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Treatments for advanced and recurrent ovarian cancer remain a challenge due to a lack of
potent, selective, and effective therapeutics. Here, we developed the basis for a transfor-
mative anticancer strategy based on anthrax toxin that has been engineered to be selec-
tively activated by the catalytic power of zymogen-activating proteases on the surface of
malignant tumor cells to induce cell death. Exposure to the engineered toxin is cytotoxic
to ovarian tumor cell lines and ovarian tumor spheroids derived from patient ascites. Pre-
clinical studies demonstrate that toxin treatment induces tumor regression in several
in vivo ovarian cancer models, including patient-derived xenografts, without adverse side
effects, supportive of progression toward clinical evaluation. These data lay the ground-
work for developing therapeutics for treating women with late-stage and recurrent ovar-
ian cancers, utilizing a mechanism distinct from current anticancer therapies.
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The prognosis for advanced ovarian cancer (OvCa) is poor due to late-stage disease presenta-
tion, early and passive metastasis, and resistance to conventional therapies (1). Despite initial
good responses to first-line debulking surgery and platinum/taxane combination chemother-
apy, complications resulting from disseminated peritoneal metastasis still cause high patient
mortality. Recently, PARP inhibitors have become standard of care after chemotherapy as a
first-line maintenance treatment for OvCa patients regardless of their BRCA mutation status
(2); however, resistance to PARP inhibitors remains a major clinical challenge. Antiangio-
genic agents such as bevacizumab, which target tumor-associated vasculature, are utilized in
the treatment of OvCa; however, no significant overall survival benefit is achieved for newly
diagnosed (3) or recurrent patients (4) treated with concurrent bevacuzimab compared to
chemotherapy alone. More effective therapeutic strategies based on the unique biology of
metastatic OvCa tumors are needed to achieve long-term cancer remission.
OvCa originates on the surface epithelium of the ovary or the distal fallopian tube

(1) and presents as a collection of histological subtypes. Metastasis occurs predomi-
nantly by passive transcoelomic dissemination into the peritoneal cavity, with metasta-
sis via hematogenous or lymphatic routes being less common (5, 6). Ascites fluid often
accumulates in the peritoneal cavity, further promoting metastatic dissemination. In
malignant ascites fluid, tumors can exist as single cells or spheroids that are capable of
anchoring to the mesothelial lining, invading the underlying tissues, and establishing
foci in surrounding peritoneal organs (5).
Metastatic tumors have long been associated with dysregulated protease activities (7, 8).

This association is strongly supported by recent preclinical imaging data demonstrating
tumor-associated protease activity in vivo (9–12). Notably, the overactivity of membrane-
anchored serine proteases (MASPs) is correlated with advanced stages of OvCa (7), where
they can impact detachment from the primary tumor, aggregation and survival in the
peritoneal fluid, interaction with the peritoneal lining, invasion to metastatic sites, and
angiogenesis (7). MASPs contain a conserved serine protease domain (SPD) required for
catalytic activity and either type I or type II transmembrane domains or glycophosphati-
dylinositol (GPI) anchors that tether the extracellular SPD directly to the cell surface,
enabling direct access to the cell surface and pericellular substrates (13, 14). Importantly,
MASP proteolytic activity in healthy tissues is transient, with activities tightly regulated
by multilayered networks of activators, cofactors, and inhibitors (13). In contrast, consti-
tutive or unrestricted MASP catalytic activities are functionally associated with tumor
growth and malignancy (7, 15).
MASPs are synthesized and expressed on the cell surface as inactive precursors, or zym-

ogens, that require activation by pericellular proteases in the tumor microenvironment.
Zymogen activation occurs by proteolytic cleavage after an arginine or lysine amino acid
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residue, which is positioned in a conserved activation motif
within the MASP catalytic SPD (13). The overactivity of tumor-
associated MASPs implies an abundance of zymogen-activating
pericellular proteases in the tumor microenvironment. Since
MASPs have substrate specificity for cleavage after arginine or
lysine residues, several MASPs can activate other MASPs present
on the cell surface (13), potentially presenting multiple unique
targets for antitumor therapeutic intervention.
Here, we describe the development of zymogen activation pro-

drug toxins (ZMTs) designed to undergo activation cleavage by
zymogen-activating proteases on the tumor cell surface, using a
reengineered anthrax toxin (AT) for drug delivery. The AT deliv-
ery system is a well-studied two-component system based on
Bacillus anthracis that utilizes cell surface binding to deliver a
potent cytotoxin to cells (16). The mechanism of action requires
one component, protective antigen (PA), to bind and undergo
activation proteolytic cleavage on the cell surface, initiating oligo-
merization and formation of a cell-surface pore that allows translo-
cation of the second component, a cytotoxic cargo, into cells (Fig.
1A). The natural AT cargo lethal factor (LF) is a zinc-dependent
metalloproteinase that irreversibly inactivates mitogen-activated
protein kinase kinases (MEKs) and inhibits the oncogenic prosur-
vival mitogen-activated protein kinase (MAPK) pathway (24, 25)
to induce cell death. Another cargo, FP59, is a fusion of the
amino-terminal PA-binding domain of LF (amino acids 1 to 254)
with the catalytic domain of Pseudomonas aeruginosa exotoxin A,
which kills cells by adenosine 50-diphosphate (ADP) ribosylating
eukaryotic elongation factor-2 (eEF) and inhibiting protein syn-
thesis (17, 26, 27). Proteolytic cleavage and activation of native
PA protein is catalyzed by furin protease. To generate ZMTs, we
converted the eight–amino acid furin activation sequence of PA to
the zymogen activation sequences corresponding to the MASPs
prostasin and testisin and the membrane-associated protease uroki-
nase plasminogen activator (uPA).
We found that PAS, the ZMT with an activation cleavage

site mimicking the prostasin zymogen activation site, is a
potent substrate for overactive MASPs and functions as a
potent tumoricidal prodrug in combination with LF. The
PAS:LF toxin is cytotoxic to both ovarian tumor cell lines and
tumor cells derived from patient ascites. Preclinical studies
using several OvCa xenograft models and an OvCa patient-
derived xenograft (PDX) model demonstrate that treatment
with PAS:LF toxin significantly reduces tumor burden and
extends survival with no evidence of off-target toxicity. This
PAS:LF prodrug represents a promising strategy to improve
outcomes for women with OvCa.

