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Abstract: The aim of this study was to evaluate four different platinated bioconjugates
containing a cisplatin (cis-diamminedichloroplatinum [cis-DDP]) fragment and epidermal growth
factor receptor (EGFR)-targeting moieties as potential therapeutic agents for the treatment of

) to
EGFR-
assess their efficacy. The first two bioconjugates employed the monoclonal antibody cetuximab

brain tumors using a human EGFR-expressing transfectant of the F98 rat glioma (F98

(C225 or Erbitux®) as the targeting moiety, and the second two used genetically engineered EGF
peptides. C225-G.-Pt was produced by reacting cis-DDP with a fifth-generation polyamidoamine
dendrimer (G,) and then linking it to C225 by means of two heterobifunctional reagents. The
second bioconjugate (C225-PG-Pt) employed the same methodology except that polyglutamic
acid was used as the carrier. The third and fourth bioconjugates used two different EGF peptides,
PEP382 and PEP455, with direct coordination to the Pt center of the cis-DDP fragment. In vivo
studies with C225-G.-Pt failed to demonstrate therapeutic activity following intracerebral (ic)
convection-enhanced delivery (CED) to F98_ ... glioma-bearing rats. The second bioconjugate,
C225-PG-Pt, failed to show in vitro cytotoxicity. Furthermore, because of its high molecular
weight, we decided that lower molecular weight peptides might provide better targeting and
microdistribution within the tumor. Both PEP382-Pt and PEP455-Pt bioconjugates were cyto-
toxic in vitro and, based on this, a pilot study was initiated using PEP455-Pt. The end point for
this study was tumor size at 6 weeks following tumor cell implantation and 4 weeks following ic
CED of PEP455-Pt to F98 glioma-bearing rats. Neuropathologic examination revealed that five
of seven rats were either tumor-free or only had microscopic tumors at 42 days following tumor
implantation compared to a mean survival time of 20.5 and 26.3 days for untreated controls. In
conclusion, we have succeeded in reformatting the toxicity profile of cis-DDP and demonstrated
the therapeutic efficacy of the PEP455-Pt bioconjugate in F98 glioma-bearing rats.

Keywords: cisplatin, F98_ . rat glioma, molecular targets, peptides, monoclonal antibodies
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Introduction

Malignant gliomas are fast growing, highly invasive brain tumors that usually lead
to death within 12—18 months following diagnosis.' These tumors are resistant to
all current forms of therapy, including surgery, radiotherapy, and chemotherapy.?
Although the 2-year survival has increased to almost 25%, the 5-year survival of
patients has remained very low? despite intensive efforts to develop more effective
therapies.* Significant advances have been made in understanding the molecular
genetic events leading to the development and progression of gliomas.* However,
this still has not resulted in therapeutic agents that could specifically target gliomas
and alter their highly invasive pattern of growth within the brain.>® One significant
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problem associated with drug delivery to the brain relates
to the failure of most systemically administered therapeutic
agents to cross the blood—brain barrier (BBB) and attain
therapeutically effective concentrations within the tumor.”
Over the past 10 years, various studies at the European
Synchrotron Research Facility®!° and at The Ohio State
University'"!?> have been carried out on the use of either
cisplatin (cis-dichlorodiammineplatinum [cis-DDP]) or
carboplatin, administered intracerebrally (ic) by means of
convection-enhanced delivery (CED)."* This technique can
deliver therapeutic agents directly to the site of the brain
tumor, thereby completely bypassing the BBB and resulting
in carboplatin concentrations up to 1,000x greater than that
achieved by systemic administration.'!

The epidermal growth factor receptor (EGFR) and its
mutant isoform EGFRVIII are frequently overexpressed in
brain tumors, which have made them attractive molecular
targets for the treatment of gliomas.'*'¢ A number of drugs
and monoclonal antibodies (MoAbs) have been developed
to target EGFR and its signaling pathways.!>!® Among
these is the MoAb cetuximab (or Erbitux®, Eli Lilly and
Company, Indianapolis, IN, USA), which originally was
designated C225. Cetuximab is a chimeric MoAb directed
against EGFR and binds with high affinity to the receptor.'’
It can block the binding of both EGF and transforming
growth factor-a to their receptors and produces cell cycle
arrest and apoptosis. Cetuximab has been effective but not
curative for the treatment of EGFR-positive cancers, such as
those of the colon and head and neck region, when adminis-
tered alone and has synergistic effects when combined with
ionizing radiation or cytoreductive chemotherapy.'® %

Platinum-containing drugs have been widely used as che-
motherapeutic agents for the treatment of a variety of human
cancers.” However, their renal, gastrointestinal, myelo- and
neurotoxicity, rapid binding to plasma proteins, and poor
penetration of the central nervous system have limited their
use for the treatment of brain tumors.> The present study was
based on our previous observations relating to the significant
neurotoxicity associated with ic CED of either a liposomal
formulation of cis-DDP or the free drug in non-tumor-bearing
Fischer rats.? Both of these agents had significant neurotoxic
effects consisting of cerebral necrosis and hemorrhage at 4
days for the former and 7 days for the latter. On the basis of
these observations, we hypothesized that if C225 was used
as the delivery agent, this might specifically target EGFR-

expressing F98 glioma cells (F98_ ) and could reformat the

EGFR
toxicity profile of cis-DDP. As reported by us now, although
there was a reduction in the neurotoxicity of C225-Pt

bioconjugates compared to free cis-DDP, they were devoid of

in vivo therapeutic activity. Therefore, we hypothesized that
if EGFR-targeting, lower molecular weight (MW) peptides
were used as the targeting moiety and their chemical linkage
to cis-DDP was simplified, these steps might improve their
therapeutic efficacy and “reformat” the toxicity profile of
cis-DDP. The results of the studies described in this report
confirm our hypothesis.

