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Capsular  polysaccharides  are  important  virulence  factors  of  Streptococcus  pneumoniae.  The  polysac-
charide  has  been  used  as  a component  of  vaccines  against  pneumococcal  diseases  either  as plain
polysaccharide  or better  conjugated  to  a  protein.  The  last  one  is the  vaccine  of  choice  to target  child
protection.  The  immune  responses  depend  on  several  polysaccharide  physicochemical  properties  that
can be  affected  during  either  purification  or modification  in  the  case  of  conjugate  vaccines.  In  serotype
18C,  the  repeating  unit  has  a complex  structure  having  a branched  pentasaccharide  with  two  appar-
treptococcus pneumoniae serotype 18C
-acetyl group
hosphate-glycerol
ntigenicity
onjugate vaccine

ently  labile  subtituents:  glycerol-phosphate  and  O-acetyl  group.  The  loss  of  these  groups  may  potentially
reduce  the  ability  of  the 18C  polysaccharide  to induce  the  desired  immune  response.  Therefore,  the  rela-
tionship  of  both  groups  with  the  antigenicity  and  immunogenicity  of 18C  capsular  polysaccharide  is
explored.  It  is  shown  that  glycerol-phosphate  must  be  preserved  for conserving  adequate  antigenicity  of
the  18C  capsular  polysaccharide.  At  the  same  time,  it was  proved  that  O-acetyl  groups  do not  play any
role for  the  antigenicity  and  immunogenicity.
. Introduction

Streptococcus pneumoniae (S. pneumoniae) is involved in sev-
ral human infections like pneumonia, meningitis, otitis media,
acteraemia and sepsis representing an important morbidity and
ortality worldwide [1].  It is well known that anti-capsular

olysaccharide antibodies protect against pneumococcal infec-
ions, therefore, vaccine ability to induce such antibodies became
n excellent tool to prevent pneumococcal infections [2,3]. Anti-
apsular polysaccharide antibodies are induced by two types of
accines composed of polysaccharides either in a pure form or
onjugated to a carrier protein [4]. Purification of the capsular
olysaccharides and, specially, modification and conjugation could
lter their structure mainly by the loss of labile groups. However,
his is not obvious as, in some cases; the lack of groups does not
ffect the ability of antibodies to recognize the bacteria [5,6].
In our approach for developing carbohydrate conjugate vac-
ines, we focus on the definition of the final products at the
olecular level [7,8]. The capsular polysaccharide of S. pneumoniae
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serotype 18C (PS) is composed of a repeating unit having a
tetrasaccharide backbone with d-galactose highly branched by d-
glucose and glycerol phosphate (Fig. 1) [9,10].  The O-acetyl and
glycerol-phosphate groups are potentially labile to the chemistry
used for the modification-conjugation procedures. In the present
paper we  intend to clarify the importance of their respective
conservation.

2. Materials and methods

2.1. Materials

Capsular polysaccharide serotype 18C and tetanus toxoid were
provided by the Finlay Institute for Serum and Vaccines, Havana,
Cuba.

2.2. Sera

Standard rabbit antiserum group 18 (16910) was purchased
from the Statens Serum Institute, Copenhagen. Other sera from
immunized mice and rabbits were collected and frozen at −20 ◦C

until used. Besides we used Lot-89SF standard human pneu-
mococcal serum and sera from human volunteers immunized
with PNEUMO 23® (Sanofi-pasteur) after informed consent from
donors.

dx.doi.org/10.1016/j.vaccine.2012.09.047
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:janoi.chang@cqb.cu
dx.doi.org/10.1016/j.vaccine.2012.09.047
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Fig. 1. Repeating unit of Streptococcus p

.3. Preparation of capsular polysaccharide serotype 18C
erivatives

Removal of glycerol-phosphate (P-Gro) and O-acetyl (O-Ac)
roups was performed as described by Richards and Perry [11].
he capsular polysaccharide was treated with 1 M NaOH at 100 ◦C
n presence of sodium borohydride. After incubation for 6 h, the
eaction was neutralized with 0.1 M acetic acid. The fragment
esignated as dephosphorylated (de-P-Gro) was obtained by purifi-
ation, using two consecutive molecular sievings against water
Amicon system) and selecting the fraction between 10 and 30 kDa.

