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Abstract
Purpose The anti-CD20 antibody rituximab labelled with
the α-particle-emitting radionuclide 227Th is of interest as a
radiotherapeutic agent for treatment of lymphoma. Com-
plete regression of human lymphoma Raji xenografts in
60% of mice treated with 200 kBq/kg 227Th-rituximab has
been observed. To evaluate possible late side effects of
227Th-rituximab, the long-term radiotoxicity of this poten-
tial radiopharmaceutical was investigated.
Methods BALB/c mice were injected with saline, cold
rituximab or 50, 200 or 1,000 kBq/kg 227Th-rituximab and
followed for up to 1 year. In addition, nude mice with Raji
xenografts treated with various doses of 227Th-rituximab
were also included in the study. Toxicity was evaluated by

measurements of mouse body weight, white blood cell
(WBC) and platelet counts, serum clinical chemistry
parameters and histological examination of tissues.
Results Only the 1,000 kBq/kg dosage resulted in de-
creased body weight of the BALB/c mice. There was a
significant but temporary decrease in WBC and platelet
count in mice treated with 400 and 1,000 kBq/kg 227Th-
rituximab. Therefore, the no-observed-adverse-effect level
(NOAEL) was 200 kBq/kg. The maximum tolerated
activity was between 600 and 1,000 kBq/kg. No significant
signs of toxicity were observed in histological sections in
any examined tissue. There were significantly (p<0.05), but
transiently, higher concentrations of serum bile acids and
aspartate aminotransferase in mice treated with either
227Th-rituximab or non-labelled antibody when compared
with control mice. The maximum tolerated dose to bone
marrow was between 2.1 and 3.5 Gy.
Conclusion Therapeutically relevant dose levels of 227Th-
rituximab were well tolerated in mice. Bone marrow
suppression, as indicated by decrease in WBC count, was
the dose-limiting radiotoxicity. These toxicity data together
with anti-tumour activity data in a CD20-positive xenograft
mouse model indicate that therapeutic effects could be
obtained with relatively safe dosage levels of the radio-
immunoconjugate.
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Introduction

We are exploring the potential of 227Th alpha-particle
radioimmunotherapy (alpha-RIT), which is a novel cancer
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treatment modality approaching clinical use. We have
chosen 227Th-rituximab and CD20-positive Raji lymphoma
xenografts as our model system. Alpha-particles have high
energy and short path lengths in tissue (50–100 μm) which
are well matched with the size of micrometastases or single
cancer cells, indicating the potential for a tumour-selective
irradiation. Alpha-particles interact directly with DNA to
produce double-strand breaks or with water to produce
hydroxyl radicals that are highly reactive against biological
materials [1]. However, one major obstacle for clinical
alpha-RIT has previously been the lack of production
capacities for suitable radionuclides. 227Th (T½=18.7 days)
can be produced routinely in clinically relevant amounts
from 227Ac, which in turn can be generated by thermal
neutron irradiation of 226Ra [2].

We have previously shown that 227Th can be stably
conjugated to antibodies [3] and that treatment with 227Th-
rituximab effectively inhibits growth of human lymphoma
xenografts at dosages of 200–400 kBq/kg [4]. However,
when using alpha emitters for medical purposes there is a
particular concern for long-term tissue toxicity [5]. For
227Th-rituximab the long-term toxicity is largely unknown.
227Th decays via its alpha- and beta-emitting daughters
223Ra, 219Rn, 215Po, 211Pb, 211Bi and 207Tl to stable non-
radioactive 207Pb (Fig. 1). 223Ra will detach from the
antibody-DOTA construct because of the substantial kinetic
energy of the recoiling nucleus after the alpha-particle
emission. However, the long half-life of 227Th permits
tumour targeting and normal tissue clearance of the 227Th-
labelled radioimmunoconjugate before larger amounts of
223Ra are generated. Nevertheless, free daughters are
produced in vivo from circulating unbound antibodies or
from antibodies bound to the surface of the target cells and
can relocalize to various target organs where they can
accumulate and cause radiotoxicity.

Fortunately, the biodistribution of 223Ra is well known [6,
7]. It clears from the blood very rapidly and is either excreted
via the intestines or trapped by hydroxyapatite at bone
surfaces [8]. Favourably, 223Ra has a half-life of 11.4 days,
which means that there is time for binding to hydroxyapatite
or excretion before decay occurs. Minor amounts of 223Ra
are also retained in tumour even though 227Th-rituximab is
not significantly internalized [9]. The half-lives of the 223Ra
daughters are in the millisecond to minute range. They are
therefore likely to contribute mainly to the radiation dose in
the vicinity of the site of 223Ra decay.

