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A peptide-free, liposome-based oligosaccharide 
vaccine, adjuvanted with a natural killer T cell 
antigen, generates robust antibody responses in vivo. 

Deng, S.;1* Bai, L.;2* Reboulet, R.;3* Matthew, R.;3 Engler, D. A.;4 Teyton, L.;5 
Bendelac, A.;3 Savage, P. B.1  

Due to the prevalence of oligo- and polysaccharides on the surfaces of pathogenic organisms, 
carbohydrates are primary targets for recognition by antibodies generated by the immune 
systems of higher organisms.  Consequently, substantial effort has been expended in efforts to 
develop vaccines based on carbohydrate epitopes.  Typical approaches involve multivalent 
presentation of carbohydrate targets on antigenic peptides or proteins, which often involve 
substantial synthetic commitments and/or vaccines that are heterogeneous and difficult to 
characterize.  We have developed a simple, liposome-based approach to generate multivalent 
carbohydrate vaccines, and in place of an antigenic peptide or protein, we have used a potent 
antigen for natural killer T cells.  This vaccine, based on the Streptococcus pneumoniae 
serotype 14 polysaccharide, gave a response superior to that from a clinically used vaccine 
(Prevnar).  The dependence of this response on liposome formation was demonstrated by 
comparison to a simple mixture of the oligosaccharide and the natural killer T cell adjuvant.  
The importance of the strength of the adjuvant was observed by use of a potent synthetic 
adjuvant and a weaker, bacterial derived glycolipid adjuvant.  These results demonstrate the 
effectiveness of this novel and relatively simple means of generating carbohydrate-based 
vaccines. 
 
 

Introduction 

Most cells are “sugar coated,” and the carbohydrates on cell 
surfaces provide information about the type of cell that lies beneath.1  
Oligosaccharides presented by bacteria and parasites are generally 
distinct from those found on host cells.2  Consequently, recognition 
of cell-surface carbohydrates is a useful means of distinguishing and 
eliminating pathogens.  In addition, tumor cells are also often coated 
with oligosaccharides that are different from non-transformed cells 
and consequently may be used to identify these cells.3  Tremendous 
effort has been and is currently expended in development of 
carbohydrate-based vaccines designed to turn adaptive immune 
responses against cells adorned with targeted oligosaccharides.1-7  
Arguably, the most successful carbohydrate vaccines developed to 
date target multiple serotypes of pneumococcal bacteria.8  For 
example, the Prevnar vaccines elicit antibodies against the 
oligosaccharides found on pneumococcal bacteria and provide 
protection against infection in the majority of vaccinated 
populations.  Current Prevnar vaccines consist of pneumococcal 
polysaccharides, isolated from bacteria, conjugated to a modified 
diphtheria toxin.  While protective antibodies to the targeted 
polysaccharides are generated, concern remains that young children 
and the elderly do not respond to the vaccines as well as adults.9  

Antibody responses originate in B cells through relatively weak 
interactions between carbohydrates and IgM on the cell surface.  

Class switching to IgG and affinity maturation are required for 
development of high affinity antibodies and long-term memory 
responses.  For these processes to occur some degree of multi-
valency is required to promote aggregation of IgM on B cell surfaces 
and activated T cells must interact with B cells to provide the 
necessary “help” for class switching.1,6,7  Consequently, in 
carbohydrate vaccine design, multivalent presentation of the targeted 
oligosaccharides is often a design component.  In addition, targeted 
oligosaccharides are typically conjugated to an antigenic peptide or 
protein.  The peptide or protein is processed by antigen-presenting 
cells and presented to T cells, which in turn are activated and 
provide “help” to B cells.   

The design approach of covalently attaching multivalent 
oligosaccharides to antigenic proteins or peptides has been widely 
used with varied levels of success.1,6,7  However, there are some 
drawbacks in preparing vaccines of this type.  Polysaccharides 
isolated from biological sources are difficult to purify, and 
conjugation to a peptide or protein yields molecules of high 
molecular weight that are difficult to characterize.  Use of synthetic 
oligosaccharides requires lengthy pathways to append multiple 
oligosaccharides on peptides or other scaffolds to achieve multi-
valency. 

