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Abstract Dental caries remains a major health issue and the
Gram-positive bacterium Streptococcus mutans is considered
as the major pathogen causing caries. More recently,
S. mutans has been recognised as a cause of endocarditis,
ulcerative colitis and fatty acid liver disease along with the
likelihood of increased cerebral hemorrhage following a
stroke if S. mutans is present systemically. We initiated this
study to examine the vaccine candidacy of the serotype spe-
cific polysaccharides elaborated by S. mutans. We have con-
firmed the carbohydrate structures for the serotype specific
rhamnan containing polysaccharides from serotypes c, f and
k. We have prepared glycoconjugate vaccines using the
rhamnan containing polymers from serotypes f and k and
immunised mice and rabbits. We consistently obtained a ro-
bust immune response to the glycoconjugates with cross-
reactivity consistent with the structural similarities of the poly-
mers from the different serotypes. We developed an
opsonophagocytic assay which illustrated the ability of the
post-immune sera to facilitate opsonophagocytic killing of
the homologous and heterologous serotypes at titers consistent
with the structural homologies. We conclude that
glycoconjugates of the rhamnan polymers of S. mutans are a
potential vaccine candidate to target dental caries and other
sequelae following the escape of S. mutans from the oral
cavity.
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Introduction

Streptococcus mutans is a dental pathogen that causes den-
tal caries and periodontal disease [1]. It is also implicated
in several diseases when it escapes the oral cavity and
spreads via blood including endocarditis [2], increased risk
of severe cerebral haemorrhage [3], ulcerative colitis [4]
and non-alcoholic fatty liver disease [5]. There are current-
ly no licensed vaccines available to combat this pathogen,
and current treatments include regular oral hygiene meth-
odologies including brushing, flossing and mouthwashes.
Antibiotics are also utilised to combat endocarditis [6].
Although some mouthwashes have been found to
completely kill S. mutans [7], this and other approaches
are clearly insufficient or inaccessible as dental caries is
still occurring at a significant rate worldwide. The in-
creased recognition of a link between this dental pathogen
and the other serious sequelae beyond the oral cavity also
points to the importance of the need for new treatments as
we become increasingly aware of the fine balance within
the microbiome of harmless commensal and opportunistic
pathogens. Several virulence factors have been suggested
for S. mutans including collagen binding protein [2, 3, 8],
antigen I / II (adhesin P1) [9], and glucosyltransferases and
their product glucans [10, 11].

There are currently no licensed vaccines or biologics
available to combat S. mutans. Planet Biotechnology [12]
developed a synthetic antibody against S. mutans, branded
CaroRx, which reached phase II trials. Oragenics devel-
oped a genetically modified strain of Streptococcus
mutans as a probiotic, which is incapable of producing
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lactic acid, and has recently been taken up by ProBiora
Health [13]. Other approaches include a DNA based vac-
cine against glucosyltransferases and surface proteins
[14], and a recombinant fragment of the P1 adhesin [9],
and peptide vaccine targeting the glucosyltransferases and
glucose binding proteins [15]. Studies in humans have
shown that oral immunization with carbohydrate antigens
from S. mutans incorporated into liposomes results in mu-
cosal IgA responses, however, the magnitude of the im-
mune responses was shown to be low and their persis-
tence limited [16].

Our proposal is to develop glycoconjugate vaccines
based on the cell surface rhamnan polysaccharides of
S. mutans. These vaccines could provide systemic immu-
nity to kill the pathogen when it enters the bloodstream,
and it is also anticipated that the antibodies produced fol-
lowing conjugate immunisation will access the dental cav-
ity; killing the pathogen in its preferred niche [17]. The
rhamnan surface polymers are responsible for the serology
of S. mutans, which is classified into four serotypes c, e, f
and k based upon the structure of these rhamnose based
glyco-polymers [18]. Prior structural analyses had sug-
gested repeat unit structures for the c [19], e [20] f [21]
and k [18, 22] serotypes of S. mutans and part of this
study was to confirm and extend this structural knowl-
edge. Armed with this improved structural knowledge
we set out to investigate if the rhamnan glyco-polymers
had any utility as glycoconjugate vaccine antigens.

