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Abstract

a-2,9-Di-, tri-, tetra-, and pentasialic acids were prepared and conjugated with a carrier protein.
The resultant glycoconjugates elicited robust T cell-mediated immunity in mice. a-2,9-Trisialic
acid was identified as a promising antigen for developing glycoconjugate vaccines against group C
Neisseria meningitidis.

Neisseria meningitidis is an important human pathogen and a major cause of bacterial
meningitis and sepsis.1~ 2 So far, 13 serogroups of N. meningitidis have been identified and
are classified according to the structure of their cell surface capsular polysaccharides
(CPSS).3' 4 Five of these strains, A, B, C, Y, and W135, are the most frequent causes of
meningococcal diseases.™" In industrialized countries, groups B and C are mainly
repressible for meningitis epidemics.B' ®In developing countries in Asia and the “Africa
meningitis belt”,lor 1 most infections are associated with group A, and the remaining cases
in developing countries are caused by groups Y and W135.

For the control of endemic and epidemic meningitis, vaccination is considered an important
and effective strategy.12 Regarding vaccine design, CPSs on the meningococcal cell surface
are considered the ideal targets, as they are not only the major and the most exposed but also
the most conserved components on bacterial cells owing to their important biological
roles.™ The first CPS-based meningitis vaccine was developed by GSK, which was plain
polysaccharide.14 However, polysaccharides typically induce only T cell-independent
immunities with poor immunological memory, especially in infants and young children, and
are thus not appropriate for sustained protection against infectious diseases.”® To address the
issue, CPSs have been coupled with immunologically active carrier proteins, such as a
diphtheria toxin mutant CRM1g7, to form conjugate vaccines that have exhibited improved
efficiency and, more importantly, elicited T cell-dependent immunities. Glycoconjugate
vaccines have been used for meningitis control.® However, conjugate vaccines currently in
clinical uses are composed of heterogeneous and easily contaminated natural CPSs that can
barely meet modern quality and safety standards and demands."® To overcome these
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limitations, conjugate vaccines made of synthetic carbohydrate antigens, which have defined
structures, uncompromised purity and reproducibility, and free of bacterial contaminants,
. . . 1719 . Lo .
have received increasing attention. Vaccines composed of synthetic oligosaccharides
also offer the opportunity to decipher their detailed structure-immunogenicity relationships
to guide rational design and further optimization of antigenic epitopes for vaccine
development.19 Consequently, we are interested in exploring anti-meningitis conjugate
vaccines derived from synthetic oligosaccharide antigens.

The most characteristic CSP isolated from group C N. meningitidis is a-2,9-ploysialic acid
with occasional and sporadic 8- O-acetylation (Figure 1). Reports have shown that while de-
O-acetylation of this antigen could improve its immunogenicity, the provoked immune
response could still recognize and kill the bacterium,zo‘22 thus current glycoconjugate
vaccines against group C meningitis are composed of a-2,9-ploysialic acid free of &
acetylation. Accordingly, we designed and prepared a series of a-2,9-oligosialic acids
without 8- O-acetylation and coupled them with a carrier protein to formulate glycoconjugate
vaccines (Figure 1), which were evaluated in mice to analyze their structure-activity
relationships. In this study, the carrier protein used was keyhole limpet hemocyanin (KLH),
as it is inexpensive and easily accessible. Although KLH is not necessarily the ideal carrier
protein for antibacterial vaccines, it is perfectly suitable for structure-activity relationship
studies, as demonstrated in cancer vaccine research.23 In addition, the human serum albumin
(HSA) conjugates of these a-2,9-oligosialic acids were also prepared and used as capture
reagents for enzyme-linked immunosorbent assays (ELISA) of a-2,9-oligosialic acid-
specific antibodies.

Our first challenge in this study was to synthesize a-2,9-oligosialic acids having a reactive 2-
aminoethyl group as an appendage at the reducing end to facilitate their coupling with
carrier proteins. The synthesis of oligosialic acids is challenging because of the unique
structure of sialic acid, e.g., the presence of an electron-withdrawing carboxyl group at and
the quaternary property of its anomeric carbon and the absence of any participating
neighbouring group at its C-3 position. These have impeded the reactivity of sialyl donors,
affected the stereochemistry of glycosylation reactions, and allowed for side reactions. To

. . . . . 24
address this issue, several creative synthetic strategies have been developed in recent years.

. S . 25730

Some of these strategies have been successfully used in oligo-sialic acid synthesis.
Notably, an a-2,9-dodecasialic acid was effectively prepared with A®, O%-carbonyl-protected
a-sialyl phosphate as a sialyl donor.31 However, most of the reported a-2,9-oligosialic acids
were not completely deprotected and coupled with carrier proteins to form conjugate
vaccines.

