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Abstract—Streptococcus pneumoniae is a Gram-positive bacterium (pneumococcus) that causes severe dis-
eases in adults and children. It was established that some capsular polysaccharides of the clinically significant
serotypes of S. pneumoniae in the composition of commercial pneumococcal polysaccharide or conjugate
vaccines exhibit low immunogenicity. The review considers production methods and structural features of the
synthetic oligosaccharides from the problematic pneumococcal serotypes that are characterized with low
immunogenicity due to destruction or detrimental modification occurring in the process of their preparation
and purification. Bacterial serotypes that cause severe pneumococcal diseases as well as serotypes not
included in the composition of the pneumococcal conjugate vaccines are also discussed. It is demonstrated
that the synthetic oligosaccharides corresponding to protective glycotopes of the capsular polysaccharides of
various pneumococcal serotypes are capable of inducing formation of the protective opsonizing antibodies
and immunological memory. Optimal constructs of oligosaccharides from the epidemiologically significant
pneumococcal serotypes are presented that can be used for designing synthetic pneumococcal vaccines, as
well as test systems for diagnosis of S. pneumoniae infections and monitoring of vaccination efficiency .
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INTRODUCTION
The Gram-positive bacteria Streptococcus pneumo-

niae (pneumococcus) cause severe invasive and non-
invasive diseases in children and adults and also can
persist in the nasopharyngeal mucosa of healthy carri-
ers without causing clinical manifestations of the
infection. Most pneumococcal strains are surrounded
by a polysaccharide capsule. More than 90 pneumo-
coccal serotypes have been identified based on the
structurally different capsular polysaccharides (CP)
expressed by S. pneumoniae [1–3].

Pneumococcal infections can be divided into inva-
sive and noninvasive types based on the severity of the
disease. Bacteremia, meningitis, pneumonia, and
other pathological conditions in which the pathogen is

isolated from usually sterile organs and tissues (blood,
cerebrospinal f luid, less often synovial, pleural, and
pericardial f luids) are commonly considered as inva-
sive infections. Infections of the upper respiratory
tract (otitis media, paranasal sinusitis) and the lower
respiratory tract (bronchitis), as well as other relatively
rarely diagnosed infections (conjunctivitis, peritonitis,
arthritis, polyarthritis, etc.) belong to the noninvasive
forms of the disease. The invasive pneumococcal dis-
eases can be fatal, especially in young children, elderly,
and immunocompromised individuals [4, 5]. Severity
of the course of pneumococcal infection depends on
the serotype of S. pneumoniae [6–11]. In particular,
the S. pneumoniae serotypes 3, 6B, 19A, 19F, and 23F
that have a well-developed capsule belong to the sero-
types with low invasiveness and cause diseases associ-
ated with high risk of death, primarily in immuno-
compromised individuals. The serotypes 1, 7F, 4, 9N,
9V, and 14 with medium-to-high invasive potential
and thin capsule most often cause disease in healthy
individuals, acting as primary pathogens [12, 13].

Epidemiology of S. pneumoniae

Prevalence of the pneumococcal serotypes
depends on localization of the site of infection, geo-

Abbreviations: BSA, bovine serum albumin; CD, cluster of dif-
ferentiation antigens; CRM197, nontoxic form of recombinant
diphtheria anatoxin (protein carrier); D-AAT, 2-acetamido-4-
amino-2,4,6-trideoxy-D-galactose; GM-CSF, granulocyte-
macrophage colony-stimulating factor; IFNγ, interferon
gamma; IL, interleukin; KLH, keyhole limpet hemocyanin;
mAb, monoclonal antibodies; MALDI-TOF, matrix-assisted
laser desorption/ionization time-of-flight; NK, natural killers;
TLR, Toll-like receptor; TNFα, tumor necrosis factor alpha;
CP, capsular polysaccharide.
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graphic location, and age of the patient [6]. Pneumo-
coccal serotypes vary significantly in virulence [6, 7,
14–17]. According to the WHO, in 2007 ~80–90% of
all pneumococcal diseases were caused by 20 serotypes
of S. pneumoniae [18, 19].

The data on prevalence of various serotypes of
pneumococcus in the United States, Asia, Africa,
Europe, Latin America, Australia, New Zealand,
Belarus, Ukraine, and Russia in different years among
children and adults are available in numerous publica-
tions [20–28]. In 2012, a large-scale epidemiological
study was carried out in six countries of Southeast Asia
to study prevalence of various serotypes of S. pneumo-
niae. Serotypes 1, 3, 6B, 14, 19A, 19F, and 23F were
isolated most often. No significant region-related dif-
ferences were identified in the prevalence of one sero-
type or another [29].

It was shown that the serotypes 1 and 14 were pre-
dominantly isolated from the blood of patients, sero-
types 6, 10, and 23 were isolated from cerebrospinal
f luid, and serotypes 3, 19, and 23 were isolated from
the middle ear f luid of children [8]. The serotypes 6A,
6B, 14, 19F, and 23 are considered as main “pediatric”
strains of pneumococcus [4, 30]. In the United States,
the serotypes 14, 6B, 19F, 18C, 23F, and 9V caused
80% of meningitis in young children, while they
accounted for only 50% of all isolates in the children
over 6 years old [6, 31–34].

In Japan the serotypes 3, 4, 19F, and 23F were iso-
lated from the adults with respiratory tract diseases
from 2011 to 2013 [35]. In two other studies conducted
in the same geographic region, the serotype 3 was
found to be most widespread [36, 37]. The serotypes 3,
12, 15, 19A, and 19F were identified as the most com-
mon causative agents in the invasive pneumococcal
diseases in 2014–2016 in the southeast of the Arabian
Peninsula [38].

The strains of serotypes 3, 6, 11, 19, and 23 were
most frequently identified in Korea and Spain [39,
40]. Another study showed that the serotypes 1, 3, 7F,
and 19A were predominant in Spain in 2001–2014.
S. pneumoniae serotype 3 was the most common one
identified in patients with complications that devel-
oped during hospitalization. The serotype 22F was the
most frequently identified serotype not included in the
Prevnar 13® (Pfizer) vaccine. A significant part of
adults vaccinated against pneumococcus in childhood
suffered from the community-acquired pneumonia
caused by the serotypes included in the vaccines with
which they had been immunized in childhood. This
determines the need to develop vaccination strategy to
reduce the disease incidence in adults [41]. In the
United States, serotypes 3, 6, 14, 18, 19, and 23 are the
most common cause of otitis media [30, 42].
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Evaluation of the prevalence of various pneumo-
coccal serotypes in Russia revealed that serotypes 3, 6,
9, 14, 19, and 23, and to a lesser extent serotypes 7 and
18, are dominant in the children that are asymptom-
atic carriers [21]. The serotype 19 was found in acute
otitis media with the highest frequency; while the
serotypes 3, 4, 6, 8, 9, 14, 15, 20, 22, and 23 were iso-
lated less frequently. The serotypes 19, and to a lesser
extent serotypes 6, 14, and 23, were identified in the
children with community-acquired pneumonia; the
serotypes 5 and 1 were isolated from lung tissues of
children with invasive pneumococcal infection. The
predominant serotypes causing invasive infections
were 8, 19, to a much lesser extent, 1, 5, and 23. Prev-
alence of the serotypes 3, 6, 15, and 19 among children
with pneumococcal infections was also noted in other
studies [43]. The strains were susceptible to penicillin,
with the exception of all strains belonging to serotype
19 [21]. This is in agreement with the data reported by
other authors indicating that the modern S. pneumo-
niae strains are sensitive to penicillin, but resistant to
macrolides (erythromycin) [38].

Information on the landscape of pneumococcal
serotypes in Moscow is limited. Among the strains of
pneumococcus obtained from the patients with pneu-
mococcal meningitis in Moscow in 2000–2007, the
serotypes 3, 6, and 19 were prevalent in all age catego-
ries. The serotypes 1, 3, 4, 6B, 6A, 7F, 15A, 15B, 18C,
and 19F were most frequently isolated in Moscow
accounting for 63% of the identified strains. Compar-
ison of the serotype landscape of this pathogen
obtained in 1980–1999 with the strain serotypes iden-
tified in 2000–2012 showed a difference in the struc-
ture and proportion of the dominant serotypes. While
the prevalent serotypes among the strains isolated in
1980–1999 (in decreasing order of significance) were
1, 3, 19F, 6A, 7F, 12F, 18C, and 19A, the serotypes 3,
19F, 6B, 7F, 15A, 15B, 1, 4, and 6A were most fre-
quently isolated in 2000–2012 [44].

