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Trastuzumab Labeled to High Specific Activity with '''In
by Conjugation to G4 PAMAM Dendrimers Derivatized
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ABSTRACT

Purpose To conjugate trastuzumab withAwvithout NLS peptides to
G4 PAMAM dendrimers derivatized with DTPA and determine the
specific radioactivity (SA) for '''In labeling, HER2 immunoreactivity
and cytotoxicity on breast cancer (BC) cells.

Methods G4 dendrimers were reacted with DTPA then con-
jugated through a thiol to maleimide-derivatized trastuzumab.
The SA achievable was determined by incubating 2 to 20 ug
with 60 MBq of '''In. HER2 immunoreactivity, internalization
and nuclear importation were measured. The effect of '''In-
DTPA-G4-trastuzumab (5.9 MBg/ug) on the clonogenic surviv-
al (CS) of SK-Br-3 or MDA-MB-231 cells with high or low
HER2 density, respectively was compared to '''In-DTPA-
NLS-trastuzumab (0.5 MBg/ug). DNA double-strand breaks
(DSBs) were measured.

Results DTPA-G4-trastuzumab was labeled with '"'In to a SA
(23.6 MBq/ug) which was 100-fold higher than '''In-DTPA-
NLS-trastuzumab. '''In-DTPA-G4-trastuzumab and '''In-
DTPA-G4-NLS-trastuzumab retained HER2 immunoreactivity
and were internalized and imported into the nucleus of BC
cells. G4-radioimmunoconjugates were 2—4 fold and 9-fold
more cytotoxic to SK-Br-3 and MDA-MB-23 | cells, respectively
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than '''In-DTPA-NLS-trastuzumab which was associated with
an increase in DNA DSBs.

Conclusions Conjugation of trastuzumab to G4 PAMAM
dendrimers modified with 30 DTPA permitted high SA '''In
labeling which increased their cytotoxic potency for BC cells
with high or low HER2 density.
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ABBREVIATIONS

y-H2AX  gamma-histone 2AX
BC breast cancer

BSA bovine serum albumin
cS clonogenic survival
DSBs double-strand breaks

DTPA diethylenetriaminepentaacetic acid

ECso effective concentration-50%

FBS fetal bovine serum

G4 generation 4

HER2 human epidermal growth factor receptor-2
IB4M 2-(para-isothiocyanatobenzyl)-6-methyl-DTPS
ITLC-SG  instant thin layer-silica gel chromatography
LET linear energy transfer

M. molecular weight

MWCO molecular weight cut-off

NLS nuclear translocation sequence

PAMAM polyamidoamine

PBS phosphate-buffered saline

RT room temperature

SA specific radioactivity

sulfo- sulfosuccinimidyl-4-(N-

SMCC maleimidomethyl)cyclohexane- | -carboxylate
Sv40 Simian virus 40
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INTRODUCTION

The human epidermal growth factor receptor-2 (HER?2) is
overexpressed due to gene amplification in 15-30% of
breast cancers (BC) (1) and is the target for treatment with
trastuzumab (Herceptin) used as a single agent (2) or com-
bined with chemotherapy (e.g. anthracyclines or paclitaxel)
(3). Nonetheless, only 12—35% of patients with metastatic
HER2-positive BC responded to trastuzumab monotherapy
in Phase 2 clinical trials while 50% responded when
trastuzumab was combined with anthracyclines in
randomised Phase 3 trials (3-5). In order to increase its
effectiveness, our group has modified trastuzumab with
diethylenetriaminepentaacetic acid (DTPA) for complexing
the Auger-electron emitting radionuclide ' 'In (6). The very
low energy (<25 keV) Auger clectrons emitted by '''In have
high linear energy transfer (LET) since they deposit their
energy within nanometer-micrometer distances. Thus, de-
cay of "''In in close proximity or in the nucleus of BC cells
causes extensive DNA double-strand breaks (DSBs) resulting
in cell death (7). A nuclear translocation sequence (NLS)
peptide [CGYGPKKKRKVGG] containing a short se-
quence of cationic residues (underlined) from the simian
virus 40 (SV40) large T-antigen (8) was conjugated to
""Mn-DTPA-trastuzumab to route these radioimmu-
noconjugates to the nucleus of BC cells (6). '''In-DTPA-
NLS-trastuzumab was 2—-5 fold more cytotoxic i vitro than
""n-DTPA-trastuzumab without NLS on SK-Br-3 human
BC cells with high HER2 expression (1.3%x10°
receptors/cell) and 3 to 6-fold more potent than unlabeled
trastuzumab. However, "-DTPA-NLS-trastuzumab was
less potent for killing MDA-MB-361 BC cells with moderate
HER?2 density (5.1 % 10° receptors/cell) with only 1.3-2 fold
greater cytotoxicity than '''In-DTPA-trastuzumab. MDA-
MB-231 cells with low HER2 density (5.4x10*
receptors/cell) were resistant. Treatment of athymic mice
implanted s.c. with MDA-MB-361 tumor xenografts with
moderate HER2 density with a single dose of '''In-DTPA-
NLS-trastuzumab (9.25 MBq; 4 mg/kg) showed 2.3-fold
significantly greater reduction in tumor growth rate than
in mice treated with '''Tn-DTPA-trastuzumab and 3.3-fold
greater reduction in tumor growth rate than unlabeled
trastuzumab. However, no tumor growth inhibitory effects
were found for MDA-MB-231 xenografts that have low
HER?2 density (9).

