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BOTULISM

Delivery of single-domain antibodies into neurons
using a chimeric toxin-based platform is therapeutic
in mouse models of botulism

Shin-Ichiro Miyashita”z, Jie Zhangm, Sicai Zhang1'2, Charles B. Shoemaker?, Min Dong1'2*

Efficient penetration of cell membranes and specific targeting of a cell type represent major challenges for devel-
oping therapeutics toward intracellular targets. One example facing these hurdles is to develop post-exposure
treatment for botulinum neurotoxins (BoNTs), a group of bacterial toxins (BoNT/A to BoNT/G) that are major po-
tential bioterrorism agents. BoNTs enter motor neurons, block neurotransmitter release, and cause a paralytic
disease botulism. Members of BoNTs such as BoNT/A exhibit extremely long half-life within neurons, resulting in
persistent paralysis for months, yet there are no therapeutics that can inhibit BONTs once they enter neurons.
Here, we developed a chimeric toxin-based delivery platform by fusing the receptor-binding domain of a BoNT,
which targets neurons, with the membrane translocation domain and inactivated protease domain of the recent-
ly discovered BoNT-like toxin BoNT/X, which can deliver cargoes across endosomal membranes into the cytosol.
A therapeutic protein was then created by fusing a single-domain antibody (nanobody) against BONT/A with the
delivery platform. In vitro characterization demonstrated that nanobodies were delivered into cultured neurons
and neutralized BoNT/A in neurons. Administration of this protein in mice shortened duration of local muscle
paralysis, restoring muscle function within hours, and rescued mice from systemic toxicity of lethal doses of
BoNT/A. Fusion of two nanobodies, one against BONT/A and the other against BoNT/B, created a multivalent
therapeutic protein able to neutralize both BoNT/A and BoNT/B in mice. These studies provide an effective
post-exposure treatment for botulism and establish a platform for intracellular delivery of therapeutics targeting
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cytosolic proteins and processes.

INTRODUCTION

Botulinum neurotoxins (BoNTs) are a family of bacterial toxins
with seven major serotypes (BoNT/A to BoNT/G) (1-6). They are
the most potent toxins known and classified in the United States as
one of the six most dangerous potential bioterrorism agents (cate-
gory A and tier 1) (7). These toxins target and enter motor neurons
and block neurotransmitter release, causing the disease known as
botulism, whose defining symptom is flaccid paralysis (losing the
ability to contract muscles). Among the seven serotypes, BONT/A,
BoNT/B, and BoNT/E (and rarely BoNT/F) are associated with hu-
man botulism, with BONT/A and BoNT/B responsible for most cases.
Although rare, botulism cases persist in human populations with a
death rate of ~3 to 5% (8, 9).

A major challenge for addressing the threats posed by BoNT/A
and BoNT/B is their extraordinarily long half-life within the cytosol
of neurons (10-14), leading to persistent nerve blockade and mus-
cle paralysis that lasts for months in humans. Patients must rely on
intensive care and mechanical ventilation for weeks to months to
stay alive, which renders the treatment expensive and could easily
overwhelm the health care system during a large-scale outbreak (7).

BoNT/A and BoNT/B are also the two serotypes approved for
treating a multitude of medical conditions as well as for reducing
wrinkles, benefiting millions of people every year (1, 2, 15). BONT/A
is the dominant form in clinical use. Local injection of tiny amounts
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of BONT/A provides persistent muscle relaxation that lasts 4 to 6 months.
However, if the patient is dissatisfied with the effect or there is un-
wanted diffusion of BONT/A, there are no available post-exposure
remedies that can reverse paralysis.

BoNTs are composed of two chains and three functional do-
mains: a light chain (LC; ~50 kDa), which is a protease domain, and
a heavy chain (HC), which can be further divided into a membrane
translocation domain (Hy;, ~50 kDa) and a receptor-binding domain
(Hc,~50 kDa). BoNTs are initially synthesized as a single poly-
peptide. The linker region between LC and HC needs to be proteo-
Iytically cleaved to generate the active di-chain form, in which the
LC remains covalently connected to the HC via an interchain disul-
fide bond (1, 2, 4). These toxins target motor neurons with extra-
ordinary specificity by binding to neuronal receptors through the
Hc and enter neurons via receptor-mediated endocytosis (I, 5).
A drop in pH within endosomes then triggers conformational
changes in the Hy;, leading to translocation of the LC across endo-
somal membranes into the cytosol (1, 2, 4, 16-19). The interchain
disulfide bond is reduced once the LC reaches the cytosol, thus
releasing the LC (16, 20). The LC then cleaves a specific set of neu-
ronal proteins belonging to the SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) protein family, including
synaptosomal-associated protein of 25 kDa (SNAP-25; cleaved by
BoNT/A, BoNT/E, and BoNT/C), syntaxin 1 (cleaved by BONT/C),
and three homologous vesicle membrane proteins, vesicle-associated
membrane protein (VAMP) 1, 2, and 3 (cleaved by BoNT/B,
BoNT/D, BoNT/F, and BoNT/G) (I, 2, 4, 21). Syntaxin 1 and
SNAP-25 are localized on plasma membranes and form a complex
with VAMPs, known as the SNARE complex, which is the core ma-
chinery mediating fusion of synaptic vesicle membranes to the plas-
ma membranes (22, 23). Cleavage of any one of these three SNARE
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proteins disrupts vesicle membrane fusion to plasma membranes,
thus blocking the release of neurotransmitters (2, 21, 22).

It has been shown that the LC of BONT/A (LC/A) maintains its
activity within neurons for months, which is the reason for its abil-
ity to induce persistent paralysis that lasts 4 to 6 months in humans
(10-14). Intoxicated neurons fully recover their function once the
toxin LC loses its activity. Thus, successful treatment of botulism
requires targeting and inhibiting LCs within neurons. However,
there are no small-molecule inhibitors that work effectively in neu-
rons (24, 25). BoNT-neutralizing antibodies have been developed
(26-29), but they are useful only before toxins enter neurons.

Because BoNTs are capable of targeting motor neurons and de-
livering their LCs into neurons, they potentially can serve as carriers
to deliver cargoes into neurons. Bade et al. (30) previously tested
this possibility by fusing different proteins to the N terminus of the
full-length active form of BoNT/D and examined their delivery on
cultured neurons, using cleavage of VAMP2 by BONT/D-LC (LC/D)
in neurons as a sensitive readout for successful delivery into the cy-
tosol. They found that fusion of a dihydrofolate reductase (DHFR)
or an LC/A did not affect overall translocation efficacy, whereas
fusion of firefly luciferase or green fluorescent protein (GFP) re-
duced translocation efficacy. These findings demonstrate that a pro-
tein cargo can be delivered into the cytosol of neurons through direct
fusion to a BoNT, and the translocation efficacy varies depending
on cargo proteins.

To be used as a delivery tool, BONTs must first be “detoxified,”
which has been proven to be challenging. Simply deleting the LC
often creates solubility issues due to disrupting native interactions
between LC and Hy (31-33). An alternative approach is to abolish
LC protease activity by mutating key residues. LCs are zinc-dependent
proteases with a conserved HEXXH motif (34, 35). Mutations are
usually introduced to one or two residues in this motif plus two
residues that are conserved in all BONTSs and critical for their pro-
tease activity (R363A and Y366F in BoNT/A) (36). Catalytically
inactive forms of BONT/A and BoNT/C containing three designed
point mutations have been developed and shown to have no protease
activity. However, both still induced flaccid paralysis and death in mice
with median lethal doses (LDsg) of ~0.5 to 5 mg/kg (intraperitoneal
injection) (37-39). This residual toxicity has been independently
reported for catalytically inactive full-length BONT/A, BoNT/B,
BoNT/C, BoNT/E, and BoNT/F containing three point mutations
in their LCs (40). The source of this residual toxicity remains un-
known, and it could be due to the translocation process. Although
this toxicity is far lower compared with active toxins (0.1 to 5 ng/kg
intraperitoneal injection LDsj in mice) (41), it is a major safety barrier
to the development of BoNTs as delivery tools.

