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Abstract: A brief overview of carbohydrate antigens processing and uptakes involved in the adaptive immune 
system is highlighted. To counter balance the poor immunogenicity and T-cell independent characteristics of car-
bohydrate antigens, chemists have developed original hybrid molecules aimed at targeting specific competent 
immune cell receptors. Amongst several potential vaccine candidates dedicated against diseases, this short report 
will focused on those most advance and state of the art organic chemistry involved therein. One case has led to the 
first example of a commercial vaccine entirely prepared from a synthetic carbohydrate antigen against infections 
caused by the Gram-negative bacteria Haemophilus influenza type b responsible for pneumonia and acute bacterial 
meningitis in infants. Other commendable examples will illustrate the immunochemical strategies engaged in the 
development of anticancer carbohydrate-based vaccines.
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1. Introduction

Although carbohydrate antigens have long 
been recognized as being poorly immuno-
genic and therefore were improper induc-
ers of long-term protective immunity, sev-
eral chemical strategies have been recently 
implemented to overcome their natural 
immunochemical incompetence.[1–8] Car-
bohydrates on their own, as opposed to 
proteins and peptides, are thus known to 
be T-cell independent antigens. The con-
sequences of this is that carbohydrates are 
not equipped to trigger the participation of 
T-helper cells and hence, could not induce 
immune cell proliferation, antibody class 
switch and affinity/specificity maturation. 
The major successful advances initially 
encountered with carbohydrate-based vac-
cines have been supported by the discovery 
that, when properly conjugated to protein 
carriers, serving as T-cell dependent epi-
topes, bacterial capsular polysaccharides 
became capable of acquiring the requisite 
immunochemical ability. A brief overview 
of the three known carbohydrate antigen 
uptake mechanisms by antigen presenting 
cells (APCs) represented by the families of 

dendritic cells, B-cells, and macrophages is 
presented herein (Fig. 1).[5,9] Thus, as stated 
above, the most studied and successful gly-
coconjugate vaccines were those made of 

bacterial capsular polysaccharides that were 
covalently bound to strongly immunogenic 
protein carriers such as keyhole limpet he-
mocyanin (KLH), tetanus toxoid (TT) and 

Fig. 1. The three known carbohydrate antigen uptake mechanisms by Antigen Presenting Cells 
(APCs: dendritic cells, B-cells, and macrophages) of the innate/adaptive immune systems.  
1) Neoglycoproteins (conjugated vaccines) are presented to ab-TCR molecules on CD4+ T-helper 
cells by MHC class II proteins in association with co-receptors that triggers signaling pathways 
leading to B cell proliferation, differentiation, and ultimately to high affinity IgG-type antibody 
production and memory. 2) Lipidated antigens are internalize by Toll-like receptors (TLRs) through 
endosomal pathways and presented to gd-TCR on T cells by Clusters of Differentiation (CDs). 
3) Zwitterionic bacterial polysaccharides (ZPS) conjugated to carbohydrate antigens can also be 
internalized, processed by nitric oxide (NO)-dependent degradation, and presented to Th-cells in 
the context of MHCII receptors. (Adapted from ref. [5]).
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eration vaccine.[15] Research is now actively 
going on to provide fully synthetic hybrid 
molecules which will represent fifth gen-
eration vaccines. Progress in that direction 
will be discussed below through the devel-
opment of cancer vaccines against tumor-
associated carbohydrate antigens overlay 
expressed on tumor cells.[19–24]

2.2 Quimi-Hib® – The First 
Commercial Synthetic Vaccine: 
Synthesis of Poly-(ribosyl-ribitol-
phosphate) Oligomers

Previous syntheses of poly-(ribosyl-
ribitol-phosphate) oligomers suffered from 
serious drawbacks for commercial applica-
tion.[16] They were all based on stepwise 
solid-phase approaches that provided very 
low overall yields and large-scale synthesis 
was therefore problematic. The strategy fol-
lowed by our team was to perform a one-
step oligomerization using H-phosphonate 
chemistry.[25] It was also necessary to short-
en the synthetic sequence leading to key 
ribosyl-ribitol disaccharide 6 (Scheme 1). 
This was readily achieved by Lewis acid-
catalyzed glycosidation of peracetylated 
d-ribofuranose 1 with ribitol derivative 2 
which, after de-O-acetylation, provided 3. 
Selective benzylation of triol 3 was success-
fully performed using tin acetal chemistry. 
Large-scale access to suitably protected 
disaccharide 6 was one of the key achieve-
ments in the new synthesis of the required 
Hib antigen.[15–17]

