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Type A Botulinum neurotoxin (BoNT/A), the most potent poison known to mankind, is
produced by Clostridium botulinum type A as a complex with neurotoxin-associated
proteins (NAPs). Currently BoNT/A in puriﬁed and complex forms are both available in
therapeutic and cosmetic applications to treat neuromuscular disorders. Whereas
XeominÒ (incobotulinumtoxin A, Merz Pharmaceuticals, Germany) is free from complexing
proteins, BotoxÒ (onabotulinumtoxin A, Allergan, USA) contains NAPs, which by themselves have no known role in the intracellular biochemical process involved in the
blockade of neurotransmitter release. Since the fate and possible interactions of NAPs with
patient tissues after intramuscular injection are not known, it was the aim of this study to
evaluate the binding of BoNT/A and/or the respective NAPs to cells derived from neuronal
and non-neuronal human tissues, and to further explore neuronal cell responses to
different components of BoNT/A. BoNT/A alone, the complete BoNT/A complex, and the
NAPs alone, all bind to neuronal SH-SY5Y cells. The BoNT/A complex and NAPs additionally
bind to RMS13 skeletal muscle cells, TIB-152 lymphoblasts, Detroit 551 ﬁbroblasts besides
the SH-SY5Y cells. However, no binding to these non-neuronal cells was observed with
pure BoNT/A. Although BoNT/A, both in its puriﬁed and complex forms, bind to SH-SY5Y,
the intracellular responses of the SH-SY5Y cells to these BoNT/A components are not
clearly understood. Examination of inﬂammatory cytokine released from SH-SY5Y cells
revealed that BoNT/A did not increase the release of inﬂammatory cytokines, whereas
exposure to NAPs signiﬁcantly increased release of IL-6, and MCP-1, and exposure to BoNT/
A complex signiﬁcantly increased release of IL-6, MCP-1, IL-8, TNF-a, and RANTES vs.
control, suggesting that different components of BoNT/A complex induce signiﬁcantly
differential host response in human neuronal cells. Results suggest that host response to
different compositions of BoNT/A based therapeutics may play important role in local and
systemic symptoms in patients.
Ó 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY license.
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1. Introduction
Botulinum neurotoxins (BoNTs), the most potent poison
known to mankind (Arnon et al., 2001; Gill, 1982), is
genetically and immunologically classiﬁed into 7 serotypes
A to G (Singh and DasGupta, 1989; Simpson, 2004). And
recently, a new strain IBCA10-7060 was identiﬁed to produce the eighth serotype BoNT/H from a patient with infant
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botulism (Barash and Arnon, 2013). BoNTs act preferentially on peripheral cholinergic nerve terminals to inhibit
acetylcholine release resulting in ﬂaccid muscle paralysis.
Despite their lethal properties, BoNTs type A and B are used
in medical conditions such as muscle hyperactivity,
neuromuscular disorders, various types of pain, and treatment of wrinkles (Rohrich et al., 2003; Salti and Ghersetich,
2008).
Among all the toxin serotypes produced by Clostridium
botulinum, the duration of type A has the most sustained
action in both laboratory animals or in human beings
(Keller and Neale, 2001; Foran et al., 2003). The BoNT/A
consists of the 150 kDa neurotoxin itself and a set of
neurotoxin associated complexing proteins (NAPs),
comprising hemagglutinins of 17, 23, 33, 48 kDa and a nontoxin non-hemagglutinin of 138 kDa (Inoue et al., 1996;
Sharma et al., 2003). While the NAPs do not play a role in
toxin-induced blockade of cholinergic neurotransmission,
the presence of NAPs protects BoNTs against proteases of
the GI tract during oral poisoning thus enhancing the oral
toxicity of the neurotoxin signiﬁcantly (Sakaguchi, 1982).
The currently approved therapeutic applications of BoNTs
are by injection into targeted sites, and not via oral intake.
Thus the role and effects of these associated proteins need
to be further investigated. BoNTs, by their bacterial origin
characteristic, are immunogenic. Moreover, the large size of
both the complex and the neurotoxin subunit increases the
chance of an antitoxin response (Critchﬁeld, 2002). It has
been reported that after therapeutic administration of
BoNT/A-based drugs, ﬂu-like symptoms have been reported in 1.7–20% of patients injected with BoNT/A and in
5–55% of those injected with BoNT/B (Baizabal-Carvallo
et al., 2011) Clinical application of BoNTs has also been reported to induce immuno-resistance response from patients (Benecke, 2012). It is unclear which component of
the drug, if any, may accentuate the immune response or
inﬂammatory process.
Since the fate and possible interactions of NAPs with
patient tissues after intramuscular injection are not known,
it was the aim of this study to evaluate the binding of BoNT/
A and/or the respective NAPs to cells derived from neuronal
and various non-neuronal human cell lines. BoNT/A and,/or
NAPs-induced cytokine release was determined in human
neuroblastoma cell line SH-SY5Y, which has been extensively used as a cellular model to investigate intracellular
mechanisms of drug actions in human neurons (Xie et al.,
2010; Biedler et al., 1978). Our analysis indicates that pure
BoNT/A, BoNT/A complex, and NAPs bind dramatically
differently to cells developed from human neuronal and
non-neuronal tissues, and induce different cytokine release
from the neuronal cell line SH-SY5Y, suggesting a signiﬁcant role of host response upon exposure to different
components of BoNT/A.
2. Materials and methods
2.1. Materials
The 150 kDa BoNT/A holotoxin and 500 kDa BoNT/A
complex were purchased from Metabiologics Inc. (Madison, WI). NAPs were obtained from dissociated BoNT/A
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Complex as previous established (Sharma et al., 2003). The
NAPs pool was created with DEAE-Sephadex A-50 column
at pH 5.5 (20 mM sodium phosphate buffer) followed by a
ﬁnal ﬂow through the SP-Sephadex C-50 column equilibrated with the 20 mM sodium phosphate buffer at pH 7.0.
All toxins were produced by a Hall A strain of C. botulinum.
Toxin activities for the holotoxin and the complex were
2.1  107 MLD50/mg and 3.6  107 MLD50/mg, respectively,
according to the manufacturer. The human neuroblastoma
cell line SH-SY5Y, human skeletal muscle cell line RMS13,
Jurkat cell line TIB-152, and human skin ﬁbroblast cell line
Detroit 551 were obtained from American Type Culture
Collection (ATCC, Manassas, VA). Tissue culture media were
ATCC-formulated Eagle’s Minimum Essential Medium
(ATCC), RPMI-1640 medium and Ham’s F12 Medium
(Sigma–Aldrich, St. Louis, MO) with 10% fetal bovine serum
(ATCC). AlexaFluor 488 Protein Labeling kit was purchased
from Invitrogen to label bovine serum albumin (BSA),
BoNT/A, BoNT/A Complex, and NAPs. Other materials and
reagents include: Glass chamber slides (Lab-Tek II chamber
slide w/cover, Nalge Nunc International, Naperville, IL). 4%
Para-formaldehyde (Sigma–Aldrich, St. Louis, MO). VectaMount permanent mounting medium (Vector Laboratories,
Inc. Burlingame, CA). miRNeasy Mini Kit (Qiagen). Bio-Plex
Precision ProÔ Human Cytokine Assays (27-plex human
group I cytokine plus MIG) (Bio-Rad Laboratories, Hercules,
CA).
2.2. Cell culture and treatments
All the human neuronal and non-neuronal cell lines
were grown and maintained as recommended by ATCC. The
SH-SY5Y cell line was derived from human brain neuroblastoma (Ross et al., 1983). Cells were maintained with 10%
FBS in 5% CO2/humidiﬁed air at 37  C. SH-SY5Y cells grew as
a mixture of ﬂoating and adherent cells. The base growth
medium was 1:1 mixture of ATCC-formulated Eagle’s
Minimum Essential Medium and F12 Medium. To complete
the growth medium fetal bovine serum was added to a ﬁnal
concentration of 10%. The TIB-152 cell line is a mutant of
Jurkat (Weiss et al., 1984), and originates from acute T cell
leukemia by Schneider (Schneider et al., 1977). The TIB-152
cells are grown in suspension culture and the base medium
for this cell line was ATCC-formulated RPMI-1640 Medium.
To make the complete growth medium, 10% of fetal bovine
serum was added to the base medium. RMS13 cell line was
established from cells from the bone marrow of a child with
rhabdomyosarcoma (Oliner et al., 1992). The base medium
for RMI13 cell line was ATCC-formulated RPMI-1640 Medium. To make the complete growth medium, fetal bovine
serum was added to a ﬁnal concentration of 10%. Human
skin ﬁbroblast cell line (Detroit 551) was from normal
human skin and had a ﬁnite lifespan of about 25 serial
passages from the tissue of origin (Sugarman et al., 1985).
SH-SY5Y, RMS13, and Detroit 551 were all adhesion
cells. These cells were seeded at a density of 2  105 cells/
well in 4-chamber glass chamber slides and grew for 2 days
before treatment with serum-free media containing 5 nM
of BoNT/A, BoNT/A complex, or NAPs proteins. 5 nM of BSA
in serum-free media was utilized as control culture. TIB152 were suspension cells, the following procedure from
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McFee was used for handling the cells with revision (McFee
et al., 1997): TIB 152 cell pellet was obtained from T75 ﬂasks
by centrifugation (2500 rpm for 5 min). The cell density
was approximately 2  106 cells/ml. Cells were resuspended in serum-free media with 5 nM of BoNT/A
complexing proteins.
2.3. Cell binding by ﬂuorescence microscopy
BoNT/A, BoNT/A complex, and NAPs were labeled with
AlexaFluor 488 Protein Labeling kit (Invitrogen) according to the manufacturer’s protocol. Labeled proteins were
puriﬁed from Sephadex G-25 column and eluted with
PBS buffer, pH 7.4. All labeled proteins were mixed with
20% glycerol and stored at 80  C for future use. For
adhesion cell lines, neuroblastoma SH-SY5Y cells, skeletal
muscle RMS13 cells, and skin ﬁbroblast Detroit 551 cells,
cells were seeded in 4-chamber glass chamber slides at a
density of 2  105 cells/well. Cells were grown to
conﬂuence then incubated with serum-free media containing 5 nM of AlexaFluor 488 labeled BoNT/A, BoNT/A
complex, or NAPs proteins for 1 h in a 37  C humidiﬁed
incubator with 5% CO2. Medium was removed from
chamber slides, and then the cells were washed 3 times
with Hank’s balanced salt solution (HBSS). Cells were
then ﬁxed with 4% para-formaldehyde in PBS for 15 min
and were washed again with HBSS three times. The sides
of the slides were pulled off and cells were mounted with

