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The αααα-emitter 213Bi is characterized by a high relative biological
effectiveness. 213Bi-immunoconjugates targeting tumor-specific d9-
E-cadherin have been proven to effectively kill tumor cells in a
murine peritoneal carcinomatosis model. The aim of the present
study was to optimize the efficacy of 213Bi-radioimmunotherapy
for disseminated gastric cancer in a mouse model of early- and
advanced-stage disease and to evaluate the long-term toxicity of
213Bi-immunoconjugates. For that purpose, nude mice were treated
with different activities of 213Bi-d9 monoclonal antibody (MAb)
targeting d9-E-cadherin or unspecific 213Bi-d8MAb at days 1 or 8 after
inoculation of HSC45-M2 gastric cancer cells expressing mutant
d9-E-cadherin. Therapeutic efficacy was evaluated by monitoring
survival for up to 300 days. Long-term toxicity was evaluated by the
survival of tumor-free mice injected with 213Bi-immunoconjugates,
kidney function parameters and histopathological examination of
kidneys. We showed that survival was significantly prolonged
following treatment of mice with 213Bi-immunoconjugates (0.37–
22.2 MBq) at day 1 after tumor cell inoculation (P < 0.002). Therapy
with 1.85 MBq of 213Bi-d9MAb was most successful, defeating early-
stage disease in 87% of all cases. Treatment at day 8 after tumor cell
inoculation was less efficient. Long-term nephrotoxicity could only
be observed following application of 22.2 MBq of 213Bi-d9MAb,
the highest activity applied in the therapy trials. As treatment
with 1.85 MBq 213Bi-d9MAb showed excellent therapeutic efficacy
without any signs of acute or chronic toxicity, radioimmunotherapy
with the αααα-emitter 213Bi is a promising concept for treatment of early
peritoneal carcinomatosis. (Cancer Sci 2007; 98: 1215–1222)

Gastric cancer, with an incidence of approximately 934 000
newly diagnosed cases worldwide in 2002, is one of the

most virulent cancers with a lethal disease course of approximately
65% in developed countries and 80% in developing countries.(1)

This poor prognosis is based on early tumor cell dissemination
into the peritoneal cavity. Patients showing intraperitoneal (i.p.)
tumor cell spread usually die within 1 year of histologically
proven R0-resection. After the development of a clinically
manifested peritoneal carcinomatosis, the clinical status of the
patient deteriorates rapidly. Symptoms are subileus or ileus, or
the development of ascites. As none of the therapeutic options
available (such as chemotherapy) have proven to be effective,
an efficient therapy is needed urgently. This therapy for
disseminated cells that are not vascularized should therefore
ideally be applied locoregionally.

Tumor-specific cell surface antigens expressed by intraperito-
neally disseminated tumor cells seem to be an excellent target
for the successful treatment of peritoneal carcinomatosis via
radioimmunotherapy. Mutations in the cell surface adhesion
molecule E-cadherin have been described in approximately 50%
of diffuse-type gastric cancer patients. Among these mutations,
E-cadherin lacking exon 9 (d9-E-cad) has been detected in 10%
of diffuse-type gastric cancers.(2) A monoclonal antibody (d9MAb)

has been developed specifically recognizing tumor cells expressing
d9-E-cad.(3) D9MAb labeled with the highly cytotoxic α-emitter
213Bi therefore seems a promising agent for the treatment of
small intracavitary tumor deposits and tumor cell clusters,
especially after locoregional application.(4)

In fact 213Bi-d9MAb has turned out to be a powerful weapon
for the elimination of cells expressing mutant d9-E-cad in vitro
and in a xenograft mouse model.(5–7) Following i.p. injection
of HSC45-M2 gastric cancer cells expressing d9-E-cad, mice
developing peritoneal carcinomatosis showed a mean survival
of 23 days. Treatment of mice with 213Bi-d9MAb at day 1 after
tumor cell inoculation significantly prolonged survival. However,
survival decreased with increasing 213Bi activity. A 22.2-MBq
213Bi-immunoconjugate activity was less effective than 7.4 MBq.
Surprisingly 213Bi-d8MAb not targeting d9-E-cad was almost as
effective as specific 213Bi-d9MAb in terms of prolongation of
survival.(7)

Therefore, the aim of the present study was to evaluate the
therapeutic efficacy of low 213Bi activities (0.37 and 1.85 MBq)
of 213Bi-d9MAb and 213Bi-d8MAb applied at day 1 after tumor
cell inoculation. In addition, the therapeutic efficacy of specific
(d9MAb) and unspecific (d8MAb) 213Bi-immunoconjugates was
analyzed in an advanced stage of peritoneal carcinomatosis at
day 8 after tumor cell inoculation. To evaluate the potential
toxicity of 213Bi, activity distribution in the kidneys and histopa-
thology of the kidneys were examined after injection of both
free 213Bi and 213Bi-immunoconjugates.

