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Abstract

Background: Tetanus toxin blocks the release of the inhibitory neurotransmitters
in the central nervous system and causes tetanus and its main form of prevention is
through vaccination. The vaccine is produced by inactivation of tetanus toxin with
formaldehyde, which may cause side effects. An alternative way is the use of ionizing
radiation for inactivation of the toxin and also to improve the potential immunogenic
response and to reduce the post-vaccination side effects. Therefore, the aim of this
study was to characterize the tetanus toxin structure after different doses of ionizing
radiation of *Co.

Methods: Irradiated and native tetanus toxin was characterized by SDS PAGE in
reducing and non-reducing conditions and MALD-TOF. Enzymatic activity was
measured by FRET substrate. Also, antigenic properties were assessed by ELISA and
Western Blot data.

Results: Characterization analysis revealed gradual modification on the tetanus toxin
structure according to doses increase. Also, fragmentation and possible aggregations of the
protein fragments were observed in higher doses. In the analysis of peptide preservation
by enzymatic digestion and mass spectrometry, there was a slight modification in the
identification up to the dose of 4 kGy. At subsequent doses, peptide identification was
minimal. The analysis of the enzymatic activity by fluorescence showed 35 % attenuation
in the activity even at higher doses. In the antigenic evaluation, anti-tetanus toxin
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antibodies were detected against the irradiated toxins at the different doses, with a
gradual decrease as the dose increased, but remaining at satisfactory levels.

Conclusion: Ionizing radiation promoted structural changes in the tetanus toxin such
as fragmentation and/or aggregation and attenuation of enzymatic activity as the dose
increased, but antigenic recognition of the toxin remained at good levels indicating its
possible use as an immunogen. However, studies of enzymatic activity of tetanus toxin
irradiated with doses above 8 kGy should be further analyzed.

Background

Tetanus is a highly lethal disease [1], its symptoms are trismus,
spams, pain, muscular stiffness, dysphagia and autonomic
dysfunction [2]. In underdeveloped countries, tetanus is still
a public health issue and in 2015, caused about 57.000 deaths
worldwide [3]. Tetanus is diagnosed by patient’s history and
clinical signs [4], since there are no laboratory tests [5].

Tetanus is caused by tetanus toxin (TeNT) which, released
by bacterial autolysis, infiltrates body fluids to nerve terminals
[6]. TeNT enters the axonal retrograde transport pathway and
reaches motor neurons located in the spinal cord [7]. Tetanus
toxin inhibits synapses and blocks the release of inhibitory
neurotransmitters glycine and GABA [8] by hydrolyzing the
peptide bond between the synaptic vesicle protein VAMP (vesicle
associated membrane protein) and synaptobrevine-2 [9]. Tetanus
toxin is a 150 kDa polypeptide consisting of two chains: a 50
kDa light chain and a 100 kDa heavy chain linked by a single
disulfide bond [10]. The light chain is a zinc-dependent protease
that cleaves synaptobrevin and a heavy chain which is responsible
for the internalization of tetanus toxin the neurons [11].

Currently, the best way to prevent tetanus is through
vaccination [12]. Tetanus vaccine is produced by detoxification of
tetanus toxin (TeNT) with formaldehyde [13] with the resulting
toxoid being then adsorbed to an aluminum salt [14]. In some
cases, these molecules contribute to adverse post-vaccine reaction
[15]. Formaldehyde has been linked to some adverse events such
aseczema [15] and contact allergies [16]. Aluminum compounds
persist for up to 8-11 years after vaccination in the human
body [17]. This fact, combined with repeated exposure, may be
responsible for an over-activation of the immune system and
subsequent chronic inflammation [17]. Contact allergy and
small granulomas or nodules with persistent urticaria at the
site can also occur [18].

Although the vaccine is effective, this detoxification process
is being used since the early twentieth century [19] and remains
like this until today [20]. However, new vaccinal strategies
production have been developed, such as the use of ionizing
radiation for detoxification of venoms and toxins as promising
vaccine candidates [21], and also microorganisms [22].