Fragments of 18C PS with different degree of O-Ac, but maintain-
ng the P-Gro group, were obtained by acid hydrolysis. The process

as performed with trifluoroacetic acid (TFA) or acetic acid. Capsu-
ar polysaccharide was initially dissolved in water at 4 mg/mL. The
cid was added to adjust the specific concentration, ranging from
.5 to 250 mM.  The mixture was heated at 70 ◦C or 100 ◦C during
.5–6 h. The solution was then neutralized with 0.1 M NaOH and
urified by ultrafiltration to obtain the fraction between 10 and
0 kDa, as described above.

.4. NMR  and colorimetric assay

The structural integrity of all PSs derivatives as well as the
-Ac content were evaluated by 1H Nuclear Magnetic Resonance

NMR) spectroscopy. All samples were prepared dissolving 10 mg
n 0.6 mL  of deuterium oxide, lyophilized and redissolved in
.6 mL  of deuterium oxide with 3-(trimethylsilyl) 2,2,3,3-tetra-
euteropropionic acid sodium salt as internal reference.

NMR  analysis was carried out on a Bruker/Avance DPX 250-
Hz  instrument at a probe temperature of 52 ◦C. The free induction
ecay (FID) for the q1HNMR experiments was acquired at 7 �s (90◦

ulse), 25 s of last delay, 512 transients with GARP (Globally Opti-
ized Iternating-Phase Rectangular Pulses), decoupling method

or 13C. The total correlation spectroscopy (TOCSY) experiment
oniae capsular polysaccharide 18C [10].

was  run with presaturation at 200 ms  of mixing time. In addition,
heteronuclear multiple quantum coherence (HMQC) experiment
was  performed with BIRD (Bilinear Rotation Decoupling) filter
without decoupling during acquisition. Topspin 1.3 software was
employed to process the resultant FID. The residual signal of
3-(trimethylsilyl) 2,2,3,3-tetra-deuteropropionic acid sodium salt
was  referenced at ı 0.00 ppm to calibrate all the spectra.

In order to ascertain the concentration of polysaccharides and
derivatives, the carbohydrate concentration was  quantified using
the orcinol–sulfuric acid method [12]. The aldehyde content on
the activated oligosaccharide was  determined by the Park John-
son’s colorimetric assay [13], and the protein content in the final
conjugate was determined using the Lowry method [14].

2.5. Conjugation of totally de-O-acetylated (de-OAc) fragment to
tetanus toxoid

A fragment obtained by acid hydrolysis without O-Ac group
(18C de-OAc) was  oxidized with 2 mM sodium periodate as previ-
ously described [15]. The reagents were removed by ultrafiltration
through a 10 kDa membrane. The efficiency of reaction was ascer-
tained by determination of aldehyde content. Oxidized 18C de-OAc
and tetanus toxoid (TT) were mixed at a mass ratio of 1:1, in
0.1 M PBS pH 7.0 and lyophilized. The powder was resuspended
with a solution of sodium cyanoborohydride 25 mM and kept at
room temperature during four days. After incubation, the unre-
acted aldehyde groups were reduced with ten equivalents of
sodium borohydride at room temperature for three hours. The
conjugated was  separated from unconjugated polysaccharide frag-

ment and reagents by ultrafiltration using a 100 kDa membrane.
Conjugate was  characterized by carbohydrate:protein ratio. The
distribution constant (Kav) and the content of unconjugated carrier
protein were determined by high performance liquid size exclusion



7 ine 30

c
t

2

w
N
H

c
a
o
t
i

n
r
c
t
s

2
I

G
a
b
o
t
c
h
a
p
2
b
n
u
t
o
t

2

t
s
a
w
fi

T
C

n

092 J. Chang et al. / Vacc

hromatography (HP-SEC). Data were collected and analyzed using
he ClarityChrom software.

