(19)

*EP003230457B1*
(11)

EP 3 230 457 B1

EUROPEAN PATENT SPECIFICATION

(12)

(45) Date of publication and mention

(51) Int Cl.:

C07K 14/33 (2006.01)
A61K 39/00 (2006.01)
C12N 15/63 (2006.01)
A61P 25/00 (2006.01)

of the grant of the patent:
30.06.2021 Bulletin 2021/26

(21) Application number: 15867414.3

C07K 16/12 (2006.01)
C12N 15/70 (2006.01)
C07K 19/00 (2006.01)
A61P 39/06 (2006.01)

(86) International application number:

(22) Date of filing: 09.12.2015

PCT/US2015/064787

(87) International publication number:

WO 2016/094555 (16.06.2016 Gazette 2016/24)

(54) CLOSTRIDIAL NEUROTOXIN FUSION PROTEINS, PROPEPTIDE FUSIONS, THEIR EXPRESSION,
AND USE
CLOSTRIDIUMNEUROTOXINFUSIONSPROTEINE, PROPEPTIDFUSIONEN, DEREN
EXPRESSION UND VERWENDUNG
PROTÉINES DE FUSION DE NEUROTOXINE CLOSTRIDIENNE, FUSIONS DE PROPEPTIDES,
LEUR EXPRESSION ET LEUR UTILISATION
(84) Designated Contracting States:

AL AT BE BG CH CY CZ DE DK EE ES FI FR GB
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO
PL PT RO RS SE SI SK SM TR

(30) Priority: 09.12.2014 US 201462089646 P
20.02.2015 US 201562118970 P

(43) Date of publication of application:
18.10.2017 Bulletin 2017/42

(73) Proprietor: New York University
New York, NY 10012 (US)

(72) Inventors:

• ICHTCHENKO, Konstantin
New York, NY 10016 (US)
• VAZQUEZ-CINTRON, Edwin
Washington DC 20001 (US)
• BAND, Philip, A.
West Orange, NJ 07052 (US)
• CARDOZO, Timothy
New York, NY 10016 (US)

(56) References cited:

WO-A2-2006/071877
US-A1- 2009 087 478
US-A1- 2010 278 826

WO-A2-2011/091419
US-A1- 2009 274 708
US-A1- 2011 206 616

• DAVID C.W. MAH ET AL: "Recombinant
Anti-Botulinum Neurotoxin A Single-Chain
Variable Fragment Antibody Generated Using a
Phage Display System", HYBRIDOMA AND
HYBRIDOMICS, vol. 22, no. 5, 1 October 2003
(2003-10-01), pages 277-283, XP055462474, US
ISSN: 1536-8599, DOI:
10.1089/153685903322538791
• BAND P A ET AL: "Recombinant derivatives of
botulinum neurotoxin A engineered for
trafficking studies and neuronal delivery",
PROTEIN EXPRESSION AND PURIFICATION,
ACADEMIC PRESS, SAN DIEGO, CA, vol. 71, no.
1, 1 May 2010 (2010-05-01), pages 62-73,
XP026924336, ISSN: 1046-5928, DOI:
10.1016/J.PEP.2009.12.013 [retrieved on
2010-01-04]
• None

EP 3 230 457 B1

(74) Representative: Potter Clarkson
The Belgrave Centre
Talbot Street
Nottingham NG1 5GG (GB)

Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).
Printed by Jouve, 75001 PARIS (FR)

