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Fig. 1. Linkage disequilibrium (LD) analysis of FCGRT
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Pairwise LD is expressed as r (upper right) and |D’| (lower left) values (from O to 1) by 10-graded blue colors. A denser color represents

closer linkage.

(p=0.05). Two novel non-synonymous variations,
629G > A (R210Q) and 889T > A (S297T), were found as
heterozygotes. The allele frequencies were 0.004 for
R210Q and 0.020 for $297T. The functional significance
of these non-synonymous variations was explored in.vitro
in the following sections. The other coding variations
were previously reported synonymous variations. A varia-
ble number of tandem repeats (VNTR) was detected in
the 5’-flanking region as was found in Caucasian sub-
jects,” and the frequencies of VNTR3 (with 3 repeats)
and VNTR2 were 0.968 and 0.032, respectively. A short
tandem repeat of GGAA was also detected in the 5’ flan-
king region with a repeat number of 8 (frequency:
0.024), 9 (0.103), 10 (0.754), 11 (0.099) and 12 (0.020).
With the 12 detected variations with =>0.03 frequencies,
linkage disequilibrium (LD) was analyzed using | D’ | and
r* values (Fig. 1). Because of relatively weak linkage be-
tween the variations in r* values, baplotype analysis was
not performed.

Intracellular localization of FcRn variants: Two
novel non-synonymous variations, R210Q and S297T,
were functionally tested using a mammalian expression
system. First, relative expression levels of wild-type and
variant FcRn proteins were evaluated by Western blot-
ting. As shown in Figure 2, similar levels of the proteins
were detected in the three FcRn constructs, and we did
not find any statistically significant differences (p > 0.05)
between the wild-type and the two variants assessed by
Dunnett’s multiple comparison test when normalized by
the expression levels of glyceraldehyde-3-phosphate de-
hydrogenase as a control. When the wild-type levels were
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Fig. 2. Western blotting of wild-type and variant FcRns

Cell lysates obtained from the HeLa cells transfected with wild-type
or either of the two variant FcRn-EGFP plasmids were subjected to
electrophoresis, followed by transfer to the membrane. Detection
of FCRn-EGFP was performed as described in Materials and
Methods. One representative data of three independent transfec- .
tions is shown. The FcRn band (64 KDa) consists of 37 KDa of
FcRn and 27 KDa of EGFP. Glyceraldehyde-3-phosphate de-
hydrogenase (G3PDH) levels were used for normalization of the ly-
sate proteins applied to electrophoretic gels.

set as 100%, R210Q and S297T levels were 95.08 =
12.38% and 93.94 % 13.24%, respectively.

In order to examine the differences of intracellular
localization between wild-type FcRn and its variants,
each EGFP fusion construct together with a human f2m
construct was transfected into HeLa cells, and fluores-
cent images were observed by confocal microscopy.
There have been several studies reporting the intracellu-
lar localization or trafficking of FcRn using fluorescent
protein-tagged FcRn.”"'» N- and C-terminally tagged
FcRn showed similar localization.'” Since FcRn is a type I
membrane protein, N-terminal amino acid residues in-
cluding R210 and $297 were located in the extracellular
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Fig. 3. Intracellular localization of wild-type (WT) and variant
FcRns in HelLa cells

HeLa cells were transfected with wild-type (a) or variant (c; R210Q,
e; S297T) FcRn-EGFP. The intracellular localization of FcRn-EGFP
was observed by confocal laser scanning fluorescence
microscopy. Differential interference contrast images of the field
are also shown (b, d, f).

or intraluminal region. Therefore, we chose a C-terminal
EGFP tag located in the cytoplasmic region of FcRn in
order to minimize the effect of the fluorescent tag on the
structural environment around the mutation sites.

As shown in Figure 3a, the fluorescent signal of wild-
type FcRn-EGFP was located primarily in intracellular
vesicular components, especially in the perinuclear
region. Similar localization was observed for R210Q and
$297T variants (Figs. 3c and 3e), suggesting that these
amino acid mutations do not affect the intracellular
localization of FcRn.

Intracellular co-localization of FcRn variants and
incorporated antibody: We then examined the co-
localization of the incorporated CypHer5-labeled inflix-
imab and FcRn-EGFP. The binding of CypHer5-labeled
infliximab to FcRn was confirmed beforehand (data not
shown).

As shown in Figure 4, co-localization of FcRn-EGFP
and CypHer5-labeled infliximab in intracellular vesicular
compartments was observed in HeLa cells expressing
wild-type or variant FcRn. Since the fluorescence inten-
sity of CypHer5 increases in acidic pH,'" the observed

fluorescent signal can indicate that CypHer5-labeled in-
fliximab is localized in intracellular acidic compartments
such as endosomes. Since the fluorescent images were
obtained by confocal microscopy from cells which were
washed with neutral pH media, the fluorescence is
thought to be derived from incorporated antibodies and
not from cell surface-bound antibodies. Therefore, these
results showed that both types of FcRn variant, as well as
wild-type FcRn, were in acidic endosomes in which in-
corporated antibodies localized.

Antibody recycling activity of FcRn variants: In
order to elucidate the antibody recycling activity of wild-
type and variant FcRn, we established the ELISA for
biotinylated antibody (infliximab in this study), and meas-
ured the amount of recycled antibody from wild-type or
variant FcRn-transfected cells. The binding of biotinylat-
ed infliximab to FcRn was confirmed by surface plasmon
resonance (SPR) analysis (data not shown).

As shown in Figure 5b, recycled biotinylated inflix-
imab was detected when the biotinylated infliximab had
been loaded to the HelLa cells transfected with wild-type
FcRn. The recycling was not detected in mock-transfect-
ed cells (Fig. 5a), showing that recycling was dependent
on expression of FcRn. When the cells were incubated at
4°C for incorporation or recycling, the antibody was not
detected in the supernatant. Therefore, recycling was
mediated by intracellular trafficking of antibody and not
by nonspecific mechanisms. As shown in Figures 5c and
5d, similar levels of antibody recycling were also ob-
served in HeLa cells transfected with either variant FcRn,
suggesting similar IgG binding and intracellular traffick-
ing properties of variant FcRns to those of wild-type
FcRn. Figure 6 shows the time course of antibody recy-
cling from cells transfected with wild-type or variant
FcRn. The amount of incorporated antibody was meas-
ured using the cell lysate at O min, and it is noteworthy
that no statistical differences assessed by Dunnett’s multi-
ple comparison test were observed in the amount of in-
corporated antibodies between wild-type and either vari-
ant FcRn at time 0 (data not shown). The amount of recy-
cled antibody at each time point was expressed as a per-
centage of the initially incorporated antibody. There was
no significant difference between wild-type and the vari-
ant FcRns in the amount of recycled antibody, suggesting
that these amino acid substitutions do not affect the an-
tibody recycling activity of FcRn.

Discussion

In general, antibody therapeutics have longer half-lives
than those of chemical drugs, and the Ty of IgGs, except
for IgG3, in humans is around 21 days. IgG1, IgG2 and
IgG4, which are currently used isoforms for antibody
therapeutics, have high affinities for FcRn.'” Escaping
from intracellular degradation by binding to FcRn has
shown to contribute to this long half-life of the IgGs.
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Fig. 4. Co-localization of CypHer5-labeled infliximab and FcRn in Hela cells expressing wild-type (WT) or a variant FcRn

Hela cells transfected with wild-type (a, b, c), or variant (d, e, f; R210Q, g, h,i; $297T) FcRn-EGFP were incubated with CypHer5-labeled in-
fliximab in cell culture media containing sodium phosphate buffer (pH. 6.0) for 2-3 hr. After washing the cells twice with neutral pH medium,
the fluorescent signal was observed. Panels (a, d, g) and (b, e, h) show the intracellular localization of FcRn-EGFP and the incorporated
CypHer5-labeled infliximab, respectively. In panels (c, f, i) the fluorescent signal of FcRn-EGFP was merged with that of CypHer5-labeled in-

fliximab.

Large interindividual variations in pharmacokinetic
parameters have been reported for at least several an-
tibody therapeutics. For example, trough concentrations
in repetitive dosing of antibodies were reported to show
5.6fold interindividual differences in 22 palivizumab-
treated patients,'® 18.2-fold differences in 16 cetuximab-
treated patients,”” and over 70fold differences in 86 in-
fliximab-treated patients.'® In addition, large percent
coefficients of variation were reported for T, such as
72.0% for gemtuzumab ozogamicin'® and 76.4% for
basiliximab,?” after second dose of their treatments. We
presumed that changes in FcRn expression levels and
function caused by genetic variations of FCGRT may lead
to these interindividual differences in pharmacokinetics
of antibody therapeutics.

