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The low- and middle-income countries bear the highest burden of typhoid fever in the world. India,
along with other South Asian countries, has a significant incidence of typhoid fever among young
children though there is a paucity of published data on community burden. In spite of the availability
of Vi-polysaccharide (Vi-PS) and conjugated Vi-PS vaccines, these are not adequately utilized in India
and in the neighbouring countries. To address many shortcomings of the unconjugated Vi-PS vaccines,
typhoid conjugate vaccines (TCVs) are developed by conjugating Vi-PS with different carrier proteins.
Three such vaccines using tetanus toxoid as a carrier protein are already licensed in India. Several other
Vi-PS conjugates are currently in various stages of development. The current review provides an update
on the existing and upcoming new TCVs along with a detailed discussion on the various issues involved

with their clinical use and limitations.
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Typhoid fever is a significant health problem of
young children in many low- and middle-income
(LMI) countries of Asia'. According to a model-
based estimate, 17.8 million cases of typhoid fever
occur each year in LMI countries®. In 2016, India
had 6.6 million typhoid cases (499 cases/100,000
population) and 66,439 typhoid deaths, more
than half were in children below 15 yr of age®. A
systematic review from India estimated 9.7 per cent
[95% confidence interval (CI): 5.7-16%] prevalence
of laboratory-confirmed typhoid among individuals
with fever across all hospital studies, with children
aged 2-4 yr having the highest incidence®. In a study
of typhoid fever in five Asian countries, the mean age

of typhoid was significantly lower in Pakistan and
India than that in other countries®. In another study
conducted in the southern coastal area of Pakistan,
the incidence of typhoid bacteraemia in children
less than two years of age was 443.1/100,000 child-
years, whereas it was 405.1/100,000 for children less
than five years®. Similar high incidence of typhoid
in younger children was noticed in the studies from
Bangladesh’®. These studies underline the significant
burden of typhoid fever in young children under five
years of age and a need for a vaccine to be used in
vaccination programmes targeting this age group,
particularly in South Asian countries.
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Available typhoid vaccines

Currently, three different types of typhoid vaccines
are available globally: an oral live attenuated vaccine,
Ty2la; a Vi-capsular antigen-based unconjugated
polysaccharide (Vi-PS) vaccine, and typhoid conjugate
vaccines (TCVs). While the first two vaccines were
already licensed and recommended by the WHO?,
the one licensed TCV (Typbar-TCV™) has also been
approved and endorsed by the WHO in 2018 after
attaining WHO pre-qualification (PQ) in January
2018,

Ty21a is an orally administered vaccine available
in two formulations: liquid formulation for children
above two years of age and an enteric-coated capsule
for administration to older children’. Ty21a is a gal E
mutant of Salmonella Typhi which cannot synthesize
Vi-PS capsule!'. This vaccine stimulates serum and
mucosal antibodies to O, H and other surface antigens
and elicits strong cell-mediated immunity (CMI), but
cannot stimulate Vi antibody production because the
antigen is lacking. Ty21a also offers some protection
against infection from Salmonella Paratyphi A and B"2.
Ty21ais amoderately effective vaccine with an efficacy
of 53-78 per cent against culture-proven typhoid fever
in large efficacy trials, conducted in Chile’. The liquid

formulation of Ty21a is licensed for use in individuals
aged two years and above, whereas the enteric-coated
capsule is available for individuals aged five years
and above. The Vi-PS is a subunit vaccine developed
from wild-type S. Typhi strain Ty2 by non-denatured
purification of the Vi-PS. The injectable Vi-PS vaccine
contains 25 pg of the antigen and is given as a single
dose either by intramuscular or subcutaneous route’.
This is a safe vaccine; fever and local side effects such
as pain, redness and induration at the injection site
are the most common adverse events. Rarely, allergic
reactions and rashes have been observed’. The Vi-PS
vaccine provides around 55-72 per cent protection
lasting for about three years after a single intramuscular
dose'*!7.