We planned to use in our synthesis the strategy with A®, O%carbonyl-protected sialyl
phosphates as donors due to its great success in the synthesis of oligosialic acids.31 Our
synthesis of disialic acid 15, as shown in Scheme 1, was commenced with the preparation of
9 from sialic acid according to a reported procedure.29 It was then converted into the key
building block, sialyl phosphate 11,31 as an a,p-mixture in two steps and an 86% vyield.
Rather than spending much effort on separating the two anomers, we probed the direct use
of this mixture for sialylation. Delightfully, after exploring a series of conditions, we found
that the reaction between 2-azidoethanol and 11 in a mixture of CH,Cl, and CH3CN (2/1)32
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at =78 °C to —40 °C with trimethylsilyl trifluoromethanesulfonate (TMSOTT) as the
promoter was a-specific to give the desired anomer 12 exclusively in an excellent 85%
yield. The anomeric configuration of 12 was proved as its 1H and 13C NMR data agreed well
with that of reported similar structures.zgv 3234 This result suggested that both isomers of 11
could be activated and react with the glycosyl acceptor to give a-product. Next, the
chloroacetyl (CIAc) groups in 12 were selectively removed with triethylamine (EtzN) in
MeOH to produce triol 13. Taking advantage of the higher reactivity of the primary hydroxyl
group than secondary hydroxyl groups in 13, it was directly used for sialylation with 11
under the above condition to furnish regioselective glycosylation. The product was
acetylated and then de- O-chloroacetylated as described above to produce partially protected
disialic acid 14 in an 82% yield in three steps. The newly formed a-sialyl bond in 14 was
confirmed by comparing its NMR spectra with that of the reported.31 Moreover, the
chemical shifts of its H-3eq signals (8: 2.94 and 2.89 ppm) were consistent with the
empirical rules about the anomeric configurations of AP, O*-carbonyl oligosialic acids
described in the literature.?% 3% % The a,B-mixture of 11 as a sialyl donor was again very
efficient and gave exclusively a-sialylation. In previous studies, usually pure a-sialyl
phosphates were used as sialyl donors,31 as p-sialyl phosphates were shown to give low
reactivity and a-selectivity,%v 3 especially in oligosialic acid synthesi5.30' 31 We believed
that the solvent used for the reaction might have a significant impact, as the reaction of 11
and 2-azidoethanol performed in pure dichloromethane gave a mixture (a/f 10:1). The
partially protected disialic acid 14 was finally subjected to a series of reactions including
deacylation with LiOH in MeOH/H,O, peracetylation with Ac,0, selective de-O-acetylation
with NaOMe in MeOH, and then reduction of the azide group to obtain free disialic acid 15
in a 60% overall yield, which was purified by size exclusion column chromatography. The
final product, as well as all synthetic intermediates, was fully characterized with 1D, 2D
NMR and HR MS, which further confirmed the a-sialyl linkages in 15.

Trisialic and tetrasialic acids were prepared from disialic acid 14 by the same strategy
(Scheme 1). Glycosylation of 14 with 11 followed by protecting group manipulation gave 16
in an excellent overall yield (88%). Compared to the reaction of 13, the longer sugar chain in
14 did not affect the efficiency of glycosylation. Thereafter, a part of 16 was deprotected to
obtain free trisialic acid 17, and the remaining 16 was sialylated with 11 and acetylated to
provide 18 in a 76% overall yield. Finally, 18 was deprotected by the above protocol to
furnish free tetrasialic acid 19. Compounds 17 and 19 were characterized, and both
sialylation reactions were a-selective.

For pentasialic acid synthesis (Scheme 2), we adopted a convergent [2+3] glycosylation
strategy, rather than direct linear elongation of the sugar chain of 18. First, 9 was sialylated
with 11 under the conditions established above to obtain disialic acid 20 that was then
converted into sialyl phosphate 21 as a glycosyl donor. The coupling reaction between
disialic acid donor 21 and trisialic acid acceptor 16 in the presence of TMSOTT was smooth,
followed by O-acetylation to give 22 in a good yield (70%). Evidently, the size of sialyl
donor did not significantly affect the glycosylation efficiency either. These results indicated
that more complex oligosialic acids may be prepared via a convergent [n+n] or [n+m]
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strategy. Finally, 22 was deprotected as described above to furnish free pentasialic acid 23,
which was fully characterized with 1D, 2D *H and 13C NMR and HR MS.

