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Abstract

Background: The aim of this study was to investigate therapeutic efficacy and normal tissue toxicity of single dosage and
fractionated targeted alpha therapy (TAT) in mice with HER2-expressing breast and ovarian cancer xenografts using the low
dose rate radioimmunoconjugate **’Th-DOTA-p-benzyl-trastuzumab.

Methodology/Principal Findings: Nude mice carrying HER2-overexpressing subcutaneous SKOV-3 or SKBR-3 xenografts
were treated with 1000 kBg/kg 2*’Th-trastuzumab as single injection or four injections of 250 kBq/kg with intervals of 4—
5 days, 2 weeks, or 4 weeks. Control animals were treated with normal saline or unlabeled trastuzumab. In SKOV-3
xenografts tumor growth to 10-fold size was delayed (p<<0.01) and survival with tumor diameter less than 16 mm was
prolonged (p<<0.05) in all TAT groups compared to the control groups. No statistically significant differences were seen
among the treated groups. In SKBR-3 xenografts tumor growth to 10-fold size was delayed in the single injection and 4-
5 days interval groups (p<<0.001) and all except the 4 weeks interval TAT group showed improved survival to the control
groups (p<<0.05). Toxicity was assessed by blood cell counts, clinical chemistry measurements and body weight. Transient
reduction in white blood cells was seen for the single injection and 4-5 days interval groups (p<<0.05). No significant
changes were seen in red blood cells, platelets or clinical chemistry parameters. Survival without life threatening loss of
body weight was significantly prolonged in 4 weeks interval group compared to single injection group (p<<0.05) for SKOV-3
animals and in 2 weeks interval group compared with the 4-5 days interval groups (p<<0.05) for SKBR-3 animals.

Conclusions/Significance: The same concentration of radioactivity split into several fractions may improve toxicity of >*’Th-
radioimmunotherapy while the therapeutic effect is maintained. Thus, it might be possible to increase the cumulative
absorbed radiation dose to tumor with acceptable toxicity by fractionation of the dosage.
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Introduction

Breast and ovarian cancer caused an estimated 590 000 cancer
deaths worldwide in 2008 [1]. Overall survival rates for patients
with disseminated cancers are poor despite improvements in
therapy methods [2,3]. The human epidermal growth factor
receptor 2 (HER2, also known as ErbB2/c-erbB2/HER2-neu), a
transmembrane receptor tyrosine kinase, is overexpressed in 25—
30% of breast cancers [4] and 6-50% of epithelial ovarian cancers
[5]. The humanized monoclonal antibody (mAb) trastuzumab
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(Herceptin®, Roche) targets HER2 and gained FDA approval in
2008 for treatment of HER2-overexpressing metastatic breast
cancer. However, the efficacy of HER2 therapy alone is limited in
advanced cancers and resistance is developed in most patients
within a year after start of therapy without significantly
downregulating the numbers of HER2 antigens [6]. Resistance
often develops despite sustained HER2 expression [7]. The
persistent exposure of HER2 on the tumor cells may be utilized
for targeting of a pay-load, including cytotoxic agents and
radionuclides.
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One advantage of utilizing a radionuclide compared to a
cytotoxic agent for tumor targeting is that fewer antigens per cell
need to be targeted to obtain cytotoxicity, meaning that patients
with lower antigen expression can be treated. In addition,
resistance is not likely to occur [8].

Radioimmunotherapy with alpha-particle emitting radionu-
clides (targeted alpha therapy, TA'T) was first reported in clinical
trials in 1999 [9]. TAT utilizes strongly cytotoxic high linear-
energy-transfer (LET) alpha-particles to kill cancer cells. The
damage on normal tissues is minimal, due to the short range in
tissue (less than100 um). Thorium-227 (**”Th) is an interesting
candidate for TAT of disseminated cancer due to its long half life
and its favorable chemical properties allowing **’Th to be stably
chelated and conjugated to monoclonal antibodies (mAbs) [10].
Thorium-227 decays with a half-life of 18.7 days, emitting an
alpha-particle of 5.9 MeV. A cascade of decays follows, resulting
in emission of another four alpha-particles with mean energy of
6.6 MeV before ending with the stable nuclide **’Pb (Figure 1).
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Figure 1. Th-227 decay scheme.
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TAT of hematological tumors has been more successful than
TAT of solid tumors. Solid tumors are generally less sensitive to
radiation and are more difficult to target due to macromolecule
transport barriers. However, it has been shown in previous studies
that **’Th conjugated to trastuzumab could specifically kill
HER2-overexpressing cancer cells i vitro and had a therapeutic
effect on HER2-overexpressing subcutaneous tumor xenografts
[11,12,13]. Although an anti-tumor effect was seen, the maximum
tolerated dosage was not reached in these studies. However, in a
previous study with *?Th-rituximab we showed that the
maximum tolerated dosage for Balb/c mice was between 600
and 1000 kBq/kg [14]. The highest dosage resulted in myelotox-
icity and weight loss.

