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Pretface

This module is part of the WHO series The immunological basis for immunization,
which was initially developed in 1993 as a set of eight modules, comprising one module
on general immunology and seven modules each devoted to one of the vaccines
recommended for the Expanded Programme on Immunization — i.e. vaccines against
diphtheria, measles, pertussis, polio, tetanus, tuberculosis and yellow fever. Since then,
this series has been updated and extended to include other vaccines of international
importance. The main purpose of the modules is to provide national immunization
managers and vaccination professionals with an overview of the scientific basis of
vaccination against a range of important infectious diseases. The modules developed
since 1993 continue to be vaccine-specific, reflecting the biological differences in immune
responses to the individual pathogens and the differing strategies employed to create
the best possible level of protection that can be provided by vaccination. The modules
also serve as a record of the immunological basis for the WHO recommendations on
vaccine use, as published in the WHO vaccine position papers.!

U See: bttp://www.who.int/immunization/documents/positionpapers_intro/en/index.html,

accessed 31 July 2018.

Vi


http://www.who.int/immunization/documents/positionpapers_intro/en/index.html

Acknowledgements

The preparation of this publication was coordinated by the Director’s office of the
WHO Department of Immunization, Vaccines, and Biologicals. WHO thanks the
donors whose unspecified financial support has made the production of this document
possible.

This module was updated for WHO by Nicole E. Basta, Assistant Professor,
Division of Epidemiology and Community Health, University of Minnesota,
USA; Ray Borrow, Vaccine Evaluation Unit, Public Health England, Manchester,
United Kingdom and Elizabeth Miller, Immunisation Department, Public Health
England, London, United Kingdom. No conflict of interest was declared.?

WHO thanks those who provided expert and technical reviews for the initial
preparation of the module and the 2018 update: Thomas Cherian, WHO; Kyla Hayford,
Division: Global Disease Epidemiology and Control, Johns Hopkins Bloomberg
School of Public Health; Dianliang Lei, WHO; Elisabeth Raquel Krow-Lucal
U.S. Centers for Disease Control and Prevention; Heather Scobie, U.S. Centers for
Disease Control and Prevention.

According to WHO’s Guidelines for Declaration of Interests (WHO expert), an interest is
considered “personal” if it generates financial or nonfinancial gain to the expert, such as consulting
income or a patent. “Specificity” indicates whether the declared interest is a subject matter of

the meeting or work to be undertaken. An interest has “financial significance” if the honoraria,
consultancy fees or other received funding, including those received by expert’s organization,
from any single vaccine manufacturer or other vaccine-related company exceeds US$ 5000 in a
calendar year. Likewise, a shareholding in any one vaccine manufacturer or other vaccine-related
company in excess of US$ 1000 would also constitute a “significant shareholding”.

vii



viii



1. Tetanus

1.1 Tetanus toxin

Tetanus is caused by the action of a highly potent neurotoxin, tetanospasmin,
which is produced durlng the growth of the anaerobic bacterium Clostridium tetani.
C. tetani is not an invasive organism; infection with C. tetan: remains localized.
Tetanus usually occurs through infection of a skin injury with tetanus spores.
Tetanus spores introduced into an area of injury germinate to tetanus bacilli in the
presence of necrotic tissue with reduced oxygen potential. Neonatal tetanus occurs
through infection of the umbilicus when the cord is cut with an unclean instrument or
when substances contaminated with tetanus spores are applied to the umbilical stump.
Non-neonatal tetanus (i.e. after 28 days of life) may occur through open wounds
resulting from injuries, nosocomial infections (e.g. surgery, circumcision, abortion),
or even tungiasis (i.e. chigger/jigger infestation).

Tetanus toxin is produced by C. retani bacteria as a single polypeptide chain of
150 000 Da and then cleaved into two linked polypeptides —a 100 000 Da heavy chain
and a 50 000 Da light chain. The toxin is extremely potent; the estimated human lethal
dose is less than 2.5 ng per kg. The toxin migrates to its site of action in the central
nervous system by retrograde axonal transport within nerve cells. Once inside neurons,
tetanus toxin cannot be neutralized by tetanus antitoxin. The toxin accumulates in the
central nervous system, where it prevents the release of inhibitory neurotransmitters,
such as glycine and gamma-aminobutyric acid, thereby leaving excitatory nerve impulses
unopposed. This action of tetanus toxin is thought to result in most of the characteristic
disease pathogenesis — i.e. muscle spasm and rigidity.




2. Tetanus toxoid and
the nature of immunity
against tetanus

2.1 Tetanus toxoid vaccine

Tetanus toxin can be inactivated by formaldehyde to make tetanus toxoid (T'T).
TT is available as either a single-antigen vaccine or in combination vaccines to
protect against other vaccine-preventable diseases, including diphtheria, pertussis,
poliomyelitis, hepatitis B and illness caused by Haemophilus influenzae type b
(Hib). The pentavalent vaccine, which provides protection against diphtheria,
tetanus, pertussis, Hib and hepatitis B (DTP-Hib-HepB), is the most commonly
used childhood vaccine worldwide, but other pentavalent (DTaP-IPV/Hib) and
hexavalent (DTaP-IPV/Hib-HepB) combinations are also available. For booster
dosing, a tetanus-diphtheria combination with lower concentration of diphtheria
antigen (d) is available. Use of tetanus-toxoid-containing vaccine (TTCV) combinations
with diphtheria toxoid is strongly encouraged and single antigen vaccines should be
discontinued whenever feasible in order to help maintain high immunity to both
diphtheria and tetanus throughout the life course. TT is adsorbed onto aluminium salts
(aluminium hydroxide or aluminium phosphate) to increase its antigenicity. The potent
immunogenicity of TT has led to its use as a protein carrier in polysaccharide-protein
conjugate vaccines, including Hib, meningococcal (A, C, ACWY and combinations
C-Hib, CY-Hib), pneumococcal (PCV) and typhoid (TCV) conjugate vaccines
(see Section 9 — Combination vaccines and concomitant vaccine use). TT is stable;
it can also withstand exposure to room temperature for months, and to 37°C for
a few weeks without a significant loss of potency (Dietz et al., 1997; Galazka,
Milstien & Zaffran, 1998). Vaccines containing T'T must not be frozen (WHO, 2006).

Work is in progress in a number of areas to improve the delivery and immunogenicity
of TT vaccines. The use of chitosan nanospheres loaded with TT which can be
delivered by a mucosal route is being investigated in animal models (Pirouzmand,
Khameneh & Tafaghodial, 2017; Barhate et al., 2014).
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2.2 Tetanus toxoid-induced immunity

TT induces the formation of specific antibodies called antitoxins. These antibodies
play an important role in protecting against tetanus. Immunity to tetanus is antibody-
mediated, with tetanus antitoxins, like diphtheria antitoxins, belonging to the
immunoglobulin G (IgG) class; they are distributed throughout the bloodstream
and extravascular spaces. Antitoxin in tissues can neutralize the toxin produced in an
infected wound. Antitoxin which passes to the fetus through the placenta following
active immunization of the mother can prevent neonatal tetanus.

Immunity to tetanus toxin is induced only by immunization; recovery from clinical
tetanus does not result in protection against further attacks. A small amount
of tetanus toxin is enough to cause the infection but is insufficient to stimulate
generation of protective antibody levels. Consequently, all patients with clinical
tetanus should be immunized with TTCVs, either at the time of diagnosis or
during convalescence. Some authors have proposed that natural immunity could
occur following asymptomatic colonization of the intestinal tract (Dastur,
Awatramani & Dixit, 1981; Matzkin & Regev, 1985; Tenbroeck & Bauer, 1923;
Veronesi, Correia & Ferreira, 1975; Veronesi et al., 1983). However, studies of
tetanus antibodies among persons who are said to be unvaccinated were unable to
exclude the possibility of prior, unreported vaccination (MacLennan, 1981). Studies
in African schoolchildren (Rey, 1981), Indian military recruits (Menon et al. 1976),
persons taking care of horses (Lahiri, 1939), pregnant women in New Guinea
(MacLennan et al., 1965) and healthy persons in Upper Volta (Breman et al., 1981) have
demonstrated that populations in developing countries with a high level of exposure
to tetanus spores usually lack tetanus neutrahzmg antitoxins. Even if asymptomatic
colonization and infection of the intestine with tetanus organisms occurs in some
low-resource settings, natural immunity is not thought to have any practical importance
in preventing or controlling tetanus.




3. Techniques to measure
antibody response

3.1 Neutralization test in vivo

The detection of anti-tetanus antibodies by an in vivo neutralization assay is considered
to be the “gold standard” methodology because it is a measurement of biologically
active antitoxin in serum. The neutralization assay is sensitive, detecting as little
as 0.001 international units per millilitre (IU/mL) of neutralizing antibody.

The assay is normally performed in mice which are injected with a series of dilutions of
test sera incubated with a lethal dose of tetanus toxin. Results in ITU/mL are generated
by standardization against an international reference serum (Sesardic et al., 1993).
An international standard serum, TE-3 WHO reference serum is available. Despite the
general acceptance of the in vivo neutralization assay as the “gold standard”, variation
in the methodology does occur. The subjective nature of the end-points selected for
the assay (e.g. the disease symptoms or death of mice) can influence outcome and
hence antibody levels. Furthermore, the accuracy of the assay depends on the potency
of the toxin and weight of the mice (Gupta, Maheshwari & Singh, 1985; Peel, 1980).
It is therefore clear that, although considered to be the “gold standard” assay, there is
no internationally standardized protocol available and it is very difficult to compare
results directly from different studies (and antibody levels) performed by different
laboratories. Because of the expensive and labour-intensive nature of the in vivo assay
and the need for large numbers of animals, an internationally standardized protocol
has not been developed.

3.2 Invitro techniques

The interaction between tetanus antibody and tetanus toxin or toxoid may be measured
in vitro by the passive haemagglutination test, the radioimmunoassay, standard or
modified enzyme-linked immunosorbent assays (ELISAs), and bead-based
immunofluorescence assays. With the exception of the radioimmunoassay, these
techniques are simple, sensitive, rapid and inexpensive, but they are generally less specu’ic
than the in vivo neutralization method. Some in vitro technlques are more sensitive
in detecting IgM antibodies than IgG antibodies, particularly in the early period of
the primary response; however, IgM antitoxin has been shown to be non-neutralizing
(Ourth & MacDonald, 1977). Other in vitro tests have been shown to have non-specific
binding (e.g. low affinity interactions) at low antibody ranges that may be incompatible
with certain assay uses. Therefore, the results of in vitro techniques should be interpreted
carefully and verified where possible against the in vivo neutralization method.
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3.2.1 Passive haemagglutination

The passive haemagglutination (HA) test is a simple in vitro assay where TT-sensitized
red blood cells agglutinate in the presence of tetanus antibodies. The reliability
of the HA test is limited by the fact that it preferentially measures IgM (Newell et et
al., 1971; Edsall, 1976) which does not neutralize tetanus toxin (Ourth & MacDonald,
1977). Correlation between the HA test and the neutralization assay has been varied
(Levine & Wyman, 1964; Chatterjee, 1964; Hardegree et al., 1970; Winsnes &
Christiansen, 1979; Gupta, Maheshwari & Singh , 1984; Gupta, Maheshwari & Singh,
1985). A good correlation occurs with sera containing high or moderate titres, but at
low titres there may be an overestimation by the HA test due to the detection of non-
functional antibodies. The HA test is used infrequently now in the determination of
antitoxin levels.

