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Abstract

The studies described herein assess the potential of combining platinum-based chemotherapy with high-linear
energy transfer (LET) a-particle-targeted radiation therapy using trastuzumab as the delivery vehicle. An initial
study explored the combination of cisplatin with 213Bi-trastuzumab in the LS-174T i.p. xenograft model. This
initial study determined the administration sequence of cisplatin and 213Bi-trastuzumab. Cisplatin coinjected
with 213Bi-trastuzumab increased the median survival (MS) to 90 days versus 65 days for 213Bi-trastuzumab
alone. Toxicity was observed with a weight loss of 17.6% in some of the combined treatment groups. Carboplatin
proved to be better tolerated. Maximal therapeutic benefit, that is, a 5.1-fold increase in MS, was obtained in the
group injected with 213Bi-trastuzumab, followed by carboplatin 24 hours later. This was further improved by
administration of multiple weekly doses of carboplatin. The MS achieved with administration of 3 doses of
carboplatin was 180 days versus 60 days with 213Bi-trastuzumab alone. The combination of carboplatin with
212Pb radioimmunotherapy was also evaluated. The therapeutic efficacy of 212Pb-trastuzumab (58-day MS)
increased when the mice were pretreated with carboplatin 24 hours prior (157-day MS). These results again
demonstrate the necessity of empirically determining the administration sequence when combining therapeutic
modalities.
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Introduction

The benefit of treating disseminated peritoneal disease
with targeted a-particle radiation continues to be dem-

onstrated in preclinical studies.1–8 At this juncture, studies
from this laboratory have focused on targeting HER2-
expressing tumors with 212Pb and 213Bi using trastuzumab as
the delivery vehicle.1–4 A direct result of this work has been
initiation of a clinical study at the University of Alabama
assessing the safety of 212Pb-1,4,7,10-tetraaza-1,4,7,10-tetra-(2-
carbamoyl methyl)-cyclododecane (TCMC)-trastuzumab
radioimmunotherapy (RIT) administered by intraperitoneal
(i.p.) injection. Patients under recruitment are those with
HER2-positive peritoneal neoplasms of ovarian, pancreatic,
and gastric origin (NCT01384253). The success of treating and

managing patients with RIT, however, as with any treatment
regimen for cancer, will no doubt require a multimodality
approach, and the development of such treatment regimens
remains a priority for investigators. One strategy has been to
identify cytotoxic and/or radiosensitizing agents that would
enhance the therapeutic response to RIT. Thus far, studies from
this laboratory have included the assessment of the potentia-
tion of a-targeted therapy by the chemotherapeutics gemcita-
bine and paclitaxel.2,4

Gemcitabine (Gemzar), a nucleotide analog, inhibits DNA
synthesis through a number of mechanisms, serves as a
radiosensitizer, and is a standard of care for pancreatic
cancer patients.9–11 Studies from this laboratory demon-
strated that gemcitabine improved the median survival (MS)
of tumor-bearing mice 1.6-fold when it was administered i.p.
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the day before 212Pb-trastuzumab.2 The MS was further im-
proved with additional weekly doses of gemcitabine. Gemci-
tabine was found to provide the greatest benefit when a
multicycle treatment regimen was implemented; 2 doses of
212Pb-trastuzumab and a total of 4 doses of gemcitabine ex-
tended the MS to 196.5 days as compared to 45 days after a
single injection of 212Pb-trastuzumab.2

Studies were then extended to paclitaxel. The choice of
paclitaxel was based on the fact that (1) it is used in the
treatment of ovarian and pancreatic cancer; (2) it is recog-
nized as a radiosensitizer, and (3) its mechanism of action
differed distinctly from that of gemcitabine. Paclitaxel given
24 hours after 213Bi-trastuzumab increased the MS of mice
bearing i.p. tumors 6.7–9-fold versus 2.1-fold for 213Bi-
trastuzumab alone. Weekly doses of paclitaxel provided further
benefit. Paclitaxel was also found to enhance the therapeutic
efficacy of 212Pb-trastuzumab when given before the RIT.

The mechanism of action by the platinum-based drugs dif-
fers from both gemcitabine and paclitaxel and as such would
add another class of chemotherapeutics to the armamentarium
to be combined with radiolabeled antibodies. Enhanced cell
killing has been reported when platinum analogs have been
administered in combination with radiation.12,13 A primary
mechanism of action attributed to cisplatin is that once it is
taken up by a cell, it is activated (via aquation) and forms
platinum–DNA adducts. These adducts distort DNA, activat-
ing repair pathways whose failure leads to cell death. The
platinum–DNA adducts can also interfere with the cellular
machinery, resulting in cell cycle arrest as well as the pathways
of cell growth, differentiation, and stress responses.

The studies described herein evaluate the potential of
platinum chemotherapy to enhance the therapeutic efficacy
of both HER2-targeting a-emitting high-linear energy transfer
(LET) 213Bi- and 212Pb-labeled trastuzumab. The ultimate goal
was to establish a multimodality regimen for the management
of patients with disseminated intraperitoneal disease.