The toxicity of 223Ra has been investigated in mice and
in humans [8, 10, 11]. High dosages, 1,250–3,750 kBq/kg,
of 223Ra in mice resulted in a dose-related depletion of
myeloid precursors in the bone marrow. Dosages of 50–
250 kBq/kg 223Ra in humans were well tolerated, with
grade III leucopaenia in 12% of the patients and no more
than grade I thrombocytopaenia [11]. The mouse therapy

data indicate that these levels would be therapeutically
relevant also for 227Th-rituximab in clinical use [4].

Bone marrow toxicity has been shown to be the major
normal toxicity problem after treatments with alpha-RIT with
211At- and 213Bi-labelled antibodies [12–15]. However, the
more long-lived alpha emitter 225Ac has resulted in long-
term kidney toxicity [5].

In this study, we investigated the long-term toxicological
effects of 227Th-rituximab by combining data from BALB/c
mice with data from short- and long-term nude mice
studies. In the latter the animals had got their tumour
xenografts inactivated by 227Th-rituximab treatment and
were followed for signs of long-term toxicity.

Materials and methods

Preparation of 227Th-p-isothiocyanato-benzyl-DOTA-
rituximab

227Th, 227Th-p-isothiocyanato-benzyl-DOTA complexes
(Macrocyclics Inc., Dallas, TX, USA) and 227Th-p-
isothiocyanato-benzyl-DOTA-rituximab (227Th-rituximab)
(Mabthera®, Roche, Basel, Switzerland) were prepared as
previously described [2, 3, 16]. The specific activity of the
radioimmunoconjugate was in the range of 650–5,300 Bq/μg,
which equals from 1 227Th atom per 2,700 rituximab
molecules to 1 227Th atom per 330 rituximab molecules.
The quality of the radioimmunoconjugate was tested
using lymphoma cells and a modified Lindmo method

Fig. 1 227Th decay scheme
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[17]. Cell concentrations of up to 108 Raji cells/ml were
used to compensate for the modest specific activity of
the radioimmunoconjugate [3, 16]. The immunoreactive
fractions of conjugates used in the current study were
above 60%.

Quantity and purity of 227Th-rituximab

The 227Th products were measured using a germanium
detector (GCW6021, Canberra, Meriden, CT, USA). Stron-
ger sources of purified 227Th samples was measured on a
Capintec dose calibrator which had been calibrated by pure
227Th sources quantified by a germanium detector. Radio-
nuclide and radiochemical purity was beyond 98%, i.e. less
than 2% 223Ra, for all injectates.

Animals

Two different breeds of mice were used in the current
study: (1) 59 BALB/c mice (AnNHsd, Harlan UK,
Oxfordshire, UK), age 5 weeks, weighing 13–15 g at the
start of the experiment and (2) 74 institutionally bred
female BALB/c nu/nu (NCR) mice that were 4–8 weeks
old and had body weights in the range of 25–30 g at the
start of the experiment. The NCR nu/nu mice were divided
into three groups: (1) 36 mice without Raji xenografts were
used for early (1–8 weeks) time points; (2) 8 mice without
Raji xenografts were used as age-matched controls for the
late time points (14, 19, 30 and 36 weeks) and 6 mice
without Raji xenografts were used as age-matched controls
for the 0 time point; and (3) 24 mice with Raji xenografts
that had been treated with 227Th-rituximab and in which
the xenografts had been inactivated by the treatment. The
animals were maintained under pathogen-free conditions,
and food and water were supplied ad libitum. All
procedures and experiments involving animals in this
study were approved by the National Animal Research
Authority and carried out according to the European
Convention for the Protection of Vertebrates used for
Scientific Purposes.

Treatment and blood sampling

BALB/c mice were injected with either saline, 20 μg
rituximab or 50, 200 or 1,000 kBq/kg 227Th-rituximab. Table 1
shows an overview of the treatment groups. Half of the mice
were killed after 26 weeks and blood was collected by
cardiac puncture for complete blood counts (CBCs) and
clinical chemistry. From the rest of the group approximately
200 μl blood was collected at 32 and 40 weeks after injection
from the vena saphena lateralis for CBCs and by cardiac
puncture at 52 weeks for CBCs and clinical chemistry.