EP 3 230 457 B1
Description
[0001] This invention was made with government support under grant number RO1AI093504 awarded by the National
Institutes of Health. The government has certain rights in this invention.
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FIELD OF THE INVENTION
[0002] The present invention relates to Clostridial neurotoxin fusion proteins containing a single chain antibody, propeptide fusions, and methods thereof.
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[0003] Canonic antibodies are large multimeric proteins that cannot penetrate the cell membrane and, therefore,
cannot directly gain access to targets inside the cytoplasmic compartment of the cell. Because many pharmaceutically
important targets are exclusively exposed in the cytoplasm of cells, multiple technological approaches have been tested
to deliver antibodies or antibody-derived fragments to intracellular targets. These methods are similar to those which
have been used to deliver nucleic acid and other protein molecules to intracellular compartments. They include physical
methods such as electroporation, sonication and microinjection, encapsulation within liposomes or polymeric shells, and
formation of complexes with polymers and lipids that facilitate endocytosis and/or penetration of the plasma membrane
to access the cytoplasm (Torchilin, "Multifunctional and Stimuli-Sensitive Pharmaceutical Nanocarriers," European Journal of Pharmaceutics and Biopharmaceutics: Official Journal of Arbeitsgemeinschaft fur Pharmazeutische Verfahrenstechnik e.V. 71(3):431-444 (2009); Torchilin, "Intracellular Delivery of Protein and Peptide Therapeutics," Drug Discovery
Today: Technol. (2009); El-Sayed et al., "Smart Polymeric Carriers for Enhanced Intracellular Delivery of Therapeutic
Macromolecules," Expert Opinion on Biological Therapy 5(1):23-32 (2005)).
[0004] Single chain antibodies, or fragments thereof, can be delivered into the cytoplasm of cells by methods not
possible for multimeric antibodies. These include: (1) transfection of the target cell with nucleic acid coding for the
antibody fragment, using viral carriers or otherwise incorporating the gene into the host cell; (2) fusion of the antibody
to a protein transduction domain (PTD) that allows the antibody to penetrate cell membranes (e.g., TAT fusion domains);
and (3) chemical or genetic fusion of the antibody to a cell targeting protein or domain that is naturally able to translocate
through cellular membranes (Marschall et al., "Targeting Antibodies to the Cytoplasm," mAbs 3(1):3-16 (2011)).
[0005] While all of these methodologies are demonstrated to be effective in vitro, they all have limitations for therapeutic
application (Marschall et al., "Delivery of Antibodies to the Cytosol: Debunking the Myths," mAbs 6(4):943-956 (2014);
Yin et al., "Non-Viral Vectors for Gene-Based Therapy," Nature Reviews Genetics 15(8):541-555 (2014)). In particular,
transfection based methods have well-known limitations for use in therapeutic products, primarily due to toxicity and
lack of specificity. Though viral-mediated transduction is being tested for clinical application, it is still considered to
present significant risks for therapeutic intervention, and faces significant regulatory barriers. Neuron specific viral carriers
are not available for clinical use. The use of protein transduction domains is not neuron-specific and likewise presents
significant safety concerns. Chemical or genetic fusion of antibodies to proteins that are naturally able to translocate
through cellular membranes has been extensively studied. Ribonucleases of the RNAse A superfamily have been fused
to antibodies, but the purpose of the fusion was to use the antibody to target the RNAse activity to the intended cell
(Schirrmann et al., "Targeted Therapeutic RNases (ImmunoRNases)," Expert Opinion on Biological Therapy 9(1):79-95
(2009)). Diphtheria toxin (Weaver et al., "Transferrin Receptor Ligand-Targeted Toxin Conjugate (Tf-CRM107) for Therapy of Malignant Gliomas," Journal of Neuro-Oncology 65(1):3-13 (2003)) and ricin (Messmann et al., "A Phase I Study
of Combination Therapy with Immunotoxins IgG-HD37-Deglycosylated Ricin A Chain (dgA) and IgG-RFB4-dgA (Combotox) in Patients with Refractory CD19(+), CD22(+) B Cell Lymphoma," Clinical Cancer Research: An Official Journal
of the American Association for Cancer Research 6(4):1302-1313 (2000)) have likewise been fused to antibodies that
enable targeted delivery of the toxin, again with the antibody being used for targeting the toxin to the cytoplasm of specific
cells. In none of these cases is the toxin used to direct delivery of the antibody to neurons, and the toxins are in fact not
specifically directed to neurons.
[0006] Antibody cationization has also been used to facilitate antibody delivery to cells, including to improve the delivery
of single chain antibodies (Li et al., "Cell-Penetrating Anti-GFAP VHH and Corresponding Fluorescent Fusion Protein
VHH-GFP Spontaneously Cross the Blood-Brain Barrier and Specifically Recognize Astrocytes: Application to Brain
Imaging," FASEB Journal: Official Publication of the Federation of American Societies for Experimental Biology
26(10):3969-3979 (2012)). The mechanism is presumably related to the increased interaction between the cationic
antibody and the negatively charged cell membrane, but again the specificity of cell binding comes solely from the
antibody and not from the delivery vehicle.
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[0007] Thanongsaksrikul et al., "Botulinum Neurotoxins and Botulism: A Novel Therapeutic Approach," Toxins
3(5):469-488 (2011), reported that a VHH (single chain antibody) that inhibited botulinum neurotoxin, serotype A enzymatic activity could be fused genetically to a cell-penetrating-peptide ("CPP"), but no data has subsequently been
presented illustrating the success of this technique for delivering a functional antibody to neurons. No mechanism is
suggested that would direct this postulated VHH-CPP fusion protein to the inside of neurons.
[0008] The selectivity of BoNT targeting to neurons has led several laboratories to consider using BoNT-based molecular vehicles for delivering therapeutic agents. Early work reported that the heavy chain ("HC") and light chain ("LC")
of wild-type BoNTs could be separated, and that the wild-type HC could be reconstituted in vitro with either wild-type
LC or with recombinant LC, which could carry point mutations such as His227>Tyr, which rendered the LC atoxic (Zhou
et al., "Expression and Purification of the Light Chain of Botulinum Neurotoxin A: A Single Mutation Abolishes Its Cleavage
of SNAP-25 and Neurotoxicity After Reconstitution With the Heavy Chain," Biochemistry 34(46):15175-15181 (1995);
Maisey et al., "Involvement of the Constituent Chains of Botulinum Neurotoxins A and B In the Blockade of Neurotransmitter Release," Eur. J. Biochem. 177(3):683-691 (1988); Sathyamoorthy et al., "Separation, Purification, Partial Characterization and Comparison of the Heavy and Light Chains of Botulinum Neurotoxin Types A, B, and E," J. Biol. Chem.
260(19):10461-10466 (1985)). The reconstituted BoNT holotoxin derivatives had a severely reduced ability to transport
LC into the neuronal cytosol, probably resulting from the harsh conditions required for HC-LC separation and the difficulty
of renaturing the protein and reconstituting native disulfide bonds.
[0009] Attempts have also been made to use isolated wild-type HC for targeted delivery by chemically coupling dextran
to the HC to provide sites for attaching fluorescent markers or therapeutic agents (Goodnough et al., "Development of
a Delivery Vehicle for Intracellular Transport of Botulinum Neurotoxin Antagonists," FEBS Lett. 513:163-168 (2002)).
Although this "semi-synthetic" BoNT derivative was internalized by neurons, the dextran remained localized to the
endosomal compartment and the specificity of the uptake was uncertain. Direct chemical or biochemical attachment of
cargo molecules to the HC of BoNTs may not be sufficient for achieving cytosolic delivery, because structural features
associated with the toxin LC are required for translocation to the cytosol (Baldwin et al., "The C-Terminus of Botulinum
Neurotoxin Type A Light Chain Contributes to Solubility, Catalysis, and Stability," Protein Expr. Purif. 37(1):187-195
(2004); Brunger et al., "Botulinum Neurotoxin Heavy Chain Belt as an Intramolecular Chaperone for the Light Chain,"
PLoS Pathog. 3(9):e113 (2007)). Moreover, when chemical methods are used to attach cargo to BoNT toxoids, cargo
attachment is not sufficiently selective and, consequently, produces a heterogeneous population of derivatives. These
problems also limit the utility of chemically labeled BoNTs as probes for definitive demonstration of BoNT trafficking
pathways.
[0010] Bade et al., "Botulinum Neurotoxin Type D Enables Cytosolic Delivery of Enzymatically Active Cargo Proteins
to Neurons Via Unfolded Translocation Intermediates," J. Neurochem. 91(6):1461-1472 (2004), described recombinant
full-length derivatives of BoNT/D as effective delivery vehicles which were expressed in E. coli with or without an inactivating mutation (E230>A) to the LC protease. To evaluate the delivery of prototypic cargo proteins in neuronal cultures,
green fluorescent protein ("GFP"), dihydrofolate reductase, firefly luciferase, or BoNT/A LC were fused to the amino
terminus of the recombinant BoNT/D holotoxin. Delivery to the cytosol was evaluated by measuring cleavage of the
BoNT/D cytoplasmic substrate, synaptobrevin. Dihydrofolate reductase and BoNT/A LC were reported to be effectively
delivered. When luciferase or GFP were the cargo, delivery of the corresponding BoNT/D LC catalytic activity to the
cytosol was significantly reduced, presumably due to the large size of the cargo (luciferase) or its rigidity (GFP) (Brejc
et al., "Structural Basis for Dual Excitation and Photoisomerization of the Aequorea victoria Green Fluorescent Protein,"
Proc. Natl. Acad. Sci. (USA) 94(6):2306-1231 (1997); Palm et al., "The Structural Basis for Spectral Variations in Green
Fluorescent Protein," Nat. Struct. Biol. 4(5):361-365 (1997)). The efficiency of light chain delivery using recombinant
BoNT/D expressed in E. coli is not clear from the data presented, because the active light chain delivered is effective
at very low concentration in the neuronal cytoplasm.
[0011] It has proven particularly difficult to successfully engineer translocation of recombinant toxin LCs from an
endosomal compartment to the cytosol. This translocation requires acidification of the lumenal milieu, either to trigger
a conformational change in the BoNT heterodimer or to enable its interaction with a translocation mediator (Brunger et
al., "Botulinum Neurotoxin Heavy Chain Belt as an Intramolecular Chaperone for the Light Chain," PLoS Pathog. 3(9):e113
(2007); Kamata et al., "Involvement of Phospholipids In the Intoxication Mechanism of Botulinum Neurotoxin," Biochim.
Biophys. Acta. 1199(1):65-68 (1994); Tortorella et al., "Immunochemical Analysis of the Structure of Diphtheria Toxin
Shows all Three Domains Undergo Structural Changes at Low pH," J. Biol. Chem. 270(46):27439-27445 (1995); Tortorella
et al., "Immunochemical Analysis Shows All Three Domains of Diphtheria Toxin Penetrate Across Model Membranes,"
J. Biol. Chem. 270(46):27446-27452 (1995)). A requirement for cooperation between the BoNT LC and the translocation
domain of the HC is supported by evidence demonstrating that a decapeptide motif, common to the HCN of several
BoNT serotypes as well as to diphtheria and anthrax toxins, is required for successful translocation of the LC to the
cytosol (Ratts et al., "A Conserved Motif in Transmembrane Helix 1 of Diphtheria Toxin Mediates Catalytic Domain
Delivery to the Cytosol," Proc. Natl. Acad. Sci. (USA) 102(43):15635-15640 (2005)).
[0012] Although efforts to express recombinant BoNTs have succeeded in producing effective immunogens, which in
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some cases are competent for epithelial transcytosis, these efforts have not produced recombinant proteins with the
structural features required for targeting the neuronal cytosol with the efficiency of wild-type toxins. These limitations
emphasize the importance of selecting an expression system capable of producing full-length BoNT derivatives that
retain native toxin structure, disulfide bonding, and physiological trafficking. Also, work from multiple laboratories has
clarified how the structural domains of wild-type Clostridium botulinum neurotoxin serotype A ("BoNT/A") disable neuronal
exocytosis, but important questions remain unanswered.
[0013] In no case is a single chain antibody delivered using a Clostridial neurotoxin for neuronal delivery. A significant
amount of work has been done on the development of single chain antibodies directed at intracellular targets in neurons,
but in all cases the antibodies have been expressed by transfection as intrabodies, rather than delivered as fusion
proteins. Tremblay et al., "Camelid Single Domain Antibodies (VHHs) as Neuronal Cell Intrabody Binding Agents and
Inhibitors of Clostridium botulinum Neurotoxin (BoNT) Proteases," Toxicon: Official Journal of the International Society
on Toxinology 56(6):990-998 (2010), reported that an anti-botulinum neurotoxin, serotype A VHH intrabody expressed
in neurons by transfection was able to prevent intoxication of an immortalized neuronal cell line by wt BoNT/A. Transfection
was also used to demonstrate that fusion of a proteasome-targeting sequence to an anti-botulinum neurotoxin, serotype
A VHH could accelerate recovery from intoxication with wt BoNT/A (Kuo et al., "Accelerated Neuronal Cell Recovery
from Botulinum Neurotoxin Intoxication by Targeted Ubiquitination," PloS One 6(5):e20352 (2011)). Single chain antibodies expressed as intrabodies have also been shown to have potential for the treatment of Huntington disease,
Parkinson’s disease, and potentially for other protein misfolding disorders affecting neurons (Butler et al., "Engineered
Antibody Therapies to Counteract Mutant Huntingtin and Related Toxic Intracellular Proteins," Progress in Neurobiology
97(2):190-204 (2012); Butler et al., "Bifunctional Anti-Huntingtin Proteasome-Directed Intrabodies Mediate Efficient Degradation of Mutant Huntingtin Exon 1 Protein Fragments," PloS One 6(12):e29199 (2011); Messer et al., "Intrabodies
as Neuroprotective Therapeutics," Neurotherapeutics: The Journal of the American Society for Experimental NeuroTherapeutics 10(3):447-458 (2013)). None of these single chain antibodies has previously been tested after genetic
fusion to a Clostridial neurotoxin for purposes of delivery.
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[0014] The Clostridium botulinum and Clostridium tetani neurotoxins are highly potent and specific poisons of neural
cells (Johnson et al., "Characterization of Clostridium botulinum Strains Associated with an Infant Botulism Case in the
United Kingdom," J. Clin. Microbiol. 43:2602-260 (2005); Schiavo et al., "Neurotoxins Affecting Neuroexocytosis," Physiol.
Rev. 80:717-766 (2000); Simpson, "Identification of the Major Steps in Botulinum Toxin Action," Annu. Rev. Pharmacol.
Toxicol. 44:167-193 (2004)). These neurotoxins are among the most lethal substances known to man. Both toxins
function by inhibiting neurotransmitter release in affected neurons. The tetanus neurotoxin ("TeNT") acts mainly in
interneurons, connecting the peripheral and the central nervous system, while botulinum neurotoxin ("BoNT") acts at
the neuromuscular junction and other cholinergic synapses in the peripheral nervous system. Both of these neurotoxins
act by inhibiting neurotransmitter release from the axon of the affected neuron into the synapse, resulting in paralysis.
[0015] There are eight currently described BoNT serotypes (A-H) and multiple subtypes, all with common structural
features (Smith et al., "Sequence Variation within Botulinum Neurotoxin Serotypes Impacts Antibody Binding and Neutralization," Infect. Immun. 73:5450-5457 (2005); Barash et al., "A Novel Strain of Clostridium botulinum that Produces
Type B and Type H Botulinum Toxins," J. Infect. Dis. 209:183-91 (2014); Dover et al., "Molecular Characterization of a
Novel Botulinum Neurotoxin Type H Gene," J. Infect. Dis. 209:192-202 (2014); Hill et al., "Genetic Diversity within
Clostridium botulinum Serotypes, Botulinum Neurotoxin Gene Clusters and Toxin Subtypes," Curr. Top. Microbiol. Immunol. 364:1-20 (2013)). Despite their toxicity, BoNTs have become widely used as pharmaceutical agents, because
small doses can be applied to paralyze local muscle groups and thereby effect targeted therapeutic paralysis. BoNT/A,
with a murine LD50 of approximately 0.5 ng per kg, is the serotype most used in clinical medicine (e.g., Ona-, Abo-, and
Incobotulinum Toxin A, sold under the trade names Botox®, Dysport®, and Xeomin®, respectively) and is approved for
a wide range of indications.
[0016] BoNTs have structural and trafficking features that have ideally evolved for delivery of their metalloprotease
entity (light chain (LC)) to the neuronal cytosol. They can cross epithelial barriers in the gut and lung, and pass into the
circulation. From the circulation, they primarily target active neuromuscular junctions, where they block neurotransmitter
release causing peripheral neuromuscular blockade (Fujinaga, "Interaction of Botulinum Toxin with the Epithelial Barrier,"
J. Biomed. Biotechnol. 2010:974943 (2010); Jahn et al., "SNAREs-Engines for Membrane Fusion," Nat. Rev. Mol. Cell
Biol. 7:631-643 (2006); Montal, "Botulinum Neurotoxin: A Marvel of Protein Design," Annu. Rev. Biochem. 79:591-617
(2010)). Death results from respiratory paralysis (Schiavo et al., "Neurotoxins Affecting Neuroexocytosis," Physiol. Rev.
80:717-766 (2000)). All BoNT serotypes have similar structural features, and all target Soluble NSF Attachment Protein
REceptor ("SNARE") components of the molecular machinery for synaptic vesicle release (Johnson, "Clostridial Toxins
as Therapeutic Agents: Benefits of Nature’s Most Toxic Proteins," Annu. Rev. Microbiol. 53:551-575 (1999)). For example,
wild-type (wt) BoNT/A is synthesized as a single chain protein (Mr ∼150,000), which is proteolytically activated by an
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endogenous clostridial protease to generate a heterodimer containing a light chain (LC, Mr ∼50,000) and a heavy chain
(HC, Mr ∼100,000) linked by an essential disulfide bond (Schiavo et al., "Neurotoxins Affecting Neuroexocytosis," Physiol.
Rev. 80:717-766 (2000); Johnson, "Clostridial Toxins as Therapeutic Agents: Benefits of Nature’s Most Toxic Proteins,"
Annu. Rev. Microbiol. 53:551-575 (1999); Montecucco et al., "Mechanism of Action of Tetanus and Botulinum Neurotoxins," Mol. Microbiol. 13:1-8 (1994)).
[0017] The mature wild-type BoNT/A toxin is a disulfide bonded heterodimer containing three major functional domains:
(1) the LC metalloprotease domain responsible for toxicity; (2) the receptor-binding domain comprising the heavy chain
(HC) C-terminal region (HC); and (3) the heavy chain (HC) translocation domain comprising the HC N-terminal region
(HN), which is responsible for the propulsion of the LC to the cytosol (Schiavo et al., "Neurotoxins Affecting Neuroexocytosis," Physiol. Rev. 80:717-766 (2000); Simpson, "Identification of the Major Steps in Botulinum Toxin Action," Annu.
Rev. Pharmacol. Toxicol. 44:167-193 (2004); Johnson, "Clostridial Toxins as Therapeutic Agents: Benefits of Nature’s
Most Toxic Proteins," Annu. Rev. Microbiol. 53:551-575 (1999); Dong et al., "SV2 is the Protein Receptor for Botulinum
Neurotoxin A," Science 312:592-596 (2006); Mahrhold et al., "The Synaptic Vesicle Protein 2C Mediates the Uptake of
Botulinum Neurotoxin A Into Phrenic Nerves," FEBS Lett. 580:2011-2014 (2006)).
[0018] The same multi-step molecular mechanism is responsible for the toxicity and pharmaceutical potency of wildtype BoNT/A, which specifically targets active neurons. This specificity derives from the fact that its receptor, Synaptic
Vesicle protein 2 ("SV2"), which projects into the lumen of small synaptic vesicles, is only exposed on the plasma
membrane during a synaptic vesicle fusion event (Dong et al., "SV2 is the Protein Receptor for Botulinum Neurotoxin
A," Science 312(5773):592-596 (2006)). The binding and internalization of wild-type BoNT/A also involves gangliosides
(Johnson, "Clostridial Toxins as Therapeutic Agents: Benefits of Nature’s Most Toxic Proteins," Annu. Rev. Microbiol.
53:551-575 (1999); Keller et al., "Persistence of Botulinum Neurotoxin Action in Cultured Spinal Cord Cells," FEBS Lett.
456:137-142 (1999)), and immediately after internalization, BoNT/A is found in an early endosome compartment (Simpson, "Identification of the Major Steps in Botulinum Toxin Action," Annu. Rev. Pharmacol. Toxicol. 44:167-193 (2004);
Fischer et al., "Crucial Role of the Disulfide Bridge Between Botulinum Neurotoxin Light and Heavy Chains in Protease
Translocation Across Membranes," J. Biol. Chem. 282:29604-29611 (2007); Fischer et al., "Single Molecule Detection
of Intermediates During Botulinum Neurotoxin Translocation Across Membranes," Proc. Natl. Acad. Sci. USA
104:10447-10452 (2007)), which is also associated with synaptic vesicle recycling. Upon acidification of the endosome,
BoNT/A undergoes a functionally critical conformational change that enables HC-mediated translocation of the LC into
the neuronal cytoplasm (Band et al., "Recombinant Derivatives of Botulinum Neurotoxin A Engineered for Trafficking
Studies and Neuronal Delivery," Protein Exp. Purif. 71:62-73 (2010); Pellett et al., "Neuronal Targeting, Internalization,
and Biological Activity of a Recombinant Atoxic Derivative of Botulinum Neurotoxin A," Biochem. Biophys. Res. Commun.
405:673-677 (2011)). Disruption of the early endosome acidification process by drugs such as bafilomycin or concanamycin A prevents translocation of the light chain to the neuronal cytoplasm (Simpson, "Identification of the Major Steps
in Botulinum Toxin Action," Annu. Rev. Pharmacol. Toxicol. 44:167-193 (2004)). In the neuronal cytosol, the LC, a
Zn2+-endopeptidase, specifically cleaves Synaptosomal-Associated Protein 25 ("SNAP-25"), a SNARE protein required
for synaptic vesicle exocytosis (Mahrhold et al., "The Synaptic Vesicle Protein 2C Mediates the Uptake of Botulinum
Neurotoxin A Into Phrenic Nerves," FEBS Lett. 580:2011-2014 (2006)). Cleavage of SNAP-25 results in inhibition of
neurotransmitter release, leading to peripheral neuromuscular paralysis.
[0019] A technology platform based on recombinant clostridial constructs, a baculovirus expression system, and purification methods that enable production of recombinant, full-length BoNT heterodimer derivatives has been developed
(see U.S. Patent No. 7,785,606 to Ichtchenko and Band). This platform allows the tools of modern molecular biology to
be applied to bioengineering of recombinant botulinum neurotoxins that retain the structure and trafficking properties of
the native toxin (Band et al., "Recombinant Derivatives of Botulinum Neurotoxin A Engineered for Trafficking Studies
and Neuronal Delivery," Protein Expr. Purif. 71:62-73 (2010)). An atoxic derivative of Clostridium botulinum neurotoxin,
serotype A ("BoNT/A ad") is a recombinant derivative of wild-type Clostridium botulinum neurotoxin, serotype A (BoNT/A)
produced using this platform. This derivative (i.e., BoNT/A ad) contains functional receptor binding and translocation
domains, and an atoxic light chain (LC) fused to a sequence representing a cargo site (see U.S. Patent Application
Publication No. 2011/0206616 to Ichtchenko and Band). In one embodiment, the BoNT/A ad LC has two mutations
introduced into the enzymatic core of the protease, dramatically reducing its potent toxicity. BoNT/A ad has an LD50 that
is 100,000-fold higher than the wild-type toxin. Previous analysis demonstrated that BoNT/A ad accumulates in neuromuscular junctions of the mouse diaphragm after systemic intraperitoneal administration, and can be immunoprecipitated as a complex with SNAP-25 from neuronal cultures (Band ct al., "Recombinant Derivatives of Botulinum Neurotoxin
A Engineered for Trafficking Studies and Neuronal Delivery," Protein Expr. Purif. 71:62-73 (2010); Pellett et al., "Neuronal
Targeting, Internalization, and Biological Activity of a Recombinant Atoxic Derivative of Botulinum Neurotoxin A," Biochem. Biophys. Res. Commun. 405:673-677 (2011)), cleaves SNAP-25 at slower kinetics than wild-type BoNT/A, and
accumulates at micromolar concentrations inside neurons (Vazquez-Cintron, "Atoxic Derivative of Botulinum Neurotoxin
A as a Prototype Molecular Vehicle for Targeted Delivery to the Neuronal Cytoplasm," PLoSOne 9(1):e85517 (2014)).
[0020] The present invention is directed to overcoming deficiencies in the art. This includes overcoming challenges
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[0021] The invention is as described in the claims. One aspect of the present invention provides a fusion protein
comprising: the light chain region of a Clostridial neurotoxin, wherein the light chain is atoxic; and the heavy chain region
of a Clostridial neurotoxin, wherein the light and heavy chain regions are linked by a disulfide bond; and a single chain
antibody positioned upstream of the light chain region, wherein the single chain antibody possesses antigen-binding
activity.
[0022] The disclosure provides a therapeutic agent comprising the fusion protein of the present invention and a pharmaceutically acceptable carrier.
[0023] A further aspect of the present disclosure relates to a method for treating a subject for toxic effects of a Clostridial
neurotoxin. This method involves administering the therapeutic agent of the present invention to the subject under
conditions effective to treat the subject for toxic effects of Clostridial neurotoxin.
[0024] Yet another aspect of the present disclosure relates to a treatment method. This method involves administering
a fusion protein of the present invention to a subject under conditions effective to provide treatment to the subject.
[0025] A further aspect of the present invention provides a propeptide fusion comprising: the light chain region of a
Clostridial neurotoxin, wherein the light chain region is atoxic; the heavy chain region of a Clostridial neurotoxin, wherein
the light and heavy chain regions are linked by a disulfide bond; an intermediate region connecting the light and heavy
chain regions and comprising a highly specific protease cleavage site, wherein said highly specific protease cleavage
site has three or more specific adjacent amino acid residues that are recognized by the highly specific protease to enable
cleavage; anda single chain antibody positioned upstream of the light chain region, wherein the single chain antibody
possesses antigen-binding activity.
[0026] Another aspect of the present invention relates to an isolated nucleic acid molecule encoding the propeptide
fusion of the present invention.
[0027] A further aspect of the present invention relates to an expression system comprising the nucleic acid molecule
according to the present invention in a heterologous vector.
[0028] Still another aspect of the present invention relates to a host cell comprising the nucleic acid molecule of the
present invention.
[0029] Still a further aspect of the present invention provides an in vitro method of expressing a fusion protein, said
method comprising: providing a nucleic acid construct comprising: a nucleic acid molecule of the present invention; a
heterologous promoter operably linked to the nucleic acid molecule; and a 3’ regulatory region operably linked to the
nucleic acid molecule; and introducing the nucleic acid construct into a host cell under conditions effective to express a
propeptide of the fusion protein.
[0030] Another aspect of the present disclosure relates to a fusion protein produced by cleaving the propeptide fusion
protein of the present invention at the highly specific protease cleavage site. The light chain region and the heavy chain
region are linked by a disulfide bond.
[0031] The methods of antibody delivery discussed supra in the Background of the Invention have limitations for
pharmaceutical application that the present invention is intended to overcome. Specifically, the above-described methods
do not enable specific delivery of functional single chain antibodies to targets exposed to the cytoplasm of neurons. By
fusing the antibody to an atoxic Clostridial neurotoxin derivative, the fusion proteins described herein are able to direct
a single chain antibody to neurons, translocate the antibody from an internalized endosome into the cytoplasm, potentially
deliver the antibody by retrograde transport to distant neuronal cell bodies and to other neurons, and provide a means
of administering a therapeutic agent by multiple routes, including oral and inhalational.
[0032] Single chain antibodies have been developed for various purposes, including various therapeutic purposes.
The present invention is specifically directed to molecules and methods of delivery of single chain antibodies to intracellular
targets based on genetic fusion of the single chain antibody to a recombinant Clostridial neurotoxin derivative, so that
the clostridial neurotoxin derivative can act as a molecular vehicle that can target and chaperone the transport of the
antibody into the cytoplasm of neurons, and thereby allow the antibody to target specific intra-neuronal proteins. Thus,
according to one embodiment of the present invention, the antibody is the drug agent, and the recombinant Clostridial
neurotoxin derivative primarily serves as the delivery vehicle for the antibody.
[0033] The Examples set forth herein infra provide evidence regarding the successful delivery of single chain antibodies
using atoxic derivatives of Clostridial neurotoxins. Fusion proteins of the present invention target neurons, can accumulate
in the cytosolic fraction of neuronal cultures at micromolar concentrations, and are co-localized with synaptic proteins.
The delivery of single chain antibodies allows the targeting and elimination of pathological proteins present in the neuronal
cytoplasm, serving as a therapeutic for numerous neurological conditions.
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FIGs. 1A-B are schematic illustrations of a Clostridial neurotoxin (e.g., a BoNT) before (FIG. 1A) and after (FIG. 1B)
processing of the full-length single chain expression product. This Clostridial neurotoxin is not a single chain antibody
fusion protein, i.e., does not contain a fused single chain antibody. Specifically, FIG. 1A is a schematic illustration
of the full-length single chain expression product of BoNT before processing. Affinity purification tags ("APT") reside
at the N- (APTN) and C-terminus (APTC), respectively, to be used for 2-step affinity purification. Detection tags ("DT")
are placed to detect the light and heavy chains of the mature heterodimer. For example, an Ollas tag on the Nterminus of the LC and an HA tag on the C-terminus of the HC may be introduced for visualization of the protein
using immunocytochemical (ICC) techniques. FIG. 1B is a schematic illustration of the disulfide-bonded LC-HC
heterodimer of a BoNT produced by processing the expression product of the embodiment illustrated in FIG. 1A via
cleavage with a restricted specificity protease ("RSP"), which cleaves at a restricted specificity protease (RSP) site,
also referred to herein as a "highly specific protease cleavage site"), which removes the APTs and cleaves the
expression product between the LC and HC.
FIG. 2 is a photograph of Western blot results showing absence of SNAP-25 cleavage for one embodiment of a
mature, full-length BoNT neurotoxin (i.e., BoNT/A ad-1, discussed infra) drug carrier in vitro. E19 rat hippocampal
neurons were cultured for 14 days in vitro (14 DIV) and then exposed to 50 nM BoNT/A ad-1 for 0, 1, 24, or 48
hours. Western blot analysis was performed using monoclonal antibody against OLLAS tag and monoclonal antibody
against HA tag to detect and measure the presence of BoNT/A ad-1 LC and HC, respectively. VAMP-2 was used
as a loading control. The blot demonstrates that SNAP-25 cleavage was not detected, even though SNAP-25 is the
natural substrate for BoNT/A. FIG. 2 also demonstrates that even though VAMP-2 is a substrate for other BoNT
serotypes, this specific derivative has no cleavage activity on VAMP-2 despite its altered primary structure.
FIGs. 3A-C are photographs showing that BoNT/A ad-1 LC colocalizes with synaptic proteins exposed exclusively
to the cytosol of neurons. E19 rat hippocampal neurons were cultured for 10 days in vitro and then exposed to 50
nM BoNT/A ad-1 for 16 hours. Confocal microscopy analysis shows that BoNT/A ad-1 LC colocalizes with VAMP2 (FIG. 3A) and SNAP-25 (FIG. 3B). In FIG. 3C, BoNT/A ad-1 LC does not co-localize with Early Endosome marker
EEA1.
FIGs. 4A-B are schematic illustrations of one embodiment of a fusion protein of the present invention before (FIG.
4A) and after (FIG. 4B) processing of the full-length single chain expression product (i.e., propeptide fusion). In
particular, FIG. 4A is a schematic illustration showing the full-length single chain expression product before processing (propeptide fusion). Affinity purification tags (APT) are placed at the N- (APTN) and C-terminus (APTc), respectively, to be used for the 2-step affinity purification. The detection tag (DT1) on the N-terminus of the single chain
antibody (VHH) is for visualization of the protein using immunocytochemical (ICC) or other immunological techniques.
A spacer sequence ("SS") is placed between the VHH and the N-terminus of the LC. FIG. 4B is a schematic illustration
showing the disulfide-bonded LC-HC heterodimer produced by processing the expression product via cleavage with
a restricted specificity protease (RSP), which removes the APTs and cleaves the expression product between the
LC and HC. In one embodiment, this propeptide fusion and fusion protein is termed "BoNT/A ad-1 VHH."
FIGs. 5A-B are photographs showing that BoNT/A ad-1 VHH (one embodiment of a fusion protein of the present
invention described infra) is internalized to the cytosol of neurons. E19 rat hippocampal neurons were cultured for
10 days in vitro and then exposed to 50 nM BoNT/A ad-1 VHH for 24 hours. BoNT/A ad-1 VHH LC has the same
pattern as BoNT/A ad molecules possessing residual SNAP-25 cleavage activity (e.g., BoNT/A ad-0), demonstrated
by colocalization of BoNT/A ad-1 LC with SNAP-25 (FIG. 5A) and VAMP-2 (FIG. 5B).
FIGs. 6A-B are schematic illustrations of a propeptide fusion (FIG. 6A) and fusion protein (FIG. 6B) according to
one embodiment of the present invention containing a sequence that targets the protein for accelerated intracellular
elimination, referred to as an accelerated degradation domain ("ADD"). For example, BoNT/A ad-1 with the B10VHH that binds BoNT/B is illustrated with the added ADD signal to mark the complex for elimination by the proteasome
pathway. The schematic constructs are shown before (FIG. 6A, propeptide fusion) and after (FIG. 6B, fusion protein)
RSP processing.
FIGs. 7A-B are schematic illustrations of a propeptide fusion (FIG. 7A) and fusion protein (FIG. 7B) according to
one embodiment of the present invention in which the propeptide is designed so that the N-terminal amino acid of
the mature heterodimer (FIG. 7B) is a lysine (-K-) residue to accelerate degradation by the proteasome system.
FIGs. 8A-B are schematic illustrations of a propeptide fusion (FIG. 8A) and fusion protein (FIG. 8B) according to
one embodiment of the present invention shown before (FIG. 8A) and after (FIG. 8B) RSP processing. According
to the embodiment illustrated here, the propeptide fusion (FIG. 8A) has the same structure of the propeptide fusion
of FIG. 4A, but lacks a detection tag (DT).
FIGs. 9A-L provide the double-stranded DNA sequence (SEQ ID NO:1) encoding one embodiment of a propeptide
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fusion of the present invention and the amino acid sequence (SEQ ID NO:2) of this propeptide fusion. Text boxes
are provided between the double-stranded DNA sequence to identify functional and/or structural features of the
DNA sequence and/or the translated amino acid sequence.
FIGs. 10A-L provide the double-stranded DNA sequence (SEQ ID NO:3) encoding one embodiment of a propeptide
fusion of the present invention and the amino acid sequence (SEQ ID NO:4) of this propeptide fusion. Text boxes
are provided along the double-stranded DNA sequence to identify functional and/or structural features of the DNA
sequence and/or the translated amino acid sequence.
FIGs. 11A-L provide the double-stranded DNA sequence (SEQ ID NO:5) encoding one embodiment of a propeptide
fusion of the present invention and the amino acid sequence (SEQ ID NO:6) of this propeptide fusion. Text boxes
are provided along the double-stranded DNA sequence to identify functional and/or structural features of the DNA
sequence and/or the translated amino acid sequence.
FIGs. 12A-M provide the double-stranded DNA sequence (SEQ ID NO:7) encoding one embodiment of a propeptide
fusion of the present invention and the amino acid sequence (SEQ ID NO:8) of this propeptide fusion. Text boxes
are provided along the double-stranded DNA sequence to identify functional and/or structural features of the DNA
sequence and/or the translated amino acid sequence.
FIGs. 13A-B are schematic illustrations of a propeptide fusion (FIG. 13A) and fusion protein (FIG. 13B) according
to one embodiment of the present invention, where the Clostridial neurotoxin portions of the fusion protein possess
residual SNAP-25 cleavage activity (i.e., BoNT LC ad-0). FIG. 13A is a schematic illustration of the full-length single
chain expression product (propeptide fusion) before processing. APT are placed at the N-(APTN) and C-terminus
(APTC), respectively, to be used for (2-step) affinity purification. A DT (DT1) on the N-terminus of the LC is introduced
for visualization of the protein using immunocytochemical (ICC) techniques. FIG. 13B is a schematic illustration of
the fusion protein product of the propeptide fusion of FIG. 13A showing the disulfide-bonded LC-HC heterodimer
produced by processing the expression product via cleavage with a RSP, which removes the APTs and cleaves the
expression product between the LC and HC.
FIG. 14 shows SNAP-25 cleavage for BoNT/A ad-0 protein (i.e., a non-fusion protein insofar as it does not have a
fused single chain antibody) in vitro. E19 rat hippocampal neurons were cultured for 14 days in vitro and then
exposed to different concentrations of BoNT/A ad-0 for 72 hours. Western blot analysis shows cleaved and uncleaved
products for SNAP-25.
FIG. 15 shows SNAP-25 cleavage for mature full-length BoNT/A ad-0 VHH fusion protein (i.e., having the structure
of the fusion protein illustrated in FIG. 13B) in E19 rat hippocampal neuronal cultures. SNAP-25 cleavage is used
as a reporter for the delivery of LC and its associated VHH cargo to the cytoplasm, because LC delivery to the
cytoplasm is required for access to its SNAP-25 substrate. E19 rat hippocampal neurons were cultured for 14 days
in vitro and then exposed to 50 nM BoNT/A ad-0 VHH for 0, 1, 24, 48, and 72 hours. Beta actin was used as loading
control.
FIG. 16 are photographs showing the results of a digital abduction score (DAS) evaluation of BoNT/A ad-0 VHH, to
demonstrate that placing the VHH upstream of the LC ad-0 does not abolish the paralytic activity of BoNT/A ad-0
VHH in vivo.
FIGs. 17A-L provide the double-stranded DNA sequence (SEQ ID NO:9) and amino acid sequence (SEQ ID NO:10)
of an atoxic derivative of a Clostridium botulinum serotype C containing a single chain antibody to form a propeptide
fusion and fusion protein of the present invention. Text boxes are provided along the double-stranded DNA sequence
to identify functional and/or structural features of the DNA sequence and/or the translated amino acid sequence.
FIGs. 17A-L illustrate one specific embodiment of the generic construct of FIG. 4A.
FIG. 18 demonstrates that Cyto-302 (a BoNT/A-B10 carrying BoNT/A ad-0 fusion protein, the sequences of which
are shown in FIGs. 19A-L and schematically illustrated in FIG. 13A) retains its activity as a LC/B-binding single chain
antibody after internalization into neurons. 14-DIV E19 rat hippocampal neurons were exposed to 50 nM Cyto-302
or buffer for 24 hours. Cells were washed and chased with 50% conditioned media for an additional 24 hours. Cells
were washed and extracted with 0.5% Triton™ X 100 buffer, and BoNT/B Light Chain was added to the cytosolic
extracts and incubated for 1 hour. BoNT/B LC has a 6-His tag at the C-terminus of the protein to allow simple
identification. Samples were then incubated with anti-BoNT/A polyclonal antibodies for 1 hour, followed by immunoprecipitation with Protein G magnetic beads. Western blot analysis: Lane 1: input lysate of cells not treated with
Cyto-302. Lane 2: input lysate cells treated Cyto-302. Lanes 3-5: samples after immunoprecipitation. Lane 3: in tube
IP without lysate. Cyto-302 and LC/B were mixed in 0.5% Triton X-100 lysis buffer. Lane 4: IP of cells not treated
with Cyto-302. Lane 5: IP of cells treated with Cyto-302. Lane 6: 4 ng of LC/B alone. Lane 7: Protein G alone control.
Comparison of lanes 4 and 5 illustrate that the BoNT-fused VHH against LC/B can be recovered after delivery to
the neuronal cytoplasm, and that the recovered VHH retains the ability to pull down LC/B in an immunoprecipitation
experiment.
FIGs. 19A-L provide the double-stranded DNA sequence (SEQ ID NO:11) encoding one embodiment of a propeptide
fusion of the present invention and the amino acid sequence (SEQ ID NO:12) of this propeptide fusion. Text boxes
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are provided along the double-stranded DNA sequence to identify functional and/or structural features of the DNA
sequence and/or the translated amino acid sequence. The embodiment illustrated corresponds to the schematic
illustration of FIG. 13A.
FIGs. 20A-L provide the double-stranded DNA sequence (SEQ ID NO:13) encoding one embodiment of a propeptide
fusion of the present invention and the amino acid sequence (SEQ ID NO:14) of this propeptide fusion. Text boxes
are provided along the sequences to identify functional and/or structural features of the DNA sequence and/or the
translated amino acid sequence. The embodiment illustrated corresponds to the schematic illustration of FIG. 13A.
FIGs. 21A-C show results of BoNT/C ad propeptide purification and processing in reduced 12% SDS-PAGE stained
with Coomassie BB R-250. FIG. 21A shows Ni-NTA SuperFlow chromatography purification in lanes 1 through 6,
StrepTactin agarose chromatography in lanes 8 through 11, and Elution of BoNT/C ad propeptide in lane 12. FIG.
21B shows processing of BoNT/C ad propeptide to heterodimer by proteolytic cleavage with Tobacco Etch Virus
(TEV). Lanes 1-5: non-reduced samples, lanes 6-10: samples reduced by addition of beta-mercaptoethanol. Lanes
1 and 6: no TEV; lanes 2-5 and 7-10 treated with TEV for the times as follows: lanes 2 and 7, 1 hour; lanes 3 and
8, 6 hours; lanes 4 and 9, 24 hours; and lanes 5 and 10, 48 hours. FIG. 21C shows removal of TEV. Lane 1: load;
lanes 2-4: washes with 5 mM imidazole; Lanes 6-8: washes with 40 mM imidazole; Lanes 9-10: 250 mM elution of TEV.
FIGs. 22A-B demonstrate BoNT/C ad is not catalytically active towards wt BoNT/C substrates in a cell-based assay.
14-DIV E19 rat cortical neurons were exposed to different concentrations of BoNT/C ad for 96 hours and analyzed
by Western blot. FIG. 22A demonstrates that BoNT/C ad does not cleave Syntaxin-1, compared to cells treated with
0.5 nM BoNT/C as a positive control. FIG. 22B confirms that BoNT/C ad does not cleave Syntaxin-1 or SNAP-25.
Detection of BoNT/C ad LC shows the presence of BoNT/C ad associated with the cortical cells. VAMP-2 serves
as internal loading control.
FIGs. 23A-B demonstrate that BoNT/C ad co-localizes with pre-synaptic marker VAMP-2 in neuronal cultures. 14DIV E19 rat hippocampal cultures were exposed to 25 nM of BoNT/C ad for 16 hours. Cells were prepared for
immunocytochemistry and analyzed using confocal microscopy. FIG. 23A shows cells stained for VAMP-2 and
BoNT/C ad LC. FIG. 23B shows cells stained with VAMP-2 and BoNT/C ad HC.
FIG. 24 demonstrates that BoNT/C LC hardly co-localizes with early endosome marker EEA-1 in neuronal cultures.
14-DIV E19 rat hippocampal cultures were treated with 25 nM of BoNT/C ad for 16 hours. Cells were prepared for