one drop of VectaMount and covered with large cover
slip. Nail polish was used to seal the sides. Slides were
stored at 4  C in foil and observed under ﬂuorescence
microscope (Zeiss Axiovert microscope with X-CiteÒ
120Q excitation light source). For lymphoblast TIB-152
Jurkat cells, the suspension cell line, cells were washed
twice with HBSS by centrifugation to remove free dye.
Cells were re-suspended in 4% Paraformaldehyde for
10 min at room temperature, and were then observed for
labeled protein binding under the ﬂuorescence microscope with a hemocytometer which provided an even
monolayer of TIB-152 cells.
2.4. Cytokine multiplex ELISA
SH-SY5Y cells were seeded in 24-well plates with
approximately 1  107 cells/well. Cells were incubated with
serum-free media containing 5 nM of BoNT/A, BoNT/A
complex, or NAPs, or for control, 5 nM BSA for 48 h. Supernatants were collected and centrifuged at 13,300 rpm
with an Eppendorf MiniSpin Plus microcentrifuge for
10 min at 4  C to clear the precipitate and stored at 80  C
before being used for quantiﬁcation of secreted cytokines
and chemokines. The BioPlex 200 system was utilized for
the analysis of Bio-Rad 27-plex human group I cytokine
plus MIG. Concentrations of the following inﬂammatory
cytokines were determined: IL-1b, IL-1ra, IL-2, IL-4, IL-5, IL6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, Eotaxin,

