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Abstract

Mesothelin (MSLN) is a differentiation antigen that is highly
expressed in many epithelial cancers. MSLN is an important
therapeutic target due to its high expression in cancers and
limited expression in normal human tissues. Although it has
been assumed that shed antigen is a barrier to immunotoxin
action, a modeling study predicted that shed MSLN may
enhance the action of MSLN-targeting recombinant immuno-
toxins such as SS1P and similar therapeutics by facilitating their
redistribution within tumors. We aimed to determine whether
shed MSLN enhances or reduces the antitumor effect of MSLN-
targeting immunotoxins SS1P and RG7787. We engineered a cell
line, A431/G9 (TACE mutant) that expresses a mutant form of
MSLN in which the TNF-converting enzyme protease site is

replaced with GGGS. We compared the response of the TACE-
mutant cells with immunotoxins SS1P and RG7787 with that of
the parental A431/H9 cell line. We show that TACE-mutant cells
shed 80% less MSLN than A431/H9 cells, that TACE-mutant
cells show a 2- to 3-fold increase in MSLN-targeted immuno-
toxin uptake, and that they are about 5-fold more sensitive to
SS1P killing in cell culture. Tumors with reduced shedding
respond significantly better to treatment with SS1P and RG7787.
Our data show that MSLN shedding is an impediment to
the antitumor activity of SS1P and RG7787. Approaches that
decrease MSLN shedding could enhance the efficacy of immu-
notoxins and immunoconjugates targeting MSLN-expressing
tumors. Mol Cancer Ther; 15(7); 1648–55. �2016 AACR.

Introduction
Mesothelin (MSLN) is a cell surface protein that is highly

expressed in mesothelioma and many other epithelial cancers.
Furthermore, small amounts of MSLN have been observed in the
blood of patients with mesothelioma and ovarian cancer (1).
MSLN has limited expression on normal tissues; its expression is
limited to mesothelial cells lining the peritoneum, pericardium,
and pleura (2–5). MSLN does not appear to have a critical
function in development, because inactivation of both copies of
the MSLN gene in mice does not lead to an overt phenotype (6).
However, it does appear to have a role in cancer growth and
progression making it an attractive therapeutic target for anti-
body-based therapies of cancer (7, 8).

Antibody-based therapies such as antibody–drug conjugates
and recombinant immunotoxins (RIT) are being developed for
the treatment of solid tumors (9). However, penetration of these
agents into solid tumors is restricted by many factors. Impedi-

ments include defective capillaries, slow entry by diffusion
because of the lack of functional lymphatics, increased extracel-
lular matrix deposition (10), and high interstitial fluid pressure
(11). It has also been proposed that shed antigenwithin tumors is
another barrier to tumor penetration (12). Overcoming these
barriers could significantly improve the efficacy of antibody-based
therapies.

There are several anticancer agents in various stages of devel-
opment that target MSLN. These include amatuximab (13, 14),
antibody–drug conjugates (15, 16), and RITs (17–20). RITs are
chimeric proteins composed of an Fv or Fab fused to a portion of
Pseudomonas exotoxin A (PE). SS1P is a RIT in which the disulfide-
stabilized Fv of a high-affinity antibody to MSLN is fused to a
38-kDa fragment of PE (17). SS1P kills target cells by inhibiting
protein synthesis and activating apoptosis (18, 21). SS1P is very
active in killing MSLN-expressing cancer cell lines (17) and has
shown antitumor activity in mouse xenograft models (22, 23). In
human studies, SS1P has been found to enhance the antitumor
activity of chemotherapy agents, gemcitabine, and pemetrexed/
cis-platinum (23, 24).When combinedwith immunosuppressive
agents, pentostatin, and cyclophosphamide, it produced major
remissions in several patients with advanced chemotherapy-
refractory mesothelioma (25). A new anti-MSLN RIT, RG7787
has been recently developed. RG7787 is a clinically optimized
anti-MSLN immunotoxin (20). It is designed to be less immu-
nogenic than SS1P. It also contains mutations that remove or
suppressmanyB-cell epitopes and someT-cell epitopes and is very
cytotoxic to several MSLN-expressing cancers (19)

