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Abstract
Background Monoclonal antibodies (MAbs) against neurotoxin of Clostridium tetani are considered as a novel source of
immunoglobulins for passive immunotherapy of tetanus. Toxin neutralization is classically attributed to the Fab and F(ab′)2
fragments of antibodies. Herein, we generated Fab and F(ab′)2 fragments of three toxin neutralizing mouse MAbs and compared
their neutralizing activities to those of their intact molecules.
Methods Fab and F (ab′)2 fragments of the antibodies were generated by papain and pepsin digestions, respectively, and their
toxin neutralizing activities were compared with those of the intact antibodies in an in vivo toxin neutralization assay.
Results While low doses of the intact MAbs were able to fully protect the mice against tetanus toxin, none of the mice which
received Fab or F(ab′)2 fragments survived until day 14, even at the highest administered dose. All mice receiving human
polyclonal anti-tetanus immunoglobulin or their fragments were fully protected.
Conclusion Reduction in toxin neutralization activities of Fab and F(ab′)2 fragments of ourMAbs seems to be influenced by their
Fc regions. Steric hindrance of the Fc region on the receptor-binding site of the toxin may explain the stronger neutralization of
the toxin by the intact MAbs in comparison to their fragments.
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Introduction

Tetanus neurotoxin which is produced by Clostridium tetani
causes the life-threatening disease of tetanus. Despite a signif-
icant reduction in the incidence of tetanus during recent de-
cades, it remains an important cause of mortality in developing
countries (Thwaites et al., 2015). According to the recent report
released by the World Health Organization (WHO), only 85%
of the world population is estimated to be vaccinated with tet-
anus toxoid vaccine and consequently tetanus infection resulted
in about 120,000 deaths in 2017 (WHO, 2019).

Tetanus neurotoxin is synthesized as a single polypeptide
chain of 150 kDa and is subsequently cleaved to generate an
active form of the toxin composed of the light chain (LC, 50
kDa) and the heavy chain (HC, 100 kDa) linked by a single
disulphide bond. The heavy chain consists of two functional
domains including the C-terminal domain (fragment C) re-
quired for neuronal cell binding and subsequent endocytosis
into vesicles and the N-terminal domain which is important
for LC translocation across the vesicular membrane into the
neuronal cytosol (Helting and Zwisler, 1977). Fragment C con-
tains two subdomains including HCC and HCN. HCC which
constitutes the C terminal portion of fragment C holds the ami-
no acid residues responsible for binding of the toxin to target
cells (Emsley et al. 2000). The LC is a zinc metalloprotease
which cleaves the neuronal vesicle-associated membrane
protein-2 leading to the blocking of inhibitory neurotransmitters
release such as gamma-aminobutyric acid. This results in a
spastic paralysis observed in patients with tetanus (Link et al.
1992).

Humoral immunity, which provides protection against tet-
anus neurotoxin, consists of neutralizing antibodies that bind
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to the toxin through variable regions and interfere with the
attachment and internalization of the toxin to target cells
(Pincus et al. 2014). These can be obtained by active immu-
nization through vaccination against tetanus or passive immu-
notherapy via polyclonal immunoglobulins isolated from
hyper-immunized donors. However, active immunization
does not confer lifelong immunity and utilization of the poly-
clonal immunoglobulins has major drawbacks including cost,
the need to immunize donors, lot-to-lot heterogeneity, possi-
bility of transmitting microbial agents, and the adverse reac-
tions to the other proteins in the plasma, opening the possibil-
ity to consider MAbs as new and better sources of immuno-
globulins for clinical use (Lang et al. 1993, Kamei et al. 1990).
In a previous study in our lab, a number of anti-fragment C
MAbs with neutralizing activity against tetanus toxin were
produced. Two of these MAbs including 1F2C2 and 2C9B6
individually protected mice against the challenge with tetanus
toxin. MAb 1F2C2 in combination with another MAb desig-
nated 1F3E3 showed synergistic effects in toxin neutralization
(Yousefi et al. 2014a, Yousefi et al. 2014b).