Materials and methods

Growth of bacteria and preparation of purified
polysaccharide

S. mutans serotype k strains OM42X, OM88X & OM98X
(NRCC # 6749, 6748 & 6747 respectively), serotype f
strain OMZ175 (NRCC # 6847) and serotype c strain
10449 (NRCC # 6849) were grown from frozen stock by
inoculation of 20 Oxoid (MP0330) chocolate agar plates.
Proceeds from overnight plates were used to inoculate 1 L
Todd-Hewitt broth, 30 g/L (Difco 249,240) with 2% w/v
glucose and 0.3% NaCl in a 4 L baffled flask with 0.8%
NaHCO3 and 0.15% K2HPO4. Flask was incubated at
37 °C at 165 RPM in a Forma Scientific floor model shaker
until A600 1.0 or greater (2–3 h). Fermenter (30 L
newMBR) containing 23 L of media as above (without
0.8% NaHCO3 and 0.15% K2HPO4) and containing
1.0 ml DF204 (Mazer Chemicals) antifoam agent was
inoculated with the 1 L shake flask culture. The fermenter
culture was grown at 200 RPM, 37 °C, dissolved oxygen
control at 5% by aeration only, pH control at 6.9 with 5 N
NaOH. Culture was grown until stationary phase

A600 > 4.0 (10–20 h strain dependent) and inactivated with
addition of 2% phenol. Harvesting was completed with
Cepa Z41continuous centrifugation, yielding ~7.5 g/L
wet weight.

The polysaccharides were isolated according to the
method of Hamada [23]. Briefly, cells ~150 g wet wt were
lyophilised (giving ~50 g) and suspended in 1 L of 0.15 M
NaCl and autoclaved for 20 min. The mixture was cooled
and residual cells pelleted (6.5 K, 30 min.) and the
resulting supernatant was dialysed overnight against run-
ning water and lyophilised (giving ~4 g). A 1% solution in
water was prepared and treated with DNase and RNase at
37 °C for 3.5 h. Proteinase K was then added and the
mixture incubated for a further 3.5 h. The mixture was then
dialysed overnight against running water and lyophilised
(giving ~2.5 g). The resulting material was dissolved at
25 mg/ml in 50 mM NH4CO3 buffer and loaded onto a
DEAE Sephadex A-25 column (bed volume 100 mL.,
2.6 × 20 cm) at ~50 mg per run. The column was washed
and the neutral polysaccharides eluted with 225 mL of the
same 50 mM NH4CO3 buffer. The combined eluates were
dialysed as above and lyophilised (giving ~0.5 g). The
resulting material was dissolved at 30 mg/ml in pyridinium
acetate buffer and was loaded onto a Sephadex G-50 col-
umn (bed volume 200 mL., 2.6 × 37 cm) at ~150 mg per
run. The column was washed with pyridinium acetate buff-
er and the eluate monitored by a refractometer. The posi-
tive fractions from the combined runs were pooled and
lyophilised (giving ~25 mg).

Analytical methods

Sugars were determined as alditol acetate derivatives byGLC-
MS as described previously [24].

HPLC

Analysis was performed on a Superose 12 10/30 GL column
(GEHealthcare Bioscience AB) with PBS as eluent at a rate of
0.4 ml/min, and with UVand RI detectors.

Nuclear magnetic resonance spectroscopy and mass
spectrometry

NMR spectroscopy was performed on the purified PS
after an additional de-salting step on a G-25 column as
described previously [25]. Matrix-assisted laser desorp-
tion ionization- time of flight (MALDI-TOF) mass spec-
tra were obtained using a Voyager DE-STR mass spec-
trometer (Applied BioSystems, Foster City, CA, U.S.A.).
The instrument was operated in positive, linear ion mode
under delayed extraction conditions (200 ns) using an
accelerating voltage of 25,000 V. Each spectrum is the
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average of approximately 100 laser shots. The matrix
used was 3,5-dimethoxy-4hydroxy cinnamic acid
(sinapinic acid), prepared at a concentration of 10 μg /
μl in 30% acetonitrile and 0.1% formic acid (v/v). These
solutions were spotted directly on the MALDI target in a
1:3 ratio with matrix.

Preparation of conjugates from purified PS

Conjugates were prepared separately with both with the k and
f purified PS. The size of the purified PS was established by
HPLC. The PS was then oxidised with periodate at 10 and
50 mM periodate concentrations to establish the oxidation
conditions to facilitate optimum loading of the resulting
glycoconjugate. Briefly, the purified PS (5 mg) was dissolved
in 0.5 ml of sodium acetate buffer (50 mM, pH 7.5) and
0.5 mL of sodium metaperiodate (either 10 or 50 mM in
50 mM sodium acetate buffer). The oxidation was left in the
dark at room temperature and the reaction quenched by addi-
tion of 0.5 mL of ethylene glycol and left in the dark for an
additional hour at room temperature. The reaction mixture
was purified on a G-25 column and lyophilised. The resulting
oxidised PS (~ 4.5 mg) was conjugated to BSA (~1.1 mg) by
mixing the carbohydrate and protein in ~1 mL of water and
left for 1 h at room temperature before lyophilising overnight.
The resulting material was immediately dissolved in ~1 mL of
0.2 M sodium phosphate buffer at pH 8 containing ~5 mg/mL
of sodium cyanoborohydride and left at 37 °C for 16 h. The
reaction product was converted to water through a 30 kDa
molecular weight cut off spin column (4 x) and examined by
MALDI-MS.