We have developed a novel approach to oligosaccharide-based 
vaccines that eliminates the need for covalent attachment to a 
peptide or protein for multivalent antigen presentation.  In fact, this 
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method requires no peptide or protein antigen and requires only a 
monomeric form of the targeted oligosaccharide.  We reasoned that 
self-assembly of lipid-appended oligosaccharides in the outer leaflet 
of a liposome would provide the necessary multi-valency for B cell 
stimulation.  And rather than elicit responses through peptide 
recognition from conventional T cells, we targeted a subset of T 
cells, termed natural killer T cells (NKT cells), which respond to 
glycolipid presentation.  An advantage of using glycolipid 
stimulation of NKT cells for B cell “help” is that the NKT cell 
antigen can be incorporated into the lipid bilayer of the same 
liposome presenting the oligosaccharide vaccine.  Thus, both the 
vaccine and NKT cell adjuvant self assemble in a liposome allowing 
B cells to recognize the targeted oligosaccharide while presenting 
the NKT cell antigen.     

We recently reported that this approach to vaccine 
development generates high titers of high-affinity IgG 
antibodies and memory responses targeting an oligosaccharide 
from Streptococcus pneumoniae (serotype 14) and that NKT 
cell responses are essential for class switching and affinity 
maturation.10  We have further characterized this approach by 
comparing antibody responses from this vaccine and 
commercially available Prevnar in mice.  We have 
demonstrated the importance of organization of the target 
oligosaccharide and the NKT cell adjuvant into a liposome, as 
compared to a simple mixture, and shown the necessity of using 
a strong NKT cell adjuvant in providing the T cell help required 
for class switching. 

 
Results and Discussion 

The structures of the capsular polysaccharides from multiple 
serotypes of pneumococcal bacteria are known,11 and these 
polysaccharides are produced by pneumococci in repeating 
oligosaccharide units (for example, see the repeating 
tetrasaccharide from S. pneumoniae in Figure 1).  Prevnar is 
made from S. pneumoniae polysaccharides; however, it has 
been demonstrated that individual oligosaccharide subunits are 
sufficient epitopes for generation of opsonophagocytic 
antibodies.12  Thus, simpler, synthetically-derived 
oligosaccharides can be used for vaccination against 
pneumococci. 

 

Figure 1. Structure of the repeating tetrasaccharide from S. pneumoniae 
serotype 14.  

As a proof of concept of our vaccine design strategy, we elected to 
use the tetra-saccharide repeating unit from the polysaccharide from 
pneumococcal serotype 14.  Covalent attachment of the 
oligosaccharide to diacylthioglycerol, to give PBS150 (Figure 2), 
allows the compound to stably assemble in liposomes.  Furthermore, 
with multiple oligosaccharides adorning the surface of the liposome, 
the multivalency necessary for B cell activation is achieved.   

Glycosylceramide PBS57 (Figure 2) was developed as a 
highly potent stimulator of NKT cells.13  It readily loads into 
the antigen presentation protein CD1d and stimulates cytokine 
release from NKT cells in vivo at concentrations below 1 
ng/mouse.  We recently showed that NKT cells stimulated by 
PBS57 are effective in providing the T-cell help to B cells 
necessary for antibody class switching (from IgM to IgG).10  As 
described above, in the past, T cell help has been triggered 
through peptide recognition by T cells, and glycolipid-
stimulated T cell help for class switching represents a new 
paradigm in vaccine development.  Kinjo, et al.14 recently 
described glucosyldiacylglycerols produced by S. pneumoniae 
that stimulate NKT cells.  These NKT cell antigens accompany 
capsular polysaccharides in S. pneumoniae, we investigated the 
ability of the most potent of these, glc-DAG-s2 (Figure 2), to 
stimulate NKT cells and provide B cell help. 

 

 

Figure 2. Structures of NKT cell agonists PBS57 and Glc-DAG-s2 and lipidated tetrasaccharide PBS150.  

