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Abstract

Background/Objectives: Malignant mesothelioma has a poor prognosis and limited
therapeutic options. C-ERC/mesothelin is highly expressed in mesotheliomas and is a
potential target for radioimmunotherapy (RIT). This study evaluated the radiolabeled
anti-C-ERC/mesothelin antibody mAb 22A31 as a therapeutic agent. Methods: C-
ERC/mesothelin expression in mesothelioma cell lines was assessed by Western blotting,
and the specific binding of 1%I-labeled mAb 22A31 was examined. Biodistribution of 1! In-
labeled mAb 22A31 was evaluated in a mesothelioma cell line, MSTO-211H tumor-bearing
mice. The therapeutic efficacy of °Y-labeled mAb 22A31 was evaluated in subcutaneous
and pleural dissemination models. Results: mAb 22A31 showed specific binding consider-
ing the level of C-ERC/mesothelin expression in each mesothelioma cell line. ! In-mAb
22A31 accumulated in tumors with minimal uptake in normal tissues. °Y-mAb 22A31
significantly delayed the growth of subcutaneous tumors and improved survival in a
pleural dissemination model. Conclusions: Radiolabeled mAb 22A31 specifically targeted
C-ERC/mesothelin and demonstrated therapeutic efficacy in a mesothelioma xerograph
model. Therefore, “°Y-mAb 22A31 is a promising RIT agent and supports the further
development of C-ERC/mesothelin-targeted therapy for mesothelioma.
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1. Introduction

Malignant mesothelioma is an aggressive tumor with a poor prognosis and is clas-
sified into three main types based on histological features: epithelioid, sarcomatoid, and
mixed [1,2]. The three therapeutic modalities currently in use, surgery, radiotherapy,
and chemotherapy, do not offer a favorable prognosis, with a median survival time of
4-12 months. Most patients with malignant mesothelioma undergo chemotherapy; how-
ever, the disease is often diagnosed at an advanced stage [3,4]. Although newly developed
molecular targeted drugs have improved patient prognosis, their therapeutic outcomes
are still far from satisfactory [5]. Therefore, new treatments based on novel mechanisms
are required.
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Radioimmunotherapy (RIT), which uses radiolabeled monoclonal antibodies against
molecules expressed on tumors, is a type of radionuclide therapy. RIT has been used for
over 20 years for the treatment of non-Hodgkin’s lymphoma because anti-CD20 antibodies
show high and specific accumulation in the lymphoma [6,7]. Because RIT is a systemic treat-
ment, it is also effective for metastatic cancer, such as mesothelioma, which tends to spread
diffusely [8]. Therefore, by selecting molecules specifically expressed in mesothelioma, RIT
using antibodies against these molecules could be a potential therapeutic option.

The ERC/nesothelin gene encodes a 71 kDa precursor protein, which is cleaved
by proteases into 31 kDa N-terminal (N-ERC/mesothelin) and 40 kDa C-terminal (C-
ERC/mesothelin) fragments [9]. N-ERC/mesothelin, originally identified as megakaryocyte-
potentiating factor, is a soluble protein that is released into the extracellular space and is
now used as a serum marker of mesothelioma [10]. C-ERC/mesothelin is a glycoprotein
anchored to the cell surface via a glycosylphosphatidylinositol and has been reported to
promote anchorage-independent growth and prevent anoikis [11]. C-ERCs/mesothelin are
highly expressed in malignant cells, such as mesotheliomas, pancreatic ductal carcinomas,
ovarian cancers, and other cancers [12,13]. C-ERC/mesothelin is a promising therapeutic
target [14], and the development of antibody-based therapy, such as antibody—-drug conju-
gate (ADC) or chimeric antigen receptor T cells (CAR-T), is being developed. However,
clinical treatment outcomes have been disappointing [14,15], and to our knowledge, no
approved treatments targeting C-ERC/mesothelin exist. Nevertheless, mesothelin is still an
attractive therapeutic target and could serve as a good target for RIT against mesothelioma
since it is highly expressed in mesothelioma.

In this study, an anti-C-ERC/mesothelin antibody, mAb 22A31, was radiolabeled, and
its binding affinity to C-ERC/mesothelin-positive tumor cells was assessed. Biodistribution
studies were performed in tumor-bearing mice. The therapeutic efficacy of yttrium-90
(P%Y)-labeled mADb 22A31 was evaluated in flank and disseminated tumor mouse models.
Based on these results, the potential of 90Y-mADb 22A31 for mesothelioma was evaluated.