Fab and F(ab′)2 fragments are smaller in size and display
more efficient tissue distribution (Leon et al. 2001, Covell
et al. 1986). Thus, they may induce more effective microbial
toxin neutralization in affected tissues (Leon et al. 2001,
Covell et al. 1986). In addition, removing fragment crystalliz-
able (Fc) region from mouse MAbs reduces their immunoge-
nicity and thus the risk of hypersensitivity disorders (Gonzales
et al. 2005). In spite of these benefits of removing the Fc
portion of toxin neutralizing antibodies, recent findings have
suggested contribution of the Fc region against toxins, such as
anthrax, shiga, and ricin for more effective in vivo protection
in addition to the role of their variable regions (Leon et al.,
1999, Verma et al., 2009, Akiyoshi et al., 2010, Bournazos
et al., 2014, Pincus et al., 2014).

In the present study, we produced Fab and (Fab′)2 frag-
ments of three tetanus toxin neutralizing MAbs and compared
their neutralizing activities to those of their intact forms in an
in vivo toxin neutralization mouse model.

Materials and Methods

Production and Purification of Fab Fragments

Three MAbs including 1F2C2, 1F3E3, and 2C9B6 were previ-
ously produced and characterized in our lab (Yousefi et al. 2014a,
Yousefi et al. 2014b). All three MAbs were able to bind to the
fragment C of the toxin (Yousefi et al., 2014a). To produce Fab
fragments of the antibodies, enzymatic digestion with papain was
performed according to the protocol described by Bazin and col-
leagueswith somemodifications (Rousseaux et al. 1983). Briefly,
antibodies (1 mg/ml) were dialyzed against 0.1 M phosphate
buffer (pH = 7.0) overnight at 4 °C on stirrer. Papain (1 mg/ml)

(Sigma, St Louis, MO, USA) was activated in the activation
buffer consisting of 0.1 M phosphate buffer (pH = 7.0), 2 mM
EDTA, and 0.01 M L-cystein for 15 min at 37 °C and added to
the antibody solution at papain:antibody ratio of 1:40 (W/W).
The mixture was incubated at 37 °C while shaking for 6 h.
Enzymatic digestion was stopped by adding 1 M iodoacetamide.
Time point of 6 h for the digestion process was chosen after a
pilot time course study in which samples were obtained at differ-
ent time points after addition of papain (ranging from 2 to 10 h)
and electrophoresed using 12% sodium dodecyl sulfate poly-
acrylamide gel (SDS-PAGE) under non-reducing conditions.
The staining of the gel was performed using 0.2% Coomassie
blue dye. Thereafter, the digested material was passed through a
staphylococcal protein A (SPA) column (GE healthcare life sci-
ences, Pittsburgh, USA) (Goding, 1978) and the flowthrough
fractions were collected. The protein concentration of the purified
fragments was calculated by measuring their absorbance at 280
nm, and their purities were assessed by SDS-PAGE.

Production and Purification of F(ab′)2 Fragments

Pepsin digestion was used to generate F(ab′)2 fragments of the
antibodies (Dissanayake and Hay, 1975). In brief, overnight
dialysis of the antibodies (1 mg/ml) was performed against
0.1 M sodium acetate buffer (pH = 4.0) at 4 °C on stirrer.
Pepsin (1 mg/ml) (Sigma, St Louis, MO) prepared in 0.1 M
sodium acetate buffer (pH = 4.0), was added to the antibody
solution at a ratio of 1:30 (W/W), and the mixture was incu-
bated at 37 °C, while shaking for 10 h. Enzymatic digestion
was terminated by increasing the pH to 8.0 with 1 M Tris
buffer. Time course adjustment was performed to obtain the
appropriate time point for the digestion process (ranging from
2 to 10 h). Subsequently, F(ab′)2 fragments were purified from
the digested product by passing through a SPA column
(Goding, 1978), and their concentrations were determined
by measuring their absorbances at 280 nm. The purity of the
purified products was evaluated by SDS-PAGE.