In order to identify genetic polymorphisms of FCGRT,
we sequenced genomic DNA from 126 Japanese sub-
jects. A total of 33 genetic variations, including 17 novel
ones, were detected. A VNTR was detected in the 5’
flanking region, as was the case in Caucasian subjects
reported previously.® Although a recent study showed
that no significant impact was observed in the rates of
maternal-fetal IgG transfer,?) VNTR3 is known to be as-
sociated with 1.66-fold higher transcriptional activity
than VNTR2 in vitro. In addition, monocytes with
VNTR3/3 showed increased binding of IgG compared to
those with 2/3.% Thus, this variation may contribute to

the interindividual differences in pharmacokinetics of an-
tibody therapeutics. The allele frequency of VNTR2 in
Japanese (0.032) was lower than that in Caucasians
(0.075).9

In this study, two novel nonsynonymous variations
were found and their functional significance was assessed
in vitro using a mammalian expression system. However,
the two FcRn variants did not show any changes in in-
tracellular localization or recycling, suggesting that the
two nonsynonymous substitutions found in a Japanese
population probably do not contribute to the interin-
dividual variations in the pharmacokinetics of antibody
therapeutics. Since FcRn function is important for main-
tenance of IgG levels as well as maternalfetal IgG trans-
fer, functionally-affecting genetic variations might be few
to retain its functional capability.

Amino acid residues of human FcRn that interact with
IgG were reported to be E138, E139, D153 and W154,
in the a2 domain.” (Amino acid numbers shown in this
paper include the signal peptide.). The electrostatic bind-
ing of these anionic amino acid residues in FcRn with
H310 and H435 in IgG, which has an isoelectric point of
pH 7.6, defines the strict pH-dependent binding of IgG
to FcRn.”? The variant amino acid residues identified in
this study, R210Q and $297T, are both located in the a3
domain of FcRn. According to the predicted higher order
structure,” R210 and S297 are located very close to the
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Fig. 5. Recycling of biotinylated antibodies from wild-type
(WT) or variant FcRn-transfected Hela cells

HelLa cells transfected with wild-type or a variant FcRn were incu-
bated for 1 hr with biotinylated infliximab. After washing, the cells
were further incubated for 2 hr. The amount of recycled protein in
the supernatant was determined by ELISA. Experimental condi-
tions are shown in the table. For the samples shown as columns
a-c, biotinylated infliximab was loaded, whereas biotinylated IgY
was used for d. The temperature for antibody loading was 37°C (a,
¢, d) or 4°C (b). The temperature for recycling antibodies from an-
tibody-loaded cells was 37°C (a, b, d) or 4°C (c).

transmembrane region that is distant from the IgG bind-
ing site. Considering the results obtained here, where no
difference in antibody recycling activity between wild-
type and each variant FcRn was detected in vitro, the ami-
no acid substitutions identified in a Japanese population
may not have significant impact on structural and func-
tional properties of FcRn. Although FcRn is known to
bind with albumin as well as IgG, the albumin binding
site of FcRn has been identified as H189, which also is lo-
cated in the &2 domain.”” The polymorphic sites are also
far from the albumin binding site. However, the effect of
amino acid substitutions R210Q and S297T on the albu-
min recycling activity via FcRn should be determined in a
future study.

In the present study, we used HelLa cells to examine
the localization and recycling activity of FcRn variants.
Since endogenous expression of FcRn protein in HeLa
cells has not been detected,’” we considered HeLa cells
suitable for examining the antibody recycling activity of
variant FcRn since the background responses are negligi-
ble. In fact, as shown in Figure 5, antibody recycling
was detected only in FcRn-transfected cells. Therefore,
we concluded that HeLa cells can be used as a suitable
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imab; Time course of release of ths blotlnylated infliximab in-
corporated into the HeLa cells transfected with wild-type (WT)
or variant FcRn

HeLa cells transfected with wild-type or a variant FcRn were incu-
bated for 1 hr with biotinylated infliximab. After washing, cells were
further incubated for the indicated periods of time. The amount of
recycled protein was determined by ELISA. The amount of recy-
cled antibody at each time point was expressed as a percentage of
the initially incorporated antibody at time 0.

model for evaluating the function of variant FcRn pro-
teins.

Our results suggested that at least no common func-
tional polymorphic site with amino acid change was
present in FCGRT in our Japanese population. Since FcRn
function is important for maintenance of IgG levels,
there may be few functionally-affecting genetic varia-
tions. Further analysis is necessary for the functional sig-
nificance of transcriptional regulatory regions.
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A Phase | clinical study of cisplatin-incorporated polymeric micelles
(NC-6004) in patients with solid tumours
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BACKGROUND: On the basis of preclinical studies of NC-6004, a cisplatin-incorporated micellar formulation, we hypothesised that
NC-6004 could show lower toxicity than cisplatin and show greater anti-tumour activity in phase | study.

METHODS: A total of 17 patients were recruited in a range of advanced solid tumour types. NC-6004 was administered intravenously
(iv.) every 3 weeks. The dose escalation started at 10mg m~2 and was increased up to 120mgm™2 according to the accelerated
titration method and modified Fibonacci method.

RESULTS: One dose-limiting toxicity (DLT) occurred in a patient who was given 90mgm™2 of NC-6004, otherwise any significant
cisplatin-related toxicity was not observed or generally mild toxicity was observed. Despite the implementation of post-hydration and
pre-medication regimen, renal impairment and hypersensitivity reactions still developed at 120mgm™2 which led to the conclusion
that the maximum tolerated dose was 120mgm™2 and the recommended dose was 90mgm™>, although DLT was not defined as
per protocol. Stable disease was observed in seven patients. The maximum concentration and area under the concentration—time
curve of ultrafilterable platinum at 120mgm™2 NC-6004 were 34-fold smaller and 8.5-fold larger, respectively, than those for

cisplatin.

©201 | Cancer Research UK

Cisplatin, cis-diamminedichloroplatinum (II), is a platinum (Pt)-
based chemotherapy drug used to treat various types of cancers.
Clinical use of cisplatin is, however, associated with irreversible
renal toxicity, which necessitates the use of pre- and post-
hydration regimens, and excludes its use in patients with less
than normal renal function (Pinzani et al, 1994). Cisplatin therapy
also causes neurotoxicity, gastrointestinal toxicity (nausea and
vomiting), haematological toxicity, and irreversible ototoxicity
(Hartmann and Lipp, 2003). Furthermore, its anti-tumour efficacy
continues to be limited by either intrinsic or acquired resistance
(Kartalou and Essigmann, 2001). To overcome these cisplatin-
related disadvantages, various types of Pt analogues, including
carboplatin, oxaliplatin, satraplatin, and picoplatin have been
developed (Kelland and Sharp, 1999; Judson and Kelland, 2000;
Sharp et al, 2002). Another potential method for improving the
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CONCLUSION: The delayed and sustained release of cisplatin after iv. administration contributes to the low toxicity of NC-6004.
British Journal of Cancer advance online publication, | February 201 1; doi:10.1038/bjc.2011.6  www.bjcancer.com
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therapeutic indices of cisplatin is the incorporation of cisplatin
into polymeric micelles of varying size in the range of 20-100 nm
composed of polyethylene glycol (PEG)-poly (amino acid) block
co-polymers, in which PEG constitutes the hydrophilic outer shell
of the micelle and cisplatin is incorporated into hydrophobic inner
core of the micelle (Yokoy et al, 1996; Nishiy et al, 1999,
2001b, 2003; Nishiyama and Kataoka, 2001a).

Preclinical studies carried out on NC-6004, cisplatin-incorpo-
rated polymeric micelles composed of PEG-poly (glutamic acid)
block co-polymers via polymer - metal complex formation (Figures
1 and 2), have indicated that it is preferentially distributed to
tumours by enhanced permeability and retention effect (Matsu-
mura and Maeda, 1986; Maeda and Matsumura, 1989; Maeda et al,
2000; Maeda, 2001), and demonstrates significantly lower toxicity
than cisplatin and greater anti-tumour activity (Uchino et al,
2005). On the basis of these results, a phase I clinical trial of
NC-6004 in patients with advanced solid tumours has been carried
out. The objectives of the study were to determine the maximum-
tolerated dose (MTD), the recommended dose (RD) for the phase
11, the dose-limiting toxicities (DLTs), the safety and tolerability
profile, and to explore evidence of anti-tumour activity, and the
pharmacokinetics of NC-6004.
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Figure |  Structure of cisplatin-PEG-poly(glutamic acid) block co-polymer
conjugate. PEG-pGlu, PEG-poly(glutamic acid); n, approximately 268;
m, approximately 40; x, approximately 24.

Figure 2 Structure

of cisplatin-incorporated  polymeric  micelle,
NC-6004. Core part, cisplatin residue bound to poly-L-glutamic acid.
Exterior part, PEG.

PATIENTS AND METHODS
Ethics

The trial was an open-label, dose-escalating, phase I study
conducted at two sites in the United Kingdom; Newcastle General
Hospital and Belfast City Hospital. All procedures were reviewed
by Independent Ethics Committees, and were in accordance with
the protocol, the Helsinki Declaration (October 2000, and clarified
2002 and 2004), the Note for Guidance on Good Clinical Practice
(CPMP/ICH/135/95) approved in July 1996, and the applicable
regulatory requirements.

Administration of therapeutic agent

NC-6004 (NanoCarrier Co., Ltd Chiba, Japan) was a sterile solution
containing the equivalent of 2.5mgml™" cisplatin and could be
diluted in 5% dextrose before administration.

