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Abstract

Botulinum neurotoxins (BoNTSs) are exceptionally potent inhibitors of neurotransmission, causing
muscle paralysis and respiratory failure associated with the disease botulism. Currently, no drugs
are available to counter intracellular BoNT poisoning. To develop effective medical treatments,
cell-based assays provide a valuable system to identify novel inhibitors in a time- and cost-
efficient manner. Consequently, cell-based systems including immortalized cells, primary neurons,
and stem-cell derived neurons have been established. Stem cell-derived neurons are highly
sensitive to BoNT intoxication and represent an ideal model to study the biological effects of
BoNTSs. Robust immunoassays are used to quantify BoNT activity and play a central role during
inhibitor screening. In this review, we examine recent progress in physiologically relevant cell-
based assays and high-throughput screening approaches for the identification of both direct and
indirect BONT inhibitors.
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1. Introduction

Botulinum neurotoxins (BoNTSs) are zinc metalloproteases that block neurotransmitter
release, which results in impaired muscle function, and the potentially life-threatening
respiratory arrest that is characteristic of the disease-state botulism [1]. Currently, there are
no effective medical modalities to treat intoxicated patients after the toxin has been
internalized by the neuron. Importantly, BoNTs, of which there are eight serotypes
(designated A — H) [2,3], are among the most toxic of known biological substances, and
have been weaponized [4]. As such, they are classified as category A biothreat agents by the
US Centers for Disease Control and Prevention. Additionally, naturally occurring BoNTs
can cause food or liquid contamination [5]. Consequently, there is a significant interest in
developing novel modalities to not only counter BONT poisoning, but also to promote
neuronal recovery after toxin innervation [6,7]. Paradoxically, despite the toxicity of these
enzymes, purified BoNT serotypes A and B are widely used pharmaceutically in small,
localized doses to treat various neuromuscular conditions, as well as cosmetically to reduce
facial wrinkles [8-10]. Therefore, in addition to the potential malicious use of these toxins,
there are also elevated concerns regarding accidental overdosing in clinical settings [8].

2. Importance of cell-based assays for BONT research and drug discovery

Current drug discovery strategies against BoNTs include both molecular and empirical
approaches [11]. The molecular approach is hypothesis-driven and can be considered target-
based, as the experimental objective is to obtain a small molecule inhibitor that can directly
block the proteolytic activity of BoNTs. Small molecule inhibitors have traditionally been
identified by high-throughput screening (HTS) in which a library of compounds are
evaluated for BoNT inhibition, typically in an in vitro biochemical assay. Some of these
assays and in vitro screens have been described by our group and others [12,13].
Importantly, once BoNT active site inhibitors are confirmed they are then routinely
evaluated in cell-based assays to ascertain the likelihood of in vivo activity [6,14].
Specifically, cell-based testing is used to directly measure general pharmacologic properties
including potency and selectivity, while also indirectly evaluating inhibitor physicochemical
properties including solubility, permeability, and metabolic stability. The demonstration of
cell-based activity and an absence of obvious cytotoxicity facilitate prioritization for further
ADME (absorption, distribution, metabolism, and excretion)-related testing and in vivo
efficacy evaluation. Whereas the molecular, target-based approach has been extensively
used by academic and pharmaceutical researchers for several years, the dearth of FDA-
approved products derived from this strategy has called the method into question. This may
be due in part to an incomplete understanding of the molecular mechanism of action of
BoNTSs and other rationally selected targets.

The empirical approach, referred to as “phenotypic drug discovery” or “phenotypic
screening”, relies on changes to phenotypic endpoints in response to small molecules
[11,15]. Phenotypic screening requires the use of disease-relevant cell models with
endpoints related to changes of the disease-related phenotype. This can help to identify
known modulators of different components of biological pathway as well as new targets. A
recent analysis suggested that the phenotypic approach is a more successful method for the
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discovery of first in class drugs [16]. Phenotypic screens for BoNT inhibitors could
potentially include the evaluation of toxin amelioration, motor neuron protection, and/or the
promotion of neuronal regeneration and repair. Phenotypic screening is therefore an
unbiased approach for countermeasure discovery and could lead to the identification of
novel pathways and targets for BoNT inhibitor research. To this end, successful phenotypic
screening relies on: 1) identifying an endpoint directly related to BoNT intoxication, and 2)
utilizing a cellular system that faithfully recapitulates botulism as it is manifested in the
human patient.

Mechanistically, BONT metalloendopeptidase activity induces paralysis by blocking
acetylcholine neurotransmitter release at neuromuscular junctions [2]. This occurs after the
holotoxin has transduced the motor neuron, undergone processing to release its catalytically
active subunit (BoNT light chain), which cleavages soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) proteins that are required for neuroexocytosis
[1]. Previous studies clearly established that BoONT-mediated SNARE protein cleavage is
sufficient to inhibit neurotransmitter release [17-21], indicating that SNARE proteolysis is
the critical molecular event that is relevant to BoNT intoxication. Therefore, the evaluation
of SNARE function is a critical endpoint for determining BoNT inhibition. This can be even
further refined to develop toxin-specific or -selective assays which take advantage of the
exquisite substrate specificity of the different BONT serotypes. For example, BONT/A

and /E cleave synaptosomal-associated protein of 25 kDA (SNAP-25), i.e., one of the
protein components of the SNARE complex, while BoNT/B, /D, /F, and /G cleave
synaptobrevin (also called vesicle-associated membrane protein or VAMP), and serotype C
proteolyses both SNAP-25 and Syntaxinl. The cleavage of SNARE proteins blocks synaptic
vesicle exocytosis, thereby causing paralysis in both animal models and humans [1].
Cleavage of SNAP-25 has thus been used to evaluate BoNT/A activity in both in vitro and
in vivo models [22]. While a number of bioanalytical methods are available to quantify
SNAP-25 concentration, including proteomic techniques involving mass spectrometry,
immunoassay platforms have become the method of choice due to their versatility in terms
of throughput and amenability for both target-based and phenotypic screens [23].

Here, we review recent developments in the use of physiologically relevant cell-based
systems and immunoassay technologies that are advancing BoNT research and drug
discovery. These methods can be utilized for BoNT inhibitor screening as well as for
research including new target identification and mechanism of action studies.

