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No vaccines are currently licensed against Group B streptococcus (GBS), an important cause of morbidity
and mortality in babies and adults. Using a mouse model, and in vitro opsonophagocytosis and colonisa-
tion assays, we evaluated the potential of a sublingually-administered polysaccharide-conjugate vaccine
against GBS serotype III. Sublingual immunisation of mice with 10 lg of GBS conjugate vaccine once a
week for 5 weeks induced a substantial systemic IgG anti-polysaccharide response which was similar
to the level induced by subcutaneous immunsation. In addition, sublingual immunisation also induced
mucosal (IgA) antibody responses in the mouth, intestines and vagina. Immune sera and intestinal
washes were functionally active at mediating killing of the homologous GBS serotype III in an
opsonophagocytosis assay. In addition, intestinal and vaginal washes inhibited the colonisation of mouse
vaginal epithelial cells by the vaccine homologous strain. These results suggest that, in addition to the
induction of high levels of IgG antibodies that could be transduced from the immunised mother to the
foetus to protect the newborn against GBS infection, sublingual immunisation can elicit a substantial
mucosal antibody response which might play an important role in the prevention of GBS colonisation
in immunised women, thereby eliminating the risk of GBS transmission from the mother to the baby dur-
ing pregnancy or at birth.

� 2022 Published by Elsevier Ltd.
1. Introduction

Group B streptococcus (GBS) is a leading cause of severe bacte-
rial infection in the first 3 months of life and of septic morbidity
amongst mothers [1–3]. It is also an important cause of morbidity
and mortality among non-pregnant adults, particularly older peo-
ple, individuals of black ethnicity and adults with underlying med-
ical conditions [4–6]. GBS is also likely to be an important cause of
stillbirth, especially in Africa [7].

GBS-infected infants generally acquire the organism
intrapartum from their rectovaginally-colonised mothers, and the
proportion of women colonized with GBS during pregnancy ranges
from 10 to 40 % worldwide [8–10]. Newborns colonized with GBS
may develop sepsis, pneumonia, or meningitis. Early-onset disease
(EOD) appears during the first week of life and accounts for 60–80%
of GBS disease, while late-onset disease (LOD) appears between 8
and 90 days of age and accounts for 20–40% of GBS disease [11–
15]. Current rates of EOD disease are estimated to range from 0.2
� 4 cases/1000 live births [16–19]. In EOD, bacteraemia is present
in 27–87% and meningitis is documented in 6–17% of cases [18].
Neurological sequelae occur in 15–50% of survivors of both early
and late-onset meningitis.

All GBS strains possess a capsular polysaccharide (CPS) on their
surface which is a major virulence factor. Ten different CPS sero-
types have been characterized (Ia, Ib, II, III, IV, V, VI, VII, VIII and
IX), of which six (Ia, Ib, II, III, IV and V) are responsible for the vast
vaccine
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majority of disease in North America and Europe [17,20–24],
whereas serotypes V, VI, VII and IX, are prevalent in Africa [25]
and serotypes Ia, Ib, V, VI and VIII predominate in Japan [26–28].

Antibodies against the CPS confer protection against GBS; there-
fore, the risk of the infant acquiring the infection from a colonized
mother will depend on whether or not the newborn has acquired
protective levels of serotype-specific maternal antibodies. Major
risk factors for developing EOD include maternal GBS carriage, pre-
maturity, low birth weight, prolonged rupture of membranes,
intrapartum fever, young maternal age, black ethnicity, previous
delivery of an affected baby and low levels of anti-CPS antibodies
[1]. LOD can be acquired through either vertical, nosocomial or
community sources [29].

The current strategy for treatment of GBS diseases is the use of
intrapartum antimicrobial prophylaxis in the mother (IAP) to pre-
vent infection in newborns. This prevention strategy involves
administration of antibiotics to mothers who have certain risk fac-
tors for GBS (17% of all women) [30] or those with positive GBS cul-
ture [31]. However, this approach has many complications and
limitations, and it does not prevent all EOD because vertical trans-
mission might occur at any stage up to and during labour. IAP has
no effect on invasive maternal disease, stillbirth, preterm delivery
and LOD and increases the risk of emergence of antibiotic-resistant
strains [32,33]. Concerns have also been raised about the potential
negative impact of the overuse of antibiotics during labour on the
development of the neonatal microbiome, which may lead to
health consequences later in life [34].