We recently identified a BONT-like toxin, termed BoNT/X (42).
It has not only the same conserved domain structure as other BONTs
but also a few distinct features. For instance, the LC of BONT/X
(LC/X) cleaves not only the canonical substrates VAMP1/2/3 but
also additional VAMP family members VAMP4, VAMP5, and Ykt6
(42). Furthermore, the Hc of BONT/X (H¢/X) does not target motor
neurons in mice, and the host species targeted by BoONT/X remains
to be established. The fragment containing the LCHy of BONT/X
(LCHN/X) can translocate its LC more efficiently into neurons than
the corresponding fragments of BONT/A and BoNT/B (42). Using
LCHN/X, here, we developed a chimeric toxin-based delivery plat-
form by deactivating its protease activity and fusing it to the Hc of a
BoNT. Therapeutic proteins targeting BONT-LCs were then created
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by fusion of the chimeric inactive toxin platform with LC-specific
single-domain antibodies (known as VHHs or nanobodies), which
are ~12- to 15-kDa proteins derived from the single variable do-
main of the HC-only antibodies in Camelidae such as alpacas and
llamas. Such therapeutic proteins showed no toxicity at doses of up
to 100 mg/kg in vivo in mice and successfully neutralized BONT-LC
activity in neurons, shortened the duration of muscle paralysis, and
rescued mice from lethal doses of BONT/A and BoNT/B after the
onset of botulism.

RESULTS

Chimeric inactive toxin-based delivery platform shows no
toxicity in vivo

To explore whether LCHn/X can be used to construct a delivery tool,
we created three detoxified chimeric toxins by (i) fusing LCHN/X
with the Hc of BONT/A (Hc/A), BONT/C (Hc/C), or BONT/D (Hc/D)
(these Hcs essentially replace He/X and confer specificity toward
mammalian motor neurons) (Fig. 1, A and B, and fig. S1A), (ii) intro-
ducing three point mutations (E228Q/R360A/Y363F) in LC/X to
abolish its protease activity (designated catalytically inactive form,
“LCHyy), and (iii) modifying the linker region between the LC and
Hy to include a thrombin cleavage site, which enables us to specifi-
cally convert the chimeric toxin from a single chain into a di-chain
form using thrombin. In addition, a thrombin cleavage site was also
introduced before the C-terminal His6 tag to cleave off the His6 tag
after protein purification. ' '

These catalytically inactive toxins were termed “BoNT/XA, “BoNT/XC,
and “BoNT/XD. We then selected a previously reported nanobody
(known as VHH-ALc-B8, abbreviated “A8” here), which was
raised against recombinantly purified LC/A in alpaca and has been
demonstrated to inhibit LC/A in vitro and in cells (43, 44). A8 served
as a cargo and was fused directly to the N terminus of chimeric toxins,
generating A8-“BoNT/XA (Fig. 1, A and B), A8-“BoNT/XC, and
A8-“BoNT/XD (fig. S1A). For comparison, we also constructed a
catalytically inactive form of BoNT/C (“BoNT/C) containing the
same set of three point mutations in its LC as in “LC/X as well as
A8-“BoNT/C fusion protein (fig. S1B).

These fusion proteins were expressed and purified in Escherichia
coli and readily converted into a di-chain form by thrombin treatment
(fig. S1, C and D). The interchain disulfide bond was formed as the
reducing agent dithiothreitol (DTT) separated these proteins into two
parts: one is “LC (~50 kDa) or A8-“LC (~65 kDa) and the other is
Hn-Hc (~100 kDa; fig. S1, C and D). A8-"BoNT/XA showed similar
potency as A8 alone in inhibiting LC/A activity in vitro (fig. S1E).

We first examined whether these fusion proteins have any toxic-
ity in vivo in mice. Intraperitoneal injection of A8-“BoNT/C caused
death of five of six mice at 0.8 mg/kg (table S1). Injection of A8 alone
or boiled A8-“BoNT/C caused no death, whereas “BoNT/C alone
induced death at 2 mg/kg range (table S1). These findings are con-
sistent with previous reports that BONTs with inactive LCs still show
residual toxicity (37, 40). In contrast, mice injected with A8-“BoNT/XA,
A8-“BoNT/XC, or A8-“BoNT/XD at 100 mg/kg did not show any
paralysis, and no death occurred (table S1).

A8-9LC/X is delivered into the cytosol of cultured neurons

We next analyzed whether the chimeric inactive toxin platform can
deliver the A8-“LC/X fragment into the cytosol of cultured neurons.
The experimental design took advantage of the fact that A8-“LC/X
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Fig. 1. A chimeric inactive toxin “BoNT/XA delivered the fused nanobody against LC/A into neurons. (A) Schematic drawing of the A8-“BoNT/XA fusion protein.
CiLCHN/X is fused with a BONT-Hc (Hc/A, He/C, or He/D). LC/X is deactivated by three point mutations. The linker region between 9LC/X and Hn/X is modified to include a
thrombin cleavage site. A8: VHH-ALc-B8, a nanobody that neutralizes LC/A. (B) Schematic illustration of delivering nanobodies via fusion with YBoNT/XA to neutralize
LC/Ain neurons. LC/A cleaves SNAP-25 in neurons, thus blocking fusion of synaptic vesicles to plasma membranes, which is essential for neurotransmitter release. Nano-
bodies such as A8 cannot enter neurons by themselves. When fused with “BoNT/XA, A8-“BoNT/XA targets and enters neurons via receptor-mediated endocytosis, fol-
lowed with translocation of A8-SLC/X into the cytosol. A8-9LC/X then binds to and inhibits LC/A in neurons. (C) Cultured neurons were exposed to A8-SBoNT/XA for
12 hours with or without bafilomycin A1. Neuron lysates were analyzed by immunoblot analysis under nonreducing conditions. A8 was detected using a goat anti-llama
antibody. Cell lysates were also analyzed in the presence of DTT, which reduces the interchain disulfide bond between A8-SLC and Hy-Hc, serving as a control. (D) Active
forms of BONT/XA and A8-BoNT/XA were generated via sortase-mediated ligation. Cultured neurons were exposed to these toxins, and cleavage of VAMP2 was analyzed
by immunoblot. SNAP-25 served as a loading control. Representative blots (one of two to five independent experiments) and quantification of dose-dependent VAMP2
cleavage are shown. Data were analyzed by unpaired two-tailed t test; *P < 0.05, **P < 0.01, and ****P < 0.0001. ICso, median inhibitory concentration. (E) Cultured rat
cortical neurons were first exposed to BoONT/A (20 pM, 12 hours), washed, further incubated in toxin-free medium for 24 hours, and then exposed to the indicated con-
centrations of either A8-“BoNT/XA or the control mixture of A8 and “BoNT/XA proteins for 48 hours. Cell lysates were analyzed by immunoblot to detect SNAP-25, syn-
taxin 1, and VAMP2. Actin served as a loading control. Representative blots (one of three independent experiments) and quantification of SNAP-25 cleavage are shown.
Data were analyzed by one-way ANOVA with Dunnett’s post hoc tests; *P < 0.05 and **P < 0.01.

is connected via a disulfide bond to the Hy-Hc and this disulfide ~ Al, a small-molecule inhibitor that blocks acidification of endosomes.

bond is reduced when A8-“LC/X reaches the cytosol, assisted by the ~ This treatment did not affect the overall binding of A8-“BoNT/XA

thioredoxin reductase-thioredoxin protein disulfide-reducing sys-  to neurons, because the full-length band at ~165 kDa showed inten-

tem (16). If the translocation is not successful, A8-“LC/X would sity similar to that of neurons not treated with bafilomycin A1, yet

remain connected with the Hy-Hc. Thus, the appearance of isolated  bafilomycin treatment reduced the isolated A8-“LC/X band (Fig. 1C

A8-“LC/X in neurons indicates successful translocation. and fig. S2, A to C). Together, these experiments suggest that
We exposed cultured rat cortical neurons to A8-“BoNT/XA at  A8-“LC/X in A8-“BoNT/XA can be delivered successfully into the