Ionizing radiation promotes ionization and excitation of the
medium [23], interacting with molecules [21,24]. Due to these
properties, its use has contributed to considerable scientific
advances [25] and to the development of vaccines, due to the
search of the production improvement strategies for greater
efficiency and safety [26]. In attenuated microorganisms vaccines,

radiation proved to be an efficient technique for inactivating
fungi (e.g. Paracoccidioides brasiliensis) [27] and parasites [28].
Also, radiation improved the immunogenicity against bacteria
(e.g. Streptococus pneumoniae) [29] and irradiated viruses
(e.g. Influenza A) [30] without the need of adjuvant. Previous
studies with irradiated snake venoms have shown attenuation
of toxicity when compared to non-irradiated ones [31] and
greater immunogenic potential [32]. Ionizing radiation is a great
tool for production of vaccine antigens, considering its effects
in attenuating the toxicity, and also the production of better
immunogens without the need of adjuvants and other chemicals,
such as formaldehyde for detoxification [33,34].

Considering the importance of TeNT for the production
and commercialization of vaccines and the promising use of
ionizing radiation for the improvement of immunogens and
the proposal of new vaccine candidates, since these irradiated
molecules demonstrated an improvement in their immunogenic
properties and a robust immune response without the use of
adjuvants and chemical treatments for inactivation, the objective
of this study was to evaluate the effect of** Co gamma radiation
on concentrated (unpurified) TeNT and its residual enzymatic
activity following irradiation.

Material and methods

Experimental animals

To obtain antibodies against TeNT, C57Bl/6j (isogenic) mice
(n = 5), weigh 20-22 g were used. These mice were obtained
from the bioterium of the Medicine School of the University
of Sao Paulo. These animals were kept in plastic cages with
autoclaved pine shavings, with Nuvilab commercial feed and
water ad libitum, their handling was in a accordance with the
rules for the care of laboratory animals [35] and the “ Principles
of ethics in animal experimentation (BCoAE Brazilian College
of Animal Experimentation)” and the experimental protocols
were approved by the Committee of Ethics and Research of the
Institute of Tropical Medicine of Sao Paulo #000338A.

Obtention of anti-TeNT serum

A group of five C57Bl/6j mice was immunized subcutaneously
with three biweekly doses of 1.76 Lf (100 pL) of tetanus and
diphtheria (TD) vaccine (Biological E. Limited). Fifteen days
after the last dose, mice were euthanized and the whole blood
was extracted by cardiac punction and placed in a single ImL
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tube (Eppendorf). The whole blood samples were centrifuged
at 3000 rpm for 5 minutes to separate the serum and stored at
-20 °C. TD vaccine was kindly provided by Dr. Marta Heloisa
Lopes, Coordinator of the Immunization Center (HCFMUSP).

Production of TeNT

Concentrated TeNT was kindly provided by the Bacteriology
Service - Anaerobic Vaccines Section of the Butantan Institute,
coordinated by Ms. Fernanda Lucio dos Santos Macarini.
TeNT is obtained through cultivation of Clostridium tetani by
continuous fermentation. After growth and bacterial lysis, the
toxin is obtained by tangential filtration and concentrated by
30 kDa membranes [36].

Protein quantification

Protein quantification was determined using a fluorimeter Qubit
System (Thermo Fisher) using the reagents of the Qubit Protein
Assay kit as recommended by the manufacturer.

Irradiation of TeNT

Aliquots of TeNT (1.374 pg/mL) in aqueous solution were
irradiated by cobalt-60 gamma radiation with doses ranging from
1 kGy to 8 kGy at a dose rate of 765 Gy/h using a GammaCell™
(Atomic Energy). The radiation was distributed homogeneously,
without shielding and in the presence of oxygen. The entire
process was carried out at room temperature and shortly after
radiation, the samples were stored at 4 °C until use.

Characterization of native and irradiated TeNT by
polyacrylamide gel electrophoresis in the presence
of SDS

Nine samples containing 5 pg of native TeNT (nTeNT) and
irradiated TeNT 1 - 8 kGy (iTeNT) were added in 15 pL of
reducing sample buffer 0.0625 M Tris (Synth)-HCl (VETEC),
2% SDS (Synth), 10% Glycerol (VETEC), 5% 2-Mercaptoethanol
(Merck), 1M Urea, 5% Bromophenol Blue (Bio-Rad) or non-
reducing buffer, with the same composition as above, excepted
for the 2-Mercaptoethanol which was ommited, heated at 100 °C
for 5 minutes and applied to the gel. Six microliters of prestained
protein standard (Bio-Rad) was loaded in each gel.