An alternative strategy to IAP would be the administration of
GBS vaccines to child-bearing age/pregnant women to enable sub-
sequent passive transfer of vaccine-induced antibodies from the
mother to the foetus/infant. Monovalent, bivalent and trivalent
GBS conjugate vaccines [prepared from CPS conjugated to tetanus
toxoid (TTxd) carrier protein or non-toxic cross-reacting material
from Corynebacterium diphtheria; CRM197 protein] have been
developed and evaluated in Phase 1 and II clinical trials in adult
volunteers, including pregnant women at 30–32 weeks of gesta-
tion and shown to be well tolerated and immunogenic [35–40].
Other vaccines in Phase I/II clinical trials include a CRM-197 conju-
gate vaccine against the 6 predominant serotypes: Ia, Ib, II, III, IV
and V [41] and a protein-based vaccine made of the N-terminal
of GBS alpha and rib proteins (all GBS strains express either one
or both of the proteins) [42]. All these vaccines are for parenteral
administration to mothers during the 3rd trimester with the aim
of inducing systemic IgG which can cross the placenta to protect
the foetus or newborn against GBS infection.

In contrast to these injectable vaccines which mainly induce
systemic IgG, we are proposing mucosal, specifically sublingual,
administration of the vaccine to the mother. Mucosal immunisa-
tion via routes such as sublingual, nasal, rectal and topical is
known to elicit systemic as well as mucosal immunity which can
provide the first line of defence against a pathogen [43]. Given that
the main source of GBS infection in the infant is from the maternal
rectovaginal surfaces during vaginal birth, induction of effective
immunity at these mucosal surfaces might be able to reduce or
eliminate GBS colonisation of the mother and transmission to the
baby. One way of achieving mucosal immune responses in the
vagina is by vaccine administration via the sublingual route [44–
47]. In addition, sublingual immunisation also gives rise to sys-
temic immunity enabling transplacental transfer of maternal IgG
antibodies to the foetus and protection against GBS infection.

The aim of this study was to investigate the potential of a
sublingually-adminstered GBS conjugate vaccine candidate against
serotype III to induce mucosal and systemic immunity that can
prevent colonisation with GBS. Experiments were conducted in a
mouse model, using Cholera Toxin (CTX) or Cholera Toxin B sub-
unit (CTB) as adjuvants.
2

2. Materials and methods

2.1. Materials

GBS serotype III conjugate vaccine candidate (prepared from
GBS serotype III CPS conjugated to TTxd) was supplied by The Bio-
vac Institute (South Africa) in 100 mM phosphate buffer, pH 7.2
and stored at 4 �C. CPS-biotin conjugate for ELISA was prepared
in our laboratory, as described below. Cholera Toxin from Vibrio
cholerae (CTX) and the non-toxic Cholera Toxin B subunit (CTB)
were purchased from Sigma Aldrich. All chemicals and reagents
used in this study were of analytical grade, unless stated otherwise.

2.2. Animals and immunisation

Six to eight week old female BALB/c mice (Charles River, UK)
were immunised sublingually (SL) as follows: mice were anes-
thetised in an isoflurane chamber. Once anaesthetised, the tongue
is lifted with a pair of dressing forceps placed under the tongue to
expose the underside. The immunogen (20 ll) is deposited slowly
and carefully onto the underside of the tongue using a micropip-
ette. Once the entire dose is dispensed, the mouse is returned to
the induction chamber and placed in a ventral dorsal position
and head straightened to ensure no airways are obstructed. The
mouse remains under anaesthesia for a further 30 min before being
allowed to recover. Mice were immunised once a week for five
weeks, with 20 ll of GBS conjugate (containing 2 or 10 lg of
CPS) in the presence or absence of 10 lg of CTX or CTB as adju-
vants. The vaccine dose was chosen based on previous experience
in SL with ovalbumin (as a model antigen) and CTX as an adjuvant.
Subcutaneous (SC) immunisation (once a week for five weeks) with
200 ll of the conjugate (containing 2 lg of CPS, but no adjuvant)
served as the positive control for induction of serum IgG response.
Blood and faecal pellets were collected on Day 0, one week after
the third and last immunisations. At the end of the experiment,
the mice were terminally bled by cardiac puncture under general
anaesthesia. Mucosal secretions (intestinal, colonic, vaginal and
mouth washes) were collected in protease inhibitor buffer (Fischer
Scientific UK), supplemented with 2% Foetal calf serum (FCS). All
animal procedures were conducted in accordance with the Home
Office (Scientific Procedures) Act 1986.