2. Results
2.1. C-ERC/Mesothelin Expression and Antibody Binding

Western blotting analysis revealed that the expression levels of C-ERC/mesothelin dif-
fered significantly among the three mesothelioma cell lines (Figure 1A). Semi-quantitative
analysis of C-ERC/mesothelin expression showed that NCI-H2052 cells exhibited very high
expression (C-ERC/mesothelin band density of 24.6, relative to C-ERC/mesothelin-null
NCI-H28), whereas MSTO-211H cells showed modest expression levels of 3.23.

1251.m Ab 22A31 bound to each cell line in a cell number-dependent manner (Figure 1B).
The extent of 12’I-mAb 22A31 binding significantly correlated with the expression levels
of the target molecule C-ERC/mesothelin in the three cell lines (Figure 1C, R? > 0.95).
The binding of 2°I-mAb 22A31 to NCI-H2052 cells was inhibited by nonlabeled mAb
22A31 in a concentration-dependent manner (Figure 1D), demonstrating high-affinity and
target-specific binding of mAb 22A31 to NCI-H2052 cells. The Kd value of mAb 22A31 was
calculated to be 2.67 x 10719 M, and the C-ERC/mesothelin expression level of NCI-H2052
cells was calculated to be approximately 90,000 molecules per cell using Scatchard plot
analysis (R? = 0.938).
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Figure 1. C-ERC/mesothelin expression and antibody binding. (A) The expression of C-
ERC/mesothelin in three mesothelioma cell lines. Densitometric intensities of C-ERC/mesothelin are
presented as folds relative to H28 band density (1.0). (B) Binding of 1251.mAb 22A31 to three cell lines
at different cell numbers. (C) Correlation between the expression level of C-ERC/mesothelin and
%binding of 2T-mAb 22A31 in three mesothelioma cell lines at different cell numbers. (D) Binding
of 151-mADb 22A31 to H2052 cells with various amounts of nonlabeled mAb 22A31. MW: molecular

weigt, H2052: NCI-H2052, H28: NCI-H28, MSTO: MSTO-211H.

2.2. Biodistribution Study

Hn-mAb 22A31 accumulated in MSTO-211H tumors and was retained in tumors for
at least 48 h post-injection at therapeutically relevant levels (Figure 2). The biodistribution
of '''In-mAb 22A31 in the body was similar to that of conventional antibodies, indicating
that it accumulated in the liver as an excretory organ. No specific retention of radioactivity
was observed in organs other than the tumor. The tumor-to-blood ratio and the tumor-to-
liver ratio were increased with time (tumor-to-blood ratio: 0.08 + 0.03, 0.61 + 0.08, and
0.81 £ 0.13 at 1, 24, and 48 h, respectively; tumor-to-liver ratio: 0.32 & 0.13, 1.43 4= 0.28, and

1.66 = 0.44 at 1, 24, and 48 h, respectively).

%dose/g

Blood Liver Kidney Intestine Spleen Lung Heart Muscle Tumor

Figure 2. Biodistribution of radioactivity after injection of ''In-mAb 22A31 in MSTO-211H tumor-
bearing mice. Each value represents the mean + SD of five mice.
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2.3. Therapeutic Study

In the subcutaneous model, tumor growth was significantly delayed in both *°Y-mAb
22A31 treatment groups compared to that in the control group (Figure 3). In addition, a
temporary reduction in tumor size was observed in all treated mice at both doses. When
comparing doses, the higher dose resulted in longer tumor growth suppression. Weight
loss of just under 20% was observed in one of the four mice administered 5.55 MBq of
PY-mAb 22A31, which subsequently recovered. No signs of radiation-induced toxicity

were observed in the other mice.
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Figure 3. Tumor growth inhibition by RIT with “°Y-mAb 22A31 in subcutaneous tumor-bearing
mice of MSTO-211H cells. Mice were intravenously administered with 3.7 and 5.55 MBq of Y-mAb
22A31. Untreated mice were used as controls. Each value represents the mean + SD of four mice. A
statistically significant difference from the control is indicated by * (p < 0.05).

In the peritoneal seeding model, Kaplan—-Meier survival analysis showed that
the survival of mice significantly improved with *°Y-mAb 22A31 treatment (Figure 4,
p < 0.05). The median survival periods of the treatment and untreated groups were 51 days
(95% confidence interval: 42.8 to 69.6) and 26 days (95% confidence interval: 22.7 to 46.4),
respectively (x? = 5.701). More than half of the mice in the untreated group died by day 30,
whereas no mice in the treatment group died by day 40. As all the mice died after a certain
period, a tumor-bearing model would be successfully established. In addition, pleural
dissemination was verified by dissecting several mice 4 weeks after the administration of
MSTO-211H tumor cells (Supplementary Figure S1).
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Figure 4. Kaplan-Meier survival curve analysis of the RIT with °Y-mAb 22A31 in pleural seeding
tumor-bearing mice of MSTO-211H cells. Mice were intrathoracically administered with 3.7 MBq of
P0Y-mAb 22A31, and untreated mice were used as controls (nine mice in each group). A statistically
significant difference from the control is indicated by * (p < 0.05).
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3. Discussion