immunocytochemistry and analyzed using confocal microscopy. Cells were stained for EEA-1 and BoNT/C ad LC.
FIGs. 25A-B demonstrate that BoNT/C ad traffics to the neuromuscular junction after systemic administration. Six
week old mice were injected intraperitoneally with 0.4 mg/kg of BoNT/C ad. Twenty-four hours after systemic injection,
mice were euthanized and hemidiaphragm isolated and prepared for staining. Tissue was stained with Syntaxin,
BoNT/C HC and Alpha bungarotoxin and analyzed by confocal microscopy. FIG. 25A shows a sideview of a neuromuscular junction; clockwise from bottom left: BoNT/C-HC, Syntaxin, Alpha bungarotoxin, and the composite of
BoNT/C HC, Syntaxin, and Alpha bungarotoxin. Bar equals 10 microns.
FIG. 26 is a series of photographs demonstrating that BoNT/C ad B8 ("C/B8") co-localizes with synaptic proteins in
neuronal cultures. 14-DIV E19 rat hippocampal cultures were treated with 25 nM of C/B8 for 24 hours. Cells were
prepared for ICC and analyzed using confocal microscopy. Upper panels: cells stained for Synapsin-1 and C-LC/B8
(using a monoclonal antibody against BoNT/C LC). Lower panel: Immunostaining for VAMP-2. Bar equals 10 microns.
FIG. 27 demonstrates that C/B8 blocks wt BoNT/A LC activity towards SNAP-25 in a cell-based assay system. 14DIV E19 cortical neurons were coexposed to 5 pM of wt BoNT/A and either 50nM C/B8, 50nM B8-alone, 50nM
BoNT/C-ad (BoNT/C molecular vehicle alone), 50nM JLJG3-alone (VHH against BoNT/B), or 50 nM JLJG3/C
(BoNT/C ad with JLJG3). Only samples co-exposed to C/B8 (shown with arrow) show partial blockage of SNAP-25
cleavage.
FIG. 28 demonstrates that C/B8 blocks BoNT/A LC activity and promotes SNAP-25 recovery in a cell-based system
of post-exposure model of intoxication. 14-DIV E19 cortical neurons were intoxicated with 5 pM of BoNT/A for 90
minutes. Cells were washed twice with cell culture media and chased in the presence of 50 nM C/B8 and analyzed
by Western blot at 1 (D1), 4 (D4), and 7 (D7) days post treatment. Cells treated with C/B8 show recovery of SNAP25 by day 7 compared to non-treated group (n/t) or C-ad (molecular vehicle alone).
FIG. 29 shows in-vivo efficacy of C/B8 compared to the BoNT/C ad molecular vehicle. Group of 10 mice were
injected ip with 2 MIPLD50 units. Three hours post intoxication, mice were injected with either placebo (buffer alone),
0.4 mg/kg of C/B8 or 0.4 mg/kg BoNT/C ad. Survival was measured daily and the living fraction was plotted against
time (in days) post intoxication.
FIGs. 30A-C are graphs showing the effectiveness of C/B8 versus standard antibody-based antitoxin at different
times post-intoxication. Groups of 10 mice were intoxicated ip with 1.2 MIPLD50. At 6 (FIG. 30A), 12 (FIG. 30B), or
20 (FIG. 30C) hours post intoxication, mice were injected ip with either 0.4 mg/kg C/B8 or 1 U of antitoxin. Survival
was measured daily and the living fraction was plotted against time (in days) post intoxication.
FIGs. 31A-C are graphs showing the effectiveness of C/B8 versus standard antibody-based antitoxin at different
times post-intoxication. Groups of 10 mice were intoxicated ip with 4 MIPLD50. At 6 (FIG. 31A), 8 (FIG. 31B), or 10
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(FIG. 31C) hours post intoxication, mice were injected ip with either 0.4 mg/kg C/B8 or 1 U of antitoxin. Survival was
measured daily and the living fraction was plotted against time (in days) post intoxication.
FIG. 32 is a schematic illustration of one embodiment of a DNA construct used for molecular construction of fusion
proteins encoded by the DNA construct. In particular, FIG. 32 depicts a DNA construct with nucleotides encoding
the BoNT LC and BoNT HC of any Clostridium botulinum serotype, separated and flanked by RSP encoding sequences, and optionally containing tag encoding sequences (tags) including, but not limited to, AFPs and DTs, and
also including nucleotide spacers and/or linkers. The RSP between the LC and HC encoding sequences is optionally
further separated by nucleotide spacer sequences (SS).
FIGs. 33A-N provide the DNA sequence (SEQ ID NO:15) of one embodiment of a DNA construct encoding fusion
proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:16) of this DNA construct.
The sequences of FIGs. 33AN are specific examples of DNA constructs generally represented in FIG. 32. In particular,
the construct of FIGs. 33A-N contains the BoNT/A ad-0 LC domain and BoNT/A HC domain.
FIGs. 34A-N provide the DNA sequence (SEQ ID NO:17) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:18)
of this DNA construct. The sequences of FIGs. 34A-N are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 32. In particular, the construct of FIGs. 34A-N contains the
BoNT/C ad-0 LC and BoNT/C HC.
FIG. 35 is a schematic illustration of one embodiment of a DNA construct used for molecular construction of fusion
proteins of the present invention. In particular, FIG. 35 depicts the BoNT LC of any serotype, with an upstream RSP
and ADD. The RSP is selected such that after cleavage, a positively charged amino acid (-X+-) is located immediately
upstream (or at the N-terminus) of the ADD site.
FIGs. 36A-F provide the DNA sequence (SEQ ID NO:19) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:20)
of this DNA construct. The sequences of FIGs. 36A-F are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 35. In particular, the construct of FIGs. 36A-F encodes the
BoNT/A ad-0 LC.
FIGs. 37A-E provide the DNA sequence (SEQ ID NO:21) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:22)
of this DNA construct. The sequences of FIGs. 37A-E are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 35. In particular, the construct of FIGs. 37A-E encodes the
BoNT/C ad-0 LC.
FIGs. 38A-C are schematic illustrations of embodiments of DNA constructs used for molecular construction of fusion
proteins of the present invention. In particular, FIGs. 38A-C depict the cloning of the construct described in FIG. 35
into the construct described in FIG. 32. FIGs. 38A-C depict the corresponding unique restriction sites ("URS," dashed
lines indicate correspondence) between donor (FIG. 38B) and recipient (FIG. 38A) constructs, allowing insertion of
donor DNA into recipient DNA. The resulting construct (FIG. 38C) encodes the elements of the construct described
in FIG. 35, which replace the tag, RSP, and BoNT LC elements of the construct described in FIG. 32.
FIGs. 39A-O provide the DNA sequence (SEQ ID NO:23) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:24)
of this DNA construct. The sequences of FIGs. 39A-O are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 38C. In particular, the construct of FIGs. 39A-O encodes the
BoNT/A ad-0 LC and BoNT/A HC.
FIGs. 40A-O provide the DNA sequence (SEQ ID NO:25) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:26)
of this DNA construct. The sequences of FIGs. 40A-O are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 38C. In particular, the construct of FIGs. 40A-O encodes the
BoNT/C ad-0 LC and BoNT/C HC.
FIG. 41 is a schematic illustration of one embodiment of a DNA construct used for molecular construction of fusion
proteins of the present invention. In particular, FIG. 41 depicts a VHH region, with an upstream RSP and optional
tags, linkers, or spacers. The VHH region, denoted VHH* may be one or more VHHs, with optional spacers or linkers.
FIG. 42 provides the DNA sequence (SEQ ID NO:27) of one embodiment of a DNA construct for molecular construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:28)
of this DNA construct. The sequences of FIG. 42 are specific examples of constructs encoding/having the general
structure of the construct illustrated in FIG. 41. In particular, the construct of FIG. 42 encodes the B8 VHH against
BoNT/A LC in the VHH region.
FIGs. 43A-B provide the DNA sequence (SEQ ID NO:29) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:30)
of this DNA construct. The sequences of FIGs. 43A-B are specific examples of constructs encoding/having the
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general structure of the construct illustrated in FIG. 41. In particular, the construct of FIGs. 43A-B encodes for the
JLJG3 VHH against BoNT/B LC and the B10 VHH against BoNT/B LC in the VHH region.
FIGs. 44A-B provide the DNA sequence (SEQ ID NO:31) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:32)
of this DNA construct. The sequences of FIGs. 44A-B are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 41. In particular, the construct of FIGs. 44A-B encodes for the
JLJG3 VHH against BoNT/B LC and the JNE-B10 VHH against BoNT/B LC in the VHH region.
FIGs. 45A-B provide the DNA sequence (SEQ ID NO:33) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:34)
of this DNA construct. The sequences of FIGs. 45A-B are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 41. In particular, the construct of FIGs. 45A-B contains the EPEA
alpha-synuclein VHH 1 and EPEA alpha-synuclein VHH 2 in the VHH region.
FIGs. 46A-C are schematic illustrations of embodiments of DNA constructs used for molecular construction of fusion
proteins of the present invention. In particular, FIGs. 46A-C depict the cloning of the construct described in FIG. 41
into the construct described in FIG. 38C. FIGs. 46A-C depict the corresponding unique restriction sites (URS, dashed
lines indicate correspondence) between donor (FIG. 46B) and recipient (FIG. 46A) constructs, allowing insertion of
donor DNA into recipient DNA. The resulting construct (FIG. 46C) contains the elements of the construct described
in FIG. 41, which replace the tag, RSP, and ADD elements of the construct described in FIG. 38C.
FIGs. 47A-C are schematic illustrations of embodiments of DNA constructs used for molecular construction of fusion
proteins of the present invention. In particular, FIGs. 47A-C depict the cloning of the construct described in FIG. 41
into the construct described in FIG. 38C. In particular, FIGs. 47A-C depict the corresponding unique restriction sites
(URS, dashed lines indicate correspondence) between donor (FIG. 47B) and recipient (FIG. 47A) constructs, allowing
insertion of donor DNA into recipient DNA. The resulting construct (FIG. 47C) contains the elements of the construct
described in FIG. 41, as well as those described in FIG. 38C.
FIGs. 48A-O provide the DNA sequence (SEQ ID NO:35) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:36)
of this DNA construct. The sequences of FIGs. 48A-O are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 46C, with the construct described in B FIG. 42 as the donor
sequence, and the construct described in FIGs. 40A-O as the recipient sequence using URSs ZraI and BamHI.
FIGs. 49A-P provide the DNA sequence (SEQ ID NO:37) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:38)
of this DNA construct. The sequences of FIGs. 49A-P are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 47C, with the sequence described in B FIG. 42 as the donor
sequence, and the construct described in FIGs. 40A-O as the recipient sequence using URSs SgrAI and BamHI.
FIGs. 50A-P provide the DNA sequence (SEQ ID NO:39) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:40)
of this DNA construct. The sequences of FIGs. 50A-P are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 46C, with the sequence described in FIGs. 43A-B as the donor
sequence, and the sequence described in FIGs. 40A-O as the recipient sequence using URSs ZraI and BamHI.
FIGS. 51A-Q provide the nucleotide sequence (SEQ ID NO:41) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:42)
of this DNA construct. The sequences of FIGs. 51A-Q are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 47C, with the sequence described in FIGs. 43A-B as the donor
sequence, and the sequence described in FIGs. 40A-O as the recipient sequence using URSs SgrAI and BamHI.
FIGs. 52A-P provide the nucleotide sequence (SEQ ID NO:43) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:44)
of this DNA construct. The sequences of FIGs. 52A-P are specific examples of constructs having the general structure
of the construct illustrated in FIG. 46C, with the sequence described in FIGs. 44A-B as the donor sequence, and
the sequence described in FIGs. 40A-O as the recipient sequence using URSs ZraI and BamHI.
FIGs. 53A-Q provide the DNA sequence (SEQ ID NO:45) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:46)
of this DNA construct. The sequences of FIGs. 53A-Q are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 47C, with the sequence described in FIGs. 44A-B as the donor
sequence, and the sequence described in FIGs. 40A-O as the recipient sequence using URSs SgrAI and BamHI.
FIGs. 54A-P provide the DNA sequence (SEQ ID NO:47) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:48)
of this DNA construct. The sequences of FIGs. 54A-P are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 46C, with the sequence described in FIGs. 45A-B as the donor
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sequence, and the sequence described in FIGs. 40A-O as the recipient sequence using URSs ZraI and BamHI.
FIGs. 55A-Q provide the DNA sequence (SEQ ID NO:49) of one embodiment of a DNA construct for molecular
construction of fusion proteins of the present invention and the corresponding amino acid sequence (SEQ ID NO:50)
of this DNA construct. The sequences of FIGs. 55A-Q are specific examples of constructs encoding/having the
general structure of the construct illustrated in FIG. 47C, with the sequence described in FIGs. 45A-B as the donor
sequence, and the sequence described in FIGs. 40A-O as the recipient sequence using URSs SgrAI and BamHI.
DETAILED DESCRIPTION OF THE INVENTION
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[0035] The Clostridial neurotoxins are a family of structurally similar proteins that target the neuronal machinery for
synaptic vesicle exocytosis. Produced by anaerobic bacteria of the Clostridium genus, botulinum neurotoxins and Tetanus
neurotoxins are the most poisonous substances known on a per-weight basis, with an LD50 in the range of 0.5-2.5 ng/kg
when administered by intravenous or intramuscular routes (National Institute of Occupational Safety and Healthy, "Registry of Toxic Effects of Chemical Substances (R-TECS)," Cincinnati, Ohio: National Institute of Occupational Safety and
Health (1996)).
[0036] Common structural features of the wild-type Clostridium botulinum neurotoxins are illustrated in U.S. Patent
No. 7,785,606 to Ichtchenko and Band. These structural features are illustrated using BoNT/A as an example, but are
generalized among all BoNT serotypes.
[0037] As discussed infra, Botulinum neurotoxins are synthesized as single chain propeptides which are later activated
by a specific proteolysis cleavage event, generating a dimer joined by a disulfide bond. The mature BoNT/A is composed
of three functional domains of Mr ∼50,000, where the catalytic function responsible for toxicity is confined to the light
chain (residues 1-437), the translocation activity is associated with the N-terminal half of the heavy chain (residues
448-872), and cell binding is associated with its C-terminal half (residues 873-1,295) (Johnson, "Clostridial Toxins as
Therapeutic Agents: Benefits of Nature’s Most Toxic Proteins," Annu. Rev. Microbiol. 53:551-575 (1999); Montecucco
et al., "Structure and Function of Tetanus and Botulinum Neurotoxins," Q. Rev. Biophys. 28:423-472 (1995)).
[0038] Optimized expression and recovery of recombinant neurotoxins for BoNT serotypes in a native and physiologically active state is achieved by the introduction of one or more alterations to the nucleotide sequences encoding the
BoNT propeptides, as discussed infra. These mutations are designed to maximize yield of recombinant Botulinum
neurotoxin, while retaining the native toxins’ structure and biological activity, and to render the neurotoxin atoxic, that
is, with toxicity reduced by several orders of magnitude relative to wild-type BoNTs and, in some cases, devoid of any
substrate cleavage activity. The fusion protein of the present invention can be isolated at a yield or concentration of at
least about 0.1 mg/L, at least about 0.5 mg/L, at least about 1 mg/L, at least about 5 mg/L, at least about 10 mg/L, about
10-20 mg/L, about 20-30 mg/L, or at least about 30 mg/L. One of the particular advantages of the propeptide fusions
described herein, and the method of their expression, is that the fusion proteins can be purified to a homogeneity using
a two-stage, non-denaturing, and highly selective affinity purification, as described in greater detail infra.
[0039] Isolated fusion proteins of the present invention are, according to one embodiment, physiologically active. This
physiological activity includes, but is not limited to, any one or more of toxin immunogenicity, trans- and intra-cellular
trafficking, and cell recognition, which are properties of a wild-type Clostridial neurotoxin.
[0040] The mechanism of cellular binding and internalization of Clostridial toxins is still poorly understood. No single
receptor has been unambiguously identified, and the binding constants have not been characterized. The C-terminal
portion of the heavy chain of all botulinum neurotoxins binds to gangliosides (sialic acid-containing glycolipids), with a
preference for gangliosides of the G1b series (Montecucco et al., "Structure and Function of Tetanus and Botulinum
Neurotoxins," Q. Rev. Biophys. 28:423-472 (1995); Montecucco, "How Do Tetanus and Botulinum Toxins Bind to Neuronal Membranes?" TIBS 11:314-317 (1986); and Van Heyningen et al., "The Fixation of Tetanus Toxin by Ganglioside,"
J. Gen. Microbiol. 24:107-119 (1961)). The sequence responsible for ganglioside binding has been identified for the
structurally similar TeNT molecule, and is located within the 34 C-terminal amino acid residues of its heavy chain.
BoNT/A, /B, /C, /E, and /F share a high degree of homology with TeNT in this region (Shapiro et al., "Identification of a
Ganglioside Recognition Domain of Tetanus Toxin Using a Novel Ganglioside Photoaffinity Ligand," J. Biol. Chem.
272:30380-30386 (1997)). Multiple types of evidence suggest the existence of at least one additional component involved
in the binding of botulinum neurotoxins to neuronal membranes (Montecucco et al., "Structure and Function of Tetanus
and Botulinum Neurotoxins," Q. Rev. Biophys. 28:423-472 (1995); Montecucco, "How Do Tetanus and Botulinum Toxins
Bind to Neuronal Membranes?" TIBS 11:314-317 (1986)). In two reports (Nishiki et al., "The High-Affinity Binding of
Clostridium botulinum Type B Neurotoxin to Synaptotagmin II Associated with Gangliosides GT1b/GD1a," FEBS Lett.
378:253-257 (1996); Dong et al., "Synaptotagmins I and II Mediate Entry of Botulinum Neurotoxin B into Cells," J. Cell
Biol. 162:1293-1303 (2003)), synaptotagmins were identified as possible candidates for the auxiliary BoNT/B receptor,
and synaptotagmins I and II were implicated as neuronal receptors for BoNT/G (Rummel et al., "Synaptotagmins I and
II Act as Nerve Cell Receptors for Botulinum Neurotoxin G," J. Biol. Chem. 279:30865-30870 (2004)). However, despite
the structural similarity in the putative receptor-binding domain of botulinum neurotoxins, other toxin subtypes show no
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affinity for synaptotagmins or synaptotagmin-related molecules. Lipid rafts (Herreros et al., "Lipid Rafts Act as Specialized
Domains for Tetanus Toxin Binding and Internalization Into Neurons," Mol. Biol. Cell 12:2947-2960 (2001)) have been
implicated as a specialized domain involved in TeNT binding and internalization into neurons, but these domains are
widely distributed on multiple cell types and, therefore, cannot simply explain the high specificity of the toxins for neurons.
[0041] Botulinum neurotoxins are internalized through the presynaptic membrane by an energy-dependent mechanism
(Montecucco et al., "Structure and Function of Tetanus and Botulinum Neurotoxins," Q. Rev. Biophys. 28:423-472 (1995);
Matteoli et al., "Synaptic Vesicle Endocytosis Mediates the Entry of Tetanus Neurotoxin into Hippocampal Neurons,"
Proc. Natl. Acad. Sci. USA 93:13310-13315 (1996); and Mukherjee et al., "Endocytosis," Physiol. Rev. 77:759-803
(1997)), and rapidly appear in vesicles where they are at least partially protected from degradation (Dolly et al., "Acceptors
for Botulinum Neurotoxin Reside on Motor Nerve Terminals and Mediate Its Internalization," Nature 307:457-460 (1984);
Critchley et al., "Fate of Tetanus Toxin Bound to the Surface of Primary Neurons in Culture: Evidence for Rapid Internalization," J. Cell Biol. 100:1499-1507 (1985)). The BoNT complex of light and heavy chains interacts with the endocytic
vesicle membrane in a chaperone-like way, preventing aggregation and facilitating translocation of the light chain in a
fashion similar to the protein conducting/translocating channels of smooth ER, mitochondria, and chloroplasts (Koriazova
et al., "Translocation of Botulinum Neurotoxin Light Chain Protease Through the Heavy Chain Channel," Nat. Struct.
Biol. 10:13-18 (2003)). Acidification of the endosome is believed to induce pore formation, which allows translocation of
the light chain to the cytosol upon reduction of the interchain disulfide bond (Hoch et al., "Channels Formed by Botulinum,
Tetanus, and Diphtheria Toxins in Planar Lipid Bilayers: Relevance to Translocation of Proteins Across Membranes,"
Proc. Natl. Acad. Sci. USA 82:1692-1696 (1985)). Within the cytosol, the light chain displays a zinc-endopeptidase
activity specific for protein components of the synaptic vesicle exocytosis apparatus. TeNT and BoNT/B, /D, /F, and /G
recognize VAMP/synaptobrevin. This integral protein of the synaptic vesicle membrane is cleaved at a single peptide
bond, which differs for each neurotoxin. BoNT/A, /C, and /E recognize and cleave SNAP-25, a protein of the presynaptic
membrane, at two different sites within the carboxyl terminus. BoNT/C also cleaves syntaxin, another protein of the
nerve plasmalemma (Montecucco et al., "Structure and Function of Tetanus and Botulinum Neurotoxins," Q. Rev. Biophys. 28:423-472 (1995); Sutton et al., "Crystal Structure of a SNARE Complex Involved in Synaptic Exocytosis at 2.4
Å´ Resolution," Nature 395:347-353 (1998)). The cleavage of any component of the synaptic release machinery results
in inhibition of neurotransmitter release, ultimately leading to neuromuscular paralysis.
[0042] The toxicity of botulinum neurotoxins is a result of a multi-step mechanism. BoNTs can cross epithelial barriers
and they are stable in the circulation. From the circulation, BoNT primarily targets the pre-synaptic membrane of neuromuscular junctions, where it is internalized to directly exert its toxic effect on the peripheral nervous system (Dolly et
al., "Acceptors for Botulinum Neurotoxin Reside on Motor Nerve Terminals and Mediate Its Internalization," Nature
307:457-460 (1984)). Toxicity at the neuromuscular junction involves neuron binding; internalization into endocytic vesicles, similar to those involved in synaptic vesicle recycling; activation within an acidic compartment to allow the proteolytically active LC of the toxin to penetrate into the neuronal cytoplasm; and target recognition and catalytic cleavage
of substrates in the neuronal machinery for synaptic vesicle exocytosis.
[0043] According to one embodiment, the fusion protein of the present invention has the physiological trafficking activity
of a Clostridial neurotoxin, but is atoxic. In one embodiment, the fusion protein may be atoxic and still possess residual
substrate cleavage activity. The retention of substrate cleavage activity has the potential to limit the ability of the fusion
protein to perform as an inert drug carrier (e.g., carrier of a single chain antibody), but offers the added benefit of providing
a marker for proper delivery of the single chain antibody into the cell, as discussed in the Examples infra. In another
embodiment, the fusion protein is atoxic and devoid of any residual SNAP-25 cleavage activity and, therefore, performs
as a more inert drug carrier. These different properties of the fusion proteins described herein can be achieved by the
introduction of certain amino acid substitutions and other modifications into the propeptide fusion of the present invention,
as discussed in more detail infra.
[0044] By "atoxic" it is meant that the fusion proteins have a toxicity that is reduced from a wild-type Clostridial neurotoxin
by at least about 1000-fold. In certain exemplary embodiments, the LD50 of a fusion protein of the present invention is
at least 1,000; 2,000; 5,000; 7,000; 9,000; 10,000; 20,000; 30,000; 40,000; 50,000; 60,000; 70,000; 80,000; 90,000;
100,000; or 500,000-fold or more higher than the LD50 of wild-type Clostridial neurotoxin. The particular mode of administration (discussed infra) may also affect the LD50 of the fusion protein. Recombinant BoNT derivatives that retain the
ability to deliver significant quantities of their LC to the neuronal cytoplasm may be expected to retain some level of
toxicity, even if their ability to cleave substrate is eliminated by amino acid substitution. The reduced toxicity of BoNT/A
ad-1 suggests that it may be more useful than BoNT/A ad-0 (a BoNT/A protein derivative comprising E224A>A and
Y366>A mutations) as a molecular vehicle for delivering drugs to the cytoplasm. BoNT/C is significantly less toxic than
BoNT/A ad-1 or ad-0.
[0045] The endopeptidase activity responsible for botulinum neurotoxin toxicity is believed to be associated with the
presence of a HExxHxxH (SEQ ID NO:51) motif in the light chain, characteristic of metalloproteases. Mutagenesis of
BoNT/A light chain, followed by microinjection of the corresponding mRNA into presynaptic cholinergic neurons of Aplysia
californica, allowed the minimal essential domain responsible for toxicity to be identified (Kurazono et al., "Minimal
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Essential Domains Specifying Toxicity of the Light Chains of Tetanus Toxin and Botulinum Neurotoxin Type A," J. Biol.
Chem. 267:14721-14729 (1992)). Site-directed mutagenesis of BoNT/A light chain pinpointed the amino acid residues
involved in Zn2+ coordination, and formation of the active metalloendoprotease core which cleaves SNAP-25 (Rigoni et
al., "Site-Directed Mutagenesis Identifies Active-Site Residues of the Light Chain of Botulinum Neurotoxin Type A,"
Biochem. Biophys. Res. Commun. 288:1231-1237 (2001)). The three-dimensional structures of botulinum neurotoxins
and their derivatives confirmed the mutagenesis results, and detailed the spatial organization of the protein domains.
For the BoNT/A holotoxin, crystal structure was obtained to a resolution of 3.3 Å´ (Lacy et al., "Crystal Structure of
Botulinum Neurotoxin Type A and Implications for Toxicity," Nat. Struct. Biol. 5:898-902 (1998)). The BoNT/B holotoxin
crystal structure was determined at 1.8 and 2.6 Å´ resolution (Swaminathan et al., "Structural Analysis of the Catalytic
and Binding Sites of Clostridium botulinum Neurotoxin B," Nat. Struct. Biol. 7:693-699 (2000)). Recently, a crystal
structure for BoNT/E catalytic domain was determined to 2.1 Å´ resolution (Agarwal et al., "Structural Analysis of Botulinum
Neurotoxin Type E Catalytic Domain and Its Mutant Glu212>Gln Reveals the Pivotal Role of the Glu212 Carboxylate in
the Catalytic Pathway," Biochemistry 43:6637-6644 (2004)). The later study provided multiple interesting structural
details, and helps explain the complete loss of metalloendoproteolytic activity in the BoNT/E LC E212>Q mutant. The
availability of this detailed information on the relationship between the amino acid sequence and biological activities of
Clostridial toxins enables the design of modified toxin genes with properties specifically altered for therapeutic goals.
[0046] In one embodiment of the fusion protein described herein, the Clostridial neurotoxin is Clostridium botulinum
neurotoxin of serotype A (BoNT/A), serotype B (BoNT/B), serotype C (BoNT/C), serotype D (BoNT/D), serotype E
(BoNT/E), serotype F (BoNT/F), serotype G (BoNT/G), or serotype H (BoNT/H).
[0047] In the fusion proteins described herein, the Clostridial neurotoxin of the light chain region may be the same or
different from the Clostridial neurotoxin of the heavy chain region. For example, in one embodiment of the fusion protein,
the Clostridial neurotoxin of the light chain region is the light chain region of BoNT/A and the Clostridial neurotoxin of
the heavy chain region is the heavy chain region of BoNT/A. In another non-limiting example, the light chain region is
from BoNT/A and the heavy chain region is from BoNT/E.
[0048] According to one embodiment, the light and heavy chain regions of the Clostridial neurotoxin are not truncated
from their wild-type length. In other words, the light chain region and the heavy chain region are the same, or very nearly
the same as the wild-type light chain region and heavy chain region in terms of overall length.
[0049] In one embodiment, the fusion protein has the following amino acid substitutions in the light chain region:
E224>A and Y366>A, and either (i) Q162>Y, L256>Y, R257>E, and L322>E or (ii) Q163>E, E263>L, and L323>I. These specific
mutations are with respect to the BoNT/A light chain. According to the present invention, corresponding mutations may
be made in other serotypes of BoNT.
[0050] In one embodiment, the fusion protein has the following amino acid substitutions in the light chain region:
E446>A, H449>G, Y591>A. These specific mutations are with respect to the BoNT/C light chain. According to the present
invention, corresponding mutations may be made in other serotypes of BoNT.
[0051] As used herein, the term "single chain antibody" means an immunoglobulin single chain variable domain on a
single polypeptide, which is capable of specifically binding to an epitope of an antigen without pairing with an additional
variable immunoglobulin domain. One example of immunoglobulin single chain variable domains includes "VHH domains"
(or simply "VHHs") from camelids. Another example of immunoglobulin single variable domains includes "domain antibodies," such as the immunoglobulin single variable domains VH and VL (VH domains and VL domains, when fused
together in artificial constructs).
[0052] As used herein, the term "single chain antibody" means an immunoglobulin single variable domain which is
capable of specifically binding to an epitope of an antigen without pairing with an additional variable immunoglobulin
domain. One example of immunoglobulin single variable domains includes "VHH domains" (or simply "VHHs") from
camelids. Another example of immunoglobulin single variable domains includes "domain antibodies," such as the immunoglobulin single variable domains VH and VL (VH domains and VL domains).
[0053] Single chain antibodies or fragments thereof can be produced from multichain antibodies (Sheets et al., "Efficient
Construction of a Large Nonimmune Phage Antibody Library: The Production of High-Affinity Human Single-Chain
Antibodies to Protein Antigens," PNAS USA 95(11):6157-6162 (1998)) or can be derived from species that naturally
produce single chain antibodies, such as sharks and camelids (Dumoulin et al., "Single-Domain Antibody Fragments
with High Conformational Stability," Protein Science : A Publication of the Protein Society 11(3):500-515 (2002)). As
mentioned above, one class of single chain antibodies are referred to as VHH antibodies, which are more fully described
infra.
[0054] "VHH domains," also known as VHHs, VHH domains, VHH antibody fragments, and VHH antibodies, have
originally been described as the antigen binding immunoglobulin (variable) domain of "heavy chain antibodies" (i.e., of
"antibodies devoid of light chains") (Hamers-Casterman et al., "Naturally Occurring Antibodies Devoid of Light Chains,"
Nature 363:446-448 (1993)). The term "VHH domain" was chosen to distinguish these variable domains from the heavy
chain variable domains that are present in conventional 4-chain antibodies (which are commonly referred to as "VH
domains" or "VH domains") and from the light chain variable domains that are present in conventional 4-chain antibodies
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(which are commonly referred to as "VL domains" or "VL domains"). VHH domains can specifically bind to an epitope
without an additional antigen binding domain (as opposed to VH or VL domains in a conventional 4-chain antibody, in
which case the epitope is recognized by a VL domain together with a VH domain). VHH domains are small, robust, and
efficient antigen recognition units formed by a single immunoglobulin domain.
[0055] VHH domains have the structure: FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4 and, as noted above, specifically
bind to an epitope without requiring the presence of a second immunoglobulin variable domain. The amino acid residues
of a VHH domain are numbered according to the general numbering for VH domains given by Kabat et al., Sequence
of Proteins of Immunological Interest, U.S. Public Health Services, NIH Bethesda, Md., Publication No. 91), as applied
to VHH domains from Camelids, as shown, e.g., in FIG. 2 of Riechmann et al., "Single Domain Antibodies: Comparison
of Camel VH and Camelised Human VH Domains," J. Immunol. Methods 231:25-38 (1999). According to this numbering,
FR1 comprises the amino acid residues at positions 1-30, CDR1 comprises the amino acid residues at positions 31-35,
FR2 comprises the amino acids at positions 36-49, CDR2 comprises the amino acid residues at positions 50-65, FR3
comprises the amino acid residues at positions 66-94, CDR3 comprises the amino acid residues at positions 95-102,
and FR4 comprises the amino acid residues at positions 103-113. However, as is well known in the art, for VH domains
and for VHH domains, the total number of amino acid residues in each of the CDRs may vary and may not correspond
to the total number of amino acid residues indicated by the Kabat numbering (that is, one or more positions according
to the Kabat numbering may not be occupied in the actual sequence, or the actual sequence may contain more amino
acid residues than the number allowed for by the Kabat numbering). This means that, generally, the numbering according
to Kabat may or may not correspond to the actual numbering of the amino acid residues in the actual sequence. Alternative
methods for numbering the amino acid residues of VH domains, which methods can also be applied in an analogous
manner to VHH domains, are known in the art.
[0056] The total number of amino acid residues in a VHH domain will usually be in the range of from 110 to 120, often
between 112 and 115. It should, however, be noted that smaller and longer sequences may also be suitable for the
purposes described herein.
[0057] Further structural characteristics and functional properties of VHH domains and polypeptides containing the
same can be summarized as follows: VHH domains (which have been "designed" by nature to functionally bind to an
antigen without the presence of, and without any interaction with, a light chain variable domain) can function as a single,
relatively small, functional antigen-binding structural unit, domain, or polypeptide. This distinguishes the VHH domains
from the VH and VL domains of conventional 4-chain antibodies, which by themselves are generally not suited for
practical application as single antigen-binding proteins or immunoglobulin single variable domains, but need to be combined in some form or another to provide a functional antigen-binding unit (as in, for example, conventional antibody
fragments such as Fab fragments).
[0058] Because of these unique properties, the use of VHH domains, either alone or as part of a larger polypeptide,
offers a number of significant advantages over the use of conventional VH and VL domains, scFv’s, or conventional
antibody fragments (such as Fab-or F(ab’)2-fragments): only a single domain is required to bind an antigen with high
affinity and with high selectivity, so that there is no need to have two separate domains present, nor to assure that these
two domains are present in the right spacial conformation and configuration (i.e., through the use of especially designed
linkers, as with scFv’s); VHH domains can be expressed from a single gene and require no post-translational folding or
modifications; VHH domains can easily be engineered into multivalent and multispecific formats; VHH domains are
highly soluble and do not have a tendency to aggregate; VHH domains are stable to heat, pH, proteases, and other
denaturing agents or conditions and, thus, may be prepared, stored or transported without the use of refrigeration
equipment, conveying a cost, time, and environmental savings; and VHH domains are easy and relatively cheap to
prepare, even on a scale required for production. For example, VHH domains can be produced using microbial fermentation and do not require the use of mammalian expression systems as with, for example, conventional antibody fragments; VHH domains are relatively small (approximately 15 kDa, or 10 times smaller than a conventional IgG) compared
to conventional 4-chain antibodies and antigen-binding fragments thereof and, therefore, show high(er) penetration into
tissues and can be administered in higher doses than such conventional 4-chain antibodies and antigen-binding fragments
thereof; VHH domains can show so-called cavity-binding properties (inter alia, due to their extended CDR3 loop, compared
to conventional VH domains) and can, therefore, also access targets and epitopes not accessible to conventional 4chain antibodies and antigen-binding fragments thereof.
[0059] Methods of obtaining VHH domains binding to a specific antigen or epitope have been described earlier, e.g.,
in PCT Publication Nos. WO 2006/040153 and WO 2006/122786. As also described therein in detail, VHH domains
derived from camelids can be "humanized" by replacing one or more amino acid residues in the amino acid sequence
of the original VHH sequence by one or more of the amino acid residues that occur at the corresponding position(s) in
a VH domain from a conventional 4-chain antibody from a human being. A humanized VHH domain can contain one or
more fully human framework region sequences and, in an even more specific embodiment, can contain human framework
region sequences derived from DP-29, DP-47, DP-51, or parts thereof, optionally combined with JH sequences, such
as JH5.
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[0060] "Domain antibodies," also known as "Dab"s, "Domain Antibodies," and "dAbs" have been described in, e.g.,
Ward et al., "Binding Activities of a Repertoire of Single Immunoglobulin Variable Domains Secreted from Escherichia
coli," Nature 341:544-546 (1989); Holt et al., "Domain Antibodies: Proteins for Therapy," TRENDS in Biotechnology
21(11):484-490 (2003); and PCT Publication No. WO 2003/002609.
[0061] Domain antibodies essentially correspond to the VH or VL domains of non-camelid mammalians, in particular
human 4-chain antibodies. To bind an epitope as a single antigen binding domain, i.e., without being paired with a VL
or VH domain, respectively, specific selection for such antigen binding properties is required, e.g., by using libraries of
human single VH or VL domain sequences. Domain antibodies have, like VHHs, a molecular weight of approximately
13 kDa to approximately 16 kDa and, if derived from fully human sequences, do not require humanization for, e.g.,
therapeutical use in humans. As in the case of VHH domains, they are well expressed also in prokaryotic expression
systems, providing a significant reduction in overall manufacturing cost.
[0062] Domain antibodies, as well as VHH domains, can be subjected to affinity maturation by introducing one or more
alterations in the amino acid sequence of one or more CDRs, which alterations result in an improved affinity of the
resulting immunoglobulin single variable domain for its respective antigen, as compared to the respective parent molecule.
Affinity-matured immunoglobulin single variable domain molecules can be prepared by methods known in the art, e.g.,
as described by Johnson & Hawkins, Affinity Maturation of Antibodies Using Phage Display, Oxford University Press 1996.
[0063] Methods have also been developed to design bi-functional single chain antibody constructs (Yang et al., "A
Novel Multivalent, Single-Domain Antibody Targeting TcdA and TcdB Prevents Fulminant Clostridium Difficile Infection
in Mice," J. Infect. Dis. 210(6):964-972 (2014)). As with all the other examples of single chain antibodies described
herein, these bivalent single chain antibodies can also be used (i.e., incorporated) in the fusion proteins described herein.
[0064] Methods developed to optimize single chain antibodies by phage display or similar high throughput methodologies are also applicable to fusion proteins described herein.
[0065] Fusion of the light chain region of a Clostridial neurotoxin, a heavy chain region of a Clostridial neurotoxin, and
a single chain antibody to create fusion proteins described herein can be carried out according to recombinant technology
described herein infra.
[0066] In one embodiment, an amino acid spacer sequence is positioned between the light chain region and the single
chain antibody.
[0067] Fusion proteins described herein have a light chain region and a heavy chain region of Clostridial neurotoxins
such that the fusion protein possesses structural conformation required for (i) stability of the light and heavy chains, (ii)
specific targeting of neurons by the fusion protein, and (iii) delivery of the fusion protein to neuronal cytosol. As used
herein, maintaining structural conformation required for stability of the light and heavy chains means one or more of the
following: no truncation of the LC or HC compared to the corresponding wild-type molecule, no exposed sites in the
secondary structure for non-specific proteolysis, and minimal denaturation during purification and storage.
[0068] As used herein, maintaining structural conformation required for specific targeting of neurons by the fusion
protein and maintaining structural conformation required for delivery of the fusion protein to the neuronal cytoplasm
means one or more of the following: being in the form of a disulfide-bonded heterodimer, such that the HCc domain is
still capable of specifically binding to neurons; having an HCN domain that is capable of forming a LC-transporting pore
after endosome acidification; and the LC and its associated VHH cargo are able to pass through the HCN pore where
the VHH remains active for antigen binding.
[0069] The fusion proteins described herein have a single chain antibody that possesses antigen-binding activity. As
used herein, "antigen-binding activity" means that the fusion protein binds (at the single chain antibody portion) an
antigen with higher affinity than other proteins or molecules. Alternatively, "antigen-binding activity" means that the fusion
protein binds (at the single chain antibody portion) only a single antigen specific to the single chain antibody. "Antigenbinding activity" may also mean that the fusion protein has a functional antibody that retains its function even after it is
delivered into a cell by means of the Clostridial neurotoxin light and heavy chains. In one embodiment, the antibody is
determined to be functional or active by performing immunological testing following removal of the antibody from a cell
after it has been delivered to the cell as cargo to the light and heavy chain regions of the Clostridial neurotoxin.
[0070] According to one embodiment, the fusion protein comprising a single chain antibody positioned upstream of
the light chain region further includes a detection tag (DT) N-terminal to the single chain antibody, where the detection
tag is capable of detecting delivery of the single chain antibody to neuronal cytoplasm. Suitable examples of detection
tags are discussed infra. According to another embodiment, the fusion protein does not contain any detection tags.
[0071] According to another embodiment, the fusion protein comprising a single chain antibody positioned upstream
of the light chain region further includes a spacer sequence (SS) C-terminal to the single chain antibody, where the
spacer sequence has the properties described infra.
[0072] Another aspect of the present invention relates to a therapeutic agent comprising the fusion protein described
herein. In one embodiment, the fusion protein is provided with a pharmaceutically acceptable carrier.
[0073] According to one embodiment, the single chain antibody is specific against a light chain of a wild-type Clostridium
botulinum neurotoxin. According to this embodiment, the therapeutic agent is able to exert antidote activity after the light

