL
1.3) illustrating the surface charge of an idealized amphipathic conformation with Lys residues (in blue) on one side and aromatic residues (in gray)
on the opposite side.
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amphipathic structure with its cationic residues positioned on
one side of the helix and the aromatic residues sequestered to
the other side (Figure 1).7 Peptides with this class of sequence
in a helical conformation will enable efficient interaction with
anionic membranes.
Design of Peptides for a Lead Series: Role of Aromatic

Amino Acids. Peptide 1 (Table 1), with only Trp as the
hydrophobic amino acid, was found to be active against the
human A20 lymphoma and the murine AT84 squamous cell
carcinoma cancer cell lines and showed no toxicity toward
normal human fibroblasts (MRC-5 cells, Table 1). We have
previously shown that replacement of the Trp residues of 15-
mer lactoferricin peptides with larger noncoded hydrophobic
amino acids leads to an increased cytotoxic activity,43 and we
therefore proceeded to insert a 3,3-diphenylalanine (Dip)
residue (see Figure 2) at either of the aromatic positions of
peptide 1, giving peptides 2−5. Interestingly, the replacement
of Trp8 with Dip to give peptide 5 resulted in high activity
against both A20 and AT84 cancer cell lines but at the expense
of increased toxicity against MRC-5 cells. Introduction of Dip
in position 7 (peptide 4) also gave a significant increase in
activity toward both the cancerous A20 and the noncancerous
MRC-5 cell lines. Noteworthy, the Trp3 to Dip3 (peptide 2)
replacement resulted in a slight loss of activity against the
cancer cell lines, while the introduction of Dip in position 4
(peptide 3) gave a slight increased activity. Introduction of two
Dip residues (position 4 and 8) as in peptide 6 did not further
increase the anticancer activity.
We have previously shown that the position of Trp residues

significantly influenced the anticancer activity of idealized
helical model peptides based on the (KAAKKAA)3 sequence.
Their structure in the presence of artificial anionic cell
membranes was also found to be highly dependent on the
position of Trp.35 For these 21-mer peptides, replacement of
Ala residues with Trp residues at either flank of the cationic
sector gave increased cytotoxic activity compared to replacing
Ala residues opposite to the cationic sector. For a number of
antimicrobial and anticancer peptides, we have seen that
replacement of a Trp residue with the bulky Dip residue has a
positive impact on activity and we were therefore surprised to
see that a Dip residue in position 3 appeared counterproductive
for the 9-mers. Clearly, the position of the noncoded bulky
aromatic residue significantly influenced the activity of the
resulting peptides and the Trp to Dip modification was more
beneficial at the C-terminal of the 9-mers.
Next, we opted to investigate the use of different unnatural

aromatic amino acids. Peptide 3 was chosen as the model
peptide, since we did see an improvement in activity resulting
from the Trp4 to Dip4 replacement but not as pronounced as
for positions 7 and 8. Introduction of biphenylalanine (Bip), 1-
naphthylalanine (1-Nal), or 2-naphthylalanine (2-Nal) gave
peptides 7−9, respectively (see Figure 2 for structures), which

showed more or less the same activity as peptide 3. However,
peptide 10, with a 9-anthracenylalanine (Ath) residue in
position 4, was found to be significantly more active.
Interestingly, while the Ath and Dip side chains have quite
similar structural properties,46 particularly the width of the side
chains (7.3 and 7.1 Å, respectively), their contribution to the
cytotoxic activity of the peptides differed. The effect of
changing from Dip to Bip was found to be dependent on the
position; i.e., changing Dip4 to Bip (peptides 3 and 7) only
moderately changed the activity against the A20 cell line,
whereas the same change in position 3 (peptides 2 and 11)
resulted in a substantial change in overall cytotoxic activity.
Clearly the broad Dip side chain is a poor fit for the 3 position,
while introduction of the narrow and long Bip side chain46

results in increased activity compared to the parent peptide. It
is quite possible that the overall structure of the peptides in
their active conformation will differ and that the nature of the
unnatural amino acid and also the position of the particular
amino acid may have an influence in this respect.

