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Abstract

Glycoconjugate vaccines based on bacterial capsular polysaccharides (CPS) have been extremely successful in

preventing bacterial infections. The glycan antigens for the preparation of CPS based glycoconjugate vaccines are

mainly obtained from bacterial fermentation, the quality and length of glycans are always inconsistent. Such kind of

situation make the CMC of glycoconjugate vaccines are difficult to well control. Thanks to the advantage of

synthetic methods for carbohydrates syntheses. The well controlled glycan antigens are more easily to obtain, and

them are conjugated to carrier protein to from the so-call homogeneous fully synthetic glycoconjugate vaccines.

Several fully glycoconjugate vaccines are in different phases of clinical trial for bacteria or cancers. The review will

introduce the recent development of fully synthetic glycoconjugate vaccine.
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Background

Carbohydrate-based vaccines have a long history, started

from the isolation of capsular polysaccharide of Streptococ-

cus pneumonia (pneumococcus) by Dochez and Avery in

1917 [1]. Then, between 1923 and 1929, Avery and Heidel-

berger at the Rockefeller Institute conducted a series of

studies on capsular polysaccharides (CPS) of pneumococcus

and discovered the immunogenicity of CPS [2]. In 1930,

Francis and Tillett injected pure pneumococcal polysaccha-

rides to patients and found CPS-specific antibodies in those

patients [3]. Later studies by Finland and Ruegsegger fur-

thered the development of pneumococcal capsular polysac-

charide vaccines [4]. From 1942 to 1945, Heidelberger and

his associates developed tetravalent vaccine, and the test in

the US army air force was successful [5].

After several clinical tests of pneumococcal polysac-

charides, two variants of pneumococcal vaccines con-

taining six serotypes each were first licensed in USA in

1946 [6]. Unfortunately, those two vaccines were discon-

tinued shortly after due to the introduction of new and

extremely effective antimicrobial drugs such as penicil-

lin, chlortetracycline, and chloramphenicol [7, 8]. From

1950 to 1970, the antibiotics dominated the vaccine

markets, and most research efforts focused on finding

new antibiotics rather than developing vaccines. How-

ever, the field of pneumococcal vaccine research was

kept alive by the persistent efforts of Dr. Robert Austrian

who was supported and motivated by the US National Insti-

tutes of Health (NIH) towards the development of possible

pneumococcal polysaccharide vaccines [9]. Meanwhile, the

emergence of antibiotic resistant bacteria [10] prompted the

redirection of research efforts back to the vaccine develop-

ment. The unremitting efforts of Dr. Robert Austrian and

his colleagues led to the development of 14-valent and 23-

valent pneumococcal CPS-based vaccines that were licensed

in 1977 and 1983, respectively [11, 12].

Inspired by the success of pneumococcal CPS vaccines,

the tetravalent (A, C, W135 and Y) meningococcal, the

Haemophilus influenza type b (Hib) and the Salmonella

typhi Vi CPS-based vaccine were developed and licensed

between 1982 and 1994 for adults and children older than

2 years in USA [13, 14]. Although native CPS vaccines

were effective in controlling the incidence of diseases for

people above 2 years of age, there were some troublesome

immunological disadvantages. For example, Hib CPS vac-

cine elicited poor immune responses in young children

below 2 years of age and immune deficient peoples whom

are the more prone to infections [15]. To overcome these

issues, vaccine researchers had, then, focused on increas-

ing immunogenicity of oligosaccharides.
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In 1929, Avery and Goebel demonstrated that immuno-

genicity of a capsular polysaccharide can be enhanced by

coupling to a carrier protein [16]. Unfortunately, this find-

ing was ignored until Robbins and Schneerson used Hib

CPS (poly ribosylribitol phosphate) and DT to synthesize

a glycoconjugate vaccine that exhibited greater immuno-

genicity and efficacy in clinical trials and was the first li-

censed conjugate vaccine for children younger than 2

years in the USA in 1987 [17]. The success of the Hib

glycoconjugate vaccines, prompted the development of

monovalentmeningococcal glycoconjugate vaccines using

DT or TT as a carrier proteins to provide longer immune

response and higher immunity to children younger than 2

years against serogroup C. Further extensive studies

produced a quadrivalent conjugate vaccine against A,

C, Y and W135 serogroups that were licensed in the

USA in 2005 [18].

Moreover, conjugation technology was applied to develop

an effective vaccine against important serogroups of S.

pneumoniae. Prevenar™ (PCV7), the first licensed pneumo-

coccal glycoconjugate vaccine produced by Wyeth labora-

tories in 2000, is composed of seven serogroups 4, 6B, 9 V,

14, 18C, 19F and 23F and conjugated to the nontoxic mu-

tant of diphtheria protein CRM197. The results of efficacy

trials showed PCV7 was safer and more effective for chil-

dren younger than 2 years, and infections caused by S.

pneumoniae significantly reduced after vaccination [19].

But the increasing cases of infections caused by non-PCV7

serotypes led to the development of PCV13 glycoconjugate

vaccine, which covers six more serotypes (PCV7 + 1, 3, 5,

6B, 7F and 19A) and was approved for children from 6

weeks to 71months in the USA in 2010 [20].

Vaccination is an effective and safe strategy to prevent in-

fections caused by pathogens. Vaccines prepared based on

the concept of conjugation generally do not display any sig-

nificant disadvantages. Consequently, most countries in-

cluded these carbohydrate-based conjugate vaccines in

their routine immunization program [21]. Following the

success of antibacterial glycoconjugate vaccines, researchers

further developed carbohydrate-based conjugate vaccines

for viruses, protozoans, fungi and cancer. Some of the vac-

cines are currently in preclinical and clinical evaluation

stages [22]. Whereas many reviews covered the subject of

carbohydrate-based vaccines and therapeutics [23–28], here

we provided the latest advancement related to synthetic

carbohydrate-based vaccines against most important patho-

genic bacteria, viruses and cancer.

Over the past two decades, in addition to the traditional

carbohydrate synthesis, various advanced chemical and bio-

chemical strategies including one-pot, automated and

chemo-enzymatic are being constantly developed to obtain

oligosaccharides of various structures quickly in large scale

with high purity for the development of carbohydrate-

based vaccines and drugs [29–31].

Main text

Construction of carbohydrate-based vaccines

Natural carbohydrate-based vaccines

The majority of the licensed carbohydrate-based vac-

cines such as Streptococcus pneumonia, Neisseria menin-

gitides, Haemophilus influenzae type b and Salmonella

typhi Vi belongs to this category in which the carbohy-

drate antigens were isolated form microbial cultures and

further conjugated to the carrier protein [32]. Despite

their tremendous efficacy against corresponding pathogens,

several major issues are associated with in vaccine manu-

facture including complicated purification procedures, het-

erogeneous composition, presence of cell components as

an impurity, uncontrollable and unreproducible protein

conjugation chemistry [33]. To overcome the above issues,

chemical synthesis can produce pure, homogeneous vac-

cines and presents a safer and more effective alternative

vaccines design.

Synthetic carbohydrate-based vaccines

Advances in carbohydrate chemistry have made it pos-

sible to synthesize complex oligosaccharides on a large

scale. Developed in Cuba, the first commercialized syn-

thetic vaccine, Quimi-Hib®, is a Haemophilus influenzae

type b vaccine, which is comprised of a synthetically

produced antigen conjugated to the known carrier pro-

tein TT through a spacer [34]. Some bacterial glycans

and cancer antigens are available in limited quantities,

presenting a difficulty in clinical trials. In such cases,

synthetic chemistry can save the day by producing anti-

gens in large quantities. Compare to biologically isolated

vaccines, the advantages of synthetic vaccines include

well-defined antigen structure with spacer arm, homo-

geneity, highly reproducibility, higher purity and better

safety profile [35].

Fully synthetic carbohydrate-based vaccines

The third type of glycoconjugate vaccine consists of not

only chemically synthetic carbohydrate antigen, but also

carriers of synthetic peptides. Most of the vaccines de-

veloped for cancers and viruses fall into this category

[36, 37]. However, there has not been any fully synthetic

vaccine commercially available. The most promising

candidates are still in preclinical stage.

Biological application and impact of carbohydrate-based

vaccines

Carbohydrates are the energy sources, mediate variety of

biological functions and play a key role in numerous dis-

eases in humans and animals. Moreover, they are poten-

tial agents in the development of carbohydrate-based

diagnostics, therapeutics and vaccines [24, 26]. Over the

past two decades, the vaccinology has made significant

progress in protection against the infections caused by
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bacteria and viruses. In recent days, investigations on

vaccination with pathogen-derived or synthetic carbohy-

drate antigens do not limit to the bacteria but extended

to viruses, parasites and cancers. Some of those advance-

ments are discussed in this section.

Carbohydrate-based antibacterial vaccines

Carbohydrate antigens present on the cell surface of bac-

teria are in the form of complex glycans and often struc-

turally unique to be differentiated from the mammalian

glycans [38]. Therefore, these complex glycans became

potential targets for vaccines and biomarkers. In general,

long-term use or misuse of antibiotics often lead to anti-

biotic resistance in pathogens. While it has not yet been

observed in the case of vaccines, which target the patho-

gens in multiple ways by inducing T-cell responses. In

addition, vaccines can reduce antibiotics usage and re-

sistance. For example, after the introduction of the PCV

conjugate vaccines into the routine childhood

immunization program in several countries, the invasive

bacterial diseases not only controlled but also reduced

antibiotic use in vaccinated populations, and in parallel

the prevalence of antibiotic non-susceptible strains also

decreased [39]. Therefore, vaccination is a successful

strategy to overcome the evolution of resistant strains.

Thus, the success of S. pneumonia, N. meningitides, H.

influenzae type b glycoconjugate vaccines has prompted

researchers to develop vaccines for other pathogenic

bacteria such as Klebsiella pneumonia, Acinetobacter

baumannii, Clostridium difficile, Staphylococcus aureus

and others to fight against their antimicrobial resistance

that are presently not treatable by vaccination. In the fol-

lowing section, we will discuss some licensed glycocon-

jugate vaccines and promising synthetic vaccine

candidates that are currently under preclinical and clin-

ical trials.

Haemophilus influenzae type b (Hib)

Haemophilus influenzae, a Gram-negative opportunistic

bacterium often inhabits the nasopharyngeal region and

exists either in encapsulated or unencapsulated forms.

To date six encapsulated H. influenzae serogroups a-f

with distinct polysaccharides are recognized. Among

them, Hib is more virulent in nature and causes several

diseases such as pneumonia, bacteremia, meningitis and

otitis media in unimmunized population particularly in

children younger than 5 years old [40]. In 1987 Pro-

Hibit®, a glycoconjugate vaccine of polyribosyl-ribitol-

phosphate (PRP) oligosaccharide and DT, was licensed

for children younger than 2 years of age in USA. Further

investigations into different types of carrier proteins of-

fered advanced glycoconjugate vaccines with superior

immunogenicity and efficacy [41].

Currently, Hib glycoconjugate vaccines with different

carrier proteins, including PRP-CRM197 (HibTiter® by

Pfizer and Vaxem-Hib® by Novartis), PRP-OMP (Pedax-

Hib® by Merck), and PRP-TT (ActHib® by Sanofi Pasteur

and Hiberix® by GSK) are available either in single form

or in combination with other vaccines. However, these

vaccines exhibit inconsistency in the PRP component

sizes, the linkers types and coupled carrier protein;

hence, the immune responses elicited are inconsistent

[15, 32]. Since 1997, most countries introduced the Hib

conjugate vaccine in the national routine child

immunization programs, leading to rapid disappearance

of Hib diseases in vaccine-adopted countries.

To cut the cost and deal with the scarce nature of native

polysaccharide Hib glycoconjugate vaccines, the Center

for Genetic Engineering and Biotechnology (CIGB), Cuba,

developed the first synthetic glycoconjugate Hib vaccine

Quimi-Hib® 1, which is comprised of an average seven re-

peating units of ribosylribitol phosphate conjugated to

thiolated TT through 3-(maleimido)propanamide linker of

PRP (Fig. 1a) [34]. The Quimi-Hib® vaccine 1 exhibited

excellent safety profile and 99.7% protective efficacy in

children. Hence, the vaccine was approved in Cuba and

included in their immunization program since 2004. In

order to identify the suitable length of PRP antigen for

Hib vaccine design, the Seeberger group synthesized PRP

oligosaccharides of various length using [2 + 2], [4 + 2],

[6 + 2], and [8 + 2] iterative size elongation strategy and

successfully conjugated then to CRM197 (Fig. 1b). Im-

munogenicity studies of the synthesized conjugates 2–5

on Zika rabbit model revealed that tetrameric conjugate 2

is the sufficient epitope for the new synthetic glycoconju-

gate Hib vaccine [42].

Neisseria meningitidis

Neisseria meningitides, often referred to as meningococ-

cus, is a Gram-negative diplococcal bacterium and,

causes various bacterial diseases, mainly meningococcal

meningitis in young children and elderly people world-

wide [43]. Among the 13 meningococcal serogroups,

serogroups A, B, C, W135, X and Y are the most patho-

genic strains accounting for all meningococcal infections

[44]. These serogroups exhibits a geographical restric-

tion. The serogroup A (MenA) is predominantly found

in Africa and Asia, and the serogroups B (MenB), C

(MenC), and Y (MenY) are most common in North

America and Europe. The serogroup W135 (MenW) is

found in parts of Africa and South America. Finally, ser-

ogroup X (MenX) is reported in parts of Africa [45].