3. Mammalian cell-based assays for BoNT studies

At this critical stage in the discovery and development of novel therapeutics for BONT
poisoning, the utilization of HTS is a key strategy for identifying and characterizing novel
BoONT antagonists, and for further evaluating their biological effects in a time efficient
manner [6]. However, progress has been limited with respect to the development of large
scale, cell-based drug screening assays for BoNT research, due in part to a lack of
biologically relevant and well-characterized model systems that are applicable for high-
throughput studies. Ideally, cell-based HTS assays utilize cell culture systems that are well-
characterized, biologically relevant, robust, sensitive, and cost-effective. Previously,
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numerous cell-based assays have been established to study the biological effects of BoNTS,
including mammalian neuroblastoma cells and primary spinal cord cells from rodents
[6,24-28]. All of these models have strengths and limitations, which are discussed below.
Recently, independent groups explored the utility of stem cell technologies for BONT
research, and established stem cell-derived neuron and motor neuron culture systems
meeting the criteria indicated above [29-32].

3.1. Immortalized Cells

To identify clinically relevant lead compounds, HTS should ideally utilize cells that are
naturally targeted by BoNTSs, i.e, motor neurons [33]. However, until recently, mammalian
motor neurons were difficult to obtain, and therefore alternative cellular systems have been
utilized. Immortalized cells have been widely used in the field and have provided many
advantages for BoNT studies [14]. First, these cell lines are applicable to HTS assays given
that they can be generated in large quantities. Secondly, they are easy to culture and
generally not costly. Third, they can be easily manipulated to overexpress BoNT light chains
and/or to generate reporter lines that can be used in FRET and/or FRAP based assays [34].
Based on these advantages, previously established cell-based BoNT assays utilized various
continuous lines, including Neuro-2 a cells (mouse neuroblastoma) [35,36], P19 (mouse
embryonic carcinoma) [37], SH-SY5Y (human neuroblastoma) [38], SK-N-SH (human
neuroblastoma) [36], NT2 (human teratocarcinoma), BE(2)-M17 (human neuroblastoma)
[39], and SiMa cells (human neuroblastoma) [40]. Similarly, PC12 cells (derived from rat
pheochromocytoma) have been employed in FRET based approaches to measure the
biological effects of BoNTs in cells [27,34]. Human carcinoma cells (N2) have also been
utilized to measure vesicle exocytosis using fluorescent activity-dependent dyes [41].
Additionally, motor neuron-like cell lines have been evaluated for their utility for BONT
research. Our group has examined the suitability of NSC-34 cells, a mouse motor neuron-
like line, for BoNT studies, however these cells were not sensitive to BONT/A at picomolar
concentrations when intoxicated for 3 hours. Recently, Whitemarsh et al. reported that
another motor neuron-like cell line, NG108-15, can be more sensitive than immortalized
cells based on 48 hours of BoNT exposure [42]. Recent review papers provide detailed
comparisons between immortalized cell lines in terms of their BONT sensitivity [6,14].

Although immortalized cells provide simple platforms for BoNT research, these cells also
have many limitations, making them less attractive for HTS. Importantly, their genetic
background is different from that of native motor neurons, given that immortalized cells
exhibit tumorigenic propensities. Immortalized cells are typically insensitive to BONT
intoxication and require significantly elevated doses and longer exposure times for
detectable effects [6,14]. However, it is important to note that the sensitivity of these cells
can be increased through various methods including the addition of ganglioside GT1b [36]
or through chemical stimulation with KCI or CaCl [14]. Similarly, it was shown that co-
culture of neuroblastoma cells with Schwann cells can enhance their sensitivity to BONTS
[43]. One possibility regarding the general low sensitivity of these cells is that the receptors,
targets, and molecular machinery needed for BoNT action differ in immortalized cells
compared to motor neurons. This is of particular importance when phenotypic screening for
BoNT inhibitors is contemplated. Hence, the utilization of immortalized cells can be
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expedient, but cell types that better mimic in vivo conditions may provide better clinical
translation.

3.2. Primary neurons for BoNT research

The use of primary mammalian cells, including spinal motor neurons [28,44], dorsal root
ganglion neurons [32,45], hippocampal neurons [46-48], and cortical neurons [49,50]
bypasses the use of immortalized cells. Among these neuronal cell types, primary motor
neurons have the greatest advantage given that molecular machinery, receptors and
molecular targets for toxin uptake, processing, and activity are endogenously expressed.
Importantly, motor neurons dissected from murine embryos closely resemble native motor
neurons morphologically and biologically. Primary spinal neurons are also highly sensitive
to BoNT intoxication [14,51], and therefore provide more physiologically relevant model
systems. Another advantage is that primary neurons are terminally differentiated cells that
can be maintained for long periods to study the biological effects of BoNTs without the
interference of cell proliferation. The development of serum—free media simplifies drug
screening by the removal of serum stimulating factors and associated serum proteins that can
bind small molecules and decrease their effective concentration. The use of serum-free
media also makes protocol standardization more facile and reduces cell culture costs.
Finally, primary cells can be derived from transgenic and/or knock-out mice to study the
roles of specific proteins in the BONT mechanism of intoxication.

Unfortunately, these cells also have limitations that make them impractical for HTS.
Primary neurons are very difficult to obtain in sufficient quantities from dissected embryos
to facilitate HTS campaigns. In fact, only 5,000-15,000 spinal motor neurons per dissected
murine embryo can be generated with these tedious protocols [52]. The sacrifice of timed
pregnant animals is required to obtain freshly prepared neurons each time the assay is
performed, while dissecting and culturing large amounts of spinal motor neurons introduces
significant costs. A second technical issue involves the routine generation of homogenous
cultures. Embryo-to-embryo variations are expected in each dissection in terms of motor
neuron/non-neuron cell ratios of the yield, which can result in a variation from test to test.
Various methods have been developed to isolate motor neurons from primary spinal cord
dissections, including density based methods, and antibody-based purifications [52,53].
However, these methods yield only marginal increases in cell number, and therefore become
screening liabilities.