In addition, NCR nu/nu mice without tumours were
injected in the tail vein with either saline or 200, 400 or
1,000 kBq/kg 227Th-rituximab in an approximate volume of
0.1 ml. Table 2 shows an overview of the treatment groups.
Blood samples were drawn and analysed weekly for the
first 8 weeks. The mice were divided into three groups,
each containing 12–15 mice. Blood was collected from one
alternating group every third week during the first 8-week
period. Thus, each mouse was sampled two to three times.
In addition, some untreated age-matched NCR nu/nu mice
without tumour were included (week 0).

Moreover, blood samples were collected at 3, 7, 14, 19,
30 or 36 weeks after injection from NCR nu/nu mice used
in therapy experiments and which had complete tumour
response. Table 3 shows an overview of the treatment
groups. Approximately 200 μl blood was collected from the
vena saphena lateralis in 0.5 ml EDTA-coated tubes (BD
Microtainer, Franklin Lakes, NJ, USA). At time points 6, 7,
8, 19 and 36 weeks after injection, blood was collected by
cardiac puncture for CBCs and clinical chemistry.

Table 1 Overview of treatment groups, number of animals per group
and time points for blood sampling for BALB/c mice without tumour

Treatment No. of animals Time (weeks)a

NaCl 11 26, 32, 40 and 52

20 μg rituximab 12 26, 32, 40 and 52

50 kBq/kg 227Th-rituximab 12 26, 32, 40 and 52

200 kBq/kg 227Th-rituximab 12 26, 32, 40 and 52

1,000 kBq/kg
227Th-rituximab

12 26, 32, 40 and 52

a Half of the mice were killed at the 26-week time point

Table 2 Overview of treatment groups, number of animals per group
and time points for blood sampling for NCR nu/nu mice without
tumour

Treatment No. of animals Time (weeks)

None 6 0

3 14 and 19

5 30 and 36

NaCl 3 1, 4 and 7

3 2, 5 and 8

3 3 and 6

200 kBq/kg 227Th-rituximab 3 1, 4 and 7

3 2, 5 and 8

3 3 and 6

400 kBq/kg 227Th-rituximab 3 1, 4 and 7

3 2, 5 and 8

3 3 and 6

1,000 kBq/kg 227Th-rituximab 3 1, 4 and 7

3 2, 5 and 8

3 3 and 6
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Cardiac puncture was only performed on anaesthetized
mice before termination. Mice were anaesthetized using
Sevoflurane® (Abbott, North Chicago, IL, USA) and
terminated after sampling by cervical dislocation. All
available blood was collected in 2.0 ml syringe and divided
between 1.8 ml Eppendorf tubes without anticoagulant and
0.5 ml EDTA-coated tubes. After coagulation the blood was
centrifuged to get serum. Complete blood cell counts and
several clinical chemistry parameters were analysed by the
Central Laboratory at the Norwegian School of Veterinary
Science (clinical chemistry: Advia 1620, haematology:
Advia 2120, Bayer, Leverkusen, Germany).

In weeks 1 and 5 the white blood cells (WBC) were
counted by a haemolysis method [18]: 100 ml blood was
mixed with 1 ml lysing solution (VersaLyse, Beckman
Coulter, California, USA) for at least 15 min to destroy red
blood cells. Subsequently, the cells were counted in an
automatic viability analyser (Vi-Cell-XR, Beckman Coulter,
Fullerton, CA, USA). Initially WBC counts were counted
in paired samples by both methods and the results showed
strong correlation (data not shown). With the haemolysis
method it was not possible to measure the number of RBC
and platelets for weeks 1 and 5.

Measurements of 227Th-rituximab activity in bone marrow

Uptake of 227Th-rituximab in bone marrow was measured by
scratching out bone marrow from femur with a needle. The
bone marrow sample was smeared on a pre-weighed piece of
Parafilm (American National Can, Menasha, WI, USA) and
subsequently put in a pre-weighed airtight tube to avoid
drying. Activities from 227Th and 223Ra were measured by
their most characteristic γ-rays employing a solid-state photon
detector with a well (GCW6021, Canberra, Meriden, CT,

USA) coupled to a digital gamma ray spectrometer and
analysed using the computer software Apex (Canberra,
Meriden, CT, USA). Activities from the same samples were
also measured with a calibrated gamma detector (Cobra II
auto-gamma detector, Packard Instrument Company, Meriden,
CT, USA), and data from these measurements were used if the
activity was too low to be measured by the solid-state photon
detector. It was assumed that 223Ra was in secular equilibrium
with its daughters.