Materials and methods

Preparation of cis-DDP containing EGFR
targeting C225-G,-Pt bioconjugates

The antihuman EGFR MoAD cetuximab (C225, MW 152 kDa)
was generously provided to us by Dr Daniel Hicklin (formerly
of ImClone Systems, Inc., New York, NY, USA). Site-specific
attachment of cis-DDP to a precision macromolecule was car-
ried out using a fifth-generation polyamidoamine (PAMAM)
dendrimer, designated G, (Sigma-Aldrich, St Louis, MO,
USA), containing 128 terminal amino groups. This was
reacted with cis-DDP to yield Pt-containing macromolecules.
These in turn were linked to C225 by means of two hetero-
bifunctional reagents, N-succinimidyl 3-(2-pyridyldithio)-
propionate and N-(k-maleimido undecanoic acid)-hydrazide,
as previously described by us for linking boron-containing
G, to C225.% The protein content of the bioconjugate was
determined spectrophotometrically by means of the Coo-
massie (Bio-Rad Laboratories Inc., Hercules, CA, USA)
blue staining technique, and the Pt content was quantified by
means of direct current plasma-atomic emission spectroscopy
(DCP-AES), as previously described by us.?’ The resulting
bioconjugate, designated C225-G,-Pt, was used in the therapy
studies described in the section on Evaluation of therapeutic
efficacy of PEP-Pt bioconjugates.

An alternative conjugation scheme using another
macromolecule, polyglutamic acid (PGA) as a cis-DDP
carrier, has been summarized in Figure 1A. PGs with a
MW range of 15,000-50,000 Da (Sigma-Aldrich; 2.5 mg,
0.083 mmol) were mixed with cis-DDP (2.5 mg, 8.3 mmol)
and incubated at 70°C for 12 hours. The Pt-containing
PG (PG-Pt, 0.083 mmol) was then incubated with the
heterobifunctional reagent PMPI (N-[p-maleidophenyl]
isocyanate), and maleimide groups (PMPI-PG-Pt) were
introduced into PG by incubating 0.8 mM of PMPI for
2 hours at pH 9.0. Separately, C225 (4.0 mg, 0.027 mM) was
incubated with Traut’s reagent (0.018 mg, 0.133 mM) for
1 hour at ambient temperature, following which it was mixed
with PMPI-PG-Pt for 4 hours. The resulting bioconjugate,
designated C225-PG-Pt, was purified by Sephacryl S-300 gel
filtration column chromatography, and the Pt concentration
was determined by DCP-AES.
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Figure | (A) Conjugation scheme using PGA as a carrier for cis-DDP. (B) Conjugation of cis-DDP to peptides.

Notes: Briefly summarized, PGA was mixed with cis-DDP and incubated at 70°C for 12 hours, followed by column chromatography. Free drug was removed by passing the
conjugate through a PD-10 column and the Pt content was determined by DCP-AES. The PG-Pt then was incubated with PMPI, and maleimide groups were then introduced
into PG (PMPI-PG-Pt). C225 was incubated with Traut’s reagent and then mixed with PMPI-PG-Pt for 4 hours. The resulting bioconjugate, designated C225-PG-Pt, was
purified by Sephacryl gel filtration. (B) Conjugation of cis-DDP to peptides. Briefly summarized, cis-DDP was added to the peptide and kept at 37°C for 48 hours, followed by
passage through a Mini G-10 column to remove unbound cis-DDP. The molar ratio between cis-DDP and peptide was ~2:1, as determined by quantitation of the Pt content
of the bioconjugates by means of ICP-OES. The resulting PEP-Pt bioconjugates were water soluble and stable for at least | month at 4°C.

Abbreviations: DDP, dichlorodiammineplatinum; PGA, polyglutamic acid; DCP-AES, direct current plasma-atomic emission spectroscopy; PG-Pt, Pt-containing PG;
PMPI, N-[p-maleidophenyl]isocyanate; ICP-OES, inductively coupled plasma-optical emission spectroscopy.
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Peptide synthesis, characterization, and

preparation of PEP-Pt bioconjugates

The EGFR-targeting peptides were synthesized using a 9600
Milligen/Biosearch solid-phase peptide synthesizer (EMD
Millipore, Billerica, MA, USA) employing Fmoc/t-But
chemistry and a clear amide resin (0.32 mmol/g) (Peptide
International, Louisville, KY, USA). Following synthesis,
cleavage of the peptides from the resin was carried out as pre-
viously described.?® They were then purified by reverse-phase
high-pressure liquid chromatography (HPLC) in a gradient
system using a C-4 vydac column in water/acetonitrile (0.1%
trifluoroacetic acid) on a Waters Breeze System (Waters
Corporation, Milford, MA, USA). The purified fractions were
then subjected to analytical HPLC, and the fractions of interest
were pooled and lyophilized in a solution containing 1% acetic
acid. The final purified peptides were then identified using
electrospray ionization mass spectrometry (Campus Chemical
Instrumentation Center, The Ohio State University, Columbus,
OH, USA). Two EGF peptides were selected, a B-cell epitope
sequence 382—410, designated PEP382, and the HER-1 epitope
sequence 455-470, designated PEP455. The first had an MW
of 3,484 Da, and the latter, 2,005 Da, consistent with each
peptide sequence and an additional CH,CN solvent molecule
from the HPLC purification step. The amino acid sequence
for the 30 mer PEP382 was Ac-Leu-Ile-GIn-Ala-Trp-Pro-
Glu-Asn-Arg-Thr-Asp-Leu-His-Ala-Phe-Glu-Asn-Leu-Glu-
Ile-Ile-Arg-Gly-Arg-Thr-Lys-GIn-His-Gly-NH,. The amino
acid sequence of the 19 mer PEP455 was Ac-Lys-Leu-Phe-
Gly-Thr-Ser-Gly-GlIn-Lys-Thr-Lys-Ile-Ile-Ser-Asn-Arg-Gly-
Glu-NH,.* The binding profiles with EGFR-expressing breast
and lung cancer cell lines, MDA-468 and A549, respectively,
have been described in detail elsewhere,*® and each bound to
specific regions of EGFR.