Thus, the serotypes 1, 2, 3, 4, 5, 6A/B, 7F, 8, 9, 11,
12, 14, 15A/B, 18C, 19A/F, 20, 22, and 23F are of the
highest clinical significance in the world today; in
Russia these are serotypes 1, 3, 4, 6A/B, 7F, 12, 14,
15A/B, 18C, and 19F (serotypes in bold are found
with the highest frequency). It is obvious that this set
of strains can change and even expand over time due to
increase of epidemiological significance of other
pneumococcal serotypes.

Vaccination to Prevent Pneumococcal Infection

The success of vaccination in preventing infections
caused by S. pneumoniae largely depends on the degree
to which the serotype composition of the vaccine
matches the spectrum of circulating pneumococcal
strains in the region of the vaccine application. In the
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controlled trial of the 13-valent pneumococcal conju-
gate vaccine in children, the serum levels of antibodies
to all serotypes in the vaccine composition increased
after immunization in all age groups. Production of
antibodies induced against the CPs of serotypes 6A,
14, 19F, and 23F was weak in children under 4.5 years
old [45].

Increase in the opsonophagocytic activity and con-
centration of the CPs-specific IgG antibodies to all
pneumococcal serotypes included in the correspond-
ing vaccine was noted in the first phase of clinical trials
of the 20-valent pneumococcal conjugate vaccine
containing seven new pneumococcal serotypes (8,
10A, 11A, 12F, 15B, 22F, and 33F) that was developed
to expand the serotype coverage of the existing conju-
gate vaccines (Prevnar 7®, Synflorix® (GSK), and
Prevnar 13®) [46].

Each of the CPs of S. pneumoniae serotypes 1, 3, 4,
5, 6B, 7F, 9V, 14, 18C, 19F, and 23 in the 10-valent
pneumococcal conjugate vaccine Synflorix® is conju-
gated to the protein D isolated from Haemophilus
influenzae. Significant increase of the IgG antibodies
to CPs of serotypes included in this vaccine was
observed in the clinical trials in children [47]. Vaccina-
tion helped to reduce the number of cases of infection
caused by the vaccine strains but did not significantly
affect incidence of the diseases caused by nonvaccine
pneumococcus serotypes.

The serotypes 3 (37 cases), 6B (27 cases), 14 (23
cases), 19F (67 cases), and 23F (23 cases) caused the
largest number of pneumococcal otitis media cases. A
significant protective effect of vaccination was estab-
lished for all serotypes, with the exception of serotype 3,
which varied from 44.4% (for the serotype 19F) to
95.5% (for the serotype 14). As for serotype 3, the total
number of cases of acute otitis media in the pneumo-
coccal vaccine group and the control group was 20 and
17, respectively [48]. Increase in the titer of antibodies
against pneumococcal CPs and their opsonizing activ-
ity was noted [49]. It was shown that IgG antibodies
with high opsonophagocytic activity are of key impor-
tance in the prevention of acute otitis media, while the
antibody titer alone is not an adequate indicator of the
vaccine effectiveness [50]. Shiramoto et al. showed
that immunogenicity of both Prevnar 13® and Pneu-
movax® 23 (Merck) vaccines in elderly people, which
was assessed by the titer of antibodies and their
opsonophagocytic activity, was lower for the serotype
3 CP in comparison with other pneumococcal sero-
types [51]. Immunization with the pneumococcal
polysaccharide vaccine did not result in the increase in
the titer of antibodies against the S. pneumoniae sero-
type 3 CP in individuals over 65 years old and in young
adults, while the titer of antibodies against other studied
serotypes (1, 5, 6B, 8, and 14) increased in both groups
[52]. It can be concluded based on the conducted studies
that immunogenicity of the CPs from different pneumo-
coccal serotypes is not the same [53].
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COMPOSITION OF S. pneumoniae CAPCULAR 
POLYSACCHARIDES AND SYNTHESIS

OF RELATED OLIGOSACCHARIDES
FOR VACCINE DEVELOPMENT

Pneumococcal vaccines currently approved for use
are produced using either bacterial CPs of actual
pneumococcal serotypes or CPs conjugated with a
protein carrier followed by addition of an adjuvant.
CPs are isolated from the culture medium after inacti-
vation of the pathogen [54]. Disadvantage of the tradi-
tional vaccines based on pneumococcus CPs is the
need to work with a microbial culture of virulent pneu-
mococcal strains. Purification of CPs from bacterial
impurities is very labor-intensive, and conjugation
with a protein carrier required for induction of the T-
dependent immune response with formation of
opsonizing IgG antibodies and immunological mem-
ory is not always successful. The CP preparations iso-
lated from culture medium contain, even after purifi-
cation, a mixture of bacterial cell antigens including
cell wall polysaccharides (teichoic acid or C-polysac-
charide), nucleic acids, and others. Therefore, the
resulting product is chemically heterogeneous, which
can be detrimental for subsequent conjugation with a
protein carrier [54, 55].

Bacterial CPs contain repeating oligosaccharide
units of various lengths [56] consisting, for example, of
two (serotype 3) or eight (serotype 17A) monosaccha-
ride residues in the case of S. pneumoniae [57]. The
antibodies induced against one of the CP epitopes
could exert protective function, while the antibodies
against another one could be not effective. In a num-
ber of cases, low efficiency of CPs could be associated
with the individual features of particular CPs such as
different CP conformations in the composition of bac-
terial capsule and in the vaccine. This, in turn, can
result in the different epitope specificity of the anti-
bodies induced by the pneumococcus itself and by the
vaccine.

The S. pneumoniae CP epitopes can be also pre-
sented on synthetic oligosaccharides [30], which are
conjugated to a protein carrier by common chemical
techniques to obtain a semisynthetic vaccine. Cur-
rently, oligosaccharides have been synthesized for
serotypes 1–4, 6A/B, 7F, 8, 9A/V, 12, 14, 17F, 18C,
19A/F, 22F, 23F, 27, and 29 [58, 59]. CP hydrolysis,
chemical synthesis, and biosynthesis can be used to
produce oligosaccharides containing several repeating
units corresponding to the CP structure [58, 59]. Sev-
eral oligosaccharides have been successfully obtained
by hydrolysis. It is difficult to control chemical struc-
ture, oligosaccharide length, and presence of bacterial
impurities in this process, which are the main draw-
backs of this technique. Chemical synthesis of several
repeating units of an oligosaccharide has become
available, but it is a multistep and quite complex pro-
cess. Combination of chemical synthesis and biosyn-
thesis is an alternative approach that allows produc-
ol. 47  No. 1  2021
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Fig. 1. The structure of the capsular polysaccharide of Streptococcus pneumoniae serotype 1 (repeating unit (1)), synthetic oligo-
saccharide derivatives (2–5), and conjugate with CRM197 (6). Hereinafter, to depict oligosaccharide sequences, the symbolic
designations of monosaccharide residues are used.
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tion of large quantities of oligosaccharides with long
chain. Biosynthesis of the synthetic CP analogs of the
serotypes 3, 14, and 19F has been reported [58].

The immune response to oligosaccharides is highly
specific. Interestingly, some oligosaccharides conju-
gated to a protein carrier induce even higher titer of
antibodies against CP than the corresponding CP
conjugates [60]. Identification of the immunogenic
glycotopes of S. pneumoniae CPs that provide protec-
tive capacity to the pneumococcal glycoconjugate vac-
cines, could help to increase their effectiveness. The
use of short oligosaccharides obtained via chemical
means provides possibility to control conjugation pro-
cess and to evaluate immunogenicity of the vaccines
produced with varying structural parameters of the
components such as length of the oligosaccharide
fragment and carbohydrate/protein ratio, which is
hard to do in the case of large oligosaccharides or
polysaccharides [61]. Thus, the synthetic oligosaccha-
rides represent an attractive alternative to heteroge-
neous preparations of purified bacterial CPs, which
have been used for production of the first commercial
pneumococcal vaccines [62, 63]. Immunogenic prop-
erties of glycoconjugates can be optimized by using
synthetic antigen structures capable of inducing pro-
tective antibodies [52].

In our publication in 2015 we reviewed approaches
for the design of third-generation pneumococcal con-
jugate vaccines based on synthetic oligosaccharide
ligands [55]. The studies have been continuing
through the recent years; in the current review we con-
sider all pneumococcal serotypes for which synthetic
CP fragments have been produced and immunological
studies have been carried out. Particular attention is
paid to the most “problematic” CPs of some relevant
pneumococcus serotypes with great emphasis on the
research conducted in recent years.

S. pneumoniae Serotype 1

CP of the highly invasive serotype 1 has a specific
chemical structure and contains the rare monosac-
RUSSIAN JOURNAL OF
charide, 2-acetamido-4-amino-2,4,6-trideoxy-D-
galactose (D-AAT) (1) [64] (Fig. 1). It has been
observed that the serotype 1 CP in the pneumococcal
vaccines is not effective enough [65]. It was demon-
strated that the commercial glycoconjugate vaccine
Prevnar 13® induces low level of the functional anti-
bodies against the CP of serotype 1 (1) due to the pos-
sible modification of the protective CP epitopes (in
particular, amino groups) in the process of chemical
activation and conjugation with a protein carrier.
Chemical treatment of the CP of serotype 1 (1) could
result in its depolymerization causing decrease in the
efficiency of the CP (1) in the composition of pneu-
mococcal vaccines. It was established that the risk of
destruction of immunogenic epitopes [54, 66] exists
during conjugation of the protein carrier with the
polysaccharide (1) [54, 66].