C-ERC/mesothelin is an attractive target for RIT in mesotheliomas. This study eval-
uated the radiolabeled anti-C-ERC/mesothelin antibody, mAb 22A31, both in vitro and
in vivo. mAb 22A31 was established by Ishikawa et al. [16] as a monoclonal antibody
specific to C-ERC/mesothelin. 1?°I-labeled mAb 22A31 demonstrated sufficient binding
to cells expressing C-ERC/mesothelin, and this binding was inhibited by nonlabeled an-
tibodies, suggesting specific binding. Therefore, mAb 22A31 is a potential antibody for
C-ERC/mesothelin-targeting therapy.

" n-mAb 22A31 accumulated in mesothelin-expressing tumors in vivo. NCI-H2052
cells with high C-ERC/mesothelin expression did not form measurable tumors in mice
under the experimental conditions; therefore, tumor-bearing mice transplanted with MSTO-
211H cells that expressed C-ERC/mesothelin at lower levels were used. Nevertheless,
Mn-mAb 22A31 accumulated sufficiently in the MSTO-211H tumor. Therefore, in clinical
settings, the presence of a certain degree of C-ERC/mesothelin expression, as in NCI-H2052
cells, is expected to result in higher antibody accumulation and considerable antitumor
efficacy. No significant accumulation was observed in organs other than the tumors. Ac-
cumulation in the liver is observed during the general excretion process of antibodies.
But the usual level of hepatic accumulation associated with excretion causes no signif-
icant adverse effects in the clinical RIT of malignant lymphoma [7]. Although further
investigation in humans is required because mesothelin is minimally expressed in normal
tissues, its expression is largely limited to mesothelial cells, making it a suitable target for
tumor-specific therapies.

Y-mAb 22A31 showed significant therapeutic effects in both flank and pleural dissem-
inated tumor models despite using MSTO-211H with low C-ERC/mesothelin expression
levels. These findings indicate that C-ERC/mesothelin is a feasible target molecule for
RIT-targeting mesothelioma and that radiolabeled mAb 22A31 has potential as an RIT
agent. It has been reported that mAb 22A31 alone does not inhibit cell proliferation in vitro.
Nonetheless, repeated intratumoral injections exhibit therapeutic efficacy in tumor-bearing
mice, while intraperitoneal administration fails to produce such effects in vivo [16]. There-
fore, the observed therapeutic effect is most likely attributable to the cytotoxic radiation
emitted by the radionuclide. Since the relatively slow blood clearance was observed in
the ' In-mAb 22A31 biodistribution study, the maximum dose of *°Y-mAb 22A31 was set
to 5.55 MBq for the subcutaneous model based on our previous studies [17,18]. As there
are no reports regarding intrapleural administration, the dose was set to 3.7 MBq for the
peritoneal seeding model to be safe. A higher dose for the peritoneal seeding model may
give a better outcome.

In this study, Y was selected as a radionuclide considering its use in clinical RIT and
the fact that the radionuclide is less likely to be released from the antibody in the body
compared with radioiodine. Other metal radionuclides, such as lutetium-177 and actinium-
225 (*®>Ac), an alpha emitter, would be applied without any difficulty. Since therapeutic
effects have been achieved with intrapleural administration in a pleural dissemination
model, it is possible to achieve an even more effective treatment using short-half-life alpha-
emitters such as astatine-211, lead-212, and bismuth-213, which have garnered attention in
recent years. It has been reported that intraperitoneal administration results in higher tumor
accumulation than intravenous administration in a mouse peritoneal seeding model [19],
suggesting that RIT via intrathoracic administration has significant potential. Further
studies were required to evaluate the usefulness of RIT with intrathoracic administration.