Materials and Methods

Cell lines

Unless otherwise stated, media and supplements were
purchased from Lonza. Therapy studies were conducted
using the LS-174T, a human colon carcinoma cell line, grown
in Dulbecco’s minimum essential medium supplemented
with 1 mM glutamine as previously described.14 SKOV-3, a
human ovarian carcinoma cell line that expresses *1 · 106

HER2 molecules per cell, was used for in vitro analysis of the
radioimmunoconjugates.15 The SKOV-3 cells were main-
tained in McCoy’s 5a medium. Both media were also
supplemented with 10% FetalPlex (Gemini Bioproducts; 100–
602) and 1 mM nonessential amino acids.

Chelate synthesis and monoclonal antibody conjugation

The bifunctional ligands, TCMC and cyclohexyl-A’’
diethylene-triamine-pentaacetic acid (CHX-A†-DTPA), and
their conjugation with trastuzumab (Herceptin, Genentech,
Inc.), purchased through the National Institutes of Health,
Division of Veterinary Resources Pharmacy, have been pre-
viously described in detail.16,17 The final concentration of
trastuzumab and HuIgG was determined by the method of
Lowry using a bovine serum albumin (BSA) standard.18 The

number of CHX-A†-DTPA or TCMC molecules linked to
each of the preparations was determined using spectropho-
tometric assays based on the titration of either the yttrium–
or lead–Arsenazo(III) complex, respectively.19,20 Polyclonal
HuIgG (ICN), chosen to serve as a negative control in these
studies, was similarly conjugated with CHX-A†-DTPA or
TCMC and evaluated as described above. The HuIgG was
purified from human serum, and as of yet, no known antigen
has been described with which it reacts.

Radiolabeling

213Bi was obtained from a 225Ac/213Bi generator (Oak
Ridge National Laboratories or Actinium Pharmaceuticals,
Inc.). 213Bi was eluted and trastuzumab- and HuIgG-CHX-A†
were radiolabeled as previously described.21 The elution of
212Pb from an 224Ra/212Pb generator (AlphaMed, Inc.) and
the subsequent radiolabeling of trastuzumab- and HuIgG-
TCMC have been detailed elsewhere.4

Radioimmunoassay

Immunoreactivities of the radiolabeled preparations were
assessed in a radioimmunoassay using methanol-fixed
cells.22 Briefly, serial dilutions of radiolabeled trastuzumab
(*140 to 8 nCi) were added in duplicate to methanol-fixed
SKOV-3 cells (1 · 106) in 50 lL of 1% BSA in phosphate-
buffered saline (PBS). The cells were washed with 4 mL of 1%
BSA in PBS after a 2-hour (213Bi) or 18-hour (212Pb) incubation
at room temperature, pelleted at 1000 g for 5 minutes, and the
supernatant decanted. 212Pb was detected using a Ge(Li) de-
tector (EG&G Ortec; Model GEM10185-P), whereas 213Bi was
measured in a c-counter (PerkinElmer; WizardOne). The
binding percentage is an average of the calculated percentage
for each dilution. The specificity of the radiolabeled trastu-
zumab was confirmed by incubating one set of cells with
*200,000 cpm of radiolabeled trastuzumab and an excess
(5lg) of unlabeled trastuzumab.

Therapy studies

Therapy studies were performed using 19–21-g female
athymic (nu/nu) mice (Charles River Laboratories). The mice
were injected i.p. with 1 · 108 cells LS-174T in 1 mL of medium
as previously published.1,23 213Bi-CHX-A†-trastuzumab
(500 lCi) or 212Pb-TCMC-trastuzumab (10 lCi) was adminis-
tered i.p. to mice in 0.5 mL PBS. HuIgG labeled with 213Bi or
212Pb served as a nonspecific control. In all of the experiments,
RIT was administered 3 days after tumor implantation.

In Study 1, mice (n = 10–11) with i.p. LS-174T xenografts
were injected (i.p.) with 125 lg (in PBS, 0.5 mL) of cisplatin 24
hours before, concurrently, or 24 hours after injection of 500lCi
213Bi-labeled trastuzumab or HuIgG. Additional groups of
mice received cisplatin, 213Bi-trastuzumab, 213Bi-HuIgG, or
were left untreated. The experiment was designed to determine
the sequence of cisplatin and 213Bi-RIT injections. This same
experimental design was repeated for the evaluation of car-
boplatin (Study 2). In this case, the mice (n = 9–10) were given
i.p. injections of 1.25 mg of carboplatin in 0.5 mL of PBS.