Synthetic oligosaccharide antigens can be synthe-
sized using techniques that shield protective epitopes
from modifications occurring during the process of its
conjugation with the protein carrier. Oligosaccharides
(2–5), corresponding to the fragments of the serotype
1 CP chain (Fig. 1), were synthesized by a number of
authors [67–71]. The D-AAT residue has been shown
to be important for the CP (1) recognition. Thus, it
was demonstrated in the experiments involving inter-
action of the synthetic ligands (2–5) with the serum
antibodies against CP (1) that the trisaccharide (4),
corresponding to the complete repeating unit, exhib-
ited strongest binding, while the disaccharide (5) con-
taining no D-AAT residue demonstrated much weaker
binding, and the monosaccharides (2) and (3) did not
bind at all.

Reduction of the disulfide group in the trisaccha-
ride derivative (4) to a thiol and subsequent attach-
ment to the CRM197 protein yielded a glycoconjugate
vaccine (6). The amino group in D-AAT was not
affected under the used conditions. Immunization of
rabbits with the conjugate (6) induced formation of
high titers of antibodies specific to CP (1) and trisac-
charide (4), as well as antibodies binding directly to D-
AAT (3). The titers of antibodies to CP (1) upon
 BIOORGANIC CHEMISTRY  Vol. 47  No. 1  2021
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Fig. 2. Structure of the capsular polysaccharide of S. pneumoniae serotype 2 (repeating unit (7)), synthetic oligosaccharide deriv-
atives (8a–14a), and conjugates with CRM197 (series b).
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immunization with the conjugate (6) were higher than
in the control experiments with the Prevnar 13® vac-
cine [64]. It was demonstrated using f low cytometry
that the antibodies induced by the conjugate (6)
bound to the serotype 1 pneumococci better than the
antibodies generated following immunization with
Prevnar 13®. The antigen-binding capacity of antibod-
ies correlated with the killing activity evaluated by the
opsonophagocytic assay. Thus, the pooled serum from
the rabbit immunized with the conjugate (6) exhibited
higher activity against the serotype 1 pneumococci
than the rabbit antiserum produced by immunization
with Prevnar 13®. Moreover, the antibodies induced
by the conjugate (6) had higher opsonizing ability than
the standard 007sp serum recommended by the WHO
for evaluating efficacy of pneumococcal vaccines [72].
Antibodies to the protein carrier (CRM197) did not
bind to the serotype 1 S. pneumoniae.

The protective activity of immune sera was assessed
in the experiments with passive immunization of mice
by counting the number of bacterial cells in the blood
and in the bronchoalveolar lavage f luid following
infection. Sera of rabbits immunized with Prevnar 13®

and CRM197 were used as control groups. A signifi-
cant decrease of bacterial load in the blood and bron-
choalveolar lavage f luid of infected animals following
administration of the conjugate (6) antiserum was
observed in comparison with the antisera produced by
administration of Prevnar 13® and CRM197. Thus,
the synthesized conjugate (6) is a promising candidate
for inclusion in a vaccine against the S. pneumoniae
serotype 1 that exhibits superior protective effect in
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
comparison with the conjugate of the corresponding
CP in the composition of the commercial Prevnar 13®

vaccine [64].

S. pneumoniae Serotype 2
S. pneumoniae serotype 2 belongs to the invasive

strains of pneumococcus, but its CP (7) is not
included in the commercial pneumococcal conjugate
vaccines. To determine the structure of the protective
oligosaccharide epitope, a series of fragments (8a–
13a) of the repeating unit was synthesized, as well as
the hexasaccharide (14a) corresponding to the whole
repeating unit of the serotype 2 CP [73] (Fig. 2). It was
shown in the experiments on binding of these oligo-
saccharides to the sera specific to serotype 2 CP (7)
that the presence of the α-D-GlcA-(1→6)-α-D-Glc-
(1→2) side chain (8a) is necessary for the efficient
interaction. A conjugate of the hexasaccharide (14a)
with CRM197 (14b) was produced that stimulated T-
dependent and B-cell response leading to formation of
opsonizing antibodies in mice that mediated killing of
the encapsulated bacteria due to increased activity of
phagocytes. Subcutaneous immunization with glyco-
conjugate (14b) protected mice from intranasal infec-
tion with a highly virulent serotype 2 strain NCTC
7466, reducing bacterial load in the lung tissues and
blood [73].

S. pneumoniae Serotype 3
CP of this pneumococcal serotype (15) are charac-

terized by low immunogenicity [52, 53, 74]. According
ol. 47  No. 1  2021
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Fig. 3. Structure of the capsular polysaccharide of S. pneumoniae serotype 3 (repeating unit (15)), synthetic oligosaccharide deriv-
atives (16–26), and glycoconjugates based thereon (series b–e). 
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to Choi et al. [75], one of the reasons for low immuno-
genicity of the serotype 3 CP (15) is the unusual way of
its biosynthesis (Fig. 3). The mechanism of CP syn-
thesis has been established for all 94 known pneumo-
coccal serotypes. Two pathways of CP synthesis have
been identified: the synthase-dependent and wzy-
dependent [76–79]. The main difference between
them is the fact that CP is covalently bound to pepti-
doglycan of the bacterial cell wall in the wzy-depen-
dent synthesis, while in the synthase-dependent path-
way it can be detached from the cell wall. For the
majority of S. pneumoniae serotypes, CP synthesis
occurs via the wzy-dependent pathway, and only two
serotypes (3 and 37) synthesize their CPs via the syn-
thase-dependent pathway [77, 80]. The S. pneumoniae
serotype 37 is extremely rare in humans, while the
serotype 3 is clinically significant [81]. It was shown
that the S. pneumoniae serotype 3 CP (15) could be
found simultaneously in the state associated with the
bacterial wall and in a dissolved state in the culture
medium [82]. When the S. pneumoniae serotype 3 is
cultured in vitro and in the course of mice infection,
larger amounts of CP are released into the environ-
ment compared to the other pneumococcal serotypes,
which results in the reduced antibody-dependent kill-
ing of bacteria and decrease in the protection against
infection due to the binding of antibodies to free CP. It
is also possible that the CP with bound antibodies
could detach from the bacteria and enter circulation,
thus reducing protective efficacy of the antibodies.

Changes in the structure of bacterial CP of the S.
pneumoniae serotype 3 (15) may affect the quality of
RUSSIAN JOURNAL OF
vaccine preparations. Use of synthetic oligosaccha-
rides — fragments of S. pneumoniae serotype 3 CP (15)
conjugated to a protein carrier — is a promising strat-
egy that could help to mitigate this issue.

Studies on the synthesis of CP fragments of pneu-
mococcal serotype 3 (15) were actually the first inves-
tigations in the field of the carbohydrate-based semi-
synthetic conjugate vaccines [55]. It has been shown
that the presence of a glucuronic acid residue in the
vaccine conjugate is required for the development of
protective immunity [55, 83]. Later, the conjugates of
synthetic monosaccharides (16a) and (17a), disac-
charide (19a), trisaccharide (20a), and tetrasaccha-
ride (22a) with the CRM197 protein carrier were pro-
duced that corresponded to the fragments of repeating
units of the S. pneumoniae serotype 3 CP [61] (Fig. 3).
All mice immunized with the synthesized conjugates
(20b) and (22b) produced IgG antibodies capable of
binding to the CP (15). Comparable titers of specific
antibodies in the case of the disaccharide ligand con-
jugate (19b) were observed in 75% of the mice studied.
All animals with serum containing antibodies to CP
(15) survived infection with the lethal dose of S. pneu-
moniae serotype 3. Thus, it was confirmed that the
disaccharide fragment (19) is sufficient for the devel-
opment of protective immunity to the serotype 3
pneumococci in mice.

It should be noted that, unlike in mice, longer oli-
gosaccharides are required to induce optimal immune
response in humans, primarily because conforma-
tional epitopes are better presented to the immune
cells in this case [84]. At the same time, the possibility
 BIOORGANIC CHEMISTRY  Vol. 47  No. 1  2021
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of inducing a T-dependent immune response
increases with the decrease in the length of the oligo-
saccharide chain. Therefore, for best presentation, oli-
gosaccharide epitopes should have both: immuno-
genic conformation and optimal length. Hence, the
length of oligosaccharides should be, on the one hand,
sufficient for the expression of conformational epi-
topes, and on the other hand, not too large for induc-
tion of the T-dependent antibody response [30].