Following optimisation of the oxidizing conditions,
conjugation reactions for immunisations were performed
following 50 mM oxidation as described above but with
7.5 and 14 mg of the oxidised polysaccharides with 2.5
and 3.5 mg of HSA protein for serotypes f and k, respec-
tively. A small aliquot of the reaction product was con-
verted to water through a 30 kDa spin column as de-
scribed above for characterisation by MALDI, whilst the
remaining reaction products were concentrated using
Dulbecco’s PBS (Gibco) containing 10 mM sodium cit-
rate (Sigma) through a 30 kDa molecular weight cut off
spin column (4×) and characterised by SDS-PAGE and
protein assay. The final concentrate was stored at 4 °C.

SDS-PAGE

The conjugates were separated on 10% Tris-HCl pre-cast gels
under reducing conditions with the buffer system of Laemmli
[26]. SDS-PAGE was stained with Bio-Safe Coomassie.

Immunisation

New Zealand white female rabbits were immunised subcuta-
neously with the glycoconjugates. Each rabbit received 50 μg
of conjugated carbohydrate as 2 × 0.25 mL per immunisation
with incomplete Freunds adjuvant for the prime and boosts.

Table 1 1H- and 13C–NMR chemical shifts for the galactorhamnan and
rhamnan repeating units from Streptococcus mutans serotype k strains
OM42X, OM88X & OM98X. Two polymers were identified, a major
polymer with a galactorhamnan trisaccharide repeating unit and a minor
polymer with a rhamnan disaccharide repeating unit. Letter designation
used in Figures

Residue/Letter H-1 H-2 H − 3 H-4 H-5 H-6
Designation (C-1) (C-2) (C-3) (C-4) (C-5) (C-6)

Major polymer

-2,3-α-L-Rha- A 5.21 4.30 4.01 3.65 3.88 1.36

(101.9) (74.7) (76.0) (71.7) (70.4) (18.0)

-t-α-D-Gal- C 5.13 3.89 3.92 4.02 4.20 3.74,3.74

(96.8) (69.0) (70.3) (70.2) (71.7) (61.9)

-3-α-L-Rha- D 5.12 4.17 3.88 3.57 3.76 1.29

(102.6) (70.9) (78.5) (72.7) (70.3) (17.7)

Minor polymer

-2-α-L-Rha- B 5.20 4.08 3.99 3.52 nd nd

(101.9) (79.0) (70.2) (73.3) (nd) (nd)

-3-α-L-Rha- E 4.96 4.17 3.86 3.57 3.77 1.28

(103.1) (70.9) (78.5) (72.7) (70.3) (nd)

Data was recorded at 25 °C; chemical shifts are referenced to acetone
2.225 ppm (1H) and 34.07 ppm (13C)

Table 2 1H- and 13C–NMR chemical shifts for the glucorhamnan and
rhamnan repeating units from Streptococcus mutans serotype c strain
10499. Two polymers were identified, a minor polymer with a
glucorhamnan trisaccharide repeating unit and a major polymer with a
rhamnan disaccharide repeating unit. Letter designation used in Figures

Residue/Letter H-1 H-2 H-3 H-4 H-5 H-6
Designation (C-1) (C-2) (C-3) (C-4) (C-5) (C-6)

Minor polymer

-2,3-α-L-Rha- D 5.12 4.18 4.01 3.72 3.78 1.29

(100.2) (77.0) (75.7) (73.6) (70.9) (17.8)

-t-α-D-Glc- E 5.05 3.54 3.77 3.49 3.87 3.86,3.82

(98.7) (72.5) (73.7) (70.6) (73.4) (61.7)

-2-α-L-Rha- A 5.33 4.08 3.87 3.50 3.80 1.35

(101.3) (79.2) (71.1) (73.5) (70.4) (18.0)

Major polymer

-2-α-L-Rha- B 5.19 4.08 3.96 3.52 3.84 1.32

(102.1) (79.2) (71.1) (73.4) (70.3) (18.0)

-3-α-L-Rha- K 4.97 4.16 3.86 3.57 3.77 1.29

(103.3) (71.1) (78.7) (72.7) (70.5) (17.8)

Data was recorded at 25 °C; chemical shifts are referenced to acetone
2.225 ppm (1H) and 34.07 ppm (13C)
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Rabbits were boosted on day 28 and 56 and sera recovered
following a trial bleed from the middle ear artery on day 42
and via terminal heart puncture on day 70.

Balb/C female mice (6–8 weeks old) were immunised
intra-peritoneally with the glycoconjugates: Each mouse

received 10 μg of conjugated carbohydrate per immunisation
with Sigma adjuvant for the prime immunisation and boosts.
The mice were boosted on days 21 and 42; sera were recov-
ered following trial bleed on day 35 and terminal heart punc-
ture on day 56. Additionally, mice received control
immunisations, which consisted of HSA alone (13 μg) or
HSA (13 μg) admixed with the purified serotype k PS
(10 μg) and adjuvant, all with the same boosting and sera
recovery schedule.