Several reports have been published on the use of RIT for mesotheliomas. The first-
in-human study of a thorium-227-labeled mesothelin-targeting antibody, anetumab, has
already been performed [20]. Anetumab was developed for ADC, and a clinical trial
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has been performed [21]. But it has not been approved yet, and whether properties of
anetumab are suitable for RIT remains unclear. Since mAb 22A31 showed high potential
for RIT, it is still too early to withdraw from development. Studies will be conducted using
alpha-emitters, and if promising results are obtained, the study will proceed to physician-
initiated clinical trials. Considering immunogenicity, humanization of the antibody may
also need to be considered. As another target molecule, RIT targeting of podoplanin has
been actively investigated [22,23]. Podoplanin, similar to mesothelin, is expressed in most
cases. Although it is difficult to compare the results due to differences in the tumor models,
the therapeutic effect of ““Y-mAb 22A31 appears to be largely consistent with the results of
9Y-labeled anti-podoplanin antibody. Conversely, 22> Ac-labeled one showed remarkably
high therapeutic efficacy, providing a strong rationale for investigating alpha-emitters.
Since the prevalence of expression varies between cases, it is preferable to use mesothelin-
and podoplanin-targeted RIT, not exclusively but rather complementarily, tailored to each
individual case. Imaging rather than biopsy is useful for selecting suitable patients for
each RIT since antigen expression in cancer is heterogeneous. While immunoPET can be
performed using the same antibody for diagnosis [24], it would be preferable to develop a
low-molecular-weight tracer for PET since immunoPET is costly due to the use of antibodies
and is therefore not suitable for patient selection purposes.

This study had some limitations. First, MSTO-211H cells, which express C-
ERC/mesothelin at lower levels, were used for the in vivo studies. Ideally, a cell line
with high C-ERC/mesothelin expression should have been used to demonstrate greater
tumor accumulation and therapeutic efficacy. However, although MSTO-211H cells were
used, it is believed that their utility in vivo was sufficiently demonstrated. Second, because
normal MSTO-211H cells were used, tumor growth in the peritoneal seeding model could
not be monitored. However, because all the mice died after a certain period, a tumor-
bearing model was successfully established. These results were considered reliable because
a significant therapeutic effect was observed. Third, because the availability of mAb 22A31
was limited, it was difficult to perform in vivo blocking studies using unlabeled antibodies
or to evaluate the therapeutic effect of the antibody itself. However, the specificity for
mesothelin has been demonstrated in vitro, and the therapeutic effect of mAb 22A31 is
expected to be minimal in this mouse model. Due to the limited amount of antibody,
hematological or histopathological toxicity was not evaluated. For the same reason, the
number of DTPA molecules bound per antibody was not measured. However, only five
DTPA equivalents were added, and based on experience, it is expected to be 1-2 units, so
it should not affect the results this time. Due to restrictions on the use of *Y, therapeutic
experiments using non-specific antibodies have not been conducted. Further research is
warranted to clarify these findings.

4. Materials and Methods
4.1. General

The anti-C-ERC/mesothelin antibody (mAb 22A31) was purchased from Immuno-
Biological Laboratories (Fujioka, Japan). The human malignant mesothelioma cell lines
MSTO-211H, NCI-H28, and NCI-H2052 were purchased from the Japanese Cancer Research
Resources Bank (Tokyo, Japan).

4.2. Radiolabeling Antibody

125]-]abeled mAb 22A31 was prepared using the chloramine-T method with small-
scale [25]. Briefly, 2 uL (740 kBq) of Na'?°[ solution (GE Healthcare, Buckinghamshire, UK)
and 3 pL of chloramine-T solution (1 pg) in 0.3 M phosphate buffer were added to 10 pg
of mAb 22A31 dissolved in 100 pL of 0.3 M phosphate buffer. After incubation at room
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temperature for 5 min, the labeled antibody was purified using a gel filtration column,
Bio-spin 6 Column (Bio-Rad, Hercules, CA, USA), according to the manufacturer’s protocol,
with phosphate-buffered saline (PBS) as the eluent. For labeling with 'In or Y, 2-(4-
isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid (SCN-Bn-DTPA; Macrocyclics,
Dallas, TX, USA) was conjugated with mAb 22A31. SCN-Bn-DTPA in dimethylformamide
was added to the antibody (5-10 mg/mL in 50 mM borate-buffered saline, pH 8.5) at a molar
ratio of 5:1. The mixture was incubated at 37 °C for 20 h, and the DTPA-conjugated antibody
was purified using a Bio-spin 6 column. The number of DTPA attached per molecule of mAb
was not measured, but it is estimated to be 1.0-2.0 based on past experimental results [16,17].
To prepare MIn or *’Y-labeled antibody, 50 uL (3.7 MBq) of '''InClj3 solution (Nihon Medi-
Physics, Tokyo, Japan) or 40-60 pL (100-150 MBq) of 20Y(Cl; solution (nuclitec GmbH,
Braunschweig, Germany) was incubated with 100 pL of 0.25 M acetate buffer (pH 5.5) for
5 min at room temperature. This mixture was then added to 300-500 pg of DTPA-antibody
in 0.25 M acetate buffer (pH 5.5) and incubated for 1 h at 37 °C. The radioactivity and
antibody amount used were determined considering the specific activity of *°Y-mAb 22A31
(20 nug/3.7 MBq) for administration in animal experiments. The radiolabeled antibody
was purified using a PD-10 column (GE Healthcare), according to the manufacturer’s
protocol. The radiochemical purity of the radiolabeled antibody was >95%, determined by
Tec-Control Chromatography Strips (Biodex Medical Systems, Shirley, NY, USA) developed
with saline.