Giving more than one dose is expected to result in more
homogeneous distribution of the mAb in the tumor compared to
giving a single administration [15,16]. From previous in vitro
studies we have seen that the HER2 antigen expression was not
evenly distributed among the cells [11]. The likelihood of targeting
and hence killing high-expressing cells might be larger than
targeting neighboring cells, or at least the relative uptake is larger.
The distribution of a second dose may be improved due to
increased accessibility and permeability resulting from the first
dose of RIT, e.g. through increased leakiness of the vessels [17].
Most importantly, fractionation of the dose will prolong the
treatment period and enable giving a larger accumulated dose of
radioactivity, improving the therapeutic effect. For example, the
severity of white blood cell (WBC) deficiency may be reduced by
allowing a recovery period sufficient for production of new WBCs
following each dosage. Therefore, the optimal time period
between administrations depends on both therapeutic and toxic
effects.

The objective of the present study was to compare the toxicity
and therapeutic efficacy of **’Th-trastuzumab when giving four
injections separated by different time periods, compared to one
single injection known to be efficacious and close to maximum

tolerated dose (M'TD).

Materials and Methods

Preparation of 2*’Th-DOTA-p-benzyl-trastuzumab

Thorium-227 and ?*’Th-DOTA-p-benzyl-trastuzumab (**’Th-
trastuzumab) were prepared by Algeta ASA, Oslo, Norway [18].
Trastuzumab was conjugated with p-SCN-Bn-DOTA in sodium
borate buffer (pH 9) at 37°C over night. The DOTA-Bn-
trastuzumab conjugate was purified on an Amicon spin filter unit
(Millipore, Cork, Ireland), diluted with 0.9% NaCl and freeze-
dried before storage at —18°C. Radiolabeling with **”Th was
performed with 1 mg DOTA-Bn-trastuzumab conjugate dissolved
in sodium acetate buffer (pH 5.5), which was added about 4 MBq
of newly purified *”Th in 0.01 M HCI. The labeling reaction was
conducted at room temperature/2 days or at 60°C/30 min in a
thermomixer (Eppendorf AG, Hamburg, Germany). The reaction
mixture was added 10 pl saturated DTPA, and the radio-
immunoconjugate was purified twice on a NAP5 column (GE
Healthcare Ltd, Little Chalfont Buckinghamshire, UK) using PBS
as running buffer. The radiolabelling efficiency and purity of
?Th-trastuzumab were determined using a GEM15 HPGe-
detector (Ortec, Oak Ridge, Tennessee, USA), typically yielding
70-85% of **'Th-trastuzumab in >99% radiochemical purity
(**"Th vs ***Ra).

Specific Activity and Immunoreactive Fraction (IRF)
The IRF was determined as previously described [13]. IRFs
were in the range 39 to 83%; batches of radioimmunoconjugates
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with IRF below 46% were only used at two occasions in the
fractionated SKBR group with interval 4-5 days. The single-point
IRF method used under-estimates the IRF compared to more
elaborate methods like the one published by Lindmo et al. [19].
Specific activities were in the range 800-3000 Bq/pg.

Ethics Information

All procedures and experiments involving animals in this study
were performed in accordance with the European Convention for
the Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes. The protocol was approved by the
Norwegian Animal Research Authority (Permit ID: 1547).

Animals and Xenografts

Institutionally bred, 8-19 weeks old female Balb/c nu/nu
(NCR) mice with body weights in the range 18-31 g at the start
of the experiment were used. The animals were maintained under
pathogen-free conditions, and food and water were supplied ad
libitum. Mice were anesthetized with s.c. injection of 100 pl Zoletil
mix (tiletamine/zolaxepam from Virbac S.A., Carros, France
added xylazin and butorphanol from Intervet International B.V.,
Boxmeer, Holland) diluted 1:5 in sterile water prior to bilateral
subcutaneous implantation of 2 mm? picces of tumor tissue on the
rear flanks. Mice were ear-tagged and followed individually
throughout the study.

Tumor xenografts originated from human HER2-overexpress-
ing breast cancer (SKBR-3) and ovarian cancer (SKOV-3) cells
from the American Type Culture Collection (ATCC, Manassas,
VA, USA). In this study only xenografts having undergone more
than 10 passages in carrier mice were used.

Therapy Groups

Two to four weeks after implantation mice with tumor
diameters in the range 3.5-8.5 mm were randomly assigned to
therapy groups. Only mice with growing tumors were included in
the study. Control mice were given either 4 injections of 5 ug
unlabeled trastuzumab in 100 pl PBS or 100 ul 0.9% NaCl in the
tail vein. In the radioimmunotherapy groups, mice were given
1000 kBq/kg **’Th-trastuzumab as a single injection or 4
injections of 250 kBq/kg **’Th-trastuzumab.

In total, 145 tumors in 107 mice were included in the study, 8—
12 animals in each therapy group. In addition 10 control mice
without tumor were given a single injection of 0.9% NaCl
Animals with open lesions on tumors occurring during the course
of the study were excluded from analysis.

Tumor Growth Delay and Body Weight Measurements

Tumor size and animal weight were measured three times a
week for up to three weeks after last injection; thereafter twice
weekly unless more frequent inspection needed. Ellipsoid shapes
were assumed and tumor volumes were calculated as: V = (a?+b)/2
where a and b represent shortest and longest perpendicular tumor
diameters, respectively. Mice were euthanized by cervical dislo-
cation if largest tumor diameter approached 20 mm, loss of body
weight was considered life threatening (in this study defined as a
decrease by more than 15% from maximum tumor free body
weight), or animals otherwise showed symptoms of disease and
discomfort.