H-phosphonate precursors 9 and 11 
were prepared in excellent yield and purity 

diphtheria toxoid (DT) (case 1 in Fig. 1) 
all of which express several key peptide se-
quences (usually 15-mer long). Of course, 
initial laboratory models, through which 
linker development was achieved, consisted 
of readily available bovine (BSA) or human 
(HSA) serum albumins.

The second entry mechanism was based 
on the early observations that Toll-like re-
ceptors (TLRs) are capable of internalizing 
lipid-bound antigens.[10] TLRs are con-
sidered as ‘pattern recognition’ receptors. 
Common carbohydrate antigens harbor-
ing such lipophilic moieties are members 
of Lipid A, the inner most of the three re-
gions of Gram-negative lipopolysaccha-
rides (LPS), glycolipids, and gangliosides. 
Known human Toll-like receptors constitute 
a family of ten protein members recogniz-
ing a wide variety of microbial lipophilic 
molecules.[11] One of which has particularly 
retained the attention of glycochemists, the 
TLR2 receptor.[12] TLR2 has been shown to 
initiate potent immune responses by initially 
recognizing simple diacylated and triacyl-
ated lipopeptides such as Pam

3
CysSerLys

4
-

bound (Pam
3
CSK

4
) peptides. Therefore, 

these well-characterized TLR ligands have 
been utilized in conjugation to specific car-
bohydrate antigens to create a new family of 
hybrid glycoconjugates fully equipped with 
the necessary accessory molecules to trig-
ger the required immune responses.

Finally, a more recent and third entry 
mechanism was identified wherein zwitter-
ionic polysaccharides (ZPS) could invoke, 
on their own, MHCII-mediated CD4+ 
T-cell responses in the absence of protein 
carriers (Fig. 1). Several bacterial polysac-
charides have zwitterionic elements, among 
these, Bacteroides fragilis PSA1 and PSA2, 
and Streptococcus pneumoniae Sp1 harbor 
multiple charges. Hence, recent reports are 
now emerging describing the covalent at-
tachment of carbohydrate epitopes to such 
carriers and an example will also be dis-
cussed below for a tumor-associated carbo-
hydrate antigen. 

2. Receptor 1: Neoglycoprotein 
Conjugate

2.1 Antibacterial Vaccines 
Several reviews have properly covered 

the historical developments of bacterial 
polysaccharide-based vaccines[1–8] and con-
jugation methods.[13] So this topic will only 
be briefly presented. It can be safely stated 
that earlier vaccine preparations composed 
of diverse bacterial components represented 
the first successful vaccine generations. Ob-
viously then, given the immature develop-
ment of bioanalytical chemistry, these vac-
cine compositions were not without prob-
lems and side effects, particularly since trace 
amounts of DNA and lipolysaccharides 

were present. An important discovery has 
been revealed by the finding that purified 
bacterial capsular polysaccharides (CPS) 
could trigger protective immunity. These 
are considered second-generation vaccines. 
Unfortunately, it was quickly realized that 
the CPS-induced antibodies were of the 
IgM isotype and thus, were of low affinity 
and specificity and that they were not long 
lasting. Moreover, they were inefficient for 
the populations most at risks, i.e. infants and 
the elderly whose immune systems are ei-
ther immature or are losing efficacy, respec-
tively. However, a cornerstone achievement 
was accomplished through the development 
of polysaccharide protein conjugate vac-
cines.[14] Such vaccines of the third genera-
tion have essentially permitted eradication 
of several diseases worldwide. Yet, another 
major improvement has materialized into a 
commercial product through synthetic or-
ganic chemistry. Indeed, research toward 
synthetic polysaccharide fragments (oligo-
saccharides), bearing the minimal carbo-
hydrate epitopes, has been intensively pur-
sued over several years in both academic 
and industrial laboratories, but success was 
only accomplished for the first time in 2004 
when a Cuban and a Canadian team unified 
their efforts.[3,15–18] The first carbohydrate-
based semi-synthetic commercial vaccine 
was born through chemical synthesis of 
oligomers of the repeating units of the CPS 
from Haemophilus influenza type b poly-
(ribosyl-ribitol-phosphate) which, when 
properly conjugated to tetanus toxoid used 
as protein carrier constituted the fourth gen-
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Scheme 1. Chemical sequences leading to a one-step solution-phase synthesis of poly-(ribosyl-
ribitol-phosphate) oligomers from the bacterial capsular polysaccharide of the Gram-negative 
Haemophilus influenza type b using H-phosphonate chemistry. 
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varied vaccine compositions.[33] QS-21 is a 
saponin adjuvant isolated from the bark of 
the Quillaja saponaria Molina tree. It is a 
water-soluble triterpene glycoside with am-
phiphilic character that can be mixed with 
soluble antigens resulting in fully soluble 
vaccine formulation. Its synthesis has been 
previously described.[34]

