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Abstract: Preliminary studies on a radioactive antibody against the neural cell adhesion molecule
(NCAM) demonstrated a significant accumulation of [13H]I-ERIC1 in neuroblastoma tumor cells
in mice. This study aims to validate the therapeutic efficacy and potential adverse effects of these
radioactive immunoconjugates (RICs) in neuroblastoma-bearing mice. To determine the highest
tolerated dose, healthy SCID mice received 1 to 22 MBq of [BB]I-ERIC1, with the survival time
measured. Tumor response was evaluated by administering 0.8 to 22 MBq of ["*'I]I-ERIC1 to
neuroblastoma-bearing mice and assessing tumor size and systemic toxicity through body weight,
blood counts, and survival. It was observed that doses up to approximately 3 MBq per animal
(150 MBq/kg) were well tolerated, whereas higher doses resulted in systemic toxicity and death. The
neuroblastomas exhibited a dose-dependent response, with optimal therapeutic efficacy achieved
at 1.8-2.5 MBq per animal (90-125 MBq/kg), significantly extending survival by a factor of five.
The antibody ERIC1 is a promising vehicle for the transport of beta emitters into NCAM-positive
tumor tissue. An optimal dosage of the ['3'T]I-ERIC1 antibody can be established with a balance of
tumor-static effects and adverse effects, resulting in a marked extension of survival time.

Keywords: neuroblastoma; radioimmunotherapy; theranostics; targeted radiotherapy; antibodies

1. Introduction

Neuroblastoma (NB) is one of the most frequent solid extracranial tumors occurring
in infancy. It occurs with a frequency of 1 in 7000 live births and an incidence of 10.54 cases
per 1 million per year in children younger than 15 years with 90% of tumors diagnosed at
an age < 5 years (median age at the time of diagnosis: 19 months) [1].

The main metastatic sites are regional lymph nodes, liver, bone, and bone marrow [2].
Despite multi-modal therapies such as chemotherapy, surgery, or radiation therapy, the
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prognosis of high-risk patients with NB remains poor, and the effective treatment of ad-
vanced NB remains a challenge for both clinicians and researchers [3-5] where, nowadays,
theranostic appears to be a promising new option.

The term “theranostics” defines the development of more specific, individualized
therapies that combine diagnostic and therapeutic capabilities into a single pharmaceutical
agent. Radiotheranostics is a tailored application of theranostics in nuclear medicine using
radionuclide-labeled substances (radiotheranostic agents) [6,7].

[*']I-iodine, as a mixed gamma and beta emitter, has been a typical theranostic
agent and the nuclide of choice in nuclear medicine therapy since the 1940s, particularly
for both benign and malignant thyroid diseases. It emits beta particles, which provide
a cytotoxic effect by damaging the DNA of targeted cancer cells, leading to cell death.
Concurrently, I-131 emits gamma rays, which can be detected by imaging techniques
such as single-photon emission computed tomography (SPECT) [8]. For neuroblastoma
(NB), the classical radioactive vehicle for targeted radionuclide therapy (TRT) is, therefore,
[131 I]I-metaiodobenzylguanidine (['B]I-MIBG). This treatment is well-established but is
significantly limited by a low tumor response rate of 30-40% and considerable side effects
(dose-limiting thrombocytopenia) [9,10], making alternative theranostic approaches with
monoclonal antibodies (MABs or MoAbs) a reasonable consideration.

One of these promising MABs is ERIC1, a specific vector for the neural cell adhesion
molecule (NCAM). NCAM is, when on normal lymphocytes, a characteristic marker for
natural killer cells (NK cells) and in this context known under the synonym CD56 [11-15].

NCAM frequently occurs on the cell surface of many solid cancers [16-20] and is
expressed on almost 100% of all NB cells [15,21-23]. The anti-NCAM MAB “ERIC1”
accordingly reveals significant advantages over other MABs used against NB [12,14,15].

We had previously demonstrated that I-131-labeled ERIC 1 antibodies possess the
ability to recognize NCAM-expressing tumor cells in vivo with high efficiency, suggesting
their potential as promising agents for the diagnosis and treatment of NCAM-positive
neuroblastoma tumors [24]. Motivated by these promising results, the tumor-inhibiting
effect of ['3'T]I-ERIC1 was investigated in a preclinical feasibility study using a human
neuroblastoma xenograft SCID mouse model. Radiation dose-dependent effects following
the administration of ["*'T]I-ERIC1, such as animal weight and survival, were compared to
non-exposed control animals.

2. Results
2.1. Labeling of the Antibody

The labeling of ERIC1 with I-131 achieved a yield of approximately 50-60%, and
radiochemical purity was greater than 95%. In the case of [3]I-ERIC1, the de-iodination
rate was less than 5% over 6 h in saline solution. A specific activity of appr. 15 TBq/mmol
was reached. Quality control by size-exclusion HPLC showed that the labeled antibody
eluted after 6 to 7 min, while free [13!1]I-iodide peaked at 10 to 11 min with radiochemical
purity <95%.

