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Abstract
Mesothelin is a tumor differentiation antigen frequently overexpressed in tumors such as mesothelioma,

ovarian, pancreatic, and lung adenocarcinomas while showing limited expression in nonmalignant tissues.

Mesothelin is therefore an attractive target for cancer therapy using antibody–drug conjugates (ADC). This

study describes the detailed characterization of anetumab ravtansine, here referred to as BAY 94-9343, a novel

ADC consisting of a human anti-mesothelin antibody conjugated to the maytansinoid tubulin inhibitor DM4

via a disulfide-containing linker. Binding properties of the anti-mesothelin antibody were analyzed using

surface plasmon resonance, immunohistochemistry, flow cytometry, and fluorescence microscopy. Effects of

BAY 94-9343 on cell proliferation were first studied in vitro and subsequently in vivo using subcutaneous,

orthotopic, and patient-derived xenograft tumor models. The antibody binds to human mesothelin with high

affinity and selectivity, thereby inducing efficient antigen internalization. In vitro, BAY 94-9343 demonstrated

potent and selective cytotoxicity of mesothelin-expressing cells with an IC50 of 0.72 nmol/L, without affecting

mesothelin-negative or nonproliferating cells. In vivo, BAY94-9343 localized specifically tomesothelin-positive

tumors and inhibited tumor growth in both subcutaneous and orthotopic xenograft models. In addition, BAY

94-9343 was able to induce a bystander effect on neighboring mesothelin-negative tumor cells. Antitumor

efficacy of BAY 94-9343 correlatedwith the amount ofmesothelin expressed andwas generally superior to that

of standard-of-care regimen resulting in complete tumor eradication in most of the models. BAY 94-9343 is a

selective and highly potent ADC, and our data support its development for the treatment of patients with

mesothelin-expressing tumors. Mol Cancer Ther; 13(6); 1537–48. �2014 AACR.

Introduction
Mesothelin, a glycosylphosphatidylinositol (GPI)-

anchored glycoprotein, is highly overexpressed in sev-
eral human tumors, including the majority of ovarian
and pancreatic adenocarcinomas, and in 100% of epi-
thelial mesotheliomas. Moreover, mesothelin expres-
sion is found in 50% of lung adenocarcinomas, 60% of
gastric cancers, and 67% of triple-negative breast can-
cers (1–8). Expression in normal tissues is mainly

restricted to the single cell layers lining the pleura,
pericardium, and peritoneum (1, 9).

There is currently limited information available on the
physiologic function of mesothelin. Mesothelin-deficient
mice are fertile and do not exhibit any apparent pheno-
type (10). Mesothelin is known to bind to CA125 (cancer
antigen 125, also known as MUC16), and this interaction
may be involved in the metastatic spread of CA125-
expressing ovarian cancer cells that bind to mesothelin-
expressing cells lining the peritoneal cavity (11, 12).
Mesothelinmay further contribute tometastasis by induc-
ing the expression of matrix metalloproteinases 7 and 9
(13, 14). In pancreatic cancer cells, mesothelin has been
shown to contribute to tumorigenesis by inducing inter-
leukin-6 expression and cell proliferation and by promot-
ing resistance to TNF-a (15, 16). Because of high expres-
sion in several cancers and a conversely restricted expres-
sion in normal tissues, mesothelin is an attractive target
for anticancer therapy.

Preclinical and clinical development of naked antibodies
and recombinant immunotoxins targeting mesothelin has
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been reported (17). MORAb-009 (amatuximab), a chimeric
anti-mesothelinmonoclonal antibody,SS1P, a recombinant
anti-mesothelin immunotoxin, and CRS-207, a live-atten-
uated Listeria vaccine expressing mesothelin engineered
for targeted elimination ofmesothelin-expressing cells, are
all in clinical trials (18–20). The nonhuman origin renders
recombinant immunotoxins highly immunogenic induc-
ing the generation of neutralizing antibodies and thereby
preventingmultiple treatments. For instance, SS1P showed
only limited antitumor activity because most patients
developed neutralizing antibodies against the drug (21).
Therefore, less immunogenic variants are being evaluated
(22). Alternatively, mesothelin can be targeted with anti-
body–drug conjugates (ADC) combining the specificity of
an antibody with the potency of a toxophore. Antibodies
conjugated to various toxophores have shown potent anti-
tumor activity in preclinical animal models (23). Recently,
encouraging clinical efficacy has been observed with
SAR3419 targeting CD19 (24). Furthermore, approvals of
brentuximab vedotin targeting CD30 (25, 26) and trastu-
zumab-DM1 in HER2-positive breast cancer (27–29) sup-
port the development of ADCs for cancer treatment.