2.3. ELISA for anti-CPS III IgG and IgA antibodies

2.3.1. Preparation of CPS-biotin conjugate
Biotin-CPS conjugates were prepared as previously described by

Buffi et al. [45]. In summary, carboxylic acid residues on GBS CPS
type III were activated using EDC [1-ethyl-3-(3-dimethylaminopro
pyl) carbodiimide] in MES buffer (pH 5) at a ratio of 1:0.5 (w/w).
Biotin hydrazide was added to the reaction at a ratio of 1:0.5 (w/
w). The components were allowed to react for 16 h at RT while
gently stirred. The conjugated polysaccharide was purified using
the Vivaspin centrifugal filter devices fitted with 10 kDa molecular
weight cut off filters (Satorius, UK).

2.3.2. ELISA
An in house ELISA assay was developed to determine the level of

CPS serotype III-specific IgG or IgA antibodies. 96 well microtitre
plates (Nunc-Immuno MaxisorpTM) were coated overnight at 4 �C
with 100 ll/well of the prepared CPS-biotin conjugate at a CPS con-
centration of 0.5 lg/ml in carbonate buffer (pH 9.6). Serum sam-
ples or mucosal secretions from individual mice diluted in assay
buffer (phosphate buffered saline, 1% bovine serum albumin, 0.1
% Tween 20) were added to the first column of the plate. Two fold
serial dilutions were carried out in the plates which were then



Fig. 1. Serum IgG response to GBS conjugate vaccine, Mice were immunised SC
with 2 lg of GBS conjugate or SL with 10 lg of GBS conjugate in the presence or absence
of 10 lg CTX (A) or CTB (B) adjuvant. Sera were tested for anti-CPS response by ELISA.
Data is presented as serum titre for individual mice (scatter) and the horizontal bar is
the GMT of the group.** p < 0.01, in comparison with pre-immune antibody level.
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incubated for 2 h at RT. The presence of GBS serotype III- specific
IgG or IgA antibodies was detected with rabbit anti-mouse IgG or
IgA conjugated to horseradish peroxidase (HRP) (1:2000; Sigma
Aldrich), followed by the TMB substrate (Tetramethylbenzidine;
Sigma Aldrich). The reaction was stopped with 3 M HCl after
20 min and the absorbance was measured at 450 nm using a Mul-
tiskan MS plate reader (Lab systems; ThermoLife Sciences). Data
are presented as antibody titre (the last dilution giving OD
of � 0.5) for IgG and endpoint titre (the last dilution giving OD
of � mean Blank OD + 3SD) for IgA.

2.4. Opsonophagocytosis assay

2.4.1. Differentiation of HL-60 cells
HL-60 cells (CCL-240; ATCC) were grown in RPMI 1640 (Sigma

Aldrich) with 10% heat-inactivated FCS (Gibco) in upright flasks
at 37 �C, 5% CO2. Once confluent, the cells were harvested by cen-
trifugation at 1000g for 5 min and re-suspended to give a final cell
density of 6 � 105 cells/ml in the growth medium. Cells were then
differentiated into granulocyte-like cells by the addition of 0.8 % N,
N-Dimethylformamide (Sigma Aldrich) and incubated for 5 days at
37 �C, 5% CO2.

2.4.2. Bacteria preparation
A clinical isolate of GBS serotype III (obtained from NCTC) was

grown in Brain Heart Infusion broth to mid-exponential phase.
Small aliquots in 15% glycerol were prepared (for single use in
opsonophagocytosis assay), snap-frozen in liquid nitrogen and
stored at �80 �C. The CFU content of the frozen aliquots was esti-
mated from a pre-determined standard curve for viable count vs
optical density. On the day of the assay, an aliquot was thawed
and resuspended in assay buffer (Hank’s Balanced Salt Solution
(HBSS) supplemented with 10% heat-inactivated FCS; both from
Gibco) to give a concentration of 2.5x105 CFU/ml.