As shown in Figure 1B, the PEP-Pt bioconjugates were
prepared by adding 7.5 mg cis-DDP to 1.0 mg of peptide
(50:1 molar ratio) in 1.2 mL of sterile, double-distilled deion-
ized water. The reaction mixture was kept in the dark at 37°C
for 48 hours, followed by passage through PD MiniTrap G-10
columns (GE Life Sciences, Pittsburgh, PA, USA) against
water to remove unbound cis-DDP. The chemical reaction
itself involved the replacement of one of the chlorides of
cis-DDP with an electron donor group of the peptide. The
amount of Pt attached to the peptide was determined by
means of inductively coupled plasma-optical emission spec-
troscopy, as previously described,'! and the values obtained
were multiplied by 1.54 to convert Pt content to the amount
of cis-DDP. The molar ratio between cis-DDP and peptide
was ~2:1, assuming no loss of peptide during the reaction.

The resulting PEP-Pt bioconjugates were water soluble and
stable for at least 1 month at 4°C. The 2:1 molar ratio of
[Pt]:[peptide] was consistent with the expected coordination
sites for the soft Pt metal on the sequences of each peptide.
Met, Cys, and His are the three amino acids with the largest
affinity for Pt coordination,? followed by Arg and the termi-
nal NH, group, as has been previously established.*® Neither
peptide used by us possessed Met or Cys residues. The pres-
ence of two His amino acids in PEP382 was consistent with
the selective coordination of Pt to those sites, resulting in
the 2:1 [Pt]:[PEP382] ratio. Although no Met, Cys, or His
residues with the highest affinity for Pt were available for
metal coordination in PEP455, it has previously been shown*
that Arg and the terminal NH, groups also exhibit selective
binding. It is, therefore, postulated that cis-DDP bound to
PEP455 at the single Arg residue and to the terminal NH,,
thereby resulting in the 2:1 [Pt]:[PEP455] stoichiometry.

In vitro cellular uptake and cytocidal
activity of Pt bioconjugates

F98 wild-type (F98,,,) and F98 .
for in vitro Pt uptake studies. Dulbecco’s minimal essential
medium containing 1.68 mg of C225-G -Pt (100 g cis-DDP)
was added to T-150 flasks, and the cells were incubated for

. glioma cells were used

an additional 2 hours at 37°C. Following this, they were
washed three times with phosphate-buffered saline (PBS),
pH 7.4, and disaggregated by treatment with 0.5 mmol of
ethylenediaminetetraacetic acid for 5 minutes, counted, and
sedimented. They were then digested with concentrated
sulfuric acid and 50% hydrogen peroxide in an oil bath at
100°C, and Pt uptake subsequently was determined by DCP-
AES. On the basis of the atomic weight of Pt (195.1 Da), the
concentrations of cis-DDP (300.05 Da) were calculated by
multiplying the Pt values by 1.54.

The procedure used to determine the cytocidal activity of
the Pt bioconjugates was modified from the method of Pau-
wels et al’' using the sulforhodamine-B (SRB) assay. FO8 ..
or F98,, glioma cells were seeded into 96-well microplates
(5,000 or 10,000 cells/well). The following day, incremental
concentrations (2 nM—20 uM) of cis-DDP, C225-PGA-Pt-,
or PEP-Pt bioconjugates were incubated with the FO8__
cells for either 4 or 72 hours. Three days after the start of
incubation, the cells were fixed with a cold 50% solution of
trichloroacetic acid, then washed five times with distilled
water, allowed to dry, and stained with 0.4% SRB. Unbound
SRB was removed by washing the plates five times with 1%
acetic acid. The bound SRB—protein complex was solubi-
lized with Tris base, following which spectrophotometric
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determination of SRB concentrations was performed using a
Dynex MRB II microplate reader (Dynex Technologies Inc.,
Chantilly, VA, USA) at a wavelength of 490 nm.

