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Abstract

Patients with anaplastic thyroid carcinoma (ATC) typically succumb to their disease months after
diagnosis despite aggressive therapy. A large percentage of ATCs have been shown to harbor the
V600E B-Raf point mutation, leading to the constitutive activation of the mitogen-activated protein
kinase (MAPK) pathway. ATC invasion, metastasis, and angiogenesis are in part dependent on the
gelatinase class of matrix metalloproteinases (MMPs). The explicit targeting of these two tumor
markers may provide a novel therapeutic strategy for the treatment of ATC. The MMP-activated
Anthrax Lethal Toxin (LeTx), a novel recombinant protein toxin combination, demonstrates potent
MAPK pathway inhibition in gelatinase-expressing V600E B-Raf tumor cells in vitro. However,
preliminary in vivo studies showed that the MMP-activated LeTx also exhibited dramatic anti-tumor
activity against xenografts that did not show significant anti-proliferative responses to the LeTx in
vitro. Here we show that the MMP-activated LeTx inhibits orthotopic ATC xenograft progression
in both toxin-sensitive and resistant ATC cells via reduced endothelial cell recruitment and
subsequent tumor vascularization. This in turn translates to an improved long-term survival that is
comparable to that produced by the multi-kinase inhibitor sorafenib. Our results also indicate that
therapy with the MMP-activated LeTx is extremely effective against advanced tumors with well-
established vascular networks. Taken together, these results suggest that the MMP-activated LeTx-
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mediated endothelial cell targeting is the primary in vivo anti-tumor mechanism of this novel toxin.
Therefore, the MMP-activated LeTx could be used not only in the clinical management of V600E
B-Raf ATC, but potentially in any solid tumor.
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Introduction

Anaplastic thyroid carcinoma (ATC) is a highly aggressive disease with only palliative
treatments currently available (1). It is thought that a significant portion of these tumors arise
from papillary thyroid carcinomas (PTC) that harbor a specific point mutation in the B-RAF
gene that encodes a kinase component of the mitogen-activated protein kinase (MAPK)
pathway (2). A valine to glutamic acid substitution at amino acid position 600 mimics
phosphorylation of both Threonine%® and Serine592 residues, resulting in a constitutively
active B-Raf kinase that continuously drives downstream effectors independent of upstream
growth factor signaling (3,4). The presence of this V600E B-Raf mutation sensitizes tumor
cells to MAPK inhibition, so that inhibition of this pathway results in cell cycle arrest and
apoptosis (5).

The gelatinase class of matrix metalloproteinases (MMPs), consisting of MMP-2 and MMP-9,
have been implicated in ATC and PTC invasion, metastasis, and tumor-mediated angiogenesis
(6). Expression of these extracellular matrix-degrading enzymes correlates positively with the
presence of metastasis and disease progression in thyroid cancer patients (6). The explicit
targeting of the V600E B-Raf-mediated MAPK pathway activation in tumor cells with elevated
gelatinase expression may provide a novel therapeutic strategy for the clinical management of
ATC/PTC.

Anthrax lethal toxin (LeTx) is a binary toxin that consists of protective antigen (PA) and lethal
factor (LF). PA is a binding moiety that binds cell surface receptors Capillary Morphogenesis
Gene 2 (CMG2) and Tumor Endothelial Marker 8 (TEMS8) and translocates LF into cells (7).
After binding to cell surface receptors PA is proteolytically activated by furin, which is
necessary for subsequent PA heptamerization and binding of up to 3 LF molecules. The PA/
LF complex then migrates into lipid rafts where internalization occurs (8). Progressive
acidification of the early endosome induces PA heptamer pore formation and successive LF
escape into the cytosol (9). The proteolytic activity of LF causes cleavage and inactivation of
all MEKSs, with the exception of MEKS5, and thus the inhibition of the ERK1/2, p38 and JNK
branches of the MAPK pathway (10,11).

Because increased MAPK signaling has been noted in tumors, LeTx has been tested as a
potential therapeutic for a variety of tumors (12-17). To improve the specificity of PA for tumor
cells, Liu et al. modified the PA furin cleavage site so that it can be cleaved by MMPs (18).
This modifed PA, designated PA-L1, is dependent upon proteolytic activation by cell surface
bound MMP-2/-9. This MMP-activated LeTx is currently under development for cancer
therapy (19,20).

The selective cytotoxicity of PA-L1/LF has previously been demonstrated, in that cell cycle
arrest and apoptosis was solely found to occur in human melanoma cells that harbored the
V600E B-Raf mutation as well as having high MMP-2/-9 activity in vitro (20). However,
preliminary in vivo studies found that PA-L1/LF treatment exhibited dramatic anti-tumor
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activity against xenografts that failed to show an anti-proliferative response in vitro (21).
Further investigation into these preliminary studies determined that PA-L1/LF significantly
impairs microvascular endothelial cell invasion and migration in the absence of endothelial
cell death (21,22).

Using an orthotopic model of ATC, we show that PA-L1/LF inhibits ATC progression in both
toxin-sensitive and resistant ATC cells via reduced endothelial cell recruitment and subsequent
tumor vascularization. This angiogenesis inhibition translates to an improved long-term
survival in tumor-bearing mice that is comparable to that achieved by sorafenib, a multi-kinase
inhibitor currently under evaluation for clinical use in advanced and poorly differentiated PTC
(23). In addition, our results indicate that the PA-L1/LF-mediated endothelial cell targeting is
extremely effective against advanced tumors with well-established vascular networks. Taken
together, these results suggest that the anti-angiogenic activity of PA-L1/LF is the primary in
vivo mechanism and could therefore potentially show activity against any solid tumor.