Dosing was performed by intravenous (i.v.) infusion of 500 ml
over 60 min, once every 3 weeks. Following the observation of
renal toxicities, hydration using 1000 to 1500ml of fluid,
immediately after NC-6004 infusion, was implemented for the rest
of the study. Later in the study, after the occurrence of four events
of hypersensitivity reactions, the following prophylactic treatment
was implemented at each cycle for all patients; 30min before
infusion - dexamethasone 20 mg iv., chlorphenamine 10 mg i.v.,
and ranitidine 50 mg i.v. Oral dexamethasone 4 mg (twice a day),
ranitidine 150 mg (twice a day), and chlorphenamine 4 mg (three
times a day) could also be given if necessary on a per-patient
individualised basis for 48 h after infusion.

Patients’ eligibility and dose escalation

Patients with histologically confirmed advanced solid tumours, for
which no standard therapy exists or has failed therapy, were
eligible for enrolment in this study, provided that the following
criteria were met: Eastern Cooperative Oncology Group performance
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Table I Dose modification for changes in estimated creatinine clearance
or 5'Cr-EDTA clearance

*'Cr-EDTA
Estimated creatinine NC-6004 clearance NC-6004
clearance/GFR dose (in mlmin~") dose
>60mimin~" 100% of dose >60 100% of dose
50-60mimin~" 80% of dose 40-60 50% of dose
<50mimin~" or °!Cr-EDTA dearance <40 Discontinue
any drop from measurement
baseline by > 10%

calculated GFR

Abbreviations: *'Cr-EDTA  clearance = chromium-5 | -ethylenediaminetetraacetic
acid clearance; GFR = glomerular filtration rate.

status of <2; age of >18 years; life expectancy of at least
12 weeks; a normal haematological profile, renal function, hepatic
function, and serum calcium level, no more than one previous
course of Pt therapy, with maxxmum cumulative doses of
480 mgm™ of cisplatin, 1040 mgm™? of oxaliplatin, or 42 mgml~*
min~' (min = minutes) cumulative area under the concentration-
time curve (AUC) of carboplatin, and no chemotherapy, no
radiotherapy (except palliative radiation delivered to <20% of
bone marrow), no immunotherapy, or no corticosteroids (greater
than 10mg per day of prednisone or equivalent) within 4 weeks
before emering the study or patients who have not recovered from
adverse events b of agen inistered more than 4 weeks
eaxher Patients who had severe hypersensmvlty to Pt compounds,

d by audi ry (except senile hearing loss at
high frequency) or other neurotoxicity > grade 2 were ineligible
for enrolment in the study. Patients were excluded if they were
pregnant or lactating.

The dose of NC-6004 is, hereafter, always expressed as cisplatin
equivalent mgm™? of body surface area per injection. The starting
dose of NC-6004 was 10 mgm™2, one-tenth of the lethal dose in
10% in rat or one-third of the toxic dose low in dog. In stage 1,
(accelerated titration method), each dose was escalated at twice the
previous dose level until drug-related toxicity >grade 2 was seen
in cycle 1. Once the first drug-related toxicity >grade 2 in cycle 1
was seen, a minimum cohort of three patients was recruited, and
each dose was defined as 150% of the previous one in stage 2
(modified Fibonacci method) until MTD was reached. The dose
was modified according to the estimated creatinine clearance (Cl)/
GFR measured before each administration of NC-6004 as detailed
in Table 1. Intra-patient dose escalation was not permitted.

Toxicity was graded by the Common Terminology Criteria for
Adverse Events version 3.0. MTD was defined as the dose at which
one-third of patients experience DLT, and RD was the highest
dose, which gave rise to no more than one DLT out of a cohort of
six patients. DLTs were defined as grade 4 neutropenia associated
with fever (>38.5°C) or diarrhoea > grade 2, grade 4 neutropenia
lasting >5 days without fever, grade 4 thrombocytopenia for >5
days, grade 3 or higher non-haematological toxicity (except liver
transaminase elevation, or nausea or vomiting treatable by anti-
emetic), and treatment delay > 2 weeks before start of next cycle of
treatment because of unresolved toxicity.

Pretreatment assessment and follow-up studies

Assessment of medical history was completed during the 21 days
before the start of NC-6004 dosing. Safety was monitored
throughout the trial until the end of trial visit. In the treatment
phase, physical assessment, routine laboratory analysis, estimated
creatinine Cl, and concurrent illness/therapy were reviewed on
day 1 of cycle 1, then every week until week 7 and then every 3 weeks
thereafter, and at withdrawal from the trial. Adverse events were
reviewed during the first-4 days of cycle 1, then every week from
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weeks 2 to 7 and then every 3 weeks from week 7 onwards, and at
withdrawal. The CT/MRI scans of all target and non-target lesions
were performed every 6 weeks and at withdrawal, and tumour
markers, if applicable, were assessed every 3 weeks. The Response
Evaluation Criteria in Solid Tumour (RECIST) was used to define
lesions and the criteria for objective tumour response. For pharmaco-
kinetic analysis, blood samples were taken at 0, 2, 4 and 8h after
administration on days 1, 2, 3, 4, 8, 15, and 22 and before cycle 2.

Pharmacokinetic analysis

Blood samples were centrifuged and separated plasma was
processed to produce three different forms of sample: total plasma,
gel filtrate and ultrafiltrate. Plasma (1ml) was stored for total-
plasma Pt analysis. Plasma (1 ml) was centrifuged with a molecular
weight cutoff of 200000Da, and the eluant was analysed for
micellar Pt. Finally, a further 1ml of plasma was centrifuged with
a molecular weight cutoff of 30000 Da to give an ultrafiltrate for
the determination of low-molecular weight Pt species, including
cisplatin. Concentration of total plasma Pt and micellar Pt (gel
filtrate) were measured using atomic absorption spectrometry
on Analyst 600 (Perkin-Elmer, Waltham, MA, USA) against
standards prepared in plasma. Ultrafiltrate samples were analysed
by inductively coupled plasma mass spectrometry on Element 2
(Thermo Scientific Inc., Waltham, MA, USA) against centrifuged
Pt standards at Durham University. Pharmacokinetic analysis was
performed using WinNonlin version 1.3 (Pharsight Corporation,
Mountain View, CA, USA) to calculate the maximum concentra-
tion (Cpax), the time to the maximum concentration (Tpmax),
elimination half-life (t,,,), and the AUC from zero to infinity
(AUC;,9) for all Pt species. Clearance (Cl) and volume of
distribution (V) were calculated for total plasma Pt.

RESULTS

Patient characteristics

The first patient was dosed on 15 May 2006 and the last study exit
visit occurred on 6 February 2008. In total, 17 patients were
enrolled and each received at least ome dose of NC-6004,
representing the intention-to-treat population. Demographic
characteristics of patients are summarised in Table 2. All recruited
patients were Caucasian, with a median height of 170.0cm and a
median weight of 73.0 kg. Cancer history of patients is summarised
in Table 3. The range of tumour types was large, with no specific
tumour type represented more across the different groups.
Tumour stage was similar between the dosing cohorts.

Dosing and toxicity

The process for dose escalation is shown in Table 3. In total, 41
doses were administered to 17 patients. The maximum number of
treatments was four cycles in three patients, and the mean number
of administrations per patient was 2.4 cycles. Dose escalanon
started at 10mgm™ " and was increased up to 40 mgm™ followmg
the accelerated titration method. Owing to grade 2 renal toxicity in
cycle 1 of a patient at 40mgm™>, reported as a serious adverse
event (SAE), the study entered stage 2 with a dose escalation up to
120mgm™* according to modified Fibonacci method.
Infusion-related adverse events are summarised in Table 4.
NC-6004 injection was well tolerated in terms of haematological
toxicities. Thus, one episode of grade 3 thrombocytopenia at
10mgm™~2 and grade 1 thrombocytopenia at 90 mgm™2 only were
observed (not DLTs). For non-haematological toxicity, the most
frequent related adverse events were fatigue (52.9%), anorexia and
nausea (47.1%), vomiting (41.2%), and hypersensitivity reaction
and renal impairment (35.3%). Significant cisplatin-related oto-
toxicity and neurotoxicity were not observed at any dose level.

© 2011 Cancer Research UK

Clinical phase I study on NC-6004
R Plummer et al

Table 2 Patient characteristics
NC-6004 dose level (in mgm™2)
10 20 40 60 90 120 Total

n [ | 3 3 6 3 17
Age (years)

Range 55 63 45-65 45-56 48-80 40-71 40-80
Sex -

Male 10 2 2 4 | 10

Female [V | | 2 2 7
ECOG PS*

0 I 0 2 | # 2 10

| 0 0 | 0 | | 3

2 [ 0 | | 0 3
Previous treatment

Chemotherapy | 3 3 5 2 15

Surgery 0 0 3 3 3 3 12

Radiotherapy [ 2 0 3 7

Other therapies for 0 0 0 2 I 2 5

cancer (targeted therapy,
immunotherapy, or
epigenetic therapy)

Abbreviation: ECOG PS=Eastem Cooperative Oncology Group performance
status. *For one patient at 60mg m™2 ECOG PS was not assessed at screening,
but was assessed at day | before infusion.

