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Streptococcus pneumoniae remains a deadly disease in small chil-
dren and the elderly even though conjugate and polysaccharide
vaccines based on isolated capsular polysaccharides (CPS) are suc-
cessful. The most common serotypes that cause infection are used
in vaccines around the world, but differences in geographic and
demographic serotype distribution compromises protection by
leading vaccines. The medicinal chemistry approach to glycoconju-
gate vaccine development has helped to improve the stability and
immunogenicity of synthetic vaccine candidates for several serotypes
leading to the induction of higher levels of specific protective anti-
bodies. Here, we show that marketed CPS-based glycoconjugate
vaccines can be improved by adding synthetic glycoconjugates rep-
resenting serotypes that are not covered by existing vaccines.
Combination (coformulation) of synthetic glycoconjugates with
the licensed vaccines Prevnar13 (13-valent) and Synflorix (10-valent)
yields improved 15- and 13-valent conjugate vaccines, respectively,
in rabbits. A pentavalent semisynthetic glycoconjugate vaccine con-
taining five serotype antigens (sPCV5) elicits antibodies with strong
in vitro opsonophagocytic activity. This study illustrates that syn-
thetic oligosaccharides can be used in coformulation with both iso-
lated polysaccharide glycoconjugates to expand protection from
existing vaccines and each other to produce precisely defined mul-
tivalent conjugated vaccines.
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Capsular polysaccharides (CPS) surround many deadly human
pathogens. Polysaccharide-conjugated vaccines, based on

isolated CPS antigens attached to carrier proteins, protect young
children and the elderly from deadly bacterial pathogens in-
cluding Haemophilus influenzae type b (Hib), Neisseria menin-
gitides, and the encapsulated gram-positive bacterium Streptococcus
pneumoniae. S. pneumoniae is the leading cause of life-endangering
diseases such as pneumonia, septicemia, and meningitis (1), and a
major cause of death in children under five in developing countries
(2–4). More than 90 S. pneumoniae serotypes can be distinguished
based on their CPS (5, 6). Currently available CPS-based pneu-
mococcal vaccines contain the serotypes most frequently associated
with invasive pneumococcal diseases (IPDs). Although the licensed
23-valent polysaccharide vaccine (Pneumovax 23) is not effective in
younger children (3, 7), the conjugate vaccines Prevnar13 and
Synflorix cover 13 and 10 serotypes, respectively, and are highly
successful in all age groups (8). Nevertheless, serotype replacement
due to vaccination and regional differences in dominant serotypes
necessitate the expansion of existing vaccines to include additional
serotypes. An additional weak point is that some serotype antigens,
such as ST5 and ST1, that are present in existing vaccines undergo
undesired chemical modification during production (9, 10); others
have limited immunogenicity and lead to protective levels well be-
low those required for herd immunity, such as SP3 (6).

The procurement of polysaccharides for conjugate-vaccine
production by the isolation of CPS from cultured bacteria is
conceptionally simple but operationally challenging. Antigen
heterogeneity, batch-to-batch variation, and poorly defined
conjugation to carrier proteins can be overcome when syn-
thetic oligosaccharides are employed (11). The glycoconjugate
vaccine QuimiHib, licensed in several countries to protect
against Haemophilus influenzae type b, is based on a synthetic
oligosaccharide resulting from chemical polymerization and is
effective (12). The medicinal chemistry approach to glyco-
conjugate vaccine development offers an alternative to CPS
isolation for a variety of glycan antigens including those for
the hospital-acquired infection-causing bacteria Clostridium
difficile and Klebsiella pneumoniae (13–16). Recent advances
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in the chemical synthesis of complex glycans including auto-
mated glycan assembly (AGA) have made the synthesis of a
variety of diverse oligosaccharides resembling the CPS of
different serotypes possible. Active immunization of mice and
rabbits with CRM197 conjugates with ST2 (17), ST3 (18), ST5
(9), ST8 (19), and ST14 (20, 21) elicits opsonic antibodies that
were shown in some cases to be protective in challenge models
of disease.
The production of effective semisynthetic oligosaccharide-