Materials and Methods

Animals

Cell culture

Reagents

Male athymic nude mice (NCr-nu/nu) 6-8 weeks of age weighing >25 g were purchased from
the National Cancer Institute (Frederick, MD) and were housed in a pathogen-free
environment. Irradiated food and autoclaved water were provided ad libitum. Animals were
allowed to adjust to their new environment for 1 week prior to the initiation of experiments.

The anaplastic thyroid carcinoma cell line BHT-101 was purchased from the Deutsche
Sammlung von Mikroorganismen und Zelkulturen GmbH (Braunschweig, Germany). The cell
line DRO was generated in the laboratory of Dr. G.F.J Julliard (University of California, Los
Angeles, CA). Cells were cultured in DMEM supplemented with 10% fetal bovine serum and
1% Penicillin/Streptomycin (Invitrogen, Carlsbad, CA) and maintained at 37°C in a 5% CO,
environment. Experiments were conducted on cells between passages 4 and 8. All cultures
were free of Mycoplasma species.

PA, PA-L1, LF, and LF-B-Lac were produced as previously described (18,24). The
recombinant LF used in this study has the N-terminal sequences HMAGG (25). The fusion
protein LF-B-Lac consists of the PA binding domain of LF genetically fused to E. coli B-
lactamase (24). Sorafenib (Nexavar) was obtained from the Oncology Pharmacy of Scott and
White Memorial Hospital. Dilutions for in vitro and in vivo experiments were performed as
described previously (26).

Cytotoxicity assay

BHT-101 or DRO cells were resuspended in complete growth medium at a density of 8x10%
cells/ml. One hundred pl were plated per well in Costar 96-well flat-bottomed plates. Cells
were allowed to recover, and the medium was exchanged for complete growth medium with
or without 5.5 nM LF at final concentration. Serial 3-fold dilutions of PA or PA-L1 at final
concentrations of 0-10,000 pM or 1.5-fold serially diluted sorafenib at final concentrations of
0-60 M were added and cells were incubated for 48 h at 37°C/5% CO,. One pCi of [3H]-
thymidine (NEN DuPont, Boston, MA) in 50 uL of complete medium per well was added and
incubated at 37°C/5% CO», for an additional 18 h. Assays were developed and data was
analyzed as described previously (15).
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LF internalization flow cytometry

Two hundred and fifty thousand BHT-101 or DRO cells were plated per well in Costar 12-
well plates. Cells were allowed to adhere to the plate at 37°C/5% CO,, washed once, and fresh
AIMV serum-free medium (Invitrogen) was added. Cells were then incubated overnight at 37°
C/5% CO5. 90 nM LF-B-Lac alone or in combination with 26 nM PA or PA-L1 was added to
the conditioned medium and incubated for 5 h at 37°C/5% CO,. Assays were developed as
described previously (20).

Western blot

Western blots were performed as described previously (22). For MEK1 and MEK?2 cleavage,
BHT-101 and DRO cells were treated with DMSO vehicle, 10 uM sorafenib, 5.5 nM LF alone
or in combination with 10 nM PA/PA-L1 for 16 h in complete growth medium. For phospho-
ERKZ1/2, tumor cells were serum starved for 8 h and then pretreated with inhibitors or toxins
in serum free medium for 16 h. Recombinant epidermal growth factor (Invitrogen) at 30 ng/
ml was added and cells were incubated for 15 min at 37°C in a 5% CO, environment. The
rabbit anti-MEK1 (1:500) (Millipore, Billerica, MA) anti-MEK2 (1:500) (Santa Cruz
Biotechnology, Santa Cruz, CA), phospho-ERK1/2 (Thr202, Tyr204) (1:250) and total
ERK1/2 (1:500) (Cell Signaling Technology, Danvers, MA) antibodies were incubated at 4°
C overnight.

PA-L1/LF efficacy in orthotopically implanted ATC xenografts

All procedures were approved before use by the Institutional Animal Care and Use Committee
of Scott and White Hospital. Orthotopic tumors were established as previously described
(27). Briefly, all mice received 200 pl i.p. injections of the anti-mouse asialo GM1 antibody
(Wako Chemical, Richmond, VA) diluted 1:8 in PBS at days —4 and —2 to reduce natural killer
cells (16). At day 0, animals were sedated via the i.p. adminsitration of 30 ul 100 mg/ml
ketamine/100 mg/ml xylazine cocktail. A midline cervical incision was made and the
underlying submandibular glands were laterally retracted. The midline strap muscles were
retracted to expose the thyroid gland and the neighboring trachea. Five hundred thousand
BHT-101 or DRO cells in a volume of 5 pl of serum-free DMEM were directly injected into
the right thyroid gland using a 25 ul Hamilton syringe fitted with a 30-gauge hypodermic needle
and the skin was closed in a single layer using surgical staples (27). Post operative i.p.
administration of 0.3 mg/ml Buprenex in 1 ml saline were administered once daily for 3 days.

Five days post surgery, mice bearing BHT-101 or DRO tumors were randomized and treated
with either i.p. administration of 500 pl PBS or 30 ug PA-L1/10 pg LF in 500 pl PBS (5 mice
per group). Injections were given 3 times a week for 2 weeks. At day 21, animals were
euthanized by i.p. administration of sodium pentabarbitol and tumors were removed in
continunity with the trachea and larynx as well as the cervical lymph nodes, right
submandibular gland, right parotid gland, lungs, and liver. Tumors were measured in all three
planes and the tumor volume was calculated using the formula V = 4/3(n)XYZ where X, Y, Z
represent the radius of the tumor in each dimension. Harvested tissues were fixed in 4% neutral-
buffered formalin overnight and H&E staining was subsequently performed.