2.2. Cohort 1: Dose Finding (Tumor-Free Mice)
2.2.1. Group 1.1: Survival Time

The survival time was studied over a period of 21 days. The effects of the application
of [BI]I-ERIC1 within the above-mentioned observation period showed that 100% of the
tumor-free animals (N = 6) with injections of 16-22 MBq [**'I]I-ERIC1 per mouse survived
until day 6 with 100% and until day 8 with 50%, while 100% were dead after 8 days.

In the subgroup treated with 10-14 MBq per mouse (N = 6), the tumor-free animals
survived until day 6 with 100% until day 7 with 66.6%, and until day 8 with 50%. On day 9,
all animals were dead.

In the dose subgroup with 4-6 MBq per mouse (N = 6), the tumor-free animals survived
until day 13 with 100%, until day 14 with 50%, and until day 17 with 17%.
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All tumor-free animals in the subgroup treated with 1-2 MBq per mouse (N = 7)
survived the complete observation period of 21 days.

2.2.2. Group 1.2: Body Weight and Blood Count

No significant correlation was found between the activity dose applied and weight loss
over 21 days in tumor-free and tumor-bearing animals of any of the treatment subgroups
with the exception of the subgroup with 16-22 MBq/animal. In this case, the administration
of the radiolabeled antibody led to a significant weight loss after 4 days p.i. by a factor of
1.2 compared to controls (92% of original weight) and after 9 days p.i. by a factor of 1.36
(74% of original weight).

e  Erythrocytes

The results are demonstrated in Figure 1.

Erythrocyte count

— 10
‘DE- HE DayO0
S 8- =3 Day 4
= B Day 14
£ o
3 = Day 19
=
(8]
o 24
>
W o- T T
> > o >
N R A\
D © > v
g % ’ ’
N N

Radioactivity per animal

Figure 1. Changes in erythrocyte counts over time in relation to the administered radioactivity. (In
the data group 4-6 MBgq, values for days 19 and 29 are missing, and in the data groups 10-14 MBq
and 1622 MBq, values for days 14, 19, and 29 are missing because, by these time points, all animals
had already died.)

No statistically significant changes were observed in the tumor-free subgroups admin-
istered 1-2 MBq or 4-6 MBq. At the higher radioactivity dose of 10-14 MBq, a decrease
in erythrocyte levels to approximately 32% of the baseline value was observed after four
days. Similarly, in the 16-22 MBq group, a non-statistically significant drop in erythrocyte
levels to about 80% of baseline was noted by day 4. For both of these higher-dose groups,
no observations were possible beyond the first week following RIC administration, as all
animals had died by that time.

e  Leukocytes

The results are demonstrated in Figure 2.
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Figure 2. Changes in leucocyte counts over time in relation to the administered radioactivity. (In the
data group 4-6 MBgq, values for days 19 and 29 are missing, and in the data groups 10-14 MBq and
16-22 MBgq, values for days 14, 19, and 29 are missing because, by these time points, all animals had
already died.)

No statistically significant results were observed regarding changes in leukocyte counts
over time. In the group that received 1-2 MBq per animal, a decrease to 79% of the baseline
value was suggested 14 days after RIC administration, followed by a partial recovery. A
marked reduction to 39% of the baseline value was detected in the group administered
10-14 MBq per animal four days after RIC administration. This trend, however, could not
be confirmed in the group with the highest radioactivity dose per animal.

o  Thrombocytes
The results are demonstrated in Figure 3.

Platelet counts in animals that received relatively low activity doses (1-2 MBq, 4-6 MBq)
showed no significant time-dependent changes following RIC administration. However, in
the groups with higher radioactivity per animal, a decrease to 39% of the baseline value
(10-14 MBq per animal) or 68% of the baseline value (16-22 MBq per animal) was observed.

2.3. Cohort 2: Radioactivity Administration and Tumor Volume Measurement
(Tumor-Bearing Mice)

2.3.1. Group 2.1. Radiation-Induced Tumor Reduction by [13]I-ERIC1 in Mice with
Relatively Large Initial Tumor Diameter (46-173 mm?)

Growth factors for the different dose groups depending on the time after injection
(day 1-day 8) are presented in Figure 4.
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Figure 3. Changes in thrombocyte counts over time in relation to the administered radioactivity. (In
the data group 4-6 MBgq, values for days 19 and 29 are missing, and in the data groups 10-14 MBq
and 1622 MBq, values for days 14, 19, and 29 are missing because, by these time points, all animals
had already died.)

Growth factor: neuroblastoma bearing mice
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Figure 4. Dose-dependent effect on tumor response after the application of ['*'T]I-ERIC1. (p: com-
parison with controls; * p: HD vs. LD1, ** p: LD2 vs. LD1.) Abbreviations: LD1, low-dose group
with 0.8-1.5 MBq [*']I-ERIC1; LD2, low-dose group with 1.8-2.5 MBq ['3'I]I-ERIC1; HD, high-dose
group with 16-22 MBq ['3!T]I-ERIC1; GF, growth factor.