3.2.2 Radioimmunoassay

Radioimmunoassay (RIA) tests have been used to titrate tetanus antibodies. There are
several possible modifications of the RIA test: TT can be coupled with an insoluble
sorbent, such as cellulose or agarose (Stiffler-Rosenberg & Fey, 1975), or adsorbed
passively onto a plastic surface as in the ELISA test. The specific antibodies bind to the
antigen immunosorbent and are quantified by measuring the incorporation of isotope-
labelled human antiglobulin attached to the antigen-antibody complex. The sensitivity
of the RIA test is high and the results correlate well with values obtained by the HA
test (Wang et al. 1982) and the ELISA test (Layton, 1980; Stiffler-Rosenberg & Fey,
1977). However, the reagents and equipment needed for the RIA test are expensive and
the technique can be used only by highly trained personnel.

3.2.3 Commonly used ELISAs

ELISAs are the most commonly used assays for detecting anti-tetanus IgG antibodies.
An indirect ELISA, where antibody present in the test sera binds to TT bound to a
solid-phase (microtitre plate well surface) has been described (Melville-Smith, Seagroatt
& Watkins, 1983; Sedgwick et al., 1983; Simonsen, Bentzon & Heron, 1986) and
extensively used (Wassilak et al., 2004). Good correlation between the indirect ELISA
and the neutralization assay has been demonstrated (Simonsen, Bentzon & Heron,
1986; Gupta & Siber, 1994), although this is generally when antibody concentrations
are above 0.16-0.2 TU/mL (Simonsen, Bentzon & Heron, 1986). The indirect ELISA
overestimates antibody levels below this range when compared to the neutralization
assay (Melville-Smith, Seagroatt & Watkins, 1983; Sedgwick et al., 1983; Cox et al,,
1983; Hagenaars, Van Delft & Nagel, 1984; Simonsen, Bentzon & Heron, 1986;
Virella & Hyman 1991; Dokmetjian et al., 2000). Data from Simonsen, Bentzon & Heron
(1986) imply that the lowest ELISA value reliably predictive of clinical protection was
0.16 IU/mL (Figure 1). This has important consequences in the definition of a protective
antibody level (see Section 4).

The overestimation of tetanus antitoxin levels and lack of specificity of the ELISA could
be attributed to several factors, such as non-specific binding of antibody to contaminants
in the antigen preparation, or recognition of non-biologically important epitopes which
may be an artifact created in the antigen preparation (Simonsen, Bentzon & Heron,
1986; 1987b). Detection of antitoxin of a lower affinity which is insufficient for toxin
neutralization in vivo may also contribute to the overestimation of antibody levels.
A further explanation may be the detection of asymmetric, functionally monovalent,
IgG antibodies that have limited toxin neutralizing activity (Dokmetjian et al., 2000).




3.2.4 Modified ELISA

A number of commercial options exist for tetanus-indirect ELISAs. The commercial
ELISA tests have the same limitations as the in-house ELISA tests described above
and the same associated implications in the interpretation of results (see Section 4).
Two studies, one of five and the other of three commercially available kits, concluded
that there were differences in sensitivity and accuracy in these tests that translate
into important disparities in final results (van Hoeven et al., 2008; Perry et al., 2009).
Further independent validation and comparison of commercial kits is needed to ensure
comparability across studies.

A competition ELISA was developed with the aim of improving the detection of
biologically relevant antibodies and improving the correlation with the neutralization
assay (Simonsen, Schou & Heron, 1987b). The competition ELISA involves mixing
test sera with TT and allowing the mixture to react with bound toxoid on ELISA
plates. The quantity of antibody capable of binding to both free and bound toxoid is
then determined and compared to that of a standard. The modified assay improved the
correlation to the neutralizing assay (correlation coefficient of 0.98), but it was unclear
if this was because the format enabled the detection of antibodies with a higher avidity
and thus functionality, or whether it corrects for the presence of non-specific antibodies
(Simonsen, Schou & Heron, 1987b). The competition ELISA compares favorably to
the in vivo neutralization assay to assess antibody levels <0.01 TU/ml (Simonsen,
Schou & Heron, 1987b). A competition ELISA was used in a national serosurvey
among recently pregnant women in Burundi (WHO, 1996a), but additional complexities
associated with this test compared to ELISA may make it less feasible to establish in
resource-limited settings (Deming et al., 2002).
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Figure 1: Tetanus antitoxin levels measured in 727 sera
by ELISA and by an in vivo assay
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Source: Galazka, 1993 (Original data from Simonsen, Bentzon & Heron, 1986).

A toxin binding inhibition (ToBI) assay has been reported and demonstrated to
show good correlation with the neutralization assay (correlation coefficient = 0.95)
(Hendriksen et al., 1988). The assay determines the level of inhibition of binding
of TT to a polyclonal antitoxin by tetanus antibodies in the test sera. The ToBI assay
has been subsequently demonstrated to be able to measure tetanus antibody levels
below 0.01 IU/ml, making the test attractive for assessing tetanus immunity
(van Gageldonk et al., 2008). ToBI has been used in national serosurveys in the
Netherlands and Sweden (Bottiger et al., 1998; de Melker et al., 2000), and other reports
have demonstrated the feasibility of establishing the assay in Viet Nam and Brazil
(Hong et al., 1996; Sonobe et al., 2007).




A double antigen assay format has been developed which does not require any
additional specialized equipment compared to the traditional ELISA (Aggerbeck,
Norgaard-Pedersen & Heron, 1996; Kristiansen, Aggerbeck & Heron, 1997).
Anti-tetanus antibodies in test sera are detected if bound to the solid-phase TT and
a labeled TT in solution. It is hypothesized that the assay correlates better with
neutralization assays due to the requirement that antibody must bind to two separate
toxoid molecules, which may mimic the requirements for in vivo neutralization of toxin.
The double antigen assay has been used in a serological survey of tetanus antibodies
in persons of various ages in Australia and Turkey (Gidding et al., 2005; Caglar,
Karakus & Aybay, 2005) and in assessment of the serological protection of recently
pregnant women in the Central African Republic and women of reproductive age
in Cambodia, demonstrating its potential for analysis of a large number of samples
(Deming et al., 2002; Scobie et al., 2016).

3.2.5 Bead-based immunofluorescence assays

More recently, bead-based immunofluorescence assays have been developed which
detect IgG antibodies bound to TT-conjugated microspheres (Pickering et al., 2002).
These tests have been demonstrated to show good correlation to ToBI (correlation
coefficient = 0.96) and double antigen ELISA (correlation coefficient = 0.91;
99% sensitivity and 92% specificity), and to have a wider dynamic range than
ToBI and ELISA, reaching well below 0.01 IU/ml (Van Gageldonk et al., 2008;
Scobie et al., 2016). Bead-based immunofluorescence assays are also attractive
because of their ability to be multiplexed in order to measure antibodies to multiple
antigens (e.g. viral, parasitic, bacterial) simultaneously from the same small volume
of serum (1-5 pl, or <1/10 of the volume required for ELISA). For these reasons,
the tests are increasingly used in serosurveys, as in Cambodia, Kenya, Mali,
Mozambique, Netherlands, the United Republic of Tanzania and the United
Kingdom (Steens et al., 2010; Wagner et al., 2012; Basta et al., 2015; Scobie et al., 2016;
Scobie et al., 2017). Bead-based immunofluorescence assays for detecting tetanus
IgG are not available as a commercial kit, so advanced laboratory technical assistance
is needed to establish and standardize the assay. However, performing bead-based
assays is similar to performing ELISAs, and capacity has been established in low-
resource country settings (e.g. Kenya). These assays are proving of use in serosurveys
(Scobie et al., 2017).

3.2.6 Point-of-care tests

Diagnosis of tetanus immunization status by medical interview of patients is poor
and therefore a number of rapid immunoassays have been developed. The most
advanced of these is the Tetanus Quick Stick (TQS) (alternatively marketed as in the
United Kingdom as ProTetanus and in the Republic of Korea as SD BIOLINE tetanus).
This is a rapid immunochromatographic test for use in serum, plasma or whole blood.
There is limited information on the clinical benefits of TQS and the published studies
had relatively small numbers of subjects — i.e. 97 (Paulke-Korinek et al., 2008),
200 (Hatamabadi et al., 2011), 299 (Stubbe et al., 2007), 988 (Colombet et al., 2005) and
1018 (Elkharrat et al., 2010). Four of these were performed on patients from emergency
departments and have reported moderate sensitivity and specificity when compared
to the commonly-used ELISA. The sensitivities and specificities of these studies are
shown in Table 1.

8 The Immunological basis for immunization series - Module 3: Tetanus



Table 1: Sensitivities and specificities of TQS studies

Study TQS setting Threshold Sensitivity | Specificity

Stubbe et al., 2007 Total blood tested in emergency 0.15 IU/mL 85% 87%
department

Stubbe et al., 2007 Total blood tested in emergency 0.1 IU/mL 94% 97%
department

Colombet et al., 2005 Total blood tested in emergency 0.2 lU/mL 69% 98%
department

Colombet et al., 2005 Total blood tested in laboratory 0.2 lU/mL 84% 99%

Colombet et al., 2005 Serum tested in laboratory 0.1 IU/mL 86% 99%

Paulke-Korinek et al., Serum tested in travel clinic 0.1 IU/mL 55% 100%

2008

Hatamabadi et al., 2011 Serum tested in emergency department | 0.1 IU/mL 86% 98%

Elkharrat et al., 2010 Total blood or serum tested in 0.2 lU/mL (blood), 83% 97%
emergency department 0.1 IU/mL (serum)

A study in the Netherlands compared the indication of whether tetanus post-exposure
prophylaxis should be given according to the Dutch national guidance with TQS results
using sera from three different emergency departments (van der Mass et al., 2016).
The authors concluded that the use of TQS together with better adherence to the national
guidance could prevent over-administration of T'T doses and decrease the risk of being
infected with tetanus as a result of more appropriate administration of anti-tetanus
immunoglobulin. In France, medical interviews showed that TQS was cost-effective
in patients with tetanus-prone wounds or aged 65 years or over but not cost-effective
in patients with non-tetanus-prone wounds (N’Diaye et al., 2014).

In Nigeria, TQS was compared to ELISA in sera from 304 hospitalized children
(Orimadegun, Orimadegun & Adepoju, 2013), showing that TQS sensitivity
and specificity were 96% and 98% with a positive predictive value of 98% and
negative predictive value of 96%. In Cambodia, both TQS and a second rapid test,
Tetanotop, were both compared to ELISA using a threshold of 0.1 TU/mL and
also to mouse serum neutralization tests using a threshold of 0.01 TU/mL
(Schlumberger etal., 2015). Compared to the mouse neutralization tests, the sensitivity
was good (100% for TQS and 91% for Tetanotop) but the specificity was extremely
low (1% for TQS and 13% for Tetanotop).

A novel dipstick device has now been developed utilizing recombinant fragment C of
the TT as antigen (Ramakrishnan et al., 2017). This device demonstrated specificity
of 90% and sensitivity of 90% for whole blood and 94% for plasma at field sites in
Bangladesh and Gambia when compared to a commercial ELISA using a threshold of
> 0.1 IU/mL.