Results

Generation and Characterization of Reengineered Zymogen
Activation Site Toxins. To generate ZMTs predicted to be acti-
vated by the overactive MASPs, the P4-P40 sequence targeted by
furin on the native PA (PA-WT; amino acids 164 to 171) (28)
was mutated to sequences derived from the prostasin zymogen
activation site (PAS), the testisin zymogen activation site (TAS)
and the uPA-like zymogen activation site (UAS) (Fig. 1B). Pros-
tasin and testisin are GPI-anchored serine proteases that do not
self-activate. The pro-prostasin and pro-uPA zymogens are
reported substrates for the OvCa-associated MASPs matriptase
and hepsin (13). There are no known proteases that cleave the
pro-testisin zymogen.
Abrogation of furin-mediated cleavage of the ZMTs was

confirmed by incubation of purified PA-WT and recombinant
UAS, TAS, and PAS with soluble furin (Fig. 1C). PA-WT

showed cleavage of the 83-kDa form to the 63-kDa activated
form, whereas UAS, TAS, and PAS were resistant to cleavage.
Incubation of PA-WT, PAS, UAS, and TAS with recombinant
testisin, matriptase, hepsin, and prostasin catalytic domains
showed that UAS was only cleaved by testisin and hepsin, while
TAS was not cleaved by any of the recombinant MASPs (Fig.
1D). Prostasin was unable to cleave PA-WT or any of the
ZMTs. PAS was the only ZMT that was able to be cleaved by
all three MASPs—testisin, matriptase, and hepsin (Fig. 1D).
Time course assessment of PAS protein cleavage by recombi-
nant MASPs showed complete activation cleavage of PAS by
hepsin within 15 min and less efficient cleavage of PAS by testi-
sin and matriptase (SI Appendix, Fig. S1A). PAS was not
cleaved by recombinant MMP-2/-9 or uPA (Fig. 1E), indicat-
ing specificity for MASPs. Overactivities of hepsin, matriptase,
and testisin have been implicated in OvCa malignancies (7);
therefore, we focused on PAS for subsequent in vitro and
in vivo studies.

PAS Toxin Is Cytotoxic to Cells Expressing Active MASPs. To
investigate effective proteolytic cleavage of PAS on cells by
MASP activation, HEK293T cells overexpressing active MASPs
(SI Appendix, Fig. S1B–C) were treated with PAS and the cyto-
toxic LF-fusion cargo FP59 (26), and viability was assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay. Only a few molecules of FP59 are sufficient
to inactivate all eEF2 in a cell and inhibit protein synthesis
(17); thus, potent cell death is a valuable measurement of PAS
activation in vitro. Increasing concentrations of PAS:FP59
resulted in increased dose-dependent cell death for cells express-
ing hepsin (half-maximal effective concentration, 50% [EC50],
27 ng/mL), testisin (EC50, 22 ng/mL), and matriptase (EC50,
147 ng/mL) compared with control cells (EC50 > 500 ng/mL)
(SI Appendix, Fig. S1D). The dependence of cytotoxicity on
active testisin was further demonstrated using HEK293T cells
stably expressing wild-type testisin (Test) and two catalytically
inactive testisin mutants, RA-Test and SA-Test (29). When
SA-Test or RA-Test cells were incubated with increasing con-
centrations of PAS:FP59, viability was similar to that of
HEK293T cells expressing the vector alone control (EC50 >
500 ng/mL), whereas Test cells were sensitive to PAS:FP59
(EC50 < 8 ng/mL) (Fig. 1F), strengthening the notion that
PAS-induced cytotoxicity is dependent on MASP catalytic
activity.

Overactive MASPs in a Broad Range of Human OvCa Cells.
MASP expression was investigated using a panel of five high
grade serous carcinoma cell lines: ES-2, NCI/ADR-Res,
OVCAR3, CAOV3, and COV362 (30,31), in addition to the
nontumorigenic IOSE397 cell line derived from immortalized
ovarian surface epithelial cells. qPCR analysis revealed that each
of the cell lines expressed hepsin, testisin, and matriptase, pro-
viding the means for PAS proteolytic activation (Fig. 2A). In
addition, the cell lines all expressed hepatocyte growth factor
activator inhibitors, HAI-1 and HAI-2, cofactors that function
as chaperone proteins for expression and translocation of active
matriptase and hepsin to the cell surface (32) (Fig. 2B), as well
as ANTXR1 and ANTXR2 (Fig. 2C), which are receptors
required for PAS cell surface binding. Importantly, cell surface
serine protease activity was significantly increased in all of the
OvCa cell lines compared to nontumorigenic IOSE397 cells
(Fig. 2D and SI Appendix, Fig. S1E), confirming the overactivity
of tumor-associated MASPs compared to their regulated state in
nontumorigenic cells.
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PAS Toxin-Induced Antitumor Cytotoxicity Requires Serine
Protease Activity. The generality of PAS activation and toxin-
induced ovarian tumor cell killing was investigated by treatment
of the panel of OvCa cell lines with PAS:FP59 (Fig. 2E). The
results showed variable cytotoxicity in all OvCa cell lines (Fig.
2E). To evaluate the requirement of MASP cleavage for
PAS:FP59 cytotoxicity, ES-2 and NCI/ADR-Res cells were pre-
incubated with the synthetic serine protease inhibitor AEBSF
prior to PAS:FP59 treatment. AEBSF pretreatment resulted in
significant attenuation of toxicity in both cell lines (Fig. 2F),
confirming that PAS:FP59 toxin-induced killing specifically
requires MASP activity.

Although the nontumorigenic IOSE397 cells displayed low
cell surface serine protease activity (Fig. 2D), they were highly
susceptible to killing by PAS:FP59 (Fig. 2E and SI Appendix,
Fig. S2A; EC50, 4 ng/mL). While delivery of FP59 is a useful
reporter for evaluating proteolytic cleavage of PAS in in vitro
tumor cell cultures, even delivery of small amounts of FP59
from low-level PAS activation causes potent translation inhibi-
tion and cell death. FP59 is toxic in vivo, since only 2 μg FP59
in combination with native PA is sufficient to kill a mouse
(17). The natural AT cargo, LF, is ∼50-fold less potent than
FP59 (17) and functions by a different, more selective mecha-
nism of inhibiting prosurvival signaling pathways commonly