2.4 Cancer Vaccines
Malignant cells over express a glyco-

protein known as MUC1 mucin.[35] This 
glycoprotein is heavily glycosylated in nor-
mal cells while limited O-glycosylation on 
cancer cells has been clearly demonstrated. 
Gangliosides (GM2, GD2, GD3) and neutral 
glycolipids (globo-H and Lewisy) on epithe-
lial tumor cells of breast, lung, colon, blad-
der, and prostate are also considerably altered 
both in number and in structures.[1,2,19–24] 
In the tumor-associated carbohydrate anti-
gens (TACAs) of mucins, a down-regula-
tion of b-1,6-GlcNAc transferase, provokes 
an accumulation of shorter glycan chain 

(PCl
3
, imidazole, CH

3
CN) and deprotected 

at the ribitol’s primary hydroxyl group. A 
fine tuning of the reactivity between the 
chain terminating component 9 and chain 
elongating 11 as well as conditions to avoid 
competing pivaloylation reaction were 
shown to be crucial. The synthetic oligomer 
12, having an average of eight repeating 
units, was reproducibly obtained in excel-
lent yield. This yield was several times 
higher than the overall yields obtained by 
solid-phase methods. Complete deprotec-
tion of benzyl ethers and azide reduction, 
although challenging, was successfully 
achieved by hydrogenolysis in the presence 
of 10% Pd/C in suitable solvent mixture. 

The terminal amine functionality was 
then treated with 3-maleimidopropionic 
acid N-hydroxysuccinimidate 14 to provide 
15, the key synthetic fragment of Haemoph-
ilus influenzae type b ready for conjugation 
to protein carriers (Scheme 2). This process 
was simple enough to be reproduced in 100 
g scale batches (10 million vaccine dos-
es). Several proteins from bacterial origin 
were tested as carrier candidates. Finally, 
tetanus toxoid (TT) was selected because 
of its many advantages and relatively low 
cost. It contains several murine and human 
T-cell peptide epitopes recognized by MH-
CII. Moreover it has long been safely used 
in humans. A particular sequence, peptide 
830-845 has also been utilized systemati-
cally in the context of MHCII presentation 
to CD4+ T-cells.[26] Toward this end, teta-
nus toxoid was initially thiolated with N-
hydroxysuccimide dithioproprionate 16 to 
provide ~30 lysine amino groups modified 
17.[18] Maleimido derivative 15, serving as 
Michael-type acceptor, was then conjugated 
to thiolated protein carrier (T-cell epitope) 
17 to give 19 in ~50% yield using mild con-
ditions. Finally, compound 19 was further 
developed as a vaccine that was registered 
in Cuba and, as early as January 2004, it 
was included in the regular vaccination pro-
gram. 

2.3 Synthetic Peptide Carrier – 
Natural CPS

An interesting complementary strategy 
has been followed through which an immu-
nogenic peptide sequence, acting as a uni-
versal T-cell epitope, was used as a carrier 
for naturally occurring bacterial capsular 
polysaccharides acting as B-cell epitopes.[27] 
There are quite a few such universal pep-
tidic T-cell epitopes and bioinformatics can 
be helpful to identify them. Thus, proto-
typical carbohydrate-conjugate vaccines 
composed of a non-natural 13 amino acid 
universal pan HLA-DR derived MHCII pre-
senting molecule (PADRE) and Streptococ-
cus pneumoniae capsular polysaccharides 
from serotypes 6B, 9V, and 14 have been 
prepared.[27] Several constructs composed 
of 1:1 molar ratios of the PADRE peptide 

and the CPS were successfully used to raise 
murine antibodies that were shown to be 
opsonic and which could mediate phagocy-
tosis of pneumococci. The conjugates were 
simply prepared using carbodiimide cou-
pling (Fig. 2). 