One out of six patients at 90 mg m ™~ experienced grade 3 fatigue in
cycle 1 (DLT). One out of three patients at 60 mgm ~2 had grade 3
vommng in cycle 1, and one patient in each 60, 90, and 120 mgm ™2
d grade3h ity reaction (not DLTs). The clinical
signs and symptoms ‘of hypersensmvxty reactlons to N06004 were
urticarial rash, di ing, cough, dysp
tingling, swelling of tongue, lip, and pharynx, nghmess m chest, and
burning sensation, some of which are typical reactions for Pt, and
they always developed after a minimum of two cycles of NC-6004.
Other infusion-related toxicities were grade 2 or lawer Despite the
implementation of post hydration (from 40 mgm™> onwards) and
hypersensitivity prophylaxis (from 90mgm™ onwards), grade 2
renal toxicity accompanied by a reduction in dose and/or delay
in dose for 1 week was still observed at 90 and 120 mgm”, and
grade 2 and 3 hypersensitivity reactions (SAEs) also developed
at 120mgm™2 Following these events, it was considered that
adding further patients or increasing the dose level would not
be reasonable, and the study was discontinued at dosage level of
120mgm™> As the effect on renal function at 90 mgm* dosage
was less marked than that observed at 120 mgm ™2, the 120 mgm~*
dosage was considered to be the MTD, and the RD of NC-6004
as monotherapy for further studies was therefore estimated to be
90 mgm ™2, although renal toxicity and hypersensitivity reactions
were not defined as potential DLT per protocol.

Therapeutic response

Best overall response calculated by RECIST is shown in Table 3. No
patient was assessed as complete response or partial response.
Seven patients (41.2%) were evaluated as having had a stable
disease (SD) for longer than 4 weeks at the time of the study
completion, even though six of these had advanced Stage IV solid
tumours. It should be noted that only two out of eight patients
(25%) at the dose levels from 10 to 60 mgm™ 2 had a best response
of SD, however the SD ratios at 90 and 120mgm™> were 50 and
67% respectively, suggesting that the efficacy of NC-6004 is more
pronounced at higher dose levels. Overall, 14 patients (82.4%) died
or experienced tumour progression, and median progression-free
survival time was 49 days.
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Table 3 Process for dose escalation

Dose Patient  Primary Cycles No. of Best overall
(mgm™) no. tumour (stage) received DLT Events response
Stage |
10 101 Lung (IV) 3 0 Hypersensitivity reaction at cycle 3 (previous cisplatin therapy) SD
20 102 Lung (IV) 2 0 PD
40 103 Colon (V) | [ Grade 2 reduced renal function at cycle | (SAE). Cohort was PD
expanded with two more patients.
204 Hepatic cell (IV) 4 0 SD
105 Colon (IV) 2 0 Grade | reduced renal function at cycle |. Hydration was implemented PD
for the rest of study. .
Stage 2
60 106 Mesothelioma (lllA) 2 0 Hypersensitivity reaction at cycle 2 (previous carboplatin therapy). PD
207 Colon (IV) 2 0 Hypersensitivity reaction at cycle 2 (previous oxaliplatin therapy). PD
108 Oesophagus (IV) 2 0 NE
90 209 Pancreas (IlA) 4 0 Hypersensitivity reaction at cycle 4 (Pt-naive). Prophylactic treatment SD
was implemented for the rest of study.
10 Oesophagus (IV) 2 0 Grade 2 reduced renal function at cycle |. PD
12 GIST (V) 2 0 Grade 2 reduced renal function at cycle |. Cohort was expanded with PD
three more patients.
13 Lung (V) 2 0 )
114 Pancreas (IV) 2 | Grade 3 fatigue at cycle | (DLT). SD
215 Colon (IV) 2 0 PD
120 216 Melanoma (IV) 2 0 Grade 2 reduced renal function at cycle I. PD
17 Melanoma (IV) 4 0 Grade 2 reduced renal function at cycle |. Hypersensitivity reaction SD
at cycle 4 (SAE) (Pt-naive).
218 Renal cell (V) 3 0 Hypersensitivity reaction at cycle 3 (SAE) (Pt-naive). D

Abbreviations: DLT = dose-limiting toxicity; GIST = gastrointestinal stromal tumour; PD = progressive disease; Pt = platinum; NE = not estimated; SAE = serious adverse event;
SD =stable disease.

Table 4 Summary of all related adverse events

NC-6004 dose level (in mgm™?)

10 20 40 60 90 120 Total
n 1 I 3 3 6 3 17

Haematological toxicity
Blood and lymphatic system disorders
Thrombocytopenia | 0 0 0 | 0 2

Non-haematological toxicity
Gastrointestinal disorder
Constipation
Dry mouth
Nausea
Paraesthesia oral *
Tongue ulceration
Vomiting
General disorder and administration site conditions
Fatigue
Infusion site reaction
Malaise 0 0
Immune system disorders
Hypersensitivity |
Metabolism and nutrition disorders
Anorexia
Decreased appetite
Dehydration
Hypomagnesemia
Nervous system disorder
Dizziness
Neuropathy peripheral
Peripheral sensory neuropathy
Renal and urinary disorder
Renal impairment 0 0 2 0 2
Skin and subcutaneous tissue disorder
Alopecia
Rash
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Table 5 Phammacokinetic parameters per cohort for total, micellar, and ultrafittrable Pt of NC-6004 (mean +s.d.)

Analyte Dose (mgm™?) Trnax () Crrax (igmi™") tiz (h) AUC;, (hpgmi™") V. () €l (mih™")
Total Pt 10 40 570 24 234 30 85
20 54 1220 20 492 20 68
40 20%01 259124 62118 1135478 55+20 62%11
60 27+12 299+138 93+4| 1354+ 638 67105 107 £ 69
90 52+22 608+ 125 129 £40 2836+ 554 11.8+69 61+20
120 44+25 854+ 108 158 +48 4377.£563 109+38 48+9
Micellar Pt 10 - - —2 —2
20 64 890 16 237
40 20+01 139+ 104 67 %56 509 +204
60 50%17 144173 18%7 385+ 153
90 48+24 424+203 39+27 1579 £939
120 3115 84.6+8.1 87+37 3857+ 1171
UF Pt 10 487 0.009 114 1.7
20 235 0022 71 25
40 240+0.1 0.045+0.014 141126 47+21
60 2651209 0096 +0.022 114+47 132+58
90° 205%76 0205+0.114 123+44 226100
120¢ 264 0.131 15 229

Abbreviations: AUC;,r=area under concentration—time curve from zero to infinity; Cmax=maximum concentration; Cl = clearance; Pt = platinum; QC = quality control;
Trmax = time to maximum concentration; UF Pt = ultrafilterable platinum; Vz=volume of distribution. *Data not valid — QCs out with acceptance limit. ®| data was not valid -

QCs out with acceptance limit. “2 data were not valid — QCs out with acceptance limit.

Pharmacokinetics

Pharmacokinetic parameters for Pt measured per cohort in the
three different matrices are shown in Table 5. A typical plasma
concentration -time profile is also shown in Figure 3.

Pharmacokinetics of total plasma Pt was characterised by longer
t172, and higher Crox and AUCiy¢ with smaller V, and Cl compared
with those of cisplatin, indicating that the blood circulation of
cisplatin was prolonged by the incorporation into the micelles.
Thus, the Cnax and AUC;,¢ of NC-6004 at 120 mg m~2 were approxi-
mately 11-fold higher than those of cisplatin at an equivalent dose
(Kitajima et al, 1987). The t,/, of NC-6004 at 120 mgm ™2 was longer
than that of cisplatin at an equivalent dose, 14.6 min for the initial
phase and 73.8h for the terminal phase (Kitajima et al, 1987).
The V, and Cl of NC-6004 were smaller than those of cisplatin,
521 and 350mlh~" , respectively (Calvert et al, 1993). The AUC;,¢
and Cpay of NC- 6004 increased in a dose-dependent manner, and
there was no apparent change in Cl with increasing dose.

For the gel-filterable Pt (intact micellar formulation), the Tpmax
was similar to that of total plasma Pt, the t,/, generally mirrored
that of total plasma Pt, and the Cp, and AUC;, values were
approximately 88% of those of total plasma Pt.

For the \ﬂtraﬁlterable Pt (active species including cisplatin), the
Crnax at 120mgm ™ was 34-fold lower than that of non-protein-bound
cisplatin after the administration of an equivalent dose of cisplatin
(Kitajima et al, 1987), which might be responsible for the lower
incidence of toxicity d with that iated with cisplatin
therapy. Conversely, £;/, and AUCy¢ at 120 mgm™> of NC-6004 were
230-fold and 8.5-fold larger, respectively, than those of non-protein-
bound cisplatin after the administration of an equivalent dose of
cisplatin (Kitajima et al, 1987). The persistence of active Pt species might
indicate an improved efficacy of NC-6004. Furthermore, Tppqe (24h or
greater) was delayed compared with that of total plasma Pt or gel-
filterable Pt, suggesting that NC-6004 provides a delayed and sustained
release of potentially active Pt species after the administration period.

DISCUSSION

NC-6004 was well tolerated with minimal nephrotoxicity and no
significant myelosuppression, ototoxicity, emesis, or neurotoxicity,
but a higher rate of hypersensitivity reactions than predicted. No
DLT per protocol was seen at doses up to 90 mgm™2 where 1 DLT
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Figure 3 Plasma Pt concentration-time curve from a patient

treated at 90mgm™2 of NC-6004. W, total Pt O, geliterable Pt,
@, ultrafilterable Pt.