MSLN is shed into the extracellular space of tumors and its
levels are elevated in the blood of patients with mesothelioma
and ovarian cancer (26). Antigen shedding is a well-recognized
process associated with malignant cells (27). Previous studies
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from our group have suggested that shed MSLN within the
tumor is a barrier to effective therapy with SS1P, because
treatment of MSLN-expressing tumors with chemotherapy low-
ered MSLN levels in the tumor, which allowed more SS1P to
reach the tumor cells and enhanced the antitumor activity of
SS1P (10, 11). We have also shown that MSLN is released from
cells by the action of the TNF-converting enzyme (TACE)
protease (28) and that inhibition of the protease by an inhib-
itor or knockdown of the TACE protease by siRNA diminishes
MSLN shedding and enhances immunotoxin killing of cultured
cells (28). These data suggest that shed MSLN should act as a
barrier to the killing of cells by SS1P or related immunotoxins.

Pak and colleagues (29) used our data to develop a math-
ematical model to analyze immunotoxin entry into tumors and
cell killing within the tumor to determine which steps in
immunotoxin entry are affected by shed MSLN. These calcula-
tions predicted that high concentrations of MSLN should not
interfere with SS1P action, but instead could promote the
redistribution of MSLN within solid tumors and enhance
immunotoxin activity.

This study was designed to establish the role of MSLN
shedding in the response of tumors to SS1P and RG7787. To
examine the effect of MSLN shedding, we constructed a cell line
with reduced shedding of MSLN due to a specific deletion of the
TACE protease site in MSLN. We find that cells that shed less
MSLN are more sensitive to MSLN killing in culture and that
tumors derived from these cells shed less MSLN into the blood
and are much more sensitive to the antitumor effects of SS1P
and RG7787.

Materials and Methods
Reagents

SS1P was purified in our laboratory as described previously
(30). Clinical grade RG7787 was manufactured by Roche Inno-
vation Center. Alexa-labeled RG7787 was made using an Alexa
labeling kit from Invitrogen. HB21(Fv)-PE40 immunotoxin was
made in our laboratory. Anti-MSLN (mouse) was purchased from
Rockland Immunochemicals (code# 200-301-A88), GAPDH
(rabbit mAb 14C10; Product #2118) from Cell Signaling Tech-
nology, goat anti-mouse IgG-HRP antibody from Santa Cruz
Biotechnology (cat. # sc-2004), goat anti-mouse IgG-R-PE from
Jackson Immunoresearch (code: 115-116-146), QuantiBrite PE
Beads from BD Biosciences, and Cell Counting Kit-8 from
Dojindo Laboratories.

Cell lines
A431/H9 wild-type cells containing wild-type MSLN (Gen-

Bank Accession number NM_005823) were generated in our
laboratory by Dr. Mitchell Ho (Laboratory of Molecular Biology,
NIH, Bethesda, MD). Cells were tested and authenticated on
August 15, 2014 using a short tandem repeat multiplex assay by
a molecular detection group (Frederick National Laboratory).
Cell line A431/G9 was authenticated in March 2016.

Construction of plasmid-expressing mutant MSLN
The expression plasmid pMSLN del (586–593) was generated

by the Protein Expression Laboratory (Frederick Core Facility at
NCI) using Gateway cloning technology. To try and maintain the
native domain structure, the TACE cleavage site (YLVLDLSV) was
replaced by a small flexible linker (GGGGS). The resulting clone

was then used to generate the mammalian expression vector with
a CMV promoter and a neomycin selectable marker.

Generating A431 cells expressing mutant MSLN
On day one, 5� 105 A431 cells were added to 2mL ofmedium

in 6-well plates. The next day, cells were transfected with 5 mg of
mutant MSLN DNA and control DNA with Lipofectamine as
described in the Life Technologies' transfection protocol. After
transfection, mixture was added to cells, cells were placed in the
incubator for 5 hours, and then 1 mL of fresh media were added.
Cells were cultured for 3 days and then transferred into a 10-cm
dish containing media with G418 selection reagent (750 mg/mL).
Cells were cultured until confluence and then trypsinized for flow
cytometry analysis to identify positive expressers. Positive expres-
sers were sorted and plated in 96-well plates at 1 cell per well
to grow single clones. Cells were cultured for 2 weeks after which
15 single clones were selected for further analysis. After single
clones were confluent, cells were trypsinized and flow cytometry
analysis was used to select a clone with comparable MSLN
expression to A431/H9 control cells.