Materials and Methods

213Bi labeling of antibodies. The rat monoclonal antibody d9MAb
(clone 6H8, subclass IgG2a) specifically binding to mutant d9-E-
cadherin (d9-E-cad) was developed as described previously.(8) The
rat monoclonal antibody d8MAb (clone 7H1, subclass IgG2a)
recognizes mutant E-cadherin lacking exon 8 (d8-E-cad) and
does not cross-react with d9-E-cad.(3) Therefore, d8MAb was
used as an unspecific control MAb. Labeling of SCN-CHX-A′′-
DTPA-chelated antibodies with 213Bi eluted from a 225Ac/213Bi
generator system (provided by the Institute for Transuranium
Elements, Karlsruhe)(9,10) was done as reported.(11) Labeling
yield and radiochemical purity of 213Bi-immunoconjugates were
analyzed by instant thin layer chromatography (Gelman Sciences,
USA). The binding efficiency of 213Bi-labeled antibodies was
determined in a cell-binding assay using HSC45-M2 gastric
cancer cells as described previously.(7)

Animals and tumor model. Female Swiss nu/nu mice (4–6 weeks
old; Charles River/Iffa Credo, France) were kept at our animal
care facility for 2 weeks before use. Mice were housed four to
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five per cage in a limited access area at a mean temperature of
23°C and a humidity of 50–60%, and had free access to food
and water. All animal experiments were carried out in accordance
with the guidelines for the use of living animals in scientific
studies and the German Law for the protection of animals. The
human gastric cancer cell line HSC45-M2, which is targeted
specifically by d9MAb due to expression of mutant d9-E-cad,
was kindly provided by K. Yanagihara from the National Cancer
Center Research Institute, Chuo-ku, Tokyo.(12,13) The number of
d9-E-cad antigen molecules expressed on HSC45-M2 cells deter-
mined by FACS was 3 × 105/cell.(6) Xenografts were established
by i.p. inoculation of 1 × 107 HSC45-M2 cells in 0.5 mL Dulbecco’s
modified Eagle’s medium into nude mice.

Radioimmunotherapy with 213Bi-immunoconjugates. A total of
178 female Swiss nu/nu mice were divided into 16 groups of
6–15 mice each. Mice were treated with a single i.p. injection
of 0.37, 1.85, 7.4 or 22.2 MBq of specific 213Bi-d9MAb or
unspecific 213Bi-d8MAb in 0.5 mL phosphate-buffered saline at
days 1 or 8 after inoculation of 1 × 107 HSC45-M2 cells. Tumor
cell distribution at day 1 after inoculation corresponds to single
tumor cell dissemination in the peritoneal cavity of patients after
resection of the primary solid tumor. Tumor cell distribution at
day 8 mimics advanced micronodular peritoneal carcinomatosis.(4)

Controls were treated with saline or non-labeled d9MAb. Mice
were observed up to 300 days or killed as soon as ascites, large
tumor burden or cachexia had developed, as visualized by
magnetic resonance imaging (MRI). Survival was calculated by
the method of Kaplan–Meier. Differences between groups were
analyzed using the log-rank test with a significance level of P < 0.05.
Median survival and 95% confidence intervals are presented.

Evaluation of 213Bi toxicity
Alterations in bodyweight. Bodyweight was recorded daily

within the first week after tumor cell inoculation or injection of
213Bi-immunoconjugates, and weekly thereafter until week 8.

Survival of tumor-free mice after injection of 213Bi-immuno-
conjugates. Two groups of nude mice received i.p. injection of
7.4 MBq or 22.2 MBq 213Bi-d9MAb without previous tumor cell
inoculation. Mice were followed until signs of disease had
developed.