To date, the development of Neisseria meningitides

vaccines utilizes native polysaccharides, glycoconjugates

and outer membrane vesicles (OMP) [46]. At present,

three licensed quadrivalent meningococcal conjugate

vaccines against serotypes A, C, Y and W135 are
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available with different brand names, Menveo® (MenA/

C/W135/Y-CRM197, GSK), Menactra® (MenA/C/W135/

Y-DT, Sanofi Pasteur), and Nimenirix® (MenA/C/W135/

Y-TT, Pfizer). Although the three vaccines are different

in saccharide lengths, spacer, carrier protein, and conju-

gation methods, they showed similar immunogenicity

against the vaccine serotypes and are recommended for

all age groups (2 months to 55 years). Furthermore, three

licensed monovalent serogroup C conjugate vaccines

and one licensed monovalent serogroup A vaccine

(MenAfriVac) are available for all age groups. Two of

the MenC vaccines Menjugate® (GlaxoSmithKline) and

Meningtec® (Pfizer), use CRM197 as a carrier protein,

while the third vaccine NeisVac-C® (Pfizer), use TT as

its carrier protein [47].

Many attempts to develop a monovalent MenB conju-

gate vaccine failed because the structural similarity be-

tween the capsular polysaccharides (comprised of α-2,8-

linked sialic acid) of MenB and components of the human

neuraonal cells caused autoimmune issues in clinical tests.

On the other hand, the first non-glycan-based vaccine

against MenB was developed in Cuba using outer mem-

brane protein (OMP) And the first bivalent vaccine, VA-

MENGOC-BC, against MenB and C was licensed in Cuba

in 1987. Later, based on reverse vaccinology, two OMP/

Protein-based MenB vaccines, Bexsero (GSK, Verona,

Italy) and Trumenba (Wyeth, Philadelphia, USA) were de-

veloped and approved for the age of 10 to 25 years [48].

Moreover, research efforts have been devoted to the

development of effective synthetic glycoconjugate vac-

cines for meningitis. The CPS structure of MenA is con-

structed by (1→ 6)-linked 2-acetamido-2-deoxy-α-D-

mannopyranosyl phosphate repeating units with 70–80%

O-acetylation at 3-OH (Fig. 2) [49]. The Pozsgay and

Oscarson groups independently reported the synthesis of

MenA CPS fragments, up to trisaccharide and cannot be

further extended due to fragments instability [50, 51].

Correspondingly, the native MenA CPS also suffers from

poor stability in water due to the breaking of the anome-

ric and phosphodiester bond by the assistance of the ad-

jacent NAc group [52].

In order to overcome this problem, an anomeric oxygen

or ring oxygen atom of pyranose with methylene group,

respectively, was substituted to synthesize stable 1-C-

phosphono and carbocyclic analogues of the MenA CPS

repeating unit (Fig. 2) [53, 54]. Adamo and Lay recently

reported the synthesis of CRM197 conjugated carbocyclic

monomer, dimer and trimer analogous 6–8 and evaluated

their immunogenicities in mice [55]. All the synthesized

glycoconjugates 6–8 elicited carbasugar specific antibodies

that recognized their respective structures, but only the

conjugate trimer 8 was able to induce specific anti-MenA

IgG antibodies with detectable in vitro bactericidal activity

although in a less extent than hexamer and pentadecamer

native polysaccharide CRM197 conjugates. Similarly, 1-C-

phosphono analogues of MenA CPS 9–11 were synthe-

sized, and their immunological properties were investi-

gated. Competitive ELISA assays showed that all synthetic

fragments with unnatural phosphonoester linkage were

clearly recognized by human polyclonal anti-MenA anti-

bodies [56]. Recent studies showed that all HAS conju-

gates of 1-C-phosphono analogues 12–14 were able to

induce both in vitro T-cell proliferation (40% proliferation

at 102μM) and in vivo specific IgG production [57]. Over-

all, these studies suggested that chemical modifications do

not prevent an immune response. Hence, carbocyclic and

1-C-phosphono analogues of MenA CPS could also serve

as vaccine candidates, and its longer oligomers may in-

duce comparable immune response to that of commer-

cially available vaccine.

The CPS of MenC is composed of α-(2,9)-polysialic acid

with sporadic 7/8-O-acetylation (Fig. 3). Non-acetylated

Fig. 1 (a) Structure of commercially available Hib vaccine (QuimiHib). (b) Structure of synthetic glycoconjugates 2–5 reported by Seeberger group
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fragments are also immunogenic and can induce an im-

mune response [58]. In order to develop a synthetic vac-

cine against meningitis, Wu and Wong group synthesized

a series of non-acetylated α-(2,9)-oligosialic acids of

various lengths ranging from dimer to dodecamer 15–20

by a convergent synthetic route [59]. Later, the Guo group

adopted the same synthetic strategy to successfully

synthesize α-(2,9)-sialic acid oligomers ranging from

dimer to pentamer and conjugated them to KLH for im-

munological study in a mice model. They discovered that

all conjugates 21–24 were immunogenic and elicited spe-

cific antibodies that only recognized the α-(2,9)-polysialic

acid expressing N. meningitidis cells [60]. The same group

recently reported a new type of fully synthetic vaccines

25–28 that are composed of α-(2,9)-oligosialic acids and

monophosphoryl lipid A (MPLA), which also acts as self-

adjuvant [61]. Immunological studies of these conjugates

in mice revealed that they alone elicited strong immune

response that was comparable to corresponding KLH-

conjugates plus adjuvant. The elicited antibodies (IgG2b

and IgG2c) had strong specific binding to α-(2,9)-oligosia-

lic acids and polysaccharides of MenC cells. Among the

tested MPLA conjugates, trimer 26 and tetramer 27 elic-

ited highest titers of antibodies and emerged as promising

vaccine candidates worthy of further investigation.

The MenW CPS consists of a glycan repeating unit of

[→6)-α-D-Galp-(1→ 4)-α-D-Neup5Ac(7/9OAc)-(2→]

(Fig. 4). Wu group reported the first synthesis of MenW

CPS oligosaccharides in various lengths from di- to dec-

asaccharides 29a-33a and determined the appropriate

minimal structure for the development of synthetic vac-

cine [62]. Oligosaccharide chain elongation was accom-

plished by iterative glycosylation and deprotections

using disaccharide as common donor through [2 + n]

glycosylation strategy. The synthesized oligosaccharides

were conjugated to CRM197 for immunogenicity study in

Fig. 2 Structures of the repeating unit of MenA CPS and their synthetic 1-C-phosphono and carbocyclic analogues 6–14

Fig. 3 Structures of the repeating unit of MenC CPS, their synthetic oligosaccharides 15–20 and glycoconjugates 21–28
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a mice model. Microarray analysis and bactericidal activity

assay demonstrated that immunization of vaccine candi-

dates 30b-33b elicited antibodies that could recognize

tetra- to decasaccharides, but the vaccine candidate 29b

did not recognize disaccharide. Among the longer oligo-

mers, the tetramer 32 elicited antibodies with the highest

bactericidal effect. These results suggested that the tetra-

saccharide 30 is the minimum saccharide length required

to induce bactericidal antibodies.

Over the past 5 years, incidence of meningitis caused

by MenX has increased in the “meningitis belt” area

(Sub-Saharan Africa). However, no available vaccines

can prevent MenX. Recently, native CPS-based glyco-

conjugate vaccines of various lengths and different con-

jugation chemistries were demonstrated to be effective

in producing high IgG antibody levels in mice, and the

elicited antibodies showed effective serum bactericidal

activity [63]. As an alternative for the native MenX poly-

saccharide, a tetramer-TT glycoconjugate [64] 34 and a

trimer-CRM197 glycoconjugate [65] fragment 35 of

MenX were synthesized (Fig. 5) and their immunological

properties were tested. Although both conjugates exhib-

ited immunological properties, they were lower than that

of natural polysaccharides. However, when oligomers

were longer than three repeat units, the elicited im-

munogenicity that was comparable to that by native

polysaccharides. Recently, a longer MenX oligomer with

a controlled average length was generated by enzyme-

catalyzed one-pot elongation procedure [66]. The pre-

pared oligomer was conjugated to CRM197, for immuno-

logical study in a mice model. Glycoconjugate 36

elicited functional antibodies that were comparable to

the antibodies from the controls immunized with MenX

glycoconjugates prepared from the natural or enzymati-

cally prepared CPS.

Streptococcus pneumonia

Streptococcus pneumonia are remarkable Gram-positive

bacteria and cause life-threating diseases such as, pneu-

monia, meningitis, and septicemia in pediatric and eld-

erly populations who are not protected by the

pneumococcal vaccines. Based on the chemical structure

Fig. 4 Structures of the repeating unit of MenW CPS and their synthetic glycoconjugates 29–33

Fig. 5 Structures of the repeating unit of MenX CPS and their glycoconjugates 34–36
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of their CPS, 97 serotypes (ST) of S. pneumoniae were

identified, of which about 20 are virulent in nature and

responsible for 90% pneumococcal diseases [67]. Ac-

cording to the recent survey, S. pneumoniae caused 1,

189,937 deaths (95% UI 690445–1,770,660) in people of

all ages worldwide in 2016 [68].

Currently, two types of vaccines against S. pneumoniae

are available. One is 23-vlaent native polysaccharide-

based pneumococcal vaccine PPV23 (Pneumovax®23)

that contains 23 purified CSPs recommended for people

of and above the age of 50 years. The second type is the

glycoconjugate vaccine such as PCV10 (Synflorix®) and

PCV13 (Prevnar13®). Synflorix® is a 10-valent glycoconju-

gate that contains three different carrier proteins (PhiD,

TT and DT) and approved for children from 6 weeks

through 5 years. And Prevnar13® is a 13-valent glycocon-

jugate vaccine with CRM197 carrier protein and was li-

censed to use in infant, children and adults from 6 weeks

through 65 years [69]. In addition, a 15-valent glycocon-

jugate vaccine developed by Merck has recently com-

pleted Phase 3 clinical trials and will soon be available in

the market [70].

Although existing pneumococcal conjugate vaccines

(PCVs) are highly effective in preventing pneumococcal

disease in infants and children, they are not without

limitation. Current PCVs do not cover all serotypes and

only provide protection against serotypes included in

vaccines. Specifically, PCV13 exhibited lower immune

efficacy against serotypes 3, 6B, and 23F, and PCV10

against 19F at pre-booster. None of these PCVs provided

enough immune protection against serotypes 1, 4 and 5

[71–73]. An alternative option to isolation is to design

vaccines based on synthetic oligosaccharides providing

vaccine candidate not only in pure and homogeneous

form but also with lower vaccine manufacture costs.

In the past few years, various methods have been devel-

oped to identify effective carbohydrate epitopes that can

induce protective immunity in vivo that is generally re-

quired for vaccine development [74]. In the development

of synthetic vaccines for S. pneumonia, various research

groups have reported immunogenicity, antigenicity and

protective effects of synthetic oligosaccharide-protein con-

jugates (neoglycoconjugates) of S. pneumoniae serotypes

ST2, ST3, ST5, ST6B, ST8, ST14 and ST23F in various

lengths, frameshifts, and different carrier proteins in

animal models. Using ELISA and microarray, suitable

minimum synthetic epitopes of all those bacteria were

identified (Fig. 6) for the development of carbohydrate-

based third-generation pneumococcal vaccines. Most of

these neoglycoconjugates elicited higher titers of opsonic

antibodies with prolonged memory compared to trad-

itional conjugated vaccines in animal models [75, 76].

Shigella

Shigella are gram-negative bacteria that belongs to En-

terobacteriaceae family and causes shigellosis, which is

an intestinal infection that leads to severe diarrhea and

abdominal cramps in humans worldwide [77]. Shigellosis

is an important health problem and economic burden

for developing countries. A recent study reveals that

Fig. 6 Structures of the minimal synthetic oligosaccharide-protien conjugates of S. pneumoniae serotypes ST2, ST3, ST5, ST8, 6B, ST14 and ST23F (37-43)
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Shigella was the second leading pathogen that caused

diarrhea and hospitalization for around 2.69 million

people and 2,12,438 deaths (95% UI 136979–326,913)

globally in 2016 [78].

Based on the biochemical properties, around 50 sero-

types of the Shigella were identified and classified into

four species including S. dysenteriae (15 serotypes), S.

flexineri (15 serotypes), S. boydii (19 serotyps) and S.

sonnei (1 serotype). Among them, S. flexineri and S. dys-

enteriae are more virulent in nature, whereas S. sonnei is

generally least virulent [79].

Although various traditional vaccine strategies have

been attempted for developing safe and effective Shigella

vaccines for decades, no vaccines against Shigella have

been licensed. Most of the vaccine candidates are in vari-

ous clinical stages [80, 81]. In addition to these traditional

efforts, a number of studies have attempted to use syn-

thetic glycoconjugate to develop shigella vaccines, and

some are currently under various clinical studies [82].

S. dysenteriae type 1 is a major causative pathogen of

dysentery caused by the release of potent Shiga toxin.