The electrophoretic mobility analysis (SDS PAGE), in a
discontinuous and denaturant system was performed according to
Laemmli [37] in Mini-Protean IV system (Bio-Rad). The stacking
gel was prepared at a concentration of 4% and the resolving gel at
a concentration of 7.5%, both are composed of acrylamide (Sigma
Adrich)/bis-acrylamide (Merck). Electrophoretic migration
was performed for approximately two hours (80 volts — 20-30
mA) in a running buffer solution [0.025 M Tris (Synth)-0.192M
Glycine (Synth) pH 8.3]. The gels were stained with Coomassie
Blue R250 [50% Methanol (Synth), 10% Acetic Acid (Synth),
0.1% Coomassie Blue R 250 (Bio-Rad)].

Proteomic analysis

Proteomic analysis was carried out in collaboration with the
Laboratory of Biochemistry and Biophysics of the Butantan
Institute under the supervision of Dr. Daniel Carvalho Pimenta.
All reagents used in the proteomic analysis (sections “Trypsin
enzymatic digestion”, “Proteomic analysis of nTeNT and iTeNT
peptides” and “MALDI-TOF Mass spectrometry of samples of
nTeNT and iTeNT”) were purchased from Sigma Co. (St. Louis,

MO, USA), unless otherwise stated.

Trypsin enzymatic digestion

The 100 kDa (heavy chain) and 50 kDa (light chain) gel bands
of the nTeNT and iTeNT were selected, excised, and transferred
to a 1.5-mL microtube. Then, the bands were destained with
an ammonium bicarbonate solution (75 mM ammonium
bicarbonate and 40% ethanol). After that, the supernatants
were removed and incubated with 10 mM Ditiotreitol (DTT)
at 37 °C for 30 minutes (reduction step). Afterwards, 50 mM
iodoacetoamide (IAA) was added and the samples were incubated
atroom temperature for 30 minutes in the absence of light. After
incubation, the supernatants were removed and the gel bands
were washed with 25 mM ammonium bicarbonate.

The samples were dehydrated by adding acetonitrile (ACN)
(3 x 10 min.). Next, the samples were rehydrated with trypsin
solution (10 ng/uL in 50 mM ammonium bicarbonate) for 45
minutes at 4 °C. Posteriorly, supernatants were removed and
50 mM ammonium bicarbonate was added and incubated for
18 hours at 30 °C.

To extract the peptides from the bands, a solution of ACN, 5%
and trifluoroacetic acid (TFA) (1: 1), was added and the samples
were placed in an ultrasound bath for 10 minutes. Finally, the
supernatants were removed and placed in a new tube, and stored
at — 80 °C before LC-MS analyses [38].

Proteomic analysis of nTeNT and iTeNT peptides

The trypsin digested Supernatants samples were analyzed by
liquid chromatography-mass spectrometry (LC-MS), using an
electrospray-ion trap-time of flight (ESI-IT-TOF) system coupled
to a binary ultra-fast liquid chromatography system (UFLC)
(20A Prominence, Shimadzu, Kyoto, Japan). The samples were
resuspended in 0.1% acetic acid and loaded onto a C18 column
(Discovery C18, 5 pum, 50 mm x 2.1 mm Sigma Co), with
the solvents: (A) acetic acid/water (1:999, v/v) and (B): acetic
acid/water/ACN (1:99:900, v/v/v). The column was eluted at a
constant flow of 0.2 mL/min, the gradient varied from 5 to 40%
of solvent B, over 35 minutes, at 40 °C and monitored at 214 nm
by a Shimadzu SPD-M20A PDA detector. Mass spectrometry
analysis was performed at source temperature of 200 °C. The
interface voltage was set at 4.5 kV and the capillary voltage,
at 1.8 kV. The fragmentation was induced by argon collision
at 50% energy. The MS spectra were acquired under positive
mode and collected in the range of 350 to 1400 m/z and the
MS/MS spectra were collected in the range of 500 m/z to 1950
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m/z. LCD Shimadzu raw data were converted (LCMS Protein
Postrun, Shimadzu) to Mascot Generic Format (MGF) files
prior to analyses. Peaks Studio V7.0 (BSI, Toronto, ON, Canada)
was used for data processing [39]. Proteomic identification
was performed according to the following parameters: error
mass (MS and MS/MS) set to 0.1 Da; methionine oxidation
and carbamidomethylation as variable and fixed modification,
respectively; trypsin as enzyme; maximum missed cleavages (3),
maximum variable post-translational modifications (PTMs) per
peptide (3) and non-specific cleavage (one).