Liver and kidney function parameters. Blood urea nitrogen
(BUN), creatinine, glutamate oxaloacetate transaminase (GOT) and
alkaline phosphatase (AP) concentrations were determined in
the serum of mice using a serum analyzer (Vitros System 250
Chemistry; Johnson-Johnson, Clinical Diagnostics, USA)
before therapy, at different time points after therapy and at the
time of sacrifice. Age-matched untreated nude mice served as
controls for the analysis of serum chemistry.

Histopathological examination of kidneys. Mice were killed
by exsanguination following carbon dioxide anesthesia and asphyxi-
ation. The kidneys were fixed immediately in phosphate-buffered
formaldehyde (3.8%) at pH 7.4 for 24 h, transferred to 70% ethanol
and embedded in paraffin. Sections (2–3 µm) were stained with
hematoxylin and eosin and evaluated using a light microscope.

Autoradiographic localization of 213Bi in the kidney following i.p.
injection of free 213Bi or 213Bi-d9MAb. To estimate kidney accumu-
lation of free 213Bi released from 213Bi-d9MAb conjugates following
therapy autoradiographic images and native frozen renal sections
were taken simultaneously after injection of both free 213Bi and
213Bi-d9MAb. For that purpose a high-resolution digital imager
for the autoradiographic analysis of tissue distribution of α-and
β-particle-emitting isotopes was used (µ-imager; Biospace Measures,
France). Female Swiss nu/nu mice were injected intraperitoneally
with 7.4 MBq of either free 213Bi or 213Bi-d9MAb in 875 µL of
PBS each. After 45 min mice were killed and the kidneys and
muscles were frozen quickly and embedded in Tissue Tek (Sakura,
Netherlands). Frozen sections (20 µm) (Kryostat HM500M,
Microm, Germany) of the organs were mounted on Superfrost

plus slides (Menzel, Germany), covered with scintillation foil
and exposed in the µ-imager. In addition to these images native
renal sections of each sample were taken.

Results

213Bi labeling of antibodies and tumor cell binding of 213Bi-
immunoconjugates. Labeling of SCN-CHX-A″-DTPA-chelated
d9MAb and d8MAb with the α-emitter 213Bi resulted in maximum
specific activities of 1.48 GBq/mg antibody. The radiochemical
purity of the 213Bi-labeled antibody fractions varied between 95
and 99% following gel filtration. The in vitro stability of 213Bi-
immunoconjugates in PBS at room temperature exceeded four
half lives of 213Bi (t1/2 = 46 min). In human serum stability was
slightly reduced. At 3 and 6 h after the start of incubation,
90 and 88%, respectively of 213Bi were bound to the antibody.
Binding efficiencies of specific 213Bi-d9MAb (25% binding) and
unspecific 213Bi-d8MAb (2% binding) toward HSC45-M2 cells
differed significantly.

Radioimmunotherapy with 213Bi-immunoconjugates. Animals
inoculated with 1 × 107 HSC45-M2 gastric cancer cells for
evaluation of the therapeutic efficacy of 213Bi-immunoconjugates
were killed as soon as they had developed ascites and bulky i.p.
tumors as shown by MRI (Fig. 1). Controls that had not received
any therapy displayed a median survival of 19 days after tumor
cell inoculation. Treatment of mice at day 1 after tumor cell
inoculation with unlabeled d9MAb resulted in a median survival
of 38 days, not being significantly different from untreated
animals. The same held true for therapy with 0.37 MBq of

Fig. 1. Magnetic resonance imaging (MRI) of disseminated tumor growth
(ventro-dorsal view). MRI carried out with a 1.5 Tesla MRT (Philips, the
Netherlands) using a wrist coil. For the scan the 2D Turbospin Echo T2
program was chosen with a scan time of 11 min and a repetition
time TR 2500 ms. (a) Mouse 3 weeks after tumor cell inoculation: the
diaphragm is covered with a thick layer of tumor cells (dotted white
arrow). Knotty metastases are visible at the caudal mesentery (dashed
white arrow) and the peritoneal serous membrane (white arrow). The
pancreas is heavily infiltrated with tumor cells (dashed black arrow).
The peritoneal cavity is filled with ascites (black arrows). (b) Control
mouse without tumor cells.
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unspecific 213Bi-d8MAb (median survival 37 days). In contrast,
all other groups of mice treated with 213Bi-immunoconjugates at
day 1 after tumor cell inoculation survived significantly longer
than untreated controls or mice that had received unlabeled
d9MAb. Therapy with 1.85 MBq 213Bi-d9MAb was most efficient
in terms of prolongation of survival. At the end of the observation
period (i.e. 300 days after inoculation of tumor cells) 87% (13/
15) of the mice were still alive and showed no signs of disease.
Surprisingly, treatment with 1.85 MBq of the unspecific 213Bi-
d8MAb was nearly as efficient as 213Bi-d9MAb: 75% (9/12) of
mice survived longer than 300 days. Therefore, median survival
could not be calculated for both groups. 213Bi-immunoconjugate
activities both lower and higher than 1.85 MBq proved to be
less efficient concerning prolongation of survival. Treatment
with 0.37 MBq 213Bi-d9MAb resulted in a median survival of