Reactivity of Fab and F(ab′)2 Fragments with Tetanus
Toxoid

To evaluate the reactivity of the purified MAb fragments with
the toxoid, a competition enzyme-linked immunosorbent assay
(ELISA) was performed in which tetanus toxoid (10 μg/ml)
was coated on the wells of a microtiter ELISA plate
(Maxisorp, Nunc, Roskilde, Denmark). The plate was blocked
with 3% skim milk-PBS (Merck, Darmstadt, Germany).
Thereafter, the intact MAbs, including 1F2C2, 1F3E3, and
2C9B6, and their Fab and F(ab′)2 fragments at final concentra-
tions of 10, 5, 2.5, 1.25, and 0.612 μg/ml were mixed with the
optimum dilutions of the HRP-conjugated intact MAbs (pre-
pared in our lab) and added to the wells. The incubation tem-
peratures and times in all steps were 37 °C and 1.5 h. The
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washing step with PBS-Tween 0.05%was performed after each
step. The optical densities (ODs) of the samples were measured
by an ELISA reader (BioTek, Winooski, VT, USA) at 450 nm
after addition of 3, 3', 5, 5'-tetramethylbenzidine (TMB) sub-
strate solution (Pishtaz Teb, Karaj, Iran) followed by addition of
hydrochloric acid stop solution. Finally, the percentage of inhi-
bition was calculated using the following formula: Percentage
of inhibition = ([ODNI −ODWI]/ODNI) × 100], where ODNI
represents OD obtained in the absence of a competitor and
ODWI represents OD obtained in the presence of a competitor).
Reactivities of Fab and F(ab )2 fragments of the human poly-
clonal antibodies against tetanus toxin were evaluated by an
indirect ELISA in which the coating and the blocking steps as
well as the incubation temperatures and times in all steps were
the same as those described for the competition ELISA. After
blocking, the intact antibodies and their Fab and F(ab′)2 frag-
ments at final concentrations of 10, 5, 2.5, 1.25, and 0.612
μg/ml were added to the wells followed by addition of an ap-
propriate dilution of HRP-conjugated goat anti-human kappa
light chain (Dako, Glostrup, Denmark). The ODs of the
samples were measured at 450 nm after addition of TMB
substrate solution followed by the stop solution.

Measurement of the Half-Lives of the Intact 1F2C2
MAb and Its Fab Fragment

To determine the half-lives of the 1F2C2 MAb and its Fab
fragment, a single dose of 1F2C2 (50 μg) or its Fab fragment
(40 μg) was injected either into the tail vein or peritoneum of
the mice (2 mice in each group). Female BALB/c mice (6-8
weeks old) obtained from Pasture Institute of Iran, Karaj,
Iran), were housed, handled and treated according to the in-
ternational ethical standards formulated in the Declaration of
Helsinki (World Medical Association, 2013). The study was
approved by the Ethical Committee of Tehran University of
Medical Sciences. Sequential blood sample collections were
performed by tail incisions at 0.5, 2, 4, 8, 12 and 24 h post
injection.

To evaluate the time course of the MAb and its Fab frag-
ment′s delivery into the blood after their intraperitoneal (IP)
injections, the mice (2 mice in each group) were intraperito-
neally injected with 50 μg of 1F2C2 or 40 μg of its Fab
fragment. Blood samples were obtained from the tail of the
animals at 2, 8, 12 and 24 h after the IP injection.

Serum levels of the MAb and its Fab fragment were mea-
sured using an indirect ELISA in which tetanus toxoid (10
μg/ml) was coated on the wells of the plate. After blocking
the plate with 3% skimmilk-PBS, serially diluted sera starting
from 1/50 dilution, were added to the plate. The MAb 1F2C2
and its Fab fragment at different concentrations (10, 2.5. 0.62,
0.15, 0.038, 0.009 and 0.002 μg/ml) were used as the controls.
Thereafter, HRP-conjugated rabbit anti-mouse antibody
(Dako, Glostrup, Denmark) at an appropriate dilution, was

added to the plate. The ODs of the samples were measured
at 450 nm after addition of TMB substrate solution followed
by stop solution. The incubation temperatures and times in all
steps were 37 °C and 1 h and washing with PBS-Tween20 (0.
05%) was performed after each step.