Eight days after injection, the growth factor in the LD1 groups was approximately 70%
of the control group, while in the LD2 group, it was already 30%. In the HD group, we
observed only a small additional effect compared to LD2. Only the animals treated with
1.8-2.5 MBq (LD2) per mouse survived the full 21-day observation time with a significantly
reduced tumor growth.
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As early as 5 days after RIC administration, evaluation by ANOVA (GraphPad Prism
10.3.0) revealed a significant difference between the HD group and the control group
(p = 0.0464). By day 6 post-RIC, the LD2 group (p = 0.0112) also showed significant differ-
ences from the control group in addition to the HD group (p = 0.0015). Eight days after the
administration of the RIC, all treatment groups exhibited significant differences in tumor
growth behavior compared to the control group (Figure 4). Significant differences were
also found within the treatment groups, specifically between the LD1 and LD2 groups, as
well as between the LD1 and HD groups.

The evaluation of the period of duplication yielded a tumor doubling time of 2-3 d for
the control groups. The doubling time was found to be 4 days for LD1 and 5-8 days for
LD2. From the HD group, no tumor doubling time could be derived because, in all cases, a
reduction in tumor masses was observed.

Starting from day 7 post-RIC administration, a significant correlation between the
administered radioactivity per animal (control: 0 MBq, LD1: 1 MBq, LD2: 2 MBq, HD:
20 MBq) and tumor growth behavior (represented by the growth factor, GF) was observed
(r = —0.3997, p (two-tailed): 0.0477). Similar results were observed on day 8 post-RIC
administration (r = —0.4489, p (two-tailed): 0.0278).

2.3.2. Group 2.2: Determination of Radiation-Induced Tumor Reduction by [3M]I-ERIC1 in
Mice with Smaller Initial Tumor Diameter (1040 mm?3, Figure 5)

Both the control group (N = 5) and the LD2 group (N = 5) started with an initial
tumor volume of 10-40 mm?. In the case of the control group, the termination criteria for
tumor size were reached after 15 days, while in the case of the LD2 group, a reduction
in the initial tumor size was observed. Additionally, after about 2 weeks, no tumor was
any longer visible. After 42 days, the tumor growth started again, and, after 54 days, the
termination criteria for tumor size were reached. It is noteworthy that only one mouse died
after 23 days.

In the case of the control group, the termination criteria for tumor size were reached
after 15 days, while in the LD2 group, a reduction in the initial tumor size was observed.
Additionally, after approximately 2 weeks, no tumor was visible. After 42 days, tumor
growth resumed, and, after 54 days, the termination criteria for tumor size were reached.

Tumor volume neuroblastoma 2.5 MBq
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Figure 5. Examination of tumor volume over a prolonged observation period after administration of
1.8-2.5 MBq [13]I-ERIC1 per mouse (initial tumor volume: 1540 mm?) compared to a control group
without RIC administration. Each point represents one animal (V: controls, e: treated animals).
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2.3.3. Group 2.3. Radiation Effects of [311]1-Todide (Small Tumor Diameter)

After the administration of ['3!I]I-iodide in varying doses, no effect on tumor growth
was observed. The treated animals behaved similarly to the control group.

2.3.4. Group 2.4. Cold Antibody

The cold antibody without *'T showed no effect nor side effect in tumor-bearing mice
(N =5) when a dose of 1 mg per mouse was applied.

3. Discussion

NCAM presents a promising target for theranostics using monoclonal antibodies
(MABs). In previous studies, we were able to demonstrate the first NCAM targeting in
neuroblastoma-bearing mice using [13!]I-labeled ERIC1 [24]. The results of these studies
highlight the significant potential of NCAM as a target structure for radioimmunotherapy.

The results presented here indicate a clear relationship between the applied radioac-
tivity and the reduction in tumor growth, which is plausible. Statistically significant
differences (p < 0.05) between the various treatment groups and the control group become
apparent as early as five days post-administration of ['*!IJI-ERIC1.

Dose-determining experiments, combined with the measurement of dose-dependent
parameters, such as survival time, animal weight reduction, and changes in blood count,
allowed us to identify an optimal dose range of 1.8-2.5 MBq per mouse.

Considering an average initial mouse weight of 17 g, we can extrapolate a potential
dose for juvenile patients. Applied to a patient weighing 15 kg, this would correspond to a
dose of 1.6-2.2 GBq (105-147 MBq/kg), resulting in a lower administration compared to
[13]I-MIBG (444 MBq/kg) [25]. For comparison, studies on the radioimmunoconjugate
[131]I-UJ13A led to an optimal administered activity of 80 to 156 MBq/kg [26], while
studies on ['3'T]I-3F8 reported an average administered activity of 144 MBq/kg [27]. The
administration of different radioimmune compounds appears to have a similar activity
range, as emphasized by the data presented here.