30 and 300 nM concentrations for 12 hours. Neuron lysates were  cytosol of cultured rat cortical neurons in vitro.

harvested and subjected to immunoblot analysis under nonreducing

conditions. An isolated A8-“LC/X band was clearly detected in  Delivered A8 and LC/X are functional in the cytosol

neuron lysates (Fig. 1C). To further demonstrate that the A8-“"LC/X  of neurons

bands were generated by translocation across endosomal membranes,  To further estimate the translocation efficacy and determine whether

we carried out the same experiment in the presence of bafilomycin  translocated proteins are functional in cells, we built a construct
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that expresses A8 fused with the active LCHx/X containing no muta-
tions in its LC. An additional short sortase recognition tag (residues
LPETGG) was added to the C terminus. This tag can be recognized
by the bacterial transpeptidase sortase, which can ligate the fusion
protein covalently to the N terminus of a second protein containing
a free glycine on the N terminus (fig. S3A) (42, 45). We ligated
A8-LCHN/X with the Hc/A, yielding an A8 fused with an active full-
length BONT/XA (termed A8-BoNT/XA; fig. S3, A and B). As a
control, we also generated the active BONT/XA by ligating LCHx/X
and H¢/A (fig. S3B). This approach allowed us to produce limited
amounts of active toxin without creating the coding sequence for
full-length toxins. A8-BoNT/XA allowed us to examine whether the
translocated A8-LC/X was functional in cultured neurons by analyzing
cleavage of VAMP2. As shown in Fig. 1D, incubation of cultured
neurons with picomolar A8-BoNT/XA or BoNT/XA both resulted
in cleavage of VAMP2, demonstrating that the LC in A8-LC is fully
functional after translocation. Compared with BONT/XA, A8-BoNT/
XA showed ~7.4-fold reduction in efficacy based on assessing VAMP2
cleavage in neurons (Fig. 1D). A8-LCHy/X and LCHy/X showed
similar activity in cleaving recombinant VAMP2 protein in vitro,
indicating that fusion with A8 does not affect LC activity (fig. S3C).
Together, these data suggest that A8-LC/X was delivered into neurons
at ~7.4-fold lower efficacy compared with LC/X.

We next evaluated whether the delivered A8-“LC/X can neutralize
LC/A within cultured neurons. Neurons were first exposed to BONT/A for
12 hours, washed, and further incubated in toxin-free medium
for another 24 hours, followed by incubation with A8-“BoNT/XA
for 48 hours (Fig. 1E). Incubation with a mixture of separated A8
and “BoNT/XA proteins was analyzed in parallel as a control. Cell
lysates were harvested and analyzed by immunoblot, revealing per-
sistent cleavage of SNAP-25 by LC/A (46, 47). Incubation with sepa-
rated A8 and “BoNT/XA did not affect cleavage of SNAP-25, whereas
incubation with A8-“BoNT/XA reduced SNAP-25 cleavage in neurons
(Fig. 1E). Similarly, incubation with A8-“BoNT/XC or A8-“BoNT/
XD also reduced SNAP-25 cleavage in neurons in this post-exposure
model (fig. S4). These data demonstrate that “BoNT/XA, “BoNT/XC,
and “BoNT/XD were able to deliver a functional A8 into the cytosol
of neurons. '

We also validated the receptor-binding property of A8-“BoNT/
XA and confirmed that its binding to neurons was reduced by a re-
combinant protein containing the fourth luminal domain fragment
of SV2C, which is a protein receptor for BONT/A (fig. S5A) (48, 49).
Consistently, premixing nanomolar “BoNT/XA with picomolar BONT/A
and adding them together to cultured neurons reduced cleavage
of SNAP-25 compared with BoONT/A alone, further suggesting that
“BoNT/XA uses the same receptors as BONT/A (fig. S5B).

Intramuscular injection of A8-“BoNT/XA shortens
BoNT/A-induced leg muscle paralysis

To next assess A8-“"BoNT/XA in vivo, we used a local paralysis
model known as the Digit Abduction Score (DAS) assay (50). Sub-
lethal doses of BONT/A are injected intramuscularly into the hind
legs of mice, which paralyzes the leg muscle and prevents toe
spreading during the startle response. The degree of toe spreading is
scored 0 to 4 (Fig. 2A). Injection of BoNT/A at 6 pg induced the
severest scores of 3 to 4. In mice, possibly due to their fast metabo-
lism rates, BONT/A induces paralysis that lasts ~30 to 40 days (Fig. 2B).
To develop a post-exposure model, we first injected BoONT/A and
waited 18 hours, by which time the leg is already paralyzed with
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scores 2 to 3. We then carried out an intramuscular injection of
A8-“BoNT/XA to the same BoNT/A injection site (Fig. 2B). Sepa-
rated A8 and “BoNT/XA proteins were analyzed in parallel as con-
trols. Neither affected the degree or duration of muscle paralysis
(Fig. 2B). In contrast, injecting as little as 60 ng of A8-“BoNT/XA
reduced muscle paralysis (Fig. 2B). Injecting 600 ng of A8- “BoNT/
XA restored muscle function (reaching a score of 0) within 3 days,
and increasing the dose to 6 ug yielded similar results (Fig. 2B). The
effect is specific for BONT/A, because A8-“BoNT/XA did not alter
the degree and duration of paralysis induced by BoNT/B (fig. S6, A
and B). Furthermore, A8-“BoNT/XC and A8-“BoNT/XD reduced
BoNT/A-induced leg muscle paralysis as well, albeit requiring higher
doses than A8-“"BoNT/XA (fig. $6, C and D). Because A8-"BoNT/
XA is the most effective one in vivo, we focused on A8-“BoNT/XA
hereafter. '

To further confirm that A8-“BoNT/XA shortens muscle paralysis
after toxin entry into motor neurons, we waited to inject A8-“BoNT/
XA until day 3 or 6 after the initial BONT/A injection, by which time
paralysis is already decreasing (Fig. 2C, day 3 in red and day 6 in
blue). Injecting 600 ng of A8-“BoNT/XA to the same site where
BoNT/A was injected restored muscle function within 1 day for
both 3 and 6 days after injection of BoONT/A (Fig. 2C). More fre-
quent monitoring of the degree of muscle paralysis revealed that the
DAS score showed an obvious decrease 6 hours after injection of
A8-“BoNT/XA and that muscle function was completely recovered
by 15 hours (Fig. 2D). Recovery of a similar speed was achieved with
60 ng of A8-“BoNT/XA (Fig. 2D), whereas the control mixture of
separated A8 and “BoNT/XA proteins showed no effect on the de-
gree or duration of muscle paralysis (fig. S6E).

Intraperitoneal injection of A8-“BoNT/XA shortens
BoNT/A-induced leg muscle paralysis

We next analyzed whether A8-“"BoNT/XA can effectively reach the
paralyzed leg muscle through systemic circulation. We first injected
BoNT/A (6 pg) to the hind leg muscle and waited 18 hours for the
muscle to be paralyzed. A8-“BoNT/XA was then injected intraperi-
toneally, and the DAS scores were monitored (Fig. 2E). Injecting
A8-“BoNT/XA reduced the local leg muscle paralysis and DAS
scores, although a much higher dose of A8-“BoNT/XA is required
compared with the previous intramuscular injection of A8-“BoNT/
XA to the same BoNT/A injection site. The effective dose can be
lowered with multiple administrations of A8-BoNT/XA. For in-
stance, intraperitoneal injection of 6 ug of A8-“BoNT/XA daily for
2 days elicited a recovery rate similar to a single dose of 600 g,
whereas dosing with 6 pg daily for 7 days achieved an even faster
recovery rate (Fig. 2F). As controls, injecting a total of 600 pg sepa-
rated A8 and “BoNT/XA, or 7 days of daily injections of A8 and
9BoNT/XA, did not affect the degree or duration of muscle paralysis
(fig. S6, F and G).