99 days. After therapy with 7.4 MBq of specific 213Bi-d9MAb or
unspecific 213Bi-d8MAb median survival was 213 or 161 days,
respectively. Treatment of animals with 22.2 MBq 213Bi-
immunoconjugates at day 1 after cell inoculation was almost as
efficient with specific d9MAb as it was with unspecific d8MAb.
The median survival of mice was 119 and 129 days after treatment
with d9MAb and d8MAb, respectively (Fig. 2; Table 1). Though
treatment with specific 213Bi-d9MAb turned out to be slightly
more efficient than with unspecific 213Bi-d8MAb in general, the
difference between d9MAb and d8MAb was not significant in
either case.

Treatment of mice with 213Bi-immunoconjugates at day 8 after
tumor cell inoculation was less efficient than treatment on day 1
in terms of prolongation of survival. However, 213Bi-d9MAb
conjugates were significantly superior to 213Bi-d8MAb conjugates

Fig. 2. Survival of nude mice following 213Bi immunotherapy at day 1 after inoculation of 1 × 107 HSC45-M2 gastric cancer cells. Mice were injected
with saline (untreated controls), unlabeled d9MAb or 0.37, 1.85, 7.4 or 22.2 MBq of (a) specific 213Bi-d9MAb or (b) unspecific 213Bi-d8MAb.

Table 1. Median survival of mice after intraperitoneal inoculation of HSC45-M2 tumor cells and injection of different activities of
213Bi-immunoconjugates

Treatment

Median survival following therapy 1 day 
after tumor cell inoculation

Median survival following therapy 8 days 
after tumor cell inoculation

Days 95% confidence interval Days 95% confidence interval

Untreated control 19 17–21 19 17–21
Unlabeled d9MAb 38 35–41 ND
0.37 MBq d9MAb 99 74–169 ND
0.37 MBq d8MAb 37 15–55 ND
1.85 MBq d9MAb –† – ND
1.85 MBq d8MAb –‡ – ND
7.4 MBq d9MAb 213 162–264 73 44–102
7.4 MBq d8MAb 161 92–230 45 13–77
22.2 MBq d9MAb 119 104–134 86 19–153
22.2 MBq d8MAb 129 37–221 47 26–90

†87% of the animals were still alive after 300 days. ‡75% of the animals were still alive at 300 days. ND, not determined.
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both at activities of 7.4 and 22.2 MBq. Following therapy with
7.4 MBq 213Bi-d9MAb median survival was 73 days. With the
same activity of unspecific 213Bi-d8MAb median survival decreased
to 45 days (P = 0.03). Mice treated with 22.2 MBq 213Bi-
d9MAb at day 8 after tumor cell inoculation showed a median
survival of 86 days. Therapy with 22.2 MBq of unspecific 213Bi-
d8MAb was significantly less efficient, with a median survival
of 47 days (P = 0.04) (Fig. 3; Table 1).

Evaluation of toxicity of 213Bi-immunoconjugates
Alterations in bodyweight. Mice that had not been inoculated

with tumor cells showed a steady increase in bodyweight up to
120% within 56 days. In contrast, bodyweight was reduced by 10%
within 2 days of inoculation with 1 × 107 HSC45-M2 cells. However,
following 213Bi therapy, loss of bodyweight was compensated
within 14 days. The application of the different activities of
213Bi-immunoconjugates (0.37–22.2 MBq) per se did not negatively
influence bodyweight within the observation period of 8 weeks.

