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Abstract

Tetanus is a highly fatal disease caused by tetanus neurotoxin (TeNT) and remains a major
threat to human and animal health, despite preventive strategies. TeNT is composed of heavy
and light chain linked by a disulfide bond. The antibody response to TeNT is polyclonal and
directed to multiple epitopes within both the light and heavy chains, leading to toxin
neutralization. This study was undertaken to localize and compare neutralizing epitopes
recognized by human and mouse TeNT-specific antibodies at a clonal level. In the present
study, 22 murine hybridoma clones and 50 human lymphoblastoid cell lines secreting
monoclonal antibodies (mAb) were generated against TeNT. The specificity of these mAb was
determined using different recombinant fragments of tetanus toxin. Moreover, this study
investigated the in vitro toxin neutralizing activity of these mAb by a ganglioside GT1b assay.
The results showed that tetanus toxoid immunization in humans and BALB/c mice induced a
vigorous humoral immune response against different fragments of TeNT, particularly the
carboxyl-terminal fragment of the heavy chain (known as fragment C). The fragment C-specific
human and mouse mAb could largely neutralize TeNT. However, while all fragment C-specific
human mAb reacted with the carboxyl-terminal part of this fragment (Hcc), the majority
of the mouse mAb failed to recognize this region. These results suggested that fragment C
is the major target for the TeNT neutralizing antibodies, although different epitopes seem to
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be targeted by human and mouse antibodies.

Introduction

Tetanus is a highly fatal disease, with 20-50% mortality,
particularly in children. There have been an estimated 61000
tetanus deaths in less than 5 years around the world and neonatal
tetanus has not been effectively controlled, especially in develop-
ing countries, despite extensive universal vaccinations (Kitchin,
2011; Luo et al., 2012). Clostridial neurotoxins (CNT) that are
composed of tetanus neurotoxin and seven antigenically-distinct
botulinum neurotoxins (BoNT/A-G) are produced by species of
clostridias (Lalli et al., 2003). CNT block neurotransmission by
specific proteolysis of components of the vesicular fusion
machinery and are exclusively responsible for neuroparalytic
syndromes of tetanus and botulism (Chaddock & Marks, 2006).
Despite variations within their targets and biological activities,
CNT share a common structure composed of a S0kDa light (LC)
and a 100 kDa heavy chain (HC) linked by a single disulfide bond
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(Schiavo et al., 2000). The 100 kDa HC mediates the binding and
internalization of TeNT into neurons, while the 50kDa LC is a
zinc metalloprotease containing a catalytic domain of the
neurotoxin that inhibits neurotransmission (Herreros et al., 2000).

The HC is composed of two distinct functional domains; the
N-terminal fragment important for LC translocation and the C-
terminal fragment (fragment C) that is responsible for receptor
binding (Lalli et al., 2003; Montecucco & Schiavo, 2006).
Structural analysis of HC revealed that the fragment C binding
domain is composed of two sub-domains: the proximal Hey sub-
domain and the extreme carboxyl sub-domain, Hcc. Several lines
of evidence suggest that a set of conserved residues within the
Hcc sub-domain form the ganglioside binding motif and take part
in neuron binding activity of TeNT (Herreros et al., 2000; Turton
et al., 2002).

The long lasting humoral immune response induced by tetanus
toxoid plays a pivotal role in immunity against tetanus (Mayer
et al., 2002). Tetanus toxoid is a stable and inactivated form of
TeNT treated with formaldehyde and represents the major
constituent of tetanus vaccines (di Tommaso et al., 1994). The
polyclonal antibody response to TeNT has been widely studied
in both human and mouse models (Lang et al., 1993; Poulsen et al.,
2007; Volkman et al., 1982). Many monoclonal antibodies (mAbs)
have also been generated against TeNT, particularly in mice, in
order to select toxin neutralizing mAb (Ahnert-Hilger et al., 1983;
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Ichimori et al., 1985; Kazemi et al., 2011; Kenimer et al., 1983;
Kozbor et al., 1982; Larrick et al., 1983; Petrusi¢ et al., 2011;
Sheppard et al., 1984; Simpson et al., 1990; Trabaud et al., 1989;
Volk et al., 1984; Yousefi et al., 2014). However, the anti-TeNT
antibody response in human and mouse models has not been
extensively studied and compared at a clonal level.

