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Abstract

Purpose: Targeted thorium-227 conjugates (TTC) represent
a new class of molecules for targeted alpha therapy (TAT).
Covalent attachment of a 3,2-HOPO chelator to an antibody
enables specific complexation and delivery of the alpha par-
ticle emitter thorium-227 to tumor cells. Because of the
high energy and short penetration range, TAT efficiently
induces double-strand DNA breaks (DSB) preferentially in
the tumor cell with limited damage to the surrounding
tissue. We present herein the preclinical evaluation of a
mesothelin (MSLN)-targeted thorium-227 conjugate, BAY
2287411. MSLN is a GPI-anchored membrane glycoprotein
overexpressed inmesothelioma, ovarian, pancreatic, lung, and
breast cancers with limited expression in healthy tissue.

Experimental Design: The binding activity and radiostabil-
ity of BAY 2287411 were confirmed bioanalytically. The
mode-of-action and antitumor potency of BAY 2287411 were
investigated in vitro and in vivo in cell line and patient-derived

xenograft models of breast, colorectal, lung, ovarian, and
pancreatic cancer.

Results: BAY 2287411 induced DSBs, apoptotic markers,
and oxidative stress, leading to reduced cellular viability.
Furthermore, upregulation of immunogenic cell death
markers was observed. BAY 2287411 was well-tolerated and
demonstrated significant antitumor efficacy when
administered via single or multiple dosing regimens in vivo.
In addition, significant survival benefit was observed in a
disseminated lung cancer model. Biodistribution studies
showed specific uptake and retention of BAY 2287411 in
tumors and enabled the development of a mechanistic phar-
macokinetic/pharmacodynamic model to describe the pre-
clinical data.

Conclusions: These promising preclinical results supported
the transition of BAY 2287411 into a clinical phase I program
inmesotheliomaandovarian cancer patients (NCT03507452).

Introduction
Targeted alpha therapy (TAT) holds great potential for the

treatment of cancer based on the specific delivery of alpha-particle
emitting radionuclides to tumors (1). Following the worldwide
marketing authorization of the first-in-class TAT Xofigo (radium-
223dichloride) for the treatment ofmCRPC (2), there has been an
increased interest in new applications of TAT. The inherent bone-
seeking accumulation of radium-223 (3) allows for effective
delivery to bone metastases, but the lack of suitable chelating

agents has hindered the development of radioimmunoconjugates
using this radionuclide. On the other hand, the progenitor of
radium-223, thorium-227, can be directly complexed at ambient
temperature to antibody conjugates bearing chelators of the
octadentate 3,2-hydroxypyridinone (3,2-HOPO) class (4, 5).
Fortuitously, the half-life of thorium-227 (18.7 days) is compat-
ible with the blood half-life of therapeutic antibodies in humans,
the decay chain resulting in the generation of a total of five high-
energy alpha and two beta particles ending with the nonradio-
active element lead-207 (6).

We have recently described the generation of targeted thorium-
227 conjugates (TTC) and evaluated their potencies in in vitro and
in vivo models of acute myeloid leukemia (7) and in models of
renal cell carcinoma (8). The mode-of-action (MoA) of TTCs is
predominantly linked to the robust induction of irreparable
double-strand DNA breaks (9). Unlike antibody drug conjugates
(ADC), due to the high energy and short path length (2–10 cell
diameters) of the alpha particles (10), TTCs are not strictly
dependent on antigen internalization andmay obviate the devel-
opment of cellular resistance.

Mesothelin (MSLN) is a 40-kDa GPI-anchored membrane
glycoprotein, and it has been proposed to play a role inmediating
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cell–cell adhesion andmetastatic spread through the involvement
of CA125 and the metalloproteinase MMP-7 (11–13). Under
physiologic conditions, MSLN expression is confined to the
peritoneal and pleural cavities and pericardium. In cancers, over-
expression of MSLN has been reported in a wide range of solid
cancers such as mesothelioma, ovarian, pancreatic, lung, and
breast cancers (14). MSLN knockout mice exhibit normal devel-
opment, reproduction, and blood cell count (11). The extracel-
lular domain of MSLN has been demonstrated to bind to mucin
glycoprotein CA125. Intracellularly, MSLN can activate NFkB,
MAPK, and PI3K signaling pathways, thereby promoting cell
proliferation and resistance to apoptosis (15). The restricted
expression of MSLN on healthy tissues, combined with the high
expression on several solid cancers renders it an attractive tumor
antigen for targeted cancer therapy and several preclinical and
clinical approaches are currently being pursued including CAR-T
cells, vaccines, antibodies (amatuximab), recombinant immuno-
toxins (SS1P, and RG7787) as well as antibody drug conjugates
(anetumab ravtansine/BAY 94-9343; aMSLN-MMAE (h7D9.v3),
and MDX-1204 (14, 16–18).

We present herein the preclinical evaluation of BAY 2287411, a
MSLN-targeting thorium-227 conjugate (MSLN-TTC), which is
based on the fully human IgG1 antibody BAY 86-1903 (anetu-
mab) covalently attached to a thorium-227 complexing 3,2-
HOPO chelator (4, 5). BAY 2287411 demonstrated potent
in vitro and in vivo activity in cellular and patient-derived xenograft
(PDX) models of breast, lung (mesothelioma), ovarian, and
pancreatic cancer. Furthermore, using a mechanistic pharmaco-
kinetic/pharmacodynamic model, we were able to fit and accu-
rately describe the preclinical in vivo data.

Materials and Methods
Compounds, cell lines, and animals

The MSLN-targeting antibody BAY 86-1903, the MSLN-TTC
BAY 2287411, the radiolabeled isotype control BAY 2473626, the
non-radiolabeled MSLN antibody-chelator conjugate BAY
2287409, and the radionuclide thorium-227 were manufactured
by Bayer AS. The vehicle used in all studies was 30mmol/L citrate,

70 mmol/L NaCl, 0.5 mg/mL PABA, 2 mmol/L EDTA, pH 5.5,
supplemented with 0.1 mg/mL IgG2a-k from murine myeloma
(#M7769, Sigma-Aldrich).