Of course, it would be presumptuous to derive a dosing recommendation for critically
ill pediatric cancer patients based solely on this simple dose extrapolation. At this point,
we would like to emphasize that significant modifications and further optimization of
the RIC are necessary before clinical application can be considered. Additional studies,
including thorough dose-escalation trials and comprehensive safety assessments, will be
required to determine an appropriate and safe dosage regimen for human use. Therefore, it
is premature at this stage to propose a suitable dose for clinical treatment without further
extensive research and testing.

Further investigations showed that the initial tumor volume has a critical influence
on the survival rate of mice. This conclusion aligns with the findings of Otto et al. [24]
regarding the biokinetics of ['*'T]I-ERIC1, which demonstrated reduced specific accumu-
lation in larger tumors. Extrapolating from the results with an initial tumor volume of
15 mm?3 in an average 17 g mouse, this would correspond to an initial tumor burden of
approximately 13 cm® in a 15 kg patient. Applying the results of the optimal therapy
dosage to the treatment of mice with an initial tumor volume of 15 mm? led to a five-fold
increase in survival time.

Additionally, the side effects described during the animal experiments were dose-
dependent. Significant weight loss was observed only at the higher radioactivity of 20 MBq
per mouse, corresponding to an activity of 18 GBq in humans. Severe side effects should,
therefore, be expected at nearly ten times the activity suggested in this study (<2.2 GBq) and
still three times higher than most MIBG protocols [28-30]. Greater sensitivity to radiation
effects was observed in the blood-producing systems, consistent with the delayed RIC
elimination from the blood reported by Otto et al. [24]. Regarding these side effects, our
findings are limited to indicating a general trend rather than drawing definitive conclusions.
However, this trend does support the dose-dependent nature of radiation-induced side
effects. A decrease in blood cell counts was almost exclusively observed 4 h after RIC
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administration in animals that had received higher activities (10-14 MBq, 1622 MBq).
Unfortunately, further assessments at later time points were not possible as the animals
had already succumbed. In the group that received 1-2 MBgq, a tendency for a drop in
erythrocyte and leukocyte counts was observed 14 days after RIC administration, followed
by subsequent recovery.

Future experiments will explore how mice and tumor growth respond to fractionated
multiple administrations of the radioimmunoconjugate. Due to the radiation-induced
side effects of the administered RIC, only a small and well-adjusted dose range was
acceptable. Fractionated application should, therefore, be considered to enhance the
therapeutic outcome with fewer side effects.

In the group with the most promising results (1.8-2.5 MBq [13H]I-ERIC1 per mouse,
initial tumor volume 15 mm?), the tumor recurred after 42 days. A repeated application of
["*]I-ERIC1 might overcome the risk of tumor recurrence without exposing patients to
severe side effects.

4. Materials and Methods
4.1. Radiopharmaceutical

[3!]I-iodine as sodium iodide (7.4 GBq/mL; 370 MBq in 50 uL. NaOH-solution) was
obtained from Covidien GmbH, Neustadt, Germany.

4.2. Antibodies

ERIC1 antibodies were purified by protein G affinity chromatography from serum-free
hybridoma supernatants (Hybridoma Express medium, PAA, Linz, Austria) as described
elsewhere [15,24].

4.3. Labeling of ERIC1 with 1311

The antibody ERIC1 (0.1 mg/mL) was radiolabeled with varying activities o
using a variant of the chloramine-T method. A NAP-5 column (Amersham Biosciences;
Piscataway, NJ; Sephadex G-25 medium) was used for purification. ['*'TJI-ERIC1 was
obtained in radioactive concentrations of 10 to 200 MBq/mL.

Quality control of both I-131-labeled antibodies was carried out on 20 uL of labeling so-
lution by size-exclusion HPLC (Column TosoHaas TSKgel 2000 SK; HPLC-system: Knauer,
Berlin, Germany; radioactivity detector: model “Steffi”, Raytest, Straubenhardt, Germany,
eluent: 0.09% NaCl solution). The radiochemical purity (RCR) obtained was >94%.

f 1311

4.4. Animals

The animals used were 6-to-8-week-old female SCID mice (C.B-Igh-1b/IcrTac-Prkdcscid),
supplied by Taconic Mé&B, Bomholt, Denmark, with no T- and B-lymphocytes but an
intact NK (natural killer) cell system. All experiments were performed in accordance with
national and institutional guidelines. All pain-inducing interventions, including tumor
implantation, injection of radioactive substances, and killing of the animals, were performed
under anesthesia with Ketanest 525 (PFIZER PHARMA PFE GmbH, Berlin, Germany).

4.5. Implantation of Xenografts

SCID mice were given intravenous injections of 20 uL (1 pg/pL) anti-asialo GM1 (anti-
ASGM1) rabbit antiserum (WAKO Chemicals, Diisseldorf, Germany; dose recommended
by the manufacturer) to deplete murine natural killer cells before the subcutaneous tumor-
cell challenge. Mice were subcutaneously injected with 2 x 10’ human norepinephrine
transporter (hNET)-expressing cells from the human NB cell line IMR5-75 to induce tumor
xenograft growth. NCAM expression and on IMR5-75 cells was detected by flow cytometry
as described elsewhere [24]. When tumors became macroscopically visible, the mice could
be used for experiments.