Fig. 1. Generation and characterization of ZMT proteins. (A) ATs exert their cytotoxic actions in a three-step activation process that involves a) the binding
of PA to surface receptors on target cells, b) the translocation of cytotoxic cargo proteins to the cytoplasmic compartment of the target cells, and c) the
induction of cell death by cytotoxins in the cytoplasm (16). Initiation occurs by the binding of PA to either of two ubiquitously cell surface–expressed recep-
tors, tumor endothelial marker-8 (TEM-8, ANTXR1) or capillary morphogenesis protein-2 (CMG-2, ANTXR2) (17). Following binding of PA to its receptors,
PA-WT activation cleavage by furin catalyzes the formation of an oligomeric pore that enables highly efficient protease-activated delivery of cytotoxic cargo
proteins (e.g., LF, FP59) into the cytosol (18–23). The ZMTs (e.g., UAS, TAS, and PAS) are produced by mutation of the furin activation sequence, which abro-
gates furin activation and confers activation by pericellular zymogen-activating proteases. Proteolytic cleavage must occur on the cell surface to achieve acti-
vation of the catalytic PA. (B) ZMT activation cleavage sequences of wild-type (PA-WT) and mutant PA proteins UAS, TAS, and PAS. The peptide bond is
cleaved after the arginine residue in the P1 position, indicated by a vertical arrow. The lysine in the P1 position of the native uPA zymogen activation site
was substituted with an arginine residue in order to make the sequence a predicted better substrate for hepsin and matriptase (13). (C) ZMTs were no
longer cleaved by recombinant furin when incubated for 2.5 h at 30 °C. Cleavage products were detected by immunoblotting using an anti-PA polyclonal
antibody, detecting inactive full-length PAS (83 kDa) and the cleaved activated form of PAS (63 kDa). (D) Cleavage of purified PA-WT and ZMTs by MASPs.
Recombinant PA-WT and ZMTs were incubated with the soluble protease domains of testisin, matriptase, hepsin, and prostasin (50 nM) for 2.5 h. (E) Time
course of PAS incubation with recombinant MMP-2, MMP-9, and uPA for 30 and 60 min. ((F) Active testisin is required for PAS:FP59–induced cytotoxicity.
HEK293T cells were transiently transfected with vector alone (Vec), wild-type testisin (Test), catalytically inactive mutant testisin (SA-Test), or zymogen-locked
mutant testisin (RA-Test). At 48 h after transfection, cells were incubated with PAS (0 to 100 ng/mL):FP59 (50 ng/mL) for 6 h, medium was replaced, and via-
bility was measured by MTT assay after 48 h. Data represent the average of two independent experiments ± SEM performed in triplicate (*P < 0.05, ***P <
0.005). aa, amino acid; Ab, antibody.
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utilized by tumor cells. Treatment with PAS:LF was cytotoxic
to ES-2 cells (Fig. 3A and SI Appendix, Fig. S2A; EC50, 158
ng/mL). Cytotoxicity was attenuated by AEBSF protease inhi-
bition, showing dependence of PAS:LF on MASP activity (Fig.
3A). Notably, IOSE397 cells were not affected by treatment
with PAS:LF (Fig. 3B and SI Appendix, Fig. S2A; EC50 >
1,000 ng/mL).
The multidrug-resistant NCI/ADR-Res cells were resistant

to PAS:LF (Fig. 3B and SI Appendix, Fig. S2A; EC50 > 1,000
ng/mL); however, we found that multiple sequential treat-
ments of PAS:LF enhanced cell killing. (Fig. 3B). ES-2 cells
showed increased cytotoxicity with multiple sequential treat-
ments of PAS:LF, while multiple treatments did not affect

IOSE397 cells (Fig. 3B), suggesting that optimization of dos-
ing regimens with PAS:LF can further enhance antitumor cyto-
toxicity. Treatment of these cell lines with LF alone did not
induce cytotoxicity under the same conditions (SI Appendix,
Fig. S2B), confirming that the PAS:LF toxin requires both
components for antitumor toxicity. Together, these data indi-
cate that PAS:LF is a promising strategy for tumor cell selective
cytotoxicity.

Susceptibility of OvCa Monolayers and Spheroids to PAS:LF
Cytotoxicity. Because OvCa cells are frequently found in the
peritoneal cavity as spheroids and since spheroid formation can
alter the properties of tumor cells to promote drug resistance

Fig. 2. Ovarian tumor cells possess the machinery for sensitivity to PAS toxin. Comparison of messenger RNA (mRNA) expression among five OvCa cell
lines and the nontumorigenic control IOSE397. (A–C) mRNA expression of (A) MASPs hepsin, testisin, and matriptase, (B) HAI-1 and HAI-2, and (C) ANTXR1
(TEM-8) and ANTXR2 (CMG-2) was determined by qPCR analysis. Data are represented as 2-ΔCT relative to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and is the average ± SEM from two independent experiments performed in triplicate. (D) Comparison of cell surface serine protease activity mea-
sured by fluorogenic peptide cleavage assay. Cell lines were incubated with Boc-QAR-AMC (100 μM) without or with AEBSF for 270 min (Left Panel). End point
values at 270 min (Right Panel). Data represent the average of triplicate values ± SEM from two to three independent experiments (*P < 0.05 relative activity
to IOSE397). (E) OvCa cell lines and IOSE397 were treated with the indicated concentrations of PAS:FP59, and cell viability was measured by MTT assay after
48 h. Data represent average viability ± SEM from two to three independent experiments performed in triplicate. (F) Inhibition of cell surface serine protease
activity attenuates PAS:FP59 cytotoxicity in ES-2 and NCI/ADR-Res cells. Cells were incubated without or with AEBSF (100 μM) for 30 min, then treated with
PAS:FP59 (0 or 100 ng/mL) for 4 h, and medium was replaced. Cell viability was determined after 48 h by MTT assay. Treatment with AEBSF alone caused
some cell toxicity (75 to 98%) depending on the experiment. The data were normalized to untreated cells and corrected for toxicity of AEBSF alone. Data rep-
resent an average viability ± SEM of three independent experiments performed in triplicate (*P < 0.05, **P < 0.01, ***P < 0.005).
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(33), we investigated the susceptibility of multicellular ovarian
tumor spheroids to PAS:LF toxin. Spheroids were generated
in vitro using ES-2 and NCI/ADR-Res cells by plating them
on low-attachment agarose-coated plates. PAS:LF achieved a
40 to 45% reduction in viability of ES-2 spheroids when
treated either once or three sequential times over a 7-d period
(Fig. 3C). Although monolayer NCI/ADR-Res cells were resistant

to one treatment of PAS:LF, NCI/ADR-Res spheroids showed an
∼15% reduction in viability after one treatment and an ∼30%
reduction in viability after three sequential treatments (Fig. 3D).
Similar to cell monolayers, both ES-2 and NCI/ADR-Res sphe-
roids were sensitive to treatment with PAS:FP59 (SI Appendix,
Fig. S2C), confirming effective PAS cleavage. These data demon-
strate the antitumor effect of PAS:LF in OvCa spheroids and

Fig. 3. Susceptibility of OvCa cell lines and spheroids to PAS:LF toxin. (A) Inhibition of cell surface serine protease activity with AEBSF attenuates PAS:LF cyto-
toxicity in ES-2 cells. ES-2 cells were incubated without or with AEBSF (100 μM) for 30 min, then treated with PAS:LF (0 or 250 ng/mL) for 4 h, and medium was
replaced. Cell viability was determined after 48 h by MTT assay. Data represent an average viability ± SEM of three independent experiments performed in
triplicate (**P < 0.01, ***P < 0.005). (B) ES-2 and NCI/ADR-Res cells were treated with PAS:LF (1,000 ng/mL) one time or three times every 48 h, and cell viability
was measured by MTT assay after 48 h. Data represent an average of three to five replicate values ± SEM from three to five independent experiments (***P <
0.005, ****P < 0.001; ns, not significant). (C and D) Susceptibility of OvCa spheroids to PAS:LF toxin. (C) ES-2 and (D) NCI/ADR-Res spheroids were formed on
agarose-coated 96-well plates overnight and then treated with 1,000 ng/mL LF alone or PAS:LF one time or three times every 48 h. Spheroid viability was mea-
sured 48 h after the last treatment by PrestoBlue or ImageJ quantification of decrease in size. Data represent average viability of two or three independent
experiments ± SEM performed in triplicate (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001; ns, not significant). (E and F) Whole-cell lysates prepared from
(E) ES-2 and (F) NCI/ADR-Res cells and spheroids were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS PAGE) and immunoblotted
for human anti-phosphorylated extracellular signal-related kinase (pERK1/2) and total ERK1/2 on separate Western blots (rabbit monoclonal antibodies, Cell
Signaling Technologies); β-tubulin was probed on each blot as an independent loading control (rabbit polyclonal antibody, Santa Cruz Biotechnologies) (Left
Panels). Signals quantitated by densitometry (ImageJ) were normalized to β-tubulin and represented as relative pERK/total ERK (average of values from three
independent experiments ± SEM. **P < 0.01, ****P < 0.001) (Right Panels).
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suggest differences between monolayers and formed spheroids in
their susceptibility to PAS:LF cytotoxicity.