Antigen ELISA

Purified and well-characterized conjugates of the purified se-
rotype f and k PS to BSAwere used as the coating antigens in
a solid-phase indirect ELISA to determine the binding profiles
displayed in the mice and rabbit sera. NMR, HPLC, MALDI
and / or SDS-PAGE confirmed the structural integrity of each
antigen utilised. 96-well Nunc Maxisorp EIA plates were
coated with 1.0 μg of purified conjugate (based on protein
content) in 0.05 M carbonate buffer containing 0.02 M
MgCl2, pH 9.8 at 4 °C overnight. Wells were then blocked
with 1% BSA-PBS for 1 h at room temperature, washed with
PBS-0.05% Tween 20 (PBS-T) and sera added for 1 h at room
temperature. Following washing with PBS-T, alkaline phos-
phatase labelled goat anti-mouse IgM and/or IgG or goat anti-
rabbit Ig were added for 1 h at room temperature. The plates
were then washed and developed with Phosphatase Substrate
System (Kirkegaard and Perry Laboratories, Gaithersburg,
MD). After 60 min the absorbance (A405-410nm) was
determined.

Whole cell ELISA

Whole cell ELISA was performed to determine whether
sera recognized whole cells from various strains of
S. mutans. Briefly, wells of Nunc Maxisorp EIA plates
were coated with 100 μL of formalin-killed bacteria

Table 3 1H- and 13C–NMR chemical shifts for the glucorhamnan and
rhamnan repeating units from Streptococcus mutans serotype f strain
OMZ-175. Three polymers were identified, a minor polymer with a
rhamnan disaccharide repeating unit and two major polymers with
glucorhamnan trisaccharide and tetrasaccharide repeating units. Letter
designation used in Figures

Residue/Letter H-1 H-2 H-3 H-4 H-5 H-6
Designation (C-1) (C-2) (C-3) (C-4) (C-5) (C-6)

Major polymer (tetrasaccharide)

-2,3-α-L-Rha- E 5.15 4.38 3.97 3.61 3.83 1.35

(102.5) (76.9) (81.6) (72.7) (70.5) (18.2)

-t-α-D-Glc- H 5.08 3.60 3.82 3.47 3.95 3.83,3.78

(99.1) (72.8) (73.9) (70.8) (73.1) (61.7)

-3-α-L-Rha- A 5.32 4.08 3.91 3.58 3.79 1.29

(102.5) (71.5) (72.0) (73.0) (70.5) (18.0)

-2-α-D-Glc B 5.25 3.64 3.79 3.54 3.92 3.80,3.77

(98.9) (78.4) (72.7) (70.7) (73.3) (61.7)

Major polymer (trisaccharide)

-2,3-α-L-Rha- C 5.20 4.28 4.00 3.63 3.86 1.36

(102.2) (75.3) (77.0) (72.3) (70.6) (18.2)

-t-α-D-Glc- G 5.10 3.62 3.76 3.47 3.95 3.83,3.78

(97.3) (72.3) (74.1) (70.8) (73.1) (61.7)

-3-α-L-Rha- F 5.14 4.16 3.89 3.58 3.76 1.29

(102.7) (71.3) (78.6) (73.0) (70.5) (18.0)

Minor polymer

-2-α-L-Rha- D 5.20 4.08 3.96 3.51 3.82 1.32

(102.2) (79.3) (71.3) (73.6) (70.6) (18.1)

-3-α-L-Rha- L 4.97 4.16 3.86 3.58 3.76 1.29

(103.3) (71.3) (78.8) (72.9) (70.6) (18.0)

Data was recorded at 25 °C; chemical shifts are referenced to acetone
2.225 ppm (1H) and 34.07 ppm (13C)

Fig. 1 Structures of the
polysaccharide repeating units for
the serotype c, f and k polymers.
For serotype c major polymer was
the disaccharide, for serotype f
major polymers were the tetra and
tri-saccharides in equimolar
amounts and for serotype k major
polymer was the trisaccharide.
Letter designations are same as in
the NMR tables
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(optical density at 620 nm [OD620] of 0.08) in H2O over-
night in a 37 °C drying oven and then brought to room
temperature before use. Plates were blocked with 1% bo-
vine serum albumin (BSA)-PBS for 1 h at room temper-
ature, wells were washed with PBS–0.05% Tween 20
(PBS-T), and incubated with sera for 3 h at room

temperature. Following washing with PBS-T, alkaline
phosphatase-labeled goat anti-mouse IgM and / or IgG
(or goat anti-rabbit Ig) (Cedarlane Laboratories) diluted
1:2500 or 1:6000 (mice) or 1:3000 (rabbits) in 1% BSA-
PBS was added for 1 h at room temperature. The plates
were then washed and developed with Phosphatase