Study 3 involved assessing the effectiveness of multiple
dosing with a platinum chemotherapeutic combined with
targeted a-particle radiation. Mice (n = 9–15) bearing i.p. tu-
mor xenografts were injected with carboplatin 24–30 hours
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after the injection of 213Bi-trastuzumab or 213Bi-HuIgG, fol-
lowed by additional weekly injections of carboplatin for up
to a total of 3 doses. Additional groups of mice included
those injected with 3 doses of carboplatin at weekly intervals,
with either 213Bi-trastuzumab or 213Bi-HuIgG alone, or no
targeted radiation treatment.

Study 4 assessed the combination of carboplatin with 212Pb-
RIT. Tumor-bearing mice (n = 10) were injected with carboplatin
(1.25 mg) 24 hours before, concurrently, or 24 hours post-
treatment with 10 lCi of 212Pb-trastuzumab or 212Pb-HuIgG.
These treatment groups were compared to the sets of mice those
received carboplatin only, 212Pb-trastuzumab, 212Pb-HuIgG, or
to those without any treatment.

Progression of disease was observed as an extension of
the abdomen, development of ascites, or noticeable, palpa-
ble, nodules in the abdomen or, conversely, as weight loss.
Mice were monitored and euthanized if found to be in dis-
tress, moribund, or cachectic. Mice were also euthanized
when 10%–20% weight loss occurred, or disease progression
was evident as cited above. All animal protocols were ap-
proved by the National Cancer Institute Animal Care and
Use Committee.

Cell cycle analysis

Mice (n = 3–5) utilized for the cell cycle and proliferation
studies were injected i.p. with 5-bromo-2¢-deoxyuridine
(BrdU; 1.5 mg in 0.5 mL PBS; Sigma) 4 hours before eutha-
nasia. The tumors were collected and processed following
the previously described procedures.24 Cell cycle distribution
and DNA synthesis were determined by flow cytometry as
described with some modifications.25 Tumors were fixed in
cold 70% ethanol, washed in PBS, minced, and incubated in
1 mL 0.04% pepsin (Sigma) w/v in 0.1 N hydrochloric acid
(HCl; Mallinckrodt, Inc.) for 1 hour at 37�C with shaking.
The digest was filtered through a 70-lm nylon mesh after
sequential passage through 23-, 25-, and 27-gauge needles.
After centrifugation (10,000 g for 10 minutes), the resulting
pellet was resuspended in 2 N HCl (1 mL) and incubated at
37�C for 20 minutes with shaking. The nuclear suspension was
neutralized with 0.1 M sodium tetraborate (Sigma), washed in
PBS containing 0.5% BSA and 0.5% Tween-20 (PBTB), and re-
suspended in PBTB. The nuclei (100 lL) were incubated with
20 lL of fluorescein isothiocyanate (FITC)-labeled anti-BrdU
monoclonal antibody (BD Biosciences-Pharmingen) for 1 hour
at 4�C, followed by PBS washes. The samples were then re-
suspended in 2 mL of propidium iodide (50 lg/mL in PBTB;
Sigma) containing RNAse A (50lg; Sigma) and incubated for
30 minutes at 4�C. Flow cytometry was performed using a
FACSCalibur (BD Biosciences), collecting 15,000 events. The
DNA content (propidium iodide) and DNA synthesis (BrdU
content) were analyzed using two-parameter data collection
and analysis using CellQuest (BD Biosciences) software. A
single-parameter analysis of the cell cycle distribution was
performed using ModFit LT software (Verity Software House).

Statistical analyses

A Cox-proportional hazard model was used to test for a
dose–response relationship between the treatment groups of
213Bi-trastuzumab or 212Pb-trastuzumab, and survival (time
to sacrifice or natural death). Groups were compared using a
log-rank test. A dose–response relationship was examined by

treating the dose level as a linear covariate in the Cox model
and tested whether the corresponding regression parameter
was zero using a likelihood ratio test.

Differences between the treatment groups were tested
using a Kruskal–Wallis test (nonparametric analysis of var-
iance) for comparison of multiple groups, and the Wilcoxon
rank-sum test was applied when comparing two groups. All
reported p-values correspond to two-sided tests.

Results

The choice of 500 lCi and 10 lCi for 213Bi- and 212Pb-trastu-
zumab, respectively, was based on previous studies that deter-
mined that these doses were at the lower range of the maximum
effective therapeutic dose.1,3 When combining a-particle RIT
with chemotherapeutics, alterations in tumor sensitivity to ra-
diationwereconsideredandestablishedtobemorediscernibleif
the lower-effective doses of 213Bi- or 212Pb-trastuzumab were
administered, and any incipient toxicity incurred would not
obscure observation of enhanced therapy.2,4