In vivo Toxin Neutralization Assay

To compare toxin neutralizing activities of Fab and (Fab′)2
fragments to those of the intact antibodies, toxin neutralization
assay was performed in female BALB/c mice (6-8 weeks old).
In this assay, MAbs including 1F2C2, 1F3E3, and 2C9B6 and
their Fab and (Fab′)2 fragments, either individually or in a
combination were mixed with 10 minimum lethal dose
(MLD) of the toxin and incubated for 2 h at 37 °C. Various
amounts of the intact antibodies and their Fab and (Fab′)2 frag-
ments (10, 2.5 and 0.5 μg) were assessed in this assay. For
human polyclonal antibody against tetanus toxin, the intact an-
tibody and its Fab and (Fab′)2 fragments weremixedwith 1 and
5 μg doses of the toxin. The MLD of the toxin was determined
from a dose–response curve (Yousefi et al., 2014a).

All mice (4 mice in each group) were intraperitoneally
injected with 0.2 ml of the above mixture and monitored for
any signs of the paralysis or death until 14 days after the
challenge (Yousefi et al., 2014a). Mice treated either with 10
MLD of the toxin alone or PBS were included as the positive
and negative controls, respectively.

Results

Generation of Fab and F(ab′)2 Fragments and Their
Purification

To generate Fab and F(ab′)2 fragments from all the three frag-
ment C-bindingMAbs, enzymatic digestions with papain, and
pepsin were performed, respectively. To determine an optimal
time point for the enzymatic digestion, a time course assay
was conducted. For papain digestion, a uniform pattern in
the digestion was observed for all three MAbs, and 6 h time
point was applied as the digestion time based on the minimal
time required for the complete digestion of the intact antibody
(Fig. 1a). After purification of the digested products with SPA
column, SDS-PAGE gel was run to assess the purity of the
flowthrough fractions. Results showed the presence of only
one band with an approximate molecular weight of 50 kDa
(The average size of a Fab fragment) (Fig. 1b). At the end of
pepsin digestion process, some undigested antibodies
remained in spite of continuing digestion process until 10 h
(Fig. 1c). Purification of the digested products with SPA col-
umn resulted in the isolation of a main band with approxi-
mately 100 kDa (the average size of a F(ab′)2 fragment) in
the flowthrough fractions (Fig. 1d).

Neurotox Res

https://www.sigmaaldrich.com/catalog/search?interface=All&term=HRP-conjugated+goat+anti-human+kappa+light+chain&N=0&focus=product&lang=en&region=global
https://www.sigmaaldrich.com/catalog/search?interface=All&term=HRP-conjugated+goat+anti-human+kappa+light+chain&N=0&focus=product&lang=en&region=global
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiz9rf_5JDNAhUEtRoKHVHFBRAQFggdMAA&url=http%3A%2F%2Fwww.tums.ac.ir%2F%3Flang%3Den&usg=AFQjCNFYkhRa-62P0kpQ30Ba-K97XXSpYw&sig2=NE6FClrVREZeD7T5UZi5bQ&bvm=bv.123664746,d.bGs
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiz9rf_5JDNAhUEtRoKHVHFBRAQFggdMAA&url=http%3A%2F%2Fwww.tums.ac.ir%2F%3Flang%3Den&usg=AFQjCNFYkhRa-62P0kpQ30Ba-K97XXSpYw&sig2=NE6FClrVREZeD7T5UZi5bQ&bvm=bv.123664746,d.bGs
https://www.sigmaaldrich.com/catalog/search?interface=All&term=HRP-conjugated+goat+anti-human+kappa+light+chain&N=0&focus=product&lang=en&region=global


Reactivity of Fab and F(ab′)2 Fragments with Tetanus
Toxoid

Since the digestion process may cause destruction of the anti-
gen binding sites in Fab and F(ab′)2 fragments, the reactivities
of these fragments to toxoid were checked. As shown in Fig.
2, inhibition patterns of Fab and F(ab′)2 fragments of the
MAbs, 1F2C2 (Fig. 2a), 1F3E3 (Fig. 2b), and 2C9B6 (Fig.
2c), were not significantly different from those of their intact
undigested molecules at different concentrations in the com-
petition ELISA, though some variations were observed show-
ing a better binding activity of the fragments as compared with
their intact molecules (Fig. 2b). Fab and F(ab′)2 fragments of
human polyclonal anti-tetanus immunoglobulin displayed al-
most similar patterns of toxoid reactivity compared with their
intact antibody (Fig. 2d).