Additional examples, including fully 
synthetic oligosaccharides, were provided 
against dodecasaccharide from Salmonella 
typhimurium O-antigen,[28] Shigella flexneri 
serotype 2a,[29–31] and even a tumor marker, 
the Tn antigen (a-d-GalNAc, see below).[32] 
Interestingly, the mice IgG antibody titers 
produced from the S. typhimurium vac-
cine were comparable to the one produced 
when human serum albumin (HSA) was 
used as carrier protein. Moreover, modu-
lation of antibody isotype profiles were 
obtained with different adjuvant: alum 
(KAl(SO

4
)

2
.12H

2
O) supported IgG1; QS-21 

provided IgG2a, 2b profile, while a combi-
nation of alum and QS-21 generated IgG1/
IgG2b isotype profile. Of note is the popular 
adjuvant QS-21 now in clinical phase III for 
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Scheme 2. Chemical ligation of the maleimido derivative of H. Influenza type b oligomers 15 with 
thiolated tetanus toxoid carrier 17 providing the first commercial example of a semi-synthetic 
carbohydrate-based vaccine.[15]
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Fig. 2. Streptococcus 
pneumoniae serotype 
6B conjugated to 
the universal helper 
T-lymphocyte epitope 
(PADRE®) using 
cyanogen bromide 
activation of the 
polysaccharide, 
reaction with adipic 
acid dihydrazide, 
followed by coupling 
to the peptide with a 
carbodiimide (EDC).[27]
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b-Gal-(1→3)-a-GalNAc-O-Ser/Thr (re-
ferred to as the T- and the TF-antigen (TF 
= Thomsen-Friedenreich)). In healthy tis-
sues, the active enzyme is responsible for 
a much more complex pattern of glyca-
tion, amounting to 50% of the glycoprotein 
masses. The consequences of these modi-
fied glycosylation profiles are profound as 
they contribute to MUC1, and to a lesser ex-
tent MUC4, conformational changes, better 
exposition of peptide backbones, and obvi-
ously to an over accumulation of the above 
carbohydrate-based cancer markers which 
are otherwise cryptic (masked) on healthy 
tissues. Furthermore, large amounts of the 
a-GalNAc-O-Ser/Thr (Tn-antigen) precur-
sor are also accumulated together with the 
corresponding sialylated counterparts (si-
alyl T- or sialyl-Tn antigens (ST and STn)) 
due to an 8–10 fold increase activity of sial-
yltransferases in tumor cells. Consequently, 
most efforts to provide classical carbohy-
drate-based vaccines have been devoted, 
albeit with limited success, to the above an-
tigens. However, patients with higher levels 
of anti-tumor associated carbohydrate anti-
gens antibodies have a better prognosis than 
patients with lower levels.

In spite of the limited success encoun-
tered with traditional vaccine formulations 
based on neoglycoproteins harboring the 
above carbohydrate antigens,[36,37] con-
siderable efforts have been invested in the 
chemical design of novel architectures. 
Thus, Danishesfky and co-workers from 
the Sloan-Kettering Institute for Cancer 
Research (NY, USA) have developed sys-
tematic research projects aimed at the syn-
thesis of various vaccine compositions.[19,20] 

One of the approaches is particularly ap-
pealing in that they synthesized a rather 
complex multi-epitopic B-cell conjugate 
bearing the five most common TACAs (Fig. 
3). The potential commercial limitation of 
this approach is however foreseeable as the 
chemical analysis of the resulting neoglyco-
protein is rather complex given that KLH is 
an extremely large heterogeneous glycopro-
tein composed of several 350 kDa subunits 

affording a material of molecular weight 
ranging from 4.5–13M Da. Indeed, an anal-
ogous vaccine made of the single sialyl-Tn 
TACA, initially developed by Biomira Inc. 
in Alberta (Canada) (Theratope®) and then 
by Merck, was abandoned in clinical Phase 
III.[39] Alternatively, an equivalent liposomal 
preparation (Stimuvax®, Merck Serono) has 
recently resumed clinical Phase III investi-
gations in June 2010.