F98_..: glioma model and therapy studies

with C225-G,-Pt bioconjugates

The F98 rat glioma has been propagated in vitro and in vivo
since 1971. It is a radioresistant tumor that is invariably
fatal with an inoculum of as few as 100 cells. As has been
described in detail elsewhere,* it has been used in a wide
variety of studies in experimental neurooncology. F98___.
cells were produced by transfecting F98, - cells with the
human gene encoding wild-type EGFR.2¢33 The resulting
cell line, designated F98_ ___, expressed ~1.60x10° receptor
sites of EGFR compared to ~10* EGFR for F98_cells.”
Furthermore, the receptor was inactive and did not activate
a signal transduction cascade when exposed to EGF.* Most
importantly, this cell line was ideally suited for our stud-
ies because the number of receptors expressed was below
the threshold required to evoke a xenoimmune response.*

Consequently, F98_ . gliomas were nonimmunogenic

EGF
when implanted into the brains of syngeneic Fischer rats.>
All animal studies were carried out in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health,
and the experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of The
Ohio State University, including permission to carry out a
survival study based on our previous experience with the
F98 glioma model.3*35%

For the therapy studies with the C225-G -Pt bioconjugate,
10° F98_ .. glioma cells were implanted stereotactically
(David Kopf Instruments, Tujunga, CA, USA) into the right
caudate nucleus of syngeneic Fischer rats (weight ~200 g;
(Charles River Laboratories International, Inc., Wilmington,
MA, USA), using a procedure described in detail elsewhere.*
This procedure has allowed us to reliably and reproducibly
implant tumor cells into a precisely defined anatomic region,
the caudate nucleus, of the rat brain. Seven days later,
the animals were randomized into three groups, namely,
1) untreated controls (four rats); 2) those that received free
cis-DDP (seven rats); and 3) C225-G-Pt bioconjugates (six
rats). The test agents were administered stereotactically
by means of CED* to the same site that the tumor cells
previously had been implanted using a procedure that has
been used extensively by us.**3# Following treatment, all
animals were weighed three times per week, and their clini-
cal status was evaluated at the same time. Once the animals

had progressively growing tumors, as evidenced by sustained
weight loss (20% of body weight over 3 days), they were
euthanized to minimize discomfort, as stipulated in our
approved IACUC protocol. Mean survival time (MST) and
median survival time (MeST) and the percent increase in
life span (% ILS) were calculated as previously described.®
On the basis of the lack of in vivo therapeutic efficacy of the
C225-G-Pt bioconjugates (MW >180 kDa), we decided to
use the much lower MW PEP455-Pt (MW ~2.2 kDa) for
further in vivo studies.

Neurotoxicologic studies of PEP-Pt
bioconjugates

The neurotoxicologic effects of the EGFR-targeting peptides
were evaluated in non-tumor-bearing Fischer rats that had
received free cis-DDP or cis-DDP—containing peptides.
The test agents included unmodified PEP382 and PEP455
(138 uM), PEP382-Pt (80 uM), PEP455-Pt (138 uM), and
free cis-DDP at concentrations of 1.7 ng/10 uL (low dose)
or 16.5 ug/10 uL (high dose). All of the agents were admin-
istered stereotactically by means of CED, using a kd5310
Nanoliter Syringe Pump (KD Scientific, Holliston, MA,
USA) into the right caudate nucleus at a volume of 10 uL.
over 30 minutes at a flow rate of 0.33 uL/min. Rats were
euthanized at 7 days following administration, their brains
were removed, fixed in buffered formalin, cut coronally at
2 mm intervals, and then processed for neuropathologic
examination. Following this, a pilot study was initiated in
F98

sarr @nd F98 - glioma-bearing rats.

Evaluation of therapeutic efficacy of
PEP-Pt bioconjugates

In contrast to our previous studies to evaluate the thera-
peutic efficacy of carboplatin alone or in combination with
X-irradiation,'"'? where prolongation of survival time was
taken as the end point, in our pilot study with PEP-Pt bio-
conjugates, we chose a different approach where the F98
glioma-bearing rats were euthanized at 42 days following
tumor implantation.'> Two weeks following tumor cell
implantation, the therapeutic efficacy of PEP455-Pt was
evaluated following ic CED to a group of seven rats, four

bearing F98 tumors and three bearing F98 = gliomas.

EGFR
Four weeks later, the animals were euthanized and their
brains were removed and processed for neuropathologic
examination to determine if there were macro- or micro-
scopic deposits of tumor cells. To obtain quantitative data
on the relationship of brain tumor size and the time of death

of untreated control rats, coronal sections of the brains of
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Table I Survival times of F98__,

« glioma-bearing rats following CED of either cisplatin or C225-G,-Pt

Group? N® Survival times (days)© Range % increased life span®
Mean + SE Median Mean Median

CED of C225-G,-Pt 6 21.7+6.6 19 18-35 6 0

CED of cis-DDP* 7 >73.4+16.4 76 45->90 (2)° >259 261

Untreated controls 4 20.5+4.1 21 15-25 - -

Notes: *Animals received 10° F98___, cells ic and therapy studies were initiated 7 days later. °N = number of animals per group. “Seven days after tumor implantation, 3 uig of
free cis-DDP or C225-G-Pt bioconjugate containing 46.16 g of cis-DDP in a volume of 10 uL were administered by CED over 30 minutes. “The difference in MST between

rats that received cis-DDP and untreated controls was highly significant (P<<0.001).

Abbreviations: ic, intracerebral; CED, convection-enhanced delivery; MST, mean survival time; cis-DDP, cis-diamminedichloroplatinum; SE, standard error.

F98 glioma-bearing rats were converted to digital slide
images using the ScanScope XT by Leica-Aperio (Vista,
CA, USA, and scanned at 20x resolution, approximately
equivalent to 200X by light microscopy. The format of the
scans were of svs files, a proprietary version of JPEG2000,
and these were reviewed to confirm clarity and crispness
of the images. Image analysis was undertaken using Tissue
Studio 3.6.1 software by Definiens (Munich, Germany).
Tissue Studio uses a context-based, relational analysis of
the component pixels in digital slide images to differentiate
between types of tissue, in this study—tumor versus normal
brain, and measure the cross-sectional areas of the tumor.
An algorithm was developed using a dozen representative
sections of the scanned brain tumors to guide assignment of
pixels to distinguish between tumor and surrounding normal
brain. Size was calculated for the tumor area from the pixel
area and the magnification settings of the scanned images
and a plot of tumor cross-sectional area as a function of the
time of death.