based glycoconjugate vaccines relies on the identification and
synthesis of well-defined glycotopes. Glycan microarrays con-
taining isolated CPS as well as synthetic glycans enable the rapid
screening and identification of protective glycotopes as a basis
for the development of highly effective next generation synthetic
glycoconjugate vaccines. The medicinal chemistry approach has
identified di- to tetrasaccharides as potential vaccine candidates
(11). The immunogenicity of the CPS depends among other
factors on rare sugars and labile functional groups (9, 17, 19).
Stable oligosaccharide analogs can fix production problems such
as those encountered for ST5 CPS due to the labile ketone
present in the repeating unit (9). Defined oligosaccharide anti-
gens have been identified as vaccine candidates to protect
against bacterial infections caused by S. pneumoniae, C. difficile,
K. pneumoniae, and N. meningitides via the medicinal chemistry
approach (3, 16, 19, 22).
Previously, we had demonstrated that single semisynthetic

glycoconjugate vaccine candidates ST2, ST3, and ST8, in which
the synthetic antigen is conjugated to carrier protein CRM197,
induce opsonic antibodies, kill bacteria in vitro (OPKA), and can
protect against lethal infection in an in vivo S. pneumoniae
challenge model (17–19). This study was designed to address the
question of whether it is possible to improve the licensed
polysaccharide-based vaccines Prevnar13 and Synflorix by adding
antigens of nonvaccine serotypes, and to formulate a semi-
synthetic pentavalent glycoconjugate vaccine consisting exclu-
sively of synthetic antigens. Here we demonstrate that conjugate
vaccine candidates based on synthetic oligosaccharide antigens
resembling different S. pneumoniae serotypes can be coformu-
lated to produce a pentavalent semisynthetic vaccine, and that
synthetic glycoconjugates can be added to marketed vaccines
such as Prevnar13 and Synflorix to enhance their coverage.
These multivalent vaccines induce a strong antibody response
and immunological memory in rabbits. The resulting antibodies
are capable of killing the respective bacteria.

Materials and Methods
General Methods. Oligosaccharide antigens were synthesized using standard
protocols and conjugated to CRM197 using the bis(4-nitrophenyl) adipate
(PNP)-activated ester method. Synthetic antigens were printed on NHS-activated
microarray slides. Immunization was carried out using New Zealand White
(NZW) rabbits and the immune response analyzed by microarrays and ELISA.
The functional attribute of the immune response was monitored by OPKA
using HL-60 cells. Detailed materials and methods can be found in
SI Appendix.

Study Design and Sample Size. The aims of this study were (i) to improve
existing polysaccharide glycoconjugate vaccines by coformulating them with
the oligosaccharide-based glycoconjugates of nonvaccine serotypes and (ii)
to formulate the pentavalent semisynthetic vaccine. The sample size was
determined based on previous analyses to ensure statistical significance
while minimizing animal usage (19). Each experimental group contained three
to six animals. P values of <0.05 were considered statistically significant.

Ethical Statements. Rabbit immunization experiments were carried out by
BioGenes GmbH. The animals were housed and handled according to in-
ternational animal regulations (European Union [EU] Directive 2010/63/EU)
and sanctioned by governmental authorities “Landesamt für Landwirtschaft,
Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern” (LALLF M-V).

Results
A medicinal chemistry approach to glycoconjugate vaccine de-
velopment is enabled by accelerated access to defined oligosac-
charides by AGA (23, 24). Minimal protective glycan epitopes
are identified using synthetic homogeneous oligosaccharides that
constitute one or more repeating units of bacterial CPS. Glyco-
conjugates containing such synthetic antigens have been previously
tested individually for their antigenicity, immunogenicity, and pro-
tective effects in animal challenge models of disease, and have been
shown to be effective in some cases (9, 10, 17–19). We aimed to
expand S. pneumoniae vaccine coverage by including serotype an-
tigen conjugates (Fig. 1) that are either currently absent from
marketed vaccines, such as ST2 and ST8 in the case of Prevnar13
and additionally ST3 in the case of Synflorix, or present in marketed
vaccines such as ST3 and ST5 but suffering from low immunoge-
nicity or production inconsistencies. The synthetic tetrasaccharide
conjugate ST14 (Fig. 1), resembling the previously identified re-
peating unit of the widespread S. pneumoniae ST14 serotype (21),
was included to show that nonproblematic isolated serotypes can in
principle also be substituted by synthetic antigens.