Intraperitoneal injection of A8-“BoNT/XA rescues mice

from systemic BoNT/A intoxication

We then examined whether A8-“BoNT/XA can treat systemic
BoNT/A intoxication. Intraperitoneal injection of a lethal dose
(19.5 pg) of BoNT/A induced systemic botulism symptoms of a
“wasp” body shape and reduced mobility in 9 hours in mice, and all
mice further developed immobility and severe respiratory stress
that required euthanization within a few more hours. To quantify
the disease progress, we developed a scoring system based on the
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Fig. 2. Post-exposure treatment of BONT/A-induced local paralysis using A8-9“BoNT/XA. (A) Schematic illustration of the DAS assay and representative images show-
ing the degrees of toe spreading. Score “0” represents no paralysis, and score “4” represents the most severe paralysis. (B) The indicated amounts of A8-“BoNT/XA were
injected into the mouse hind leg muscle 18 hours after the initial injection of BONT/A (6 pg). DAS scores were recorded and plotted over time. The DAS scores in the first
5 days were enlarged (top left, an arrow indicates the time of injecting A8—CiBoNT/XA)‘ Injection of A8 or YBoNT/XA alone served as controls (top right). Vehicle, n = 22;
A8-“BoNT/XA at 6000, 200, 60, and 20 ng, n = 8; A8-“BoNT/XA at 600 ng, n = 16. IM, intramuscular injection. (C) A8-“BoNT/XA (600 ng) were injected intramuscularly into
the leg muscle 3 days (red) or 6 days (blue) after the initial injection of BONT/A (6 pg) to the same muscle, and the DAS scores were plotted over time (vehicle, n = 16;
A8-“BoNT/XA at day3,n=14; A8-“BONT/XA at day 6,n=8).(D) A8-“BoNT/XA (600 and 60 ng) were injected into the leg muscle 3 days after the initial injection of BONT/A
(6 pg). DAS scores were recorded every 3 hours for 24 hours (n = 8 per group). (E) A8-“BoNT/XA at the indicated doses was administered via intraperitoneal injection (IP)
18 hours after the initial injection of BONT/A (6 pg) to the leg muscle. DAS scores were plotted over time (n = 8 per group). (F) A8-“BoNT/XA (6 jig per mouse, IP) was in-
jected either twice (blue, 18 and 42 hours) after the initial injection of BONT/A (6 pg, IM) to the leg muscle or once per day for 7 days (red, with the first one 18 hours after
the initial injection of BONT/A). Vehicle, n = 19; A8-“BoNT/XA, n = 8. (B to F) Data were analyzed by two-way ANOVA with Sidak’s post hoc tests, and results and P values
are shown in table S4.

appearance of the wasp shape, the degree of mobility/activity, respira- LC/B in alpaca (known as VHH-BLc-JNE-B10, here abbreviated
tory distress, and body weight changes (table §2). Mice were first  J10) (51). A8 and J10 were fused in tandem to the N terminus of
injected with BoNT/A (19.5 pg, intraperitoneally), and intraperito- ~ “BoNT/XA, and the fusion protein was expressed and purified in
neal injection of A8-“BoNT/XA was then carried out 9 hours later in ~ E. coli (termed A8-J10-"BoNT/XA; Fig. 4A and fig. S7A). A8-J10-
animals that developed botulism symptoms (Fig. 3A). Injecting 0.6 uig ~ “BoNT/XA can be activated by thrombin and separated into two
of A8-“BoNT/XA per mouse reduced the rate of increase in the clinical ~ fragments, A8-J10- -9LC/X and Hy-Hg, in the presence of DTT (fig.
score, but these mice eventually developed severe symptoms and lost ~ S7A). A8-J10-“BoNT/XA was able to reduce both cleavage of VAMP2
~20% body weight within 48 hours; all were euthanized (Fig. 3, Bto D). by LC/B and cleavage of SNAP-25 by LC/A in the rat brain lysates
A8-“BoNT/XA at 6 ug per mouse reduced clinical scores within  in vitro (fig. S7, B and C).
8 hours, but 1 mouse (of 10) relapsed by 36 hours and was euthanized. We next compared the translocation efficacy of two fused nano-
Further increasing A8- “BoNT/XA to 30 ug per mouse reduced clinical ~ bodies (A8-J10) versus a single nanobody (A8). A construct express-
score and restored mobility/activity within 6 hours. Body weight gains  ing A8-J10 fused with the active form of LCHn/X was generated
were comparable with those in control mice and no mice relapsed, sug-  (A8-J10-LCHN/X). A8-J10-LC/X cleaved VAMP2 with efficacy simi-
gesting full and complete recovery (Fig. 3, B to D, and movie S1). As  lar to A8-LC/X in vitro, indicating that fusion with A8-J10 does not
controls, mixtures of A8 and “BoNT/XA proteins did not offer any  affect the activity of LC/X (fig. S7D). A8-J10-LCHN/X was then
protection in this post-exposure model (Fig. 3, Band C, and movie S1).  ligated with Hc/A using sortase to generate the active form A8-J10-
BoNT/XA (fig. S7E). Translocation efficacy was compared by ex-
Two tandemly fused nanobodies can be delivered into neurons  amining cleavage of VAMP?2 in cultured neurons exposed to ligated
We then evaluated whether multiple nanobodies can be delivered  active toxins. Exposure to picomolar A8-J10-BoNT/XA resulted in
simultaneously by “BoNT/XA. We selected a nanobody raised against ~ cleavage of VAMP?2, and the degree of cleavage was similar to that
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Fig. 3. Post-exposure treatment of systemic toxicity of BoNT/A using A8-“BoNT/XA. (A) Systemic toxicity model of botulism and post-exposure treatment using
A8-“BONT/XA. Lethal dose of BoNT/A (19.5 pg) was first injected into mice intraperitoneally to induce systemic botulism. A8-“BoNT/XA or the control mixture of A8 and
YBoNT/XA proteins were injected intraperitoneally 9 hours later when botulism symptoms had developed. (B to D) Experiments were carried out as described in (A) with
the indicated concentrations of A8-“BoNT/XA and the control A8/“BoNT/XA mixture [vehicle, n = 14; A8-“BoNT/XA at 30 and 0.6 ug, n = 9; A8-“BoNT/XA at 6 ug, n = 10;
A8 (3 1g)/“BoNT/XA (27 ng), n = 9; A8 (0.6 ng)/“BoNT/XA (5.4 ug), n = 10]. Survival rates are plotted in (B) (statistical analysis was conducted by log-rank test; ****p <
0.0001). Violin plots of clinical scores of each mouse are shown in (C). The humane end point was set as clinical scores above 5. Data were analyzed by nested one-way
ANOVA with Dunnett’s post hoc tests, ****P < 0.0001. NS, not significant. Statistical analysis results and P values for (D) are shown in table S4.

of neurons exposed to the same concentrations of A8-BoNT/XA
(fig. S7F), suggesting that LC/X fused with two nanobodies was de-
livered into the cytosol of neurons as efficiently as the one fused
with a single nanobody. '

We further assessed the ability of A8-J10-“BoNT/XA to inhibit
LC/A within neurons. Neurons were exposed to BONT/A for 12 hours,
washed, incubated for another 24 hours, and then incubated with
A8-J10-“BoNT/XA for 48 hours. A8-“BoNT/XA and a mixture of
separated A8-J10 and “BoNT/XA were analyzed in parallel as con-
trols. Cell lysates were analyzed by immunoblot, detecting cleavage
of SNAP-25 by LC/A. Incubation with A8-J10-“BoNT/XA reduced
cleavage of SNAP-25, whereas the control mixture of A8-J10 and
“BoNT/XA did not affect cleavage of SNAP-25 (fig. S7G). Incuba-
tion with A8-“BoNT/XA resulted in a larger reduction in cleavage
of SNAP-25 compared with the same concentrations of A8-]J10-
“BoNT/XA (fig. S7G), suggesting that A8-J10-“BoNT/XA showed
lower efficacy in inhibiting LC/A in the cytosol of neurons com-
pared with A8-“BoNT/XA.