Herein, we introduce a novel ADC, BAY 94-9343, con-
sisting of a fully human anti-mesothelin antibody (MF-T)
coupled via a reducible disulfide linker to a microtubule-
targeting toxophore DM4. This combination of a linker
and toxophorewas selected because of its reported poten-
tial bystander effect (30). According to detailed preclinical
characterization both in vitro and in vivo, BAY 94-9343 is
highly selective and shows strong in vivo efficacy in
several pancreatic and ovarian cancers and in mesotheli-
oma models, including patient-derived xenografts.

Materials and Methods
Cells

CHO-K1, MIA PaCa-2, and OVCAR-3 cells were
obtained from the American Type Culture Collection,
NCI-H226 cells from NIH (Rockville, MA), and HT-29
from DSMZ. All cell lines, excluding CHO-K1, were
authenticated using PCR fingerprinting by the provider.
Cells were maintained in an incubator of 5% CO2 at 37

�C.
NCI-H226 cells were cultured in RPMI-1640 with 10%
fetal calf serum (FCS) and 2mmol/L glutamine; OVCAR-
3 cells in RPMI-1640 with 20% FCS, 10 mg/mL insulin
(bovine), and 2 mmol/L glutamine; HT-29 cells in RPMI-
1640 with 10% FCS, 1% sodium bicarbonate, and 2%
hygromycin; and MIA PaCa-2 cells in DMEM/HAMS
F12 with 10% FCS, 2.5% horse serum, and 2 mmol/L
glutamine. Human adult mesothelial cells, obtained from
Zen-Bio, were cultured according to the provider’s
instructions.

Preparation of mesothelin-expressing cell lines
CHO-K1 cells were stably transfected with a pEAK

vector (31) encoding the GPI-anchored, N-terminally
FLAG-taggedmesothelin protein and selected with puro-
mycin to give a CHO-A9 mesothelin-expressing cell line.
HT-29 and MIA PaCa-2 cells were transfected with

pcDNA3.1Hyg without (vector control) and with human
mesothelin cDNA (including flag tag), using Lipofecta-
mine 2000 (Invitrogen). Cells were selected with hygro-
mycin for 2weeks and subcloned by limiting dilution, and
stable transfectants were generated. Mesothelin expres-
sion was assessed by fluorescence-activated cell sorting
(FACS; FC500, Beckman-Coulter) using MF-T and a
fluorescein isothiocyanate (FITC)-conjugated anti-human
immunoglobulin G (IgG) secondary antibody (Sigma).
The resulting cell lines were HT29/vector, HT29/meso,
MIA PaCa-2/vector, and MIA PaCa-2/meso (MIA PaCa-
2#37; overexpressing mesothelin).

Preparation and characterization of mesothelin
antibody MF-T and ADC BAY 94-9343

Mesothelin antibody discovery using the HuCAL Gold
Fab-phage library, the expression, purification, and char-
acterization of Fab and IgG are described in Supplemen-
tary Methods. MF-T was conjugated to the maytansinoid
DM4 via a hindered disulfide linker (SPDB) at Immuno-
Gen, following published procedures (32–34). An average
drug to antibody ratio of 3.2 was achieved, which is in
agreementwith the previously described optimal range of
2 to 4 (35). Because different batches of BAY 94-9343 were
used, the doseswere calculated on the basis of the amount
of DM4, the toxic proportion of the antibody. The used
doses calculated on the basis of the total ADC are indi-
cated in brackets. Calibrated FACS analysis and immu-
nohistochemistry (IHC) of the cells and tumor sections
and the antibody internalization assay are described in
Supplementary Methods.

In vivo tumor targeting
MF-T antibody was conjugated with a Bayer Health-

Care proprietary near infrared (NIR)-fluorescent tetrasul-
fonated carbocyanine dye, and fluorescence imaging was
performed as previously described (36). Briefly, 12 NMRI
nu/numice (TaconicM&BA/S Breeding) per groupwere
subcutaneously inoculated with 1 � 106 HT-29/meso or
HT29/vector cells suspended in 0.1mL 50%Matrigel (BD
Biosciences). Before imaging, all animals received a single
intravenous injectionof fluorescentdye-conjugatedMF-T.

Proliferation assay
To determine IC50 of cell viability, 0.8 � 103 cells/well

were seeded in 384-well plates, incubated for 24 hours,
and thereafter washed with PBSCaþ,Mgþ and treated with
0.01 to 300 nmol/L BAY 94-9343. After 4 or 24 hours, the
cells were washed with PBSCaþ,Mgþ, and growthmedium
was added. The proliferation assay endpoint was selected
on the basis of the observation that ADC internalization is
saturated by 24 hours (Fig. 2D). The plateswere incubated
for 72 or 92 hours, and cell proliferation was quantified
using the WST-1 assay (Roche) according to the manu-
facturer’s instructions with the following exception: 5 mL
(instead of 10 mL) WST-1 mixture was added into each
well. IC50was assessedusing thePrism4 software (Graph-
Pad Software), setting the positive control (untreated
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cells) at 100% and the negative control (without cells) at
0%.