Design of Peptides for Lead Series: Role of Cationic
Amino Acids.We also investigated the use of different cationic
amino acids for the 9-mers (see Table 1 and Figure 2), and
peptide 3 was again chosen as the model peptide. As
manipulation with a single cationic residue was expected to
have a low effect on biological activity, all Lys residues were
replaced in each analog. The carbon side chain of the cationic
amino acids in the peptides was shortened sequentially by one
carbon atom going from peptide 3 through peptides 13 and 14.
Interestingly, a shorter side chain of the cationic amino acid had
a positive effect on the cytotoxic activity and particularly the
introduction of the 2,4-diaminobutanoic acid (Dab) residue
inferred high cytotoxic activity. Shortening the side chain length
further by including 2,3-diaminopropionic acid (Dap) residues
however had a detrimental effect on the activity, possibly due to
the lower basicity of Dap compared to the Lys, Orn, and Dab
residues,47,48 which may prevent the Dap side chains of peptide
15 from being charged under the assay conditions. For the
peptides investigated in this study, it is clear that a short
distance between the peptide backbone and the positively
charged amine group of Dab was beneficial for activity.
Arg residues have earlier been reported to confer higher

toxicity when replacing Lys residues in an antimicrobial
peptide,49 and in our case peptide 16 which contains Arg
residues instead of Lys residues was found to be more active
albeit also more toxic to MRC-5 cells than the Lys-containing
peptide 3. This effect has been attributed to the multidimen-
sional charge and ability to interact with multiple phospholipid
head groups of the Arg guanidine moiety.49−51 Interestingly,
the Dab-containing 14 and Arg-containing 16 peptides
displayed similar activity against the three cell lines (Table 1).
The structure of the active conformation of the peptides may

change depending on the nature of the cationic amino acids
introduced, and the low activity of peptide 17 (five D-Lys
residues) illustrates that the structure is an important feature of
the peptides. While the (KKWW)2K sequence may adopt a
perfect amphipathic helical structure, it is not known whether
this is the preferred conformation in a peptide−lipid complex
and further studies into this will be reported in due course.

Peptide Lead Series: Cancer Cell Panel Screening. On
the basis of the results from the peptides presented and
discussed above, we decided to expand our panel of cancer cells
and selected five peptides as a lead series for further
investigations. The five candidates were chosen based on the

Figure 2. Structure of amino acid side chains.
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overall anticancer activity, sequence, nature of the unnatural
aromatic amino acid, nature of the cationic amino acid, and
stability toward proteolytic degradation (D-peptide). Since
peptide 18 (LTX-302,6 see Table 1) had shown anticancer
activity in a murine lymphoma model,6 it was included in the
screening. In addition, the highly active peptide 5 and peptide
11, which contain different unnatural amino acids (Dip and Bip,
respectively), were included. Even though peptide 14,
containing Dab residues instead of Lys, also displayed high
cytotoxic activity and slightly lower toxicity, it was not
considered for the lead series as it contains six noncoded
amino acids. This decision was based on cost of goods
considerations (protected Dab is at least 10 times more
expensive than protected Lys) and the potential release of
noncoded amino acids upon hydrolysis of the peptide chain.
We also included peptide 12, which is the enantiomer of 11 in
order to elucidate whether the slightly higher activity for the D-
peptide and the invoked higher enzymatic stability would be
beneficial. Finally, we included peptide 16, which was the only
Arg-containing peptide of this study.
The lead series was submitted to a panel screening of 10

human lymphoma cell lines, 37 human cancer cell lines from

different origins, and 2 normal cell lines (see Table S2 in
Supporting Information for description of cell lines). A
summary of the mean IC50 range for each peptide in the lead
series toward cell lines of different histological origin is
presented in Table 2 (see Table S3 for the complete data
set). The expanded screening shows that all peptides in the lead
series were highly active against a vast range of cancer cells. It is
interesting to note that the two enantiomeric peptides 11 and
12 displayed essentially the same range of activity. Peptide 12,
however, is expected to have a higher overall activity in tumor
models in vivo. Peptide 5 was clearly the most active peptide in
the panel screening, with mean IC50 values 2- to 4-fold lower
than for the other four peptides, while peptide 18 was overall
least active. Even though peptide 5 displayed highest activity
against the two normal cell lines (HUV-EC-C and MRC-5), the
tumor cell/normal cell specificity ratio was not lower than for
the other peptides in the lead series.