16

EP 3 230 457 B1

5

10

15

20

25

30

35

40

45

50

55

chain of a wild-type Clostridium botulinum neurotoxin has penetrated the cytoplasm of a neuron, thereby extending the
time window post-exposure for exerting antidote activity. Developing these types of effective antidotes against Clostridial
neurotoxins requires the preservation of structural features important to toxin trafficking. From a practical perspective,
this is most easily achieved by first producing recombinant molecules that retain the structural features and toxicity of
native toxin, followed by selective modification to eliminate toxicity and introduce therapeutic utility.
[0074] In one embodiment, the antidote has the physiological activity of a wild-type Clostridial neurotoxin, which activity
includes, but is not limited to, trans- and intra-cellular trafficking, and cell recognition.
[0075] Atoxic neurotoxins can be tested as candidate antidotes to Clostridial neurotoxin poisoning. Fusion proteins
are created using the atoxic derivatives described supra developed under the methods described herein. Parenteral
routes of administration are tested first, followed by evaluation of oral and inhalational routes as applicable. Utility as an
antidote can be evaluated in vitro by testing the ability of neurotoxin derivatives to prevent neuromuscular blockade in
the mouse phrenic-nerve hemidiaphragm, or to inhibit cleavage in neuronal cultures of the respective serotypes’ intracellular substrate. Fusion proteins created using the atoxic derivatives described supra may be superior to currently
available antibody-based antidotes, because they effectively mimic native toxin absorption and trafficking pathways,
and can therefore be effective after the wild-type neurotoxin is sequestered inside intoxicated neurons, where traditional
antibodies cannot effectively target the toxin. Antidote effectiveness in vivo can be evaluated using multiple dosing
regimens. Additional dosage and timing parameters relevant to using antidotes under crisis situations is further evaluated
for neurotoxin derivatives found to be effective when administered simultaneously with toxin. Using these procedures,
a series of atoxic derivatives and fusion proteins are created and their biological activities systematically catalogued.
The availability of these well-characterized constructs and toxin derivatives enables the rational design of new antiClostridial neurotoxin therapeutics. Dose-response analyses and challenge studies against active neurotoxin provide
data that allows the best candidate antidotes to be selected for further development.
[0076] A further aspect of the present disclosure relates to a method for treating a subject for toxic effects of a Clostridial
neurotoxin. This method involves administering the therapeutic agent described herein to the subject under conditions
effective to treat the subject for toxic effects of Clostridial neurotoxin.
[0077] In carrying out this and other methods described herein, administering can be carried out orally, parenterally,
for example, subcutaneously, intravenously, intramuscularly, intrarticularly, intraperitoneally, by intranasal instillation,
or by application to mucous membranes, such as, that of the nose, throat, and bronchial tubes. The fusion protein (or
therapeutic agent) may be administered alone or with suitable pharmaceutical carriers, and can be in solid or liquid form
such as, tablets, capsules, powders, solutions, suspensions, or emulsions.
[0078] The fusion protein (or therapeutic agent) may be orally administered, for example, with an inert diluent, or with
an assimilable edible carrier, or may be enclosed in hard or soft shell capsules, or may be compressed into tablets, or
may be incorporated directly with the food of the diet. For oral therapeutic administration, the neurotoxin (along with any
cargo) may be incorporated with excipients and used in the form of tablets, capsules, elixirs, suspensions, syrups, and
the like. Such compositions and preparations should contain at least 0.001% of active compound. The percentage of
the compound in these compositions may, of course, be varied and may conveniently be between about 0.01% to about
10% of the weight of the unit. The amount of active compound in such therapeutically useful compositions is such that
a suitable dosage will be obtained. In one aspect of the disclosure , compositions are prepared so that an oral dosage
unit contains between about 1 mg and 1 g of active compound.
[0079] The tablets, capsules, and the like may also contain a binder such as gum tragacanth, acacia, corn starch, or
gelatin; excipients such as dicalcium phosphate; a disintegrating agent such as corn starch, potato starch, alginic acid;
a lubricant such as magnesium stearate; and a sweetening agent such as sucrose, lactose, or saccharin. When the
dosage unit form is a capsule, it may contain, in addition to materials of the above type, a liquid carrier, such as a fatty oil.
[0080] Various other materials may be present as coatings or to modify the physical form of the dosage unit. For
instance, tablets may be coated with shellac, sugar, or both. A syrup may contain, in addition to active ingredient, sucrose
as a sweetening agent, methyl and propylparabens as preservatives, a dye, and flavoring such as cherry or orange flavor.
[0081] The fusion protein (or therapeutic agent) may also be administered parenterally. Solutions or suspensions can
be prepared in water suitably mixed with a surfactant, such as hydroxypropylcellulose. Dispersions can also be prepared
in glycerol, liquid polyethylene glycols, and mixtures thereof in oils. Illustrative oils are those of petroleum, animal,
vegetable, or synthetic origin, for example, peanut oil, soybean oil, or mineral oil. In general, water, saline, aqueous
dextrose and related sugar solution, and glycols such as, propylene glycol, hyaluronan and its derivatives, carboxymethyl
cellulose and other soluble polysaccharide derivatives, or polyethylene glycol, are preferred liquid carriers, particularly
for injectable solutions. Under ordinary conditions of storage and use, these preparations contain a preservative to
prevent the growth of microorganisms if they are not produced aseptically.
[0082] The pharmaceutical forms suitable for injectable use include sterile aqueous solutions or dispersions and sterile
powders for the extemporaneous preparation of sterile injectable solutions or dispersions. The form must be sterile and
must be fluid to the extent that easy syringability exists. It must be stable under the conditions of manufacture and storage
and must be protected against the contaminating action of microorganisms, such as bacteria and fungi. The carrier can
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be a solvent or dispersion medium containing, for example, water, ethanol, polyol (e.g., glycerol, propylene glycol, and
liquid polyethylene glycol), suitable mixtures thereof, and vegetable oils.
[0083] The fusion protein (or therapeutic agent) may also be administered directly to the airways in the form of an
aerosol. For use as aerosols, the fusion protein (or therapeutic agent) in solution or suspension may be packaged in a
pressurized aerosol container together with suitable propellants, for example, hydrocarbon propellants like propane,
butane, or isobutane with conventional adjuvants. The fusion protein (or therapeutic agent) also may be administered
in a non-pressurized form such as in a nebulizer or atomizer.
[0084] BoNTs pass across epithelial surfaces without being destroyed or causing local toxicity. Passage across epithelia is believed to occur by specific binding and transcytosis. The ability of intact BoNT/A to pass though pulmonary
epithelia and resist proteolytic inactivation was demonstrated in rat primary alveolar epithelial cells and in immortalized
human pulmonary adenocarcinoma (Calu-3) cells. The rate of transport was greater in the apical-to-basolateral direction
than in the basolateral-to-apical direction, and it was blocked by serotype-specific toxin antibodies (Park et al., "Inhalational Poisoning by Botulinum Toxin and Inhalation Vaccination with Its Heavy-Chain Component," Infect. Immun.
71:1147-1154 (2003)).
[0085] Targeting the central nervous system ("CNS") may require intra-thecal or intra-ventricular administration. Administration may occur directly to the CNS. Alternatively, administration to the CNS may involve retrograde transport
from peripheral neurons (motor neurons, nociceptors) to spinal ganglia (see Caleo et al., "A Reappraisal of the Central
Effects of Botulinum Neurotoxin Type A: By What Mechanism?" Journal of Neurochemistry 109:15-24 (2009)).
[0086] In one aspect of the disclosure , the fusion protein (or therapeutic agent) can be used to augment the endogenous
pharmaceutical activity of wild-type Clostridial neurotoxins (e.g., BOTOX®), e.g., as a combination therapy.
[0087] If BoNT/A ad-0 VHH (described infra) is used, the VHH portion of the fusion protein and the SNAP-25 cleavage
activity could synergize.
[0088] Fusion proteins (or therapeutic agents) can be administered as a conjugate with a pharmaceutically acceptable
water-soluble polymer moiety. By way of example, a polyethylene glycol conjugate is useful to increase the circulating
half-life of the treatment compound, and to reduce the immunogenicity of the molecule. Specific PEG conjugates are
described in U.S. Patent Application Publication No. 2006/0074200 to Daugs et al. Other materials that effect the functionality include hyaluronic acid ("HA"), as described in, e.g., U.S. Patent No. 7,879,341 to Taylor and U.S. Patent
Application Publication No. 2012/0141532 to Blanda et al. Liquid forms, including liposome-encapsulated formulations,
are illustrated by injectable solutions and suspensions. Exemplary solid forms include capsules, tablets, and controlledrelease forms, such as a mini-osmotic pump or an implant. Other dosage forms can be devised by those skilled in the
art, as shown, for example, by Ansel & Popovich, Pharmaceutical Dosage Forms and Drug Delivery Systems, 5th Edition
(Lea & Febiger 1990), Gennaro (ed.); Remington’s Pharmaceutical Sciences, 19th Edition (Mack Publishing Company
1995); and Ranade & Hollinger, Drug Delivery Systems (CRC Press 1996).
[0089] In one aspect of the disclosure, treating a subject further involves selecting a subject in need of treatment prior
to administering.
[0090] Subjects to be treated pursuant to the methods described herein include, without limitation, human and nonhuman primates, or other animals such as dog, cat, horse, cow, goat, sheep, rabbit, or rodent (e.g., mouse or rat).
[0091] Single chain antibodies developed to target treatment of specific conditions are known and include, for example,
those that target Huntington’s Protein for treatment of Huntington’s disease, synuclein for treatment of Parkinson disease,
upregulated cell-division genes in malignant neurons, upregulated genes in non-malignant neuronal pathologies, genes
responsible for excess accumulation of amyloid fibrils in Alzheimer’s disease, dormant neurotrophic virus species, herpes
virus activated during pathogenesis of shingles, prion diseases, neuropathic pain (to down-regulate pain pathways), and
inducers of chronic pain. The therapeutic targets of these single chain antibodies are inside the neuron and, as noted
in the Background of the Invention (supra), there has been limited success in non-viral delivery of single chain antibodies
to the inside of cells in a therapeutic context. The treatment methods described herein overcome these deficiencies and
provide for delivery of functional single chain antibodies to targets exposed to the cytoplasm of neurons by fusing a
single chain antibody to a Clostridial neurotoxin derivative that directs single chain antibodies to neurons and translocates
the antibodies from an internalized endosome into the cytoplasm.
[0092] BoNT/A propeptide has two chains, a light chain of Mr ∼50,000 and a heavy chain of Mr ∼100,000, linked by a
disulfide bond between Cys429 and Cys453. Wild-type BoNT/A propeptide has an amino acid sequence as set forth in
GenBank Accession No. ABP48106 (SEQ ID NO:52), as follows:
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[0093] BoNT/B propeptide has an amino acid sequence as set forth in GenBank Accession No. X71343.1. An amino
acid sequence for BoNT/B propeptide is as provided in SEQ ID NO:53 as follows:
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[0094] BoNT/C propeptide (specifically, BoNT serotype C1, herein referred to as BoNT/C) has an amino acid sequence
as set forth in GenBank Accession No. BAM65691.1. An amino acid sequence for BoNT/C propeptide is as provided in
SEQ ID NO:54 as follows:
50
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[0095] BoNT/D propeptide has an amino acid sequence as set forth in UniProtKB/Swiss-Prot: P19321.1. An amino
acid sequence for BoNT/D propeptide is as provided in SEQ ID NO:55 as follows:
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[0096] BoNT/E propeptide has an amino acid sequence as set forth in GenBank Accession No. GQ244314.1. An
amino acid sequence for BoNT/E propeptide is as provided in SEQ ID NO:56 as follows:
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[0097] BoNT/F propeptide has an amino acid sequence as set forth in GenBank Accession No. X81714.1. An amino
acid sequence for BoNT/F propeptide is as provided in SEQ ID NO:57 as follows:
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[0098] BoNT/G propeptide has an amino acid sequence as set forth in GenBank Accession No. X74162.1. An amino
acid sequence for BoNT/G propeptide is as provided inSEQ ID NO:58 as follows:
50
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[0099] All propeptides of the eight BoNT serotypes have a light chain region and a heavy chain region linked by a
disulfide bond. Two Cysteine (Cys) residues, one adjacent to the C-terminus of the light chain, and a second adjacent
to the N-terminus of the heavy chain are present in all BoNT serotypes. These two Cys residues form the single disulfide
bond holding the HC and LC polypeptides together in the mature neurotoxin. This disulfide bond enables the mature
neurotoxin to accomplish its native physiological activities by permitting the HC and LC to carry out their respective
biological roles in concert. The intermediate region (i.e., Lys438-Lys448 of BoNT/A, KTKSLDKGYNK (SEQ ID NO:59)
identifies the amino acids eliminated during maturation of wild-type BoNT/A, and believed to be excised by a protease
endogenous to the host microorganism. This cleavage event generates the biologically active BoNT/A HC-LC dimer.
[0100] All eight BoNT serotypes also contain Lys or Arg residues in the intermediate region, which make the propeptides
susceptible to activation by trypsin. Native BoNT/A propeptide recovered from young bacterial cultures can be activated
by trypsinolysis, with production of intact, S-S bound light and heavy chain. Though multiple additional trypsin-susceptible
sites are present in the propeptides, they are resistant to proteolysis due to their spatial positions within the native toxin
molecule (Dekleva et al., "Nicking of Single Chain Clostridium botulinum Type A Neurotoxin by an Endogenous Protease,"
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Biochem. Biophys. Res. Commun. 162:767-772 (1989); Lacy et al., "Crystal Structure of Botulinum Neurotoxin Type A
and Implications for Toxicity," Nat. Struct. Biol. 5:898-902 (1998)). A second site in the native propeptide of several BoNT
serotypes can be susceptible to trypsin cleavage when subjected to higher enzyme concentrations or incubation times
(Chaddock et al., "Expression and Purification of Catalytically Active, Non-Toxic Endopeptidase Derivatives of Clostridium
botulinum Toxin Type A," Protein Expr. Purif. 25:219-228 (2002)). This trypsin-susceptible site is located in the region
adjacent to the toxin receptor-binding domain. This region of the HC peptide is found to be exposed to solvent in BoNT
serotypes for which information is available on their 3-D crystal structure (Lacy et al., "Crystal Structure of Botulinum
Neurotoxin Type A and Implications for Toxicity," Nat. Struct. Biol. 5:898-902 (1998); Swaminathan et al., "Structural
Analysis of the Catalytic and Binding Sites of Clostridium botulinum Neurotoxin B," Nat. Struct. Biol. 7:693-699 (2000)).
[0101] Propeptide fusions described herein have an intermediate region connecting the light and heavy chain regions,
and this intermediate region has a highly specific protease cleavage site and no low-specificity protease cleavage sites
(i.e., the intermediate region has been mutated relative to the wild-type neurotoxin). For purposes of the present invention,
a highly specific protease cleavage site (also referred to herein as a "restricted specificity protease" or "RSP" site) has
three or more specific adjacent amino acid residues that are recognized by the highly specific protease to permit cleavage
(e.g., an enterokinase cleavage site, a TEV recognition sequence, or WELQut protease from Thermo Fisher Scientific).
In contrast, a low-specificity protease cleavage site has two or less adjacent amino acid residues that are recognized
by a protease to enable cleavage (e.g., a trypsin cleavage site). As can be appreciated by a person of ordinary skill in
the art, selecting a particularly suitable highly specific protease can depend on the specific conditions under which
cleavage is taking place. While one highly specific protease may be most effective under one set of conditions, another
highly specific protease may be most effective under a different set of conditions.
[0102] In BoNT, the amino acid preceding the N-terminus of the heavy chain is a Lys or Arg residue which is susceptible
to proteolysis with trypsin. This trypsin-susceptible site can be replaced with, e.g., a five amino acid enterokinase cleavage
site (i.e., DDDDK (SEQ ID NO:60)) upstream of the heavy chain’s N-terminus (see U.S. Patent Application Publication
No. 2011/0206616 to Icthchenko and Band, which shows an alignment of 7 of the 8 BoNT serotypes). Alternatively, the
trypsin-susceptible site can be replaced with, e.g., a TEV recognition sequence (i.e., ENLYFQ (SEQ ID NO:61)) upstream
of the heavy chain’s N-terminus (see U.S. Patent Application Publication No. 2011/0206616 to Icthchenko and Band).
Either of these modifications enables standardized activation with specific enzymes. In BoNT serotypes A and C, additional Lys residues within this region may be mutated to either Gln or His, thereby eliminating additional trypsin-susceptible
sites which might result in undesirable non-specific activation of the toxin. Trypsin-susceptible recognition sequences
also occur upstream of the heavy chain’s receptor-binding domain in serotypes A, E, and F. This region’s susceptibility
to proteolysis is consistent with its exposure to solvent in the toxin’s 3-D structure, as shown by X-ray crystallography
analysis. Therefore, in serotypes A, E, and F, the susceptible residues are modified to Asn.
[0103] Propeptide fusions described herein have amino acid substitutions in the light chain region that render a mature
neurotoxin of the propeptide (i.e., the fusion protein of the present invention discussed supra) atoxic. In one embodiment,
the amino acid substitutions include E224>A and Y366>A (of BoNT/A LC), which render the fusion protein atoxic. Corresponding mutations may be made in other BoNT serotypes to likewise render them atoxic. According to another embodiment, the propeptide includes these two mutations and either (i) Q162>Y, L256>Y, R257>E, and L322>E or (ii) Q163>E,
E263>L, and L323>I of BoNT/A LC of SEQ ID NO:52. These additional mutations are made to BoNT/A (i.e., SEQ ID
NO:52) to create BoNT/A ad-1 (defined in the paragraph below), to reduce residual SNAP-25 cleavage activity and to
permit improved performance as an inert drug carrier. Corresponding amino acid substitutions may be made in the other
seven BoNT serotypes. In another embodiment, amino acid substitutions include E446>A, H 449>G, and Y591>A (of
BoNT/C LC of SEQ ID NO:54). These additional mutations are made to BoNT/C (i.e., SEQ ID NO:54) to create BoNT/C ad.
[0104] The retention of SNAP-25 cleavage activity could be viewed as limiting the use of, e.g., "BoNT/A ad" (an atoxic
derivative of BoNT/A) to perform as an inert drug carrier. Therefore, according to one embodiment, to further reduce the
toxicity associated with BoNT/A ad catalytic activity, a second generation of BoNT/A ad molecules were bioengineered
and one embodiment is designated "BoNT/A ad-1." BoNT/A ad-1 is a recombinant botulinum neurotoxin atoxic derivative
with additional amino acid substitutions in the atoxic light chain of BoNT/A (e.g., Q162>Y, L256>Y, R257>E, and L322>E
of BoNT/A LC) designed to eliminate residual SNAP-25 cleavage activity and to permit BoNT/A ad-1 to perform as a
more inert drug carrier. The mutations were specifically identified by computer modeling, and designed to disrupt the
catalytic cleavage of SNAP-25 by the LC protease, while maintaining the conformational features required for stability
of the protein (with respect to the interaction between mutated light chain and the belt region of the heavy chain pseudosubstrate) and its systemic and intra-neuronal trafficking properties.
[0105] Determining whether a BoNT molecule (or fusion protein) is devoid of substrate cleavage activity can be carried
out, e.g., using Western blot analysis as described herein in the Examples.
[0106] On the other hand, it may be desirable for the fusion protein described herein to have some residual substrate
cleavage activity, because this may serve as a marker for delivery of the fusion protein (and, in particular, delivery of
the single chain antibody) to interior compartments of a cell. This embodiment is illustrated in Example 2, infra.
[0107] According to one embodiment, the propeptide fusions described herein have a first detection tag (DT1) and a
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first affinity purification tag (APTN) positioned upstream of the light chain region.
[0108] According to another embodiment, the propeptide fusions described herein have a second detection tag (DT2)
and a second affinity purification tag (APTC) positioned downstream of the heavy chain.
[0109] In one embodiment, the propeptide fusion includes a spacer sequence (SS) upstream of the LC, a single chain
antibody (VHH) positioned upstream of the spacer sequence (SS), a detection tag (DT) positioned upstream of the single
chain antibody, a restricted specificity protease (RSP) site positioned upstream of the detection tag (DT) and an affinity
purification tag (APTN) positioned upstream of the restricted specificity protease (RSP) site. In addition, a restriction
specific (RSP) site is positioned between the LC and HC. Another restricted specificity protease (RSP) site is positioned
downstream of the HC, and an affinity purification tag (APTC) is positioned downstream of the restricted specificity
protease (RSP) site. This embodiment is illustrated in FIG. 4A. During processing of this embodiment of the propeptide
fusion, cleavage at the restricted specificity protease (RSP) sites occurs, separating the LC and HC, except for the SS bond, and eliminates the affinity purification tags (APTN and APTC), as illustrated in FIG. 4B.
[0110] In another embodiment illustrated in FIG. 8A, the propeptide fusion has the features of the propeptide fusion
illustrated in FIG. 4A, but lacks the detection tag positioned upstream of the single chain antibody. According to one
embodiment, the cleavage product of the propeptide fusion of FIG. 8A (i.e., the protein of FIG. 8B) is a suitable protein
for pharmaceutical applications.
[0111] According to yet another embodiment, the propeptide fusion further includes an accelerated degradation domain
(ADD) and, optionally, another detection tag (DT) positioned upstream of the single chain antibody and downstream of
the restricted specificity protease (RSP) site and the affinity purification tag (APTN), as illustrated in FIG. 6A. After
processing with a highly specific protease, the resulting fusion protein has the affinity purification tags removed, but still
possesses the accelerated degradation domain (ADD), as illustrated in FIG. 6B.
[0112] According to still another embodiment, the propeptide fusion is designed so that after removal of the N-terminal
APT by the RSP, the N-terminal amino acid upstream of the ADD is a basic amino acid, such as lysine (K), or any other
positively charged amino acid, to further accelerate degradation of the fusion protein and any antigens to which the
fusion protein is bound. This is illustrated in FIGs. 7A and 7B, and described in the examples infra. RSP1 and RSP2 in
FIGs. 7A and 7B (or any other propeptide fusion described herein containing more than one RSP) may or may not be
the same recognition sequence. Any one or more RSP in a propeptide fusion may be concomitant or sequential.
[0113] According to one embodiment, the detection tags (DT) are capable of detecting delivery of the single chain
antibody to neuronal cytoplasm. Suitable detection tags include, without limitation, c-myc, OLLAS tag, HA tag, E tag,
His tag, and Strep tag. The detection tags may also serve a dual purpose by providing a means of detection and creating
a spacer sequence. Likewise, spacer sequences (SS) as described herein, may also serve as detection tags. In another
embodiment, detection tags (DT) are optional or are very small (i.e., short in sequence). For example, if a detection tag
(DT) separates a lysine residue, or other positively charged amino acid, and an ADD site, it may be desirable to have
a short detection tag (DT) for ADD to function properly.
[0114] According to one embodiment, the affinity purification tags (APT) are to enable efficient affinity purification of
a recombinantly expressed protein in non-truncated form. Suitable affinity purification tags include, without limitation,
His tag, Strep tag, and those mentioned supra.
[0115] In one embodiment, the restricted specificity protease (RSP) sites are selected from, e.g., an enterokinase
cleavage site, a TEV recognition sequence, or a WELQut protease recognition sequence (all of which are described
supra). However, these sequences, and the specific protease used to mature the propeptide fusion, do not necessarily
need to be identical for all intended cleavage sites in a propeptide fusion.
[0116] Signal peptides may also be introduced into propeptide fusions described herein, as required, to enable secretion
and recovery, as described, e.g., in U.S. Patent No. 8,865,186 to Ichtchenko and Band. In one embodiment, a signal
peptide is positioned upstream of an APT, as illustrated in FIGs. 9A-L, 11A-L, and 17A-L. According to one specific
embodiment, the signal peptide is a DNA sequence coding the gp64 signal peptide and a hexahistidine affinity tag
MPMLSAIVLYVLLAAAAHSAFAAMVHHHHHHSAS (SEQ ID NO:62).
[0117] Propeptide fusions described herein may further include a cargo attachment peptide sequence to enable sitespecific attachment of cargo (i.e., a cargo attachment peptide sequence or cargo attachment peptide). Cargo (e.g.,
therapeutic drug substances, lipid moieties, marker molecules, targeting agents, etc.) may be attached to the fusion
proteins described herein. Such attachment is described, e.g., in U.S. Patent Application Publication No. 2011/0206616
to Ichtchenko and Band.
[0118] According to one embodiment, the cargo attachment peptide is positioned upstream of the light chain region
(either downstream or upstream of the single chain antibody) and is separated from the N-terminus of the light chain
region (or the N-terminus of the single chain antibody) by an amino acid spacer sequence. This and other amino acid
spacer (or linker) sequences described herein may comprise at least 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21-25, 26-30, 31-35, or 36-40, or more, amino acid residues. The amino acid spacer (or linker) sequence
may serve to preserve and protect conformational independence of the cargo attachment peptide and/or the fusion
protein and to not interfere with antibody activity. An exemplary amino acid spacer (or linker) sequence is the 7 amino
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acid spacer ARGGASG (SEQ ID NO:63). In considering suitable sequences for linkers, it may be desirable to avoid
creating any new restriction sites or other instabilities in the expression system. Suitable linkers may also be designed
to keep the single chain antibody moiety independent of the rest of the polypeptide structure to enable antigen binding.
Several and various specific spacers (or linkers) are illustrated in the figures.
[0119] One example of a suitable cargo attachment peptide is the S6 sequence, GDSLSWLLRLLN (SEQ ID NO:64).
The S6 sequence enables site specific attachment of cargo using Sfp phosphopantetheinyl transferase from B. subtilis,
which targets the S3 amino acid of the S6 sequence as a substrate (Zhou et al., "Genetically Encoded Short Peptide
Tags for Orthogonal Protein Labeling by Sfp and AcpS Phosphopantetheinyl Transferases," ACS Chem. Biol.
2(5):337-346 (2007)). Other suitable cargo attachment peptides are known and can also be used.
[0120] In one embodiment, propeptide fusions described herein have light and heavy chains that are not truncated,
as discussed supra.
[0121] Another aspect of the present invention relates to an isolated nucleic acid molecule encoding the propeptide
fusions described herein.
[0122] The wild-type BoNT/A nucleic acid molecule has a nucleotide sequence as set forth in GenBank as Accession
No. EF506573.1 (SEQ ID NO:65), as follows:
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[0123] In one embodiment, the isolated nucleic acid molecule of the present invention is modified from this wild-type
BoNT/A nucleic acid molecule, according to the genetic code, to encode propeptide fusions described herein. Nonlimiting examples of such modifications include optimization with respect to codon usage bias of the host used for
production of polypeptides, exclusion of unwanted genetic features that affect transcription and translation, and introduction or exclusion of restriction sites. Thus, nucleic acid molecules of the present invention may have a nucleic acid
sequence quite similar to the wild-type BoNT/A nucleic acid molecule, at least with respect to the Clostridial neurotoxin
light chain region and Clostridial neurotoxin heavy chain region. For example, the combination of the Clostridial neurotoxin
light chain region and the Clostridial neurotoxin heavy chain region may be at least about 80%, 81%, 82%, 83%, 84%,
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85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, or more identical to the nucleic acid molecule of SEQ
ID NO:65 or any other Clostridial neurotoxin molecule, including BoNT/B of GenBank Accession No. X71343.1 (SEQ
ID NO:66), as follows:
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BoNT/C of GenBank Accession No. AB745658.1 (SEQ ID NO:67), as follows:
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[0125]