CRM197 Conjugates of Synthetic Oligosaccharide Antigens Are
Immunogenic in Rabbits. Synthetic oligosaccharide-CRM197 con-
jugates were obtained by equipping the corresponding antigens
with an amine group at the reducing end and coupling them to

Fig. 1. CRM197 conjugates of synthetic oligosaccharide antigens resembling the capsular polysaccharides (CPS) of Streptococcus pneumoniae serotypes 2
(ST2), 3 (ST3), 5 (ST5), 8 (ST8), and 14 (ST14).
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the carrier protein CRM197 using bis(4-nitrophenyl) adipate.
The resulting glycoconjugates were characterized by a gel shift
assay (10% SDS/PAGE) (SI Appendix, Fig. S1) and found by
MALDI-TOF mass spectrometric analysis to contain between 7
and 11 glycan epitopes on each CRM197 protein molecule (ST2:
8.8; ST3: 7.2; ST5: 9.7; ST8: 11.2; and ST14: 8.7) (SI Appendix,
Figs. S2–S6). Immunization of NZW rabbits with the glyco-
conjugates induces strong anti-glycan antibody titers, as de-
termined by ELISA and glycan microarray (SI Appendix, Fig. S7).

Coformulation of Synthetic Conjugates Representing Nonvaccine
Serotypes (ST2, ST3, and ST8) with Marketed Pneumococcal Conjugate
Vaccines. Rabbits were immunized s.c. with 100 μL of coformulated
vaccines Prevnar13+ST2+ST8 or Synflorix+ST2+ST3+ST8 (2.2 μg
of each synthetic glycan). Antibody titers were analyzed by ELISA
(Fig. 2 A, B, and E–G) and glycan microarray (SI Appendix, Fig. S7).
The coformulated vaccines elicit significant immune responses, but
as expected the serological effects are weaker than those observed
after immunization with single serotypes. The sera of animals that
received the coformulated vaccines contain antibodies that perform
well in in vitro OPKA (Fig. 2 C, D, H, and I). The higher antibody
titer responsible for 50% bacteria killing for coformulated vaccines
compared with single serotypes is caused by an overall weaker
serotype-specific antibody response.

Formulation of Semisynthetic Pentavalent Conjugated Vaccine sPCV5.
The semisynthetic pentavalent-conjugated vaccine sPCV5 containing

all five of the above synthetic glycoconjugates (2.2 μg of each
sugar antigen adsorbed onto 125 μg of Al[OH]3 alum in PBS)
was evaluated based on its immunogenicity and ability to boost
production of protective antibodies. A group of six female NZW
rabbits were immunized s.c. with 0.5 mL of sPCV5. The placebo
group received CRM197 with Al(OH)3 while the positive control
groups received Prevnar13 or Synflorix with identical immuni-
zation schedules. Individual rabbit sera were analyzed for spe-
cific CPS antibodies by ELISA (Fig. 3) and glycan microarrays
(SI Appendix, Fig. S7). Overall, sPCV5 elicits a strong, polysaccharide-
specific antibody response compared with marketed vaccines.
Antibody titers against nonvaccine ST2 CPSs elicited by sPCV5
are comparable to coformulated Prevnar13+ST2+ST8 and
Synflorix+ST2+ST3+ST8 and in the case of ST8 the antibody
level is slightly lower. The ST3 antigen already present in Prevnar13
triggers an antibody response similar to that of sPCV5 and
coformulated Synflorix+ST2+ST3+ST8. The ST5 antigen pre-
sent in licensed vaccines is problematic as the ketone moiety in
the ketoamino sugar 2-acetamido-2,6-dideoxy-D-xylose-hexos-4-ulose
(Sugp) becomes reduced during vaccine production, yielding a
mixture of different antigens and decreased immunogenicity (9).
On the other hand, the reduced ST5 antigen used here with re-
ducing end 2-N-acetyl-2-deoxy-β-D-fucopyranoside (Fig. 1), iden-
tified by the medicinal chemistry approach, yields a better immune
response in rabbits immunized with sPCV5 compared with the li-
censed vaccines Prevnar13 and Synflorix. Surprisingly, a lower IgG