MSLN surface expression
To quantify surface MSLN expression, 5 � 105 cells were

trypsinized and harvested. Cells were then centrifuged at 2,000
rpm for 2 minutes, followed by washing once with cold PBS.
Next, cells were washed once with cold FACS buffer (PBS with
5% FBS and 0.02% NaN3). After centrifuging, cells were resus-
pended in 100 mL of FACS buffer containing 5 mg/mL of mouse
anti-human MSLN antibody (Rockland Immunochemicals,
Inc.) on ice for 1 hour. After 1-hour incubation, cells were
washed once with FACS buffer and centrifuged for 2 minutes
at 2,000 rpm. Cells were resuspended in 100-mL FACS buffer
containing anti-mouse IgG-R-PE (1:250) secondary Ab on ice
for 30 minutes. Cells were washed twice with FACS buffer and
then resuspended in 500 mL of FACS buffer and processed for
flow cytometry (31). Fluorescence intensity was analyzed on a
FACSCanto II. QuantiBRITE R-PE beads (Becton Dickinson, cat
#340495) were used as a standard to quantitate the number of
MSLN sites per cell.

Surface staining using labeled RG7787 was described previ-
ously (32). Briefly, 2.5 � 105 cells were plated in 6-well Falcon
tissue culture plates in 2-mL media. The next day, cells were
incubated in 500 mL of complete media containing 2 mg of
Alexa-647–labeled RG7787 for 45 minutes on ice. Cells were
washed twice with PBS followed by addition of 500 mL of trypsin
and then placed in an incubator for 2minutes. Afterwards, 1.5mL
of cold media were added and then transferred into tubes and
centrifuged for 2 minutes at 2,000 rpm. Cells were washed twice
with FACS buffer, and then resuspended in 500 mL of FACS buffer
and analyzed on FACSCanto II.

Cell culture and cytotoxicity assay
Cell lines were cultured in RPMI1640 (Bio Whittaker's) sup-

plemented with 10% FBS and 1% penicillin–streptomycin in
96-well plates in a humidified atmosphere of 5% CO2 at 37�C.
The cell line, A431/H9, was described previously (33). For cyto-
toxicity assay, 5 � 103 cells were plated in Costar 96-well flat-
bottom plates. The next day, cells were treated with SS1P,
RG7787, or HB21(Fv)-PE40 for 72 hours. Cell viability was
measured with Cell Counting Kit-8. Cell viability is expressed in
reference to control where SS1P was not added.
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Western blot analysis
Cells were washed in PBS and lysed in lysis buffer on ice for

30 minutes. After 5-minute centrifugation at 13,000 rpm, 15 mg
of supernatants were loaded in a 4%–12% gradient gel and
separated by SDS-PAGE under reducing conditions and then
transferred to polyvinylidene difluoride membranes. The mem-
branes were incubated with MSLN antibody (1:1,000) over-
night in the cold room. The next day, goat-anti-mouse IgG HRP
secondary Ab (1:5,000) was applied for 1 hour at room tem-
perature followed by washing, then incubation with ECL, and
exposure to X-ray film.

MSLN shedding assay in vivo and in vitro
Soluble MSLN levels in cell line medium were measured in

duplicate with a human MSLN ELISA Kit (Novatein Biosciences).
Cells (5� 105) were seeded in 2-mL RPMI cell culture medium in
multi-well 6-well polystyrene Falcon tissue culture dishes. The
next day, media were removed and replaced with 1 mL of fresh
media. Every hour thereafter, 100mLofmediumwas collected and
stored at�80�C.Other plates remained in the incubator for 4days
and afterwards, media were collected and stored at �80�C. Cells
were trypsinized and counted using a cell counting machine. Cell
supernatant was diluted 10-fold and added to wells of a 96-well
plate previously coated with capture antibody. The amount of
MSLN shed by wild-type and TACE-mutant cells was calculated
using the MSLN concentration per cell and total cell number.

For in vivoMSLNshedding, 5 athymic nudemice per groupwere
implanted with 2 � 106 A431/H9 or A431/G10 TACE–mutant
cells on day 1; two mice were used as controls. When tumors
reached 300 to 500 mm3, blood was collected from each mouse
and transferred into heparin-coated tubes. Samples were centri-
fuged for 15 minutes at 1,000 � g, plasma was collected and
aliquoted into new heparin-coated tubes, and stored at �80�C.
For MSLN ELISA assays, samples were diluted and analyzed.