Our aim in the current study was to increase the cyto-
toxic potency of '''In-DTPA-NLS-trastuzumab, especially
for BC cells with low-moderate HER2 density since patients
with tumors with these characteristics are not eligible for
trastuzumab (Herceptin) treatment (10). One strategy to
increase the potency would be to increase the specific radio-
activity (SA) in order to maximize the amount of '''In
deposited in HER2-positive tumor cells per receptor
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recognition event. At the SA previously achieved for '''Tn-
DTPA-NLS-trastuzumab (<0.24 MBq/pg; <3.6X
10" MBq/pmole), only 1 in 50 molecules was radiolabeled.
Thus, a high proportion of HER2 were bound by non-
radiolabeled immunoconjugates, limiting the cytotoxic po-
tency. Increasing the DTPA substitution level of
trastuzumab to increase the SA may not be feasible, since
the immunoreactivity of antibodies is often compromised if
too many metal chelators are conjugated (11). In an earlier
report, we described conjugation of trastuzumab Fab frag-
ments to metal-chelating polymers which increased the SA
for '"'In labeling by up to 100-fold compared to DTPA-
trastuzumab Fab (12). An alternative strategy is to append
polyamidoamine (PAMAM) dendrimers modified with mul-
tiple DTPA chelators for '''In to trastuzumab which have
been shown to increase the delivery of therapeutic agents
and radionuclides to tumors (13—15). The 64 surface reac-
tive amino groups on generation 4 (G4) PAMAM
dendrimers were derivatized with multiple DTPA chelators
and conjugated to trastuzumab with or without NLS-
peptide modification for high SA labeling with '''In. The
internalization and nuclear importation properties of these
G4 radioimmunoconjugates were examined since these are
important for the cytotoxicity of the ultrashort-range Auger
electrons (16). Finally, the ability of high SA G4-
radioimmunoconjugates to cause DNA DSBs and decrease
the clonogenic survival (CS) of SK-Br-3 cells with high
HER?2 density or MDA-MB-231 cells with low HER2 den-
sity were compared to low SA ' In-DTPA-NLS-trastuzumab.

MATERIALS AND METHODS
Cell Culture

SK-Br-3 and MDA-MB-231 human BC cells were obtained
from the American Type Culture Collection (Manassas,
VA). SK-Br-3 cells were cultured in RPMI 1640 medium
with 10% fetal bovine serum (FBS), 5% COy. MDA-MB-
231 cells were maintained in Dulbecco’s modified Eagle
medium with 10% FBS and 1% Penicillin-Streptomycin.
The HER2 density of SK-Br-3 and MDA-MB-231 cells is
1.3%10° and 5.4 % 10* receptors per cell, respectively (17).

DTPA-G4-Trastuzumab Immunoconjugates

G4 PAMAM dendrimer was derivatized with DTPA as
described by Kobayashi H. et al. (18) with some modifica-
tions (Fig. 1). Briefly, 14.2 kDa G4 PAMAM dendrimers
(Sigma-Aldrich, St. Louis, MO) were reacted with a 500:1
mole excess of DTPA dianhydride (Sigma-Aldrich) in 0.5 M
NaH,PO, buffer, pH 9.0 at 40°C for 18 h. DTPA-G4 was
purified from excess DTPA and exchanged into 0.5 M
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NaHyPO, buffer, pH 8.0 by ultrafiltration on an Amicon
Ultra-3 K (molecular weight cut-off, MWCO =3 kDa) de-
vice (Millipore, Billerica, MA). To introduce thiol groups
into G4-DTPA, the remaining primary amine groups were
reacted with a 5:1 mole excess of 2-iminothiolane (Traut’s
reagent, Pierce Chemical Co., Rockford, IL) in 0.5 M
NaH,PO, buffer, pH 8.0 for 1 h at room temperature
(RT) under Ny. Thiolated G4-DTPA was purified and buffer
exchanged into phosphate buffered saline (PBS), pH 7.0 by
ultrafiltration on an Amicon Ultra-3 K device. Maleimide
groups were introduced into trastuzumab (Herceptin,
Hoffman-La Roche, Mississauga, ON; 3-5 mg/mL) by reac-
tion with a 10:1 mole excess of sulfo-SMCC (5 mmol/L, Pierce)
in PBS pH 7.6 at RT for 1 h, then purified and buffer-
exchanged into PBS, pH 7.0, on a Amicon Ultra-30 K device
(MWCO=30 kDa). Maleimide-derivatized trastuzumab was
reacted with thiolated G4-DTPA at a 1:12 mole ratio in PBS,
pH 7.0 at 30°C for 18 h. Finally, DTPA-G4-trastuzumab
was purified from excess thiolated G4-DTPA on an
Amicon Ultra-100 K (MWCO 100 kDa) device.