The first synthetic glycoconjugate vaccine against shigel-

losis was reported by Pozsgay group [83] that consisted

of four repeating units of the tetrasacchride [α-L-Rha-

(1→ 2)-α-D-Gal-(1→ 3)-α-D-GlcNac-(1→ 3)-α-L-Rha]

O-specific polysacchride (O-SP) of the LPS of S. dysen-

teriae type 1 covalently bound to HSA through heterobi-

functional spacer (Fig. 7a). The immunological studies in

a mice model revealed that hexadecasaccharide conjugate

44 with an average of nine chains of saccharides per pro-

tein molecule was the most immunogenic epitope that

elicited higher level of anti O-SP related IgG antibodies in

mice than the isolated O-SP-HAS conjugate.

S. flexneri serotype 2a is the most prevalent pathogen

of S. flexneri and responsible for endemic shigellosis

among children in developing countries. Specifically,

an important virulent factor is that S. flexneri ex-

presses O-specific polysaccharides (O-antigen) as a

part of LPS. The O-antigens of all S. flexneri except

serotype 6 share a common linear tetrasaccharide re-

peating unit →2)-α-L-Rha-(1→ 2)-α-L-Rha-(1→ 3)-α-

L-Rha-(1→ 3)-β-D-GlcpNAc-(1→ as a backbone [84].

Due to its structural similarity to other serotypes but

with more pathogenicity, Serotype 2a is considered as

a suitable target for shigella vaccine design. In order

to develop a synthetic glycoconjugate vaccine against

shigellosis, Mulard group synthesized monomer,

dimer and trimer of the pentasaccharide repeating

unit of O-antigen of S. flexneri 2a, and conjugated

them to maleimide activated TT protein for immuno-

logical study in a mice model (Fig. 7b) [85]. And the

results of the immunogenicity studies showed that

when the size of the oligosaccharide increased from

monomer to dimer to trimer 45–47 the IgG response

also improved. Moreover, pentadecasaccharide glyco-

conjugate 47 induced specific and long-lasting anti O-

SP 2a antibodies in mice. Further studies demon-

strated that anti-OSP 2a antibodies induced by glyco-

conjugate 47 could protect the mice from shigella

infection, suggesting that pentadecasaccharide is a

strong candidate for vaccine development. Currently,

the vaccine candidate 47 has already entered Phase II

clinical trial with promising results [86].

Bacillus anthracis

Anthrax is an infection disease caused by spore forming,

Gram-positive bacterium, Bacillus anthracis that exists

in two forms, vegetative cells and spores. In adverse en-

vironments, the vegetative B. anthracis is able to convert

into spore form (endospore), which is highly resistant to

heat, radiation, pH and harsh chemicals, allowing it to

persist in the soil and other environments for decades

until favorable growth conditions occurs. Due to its

highly pathogenic nature, mortality rates, and ease of

spreading, B. anthracis is considered as an agent of bio-

terrorism [87]. The spores of B. anthracis can enter

humans and animals by three different modes including

skin lesions, inhalation and ingestion. Then, the entered

spores circulate through blood stream and germinate to

their vegetative form that commences rapid replications

and release the toxins. This entire process takes place

within a few days to few weeks, and early diagnosis and

Fig. 7 Structures of (a) Synthetic glycoconjugate against Shigella dysenteriae type- 1 44. (b) Synthetic glycoconjugates against Shigella flexneri 2a 45–47
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treatment are unlikely [88]. Capsular polysaccharides

and anthrax toxin are the main virulence factors of B.

anthracis. Anthrax toxin is a tripartite exotoxin com-

posed of three proteins known as the edema factor (EF),

the lethal Factor (LE) and the protective antigen (PA).

Individually, these three proteins are nontoxic, but in

binary combinations, particularly PA with EF and PA

with LE, they produce edema toxin (ET) and lethal

toxins (LT), respectively [89].

Although anthrax can be treatable by antibiotics, vac-

cination is the best option to prevent anthrax. So far, the

first and second generation of human anthrax vaccines

have been developed based on the spores and anthrax

toxin. However, the vaccines have several limitations, in-

cluding poor immunogenicity, tedious 5- to 6 primary

vaccination doses with annual boosting, low efficacy, un-

certain safety, and side effects [89, 90]. Therefore, there

is a need to develop a new type of vaccines with novel

formulations. In this regard, the development of well-

recognized glycoconjugate vaccines is one of the major

choices. The glycans present on the surface of the B.

anthracis vegetative cell and spores provide broad op-

portunities for the development of new vaccines and

biomarkers against anthrax [91].

Many preclinical studies have focused on the tetrasac-

charide expressed on the surface of B. anthracis exospo-

rium. This tetrasacchride is composed of three

rhamnose resides and one rare sugar known as anthrose

at its nonreducing end [92]. Seeberger group was the

first to demonstrate that synthetic anthrax tetrasacchar-

ide bound to KLH protein 48 (Fig. 8) are immunogenic

in mice. The resulted carbohydrate specific monoclonal

IgG antibodies recognized the glycan structure of native

B. anthracis endospores [93]. Further studies by Boon

group showed that anthrose-rhamnose-rhamnose trisac-

charide conjugated to KLH 49 (Fig. 8) was a sufficient

fragment to bind to the antispore rabbit serum and the

isovaleric acid substituent of anthrose played a crucial

role in antibody recognition [94]. Later studies by vari-

ous groups mainly focused on the role of anthrose resi-

due and its structural requirements in immunogenicity

and antigenicity. The results of these studies can be

summarized to i. anthorse is the immunodominant feature

of the tetrasaccharide; ii. isovaleric acid moiety at C-4 and

methyl group at C-6 of anthorse are key antigenic ele-

ments and essential in recognition of anti-spore anti-

bodies; iii. OMe group at C-2 is not necessary, because it

is not involved in recognition of antibodies; and iv. rham-

nose moiety alone (without anthrose) is not crucial to an-

tigenicity. To date most of the glycoconjugate vaccines

developed against anthrax are still in preclinical stage.

Clostridium difficile

The gram-positive, spore forming, and toxin-producing

bacterium, Clostridium difficile, mainly causes nosocomial

antibiotic-associated colitis and diarrhea in humans. Over

the past 10 years, Clostridium difficile infections (CDI)

have emerged globally. In the USA alone, the estimated

CDI cases reached 606,058 and CDI-attributed deaths

reached 44,572 in 2014, translating to an economic bur-

den of $ 4 to7 billion USD annually [95]. Like B. anthracis,

C. difficile can also exist as spores, which are able to sur-

vive for months in all environments without loss of viabil-

ity and can transmit to people via the oral route. After

ingestion, spores can survive in the stomach and subse-

quently reach to intestine, and patient remains disease free

at this stage. When the balance of natural gut microbiota

is disturbed by antibiotics treatment of other diseases, the

environment favors the spores to germinate into vegeta-

tive cells that can enter into the colon and secrete two en-

terotoxins (TcdA and TcdB) that can severely damage the

intestinal mucosa and lead to colitis and diarrhea [96]. On

the other hand, C. difficile strains that do not produce

toxins are non-pathogenic.

Fig. 8 Structures of the synthetic glycoconjugates 48–49 against Bacillus anthracis
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Although CDI can be treated by antibiotics, there is

still an urgent need of C. difficile vaccines due to the

emergence of antibiotic resistant strains, recurrent CDIs,

difficulty in diagnosis and economic burden of the treat-

ment. Over the past decade, most research effort has

been focused on the development of C. difficile toxoids-

based vaccines, which are currently in different stages of

clinical trials [97]. Apart from that, carbohydrate-based

vaccines are studied at preclinical level. Although C. dif-

ficile spores don’t express any surface gycans, the vegeta-

tive form of C. difficile cells do express three types of

glycans (PSI, PSII, and PSIII) on the cell surface. Among

them, PSII is the most abundant polysaccharide and is

expressed by all C. difficile ribotypes and thus, represents

an important target molecule for vaccine design [98].

Two groups individually investigated the synthesis, im-

munogenicity and antigenicity of PSII oligosaccharide of

C. difficile. In order to study the role of phosphate group

in immunogenicity, Adamo et al. first synthesized the

hexasaccharide repeating unit of PSII with and without

phosphate group at non-reducing end via [4 + 2] conver-

gent approach [99]. The synthetic antigens and native

PSII polysaccharide were conjugated to CRM197 carrier

protein, respectively Fig. 9 (Hexa-CRM197 50, HexaP-

CRM197 51 and PSII-CRM197 53), and the glycoconju-

gates were used to immunize Balb/C mice. Interestingly,

IgG antibodies elicited by both native PSII-CRM197 53

and synthetic HexaP-CRM197 51 glycoconjugates were

able to recognize PSII on the surface of C. difficile cells.

However, nonphosphorylated Hexa-CRM197 50 did not

induce either IgG or IgM antibodies, indicating the im-

portance of negatively charged phosphate group for im-

munogenicity. Concurrently, Seeberger group completed

another study, in which the mice were immunized with

a conjugate 52 composed of the synthetic nonpho-

sphorylated PSII hexasaccharide that bound to CRM197

carrier protein through squaric acid [100]. The neoglyco-

conjugate 52 was immunogenic in mice and produced

carbohydrate specific antibodies that specifically interacted

with the synthesized glycan hapten. These results sug-

gested that PSII hexasaccharide single repeating unit with

charged phosphate group is the sufficient potential epitope

for vaccine design against C. difficile. In addition, the im-

munogenicity of PSI and PSIII oligosaccharides were also

studied using mice and rabbit models.

Brucella

Brucella species are non-spore-forming, gram-negative

coccobacilli that causes Brucellosis in humans and animals

such as cattle, goats, camels, sheep, deer, swine and dogs

worldwide. Among the 10 species within the genus Bru-

cella B. melitensis, B. abortus, B. suis and B. canis are the

main pathogenic species in both animals and humans

[101]. Brucellosis is an endemic and mostly transmitted to

humans by direct contact with the infected animals or

consumption of their raw milk and meat products [102].

The emergence of human brucellosis is a serious problem

and effects the economy in developing countries such as

India, China, Brazil and some of the African countries.

The available diagnostic tools of Brucella are inadequate,

expensive and time consuming. Moreover, the available

live vaccines are limited to ruminants, and there is no vac-

cine for humans [103]. Furthermore, treatment of human

brucellosis requires long and costly antibiotic therapy.

Therefore, there is an urgent need to develop a superior

diagnostic tools and vaccines against Brucella [104].

Fig. 9 Structures of (a) PSII synthetic glycoconjugates 50–52 against Clostridium difficile. (b) Native PSII-CRM197 glycoconjugate 53
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The O-antigen or O-polysaccharide (OPS) domain of

LPS of Brucella is composed of a homopolysaccharide

rare sugar 4,6-dideoxy-4-formamido-α-D-mannopyra-

nose (Rha4NFo) that exists in two sequences, resulting

in two types of antigens known as A and M antigens

(Fig. 10). The A antigen consists a longer inner sequence

of α-1,2-linked D-Rha4NFo residues and is capped by

the M type antigen, which contains one α-1,3-linked D-

Rha4NFo for every four α-1,2-linked D-Rha4NFo resides

[105]. Both A and M antigens are virulent in nature, and

studies showed all of the investigated Brucella strains

have 2 to 21% of M character linkages except for B. suis

biovar 2, which only has A type antigen [106].

In 2013, the Bundle group synthesized pentasacchride

54a and nonasacchride 55a of O-antigen and studies

their antigenicity [107]. The nonasacchride 55a was de-

signed to have A and M epitopes, whereas pentasac-

chride 54a had mostly M type. After the conjugation

with BSA, both conjugates 54b and 55b were coated on

ELISA plates, to be tested against two monoclonal anti-

bodies (mAbs) YsT9–1 and Bm10, specifically for the

Brucella A and M antigens, respectively. Interestingly,

nonasacchride antigen 55b bound to A- and M-specific

mAbs with equivalent avidity, whereas the pentasaccha-

ride antigen 54b preferentially bound to M-specific

mAbs, as expected. This discrimination between M and

A antibodies by pentasaccharide conjugate might im-

prove by decreasing the number of 1,2-linked α-D-

Rha4NFo residues in the molecule.

To study this possibility, a series of M-type oligosaccha-

rides from di- to tetrasacchrides 56a-59a was synthesized

and subsequently conjugated to BSA to identify the smal-

lest and largest M epitopes [108]. Surprisingly, both di-

and tetrasaccharide-BSA conjugates 56b and 59b (M-

type) were able to detect antibodies in the sera of humans

and animals infected with B. suis and B. abortus, despite

of having A-dominate LPS in their cell wall. Moreover,

the same conjugates also showed strong binding avidity to

M-specific mAbs and weak to negligible binding to A-

specific mAbs. Furthermore, the anti A-antibodies elicited

exclusively by α-1,2-linked hexasaccharide-TT conjugate

60, bind well to the M type disaccharide and tetrasacchar-

ide antigens 56b and 59b [104]. These results suggested

that disaccharide antigen 56 is the simplest structure that

can detect antibodies in the sera of Brucella infected ani-

mals and humans and would be a promising biomarker

for the detection of Brucella.

Carbohydrate-based anti-cancer vaccines

Cancer is a type of disease with immortalized cell

growth and metastasis to other tissues of human body.

Vaccines for cancer treatment are classified into preven-

tion vaccines, which prevent virus infection (e.g., HPV

vaccine against human papillomavirus and Hepatitis B

vaccine against hepatitis B virus), and therapeutic vac-

cines, which are immunotherapy that train and activate

immune system in human body to eliminate cancer cells

(e.g., Provenge® against prostate cancer). Recently, im-

munotherapy is gaining popularity in cancer treatment

due to its low side effects and high specificity [109].