In another study, a group of ligands (16a–22a) was
synthesized and immobilized on a substrate forming a
glycoarray. Using this tool, an automated screening
(Glucan Array Assay) of two protective monoclonal
antibodies (mAb) specific to S. pneumoniae serotype 3
CP (15) was carried out [62]. Both antibodies recog-
nized S. pneumoniae serotype 3 CP during the auto-
mated screening, and the best binding of both mAbs
was observed for the tetrasaccharide (22a). Binding of
the tested mAbs to the trisaccharides (20a) and (21a)
was slightly weaker, and difference in the binding
specificity between the two mAbs was observed. How-
ever, none of the mAbs bound disaccharides (18a) and
(19a). Therefore, further studies were carried out with
the tetrasaccharide conjugate (22b) as a vaccine candi-
date.

Immunization with the conjugate (22b) led to pro-
duction of the protective antibodies, which was
demonstrated by testing opsonization capacity of the
serum and in the murine model of experimental pneu-
monia with passive immunization of mice followed by
infection initiated by intranasal administration of S.
pneumoniae serotype 3. According to the MALDI-
TOFF mass spectrometry data, the conjugate (22b)
contained on average six tetrasaccharide haptens per
CRM197 molecule [85]. To determine immunogenic-
ity of the tetrasaccharide, mice were immunized sub-
cutaneously with an interval of 28 days with two doses
of the glycoconjugate (22b) with Freund’s adjuvant or
with aluminum hydroxide. The use of aluminum
hydroxide is preferred over aluminum phosphate,
which is included in glycoconjugate vaccines, because
at neutral pH the hydroxide better adsorbs the
CRM197 conjugate that contains negatively charged
S. pneumoniae serotype 3 oligosaccharides [86].

The immunized mice developed IgG antibodies
that bound specifically to the tetrasaccharide (22c),
demonstrating immunogenicity of the selected ligand.
The switch of the immune response from IgM to IgG
in response to administration of the booster dose indi-
cated formation of the T-dependent immune
response. However, immunogenicity of the conju-
gated tetrasaccharide largely depended on the adju-
vant used. The glycoconjugate (22b) with the Freund’s
adjuvant induced formation of a higher titer of anti-
bodies compared to the use of the aluminum hydrox-
ide adjuvant [62].

The serum derived from the mice immunized with
the conjugate (22b) caused dose-dependent killing of
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
pneumococci, demonstrating that the glycoconjugate
induced formation of opsonizing antibodies. The titer
of antipneumococcal antibodies, as well as opsono-
phagocytic activity, depended on the adjuvant used.
The Freund’s adjuvant caused formation of the higher
titer of antibodies with high killer activity in the
opsonophagocytosis test compared with the use of
aluminum hydroxide. Protective activity of the tetra-
saccharide conjugate (22b) against pneumococcal
pneumonia was studied using a known model [87, 88].

Since Freund’s adjuvant is not used in the vaccine
design, the authors introduced the glycoconjugate
(22b) adsorbed on aluminum hydroxide or without an
adjuvant. Immunization with the conjugate (22b)
adsorbed on aluminum hydroxide significantly
reduced severity of the disease. Pneumococcal pneu-
monia significantly increased lung permeability in the
control animals and in the mice immunized with the
conjugate (22b) without adjuvant. The use of the con-
jugate (22b) adsorbed on aluminum hydroxide pre-
served integrity of the alveolar barrier, reduced bacte-
rial load in the lungs, and almost completely prevented
development of bacteremia in the tested animals in
comparison with the animal in control group and the
group immunized with the glycoconjugate (22b) with-
out an adjuvant. Antibacterial protection was accom-
panied by the increase in the number of leukocytes and
decrease in the production of cytokines in the alveolar
compartment of the mice with pneumococcal infec-
tion. Induction of the long-term immunity is an
important indicator of successful vaccination. After 4
months, protection against the infection was lower
than at the time of infection on the 35th day after
immunization. Additional trials are being conducted
to investigate ability of the conjugate (22b) to induce
long-term immune protection against the serotype 3
pneumococci. It was shown previously that in some
cases the development of long-term immune memory
requires the use of longer carbohydrate ligands [62].

The authors of this review also synthesized oligo-
saccharides (19a), (20a), and (22a) and their conju-
gates with biotin, (19c), (20c), and (22c), respectively
(the article is in preparation for publication). It was
shown that the biotinylated derivatives (19c), (20c),
and (22c) immobilized on the streptavidin-coated
microplates, stimulated production of IL-1α, IL-2,
IL-4, IL-5, IL-10, IFNγ, IL-17A, and TNFα, but not
IL-6 or GM-CSF, in the monoculture of mouse sple-
nocytes. The tetrasaccharide conjugate (22c) most
effectively stimulated production of IL-4, IL-5, IL-
10, and IFNγ, which promoted expression of the spe-
cific immunoglobulin isotypes. The BSA conjugate
(22d) adsorbed on aluminum hydroxide caused for-
mation of high levels of IgM, IgG1, IgG2a, and IgG2b
antibodies. The content of anti-CP-induced antibod-
ies could only be determined using the biotinylated
tetrasaccharide (22c). The conjugate (22d) exhibited
the highest ability to bind IgG antibodies in the mouse
antiglycoconjugate sera and rabbit antibacterial
ol. 47  No. 1  2021
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Fig. 4. Structure of the capsular polysaccharide of S. pneumoniae serotype 4 (repeating unit (27)), synthetic oligosaccharide deriv-
atives (28a–35a), and conjugates with CRM197 (series b).
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serum. The sera to the conjugate (22d) promoted
higher phagocytosis of bacteria by neutrophils and
monocytes compared to the serum to the CP (15)–
CRM197 conjugate. The serum of mice immunized
with the tetrasaccharide conjugate (22d) showed the
highest titer of IgG1 antibodies against CP compared
to the sera of mice immunized with the same doses of
di- (19d) and trisaccharide (20d) conjugates. The
degree of protection of mice infected with a lethal dose
of S. pneumoniae serotype 3 by the tri- (20d) and tetra-
saccharide (22d) conjugates was higher than the
degree of protection provided by the disaccharide con-
jugate (19d). It was shown based on the conducted
studies that the tetrasaccharide ligand (22a) is an opti-
mal candidate for the development of semisynthetic
vaccine against the S. pneumoniae serotype 3 and diag-
nostic test systems.

Longer fragments of the serotype 3 CP (15) were
synthesized, including up to four repeating units of
this polysaccharide (compounds (23a–26a)) [89].
Among these ligands, there were oligosaccharides
containing either glucose residue (23a, 24a) or glucu-
ronic acid residue (25a, 26a) at the nonreducing end.
Conjugates of these compounds with BSA (23d–26d)
and tetanus toxoid (23e–26e) were obtained. The
conjugates (23e–26e) and free oligosaccharides (23a–
26a) were used to immunize mice, while BSA-conju-
gates (23d–26d) were used as coating antigens in the
analysis of sera obtained after immunizations by
ELISA. Sera of mice immunized with the tetanus tox-
oid conjugates (23e–26e) contained much higher
titers of specific antibodies than the antisera against
free oligosaccharides (23a–26a). It should be men-
tioned that the titers of specific antibodies induced by
penta- and hexasaccharide conjugates (23e and 25e,
RUSSIAN JOURNAL OF
respectively) significantly exceeded the titers obtained
in the case of octa- and heptasaccharide conjugates
(24a and 26a, respectively), which indicated that the
further increase in the length of carbohydrate ligands
adversely affected immunological properties of the
conjugates [89].

S. pneumoniae Serotype 4
Structure of the pneumococcus serotype 4 CP (27)

contains a rare and labile substituent (cyclic pyruvate
ketal) at the reducing end of the terminal galactose
residue. Recently, Seeberger et al. synthesized a large
set of fragments of this polysaccharide (28a–35a)
(Fig. 4), among which there were oligosaccharides of
varying lengths, as well as compounds designed to
establish whether the presence of the pyruvate substit-
uent was essential [90, 91].

Antibodies in the reference human serum specific
to CP of serotype 4 (27) recognized both oligosaccha-
rides containing pyruvate fragment and oligosaccha-
rides with unsubstituted galactose residues equally.
The tetrasaccharide (35a) exhibited the highest affin-
ity and cross-reactivity with respect to CP (27) in the
study of sera from mice and humans immunized with
the CP of serotype 4 (27). Since the antibodies from
the human serum also recognized oligosaccharides
without the pyruvate substituent (29a, 34a), the
researchers suggested that the natural CP might also
contain units that do not carry pyruvate substituent in
the galactose residue. However, the pyruvate-free epi-
topes could be less immunogenic, as demonstrated by
the weaker binding of antibodies to the oligosaccha-
rides (29a) and (34a) compared to the tetrasaccharide
(35a) containing pyruvate. To test this hypothesis, the
 BIOORGANIC CHEMISTRY  Vol. 47  No. 1  2021
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Fig. 5. Structure of the capsular polysaccharide of S. pneumoniae serotype 5 (repeating unit (36)), synthetic oligosaccharide deriv-
atives (37a–39a), and conjugates with CRM197 (series b).
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conjugates (29b) and (34b) were synthesized with
ligands not containing the pyruvate substituent. Anti-
bodies obtained upon immunization of mice with the
conjugates (29b) and (34b) did not recognize CP of
serotype 4, which indicated significance of the pyru-
vate presence for the development of the specific
immunity [90, 91].