In one experiment femur was frozen, cut into sections and
put on object slides, which were dipped in photographic
emulsion (LM-1 Hypercoat emulsion, GE Healthcare,
Buckinghamshire, UK). The emulsion was exposed for
13 days before developing according to the manufacturer’s
description.

Histology

All mice were autopsied after cervical dislocation. The
kidneys and the spleen were weighed. The heart, lungs,
small and large intestines, stomach, kidney, spleen, liver
and bone marrow (femur) were fixed in 4% formaldehyde
in phosphate buffer (pH~7), embedded in paraffin, cut to a
nominal thickness of approximately 5 μm and stained with
haematoxylin and eosin. A pathologist examined all
sections. The nude mice with Raji tumours did not survive
to reach the latest time points because of tumour growth.
Therefore, age-matched nude mice without tumours served
as controls in the histology experiments for the latest time
points.

Statistical analysis

Differences in weight of kidneys and spleen were tested for
significance using a t-test. Differences in histological
findings were tested for significance using two-way
analysis of variance (ANOVA). Clinical chemistry param-
eters were transformed to normal distribution (mean~0.0,
SD~1.0) by fitting the logarithm of the data points to an
exponential function. The data were tested for statistically
significant differences with respect to time from injection
and treatment type using two-way ANOVA. Pairwise
comparisons were performed with the Holm-Sidak method
or the Mann-Whitney rank sum test.

Results

Weight of mice, kidneys and spleen

There were no significant differences in the body weight
development for the different BALB/c treatment groups,
except for the group receiving 1,000 kBq/kg 227Th-

Table 3 Overview of treatment groups, number of animals per group
and time points for blood sampling for NCR nu/nu mice with tumour

Treatment No. of animals Time (weeks)

NaCl 2 14

1 19

200 kBq/kg 227Th-rituximab 2 7

2 14 and 19

400 kBq/kg 227Th-rituximab 2 30 and 36

600 kBq/kg 227Th-rituximab 2 7

1 14

4 19

1 30

1,000 kBq/kg 227Th-rituximab 2 3

2 14 and 19

2 19

1 30
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rituximab (n=12), which resulted in inhibition of weight
gain between weeks 1 and 15 and weight loss and death
after week 15 (Fig. 2). There were no significant differences
in the mean weight of kidneys or spleen 26 weeks after
injection (ANOVA on ranks, p=0.153 and p = 0.51,
respectively). However, for the 1,000 kBq/kg 227Th-
rituximab group (n=5) one mouse had 27% lower kidney
weight and 63% lower spleen weight than the mean of the
control mice and one mouse had 32% higher kidney weight
and 176% higher spleen weight than the mean of the
control mice.

The nude mice in the therapy experiments were also
weighed but here the body weights were significantly
influenced by the weight and development of tumour, and
the control mice were euthanized because of large tumour
size at earlier time points than the mice treated with
227Th-rituximab.

Haematology

Two-way ANOVA were performed for WBC counts, red
blood cell (RBC) counts and platelet counts for all time
points and for both mouse strains. The WBC count was
significantly higher in control mice (6.5±3.3 · 109 WBC/l)
than in mice treated with 600 (4.0±1.1 · 109 WBC/L) and
1,000 (3.6±2.3· 109 WBC/l) kBq/kg 227Th-rituximab
(Mann-Whitney rank sum test, p <0.005). The RBC count
was higher in control mice (9.8±0.9 · 1012 RBC/l) than in
mice treated with 1,000 kBq/kg 227Th-rituximab (8.6±0.9 ·
1012 RBC/l) (t test, p<0.001). The platelet count was higher
in control mice (982±378 · 109 PLT/l) than in mice treated
with 1,000 kBq/kg 227Th-rituximab (781±193 · 109 PLT/l)
(Mann-Whitney rank sum test, p <0.005).

Subsequently, data for both mouse strains were divided
into two subgroups with regard to time after injection (1–
19 weeks and 26–52 weeks). In the 1–19 week subgroup

there were significantly lower platelet and WBC counts in
mice treated with 400 and 1,000 kBq/kg 227Th-rituximab as
compared with control mice, while for RBC counts only the
treatment with 1,000 kBq/kg 227Th-rituximab had a
significant effect (Table 4). In the 26–52 weeks period,
there were no significant differences between mice treated
with 227Th-rituximab or rituximab and control mice for any
parameter (not shown).