In the present study, 22 stable murine hybridoma clones and
50 human lymphoblastoid cell lines (LCL) secreting mAb against
tetanus toxin were established. The fine specificity and toxin
neutralizing activity of these mAb were then investigated and
compared.

Materials and methods
Animals

Female BALB/c mice (6-8-weeks-of-age) were obtained from
the Pasteur Institute (Tehran, Iran). All mice were housed in
pathogen-free facilities maintained at 25°C with a 50-60%
relative humidity and a 12-h light/dark cycle. All mice had
ad libitum access to standard rodent chow and filtered water
throughout the study period. All protocols using the mice were
approved by the Ethics Committee of the Tehran University of
Medical Sciences.

Generation of mouse TeNT-specific hybidomas

Mouse immunization and anti-TeNT mAb production was carried
out as previously described (Yousefi et al., 2014). The mice were
given an intraperitoneal injection of tetanus toxoid (40 pg TeNT)
(Razi Vaccine and Serum Research Institute, Karaj, Iran) emulsified
in complete Freund’s adjuvant (CFA, Sigma, St Louis, MO).
Subsequently three booster injections (each 10 pg TeNT dissolved in
incomplete Freund’s adjuvant [[FA, Sigma]) were also administered
at 3-week intervals. Splenocytes from the hyper-immunized mice
were then harvested and fused with the mouse myeloma cell line
SP2/0 (National Cell bank of Iran, Pasteur Institute of Iran, Tehran)
at a 4:1 ratio using PEG 1500 (Sigma). Fused cells were then grown
in hypoxanthine/aminopterin/thymidine (HAT) selective medium
(Sigma) and cloned by limiting dilution. Supernatants of the growing
cells were tested for a presence of antibody with tetanus toxoid and
for toxin specificity via an indirect enzyme linked immunosorbent
assay (ELISA). All positive hybridomas were further sub-cloned to
generate stable clones.

To generate the mouse monoclonal antibodies (mAb), each
clone was intraperitoneally injected into dedicated naive BALB/c
mice that had been pre-treated with 0.5ml Pristane solution
(Sigma) to obtain ascites fluid. Subsequently, the ascites from
each mouse was harvested and mAb present purified using
HiTrap™ SPG columns (GE Healthcare, Hatfield, UK), according
to standard protocols. The SPG adsorbed mAb was subsequently
eluted using 0.1 M glycine-HCL buffer (pH 2.5) and immediately
dialyzed with PBS buffer (0.14 M, pH 7.2).

Establishment of human TeNT specific lymphoblastoid
cell lines (LCL)

Human LCL producing TeNT specific antibodies were estab-
lished using an Epstein-Barr virus (EBV) transformation method
as described elsewhere (Younesi et al., 2010). In brief, human
B-cells were isolated from peripheral blood of normal subjects
immunized with tetanus vaccine (Razi Vaccine and Serum
Research Institute, Karaj, Iran) using magnetic-activated cell
sorting (MACS) negative selection kits (Miltenyi Biotec, Bergisch
Gladbach, Germany). All subjects had provided consent for use of
their blood products prior to use in these studies.

Isolated B-cells were treated with supernatant from a
3-week-old culture of B95.8 cells (National Cell Bank of Iran,
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Pasteur Institute of Iran, Tehran) that had been grown in RPMI
1640 culture medium supplemented with 10% heat-inactivated
fetal calf serum [FCS] (both from Gibco, Paisley, UK). The B95.8
cell line itself was derived from EBV-transformed Marmoset
B-cells. These B95.8 cells secrete EBV particles and are
employed as a source of EBV for human B-cell transformation
protocols. After 1.5h of co-stimulation at 37°C, treated cells
were washed with RPMI 1640 culture medium (Gibco) and
re-suspended in complete culture medium (RPMI 1640 supple-
mented with 10% fetal calf serum [FCS], 100 U/ml penicillin and
100 pg/ml streptomycin (Gibco). EBV-infected cells were seeded
in microtiter plates on top of allogenic PBMC (50 000/well) that
were inactivated by ~-irradiation (3000 Rad). After 3 weeks of
culturing, supernatants of the transformed B-cells (LCL) were
analyzed for the presence of human anti-tetanus toxoid by indirect
ELISA and for toxin antibody using an ELISA.