 
Oligosaccharides from pneumococcal serotype 14 have been 
synthesized,15,16 but published procedures are lengthy and were 
designed to generate the tetrasaccharide and higher order oligomers.  
Consequently, we developed our own synthesis of the 
tetrasaccharide appropriately derivatized for attachment to 
thiodiacylglycerol (Scheme 1).  Beginning with protected 
glucosamine 1,17 a glycosidic bond was formed with 2-

bromoethanol, and the bromide was then displaced with azide.  
Protecting group manipulation gave 3 and then 4, which was suitable 
for coupling with 5.18  Reaction of disaccharides 6 and 7 gave 
tetrasaccharide 8 in good yield.  A sequence of deprotection, 
acylation and deprotection steps yielded 9.  Reduction of the azide 
and coupling with 10 gave PBS150. 
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Scheme 1. Synthesis of PBS150.  

The lipid tether (10) for the tetrasaccharide was prepared by 
reaction of para-methoxybenzyl alcohol (PMBOH) with 
chloroacetic anhydride, followed by reaction with 1-
thioglycerol yielding 11 (Scheme 2).  Ester formation with 
stearoyl chloride was followed by selective cleavage of the 
PMB ester and ester formation with N-hydroxysuccinimide, 
giving 10. 

 

 

Scheme 2. Synthesis of 10. 

To provide multivalency of the tetrasaccharide in PBS150, the 
compound was incorporated into liposomes prepared with 
dioleoylphosphatidylcholine (DOPC) and cholesterol using well-
established methods.19  To provide NKT cell stimulation, PBS57 
was also incorporated into the liposomes constituting the vaccine.  
The molar ratio of DOPC, cholesterol, PBS150 and PBS57 were 35, 
40, 20 and 5, respectively.  

As described above, Prevnar vaccines have proven effective in 
generating specific antibodies to pneumococcal oligosaccharides.  
As a comparator for the liposomal vaccine containing PBS150 and 
PBS57, the vaccine Prevnar13 was used.  And to ensure that 
comparable amounts of antigen were administered the amount of 
oligosaccharide antigen (serotype 14) in the liposomal vaccine was 
matched to that found in the Prevnar vaccine.   

The liposomal vaccine was designed to provide multivalency 
with PBS150 and the NKT cell agonist, PBS57, in the same 
particles.  To establish the importance of liposome formulation and 
PBS150 multivalency, we also prepared a vaccine comprised of  

 

 

 
Figure 3. Antibody (IgM and IgG1) formation in response to vaccination (intraperitoneal injection on days 0 and 57) with Prevnar1320 (2.2 µg of each 
polysaccharide) or with PBS57+PBS150 as a simple mixture (4 µg of PBS150 and 1 µg of PBS57) or in liposome formulation, as indicated. Each injection 
contained an equivalent amount of pneumococcal polysaccharide serotype 14. Sera were collected at indicated intervals to measure IgM and IgG1 antibody 
titers against S. pneumoniae serotype 14. Each dot represents the serum titer of an individual mouse at the indicated time. Statistical analysis: * p-value < 0.05; 
*** p-value < 0.001.  The first time periods at which p-values below 0.05 or 0.001 are indicated. 
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PBS150 and PBS57 as a simple mixture.  As with the liposomal 
vaccine, the amount of oligosaccharide was matched with that found 
in the Prevnar vaccine.  The same amount of PBS57 was used in the 
two glycolipid vaccines. 

It was expected that IgM levels specific for the targeted 
oligosaccharide would increase substantially after vaccination with 
all three vaccines.  However, the more important gauge of success 
would be generation of IgG as a consequence of class switching.  An 
additional gauge would be if substantial IgG generation could be 
achieved through a single vaccination rather than multiple injections. 

C57BL/6 mice were vaccinated intraperitoneally with each of the 
three vaccines (200 µL volume) on day 0 and a second vaccination 
was administered on day 57 (Figure 3).  Due to solubility and 
viscosity constraints with the Prevnar vaccine (containing alum), it 
was necessary to inject the vaccines in relatively large volumes.  
Consequently, intraperitoneal rather than intramuscular 
administration was used.  Antibody counts and isotypes were 
measured on a bi-weekly basis.  As was expected, all three vaccines 
caused comparable and substantial production of IgM, observed at 
week 2, and this level of production was consistent through the end 
of the experiment (25 weeks).  However, the amounts of IgG 
produced in response to the three vaccine classes were distinct.  
Vaccination with Prevnar13 triggered class switching from IgM to 
IgG at a significant level (p-value < 0.05) after nine weeks and 
administration of the second dose of vaccine at week eight.  
Vaccination with the PBS57 + PBS150 mix achieved significance at 
week eight, before administration of the second dose of the vaccine.  
In contrast, PBS57/PBS150-containing liposomes caused substantial 
class switching with a single dose of vaccine.  At two weeks, a 
statistically significant amount of IgG was produced, and by six 
weeks substantial antibody levels were observed in all test animals 
(p-value of 0.00024). 