Int. J. Mol. Sci. 2024, 25, 10737

90f13

4.6. Animal Experiments

A survey on the experimental design is provided in Table 1.

Table 1. Overview of the experimental design.

Cohort 1

Dose finding studies with

tumor-free mice: Determination of

dose dependent site effects

Groups/Objectives Activities/Number
1-2 MBq (N = 6)
11 4-6 MBq (N = 6)

Determination of the survival time

10-14 MBq (N = 6)
16-22 MBq (N = 6)
No controls

1.2
Examination of the reduction in body weight
and change in blood count

1-2 MBq (N = 5) in duplicate
4-6 MBq (N = 5) in duplicate
10-14 MBq (N = 5) in duplicate
16-22 MBq (N = 5) in duplicate
Controls N =10 *

Cohort 2

Animal experiments with
tumor-bearing mice: Radioactivity
administration and tumor volume
measurement

Groups/Objectives

Activities/Number

2.1
Radiation-induced tumor reduction by
[3U]I-ERICT in mice with relatively large
initial tumor diameter (46-173 mm?)

0.8-1.5MBq (N =10) LD1
1.8-2.5 MBq (N = 4) LD2
16-22 MBq (N =5) HD
Controls N = 20 **

22
Determination of radiation-induced tumor
reduction by [B3LI]I-ERIC1 in mice with smaller
initial tumor diameter (10-40 mm?)

1.8-2.5 MBq (N =5)
Controls N =5 **

23
Investigations of the radiation effects of
Bl jodide in mice with smaller initial tumor
diameter (1040 mm?)

1-3 MBq (N = 5)

4-5MBq (N = 5)

9-13 MBq (N = 5)
Controls (N = 10) ***

24

N=5

Investigation of the unlabeled antibody

* Untreated tumor-free animals. ** Untreated tumor-bearing animals. *** Untreated tumor-bearing animals smaller
initial tumor diameter.

4.6.1. Cohort 1: Dose Finding (Tumor-Free Mice)

The first cohort of tumor-free mice was divided into two groups consisting of four
subgroups of 5-6 animals. Each group was treated with significantly different radioactivity
levels of 1 to 2 MBgq, 4 to 6 MBq, 10 to 14 MBgq, and 16 to 22 MBq per animal. In total,
200 pL of a solution containing the respective amount of radioactivity as [**'I]I-ERIC1
each containing 10 ug of non-radioactive ERIC1 was administered to the animals via tail
vein. The second group contained an untreated control group of ten tumor-free mice
for comparison.

1.  Group 1.1: Survival time

The survival time of the experimental animals in the different dose subgroups was
documented and evaluated. This allowed a dose range to be set in which the injected
radioactivity is tolerated by the animals.

2. Group 1.2: Body weight and blood count

To determine the possible radiation-induced side effects of [13]I-ERIC1, the body
weight and blood count of the mice were compared to those of a control subgroup. The
weight of the animals was determined daily on a digital balance (Sartorius AG PT 120
portable). The measurements took place two days after application to guarantee that no
RIC was artificially removed from the body ahead of time by any blood sample. To do so,
the tail tip of each test animal was resected. The resulting blood drop was collected with a
heparin-coated capillary. Approximately 30—40 uL of blood was collected in an EDTA test
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tube. This was analyzed with COULTER® Ac-T diff™ Analyzer (Beckman Coulter GmbH,
Krefeld, Germany), and the number of erythrocytes, leukocytes, and thrombocytes in the
blood count was determined. Each measurement was carried out in duplicate.

4.6.2. Cohort 2: Radioactivity Administration and Tumor Volume Measurement
(Tumor-Bearing Mice)

When the defined tumor volume was reached, 200 uL aliquots of [13]I-ERIC1solution
with the specified radioactivity was injected into the caudal vein of tumor-bearing SCID
mice. The radioactivity of the whole mouse body was measured daily after the appli-
cation of radioactivity using a radioisotope calibrator (ISOMED 1010 MED Nuklear-
Medizintechnik Dresden GmbH, Dresden, Germany). One day before the application
of [\B]I-ERIC1, the test animals were treated with 0.5 mg iodide to block the thyroid. This
step was carried out with 0.5 mg “cold” iodide in 200 uL of water using a buttoned cannula
inserted directly into the stomach. The tumor volume was measured with a micrometer
screw gauge (PK-1025 Fa. Mitutoyo Japan, measurement precision 0.01 mm). After the
immobilization of the mouse, the length, width, and thickness of the tumors were measured
manually. To measure the thickness, the subcutaneous tumor was shifted to skin level. The
tumor volume could thus be determined in mm? assuming a spherical geometry.