Given the above variation in sensitivity and specificity, point-of-care antitoxin testing is
currently not recommended for use in diagnosis of suspected tetanus or in serosurveys.




3.3 Standardization

Standardization of assays between laboratories and the production of an internationally
recognized methodology would provide a basis for comparison of data between
studies, as in other efforts for diphtheria, measles and rubella. Hendriksen & Winsnes
(2002) reported on an inter-laboratory comparison of ELISA and ToBI assays which
demonstrated that differences were generally less than two-fold. However, comparisons
of commercial ELISA tests reported large differences in sensitivity and accuracy in
these tests (van Hoeven et al., 2008; Perry et al., 2009). Interpretation of historical
data remains critical and requires caution because the type of assay used to generate
the data should always be taken into consideration (see Table 1). When reporting
results of tetanus IgG assays, the test method and cutoff used should be stated, as
should the correlation with a neutralization assay or other validation process, if known.
Use of the international standard serum TE-3 WHO reference serum is encouraged.
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4. “Protective level”
of tetanus antibodies

For most infections, laboratory markers of immunity which reliably predict protection
from clinical disease in field studies are used as predictors of vaccine efficacy. For clarity,
the marker must consistently predict protection at an individual level and must mediate
the protection observed. It has been suggested that a surrogate is the measurement of
a functionally protective laboratory marker, and a correlate is the measurement of a
marker, usually by a nonfunctional assay, which correlates strongly with the surrogate
of protection (Borrow & Miller, 2006). Hence, the measurement of toxin-neutralizing
activity in serum would be regarded as a surrogate of protection, and detection of
antitoxin (toxoid) specific IgG would be considered a correlate to the surrogate of
protection. Surrogates of protection can be obtained from studies of natural immunity,
Phase III efficacy trials, or passive immunization. For tetanus, natural immunity is
not thought to occur, and large-scale efficacy studies have rarely been performed with
concomitant measurement of antibody. These data on protective levels have therefore
been subject to much debate.

It has often been accepted that the minimum level of antibody required for protection
is 0.01 IU/mL measured by an in vivo neutralization assay. Sneath, Kerslake & Sruby
(1937) are credited with first hypothesizing that this level would be sufficient to
prevent disease in humans. They showed that active immunization of guinea pigs
induced a level of 0.01 IU/mL which prevented death. They extrapolated from these
results to suggest that a similar level would be protective in humans. It is interesting
that Sneath, Kerslake & Sruby (1937) noted that 13% of guinea pigs developed clinical
tetanus despite antibody levels as high as 0.1 to 0.5 ITU/mL. Reliable data from human
studies are limited. Wolters & Dehmel (1942) immunized themselves, determined
their antitoxin levels to be 0.007 to 0.01 U/mL and then challenged themselves with
“2-3 fatal” doses of C. tetani spores without experiencing any clinical symptoms. As it
is unclear as to the level of toxin required to cause disease, interpretation of these data
should be cautious. Supporting evidence for 0.01 IU/mL as the protective threshold is
limited. Looney et al. (1956) summarized the attempts made to determine a protective
level of antitoxin by reviewing various studies on active immunization experiments in
guinea pigs and horses (Ramon, 1936; Sneath, Kerslake & Sruby, 1937; Cowles, 1937;
Wolters & Dehmel, 1938; Shumacker & Lamont, 1942; Zuger, Greenwald & Gerber,
1942), and passive immunization data (Sneath & Kerslake, 1935; Gold, 1937; Sachs,
1952), and concluded that “no final answer is at hand”. The experience of the British
army during the first World War, where levels of approximately 0.03-0.06 U/mL were
achieved by administration of antitoxin and few cases of tetanus occurred in soldiers,
has been interpreted as suggesting that those levels were protective (Turner, Stafford
& Goldman, 1954). Tasman & Huygen (1962) suggested again that 0.01 U/mL was
appropriate for protection, following a review of the literature, and applied this criterion
to their study of active immunization of patients treated with anti-tetanus serum.
Further support for a protective level is given by the study of MacLennan et al. (1965)
who reported that a maternal antitoxin level at delivery of 0.01 U/mL, determined by
a neutralization assay, is protective.




Based on the proposed mechanism of protection of the antitoxin, the level required to
prevent clinical symptoms probably relates to the severity of the infection and the level
of toxin produced in the body. The difficulty in assigning a definitive level of antibody
for protection is illustrated by the number of cases of tetanus that have occurred in
persons with antibody levels greater than or equal to 0.01 IU/mL by neutralization
assay, or 0.16 IU/mL by ELISA (Table 2). One limitation of the interpretation is that
some tetanus cases had levels <0.2 ITU/mL by ELISA, for which confirmatory testing
by neutralization assay has been suggested (Simonsen, Bentzon & Heron, 1986).

Table 2: Cases of tetanus despite protective levels of antitoxin

Reference Year Observations Assay
Goulon et al. 1972 | 9 tetanus patients had levels 0.01-0.1 IU/mL; 1 had level Neutralization assay
between 0.1 and 1.0 IU/mL (54 patients had levels <0.01) | (NA)
Passen & Andersen 1986 | Patient had level of 0.16 IU/mL at onset? ELISA
Maselle et al. 1991 | 7 patients had levels of 0.04-0.13 |U/mL"? ELISA
Crone & Reder 1992 | 3 patients had levels of 0.15-25 [U/mL (One had <0.01 U/ | ELISA
mL by NA)?
de Moraes-Pinto et al. 1995 | 9 neonates had levels >0.01 IU/mL NA
(ELISA ranges: neonates 0.07-2.83; mothers 0.28-4.81)
Pryor, Onarecker & 1997 | Patient had level of 1.0 IU/mL NA
Coniglione
Abrahamian et al. 2000 | Patient had level of 0.16 IU/mL? ELISA
Beltran et al. 2007 | Patient had level of 0.22 U/mL Not quoted?
Livorsi, Eaton & Glass 2010 | Patient had level of 2.78 IU/mL Bead-based
immunofluorescence
Ergondil, Sozen & Tekeli | 2016 | Patient had level of 1.3 [U/mL Not quoted?
22-year-old, received TT vaccination at 14, 16 and 18
months, 2, 5 and 16 years

! Authors defined the level as protective by ELISA; higher cutoffs (>0.16 IU/ml) for ELISA are
suggested to reduce false positives.

Authors defined the level as protective by ELISA; confirmatory testing by NA is suggested for
levels <0.2 ITU/mL (Simonsen, Bentzon & Heron, 1986).

When reporting results of tetanus IgG assays, the test method and cutoff used should be stated to
ensure comparability.

Other approaches to defining a correlate of protection include taking a population-
based approach, in which a comparison is made between antibody levels in a protected
group (immunized), versus a susceptible (non- or partially-immunized) group.
An antibody level that is exceeded by the majority of the protected individuals and not
by the majority of the susceptible population should be validated against the relative
risk of disease at the defined antibody level. This has been illustrated for pertussis and
respiratory syncytial virus (RSV) (Siber, 1997), meningococci (Borrow & Miller, 2006)
and pneumococci (Jodar et al., 2003). To date, such studies have not been performed
for tetanus; the relatively rare occurrence of tetanus, combined with the lack of a
fully standardized and readily used assay that correlates with toxin neutralization,
would make these studies difficult.
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In summary, the minimum amount of circulating antitoxin that in most cases ensures
immunity to tetanus is assay-specific. Within in vivo neutralization tests, modified
ELISAs or bead-based immunofluorescence assays, concentrations at or exceeding
0.01 IU/mL are usually considered protective against disease, whereas antitoxin
concentrations of at least 0.1-0.2 IU/mL are defined as positive when ELISA techniques
are used for the assessment. Cases of tetanus have been documented, however, in persons
with antitoxin concentrations above these thresholds. Hence, a “protective antibody
concentration” may not be considered a guarantee of immunity under all circumstances.
The aim should be to sustain high antibody concentrations throughout life.
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5. Development of immunity
tollowing vaccination

5.1 Immune response to vaccination

As described in the 2017 WHO Position Paper (WHO, 2017a), the primary goals
of immunization with tetanus-toxoid-containing vaccines are “(1) to achieve global
maternal and neonatal tetanus elimination (MNTE) and (2) to ensure lifelong protection
against tetanus in all people by attaining and sustaining high coverage of 6 doses
(3 primary plus 3 booster doses) of tetanus-toxoid-containing vaccines (TTCVs) through
routine childhood immunization schedules.” Both aims require consideration of the
timing of the development of immunity following primary and booster vaccination to
ensure that sufficiently high levels of immunity persist.

The robustness of the immune response and the duration of immunity following TTCV
administration depends on many factors, including the age at both primary and booster
vaccination and the timing of vaccination doses relative to one another.

Evidence for the immune response to TTCVs among infants and children has led to
the current immunization schedule recommendations outlined in the WHO Position
Paper and recommendations (WHO, 2017a; WHO, 2018) and summarized in
Section 5.2. Current recommendations are for three primary doses of TTCV in infancy
followed by three booster doses during childhood. Evidence of robust immune
responses in infants following three doses has been shown in numerous studies.
For instance, studies of the pentavalent vaccines DTaP5-IPV-Hib (Pediacel) and
DTaP3-IPV/Hib (Infanrix) administered at 2, 3 and 4 months of age provide
evidence of ELISA geometric mean antibody concentrations (GMCs) above the
minimum putatively protective level of 0.01 IU/mL at 28-42 days following
administration (Grimprel et al., 2011). The more recently developed hexavalent
vaccines (DTaP,-IPV-HB-Hib) have been shown to induce relatively higher GMCs
of 2.44 TU/mL (95% CI: 2.31, 2.59) based on ELISAs one month after the third dose
when administered on a hexa-penta-hexa mixed schedule at 2, 4 and 6 months of age
(Martinén-Torres et al., 2017). Factors influencing immune responses — apart from the
number, timing and formulation of doses — are discussed in sections 5.4 and 7.

To illustrate the kinetics of immunity among children >1 year, adolescents and adults
following primary and booster vaccination with TTCV, Figure 2 provides a schematic
diagram of the typical response. A single dose of TT in the absence of priming
induces little, if any, protection. Two to four weeks after the second dose, the mean
level of tetanus antitoxin typically exceeds the minimum putatively protective level of
0.01 IU/mL. One year after the second dose, the mean antibody levels are expected
to decline and may fall to the protective threshold level. After each subsequent dose
of vaccine, immunity is boosted, then persists above the protective threshold for a
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time, and then wanes over time. Putatively protective levels of immunity are induced
by a primary series of three TTCV doses and immunity typically persists for at least
5 years. After the third dose, each additional booster dose given after at least a one-year
interval increases tetanus antitoxin levels and further prolongs the duration of immunity.
Immunity may persist for approximately 10 years after the fourth dose of TTCV and
for at least 20 years after the fifth dose.

Eliminating maternal and neonatal tetanus requires high vaccination coverage
with an adequate number of doses of TTCVs among women of reproductive age
including pregnant women (WHO, 2018). Infants born to women with suboptimal
levels of antitoxin may be at risk of tetanus. Evidence indicates that vaccination
of pregnant women is highly effective in reducing the risk of neonatal tetanus
(Demicheli, Barale & Rivetti, 2015). Section 5.2 describes the recommended vaccination
schedule for women of reproductive age and pregnant women; Section 6 provides
further discussion of maternal antibodies and transfer of passive immunity to neonates.