Statistical methods

The statistical analyses were conducted using STATA SE13
(StataCorp LP, College Station, TX, USA). Continuous
variables were presented as either mean + standard deviation

A
100 {
X
= 80
= 60 A
- -a- C225-G_-Pt O
> 40 -o- Cis-Pt \\
° -e- G-Pt \
O 200 . a5 °
0
0.01 0.1 1 10 100

Concentration (uM)

Figure 2 (Continued)

(SD) or median and range and compared using one-way
analysis of variance (ANOVA). Tumor status of PEP-Pt
bioconjugate-treated rats and untreated controls were com-
pared using Fisher’s exact test due to multiple zero cells in
the table. Survival times of the animals between groups, listed
in Table 1, were compared using log-rank test. Correlation
between tumor cross-sectional area and survival time of the
tumor-bearing rats was computed. A P-value =0.05 was
considered statistically significant.

Results
In vitro cellular uptake and cytocidal

activity of Pt bioconjugates

There was almost a 3.4-fold increase in the amount of
cis-DDP delivered to the tumor cells by the C225-PG-Pt
bioconjugate (14.51 pg/10° cells) compared to the untar-
geted PGA-Pt bioconjugate (4.47 ug/10° cells), assuming
that 10° cells equaled ~1 g. The in vitro cytotoxicity profiles
of the Pt bioconjugates are shown in Figure 2. C225 itself
and C225-G-Pt were devoid of in vitro cytotoxic activity
(Figure 2A) compared to cis-DDP, which at a concentration
of 10 uM produced a 80% reduction in the viability of FO8 ..
cells. Up to a concentration of 1,000 uM, C225-PG-Pt
was less cytotoxic in vitro than free cis-DDP, suggesting

B
< 100 F\j\ = PGA-Pt
e 80 1 —— Cis-Pt
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3 60 1
8
S 401
3 207
0
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Figure 2 In vitro cytotoxicity profiles of EGFR-targeting Pt-containing bioconjugates against F98
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Notes: Cells were seeded into microplates at a density of 10,000 per well, and the following day, the test agents at varying concentrations were added to each well. After
3 days, the cells were fixed and stained with SRB, and SRB protein concentrations were determined spectrophotometrically and normalized to 100% for untreated cells.
(A) C225-G,-Pt; (B) C225-PGA-Pt; (C and D) PEP455-Pt, 4 hours incubation time; (E) PEP382-Pt; and (F) PEP455-Pt, 72 hours incubation time.

Abbreviations: EGFR, epidermal growth factor receptor; SRB, sulforhodamine-B; WT, wild type.

that there was reduced release of the Pt fragment at lower
concentrations of the bioconjugate (Figure 2B). PGA-Pt
also was cytotoxic, although there was no specific targeting
of EGFR. PEP455-Pt and PEP382-Pt showed equivalent

toxicity against F98__ . cells (Figure 2C), and nonplatinated

EGFR
PEP455 was devoid of intrinsic toxicity (Figure 2D), even at
the highest concentration. The IC,  values of PEP382-Pt and
PEP455-Pt bioconjugates were determined by extrapolating
from the 50% cell viability on the y-axis to the corresponding
point on the x-axis (Figure 2E and F). These were 0.20 and
0.10, respectively, against F98_ cells, and 0.02 and 0.02,
respectively, against F98___ cells relative to the undiluted
stock solutions of PEP382 (200 pg in 800 UL of PBS) and
PEP455 (138.8 g in 500 uL of PBS; Figure 2C). Finally, as
shown in Figure 2E and F, there was specificity for FO8 ...
cells vs F98, ., at an intermediate dilution (0.01) for both
PEP382-Pt and PEP455-Pt, and this specificity also was
evident at the highest concentrations (40% vs 20%). How-
ever, for the highest concentrations of PEP455-Pt, which
obscured target specificity, the percent cell viability was

equivalent for both cell lines.

Therapy studies with C225-G,-Pt

bioconjugates in F98___. glioma-bearing rats
The lack of in vitro cytotoxicity of C225-G-Pt notwithstand-
ing, we decided to initiate a therapy study in F98_ .. glioma-
bearing rats, hypothesizing that prolonged contact of tumor
cells with the bioconjugate would result in in vivo release
of cis-DDP. The survival data for rats that had received
either the C225-G-Pt bioconjugate or cis-DDP are summa-
rized in Table 1. The MST of rats that received the former
was 21.716.6 and 73.4+16.4 days for the latter compared
to 20.5+4.1 days for untreated controls. Using one-way
ANOVA, based on an approximate normal distribution of
the MSTs, this difference was highly significant (P<<0.001).
These data clearly demonstrated the therapeutic efficacy of
ic CED of cis-DDP at a dose of 3 g and the lack of efficacy of
the C225-G-Ptbioconjugate at a Pt dose 0f46.16 pg, which
resulted in an MST equivalent to that of untreated controls.
This suggested that the Pt fragment had not been released
from the bioconjugate since, as listed in Table 1, free cis-DDP
was therapeutically effective when administered ic by CED.
On the basis of the lack of effectiveness of the C225-G-Pt
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bioconjugate, a pilot study was initiated with the PEP455-Pt
bioconjugate in F98 glioma-bearing rats. This had a much
lower MW (~2 kDa), and, based on Fick’s law,* would have
had enhanced diffusion within the brain tumor following ic
administration by CED compared to high MW MoAbs.