The WBC, platelet and RBC counts varied with time in the
first period (Fig. 3). The nadir for WBC count for mice treated
with 1,000 kBq/kg was at 2–3 weeks, and after 7–8 weeks
there were no significant differences between treated and
untreated mice (Fig. 3a). The nadir for platelets was at 2–
3 weeks for mice treated with 400 and 1,000 kBq/kg, and
after 6 weeks there were no significant differences between
treated and untreated mice. For RBC counts the significant
difference between 1,000 kBq/kg and control treatments was
constant in the whole period (almost parallel regression lines).

Uptake of 227Th-rituximab in red bone marrow

The uptake of 227Th-rituximab in bone marrow scraped out
of the femur of NCR nu/nu mice without tumour was
measured for several time points after injection of 600 kBq/
kg 227Th-rituximab (Fig. 4). From the activity versus time
curve the cumulated activity was calculated and the
absorbed radiation dose was estimated by multiplying with
the energy per alpha-particle (5.9 MeV). The absorbed
radiation dose after injection of 600 kBq/kg 227Th-ritux-
imab was estimated to be 2.4 Gy, assuming that all alpha-
particle energy was absorbed by the red marrow and that
the activity in bone marrow decreased with the same half-
life after the 14-day time point as between the 7-day and
14-day time points.

No 223Ra was detected in red marrow for early time
points (up to 7 days). However, previous studies have
shown that around 80% of the absorbed radiation dose to
femur comes from 223Ra and daughters [4]. For the 14-day

Weeks after injection

0 10 20 30 40 50

M
o

u
s
e

 b
o

d
y
-w

e
ig

h
t 

(g
)

14

16

18

20

22

24

26

28

NaCl 

Rituximab 

50 kBq/kg 

200 kBq/kg 

1000 kBq/kg 

Fig. 2 Mouse body weight as a function of time after injection of
NaCl, 20 μg rituximab or 50, 200 and 1,000 kBq/kg 227Th-rituximab

Table 4 Mean values ± SE for counts of WBC, platelets and RBC 1–
19 weeks after injection of NaCl or increasing amounts of 227Th-
rituximab in NCR nu/nu female mice with and without tumour

Treatment WBC (109/l) Platelets (109/l) RBC (1012/l)

Normal valuesa 5.4±1.9 897±81 10.0±0.4

Control 5.7±0.5 1176±44 9.8±0.2

200 kBq/kg 4.9±0.4 993±67 9.8±0.2

400 kBq/kg 3.6±0.4b 798±104b 9.4±0.1

600 kBq/kg 4.0±0.6 1061±60 9.5±0.2

1,000 kBq/kg 2.8±0.3b 846±34b 8.6±0.2b

aMean ± SD of data for nude mice [26]
b Significantly different from control (p≤0.005, Mann-Whitney rank
sum test)
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time point there was between 20 and 70% 223Ra in the bone
marrow. However, it was assumed that this was contami-
nation due to the scraping since previous studies had shown
that 223Ra has a very high affinity for bone [7]. Micro-

autoradiography of femur with red marrow 4 days after
injection showed a high number of alpha-particle tracks
close to the inner bone surface, while there were less alpha-
particle tracks in the red marrow (Fig. 5). Figure 5 shows
that the absorbed radiation dose to red marrow might be
somewhat higher than that calculated from the data in Fig. 4
since the red marrow would also be struck by alpha-
particles emitted from the bone surface. However, the
tracks from the bone surface did not reach far into the red
marrow.

Clinical chemistry

Log transformation of the clinical chemistry data was
necessary in order to do statistical analysis because of large
variations within treatment groups. Two-way ANOVA
analyses of the clinical chemistry parameters for both
mouse strains with treatment and time as factors were
performed (Table 5, columns 3 and 4). The mean aspartate
aminotransferase (AST), urea and alanine aminotransferase
(ALT) concentrations in serum varied significantly with the
treatment type (Table 5, column 3). The treatments were
also compared pairwise using the Holm-Sidak method
(Table 5, column 5). The NaCl control group had
significantly lower serum AST concentration than the
50 kBq/kg 227Th-rituximab group (three of six mice had
fivefold higher values than the control) and the rituximab
treatment group had significantly higher serum urea
concentrations than the 1,000 kBq/kg 227Th-rituximab
group (Table 5, column 5).