S. pneumoniae Serotype 5

The serotype 5 causes invasive pneumococcal dis-
eases in children worldwide [11, 92]. Commercial gly-
coconjugate vaccines are produced from the native or
depolymerized CP [93] conjugated to a carrier pro-
tein. However, they were shown to be insufficiently
effective in the prevention of infections caused by the
serotype 5 [94]. The repeating unit of the serotype 5
CP (36) (Fig. 5) contains two rare monosaccharide
residues: 2-acetamido-2,6-dideoxy-D-xylose-
hexose-4-ulose (Sugp) and N-acetyl-L-pneumo-
samine (L-PneupNAc). CP of the serotype 5 (36), as
well as CP of the serotype 1 (1) seems to be a weak
point in the existing pneumococcal vaccines (it is
included in the 10- and 13-valent vaccines), because
the keto group of the Sugp residue undergoes partial or
complete reduction during its isolation from bacterial
sources and purification in the course of the conjugate
vaccine production. That is why the resulting product is a
heterogeneous mixture with reduced immunogenicity
compared to the native CP of the serotype 5 (36) [95, 96].

The preliminary studies with a large group of
mono- and disaccharide fragments of the repeating
unit of the polysaccharide (36) and the standard rabbit
and human sera for pneumococcal serotyping have
shown that the GlcA-PneuNAc branch is most
important for recognition [95]. Attempts to synthesize
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
the repeating unit of the CP (36) were unsuccessful
due to extreme instability of the keto group in the Sugp
residue that creates problems for the product isolation
and purification.

According to the automated screening data, the
Sugp residue is not immunodominant; therefore,
more stable oligosaccharides with the reduced keto
group (37a–39a) were synthesized to design conjugate
vaccines: two of the oligosaccharides (38a, 39a) con-
tained a fucosamine residue, and the tetrasaccharide
(37a) had a quinavosamine residue at the reducing end
[95] (Fig. 5). Antibodies in the serotype 5 CP specific
sera (36) (rabbit and human sera for typing of this
serotype were used, as well as rabbit antiserum to the
Prevnar 13® vaccine), bound well to both pentasac-
charides (37a, 38a) and slightly worse to the tetrasac-
charide (39a).

Since chemical synthesis of the ligand (37a) was
rather laborious, only conjugates (38b) and (39b) were
obtained for immunological experiments. The conju-
gate (38b) stimulated formation of higher titers of the
cross-reactive antibodies in rabbits than the tetrasac-
charide conjugate (39b). Antisera induced by the con-
jugate (38b) recognized pentasaccharide (37a) and CP
(36) in addition to the pentasaccharide ligand (38a)
itself. These data emphasize that the full repeating unit
of the CP of serotype 5 (36) is required to obtain an
immunogenic conjugate vaccine conjugate.

Both conjugates (38b, 39b) induced formation of
antibodies in rabbits with higher opsonizing capacity
than the antibodies induced in response to the multi-
valent vaccine Prevnar 13®; furthermore, the antibod-
ies against the pentasaccharide in the conjugate (38b)
demonstrated stronger antibacterial effect in vitro than
the antibodies against the tetrasaccharide conjugate
(39b). However, protective functions of antisera are
ol. 47  No. 1  2021
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determined not only by the titers of opsonizing anti-
bodies, but also by their avidity to the native CP on the
surface of bacteria. The quantitatively determined
avidity values for the CP (36) in the tests with inhibi-
tion of binding by ammonium cyanate showed that
avidity of the antibodies induced by conjugate (38b)
was more than four times higher than avidity of the
antisera against both the conjugate (39b) and the
Prevnar 13® vaccine.

Although comparable doses of the semisynthetic
conjugates (38b) and (39b) and of the conjugate of the
serotype 5 CP (36) in the Prevnar 13® vaccine have
been used, it could be possible that the presence of
additional serotypes in the multivalent vaccine
reduced activity of the individual CPs of other sero-
types, and therefore such comparison is not quite cor-
rect [97, 98]. Efficient vaccines should lead to the
development of long-term immune response and for-
mation of memory B cells. In this study, the titers of
specific antibodies in the rabbits immunized with the
conjugate (38b) decreased by the 119th day after pri-
mary immunization; however, administration of the
booster dose led to a rapid increase in the level of anti-
bodies, which indicated strong immunological mem-
ory. Thus, the pentasaccharide conjugate (38b) is a
promising candidate for a vaccine against the serotype
5 pneumococci.

S. pneumoniae Serotype 6

S. pneumoniae serotype 6B is a common cause of
pneumococcal disease, especially in children [99,
100], and is also associated with antibiotic resistance
[101–103]. CP of S. pneumoniae serotype 6B (41)
(Fig. 6) is included in the first generation of the 23-
valent polysaccharide vaccines Pneumovax 23®

(Merck Sharp & Dohme Corp.) and Pneumo 23®

(Sanofi), as well as all pneumococcal conjugate vac-
cines currently being produced. The CP (41) contains
a phosphate group, and its conjugation with a carrier
protein is not always successful. Antibodies induced by
the CP (41) are characterized with slow affinity matu-
ration compared to the CP of other pneumococcal
serotypes [104], and therefore the amount of CP of the
pneumococcal serotype 6B (41) in the conjugate vac-
cines is doubled compared to the CPs of other sero-
types. The S. pneumoniae serotype 6B belongs to the
serogroup 6, which includes three more serovariants
with polysaccharides differing only slightly: 6A (40),
6C (42), and 6D (43) (Fig. 6); however, the S. pneu-
moniae serotypes 6A and 6B are of the greatest clinical
importance.

Due to insignificant structural differences between
the CPs of serogroup 6, the antibodies to CP of
S. pneumoniae serotype 6B exhibit cross-reactivity
with the S. pneumoniae serotypes 6A, 6D, and 6C
[105–107]. This is confirmed by the fact that the cases
of diagnosis of the serotype 6A became less frequent
RUSSIAN JOURNAL OF
after the start of the widespread use of the pneumo-
coccal conjugate vaccine containing CP from the sero-
type 6B [55]. However, this may also be due to the fact
that gene mutations could result in the synthesis of
several types of repeating units within a single CP. In
particular, the pneumococci were discovered produc-
ing “mixed” CP of the serotype 6A/6B [108], which
depended on the CP producer strain, composition of
the nutrient medium, and cultivation conditions of the
S. pneumoniae strains.

The synthetic CP analogs conjugated to a protein
carrier that contain protective epitopes of the corre-
sponding pneumococcal serotypes can lead to the for-
mation of higher titers of specific antibodies than the
conjugates of the natural bacterial CPs [109, 110]. This
was also demonstrated using oligosaccharides corre-
sponding to the fragments of the CP chain of S. pneu-
moniae serogroup 6, synthesis of which was carried out
by several research laboratories. Oligosaccharides with
the size not less than a full repeating unit were the
most active ones [55]. For example, the tetrasaccha-
rides (44a) and (45a) containing phosphates, as well as
tetrasaccharides without a phosphate group (46),
(47), and (48) (Fig. 6) were synthesized, imitating the
repeating units of CPs of serotypes 6A, 6B, and 6C,
respectively [111–113]. The conjugate of the phos-
phate-containing tetrasaccharide with the KLH pro-
tein (44b) induced formation of antibodies capable of
cross-reacting with the CPs of both serotypes 6B (41)
and 6A (40) in mice and rabbits, as well as stimulating
phagocytosis of microbial cells of pneumococcus
serotypes 6A and 6B [60].

The experiments on passive and active immuniza-
tion of mice demonstrated that the rabbit antiserum
against the conjugate (44b) protected mice from infec-
tion with pneumococcus serotypes 6A and 6B. This
led to conclusion that the tetrasaccharide (44a) conju-
gated to a protein carrier (conjugate (44b)) could be an
effective vaccine component capable of inducing the
protective antibodies to S. pneumoniae serotypes 6A
and 6B [60]. The contradicting results were obtained
in the study of the tetrasaccharide (46a) without phos-
phate group. The CP of serotype 6B did not inhibit
interaction of the rabbit antibodies with the conjugate
(46b). This may mean that the epitopes presented in
the CP of serotype 6B differ from those presented in
the unphosphorylated tetrasaccharide (46a) [114–
116]. Thus, it is necessary to use the phosphate-con-
taining tetrasaccharides corresponding to the repeat-
ing unit of the CP of S. pneumoniae serogroup 6A and
6B to obtain an effective conjugate vaccine against the
S. pneumoniae serotype 6.