Neurotoxicologic studies of PEP-Pt
bioconjugates

The brains of non-tumor-bearing rats thatreceived free cis-DDP
(3 ug) administered by CED and were euthanized 7 days
later showed severe hemorrhage and necrosis (Figure 3A),
indicating that the free drug was highly neurotoxic. The

brains of rats that received unmodified PEP382 and PEP455
showed evidence of mild intrinsic neurotoxicity, as evi-
denced by microscopic foci of reactive inflammatory cells
consisting of macrophages and occasional lymphocytes. In
several of the rat brains, there were evolving foci of necrosis
at the presumptive site of administration of the peptides
(Figure 3B). The PEP-Pt bioconjugates produced necrosis,
moderate-to-intense infiltrates of macrophages, and focal
hemorrhage, suggesting that free cis-DDP had been released
(Figure 3C). However, these changes were mild compared to
those seen in rats that had received free cis-DDP (Figure 3A).
In contrast, Figure 3D shows a representative section of

Figure 3 Neurotoxicologic and neuropathologic properties of cis-DDP and PEP-Pt bioconjugates.

Notes: Neuropathologic correlates (A)—(D) are coronal sections of H&E-stained sections of brains from non-tumor-bearing Fischer rats that were euthanized 7 days after
administration of the test agent. (A) Approximately 3 ug of cis-DDP ic by CED. There is severe focal hemorrhage (h) and necrosis (n) at the site of administration (400x).
(B) ic PEP455 by CED. There is mild, focal edema (e) and evolving necrosis (n), and a dense focal infiltrate of hemosiderin-laden macrophages (m) (200x). (C) ic PEP-Pt-382
by CED. The changes are similar to those seen in (B) except larger numbers of hm (200x) are noted, suggesting previous hemorrhage. (D) ic PEP455-Pt by CED. There is
vacuolization (v) of white matter, mild necrosis (n), and a mci consisting of macrophages and lymphocytes (200x). (E) F98_, glioma-bearing rat that received PEP455-Pt
containing 3.3 ug of cis-DDP on day 14 after tumor cell implantation and euthanized on day 42. There is a focus of reactivity consisting of mild necrosis (n) and prominent
vacuolization (v) of white matter, but no inflammatory cell infiltrates nor evidence of tumor (100x). (F) Brain of an untreated Fischer rat that died on day 27 following
implantation, at which time the tumor measured 22.78 mm? The histology is characteristic of the F98 glioma with a highly invasive pattern of growth, with itc at varying
distances from the main tumor mass (200x). At lower magnification, central zones of necrosis were seen.

Abbreviations: H&E, hematoxylin and eosin; itc, infiltrating tumor cells; hm, hemosiderin-laden macrophages; mci, mononuclear cellular infiltrate; CED, convection-
enhanced delivery; cis-DDP, cis-diamminedichloroplatinum; ic, intracerebral; mtc, main tumor cells.
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brain of an F98___
PEP455-Pt bioconjugate and was euthanized at 42 days,

glioma-bearing rat that received the

with a focus of reactivity consisting of mild necrosis and
prominent vacuolization. On the basis of these findings,
we selected the PEP455-Pt bioconjugate for our in vivo
therapy studies.

Therapy studies of PEP455-Pt

bioconjugate in F98___ glioma-bearing rats
On the basis of the enhanced in vitro cytotoxicity of the
PEP455-Pt bioconjugate, which recognized the HER-1
epitope, we elected to carry out a pilot study to assess its
therapeutic efficacy. As recently reported by us,'? a study
was carried out to assess the therapeutic effects of com-
bined treatment with carboplatin and X-irradiation in F98,_
glioma-bearing rats. A component of this study was to assess
the histopathologic changes associated with this treatment.
Groups consisting of eight F98  and F98_ .. glioma-
bearing rats each were euthanized sequentially at 1-4 weeks
following treatment. Those animals, which had been
euthanized at 4 weeks after treatment, corresponded to the
4-week posttreatment group in this study. Histopathologic
examination of the brains of F98 .. and F98  glioma-
bearing rats that had received the PEP455-Pt bioconjugate
(3.31 pg of cis-DDP) at 2 weeks following tumor cell implan-
tation and were euthanized 4 weeks later indicated that there
had been a therapeutic response (Figure 3E) compared to
untreated control rats (Figure 3F). As summarized in Table 2,
two of the four F98_ .. glioma-bearing rats showed no
evidence of tumor, one had a microscopic tumor, and one
had a 6 mm tumor in the white matter, which indicated a
treatment failure, most likely related to failure of the PEP-Pt
bioconjugate to attain a sufficient concentration at the site of

the tumor. Two of the three rats bearing F98  gliomas had

Table 2 Therapeutic effects of PEP-Pt bioconjugates in F98
gliomas-bearing rats

Test agent® Number Tumor status (n [%])"<

of rats Free Micro Macro
PEP455-Pt? 7 4 (57) I (14) 2 (29)
None (untreated 6 0(0) 0(0) 6 (100)c

controls)

Notes: *Animals received PEP455-Pt bioconjugates by CED containing 3.31 ug of
cis-DDP at 2 weeks following tumor cell implantation. Three rats had F98,, . gliomas,
and four had F98,.. tumors. *Animals were euthanized at 4 weeks following
administration of the bioconjugate and 6 weeks following tumor cell implantation.
“Untreated control rats had an MST * SE of 26.3£2.5 days. Even though survival was
censored at 42 days, the difference in the survival time between untreated controls
and PEP455-Pt was statistically significant (P<<0.01).