Once the oligosialic acids were available, they were conjugated with KLH and HSA via the
bifunctional glutaryl linker (Scheme 3). This simple linker was selected because its
conjugation reactions are easy and effective by means of activated glutaryl esters and it is
not likely to affect the immunological property of resulting conjugates.38' %9 First, 15, 17, 19
and 23 were treated, respectively, with a large excess (15 equiv.) of disuccinimidal glutarate
(DSG, 24) in a mixture of DMF and PBS buffer (4:1) to generate corresponding activated
monoesters 25-28. Then, 25-28 reacted with KLH or HSA in 0.1 M PBS buffer to afford
conjugates 1-8 that were purified by size exclusion column chromatography and then
dialysis. According to our experience, the column chromatography is more effective than
dialysis to remove the unreacted oligosaccharides. The sialic acid contents of the resultant
glycoconjugates were determined by the Svennerholm method,40 and the results of HSA
conjugates 5-8 were also validated with MS. The sialic acid loadings of 1-8 were 7.5—
11.5% (Supporting Information), indicating that the conjugation reactions were efficient and
that the antigen loading levels were in the desired range for glycoconjugate vaccines or for
capture reagents used in ELisA™

Immunological evaluations of glycoconjugates 1-4 were carried out with 5/6-week-old
female C57BL/6J mouse. Each group of 5-6 mice was initially immunized through
intramuscular (i.m.) injection of an emulsion (0.1 mL) of a conjugate (3 pg of sialic acid per
injection) and the Titermax Gold adjuvant. Later, the mice were boosted three times by
subcutaneous (s.c.) injection of the same conjugate on days 14, 21 and 28. Blood samples
were collected from each mouse on day 0 before initial inoculation and on days 27 and 38
after boosting immunizations and were treated according to the standard protocols to prepare
antisera that were studied by ELISA to determine antigen-specific antibodies with
corresponding HSA conjugates 5-8 as capture reagents. Titers of total antibodies and
individual antibody isotypes including 1gG1, 1gG2a, 1gG2b, 1gG2b, 1gG3, and IgM were
assessed. Antibody titer was calculated based on linear regression analysis of the curve
obtained by drawing the ELISA optical density (OD) value against serum dilution number in
logarithmic scale, and defined as the dilution number yielding an OD value of 0.2. Figure 2
gave the ELISA results of day 38 antisera obtained from mice inoculated with 1-4. All of
the conjugates elicited high titers of antigen-specific total antibodies, indicating that they
induced strong immune responses.

The assessment of individual antibody isotypes revealed that all of the conjugates elicited
mainly 1gG1, 1gG2b, and 1gG2c antibodies (Figure 2) and only low levels of IgM antibodies
were observed. In consistent with literature report that C57BL/6 mouse does not have the
IgG2a gene but expresses the 1gG2c isotype instead,42v ® ho significant level of 1gG2a
antibody was observed with the antisera. The production of 1gG antibodies indicated the
induction of T cell-mediated immunities and the switching of carbohydrate antigens from
traditionally T cell-independent to T cell-dependent antigens through conjugation with a
carrier protein.44 It was also reported that IgG antibody responses were associated with
cellular immunity, long-term immunological memory, maturation of antibody affinity, and
improved antibody-mediated cell or complement-dependent cytotoxicity,45v %8 \which are
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important and desirable for prophylactic vaccines. The subclasses of IgG antibodies are
defined according to their different Fc regions and differ in their ability to activate the
immune system. It was reported that the activity hierarchy for IgG antibodies was: 1gG2a ~
IgG2b > IgG1 > IgG3.47 The incitement of high titers of 19gG1, 1gG2b, and 1gG2c
antibodies, the latter of which is allelic to IgG2a,48 by 1-4 suggested their likely protective
activity against N. meningitidis. Moreover, among various subclasses of IgG antibodies,
IgG2b and 1gG2a are believed to be the most potent ones for the activation of effector
response and antiviral immunity,45v 46 which further supports the protective activity of these
conjugates as antibacterial vaccines.

Figure 2 also disclosed that 2 elicited a higher level of 1gG1 antibody than 1, but their IgG2b
and 1gG2c antibody levels were similar. Both elicited significantly higher 1gG1, 1gG2b, and
IgG2c antibody titers than 3 and 4. It was further revealed that the total 1gG antibody titer
for 2 was slightly higher than that for 1 and significantly higher than that for 3 and 4 (Figure
3). These results clearly suggested that the immunogenicity of the tested oligosialic acids
followed the order of tri- > di- > tetra- > penta. Consequently, trisialic acid was identified as
the most promising oligosialic acid antigen for the development of group C meningitis
vaccines.