DTPA-G4-NLS-Trastuzumab Immunoconjugates

Modification of DTPA-G4-trastuzumab with NLS peptides was
performed as reported (6). Briefly, DTPA-G4-trastuzumab in
PBS, pH 7.6, was reacted with a 10-fold mole excess of
sulfosuccinimidyl-4-(A-maleimidomethyl)cyclohexane-1-carbox-
ylate (sulfo-SMCC; 5 mmol/L) at RT for 1 h, then
purified and buffer-exchanged into PBS, pH 7.0 on an
Amicon Ultra-30 K device (Fig. 1). Purified maleimide-
derivatized DTPA-G4-trastuzumab was reacted with a 50-
fold mole excess of NLS peptides (CGYGPKKKRKVGG;
Advanced Protein Technology Centre, The Hospital for
Sick Children, Toronto, ON) in 10 mmol/L PBS, pH
7.0 for 18 h at 4°C. Finally, DTPA-G4-NLS-trastuzumab
was purified on an Amicon Ultra-30 K device.
Irrelevant non-specific human IgG (Sigma-Aldrich) was
similarly conjugated to DTPA-G4 and NLS peptides.
DTPA-NLS-trastuzumab without G4 was constructed as
previously reported (6).

Purity and Homogeneity of Immunoconjugates

The purity and homogeneity of DTPA-NLS-trastuzumab,
DTPA-G4-trastuzumab or DTPA-G4-NLS-trastuzumab
were evaluated by SDS-PAGE analysis under non-
reducing conditions on 5% Tris—HCI mini-gel (BioRad,
Mississauga, ON) stained with Coomassie brilliant blue.
The number of G4-DTPA groups and NLS peptides con-
jugated to trastuzumab was estimated from the upward shift
in the IgG band on the gel associated with an increase in the
molecular weight (M,) resulting from these modifications.
Conjugation of trastuzumab to each G4 dendrimer

modified with 30 DTPA results in a 26 kDa increase in
the M, of trastuzumab while each NLS peptide conjugation
yields an increase of 1.85 kDa.

Radiolabeling of Inmunoconjugates

DTPA-G4-trastuzumab, DTPA-G4-NLS-trastuzumab,
DTPA-NLS-trastuzumab or DTPA-G4-NLS-IgG were
radiolabeled by incubation with '''InCls (Nordion,
Kanata, ON) mixed with 1.0 mol/L sodium acetate, pH
6.0, for 1 h at RT (Fig. 1). '''In-labeled immunoconjugates
were purified from free ""In on an Amicon Ultra 30 K
device. The radiochemical purity of the purified '''In-la-
beled immunoconjugates was measured by instant thin
layer-silica gel chromatography (ITLC-SG; Pall Life
Sciences, Ann Arbor, MI) in 100 mM sodium citrate buffer,
pH 5.0 (11). The SA achievable for labeling 2, 5 or 20 pg of
immunoconjugates with 60 MBq of 111InClg was
determined.

HER2 Immunoreactivity

HER2 immunoreactivity of the immunoconjugates was
evaluated by a competitive cell-binding assay.
Approximately 2% 10° SK-Br-3 cells were seeded into wells
of 24-well plates (Sarstedt, Montreal, QC) and cultured for
24 h. The cells were then rinsed once with PBS, pH 7.5 and
incubated with 10 nmol/L of '!'In-labeled DTPA-NLS-
trastuzumab, DTPA-G4-trastuzumab or DTPA-G4-NLS-
trastuzumab 1in the presence of trastuzumab (0-300 nmol/L)
in 300 pL. PBS (pH 7.5) containing 0.1% bovine serum
albumin (BSA) at 4°C for 3.5 h. The cells were then rinsed
with PBS and solubilized in 100 mmol/L NaOH. The
dissolved cells were collected and the radioactivity was mea-
sured in a y-counter (PerkinElmer Wizard 3, Wellesley, MA).
The amount of '''In-labeled immunoconjugates bound to
SK-Br-3 cells was plotted vs. the increasing concentrations of
trastuzumab and the resulting curve was fitted to a one site
competition binding model using Prism Ver. 4.0 software
(GraphPad, San Diego, CA). The effective concentration for
displacement of 50% of the binding (ECj50) to SK-Br-3 cells

was determined.
Internalization and Nuclear Importation

The internalization and nuclear importation of '''In-la-
beled DTPA-G4-trastuzumab and DTPA-G4-NLS-
trastuzumab in SK-Br-3 or MDA-MB-231 cells were mea-
sured by subcellular fractionation as previously reported
(19). Briefly, 1 X 10° SK-Br-3 or 6x 10> MDA-MB-231 cells
were cultured overnight in wells in six-well plates and then
blocked for 1 h with 3% BSA at RT. Then, '''In-labeled
DTPA-G4-trastuzumab or DTPA-G4-NLS-trastuzumab
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Fig. | Synthesis of '''In-DTPA-G4-trastuzumab radioimmunoconjugates. () The surface amines on a G4 PAMAM dendrimer were modified with DTPA
then with Traut’s reagent (2-iminithiolane) to introduce a thiol. Maleimide groups were introduced into trastuzumab by reaction with Sulfo-SMCC. (b)
DTPA-G4 with a free thiol was conjugated to maleimide-derivatized trastuzumab. () For conjugation to NLS peptides DTPA-G4-trastuzumab was further
modified with Sulfo-SMCC to introduce a maleimide group. (d) NLS peptides [CGYGPKKKRKVGG] were introduced by reaction of maleimide-
trastuzumab with the terminal cysteine on the peptides. Finally, DTPA-G4-trastuzumab withAvithout NLS was labeled to high specific SA with '''In. The
relative mole amounts in each of the above reactions are shown in italics.