Survival of tumor-free mice after injection of 213Bi-immuno-
conjugates. After injection of 22.2 MBq 213Bi-d9MAb, survival of
mice that had not received tumor cells and of those that had been
inoculated with 1 × 107 HSC45-M2 gastric cancer cells 1 day before
213Bi-d9MAb application was almost identical. The median survival
was 128 days in the case of tumor-free mice and 119 days in
the case of mice that had been inoculated with tumor cells.
In contrast, after injection of 7.4 MBq 213Bi-d9MAb survival of
mice without preceding tumor cell inoculation was significantly
longer than survival of mice that had received HSC45-M2 cells
(P < 0.004). Within the 300-day observation period only one out
of nine tumor-free mice died, whereas eight out of 12 mice that
had been inoculated with tumor cells died (Fig. 4). Following
autopsy none of the tumor-free mice showed any signs of
organ toxicity. These results indicate that activities of 213Bi-
immunoconjugates as high as 22.2 MBq cause chronic toxicity
in mice, whereas 7.4 MBq does not.

Liver and kidney function parameters. The levels of GOT and
AP, indicators of liver function, remained constant within the
observation period in all different treatment groups. Therefore
it can be excluded that therapy with 213Bi-immunoconjugates
causes liver toxicity. In the first weeks after treatment with 213Bi-
immunoconjugates no symptoms of nephrotoxicity could be
observed. Within months chronic renal failure developed only in
animals that had been treated with the highest 213Bi-activity
(22.2 MBq) resulting in a significant increase in BUN levels
compared to pretreatment values (39 ± 5 vs 17 ± 3 ng/dL).
Monitoring of serum creatinine could not confirm 213Bi-induced
kidney damage; however, sensitivity seemed to be too small for
evaluation of toxicity as has been reported earlier.(14) No other
signs of organ toxicity were observed in any treatment group.

Histopathological findings. No pathological findings were seen
in liver and intestines of treated mice at every activity. Toxicity
was observed only in the kidney after injection of 22.2 MBq
213Bi-immunoconjugates. Macroscopically in five of six mice
the kidneys appeared ochre and swollen with the renculi clearly
visible. Four of these animals had developed sterile ascites
without tumor cells. The histopathology was characterized by
progressive hyalinization of glomerula with sclerosis associated
with hydronephrosis and tubular atrophy 5 months after injection
of 22.2 MBq 213Bi-immunoconjugate. Moreover, interstitial
scaring was seen as found in chronic forms of radiation nephritis
(Fig. 5). Following application of 7.4 MBq 213Bi-immunoconjugate,
one of 10 mice developed swollen kidneys. However, histopatho-
logical analysis of tissue sections did not confirm pathological
alterations.

Autoradiographic localization of 213Bi in the kidney. Renal local-
ization of 213Bi 45 min after i.p. injection of free 213Bi or 213Bi-
d9MAb into nude mice was examined by ex vivo autoradiography

Fig. 3. Survival of nude mice following 213Bi immunotherapy at day 8
after inoculation of 1 × 107 HSC45-M2 gastric cancer cells. Mice were
injected with saline (untreated controls), 7.4 or 22.2 MBq of specific
213Bi-d9MAb or unspecific 213Bi-d8MAb. Fig. 4. Survival after treatment with 213Bi-d9MAb of nude mice that

had received no HSC45-M2 gastric cancer cells or had been inoculated
with 1 × 107 HSC45-M2 gastric cancer cells 1 day before therapy. Mice
were injected with saline (untreated controls), 7.4 or 22.2 MBq of
specific 213Bi-d9MAb.
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of frozen renal sections combined with muscle (M. quadriceps
femoris) as a negative control using a µ-imager. The renal local-
ization patterns of 213Bi revealed a clearly localized distribution
being identical following i.p. injection of either free 213Bi or
213Bi-d9MAb conjugates. The strongest signal was found in the
renal cortex and the outer zone of the medulla, whereas little
activity could be detected in the inner medulla and the renal
pelvis. In muscle no accumulation of 213Bi could be detected
(Fig. 6). These results suggest that kidney toxicity following
injection of high activities of 213Bi-d9MAb is due to free 213Bi
released from 213Bi-d9MAb conjugates.