Figure 2: Schematic diagram of the antibody response to tetanus toxoid (TT)
among children >1 year, adolescents and adults
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Figure reproduced from: Plotkin S, Orenstein W, Offit P, Edwards KM. Plotkin’s vaccines,
seventh edition. New York (NY): Elsevier; 2017: Chapter 58, Tetanus toxoid, p. 1071,
reproduced by permission.

“Five properly spaced doses [given to children >1 year, adolescents and adults provides] protection
lasting at least 20 years and probably substantially longer for most recipients. (Threshold of protection
of 0.01 IU/mL applies to values measured by in vivo neutralization, modified ELISA [or bead-based
immunofluorescence]; for standard ELISA, protection is [usually defined between 0.10-20 IU/mL,
based on the assay]).” (Modified source: Borrow R, Balmer P, Roper MH. The immunological basis for
immunization. Module 3: Tetanus (update 2006). Geneva: World Health Organization; 2007.)
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5.2 Duration of immunity following various immunization schedules

An understanding of the duration of immunity induced by primary and booster
immunization has important implications for the recommended number and timing
of doses needed to sustain lifelong immunity.

Serological data from the United Kingdom and the United States of America (USA)
illustrate antibody profiles after two different vaccination schedules. Figure 3 presents
a schematic diagram of the typical response using the example of the recommended
DTaP and Td vaccinations in the United Kingdom and the DTaP and TdaP vaccinations
in the USA. It should be noted that both countries currently recommend combination
vaccines rather than DTaP alone. Consult the most up-to-date regulatory authority
to find out more about the specific vaccination formulations recommended in a given
country.

In the United Kingdom, DTaP is recommended at 2, 3 and 4 months of age,
followed by a school-entry DTaP booster at 3 years 4 months and dT at 14 years of
age (PHE, 2013). Although antibody levels decline after the primary series in infancy,
there is an excellent response to the booster dose at the age of school entry and antibody
levels persist at least until 14 years of age, when provision of another booster dose
results in a rapid and robust increase in antibodies.

In the USA, DTaP is recommended at 2, 4 and 6 months, followed by DTaP boosters
at 15-18 months and 4-6 years, and TdaP at 11-12 years of age (CDC, 2018a).
Evidence suggests that, following the initial peak in antibody levels after the first three
primary doses, booster vaccination at 15-18 months of age induces another antibody
peak. Children receiving a booster dose in the second year of life have been shown
to have higher antibody levels in the years leading up to school entry than those
who do not receive this dose (WHO, 2017a). However, by the age of school entry,
antibody levels wane again. The response to the second and third booster doses in
childhood and early adolescence results in a rapid and robust increase in antibodies.
Previous studies have suggested that, during the teenage years, the antibody profiles
among the United Kingdom and United States teens are similar. While providing a
DTaP booster during the second year of life in the USA may induce higher tetanus
antibodies during the toddler and preschool years than schedules without a booster,
the 2006 introduction of MCC/Hib-TT in the United Kingdom, recommended at
12 months of age, closed the immunity gap during those ages (Wagner et al., 2012);
both schedules induce robust immune responses among school children and lay the
foundation for long-lasting protection during adolescence and adulthood.
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Figure 3: Schematic diagram of the typical, relative responses following two
different infant and childhood vaccination schedules - DTaP and dT vaccinations
in the United Kingdom and DTaP and TdaP vaccinations in the USA.
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which, evidence suggests, closed the immunity gap for preschool-aged children.

For countries implementing the Expanded Programme on Immunization (EPI) schedule,
WHO recommends an accelerated schedule of three infant doses beginning as early as 6 weeks
of age, with at least 4 weeks between doses and completion of all doses by 6 months of age
if possible (WHO, 2018). Three additional booster doses of TTCV are recommended at ages
12-23 months, 4-7 years and 9-15 years (with at least 4 years between doses) (WHO, 2017a).
Data available on the duration of immunity following immunization in the EPI schedule
often have limitations such as the design of the study (cross-sectional), the type of assay
performed, the appropriateness of the data analyses, and whether ages at vaccination or duration
since last vaccination have been documented. Consequently, it can be difficult to
interpret data on duration of antibody levels following immunization under the EPI schedule.
Evidence from some resource-limited countries suggests that immunization gaps result in
inadequate protection among school children aged 5-14 years and adult males who have not
been the focus of vaccination efforts which have prioritized protection of young children and
women of reproductive age (WHO, 2017a; Scobie et al., 2017).
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Ensuring sufficiently high immunity among women of reproductive age, especially pregnant
women, is critical to achieving and sustaining MNTE. The WHO-recommended vaccination
schedule for a pregnant woman varies according to her vaccination history. Pregnant women
who received a complete six-dose series of TTCV begun during infancy, or a five-dose series
if begun at or following 1 year of age and completed by reproductive age, will have sufficient
antibody levels to protect themselves and their newborns. In countries where MNT remains a
problem, pregnant women without a documented tetanus vaccination history should receive
at least two TTCV doses — one as soon as possible during pregnancy, and again 4 weeks
after the initial dose and at least 2 weeks before the due date. A third dose given at least
6 months later ensures 5 years of protection, and a fourth and a fifth dose should be given with
intervals of at least 1 year between doses in order to ensure long-term protection (>20 years).
Pregnant women who received a documented three doses of DTP during childhood are
recommended to receive three additional doses — two doses during pregnancy and a third dose
1 year later (WHO 2017). Pregnant women who received four DTP doses as children should
receive one dose during the first pregnancy and a second dose 1 year later (WHO, 2017a).
Supplementary immunization activities targeting women of reproductive age in high-risk areas
are completed where necessary to provide three TTCV doses, irrespective of previous vaccination
status, delivered in three rounds, with an interval of at least 4 weeks between the first and second
doses, and at least 6 months between the second and third doses (WHO, 2017a).

Figure 4: Duration of protection in Danish subjects
following three doses of TTCVs and no revaccination
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Data from studies conducted in Denmark (Simonsen et al., 1987a) at a time when
TTCVs were administered at 5, 6 and 15 months (much later than the schedule
currently recommended by WHO) using vaccines that contained a higher concentration
of antigens than currently-recommended vaccines (see Figure 4, including
footnotes) demonstrate the longevity of the immune response and the persistence of
immune memory as evidenced by the response to revaccination many years later.
Analysis of the antibody levels of 439 participants who received three doses of
TT at these later ages without being revaccinated suggested that antibody levels
persisted above 0.1 IU/mL (by ELISA) up to 25 years after the last immunization
(Figure 4) (Simonsen et al., 1987a). The authors concluded that this schedule of
primary immunization in infancy gives approximately 5 years of protection and that
revaccination within 5 years of the last dose induces immunity for up to approximately
20 years. Data from a cross-sectional study in the Netherlands (de Melker et al., 2000),
where six doses of TT are given in childhood and the final dose is provided at 9 years of
age, also demonstrated that at approximately 20 years after the last dose the geometric
mean antibody level was 0.44 IU/mL by the ToBI assay.

Historically, boosters were recommended every 10 years in the USA because of concerns
about shorter-lived immunity with fluid TT rather than adsorbed, and because of
concerns regarding variation in the potency of either preparation (Levine et al., 1966).
Booster responses may vary and a pronounced dlspersmn of antibody levels can be
expected with time following a primary series of immunizations (as seen in Figure 4);
hence, regular boosters were used to maximize protection for a high proportion of
the population. Many countries, including the USA, still recommend that boosters
be routinely administered every 10 years during adulthood (CDC, 2018b), whereas
some countries, such as the United Kingdom, do not recommend any further doses
following the five doses received as a child and adolescent except, if appropriate,
in wound management or for travel to certain settings if the most recent TTCV was
received more than 10 years previously (NHS Choices).

Uncertainty remains regarding the need for routine booster doses every 10 years due
to lack of appropriate evidence on which to base policy. Several studies have provided
evidence that immunity persists beyond 10 years (a duration of 20-30 years has been
suggested), though it is important to consider the timing and age of vaccination in
those studies (de Melker et al., 2000; Simonsen et al., 1987a; Hammarlund et al., 2016;
Embree et al., 2015). Although the half-life of tetanus immunity has been estimated to
be approximately 11 years (Amanna, Carlson & Slifka, 2007), other evidence suggests
that antibody levels decline significantly over a 10-year period following the peak at
1 month post-vaccination (Tomovici et al., 2012). Further research is needed to
determine whether there are clinical implications following such a decline. In the
absence of recommendations for adult TTCV boosters or when recommendations are
made but uptake is suboptimal, a proportion of older adults, which will vary by setting,
may experience significant waning of immunity resulting in antibody levels
below putatively protective thresholds (Theeten et al., 2011; Launay et al., 2009;
Wagner et al., 2012; Maple et al., 2001). In some cases, a higher proportion of cases
among older persons has been reported, as in the countries of the European Union
(ECDC, 2015). The need for and timing of routine booster doses in adulthood in a given
setting is likely to depend on the risk of disease, the recommended infant, childhood
and adolescent vaccination schedule that applies to each age cohort, and the vaccination
coverage and series completion rates during the relevant time period.
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The magnitude of the response to a booster dose of TT can depend on the time since
last vaccination and circulating antibody levels. It has been Wldely reported that the
higher the pre- booster antibody level, the lower the relative increase in antitoxin
response to immunization (Danilova et al., 2005; Levine et al., 1966). The clinical
relevance of this observation is that boosting an individual with high antitoxin levels
does not appear to provide additional short-term or long-term protection. Therefore,
immunization schedules should be appropriately spaced to provide the optlmal tlmmg
for booster vaccinations. If the schedule of prlmary or booster immunizations is
interrupted, there is no requirement to re-start the primary series as it is likely that the
response to the next dose in the series will sufficiently boost the levels of antitoxin.
Currently, evidence is lacking to evaluate the kinetics and duration of the immune
response to a booster dose administered more than 10 years after the 6-10-14 weeks
infant schedule. Further research is needed in this area to better inform policy
(Bracebridge, Crowcroft & White, 2004; WHO, 2016c¢).

The kinetics of the response to a tetanus booster are important for many reasons,
including for recommendations for managing patients with tetanus-prone wounds.
For the management of patients with tetanus-prone wounds, it is important to note
that the median period of incubation to onset of tetanus has been reported as 7 days
(range 0-112 days) (Pascual et al., 2003). A measurable increase in antibody titre
following a booster dose has been detected after 4 days (Turner, Stafford & Goldman,
1954; Simonsen et al., 1987¢), but in general it takes 67 days to reach substantial
antitoxin levels (Looney et al., 1956; McCarroll, Abrahams & Scudder, 1962;
Turner, Stafford & Goldman, 1954). It is thought that maximum levels are reached by
2 weeks post-booster (Volk et al., 1962; Evans, 1943) with one study demonstrating
peak antibody levels at 11 days (Simonsen et al., 1987¢). Hence, it is possible that
administration of a tetanus booster as part of wound management will not contribute
to the prevention of incubating tetanus if antitoxin levels are low, but it will provide
long-term protection against future C. tetani exposure.