An initial study exploring the combination of platinum-
based drugs with high-LET radiation was performed with
cisplatin and 213Bi-trastuzumab in the LS-174T i.p. model.
Based on a previous experience with paclitaxel, the study
was designed to determine the administration sequence of
cisplatin and 213Bi-trastuzumab.4 Tumor-bearing mice were
treated i.p. with cisplatin (125 lg) 24 hours before, concur-
rently, or 24 hours after receiving 500 lCi of 213Bi-labeled
trastuzumab or HuIgG. Control groups included mice given
no treatment, cisplatin alone, 213Bi-trastuzumab, and 213Bi-
HuIgG alone. The results detailed in Table 1 indicate that
cisplatin alone exerted a modest affect on the LS-174T tumor
xenografts. The untreated group of mice had a MS of 29.5
days, whereas animals given cisplatin only experienced an
MS of 41.5 days. A MS of 65 days was obtained with the
administration of 213Bi-trastuzumab and, as is usually ob-
served, 213Bi-HuIgG provided some therapy with a MS of 33
days. The combination of cisplatin with 213Bi RIT had the
appearance of improving the therapeutic efficacy. The group
coinjected with 213Bi-trastuzumab and cisplatin had a MS of
90.5 days compared to 43 days for those mice treated con-
currently with cisplatin and 213Bi-HuIgG (Fig. 1). The MS of

Table 1. Median Survival (Days) of Athymic Mice

Bearing i.p. LS-174T Xenografts After i.p.

Administration of
213

Bi-Labeled Monoclonal

Antibody and Cisplatin

Treatment Days

None 29.5
Cisplatin 41.5 (1.4)

Trastuzumab HuIgG

Treatment Days Days

RIT 65 (2.2) 33 (1.1)
Cisplatin 24 hours pre-RIT 54 (1.8) 59 (2.0)
Cisplatin with RIT 90.5 (3.1) 43 (1.5)
Cisplatin 24 hours post-RIT 45 (1.5) 38 (1.3)

The values in parentheses are the therapeutic indices (MS of the
treatment group divided by the MS of the untreated group).

RIT, radioimmunotherapy; MS, median survival.
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those injected either before or after 213Bi-trastuzumab were
54 and 45 days, respectively. The MS for the corresponding
groups injected with 213Bi-HuIgG was 59 and 39 days, re-
spectively. The highest therapeutic index (the MS of the
treatment group divided by the MS of the untreated group)
of 3.1 was realized in the group that received coinjection of
cisplatin and 213Bi-trastuzumab. These results appear
promising; however, in this group, only 2 of 10 mice re-
mained alive at the end of the study as compared to 4 of 10
for those that received just the 213Bi-trastuzumab. There was
no significant difference in survival with respect to the tim-
ing of the cisplatin with either 213Bi-trastuzumab ( p = 0.461)
or the 213Bi-HuIgG ( p = 0.787).

The mice experienced the greatest weight loss during the
first week after treatment with 213Bi. Mice that received 213Bi-
trastuzumab or 213Bi-HuIgG showed a weight loss of 5.3%
and 5.4%, respectively. A 7.7% weight loss was noted in the
group injected with cisplatin alone. The weight loss in the
group coinjected with cisplatin and 213Bi-trastuzumab was
only 4.9%, whereas cisplatin coinjected with 213Bi-HuIgG
resulted in a weight loss of 11.9%. The greatest weight loss
was observed in the groups that received cisplatin before
(17.6%) or after (16.9%) 213Bi-HuIgG; the weight loss for the
groups injected with cisplatin before or after 213Bi-trastuzu-
mab was also high, 10.6% and 10.2%, respectively.

The weight loss experienced by the mice in the above-
mentioned experiment was approaching intolerable limits.
Further, cisplatin-based therapy induces a number of side
effects in cancer patients that include nephrotoxicity, oto-
toxicity, optic neuropathy, and peripheral neuropathy.26

Carboplatin is a second-generation platinum-based drug
developed to lessen the toxicities associated with cisplatin.
To this end, the experiment was repeated combining carbo-
platin with 213Bi RIT. Based on the available reports of car-
boplatin used in combination with RIT or external-beam
irradiation, a dose of 1.25 mg was administered to the mice, a
10-fold greater dose than cisplatin.27,28 Similar to the pre-

ceding experiment, the carboplatin exerted a modest thera-
peutic effect on the LS-174T tumor xenograft with a MS of 28
days versus 17 days for the untreated group (Table 2). In-
terestingly, the most effective combination of carboplatin
with 213Bi-trastuzumab was achieved when the carboplatin
was administered 24 hours after the RIT (Fig. 2). This se-
quence of drug administration resulted in a MS of 87 days,
translating to a 5.1-fold increase in survival over the un-
treated group. The MS of the groups that received the car-
boplatin preceding or concurrently with 213Bi-trastuzumab
was 59 and 66 days, respectively. In this particular experi-
ment, an unusually high MS of 63 days was noted in the
group that had received 213Bi-HuIgG.

In the group that demonstrated the greatest therapeutic
benefit, 213Bi-trastuzumab followed by carboplatin, there
was a weight loss of only 4.3%. The greatest weight loss at 1
week again occurred in the groups receiving the carboplatin

FIG. 1. Effect of cisplatin on therapeutic efficacy of 213Bi-
trastuzumab. Athymic mice bearing i.p. LS-174T xenografts
were coinjected (i.p.) with cisplatin (7) and 500 lCi
213Bi-labeled trastuzumab. Groups of mice were coinjected
with 213Bi-HuIgG as a nonspecific control, and cisplatin (,).
Additional groups were untreated (�), cisplatin (B), 213Bi-
trastuzumab (;), and 213HuIgG (-).