Peptide Lead Series: Activity toward Drug-Resistant
Cancer Cells. Drug resistance is one of the main causes of
failure in cancer chemotherapy. Hence, several drug-sensitive
and drug-resistant cancer cell pairs were included in the panel
screening. The drug-resistant cell lines that were included

Table 2. Results from Panel Screening of Human Cancer and Normal Cell Lines IC50 in (μM)a

aCytotoxic activity given as the range in mean inhibitory concentration killing 50% of the cells (IC50) measured for cell lines of the same histological
origin. Color-coding: Green = mean IC50 < 5, yellow = mean IC50 = 5−15, red = mean IC50 > 15. See Supporting Information Table S3 for the full
data set.

Table 3. Activity against Drug Sensitive and Drug Resistant Tumor Cell Lines (IC50 ± SD in μM)a

cell line 5 11 12 16 18

HL-60 2.1 ± 0.4 6.1 ± 1.8 6.1 ± 3.4 6.7 ± 3.7 8.0 ± 1.1
HL-60/ADRb 3.0 ± 0.9 7.0 ± 3.7 4.9 ± 3.7 6.0 ± 4.5 10.5 ± 3.1
MCF-7 2.2 ± 0.6 6.8 ± 2.8 4.6 ± 1.1 5.5 ± 0.9 8.9 ± 2.8
MCF-7/mdrc 2.5 ± 1.0 8.4 ± 2.7 4.9 ± 1.6 6.6 ± 2.8 11.0 ± 4.4
IGROV-1 6.4 ± 2.0 13.4 ± 1.6 14.3 ± 5.3 11.1 ± 3.4 19.6 ± 8.7
IGROV-1/CDDPd 3.2 ± 1.6 6.6 ± 2.6 6.6 ± 2.7 5.5 ± 2.2 6.4 ± 2.6
K-562 3.0 ± 0.3 7.2 ± 0.4 7.4 ± 0.1 7.0 ± 0.8 8.2 ± 1.3
K562/Gleevece 3.0 ± 0.3 7.9 ± 2.9 7.6 ± 1.3 7.7 ± 1.6 9.0 ± 2.1

aInhibitory concentration killing 50% of the cells (IC50). Data from three independent measurements are presented as the mean ± SD. bThe HL-60/
ADR cell line is resistant to the cancer drug adriamycin. cThe MCF-7/mdr cell line is transfected with a gene denoted Multi-Drug Resistance 1 which
infers resistance toward several cancer drugs. dThe IGROV-1/CDDP ovarian cancer cell line is resistant to cisplatin. eThe K562/Gleevec cell line is
resistant to the cancer drug imatinib.
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represent different types of common resistance mechanisms for
cancer cells (see Table 3 for details). Intriguingly, each of the
five peptides displayed almost similar activity against the drug-
resistant and drug-sensitive cell lines, including multidrug-
resistant phenotypes (see Table 3 and Table S2). Hence,
peptide 5 may have the potential to be used in treating tumors
that are or have become resistant to conventional chemo-
therapy.
The screening of the lead series against sensitive and drug-

resistant cancer cell lines clearly shows that peptide 5 is overall
the most active peptide, and it was therefore selected for further
preclinical studies.
Preclinical Studies: Plasma Stability, Protein Binding,

and Partitioning. Peptide 5 has been designed for intra-
tumoral administration; however injection of a relative high
local concentration of peptide 5 could cause leakage into
systemic circulation. We therefore investigated in vitro stability
in human plasma as well as plasma protein binding properties
and plasma/blood cell partitioning of peptide 5 in rats, dogs,
and humans.
The stability of peptide 5 when exposed to human plasma

was monitored using HPLC (Figure 3), which revealed that

three different metabolites were formed (M1−M3, Table 5) as
a result of sequential exopeptidase-mediated cleavage from the
N-terminal. The half-life of peptide 5 was determined to be 160
min. In order to test whether the three metabolites would
contribute to the anticancer effect of a given dose of peptide 5,
the metabolites were synthesized and tested for cytotoxic
activity against MRC-5 and A20 cells (Table 5). Interestingly,
the sequential breakdown of peptide 5 leads to a gradual loss of
activity against the cancer cell line, with a simultaneous
reduction in toxicity toward fibroblasts. On the basis of these
data, the higher toxicity of peptide 5 in the panel screening
should not pose as a major problem after intratumoral
administration. Should the peptide enter into systemic
circulation, our data suggest that peptide 5 will be broken
down to noncytotoxic metabolites.
The instability of peptide 5 in human plasma represents a