MALDI-TOF mass spectrometry of samples of nTeNT and iTeNT

Samples containing 40 puL (1.374 pg/mL) of nTeNT and iTeNT
were lyophilized and resuspended with 5 uL of 0.1% TFA solution.
One microliter of each sample was co-crystallized with 1 pL of
sinapic acid matrix (saturated solution prepared in 50% ACN/
0.1% TFA) directly on the metal sample plate. After drying at
room temperature, they were analyzed using a matrix associated
laser desorption ionization-time of flight MALDI-TOF/TOF
(Axima Performance, Shimadzu®) mass spectrometer. The
mass spectrum was obtained in the mass/charge 10,000 m/z to
200,000 m/z range, in linear positive mode.

ELISA antigenicity analysis of nTeNT and iTeNT

A polystyrene plate with 96 high binding wells (Costar 3590)
was sensitized with 100 pL/well (1 pg/mL) of nTeNT and iTeNT
in 0.1M Sodium Carbonate buffer (Na,CO,-NaHCO, 0.1 M, pH
9.5 — Sigma Co.) per well,, for 18 hours in a humid chamber at
4 °C. After that, the plate was washed five times with Phosfate
Buffer Saline containing 0.02% Tween 20 (Synth) (PBS-T) using
a HidroSpeed plate washer (Tecan). Blocking was done by
incubation for one hour at 37°C with 250 pL of PBS-T containing
0.3% of skimmed milk powder (Molico) per well and washed
five times with PBS-T. After blocking, 20 uL of serum from
mice immunized with TD vaccine in hexaplicate were added
in a dilution of 1/400 and incubated at 34 °C for one hour.
Following incubation, the plate was washed five times with
PBS-T. Afterwards, 20 uL of diluted anti-mouse IgG conjugate
(1/10000) Peroxidase (Sigma Co.) was applied per well and
incubated again at 34 °C. The reaction was developed with 100
uL of OPD chromogenic solution (o-phenylenediamine 0.05%,
Sigma Co. + citric acid 1% + Na2HPO4 1.45% in H20, adding 10
uL 30% H,O, for each 20 mL of the solution) and interrupted
after 30 minutes with 4N HCI. Reading was performed on a
Multi-mode Microplate Reader Spectrofluorimeter FilterMax
F5 (Molecular Devices) at 492 nm [40]. Blank samples were used
as controls, under the same conditions.

Western blot reactivity analysis of nTeNT and iTeNT
at different radiation doses

Protein separation was performed through SDS PAGE as
described above. Then, the separated proteins were transferred

to a 0.45-pum nitrocellulose membrane (Millipore) (10 volts, 40
minutes) in a Trans-Blot RD semi-dry transfer system (BIO-
RAD), soaked in Towbin transfer buffer (25 mM Tris, 192 mM
glycine, 20% methanol, pH 8.1-8.5 - Synth). The membranes
were blocked with PBS-T containing 5% of skim milk for 1 hour
under agitation. The membrane was incubated overnight with the
mouse serum immunized with TD vaccine at a 1/400 dilution.
Antigen-antibody binding was performed by incubation with
mouse anti-IgG conjugated to peroxidase (Sigma Co.) for one
hour. The reaction was then revealed with 3,3'-diaminobenzidine
solution (DAB - Sigma Co.) (10 mL PBS, 10 mg DAB, 10 pL
30% H,0,) [41]. Between the steps, the membrane washes were
performed with 0.05% PBS-T.

Enzymatic activity assessment

The enzymatic activity assessment was performed according to
the protocol described by Perpetuo et al. [42]. In a 96 well high
binding black microplate (Costar), 200 pL (137 pg/mL) of nTeNT
and iTeNT in Tris-NaCl pH 7.5 buffer (50 mM Tris, 150mM
NaCl - Synth) were added (in duplicate) per well. Then, 5 mM
FRET (Fluorescence Resonance Energy Transfer) substrate was
applied to each well to start the reaction. Fluorescence values
were measured every 30 seconds for 5 minutes. The fluorescence
detector was adjusted to 320 nm excitation and 420 nm emission.
Blank samples were used as controls, under the same conditions.

The FRET substrate was kindly provided by Dr. Ivo Lebrun
from the Biochemistry and Biophysics laboratory at the Butantan
Institute. The FRET substrate is composed by ortho-aminobenzoic
acid (Abz) as fluorescent group and N-(2,4-dinitrophenyl)
ethylenediamine (EDDnp) as quencher group. Abz is bound to
the N-amino terminal of synaptobrevin (aminoacids residues
73-81) and EDDnp to the C-terminal carboxyl group: Abz-
GASQ|FETSA-Q-EDDnp. Arrow (|) indicates the bond cleaved.