(SA=0.3 MBq/pg; 16.6 nmol/L) in 2 mL of growth medi-  50-fold excess of trastuzumab (830 nmol/L) was added to
um (without FBS) containing 0.1% BSA, with or without a  the wells. The dishes were incubated at 37°C for 4 h. The
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medium was removed and the cells were rinsed once with
150 mM NaCl. Surface-bound radioactivity was displaced by
incubation with 1 mL of 200 mmol/L Na
acetate/500 mmol/L NaCl, pH 2.5, for 10 mins at RT.
This was repeated once, and the acidic solutions were com-
bined and collected (cell-membrane-bound fraction).
Approximately 1 mL of ice-cold lysis buffer from the Nuclei
Isolation Kit (NUC-101, Sigma-Aldrich) was then added to
each well and incubated for 22 mins on ice. The lysed cells
were collected. Each well was washed once more with nuclei
lysis buffer and incubated for another 5 min. The recovered
lysis buffer was centrifuged at 3000 X g for 5 mins to separate
the supernatant (cytoplasmic fraction) from the pellet (nuclei).
Previous studies showed that this method provided good
separation of cytoplasmic and nuclear fractions (20). The
radioactivity in each fraction was measured in a y-counter.

Clonogenic Survival and DNA DSBs

The effect of exposure to DTPA-G4-trastuzumab or D'TPA-
G4-NLS-trastuzumab labeled to high SA (5.9 MBq/ng; 8.7 X
10° MBq/pumole) on the clonogenic survival (CS) of SK-Br-3
or MDA-MB-231 cells was compared to low SA ' 'In-DTPA-
NLS-trastuzumab (0.5 MBq/pg; 7.4%10* MBq/pmole).
Approximately 1.8x 10* SK-Br-3 cells or 8x 10° MDA-MB-
231 cells were cultured overnight in wells in 96-well plates and
then incubated with '''In-labeled immunoconjugates
(14 nmol/L) in growth medium without FBS at 37°C for
18 h. Controls consisted of cells cultured with growth medium
alone, medium containing unlabeled DTPA-G4-NLS-
trastuzumab, or ""n-labeled DTPA-G4-N LS-IgG irrelevant
(non-HERZ2 binding) immunoconjugates (5.9 MBq/ug; 8.7 %
10° MBq/umole). Cells were rinsed with PBS, trypsinized,
and 1.5%10° SK-Br-3 or 8x10° MDA-MB-231 cells were
seeded in triplicate into T25 flasks and cultured for 14 d or 5
d, respectively. This period was adequate for colony formation
(about 5 times the doubling times of SK-Br-3 and MDA-MB-
231 cells) while avoiding confluence in T25 flasks. Surviving
colonies were stained with methylene blue and colonies
containing >50 cells counted. The CS was calculated by
dividing the number of surviving colonies for treated cells by
that for untreated cells. Cells were examined for foci of
phosphorylated histone-2AX accumulation representing
sites of unrepaired DNA double strand breaks (DSBs) by
confocal immunofluorescence microscopy (y-H2AX as-

say) (21).
Statistical Analysis

Data are presented as mean £ SD. Statistical analyses were
performed with an unpaired #test using Prism Ver 4.0 soft-
ware (GraphPad Software Inc., San Diego, CA). p<0.05 was
considered significant.

RESULTS

DTPA-G4-Trastuzumab and DTPA-G4-NLS-
Trastuzumab

Based on preliminary studies (Fig. 2), a mole reaction ratio of
500:1 of DTPA:G4 dendrimer was chosen. This yielded ap-
proximately 30 DTPA chelators per dendrimer (z=5) and a
modest increase in size (25 kDa) of the G4-trastuzumab
immunoconjugates. Under these conditions, SDS-PAGE
showed that DTPA-G4-trastuzumab migrated as two major
bands corresponding to proteins with M, of 205 kDa and
230 kDa (Lane 3, Fig. 3), respectively, and a very minor band
at M, of 180 kDa representing unmodified trastuzumab.
These increases in M, values for the immunoconjugates com-
pared to trastuzumab (Lane 2, Fig. 3) were consistent with
conjugation to one or two G4 dendrimers modified with 30
DTPA each. When DTPA-G4-trastuzumab was further
reacted with a 10-fold mole excess of sulfo-SMCC cross-
linker and then with a 50-fold mole excess of NLS peptides,
there was an increase in M, from 205 to 212 kDa and 230 to
235 kDa for the two bands (Lane 4, Fig. 3) corresponding to
substitution with 3—4 NLS peptides per molecule.

Radiolabeling of Imnmunoconjugates

DTPA-G4-trastuzumab and DTPA-G4-NLS-trastuzumab
(2, 5 or 20 pg) were labeled with '''In to a SA of 23.6+0.9,
6.0%0.1 and 1.5+0.1 MBq/pg (3.5£0.1 x10°% 0.94+0.2x10°
and 0.240.01 % 10° MBq/pumole), respectively (n =3). DTPA-
NLS-trastuzumab was labeled with '''In to a SA of 0.5+
0.1 MBq/ug, (7.4+1.5x 10" MBq/umole). Following purifi-
cation, the radiochemical purity of all immunoconjugates was
97.8+1.9% (n=6).