2.4.3. Opsonophagocytsis assay (OPA)
An OPA assay developed in housewas used to measure the func-

tional activity of the CPS serotype III-specific mouse antibodies:
pooled animal sera or mucosal washes from each group of mice
were serially diluted in 10 ll volumes (in tripicates) in a flat-
bottom 96-well microtitre plate (Falcon) using assay buffer (HBSS,
10% FCS). Bacteria, prepared as described above, were added at
20 ll/well and the plate was incubated at 37 �C for 30 min at
200 rpm. Differentiated HL60 cells (washed and resuspended to
give a final concentration of 6.6x107 cells/ml), mixed 1:1 with a
mixture of baby rabbit complement (20% v/v; Mast Group; US)
and assay buffer (30% v/v) were added in 60 ll volumes to all wells
(this will give a bacteria: HL60 cell ratio of 1:400).

Control wells contained effector cells, complement, and bacteria
but no immune serum. The reaction mixtures were incubated for
45 min (200 rpm) in a shaking incubator at 37 �C. At the end of
the incubation period, 10 ll samples were removed from each
well, diluted and then plated on blood agar plates. The plates were
incubated overnight at 37 �C, the number of colonies were counted
and the means CFU from the triplicate wells at each serum dilution
were used to generate the OPA titration curve. Results were
expressed as OPA titre being the serum dilution giving 50 % killing.

2.5. Epithelial cell colonisation

Mouse vaginal epithelial cells (CRL-2616, ATCC) were grown to
confluence in 24 well plates. One ml of GBS culture, prepared as for
the OPA assay (5x106 CFU/ml), was then added to the vaginal
epithelial cells monolayer and the co-culture was incubated for
one h at 37 �C. Subsequently, any non-bound bacteria were
removed by washing the wells with warm wash buffer (HBSS, 10
3

% FC S). Cells were detached with 200 ll/ well of 0.25% trypsin-
EDTA (10 min) and then lysed with 800 ll / well of 0.025% Triton
X-100 in assay diluent. The reaction was then neutralised with one
ml of assay diluent. 10 ll aliquots were spotted on blood agar
plates and incubated overnight at 37 �C to count the total number
of bound bacteria. To measure the level of colonisation inhibition,
bacteria were pre-incubated (30 min at RT) with immune serum or
mucosal secretion before addition to the epithelial cell cultures in
the assay and results were expressed as % colonisation inhibition in
the presence of immune serum/mucosal secretion.
2.6. Statistical analysis

The presence/absence of differences (at 95% significance level)
between two different groups was determined using the Mann-
Whitney test for the immune responses and the Student’s t-test
for % inhibition.
3. Results

3.1. Immunogenicity of the GBS conjugate

3.1.1. Systemic IgG response
Sublingual immunisation of mice with the CPS serotype III con-

jugate (once a week for 5 weeks) in the presence of CTX adjuvant
induced a substantial level of systemic anti-CPS IgG response
(GMT 7,352; p < 0.01 compared to pre-immune serum). The
sublingually-induced IgG response was slightly but not signifi-
cantly higher than the IgG response following subcutaneous
immunisation with the conjugate alone (GMT 4,579; p > 0.05 SL
vs SC; Fig. 1A). Equally, high IgG response was also obtained in
another experiment where the sublingual immunisation was con-
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ducted in the presence of CTB adjuvant (GMT 5,988; p < 0.01;
Fig. 1B). Sublingual immunisation with the conjugate without
adjuvant induced a weak response (GMT 245) which, however,
was still significantly higher than the background IgG level (GMT
50; p < 0.01), measured in pre-immunisation mice sera.