The latest group of typhoid vaccines consists of
TCVs, in which Vi-capsular PS is conjugated with
tetanus toxoid (TT) at different doses. Two such
vaccines, PedaTyph™, and Typbar-TCV™ are licensed
in India for children aged 3 and 6 months, respectively!s.
Another TCV, Zyvac TCV™, having almost similar
technical characteristics as Typbar-TCV™, has also
been licensed in India". There are several candidate
TCVs in the pipeline globally, in various stages of the
development process® (Fig. 1).
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Fig. 1. Typhoid conjugate vaccine pipeline: Different licensed and candidate typhoid conjugate vaccines in various phases of development
and licensure. “Under review for national licensure. WHO PQ, WHO pre-qualification; LIBP, Lanzhou Institute of Biological Products Co.
Ltd., PR China; Vi-TT, Vi conjugated with tetanus toxoid; Vi-rEPA, Vi recombinant exoprotein antigen; Vi-CRM, Vi conjugated with cross
reacting material; Vi-DT, Vi conjugated with diphtheria toxoid. Source: Adapted from Ref. 20.
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Efficacy/effectiveness and limitations of Vi-PS
typhoid vaccines

The Vi-PS vaccines do not generate immune
responses in children aged less than two years?'. Studies
conducted among children above two years of age in
Nepal®®, South Africa'¥, China'®, India'® and Pakistan'’
demonstrated protective vaccine effectiveness (VE)
ranging from 31 per cent in Pakistan to 72 per cent
in Nepal in different age groups'*'’. These vaccines
have shown a reasonable duration of protection against
typhoid fever that ranges from 2-3 yr*2. Many different
formulations are available, but only one, Typhim-Vi™,
is WHO prequalified’.

Limitations

It is well known that these unconjugated Vi-PS
vaccines are not effective in children below two
years of age; however, their efficacy in the age group
of 2-5 years is also not uniformly demonstrated'’*.
Two cluster-randomized effectiveness trials of Vi-PS
typhoid vaccine in the low socio-economic areas of
Kolkata, India (2004-2006)'¢, and Karachi, Pakistan
(between 2002 and 2007)", were conducted. While
in Kolkata'®, the vaccine was found highly effective
[VE: 80% (95% CI, 53, 91)] in 2-5 yr old children with
reasonably good herd protection, in Karachi'’, the same
vaccine failed to provide any protection [VE: 38%
(95% CI: =192, 35%)] in the younger age group and no
herd effect was noticed.

There are several other limitations of Vi-PS
vaccines. Being purely PS vaccine, these do not induce
T-cellimmunity; hence, there is no immune memory, and
frequent re-vaccinations with extra doses are needed®.
The antibody response following the PS vaccine results
in low titres of poor affinity IgG antibodies. Further,
there is a possibility of hypo-responsiveness with
subsequent doses of Vi-PS vaccines®?*. The Vi-PS
vaccine is also not fit for co-administration with other
routine childhood vaccines provided under Expanded
Programme on Immunization.

Typhoid conjugate vaccines

To overcome the limitations of Vi-PS wvaccines,
the Vi capsular PS, derived either from Salmonella
enterica subspecies enterica serovar Typhi (S. Typhi),
or from Citrobacter freundii sensu lato (C. freundii s. 1.)
or other bacterial or plant sources, is covalently linked
to different carrier proteins such as TT*?. This
conjugation process converts T-independent PS to
T-dependent antigen, which results in high-affinity

antibodies that last longer than antibodies induced by
unconjugated Vi-PS vaccine in young children®. The
TCV can also be safely co-administered in combination
with measles-containing vaccines (MCVs) [measles,
mumps and rubella (MMR)]’. On the whole, the TCVs
may demonstrate (i) superior efficacy and effectiveness
than unconjugated Vi-PS vaccines; (if) longer duration
of protection; (iii) immunogenicity amongst younger
children, including infants; (iv) reasonably good herd
immunity; and (v) induction of immune memory**.
Table 1 enumerates key differences between
unconjugated pure Vi-PS and conjugated Vi-PS
typhoid vaccines®, and Table IT offers a comparative
analysis of a few key TCVs.