(grade 3 fatigue) was experienced by one out of six pauents, and
no further DLT per protocol was seen at 120mgm > when the
study was discontinued. In general, the toxicities of NC-6004 were
less severe and less frequent compared with cisplatin, particularly
nausea/vomiting, anorexia, alopecia, and haematological toxicity.

In this study, dose delays/reductions were mainly due to effects
on renal function. Despite the introduction of 1 to 1.51 of fluid
over 2h, fo]lowmg NC-6004 administration, rising creatinine and/
or reduction in estimated creatinine Cl or *'Cr-EDTA Cl affected
two out of sLx patients at 90mgm™ and two out of three patlents
at 120 mgm ™, although the creatinine level returned to baseline in
2 weeks. Cisplatin therapy requires a total 8h hydration,
comprising 1-21 over 4h of hydration, both before and after the
administration of cisplatin, to prevent nephrotoxicity. Another
potential advantage of NC-6004 over cisplatin is, therefore, the
reduced need for hydration, and that renal impairment was kept to
minimum by modest hydration. Whether hydration is absolutely
necessary for NC-6004 therapy to reduce the incidence of renal
impairment remains to be assessed in a future trial.

Dose interruptions due to toxicity in this study were all related
to hypersensitivity reactions, which occurred unpredictably at four
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out of six dose levels (10, 60, 90, and 120 mgm™?) in six patients.
The first three patients had previous Pt therapy and the last three
patients were Pt-naive, thus, the occurrence of hypersensitivity
reaction depends on neither dose level nor the previous Pt
exposure. The use of a prophylactic regimen of dexamethasone,
ranitidine, and chlorphenamine, previously described, was not
sufficient to prevent hypersensitivity reactions in two patients at
120mgm™>, therefore a more stringent prophylactic regimen
(Kwon et al, 2002) might be necessary. As most of the patients
recruited in this Phase I study progressed by the end of cycle 2, and
hypersensitivity reactions developed after a minimum of two cycles
of NC-6004, despite the pre-medication, it was considered that this
phase I study was not the appropriate setting to assess alternative
P dicati gies. Therefore, the study was discontinued, so
that this problem could be assessed in a future trial. In preclinical
studies, the antigenicity of NC-6004 was examined compared with
cisplatin, polymer vehicle, polymer-bound cisplatin (not in a micelle
form), and cisplatin- plasma protein complex. The results indicated
that cisplatin and polymer vehicle are not antigenic, and the highest
extent of antigenicity observed was in cisplatin-plasma protein
complex, followed by NC-6004 and then polymer-bound cisplatin
(not in a micelle form). This suggests that the hypersensitivity
reaction to NC-6004 may have been due to plasma protein-bound
cisplatin, which is formed by rapid binding of plasma protein to
released cisplatin, which then circulates in the blood for a prolonged
period. However, the mechanism has not yet been fully clarified.

Taking account of the incidence of hypersensitivity reaction
and renal impairment, 120 mgm_? was considered to be close to
the MTD, such that 90mgm™ was most likely the RD for
monotherapy for future studies, although the definition per
protocol of the MTD was not actually reached.

In spite of the patients generally being heavily pretreated, some
evidence of disease stabilisation was seen, and seven patients
demonstrated SD after 6 weeks of treatment. Efficacy will be
further assessed in a future trial.

The pharmacokinetic analysis indicated the prolonged circula-
tion of NC-6004 in the blood, and delayed and sustained release of
potentially active Pt species after the administration of NC-6004.
More importantly, the observed lower Cpqy for ultrafilterable Pt
compared with that of non-protein-bound cisplatin, after the
cisplatin injection, might result in the reduction of cisplatin-
related toxicity. Furthermore, the higher AUCiy¢ and t, for ultra-
filterable Pt compared with that of non-protein-bound cisplatin
after the cisplatin injection might enhance the efficacy of NC-6004.
However, an increase in the AUC of plasma protein-bound cisplatin
because of rapid binding of plasma protein to released cisplatin might
result in a higher risk of hypersensitivity reaction.

In conclusion, this Phase I study has confirmed that NC-6004
exhibits pharmacokinetic characteristics completely different from
those of cisplatin, resulting in the reduction of cisplatin-related toxicity
and the improvement of patient’s quality of life so that the patients can
take therapy without hospitalisation for hydration and treatment of
cisplatin-related toxicities. The data obtained from this study are
believed to open new avenues for the use of this micellar formulation
in the clinic. The assessment of the most appropriate prophylactic
regimen for hyp itivity i whether hydration is necessary
and of efficacy are now underway in ongoing NC-6004 studies.
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Fibrin clots in non-malignant conditions form only at the onset or
during the active stage of dlsease and disappear within a few
weeks as a result of plasmin di or repl with colla-

gen. In fibrin clot f and r

fibrin formation occurs in a variety of cancers."®') Different
types of tumor cells express the tissue factor that is known to be
a cell surface membrane lgrotein and a trigger of the extrinsic

lation pathway. Above all, any mallgnan! tumor

with collagen in cancer persist for as long as the cancer cells sur-
vive in the body. We developed an anti-fibrin chimeric antibody
that reacts with fibrin only, and not fibrinogen (the precursor of
fibrin), and then attached an anticancer agent (ACA) to the anti-
body. Thus, the immunoconjugate did not create an immune com-
plex in the blood stream and was selectively accumulated to fibrin
clots in the tumor stroma to create a scaffold, from which effective
sustained release of the ACA occurred. In a mouse model, the ACA
diffused throughout the tumor tissue to damage both tumor cells
and vessels, g in potent activity in st ich
spontaneous tumors. This new cancer stroma-targeting therapy
may result in an increased duration of drug exposure and be a
highly effective new therapy, particularly for refractory, stroma-
rich cancers. (Cancer Sci, doi: 10.1111/j.1349-7006.2011.01954.x,
2011)

Low molecular weight (LMW) anticancer agents (ACA),
including molecular targeting agents, are very efficient
cytocidal agents in the closed space of a monolayer culture dish.
The antitumor effects of these agents are determined using sub-
cutaneous tumor xenografts, the pathophysiological features of
which are far removed from those of general human cancers.
Although there have been numerous reports of genetic and phe-
notype changes in tumors, there are no pivotal changes in tumor
cells that distinguish them from normal dividing cells.!"~”
Unlike the situation in culture, following the administration of
LMW ACA to patients, these agents are cleared quickly from
tumors in the body. In addition, the ACA are distributed
throughout the body, resulting in serious side effects.”’ To over-
come off-target effects caused by LMW ACA, immunoconju-
gate therapy was developed in which an ACA or toxin is
conjugated to a cancer cell-specific mAb, which is too large to
pass through a normal vessel wall but can extravasate from
leak?é tumor vessels and accumulate selectively in tumor tis-
sue.®12 The kinetics of drug distribution within tumors are
considered to be a function of interstitial conductivity, which is
determined by the quantity and density of the extracellular
matrix (e.g. proteoglyca.n, ﬁbronecun) and fibrosis (e.g. fibrin,
collagen fibers) in the stroma.”>'® Most human solid tumors
have abundant stroma that hinders the distribution of high
molecular weight (HMW) agents, including ACA-conjugated
antibodies. Consequently, the tissue becomes a barrier prevent-
ing the iminunoconjugates from attacking cancer cells.41®
This led us to design a novel alternative antitumor strategy that
turned this apparent handicap into an asset.

In the 19th century, French surgeon Armand Trousseau
described, for the ﬁrst time, thrombophlebitis in patients with
stomach cancer.d” Today, a large body of clinical evidence
supports the conclusion that abnormal coagulation followed by
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erodes adjacent normal or tumor vessels, resulting in micro-
scopic hemorrhages within or adjacent to cancer tissues; fibrin
clots should form immediately in situ to stop the bleeding.
Although fibrin clot formation also occurs in non-malignant dis-
orders, such as cardiac or brain infarction, injuries, and active
rheumatoid arthritis, these fibrin clots form only at the onset or
during the active stage of the disease. Moreover, these fibrin
clots disappear within a few weeks as a result of plasmin diges-
tion or replacement with collagen fibers. In tumor tissues, the
fibrin clots are replaced by collagenous stroma in a process simi-
lar to that in normal wound healing and other non-malignant dis-
eases.' However, unlike non-malignant conditions, fibrin clot
formation in cancer tissues lasts for as long as the cancer cells
survive in the body. Therefore, unlike growth factors and tyro-
sine kinases, fibrin clots are pathophysiologically specific for
tumors. In that context, we developed an mAb against fibrin to
target the tumor stroma. In addition, we exploited the newly
developed specialized immunoconj linker to conjugate the
anti-fibrin mAb with an ACA.

Materials and Methods

Antibodies. A hybridoma producing anti-fibrinogen (mouse
IgG clone K88-3) or anti-fibrin antibody (mouse IgM clone 102-
10) was established using myeloma cells (P3U1) and lymph
node cells from the mouse with immunizing human fibrinogen
(Sigma, St. Louis, MO, USA) or fibrin, with the latter converted
from fibrinogen by thrombin (Sigma) cleavage. Heavy chain
variable and kappa light chain variable cDNAs were cloned into
the vector for human IgG1 expression. The vectors were trans-
fected into Chinese hamster ovary (CHO) cells (Riken Bio-
resource Center, Tsukuba, Japan) and a stable clone (humanized
1gG, clone 102-10) was isolated.