Discussion

Peritoneal dissemination is the most frequently observed type of
recurrence in patients with abdominal cancer following curative
surgery, originating from the dissemination of free peritoneal
tumor cells shed from the primary tumor. Therefore, cytological
examination of the peritoneal lavage fluid is important for prediction
of peritoneal recurrence in gastric cancer patients.(15,16) The
presence of free peritoneal tumor cells identifies high-risk patients
who could benefit from new therapeutic strategies to prevent
peritoneal recurrence. The locoregional application of appropriate
carriers labeled with highly cytotoxic α-emitters binding
selectively to free peritoneal cells would be an effective strategy
to destroy these tumor cells.(17–22) Alpha-emitter immunoconjugates
have proven to be powerful therapeutic agents in animal experiments
after intravenous or intracavitary application,(23–29) and in clinical
trials.(30,31) Because α-particles transfer their energy within a
tissue range of only 60–80 µm leading to a linear energy transfer
of approximately 100 keV/µm, they can effectively destroy single
tumor cells. The α-emitter 213Bi was chosen for our experimental
therapeutic studies because of its availability from a 225Ac/213Bi
generator system,(9,10) its short half-life of only 46 min as well as
fast and efficient coupling to chelated d9MAb. Fast and effective
targeting of the i.p. tumor cell burden can be attained following
i.p. application of the immunoconjugate. Selective binding increases
the cytotoxic potential toward tumor cells and tumor cell clusters
while minimizing the irradiation of adjacent normal tissue.

The i.p. application of 213Bi-d9MAb specifically targeting d9-
E-cad expressed on gastric cancer cells at days 1 or 8 after
tumor cell inoculation in nude mice can serve as a model for the

described clinical situation of early-stage and advanced-stage
peritoneal carcinomatosis, respectively. Treatment of nude mice
with 213Bi-immunoconjugates 1 day after i.p. inoculation of
HSC45-M2 gastric cancer cells significantly prolonged median
survival at 213Bi-activities of 1.85, 7.4 and 22.2 MBq. However,
the therapeutic efficacy of specific 213Bi-d9MAb was not signifi-
cantly superior to unspecific 213Bi-d8MAb at any of the 213Bi
activities assayed. Only at 0.37 MBq did nude mice survive con-
siderably longer following treatment with 213Bi-d9MAb (median
survival 99 days) compared with 213Bi-d8MAb (median survival
37 days). However, survival following application of 0.37 MBq
213Bi-d9MAb was significantly shorter than survival after
injection of 1.85 or 7.4 MBq 213Bi-immunoconjugates. Therefore,
213Bi-d9MAb activities as low as 0.37 MBq only cause a tempo-
rary reduction in tumor cell mass that is insufficient as a cure.
Excellent therapeutic efficiency without any signs of toxicity
was obtained after application of 1.85 MBq 213Bi-d9MAb. This
injected activity can realistically be transferred to the treatment
of patients, corresponding to approximately 1.5 GBq.

In contrast to the results obtained with 213Bi-immunotherapy
1 day after inoculation of tumor cells, the therapeutic efficacy of
specific 213Bi-d9MAb 8 days after tumor cell inoculation was
significantly better than of unspecific 213Bi-d8MAb both at 7.4
and 22.2 MBq. However, median survival did not exceed 100 days
in any case. This suggests that 8 days after tumor cell inoculation
the tumor mass is too widespread to be completely eliminated, even
after application of 22.2 MBq 213Bi-d9MAb immunoconjugates.
Improvement of therapeutic efficacy at an advanced stage of the
disease has been obtained using double applications of 213Bi-
d9MAb at days 8 and 15 after inoculation of tumor cells.(32)

Our results further indicate that a significant difference in terms
of therapeutic efficacy following treatment of mice with specific
213Bi-d9MAb and unspecific 213Bi-d9MAb can only be observed
if the ratio of 213Bi-immunoconjugates to cellular antigens is
comparatively low, especially in the case of treatment at day 8
after tumor cell inoculation. At a comparatively high excess of
213Bi-immunoconjugates compared to antigens with treatment
1 day after i.p. tumor cell inoculation, no significant difference
in survival of mice was obtained between the specific d9MAb
and the unspecific d8MAb 213Bi-immunoconjugates. These find-
ings are in agreement with results reported by Elgqvist et al.(33)

following treatment of nude mice bearing i.p. OVCAR-3 tumors
with 400 kBq of specific 211At-MX35 F(ab′)2 or non-specific
211At-Rituximab F(ab′)2. Therapeutic efficacy decreased with
increasing tumor size, and differences in therapeutic efficacy
between specific and non-specific 211At-immunoconjugates were
not observed in early-stage but only in advanced-stage disease.
Also, in nude mice bearing human pancreatic carcinoma xenografts
expressing high levels of HER2, therapy with 18.5 MBq of
specific 213Bi-herceptin and unspecific 213Bi-HuIgG showed
almost identical efficacy. Both 213Bi-labeled antibodies increased
the survival of animals; 50% of the animals that received injections
of the specific 213Bi-herceptin and unspecific 213Bi-HuIgG were
still alive at 98 and 107 days, respectively.(34)