Differential Susceptibility of OvCa Monolayers and Spheroids to
PAS:LF Cytotoxicity Correlates with MAPK Pathway Activation.
Since LF irreversibly inactivates MEKs (24, 25), we compared
the activation status of endogenous pERK1/2 levels in ES-2
and NCI/ADR-Res monolayers and formed spheroids, which
could contribute to their different susceptibilities to PAS:LF.
High levels of pERK1/2 were detected in the ES-2 monolayers,
which were significantly decreased in spheroids formed from
the ES-2 cells (Fig. 3E). On the other hand, minimal ERK1/2
activation was detected in the NCI/ADR-Res monolayers, but
pERK1/2 was substantially increased in the formed NCI/ADR-
Res spheroids (Fig. 3F). Total ERK1/2 levels were similar
between the monolayers and spheroids for both cell lines
(Fig. 3 E and F). These data suggest that there is plasticity
in MAPK pathway activation between cancer cell mono-
layers and formed spheroids and that increased MAPK path-
way activation likely influences increased susceptibility to
PAS:LF–induced killing.

Potent Antitumor Effect of PAS:LF Toxin on a Preclinical
Orthotopic ES-2–Luc Xenograft Model of OvCa Dissemination
and Metastasis. The ability of PAS:LF toxin to inhibit OvCa
tumor growth and metastasis in vivo was initially investigated
using an established intraperitoneal (i.p.) ES-2–Luc orthotopic
xenograft model (34), which reproduces key events of late-stage
OvCa dissemination and metastasis. Cohorts of female athymic
nude mice were injected i.p. with ES-2–Luc cells, and tumor
burden was monitored longitudinally in live animals using the
in vivo imaging system (IVIS). After 4 d, tumor-bearing mice
were sorted into four cohorts (5 mice/group), and each cohort
received four total i.p. injections composed of -15 μg PAS:5 μg
LF, 15 μg PAS alone, 5 μg LF alone, or vehicle (phosphate-
buffered saline [PBS]) twice a week for 2 wk; mice were eutha-
nized on day 15 (Fig. 4 A, i). Mice treated with PAS:LF
showed significantly reduced tumor burden over the course of
the experiment (Fig. 4 A, ii), and after 15 d, the average tumor
burden in PAS:LF–treated mice measured just 3% of the tumor
burden present in vehicle alone (PBS)–treated mice (Fig. 4 A,
iii). In mice treated with PBS, PAS, or LF alone, ES-2–Luc tumor
burden appeared as widespread small tumor foci that were too
numerous to count. These tumor nodules were distributed
throughout the abdominal cavity, both floating in the ascites as
spheroids and attached to various organs and the peritoneal wall.
The tumor foci favored attachment adjacent to blood vessels of
the tissue layer lining the peritoneal cavity, as well as membranous
tissue surrounding the mesenteric arteries located in between—
and distributing blood to—the intestinal tract (Fig. 4 A, iv).
Tumors were consistently observed to accumulate on the dia-
phragm as a thick white layer of tumor cell plaque covering the
translucent muscle. Tumor foci were distributed adjacent to the
spleen, liver, kidneys, and intestinal tract. Disease presentation in
this model is consistent with disease presentation in OvCa
patients (35). In contrast, PAS:LF–treated mice did not present
with ascites fluid accumulation or widespread tumor foci through-
out the peritoneal cavity (Fig. 4 A, iv). All treatments of the
PAS:LF toxin or the components alone were well tolerated, as the
mice experienced no treatment-specific weight loss, adverse symp-
toms, or gross organ damage as visualized upon necropsies. These
data demonstrate that PAS:LF toxin effectively reduces OvCa dis-
semination and metastasis in vivo. Coadministration of both PAS

and LF is required for effective killing, showing that cytotoxicity
is not due to the action of either component alone.

PAS:LF Toxin Extends Survival of ES-2–Luc Tumor-Bearing
Mice. To determine the effect of PAS:LF on mouse longevity,
cohorts of mice bearing ES-2–Luc tumors were treated with
three doses of PAS:LF or vehicle alone (PBS). The disease was
allowed to progress until the mice reached experimental end
points (Fig. 4 B, i). Tumor-bearing mice treated with all doses
of PAS:LF displayed significantly reduced tumor burden (Fig. 4
B, ii) and lived significantly longer (1.7- to 2-fold increased sur-
vival) (Fig. 4 B, iii) compared with mice treated with vehicle.
Upon euthanasia, mice treated with vehicle alone had signifi-
cant tumor dissemination throughout the peritoneal cavity sim-
ilar to Fig. 4 A, iv. These data demonstrate that the PAS:LF
treatment significantly prolonged the mean survival time of
mice compared to control animals (P < 0.001).

Potent Antitumor Effect of PAS:LF Toxin on Advanced
Disease. In view of the limited treatment options for the
majority of patients with advanced-stage OvCa, we sought to
determine the antitumor effect of PAS:LF on established perito-
neal metastases. Ten days after i.p. injection with ES-2–Luc
ovarian tumor cells, when significant tumor burden was estab-
lished, mice received i.p. injections of two different doses of
PAS:LF or vehicle alone (PBS) (Fig. 4 C, i). There were only
two treatments in total because tumor growth proceeded rap-
idly in mice treated with vehicle alone. In vivo imaging showed
that while tumor burden was significant and widespread in
vehicle-treated mice, the mice treated with both doses of
PAS:LF showed significantly reduced tumor burden with just
two treatments (Fig. 4 C, ii). The average tumor burden in
PAS:LF–treated mice measured ∼28% and 20% of the tumor
burden present in vehicle-treated mice, respectively (Fig. 4 C,
iii). These mice also presented with fewer tumor nodules on
the diaphragm and on the mesenteric arteries during necropsies
(Fig. 4 C, iv). These data demonstrate the efficacy of PAS:LF
treatment against advanced OvCa.