Fig. 2 MALDI-MS analyses of (a) BSA, (b) BSA-serotype k rhamnan
conjugate following 10 mM periodate oxidation, (c) BSA-serotype k
rhamnan conjugate following 50 mM periodate oxidation, (d) HSA-

serotype k rhamnan conjugate following 50 mM periodate oxidation,
(e) HSA-serotype f rhamnan conjugate following 50 mM periodate
oxidation
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Substrate System (Kirkegaard and Perry Laboratories).
After 60 min OD was measured at A405nm using a micro-
titer plate reader.

Immunofluorescence

In order to determine if antibodies in immune serum could
access epitopes on the bacterial cell surface, immunofluores-
cence on live S. mutans cells was performed. S. mutans was
grown for 18 h on chocolate blood agar at 37 °C. The cells
were re-suspended in PBS to an OD600 of 1.0 and then 10 μL
was air dried onto glass coverslips. The bacteria were heat
fixed to the coverslip by passing through a Bunsen flame 5–
6 times, and then were blocked with 5% Bacto skim milk
(Difco, Sparks, USA)-PBS for 30 min at room temperature.
The cells were incubated for 45 min at room temperature in
50 μL of either the pre- or post-immune (D70) anti-serotype k
rhamnan serum (RRHV3,) at a dilution of 1:500 in PBS. The
coverslips were washed with PBS-0.1% Tween 20 (PBS-T)
then incubated for 45 min at room temperature with 50 μL
goat anti-rabbit IgG Alexafluor 488 antibody (Invitrogen,
Eugene, Oregon, USA) at a 1:1000 dilution. The coverslips
were washed with PBS, mounted with Vectashield-DAPI
(Vector Laboratories, Burlington, Canada) then examined
with a Zeiss microscope (Axiovert 200 M).

Opsonophagocytic assay

S. mutans bacteria were resuscitated from -80 °C frozen stocks
in BHI with 20% glycerol onto chocolate agar plates and
incubated at 37 °C with 5% CO2 overnight. Colonies were

transferred into 5 mL Todd-Hewitt broth (TH) medium in a
50 mL Falcon tube at 37 °C and gently shaken at 200 rpm for
about 3.5 h and then 1 mLwas transferred into 4 mLTH broth
in another 50 mL tube and incubated at 37 °C at 200 rpm for
an additional 2 h. The culture was monitored byOD580 against
blank TH medium until an OD580 = 0.1 was reached. The
resulting culture was diluted to give ~500 cfu/10 μL of log
phase S. mutans cells.

HL60 cells (ATCC, VA) were kept in culture at ~2–4 × 105

cells / mL in RPMI with 10% FCS at 37 °C in a 5% CO2

atmosphere. 5 days before use the cells were differentiated
into phagocytic cells by adding 100 mM DMF in the culture
media without antibiotics. 8–10 × 107 phagocytic cells were
required for each assay and were harvested immediately prior
to use by centrifugation at 1000 rpm (300 g). The pelleted
cells were washed in 50 ml 1X HBSS (−Ca/−Mg) at
1000 rpm (300 g) for 7 min, and washed again in 50 ml
HBSS (+Ca/+Mg), counted with a hemocytometer and centri-
fuged at1000 rpm (300 g) for 7 min and adjusted to 1 × 107

phagocytic cells / mL of opsonisation buffer (OB; 1X HBSS
with Ca+/Mg+, containing 1% gelatin and 5% FCS).

Freshly thawed 4 week old baby rabbit serum (Pel-
freez Biologicals, Rogers, AR, USA) was maintained at
0 °C until use.

Eight 2-fold serial dilutions were made for each test
serum in OB in a sterile 96 well U bottom culture plate
(Falcon, 353,077, Corning, NY, USA) and 20 μL / well of
OB buffer was added. 20 μL / well of diluted test serum
was transferred to duplicate wells of the test plates and
10 μL / well of S. mutans cells containing ~500 cfu of
viable bacteria were added and the plate was shaken at

Fig. 3 SDS-PAGE analyses of carrier proteins and conjugates for (a)
serotype k rhamnan conjugation: Lane1, MW ladder; Lane 2, HSA;
Lane 3, HSA-serotype k rhamnan conjugate following 50 mM
oxidation; Lane 4, BSA-serotype k rhamnan conjugate following
10 mM oxidation; Lane 5, BSA-serotype k rhamnan conjugate

following 50 mM oxidation; and (b) serotype f rhamnan conjugation:
Lane 1, HSA; Lane 2, HSA-serotype f rhamnan conjugate following
50 mM oxidation; Lane 3, BSA; Lane 4, BSA-serotype f rhamnan
conjugate following 50 mM oxidation; Lane 5, ladder
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700 rpm for 30 min at room temperature. 50 μL / well at
1:4 v/v of heat inactivated complement / HL-60 cells were
added to the test and control wells and the plate was shaken
at 700 rpm for 45 min at 37 °C in a 5% CO2 atmosphere.
The plates were placed on ice for 20 mins and then 10 μL
was dropped onto tilted agar plates and incubated at 37 °C
with 5% CO2 for ~36 h before counting.