BoNT/D of GenBank Accession No. X54254.1 (SEQ ID NO: 68), as follows:
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[0126]

BoNT/E of GenBank Accession No. GQ244314.1 (SEQ ID NO:69), as follows:
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[0127]

BoNT/F of GenBank Accession No. X81714.1 (SEQ ID NO: 70), as follows:
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[0128]

BoNT/G of GenBank Accession No. X74162.1 (SEQ ID NO:71), as follows:
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[0129] Isolated nucleic acid molecules that encode atoxic derivatives of a Clostridial neurotoxin that may be further
modified to encode the propeptide fusions described herein are also described in U.S. Patent No. 7,785,606 to Ichtchenko
and Band. One specific example of a nucleic acid molecule that encodes an atoxic derivative of BoNT/C (with detection
tags and affinity purification tags) that may be further modified to encode a propeptide fusion of the present invention is
illustrated in FIGs. 17A-L.
[0130] The nucleic acid molecules may have other modifications which take into account codon optimization in a host,
facile placement of restriction sites and absence of ambiguous sites elsewhere in the construct, and restricted specificity
protease sites designed to ensure that they do not create any internal instability during expression and purification. Other
modifications may include, without limitation, a mutation which renders the encoded propeptide resistant to low-specificity
proteolysis, one or more silent mutations that inactivate putative internal DNA regulatory elements, and/or one or more
unique restriction sites. Mature neurotoxin stability and yield may be optimized by amino acid substitution of residues
within the intermediate region of the propeptide, thereby reducing susceptibility to non-specific proteolysis and poisoning
of the host organism used for expression of the mature neurotoxin. Also, silent mutations are introduced into DNA
regulatory elements that can affect RNA transcription or expression of the propeptide fusions in the expression system
of choice.
[0131] In one embodiment, the nucleic acid molecule encodes one or more of the following mutations in the light chain
region of the Clostridial neurotoxin (BoNT/A): E224>A, Y366>A, K438>H, K440>Q, K444>Q, K871>N, Q162>Y, L256>Y,
R257>E, L322>E, Q 163>E, E263>L, and L323>I.
[0132] In another embodiment, the nucleic acid molecule encodes one or more of the following mutations in the light
chain region of the Clostridial neurotoxin (BoNT/C, with amino acids numbered as shown in FIGs. 17A-L): E446>A,
H449>G, Y591>A.
[0133] Expression levels of botulinum neurotoxins may be influenced by the length and/or composition of a specific
construct, including but not limited to the number, type, or spacing of VHH, RSP, DT, APT, tags, linkers, or spacers. As
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a specific example, when the construct includes more than one VHH domain encoding sequence, the length of the linker
between the VHH domain encoding sequence may relate to expression levels.
[0134] In yet another embodiment, modular DNA constructs are designed to facilitate the creation of a diverse and
wide assortment of protein fusions. These modular DNA constructs include combinations of elements or regions that
can be easily exchanged through cloning by including specific restriction site recognition sequences ("RS") within the
DNA constructs. Thus, according to this embodiment, modular DNA constructs are created as both "acceptor" constructs
and "donor" constructs. Acceptor constructs "receive" donor constructs to alter the activity/function of the fusion protein
encoded by the acceptor construct. In one embodiment, this is carried out by the incorporation, use, or placement of
specific restriction sites referred to herein as unique restriction sites ("URS") not native to the DNA constructs. These
restriction sites may be at or near junctions between DNA sequences encoding functional or structural elements of the
encoded fusion protein (e.g., between a BoNT LC and a tag). Using restriction digestion and ligation of complementary
single-stranded overhang sequences between donor and recipient constructs, the elements of these constructs may be
exchanged (e.g., an acceptor construct may receive a donor construct) either fully or partially based on the position of
the URSs within the constructs.
[0135] If the modular DNA constructs contain regions with BoNT sequence homology, including but not limited to
BoNT LC and BoNT HC, the sequences may be derived from any BoNT serotype or mixture thereof, and may be at
least about 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, or more identical
to the nucleic acid molecule of SEQ ID NO:65 or any other Clostridial neurotoxin molecule.
[0136] Although URSs may be positioned close to the junction of DNA sequences encoding elements or regions within
the fusion protein the construct encodes, the exact position of the RS within the sequences may vary within the sequence
encoding the element or region and may still be used to exchange that sequence encoding the element or region without
loss of function, or to replace a portion of the recipient element or region encoding DNA sequence with the donor element
or region encoding sequence without loss of function.
[0137] In one embodiment of modular construction of nucleotide constructs encoding fusion proteins, the construct
includes RSP sites between and flanking the BoNT LC and BoNT HC. The construct optionally also includes tag sequences and spacer sequences. Tag sequences include, but are not limited to APT, DT, linkers, and spacers, as
described herein. The construct may include a number of unique restriction sites (URS) that can be used to fragment
the construct and easily incorporate new sequences encoding fusion protein elements through molecular cloning. This
embodiment is illustrated in FIG. 32. Specific examples of this embodiment include FIG. 33 (BoNT/A) and FIG. 34
(BoNT/C), which are schematically illustrated in FIG. 32.
[0138] According to the specific embodiments illustrated in FIGs. 36A-F and FIG. 37A-E, the RSP is a protease
cleavage site such as WELQut (SplB protease from Staphylococcus aureus) that allows for an N-terminally placed
positively charged amino acid (such as lysine, arginine, or histidine, denoted by X+ in FIG. 35) after the proteolytic
actvivation of the propeptide. There may be advantages to this specific structure. In particular, the ADD encoding
sequence of the specific embodiments illustrated in FIGs. 39A-O and FIGs. 37A-E create a temperature sensitive degron
upstream of the VHH. The temperature sensitive degron creates a fusion protein which is stable in the cytoplasm of
insect cells at 33° C, but which at the temperature of mammalian neurons (37° C) the destabilizing N-terminal residue
(such as the positively charged amino acid arginine) causes enhanced ubiquitination and degradration by the protesome
machinery of the neuron, and the in vivo half-life of the protein is dramatically reduced (FIGs. 36A-F, FIGs. 37A-E).
[0139] In one embodiment, a modular construct includes an RSP and an ADD encoding sequence upstream of the
BoNT LC encoding sequence, and optionally includes tag encoding sequences including, but not limited to APT and DT
or nucleotide linkers and/or spacers. The construct includes a number of unique restriction sites (URS) that can be used
to fragment the construct and easily incorporate (or accept) donor constructs encoding fusion protein elements via
molecular cloning. Such an embodiment is illustrated in FIG. 35. Specific non-limiting examples of this embodiment
include FIGs. 36A-F (BoNT/A) and FIGs. 37A-E (BoNT/C), which are schematically illustrated in FIG. 35.
[0140] According the specific embodiments illustrated in FIGs. 36A-F and FIGs. 37A-E, the RSP is a protease cleavage
site such as WELQut (SplB protease from Staphylococcus aureus) that allows for an N-terminally placed positively
charged amino acid (such as lysine, arginine, or histidine, denoted by X+ in FIG. 35). There may be advantages to this
specific structure. In particular, the ADD encoding sequence of the specific embodiments illustrated in FIGs. 39A-O and
FIGs. 37A-E is a temperature sensitive degron. The temperature sensitive degron is a fusion protein of ubiquitin, arginine,
and dihydrofolate reductase (DHFR), a heat-labile mouse-derived enzyme that functions in the synthesis of thymine,
with a destabilizing N-terminal residue (such as the positively charged amino acid arginine). At 37°C, degradation of the
temperature sensitive degron by the proteasome is enhanced, and the in vivo half-life of the protein is dramatically
reduced (FIGs. 36A-F, FIGs. 37A-E).
[0141] It is contemplated that the enhanced degradation at human body temperatures will enhance the in vivo therapeutic utility of propeptide fusions when said therapeutic utility results from degradation of proteins targeted by specific
VHH.
[0142] The specific embodiments illustrated in FIGs. 36A-F and FIGs. 37A-E contain two different URSs located near
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the N-terminal region of the BoNT LC encoding sequence. The constructs of FIG. 35 (FIGs. 36A-F, FIGs. 37A-E) can
be cloned into the constructs of FIG. 32 (FIGs. 33A-N, FIGs. 34A-N), where (i) the recipient construct depicted in FIG.
38A has URSs that, when digested, produce single stranded "sticky" overhangs complementary to those produced by
(ii) digestion of the donor construct depicted in FIG. 38B at corresponding URSs (dashed lines, FIG. 38A-38B), resulting
in (iii) a construct with an RSP and ADD encoding sequence upstream of the BoNT LC encoding sequence, an RSP
between the BoNT LC encoding sequence and BoNT HC encoding sequence, an RSP downstream of the BoNT HC
encoding sequence, and optional tags and spacer sequences. Specific non-limiting examples of the embodiment illustrated in FIG. 38C include FIGs. 39A-O (BoNT/A) and FIGs. 40A-O (BoNT/C).
[0143] Further constructs comprising a VHH encoding sequence, or multiple VHH encoding sequences upstream of
the BoNT LC encoding sequence may also be created (FIG. 41). According to this embodiment, one or more VHH
domain(s) encoding sequences may be included in the construct, along with optional nucleotide linkers or spacers, or
tag encoding sequences. Specific non-limiting embodiments of such a construct are illustrated in FIG. 42, FIGs. 43AB, FIGs. 44A-B, and FIGs. 45A-B. In these specific non-limiting embodiments, an RSP element is included upstream of
the VHH encoding sequence(s), and optional tag encoding sequences and nucleotide spacers or linkers between the
RSP and VHH encoding sequence may also be included.
[0144] In one specific embodiment of the construct illustrated in FIG. 35, the construct includes an URS within the tag
encoding sequence or nucleotide spacer sequence between the RSP and VHH encoding sequence. This URS can be
used to easily introduce additional elements, including additional VHH domain encoding sequence(s), through modular
construction via molecular cloning.
[0145] Specific constructs having the structure of the general construct illustrated in FIG. 41 (i.e., FIGs. 42, FIGs. 43AB, FIGs. 44A-B, and FIGs. 45A-B) can be cloned into the constructs of FIG. 38C (FIGs. 39A-O, FIGs. 40A-O), where (i)
the recipient construct depicted in FIG. 46A has URSs that, when digested, produce single stranded "sticky" overhangs
complementary to those produced by (ii) digestion of the donor construct depicted in FIG. 46B at corresponding URSs
(dashed lines, FIG. 38A-38B), resulting in (iii) a construct where the VHH domain(s) encoding sequence(s) replaces the
N-terminal RSP and ADD encoding sequences (FIG. 46C).
[0146] In another embodiment, different URSs of the constructs depicted in FIGs. 46A-C are targeted in molecular
cloning to creat a construct encoding a fusion protein where the VHH domain(s) are inserted downstream of the ADD
and upstream of the BoNT LC (FIGs. 47A-C).
[0147] RSP cleavage activity may be affected by the length and/or composition of a specific construct, the cleavage
environment, or a combination thereof. As a specific example, a reducing (or at least non-oxidizing) environment is
required for cleaving using the TEV protease. However, disulfide bonds essential to the physiologic activities of the
recombinant BoNT derivatives are unstable in reducing environments, necessitating modification of the redox environment during the TEV proteolysis step in ways that may not be optimal for rapid and complete proteolytic activation to
be effected. Thus the conditions used for TEV proteolysis utilize a combinantion of glutathione and glutathione disulfide
to provide a compromise between the reducing environment required for TEV action and the non-reducing environment
needed to maintain essential disulfide bonds in the recombinant BoNT derivatives. Another specific example includes
modification of linker length at the RSP site. It is contemplated that longer linkers at the RSP site may reduce steric
hindrance and increase exposure to the protease. The effect on cleavage activity due to modification of linker length at
the RSP site under non-oxidizing conditions may be more or less pronounced than in other environments. Cleavage
activity could be improved by any amount. In one embodiment, cleavage is improved by about 50%. In other embodiments,
cleavage is improved by about 10%, about 20%, about 30% or about 40%. Such cleavage activity may be measured
by evaluating the time course of cleavage using gel electrophoresis and Western blotting under reducing and nonreducing conditions.
[0148] Destabilizing residues may be present in the constructs described herein, and in some specific embodiments,
it may be beneficial to remove or replace these destabilizing residues (such as positively charged amino acids). For
example, linkers associated with VHH encoding sequences with positively charged amino acids can lead to cleavage
of therapeutic cargo, and it may be beneficial to eliminate such positively charged amino acids. Conversely, there may
be situations where it is desirable for the region between the VHH and the LC to contain positively charged amino acids
in order to effect separation of the LC from its therapeutic cargo.
[0149] The constructs exemplified in FIG. 46C and FIG. 47C provide the basis for creating propeptide fusions that can
be used to deliver an antibody, but also to mark proteins for elimination. Thus, these constructs are important for both
delivering and controlling the elimination of the antibody and, optionally, any proteins bound to the antibodies.
[0150] Suitable expression systems and host cells for expressing the fusion protein are described in U.S. Patent No.
7,785,606 to Ichtchenko and Band.
[0151] In one embodiment, the expressed neurotoxin is contacted with a highly specific protease under conditions
effective to affect cleavage at the intermediate region. Preferably, the intermediate region of the propeptide fusion is not
cleaved by proteases endogenous to the expression system or the host cell.
[0152] Expression of a fusion protein described herein can be carried out by introducing a nucleic acid molecule
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described herein into an expression system of choice using conventional recombinant technology. Generally, this involves
inserting the nucleic acid molecule into an expression system to which the molecule is heterologous (i.e., not normally
present). The introduction of a particular foreign or native gene into a mammalian host is facilitated by first introducing
the gene sequence into a suitable nucleic acid vector. "Vector" is used herein to mean any genetic element, such as a
plasmid, phage, transposon, cosmid, chromosome, virus, virion, etc., which is capable of replication when associated
with the proper control elements and which is capable of transferring gene sequences between cells. Thus, the term
includes cloning and expression vectors, as well as viral vectors. The heterologous nucleic acid molecule is inserted
into the expression system or vector in proper sense (5’→3’) orientation and correct reading frame. The vector contains
the necessary elements for the transcription and translation of the inserted propeptide fusion-coding sequences.
[0153] U.S. Patent No. 4,237,224 to Cohen and Boyer, describes the production of expression systems in the form of
recombinant plasmids using restriction enzyme cleavage and ligation with DNA ligase. These recombinant plasmids are
then introduced by means of transformation and replicated in unicellular cultures including prokaryotic organisms and
eukaryotic cells grown in tissue culture.
[0154] Recombinant genes may also be introduced into viruses, including vaccinia virus, adenovirus, and retroviruses,
including lentivirus. Recombinant viruses can be generated by transfection of plasmids into cells infected with virus.
[0155] Suitable vectors include, but are not limited to, the following viral vectors such as lambda vector system gt11,
gt WES.tB, Charon 4, and plasmid vectors such as pBR322, pBR325, pACYC177, pACYC184, pUC8, pUC9, pUC18,
pUC19, pLG339, pR290, pKC37, pKC101, SV 40, pBluescript II SK +/- or KS +/- (see "Stratagene Cloning Systems"
Catalog (1993) from Stratagene, La Jolla, CA), pQE, pIH821, pGEX, pFastBac series (Invitrogen), pET series (Studier
et. al., "Use of T7 RNA Polymerase to Direct Expression of Cloned Genes," Gene Expression Technology Vol. 185
(1990)), and any derivatives thereof. Recombinant molecules can be introduced into cells via transformation, particularly
transduction, conjugation, mobilization, or electroporation. The DNA sequences are cloned into the vector using standard
cloning procedures in the art, as described by Sambrook et al., Molecular Cloning: A Laboratory Manual, Cold Springs
Laboratory, Cold Springs Harbor, New York (1989).
[0156] A variety of host-vector systems may be utilized to express the propeptide fusion-encoding sequence in a cell.
Primarily, the vector system must be compatible with the host cell used. Host-vector systems include, but are not limited
to, the following: bacteria transformed with bacteriophage DNA, plasmid DNA, or cosmid DNA; microorganisms such
as yeast containing yeast vectors; mammalian cell systems infected with virus (e.g., vaccinia virus, adenovirus, etc.);
insect cell systems infected with virus (e.g., baculovirus); and plant cells infected by bacteria. The expression elements
of these vectors vary in their strength and specificities. Depending upon the host-vector system utilized, any one of a
number of suitable transcription and translation elements can be used.
[0157] Different genetic signals and processing events control many levels of gene expression (e.g., DNA transcription
and messenger RNA ("mRNA") translation).
[0158] Transcription of DNA is dependent upon the presence of a promoter which is a DNA sequence that directs the
binding of RNA polymerase and thereby promotes mRNA synthesis. The DNA sequences of eukaryotic promoters differ
from those of prokaryotic promoters. Furthermore, eukaryotic promoters and accompanying genetic signals may not be
recognized in or may not function in a prokaryotic system and, further, prokaryotic promoters are not recognized and
do not function in eukaryotic cells.
[0159] Similarly, translation of mRNA in prokaryotes depends upon the presence of the proper prokaryotic signals
which differ from those of eukaryotes. Efficient translation of mRNA in prokaryotes requires a ribosome binding site
called the Shine-Dalgarno ("SD") sequence on the mRNA. This sequence is a short nucleotide sequence of mRNA that
is located before the start codon, usually AUG, which encodes the amino-terminal methionine of the protein. The SD
sequences are complementary to the 3’-end of the 16S rRNA (ribosomal RNA) and probably promote binding of mRNA
to ribosomes by duplexing with the rRNA to allow correct positioning of the ribosome. For a review on maximizing gene
expression see Roberts and Lauer, Methods in Enzymology 68:473 (1979).
[0160] Promoters vary in their "strength" (i.e., their ability to promote transcription). For the purposes of expressing a
cloned gene, it is desirable to use strong promoters to obtain a high level of transcription and, hence, expression of the
gene. Depending upon the host cell system utilized, any one of a number of suitable promoters may be used. For
instance, when cloning in E. coli, its bacteriophages, or plasmids, promoters such as the PH promoter, T7 phage promoter,
lac promoter, trp promoter, recA promoter, ribosomal RNA promoter, the PR and PL promoters of coliphage lambda and
others, including but not limited, to lacUV5, ompF, bla, lpp, and the like, may be used to direct high levels of transcription
of adjacent DNA segments. Additionally, a hybrid trp-lacUV5 (tac) promoter or other E. coli promoters produced by
recombinant DNA or other synthetic DNA techniques may be used to provide for transcription of the inserted gene.
[0161] Bacterial host cell strains and expression vectors may be chosen which inhibit the action of the promoter unless
specifically induced. In certain operons, the addition of specific inducers is necessary for efficient transcription of the
inserted DNA. For example, the lac operon is induced by the addition of lactose or IPTG (isopropylthio-beta-D-galactoside). A variety of other operons, such as trp, pro, etc., are under different controls.
[0162] Specific initiation signals are also required for efficient gene transcription and translation in prokaryotic cells.
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These transcription and translation initiation signals may vary in "strength" as measured by the quantity of gene specific
messenger RNA and protein synthesized, respectively. The DNA expression vector, which contains a promoter, may
also contain any combination of various "strong" transcription and/or translation initiation signals. For instance, efficient
translation in E. coli requires a Shine-Dalgarno (SD) sequence about 7-9 bases 5’ to the initiation codon (ATG) to provide
a ribosome binding site. Thus, any SD-ATG combination that can be utilized by host cell ribosomes may be employed.
Such combinations include but are not limited to the SD-ATG combination from the cro gene or the N gene of coliphage
lambda, or from the E. coli tryptophan E, D, C, B, or A genes. Additionally, any SD-ATG combination produced by
recombinant DNA or other techniques involving incorporation of synthetic nucleotides may be used.
[0163] Depending on the vector system and host utilized, any number of suitable transcription and/or translation
elements, including constitutive, inducible, and repressible promoters, as well as minimal 5’ promoter elements may be
used.
[0164] The propeptide fusion-encoding nucleic acid, a promoter molecule of choice, a suitable 3’ regulatory region,
and if desired, a reporter gene, are incorporated into a vector-expression system of choice to prepare a nucleic acid
construct using standard cloning procedures known in the art, such as described by Sambrook et al., Molecular Cloning:
A Laboratory Manual, Third Edition, Cold Spring Harbor: Cold Spring Harbor Laboratory Press, New York (2001).
[0165] The nucleic acid molecule encoding a propeptide fusion is inserted into a vector in the sense (i.e., 5’→3’)
direction, such that the open reading frame is properly oriented for the expression of the encoded propeptide fusion
under the control of a promoter of choice. Single or multiple nucleic acids may be ligated into an appropriate vector in
this way, under the control of a suitable promoter, to prepare a nucleic acid construct.
[0166] Once the isolated nucleic acid molecule encoding the propeptide fusion has been inserted into an expression
vector, it is ready to be incorporated into a host cell. Recombinant molecules can be introduced into cells via transformation, particularly transduction, conjugation, lipofection, protoplast fusion, mobilization, particle bombardment, or electroporation. The DNA sequences are incorporated into the host cell using standard cloning procedures known in the art,
as described by Sambrook et al., Molecular Cloning: A Laboratory Manual, Second Edition, Cold Springs Laboratory,
Cold Springs Harbor, New York (1989). Suitable hosts include, but are not limited to, bacteria, virus, yeast, fungi,
mammalian cells, insect cells, plant cells, and the like. In one embodiment, the host cells of the present invention include,
but are not limited to, Escherichia coli, insect cells, and Pichia pastoris cells.
[0167] Typically, an antibiotic or other compound useful for selective growth of the transformed cells only is added as
a supplement to the media. The compound to be used will be dictated by the selectable marker element present in the
plasmid with which the host cell was transformed. Suitable genes are those which confer resistance to gentamycin,
G418, hygromycin, puromycin, streptomycin, spectinomycin, tetracycline, chloramphenicol, and the like. Similarly, "reporter genes" which encode enzymes providing for production of an identifiable compound, or other markers which
indicate relevant information regarding the outcome of gene delivery, are suitable. For example, various luminescent or
phosphorescent reporter genes are also appropriate, such that the presence of the heterologous gene may be ascertained
visually.
[0168] In one embodiment, the expressed propeptide fusion is contacted with a highly specific protease (e.g., enterokinase, TEV sequence, or WELQut protease) under conditions effective to enable cleavage at the intermediate region
of the propeptide fusion. By this means, the intermediate region is not cleaved by proteases endogenous to the host
cell. The expressed propeptide fusion has one or more disulfide bridges.