A8-J10-“BoNT/XA can treat both BoNT/A and BoNT/B
intoxication in vivo )

We then tested A8-J10-“BoNT/XA in vivo in mice. Like A8-“BoNT/XA,
A8-J10-“"BoNT/XA showed no toxicity after intraperitoneal injec-
tion at 100 mg/kg (table S1). We first carried out DAS assays with

Miyashita et al., Sci. Transl. Med. 13, eaaz4197 (2021) 6 January 2021

injection of BONT/A (Fig. 4B) or BONT/B (BoNT/B-induced paralysis
lasts ~10 to 12 days in mice; Fig. 4C) to the hind leg. Intramuscular
injection of A8-J10-“BoNT/XA to the same site 18 hours later re-
duced DAS scores and shortened the duration of paralysis in a con-
centration-dependent manner for BONT/A and BoNT/B. Muscle
function was completely restored within 3 days for BONT/A and
within 2 days for BONT/B after injection of A8-J10-“BoNT/XA,
whereas the control mixture of A8-J10 and “BoNT/XA did not affect
the degree or duration of paralysis (Fig. 4, B and C). A8-J10-“BoNT/XA
appeared to be less potent than A8-“BoNT/XA, because 6.5 ug is
required to reduce DAS score to a similar degree as 600 ng of
A8—C‘B0NT/XA (Figs. 2B and 4B). Further optimization of the
A8-J10-“BoNT/XA protein might be needed to enhance its efficacy.

We finally examined the capability of A8-J10-“BoNT/XA to res-
cue mice from systemic toxicity of BONT/A and BoNT/B, using the
post-exposure intraperitoneal injection model described in Fig. 3.
Intraperitoneal administration of A8-J10-“BoNT/XA at 32.5 ug per
mouse, 9 hours after preinjection of lethal doses of BONT/A, res-
cued mice from death (Fig. 4D), reduced clinical scores (Fig. 4E and
movie S2), and eliminated body weight reduction (Fig. 4F). Lower
concentrations (6.5 ug per mouse) elicited partial effects, whereas the
control mixture of A8-J10 and “BoNT/XA showed no effect (Fig. 4,
D to E, and movie S2). Similar experiments were carried out with a
lethal dose of BoNT/B (10 pg). Injection of A8-J10-“BoNT/XA
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Fig. 4. Delivery of two nanobodies using “BoNT/XA for post-exposure treatment of BONT/A and BoNT/B intoxication. (A) Schematic drawing of “BoNT/XA with two
nanobodies (A8 against LC/A and J10 against LC/B) fused to its N terminus. The fusion protein is termed A8-J10-“BoNT/XA. (B and C) DAS assays were carried out with
BoNT/A [6 pg, (B)] or BONT/B [3.5 pg, (C)]. The indicated concentrations of A8-J1 0-“BoNT/XA were injected into the same leg muscle 18 hours later, and DAS scores were
plotted over time [(B) vehicle, n = 9; A8-J10-“BoNT/XA of each group and A8-J10 (5 ug)/“BoNT/XA (27 ug), n = 8; (C) vehicle, n = 27; A8-J10-“BoNT/XA at 30, 6, and 0.06 ug,
n=10; at 0.6 ug, n = 9]. Data were analyzed by two-way ANOVA with Dunnett’s post hoc tests, and results and P values are shown in table S4. (D to F) Lethal doses of
BoNT/A (19.5 pg) were injected via intraperitoneal administration into mice to induce systemic botulism. The indicated concentrations of A8-J1 0-“BoNT/XA were injected
intraperitoneally 9 hours after injection of BoNT/A. Mixtures of A8-J10 and “BoNT/XA served as controls. Survival rates (D), clinical scores (E), and body weight changes (F)
are shown (vehicle, n = 12; other groups, n = 8). ****P < 0.0001 and **P = 0.00022 (log-rank test). Statistical analysis results and P values for (F) are shown in table S4.
(Gtol) Lethal doses of BONT/B (10 pg) were injected via intraperitoneal administration into mice to induce systemic botulism. The indicated concentrations of A8-J10-“BoNT/XA
were injected intraperitoneally 9 hours after injection of BoNT/B. Survival rates (G), clinical scores (H), and body weight changes (I) are shown [vehicle, n = 10; A8-J10-
YBoNT/XA at 65 ug, n = 8; at 32.5 ug, n = 11; A8-J10 (12 ug)/“BoNT/XA (53 ug), n = 8; A8-J10 (6 1g)/"BoNT/XA (26.5 ug), n = 9]. ****P < 00001 (log-rank test). Data were
analyzed by log-rank test (D and G) or nested one-way ANOVA with Dunnett’s post hoc tests (E and H), **P < 0.01 and ****P < 0.0001. Statistical analysis results and
P values for (I) are shown in table S4.
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showed concentration-dependent rescue from death (Fig. 4G), re-
duction in botulism symptoms (Fig. 4H and movie S3), and elimi-
nation of body weight reduction (Fig. 4I), with complete rescue
achieved at 65 ug per mouse, whereas the control mixture of A8-J10
and “BoNT/XA showed no effect (Fig. 4, G to H, and movie S3).

DISCUSSION

Development of biological drugs (biologics) such as proteins and
antibodies has revolutionized many therapeutic areas. However,
current biologics are largely limited to acting on cell surface targets.
Intracellular proteins and processes represent vast untapped drug
targets, yet the cell membrane forms a formidable barrier. In addi-
tion, the ability to target a cell type specifically is another major
challenge for drug delivery to enhance therapeutic efficacy and
minimize side effects. Here, we developed a protein-based drug de-
livery platform that achieves both highly specific targeting of neu-
rons and successful delivery of therapeutics into the cytosol of cells.

The effectiveness of this platform has been fully validated using
BoNT intoxication models in vivo in mice. An anti-BoNT/A thera-
peutic protein was created by fusing a nanobody (A8) against LC/A
to the N terminus of the delivery protein. Using cultured neurons,
we demonstrate that A8 was delivered into the cytosol of neurons
in vitro and neutralized LC/A. Intramuscular injection of this thera-
peutic protein 3 or 6 days after the initial injection of BONT/A re-
stored muscle activity within 15 hours in a local leg muscle paralysis
model in mice. Intraperitoneal administration of this therapeutic
protein rescued mice from systemic toxicity of BONT/A after botu-
lism symptoms developed.

The delivery platform is a 150-kDa chimeric protein, with one-
third derived from the Hc of a BoNT and two-thirds derived from
the recently discovered BoNT-like toxin BONT/X. The H¢ of BONT
confers specificity toward neurons. The BONT/X fragment includes
a catalytically inactive form of LCHy. The key finding here is that
the chimeric protein containing “LCHN/X showed no toxicity in
mice even at 100 mg/kg, which allowed us to create a safe and effec-
tive protein-based delivery platform. '

The molecular basis for the lack of toxicity of “LCHn/X in mice
remains to be determined. BONT/X is a recently identified BoNT-like
toxin, sharing ~28 to 30% sequence identity with other BONTs and
the overall conserved domain arrangement (42). Besides BONT/X,
two other BoNT-like toxins have been recently reported: one is
BoNT/En, identified in an Enterococcus faecium strain (52, 53), which
shares 24 to 27% protein sequence identity to other BONTs and 37%
identity to BONT/X. BoNT/En showed no toxicity in mice, and re-
placing its Hc with Hc/A resulted in a chimeric toxin that potently
induced muscle paralysis in mice, suggesting that mice lack the
proper receptor for BONT/En. The other BoNT-like toxin is desig-
nated paraclostridial mosquitocidal protein 1 (PMP1), identified by
screening bacteria that kill Anopheles mosquito larvae (54). PMP1
shares 36% protein sequence identity with BoNT/X and 34% with
BoNT/En. The natural hosts targeted by BONT/X and BoNT/En re-
main unknown, whereas PMP1 appears to target mosquito larvae.
It will be interesting to characterize “LCHy of BONT/En and PMP1
to determine whether they share the same properties of no toxicity
in mice as “LCHy/X. '