The OVCAR-3, UWB1.289 and UWB1.289þBRCA1 (19),
EKVX, AsPC-1, Capan-2, NCI-H322, BxPC-3, HCT-116, and Kato
III cells were obtained from ATCC and DSMZ between 2010
and 2016 and authenticated using short tandem repeat DNA
fingerprinting at Leibniz Institute (German Collection of
Micro-organisms and Cell Cultures, DSMZ) before the experi-
ments. HT29-MSLN cells were generated as described previous-
ly (17). NCI-H226-luc cells are MSLN-expressing cells that have
been genetically transfected with the luciferase gene (17).

All animal experiments were performed under the respective
national animalwelfare laws inNorway,Germany,Denmark, and
Finland and approved by the local authorities.

Synthesis and characterization of BAY 2287411
The fully human anti-mesothelinmAb anetumab BAY86-1903

was expressed, harvested, and purified as described previous-
ly (17). The MSLN antibody-chelator conjugate BAY 2287409
was prepared by coupling an N-hydroxysuccinimide-activated
3,2-hydroxypyridinone (HOPO) chelator covalently to the
e-amino groups of the lysine residues of BAY86-1903 as described
previously (7). The chelator-to-antibody ratio (CAR) for the
prepared batch of BAY 2287409 was 0.5. Hence, BAY 2287409
is a mixture of MSLN antibody-chelator conjugate and MSLN
antibody BAY 86-1903.

BAY 2287409was radiolabeledwith thorium-227 in 30mmol/
L citrate, 70mmol/LNaCl, 0.5mg/mLPABA, 2mmol/L EDTA, pH
5.5 at room temperature for 20 to 30 minutes, resulting in BAY
2287411. Radioactivity concentrations varied between 1 and 2
MBq/mL.

BAY 2287411was analyzed for radiostability over the course of
48 hours by HPLC and the immunoreactive fraction (IRF) was
determined as described by Lindmo (20) and detailed in the
Supplementary Information. The binding affinity of BAY
2287411 to recombinant human MSLN was determined with an
ELISA assay as described in the Supplementary Information.

A radiolabeled isotype control BAY 2473626 was prepared
similarly to BAY 2287411.

Cytotoxicity and mode-of-action of BAY 2287411
In vitro cytotoxicity experiments were performed in 12 cell lines

with various MSLN expression levels (338–242,000 detected
antibodies bound per cell as determined by flow cytometry
analysis, Supplementary Table S1) using CellTiter-Glo assay
(Promega) after a 5-day exposure to BAY 2287411 as described
in the Supplementary Information.

To study the proposed MoA of BAY 2287411, OVCAR-3
cells as well as the isogenic cell line pair UWB1.289 and
UWB1.289þBRCA1were treatedwithBAY2287411andanalyzed
for induction of double-strand DNA breaks by measuring the
percentage of phosphorylated histone protein g-H2AX positive
cells. OVCAR-3 and/or HT29-MSLN cells were further analyzed
for expression of danger-associated molecular patterns (DAMP),
for cell-cycle phase by staining cells with PI RNAse, and for
release of apoptosis markers with cleaved caspase-3/7-Glo Kit
(Promega), ROS-Glo H2O2 Kit (Promega) and RealTime-Glo
Annexin V Apoptosis and Necrosis assay (Promega) or stained
for in vitro immunofluorescence analysis. Details are described in
the Supplementary Information.

Translational Relevance

Mesothelin (MSLN)-targeted thorium-227 conjugate (BAY
2287411) is the first targeted alpha therapy (TAT) being
developed for the treatment of patients suffering from
MSLN-positive solid tumors. BAY 2287411 induces irrepara-
ble double-strand DNA breaks upon alpha decay by thorium-
227, resulting in cell death. In cell line and patient-derived
xenograftmodels, BAY2287411demonstrated specific, single-
dose antitumor activity correlating with mesothelin expres-
sion levels and was independent of tumor tissue origin. BAY
2287411 is able to overcome intratumoral heterogeneous
target expression often limiting the efficacy of therapeutic
agents in vivo. Without any reported cellular resistance
mechanisms to TAT, BAY 2287411 also has the potential to
evade the ones affecting existing therapies. On the basis of the
promising preclinical results, BAY 2287411 has advanced into
a phase I clinical trial in patients with mesothelioma and
ovarian cancer (NCT03507452).
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In vivo efficacy and biodistribution of BAY 2287411
In vivo efficacy and biodistribution of BAY 2287411 were

assessed in cell line–derived xenograft (CDX) models of
colorectal (HT29-MSLN), ovarian (OVCAR-3), pancreatic
(BxPC-3, Capan-2), lung (NCI-H226-luc), and in PDX models
of ovarian (ST103) andbreast (ST2185B) cancer inmice. Themice
were treated with a single intravenous injection of BAY 2287411
with doses ranging from 100 to 500 kBq/kg. Pharmacokinetic
studies were performed in BxPC-3, Capan-2, HT29-MSLN,
OVCAR-3, ST103, and ST2185B models by harvesting tumor,
blood, femurs, and/or organs at timepoints between0.5 hour and
28 days after dosing. Samples were analyzed for remaining
radioactivity with high purity germanium gamma detector
(HPGe) in ex vivo samples and expressed as percentage of injected
dose per gram (% ID/g) as described in the Supplementary
Information. Unless mentioned otherwise, BAY 2287411 and
radiolabeled isotype control BAY 2473626 were administered at
afixed total antibody dose of 0.14mg/kg, and additionally, effects
of changes in total antibody dose were tested by varying doses
between 0.029 and 0.75 mg/kg. In all studies, the mice were
predosed with 200 mg of IgG2a-k from murine myeloma
(#M7769, Sigma-Aldrich) prior to TTC treatment. Tumor growth
was determined as tumor volumes measured by caliper. In the
NCI-H226-luc model, tumor growth was measured by biolumi-
nescence imaging (BLI). Details of all in vivo studies are provided
in Supplementary Information.