In summary, a primary series of 3 TTCV doses in infancy plus a booster during
the second year of life will provide 3-5 years of protection. A further booster dose
(e.g. in early childhood) will provide protection into adolescence, and another booster
during adolescence will induce immunity that lasts through much of adulthood,
thus protecting women through their childbearing years. Booster responses after
6 TTCVs can be elicited after intervals of 20-30 years.

5.3 Serological surveillance of tetanus toxoid immunity

Because recovery from tetanus does not confer natural immunity, detectable anti-tetanus
antibody levels can be attributed to: 1) active immunity conferred by past vaccination,
2) passive immunity obtained through transfer of maternal antibodies (short-lived),
or 3) passive immunity obtained through receipt of tetanus immunoglobulin (Ig).
As a result, serological surveys of anti-tetanus antibody levels can provide insight
into population-level patterns of immunity and can demonstrate the impact that
various vaccination schedules have had on age-specific immune responses. However,
serological surveys are limited in that they cannot distinguish between the number of
doses of TTCVs received, the time since vaccination and many other factors related
to the kinetics of immunity, although they can identify gaps in immunity in specific
groups. Multiple serosurveys have been undertaken in various settings, at different time
points, among various age groups and among persons following various vaccination

20 The Immunological basis for immunization series - Module 3: Tetanus



schedules, making it very difficult to compare results drawn from such diverse
settings. A complete summary of the literature is beyond the scope of this publication,
but further evidence can be reviewed in detail as part of a recent SAGE Working Group
report (WHO, 2016b).

Most tetanus serosurvey data come from high-income countries with established
immunization programmes, many of which have achieved high coverage during
infancy, childhood and adolescence, with variable booster coverage in adulthood
(offered alongside wound care or as part of routine prevention). Trends in antibody
levels based on serosurveys in these settings suggest that, typically, higher antibody
levels are observed in younger age groups, with lower antibody levels seen among
older age groups (Symeonidis et al., 2003; Redwan & Al-Awady, 2002; Ergonul et al.,
2001; De Melker et al., 2000; Stark et al., 1999; Yuan et al., 1997; Stroffolini et al., 1997).
Evidence from several studies suggest higher susceptibility among older adult females
than among males (Symeonidis N et al., 2003; de Melker et al., 2000; ECDC, 2015;
Steens et al., 2010; Gidding et al., 2005; McQuillan et al., 2002).

A number of tetanus serosurveys from low-income countries have provided important
evidence on the impact of vaccination programmes. For instance, a cross-sectional
study from Kenya illustrated the distribution of tetanus immunity in a population
where the EPI schedule had been implemented since 1983, with an initial catch-up
campaign to immunize young children and pregnant women. Antibody levels were
higher for children aged 1-7 years who would have been immunized under the EPI
schedule or catch-up campaign, but lower in older children and adolescents (8—17 years).
Higher antibody levels were observed in women of reproductive age due to immunization
efforts (Kurtzhals et al., 1997). More recent evidence from Kenya, Mozambique and
the United Republic of Tanzania revealed higher seroprevalence among 5-14-year-
olds compared to 1-4-year-olds only in Mozambique where two booster doses were
recommended during the school years; in Kenya and Tanzania such booster doses were
not offered (Scobie et al., 2017). Another recent study was conducted among persons
aged 1-29 years in Bamako, Mali, where TTCV is provided at 6, 10 and 14 weeks of age
and T'T vaccination is prov1ded during pregnancy, but no TTCV booster doses are given
to either sex as part of routine immunization. In this study, the proportion susceptible
to tetanus (antibody levels below 0.1 IU/ mL) was highest among 11-17-year-old males
and females and 18-29-year-old males, with lowest susceptibility among 18—-29-year-old
females (Figure 5) (Basta et al., 2015). These trends were observed in 2010 prior to the
introduction of the PsA-TT (MenAfriVac) mass vaccination campaign which targeted
all persons aged 1-29 years. Two years after the mass vaccination campaign, evidence
suggested that TT antibody levels had been boosted among all age groups eligible for
PsA-TT vaccine (Figure 5) (Basta et al., 2015).

These data highlight that serosurveys require knowledge of the changes in immunization
programmes over time and changes in the coverage for each birth cohort to allow for
appropriate interpretation. In addition, cross-sectional serosurveys capture a snapshot
of immunity which needs to be updated as efforts to improve vaccination coverage
increase over time.
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Serological surveys also illustrate the potential for appropriately scheduled primary
series and boosters to provide high antlbody levels to protect women against tetanus
throughout their reproductive years. For instance, serological surveys reported in
the literature (Maple et al., 2001; McQuillan et al., 2002; Gidding et al., 2005) provide
evidence that seroprotection among women remains consistent at 80% from a young age
until about the age of 40 years before decreases in seroprotection are observed. These
trends vary by country, age cohort, and immunization schedule and may change over
time, but they suggest that a complete primary series of immunizations and subsequent
boosters in childhood and adolescence induces protective antibody levels well into
adulthood, protecting women throughout their childbearing years and subsequently
protecting their newborns (see Section 6 for an in-depth discussion of placental passage
of tetanus antitoxin). Serosurveys are an important tool for monitoring progress
towards MNTE and can identify immunization gaps and priorities for strengthening
immunization activities among target groups (Scobie et al., 2016; Deming et al., 2002;
WHO, 2011).

Figure 5: Distribution of TT IgG antibody concentrations among repeated
cross-sectional surveys of randomly selected, age-stratified samples of residents
of Bamako, Mali, in 2010 prior to the PsA-TT (MenAfriVac) mass vaccination
campaign, and in 2012 after the PsA-TT campaign targeting all 1-29-year-olds
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Note: Age shown in both panels of the figure is age in December 2010.
Reprint of an Open Access article distributed under the terms of the Creative Commons Attribution
License.
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5.4 Factors influencing the immune response to tetanus toxoid

Many factors can influence the immune response to TTCVs. Two particular conditions
that may influence the immune response to TT are malaria infection and human
immunodeficiency virus infection/acquired immunodeficiency syndrome (HIV/AIDS).
In many areas where MNTE has not been achieved, the prevalence of these infections

is high.

The response to T'T vaccination among women infected with malaria during pregnancy
is similar to that in non-pregnant healthy adults (Brabin et al., 1984). However,
maternal transfer of tetanus antibodies to newborns was reduced both among women
who had active, chronic or past placental malaria, and among women infected with
HIV (Cumberland et al., 2007). Section 6 includes further discussion of malaria
during pregnancy and additional factors affecting placental transfer of antibodies.
Studies of childreninfected with malariahave reported adecreased response following one or
two doses of TTCVs in children with parasitaemia from acute malaria compared
to non-parasitaemic controls (Edsall et al., 1975; Greenwood et al., 1972).
However, studies have suggested that malaria chemoprophylaxis does not impair
antibody responses to TTCVs in children (Gilles et al., 1983; Monjour et al., 1982;
Rosen & Breman, 2004). Dietz et al (1997) conducted a systematic review, including
the studies noted above, and concluded that complete evaluation of the impact of
both concurrent malarial infection and the impact of antimalarial therapy on immune
responses to TTCVs requires analysis of infected (both treated and non-treated)
individuals and non-infected individuals; however, conducting a study that withheld
antimalarials from infected individuals would be unethical.

Inactivated vaccines are safe for use in immunocompromised individuals, and all
eligible persons, regardless of immunocompetence status, are recommended to
receive TTCVs. WHO recommends that all children infected with HIV should be
vaccinated to protect against tetanus in accordance with guidelines established for
children not infected with HIV (WHO, 2018). Evidence suggests that infants infected
with HIV during the perinatal period develop sufficient responses to infant TTCV doses,
though response may decline as HIV progresses (Ryder et al., 1993; Borkowsky et al.,
1992; Roper et al,, 2017; von Reyn, Clements & Mann, 1987). Among HIV-positive
children and adults, the proportion of HIV-positive persons who respond to TTCVs
is similar to the proportion of HIV-uninfected individuals, though responses are
often lower and may wane more quickly (Moss, Clements & Halsey, 2003). Moss and
colleagues reviewed the literature and found that 40-100% of individuals not infected
with HIV develop protective levels of tetanus antitoxin following primary immunization
in infancy (Moss, Clements & Halsey, 2003). HIV-infected children respond well to
booster immunization, with 74-90% exhibiting protective antibody levels following
receipt of a booster dose at various respective ages and times since the primary infant
series (Borkowsky et al., 1992; Rosenblatt et al., 2005; Melvin & Mohan, 2003).

A seroprevalence study among migrants infected with HIV from sub-Saharan
African countries living in France found relatively low (58-79%) seroprotection
(>0.1 IU/mL, ELISA) prior to travel, although their vaccination history was unclear.
A small proportion of these individuals were vaccinated during their pre-travel
consultation, prompting seroprotection levels to increase significantly in both males
and females after travel (Mullaert et al., 2015).
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6. Placental passage ot
tetanus antitoxin

6.1 The placenta as a selective organ

Vaccination in pregnancy has been shown to be safe and effective. A study in
Papua New Guinea showed that 78% of women immunized during pregnancy with
two doses of adsorbed TT containing 10 Lf had antitoxin levels above 0.01 U/
m1 for at least three years as measured by neutralization; the mean antitoxin level
was about 0.03 IU/ml (Figure 6). Tetanus antitoxin transferred from immunized
mother to fetus provides transient protection of the newborn infant from tetanus.
Since there is no naturally-acquired immunity to tetanus, passive protection of the
infant is dependent on vaccination of the mother either before or during pregnancy.
The human placenta regulates the transfer of antibodies from mother to fetus in a
selective manner; transplacental transfer of tetanus antibodies is largely restricted to
IgG. Fetal IgG antibody levels rise progressively in the last trimester and are therefore
lower in babies born prematurely. In a study in Gambia (Englund, 2007) full-term
adequate weight infants had higher tetanus antibody concentrations than their mothers,
with similar levels for mothers and full-term low-birth-weight infants, and lower levels
in infants born prematurely than in their mothers (Okoko, Wesumperuma & Hart,
2001).
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Figure 6. Geometric mean concentration and the percentage of pregnant women
with 0.01 IU/mL or more of tetanus antitoxin after two doses of adsorbed
tetanus toxoid, Papua New Guinea
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Sources: Galazka, 1993 (Original data from MacLennan et al., 1965; Hardegree et al., 1970).

6.2 Influence of interval between TT doses and between the last dose and
delivery on the amount of antitoxin transferred to the fetus

For women who receive their first dose of TT in pregnancy, the ratio of antitoxin in
maternal serum to antitoxin in cord serum depends on the intervals between TTCV
doses and the interval between the last dose and delivery. Longer intervals between
the first two TTCV doses increase the height and duration of the immune response
(Table 3). The cord/maternal ratio of tetanus antibodies increases as the interval between
the second dose and delivery is increased (Stanfield, Gall & Bracken, 1973). These data
strongly support the policy of integrating maternal tetanus vaccination into a broader
package of antenatal care in resource-poor settings (Lincetto, Gomez & Munjanja, 2006).
Where multiple antenatal contacts can be achieved, it is important to start immunization
as early as possible in the pregnancy to ensure adequate intervals between doses and
between the second dose and delivery.
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However, pregnant women in hard-to-reach populations may not report to health
centres until pregnancy is well advanced and little time remains to give two properly-
spaced TTCV doses before delivery. Lack of adherence to the recommended minimal
time intervals between TTCV doses diminishes the possibility of effective transfer of
a significant amount of antibody from the mother to the fetus. Nonetheless, even if
women first present to health services late in pregnancy, the opportunity should be
taken to administer primary (or booster) immunization(s), if indicated, in order to
contribute to long-lasting immunity and protection in subsequent pregnancies.