The clonality of the anti-TeNT antibodies produced by selected
LCL was evaluated based on the Poisson statistical analysis as
previously described (Younesi et al., 2010, 2014). This analysis
states that, when a population of cells carrying an undefined
number of antigen-specific precursors is randomly and independ-
ently distributed by limiting dilution among a number of wells, if
more than 37% of wells at a given cell dilution (density) are
negative for presence of antigen (i.e. TeNT) specific antibody
(negative fraction >37%), the antigen-specific antibody produced
by growing LCL in the remaining wells are likely derived from a
single precursor cell (clonal outgrowth). Based on this assump-
tion, the number of wells that were positive and negative for
TeNT-specific antibody in each limiting dilution assay (LDA)
plate was determined. Subsequently, supernatants from all
positive wells at a cell dilution in which anti-TeNT antibody
was not detectable in more than 37% of the wells with growing
LCL were considered to contain antibody produced by a single
specific precursor (monoclonal).

Determination of antibody specificity by ELISA

To investigate mADb specificity, microtiter polystyrene plates
(Maxisorp, Nunc, Roskilde, Denmark) were coated with an
appropriate concentration (10pg/ml) of tetanus toxoid, toxin,
fragment C (Sigma) and recombinant light chain and Hec (as
previously described in Yousefi et al., 2013a) in phosphate-
buffered saline (PBS, 0.15M, pH =7.2) and incubated overnight
at 4°C. After washing with PBS containing 0.05% Tween 20
(Sigma; PBS-T), plates were blocked using blocking buffer (PBS-
T containing 3% non-fat skim milk) at 37°C for 1.5h. After
blocking and washing, 100 pl of 1 pg/ml purified mouse mono-
clonal antibodies were added and the plates were incubated for
1.5h at 37°C. Appropriate dilutions of horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse or rabbit anti human
(prepared in our laboratory) were subsequently added and the
presence of adherent antibodies were detected using 3,3',5,5'-
tetramethylbenzidine (TMB) substrate. After 15 min, the reaction
was stopped by addition of 100 pl of 20% H,SO,4 and the optical
density (OD) in each well was measured using a Multiscan ELISA
reader (OrganonTeknika, Boxtel, Belgium) at 450 nm.

Assessment of toxin neutralizing activity of monoclonal
antibodies

The ability of mAb to inhibit binding of TeNT to its receptor
GT1b ganglioside was assessed in vitro by modification of a
previously described procedure (Yousefi et al., 2013b). In brief,
a concentration of TeNT that resulted in saturation of ganglioside
GT1b binding was chosen (20 pg/ml) and mixed with differ-
ent concentrations of the purified murine anti-TeNT mAb
(1-10 pgr/ml) or 100 ul of undiluted LCL supernatants and the
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mixture then incubated for 2h at room temperature (RT).
Microtiter ELISA plates were coated with GT1b (Sigma)
(10 pg/ml in methanol, 100 pul/well) and plates were left at RT
overnight to allow evaporation of methanol. The plates were then
blocked with 1% BSA/PBS for 2h at RT. After four washes with
PBS-T, 100l of pre-incubated TeNT/antibody mixtures were
added to wells and the plate incubated for 2h at RT. The plates
were then washed four times and HRP-conjugated human anti
TeNT polyclonal Ab (produced in our lab) was then added to
each well and the plate was incubated for 2h at RT. Following
addition of TMB substrate solution, the OD value in each well
was measured at 450nm in the multi-scan ELISA plate reader.
The inhibition percentage was calculated based on OD values
obtained in the presence of anti-TeNT mAb divided by the OD
values obtained in the absence of anti-TeNT mAb.

Statistical analysis

Statistical analyses were conducted using the SPSS statistical
package (SPSS Inc., v15, Chicago, IL). Statistical comparisons of
data were made using Chi-Square and Fisher-Exact tests, as
appropriate. A p value <0.05 was considered significant.

Results

Production and characterization of murine anti-TeNT
mAb

The fusion of splenocytes from hyper-immunized mouse with
SP2/0 myeloma cells led to generation of growing hybridomas.
All actively proliferating hybridomas were initially screened
based on reactivity to tetanus toxoid and toxin by indirect ELISA.
Finally, 22 stable hybridomas producing antibodies reacting with
both tetanus toxoid and toxin were selected. Representative results
are presented in Table 1. All selected hybridomas were sub-cloned
and stable clones producing TeNT-specific mAb were selected
(Table 2). Seven of 22 murine anti-TeNT mAb (31.8%) reacted
with fragment C and only two reacted with the Hec sub-domain.
Seven of the remaining mAb (31.8%) reacted with TeNT light
chain, three (13.6%) reacted with both fragment C and the light
chain and five (22.8%) reacted with neither fragment C, Hcc or
the light chain (Table 2).