S. pneumoniae Serotype 7F
Until 2012, the S. pneumoniae serotype 7F was the

fifth most common serotype among 97 serotypes
causing invasive pneumococcal diseases in Europe;
however, the number of pneumonia cases caused by
 BIOORGANIC CHEMISTRY  Vol. 47  No. 1  2021
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Fig. 6. Structures of the capsular polysaccharide of S. pneumoniae serotypes 6A, 6B, 6C, and 6D (repeating units (40–43)), syn-
thetic oligosaccharide derivatives (44a–48a), and conjugates with KLH (series b) and BSA (series c). 
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this serotype decreased with introduction of the
13-valent vaccine, which includes CP of serotype 7F
(49) (Fig. 7) [117]. The repeating unit of CP (49)
contains seven monosaccharide residues, four of
which are in the main chain, and there are also two
branches. To determine the minimal glycotope capa-
ble of inducing formation of the specific immune
response against the CP of serotype 7 (49) a number
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
of spacer-conjugated oligosaccharides (51–56) [117]
were synthesized with structures selected in such a
way that contribution of each of the branches into
interaction with the specific antibodies could be
evaluated. The heptasaccharide corresponding to the
complete repeating unit was not synthesized due to
the difficulties of introducing the α-N-acetylglucos-
amine residue.
ol. 47  No. 1  2021
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Fig. 7. Structure of the capsular polysaccharide of S. pneumoniae serotype 7F (repeating unit (49)) and synthetic oligosaccharide
derivatives (50–56).
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To identify the epitopes responsible for binding to
human antibodies, an automated microsystem was
used to study interactions of oligosaccharides (51–56)
with antibodies from the reference human serum
007sp [72]. This serum bound to the oligosaccharides
(51–55), but did not bind to the trisaccharide (56).
Addition of the CP of serotype 7F effectively inhibited
interaction of the 007sp serum with oligosaccharides
(51–56) deposited on the microchip surface (the least
inhibition was observed in the case of tetrasaccharide
(52)). The related CP of serotype 7A (50) lacking
galactose residue in the side chain, was also able to
inhibit interaction of the serum 007sp with oligosac-
charides (51–56), but to a lesser extent than the CP of
serotype 7F (49). The authors concluded that both
side branches in the structure of the carbohydrate
ligand play an important role in recognition by spe-
cific antibodies, and this should be taken into account
during further design of semisynthetic conjugate vac-
cine. Cross-reactivity observed in the inhibition experi-
ments suggests that the synthetic antigens represented by
the fragments of the serotype 7F CP (49) should induce
antibodies to both serotypes 7F and 7A [117].
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S. pneumoniae Serotype 8

The polysaccharide of this serotype is included in
the 23-valent polysaccharide vaccines Pneumovax 23®

and Pneumo 23®, but not in the polysaccharide con-
jugate vaccines released later. The strains of this sero-
type resistant to antibiotics such as erythromycin, clin-
damycin, tetracycline, and ciprofloxacin have been
identified [118]. Moreover, this multidrug-resistant
serotype is most often found in the HIV-infected
patients [119].

The repeating unit of CP of the serotype 8 (57)
(Fig. 8) is a linear tetrasaccharide that contains a
disaccharide fragment corresponding to cellobiuronic
acid [β-D-GlcA-(1→4)-β-D-Glc], also present in
the CP of the pneumococcal serotype 3.

To determine structure of the protective epitope,
Seeberger et al. synthesized a series of tetrasaccharides
(58a–61a) [119] (Fig. 8), including all possible mono-
saccharide sequences (obtained by shifting the reading
frame) for the tetrasaccharide repeating unit CP (57).
Automated microanalysis of a panel of antigens (58a–
62a) showed that the tetrasaccharide (60a) bound best
 BIOORGANIC CHEMISTRY  Vol. 47  No. 1  2021
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Fig. 8. Structure of the capsular polysaccharide of S. pneumoniae serotype 8 (repeating unit (57)), synthetic oligosaccharide deriv-
atives (59a–62a), and conjugates with CRM197 (series b).
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to the protective monoclonal antibodies against the
native CP of serotype 8 (57).

Further mapping of the protective epitopes in the
tetrasaccharide (60a) was performed using monoclo-
nal antibodies specific to the ligand (60a) selected
after immunization of mice with the conjugate (60b).
It turned out that the presence of the glucuronic acid
residue does not play a significant role, since the tet-
rasaccharide (62a) containing glucose residue at the
nonreducing end demonstrated binding profile similar
to that of the tetrasaccharide (60a). The conjugates
(60b) and (62b) were found to be only weakly immu-
nogenic in mice; however, in rabbits, both conjugates
induced high titers of antibodies that bound to both
CP of serotype 8 (57) and tetrasaccharides (60a) and
(62a) [119].

Experimental mixed vaccines consisting of the
conjugate (60b) or (62b) adsorbed onto commercial
polysaccharide conjugate vaccine Prevnar 13® that has
no CP of serotype 8 (57) in its composition have also
been prepared [119]. In rabbits, both 14-valent vaccine
preparations caused formation of the antibodies that
bound to CP of serotype 8 (57), which was not the case
for immunization with the Prevnar 13® vaccine alone.
The serum from rabbits immunized with the 14-valent
vaccines displayed opsonizing activity against the
pneumococci serotype 8 in vitro, unlike the serum
from rabbits immunized with Prevnar 13® alone. It was
also shown that simultaneous administration of the
semisynthetic conjugate vaccines (60b) or (62b) and
Prevnar 13® vaccine did not lead to the decrease in
immunogenicity of the CP in the commercial vaccine
[119]. Thus, the possibility to efficiently use the conju-
gates of synthetic oligosaccharide ligands in combina-
tion with the conjugate polysaccharide vaccines has
been demonstrated. This may be useful for the most
problematic serotypes, CPs of which are not suffi-
ciently active in the vaccines due to the structural fea-
tures of these polysaccharides.
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S. pneumoniae Serotype 9V

CP of the pneumococcal serotype 9V (64) (Fig. 9)
is included in the Prevnar 13® vaccine. The structure
of this CP contains a labile O-acetyl substituent in the
N-acetylmannosamine residue (see repeating unit
(63), which contains no O-acetyl group). This fact
complicated isolation of the homogeneous polysac-
charide from the bacterial sources and for a long time
did not allow determination of its chemical structure.
Antibodies against the native CP (64) recognize both
the O-acetylated form (64) and its O-deacetylated
analog (63). However, only the antiserum recognizing
the O-deacetylated polysaccharide (63) exhibited
opsonophagocytic activity, which indicated that the
presence of O-acetate in this case is not necessary for
the development of protective immunity [120].

In another study [121], monoclonal antibodies to
CP of the serotype 9V (64) were shown to bind to both
forms (63) and (64) equally; they exhibited opsono-
phagocytic activity and protected mice from infection
with pneumococcus serotype 9V upon passive immu-
nization. In order to elucidate the effect of O-acetyla-
tion of the CP of serotype 9V on the specificity of
immune response, pentasaccharides with O-acetyl
group (66) and without one (65) [122] (Fig. 9) were
synthesized and studied.

The structures of these compounds, in which there
is a glucuronic acid residue at the nonreducing end,
were selected based on the results of studies of oligo-
saccharides related to CP of the serotypes 3 and 8, in
which the presence of the very terminal glucuronic
acid residue was found to be crucial for recognition by
antibodies specific to the corresponding CP. Presence
of the O-acetyl group at C6 of the N-acetylman-
nosamine residue in the native polysaccharide (64)
was spectrally confirmed with the help of the synthe-
sized analogues, and these oligosaccharides will now
be used for immunological studies [122].
ol. 47  No. 1  2021
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Fig. 9. Structure of the capsular polysaccharide of S. pneumoniae serotype 9V (repeating unit (64)), its O-deacetylated derivative
(repeating unit (63)), and synthetic oligosaccharide derivatives (65) and (66).
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S. pneumoniae Serotype 12F

CP of the serotype 12F is included in the Pneu-
movax 23® and Pneumo 23® pneumococcal 23-valent
polysaccharide vaccines and is also a component of
the Prevnar 20® 20-valent polysaccharide conjugate
vaccine currently undergoing clinical trials. The sero-
types 12F and 12A together are responsible for 4% of
pneumococcal diseases [3]. A spacer-equipped hexas-
accharide (68) comprising a single repeating unit of
the polysaccharide (67) was produced for further
immunological studies (Fig. 10) [123].
RUSSIAN JOURNAL OF
S. pneumoniae Serotype 14

The capsular polysaccharide of S. pneumoniae
serotype 14 (69) consists of branched tetrasaccharide
repeating units (Fig. 11). To date, a number of syn-
thetic oligosaccharides corresponding to the sections
of the CP chain of S. pneumoniae serotype 14, includ-
ing those conjugated with a protein carrier, have been
obtained [124–127]. The capsular polysaccharide of
the S. pneumoniae serotype 14 was also synthesized
[125] and used in immunological studies [128, 129].