Most of the immunotherapies target on the surface pro-

tein such as PD-L1 of the cancer cell. In addition,

Fig. 10 Structures of the Brucella O-antigen and their synthetic oligosaccharides 54a-59a and glycoconjugates 54b-59b and 60
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tumor-associated carbohydrate antigens (TACAs), which

are abundant on the surface of different types of cancer

cells, are highly associated with tumor progression and

therefore potential candidates for cancer immunother-

apy [110, 111]. TACAs are classified into four groups

(Fig. 11): (1) The Globo series including Globo H,

SSEA4 and SSEA3 (GB5) which are glycolipids and over-

express in breast, prostate, lung, ovary and colon cancer

cells; (2) the gangliosides including GD2, GD3, GM2, GM3

and fucosyl GM1 which overexpress on melanoma, neuro-

blastoma, sarcoma and B-cell lymphoma; (3) the blood

group including LewisX, LewisY, sialyl LewisX, and sialyl

Lewisa which are also gangliosides and overexpress on

breast, prostate, lung colon and ovary cancer cells; (4) the

glycoprotein including Thomsennouveau (Tn), Thomsen

−Friendreich (TF), and sialyl-Tn (STn) which attach at the

serine/threonine on the mucin and overexpress in epithelial

cancer cells (breast, ovary and prostate) [112–119]. Previous

clinical experiences showed increasing survival rate in pa-

tients who were passively administrated antibodies recog-

nizing carbohydrate or generated appropriate amount of

antibodies after immunization with carbohydrate-based

vaccine [120, 121]. Thus, TACAs are demonstrated to be

ideal targets for cancer vaccine development.

TACAs with protein carrier

TACAs are poorly immunogenic and T-cell independ-

ent, similar to bacterial polysaccharides as mentioned

earlier. Therefore, many studies covalently conjugated

TACAs to carrier proteins such as BSA, KLH, DT, TT,

OVA, and MUC1 peptides to induce T-cell mediated im-

mune response [28]. Interestingly, the same TACA with

different carrier proteins resulted in different immune

response against TACA. For example, Helling et al. conju-

gated ganglioside antigen GD3 to different carrier proteins

BSA, KLH, OMP, multiple antigenic peptide (MAP) and

polylysine through reductive amination [122]. After

immunization the conjugates to mice, the strongest IgG

antibody titer was found in mice with GD3-KLH and

QS-21 immunization. Similarly, Danishefsky and Liv-

ingston’ group synthesized several Tn (consist of mono-

saccharide GalNAc) constructs: Tn monosaccharide,

Tn-threonine trimer cluster, and Tn partially or fully

glycosylated MUC1 cluster and conjugated them indi-

vidually to KLH or BSA carrier protein through m-

malemidobenzoyl- N-hydroxysuccinimide ester [123]. They

found that Tn-KLH induced stronger IgG titer than Tn-

BSA. As a part of cancer vaccine development, our group

has synthesized Globo H vaccines with KLH, DT, TT, and

BSA carrier proteins and immunized them in a mice model

with different adjuvant. We found that Globo H-DT with

C34 adjuvant induced the strongest IgG antibodies that

specifically recognized Globo series antigens (Globo H,

SSEA4 and SSEA3) [124].

To conjugate TACAs to the carrier protein, the reducing

end of TACA is installed with spacers including p-nitro-

phenyl, maleimide, aldehyde containing groups, which then

conjugated to carrier protein through amide bond forma-

tion, Michael addiction and reductive amination. Although

these spacers efficiently conjugate TACAs and carrier pro-

tein together, they also induced immune response against

itself. Boon’s group prepared LeY conjugated KLH vaccine

with 4-(maleimidomethyl) cyclohexane-1-carboxylate (MI)

linker. The ELISA results indicated strong IgG antibody

that recognized linker region was induced [125].

Based on the above results, series of carbohydrate-based

anticancer vaccines have been generated and used in clin-

ical trials including gangliosides (GD2, GD3, and GM3),

Lewis structure series, O glycans (Tn, STn and Tf) and

Globo series (Globo H and SSEA4) [28, 126–131].

Fig. 11 Structure of representive TACAs: (a) Globo series; (b) Gangliosides; (c) Blood group; (d) Mucin attached glycan

Mettu et al. Journal of Biomedical Science            (2020) 27:9 Page 12 of 22



Polyvalent vaccine

With the successful experience in monovalent vaccine

development, Danishefsky and Livingston group devel-

oped multiple antigens in a one single TACA vaccine. In

their Phase II clinical trial, the patients were co-

administrated with GM2, Globo H, Lewisy, TF(c), Tn(c),

STn(c) Tn-MUC1 that was individually conjugated to

KLH and mixed with adjuvant QS21 as a heptavalent

vaccine. Eight of nine patients developed responses

against at least three antigens. However, the antibodies

titer was lower than the response from administration of

a single corresponding vaccine [132]. The over-dose car-

rier protein KLH may induce a strong immune response

against itself and impair the response against carbohy-

drate antigens. To overcome this issue, Danishefsky and

coworkers first synthesized unimolecular pentavalent

vaccine containing Globo-H, STn, Tn, TF, and Ley anti-

gens, which are overexpressed on prostate and breast

cancer cell surfaces (Fig. 12) [133]. Then, they attached

these antigens to an amino acid by peptide coupling and

conjugated the assembly to KLH by Michael addition. The

immunological studies of these glycoconjugates showed

that antibodies against Globo-H, STn, Tn, and TF were

strongly induced in comparison to the pooled monovalent

vaccine in the preclinical result. But antibodies against Ley

were not as strong, possible due to immune-tolerance

caused by relatively high Ley on normal cells. To improve

the vaccine efficacy, the same research group developed a

second-generation unimolecular pentavalent vaccine, which

targets the Globo H, STn, Tn, TF, and GM2 instead of Ley

(Fig. 12). The GM2 was selected because the GM2 induced

antibodies are able to recognize cancer cell and positively

correlated with patient survival in clinical trial [120]. The

vaccine induced perspective antibodies not only target each

antigen but also recognize the overexpressed antigens on

cancer cells [134]. The results of the phase I study of this

unimolecular pentavalent vaccine demonstrated vaccine

safety and effective induction of antibody responses against

five ovarian cancer cell surface antigens. Specifically, IgG

and/or IgM titers were detected against 3 or more antigens

in 9 out of 12 patients, 4 or more antigens in 7 out of 12

patients, and 5 or more antigens in 3 out of 12 patients

[135]. In short, the unimolecular pentavalent vaccines that

combined several carbohydrate antigens and carrier protein

conjugates could simulate immune response against the

heterogeneous carbohydrate epitopes expressed on the sur-

face of cancer cells. In comparison with combined mono-

meric vaccines, the unimolecular pentavalent vaccine

allows higher yield of the final conjugation step, simplified

carbohydrate ratio validation step, mimicking the hetero-

geneity of cancer cells and lower carrier protein amount to

minimize the immune suppression.

Fully synthetic carrier vaccine

Despite many encouraging preclinical results, many limi-

tations have prevented the carbohydrate-protein conju-

gate vaccines from FDA approved. First, the yield of the

conjugation step is low, and the conjugation numbers

are not consistent in each batch, affecting vaccine effi-

cacy. Second, both the carrier protein and the linker

Fig. 12 Unimolecular pentavalent vaccine containing Globo H, STn, Tn, LeY or GM2 and TF
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between carbohydrate and carrier protein, may also be

immunogenic and induce immune response against itself

[125]. The undesired antibody production that targets

carrier protein and linker may affect the vaccine efficacy

and decrease the desired antibody titer. Lee et al. in-

stalled the phenyl NO2 at the reducing end of glycan

and conjugated it to CRM197 [136]. After immunization,

the glycan array result showed that antiserum from the

immunized mice recognized the phenylNO2 but not the

glycan. This result indicated that the strong immuno-

genic function group reduces the vaccine efficacy. Yin

et al. synthesized Qβ-Tn through click reaction with tri-

azole function group [137]. After immunization, the

antiserum bound to the triazole structure and can not

recognize the TA3Ha cancer cells. They replaced the tri-

azole to the less immunogenic alkyl amide linker on the

Qβ-Tn which was immunized in mice. The antiserum

not only bound to the Tn antigen but also recognized

the cancer cells. The results indicated that the immuno-

genic function group at linker moiety result in reduction

of vaccine efficacy. To achieve the significance of clinical

trial for TACAs vaccine, the strong immunogenic func-

tion group like triazole should be avoided. The less im-

munogenic alkyl amide may be a proper linker for

covalent conjugation of TACAs to carrier protein.

To overcome the disadvantage brought by the carrier

protein, many studies attempted to use different epitopes

of immune cells to elicit immune response. Agonist of

toll-like receptor (TLR) on dendritic cells activates NFkB

and AP-1, resulting in cytokine secretion and immune

activation. Moreover, Toyokuni et al. were the first to

couple Tn antigen to a TLR agonist tripalmitoyl-S-

glycerylcysteinylserine (Pam3Cys) as fully synthetic vac-

cine (Fig. 13a) [138]. Although only moderate IgG was

induced, it was the first carrier protein-free TACA vac-

cine that could elicit immune responses against carbohy-

drate antigen. To induce IgG antibody production and

longterm memory B cells, the involvement of T cell is

necessary for antibody affinity maturation in B cells.

Cantacuzene’s group synthesized Tn glycopeptide that

contains PV as T cell epitope (Fig. 13b). The resulting

vaccine induced robust IgG antibodies, which recognized

cancer cell line and also increased the survival rate of

tumor-bearing mice [139–141]. Another Th cell epitope,

Pan DR epitope (PADRE) installed on TACAs was also

able to induce robust IgG antibodies titer (Fig. 13c) [142,

143]. Dumy and coworkers designed clustered Tn anti-

gen conjugated on PV regioselectively using addressable

functionalized templates (RAFTs). The RAFT glycocon-

jugates scaffold is a non-immunogenic, built-in vaccine

carrier and elicits IgG antibodies that recognize Tn anti-

gens (Fig. 13d) [144]. Kunz’s group connected STn gly-

copeptides to a Th-cell peptide epitope from ovalbumin

(OVA323–339) by a non-immunogenic amino acid spacer

(Fig. 13e) [145]. The resulting vaccine induced strong

and specific immune response against the tumor-

associated structure. Later, the same group installed Tn,

STn and TF antigens on Pam3CysSK4 through fragment

condensation (Fig. 13f) [146]. Although antiserum titers

were not as high as MUC1 tetanus toxoid vaccine, the

antibodies only recognized the MUC1 glycopeptides

with the same glycosylated site. On the other hand, to

avoid the enzymatic degradation and increase the bio-

availability of vaccine, BenMohamed et.al conjugated Tn

mimetics instead of native Tn on RAFT with an immu-

nostimulant peptide epitope (OvaPADRE). This vaccine

induced long-lasting and strong IgG/IgM antibodies,

which protects mice against tumor progression [147].

Zwitterionic polysaccharides (ZPSs) can induce MHCII

mediated immune response and replace carrier protein as a

potential component of carbohydrate-based vaccine. De

Silva et al. modified PS-A1 to Tn antigen by oxime forma-

tion to afford fully carbohydrate vaccine without other im-

mune stimulant [148]. The immunization of this vaccine

evoked high titer and specific antibodies. The same group

conjugated STn on PS-A1 and characterized the loading

amount of STn 1 to be around 10–11% by H NMR integra-

tion and Svennerholm method (Fig. 13g) [149]. The

immunization of the vaccine with adjuvant elicited strong

immune response and high titer IgM/IgG antibodies. These

antibodies not only recognized cancer cells (MCF-7 and

OVCAR-5) but also conducted complement-dependent cel-

lular cytotoxicity cell lines. Another full carbohydrate vac-

cine was developed by Guo’s group. They individually

conjugated modified GM3, STn, or Globo H on monopho-

sphoryl lipid A (MPLA) to form three built-in adjuvants

(Fig. 13h). Among them, Globo H-MPLA vaccines elicited

stronger antibodies titer and higher cell toxicity activity

without external adjuvant in comparison to Globo H-KLH

with Freund’s complete adjuvant [150–153].

The above result showed that three components, includ-

ing B cell epitopes (TACAs), TLR agonist (built in adju-

vant) and Th epitope (MHCII presenting peptides), play a

crucial role for the fully synthetic vaccine to induce strong,

specific and long-lasting immune response. Ingale et.al syn-

thesized three components to form fully synthetic vaccine

composed of TLR ligand (Pam3CysSK4), Th epitope (PV)

and B epitope (Tn glycopeptide) (Fig. 14a) [154]. The lipid

moiety facilitates the uptake of the vaccine by macrophages

and dendritic cells. Impressively, the vaccine induced strong

antibodies, which were able to recognize cancer cell line

even without coadministration of QS-21 adjuvant. More-

over, Th epitopes induced very low antibodies, indicating

that immunosuppression was tolerable. Dumy and BenMo-

hamed’s group developed a tetra-components vaccine by

assembling a cluster of B cell epitope (Tn antigen), CD4+ T

cell epitope (Pan-DR), CD8+ T cell epitope (OVA257–264)

and built-in adjuvant (palmitic acid) through oxime and
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disulfide bond formation (Fig. 14b) [155]. The vaccine sig-

nificantly induced strong antibodies that recognized tumor

cell lines, activated CD4+ and CD8+ cells, and protected

mice against lethal carcinoma cell challenge [156]. Cai et al

installed different numbers of Tn or STn glycopeptides into

two component vaccine by the click reaction (Fig. 14c).