Table 3: Antibody levels obtained in the umbilical cord blood of women
who received two doses of TT (purified adsorbed) during pregnancy,
shown by levels found and interval between the doses

Interval between % distribution of antibody levels (IU/mL) in cord sera tested by
toxoid doses No. of samples neutralization assay
(weeks) tested >0.01 >0.1 >1.0
4-8 238 70.6 37.0 8.4
9-12 210 81.1 62.4 15.7
13-16 133 925 714 226
Over 16 142 90.8 739 394

Source: Galazka, 1993 (original data from Dhillon & Menon, 1975, and Suri & Rubbo, 1961).

6.3 Factors influencing the placental transfer of antitoxin

Findings from studies on the effect of placental malaria infection on transplacental
transfer of tetanus-specific antibodies have varied. In a study in Gambia in 1997,
in which malaria infection was assessed by measuring blood parasitaemia in mothers
(Okoko et al., 2001), no effect was observed on the transplacental transfer of tetanus
antibody. Similar findings were reported in a study performed in Malawi where placental
malaria was assessed on blood samples collected from a deep incision on the maternal
side of the placenta (de Moraes-Pinto et al., 1998). However, two studies that took
placental biopsies to determine placental malaria infection showed a reduction in the
transfer of tetanus antibodies. In a study from Papua New Guinea, approximately 10%
of infants of women with heavy placental parasitaemia failed to acquire a protective
tetanus antibody level despite protective levels in the mothers (Brair et al., 1994).
More recent data from Kenya has demonstrated lower antibody levels in neonates
associated with active chronic and past placental malaria infections, but not active acute
malaria infection (Cumberland et al., 2007).

The placental transfer of immunoglobulins has been shown to be reduced by
maternal HIV infection (de Moraes-Pinto et al., 1996; de Moraes-Pinto et al., 1998;
Scott et al., 2005), including the transfer of tetanus antibodies (de Moraes-Pinto et al.,
1996, Cumberland et al., 2007).
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6.4 Interference between passive antibodies and the development of
active immunity to tetanus

The rate of decrease of maternal tetanus antitoxin in the infant during the neonatal period
(Sangpetchsong et al., 1985) is similar to that for antibodies against Neisseria meningitidis
serogroup A, Haemopbzlus mﬂuenzae type b (Hib) and group B Streprococcus induced
by polysaccharide vaccines given to mothers during pregnancy (Amstey et al., 1985;
Baker etal., 1988; McCormick et al., 1980). For tetanus antitoxin, the half-life of maternal
antibody was found to be 43-57 days (Sarvas et al., 1993).

When pregnant women receive a TdaP CV to prevent neonatal tetanus and thereby to
prevent infant pertussis, infants will have high levels of maternally-acquired tetanus
antitoxin at the time of primary immunization. Such passive immunity could suppress
the development of active immunity following early administration of D'TP vaccine. One
study in the Philippines showed tetanus antibody levels in infants aged 6 weeks were
positively correlated with the number of TTCV doses received by the mother during
pregnancy, while antibody levels after receipt of the primary series of three DTP doses
were negatively correlated with the number of maternal doses (Nohynek et al., 1999).
Although this finding suggests that high levels of transplacentally acquired antibodies
can reduce the infant’s response to DTP under the EPI schedule, the authors note that
the clinical and public-health significance is unknown since all children were observed
to maintain protective antibody levels up to 9 months of age, at which time a booster
dose was given (Nohynek et al., 1999).

More recently, studies of the effect of maternal immunization with a TdaP vaccine on
infants’ responses to immunization have been conducted in a high-income country
setting, largely to assess potential blunting of the pertussis responses. Two studies
have assessed the impact of maternal TdaP on infants’ tetanus antibody responses
after a 2-3—4-month primary schedule and found no evidence of a reduction when
compared with historical or contemporary control infants with unvaccinated mothers
(Ladhani et al., 2015; Maertens et al., 2016). A study in the USA, using a 2-4—6-month
infant schedule, also found no evidence of reduction in tetanus responses in infants
born to mothers vaccinated with TdaP (Munoz et al., 2014).

Even without a maternal TdaP immunization programme, the majority of women
of reproductive age in high-income countries will have protective tetanus antitoxin
levels as a result of longstanding immunization programmes with primary and booster
TTCV doses (Munoz et al., 2014; Gall, Myers & Pichichero, 2011; de Voer et al.,
2009; Sauerbrei et al., 2004). Therefore, most infants in these high-income country
settings are born with protective antitoxin levels. With a half-life of 1-2 months
(Sarvas et al., 1993), maternal tetanus antibody levels in infants may still be relatively
high by 2 months of age, at which point the first TTCV dose is usually administered
(Munoz et al., 2014, Ladhani et al., 2015, Maertens et al., 2016). A meta-analysis that
assessed the relationship between 1) maternal antibodies to tetanus in mothers in high-
income country settings who did not receive a TTCV in pregnancy and 2) infants’
responses to primary immunization, found evidence of a small inverse correlation
between infant tetanus antibody levels after the third DTP dose and maternal
antibody levels (13% lower geometric mean concentration for every 2-fold increase in
maternal antibody level) (Voysey et al., 2017). The effect did not persist after a booster
immunization. Also, despite the lower post-primary response in infants with higher
pre-existing maternal antitoxin, mean titres were still well above the minimal level of
protection 6 months after completing the primary schedule when given at 2, 3 and
4 months of age (Booy et al., 1992; Ramsay et al., 1993).
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6.5 Effect of maternal tetanus antibodies on infants’ response to
polysaccharide vaccines conjugated to tetanus toxoid

Studies of the effect of maternal tetanus antibody levels on infants’ responses to
TT-conjugated Hib, pneumococcal and meningococcal vaccines have shown little
evidence of an inhibitory effect. In a United Kingdom study of infants whose mothers
received TdaP in pregnancy, there was a suggestion of an enhancement of infants’
Hib responses (Ladhani et al., 2015). An enhancement of Hib responses in infants with
high levels of maternal tetanus antibody was also shown in a study in Finland after
the second dose of Hib-TT given at 3—-4 months of age (Kurikka et al., 1996).
In a study in the Philippines, maternal tetanus antibodies had no effect on responses
to Hib vaccine, whether conjugated to TT, CRM,,, or OMP (Nohynek et al., 1999).

For meningococcal vaccines, there is evidence that maternal vaccination with TdaP
may enhance infants’ responses to a serogroup C tetanus-conjugated vaccine (Ladhani
et al., 2015). For pneumococcal conjugate vaccines, only serotype 18C in PCV10 is
conjugated to tetanus; evidence suggested a 6% reduction in geometric mean antibody
levels to this serotype in PCV10 for a doubling of maternal tetanus antibody levels
(Voysey et al., 2017).
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7. Effectiveness of
tetanus toxoid

7.1 How effective is tetanus toxoid?

The efficacy (as measured in randomized, controlled clinical trials) and effectiveness
(as measured in observational studies under field conditions) of TTCV have been
convincingly demonstrated in many field trials and in hospital-based studies.
Randomized controlled trials assessing efficacy of TTCV against non-neonatal
tetanus have not been conducted, although there is compelling ecological evidence of
the impact of national tetanus immunization programmes in reducing tetanus cases
in the population (CDC, 2011). Despite the lack of randomized, controlled clinical
trials for non-neonatal tetanus outcomes, the results of field effectiveness studies of
maternal vaccination against neonatal tetanus can be considered as strong evidence that
vaccination with TT is a highly effective intervention.

The ability of maternal TT immunization during pregnancy to prevent neonatal
tetanus was first studied in a non-randomized controlled trial in New Guinea in 1959.
Vaccine effectiveness of non-adjuvanted plain TT was 94% for three doses and 65% for
two doses, with no protection from one dose (Schofield, Tucker & Westbrook, 1961).
High efficacy of at least two maternal doses of TT was subsequently confirmed in a
double-blind, controlled field trial in a rural area of Colombia in the 1960s in which
there were no fatal tetanus cases among neonates whose mothers received two or more
doses of adsorbed TT in pregnancy compared with a rate of 78 per 1000 live births in
infants of unvaccinated mothers (Newell et al., 1966; Newell et al., 1971). A reduction in
neonatal tetanus mortality following the implementation of programmes to immunize
women of reproductive age, and especially pregnant women, has also been observed
in multiple countries, including Bangladesh (Black, Huber & Curlin, 1980; Rahman
et al., 1982), Haiti (Berggren et al., 1983), Mozambique (Cliff, 1985a; Cliff, 1985b),
Namibia (WHO, 2002), South Africa (Vandelaer et al., 2003), Sri Lanka (WHO,
1982) and Zimbabwe (WHO, 2001). A systematic review of randomized, controlled
clinical trials and observational studies in 2010 concluded that immunization of
pregnant women or women of reproductive age with at least two TT doses reduced
mortality from neonatal tetanus by 94% (95% confidence interval (CI) 80-98%)
(Blencowe et al., 2010).
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7.2 Reported “failures” of tetanus toxoid immunization

TT is one of the most reliably immunogenic antigens used in current vaccines although,
as with any vaccine, it is not 100% effective. Clinical cases of tetanus in children and
adults have been reported despite previous receipt of TTCV. There is no clear pattern
associated with these cases with respect to immunization. In some cases, the lack
of protection can be explained by inaccurate immunization histories, inappropriate
vaccination schedules, use of low-potency vaccines or improper storage of vaccines.
Itis also important to note that emergency vaccination at the time of exposure may not
by itself be enough to prevent clinical tetanus because the tetanus incubation period
may be too short and the increase in toxin concentration may outpace the formation
of antitoxin from the response to a booster dose in a previously vaccinated person;
one dose provided to a previously unvaccinated person would be predicted to be
completely ineffective. However, there are a few well-documented cases of clinical
tetanus occurring despite “protective” levels of antitoxin antibody (see Table 2 in Section
4). From these case reports, there is usually evidence that the clinical course of the illness
is attenuated by prior immunization (Luisto & Iivanainen, 1993; Lodha et al., 2000).