Effects of PA-L1/LF and sorafenib on the long-term surivival in nude mice bearing ATC

xenografts

Orthotopic tumor xenografts were established as described above. At day 5, mice bearing

BHT-101 and DRO tumors were randomized and were treated with either i.p. administration
of 500 ul PBS, 30 ug PA-L1/10 ug LF in 500 ul PBS (10 mice per group), 250 ul of 60 mg/
kg sorafenib or vehicle alone via oral gavage (7 mice per group). PA-L1/LF injections were
conducted 3 times per week for 2 weeks while sorafenib was administered daily for 30 days.
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After the conclusion of treatment regimens, animals were monitored for weight loss, activity
level, appetite and weighed twice weekly. Any animal that became moribund (lethargy, severe
weight loss >20%, dehydration, anorexia, hunched posture, etc.) was sacrificed. Experiments
were conducted for 55 days.

PA-L1/LF treatment of nude mice bearing well-established ATC xenografts

Orthotopic tumor xenografts were established as described above. BHT-101 and DRO tumors
were allowed to grow for 22 days and mice were subsequently randomized. Mice received one,
two, or four i.p. injections of 30 ug PA-L1/10 pg LF in 500 pl PBS. Eighteen h after the last
dose, mice were and tumors were harvested, fixed in 4% neutral-buffered formalin overnight,
and H&E staining was subsequently performed. Percentage of necrotic tissue was determined
by the area of tumor cells exhibiting typical necrotic morphological changes such as
cytoplasmic swelling and diffuse nuclear condensation with the retention of general cellular
configuration (28,29)

Immunohistochemistry

Statistics

Fixed tumors were sectioned as previously described (27). Endogenous peroxidases were
blocked with blocking reagent (DakoCytomation, Denmark) and slides were washed with
distilled H,O twice more followed by a 5 minute wash with wash buffer (PBS pH 7.5 with .
05 % (v/v) Triton X-100). Slides were blocked for one h with serum free protein block
(DakoCytomation) and primary antibodies diluted 1:50 in antibody diluent (PBS pH 7.5
supplemented with 1% BSA) to Ki-67 (Abcam, Cambridge, MA) or VEGF (Santa Cruz
Biotechnology) were added. Antibodies were incubated overnight at 4°C. Slides were washed
3 times 5 min each with wash buffer and slides were developed using the Envision+ System-
HRP (DakoCytomation) according to the manufacturer’s instructions. All slides were
counterstained with Mayer’s Hematoxylin and permanently mounted.

For CD31 staining, harvested tumors were snap-frozen in liquid nitrogen and stored at —80°C
until use. Tumors were embedded in OCT medium (Tissue Tek, Dublin, OH) and 10 pm
sections were mounted on positively charged Superfrost slides (Fisher Scientific, Houston,
TX). Slides were air-dried for 30 min at room temperature and subsequently fixed in ice-cold
acetone for 10 min. Slides were then washed three times for 5 min each in PBS pH 7.5, followed
by a 10 min wash with wash buffer, and blocked with serum free protein block
(DakoCytomation) for 1 h at room temperature. Monoclonal rat anti-mouse CD31 (Abcam)
diluted 1:50 was incubated overnight at 4°C, washed 3 times for 5 min each with wash buffer,
and then incubated for 1 h with the Texas Red-conjugated goat anti-rat secondary antibody
diluted 1:100 (Abcam). After 3 washes, slides were counterstained with 300 pg/ml Hoechst
stain (Sigma Aldrich) and permanently mounted.

All slides were analyzed with a BX51 microscope fitted with fluorescence (Olympus, Center
Valley, PA). Images were obtained with a DP71 digital camera (Olympus). Five slides per
mouse were analyzed. For Ki-67, 3 random areas were chosen per slide and Ki-67 positive
cells divided by total number of cells times 100 was determined. Tumor vascularization was
determined by the quantification of CD31 positive vessels per 0.6 mm? of tissue. Vessel
diameter was quantified with the assistance of the DP71 digital camera software (Olympus).

Statistical significance of differences was determined using two-tailed t tests with GraphPad
Prism software (GraphPad Software). All analyses were done assuming Gaussian populations
with a 95% confidence interval.
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Results

ATC cells that are MAPK dependent and exhibit high PA-L1 activation are sensitive to PA-
L1/LF in vitro

The ATC cell line BHT-101 and the cell line DRO are known to carry the V600E B-Raf
mutation (30,31) Cytotoxicity of PA-L1/LF against these cell lines was measured via [2H]-
thymidine incorporation inhibition. From our experience in the clinical application of
immunotoxins, we have designated sensitive cell lines as those for which PA-L1/LF has an
ICs50 <100 pmol/L with <10% of control [3H]-thymidine incorporation at 10 nM PA-L1/5.5
nM LF. Based on this standard, BHT-101 cells were extremely sensitive to PA-L1/LF (ICgg
20 pmol/L with 8.7% [3H]-thymidine incorporation at 10 nM PA-L1/5.5 nM LF) while the cell
line DRO was resistant to PA-L1/LF (ICsq 1255 pmol/L with 18.3% [3H]-thymidine
incorporation at 10 nM PA-L1/5.5 nM LF) (Fig. 1A).