Especially in the experiments with comparatively higher initial tumor volumes in
subgroup 2.1, the variations in initial tumor volumes were notable, ranging from 46 to
173 mm3. To better compare the results of the RIC-mediated tumor reduction, a growth
factor (GF) was established for each dose group. The GF was defined as the tumor volume
at the time of examination V(t) divided by the initial tumor volume

V(0): GF(A) = (V(1))/(V(0))

1.  Tumor reduction by [3]I-ERIC1 (large tumor diameter)

Based on the results of the studies of the range of dose tolerated by the animals without
any significant shortening of lifetime, Group 1 was divided into three dose subgroups and
observed over a period of 21 days: two low-dose (LD) subgroups (0.8 MBg-1.5 MBq: LD1;
1.8 MBg—-2.5 MBq: LD2), where radiation-induced death was not expected, as well as a
third high-dose (HD) subgroup (16 MBq-22 MBq: HD) with a significant rate of radiation-
induced death. The main interest in using this high radioactive dose (HD) was to study its
tumoricidal effects during the animal’s lifespan, knowing well that radiation effects would
reduce this.

2. Tumor reduction by [3]I-ERIC1 (small tumor diameter)

In Group 2 (N = 5), the treatment was started at an earlier stage with a smaller initial
tumor volume ranging between 10 mm? and 40 mm?. The activity of [13M]I-ERIC1 selected
for this experiment was based on that found in former experiments to achieve the most
pronounced tumor reduction with the longest survival time (LD2: 1.8 MBq—-2.5 MBq). In
this way, the tumor-inhibiting effect of ['3!IJI-ERIC1 should be observed for the longest
possible observation period.

The time dependence of tumor growth was also studied. Hereby, the period of the
duplication of the tumor masses could be derived and, in the case of tumor shrinking, the
half-life for the tumor reduction.

3. Radiation effects of ["3'T]I-iodide (small tumor diameter)

To ensure that the observed tumor-inhibitory effects were truly antibody-mediated
and not due to nonspecific whole-body irradiation by 13!, the effects of non-tumor affine
B11-jodide were also examined. Four subgroups of test animals with smaller initial tumor
diameter with 1-3 MBq (N =5), 4-5 MBq (N = 5), and 9-13 MBq (N = 5) per animal were
used. Application (200 pL per injection), thyroid blocking, and determination of tumor
volume were carried out as described previously for [\*'T}-ERIC.

4. Group 2.4: Comparison: Unlabeled antibody
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To exclude interfering effects, i.e., therapeutic effects or possible side effects of the
antibody, a group of five tumor-bearing animals was treated with 200 pL solution of ERIC1
with a significantly larger amount of antibody (1 mg ERIC1 per 1 mL) than used in the
radioimmunoconjugates.

4.6.3. Statistical Tests

For every dose subgroup (e.g., control, LD1, LD2, HD), the statistical tests ANOVA
and Fisher’s PLSD were performed. The growth factors (GFs) were determined on a daily
basis over eight days. From day 0 to day 8, we thereby received the corresponding growth
factors GFO-GFS8 for all the four dose groups. It was statistically tested at which time point
the GF (dependent variable) varied significantly depending on the dose (independent
variable). A p-value less than 0.05 was considered statistically significant.

All data (N = 5-6) were analyzed, and values were presented as means & SD. Statistical
analyses were performed using GraphPad Prism 10.2.3 (Windows GraphPad Software, San
Diego, CA, USA).

5. Conclusions

After the administration of the radioimmunoconjugate ['*'T]I-ERIC1 to neuroblastoma-
bearing mice, a dose-dependent delay of tumor growth or even a tumor reduction was
observed. With an initial tumor volume of 15 mm? and a moderate radioactive dose of
1.8-2.5 MBq per mouse, the survival time of the treated animal was prolonged by a factor
of five in comparison to controls. In addition, the radiation-induced side effects were
dose-dependent. With radioactive doses greater than 4 MBq per mouse, the animals died
of irreversible myelosuppression. Initial changes in blood count were reversible for doses
of radioactivity of around 2.5 MBq per mouse. The antibody ERIC1 is, hence, a promising
vehicle with tolerable side effects for the transport of a therapeutically effective beta emitter
against NCAM-positive tumor tissue.

Author Contributions: Conceptualization, K.S. and M.D.; methodology, M.K., T.F, D.B. and B.Z,;
validation, K.S., T.F,, PK. and D.B.; investigation, D.B., T.F. and B.Z.; resources, A.D.; data curation,
ES., M.S,; writing—original draft preparation, K.S.; writing—review and editing, AM., EM., FD,, ES.
and M.D; supervision, A.D. and K.S.; All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All animal experiments were conducted in compliance with
the German Animal Protection Law under the supervision of the local Animal Welfare Officer. The use
of radioactivity, including antibody labeling and its application in animal experiments, was conducted
with the appropriate permissions. Specifically, approval was granted by the Regional Government
of Cologne (approval number: 50.203.2-K 19, 15/05) under the project titled, "Investigation of
Radioimmunotherapy for Tumors Expressing Neural Cell Adhesion Molecule (NCAM), with a Focus
on Neuroblastoma, Using Anti-NCAM Antibodies Labeled with Radioactive Isotopes."