HER2 Immunoreactivity

The binding of '''In-labeled DTPA-NLS-trastuzumab,
DTPA-G4-trastuzumab and DTPA-G4-NLS-trastuzumab
to HER2 on SK-Br-3 cells was displaced by increasing
concentrations of trastuzumab (Fig. 4). The ECs( values
for displacement of the binding of '''In-labeled DTPA-
NLS-trastuzumab, DTPA-G4-trastuzumab and DTPA-
G4-NLS-trastuzumab were 1.7£0.2, 1.5+0.4 and 3.5%
0.5 nmol/L, respectively. These EC5, values were signifi-
cantly different ($<0.05) but the differences were <3-fold.

Internalization and Nuclear Importation
The internalization and nuclear importation of '''In-labeled
DTPA-G4-trastuzumab and DTPA-G4-NLS-trastuzumab

were compared in SK-Br-3 and MDA-MB-231 cells (Fig. 5).
The proportion of radioactivity that was cell-associated for
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SK-Br-3 cells with respect to the total amount applied, was
0.6+0.2% and 0.6£0.1% for '''In-labeled DTPA-G4-
trastuzumab and DTPA-G4-NLS-trastuzumab, respectively.
The percentage of cell-associated radioactivity for '''In-la-
beled DTPA-G4-trastuzumab and DTPA-G4-NLS-
trastuzumab that was internalized into SK-Br-3 cells after
4 h incubation at 37°C was 61.2£8.3% and 64.5+9.2%
respectively (p>0.05; Fig. 5a). In the presence of excess
trastuzumab, the internalization of '''In-labeled DTPA-G4-
trastuzumab and DTPA-G4-NLS-trastuzumab was reduced
to 14.1£1.7% and 16.8£3.8%, respectively (P<0.05). This
proportion of internalization was similar to that for MDA-
MB-231 cells with or without HER2 blocking (Fig. 5a).
Nuclear importation of internalized radioactivity for
""Tn-labeled DTPA-G4-trastuzumab and DTPA-G4-
NLS-trastuzumab in SK-Br-3 cells was 52.9+9.0% and
56.01£9.3% (p>0.05), respectively (Fig. 5b). Nuclear impor-
tation was reduced to 8.6+ 1.4 and 10.1+3.0% with HER2
blocking (P<0.0001). A lower proportion of nuclear locali-
zation was observed for MDA-MB-231 cells and there were
no significant differences between HER2 blocked and
unblocked cells (8.5£2.2 and 9.9+4.0% vs. 9.5£3.3 and
11.4%£4.8% for '''In-labeled DTPA-G4-trastuzumab and
DTPA-G4-NLS-trastuzumab, respectively; p>0.05).

DTPA:G4

MW TmAb 50:1 200:1 500:1 2000:1 4000:1

"1 L.

IR

130 ™~

kDa
250

95 | W
72‘

Fig. 2 SDS-PAGE analysis under non-reducing conditions on a 5% Tris
HCI mini-gel stained with Coomassie Brilliant Blue of trastuzumab (TmAb)
and DTPA-G4-trastuzumab synthesized using increasing mole ratios
(shown) of DTPA:G4 PAMAM dendrimers. The upward shift in the bands
for DTPA-G4-trastuzumab (arrowheads) compared to trastuzumab (broken
line) was measured and used to estimate the number of DTPA conjugated
to each dendrimer since the conditions for reaction of G4 dendrimers with
trastuzumab were maintained constant for each mole ratio. Molecular
weight markers are also shown (lane MW).
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Fig. 3 SDS-PAGE analysis under non-reducing conditions on a 5% Tris
HCI mini-gel stained with Coomassie Brilliant Blue of trastuzumab (lane 2),
DTPA-G4-trastuzumab (lane 3) and DTPA-G4-NLS-trastuzumab (lane 4).
Molecular weight markers are also shown (lane I). Conjugation of
trastuzumab to DTPA-modified G4 PAMAM dendrimers resulted in two
bands (arrowheads | and 2). These bands likely represent trastuzumab
modified with one or two G4 dendrimers derivatized with 30 DTPA
chelators each.

Clonogenic Survival and DNA Double Strand Breaks

High SA '"'In-labeled G4 immunoconjugates (5.9 MBq/pg;
8.7x10° MBq/umole) were compared to low SA ''In-
DTPA-NLS-trastuzumab (0.5 MBq/ng; 7.4x%
10* MBq/umole) for decreasing the CS of SK-Br-3 cells with
high HER2 density (Fig. 6a). The CS of SK-Br-3 cells was
decreased to 11.3£7.0% and 16.1£7.3% with exposure to
"In-DTPA-G4-trastuzumab or '''In-DTPA-G4-NLS-

1.151
1.051
0.954
0.854
0.754
0.654

B/Bo

0.554
0.454
0.354
0.25+4
0.15+4

0.054

-0.05
-12.0 -11.5 -11.0 -105 -100 -95 -90 -85 -80 -75 -70 -65 -6.0

Log (concentration of trastuzumab x 10 moles/L)