Results

Isolation of polysaccharides and structural analyses

Polysaccharide (PS) from serotypes c, f and k were isolated as
described in the experimental section. The PS was examined
by HPLC, which revealed that it eluted at a late retention time
consistent with a polymer size of approximately 10,000 Da
(data not shown). Sugar analyses of the serotype k strain’s PS
revealed rhamnose and galactose in an approximate 3:1 ratio
as the only two sugars observed, whereas the serotype f and c
strains PS were shown to only elaborate rhamnose and glu-
cose, with an equimolar ratio of the two sugars in serotype f,
but only a minor amount of glucose in serotype c. In order to
elucidate the exact locations and linkage patterns of the sugars
in the PS repeating units, NMR studies were performed
(Supplementary Fig. 1). Assignments of the chemical shifts
based on standard 2D NMR experiments are detailed in

Fig. 4 Immunofluorescence of (a) pre- (D0) and (b) post-immune (D70)
rabbit RRHV3 sera vs. live cells of S. mutans strain OM 88X.
Anti-rhamnan binding was visualised with anti-rabbit IgG Alexafluor
488. The figures merge 488 fluorescent transmitted light and DAPI stain
visualising nucleic acids channels together. Representative cells are shown

Table 4 Whole cell ELISA data
of D70 post-immunisation rabbit
sera from serotype f and k
conjugates against S. mutans
wild-type strains

Conjugate Sera / Strain OMZ175 OM42X OM88X OM98X 10449
f k k k c

Mice seraa

Serotype k conjugate

MRHV1–10 b >1:225 1:900 1:900 1:900 >1:325

MRHC 1–6 1:25 1:25 1:25 1:25 1:25

MHC 1–4 1:45 1:50 1:50 1:50 1:45

Serotype f conjugate

MSMV 6–10 >1:650 >1:650 >1:650 >1:650 >1:650

Rabbit sera

Serotype k conjugate

RRHV 1b 1:145 1:1000 1:600 1:450 <1:50

RRHV 2 1:280 1:800 1:450 1:200 1:250

RRHV 3 1:16,000 1:97,000 1:77,000 1:84,000 1:21,500

Serotype f conjugate

RSMV 4 1:2650 1:1280 1:3200 ndc 1:75

RSMV 5 1:5550 1:1350 1:2400 nd 1:250

RSMV 6 1:250 1:90 1:240 nd <1:50

Cells were killed with formalin, washed with water and resuspended at the same OD prior to plating
a Titers for mice sera are averages for that group
bDilution at which OD405nm readings are 0.500
c not determined
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Tables 1, 2 and 3 and identified the major and minor polymers
for each serotype (Fig. 1).

Preparation of the glycoconjugate

The polysaccharides were activated by treatment with
periodate as described in the experimental section. The condi-
tions were optimised in trial reactions to obtain conditions that
resulted in optimal loading of carbohydrate on the BSA carrier
protein as revealed by MALDI-MS analyses (Fig. 2).
Conjugation following 10 mM oxidation facilitated MALDI
identification of a conjugate with 1–5 polysaccharide units
attached with each unit being approximately 9.5 kDa in size
(Fig. 2b). Conjugation with 50 mM oxidised polysaccharide
resulted in higher loading of the BSA carrier protein, with 3–
10 polysaccharide units attached (Fig. 2c). As the 50 mM
periodate oxidation led to higher loading, this was the concen-
tration utilised for the glycoconjugates of the f and k PS with
HSA as the carrier protein, MALDI analyses revealing a mass
increase from 66 kDa to ~110 kDa for both glycoconjugates
(Figs. 2d & e). The conjugation products were also
characterised by HPLC (data not shown), SDS-PAGE

(Fig. 3) and quantified by protein assay (data not shown).
SDS-PAGE (Fig. 3) revealed a change in migration consistent
with the MALDI data.

