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Cytolethal distending toxin B as a cell-killing
component of tumor-targeted anthrax toxin fusion
proteins
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Cytolethal distending toxin (Cdt) is produced by Gram-negative bacteria of several species. It is composed of three subunits,
CdtA, CdtB, and CdtC, with CdtB being the catalytic subunit. We fused CdtB from Haemophilus ducreyi to the N-terminal 255
amino acids of Bacillus anthracis toxin lethal factor (LFn) to design a novel, potentially potent antitumor drug. As a result of this
fusion, CdtB was transported into the cytosol of targeted cells via the efficient delivery mechanism of anthrax toxin. The fusion
protein efficiently killed various human tumor cell lines by first inducing a complete cell cycle arrest in the G2/M phase, followed
by induction of apoptosis. The fusion protein showed very low toxicity in mouse experiments and impressive antitumor effects in
a Lewis Lung carcinoma model, with a 90% cure rate. This study demonstrates that efficient drug delivery by a modified anthrax
toxin system combined with the enzymatic activity of CdtB has great potential as anticancer treatment and should be considered

for the development of novel anticancer drugs.
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The use of anthrax toxin proteins to target tumor cells has
been studied extensively in the past decade. Studies have
shown that lethal factor (LF) of anthrax toxin is a potent anti-
angiogenic drug that dramatically slows tumor growth, while
not directly targeting tumor cells.’

Anthrax toxin is produced by Bacillus anthracis, a Gram-
positive, rod-shaped bacterium that is the causative agent of
anthrax. The toxin has three components: the cell-binding
moiety protective antigen (PA), LF, and edema factor (EF).
Upon binding of PA to the cellular receptors (tumor endothelial
marker 8 and capillary morphogenesis gene 2), it is cleaved
and thereby activated by host furin and furin-like proteinases.
Activated PA forms an oligomer (heptamer or octamer?), and
allows for LF and EF binding. The complex is then endocytosed
and upon acidification in endosomes, the catalytic subunits are
translocated into the cytosol through a pore formed by the PA
oligomer. LF is a metalloprotease that cleaves and inhibits the
mitogen-activated protein kinase pathways. These pathways
are responsible for recognizing a variety of external signals and
inducing protective cellular responses, such as inflammation
and apoptosis. EF, the second catalytic toxin component, is a
calcium- and calmodulin-dependent adenylate cyclase and
elevates intracellular cyclic AMP (cAMP) concentrations.
cAMP functions as a second messenger and is responsible
for several cellular responses.

Cytolethal distending toxin (Cdt) is another tripartite
bacterial protein toxin that is produced by several

Gram-negative bacteria, including the human pathogens
Escherichia coli, Haemophilus ducreyi, Aggregatibacter
actinomycetemcomitans, Campylobacter jejuni, and Shigella
dysenteriae. Cdt is composed of the three subunits CdtA,
CdiB, and CdtC. The Cdt of H. ducreyi appears to be a
virulence factor of the bacterium in a chancroid model of
infection and was subsequently studied as a potential vaccine,
with promising results.®*

CdtA and CdtB were originally discovered by Lagergard
etal.,* who documented the presence of the toxin in H. ducreyi
supernatant fluids and who demonstrated its toxic activity
against several human cell lines.® CdtA and CdtC are required
for receptor binding and translocation of the enzymatically
active CdtB component. The mammalian cell receptor for the
H. ducreyi Cdt was recently determined by a genetic screen to
be TMEM181.° The same approach identified sphingomyelin
synthase 1 as a gene required for Cdt activity, probably due to
the involvement of lipid rafts in receptor clustering. The
detailed roles of CdtA and CdtC remain unclear.

CdtB has been suggested to be a metal-dependent DNase
that causes degradation of nuclear DNA in host cells.” CdtB
has high sequence homology to DNase |, and crystal
structures confirmed the homology between the two
enzymes. Treatment with Cdt induces G2/M phase cell cycle
arrest and subsequently apoptosis in many mammalian cell
types.® A recent study also suggested that CdtB exhibits
phosphatase activity on the plasma membrane-associated

'Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD, USA

*Corresponding author: SH Leppla, Laboratory of Parasitic Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda,
MD 20892, USA. Tel: +1 301 594 2865; Fax: +1 301 480 3633; E-mail: sleppla@niaid.nih.gov

Keywords: immunotoxin; targeted toxin; anthrax; drug delivery; cytolethal distending toxin

Abbreviations: Cdt, cytolethal distending toxin; CdtB, Cdt subunit B; EF, edema factor; FP59AGG, fusion protein of LFn and Pseudomonas exotoxin A catalytic
domain; LF, lethal factor; LFn, lethal factor N-terminal domain; LFnCdtB, fusion protein of LFn and CdtB; PA, wild-type protective antigen; PA-L1, PA with matrix

metalloproteinase cleavage site; Sl, survival index; Slso, 50% survival index
Received 3.10.13; revised 27.11.13; accepted 2.12.13; Edited by A Stephanou


http://dx.doi.org/10.1038/cddis.2013.540
mailto:sleppla@niaid.nih.gov
http://www.nature.com/cddis

CdtB fusion toxins
C Bachran et a/

B

signaling molecule phosphatidylinositol-3,4,5-triphosphate
(PIP3).° Shenker et al® identified a structural homology
between CdtB and the tumor suppressor phosphatase and
tensin homolog (PTEN) and demonstrated both in vitro and
cellular phosphatase activity of CdtB.