Fig. 4 Competition binding curve showing displacement of the binding of
"'n-DTPA-NLS-trastuzumab (#), '''In-DTPA-G4-trastuzumab (A) or
"In-DTPA-G4-NLS-trastuzumab () to SK-Br-3 cells (1.3 x 10° HER2/
cell) by increasing concentrations of trastuzumab. ECsg values determined
for these immunoconjugates were 1.7 x 1077, 1.5x 1077 and 3.5x 107
mols/L, respectively. B/Bo = radioactivity bound in the presence of
trastuzumab divided by radioactivity bound in the absence of trastuzumab.
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Fig. 5 Percentage of cell-associated radioactivity that was (@) internalized or (b) imported into the nucleus of SK-Br-3 cells with high HER2 density (1.3 X
10° receptors/cell) or MDA-MB-23 | cells with low HER2 expression (2.8 x 10* receptors/cell) following incubation for 4 h at 37°C with ' 'In-DTPA-G4-
trastuzumab or "' In-DTPA-G4-NLS-trastuzumab. Also shown is the internalized and nuclear radicactivity in the presence of excess trastuzumab to block
HER2 receptors. Values shown are mean = SD (n=4-5). * Significantly different (p <0.05).

trastuzumab, respectively (p>0.05). These reductions in CS
corresponded to a 3.7 and 2.6-fold increased cytotoxic potency,
respectively for '''In-DTPA-G4-trastuzumab and '''In-
DTPA-G4-NLS-trastuzumab compared to '''In-DTPA-
NLS-trastuzumab (p<0.001). There was a 4-5 fold higher
density of y-H2AX foct in the nucleus of SK-Br-3 cells exposed
to '''In-DTPA-G4-trastuzumab or '''In-DTPA-G4-NLS-
trastuzumab, respectively, representing sites of unrepaired
DNA DSBs (5.7£0.3 and 6.2+ 1.1, respectively, Fig. 7a and
b) than in cells exposed to "' In-DTPA-NLS-trastuzumab (1.3
+0.2; p<0.001). When SK-Br-3 cells were exposed to

Fig. 6 Effect of exposure to

irrelevant "' In-DTPA-G4-NLS-IgG, the CS was 56.4+
17.7% which was significantly greater than exposure to
""In-DTPA-G4-trastuzumab or '''In-DTPA-G4-NLS-
trastuzumab (p<<0.0001).

The CS of MDA-MB-231 cells exposed to ' In-DTPA-
G4-trastuzumab or '''In-DTPA-G4-NLS-trastuzumab was
7.0+4.1% and 7.2+ 3.4% respectively (Fig. 6b) which was
9.1-9.3 fold significantly lower than the CS for exposure to
"n-DTPA-NLS-trastuzumab (68.4+17.7%; p<0.0001).
The integrated density of y-H2AX foci representing sites
of unrepaired DNA DSBs in MDA-MB-231 cells exposed to
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Fig. 7 (a) Unrepaired DNA DSBs
visualized by immunofluorescence
for y-H2AX (bright fodi) in SK-Br-3
(top panel) or MDA-MB-23 1 cells
(bottom panel) treated with |:
growth medium, 2: trastuzumab, 3:
unlabeled DTPA-G4-NLS-
trastuzumab, 4: '!'In-DTPA-NLS-
trastuzumab, 5: ''In-DTPA-G4-
trastuzumab, 6: ''In-DTPA-G4-
NLS-trastuzumab, 7: ' 'In-DTPA-
G4-NLS-gG. The SA of ''In-
DTPA-NLS-trastuzumab was

0.5 MBq/ug (7.4 10*
MBag/umole) and ' In-labeled
DTPA-G4-immunoconjugates was
5.9 MBqjug (8.7 X 10°

SK-Br-3

1

MBg/jumole). Cells were incubated b
with 14 nmol/L of trastuzumab or 851
immunoconjugates for 18 h at 37 8.01

7.54
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°C. Nudlei were counterstained blue
with 4,6-diamidino-2-phenylindole
(DAPI). (b) Fold increase of
integrated density of y-H2AX foci in
SK-Br-3 or MDA-MB-23 1 cells
following these treatments. *
Significantly different (p <0.05).
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"n-DTPA-G4-trastuzumab (3.7+0.2) or '''In-DTPA-
G4-NLS-trastuzunab (4.7£0.4) was 10-13 fold significantly
higher than for cells exposed to '''In-DTPA-NLS-
trastuzumab (0.4+0.1; p<0.0001; Fig. 7a and b). When
MDA-MB-231 cells were exposed to '''In-DTPA-G4-
NLS-IgG, the CS was 40.0+2.2% (Fig. 6b). This was 6-
fold significantly greater than exposure to '''In-DTPA-G4-
trastuzumab or '''In-DTPA-G4-NLS-trastuzumab (p=0.0033
and 0.0016, respectively). The CS of MDA-MB-231 cells ex-
posed to unlabeled DTPA-G4-NLS-trastuzumab was 34.7
24.7% (Fig. 6b) which was significantly greater than exposure
to '''In-DTPA-G4-trastuzumab or '''In-DTPA-G4-NLS-
trastuzumab (p=0.0200 and 0.0123, respectively).