4.3. Western Blot Analysis for C-ERC/Mesothelin Expression

The cells were dissolved in Laemmli sample buffer (31 mg DTT/mL 4 x Laemmli
buffer (Bio-Rad Laboratories)). The protein concentration was determined using the Protein
Assay BCA kit (Wako, Osaka, Japan). Proteins (50 ug) were fractionated on a 5-20%
gradient SDS-PAGE gel (Atto, Tokyo, Japan) and blotted onto a PVDF membrane (Millipore,
Billerica, MA, USA) by electrotransfer. After blocking for 1 h, the blots were then incubated
overnight at 4 °C with primary antibodies against mAb 22A31 or anti-{3-actin (clone AC-15;
Sigma-Aldrich, Saint Louis, MO, USA) as a loading control. The bound antibodies were
detected using horseradish peroxidase-conjugated secondary antibodies (sc-2030; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or anti-mouse IgG (KPL Inc., Gaithersburg,
MD, USA) developed using Amersham ECL prime detection reagents (GE Healthcare).
Membranes were imaged using the ImageQuant™ LAS 4010 (GE Healthcare), and image
band intensities were quantified using Image] 1.47 software. Data were normalized to
the NCI-H28.

4.4. Binding Assay

For the cell binding assays, 100 uL of 'I-mAb 22A31 in PBS (containing
0.001 pg antibody and 0.1% BSA) was added to 100 pL of each cell suspension of MSTO-
211H, NCI-H28, and NCI-H2052 with different cell numbers (1.0 x 10°, 1.0 x 10°, and
1.0 x 107). After incubation for 1 h at room temperature, the suspensions were centrifuged
at 1580 x g for 5 min. The supernatant was removed, and the radioactivity of the cell pellets
was measured using a well-type gamma counter (ARC7001; Hitachi Aloka, Tokyo, Japan).
Cell-bound radioactivity was calculated as a percentage of the initial radioactivity added.
For competitive inhibition assays, 100 uL of '2I-mAb 22A31 in PBS (containing 0.001 pg
antibody and 0.1% BSA) was added to 100 uL of NCI-H2052 cell suspension (containing
5 x 10° cells each) with various amounts of nonlabeled mAb 22A31. After incubation for
1 h at room temperature, the cell suspension was centrifuged at 1580x g for 5 min. Then,
cell-bound radioactivity was calculated as described above. Antigen expression levels
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(Bmax) and dissociation constant (Kd) of the antibody were determined via Scatchard
plot analysis.

4.5. Biodistribution Study

Animal studies were performed according to institutional guidelines and approved
by the Local Animal Care Committee of Gunma University. BALB/c nude mice were pur-
chased from CLEA Japan (Tokyo, Japan). Tumor-bearing mice were prepared by injection
of MSTO-211H tumor cells (2 x 10° cells) in 100 uL PBS into the right flank of each mouse.
When the tumors had fully grown, animals were randomly assigned to each treatment
group (five mice per time point). A biodistribution study was performed by intravenous
administration of ' In-mAb 22A31 (protein dose: 15 pg) in 100 pL PBS into the tail vein
of mice. At 1, 24, and 48 h after injection, animals were euthanized by decapitation, and
the tissues of interest were excised and weighed. Radioactivity was measured using a
well-type gamma counter.

4.6. Therapeutic Study

For the therapeutic study of the subcutaneous implantation model, mice were pre-
pared as mentioned above. When the tumors had grown sufficiently (average tumor size:
83.8 4 21.5 mm?), animals were randomly assigned to each group (four mice per group).
The tumor-bearing mice were intravenously administered 3.7 MBq or 5.55 MBq of *Y-mAb
22A31 (protein dose: approx. 20 ug/3.7 MBgq, injection volume: 100 uL/3.7 MBq) in PBS
into the tail vein of mice. The untreated group was used as a control. The mice were
weighed, and the tumor diameters were measured using calipers twice per week. Tumor
volumes were calculated according to the following formula: (length) x (width)? x 0.5, and
the relative tumor size was calculated by dividing each initial tumor volume. Mice with a

tumor volume > 2000 mm?3

or reduced activity were euthanized by cervical dislocation.
For the therapeutic studies of the pleural dissemination model, mice were prepared
by injection of MSTO-211H tumor cells (2 x 10° cells) in 100 uL PBS into the thoracic cavity
of BALB/c nude mice, referencing previous reports [26]. Four weeks after the injection,
the animals were randomly assigned to each treatment group (nine mice per group). The
tumor-bearing mice were administered 3.7 MBq of °Y-mAb 22A31 (protein dose: approx.
20 ug) in PBS (100 puL) into the thoracic cavity. The untreated group was used as a control.
The mice were monitored until their death or a decrease in activity was observed. Mice

with reduced activity were euthanized by cervical dislocation.