No systematic trends in responses were detected with
increase in 227Th-rituximab dosage. Therefore, the 227Th-
rituximab group was pooled. Figure 6 shows log-
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error from three mice per time point. The mice were injected with
521 kBq/kg of 227Th-rituximab, which was normalized to 600 kBq/kg
for calculation of dose
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Fig. 3 Blood counts. a Number of WBC as a function of time after
injection of NaCl or 200, 400, 600 and 1,000 kBq/kg 227Th-rituximab.
b Number of platelets as a function of time after injection of NaCl or
200, 400, 600 and 1,000 kBq/kg 227Th-rituximab. c Number of RBC
as a function of time after injection of NaCl or 200, 400, 600 and
1,000 kBq/kg 227Th-rituximab. Points plotted are individual data.
Data for weeks 1 and 5 are missing for platelets and RBC because a
haemolysis method was used for WBC counting
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transformed data for AST, urea, ALT and bile acids for the
227Th-rituximab group, the rituximab group and the control
group. Figure 6 shows that the significant variations of
clinical chemistry parameters with time were not systematic.
For AST, urea and ALT there were significant differences
when the data were pooled over all time points. However,
Fig. 6 shows that only for urea there were significant
differences between the 227Th-rituximab group and the
control group when the data were plotted as a function of
time. For bile acids no significant differences between
treatments were found for data pooled over time (Table 5).
Nevertheless, there was a significantly higher concentration of
serum bile acids in the blood of 227Th-rituximab mice than in
the blood of NaCl control mice between weeks 12 and 37
(p=0.003, Mann-Whitney rank sum test). However, also the
mean values for rituximab treatment alone were elevated
compared with the NaCl values (p=0.222, Mann-Whitney
rank sum test). Therefore, the significant difference between
227Th-rituximab and NaCl for AST and bile acids might to
some extent be due to the rituximab part of 227Th-rituximab
and not the 227Th part.

Histology

No significant signs of toxicity were found for any tissue
except for some lymphoid infiltration in the liver of one
mouse treated with 1,000 kBq/kg 227Th-rituximab.

Discussion

The results of preclinical studies with 227Th-rituximab have
generated sanguinity for potential human clinical use [3, 4,
9, 16]. One advantage of using 227Th is its relatively long
half-life (18.7 days) compared with other alpha-particle-
emitting radionuclides used for radioimmunotherapy (213Bi,
T½=45.6 min; 211At, T½=7.2 h). This permits enough time
to target less readily accessible tumour cells before decay
occurs. Another benefit of 227Th is the availability of large
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Fig. 5 Microautoradiography image of epiphyseal region of femur
containing red marrow from a mouse autopsied 4 days after injection
of 227Th-rituximab. The microautoradiography emulsion was exposed
for 14 days. a Phase contrast image (×200) showing bone and red
marrow cells. Alpha-particle tracks (black lines) can be seen dimly. b
Bright field image of the same area showing the distribution of alpha-
particle tracks on bone surface and in the red marrow. Black arrows
point to alpha-particle tracks. The section was 5 μm thick

Parameter ANOVA Holm-Sidak

na Treatment Time

Aspartate aminotransferase 133 p=0.0004 p=0.16 NaCl<50 kBq/kg (p=0.001)

Urea 134 p=0.008 p<0.001 Rituximab>1,000 kBq/kg (p=0.002)

Total protein 135 p=0.27 p<0.001 NS

Creatinine 134 p=0.227 p<0.001 NS

Alkaline phosphatase 51 p=0.886 p=0.004 NS

Alanine aminotransferase 130 p=0.008 p<0.001 NS

Albumin 127 p=0.785 p=0.10 NS

Bile acids 131 p=0.124 p=0.008 NS

Table 5 The p values for two-
way ANOVA analysis of clinical
chemistry parameters with treat-
ment type and time as factors,
and pairwise comparisons of
treatment groups using the
Holm-Sidak method

a Number of samples
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amounts of its raw material, 227Ac [2]. Lack of raw material
is a problem for other alpha-particle-emitting radionuclides,
including 225Ac (T½=10 days), 213Bi and 211At. Further-
more, 227Th can be stably conjugated to IgG and the
pharmacokinetics of free 227Th and daughters are well
known [3, 6, 7].