In vitro immunotoxin internalization and FACS analysis
Wild-type and TACE-mutant cells (2.5 � 105) were seeded in a

multi-well 6-well tissue culture dishes. After 16 to 20 hours, cells
were exposed to 10 ng/mL of RG7787-Alexa Fluor 647 in 1 mL of
media for 90minutes and for4, 8,16, and24hours. Surface-bound
RG7787-Alexa Fluor 647 was stripped for 5 minutes using a low
pH glycine buffer (0.2 mol/L glycine-HCl, pH 2.5) and 1% BSA to
remove surface-bound RG7787. Cells were then trypsinized,
washed with cold internalization-FACS buffer (PBS with 1% FBS
and0.1%NaN3) twice, and then resuspended in 500mL cold FACS
buffer and analyzed using FACSCanto II. Quantification of inter-
nalized RG7787molecules was performed as described previously
(32). For surface staining, cells were either detached using trypsin
or citric saline for comparison. Cells were treated with 2 mg/mL of
labeled immunotoxin for 45 minutes on ice.

Xenograft tumor model
On day 0, 2 � 106 wild-type and TACE-mutant cells in

Matrigel (4 mg/mL) were implanted subcutaneously into the
rear legs of 4- to 6-week-old athymic nude mice. When tumors
reached 100 mm3 (day 5–7), mice were randomized and 8 to
10 mice in each group were injected intravenously with the
maximum safe dose of SS1P (8 mg) or with HB21(Fv)-PE40
(2 mg) prepared in 200-mL PBS with 0.2% human serum
albumin (HSA). To be consistent with the clinical practice,

mice were injected with SS1P injections every other day for a
total of 3 days (23). Mice were monitored for tumor size and
tumor volumes were calculated and measured as (l � w2) � 0.4
(34, 35). All animal experiments were stopped when tumors
reached 600–700 mm3 in volume. All animal experiments were
approved by the National Cancer Institute Animal Care and Use
Committee.

Statistical analysis
Data were analyzed and statistical analyses were performed

using GraphPad Prism 6 software and Excel. Each experiment was
performed at least twice and we used duplicates or triplicates for
each point in every assay. Data are presented either as mean� SD
or � SEM. Unpaired student test and one-way ANOVA with the
Mann–Whitney test for comparisons was performed. A P value of
<0.05 was considered statistically significant.

Results
Generation and characterization of A431 cells expressing
mutant MSLN

A431/H9 cells were engineered previously by transfecting
A431 cells, which do not express MSLN, with a plasmid encoding
a full-length human MSLN cDNA and isolating a single clone
with high MSLN expression (36). To make a cell line with dimin-
ished MSLN shedding, but equal expression, we constructed a
plasmid with a deletion of the TACE protease site (Fig. 1A) and
stably transfected it into A431 cells. After antibiotic selection and
cell sorting, we isolated several clones with high MSLN expres-
sion. We chose clone A431/G9 for further analysis, although
several other clones have the same expression level. Flow cyto-
metry analysis shows that clone A431/G9 has high MSLN expres-
sion that is comparable with that of A431/H9 cells (Fig. 1B and
Supplementary Fig. S1). We measured the level of surface MSLN
expression by two different methods. First, we used RG7787
directly labeled with Alex-647 (Fig. 1B). Next we used an anti-
MSLN antibody followed by a fluorescently labeled secondary
antibody (Supplementary Fig. S1). Both analyses showed that the
level of MSLN expression was very similar in A431/H9 and TACE-
mutant cells. MSLN expression was also analyzed by Western
blots, and the results revealed a slight but statistically insignificant
increase in total MSLN protein expression in TACE-mutant cells
(Fig. 1C and D).

Comparison of MSLN expression in A431/H9 and
TACE-mutant cells

Figure 1B shows that wild-type and TACE-mutant cells have
similar MSLN surface expression. To determine whether both
cell lines saturate at the same concentrations of RIT, equal
numbers of wild-type and mutant cells were plated overnight
and the next day cells were detached using trypsin reagent. Cells
were washed and exposed to increasing concentrations of
labeled RG7787 on ice for 45 minutes and then flow cytometry
was performed. As shown in Fig. 2A, both cell lines saturate at
the same concentrations.

Trypsin is known to remove surface proteins and might affect
our data due to variability of trypsinization time. To be certain
that there are similar amounts of MSLN molecules of both cell
lines, we repeated our FACS experiments using citric saline to
remove cells because it acts nonenzymatically to detach cells. We
then treated cells with increasing concentrations of labeled
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RG7787. Our results show that both cell lines express similar
amounts of MSLN and also saturate at the same concentration
(Fig. 2B).