It was established in the course of investigation of a
large group of synthetic oligosaccharide fragments of
 BIOORGANIC CHEMISTRY  Vol. 47  No. 1  2021
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Fig. 11. Structure of the capsular polysaccharide of S. pneumoniae serotype 14 (repeating unit (69)), synthetic oligosaccharide
derivatives (70a–75a), and conjugates (series b–d and compound (76)).
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the polysaccharide (69) that the presence of the
β-Gal-(1→4)-β-Glc fragment at the nonreducing end
of the oligosaccharide ligand is necessary for produc-
tion of antibodies that bind to the native CP (69) [55].
In particular, the conjugates (70b–74b) (Fig. 11)
induced formation of high titers of antibodies specific
to CP (69) in the presence of various adjuvants (MPL
and Quil-A) in mice, while phagocytic activity of the
obtained antibodies was directly dependent on the
titers of antibodies to CP of the serotype 14 (69). It was
specifically shown that the sera containing no anti-
bodies specific to the polysaccharide (69) did not
show any phagocytic activity against the pneumococci
of serotype 14. It was concluded based on the results of
comparative experiments that the tetrasaccharide
ligand in the conjugate (70b) contained epitopes nec-
essary for induction of the protective antibodies and
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
represented a minimal structural motif for production
of the opsonizing antibodies against the repeating unit
of the CP (69) [130]. If the antibodies to the conjugate
(70b) would also exhibit protective effects in animal
experiments, such conjugate could be considered as a
promising component of the multi-valent pneumo-
coccal vaccine corresponding to the serotype 14.

In the studies investigating effect of the second
immunization, mice were first injected with the con-
jugate (70b), and second immunization was per-
formed either with the same glycoconjugate or with
the unconjugated bacterial CP (69). On the 1st day
after the second administration of the conjugated tet-
rasaccharide, the level of IL-5 in the blood serum of
mice increased, and on the 7th day, high titers of the
specific IgG antibodies appeared. No increase in the
ol. 47  No. 1  2021
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level of IL-5 or antibodies to CP was observed after
immunization with the CP (69). Stimulation of sple-
nocytes with the conjugate (70b) in the in vitro experi-
ments induced production of IL-4 and IL-5, which
was not observed during immunization with the
unconjugated CP (69). However, stimulation of the
splenocytes derived from the mice immunized twice
with inactivated S. pneumoniae serotype 14 cells,
induced production of higher levels of IFNγ and IL-17
if the mice were immunized with the native bacterial
CP than in the case of the mice that had booster
immunization with the synthetic tetrasaccharide con-
jugate and the mice that were not immunized. This
allowed to conclude that the memory cells are acti-
vated and a pronounced immunity to S. pneumoniae
serotype 14 is formed after the second immunization
with the conjugated tetrasaccharide (70b), while the
repeated immunization with the conjugated bacterial
CP does not lead to formation of the opsonizing anti-
bodies, although it is involved in certain regulatory
immunological mechanisms [131].

The authors of this review produced and investi-
gated conjugates (70c), (72c), and (75c) [127, 128].
The ability of mice immune sera to conjugates of tetra-
(70c) and octasaccharide (75c) to induce opsono-
phagocytosis of the S. pneumoniae serotype 14 cells
killed by heating was higher than the activity of anti-
sera to the conjugated hexasaccharide (72c). Protec-
tive activity of the BSA glycoconjugates adsorbed on
aluminum hydroxide was first demonstrated in the
mouse model of septic pneumococcal infection with
S. pneumoniae serotype 14. Inoculation of nonimmu-
nized mice with the pooled sera derived from mice
immunized with the highest tested dose of each glyco-
conjugate did not reveal any differences in the passive
protection of mice against infection depending on the
glycoconjugate. It was shown that IgG1 antibodies to
tetrasaccharide (70a) were formed in mice in response
to vaccination with CRM197–CP (69b). Formation of
large amounts of specific antibodies to tetrasaccharide
(70a) and its protective effects confirm that the tetra-
saccharide (70a) is a promising candidate for develop-
ing a conjugate vaccine against diseases caused by
S. pneumoniae serotype 14 [127, 128].

The conjugate (72c) with synthetic hexasaccharide
ligand was selected to evaluate the effect of glycocon-
jugates at the molecular and cellular levels. Immuni-
zation with the conjugate (72c) without adjuvant
increased the number of TLR2-expressing cells and
induced maturation of the dendritic cells (CD11c+,
CD80+, and MHCII+) that secreted IL-1β, IL-6, and
TNFα into the culture medium. The levels of IL-1β,
IL-10, IFNγ, and TNFα in the blood of mice
increased within 24 h after single administration of the
glycoconjugate (72c). On the 7th day, the number of
CD4+ and CD8+ T-lymphocytes in spleen and of B
lymphocytes increased. Fourteen days after the sec-
ond immunization, the levels of CD4+ and CD8+
RUSSIAN JOURNAL OF
T-lymphocytes were lower than in the control, while
the number of B cells, NK cells, and MHCII-express-
ing cells remained increased.

Addition of aluminum hydroxide to the glycocon-
jugate (72c) stimulated production of GM-CSF, IL-
1β, IL-5, IL-6, IL-10, IL-17, IFNγ, and TNFα.
Seven days after the second immunization with the
glycoconjugate with adjuvant the titers of IgG1 anti-
bodies to S. pneumoniae serotype 14 CP were high.
During this period, normal levels of CD4+ T lympho-
cytes in spleen were maintained, while decrease in the
number of CD8+ T lymphocytes and increase in the
levels of B lymphocytes, NK cells, and cells expressing
MHCII were observed. The level of IgG1 antibodies
decreased by the 92nd day of observation. Booster
immunization with the glycoconjugate (72c) adsorbed
on aluminum hydroxide stimulated production of
IgG1 antibodies to CP, which were detected over 97
days. Elucidation of the specific features of the effect
of synthetic hexasaccharide conjugate (72c) on the
stimulation of innate, cell-mediated immunity, and
antibody response could facilitate optimization of the
composition of pneumococcal glycoconjugate vac-
cine [129].

Gold nanoclusters have also been used as carriers
in the development of synthetic pneumococcal vac-
cines. In particular, nanoparticles (76) (Fig. 11) were
produced that carried a tetrasaccharide ligand repre-
senting repeating unit of the CP of pneumococcal
serotype 14 (69) [132]. The tetrasaccharide (70d) con-
taining terminal thiol group for nanoparticle function-
alization was conjugated together with the T-cell stim-
ulating peptide (OVA323–329) and D-glucose ligand to
form hybrid ~2-nm nanoparticles (76). Immunologi-
cal studies in mice showed that the glycocluster (76)
induced formation of antibodies specific to the sero-
type 14 CP (69). Antisera obtained upon immuniza-
tion of mice with the nanoparticles (76) were capable
of opsonophagocytosis of pneumococci serotype 14,
however, less efficiently than the sera from the mice
immunized with the conjugate of bacterial CP (69)
with CRM197.

S. pneumoniae serotype 17F

Capsular polysaccharide of the S. pneumoniae
serotype 17F (77) (Fig. 12) is included only in the 23-
valent polysaccharide vaccines Pneumovax 23® and
Pneumo 23®. Its repeating unit contains seven mono-
saccharide residues and has a rather complex struc-
ture. As a result, the structure of the compound (77)
was initially determined incorrectly. The oligosaccha-
ride ligands (78a–80a) were synthesized on the basis
of the erroneous structure of CP of the serotype 17F
[133] (Fig. 12). The corresponding conjugates (78b–
80b) were also obtained and used to immunize mice
and rabbits. The conjugates of di- (78b) and trisaccha-
ride (79b) induced formation of antibodies specific to
 BIOORGANIC CHEMISTRY  Vol. 47  No. 1  2021
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Fig. 12. Structure of the capsular polysaccharide of S. pneumoniae serotype 17F (repeating unit (77)), synthetic oligosaccharide
derivatives (78a, 79a), and conjugates with KLH (series b). 
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the CP of serotype 17F (77) in both animal species,
and also protected mice from infection with the
encapsulated S. pneumoniae serotype 17F strains in the
experiments with active immunization. The tetrasac-
charide conjugate (80b) was not able to induce CP-
specific antibodies and also did not show protective
effects. Later, when the structure of the CP of serotype
17F (77) was clarified, it became clear that the struc-
ture of the tetrasaccharide ligand (80a) contained two
errors (indicated by arrows in the diagram) compared
to the correct chemical structure (77). The presence of
one error in the trisaccharide ligand (79a) did not play
any role. This led to conclusion that the disaccharide
(78a) already contains a key protective epitope [134].
More detailed research is required to verify this
assumption.