The disseminated NCI-H226-luc model was performed at
Bayer AS, the HT29-MSLN with mixed ratios at Bayer AG, the
OVCAR-3 study at Pharmatest Services Ltd, the HT29-MSLN and
theCapan-2 study at Biotest Facility, and studieswithPDXmodels
ST103 and ST2185B at Minerva Imaging ApS.

IHC was performed on xenograft tumor tissues as described in
Supplementary Information.

Pharmacokinetic/pharmacodynamic modeling
Amechanistic pharmacokinetic/pharmacodynamic model was

developed to describe the biodistribution and efficacy of BAY
2287411 and to determine the impact of total antibody dose on
the tumor uptake/efficacy in preclinicalmodels as described in the
Supplementary Information.

Statistical analysis
All analyses of the in vivo efficacy of BAY 2287411 were

performed using the statistical programming language R (version
3.4.3). Validity of the model assumptions was checked for each
fitted statistical model. Analyses were performed using linear
models estimated with generalized least squares that included
separate variance parameters for each study group.Mean compar-
isons between the treatment and control groups were performed
using the estimated linear model. Statistical analysis for NCI-
H2226-luc dissemination model survival data was performed
using the Cox proportional hazards regression.

Results
Preparation and characterization of BAY 2287411

The MSLN-TTC BAY 2287411 (Fig. 1A) was prepared by con-
jugation of the 3,2-HOPO-chelator via amide bond formation to
lysine side-chain amino groups on the MSLN-targeted fully
human IgG1 antibody BAY 86-1903 and subsequent radiolabel-
ing with thorium-227. Binding of BAY 86-1903, MSLN antibody-

chelator conjugate BAY2287409, andBAY2287411was shown to
be specific for MSLN as determined by ELISA (Fig. 1B). Neither
conjugation nor radiolabeling affected the binding properties.
BAY 2287411 was shown to remain intact and retain its binding
potency over the course of 48 h upon storage at room temperature
with an median IRF value of 77%.

In vitro potency of BAY 2287411
The MoA of BAY 2287411 was explored in MSLN-positive cell

lines. Using OVCAR-3 cells, it was demonstrated that BAY
2287411 induced double-strand DNA breaks (Fig. 1C) and
caused G2–M cell-cycle arrest (Fig. 1D), resulting in reduced cell
viability (Fig. 1E). In vitro cytotoxicity experiments were con-
ducted in 12 MSLN-positive cancer cell lines of various tissue
origins (mesothelioma, ovarian, pancreas, colorectal, lung,
and gastric) that differed in surface expression levels of MSLN
(Supplementary Table S1; Supplementary Fig. S1). Dependency
on target density was observed as evidenced by the decrease in the
ratio of IC50 values for the radiolabeled isotype control BAY
2473626 compared with BAY 2287411 which correlated well
with decreased MSLN expression level on the cell lines studied
(Supplementary Table S1). No reduction of cell viability was
observed when cells where incubated in the presence of non-
radiolabeled MSLN antibody-chelator conjugate BAY 2287409.

The sensitizing impact of BAY 2287411 on cells harboring
homologous recombination repair deficiency, for example,
BRCA1 deletion, was further investigated in the human ovarian
cancer isogenic cell linepairUWB1.289/UWB1.289þBRCA1 (19).
Increased levels of gH2AX, indicating double-strand DNA breaks,
were observed in the BAY 2287411–treated BRCA1-deficient
UWB1.289 cells compared to the UWB1.289þBRCA1 cells
(Supplementary Fig. S1C). The increase was concomitant
with a 2-fold increase in IC50 value (Supplementary Fig. S1D;
Supplementary Table S1).

Irradiation of cancer cells by TAT may evoke multiple path-
ways and cellular responses ultimately resulting in cytotoxic-
ity (21). We therefore evaluated whether the observed
cytotoxicity induces the apoptotic pathway. A dose-dependent
induction of caspase-3 activity was observed in BAY 2287411-
treated HT29-MSLN and OVCAR-3 cells compared with
untreated cells (Supplementary Fig. S2A and S2B). Despite
the complete abolishment of the caspase-3 activity by the pan-
caspase inhibitor Z-VAD-FMK, BAY 2287411–treated cells still
showed a major decrease in cell viability (Supplementary Fig.
S2C and S2D). Furthermore, using immunofluorescence,
release of cytochrome C into the cytoplasm, a central event
in apoptosis (22, 23), was observed in BAY 2287411–treated
cells (Supplementary Fig. S2E). These data demonstrate
induction of classical markers of apoptotic cell death by BAY
2287411; however, inhibition of the pathway does not
rescue cells.

Ionizing radiation leads to oxidizing events, for example, via
products of water radiolysis such as reactive oxygen species (ROS;
ref. 24). Indeed, an increase of ROS was observed in BAY
2287411–treated OVCAR-3 and HT29-MSLN cells compared
with untreated cells (Supplementary Fig. S3A and S3B). In an
experiment determining the ability of BAY 2287411 to induce
necrosis (21), a 2-fold increase in necrotic signal was observed in
BAY 2287411–treated cells in comparison with untreated cells.
The necrotic signal was not decreased in the presence of necrosis
inhibitor necrostatin-1 (Supplementary Fig. S3C; ref. 25). An
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immunofluorescence analysis supported the finding (Supple-
mentary Fig. S3D).