The no-observed-adverse-effect level (NOAEL) is an
important parameter in preclinical risk assessment. To be
adverse, an effect has to be dose responsive, and statisti-
cally and biologically significant [19]. There was a dose-
dependent statistically and biologically significant decrease
in WBC and platelet counts for 400 and 1,000 kBq/kg
227Th-rituximab and for RBC counts for 1,000 kBq/kg.
Only the highest dosage level induced death of mice. Thus,
an adverse but tolerable effect on bone marrow is induced
by treatment with 400 kBq/kg 227Th-rituximab. The
decreases in WBC and platelet counts for 600 kBq/kg
227Th-rituximab were not significant, but the number of
animals was small for this dosage group. Liver toxicity was
assessed both by histology and clinical chemistry. The level
of AST was not dose responsive. However, AST values were
significantly higher for mice treated with 227Th-rituximab
than for untreated mice and the effect seemed to increase
slightly with time. Nevertheless, since there were no dose
responses, an increase in AST cannot be used to determine
the NOAEL. Thus, the NOAEL for the 227Th-rituximab
treatment was 200 kBq/kg. The maximum tolerated activity
was probably between 600 and 1,000 kBq/kg

Other studies of alpha-particle radioimmunotherapy have
shown increased levels of blood urea nitrogen and
creatinine after treatment with 225Ac-HuM195, which is
indicative of kidney damage [5, 20]. The present study
showed no increase in these parameters.

227Th decays through four alpha-emitting daughters
(223Ra, 219Rn, 215Po and 211Bi) and two beta-emitting
daughters ( 211Pb and 207Tl). Although the daughter
nuclides enhance the dose to tumour cells, they also may
result in increased toxicity since they can relocalize to and
irradiate normal tissues. The absorbed dose to normal
tissues in mice with and without tumour xenografts had
earlier been determined after injection of 227Th-rituximab
[3, 4]. The resulting absorbed radiation doses after injection
of 200 kBq/kg 227Th-rituximab in nude mice were 1.9 Gy
in tumour, 1.7 Gy in femur, 1.1 Gy in skull, 0.5 Gy in liver
and spleen, and 0.3 Gy in kidney and blood [4]. Both the
contribution from 227Th and the contribution from the
daughters were included in the calculation, and it was
assumed that the 223Ra daughters decayed in the same
tissue as 223Ra, although 211Pb has a half-life of 36 min and
might relocalize to other sites in the body. However,
Henriksen, et al. [7] have shown that 211Bi (and thus
211Pb) is well retained in the bone of mice at 6 h and 3 days
after intravenous injection of dissolved 223RaCl2. The
radium localized in bone with little uptake elsewhere. It is
likely that the bone-seeking radium generated in vivo in
this study will have a similar localization as the mother

Fig. 6 Clinical chemistry. Log-
transformed concentration of
AST, urea and bile acids in serum
after injection of NaCl, 20 μg
rituximab or different concentra-
tions of 227Th-rituximab pooled
in one group. For NaCl and
227Th-rituximab individual mea-
surement points, trend line (solid
lines) and 95% confidence inter-
vals (dotted lines) are given. For
rituximab, values are given as
mean ± SD since we only had
values for two time points. Be-
cause of large variation in the
data the concentrations were log-
transformed to a normal distri-
bution with mean 0.0 and SD 1.0
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nuclide and the daughter products, i.e. at least for bone, it is
a good approximation to assume equilibrium between the
mother nuclide and the progenies. Thus, based on absorbed
radiation doses, one would expect to get the highest toxicity
in bone marrow, liver and spleen. The relative biological
effect (RBE) of 227Th-rituximab for tumour treatment is in
the range 2.5–7.2 [21]. For normal tissues the RBE of
alpha-RIT has been reported to be in the range of 1–5 for
myelotoxicity and 3–9 for toxicity to tissues other than
blood [12, 22–24]. Assuming that an RBE of 5 applies, the
RBE-adjusted absorbed dose to the liver of 2.5 Sv is likely
to be tolerable, while a dose to femur of 8.5 Sv seems high.