In this study, we designed a fusion protein containing the
N-terminal 255 amino acids of LF (LFn, required for PA
binding and translocation) and CdtB from H. ducreyi. We
analyzed the cytotoxicity of the fusion protein fusion protein of
LFn and CdtB (LFnCdtB) in combination with PA on a variety
of tumor cells lines and performed mouse experiments to
determine the toxicity and efficacy of the fusion protein in a
murine tumor model.

Results

Design of LFnCdtB. LFnCdiB was successfully purified
from a non-virulent, plasmid-cured, protease-deficient
B. anthracis strain.'® The protein was secreted to the
supernatant and purified in yields of at least 0.8 mg per liter
of culture (Supplementary Figure S1). The molecular mass of
the protein was confirmed by electrospray ionization mass
spectrometry (Supplementary Figure S2). A fusion protein,
consisting of LFn and the catalytic domain of Pseudomonas
exotoxin A (FP59AGG, similar to FP59"" but with the wild-
type AGG N-terminus of LF) was used as a control for
effective cell kiling. FP59AGG efficiently prevents protein
synthesis by enzymatically modifying elongation factor-2. We
confirmed the catalytic activity of LFnCdtB in comparison with

CdtB in a DNA cleavage assay (Supplementary Text S1). The
CdtB within LFnCdtB showed enzymatic activity in a similar
manner as CdtB (Supplementary Figure S3).

Cytotoxicity of LFnCdtB. Cytotoxicity analyses used
RAW264.7, CHO K1, HelLa, and HNG6 cells. A 72-h exposure
to 250ng/ml PA-+LFnCdtB in varying concentrations
resulted in dose-dependent cytotoxicity with cytotoxicity in
the order CHO K1>RAW =HelLa > HNG6 (Figures 1a—d). The
50% survival index (Slsg) values are shown in Table 1. The
observed Slsq values are in the range of 0.5pM (CHO K1) to
142 pM (HNSB). The cells were also incubated with 250 ng/ml
PA + CdtB, and no evidence of cytotoxicity was observed at
concentrations up to 100 nM CdtB. To compare the activity of
LFnCdtB with prior established tumor-targeting fusion pro-
teins'? and as a prerequisite for subsequent experiments in
an established tumor model murine LL3 cells were incubated
with 250 ng/ml wild-type PA or 250 ng/ml matrix metallopro-
teinase-2-activated PA-L1 (PA-L1) in combination with
LFnCdtB and FP59AGG at varying concentrations
(Figure 1e). PA-L1 contains a mutated protease cleavage
site to render the activation of PA dependent on the tumor-
associated protease matrix metalloproteinase-2 instead of
furin and furin-like proteases.'® Incubation with PA and
PA-L1 resulted in similar cytotoxicities for both LFn fusion
proteins (Slso values for LFnCdtB were 0.76 nM and 0.33 nM,
respectively, and Slso values for FP59AGG were 0.026 nM
and 0.076 nM, respectively). FP59AGG was more cytotoxic,
but the marginal differences between wild-type PA and
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Figure 1 Cytotoxicity of fusion proteins on RAW264.7 cells (murine leukemic monocyte/macrophages), CHO K1 cells (Chinese Hamster Ovary cells), HeLa cells (human

cervical carcinoma cell line), HN6 cells (human head and neck cancer cell line), and LL3 cells (murine Lewis Lung carcinoma cells). Cells (5000/well grown overnight) were
exposed to different concentrations of fusion proteins for 72h. All samples contained a fixed concentration of 250 ng/ml PA or tumor-specific PA-L1 (e) and varying
concentrations of LFnCdtB or CdtB (a-d) or LFnCdtB or FP59AGG (e). Viable cells were quantitated in an assay employing 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). Relative survival was calculated as the percentage of living cells after treatment in relation to untreated cells. Error bars indicate S.E.M. of
2 (CdtB) and 3-6 (LFnCdtB and FP59AGG) independent experiments performed in triplicate
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PA-L1 for both fusion proteins indicate successful activation
of PA-L1 on LL3 cells and demonstrated the suitability of
PA-L1/LFnCdtB for in vivo experiments on LL3 tumors.