3.3. Stem cell technologies for BoNT research

An alternative methodology to address the cellularity issue involves the directed
differentiation of embryonic stem (ES) cells or induced pluripotent stem cells (iPS). Two
unique characteristics of pluripotent stem cells make them attractive for large scale BONT
studies. First, these cells can be successfully differentiated into specific cell types including
functional motor neurons [54-57]. Secondly, these cells possess self-renewal capacity,
indicating that unlimited numbers of motor neurons can be derived from pluripotent stem
cells [32]. Recent advances in stem cell technologies have therefore opened new avenues to
utilize stem cell-based culture platforms.
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3.3.1. Mouse embryonic stem cell-derived neuron systems—With emerging stem
cell technologies promising significant potential, research efforts focused on these
technologies to establish physiologically relevant neuron or motor neuron enriched culture
models suitable for BONT research. Several independent groups demonstrated that mouse
ES-cell derived neurons and motor neurons can provide such a system [29,31,32]. ES cell-
derived neuron and motor neuron culture systems are significantly more sensitive than
established cell lines [32]. It has been shown that neuronal cell types differ in terms of their
sensitivities to BoNTSs. Therefore, our group has focused specifically on developing motor
neuron-enriched cultures for studies of BoNT intoxication using mouse ES cell line HBG3,
which includes a transgene under the control of a motor neuron (Hb9) promotor [32]. Once
activated, this transgene drives eGFP expression. We and others have demonstrated that the
ES-derived eGFP positive motor neurons exhibit the morphological and biological
properties of in vivo motor neurons, including the expression of motor neuron markers
[54,55,58]. It is also noteworthy that these neurons can form neuro-muscular junctions in
vitro and integrate into chick spinal cord when transplanted [54,55,59]. As ES cell-derived
neurons faithfully recapitulate all of the biological steps of the intoxication process, they
could potentially be used as a surrogate system for the in vivo mouse bioassay (MBA).
Currently, the MBA is the gold standard for the detection of BoNTs and assessing their
potency. However, this assay can also be technically challenging, time consuming, and
variable [40,60]. Bioassays performed in BoNT/A sensitive motor neurons could enable the
commercial use of this platform assuming that assay standardization, optimization, and
validation is conducted with the appropriate toxin standards and that cellular and animal
model bridging studies are successfully completed.

3.3.2. Human stem cell-derived neuron systems—Species-related differences
between pathways or drug response are frequently observed during the drug discovery
process [61]. This includes translational differences between data generated using mouse
versus human ES-derived neurons. For example, a recent study describing glutamate
receptor agonists demonstrated a 10-fold potency difference between mouse and human
[62]. However, it should be noted that any cellular model has limitations when interpolating
results from a single cell to physiology relating to the whole body. Therefore, it would be
ideal to understand the correlation between data sets generated with both non-human
mammalian neuron systems and their human counterparts [30]. In this regard, novel
techniques established in recent years made the generation of human motor neurons feasible
via at least three approaches: human induced pluripotent stem (iPS) cells, human ES cells,
and induced motor neurons (iMNs) [63-70]. These neurons offer an alternative model to
identify and validate novel inhibitor compounds, and understand their mechanisms of action
in a human neuronal system.

i. Induced pluripotent stem (iPS) cell-based systems for BoNT research: It was shown in
2006 that adult cells with mitotic propensities can be reprogrammed to establish cells
displaying characteristics of pluripotent stem cells, i.e., iPS cells [71]. These cells have been
successfully differentiated to various cell types, including neurons [72]. Indeed, mouse iPS
cells can be utilized to generate adult mouse models, indicating that these cells can form all
cell types in vivo [73]. However, the origin of the iPS cells appears to be critical [74].
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Recent studies comparing human iPS and ES cells suggest that they differ in their
propensities to differentiate into discrete lineages [75]. For example, a recent study
demonstrated that human iPS cells are differentiated into neuroepithelial lineage with high
variability and less efficiency when compared to human ES cells [76]. Similarly, the
directed differentiation of human iPS cells to blood progenitor and endothelial cells also
exhibited low differentiation potency and resulted in functionally compromised cell types
[77,78]. Furthermore, recent studies examining the global gene expression profiles of iPS
cells suggested that there might be transcriptional differences between iPS and ES cells
[79,80]. Taken together, it is important to recognize that diverse iPS cell lines derived from
various tissues might have significantly divergent differentiation propensities and could
produce heterogeneity of the final cellular population.

Despite the potential for some modest heterogeneity, Pellett et al. have shown that neurons
generated from human iPS cells are highly sensitive to BONT intoxication and demonstrate
SNARE protein cleavage [30]. This study utilized commercially available, cryopreserved
neurons (Cellular Dynamics International, Madison, WI) mainly composed of glutamergic
and GABAergic neurons. To the best of our knowledge, human iPS-derived motor neuron
assays have not been exploited for more advanced BoNT research and may provide a good
system for further evaluation.

ii. Human embryonic stem cell-derived neuron culture models: As mentioned above,
although there are many similarities between human iPS and ES cells, these cells may differ
in gene expression and DNA methylation [81,82], and such variation in pluripotent cells can
greatly affect neuronal differentiation [81,83]. Over the past decade, there have been
extensive research efforts to obtain specific neuronal cell types from human ES (hES) cells
and such model systems have been successfully utilized to study neurodegenerative
diseases, such as Alzheimer's disease. It is well established that human ES cells can be
differentiated into functional motor neurons [63-70], and that these neurons provide
excellent culture systems to understand disease mechanisms such as ALS [65,84]. In the
context of BoNT research, our group evaluated the utility of human ES-derived motor
neuron systems as a renewable cellular source for large scale BONT studies (manuscript in
preparation). Importantly, this system is highly sensitive to BoNTs and compatible with
large-scale studies and experimentation. Similar to the iPS-derived neuron culture system,
this technique also suffers from heterogeneous cultures (i.e., other cell types are present in
addition to motor neurons). Therefore, the development of more robust differentiation
protocols to increase the percentage of motor neurons will be required. Additionally, current
human motor neuron differentiation protocols require long differentiation processes, which
are expensive and laborious. However, recent efforts have focused on generating more
homogenous cultures using accelerated differentiation protocols [70]. The standardization of
such protocols should advance the utility of iPS and ES cell-derived motor neurons for
BONT research.

iii. Direct conversion of somatic cells to neurons: A major limitation of motor neuron
generation from ES or iPS cells is the long culture time required for directed differentiation.
To address this issue, it was recently shown that human fibroblasts can be directly converted
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to neurons (induced neurons, iNs) [85] and induced motor neurons (iMNSs) [86], using
defined protocols. Derivation of these neurons avoids the culture and maintenance of
pluripotent stem cells, which produces savings in both time and expense. iMNs appear to
have the morphological and electrophysical properties of motor neurons [85]. However, a
major limitation of this approach is that the conversion efficiency of human cells is
significantly lower than the differentiation of neurons from iPS or hES cells [79]. While the
generation of iIMNSs is an exciting approach, future studies are needed to determine the
functionality and mature phenotypes of these neurons. Differentiation procedures must also
be optimized to increase the efficiency of conversion in order to supply sufficient cells for
screening. To this end, it is important to note that a recent study demonstrated that the
conversion of iNs can be achieved starting from ES or iPS cells, rather than fibroblasts. This
study suggested that nearly 100% yield can be achieved within 2 weeks with the expression
of a single transcription factor [87]. To best of our knowledge, the utility of iNs or iMNs for
BoNT research has not been explored.