To determine the effect of the TACE deletion on MSLN
shedding, we collected media from growing cells and performed
an ELISA assay to measure MSLN levels. The MSLN concentra-

tion was 831 ng/mL in the A431/H9 medium and 160 ng/mL in
the medium from TACE-mutant cells indicating a major
decrease in MSLN shedding (Table 1). These data indicate
shedding was greatly decreased but not completely abrogated.
Next, we investigated and compared the amount of MSLN shed
per cell per hour over a 6-hour period by wild-type and mutant

Figure 2.

Comparison of cell lines. A and B, flow
cytometry analysis showing that wild-type
and TACE-mutant cells saturate at similar
concentrations of labeled RG7787 RIT. C,
ELISA assay comparing shed MSLN rate by
wild-type (opened squares) and TACE
mutants (opened circles). Error bars
represent variability from duplicate wells. D,
in vitro cell growth assay comparing the
growth of TACE-mutant cells (opened circle)
and wild-type cells (opened square). Error
bars are calculated from data from three
independent experiments and values pooled.
All data are presented as mean � SD.

Figure 1.

Generation and characterization of mutant MSLN cell line. A,
schematic representation of wild-type and mutant MSLN
protein structure. The diagram shows the TACE sheddase
site in MSLN. B, flow cytometry analysis using Alexa-647–
labeled immunotoxin, RG7787, shows similar surface MSLN
protein expression on wild-type (black solid line) and
TACE-mutant cells (dotted line). C, Western blot analysis
comparing MSLN expression of total cell lysates from
TACE-mutant and wild-type cells. Four separate samples
were run for each cell line. D, quantification of pooled
Western blot analysis results using image J. Error bars from
pooled Western blot analysis are represented as mean� SD.
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cells. The data are presented in Fig. 2C and Table 2. The wild-
type cells have shed more than 100% of the total on the surface
at 1 hour and continue to shed at this high rate for 6 hours.

In contrast, the cells shed much less MSLN with the TACE site
deleted. After 1 hour, wild-type cells had shed all their surface
MSLN, whereas mutant cells shed only 27% (Table 2).

In some cell lines, MSLN has been shown to regulate cancer
cell growth and proliferation (37, 38). To determine whether the
decrease inMSLN shedding bymutant cells affected the growth of
the cells, we measured cell number over several days and found
no change in growth rate between wild-type A431/H9 and TACE-
mutant cells (Fig. 2D). On the basis of these data, we conclude
the cell lines were suitable for additional comparative studies.

Sensitivity of TACE-mutant cells to SS1P, RG7787, and HB21
(Fv)-PE40

To determine whether decreased MSLN shedding had an
impact on the efficacy of MSLN-targeting immunotoxins in
vitro, we treated wild-type and TACE-mutant cells with SS1P
and RG7787. As shown in Fig. 3A and Table 1, TACE-mutant
cells were 5-fold more sensitive to SS1P than A431/H9 cells
(0.01 ng/mL compared with 0.05 ng/mL), respectively. The
TACEmutant was also about 3.5-fold more sensitive to RG7787
than A431/H9 cells (0.16 ng/mL compared with 0.62 ng/mL),
respectively (Fig. 3B and Table 1). To show that the difference
in the cytotoxic effect was MSLN-specific, we treated the cell
lines with an immunotoxin targeted to the human transferrin
receptor, HB21(Fv)-PE40 (20) and found no difference in its
effect on the two cell lines indicating the difference is MSLN-
specific as shown in Fig. 3C.

Uptake of RG7787 by TACE-mutant and A431/H9 cells
Because TACE-mutant cells were more sensitive to SS1P and

RG7787 than A431/H9 cells, we examined their rate of uptake of
immunotoxn assuming that shedding would reduce uptake.

To do this, cells were seeded in 6-well dishes and 16 hours later
10 ng/mL of RG7787-Alexa Fluor 647 was added and cells
harvested after 90 minutes, 4, 8, 12, and 16 hours. As shown
in Fig. 4, there was a 2-fold increase in uptake at all time points by
TACE-mutant cells compared with wild-type cells.