The ability of BAY 2287411 to induce the upregulation of
DAMP markers, the hallmark of immunogenic cell death, was
investigated in OVCAR-3 cells. The membrane-localized DAMPs
calreticulin, HSP70, HSP90, and HMGB1, were detected by flow
cytometry analysis in cells after exposure to BAY 2287411
(Fig. 1F). BAY 2287411 specifically induced upregulation of
all DAMP markers on OVCAR-3 cells to similar levels as the
positive control bleomycin (26). Additional studies are
planned for evaluating the potential immuno-stimulatory

effect of BAY 2287411 in immunocompetent mouse animal
models.

Biodistribution of BAY 2287411 in xenograft models
The biodistribution of BAY 2287411 (single dose, 500 kBq/kg,

total antibody dose 0.14 mg/kg) was studied in CDX and PDX
models. The models expressed MSLN at various levels ranging
from 4,200 to 242,413 antibodies bound per cell as determined
by flow cytometry and IHC (Table 1). Significant retention in
tumors over the 4-week study period (672 hours; 28 days) was
observed and tumor accumulation of BAY 2287411was shown to

Figure 1.

Structure and binding of MSLN-TTC BAY 2287411 and its in vitro characterization upon exposure on OVCAR-3 cells. Non-radiolabeled MSLN antibody–chelator
conjugate BAY 2287409 and radiolabeled isotype control BAY 2473626 were used as controls. A, Structure of MSLN-TTC BAY 2287411, consisting of the
antibody BAY 86-1903, covalently attached to the 3,2-HOPO chelator enabling complexation of thorium-227. B, Binding of MSLN antibody BAY 86-1903, non-
radiolabeled MSLN antibody–chelator conjugate BAY 2287409, radiolabeled BAY 2287411, and radiolabeled isotype control BAY 2473626 to human recombinant
MSLN as determined by ELISA. C, Induction of double-strand DNA breaks by exposure of OVCAR-3 cells to BAY 2287411 as determined by detection of g-H2AX
protein.D, Cell-cycle analysis of OVCAR-3 cells after treatment with BAY 2287411. E, Viability of OVCAR-3 cells after treatment with BAY 2287411, BAY 2287409,
and BAY 2473626. F, Induction of DAMPs on the cell surface membrane by BAY 2287411 in comparison with BAY 2473626 and bleomycin on live cells as analyzed
by flow cytometry.
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be specific when compared with the radiolabeled isotype control
BAY 2473626 (Supplementary Fig. S4). BAY 2287411 showed a
typical blood clearance profile for antibodies being cleared from
blood over 3 to 7 days (Supplementary Fig. S4). MSLN expression
levels were assessed in parallel by IHC (Supplementary Fig. S5),
and it was observed that tumor uptake tended to correlate with
MSLN expression levels. The highest accumulation was observed
in the transfected CDX model HT29-MSLN and in the PDX
models ST103 and ST2185B. These models were determined to
have H-scores of 264, 203, and 191, respectively, and were
therefore considered as MSLN-high expressing models. In these
models, thorium-227 uptake increased over the time period of 3
to 7 days as blood levels dropped below detectable limits with a
measured accumulation close to 100% ID/g at 672 hours
(ST103). In contrast, thorium-227 accumulation was in the range
of 28% ID/g in the Capan-2 model and around approximately
22% ID/g in the BxPC-3 model. These models had MSLN expres-
sion levels with H-scores of 114 (Capan-2) and 48 (BxPC-3),
respectively, and were therefore considered to bemedium to low-
MSLN expressing models.

In vivo efficacy of BAY 2287411 in cell line and patient-derived
xenograft models

In vivo efficacy of BAY 2287411 was assessed in CDX and PDX
models of colon, ovarian, pancreatic, and breast cancer. BAY
2287411 was administered at varying radioactivity doses using
a fixed total antibody dose of 0.14 mg/kg.

Dose-dependent tumor growth regressions were observed in
the high MSLN-expressing models HT29-MSLN (colorectal
cancer, CDX), ST103 (ovarian cancer, PDX), and ST2185B
(breast cancer, PDX) with treatment/control (T/C) ratios of
0.09, 0.02, and 0.1, respectively, at the highest radioactivity dose
of 500 kBq/kg (Fig. 2A–C; Table 1). Non-radiolabeled antibody-
chelator conjugate BAY 2287409 showed no tumor growth inhi-
bition. Treatment with BAY 2287411 resulted in induction of
double-strand DNA breaks as evidenced by IHC detection of
g-H2AX protein inHT29-MSLN and Capan-2 tumors treated with
BAY 2287411 at the doses indicated, isolated at the end of the
study (Supplementary Figs. S6 and S7). In models of medium
MSLN expression (OVCAR-3 ovarian cancer and Capan-2
pancreatic cancer CDX), BAY 2287411 also demonstrated
significant antitumor activity (Fig. 2D and E; Table 1) while in
the low-expressing model BxPC-3, tumor stasis was observed
(Fig. 2F; Table 1). These results suggest that efficacy increased
concomitantlywith the tumor accumulation and retention of BAY
2287411 is driven by theMSLN expression levels (Supplementary
Fig. S5; Table 1).

Furthermore, it was investigated whether BAY 2287411
administered on a weekly basis for 4 weeks resulted in the
same in vivo efficacy as a single equivalent dose of radioactivity.
As presented in Fig. 2B, C, E, and G–I (Table 1), BAY 2287411
administered at a dose of 2� 250 or 4� 125 kBq/kg resulted in
significant antitumor efficacy equivalent at the end of the study
to the 500 kBq/kg single dose. However, in comparison with
the single dose of 500 kBq/kg, the growth response was
slower due to the increased time required to accumulate an
effective dose of radioactivity in the tumors. We also evaluated
in the Capan-2 xenograft whether there is a change in MSLN
expression levels upon multiple administration of BAY
2287411. As presented in tumors treated with BAY 2287411
at 1� 500 kBq/kg or 4� 125 kBq/kg (Supplementary Fig. S7),Ta
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Figure 2.