3.1.2. Mucosal IgA response
The level of anti-CPS IgA antibodies was determined in secre-

tions from several mucosal tissues and surfaces (mouth, intestines,
colon and vagina) and in faecal pellets. Subcutaneous immunisa-
tion induced a very low level of CPS-specific IgA antibodies at the
different mucosal surfaces (p > 0.05). In contrast, mice immunised
sublingually with the conjugate in the presence of CTX or CTB adju-
vants had substantially higher levels of IgA in the mouth, small
intestines, colon, vagina and faecal pellets, compared to pre-
immune faecal IgA level (Fig. 2). The GMT of IgA in mice immu-
Fig. 2. Mucosal immune response, Mice were immunised subcutaneously with 2 lg of GBS
or CTB adjuvant. Faecal supernatant and mucosal secretions were tested for anti-CPS IgA r
horizontal bar is the GMT of the group. *p < 0.05; ** p < 0.01 in comparison with pre-immu

4

nised with the conjugate and CTX adjuvant was 128 in the mouth
(p > 0.05 compared to pre-immune faecal IgA levels, due to one
non-responding mouse in the group); 1,549 in the small intestines
(p < 0.01); 1,176 in the colon (p < 0.01), 388 in the vagina (p < 0.01)
and 2,040 in faecal pellets (p < 0.01). A similar good response was
also achieved when CTB was used as an adjuvant at all mucosal
surfaces, suggesting that the non-toxic CTB is a good choice of
mucosal adjuvant. The conjugate alone (i.e. in the absence of adju-
vant) was not able to induce any substantial IgA response follow-
ing subcutaneous or sublingual immunisation (Fig. 2), which was
similar to the background IgA level in pre-immune faecal pellets.

3.1.3. Immunogenicity of three vs five doses of GBS conjugate
To investigate the effect of number of immunisations on the the

systemic and mucosal responses, serum IgG and faecal IgA (as an
indicator of mucosal antibody response) were evaluated after three
conjugate or sublingually with 10 lg of the conjugate in the presence or absence of CTX
esponse by ELISA. Data is presented as IgA titre for individual mice (scatter) and the
ne IgA antibody level measured in day 0 faecal pellets.
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and five immunisations with GBS conjugate. Three subcutaneous
immunisations induced a substantial serum IgG response (GMT
2,649; p < 0.01;Fig. 3) which was slightly, but not significantly,
increased after an additional two immunisations (GMT 4,579;
p > 0.05). A smaller IgG response was obtained following three sub-
lingual immunisations (GMT 942) which significantly increased by
8-fold after a further two immunisations (GMT 7,352; p < 0.01).

The impact of the number of immunisations on the mucosal IgA
response was very different. A very low level of mucosal IgA
response was measured following three sublingual immunisations
(GMT 97), which was not much different from the pre-
immunisation level (p > 0.05). However, a further two (i.e. a total
of five immunisations) resulted in a statistically significant 21-
fold increase in the faecal IgA response (GMT 2,040; p < 0.01), indi-
cating that the generation of a substantial mucosal IgA response
required five sublingual immunisations. In contrast, in the
subcutaneously-immunised mice, the mucosal IgA levels were
low after three immunisations and remained the same after two
further immunisations (GMT 98 and 103, respectively).

3.2. Effect of conjugate dose on the systemic and mucosal immune
responses

As the dose of the GBS conjugate was five times lower in the
subcutaneous compared to the sublingual route, it was decided
to investigate whether a reduced dose of the conjugate could still
induce a substantial immune response. Mice were immunised sub-
lingually with 2 or 10 lg of the GBS conjugate in the presence of
CTB and the serum IgG and mucosal IgA levels were determined
and compared to the response following subcutaneous immunisa-
tion. Results showed that the systemic IgG and mucosal IgA
responses, at the different mucosal sites, were dose-dependent
(Fig. 4). Sublingual immunisation with 2 lg of the GBS conjugate
and CTB induced substantial serum IgG response (GMT 2,703)
which was lower than, but not significantly, the response following
subcutaneous immunisation (4,579; p > 0.05). Although this
response was at least doubled (GMT 5,989) when the 10 lg antigen
Fig. 3. Kinetics of the systemic and mucosal antibody response, Mice were
immunised subcutaneously or sublingually with 3 or 5 doses of the conjugates (with/
without CTX adjuvant) and levels of anti-CPS serum IgG and faecal IgA antibodies were
determined. ** p < 0.01 in comparison with pre-immune serum IgG or Faecal IgA.
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dose and CTB was used, this increase was not statistically signifi-
cant (p > 0.05). A similar trend was seen in the mucosal IgA levels
at the different surfaces, where after immunisation with the low
dose of the conjugate a significant response (p < 0.05) was detected
at the intestinal (GMT 365), colonic (GMT 338), vaginal (GMT 223)
surfaces and in faecal pellets (GMT 169). The IgA response was low
in mouth washes (GMT 74) and was not significantly higher than
the background (p > 0.05). Immunisation with the 10 lg dose
induced a two to six-fold increase in the IgA response at the differ-
ent mucosal surfaces which were all significantly higher than back-
ground levels (p < 0.01).