Abbreviations: CED, convection-enhanced delivery; MST, mean survival time;
SE, standard error; WT, wild type; cis-DDP, cis-diamminedichloroplatinum.

no evidence of tumors, and one had a macroscopic tumor,
suggesting if there was a high enough concentration of the
Pt bioconjugate at the site of the tumor, EGFR targeting was
not essential for in vivo tumoricidal activity. In contrast, as
determined by quantitative image analysis, the untreated
control rats had tumor cross-sectional areas ranging from
7.49 to 32.79 mm? at the times of their deaths, which ranged
from 21 to 34 days, and there was a linear inverse relation-
ship (Figure 4) between the former and the latter (R=0.996).
It may seem slightly counterintuitive that rats with smaller
tumors died earlier than those with larger tumors, but this
suggests that cerebral edema, which we could not measure,
was greater in the former compared to the latter. Furthermore,
these findings provide strong evidence for a therapeutic effect
since the treated animals were euthanized at 42 days. This
already was 60% greater than the MST of 26.3+2.5 days
for untreated control rats, all of which had macroscopic
tumors. As determined by the log-rank test, this difference
was significant at the level P<<0.01. On the basis of our pre-
viously reported study on the therapeutic effects of CED of
carboplatin in F98,  glioma-bearing rats,'" we hypothesize
that the MST of the PEP455-Pt-treated rats could have been
in the range of 52—-62+ days.

35.00
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/
a
e

15.00
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Tumor cross-sectional area (mm?)

20 21 22 23 24 25 26 27 28 29 30 31 32
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Figure 4 Plot of tumor cross-sectional areas in mm? as a function of survival time in
days following stereotactic intracerebral implantation of 10,000 F98
into the caudate nucleus of Fischer rats.

Notes: Microsoft® Excel was used to calculate the linear regression and generate
the line, which had a correlation coefficient of R=0.996. Two additional rats’
tumors were outliers and therefore not included in this plot. Cross-sectional areas
ranged from 7.49 to 32.79 mm? at the times of the rats’ deaths, which ranged from
21 to 34 days.

Abbreviation: EGFR, epidermal growth factor receptor.
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Discussion

We have previously carried out extensive studies on the
use of C225 as an EGFR-targeting agent for the delivery
of a heavily boronated PAMAM dendrimer for boron neu-

tron capture therapy of F98__ . glioma-bearing rats.>***

EGF
Here, there was no need for either pharmacologic activity
or release of boron-10 from the bioconjugates for them to
be therapeutically effective. In a paradigm shift, we have
turned our attention to a completely different chemoradio-
therapeutic approach combining ic CED of carboplatin with
external beam photon irradiation using the F98 rat glioma
model.*'? Here, there was a requirement for release and
pharmacologic activity of the Pt. We had hoped to use cis-
DDP, which has enhanced tumoricidal activity compared to
that of carboplatin,” but we found that ic CED of cis-DDP
was highly neurotoxic in non-tumor-bearing Fischer rats.?
On the basis of these observations, we decided to determine if
the therapeutic efficacy and neurotoxicity profile of cis-DDP
following ic administration by CED could be reformatted by
linking it to C225. Although we succeeded in reducing its
neurotoxicity,* the C225-G-Pt bioconjugate had no therapeu-
tic effect (Table 1), most likely due to its failure to release Pt.
This lack of release of the drug payload was very similar
to that which we had previously observed with another
C225-based bioconjugate that contained methotrexate
linked to a fifth-generation PAMAM dendrimer.*’ This bio-
conjugate, designated C225-G5-MTX, demonstrated specific
in vivo molecular targeting of EGFR following ic CED to
l:98EGF
efficacy.’” This study demonstrated that molecular targeting

« glioma-bearing rats but were devoid of therapeutic

was but one of several requirements that must be fulfilled if
an antibody-targeted drug is to be therapeutically effective.
It also has been previously reported that the release of cis-
DDP bound to antibody-PAMAM conjugates is slow, and
these kinetics result in lower in vitro and in vivo activity.®
We decided not to carry out any in vivo therapy studies
with C225-PG-Pt bioconjugates based on the fact that they
had reduced cytotoxicity at a concentration of 400 UM against
F98,;x target cells compared to cis-DDP (Figure 2B). We
then hypothesized that lower MW EGFR-targeting peptides
might have significant advantages over cetuximab.*® First,
it was possible to directly link cis-DDP to them by a simple
metal coordination chemical reaction in contrast to the more
complicated synthetic schemes that were used to prepare
(C225-G,-Pt and C225-PG-Pt bioconjugates (Figure 1A).
Second, assuming an average of two molecules of cis-DDP
could be attached per molecule of the peptide, the MWs of
PEP382-Pt and PEP455-Pt bioconjugates would have had