Measurement of the Half-Lives of the Intact 1F2C2
MAb and Its Fab Fragment

To evaluate the half-lives of the intact MAb and its Fab frag-
ment after their intravenous (IV) and IP injections, their blood
levels were measured in an indirect ELISA. The standard
curve, obtained from plotting different concentrations of the

intact MAb 1F2C2 and its Fab fragment against their ODs, is
demonstrated in Fig. 3a.

The serum levels of the intact MAb 1F2C2 and its Fab frag-
ment following their IV injection into the tail vein are shown in
Fig. 3b. As shown in Fig. 3b, at 2-h post IV injection, the blood
level of the intact antibody was dropped to almost half of its level
(18.89 μg/ml) detected at 0.5 h (45.17 μg/ml) and gradually
decreased to about 1/5 of its amount at 0.5 h, by 24 h (8.25
μg/ml). On the other hand, a rapid drop in the amount of the
Fab fragment occurred within 0.5 h of its administration (2.84
μg/ml). The time course of the blood concentration of the intact
MAb following its IP injection showed that itsmaximumdelivery
into the blood occurred at 8 h of the IP injection time (8.69μg/ml)
(Fig. 3c). The amount of the intact antibody remained unchanged
in the next hours (9.75 μg/ml), following a minor drop of its
blood level at 12 h after the injection time (9.42 μg/ml) (Fig.
3c). Themaximum blood level of the Fab fragment was observed
at 2 h of the IP injection time (0.82 μg/ml) (Fig. 3c).

In vivo Toxin Neutralization Assay

To compare toxin-neutralizing activities of the Fab and (Fab
′)2 fragments to their intact antibodies, toxin neutralization
assay was performed in BALB/c mice. Consistent with our

Fig. 1 Production and
purification of Fab and F(ab′)2
fragments. a A time-course
experiment was conducted to
determine the best time point for
terminating digestion process of
papain; lanes 2, 3, 4,5 and 6
correspond to 0, 2, 4, 6, and 8 h
from the beginning of the
digestion process for MAb
1F2C2, respectively. b Fab
fragment of MAb 1F2C2
generated by papin digestion was
purified using a SPA column;
lanes 2, 3, and 4 illustrate
undigested, papain digested and a
purified Fab fragment of MAb
1F2C2, respectively. c
Continuing the digestion process
of the intact MAb 1F2C2 with
pepsin until 10 h did not lead to
the complete digestion of all the
intact molecules; lanes 2, 3, 4, 5,
6, and 7 correspond to 0, 2, 4, 6, 8,
and 10 h from the beginning of
the digestion process for MAb
1F2C2, respectively. d The
residual intact antibodies from the
digestion process with pepsin as
well as the Fc fragments of the
digested antibody were separated
by a SPA column; lanes 2 and 3
are representative of the purified
F(ab′)2 fragments of MAb 1F2C2
and its intact molecule,
respectively
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Fig. 3 Determination of the half-lives of the intact 1F2C2 MAb and its
Fab fragment. a The standard curve obtained from plotting different
concentrations of the intact MAb 1F2C2 and its Fab fragment against
their optical density in an indirect ELISA. b The serum levels of the
intact MAb 1F2C2 (50 μg dose per mouse) and its Fab fragment
(40 μg dose per mouse) were measured by an indirect ELISA at 0.5, 2,

4, 8, 12, and 24 h after their intravenous-injection time. c Time course of
the serum levels of the intact MAb 1F2C2 (50 μg dose per mouse) and its
Fab fragment (40 μg dose per mouse) at 2, 8, 12, and 24 h post-
intraperitoneal injection time evaluated by an indirect ELISA. In all the
indirect ELISAs, tetanus toxoid was coated on the wells of the microtiter
ELISA plate