To investigate bone marrow toxicity further, the uptake and
retention of an injection of 600 kBq/kg 227Th-rituximab in the
red marrow of femur was measured. The red marrow was
scratched out of the femur which may lead to cross-
contamination of the red marrow from 223Ra on the inner
surface of the femur. However, flushing out the marrow
could not be done since it is necessary to know the weight of
the red marrow in order to calculate the absorbed radiation
dose. Furthermore, at the 1-h to 7-day time points no 223Ra
was detected in the red marrow suggesting contamination
below the detection limit. However, after 14 days the fraction
of 223Ra varied between 20 and 70%, which implies that
there might have been contamination of 223Ra in some of the
samples at this time point. Thus, injection of 600 kBq/kg
227Th-rituximab resulted in an absorbed radiation dose to red
marrow of 1.4 Gy, or 7 Sv when adjusting for RBE.
However, the total dose to femur was more than twice as
high [4], indicating that a large fraction of the radioactivity in
femur decayed in the bone matrix or at the bone surfaces and
were due to 223Ra and daughters. However, trabecular bone
at the metaphyseal ends probably accumulate more 223Ra
since more hydroxyapatite is exposed with possible in-
creased absorbed radiation dose in interspersed marrow.
Microautoradiography of sections of femur from a mouse
treated with 227Th-rituximab confirmed that there was a high
amount of alpha-tracks emitted from the inner surface of
femur, but it also showed some activity in the red marrow.
However, Fig. 5 shows the distribution of alpha-particles at
day 4 after injection. It is likely that the elevated level at
bone surfaces mainly relates to 223Ra taken up by the
hydroxyapatite, while the activity in the red marrow
probably significantly relates to radiolabelled antibody
circulating in the bone marrow compartment (as indicated
in Fig. 4). Geometrical considerations suggest that about half
of the activity on the inner bone surface will be absorbed by
the red marrow. Thus, the dose to red marrow can be as
much as 50% higher than estimated from activity measured
only in bone marrow. An injected dosage of 600 kBq/kg
227Th-rituximab may therefore result in an absorbed radiation
dose to red marrow of up to 2.1 Gy or 10.5 Sv delivered over
a time period of at least 4–6 weeks.

Bone marrow toxicity had been evaluated previously
after treatments with alpha-RIT with 211At- and 213Bi-
labelled antibodies [12–15]. The maximum tolerated dose
to bone marrow for 211At-IgG was estimated to be between
0.6 and 0.7 Gy using a microdosimetric model, while it was
4 Gy for 213Bi-CO17-1A calculated using the same method
as in the present paper. It is conceivable that the protracted
radiation regimen of 227Th-rituximab is more tolerable than
both the 211At-IgG and the 213Bi-CO17-1A treatment
because the protracted treatment offers more time for repair
and repopulation of the red marrow. However, due to the
difficulties in estimation of alpha-particle dose to bone
marrow in mouse studies and differences in calculation
method, it is not possible to draw any conclusions about
which treatment has the lowest maximum tolerated dose.

Protracted α-exposure from 224Ra has been linked to
increased carcinogenesis in dogs, while it resulted in lower
acute haematological toxicity than single injection of 224Ra
[25]. Using 227Th-labelled antibody would cause a more
protracted exposure compared with cationic 223Ra and the
other shorter lived α-emitting nuclides under consideration
for tumour therapy. Accordingly, the maximum tolerated
doses to blood for therapy with 211At-labelled antibodies are
higher than the maximum tolerated dose to blood for 213Bi-
labelled antibodies [12–14, 22]. Based on the low dose rate
of 227Th-rituximab one would suspect lower toxicity of
227Th-labelled antibodies than for 223RaCl2 or for

213Bi- and
211At-labelled antibodies. However, the toxicity also depends
on the microdistribution of the drug. Thus, it is important to
evaluate the long-term toxicity of 227Th-rituximab.

In conclusion, treatment with 1,000 kBq/kg 227Th-
rituximab resulted in an adverse decrease in mouse body
weight, WBC, platelet and RBC counts, which all probably
were due to irradiation of the bone marrow. Also 400 kBq/kg
of 227Th-rituximab resulted in a significant but tolerable
decrease of WBC and platelet counts. Thus, the NOAEL
for the 227Th-rituximab treatment was 200 kBq/kg, while
the maximum tolerated activity was between 600 and
1,000 kBq/kg, resulting in 2.1–3.5 Gy dose to bone marrow
if the contributions from 223Ra and daughters are included.
The tolerance of humans to alpha-RIT may be different to
that of mice. Therefore, we suggest that 20 kBq/kg is a safe
dosage for start of clinical trials.
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