We constructed and tested fusion of “LCHN/X to three different
Hcs: He/A, He/C, or He/D. A8-“BoNT/XA and A8-“BoNT/XC
showed similar efficacy in reducing SNAP-25 cleavage in cultured
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neurons, but 60 ng of A8-“BoNT/XA achieved better reduction in
paralysis in DAS assays than 6 ug of A8-“BoNT/XC in vivo. These data
suggest that A8-“BoNT/XC is less effective (or less stable) in vivo
compared with A8-“BoNT/XA. A8-“BoNT/XD showed lower efficacy
in reducing SNAP-25 cleavage than A8-“BoNT/XA and A8-“BoNT/
XC, and its in vivo efficacy is lower than A8-“BoNT/XC. These data
indicate that the choice of Hc affects delivery and in vivo efficacy.
Potential structural conflicts between “LCHy and H¢ might contribute
to instability of the protein in vivo. It will be interesting to further
optimize the choice of Hcs, because an alternative Hc other than
Hc/A has the benefit of not immunizing patients against BONT/A,
thus preserving the possibility of treating patients with BONT/A in
the future. ‘

As expected, A8-“"BoNT/XA shares the BONT/A receptor, SV2,
which is a family of synaptic vesicle membrane proteins including
SV2A, SV2B, and SV2C. The exposure of SV2 to the cell surface is
reduced after synaptic vesicle exocytosis is blocked by BoNTs.
However, SV2 still travels to cell surfaces during its nascent biogenesis
before it is internalized and sorted onto synaptic vesicles, and this
constitutive secretory pathway is not affected by any BoNTs (55, 56),
which likely provides an entry pathway for A8-“"BoNT/XA after
synaptic vesicle exocytosis is blocked by preloaded BoNT/A.

Our studies suggest that two tandemly fused nanobodies can be
translocated into the cytosol of neurons as efficiently as a single nano-
body. This allows us to develop a single agent that can target two
distinct toxins. Furthermore, dimers of two nanobodies targeting
the same toxin may also be used to enhance the binding and inhibition
of the target toxin as previously reported (57). It will be interesting
to explore how many more nanobodies can be delivered without
reducing membrane translocation efficacy.

Nanobodies are one of the most versatile small antibody-derived
protein binders that can be readily developed against proteins of
interest. Besides binding and inhibiting the target protein directly,
the therapeutic potential of nanobodies might be further enhanced
by promoting degradation of the target protein via fusion with a pro-
tein degradation signal (degron) or a moiety that recruits E3-ubiquitin
ligase. This is similar to the proteolysis-targeting chimeras (PROTACs)
approach (58, 59), but using nanobodies rather than chemical
probes for targeting the protein of interest. It has been shown that
expression of A8 fused with a 15-kDa F-box domain, which recruits
E3-ubiquitin ligase, accelerated degradation of LC/A in cells (43).
More generally, the approach of fusing of a nanobody to a protein
domain recruiting E3-ubiquitin ligase to induce degradation of the
target protein has been well established in cells and in model organisms
(60-64). However, these previous studies lacked a way to deliver the
fusion protein into cells and relied on transfection or transgenic ap-
proaches. The delivery platform reported here might enable the use
of nanobody fusion proteins or nanobody conjugated with a chemical
ligand to induce degradation of intracellular targets. In addition,
delivery of nanobodies can be achieved using platforms based on
other bacterial toxins such as heat-labile enterotoxin IIa, which has
been shown to deliver A8 into the cytosol of cultured neurons (65).

The range of proteins that can be efficiently delivered by our de-
livery platform remains to be explored experimentally. Bade et al.
(30) showed that the translocation efficacy of proteins fused to
BoNT/D is influenced not only by size but also, more importantly,
by structural rigidity. For instance, firefly luciferase (62 kDa) fused
to BoNT/D was translocated into neurons at a higher rate than GFP
(27 kDa). Furthermore, fusion of DHFR (25 kDa) to BoNT/D did
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not affect translocation of BONT/D, but when DHEFR is stabilized by
binding to the folate analog Mtx, it reduced translocation of the fu-
sion protein by 10-fold.

Because of technical limitations, experimental evidence directly
detecting binding of our therapeutic fusion proteins to motor nerve
terminals and cytosolic delivery of nanobodies in vivo remain to be
established. In addition, pharmacokinetic and pharmacodynamic
studies and evaluation of long-term safety of these fusion proteins
also need to be carried out. Our current study is limited to mouse
models, and it will be crucial to extend the study to additional animal
models.

The major limiting factor for any protein-based delivery plat-
form is likely the generation of neutralizing antibodies over time,
which renders repeated usage less effective. This issue could be
ameliorated through additional protein engineering of deimmuni-
zation. This, however, should not be an issue for treating botulism,
which likely involves only a single treatment event.

In summary, we created a neuron-specific delivery platform based
on a chimeric toxin approach by combining the neuronal specificity
of BONT-H¢ and the unique nontoxic property of the deactivated
LCHy of BoNT/X. On the basis of this platform, we developed a safe
and effective post-exposure treatment for BONT/A and BoNT/B. The
modular nature of our chimeric toxins offers a general approach to
targeting distinct cell types by changing the receptor-binding do-
main. Furthermore, different types of cargoes, such as therapeutic
peptide/proteins, small molecules, and DNA/RNA, can be conjugated
to the delivery system, with the potential to modulate previously
hard-to-reach cytosolic targets.

METHODS

Study design

The objective of this study is to establish a drug delivery platform to
target and inhibit BoNTs within the cytosol of neurons. We created
a chimeric toxin-based delivery vehicle and used nanobodies against
BoNTs as therapeutic cargoes. The nanobody-delivery vehicle fu-
sion proteins were expressed in E. coli and purified as His6-tagged
proteins. We first evaluated their toxicity to mice via intraperitoneal
injections and then examined the delivery of nanobodies into the
cytosol of cultured rat cortical neurons, followed by assessing the
therapeutic effect in vivo using both a local muscle paralysis model
and a systemic toxicity model in mice. The sample sizes were selected
on the basis of previous literature and noted in each figure legend.
The humane end point was defined on the basis of clinical scores
and body weight reduction (table S2). Mice were randomly assigned
to either treatment or control groups. The number of replications
was noted in each figure legend. For all animal experiments, inves-
tigators were not blinded to the treatment/control groups or the
data analysis. All procedures using mice were conducted in accor-
dance with the guidelines approved by the Institute Animal Care
and Use Committee at Boston Children’s Hospital (#18-10-3794R).
The Institutional Review Entity at Boston Children’s Hospital has
reviewed and determined that the work does not fall under Dual
Use Research of Concern.

Materials

Goat Anti-llama IgG H&L (HRP) (ab112786, 1:500) was purchased
from Abcam (Cambridge). Mouse monoclonal antibodies for syn-
taxin 1 (Cl 78.2, 1:3000), SNAP-25 (Cl 71.1, 1:2000), and VAMP2
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(C169.1, 1:1000) were purchased from Synaptic Systems (G6ttingen,
Germany). The following antibodies were purchased from the indi-
cated vendors: rabbit polyclonal antibody for synapsin (Millipore)
and mouse monoclonal antibody for actin (AC-15, 1:1000; Sigma-
Aldrich). The human monoclonal antibody against BONT/A (Raz-1,
1:1000) was provided by J. Lou and J. Marks (San Francisco, CA).
BoNT/A and BoNT/B were purchased from Metabiologics (Madison,
WI, USA).