4.0. Cell-based immunoassays to characterize BONT activity

Stem cell-derived motor neuron cell culture systems afford the development of new and
more sensitive assays for evaluating BoNT/A intoxication in physiologically relevant cell
models, and provide an ideal system for the discovery of small molecule inhibitors. As
mentioned previously, immunoassay-based quantification of SNAP-25 cleavage as a
measure of BoNT activity remains the most convenient and adaptable of detection
techniques. Specific antibodies directed against full length, uncleaved SNAP-25 and against
BoNT/A proteolyzed SNAP-25 enable the development of a variety of immunoassays. Some
assays use adsorbed antibodies and require multiple steps including Western-blot analysis,
standard ELISAs, and sandwich-based ELISAs with electrochemiluminescence (ECL).
However, these techniques require several antibody incubation and washing steps, thus
making them time and labor-intensive. Other assays are designed for higher throughput
analysis and use simple cellular lysates and the addition of immunoreagents without
separation steps (i.e., washing). These assays include time-resolved fluorescence (TRF-
FRET) (or homogenous time resolved fluorescence, HTRF®) and the amplified
luminescence proximity assay (AlphaScreen®) readouts (Table 1). Early immunoassays
utilized a mouse monoclonal antibody (MAD) against the amino terminus of SNAP-25 [26]
and provided a method that could reliably detect total SNAP-25. However, an
immunoreagent that specifically recognized the BoNT/A cleavage site on SNAP-25 was
desired, as it could be used to design screens to identify novel BONT/A inhibitors. To this
end, Nuss et al. created an antigenic peptide that spanned the BoNT/A cleavage site in
SNAP-25 (GIn 197-Arg 198) to generate polyclonal antibodies that only recognized full
length SNAP-25. Dual channel western blot and direct ELISA using primary chick neurons
clearly denoted that a BONT/A cleavage-sensitive (BACS) antibody was specific for full
length SNAP-25 and that BONT/A addition abrogates this interaction [23]. SNAP-25
proteolysis mediated by BoNT/E, a related serotype that cleaves 17 amino acids upstream
from the BoNT/A scissile bond (between Arg 180 and Ile 181), creates a truncated peptide
that also has lost the BACS antigen recognition site. BACS—mediated detection of full
length SNAP-25 is also abrogated by increasing concentrations of BONT/E using
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immunofluorescence assays performed in mouse motor neuron cells (data not shown). As
such, the BACS antibody can be used to detect and quantify both BoONT/A and BoNT/E
mediated proteolysis of SNAP-25 in multiple ELISA formats. More recently, Fernandez-
Salas et al. developed a MAb (2E2A6) that recognizes BoNT/A cleaved SNAP-25
(SNAP-15497). This antibody appears to be highly specific for proteolyzed SNAP-25 and
fails to detect full length SNAP-25 in western and ELISA analysis [40]. This reagent was
incorporated into a robust and sensitive cell-based assay that was validated for determination
of BOTOX activity in bulk drug material and product samples. This group also noted that
this assay could be used for the discovery of BoNT inhibitors for human disease. It should
be noted that both antibodies, cleavage-sensitive BACS and cleavage-specific 2EA6, could
be used in assays that may be translatable across pre-clinical in vivo models (mouse, rat,
guinea pig, rhesus monkey and humans), given that the BoNT/A cleavage site and the nine
amino acids at the carboxy-terminus of SNAP-25 are identical across the highlighted
species. The creation of antibody reagents that enable the quantification of BONT/A activity
is a critical factor in the development of novel immunoassays to support BoNT inhibitor
research.

4.1. Application of imaging approaches for assay development

Multiple cell-based assays have been designed using antibodies directed against different
forms of SNAP-25. Immunostaining of cells with total (such as SMI-81 from Covance,
Princeton, NJ) and cleavage sensitive (BACS) antibodies directed against SNAP-25 proteins
allows one to visually monitor the effect of BONT/A in neurons. The ability to discriminate
the sub-cellular localization of the SNAP-25 associated signal allows the researcher to better
understand the biology of BONT intoxication of motor neurons. The same imaging approach
utilizing the antibody-based detection of SNAP-25 cleavage can be applied in different
formats. The readout of the fluorescently labeled secondary antibodies can be simply
detected by low resolution fluorescence readers, e.g., LICOR [23]. This approach will
generate a less detailed image of whole wells but can be done quickly and does not require
sophisticated equipment.

Alternatively, high resolution imaging (20-40x) provides higher quality images, and
therefore enables the collection of a large number of morphological endpoints (Table 2). The
total number of parameters and overall utility of the imaging are governed in large part by
the quality and quantity of the immunostaining signal. Additionally, the throughput of the
method decreases proportionally to the increase in the amount of information extracted from
the images. In practical terms, this restricts analyses to a subset of cells from within a
population of cells contained within a well. Thus, when the image acquisition algorithm is
designed, selection of morphological endpoints must be balanced with the speed of the
overall process.