Therapeutic efficacy was assessed by delay in tumor growth.
Delay was assessed by different methods. Growth curves were
made based on average normalized tumor volumes within each
therapy group. Normalization of tumor volumes was done by
assigning volumes at day 0 to the average tumor volume at day 0,
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within the experiment and across therapy groups. The individual
tumor volumes at termination were kept unchanged in the mean
volume calculations until the last animal in the therapy group was
sacrificed. Time to tenfold increase from initial tumor volumes at
day 0, and time to largest tumor diameters reached 16 mm were
also assessed by survival analysis.

Blood Sampling for Evaluation of Toxicity

Prior to start of therapy and thereafter every 3 weeks for up to
18 weeks, 100 pl blood was collected from vena saphena lateralis
m 0.5 ml EDTA coated tubes (BD Microtainer K2E tubes,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA).
Blood samples were analyzed using an automated hematology
analyzer (Scil Vet abc animal blood counter, Horiba ABX,
Montpellier, France) and white blood cells, red blood cells, and
platelets were monitored. At time of animal termination blood for
clinical chemistry analysis was collected by heart puncture during
sevoflurane anesthesia (Sevoflurane; Abbott, Abbott Park, IL,
USA). Approximately 0.4 ml blood was collected in 0.4 ml lithium
heparin coated tubes (BD Microtainer LH tubes, Becton,
Dickinson and Company, Franklin Lakes, NJ, USA). Clinical
chemistry analyses were performed using Reflovet Plus analyzer
and Reflotron reagent strips (Roche Diagnostics GmbH, Mann-
heim, Germany). Blood concentrations of urea and the liver
enzymes aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), and total alkaline phosphatase (ALP) were measured.

Dosimetry Calculations

Theoretical dose rates to tumor, femur and blood from the
different fractionation schemes were calculated based on single
injection biodistribution data from the two tumor models
previously published using 400 kBq/kg body weight [12,13].
Injected activity was normalized to 250 and 1000 kBq/kg body
weight. The following formula was used, assuming uniform
distribution of radionuclides in the tissues:

Dose rate = Activity (227Th) E, (227Th)
+ Activity (**Ra)-E, (**Ra + daughters)

where Eo(**’Th)=5.9 MeV and Ey(***Ra + daughters)=26.4 -
MeV [20]. The absorbed dose to organ was calculated by
integrating the area under the dose rate curve from injection to
time point in question. When calculating dose from fractionated
injections, dose rate curves for each new injection added were
assumed to equal the single injection dose rate curve.

Statistical Analysis

Time to 10-doubling of tumor size, time to largest tumor size
reached 16 mm and time to 15% loss of tumor free body weight
among the different treatment groups were compared by Mantel-
Cox Log Rank test using SPSS version 16.0 (SPSS Inc. Chicago,
IL, USA). Kaplan-Meyer survival plots were made based on tumor
size and weight loss using SigmaPlot version 11.0 (Systat Software
Inc, San Jose, CA, USA). Blood cell counts and clinical chemistry
parameters were compared by one-way ANOVA on Ranks and
Dunn’s and Holm-Sidak Pairwise Multiple Comparison tests in
SigmaPlot.

Results

Tumor Growth Delay
Response to radioimmunotherapy was assessed by comparing
tumor growth in xenografted mice after treatment with *?’Th-
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trastuzumab with growth after treatment with saline or unlabeled
trastuzumab. A pilot study was done in mice xenografted with
SKBR-3 tumor by administration of 1000 kBq/kg **’ Th-trastu-
zumab as single injection or as 4 injections of 250 kBq/kg **"Th-
trastuzumab separated by 4-5 days (Figure 2A). Based on results
using these dosages a larger study was initiated, introducing the
more slowly growing tumor line SKOV-3 and longer therapy
mtervals of 2 and 4 weeks. Normalized average tumor volumes
and individual tumor raw data as function of days after onset of
therapy are shown in Figures 2 and 3, whereas time to 10-fold
increases of tumor volumes and growth delay is given in Table 1.