Due to the short range of α-particles the crossfire effect of
α-particles targeted to tumor cells is negligible. For complete
elimination of xenografted tumor cells it seems inevitable to
apply an excess of 213Bi-immunoconjugates compared to the
number of antigens expressed by the tumor cells. Application of
an excess of 213Bi-immunoconjugates results in an increase of
213Bi-imunoconjugates that are not bound to tumor cells. Thus,
the unspecific crossfire effect, that is, irradiation of tumor cells
that are not targeted by 213Bi-immunoconjugates, also increases.
As has been shown in in vitro studies, massive crossfire explains
the almost identical therapeutic efficacies of specific (d9MAb)
and unspecific (d8MAb) 213Bi-immunoconjugates following
application of an excess of 213Bi-immunoconjugates compared
to cellular antigens.(6) Reduction of 213Bi-immunoconjugate activity

Fig. 5. Histopathology of kidneys following intraperitoneal applic-
ation of 22.2 MBq 213Bi-d9MAb. The section shows hyalinization of
glomerula with glomerula sclerosis (thick arrows) and edema of tubular
epithelial cells (thin arrows); HE (160×).
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concentration again results in significant differences in terms of
cell killing between specific and unspecific immunoconjugates.

For evaluation of 213Bi toxicity mice without tumor cells and
mice that had been inoculated with tumor cells (1 × 107) were
treated with 7.4 and 22.2 MBq 213Bi-d9MAb, respectively.
Following i.p. application of 22.2 MBq 213Bi-d9MAb median
survivals of mice without tumor cells (128 days) and of mice
xenotransplanted with tumor cells (119 days) were almost iden-
tical (Fig. 4). This suggests that in both cases death of the mice
was finally caused by 213Bi radiotoxicity and not by tumor
spread. Accordingly, ascites that had developed in mice that had
been inoculated with tumor cells was free of cells in any case
thus most likely due to hypoproteinemia. Because white blood
cell counts were in the normal range at the time of autopsy (R.
Beck, unpublished data), non-specific inflammatory reactions
can also be excluded. Following application of 7.4 MBq 213Bi-
d9MAb survival was significantly different in tumor-free mice
and mice that had received i.p. injection of tumor cells: 90% of
tumor-free mice but only 36% of tumor-bearing mice survived
longer than 300 days (Fig. 4). Nevertheless, we presume that death
of tumor xenotransplanted animals was predominantly caused
by radiotoxicity due to the following consideration. The human
signet ring carcinoma cell line HSC45-M2 used to establish our
peritoneal carcinomatosis model is characterized by secretion of
lysozyme. Following inoculation of tumor cells, secreted lysozyme
can cause lesions at the i.p. serous membrane, which facilitates
transition of 213Bi-d9MAb in the blood circulation. Results of
biodistribution studies support this hypothesis: 1 h after i.p.

application of 213Bi-d9MAb 213Bi-activity concentration in the blood
was significantly higher in HSC45-M2 tumor-bearing mice
(5.4 ± 1.5% injected dose [ID]/g) than in mice without previous
tumor cell inoculation (1.4 ± 1.1% ID/g) (R. Beck, unpublished
data). Nevertheless, 213Bi-d9MAb therapy is unlikely to cause
bone marrow toxicity because white blood cell counts returned
to the normal range at least 40 days after therapy and were nor-
mal at the time of autopsy. Also, chromosomal aberrations in
bone marrow cells could no longer be observed from day 3 after
therapy.(7) In a corresponding biodistribution study carried out
with intraperitoneally inoculated MDA-MB-435S breast cancer
cells that do not secrete lysozyme, no difference was observed
concerning 213Bi-activity concentration in the blood.(4)