challenge for the determination of plasma protein binding
properties and the plasma/blood cell partitioning which are
both derived from the unbound concentration of peptide 5 in
the plasma supernatant. When the broad spectrum serine
protease inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride
(AEBSF)52 was added to the plasma at the start of the
experiment, the recovery of peptide 5 was significantly

increased from both spiked plasma and the supernatant, as
the concentration of peptide 5 in the supernatant only fell from
176 ng/mL to 131 ng/mL after incubation for 20 h at 37 °C.
The reduced degradation of peptide 5 by the addition of
AEBSF allowed for an estimation of binding parameters;
however the measured concentration in the supernatant does
not represent all nonbound peptide 5 given that a certain
portion of the peptide also degrades over the time span of the
experiment. As a result the calculated degree of protein binding
represents an upper limit for peptide 5 under these conditions.
The extent of plasma protein binding was found to be
independent of concentration for all three species, with similar
results within the concentration range tested. A somewhat
higher plasma protein binding was found for dog (<92 ± 2.3%
bound) compared to human (<80 ± 4.2% bound) and rat (<75
± 2.5% bound).
The mean blood/plasma ratio was determined after 60 min;

hence the instability of peptide 5 is less significant in the
determination of the binding to blood cells. The results are
summarized in Table 4, which reveal that peptide 5 is
moderately associated with red blood cells in human and rat
whereas in dog the association to red blood cells is higher.

Preclinical Studies: CYP450 Inhibition and Stability in
Hepatocytes. Peptide 5 was also assessed for its ability to
inhibit human hepatic CYP450 enzymes by incubation with
human liver microsomes and selective substrates for 9 CYP450
isoforms (see Table S4 for details). Incubation at different
concentrations and with 5 or 30 min preincubation time
revealed that peptide 5 is a relatively mild inhibitor of all 9
CYP450 isoforms included in this study (Table 6). The lower
inhibitory effect against CYP1A2, 2A6, 2C19, 2D6, and 3A4 at
30 min incubation may indicate that peptide 5 is unstable over
the longer preincubation time and/or is metabolized to a
metabolite(s) that is less inhibitory than the parent peptide.
Indeed, when peptide 5 was incubated with cryopreserved
hepatocytes from rat and human, the concentration fell over
time, and the half-life in both species was found to be around 1
h (Table 7). The difference in inhibitory effect after 5 and 30
min incubation, where none of the CYP450 isoforms were
substantially more inhibited with time, suggests that peptide 5
is a mild and reversible inhibitor and that no irreversible
CYP450 inhibitors are formed by metabolism of peptide 5.

Mechanism of Action. Peptide 5 induces rapid killing of
cancer cells in vitro,7,53 while it has been found to be nontoxic
toward human red blood cells (EC50 > 695 μM).7 The low
toxicity toward red blood cells may stem from the hydrophobic
nature of their membranes compared to other types of
eukaryotic cells.54 The oncolytic activity of peptide 5 stems
from a direct lytic effect on the plasma membrane in addition to
permeabilization of the mitochondrial membrane, leading to
cellular death by necrosis and release of tumor antigens.8,53,55

Moreover, treatment of cancer cells with peptide 5 causes the
release of several danger signals (DAMPs) that are associated
with immunogenic cell death and stimulation of adaptive
immune responses. Thus, peptide 5 induces an inflammatory

Figure 3. Metabolism of peptide 5.

Table 4. Blood/Plasma Ratios at 60 min for Peptide 5

rat dog human

blood/plasma ratioa 1.03 2.19 0.76
% peptide 5 associated with blood cellsa 44 76 27

aValues as the mean of two independent measurements.
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response and the subsequent activation and infiltration of
immune cells such as cytotoxic CB8+ T cells into the tumor
parenchyma resulting in complete tumor regression and
systemic tumor specific immune responses in preclinical
tumor models.7,8,53 On the basis of its unique oncolytic mode
of action, peptide 5 has been introduced as a potential first in
class oncolytic peptide.

■ CONCLUSION
The first in class oncolytic virus3 has recently been approved,
and this may pave the way for other types of local oncolytic
immunotherapies. The potential first in class oncolytic peptide
drug candidate, peptide 5, was discovered through systematic
design of 9-mer cationic peptides and screening of these for
anticancer activity. We have found that the overall highest
anticancer activity could be obtained by replacing Trp8 in a
(KKWW)2K-NH2 sequence with the more bulky unnatural Dip
amino acid.