SKOV-3 tumor growth was initially more delayed in the group
receiving a single dosage of 1000 kBq/kg body weight of **"Th-
trastuzumab than in the groups given 250 kBq/kg body weight at
intervals of 2 and 4 weeks, which seemed to follow the growth of
the control groups (Figure 2B and 3A). However, growth of tumors
given multiple TAT deviated from the control tumors after 2-3
injections. For SKOV-3 tumors treated with 1000 kBq/kg body
weight, the initially decreased growth accelerated after about
40 days and the normalized average tumor size was about equal to
the tumor size in the multiple injection groups after 65 days. All
TAT groups showed delayed growth to 10-fold increase of SKOV-
3 tumor size compared to saline and cold trastuzumab (p<<0.001
and 0.01, respectively, Mantel-Cox Log Rank test, Table 1). No
statistical differences were seen between the radioimmunotherapy
groups. SKBR-3 tumor growth was delayed in the pilot study
groups given 1000 kBq/kg body weight of **’Th-trastuzumab as
single injection and 250 kBq/kg body weight at intervals of 4—
5 days compared to the control groups (Figure 2A and 3B). The
therapy groups given TAT at intervals of 2 and 4 weeks also
showed a growth delay compared to control groups, although the
difference was significant only for the 4 weeks interval group when
compared to saline group (Figure 2C and 3B, p=0.034 t-test,
average tumor size 51 days post injection). Regrowth of individual
tumors was seen also in the single injection and 4-5 days interval
TAT groups after about 40 days. Table 1 shows that time to 10-
doubling of tumor size after treatment with 1000 kBq/kg **"Th-
trastuzumab as single injection and 4-250 kBq/kg **’Th-trastu-
zumab given at intervals of 4-5 days was significantly prolonged
compared to control groups and therapy groups given 4-250 kBq/
kg **’Th-trastuzumab at intervals of 2 and 4 wecks (p<<0.001,
Mantel-Cox Log Rank test). No statistically significant differences
in growth to 10-fold increase were seen between groups given
TAT at 2 and 4 week intervals and control groups for SKBR-3
tumors. However, data may indicate an effect in the 2 weeks
interval group for some tumors, which was reflected in the slightly
increased survival of mice in this group as compared with the
control groups (Figure 4).

Survival Analysis

Therapy response was also assessed by Kaplan Meyer survival
analysis. Animals euthanized for other reasons than large tumor
size were censored in the analysis. Survival data for SKOV-3
carrying mice showed that animals in all TAT therapy groups had
improved survival compared to control groups (p<<0.05, Mantel-
Cox Log Rank test, Figure 4A), which was consistent with the
above growth analysis. No significant differences between TAT
groups were seen.

For the SKBR-3 animals, no significant differences were seen
between multiple and single injection TAT groups (Figure 4B).
However, therapy groups given 1000 kBq/kg ?*’ Th-trastuzumab
single injection and 4250 kBq/kg **” Th-trastuzumab at intervals
of 4-5 days and 2 weeks showed improved survival compared to
control groups (p<<0.01 for the first groups and p<<0.05 for the
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latter, Mantel-Cox Log Rank test), while no significant improve-
ment was seen for the 4 weeks interval group. The latter is
consistent with the data in Table 1 and can be explained by the
rapid growth of the SKBR-3 tumor xenografts compared to time
between injections and the low dose rate of the **’Th. Most
animals with SKBR-3 tumors in the groups with injections every
2" and 4" week had to be sacrificed due to large tumor size
before day 50. As a result, only 2 of 11 mice in the 4 weeks interval
group received therapy injection number 3 at day 56 and most
animals in the 2 weeks interval group had very large tumors when
they received their 3™ and 4™ therapy dose.

Toxicity Assessment of ?’Th-trastuzumab Multiple
Injection Therapy by WBC Counts

Data from mice bearing both tumor types were pooled in this
analysis. For animals given saline, data for tumor-carrying animals
were pooled with data from tumor free animals. A significant
reduction in white blood cell counts from baseline level was seen
3—12 weeks after start of therapy in animals given 1000 kBq/kg
227Th-trastuzumab as single injection and 4-250 kBq/kg at
intervals of 4-5 days (p=0.002, Holm-Sidak Pairwise Multiple
Comparison, Figure 5). No significant decrease was seen in the
other TAT groups.

The number of red blood cells and platelets were counted, but
no differences were seen after treatment for any of the tumor or
therapy groups for these parameters.

Toxicity Assessment by Clinical Chemistry Analysis

Clinical chemistry parameters were measured from full blood
collected by heart puncture. Levels of urea, alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP) were measured. For animals carrying
SKOV-3 and SKBR-3 tumors no significant differences were
seen between the different therapy groups (Table 2). For each
clinical chemistry parameter, one or more samples had values well
above the normal range; however, these seemed to be randomly
distributed among the groups and were not sufficient to provide
statistically significant differences (One Way ANOVA on Ranks
and Dunn’s Pairwise Multiple Comparison).

Toxicity Assessment by Loss of Body Weight

Survival without life threatening loss of body weight (defined as
loss of body weight more than 15% of max tumor free body
weight) was investigated as an important parameter of animal
health (Figure 6). Tumor free body weight was calculated by
subtracting calculated mass of tumors (volume multiplied by tumor
density) from the measured body weight. Tumor density was
measured in a selection of excised tumors and the mean value
(0.870.09 kg/dm®) was used for calculations.

A high number of animals were euthanized due to loss of body
weight in all SKOV-3 radioimmunotherapy groups, as seen in
Figure 6A. The SKOV-3 group given 4:250 kBq/kg **Th-
trastuzumab at intervals of 4 weeks showed improved survival
compared to animals given 1000 kBq/kg **’Th-trastuzumab as
single injection (p<0.005, Mantel-Cox Log Rank test). Survival
seemed improved also in the 2 week interval group, however this
result was not statistically significant (p=0.08). In the 4 week
interval group 60% of the animals reached the endpoint of the
survival analysis, compared to 73% and 90% for the 2 week
interval and 1000 kBq/kg single injection groups, respectively.
Events also occurred later in this group compared to the other
therapy groups. Two animals in each of the SKOV-3 control
groups reached the body weight endpoint (17% and 25% for saline
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Figure 2. Normalized average tumor volumes as function of time. Averages of normalized tumor volumes for pilot experiment in SKBR-3
tumor xenografts (A) and further experiments in SKOV-3 (B) and SKBR-3 (C) tumor-carrying mice as function of days after start of therapy.
Normalization was done by assigning all individual volumes at day 0 to the average tumor volume within each experiment. Tumor volumes at day of
termination for each mouse were kept in the analysis until all mice in the therapy group were killed. Error bars are standard error.
doi:10.1371/journal.pone.0042345.9002