We also tested the LFnCdtB toxin on 14 human tumor cell
lines of the NCI-60 cell panel from the National Cancer
Institute and on two murine tumor cell lines (B16/BL6, a
murine melanoma cell line and T241, a murine fibrosarcoma
cell line). A number of cell lines were highly sensitive to
LFnCdtB, with Slso values in the pM range, whereas a few
lines were highly resistant (Table 1).

Cell cycle arrest. The effect of LFnCdtB on the arrest of
cycle cycle progression was studied in CHO K1 cells.
Propidium iodide staining demonstrated that treatment with
PA + LFnCdtB induces a potent cell cycle arrest in the G2/M
phase (Figure 2). Staurosporine was used as a control for
apoptosis induction without affecting the cell cycle. A strong
increase in the population of cells in the G2/M phase was
detected after 8h of toxin exposure. Nearly all cells were
arrested in G2/M after 14 h, at which point apoptotic cells with
very low Pl intensity began to be detected. Cells treated with
PA + FP59AGG showed no cell cycle arrest after 24 or 48 h
but a high fraction of apoptotic cells was detected after 48 h.

Table 1 Sls, values for the cytotoxicity of PA+ LFnCdtB or PA -+ FP59AGG
NCI-60 panel cell lines and murine cell lines

Cell line Slso (M)
LFnCdtB FP59AGG
Melanoma
C32 0.00035 0.0022
Malme-3M >10 0.0027
SK-MEL-2 >>10 0.010
SK-MEL-24 0.77 0.017
SK-MEL-28 >10 0.0021
Colon
COLO 205 0.11 0.008
HCC2998 0.085 0.0037
SW620 0.31 0.024
Lung
A549 1.6 0.002
NCI-H226 >10 0.00043
Breast
MDA-MB-231 0.018 0.0068
Hs 578T 0.18 0.037
Kidney
A-498 0.072 0.008
SN12C 0.083 0.00038
HN6 (head and neck) 0.14 ND
Hela (cervical) 0.0037 ND
Murine/Chinese hamster
CHO K1 (Chinese hamster) 0.00048 ND
RAW264.7 0.0037 ND
T241 0.27 0.064
LL3 (PA) 0.76 0.026
LL3 (PA-L1) 0.33 0.073
B16/BL6 (PA) 0.021 0.0005
B16/BL6 (PA-L1) 0.038 0.054

Abbreviations: NA, not determined; PA, protective antigen; Slso 50% survival
index
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Apoptosis induction. Apoptosis induction by LFnCdtB was
analyzed by poly-ADP-ribose-polymerase (PARP) cleavage
in HeLa cells and by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining in CHO K1 cells.
The PARP cleavage assay showed apoptosis induction by
the positive control staurosporine after 2h exposure on the
cells (Figure 3a). PA + LFnCdtB induced a strong apoptotic
signal after 48 and 72h, whereas, as expected, PA + CdtB
failed to induce apoptosis in HeLa cells and only a low amount
of cleaved PARP was detected after 48 and 72 h, which could
have resulted from cells dying in the crowded culture dish.
Interestingly, the amount of detectable actin in the LFnCdtB-
treated samples was very low, probably reflecting the effect of
prolonged apoptosis and cell loss in these cultures.

The TUNEL assay showed slightly increased numbers of
apoptotic CHO K1 cells after PA + LFnCdtB treatment for 14 and
24 h (Figure 3b). After the 48-h toxin exposure more than 90% of
cells were positive for TUNEL staining. Additional cultures
treated with PA -+ FP59AGG yielded a result similar to that for
PA+LFnCdtB. The number of apoptotic cells after 24h
appeared to be higher as a consequence of PA + FP59AGG
treatment. Staurosporine induced a very strong increase in
apoptotic cells after 4 h (50% of cells positive for TUNEL staining)
and a complete conversion of cells (>96% TUNEL-positive)
after 8 h, whereas PA + CdtB failed to induce apoptosis.

Intracellular localization and nuclear action. To allow for
the sensitive detection by streptavidin within cells, LFnCdtB
was biotinylated and detected by western blotting in both
cytosolic and nuclear fractions of CHO K1 cells after 1 and
4 h fusion protein exposure (Figure 4a). Detection of marker
proteins for the nucleus (p84) and the cytosol (MEK2)
established the purity of the fractions. The endogenous
biotinylated carboxylase proteins'® were also detected by
streptavidin in the nuclear fraction (weak protein band above
95kDa) and in the cytosolic fraction (protein bands at ~70,
75, and 125kDa). A control treatment with wild-type Cdt
resulted in the localization of CdtB mainly in the nuclear
fraction (Figure 4b). A further control treatment with PA +
FP59AGG located FP59AGG as shown for LFNCdtB in the
nuclear and the cytosolic fractions (Figure 4c).