Immunogenicity of glycoconjugates

Mice and rabbits were immunised with the glycoconjugates as
described in the experimental section. All ten mice that re-
ceived the serotype k and all five mice that received the sero-
type f glycoconjugate vaccines had seroconverted to an IgG
response that recognised the homologous PS at good titers
(data not shown). Control sera did not recognise the homolo-
gous antigens (data not shown). Recognition of whole cells
was also tested with the mice sera and this revealed that sero-
type f conjugate derived sera could recognise serotypes c and
k strains at similar titers to the homologous cells. Although the
mice sera titers from the serotype k conjugate derived sera
were slightly lower than those derived from the f conjugate
sera, it was clear that serotype k conjugate derived mice sera
similarly recognised the homologous and heterologous sero-
type strains equally well (Table 4). Control sera did not rec-
ognise the whole cells (Table 4).

Table 5 Opsonophagocytic titers
of post-immunisation mice and
pre- and post-immunisation rabbit
sera from serotype f and k
conjugates against S. mutans
strains. Baby rabbit complement
was used as the source of
complement at a dilution of 1/8

Strains OMZ175 OM42X OM88X OM98X 10449

Mice / Rabbit f k k k c

Mice sera

Serotype k conjugate

MRHV1–10 10,240 2560 >5120

MRHC1–6 640 160 640

MHC 1–4 80 nk 640

Serotype f conjugate

MSMV 6–10 pre nk 320 1280 nd nk

MSMV 6–10 post 2560 5120 >20,480 nd 640

Rabbit sera

Serotype k conjugate

RRHV1 pre 320 160 640

RRHV1 post 5120 2560 2560

RRHV2 pre 320 40 40

RRHV2 post 5120 10,240 5120

RRHV3 pre 160 640 80 40 80

RRHV3 post 2560 40,960 >20,480 >20,480 1280

Serotype f conjugate

RSMV4 pre 320 160 320 nd 80

RSMV4 post 5120 5120 5120 nd 2560

RSMV5 pre 160 160 320 nd 160

RSMV5 post 5120 5120 5120 nd 2560

RSMV6 pre 80 160 160 nd 80

RSMV6 post 5120 10,240 5120 nd 640

Opsonophagocytic titers expressed as the reciprocal of the serum dilution yielding > = 50% killing when com-
pared to the corresponding pre-immune sera
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Rabbit sera recognised the homologous antigens at good titers
(data not shown). Recognition ofwhole cells was also testedwith
the rabbit sera and this revealed that serotype f conjugate derived
sera could recognise the serotype k strain at similar titers to the
homologous cells, but the titers to the serotype c strain were
slightly lower (Table 4). Serotype k conjugate derived rabbit sera
recognised the homologous serotype strains somewhat better
than the heterologous serotype strains (Table 4).

Immunofluorescence at the bacterial cell surface

In order to determine if antibodies in immune serum could
access epitopes on the bacterial cell surface, immunofluores-
cence on live S. mutans cells was performed. The accessibility
to the cell surface and cross reactivity to live cells of S. mutans
serotype k strain OM 88X was demonstrated by the binding
activity of the post immune serum in immunofluorescence
experiments comparing pre- and post- (D70) immune serum
from rabbit RRHV3 (Fig. 4). No fluorescence was observed
with the strain when pre-immune serum was used whereas
significant fluorescence was observed with the post-immune
sera. This illustrates that the derived sera is specifically

recognising an accessible epitope on the surface of live
S. mutans cells.

Functionality of conjugate derived sera

The sera from mice and rabbits immunised with the conju-
gates of the different PS serotypes were then examined for
their ability to facilitate opsonophagocytic killing (Table 5).
For the serotype k conjugate derived mice sera, killing of the
homologous k strains was observed at high titers when com-
pared to the control sera from protein and admixed controls.
For the serotype f conjugate derived mice sera, killing of the
homologous serotype strain was evidenced by an increase in
opsonophagocytic titer from pre- to post-immune sera. A sim-
ilar increase in titers was also observed for the serotype k
strain killing with serotype f derived sera, however only weak
killing titers were observed for killing the serotype c strain
with the serotype f conjugate derived sera (Fig. 5a). For the
rabbit sera a similar pattern emerged with excellent evidence
of killing of the conjugate-homologous serotypes being ob-
served. Furthermore good evidence that serotype f conjugate
derived sera could adequately kill serotype k strains was

Fig. 5 Opsonophagocytic assay titration curves of (a) mice pre- and
post-immune sera raised to HSA-serotype f PS conjugate (MSMV 6–
10) and (b) rabbit pre- and post-immune sera raised to HSA serotype f

conjugate (RSMV 4–6) and post-immune sera raised to HSA serotype k
conjugate (RRHV 3) against S. mutans type f strain OMZ175, type k
strains OM 42X and OM 88X and type c strain 10499
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observed, but with significantly weaker killing of serotype c
strains. Serotype k conjugate derived sera killed the heterolo-
gous f serotype strain at weaker titers than that observed for
the homologous strain killing, but was unable to kill the het-
erologous c serotype strains at titers greater than 1:320 (Fig.
5b). In order to illustrate the S. mutans specificity of the de-
rived sera (f and k) we performed an opsonophagocytic assay
against a Pseudomonas aeruginosa strain and observed no
killing whatsoever (data not shown).