@ PLoS ONE | www.plosone.org 5 August 2012 | Volume 7 | Issue 8 | e42345



Fractionated ?*’Th-Trastuzumab Therapy

A B
_ NaCl —~
- 3000 f - 3000
E E
[ @
E 2000 E 2000
= 3
g g
S 1000 S 1000
=] =]
[ [
0 o 0
& 3000 “e 3000
£ £
E ~—
';" @
£ 2000 § 2000
E :
S 1000 £ 1000
S 3
2 -
0 —— 0
e 3000 f £ 3000
£
= -
~ @
o £
E 2000 § 2000
E 4
S 1000 £ 1000
E =
0 0
— 4x250 2w o~
£ 3000 | £ 3000
E £
£ g
E 2000} 5 2000
o o
> >
£ 1000 g 1000
=] =}
(= =
oM 0
“E 3000 % 3000
E £
o >
5§ 2000 £ 2000
S E
S 5
E 1000 g 1000
~ P
0 0
0 20 40 60 80 100 120 —~
“c 3000
Time after first injection (days) E
(0]
£ 2000
°
>
g 1000
3
[t
0

0 20 40 60 80 100 120

Time after first injection (days)

@ PLoS ONE | www.plosone.org 6 August 2012 | Volume 7 | Issue 8 | e42345



Fractionated ?*’Th-Trastuzumab Therapy

Figure 3. Individual tumor volumes as function of time. Individual raw data measurements of tumor volumes for SKOV-3 (A) and SKBR-3 (B)
xenografts in mice. Panel labels: Groups labeled 1000 and 4x250 are given **’Th-trastuzumab at dosages of 1000 kBq/kg as single injection or 4 -

250 kBg/kg at intervals marked (d = days or w = weeks).
doi:10.1371/journal.pone.0042345.9g003

and trastuzumab groups, respectively) indicating that the subcu-
taneous SKOV-3 tumor may be more harmful for the animals
with regards to survival without life threatening loss of body weight
than the SKBR-3 tumor model. The SKOV-3 tumors were in
general more invasive than the SKBR-3 tumors in animals killed
due to large tumor size.

For mice carrying SKBR-3 tumors, animals treated with
4-250 kBq/kg **'Th-trastuzumab given at 2 wecks interval
showed improved survival to the group given therapy at intervals
of 4-5 days (p<<0.05, Mantel-Cox Log Rank test, Figure 6B). Only
2 animals (17%) in the 2 weeks interval group reached the body
weight endpoint, however these animals lived longer than all the
animals in the 4-5 day interval group and also longer than all
animals but one in the single injection group. A few animals had a
loss of body weight >15% of max tumor free body weight in all
SKBR-3 groups except 1000 kBq/kg single injection and
4250 kBq/kg **’Th-trastuzumab, 4-5 days interval (63% and
67% of the mice reached body weight endpoint, respectively).
None of the mice in the SKBR-3 control groups had to be killed
due to loss of body weight.

Dosimetric Evaluations

An activity of 1000 kBq/kg of **”Th to the mouse corresponded
to 0.5-1.0-107 alpha-particle decays from ?*’Th per day and per
gram of tumor at the maximum activity levels measured 3-7 days
after injection of **’Th-trastuzumab (measurements were in the
range 2.3-4.9 kBq/g after 3-7 days after injection of 400 kBq/kg,
with large variations between individual tumors). When contribu-
tion from ?*’Ra and daughters were included in the absorbed
radiation dose calculation, this corresponded to a maximum dose
rate of 0.6 Gy/day in the SKOV-3 model and as high as 1.0 Gy/
day in the SKBR-3 model. Dose rate curves for single injection
SKOV-3 and SKBR-3 data were calculated based on biodistribu-
tion data previously published [12,13]. Dose rate for tumor, femur
and blood are shown in Figures 7A and 7B. The overall dose rate
to tumor was kept on a relatively stable level by using 2 weeks
interval between injections, while dose rate decreased considerably
before next injection when allowing 4 weeks intervals, illustrated
by the plateaus in accumulated tumor dose in Figure 7C, D.

Discussion

Data presented in this report demonstrate that splitting the total
activity of the radioimmunoconjugate **’Th-trastuzumab into
several injections separated in time might reduce toxicity without
reducing the therapeutic efficacy in HER2-expressing tumor
xenograft models in athymic nude mice.