Proteolytic Activation Is Required for PA to Reduce ES-2–Luc
Tumor Burden. To assess the requirement of proteolytic activa-
tion for the PAS:LF toxin to kill ES-2–Luc tumor cells in vivo,
the antitumor effect of PAS was compared with that of a
mutant PA protein, PA-U7 (36), that was designed to not be
cleaved by any known proteases (164PQAR replaced with
164PGG). Mice bearing ES-2–Luc tumors were injected i.p.
with PAS:LF, PA-U7:LF, or PBS (Fig. 5 A, i). Tumor burden
was significantly abrogated in cohorts treated with PAS:LF rela-
tive to mice treated with either PA-U7 or PBS (Fig. 5 A, i and
ii). Mice treated with PAS:LF toxin possessed only 2.6% of the
tumor burden of vehicle-treated mice and 2% of the tumor
burden of PA-U7–treated mice on day 11 (Fig. 5 A, ii). Upon
necropsy, PAS:LF–treated mice showed substantially reduced
tumors around the mesenteric arteries and on the diaphragm
compared with mice treated with vehicle or PA-U7 toxin, simi-
lar to Fig. 4 A, iv. All treatments were well tolerated. These
data show that the PA system is highly selective and requires
proteolytic activation for its antitumor effect in vivo.

PAS:LF Toxin Treatment Reduces Ovarian Tumor Burden in a
Second Orthotopic Xenograft Model of OvCa Metastasis: NCI/
ADR-Res–Luc. To address the generality of the PAS:LF antitu-
mor effect, we developed a second model of i.p. dissemination
and metastasis using NCI/ADR-Res–Luc cells originally derived
from a high-grade serous adenocarcinoma. NCI/ADR-Res–Luc
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metastases develop more slowly than ES-2–Luc metastases
in vivo, but the pattern of tumor burden is similar to that of
ES-2–Luc (SI Appendix, Fig. S3). Cohorts of female athymic
nude mice bearing NCI/ADR-Res–Luc tumors were treated
with two doses of PAS:LF or LF alone (Fig. 5 B, i). Quantifica-
tion of tumor burden by IVIS imaging showed that by day 25
after tumor injection, treatment with PAS:LF resulted in a 67%
reduction in NCI/ADR-Res–Luc tumor burden at the lower
dose tested and a 74% reduction at the higher dose compared to
LF alone (Fig. 5 B, ii). The maximal reduction in tumor burden
was achieved with 45 μg PAS:15 μg LF when the experiment

was terminated, an almost 90% reduction in tumor burden
compared to treatment with LF alone (Fig. 5 B, ii). These data
further demonstrate the significant efficacy of PAS:LF treatment
in preclinical models of OvCa.

PAS:LF Toxin Treatment Reduces Ovarian Tumor Burden in
an ES-2–Luc Minimal Residual Disease Model of OvCa Metas-
tasis. Currently, the standard treatment for advanced OvCa is
debulking surgery to reduce tumor size to less than 1 cm followed
by postoperative chemotherapy (37), with most women also
undergoing a bilateral salpingo-oophorectomy with hysterectomy.

Fig. 4. PAS:LF toxin effectively reduces tumor burden and extends survival in preclinical xenograft models. (A) ES-2–Luc orthotopic model of OvCa dissemia-
tion and metastasis. (i) At Day 0, female athymic nude mice (5/group) were injected i.p. with 5 × 106 ES-2–Luc cells (400 μL) and sorted 4 d later according to
equal tumor burden. Cohorts of mice were treated with vehicle alone (PBS), 5 μg LF alone, 15 μg PAS alone, or 15 μg PAS:5 μg LF at Day 5 and twice a week
thereafter (indicated by arrows) until euthanized on day 14. Tumor burden was measured via IVIS imaging periodically. (ii) Images represent the peak lucifer-
ase activity levels in the individual mice monitored by in vivo bioluminescence imaging. (iii) Quantification of the average photon intensity ± SEM (***P <
0.005). (iv) Representative images upon necropsy show tumor burden completely covering the diaphragm in PBS-, LF alone–, and PAS alone–treated mice,
while diaphragms of PAS:LF–treated mice remain transparent enough to see the lungs underneath. Tumor burden in PBS-, LF alone–, and PAS alone–treated
mice completely obstructs the mesenteric arteries, whereas the arteries are visible in PAS:LF toxin–treated mice. Representative tumor nodules on the dia-
phragm, liver, omentum, and mesenteric arteries are highlighted by white arrowheads. (B) Survival analysis. (i) Female athymic nude mice were injected with
5 × 106 ES-2–Luc cells (i.p.) at day 0, and tumors were allowed to develop for 4 d with tumor burden monitored by IVIS. Mice were sorted into cohorts with
equal tumor burden (5 mice/group) on day 4 and then were treated on day 5 with either vehicle (PBS) or increasing doses of PAS:LF toxin (6 μg PAS:2 μg LF,
15 μg PAS:5 μg LF, or 45 μg PAS:15 μg LF) three times per week for 3 wk (indicated by arrows). Mice were weighed three times per week, and metastatic dis-
ease was allowed to progress until mice reached experimental end points or succumbed to the disease. The experiment was terminated on day 63, with
one mouse in the 15 μg PAS:5 μg LF group showing no disease. (ii) Quantification of the average photon intensity ± SEM of the peak luciferase activity levels
over time monitored in the individual mice on IVIS imaging (****P < 0.001). (iii) Kaplan-Meier survival analysis was generated using GraphPad Prism soft-
ware, and significance was tested by log-rank (Mantel-Cox) test (****P < 0.0001 among all four groups, **P = 0.0027 for each treatment group compared to
vehicle control group). (C) ES-2–Luc model of advanced stage OvCa. (i) Female athymic nude mice were injected with 5 × 106 ES-2–Luc cells (i.p.), and tumors
developed for 10 d. Mice sorted into cohorts with equal tumor burden (5/group) were treated with vehicle (PBS), 15 μg PAS:5 μg LF, or 45 μg PAS:5 μg LF on
Day 10. Mice were treated twice (as indicated by arrows) and euthanized on day 14. (ii) Tumor burden was monitored over time by IVIS imaging. (iii) Average
photon intensity ± SEM was quantified (***P < 0.005). (iv) Upon necropsy, mesenteric arteries are visible in both cohorts of PAS:LF–treated mice, whereas
the mesenteric arteries are obstructed by tumor burden in PBS control mice.
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However, tumor recurrence can stem from minimal residual dis-
ease remaining following surgery and development of chemoresist-
ance. To investigate the efficacy of PAS:LF in reducing residual
tumors postsurgery, we established a minimal residual disease
xenograft model using ovariectomized female nude mice. Mice
were injected i.p. with ES-2–Luc cells and the following day were
treated with PAS:LF or LF alone, when tumor burden was barely
detectable (Fig. 5 C, i) to replicate minimal disease. Quantification
of IVIS imaging revealed that treatment with PAS:LF toxin
resulted in a rapid and significant decrease in tumor burden by day
5, with PAS:LF–treated mice showing a 97% reduction in tumor
burden compared to those treated with LF alone; this growth inhi-
bition was effectively maintained throughout the treatments

(Fig. 5 C, ii). These data provide evidence that PAS:LF toxin is
effective in reducing residual tumors after debulking surgery.