Fig. 1. Fluorescent images showing binding of BoNT/A and its associated proteins to SH-SY5Y human neuroblastoma cells. Bright ﬁeld (Panel A) and ﬂuorescent
images for cells treated with Alexaﬂuor 488 labeled BoNT/A (Panel B), with Alexaﬂuor 488 labeled BoNT/A complex (Panel C), and with Alexaﬂuor 488 labeled
NAPs (Panel D). All treatments were performed at 37  C for 1 h. Fluorescent images were taken using Zeiss Axio ﬂuorescence microscope. Scale bar: 50 mm.
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Basic FGF, G-CSF, GM-CSF, IFN-g, IP-10, MCP-1, MIP-1a,
MIP-1b, PDGF-BB, RANTES, TNF-a, VEGF, and MIG. The
BioPlex assay (Bio-Rad) was performed according to the
manufacturer’s directions.
3. Results
BoNT/A alone, the complete BoNT/A complex, and the
NAPs alone, all bind to SH-SY5Y human neuroblastoma
cells (Fig. 1). The complete BoNT/A complex and the NAPs
also bind to TIB-152 human lymphoblasts, RMS13 human
skeletal muscle cells, and Detroit 551 human ﬁbroblasts, in
addition to the neuronal SH-SY5Y cells (Figs. 2–4). Moreover, no binding to these three non-neuronal cell lines was
observed with pure BoNT/A (Figs. 2–4). Alexaﬂuor 488
labeled BSA as the control culture did not bind to any of
these cell lines (data not shown). Our binding data for pure
BoNT/A conﬁrmed previously published research in which
the puriﬁed BoNT/A bound to cell lines of neuronal origin,
but not to those of non-neuronal origin (Kurokawa et al.,
1987). But it has not been reported before that in addition binding to human neuronal cells, both BoNT/A complex and NAPs can also bind to non-neuronal cells such as
lymphoblasts, skeletal muscle cells, and ﬁbroblasts.
Although BoNT/A in its puriﬁed and complex forms all
bind to SH-SY5Y, the intracellular responses of the SH-SY5Y
cells to these BoNT/A components have not been well
studied. Among all the 28 human inﬂammatory cytokines
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tested, there were three categories of cytokine release responses: (1) no detectable release, (2) release but no signiﬁcant differences between BoNT/A, BoNT/A complex or
NAPs treatment, and (3) signiﬁcantly different release
induced by BoNT/A, BoNT/A complex or NAPs.
The release of the following thirteen cytokines was
below the limit of detection after exposure to different
components of BoNT/A associated proteins: IL-1b, MIG, IL1ra, IL-2, IL-5, IL-17, Eotaxin, basic FGF, G-CSF, GM-CSF, MIP1a, MIP-1b, and PDFF-BB (Supplementary Table S1). For the
following seven cytokines positive releases were detected,
but there were no signiﬁcant changes after the treatment
with BoNT/A, BoNT/A complex, or NAPs: IL-4, IL-7, IL-9, IL10, IL-12, IL-13, and IFN-g (Table S1).
The cytokines which were signiﬁcantly induced by
different components of BoNT/A and its associated proteins
are listed in Table 1. Pure 150 kDa BoNT/A did not signiﬁcantly increase the release of any inﬂammatory cytokines
from SH-SY5Y cells, compared to BSA control. Exposure to
NAPs or BoNT/A complex, however, increased the release of
multiple inﬂammatory cytokines. The release of IL-6, MCP1, and VEGF were all signiﬁcantly increased after exposure
to BoNT/A complex and NAPs compared with control. In
addition, BoNT/A complex induced a signiﬁcant increase of
MCP-1 release compared with NAPs. BoNT/A complex, but
not NAPs or BoNT/A, also induced dramatic increase in IP10, IL-8, TNF-a, and RANTES compared with the control.
These results suggest the possibility of NAPs may