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors Philipp Krapf and Alexander Drzezga were employed by the
Forschungszentrum Jiilich, with Alexander Drzezga additionally affiliated with the German Center
for Neurodegenerative Diseases (DZNE). The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.



Int. J. Mol. Sci. 2024, 25, 10737 12 0f 13

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Raitio, A.; Losty, P.D. Incidence and Risk Factors for Chyle Leaks after Neuroblastic Tumor Resection: A Systematic Review of
Published Studies. . Pediatr. Surg. 2024, 59, 1611-1614. [CrossRef]

Park, ].R.; Bagatell, R.; Cohn, S.L.; Pearson, A.D.; Villablanca, ].G.; Berthold, F; Burchill, S.; Boubaker, A.; McHugh, K.; Nuchtern,
J.G.; et al. Revisions to the International Neuroblastoma Response Criteria: A Consensus Statement from the National Cancer
Institute Clinical Trials Planning Meeting. J. Clin. Oncol. 2017, 35, 2580-2587. [CrossRef] [PubMed]

Pastor, E.R.; Mousa, S.A. Current management of neuroblastoma and future direction. Crit. Rev. Oncol. Hematol. 2019, 138, 38—43.
[CrossRef] [PubMed]

Fletcher, J.I; Ziegler, D.S.; Trahair, T.N.; Marshall, G.M.; Haber, M.; Norris, M.D. Too many targets, not enough patients:
Rethinking neuroblastoma clinical trials. Nat. Rev. Cancer 2018, 18, 389—400. [CrossRef] [PubMed]

Polychronopoulos, P.A.; Bedoya-Reina, O.C.; Johnsen, ].I. The Neuroblastoma Microenvironment, Heterogeneity and Immunother-
apeutic Approaches. Cancers 2024, 16, 1863. [CrossRef]

Giammarile, F;; Paez, D.; Zimmermann, R.; Cutler, C.S; Jalilian, A.; Korde, A.; Knoll, P.; Ayati, N.; Lewis, J.S.; Lapi, S.E.; et al.
Production and regulatory issues for theranostics. Lancet Oncol. 2024, 25, e260—-€269. [CrossRef]

Jewell, K.; Kostos, L.; Emmerson, B.; Hofman, M.S. Combination Strategies and Targeted Radionuclide Therapies. Semin. Nucl.
Med. 2024, 545, 612-621. [CrossRef]

Giovanella, L.; Tuncel, M.; Aghaee, A.; Campenni, A.; Petranovi¢ Ov¢aricek, P.; De Virgilio, A. Theranostics of Thyroid Cancer.
Semin. Nucl. Med. 2024, 54, 470-487. [CrossRef]

Sheikhbahaei, S.; Sadaghiani, M.S.; Rowe, S.P; Solnes, L.B. Neuroendocrine Tumor Theranostics: An Update and Emerging
Applications in Clinical Practice. AJR Am. |. Roentgenol. 2021, 217, 495-506. [CrossRef]

Richter, S.; Steenblock, C.; Fischer, A.; Lemm, S.; Ziegler, C.G.; Bechmann, N.; Nolting, S.; Pietzsch, J.; Ullrich, M. Improving
susceptibility of neuroendocrine tumors to radionuclide therapies: Personalized approaches towards complementary treatments.
Theranostics 2024, 14, 17-32. [CrossRef]

Patel, K.; Moore, S.E.; Dickson, G.; Rossell, R.J.; Beverley, P.C.; Kemshead, J.T.; Walsh, E.S. Neural cell adhesion molecule (NCAM)
is the antigen recognized by monoclonal antibodies of similar specificity in small-cell lung carcinoma and neuroblastoma. Int. J.
Cancer 1989, 44, 573-578. [CrossRef]

Whittington, H.A.; Hancock, J.; Kemshead, ].T. Generation of a humanised single chain Fv (Scfv) derived from the monoclonal
Eric-1 recognising the human neural cell adhesion molecule. Med. Pediatr. Oncol. 2001, 36, 243-246. [CrossRef] [PubMed]
Bourne, S.P; Patel, K.; Walsh, F.; Popham, C.J.; Coakham, H.B.; Kemshead, ].T. A monoclonal antibody (ERIC-1), raised against
retinoblastoma, that recognizes the neural cell adhesion molecule (NCAM) expressed on brain and tumors arising from the
neuroectoderm. J. Neurooncol. 1991, 10, 111-119. [CrossRef] [PubMed]

Jensen, M.; Berthold, F. Targeting the neural cell adhesion molecule in cancer. Cancer Lett. 2007, 258, 9-21. [CrossRef] [PubMed]
Klehr, M.; Koehl, U.; Miihlenhoff, M.; Tawadros, S.; Fischer, T.; Schomicker, K.; Heuckmann, J.M.; Bochennek, K.; Jensen, M. The
novel chimeric anti-NCAM (neural cell adhesion molecule) antibody ch.MK1 displays antitumor activity in SCID mice but does
not activate complement-dependent cytolysis (CDC). J. Immunother. 2009, 32, 442-451. [CrossRef] [PubMed]