In vivo tumor models
All animal experiments were conducted in accordance

with the German animal welfare law and approved by
local authorities. For subcutaneous tumor models, female
NMRI nu/nu mice (18–25 g, 7–10 weeks) from Taconic
M&B were implanted on day 0 with either 3 � 106 MIA
PaCa-2/vector, 3 � 106 MIA PaCa-2/meso, 1 � 106 HT-
29/vector, 1� 106 HT-29/meso, 3� 106 OVCAR-3, or 3�
106 NCI-H226 cells suspended in 0.1 mL 50% Matrigel.
Patient-derived pancreatic (PAXF736) model was per-
formed at Oncotest GmbH and ovarian (OVCAR6719)
and mesothelioma (Meso7212) models at EPO Berlin-
BuchGmbH. Tumor fragmentswere subcutaneously pas-
saged on na€�ve female NMRI nu/nu (5–7 weeks, Charles
River; PAXF736), na€�ve NOD SCID (8 weeks, Taconic
M&B; OVCAR6719), or na€�ve male NMRI nu/nu (Charles
River; Meso7212) mice as previously described (37). Sub-
cutaneous tumor growth was monitored by measuring
the tumor volume [(length � width2)/2]. Treatment
response was defined using the Response Evaluation
Criteria in Solid Tumors (RECIST) criteria. Partial regres-
sion (PR) was defined as more than 30% reduction in
tumor size and tumor eradication as an absence of any
palpable tumormass. No tumor growth or a slight (< 30%)
reduction or a slight (< 20%) increase in tumor size was
defined as a stable disease.
For the orthotopic ovarian cancer model, NMRI nu/nu

mice were anesthetized [intraperitoneal (i.p.) administra-
tion of 80mg/kg ketamine (Pfizer) and 16mg/kgxylazine
(Bayer HealthCare AG)]. An incision was made in the
dermis and peritoneumon the left side near the backbone,
the ovary was exteriorized and injected with 1.5 � 106

OVCAR-3-s-05 cells (OVCAR-3 cells stably transfected
with luciferase), suspended in 15 mL of 100% Matrigel.
The ovary was then replaced and the incision clamped
with wound clips. The mice were subcutaneously
implanted with 17b-estradiol-pellets (0.36 mg/pellet,
60-day release, Innovative Research of America). Analge-
sia (carprofen, 5 mg/kg, s.c.) was used on the evening
before surgery, directly before anesthesia, and daily after
surgery for a total of 3days. Tumor growthwasmonitored
by bioluminescence imaging (BLI). Mice received intra-
venous (i.v.)D-Luciferin SodiumSalt (SynchemOHG, 100
mL 45 mg/mL in PBS) and were anesthetized with 3%
isofluran. Anesthesia was maintained with a mixture of
oxygen: nitrous oxide: isofluran (0.1 L/minute : 0.05 L/
minute : 2%, respectively). Photon release by oxy-luciferin
was detected using NightOWL (Berthold Technologies).
At the end of the study, the ovaries were harvested and
weighed.
Mice were administered intravenously with BAY 94-

9343, a nontargeted isotype control ADC BAY 86-1899,
MF-T, or S-methyl-DM4 on days 5, 8, and 12 (mice
implanted with MIA PaCa or HT29 meso cells); on days
33, 36, and 40 (OVCAR-3); on days 78, 81, 84, 127, 130,