A high-content imaging (HCI) assay can be used to quantitatively measure BoNT/A-
mediated SNAP-25 cleavage in mouse ES cell-derived motor neurons by taking advantage
of cleavage-sensitive BACS antibodis. As shown in Figure 1, motor neurons that
transgenically express eGFP can be readily identified by their green color (Fig. 1A and E).
In the absence of toxin, total SNAP-25 and full-length SNAP-25 demonstrate robust staining
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(Fig. 1B, C and D), whereas the addition of BONT/A causes a concomitant decrease in full-
length SNAP-25 (BACS) intensity (Fig. 1G and H) without a significant affect on the total
SNAP-25 signal (Fig. 1F). Even though the overall fluorescence signal decreases in the
BACS channel during BoNT/A treatment, there is some background signal associated with
thick branches and neuronal bodies even after long exposure to toxin. This is possibly due to
residual SNAP-25 or non-specific cross-reactivity of the polyclonal antibody with other
proteins. The major advantage of the HCI platform comes from its ability to integrate
relatively simple measurements, such as SNAP-25 quantification, with more complex
morphological endpoints that are taken from the same biological sample [88,89]. More
specifically, HCI can measure multiple cellular processes, including neurite outgrowth, in
addition to the effects of BoNTs on SNARE proteolysis, within a single experiment and with
a high degree of confidence. It has been previously demonstrated that BONT intoxication of
neuronal cells leads to axonal sprouting and neuromuscular junction remodeling [90]. For
example, Coffield et al., monitored the effect of BONT/A on the neuritogenesis of primary
motor neurons and concluded that toxin promotes neurite outgrowth [25]. Therefore, a
quantitative measurement of neurite outgrowth can potentially serve as a measurable
endpoint for the assessment of BoNT activity. In general, HCI provides an excellent
platform for measuring and quantifying the effects of small molecules on neurite outgrowth,
branching, and other morphological changes (Fig. 2). The quantitative image analysis of
neurites requires specially designed algorithms that could provide detailed and accurate
detection of areas interpreted as neurons (or segmentation of neurons) and separate the
points that distinguish the branches of neurons. Importantly, HCI methodologies allow for
multiplexed analyses that focus on specific populations of differentiated cells and enable the
precise localization of biomarkers of interest. Figure 2 illustrates how the expression of
eGFP marker (Fig. 2A) can be used to specifically mask motor neurons [32] and their nuclei
and branches (Fig. 2B-E). The multiplexing of the BACS signal with eGFP allows the
masking of SNAP-25 only in eGFP positive motor neurons (Fig. 2F), and BoNT-mediated
SNAP-25 cleavage can be quantified in these cells by measuring the loss of the BACS signal
[23]. This approach is critical when evaluating cellular systems that demonstrate incomplete
motor neuron differentiation or other mechanisms resulting in heterogeneous populations.

Laboratory automation is a critical component of every successful HCI screening campaign,
as the overall process can be labor-intensive and time consuming. A robust HCI assay
requires cell plating and differentiation, BONT/A intoxication, immunostaining, image
acquisition, and data analysis (Fig. 3). Automating this operation into an HTS-compatible
process became possible only with the development of sophisticated robotic equipment
capable of handling the different operations in the protocol. The best example of a fully
automated system for handling such an HCI assay is the Cell-explorer platform (designed by
PerkinElmer). The different combinations of manual and automated handling of plates
provided by this system can improve the throughput of an otherwise very slow operation. In
our laboratory, automated compound management and compound dispensing systems have
been added to further expedite the process. Briefly, the multiple steps of immunostaining are
performed using a Hudson Robotics Plate Crane for plate loading on a Biotech Elx 405
washer and Thermo Multidrop dispenser in semi-automated mode. Plates ready for imaging
are loaded on the Opera in automated mode by a PE Plate-handler Il robotic arm and read.
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Image acquisition and data analysis have also been facilitated by the use of commercially
available automated confocal and wide field microscopy systems [91]. As briefly indicated
above, our method has integrated an Opera (PerkinElmer) confocal plate reader into the
BoNT/A HCI screen (Fig. 3). The most advanced configuration of this instrument features 4
lasers (405nm, 488nm, 562nm and 640nm), an arc lamp for UV spectroscopy and 4 CCD
cameras for parallel or sequential detection of images. This configuration allows for the
detection of emitted fluorescent light at several wavelengths: excited DNA-binding Hoechst
staining at 405 nm, reporter—associated GFP signal at 488, and two additional channels at
561 and 640 nm for detection of antibodies for full-length SNAP-25 and -111 tubulin. One
limitation of the HCI assay is the number of cells detected per field image. Unfortunately,
the resolution acquired with the 20x objective requires the capture of several images from
each well (at least 6 or more) to accumulate a sufficient number of images for statistical
analysis. Image analysis can be accomplished using commercially available Acapella neurite
algorithms (Fig. 3).

Clearly, significant assay development and optimization are needed to create a high quality
HCI screening assay. Once a standardized protocol is obtained, it must be further evaluated
for statistical robustness, with certain criteria being met: (i) the production of statistically
robust data with an acceptable assay window (3-fold or greater) and acceptable Z' (>0.5),
and (ii) demonstration of plate to plate and day to day reproducibility using well
characterized controls. During the optimization process for our HCI assay, several key
variables were found to profoundly influence the quality of the assay and included cell
culturing and BoNT intoxication conditions, antibody titering and fixation methods, and data
analysis techniques. A representative example of the optimized HCI protocol quantifying
SNAP-25 cleavage in mouse ES cell-derived motor neurons is shown in Figure 4. BONT/A-
dependent proteolysis of SNAP-25 has improved substantially, and the dose-dependent
increase in SNAP-25 cleavage in response to increasing concentrations of BoNT/A at both 4
and 24 hours after intoxication is evident (Fig. 4).

Even though many neuronal outgrowth assays have become commonplace, they still
represent an operational challenge for some laboratories. All critical (rate-limiting) reagents
should be available in sufficient quantities to supply the entire screening campaign. The
comprehensive protocol should be cost-efficient as well. In general, image-based HTS
assays could be extremely valuable for BoNT screening, but also very challenging to
establish and implement.