4.7. Statistical Analysis

Data are presented as means I standard deviation, where appropriate. Statistical
analysis was performed using GraphPad Prism version 9.2.0. Significant differences from
the control group were analyzed using Dunnett’s test. The cumulative probability of
survival was estimated in each group using the Kaplan—Meier survival curve analysis, and
the results were compared using the log-rank test. Differences were considered statistically
significant at p < 0.05. Correlation was considered very strong when the correlation
coefficient (r) was more than 0.9.

5. Conclusions

Radiolabeled mAb 22A31 specifically bound to C-ERC/mesothelin-positive cell lines
and accumulated in tumor-bearing mice. “*Y-mAb 22A31 showed significant therapeutic
effects in both flank and pleural disseminated tumor models. These findings indicate that
C-ERC/mesothelin is a promising target molecule and that radiolabeled mAb 22A31 is a
promising agent for RIT in mesothelioma.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph19030501/s1. Figure S1: Photograph of the pleural cavity
4 weeks after MSTO-211H cell injection. Figure S2: The original Western blotting image shown
in Figure 1A.
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Abbreviations

The following abbreviations are used in this manuscript:

RIT Radioimmunotherapy

ADC Antibody-drug conjugate

CAR-T  Chimeric antigen receptor T Cells
DTPA  Diethylenetriamine pentaacetic acid
PET Positron emission tomography

PBS Phosphate-buffered saline

References

1.

10.

Robinson, B.W.; Lake, R.A. Advances in malignant mesothelioma. N. Engl. . Med. 2005, 353, 1591-1603. [CrossRef] [PubMed]
Kindler, H.L.; Ismaila, N.; Armato, S.G., III; Bueno, R.; Hesdorffer, M.; Jahan, T.; Jones, C.M.; Miettinen, M.; Pass, H.; Rimner, A.;
et al. Treatment of malignant pleural mesothelioma: American Society of Clinical Oncology clinical practice guideline. J. Clin.
Oncol. 2018, 36, 1343-1373. [CrossRef]

Tsao, A.S.; Wistuba, I; Roth, J.A.; Kindler, H.L. Malignant pleural mesothelioma. J. Clin. Oncol. 2009, 27, 2081-2090. [CrossRef]
[PubMed]

Bille, A.; Okiror, L.; Harling, L.; Pernazza, F.; Muzio, A.; Roveta, A.; Grosso, F. Analysis of survival of patients with metastatic
malignant pleural mesothelioma. Tumori 2021, 107, 110-118. [CrossRef] [PubMed]

Suraya, R.; Nagano, T.; Tachihara, M. Recent advances in mesothelioma treatment: Immunotherapy, advanced cell therapy, and
other innovative therapeutic modalities. Cancers 2025, 17, 694. [CrossRef]

Kaminski, M.S.; Zelenetz, A.D.; Press, O.W.,; Saleh, M.; Leonard, J.; Fehrenbacher, L.; Lister, T.A.; Stagg, R.J.; Tidmarsh, G.F,; Kroll,
S.; et al. Pivotal study of iodine I-131 tositumomab for chemotherapy-refractory low-grade or transformed low-grade B-cell
non-Hodgkin’s lymphomas. J. Clin. Oncol. 2001, 19, 3918-3928. [CrossRef]

Witzig, T.E.; Gordon, L.I; Cabanillas, F.; Czuczman, M.S.; Emmanouilides, C.; Joyce, R.; Pohlman, B.L.; Bartlett, N.L.; Wiseman,
G.A,; Padre, N.; et al. Randomized controlled trial of yttrium-90-labeled ibritumomab tiuxetan radioimmunotherapy versus
rituximab immunotherapy for patients with relapsed or refractory low-grade, follicular, or transformed B-cell non-Hodgkin’s
lymphoma. J. Clin. Oncol. 2002, 20, 2453-2463. [CrossRef]

Larson, S.M.; Carrasquillo, J.A.; Cheung, N.-K.V.; Press, O.W. Radioimmunotherapy of human tumours. Nat. Rev. Cancer 2015, 15,
347-360. [CrossRef]