Establishment and characterization of human
TeNT-specific LCL

The frequency of anti TeNT LCLs was determined 3 weeks after
EBV infection by limiting dilution assay (based on Poisson
statistical analysis as explained in the Materials and methods
section). The negative fraction was defined as the fraction of wells
containing growing LCL that secreted a quantifiable amount of
human immunoglobulin, but did not produce anti-TeNT antibody.
These were calculated from the number of wells positive for
TeNT-specific antibody determined for each LDA plate.

Finally, 50 TeNT-specific LCL were selected. Culture super-
natants from all LCL were positive for both tetanus toxin and toxoid.
Thirty-four of 50 human anti-TeNT positive supernatants (68%)
reacted with fragment C; of these, 26 mAb recognized epitopes
located in the Hec sub-domain. Ten (20%) of the remaining mAb
reacted with the TeNT light chain, whereas two (4%) reacted with
both fragment C and the light chain and four (8%) reacted with none
of the TeNT proteins or fragments (Table 2).

Ganglioside GT1b binding inhibition by monoclonal
antibodies

To investigate the inhibitory effect of each mAb to block TeNT
binding to immobilized ganglioside, a GT1b inhibition assay was
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Table 1. Representative screening results of mouse TeNT-
specific hybridoma clones. (Results represent optical
density (OD) values obtained by ELISA at 450 nm.).

mAb Toxin Toxoid
1F3E3 >3.0 >3.0
1F2C2 >3.0 >3.0
1F1E12 >3.0 >3.0
1F2C8 >3.0 >3.0
1F3B3 0.598 0.915
1F3C3 0.687 1.915
2F4AC7 >3.0 2.493
2C9B6 >3.0 1.368
5E6B10 >3.0 >3.0
1E4D5 >3.0 >3.0
1G9F5 >3.0 2.416
1F6G7 >3.0 2.217
3B3D9 2.517 2.505
3E3F12 >3.0 >3.0
1F2B3 0.783 1.303
1F2E8 0.698 0.511
1F2G10 1.192 0.641
Blank 0.036 0.084

Table 2. Reactivity of human and mouse monoclonal antibodies with
different fragments of tetanus toxin.

Number
Species of mAb Toxoid Toxin FC Hee LC FC+LC None
Mouse 22 22 22 7 2 7 3 5
Human 50 50 50 34*% 26%* 10 2 4

FC, fragment C; LC, light chain; Hcc, C-terminal of fragment C; None,
Specific mAb reacting with none of tested tetanus toxin fragments.
* *#*Significant differences at p =0.009 and 0.0004, respectively.

performed using an indirect ELISA. Representative results are
shown in Figure 1. Only six of 22 (27%) murine anti-TeNT mAb
were able to inhibit TeNT binding to ganglioside GT1b. All of
these in vitro neutralizing mAb were directed against fragment C,
whereas only one reacted with the Hec sub-domain. Of the human
anti-TeNT mAb, only eight (16%) were able to block TeNT
binding to immobilized GT1b; of these, six were directed against
fragment C, one reacted with both fragment C and light chain and
one reacted with no fragments. In contrast to mouse fragment
C-specific neutralizing mAb, all human anti-fragment C neu-
tralizing mAb reacted with the Hee sub-domain (p=0.015)
(Table 3). Representative raw data from among the results
presented in Tables 2 and 3 are given in Table 4.

Discussion

We have recently reported the dominance of the fragment C
specific antibody response in mice following immunization with
tetanus toxoid (Yousefi et al., 2013b). In the present study, 22
murine and 50 human anti-TeNT mAb were produced using
hybridoma technology and EBV transformation methods, respect-
ively. The results showed that the antibody responses in the
human and mouse models were mainly directed against fragment
C. Despite this overall similarity between the two systems, there
are some key differences. The number of fragment C- and
Hec.specific mAb was significantly higher in humans compared
to mice (p=0.009 and p=0.0004, respectively). Conversely,
light chain-specific mAb were more prevalent among mice
(31.8%) compared to humans (20%) mAb, although the difference
was insignificant (Table 2). These data suggested to us there are
some inter-species differences between humans and mice
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Figure 1. In vitro inhibitory activity of the mouse monoclonal antibodies on TeNT binding to GT1b. Individual clones are listed along the right side of

the figure.