In vivo efficacy of MSLN-TTC BAY 2287411 in various cell line and patient-derived xenograft models in mice. Radiolabeled isotype control BAY 2473626 and/or
non-radiolabeled MSLN antibody–chelator conjugate BAY 2287409 were used as controls. TTCs were administered at a total antibody dose of 0.14 mg/kg unless
indicated otherwise. A, Growth curves of HT29-MSLN colorectal tumors in mice treated with vehicle, a single dose of BAY 2287411 (100, 250, or 500 kBq/kg, i.v.),
BAY 2473626 (500 kBq/kg, i.v), or BAY 2287409 (i.v.). B,Growth curves of ST103 ovarian cancer PDX tumors in mice treated with vehicle, BAY 2287411 (a single
dose of 125, 250, or 500 kBq/kg; or 2� 250 kBq/kg; or 4� 125 kBq/kg, i.v.), or BAY 2473626 (250 kBq/kg, i.v). (Continued on the following page.)
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MSLN expression was still detectable at similar levels to vehicle-
treated animals at study end.

Heterogeneous intratumoral antigen expression often ham-
pers the efficacy of targeted therapies such as ADCs. The ability
of the alpha-emitter thorium-227 to penetrate 2 to 10 cell
layers (10) and its independence of antigen internalization
may allow BAY 2287411 to be active in patients with hetero-
geneous MSLN-target expression. In an attempt to study
potential bystander and cross-fire effects, in combination with
tumor target heterogeneity, a CDX model was established
using MSLN-overexpressing transfected HT29-MSLN cells
spiked with increasing proportions of MSLN-negative parental
HT29 cells as shown in Fig. 2J and Supplementary Fig. S8. In
this experiment, a single dose of 500 kBq/kg BAY 2287411
resulted in significant tumor growth inhibition in all groups
tested. Surprisingly, even the tumors inoculated with only 10%
and 20% MSLN-positive cells demonstrated a robust and
significant response compared with the vehicle control group.
As expected, the most pronounced antitumor activity (as
defined by lower T/C ratios) was observed in the groups with
highest percentage of MSLN-transfected cells (Supplementary
Fig. S8).

The in vivo efficacy of BAY 2287411 was further confirmed in a
disseminated model of lung cancer using the luciferase-
transfected cell line NCI-H226. BAY 2287411 was found to be
efficacious at all doses tested (100, 250, and 500 kBq/kg; with T/C
ratios of 0.11, 0.01 and 0.002, respectively), which also translated
to an increased survival probability in the treatment groups
compared with the vehicle (Fig. 3A–C; Table 1). The observed
benefit was 17 days (median) for radiolabeled isotype control
BAY 2473626 and between 30 and 84 days for MSLN-TTC BAY
2287411 (P < 0.001 for BAY 2287411 doses 100 and 250 kBq/kg)
comparedwith vehicle group. Themost pronounced effectwas for
the 500 kBq/kg dose where all animals survived to end of study
(Fig. 3C; Supplementary Table S2).

In all studies presented, BAY 2287411 was well-tolerated as
evidenced by no measurable body weight loss greater than 10%
in any of the in vivo models. Dose-dependent, reversible sup-
pression of white blood cells was observed in the Capan-2
model when BAY 2287411 was applied at doses of 250, 2�
250, 4� 125, and 500 kBq/kg compared with vehicle. However,
no significant differences were observed in the relative numbers
of cells between the varying doses of BAY 2287411 (Supple-
mentary Fig. S9).

Mechanistic pharmacokinetic/pharmacodynamic model to
describe observed in vivo efficacy and to predict the dependence
on total antibody dose

Having conducted the xenograft studies described above, we
further used these data to (i) describe the pharmacokinetic/
pharmacodynamic of BAY 2287411, (ii) calculate the cumulative
hits per tumor cell, (iii) determine the potency parameter of
thorium-227 (k2), and (iv) evaluate the influence of the
total antibody dose on the cumulative hits per tumor cell in
correlation with the MSLN receptor density. To start, a mecha-
nistic pharmacokinetic/pharmacodynamic model to describe
pharmacokinetics and pharmacodynamics of BAY 22787411 and
receptor turnover in tumors in vivo was developed (Fig. 4A). The
model was applied to quantitatively describe concentration/time
(c/t)-profiles of thorium-227 activity in blood and tumor as well
as tumor growth inhibition in various cell line xenograft
models (HT29-MSLN, OVCAR-3, Capan-2, BxPC-3, and NCI-
H226) and in the PDXmodels ST103 and ST2185B. As presented
in Fig. 4B and C, the c/t profile of BAY 2287411 in blood and
tumor in the biodistribution study using the HT29-MSLN model
could be described at high precision. Furthermore, using the
pharmacokinetic/pharmacodynamic model, we were able to sim-
ulate the observed efficacy in the HT29-MSLN model at high
accuracy (Fig. 4D).

Themodel was further used to calculate the cumulative hits per
tumor cell, the tumor static concentration (TSC) and the potency
parameter (k2), linking the thorium-227 activity in tumor to the
effect observed (Table 2). TSC increased with decreasing tumor
doubling time from 840 Bq/mL (Capan-2, tumor doubling time:
�21 days) to 4,000 Bq/mL (OVCAR-3 and HT29-MSLN tumor
doubling times: �6.9 and 3 days), corresponding to 8 to 36
cumulative hits/cell. These values are in line with the published
data, suggesting that approximate five hits per tumor cell are
lethal in vitro (27, 28). Furthermore, the calculations indicate that
the therapeutic effective dose in xenograft models depends on the
tumor doubling times. In addition, k2 was determined to be
about 2 � 10�6 mL/Bq/h and, as such, to be independent of
the receptor density and tissue origin.