Rare cases of neonatal tetanus will still occur despite a 94% efficacy of two maternal
doses of TT in pregnancy. As maternal immunization coverage rises, the proportion
of cases in newborns whose mothers have been immunized will inevitably increase.
Table 4 shows that, although neonatal tetanus can occasionally occur despite maternal
immunization, the vast majority of cases occur in mothers who are either unvaccinated
or inadequately vaccinated. In Nigeria, neonatal tetanus was observed in six infants
whose mothers had received 22 TT doses during their last pregnancy and where
the antibody levels of both mothers and infants were expected to confer protection
(mean antibody level by ELISA: 0.70 and 1.02 IU/mL for newborns and mothers,
respectively) (de Moraes-Pinto et al., 1995). The reasons why neonatal tetanus occurred
in these infants are unclear but could have included heavy tetanus spore contamination
of the cord resulting in particularly large quantities of toxin production. It is important,
therefore, that the elimination of neonatal tetanus does not rely solely on maternal
TT vaccination but that this is combined with improved clinical practices and health
education activities to ensure clean delivery and hygienic cord practices.
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Table 4: Tetanus toxoid (TT) immunization history of mothers
whose infants developed neonatal tetanus, based on hospital data

Numberof | e arTT doses
Country Reference tetanus cases

studied 0 1 2 3
Angola Grudeborn, 1987 199 188 0 1! 0
Egypt El-Sherbini, 1991 74 55 19 0 0
Egypt Gad et al., 1986 324 324 0 0 0
India Bildhaiya, 1983 74 73 0 0 12
India Deivanayagam, Nedunchelian & Kamala, 1991 19 13 0 38 30
India Ghosh, 1990 30 21 5 4 0
India Kumar et al., 1988 385 363 0 22 0
India Mathur et al., 1980 50 50 0 0 0
India Verma, Dhanwade & Singh, 1989 76 49 5 125 10
Mozambique | Cliff, 1985a 175 173 0 2 0
Nigeria Einterz & Bates, 1991 237 234 “several” 1 0
Nigeria Grange, 1991 419 411 8 0 0
Nigeria Owa & Makinde, 1990 52 35 5 1 1
Nigeria Oyedeyjiji, Olamijulo & Joiner, 1982 104 97 3 3 1

Source: Galazka, 1993

Immunized during pregnancy with TT.

2 Immunized in childhood with DTP vaccine.

Out of three mothers who received two doses of TT, the second dose was given in the 9th month of

pregnancy in two mothers; out of three mothers who received three doses, the third dose was given
in the 9th month of pregnancy in one mother.

22 mothers “fully” immunized.

One mother received the second dose two days before delivery.
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As with apparent TTCV failures reported in vaccinated children and adults,
several explanations exist for reports of neonatal tetanus cases in infants of women
claiming to be vaccinated:

Inaccurate vaccination history. Maternal vaccination status is often based on
verbal history rather than on documentation. In many countries written records
are not given to mothers, or they do not retain the records they are given.
In some countries pregnant women receive many injections unrelated to tetanus
immunization, and this may lead to confusion when documenting TTCV
history. Discrepancies in the history of TT immunization were observed in three
reports where the number of those immunized varied between documented
evidence and verbal history compared to the levels of seropositive mothers
(WHO, 1996a), and where 45% of women who said they had received no TT
dose were considered seropositive (Scobie et al., 2016; Deming et al., 2002).
This is likely to be due to residual immunity from infant doses and/or booster
doses forgotten or unrecorded on vaccination cards, such as doses given during
supplementary immunization activities.

Receipt of vaccine late in pregnancy. Many women report for antenatal care late
in their pregnancy (see Section 6.2). Consequently, if immunization is required
(see Section 10), the recommended number of doses is often completed
too close to delivery (i.e. less than 2 weeks) to enable the mother to
develop and transfer sufficient antitoxin for adequate newborn protection
(although the vaccine will contribute to long-term immunity and will help to
protect neonates in subsequent pregnancies).

Low-potency vaccine. The TT itself may not be potent due to problems of
manufacture, storage (e.g. freezing) or transport. A review by Dietz et al. (1997)
reported reduced potency with locally-manufactured TT. Hlady et al. (1992)
reported no potency in three consecutive lots of vaccine produced locally in
Bangladesh.

Poor maternal immune response. In most studies performed in developing
countries, two doses of TT stimulated the development of tetanus antibody
levels that were considered protective in 94% of women (Blencowe et al., 2010).
Some mothers, however, may have an antibody response below the protective
level due to immunological factors (“poor responders™).

Inadequate placental transfer. Data are available to suggest that, in areas
where mothers’ immunoglobulin levels are excessively high due to continued
multi-antigenic stimulation, placental transfer of antibodies may be less efficient,
leaving the newborn inadequately protected (Gendrel et al., 1990b). Some,
but not all, studies also show reduced placental transfer in women with malaria
and/or HIV infection (see Section 6.3).

Excessive toxin exposure. The load of tetanus toxin produced in a heavily
contaminated umbilical cord stump may be so large as to overwhelm the modest
immunity transferred from mothers immunized with only two doses of TTCV.
It is important to note that the level of antibodies required to neutralize toxin is
dependent on the amount of toxin exposure; the quantity of toxin large enough
to overwhelm the protection afforded by 0.01 IU/mL is currently unknown.
Furthermore, the levels of umbilical cord exposure to tetanus toxin and the risks
associated with practices leading to exposure are likely to differ by subpopulation.
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8. Safety of
tetanus toxoid

Tetanus toxoid is one of the most commonly used antigens in vaccine formulations
worldwide. It is widely accepted as highly effective with an excellent safety profile.
As with any vaccine, adverse events following immunization (AEFI) occur in some
persons, though not all reported events are causally related to vaccine administration
(WHO Vaccine Safety Basics). Numerous studies conducted in recent decades have
investigated the safety of vaccination with TT. The most common adverse vaccine
reactions (those AEFIs likely to have been caused by components of the vaccine)
reported following administration of T'T are mild, local reactions, including pain
or tenderness at the injection site, oedema and erythema. Severe adverse events are
extremely rare (Roper et al., 2013).

Multiple factors influence both whether an adverse event will occur
following vaccination and the degree of severity of that event. Individual characteristics,
including the number of previous doses of TTCVs received and the level of
antitoxin antibodies at the time of vaccination, are positively associated with the
likelihood and severity of adverse events. Vaccine formulation and administration
characteristics — including the route of administration, the type and quantity of
adjuvant, and the presence of other antigens in the vaccine formulation — have also been
associated with adverse events (Roper et al., 2013). Evidence suggests that the time since
previous administration of a TTCV may also increase the risk (Halperin et al., 2006;
Jackson et al., 2009; Talbot et al., 2010).

Local reactions at the site of injection are the most common adverse event associated
with TTCV immunization. It is believed that pre-existing antitoxin forms complexes
with the deposited toxin — known as the Arthus reaction — which results in local swelling
and pain (Edsall et al., 1967; Eisen, Cohen & Rose, 1963; Levine & Edsall, 1981).
The rate of local reactions is reported to increase with an increasing number of doses
(Myers et al., 1982; Relihan, 1969; White et al., 1973). More severe local reactions
characterized by marked swelling are estimated to occur in fewer than 2% of vaccine
recipients (Relihan, 1969; Sisk & Lewis, 1965). In addition, recent evaluation of
combination of TTCV have found an acceptable safety profile in various age groups
(Knutsson et al., 2001; Saenger et al., 2005; Huang et al., 2005; Mallet et al., 2004;
Tapia et al., 2015; Vannice et al., 2015; Ouandaogo et al., 2012).

Systemic reactions such as fever, headache and malaise have been reported after
tetanus immunization (Macko, 1985; Sisk & Lewis, 1965; Levine & Edsall, 1981;
White, 1973) with approximately 10% of adults reporting a systemic reaction following
administration of a TTCV (Lloyd et al., 2003). In infants, fever and irritability are
reported at higher rates, approximately 20-25% of them following administration of
a TTCV (Knutsson et al., 2001; Mallet et al., 2004).
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In 2014, the Institute of Medicine (IOM) of the USA evaluated the strength of
the epidemiological and mechanistic evidence regarding the association between
TT vaccines and numerous severe reactions and potentially life-threatening conditions
(National Academies Press, 2014). The IOM concluded that the evidence was inadequate
or non-existent to accept or reject that there is any causal relationship between
TT vaccines and the following severe outcomes: acute disseminated encephalomyelitis
(ADEM), arthropathy, ataxia, autism, Bell’s palsy, chronic inflammatory disseminated
polyneuropathy (CIDP), chronic uticaria, encephalitis, encephalopathy, fibromyalgia,
immune thrombocytopenic purpura (ITP), infantile spasms, Guillain-Barre syndrome
(GBS), multiple sclerosis in adults, relapse of multiple sclerosis in adults, relapse
of multiple sclerosis in children, myocarditis, opsoclonus myoclonus syndrome
(OMS), optic neuritis, seizures, serum sickness, sudden infant death syndrome (SIDS)
and transverse myelitis. In addition, the IOM report rejected a causal relationship
between TT vaccine and type I diabetes on the basis of evidence from previous studies
(National Academies Press, 2014).

However, the IOM assessment found that “the evidence convincingly supports a causal
relationship between tetanus toxoid vaccine and anaphylaxis” (National Academies
Press, 2014). Anaphylactic reactions to tetanus toxoid are rare (Wassilak et al., 2004;
National Academies Press, 2014; Zalogna & Chernow, 1982; Ratliff & Burns-Cox,
1983). Early reports of anaphylax1s were believed to be due to the presence of sensitizing
agents in the vaccine preparations (Galazka, 1993; Wassilak et al., 2004). However,
one study used skin-testing to show that children who had experienced an
allergic reaction following TT vaccine reacted to the TT rather than to excipients
(aluminium phosphate or thiomersal) (Mayorga et al., 2003), though the sensitivity
of skin-testing has been questioned (Roper et al., 2017). A records review based on
passive surveillance of anaphylaxis associated with childhood vaccines (Bohlke et
al., 2003) found four cases of anaphylaxis associated with TT-containing vaccines
(DT, DTP, DTaP, DTP-Hib, or Td) in approximately 2 million doses administered,
though the authors note that the vaccines were often administered in combination with
other vaccines. Between the initiation of vaccine adverse event reporting to the CDC
in 1978 and 1996, no deaths caused by anaphylaxis were reported although more than
80 million doses of DTP were administered during that time (ACIP, 1996). An analysis
of reports made to the US National Vaccine Injury Compensation Program between
2000 and 2009 included one case of anaphylaxis in an infant (following DTaP) and one
in an older adult (following Td) resulting in death (Johann-Liang, Josephs & Dreskin,
2011; Miller et al., 2015).

TT is safe for pregnant women, and vaccination during pregnancy is recommended
(WHO, 2017a; WHO, 2017b). Evidence suggests that there is no increased risk of
adverse events among pregnant women and no increased risk of adverse birth outcomes
for women who receive Tdap during pregnancy compared to those who do not,
regardless of whether they have been vaccinated with TTCV <2 years, 2-5 years or
more than 5 years previously (Morgan et al., 2015; Sukumaran et al., 2015). These studies
did not suggest any increased risk of adverse events even if vaccination occurred both
soon before pregnancy and during pregnancy, contrary to other evidence that suggests
that a short duration between tetanus toxoid doses is associated with increased risk of
adverse events in non-pregnant individuals.

Immunization of women during pregnancy has been shown to be a safe and effective
approach to reducing maternal and neonatal tetanus and a key strategy for its elimination.
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9. Combination vaccines
and concomitant vaccine use

TT has been combined with diphtheria toxoid, pertussis vaccines and Haemopbilus
znﬂuenzae type b (Hib) conjugate vaccines for many years without causing any
increase in adverse events or compromising the response to tetanus. The repertoire
of combination vaccines that include TT is expanding. Additional antigens being
added include Hepatitis A and B, inactivated polio and meningococcal serogroups A
and C, with various vaccines already licensed or undergoing clinical trials. In 1996,
WHO proposed the use of a DTP-Hib-Hepatitis B combination vaccine to support
the recommendation of including Hepatitis B vaccination in the EPI programme
(WHO, 1996b).