Furthermore, peptide 5 was found to be equipotent against
drug-resistant cancer cells, nontoxic toward red blood cells,
showed high plasma protein binding, and was quite rapidly
degraded to nontoxic metabolites. Hence, peptide 5 should be
ideally suited for intratumoral administration.
Indeed, intratumoral administration of peptide 5 has resulted

in complete regression and systemic tumor specific immune
responses in several preclinical models. Therefore, peptide 5 is
currently being tested in a clinical phase I/IIa study,10 showing
tumor regression and enhanced infiltration of immune cells in
injected lesions.56

■ EXPERIMENTAL SECTION
Peptide Synthesis. All peptides were prepared at room temper-

ature in an automated fashion using standard Fmoc-based solid-phase
peptide synthesis on a Rink amide AM resin (NovaBiochem). Briefly,
each amino acid was coupled using HBTU or PyBOP as coupling
reagent and DIPEA as base in DMF for 30−60 min. Removal of the
Fmoc-protecting group after each coupling step was facilitated using
20% piperidine in DMF. Peptides were cleaved off from the resin and
deprotected using a mixture of trifluoroacetic acid, water, and
triisopropylsilane (95:2.5:2.5, v/v/v) for 2.5−3 h. The resin was
filtered off using a glass-sintered filter, washed with a fresh portion of
trifluoroacetic acid, and the filtrate was evaporated under reduced
pressure. Crude peptides were precipitated by addition of cold diethyl
ether. The ether layer was removed and the solid residue triturated two
times with diethyl ether and dried under reduced pressure. The crude
peptides were purified by reversed phase HPLC (RP-HPLC) and
lyophilized. Purified peptides were analyzed by analytical RP-HPLC,
and the integrity of the peptides was checked by positive ion
electrospray ionization mass spectrometry (ESI-MS). Analytical data
are given in Table S1. All peptides tested were found to be of >95%
purity (RP-HPLC 214/254 nm). Peptide 5 (acetate salt) for
preclinical studies was provided by Bachem (Bubendorf, Switzerland).

Cell Lines Initial SAR Study. A20 (ATCC, TIB-208), a naturally
occurring murine B cell lymphoma of Balb/c origin, and AT84 (kindly
provided by Prof. Shillitoe, Upstate Medical University, Syracuse, NY,
USA), a naturally occurring murine squamous cell carcinoma of C3H
origin, were both cultured in RPMI-1640 containing 2 mM L-
glutamine and 1.5 g/L sodium bicarbonate. The A20 culture medium
was further modified to contain 4.5 g/L glucose, 10 mM HEPES, 1.0
mM sodium pyruvate, and 0.05 mM 2-mercaptoethanol. MRC-5
(ATCC, CCL-171), a human embryonic lung fibroblast cell line, was
cultured in MEM containing 2 mM L-glutamine. All culture media
were supplemented with 10% fetal bovine serum and were without
antibiotics. Cell cultures were maintained in a humidified atmosphere
of 5% CO2 and >95% humidity at 37 °C and tested for both
mycoplasma and other pathogens (RapidMAP-27, Taconic, Denmark)
or mycoplasma alone.

Cell Lines Panel Screening. These experiments were performed
by Oncodesign S.A. (Dijon, France). Tumor cells were grown as
adherent monolayers or as suspensions at 37 °C in a humidified
atmosphere (5% CO2, 95% air). The culture medium was RPMI-1640
containing 2 mM L-glutamine and supplemented with 10% fetal bovine
serum (FBS). Cells were counted in a hemocytometer and their
viability was assessed by 0.25% trypan blue exclusion. Mycoplasma
detection was performed using the MycoAlert mycoplasma detection

Table 5. Sequences and Biological Activity of Metabolites

IC50 ± SD (μM)a

compd sequence MRC-5 A20

M1 Lys-Trp-Trp-Lys-Lys-Trp-Dip-Lys-NH2 43.9 ± 19.3 13.5 ± 0.9
M2 Trp-Trp-Lys-Lys-Trp-Dip-Lys-NH2 53.2 ± 21.2 20.3 ± 2.9
M3 Trp-Lys-Lys-Trp-Dip-Lys-NH2 460 ± 71 247 ± 13

aInhibitory concentration killing 50% of the cells (IC50). Data from three or more independent measurements are presented as the mean ± SD.