Table 3. Toxin neutralization activity of human and mouse anti-TeNT
mAD as determined by GT1b binding inhibition assay.

Species  Neutralizing mAb FC Hee LC FC+LC  None
Mouse 6 6 1 0 0 0
Human 8 6 6* 0 1 1

See footnote to Table 2 for description of TeNT fragments.
*Significant difference at p =0.015.

regarding the immune response to TeNT. As such, this leads us to
believe that results obtained from animal studies might not always
be generalizable to humans.

Several studies have shown that certain sequences of TeNT
could sensitize CD4" T-cells of almost all subjects (Diethelm-
Okita et al., 1997; Ho et al., 1990; Reece et al., 1993). The
molecular mechanism through which these ‘‘universal epitopes’
sensitize most CD4™" cells is not fully understood. One explan-
ation is processing and presentation of these epitopes by multiple
MHC Class II molecules. Alternatively, the T-cells may cross-
react with unrelated peptides (presented by various Class II
molecules) and enhance the immune response against universal
epitopes (Cresswell, 1994; Madden, 1995; Watts, 1997). These
epitopes have been localized to fragment C, both the N-terminal
region (Hcy) and particularly the C-terminal region (Hcc) of this
fragment (Diethelm-Okita et al., 2000). These epitopes have
been widely used to enhance vaccine immunogenicity and
efficacy in a variety of immunotherapeutic systems, particularly
in the field of cancer (Anderson et al., 1996; King et al., 1998;
Robinson et al., 2004).

Table 4. Representative data obtained for a number of murine mAb and
human LCLs specific for tetanus toxin. (Results represent optical density
(OD) values obtained by ELISA at 450 nm.).

mAb/LCL FC Hce LC Neutralizing activity (%)
1F3E3 1.682 1.257 0.104 93.40
1F2C2 2.580 0.066 0.085 87.40
1F3B3 0.208 0.013 1.003 2.00
1E4D5 0.907  0.699 0.060 0.0
1GI9F5 0.044 0.0 17 0.065 0.0
Blank 0.041 0.059 0.061 -
TTX1 1.691 1.659 0.039 92.3
TTX12 >3.0 1.550 0.032 73.1
TTX18 0.842 0.051 0.021 0.0
TTX24 0.084 0.062 0.085 0.0
TTX26 0.079 0.055 2.484 0.0
Blank 0.025 0.042 0.090 -

See footnote to Table 2 for description of TeNT fragments.

As shown in Table 2, three mouse and two human anti-TeNT
mAb models reacted with both fragment C and light chain.
It seems these mAb might recognize a conformational epitope to
which both fragment C and light chain contribute to its expression
or cross-react with epitopes located on both LC and fragment C.
Another interesting finding of the present study was the neutral-
ization activity of anti-fragment C mAb. The results showed that
all (six out of six) mouse and 75% (six out of eight) human
neutralizing antibodies were directed against fragment C, whereas
none of the human or mouse anti-light chain antibodies could
neutralize the toxin in vitro (Table 3). Interestingly, only one of
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these fragment C-specific mouse mAb reacted with Hec, whereas
six of the human fragment C positive mAb reacted with Hcc
(»=0.015).

As previously mentioned, the fragment C Hee sub-domain
contains key amino acids responsible for tetanus toxin binding to
gangliosides of the 1b series (as the most important part of the
clostridium neurotoxin receptor). Thus, antibodies against frag-
ment C were expected to be neutralizing; these findings would be
consistent with results of several other published studies
(Arunachalam et al., 1992; Fitzsimmons et al., 2000; Gustafsson
et al., 1993; Sheppard et al., 1984; Simpson et al., 1990).
However, contradictory results showing involvement of the other
parts of the toxin have also been reported (Ahnert-Hilger et al.,
1983; Gigliotti & Insel, 1982; Kamei et al., 1990; Lang et al.,
1993; Matsuda et al., 1992). The neutralization activity of such
mAb directed against other parts of the toxin may act through
conformational changes in the structure of the toxin and toxin-
binding domain.

In conclusion, the results here show that, in the human and
mouse models, the neutralizing anti-body response was directed
mainly against fragment C — although different epitopes might be
involved. These findings suggest that this non-toxic fragment of
TeNT could be considered as a suitable candidate for tetanus
vaccination. Moreover, the fragment C-specific mAb could be
potentially useful for passive immunotherapy of tetanus.
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