Fig. 2 Reactivity of Fab and F(ab′)2 fragments to tetanus toxoid. a
Reactivities of Fab and F(ab′)2 fragments of 1F2C2, b 1F3E3, and c
2C9B6 were compared with their intact antibodies in a competition
ELISA at different concentrations of the intact antibody or its fragments

including 10, 2.5, 0.62 and 0.15 μg/ml. d) Reactivity of Fab and F(ab′)2
fragments of human polyclonal anti-tetanus immunoglobulin was
evaluated by an indirect ELISA. In both ELISA systems, tetanus toxoid
was coated on the wells of the ELISA plate

Neurotox Res



previous results (Yousefi et al., 2014a), while the intact forms
of both MAbs including 1F2C2 (Fig. 4a) and 2C9B6 (Fig. 4c)
individually protected the mice from the lethal challenge of
the toxin at a minimum of 0.5 and 2.5 μg doses, respectively;
MAb 1F3E3 did not lead to the protection even at a dose of
10 μg (Fig. 4b). A synergistic effect was observed with the
combination of bothMAbs, 1F2C2, and 1F3E3, at a minimum
dose of 0.25 μg for each antibody (Fig. 4d). Interestingly,
none of the mice in the groups receiving maximum amounts
of the Fab or F(ab′)2 fragments of 1F2C2 (Fig. 4a), 2C9B6
(Fig. 4c), or the combination of 1F2C2 and 1F3E3 fragments
(Fig. 4d), survived by day 14. However, all mice of the groups
taking 1 or 5 μg doses of the intact human polyclonal anti-
tetanus immunoglobulin or its Fab and F(ab′)2 fragments,
were fully protected against the toxin (Fig. 4e). The control
group of animals injected with 10MLD of the toxin alone died
within 48 h of the injection time (data not shown).

Discussion

In the present study, neutralizing activities of Fab and (Fab′)2
fragments of three anti-fragment C neutralizing MAbs (Yousefi
et al., 2014a, Yousefi et al., 2014b) against tetanus toxin, either
alone or in combination, were compared with those of their
intact antibodies in an in vivo mouse model. Our results dem-
onstrated that the Fc fragments of the MAbs contributed to the
toxin neutralization and protection of the animals against teta-
nus. Contribution of the Fc fragment in toxin neutralization is
probably mediated through several mechanisms, including
higher availability of the intact molecule compared with its
fragments in the circulation due to its longer half-life, steric
hindrance of the Fc region on the receptor-binding site of the
toxin and Fc-mediated antibody function.

Fab and F(ab′)2 fragments penetrate tissues more efficient-
ly than the intact antibody due to their smaller sizes that may

Fig. 4 Comparative toxin neutralizing activity of intact antibodies and
their Fab and F(ab′)2 fragments in an in vivo assay. BALB/c mice were
intraperitoneally injected with a mixture of the intact antibodies, Fab or
F(ab′)2 fragments and tetanus toxin and daily survival rates of the animals
were recorded until day 14 post-toxin challenge. Figure 3a, 3b, 3c, 3d,

and 3e are representatives of the survival curves obtained for Fab and
F(ab′)2 fragments as well as the intact forms of the MAbs 1F2C2, 1F3E3,
2C9B6, the combination of 1F2C2 and 1F3E3 and human polyclonal
anti-tetanus immunoglobulin, respectively
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render themmore effective in microbial toxin neutralization in
affected tissues (Leon et al., 2001, Covell et al., 1986).
However, they have shorter half-lives, due to lack of Fc re-
gions resulting in their rapid degradation in the body (Nelson,
2010). Accordingly, we found that clearance of the Fab frag-
ment following its IV injection was notably faster than for the
intact antibody, mostly within 0.5 h of the injection time (Fig.
3b). Assuming the average total blood volume of a mouse is 1
ml, the clearance rate of Fab fragment from the blood was
almost 13 times faster than that for the intact antibody. The
blood level of the intact antibody at different time intervals
following its IP injection was also higher than its Fab
fragment.