Statistical analysis

Student’s t-test was performed for the analysis of antigenicity and
the calculation of linear regression for the analysis of residual
enzymatic activity and were performed using the GraphPad
Prism 6.0 statistical package.

Results

Characterization of the electrophoretic profile
of nTeNT and iTeNT

On non-reducing SDS-PAGE, we observed a heterogeneous
profile, with a greater number of high molecular mass proteins
and predominant bands at 100 kDa and 150 kDa of tetanus
toxin (Figure 1). When comparing the fractions of the irradiated
proteins with the proteins in their native state, we observed a
slight change in the intensity of the bands up to the dose of
4 kGy. At doses of 5 kGy to 8 kGy, we noticed a smear and
disappearance of the bands up to a mass of 100 kDa. In the range
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of 37 kDa up to 75 kDa, according to molecular mass markers,
we noticed poorly defined band profiles, but the presence of low
molecular mass bands below 37 kDa persisting up to the dose
of 8 kGy. The formation of aggregates weighing over 150 kDa
was not observed (Figure 1).

The electrophoretic profile obtained under reducing conditions
revealed distinct patterns comparing to non-reducing conditions.
In this profile, TeNT was distributed into a 100 kDa (heavy chain)
and a 50 kDa band (light chain) (Figure 2). In the aliquots of
proteins subjected to radiation, we noticed a gradual change in

Figure 1. SDS-PAGE under non-reducing conditions (7.5% polyacrylamide gel, Mini Protean Il System, Bio-Rad) of (A) native TeNT and TeNT irradiated with
(B) 1 kGy, (C) 2 kGy, (D) 3 kGy, (E) 4 kGy, (F) 5 kGy, (G) 6 kGy, (H) 7 kGy and (I) 8 kGy. (MW) Molecular mass markers (Precision Plus Protein™ Standards
Bio Rad: mixture of 10 recombinant proteins, 10-250 kDa, 8 blue-stained bands and 2 pink reference bands — 25 and 75 kDa). Arrows point to tetanus toxin

(150 kDa).

Figure 2. SDS-PAGE under reducing conditions (7.5% polyacrylamide gel, Mini Protean Il System, Bio-Rad) of (A) native TeNT and TeNT irradiated with (B) 1 kGy,
(©) 2 kGy, (D) 3 kGy, (E) 4 kGy; (F) 5 kGy; (G) 6 kGy, (H) 7 kGy and (I) 8 kGy. (MW) Molecular mass markers (Precision Plus Protein™ Standards Bio Rad: mixture
of 10 recombinant proteins, 10-250 kDa, 8 blue-stained bands and 2 pink reference bands — 25 and 75 kDa). Arrows point to tetanus toxin 100 kDa (heavy chain)

and 50 kDa (light chain).
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the profiles as the dose increased; however, the bands remain
defined until the dose of 8 kGy. When comparing electrophoretic
profile of native and irradiated TeNT, the dose of 1 kGy did
not present significant changes. The electrophoretic profile of
the tetanus toxin irradiated between the doses of 2 kGy and 4
kGy remained similar. From the dose of 5 kGy and higher, the
bands are less expressive and concomitant with the appearance
of bands of lower molecular mass which were not observed in
TeNT irradiated with lower doses. Between the doses of 7 kGy
and 8 kGy, there was an enlargement of the 100 kDa band. There
is no evidence of formation of molecular mass aggregates above
100 kDa (Figure 2).

Identification of TeNT peptides by gel digestion
and mass spectrometry

TeNT was identified in all samples, but the number of identified
TeNT s peptides varied according to doses increasing. A pattern
was observed in the number of TeNT s peptides identified in the
native sample, 1 kGy iTeNT and 3 kGy iTeNT, similarity was
also observed in the 2 kGy iTeNT and 4 kGy iTeNT samples.
From the 5 kGy iTeNTand doses above, the number of identified
peptides decreased significantly without disparity up to the 8
kGy iTeNT (Figure 3).