Fig. 2. Coformulation of synthetic glycoconjugates of nonvaccine serotypes with licensed polysaccharide-based conjugate vaccines. NZW rabbits (n = 4–6)
were vaccinated s.c. with synthetic glycoconjugates ST2, ST3, or ST8 individually or in combination with licensed vaccines (Prevnar13+ST2+ST8 and Synflorix+
ST2+ST3+ST8). (A and B) ELISA analysis of ST2 (A) and ST8 (B) polysaccharide-specific antibodies in rabbit sera at the endpoint titer dilution (1:1,000) from
animals immunized with ST2 or ST8 individually or in coformulation with Prevnar13. Each dot represents the individual animal response and data were
analyzed by an unpaired t test. (C) In vitro OPKA of pooled sera raised against synthetic glycoconjugate ST2 or ST8 individually or in coformulation with
Prevnar13. Data presented as mean ± SD of three independent experiments. (E–G) ELISA analysis of ST2 (E), ST3 (F), and ST8 (G) polysaccharide-specific
antibodies in rabbit sera at the endpoint titer dilution from animals immunized with ST2, ST3, and ST8 individually or in coformulation with Synflorix. Each
dot represents the individual animal response and data were analyzed by an unpaired t test. (H) OPKA of pooled sera raised against glycoconjugates ST2, ST3
or ST8 individually or in combination with Synflorix. Data presented as mean ± SD of three independent experiments. (D and I) Comparison of antibody titers
of pooled sera responsible for 50% killing of bacteria in the OPKA. IgG titers are expressed as the reciprocal serum dilution mediating 50% bacterial killing,
estimated through nonlinear interpolation of the dilution-killing OPKA data. Human reference serum 007sp was used as a control. Each dot represents an
individual rabbit immune response; data were analyzed by an ANOVA test, **P < 0.01.
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titer was observed in the case of ST14 as incorporated into sPCV5
compared with the marketed vaccines.

Antibodies in Sera of Animals Immunized with sPCV5 and Coformulated
Vaccines Show in Vitro Opsonophagocytic Activity. Polysaccharide-
specific antibodies are the major protective mechanism against
pneumococcal bacteria. To determine antibody-mediated bacterial
killing in vitro, OPKAs were performed with pooled sera of rabbits

immunized with (i) serotype-specific synthetic glycoconjugates
alone; (ii) the combination of semisynthetic glycoconjugates
(sPCV5); (iii) coformulations of synthetic oligosaccharide
conjugates with licensed vaccines (Prevnar13+ST2+ST8 or
Synflorix+ST2+ST3+ST8); (iv) the licensed vaccines (Prevnar13
or Synflorix); and (v) placebo (CRM197 plus alum) (Fig. 4). Sera
were heat inactivated and compared with the Human Anti-
Pneumococcal capsule Reference Serum (007sp) that is the
established WHO standard serum (25). The OPKA results confirm
that the synthetic glycoconjugate vaccines elicit opsonic antibodies
that are able to kill the respective bacterial serotypes (Fig. 4 A–E).
Overall, the serum dilutions necessary for 50% bacterial killing,
estimated by nonlinear interpolation of the dilution-killing OPKA
data, are considered biologically significant for successful vaccines
(Fig. 4 F–H). These values vary from serotype to serotype and are
substantially higher for the vaccine-present ST5 serotype (Fig. 4F)
and the nonvaccine ST8 serotype (Fig. 4G) compared with
Prevnar13 and human reference serum 007sp. The OPKA results
are consistent with the serological data (Fig. 3).

Synthetic Glycoconjugate Vaccine Induces Memory Response. NZW
rabbits (n = 3–6) immunized s.c. with sPCV5, Prevnar13+ST2+
ST8, or Synflorix+ST2+ST3+ST8 as well as appropriate controls
with Prevnar13 or Synflorix were boosted on day 119 (91 d after
the last scheduled immunization on day 28). Over the 13 wk
resting period, IgG titers had decreased as expected before the
booster immunization at day 119, which resulted in high antibody
titers at day 126 that are associated with memory B cells as
assessed by ELISA (Fig. 5). The serum antibodies on day 126 are
highly active as confirmed by OPKA analysis (SI Appendix,
Fig. S8).