40

EXAMPLES
[0169] The following examples are provided to illustrate embodiments of the present invention but are by no means
intended to limit its scope.
45

Example 1 - Atoxic Derivative Devoid of SNAP-25 Activity to Deliver Single Chain Antibodies into the Cytosol
of Neurons
Materials and Methods
50

Expression of Botulinum Neurotoxin A Atoxic Derivatives
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[0170] The full-length single forms of the BoNT/A ad discussed below were bioengineered, expressed, and purified,
and then converted to the di-chain by treatment with TEV protease as described before (U.S. Patent No. 8,980,284 to
Ichtchenko and Band).
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[0171] Time pregnant Sprague-Dawley rats (Taconic) were used to isolate embryonic-day 19 ("E19") hippocampal
neurons. E19 rat hippocampal neurons were prepared from hippocampi according to the protocol of Vicario-Abejon
(Vicario-Abejon, "Long-term Culture of Hippocampal Neurons," Curr. Protoc. Neurosci. Chapter 3: Unit 32 (2004)).
Bilateral hippocampi were dissected from fetal brain, immersed in dissection buffer (15 mM HEPES pH 7.2 (Cat. No.
15630080, Life Technologies), 0.5 % glucose in DPBS without Ca2+ and Mg2+ (Cat. No. 14190-250, Life Technologies)),
and dissociated by incubation in 10 mL of dissection buffer supplemented with 1x Trypsin/EDTA (10x Trypsin/EDTA is
0.5% trypsin/0.2% EDTA, Cat # 15400054, Life Technologies) for 15 minutes at 37°C. Tissue was triturated using a fire
polished Pasteur glass pipette, and cells were counted. The single cell suspension was plated onto poly-L-lysine hydrobromide-coated plates or coverslips in plating medium (1x Minimum Essential Medium-Glutamax™ (1x MEMGlutamax™, Cat No. 41090036, Life Technologies), 10% FBS (Fetal Bovine Serum; Cat. No. 16000044, Life Technologies), 1x Sodium pyruvate (100 mM Sodium pyruvate; Cat. No. 11360-070, Life Technologies), 1x Pen/Strep (100x
Pen/Strep is 10,000 U/mL penicillin, 10 mg/mL streptomycin; Cat. No. 15240062, Life Technologies)). After two hours,
plating medium was replaced with maintenance medium (1x Neurobasal medium (Cat. No. 21103049, Life Technologies),
1x B27 supplement (Cat. No. 17504044, Life Technologies), and 1x Pen/Strep). Three days after plating, 2 mg/mL
cytosine β-D-arabinofuranoside (AraC, Cat. No. C1768, Sigma) was added to the maintenance medium to prevent
growth of glia. Half of the medium was replaced with fresh maintenance medium every 3 days.
[0172] For experiments related to protein quantification by Western blot, 1-4 x 106 cells were plated in 100 mm plates
in 10 mL medium. For immunocytochemical studies, 10,000-150,000 cells were plated on cover slips inserted into 6 x
35 mm/well plates in 3 mL medium/well.
Western Blot Analysis
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[0173] BoNT/A atoxic derivatives (BoNT/A ad) were incubated with neurons for time periods as indicated in figure
legends and/or results. Neurons were harvested and solubilized on ice in 300 mL lysis buffer with protease inhibitors
(0.5% Triton X-100, 100 mM NaCl, 25 mM HEPES, pH 7.5, 10 mM 6-aminocaproic acid, 2 mM benzamidine, 5 mM 4-(2aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 2.5 mM EDTA, 325 mM bestatin, 35 mM E-64, 2.5 mM
leupeptin, 0.75 mM aprotinin) by passing the sample several times through a 27 gauge needle. Soluble protein lysate
was separated from the pellet by centrifuging the samples at 18,000 g at 4°C for 30 minutes. After lysis, the total protein
concentration in each sample was measured and sample volumes were adjusted with lysis buffer, supplemented with
protease inhibitors to equalize concentration. Total protein concentration in solubilized samples was determined using
a Micro BCA kit (Cat. No. 23235, Thermo Scientific) per the manufacturer’s instructions. Approximately equal amounts
(15 mg) of total protein were loaded per lane, separated by reduced SDS PAGE, and transferred to a 0.2 mm nitrocellulose
membrane (Bio-Rad). Following transfer, membranes were blocked with 10% fat-free milk + 5% NGS (Normal Goat
Serum, Cat. No. 10000C, Life Technologies) in TBST (150 mM NaCl, 10 mM Tris-HCl pH 8.0, 0.1% Tween® 20) at room
temperature for 1 hour. Primary and secondary antibodies were diluted in TBST containing 3% NGS. Blots were incubated
with primary antibodies overnight at 4°C, and with secondary antibodies for 45 minutes at room temperature. Following
incubations, blots were washed with TBST 3 times for 5 minutes. Super Signal West Pico chemiluminescent substrate
(Cat. No. 34080, Thermo Scientific) was used for visualization by autoradiography. Autoradiographs of Western blots
were scanned at 300 dpi on an Epson Expression 1680 scanner using Silver Fast AI v.6.4.4r7a software avoiding filter
modifications. Samples of BoNT/A atoxic derivatives loaded on reduced SDS PAGE with known LC-ad content (ng/lane)
were utilized to generate a standard curve.
Immunofluorescence Analysis
[0174] BoNT/A atoxic derivatives (BoNT/A ad) were incubated with neurons for 16 hours. Immediately after incubation,
cells were washed three times with ice-cold DPBS, fixed with 4% formaldehyde for 15 minutes, and permeabilized with
0.1% Triton™ X-100 for 5 minutes. After fixation the permeabilized cells were washed three times with DPBS, blocked
for 1 hour at room temperature with 10% BSA in DPBS, and incubated overnight at 4°C with anti-SNAP-25 (Cat. No.
111011, Synaptic Systems, final concentration 0.1 ng/mL), anti-VAMP-2 (Cat. No. 104211, Synaptic Systems, final
concentration 0.1 ng/mL), or anti-EEA1 (Cat. No. 610457, BD Biosciences, final concentration 10 ng/mL). Primary
antibodies were diluted in DPBS-3% NGS. Cells were washed three times with DPBS-3% NGS and incubated with
appropriate secondary antibodies diluted in DPBS-3% NGS for 45 minutes at room temperature. Cells were washed
three times with DPBS, and the cover slips were mounted on slides with mounting medium. Image scanning was
performed on a Nikon LSM 510 confocal microscope equipped with argon and HeNe lasers producing excitation lines
of 488 and 568 nm, and images were analyzed using Zeiss LSM confocal microscopy software (v.4.2).
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Results
Production of BoNT/A ad
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[0175] To eliminate residual activity towards SNAP-25 found for BoNT/A ad (see discussion of BoNT/A ad-0 in U.S.
Patent Application Publication No. 2014/0212456 to Vazquez-Cintron et al.), an additional 4 amino acid substitutions
(Q162>Y, L256>Y, R 257>E, L322>E) were made in the catalytic domain of the light chain of BoNT/A ad to make the
construct BoNT/A ad-1. These substitutions were designed using computer models of the 3D crystallographic structure
of BoNT/A. This example of the second generation of botulinum neurotoxin atoxic derivatives has been designated as
BoNT/A ad-1. According to one embodiment, FIGs. 1A-B illustrate both the BoNT/A ad-1 full-length single chain expression product (i.e., propeptide, FIG. 1A), and the disulfide-bonded heterodimer (i.e., mature neurotoxin, FIG. 1B) obtained
after affinity purification and processing with a restricted specificity protease. In addition to the tags (APTN and APTC)
built into the full-length construct for affinity purification, detection tags (DT1 and DT2) were built into the mature heavy
and light chain regions of the construct, respectively, for detection purposes during laboratory evaluations.
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BoNT/A ad-1 Light Chain Does Not Induce SNAP-25 Cleavage
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[0176] BoNT/A ad-1 uptake is a cell-surface receptor mediated process that involves translocation of the BoNT/A ad1 LC to the cytoplasm following receptor binding (Montecucco et al., "Mechanism of Action of Tetanus and Botulinum
Neurotoxins," Mol. Microbiol. 13:1-8 (1994); Mahrhold et al., "The Synaptic Vesicle Protein 2C Mediates the Uptake of
Botulinum Neurotoxin A into Phrenic Nerves," FEBS Lett. 580:2011-2014 (2006)). Neuronal cultures were treated with
50 nM BoNT/A ad-1 for 1, 24, and 48 hours at 37°C (FIG. 2). The cells were then washed with ice-cold DPBS supplemented
with protease inhibitors, solubilized, and extracted with lysis buffer. Antibodies against the hemagglutinin epitope tag
(HA tag) fused to the C-terminus of the BoNT/A ad-1 HC domain, and E. coli OmpF Linker and mouse Langerin fusion
Sequence tag (OLLAS tag) fused to the N-terminus of the BoNT/A ad-1 LC (DT2 and DT1, respectively) were used to
identify the heavy and light chain of BoNT/A ad-1.
[0177] To quantitate BoNT/A ad-1 LC accumulation, a standard curve of purified reduced BoNT/A ad-1 was generated
and analyzed by Western blot. FIG. 2 shows that BoNT/A ad-1 HC and LC are internalized into the cultured neuronal
cells, and are detected using DT1 and DT2 in an extract of the neuronal cultures produced by extraction in Triton™ X100. Antibodies against VAMP-2 were included as an internal control to determine that intracellular SNARE proteins
were intact. Antibodies against SNAP-25 show absence of SNAP-25 cleavage.
[0178] SNAP-25 and VAMP-2 are SNARE proteins that are essential components of the molecular machinery for
synaptic vesicle exocytosis, and are exposed to the cytoplasmic compartment of neurons. VAMP-2 is exclusively structurally associated with small synaptic vesicles. SNAP-25 is the molecular target of the LC protease of wild-type BoNT/A
(Blasi et al., "Botulinum Neurotoxin A Selectively Cleaves the Synaptic Protein SNAP-25," Nature 365:160-163 (1993)).
To determine if internalized BoNT/A ad-1 LC is similarly targeted to SNARE proteins, despite the absence of SNAP-25
cleavage, immunocytochemical analysis of BoNT/A ad-1 treated cells was performed, the results of which are shown
in FIGs. 3A-C. BoNT/A ad-1 LC specifically co-localized with SNAP-25 (FIG. 3A) and with VAMP-2 (FIG. 3B). To determine
if some fraction of the LC of BoNT/A ad-1 was co-localized with endosomal markers, co-immunostaining was performed
with early endosome antigen 1 ("EEA1"). Few EEA1 puncta were co-localized with BoNT/A ad-1 LC (FIG. 3C). These
experiments confirmed that BoNT/A ad-1 LC was indeed localized in an intracellular compartment.
BoNT/A ad-1 for Delivery of Single Chain Antibodies
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[0179] The second example of cargo delivery is the prototype BoNT/A ad-1 fusion protein containing a non-neutralizing
anti-LC-BoNT/B VHH (B-10 VHH) domain inserted upstream of a spacer domain inserted at the N-terminus of BoNT/A
ad-1. The VHH domain is flanked with a c-myc at its N-terminus, to detect delivery of the VHH-LC fusion protein to the
neuronal cytoplasm. His and Strep tags were placed at the N- (APTN) and C-terminus (APTc) of the full-length expression
construct, respectively, both flanked with a TEV protease cleavage site (RSP). These steps enable affinity purification
of the full-length single chain expression product, and elimination of any truncated expression variants. The latter tags
are removed by treatment with TEV protease during processing of the single chain expression product to form the active
disulfide-bonded heterodimer suitable for pharmaceutical applications, as illustrated generically in FIGs. 4A-B. One
embodiment of the nucleotide sequence (SEQ ID NO:1) and amino acid sequence (SEQ ID NO:2) of this construct,
referred to as "BoNT/A ad-1 VHH" is illustrated in FIGs. 9A-L. FIGs. 5A-B demonstrate that the VHH domain fused with
the N-terminus of BoNT/A ad-1 LC is internalized into hippocampal neurons and colocalizes with the SNAP-25 (FIG.
5A), as well with VAMP-2 (FIG. 5B), another component of the synaptic cycle machinery.
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Use of an Accelerated Degradation Domain (ADD) to Mark VHH-targeted Antigens for Rapid Elimination from Neurons
via Proteasomal Degradation
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[0180] The anti-LC-BoNT/B B-10 VHH fused to the BoNT/A ad-1 vehicle, as illustrated generically in FIGs. 4A-B and
evaluated in FIGs. 5A-B (i.e., BoNT/A ad-1 VHH), is a non-neutralizing antibody. That is, the B-10 VHH binds to the LC
of wild-type BoNT/B with high affinity, but it does not prevent wild-type BoNT/B from cleaving its substrate, VAMP-2.
Even if a high affinity metalloprotease-neutralizing antibody were used, the time wise fate of the complex between VHH
and wild-type LC does not guarantee full elimination of intracellular activity of the wild-type toxin in a timely fashion.
Therefore, an additional specific sequence may be required to enable this VHH-BoNT/A ad-1 fusion protein to eliminate
wild-type BoNT/LC from the cytoplasm of neurons (i.e., to function as a post-internalization antidote). This is accomplished
by placing an accelerated degradation domain (ADD), N-terminal to the VHH fragment (with an optional spacer sequence
or detection tag in between), as illustrated in FIGs. 6A-B. One embodiment of the nucleotide sequence (SEQ ID NO:5)
and amino acid sequence (SEQ ID NO:6) of this construct, referred to as "BoNT/A ad-1 VHH Degron-1" are set forth in
FIGs. 11A-L.
[0181] FIGs. 6A-B provide generic schematic illustrations of the resulting fusion protein, using a Degron-1 sequence
as an example of an ADD that directs the antibody-antigen complex to proteasome degradation. This principle is general,
and could be designed to eliminate any desired antigen that was bound by single chain VHH by manipulation of the
proteasome degradation-signaling domain.
Use of Alternative Protease for Removal of the N-terminal Affinity Tag Used for Affinity Purification
[0182] To optimize elimination by the proteasomal pathway, an N-terminal amino acid with a positively charged side
chain, such as a lysine residue, can be included in the final fusion protein product to increase targeting of the VHHantigen complex for ubiquitination and consequent degradation through the proteosomal pathway. However, natively
expressed proteins with N-terminal positively charged amino acids, such as arginine or lysine are intrinsically unstable.
To overcome problems related to stability of these proteins, stably expressed protein precursors (BoNT derivatives)
were cleaved with built-in recognition sequence after purification with highly specific recombinant proteases, such as
WELQut protease (SplB protease from Staphylococcus aureus). The highly specific recognition sequence WELQ allows
this protease to release the N-terminus of the cleaved product (that follow this sequence), which in this case would be
the fusion protein with N-terminally placed lysine residue, targeted for accelerated degradation.
[0183] The atoxic propeptide is designed so that maturation of the proprotein with the WELQut protease results in
production of a mature heterodimer that contains an N-terminal lysine residue, because proteins with an N-terminal
lysine residue are more rapidly degraded by the proteasome system.
Discussion
[0184] The data presented here is part of an ongoing effort to engineer recombinant Clostridial neurotoxins to deliver
drugs (therapeutic agents) to the neuronal cytoplasm via the trafficking mechanism(s) of native Clostridial neurotoxins.
All BoNT serotypes deliver their LC protease to the neuronal cytoplasm and target, specifically, SNARE proteins. This
approach has been to develop methods to express and purify recombinant derivatives of BoNTs that retain the structure
and trafficking properties of the native toxin, but which can be engineered in desirable ways using tools of modern
molecular biology.
[0185] In this example, the neuronal internalization and intracellular trafficking of the prototype vehicle BoNT/A ad-1
is described. The idea is to use BoNT/A ad-1 as a "Trojan horse" to deliver therapeutic cargo, especially, single domain
antibodies. This idea is exemplified using two fusion proteins, BoNT/A ad-1 VHH and BoNT/A ad-1 VHH Degron-1.
These two derivatives successfully deliver single domain antibodies that target intracellular epitopes.
[0186] BoNT/A ad-1 LC and BoNT/A ad-1 VHH colocalized extensively with SNAP-25 and with VAMP-2, both cytosolic
proteins and members of the SNARE complex. It is particularly noteworthy that the LCs seldom colocalized with endosomal markers, suggesting that the endosomal compartment is a transient step in internalization rather than a destination
using the BoNT/A ad-1 derivatives (Montecucco et al., "Mechanism of Action of Tetanus and Botulinum Neurotoxins,"
Mol. Microbiol. 13:1-8 (1994)). This contrasts with reports from other laboratories describing delivery vehicles based on
engineered derivatives of clostridial toxins, which show endosomal localization and little or no colocalization with synaptic
vesicle markers (Ho et al., "Recombinant Botulinum Neurotoxin A Heavy Chain-based Delivery Vehicles for Neuronal
Cell Targeting," Protein Eng. Des. Sel. 24:247-253 (2011); Singh et al., "Clostridial Neurotoxins as a Drug Delivery
Vehicle Targeting Nervous System," Biochimie 92:1252-1259 (2010); Zhang et al., "An Efficient Drug Delivery Vehicle
for Botulism Countermeasure," BMC Pharmacol. 9:12 (2009); Brunger et al., "Botulinum Neurotoxin Heavy Chain Belt
as an Intramolecular Chaperone for the Light Chain," PLoS Pathog. 3:1191-1194 (2007); Koriazova et al., "Translocation
of Botulinum Neurotoxin Light Chain Protease through the Heavy Chain Channel," Nat. Struct. Biol. 10:13-18 (2003)).
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[0187] In summary, the data reported here confirm previous work demonstrating that this technology platform enables
the production of bioengineered recombinant botulinum neurotoxin derivatives that maintain the structure and trafficking
properties of wild-type BoNT/A. This platform provides the means to generate BoNTs tailored for specific applications.
In the present example, it is demonstrated that the atoxic derivative light chain is delivered to the cytosol of neurons,
indicating that this fusion has the potential to be used as a "Trojan horse" to deliver drugs to the neuronal cytosol. BoNT/A
ad-1 retains the ability to specifically target neurons and to translocate high levels of the LC into the neuronal cytoplasm,
where the BoNT/A ad-1 LC is able to accumulate and persist without overt evidence of cytotoxicity. The BoNT/A LC-B10 (Cyto-302) recovered from the neuronal cytoplasm still retains the ability to bind LC/B, as demonstrated by the
immunoprecipitation experiments described below, and in FIG. 18. This new technology can be designed to work against
all BoNT serotypes, and can be applied to bind and neutralize the function of a wide range of pathogenic proteins
responsible for important neurological diseases.
Example 2 - BoNT/A ad-0 as a Delivery Vehicle to Deliver Single Chain Antibodies to the Cytoplasm of Neurons
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Introduction
[0188] It has previously been shown that BoNT/A ad-0 is found at the pre-synaptic region in neuromuscular junctions
after systemic administration in vivo. In vitro, BoNT/A ad-0 is internalized into the cytosol of neurons at micromolar
concentrations, where the BoNT/A ad-0 light chain co-localizes with synaptic proteins. Local intramuscular administration
of BoNT/A ad-0 results in muscle weakness/paralysis, a hallmark of wild-type BoNT/A, demonstrating the pharmacological
properties of BoNT/A ad-0 as a neuromodulator.
[0189] In this example, empirical evidence is provided regarding the successful delivery of single chain antibodies
using botulinum neurotoxin atoxic derivatives with residual SNAP-25 catalytic activity (BoNT/A ad-0). The catalytic activity
of the BoNT/A ad-0 light chain towards SNAP-25 was used as a readout to measure successful delivery of the cargo
material; in this example it is demonstrated that a variable domain of heavy chain antibody (VHH), fused to the ad-0 light
chain, is delivered into the cytosol of neurons. The use of VHH or single chain antibodies could allow the targeting,
neutralization, and elimination of pathological proteins present in the neuronal cytoplasm, serving as a therapeutic for
numerous neurological conditions. In some situations, the residual SNAP-25 cleavage activity could synergize with the
therapeutic activity conferred by the antibody and provide an improved therapeutic result over either activity individually.
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Materials and Methods
Expression of Botulinum Neurotoxin A Atoxic Derivatives
35