4.2 ELISA/ECL-based assays

The development of specific and high binding affinity monoclonal antibodies against
SNARE components led to the development of enzyme linked immunosorbent (ELISA)
assays originally used to evaluate SNARE protein regulation in severe mental disorders,
including schizophrenia [92]. To design a standard ELISA for SNAP-25, simple cell lysates
containing SNAP-25 have been adhered to ELISA plates and then probed with anti-
SNAP-25 antibodies. The next generation sandwich ELISA improved upon the standard
technique by utilizing two individual antibodies (Fig. 5A). SNAP-25 is first bound by a
capture antibody that recognizes any form of the protein. The second antibody recognizes a
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distinct epitope of SNAP-25 and is conjugated with a reporter enzyme (horse radish
peroxidase or alkaline phosphatase) or directly labeled with a fluorescent dye which allows
for detection of the complex. Our laboratory was the first describe a SNAP-25 sandwich
ELISA using the BACS antibody for the characterization of BONT/A-mediated proteolysis
of SNAP-25 in primary motor neurons [23]. The sandwich ELISA was found to have better
a signal/background ratio than the standard ELISA, and could be used to measure the
percentage of full-length SNAP-25 in experimental samples while using recombinant
SNAP-25 as a standard [23].

A significant improvement over the sandwich ELISA can be made by switching to an
electro-chemiluminescence (ECL) system. The ECL platform, as developed by Meso Scale
Discovery (MSD, Rockville, MD), has additional advantages over classical ELISA, such as
greater sensitivity and dynamic range, the potential for multiplexing, and smaller quantities
of sample used during testing. ECL utilizes a detection system that emits light when
stimulated electrochemically. Signal is induced by subjecting a ruthenium complex (Sulfo-
Tag) attached to a detection antibody to an electric field generated from a specialized carbon
ink electrode plate by the interaction between antibody and analyte. In the presence of
tripropylamine coreactant, a redox reaction occurs and leads to the emission of light.

Fernandez-Salas et al., using SiMa cells, were the first to report a cell-based BONT/A
potency assay utilizing an ECL format to measure BoNT/A-dependent intracellular
increases of cleaved SNAP-25 [40]. The novelty of the assay included the use of a specific
monoclonal antibody (2E2A6), which recognizes only cleaved SNAP-25. As such, this
assay produces an increasingly larger signal when increasing concentrations of BoNT/A are
added to cells. However, due to the nature of the 2E2A6 antibody, screens using this reagent
analyze as decrease in ECL signal in response to increasing BoNT/A inhibition. In order to
take advantage of the high sensitivity and dynamic range of the ECL platform, our group
converted the previously established BACS sandwich ELISA [23] into an ECL assay - to
create an assay that detects only the full length form of SNAP-25. Optimization procedures
with respect to plate type, blocking buffers, antibody combinations and concentrations were
performed to obtain a robust assay featuring excellent plate statistics. As seen in Figure 6A,
mouse motor neurons intoxicated with increasing concentrations of BONT/A demonstrate a
near complete degradation of endogenous SNAP-25, with and ECgq of 5.84 pM/L (95%
confidence intervals: 5.063- 6.743). This assay as currently configured is statistically robust
and provides sufficient throughput and cost-effectiveness to support secondary testing of
compounds arising from our targeted molecular approach for identification of proteolytic,
active site BONT/A inhibitors (Fig. 6B). However, this is still a labor intensive and
expensive assay to use for the phenotypic screening of BONT/A inhibitors. For this type of
screen, an alternative immunoassay format with greater throughput will be required.

4.3. Homogeneous immunoassays

Alternative formats for immunoassays have been developed by pharmaceutical HTS groups
to increase the throughput of protocols, improve the reproducibility of the results, and
reduce total operational steps. The key difference provided by these assays is their ability to
detect the analyte in a cell lysate without the separation and washing steps associated with
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ELISAs (Fig. 5A) and HCI immunoassays. There are several alternative homogeneous
immune-detection approaches; our laboratory utilizes two systems: TR-FRET or HTRF®
(homogenous time resolved fluorescence) and AlphaScreen® [93]. Both assays feature a
robust detection system that is dependent upon the distance (proximity) between two labels
(donor and acceptor) and is due to the ability of the signal to travel the short distance from
donor to acceptor (Fig. 5B and C). In the case of HTRF®, the donor is a Europium-cryptate
(Eu 3* cryptate) or a Terbium-cryptate (Th-cryptate) molecule that can transfer ions with a
specific fluorescent pattern (Fig. 5B). The energy can be absorbed by red pigment
derivatives (XL665 or d2) that emit in the far red spectrum (665nm). The distance between
donor and acceptor is critical for the ability of HTRF® to occur; if the distance is too great,
the transfer will not occur. The sensitivity to the proximity of two detector molecules allows
the use of two different antibodies that recognize two distinct epitopes of SNAP-25, with
SMI-81 recognizing total SNAP-25 and the BACS antibody being sensitive to only full-
length SNAP-25. In the absence of BoNT/A, or successful BoNT/A inhibition, both
antibodies will bind SNAP-25 and the energy transfer from donor to acceptor will transpire
after illumination of the sample. Conversely, in the presence of active BoNT/A (no
inhibition), SNAP-25 is cleaved and the cleavage-sensitive BACS antibody does not
recognize the proteolyzed SNAP-25. Complex formation will not occur and no signal will
be generated. The FRET principle has been utilized previously to create an in vitro assay for
evaluating SNAP-25 proteolysis by BoNT/A via labeling both ends of a synthetic substrate
[34]. However this type of FRET uses an artificial substrate analog that does not accurately
reflect the physiological substrate within motor neurons.

In the case of AlphaScreen® assay, the underlying principal is the same as TR-FRET and
relates to the proximity of the donor and acceptor labels (Fig. 5C). In this method, the two
antibodies recognizing total and full length SNAP-25 are bound to chemically coated donor
and acceptor beads. Donor beads coated with a photosensitive reagent, which, after
activation by a laser, converts ambient oxygen into singlet oxygen molecules. The singlet
oxygen can diffuse up to 200nm and react with the acceptor bead. In the presence of full
length SNAP-25, a complex is formed. The thioxen derivatives coated on the acceptor bead
interact with the singlet oxygen and induce a chemiluminescent reaction. The luminescent
emission at 370nm excites the fluorophore on the same acceptor bead to emit a signal for
detection at 620nm.