The model was further used to predict the cumulative hits/
tumor cell as a function of the total antibody dose, ranging from
0.029 to 0.75mg/kg, in dependence of the target density (range of
5,000–1,000,000 receptors/cell) at a fixed radioactivity dose
(Fig. 4E). A steep decrease of cumulative hits per tumor cell at
increasing total antibody doses and decreasing target densities

(Continued.) Themultiple dosings were administered as depicted by the green (2� 250 kBq/kg) or blue (4� 125 kBq/kg) arrows. C,Growth curves of ST2185B
breast cancer PDX tumors in mice treated with vehicle, BAY 2287411 (a single dose of 125, 250, or 500 kBq/kg; or 2� 250 kBq/kg; or 4� 125 kBq/kg, i.v.), BAY
2473626 (250 kBq/kg, i.v), or BAY 2287409 (i.v.). The multiple dosings were administered as depicted by the green (2� 250 kBq/kg) or blue (4� 125 kBq/kg)
arrows. D, Growth curves of OVCAR-3 ovarian tumors in mice treated with vehicle, BAY 2287411 (a single dose of 250 kBq/kg, i.v.), or BAY 2473626 (250 kBq/kg,
i.v.) at a total antibody dose of 0.14 mg/kg or 0.75 mg/kg. E, Growth curves of Capan-2 pancreatic tumors treated with vehicle, BAY 2287411 (a single dose of 125,
250, or 500 kBq/kg; or 2� 250 kBq/kg; or 4� 125 kBq/kg, i.v.), or BAY 2473626 (250 kBq/kg, i.v). The multiple dosings were administered as depicted by the
green (2� 250 kBq/kg) or blue (4� 125 kBq/kg) arrows. F, Growth curves of BxPC-3 pancreatic tumors treated with vehicle or a single dose of BAY 2287411 (100,
250, or 500 kBq/kg, i.v.), or BAY 2473626 (500 kBq/kg, i.v). G, Relative tumor volumes of ST103 ovarian cancer PDX tumors in mice treated with vehicle, BAY
2287411 (a single dose of 125, 250, or 500 kBq/kg; or 2� 250 kBq/kg; or 4� 125 kBq/kg, i.v.), or radiolabeled isotype control BAY 2473626 (250 kBq/kg, i.v) as
described in B. H, Relative tumor volumes of ST2185B breast cancer PDX tumors in mice treated with vehicle, BAY 2287411 (a single dose of 125, 250, or 500 kBq/
kg; or 2� 250 kBq/kg; or 4� 125 kBq/kg, i.v.), BAY 2473626 (250 kBq/kg, i.v), or BAY 2287409 (i.v.) as described in C. I, Relative tumor volumes of Capan-2
pancreatic tumors treated with vehicle, BAY 2287411 (a single dose of 125, 250, or 500 kBq/kg; or 2� 250 kBq/kg; or 4� 125 kBq/kg, i.v.), or BAY 2473626 (250
kBq/kg, i.v) as described in E. J, Growth curves of tumors in mice inoculated with varying ratios between MSLN-transfected HT29-MSLN colorectal cancer cells in
mixture with parental HT29 colorectal cancer cells. Mice were treated with vehicle or a single dose of BAY 2287411 (500 kBq/kg, i.v.). PD, progressive disease; SD,
stable disease; PR, partial response; CR, complete response. Statistical analysis was performed using linear models estimated with generalized least squares that
included separate variance parameters for each study group. Mean comparisons between the treatment and vehicle groups were performed using the estimated
linear model. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.

MSLN-Targeted Thorium-227 Conjugate

www.aacrjournals.org Clin Cancer Res; 25(15) August 1, 2019 4729

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/25/15/4723/2052742/4723.pdf by guest on 29 June 2022



was expected due to target saturation. However, a total antibody
doseof 0.14mg/kg canbe expected tomaintain exposure and thus
efficacy even at very low MSLN expression levels on the treated
tumor cells. To challenge this prediction, biodistribution of
BAY 2287411 was evaluated in HT29-MSLN and OVCAR-3
models at three different total antibody doses ranging from
0.029 to 0.14 and 0.75 mg/kg. Specific tumor accumulation
over the course of three weeks was observed in the transfected
HT29-MSLN model with high MSLN expression and only

minor differences in radioactivity profiles in tumors between
the administered total antibody doses were observed (Supple-
mentary Fig. S4G; Fig. 4C). Using the OVCAR-3 xenograft
model with intermediate MSLN expression level (Supplemen-
tary Fig. S4H), a slightly lower accumulation in tumors was
observed at the dose of 0.75 mg/kg, compared to the dose of
0.14 mg/kg. These findings are in line with the expectations
from the pharmacokinetic/pharmacodynamic model which
predicts a decline in accumulated thorium-227 hits per cell at

Figure 3.

In vivo efficacy of MSLN-TTC BAY 2287411 in
intravenously inoculated NCI-H226-luc lung
cancer model. The mice were treated with vehicle
or a single dose of BAY 2287411 (100, 250, or 500
kBq/kg, i.v.), radiolabeled isotype control BAY
2473626 (250 kBq/kg, i.v.), or non-radiolabeled
MSLN antibody–chelator conjugate BAY 2287409
(i.v.) at a total antibody dose of 0.14 mg/kg. A,
Representative images of total tumor burden as
measured by BLI. B, Tumor growth curves as
measured by BLI. C, Survival analysis of mice
carrying NCI-H226-luc tumors. Statistical analysis
was performed using Cox proportional hazards
regression. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.

Hagemann et al.

Clin Cancer Res; 25(15) August 1, 2019 Clinical Cancer Research4730

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/25/15/4723/2052742/4723.pdf by guest on 29 June 2022



increasing total antibody doses. However, due to the rather
small differences in tumor exposure, similar tumor growth
inhibition was observed at both tested total antibody doses at
a fixed radioactivity dose of 250 kBq/kg (Fig. 2D).