The next important question was whether the elicited antibodies or immunities could
recognize and target group C N. meningitidis. This is directly related to the efficacy of the
glycoconjugates as vaccines. To answer this question, we studied the binding between the
antisera and group C N. meningitidis cell using normal mouse serum as the negative control.
As shown in Figure 3, all of the antisera obtained from mice inoculated with 1, 2, 3and 4
had very strong binding to N. meningitidis cell, but no significant binding to cells not
expressing a-2,9-poly/oligosialic acids, although these cells carry sialoglycans. Moreover,
the antisera did not bind to silaoglycans sTn, GM3, GM2, and a-2,8-linked polysialic acid
either. These results indicated that the antibodies induced by 1, 2, 3 and 4 could specifically
recognize and target a-2,9-linked polysialic acid and group C N. meningitidis.

In summary, a-2,9-di-, tri-, tetra- and pentasialic acid derivatives were efficiently
synthesized and coupled with KLH. The immunological properties of the resulting
glycoconjugates 1, 2, 3 and 4 were studied in mice. It was discovered that all of the
conjugates elicited robust T cell-mediated immunities desirable for prophylactic vaccines. It
was also found that the order of immunogenicity of the oligosialic acids was tri- > di- >
tetra- > penta, suggesting that larger glycans are not necessarily better immunogens. To the
best of our knowledge, this is the first systematic immunologic study of oligosialic acids,
although several oligosialic acids were synthesized previously. It was further demonstrated
that the elicited antibodies or immunities were specific to a-2,9-polysialic acid-expressing
group C N. meningitidis cell. The binding of antibody to bacterial cell was very strong even
with 1:100 and more diluted antisera, while usually original antisera were used for similar
study in the literature.* It was concluded that a-2,9-trisialic acid is a promising antigen for
the development of functional vaccines for group C meningitis, and we are currently
optimizing the carrier molecule for a-2,9-trisialic acid-based vaccines.
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Figurel.
Structures of group C N. meningitidis CPS and the designed oligosaccharide antigens and

their protein conjugates
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ELISA results of various isotypes of antigen-specific antibodies in day 38 antisera of mice
immunized with 1 (A), 2 (B), 3(C) and 4 (D). Each black dot represents the antibody titer of
an individual mouse, and the black bar shows the average antibody titer of a group of five or

six mice.
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1 2 3
Antisera

Figure 3.
The average titers of antigen-specific total 1gG antibodies in the day 38 antisera of individual

mice inoculated with 1, 2, 3, and 4. Error bar shows the standard error of mean for each
group of mice. The difference is statistically significant (£ < 0.05) as compared to 4 (*) or 3

).
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2
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Figure 3.
The results of binding assays of group C N. meningitidis cell with 1:100 diluted normal

serum (NS) or 1:100 pooled antisera derived from mice immunized with 1, 2, 3and 4. The
error bar shows the standard deviation of three parallel experiments. The difference between
NS and all of the antisera against 1-4 was statistically significant (£ < 0.05).
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Scheme 1.
Synthesis of di-, tri, and tetrasialic acids 15, 17, and 19

Reagents and conditions. (a) CICH,COCI, pyridine, CH,Cl, 0 °C, 3 h; (b) dibutyl
phosphate, NIS, TfOH, CH,Cls, 0 °C, 12 h; (c) 2-azidoethanol, TMSOTf, CH,Cl,/CH3CN
(2:1), =78 °C, 1 h; (d) EtsN, MeOH, rt, 10 min; () TMSOTf, CH,CI,/CH3CN (2:1),

-78 °C, 1 h; then AC,0, TfOH, CH,Cly, 20 min; finally EtzN, MeOH, rt, 10 min; (f) LiOH,
MeOH/H0, reflux, 24 h; then NaHCO3, AC,0, H»0, rt, 3 h; then NaOMe, MeOH, rt, 24 h;
finally Pd/C, Hy H,0, rt, 12 h. (g) TMSOTf, CH,Cl,/CH3CN (2:1), =78 °C, 1 h; then
AC,0, TfOH, CH,Cly, 20 min.
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Scheme 2.

Synthesis of pentasialic acid 23

Reagents and conditions. (a) TMSOTf, CH,CI,/CH3CN (2:1), =78 °C, 1 h, then AC,0,
TfOH, CH,Cl,, 20 min; (b) dibutyl phosphate, NIS, TfOH, CH,Cl,, 0 °C, 12 h; (c) LiOH,
MeOH/H-0, reflux, 24 h, and NaHCO3, AC,0, H,0, rt, 3 h, then NaOMe, MeOH, rt, 24 h,
finally Pd/c, Hy H0, rt, 12 h.
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Scheme 3.
Conjugation of oligosialic acids with carrier proteins

Reagents and conditions: (a) DMF, PBS buffer (4:1), rt, 4 h; (b) KLH or HSA, PBS buffer,
rt, 2.5 days.
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