BHT-101 cells were also sensitive to PA/LF as they were to PA-L1/LF (IC5q 18 pmol/L with
9.7% [3H]-thymidine incorporation at 10 nM PA/5.5 nM LF) (Fig. 1B). In comparison, DRO
exhibited an 18.6-fold enhanced resistance to PA/LF (ICsq 334 pmol/L with 1.5% [3H]-
thymidine incorporation at 10 nM PA/5.5 nM LF) (Fig. 1B).

The preceding results suggest that DRO cells express lower levels of MMPs. Lower levels of
MMPs may cause decreased PA-L1 activation, reduced LF internalization, and incomplete
MAPK inhibition. To test this, we determined the extent of PA-L1 activation in both BHT-101
and DRO cells using the LF variant LF-p-Lac. BHT-101 cells treated with 26 nM PA or PA-
L1 in combination with 90 nM LF-B-Lac were 72 and 97% positive for intracellular LF-p-Lac
activity, respectively (Fig. 2A). DRO cells treated with 26 nM PA/90 nM LF-B-Lac were >98%
positive for intracellular LF-B-Lac activity while cells treated with PA-L1/LF-B-Lac were not
significantly different from cells treated with LF-B-Lac alone (Fig. 2A). These results indicate
that DRO cells are deficient in their ability to activate PA-L1.

MEKZ1 and MEK?2 cleavage and ERK1/2 phosphorylation in response to epidermal growth
factor (EGF) in each cell line after PA-L1/LF treatment was tested. Treatment with 10 uM
sorafenib, an inhibitor of B-Raf kinase activity, was included as a positive control for ERK1/2
inhibition. BHT-101 cells treated for 16 h with 10 nM PA or PA-L1 in combination with 5.5
nM LF exhibited extensive MEK1 and MEK?2 cleavage. MEK1 signal was decreased by
>75and 74% while MEK2 was decreased by >95 and 96% by PA or PA-L1/LF, respectively
(Fig. 2B). DRO cells exhibited virtually complete MEK1/2 cleavage when treated with PA/LF
while PA-L1/LF treatment induced a 57 and 32% reduction in MEK1 and MEK2, respectively
(Fig. 2B). As expected, sorafenib treatment did not reduce total MEK1/2 levels (Fig. 2B).

The decrease in levels of immunoreactive MEK1/2 seen in BHT-101 cells treated with PA or
PA-L1 in combination with LF resulted in the complete inhibition of EGF-mediated ERK1/2
phosphorylation (Fig. 2C). As expected, B-Raf kinase inhibition by 10 uM sorafenib reduced
ERK1/2 phosphorylation by >99% (Fig. 2C). However, the incomplete MEK cleavage in PA-
L1/LF-treated DRO cells resulted in the presence of 75% residual ERK1/2 activation in
response to 30 ng/ml EGF (Fig. 2C). A complete ERK1/2 inhibition was observed with 10 nM
PA/5.5 nM LF while 10 pM sorafenib induced only a 27% decreased phosphorylation (Fig.
2C). Thus DRO does not activate PA-L1 and therefore does not internalize sufficient amounts
of LF for complete MEK1/2 cleavage and consequential ERK1/2 inhibition. Further, DRO
does not exhibit appreciable sensitivity to LF-mediated MAPK inhibition, as indicated by its
resistance to PA/LF.
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BHT-101 or DRO cells were orthotopically implanted into the right thyroid gland of male
athymic nude mice. Tumors were allowed to develop and were then treated with PA-L1/LF or
PBS. At day 21, mice were euthanized and tumor volume was determined. Mice bearing
BHT-101 tumors treated with PBS were found to have a mean tumor volume of 285 mm3
whereas mice treated with PA-L1/LF were found to have a significant >75-fold lower mean
tumor volume of 3.7 mm3 (p =.003) (Fig. 3A). Mice bearing DRO tumors were found to have
asimilar response to PA-L1/LF treatment. The mean volume of PBS-treated DRO tumors was
200 mm3, significantly higher than PA-L1/LF treated DRO tumors with a mean volume of 4
mm?3 (p = 0.0001) (Fig. 3A).

At the time of necropsy, PBS-treated BHT-101 and DRO tumors were found to be highly
vascularized, intricately involved with the neighboring layarnx/trachea and accompanied by
tracheal/esophageal compression. Mice representing each tumor type and treatment group are
shown in Figure 3B. H&E staining showed widespread interdigitation of tumor cells between
the thyroid follicles in PBS-treated mice (Supplementary Fig. 1A). The superficial margins of
PBS-treated mice showed extensive tumor cell invasion into the strap muscles (Supplementary
Fig. 1B). However, no metastatic cells were detected via PCR amplification of the human -
globin gene in the cervical lymph nodes, submandibular glands, parotid glands, lungs, or liver
(data not shown).

In comparison, BHT-101 and DRO tumors treated with PA-L1/LF exhibited considerable delay
in tumor progression. H&E staining demonstrated the presence of tumor cells between the
thyroid follicles as seen in PBS-treated mice (Supplementary Fig. 1A). However, the
superficial margins were very well defined with minimal tumor cell invasion into the
neighboring strap muscles (Supplementary Fig. 1B). The majority of cells in PA-L1/LF-treated
tumors were viable, as H&E staining of PA-L1/LF-treated tumors failed to detect tumor cell
necrosis. Similarly, TUNEL staining did not detect significant apoptosis in these cells (data
not shown). These results indicate that PA-L1/LF-mediated inhibition of ATC tumor growth
and progression are not associated with increased tumor cell death.