S. pneumoniae serotype 19F

CP of the S. pneumoniae serotype 19F (81)
(Fig. 13) is included in all licensed pneumococcal vac-
cines. A glycoconjugate nanocluster (83) was designed
that contained the trisaccharide ligand (82b) corre-
sponding to the repeating unit of this CP (81), along
with the tetrasaccharide ligand (70d) (corresponding
to the serotype 14) [135]. Immunization of mice with
the glyconanoparticles (83) resulted in induction of
antibodies specific to the CP of the serotype 14 (69).
Furthermore, the antibody titers were higher than in
the case of particles (76) containing only the ligand of
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
the serotype 14. However, production of the antibod-
ies specific to CP of the serotype 19F was not
observed. Research in this direction continues.

S. pneumoniae serotype 23F

The CP of the pneumococcus serotype 23F (83)
(Fig. 14) has tetrasaccharide repeating unit in its struc-
ture and is included in the 23-valent pneumococcal
polysaccharide vaccines Pneumovax 23® and Pneumo
23®. The trisaccharide (84a) and tetrasaccharide (85a)
(corresponding to the complete repeating unit)
ligands, as well as their conjugates with the protein
carrier KLH (84b, 85b) were synthesized [136, 137] in
attempts to identify optimal oligosaccharide ligand
that could be used in the development of the corre-
sponding vaccine candidate (Fig. 14). The KLH con-
jugate with the CP of serotype 23F was also used in
investigation of their immunogenicity.

The results of immunization of rabbits and mice
showed significant differences in the immunogenicity
of these conjugates. In particular, the conjugate with
tetrasaccharide (85b) induced formation of antibodies
specific to the CP of serotype 23F (83) in rabbits,
while the same conjugate turned out to be completely
nonimmunogenic in mice [137]. Furthermore, the tri-
saccharide conjugate (84b) was found to be only
weakly immunogenic in rabbits and did not induce
formation of antibodies that bind to the bacterial CP
(83). The antibodies induced in rabbits by the conju-
ol. 47  No. 1  2021
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Fig. 13. Structure of the capsular polysaccharide of S. pneumoniae serotype 19F (repeating unit (81)), synthetic trisaccharide
derivative with an aglycon spacer (82a, 82b), and hybrid nanoparticles (83).
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Fig. 14. Structure of the capsular polysaccharide of S. pneumoniae serotype 23F (repeating unit (83)), synthetic oligosaccharide
derivatives (84a, 85a), and conjugates with KLH (series b). 
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gates of CP of serotype 23F (83b) and its complete
repeating unit (85b) were shown to have the same epi-
tope specificity in the cross-inhibition experiments,
but differ in specificity from the human antibodies that
were obtained in response to immunization with the
polysaccharide (83) as a part of the commercial 23-
valent pneumococcal polysaccharide vaccine [138].

Antisera derived from humans immunized with the
CP (83) contain high titers of antibodies that bind to
the CP of serotype 23F (83); however, this interaction
can be only slightly inhibited by the conjugates of syn-
thetic oligosaccharides (84b) and (85b). At the same
time, the considered human antiserum exhibits a five
RUSSIAN JOURNAL OF
times higher opsonizing capacity in the in vitro tests
than the rabbit antiserum to the polysaccharide conju-
gate (83b). In the same tests, the serum from rabbits
immunized with the tetrasaccharide conjugate (85b)
was two times less active than the antiserum to the
polysaccharide conjugate (83b). The antibodies
induced by the trisaccharide conjugate (84b) did not
induce opsonization of the 23F serotype pneumo-
cocci, which was in agreement with the fact that the
antiserum to the trisaccharide conjugate (84b) did not
bind to the native CP of the serotype 23F (83) [138].

The results of these studies clearly show that
immunogenicity, as well as epitope specificity of the
 BIOORGANIC CHEMISTRY  Vol. 47  No. 1  2021
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Fig. 15. Distribution of serotypes in pneumococcal vaccines. S. pneumoniae serotypes considered in this review, which are studied
using synthetic oligosaccharide fragments of corresponding capsular polysaccharides, are highlighted in bold. 
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immune response in different laboratory animals and
humans, can differ significantly. The authors sug-
gested that in contrast to the rabbit antibodies, which
recognized smaller epitopes present in the short oligosac-
charide ligands, the human IgGs were capable of recog-
nizing larger epitopes (including conformational epi-
topes in the large carbohydrate antigens). Therefore,
detailed study of the immune response in humans is nec-
essary to evaluate vaccine effectiveness [138].

CONCLUSIONS

The serotypes of S. pneumoniae considered in the
review are widespread in all geographic regions and
are among the pneumococcal serotypes that most
often cause diseases in children and adults. Capsular
polysaccharides of almost all these S. pneumoniae
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
serotypes are included in the licensed pneumococcal
polysaccharide and conjugate vaccines. However,
despite the effectiveness of the currently used vac-
cines, constant monitoring of the distribution of vari-
ous pneumococcal serotypes and timely introduction
of the vaccine preparations containing antigens for the
most relevant serotypes is required.

The development of pneumococcal polysaccharide
conjugate vaccines is an ongoing process and Pfizer is
preparing for licensing the 20-valent vaccine (Prevnar
20®, in Phase III clinical trials) that contains seven
additional serotypes of polysaccharide conjugates
compared to the currently used Prevnar 13® vaccine.
Distribution of the pneumococcal serotypes in the
composition of 7-, 13-, 20-, and 23-valent vaccine
preparations is summarized in Fig. 15.
ol. 47  No. 1  2021
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The use of polysaccharides obtained by biotechno-
logical methods for production of the conjugate vac-
cines is still associated with technical difficulties.
Among the pneumococcal serotypes considered in
this review, many CPs contain labile substituents or
functional groups that are modified upon isolation or
during conjugation with protein carriers, which leads
to distortion of the active epitopes and decrease in
immunogenicity of the corresponding vaccine com-
ponents. Therefore, work is actively underway on the
synthesis of CP fragments of the most epidemiologi-
cally relevant serotypes as well as the search for epi-
topes responsible for production of protective anti-
bodies. Extensive research in this area has made it pos-
sible to create certain algorithms for the efficient
selection of the most active carbohydrate ligands.
Modern methods allow automated screening of carbo-
hydrate ligands using on-chip carbohydrate arrays [54,
59, 62] and other carriers [139–145] to study epitope
specificity of the tested antibodies. New efficient
methods for synthesis of the most complex types of
oligosaccharides have also been developed (see, for
example, [146–149]), including the automated syn-
thesis of oligosaccharides [150, 151], which signifi-
cantly simplifies preparation of extended libraries of
the carbohydrate ligands.

The problems arising during development of the
synthetic carbohydrate vaccines are in many ways sim-
ilar to the challenges recognized in the development of
conjugate vaccines based on bacterial polysaccharides.
These include the search for optimal conjugation
method and evaluation of the effect of the linker on
immunogenicity of the conjugate, correct choice of
the adjuvant, as well as the observed differences in the
immune responses to the administered vaccines
between various laboratory animals and humans. Nev-
ertheless, in most cases it is possible to find the neces-
sary conditions for designing highly immunogenic
conjugates of synthetic oligosaccharides that induce
formation of the protective antibodies.

The immunologically-active oligosaccharides
elicit production of antibodies to capsular polysaccha-
rides and enhance complement-dependent opsono-
phagocytosis. Some oligosaccharide conjugates pro-
duce even stronger antibody response than the conju-
gates of bacterial CPs of the individual serotypes. This
important fact allows suggesting that it is possible to
replace natural CPs of such serotypes with the syn-
thetic oligosaccharides for creation of a polyvalent
synthetic pneumococcal vaccine. One successful
example of the combined use of the 13-valent conju-
gate vaccine and the conjugate of a synthetic oligosac-
charide corresponding to the fragment of the capsular
polysaccharide of S. pneumoniae serotype 8 is already
known [119]. Nevertheless, recent advances in the oli-
gosaccharide synthesis allow producing almost any
oligosaccharide derivatives, which could facilitate
development of a pneumococcal vaccine based only
on synthetic oligosaccharide ligands in the nearest
RUSSIAN JOURNAL OF
future. It is also important that the techniques
involved in processing of such derivatives are in better
compliance with the good manufacturing practices
(GMP) in pharmaceutical industry at the stage of pro-
duction of both vaccine ligands and their conjugates
with carrier proteins or other functional components,
including glycolipid adjuvants [152].
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