Nuclear activity of LFNnCdtB was detected by immunofluor-
escence detection of phosphorylated form of histone H2A.X
(pH2A.X) as a marker of DNA damage. HeL a cells treated with
PA +LFnCdtB or treated with wild-type Cdt showed a clear
increase in H2A.X phosphorylation after 8 h (Figure 4d). The
signal remained elevated at 24h, but appeared slightly
reduced for PA +LFnCdiB treatment, possibly a result of
induced apoptosis. Treatment with PA + FP59AGG resulted
in a very weak increase of phosphorylation compared with
PA + LFnCdiB treatment. This could also be a side effect of
apoptosis induction in FP59AGG-treated cells.

Tumor treatment. LFnCdtB was injected intraperitoneally
together with either the matrix metalloproteinase-activated
PA-L1 or with wild-type PA into mice having implanted LL3
mouse melanoma cell tumors. Treatment with PA-L1-+
LFnCdtB was well tolerated, resulting in no significant
change in body weight, whereas the PA +LFnCdtB group
suffered a nearly 20% body weight loss by day 12

w
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Figure 2 Cell cycle analysis of CHO K1 cells (0.2 x 10° cells) treated with 250 ng/ml PA and 100 pM CdltB or LFnCditB or 0.1 pM FP59AGG for 4-48 h. As a control, cells
were incubated with 1 M staurosporine for 4-14 h to induce apoptosis. Cells were fixed with ethanol, stained by propidium iodide to quantify cellular DNA, and 25 000 cells
were counted by flow cytometry. Cell cycle analysis by FlowJo software (Flow Jo version 7.6; Tree Star, Ashland, OR, USA) indicated the percentage of cells in the GO/G1
phase (green cell population and percentage on the left side in each panel) and in the G2/M phase (turquois cell population and percentage on the right side in each panel)

(Figure 5a), and two mice were found dead on day 12.
Analysis of blood enzymes showed no increase of alanine
aminotransferase and lactate dehydrogenase and mild
increases of aspartate aminotransferase and creatine kinase
at the end of the treatment regimen with PA-L1 and LFnCdtB
(Supplementary Figure S4). Although PA + LFnCdtB treat-
ment inhibited tumor growth as observed on day 12
(Figure 5b), these mice were euthanized on day 13 because
of the substantial weight loss, and thus only received three
injections of PA+LFnCdtB (days 5, 7, and 9). Mice in the
PBS-treated control group showed rapid tumor growth and
ulceration, and were euthanized on day 19. In contrast,
PA-L1 -+ LFnCdtB treatment resulted in strong tumor growth
inhibition (Figure 5b). One mouse treated with PA-L1+
LFnCdtB died on day 23, 7 days after the last injection with
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PA-L1+LFnCdtB. No apparent side effects of the treatment
were observed and the cause of death remained unclear. At
this time this mouse was tumor-free (by palpation). On
day 19 (3 days after the last injection) 5 of 10 mice of the
PA-L1+LFnCdtB group were tumor-free. Without further
toxin injections, tumor sizes in three mice decreased further;
thus, eight out of nine surviving mice of the PA-L1 + LFnCdiB
group were tumor-free on day 28 and remained tumor-free
for the next 2 months. The mouse with the remaining tumor
was euthanized after 2 weeks due to tumor regrowth.

Discussion

The modified toxin used in our study utilizes the highly efficient
anthrax toxin delivery system which can deliver a number of



CdtB

FP59AGG

LFnCdtB

Staurosporine

untreated
control

CdtB fusion toxins
C Bachran et a/

o

a <&
& @ ®
o Lo Lo &
¢ FFEFFE FE
N P ¥ o n
kDa <o
250
130
95 full length PARP
cleaved PARP
72
55
actin
36
28
500 -1 500 500 500
400 TUNEL positive 400 TUNEL positive 400 ] TUNEL positive 200 ] TUNEL positive - TUNEL positive
0.620% 0.510% 0.890% 0.250% 0.130%
I —_— k
e . 300 & 300 & 300 = 300
5 5 E H
3 3 3 g 3
< 200 200 - 200 | 200 - 200
100 100 100 100 100
0 derr e ~ e 0 bl - — 0 frmyse y T 0 ey . e ST T
0 10 10’ 0 10f 0 10 w0’ ' 10f 0 10? 10 UMY o 10? 10? ¢ 10° o 1w 10 10 10
Alexa Fluor 488-A
500 400
120 _
sl TUNEL positive. 400 TUNEL positive 400 TUNEL positive TUNEL positive TUNEL positive
0.560% 0.670% 3.79% 300 18.1% 90.6%
¢ 2
E 300 , 300 _ 300 9 .
3 H £ Biyes] §
8 ] 8 8m 3 o
200 4 200 2001
100 - 4
100 100 100 j 30
T v T - 04 - - - 0 - - - - 0 ey - . - O e T T
2 4
o 10 w0 wt o 102 10} 10t 1® o 102 1w ' 1wl o 100 100 wt 1 0o 10 wh ol 10d
600
500 | 2005} ith 80 b
400 TUNEL positive TUNEL positive TUNEL positive TUNEL positive TUNEL positive
0.800% 0.712% 6.26% 4.77% a1 U
400 | —— ] — 400 e
= 300 200 . 60
5 £ H g
3 £ 3004 H 5 H
3 2 300 H 3 H
© 200 i 200 aot]
200 2004
100 204
100 il
0 T - T T 0 e r T T 0 -freepeméy T T 0~ ™ T 0 by T T
o 10? 10 ' 1w0f o 10? 10° 0t 10® o 10? 10° 0t 10° o w? 10? 10" 120° o 10’ 108 10? 10°
1 TUNEL intensity TUNEL intensity TUNEL intensity
=0 TUNEL positive TUNEL pasitive
33.9% 90.0%
200 10 [
£ £
3150 3
3 8
1004 s
50
0 T T T T
o 1w 1w w1’ o 100 10 0t w0
TUNEL intensity
400 TUNEL positive
0.650%
_
L 300
]
5
2
© 200
100
[ g r "
o 100 100 10® w0t