and 133 (NCI-H226); on days 15, 18, and 22 (OVCAR-3-
s-05 orthotopic); on days 7, 10, and 13 (HT29 titration);
Q3Dx3 starting on day 0 (PAXF736); Q3Dx3 starting on
day 29 (OVCAR6719); or Q4Dx3 starting on day 34
(Meso7212) after tumor cell inoculation. The doses of
BAY 94-9343 and isotype control BAY 86-1899 indicated
in the text and figures of the efficacy experiments refer
to the amount of DM4 in the ADC (0.2 mg/kg DM4
corresponds to 10 mg/kg ADC). The vehicle was 10
mmol/L histidine, 130 mmol/L glycine, 5% (w/v)
sucrose, pH 5.5. Cisplatin (Sigma-Aldrich or Hexal, 3
mg/kg unless otherwise stated, i.p), pemetrexed (Lilly
Pharma, 100 mg/kg, i.p.), gemcitabine (Lilly Pharma,
240 mg/kg, i.p.), and vinorelbine (Hexal, 5 mg/kg, i.p.)
were used as standard-of-care compounds in respective
models. In the NCI-H226 model, cisplatin was admin-
istered Q3D between days 78 and 117 with a 6-day
resting period between days 90 and 96. In the combi-
nation group, cisplatin (Q3D) was administered until
day 117 with a 6-day resting period between days 90
and 96, and four cycles of pemetrexed (all Q1Dx7) were
administered with 8, 11, and 12-day resting periods
between the cycles, respectively. The final doses were
given on day 130 for cisplatin and 137 for pemetrexed.
In the PAXF736 model, gemcitabine was administered
Q1Wx3 starting on day 0. In the OVCAR6719 model,
cisplatin (6 mg/kg) was given on days 29 and 36. In the
Meso7212 model, cisplatin (Q3D) was administered
between days 34 and 70, pemetrexed Q1Dx7 with 7-day
resting periods (two and half cycles) between days 34
and 64, and vinorelbine Q1Wx5 between days 34 and 62.
Dose volume of 10 mL/kg body weight was used, and
intravenous administration was performed via tail vein
injection.

Statistical analyses
Statistical analyses for the comparison ofmore than two

groups were performed by one-way ANOVA, followed
by a Dunnett test (comparisons against one group) or
Bonferroni test (pairwise comparisons). Two-group com-
parisons were performed by Student t test. P values less
than 0.05 were considered statistically significant.

Results
Mesothelin expression in cancer

The eligibility of mesothelin for antibody-directed
drug targeting was confirmed in a set of tumor samples
with high prevalence of mesothelin overexpression, that
is, mesothelioma, ovarian, and pancreatic cancer (Sup-
plementary Fig. S1 and Supplementary Table S1). On
the basis of comparative immunohistochemical analy-
ses of primary and metastatic ovarian cancer samples,
obtained from the same patient, mesothelin expression
remained mostly stable or increased during disease
progression in 86% of the cases (Fig. 1A). Concordant
with published data (38), the highest endogenous
mesothelin expression was found in OVCAR-3 cells
(24,000 antibodies bound per cell) as measured by
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Figure 1. Mesothelin expression in clinical samples and cell lines. A, change inmesothelin staining intensity in primary ovarian cancer samples versusmatched
relapse (n ¼ 50). B, immunohistochemical staining of cell lines for which the number of antibodies bound per cell was determined by quantitative
FACS analysis. C, immunohistochemical staining of primary ovarian cancer samples. Quantification of staining (staining score) is based on the staining
intensity of the cell lines. Scale bar, 50 mm.
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calibrated IHC (Fig. 1B). In comparison with the endog-
enous expression in cancer cell lines, mesothelin expres-
sion was much higher in primary ovarian cancer sam-
ples (Fig. 1B and C).

Preparation and characterization of a mesothelin
ADC (BAY 94-9343)
To generate a mesothelin-specific ADC, 22 unique

mesothelin-binding Fab sequences were identified using
MorphoSys HuCAL technology (39), and selected Fabs
were converted to human IgG1s. The MF-T Fab sequence
was selected because of a high binding affinity for human
mesothelin (Kd of 10 nmol/L) detected by surface plas-
mon resonance (SPR) and due to identical staining of
HT29/meso xenograft tumor sections (Fig. 2A) and pri-
mary human cancer samples (Fig. 2B) compared with
mesothelin control antibodies.Moreover, flow-cytometric
binding curves for MF-T and endogenous mesothelin-
expressing NCI-H226 cells showed a sigmoid increase in
thefluorescence signal, characteristic for specific antibody
binding (Fig. 2C). MF-T was found not to bind to mouse,
rat, or monkey mesothelin, confirmed by SPR (data not
shown) and IHC (Supplementary Figs. S2–S4).
A prerequisite for ADC activity is its internalization

upon target binding, to effectively deliver the cytotoxic
payload into the cells. To studyMF-T internalization,MF-
T was labeled with a pH-sensitive fluorescent dye
CypHer5E exhibiting fluorescence activity at acidic pH,
that is, in late endosomes and lysosomes (40). Conse-
quently, any detected fluorescent signal is derived from
internalized antibodies. In OVCAR-3 cells, MF-T inter-
nalization was enhanced by >2.5-fold as compared with
the unspecific internalization of the isotype control, with
maximal differences observed during the first 3 hours of
incubation (�4-fold; Fig. 2D).
The therapeutic function of an ADC is highly depen-