Structural analysis of nTeNT and iTeNT samples
by mass spectrometry - MALDI-TOF

In the nTeNT spectrum, two main charge/mass ratios were
found: 175261 m/z and 153846.6 m/z (Figure 4A). In the spectra
of irradiated proteins, the majority of the peaks mentioned were
not observed. Smaller molecular mass fragments gradually
formed up to the sample of iTeNT 4 kGy (Figure 4A, 4B, 4C,
4D and 4E). Most significant changes occurred from the iTeNT
5 kGy in which the presence of a greater number of peaks was
observed. High mass peaks greater than 170,000 m/z were also
noted from this dose (Figure 4F, 4G, 4H and 41).

Immunoreactivity characteristics of nTeNT
and iTeNT

Immunoreactivity analysis revealed that there was recognition
of the IgG antibodies of C57Bl/6j mice immunized with the
Td vaccine regardless of the dose that the toxin was submitted
to. When comparing the immunoreactivity of the native toxin
in relation to the irradiated toxins, we observed a significant
difference in all doses. Among the irradiated samples,
there was a gradual reduction in the immunoreactivity by
antibodies. In antigens irradiated at 1 kGy, 2 kGy and 4 kGy,
the significant difference was similar, followed by a greater loss
of immunoreactivity in 3 kGy, and in samples from 5 kGy to
8 kGy (Figure 5).

Western blot analysis of the bands corresponding to the
heavy chain (100 kDa) and the light chain (50 kDa) of the TeNT
demonstrated that the two chains were recognized, showing that
there are antigenic epitopes on the two polypeptides (Figure 6A).
In the fractions of the irradiated samples, the antibodies were
recognized in all profiles, as the dose increases, the recognition
gradually decreases, with the 8 kGy band showing less reactivity
(Figure 6).

Enzymatic activity of native and iTeNT
on FRET substrate

Increasing the amount of radiation induced changes in the
enzymatic activity of iTeNT. The samples of iTeNT1kGy,
iTeNT2kGy and iTeNT4kGy showed similar loss of enzymatic
activity, remaining at 94,4%, 97,2% and 94,3% respectively. From
the iTeNT5kGy sample and higher, there was an attenuation
of the enzymatic activity with the increase of the radiation
dose: iTeNT5kGy - 81,7%, iTeNT6kGy - 75,7%, iTeNT7kGy
- 68,2% and iTeNT8kGy - 65% of the activity. iTeNT3kGy
showed greater loss of enzyme activity: 37,2%, probably, there
was a contribution from environmental factors such as sample
degradation (Figure 7). These data suggest that high doses of
radiation can inactivate the TeNT.

Figure 3. Determination of peptide number nTeNT and iTeNT with 1 kGy, 2 kGy, 3 kGy, 4 kGy, 5 kGy, 6 kGy, 7 kGy and 8 kGy by liquid chromatography-mass
spectrometry (LC-MS), using an electrospray-ion trap-time of flight (ESI-IT-TOF) system coupled to a binary ultra-fast liquid chromatography system (UFLC)

(20 A Prominence, ShimadzuKyoto, Japan).
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Figure 5. Antigenic characteristics of nTeNT and iTeNT was evaluated by ELISA using sera of immunized mice with Td vaccine. Results are presented as a binding
of TeNT-specific-Abs to the same amount of nTeNT and iTeNTs. Samples are assessed in hexaplicates and results presented as mean * SE. The statistical significance
of the observed differences in binding of a given Abs to nTeNT and to iTeNT was calculated using Student’s t-test (*p < 0.05, *¥p < 0.005, *¥*p < 0.001).

Figure 6. Western blot analysis of reactivity of TeNT-specific Abs toward H and L chain of TeNT. nTeNT and iTeNT was resolved on 7.5% polyacrylamide gel by
SDS-PAGE under reducing conditions: (A) native; (B) 1 kGy; (C) 2 kGy; (D) 3 kGy; (E) 4 kGy; (F) 5 kGy; (G) 6 kGy; (H) 7 kGy; (I) 8 kGy.
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Figure 7. Enzymatic activity of nTeNT and iTeNT by FRET: Abz-GASQ!FETSA-Q-EDDnp. Abz is bound to the N-amino terminal of synaptobrevin (aminoacids
residues 73-81) and EDDnp to the C-terminal carboxyl group. Arrow ({) indicates the bond cleaved.