Comparison of toxin-neutralizing capacities of Fab and
(Fab′)2 fragments of the MAbs to their intact antibodies in
mice showed that while a minimum of 0.5 μg of 1F2C2,
2.5 μg of 2C9B6, and 0.25 μg of each antibody in the com-
bination that consisted of 1F2C2 and 1F3E3 was able to
completely protect the mice against tetanus toxin; none of
the Fab or (Fab′)2 fragments of these MAbs were able to fully
protect the animals, even at the highest dose (10 μg dose).
Given the fact that both Fab and (Fab′)2 fragments have the
same antigen binding activities as those of the intact antibod-
ies, these findings seem to be in sharp contrast to the classical
view implying that the toxin neutralizing activity of the anti-
body is solely dependent on the ability of its variable regions
to bind the toxins and preventing its binding to the receptors
on the target cell. Thus, it is expected that Fab and (Fab′)2
fragments retain the same efficacy in toxin neutralization as
that of the intact antibody (Nelson 2010, Lafaye et al. 1995).

The controversy may be explained by the steric hindrance
of the Fc region on the receptor-binding sites of the toxin,
thereby inhibiting the attachment of the toxin to the target cells
(Lukic et al., 2015, Marxen et al., 1989, Scott et al., 2010).
Lukic et al. found that MAb51 which recognizes an epitope
located on the light chain of the toxin, was able to completely
inhibit the binding of tetanus toxin to GD1b receptors. Given
that ganglioside-binding sites of tetanus toxin are known to be
located on fragment C of the heavy chain, their findings may
be explained through the steric hindrance of Fc region of the
antibody on the ganglioside-binding sites of the toxin (Lukic
et al., 2015, Slade et al., 2006, Blum et al., 2012). The more
efficient toxin neutralizing capacity of the intact antibody than
its Fab and (Fab′)2 fragments may also be explained through
the Fc-mediated antibody function or its longer half-life
(Bournazos et al., 2014, Verma et al., 2009, Akiyoshi et al.,
2010, Abboud et al., 2010). In this regard, Tzipori and his
colleagues showed that Fab and (Fab′)2 fragments of a human
MAb against the A subunit of the shiga toxin which were able
to neutralize the toxin in vitro, failed to protect the mice
against the toxin challenge in vivo. On the other hand, all four
isotypes of this IgG antibody showed protection in vivo, with
the IgG3 and IgG4 isotypes showing the highest levels of

protection (Akiyoshi et al., 2010). Casadevall and his team
demonstrated that the efficacy of toxin neutralizing activities
of IgG2a and IgG2b sub-classes of an anti-anthrax toxin MAb
was higher than the IgG1 sub-class. In addition, passive im-
munotherapy with IgG1 and IgG2a sub-classes of the anti-
body, protected wild-type mice, but not Fc gamma receptor
(FcγR)-deficient mice, against Bacillus anthracis challenge
(Abboud et al. 2010). They also generated anti-anthrax toxin
MAbs with higher binding strength of their Fc domains for the
FcγR and assessed their activities in FcγR-humanized mice.
Their results demonstrated an enhancement in the neutraliza-
tion activities of these MAbs through the preferential engage-
ment of the activating FcγR (Bournazos et al. 2014). It is
likely that the contribution of Fc in anthrax toxin neutraliza-
tion is mediated through increasing the clearance of toxin-
antibody complexes or may be related to the higher half-life
of the whole antibody than its fragments (Bournazos et al.,
2014).

Shorter half-lives of Fab and (Fab′)2 fragments compared
with the intact antibody can significantly influence the dura-
tion of their protection against toxin in the in vivo experi-
ments. In the present study, the MAbs or their fragments were
initially mixed and incubated with 10 MLD of the toxin to
assess their prophylactic effects. Though tetanus toxin is a
large molecule with a molecular weight of 150 KDa and the
resulting complex of toxin-antibody obtained from mixing
Fab and (Fab′)2 fragments with the toxin could not be easily
cleared from the circulation, however, antigen-antibody inter-
action is a non-covalent reversible bond. Thus, lower protec-
tion of Fab and (Fab′)2 fragments compared with the intact
antibody in the animal model may also be influenced by their
shorter half-lives.