Discussion
The specific overexpression of mesothelin (MSLN) in solid

tumors, combinedwith its restricted expression in healthy organs,

Figure 4.

Applying a pharmacokinetic/pharmacodynamic model to fit and simulate experimental data from the HT29-MSLN xenograft model. A,Mechanistic
pharmacokinetic/pharmacodynamic model describing pharmacokinetics and pharmacodynamics of BAY 2287411. Ab, antibody; CL, conjugate blood clearance;
CLD, conjugate distribution clearance (from blood to tissue); CLD1, conjugate distribution clearance (from blood to tumor); R, receptor; ksyn, receptor synthesis
rate; kdeg, receptor degradation rate; kon, association rate constant; koff, dissociation rate constant; kint, internalization rate of conjugate drug complex (RC); k31,
transfer rate constant of Th metabolites (tumor to plasma); k2, potency value; k1, transfer rate. B and C,Observed (symbols) and fitted (lines) thorium-227-
radioactivity in blood (B) and tumor (C) after intravenous bolus administration of 0.029, 0.14, and 0.75 mg/kg to tumor-bearing mice (HT29-MSLN). The
radioactivity dose was constant and amounted to 500 kBq/kg.D,Observed (symbols) and fitted (lines) tumor weight (g) after intravenous administration of 100,
250, and 500 kBq/kg to tumor-bearing female nu/nu NMRI mice. The total antibody dose was 0.14 mg/kg. E, Simulated cumulative hits/tumor cell over a time
period of 0 to 6 weeks after intravenous administration of 0.030 to 0.75 mg/kg at a fixed radioactivity and target densities between 5,000 and 800,000
receptors/cell.
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has identified it as a promising antigen for targeted cancer ther-
apies. Several MSLN-targeting modalities ranging from antibo-
dies, immunotoxins, ADCs, CAR T-cells, bispecific T-cell engager
formats as well as vaccines (14, 16) are in preclinical and clinical
development and have shown early signs of clinical efficacy. Still,
mesothelioma as well as ovarian cancer remains a devastating
disease of current high unmet medical need (29, 30). Therefore,
the development of novel modalities offering new treatment
opportunities to patients is constantly needed. We describe here-
in, the preclinical efficacy of a MSLN-targeted thorium-227 con-
jugate (BAY2287411) comprising the fully human IgG1 antibody
BAY 86-1903, covalently conjugated to a 3,2-HOPO chelator (4,
5) enabling stable complexation of the alpha particle emitter
thorium-227. The radiolabeling is high yielding and robust and
can be performed by simply mixing the conjugate with thorium-
227 at ambient temperature. The resulting drug product formu-
lation has been shown to be stable as evidenced by maintenance
of biophysical integrity and binding properties at the 48 h time-
point post-reconstitution. The in vivo activity of BAY 2287411was
explored in several CDX and PDX models of colorectal, ovarian,
pancreatic, breast, and lung cancer. The MoA of BAY 2287411
involves multiple pathways and cellular responses including the
induction of irreparable double-strand DNA breaks, increase in
oxidative stress, induction of G2–M cell-cycle arrest, and activa-
tion of apoptotic and necrotic pathways resulting in potent
cytotoxicity. Interestingly, inhibition of either apoptotic or necrot-
ic pathways still led to decreased cellular viability, indicating
involvement of potential other cell death pathways. Deficiency
in homologous recombination repair, for example, BRCA1 dele-
tion, led to slightly higher sensitivity to BAY 2287411 in the
isogenic UWB1-289 cell line pair. These MoA characteristics
distinguish BAY 2287411 from other MSLN-targeting therapeu-
tics currently in (pre)clinical development. As such, combination
of BAY 2287411 with inhibitors of the DNA damage response
(DDR) pathway could sensitize tumors to targeted alpha therapy.
Indeed, preclinical studies are currently under investigation to
evaluate the combination of TTCs with DDR inhibitors (31). In
addition, due to the physical damage caused by the high energy
alpha-particle tracking through the cancer cell, we also present
evidence that exposure of cells to BAY 2287411 results in the
induction of DAMPs, the hallmarks of immunogenic cell death
(ICD). Potential stimulationof ICDmay therefore be indicative of
an additional contribution to MoA arising from immune system
activation (26, 32). This observation has been previously reported
for the alpha-emitter radium-223 dichloride (Xofigo) in vitro (33)

and is further supported by the fact that the alpha-emitter bis-
muth-213 stimulated the immune system in immunocompetent
mice using an in vitro vaccination approach (34, 35). Therefore,
follow-up studies to explore the potential immunostimulatory
effect of BAY 2287411 to induce immunogenic cell death in vitro
as well as in vivo studies in immunocompetentmice are warranted
and may support future combination studies with immune
checkpoint inhibitors.

The high linear energy transfer of the alpha particle and the
complex nature of the cellular damage would appear to be
reflected in the significant in vivo efficacy of BAY 2287411
observed in the broad range of MSLN-expressing tumor models
presented in this study. Indeed, this finding was supported by
pharmacokinetic/pharmacodynamic modeling, which deter-
mined the potency parameter k2 for BAY 2287411 to be in the
range of 2 � 10�6 mL/Bq/h across the different in vivo xenograft
models performed. This also indicates that the intrinsic cell killing
ability of alpha radiation may not be cell-type specific, rather
related to the efficiency of payload delivery and antigen expres-
sion levels, the key drivers of accumulation and tumor retention.
Interestingly, in the models presented, BAY 2287411 adminis-
tered as multiple doses had the same antitumor efficacy as the
equivalent single dose at the study endpoint. However, the onset
of tumor growth inhibition was more rapid for the single, high
dose group (500 kBq/kg) indicating that a high initial absorbed
dose delivered quickly to the tumor may be advantageous. This
wouldbeparticularly relevant in caseswhere the tumorhas a rapid
doubling rate as supported by the data and the pharmacokinetic/
pharmacodynamic predictions. The toxicological findings of BAY
2287411 generally indicated that the TTC was well-tolerated in
mice based on bodyweight measurements and the reversibility of
white blood cell suppression observed during the course of the
study. These observations have been confirmed by preclinical
safety studies in monkeys (data not shown).