Discussion

Tetanus toxin is a potent neurotoxin that affects the release
of neurotransmitters at nerve terminals and causes tetanus.
Currently, the best tool to prevent tetanus is by immunization
[43]. The process of vaccine manufacture involves cultivation
of C. tetani, extraction, concentration the toxin supernatant,
inactivation by formalin and purification. In our experiments
we used the concentrated unpurified toxin obtained from the
medium by filtration after the cultivation of C. tetani [44].

Tetanus vaccine has been used since 1924 and provides high
protection. However, the vaccine manufactured with inactivated
tetanus toxoid is related to effects caused after vaccination,
toxicity, risks offered by the presence of vaccine components and
by the usage of formaldehyde [45]. Currently, vaccines against
tetanus that do not need adjuvants and the use of formaldehyde
for their development are under investigation: as, for example, the
use of fragment Clinked to sulthydryl [46], fragment C associated
with flagellin [47] and recombinant vaccine of fragment C with
the B subunit of the choleric toxin [48].

Initially, we carried out the characterization of concentrated
and unpurified nTeNT and iTeNT. On non-reducing SDS-PAGE
of nTeNT, we observed the 150 kDa band corresponding to
the toxin and the presence of distinct proteins, with greater
emphasis on the 100 kDa band. Tests carried out by Guilhen
et al. [36] with the toxin sample under the same conditions as
ours, obtained similar results and suggested three hypotheses for
bands between 70 kDa and 60 kDa: (i) the light chain may have
formed complexes with other proteins from the culture media or

from the microorganism itself, (ii) these bands represent other
proteins of Clostridium tetani unrelated to tetanus toxin and,
(iii), degradation of the toxin heavy chain may have occurred.
These hypotheses may also justify the 100 kDa band. Another
event that might also have occurred is the disulfide bridge
disruption and, thus, this band may correspond to the toxin
heavy chain. A possible explanation for the presence of different
Clostridium tetani proteins in the samples may be the result of
bacterial lysis that is carried out to obtain the toxin right after
the cultivation of the microorganism [49].

On reducing SDS-PAGE, the nTeNT is represented by the
100 kDa and 50 kDa bands, respectively. When we compare
the profiles of tetanus toxin in reducing and non-reducing
conditions, we observe different molecular masses. In the
untreated sample with 2-mercaptoethanol, the toxin maintained
its molecular mass of 150 kDa, whereas, when the sample was
incubated with the reducing agent, there was a 100 kDa band
and another 50 kDa band. Since 2-mercaptoethanol is a reducing
agent and dissociates bonds made by disulfide bridges [50], the
observed profile was expected, and the literature shows similar
results obtained under the same conditions [51, 52].

The characterization of the irradiated samples demonstrated
that the ionizing radiation caused a change in the molecular
mass of the toxin as the radiation dose increased, and from the
dose of 5 kGy and above this change was more representative.
When considering the effects produced on proteins up to a
dose of 5 kGy, previous studies without the use of the reducing
agent present results similar to ours, however, in smaller doses.
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In the findings of Clissa et al. [53], the components with the
highest molecular mass of Crotalus durissus terrificus venom
were destroyed after being exposed to doses of 2, 3 and 5 kGy.
A study carried out with crude venoms irradiated in solution
of five species of the genera Echis and Bitis and six species of
the genera Naja and Dendroaspis, aggregation was observed
in doses higher than 4.5 kGy [54]. On the other hand, Caproni
et al. [55] showed that radiation promoted structural changes
characterized by higher molecular mass proteins, but did not
show subunit dissociation even in the presence of a reducing
agent, suggesting that radiation resulted in the formation of
resistant intermolecular bonds to the agent. SDS PAGE revealed
that intense fragmentation occurred after irradiation dose above
4 kGy and possibly aggregates. Our results are consistent with
the results demonstrated by other authors, such as those found
in a study using papain [56] and beta-galactoglobulin [57].
However, we still cannot prove that this change has occurred,
since the authors report such observation in products irradiated
with 10 kGy.

MALDI-TOF mass spectrometry confirmed the fragmentations
observed in the gel caused by the use of radiation in all protein
fractions exposed to different doses. In general, the literature
shows observations similar to our MALDI-TOF analyzes. These
fragmentations can be seen from the dose of 1 kGy. From
the dose of 5 kGy, we observed the formation of peaks above
170000 m/z not observed in the spectrum of doses from 1 kGy
to 4 kGy, which probably indicates the formation of aggregates
and intense fragmentation. Studies carried out with crotamine
have demonstrated an increase in mass at doses of 2 kGy and 10
kGy, which can be attributed to the oxidation of the venom [58],
through this analysis, the formation of smaller fragments in the
irradiated sample compared to native protein were also observed.