Issues related to typhoid conjugate vaccines

Three TCVs are licensed and in use in the private
sector of India. The WHO Global Advisory Committee
on Vaccine Safety did not find any serious safety signal
with the currently used TCVs*. Although a preliminary
report of the first efficacy trial of Typbar-TCV™
from Nepal®, the field estimate of the seroefficacy
of Typbar-TCV™# based on a previously published
trial®®, and a school-based cluster randomized efficacy
trial of PedaTyph™3° are published, yet there are
certain specific issues related to their clinical efficacy,
particularly in young children, which deserve further
exploration.

Table I. Key differences between an unconjugated

polysaccharide and a protein-polysaccharide conjugate

vaccine

Characteristic Unconjugated  Conjugated
polysaccharide  protein-polysaccharid
vaccine vaccine

Cells stimulated B cells Band T cells

Antibody titres, Low, IgM High, IgG

type

Quality of Low High

antibody (avidity)

Cell-mediated Absent Present

immunity

Duration of Short lived Long lived

response

Immune memory Poor Strong

Booster response Poor Strong

Hyporesponsiveness ~ May be No

(onrepeated doses) ~ present

Effective ages >2 yr All ages

Source: Ref. 23
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P. aeruginosa, Pseudomonas aeruginosa; Vi-PS, Vi polysaccharide; rEPA, recombinant exoprotein A from P. aeruginosa; CRM, cross-reactive material; DT, diphtheria

toxoid; TT, tetanus toxoid; ADH, adipic acid dihydrazide; LIBP, Lanzhou Institute of Biological Products Co. Ltd., PR China; TCV, typhoid conjugate vaccine

19, 29

Reference

Optimal source of Vi-PS with the optimal carrier
protein

The source of Vi-PS in different TCVs is either
S. Typhi or C. freundii (Table II). As the enormous
molecular weight of Vi made the filtration and
conjugation process difficult, attempts are being made
to employ plant-based PSs, which are structurally
similar but immunologically unrelated as a replacement
for Vi-PS of bacterial origin®. Pectin purified from
plants or fruit has been successfully utilized as a
source of Vi-PS?. Plant-based Vi-PS is advantageous
due to its significantly lower molecular weight when
compared to the conventional sources, which makes
the process of developing a Vi PS-protein conjugate
easier. However, there may be considerable regulatory
hurdles that would be expected using plant source PS
rather than true Vi-PS from a bacterial source.

Vi capsular PS is a linear homopolymer of (1—4)
alpha-D-galacturonic acid with N- and O-acetylation
at its O2 and O3 positions®*. The degree of
O-acetylation, which may be variable in different Vi-
PS preparations, influences the immunogenicity of a
glycoconjugate the most*. Therefore, it is necessary
to quantify the optimal level of O-acetylation that
can provide adequate antigenic stimulation*. The
immunodominant epitopes of Vi-PS molecule are
the two hydrophobic groups, O-acetyl and N-acetyl,
which overhang on both sides of the PS, whereas the
carboxyl groups are less exposed; hence, they remain
an insignificant determinant of Vi-PS immunogenicity.
The carboxyl group is, therefore, selected as the linking
site for carrier protein®’.

The most critical step in the development of a
Vi-PS protein conjugate is the selection of a correct
‘linker scheme’. In clinical settings, the two commonly
employed schemes are hetero-bi-functional cross-linker
N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP)
and homo-bi-functional linker adipic acid dihydrazide
(ADH)*®#. The protein-ADH scheme consistently
elicited a higher amount of anti-Vi IgG antibodies than
the SPDP scheme®. Four different carrier proteins have
been employed in the production of different TCVs so
far?®. These include recombinant exoprotein A from
Pseudomonas aeruginosa (tEPA), TT, diphtheria
toxoid (DT) and cross-reactive material (CRM 197), a
non-toxic mutant of diphtheria toxin?*#! (Table II). The
immunogenicity of a glycoconjugate is affected more
by the degree of O-acetylation and conjugation scheme
rather than the carrier protein used or the source
of Vi-PS?46 Using a plant-based Vi-PS source may
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Table III. Percentage of individuals above the different seroprotective cut-offs and the anti-Vi-IgG levels at different strengths of
polysaccharide employed in an experimental V-recombinant exoprotein A from Pseudomonas aeruginosa typhoid conjugate vaccine

trial in 2-5 yr old children

Strength of Vi-PS

Seroprotective level (pg/ml)