dent on the specific intracellular delivery of toxophores to
target presenting cells. Therefore, we next studied the
ability of MF-T to selectively accumulate in mesothelin-
positive tumors in vivo. Because MF-T showed no cross-
reactivity with murine mesothelin, the target in this
approach is comprised by the inoculated tumor only.
Fluorescently-labeled MF-T was injected into mice bear-
ing either HT29/meso or HT29/vector tumors. NIR fluo-
rescence imaging revealed that MF-T accumulation in
HT29/meso tumors was 1.4-fold higher than in HT29/
vector tumors (Fig. 2E).
As MF-T demonstrated the desired properties of an

effective ADC antibody, we subsequently linked MF-T to
an average of 3.2 DM4 molecules through a disulfide
linker to produce the ADC BAY 94-9343. Importantly,
conjugationwithDM4didnot alter the bindingproperties
of MF-T as demonstrated by SPR analysis (data not
shown) and IHC (Fig. 2A).

Cytotoxicity of BAY 94-9343 in vitro
Next, we determined IC50 values for BAY 94-9343 in

human pancreatic (MIA PaCa-2) and colon carcinoma

(HT-29) cell lines, transfected with human mesothelin or
the corresponding vector control, and in human ovarian
carcinoma (OVCAR-3) and mesothelioma (NCI-H226)
cell lines with endogenous mesothelin expression. BAY
94-9343 showed antiproliferative activity with IC50 in the
low nanomolar range with respect to antibody concen-
tration in all of the mesothelin-expressing tumor cell lines
tested (Fig. 3A–D). In contrast,mesothelin-negative tumor
cells were not affected by BAY 94-9343 except at very high
concentrations approaching the micromolar range (Fig.
3A andB). In accordancewithDM4mode of action, that is,
inhibition of microtubule dynamics, BAY 94-9343 did not
affect nondividingmesothelin-positive primary peritone-
al mesothelial cells (Fig. 3E). Mesothelin expression in
these cell types was confirmed by IHC or FACS analysis
(Supplementary Fig. S5).

Antitumor activity of BAY 94-9343 in vivo
We evaluated the antitumor activity of BAY 94-9343

in vivo. The highest dose and schedule selected for the
studies, 0.2 mg/kg based on the amount of DM4 (cor-
responding to 9.5–14.3 mg/kg ADC, depending on the
antibody to drug ratio in the respective ADC batch), did
not affect mouse body weight. In the xenogeneic tumor
models MIA PaCa-2/meso or HT-29/meso cells, BAY
94-9343 showed dose-dependent efficacy, and treatment
with 0.2 mg/kg (10.6 mg/kg ADC) BAY 94-9343
resulted in complete tumor eradication, lasting for at
least 17 weeks following the final treatment (Fig. 4A–C
and Supplementary Fig. S6A). At a dose of 0.05 mg/kg
(2.7 mg/kg ADC), BAY 94-9343 eradicated tumors in 5
out of 6 animals in the MIA PaCa-2/meso pancreatic
cancer model (Fig. 4A and B), whereas in the HT-29/
meso colon cancer model, tumor regression without
complete eradication was observed in 25% of the ani-
mals (P < 0.001; Fig. 4C). Treatment with unconjugated
MF-T in the pancreatic tumor model (data not shown) or
with free S-methyl-DM4 in the colon cancer model did
not significantly affect tumor growth (Fig. 4C). Treat-
ment of HT-29/meso tumors with 0.2 mg/kg BAY 86-
1899 (corresponding to 9.5 mg/kg ADC), a nontargeted
isotype control ADC, reduced tumor size by 73% as
compared with the vehicle control. However, in contrast
with BAY 94-9343, BAY 86-1899 did not result in tumor
eradication and lower doses did not significantly affect
tumor growth (Fig. 4C).

Next, we studied whether BAY 94-9343 shows antitu-
mor activity in endogenousmesothelin-expressing tumor
models. In the xenogeneicOVCAR-3 ovarian cancer model
treatedwith 0.05mg/kg (Q3Dx3)BAY94-9343 (2.8mg/kg
ADC), 100% of mice responded to the treatment, and
complete tumor eradication was observed in 4 out of 6
mice lasting for at least 12 weeks following the final
treatment. In contrast, the ADC isotype control reduced
tumor growth at a dose of 0.2 mg/kg (9.5 mg/kg ADC)
compared with the vehicle but did not have any effect at
the comparatively lower dose used for BAY 94-9343 (0.05
mg/kg; 2.4 mg/kg ADC; Fig. 4D and Supplementary
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Fig. S6B). In the NCI-H226 mesothelioma model, two
Q3Dx3 cycles of BAY 94-9343were applied and compared
with the standard therapy cisplatin and to the combina-

tion of cisplatin and pemetrexed. The dose of 0.2 mg/kg
(11.2 mg/kg ADC) BAY 94-9343 inhibited tumor growth
by 94% as compared with the vehicle control on day 153