.6. Immunization methods

Animals: Six to eight-week-old female BALB/c mice and four-
eek-old female New Zealand rabbits were purchased from
ational Center for Laboratory Animal Production (CENPALAB,
avana, Cuba).

All experiments were carried out in accordance with the ethi-
al guidelines for investigations with laboratory animals and were
pproved by the Ethical Committee for Animal Experimentation
f the Center of Biomolecular Chemistry. All experimental pro-
ocols were approved by the Quality Department from the same
nstitution.

Groups of ten mice and five rabbits were subcutaneously immu-
ized with 2 �g and 5 �g of polysaccharide conjugated to TT
espectively. The control group was immunized with 25 �g of 18C
apsular polysaccharide and the placebo group received saline solu-
ion. Three immunizations were performed at 14 days intervals and
erum samples were collected at 7 days post-immunization.

.7. Evaluation of immunogenicity by Enzyme Linked
mmunosorbent Assay (ELISA)

NUNC Immuno plates (Maxisorp; PGC Scientifics Corp.,
aithersburg, MD)  were coated with native PS 18C (10 �g/mL), in

 phosphate buffer solution (PBS) at 37 ◦C overnight. Plates were
locked with 2% BSA for 30 min  at 37 ◦C. Two-fold serial dilutions
f mouse or rabbit sera (starting 1:100 dilution) were added to
he plates and incubated for 90 min  at room temperature. The
orresponding anti-immunoglobulin type G (IgG) whole molecule
orseradish peroxidase-conjugate (1:10 000 dilution) was added
nd the plate was incubated for 90 min. After each incubation,
lates were washed three times with PBS containing 0.05% Tween
0. Finally, a mixture of O-phenylendiamine and, H2O2 in citrate
uffer pH 5 was added as enzyme substrate. After 20 min  in dark-
ess, the reaction was stopped with 3 M HCl, and read at � = 492 nm
sing an ELISA Sumrise reader. The antibody titers were defined as
he log10 of the highest dilution giving twice the absorbance value
f pre-immune sera. Log 10 Titer lower than 1.69 (corresponding
o 1:50 dilution) was considered negative.

.8. Inhibition experiments in ELISAs

The antigenicity of different polysaccharide derivatives was
ested by competition ELISA using the following sera: the rabbit

tandard antiserum group 18, the human reference serum 89SF
gainst pneumococcus and the sera from volunteers vaccinated
ith the commercial vaccine PNEUMO 23®. Besides, the speci-
city of sera from mice and rabbits (immunized with the conjugate)

able 1
onditions and results obtained during the hydrolysis acid or basic of the capsular polysa

Treatment c (x) (mM)  Time (h) Tem

TFA 250 1.5 70
100  1.5 70

5  3.5 70

Acetic  acid 200 3 100
100  6 100

NaOH  100 6 100

.d.: not determined.
a Yield of carbohydrate was  determined by orcinol–sulfuric methods.
b Content of O-Ac group measured by 1H NMR.
c Kav = (Ve−Vo)

(Vt−Vo) .
 (2012) 7090– 7096

was  evaluated by incubating sera with native PS 18C. ELISAs were
performed as previously described except that all sera were pre-
incubated overnight at 4 ◦C with the inhibitors in concentrations
ranging from 500 to 0.005 �g/mL.

For human serum, ELISA was performed using alkaline
phosphatase-conjugated goat anti-human IgG at 1:10000 dilution
and 1 mg/mL  of p-nitrophenylphosphate in 1 M diethanolamine,
0.5 mM MgCl2, pH 9.8 as substrate. The reaction was  stopped with
3 M NaOH and absorbance was detected at � = 405 nm using an
ELISA Sumrise reader. All incubating lasted 2 h for the entire ELISA
protocol.

The percentages of inhibition were calculated as fol-
lows: percent inhibition = [1 − (absorbance of serum with
inhibitor/absorbance of serum without inhibitor)] × 100.

2.9. Opsonophagocytosis assay (OPA)

The OPA was performed as described by Romero-Steiner et al.
[16]. The OPA titter was calculated as the reciprocal of the serum
dilution that caused a 50% reduction of the unit forming colony
(CFU), compared to the CFU from the control wells containing all
reagents except test serum.