DISCUSSION

G4 PAMAM dendrimers were modified with multiple
DTPA chelators for complexing '''In by reaction with a
500-fold mole excess of DTPA dianhydride. Thiol groups
were then introduced into DTPA-G4 for conjugation to
maleimide-modified trastuzumab (Fig. 1). The increase in
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M, observed by SDS-PAGE analysis (25 to 50 kDa; Fig. 3)
was consistent with conjugation of trastuzumab to one or
two G4 dendrimers derivatized with 30 DTPA each
(expected M, increase=26 kDa to 52 kDa). The number
of thiols introduced into the G4 dendrimers was not mea-
sured but the mole ratio of thiolated G4:maleimide modi-
fied trastuzumab was 12:1 which would strongly favour
monosubstitution of the G4 dendrimer with trastuzumab
due to trastuzumab being in limiting amounts. Kobayashi
et al. used an analogous approach involving reaction of G4
PAMAM dendrimers with a 50-fold mole excess of 2-(para-
isothiocyanatobenzyl)-6-methyl-D'TPS (IB4M) to introduce
43 IB4M chelators for complexing '''In per dendrimer (18).
They also introduced a thiol into IB4M-G4 dendrimers for
conjugation to maleimide-modified OST7 murine IgG,
antibodies. This resulted in a modest increase in M, of the
immunoconjugates (not quantified). DTPA dianhydride
contains two functional groups reactive with amines on the
G4 dendrimer in contrast to IB4M which presents one
reactive isothiocyanate group, but G4 PAMAM dendrimers
were not likely cross-linked through DTPA prior to conju-
gation to trastuzumab since this would result in greater
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increases in M, than were observed for the G4
immunoconjugates. Additional modification of G4
trastuzumab immunoconjugates to introduce NLS peptides
increased the M, by 5 to 7 kDa (Fig. 3) corresponding to 3—4
NLS peptides (M, =1.8 kDa each) per molecule. The NLS
peptides may be conjugated through trastuzumab or the G4
dendrimers.

G4 trastuzumab immunoconjugates were labeled with
"""ITn to a SA that was up to 100-fold higher
(23.6 MBq/ug; 3.5x10° MBq/pmole) than previously
reported by our group for '''In-DTPA-trastuzumab or
" n-DTPA-NLS-trastuzumab (0.24 MBq/pg; 3.6
10" MBq/umole) (6). Kobayashi et al. reported that IB4M-
G4 PAMAM dendrimer conjugation to OST7 antibodies
increased the SA for '''In labeling by 54-fold from
8.7 MBq/ug (1.3x10° MBq/umole) to 470 MBq/pg
(7.0x107 MBq/pumole) (18). G4 trastuzumab
immunoconjugates retained HER2 immunoreactivity as
evidenced by the similar EC5, values for displacement of
the binding of ''"'In-DTPA-G4-trastuzumab, '''In-DTPA-
G4-NLS-trastuzumab or '''In-DTPA-NLS-trastuzumab to
SK-Br-3 cells by trastuzumab (Fig. 4). Wingler et al. noted
that the number of PAMAM dendrimers conjugated to
hMADb425 antibodies was the most important factor
effecting immunoreactivity with 62.7% immunoreactivity
at 1.7 dendrimers per antibody decreasing to 17.1% at 10
dendrimers per antibody (22). The low G4 dendrimer sub-
stitution level in our study (1 or 2 dendrimers/antibody)
preserved the HER2 immunoreactivity. Kobayashi et al.
found only minimal changes in the immunoreactivity of
OST?7 antibodies modified with IB4M-G4 dendrimers
(18). Others have similarly reported preserved immunore-
activity of antibodies modified with dendrimers (13—15).

Approximately 60-65% of cell-bound radioactivity was
internalized within 4 h at 37°C following incubation of SK-
Br-3 cells with '"'In-DTPA-G4-trastuzumab or '''In-
DTPA-G4-NLS-trastuzumab (Fig. 5). The proportion of
internalized radioactivity in SK-Br-3 cells was 1.5-fold
higher than previously found for '''In-DTPA-NLS-
trastuzumab (~40%) (6). Internalization was HER2-
mediated however since it was decreased 4-fold by blocking
HER2 on SK-Br-3 cells with excess trastuzumab.
Nonetheless, conjugation of trastuzumab to G4 PAMAM
dendrimers may promote internalization. Shukla et al. found
that G5 PAMAM dendrimers conjugated to HER2 anti-
bodies enhanced the delivery of AlexaFluor dye into SK-Br-
3 cells (14). Miyano et al. reported increased internalization
in SK-Br-3 cells when trastuzumab was modified with a G6
lysine dendrimer (23). Nuclear importation of '''In-DTPA-
G4-trastuzumab and '''In-DTPA-G4-NLS-trastuzumab
was efficient with about 50% of the internalized radioactiv-
ity found in the nucleus. Unexpectedly, there was no signif-
icant increase in nuclear localization of '''In-DTPA-G4-