Table 6. Inhibitory Activity of Peptide 5 against CYP450
Isoforms

enzyme assay IC50 (5 min)a IC50 (30 min)a

CYP1A2 O-deethylation of
phenacetin

37.9 ± 5.9 >100

CYP2A6 hydroxylation of coumarin 7.0 ± 2.2 26.3 ± 12.4
CYP2B6 hydroxylation of bupropion 27.7 ± 5.6 18.6 ± 2.0
CYP2C8 hydroxylation of paclitaxel 10.2 ± 1.1 7.9 ± 1.1
CYP2C9 hydroxylation of diclofenac 8.8 ± 2.0 8.7 ± 1.7
CYP2C19 hydroxylation of

(S)-mephenytoin
23.3 ± 2.7 >100

CYP2D6 hydroxylation of bufuralol 21.9 ± 5.2
CYP2E1 hydroxylation of

chlorzoxazone
30.9 ± 5.2 30.0 ± 7.1

CYP3A4 hydroxylation of
testosterone

9.3 ± 1.0 12.1 ± 1.1

CYP3A4 hydroxylation of midazolam 18.8 ± 5.6 63.7 ± 30.3
aConcentrations (in μM) resulting in 50% enzyme inhibition (IC50).
Values (±SD) from duplicate experiments reported.

Table 7. Stability of Peptide 5 in Cryopreserved Hepatocytes

t1/2
a (min)

clearanceb

((μL/min)/106 cells)

compd rat human rat human

peptide 5 71 64 20 22
testosteronec 2 4 811 333
midazolamc 27 >200 51 <7
4-methylumbelliferonec 4 11 373 127

aHalf-lives obtained from two independent measurements presented
as the mean. bAverage intrinsic clearance. Data from two independent
measurements presented as the mean. cThe results for the reference
compounds were as expected from historical data for these assays
performed at BioFocus DPI, thus confirming the capacity of the
hepatocytes for both phase I and phase II metabolism.
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kit (Lonza, Verviers, Belgium) in accordance with the manufacturer
instructions.
In Vitro Cytotoxicity. A colorimetric 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazodium bromide (MTT) viability assay57 was
employed to assess the in vitro cytotoxicity toward MRC-5, AT20,
and AT84 cells following the same protocol as previously reported.7

For all other cell lines (at Oncodesign S.A., Dijon, France), a
co lor imetr i c 3 -(4 ,5 -d imethy l th iazo l -2 -y l) -5 -(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay58

with phenazine methosulfate (PMS) as electron coupling reagent
was used. The adherent cell lines were washed once with 200 μL of
FBS-free culture medium before treatment. Tumor cells were plated in
96-well flat-bottom microtitration plates (Nunc, Dutscher, Brumath,
France) and incubated at 37 °C for 24 h before treatment in 190 μL of
drug-free and FBS-free culture medium. Tumor cells were incubated
for 4 h with 10 concentrations of compounds in 1/4 dilution step with
a top dose of 400 μM (range 4 × 10−4 to 4 × 10−10 M), with 1% (final
concentration) Triton X-100 as positive control and FBS-free culture
medium as negative control. The cells (190 μL) were incubated in a
200 μL final volume of FBS-free culture medium containing test
substances at 37 °C under 5% CO2. Three independent experiments
were performed, each concentration being issued from quadruplicate.
Control cells were treated with vehicle alone. At the end of the cell
treatment, an amount of 40 μL of a 0.22 μm filtered freshly combined
solution of MTS (20 mL at 2 mg/mL) and PMS (1 mL at 0.92 mg/
mL) in Dulbecco’s phosphate buffered saline (DPBS) was added to
each well. Culture plates were incubated for 2 h at 37 °C. Absorbency
(OD) was measured at 490 nm in each well using VICTOR3 1420
multilabeled counter (Wallac, PerkinElmer, Courtaboeuf, France). The
dose response inhibition of proliferation (IC) was expressed as IC =
(ODdrug/ODblank) × 100, where the OD values which are the mean of
four experimental measurements were plotted using XLFit 3 (IDBS,
United Kingdom) and IC50 values were determined using the XLFit 3
software from semilog curves derived from three independent
measurements.
Plasma Protein Binding. These experiments were performed by