Table 2. Median Survival (Days) of Athymic Mice

Bearing i.p. LS-174T Xenografts After i.p.

Administration of
213

Bi-Labeled Monoclonal

Antibody and Carboplatin

Treatment Days

None 17
Carboplatin 28 (1.6)

Trastuzumab HuIgG

Treatment Days Days

RIT 42 (2.5) 63 (3.7)
Carboplatin 24 hours pre-RIT 66 (3.9) 60 (3.5)
Carboplatin with RIT 66 (3.9) 38 (2.2)
Carboplatin 24 hours post-RIT 87 (5.1) 38 (2.2)

The values in parentheses are the therapeutic indices (MS of the
treatment group divided by the MS of the untreated group).

FIG. 2. Effect of carboplatin on therapeutic efficacy of 213Bi-
trastuzumab. Athymic mice bearing i.p. LS-174T xenografts
were injected i.p. with carboplatin 24 hours after the injection
of 500 lCi (i.p.) 213Bi-labeled trastuzumab (>). Another set of
mice were injected with 213Bi-HuIgG as a nonspecific control,
followed by carboplatin 24 hours later (B). Additional groups
were untreated (�), carboplatin (7), 213Bi-trastuzumab (-),
and 213Bi-HuIgG (:).
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24 hours before (7.1%) or after (7.8%) injection of 213Bi-
HuIgG. All of the other groups experienced a weight loss
that ranged from 3.4% to 5.2%.

A study was then designed to investigate the effectiveness of
multiple doses of carboplatin with 213Bi-trastuzumab. Groups
of mice were treated with 500lCi of 213Bi-trastuzumab and 3
doses of carboplatin (1.25 mg). The first carboplatin dose was
given 24–30 hours after the 213Bi-trastuzumab with the 2 sub-
sequent doses given at 7-day intervals. Additional groups re-
ceived carboplatin only, 213Bi-HuIgG only, 213Bi-HuIgG with 3
doses of carboplatin, or no treatment. As shown in Table 3 and
Figure 3, 3-weekly doses of carboplatin after 213Bi-trastuzumab
resulted in a significant increase in the MS (186 days) of mice
bearing i.p. LS-174T xenografts ( p = 0.0563). The MS of the
untreated group was 21 days; the 3 doses of carboplatin re-
sulted in a therapeutic index of 8.9 and improved the MS of
213Bi-trastuzumab (60 days) by 3.1-fold. No effect on the MS
was observed in the groups receiving 3 doses of carboplatin
alone (23 days). A comparison between the survival of the
group of mice that received 213Bi-trastuzumab was significant

compared to the untreated group and those that received 213Bi-
HuIgG or carboplatin ( p = 0.0374).

An exploratory study was conducted to assess the po-
tential of combining 212Pb RIT with platinum chemotherapy.
Once again, chemotherapy was given 24 hours before, con-
currently, or 24 hours after injection of 10 lCi 212Pb-
trastuzumab or 212Pb-HuIgG. As with the earlier experi-
ments, other treatment groups included either of the
212Pb-labeled antibodies alone, carboplatin alone, and a
group of tumor-bearing mice that was left untreated. Con-
sistent with the 213Bi RIT studies, no therapeutic effect due to
the carboplatin was observed (Table 4). Meanwhile, an in-
crease in the therapeutic indices was observed in each of the
sequence combinations for carboplatin with 212Pb-

Table 3. Efficacy of Multiple Doses of Carboplatin

in Combination with a Single Administration

of
213

Bi Radioimmunotherapy

Carboplatin

0 3X

None 21a 23 (1.0)
213Bi-Trastuzumab 60 (2.9) 186 (8.9)
213Bi-HuIgG 30 (1.4) 50 (2.4)

aThe values are MS (days).
The values in parentheses are the therapeutic indices (MS of

treatment group divided by MS of the untreated group).

FIG. 3. Efficacy of multiple doses of carboplatin in combi-
nation with a single administration of 213Bi-trastuzumab.
Athymic mice bearing i.p. LS-174T xenografts were injected
i.p. with carboplatin 24 hours after the injection of 500 lCi
(i.p.) 213Bi-labeled trastuzumab (>), which was then fol-
lowed by 2 additional doses of carboplatin at 1-week inter-
vals (7). Another set of mice were injected with 213Bi-HuIgG
as a nonspecific control, followed by the same dosing with
carboplatin (,). Additional groups were untreated (�), 3
doses of carboplatin (B), 213Bi-trastuzumab (;), and 213Bi-
HuIgG (-).