Hassan, R; Bera, T.; Pastan, I. Mesothelin: A new target for cancer therapy. Clin. Cancer Res. 2004, 10, 3937-3942. [CrossRef]
Shiomi, K.; Miyamoto, H.; Segawa, T.; Hagiwara, Y.; Ota, A.; Maeda, M.; Takahashi, K.; Masuda, K.; Sakao, Y.; Hino, O. Novel
ELISA system for detection of N-ERC/mesothelin in the sera of mesothelioma patients. Cancer Sci. 2006, 97, 928-932. [CrossRef]

https://doi.org/10.3390/ph19030501


https://www.mdpi.com/article/10.3390/ph19030501/s1
https://www.mdpi.com/article/10.3390/ph19030501/s1
https://doi.org/10.1056/NEJMra050152
https://www.ncbi.nlm.nih.gov/pubmed/16221782
https://doi.org/10.1200/JCO.2017.76.6394
https://doi.org/10.1200/JCO.2008.19.8523
https://www.ncbi.nlm.nih.gov/pubmed/19255316
https://doi.org/10.1177/0300891620926239
https://www.ncbi.nlm.nih.gov/pubmed/32458750
https://doi.org/10.3390/cancers17040694
https://doi.org/10.1200/JCO.2001.19.19.3918
https://doi.org/10.1200/JCO.2002.11.076
https://doi.org/10.1038/nrc3925
https://doi.org/10.1158/1078-0432.CCR-03-0801
https://doi.org/10.1111/j.1349-7006.2006.00246.x
https://doi.org/10.3390/ph19030501

Pharmaceuticals 2026, 19, 501 10 of 10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Chang, K.; Pastan, I. Molecular cloning of mesothelin, a differentiation antigen present on mesothelium, mesotheliomas, and
ovarian cancers. Proc. Natl. Acad. Sci. USA 1996, 93, 136-140. [CrossRef]

Ordoériez, N.G. Application of mesothelin immunostaining in tumor diagnosis. Am. |. Surg. Pathol. 2003, 27, 1418-1428. [CrossRef]
[PubMed]

Kachala, S.S.; Bograd, A.].; Villena-Vargas, J.; Suzuki, K,; Servais, E.L.; Kadota, K.; Chou, J.; Sima, C.S.; Vertes, E.; Rusch, VW,;
et al. Mesothelin overexpression is a marker of tumor aggressiveness and is associated with reduced recurrence-free and overall
survival in early-stage lung adenocarcinoma. Clin. Cancer Res. 2014, 20, 1020-1028. [CrossRef] [PubMed]

Hassan, R.; Thomas, A.; Alewine, C.; Le, D.T,; Jaffee, E.M.; Pastan, I. Mesothelin immunotherapy for cancer: Ready for prime
time? J. Clin. Oncol. 2016, 34, 4171-4179. [CrossRef] [PubMed]

Faust, J.R.; Hamill, D.; Kolb, E.A.; Gopalakrishnapillai, A.; Barwe, S.P. Mesothelin: An immunotherapeutic target beyond solid
tumors. Cancers 2022, 14, 1550. [CrossRef]

Ishikawa, K.; Segawa, T.; Hagiwara, Y.; Maeda, M.; Abe, M.; Hino, O. Establishment of a novel monoclonal antibody to human
ERC/mesothelin useful for the study and diagnosis of ERC/mesothelin-expressing cancers. Pathol. Int. 2009, 59, 161-166.
[CrossRef]

Hanaoka, H.; Kuroki, M.; Yamaguchi, A.; Achmad, A.; Iida, Y.; Higuchi, T.; Oriuchi, N.; Tsushima, Y.; Endo, K. Fractionated
radioimmunotherapy with *°Y-labeled fully human anti-CEA antibody. Cancer Biother. Radiopharm. 2014, 29, 70-76. [CrossRef]
Yudistiro, R.; Hanaoka, H.; Katsumata, N.; Yamaguchi, A.; Tsushima, Y. Bevacizumab radioimmunotherapy with accelerated
blood clearance using the avidin chase. Mol. Pharm. 2018, 15, 2165-2173. [CrossRef]

Yamamoto, M.; Kurino, T.; Matsuda, R.; Jones, H.S.; Nakamura, Y.; Kanamori, T.; Tsuji, A.B.; Sugyo, A.; Tsuda, R.; Matsumoto, Y.;
et al. Delivery of aPD-L1 Antibody to i.p. Tumors via Direct Penetration by i.p. Route: Beyond EPR Effect. ]. Control. Release 2022,
352, 328-337. [CrossRef]