Camptothecin-11 (CPT-11; irinotecan) and SN-38 were pur-
chased from Tokyo Chemical Industry (Tokyo, Japan) and Yak-
ult (Tokyo, Japan), respectlvely

In vivo i y. Antibodies were
conjugated with Alexa 647 (Invm'ogen Carlsbad, CA, USA)
according to the manufacturer’s instructions. In vivo fluores-
cence imaging was performed using a confocal fluorescence
microscope (AIR; Nikon, Tokyo, Japan) or a small animal
imaging system (OV110; Olympus, Tokyo, Japan). For immu-
nohistochemistry, anti-fibrin IgM was incubated with Alexa
488-labeled anti-mouse IgG (Invitrogen) as a secondary anti-
body. The unbound antibodies were blocked with mouse serum
(Dako, Glostrup, Denmark). First, samples were incubated
for 30 minutes at room temperature in the dark with the

3To whom correspondence should be addressed.
E-mail: yhmatsum@east.ncc.go.jp
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immunocomplex (anti-fibrin IgM and Alexa 488 secondary Ab),
anti-cytokeratin (Abcam, Cambridge, UK), or anti-CD31
(Becton Dickinson, Franklin Lakes, NJ, USA). Then, samples
were incubated for 60 minutes at room temperature in the dark
with Alexa 488-, 555- or 647-labeled anti-rabbit IgG (Invitro-
gen) or phycoerythrin (PE)-labeled anti-rat IgG (Jackson Immu-
noResearch, West Grove, PA, USA). Fluorescence images were
obtained using a digital high-definition microscopic system
(BZ-9000; Keyence, Osaka, Japan).

Synthesis of the SN-38 derivative linker. A detailed descrip-
tion of the synthesis of the linker is provided online as supple-
mentary material for this paper (Data S1). Briefly, PEG was
purchased from Quanta BioDesign (Powell, OH, USA) and
Merck (Whitehouse Station, NJ, USA). Reagents and solvents
were purchased from Sigma and Kanto (Tokyo, Japan). The
final structure was composed of one maleimide for the attach-
ment of mAb, one PEG,, spacer and three PEGy; ester bonds
for attachment of three SN-38 molecules. The structure and pur-
ity of the chenucally symhesnzed materials were determined by
400-MHz 'H-NMR and 'C-NMR (NMR ECX-400 or NMR
AL; JEOL Ltd., Tokyo, Japan) and mass spectrometry (MS
AXIMA; Shimadzu, Kyoto, Japan). The derivatives were
resolved in DMSO (Sigma).

Immunoconjugate. The interchain disulfides of the Abs were
first reduced with 10 mM DTT (Sigma). The number of free
thiols was quantified using 5,5'-dithiobis 2-nitrobenzoic acid
(DTNB; Wako Pure Chemical Industries, Osaka, Japan).
Reduced Abs were purified by gel filtration (Amicon Ultra Cen-
trifugal Filter Devices; Millipore, Billerica, MA, USA) and
reacted with linker SN-38 derivative in PBS containing 5 mM
EDTA (pH 6) at room temperature for 1 h, then at 4°C over-
night. The SN-38-conjugated Abs were purified by gel filtration
(Millipore). The concentration of Ab-prodrug conjugates was
determined using the Bradford method (Bio-Rad Protein Assay,
500-0006JA; Bio-Rad, Hercules, CA, USA). The number of
residual thiols was quantified with DTNB. The ratio of each
drug (SN-38)/Ab was determined by comparison of the number
of free and residual thiols.

High-perf e liquid hy. The Kkinetics of

After 1 week, phorbol 12-myristate 13-acetate (PMA); 25 pg/
mL in acetone; Sigma) was applied weekly (for a total of 32
times). Carcinoma was determined on the basis of the clinical
appearance of characteristic features, according to the previous
report.*? Histological analysis was performed to confirm the
diagnosis of carcinoma based on clinical appearance (Fig. 1A).
Tumor volume was calculated as (length x width?)/2. When the
mean size of tumors that grew continuously over a period of
3 weeks reached approximately 70 mm®, the tumors were ran-
domly divided into three groups comprising five tumors in each
group such that there was 10 significant dlfference m tumor size
among them. Imr gates were admi d on Days 0,
7, 14, and 21 by tail vein injection. An injection dose of anti-
body-SN-38 prodrug equal to an SN-38 dose of 13.3 mg/kg
was determined by calculations based on the drug (SN-38)/
antibody ratio for each drug. Statistical analyses of both antitu-
mor effects and changes in body weight were performed using
ANOVA.

All animal procedures were performed in compliance with the
Guidelines for the Care and Use of Experimental Animals estab-
lished by the Committee for Animal Experimentation of the
National Cancer Center. These guidelines meet the ethical stan-
dards required by law and also comply with the guidelines for
the use of experimental animals in Japan (http://www.scj.go.jp/
ja/info/kohyo/pdf/kohyo-20-k16-2.pdf).

In vivo fiber confocal fluorescence microscopy. For visualiza-
tion of tumor vessels, 400 pg FITC—dextran (250 kDa; Sigma)
was injected into tumor-bearing mice before and 5 days after
treatment with the immunoconjugate using the i 1magmé syslem
Cellvizio (Mauna Kea Technologies, Paris, France) Mean
vessel diameter, total vessel length, and total area were esti-
mated at six different sites within the tumor before and after
treatment using ImageCell software (Mauna Kea Technologies).
The length of functional capillary density (FCD) was calculated
as (total vessel length/total area). Statistical analyses were per-
formed using Student’s r-test.

Results

release of SN-38 from the immunoconjugate was in
in vitro at 37°C in 5% glucose (pH 4.6), PBS (pH 7.4), or mouse
serum. Whole tumor tissues were mixed with 0.1 M glycine—
HCl buffer (pH 3.0)/methanol (5 w/w%) and then homoge-
nized. Samples (100 pL) were then mixed with 20 pL of 1 mM
phosphoric acid/methanol (1:1), 40 pL ultrapure water, and
60 pL camptothecin solution (Sigma) as an internal standard.
Reaction solutions and plasma were mixed with 0.1 M HCI at
50% (w/w). The samples (50 pL) were then mixed with 20 pL
of 1 mM phosphoric acid in methanol (1:1) and 100 pL campto-
thecin as an internal standard. Samples were vortexed for 10 s
and filtered through an Ultrafree-MC (Millipore). To detect
immunoconjugated SN-38, samples (20 pL plasma, 100 pL
tumor) were diluted with 20 pL methanol (50% w/w) and
20 pL NaOH (0.7 M). After incubation for 15 minutes at room
temperature, 20 uL. HCI (0.7 M) and 60 pL internal standard
solution were added to the samples, and the hydrolysate was
then filtered. Reverse-phase HPLC was performed at 35°C on a
Mightysil RP-18 GP column (150 x 4.6 mm; Kanto). Samples
were injected into an Alliance Waters 2795 HPLC system
(Waters, Milford, MA, USA) equipped with a Waters 2475
multi A fluorescence detector at excitation and emission wave-
lengths of 365 and 540 nm, respectively, for SN-38 or 365 and
430 nm, respectively, for CPT-11.

Animal model and antitumor effects. Chemical skin carcino-
genesis was induced in female FVB/N mice (CLEA, Tokyo,
Japan) as described previously.?'?? Briefly, a single application
of 7,12-dimethylbenz[o]anthracene (DMBA; 250 pg/mL in ace-
tone; Sigma) was applied to the shaved dorsal skin of mice.