The Hib conjugate comprises Hib-polyribosylribitol phosphate (PRP) covalently
linked to TT. Studies have shown that maternal antibodies to tetanus antitoxin do
not interfere with the response to Hib conjugate vaccines but may enhance responses
(Kurikka et al., 1996; Nohynek et al., 1999; Voysey et al., 2017; Ladhani et al., 2015)
(see Section 6.5) and that simultaneous administration of DTP and Hib conjugate
does not increase the frequency of common adverse events (Holmes et al., 1993).
However, Hib conjugate vaccines cannot replace the need for primary TT immunization
(Carlsson et al., 1994).

The success of Hib conjugate vaccines has led to the application of the technology
to other bacterial polysaccharide-based vaccines such as meningococcal,
pneumococcal and Salmonella typhi. The development of conjugate vaccines has
raised concerns about impairment of or interference with responses, plus other safety
concerns, but there is also the potential to enhance responses to the combination of
antigens administered (Kitchin et al., 2007).

Significant enhancement of the tetanus response has been observed in infants in the
United Kingdom following concomitant administration of diphtheria, tetanus and
whole-cell pertussis with Hib conjugate and a meningococcal serogroup C TT conjugate
(Table 5 and Kitchin et al., 2007). Augmentation of the tetanus response has also
been observed when a five-component acellular pertussis vaccine is used in place of
whole-cell pertussis vaccine (Kitchin et al., 2007).

35



Table 5: Effect of concomitant meningococcal serogroup C conjugate (MCC-
TT) vaccine on response to Haemophilus influenzae type b (Hib) and tetanus in
United Kingdom infants (2-3-4-month schedule) receiving DTwP/Hib

Vaccines given PRP GMC ug/mL Tetanus GMC IU/mL
DTwP + PRP-T* 4.50 0.65
(3.21-6.32) (0.54-0.77)
DTwP/PRP-T* 3.39 1.19
(2.48-4.66) (0.98-1.44)
DTwP/PRP-T+MCC-TT **¢ 11.59 4.00
(10Lfs in DTP + 30ug PRP-T+15ug MCC-T) (9.3-14.5) (3.3-4.8)

Sources: * Begg et al., 1995; ** Richmond et al., 2001.

7

PRP = polyribosylribitol phosphate;
8 MCC = meningococcal serogroup C conjugate.
Data from the United Kingdom demonstrated the potential for TT-conjugate
vaccines containing T'T as the carrier protein to boost antibody responses to tetanus
(Burrage et al., 2002). Children of school-entry age (3.5-6 years) and school leavers
(13-18 years) were found to make a substantial tetanus antibody response (geometric
mean concentration [GMC] > 5 IU/mL) to a meningococcal serogroup C (MCC)
TT-conjugate vaccine (Figure 7). In school leavers, the tetanus antibody level
was comparable following administration of either the MCC-TT or a Td vaccine
(Figure 7). Similarly, in the Philippines, children who had received a primary series of
DTP at 6, 10 and 14 weeks showed strong boosting response to a dose of Hib-TT at
10 months of age (Nohynek et al., 1999). This brings into question whether the response
to TT used as a carrier protein in conjugate vaccines is sufficient or not to allow
replacement of the routine boosting dose. However, the number of new combination
vaccines provided in countries using the EPI schedule may be limited, mainly due to cost.

A relevant development was the introduction of a meningococcal serogroup A conjugate
vaccine (MenAfriVac) that is conjugated to TT and has been delivered in campaigns
targeting ages 1-29 years in Africa’s “meningitis belt” (Aguado et al., 2015). The clinical
trials of MenAfriVac demonstrated that robust tetanus serological responses were
generated in 1-29-year-olds and were similar to those expected after a booster dose of
TT (Figure 8) (Borrow et al., 2015). Increases in tetanus toxoid antibody levels were
also demonstrated in a serosurvey in Mali performed before (2010) and after (2012)
the introduction of MenAfriVac (Basta et al.,, 2015). A total of 793 pre-campaign and
800 post-campaign sera were tested and the percentage of subjects with antibody levels
> 0.1 IU/mL increased from 57% to 88%. The high acceptance of the MenAfriVac
immunization campaigns meant that a large fraction of women of reproductive age
received MenAfriVac. In a review of incidence data for neonatal tetanus for countries
with and without MenAfriVac campaigns in 1-29-year-olds, it was found that cases of
tetanus fell by 25% in countries that completed MenAfriVac campaigns (Borrow et al.,
2015). In addition, these campaigns have the potential to close tetanus immunity gaps
in older children and adult men, as was demonstrated in Mali’s pre- and post-campaign
serosurvey (Basta et al., 2015).
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Figure 7: Effect of meningococcal TT conjugates on the
tetanus antibody levels induced following diphtheria-tetanus vaccines
given at school entry or to school leavers
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Source: Burrage et al., 2002.
Reprint of an Open Access article distributed under the terms of the Creative Commons Attribution
License

GMC = geometric mean concentration.

Figure 8: Anti-TT IgG geometric mean concentrations (95% CI) for healthy
adults aged 18-35 years following vaccination with meningococcal A conjugate
vaccine, meningococcal ACWY polysaccharide vaccine or tetanus toxoid vaccine
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Although tetanus conjugated vaccines generally boost immunity, some studies have
shown the converse. Suppression of tetanus antibody production has been observed
following concomitant vaccine administration. Tetanus antibody levels after three doses
of DTP were observed to decrease with increasing tetanus content of experimental
pneumococcal conjugate vaccines given concomitantly (Dagan et al., 2004). The clinical
relevance of this phenomenon is unclear in terms of inducing protective levels of
antitoxin. Carrier-induced epitope-specific suppression is a phenomenon whereby the
antibody response to a specific antigen is inhibited following prior immunization with
the carrier protein. It is thought that this is due to the expansion of carrier-specific B
cells (Barington et al., 1993). Reduced meningococcal serogroup C antibody responses
to a conjugate vaccine with tetanus toxoid as the carrier have been observed in children
following prior immunization with DT or Td vaccines (Burrage et al., 2002). It is clear
that, for any new combination vaccine, the effect of prior or concomitant administration
of proteins used in conjugate vaccines must be evaluated.
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10. Implications tor
Immunization programmes

In 2016 WHO updated its position paper on tetanus vaccines (WHO, 2017a). In addition
to the continuing challenge of achieving global MINTE, the recent cases of tetanus in
men and adolescent boys undergoing Voluntary male medical circumcision (VMMC)
to reduce HIV transmission highlighted the 1 immunity gap in men in low-income
countries — the legacy of poor infant immunization coverage and a lack of subsequent
boosters to maintain tetanus immunity throughout the life-course (Dalal et al., 2016).

In 1998 WHO recommended that the use of tetanus toxoid (T'T) vaccine should be
replaced with tetanus-diphtheria (Td) vaccine following large outbreaks of diphtheria
in the Soviet Union and other countries despite the high coverage of routine childhood
vaccination. The recommendation to shift from using TT to Td vaccine was re-
stated by SAGE in 2002 and 2016, and was published and disseminated again in the
WHO position papers on tetanus vaccine in 2006 and 2017 (WHO 2006 and 2017a).
The updated WHO position paper recommends that, in addition to the three primary
TTCV doses in the first year of life, three additional booster doses should be given at
12-23 months, 4-7 years and 9—15 years with ideally at least 4 years between booster
doses. This schedule is designed to maintain immunity throughout adult life, both in
women of reproductive age to achieve MNTE and also to ensure equitable protection
of all persons as part of broader tetanus control. Although immunogenicity data suggest
that tetanus antitoxin levels after three primary doses in the first year of life will remain
above the protective threshold until 3—4 years of age in many children without a
booster in the second year of life (see Section 5, Figure 3), the WHO recommendation
is designed to maximize coverage of the first booster dose, as well as providing an early
opportunity to complete primary immunization if TT doses in the first year have been
missed. More generally it reflects the need to develop a platform for administering
vaccines in the second year of life in settings where the EPI schedule provides the only
opportunity to receive vaccinations in childhood (Sodha & Dietz, 2015).

The target for elimination of maternal and neonatal tetanus requires the number
of neonatal deaths due to tetanus to be less than 1 per 1000 live births in every
district. Much success has been achieved in the progress towards this goal since the
World Health Assembly first called for global neonatal tetanus elimination in 1989
(World Health Assembly, 1989). Because of slow implementation of the recommended
MNTE strategies, the target date for the attainment of elimination by all countries
was postponed to 2000. In 1999, when progress towards the attainment of the global
elimination goal was reviewed, the target date was reset to 2005 which was later shifted
to 2015. By the end of 2015, there were still 21 countries that still had not attained
elimination; this number was down to 18 countries by the end of 2016, and 16 countries
by the end of June 2017 (WHO, 2017b).
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The global MNTE Initiative promotes a multifaceted approach, incorporating
immunization of women of reproductive age with TTCVs, training of birth attendants,
clean delivery practices and improved cord care, with the aim of providing optimal
protection against neonatal tetanus. In the early 1990s, when the programme had
just begun, immunization efforts focused on providing pregnant women with at least
two doses of T'T. Subsequently, immunization was extended to adolescents and women
of reproductive age with the goal of providing protection throughout reproductive
years (WHO 1999a; WHO, 2002). Data have confirmed the impact of immunizing all
women of childbearing years on the incidence of neonatal tetanus (Hamid et al., 1985;
Rahman et al., 1982; WHO, 1999b; Koenig et al., 1998; WHO, 1996¢) (see Section 7).

An important strategy in MNTE has been the “high-risk” approach (WHO, 1999a;
WHO, 2002) which uses supplementary immunization campaigns for women of
reproductive age, targeting districts with a reported incidence of disease of more than
1.0 neonatal tetanus case per 1000 births. Additional information — such as tetanus toxoid
coverage, the level of clean delivery practice and the effectiveness of surveillance — are
also considered when identifying high-risk districts. The high-risk approach rapidly
increases population immunity among the current cohort of women of reproductive
age. It is essential to strengthen immunization programmes at the same time in order
to ensure that MNTE is sustained in the long term. Improvements in other areas of
health care are recognized as important factors in eliminating neonatal tetanus.

Until the susceptibility gap in males in low-income countries has been closed by the
introduction of routine boosters in childhood and adolescence in order to minimize
risks of tetanus associated with VMMC, WHO has recommended a dual protection
approach (WHO, 2017c), namely: 1) clean care, including enhanced attention to standard
protocols for skin preparatlon and cleanliness both at the facility and by individuals
who undergo the circumcision procedure, irrespective of the method of VMMC,
and 2) ensuring that all clients are adequately protected against tetanus by vaccination
before circumcision. Where circumcision is performed with a device method that
leaves the foreskin in situ to be removed several days after application, the procedure
should be undertaken only if there is evidence of adequate protection against tetanus
by immunization with TTCV. This includes: two TTCV doses at least 4 weeks apart,
with the second dose at least 2 weeks before device placement, or — if a client has
previously received three infant doses, or one dose during adolescence or adulthood
—a TTCV booster at least 2 weeks before device placement (a booster at the time of
placement provides only limited protection because it takes 7-14 days for antibodies
to rise to protective levels) or a series of five doses of TTCV.
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