TUNEL intensity

Figure 3 Apoptosis induction by LFnCdtB analyzed by PARP cleavage (a) and TUNEL staining (b). (a) HeLa cells (1 x 10° cells) were exposed to 250 ng/ml PA and
10nM LFnCdtB or CdtB for 24-72 h. As a control, cells were incubated with 1 M staurosporine for 2 h to induce apoptosis. Cells were lyzed and analyzed by simultaneous
anti-PARP (red signals) and anti-actin (green signals) immunodetection following western blotting. (b) CHO K1 cells (0.2 x 10° cells) were treated with 250 ng/ml PA and
100 pM CdtB or LFnCdtB or 0.1 pM FP59AGG for 4-48 h. As a control, cells were incubated with 1 M staurosporine for 4-14 h to induce apoptosis. Cells were fixed with
ethanol, stained by TUNEL staining to quantify apoptotic cells, and 10000 cells were counted by flow cytometry. TUNEL-positive apoptotic cells were gated by high
fluorescence and the percentage is indicated in every panel

different ‘payloads’ in addition to the natural toxin LF, as it was

shown that the system is able to deliver Pseudomonas

exotoxin A catalytic domain,™ diphtheria toxin A chain, shiga

toxin catalytic domain,’ Bcl-XL protein,’® ricin toxin A

chain,"” the reporter beta-lactamase,

18,19

and flagellin.2°

Wild-type PA binds to either one of its two cell surface
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Intracellular detection (a-¢) and nuclear action (d) of LFnCdtB. (a—c) To detect the fusion proteins in the cytosolic or nuclear fraction of cells, CHO K1 cells

(1.75 x 10° cells) were incubated with 250 ng/ml PA and 5 nM biotinylated LFnCdtB or FP59AGG for 1 or 4 h. Additional cells were incubated with a mixture of 100 nM each
CdtA, CdtB, and CdtC (Cdt). Cytosolic and nuclear fractions were isolated, and 40 ug total protein of each fraction were separated by SDS-PAGE and submitted to western
blotting. Inmunodetection was performed simultaneously by streptavidin (a, green signal), anti-CdtB (b, red signal), anti-LF (c, red signal), and anti-Pseudomonas exotoxin A
(c, green signal), and anti-p84 (nuclear marker protein, red signal in a and green signal in b) and anti-MEK2 (cytosolic marker protein, red signal in a and green signal in b).
Merged signals are shown in yellow. The nuclear action of CdtB was detected by immunofluorescence detection of phosphorylated histone H2A.X (d). HeLa cells (0.2 x 10°
cells on cover slips) were incubated with 250 ng/ml PA and 10 nM LFnCdtB or 10 nM FP59AGG or with 100 nM CdtA, CdtB, and CdtC each (Cdt) for 1-24 h. Cells were fixed
and permeabilized before staining by anti-pH2A.X and DAPI. Results show DAPI fluorescence in blue (nuclear DNA, left panel), phase contrast (middle panel), and pH2A.X

fluorescence in red (DNA damage, right panel)