For the immunogenicity study, statistical analyses were per-
formed using Graph Pad Prism 4.03. The significant differences
between the groups were determined by the Kruskal–Wallis
non-parametric test and P < 0.001 was  considered statistically sig-
nificant.

3. Results

3.1. Fragments of PS 18C

Available fragmenting procedures for 18C PS include basic or
acid hydrolysis. The basic hydrolysis NaOH 1 M provides fragments
completely devoid of P-Gro and O-Ac groups. Fragments that con-
served the repeating unit, except for the content of the O-Ac group,
were obtained by hydrolysis with TFA or acetic acid (Table 1).
Trifluoroacetic acid reduced the size very efficiently, with high
recovery (>80%) on the fraction between 10 and 30 kDa obtained
by ultrafiltration, but at the same time it removed most of the O-
Ac. Fractions usually had less than 50% of O-Ac even with low TFA
molarity. The acetic acid was  less efficient in sizing the polysaccha-
ride, with low recovery of the desired fragments but at the same
time, it conserved more than 90% of O-acetyl groups. Therefore, this
is the method of choice for the preparation of fragments with high
degree of O-acetylation.

NMR  spectroscopy has been used for the evaluation of PS iden-

tity [17] and its fragments. In the 1H NMR  spectra of 18C PS, we
corroborate the presence of five anomeric protons at ı 5.40, ı 5.12,
ı 4.87, ı 4.79 and ı 4.70 ppm and of the O-acetyl group and the
l-rhamnose unit at ı 1.99 and ı 1.18 ppm respectively (Fig. 2). We

ccharide 18C.

. (◦C) Yield (%)a OAc (%)b Kav
c

 27.6 0 n.d.
 >80 0 0.43
 66 36 n.d.

 17 50 0.43
 10 95 0.41

 n.d. 0 0.40
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Fig. 2. NMR  spectra. (A)–(C) Solvent Pre-saturated 1H NMR  spectra from Capsular polysaccharide, fragment 18C de-OAc and a fragment dephosphorylated (de-P-Gro)
compound respectively. The spectra of capsular polysacharide and 18C de-OAc show the low signal corresponded to phosphocholine residue (1) from C-polysaccharide
i ion. D
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mpurity. The lack of O-acetil residue (2) not implicated changed on anomeric reg
anomeric region). (E) Assignment HMQC without decoupling during acquisition (
ach  monosaccharidic residue are marked by a dashed lines.

lso corroborated the anomeric configuration of every unit by their
calar coupling constant value. In the particular case of l-rhamnose,
he assigned �-configuration [10] was further confirmed by 3JH-

 > 1.0 Hz and 1JC-H = 161 Hz.
De-O-acetylation did not influence on the signal of the

orresponding monosaccharide unit. On the contrary, dephospho-
ylation caused the shielding of all anomeric protons and the
verlapping of the signals corresponding to the anomeric of �-d-
lc at ı 4.79 ppm and �-d-Gal ı 4.70 ppm to the signal at ı 4.59 ppm

Fig. 2).

.2. Antigenicity of fragments by inhibition ELISA

The influence of the O-Ac or the P-Gro groups on the recognition
f 18C PS by antibodies was tested by inhibition ELISA. The previ-
usly described derivatives with different contents of acetylation
nd de-P-Gro were used as inhibitor for the rabbit antiserum group
8 from the Statens Serum Institute. Fig. 3 shows that the serum was

nhibited to a similar extent (>95%) by the fragments with varying
rade of acetylation (de-OAc, 50% O-Ac and full O-Ac), suggesting
hat the O-acetyl group is not implicated on the recognition by spe-
ific antibodies against 18C. On the contrary, the fragment de-P-Gro
as not able to completely inhibit the recognition of serum against

8C PS, reaching only the 75% of inhibition at high concentration.

urthermore, only 50% inhibition was attained by a concentration
00 fold higher than any other fragment assayed.