The immunological study result indicated that four copies

of a MUC1 sialyl-Tn antigen showed excellent antibodies

titer and elicited an antiserum that killed the cancer cells by

CDC [157].

Modification of TACAs

Although TACAs are generally ideal vaccine candidates,

some of them are expressed in normal tissue or cells in

the developing stage, leading to immune tolerance and

lower immunogenicity of the vaccine. Two types of

modified TACA vaccines have been studied including

metabolic oligosaccharides engineering (MOE) vaccine

and cross-reactivity antibodies induced by modified

TACAs. The modification of TACAs vaccine provides

the following advantages, 1) preventing the immune

Fig. 13 Fully synthetic vaccines. (a) Pam3Cys conjugated Tn; (b) Th epitope PV conjugated Tn glycopeptides; (c) Th epitope PADRE conjugated Tn and

Tf-MUC1 glycopeptides; (d) Th epitope PV conjugated with RAFT cyclic peptide and tetravalent of Tn; (e) T cell epitope OVA conjugated STn-MUC1

glycopeptide; (f) Pam3CysSK4 conjugated Tn, Tf or STf-MUC1 glycopeptides; (g) PSA1 conjugated STn; (h) MPLA conjugated Globo H, STn or GM3
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tolerance, 2) avoiding the glycosidase degradation, and

3) enhancing the immunogenicity.

Metabolic oligosaccharides engineering (MOE)

In this strategy, modified TACA analogs vaccine was im-

munized to tumor-bearing mice. Then, mice were

treated with the corresponding precursor, which was

processed into modified TACA on the surface of cancer

cells. The antibodies induced by modified TACA analog

vaccine were able to recognize the bio-synthesized anti-

gen on the cancer cell and eliminated cancer cells by

ADCC or CDC.

Moreover, Guo’s group modified the N-acetyl group

on the sialic acid of GM3 into different functional

groups and conjugated them on KLH [158]. Among

them, N-phenylacetyl GM3-KLH showed best immuno-

genicity and T cell-dependent immunity. However, its

antisera showed low cross-reactivity in binding to native

GM3. They further incubated the cancer cells with cor-

responding mannosamine and analyzed those cells by

FACS [159]. Particularly, N-phenylacetyl-D-mannosa-

mine was used as a precursor and synthesized into N-

phenylacetyl GM3. The modified GM3 expressing can-

cer cells could go through anti-GM3PAc immune

serum-mediated cytotoxicity. Later, they performed both

in vitro and in vivo model for N-phenylacetyl GM3 ex-

pression. The mice treated with N-phenylacetyl manno-

samine showed strong N-phenylacetyl GM3 expression.

The N-phenylacetyl GM3 vaccine protected mice against

tumor progression after metabolic oligosaccharides en-

gineering. Another TACA STn was also modified into

N-phenylacety and N-chlorophenylacetyl STn by the

same group, and the vaccine immunogenicity was also

stronger than native STn vaccine [160–162].

These results demonstrated that MOE is a powerful tool

to enhance immunogenicity. Most studies have focused

on sialic acid modification. However, sialic acid plays

many important roles in biological function. Unnatural si-

alic acid may contribute to breakage of its original func-

tion and result in disease. Hence, the investigation of

MOE side effects is required in the future.

Cross-reactivity antibodies induced by modified TACAs

To overcome the shortage of MOE, many studies focus

on modification of TACAs vaccines, which not only

could generate stronger immunogenicity but also induce

cross-reactive antibodies recognizing native carbohy-

drate antigens on the tumor cells. Zheng et al. synthe-

sized a series of GM3 analogs with the modification at

N-acetyl group on sialic acid (Fig. 15a) [163]. The GM3-

KLH vaccine with propionamide elicited higher IgM and

IgG titer than native GM3 vaccine. Besides, those anti-

bodies are highly cross-reactive to native GM3, indicat-

ing that modification of TACA can generate not only

stronger immunogenicity but also cross-reactivity to na-

tive antigen.

STn antigen has also been modified and studied in many

studies. Ye’ s group reported different modifications at N-

acetyl group on the sialic acid of STn [164]. The vaccines

with fluorine modified STn showed stronger IgG titer and

higher IgG/IgM ratio in comparison to native STn vaccine

(Fig. 15b). To enhanced the vaccine stability and avoid the

Fig. 14 Fully synthetic multicomponent and multivalent vaccines (a) Three components vaccine contains Pam3CysSK4 adjuvant, Th epitope and

Tn-MUC1; (b) Four components vaccine contains palmitic acid adjuvant, OVA CD8+ T cell epitope, PADRE CD4+ T cell epitope and Tn-RAFT; (c)

Pam3CysSK4 with tetra Tn MUC1 glycopeptides
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glycosidase hydrolysis, they also substituted the oxygen at

the glycosidic bond to sulfur to generate S-linked STn de-

rivatives with fluorine-containing modification [165]. Even

though the vaccines could elicit cross-reactive antibodies

to recognize native STn, the antibodies titer was not

stronger than native STn vaccine. In vivo result indicated

that N-fluoroacetyl modified STn vaccine was able to in-

duce T cell-dependent immunity, increase survival in

tumor-bearing mice and activate antibodies mediated cell

cytotoxicity (ADCC and CDC) [166]. Similar modifica-

tions were installed at N- acetyl group at TF antigen

(Fig. 15c) [167]. Compare to native TF vaccine, N-

fluoroacetyl modified TF vaccine induced two-fold IgG

antibodies titer. Although some modified vaccines showed

remarkable results, and most of them targeted an amino

group, which can be selectively converted to other func-

tion groups instead of majority hydroxyl on the carbohy-

drates. The specific modification at the hydroxyl group is

more challenging because complicated protection and

deprotection procedures are required for the installation

of site-specific modification in numerous hydroxyl group.

Our group used chemoenzymatic strategy to synthesize

numerous Globo H analog vaccines with the modifi-

cation at reducing and non-reducing end [136]. Our

results indicated that azido modification at the nonre-

ducing end of Globo H-CRM197 could elicit stronger

IgG titer than native Globo H vaccine (Fig. 15d). The

antiserum was able to recognize the cancer cell line

and eliminate it by ADCC.

Future prospective and conclusions

Generally speaking, prevention is better than treatment,

and vaccination is an effective and safe approach to pre-

vent infections. Since the last century most of the diseases

such as polio, smallpox, rubella, influenza, mumps and

other have been under controlled, and some diseases now

are even completely eradicated after the introduction of

traditional vaccines (live and killed vaccines) [168].

Moreover, the glycoconjugate vaccines such as S.

pneumoniae, H. influenzae and N. Meningitidis, which

are made by poor immunogenic oligo−/polysaccharide

covalently linked to carrier protein (T-cell epitope), ex-

hibit high efficiency and effectively worked for chilfren

younger than 2 years of age. Unfortunately, these vac-

cines are not readily available for children in poor coun-

tries due to their high cost and low supply. Also, these

glycoconjugate vaccines are able to protect people from

vaccinated serotypes, but recently reported emergency of

non-vaccine serotypes of S. pneumoniae and N. Meningi-

tidis. Therefore, more studies on serotype inclusion or

replacement are needed.

Although conjugate vaccines are effective and safe, but

some issues need to be addressed. There is no general

rule to predict the optimal length/size of the oligosac-

charide and appropriate saccharide/protein molar ratio

for vaccine development. Moreover, the presence of car-

rier protein and linker in conjugate vaccines can lead to

some disadvantages. Both carrier proteins and linkers

themselves can be immunogenic and elicit nonspecific

Fig. 15 TACA modification vaccines (a) propionamide modified GM3-KLH; (b) N-fluoroacetyl modified STn-KLH; (c) N-fluoroacetyl modified TF-

CRM197; (d) azido modified Globo H-CRM197
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immune response that can suppress carbohydrate-specific

antibody production [169]. Therefore, there is a need to

design and develop carrier protein free and linker free vac-

cines. The recent studied zwitterionic polysaccharide

(ZPS) type vaccines are an alternative. The ZPS vaccines

contain both positive and negative charges on adjacent

monosaccharide units and were found to be able to elicit

MHC II mediated T cell response without linkage of car-

rier protein [170]. This finding has important implications

for the design of novel polysaccharide vaccines.

The development of carbohydrate-based anti-cancer

vaccine has made significant progress in the past few de-

cades. Preclinical trials of monovalent and polyvalent

vaccines showed encouraging results. With more under-

standing about the carrier protein, many fully synthetic

carbohydrate vaccines with good immunogenicity, low

linker effect and optimized conjugation step between

carbohydrate and immune-stimulant moiety have being

developed. However, there is still a major gap between

the mice models and clinical trials. So far, no TACAs

vaccine has been approved by the FDA. The slight ex-

pression of TACAs on normal tissue may result in the

immune-tolerance and lead to low immunogenicity in

clinical trial. Although a proper model to determine the

immunogenicity in human remains to be developed,

modification of TACAs to generate “non-self” antigen

vaccine and induce cross-reactive antibody will be a

good tool for the future studies.

Overall, with the experiences in vaccine development

and clinical trials, carbohydrate-based anti-cancer vac-

cine seems to be closer to reach than ever. More efforts

are still needed to deal with low immunogenicity issue,

unsound immune system in patients, TACSs expression

level between cancer and normal cells in patients, and

the protocol design for clinical trials.

Abbreviations

BSA: Bovine serum albumin; CRM197: Non-toxic mutant of diphtheria toxin;

DT: Diphtheria toxoid; ELISA: Enzyme linked immunosorbent assay;

HSA: Human serum albumin; KLH: Keyhole limpet hemocyanin; OMP: Outer

membrane vesicle; OVA: Ovalbumin; TT: Tetanus toxoid

Acknowledgements

Not applicable.

Authors’ contributions

CYW: Manuscript initiation, organization, revision and submission. RM and

CYC wrote the manuscript. All authors read and approved the final

manuscript.

Funding

This manuscript is supported by Academia Sinica [AS-SUMMIT-108] and

Ministry of Science and Technology [MOST 108–3114-Y-001-002], [MOST

107–0210-01-19-01].

Availability of data and materials

Not applicable.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details
1Genomics Research Center, Academia Sinica, No. 128 Academia Road,

Section 2, Nangang District, Taipei 11529, Taiwan. 2Chemical Biology and

Molecular Biophysics, Taiwan International Graduate Program, Academia

Sinica, No. 128 Academia Road, Section 2, Nangang District, Taipei 11529,

Taiwan.

Received: 7 August 2019 Accepted: 18 November 2019

References

1. Avery OT. Soluble substance of pneumococcus origin in the blood and

urine during lobar pneumonia. Proc Soc Exp Biol Med. 1917;14(6):126–7.

2. Avery OT, Heidelberger M. Immunological relationships of cell constituents

of pneumococcus. J Exp Med. 1923;38(1):81–5.

3. Francis T, Tillett WS. Cutaneous reactions in pneumonia. The development

of antibodies following the intradermal injection of type-specific

polysaccharide. J Exp Med. 1930;52(4):573–85.

4. Finland M, Ruegsegger JM. Immunization of human subjects with the

specific carbohydrates of type iii and the related type viii pneumococcus. J

Clin Invest. 1935;14(6):829–32.

5. Macleod CM, Hodges RG, Heidelberger M, Bernhard WG. Prevention of

pneumococcal pneumonia by immunization with specific capsular

polysaccharides. J Exp Med. 1945;82(6):445–65.

6. Heidelberger M, Mac LC, Di Lapi MM. The human antibody response to

simultaneous injection of six specific polysaccharides of pneumococcus. J

Exp Med. 1948;88(3):369–72.

7. English PC. Therapeutic strategies to combat pneumococcal disease:

repeated failure of physicians to adopt pneumococcal vaccine, 1900-1945.

Perspect Biol Med. 1987;30(2):170–85.

8. Kazanjian P. Changing interest among physicians toward pneumococcal

vaccination throughout the twentieth century. J Hist Med Allied Sci. 2004;

59(4):555–87.

9. Austrian R. Pneumococcus: the first one hundred years. Rev Infect Dis. 1981;

3(2):183–9.

10. Jacobs MR, Koornhof HJ, Robins-Browne RM, Stevenson CM, Vermaak ZA,

Freiman I, Miller GB, Witcomb MA, Isaacson M, Ward JI, et al. Emergence of

multiply resistant pneumococci. N Engl J Med. 1978;299(14):735–40.

11. Austrian R. Pneumococcal polysaccharide vaccines. Rev Infect Dis. 1989;

11(Suppl 3):S598–602.

12. Hilleman MR. Vaccines in historic evolution and perspective: a narrative of

vaccine discoveries. Vaccine. 2000;18(15):1436–47.

13. Rosenstein NE, Perkins BA. Update on Haemophilus influenzae serotype b

and meningococcal vaccines. Pediatr Clin N Am. 2000;47(2):337–52 vi.

14. Plotkin SA, Bouveret-Le Cam N. A new typhoid vaccine composed of the vi

capsular polysaccharide. Arch Intern Med. 1995;155(21):2293–9.

15. Zarei AE, Almehdar HA, Redwan EM. Hib vaccines: past, present, and future

perspectives. J Immunol Res. 2016;2016:7203587.

16. Avery OT, Goebel WF. Chemo-immunological studies on conjugated

carbohydrate-proteins : ii. Immunological specificity of synthetic sugar-

protein antigens. J Exp Med. 1929;50(4):533–50.