Kunz and coworkers have further ad-
vanced the field of TACA-based immuno-
chemistry by synthesizing multiple vaccine 
variations[24,40] (see article by Westerlind 
and Kunz in this issue). They concluded 
that, even when conjugated to BSA, mostly 
IgM murine isotypes were triggered.[41] Ad-
ditionally, fully synthetic conjugates con-
sisting of TACAs’ glycopeptides linked to 
T-cell epitopes from ovalbumin could raise 
selective IgGs in only a third of transgenic 
mice.[42,43] Moreover, they showed that 
STn-MUC1 peptide-tetanus toxoid conju-
gate elicited strong immune responses,[44] 
while the corresponding and fully syn-
thetic construct bearing a TLR-2 lipopep-
tide ligand (Pam

3
CSK

4
) could also behave 

likewise.[45,46] Similarly, Boons et al. also 
reported the efficacy of a fully synthetic 
vaccine harboring the MUC1-Tn antigen 
built on a TLR-2 Pam

3
CSK

4
 lipopeptide 

(see below).[47]

Additional examples can be found in 
the literature concerning strategies leading 
to TACAs-based vaccine candidates.[19–24] It 
was also found that the resulting antibodies 
may be useful as antimetastatic agents.[48] 

One interesting case has been reported in 
which the TF-antigen has been replaced 
by peptides (Fig. 4),[49] a situation also el-
egantly explored by the group of Pinto et al. 
who demonstrated that oligosaccharides of 
the repeating units of the CPS from Group 
A and B Streptococcus and Shigella flexneri 
Y could be replaced by peptide-mimics.[50]

In a recent work, Roy et al. successfully 
tested the hypothesis that vaccinations with 
unique TF-Ag peptide mimics may gener-
ate immune responses to TF-Ag epitopes 

on tumor cells, useful for active immuno-
therapy against relevant cancers.[49] Peptide 
mimics of TF-Ag were selected by phage 
display biopanning using previously gen-
erated JAA-F11 mouse monoclonal anti-
body and rabbit anti-TF-Ag Ab and were 
analyzed in vitro to confirm TF-Ag peptide 
mimicry. In vitro, TF-Ag peptide mimics 
bound to TF-Ag-specific peanut agglutinin 
and blocked TF-Ag–mediated rolling and 
stable adhesion of cancer cells to vascular 
endothelium. In vivo, the immunization 
with TF-Ag-mimicking multiple antigenic 
peptides induced TF-Ag-reactive Ab pro-
duction. The vaccine represented a com-
mendable example of dendritic architecture 
(Fig. 4).

3. Receptor 2: Glycolipid 
Conjugates 

As mentioned in the introduction, lipid-
bound antigens can be directly recognized 
by Toll-like receptors (TLRs) (Fig. 1) and 
the Lipid A portion of Gram-negative bac-
teria has been co-crystallized with TLR4,[11] 

while TLR2 was cocrystallized with Pam
2
C-

SK
4
 (Fig. 5).[12] The overall consequences 

of this and similar observations was that 
glycochemists initiated intensive research 
programs aimed at grafting carbohydrate 
antigens onto lipopeptides.[1,2] A power-
ful example of this situation has been de-
scribed for the TACAs’ antigens described 
above[45,46] and bacterial CPS.[51]

A fully synthetic three-component vac-
cine synthesized from a TLR2 Pam

3
CSK

4
 

lipopeptide ligand, a promiscuous T-helper 
epitope identified from a well-documented 
mouse major histocompatibility complex 
(MHCII) from the polio virus (PV

103-115
) and 

a tumor-associated glycopeptide Tn-MUC1 
can elicit remarkably high antibody titers of 
IgG isotype in mice. The antibodies were 
shown to recognize cancer cells express-
ing the tumor-associated carbohydrate. The 
superior properties of the vaccine candidate 
were attributed to the local production of 
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Fig 3. Semi-synthetic 
tumor vaccines 
harboring multivalent 
TACAs linked to 
keyhole limpet 
hemocyanin (KLH).[20,38]
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cytokines, upregulation of costimulatory 
proteins, enhanced uptake by macrophages 
and dendritic cells and avoidance of epitope 
suppression.[46]