[0190] The full-length single chain forms of BoNT/A atoxic derivatives (BoNT/A ad) discussed below were bioengineered, expressed, and purified, and then converted to the di-chain by treatment with TEV protease as described before
(Band et al., "Recombinant Derivatives of Botulinum Neurotoxin A Engineered for Trafficking Studies and Neuronal
Delivery," Protein Exp. Purif. 71:62-73 (2010)).
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Preparation and Maintenance of E19 Rat Hippocampal Neurons
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[0191] Time pregnant Sprague-Dawley rats (Taconic) were used to isolate embryonic-day 19 (E19) hippocampal
neurons. E19 rat hippocampal neurons were prepared from hippocampi according to the protocol of Vicario-Abejon
(Vicario-Abejon, "Long-term Culture of Hippocampal Neurons," Curr. Protoc. Neurosci. Chapter 3: Unit 32 (2004)).
Bilateral hippocampi were dissected from fetal brain, immersed in dissection buffer (15 mM HEPES pH 7.2 (Cat. No.
15630080, Life Technologies), 0.5 % glucose in DPBS without Ca2+ and Mg2+ (Cat. No. 14190-250, Life Technologies)),
and dissociated by incubation in 10 mL of dissection buffer supplemented with 1x Trypsin/EDTA (10x Trypsin/EDTA is
0.5% trypsin/0.2% EDTA, Cat. No. 15400054, Life Technologies) for 15 minutes at 37°C. Tissue was triturated using a
fire polished Pasteur glass pipette, and cells were counted. The single cell suspension was plated onto poly-L-lysine
hydrobromide-coated plates or coverslips in plating medium (1x Minimum Essential Medium-Glutamax™ (1x MEMGlutamax™, Cat. No. 41090036, Life Technologies), 10% FBS (Fetal Bovine Serum; Cat. No. 16000044, Life Technologies), 1x Sodium pyruvate (100 mM Sodium pyruvate; Cat. No. 11360-070, Life Technologies), 1x Pen/Strep (100x
Pen/Strep is 10,000 U/mL penicillin, 10 mg/mL streptomycin; Cat. No. 15240062, Life Technologies)). After two hours,
plating medium was replaced with maintenance medium (1x Neurobasal medium (Cat. No. 21103049, Life Technologies),
1x B27 supplement (Cat. No. 17504044, Life Technologies), and 1x Pen/Strep). Three days after plating, 2 mg/mL
cytosine β-D-arabinofuranoside (AraC, Cat. No. C1768, Sigma) was added to the maintenance medium to prevent
growth of glia. Half of the medium was replaced with fresh maintenance medium every 3 days.
[0192] For experiments related to protein quantification by Western blot, 1-4 x 106 cells were plated in 100 mm plates
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in 10 mL medium. For immunocytochemical studies, 50,000-100,000 cells were plated on cover slips inserted into 6 x
35 mm/well plates in 3 mL medium/well.
Western Blot Studies
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[0193] BoNT/A atoxic derivatives (BoNT/A ad) were incubated with neurons for time periods as indicated in figure
legends and/or results. Neurons were harvested and solubilized on ice in 300 mL lysis buffer with protease inhibitors
(0.5% Triton X-100, 100 mM NaCl, 25 mM HEPES, pH 7.5, 10 mM 6-aminocaproic acid, 2 mM benzamidine, 5 mM 4-(2aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 2.5 mM EDTA, 325 mM bestatin, 35 mM E-64, 2.5 mM
leupeptin, 0.75 mM aprotinin) by passing the sample several times through a 27 gauge needle. Soluble protein lyzate
was separated from the pellet by centrifuging the samples at 18,000 g at 4°C for 30 minutes. After lysis, the total protein
concentration in each sample was measured and sample volumes were adjusted with lysis buffer, supplemented with
protease inhibitors to equalize concentration. Total protein concentration in solubilized samples was determined using
a Micro BCA kit (Cat. No. 23235, Thermo Scientific) per the manufacturer’s instructions. Approximately equal amounts
(15 mg) of total protein were loaded per lane, separated by reduced SDS PAGE, and transferred to a 0.2 mm nitrocellulose
membrane (Bio-Rad). Following transfer, membranes were blocked with 10% fat-free milk + 5% NGS (Normal Goat
Serum, Cat. No. 10000C, Life Technologies) in TBST (150 mM NaCl, 10 mM Tris-HCl pH 8.0, 0.1% Tween® 20) at room
temperature for 1 hour. Primary and secondary antibodies were diluted in TBST containing 3% NGS. Blots were incubated
with primary antibodies overnight at 4°C, and with secondary antibodies 45 minutes at room temperature. Following
incubations, blots were washed with TBST 3 times for 5 minutes. Super Signal West Pico chemiluminescent substrate
(Cat. No. 34080, Thermo Scientific) was used for visualization by autoradiography. Autoradiographs of Western blots
were scanned at 300 dpi on an Epson Expression 1680 scanner using Silver Fast AI v.6.4.4r7a software avoiding filter
modifications. Samples of BoNT/A atoxic derivatives loaded on reduced SDS PAGE with known LC-ad content (ng/lane)
were utilized to generate a standard curve.
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Digital Abduction Assay
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[0194] A modification to the classic Digit Abduction Scoring ("DAS") Assay was used to determine local muscle weakening efficacy as described in Aoki, "Preclinical Update on BOTOX® (Botulinum Toxin Type A)-Purified Neurotoxin
Complex Relative to Other Botulinum Neurotoxin Preparations," European Journal of Neurology (1999). In the DAS
Assay, mice are suspended briefly to elicit a characteristic startle response in which the animal extends its hind limbs
and abducts its hind digits. The mouse DAS assay is especially useful to compare muscle weakening efficacy (Aoki,
"Preclinical Update on BOTOX® (Botulinum Toxin Type A)-Purified Neurotoxin Complex Relative to Other Botulinum
Neurotoxin Preparations," European Journal of Neurology (1999) and Aoki, "A Comparison of the Safety Margins of
Botulinum Neurotoxin Serotypes A, B, and F In Mice," Toxicon 39:1815-1820 (2001)).
[0195] To evaluate digital abduction, a group of five CD-1 female (8 weeks old) mice were injected BoNT/A ad-0 VHH
into the right gastrocnemius muscle in a final volume of 3 ml using a Hamilton 701 RN Syringe with 31 gauge point style
custom RN needle. The digital abduction can be scored using the scoring system described in Aoki, "A Comparison of
the Safety Margins of Botulinum Neurotoxin Serotypes A, B, and F In Mice," Toxicon 39:1815-1820 (2001). The mouse
DAS assay is the most common assay used to compare the muscle weakening efficacy of botulinum neurotoxin products.
Aoki, "A Comparison of the Safety Margins of Botulinum Neurotoxin Serotypes A, B, and F In Mice," Toxicon 39:1815-1820
(2001), used the mouse DAS assay to compare the dose-response efficacy of BoNT/A preparations. This test was
utilized to define pharmacological activity of BoNT/A ad-0 VHH in mice. Digital Abduction was assessed at 48 hours.
Results
Pharmacologic Activity In Vitro for BoNT/A ad-0
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[0196] To determine the residual activity towards SNAP-25, E19 Rat hippocampal neurons were cultured for 14 days
and then exposed to different concentration of BoNT/A ad-0 for 72 hours. A Western blot analysis shows a concentration
dependent BoNT/A ad-0 induced cleavage of SNAP-25 (FIG. 14).
BoNT/A ad-0 Successfully Delivers VHH or Single Chain Antibodies into the Neuronal Cytosol
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[0197] The first example of cargo delivery using a prototype BoNT/A atoxic derivative (BoNT/A ad) was designed to
deliver a variable domain of heavy chain antibody (VHH) or single chain antibody, raised against light chain of wild-type
BoNT/B (BoNT/A ad-0 VHH). Alpaca-derived single chain VHH have a molecular weight of ∼11 kDa, and are able to
bind to specific antigens with high affinity. The specific VHH tested was a non-neutralizing anti-LC-BoNT/B VHH (VHH
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B-10), the amino acid sequence of which was provided by Dr. Charles Shoemaker (Tufts University School of Veterinary
Medicine) and subsequently modified pursuant to this invention to optimize its expression. Several variations for placement of the VHH domain were considered to arrive at the design illustrated in FIGs. 13A-B, which provide a schematic
illustration of the BoNT/A ad-0 propeptide fusion and mature fusion protein containing a non-neutralizing anti-LC-BoNT/B
VHH domain inserted at the N-terminus of BoNT/A ad-0. Since BoNT/A ad-0 retains residual SNAP-25 cleavage activity
(FIG. 14), one can measure the catalytic activity of BoNT/A ad-0 light chain as a read-out for successful delivery of the
light chain and the VHH into the cytosol of neurons. Thus, 14 days in vitro (14-DIV) E19 rat hippocampal neuronal
cultures were exposed to 50 nM of BoNT/A ad-0 VHH for different time points. SNAP-25 cleavage is observed on cells
treated with 50 nM of BoNT/A ad-0 VHH for 24, 48, and 72 hours (FIG. 15), demonstrating the successful translocation
of both the LC of BoNT/A ad-0 and VHH to the cytoplasm of neurons. Beta actin was used as loading control, and to
show that equal amounts of total protein were loaded per lane (FIG. 15).
BoNT/A ad-0-VHH Induces Localized Muscle Paralysis Indicating Successful Delivery of Cargo into the Cytosol of
Neurons
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[0198] BoNT/A ad-0 induced muscle weakness was previously measured in vivo using the DAS assay in mice (see
PCT Publication No. WO 2014/117148). To further validate the successful delivery of the VHH antibody to the cytosol
of neurons, the DAS assay was used as an in vivo readout of successful delivery of the fusion protein. Injection of 1 mg
of BoNT/A ad-0 VHH into the left gastrocnemius muscle in 3 ml of saline solution resulted in definitive paralysis of the
digital abduction reflex, comparable to the pharmaceutical response to BoNT/A ad-0, as seen in FIG. 16, demonstrating
that the VHH fused to the light chain of BoNT/A ad-0 was successfully delivered to the cytosol compartment of motor
neurons. Mice injected with BoNT/A ad-0 without VHH was used as a control.
[0199] FIG. 18 describes an immunoprecipitation experiment, in which hippocampal neuron cultures are treated with
the prototype BoNT/A ad-0 fusion protein containing the non-neutralizing anti-LC-BoNT/B VHH (B-10 VHH) described
supra and described in FIGs. 19A-L in the form of the processed disulfide-bonded heterodimer. A comparison of lanes
4 and 5 in FIG. 18 illustrates that LC/B antigen binding activity can be recovered in a cytosolic extract from neurons
treated with the BoNT-fused VHH against LC/B using the c-myc tag to immunoprecipitate the fusion protein. It also
illustrates that the prototype BoNT/A ad-0 fusion recovered after delivery to the neuron has retained LC/B antigen binding
activity, because the VHH recovered from the cytosolic fraction of the cells and, therefore, after translocation of the
construct out of the endosome, still retains the ability to specifically pull down LC/B in the immunoprecipitation.
Discussion
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[0200] In this example, the use of BoNT/A ad-0 has been described as a molecular vehicle to deliver single chain
antibodies to the cytosol of neurons. The idea is to use BoNT/A ad-0 as a "Trojan horse" to target the neuronal cytosol,
while using the BoNT/A ad-0 light chain catalytic activity towards SNAP-25 as a readout of therapeutic cargo delivery.
The difference in the potency (dose use) between BoNT/A ad-0 and BoNT/A ad-0 VHH demonstrates that the VHH
fused to the light chain of BoNT/A ad-0 diminishes the pharmacological properties of the BoNT/A ad-0 light chain.
Nevertheless, the fact that SNAP-25 cleavage is detected in vitro and digital abduction is measured in vivo serves as
concrete empirical evidence that the VHH-fused to the BoNT/A ad-0 light chain is reaching the cytosolic compartment
of neurons.
Example 3 - Atoxic Derivative of Botulinum Neurotoxin C (BoNT/C ad) as a Molecular Vehicle for Targeted
Delivery to the Neuronal Cytoplasm
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Introduction
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[0201] Methods that enable facile production of recombinant derivatives of botulinum neurotoxins (BoNTs) have been
developed, which retain the structural and trafficking properties of wild type (wt) BoNTs. Atoxic derivatives of wt BoNT/A
have been described supra. Here, an atoxic derivative of BoNT/C1 with three amino acid substitutions in the catalytic
domain of the light chain (E446>A;H449>G;Y591>A), termed BoNT/C ad, was designed, expressed, purified, and evaluated.
Methods
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[0202] The coding sequence for BoNT/C ad was designed to inactivate the light chain protease with minimal disruption
of the light chain/heavy chain interactions within the protein heterodimer. Recombinant protein was secreted into culture
media as a soluble propeptide. The protein was purified to homogeneity by tandem affinity chromatography and processed
with TEV protease to form the disulfide-bonded heterodimer (FIGs. 21A-C), as is described in Band et al., "Recombinant
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Derivatives of Botulinum Neurotoxin A Engineered for Trafficking Studies and Neuronal Delivery," Protein Exp. Purif.
71:62-73 (2010) for atoxic derivatives of BoNT/A.
[0203] Purified BoNT/C ad was studied in primary cultures of E19 embryonic rat cortical neurons to evaluate its
enzymatic activity, neuronal internalization and trafficking pattern using Western blots and immunocytochemistry. The
murine intraperitoneal LD50 (MIPLD50) of BoNT/C ad was determined by the mouse lethality assay. Targeting of BoNT/C
ad to the neuromuscular junction in vivo was determined by evaluating co-localization with alpha-bungarotoxin in the
murine diaphragm.
Preparation and Maintenance of E19 Rat Cortical Neurons
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[0204] Time pregnant Sprague-Dawley rats (Taconic) were used to isolate embryonic-day 19 (E19) cortical neurons.
Bilateral cortex were dissected from fetal brain, immersed in dissection buffer (15 mM HEPES pH 7.2 (Cat # 15630080,
Life Technologies), 0.5% glucose in DPBS without Ca2+ and Mg2+ (Cat # 14190-250, Life Technologies), and dissociated
by incubation in 10 mL of dissection buffer supplemented with 1x Trypsin/EDTA (10x Trypsin/EDTA is 0.5% trypsin/0.2%
EDTA, Cat # 15400054, Life Technologies) for 10 minutes at 37°C. Tissue was triturated using a fire polished Pasteur
glass pipette, and cells were counted. The single cell suspension was plated onto poly-L-lysine hydrobromide-coated
plates or coverslips in plating medium (1x Minimum Essential Medium-Glutamax™ (1x MEM-Glutamax™, Cat. #
41090036, Life Technologies), 10% FBS (Fetal Bovine Serum; Cat. # 16000044, Life Technologies), 1x Sodium pyruvate
(100 mM Sodium pyruvate; Cat. # 11360-070, Life Technologies), 1x Pen/Strep (100x Pen/Strep is 10,000 U/mL penicillin,
10 mg/mL streptomycin; Cat. # 15240062, LifeTechnologies). After two hours, plating medium was replaced with maintenance medium (1x Neurobasal medium (Cat. # 21103049, Life Technologies), 1x B27 supplement (Cat. # 17504044,
Life Technologies), and 1x Pen/Strep). Three days after plating, 2 mg/mL cytosine b-D-arabinofuranoside (AraC, Cat.
# C1768, Sigma) was added to the maintenance medium to prevent growth of glia. Half of the medium was replaced
with fresh maintenance medium every 3 to 5 days.
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Western Blot Analysis
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[0205] Neurons were harvested and solubilized on ice in 200 mL lysis buffer with protease inhibitors (0.5% Triton™
X-100, 100 mM NaCl, 25 mM HEPES, pH 7.5, 10 mM 6-aminocaproic acid, 2 mM benzamidine, 5 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF), 2.5 mM EDTA, 325 mM bestatin, 35 mM E-64, 2.5 mM leupeptin, 0.75
mM aprotinin) by passing the sample several times through a 25 gauge needle. Soluble protein lysate was separated
from the pellet by centrifuging the samples at 18,000 g at 4°C for 20 minutes. After lysis, the total protein concentration
in each sample was measured and sample volumes were adjusted with lysis buffer and supplemented with protease
inhibitors to equalize concentration. Approximately 30 microgram of total protein were loaded per lane, separated by
reduced SDS PAGE and transferred to a 0.2 mm nitrocellulose membrane (Bio-Rad). Following transfer, membranes
were blocked in 10% fat-free milk + 5% NGS (Normal Goat Serum, Cat. # 10000C, Life Technologies) in TBST (150
mM NaCl, 10 mM Tris-HCl pH 8.0, 0.1% Tween® 20) at room temperature for 2 hours. Membranes were incubated with
primary antibodies overnight at 4°C, and with secondary antibodies 45 minutes at room temperature. Following incubations, blots were washed with TBST 3 times for 5 minutes. Super Signal West Pico chemiluminescent substrate (Cat. #
34080, Thermo Scientific) was used for visualization by autoradiography.
Immunocytochemistry Analysis
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[0206] BoNT/C ad or BoNT/C ad B8 (a fusion protein with a B8 single chain antibody) was incubated with neurons for
different times as indicated in figure legends. Immediately after incubation, cells were washed three times with ice-cold
DPBS, fixed with 4% formaldehyde for 15 minutes, and permeabilized with 0.1% Triton™ X-100 for 5 minutes. After
fixation, the permeabilized cells were washed three times with DPBS, blocked for 1 hour at room temperature with 10%
BSA in DPBS, and incubated overnight at 4°C with primary antibodies. Primary antibodies were diluted in DPBS-NGS.
After primary antibody incubation, cells were washed three times with DPBS-NGS (1X DPBS with 3% NGS) and incubated
with secondary antibody (in DPBS-NGS) for 45 minutes at room temperature. After secondary antibody incubation, cells
were washed three times with DPBS, and the cover slips were mounted on slides with mounting medium. Image scanning
was performed on a Nikon LSM 510 confocal microscope and images were analyzed using Zeiss LSM confocal microscopy software.
Detection of BoNT/C ad Catalytic Activity in a Cell-Based Assay
[0207] To detect if BoNT/C ad has enzymatic activity towards wt BoNT/C natural substrates Syntaxin-1 and SNAP25, 14-DIV E19 rat cortical neurons were exposed different concentrations of BoNT/C ad for 96 hours. After the incubation
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time, cells were washed and prepared for Western blot analysis (FIG. 22A). Cells were exposed to media only (negative
control), 0.5 nM BoNT/C (positive control), or 5, 25, or 100 nM of BoNT/C ad for 96 hours. Western blot analysis was
perfrom to detect Syntaxin-1 and VAMP-2; VAMP-2 was used as internal loading control. In FIG. 22B, cells were exposed
to 1, 5, 25, or 100 nM of of BoNT/C ad for 96 hours. Western blot analysis was performed to detect Syntaxin-1, SNAP25, BoNT/C ad LC, and VAMP-2, respectively. VAMP-2 serves as an internal loading control.
Detection of Neuronal Internalization of BoNT/C ad

10

[0208] To detect neuronal internalization of BoNT/C ad, 14-DIV E19 rat hippocampal cultures were exposed to 25 nM
of BoNT/C ad for 16 hours. After the incubation cells were prepared for immunocytochemistry using monoclonal antibodies
to detect VAMP-2, BoNT/C ad LC, BoNT/C HC, and EEA-1, and analyzed using confocal microscopy.
Trafficking of BoNT/C to the Neuromuscular Junction

15

[0209] To examine trafficking patterns of BoNT/C ad, 6-week old CD-1 female mice were injected intraperitoneally
with 0.4 mg/kg of BoNT/C ad. 24 hours after systemic injection, mice were euthanized and hemidiaphragm isolated and
prepared for immunostaining. Hemidiaphragm was stained with monoclonal antibodies for Syntaxin, BoNT/C HC, and
Alpha bungarotoxin, and analyzed by confocal microscopy.

20

Toxicity of BoNT/C ad in Mice
[0210] To determine the toxicity of BoNT/C in mice, survival rates of 8-week old CD-1 female mice injected intraperitoneally with 0.04, 0.2, 0.4, 2, or 4 mg/kg of BoNT/C ad were determined. BoNT/C ad was diluted in DPB-S supplemented
with 0.02% gelatin. Mice were injected in the intraperitoneal cavity with a final volume of 0.250 ml.
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Results
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[0211] The final yield of purified protein from a 1 L culture was approximately 50 mg. BoNT/C was found to co-localize
with the synaptic proteins SNAP-25 and VAMP-2 (FIGs. 23A-B); minor co-localization with early/late endosome markers
was also observed (FIG. 24). Treatment of neuronal cultures with up to 100 nM BoNT/C ad for 96 hours did not result
in detectable cleavage of SNARE proteins (FIGs. 22A-B). The MIPLD50 of BoNT/C ad was determined to be greater
than 4 mg/kg (Table 1). Mice injected with BoNT/C ad doses equal or higher than 2 mg/kg showed adverse clinical
symptoms including waspy-like waste, generalized body weakness and difficulty breathing. BoNT/C ad traffics to the
nueruomuscular junction after systemic administration evident from the heavy chain localization to alpha-bungarotoxin
on the murine diaphragm after animals were injected intraperitoneally (FIGs. 25A-B).
Table 1. BoNT/C ad Mouse Lethality Assay

40
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Dose (mg/kg) mouse

Survival (n=10)

0.04

100%

0.2

100%

0.4

100%

2

90%

4

70%

Conclusion
50

[0212] BoNT/C maintains its natural structure shown by the ability to traffic to the neuro-muscular junction after systemic
administration and co-localizes with pre-synaptic proteins. The extremely low toxicity of BoNT/C ad, absence of catalytic
activity, and its neuron-targeting properties indicate its usefulness as a molecular vehicle for drug delivery to the neuronal
cytoplasm.
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Example 4 - Post-Exposure Effectiveness of a Single Chain Antibody against Botulinum Neurotoxin Delivered
via an Atoxic Recombinant Neurotoxin Vehicle (BoNT/C ad)
Introduction
5

10

15

20

[0213] Current treatment for botulism rely on administration of antitoxins. These antitoxins are antibodies or antibody
fragments, which are only effective against botulinum neurotoxin (BoNT) while the toxin remains in circulation. In botulism
patients, prolonged mechanical ventilation is often required to prevent death, because much of the toxin has accumulated
inside neurons by the time patients are diagnosed, making antitoxin treatment only partially effective. Recombinant
atoxic derivatives of BoNT/C to deliver single chain antibodies directly to the presynaptic compartment of BoNT-intoxicated neurons have been developed. The single chain antibody counteracts botulism symptoms inside intoxicated
neurons by blocking the light chain of BoNT/A. Here, an intracellular treatment termed C/B8 is described, comprising a
single chain VHH camelid antibody (B8), delivered via an atoxic BoNT/C1 derivative (BoNT/C ad), which is designed to
be effective after the toxin has already entered neurons.
[0214] The primary objective of these studies was to evaluate the efficacy of C/B8 antidote to reverse clinical respiratory
symptoms associated with intoxication by BoNT/A, particularly in comparison to standard antibody-based antitoxins. In
a murine model of botulism, mice were challenged with 1.2 or 4 MIPLD50 units of BoNT/A1 by intraperitoneal (ip) injection,
and then treated at various times with ip administration of C/B8 antidote or an antibody-based antitoxin.
Methods
Preparation and Maintenance of E19 Rat Cortical Neurons
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[0215] Time pregnant Sprague-Dawley rats (Taconic) were used to isolate embryonic-day 19 (E19) cortical neurons.
Bilateral cortex were dissected from fetal brain, immersed in dissection buffer (15 mM HEPES pH 7.2 (Cat # 15630080,
Life Technologies), 0.5% glucose in DPBS without Ca2+ and Mg2+ (Cat # 14190-250, Life Technologies), and dissociated
by incubation in 10 mL of dissection buffer supplemented with 1x Trypsin/EDTA (10x Trypsin/EDTA is 0.5% trypsin/0.2%
EDTA, Cat # 15400054, Life Technologies) for 10 minutes at 37°C. Tissue was triturated using a fire polished Pasteur
glass pipette, and cells were counted. The single cell suspension was plated onto poly-L-lysine hydrobromide-coated
plates or coverslips in plating medium (1x Minimum Essential Medium-Glutamax™ (1x MEM-Glutamax™, Cat. #
41090036, Life Technologies), 10% FBS (Fetal Bovine Serum; Cat. # 16000044, Life Technologies), 1x Sodium pyruvate
(100 mM Sodium pyruvate; Cat. # 11360-070, Life Technologies), 1x Pen/Strep (100x Pen/Strep is 10,000 U/mL penicillin,
10 mg/mL streptomycin; Cat. # 15240062, LifeTechnologies). After two hours, plating medium was replaced with maintenance medium (1x Neurobasal medium (Cat. # 21103049, Life Technologies), 1x B27 supplement (Cat. # 17504044,
Life Technologies), and 1x Pen/Strep). Three days after plating, 2 mg/mL cytosine b-D-arabinofuranoside (AraC, Cat.
# C1768, Sigma) was added to the maintenance medium to prevent growth of glia. Half of the medium was replaced
with fresh maintenance medium every 3 to 5 days.
Western Blot Analysis
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[0216] Neurons were harvested and solubilized on ice in 200 mL lysis buffer with protease inhibitors (0.5% Triton™
X-100, 100 mM NaCl, 25 mM HEPES, pH 7.5, 10 mM 6-aminocaproic acid, 2 mM benzamidine, 5 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF), 2.5 mM EDTA, 325 mM bestatin, 35 mM E-64, 2.5 mM leupeptin, 0.75
mM aprotinin) by passing the sample several times through a 25 gauge needle. Soluble protein lysate was separated
from the pellet by centrifuging the samples at 18,000 g at 4°C for 20 minutes. After lysis, the total protein concentration
in each sample was measured and sample volumes were adjusted with lysis buffer and supplemented with protease
inhibitors to equalize concentration. Approximately 30 microgram of total protein were loaded per lane, separated by
reduced SDS PAGE and transferred to a 0.2 mm nitrocellulose membrane (Bio-Rad). Following transfer, membranes
were blocked in 10% fat-free milk + 5% NGS (Normal Goat Serum, Cat. # 10000C, Life Technologies) in TBST (150
mM NaCl, 10 mM Tris-HCl pH 8.0, 0.1% Tween® 20) at room temperature for 2 hours. Membranes were incubated with
primary antibodies overnight at 4°C, and with secondary antibodies 45 minutes at room temperature. Following incubations, blots were washed with TBST 3 times for 5 minutes. Super Signal West Pico chemiluminescent substrate (Cat. #
34080, Thermo Scientific) was used for visualization by autoradiography.
Immunocytochemistry Analysis
[0217] BoNT/C ad or BoNT/C ad B8 (a fusion protein with a B8 single chain antibody) was incubated with neurons for
different times as indicated in figure legends. Immediately after incubation, cells were washed three times with ice-cold
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DPBS, fixed with 4% formaldehyde for 15 minutes, and permeabilized with 0.1% Triton™ X-100 for 5 minutes. After
fixation, the permeabilized cells were washed three times with DPBS, blocked for 1 hour at room temperature with 10%
BSA in DPBS, and incubated overnight at 4°C with primary antibodies. Primary antibodies were diluted in DPBS-NGS.
After primary antibody incubation, cells were washed three times with DPBS-NGS (1X DPBS with 3% NGS) and incubated
with secondary antibody (in DPBS-NGS) for 45 minutes at room temperature. After secondary antibody incubation, cells
were washed three times with DPBS, and the cover slips were mounted on slides with mounting medium. Image scanning
was performed on a Nikon LSM 510 confocal microscope and images were analyzed using Zeiss LSM confocal microscopy software.
Co-localization of C/B8 with Synaptic Proteins
[0218] To determine if C/B8 co-localizes with synaptic proteins, 14-DIV E19 rat hippocampal cultures were treated
with 25 nM of C/B8 for 24 hours. Cells were then prepared for immunocytochemistry using monoclonal antibodies to
detect Synapsin-1, VAMP-2, and BoNT/C LC, and analyzed using confocal microscopy (FIG. 26).