PAS:LF Toxin Treatment Is Well Tolerated in Mice. Administra-
tion of PAS:LF elicits robust in vivo antitumor responses and
appears to be well tolerated in several diverse models of
advanced OvCa. To investigate potential PAS:LF toxicities at
effective antitumor doses used in the xenograft OvCa models,
outbred CD1 mice were challenged with PAS:LF15:5, PAS:LF
45:15, or vehicle alone (PBS) delivered i.p. three times per
week for 2 wk. The appearance, movement, and behavior of all
mice remained normal throughout the experimental period.
Complete necropsies were performed after 2 wk, including

Fig. 5. PAS:LF toxin requires proteolytic activation; reduces tumor burden in a second orthotopic xenograft model, NCI/ADR-Res-Luc; is effective in ovariec-
tomized mice; and is well tolerated in mice. (A) PAS:LF toxin requires proteolytic activation for its antitumor effect in vivo. (i) Four days after i.p. injection of
5 × 106 ES-2–Luc cells, female nude mice (5/group) were treated with 5 μg LF alone, 15 μg PAS:5 μg LF, or 15 μg PA-U7:5 μg LF for a total of four doses (indi-
cated by arrows) and were euthanized on day 12. (ii) Tumor burden was monitored over time by IVIS imaging. Average photon intensity ± SEM was quanti-
fied (**P < 0.01, ***P < 0.005). (B) NCI/ADR-Res–Luc orthotopic model of ovarian tumor dissemination and metastasis. (i) Cohorts of female athymic nude
mice were injected i.p. with 5 × 106 NCI/ADR-Res–Luc cells and 10 d after injection were sorted into three cohorts with similar tumor burden (5 mice/group)
as measured by IVIS imaging. Each cohort received three i.p. injections every week over 4 wk (indicated by arrows) containing 15 μg PAS:5 μg LF, 45 μg
PAS:15 μg LF, or 5 μg LF alone. (ii) Tumor burden was monitored at days 10, 25, and 39 after tumor injection by IVIS imaging. Images represent the peak
luciferase activity levels. One mouse in the 45:15 PAS:LF group was euthanized due to body weight loss after day 10. Photon intensities via IVIS imaging are
quantified; data are represented as mean ± SEM (*P < 0.05, **P < 0.01). (C) PAS:LF toxin effectively reduces tumor burden in an ES-2–Luc minimal residual
disease model of OvCa. (i) Ovariectomized nude mice were injected i.p. with 5 × 106 ES-2–Luc cells, and the following day mice were imaged using IVIS and
sorted into two cohorts (5 mice/group) with similar tumor burden. PAS:LF treatment (15 μg PAS:5 μg LF or 5 μg LF alone) was initiated at day 1 after tumor
injection, when tumor burden was barely detectable to replicate minimal disease. The cohorts received a total of five treatments over 2 wk (indicated by
arrows). (ii) Tumor burden was monitored at days 1 and 11 by IVIS imaging. Mice were euthanized on day 11 due to advanced tumor burden and accumula-
tion of ascites in the LF control group. Average photon intensity was quantified ± SEM (**P < 0.01, ***P < 0.005). (D) PAS:LF toxin was well tolerated in mice.
Female CD1 mice (4/group) were treated with i.p. injections of vehicle (PBS) or escalating doses of PAS:LF (15 μg PAS:5 μg LF or 45 μg PAS:15 μg LF) three
times a week for 2 wk. Upon necropsy, spleen weight, empty colon length, and empty colon weight were recorded as signs of gross inflammation or toxicity.
Complete blood counts, blood chemistries, and histological analyses are provided in SI Appendix, Fig. S5. Data represent four mice per group ± SEM (ns,
nonsignificant).
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gross overall inspection, histopathological studies, and blood
chemistry analysis. We found that the treatments that gave
effective antitumor responses in the xenograft tumor models
were well tolerated as judged by no significant effects on spleen
weights, colon lengths, and colon weights (Fig. 5D). Since PAS
has the potential to be activated by MASPs expressed in various
tissues, as confirmed by BioGPS Database analysis (SI Appendix,
Fig. S4), we also analyzed potential off-target organs (liver, kid-
ney, and colon) by histopathological analyses. No significant
structural damage was observed, and overall blood count and
chemical analysis showed no apparent toxicities (SI Appendix,
Fig. S5). These data confirmed that the PAS:LF toxin is well tol-
erated at the effective doses used in vivo.

PAS:LF Toxin Impairs Growth of Tumor Cells from Patient-Derived
Ascites. Because tumor cell lines can acquire unanticipated phe-
notypes during adaptation to in vitro culture conditions, we
sought to investigate PAS:LF efficacy in primary human OvCa.
Examination of hepsin, matriptase, and testisin gene expression
using a Human Ovarian Cancer TissueScan Array demonstrated
that these MASPs are significantly elevated in OvCa across dif-
ferent histological types and stages compared to normal ovarian

tissue (Fig. 6A). Tumor cells in ascites are a major source of
disease recurrence in OvCa patients (5). To investigate the sus-
ceptibility of primary human tumor cells to PAS:LF cytotoxicity,
ascites fluid from OvCa patients representing different stages,
origins, and subtypes was collected, and cytospins were stained
to confirm expression of key identifiers of ovarian tumor cells,
CA125 and PAX8 (Fig. 6B). The tumor cells were cultured on
low-attachment agarose, where they formed organotypic multi-
cellular spheroids within 24 h. Treatment with PAS:LF (2 to
6 μg/mL) resulted in ∼40% reduced tumor cell viability; simi-
larly, treatment with PAS:FP59 resulted in ∼48% reduced
tumor viability across these heterogeneous patient specimens
(Fig. 6 C, i and ii) and SI Appendix, Fig. S6 A and B). These
data suggest that PAS:LF toxin is likely to be broadly effective for
a wide range of OvCa patients.

PAS:LF Toxin Impairs the Growth of Ovarian PDXs. PDX models
have the advantage of preserved fidelity to the original cancer
in terms of genomic characteristics and retention of intratu-
moral heterogeneity. Chemoresistant epithelial ovarian PDX
tumors implanted subcutaneously (s.c.) into the flanks of
female NRG mice were treated intratumorally with PAS:LF,