receptors, of which capillary morphogenesis gene 2 is
expressed on nearly all cell types.?' This allows for the
targeting of nearly all tissues, including tumor cells. Therefore,
the combination of PA -+ FP59AGG efficiently inhibited the
growth of all tumor cell lines tested in this study (Table 1).
Protein synthesis inhibition resulted in induction of apoptosis
and cell death. Very few types of tumor cells evade killing by
toxins that block protein synthesis.?®> Mutation of the furin
protease cleavage site within PA to sequences recognized by
either urokinase plasminogen activator or matrix metallopro-
teinase-2 renders PA a highly valuable tool for targeting
certain tumor cells.?® Both LF (as an anti-angiogenic drug)
and FP59 have been used successfully in tumor therapy in
preclinical studies.?*2® In 2005, Liu et al?® described a
method for dual proteinase-specificity using the PA delivery
system. This system was recently improved and resulted in
the development of a system that requires both urokinase
plasminogen activator and matrix metalloproteinase-2
activity.?®
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CdtB from A. actinomycetemcomitans has been described
as a metal-dependent endonuclease with an activity ~1000-
fold lower than bovine DNase 1,2’ and Shenker et al?®
reported that CdtB has the same phosphatase activity as that
of PTEN; thus, the precise mechanism for toxicity remains
uncertain. Previous studies have attempted to use Cdt for the
targeting of cancer cells. For example, a mutant of CdtA
(unable to bind its natural receptor) from A. actinomycetem-
comitans has been conjugated to a human monoclonal
antibody against CD133 to target the toxin to CD133 + head
and neck cancer cell lines, achieving modest success in
growth inhibition of CD133+ tumor cells.?® Another study
described the use of CdtB fused to high-affinity IgE to target
and degranulate mast cells.®® This study used CdtB without
the natural translocation mechanism described for Cdt (which
includes CdtA and CdtC), which may affect the efficacy of
the treatment. It is currently debated how CdtB translocates to
the nucleus of host cells. Damek-Poprawa et al.>" reported the
retention of the A subunit at the cell surface and the direct
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Figure 5 Tumor treatment by LFnCdtB in a mouse model. 10-13 C57BL/6 mice
per group were injected subcutaneously with LL3 mouse melanoma tumors on day
0. Injection of PA 4 LFnCdtB or tumor-specific PA-L1 4 LFnCdtB fusion into the
mouse peritoneum was performed on days 5, 7, 9, 12, 14, and 16 (arrows) using
either PBS (black line), 100 ng wild-type PA 4 100 ug LFnCdtB (blue line) or 100 ug
PA-L1+ 100 pg LFnCdtB (red line). (a) Relative mean mouse body weight until day
19. Error bars indicate the S.D. (b) Mean tumor masses until day 19. Tumor mass
was calculated from measurements of the tumor width, depth, and height

delivery of the B subunit from the endoplasmic reticulum to the
nucleus, most likely by the chaperoning action of the C
subunit. Our approach of using PA + LFn for the delivery of
CdtB to the cytosol of a targeted cell circumvents these
uncertainties about the trafficking of the native toxin. Instead,
we use the highly efficient and flexible targeting system
provided by the anthrax toxin proteins to deliver the enzymatic
CdtB subunit to the cytosol of cells. LFnCdtB may still be small
enough to diffuse from the cytosol to the nucleus, its
presumed site of action, or it may contain a nuclear
localization signal that helps directing LFnCdtB to the nucleus.
Such a signal was identified in CdtB of A. actinomycetemco-
mitans, which shares a very high protein sequence homology
(97% identical amino acids®?) with CdtB from H. ducreyi used
in this study.®® Nevertheless, our data demonstrate that
LFnCdtB was successfully delivered to the cytosol within 1h
of toxin exposure, and that it reached the nucleus (Figure 4a).
Furthermore, its activity was preserved, evidenced by the
phosphorylation of histone H2A.X (Figure 4d), by induction of
the cell cycle arrest in the G2/M phase (Figure 2).

In mouse tumor studies, the combination of the matrix
metalloproteinase-2-specific ~ PA-L1+LFnCdtB revealed
a surprisingly low toxicity. Six bolus injections of 100 ug
(2.3-4.3 mg/kg body weight) of both proteins every other day
into the mouse peritoneum did not result in any apparent
side effects as observed by monitoring the body weight
and the behavior of the mice. Analysis of blood enzymes
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showed a mild increase in two out of the four measured
parameters (aspartate aminotransferase and creatine kinase,
Supplementary Figure S4), indicating some damage to the
tissue. Liver damage is unlikely, as alanine aminotransami-
nase levels were not elevated. Elevated levels of aspartate
aminotransferase and creatine kinase indicate some myo-
cardial tissue damage. However, blood samples were ana-
lyzed 1h after the last injection of the 2-week treatment
regimen and a time course of blood enzyme levels would help
to understand the relevance of the reported enzyme levels.
The 100 g dose is an extremely high tolerable dose compared
with similar drugs. Previous studies on PA-L1 + LF identified
only 45 ug PA-L1 and 15 g LF as the maximal tolerated dose. "
The dual protease system described earlier (depending on
both urokinase plasminogen activator and matrix metallopro-
teinase-2 activity) was the safest system so far with a maximal
tolerated dose of slightly below 25ug of each protein
component, given as six injections on alternate days.2® Other
targeted toxins showed even higher non-specific toxicities than
the sophisticated tumor-targeted anthrax toxin system. A
fusion protein containing the protein toxin saporin fused to
epidermal growth factor was injected only three times
subcutaneously at a maximal dose of 10 ug/injection.*