A common drawback for both technologies is their sensitivity to sample contaminants that
could disrupt the transfer of the signal from donor to acceptor. This is why both technologies
are very robust for pure in vitro enzymatic assays, but may be less robust for cellular or
tissue samples. However, both methods are designed and optimized for the ability to detect
signal in cellular lysate. The AlphaScreen® approach has a better dynamic range than
HTR® (CisBio) or TRF-FRET (PE), especially when an analysis requires cellular lysates.
The bead-based technology can also be costly if one considers the large reagent quantity
required for screening campaigns, as well as the need for a special reader that has a laser
capable of exciting the acceptor beads. Both technologies allow for the conversion of
multiple-step ELISAS into a format with limited reagent additions and without washing
steps, which shortens the process time by at least 4-fold. In both cases, assay performance
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time is determined primarily by the length of incubation with the detection reagents, which
makes these technologies desirable for in vitro HTS. The same assay can be used for cell-
based phenotypic screens of BoNT/A inhibitors and to potentially evaluate different
pathways that are involved in the cellular regulation of BoNT activity. For example,
successful BONT/A intoxication of motor neurons requires neurotoxin internalization
involving ganglioside binding and internal processing with the endosome to release the
catalytically active light chain [6]. Compounds that interfere with these processes can
function as BONT/A antagonists. Motor neuron treatment with Triticum vulgaris lectin
competes with BoNT/A for ganglioside binding, thereby preventing BoNT/A endocytosis
[94]. Likewise, Toosendanin will arrest BONT/A light chain translocation with nanomolar
potency and can block BoNT/A activity [95]. Both compounds will protect SNAP-25
against BONT/A mediated proteolysis in mouse motor neurons (data not shown). As such,
phenotypic screens for small molecules that prevent BoONT/A uptake and processing can be
built using SNAP-25 expression as quantified by homogeneous immunoassays as a
functional endpoint.

B. Expert Commentary

Recent studies have established the utility of stem cells to generate clinically and
biologically relevant motor neurons, and have demonstrated that these cells provide highly
sensitive models for BONT studies. These neurons can be generated with well-established
protocols and can be used in high-throughput BoNT assays [32]. In general, mouse ES-
derived motor neurons are easier and cheaper to differentiate and can provide high yields.
On the other hand, although requiring more effort, motor neurons derived from human ES or
iPS cells afford researchers the unique ability to conduct mechanism, screening, and
validation experiments with a species-relevant system.

These systems can support target-based screening approaches that first identify active site
proteolytic inhibitors of BoNTs and confirm their activity in cell-based functional assays.
Alternatively, these cell systems can be used for empirical or “phenotypic screening” in
which neuronal cells are treated with molecules which may block BoNT/A-mediated
intoxication or promote regenerative pathways that can rescue or repair neuronal damage.
Assays employing human motor neurons that directly measure neuron function may provide
novel mechanisms to counter BoNTS, and the resulting countermeasures can be quickly
developed for human use. Once small molecule BoNT inhibitors are identified, the
corresponding targets can be isolated using human motor neurons, and the absolute
confirmation of binding/inhibition of the targets can be determined via advanced studies.
Importantly, human motor neurons provide unique tools for the dissection of cellular
pathway that are important for BoNT intoxication and or neuronal recovery. The
identification of such pathways and key enzymes/proteins may provide alternative targets
for BONT drug development efforts. Overall, the convergence of advanced cellular models
and high throughput and multiplexed immunoassay technologies provides a promising
conduit for BONT research and drug discovery that can potentially promote the
identification and characterization of novel therapeutics.
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C. Five Year View

Modeling human botulism in robust and physiologically relevant cell-based assays is crucial
for the advancement of BoNT research and drug discovery. In the near term, it is anticipated
that neuronal differentiation protocols, particularly those involving human-derived cells, will
continue to be optimized to improve neuronal homogeneity and accelerate the time course of
differentiation. Additionally, novel techniques may also be introduced that enable the rapid
and efficient production of human motor neurons from a non-controversial cellular source.

The completion of both molecularly directed and phenotypic HTS campaigns should
unambiguously demonstrate if active site proteolytic inhibitors of BoNT are possible to
design, as well as identify and validate alternative targets that may be useful in countering
BoNT/A intoxication after neuronal uptake. The identification and validation of novel
targets against BONT/A is particularly exciting, as this approach may bring forward
molecular targets with a more straightforward development path, particularly if they are
associated with a druggable class such as kinases or G-protein coupled receptors. However,
it should be noted that the deconvolution of phenotypic screening hits can be a complex
process. Nevertheless, the availability of advanced neuronal models will be beneficial to this
effort.

In terms of high-throughput screens, we anticipate that most assay formats will be routinely
multiplexed so as to enable the capture of additional endpoints during target interrogation.
Additionally, as our understanding of BoNT intoxication and the pathways involved
continue to grow, it is likely that new biomarkers and/or diagnostic antigens will become
available to better gauge intoxication or monitor neuronal regeneration and repair.
Biomarker development will play an important role in determining the dosing regimens and
in determining efficacy during preclinical BONT inhibitor studies. As such, the next 5 years
should witness major advancements in the therapeutic discovery and development of BoNT
inhibitors, as well as breakthroughs in understanding of the BONT mechanism of
intoxication and the development of treatments that promote neuronal recovery.
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D. Key Issues

Pluripotent human ES and iPS cells possess self-renewal capacity and the ability
to differentiate into motor neurons, the natural target of BoNTS, and thereby
offer a unique renewable cell source for BONT studies.

Novel technologies combining physiologically relevant cell-based assays and
high-throughput screening offer improved opportunities for identifying drug
candidates to treat Botulism (for which there is currently no therapeutic
available for treating post-neuronal intoxication).

Human motor neuron-based assays can be utilized to determine the mechanism
of action of identified lead compounds.

Physiologically relevant human motor neuron systems can be also utilized to
increase our understanding of host cellular pathways involved in either BONT
intoxication and/or recovery, which is critical for developing novel methods to
treat botulism.

It is well established that BONT serotypes A, B and E are responsible for the
majority of human botulism cases, therefore drug screening efforts should be
designed to identify compounds that can inhibit multiple serotypes.

Immunoassays that quantify SNAP-25 cleavage are sensitive and specific means
of evaluating BoNT activity in cellular environments and can be used to drive
both molecular (direct) and empirical (indirect) BoONT/A screening approaches.