3.3. Opsonophagocytic activity of the systemic and mucosal antibodies

The opsonophagocytic activity of the immune sera and intesti-
nal washes following sublingual or subcutaneous immunisation
was evaluated using an in-house developed opsonophagocytosis
assay (OPA). Immune sera from mice immunised sublingually or
subcutaneously with the GBS conjugate were equally effective at
mediating the killing of GBS serotype III by HL60 effector cells with
a serum OPA titre of 1,280 while there was no non-specific killing
using the pre-immune serum (Table 1). The OPA titre of the intesti-
nal washes from the same groups of animals was 15 for
sublingually-immunised animals, while washes from mice immu-
nised subcutaneously had no killing activity at all (OPA titre < 5),
which was similar to day 0 faecal supernatant.

3.4. Inhibition of vaginal epithelial cell colonisation by anti-CPS
antibodies

To determine whether the induced mucosal responses could
play a role in preventing GBS colonisation at mucosal surfaces, a
GBS-vaginal cell binding assay was performed to determine the
level of GBS III colonisation and the ability of intestinal and vaginal
mucosal antibodies to prevent/reduce GBS colonisation (Fig. 5).
GBS serotype III was capable of binding to the vaginal cell line
(2x104 CFU/ cell monolayer gave 100% binding). Pre-incubation
of the bacteria with vaginal washes from mice sublingually-
immunised with 10 lg or 2 lg of the conjugate and CTB reduced
bacterial binding by � 75% (p < 0.001, when compared to Day 0
faecal supernatant), while vaginal washes from control mice
sublingually-immunised with GBS conjugate in the absence of
CTB reduced the GBS binding by only 32% (p > 0.05), a level similar
to that achieved by pre-immunisation faecal supernatant. Intesti-
nal washes from the same mice (i.e. sublingually immunised with
the conjugate + adjuvant) reduced GBS colonisation by about 50%
(p < 0.001), while intestinal washes from mice sublingually-
immunised with the GBS conjugate alone failed to reduce GBS
colonisation compared to the pre-immunisation control (p > 0.05).
4. Discussion

Monovalent and multivalent GBS conjugate vaccines (using
mainly tetanus toxoid as a carrier protein) against the 5 main ser-
otypes in North America and Europe (Ia, Ib, II, III and V) have been
prepared and shown to be safe and induce protective antibody
levels in several preclinical [48–51] and clinical studies in healthy
adult volunteers, including pregnant women [52]. Other vaccines
based on selected conserved surface-exposed proteins have also
been developed and shown, in animal models, to confer protection
against GBS challenge or induce opsonophagocytic antibodies
against several GBS strains and some are currently in clinical trials
[53–55]. However, none of these vaccines have approached licens-
ing so far, because of unresolved issues with regulatory authorities
on the target group, safety concerns with regards to immunising



Fig. 4. Effect of conjugate dose on the systemic andmucosal immune responses.Mice were immunised sublingually with 2 lg or 10 lg of the conjugates and levels of anti-CPS
serum IgG and faecal IgA antibodies were determined. * p < 0.05, ** p < 0.01.

Table 1
Opsonophagocytosis of GBS III with immune serum and mucosal secretions.