Discussion

This study has confirmed and extended the known structural
information for the S. mutans serotype specific polymers. In
the case of serotype c the trisaccharide repeat unit was con-
firmed as identified previously [19], but the identification of a
disaccharide variant without the glucose side-chain sugar had
not been reported. In this study the disaccharide was actually
the major polymer elaborated by the serotype c strain 10499.
For serotype f the trisaccharide repeat unit was reported pre-
viously [21], but the identification of the tetrasaccharide unit
with an additional glucose moiety attached to the side-chain

glucose, nor a disaccharide variant without the glucose side-
chain sugar had not been reported. The tri- and tetrasaccharide
repeat units were the major polymers elaborated by serotype f
strain OMZ175 in this study. To our knowledge the structure
of the serotype k disaccharide repeat unit had only been re-
ported by inference from immunochemical and genetic data
[18, 22]. It was postulated that the repeat unit was a simple
rhamnan disaccharide, the backbone of all serotype repeat
units if you will. Our results indicated that the major polymer
consisted of a trisaccharide repeat unit with a galactose side
chain at the 2-position of the 3-linked rhamnose of the poly-
mer backbone, differentiating from serotype f which elaborate
a glucose residue at the 2-position of the 3-linked rhamnose. A
minor polymer just consisting of the disaccharide repeat unit
was also observed. This was the case for three different sero-
type k strains examined, OM42X, OM88X and OM98X. All
serotypes do seem to elaborate the rhamnose disaccharide
repeat unit as a major or minor constituent, which might sug-
gest some potential for this antigen as the vaccine candidate.
Unfortunately, we were unable to acquire a serotype e strain
for this study. Conjugates were prepared from both serotype f
and serotype k polymers. No attempts were made to separate
the different repeat unit constituents prior to conjugation. At

Fig. 5 continued.
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the time of initial conjugate preparation we did not have ac-
cess to more immunogenic carrier proteins, thus we used HSA
for the initial serotype k conjugations and maintained use of
that carrier so as not to skew any subsequent conjugates with
the serotype f polysaccharide. All serotype polymers elaborat-
ed by S. mutans appear naturally to be relatively small, with
~10 kDa units identified in the 10 mM periodate oxidation
trial conjugation, thus no sizing of the polymers was required
in order to optimise conjugation efficiency. We obtained con-
jugates with good loading as determined byMALDI-MS anal-
yses following 50 mM periodate oxidation with approximate-
ly 45% carbohydrate conjugated in the final conjugates.
Antisera derived from immunisations in both mice and rabbits
were able to recognise both homologous and heterologous
serotypes at similar titers. Immunofluorescence confirmed
that the targeted epitopes were visible and recognised on live
cells also. Finally, the functionality of the derived sera was
examined, by virtue of determining the ability of the antisera
to facilitate opsonophagocytic killing of homologous and het-
erologous strains of S. mutans. For the mice sera derived from
the serotype k conjugate we only examined ability to kill the
homologous strain, which the sera achieved at titers in the 2 K
to 10K range, significantly better than the control sera. For the
serotype f conjugate derived mice sera similar titers were ob-
served against the homologous strain and excellent titers were
also observed against the serotype k strains, however titers
were not as high when serotype c strain was the target. Pre-
immune mice sera were unable to kill the target strains at or
only at very poor titers when compared to the post-immune
sera. For rabbit sera derived from the serotype k conjugate,
excellent killing titers were observed against the homologous
serotype k strains and when the best rabbit’s sera was exam-
ined against the heterologous serotype c and f strains killing
was observed at titers approximately 4–5 two-fold dilutions
lower than against the homologous strains, but at titers 4 two-
fold dilutions greater than that seen with the pre-immune sera.
For rabbit sera derived from the serotype f conjugate good
killing titers were observed for the homologous serotype f
strain and the heterologous serotype k strains, whereas the
serotype c strain although sensitive to the killing effect of
the sera was only killed a lower titers. Although the small
number of animals utilised in this initial study precludes any
statistically significant conclusions it is clear that rhamnan
serotype specific conjugates are capable of provoking a good
immune response in both mice and rabbits that can recognise
the target antigen on the cell surface of S. mutans bacteria. The
derived sera are capable of killing both homologous and het-
erologous serotypes, raising the possibility that a vaccine
based on a limited number of serotype specific rhamnan based
polymers may be sufficient to combat S. mutans. Further stud-
ies are necessary to determine if this humoral immune re-
sponse can access the oral cavity in sufficient numbers to
combat dental caries or is able to Bmop up^ S. mutans bacteria

if they escape the oral cavity before they can cause any of the
secondary diseases associated with this pathogen.
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