of anti-fibrin chimeric IgG for stroma targetmg
We developed an mAb against fibrin, which is abundant in the
stroma of human solid tumors. After extensive screening using
two ELISA sets, one for human fibrinogen (the precursor of
fibrin that is present physiologically) and the other for human
fibrin (which is formed only in some abnormal conditions), we
successfully developed an mAb that reacted with human fibrin
only and not with human fibrinogen. However, because the mAb
obtained was IgM, it was converted into the human IgG format
for clinical application using an antibody engineering technique.
Another advantage of the mAb was that the mAb cross-reacted
with mouse fibrin and not with mouse fibrinogen (Fig. 1B).
Chemically induced mouse c cancer was d as an
appropriate experimental model in which to evaluate the thera-
peutic effects of our immunoconjugate chemotherapy because
this spontaneous carcinogenetic model has marked fibrin deposi-
tion and abundant interstitial tissue, as in human cancer
(Fig. 1A) and unlike human tumor xeno% s, which have fewer
fibrin clots and less interstitial tissue.?** In addition, the spon-
taneous tumors exhibit very slow growth, which is similar to the
condition in general human cancer but not in the xenografts.
Using real-time in vivo confocal microscope imaging, the
anti-fibrin chimeric IgG (AFCA) was found to be distributed in
the extravascular component 1 h after injection, whereas the
leakage of anti-fibrin IgM from the vessels was so restricted that
obvious extravascular distribution was not observed over the
same period (Fig. 1C). Using systemic in vivo imaging, anti-
fibrin IgM, anti-fibrin IgG, and anti-fibrinogen IgG were deliv-
ered and retained in the tumor until Day 3, utilizing leaky tumor
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Fig. 1. Preparation and characterization of the anti-fibrin antibody. (A) Chemical skin carcinogenesis. A mouse bearing a tumor (left) and
hematoxylin-eosin staining (right) of the tumor. (B) Both anti-fibrin (Fib) IgM and its chimeric IgG (AFCA) were shown to recognize human (Hu)
and mouse (Ms) fibrin, but not their fibrinogen (Fng), by ELISA. OD, optimal density. (C) /n vivo confocal microscope imaging showing leakage
of Alexa 488-labeled anti-fibrin IgM (left; green) and Alexa 647-labeled AFCA (middle; red) from tumor vessels 1 h after injection. Arrows
indicate the area into which the AFCA has leaked (right; red in Merge). Scale bar, 100 um. (D) /n vivo systemic imaging analysis of Alexa
647-labeled anti-fibrin IgM (upper), AFCA (middle), or anti-fibrinogen mAb (lower) on Days 1, 3, and 7 after injection. Arrows indicate each
tumor position. (E) Intratumoral distribution of injected fluorescent AFCA (lower left; red) was examined 24 h after injection.
Immunohistochemistry with anti-cytokeratin (upper left; light-blue) or anti-fibrin (upper right; green). Yellow indicates the overlap of injected

anti-fibrin 1gG and deposited fibrin (lower right). Scale bar, 100 pm.

vessels.!%!) The accumulation of anti-fibrin IgM and anti-
fibrinogen IgG was weak and they were eliminated by Day 7;
however, on Day 7, AFCA was still highly retained within the
tumor (Fig. 1D). Therefore, we used AFCA as a vehicle for drug
delivery, providing high accumulation and long-term retention
in the tumor. Investigating the intratumoral distribution of
AFCA, we found that it was observed mainly in fibrin-positive
stroma and was rarely seen in cytokeratin-positive tumor cell
areas (Fig. 1E). Thus, we succeeded in developing an anti-fibrin
IgG for targeting the tumor stroma.

Drug design, anti-tumor activity, and pharmacokinetic study of
the anti-fibrin immunoconjugate. Another special feature of our
design is the conjugation of highly cytotoxic SN-38 with each
mAb, using a specially produced linker composed mainly of
PEG, which provided both increased payload capacity and effi-
cient, sustained drug release within the tumor. The branched
composition had one maleimide for the attachment of the mAb,
one PEG,, spacer, and three PEG,; ester bonds for the attach-
ment of three SN-38 molecules (Fig. 2A). There were approxi-
mately eight thiol residues able to react with the maleimide in
the reduced mAb. The calculated drug (SN-38)/mAb ratio of
the immunoconjugate was approximately 24. Previous studies
have reported drug/mAb ratios in the range 3-8.%52®) There-
fore, the ratio of 24 obtained in the present study is so far the
highest, which means that the drug can be carried with the mini-
mum amount of antibody, resulting in a reduction of both unde-
sirable drug effects in the body and production costs.

The conjugated SN-38 had no cytotoxic effect, which means
that the cytotoxic immunoconjugate itself is a prodrug.
Consequently, we succeeded in producing a cytotoxic immuno-
conjugate, namely AFCA-branched-PEG-(SN-38);, hereafter
abbreviated to AFCA-B-P-(SN-38)5 (Fig. 2A). The immunocon-
jugate, via the ester bond, was stable in 5% glucose (pH 4.6)
because the phenyl ester bond is stable under acidic conditions

Yasunaga et al.

and labile under mild alkaline conditions.”” Under physiologi-
cal conditions (PBS pH 7.4 and serum) such as in the extracellu-
lar environment, the immunoconjugate, via the ester bond, can
release SN-38 enzyme independently, gradually, and effectively
(Fig. 2B). This bond has already been introduced into clinical
use, such as in NK012.4? The antitumor activity of AFCA-B-P-
(SN-38); was evaluated in vivo and, following its administration
four times weekly at an equivalent SN-38 dose of 13.3 mg/kg
per day, showed significant antitumor activity compared with
findings in mice treated with either saline or CPT-11 (40 mg/kg
per day at the maximum tolerated dose [MTD], equivalent to a
dose of 23.2 mg/kg per day SN-38). Although tumors continued
to increase in mice treated with CPT-11, the growth of tumors in
mice treated with AFCA-B-P-(SN-38); was significantly
suppressed for more than 1 month (Fig. 2C). Thus, AFCA-B-P-
(SN-38); exerted strong antitumor activity compared with
CPT-11 (Fig. 2C). Although treatment-related body weight loss
was observed in mice treated with each of the drugs, there was
no significant difference in body weight loss between the control
group and the CPT-11- and AFCA-B-P-(SN-38)s-treated groups
(Fig. 2D). Blood tests revealed no significant bone marrow
toxicity or liver and kidney dysfunction in any of the treatment
groups (data not shown).

Release of SN-38 from the anti-fibrin immunoconjugate
induces damage to both tumor cells and tumor vessels. After
injection of AFCA-B-P-(SN-38),;, the concentration of total
SN-38 (antibody-bound and unbound forms) and free SN-38
(unbound form) in plasma declined gradually within a week,
whereas CPT-11 exhibited rapid clearance (Fig. 3A). We then
examined the intratumoral distribution of SN-38 released from
the immunoconjugate using HPLC. Significantly high concen-
trations of total and free SN-38 were detected in tumor tissues
treated with the immunoconjugate for 168 hours compared with
CPT-11 (Fig. 3B). The second significant observation following
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Fig. 2. Drug design, anti-tumor effect and pharmacokinetics of the anti-fibrin immunoconjugate. (A) Drug design of the immunoconjugate:
mAb-PEG-three-branched PEG—(SN-38); linked via an ester bond. One antibody bears 24 molecules of SN-38. The arrows indicate the cleavage
sites to release free active SN-38. (B) Release of SN-38 from immunoconjugates over time in mouse serum, PBS (pH 7.4), or 5% glucose at 37°C.
Data show single values determined at each time point. (C) Antitumor activity was examined in vivo. Immunoconjugates ({), camptothecin-11
(CPT-11; O), or saline (A), were administered to mice bearing chemical-induced cutaneous tumors via intravenous injection on Days 0, 7, 14, and
21. Arrows indicate the day of administration and the curves illustrate the effect of treatment on tumor size. Data are the mean £ SD (n =5 in
each group). P = 0.0005 for CPT-11 compared with immunoconjugate; P < 0.0001 for saline compared with immunoconjugate. (D) Changes in
the relative body weight of mice injected with Immunoconjugates (<), CPT-11 (0), or saline (A) on Days 0, 7, 14, and 21. Data are the
mean = SD. There were no significant differences between the three groups (P = 0.09 for CPT-11 versus immunoconjugate; P = 0.0866 for saline
versus immunoconjugate).
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treatment with AFCA-B-P-(SN-38); was a change in gross
tumor color from reddish to white (Fig. 3C). To clarify the cause
for this change in color, the histopathological features of the
tumor stroma after immunoconjugate therapy were examined.
There was no clear change in fibroblasts or macro‘phages, which
play an important role in tumor progressmn (data not
shown). We then d stromal both quali-
tatively and quantitatively using immunohistochemistry and
in vivo fluorescence endomicroscopy. Using these techniques,
discontinuation and irregularity comprising a mixture of narrow-
ness and enlargement of tumor vessels were manifested follow-
ing treatment with AFCA-B-P-(SN-38); (Fig. 3D,E).

Discussion

It is known that LMW ACA, including molecular targeting
agents, can easily extravasate from normal blood vessels,
resulting in various adverse effects (Fig. 4A). To overcome the
off-target effects caused by LMW ACA, an immunoconjugate
therapy was developed in which ACA or a toxin is conjugated
to a cancer cell-specific mAb (Fig. 4B).

The immunoconjugates selectively extravagate from leaky
tumor vessels and this is an advantage in cancer treatment. How-
ever, to date, immunoconjugate therapies for common solid
tumors have not been successful in cllmcal gractice because of
the heterogeneity of the target antigens."**) Moreover, most
human tumors have abundant stroma that hinders the distribu-
tion of the immunoconjugate. Our basic strategy for overcoming

the stromal barrier as a protective shield for cancer cells is to
make use of the fibrin in the stroma as a scaffold assembly of
the immunoconjugates, followed by the release of SN-38 to the
cancer cells. This free SN-38 can easily reach the cancer cells
by diffusion through the stromal barrier. Another important find-
ing of the present study is that SN-38 released from the immu-
noconjugates and located in the fibrin networks around the
tumor vasculature may attack vascular endothelial cells.

During the process of blood coagulation, extrinsically acti-
vated thrombin cleaves fibrinopeptides A and B from the a- and
B-chains of fibrinogens, generating soluble fibrin monomers.
Thereafter, an insoluble fibrin clot forms following enzymatic
and non-enzymatic processing.®® Therefore, it is speculated
that the epitope of our anti-fibrin mAb is adjacent to the throm-
bin cutting site of the fibrinogens.