Plasmid construction

The complementary DNAs (cDNAs) encoding A8 (GenBank:
FJ643070.1) and J10 were synthesized by Integrated DNA Technol-
ogies (Coralville, Iowa) (51). The composition of all constructs in
this study is summarized in table $3. The cDNAs encoding “BoNT/
XA (LC/X, residues 1 to 422; Hy/X, residues 468 to 924; Hc/A, res-
idues 873 to 1296) were cloned into pET28a vector with a His6 tag
fused to its C terminus. Three amino acids in LC/X were mutated
(residues E228Q, R360A, and Y363F) by site-directed mutagenesis.
Three thrombin cleavage sites were introduced to the locations be-
tween LC/X and Hy/X, between He and the His6 tag, and between
the N-terminal thioredoxin tag (TrxA) and LC/X. A8-“BoNT/XA,
A8-“BoNT/XC, and A8-“BoNT/XD chimera (H¢/C, residues 868
to 1291; He/D, residues 864 to 1276) were cloned into pET28a vec-
tors with His6 tag on their C termini. Flexible 10-amino acid linker
(Gly4Ser), was introduced between A8 and LC/X. “BoNT/C
(E230Q, R372A, and Y375F), A8-“BoNT/C, and “BoNT/A (E224Q,
R363A, and Y366F) were subcloned into pET28a vector. A8, J10,
and A8-J10 were cloned into pET28a vector with TrxA tag at N ter-
mini and His6 tag at C termini. A8-J10-“BoNT/XA was cloned into
pET28a vector. LCHN/X, A8-LCHN/X, and A8-J10-LCHN/X were
cloned into pET28a vector with the sortase tag sequence “LPETGG”
fused to their C termini, followed by a His6 tag. Rat SV2C-L4 (resi-
dues 473 to 567) and rat VAMP2 (residues 1 to 93) were cloned into
PGEX-4T-1. The construct encoding His6-tagged sortase (SrtA*)
was provided by B. Pentelute (Boston, MA, USA).

Protein expression, purification, and activation
Plasmids were transformed into E. coli BL21 (DE3). Cells were
cultured at 37°C and 300 rpm shaking in 2-liter baffled flasks con-
taining 400 ml of autoinduction medium (Formedium). Once the
ODgoo (optical density at 600 nm) reached 0.4 to 0.6, the tempera-
ture was decreased to 16°C and further incubated for 18 to 24 hours.
The cells were harvested at 4000 rpm for 30 min and stored at
—80°C. For A8-J10-“BoNT/XA expression, the plasmid was trans-
formed into SHuffle T7 Express E. coli (New England Biolabs,
Beverly, MA). Cells were cultured at 30°C and 250 rpm shaking in
2-liter baftled flasks containing 1000 ml of Terrific Broth medium.
Expression was induced with 0.4 mM isopropyl-p-p-thiogalactopy-
ranoside (IPTG) when ODgq reached 0.5 to 0.8, then the tempera-
ture was decreased to 16°C, and further cultured for 18 hours. The
cells were harvested at 4000 rpm for 30 min and stored at —80°C.
Bacteria were disrupted by sonication in the binding buffer
[20 mM tris-HCI (pH 7.5), 500 mM NacCl, 10% glycerol, 20 mM
imidazole, 1 mM phenylmethylsulfonyl fluoride]. Lysates were
centrifuged at 20,000 rpm for 30 min at 4°C. The supernatant was
loaded onto a HisTrap HP (5 ml; GE Healthcare) and washed with
the binding buffer. Proteins were eluted by a linear gradient of 20 to
250 mM imidazole over 50 ml. Target proteins were collected
on the basis of molecular weight and concentrated using Vivaspin
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[100-kDa molecular weight cutoff (MWCO); GE Healthcare]. To
generate the di-chain form of “BoNT, proteins were proteolytically
cleaved with thrombin (2 U/mg protein; Millipore) at 4°C over-
night. The proteins were further purified using size exclusion col-
umn (Superdex 200 pg 16/60, GE Healthcare) in 20 mM tris-HCl
(pH 7.5) and 150 mM NacCl. The elution peak was collected and
concentrated using Vivaspin (100-kDa MWCO). Proteins were
filtered through an endotoxin removal resin (Thermo Fisher Scientific)
and sterilized using 0.22-pm filters (Millipore). Purified proteins
were aliquoted (50 to 100 pl per tube) and stored at —80°C.

A8 and A8-J10 were purified using HisTrap columns. For removing
the TrxA tag, the elution was treated with thrombin at 4°C over-
night and passed through a PD-10 column (GE Healthcare) equili-
brated with the binding buffer. Elutions were incubated with Ni-NTA
beads at room temperature (RT) for 30 min and washed three times
using the binding buffer. A8 and A8-J10 were eluted using 250 mM
imidazole and concentrated using Vivaspin (10-kDa MWCO). The
proteins were further purified using size exclusion column (Superdex
75 10/30, GE Healthcare) in 20 mM tris-HCl (pH 7.5) and 150 mM
NaCl. LCHn/X, A8-LCHn/X, A8-J10-LCHN/X, and Hc/A were puri-
fied using HisTrap and size exclusion (Superdex 200 pg 16/60) col-
umns in 20 mM tris-HCI (pH 7.5), 150 mM NaCl, and 10% glycerol.

Neuron cultures

Pregnant rats were purchased from Charles River. Twenty-four-well
plates were coated with poly-p-lysine (0.5 mg/ml in deionized water)
at 37°C for 3 hours and washed three times with deionized water.
Primary rat cortical neurons were prepared from embryonic day 18
(E18) and E19 embryos using a papain dissociation kit (Worthington
Biochemical). Pregnant rats were euthanized by CO, asphyxiation,
and embryos were removed. Dissected cortical tissue was dissociated
in papain solution at 37°C for 60 min. Cortical neurons were plated
on poly-p-lysine—coated 24-well plates at a density of 250,000 cells
per well (for Western blot) or 150,000 cells per well (for immuno-
staining) in 1 ml of culture medium (Neurobasal medium plus B27
and 0.5% fetal bovine serum).

Detection of nanobody in the cytosol of neuron

Neurons were exposed to A8-“BoNT/XA with or without 100 nM
bafilomycin Al (B1793; Sigma-Aldrich) in medium for 12 hours.
Cells were washed with phosphate-buffered saline (PBS) three times
and lysed with 100 pl of lysis buffer [PBS containing 1% Triton
X-100, 0.05% SDS, and protease inhibitor cocktail tablet (Thermo
Fisher Scientific)]. Lysates were centrifuged for 10 min at 4°C. The
supernatant was mixed with SDS sample buffer [62.5 mM tris-HCI
(pH 6.8), 2% SDS, 10% glycerol, and 0.005% bromophenol blue]
without DTT and subjected to immunoblot analysis under nonre-
ducing conditions to detect translocated A8-“LC/X. A8-“LC/X and
A8-“BoNT/XA were detected using horseradish peroxidase (HRP)-
conjugated goat anti-llama immunoglobulin G (IgG) with Clarity
Max Western ECL Substrate (Bio-Rad, #1705062).

Post-exposure inhibition of BONT/A in cultured cortical neurons
Neurons were cultured in 1.5-ml cultured medium. After 11 days
in vitro, 1200 ul of culture medium was collected and used as a con-
ditioned medium. Neurons were exposed to 20 pM BoNT/A in 300-ul
medium at 37°C for 12 hours. Cells were washed two times with the
medium to remove residual BoNTs and incubated in 300 pl of the
conditioned medium for 24 hours. Neurons were further exposed
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to A8-"BoNT/XA in 400-ul medium for 48 hours and then lysed
with 200-pl lysis buffer. Lysates were centrifuged for 10 min at 4°C.
Supernatants were subjected to SDS—polyacrylamide gel electro-
phoresis (PAGE) and immunoblot analysis.

Immunostaining

A8-“BoNT/XA (200 nM) and glutathione S-transferase (GST)-SV2C-14
(2 uM) were incubated for 20 min at 37°C. Neurons were exposed
to the mixture in medium for 8 min at 37°C. Cells were washed with
ice-cold PBS and fixed with PBS containing 4% paraformaldehyde
for 20 min at RT. Cells were treated with blocking buffer (PBS con-
taining 10% goat normal serum) for 45 min and exposed to human
anti-BoNT/A antibody (1:500) and rabbit anti-synapsin antibody
(1:600) in blocking buffer at 4°C overnight. Cells were washed with
PBS and incubated with Alexa Fluor 488 goat anti-human IgG and
Alexa Fluor 546 goat anti-rabbit IgG (1:800) in blocking buffer for
1 hour. The coverslip was then mounted on a slide, and images were
collected using a fluorescence microscope (Olympus IX81).