The implementation of high-throughput homogenous assays may accelerate the
discovery and development of effective BONT/A inhibitors.
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Figure 1. High-throughput immunofluorescence assays using cleavage-sensitive antibodies to
measure BoNT proteolytic activity in neuronal cells

Mouse ES cell-derived motor neurons were mock treated (A-D) or intoxicated (E-H) with
1nM BoNT/A for 3 hours, fixed and stained. (A and E) eGFP positive motor neurons
(green), (B and F) total SNAP-25 (blue) (SMI-81, cleavage insensitive SNAP-25 antibody),
(C and G) full length SNAP-25 (red) (BACS, cleavage-sensitive SNAP-25 antibody) and (D
and H) overlay of the superimposed images from all 3 channels to illustrate the loss of the
SNAP-25 signal associated with its cleavage by BONT/A.
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Figure 2. Steps involved in the image analyzing algorithm for detecting endogenous SNAP-25
specifically in motor neurons

High-content imaging (HCI) can measure the effects of BoNTs and/or small molecules on
neuronal morphological changes. Mouse embryonic stem cells (HBG3 line), in which eGFP
expression is driven by a motor neuron specific promoter (Hb9), were differentiated into
motor neurons. (A) eGFP signal was utilized to identify motor neurons. (B) The fluorescent
signal from the eGFP channel was used to detect and mask nuclei and neurite outgrowth.
Capella (PerkinElmer)-based nuclei and neurite detection algorithms were used to identify
nuclei and neurite outgrowth, respectively. (C-E) A cluster detection module was inserted in
the imaging analysis pipeline to detect nuclei clusters using nucleus masks. (F) Without the
toxin exposure, BACS antibody signal exhibits total SNAP-25 in eGFP+ cells.
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Figure 3. Integration of high-content imaging (HCI) assays with embryonic stem cell-derived
motor neurons as an analytical platform to measure biological effects of BONTs

Workflow showing HCI assay steps: derivation of motor neurons from ES cells, image
acquisition, image analysis, and data analysis. Mouse ES cells are cultured on mouse
embryonic fibroblasts and differentiated to motor neurons. These neurons can be plated in
96-well plates (or greater) and utilized in HCI assays.
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Figure 4. HCI of SNAP-25 cleavage in mouse ES-derived neuron cultures
Motor neuron cultures were treated with increasing concentrations of BoNT/A for 4 and 24

hours to evaluateSNAP-25 cleavage efficacy. SNAP-25 was detected with BACS
antibodies. In another channel (hot shown), neurons were detected with Sl11-tubulin
antibody to create masks of neurons for SNAP-25 image analysis. (A) Representative image
of one field (from 7 taken) for wells either untreated (no toxin, left) or treated with 1nM
BoNT/A for 24h (right). Blue indicates nuclei stained with Hoechst 3339 and red is the
BACS signal. (B) The data was analyzed using the Columbus (PerkinElmer) algorithm and
the values for the signal associated with the cleavage sensitive BACS was normalized to the
total Bl11-tubulin signal. Error bars represent standard deviation. The percent cleavage of
SNAP-25 was plotted using GraphPad Prism (n=3 for each point).
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Figure 5. Principles of ELISA (A), HTRF® (B) and AlphaScreen® (C)
Illustration of the principles for three assays using pairs of specific antibodies recognizing

distinct epitopes of SNAP-25 (BACS recognizes only full-length SNAP-25; SMI-81
recognizes total SNAP-25). In the ELISA assay (A), the antibodies are absorbed on the
plate. For the HTRF® (B) and AlphaScreen® (C) assays, antibodies are either labeled
directly by conjugation or through the species-specific antibodies containing the respective

donor and acceptor moieties.
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Figure 6. BONT/A intoxication evaluated by electrochemiluminescence
Mouse ES cell-derived motor neurons were treated with different concentrations of BONT/A

for 24 hours. Cells were lysed in a lysis buffer including protease inhibitor cocktail and the
lysates were analyzed using an MSD assay. The results were normalized to percent cleaved

SNAP-25 and plotted (A). The summary table (B) contains average cleaved SNAP-25,
standard deviation (Std. Dev.), coefficient of variance (CV), Z' Factor, and signal to

Page 27

background ratio (S:B) for measurement at different concentrations of BONT/A. Each data
point represents samples collected in 3 independent experiments from 5 wells (on 2 plates in
each experiment), total n=30 for each data point.
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Cell-based immunoassays applicable to BoNT inhibitor research
Immunoassay format Detection Throughput Advantages Disadvantages
Technical simplicity, Labor intensive
standard : . ’
Western blot Luminescence Low instrumentation, gold h'gdr;lf%'igjlrt"’igle’
standard for many standardize
studies
Cellular image-based assays
Low resolution
imaging,
LICOR Fluorescence Medium Standard instrumentation sintg);llpelglaelly as
labor intensive
as HCI
Labor inFensive,
High resolution imaging, sprggiu(';I?Zd

High Content Imaging (HCI)

Fluorescence

Medium to high

population analysis, easy
to multiplex

instrumentation,
special software
for analysis

Single-parameter well-based assa

ys

Enzyme-linked immunosorbent
assay (ELISA)

Colorimetric, luminescence, fluorescence

Low to medium

Good dynamic range,
quantitative, robust,
cost-efficient

Labor intensive:
multistep
preparation
process, low-
throughput

Electrochemiluminescence (ECL)

Luminescence

Medium to high

Large dynamic range
and sensitivity, potential
for multiplexing, robust

Labor intensive,
costly, requires
specialized
instrumentation

Time-resolved Fluorecence

Homogeneous, high-
throughput, good

Sensitive to
some conditions
and reagents,

Screen (AlphaScreen®)

sensitivity, robust in
variable conditions

Energy Resonance Transfer (TR- Fluorescence High dynamic range, robust, limitations
FRET) cost-efficient imposed by
distance for
FRET
Homogeneous, high- Requires
Amplified Luminescent throughput, large specialized
Proximity Homogenous Assay Fluorescence High dynamic range and instrumentation,

more expensive
then FRET
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Morphological endpoints acquired by HCI

Nuclei

Area

Intensity

Number of nuclei

Intensity of signal of clustered nuclei

Region roundness

Small nuclei

Neurites

Neurite length

Number of extremities

Number of nodes type 1

Number of nodes type 2

Number of roots

Number of segments

Region area

Region roundness

Total neurite length

Intensity area mean

Intensity area average

Intensity area sum

Select region

Branch level

Parent cell number

Parent segment number

Inner segment

Find Spots

Spot intensity

Spot contrast

Spot background intensity

Spot area

Spot region intensity
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