In a substantial number of established radionuclide therapies
the bone marrow is the dose-limiting organ. Also, the kidneys are
sensitive to irradiation and they turned out to be the dose-limiting
organs in 213Bi radioimmunotherapy. Following application of
22.2 MBq 213Bi-immunoconjugates progressive glomerula scle-
rosis, tubular atrophy and interstitial scaring were observed, as
found in chronic forms of radiation nephritis. These pathological
alterations of internal irradiation of the kidneys are a conse-
quence of various functional and morphological disturbances
showing a clear time- and dose-dependent course of the nephro-
pathy. In humans the progressive reduction in renal function
observed after kidney irradiation leads to glomerulosclerosis
and tubulointerstitial fibrosis.(35)

As revealed by biodistribution studies,(7) 3 h after i.p. injection
of 213Bi-immunoconjugates kidney accumulation of 213Bi was

Fig. 6. Renal localization of 213Bi via ex vivo autoradiography. At 45 min after intraperitoneal injection of 7.4 MBq (a) free 213Bi or (b) 213Bi-d9MAb
into tumor-free nude mice. 213Bi localization was analyzed in frozen renal sections using a µ-imager. Strong accumulation of 213Bi in the renal cortex
was independent of the application of free 213Bi or 213Bi coupled to the antibody. Above, native frozen section; below, autoradiographic image.
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5.4% ID/g tissue. Two possible mechanisms of 213Bi accumula-
tion in the kidneys might explain the damage that was observed
5 months after therapy with 22.2 MBq 213Bi-d9MAb. First, 213Bi
released following transition of 213Bi-immunoconjugates from
the peritoneal cavity into the serum (B. Pfost, personal commu-
nication) can be deposited in inclusion bodies in renal tubular
epithelial cells. Second, the tubules might selectively reabsorb
213Bi-antibody fragments with molecular weights <40 kDa resulting
from enzymatic degradation of 213Bi-immunoconjugates. In a recent
study a significant reduction in renal 213Bi uptake was achieved
using the metal scavengers, 2,3-dimercapto-1-propanesulfonic
acid (DMPS) and N-(2,3-dimercaptopropyl)-phthalamidic acid
(DMPA), diuretic therapy with furosemide and chlorothiazide or
competitive blockade of Bi binding sites in the renal tubular cells
by non-radioactive 209Bi.(36) Renal uptake of radiolabeled pep-
tides can be inhibited by gelatin-based compounds like succi-
nylated gelatin.(37)

Following 225Ac injection into mice the time course of kidney
damage and pathological alterations in the kidneys were similar
to the results obtained in our study with 213Bi-d9MAb.(38) Addition-
ally, the authors noticed an increase in tubular and interstitial
cell transforming growth factor (TGF)-β1 peaking at 25 weeks
after 225Ac application. Therefore, internally delivered 225Ac
irradiation-induced loss of tubular epithelial cells might trigger
a chain of adaptive changes resulting in renal parenchymal
damage accompanied by a loss of renal function.(38,39)

The nephropathological alterations observed following injection
of 213Bi-d9MAb can not be due to heavy metal cytotoxicity as
only trace amounts of the metal Bi were injected (approximately
50 pg 213Bi).(40)

Nephrotoxic effects of 213Bi-d9MAb immunotherapy in the
nude mouse model could be observed only at a 213Bi-activity of
22.2 MBq. This 213Bi-d9MAb activity also reduced white blood
cell counts and caused chromosomal aberrations in bone marrow

cells. However, these changes proved not to be persistent:
Pretreatment values of white blood cell counts were reached
again between 14 and 21 days after 213Bi-d9MAb injection and
chromosomal aberrations could only be observed 1 day after
therapy.(7) 213Bi-d9MAb therapy at day 1 after tumor cell inoculation
using 1.85 MBq completely eliminated tumor cells, thus curing
nearly all of the treated mice. Such low activities of 213Bi-d9MAb
did not cause any signs of toxicity. Therefore, 213Bi immunotherapy
of peritoneal carcinomatosis carried out 24 h after surgery of the
primary tumor is a promising concept for future application in
patients. Early application of 213Bi-d9MAb ensures homogenous
distribution of the radioimmunoconjugate because postoperative
adhesions impairing distribution do not develop until 3 days after
surgery. Also, due to the short half-life of 213Bi no problems with
regard to radiation safety should arise during 213Bi immunotherapy.
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