Table 4. Median Survival (Days) of Athymic Mice

Bearing i.p. LS-174T Xenografts After i.p.

Administration of
212

Pb-Labeled monoclonal

antibody and Carboplatin

Treatment Days

None 20
Carboplatin 21 (1.1)

Trastuzumab HuIgG

Treatment Days Days

RIT 58 (2.9) 37.5 (1.9)
Carboplatin 24 hours pre-RIT 157 (7.9) 35.5 (1.8)
Carboplatin with RIT 115 (5.8) 42.5 (2.1)
Carboplatin 24 hours post-RIT 82.5 (4.1) 41 (2.1)

The values in parentheses are the therapeutic indices (MS of
treatment group divided by MS of the untreated group).

FIG. 4. Effect of carboplatin on therapeutic efficacy of
212Pb-trastuzumab. Athymic mice bearing i.p. LS-174T xe-
nografts were injected i.p. with carboplatin 24 hours before
the injection of 10 lCi (i.p.) 212Pb-labeled trastuzumab (:).
Another set of mice were injected with carboplatin, followed
by 212Pb-HuIgG, a nonspecific control, 24 hours later (B).
Additional groups were untreated (�), carboplatin (>), 213Bi-
trastuzumab (7), and 212Pb-HuIgG (-).
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trastuzumab. Therapy was enhanced 7.9-fold, 5.8-fold, and
4.1-fold when carboplatin was administered 24 hours pre-,
with or 24 hours post-treatment with 212Pb-trastuzumab;
MSs were 157, 115, and 82.5 days, respectively. Figure 4 il-
lustrates the Kaplan–Meier survival curves of the group that
were pretreated with carboplatin 24 hours before the ad-
ministration of the 212Pb-trastuzumab. When the experiment
was terminated after 183 days, 3 and 4 mice were alive in the
groups that received carboplatin 24 hours before or with the
212Pb-trastuzumab, respectively. In spite of these apparent
positive results, the timing of the carboplatin in relation to the
212Pb-trastuzumab did not result in significant differences in the
MS ( p = 0.22). Meanwhile, the MS of animals receiving 212Pb-
trastuzumab was 49 days, while it was 34 days for 212Pb-
HuIgG. Consistent with previous studies from this laboratory,
a modest enhancement of therapy was observed in mice that
received 212Pb-HuIgG. The highest therapeutic index was 2.1
for the groups that were treated with the carboplatin 24 hours
before and 24 hours after the 212Pb-HuIgG.

Again, the greatest weight loss occurred in the first week
after therapy with 212Pb RIT, carboplatin, or the combination.
The lowest weight loss (5.5%) was noted in the group of
animals that received carboplatin 24 hours before 212Pb-
trastuzumab, the group in which the greatest response was
observed. In fact, this weight loss was even lower than that
of the group that received 212Pb-trastuzumab alone. The
highest percent loss was observed in the groups that received
carboplatin with the 212Pb-trastuzumab (9.8%) or 24–30
hours after 212Pb-HuIgG (10.0%).

The potentiation of 212Pb-trastuzumab RIT by carboplatin
was further investigated. Mice bearing i.p. LS-174T tumor
xenografts were pretreated with carboplatin 24 hours before
injection of 212Pb-trastuzumab. The mice were injected with
BrdU 4 hours before tumor collection that occurred at 6
hours and daily thereafter for 4 days. The tumor tissue was
then analyzed for cell cycle distribution and DNA synthesis.

The cell cycle distribution from tumors of mice treated
with 212Pb-trastuzumab reveals that there is a decrease in the

Table 5. Analysis of Cell Cycle Distribution After Treatment

with
212

Pb Radioimmunotherapy and Carboplatin

Timepoint (hours)

RIT Chemotherapy Phase 0 6 24 48 72 96

None None G1 72.8 – 0.6
S 16.3 – 0.7

G2-M 10.9 – 1.3
None Carboplatin G1 63.6 – 0.9 69.9 – 1.1 65.8 – 0.6 70.8 – 0.1 66.5 – 3.0

S 16.5 – 1.3 17.2 – 0.2 11.6 – 0.6 10.8 – 0.1 12.3 – 1.5
G2-M 19.9 – 0.4 12.9 – 1.2 22.6 – 0.1 18.4 – 0.1 21.2 – 1.5

Trastuzumab None G1 ND 74.8 – 0.9 66.4 – 1.0 64.1 – 0.4 61.7 – 0.1
S ND 11.0 – 1.0 3.7 – 0.1 2.5 – 0.3 5.1 – 0.3

G2-M ND 14.2 – 0.1 29.9 – 0.8 33.5 – 0 33.2 – 0.1

Trastuzumab Carboplatin G1 67.5 – 2.5 74.9 – 0.4 78.2 – 4.1 70.7 – 1.4 65.9 – .5
S 20.9 – 0.1 5.9 – 1.5 2.6 – 0.3 3.9 – 0.8 4.8 – 0.3