A dosage of 1000 kBq/kg ?*'Th-rituximab was previously
shown to have good anti-tumor effect in CD20-overexpressing
lymphoma xenografts with transient myelotoxicity, while the same
dosage resulted in non-acceptable side effects in mice without
tumor [14,18]. However, since subcutaneous tumor xenograft will
result in a lower % ID/g in the normal tissue, and since previous
studies have shown no toxicity of 600 kBq/kg of **’Th-
trastuzumab [12], 1000 kBq/kg of >’ Th-trastuzumab was chosen
as the single dosage in the present study. Furthermore, this dosage
was split into four equal portions of 250 kBq/kg, which was
expected to result in significantly reduced toxicity. Three separate
intervals between dosages were investigated, as both the time-
frames of damaging effect and recovery are difficult to predict.
Whereas a single dosage of 250 kBq/kg **'Th-trastuzumab was
considered too low to yield a therapeutic effect, repeated doses
were predicted to yield an effect [12]. The toxicity and efficacy of
the multiple dosing was compared to giving one dosage 1000 kBq/
kg 2*"Th-trastuzumab.

Alpha particles will not hit all cells in the tumor due to a
combination of the short range of alpha-particles, inhomogeneous
HER2 distribution, limited penetration of the radioimmunocon-
jugate, the stochastic nature of alpha-particle radiation, and the
long half-life of ?*”Th compared to the growth rate of tumor cells.
Furthermore, previous studies suggest that the therapeutic effect of
ZTTh-TAT per dose unit is highest for the lowest doses, while for
beta-RIT and external beam radiation the therapeutic effect per
dose unit is constant [20]. The growth delay per dose unit was 5—
15 days/Gy below 2 Gy for **’Th-TAT while at doses above
2 Gy it was around 3 days/Gy, which was comparable to beta-
RIT and x-radiation [20]. This non-linearity may be due to the
clustered DNA damage induced by high LET alpha particles as
compared to predominantly single strand breaks induced by low

Table 1. Therapeutic effect of single injection and multiple injections of 2?’Th-trastuzumab.

Tumor volume SKOV-3 SKBR-3

Treatment group Therapy interval n* Time' Growth delay* n* Time' Growth delay*
1000 kBq/kg 22’Th-trastuzumab - 9 (16) 72351 275 2(8) 116+14%" 90+14

4x250 kBg/kg 2*’Th-trastuzumab 4-5 days = = = 4(9) 98+7%! 73+7

4x250 kBg/kg 22’Th-trastuzumab 2 weeks 10(17)  81x9%! 37+9 17 (18)  42%7 16+8

4x250 kBg/kg 2*’Th-trastuzumab 4 weeks 8 (14) 93+1g%!l 48+18 12 (15)  29+4 4+4

4x5 pg trastuzumab 5 days/2 weeks 9(12) 49+4 4*6 6 (8) 243 —-1*4

Saline = 18 (21) 45+4 0 8 (8) 25*2 0

doi:10.1371/journal.pone.0042345.t001

@ PLoS ONE | www.plosone.org

*Number of tumors reaching 10-fold size (total number of tumors in therapy group).

Days (mean * standard error; estimation is limited to the largest time to reach endpoint within group if it is censored).
*Number of days delayed in reaching 10-fold increase in size compared to saline control group (mean * standard error).
§Significantly different from saline control group (p<<0.001 for SKOV-3 and SKBR-3).

ISignificantly different from trastuzumab control group (p<0.01 for SKOV-3 and p<0.001 for SKBR-3).
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Figure 4. Survival with largest tumor diameter less than 16 mm. Survival of mice carrying SKOV-3 (A) and SKBR-3 (B) tumor xenografts as
function of days after onset of therapy. The survival end point was tumor size of 16 mm diameter. Mice euthanized due to loss of weight were
censored in each plot. Groups significantly different from saline (NaCl) control group is marked with an asterisk.
doi:10.1371/journal.pone.0042345.9004

LET beta particles or gamma radiation. Only a few clustered may lead to overkill and not necessarily a better therapeutic effect.
DNA lesions may be lethal to a cell and thus increasing the dose Therefore, multiple dosing may be especially favorable for TAT

@ PLoS ONE | www.plosone.org 8 August 2012 | Volume 7 | Issue 8 | e42345



Fractionated ?*’Th-Trastuzumab Therapy

I 1000 kBa/kg 2" Th-trastuzumab

[ 4 * 250 kBa/kg “*'Th-trastuzumab 4-5 days
[ 4 * 250 kBa/kg 27 Th-trastuzumab 2 weeks
I 4 * 250 kBg/kg 2™Th.trastuzumab 4 weeks

[ 4 * 5 mg trastuzumab

I NaCl all
300

250 -+

200 A

150

100 +

Counts (% of baseline)

50

Weeks after start of therapy

Figure 5. White blood cell counts as function of time. Normalized, pooled white blood cell counts for mice carrying SKOV-3 and SKBR-3 tumor
xenografts as function of weeks after onset of therapy. In animals given saline (NaCl) data from animals without tumor are pooled with data from
tumor-carrying animals. Whole blood from vena saphena lateralis was collected in EDTA-coated tubes and analyzed using an automated hematology
analyzer (Scil Vet abc animal blood counter). Error bars are standard deviation. Results statistically significantly lower than baseline value are marked

by an asterisk.
doi:10.1371/journal.pone.0042345.9005

using 2?’Th. Results on the SKOV-3 tumor model in the present
study support that the therapeutic effect is at least as good with
four dosages of 250 kBq as with one dosage of 1000 kBq/kg, as
tumor growth delay for both multiple injection groups approached
the single injection group after 65-70 days and as the time to 10-
fold increase in tumor size was the longest for the multiple
injection groups (Figure 2B, Table 1). Survival analysis also
support this conclusion, as no statistically significant differences
were seen between the multiple and single injection TAT groups,

while all showed improved survival to the control groups
(Figure 4A).