17. Robbins JB, Schneerson R. Polysaccharide-protein conjugates: a new

generation of vaccines. J Infect Dis. 1990;161(5):821–32.

18. Gasparini R, Panatto D. Meningococcal glycoconjugate vaccines. Hum

Vaccin. 2011;7(2):170–82.

19. Oosterhuis-Kafeja F, Beutels P, Van Damme P. Immunogenicity, efficacy,

safety and effectiveness of pneumococcal conjugate vaccines (1998-2006).

Vaccine. 2007;25(12):2194–212.

20. Nunes MC, Madhi SA. Review on the immunogenicity and safety of PCV-13

in infants and toddlers. Expert Rev Vaccines. 2011;10(7):951–80.

21. Vella M, Pace D. Glycoconjugate vaccines: an update. Expert Opin Biol Ther.

2015;15(4):529–46.

22. Astronomo RD, Burton DR. Carbohydrate vaccines: developing sweet

solutions to sticky situations? Nat Rev Drug Discov. 2010;9(4):308–24.

Mettu et al. Journal of Biomedical Science            (2020) 27:9 Page 18 of 22



23. Morelli L, Poletti L, Lay L. Carbohydrates and immunology: synthetic

oligosaccharide antigens for vaccine formulation. Eur J Org Chem. 2011;29:

5723–77.

24. Fernandez-Tejada A, Canada FJ, Jimenez-Barbero J. Recent developments in

synthetic carbohydrate-based diagnostics, vaccines, and therapeutics.

Chemistry. 2015;21(30):10616–28.

25. Khatun F, Stephenson RJ, Toth I. An overview of structural features of

antibacterial Glycoconjugate vaccines that influence their immunogenicity.

Chemistry. 2017;23(18):4233–54.

26. Seeberger PH, Werz DB. Synthesis and medical applications of

oligosaccharides. Nature. 2007;446(7139):1046–51.

27. Colombo C, Pitirollo O, Lay L. Recent Advances in the Synthesis of

Glycoconjugates for Vaccine Development. Molecules. 2018;23(7):1712.

28. Buskas T, Thompson P, Boons GJ. Immunotherapy for cancer: synthetic

carbohydrate-based vaccines. Chem Commun (Camb). 2009;36:5335–49.

29. Panza M, Pistorio SG, Stine KJ, Demchenko AV. Automated chemical

oligosaccharide synthesis: novel approach to traditional challenges. Chem

Rev. 2018;118(17):8105–50.

30. Kulkarni SS, Wang CC, Sabbavarapu NM, Podilapu AR, Liao PH, Hung SC.

“One-pot” protection, glycosylation, and protection-glycosylation strategies

of carbohydrates. Chem Rev. 2018;118(17):8025–104.

31. Wen L, Edmunds G, Gibbons C, Zhang J, Gadi MR, Zhu H, Fang J, Liu X,

Kong Y, Wang PG. Toward automated enzymatic synthesis of

oligosaccharides. Chem Rev. 2018;118(17):8151–87.

32. Jones C. Vaccines based on the cell surface carbohydrates of pathogenic

bacteria. An Acad Bras Cienc. 2005;77(2):293–324.

33. Costantino P, Rappuoli R, Berti F. The design of semi-synthetic and synthetic

glycoconjugate vaccines. Expert Opin Drug Discov. 2011;6(10):1045–66.

34. Verez-Bencomo V, Fernandez-Santana V, Hardy E, Toledo ME, Rodriguez MC,

Heynngnezz L, Rodriguez A, Baly A, Herrera L, Izquierdo M, et al. A synthetic

conjugate polysaccharide vaccine against Haemophilus influenzae type b.

Science. 2004;305(5683):522–5.

35. Adamo R, Nilo A, Castagner B, Boutureira O, Berti F, Bernardes GJ.

Synthetically defined glycoprotein vaccines: current status and future

directions. Chem Sci. 2013;4(8):2995–3008.

36. Pifferi C, Berthet N, Renaudet O. Cyclopeptide scaffolds in carbohydrate-

based synthetic vaccines. Biomater Sci. 2017;5(5):953–65.

37. Peri F. Clustered carbohydrates in synthetic vaccines. Chem Soc Rev. 2013;

42(11):4543–56.

38. Herget S, Toukach PV, Ranzinger R, Hull WE, Knirel YA, von der Lieth CW.

Statistical analysis of the bacterial carbohydrate structure Data Base (BCSDB):

characteristics and diversity of bacterial carbohydrates in comparison with

mammalian glycans. BMC Struct Biol. 2008;8:35.

39. Klugman KP, Black S. Impact of existing vaccines in reducing antibiotic

resistance: primary and secondary effects. Proc Natl Acad Sci U S A. 2018;

115(51):12896–901.

40. Agrawal A, Murphy TF. Haemophilus influenzae infections in the H. influenzae

type b conjugate vaccine era. J Clin Microbiol. 2011;49(11):3728–32.

41. Heath PT. Haemophilus influenzae type b conjugate vaccines: a review of

efficacy data. Pediatr Infect Dis J. 1998;17(9 Suppl):S117–22.

42. Baek JY, Geissner A. A modular synthetic route to size-defined

immunogenic Haemophilus influenzae b antigens is key to the identification

of an octasaccharide lead vaccine candidate. Chem Sci. 2018;9(5):1279–88.

43. Rosenstein NE, Perkins BA, Stephens DS, Popovic T, Hughes JM.

Meningococcal disease. N Engl J Med. 2001;344(18):1378–88.

44. Harrison OB, Claus H, Jiang Y, Bennett JS, Bratcher HB, Jolley KA, Corton C,

Care R, Poolman JT, Zollinger WD, et al. Description and nomenclature of

Neisseria meningitidis capsule locus. Emerg Infect Dis. 2013;19(4):566–73.

45. Borrow R, Alarcon P, Carlos J, Caugant DA, Christensen H, Debbag R, De Wals P,

Echaniz-Aviles G, Findlow J, Head C, et al. The global meningococcal initiative:

global epidemiology, the impact of vaccines on meningococcal disease and the

importance of herd protection. Expert Rev Vaccines. 2017;16(4):313–28.

46. McCarthy PC, Sharyan A, Sheikhi Moghaddam L. Meningococcal Vaccines:

Current Status and Emerging Strategies. Vaccines (Basel). 2018;6(1):12.

47. Broker M, Berti F, Costantino P. Factors contributing to the immunogenicity

of meningococcal conjugate vaccines. Hum Vaccin Immunother. 2016;12(7):

1808–24.

48. Crum-Cianflone N, Sullivan E. Meningococcal Vaccinations. Infect Dis Ther.

2016;5(2):89–112.

49. Bundle DR, Smith IC, Jennings HJ. Determination of the structure and

conformation of bacterial polysaccharides by carbon 13 nuclear magnetic

resonance. Studies on the group-specific antigens of Neisseria meningitidis

serogroups a and X. J Biol Chem. 1974;249(7):2275–81.

50. Berkin A, Coxon B, Pozsgay V. Towards a synthetic glycoconjugate vaccine

against Neisseria meningitidis a. Chemistry. 2002;8(19):4424–33.

51. Slattegard R, Teodorovic P, Kinfe HH, Ravenscroft N, Gammon DW, Oscarson

S. Synthesis of structures corresponding to the capsular polysaccharide of

Neisseria meningitidis group a. Org Biomol Chem. 2005;3(20):3782–7.

52. Berti F, Romano MR, Micoli F, Pinto V, Cappelletti E, Gavini M, Proietti D,

Pluschke G, MacLennan CA, Costantino P. Relative stability of meningococcal

serogroup a and X polysaccharides. Vaccine. 2012;30(45):6409–15.

53. Gao Q, Zaccaria C, Tontini M, Poletti L, Costantino P, Lay L. Synthesis and

preliminary biological evaluation of carba analogues from Neisseria meningitidis

a capsular polysaccharide. Org Biomol Chem. 2012;10(33):6673–81.

54. Teodorovic P, Slattegard R, Oscarson S. Synthesis of stable C-phosphonate

analogues of Neisseria meningitidis group a capsular polysaccharide

structures using modified Mitsunobu reaction conditions. Org Biomol

Chem. 2006;4(24):4485–90.

55. Gao Q, Tontini M, Brogioni G, Nilo A, Filippini S, Harfouche C, Polito L,

Romano MR, Costantino P, Berti F, et al. Immunoactivity of protein

conjugates of carba analogues from Neisseria meningitidis a capsular

polysaccharide. ACS Chem Biol. 2013;8(11):2561–7.

56. Torres-Sanchez MI, Zaccaria C, Buzzi B, Miglio G, Lombardi G, Polito L, Russo

G, Lay L. Synthesis and biological evaluation of phosphono analogues of

capsular polysaccharide fragments from Neisseria meningitidis a. Chemistry.

2007;13(23):6623–35.

57. Fallarini S, Buzzi B, Giovarruscio S, Polito L, Brogioni G, Tontini M, Berti F,

Adamo R, Lay L, Lombardi G. A synthetic disaccharide analogue from

Neisseria meningitidis a capsular polysaccharide stimulates immune cell

responses and induces immunoglobulin G (IgG) production in mice when

protein-conjugated. ACS Infect Dis. 2015;1(10):487–96.

58. Richmond P, Borrow R, Findlow J, Martin S, Thornton C, Cartwright K, Miller

E. Evaluation of De-O-acetylated meningococcal C polysaccharide-tetanus

toxoid conjugate vaccine in infancy: reactogenicity, immunogenicity,

immunologic priming, and bactericidal activity against O-acetylated and

De-O-acetylated serogroup C strains. Infect Immun. 2001;69(4):2378–82.

59. Chu KC, Ren CT, Lu CP, Hsu CH, Sun TH, Han JL, Pal B, Chao TA, Lin YF, Wu SH,

et al. Efficient and stereoselective synthesis of alpha(2-->9) oligosialic acids: from

monomers to dodecamers. Angew Chem Int Ed Engl. 2011;50(40):9391–5.

60. Liao G, Zhou Z, Guo Z. Synthesis and immunological study of alpha-2,9-

oligosialic acid conjugates as anti-group C meningitis vaccines. Chem

Commun (Camb). 2015;51(47):9647–50.

61. Liao G, Zhou Z, Suryawanshi S, Mondal MA, Guo Z. Fully synthetic self-

Adjuvanting alpha-2,9-Oligosialic acid based conjugate vaccines against

group C meningitis. ACS Cent Sci. 2016;2(4):210–8.

62. Wang CH, Li ST, Lin TL, Cheng YY, Sun TH, Wang JT, Cheng TJ, Mong KK,

Wong CH, Wu CY. Synthesis of Neisseria meningitidis serogroup W135

capsular oligosaccharides for immunogenicity comparison and vaccine

development. Angew Chem Int Ed Engl. 2013;52(35):9157–61.

63. Micoli F, Romano MR, Tontini M, Cappelletti E, Gavini M, Proietti D, Rondini

S, Swennen E, Santini L, Filippini S, et al. Development of a glycoconjugate

vaccine to prevent meningitis in Africa caused by meningococcal

serogroup X. Proc Natl Acad Sci U S A. 2013;110(47):19077–82.

64. Harale KR, Dumare NB, Singh D, Misra AK, Chhikara MK. Synthesis of a

tetrasaccharide and its glycoconjugate corresponding to the capsular

polysaccharide of Neisseria meningitidis serogroup X and its

immunochemical studies. RSC Adv. 2015;5(52):41332–40.

65. Morelli L, Cancogni D, Tontini M, Nilo A, Filippini S, Costantino P, Romano

MR, Berti F, Adamo R, Lay L. Synthesis and immunological evaluation of

protein conjugates of Neisseria meningitidis X capsular polysaccharide

fragments. Beilstein J Org Chem. 2014;10:2367–76.

66. Oldrini D, Fiebig T, Romano MR, Proietti D, Berger M, Tontini M, De Ricco R,

Santini L, Morelli L, Lay L, et al. Combined chemical synthesis and tailored

enzymatic elongation provide fully synthetic and conjugation-ready Neisseria

meningitidis Serogroup X vaccine antigens. ACS Chem Biol. 2018;13(4):984–94.

67. Geno KA, Gilbert GL, Song JY, Skovsted IC, Klugman KP, Jones C, Konradsen

HB, Nahm MH. Pneumococcal capsules and their types: past, present, and

future. Clin Microbiol Rev. 2015;28(3):871–99.

68. Estimates of the global, regional, and national morbidity, mortality, and

aetiologies of lower respiratory infections in 195 countries, 1990–2016: A

systematic analysis for the global burden of disease study 2016. Lancet Infect Dis

2018, 18(11):1191–1210.

Mettu et al. Journal of Biomedical Science            (2020) 27:9 Page 19 of 22



69. Feldman C, Anderson R. Review: current and new generation

pneumococcal vaccines. J Inf Secur. 2014;69(4):309–25.

70. Rupp R, Hurley D, Grayson S, Li J, Nolan K, McFetridge RD, Hartzel J,

Abeygunawardana C, Winters M, Pujar H, et al. A dose ranging study of 2

different formulations of 15-valent pneumococcal conjugate vaccine

(PCV15) in healthy infants. Hum Vaccin Immunother. 2019;15(3):549–59.

71. Gruber WC, Scott DA, Emini EA. Development and clinical evaluation of

Prevnar 13, a 13-valent pneumocococcal CRM197 conjugate vaccine. Ann N

Y Acad Sci. 2012;1263:15–26.