Ionizing radiation has been studied over the years for causing
changes in the structure of proteins and for contributing to
decrease the toxicity of molecules [59-61]. This conformational
change and fragmentation occur through degradation and other
actions caused by the direct and indirect action of ionizing
radiation, where direct effects of radiation are caused when
gamma rays and high-energy electrons interact directly with
molecules. The greatest damage, on the other hand, may be
indirectly, in which, from the radiolysis of water by ionization,
reactive oxygen species (ROS) are formed that interact with
amino acids through the addition or reduction of ions by
oxidation [62]. After irradiation of molecules in solution, the
ROS produced react very efficiently with proteins, favoring
modifications such as dimerization and fragmentation [63].
After the generation of ROS, amino acids exposed to solvents
are more likely to be oxidized by hydroxyl radicals [54]. Thus,
the biological effects of ionizing radiation on proteins result in
amino acid oxidation, oxidative cleavage of the protein skeleton
and modification of the amino acid side chains [64].

Atall doses analyzed, it was possible to observe that antigenic
epitopes of TeN'T remained with recognition by anti-TeNT IgG
immunoglobulins. Despite the structural changes caused by the

radiation process, we were able to observe the recognition of
anti- TeNT antibodies against the toxins irradiated at different
doses, with a gradual drop in proportion as the doses increase,
but remaining with satisfactory levels until the highest dose.
Antigenicity testing of TeNT treated with formaldehyde for its
detoxification was also carried out by Metz et al. [14] and showed
similar results. This may have been due to structural changes in
specific epitopes on the toxin molecule. Similar results were also
found in crotoxin [65] and total protein extract of Toxoplasma
gondii [66] in which these antigens show conserved antigenic
and immunological properties after the radiation process.

Enzyme activity test demonstrated attenuation of TeNT
activity as the radiation dose increased, with the exception of
the 3 kGy dose that had the lowest residual activity. Probably,
the decrease in activity in this sample was influenced by
environmental factors, such as the presence of proteases from
the media which hydrolyzed the peptide bond [67], changes
in pH that contribute to the unfolding [68] and the action of
absorbed radiation [69]. The results obtained from this analysis
are in accordance with previous studies that demonstrate the
attenuation of the enzymatic activity by radiation as, for example,
the loss of 52% of the enzymatic activity of the crude venom of
the snake Echis coloratus irradiated at 3 kGy [70].

Although gamma radiation caused the same effects in these
experiments, the radiation dose used is lower than ours, which
suggests that TeNT presents some resistance to radiation. Such
resistance may have been provided by some type of antioxidant
molecule present in the culture media sample. The IB culture
media produced at the Butantan Institute, in addition to other
molecules, is composed of B vitamins [71], which are evidenced
in the literature as potent antioxidants [72, 73]. Another fact that
may have contributed to the resistance of the toxin to radiation
is the presence of other proteins, providing mutual protection
and competition for radicals formed by the indirect action
of radiation. On the other hand, a study with enterotoxin of
Salmonella enterica var Typhimurium demonstrated inactivation
at the dose of 25 kGy, but a residual enterotoxicity at the dose
of 10 kGy, which suggests that some proteins may need higher
doses for the attenuation of their activity [74].

Extensive studies with irradiated protein have been performed
throughout the last 30 years [75]. Importantly, these studies have
shown considerable changes in the antigenic and immunogenic
properties of irradiated proteins [76], which have been showing
high immunogenicity of these vaccine candidates without the
use of adjuvant [29, 30, 77].

Conclusion

The data produced in this work showed that the irradiation
of TeNT by cobalt-60 gamma rays, in different doses, altered
the molecular structure as the dose increased, maintaining its
antigenic capacity, but not showing satisfactory efficiency in
the loss of enzymatic activity. Understanding the resistance
mechanism of the TeNT to radiation, it is feasible to assure
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the safety of the molecule as a vaccine candidate. Although
the TeNT remained with enzymatic activity above 50%, the
data suggest the possibility of inactivation in higher doses
and the use of ionizing radiation as an alternative method of
detoxification of the TeNT for use as an immunogen. The use
of ionizing radiation will also contribute to the improvement
of the production process, optimizing the incubation time for
detoxification, reduction of chemical residues resulting from
the process and the possibility of making a vaccine without
the need for adjuvant.
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