G2-M 11.6 – 2.6 19.2 – 1.2 19.2 – 4.4 25.4 – 2.3 29.3 – 0.1
HuIgG None G1 ND 68.0 – 0.9 67.0 – 1.5 71.5 – 1.5 65.4 – 0.6

S ND 8.1 – 0.4 6.7 – 1.2 5.7 – 0.2 7.7 – 1.1
G2-M ND 24.0 – 0.5 26.4 – 0.3 22.9 – 1.3 26.9 – 0.5

HuIgG Carboplatin G1 68.0 – 1.2 71.7 – 1.7 83.7 – 1.1 63.5 – 0.6 66.9 – 0.4
S 18.8 – 0.2 5.3 – 0.1 3.2 – 1.2 4.5 – 0.4 6.1 – 0.1

G2-M 13.2 – 1.3 23.0 – 1.6 13.2 – 0.1 32.0 – 0.9 27.1 – 0.4

The values presented are the percentage of cells in the G1-, S-, and G2-M phases of the cell cycle along with the standard deviation.
ND, not determined.

Table 6. Analysis of DNA Synthesis in LS-174 Tumor Xenografts Following Bimodal

Treatment with
212

Pb Radioimmunotherapy and Carboplatin

Timepoint (hours)

RIT Chemotherapy 0 6 24 48 72 96

None None 17.8a

None Carboplatin 17.1 16.5 14.4 13.5 8.4
Trastuzumab None ND 9.8 0.7 0.5 0.9
Trastuzumab Carboplatin 24.6 3.3 0.5 0.9 0.2
HuIgG None ND 7.6 1.7 6.0 7.6
HuIgG Carboplatin 15.4 4.0 2.2 2.1 5.5

aThe values presented are the percentage of DNA synthesis determined by flow cytometric analysis for 5-bromo-2¢-deoxyuridine
incorporation.
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S-phase with a concomitant increase in the G2/M phase at 24
hours (Table 5). In the group of mice that received the car-
boplatin and 212Pb-trastuzumab, the shift in the cell cycle
distribution is seen to occur at 6 hours. Tumor response to
212Pb-HuIgG alone and in combination with carboplatin
follows a similar pattern. Recovery of the cell cycle was ev-
ident at 96 hours in tumors treated with 212Pb-HuIgG alone
or in combination with carboplatin. Tumors collected from
mice treated with 212Pb-trastuzumab and carboplatin do not
show any evidence of recovery by the 96-hour time point.

Upon analyses of DNA synthesis (Table 6), tumors har-
vested from untreated mice were found to have a level of
synthesis (17.8%) certainly within the expected levels. Con-
sistent with a recent study from this laboratory, DNA syn-
thesis decreased to 9.8% at 24 hours after the administration
of 212Pb-trastuzumab, and by 48 hours, DNA synthesis was
<1%. At 96 hours, there was no evidence of DNA synthesis
recovery. Following the combined treatment of carboplatin
and 212Pb-trastuzumab, the decrease in DNA synthesis
(3.3%) by 24 hours was more pronounced, and again, there
was no evidence of recovery at 96 hours. Tumors taken from
mice treated with 212Pb-HuIgG showed the same decrease in
DNA synthesis at 24 hours. However, by 72 hours, the DNA
synthesis appears to be recovering in this group. In the group
of animals that received the carboplatin and 212Pb-HuIgG,
the decrease in DNA synthesis is greater, but again, recovery
is evident at 96 hours. The carboplatin treatment alone re-
sulted in a gradual decrease in DNA synthesis, occurring
over the 96-hour study interval.

Discussion

The studies reported here represent a systematic explora-
tion of the combination of platinum chemotherapy with a-
particle RIT with the objective of increasing the therapeutic
efficacy of the RIT. When cisplatin is taken up in a cell, it is
activated by aquation and forms DNA adducts.29 Platinum
has been shown to bind to the imidazole ring of purine bases,
resulting in intra- and interstrand adducts.12,30 The DNA
adducts and the associated crosslinking distort DNA and
activates repair pathways, ultimately leading to cell death.
The platinum–DNA adducts can also interfere with the cel-
lular machinery resulting in cell cycle arrest. Finally, inter-
ference with pathways of cell growth, differentiation, and
stress responses has also been implicated in the mechanism
of action of the platinum-based chemotherapeutic drugs.

Cisplatin has been shown to also serve as a radiosensitizer
when used in combination with radiotherapy and is able to
sensitize nonhypoxic and hypoxic cells to low radiation do-
ses.31 The cytotoxicity of the platinum drugs clearly differs
from paclitaxel and gemcitabine in their mechanisms of ac-
tion, and as such was chosen for evaluation in combination
with RIT.

Interestingly, in spite of the fact that cisplatin has been in
use since the early 1970s, and while there are numerous ar-
ticles describing the combination of platinum drugs with
external-beam radiotherapy, there are few studies in which
platinum drugs have been combined with RIT and evaluated
for in vivo efficacy. Further, these reports are limited to
studies that combined cisplatin with 131I or 90Y RIT.13,32 The
studies presented here represent the first report of combining
platinum drugs with a-particle-emitting radionuclides.