The data presented here demonstrate the successful
cellular delivery of a fusion of LFn and CdtB to various tumor
cells by the anthrax toxin delivery system (PA and LFn). The
combination with tumor-specific PA resulted in the design of a
highly efficient antitumor drug that eliminates tumor cells by
damaging nuclear DNA, inducing cell cycle arrest and
subsequently apoptosis. Animal experiments demonstrated
the great efficiency of this drug by curing 90% of mice from
growing tumors without inducing any observable side effects.
Future studies will provide further validation on the suitability
of this new drug system for safe and efficient elimination of
tumors in different tumor models and, eventually, may warrant
clinical trials in humans.

Materials and Methods

Cloning of LFnCdtB. LFnCdtB consists of the N-terminal 255 residues of
anthrax toxin LF, and has the sequence AGG...NLS. LFn is fused C-terminally via
an 11-residue linker to the 261-residue CdtB, which has the sequence
NLSD...VRDR. Details on cloning, expression, and purification of LFnCdtB are
described in the Supplementary Information (Supplementary Text S1). FP59AGG,
wild-type PA, and tumor-specific PA-L1 were expressed and purified from avirulent
strains of B. anthracis by methods described earlier.%> Recombinant CdtA, CdtB,
and CdtC were kindly supplied by Jerry Keith (National Institute of Child Health
and Human Disease, NIH, Bethesda, MD, USA).

Cell culture and cytotoxicity assays. Cell culture experiments were
performed using Hela cells (human cervical carcinoma cell line), CHO K1 cells
(Chinese hamster ovary cells), HN6 cells (human head and neck cancer cell line),
RAW264.7 cells (murine leukemic monocyte/macrophages), LL3 cells (murine
Lewis Lung carcinoma cells), B16/BL6 (murine melanoma cells), and T241
(murine fibrosarcoma cells). An additional 14 human cell lines from the NCI-60
panel® used in certain experiments included melanoma cells (C32, Malme-3M,
SK-MEL-2, SK-MEL-24, and SK-MEL-28), colon carcinoma cells (COLO 205,
HCC2998, and SW620), lung carcinoma (A549 and NCI-H226), renal carcinoma
(A-498 and SC12C), and mamma carcinoma (MDA-MB-231 and Hs 578T). See
Supplementary Information for details on cell culture and cytotoxicity assays
(Supplementary Text S1).

Cell cycle inhibition and TUNEL assay. CHO K1 cells (0.2 x 10° cells
per well, grown overnight in six-well plates) were incubated with 250 ng/ml PA and
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100 pM CdtB or LFnCdtB or 0.1 pM FP59AGG in 800 u cell culture medium for
1-48h. Similar cultures were incubated with 1 M staurosporine as a positive
control for the TUNEL assay. Cells were trypsinized and resuspended in 1 ml cell
culture medium, centrifuged (5 min, 200 x g, 4 °C) and resuspended in 1 ml PBS.
Cold 100% ethy! alcohol was added dropwise under constant mixing to a final
concentration of 70% to fix the cells, and cells were either incubated 15 min on ice
or overnight at — 20 °C. For cell cycle analysis by propidium iodide staining, the
fixed cells were centrifuged (5min, 430 x g, 4°C) and resuspended in 500 ul
staining solution (50 wg/ml propidium iodide (Life Technologies, Grand Island, NY,
USA), 0.1 mg/ml RNase A (Qiagen, Valencia, CA, USA), 0.05% Triton X-100).
After incubation for 40 min at 37 °C, 3ml PBS was added, the cells centrifuged
(5min, 430 x g, 4 °C), 3ml supernatant removed, and cellular fluorescence was
measured by flow cytometry on an LSR Il (BD Biosciences, San Jose, CA, USA)
using the Texas Red channel and counting 25000 cells. Detection of DNA
damage with the TUNEL assay was performed on cells treated and fixed as
described above. TUNEL staining was performed with the APO-BrdU TUNEL
Assay Kit (Life Technologies) according to the manufacturer’s instructions. Cellular
fluorescence was determined by flow cytometry on an LSR Il (BD Biosciences),
counting 10000 cells.