Figure 2. Mesothelin binding, internalization, and in vivo targeting properties of MF-T and BAY 94-9343. A, immunohistochemical staining of consecutiveMIA
PaCa-2/meso xenograft sections. Mesothelin expression was detected by MF-T, BAY 94-9343, and monoclonal murine antibody K1. Scale bar, 50 mm.
B, immunohistochemical staining of two sections of an ovarian cancer sample. Mesothelin expression was detected by MF-T and monoclonal murine
antibody MB-G10. Scale bar, 200 mm. C, antibody titration of MF-T results in sigmoid increase in the FACS signal for mesothelin-positive NCI-H226 cells,
characteristic for specific antibody binding. D, OVCAR-3 cells were incubated with CypHer5E dye-labeled MF-T or isotype control and the relative
fluorescence signal (mean� SD) wasmeasured over time. �, P < 0.05. E, representative images of HT29/meso and HT29/vector tumor-bearing mice injected
with tetrasulfonated carbocyanine dye-labeled MF-T. Fluorescence was imaged 168 hours after injection.
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(P < 0.001) and achieved a 63% response rate (partial
regression in 5 out of 8 mice), whereas cisplatin alone and
in combination with pemetrexed resulted in 70% reduc-
tion of tumor growth (P < 0.01; Fig. 4E and Supplementary
Fig. S6C). The treatment groups were also compared by
measuring the tumor weight at the end of the study (day
174). Two treatment cycles with 0.2 mg/kg (11.2 mg/kg
ADC) BAY 94-9343 resulted in a 14-fold lower tumor
weight as compared with the combination of cisplatin
and pemetrexed (P < 0.05; Supplementary Fig. S6D).
The inhibitory effect of BAY 94-9343 on tumor growth

was also analyzed in an orthotopic ovarian cancer
model using endogenous mesothelin-expressing human
ovarian cancer cells (OVCAR-3-s-05). Treatment with
0.2 mg/kg (10.6 mg/kg ADC; Q3Dx3) BAY 94-9343
markedly reduced tumor burden as indicated by 81%
reduction in ovary weight at the end of the study as
compared with the vehicle treatment (P < 0.05). Neither
the control ADC BAY 86-1899 (0.2 mg/kg based on
DM4, corresponding to 9.5 mg/kg ADC) nor unconju-
gated S-methyl-DM4 alone or in combination with MF-T
significantly affected tumor growth (Fig. 4F and G).

AntitumoractivityofBAY94-9343 inpatient-derived
tumor models

Tumor models based on established tumor cell lines
have the disadvantage of low heterogeneity (37). There-
fore, we used tumor models based on the transfer and in
vivo passage of human patient-derived tumors in immu-
nocompromised mice. BAY 94-9343 administered at 0.2
mg/kg (corresponding to 14.3 mg/kg ADC; Q3Dx3)
resulted in transient regression in 6 out of 8 tumors in
the pancreatic tumor model PAXF736 (P < 0.001; Fig. 5A),
complete eradication of the ovarian tumorOVCAR6719 in
all mice (P < 0.001; Fig. 5B), and at least partial tumor
regression in all mice in the mesothelioma model
Meso7212 (P < 0.001; Fig. 5C). Comparisons of respective
standards of care revealed that the antitumor efficacy of
BAY 94-9343wasmore pronounced than gemcitabine (P <
0.01) in the pancreatic model, cisplatin (P < 0.01) in the
ovarianmodel, and cisplatin (P < 0.05) and pemetrexed (P
< 0.001) in the mesothelioma model. The difference
between the effects of amicrotubule-targeting drug vinor-
elbine and BAY 94-9343 in the mesothelioma model was
not significant (Fig. 5).

Figure 3. Cytotoxicity of BAY 94-9343 in vitro. Survival (mean� SD) of mesothelin or vector control transfected tumor cell linesMIA PaCa-2 (A) and HT-29 (B),
NCI-H226 (C), and OVCAR-3 (D), and primary adult mesothelial cells (E) in response to different concentrations of BAY 94-9343. Concentration values
are presented in terms of antibody concentration.
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Titration of mesothelin-positive tumor cells in vivo
To determine the minimum proportion of mesothelin-

positive cells required for BAY 94-9343-mediated tumor
response, different ratios of mesothelin-positive HT-29/
meso and mesothelin-negative HT-29/vector cells were
subcutaneously inoculated into nude mice, resulting in

tumors with 100%, 80%, 60%, 20%, and 0% mesothelin-
positive cells (Fig. 6A). Treatment of these tumors dem-
onstrated a pronounced mesothelin expression-depen-
dent antitumor efficacy of 0.2 mg/kg BAY 94-9343
(corresponding to 11.2 mg/kg ADC; Fig. 6B). In tumors
with 100% mesothelin-positive cells, complete tumor