72. Temple B, Toan NT, Dai VTT, Bright K, Licciardi PV, Marimla RA, Nguyen CD,

Uyen DY, Balloch A, Huu TN, et al. Immunogenicity and reactogenicity of

ten-valent versus 13-valent pneumococcal conjugate vaccines among

infants in Ho Chi Minh City, Vietnam: a randomised controlled trial. Lancet

Infect Dis. 2019;19(5):497–509.

73. Wijmenga-Monsuur AJ, van Westen E, Knol MJ, Jongerius RM, Zancolli M,

Goldblatt D, van Gageldonk PG, Tcherniaeva I, Berbers GA, Rots NY. Direct

comparison of immunogenicity induced by 10- or 13-Valent pneumococcal

conjugate vaccine around the 11-month booster in Dutch infants. PLoS

One. 2015;10(12):e0144739.

74. Anish C, Schumann B, Pereira CL, Seeberger PH. Chemical biology

approaches to designing defined carbohydrate vaccines. Chem Biol. 2014;

21(1):38–50.

75. Kaplonek P, Khan N, Reppe K, Schumann B, Emmadi M, Lisboa MP, Xu FF,

Calow ADJ, Parameswarappa SG, Witzenrath M, et al. Improving vaccines

against Streptococcus pneumoniae using synthetic glycans. Proc Natl Acad

Sci U S A. 2018;115(52):13353–8.

76. Gening ML, Kurbatova EA, Tsvetkov YE, Nifantiev NE. Development of

approaches to a third-generation carbohydrate-conjugate vaccine against

Streptococcus pneumoniae: the search for optimal oligosaccharide ligands.

Russ Chem Rev. 2015;84(11):1100–13.

77. Kotloff KL, Riddle MS, Platts-Mills JA, Pavlinac P, Zaidi AKM. Shigellosis.

Lancet. 2018;391(10122):801–12.

78. Khalil IA, Troeger C, Blacker BF, Rao PC, Brown A, Atherly DE, Brewer TG,

Engmann CM, Houpt ER, Kang G, et al. Morbidity and mortality due to

shigella and enterotoxigenic Escherichia coli diarrhoea: the global burden of

disease study 1990-2016. Lancet Infect Dis. 2018;18(11):1229–40.

79. Muthuirulandi Sethuvel DP, Devanga Ragupathi NK, Anandan S,

Veeraraghavan B. Update on: Shigella new serogroups/serotypes and their

antimicrobial resistance. Lett Appl Microbiol. 2017;64(1):8–18.

80. Barry EM, Pasetti MF, Sztein MB, Fasano A, Kotloff KL, Levine MM. Progress

and pitfalls in Shigella vaccine research. Nat Rev Gastroenterol Hepatol.

2013;10(4):245–55.

81. Ashkenazi S, Cohen D. An update on vaccines against Shigella. Ther Adv

Vaccines. 2013;1(3):113–23.

82. Mani S, Wierzba T, Walker RI. Status of vaccine research and development

for Shigella. Vaccine. 2016;34(26):2887–94.

83. Pozsgay V, Chu C, Pannell L, Wolfe J, Robbins JB, Schneerson R. Protein

conjugates of synthetic saccharides elicit higher levels of serum IgG

lipopolysaccharide antibodies in mice than do those of the O-specific

polysaccharide from Shigella dysenteriae type 1. Proc Natl Acad Sci U S A.

1999;96(9):5194–7.

84. Perepelov AV, Shekht ME, Liu B, Shevelev SD, Ledov VA, Senchenkova SN,

L’Vov V L, Shashkov AS, Feng L, Aparin PG et al: Shigella flexneri O-antigens

revisited: final elucidation of the O-acetylation profiles and a survey of the

O-antigen structure diversity. FEMS Immunol Med Microbiol 2012, 66(2):

201–210.

85. Phalipon A, Tanguy M, Grandjean C, Guerreiro C, Belot F, Cohen D,

Sansonetti PJ, Mulard LA. A synthetic carbohydrate-protein conjugate

vaccine candidate against Shigella flexneri 2a infection. J Immunol. 2009;

182(4):2241–7.

86. van der Put RM, Kim TH, Guerreiro C, Thouron F, Hoogerhout P, Sansonetti PJ,

Westdijk J, Stork M, Phalipon A, Mulard LA. A synthetic carbohydrate conjugate

vaccine candidate against shigellosis: improved bioconjugation and impact of

alum on immunogenicity. Bioconjug Chem. 2016;27(4):883–92.

87. Dixon TC, Meselson M, Guillemin J, Hanna PC. Anthrax. N Engl J Med. 1999;

341(11):815–26.

88. Goel AK. Anthrax: a disease of biowarfare and public health importance.

World J Clin Cases. 2015;3(1):20–33.

89. Tournier JN, Ulrich RG, Quesnel-Hellmann A, Mohamadzadeh M, Stiles BG.

Anthrax, toxins and vaccines: a 125-year journey targeting bacillus anthracis.

Expert Rev Anti-Infect Ther. 2009;7(2):219–36.

90. Chitlaru T, Altboum Z, Reuveny S, Shafferman A. Progress and novel

strategies in vaccine development and treatment of anthrax. Immunol Rev.

2011;239(1):221–36.

91. Adamo R. Glycan surface antigens from bacillus anthracis as vaccine targets:

current status and future perspectives. Expert Rev Vaccines. 2014;13(7):895–

907.

92. Milhomme O, Grandjean C. Synthetic efforts towards Glycoconjugate-based

vaccines active against Anthrax. Curr Org Chem. 2014;18(3):291–311.

93. Tamborrini M, Werz DB, Frey J, Pluschke G, Seeberger PH. Anti-carbohydrate

antibodies for the detection of anthrax spores. Angew Chem Int Ed Engl.

2006;45(39):6581–2.

94. Mehta AS, Saile E, Zhong W, Buskas T, Carlson R, Kannenberg E, Reed Y,

Quinn CP, Boons GJ. Synthesis and antigenic analysis of the BclA

glycoprotein oligosaccharide from the bacillus anthracis exosporium.

Chemistry. 2006;12(36):9136–49.

95. Desai K, Gupta SB, Dubberke ER, Prabhu VS, Browne C, Mast TC.

Epidemiological and economic burden of Clostridium difficile in the United

States: estimates from a modeling approach. BMC Infect Dis. 2016;16:303.

96. Martin JS, Monaghan TM, Wilcox MH. Clostridium difficile infection:

epidemiology, diagnosis and understanding transmission. Nat Rev

Gastroenterol Hepatol. 2016;13(4):206–16.

97. Leuzzi R, Adamo R, Scarselli M. Vaccines against Clostridium difficile. Hum

Vaccin Immunother. 2014;10(6):1466–77.

98. Monteiro MA, Ma Z, Bertolo L, Jiao Y, Arroyo L, Hodgins D, Mallozzi M,

Vedantam G, Sagermann M, Sundsmo J, et al. Carbohydrate-based

Clostridium difficile vaccines. Expert Rev Vaccines. 2013;12(4):421–31.

99. Adamo R, Romano MR, Berti F, Leuzzi R, Tontini M, Danieli E, Cappelletti E,

Cakici OS, Swennen E, Pinto V, et al. Phosphorylation of the synthetic

hexasaccharide repeating unit is essential for the induction of antibodies to

Clostridium difficile PSII cell wall polysaccharide. ACS Chem Biol. 2012;7(8):

1420–8.

100. Oberli MA, Hecht ML, Bindschadler P, Adibekian A, Adam T, Seeberger PH. A

possible oligosaccharide-conjugate vaccine candidate for Clostridium

difficile is antigenic and immunogenic. Chem Biol. 2011;18(5):580–8.

101. Boschiroli ML, Foulongne V, O'Callaghan D. Brucellosis: a worldwide

zoonosis. Curr Opin Microbiol. 2001;4(1):58–64.

102. Franco MP, Mulder M, Gilman RH, Smits HL. Human brucellosis. Lancet

Infect Dis. 2007;7(12):775–86.

103. Goodwin ZI, Pascual DW. Brucellosis vaccines for livestock. Vet Immunol

Immunopathol. 2016;181:51–8.

104. Bundle DR, McGiven J. Brucellosis: improved diagnostics and vaccine

insights from synthetic Glycans. Acc Chem Res. 2017;50(12):2958–67.

105. Kubler-Kielb J, Vinogradov E. Reinvestigation of the structure of Brucella O-

antigens. Carbohydr Res. 2013;378:144–7.

106. Zaccheus MV, Ali T, Cloeckaert A, Zygmunt MS, Weintraub A, Iriarte M, Moriyon

I, Widmalm G. The epitopic and structural characterization of Brucella suis

biovar 2 O-polysaccharide demonstrates the existence of a new M-negative C-

negative smooth Brucella serovar. PLoS One. 2013;8(1):e53941.

107. Guiard J, Paszkiewicz E, Sadowska J, Bundle DR. Design and synthesis of a

universal antigen to detect brucellosis. Angew Chem Int Ed Engl. 2013;

52(28):7181–5.

108. Ganesh NV, Sadowska JM, Sarkar S, Howells L, McGiven J, Bundle DR.

Molecular recognition of Brucella a and M antigens dissected by synthetic

oligosaccharide glycoconjugates leads to a disaccharide diagnostic for

brucellosis. J Am Chem Soc. 2014;136(46):16260–9.

109. Schietinger A, Philip M, Schreiber H. Specificity in cancer immunotherapy.

Semin Immunol. 2008;20(5):276–85.

110. Hakomori S. Tumor-associated carbohydrate antigens defining tumor

malignancy: basis for development of anti-cancer vaccines. Adv Exp Med

Biol. 2001;491:369–402.

111. Glavey SV, Huynh D, Reagan MR, Manier S, Moschetta M, Kawano Y, Roccaro

AM, Ghobrial IM, Joshi L, O'Dwyer ME. The cancer glycome: carbohydrates

as mediators of metastasis. Blood Rev. 2015;29(4):269–79.

112. Hakomori S. Antigen structure and genetic basis of histo-blood groups a, B

and O: their changes associated with human cancer. Biochim Biophys Acta.

1999;1473(1):247–66.

113. Glinsky GV, Ivanova AB, Welsh J, McClelland M. The role of blood group

antigens in malignant progression, apoptosis resistance, and metastatic

behavior. Transfus Med Rev. 2000;14(4):326–50.

114. Hattrup CL, Gendler SJ. Structure and function of the cell surface (tethered)

mucins. Annu Rev Physiol. 2008;70:431–57.

Mettu et al. Journal of Biomedical Science            (2020) 27:9 Page 20 of 22



115. Chang WW, Lee CH, Lee P, Lin J, Hsu CW, Hung JT, Lin JJ, Yu JC, Shao LE,

Yu J, et al. Expression of Globo H and SSEA3 in breast cancer stem cells and

the involvement of fucosyl transferases 1 and 2 in Globo H synthesis. Proc

Natl Acad Sci U S A. 2008;105(33):11667–72.

116. Heimburg-Molinaro J, Lum M, Vijay G, Jain M, Almogren A, Rittenhouse-

Olson K. Cancer vaccines and carbohydrate epitopes. Vaccine. 2011;29(48):

8802–26.

117. Lou YW, Wang PY, Yeh SC, Chuang PK, Li ST, Wu CY, Khoo KH, Hsiao M, Hsu

TL, Wong CH. Stage-specific embryonic antigen-4 as a potential therapeutic

target in glioblastoma multiforme and other cancers. Proc Natl Acad Sci U S

A. 2014;111(7):2482–7.

118. Livingston PO, Zhang S, Lloyd KO. Carbohydrate vaccines that induce

antibodies against cancer. 1. Rationale. Cancer Immunol Immunother. 1997;

45(1):1–9.

119. Hamilton WB, Helling F, Lloyd KO, Livingston PO. Ganglioside expression on

human malignant melanoma assessed by quantitative immune thin-layer

chromatography. Int J Cancer. 1993;53(4):566–73.

120. Livingston PO, Wong GY, Adluri S, Tao Y, Padavan M, Parente R, Hanlon C,

Calves MJ, Helling F, Ritter G, et al. Improved survival in stage III melanoma

patients with GM2 antibodies: a randomized trial of adjuvant vaccination

with GM2 ganglioside. J Clin Oncol. 1994;12(5):1036–44.

121. Yu AL, Gilman AL, Ozkaynak MF, London WB, Kreissman SG, Chen HX, Smith

M, Anderson B, Villablanca JG, Matthay KK, et al. Anti-GD2 antibody with

GM-CSF, interleukin-2, and isotretinoin for neuroblastoma. N Engl J Med.

2010;363(14):1324–34.

122. Helling F, Shang A, Calves M, Zhang S, Ren S, Yu RK, Oettgen HF, Livingston

PO. GD3 vaccines for melanoma: superior immunogenicity of keyhole

limpet hemocyanin conjugate vaccines. Cancer Res. 1994;54(1):197–203.

123. Kagan E, Ragupathi G, Yi SS, Reis CA, Gildersleeve J, Kahne D, Clausen H,

Danishefsky SJ, Livingston PO. Comparison of antigen constructs and carrier

molecules for augmenting the immunogenicity of the monosaccharide

epithelial cancer antigen Tn. Cancer Immunol Immunother. 2005;54(5):424–30.

124. Huang YL, Hung JT, Cheung SK, Lee HY, Chu KC, Li ST, Lin YC, Ren CT,

Cheng TJ, Hsu TL, et al. Carbohydrate-based vaccines with a glycolipid

adjuvant for breast cancer. Proc Natl Acad Sci U S A. 2013;110(7):2517–22.