Quotient Bioresearch Ltd. (Rushden, U.K.). Fresh control human
whole blood was collected into lithium heparin tubes from healthy
male and female volunteers who had taken no medication during the
previous 7 days and no alcohol for 24 h. The blood samples were
centrifuged (3000g, 10 min), and the plasma was harvested. Plasma
was pooled and was stored frozen (approximately −80 °C) until
required. Plasma (whole blood had been collected into lithium heparin
tubes) from rat (Han Wistar) and dog (Beagle) was purchased from
Matrix Biologicals Ltd. (Cambridge, U.K.). Plasma was pooled from at
least 3 male and 3 female animals per species and was stored frozen
(approximately −80 °C) until required. Peptide 5 (25 μL of a solution
containing either 20, 50, or 100 μg/mL peptide dissolved in water)
was added to plasma solutions from rat, dog, and human (2.475 mL)
containing AEBSF (1 mg/mL) giving 200, 500, or 1000 ng/mL as final
concentration of peptide 5 (in duplicate). Plasma samples containing
peptide 5 (approximately 1.8 mL) were loaded into ultracentrifuge
tubes and were separated in a Sorvall Discovery 90SE ultracentrifuge
(45 000 rpm at 37 °C for 20 h with acceleration and deceleration set to
9 and 4, respectively). Following centrifugation, each supernatant
(approximately 0.5 mL) was carefully removed by a syringe with an
attached hypodermic needle whose tip was placed just below the
surface. The supernatant was transferred into an Eppendorf tube, and
the samples were stored frozen prior to analysis. The amount of
peptide 5 in each sample was quantified using LC−MS/MS (see
method 1 below), and the extent of plasma protein binding was
calculated according to the formula % bound = [(C − CS)/C] × 100,
where C is the concentration in plasma and CS is the measured
concentration in the supernatant.
Plasma/Blood Partitioning. These experiments were performed

by Quotient Bioresearch Ltd. (Rushden, U.K.). Fresh whole blood was
collected from human (for details see above), dog (Quotient
Bioresearch Ltd., Rushden, U.K., beagle stock animals), and rat
(supplied by Charles River UK Ltd., Margate, Kent, U.K.). Blood was
collected from at least 3 male and 3 female donors/animals. Aliquots

of whole blood from the different species were pooled, and the pooled
blood was stored at room temperature for a maximum of 2 h until use.
Peptide 5 (20 μL of a solution containing 20 μg/mL) was added to
aliquots of whole blood (10 × 0.98 mL) to give a peptide
concentration of 200 ng/mL. The blood was incubated at
approximately 37 °C for 0, 10, 30, 60, and 120 on a rotary mixer.
After incubation, a packed cell volume determination was made
(determination of hematocrit) and aliquots of blood were analyzed by
LC−MS/MS (see method 1 below) to determine the concentration of
peptide 5. The remainder of the blood samples was centrifuged to
prepare plasma, and aliquots of plasma were analyzed by LC−MS/MS
to determine the concentration of peptide 5. The plasma/blood cell
partitioning was determined using the formula blood/plasma ratio =
Cb/C, where Cb and C are the blood and plasma concentrations of
peptide 5, respectively. The partition coefficient was determined using
the formula partition coefficient = {[C(1 − H)]/Cb} × 100, where H is
the hematocrit (packed cell volume) as a decimal.

Half-Life in Human Plasma. Blood samples were collected from
healthy volunteers in heparin treated vacutainers, and plasma was
collected after centrifugation at 1500 rpm for 10 min. Peptide 5 (250
μL of a 1 mg/mL solution in isotonic saline) and plasma (1000 μL)
were carefully mixed, and aliquots of 125 μL were sampled at different
time intervals. To each sample were added water (0.5 mL containing
1% TFA) and an internal standard (25 μL of a l mg/mL solution of
tripeptide derivative Arg-Bip-Arg-NHiPr in water), and the mixture
was applied onto a preconditioned (methanol) and equilibrated (water
with 1% TFA) 1 cc OASIS HLB solid phase extraction column
(Waters). The column was washed with water (2 mL, containing 1%
TFA) and eluted with a mixture of water and acetonitrile containing
1% TFA (30:70, 2 × 1 mL). Each sample (in all cases only the first
fraction contained the analyte) was analyzed by RP-HPLC with UV
detection at 214 nm. Samples showing significant presence of
metabolites were further analyzed by LC−MS. The half-life of peptide
5 was calculated using the Cornell University medical calculator.59