>4.3 2.0

0 wk 10 wk 52 wk 0 wk 10 wk 52 wk
25 pg (n=77-78) (%) 0 100 95 0 100 99
Anti-Vi-IgG levels (GM, pg/ml) 0.16 126.90 16.45 0.16 126.90 16.45
12.5 ug (n=79-80) (%) 0 100 95 0 100 100
Anti-Vi-IgG levels (GM, pg/ml) 0.18 92.58 14.02 0.18 92.58 14.02
5 pg (n=75-76) (%) 0 100 77 3 100 100
Anti-Vi-IgG levels (GM, pg/ml) 0.21 53.29 7.97 0.21 53.29 7.97

GM, geometric mean. Source: Reproduced with permission from Ref. 35

eliminate some of the technical difficulties associated
with the production of Vi-PS conjugate. There is a
concern that a ‘pre-exposure’ or ‘co-exposure’ of
a carrier protein containing TT or DT can adversely
affect the immunogenicity of the carbohydrate moiety
to which conjugation is done through a phenomenon
referred to as ‘epitope suppression’®. However, as
stated above, the type of carrier protein is not the
sole criteria, and many other factors such as chemical
linking, PS size, the degree of O-acetylation and
presence of a spacer affect the final immunogenicity of
glycoconjugate vaccines’'. It needs to be emphasized
that the making of a Vi-protein conjugate is a complex
process and every Vi conjugate product is distinct.

Optimal dose of Vi-PS for an ideal TCV

The two licensed TCVs, the Typbar-TCV™
and PedaTyph™, contain 25 and 5 pg of Vi-PS,
respectively. The two experimental TCVs, the Vi-
rEPA and Vi-CRM, also have a different amount
of Vi-PS (Table II). The amount of PS in the
currently used other conjugate vaccines ranges from
2 pg/injection for pneumococcal conjugate vaccines
to 10 pg/ml for Haemophilus influenzae type b. The
first, experimental TCV, Vi-rEPA employed 25 ug
of PS. The dose of 25 pug was selected on the basis
of the amount of PS present in the licensed Vi-PS
vaccine®,

As per the WHO guidelines to vaccine
manufacturers®?, it is mandatory to determine an
adequate dose and schedule of a candidate TCV,
and extrapolation must be avoided even if the same
carrier protein is employed®?. The immunogenicity
of the Vi-PS conjugate vaccines is found to be

dose dependent. In a dose-escalating trial of the
experimental Vi-rEPA vaccine in 2-5 yr old Vietnamese
children, a dose-dependent increase in anti-Vi IgG
titres was noticed, with 25 pg eliciting the highest
immune response*. However, the non-availability of
a reliable serological correlate of protection (CoP)
has compounded the determination of an exact dose.
Adopting 4.3 pg/ml [or 3.52 ELISA Unit (EU)] as
the putative protective cut-off level, 12.5 pg was
found to be the most optimum dose in the above trial,
whereas only 77 per cent of patients with 5 pug dose
were seroprotected at 52 wk** (Table IIT). When the
protective cut-off level was lowered to 2.0 pg/ml, the
newly estimated serocorrelate based on re-examination
of Vietnam’s efficacy trial results of Vi-rEPA, 100 per
cent children with 5 pg dose were found seroprotected
at 52 wk and no difference was seen among the three
dose strengths of the vaccine® (Table IIT). A very low
antigen dose of 1.25 pug of Vi-PS in TCV was found
as immunogenic or even better than 25 pg/dose of
unconjugated Vi-PS vaccine in a trial of another TCV
employing CRM197 as a carrier protein®.

The issue of the exact dose of Vi-PS in a TCV
is still unsettled. Most of the manufacturers of TCVs
have adopted a high-end dose, 25 pg of Vi-PS, in their
upcoming products (Table II). However, more studies
are needed, mainly, on long-term effectiveness trials,
to get a final answer.