However, the therapeutic benefit of four dosages of 250 kBq/kg
was not as obvious in the SKBR-3 xenografts. In the survival
analysis, there were no significant differences in average survival
between any of the multiple and single injection therapy groups,
whereas a small delay was seen for the 2 and 4 weeks therapy
groups in time to 10-doubling of tumor size. Already the pilot
study indicated that the growth rate of the SKBR-3 tumors might

Table 2. Overview of pooled clinical chemistry parameters in different therapy groups.

Parameters*

Urea (mmol/l)

ALT (U/l) AST (U/l) ALP (U/)

Treatment group Interval’ Mean (Range) Mean (Range) Mean (Range) Mean (Range)
1000 kBq/kg *2’Th-trastuzumab - 12 (7-20) 67 (13-263) 447 (127-1148) 46 (20-261)
4x250 kBg/kg 2?’Th-trastuzumab 4-5 days 19 (7-89) 63 (23-169) 287 (123-1048) 34 (28-44)
4x250 kBg/kg **’Th-trastuzumab 2 weeks 12 (8-29) 45 (16-194) 197 (99-444) 35% (<20-64)
4x250 kBg/kg 2?’Th-trastuzumab 4 weeks 12 (7-37) 75 (13-332) 441 (40-3840) 47+ (<20-252)
4x5 ug trastuzumab 5 days/2 weeks 12 (7-17) 30 (20-48) 229 (86-1176) 47 (30-63)
Saline = 11 (4-15) 75 (16-415) 369 (83-1484) 53 (26-94)

fInterval between therapy injections.

doi:10.1371/journal.pone.0042345.t002

@ PLoS ONE | www.plosone.org

*ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; ALP: Alkaline phosphatase.

*ALP-values below detection limit included with the detection threshold value 20 U/I.
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Figure 6. Survival without substantial loss of body weight. Survival of mice carrying SKOV-3 (A) and SKBR-3 (B) tumor xenografts as function
of days after onset of therapy. The survival end point was loss of more than 15% of maximum body weight. Mice euthanized due to other reason than
loss of weight were censored in each plot.

doi:10.1371/journal.pone.0042345.9006

be too rapid to be an optimal model due to the long half-life of to have their 3™ therapy injection, apparently mice with initially
227Th. A few mice in the 4 weeks interval group lived long enough slowly growing tumors benefiting from the therapy. Interestingly, 2
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doi:10.1371/journal.pone.0042345.g007

mice in each of the 2 and 4 weeks interval groups had tumor
diameters <16 mm close to or more than 130 days after start of
therapy, which is considerably longer than any mouse in the
control groups. The survival analysis takes account for events
happening later than the tumor doubling analysis alone, and the
statistical unit is the mouse, not the tumor, which explains the
different results obtained with the two methods.

Several preclinical and clinical studies on fractionated or
multiple RIT using B-emitting radionuclides combined with a
wide range of antibodies indicate that fractionation can increase
the therapeutic efficacy [17]. Clinical radioimmunotherapy using
an *’Y-labeled anti-CD22 mAb or an '*'I-labeled anti-CD20 mAb
has been shown to yield high rates of overall responses and durable
complete responses in relapsed/refractory Non-Hodgkin Lym-
phoma, when given as 2 injections separated by 2 and 8 weeks,
respectively [21,22]. No statistically difference in the efficacy
between single dose and fractionated regime was seen in TAT with
2 At-trastuzumab in intraperitoneally growing SKOV-3 and
NIH:OVCAR-3 animal models [23,24]. Together, the *''At
results and our results suggest that there is no increased therapy
effect of fractionation of TAT when the same total amount of
activity is administered, although reduced adverse effects can be
expected.

The dose contribution to the tumor in TAT is always limited by
the antibody distribution in the tumor. Firstly, mAbs are large
molecules showing slow diffusion and poor penetration. Secondly,
high binding affinity to target may contribute to reduce

@ PLoS ONE | www.plosone.org
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distribution of the mAb according to the “binding-site barrier”
hypothesis [25]. Therefore saturation of the antigen sites in the
perivascular regions may be required in order for the mAb to
penetrate deeper into the tumor. The average penetration depth of
trastuzumab into SKOV-3 tumors was measured by Rudnick
et al. to be 37 um from the blood vessels 5 days after i.p. injection
of 500 ug [26]. Autoradiography images of typical SKOV-3 and
SKBR-3 tumors given >’ Th-trastuzumab are shown in Figure 8.
Inhomogeneous distribution of the radioimmunoconjugate across
tumors can be seen. The limited penetration of the radio-
immunoconjugate together with the low range of the alpha-
particles might explain why TAT fractionated into small dosages
does not seem to give as much benefit as fractionated therapy with
longer range B-particles in solid tumors. Fractionated TAT was
however reported to be successful in intraperitoneally growing
disseminated NIH:OVCAR-3 ovarian cancer xenografts when
using a higher activity closer to the maximum tolerated dose per
fraction [27].