Subsequent analysis of tumor cell cycle progression via the immunohistochemical detection
of the Ki-67 antigen determined a significant decrease in BHT-101 and DRO proliferation.
PBS-treated BHT-101 tumors were found to consist of approximately 40% Ki-67 positive
tumor cells that were distributed evenly throughout the tumor parenchyma, although these cells
exhibited weak staining. BHT-101 tumors treated with PA-L1/LF were reduced to 21% (p =
0.0001) (Fig. 4A). However, cells of PA-L1/LF-treated xenografts that were positive for Ki-67
exhibited an increase in staining intensity and were found to be on the periphery of the tumor
(Fig. 4B). Similarly, DRO cells of PBS-treated tumors were 57% Ki-67 positive, exhibited
strong staining, and distributed throughout the tumor parenchyma (Fig. 4B). Treatment with
PA-L1/LF was found to reduce Ki-67 staining to 19% (p = 0.0001) (Fig. 4A). Like BHT-101
xenografts, Ki-67 positive DRO cells in PA-L1/LF-treated xenografts were found on the
periphery of the tumor (Fig. 4B). PA-L1/LF treatment did not have an effect on VEGF
expression in either BHT-101 or DRO cells (data not shown).

These findings prompted us to determine the extent of tumor vascularization via the
quantification of CD31 staining. We found that PBS-treated BHT-101 and DRO tumors
exhibited an average of 35.2 and 27.1 vessels per field of view (0.6 mm?), respectively (Fig.
4C). Vessels of PBS-treated BHT-101 and DRO xenografts were long, tortuous, and
disorganized in nature (Fig. 4D). Further, vessels exhibited well-defined lumens (Fig. 4D,
inset). In contrast, PA-L1/LF-treated xenografts exhibited poor tumor neovascularization. PA-
L1/LF-treated BHT-101 tumors contained 83.8% less vessels with an average of 5.7 vessels
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per field in tumors (p <0.0001) (Fig. 4C). Similarly, PA-L1/LF-treated DRO tumors contained
81.2% less vessels, with an average of 5.1 vessels per field (p <0.0001) (Fig. 4C). CD31 positive
vessels in PA-L1/LF treated tumors appeared to be short in length (Fig. 4D). These results
indicate that PA-L1/LF-mediated inhibition of ATC tumor growth and progression are
accompanied by the loss of tumor vascularization.

PA-L1/LF has comparable effects on long term survival as that of sorafenib

To determine the effects of this reduction in tumor vascularization on overall ATC xenograft
progression, we determined the long-term survival of mice bearing BHT-101 and DRO
orthotopic tumors. All mice receiving PBS alone showed rapid disease progression with
symptoms of tracheal/esophageal compression by approximately day 20. No survivors were
observed past day 32 in either cell line (Fig. 5A).

In contrast, treatment with PA-L1/LF induced a significant increase in survival in both
BHT-101 and DRO tumors (p = 0.0019, and <0.0001 for BHT-101 and DRO, respectively)
(Fig. 5A). An approximate 10-day delay in onset of symptoms was observed that was
accompanied by a 1.59-fold improvement in mean survival from 27.5 to 43.8 days for mice
bearing BHT-101 tumors (Fig. 5A). Similar results were found in mice bearing the PA-L1/LF-
resistant DRO cells. Mean survival was found to increase 1.52-fold from 23.7 days in PBS
treated DRO tumor mice to 36.1 days. These results are consistent with the hypothesis that the
inhibition of tumor vascularization translates to a significant increase in mean survival in mice
with orthotopic ATC xenografts.

We then compared this improvement in long term survival to mice treated with the multi-kinase
inhibitor sorafenib, an agent currently under clinical evaluation for thyroid cancer. Sorafenib
was equally cytotoxic to BHT-101 and DRO cells in vitro (sorafenib ICsq 9.4 and 9.8 uM with
0.28 and 0.7% [3H]-thymidine incorporation at 60 uM sorafenib for BHT-101 and DRO,
respectively) (data not shown). Mice bearing 5-day old BHT-101 and DRO tumors received
either 60 mg/kg sorafenib or vehicle alone and were treated daily for 30 days. We observed
similar effects on long term survival as that of PA-L1/LF. Mean survival of vehicle-treated
mice with BHT-101 xenografts was 23.6 days while that of DRO xenograft bearing mice was
24.3 days (Fig. 5B). The daily administration of 60 mg/kg sorafenib improved mean survival
by 1.82 and 1.46-fold to 43 and 35.7 days for BHT-101 and DRO xenografts, respectively,
with one long term BHT-101 survivor at 55 days (p = 0.0002 and 0.0001 for BHT-101 and
DRO) (Fig. 5B).

Improvements in long term survival by PA-L1/LF and sorafenib were compared (Fig. 5C).
Long term survival of mice bearing BHT-101 tumors treated with PA-L1/LF was not
significantly different from those treated with sorafenib (p = 0.8830). Similar results were
found in mice with DRO xenografts in that treatment with sorafenib did not show significant
improvements in long term survival over that of PA-L1/LF treatment (p = 0.7360).