In order to verify the aforementioned results, human sera
rom volunteers vaccinated with PNEUMO 23® vaccine and the
ephosphorylation causes shielding of anomeric protons. (D) Assignment 1H NMR
eric region). (F) 150 ms TOCSY experiment (anomeric region). The spin systems of

international reference human serum against pneumococci 89SF
were tested with the same kind of experiment. The human sera
showed similar inhibition curves for fragment de-OAc, 50% or fully
O-acetylated (Fig. 3). De-P-Gro did not inhibit tested sera and
required approximately 100-fold higher concentration than any
other deacetylated fragment to reach 50% of inhibition, similar to
previous ELISA.

3.3. De-O-Ac-TT conjugates induce specific antibodies to 18C PS
in mice and rabbits

Considering the very poor involvement of O-Ac groups in PS
recognition and their high recovery rate, the TFA modification
was  further selected for the adjustment of the polysaccharides
for the development of prototype conjugates. Fragments hydrol-
ysed and deacetylated with 100 mM TFA (de-OAc) were oxidized
with sodium periodate. The process proceed smoothly, yielding
compounds with one aldehyde group per seven repeating unit.
The conjugation was performed by reductive amination, using
the standard procedure with some modification, consisting of co-
lyophilize the activated polysaccharide and the carrier protein.
The conjugate showed a ratio sugar: protein of 0.71. The HP-SEC
patterns on the TSK 5000 PW column of the conjugate had a
homogeneous peak, with a Kav = 0.36 and no unconjugated TT was

detected (Fig. 4).

The immunogenicity of the de-OAc-TT conjugate was  evaluated
on mice and rabbits, proceeded the schedule described above. In
both animal species the conjugate induced high IgG titers against
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Fig. 3. Competitive ELISA, using as inhibitors fragments with 0% (de-OAc), 50%, 100% of O-acetylation and a fragment de-P-Gro. Sera were pre-adsorbed with different
concentrations of inhibitor overnignt at 4 ◦C. ELISA was  performed on 18C native PS-coated plate. Results are expressed as % of inhibition of IgG response respect to
unabsorbed serum. (A) Standard rabbit antiserum group 18, (B) human reference serum 89SF. (C–E) sera from vaccinated volunteers with PNEUMO 23. Each value represents
the  mean of at least two determinations.

Fig. 4. (A) No unconjugated proteins were present in the conjugate (1) compared to TT, (2) on column Superose 12 (10 mm × 300/310 mm)  with a flow rate of 0.5 mL/min
with  0.05 M PBS (pH 7). (B) Profile of conjugate on column TSK 5000 PW (7.5 mm × 300 mm)  running on 0.9% NaCl at a flow rate of 1 mL/min.
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Fig. 5. Groups of ten mice and five rabbit were immunized (0, 14 and 21 day) with 18C de-OAc conjugated to TT (closed bars) and PS 18C (open bars) as a control. (A) Total
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gG  antibody titers against 18C PS coating material seven days post-immunization.
re-immune (*p < 0.001). (B) Sera from individual animals (day 35) were preabsorbe
n  percent of inhibition calculated as previously described. Inhibition ELISA were p

8C PS. After the second dose, a dramatic increment in IgG levels
as observed, as animals immunized with the conjugate reached

000-fold higher titers than those immunized with the native 18C
S (Fig. 5).

In order to confirm the specificity of the elicited antibodies
gainst 18C PS, an inhibition ELISA was performed. The sera from
ice and rabbits after the third dose with the de-OAc fragment

onjugate to TT were inhibited with increasing concentrations of
8C PS, prior to the measurement of the anti-18C response on 18C-
oated plate of ELISA (Fig. 5). In both cases, the animal sera were
ompletely inhibited by the 18C PS, confirming the low involve-
ent of the O-Ac group in the epitopes, because its presence is not

ecessary for the induction of anti-18C specific antibodies.
Additional proof of the usefulness of the de-O-Ac-TT conjugate

as obtained by testing the functional capacity of the antibodies
enerated in rabbits. Rabbit sera showed high OPA titer (128) com-
ared to a 4 baseline, confirming that the antibodies elicited by the
e-O-Ac-TT not only recognized the 18C PS, but they also induced
he opsonofagocitic killing of the bacteria by human peripheral
lood leukocytes.