Dose rate calculations based on earlier studies of SKOV-3 and
SKBR-3 xenografts in mice indicated that the dynamic tumor
uptake might be different in the two tumor models, resulting in
different total accumulated dose. For tumor tissue this approach is
an oversimplification of the real situation as we know that activity
is not evenly distributed throughout the tumor. Further, antigen
expression might be different in the two tumor models. Previous
i vitro studies showed that SKBR-3 cells had more antigen sites
than SKOV-3 cells; however the antigen expression showed a

August 2012 | Volume 7 | Issue 8 | e42345
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Figure 8. Autoradiography images of SKOV-3 and SKBR-3 tumors. Autoradiography images of the radioactivity distribution in 5 um thick
frozen tissue sections of SKOV-3 (A-B) and SKBR-3 (C-D) tumor xenografts from mice given 600 kBq/kg body weight **’Th-trastuzumab 8 days prior
to tumor excition. Films were exposed for 7 days in —80°C prior to development.

doi:10.1371/journal.pone.0042345.g008

broader distribution in the SKOV-3 population [11]. Regarding
contribution from free **’Ra, it is assumed that the alpha particles
emitted from tumor-localized **Ra are mainly absorbed by the
tumor cells due to the high cell density. Biodistribution data from
previous studies [12,18] may indicate that ***Ra is less likely to

). PLoS ONE | www.plosone.org

12

escape from SKBR-3 tumors compared to SKOV-3 tumors,
contributing to a higher total dose in the SKBR-3 tumors as seen
in Figure 8. However, large variations in dose to individual tumors
were seen, making conclusions difficult. In the bone marrow,
however, the situation is different as free **Ra is not homoge-
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neously distributed but located mainly on bone surface. Due to the
short alpha-particle range, the **’Ra is less likely to harm the cells
of the bone marrow [14]. When comparing the results to i vitro
studies in the same cell lines, the mean total dose per cell from cell-
bound **”Th-trastuzumab needed to kill 10-fold of tumor cells was
about 2 Gy both for SKOV-3 and SKBR-3 cell lines, however the
SKOV-3 cells were found to be a bit more radiosensitive than the
SKBR-3 cells [11]. This fact may partly explain the better
response in the SKOV-3 tumor xenografts.

The data suggest that splitting the dose can alleviate red marrow
toxicity, which might be the dose limiting factor in 2>’ Th-TAT,
due to relocation of the long lived daughter nuclide ***Ra to bone
[12,14]. This result corresponds with the reported results from a
study by Elgqvist et al, where myelotoxicity was reduced in
fractionated TAT with 2''At [24]. No statistically significant
differences were seen in the clinical chemistry analysis, a few
samples with values above the normal range seemed to be
randomly distributed among the therapy groups.

Loss of body weight was used as another indicator of toxicity. In
the groups given fractionated therapy, fewer animals were killed
due to loss of body weight, or later than in the group given
1000 kBq/kg **’Th-trastuzumab. An exception is the group given
fractions at intervals 4-5 days. The toxicity in this group seemed
to be at least as high as for 1000 kBq/kg single injection, possibly
indicating that the interval is too short to allow for washout of
radioactivity in blood between the injections, thus keeping the
radioactivity level in blood and bone marrow high over a
prolonged period. The serum half-life of ?*’ Th-trastuzumab could
be estimated from previously published biodistribution data to be
7-10 hours in the initial phase right after injection, and 2-5 days
later in the study, when 0.4-0.6 pg trastuzumab/kg body weight
was injected [12,13].

There 1s an inherent problem in studying fractionated radio-
immunetherapy in mice with rapidly growing tumors, especially
when using long-lived, low-dose-rate emitting radionuclides such
as ?Th. A compromise with regards to dosage and intervals will
need to be made taking the half-life of the radionuclide, tumor
growth and time to white blood cell recovery into account. In this
case the myeloid toxicity of the bone-seeking daughter radionu-
clide #2°Ra needs to be considered, as well as the half-life of the
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*27Th-mAb conjugate in circulation, as it is likely that the major
proportion of ***Ra in bone derives from the decay of circulating
mAb-bound **Th [12,14]. Due to the long halflife of **’Ra
(11.4 days), several weeks between fractions might be optimal.
This is however suboptimal for fast growing tumors as prolifer-
ation will occur in cells not hit by alpha-particles. Sub-toxic dosage
levels should however be possible to administer with shorter
intervals as discussed by DeNardo [17]. We suggest that
fractionated therapy in humans with longer intervals is even more
beneficial with regards to side effects. For example, an interval of
4 weeks has been used in clinical trials of intravenous administra-
tions of 50 kBq/kg body weight of ** Ra with minimum
myelotoxicity, after up to six consecutive injections in prostate
cancer patients suffering from bone metastases [28,29].

Conclusions/Significance

The study indicates that the same concentration of radioactivity
split into several fractions may reduce toxicity of **’Th-radio-
immunotherapy while the therapeutic effect is maintained. Thus,
it might be possible to increase the cumulative absorbed radiation
dose to tumor with acceptable toxicity by fractionation of the
dosage.

Thorium-227 TAT may, however, not be convenient for
fractionated use in very rapidly growing tumors due to the low
dose rate by which the dose is delivered to the tumor tissue.
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