CYP450 Inhibition. These experiments were performed by
Quotient Bioresearch Ltd. (Rushden, U.K.). Pooled human liver
microsomes (from 50 individual donors of mixed gender) supplied by
Xenotech (Xenotech, LLC, Lenexa, KS, USA) at a microsomal protein
concentration of 20 mg/mL were stored at approximately −80 °C.
Stock solutions of peptide 5 (2, 20, 200, and 2000 μM in water) were
added to microsomes (in 100 mM phosphate buffer, pH 7.4)
containing β-NADPH (2 mM final concentration) at 0.1 mg/mL
(CYP2A6, CYP2C8, CYP2C9, CYP2E1, and CYP3A4) or 0.3 mg/mL
(CYP1A2, CYP2B6, CYP2C19, and CYP2D6) microsomal protein
concentration at final incubation concentrations of 0, 0.01, 0.1, 1, 10,
and 100 μM and incubated at approximately 37 °C for 5 or 30 min
prior to the addition of selective substrates (see Table S4). The final
assay volume was 400 μL, and all experiments were performed in
duplicate. Positive control experiments where a known inhibitor
selective for each of the CYP450 isoforms (see Table S4 for details)
were performed using the same setup. Microsomal reactions were
terminated by addition of an aliquot of the assay solution into an equal
volume of methanol containing an internal standard (see Table S4 for
details) on a 96-well Mulitiscreen Solvinert filter plate (hydrophilic,
0.45 μm). An equal amount of fresh methanol was added prior to
filtration into a receiver plate under vacuum. Samples were stored at
approximately 4 °C and analyzed using LC−MS/MS (see method 1
below) on the same day. Quantification of metabolites was performed
by interpolation from a standard curve, which was prepared using the
relevant metabolite standard. The rate of metabolite formation in each
experiment containing peptide 5 was compared to the rate of
metabolite formation in the absence of peptide 5, and in cases where
more than 50% inhibition was observed at ≤100 μM, an IC50 value was
calculated using Grafit, version 5.0.6, from semilog curves derived from
the two independent measurements.

Stability in Hepatocytes. These experiments were performed by
BioFocus DPI (Romainville, France). Peptide 5 was incubated (1 μM
initial concentration) with pooled and cryopreserved rat and human
hepatocytes supplied by Celsis (Leipzig, Germany) at a cell density of
0.5 million cells/mL at approximately 37 °C. 100 μL samples were
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taken after 0, 10, 20, 45, and 90 min and the reactions terminated by
addition of 100 μL of 20% TFA containing modified substance P ([D-
Trp7,9,10] substance P) as internal standard. Samples were centrifuged
and the supernatant fractions analyzed by LC−MS/MS (see method 2
below). The experiments were carried out in duplicate. Testosterone,
midazolam, and 4-methylumbelliferone were used as positive controls
for the metabolic capacity (phase I oxidation and phase II conjugation
reactions) of the cryopreserved preparations. The instrument
responses (peak height) were referenced to the zero time-point
samples (as 100%) in order to determine the percentage of remaining
peptide 5. The half-life was calculated using the formula t1/2 (min) =
−0.693/λ, where λ is the slope of the ln concentration vs time curve.
In vitro clearance (Clint) as (μL/min)/million cells was calculated
using the formula Clint = 0.693 × 1/t1/2 (min) × Vinc (μL)/million
cells, where t1/2 is the half-life and Vinc is the incubation volume.
LC−MS/MS Quantification. Method 1. The analysis was carried

out on a SCIEX API 5000 mass spectrometer using an Onyx
Monolithic C18 (50 mm × 2.0 mm) analytical column with a fast
gradient elution using a mobile phase of acetonitrile/isopropanol (50/
50 v/v) and 10 mM ammonium formate (pH 3). The flow rate was
0.55 mL, and the run time was 3.5 min. The analyte and the internal
standard (13C6,

15N2-peptide 5) were ionized using the TurbolonSpray
interface in positive ion mode. The concentration of the analyte was
determined by chromatographic integration of selected fragmentation
transitions (MRM).
Method 2. The analysis was carried out on a Waters Quattro Micro

mass spectrometer using an XBridge C18 (50 mm × 2.1 mm)
analytical column with a fast gradient elution using a mobile phase of
0.2% formic acid in acetonitrile and 10 mM ammonium formate (pH
3). The flow rate was 0.5 mL, and the run time was 5 min. The analyte
and the internal standard (D-Trp7,9,10-substance P) was ionized using
the API interface in positive ion mode. The concentration of the
analyte was determined by chromatographic integration of selected
fragmentation transitions (MRM).
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