Number of doses needed for a primary
immunization schedule

The issue of the exact number of doses required for
a primary series of Vi-TCV is not yet fully elucidated.
Some earlier trials of TCVs have employed more than a
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single primary dose in their protocols®***¢4, In Vietnam,
after 46 months of vaccination, both one- and two-dose
recipients of Vi-rEPA vaccine, showed comparable point
estimates of efficacy (87.7 and 89%, respectively)**7.
No difference in the geometric mean titres (GMTs) of
anti-Vi IgG antibodies was found in one- and two-dose
recipients after three years of the first dose in an earlier
trial of the same vaccine®®. Although four weeks after
the second injection the GMTs were significantly
higher in children who received two doses than those
who received only one dose, however the antibody
gap between the one- and two-dose recipients steadily
narrowed down considerably after three years®. In the
multicentric trial of experimental Vi-CRM in three
countries, the second dose in the primary series did not
have any incremental effect on GMTs in children and
older infants*. In the post-licensure cluster-randomized
effectiveness study of PedaTyph™, no case of culture-
positive typhoid was found throughout the 12 months
among 140 individuals who had received only a single
dose®. Furthermore, in a subgroup analysis of 62
individuals, 100 per cent individuals seroconverted at
six weeks following a single dose of the vaccine®. In a
pre-licensure study of the same vaccine, a single dose
seroconverted 100 per cent of the study individuals
aged three months to two years®!. A post-licensure study
of PedaTyph™ on 163 individuals in Chennai found
83 per cent seroconversion following a single dose*.
A subset analysis of one- and two-dose recipients did
not find any significant advantage of two doses after 30
months post-vaccination®?.

On analysis of the available data, it seems that a
single dose is sufficient for the induction of adequate
immune responses and a closely spaced second dose
is not going to confer higher immunity in a primary
series. However, as some amount of waning of
antibody titres after 6 to 12 months of immunization
was observed in some studies’®***, a booster dose,
especially in young children (<2 yr of age), may be
needed. The WHO-SAGE Working Group on Typhoid
Vaccines has recommended only a single dose of the
TCV at any time between 6 and 23 months of age in the
endemic countries’?*.

Immune responses and correlate of protection
(CoP)

Antibodies, produced in response to both typhoid
infection and vaccination, are generally used as the
gold standard for measuring vaccine immunogenicity
although their role in the clearance of S. Typhi

infections is not properly understood>. The protection
is primarily conferred by the higher level of anti-Vi
antibodies as suggested by both the earlier trials of
Vi-PS vaccine'*!* and later trials of TCVs?30-3637.40.44,
Some experts have suggested that serial measurement
of Vi antibodies may serve as a marker of typhoid
exposure*>4. However, serum IgG titres were found
to be poor correlates of protection for Vi-PS vaccines
in some communities. In a human challenge study
of Typbar-TCV™> no significant difference in the
titres of anti-Vi IgG antibodies was found between
individuals who were diagnosed with typhoid fever
and those who did not. This observation suggests
that antibody functionality is equally important for
protection as the total antibody quantity*. There may be
arole of subclasses of IgG antibodies (IgG1-1gG4), and
functional Vi-antibodies such as those involved with
neutralization, opsonization and/or antibody-dependent
cellular cytotoxicity activity and they may become
more important determinant of protection®®*’. In the
trials of Vi-PS vaccine, IgG2 titres were found to be the
main determinant of protection’’. The intensity of the
anamnestic response is also determined by the avidity
of elicited antibodies®.

Immunity to S. Typhi is complex and involves
both systemic antibodies (against O, H, Vi and other S.
Typhi antigens) and local (IgA) antibodies along with
cell-mediated immunity (CMI)*. The role of CMI in
the elimination of S. Typhi infection and prevention
of carrier stage becomes crucial as the organism may
remain intracellularly. Some reports suggest a more
dominant role of CMI in protection against typhoid
through the active participation of CD4+ helper and
CDB8+ cytotoxic T cells®®**. The trials of oral Ty21a
vaccine reveal that CMI responses comprise both Thl
and cytotoxic T cell type responses that are associated
with lymphoproliferation3-¥, However, no association
was observed in humoral and cellular responses™.