Effects of PA-L1/LF treatment in tumors with pre-established vasculature

PA-L1/LF has been shown to delay tumor growth via the inhibition of tumor vascularization.
We determined the effects of PA-L1/LF treatment in tumors with well-established vascular
networks. Mice bearing BHT-101 or DRO tumors were randomized at day 22 and treated with
1,2, or 4 doses of 30 ng PA-L1/10 pg LF in 500 pl PBS at day 22, 24, and 26. Eighteen h after
the last scheduled dose, each animal was euthanized and tumor responses were subsequently
compared to mice that had not received any intervention. H&E staining revealed that extensive
change in tumor cell morphology consistent with central necrosis appearing 18 h after the first
PA-L1/LF dose in both BHT-101 and DRO tumors (Fig. 6A). BHT-101 tumors exhibited a
significant 43.4% increase in necrosis (p = 0.0013) while DRO tumors demonstrated a
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significant 41.5% increase (p <0.0001) (Fig. 6B). Eighteen h after the second dose, both
BHT-101 and DRO tumors were essentially 100% necrotic and no significant change was
observed with 4 doses of PA-L1/LF (Fig. 6A-B).

A parallel decrease in Ki-67 expression was seen in advanced tumors treated with PA-L1/LF.
BHT-101 cells demonstrated a significant 13.9% decrease from 31.0 to 17.1% Ki-67 positive
cells (p <0.0001) while PA-L1/LF treatment induced a significant 37.9% decrease in DRO
cells from 54.8 to 16.9% (p <0.0001) (Fig. 6C). Two doses of 30 ug PA-L1/10 ug LF induced
essentially 100% cessation of tumor cell proliferation and no significant change with 4 PA-
L1/LF doses. Representative DRO tumors from each dose number are shown in Fig. 6D. In
order to provide a mechanistic understanding of this profound and rapid induction of tumor
cell necrosis, we undertook CD31/TUNEL co-staining in advanced tumors. However, CD31
positive cells did not co-localize with positive TUNEL staining (Supplementary Fig. 2).
Further, no significant difference was detected in CD31 levels between PA-L1/LF-treated and
untreated controls (data not shown). Thus, this rapid induction of tumor cell necrosis cannot
be attributed to vascular endothelial cell death.

Discussion

Anaplastic thyroid cancer (ATC) is an extremely aggressive malignancy that is associated with
rapid progression and death despite conventional chemoradiation therapy (32). Patients who
harbor V600E B-Raf positive PTC/ATC tumors typically present with extrathyroidal invasion,
advanced disease, and thus poor clinical prognosis (33). Similarly, the expression of MMP-2/-9
has been shown to correlate with elevated tumor neovascularization, local metastasis, and high
clinical stage (6,34-35)

These observations validate the preclinical development of PA-L1/LF for V600E B-Raf
positive tumors that exhibit high MMP-2/-9 expression. However, the current study shows that
tumor cells which fail to activate PA-L1 and are resistant to LF-mediated MAPK inhibition
in vitro do respond to PA-L1/LF treatment in vivo. Both PA-L1/LF-resistant and sensitive
tumor types demonstrated a significant reduction in tumor vascularization when PA-L1/LF
treatment was initiated early in tumor development. Further, PA-L1/LF treatment proved to
be safe as indicated by the absence of significant systemic toxicity. Histological analysis
determined that PA-L1/LF-treated xenografts contained viable tumor cells with a marked
absence of necrosis or apoptosis. A similar anti-angiogenic effect has been noted in tumors
treated with wild-type PA and LF (12,14). Therefore, these findings demonstrate that the
inhibition of a non-tumor cell compartment such as endothelial cells, and not direct tumor cell
cytotoxicity, is the primary in vivo inhibitory mechanism of LF (12,14,17,22).

Comparable results have been obtained with other MAPK targeting agents. PD184352
(CI-1040), a MEK1/2 inhibitor, showed potent tumor growth inhibition in orthotopically
implanted V600E B-Raf PTC cells (36). Similarly, BAY 43-9006 (sorafenib), a bi-aryl urea
multi-kinase inhibitor that blocks C-Raf and B-Raf kinase activity, exhibited potent tumor
growth inhibition of orthotopic thyroid xenografts (26,37-38). Others have reported that
sorafenib treatment decreases microvessel density and consequentially induces tumor hypoxia
in K1735 murine melanoma xenografts (39).

Several groups have reported the co-localization of TUNEL and CD31 staining in sorafenib-
treated subcutaneous and orthotopic xenografts in multiple tumor models (26,38-40). It is
important to note that sorafenib has been reported to inhibit multiple cell surface receptors
including VEGFR-2, VEGFR-3, PDGFR, Flt-3, and c-Kit (41). Thus the overall contribution
of ERK signaling inhibition to sorafenib-induced endothelial apoptosis is unknown.
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Regardless, these findings indicate that MAPK inhibition by LF or by pharmacologic inhibitors
primarily blocks tumor growth through inhibition of tumor vascularization (21,26).

Previously we have shown that in vitro PA-L1/LF treatment of microvascular endothelial cells
blocked VEGF-induced endothelial cell MAPK activation (22). MAPK inhibition led to
decreased expression of proangiogenic MMPs and reduced the ability of these cells to remodel
extracellular matrix proteins collagen type I, collagen type 1V, and gelatin (22). PA-L1/LF
treatment also reduced endothelial capillary formation in vitro indicating that later steps in the
angiogenic remodeling were affected as well (22). Based on these observations it may be
proposed that LF-induced MAPK inhibition has a paralytic-like effect on angiogenic
microvascular endothelium that prevents angiogenic remodeling. This in turn causes to a
temporary inhibition of tumor progression via the reduction of endothelial cell recruitment to
the tumor parenchyma and subsequent neovascularization.