Discussion
Induction of protective antibodies upon active immunization is
crucial for the efficacy of bacterial vaccines. Capsular polysac-
charides are abundant surface molecules of many pathogenic

Fig. 3. Immune response of pentavalent synthetic glycoconjugate vaccine
sPCV5 in rabbits. NZW rabbits (n = 3–6) were vaccinated s.c. with sPCV5, the
marketed vaccines Prevnar13 or Synflorix, or the coformulated vaccines Pre-
vnar13+ST2+ST8 or Synflorix+ST2+ST3+ST8. Polysaccharide-specific ST2,
ST3, ST5, ST8, and ST14 antibody levels in rabbit sera were evaluated by
ELISA at the endpoint titer dilution. Each dot represents an individual
rabbit immune response; data were analyzed by an ANOVA test.

Fig. 4. In vitro opsonophagocytic activity of sPCV5 formulation. (A–E) Comparison of pooled sera from rabbit immunized with sPCV5, Prevnar13+ST2+ST8,
Synflorix+ST2+ST3+ST8 as well as positive controls Prevnar13 and Synflorix for opsonophagocytic killing of S. pneumoniae serotypes (A) ST2, (B) ST3, (C) ST5,
(D) ST8, and (E) ST14. Data are means ± SD of colony-forming units reduction relative to negative control wells (samples lacking either antibody or com-
plement) of three independent experiments (F and G). Comparison of antibody titer of pooled serum responsible for 50% killing of bacteria in opsono-
phagocytic killing assay. IgG titers are expressed as the reciprocal serum dilution mediating 50% bacterial killing, estimated through nonlinear interpolation
of the dilution-killing OPKA data. Human reference serum 007sp was used as a control.

13356 | www.pnas.org/cgi/doi/10.1073/pnas.1811862115 Kaplonek et al.
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microorganisms such as bacteria, protozoa, and fungi (26). Active
immunization with carbohydrate antigens elicits glycan-specific pro-
tective immune responses. Poorly immunogenic carbohydrate antigens
and ill-defined conjugation render the production of carbohydrate-
based vaccines challenging (27). Licensed polysaccharide-based
7-, 10-, and 13-valent pneumococcal conjugate vaccines are ef-
fective in significantly reducing the burden of IPD-related mor-
tality and morbidity (8). Despite the success of glycoconjugate
pneumococcal vaccines, limited serotype coverage and infections
by nonvaccine serotypes cause problems globally (28, 29). Sero-
type replacement, the observation that infection is caused by
serotypes not included in marketed vaccines, has been widely
reported (30).
S. pneumoniae serotypes that are not included in current

marketed vaccines such as ST2 and ST8 are responsible for IPDs
in risk groups globally (31–33). Coformulation of licensed poly-
saccharide conjugate vaccines and oligosaccharide-based glyco-
conjugate vaccine candidates of nonvaccine serotypes would
increase serotype coverage. Expansion would be particularly
important in regions where serotype distribution differs from
those included in the polysaccharide conjugate vaccines. With
our coformulated vaccines (Prevnar13+ST2+ST8 and Synflorix+
ST2+ST3+ST8) we were able to demonstrate that it is possible
to broaden the serotype spectrum of marketed vaccines by
adding synthetic oligosaccharide conjugates. The antibody re-
sponse against serotype-specific CPS observed with single gly-
coconjugate vaccines was somewhat higher than that resulting
from the coformulated vaccines. This observation may be

explained by considering a few key factors. First, the coformu-
lations, as with Prevnar13 and Synflorix, with numerous antigens
may burden the immune system by engaging multiple parallel
responses to the different serotype epitopes and reducing the
efficiency of the response to any given single one; whereas, in the
case of the single glycoconjugates, this burden is not present and
the response is more efficient. Second, the preadsorbed longer
polysaccharides from the licensed vaccine may compete with the
shorter synthetic oligosaccharide examined here; that is, longer
CPSs may mask shorter oligosaccharides. Additionally, synthetic
glycoconjugates were added to the preformulated vaccines con-
taining 13 isolated polysaccharides with aluminum phosphate
AlPO4 as an adjuvant; however, we have found our constructs to
be better adsorbed on aluminum hydroxide Al(OH)3 (SI Ap-
pendix, Table S1). This critical aspect of vaccine development has
been discussed for other carbohydrate conjugate vaccines such as
Hib-CRM197 and MenC-CRM197 conjugates which adsorb
weakly or not at all to aluminum phosphate (0–11% and 0%,
respectively) and strongly to aluminum hydroxide (88–100% and
90–100%, respectively) (34, 35).
To overcome this problem with mixing chemically precisely