The role of gut-homing, circulating IgA
antibody-secreting cells (ASCs) in protecting against
the typhoid was also studied in Ty21a trials. The extent
of the IgA ASC responses against O antigen correlated
with efficacy, but the boost in IgA ASC levels failed
to show any association with serum anti-S. Typhi
lipopolysaccharide (LPS) O responses®.

The human immune responses to S. Typhi
following immunization are complex. However, the
immunologic CoP remains mostly indeterminate.
Identification of a reliable immune CoP is essential for
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the proper evaluation of new typhoid vaccines. In the
past, several attempts were made to decide a reliable
CoP for TCV. However, these attempts were limited
by the lack of efficacy trials with TCV because only
one large efficacy trial of any TCV has been conducted
so far*®. During the Vi-rEPA efficacy trial, the CoP
was first proposed to be 8.7 pug/ml of anti-Vi IgG
level based on the 27 months of active surveillance
and subsequently lowered to 4.3 pg/ml (equal to
3.52 EUs) at 46 months***". Later, in a re-analysis of the
anti-Vi IgG levels in different age groups of children
in the Vietnam efficacy trial’’, a much lower estimate
(in the range of 1.4-2.0 ug/ml) was described®. The
WHO has also analyzed the clinical data of Vi-rEPA
and concluded that it is not possible to identify a cut-
off based on the old NIH-sponsored trial data*.

Need for a standardized international reference
and validation of ELISA Kits

Before any cut-off based on protective antibody
level is applied to a new candidate TCV, it is of
paramount importance to calibrate ELISA kits used
by different vaccine manufacturers in their trials.
To evaluate new TCVs, it is essential to quantify
anti-Vi IgG antibodies in serum accurately. Currently,
the antibody levels are expressed in EUs assigned
arbitrarily by different laboratories. However, the
assignment of EU varies extensively among different
developers with no common reference to calibrate. This
shortcoming rendered the comparison of clinical results
of different trials nearly impossible. A standardized
human reference is essential to estimate and compare
the immune responses of a candidate TCV with the
existing known levels®.

Long-term persistence of immune responses and
need for booster doses

The Vi-rEPA has been observed to provide
sustained protection against typhoid for at least
46 months in young children aged 2-5 yr after two
doses (based on efficacy data)***’. In school-age
children (5-14 yr) and adults, the immunity persisted
for 8 and 10 yr, respectively?®*7%, In the follow up
evaluation of the Vi-rEPA efficacy trial***’, a subset
of children between five and eight years received
only one injection of the test vaccine. Seventy five
randomly selected children from this cohort were found
to have high GMT levels of anti-Vi IgG antibodies
(17.7 pg/ml), and 84 per cent had higher than the
estimated seroprotective level eight years after the
vaccination®.

A single dose of Typbar-TCV™ or PedaTyph™
provided good GMTs and seroconversions in the
majority of the vaccines at least till 2.5 to 5 years
after vaccination®*¥. Theoretically, the TCV should
provide a longer duration of protection than an
unconjugated Vi-PS vaccine in children above two
years of age. However, it is the performance of these
new TCVs under two years of age which needs a
close monitoring. Typically, the immune responses
elicited during young age are not as robust as in
older children due to the immaturity of the immune
system?. This phenomenon has also been observed
in the immunogenicity study of Vi-CRM197% and
efficacy trial of Vi-rEPA (Fig. 2)*. There is gradual
waning of immune responses following a primary
series of TCV. During the efficacy study of Vi-rEPA,
the anti-Vi IgG titres decreased to 3.52 and 4.31 EU
at 46 months from the peak values of 18.57 and 25.08
EU attained at six months following two doses of the
vaccine in 2-3 and 4-5 yr old children, respectively
(Fig. 2)7.