The in vitro GT1b-toxin–binding inhibitory effects of our
MAbs have already been reported (Yousefi et al. 2014a and b).
These inhibitory effects, however, were investigated using the
intact MAbs, not the Fab or F(ab')2 fragments. Our results
regarding the in vivo inhibitory effect of the polyclonal Fab
and F(ab')2 fragments, but not the MAbs’ Fab or F(ab′)2 frag-
ments, propose the involvement of both specificity and steric
hindrance by Fc fragments for both forms of the antibodies.
The polyclonal pool constitutes of molecules with different
specificities for the toxin, partly specific for the toxin-recep-
tor–binding epitopes, leading to complete neutralization of the
toxin by Fab and F(ab′)2 fragments even at a low antibody
concentration. However, reduced toxin neutralization by the
MAb fragments as compared with their intact molecules sug-
gests that the MAbs do not bind exactly to the receptor-
binding sites of the toxin, but recognize epitopes nearby these
binding sites leading to steric hindrance of their Fc regions on
the receptor-binding sites of the toxin. Another line of evi-
dence in support of this idea comes from the results of our
previous study in which we found that while two neutralizing
MAbs, 1F2C2 and 2C9B6, were able to bind to the fragment
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C of the toxin, they could not recognize its HCC fragment
which is known as the receptor-binding sub-domain of the
fragment C to neuronal cells (Yousefi et al., 2016), suggesting
that the Fc regions of theseMAbsmay contribute to their toxin
neutralization through steric hindrance on the HCC fragment
binding to its receptor. Thus, it is important to determine the
specificity of the Fab or F(ab′)2 fragments of a single MAb or
a combination of MAbs, particularly when they are intended
for the marketing purpose.

The fact that the Fab and (Fab′)2 fragments of human
polyclonal anti-tetanus immunoglobulin were able to fully
protect the mice against 10 MLD of the toxin similar to
their intact antibody, even at the lowest dose (1 μg), sug-
gests that reduction of the protective activities of the MAb
fragments may not be directly attributed to the Fc-
mediated antibody function. In addition, binding of poly-
clonal immunoglobulin to tetanus toxin through several
epitopes may efficiently and simultaneously neutralize
toxin through various mechanisms, including blocking
receptor-binding sites of the toxin, conformation change
in receptor-binding sites of the toxin as well as stronger
binding of the antibodies to their epitopes resulted from
positive cooperative binding of fragments with different
specificities for the toxin (Lukic et al., 2015).

The affinity of the MAbs towards tetanus toxin determines
the stability of the resulting antigen-antibody complex and
positively correlates with the chance of Fc region to exert
steric hindrance. Lukic and his colleagues have demonstrated
that the affinity of MAbs to tetanus toxin is the first criterion
for a MAb to be assigned as protective in the in vivo models
(Lukic et al., 2015). Results of our previous study showed that
affinity constant of the MAbs varied between 1.98 × 108 and
1.78 × 109 M−1 (Yousefi et al., 2014a). Hence, the eventual
toxin neutralizing activity of a MAb is the result of several
factors including its epitope specificity, Fc-mediated antibody
functions, Fc-mediated steric hindrance on the receptor-
binding sites of the toxin, as well as its affinity towards the
toxin.

It is notable that reduction of the neutralizing capacities of
Fab and (Fab′)2 fragments of the MAbs was not related to the
destruction of their antigen-binding sites during their prepara-
tion by the enzymatic digestion, since immunoreactivity of
Fab and (Fab′)2 fragments of each MAb to the toxoid was
not significantly different from that of the corresponding intact
MAb.

Taken together, our results suggest that the protective anti-
toxin effects of our MAbs are somewhat mediated through
both specific binding to the toxin and the steric hindrance of
Fc region on the receptor-binding site of the toxin and preven-
tion of its attachment to the receptors on neuronal cells in
addition to their longer half-lives in the circulation.
However, further studies are required to explore the exact role
of the Fc domain in toxin neutralization.
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