Fig. 6. Potent antitumor cytotoxicity of PAS:LF toxin in patient-derived primary human tumors. (A) Real-time qPCR analysis showing increased hepsin, testisin,
and matriptase mRNA expression in patients with OvCa of various histological type and stage of tumorigenic development (Human Ovarian Cancer TissueScan
Array; Origene) compared with normal ovary tissue. Data are representedin box plots showing the median, lower and upper quartiles (horizontal lines) of rela-
tive expression +SEM compared to normal ovary tissue normalized to β-actin (*P < 0.05, ***P < 0.005, ****P < 0.001). (B) Tumor cells recovered from ascites
fluids from five patients were collected by centrifugation, contaminating red blood cells were removed by hypotonic lysis, and cytospins were assessed for
tumor purity by Kwik-Diff stain and expression of the OvCa markers CA125 and PAX8. Images are 40X original magnification. Insets are close-up images of indi-
vidual cells or clusters. The tumor cell percentage of total cells in ascites fluid was quantified using ImageJ. The chemotherapy (Chemo) treatment status, histo-
logical subtype, tumor stage, and primary tumor origin were determined by independent staff pathologists as part of the clinical diagnosis. HGSOC, high-grade
serous ovarian carcinoma; LGSOC, low-grade serous ovarian carcinoma. (C) (i) The recovered human ascites tumor cells were seeded on agarose-coated plates
for 24 h, where they formed organotypic multicellular spheroids. Spheroids that were treated twice with PAS:LF (Patients #1 and #2: 2 μg/mL, Patients #3 to
#5: 6 μg/mL) for a total of 120 h. Spheroid viability relative to untreated controls was quantified via PrestoBlue or ImageJ quantification of decrease in size and
is shown as an average of the five patient samples ± SEM performed in three to six replicates (****P < 0.001; ns, not significant). (ii) Representative images of
spheroids from Patient #4 and Patient #5 after 120 h of treatment are shown. Scale bars = 650μm.
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LF alone, PAS alone, or vehicle (PBS) (Fig. 7 A, i). The tumors
treated with vehicle, PAS alone, or LF alone were significantly
larger than the tumors treated with PAS:LF by day 27 (4.7-,
4.5-, and 3-fold, respectively) (P < 0.001) (Fig. 7 A, ii and iii).
In an independent experiment, cohorts of mice carrying ovarian
PDX tumors were treated with i.p. injections of PAS:LF or LF
alone (Fig. 7 B, i). By day 20, the tumors treated with LF alone
grew significantly to an approximate fourfold increase in vol-
ume, whereas no significant increase was observed in PAS:LF–
treated tumors (only about a 1.3-fold difference in volume
(P < 0.005) (Fig. 7 B, ii and iii). Histopathological analysis
of hematoxylin/eosin(H&E)–stained tumor tissues following
the intratumoral (SI Appendix, Fig. S7A) and i.p. (Fig. 7C)
treatments showed that the antitumor effects occurred pre-
dominantly through necrosis. Histopathological analyses of
potential off-target organs showed no significant structural damage

(SI Appendix, Fig. S7B). These data demonstrate a potent anti-
tumor effect of the PAS:LF toxin on a human patient tumor in
a mouse model in vivo, by direct or clinically relevant indi-
rect delivery.

Discussion

Here, we describe the development of a protease-activated,
AT-based prodrug that exploits the hyperactivity and overexpres-
sion of tumor-associated, zymogen-activating serine proteases,
which are recognized as modulating the metastatic properties of
these tumors. PAS:LF kills OvCa cells in vitro and substantially
inhibits dissemination and metastasis of OvCa in i.p. xenograft
models as well as ovarian PDX tumor models, with no apparent
adverse effects on normal tissues. These data indicate that PAS:LF
toxin is a strong candidate for further translational development.

Proteases have been an attractive target in cancer research
due to their roles in tumor growth and metastasis (38). Protease
inhibitors designed to block activity, however, have generally
resulted in a nonselective inhibition profile or systemic toxicity
(39), indicating the need for better therapeutic approaches to
target tumor-associated protease hyperactivity. Harnessing the
catalytic power of tumor-associated proteases with protease-
activated prodrugs designed to deliver cytotoxins is currently
showing promise for combining target site activation with selec-
tive delivery and specificity (39). The PAS:LF toxin is based on
an AT delivery system reengineered into a prodrug requiring
zymogen-activating serine proteases in the tumor pericellular
environment for selective antitumor cytotoxicity. Zymogen
activation is a very tightly regulated enzymatic process that is
expected to be relatively unaffected by PAS:LF in normal set-
tings. In the tumor microenvironment, however, PAS serves as
a potent substrate for hyperactive proteases. The irreversible
nature of proteolytic cleavage allows these tumor-associated ser-
ine proteases to act as unidirectional switches. The multicom-
ponent aspect of PAS:LF–induced cytotoxicity requires several
steps to occur (e.g., PAS cell surface binding, proteolytic activa-
tion, endocytosis, delivery of cytotoxic cargoes, and dependence
on active MAPK survival signaling for LF) and requires several
additional factors (e.g., ANTXR1/2 expression, inhibitor
expression), further enhancing selectivity and reducing off-
target activation.

OvCa is a heterogeneous disease consisting of several different
subtypes, which are likely to express varying ZMT-activating
proteases depending on tumor biology and functional require-
ments. The ability of multiple zymogen-activating serine pro-
teases with overlapping substrate specificities to activate the
PAS:LF toxin confers an advantage for its antitumor effects,
since the toxin will remain effective if a tumor cell evades treat-
ment by downregulating an individual MASP or inhibiting its
enzymatic activity. PAS was not cleaved by widely expressed
furin, prostasin, uPA, or MMP-2/-9 (Fig. 1 D and E), which
implies that this toxin is likely to be specifically activated with
minimal off-target activation by proteases with broad normal
physiological functions. The lack of any visible side effects or
organ damage upon necropsy after in vivo treatments with
PAS:LF strengthens this notion.

The sensitivity of ES-2 and NCI/ADR-Res cells and sphe-
roids to PAS:LF appeared to be correlated with ERK1/2 activa-
tion, supporting the notion that MAPK pathway activation is a
possible determinant of tumor susceptibility to PAS:LF–induced
killing. OvCa is characterized by oncogenic driver mutations,
several of which induce ERK1/2 activation. These include
p53 (particularly in the high-grade serous subtype), BRCA1/2,

Fig. 7. PAS:LF toxin reduces tumor burden in a PDX model of OvCa and is
well tolerated in mice. The human ovarian PDX tumor (NCI:572874–153-T)
was implanted and expanded in female NRG mice, then injected s.c. into
three to five mice per treatment group. (A) Once tumors reached ∼100 mm3,
(i) mice were treated with a total of 6 intratumoral injections (as indicated by
arrows) of vehicle (PBS), 5 μg LF alone, 15 μg PAS alone, or 15 μg PAS:5 μg LF
(5/group) over ∼3 wk. (ii) Tumor volumes were measured using calipers over
time (****P < 0.001; ns, nonsignificant). Error bars represent SEM. (iii)
Tumors were harvested at end point (representative images of harvested
tumors are shown). (B) (i) PDX tumors were also treated with a total of four
i.p. injections (indicated by arrows) of 5 μg LF alone or 15 μg PAS:5 μg LF
(3/group) over 1.5 wk. (ii) Tumor volumes were measured using calipers
over time (***P < 0.005, ****P < 0.001). Error bars represent SEM. (iii)
Tumors were harvested at end point (representative images of harvested
tumors are shown). (C) Harvested tumors treated with i.p. doses were paraf-
fin embedded, sectioned, and H&E stained (representative images of 10X
whole scan and 20X magnified area) (Left Panel). Serial sections were stained
with CA125 and CD31. Percent necrotic area was quantified from H&E whole
scans using ImageJ; data represent average values from three mice/group ±
SEM (**P < 0.01 Right Panel).
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KRAS, NF1, CDK12, PIK3CA, and BRAF, all of which have
roles in the regulation of the Ras-MAPK-MEK-ERK1/2 signal-
ing pathway (40–43). The most common BRAF mutation,
V600E, contributes synergistically to constitutive MAPK func-
tion and predicts sensitivity to MEK inhibitors as it positively
correlates with increased pERK1/2 levels (44, 45). ES-2 cells,
which are highly responsive to PAS:LF cytotoxicity, contain the
V600E mutation and show substantial pERK1/2 expression
(Fig. 3E). Thus, RAS or BRAF mutation status and pERK1/2
levels could predict sensitivity to PAS:LF cytotoxicity. Recent
clinical studies indicate that BRAF inhibition in combination
with MAPK inhibitors (e.g., trametinib or cobimetinib) results
in enhanced therapeutic efficacy (44). However, these and other
similar MEK inhibitors are reversible and have a low therapeutic
index, which causes off-target effects and short-lived responses.
PAS:LF could be a tumor-selective enzymatic alternative that
irreversibly directly cleaves and inactivates MAPK signaling path-
way components and thus would be potentially more efficient
compared to MEK inhibitors currently under investigation.
The Ras-Raf-MEK-ERK1/2 pathway is dysregulated in