Minchom, A.; Lindén, O.; Knapen, D.G.; Hassan, R.; Lin, EI; Jalkanen, K.; Subbiah, V.; Tafuri, A.; Ferreira, D.; Jardine, V.; et al.
First-in-human study of a thorium-227-labeled mesothelin-targeting antibody—chelator conjugate (MSLN-TTC) in patients with
malignant mesothelioma and other solid tumors. ESMO Open 2025, 10, 105905. [CrossRef]

Golfier, S.; Kopitz, C.; Kahnert, A.; Heisler, I; Schatz, C.A.; Stelte-Ludwig, B.; Mayer-Bartschmid, A.; Unterschemmann, K,;
Bruder, S.; Linden, L.; et al. Anetumab ravtansine: A novel mesothelin-targeting antibody—-drug conjugate cures tumors with
heterogeneous target expression favored by bystander effect. Mol. Cancer Ther. 2014, 13, 1537-1548. [CrossRef] [PubMed]

Sudo, H.; Tsuji, A.B.; Sugyo, A.; Saga, T.; Kaneko, M.K; Kato, Y.; Higashi, T. Therapeutic efficacy of radioimmunotherapy with
yttrium-90-labeled anti-podoplanin antibody NZ-12 for mesothelioma. Cancer Sci. 2019, 110, 1653-1664. [CrossRef] [PubMed]
Sudo, H.; Tsuji, A.B.; Sugyo, A.; Kaneko, M.K,; Kato, Y.; Nagatsu, K.; Suzuki, H.; Higashi, T. Preclinical evaluation of podoplanin-
targeted alpha-radioimmunotherapy with the novel antibody NZ-16 for malignant mesothelioma. Cells 2021, 10, 2503. [CrossRef]
[PubMed]

Abou, D.S,; Longtine, M.; Fears, A.; Benabdallah, N.; Unnerstall, R.; Johnston, H.; Shim, K.; Hasson, A.; Zhang, H.; Ulmert, D.;
et al. Evaluation of candidate theranostics for 2/ Th/% Zr paired radioimmunotherapy of lymphoma. J. Nucl. Med. 2023, 64,
1062-1068. [CrossRef]

Arano, Y.; Fujioka, Y.; Akizawa, H.; Ono, M.; Uehara, T.; Wakisaka, K.; Nakayama, M.; Sakahara, H.; Konishi, J.; Saji, H. Chemical
design of radiolabeled antibody fragments for low renal radioactivity levels. Cancer Res. 1999, 59, 128-134.

Chu, N.Q,; Liu, R.; Colby, A ; de Forcrand, C.; Padera, R.E,; Grinstaff, M.W.; Colson, Y.L. Paclitaxel-loaded expansile nanoparticles
improve survival following cytoreductive surgery in pleural mesothelioma xenografts. J. Thorac. Cardiovasc. Surg. 2020, 160,
e159-e168. [CrossRef]

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.

https://doi.org/10.3390/ph19030501


https://doi.org/10.1073/pnas.93.1.136
https://doi.org/10.1097/00000478-200311000-00003
https://www.ncbi.nlm.nih.gov/pubmed/14576474
https://doi.org/10.1158/1078-0432.CCR-13-1862
https://www.ncbi.nlm.nih.gov/pubmed/24334761
https://doi.org/10.1200/JCO.2016.68.3672
https://www.ncbi.nlm.nih.gov/pubmed/27863199
https://doi.org/10.3390/cancers14061550
https://doi.org/10.1111/j.1440-1827.2009.02344.x
https://doi.org/10.1089/cbr.2013.1562
https://doi.org/10.1021/acs.molpharmaceut.8b00027
https://doi.org/10.1016/j.jconrel.2022.10.032
https://doi.org/10.1016/j.esmoop.2025.105905
https://doi.org/10.1158/1535-7163.MCT-13-0926
https://www.ncbi.nlm.nih.gov/pubmed/24714131
https://doi.org/10.1111/cas.13979
https://www.ncbi.nlm.nih.gov/pubmed/30801908
https://doi.org/10.3390/cells10102503
https://www.ncbi.nlm.nih.gov/pubmed/34685483
https://doi.org/10.2967/jnumed.122.264979
https://doi.org/10.1016/j.jtcvs.2019.12.076
https://doi.org/10.3390/ph19030501

	Introduction 
	Results 
	C-ERC/Mesothelin Expression and Antibody Binding 
	Biodistribution Study 
	Therapeutic Study 

	Discussion 
	Materials and Methods 
	General 
	Radiolabeling Antibody 
	Western Blot Analysis for C-ERC/Mesothelin Expression 
	Binding Assay 
	Biodistribution Study 
	Therapeutic Study 
	Statistical Analysis 

	Conclusions 
	References