Both licensed TCVs, Typbar-TCV™ and
PedaTyph™ have elicited higher immune responses in
younger children (<2 yr of age) than in older children
and adults®*?!. However, it is the durability of these
responses that merits attention. In the long-term
immunogenicity study of Typbar-TCV™, 72.7 per cent
of the younger age group children (<2 yr) had four or
more folds seroconversion from the baseline at three
years follow up in contrast to 83.6 per cent in older age
group despite having higher seroconversion and GMTs
in the younger age group*?’. The understanding about
the long-term persistence of anti-Vi IgG antibodies is
essential to determine the exact timing of a booster
dose.
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Fig. 2. Levels of anti-Vi IgG of 2-5 yr old children in Vi-rEPA efficacy
study stratified according to age. Source: Adapted from Ref. 37.
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Exact schedule of TCVs and timing of a booster
dose

The WHO-SAGE Working Group on Typhoid
Vaccines did not find any need for booster doses
for children or adults, especially those residing in
typhoid-endemic areas®. Deciding the need and
the appropriate timing of a booster dose of TCV is
somewhat tricky. The schedule may differ among
different age groups and populations. The older children
may get considerable natural boosting, especially in
a highly endemic setting. On the other hand, regular
boosters may be required in specific low-endemic
regions so that a minimum concentration of antibodies
is maintained to confer protection. For older children, a
single primary dose may provide long-term protection.
As per the available studies with licensed TCVs
in India, the single dose should provide adequate
protection for at least 2.5 (PedaTyph™) to five years
(Typbar-TCV™). However, if the clinical efficacy data
of Vi-rEPA are also taken in to account, the protection
may last up to 8 to 10 yr in older children and adults,
respectively®. Hence, in the endemic regions, a single
dose of TCV should provide long-lasting protection to
older children.

For young children, particularly those under two
years of age, some key issues need to be considered
before recommending a ‘single-dose, no-booster’
policy. First, as a general rule, immune responses
elicited during infancy and young age lack certain
key ‘immunological edifices’ needed for providing a
long-lasting immunity owing to the immaturity of the
immune system?. In some of the trials with candidate
TCVs, there is a perceptible drop in the anti- Vi IgG titres
at 6-12 months after vaccination following an initial
rise in the antibody levels after the first dose?*30-36-3740,
Whether this observation warrants consideration of a
booster dose is difficult to determine in the absence of
reliable knowledge about the protective antibody levels
in different age groups. At last, due to a comparatively
lower burden of typhoid infection below two years
of age than in 2-5 yr age group, there is limited
opportunity to get natural boosting secondary to
subclinical infections.

Considering all the limitations and available
evidence, the best schedule for TCVs would be
to harmonize their administration schedules with
measles vaccination under the EPI. The option of
TCV co-administration with MCVs seems entirely
practicable and also allows flexibility of adopting
either one or two-dose schedules. Thus, the first

dose of the TCV can be administered at nine months
along with Measles, Rubella (MR)/Measles, Mumps,
Rubella (MMR) followed by a 2™ dose, if at all it is
needed, at 16-18 months along with the 2™ dose of
MCV. For the ‘catch-up schedule’ of older children
who have missed the primary dose/s (at 9 and 16-18
months), a single dose of TCV can be offered. Typbar-
TCV™ has already demonstrated non-interference
with co-administered measles and MCV (like MR
and MMR), and the other licensed TCVs should also
follow suit?**,

The WHO-SAGE Working Group on Typhoid
Vaccines has also ‘tied” the TCV schedule with
measles vaccination for younger children®. However,
they have suggested only a single dose of TCV at
any time between 6 and 23 months of age in endemic
countries®. For older children, aged two years and
above, the SAGE has indicated their preference for
TCV over other two typhoid vaccines, ViPS and
Ty21a*. Although the WHO-SAGE had analyzed the
data about the clinical trials of all TCVs including
Vi-tEPA, Vi-CRM, Typbar-TCV™ and PedaTyph™,
they have based their recommendations on the one
licensed TCV, Typbar-TCV™,