Intracellular detection of LFn fusion proteins and PARP
cleavage. For the intracellular detection of LFn fusion proteins, CHO K1 cells
(1.75 x 10° cells per well, grown overnight in six-well plates) were incubated with
250 ng/ml PA and 5nM LFnCdtB or FP59AGG in 800 xl medium for 1 or 4h. The
LFnCdtB used in this analysis was biotinylated using ( + )-Biotin N-hydroxysucci-
nimide ester (Sigma, St. Louis, MO, USA). In parallel, cells were incubated for 4 h
with a mixture of 100 nM each of CdtA, CdtB, and CdtC (Cdt). After the indicated
incubation time, cytosolic fractions and nuclear fractions were isolated by using the
Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA) according to the
manufacturer's instructions. Total protein concentrations were determined by
using the ProStain assay (Active Motif), and 40 ug of total protein was separated
by SDS-PAGE and western blotted using the iBlot system (Life Technologies) and
the Western Blot Signal Enhancer kit (Thermo, Waltham, MA, USA). For apoptosis
detection, HelLa cells (1 x 10° cells per well, grown ovemight in six-well plates)
were incubated with 250 ng/ml PA and 10nM LFnCdtB or CdtB in 800 ul medium
for 24-72 h. In parallel, cells were incubated with 1 M staurosporine for 2 h. Cells
were washed and scraped off in 100 ul PBS + 1% Triton X-100, incubated 30 min
at 4°C on a rotary shaker and centrifuged (30min, 16000 x g, 4°C).
Supernatants were further incubated for 7 h at 37 °C, total protein concentrations
were determined by the BCA assay (Thermo Fisher Scientific, Rockford, IL, USA),
and 100 ug of total protein was separated by SDS-PAGE and western blotted
using the iBlot system (Life Technologies). For intracellular localization, cytosolic
marker protein MEK2 and nuclear marker protein p84 were detected by antibodies
(anti-MEK2 (N-20), rabbit polyclonal I1gG sc-524, Santa Cruz, Dallas, TX, USA;
anti-p84, monoclonal rabbit IgG ab131268, Abcam, Cambridge, MA, USA).
Detection of toxin proteins was achieved with rabbit anti-LF and mouse anti-CdtB,
both made in our laboratory, and goat anti-Pseudomonas exotoxin A (List
Biological Laboratories, Campbell, CA, USA). Apoptosis induction was detected
by the use of anti-PARP polyclonal antibodies (BD Biosciences). All primary
antibodies were detected by infrared dye-conjugated secondary antibodies on the
Odyssey Imager infrared detection system (LI-COR, Lincoln, NE, USA).

pH2A.X assay. Hela cells (0.2 x 10° cells per well, grown overnight in 24-well
plates on cover slips) were incubated for 1-24 h with 250 ng/ml PA and 10nM
LFnCdtB or 10nM FP59AGG, or with 100nM Cdt. Cells were fixed and
permeabilized by incubation with 4% paraformaldehyde and 0.1% Triton X-100 in
PBS for 15min, followed by blocking with PBS + 0.05% Tween-20 + 1% bovine
serum albumin and by treatment with antibodies against phosphorylated histone
H2AX (pH2A.X, Cell Signaling, Danvers, MA, USA) for 2h. Bound antibodies
were detected by the use of Alexa-Fluor488-conjugated secondary antibodies;
cellular DNA was stained with 4’,6-diamidino-2-phenylindole (DAPI, 1 ug/ml in
PBS). Images of mounted cover slips were taken by confocal laser scanning
microscopy on a SP5 microscope (Leica, Buffalo Grove, IL, USA).

Animal experiments. All animal experiments were performed under
protocols approved by the NIAID Animal Care and Use Committee. Both male
and female C57BL/6 mice (3 to 6 months old, Jackson Laboratories, Bar Harbor,
ME, USA) were subcutaneously injected in the neck with 0.8 x 10° LL3 mouse
melanoma cells on day 0. After 5 days (all mice had tumors with a width of a least
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4 mm) mice were randomly assigned to three groups of 10 or 13 mice each and
injected every other day (days 5, 7, 9, 12, 14, and 16) intraperitoneally with 500 !
sterile PBS containing different drug combinations: PBS (13 mice), 100 ug wild-
type PA+100 ug LFnCdtB in PBS (10 mice), or 100 ug PA-L1 (PA with a
mutated furin cleavage site to achieve tumor-selective cleavage and activation of
PA by matrix metalloproteinase-2'") 4- 100 ug LFnCdtB in PBS (10 mice). Tumors
and mouse body weight were measured every other day with a caliper, and tumor
masses calculated (tumor mass (mg) = (width (all in mm) x depth x height)/2).
Mice having tumors with a diameter exceeding 20 mm or ulceration or having more
than 20% body weight loss were euthanized according to the animal protocol. For
blood enzyme measurements, the blood was collected 1h after the last injection
(same treatment regimen described above, five mice treated with PBS, five mice
treated with 100 ug PA-L1 + 100 g LFnCdtB), and the plasma was prepared to
measure alanine aminotransferase, aspartate aminotransferase, lactate dehydro-
genase, and creatine kinase in the National Institutes of Health, Clinical Center.
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