MWs of ~3,744 and 2,271 Da, respectively, which was
approximately two orders of magnitude less than that of
the C225 bioconjugate (~200 kDa). We hypothesized that
this would result in improved tumor uptake and micro-
distribution of the bioconjugates following ic CED. The
neurotoxicologic studies with PEP382-Pt (Figure 3C) and
PEP455-Pt (Figure 3D) bioconjugates demonstrated that
they had reduced neurotoxicity compared to free cis-DDP
(Figure 3A). On the basis of this, we decided to initiate a pilot
study to determine if PEP455-Pt bioconjugates had in vivo
efficacy, as indicated by the presence or absence of macro-
or microscopic tumor at 4 weeks following treatment and
6 weeks following tumor implantation. All of the treated rats
were alive at 42 days, which was 60% greater than the MST
of 26.312.5 days for untreated controls with a P-value =0.03
using Fisher’s exact test (Table 2). Furthermore, four of seven
rats had no evidence of any tumor, one had a microscopic
tumor, and two rats had macroscopic tumors at day 42. Since
our survival data were censored at 42 days, we hypothesize
that if we had used survival time as the end point of the
study, the MST could have exceeded the 55.2+7.8 days that
we had previously observed in carboplatin-treated rats.''
In this pilot study, the PEP455-Pt bioconjugate appeared to be
sarr and FO8 cells. This
is explained in part by the in vitro cell viability data shown

equally effective against both F98

in Figure 2F. Although there was a difference in tumoricidal
activity against F98, .. and F98  cells at a lower concentra-
tion of PEP455-Pt (0.01 uM), at the highest concentration

(~1 uM), it was equally cytotoxic against both F98 and

EGFR
F98,,, cells. This provides a possible explanation for the
sorr and FO8

tumors in vivo. First, the concentration of the drug was so

equivalent therapeutic efficacy against F98

high due to the fact that it was delivered directly to the site
of the tumor that there was no difference between targeted
and nontargeted delivery. Second, the enhanced permeability
and retention effect*’” within the tumor itself, due to abnormal
molecular and fluid transport dynamics, also could have
contributed to the high intratumoral concentration of Pt. On
the basis of this, we hypothesize that if lower concentrations
of PEP455-Pt were administered to F98 glioma-bearing rats
then we could have seen a difference in therapeutic effective-

ness between animals bearing F98, . and F98  tumors. Be

EGFR
that as it may, we have succeeded in reducing the neurotoxic-
ity of cis-DDP by linking the drug to PEP455.

The in vitro and in vivo activity of the peptide-Pt bioconju-
gates can be explained in terms of ligand exchange chemistry
that is typical of these and related systems.*** Inside the

cell, the peptide group bound to the Pt metal is substituted
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Peptide OH, |+ OH, |2+
H,0 H,0
Cl—Pt—NH, «— Cl—Pt—NH, — HO—Pt—NH,
| | Activated
NH, NH, 3 cisplatin

Figure 5 Schematic representation of the stepwise equation of peptide—Pt bioconjugates to generated activated cis-DDP.
Notes: This molecular species is identical to that produced following the first equation step of cis-DDP. It undergoes a second ligand exchange to generate activated cisplatin,
cis-[Pt(NH,),(H,0),]*, as shown in the figure, which covalently bonds to the N7 position of purine bases to form intra- and interstrand DNA cross-links.

Abbreviation: cis-DDP, cis-diamminedichloroplatinum.

for a water molecule to release cis-[Pt(NH,),(H,O)CI]*, as
shown in Figure 5.°° This molecular species is identical to
that produced following the first aquation step of cis-DDP.
It undergoes a second ligand exchange to generate acti-
vated cis-DDP, cis-[Pt(NH,),(H,0),]** (Figure 5), which
covalently bonds to the N7 position of purine bases to form
intra- and interstrand DNA cross-links.*® The lower activity
of PEP382-Pt compared to PEP455-Pt can be explained by
the stronger His-Pt bonds in the former, resulting in slower
release of the drug from the peptide.?**

On the basis of the in vitro and in vivo data from this
study, we have concluded that the EGFR-targeting PEP-Pt
bioconjugates were superior to those employing C225 as the
targeting moiety. The problem of release of the therapeutic
payload is essential for effectiveness, and it is one that inves-
tigators have grappled with for several decades. Although
MoAbs have become an important addition to the cancer
armentarium,’' only a small number of drug bioconjugates®* ¢
currently are in clinical use, and none for the treatment of
brain tumors. One of the most important reasons for this is
the inability of these high MW bioconjugates to cross the
BBB. For this reason, we and others have employed ic CED
to maximize the amount of the therapeutic agents that reaches
the brain tumor.'"'>3” For example, we observed that, to
obtain the same tumor concentration of 10.4 g of carboplatin
per g tumor following ic administration of 20 ug by CED
to F98 glioma-bearing rats, it was necessary to administer
a dose of 20 mg (20,000 pg) by intravenous (iv) injection,
which would have been lethal."

Several recent reports have described the development
of peptide—drug bioconjugates.’” One of these, designated
ANG4043, which crosses the BBB, was conjugated to
anti-HER2 MoAD using a two-step conjugation procedure
employing copper-free click chemistry.’® In vivo studies
in nude mice bearing intracranial implants of the human
BT-474 breast cancer cell line demonstrated that the MeST
of ANG4043-treated mice was 60 days vs 47 days for
anti-HER2 alone. Based on these observations, it would
be of interest to determine if angiopep-2 could be linked to

PEP455-Pt, thereby allowing it to traverse the BBB follow-
ing iv administration.

Conclusion

We have demonstrated that the PEP455-Pt bioconjugate was
therapeutically effective and that it had reduced neurotoxic-
ity compared to free cis-DDP. Further studies are warranted
to assess the therapeutic potential of PEP-Pt bioconjugates
as part of the expanding role of antibody and peptide drug
conjugates in cancer treatment.*
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