Sample tested GBS Conjugate
dose (lg)

Delivery
route

Adjuvant OPA
titre

Serum 10 SL CTX 1280
Serum 2 SC None 1280
Pre-immune serum None None None < 5
Intestinal washes 10 SL CTB 15
Intestinal washes 2 SC None < 5
Pre-immune faecal

supernatant
None None None < 5
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pregnant women and agreement on surrogates of protection to
replace efficacy trials. A Phase III efficacy trial of a GBS vaccine to
prevent neonatal disease is likely to be very difficult, due to ethical
issues and the widespread use of antibiotics to treat at-risk deliv-
6

eries. An alternative approach to assess a GBS vaccine efficacy
would be to use the serological correlate of protection, measure-
ment of specific antibodies and OPA that measures the ability of
serum antibodies to opsonise GBS for killing by effector cells in
the presence of complement [56,57].

In this study, we used these in vitro correlates of immunity/pro-
tection to evaluate the potential of the sublingual route for delivery
of a GBS III conjugate vaccine candidate to induce protective sys-
temic and mucosal antibody responses. The sublingual route is
non-invasive and more akin to how pathogens usually enter the
body i.e. via mucosal surfaces, compared to the injection route of
immunisation.

We showed that sublingual immunisation elicited a substantial
serotype-specific systemic IgG antibody response at a similar level
to that induced by subcutaneous immunisation. The IgG antibodies
from sublingual and subcutaneous immunisations were equally
opsonically active in vitro against the homologous GBS serotype.



Fig. 5. Inhibition of epithelial cell binding by CPS antibodies. Confluent monolayers of vaginal epithelial cells were co-cultured with GBS serotype III. Non-bound bacteria were
removed, and the total number of bound bacteria was determined after detaching and lysing the cells. To demonstrate inhibition of binding, bacteria were pre-incubated with immune
vaginal (A) or intestinal (B) washes prior to adding them to the epithelial cell monolayer. The assay was conducted in triplicates and data are presented as % inhibition, calculated
relative to the total number of bound bacteria ± SD.
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The induction of serotype-specific functional systemic IgG by the
sublingual route is very important as it is the only antibody isotype
that is placentally-transferred from the pregnant mother to the
foetus [58].

We also showed that the sublingual route of immunisation has
the potential to induce a high level of mucosal IgA antibodies at
different mucosal surfaces, including the intestines, colon and
vagina, while subcutaneous immunisation only induced systemic
response. The induced mucosal response had the ability to sub-
stantially reduce adherence of GBS to vaginal epithelial cells, an
important step in GBS colonisation and acquisition by the foetus
and newborn from colonised mother. A vaccination strategy that
could prevent colonisation in pregnant women would effectively
7

eliminate the risk of vertical transmission of GBS from the mother
to the foetus/newborn and could also prevent the horizontal
spread of infection.

We also showed that the systemic IgG response following sub-
lingual immunisation was efficient at killing the bacteria in the
OPA assay and that the mucosal secretions (vaginal and intestinal)
were capable of reducing vaginal epithelial cell colonisation by
GBS. Similar findings were reported in previous preclinical vaccine
studies which showed that parenteral immunisation with a sero-
type III GBS conjugate vaccine reduces but does not eliminate vagi-
nal colonisation [59]. Our results confirm the potential of this
needle-free, easy to administer, route to be an effective immunisa-
tion route to induce protective systemic and mucosal antibody
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responses. Interestingly, both the systemic and mucosal immune
responses following sublingual delivery were dependent on the
use of the potent mucosal adjuvants CTX and CTB, and sublingual
immunisation in the absence of these adjuvants completely abro-
gated the antibody responses.

Secretory immunoglobulin (sIgA) plays an important role as a
first line of defence against micro-organisms that infect via muco-
sal surfaces [60], thus an important requirement in the prevention
of GBS transmission to the newborn would be the development of
vaccines that induce local production of GBS-specific sIgA antibod-
ies in the rectovaginal tract. This supports the importance of our
findings that sublingual immunisation induces IgA responses at
all the mucosal surfaces investigated. The antibody response was
dose-dependent: immunisation with 2 lg of the conjugates
induced a substantial response which was further increased when
10 lg was used, although this increase was not statistically signif-
icant, suggesting that the sublingual route allows for the use of a
small amount of the antigen in the presence of a potent adjuvant.
This is advantageous over the oral route which requires a large
dose of the antigen to be able to induce systemic and some muco-
sal response, even in the presence of a potent adjuvant due to
enzyme-catalyzed hydrolysis and pH-fluctuations in the gastroin-
testinal tract that affect the stability of oral vaccines [61]. Sublin-
gual immunisation is also advantageous over other mucosal
routes, namely rectal and vaginal which are less user-acceptable,
and the nasal route which presents some adverse effects concerns
and formulation challenges [61]. A previous study on mucosal
immunisation with heat killed cholera vaccines and CTB, using
the oral, rectal or vaginal routes showed that induction of mucosal
immunity in the rectum and genital mucosae of women may
require local immunisation [62], whereas our data showed the
ability of the subingual route to elicit both systemic and mucosal
immunity at local and distal mucosal sites.