almost 40% of all human cancers, likely due to mutations in
BRAF (∼10%) and its upstream activator RAS (∼30%) (46).
This suggests that PAS:LF may be an effective strategy for tar-
geting other cancers characterized by constitutive activation of
these prosurvival pathways [e.g., prostate (47), lung (48), pan-
creatic (49), and breast (50)]. Hepsin, matriptase, and other
MASPs are hyperactive in several of these tumors (7), providing
a similarly attractive pericellular microenvironment for PAS:LF
activation and tumor killing.
In summary, we provide strong evidence that the engineered

AT mechanism that utilizes overactive MASPs is a promising trans-
lational therapeutic approach to improve the outlook of women
diagnosed with advanced OvCa. This study revealed that testisin,
hepsin, or matriptase can be targeted with an engineered AT to kill
OvCa tumor cells in vitro and in vivo as well as human ascites-
derived OvCa tumor cells, which play a dominant role in OvCa
disease recurrence (51). Our preclinical data show that PAS:LF
toxin-induced killing is tumor specific without obvious adverse
effects, which strongly suggests potential efficacy as an antitumor
therapy with minimal side effects once a safe dose is determined.

Materials and Methods

Additional materials and methods are described in SI Appendix.

Mutagenesis and Purification of ZMTs. Two-step overlap PCR mutagenesis
was used to replace the P4-P40 furin cleavage site in the PA expression plasmid
pYS5-PA33 with the sequences listed in Fig. 1B. Recombinant ZMTs and LF pro-
teins were expressed using B. anthracis strain BH480 and purified as described
previously (52). For cleavage assays, ZMTs (1 μM) were incubated with recombi-
nant proteases (50 nM) for indicated intervals.

Cell Culture. ES-2, OVCAR3, CaOV3, and COV362 cell lines were purchased from
American Type Culture Collection, and NCI/ADR-Res cells were from the National
Cancer Institute Division of Cancer Treatment and Diagnosis repository. IOSE397
(immortalized ovarian surface epithelial cells) were obtained from the Canadian
Ovarian Tissue Bank (University of British Columbia, Vancouver, Canada).

Cell and Spheroid Cytotoxicity Assays. Viability of cells treated with PAS:LF
(0 ng/mL to 1,000 ng/mL) or PAS:FP59 (0 ng/mL to 1,000 ng/mL) at equal con-
centrations (molar ratios: PAS:LF 1:0.92; PAS:FP59 1:1.4) for 48 h after one
treatment or after three sequential treatments every 48 h was assessed by MTT
assay (Invitrogen), and absorbance was measured using a FlexStation 3 spectro-
photometer (Thermo Fisher Scientific). Spheroids formed on 0.75% agarose coat-
ing overnight were treated with PAS:LF or PAS:FP59 (0 ng/mL to 5,000 ng/mL)
once for 48 h or every 48 h over a period of 7 d and were imaged by the EVOS

FL Auto Cell Imaging System (Life Technologies). Viability was assessed by mea-
suring the circumference of the treated and untreated spheroids (ImageJ) and/or
by PrestoBlue (Thermo Fisher Scientific).

Fluorogenic Peptide Cleavage Assay. Cells were incubated with 100 μM
Boc-QAR-AMC peptide (R&D Systems) in Opti-MEM I in the absence or presence
of the serine protease inhibitor AEBSF (100 μM). Peptide cleavage and release
of the 7-amino-4-methylcoumarin (AMC) group was monitored at excitation
380 nm and emission 460 nm.

Animal Studies. ES-2–Luc cells were described previously (34), and stable NCI/
ADR-Res–Luc cells were generated in a similar fashion. Female athymic nude
(Nu/Nu) mice (6 to 8 wk) or ovariectomized mice were purchased from Envigo.
ES-2–Luc or NCI/ADR-Res–Luc cells (5 × 106 in 400 μL) were administered i.p.;
tumor burden was monitored using the in vivo imaging system (IVIS-Xenogen).
Mice with similar photon intensity were sorted into cohorts of 5 mice/group and
injected i.p. with the indicated treatments. Tumor burden was assessed by IVIS
weekly or biweekly. For PDX studies, female NOD.Cg-Rag1 < tm1Mom> Il2rg <
tm1Wjl>/SzJ (NRG) mice (Jackson Laboratories) were injected s.c. with the
human OvCa PDX tumor line NCI:572874–153-T (NCI PDMR) and treated with
i.p or intratumoral PAS:LF toxin (3 to 5 mice/group). Tumor volume was mea-
sured weekly by electronic calipers. For toxicity studies, female CD1 outbred mice
(n = 4/group) were challenged with i.p. injections of PBS or two doses of PAS:LF
three times a week for 2 wk. Upon euthanasia of all animal experiments, liver, kidney,
colon, and tumors were collected and fixed in 4% paraformaldehyde (PFA) for histo-
pathological analyses. All animal experiments were conducted in compliance with
Public Health Service (PHS) guidelines for animal research and were approved by the
University of Maryland Baltimore Institutional Animal Care and Use Committee.

Isolation of Human OvCa Cells from Ascites Fluid. De-identified patient
tumor cells and ascites fluids were used in this study. Tissues were recovered at
the time of surgery in excess of pathology requirements with informed consent
under protocol GCC1488. This study was approved by the Institutional Review
Board of the University of Maryland, Baltimore, MD. Ascites fluid was centri-
fuged, the supernatant preserved, and the cellular contents isolated after red
blood cell lysis. Immunofluorescence staining for CA125 and PAX8 of cytospin
preparations confirmed OvCa cell purity. Organotypic multicellular spheroids
were formed on agarose-coated plates and subjected to PAS toxin treatment; via-
bility was assessed as above.

Data Availability. The sequences reported in this paper have been deposited in
the GenBank database: PAS, accession number LQ782047.1, (53); UAS, accession
no. LQ782049.1, (54); TAS, accession no. LQ782045.1, (55); and PA-WT, accession
no. LQ782063.1, (56). All other data are included in the article and/or SI Appendix.
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