Fig. 2. Fluorescent images showing binding of BoNT/A and its associated proteins to TIB 152 human lymphoblasts cells. Bright ﬁeld (Panel A) and ﬂuorescent
images for cells treated with Alexaﬂuor 488 labeled BoNT/A (Panel B), with Alexaﬂuor 488 labeled BoNT/A complex (Panel C), and with Alexaﬂuor 488 labeled
NAPs (Panel D). All treatments were performed at 37  C for 1 h. Fluorescent images were taken using Zeiss Axiovert ﬂuorescence microscope. Scale bar: 50 mm.
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Fig. 3. Fluorescent images showing binding of BoNT/A and its associated proteins to RMS13 human skeletal muscle cells. Bright ﬁeld (Panel A) and ﬂuorescent
images for cells treated with Alexaﬂuor 488 labeled BoNT/A (Panel B), with Alexaﬂuor 488 labeled BoNT/A complex (Panel C), and with Alexaﬂuor 488 labeled
NAPs (Panel D). All treatments were performed at 37  C for 1 h. Fluorescent images were taken using Zeiss Axiovert ﬂuorescence microscope. Scale bar: 50 mm.

contribute to local and systemic inﬂammatory process after
the administration of NAPs-containing BoNT/A drugs in
patients.
4. Discussion
Over ﬁve million patients are being treated with botulinum neurotoxins globally (Singh et al., 2010), and because
of the safety concerns of this being the most toxic substance known to mankind, the United States Food and Drug
Administration (US FDA) has designated all botulinum
neurotoxin based drugs for black box label (Kuehn, 2009).
There have been reports of side effects such as cognition
issues and ﬂu-like symptoms from BoNT-based therapeutics (Alam et al., 2002; Costa et al., 2005; Cote et al., 2005),
with little knowledge of their causes. Dissecting biochemical effects of each component in active pharmaceutical
agent (APA) in BoNT drug products is the ﬁrst step towards
developing a comprehensive understanding of these effects. Since BoNT APA in commercial products contain the
BoNT and the NAPs, effects of these two components need
to be examined.
A differential binding of BoNT/A complexing proteins to
neuronal and nonneuronal cells has not been reported
previously. Our data suggest that pure BoNT/A binds speciﬁcally to neuronal cells, whereas NAPs bind to neuronal
cells as well as, to several non-neuronal cell types. This
observation suggests that NAPs may not be just a passive
group of associated proteins of BoNT/A complex, rather

they at least bind to cells in injected tissues. Previous
studies have demonstrated that hemagglutinin (HA) proteins, which are important components in the BoNT/A
complex, are important for carbohydrate recognition and
can bind to oligosaccharides on erythrocytes through HA33 (Arndt et al., 2005; Fujinaga et al., 2000; Inoue et al.,
2001). A similar mechanism is likely to be involved,
although a report had implicated HA-33 binding to one of
the known receptors of BoNT/A (Zhou et al., 2005). The
signs and symptoms of ﬂu symptoms are ordinarily associated with inﬂuenza virus infection (Puzelli et al., 2009).
Previous research has shown that HA inﬂuences the
infectivity of type A inﬂuenza virus in dendritic cells (DC).
The DC cells play a key role in early phases of the immune
response, and subsequently as antigen-presenting cells
that activate the adaptive immune response (Hargadon
et al., 2011). In addition, our previous study demonstrated
that NAPs have stronger immunogenicity over that of puriﬁed neurotoxin, thus having a higher potential of BoNT/
AC and its associated proteins to induce host immune
response (Kukreja et al., 2009). BoNT/A itself appears to be
directed to a given cell type through a speciﬁc set of gangliosides and speciﬁc protein receptors. For example, recent
research reports have suggested that the same receptors on
neuronal and intestinal cells could drive distinct trafﬁcking
pathways for BoNT (Humeau et al., 2000).
A relevant question is what the implications of the
binding of BoNT or NAPs to a given type of cells are? BoNT/A
binding results in internalization and translocation into the
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Fig. 4. Fluorescent images showing binding of BoNT/A and its associated proteins to Detroit 551 human ﬁbroblasts cells. Bright ﬁeld (Panel A) and ﬂuorescent
images for treated with Alexaﬂuor 488 labeled BoNT/A (Panel B), with Alexaﬂuor 488 labeled BoNT/A complex (Panel C), and with Alexaﬂuor 488 labeled NAPs
(Panel D). All treatments were performed at 37  C for 1 h. Fluorescent images were taken using Zeiss Axiovert ﬂuorescence microscope. Scale bar: 50 mm.