Sowparani, S.; Mahalakshmi, P.; Sweety, ].P.; Francis, A.P; Dhanalekshmi, U.M.; Selvasudha, N. Ubiquitous Neural Cell
Adhesion Molecule (NCAM): Potential Mechanism and Valorisation in Cancer Pathophysiology, Drug Targeting and Molecular
Transductions. Mol. Neurobiol. 2022, 59, 5902-5924. [CrossRef]

Murakami, K.; Kumata, H.; Miyagi, S.; Kamei, T.; Sasano, H. The prognostic significance of neuroendocrine markers and
somatostatin receptor 2 in hepatocellular carcinoma. Pathol. Int. 2021, 71, 682-691. [CrossRef]

Taouk, G.; Hussein, O.; Zekak, M.; Abouelghar, A.; Al-Sarraj, Y.; Abdelalim, E.M.; Karam, M. CD56 expression in breast cancer
induces sensitivity to natural killer-mediated cytotoxicity by enhancing the formation of cytotoxic immunological synapse. Sci.
Rep. 2019, 9, 8756. [CrossRef]

Kontogianni, K.; Nicholson, A.G.; Butcher, D.; Sheppard, M.N. CD56: A useful tool for the diagnosis of small cell lung carcinomas
on biopsies with extensive crush artefact. J. Clin. Pathol. 2005, 58, 978-980. [CrossRef]

McCluggage, W.G.; McKenna, M.; McBride, H.A. CD56 is a sensitive and diagnostically useful immunohistochemical marker of
ovarian sex cord-stromal tumors. Int. ]. Gynecol. Pathol. 2007, 26, 322-327. [CrossRef]

Winter, C.; Pawel, B.; Seiser, E.; Zhao, H.; Raabe, E.; Wang, Q.; Judkins, A.R.; Attiyeh, E.; Maris, ].M. Neural cell adhesion
molecule (NCAM) isoform expression is associated with neuroblastoma differentiation status. Pediatr. Blood Cancer 2008, 51,
10-16. [CrossRef] [PubMed]

Phimister, E.; Kiely, F; Kemshead, J.T.; Patel, K. Expression of neural cell adhesion molecule (NCAM) isoforms in neuroblastoma.
J. Clin. Pathol. 1991, 44, 580-585. [CrossRef] [PubMed]

Schwankhaus, N.; Gathmann, C.; Wicklein, D.; Riecken, K.; Schumacher, U.; Valentiner, U. Cell adhesion molecules in metastatic
neuroblastoma models. Clin. Exp. Metastasis 2014, 31, 483-496. [CrossRef] [PubMed]

Otto, C.; Jensen, M.; Dietlein, M.; Fischer, T.; Schmidt, M.; Tawadros, S.; Borner, S.M.; Weber, S.A.; Spitz, R.; Bloch, W,; et al.
Localization of 131I-labelled monoclonal antibody ERIC1 in a subcutaneous xenograft model of neuroblastoma in SCID mice.
Nucl. Med. Commun. 2006, 27, 171-178. [CrossRef]

Sudbrock, F.; Schmidt, M.; Simon, T.; Eschner, W.; Berthold, F.; Schicha, H. Dosimetry for 131I-MIBG therapies in metastatic
neuroblastoma, phaeochromocytoma and paraganglioma. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 1279-1290. [CrossRef]



Int. J. Mol. Sci. 2024, 25, 10737 13 of 13

26.

27.

28.

29.

30.

Lashford, L.; Jones, D.; Pritchard, J.; Gordon, I.; Breatnach, F; Kemshead, ].T. Therapeutic application of radiolabeled monoclonal
antibody UJ13A in children with disseminated neuroblastoma. NCI Monogr. 1987, 3, 53-57.

Dauer, L.T; St Germain, J.; Williamson, M.]J.; Zanzonico, P.; Modak, S.; Cheung, N.K.; Divgi, C. Whole-body clearance kinetics
and external dosimetry of 1311-3F8 monoclonal antibody for radioimmunotherapy of neuroblastoma. Health Phys. 2007, 92, 33-39.
[CrossRef]

Flux, G.D.; Guy, M.].; Papavasileiou, P,; South, C.; Chittenden, S.J.; Flower, M.A.; Meller, S.T. Absorbed dose ratios for repeated
therapy of neuroblastoma with I-131 mIBG. Cancer Biother. Radiopharm. 2003, 18, 81-87. [CrossRef]

Sudbrock, F.; Boldt, F.; Kobe, C.; Eschner, W.; Schicha, H. Radiation exposure in the environment of patients after application of
radiopharmaceuticals. Part 1: Diagnostic procedures. Nuklearmedizin 2008, 47, 267-274.

Sudbrock, E; Boldt, F.; Kobe, C.; Hammes, ].; Eschner, W.; Schicha, H. Radiation exposure in the environment of patients after
application of radiopharmaceuticals. Part 2: Therapeutic procedures. Nuklearmedizin 2009, 48, 17-25.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