Although it is not possible to directly compare findings from
animal and human studies, our results suggest that the sublingual
route is superior to the oral, rectal and vaginal route in its ability to
elicit functional antibodies in the circulation and at the mucosal
surfaces investigated, as demonstrated by the ability of intestinal
washes to mediate the killing of GBS in OPA and of vaginal washes
to interfere with vaginal epithelial cell colonisation, suggesting
that maternal immunisation by the sublingual route could ensure
transplacental IgG transmission to the foetus/newborn and would
also reduce GBS colonisation at the vaginal mucosae.

To the best of our knowledge, all previous sublingual immuni-
sation studies used either heat-killed pathogens or protein subunit
vaccine candidates [44–47,63]. Our study is the first to show that
sublingual immunisation is capable of inducing protective sys-
temic and mucosal anti-polysaccharide responses at various muco-
sal surfaces: mouth, intestines, colon and vaginal. Our results
suggest that this route could be successfully applied for other
polysaccharide-based conjugate vaccines, where systemic and
mucosal immunity are important in the interference of pathogen
acquisition at mucosal surfaces and to induce a systemic protective
response. Further studies are ongoing in our lab to investigate
nasal and pulmonary immunity following sublingual immunisa-
tion and comparing it to intranasal delivery of polysaccharide con-
jugate vaccines.

In our study we demonstrated the requirement for a potent
adjuvant (CTX or CTB) to stimulate induction of systemic and
mucosal immune responses after subligual immunisation. The
use of cholera-based adjuvants in humans, and pregnant women,
in particular, may raise safety concerns. However, data from a mass
vaccination campaign with Dukoral (a heat inactivated-whole cell
oral cholera vaccine) in Zanzibar, where 196 pregnant women had
received at least one dose of Dukoral demonstrated no statistically
8

significant indication of a harmful effect of Dukoral exposure dur-
ing pregnancy [64].

Although it is difficult to extrapolate to the human situation,
our data suggest that sublingual immunisation could probably be
sufficient to generate anamnestic protective IgG and IgA responses.
The needle-free, easy to administer, convenient, patient-acceptable
sublingual route would eliminate the risk of needle-stick injuries
and contamination, reduce the need for and cost of training per-
sonnel for vaccine administration, and is expected to enhance com-
pliance with immunisation programmes. However, it remains
important to remember that despite the differences between
human and rodent sublingual mucosae (the human sublingual
epithelium is non-keratinised while rodents have a sublingual
mucosa lined by a keratinised layer), rodent models and especially
mice can nonetheless be chosen as the most pertinent animal
model for evaluation of drug biodistribution, safety or efficacy
and still represent a largely used model for sublingual vaccination
[65]. Due to its thinness, the sublingual mucosa is considered as a
privileged site for rapid drug adsorption. Protein antigens usually
need 15–20 min to cross mucus and sublingual mucosa and reach
antigen-presenting cells (APCs) which undergo maturation and
migrate to draining LNs within 2 to 6 h where the adaptive
immune response can be initiated through antigen presentation
to T and B lymphocytes. After a day, the antigen-specific immune
response can be disseminated to other LNs and to distant mucosae
either through the lymphatic system as antigen-bearing DCs or
through blood vessels by plasma cells [45,46].

In summary, this study showed that a GBS conjugate vaccine
against CPS serotype III was very immunogenic when administered
sublingually in the mouse model and induced high levels of func-
tionally active IgG and IgA antibodies that mediated the killing of
GBS and was capable of reducing GBS colonisation of vaginal
epithelial cells. This data supports the need for further investiga-
tions into the suitability of this delivery method in clinical trials.
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