Figure 4. Antitumor activity of BAY
94-9343 in vivo. MIA PaCa-2/
meso, HT-29/meso, OVCAR-3,
and NCI-H226 tumors were grown
subcutaneously (A–E) andOVCAR-
3-s-05 orthotopically in the ovary
(F–G) in nude mice. Mice were
randomized into treatment groups
(MIA PaCa-2/meso and
OVCAR-3, n ¼ 6; HT-29/meso and
NCI-H226, n ¼ 8; OVCAR-3-s-05,
n ¼ 9) when tumors were
measurable by caliper (A–E), or BLI
was performed to exclude tumor-
free mice before randomization
(F–G). A, mean � SD of tumor
volume inMIA PaCa-2/meso tumor
model over time. B–E, mean � SD
of tumor volume of MIA PaCa-2/
meso on study day 28 (B), HT-29/
meso on study day 21 (C), OVCAR-
3 on study day 61 (D), and NCI-
H226 on study day 153 (E). F,
weight of ovaries (mean � SD) on
day 42. Orthotopically inoculated
mice were treated on days 15, 18,
and 22 after tumor cell inoculation.
G, representative BLI images of
tumors in situ on day 37
and harvested ovaries on
day 42. �, P < 0.05; ��, P < 0.01;
���, P < 0.001, as compared with
the vehicle control.
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regression was achieved in 7 out of 8 mice (data not
shown) and in three of the cases, regression was
observed as early as 28 days when the vehicle control
group was sacrificed (Fig. 6B). Furthermore, a 100%
response rate to the BAY 94-9343 treatment was
observed even in tumors with 40% mesothelin expres-
sion. In the 20% mesothelin-positive group, the treat-
ment reduced mean tumor size by 82% compared with
the vehicle, and tumor size remained either the same or
reduced in 7 out of 8 mice (4 stable disease, 3 PR). In
contrast, tumor size was increased by 30% to 300% in 7
out of 8 mice bearing mesothelin-negative tumors trea-
ted with BAY 94-9343. However, tumor size was
approximately 64% smaller in this group as compared
with the vehicle, demonstrating a small target-indepen-
dent antitumor effect at this dose (0.2 mg/kg based on
DM4, corresponding to 11.2 mg/kg ADC; Q3Dx3).

Discussion
A high medical need remains for the treatment of

advanced mesothelioma, pancreatic, and recurrent ovar-

ian cancers. A large proportion of these tumors have been
shown to overexpress the surface protein mesothelin.
Moreover, the limited expression ofmesothelin in normal
human tissues qualifies mesothelin as an attractive can-
didate for antibody-based cancer therapy. This study
describes the establishment of human anti-mesothelin
antibody MF-T conjugated to the tubulin inhibitor DM4
and includes detailed preclinical characterization of the
resulting BAY 94-9343, an ADC targeting mesothelin-
expressing tumors.

The overexpression of mesothelin in mesothelioma,
ovarian and pancreatic cancer specimens was confirmed
by detailed immunohistochemical studies. More impor-
tantly, it was demonstrated for the first time thatmesothe-
lin continues to be expressed in recurrent ovarian cancer
in most patients, suggesting that immunohistochemical
staining of archived primary tumor biopsies could be
used to stratify patients for anti-mesothelin therapy.

The efficacy of unconjugated antibodies relies on the
function of their target antigen as demonstrated by the
growth factor receptor blocking activity exhibited by
antibodies such as cetuximab and trastuzumab for EGF
receptor and HER2/neu, respectively (41, 42). The
unknown biologic function of mesothelin does not, how-
ever, conflict with the development of an ADC. The
efficacy of anADCpredominantly depends on the expres-
sion of the target antigen, ADC-binding affinity and
subsequent internalizationwithin the cells, and the poten-
cy of the conjugated toxophore.Ourdatademonstrate that
the MF-T antibody possesses a specific nanomolar-bind-
ing affinity for human mesothelin and undergoes subse-
quent internalization. The binding properties are not
altered by the presence of the mesothelin-binding CA125
(43) and are fully retained in the ADC BAY 94-9343. BAY
94-9343 is shown to be both potent and highly selective in
killing mesothelin-expressing tumor cells, whereas the
samedose rangedoes not affectmesothelin-negative cells.