Sensitivity of TACE-mutant tumors to immunotoxins SS1P,
RG7787, and HB21-(Fv)-PE40

The data in Table 1 show that that TACE-mutant cells shed
5-fold less MSLN than wild-type cells. Next, we investigated the
levels of circulating shed MSLN in wild-type and TACE-mutant
mouse xenograft models. To do this, we collected blood from
mice with wild-type and TACE-mutant tumors and analyzed
the plasma using a MSLN-specific sandwich ELISA kit. Our
results show greater than 20-fold less MSLN in the plasma of
mice with TACE-mutant tumors compared with wild-type
tumors (Fig. 5A). Next, we carried out antitumor experiments
in mice to test the mathematical model. We implanted 2 � 106

A431/H9 or TACE-mutant cells subcutaneously into athymic
nude mice (18). When tumors reached about 100 mm3, SS1P,
RG7787, or HB21(Fv)-PE40 was intravenously administered
every other day for a total of three doses. As shown in Fig. 5B,
there was a remarkable difference in the response to SS1P. The
TACE-mutant tumors were much more susceptible to SS1P
than the A431/H9 tumors. There was a statistically significant
difference in the size of TACE-mutant tumors compared with
A431/H9 tumors beginning on day 9 (P < 0.0001), 2 days after
treatment was initiated, and the difference in tumor size
increased over time. The TACE-mutant tumors continued to
decrease in size and were undetectable on day 15, 6 days after
the last SS1P treatment. In contrast, A431/H9 tumors remained
about the same size during treatment and resumed growth
when treatment with SS1P was completed.

To confirm our finding with SS1P, we examined the antitu-
mor efficacy of RG7787 on A431/H9 and TACE-mutant tumors.

Table 1. Summary of important data for wild-type A431/H9 and TACE mutant A431/G9 cells

Cell line
MSLN

sites/cell
MSLN in medium

(ng/mL)
MSLN in blood

(ng/mL)
SS1P IC50

(ng/mL)
RG7787 IC50

(ng/mL)
HB21 IC50

(ng/mL)

A431/H9 1.1 � 106 � 3.7 831 � 20 464 � 70 0.05 � 0.01 0.62 � 0.10 0.001 � 0.01
A431/G9 1.1 � 106 � 3.5 169 � 1.4 24 � 2.5 0.01 � 0.01 0.16 � 0.05 0.001 � 0.01

NOTE:MSLN site per cell, MSLN shedding, and average IC50 values of immunotoxins onA431/H9, andA431/G9 cells are shown. To determineMSLN site/cell, 250,000
A431/H9 and A431/G9 cells were plated on day 1. On day 2, cells were detached using trypsin or citric saline and processed for flow cytometry analysis. To compare
levels of shed MSLN in vitro by A431/H9 and TACE-mutant cells, 5� 105 were plated in a T75 flask on day 1 and allowed to grow for 4 days. After 4 days, media were
collected and used for MSLN-specific ELISA assay. To determine shed MSLN in serum of mice with A431/H9 and TACE-mutant tumors, blood was collected from
5 mice per group after tumors reached 300–500 mm3 (A431/H9 mouse 1 ¼ 424 mm3; Mouse 2 ¼ 424 mm3; Mouse 3 ¼ 335 mm3; Mouse 4 ¼ 448 mm3; Mouse 5 ¼
768mm; TACE-mutantmouse 1¼ 389mm3; Mouse 2¼ 389mm3; Mouse 3¼ 3,457mm3; Mouse 4¼ 389mm3; Mouse 5¼ 561mm3) Plasmawas isolated and used for
MSLN-specific ELISA assay. ShedMSLN concentrations (A431/H9mouse 1¼ 413 ng/mL; Mouse 2¼ 520 ng/mL; Mouse 3¼ 355 ng/mL; Mouse 4¼ 567 ng/mL; Mouse
5¼469.3 ng/mL; TACE-mutantmouse 1¼ 31 ng/mL;Mouse 2¼ 27.2 ng/mL;Mouse 3¼ 25 ng/mL;Mouse 4¼ 8.3 ng/mL;Mouse 5¼ 30 ng/mL)were pooled between
groups. Average data from duplicatewells are shown. IC50 valueswere derived from 72-hourWST8 cell viability assays. The IC50 values represent averages from four
independent experiments in quadruplicate. The data are represented as � SD.