Limitations of TCVs and future perspectives

The current TCVs are moderately efficacious.
There are no large field efficacy data available on
the licensed products. A human challenge study with
Typbar-TCV™ was conducted in naive adult volunteers
in a non-endemic setting®. The Typbar-TCV™ was
found to have an estimated efficacy of 54.6 per cent
(95% CI: 26.8-71.8%) based on the original primary
endpoint of persistent fever or S. Typhi bacteraemia
and 87.1 per cent (95% CI: 47.2-96.9%) based on a
post hoc analysis of alternative diagnostic criteria
of persistent fever followed by positive blood
culture. The respective figures for the comparator
Vi-PS vaccine were 52 (23.2-70) and 52.3 per cent
(—4.2-78.2)*. Although the human challenge study
is cited as an efficacy study to strengthen the case of
Typbar-TCV™ as an effective vaccine, still there is a
need for a large efficacy trial from an endemic setting.
A Cochrane review found very low-certainty evidence
for PedaTyph™ and did not offer any recommendation
on the Typbar-TCV™ because no efficacy data were
available®'. The effectiveness data from the Typhoid
Vaccine Acceleration Consortium (TyVAC) sponsored
trials of TCV in a few LMI countries of Asia and Africa
should fill this void®.
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The use of currently available TCVs is limited
due to their inability to protect S. Paratyphi A
and non-typhoidal Salmomnella serotypes. As the
current TCVs are based on Vi-antigen, these are
ineffective against Vi-negative S. Typhi strains which
exist naturally and have caused disease in the past®.
With the large-scale use of TCVs, there is a potential
threat of outbreaks caused by Vi-negative strains
due to natural selection under vaccine pressure®.
Furthermore, the existing TCVs do not produce broad
immune responses including CMI and fail to induce
intestinal secretory IgA response.

Considering all these limitations, there is a need
for new typhoid vaccines which are more efficacious
and have serotype-independent coverage against
all Salmonella strains. There are new advanced
technologies underway to develop more effective and
broadly protective typhoid vaccines. A few such novel
approaches include the use of single or multiprotein
subunit vaccines® %, use of novel linking methods®' and
exploration of the dual role of proteins as a carrier and
protective antigen®. Although protein subunit vaccines
may overcome some of the limitations of TCVs, yet the
challenge is to recognize suitable antigens that can be
developed into effective human vaccines®’. One such
protein antigen could be the outer membrane vesicles
(OMVs) which are secreted naturally from several
Gram-negative bacteria including Salmonella and
have already been used in some vaccine development
studies®®. The OMVs contain LPS and other membrane
proteins that act as a natural adjuvant and are found
protective against both S. Typhi and Paratyphi A%,

Another exciting development is the exploration
of new ways to present carbohydrate antigens to the
immune system®. Conventionally, PS antigens are
covalently attached to carrier proteins to convert
T-independent antigens into T-dependent ones. The
evidence is now emerging that the covalent bonding
may not be required, and protein carriers can be directly
coupled to activated glycans to introduce functional
groups for subsequent conjugation®’. Genetically
modified proteins can also be employed to predetermine
the site of linking with PS for in vivo expression. These
new advancements along with the use of novel carrier
systems such as nanoparticles have been projected as
alternative methods to develop new glycoconjugates®'.

With the looming threat of Vi-negative strains®,
there is a greater focus on antigens universally present
in all S. Typhi such as O-specific PSs®. These new

typhoid vaccines will be considerably cost-effective
than the TCVs at present. Unlike Vi-based vaccines,
these would be effective against Vi-negative strains as
well as S. Paratyphi A infection.

Conclusions

There is a significant burden of typhoid fever in
India, especially among young children under five years
of age. There is a need for a large-scale vaccination
programme along with other preventive measures to
tackle typhoid burden in India*. The existing Vi-PS
vaccines are unable to meet this challenge. Despite
having limitations, the new-generation TCVs are best
suited to fill the existing void. Typbar-TCV™ has
attained WHO Pre-Qualification to become eligible
for introductions in the Global Alliance for Vaccines
and Immunization (GAVI)-eligible countries’. In
addition, many new TCVs are under various stages
of development?®?*, Although the current generation
of TCVs are usually considered safe, robust
post-marketing surveillance studies with a large
number of individuals are still needed. The time is
ripe to address some of the key concerns enumerated
above so that these more efficient products can be
utilized widely to have a significant dent on the burden
of typhoid in the highly endemic countries of Asia and
Africa”. At the same time, efforts should continue
to develop more refined, broadly protective, typhoid
vaccines to cover the entire spectrum of Salmonella
infections in humans.
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