Another feature of our anti-fibrin mAb is the conversion of
human chimeric IgG from mouse IgM using an antibody engi-
neering technique. The use of human chimeras is beneficial for
clinical applications to avoid human anti-mouse neutralizing
antibodies and allergic reactions in humans. In addition, because
of the rapid blood clearance and low penetration of IgM com-
pared with IgG, based on the faster ehnunauon of IgM from the
liver and its larger molecular size,®* IgM is not suitable as a
drug delivery vehicle.

The anti-fibrin mAb was conjugated with SN-38 using newly
designed linker assembly. SN-38 is a topoisomerase I inhibitor,
with time-dependent antitumor activity, and is an active compo-
nent of CPT-11, which is used clinically in the treatment of
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Fig. 4. Diagram of the background and the new
concept of drug delivery using tumor stroma as a
ligand. (A) Low molecular weight anticancer agents
(black) can be distributed throughout the entire
body, resulting in serious side effects. (B) Cytotoxic
immunoconjugates (blue) accumulate selectively in
the tumor tissue. Successful (upper) and failed
(lower) immunoconjugate therapy is shown. (C) The
newly developed immunoconjugate (i.e. anti-fibrin
chimeric IgG-branched-PEG-(SN-38);) extravasates
selectively from leaky tumor vessels, binds
specifically to the fibrin network around the tumor
vessels to create a scaffold, and then allows the
effective, sustained release of SN-38, an anticancer
agent with time-dependent effects, from the
scaffold. Because this released anticancer agent is
of a low molecular weight, it is subsequently
distributed throughout the entire tumor stroma,
which normally acts as a barrier, and induces
damage not only to tumor cells, but also to tumor
vessels.
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colorectal, lung, and other cancers.®® Linker technology is an
important part of immunoconjugate chemotherapy, and various
linkers have been exploited to date. Of these, acid labile hydraz-
one linkage, thiol reduction of disulfide linkers, and enzymatic
proteolysis of pepude linkers have been used successfully to
ensure stability in plasma.?® For these types of linkers,
cell-mediated endocytosis and intracellular processing of the im-
munoconjugates are indispensable to make the active agent
work. In our newly deployed linker construct, an ester bond can
release SN-38 gradually, independent of enzymes, under physio-
logical conditions such as in the extracellular environment. In
our design, PEG was combined close to this ester bond. It is
known that PEG evades non-specific capture by the reticuloen-
dothelial system (RES) in the body, with the steric structure
around the bond protecting against immunoconjugate degrada-
tion in the blood. Furthermore, PEG has already been used for
this purpose. (112) Moreover, the unique branched composition
enables the attachment of three SN-38 molecules, rather than
only one as in standard linear types of linkers.

As mentioned above, asymptomatic fibrin formation occurs
only during cancer invasion and metastasis. Patients with
advanced cancer are candidates for treatment with systemic
ACA and almost all such patients are fibrin free, except for in
the cancer tissue in the body. In addition, HMW proteins,
including IgG, cannot extravasate from normal blood vessels to
cause unwanted side effects in non-neoplastic organs (Fig. 4C).
In spontaneous mouse tumors characterized by abundant stroma,
this cancer stroma-targeting therapy using tumor-induced fibrin
clots has succeeded, for the first time, in producing conditions
that achieve drug exposure levels specifically in tumor cells that
are similar to those in monolayer culture dishes and it is thus a
highly effective new strategy for treating solid tumors, espe-
cially stroma-rich cancers, which are refractory to conventional
therapy. In the 1960s, and '*'I-Ab that targeted fibrin was sug-
gested as a potential cancer therapy. G9 However, that Ab was
polyclonal and reacted with fibrinogen, which is the physiologi-
cal precursor of fibrin and abundant in the blood stream. The
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including molecular targeting agents. Thus, this present discov-
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ology and organic chemistry, may change current therapy with
ACA and open a new fields of medical scnence, consequently
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Large areas of tumor are nutrient-starved and hypoxic due to a disorganized vascular system. Therefore,
we screened small molecules to identify cytotoxic agents that function preferentially in nutrient-starved
conditions. We found that efrapeptin F had preferential cytotoxicity to nutrient-deprived cells compared
with nutrient-sufficient cells. Because efrapeptin F acts as a mitochondrial complex V inhibitor, we exam-

Keywords: ined whether inhibitors of complex I, II, IIl, and V function as cytotoxic agents preferentially in nutrient-
;:;f“”?‘“:ll:, deprived cells. Interestingly, these inhibitors showed preferential cytotoxicity to nutrient-deprived cells
GI‘::’;S:" na and caused cell death under glucose-limiting conditions, irrespective of the presence or absence of amino

acids and/or serum. In addition, these inhibitors were preferentially cytotoxic to nutrient-deprived cells
even under hypoxic conditions. Further, efrapeptin F showed antitumor activity in vivo. These data indi-
cate that mitochondrial inhibitors show preferential cytotoxicity to cancer cells under glucose-limiting

Mitochondrial inhibitors
Nutrient deprivation
Glucose deprivation

conditions, and these inhibitors offer a promising strategy for anticancer therapeutic.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Solid tumors have large areas starved for nutrients and oxygen
that arise from immature and irregular distribution of blood ves-
sels [1,2]. In particular, hypovascular tumors such as pancreatic
cancers show an inherent ability to tolerate such severe growth
conditions. Certain human pancreatic cancer cell lines, including
PANC-1, AsPC-1, BXPC-3 and KP-3, exhibit marked environmental
tolerance and can survive for prolonged periods of time in nutri-
ent-deprived conditions [3]. Tolerance of these cancer cells to
nutrient starvation has been associated with the activity of protein
kinase B (PKB)/Akt. The PI3K-AKT-TOR signaling promotes cell pro-
liferation and inhibits apoptosis. In addition, activation of Akt has
been reported to stimulate cell survival, transformation, metastasis
and angiogenesis [4,5]. Kigamicin D, a novel compound discovered
from the culture broth of Amycolatopsis sp. ML630-mF1, blocks
activation of Akt and exhibits preferential cytotoxicity to cancer
cells under nutrient-deprived conditions compared to nutrient-

* Comesponding author. Address: Numazu Bio-Medical Research Institute,
Microbial Chemistry Research Center, 18-24 Miyamoto, Numazu, Shizuoka 410-
0301, Japan. Fax: +81 55 922 6888.

E-mail address: imomose@bikaken.or.jp (I. Momose).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.01.050

rich conditions [6-8]. AG1024 and I-OMe-AG538, specific inhibi-
tors of insulin-like growth factor-1 receptor tyrosine kinase, are
also found to be cytotoxic to nutrient-deprived cells [9]. Therefore,
agents active in nutrient-deprived conditions could function as
anticancer agents.

Energy production is important for cell survival. The metabo-
lism within a solid tumor is markedly different from that of the
surrounding normal tissue [10-13]. Increased aerobic glycolysis
is uniquely observed in cancers, thereby cancer cells use elevated
amounts of glucose as a carbon source for anabolic reactions. How-
ever, part of the tumor is in a state of nutrient depletion. Tumor
cells respond to nutrient-deprived conditions and adapt their
metabolism to obtain amino acids. Autophagy is a catabolic pro-
cess by which cells supply amino acids from self-digested organ-
elles; cancer cells are likely to use autophagy to obtain amino
acids as alternative energy sources [14]. Thus, their metabolic shift
to the tumor microenvironment could represent a possible target
for antitumor therapy. In this study, we screened natural products
such as microbial metabolites to identify agents that preferentially
reduce the survival of nutrient-deprived cancer cells. The screen
identified efrapeptin F, which is produced by fungi and functions
as a cytotoxic agent preferentially against human pancreatic can-
cer cells in glucose-limiting conditions.
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Annexin V
Fig. 1. Effect of in F and mif ial inhibif on PANC-1 survival under nutrient-deprived conditions. (A) Structure of efrapeptin F. (B) Effect of efrapeptin F

and complex V inhibitors (leucinostatin A and oligomycin) on survival of PANC-1 cells in normal medium, DMEM (10% FBS) (®) and nutrient-deprived medium, NDM (-) (O).
PANC-1 cells were incubated in DMEM (10% FBS) for 24 h. The cells were then washed with PBS and the medium was replaced with either fresh DMEM (10% FBS) or NDM (-).
The indicated concentrations of efrapeptin F and complex V inhibitors were added to each well and the cells were incubated for 24 h. Cell viability was determined using
the MTT assay. (C) Effect of complex I, II and Ill inhibitors on survival of PANC-1 cells in DMEM (10% FBS) (®) and NDM () (O). Rotenone and Piericidin A were used as
complex I inhibitors. Atpenin As was as complex II inhibi Antimycin A, it and sti in were as complex IIl inhibitors. PANC-1 cells were incubated with
inhibitors in DMEM (10% FBS) or NDM (~) for 24 h. (D) Flow cytometric analysis of PANC-1 cells treated with each inhibitor. PANC-1 cells were incubated with 0.1 pmol/L of
mitochondrial inhibitors in DMEM (10% FBS) or NDM () for 24 h. The cells were stained with annexin V-FITC and propidium iodide and then analyzed using a flow
cytometer.