Combination of cisplatin with 213Bi-trastuzumab proved
effective in increasing the MS of mice bearing i.p. tumor
xenografts by 3.1-fold when the two modalities were coin-
jected. Mice receiving the 213Bi-trastuzumab experienced an
MS of 65 and 90 days when combined with cisplatin. Un-
fortunately, only 2 of 10 mice remained in the latter group
versus 4 of the former group when the study was terminated.
Considering the poorer overall survival of the group re-
ceiving the combined treatment, attention was shifted to
carboplatin, a second-generation platinum drug, with lesser
toxicity. In a study of similar design to the one conducted
with cisplatin, evaluating the scheduling of the drug and
213Bi RIT, carboplatin was administered 24 hours before,
with, or 24 hours after the RIT. In contrast to the cisplatin
study, the greatest therapeutic benefit was observed when
carboplatin was given 24 hours after the 213Bi-trastuzumab.
While the MS of the 213Bi-trastuzumab-only group was 42
days, the carboplatin given the day after RIT resulted in a
2.1-fold increase (87 days) in the MS. These data are consis-
tent with a published report from this laboratory that dem-
onstrated potentiation of the HER2 target 213Bi RIT by
paclitaxel; a 6.7-fold and 9.0-fold increase in MS of mice was
observed when either 300 or 600 lg of paclitaxel was injected
the day after the RIT.4 Additionally, as demonstrated herein,
the therapeutic efficacy of RIT was further improved when a
total of 3 doses of carboplatin were given following the 213Bi
RIT.

The effectiveness of combining carboplatin with targeted
a-radiation therapy was found to extend to 212Pb RIT using
trastuzumab as the delivery vehicle. In a preliminary ex-
periment, timing of the administration of the carboplatin was
found to be the most effective when it was given 24 hours
before 212Pb-trastuzumab. Again, these findings are consis-
tent with the above-mentioned publication.4 The importance
of empirically determining the administration sequence of
RIT and chemotherapy is not a new concept.33,34 In fact,
earlier in vitro studies, with four ovarian cell lines and four
drugs that included carboplatin, demonstrated clear differ-
ences between the drugs and their combination with 90Y RIT.
Interestingly, in the hierarchical rating of the four drugs,
carboplatin always placed in the worst combination. It must
be noted however that carboplatin was most effective when
given after the 90Y RIT, the same as the 213Bi RIT studies just
discussed. The studies reported herein stress the necessity of
determining the administration sequence for each radionu-
clide. It would not be surprising to find that the delivery
vehicle for the target therapy may also exert some influence
over the administration sequence of RIT and drug.

The therapeutic efficacy of the radiolabeled HuIgG ob-
served in all of the experiments highlights the requisite of
having nonspecific controls. The nonspecific control is nee-
ded for several reasons. When a radiolabeled monoclonal
antibody (mAb) is injected, binding with the cognate antigen
is neither immediate nor may 100% of the injectate be bound.
The nonspecific control provides an indicator of the effects of
a free circulating and trafficking radioimmunoconjugate.
Also, even though trastuzumab has a high affinity for HER2
(Kd = 0.1 nM), the antibody–antigen interaction is dynamic,
and dissociation does occur.35 Lastly, in the case of an mAb
injected into the peritoneum, there is transport of the mAb
from the peritoneal cavity that then can be detected in the
circulation.36 Again, the nonspecific control provides some
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measure of the effect of radiation exposure during these
processes. Lastly, recent reports from this laboratory have
also demonstrated effects of nonspecifically targeted a-radi-
ation at the molecular level.24,37

As of yet, 212Pb RIT exploiting trastuzumab as the tar-
geting vector has demonstrated great potential as a single
agent and in combination with chemotherapeutics posses-
sing three distinct modes of action. The relevance of these
combined modalities has to cancer patient management
is even greater and more poignant. The LS-174T i.p. tumor
xenograft is an aggressive model, and its use is well justi-
fied.1–4,23 The growth, location, and appearance of the tumor
burden mimics that of peritoneal primary or metastatic
carcinomas.38

As mentioned in the introduction, the studies generated in
this laboratory have been directly translated to a clinical trial at
the University of Alabama. The study design of the trial is to
assess the safety of i.p. administered 212Pb-TCMC-trastuzumab
in patients with HER2-positive peritoneal neoplasms, including
those of the ovary, pancreas, stomach, and breast. The studies
reported here suggest that there is a potential in combining
platinum-based chemotherapeutics with targeted high-LET a-
radiation therapy and is a worthwhile endeavor. Combining
chemotherapeutics such as paclitaxel, gemcitabine, or carbo-
platin with 212Pb RIT would be a natural progression to the
development of a treatment strategy for cancer patients.
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