cytosol where it cleaves SNAP-25 leading to blockage of
neurotransmitter release (Sharma et al., 2006; Poulain
et al., 2009). We were interested in what other biochemical or physiological response caused by the presence of
toxin inside the neuronal cells. Previously we had tested
effect on BoNT/A on apoptosis of neuronal cells (Kumar
et al., 2012). In this work, we examined cytokine
response, and concluded that pure BoNT/A caused virtually
no cytokine response after 48 h of incubation (Table 1).
However, BoNT/A complex and NAPs exerted substantial
yet selective cytokine response, suggesting that NAPs
binding, and possible entry into the cell has signiﬁcant host
response. It is, however, notable that NAPs by themselves
do not exert as much inﬂuence as the BoNT/A complex,
except for IL-6 which showed equal response (Table 1).
MCP-1 and VEGF were two other cytokines which were
induced by NAPs alone, albeit not as strongly as BoNT/A
complex. BoNT/A complex and NAPs both contain associated proteins for BoNT/A. However, exposition to BoNT/A
complex, but not to NAPs, resulted in signiﬁcant increase of
IP-10, IL-8, IL-15, TNF-a, and RANTES. For the current
research, cytokine release was examined after 48 h of incubation. The kinetics of cytokine release have been studied for 24 h to up to one week in lymphocyte (Arva and
Andersson, 1999) and kinetics of TNF, IL-6, and IL-8 gene
expression after inﬂammatory stimuli have been shown to
have multiple peak at 2–4 h and 24 h (DeForge and Remick,
1991). Although no cytokine release was induced by pure
BoNT/A in the current experimental setting, further

investigation with different incubation time on complex
patterns of cytokine gene expression and production with
pure BoNT/A as well as other components of BoNT/A
complex is needed.
Higher effect of BoNT/A complex could arise from one or
more of the following reasons. One, there is higher level of
binding of the BoNT/A in the BoNT/A complex allowing
more NAPs to enter the cell. Two, interaction between
BoNT/A and NAPs introduce conformational changes which
are more critical for triggering cytokine response. Three,
there is a physiological link between the effects of BoNT/A
and NAPs intracellularly, leading to synergistic host cell
response.
A previous study on the co-culture of microglia and SHSY5Y cells has shown the expression of IL-6, IL-8, and MCP1 with borrelia burgdorferi stimulation, a spirochete that
causes lyme disease, and it is known to potently induce the
production of inﬂammatory mediators in a variety of cells
(Myers et al., 2009). Release of MCP-1 from SH-SY5Y has
also been reported during the neuroinﬂammation process
(Mitchell et al., 2009).
Physiological role of cytokine release in neuronal cells
can be manifold. The presence and activity of proinﬂammatory cytokines IL-1b and TNF-a were ﬁrst reported in human and rat brain a decade ago (Breder et al.,
1988; Plata-Salaman et al., 1988). Cytokine release studies
enable us to identify cytokines that are produced specifically upon BoNT/A, its complex, or NAPs stimulation. The
SH-SY5Y cell line has been proven to be a useful in vitro





VEGF

15234.84
17633.35
25786.35
19679.43
5.17
6.17
33.99*
8.79




172.13
179.82
1108.42
184.74

RANTES

9.91
4.79
11.05*
8.9




27.46
10.33
265.04
12.41

TNF-a

72.4
42.98
166.67*
8.42*




MCP-1

1096.25
1105.07
2943.07
1783.18
ND
ND
10.6  1.77*
ND

IL-15

6.31
13.02
78.35*
16.93




129.2
135.35
1106.66
127.93

IL-8

1.01
1.21
3.79*
5.28*




4.24
6.99
13.57
14.05
ND
ND
3355.94  149.88*
ND
Control (BSA)
BoNT/A
BoNT/A complex
NAPs

IL-6
IP-10
Treatment

Table 1
Cytokine release analysis of SH-SY5Y cells after 48-h treatment with BoNT/A, BoNT/A complex, and NAPs.