The retention and efficacy of thorium-227 activity in tumors
correlated well with MSLN expression levels. As such, the tumor
regressions induced by BAY 2287411 were observed in in vivo
models for which H-scores for MSLN were >90; for example,
approximately 25% of cells staining 2þ (OVCAR-3 and Capan-2
models). Below this threshold, tumor stasis was observed as
highlighted in the BxPC-3 model with an H-score of 48 in which
only 7% of cells were scored 2þ. This demonstrates that BAY
2287411 can be delivered highly specifically to MSLN-expressing
tumor sites. However, the inherent properties of alpha emitters,
such as their capability to penetrate 2 to 10 cell layers (10) and the
potential to affect cells outside the direct radiation field (36)
which can be particularly useful in tumors with heterogeneous
target expression, might be of advantage for BAY 2287411 in
comparison with other targeted therapies such as ADCs, which in
contrast require high andhomogeneous target expression to allow
internalization and subsequent release of the toxophor. Although
ADCs can be engineered with cleavable, cell-permeable payloads,
initial ADC internalization remains the rate-limiting step. In
addition, the potency of either bispecific T-cell engager (BiTE)
constructs or CAR-T cells depends on guiding the T cell to antigen-
positive tumor cells. Bystander effects for BiTEs have therefore
been reported to be dependent on proximity of the cytotoxic T cell
to the target-negative tumor cell (37). Indeed, when in vivo activity
of BAY 2287411 was tested in tumor models with varying target
heterogeneity, in vivo activitywas observed atH-scores as lowas 25
and 80. More work remains to determine whether this effect is

Table 2. Summary of determined tumor doubling times, potency (k2), and TSCs
in various xenograft models

Model

Assumed target
density (antibodies
bound/cell)

Doubling
time in
daysa

k2
(mL/Bq/h)

TSC
(Bq/mL)

HT29-MSLN 242,413 3.2 2.26 � 10�6 4,069
BxPC-3 4,200 6.1 2.11 � 10�6 2,238
OVCAR-3 37,877 6.9 1.05 � 10�6 3,967
ST2185B (PDX) 181,000b 7.1 1.28 � 10�6 3,189
ST103 (PDX) 192,000b 20.3 1.13 � 10�6 1,215
Capan-2 18,000 21 1.65 � 10�6 838

Abbreviation: k2, potency parameter.
aThe tumor doubling time was calculated from the exponential tumor growth
rate.
bDetermined theoretically by extrapolation using HT29-MSLN xenograft values.
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related to bystander, cross-fire or simply enhanced permeability
and retention effects (38, 39). A further advantage of BAY
2287411 is its capability to overcome cellular resistance mechan-
isms to existing therapies. Indeed, in additional preclinical mod-
els, increased activity of BAY 2287411 over existing therapies for
mesothelioma and ovarian cancer was observed (data not
shown). Interestingly, and in line with a study showing that
MSLN expression is recycled to the surface within 48 h after
treatment (18), it was observed that MSLN expression was still
detectable in BAY 2287411-treated tumors up to 54 days post-
dosing.

As the number of cumulative hits per tumor cell is a function of
total antibody dose and receptor density, we further investigated
at which total antibody doses optimal cumulative hits can be
achieved at a fixed radioactivity dose using our pharmacokinetic/
pharmacodynamicmodel. MSLN expression levels in the range of
approximately 37,877 (OVCAR-3) to 242,413 (HT29-MSLN)
antibodies bound per cell and a total antibody dose of 0.14 to
0.75 mg/kg were found to be sufficient for maintaining an
adequate amount of cumulative hits per tumor cell to achieve
efficacy (27, 28). Interestingly, these findings are in alignment
with imaging studies of two MSLN-targeting antibodies in
patients for which an optimal total antibody dose of 10
to 50 mg/patient (equaling a total antibody dose of 0.14–
0.71 mg/kg for a 70-kg patient) was proposed (40, 41). At total
antibody doses below 10mg/patient, tumor lesion accumulation
might be negatively influenced by nonlinear pharmacokinetics
due to faster clearance. In fact, slightly lower tumor accumulation
of BAY 2287411 was also observed in our study when
BAY 2287411 was administered at a total antibody dose of
0.029 mg/kg.

Thorium-227 has a half-life of 18.7 days and therefore, depend-
ing on the pharmacokinetics of the antibody, the maximum
energy is deposited in tumors over the course of one decay. This
can be experimentally observed in the biodistribution studies in
which a maximum level of accumulation in mice is reached at
sevendays post-administration. Furthermore, it wasobserved that
the activity was retained in the tumor up to 28 days, which might
be attributed to the fact that BAY 2287411 is internalized into the
cell after binding to MSLN (17). As expected, efficacy and the TSC
are dependent on tumor doubling time, e.g., more pronounced
efficacy was seen in the ST103 PDX model (doubling time: 20.3
days) as compared to the HT29-MSLNmodel (doubling time 3.2
days). Therefore, the efficacy in preclinical models is not only
dependent on the MSLN-driven retention of BAY 2287411 in the
tumor but also on the tumor doubling time. Hence, tumors with

slower tumor doubling timesmay be preferred to achieve the best
responses in vivo.

In conclusion, the preclinical data presented herein for BAY
2287411 support the future development of this TAT for the
treatment of MSLN-expressing tumors, and to this end, a clinical
trial application has been initiated (NCT03507452).
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