According to this hypothesis, PA-L1/LF therapy would be the most effective in early disease
while minimal benefit would be expected in tumors with pre-existing vasculature. However,
both PA-L1/LF-resistant and sensitive xenografts with well established vascular networks
demonstrated significant central necrosis and marked reduction in tumor cell proliferation
within 18 h of a single dose of PA-L1/LF. Previous studies have reported similar results. Ding
et al. demonstrated that a single injection of the wild-type LeTx by tail vein injection induced
a rapid (24 hs) decrease in tumor perfusion in fibrosarcoma xenografts with well-established
vascular networks (17). Histological analysis of these LeTx-treated fibrosarcomas determined
that significant areas of the tumor contained hemorrhage (17). Additional studies that have
addressed vascular barrier function and integrity during systemic anthrax infection further
support these findings. The administration of LeTx to mice and nonhuman primates has been
shown to induce multi-organ hemorrhage that arises from both large and small vessel
destruction (42). Assays that quantified this in vivo vascular leak determined that LeTx induces
extremely rapid vessel dysfunction (42). Thus, it is possible that this observed rapid onset of
vascular leak that follows LeTx treatment involves a form of endothelial membrane
destabilization (42).

In vitro mechanistic studies involving endothelial monolayers accredited this loss of vascular
integrity and ensuing catastrophic vessel dysfunction to the progressive rearrangement of the
actin cytoskeleton and altered VE-cadherin distribution in adherens junctions of endothelial
cells (43). These junctions, which are critical in endothelial barrier function and monolayer
integrity, were seen to change in the course of days and not hours (43). Thus, mechanistic
studies have yet to reveal the underlying cause of this rapid loss of tumor perfusion induced
by LeTx treatment. However, it is possible that this same mechanism is responsible for the
massive induction of tumor necrosis observed after PA-L1/LF treatment.

In conclusion, our study has shown that the potent orthotopic ATC xenograft growth inhibition
demonstrated by PA-L1/LF is derived from toxin action on microvascular endothelial cells.
This in turn translates to significant improvements in long term survival. Further, these results
implicate the clinical application of PA-L1/LF in ATC via tumor vasculature targeting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PA-L1 and PA/LF sensitivity of BHT-101 and DRO cell lines. The anaplastic thyroid
carcinoma cell line BHT-101 and the cell line DRO were treated with serial dilutions of PA-
L1 or PA keeping LF at a concentration of 5.5 nM and the incorporation of [3H]-thymidine
was measured after 48 h. Data is expressed as a percent of the untreated cells [2H]-thymidine
incorporation. Sensitivity was arbitrarily set at an 1C5y <100 pmol/L with <10% of control
[3H]-thymidine incorporation at 10 nM PA-L1/PA in combination with 5.5 nM LF. (A)
BHT-101 (m) was extremely sensitive to PA-L1/LF (ICsq 20 pmol/L with 8.7% [3H]-thymidine
incorporation at 10 nM PA-L1/5.5 nM LF) while the cell line DRO ( A) was relatively resistant
to PA-L1/LF (1Csq 1255 pmol/L with 18.3% [3H]-thymidine incorporation at 10 nM PA-L1/5.5
nM LF). (B) The PA-L1/LF sensitive BHT-101 (m) was also sensitive to PA/LF (IC5q 18 pmol/
L with 9.7% [3H]-thymidine incorporation at 10 nM PA/5.5 nM LF) (Fig. 1B). In comparison,
DRO (A) exhibited an 18.6-fold enhanced resistance to PA/LF (1C5q 334 pmol/L with 1.5%
[3H]-thymidine incorporation at 10 nM PA/5.5 nM LF).
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Figure 2.
PA-L1 activation, LF internalization, and ERK1/2 inhibition in BHT-101 and DRO cell lines.
(A) BHT-101 and DRO cells were treated with either 90 nM LF-$-Lac alone or in combination
with 26 nM PA/PA-L1. Cells were subsequently loaded with the B-Lactamase enzyme
substrate, the membrane-permeable fluorogenic dye CCF2/AM, and subjected to flow
cytometry analysis. Intact CCF2/AM emits fluorescence at 520 nm (green) due to
intramolecular fluorescence resonance transfer between 7-hydroxycoumarin and flourescin,
while LF-B-Lac-mediated CCF2/AM hydrolysis will cause an emission at 447 nm (blue) from
the liberated donor coumarin. Tumor cell PA/PA-L1 activation and subsequent LF-p-Lac
internalization will result in blue light emission, while cells that do not internalize LF will emit
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green fluorescence. Error bars represent SEM. BHT-101 cells were 72 and 97% positive for
blue fluorescence when treated with either 26 nM PA or PA-L1 in combination with 90 nM
LF-pB-Lac, respectively. PA/LF-B-Lac-treated DRO cells were >98% positive for intracellular
LF-B-Lac activity while cells treated with PA-L1/LF-B-Lac had negligible blue fluorescence.
(B) PA and PA-L1/LF-mediated MEK1 and MEK2 cleavage was determined. Treatment of
BHT-101 cells with 10 nM PA/PA-L1 in combination with 5.5 nM LF for 16 h exhibited >75
and 74% MEK1 cleavage and >95 and 96% MEK?2 cleavage. DRO cells treated with PA/LF
exhibited complete MEK1/2 cleavage while PA-L1/LF treatment induced a 57 and 31.8%
reduction in MEK1 and MEK2, respectively. Treatment with 10 uM sorafenib did not reduce
total MEK1/2 levels. (C) Pretreated serum starved BHT-101 and DRO cells were exposed to
30 ng/ml EGF for 15 min in order to determine ERK1/2 activation levels. The multi-kinase
inhibitor 10 uM sorafenib was included as phospho-ERK1/2 positive control BHT-101 cells
treated with 10 pM sorafenib or 10 nM PA/PA-L1 in combination with 5.5 nM LF reduced
ERK1/2 phosphorylation by > 99%. sorafenib and PA-L1/LF-treated DRO cells resulted in a
modest 27 and 25.1% decrease in ERK1/2 phosphorylation, respectively. Complete ERK1/2
inhibition was observed with 10 nM PA/5.5 nM LF.
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Figure 3.