Table 2. MSLN shedding by wild-type A431/H9 and TACE-mutant A431/G9 cells

Cell line
Cell

number
Total MSLN on cell

surface at time zero (ng)
Total MSLN shed
after 1 hour (ng)

Total MSLN shed
after 2 hours (ng)

Total MSLN shed
after 3 hours (ng)

Total MSLN shed
after 5 hours (ng)

Total MSLN shed
after 6 hours (ng)

A431/H9 9.8 � 105 71.1 100 � 0.02 270 � 0.6 270 � 0.4 440 � 0.6 660 � 0.1
A431/G9 7.8 � 105 56.6 16 � 0.01 28 � 0.02 50 � 0.03 77 � 0.2 92 � 0.07

NOTE: MSLN sites per cell, total MSLN per well containing cells, and total MSLN shed per hour values by A431/H9, and A431/G9 cells are shown. To determine total
shed MSLN/hour, 5� 105 cells were plated on day 1. On day 2, media were removed and replaced with 1 mL freshmedia. Every hour thereafter, 100 mL of media were
collected for ELISA assay to determine total shed MSLN. At the end of the experiment, cells were trypsinized and counted. Shed MSLN values were measured by a
MSLN-specific ELISA assay. Total shed MSLN per hour values were calculated using predetermined MSLN sites/cell numbers (1.1 � 106 sites/cell), number of cells
counted the day after plating.
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Although RG7787 is more active than SS1P on many epithelial
cancers (20), it is less active on A431/H9 cells as shown in
Table 1, and therefore larger doses were used in mice. TACE-
mutant tumors treated with 50 mg given every other day for a
total of 3 days were also much more responsive to RG7787 than
A431/H9 tumors (Fig. 5C). Similar to the SS1P antitumor
study, there was a statistically significant difference in the size
of the TACE-mutant tumors after RG7787 treatment compared
with A431/H9 tumors beginning on day 9 (P < 0.0001), and the
difference in tumor size continued to be significant for the
remainder of the experiment.

To show that the difference in response to immunotoxin
treatment was related to MSLN shedding and not to some other
difference in the tumors, we also treated the A431/H9 and
TACE-mutant tumors with HB21(Fv)-PE40 that targets the
human transferrin receptor and observed no difference in
response (Fig. 5D). Both tumor types responded similarly,
consistent with our in vitro results. We conclude that the
difference in the antitumor effect is specific for the anti-MSLN
immunotoxins and directly correlate with MSLN shedding.

Discussion
It is well known that many proteins that are targeted by

antibody-based therapies are shed from the cell surface. This shed
antigenhas the potential to act as a decoy receptor and inhibits the

Figure 3.

Reduced MSLN shedding renders cultured cells more sensitive to MSLN-targeting RITs. Cells were incubated for 72 hours with SS1P (A), RG7787 (B), or
a transferrin receptor–targeting immunotoxin, HB21(Fv)-PE40 (C). Growth inhibition was assessed with a WST8 cell assay. Results compare sensitivity
to immunotoxins between wild-type cells (opened squares) and TACE-mutant cells (opened circles). The error bars from all data represent the
variability of triplicate wells from at least four experiments. Data are presented as mean � SD.

Figure 4.

Reduced MSLN shedding leads to increased internalization of Alexa-647–
labeled RG7787 immunotoxin. Cells were incubated with 10 mg/mL of Alexa-
647-RG7787 and uptakemeasured. TACE-mutant cells (open circles), wild-type
cells (open squares). Error bars represent variability from three separate
experiments. Data are presented as mean � SD.

Figure 5.

Reduced MSLN shedding increases response of tumors to MSLN-targeting
immunotoxins. A, MSLN levels in plasma of mice with cells expressing wild-type
MSLN (open squares) andmutantMSLN (closed symbols).Data are presented as
mean� SD. �� , P < 0.005. B, tumor-bearing mice were treated with D-PBS HSA
0.2% i.v. (control, n ¼ 15/group) and 1 cycle of 3 � 0.4 mg/kg SS1P every other
day for a total of 3 days (QOD) i.v. (n ¼ 18/group). TACE-mutant tumors were
significantly more sensitive to SS1P antitumor activity than wild-type tumors. C,
tumor-bearing mice were treated with D-PBS HSA 0.2% i.v. (control, n ¼ 15/
group) and 1 cycle of 3� 2.5 mg/kg RG7787 QOD i.v. (n¼ 20/group). D, tumor-
bearingmicewere treatedwithD-PBSHSA0.2% i.v. (control,n¼ 12/group) and 1
cycle of 3 � 0.1 mg/kg HB21(Fv)-PE40 QOD i.v. (n ¼ 12/group). The error bars
represent the deviation of tumor measurements combined from two
independent experiments. Data are presented as mean � SEM.
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action of these agents. However, because solid tumors are not in
direct communicationwith the blood, andbecause immunotoxin
SS1P took many hours after its entry into tumors to reach the
maximum number of cells in the tumor, we carried out mathe-
matical analysis of our data, which unexpectedly predicted that
antigen shedding should enhance and not block the efficacy of
RITs that target MSLN-expressing tumors (29). This report sug-
gested that shed antigen acts as a protective reservoir, which carries
RITs into spaces far from the blood vessel.