Sortase-mediated ligation and assessing translocation efficacy
His6-tagged Hc/A was cleaved overnight at 4°C by thrombin to ex-
pose the glycine residue at the N terminus. The ligation reaction
was set up in 50-pl tris buffer (pH 7.5), with Hc/A (40 uM), LCHN/X,
A8-LCH\/X, or A8-J10-LCHy/X (4 uM), Ca®* (10 mM), and sortase
(0.5 uM) for 45 min at RT. The ligation products were activated by
thrombin treatment (0.4 U) for 30 min at RT. Ligated products
were analyzed by SDS-PAGE, and the concentration was quantified
using Image]. Neurons were exposed to ligated products in 300-pl
cultured medium for 12 hours at 37°C. Cell lysates were subjected
to immunoblot analysis detecting cleavage of VAMP?2.

Cleavage of recombinant VAMP2 by LC/X, A8-LC/X, and
A8-J10-LC/X

VAMP?2 (residues 1 to 93) was expressed and purified as a GST-
tagged protein. LCHn/X, A8-LCHN/X, and A8-J10-LCHy/X were
activated with thrombin treatment and incubated with DTT to gen-
erate LC/X, A8-LC/X, and A8-J10-LC/X. GST-VAMP2 (4 uM) was
incubated with LC/X, A8-LC/X, or A8-J10-LC/X (300, 100, 30, or
10 nM) for 2 min at 37°C. Samples were analyzed by SDS-PAGE
and Coomassie blue staining.

Brain detergent extract preparation and in vitro toxin
neutralization assay

Rat brain detergent extracts (BDEs) were prepared as previously de-
scribed (42). LC/A (1 uM, final concentration) or LC/B (1 uM) was
preincubated with A8, A8-“BoNT/XA, or A8-J10-“"BoNT/XA in 15 ul
of tris buffer (pH 7.5) for 30 min at RT. The mixtures were then
added to 15 pl of BDE (2 mg/ml) and incubated for 1 hour at 37°C.
Samples were subjected to SDS-PAGE and immunoblot analysis.

DAS assay and post-exposure treatment for local paralysis

Male mice (CD-1 strain, 20 to 30 g) were purchased from Envigo.
BoNTs were diluted in 0.2% gelatin-phosphate buffer (pH 6.3).
Mice were anesthetized with isoflurane and administered 10 ul of
BoNT/A (6 pg) or BONT/B (3.6 pg) by intramuscular injection into
the gastrocnemius muscle of the right hind limb using a 30-gauge
needle attached to a Hamilton syringe. The degree of digit abduction
was scored on a five-point scale (0, normal; to 4, maximal paralysis;
Fig. 2A). These mice were then administered A8-“"BoNT/XA or
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A8-J10-“"BoNT/XA in 0.2% gelatin-phosphate buffer (pH 6.3) by
intramuscular injection into the same muscle. Mice were monitored
once per day for 10 days and then further monitored once every other
day until fully recovered from the paralysis.

Mouse lethality assay and systemic post-exposure
treatment model

Mice were administered a lethal dose of BONT/A (19.5 pg) or
BoNT/B (10 pg) in 100 pul of 0.2% gelatin-phosphate buffer (pH 6.3)
through intraperitoneal injection. After 9 hours, mice that devel-
oped typical botulism symptoms such as wasp waist were selected
and randomly assigned to either treatment or control groups. These
mice were then administered vehicle control (0.2% gelatin-PBS), a
mixture of A8 and “BoNT/XA, A8-“BoNT/XA, or A8-J10-“BoNT/XA
in 0.2% gelatin-PBS by intraperitoneal injection. Mice were moni-
tored once per every 2 hours for 14 hours, followed by three times
per day for 5 days, and then once every other day for 21 days. Survival
rates, clinical scores (table S2), and body weight were recorded. The
humane end point was set as total clinical score above 5.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.3 soft-
ware. For all experiments, data are expressed as means + SEM. The
statistical significance of the observed differences was calculated
using one- or two-way analysis of variance (ANOVA) (Dunnett’s
post hoc or Sidak’s post hoc tests) or unpaired two-tailed ¢ test. Survival
curves were analyzed using log-rank (Mantel-Cox) test. Results were
considered significant when P < 0.05. Statistical analysis data and
Pvalues for DAS assays and body weight changes (Figs. 2, Bto F, 3D,
and 4, B, C, F, and I, and fig. S6, B to G) were presented in table S4.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/575/eaaz4197/DC1

Fig. S1. Production and characterization of A8-“BoNT/XA, A8-“BoNT/XC, A8-“BoNT/XD, and
A8-“BoNT/C.

Fig. S2. Quantification of A8-“BoNT/XA translocation in cultured neurons.

Fig. S3. Generating active BONT/XA and A8-BoNT/XA using sortase-mediated ligation.

Fig. S4. Characterization of A8-“BoNT/XC and A8-“BoNT/XD on cultured neuron.

Fig. $5. A8-“BoNT/XA and “BoNT/XA use the same receptors to target neurons as BONT/A.
Fig. 56. A8-“BoNT/XA reduces BoNT/A-induced leg muscle paralysis in vivo.

Fig. $7. Characterization of A8-J10-“BoNT/XA in vitro and on cultured neurons.

Table S1. In vivo toxicity analysis of the indicated proteins.

Table S2. Clinical scores for botulism in mice.

Table S3. Schematic illustration of the indicated constructs.

Table S4. Raw data and statistical analysis (Excel file).

Movie S1. Activity and mobility of mice treated with A8-“BoNT/XA in a BoNT/A-induced
botulism model.

Movie S2. Activity and mobility of mice treated with A8-J10-“BoNT/XA in a BoNT/A-induced
botulism model.

Movie S3. Activity and mobility of mice treated with A8-J10-“BoNT/XA in a BoNT/B-induced
botulism model.

View/request a protocol for this paper from Bio-protocol.
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Nontoxic botulinum for drug delivery

Botulism is a severe and potentially fatal disease characterized by muscle paralysis. The causing agent,
botulinum neurotoxins (BoNTSs), has the ability to enter motor neurons and to block neurotransmission. In two
independent studies, Miyashita et al. and McNutt et al. used nontoxic derivative of BONT to deliver therapeutic
antibodies against BoNTs in neurons. Miyashita et al. targeted BoNT/A and BoNT/B and reported therapeutic
effects in mice. Using a similar approach targeting BoNT/A, McNutt et al. increased survival after lethal challenge
in mice, guinea pigs, and monkeys. This approach provided a safe and effective treatment against BoNT
intoxication and could be exploited for targeting other intracellular proteins in neurons.

ARTICLE TOOLS http://stm.sciencemag.org/content/13/575/eaaz4197
I\S/ILA};ELRIIEAALESNTARY http://stm.sciencemag.org/content/suppl/2021/01/04/13.575.eaaz4197.DC1
EEIRIAI'EIE\PI' http://stm.sciencemag.org/content/scitransmed/10/450/eaar7384.full

http://stm.sciencemag.org/content/scitransmed/13/575/eabd7789.full

REFERENCES This article cites 64 articles, 10 of which you can access for free
http://stm.sciencemag.org/content/13/575/eaaz4197#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a
registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement
of Science. No claim to original U.S. Government Works

1202 ‘8 Arenuer uo 1sanb Aq /610 Hewasualds wis//:diny woly papeojumoqd


http://stm.sciencemag.org/content/13/575/eaaz4197
http://stm.sciencemag.org/content/suppl/2021/01/04/13.575.eaaz4197.DC1
http://stm.sciencemag.org/content/scitransmed/10/450/eaar7384.full
http://stm.sciencemag.org/content/scitransmed/13/575/eabd7789.full
http://stm.sciencemag.org/content/13/575/eaaz4197#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://stm.sciencemag.org/