Pure BoNT/A didn’t increase the release of most of tested pro-inﬂammatory cytokines. BoNT/A complex and NAPs both signiﬁcantly increased the release of IL-6, MCP-1, and VEGF. In addition, BoNT/A complex, but
not NAPs, signiﬁcantly increased the release of IP-10, IL-8, IL-15, TNF-a, and RANTES. (ND: non-detectable signal. Cytokine concentration: pg/ml. Means  Std Err. *p < 0.05 vs. Control BSA, unpaired t-test, n ¼ 4).
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831.69
1757.27
2556.7*
3294.71*
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model for TNF production from neurons and the regulation
of that production by alpha2-adrenergic receptor activation
(Renauld and Spengler, 2002). Additionally, TNF-a has been
shown not only play the critical roles in pathological
development and inﬂammatory induction, but on modulating cell proliferation of neural progenitors in CNS
inﬂammation (Downen et al., 1999; Wu et al., 2000). A TNFa increase of more than 20-fold in BoNT/A complex treated
SH-SY5Y cells compared to BoNT/A or NAPs indicates that
BoNT/A complex triggered the release of the cytokine and
might account for the proinﬂammatory response of BoNT/
A. Neuron-derived TNF-a may maintain the activity of
neurons by sustaining physiologic levels of neurotransmitter release through regulation of adrenergic autoreceptor activity (Ignatowski et al., 1997). Flu like symptoms
have been reported in between 1.7 and 20% of patients
treated with various preparations of BoNT/A (BaizabalCarvallo et al., 2011). It has been reported that neurons
and glial cells produce cytokines in cell culture, in particular after addition of inﬂammatory stimuli (Schobitz et al.,
1994). A recent published study evaluated blood cytokines
of patients following treatment with BoNT and discovered
that inﬂammatory cytokines are increased in many patients
following BoNT injection (Baizabal-Carvallo et al., 2013),
although clear role of NAPs was not deciphered.
Our study suggested that the observed ﬂu-like symptoms after BoNT/A application may also be the result of
inﬂammation resulting from the inﬂammatory mediators
released in response to some components in the BoNT/A
complexing proteins. Due to the fact that in the current
study, we utilized laboratory grade pure BoNT/A, BoNT/A
Complex, and NAPs instead of commercially available
products, and the in vitro concentrations of BoNT/A and
associated protein in the current study are higher than the
therapeutical use, further research needs to be done for this
aspect. For the comparison of current commercially available BoNT/A products, the primary challenge is that the
lack of standardized measurement. The units of different
BoNT/A products are not interchangeable due to the differences of LD50 protocols in house (Sesardic, 2010). We
plan to compare the host response of cells to different
currently available products and will need to determine a
relative equipotency point for these agents during the
treatment. It is very important to utilize the concentration
in the range of nM in cellular model to avoid false negative
results. We will also include fM to pM concentration range,
which is therapeutic dose, to facilitate our understanding of
clinical observations.
It is concluded that BoNT/A in the complex form with
the presence of NAPs protein induced signiﬁcant inﬂammatory cytokine release. The presence of NAPs has also
been shown to accentuate the immune response to the
BoNT/A injections (Siatkowski et al., 1993; Goschel et al.,
1997). As the presence of associated proteins within the
therapeutic formulation of BoNT/A complex increases the
protein load, and may accentuate the immune response or
inﬂammatory process, further experiments to investigate
effects of BoNT/A components are warranted. It may help to
clarify different physical effects caused by BoNT/A in its
puriﬁed or complex forms. Clearly understanding the
intracellular signaling pathways and the mechanism of the
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inﬂammatory effects of BoNT/A and its associated proteins
will reveal the crucial role for each components in both
physiologic as well as in pathologic conditions of neurons.
Acknowledgments
This work was supported by Merz Pharmaceuticals,
Frankfurt, Germany.
Conﬂict of interest
The authors declare that there are no conﬂicts of
interest.
Appendix A. Supplementary data
Supplementary data related to this article can be found
at http://dx.doi.org/10.1016/j.toxicon.2014.02.004.
References
Alam, M., Arndt, K.A., Dover, J.S., 2002. Severe, intractable headache after
injection with botulinum a exotoxin: report of 5 cases. J. Am. Acad.
Dermatol. 46, 62–65.
Arndt, J.W., Gu, J., Jaroszewski, L., Schwarzenbacher, R., Hanson, M.A.,
et al., 2005. The structure of the neurotoxin-associated protein HA33/
A from Clostridium botulinum suggests a reoccurring beta-trefoil fold
in the progenitor toxin complex. J. Mol. Biol. 346, 1083–1093.
Arnon, S.S., Schechter, R., Inglesby, T.V., Henderson, D.A., Bartlett, J.G.,
et al., 2001. Botulinum toxin as a biological weapon: medical and
public health management. JAMA 285, 1059–1070.
Arva, E., Andersson, B., 1999. Kinetics of cytokine release and expression
of lymphocyte cell-surface activation markers after in vitro stimulation of human peripheral blood mononuclear cells with Streptococcus
pneumoniae. Scand. J. Immunol. 49, 237–243.
Baizabal-Carvallo, J.F., Jankovic, J., Pappert, E., 2011. Flu-like symptoms
following botulinum toxin therapy. Toxicon 58, 1–7.
Baizabal-Carvallo, J.F., Jankovic, J., Feld, J., 2013. Flu-like symptoms and
associated immunological response following therapy with botulinum toxins. Neurotox. Res. 24 (2), 298–306.
Barash, J.R., Arnon, S.S., 2013. A novel strain of Clostridium botulinum that
produces type B and type H botulinum toxins. J. Infect. Dis..
Benecke, R., 2012. Clinical relevance of botulinum toxin immunogenicity.
BioDrugs 26, e1–e9.
Biedler, J.L., Rofﬂer-Tarlov, S., Schachner, M., Freedman, L.S., 1978. Multiple
neurotransmitter synthesis by human neuroblastoma cell lines and
clones. Cancer Res. 38, 3751–3757.
Breder, C.D., Dinarello, C.A., Saper, C.B., 1988. Interleukin-1 immunoreactive innervation of the human hypothalamus. Science 240,
321–324.
Costa, J., Espirito-Santo, C., Borges, A., Ferreira, J.J., Coelho, M., et al., 2005.
Botulinum toxin type A therapy for cervical dystonia. Cochrane
Database Syst. Rev., CD003633.
Cote, T.R., Mohan, A.K., Polder, J.A., Walton, M.K., Braun, M.M., 2005.
Botulinum toxin type A injections: adverse events reported to the US
Food and Drug Administration in therapeutic and cosmetic cases. J.
Am. Acad. Dermatol. 53, 407–415.
Critchﬁeld, J., 2002. Considering the immune response to botulinum
toxin. Clin. J. Pain 18, S133–S141.
DeForge, L.E., Remick, D.G., 1991. Kinetics of TNF, IL-6, and IL-8 gene
expression in LPS-stimulated human whole blood. Biochem. Biophys.
Res. Commun. 174, 18–24.
Downen, M., Amaral, T.D., Hua, L.L., Zhao, M.L., Lee, S.C., 1999. Neuronal
death in cytokine-activated primary human brain cell culture: role of
tumor necrosis factor-alpha. Glia 28, 114–127.
Foran, P.G., Mohammed, N., Lisk, G.O., Nagwaney, S., Lawrence, G.W., et al.,
2003. Evaluation of the therapeutic usefulness of botulinum neurotoxin B, C1, E, and F compared with the long lasting type A. Basis for
distinct durations of inhibition of exocytosis in central neurons. J. Biol.
Chem. 278, 1363–1371.
Fujinaga, Y., Inoue, K., Nomura, T., Sasaki, J., Marvaud, J.C., et al., 2000.
Identiﬁcation and characterization of functional subunits of