defined synthetic oligosaccharides with the poorly defined native
polysaccharide antigens isolated from bacterial culture present in
the formulated marketed vaccines, we further designed the
completely semisynthetic glycoconjugate sPCV5. Homogeneous
synthetic antigens that constitute pharmaceuticals with virtually
no batch-to-batch variability activate the desired immune re-
sponse and are cost-effective compared with biologicals. Modi-
fications could be implemented down to the atomic level to
increase both immunogenicity and protective effects as has been
illustrated for ST5 where a ketone was replaced by a hydroxyl
group to improve stability while maintaining immunogenicity and
antigenicity. One dominant criterium used to assess an adequate
vaccination response in adults is a two- to fourfold change in
specific antibody levels after vaccination as measured by ELISA
(36, 37). The semisynthetic pentavalent conjugated vaccine
sPCV5 reached this standard for all serotypes except ST14 CPS.
We are able to achieve high levels of specific antibodies, even
though the adsorption ratio of glycoconjugates on alum particles,
one of the key factors that influences immune responses, was
lower than expected (SI Appendix, Table S1). The function of
the vaccine is characterized by the opsonophagocytic activity of
antibodies against the capsular polysaccharide as determined
by an OPKA (38). Protection in infants vaccinated with anti-
pneumococcal vaccines is expected when an opsonic titer of at
least 1:8 is reached in a mouse model (39, 40). The pentavalent
sPCV5 triggers the production of highly active opsonophagocytic
antibodies, that are more efficient than Prevnar13, Synflorix, and
the coformulations of these licensed vaccines with synthetic gly-
coconjugates, again with the exception of serotype ST14. The
comparatively poor performance of ST14 as present in sPCV5
cannot be simply explained on the basis of the data reported
here and is currently under investigation. It is possible that the
physicochemical properties of this highly branched and com-
pact tetrasaccharide hinder its efficient adsorption onto the
alum particles.
Conjugation of the saccharides to the protein carrier induces a

T cell dependent immune response and the formation of mem-
ory B cells (41). The antibody level gradually diminishes after a
series of primary immunizations, and immunological memory is
enhanced by a final booster dose with the vaccine. Large in-
creases in IgG concentration within 5 to 7 d after the final
booster immunization on day 119 proved the formation of im-
munological memory. The IgG produced after the final boosting
dose proved to be protective (SI Appendix, Fig. S8).
The semisynthetic sPCV5 as well as coformulation of existing

vaccines with synthetic glycans proved highly efficacious in a rabbit
model considering the three most important indicators of vaccine

Fig. 5. Synthetic glycoconjugate vaccine sPCV5 induces long-term memory
response. NZW rabbits (n = 3–6) were immunized four times (days 0, 14, 28,
and 119) s.c. with sPCV5, Prevnar13+ST2+ST8, Synflorix+ST2+ST3+ST8 as well
as positive controls Prevnar13 and Synflorix. Serum was collected 1 wk after
each immunization. Polysaccharide-specific antibody titers were analyzed by
ELISA. Plates coated with CPSs corresponding to (A) ST2, (B) ST3, (C) ST5, (D) ST8,
and (E) ST14. Data represented as mean ± SD, duplicate determinations.
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efficacy. A substantial rise in antibody titer between pre- and
postimmunization sera was observed and the opsonophagocytic
activity of antibodies, and immunological memory were con-
firmed. The medicinal chemistry approach to carbohydrate-
conjugate vaccine design based on AGA and glycan arrays is
advantageous to the formulation of multivalent synthetic vaccine
candidates and to extending coverage with existing vaccines
(42, 43).
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