 
Figure 4.  Comparative adjuvant effects of PBS57 and Glc-DAG-s2. Mice 
were injected intraperitoneally with liposomes carrying PBS57 + PBS150 or 
Glc-DAG-s2 + PBS150, as indicated, at days 0 and 38. A: anti-S. 
pneumoniae serotype 14 antibody IgM and IgG1 titers measured 4 weeks 
after the first injection (day 28) and 2 weeks after the boost (day 52), as 
indicated. Data compiled from a total of 8 mice immunized with PBS57 and 
8 mice immunized with Glc-DAG-s2. B: IL4 and IFNg cytokines (pg/mL) 
released in the serum of a total of 7 mice injected with PBS57 and 11 mice 
injected with Glc-DAG-s2, as indicated.  
 

Pneumococcal bacteria display antigenic oligosaccharides in 
multivalent form and produce NKT cell antigens, such as Glc-DAG-
s2.  Thus, these bacteria are similar to the PBS57/PBS150 liposomal 

vaccine (i.e., they present the oligosaccharide epitope in multivalent 
form and provide an NKT cell antigen).  NKT cell antigens produced 
by pneumococcal bacteria (e.g., Glc-DAG-s2) are much weaker than 
alpha-galactosylceramides (e.g., PBS57);14 nevertheless, we 
reasoned that even a weak NKT cell antigen might be a sufficient 
adjuvant to contribute to an effective vaccine.   

To test this hypothesis, we prepared liposomes containing 
PBS150 and Glc-DAG-s2 in the same proportions described for the 
PBS57/PBS150 liposomes.  Mice were vaccinated with both types of 
liposomes, and antibody responses were quantified.  Both types of 
liposome gave strong IgM responses (Figure 4A).  However, only 
vaccination with the liposomes containing PBS57 caused class 
switching to IgG.  To better understand why Glc-DAG-s2/PBS150 
liposomes did not lead to class switching, we measured cytokine 
release in response to the two liposomal vaccines.  Though dosed at 
the same level, PBS57-containing liposomes caused substantially 
higher levels of cytokine release (both IL-4 and IFN-g) than Glc-
DAG-s2-containing liposomes (Figure 4B). 

Conclusions 
Vaccination with a liposomal formulation of the oligosaccharide 

epitope in PBS150 and the NKT cell antigen PBS57 results in 
generation of high titers of IgG.  The importance of the liposomal 
formulation is evidenced by weaker responses to a vaccine 
comprised of the same amounts of PBS150 and PBS57 in a non-
liposomal form.  Comparison of IgG production in response to 
vaccination with liposomes containing either PBS57 or Glc-DAG-
s2, both with PBS150, demonstrates the importance of a strong NKT 
cell antigen in the vaccine.   

Notably, substantial IgG is produced after a single vaccination 
with PBS57/PBS150 liposomes.  After a second vaccination with 
either Prevnar13 or with the simple PBS57/PBS150 mixture, 
comparable titers of IgG for the targeted epitope were generated.  
The recommended dosing of Prevnar requires four vaccinations,21 
which may cause challenges for those in rural areas or in the 
developing world.  A shorter dosing regimen would be a substantial 
improvement in vaccines designed to prevent pneumococcal 
diseases.  The liposomal vaccine described herein is prepared using 
well-characterized target epitopes, and an adjuvant that activates a 
well-defined subset of T cells.  It provides a proof of concept for a 
simple means of generating protective antibody responses to 
carbohydrate epitopes, and it is anticipated that it can be expanded to 
include epitopes for other pneumococcal serotypes as well as those 
for other pathogens.   
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