59

Clostridium botulinum type A progenitor toxin involved in binding to
intestinal microvilli and erythrocytes. FEBS Lett. 467, 179–183.
Gill, D.M., 1982. Bacterial toxins: a table of lethal amounts. Microbiol. Rev.
46, 86–94.
Goschel, H., Wohlfarth, K., Frevert, J., Dengler, R., Bigalke, H., 1997. Botulinum A toxin therapy: neutralizing and nonneutralizing antibodies–
therapeutic consequences. Exp. Neurol. 147, 96–102.
Hargadon, K.M., Zhou, H., Albrecht, R.A., Dodd, H.A., Garcia-Sastre, A.,
et al., 2011. Major histocompatibility complex class II expression and
hemagglutinin subtype inﬂuence the infectivity of type A inﬂuenza
virus for respiratory dendritic cells. J. Virol. 85, 11955–11963.
Humeau, Y., Doussau, F., Grant, N.J., Poulain, B., 2000. How botulinum and
tetanus neurotoxins block neurotransmitter release. Biochimie 82,
427–446.
Ignatowski, T.A., Noble, B.K., Wright, J.R., Gorﬁen, J.L., Heffner, R.R., et al.,
1997. Neuronal-associated tumor necrosis factor (TNF alpha): its role in
noradrenergic functioning and modiﬁcation of its expression following
antidepressant drug administration. J. Neuroimmunol. 79, 84–90.
Inoue, K., Fujinaga, Y., Watanabe, T., Ohyama, T., Takeshi, K., et al., 1996.
Molecular composition of Clostridium botulinum type A progenitor
toxins. Infect. Immun. 64, 1589–1594.
Inoue, K., Fujinaga, Y., Honke, K., Arimitsu, H., Mahmut, N., et al., 2001.
Clostridium botulinum type A haemagglutinin-positive progenitor
toxin (HA(þ)-PTX) binds to oligosaccharides containing Gal beta14GlcNAc through one subcomponent of haemagglutinin (HA1).
Microbiology 147, 811–819.
Keller, J.E., Neale, E.A., 2001. The role of the synaptic protein snap-25 in
the potency of botulinum neurotoxin type A. J. Biol. Chem. 276,
13476–13482.
Kuehn, B.M., 2009. FDA requires black box warnings on labeling for
botulinum toxin products. JAMA 301, 2316.
Kukreja, R., Chang, T.W., Cai, S., Lindo, P., Riding, S., et al., 2009. Immunological characterization of the subunits of type A botulinum
neurotoxin and different components of its associated proteins.
Toxicon 53, 616–624.
Kumar, R., Zhou, Y., Ghosal, K., Cai, S., Singh, B.R., 2012. Anti-apoptotic
activity of hemagglutinin-33 and botulinum neurotoxin and its implications to therapeutic and countermeasure issues. Biochem. Biophys. Res. Commun. 417, 726–731.
Kurokawa, Y., Oguma, K., Yokosawa, N., Syuto, B., Fukatsu, R., et al., 1987.
Binding and cytotoxic effects of Clostridium botulinum type A, C1 and
E toxins in primary neuron cultures from foetal mouse brains. J. Gen.
Microbiol. 133, 2647–2657.
McFee, A.F., Sayer, A.M., Salomaa, S.I., Lindholm, C., Littleﬁeld, L.G., 1997.
Methods for improving the yield and quality of metaphase preparations for FISH probing of human lymphocyte chromosomes. Environ.
Mol. Mutagen. 29, 98–104.
Mitchell, R.M., Lee, S.Y., Randazzo, W.T., Simmons, Z., Connor, J.R., 2009.
Inﬂuence of HFE variants and cellular iron on monocyte chemoattractant protein-1. J. Neuroinﬂamm. 6, 6.
Myers, T.A., Kaushal, D., Philipp, M.T., 2009. Microglia are mediators of
Borrelia burgdorferi-induced apoptosis in SH-SY5Y neuronal cells.
PLoS Pathog. 5, e1000659.
Oliner, J.D., Kinzler, K.W., Meltzer, P.S., George, D.L., Vogelstein, B., 1992.
Ampliﬁcation of a gene encoding a p53-associated protein in human
sarcomas. Nature 358, 80–83.
Plata-Salaman, C.R., Oomura, Y., Kai, Y., 1988. Tumor necrosis factor and
interleukin-1 beta: suppression of food intake by direct action in the
central nervous system. Brain Res. 448, 106–114.
Poulain, B., Lonchamp, E., Jover, E., Popoff, M.R., Molgo, J., 2009. Mechanisms of action of botulinum toxins and neurotoxins. Ann. Dermatol.
Venereol. 136 (Suppl. 4), S73–S76.
Puzelli, S., Valdarchi, C., Ciotti, M., Dorrucci, M., Farchi, F., et al., 2009. Viral
causes of inﬂuenza-like illness: insight from a study during the
winters 2004–2007. J. Med. Virol. 81, 2066–2071.
Renauld, A.E., Spengler, R.N., 2002. Tumor necrosis factor expressed by
primary hippocampal neurons and SH-SY5Y cells is regulated by
alpha(2)-adrenergic receptor activation. J. Neurosci. Res. 67, 264–274.
Rohrich, R.J., Janis, J.E., Fagien, S., Stuzin, J.M., 2003. Botulinum toxin:
expanding role in medicine. Plast. Reconstr. Surg. 112, 1S–3S.
Ross, R.A., Spengler, B.A., Biedler, J.L., 1983. Coordinate morphological and
biochemical interconversion of human neuroblastoma cells. J. Natl.
Cancer Inst. 71, 741–747.
Sakaguchi, G., 1982. Clostridium botulinum toxins. Pharmacol. Ther. 19,
165–194.
Salti, G., Ghersetich, I., 2008. Advanced botulinum toxin techniques
against wrinkles in the upper face. Clin. Dermatol. 26, 182–191.
Schneider, U., Schwenk, H.U., Bornkamm, G., 1977. Characterization of
EBV-genome negative “null” and “T” cell lines derived from children