15

Effect of C/B8 on BoNT/A LC Activity Inside Intoxicated Neurons

20

[0219] To investigate the effect of C/B8 on BoNT/A LC activity, 14-DIV E19 rat cortical neurons were co-exposed with
5 pM of BoNT/A and either, 50 nM C/B8, 50 nM B8 alone, 50 nM BoNT/C ad (molecular vehicle alone), 50 nM JLJG3alone (VHH against BoNT/B), or 50 nM JLJG3/C (BoNT/C ad with JLJG3). Immediately after incubation, cells were
washed with ice-cold DPBS and protein solubilized with 0.5% Triton™ X-100 buffer. Protein was analyzed by Western
blot analysis using antibodies for SNAP-25 and beta-actin. (FIG. 27).
Effect of C/B8 on BoNT/A LC Activity and SNAP-25 Recovery in a Post-Exposure Model of Intoxication

25

[0220] To investigate the effect of C/B8 on BoNT/A LC activity in a post-exposure in vitro model, 14-DIV E19 rat cortical
neurons were intoxicated with 5 pM of BoNT/A for 90 minutes. Cells were washed twice with cell culture media, and
chased in the presence of 50 nM C/B8 or BoNT/C ad (C-ad). Samples were analyzed by Western blot using a monoclonal
antibody for SNAP-25 at different days post-treatment. (FIG. 28)
30

In vivo Efficacy of C/B8 Compared to Molecular Vehicle

35

[0221] To compare the efficacy of C/B8 to its molecular vehicle (BoNT/C ad), an in vivo efficacy murine study was
performed. In this blinded study, mice were challenged with 2 MIPLD50 and treated at 3 hours post-intoxication with
placebo, 0.4 mg/kg BoNT/C ad, or 0.4 mg/kg C/B8. (FIG. 29).
In vivo Effectiveness of C/B8 Versus Antitoxin at Different Times Post-Intoxication

40

[0222] To determine the effectiveness of C/B8, mice were challenged with 1.2 or 4 MIPLD50 units and treated with
placebo, 0.4 mg/kg C/B8, or 1 U sheep polyclonal sera (antitoxin) at different hours post intoxication.
Results
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[0223] In primary neuronal cultures, BoNT/C ad B8 co-localizes with synaptic proteins, Synapsin-1 and VAMP-2. In
vitro efficacy studies how that C/B8 partial block of SNAP-25 cleavage. Additionally, cells treated with C/B8 showed
recovery of SNAP-25 by day 7 compared to the non-treated group (n/t) or BoNT/C ad (FIG. 28).
[0224] In vivo efficacy studies show that placebo and BoNT/C ad treated animals died within 30 hours, while 80% of
mice treated with C/B8 recovered, and were free of symptoms by day 10 (n = 10 mice per group). This indicates that
the survival benefit is attributed to the B8 VHH delivered by BoNT/C ad.
[0225] The effectiveness of C/B8 was directly compared to antibody-based antitoxin treatment. Mice were challenged
ip with 1.2 MIPLD50 units and treated with placebo, 0.4 mg/kg C/B8, or 1 U sheep polyclonal sera (antitoxin) at 4, 12,
or 20 hours post-intoxication (n = 10 mice per group). For the 4 hours post-intoxication treatment group, no clinical
symptoms of botulism were recorded at the time of treatment intervention. For the 12 hours post-intoxication treatment
group, mice displayed clinical signs of botulism toxemia, including slow respiratory patterns, wasp-like waist, and decreased mobility compared to normal mice. The 20 hours post-intoxication treatment group showed clinical signs of
toxemia, including piloerection, respiratory distress accompanied by breathing noises, limb weakness, and lower mobility.
Survival rate for the 4-hour treatment group was 100% for the C/B8 group and 70% for antitoxin group (FIG. 30A).
Survival rate for the 12-hour treatment group was 90% for C/B8 and 10% for the antitoxin (FIG. 30B). The survival rate
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for the 20-hour treatment group was 80% for the C/B8 group and 10% for the antitoxin group (FIG. 30C). By day 10 on
the study, surviving mice were free of clinical symptoms of botulism and weight gain was recorded. In each treatment
group, mice treated with C/B8 exhibited increased survival compared to mice treated with antitoxin. This was most
apparent in animals treated 20 hours post-intoxication, at which point all animals exhibited severe clinical symptoms of
botulism.
Effect of Intoxication Dose on Effectiveness of C/B8 and Standard Antitoxin

10

15

[0226] Mice were challenged with intraperitoneal injection of 4 MIPLD50 BoNT/A, followed by intervention with 0.4
mg/kg C/B8 or 1 U of Antitoxin (sheep polyclonal sera) at 6, 8, or 10 hours post intoxication (n = 5 per group). At 6 hours
post intoxication, mice showed clinical signs of botulism toxemia, including breathing changes and wasp-like waist.
Survival on the 6-hour treatment group by day 10 was 40% in the C/B8 group and 20% antitoxin groups (FIG. 31A). At
8 hours post intoxication, mice showed severe clinical signs of botulism toxemia, including difficulty breathing, body
weakness, and wasp-like waist. Survival on the 8-hour treatment group at day 10 was 20% in the C/B8 group and 0%
in the antitoxin groups (FIG. 31B). At 10 hours post intoxication, mice showed severe clinical sigs of botulism toxemia,
including difficulty breathing, body weakness and wasp-like waist. Although there was a 4-day delay on death on the
C/B8 group compared to the antitoxin group, there were no survivals after day 6 of the study (FIG. 31C).
Conclusion

20

[0227] BoNT/C ad provides a useful molecular vehicle to deliver a therapeutic single chain antibody against BoNT/A
to intoxicated neurons, enabling recovery of animals that were already exhibiting clinical symptoms of botulism.
[0228] Although preferred embodiments have been depicted and described in detail herein, it will be apparent to those
skilled in the relevant art that various modifications, additions, substitutions, and the like can be made.
25

Claims
1.

A fusion protein comprising:

30

the light chain region of a Clostridial neurotoxin, wherein the light chain region is atoxic;
the heavy chain region of a Clostridial neurotoxin, wherein the light and heavy chain regions are linked by a
disulfide bond; and
a single chain antibody positioned upstream of the light chain region in the fusion protein, wherein the single
chain antibody possesses antigen-binding activity.

35

2.

A propeptide fusion comprising:
the light chain region of a Clostridial neurotoxin, wherein the light chain region is atoxic;
the heavy chain region of a Clostridial neurotoxin, wherein the light and heavy chain regions are linked by a
disulfide bond;
an intermediate region connecting the light and heavy chain regions and comprising a highly specific protease
cleavage site, wherein said highly specific protease cleavage site has three or more specific adjacent amino
acid residues that are recognized by the highly specific protease to enable cleavage; and
a single chain antibody positioned upstream of the light chain region in the propeptide fusion, wherein the single
chain antibody possesses antigen-binding activity.
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3.

The fusion protein according to claim 1 or the propeptide fusion according to claim 2, wherein the light chain region
of the Clostridial neurotoxin is devoid of substrate cleavage activity, optionally wherein the light chain region is from
Clostridial neurotoxin BoNT/A of SEQ ID NO. 52, and further comprises: Q162>Y, L256>Y, R257>E, and L322>E
mutations, or Q163>E, E263>L, and L323>I mutations; or wherein the light chain region is from Clostridial neurotoxin
BoNT/C of SEQ ID NO. 54, and further comprises: E230>A;H233>G;Y375>A mutations.

4.

The fusion protein according to claim 1 or the propeptide fusion according to claim 2, wherein the light chain region
is from Clostridial neurotoxin BoNT/A of SEQ ID NO. 52, and further comprises E224>A and Y366>A mutations.

5.

The fusion protein or propeptide fusion according to any preceding claim, wherein the single chain antibody is a
VHH domain.

50

55

62

EP 3 230 457 B1
6.

The fusion protein or propeptide fusion according to any preceding claim, wherein the single chain antibody is
specific against a light chain of a wild-type Clostridial neurotoxin.

7.

The fusion protein or propeptide fusion according to any preceding claim, wherein the Clostridial neurotoxin is
Clostridium botulinum neurotoxin of a serotype selected from the group consisting of Clostridium botulinum serotype
A, Clostridium botulinum serotype B, Clostridium botulinum serotype C, Clostridium botulinum serotype D, Clostridium botulinum serotype E, Clostridium botulinum serotype F, Clostridium botulinum serotype G, and Clostridium
botulinum serotype H.

8.

The fusion protein according to any one of claims 1 or 3 to 7, wherein the light and heavy chain regions of the
Clostridial neurotoxin possess the structural conformation required for (i) stability of the light and heavy chains, (ii)
specific targeting of neurons by the fusion protein, and (iii) delivery of the fusion protein to neuronal cytoplasm.

9.

The propeptide fusion according to any one of claims 2 to 7 further comprising:

5
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a first detection tag positioned upstream of the light chain region and
a second detection tag positioned downstream of the heavy chain.
10. The propeptide fusion according to any one of claims 2 to 7 further comprising:
20

N- and C-terminal detection tags flanking the single chain antibody, wherein the detection tags are capable of
detecting delivery of the single chain antibody to neuronal cytoplasm;
and optionally further comprising:
25

30

a first affinity purification tag positioned upstream of the N-terminal detection tag;
a highly specific protease cleavage site positioned between the first affinity purification tag and the Nterminal detection tag;
a second affinity purification tag located downstream of the heavy chain region; and
a highly specific protease cleavage site positioned between the second affinity purification tag and the
heavy chain region; optionally wherein the highly specific protease cleavage site of the intermediate region,
the highly specific protease cleavage site positioned between the affinity purification tag and the N-terminal
detection tag, and the highly specific protease cleavage site positioned between the second affinity purification tag and the heavy chain region all have an identical sequence selected from an enterokinase cleavage
site, a TEV recognition sequence and a recognition site for the SplB protease from Staphylococcus aureus.

35

11. The propeptide fusion according to any one of claims 2 to 7 or 9 or 10 further comprising:
an accelerated degradation domain positioned upstream of the single chain antibody.

40

12. The fusion protein according to any one of claims 1 or 3 to 8 for use in medicine, preferably for use in a method for
treating a subject for toxic effects of a Clostridial neurotoxin.
13. An isolated nucleic acid molecule encoding the propeptide fusion according to any one of claims 2 to 7 or 9 to 11.
14. An expression system comprising the nucleic acid molecule according to claim 13 in a heterologous vector.

45

15. A host cell comprising the nucleic acid molecule according to claim 13 or the expression system according to claim 14.

50

16. The host cell of claim 15 wherein the intermediate region is not cleavable by proteases endogenous to the expression
system or the host cell, or wherein the host cell is selected from the group consisting of a plant cell, mammalian
cell, insect cell, yeast cell, and bacterial cell.
17. An in vitro method of expressing a fusion protein, said method comprising:
providing a nucleic acid construct comprising:

55

a nucleic acid molecule according to claim 13;
a heterologous promoter operably linked to said nucleic acid molecule; and
a 3’ regulatory region operably linked to the nucleic acid molecule; and introducing the nucleic acid construct
into a host cell under conditions effective to express the propeptide of the fusion protein.
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18. The method of claim 17 wherein the intermediate region is not cleaved by proteases endogenous to the host cell,
or wherein the host cell is an insect cell.

5
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19. The method according to claim 17 further comprising:
contacting the expressed propeptide of the fusion protein with a highly specific protease under conditions effective
to cause cleavage at the intermediate region;
or further comprising:
isolating the fusion protein at a concentration of about 30 mg/L;
or further comprising:
purifying the fusion protein to homogeneity using a two-stage, non-denaturing, and highly selective affinity purification.

Patentansprüche
15

1.

Fusionsprotein, das Folgendes umfasst:
die Region der leichten Peptidkette eines Clostridien-Neurotoxins, wobei die Region der leichten Peptidkette
atoxisch ist;
die Region der schweren Peptidkette eines Clostridien-Neurotoxins, wobei die Region der leichten und der
schweren Peptidkette durch eine Disulfidbindung verknüpft sind; und
einen Einzelkettenantikörper, der stromaufwärts der Region der leichten Peptidkette in dem Fusionsprotein
angeordnet ist, wobei der Einzelkettenantikörper eine Antigenbindende Aktivität besitzt.

20

2.

Propeptidfusion, die Folgendes umfasst:

25

die Region der leichten Peptidkette eines Clostridien-Neurotoxins, wobei die Region der leichten Peptidkette
atoxisch ist;
die Region der schweren Peptidkette eines Clostridien-Neurotoxins, wobei die Region der leichten und der
schweren Peptidkette durch eine Disulfidbindung verknüpft sind;
eine Zwischenregion, die die Region der leichten und der schweren Peptidkette verbindet und eine hochspezifische Proteasespaltungsstelle umfasst, wobei die hochspezifische Proteasespaltungsstelle drei oder mehr
spezifische angrenzende Aminosäurereste aufweist, die durch die hochspezifische Protease erkannt werden,
um eine Spaltung zu ermöglichen; und
einen Einzelkettenantikörper, der stromaufwärts der Region der leichten Peptidkette in der Propeptidfusion
angeordnet ist, wobei der Einzelkettenantikörper eine Antigenbindende Aktivität besitzt.

30
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3.

Fusionsprotein nach Anspruch 1 oder Propeptidfusion nach Anspruch 2, wobei die Region der leichten Peptidkette
des Clostridien-Neurotoxins frei von Substratspaltungsaktivität ist, optional wobei die Region der leichten Peptidkette
aus dem Clostridien-Neurotoxin BoNT/A von SEQ ID NO. 52 stammt und ferner Folgendes umfasst: Q 162>Y-,
L256>Y-, R257>E- und L322>E-Mutationen oder Q163>E-, E263>L- und L323>I-Mutationen; oder wobei die Region der
leichten Peptidkette aus dem Clostridien-Neurotoxin BoNT/C von SEQ ID NO. 54 stammt und ferner Folgendes
umfasst: E230>A-;H233>G-;Y375>A-Mutationen.

4.

Fusionsprotein nach Anspruch 1 oder Propeptidfusion nach Anspruch 2, wobei die Region der leichten Peptidkette
aus dem Clostridien-Neurotoxin BoNT/A von SEQ ID NO. 52 stammt und ferner E224>A- und Y366>A-Mutationen
umfasst.

5.

Fusionsprotein oder Propeptidfusion nach einem der vorhergehenden Ansprüche, wobei der Einzelkettenantikörper
eine VHH-Domäne ist.

6.

Fusionsprotein oder Propeptidfusion nach einem der vorhergehenden Ansprüche, wobei der Einzelkettenantikörper
gegen eine leichte Peptidkette eines Wildtyp-Clostridien-Neurotoxins spezifisch ist.

7.

Fusionsprotein oder Propeptidfusion nach einem der vorhergehenden Ansprüche, wobei das Clostridien-Neurotoxin
Clostridium-Botulinum-Neurotoxin eines Serotyps ist, der aus der Gruppe ausgewählt ist, die aus Clostridium-Botulinum-Serotyp A, Clostridium-Botulinum-Serotyp B, Clostridium-Botulinum-Serotyp C, Clostridium-Botulinum-Serotyp D, Clostridium-Botulinum-Serotyp E, Clostridium-Botulinum-Serotyp F, Clostridium-Botulinium-Serotyp G und
Clostridium-Botulinium-Serotyp H besteht.
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8.

Fusionsprotein nach einem der Ansprüche 1 oder 3 bis 7, wobei die Regionen der leichten und der schweren
Peptidkette des Clostridien-Neurotoxins die strukturelle Konformation besitzen, die erforderlich ist für (i) Stabilität
der leichten und der schweren Ketten, (ii) spezifisches Targeting von Neuronen durch das Fusionsprotein und (iii)
eine Abgabe des Fusionsproteins an das neuronale Zytoplasma.

9.

Propeptidfusion nach einem der Ansprüche 2 bis 7, die ferner Folgendes umfasst:
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ein erstes Detektierungsetikett, das stromaufwärts der Region der leichten Peptidkette angeordnet ist und
ein zweites Detektierungsetikett, das stromabwärts der schweren Peptidkette angeordnet ist.
10

10. Propeptidfusion nach einem der Ansprüche 2 bis 7, die ferner Folgendes umfasst:
N- und C-terminale Detektierungsetiketten, die den Einzelkettenantikörper flankieren, wobei die Detektierungsetiketten in der Lage sind, eine Abgabe des Einzelkettenantikörpers an das neuronale Zytoplasma zu detektieren; und
optional ferner Folgendes umfassend:
15

20

25

ein erstes Affinitätsreinigungsetikett, das stromaufwärts des N-terminalen Detektierungsetiketts angeordnet ist;
eine hochspezifische Proteasespaltungsstelle, die zwischen dem ersten Affinitätsreinigungsetikett und dem Nterminalen Detektierungsetikett angeordnet ist;
ein zweites Affinitätsreinigungsetikett, das sich stromabwärts der Region der schweren Peptidkette befindet; und
eine hochspezifische Proteasespaltungsstelle, die zwischen dem zweiten Affinitätsreinigungsetikett und der
Region der schweren Peptidkette angeordnet ist; optional wobei die hochspezifische Proteasespaltungsstelle
der Zwischenregion, die hochspezifische Proteasesspaltungsstelle, die zwischen dem Affinitätsreinigungsetikett
und dem N-terminalen Detektierungsetikett angeordnet ist, und die hochspezifische Proteasespaltungsstelle,
die zwischen dem zweiten Affinitätsreinigungsetikett und der Region der schweren Peptidkette angeordnet ist
alle eine identische Sequenz aufweisen, die aus einer Enterokinasespaltungsstelle, einer TEV-Erkennungssequenz und einer Erkennungsstelle für die SplB-Protease aus Staphylococcus aureus ausgewählt ist.
11. Propeptidfusion nach einem der Ansprüche 2 bis 7 oder 9 oder 10, die ferner Folgendes umfasst:
eine beschleunigte Abbaudomäne, die stromaufwärts des Einzelkettenantikörpers angeordnet ist.

30

12. Fusionsprotein nach einem der Ansprüche 1 oder 3 bis 8 zur Verwendung in der Medizin, vorzugsweise zur Verwendung in einem Verfahren zum Behandeln eines Subjekts hinsichtlich toxischer Wirkungen eines ClostridienNeurotoxins.
35

13. Isoliertes Nukleinsäuremolekül, das die Propeptidfusion nach einem der Ansprüche 2 bis 7 oder 9 bis 11 codiert.
14. Expressionssystem, das das Nukleinsäuremolekül nach Anspruch 13 in einem heterologen Vektor umfasst.
15. Wirtszelle, die das Nukleinsäuremolekül nach Anspruch 13 oder das Expressionssystem nach Anspruch 14 umfasst.

40

16. Wirtszelle nach Anspruch 15, wobei die Zwischenregion nicht durch Proteasen spaltbar ist, die für das Expressionssystem oder die Wirtszelle endogen sind, oder wobei die Wirtszelle aus der Gruppe ausgewählt ist, die aus einer
Pflanzenzelle, einer Säugetierzelle, einer Insektenzelle, einer Hefezelle, und einer Bakterienzelle besteht.
45

50
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17. In-vitro-Verfahren zum Exprimieren eines Fusionsproteins, wobei das Verfahren Folgendes umfasst:
Bereitstellen eines Nukleinsäurekonstrukts, das Folgendes umfasst:
ein Nukleinsäuremolekül nach Anspruch 13;
einen heterologen Promotor, der mit dem Nukleinsäuremolekül wirkverknüpft ist; und
eine 3’-regulatorische Region, die mit dem Nukleinsäuremolekül wirkverknüpft ist; und
Einführen des Nukleinsäurekonstrukts in eine Wirtszelle unter Bedingungen, die wirksam sind, um das Propeptid
des Fusionsproteins zu exprimieren.
18. Verfahren nach Anspruch 17, wobei die Zwischenregion nicht durch Proteasen gespalten wird, die für die Wirtszelle
endogen sind, oder wobei die Wirtszelle eine Insektenzelle ist.
19. Verfahren nach Anspruch 17, das ferner Folgendes umfasst:
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Inberührungbringen des exprimierten Propeptids des Fusionsproteins mit einer hochspezifischen Protease
unter Bedingungen, die wirksam sind, um eine Spaltung in der Zwischenregion zu bewirken;
oder ferner Folgendes umfassend:
Isolieren des Fusionsproteins bei einer Konzentration von etwa 30 mg/l;
oder ferner Folgendes umfassend:
Reinigen des Fusionsproteins bis zur Homogenität unter Verwendung einer zweistufigen, nicht denaturierenden und hochselektiven Affinitätsreinigung.

5

10

Revendications
1.

Protéine de fusion comprenant :
la région à chaîne légère d’une neurotoxine clostridienne, la région à chaîne légère étant atoxique ;
la région à chaîne lourde d’une neurotoxine clostridienne, les régions à chaîne légère et à chaîne lourde étant
reliées par une liaison disulfure ; et
un anticorps monocaténaire positionné en amont de la région à chaîne légère dans la protéine de fusion,
l’anticorps monocaténaire possédant une activité de liaison à l’antigène.

15

20

2.

la région à chaîne légère d’une neurotoxine clostridienne, la région à chaîne légère étant atoxique ;
la région à chaîne lourde d’une neurotoxine clostridienne, les régions à chaîne légère et à chaîne lourde étant
reliées par une liaison disulfure ;
une région intermédiaire associant les régions à chaîne légère et à chaîne lourde et comprenant un site de
clivage de protéase hautement spécifique, ledit site de clivage de protéase hautement spécifique ayant au
moins trois résidus d’acides aminés adjacents spécifiques qui sont reconnus par la protéase hautement spécifique de façon à permettre le clivage ; et
un anticorps monocaténaire positionné en amont de la région à chaîne légère dans la fusion de propeptide,
l’anticorps monocaténaire possédant une activité de liaison à l’antigène.

25

30

3.

Protéine de fusion selon la revendication 1 ou fusion de propeptide selon la revendication 2, la région à chaîne
légère de la neurotoxine clostridienne étant dépourvue d’activité de clivage du substrat, éventuellement la région
à chaîne légère provenant de la neurotoxine clostridienne BoNT/A de SEQ ID NO. 52, et comprenant en outre : des
mutations Q162>Y, L256>Y, R257>E, et L322>E, ou des mutations Q 163>E, E263>L et L323>I ; ou la région à chaîne
légère provenant de la neurotoxine clostridienne BoNT/C de SEQ ID NO. 54, et comprenant en outre : des mutations
E230>A ; H233>G ; Y375>A.

4.

Protéine de fusion selon la revendication 1 ou fusion de propeptide selon la revendication 2, la région à chaîne
légère provenant de la neurotoxine clostridienne BoNT/A de SEQ ID NO. 52, et comprenant en outre des mutations
E224>A et Y366>A.

5.

Protéine de fusion ou fusion de propeptide selon l’une quelconque des revendications précédentes, l’anticorps
monocaténaire étant un domaine VHH.

6.

Protéine de fusion ou fusion de propeptide selon l’une quelconque des revendications précédentes, l’anticorps
monocaténaire étant spécifique contre une chaîne légère d’une neurotoxine clostridienne de type sauvage.

7.

Protéine de fusion ou fusion de propeptide selon l’une quelconque des revendications précédentes, la neurotoxine
clostridienne étant une neurotoxine de Clostridium botulinum d’un sérotype choisi dans le groupe constitué par le
sérotype A de Clostridium botulinum, le sérotype B de Clostridium botulinum, le sérotype C de Clostridium botulinum,
le sérotype D de Clostridium botulinum, le sérotype E de Clostridium botulinum, le sérotype F de Clostridium botulinum, le sérotype G de Clostridium botulinum, et le sérotype H de Clostridium botulinum.

8.

Protéine de fusion selon l’une quelconque des revendications 1 ou 3 à 7, les régions à chaînes légère et lourde de
la neurotoxine clostridienne possédant la conformation structurelle requise pour (i) la stabilité des chaînes légère
et lourde, (ii) un ciblage spécifique de neurones par la protéine de fusion, et (iii) l’administration de la protéine de
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Fusion de propeptide comprenant :
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fusion au cytoplasme neuronal.
9.
5

10
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Fusion de propeptide selon l’une quelconque des revendications 2 à 7, comprenant en outre :
un premier marqueur de détection positionné en amont de la région à chaîne légère et
un second marqueur de détection positionné en aval de la chaîne lourde.

10. Fusion de propeptide selon l’une quelconque des revendications 2 à 7, comprenant en outre :
des marqueurs de détection N- et C-terminaux flanquant l’anticorps monocaténaire, les marqueurs de détection
étant capables de détecter la distribution de l’anticorps monocaténaire au cytoplasme neuronal ; et comprenant en
outre éventuellement :
un premier marqueur de purification par affinité positionné en amont du marqueur de détection N-terminal ;
un site de clivage de protéase hautement spécifique positionné entre le premier marqueur de purification par
affinité et le marqueur de détection N-terminal ;
un second marqueur de purification par affinité situé en aval de la région à chaîne lourde ; et
un site de clivage de protéase hautement spécifique positionné entre le second marqueur de purification par
affinité et la région à chaîne lourde ; éventuellement le site de clivage de protéase hautement spécifique de la
région intermédiaire, le site de clivage de protéase hautement spécifique positionné entre le marqueur de
purification par affinité et le marqueur de détection N-terminal, et le site de clivage de protéase hautement
spécifique positionné entre le second marqueur de purification par affinité et la région à chaîne lourde ayant
tous une séquence identique choisie parmi un site de clivage d’entérokinase, une séquence de reconnaissance
de TEV et un site de reconnaissance pour la protéase SplB provenant de Staphylococcus aureus.
11. Fusion de propeptide selon l’une quelconque des revendications 2 à 7 ou 9 ou 10 comprenant en outre :
un domaine de dégradation accélérée positionné en amont de l’anticorps monocaténaire.
12. Protéine de fusion selon l’une quelconque des revendications 1 ou 3 à 8, destinée à être utilisée en médecine, de
préférence
destinée à être utilisée dans un procédé de traitement d’un sujet visant les effets toxiques d’une neurotoxine clostridienne.
13. Molécule d’acide nucléique isolée codant pour la fusion de propeptide selon l’une quelconque des revendications
2 à 7 ou 9 à 11.

35

14. Système d’expression comprenant la molécule d’acide nucléique selon la revendication 13 dans un vecteur hétérologue.

40

15. Cellule hôte comprenant la molécule d’acide nucléique selon la revendication 13 ou le système d’expression selon
la revendication 14.
16. Cellule hôte selon la revendication 15, la région intermédiaire n’étant pas clivable par des protéases endogènes au
système d’expression ou de la cellule hôte, ou la cellule hôte étant choisie dans le groupe constitué par une cellule
végétale, une cellule de mammifère, une cellule d’insecte, une cellule de levure et une cellule bactérienne.

45

17. Procédé d’expression in vitro d’une protéine de fusion, ledit procédé comprenant :
la fourniture d’une construction d’acide nucléique comprenant :
50

55

une molécule d’acide nucléique selon la revendication 13 ;
un promoteur hétérologue relié de manière fonctionnelle à ladite molécule d’acide nucléique ; et
une région de régulation 3’ reliée de manière fonctionnelle à la molécule d’acide nucléique ; et
l’introduction de la construction d’acide nucléique dans une cellule hôte dans des conditions efficaces pour
exprimer le propeptide de la protéine de fusion.
18. Procédé selon la revendication 17, la région intermédiaire n’étant pas clivée par des protéases endogènes à la
cellule hôte, ou la cellule hôte étant une cellule d’insecte.
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5

19. Procédé selon la revendication 17, comprenant en outre :
la mise en contact du propeptide exprimé de la protéine de fusion avec une protéase hautement spécifique dans
des conditions efficaces pour provoquer un clivage dans la région intermédiaire ;
ou comprenant en outre :
l’isolement de la protéine de fusion en une concentration d’environ 30 mg/L ;
ou comprenant en outre :
la purification de la protéine de fusion jusqu’à l’homogénéité à l’aide d’une purification par affinité non dénaturante
et hautement sélective en deux étapes.
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