. Discussion

The capsular polysaccharide of S. pneumoniae serotype 18C is
ncorporated in all the commercially available conjugate vaccines
ecently developed to prevent pneumococcal infections. How-
ver, the need of preservation of O-acetyl and glycerol-phosphate
otentially labile to the chemistry used for conjugation was not
ystematically studied.

Other factors can also affect the immunogenicity, for example,
he molecular size of the carbohydrate antigen [18,19]. We  design
ur study in order to remove all affecting factors and to focus on
he importance of O-acetyl and glycerol-phosphate. The informa-
ion obtained here is valuable for the development of a suitable

odification-conjugation procedure for 18C capsular polysaccha-
ide.

There are several methods to reduce the size of PS, but acid
ydrolysis is one of the most extensively used and inexpensive.

e evaluated acetic and TFA acid to obtain fragments from 18C PS.

he hydrolysis with TFA was very efficient, giving a product with
he desired size and high recovery. But TFA removed almost com-
letely the O-acetyl groups. Although TFA acid has been reported to
esults are expressed as log 10 of the dilution giving twice the O.D. obtained for the
night at 4 ◦C with increasing concentration of native PS 18C. Results were expressed
ed on PS 18C coated plate.

hydrolyze the phosphodiester bond [20], in our case no signals were
found on the spectra corresponding to the lost of P-Gro groups.

Hydrolysis with acetic acid was less efficient, providing lower
recovery of the 10–30 kDa polysaccharide. But, at the same time, it
affected less the O-Ac group than the TFA.

To evaluate the contribution of the groups P-Gro and O-Ac to the
recognition of capsular polysaccharide, fragments which only dif-
fered on the content of O-Ac and de-P-Gro were used to inhibit
sera with antibodies against 18C PS. Based on reported differ-
ences among the epitopic specificity of antibody elicited in different
species [21], we  included rabbit and human sera. No differences
were found for any sera on inhibition curves between the fragments
with different degree of O-Ac. Nevertheless, none of the sera were
completely inhibited by de-P-Gro, suggesting that the P-Gro group
is an important element for the recognition of 18C PS. Therefore,
de-OAc 18C was  conjugated to TT, using a reductive-amination pro-
cedure [22] and mice and rabbit were immunized to evaluate the
immune response. As expected, the conjugates elicited high titers of
IgG type antibodies compared to the group immunized with native
PS. Also, the sera were specific against 18C PS measured by inhi-
bition ELISA, confirming that the O-Ac was  not required to obtain
specific antibodies against 18C PS on mice and rabbits.

Rabbit sera against de-OAc 18C conjugate were also evalu-
ated on OPA opsonophagocytic activity against the bacteria. A titer
(≥128) confirms further that the O-Ac group was not part of the
protective epitope. Due to lability of the O-acetyl groups in the
polysaccharide, this fact simplifies the process for developing a
prototype conjugate vaccine.

The serogroup 18 includes four different serotypes, 18A, 18B,
18C and 18F. Types 18C, 18B [23] and 18F [24] are identical except
for the presence of the O-Ac group. The cross-protection among
the serogroup 18 [25] should be expected to be high and could
be interpreted in the light of the finding from our studies. Par-
ticularly, 18C de-OAc, in fact 18B, elicited functional antibodies
against the 18C as we proved in the present study and it should
also be protective to 18B. The presence of O-acetylation in sev-
eral capsular polysaccharides has been shown to be crucial, for
example, in serotypes 1 and 15B from S. pneumoniae [26,27] and

serogroup A from Neisseria meningitidis, while in others they are not
involved as, for example, serotype 9 V [28] serogroup C and W135
from Neisseria meningitidis [29,30] and 18C (present study). Fur-
ther systematic studies are needed to understand the reason of the
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nvolvement or not of the O-acetyl group on antibody recognition of
apsular PS.

. Conclusions

The O-acetyl group in S. pneumoniae capsular polysaccharide
erotype 18C is only marginally involved in recognition. The
olysaccharide fragment devoid of the O-acetyl group could be
sed in a production of conjugate vaccine.
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