125. Buskas T, Li Y, Boons GJ. The immunogenicity of the tumor-associated

antigen Lewis(y) may be suppressed by a bifunctional cross-linker required

for coupling to a carrier protein. Chemistry. 2004;10(14):3517–24.

126. Ragupathi G. Carbohydrate antigens as targets for active specific

immunotherapy. Cancer Immunol Immunother. 1996;43(3):152–7.

127. Slovin SF, Keding SJ, Ragupathi G. Carbohydrate vaccines as

immunotherapy for cancer. Immunol Cell Biol. 2005;83(4):418–28.

128. Guo Z, Wang Q. Recent development in carbohydrate-based cancer

vaccines. Curr Opin Chem Biol. 2009;13(5–6):608–17.

129. Huang YL, Wu CY. Carbohydrate-based vaccines: challenges and

opportunities. Expert Rev Vaccines. 2010;9(11):1257–74.

130. Wei MM, Wang YS, Ye XS. Carbohydrate-based vaccines for oncotherapy.

Med Res Rev. 2018;38(3):1003–26.

131. Yin Z, Huang X. Recent development in carbohydrate based anti-cancer

vaccines. J Carbohydr Chem. 2012;31(3):143–86.

132. Sabbatini PJ, Ragupathi G, Hood C, Aghajanian CA, Juretzka M, Iasonos A,

Hensley ML, Spassova MK, Ouerfelli O, Spriggs DR, et al. Pilot study of a

heptavalent vaccine-keyhole limpet hemocyanin conjugate plus QS21 in

patients with epithelial ovarian, fallopian tube, or peritoneal cancer. Clin

Cancer Res. 2007;13(14):4170–7.

133. Ragupathi G, Koide F, Livingston PO, Cho YS, Endo A, Wan Q, Spassova MK,

Keding SJ, Allen J, Ouerfelli O, et al. Preparation and evaluation of

unimolecular pentavalent and hexavalent antigenic constructs targeting

prostate and breast cancer: a synthetic route to anticancer vaccine

candidates. J Am Chem Soc. 2006;128(8):2715–25.

134. Zhu J, Wan Q, Lee D, Yang G, Spassova MK, Ouerfelli O, Ragupathi G,

Damani P, Livingston PO, Danishefsky SJ. From synthesis to biologics:

preclinical data on a chemistry derived anticancer vaccine. J Am Chem Soc.

2009;131(26):9298–303.

135. O'Cearbhaill RE, Ragupathi G, Zhu J, Wan Q, Mironov S, Yang G, Spassova

MK, Iasonos A, Kravetz S, Ouerfelli O, et al. A phase I study of Unimolecular

Pentavalent (Globo-H-GM2-sTn-TF-Tn) immunization of patients with

epithelial ovarian, fallopian tube, or peritoneal Cancer in first remission.

Cancers (Basel). 2016;8(4):46.

136. Lee HY, Chen CY, Tsai TI, Li ST, Lin KH, Cheng YY, Ren CT, Cheng TJ, Wu CY,

Wong CH. Immunogenicity study of Globo H analogues with modification

at the reducing or nonreducing end of the tumor antigen. J Am Chem Soc.

2014;136(48):16844–53.

137. Yin Z, Chowdhury S, McKay C, Baniel C, Wright WS, Bentley P, Kaczanowska K,

Gildersleeve JC, Finn MG, BenMohamed L, et al. Significant impact of

Immunogen design on the diversity of antibodies generated by carbohydrate-

based anticancer vaccine. ACS Chem Biol. 2015;10(10):2364–72.

138. Toyokuni T, Hakomori S, Singhal AK. Synthetic carbohydrate vaccines:

synthesis and immunogenicity of Tn antigen conjugates. Bioorg Med Chem.

1994;2(11):1119–32.

139. Bay S, Lo-Man R, Osinaga E, Nakada H, Leclerc C, Cantacuzene D.

Preparation of a multiple antigen glycopeptide (MAG) carrying the Tn

antigen. A possible approach to a synthetic carbohydrate vaccine. J Pept

Res. 1997;49(6):620–5.

140. Lo-Man R, Vichier-Guerre S, Bay S, Deriaud E, Cantacuzene D, Leclerc C. Anti-

tumor immunity provided by a synthetic multiple antigenic glycopeptide

displaying a tri-Tn glycotope. J Immunol. 2001;166(4):2849–54.

141. Lo-Man R, Bay S, Vichier-Guerre S, Deriaud E, Cantacuzene D, Leclerc C. A

fully synthetic immunogen carrying a carcinoma-associated carbohydrate

for active specific immunotherapy. Cancer Res. 1999;59(7):1520–4.

142. Alexander J, del Guercio MF, Maewal A, Qiao L, Fikes J, Chesnut RW, Paulson

J, Bundle DR, DeFrees S, Sette A. Linear PADRE T helper epitope and

carbohydrate B cell epitope conjugates induce specific high titer IgG

antibody responses. J Immunol. 2000;164(3):1625–33.

143. Cremer GA, Bureaud N, Piller V, Kunz H, Piller F, Delmas AF. Synthesis and

biological evaluation of a multiantigenic Tn/TF-containing glycopeptide

mimic of the tumor-related MUC1 glycoprotein. ChemMedChem. 2006;1(9):

965–8.

144. Grigalevicius S, Chierici S, Renaudet O, Lo-Man R, Deriaud E, Leclerc C,

Dumy P. Chemoselective assembly and immunological evaluation of

multiepitopic glycoconjugates bearing clustered Tn antigen as synthetic

anticancer vaccines. Bioconjug Chem. 2005;16(5):1149–59.

145. Dziadek S, Hobel A, Schmitt E, Kunz H. A fully synthetic vaccine consisting

of a tumor-associated glycopeptide antigen and a T-cell epitope for the

induction of a highly specific humoral immune response. Angew Chem Int

Ed Engl. 2005;44(46):7630–5.

146. Kaiser A, Gaidzik N, Becker T, Menge C, Groh K, Cai H, Li YM, Gerlitzki B,

Schmitt E, Kunz H. Fully synthetic vaccines consisting of tumor-associated

MUC1 glycopeptides and a lipopeptide ligand of the toll-like receptor 2.

Angew Chem Int Ed Engl. 2010;49(21):3688–92.

147. Richichi B, Thomas B, Fiore M, Bosco R, Qureshi H, Nativi C, Renaudet O,

BenMohamed L. A cancer therapeutic vaccine based on clustered Tn-

antigen mimetics induces strong antibody-mediated protective immunity.

Angew Chem Int Ed Engl. 2014;53(44):11917–20.

148. De Silva RA, Wang Q, Chidley T, Appulage DK, Andreana PR. Immunological

response from an entirely carbohydrate antigen: design of synthetic vaccines

based on Tn-PS A1 conjugates. J Am Chem Soc. 2009;131(28):9622–3.

149. Shi M, Kleski KA, Trabbic KR, Bourgault JP, Andreana PR. Sialyl-Tn

polysaccharide A1 as an entirely carbohydrate Immunogen: synthesis and

immunological evaluation. J Am Chem Soc. 2016;138(43):14264–72.

150. Wang Q, Zhou Z, Tang S, Guo Z. Carbohydrate-monophosphoryl lipid a

conjugates are fully synthetic self-adjuvanting cancer vaccines eliciting

robust immune responses in the mouse. ACS Chem Biol. 2012;7(1):235–40.

151. Zhou Z, Mondal M, Liao G, Guo Z. Synthesis and evaluation of monophosphoryl

lipid a derivatives as fully synthetic self-adjuvanting glycoconjugate cancer

vaccine carriers. Org Biomol Chem. 2014;12(20):3238–45.

152. Zhou Z, Liao G, Mandal SS, Suryawanshi S, Guo Z. A fully synthetic self-

Adjuvanting Globo H-based vaccine elicited strong T cell-mediated

antitumor immunity. Chem Sci. 2015;6(12):7112–21.

153. Zhou Z, Mandal SS, Liao G, Guo J, Guo Z. Synthesis and evaluation of GM2-

Monophosphoryl lipid a conjugate as a fully synthetic self-adjuvant Cancer

vaccine. Sci Rep. 2017;7(1):11403.

154. Ingale S, Wolfert MA, Gaekwad J, Buskas T, Boons GJ. Robust immune

responses elicited by a fully synthetic three-component vaccine. Nat Chem

Biol. 2007;3(10):663–7.

155. Renaudet O, BenMohamed L, Dasgupta G, Bettahi I, Dumy P. Towards a self-

adjuvanting multivalent B and T cell epitope containing synthetic

glycolipopeptide cancer vaccine. ChemMedChem. 2008;3(5):737–41.

156. Bettahi I, Dasgupta G, Renaudet O, Chentoufi AA, Zhang X, Carpenter D,

Yoon S, Dumy P, BenMohamed L. Antitumor activity of a self-adjuvanting

glyco-lipopeptide vaccine bearing B cell, CD4+ and CD8+ T cell epitopes.

Cancer Immunol Immunother. 2009;58(2):187–200.

Mettu et al. Journal of Biomedical Science            (2020) 27:9 Page 21 of 22



157. Cai H, Sun ZY, Chen MS, Zhao YF, Kunz H, Li YM. Synthetic multivalent

glycopeptide-lipopeptide antitumor vaccines: impact of the cluster effect

on the killing of tumor cells. Angew Chem Int Ed Engl. 2014;53(6):1699–703.

158. Pan Y, Chefalo P, Nagy N, Harding C, Guo Z. Synthesis and immunological

properties of N-modified GM3 antigens as therapeutic cancer vaccines. J

Med Chem. 2005;48(3):875–83.

159. Chefalo P, Pan Y, Nagy N, Guo Z, Harding CV. Efficient metabolic

engineering of GM3 on tumor cells by N-phenylacetyl-D-mannosamine.

Biochemistry. 2006;45(11):3733–9.

160. Wu J, Guo Z. Improving the antigenicity of sTn antigen by modification of

its sialic acid residue for development of glycoconjugate cancer vaccines.

Bioconjug Chem. 2006;17(6):1537–44.

161. Wang Q, Ekanayaka SA, Wu J, Zhang J, Guo Z. Synthetic and immunological

studies of 5′-N-phenylacetyl sTn to develop carbohydrate-based cancer

vaccines and to explore the impacts of linkage between carbohydrate

antigens and carrier proteins. Bioconjug Chem. 2008;19(10):2060–7.

162. Wang Q, Guo Z. Synthetic and immunological studies of sTn derivatives

carrying 5-N-(p-substituted Phenylacetyl)Sialic acid for the development of

effective Cancer vaccines. ACS Med Chem Lett. 2011;2(5):373–8.

163. Zheng XJ, Yang F, Zheng M, Huo CX, Zhang Y, Ye XS. Improvement of the

immune efficacy of carbohydrate vaccines by chemical modification on the

GM3 antigen. Org Biomol Chem. 2015;13(22):6399–406.

164. Yang F, Zheng XJ, Huo CX, Wang Y, Zhang Y, Ye XS. Enhancement of the

immunogenicity of synthetic carbohydrate vaccines by chemical

modifications of STn antigen. ACS Chem Biol. 2011;6(3):252–9.

165. Huo CX, Zheng XJ, Xiao A, Liu CC, Sun S, Lv Z, Ye XS. Synthetic and

immunological studies of N-acyl modified S-linked STn derivatives as

anticancer vaccine candidates. Org Biomol Chem. 2015;13(12):3677–90.

166. Song C, Zheng XJ, Liu CC, Zhou Y, Ye XS. A cancer vaccine based on

fluorine-modified sialyl-Tn induces robust immune responses in a murine

model. Oncotarget. 2017;8(29):47330–43.

167. Sun S, Zheng XJ, Huo CX, Song C, Li Q, Ye XS. Synthesis and evaluation of

Glycoconjugates comprising N-acyl-modified Thomsen-Friedenreich

antigens as anticancer vaccines. ChemMedChem. 2016;11(10):1090–6.

168. Minor PD. Live attenuated vaccines: historical successes and current

challenges. Virology. 2015;479-480:379–92.

169. Micoli F, Adamo R, Costantino P. Protein carriers for Glycoconjugate

vaccines: history, selection criteria, Characterization and New Trends.

Molecules. 2018;23(6):1451.

170. Nishat S, Andreana PR. Entirely carbohydrate-based vaccines: an

emerging field for specific and selective immune responses. Vaccines

(Basel). 2016;4(2):19.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Mettu et al. Journal of Biomedical Science            (2020) 27:9 Page 22 of 22


	Abstract
	Background
	Main text
	Construction of carbohydrate-based vaccines
	Natural carbohydrate-based vaccines
	Synthetic carbohydrate-based vaccines
	Fully synthetic carbohydrate-based vaccines

	Biological application and impact of carbohydrate-based vaccines
	Carbohydrate-based antibacterial vaccines
	Haemophilus influenzae type b (Hib)
	Neisseria meningitidis
	Streptococcus pneumonia
	Shigella
	Bacillus anthracis
	Clostridium difficile
	Brucella

	Carbohydrate-based anti-cancer vaccines
	TACAs with protein carrier
	Polyvalent vaccine
	Fully synthetic carrier vaccine
	Modification of TACAs
	Metabolic oligosaccharides engineering (MOE)
	Cross-reactivity antibodies induced by modified TACAs


	Future prospective and conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