trastuzumab in SK-Br-3 cells with NLS peptide modifica-
tion in contrast to our previous studies comparing '''In-
DTPA-trastuzumab and '''In-NLS-trastuzumab (6). It is
possible that the cationic charges on G4 dendrimers obviate
the need for NLS peptide modification of trastuzumab since
nuclear importation is thought to be enabled by sequences
of cationic amino acids (e.g. lysine or arginine) on these
peptides which interact with importins (24). Kang et al.
found that cationic TAT peptides conjugated to G5
PAMAM dendrimers and complexed to antisense or
siRNA oligodeoxnucleotides did not improve internaliza-
tion or nuclear delivery compared to the unmodified
dendrimer complexes (25). HER2 likely also plays an impor-
tant role in routing the G4 trastuzumab radioimmuno-
conjugates to the nucleus since nuclear uptake was 5-fold
lower in MDA-MB-231 cells (5.4% 10" receptors/cell) than
in SK-Br-3 cells (1.3%10° receptors/cell; Fig. 5). Moreover,
HER2 harbours a putative NLS in the transmembrane do-
main of the receptor which may facilitate nuclear importation
(26). Cellular radiation dosimetry modeling by our group
using Monte Carlo N-Particle (MCNP) computer code has
revealed that the radiation absorbed dose deposited in the
nucleus of SK-Br-3 human cells is 6-fold higher when '''In
was deposited in the nucleus compared to the cytoplasm, and
15-fold higher than when '''In was located on the cell surface
(27). Thus, it is important to deliver '''In into the cell nucleus
to maximize the lethal DNA damaging effects of the Auger
clectrons.

High SA ''In-labeled DTPA-G4-trastuzumab and DTPA-
G4-NLS-trastuzumab immunoconjugates (5.9 MBq/ug; 8.7 %
10° MBq/pmole) were 2—4 fold more potent than low SA ''In-
DTPA-NLS-trastuzumab (0.5 MBq/pug; 7.4 % 10* MBg/umole)
at reducing the CS of SK-Br-3 cells with high HER2 density
(1.3 10° receptors/cell; Fig. 6a). This increased potency was
associated with a 4-5 fold greater density of y-H2AX foci in the
nucleus of SK-Br-3 cells, representing sites of unrepaired DNA
DSBs (Fig. 7). Moreover, '''In-DTPA-G4-trastuzumab and
""In-DTPA-G4-NLS-trastuzumab were 9-fold more effective
than '"'In-DTPA-NLS-trastuzumab at decreasing the CS of
MDA-MB-231 cells with low HER2 density (5.4x10*
receptors/cell; Fig. 6b). The increased potency towards MDA-
MB-231 cells was associated with a 10—13 fold greater density of
DNA DSBs (Fig. 7). These results confirm our previous report
that MDA-MB-231 cells were relatively resistant to '''In-
DTPA-NLS-trastuzumab due to low HER?2 density (6) but for
the first time we now reveal that high SA ''In-labeled G4-
trastuzumab radioimmunoconjugates can overcome this resis-
tance. "' In-DTPA-G4-NLS-IgG irrelevent immunoconjugates
(non HER2-binding) were also cytotoxic to SK-Br-3 and MDA-
MB-231 cells but were 3.5 and 5.6-fold significantly less potent (p
<0.002) than G4-trastuzumab radioimmunoconjugates (Fig. 6).
In addition, the density of DNA DSBs was lower in SK-Br-3 and
MDA-MB-231 cells exposed to '''In-DTPA-G4-NLS-IgG
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(Fig. 7). These findings indicated that '''Tn-DTPA-G4-
trastuzumab and '''In-DTPA-G4-NLS-trastuzumab exhibited
HER2-mediated cytotoxicity but there may also be some non-
HER?2 mediated toxic effects, possibly due to the longer range y-
emissions of '''In or the chemical toxicity of G4 dendrimers (28).
The possibility of G4-mediated toxicity was suggested by the
decreased CS of MDA-MB-231 cells when exposed to unlabeled
DTPA-G4-NLS-trastuzumab (Fig. 6b). However, there was
no toxicity of unlabeled DTPA-G4-NLS-trastuzumab on
SK-Br-3 cells (Fig. 6a), suggesting that these effects are
more important for cells that have low HER2 density.
The toxicity of G4 dendrimers may be due to the
positive charges which cause binding to negatively-
charged cell membranes (29). Dendrimer-mediated cyto-
toxicity may be mediated by cell membrane damage
and hole formation (28). In our study, the G4
dendrimers conjugated to trastuzumab had 30 of 64
surface amines modified with DTPA and one amine
modified with 2-iminothiolane to introduce a thiol for
conjugation to trastuzumab. These modifications re-
duced the number of positive charges by 2-fold.
Furthermore, '''In-labeling of DTPA chelators on the
G4 dendrimers results in a net charge of (—1) for these
complexes. These negative charges may counteract the
positive charges on the remaining unmodified amines on
G4 dendrimers. It is also possible that the high number
of DTPA groups on the G4 dendrimers contributed to
the cytotoxicity of unlabeled DTPA-G4-trastuzumab on
MDA-MB-231 cells since DTPA has been shown to be
cytotoxic due to complexing Ca®* or Zn?" ions (30, 31).
However, these cytotoxic concentrations of DTPA were
700-fold to 7,000-fold higher than employed in our
study, suggesting that the cytotoxicity of unlabeled
DTPA-G4-trastuzumab may be mediated mostly by
the G4 dendrimer.

CONCLUSIONS

We conclude that conjugation of trastuzumab to G4
PAMAM dendrimers derivatized with 30 DTPA groups
retained HER2 immunoreactivity and permitted labeling
with ""'In up to 100-fold higher SA than '''In-DTPA-
NLS-trastuzumab. The higher SA of these '''In-labeled
G4 immunoconjugates resulted in increased potency than
"n-DTPA-NLS-trastuzumab for reducing the CS of hu-
man BC cells with high or low HER2 density which was
associated with a greater density of unrepaired DNA DSBs.
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