DM4, the tubulin-binding toxophore, mainly acts on
proliferating cells and therefore provides further func-
tional specificity to the ADC beyond the specific target-
binding of the antibody moiety. Indeed, we and others
(44) observed no cytotoxicity upon treatment of mesothe-
lin-expressing primary mesothelial cells with low prolif-
eration rates. In contrast, the bacterial immunotoxin PE38
in SS1P is not only highly immunogenic, preventing read-
ministration, but is also toxic to all antigen-positive cells
due to its mode of action (21). Whole animal imaging
using a fluorescently labeled antibody that is selectively
retained in antigen-positive tumors demonstrates target
selectivity and tumor specificity of the anti-mesothelin
antibody in vivo. Furthermore, treatment of mice,
bearing either mesothelin-negative or mesothelin-posi-
tive tumors, with BAY 94-9343 or a nontargeted ADC
control harboring the same linker toxophore, respectively,
indicates that the target-independent antitumor effects
are only minor when compared with the targeted activity
of BAY 94-9343. The inferior target-independent in vivo
effects of the control ADC at high doses are presumably

Figure 5. Antitumor activity of BAY 94-9343 in patient-derived tumor
models. Fragments of human tumors were passaged in naïve
immunocompromisedmice. After randomization into groups, treatments
(BAY 94-9343 and S-methyl-DM4 i.v., gemcitabine i.p., cisplatin i.p.)
were initiated (time points indicated by arrows). Mean � SD of
tumor volume for the pancreatic cancer model PAXF736 (n ¼ 9; A),
ovarian cancer model OVCAR6719 (n ¼ 8; B), and mesothelioma model
Meso7212 (n ¼ 10; C).
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due to enhancedpermeability and retention (EPR) in solid
tumors. This phenomenon of passive drug targeting of
tumors has been widely described for macromolecules
and lipids (45).

OnceBAY94-9343 is boundand internalized by a tumor
cell, degradation of the BAY 94-9343 disulfide-based link-
er releases a cell permeable toxophore metabolite with
bystander killing potential (33). This bystander effect was
demonstrated, for the first time in vivo, using a xenograft
model with different proportions of mesothelin-positive
and -negative cells within the inoculated tumors. BAY 94-
9343 not only inhibited tumor growth, but also more
importantly induced tumor regression even when only
20% of the cells within the tumor were mesothelin pos-
itive. This strongly suggests that, in addition to the EPR
effect observed in the mesothelin-negative cells, the

bystander effect contributes to the antitumor activity of
BAY 94-9343. Similar results have been reported previ-
ously by Kovtun and colleagues (30).

In addition to the subcutaneous and orthotopic xeno-
graft tumor models, we further demonstrated the dose-
dependent therapeutic activity of BAY 94-9343 in patient-
derived tumors that more closely mimic human tumor
characteristics, such as heterogeneity. Treatment with
BAY 94-9343 resulted in total eradication of established
tumorswith no tumor recurrence andwas reproducible in
several models over a long observational period, further
indicating complete tumor cell elimination by the ADC.
Importantly, the efficacy of BAY 94-9343 in pancreatic,
ovarian, and mesothelioma cancer models was more
pronounced as compared with the current respective
standard-of-care treatments, suggesting that BAY 94-

Figure 6. Titration of mesothelin-positive tumor cells in vivo. Different ratios of mesothelin- and vector-transfected HT-29 cells were subcutaneously
transplanted into nude mice (randomized on day 6 to treatment and vehicle groups). A, immunohistochemical staining of mesothelin in vehicle-treated
tumors. B, changes in tumor size from randomization until day 28 (the last time point at which the vehicle groups remained in the study). Each bar
represents the change in tumor size during the study of an individual mouse. Positive bars represent growth and negative bars shrinkage of tumors as
compared with tumor size at treatment start. The vehicle control was included in all the different study groups but the data are only shown for the group
inoculated with 100% mesothelin-positive cells.
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9343 is a potential therapeutic option for patients with
heavily pretreated and even resistant tumors.
Taken together, our preclinical results validate

mesothelin as a cancer antigen for an ADC as a potential
therapeutic approach. Future studies determining the
threshold of mesothelin expression required to achieve
efficient ADC-induced antitumor efficacy are essential.
This information is crucial in developing companion
diagnostics to stratify patient populations in clinical
development. Currently, anetumab ravtansine (BAY 94-
9343) is in phase I clinical evaluation about its safety,
tolerability, pharmacokinetics, and pharmacodynamics
(ClinicalTrials.gov Identifier: NCT01439152). The maxi-
mum tolerated dose of anetumab ravtansine will be
assessed in several advanced solid tumors with high
frequency of mesothelin expression.
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