In this study, our goal was to use both in vitro and animal
studies to test this mathematical model. To do this, we gener-
ated and characterized a cell line, A431/G9 (TACE mutant),
which expresses a mutant form of MSLN that lacks the TACE
sheddase site. We performed several experiments to make sure
the mutant cells were characteristically similar to wild-type cells.
Flow cytometry and cell culture experiments showed both wild-
type and mutant cells displayed similar numbers of MSLN sites
per cell and similar growth rates. We also show that both wild-
type and mutant cells saturate at the same antibody concen-
tration. It was previously shown that knockdown of TACE led to
greater than 50% inhibition of MSLN shedding (28). These
results suggested that TACE was a major MSLN-cleaving prote-
ase; however, there are other enzymes that cleave MSLN because
knockdown of TACE did not completely abrogate MSLN shed-
ding. We tested for MSLN shedding into cultured media and in
serum from tumor-bearing mice. Our results demonstrated
greatly reduced, but not 100%, abrogation of MSLN shedding
by mutant cells. This finding indicates there must be a second
shedding mechanism. Because MSLN is anchored to the cell by
phosphatidyl inositol, and is released from cells by treatment
with phospholipase C (2), it is likely a phospholipase also
contributes to shedding.

In contrast with the mathematical model, our animal studies
with tumors that shed MSLN at vastly different rates show that
shedding greatly reduces the efficacy of two immunotoxins (SS1P
and RG7787) that target MSLN but not an immunotoxin that
targets the transferrin receptor. We have not yet determined the
reason for the failure of the model to predict this result but future
studies will address this issue.

Our results show that wild-type cells shed 100%of their surface
MSLNevery hour and it is replenished by freshMSLN,whereas the
TACE mutant sheds very little MSLN per hour. If this is the case,
then cells expressing TACE mutant should have much more
uptake of RIT than wild-type A431/H9 cells; however, our results
show only a 2-fold increase of labeled RG7787 by the TACE-
mutant cells. This difference could be due to the fact that we used
10 mg/mL to measure uptake. We could not use lower concentra-
tions closer to the IC50 for cell killing because the uptake assay is
not sensitive enough.

Because there are equal numbers of MSLN molecules on the
surface of themutant cells and the uptake rate is higher, one could
reason that the binding site barrier effect is larger in tumors
derived from thesemutant cells. Therefore,without large amounts
of shed MSLN molecules, the immunotoxin would be unable to
travel far from the blood vessel into the tumor tissue and its
efficacy would be reduced. Contrary to this expectation, the

animal studies reported here with tumors that are derived from
the H9 and G9 cells show that reduced shedding greatly enhances
the efficacy of two different immunotoxins (SS1P and RG7787)
that target MSLN.

The findings presented here indicate that there are factors
that are more important in regulating immunotoxin action
than the binding site barrier effect. One possibility is that the
immunotoxin action is hindered more by a low endocytosis
rate than by possible binding site barrier effect. The endocytosis
rate used in the mathematical model, we reported previously
(29, 39) was 22% per hour, which was derived by analyzing
earlier in vitro data (40). The binding site barrier effect is the
dominant factor for this model and the efficacy of immuno-
toxins increases monotonically as the shedding rate increases
when the number of receptor molecules is one million or more.
However, when the endocytosis rate is reduced to 8%, the
immunotoxin is less effective in the tumor model with 20%
shedding rate than those with 1.5% or 5% shedding rate. Thus,
one possibility is that the in vivo endocytosis rate is much less
than that measured in in vitro experiment in which case increas-
ing the uptake rate by reducing shedding becomes beneficial
rather than a barrier.

In conclusion, our results suggest that strategies that prevent
MSLN shedding may significantly enhance immunotoxin efficacy
in the treatment of MSLN-expressing cancers.
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