PA-L1/LF efficacy in orthotopic BHT-101 and DRO xenografts. Mice bearing 5-day old
BHT-101 or DRO orthotopic tumors were treated with either 30 pg PA-L1/10 ug LF in 500
pl PBS or PBS alone 3 times a week for 2 weeks. At day 21, mice were euthanized and tumor
volume was determined. Error bars represent SEM. (A) PBS-treated BHT-101 and DRO
tumors averaged 285 and 200 mm?3 while PA-L1/LF-treated tumors were 3.7 and 4 mm?,
respectively. (B) Representative mice from each tumor type and treatment group are shown.
Tumors are indicated by white arrows. *unpaired t test p value <.05.
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Figure 4.

PA-L1/LF inhibits tumor cell proliferation and vascularization. (A) PBS and PA-L1/LF-treated
BHT-101 and DRO tumor cell Ki-67 expression was compared. PBS-treated BHT-101 tumors
were found to have 40% tumor cells positive for Ki-67 while tumors treated with PA-L1/LF
were reduced to 21.4%. PBS-treated DRO tumors were 56.6% Ki-67 positive while PA-L1/
LF treatment was found to reduce DRO Ki-67 staining to 19.1%. (B) Representative Ki-67
immunohistochemical stains are shown from PBS or PA-L1/LF-treated BHT-101 and DRO
tumors. PBS-treated tumors demonstrated uniform Ki-67 staining while PA-L1/LF-treated
xenografts had Ki-67 positive cells on the periphery of the tumor mass. (C) Tumor
vascularization was determined via CD31 staining. PBS-treated BHT-101 and DRO tumors
exhibited a mean vascularization of 35.1 and 27.1 vessels per field of view (0.6mm2),
respectively. PA-L1/LF treatment induced an 83.8 and 81.2% decrease to an average of 5.7
and 5.1 vessels per 0.6 mm?2 in BHT-101 and DRO tumors. (D) Vessels of PBS-treated
BHT-101 and DRO xenografts were long, tortuous, and disorganized in nature with observable
lumens (inset). In contrast, PA-L1/LF-treated xenografts exhibited poor tumor
neovascularization. Vessels that were present were found to be short in length, extremely under
developed, and had negligible lumen diameters. Error bars represent SEM. * unpaired t test p
value <.05. Scale = 100 pum, total magnification 100x.
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Figure 5.

PA-L1/LF treatment significantly improves long term survival of mice bearing ATC orthotopic
xenografts. Long-term survival of mice bearing BHT-101 and DRO orthotopic tumors was
determined. (A) Mice bearing BHT-101 (black solid line) and DRO (black dashed line)
receiving PBS alone showed rapid disease progression with no survivors remaining past day
32 in either cell line. PA-L1/LF treatment improved the long term survival of mice with
BHT-101 (gray solid line) and DRO (gray dashed line) tumors 1.59 and 1.52-fold improvement
in mean survival from 27.5 to 43.8 days and 23.7 days 36.1 days, respectively. (B) Mean
survival of vehicle-treated mice with BHT-101 (black solid line) and DRO (black dashed line)
xenografts was 23.6 and 24.3 days. Daily therapy with 60 mg/kg sorafenib for 30 days increased
mean survival 1.82 and 1.46-fold to 43 and 35.7 days for BHT-101 (gray solid line) and DRO
(gray dashed line) xenografts, respectively. One BHT-101 xenograft mouse treated with
sorafenib demonstrated survival to 55 days. (C) Improvements in long term survival by PA-
L1/LF and sorafenib were subsequently compared. Long term survival of mice bearing
BHT-101 (light gray bars) and DRO (dark gray bars) tumors treated with PA-L1/LF were
significantly improved from mice treated with PBS as well as mice treated with sorafenib
versus vehicle alone. However, differences in long term survival between sorafenib and PA-
L1/LF were not significantly different. Error bars represent SEM.* unpaired t test p value <.
05.
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Figure 6.

PA-L1/LF treatment exhibits dramatic anti-tumor activity in late stage disease. Mice bearing
well-established BHT-101 or DRO tumors were treated with either 1, 2, or 4 doses of 30 ug
PA-L1/10 pg LF. Animals receiving multiple doses were treated every other day. After the last
scheduled dose, the animal was euthanized and tumor responses were compared to animals not
receiving therapeutic intervention. H&E staining demonstrates extensive necrosis in both
BHT-101 and DRO tumors (A). Scale = 20 um, total magnification 400x. (B) BHT-101 (light
gray bars) necrosis increased to 43.5% with a single dose of PA-L1/LF while DRO (dark gray
bars) necrosis increased 41.5%. Both tumors exhibited >98% necrotic area with two doses of
30 pug PA-L1/10 pg LF. (C) BHT-101 (light gray bars) and DRO (dark gray bars) tumors
exhibited a corresponding 13.9 and 37.9% decrease of Ki-67 expression, respectively. Two
doses of 30 pg PA-L1/10 pg LF induced essentially 100% senescence of tumor cell
proliferation and no significant change with 4 PA-L1/LF doses. (D) Representative DRO
tumors from each dose humber are shown. Error bars represent SEM. *unpaired t test p value
<.05. Scale = 100 um, total magnification 100x
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