60

L. Wang et al. / Toxicon 82 (2014) 52–60

with acute lymphoblastic leukemia and leukemic transformed nonHodgkin lymphoma. Int. J. Cancer 19, 621–626.
Schobitz, B., De Kloet, E.R., Holsboer, F., 1994. Gene expression and
function of interleukin 1, interleukin 6 and tumor necrosis factor in
the brain. Prog. Neurobiol. 44, 397–432.
Sesardic, D., 2010. Is it possible to accurately determine content of botulinum neurotoxin type A in drug products? Drugs R D 10, 91–92.
Sharma, S.K., Ramzan, M.A., Singh, B.R., 2003. Separation of the components of type A botulinum neurotoxin complex by electrophoresis.
Toxicon 41, 321–331.
Sharma, S., Zhou, Y., Singh, B.R., 2006. Cloning, expression, and puriﬁcation of C-terminal quarter of the heavy chain of botulinum neurotoxin
type A. Protein Expr. Purif. 45, 288–295.
Siatkowski, R.M., Tyutyunikov, A., Biglan, A.W., Scalise, D., Genovese, C.,
et al., 1993. Serum antibody production to botulinum A toxin.
Ophthalmology 100, 1861–1866.
Simpson, L.L., 2004. Identiﬁcation of the major steps in botulinum toxin
action. Annu Rev. Pharmacol. Toxicol. 44, 167–193.
Singh, B.R., DasGupta, B.R., 1989. Molecular topography and secondary
structure comparisons of botulinum neurotoxin types A, B and E. Mol.
Cell. Biochem. 86, 87–95.

Singh, B.R., Thirunavukkarasu, N., Ghosal, K., Ravichandran, E., Kukreja, R.,
et al., 2010. Clostridial neurotoxins as a drug delivery vehicle targeting nervous system. Biochimie 92, 1252–1259.
Sugarman, B.J., Aggarwal, B.B., Hass, P.E., Figari, I.S., Palladino Jr., M.A.,
et al., 1985. Recombinant human tumor necrosis factor-alpha: effects
on proliferation of normal and transformed cells in vitro. Science 230,
943–945.
Weiss, A., Wiskocil, R.L., Stobo, J.D., 1984. The role of T3 surface molecules
in the activation of human T cells: a two-stimulus requirement for IL 2
production reﬂects events occurring at a pre-translational level. J.
Immunol. 133, 123–128.
Wu, J.P., Kuo, J.S., Liu, Y.L., Tzeng, S.F., 2000. Tumor necrosis factor-alpha
modulates the proliferation of neural progenitors in the subventricular/ventricular zone of adult rat brain. Neurosci. Lett. 292,
203–206.
Xie, H.R., Hu, L.S., Li, G.Y., 2010. SH-SY5Y human neuroblastoma cell line:
in vitro cell model of dopaminergic neurons in Parkinson’s disease.
Chin. Med. J. (Engl) 123, 1086–1092.
Zhou, Y., Foss, S., Lindo, P., Sarkar, H., Singh, B.R., 2005. Hemagglutinin-33
of type A botulinum neurotoxin complex binds with synaptotagmin
II. FEBS J. 272, 2717–2726.