4. Receptor 3: Zwitterionic 
Polysaccharides

Following the seminal observations by 
the Kasper group[5,52] indicating that zwit-
terionic polysaccharides (ZPS) from vari-
ous bacterial species could be endocytized, 
internalized, processed into smaller pieces 
through nitric oxide degradation by typi-
cal APCs and presented within the MHCII 
to CD4+ Th-cells (Fig. 1), activities were 
initiated to capitalize on the findings to 
generate TACAs-based vaccines. As stat-
ed above, bacterial polysaccharides from 
Bacteroides fragilis PSA1 and PSA2, and 
Streptococcus pneumoniae Sp1 are repre-
sentative examples of ZPS. The group of 
Andreana has thus generated a Tn-PS A1 
vaccine.[53]

The ZPS A1 (20) from Bacteroides 
fragilis {→3)-a-d-AATGp-(1→4)-[b-d-
Galf-(1→3)-]-a-d-GalpNAc-(1→3)-[4,6-
pyruvate]-b-d-Galp-(1→} (AATGp = 
2-acetamido-4-amino-2,4,6-trideoxyGalp) 
was initially chemoselectively treated un-
der mild periodate oxidation with sodium 
metaperiodate to cleave the 5,6-vicinal 
diol of the b-d-galactofuranoside moiety 
to provide an aldehyde-anchoring function 
(21) (Scheme 3). Excess sodium periodate 
was removed by precipitation of insoluble 
KIO

4
 with KCl and treated with aminooxy 

a-d-GalNAc derivative 22 to afford the 
TACA oxymino vaccine 23 as a mixture 
of Z and E-stereoisomers. Intraperitoneal 
(i.p.) immunization of C57BL/6 mice us-
ing TiterMax Gold adjuvant afforded high 
IgG3 antibody titers specific against 22. The 
antibody isotype observed clearly indicated 
murine class switch carbohydrate-based 
immune response, thus confirming T-cell 
dependant pathway. Inhibition experiments 
with an analogous BSA conjugate were also 
performed to establish antigen specificity. 

Importantly, this finding further illustrates 
that the oxime linkage did not undergo suffi-
ciently rapid hydrolysis to prevent immune 
response in vivo. This vaccine prototype 
represents a commendable example of a 
fully carbohydrate-based T-cell dependent 
immunogen. 

5. Other Vaccines and Conclusion

Obviously, several other human pathol-
ogies are being investigated through pro-
phylactic vaccine treatments and glycobi-
ologists have accordingly concentrated their 
efforts in that direction. Given our deeper 
understanding of antigen uptake mecha-
nisms, the creativity of organic chemists 
has greatly contributed to the versatility of 
vaccine design. Additionally, the sophis-
tication of modern analytic tools to better 
identify naturally occurring carbohydrate 
antigens including crystallography, our 
improve capacity to screen ligands and re-
ceptors through microarrays, and the many 
novel strategies to synthesize complex oli-
gosaccharides and create glycomimetics 
thereof, have greatly improved our capac-
ity to undertake immunochemistry. Due to 
space limitation, this brief review could not 
cover several other beautiful synthetic ap-
plications and we apologize to researchers 
actively involved in the field whose work 
have not been covered herein. For several 
other disease applications, the readers are 
strongly encourage to consult the following 
readings: anti-HIV vaccines based on mul-
tiantennary mannosides (Man

9
GlcNAc

2
) 

present on gp120,[54–61] the excellent con-
tributions on rheumatoid arthritis,[62] anti-
fungal,[63–65] as well antiparasitic[66,67] and 
clamydial[68] infections.

Received: October 29, 2010

Fig. 4. Antigenic carbohydrate epitopes can be functionally replaced 
by peptide sequences. When multimerized into a dendritic molecular 
architecture, the resulting neoglycoconjugates can not only be 
recognized by anti-carbohydrate antibodies but can also act to trigger 
an successful immune response.[49]
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Figure 5

Fig. 5. Inset: TLR2 cocrystallized with the lipopeptide Pam2CSK4 (PDB 
No. 3A79); chemical structure of a fully synthetic carbohydrate-based 
anticancer vaccine.
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